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Abstract 

This biennial Review summarizes much of Particle Physics. Using data from previous editions, plus 1600 new 
measurements from 550 papers, we list, evaluate, and average measured properties of gauge bosons, leptons, 
quarks, mesons, and baryons. We also summarize searches for hypothetical particles such as Higgs bosons, 
heavy neutrinos, and supersymmetric particles. All the particle properties and search limits are listed in 
Summary Tables. We also give numerous tables, figures, formulae, and reviews of topics such as the Standard 
Model, particle detectors, probability, and statistics. A booklet is available containing the Summary Tables 
and abbreviated versions of some of the other sections of this full Review. All tables, listings, and reviews 
(and errata) are also available on the Particle Data Group website: h t t p : / / p d g ,  ibl. gov. 
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Introduction 7 

I N T R O D U C T I O N  

1. Overview 

The Review of Particle Physics and the abbreviated 
version, the Particle Physics Booklet, are reviews of the 
field of Particle Physics. This complete Review includes a 
compilation/evaluation of data on particle properties, called 
the "Particle Listings." These Listings include 1900 new 
measurements from 700 papers, in addition to the 14,000 
measurements from 4000 papers that first appeared in 
previous editions. 

Both books include Summary Tables with our best values 
and limits for particle properties such as masses, widths or 
lifetimes, and branching fractions, as well as an extensive 
summary of searches for hypothetical particles. In addition, 
we give a long section of "Reviews, Tables, and Plots" on a 
wide variety of theoretical and experimental topics, a quick 
reference for the practicing particle physicist. 

The Review and the Booklet are published in even- 
numbered years. This edition is an updating through 
December 1995 (and, in some areas, well into 1996). As 
described in the section "Using Particle Physics Databases" 
following this introduction, the content of this Review is 
available on the World-Wide Web, and is updated between 
printed editions (h t tp : / /pdg .  lb l .  gov/). 

The Summary Tables give our best values of the 
properties of the particles we consider to be well established, 
a summary of search limits for hypothetical particles, and a 
summary of experimental tests of conservation laws. 

The Particle Listings contain all the data used to get the 
values given in the Summary Tables. Other measurements 
considered recent enough or important enough to mention, 
but which for one reason or another are not used to get 
the best values, appear separately just beneath the data we 
do use for the Summary Tables. The Particle Listings also 
give information on unconfirmed particles and on particle 
searches, as well as short "reviews" on subjects of particular 
interest or controversy. 

The Particle Listings were once an "archive of all 
published data on particle properties. This is no longer 
possible because of the large quantity of data. We refer 
interested readers to earlier editions for data now considered 
to be obsolete. 

We organize the particles into six categories: 
Gauge and Higgs bosons 
Leptons 
Quarks 
Mesons 
Baryons 
Searches for monopoles, 

supersymmetry, compositeness, etc. 
The last category only includes searches for particles that 
do not belong to the previous groups; searches for heavy 
charged leptons and massive neutrinos, by contrast, are with 
the leptons. 

In Sec. 2 of this Introduction, we list the main areas of 
responsibility of the authors, and also list our large number 
of consultants, without whom we would not have been 
able to produce this Review. In Sec. 3, we mention briefly 
the naming scheme for hadrons. In Sec. 4, we discuss our 
procedures for choosing among measurements of particle 

properties and for obtaining best values of the properties 
from the measurements. 

The accuracy and usefulness of this Review depend in 
large part on interaction between its users and the authors. 
We appreciate comments, criticisms, and suggestions 
for improvements of any kind. Please send them to the 
appropriate author, according to the list of responsibilities 
in Sec. 2 below, or to the LBNL addresses below. 

To order a copy of the Review or the Particle Physics 
Booklet from North and South America, Australia, and the 
Far East: write to 

Particle Data Group, MS 50-308 
Lawrence Berkeley National Laboratory 
Berkeley, CA 94720, USA 

or send e-mail to PDGQLBL. G0V. 

To order more than one copy of the Review or booklet, 
write to 

c/o Anne Fleming 
Technical Information Division, MS 50B-4206 
Lawrence Berkeley National Laboratory 

�9 Berkeley, CA 94720, USA 

or send e-marl to ASFLEJ4ING@LBL. GOV. 

From all other areas, write to 
CERN Scientific Information Service 
CH-1211 Geneva 23 
Switzerland 

or send e-mail to LIBDESK@CERN. CH. 

or via the WWW from CERN 
(http : / / m .  cern. ch / l ib ra ry )  

Publications 

2. Authors and consultants 

The authors' main areas of responsibility are shown 
below: 
* Asterisk indicates the person to contact with questions or 
comments 

Gauge and Higgs 

7 
Gluons 
Graviton 
w , z  
Higgs bosons 
Heavy bosons 

bosons 
D.E. Groom* 
R.M. Barnett* A.V. Manohar 
D.E. Groom* 
C. C~o,* A. Gurtu* 
K. Hikasa, M.L. Mangano* 
C.D. Carone, M. Tanabashi, T.G. Trippe* 

Axions 

Leptons 

Neutrinos 

e,# 
VT, T 

Quarks 
Quarks 
Top quark 
b I 

Free quark 

M.L. Mangano,* H. Murayama, K.A. Olive 

M. Goodman, D.E. Groom,* 
K. Nakamura, K.A. Olive, A. Piepke, 
P. Vogel 

C. Grab, D.E. Groom* 
D.E. Groom,* K.G. Hayes, K. MSnig* 

R.M. Barnett,* A.V. Manohar 
J.L. Feng, K. Hagiwara, T.G. Trippe* 
J.L. Feng, K. Hagiwara, T.G. Trippe* 
D.E. Groom* 
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K (stable) 
D (stable) 
B (stable) 

Baryons 
Stable baryons 

Mesons 
7r, y C. Grab, D.E. Groom, C.G. Wohl* 
Unstable mesons M. Aguilar-Benitez, C. Amsler*, C. Caso, 

M. Doser, S. Eidelman, J.J. Herngndez, 
F. James, L. Montanet, M. Roos, 
N.A. TSrnqvist 

G. Conforto, T.G. Trippe* 
P.R. Burchat, C.G. Wohl* 
K. Honscheid, T.G. Trippe, W.-M. Yao* 

C. Grab, C.G. Wohl* 
Unstable baryons C.G. Wohl*, R.L. Workman 
Charmed baryons P.R. Burchat, C.G. Wohl* 
Bottom baryons T.G. Trippe, W.-M. Yao* 

Miscellaneous searches 
Monopole D.E. Groom,* 
Supersymmetry M.L. Mangano,* H. Murayama, K.A. Olive 
Compositeness C.D. Carone, M. Tanabashi, T.G. Trippe* 
Other J.L. Feng, K. Hikasa, T.G. Trippe* 

Reviews, tables, figures, and formulae 
R.M. Barnett, D.E. Groom,* T.G. Trippe, C.G. Wohl, 
W.-M. Yao 

Technical support 
B. Armstrong,* J.L. Casas Serradilla, B.B. Filimonov, 
P.S. Gee, S.B. Lugovsky, S. Mankov, F. Nicholson 

The Particle Data Group benefits greatly from the 
assistance of some 700 physicists who are asked to verify 
every piece of data entered into this Review. Of special value 
is the advice of the PDG Advisory Committee which meets 
annually and thoroughly reviews all aspects of our operation. 
The members of the 1996 committee were: 

D. Besson (University of Kansas), Chair 
A. All (DESY) 
P. Bloch (CERN) 
P. Kreitz (SLAC) 
P. Lepage (Cornell) 
J. LoSecco (Notre Dame) 

We have especially relied on the expertise of the following 
people for advice on particular topics: 

�9 L. Addis (SLAC) 
�9 S.I. Alekhin (COMPAS Group, IHEP, Serpukhov) 
�9 A. Ali (DESY) 
�9 G. Altarelli (CERN) 
�9 J. Annala (Fermilab) 
�9 J.N. Bahcall (Institute for Advanced Study) 
�9 R. Bailey (CERN) 
�9 R. Ball (University of Edinburgh) 
�9 A.R. Barker (University of Colorado) 
�9 T. Barnes (University of Tennessee) 
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3. N a m i n g  scheme for hadrons 

We introduced in the 1986 edition [2] ~t new naming 
scheme for the hadrons. Changes from older terminology 
affected mainly the heavier mesons made of u, d, and s 
quarks. Otherwise, the only important  change to known 
hadrons was that  the F • became the D~.  None of the 
lightest pseudoscalar or vector mesons changed names, nor 
did the c~ or bb mesons (we do, however, now use Xc for the 
c~ X states), nor did any of the established baryons. The 
Summary Tables give both the new and old names whenever 
a change has occurred. 

The scheme is described in "Naming Scheme for 
Hadrons" (p. 80) of this Review. 

We give here our conventions on type-setting style. 
Particle symbols are italic (or slanted) characters: e - ,  p, 
A, 7r ~ KL, D +, b. Charge is indicated by a superscript: 
B - ,  A++. Charge is not normally indicated for p, n, or 
the quarks, and is optional for neutral isosinglets: rl or rl ~ 
Antiparticles and particles are distinguished by charge for 
charged leptons and mesons: r +, K - .  Otherwise, distinct 
antiparticles are indicated by a bar (overline): P~,, t, ~, ~ 0 ,  

and ~ +  (the antiparticle of the ,U-). 

4. Procedures  

4.1. Select ion and t rea tment  of  data: The Particle 
Listings contain all relevant data  known to us that  are 
published in journals. With very few exceptions, we do not 
include results from preprints or conference reports. Nor do 
we include data that  are of historical importance only (the 
Listings are not an archival record). We search every volume 
of 20 journals through our cutoff date for relevant data. We 
also include later published papers that  are sent to us by the 
authors (or others). 

In the Particle Listings, we clearly separate measure- 
ments that  are used to calculate or estimate values given 
in the Summary Tables from measurements that  are not 
used. We give explanatory comments in many such cases. 
Among the reasons a measurement might be excluded are 
the following: 

�9 It is superseded by or included in later results. 
�9 No error is given. 
�9 It  involves assumptions we question. 
* It has a poor signal-to-noise ratio, low statistical 

significance, or is otherwise of poorer quality than other 
data  available. 

�9 It is clearly inconsistent with other results that  appear 
to be more reliable. Usually we then state the criterion, 
which sometimes is quite subjective, for selecting "more 
reliable" data for averaging. See Sec. 4. 

�9 It  is not independent of other results. 
�9 It is not the best limit (see below). 
�9 It is quoted from a preprint or a conference report. 



10 I n t r o d u c t i o n  

In some cases, none of the measurements is entirely 
reliable and no average is calculated. For example, the 
masses of many of the baryon resonances, obtained from 
partial-wave analyses, are quoted as estimated ranges 
thought to probably include the true values, rather than as 
averages with errors. This is discussed in the Baryon Particle 
Listings. 

For upper limits, we normally quote in the Summary 
Tables the strongest limit. We do not average or combine 
upper limits except in a very few cases where they may be 
re-expressed as measured numbers with Gaussian errors. 

As is customary, we assume that particle and antiparticle 
share the same spin, mass, and mean life. The Tests of 
Conservation Laws table, following the Summary Tables, 
lists tests of C P T  as well as other conservation laws. 

We use the following indicators in the Particle Listings 
to tell how we get values from the tabulated measurements: 

�9 OUR AVERAGE--From a weighted average of selected 
data. 

�9 OUR FIT--From a constrained or overdetermined multi- 
parameter fit of selected data. 

�9 OUR EVALUATION--Not from a direct measurement, but 
evaluated from measurements of related quantities. 

�9 OUR ESTIMATE--Based on the observed range of the 
data. Not from a formal statistical procedure. 

�9 OUR'LIMIT--For special cases where the limit is evaluated 
by us  from measured ratios or other data. Not from a 
direct measurement. 

An experimentalist who sees indications of a particle will 
of course want to know what has been seen in that  region 
in the past. Hence we include in the Particle Listings all 
reported states that,  in our opinion, have sufficient statistical 
merit and that have not been disproved by more reliable 
data. However, we promote to the Summary Tables only 
those states that we feel are well established. This judgment 
is, of course, somewhat subjective and no precise criteria can 
be given. For more detailed discussions, see the minireviews 
in the Particle Listings. 

4.2. A v e r a g e 8  a n d  fits: We divide this discussion 
on obtaining averages and errors into three sections: 
(1) t reatment of errors; (2) unconstrained averaging; 
(3) constrained fits. 

4.2.1. Treatment of  errors: In what follows, the "error" 
6x means that the range x :k 6x is intended to be a 68.3% 
confidence interval about the central value x. We treat 
this error as if it were Gaussian. Thus when the error is 
Ganssian, 5x is the usual one standard deviation ( la) .  Many 
experimenters now give statistical and systematic errors 
separately, in which case we usually quote both errors, with 
the statistical error first. For averages and fits, we then add 
the the two errors in quadrature and use this combined error 
for 6x. 

When experimenters quote asymmetric errors (6x) + 
and (bx) -  for a measurement x, the error that we use 
for that  measurement in making an average or a fit with 
other measurements is a continuous function of these three 
quantities. When the resultant average or fit 5 is less than 
x - ( 6 x ) - ,  we use (6x)-;  when it is greater than x + ( 6 x )  +, we 
use (6x) +. In between, the error we use is a linear function 
of x. Since the errors we use are functions of the result, we 
iterate to get the final result. Asymmetric output errors are 

determined from the input errors assuming a linear relation 
between the input and output quantities. 

In fitting or averaging, we usually do not include 
correlations between different measurements, but we try 
to select data in such a way as to reduce correlations. 
Correlated errors are, however, treated explicitly when there 
are a number of results of the form Ai :k ai 4- A that have 
identical systematic errors A. In this case, one can first 
average the Ai + ai and then combine the resulting statistical 

e r r o r  with A. One obtains, however, the same result by 
averaging Ai -4- (or2 i + A2)1/2, where Ai : ~iA[E(1/cr2)]l /2.  
This procedure has the advantage that,  with the modified 
systematic errors Ai, each measurement may be treated 
as independent and averaged in the usual way with other 
data. Therefore, when appropriate, we adopt this procedure. 
We tabulate A and invoke an automated procedure that 
computes Ai before averaging and we include a note saying 
that there are common systematic errors. 

Another common case of correlated errors occurs when 
experimenters measure two quantities and then quote the 
two and their difference, e.g., ml ,  m2, and A : m2 - ma. 
We cannot enter all of ml ,  m2 and A into a constrained fit 
because they are not independent. In some cases, it is a good 
approximation to ignore the quantity with the largest error 
and put the other two into the fit. However, in some cases 
correlations are such that the errors on ml ,  m2 and A are 
comparable and none of the three values can be ignored. In 
this case, we put all three values into the fit and invoke an 
automated procedure to increase the errors prior to fitting 
such that the three quantities can be treated as independent 
measurements in the constrained fit. We include a note 
saying that this has been done. 

4.2.2. Unconstrained averaging: To average data, we use 
a standard weighted least-squares procedure and in some 
cases, discussed below, increase the errors with a "scale 
factor." We begin by assuming that measurements of a given 
quantity are uncorrelated, and calculate a weighted average 
and error as 

+ 65 - ~ i w i  x i 
Ei  %0i "4- (EiWi )-1/2 , (1) 

where 
w i  = 1 / ( ~ z i )  2 . 

Here xi and 6xl are the value and  error reported by the 
ith experiment, and the sums run over the N experiments. 
We then calculate X 2 = y]~ wi(Z - xi) 2 and compare it 
with N - 1, which is the expectation value of X 2 if the 
measurements are from a Gaussian distribution. 

I f x 2 / ( N  - 1) is less than or equal to 1, and there are no 
known problems with the data, we accept the results. 

If X 2 / ( N  - 1) is very large, we may choose not to use the 
average at all. Alternatively, we may quote the calculated 
average, but then make an educated guess of the error, a 
conservative estimate designed to take into account known 
problems with the data. 

Finally, if X 2 / ( N  - 1) is greater than 1, but not greatly 
so, we still average the data, but then also do the following: 

(a) We increase our quoted error, 65 in Eq. (1), by a 
scale factor S defined as 

S = [X2 / (N  - 1)] '/2 �9 (2) 
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Our reasoning is as follows. The large value of the X 2 is 
likely to be due to underestimation of errors in at least one 
of the experiments. Not knowing which of the errors are 
underestimated, we assume they are all underestimated by 
the same factor S. If we scale up all the input errors by this 
factor, the X 2 becomes N - 1, and of course the output error 
65 scales up by the same factor. See Ref. 3. 

When combining data with widely varying errors, we 
modify this procedure slightly. We evaluate S using only the 
experiments with smaller errors. Our cutoff or ceiling on 6xi 
is arbitrarily chosen to be 

50 = 3 N  1/2 5 ~ ,  

where 55 is the unscaled error of the mean of all the 
experiments. Our reasoning is that  although the low- 
precision experiments have little influence on the values 
and 65, they can make significant contributions to the X 2, 
and the contribution of the high-precision experiments thus 
tends to be obscured. Note that if each experiment has the 
same error 5xi, then 55 is 5xi /N 1/2, so each 5xi is well 
below the cutoff. (More often, however, we simply exclude 
measurements with relatively large errors from averages and 
fits: new, precise data chase out old, imprecise data.) 

Our scaling procedure has the property that  if there 
are two values with comparable errors separated by much 
more than their stated errors (with or without a number of 
other values of lower accuracy), the scaled-up error 65  is 
approximately half the interval between the two discrepant 
values. 

We emphasize that  our scaling procedure for errors in 
no way affects central values. And if you wish to recover the 
unscaled error 55, simply divide the quoted error by S. 

(b) If the number M of experiments with an error smaller 
than 50 is at least three, and if X2/(M - 1) is greater than 
1.25, we show in the Particle Listings an ideogram of the 
data. Figure 1 is an example. Sometimes one or two data 
points lie apart from the main body; other times the data 
split into two or more groups. We extract no numbers from 
these ideograms; they are simply visual aids, which the 
reader may use as he or she sees fit. 

Each measurement in an ideogram is represented by 
a Ganssian with a central value xi, error 5xl, and area 
proportional to 1/Sxi. The choice of 1/Sxi for the area is 
somewhat arbitrary. With this choice, the center of gravity 
of the ideogram corresponds to an average that uses weights 
1/6xi rather than the (1/Sxi) 2 actually used in the averages. 
This may be appropriate when some of the experiments 
have seriously underestimated systematic errors. However, 
since for this choice of area the height of the Gaussian for 
each measurement is proportional to (1/Sxi) 2, the peak 
position of the ideogram will often favor the high-precision 
measurements at least as much as does the least-squares 
average. See our 1986 edition [2] for a detailed discussion of 
the use of ideograms. 

WEIGHTED AVERAGE 
0.006 + 0.018 (Error scaled by 1.3) 

z 
A t ' ' SMITH 75B WIRE 0.3 
I.~--I- . . . . . . . .  NIEBERGALL 74 ASPK 1.3 

. . . . . . . . .  FACKLER 73 OSPK 0.1 

. . . . . . . . .  HART 73 OSPK 0.3 
- - I "  ~ "  ~ . . . . . . . . . .  MALLARY 73 OSPK 4.4 

. . . . . . . . .  BURGUN 72 H B C  0.2 
- -  ~ . . . . . . . . .  GRAHAM 72 OSPK 0.4 

I :> MANN 72 HBC 3.3 
I " WEBBER 71 HBC 7.4 
. . . .  CHO 70 DBC 1.6 

�9 ~-" . . . . . . .  BENNE'f-I" 69 CNTR 1.1 
~1 . . . .  LI'I-rENBERG 69 OSPK 0.3 

/ - - % - -  . . . . . .  JAMES 68 HBC 0.9 
/ \ I �9 FELDMAN 679 OSPK 0.3 
/- ~ - - - ~  . . . . . .  AUBERT 65 HLBC 0.1 

/ \ . - .BALDO- . . .  65 HLBC 
/ " ~  . . . . .  FRANZINI 65 HBC . 0.2 

/ ~ 22.0 
I ~ (Confidence Level = 0.107) 

-0.4 -0.2 0 0.2 0.4 0.6 

Figure  1: A typical ideogram. The arrow at the top 
shows the position of the weighted average, while the 
width of the shaded pattern shows the error in the 
average after scaling by the factor S. The column 
on the right gives the X 2 contribution of each of the 
experiments. Note that  the next-to-last experiment, 
denoted by the incomplete error flag (• is not used 
in the calculation of S (see the text). 

4.2.3. Constrained fits: Except for trivial cases, all 
branching ratios and rate measurements are analyzed by 
making a simultaneous least-squares fit to all the data and 
extracting the partial decay fractions Pi, the partial widths 
Fi, the full width F (or mean life), and the associated error 
matrix. 

Assume, for example, that a state has m partial decay 
fractions Pi, where ~ Pi = 1. These have been measured 
in Nr different ratios Rr, where, e.g., R1 = P1/P2, R2 
= P1/P3, etc. [We can handle any ratio R of the form 

ai P i / ~  ~i Pi, where ai and ~i are constants, usually 1 or 
0. The forms R -- PiP1 and R = (PIPj) 1/2 are also allowed.] 
Further assume that each ratio R has been measured by Nk 
experiments (we designate each experiment with a subscript 
k, e.g., Rlk). We then find the best values of the fractions Pi 
by minimizing the X 2 as a function of the m - 1 independent 
parameters: 

N, ~1% ( R r k _ R r ) 2  
X 2 (3) 

r=l  k=l 

where the Rrk are the measured values and Rr are the fitted 
values of the branching ratios. 

In addition to the fitted values Pi, we calc~ate an error 
matrix (SPi 5P1). We tabulate the diagonal elements of 
5-15i = (SPi 5Pil  1/2 (except that  some errors are scaled 
as discussed below). In the Particle Listings, we give the 
complete correlation matrix; we also calculate the fitted 
value of each ratio, for comparison with the input data, 
and list it above the relevant input, along with a simple 
unconstrained average of the same input. 

Three comments on the example above: 
(1) There was no connection assumed between mea- 

surements of the full width and the branching ratios. But 
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often we also have information on partial widths Fi as well 
as the total width F. In this case we must introduce F 
as a parameter in the fit, along with the Pi, and we give 
correlation matrices for the widths in the Particle Listings. 

(2) We do not allow for correlations between input 
data. We do try to pick those ratios and widths that are as 
independent and as close to the original data as possible. 
When one experiment measures all the branching fractions 
and constrains their sum to be one, we leave one of them 
(usually the least well-determined one) out of the fit to make 
the set of input data more nearly independent. 

(3) We calculate scale factors for both the Rr and 
Pi when the measurements for any R give a larger-than- 
expected contribution to the X 2. According to Eq. (3), the 
double sum for X 2 is first summed over experiments k = 1 
to Nk, leaving a single sum over ratios X 2 = ~ Xr 2. One 
is tempted to define a scale factor for the ratio r as Sr 2 = 

2 2 X,./(X,.). However, since (X 2) is not a fixed quantity (it is 
somewhere between Nk and Nk-t) ,  we do not know how to 
evaluate this expression. Instead we define 

S~ = Ark ~=t (SRrk)2 - (SRr)2 ' (4) 

where 6Rr is the fitted error for ratio r. With this definition 
the expected value of S 2 is one. 

The fit is redone using errors for the branching ratios 
that are scaled by the larger of S~ and unity, from which new 
and often larger errors ~P~ are obtained. The scale factors 

we finally list in such cases are defined by Si = 6P~/~ffi. 
However, in line with our policy of not letting S affect the 
central values, we give the values of ffi obtained from the 
original (unsealed) fit. 

There is one special case in which the errors that are 
obtained by the preceding procedure may be changed. When 
a fitted branching ratio (or rate) Pi  turns out to be less than 
three standard deviations (~ff~) from zero, a new smaller 

error (~P~)-  is calculated on the low side by requiring 

the area under the Gaussian between ffi - (~ff~l)_ and Pi  
to be 68.3% of the area between zero and Pi.  A similar 
correction is made for branching fractions that are within 
three standard deviations of one. This keeps the quoted 
errors from overlapping the boundary of the physical region. 

4.3. Discus s ion :  The problem of averaging data con- 
taining discrepant values is nicely discussed by Taylor in 
Ref. 4. He considers a number of algorithms that attempt 
to incorporate inconsistent data into a meaningful average. 
However, it is difficult to develop a procedure that handles 
simultaneously in a reasonable way two basic types of sit- 
uations: (a) data that  lie apart from the main body of the 
data are incorrect (contain unreported errors); and (b) the 
opposite--i t  is the main body of data that is incorrect. 
Unfortunately, as Taylor shows, case (b) is not infrequent. 
He concludes that the choice of procedure is less significant 
than the initial choice of data to include or exclude. 

We place much emphasis on this choice of data. Often we 
solicit the help of outside experts (consultants). Sometimes, 
however, it is simply impossible to determine which of 
a set of discrepant measurements are correct. Our scale- 
factor technique is an attempt to address this ignorance by 
increasing the error. In effect, we are saying that present 
experiments do not allow a precise determination of this 

quantity because of unresolvable discrepancies, and one 
must await further measurements. The reader is warned of 
this situation by the size of the scale factor, and if he or 
she desires can go back to the literature (via the Particle 
Listings) and redo the average with a different choice of data. 

Our situation is less severe than most of the cases Taylor 
considers, such as estimates of the fundamental constants 
like h, etc. Most of the errors in his case are dominated by 
systematic effects. For our data, statistical errors are often 
at least as large as systematic errors, and statistical errors 
are usually easier to estimate. A notable exception occurs in 
partial-wave analyses, where different techniques applied to 
the same data yield different results. In this case, as stated 
earlier, we often do not make an average but just quote a 
range of values. 

A brief history of early Particle Data Group averages 
is given in Ref. 3. Figure 2 shows some histories of our 
values of a few particle properties. Sometimes large changes 
occur. These usually reflect the introduction of significant 
new data or the discarding of older data. Older data are 
discarded in favor of newer data when it is felt that  the newer 
data have smaller systematic errors, or have more checks 
on systematic errors, or have made corrections unknown 
at the time of the older experiments, or simply have much 
smaller errors. Sometimes, the scale factor becomes large 
near the time at which a large jump takes place, reflecting 
the uncertainty introduced by the new and inconsistent data. 
By and large, however, a full scan of our history plots shows 
a dull progression toward greater precision at central values 
quite consistent with the first data points shown. 

We conclude that the reliability of the combination of 
experimental data and our averaging procedures is usually 
good, but it is important to be aware that fluctuations 
outside of the quoted errors can and do occur. 
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F i g u r e  2 :  A n  h i s t o r i c a l  p e r s p e c t i v e  o f  v a l u e s  o f  a f e w  p a r t i c l e  p r o p e r t i e s  t a b u l a t e d  i n  t h i s  Review a s  a f u n c t i o n  o f  d a t e  o f  

p u b l i c a t i o n  o f  t h e  Review. A f u l l  e r r o r  b a r  i n d i c a t e s  t h e  q u o t e d  e r r o r ;  a t h i c k - l i n e d  p o r t i o n  i n d i c a t e s  t h e  s a m e  b u t  w i t h o u t  

t h e  " s c a l e  f a c t o r . "  
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O N L I N E  P A R T I C L E  P H Y S I C S  I N F O R M A T I O N  

Revised April 1998 by P. Kreitz (SLAC). 

The purpose of this list is to organize a broad set of online 
catalogs, databases, directories, World-Wide Web (WWW) pages, 
etc., that are of value to the particle physics physics community. 
While a substantial amount of particle physics physics information is 
computer accessible through the Internet's World-Wide Web, most 
listings do not provide descriptions of a resource's scope and content 
so that searchers know which source to use for a specific information 
need. This compilation lists the main information sources with brief 
annotations and basic Internet WWW addresses (URL's). Because 
this list must be fixed in print, it is important to consult the updated 
version of this compilation which includes newly added resources and 
hypertext links to more complete information at: 

h t t p  : //www. s l a c .  s t a n f o r d ,  e d u / l i b r a x y / p d g / h e p i n f  o. html 

In this edition, a resource is excluded if it provides information 
primarily of interest to one institution. In some cases, multiple 
databases covering much the same material have been included 
with the assumption that users will make subsequent choices based 
on Interuet speeds, search system interfaces, or differences in 
scope, presentation, and coverage. Databases and resources focusing 
primarily on accelerator physics have been excluded in deference to 
the excellent compilation at the World Wide Web Virtual Library of 
Accelerator Physics: 

http : //www. slat. stanford, edu/grp/arb/dhw/dpb/w3vl/w3, html 

My thanks to Betty Armstrong, Particle Data Group, Richard 
Dominiak, SLAC Library, and the many particle physics Web site 
and database maintainers who have all given me their generous 
assistance. Please send suggestions, additions, changes, ideas for 
category groupings, exclusions, etc., via the WWW form linked to the 
URL above, or by e-mail to pkreitz@slar stanford.edu. 

1. P a r t i c l e s  & P r o p e r t i e s  D a t a :  

�9 REVIEW OF PARTICLE PHYSICS (RPP): A comprehensive 
review of the field of Particle Physics produced by the Particle 
Data  Group (PDG). Includes a compilation/evaluation of data 
on particle properties, summary tables with best values and 
limits for particle properties, extensive summaries of searches for 
hypothetical particles, and a long section of reviews, tables, and 
plots on a wide variety of theoretical and experimental topics 
of interest to particle and astrophysicists. The linked table of 
contents provides access to particle listings, reviews, summary 
tables, errata, indices, etc. The current printed version is European 
Physical Journal C3, 1 (1998). Maintained at: 

h t t p : / / p d g ,  l b l .  gov/ 

�9 PARTICLE PHYSICS BOOKLET: An extract from the most 
recent edition of the full Review of Particle Physics. Contains 
images in an easy-to-read print useful for classroom studies: 

h t t p  : / / p d g .  l b l .  g o v / r p p / b o o k l e t / c o n t  en t  s .html 

�9 PARTICLE PROPERTIES Database: Durham/RAL provides a 
simple index to the PDG particle properties information contained 
in the Review of Particle Physics. Maintained at: 

http : //durpdg. dur. at. uk/HEPDATA/PART 

�9 COMPUTER-READABLE FILES: Currently available from the 
PDG: tables of masses, widths, and PDG Monte Carlo particle 
numbers and cross section data, including hadronic total and elastic 
cross sections vs laboratory momenta and total center-of-mass 
energy. Overview page at: 

h t t p  : / / p d g .  l b l .  gov/comput er_read, htm.l 

�9 PARTICLE PHYSICS DATA SYSTEM: Maintained by the COM- 
PAS group at IHEP, this system, currently under construction, 
provides an online version of the Guide to Experimental Elemen- 
tary Particle Physics Literature (1895-1995). Permits searching 
by author, title, accelerator, detector, reaction, particle, etc. For 
research from 1950 to the present, it will provide online searching 

of compilations of integrated cross section data and numerical data 
on observables in reactions. Also provides a chronology of key 
events in particle physics: 

h t t p  : / / , , e s  a. l b l .  gov : 8001/ppds.  html 

�9 REACTION DATA Database: (Durham) This is the main reaction 
data database containing numerical results for a wide variety of 
particle physics topics. Included are cross sections (differential and 
total), polarization measurements, structure functions, spin-density 
matrices, etc., from e+e - annihilation, inclusive badron and lepton 
physics, deep inelastic scattering, photoproduction and two-body 
(and quasi-two-body) scattering. This database is a collaboration 
of Durham and the COMPAS Group for the PDG. 

h t t p  : / / d u r p d g .  dur .  ac.  uk/HEPDATA/RFAC 

�9 PHYSICS AROUND THE WORLD: Reference: From the sub- 
section entitled 'Reference,' choose links to pages of data and 
tables, fundamental or material constants, physics laws, periodic 
tables, patents, and standards. 

h t t p  ://ww~. t p .  mau. se/TIPTOP/paw 

2. C o l l a b o r a t i o n s  & E x p e r i m e n t s :  

�9 EXPERIMENTS Database: Contains more than 1,800 experiments 
in elementary particle physics. Search and browse by author; title; 
experiment number or prefix; institution; date approved, started 
or completed; accelerator or detector; polarization, reaction, final 
state or particle; or by papers produced. Maintained at SLAC for 
the Particle Data Group. Supplies the information for "Current 
Experiments in Particle Physics (LBL-91)." Updated every second 
year (next: Summer 1998): 

h t t p  : / / w ~ .  s l a t .  s t a n f o r d ,  edu / f  i nd / expe r imen t  s 

�9 EXPERIMENTS ONLINE: Home Pages of HEP Experiments; A 
list from SLAC of accelerator and non-accelerator experiments 
with an active link to each home page. Accelerator experiments 
are organized by institution, machine, and experiment name. 
Non-accelerator experiments are alphabetical by name: 

h t t p : / / ~ ,  s l a t .  s t a n f o r d ,  edu / f  i n d / e x p l i s t ,  htm.l 

�9 HIGH ENERGY PHYSICS EXPERIMENTS: A HEPNET page 
providing links to HEP collaborations around the world. Arranged 
alphabetically by institution and then collaboration or experiment 
name: 

h t t p  : / / ewe  .hep.  n e t / e x p e r i m e n t  s / c o l l a b s  .html  

3. C o n f e r e n c e s :  

�9 CONFERENCES: Contains conferences, schools, and meetings 
of interest to high-energy physicists with links, when available, 
to the conference home page. Searchable database produced 
jointly by the SLAC and DESY libraries of over 8,000 listings 
covering 1973 to 1999+. Search or browse by title, acronym, date, 
location. Includes information about published proceedings, links 
to submitted papers from the SPIRES-HEP database, and links to 
the electronic versions of the papers if available: 

h t t p : / / ~ ,  s l a c .  s t a n f o r d ,  edu/  

s p i r e s / f o r m / c o n f  s p i f  .html 

�9 CONFERENCES AND CONFERENCES: (Subtitled: There Are 
Too Many Conferences!): Lists current and future meetings in 
many fields of physics. Searchable by research area. Provides 
links to the conference Web page and the contact. Most useful 
as a listserv to which you can subscribe to get conference 
announcements. Web conference pages and an e-mail interface 
( robo t#phys ic s  .umd. edu with CONFMENU in the subject line): 

http ://www. phys Ice. umd. edu/robot/conf er/confmenu, html 

�9 CONFERENCES, WORKSHOPS, AND SUMMER SCHOOLS: 
By The Internet Pilot to Physics. Covers national and regional 
meetings worldwide for all subfields of physics. Searchable by 
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sub-discipline or by free text words. Provides a Web form and 
email address for adding a conference. Automatically uploads new 
entries to the EPS EurophysNet meeting list. 

h t t p : / / ~ ,  tp .  umu. se/TIPTOP/F{:}RUM/CONF/ 

�9 EUROPHYSICS MEETINGS LIST: Meta-level international list 
of other conference lists with active links to the URL'S of 
the organization's meeting calendar, the conference database, 
etc. Useful for searching by organization, and for providing 
access to meetings and conferences that are of peripheral 
interest. Maintained by the European Physical Society. Organized 
alphabetically by the name of the resource or organization: 

http ://epswww. epfl. ch/conf/urls, html 

�9 HEP EVENTS: A list maintained by CERN of upcoming 
conferences, schools, workshops, seminars, and symposia of interest 
to high-energy physics organized by type of meeting, e.g.: school, 
workshop: 

http ://www. cern. ch/Physics/Conf erences 

�9 PHYSICS CONFERENCE ANNOUNCEMENTS by Thread: 
Lists current year's conference announcements with links to Web 
pages. Posting is voluntary. List can be browsed by date, subject, 
or author: 

http ://XXX. lanl. gov/Announce/Conference/ 

4. C u r r e n t  N o t i c e s  gz A n n o u n c e m e n t  S e r v i c e s :  

�9 CONFERENCES, WORKSHOPS, AND SUMMER SCHOOLS: 
By The Internet Pilot to Physics. Provides a Web form or an 
email address for adding a conference and automatically uploads 
new entries to the EPS EurophysNet meeting list. Directions on 
the top-level page enable you to sign up to receive weekly email 
notification about conferences and deadlines. 

http ://www. tp. umu. se/TIPTOP/FORUM/CONF/ 

�9 CONFNEWS & WEBNEWS: Provides a system for broadcasting 
a conference or job opening to "a large number of physicists 
worldwide." For further information, e-mail: kim@uadhep.umd.edu 

�9 E-PRINT ARCHIVES Listserv Notices: The LANL-based E-Print 
Archives provides daily notices of high-energy physics preprints 
submitted to the archives as full text electronic documents. Use 
the Web-accessible listings: 

http ://xxx. lanl. gov/ 

or subscribe: 

http ://Xxx. lanl. gov/help/subscribe 

Note: Use the library pages below to find announcement lists 
for recently received preprints, books, and proceedings. Use the 
online journal links below for journal table of contents. Conference 
announcements can also be sent via e-mail to most of the conference 
database providers listed aboye who often supply their e-mail address 
at the bottom of their Web pages. 

5. D i r e c t o r i e s :  

5 .1.  Directories--Research Institutions: 
�9 CERN RESEARCH INSTITUTES: Contains HEP Institutes used 

in the CERN Library catalog. Provides addresses, and, where 
available, the following: phone and fax numbers; e-mail addresses; 
active Web links; and information about the institution's physics 
program. Search by free text, organization , country, or town: 

http ://alice. cern. c h / I n s t i t u t e s  

�9 HEP INSTITUTIONS ONLINE: Active links to the home 
pages of more than 200 HEP-related institutions with Web 
servers. Maintained by SLAC. Organized by country, and then 
alphabetically by institution: 

h t t p  : / / w ~ .  s l ac .  s tanford ,  edu/f  i n d / i n s t l i n k  .html 

�9 INSTITUTIONS: Database of over 5,500 high-energy physics 
institutes, laboratories, and university departments in which some 
research on elementary particle physics is performed. Covers six 
continents and almost one hundred countries. Searchable by name, 
acronym, location, etc. Provides address, phone and fax numbers, 
and e-mail and Web links where available. Has pointers to the 
recent HEP papers from an institution. Maintained by SLAC: 

h t tp  ://www. s lac .  s tanford ,  edu/ 

spires/f orm/inst spif .html 

�9 DIRECTORY FOR PHYSICS DEPARTMENTS: Maintained by 
TIPTOP Physics Around the World. Lists departments worldwide. 
Searchable by field of research or by country or a combination of 
both. 

http ://wcw.tp.umu. se/TIPT0P/paw/dsearch.html 

�9 WWW VIRTUAL LIBRARY--HIGH ENERGY PHYSICS: An 
alphabetical listing of organizations involved in high-energy physics 
with links to the institution's Web pages. Maintained by CERN. 
Because the listings are by institutional acronym or by short 
name, this is less useful for people unfamiliar with the institution's 
nickname. 

http ://www. tern. ch/Physics/HEP, html 

5.2.  Directories--People: 
�9 HEPNAMES: Searchable database of 33,200 e-mail addresses of 

people related to high-energy physics. Access by individual name, 
and, in the near future, by institution or place. 

http ://www- spires, slac. st anf ord. edu/f ind/hepnames 

This site is mirrored at Durham under a different name (EMAIL- 
ID) and with a search interface written and maintained by 
Durham: 

http ://durpdg. dur. ac. uk/HEPDATA/ID 

�9 HEP VIRTUAL PHONEBOOK: A list of links to phonebooks and 
directories of high-energy physics sites and collaborations around 
the world. Maintained by HEPNET: 

h t t p : / / w ~ . h e p . n e t / s i t e s / d i r e c t o r i e s . h t m l  

�9 US-HEPFOLK: A searchable database of almost 3,500 physicists 
from 155 U.S. institutions based on a survey conducted in 1997. 
Searchable by first or last name, by affiliation, and/ur by email 
address. Also provides some interesting demographic plots of the 
survey data: 

http ://pdg. ibl. gov/us-hepf olk/index .html 

5.3.  Directories--Libraries: 
�9 Argonne National Lab Library: 

http ://www. ipd. anl. gov/aim/alec/ 

�9 Berkeley Lab (LBNL) Library: 

h t tp  : / / ~ - l i b r a r y .  ibl.gov/ 

�9 Brookhaven National Lab Library: 

http://www, bnl. gov/RESLIB/reslib, html 

�9 (CERN) European Laboratory for Particle Physics Library: 

h t t p : / / ~ a s ,  cern. c h / l i b r  a r y / l i b r  ary_gener a l /  

welcome, html 

�9 Deutsches Elektronen-Synchrotron (DESY) Library: 

http ://www. desy. de/library/homepage, html 

�9 Fermilab Library: 

h t tp  : / / fna lpubs .  fna l .  gov/l ibrary/welcome, html 

�9 Jefferson Lab Library: 

http ://www. j lab. org/div_dept/admin/library/ 
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�9 (KEK) National Laboratory for High Energy Physics Library: 

h t t p  : / / ~ -  l i b .  kek. j p /publ ib ,  html 

�9 Lawrence Livermore National Laboratory Library: 

ht tp : //www. llnl. gov/t id/Library, html 

�9 Los Alamos National Laboratory Library: 

http ://lib-www. lanl. gov/ 

�9 Oak Ridge National Laboratory Library: 

http://www, orn l .  gov /L ibra ry / l ib r  s.ry-home, html 

�9 Sandia National Laboratory Library: 

h t tp : / /w~r  sandia,  gov / l ib ra ry ,  htm 

�9 Stanford Linear Accelerator Center Library: 

h t t p  : / / ~ w .  s l ac .  s tanford ,  edu/FIND/spires.html 

5.4.  Direc to r i e s - -Pub l i she r s :  
�9 COMPANIES/PUBLISHERS: Contains 44 links to institutions, 

societies, or companies involved in supplying physics-related 
information: 

ht tp : www. tp. umu. se/TIPTOP/paw/paw, html/ 

?k=Companies/Publishers&t=k&f =i 

�9 DIRECTORY OF PUBLISHERS AND VENDORS: Contains 
hundreds of links to publishers and vendors divided by type 
(government or university) and by subject. The science section is 
extensive. Secondary page to "Other Links" leads to more arcane 
and specialized suppliers and information: 

http ://www. library, vanderbilt, edu/law/acqs/pubr, html 

5.5.  D i r e c t o r i e s - - S c h o l a r l y  Societ ies:  
�9 American Association for the Advancement of Science: 

ht  tp  : / /www.  aaas. o r g /  

�9 American Association of Physics Teachers: 

h t t p  ://www. aapt .  org/  

�9 American Astronomical Society: 

h t t p  : / / ~ w .  a a s .  org 

�9 American Institute of Physics: 

http ://alp. org/ 

�9 American Physical Society: 

http ://aps. org 

�9 American Mathematical Society: 

http ://www. ams. org/ 

�9 European Physical Society: 

h t t p  ://epswww. epf 1.ch/  

�9 IEEE Nuclear and Plasma Sciences Society:: 

h t t p :  / /h ibp7 .  e c s e .  rpJ.. edu/~connor / ieee /npss ,  html 

�9 Institute of Physics: 

h t t p  ://www. lop. org/ 

�9 RESOURCES OF SCHOLARLY SOCIETIES--PHYSICS: Main- 
tained by the University of Waterloo Electronic Library's Scholarly 
Societies Project. Links to the home pages of close to a hundred 
scholarly societies worldwide. Very up to date: 

http ://www. lib. uwaterloo, ca/societ y/physics_soc, html 

6. E - P r i n t s / P r e - P r i n t s ,  P a p e r s ,  & R e p o r t s :  

�9 CERN PREPRINTS CATALOGUE: The CERN Library's 
database which contains citations to more than 200,000 mono- 
graphs, series, preprints, and ofllcial committee documents held by 
the Library or the Archives: 

http ://alice. cern. ch/Preprint s 

Also provides links to CERN's full text preprint server: 

http ://preprint s. cern. ch/weeklist, html#preprint s 

�9 HEP DATABASE (SLAC/SPIRES): Contains over 350,000 
bibliographic summaries for particle physics papers (e-prints, 
journal articles, preprints, reports, theses, etc.). Covers 1974 
to the present and is updated daily with links to electronic 
texts (e.g. from LANL, CERN, KEK, and other HEP servers). 
Searchable by all authors and authors' affiliations, title, topic, 
report number, citation (footnotes), e-print archive number, date, 
journal, etc.: A joint project of the SLAC and DESY libraries with 
the collaboration of many other research institutions and scholarly 
societies such as the APS: 

http ://www. slac. stanford, edu/f ind/hep 

�9 KISS (KEK Information Service System) for Preprints: KEK 
Library preprint database. Contains bibliographic records of 
preprints and technical reports held in the KEK library with links 
to the full text images of close to 100,000 items in their collection: 

h t tp : / /w~m-l ib ,  kek. jp/KISS, v3 /k i s s_prepr i ,  html 

�9 LANL E-PRINT ARCHIVES: An automated electronic repository 
of physics, mathematics, and nonlinear science preprints. Used 
heavily by the sub-disciplines of high-energy physics. Began with a 
core set of archives in 1991. Provides access to the full text of the 
electronic versions of these preprints. Permits searching by author, 
title, keyword in abstract. Allows limiting by subfield archive or 
by date. Papers are sent electronically to the archives by authors: 

h t t p : / / x x x ,  lanl.gov 

�9 ONF~SHOT WORLD-WIDE PREPRINTS SEARCH: This is a 
prototype service for a global lookup search throughout most 
on-line scientific preprint repositories in the world. A very emcient 
system permitting author or title searching, limiting by year and 
by broad geographical regions: 

http ://www. ictp. trieste, it/indexes/preprint s. html 

�9 PARTICLE PHYSICS DATA SYSTEM--PPDS: A search interface' 
to the bibliography of the print publication "A Guide to 
Experimental Elementary Particle Physics Literature" (LBL-90). 
This bibliography covers the published literature of theoretical 
and experimental particle physics. Coverage is from 1895 to the " 
present: 

http ://mesa. ibl. gov : 8001/ppds. html 

�9 PPF: PREPRINTS IN PARTICLES AND FIELDS: A weekly 
listing of approximately 220 new pmprints of interest to the high- 
energy physics community. Contains bibliographic listings for and, 
in the Web version, full text links to, the new preprints received 
by and cataloged into the SPIRES-HEP database. Approximately 
30% of new titles are not available from the LANL e-print archives. 
Directions for subscribing to an email version can be found on the 
page listing the most recent week's preprints received: 

h t tp  ://www. s l ac .  s tanford ,  edu/library/document s/newppf, html 
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7. P a r t i c l e  P h y s i c s  J o u r n a l s  & R e v i e w s :  

7.1. Onl ine  Journa l s  and Tables of  Conten ts :  
Note: Only a selection of direct title URL's have been listed. Where 
many titles are available from the same publisher, a link to a summary 
online journals page from that publisher has been listed. Also please 
note, some of these journals and publishers may limit access to 
subscribers; check with your institution's library. 

�9 American Astronomical Society: Astrophysical Journal Electronic 
Edition: 

h t t p  ://www. journa l s ,  uchicago, edu/ApJ/ 

�9 American Institute of Physics: The top-level page for their 
electronic journals may be found at: 

http ://wwW. alp. org/oj s/service.html 

�9 American Journal of Physics: 

h t t p  ://~nw. amherst, edu /~a jp /  

�9 American Physics Society: The top-level page for the APS research 
journals is: 

h t t p  : / / p u b l i s h .  aps. org/  

�9 Elsevier Science (Publishers): The top-level page for Nuclear 
Physics Electronic is: 

http ://www. nucphys, nl/www/pub/nucphys/npe .html 

�9 European Physical Society: Their journals are handled by various 
publishers but may be reached from this top-level page: 

h t t p :  / / e p s m .  epf 1. ch/pub/index, html 

�9 Institute of Physics: This page provides links to their online 
services, electronic journals and magazines, and Physics Express 
Letters: 

h t t p  ://~nn~. lop.  org 

�9 Journal of High Energy Physics: A refereed journal written, run, 
and distributed by electronic means: 

h t t p  : / / j h e p .  s i s s a ,  i t /  

�9 Modern Physics Letters: A and B 

http ://www. wspc. com. sg/j ournals/mpla/mpla, html 

http ://~. wspc. com. sg/j ournals/mplb/mplb .html 

�9 Journal of the Physical Society of Japan: 

http ://wt~wsoc. nacsis, ac. j p/jps/jpsj/index, html 

�9 Springer Publishing: Physics: This link provides a list of Springer 
journals covering topics of interest to physicists. Small bullets 
containing the letter 'E' beside each title indicate which journals 
are also in electronic format: 

http ://link. springer, de/ol/pol/all, htm 

�9 Physics--Uspekhi 
h t t p : / / u r n ,  ioc . ac ,  ru /  

�9 Reviews of Modern Physics 

http : //www. phys. washington, edu/~rmp/Welcome, html 

�9 Science 
h t t p  ://www. sciencemag, org/  

�9 DESY Library Electronic Journals: Use this Web page for up- 
to-date links to electronic journals of interest to particle physics. 
Contains a broader list than is included in this compilation: 

h t t p  ://tmw. desy. d e / l i b r a r y / e l j n l . h t m l  

�9 WWW Virtual Library of E-Journals: An excellent source to use 
when you are wondering if a title is available electronically. This 
Web site attempts to catalog all electronic journals, newsletters, 
magazines, and newspapers. Organized by broad subject or source 
e.g.: academic and reviewed journals, email newsletters, political 
journals. Also permits a title search across all categories: 

h t t p  : / / m .  edoc. comic journa l /  

7.2. Online Rev iew Publicat ions:  
�9 Net Advance of Physics: A free electronic service providing review 

articles and tutorials in an encyclopedic format. Covers all areas 
of physics. Includes hypertext links to the items reviewed when 
available, including e-prints, book announcements, full text of 
electronic books, and other resources. Welcomes contributions of 
original review articles: 

h t t p  ://web. mit. edu/af s /a thena ,  mit .  edu/ 

user/r/e/redingtn/www/netadv/welcome, html 

�9 Physics Reports: 

http ://~. elsevier .nl : 80/inca/ 

publications/store/5/O/5/7/O/3 

�9 Reviews of Modern Physics 

h t t p  : //~. phys. washington, edu/~rmp/Welcome, html 

�9 Particle Physics: An independent online review service providing 
the field of experimental and theoretical particle physics (including 
cosmology) with a selected list of preprints from the established 
public domain preprint servers. Selections are made by independent 
nomination and then are reviewed by consulting editors. Listed 
preprints include links to the papers' full text online versions. 
While hosted by a commercial site, this is an independent and 
voluntary service for the international physics community. 

http ://~. eagle, co. uk/ppj/home, html 

8. P a r t i c l e  P h y s i c s  E d u c a t i o n  S i t e s :  

8 .1.  Part ic le  Phys ic s  Educat ion:  D O E  Sites:  
�9 Argonne National Laboratory Gee Whiz!: Includes links to other 

interesting and publieally-accessible information such as the Rube 
Goldberg Machine Contest; Arts in Science; and the parts of the 
movie 'Chain Reaction' that were filmed at Argonne: 

h t t p  ://w~w. anl .  gov/OPA/geewhiz .htm 

�9 Brookhaven National Laboratory: Science Museum Programs: 

h t tp  : / / ~  .pubaf. bnl .gov/bnl museum .htm 

�9 Contemporary Physics Education Project (CPEP): Provides 
charts, brochures, Web links, and classroom activities: 

h t t p : / / p d g ,  l b l .  gov/cpep, httal 

�9 Center for Particle Astrophysics in Berkeley: 

h t t p : / / p h y s i c s 7  .berkeley.  edu/home, html 

�9 Fermilab: Education and Outreach Resources for Particle Physi- 
cists: Outstanding collection of resources from the 'grandmother' 
of all physics lab educational programs: 

h t tp  ://~#w-ed. fna l .  gov / t rc /phys_resc ,  html 

�9 Stanford Linear Accelerator Center: Check here soon for the 
Virtual Visitor's Center: 

ht tp : //www. slac. stanford, edu/gen/edu/educat ion. html 

8 .2 .  Part ic le  Phys ic s  Educat ion:  IV/eta-Sites: 
�9 ESTEEM: The Department of Energy's exciting and visually 

appealing meta-site for Education in Science, Technology, Energy, 
Engineering and Math. Organized both textually and graphically 
as a 'city'. Users can explore resources by source (energy and 
science museums), by subject (windmills, 'playground'--virtual 
experiments, computers), or by targeted audience (university, 
middle or elementary students). Provides a rich access to many 
other sites including other meta-sites such as NASA and NSF and 
and the White House. 

h t tp  : / / ~ .  sandia, gov/ESTEEJ4/home, html 

�9 PhysiesEd: Physics Education Resources: From a group renowned 
for doing research on physics education. Provides links to courses 
and topics; curriculum development; resources for demonstrations; 
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software; research mad projects in physics education; textbooks, 
journals, newsletters, and discussion groups; reference resources, 
organizations and companies', and much more: 

h t t p  ://wwv-hpcc. as t ro ,  washington, edu/scied/phys ice .  ht~l  

8 .3 .  Particle Physics Education: 
Ask-a-Scientist Sites: 

�9 Ask A Scientist: Questions are answered by volunteer scientists 
throughout the world. Service provided by the Newton BBS 
through Argonne National Lab: 

h t t p : / / newton ,  dep. an].. gov/#AAS 

�9 Mad Scientist's Network: Ask A Question: Responds to hundreds 
of questions a week. Contains an extensive archive of answered 
questions: 

http ://www. madsci, org/submit, html 

�9 The Science Club: An excellent compilation of places to ask 
science questions. Organized by 'general' sites and then by sites 
that specialize in specific subjects or professions: 

h t t p  : //www. halcyon, com/sciclub/kidqueet ,  html 

8.4.  Particle Physics Education: 
Ezperiments, Demos, & Fun 

�9 Albert Einstein: A meta-Einstein site with links to dozens of 
places with resources by a~ld about this scientist: 

h t t p  : / / ~ / s a s / u p e n n .  edu/~smfr iedm/eins t  s in .  h tn l  

�9 Mad Scientist's Network: The Edible/Inedible Experiments 
Archive: Organized by scientific field. For each experiment, uses 
common materials and identifies whether the experiment is edible, 
inedible, or (in one case!?) 'partially drinkable': 

h t t p  ://wwv. madsci, org/experiment s /  

�9 Physics Around the World; There are several useful links to collec- 
tions of resources on this page, particularly the Inks to: Hands-On 
Experiments; Exercises and Problems; and Demonstrations. 
Targeted to the university level: 

h t t p  : / / ~ .  tp.umu, ss/TIPTOP/paw/ 

�9 Science for the Millenium: Expo Web: Aimed at diverse audiences, 
this site focuses chiefly on astronomy, astrophysics, advanced 
computation, and virtual environments to showcase recent 
advances in these fields. The content is deep d~d the site is 
well-designed, permitting hierarchical and serendipitous use. 
Maintained by NCSA with significant help from the Electronic 
Visualization Laboratory: 

h t t p  : / / ~ . n c s a . u i u c .  edu/Cyberia/Expo/ 

inf  ormat ion-pavi  l i o n .  html 

�9 The Virtual Laboratory : A series of experiments using Java 
that are targeted at physics classes for non-majors where'there 
are no physical lab sections. The experiments provide conceptuM 
interfaces to the equations of physics and represent interaction 
with data that simulates a real physics experiment. Includes links 
to a broader collection of physics experiments: 

h t t p  : / /phys ics .ha l lym.  ac .kr / sduca t ion /oregon/  

v lah/ lndex,  html 

9. S o f t w a r e  D i r e c t o r i e s :  

�9 CERNLIB: CERN PROGRAM LIBRARY: Includes the CERN 
Program Library (Fortran), a new C++ Libraries (a C++ 
'replacement' for CERNLIB), and CERNLIB and related Software 
including complete programs for GEANT, PAW and PAW++. 
Also includes links to commercial, free, and other software: 

h t t p : / / ~ c n ,  cern.  ch /p l / index ,  htLl 

�9 FREEHEP: A collection of software and information about 
software useful in high-energy physics. Searching can be done by 
title, subject, date acquired, or date updated, or by browsing an 
alphabetical list of all packages: 

h t t p  : / / h e p l i b v 3 .  s lac .  s tanford ,  edu: 80/FIND/FHNAIN. HTNL 

�9 FERMILAB SOFTWARE TOOLS PROGRAM: Software reposi- 
tory of Fermilab-developed software packages of value to the REP 
community. Permits searching for packages by title or subject, by 
browsing FTP site, and by recent acquisitions: 

h t tp  : / / ~ .  fna l  .gov/ fe rmi toole /  

�9 HEPIC: SOFTWARE AND TOOLS USED IN REP RESEARCH: 
A recta-level site with links to major other sites of HEP-related 
software and computing tools: 

h t t p  : / / ~ . h e p . n e t / s o f t w a r o . h t ~ l  

�9 PHYSICS AROUND THE WORLD: COMPUTING: An excellent 
meta-list with Inks to separate Web listings of: software archives; 
hands-on experiments; graphics & visualization; parallel comput- 
ing; Java applets; and computing centers. Provides links to other 
Web compendia of software repositories and directories: 

h t t p  ://w#v. tp .  umu. ee/TIPTOP/pav/ 
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Higgs Boson Summary Table 

(Approximate closing date for data: January 1, 1998) 

II AND HIGGS BOSONS II 
I ~ l  I(J Pc) = o,1(1 - -) 

M a s s m <  2 x 1 0  - 1 5 e v  

Charge q < 5 x 10 -3~  �9 

Mean life r = Stable 

Mass m = 0 [a] 
SU(3) color octet 

W "1" DECAY MODES Fraction (FI/F) 

I (J  P) = 0 ( 1 - )  

J = l  

Charge= + l e  
Mass m = 80.41 -t- 0.10 GeV 

m z - m w = 10.78 • 0.10 GeV 

m w +  - m W_ = - 0 . 2  • 0.6 GeV 
Full width F = 2.06 • 0.06 GeV 

w -  modes are charge conjugates of the modes below. 

P 
Confidence level (MeV/c) 

,~+b' [b] (10.74:E0.33) % 
e+/~ (10.9 4-0.4 ) % 
# + ~  (10.2 4-0.5 )% 
r + u  (11.3 • )% 
hadrons (67.8 :El.O ) % 
~'+'7 < 2.2 x lO -4  95% 

40205 
40205 
40185 

40205 

P 
Z DECAY MODES Fraction ( r l / r )  Confidence level (MeV/c) 

e + e  - (3.366-4-0.008) % 45594 
/J,+/~- (3.3674-0.013) % 45593 
T + ' r -  (3.360:E0.015) % 45559 
t + t  - [H (3.388~0.006) % - 
invisible (2O.Ol 4-o.16 )% - 
hadrons (69.99 • )% - 

(u~+c~) /2  (lO.1 ~1.1 )% - 
(dd+s'~+bb)/3 (16.6 +0.6 )% - 

r (12.4 ~0.6 )% - 
bb (15.16 • )% - 

g&,g < 1.1 % 95% 
/r~ < 5.2 x lO -5  95% 45593 
t'l~ < 5.1 x 10 - 5  95% 45592 
w')' < 6.5 x 10 -4  95% 45590 
ff(958)*( < 4.2 X 10 -5  95% 45558 
~/~ < 5.2 x 10 -5  95% 45594 
")"Y'7 < 1.0 x 10 -5  95% 45594 
4 -  W: F {g] < 7 x 10 -5  95% 10139 
/o "i- W =F [g] < 8.3 x 10 -5  95% 10114 
J / r  ( 3.se • ) x 10 -3  
r  ( 1.60 +0.29 ) x 10 -3  
X c l ( 1 P ) X  ( 2.9 :EO.7 ) x 10 -3  
Xc2(1P)X < 3.2 x 10 -3  90% - 
T(1S)  X + T ( 2 S )  X ( 1.0 ~-0.5 ) x 10 -4  - 

+ T ( 3 $ )  X 

T ( I S ) X  < 5.5 x lO -5  95% - 
T (2S)X  < 1.39 x 10 -4  95% - 
T (3S)X  < 9.4 x lo -5  95% - 

( D O / ~ ~  (2o.z ~2.o )% - 
D + X  (12.2:1:1.7 )% - 

D*(2010)~X ~] (11.4 ~:1.3 )% - 
Bs~ seen - 

anomalous 7 +  hadrons [h] < 3.2 x 10 -3  95% - 
e -F e -  ? [hi < 5.2 x 10 -4  95% 45594 
/ J + # - - 7  [hi < 5.6 x 10 - 4  95% 45593 
T+T--"/  [h] < 7.3 x 10 -4  95% 45559 
t + t - 7 7  [rj < 6.8 x lO -6  95% - 

q q ? 7  [q < 5.5 x Io - 6  95% - 

J = l  

"Charge = 0 
Mass m = 91.187 + 0.007 GeV [c] 

Full width F = 2.490 -t- 0.007 GeV 
F ( t + t  - )  = 83.83 -4- 0.27 MeV [hi 

F(invisible) = 498.3 • 4.2 MeV [d] 
F(hadrons) = 1740.7 + 8.9 MeV 
rO,+~,-)Ir(e + e-) = 1.ooo • 0.005 
r(~+~-)/r(e+ e-) = 0.998 • 0.005 [el 

Averale charmed mult lpl ldty 

(Nchar~ed) = 21.00 :E 0.13 

coupn~= to 

~A = -0.0377 • 0.0007 
= -0.5008 • 0.0008 

g~e = 0.83 • 0.09 
gv~ = 0.502 -I- 0.017 

A s y m m e t ~  parameters [f] 

A e = 0.1519 • 0.0034 
Ap = 0.102 • 0.034 
A T = 0.143 • 0.008 
A c = 0.59 -4- 0.19 

A b = 0.89 • 0.11 

Charge asymmetry (%) at Z pole 

A(~ ) = 1.59 • 0.18 

A(FO; ) = 4.0 • 7.3 

A(F~ ) = 9.9 • 3.1 (S = 1.2) 
A(~I~ ) = 7.32 + 0.58 
A(Ob) FB = 10.02 • 0.28 
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//~-),~, [/] < 3.1 x 10 -6 95% 45594 
el# T LF [g] < 1.7 x 10 -6 95% 45593 
e4-'l "T LF [g] < 9.8 x 10 -6 9~$% 45576 
#4-7. T LF [g] < 1.2 x 10 -5 95% 45576 

I Higgs Bosom - -  H ~ a n d / ~ ,  Searches for  I 

H O M a s s m >  77.5GeV, CL=95% 

In Supemjnlmetrlc Modeli (m/~ 1 < m ~ )  

Mass m > 62.5 GeV, CL = 95% 

A ~ Pseudoscalar HliilP Bmon In Supemymmetdc Models U] 

Massm> 62.5GeV, CL=95% tan/3>Z 

H "~ Massm> 54.5GeV, C L = 9 5 %  

See the Particle Listings for a Note giving details of Higgs 
Bosons. 

I Heavy Bo=ons Other  Than I 
Higgs Bosons, Searches for 

Additional W Basons 

WR - -  right-handed W 
Mass m > 549 GeV 

(assuming light right-handed neutrino) 
W ~ with standard couplings decaying to eu, #u 

Mass m > 720 GeV, CL = 95% 

Additional Z Bosoms 

Z~$M with standard couplings 
Mass m > 690 GeV, CL = 95% (p~ direct search) 
Mass m > 779 GeV, CL = 95% (electroweak fit) 

ZLR of SU(2)LxSU(2)RXU(1 ) 
(with gL = gR) 
Mass m > 630 GeV, EL = 95% (p~ direct search) 
Mass m > 389 GeV, CL = 95% (electroweak fit) 

Z X of SO(10) -~ SU(5)xU(1)X 
(coupling constant derived from G.U.T.) 
Mass m > 595 GeV, CL = 95% (p~ direct search) 
Mass m > 321 GeV, CL = 95% (electroweak fit) 

Z@ of E6 --', SO(10)xU(1)@ 
(coupling constant derived from G.U.T.) 
Mass m > 590 GeV, CL = 95% (p~ direct search) 
Mass m > 160 GeV, CL = 95% (electroweak fit) 

Z n of E 5 --~ SU(3)xSU(2)xU(1)xU(1)~ 
(coupling constant derived from G.U.T.); 
charges are Q~ = V / ~ Q X  - y / ~ 0 r  
Mass m > 620 GeV, CL = 95% (p~ direct search) 
Mass m > 182 GeV, CL = 95% (electroweak fit) 

Scalar Leptoquarks 

Mass m > 225 GeV, CL = 95% (1st generation, pair prod.) 
Mass m > 237 GeV, CL = 95% (1st gener,, single prod.) 
Mass m > 119 GeV, CL = 95% (2nd gener., pair prod.) 
Mass m > 73 GeV, CL = 95% (2nd gener., single prod.) 
Mass m > 99 GeV, CL = 95% (3rd gener., pair prod.) 

(See the Particle Listings for assumptions on leptoquark quan- 
tum numbers and branching fractions.) 

1 Ax~~ (A~ a"d Other I 
Very Light  Besor=, Searches for  

The standard Peccei-Quinn axion is ruled out. Variants with reduced 
couplings or much smaller masses are constrained by various data. The 
Particle Listings in the full Review contain a Note discussing axion 
searches. 

The best limit for the half-life of neutrinoless double beta decay with 
Majoron emission is > 7.2 x 1024 years (EL = 90%). 

NOTES 

In this Summary Table: 

When a quantity has "(S = . . .)"  to its right, the error on the quantity has 
been enlarged by the "scale factor" S, defined as S = ~ ,  where N 
is the number of measurements used in calculating the quantity. We do this 
when S > 1, which often indicates that the measurements are inconsistent. 
When S > 1.25, we also show in the Particle Listings an ideogram of the 
measurements. For more about S, see the Introduction. 

A decay momentum p is given for each decay mode. For a 2-body decay, p is 
the momentum of each decay product in the rest frame of the decaying particle. 
For a 3-or-more-body decay, p is the largest momentum any of the products 
can have in this frame. 

[a] Theoretical value, A mass as large as a few MeV may not be precluded. 

[b] t indicates each type of lepton (e, #, and r) ,  not sum over them. 

[c] The Z-boson mass listed here corresponds to a Breit-Wigner resonance 
parameter. It lies approximately 34 MeV above the real part of the posi- 
tion of the pole (in the energy:squared plane) in the Z-boson propagator. 

[o 1 This partial width takes into account Z decays into v~ and any other 
possible undetected modes. 

[e] This ratio has not been corrected for the ~- mass. 
[f] Here A = 2gVgA/(B2v +g2A). 

[g] The value is for the sum of the charge states of particle/antiparticle states 
indicated. 

[/7] See the Z Particle Listings for the ~ energy range used in this measure- 
ment. 

[[] For m.y. r = (60 + 5) GeV, 
[/] The limits assume no invisible decays. 
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LEPTONS 
J=�89 

Mass m = 0.51099907 4, 0.00000015 MeV [a] 
= (5 .485799111 4" 0.000000012) x 10 -4  u 

,I 

(me+-me_)/m< 4 x 1 0  - 8 , c L = 9 0 %  
Iqe+ + qe-I/e < 4 x  10-8 
Magnetic moment/~ = 1.001159652193 + 0.000000000010/~B 
(Se+ -- Se-)  / Saverage = (--0.5 4- 2.1) x 10 -12 
Electric dipole moment d : (0.18 4- 0.16) • 10 -26 ecm 
Mean life ~" > 4.3 • 1023 yr, CL = 68% [b] 

:=�89 
Mass m = 105.658389 4- 0.000034 MeV [c] 

= 0.113428913 4, 0.000000017 u 
Mean life ~ = (2 .19703 4- 0.00004) x 10 -6  s 
r p + / r / , _  = 1.00002 -I- 0.00008 

cr = 658.654 m 
Magnetic moment/~ = 1.0011659230 4, 0.0000000084 eT~/2mp 
(g/~+ -- g/~-) / gaverage = (--2.6 4" 1.6) x 10 -8  

Electric dipole moment d = (3.7 4, 3.4) x 10 -19 ecm 

Decay parameters [d] 

p = 0.7518 4- 0.0026 
7 /=  -0 .007 + 0.013 

= 0.749 4, 0.004 
~Pp = 1.003 4- 0.008 [el 

~P/~6/p > 0.99682, CL = 90% [el 
~' = 1.00 4- 0.04 
~'~ = 0.7 -[- 0.4 
~ / A  = (0 4" 4) x 10 -3  
~ ' / A  = (0 4, 4) X 10 -3 
/~/A = (4 4, 6) x 10 -3  
~/'/A = (2 4, 6) x 10 -3  

= 0.02 4, 0.08 

/=-i- modes are charge conjugates of the modes below. 

P 
#-- DECAY MODES Fraction (Fl/r) Confidence level (MeV/c) 

e -  ~e v/~ ~ lOO% 

e -  ~e v/~" 7 If]  (1.4• 

e-PeV~,e+e - [e] (3.4• x 10 - 5  

Lepton Family number (LF) vlolatJng modes 

e-VePl~ LF [hl < 1.2 % 
e- 'y  LF < 4.9 x 10 -11 
e - e + e  - LF < 1.o x lO -12 
e-2"y LF < 7.2 x 10 -11 

53 

53 

53 

90% 53 

90% 53 
90% 53 
90% 53 

ITI 
Mass m = 1777.05t0:2~ MeV 

Mean life ~ = (290,0  + 1.2)  • 10 -15 s 
cr  - 86.93/~m 

Magnetic moment anomaly > -0 .052 and < 0.058, CL = 95% 
Electric dipole moment d > - 3 .1  and < 3.1 x 10 -16 ecru, CL = 

95% 

Weak dipole moment 

Re(d w) < 0.56 • 10 -17 ecm, CL = 95% 
Im(d w) < 1 . 5 x 1 0  -17 ecm, C L = 9 5 %  

Wink  anomalous magnetic dipole moment 

R e ( ~ )  < 4.5 x 10 -3 ,  CL = 90% 
Im(c~ w) < 9 . 9 •  -3  , C L = 9 0 %  
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Decay parameters 

See the ~ Particle Listings for a note concerning ~-decay parameters. 

p~(e or #) = 0.748 4- 0.010 
p~'(e) = 0.745 + 0.012 
p~(/~) = 0.741 4- 0.030 
~ ( e  or/~) -- 1.01 + 0.04 
~ ' (e)  = 0.98 + 0.05 
~'(/~) = 1.07 + 0.08 
~/~(e or/~) = 0.01 + 0.07 
~'(/~) = -0 .10  • 0.18 
(6~)'(e or/~) = 0.749 4- 0.026 
(6~)~(e) = 0.733 4- 0.033 
(60~(~)  = 0.78 + o.o5 
~(~r) -- 0.99 4, 0.05 
~ ' (p)  = 0.996 4, 0.010 
~ ( a l )  = 1.02 4- 0.04 
~ (a l l  hadronic modes) = 0.997 4- 0.009 

T + modes are charge conjugates of the modes below. "h •  stands for 
~r • or K • " t"  stands for e or p. "Neutral" means neutral hadron whose 
decay products include -y's and/or ~0's. 

Scale factor/ p 
~'-- DECAY MODES Fraction (FI/F) Confidence level (MeV/c) 

Modes wi th  one charpd partlde 
particle- > 0 neutrals >_ 0K~ (84.71• 0.13)% 5=1.2 - 

(" l -prong")  
particle- _> 0 neutrals > 0K~  (85.30• 0.13) % 5=1.2 - 

/J,-- V'-~/-', (/] (17.37• 0.09) % 885 

/ ~ - ~ p ~ - y  [g] ( 3.0 • 0.6 ) x  lO -3  - 
e-PeU, r [/] (17.81• 0.07) % 889 
h -  _> 0 neutrals _> 0K ~ v~ (49.52• 0.16) % S=1.2 - 

h-  ~ 0K ~ u r (12.32• 0.12)% S=1.5 - 

h-u~. (11.79• 0.12) % 5=1.5 - 
~-v~- [/] (11.08• 0.13)% S=1.4 883 
K-u~. [rJ ( 7.1 • 0.5 ) x  10 - 3  820 

h-  >_ 1 neutralsv r (36.91• 0.17) % 5=1.2 
h-~r0uT (25.84• 0.14) % S=1.1 

Ir--~Ov~ - VJ (25.32~: 0.15) % S=1.1 878 
~r-ltOnon-p(770)u~. ( 3.0 • 3.2 ) x  10 -3  878 
K-~r~ [/] ( 5.2 • 0.5 ) x  10 - 3  814 

h -  ~> 2~r~ (10.79• 0.16)% 5=1.2 
h-2~r~ ( 9.39• 0.14) % S=1.2 

h -  21r~ 0) ( 9.23• 0.14) % S=1.2 
l r -2~r~ ~ [/] ( 9.15• 0.15)% 5=1.2 862 
K-27r~ ~ [rJ (8.o • 2,7 ) x l 0  -4  796 

h -  > 3~rOx,~ ( 1.40• 0.11)% 5=1.1 
h-3~r0e~ ( 1.23• O.lO) % 5=1.1 

~'-31r~ O) 1/] ( 1.11• 0.14)% 836 

K - 3 ~ r ~  ~ [/] ( 4.3 +10.0 ) x 1 0 - 4  766 - 2.9 
h-4~r~ ~ ( 1.7 ~ 0.6 ) x 10 - 3  - 
h-4~r~176 [/] ( 1.1 • 0.6 ) x  10 - 3  

K -  _> 0~ ~ > 0K ~ ~, ( 1.66• 0.10)% - 
K -  > 1 (~r ~ or K ~ u, ( 9.5 • 1.0 ) x 10 -3  - 

Modes with K~ 
K~ ( 1.66• 0.09)% S=1.4 

h - K  0 _ 0 neutrals _> 0K~ ( 1.62• 0.09) % S=1.4 
( 9.9 • 0.8 ) x  10 - 3  5=1.5 
( 5.3 • 0.8 ) x  10 - 3  5=1.4 

< 1,7 x 10 - 3  CL=95% 

0.24) x 10 -3  
0.5 ) x 10 -3  
0.5 ) x 10 - 3  
0.7 ) x 10 - 3  
0.29) x 10 - 3  
4 ) x 10 - 4  

x 10 . 4  CL=95% 
0.21) x 10 - 3  S=1.2 

h-~OvT 

x-~-O 

(non- K* (892) -  ) v~ 
K -  K ~ vr  [I] 

h-~-o~ro vr  
~ r -~~176  [q 

K -  K ~ 7r ~ v~ [~ 
l r -  ~-o lrO ~ro ur 
K- KO ~r%rO v.r 
~r- K~ R-%, F] 

1.59• 
5,5 + 
3.9 • 
1.9 • 
1.514- 
6 + 

< 3.9 
( 1.21 ~- 

812 
812 

737 

794 

685 

682 
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o o ~r- K~ K~ u r ( 3.0 • O.S ) x 10 - 4  S=1.2 

~ r - K ~ K ~ v  r ( 6.O • 1.0 ) x l 0  - 4  S=1.2 
-- 0 0 0 ~r K~ K S~r v r < 2.0 x 10 - 4  CL=95% 

~ r - K ~ K ~ 1 7 6  ( 3.1 • 1.2 ) x l 0  -4  

K -  K ~ _> 0 neutrals ~'r ( 3.1 • 0.4 ) x 10 -3  
K ~  + h -  h -  > 0 neutrals u r < 1.7 x 10 - 3  CL=95% 

K ~ ( 1 4 3 0 ) -  u r < 

7//I"-- Pr < 

r /~-  ~r~ ~r~ Ur ( 

nK-u~- ( 
r/~+~r-~r - _> 0 neutrals u r < 

3 X 10 - 3  CL=gS% 317 

1.4 x 10 - 4  CL=95% 798 
1.744- 0.24) x 10 - 3  778 
1.4 4- 0,7 ) x 10 - 4  746 
2,7 4- 0,6 ) x  10 - 4  720 
3 x 10 - 3  CL=90% 

K ~ h + h -  h -  z~ r ( 2.3 4- 2.0 ) x 10 - 4  

Modes wi th three charged particles 

h - h - h  § _>Oneut. V r ( "3 -p rong"  ) ( lS.18• 0.13)% 
h - h - h  + _> 0neut ra ls  v r 

(ex Ko _~ ~+ ~ - )  

~ r - ~ + ~ r -  > 0 neutrals v r 

h - h - h + v , r  
h -  h -  h + Vr (ex .K  ~  
h -  h -  h + u r ( ex .K~  
~-~r+~T- Ur 
~r-  ~r+ ~r-  Ur (ex .K  0 ) 

~ -  ~r + ~r- Vr ( e x . K ~  [I] 
h - h - h  + > 1 neutrals =% 
h - h - h  + > 1 neutrals ~%(ex. 

K o -~ ~ + ~ - )  

h -  h -  h+  ~r~ Vr 
h -  h -  h+  ~r~ Vr (ex .K  ~  
h-h-h+~r~ K 0, ~ )  
~- ~r+ ~- ~ro u~. 
~r- ~r + ~ -  ~r 0 u r (ex.K 0 ) 

~r-~+~r-~~176 [i] 
h- ( p~r )~ u~. 

(14.604- 0.13) % 

(14.604- 0.14) % 

9.964- 0.10) % 
9.624- 0.10) % 
9.574- 0.10) % 
9.564- 0.11) % 
9.52• 0.11) % 
9.234- 0.11) % 
5.184- 0.11) % 
4.984- 0.11) % 

4.504- 0.09) % 

4.314- 0.09) % 
2.59• 0.09) % 

4.354- 0.10) % 
4.224- 0.10) % 
2.494- 0.10) % 
2.884- 0.35) % 

S=1,2 
S=1.2 

S=1.1 
S=1.1 
S=1.1 
S=1.1 
S=1.1 

S=1.1 
S=1.2 

5=1.2 

S=1.1 

S=1.1 

T/~r-- ~r+ ~r- u r  

r / a i ( 1 2 6 0 ) - u  r --~ rl~r-pOu~. 
rF/~r-  v ~ 

n'(958) ~ -  v, 
r/(958) ~ -  ~r 0 u r 

@~r-u r 
@ K - v r  
fi(1285) = -  Ur 

h(1285)=- v~ -+ 
r/~- ~r+ ~r- vr 

h - w  > 0 neutrals u r 

h - ~ v r  
h-w~r~ 
h - ~ 2 ~ r ~  

e-~ ,  

( 3.4 4- 0.8 ) x  10 - 4  

< 3.9 x 10 - 4  CL=90% 
< 1.1 x 10 - 4  C L = 9 5 %  
< 2.0 x 10 - 4  CL=95% 
< 7.4 x 10 - 5  CL=90% 
< 8.0 x 10 - 5  CL=90% 

< 2.0 x 10 - 4  EL=90% 
< 6.7 x 10 - 5  CL=90% 

5.8 • 2,3 ) x  10 - 4  
1.9 • 0,7 ) x  10 - 4  

2.364- 0.08) % 
1.934- 0.06) % 

( 4.3 • 0.5 ) x 10 - 3  
( 1.9 4- 0.8 ) x 10 - 4  

Leld~ Family number (LF), Lepton number (L), 
or Baryon number (B) vlolatlnK modes 

{In the modes below, ! means a sum over e and p modes) 

L means lepton number violation (e.g. ~'- ~ e §  Following 
common usage. LF means lepton family violation and not lepton number 
violation (e.g. "r-- --~ e-~r+ ~r--). B means baryon number violation. 

LF < 2.7 x 10 - 6  CL=90% 

(a1(1260) h ) -  Vr 
h- p ~rO ~,.r 
h-p+ h-v~. 
h-p- h+ u~. 

h- h- h + 2~r ~ u r 
h- h- h+2~rOu~.(ex.K O) 
h- h- h+2~r~176 [I] 

h -  h -  h + _> 3~ ~ v r [/] 

h- h- h+ 3~rOv~. 
K -  h + h -  _> 0 neutrals u r 

K-~r + ~ -  _> 0 neutrals v r 
K -  ~r + ~r- u~. 
K-~r+~r-u~.(ex.K O) [/] 
K- ~r + ~- ~O v.~ 

K-~+~r-~r~ ~ [I] 

K - ~ + K -  _> 0 neut. v r 
K - K  S ~ -  _>0neut. u r 

K -  K+  ~r-v.r 
K -  K+  ;,r-~rOv. r 

K - K  + K -  _>0neu t .  v r 
K -  K+  K-v~. 

~ r - K + ~ r  - > 0 neut. u r 
e- e- e+DeU~. 
# - e -  e+DpVr 

< 2.0 % CL=95% 

1.354- 0.20) % 
4.5 • 2.2 ) x 10 - 3  

1.174- 0.23) % 
5.4 4- 0.4 ) x 10 - 3  
5.3 4- 0.4 ) x 10 - 3  

1.1 4- 0.4 ) x 10 - 3  

1.4 + 0.9 ) x  10 - 3  S=1.5 - 0.7 
2.9 4- 0.8 ) x  10 - 4  
5.4 4- 0.7 ) x 10 - 3  S=1.1 
3.1 4- 0.6 ) • 10 - 3  S=1.1 
2.3 4- 0.4 ) x 10 - 3  
1.8 4- 0.5 ) x 10 - 3  
8 4- 4 ) x 1 0  - 4  

2.4 + 4.3 ) x  10 - 4  
- 1.6 

<: 9 x 10 - 4  CL=95% 
( 2.3 4- 0.4 ) x  10 - 3  

[I] ( 1.614- 0.26) x 10 - 3  
[4 ( 6.9 4- 3.0 ) x 10 - 4  

< 2.1 X 10 - 3  CL=95% 
< 1.9 x 10 - 4  CL=90% 

< 2.5 x 10 - 3  CL=95% 
( 2.8 4- 1.5 ) x 10 - 5  

< 3.6 x 10 - 5  CL=90% 

M o d e s  w i t h  f ive c h a r l ~ d  particles 

3 h -  2h + _> 0 neutrals =% ( 9.7 • 0.7 ) x 10 - 4  
(ex. K O -~  ~ - T r  + )  

( "5 -  prong")  
3h-2h+uT.(ex.K ~ [i] ( 73 • 0.7 ) x ] O  - 4  
3h-2h+~r~ ~ [i] ( 2.2 • o.5 ) x l O  - 4  
3 h - 2 h  +2~  Ov r < 1.1 x 10 - 4  CL=90% 

Ml=~ellaneou= other  allowed m o d e s  
( 5 ~ ) - ~ .  ( 7.4 4- 0.7 ) x l o  -3  

4 h - 3 h  + > 0 neutrals u r < 2.4 x 10 - 6  CL=90% 
( "7 -p rong" )  

K * ( 8 9 2 ) -  _> 0(h 0 # K ~ ) v  r 

K * ( 8 9 2 ) -  > 0 neutrals Vr 
K *  ( 8 9 2 ) -  Vr 

K * ( 8 9 2 ) 0 K  - _> 0 neutrals v r 

K * ( 8 9 2 )  ~ K -  v r 
K * ( 8 9 2 ) ~  - > 0 neutrals z, r 

K *  (892) 0 ~r- Vr 

( K * ( 8 9 2 ) ~ ) -  v r -~ 

K l ( 1 2 7 0 ) - v  r 

K1(1400)- ur 

1.944- 0.31) % 

1.334- 0.13) % 

1.284- 0.08) % 
3.2 4- 1.4 ) x 10 - 3  
2.1 4- 0.4 ) x 10 - 3  
3.8 4- 1.7 ) x 10 - 3  
2.2 4- 0.5 ) x 10 - 3  
1.1 4- 03 ) x 10 - 3  

4 4- 4 ) x l O  - 3  
8 • 4 ) • 10 - 3  

685 

889 
885 

665 

' 539 

653 

433 
335 

# - 7  
e -  ~o 
p- ~o 

e- K ~ 
p -  K o 

e -7 /  
# - r /  
e -  pO 

e -  K* (892)  0 
# -  K * (892 )  0 

e - ~ * ( 8 9 2 )  ~ 

# - K * ( 8 9 2 )  ~ 
e - ~  

/ r -  7 
l r -  r 0 

e - e + e  - 
e - u + # -  
e + #  # 
# - e + e  - 
# + e -  e -  
# - # + # -  

e - ~ r + ~ -  

e + ;T 
# - T r + ~  - 

e - ~ +  K -  
e - ~ -  K + 
e + ~ - K  - 
e - K + K  - 
e + K - K  - 
# - ~ + K -  
# ~  K + 
# + ~ -  K -  
F - K + K  - 
# + K -  K -  
e -  Ir 0 Ir 0 
# -  7r 0 7r 0 

e-~ 
#-~ 

e -  lrO rl 
# -  rrO Ti 

"P7 
- ~ 0  

e -  l ight boson 
# -  l ight boson 

637 
559 

585 

888 
LF < 3.0 x 10 - 6  CL=90% 885 
LF < 3,7 x 10 - 6  CL=90% 883 
LF < 4.0 x,10 - 6  CL=90% 880 
LF < 1.3 x 10 - 3  CL=90% 819 
LF < 1.0 x 10 - 3  CL=90% 815 
LF < 8,2 x 10 - 6  CL=90% 804 
LF < 9.6 x 10 - 6  CL=90% 800 
LF < 2.0 x 10 - 6  CL=90% 722 
LF < 6.3 x 10 - 6  CL=90% 718 
LF < 5.1 x 10 - 6  CL=r 663 

LF < 7,5 x 10 - 6  CL=90% 657 
LF < 7.4 x 10 - 6  CL=90% 663 
LF < 7,5 x 10 - 6  CL=90% 657 

LF < 6,9 x 10 - 6  CL=90% 596 
LF < 7.0 x 10 - 6  CL=90% 590 
L < 2.8 x 10 - 4  CL=90% 883 
L < 3.7 x 10 - 4  CL=90% 878 
LF < 2.9 x 10 - 6  CL=90% 888 
LF < 1.8 x 10 - 6  CL=90% 882 
LF < 1,5 x 10 - 6  CL=90% 882 
LF < 1.7 x 10 - 6  CL=90% 885 
LF < 1.5 x 10 - 6  CL=90% 885 
LF < 1,9 x 10 - 6  CL=90% 873 
LF < 2.2 x 10 - 6  CL=90% 877" 
L < 1.9 x 10 - 6  CL=90% 877 
LF < 8.2 x 10 - 6  CL=90% 866 
L < 3.4 x 10 - 6  CL=90% 866 
LF < 6.4 x 10 - 6  CL=90% 814 
LF < 3.8 x 10 - 6  CL=90% 814 
L < 2.1 x 10 - 6  CL=90% 814 
LF < 6.0 x 10 - 6  CL=90% 739 
L < 3.8 x 10 - 6  CL=90% 739 
LF < 7.5 x 10 - 6  CL=90% 800 
LF < 7.4 x 10 - 6  CL=90% 800 
L < 7.0 x 10 - 6  CL=90% 800 
LF < 1.6 x 10 - 5  CL=90% 699 
L < 6.0 x 10 - 6  CL=90% 699 
LF < 6.5 x 10 - 6  CL=90% 878 
LF < 1.4 x 10 - 5  CL=90% 867 
LF < 3.5 x 10 - 5  CL=90% 700 
LF < 6.0 x 10 - 5  CL=90% 654 
LF < 2.4 x 10 - 5  CL=90% 798 
LF < 2.2 x 10 - 5  CL=90% 784 
LB < 2.9 x 10-4 CL=90% 641 
L,B < 6.6 x 10-4 CL=90% 632 
L,B < 1.30 X 10-3 CL=90% 476 
LF < 2.7 x 10-3 C L = 9 5 %  - 
LF < 5 x 10-3 CL=95% - 



I Heavy Charged Lepton Searches I 
L =l: - char l~ lepton 

Mass m > 80.2 GeV, CL = 95% 

L • - stable charged heavy lepbm 

Mass m > 84.2 GeV, CL = 95% 

m u ~ O  

I Neutrinos I 
See the Particle Listings for a Note "Neutrino Mass" giving details of 
neutrinos, masses, mixing, and the status of experimental searches. 

rCl 

: = � 8 9  

Mass m: Unexplained effects have resulted in significantly neg- 
ative m 2 in the new, precise tritium beta decay experiments. 
It is felt that a real neutrino mass as large as 10-15 eV would 
cause observable spectral distortions even in the presence of 
the end-point count excesses. 

Mean life/mass, ~'/mve > 7 • 109 s/eV (solar) 
Mean life/mass, l-/m=, e > 300 s/eV, CL = 90% (reactor) 
Magnetic moment # < 1.8 • 10 -1~ CL ='90% 

J--�89 
Mass m < 0.17 MeV, CL = 90% 
Mean life/mass, ~/mu~ > 15.4 s/eV, CL -- 90% 

Magnetic moment/~ < 7.4 x 10 -1~ CL = 90% 

j_-�89 
Mass m < 18.2 MeV, CL = 95% 
Magnetic moment/~ < 5.4 • 10 -7/~B, CL = 90% 
Electric dipole moment d < 5.2 x 10 -17 ecru, CL = 95% 

I Number of I.ight Neutrino Types I 

(including Ve, up, and ur) 
Number N = 2.994:1:0.012 
Number N = 3.07:1:0.12 (Direct measurement of invisible Z 

width) 

I Massive Neutrinos and I 
Lepton Mixing, Searches for 

For excited leptons, see Compositeness Limits below. 

See the Particle Listings for a Note "Neutrino Mass" giving details of 
neutrinos, masses, mixing, and the status of experimental searches. 

While no direct, uncontested evidence for massive neutrinos or lepton 
mixing has been obtained, suggestive evidence has come from solar neu- 
trino observations, from anomalies in the relative fractions of ee and ep 
observed in energetic cosmic-ray air showers, and possibly from a ~e ap- 
pearance experiment at Los Alamos. Sample limits are: 

Stable Neutral Heavy Lepton Mass Umlts 
Mass m > 45.0 GeV, CL = 95% (Dirac) 
Mass m > 39.5 GeV, CL = 95% (Majorana) 

Neutral Heavy Lepton Mare Umlti 
Mass m > 69.0 GeV, CL = 95% 

with IutjI = > lO-,2) 
Mass m > 58.2 GeV, CL = 95% 

/~, , with IUt.lJ 2 > 10 -z2) 

(Standard Model fits to LEP data) 

(Dirac e L coupling to e,/~, 

(Majorana e L coupling to e, 
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Solar Neutrinos 

Detectors using gallium (E v ~> 0.2 MeV), chlorine (E v ~ 0.8 MeV), 
and Cerenkov effect in water (Ev ~ 7 MeV) measure significantly 
lower neutrino rates than are predicted from solar models. The deficit 
in the solar neutrino flux compared with solar model calculations 
could be explained by oscillations with Am 2 _< 10 -s eV 2 causing 
the disappearance of v e. 

Atmospheric Neutrinos 

Underground detectors observing neutrinos produced by cosmic rays 
in the atmosphere have measured a Up/V e ratio much less than ex- 
pected and also a deficiency of upward going up compared to down- 
ward. This could be explained by oscillations leading to the disap- 
pearance of v~ with Am 2 ~ 10 -3 to 10 -2 eV 2. 

v osdllatlon: V e ~ iF e (e = mixing angle) 
Am 2 < 9 x 10 -4 eV 2, CL -- 90% (if sin22# = 1) 
sin220 < 0.02, CL = 90% (if A(m 2) is large) 

u osdllation: v/~ (I;/~) --~ ue (Pe) (any comblnutlon) 

Am 2 < 0.075eV 2 ,CL=90% (if sin220= 1) 
sin220 < 1.8 • 10 -3, CL = 90% (if z~(m 2) is large) 

NOTES 

In this Summary Table: 

When a quantity has "(S . . . .  )" to its right, the error on the quantity has 
been enlarged by the "scale factor" S, defined as S = / v / ~ 2 7 ~  ~- 1), where N 
is the number of measurements used in calculating the quantity. We do this 
when S > 1, which often indicates that the measurements are inconsistent. 
When S > 1.25, we also show in the Particle Listings an ideogram of the 
measurements, For more about S, see the introduction. 

A decay momentum p is given for each decay mode. For a 2-body decay, p is 
the momentum of each decay product in the rest frame of the decaying particle. 
For a 3-or-more-body decay, p is the largest momentum any of the products 
can have in this frame. 

[a] The uncertainty in the electron mass in unified atomic mass units (u) 
is ten times smaller than that given by the 1986 CODATA adjustment, 
quoted in the Table of Physical Constants (Section 1). The conversion 
to MeV via the factor 931.49432(28) MeV/u is more uncertain because 
of the electron charge uncertainty. Our value in MeV differs slightly from 
the 1986 CODATA result. 

[b] This is the best "electron disappearance" limit. The best limit for the 
mode e-  --, e-y is > 2.35 x 102s yr (CL=68%). 

[c] The muon mass is most precisely known in u (unified atomic mass units). 
The conversion factor to MeV via the factor 931.49432(28) MeV/u is 
more uncertain because of the electron charge uncertainty. 

[d] See the "Note on Muon Decay Parameters" in the/~ Particle Listings for 
definitions and details. 

[el P~ is the longitudinal polarization of the muon from pion decay. In 
standard V - A  theory, P# = 1 and p = 6 = 3/4. 

[f] This only includes events with the -y energy > 10 MeV. Since the e-  ~e vp 
and e-FeVp~ modes cannot be clearly separated, we regard the latter 
mode as a subset of the former. 

[g] See the/J Particle Listings for the energy limits used in this measurement. 

[h] A test of additive vs. multiplicative lepton family number conservation. 

[i] Basis mode for the r, 
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QUARKS 
The u-, d-, and s-quark massesare estimates of so-called "current- 
quark masses," in a mass-independent subtraction scheme such as 
MS at a scale # ~ 2 GeV. The c- and b-quark masses are estimated 
from charmonium, bottomonium, D, and B masses. They are the 
"running" masses in the MS scheme. These can be different from 
the heavy quark masses obtained in potential models. 

El 

ITI 

FI 

Mass m = 1.5 to 5 MeV [a] 
mu/m d = 0.20 to 0.70 

I( jP) = 1,1+~ 

Charge=.~e Iz = + � 8 9  

I( jP) = lr1+~ :~t 2 J 

Mass m = 3 to 9 MeV [a] Charge = - ~  e 
ms/m d = 17 to 25 

-~ = (mu+md)/2 = 2 to 6 MeV 

Iz = - � 8 9  

I(J P) = 0(�89 + )  

Mass m = 60 to 170 MeV [a] Charge = - ~  e Strangeness = - 1  
(m s - (m u + md)/2)/(m d -- mu) = 34 tO 51 

Mass m = 1.1 to 1.4 GeV 

l(J P) = 0(�89 +) 

Charge= ~ e Charm = + 1  

r ~  i(JP) = 0(�89 + )  

Mass m = 4,1to 4.4 GeV C h a r g e = - ~  �9 Bottom = - 1  

B I(JP) = 0(�89 

Charge = ~ e Top - -I-1 

Mass m = 173.8 4- 5.2 GeV (direct observation of top events) 
Mass m = 170 • 7 (+14) GeV (Standard Model electroweak 

fit,assuming MH = Mz. Number in parentheses is shift from 
changing MH to 300 GeV. 

I V (4 ~ Generation) Quark, Searches for I 
Mass m > 128 GeV, CL = 95% (p~, charged current decays) 
Mass m > 46.0 GeV, CL = 95% (e + e - ,  all decays) 

I Frae Quark Searches I 
All searches since 1977 have had negative results. 

NOTES 

[a] The ratios mu/m d and ms/m d are extracted from pion and kaon masses 
using chiral symmetry. The estimates of u and d masses are not without 
controversy and remain under active investigation. Within the literature 
there are even suggestions that the u quark could be essentially massless. 
The s-quark mass is estimated from SU(3) splittings in hadron masses. 



LIGHT UNFLAVORED MESONS 
(S=C=B=O) 

For I = 1 (~r, b, p, a): ud, (u -d -dd) /v~ ,  d-d; 
for / = 0 (r/, r/', h, h', u;, •, f ,  f ' ) :  Cl(U-U -I- d-d) + c2(s~) 

IG(J  P) = 1 - ( 0 - )  

Mass m = 139.56995 + 0.00035 MeV 
Mean life ~- = (2.6033 • 0.0005) x 10 - 8  s (S - -  1.2) 

c r  = 7.8045 m 

~r "~ ~ l :k v l '  form factor= [a] 

F v = 0.017 4. 0.008 
F A = 0.0116 + 0.0016 (S = 1.3) 
R --  0 0 ~ Q + ~ 1 7 6 1 7 6 1 7 6  . . . .  - 0.008 

~r- modes are charge conjugates of the modes below. 
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Meson Summary Table 

P 
~r+ DECAY MODES Fraction (rl/r) Confidence level (MeV/c) 

Iq 

f/DECAY MODES 

IG(J  PC) : 0 + ( 0 -  + )  

Mass m = 547.30 4- 0.12 MeV 
Full width r = 1.18 4- O . l l  keV [f] (S = 1.8) 

C-nonconseMng decay pammetem 

~r +~r-~r  ~ Left-r ight asymmetry = (0.09 4- 0.17) x 10 - 2  
~ r+~ r - x  ~ Sextant asymmetry = (0.18 4- 0.16) • 10 - 2  
7r+Tr -Tr  ~ Quadrant  asymmetry = ( - 0 . 1 7  + 0.17) • 10 - 2  
7r+~r - ) '  Left-r ight asymmetry = (0.9 4- 0.4) x 10 - 2  
x + T r - ) '  ~ (D-wave) = 0.05 • 0.06 (S = 1.5) 

Dal i tz plot parameter 

~r0~r0~r ~ ~ = - 0 . 0 3 9  4. 0.015 

Scale factor/ p 
Fraction ( r l / r )  Confidence level (MeV/c) 

/z +/~/~ [b] (99.98770=E0.00004) % 30 
/~+/J/s), [c] ( 1.24 :E0.25 ) x 10 - 4  30 

e+/Je [b] ( 1.230 :J:0.004 ) x 10 - 4  70 
e + Ue)  , [c] ( 1.61 ~E0.23 ) x 10 - 7  70 

e + Ue/r 0 ( 1.025 :E0.034 ) x 10 - 8  4 
e+~,ee+e - ( 3.2 :E0.5 ) x 10 - 9  70 
e + ~ e Z ~  " < 5 x 10 - 6  90% 70 

Lepton Family number (LF) or Lepton number (L) vlolatlni model 
P'+~e L [ol < 1.5 x 10 - 3  90% 30 
p'+l) e LF [d] < 8.0 x 10 - 3  90% 30 
I/,- e + e + ~, LF < 1.6 x 10 - 6  90% 30 

IG(J  PC) = 1 - ( 0 -  + )  

Mass m = 134.9764 4. 0.0006 MeV 
m ~  - mxo = 4.5936 4- 0.0005 MeV 
Mean life 7- = (8.4 4- 0.6) x 10 -17 s (S = 3.0) 

cr  = 25.1 nm 
Scale factor/ 

~r 0 DECAY MODES 
P 

Fraction ( r / / r )  Confidence level (MeV/c) 

2)' (98.7984"0.032) % r 67 
e+ e - ) '  (1.198+0.032) % 5=1.1 67 

-ypositronium ( 1.82 +0.29 ) x 10 - 9  67 
e + e -F e -  e -  ( 3.14 -I-0.30 ) x 10 - 5  67 
e + e -  ( 7.5 :E2.0 ) x 10 - 8  67 
4), < 2 x 10 - 8  CL=90% 67 
~,~ [e] < 8.3 x 10 -7  CL=90% 67 

//e~ e < 1.7 x 10 - 6  CL=90% 67 
/)/~/~ < 3.1 x 10 - 6  CL=90% 67 
~'~,~ < 2.1 x 10 - 6  CL=90% 67 

Charle conjugation (C) or Lepton Family number (LF) violating modes 
3)' C < 3.1 x 10 - 8  CL=90% 67 
#+ e -  Jr- e -  i ~+ LF < 1.72 x 10 - 8  CL=90% 26 

Neutral modes 
neutral modes (71.5 ~0.6 ) %  s=1.4 - 

2)' If] (39.21:1:0.34) % $=1.4 274 
3/r 0 (32.2 :E0.4 ) % S=1.3 178 
/r02~ ( 7.1 4-1.4 ) x 10 - 4  257 
other neutral modes < 2.8 % CL=90% 

Charged modes 
charged modes (28.5 :~0.6 ) %  5=1.4 

~r "i" ~T- ~r 0 (23.1 :EO.5 ) % 5=1.4 173 
7r'+/r-",( (4.774-0.13) % S=1.3 235 
e + e - , 7  ( 4.9 :E1.1 ) x l O  - 3  274 
/~+#- '- / '  ( 3.1 ~:0.4 ) x 10 - 4  252 
e + e -  < 7.7 x 10 - 5  CL=90% 274 
/~ '+#-  ( 5.8 :E0.8 ) x 10 - 6  252 

~ r + ~ - e + e  - ( 1.3 +1.2 ) x  10 - 3  235 -0.8 
/ r ' + ~ - 2 ) '  < 2.1 x 10 - 3  235 
/ r+~ ' - / t ' 0 ) '  < 6 x 10 - 4  CL=90% 173 
" / r0#+ /J - ) '  < 3 x 10 - 6  CL=90% 210 

Charge conjugat ion (C) ,  Parity (P ) ,  
Char lp r  x ParRy (CP), or 

Lepton Family number (LF)  vlolatlnl modes 
Ir+'/r - P, CP < 9 x 10 - 4  CL=90% 235 
3"/' C < 5 x 10 - 4  CL=95% 274 
/r 0 e + e -  C [g] < 4 x 10 - 5  CL=90% 257 
~r0/~'+/J - C ~l'] < 5 x 10 - 6  CL=90% 210 
IJ, + e -  + lJ,-- e + LF < 6 x 10 - 6  CL=90% 263 

I 
Mass m = (400-1200) MeV 

Full width r = (600-1000)  MeV 

f0(400-1200) DECAY MODES Fraction ( r l / r )  

"r(~ dominant 
"1,'7 seen 

p (MeV/c) 



26 

Meson Summary Table 

I / ) ( 7 7 0 )  [q I I G ( j P C )  = 1+ (1  - - )  

Mass m = 770.0 4- 0.8 MeV ( S = 1 . 8 )  

Full width F -- 150.7 -t- 1.1 MeV 

Fee = 6.77 4- 0.32 keV 

Scale factor/ p 
~T/'O) DECAY MODES Fraction ( r l / r )  Confidence level (MeV/c) 

;1"/- ~ 100 % 358 

p(no)* decays 
/-:l:,), ( 4.5 +0.5 ) x 10 - 4  5=2.2 372 
7[':1: T/ < 6 x 10 - 3  CL=84% 146 
/-•  11 "+/1"-/ i  "0 < 2.0 x 10 - 3  CL=84% 249 

p(nop d r  
/ -+~r - "y  ( 9.9 :E1.6 ) x 10 - 3  358 
7r0"y ( 6.8 • ) x 10 - 4  372 

~ ( 2.4 +_o:~ )x lo-4 s=1.6 189 

p + p - -  •] ( 4 . 6 0 ~ 0 . 2 8 )  x 10 - 5  369 
e + @-- [J] (4 .49 •  x 10 - 5  384 
~T + I t - / - 0  < 1.2 x 10 - 4  CL=90% 319 
/-+ 71"--/-+/1"-- < 2 X 10 - 4  CL=90% 246 
/-+/1"--/r 0/-0 < 4 x 10 - 5  CL=90% 252 

IG(J  PC) = 0 - ( 1  - - )  

M a s s m = 7 8 1 . 9 4 •  ( S = 1 . 5 )  

Full width F = 8.41 4- 0.09 MeV 

Fee = 0.60 + 0.02 keY 

Scale factor/ p 
w(782) DECAY MODES Fraction ( r l / r )  Confidence level (MeV/c) 

~T+/--;r  0 (88.8 • ) % 327 
'A'O") ' ( 8.5 :EO.5 )% 379 
/-+/---  (2.21• % 365 

neutrals (exc luding/ -~ ( 5.3 +8.7 -3.5 ) • 1~  

r/,y ( 6.5 :J:l.0 ) x 10 - 4  199 
/ - ~  ( 5.9 • ) • 10 - 4  379 
/ r0/ ;+/~ - ( 9.6 • ) x  10 - 5  349 
e + e -  (7.07• x 10 - 5  S=1.1 391 
~T + / r -  7r 0/-0 < 2 % CL=90% 261 

/-+~r--'7 < 3.6 x 10 - 3  CL=95% 365 
~+/--- ~+/--- < 1 x 10 - 3  CL=90% 256 
~'0"/r0" 7 ( 7.2 • ) X 10 - 5  367 

/~+/~-  < 1.8 • 10 - 4  CL=90% 376 
3"y < 1.9 • 10 - 4  CL=95% 391 

Charle r (C) viola(lag modes 
171r 0 C < 1 x 10 - 3  CL=90% 162 
31-0 C < 3 • 10 - 4  CL=90% 329 

- ~  IG(j PC) 0+(0 - +) 

Mass m = 957.78 • 0.14 MeV 

Full width r = 0.203 • 0.016 MeV (S = 1.3) 

Scale factor/ 
~(g68) DECAY MODES Fraction ( r l / l ' )  Confidence level 

P 
(MeV/c) 

/ -+ / - - -~  (43.8 • )% 5=1.1 232 
p~ non- (30.2 •  )% S=1.1 168 

resonant / -+ / - -  ~ )  
/rO/rO~ (20.7 • ) % S=1.2 239 

uJ'7 (3.01• % 160 
"y'y (2.11• % S=1.2 479 
3/- 0 (1.54• x 10 - 3  430 
/~+/~- " /  (1.03• x 10 - 4  467 
/ - + / - - / - 0  < 5 % CL=90% 427 
/-0p0 < 4 % CL=90% 118 

/ -+ / r  + / -  /- < 1 % CL=90% 372 
~r+/-+~r - ~ r -  neutrals < 1 % CL=95% - 
/ - + / -+  l r - / - - / -  0 < 1 % CL=90% 298 
6/- < 1 % CL=90% 189 
/ - + / - -  8+ e -  < 6 x 10 - 3  CL=90% 458 
/-0"7"/ < 8 x 10 - 4  CL=90% 468 
4/-I .0 < 5 x 10 - 4  CL=90% 379 
�9 + e -  < 2.1 x 10 - 7  CL=90% 479 

Charge conJulpd:lon (C)  or Parity (P)  vlola( lng modes 

/ -+ / - -  P.CP < 2 % CL=90% 458 
/-0/-0 P.CP < 9 x 10 - 4  CL=90% 459 
/-0 e+ e -  C [g] < 1.3 % CL=90% 469 
r / e+e  - C [E] < 1.1 % CL=90% 322 
3"7 C < 1.0 x 10 - 4  CL=90% 479 
p+p-Tr 0 C [g] < 6.0 x 10 - 5  CL=90% 445 
p+/~-T /  C [g] < 1.5 x 10 - 5  CL=90% 274 

I ~ ( 9 8 0 )  [k] I I G ( j P C )  = 0 + ( 0  + + )  

Mass m = 980 4- 10 MeV 

Full width F = 40 to 100 MeV 

p 
~(~I0) DECAY MODES Fraction ( r l / r )  Confidence level (MeV/c) 

/-/- dominant 470 
K ~  seen 
~ (1.19• x 10 - 5  490 
e + e -  < 3 x 10 - 7  90% 490 

I ao(CJS0) [k] I I G ( j P C )  = 1 - ( 0  + + )  

Mass m = 983.4 + 0.9 MeV 

Full width F = 50 to 100 MeV 

a0(geo ) DECAY MODES Fraction ( l ' l / r )  p (MeV/c) 

~:r dorqlnant 321 
K K  seen 
~ seen 492 

iG( jec) = 0 - ( 1  - - )  

Mass m = 1019.413 4- 0.008 MeV 

Full width F = 4.43 4- 0.05 MeV 

Scale factor/ p 
#(1020) DECAY MODES Fraction (I ' I /F) Confidence level (MeV/c) 

K + K  - 
o o KL K s 

p/- -I- /-+ / - - / -o  

~rO .y 
e + e- 
# + p -  

~le+ e - 

Ir + Tr - 
w'y 

P7 
/ - + / - - 7  
fo(98o)7 
/-0/-0 3 , 
~+/--~+ ~- 

/-+ T + / - - / - - / -  0 

/-0 e + e -  
/-~ ~/3, 

ao(980)~ 

, ' ( 9 8 8 ) ~  

p + # - 3 '  

(49.1 •  ) % 5=1.3 127 
(34.1 •  ) % S=1.2 110 

(15.5 •  ) % s=1.5 - 
1.26• % 5=1.1 363 
1.314-0.13) x 10 - 3  501 
2.994-0.08) x 10 - 4  S:1.2 510 
2.5 • ) x 10 - 4  499 

1.3 +0.8 ) x 10 - 4  363 --0.6 

8 _~5 ) X 10 - 5  S=1.5 490 

5 % CL=84% 210 
7 x 10 - 4  CL=90% 219 
3 x 10 - 5  CL=90% 490. 
1 x 10 - 4  CL=90% 39 

< 1 x 10 - 3  CL=90% 492 
< 8,7 x 10 - 4  CL=90% 410 
< 1.5 x 10 - 4  CL=95% 341 
< 1.2 x 10 - 4  CL=90% 501 
< 2.5 x 10 - 3  CL=90% 346 
< 5 x 10 - 3  CL=90% 36 

( 1.2 +0.7 --0.5 ) x 10 - 4  

( 2.3 4-1.0 ) x 10 - 5  

I/~(1170) I /G(jPC) = 0-(1 + -) 
Mass m -- 1170 + 20 MeV 

Full width F = 360 • 40 MeV 

/11(1170 ) DECAY MOD pc Fraction (FI/F) p (MeV/c) 

p/-  seen 310 



I b 1 ( 1 2 3 6 )  I IG(jPC) = 1+(1  + - )  

M a s s m =  1229.5 4- 3.2 MeV ( S =  1.6) 
Full width r = 142 4. 9 MeV (S = 1.2) 

P 
b1(1235 ) DECAY MODES Fraction ( r l / r )  Confidence level (MeV/c) 

oJ:r dominant 348 
[D/S ampl i tude ratio = 0.29 4. 0.04] 

7ra-*f (1.6a-0.4) x 10 -3  608 
f /p seen - 
:c+ ;T+/r-- ;T O < 50 % 84% 536 
( K K ) a -  :c 0 < 8 % 90% 248 
K 0 K 0 :cJ~ < 6 % 90% 238 

S 5 < 2 % 90% 238 
~;T < 1.5 % 84% 146 

I a 1 ( 1 2 6 0  [I] I IG(j PC) = 1 - ( 1  + + )  

Mass m = 1230 :E 40 MeV [m] 
Full width r = 250 to 600 MeV 

ll(12t=0 ) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

p:C dominant 356 
[DIS ampl i tude ratio = - 0 . 1 0 0  ~ 0.028] 

~r-y seen 607 
:c (;T:c)s-wave possibly seen 575 

I f2(1270) I IG(jPC) = 0+(2+ +) 
Mass m = 1275.0 4. 1.2 MeV 
Full w id th  r = 18~ ~+3.8 MeV (S = 1.5) ~ ' ~ -  2.7 

Scale factor/ p 
f2(1270) DECAY MOD I=r Fraction ( r / / r )  Confidence level (MeV/c) 

;T:C (84.6 +2.5 )% S=1.3 622 -1.3 

:c+;T-21r 0 ( 7.2 +1.5 )% 5=1.3 562 -2.7 
K K  ( 4.6 4-0.4 )%  S=2.8 403 
2:c+2;T - ('2.8 a-0.4 )% S=1.2 SS9 
T/T/ ( 4.5 :El.0 ) x 10 - 3  5=2.4 327 
4;T 0 ( 3.0 a-1.0 ) X 10 -3  564 

T/;T:C < 8 x 10 - 3  CL=95% 475 
K 0 K -  ;T+ + c.c. < 3.4 x 10 - 3  CL=95% 293 
e + e -  < 9 x 10 - 9  CL=90% 637 

I f1(1285) I IG(jPC) = 0+(1 + +) 
m 

Mass m = 1 2 8 1 . 9  4. 0.6 MeV ( S =  1.7) 
Full w id th  r = 2 4 . 0 4 .  1 . 2 M e V  ( S =  1.4) 

(47r = p(Ir~)ptuat~e ) 
Scale factor/ 

fl(12Bli~) DECAY MODES Fraction (F//F) Confidence level 
P 

(MeV/c) 

4;T (35 a- 4 ) % S=1.6 563 
;TO;TO;T+;T- (23,5a- 3.0) % S=1.6 566 
2;T + 2;T- (11.7 4- 1.5) % S=1.6 563 

pO:C+;T- (11.7a- 1.5) % 5=1.6 340 
4:c 0 < 7 x 10 - 4  CL=90% 568 
~/:C:C (50 :[:18 )% 479 

a0(980)~r [ ignoring a0(980 ) -~ (34 a- 8 ) % S=1.2 234 
K K] 

T/;T:C [excluding ao(980):c ] (13 a- 7 ) % s=1.1 
K K ; T  ( 9.6a- 1.2) % 5=1.5 308 

K K * ( 8 9 2 )  not seen 
,yp0 ( 5.4a- 1.2) % 5=2.3 410 
~'y ( 7.9:t: 3.0) x 10 - 4  236 
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- ~  IG(j PC) = 0+(0 - +) 

Mass m = 1297.0 4- 2,8 MeV 
Full width r = 53 9 : 6  MeV 

T/(121J~) DECAY MODES Fraction ( r l / r )  p (MeV/c) 

t/;T+ :C -- seen 488 
ao(980 ) ~ seen 245 
7/:cO :cO seen - 

r/(;T;T)s-wave seen - 

IG(J PC) = 1 - ( 0  + )  

Mass m = 1300 4. 100 MeV [m] 

Full width r = 200 to 600 MeV  

1r(1500) DECAY MODES Fraction ( r l / r )  p (MeV/c) 

p :C seen 406 
:C (;T;T)S-wave seen - 

I a2(1320) I IG(j Pc) = 1 - ( 2 + + )  

M a s s m =  1318.14.  0.6 MeV ( S =  1.1) 
Full width r = 107 4. 5 MeV [m] (Ka- K 0 and r/;T modes) 

Scale factor/ p 
a2(1520 ) DECAY MODES Fraction ( r l / r )  Confidence level (MeV/c) 

p;T (70.1~-2.7) % 5=1.2 419 
T/;T (14.5 i l .2 )  % 535 
~_:C (10.6+3.2) % 5=1.3 362 
KK (4 ,9+0.8)  % 437 
/~'(958):C (5.3a-0.9) x 10 - 3  287 
:ca- ), ,(2.8a-0.6) x 10 - 3  652 
")"y (9.49:0.7) x 10 - 6  659 
11"+ :C--;T-- < 8 % CL=90% 621 
e + e -  < 2.3 x 10 - 7  EL=90% 659 

I t~(1370)[k] I IG(JPC) = 0+(0 + +) 

Mass m = 1200 to 1500 MeV 
Full width r = 200 to 500 MeV 

f0(1370) DECAY MODES Fraction ( r l / r )  p (MeV/c) 

:c/r seen 
4;T seen 

4/r 0 seen 
2;T + 27r- seen 
:c+ :c-  2:c ~ seen 
2(;T:c)s_wave seen 

~77/ seen 
K K  seen 
"Y'7 seen 
e + e- not seen 

I ft(1420) In] I /G(jPC) = 0+(1 + +) 
Mass m = 1426.2 -4- 1.2 MeV (S = 1.3) 

Full width r = 55.0 + 3.0 MeV 

f1(1420) DECAY MODES Fraction ( r / / r )  p (MeV/c) 

K K ; T  dominant 439 
K K * ( 8 9 2 ) +  c.c. dominant 155 

T/;T ;T possibly seen 571 

I ~(1420) [o] I IG(j PC) --  0 - ( 1  - - )  

Mass m --  1419 + 31 MeV 
Full width r = 174 -L- 60 MeV 

a~(14,10) DECAY MODES Fraction (rd0 p !MeV/c) 

p:c dominant 488 
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Meson Summary Table 
I T/(1440) [P] I IG( jPC)  = 0+(0 - +) 

i 

Mass m = 1400 - 1470 MeV [m] 
Full width r = 50 - 80 MeV [m] 

41440) DECAY MODES Fraction ( r l / r )  

K K ~ r  seen 
K K * ( 8 9 2 )  + c.c. seen 
T//r ~" seen 

ao(980)Tr seen 
~/(~':r seen 

4~ seen 

p ( M eV/c) 

l ao(1450) J IG(j PC) = 1- (0  + +) 
Mass m = 1474 + 19 MeV 
Full width r = 265 + 13 MeV  

a0(1480 ) DECAY MODES Fraction ( r l / r )  p (MeV/c) 

/r T/ "seen 613 
~T//.(958) seen 392 
K K seen 530 

J p(1450) [q] I IG(jPC) = 1+ (1  - - )  
m 

Mass m = 1465 Jr 25 MeV [m] 
Full width r - -  310 + 60 MeV [m] 

P 
#(1450) DECAY MODES Fraction ( r l / r )  Confidence level (MeV/c) 

/r~r seen 719 
4/r ,seen 665 

~T <2.0 % 95% 512 
e + e -  seen 732 
T/p <4 % 317 
~ < 1 %  358 
K K  <1.6 x 10 - 3  95% 541 

J ~o(lSoo)jr] J 

f0(:l~00) DECAY MODES 

IG(j PC) = 0+(0++) 

M a s s m = 1 5 0 0 + 1 0 M e V  ( S = 1 . 3 )  
Full width r = 112 4- 10 MeV 

Fraction ( r / / r )  p (MeV/c) 

J.) (1600)  I = ~  - )  
I [s] IG(J PC) 

Mass m = 1 6 4 9  4- 24 MeV ( S = 2 . 3 )  
Full width r = 2 2 0 j r 3 5 M e V  ( S =  1.6) 

w(1600) DECAY MODES Fraction ( r l / r )  p (MeV/c) 

p ~  seen 637 
r ~r seen 601 
e + e -  seen 824 

i 

J ~j(1670) J IG(J PC) = 0 - ( 3  - - )  

Mass m : 1667 4- 4 MeV 
Full width r = 168 :E 10 MeV [m] 

~j(1tT0) DECAY MODES Fraction ( r l / r )  p (MeV/c) 

p~T seen 647 
wlrl t  seen 614 

b 1 (1235) ~r possibly seen 359 

I ~r2(1670) J IG ( j  PC) = 1-(2 + )  i 

Mass m = 1670 + 20 MeV [m] 
Full width r = 2 5 8 +  18 M e v [ m ]  ( S = 1 . 7 )  

m2(1670 ) DECAY MODES Fraction ( r l / r )  p (MeV/c) 

3"n" (95.8 + 1.4) % 
f2(1270) lr (56.2+3.2) % 
p/r (31 +4  ) % 
fo(1370)~r (8 .7+3.4)  % 

K K * ( 8 9 2 ) +  c.c. (4 .2+1.4)  % 

IG(J PC) = 0 - ( 1  - )  i 

Mass m = 1680 4- 20 MeV [m] 

Full width r = 150 -i- 50 MeV [m] 

T/T/'(958) seen - 
177/ seen 513 
4~r seen 

4~r 0 seen 690 
2/r + 2 ~ -  seen 686 

2/r seen 
lr + ~r- seen 737 
27r ~ seen 738 

K K  seen $63 

IG(j PC) : 0+(2+ +) 
Mass m = 1525 4- 5 MeV [m] 
Full width r = 76 4- 10 MeV [m] 

~2(11i21J) DECAY MODES Fraction ( r l / r )  

J r (ls ) J 

KK (8s.s +3.1 )% 
T/T/ (10.3 +3.1 )%  
"/r'n" ( 8.2 +1.5 ) x  10 - 3  
")'"/ (1.32+0.21) x 10 - 6  

p (MeV/r 

581 
531 
7S0 
763 

~i{IMI0) DECAY MODES Fraction ( l ' i /F) 

806 
325 
649 

453 

p (MeV/c) 

K K *  (892) + c.c. dominant 463 
K~ seen 620 
K K seen 681 
e + e -  seen 840 
r  not seen 622 

I ps(1690) I IG(jPC) = 1+(3 - -) 
JP f rom the 27r and K K  modes. 

Mass m = 1691 4- 5 MeV [m] 
Full width r = 160 -i- 10 MeV [m] (S = 1.5) 

~j(16g0) DECAY MODES Fraction (l'i/r) 
4~" (71.1 + 1.9 )% 

~1"• ~ + / r - - / r  0 (67 +22 )% 
~/r (16 • 6 )% 

/r/r (23.6 + 1.3 )% 
K K / r  ( 3.8 + 1.2 )%  
K K  ( 1.58+ 0.26)% 
17/r+/r-- seen 

P 
Scale factor (MeV/c) 

788 
788 
656 
834 
628 

1.2 686 
728 



I p (1700 ) [q ]  I ,G(jPC) __- 1+(1 - --) 

Mass m = 1700 4- 20 MeV [m] (~/po and 7r+Tr - modes) 
Full width r = 240 4- 60 MeV [m] (T/p ~ and lr+Tr - modes) 

p(l~00) DECAY MODES Fraction ( r l / r )  p (MeV/c) 

p~T~" dominant 640 
2(7r + ~'-)  large 792 

p07r + ~-- large 640 
p+ ~-:F Ir 0 large 642 

;r ~'-- seen 838 
, ~r-/r 0 seen 839 
KK*(892)  + C.C. seen 479 
17/) .seen 533 
K K  seen 692 
e + e -  seen 850 
~.0 ~, seen 662 

1 0(1710)[t] I IG(jPC) = O+(even + +) 
M a s s m = 1 7 1 2 4 - 5 M e V  ( S = 1 . 1 )  
Full w i d t h l - =  133 4- 14MeV ( S =  1.2) 

fJ(1710) DECAY MODES Fraction ( r / / r )  p (MeV/c) 

K K  seen 690 
r//] seen 648 

/r seen 837 

IG(J PC) = 1 - ( 0 -  + )  

M a s s m =  1801 4- 13MeV ( S =  1.9) 
Full width F = 210 4- 15 MeV 

lr(~lO0) DECAY MODES Fraction ( r l / r )  p ( M eV/c) 

~'+ IF- ~'- seen 
f0(980)~- seen 023 
f0(1370) 7r- seen - 
p'rt-- not seen 728 

T/r/~r seen 
ao(980)~ / seen 459 
f0(1500) ~r - seen 240 

/] r/(958) ~'- seen - 

K~(1430) K -  seen - 

K*(892) K -  not seen 560 

Mass m = 1854 + 7 MeV 
Full width r - R'/+2B MeV (S = 1.2) - ~ - - 2 3  

4~(1N0)  DECAY MODES Fraction ( r l / r )  p (MeV/c) 

K K  seen 785 
K K *  (892) + C.C. seen 602 
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I f2(2010)  I IG(jPC) = 0+(2  + + )  

Seen by one group only, 

Mass m = 2011+2 ~ MeV 
Full width r = 202 ~: 60 MeV 

f2(2010) DECAY MODES Fraction ( r / / r )  p (MeV/c) 

@ seen 

I 114(2040) I IG(jPC) = 1--(4 + + )  

Mass m = 2020 4- 16 MeV 
Full width r = 387 =h 70 MeV 

a4(20410 ) DECAY MODES Fraction ( r l / r )  p (MeV/c) 

K-K seen 892 
7r +/'r-- ,.r seen - 

7/7r 0 seen 941 

If4(2050) I 16(jPC) = 0+(4  + + )  

Mass m = 2044 4 - 1 1 M e V  ( S =  1.4) 
Full width r = 208 4-13 MeV ( S = 1 . 2 )  

f4(2or=o) DECAY MODES Fraction (r l /r) p (MeV/c) 

w W  (26 • ) % 

~1" "/r (17.0:E 1.5) % 

K K  (6.8+314) x 1 0  - 3  

177 / (2.14"0.8) x 10 -3  
47r 0 < 1,2 % 

658 
1012 

895 

863 
977 

I ~ ( 2 3 0 0 )  I IG(jPC) = 0+(2  + + )  

Mass m = 2297 4- 28 MeV 
Full width r = 149 4- 40 MeV 

f2(2300) DECAY MODES Fraction (r//r) p ( M eV/c) 

q~ (~ seen 529 

I &(2340) I IG(jPC) = 0+(2 + +) 

Mass m = 2339 + 60 MeV 
Full width r = 31Q+so MeV - - 70 

f2(2340) DECAY MODES Fraction ( r / / r )  p (MeV/c) 

~) seen 573 
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jl STRANGE MESONS 
( 5 =  -I-1, C =  B =  0) 

K + = u i ,  K ~ = d-#, ~ o  = ds l  K -  = ~s, similarly for K*'5 

- ~  = �89 I (J  P) 

Mass m = 493.677 4- 0.016 MeV [u] (S = 2.8) 
Mean life ~- = (1.2386 4- 0.0024) • 10 - 8  s (S = 2.0) 

~-  = 3.713 m 

Slope parameter ll" [v] 

(See Particle Listings for quadrat ic coefficients) 

K + -~ / .+~r+~r - = - 0 . 2 1 5 4  4- 0.0035 (S = 1.4) 
K -  --+ ~ r - / . - ~ r  + = - 0 . 2 1 7  4- 0.007 (S = 2.5) 
K • --~ / . •176176 = 0.594 4- 0.019 (S = 1.3) 

K =1= decay form factom [a.w] 

K+3 A+ = 0.0286 4- 0.0022 

~+3 ~+ = 0.032 4- 0.008 (s = 1.6) 
+ A o = 0 . 0 0 6 •  ( 5 = 1 . 6 )  Kp3 

K+~3 Vs/~+l = 0084 4- 0.023 (s -- 1,2) 
K:3 If,'/~+l = 0.38 4- 0.11 (s = 1.1) 

K~ IrT/r+l = 0.02 • 0.12 

K + "-~ e+pe',l IFA + Fv[ = 0.148 + 0.010 
K + --* #+u~,"/ IFA + Fvl  < 0.23. CL = 90% 

K + - *  e+ue7 JF A -  F v < 0.49 
K + "-'* I~+Z'p'7 FA - FV = - 2 . 2  to 0.3 

K -  modes are charge conjugates of the modes below. 

Scale factor/ p 
K "l" DECAY MODES Fraction ( r l / r )  Confidence level (MeV/c) 

p+z,, 
e+~,e 
~ +  ~r O 

~r+ l r + / .  - 
/r + / r  0 ;TO 
7rOp+v~ 

Called K p + .  
lr 0 e + u e 

Called K+8. 
~.0 ~r 0 e+  re  

Ir+ ~r- e+ ue 
/.+ : , r -p+ z,~ 
~r 0 lr 0 lr 0 e+ r e 
~r+ ~ ~ 
~r + 3"7 

e+ ~,eVU 
iJ+ up e+ e - 

e+ ve e+ e - 

l~+ Up#+ # - 

I~+ ~ ~ 
~r + ~ro ,7 
~r+/ .~  
~ r+~ r+ / . - ,  7 

~r+ ~rO~O,7 

~r~ v#'y 
~rO e+ ve,~ 
~r ~ e + ve'Y (SD) 
~r~ ~0 e+  t.,,e7 

II 

(63.51• % S=1.3 236 

1.55• x 10 - 5  247 
21.16• % S=1.1 205 
5.59• % S=1.8 125 
1.73• % S=1.2 133 
3.18• % S=1.5 215 

A.82 • 0.06) % 5=1.3 228 

2.1 • ) x 10 - 5  206 
3.91• x 10 - 5  203 
1.4 •  ) X 10 - 5  151 

< 3.5 x 10 - 6  CL=90% 135 
Ix] (1.10• x 10 - 6  227 
[x] < 1.0 x 10 - 4  CL=90% 227 

< 6.0 x 10 - 6  CL=90% 236 

< 6 x 10 - 5  CL=90% 247 
( 1.3 • ) x  10 - 7  236 

( 3.0 +3.0 ) x  10 - 8  247 -1.5 
< 4.1 x 10 - 7  CL=90% 185 

[x,y] (5,50• x 10 - 3  236 

[x,y] (2.75• x 10 - 4  205 
Ix, z] ( 1.8 • ) x 10 - 5  205 
Ix, Y] (1.04• x 10 - 4  125 

Ix, Y] ( 7.5 +5.5 ) x 10 - 6  133 --3.0 
[x,y] < 6.1 x 10 - 5  CL=90% 215 

Ix.y] (2.62• x 10 - 4  228 
[aa] < 5.3 x 10 - 5  CL=90% 228 

< 5 x 10 - 6  CL--90% 206 

Lepton Family number  (LF'),  Lepton number  (L),  A S  = & O  ( $ Q )  
violatinl modes, or AS = I weak neutral current ($1) modes 

/.+ /.+ e--#e 5Q < 1.2 x 10 - 8  CL=90% 203 
/ . + / r + # - ~ / j  $Q < 3.0 x 10 - 6  CL=95% 151 
~ r + e + e -  51 (2.74• x 10 - 7  227 
/ .+ Iz+# - 51 ( 5.0 • ) x 10 - 8  172 

/ . + v ~  51 ( 4.2 +9.7 ) x 10 -10  227 -3.5 
# - v e + e  + LF < 2.0 x 10 - 8  CL=90% 236 
I~+l~e LF [o 1 < 4 x 10 - 3  CL=90% 236 
/ .+ l~+e-  LF < 2.1 x 10 -10  CL=90% 214 
/.+1~- e + LF < 7 x 10 - 9  CL=90% 214 
/ . - # + e  + L < 7 x 10 - 9  CL=90% 214 
/ . -  e + e  + L < 1.0 x 10 - 8  CL=90% 227 
/ . - # + # +  L [ol < 1.5 x 10 - 4  EL=90% 11'2 
/J+~e L [d] < 3.3 x 10 - 3  CL=90% 236 
/ . 0 e + ~  e L < 3 x 10 - 3  CL=90% 228 

F ~  = �89 I (J  P) 

50% Ks, 50% KL 
Mass m = 497.672 • 0.031 MeV 

mKo - mK.,. = 3.995 4- 0.034 MeV (S = 1.1) 

]mKo _ m_gol / maverag e < 10-18 [bb} 
I 

' ~  l(J':') = �89 
Mean life r = (0,8934 4- 0.0008) x 10 - l ~  5 

c'r = 2.6762 cm 

CP-vlolatJon parametem [cc] 

Im('r/+_o) = - 0 . 0 0 2  4- 0.008 
Im(T/ooo) 2 < 0.1, CL = 90% 

Scale factor/ p 
KO~ DECAY MODES Fraction ( r l / r )  Confidence level (MeV/c) 

7r + ~r- (68.61:1:o.28) % S=t.2 206 
/r 0 lr 0 (31.39• % S=1.2 209 
~ + / r - ~  [~,dd] (1.78• x 10 - 3  206 
"7")' ( 2.4 • ) x  10 - 6  249 

/.+~-~0 ( 34 +01~ ) • 10 -7 133 

31.0 < 3.7 X 10 - 5  CL=90% 139 
~r • e :F v [ee] (6 .70•  x 10 - 4  S=1.1 229 
/ r •  [eel (4.69• x 10 - 4  S-1.1 216 

A S  = 1 weak neutral current (S I )  modes 
iJ,+l ~-  $1 < 3.2 x 10 - 7  CL=90% 225 
�9 + e -  S1 < 1.4 x 10 - 7  CL=90% 249 
"Jr 0 �9 + e -  $1 < 1.1 x 10 - 6  CL=90% 231 

[ ' ~  !(J P) �89 

mKL -- inks = (0.5301 4- 0.0014) x 10 l ~  ~ s - 1  

= (3.489 • 0 .009)  x 10 -12 MeV 

Mean l i f e r = ( 5 . 1 7 •  x 1 0  - 8 5  ( S = 1 . 1 )  
c r  = 15.51 m 

Slope parameter g [v] 

(See Particle Listings for quadrat ic coefficients) 

K ~ --~ l r + / . - w  ~ = 0.670 • 0.014 (S = 1.6) 

KL deCay form ~ [ w] 

K~ ,~+ = 0.0300 • 0.0016 (S = 1.2) 

K~3 A+ = 0.034 + 0.005 ( 5 = 2 , 3 )  

K~  ~ o = 0 . 0 2 5 •  ( S = 2 . 3 )  

K~ I fs / f+ l  < 0.04, EL = 68% 

K~ I fT / f+ l  < 0.23, CL = 68% 

K~ IrT/r+r : 012 • 012 

KL "-' e + e - ' Y :  ~K*  = - -0.28 + 0.08 



CP-vlolation paramelell [cc] 

6 = (0.327 • 0.012)% 
I~o01 = (2.275 • 0.019) x 10-3 (s = 1.1) 

I~+-I = (2.285 • 0.019) • 10-3 

l~/oo/r/+ - I = 0.9956 4- 0.0023 [ff] (S = 1.8) 

~'/e = (1.5 4- 0.8) x 10 -3 [#'] (S = 1.8) 

r  = (43.5 4- 0.6) ~ 

~00 = (43.4 • 1.0) ~ 

- ~+_ = (-o.1 + o.8) ~ 

j f o r  K~ --* ~r+~r-~r 0 = 0.0011 • 0.0008 

I,+-~I = (2.35 • 0.07) x 10 -3 

q~+_~ = (44 4- 4) ~ 

< 03, CL = 90% 

~s = -zie In ~ d~.ay 
Re x = 0.006 4- 0.018 (S = 1.3) 
Im x = -0.003 -J- 0.026 (S = 1.2) 

CPT-vlolatlon parametem 

Re ZI = 0.018 4- 0.020 
Im i l  = 0.02 4- 0.04 

/ ~  DECAY MODEl 
Scale factor/ p 

Fraction ( r J r )  Confidence level (MeV/c) 
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3~r ~ (21.12 • )% s=1.1 139 
/r + l r -  ~.0 (12.56 • ) % S=1.7 133 
~r [jig] (27.17 • )% S=1.1 216 

Called K~3. 

~r• [r (38.78 • )% s=1.1 229 
Called K~ . 

2~/ ( 5.92 4-0.15 ) x  10 -4 249 
3~, < 2.4 x 10 -7 CL=90% 249 
~r~ [hh] ( 1.70 • ) x  10 -6 231 
~Tolr'l'e :FV [Eg] ( 5.18 4-0.29 ) x l 0  -s  207 
( l r / la tom)u ( 1.06 4-0.11 ) x  10 -7 - 

~r• [Y,,EE, hh] ( 3.62 +0.26 --0.21 ) • 10-3 229 

I r+ / r -~  , [y, hh] ( 4.61 • ) x 10 -5 206 
~r < 5.6 x 10 -6 209 

I K1(1270) I I(JP) = �89 
Mass m = 1273 • 7 MeV [m] 
Full width r -- 90 • 20 MeV Ira] 

K1(1270 ) DECAY MODEl Fraction ( r l / r )  p (MeV/c) 

Kp  (42 4-6 ) % 
K; ( ld30) l r  (28 4-4 ) % 
K*(892)Tr (16 4-3 )% 
K w  (11.0• % 
K f0(1370) (3.0• % 

I K1(1400) I I(JP) = �89 

Mass m = 1402 4- 7 MeV 
Full width r = 174 • 13 MeV (S = 1.6) 

76 

301 

K*(892)lr (94 • )% 401 
Kp (3.0• % 298 
K f0(1370 ) (2.0• % - 
Kw (1.0• % 285 
K~(1430) ~r not seen - 

Charge conJuptJon x Parity ( CP, CPV) or ~ Family number (LF) 
violaUng modes, or AS  = I weak neutral current (S I )  modes 

~+~T-- CPV (2.067• x 10 .3 S=1.1 206 
~0~0 CPV ( 8.36 • ) x  10 .4 209 
i~+# - $1 ( 7.2 • ) x 10 -9 S=1.4 225 
I~+#--'y $1 ( 3.25 • ) x 10 .7  225 
e+e - 51 <: 4.1 x 10-11CL=90% 249 
e + e-~/ 51 ( 9.1 • ) x 10 -6 249 
e+e--y'y 31 [hh] ( 6.5 • ) x 10 -7 249 
~r+~r-e+e - 31 [h H < 4.6 x 10 -7 CL=90% 206 

# + # - e + e  - 31 (2.9 +6.7 ) x10 -9  225 -2.4 
�9 + e -  e + e -  51 ( 4.1 • ) x 10 .8 S=1.2 249 
7r~ - CP.S] [11] < 5.1 x 10 -9 CL=90% 177 
~r~ e+ e - CP, S1 [11] < 4.3 x l o  -9 CL=90% 231 
~011"~ CP.51 UJ] < 5.8 x 10 -5 CL=90% 231 
e• ~F LF {Xg] < 3.3 x 10-11CL=90% 238 
e•177 LF [Eg] < 6.1 x 10 -9 CL=90% - 

I K*(892) I I(J P) = �89 

K*(892) • mass m = 891,66 -I- 0.26 MeV 
K*(892) 0 mass m = 896.10:1:0.28 MeV (S = 1.4) 
K*(892) • full width r = 50.8 • 0.9 MeV 
K*(892) ~ full width r = 50.5 • 0.6 MeV (S = 1.1) 

P 
/C'(m2) DECAY MODEl Fraction ( r l / r )  Confidence level (MeV/c) 

KE ~ 100 % 291 
K~ (2.30• x 10 -3 310 
K i - y  ( 9.9 • ) x 10 -4 309 
K/r / r  < 7 x 10 -4 95% 224 

[ /(*(1410) ] I(JP) = �89 ~ 
M a s s m =  1414•  MeV ( 5 = 1 . 3 )  
Full w i d t h r = 2 3 2 •  ( S = 1 . 1 )  

P 
/~(1410) DECAY MODEl Fraction ( f l / r )  Confidence level (MeV/c) 

K*(892)~ > 4o % 93% 408 
K~r (6.6• % 611 
Kp < 7 % 95% 309 

I K~(1430) [kk] I I(JP) = �89176 

Mass m = 1429 4- 8 MeV 
Full width r = 287 -i- 23 MeV 

K~(14,~0) DECAY MODES Fraction (rdr) p (MeV/c) 

K ~  (93• 621 

K)(1430)4- mass m = 1425,6 4- 1.5 MeV (S = 1.1) 
K~(1430) ~ mass m = 1432.4 • 1.3 MeV 
K~(1430) • full width F = 98.5 + 2.7 MeV (S = 1.1) 
K~(1430) ~ full width I" = 109 4- 5 MeV (S = 1.9) 

Scale factor/ p 
K~(1430) DECAY MODES Fraction (FI/F) Confidence level (MeV/c) 

K~r (49.9• % 622 
K*(892)lr (24.7:1:1.5) % 423 
K" (892) IrIT (13.44-2.2) % 375 
Kp (8.7• % 5=1.2 331 
K~ (2.9• % 319 
K+~/ (2.44-0.5) x 10 -3 5=1.1 627 

K• 7 (1.5+314) x 10 -3  S=1.3 492 

K(#~" < 7.2 x 10 -4 CL=�S% 110 
K0"~ <: 9 x 10 -4 CL=90% 631 

/(1(1400 ) DECAY MODEl Fraction "(r l /r) p (MeV/c) 
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I K'(1680) I l(J P) : �89 
Massm= 1717 4- 27 MeV (S = 1.4) 
Full width F=322+ 110MeV (S=4.2) 

K*(1MI0) DECAY MODES Fraction ( r / / r )  p (MeV/c) 

K~r (38.7:1:2.5) % 

Kp (31.4_+4: 7) % 

K*(892)~ (29~+_L~) % 

779 

571 

615 

I K = ( 1 7 7 0 ) [ " ] 1  I(J P) = � 8 9  

Mass m = 1773 -I- 8 MeV 
Full width r = 186 4- 14 MeV 

/(2(1770 ) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

K/F~T 
K~ (1430) ~r dominant 287 
K *  (892) ~r seen 653 
K f2 (1270) seen - 

K ~  seen 441 
KoJ seen 608 

I K ; ( 1 7 8 0 )  I l(J P) : �89 

M a s s m :  1 7 7 6 •  MeV (S= 1.1) 
Full width r =  1 5 9 •  ( S = 1 , 3 )  

p 
K~(17ilO) DECAY MODES Fraction ( r i / r )  Confidence level (MeV/c) 

Kp (31 4- 9 ) % 
K*(892)~r (20 4- 5 )% 
K~r (18.8• 1.o) % 
K~/ (30 4-13 )% 
K~(1430) ~r < 16 % 

I K=(182O)Cmm] I ,(:P) : �89 
Mass m = 1816 4- 13 MeV 
Full width r = 276 4- 35 MeV 

/(2(1820 ) DECAY MODES Fraction ( r i / r )  

95% 

612 
651 
810 
715 
284 

p ( M eV/c) 

325 
680 
186 
638 

K.~(1430) . . . . .  
K *  (892) ~r seen 
K/2  (1270) seen 
K ~  seen 

I K ; ( 2 0 4 5 )  I I ( J P )  = �89 

M a s s m = 2 0 4 5 4 - 9 M e V  ( S =  1.1) 
Full width r = 198 4- 30 MeV 

K;(204~) DECAY MODES Fraction ( r / / r }  p (MeV/c) 

(9.9 ~ 1.2) % 958 
(9 4-s ) % 800 
(7 4-5 ) % 764 
(5.7• % 742 
(S.04- 3.0) % 736 
(2.84-1.4) % 591 
(1.44-0.7) % 363 

K / r  
K*(892)  ~r ~r 

�9 _ .K*(892)~r~r ~r 
pK~r 
w K~r 
~K~r 
q~K*(892) 

II CHARMED MESONS 
�9 ( C =  -I-1) 

D + = cd, D O = c'~, ~ o  = "~u, D -  = "~d, similarly for D* 's  II 
I ~  I(J P) = �89 

Mass m =1869 .3  4- 0.5 MeV ( S = 1 . 1 )  
Mean life r = (1.057 + 0.015) x 10 -12 s 

CT = 317 #m 

CFv~ation decay-rat= asymmetries 
Acp(K + K -  ~r4-) = -0 .017  -F 0.027 
Acp(K4- K *0) = - 0 . 0 2  4- 0.05 
Acp(@lr4- ) = -0 .014  4- 0.033 
Acp(Tr+~r - l r  4-) = - 0 . 0 2  4- 0.04 

O + --~ ] l~(892)0~el 'ut form factors 

r 2 = 0.72 4- 0.09 
r v = 1.85 4- 0.12 
rL/r  T = 1.23 4- 0.13 
r + / r _  = 0.16 4- 0,04 

D -  modes are charge conjugates of the modes below. 

cr'F DECAY MODES Fraction ( r l / r )  
Scale factor/ p 

Confidence level (MeV/c) 

Indudve modes 
e+anyth ing (17.2 4-1.9 ) % - 
K -  anything (24.2 4-2.8 ) % s=1.4 - 
K~  + K~ (s9 4-7 )% 
K+anyth ing  ( 5.8 4-1.4 )% - 
7/ anything [ , , ]  < 13 % CL=90% - 

Leptonlc and mmlleptonlc modem 
#+lJ# < 7,2 x 10 - 4  EL=90% 932 

-K~ [oo] ( 6.8 +o.a )% s6e 
-I~"oe+ue ( 6.7 4-0.9 )% 868 

~o~+v. ( 7.0 +23:o ~ )% ~s 

K-~+e+Ue ( 4.1 _+0179 )% 863 

-K*(892) ~ e + u e ( 3.2 4-0.33) % 720 
x B ( K  * ~  K - ~  + )  

K -  7r + e + u e nonresonant < 7 x 10 - 3  CL=gO% 863 
K-~r+#+u# ( 3.2 4-0.4 )% 5-1.1 851 

K'(892)~ ( 2.9 4-0.4 )% 715 
x B(K *0-~ K - I t  + )  

K-~r+#+u# nonresonant ( 2.7 4-1.1 ) x 10 -3  851 
(K*(892)~r)0 e+ Ue < 1.2 % CL=90% 714 
(K1r~)~ < 9 x 10 -3 CL=90% 846 
K - ~ r + ~ r ~  < 1.4 x 10 - 3  CL=90% 825" 
lrO~+vl. [pp] ( 3.1 4-1.5 ) x 10 - 3  930 

Fractions of some of the following modes with resonances have already 
appeared above as submodes of particular charged-particle modes, 

-K*(892)Ol+ut [oo] ( 4.7 4-0.4 )% 720 
-K*(892)~ ( 4.8 4-0.5 )% 720 
K * ( 8 9 2 ) 0 # + v p  ( 4,4 4-0.6 )% S=1.1 71S 

pOe+lJe ( 2.2 4-0.8 ) x  10 - 3  776 
pO#+v# ( 2,7 4-0.7 ) x  10 - 3  772 

~ e+ ~,e < 2.09 % EL=90% 657 
~ / /+  up < 3.72 % CL=90% 651 
T/~+Vl < 5 x 10 - 3  CL=90% - 

r/r(958)/~+.u/~ < 9 x 10 - 3  CL-~90% 684 

Hadronlc mode l  wi th a ~ i x  "R'K'~' 
2.894-0.26) % 
9,0 4-0.6 )% 
1.274-0.13) % 

2.3 4-0.3 )% 

3.7 • ) x 10 - 3  

8,S • ) % 
9.7 :E3,0 ) % 

~ 0 ~ +  

K- ~T + ~r + [qq] 
~* (892 )%r  + 

x B ( ~  *~ -~ K - ~  + )  
K~(1430)~ lr + 

x B(g~(1430) 0-'-~ K-~ +) 
~*(1680)~+ 

x B(-K*(1680) ~ K-Tr +) 
K- ~r + 7r + nonresonant 

-~0 lr+ .gO [qq] 

S=1.1 862 
845 
712 

368 

65 

845 
S=1.1 845 



K-'~ ( 6.6 4-2.5 ) %  
K * ( 8 9 2 ) ~  + ( 6.3 4-0.4 ) x 10 -3  

x B ~ * ~  ~ o @ )  
~o/r+/ro nonresonant ( 1.3 4-1.1 )% 

K - x + x + x  0 [qq] ( 6.4 4-1.1 )% 

K * ( 8 9 2 ) ~  ( 1.4 4-0.9 ) % 
X B(K *0 - *  K-/1.+) 

Kl(1400)0/r + ( 2.2 4-0.6 )% 
x B(Kl(1400) 0 - *  K-Tr+/ r  0) 

K - p + / r + t o t a l  ( 3.1 4-1.1 )% 
K-p+Tr+3-body ( 1.1 4-0.4 )% 

K*(892)~176 ( 4.s 4-0.9 )% 
x B(K *0 -~  K-Tr +)  
K * ( B g 2 ) ~ 1 7 6  ( 2.8 4-0.9 ) % 

x B(K * 0 - ~  K - x  +)  
K*(892) -x+w+3-body ( 7 4-3 ) • 10 -3 

x B ( K * -  -~ K - / r  0) 
K - / r + / r + I r  ~ nonresonant [rr] ( 1.2 4-0.6 ) %  

~ ' -~  [qq] ( 7.0 4-0.9 )% 
K ~  ( 4.0 4-0.9 ) %  

x B(a1(1260) + -~ x + x + x  - )  
K 1 ( 1 4 0 0 ) ~  + ( 2.2 +0.6 ) % 

x B(K1(1400)0 --* K 0 x + x - )  
K*(892)- /r+/r+3-body ( 1.4 4-0.6 ) % 

x B (K* -  -~ ~,-o/r-) 
B'-~176 ( 4.2 4-0.9 )% 

~'-0p~ ( 5 4-5 ) x l O  -3 
K ~  nonresonant ( s • ) x  10 -3 

K - x + x + x + x  - [qq] ( 7.2 i 1 . 0  ) x 10 - 3  
K * ( 8 9 2 ) 0 / r + / r + / r  - ( 5.4 4-2.3 ) x  10 - 3  

x B(K *0~  K-/r +) 
K*(892)~176 + ( 1.9 _+]:01 )x 10 -3 

x B ( ~  *~ -~ K - x  +)  
K * ( S g 2 ) ~  ( 2.9 4.1.1 ) x 10 - 3  

x B(K *0--* K-x +) 
K-p~ + ( 3.1 +0.9 ) x  10 - 3  
K - / 1 .+  x +/1.+/1.- nonresonant < 2,3 x 10 - 3  

K - / r + / r + / r % r  0 ( 2.2 +5;0 -0.9 ) % 
~' - '0X+X+X--X0 ( 5.4 +3.0 

- -1.4 )% 
~ " 0 X + X + / r + / r '  X ( 8 4-7 ) x l 0  - 4  
K -  / r+  / r+ / r+  / r -  /r 0 ( 2.0 4.1.3 ) x l 0  - 3  

K - ~ 1 7 6  ( 1.8 4-0.3 ) %  
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680 
712 

845 

816 
423 

390 

616 
616 
687 

Plonlc modes 
X + X  0 ( 2.5 :EO.7 ) x 10 - 3  925 
/ r + / r + / r - -  ( 3.6 4-0.4 ) x 10 - 3  908 

/)0/1.+ (1.054-0.31) x 10 - 3  769 

/1.+/1.+/1.- nonresonant ( 2.2 4-0,4 ) x 10 - 3  908 

/r + /r + /r -- /r 0 ( 1.9 +1.5 ) %  882 --1.2 
r//r + x B(~/-~ x + / r - / r  ~ ( 1.7 4-0,6 ) x  10 - 3  848 

w x  + x B((d ~ x + x - x  ~ < 6 x 10 - 3  CL=90% 764 
/ r + / r + / r + / r  /r ( 2.1 4-0.4 ) x 10 - 3  845 

/r + /r + /r + /r -- /r - /r O ( 2.9 +2.9 ) x  10 - 3  799 --2.0 

687 

688 

816 
814 
328 

39O 

Fractions of some of the following modes with resonances have already 
appeared above as sobmodes of particular charged-particle modes. 

~//r+ ( 7.5 4-2.5 ) x 10 - 3  848 
p0 / r+  (1.054-0.31) x 10 - 3  769 

(d/r + < 7 x 10 - 3  CL=90% 764 
r /p + < 1.2 % CL=90% 658 
fl~(958)/r + < 9 x 10 - 3  CL=90% 680 

r/~(958)p + < 1,5 % . CL=90% 355 

Hadronlc modes with a K ~  pair 
7.4 4-1.0 ) x 10 - 3  

[qq] 8.8 4-0,8 ) x 10 - 3  

K + -Ko 

K+ K-/ r  + 

CL=90% 

688 

614 
614 
814 
772 
642 

242 

642 

529 
772 

775 

773 

714 
718 
545 

792 
744 
647 

610 

~/r+ • B ( q ~  K+K -)  3.0 4.0.3 ) x l 0  - 3  
K + K * ( 8 9 2 )  0 2.8 4-0.4 ) x 10 - 3  

x B(K *0-~ K-/r +) 
K + K - / r +  nonresonant 4.s 4-0.9 ) x 10 - 3  744 

KOK0/r + - -  741 

K*(892)+K -~ ( 2.1 4-1.0 ) %  611 
x B(K * + - *  K~ +) 

K + K- / r+ / ro  - -  682 
@~'+x ~ x B(@~ K+K -) ( 1.1 4-0.5 )% 619 

@p+x  B(@--* K+K - )  < 7 x l 0  -3  CL=9O% 268 

K + K -  x + x ~ non-@ ( 1.5 +0.7 ) % 682 -0 .6  
K +  K-'0 x +  x - < 2 % CL=90% 678 
K~ + ( 1.0 4-0.6 )% 678 

K * ( 8 9 2 ) + K * ( 8 9 2 )  ~ ( 1.2 4-0.5 ) %  273 
x B2(K * + - *  K ~  +) 

K~ *~ < 7.9 x 10 - 3  CL=9O% 678 

K + K -  x + x + x -  - -  6oo 
q ~ x + x + x  - < 1 x 10 - 3  CL=90% 565 

x B(@-~ K + K - )  
K+K-/r+/r+/r-nonresonant < 3 % CL=9O% 600 

Fractions of some of the following modes with resonances have already 
appeared above as submodes of particular charged-particle modes. 

'~"0p+ ( 6.6 4.2.5 ) %  

~o a1(1260)+ 
~'-~ a2(1320)+ 
K*(892)~ + 
K*  (892) ~ p+ total 

K*  (892) o p+ S-wave 
K*  (892) 0 p+ P-wave 
K*  (892) o p+ D-wave 
K*(892)~ + D-wave Iongitu- 

dina(~ 
K1(1270) x + 
K1(1400 )  0 x + 

K * ( 1 4 1 0 )  ~ x + 
K~(1430)  0 / r+  

~ * ( 1 6 8 0 )  ~ 
~* (892)o/1,+/ro total 

~,(892)o/r+/ro 3-body 
K*(892)- x + x + 3-body 

K -  p+  x + total  
K -  p + / r +  3-body 

~-o pO ~r + total  

K ~ 1 7 6  3-body 
~o fo(98o)/1-+ 
~*(892)  ~ /r+ /r+ /1.- 

K*(892)0p0/r + 

K*  (892) 0/1.+/r+/r- no- p 
K-pO/r+/r+ 

[r,] 
[rr] 

[rr] 

( e.o 4.1.7 )% 
< 3 x 10 - 3  

(1.90"4-0.19) % 

( 2.1 +1.3 ) %  
( 1.6 4.1.6 )% 

< 1 x 10 - 3  
(10 • ) x 10 -3 

< 7 x 10 - 3  

< 7 x 10 - 3  

( 4.9 4.1.2 )% 
< 7 x 10 - 3  

3.7 4-0.4 ) %  

1,434-0.30) % 
6.7 q-1.4 ) % 
4.2 4-1.4 ) %  

2.0 4-0.9 ) % 
3.1 • )% 
1.1 i 0 . 4  ) % 
4.2 4.0.9 ) % 
5 4-5 ) x 10 - 3  

< 5 x 10 - 3  

( 8.1 4-3.4 ) x 10 - 3  

( 29 _+~:~ ) • lO-3 
( 4,3 4.1.7 ) x 10 - 3  
( 3.1 4.0.9 ) x 10 -3 

CL=90% 

CL=9O% 

CL=90% 

CL=9O% 

CL=90% 

CL=90% 

CL=90% 
S=1.7 

S=1.8 

680 
328 
199 

712 
423 
423 
423 
423 
423 

487 
390 

382 
368 

65 
687 
687 

688 
616 
616 
614 
614 
461 
642 

242 

642 

529 

Fractions of the following modes with resonances have already appeared 
above as submodes of particular charged-particle modes. 

~ / r  + ( 6.1 4-0.6 ) x 10 - 3  647 
~ / r + / r 0  ( 2.3 4.1,0 ) %  619 

q~p+ < 1.4 % CL=90% 268 
q~ / r+ / r+x  - < 2 x 10 - 3  CL=90% 565 
K+K*(892)  ~ ( 4.2 4-0.5 ) x 10 - 3  610 
K * ( 8 9 2 ) + K  0 ( 3.2 4-1.5 ) %  611 

K*(892)+K*(892) ~ ( 2.6 11.1 ) %  273 

Doubly Cabibbo suppressed ( DC) modes, 
A C =  I weak neutral current (C1) modes, or 

Lepton Family number (LF) or Leptnn number (L) violaUng modes 
K + / r + / r -  DC ( 6.8 4-1.5 ) x 10 - 4  845 

K + p  0 DC ( 2.5 4-1.2 ) x 10 - 4  681 

K * ( 8 9 2 ) ~  + DC ( 3.6 4-1.6 ) x  10 - 4  712 
K + / r + / r -  nonresonant DC ( 2.4 4-1.2 ) x 10 - 4  845 

K + K + K-  DC < 1.4 x 10 - 4  CL=9O% 550 
~ K  + DC < 1.3 x 10 - 4  CL=9O% 527 

x + e + e -  CI < 6.6 x 10 - 5  CL=90% 929 

l r + l ~ + l  z -  C1 < 1.8 x 10 - 5  CL=90% 917 
p+lJ,+tl, - C1 < 5.6 x 10 - 4  CL=90% 759 
K + e + e -  [ss] < 2.0 x 10 - 4  CL=go% 869 
K+/z+/~ - [ss] < 9.7 x 10 - 5  CL=9O% 856 
/ r + e  +1 ~ -  LF < 1.1 x 10 - 4  C L = 9 0 %  926 
X + e -  tJ, + LF < 1.3 x 10 - 4  CL=90% 926 
K + e + iJ, - LF < 1.3 x 10 - 4  CL=9O% 866 
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K + e-#+ LF < 1.2 x 10 - 4  CL=90% 866 
'/r-- e + e + L < 1,1 x 10 - 4  CL=90% 929 
�9 re-- # + / z  + L < 8.7 x 10 - 5  CL~90% 917 
Ir-- e + # +  L < 1.1 x 10 - 4  CL=90% 926 
p - - l ~ + ~  + L < 5.6 x 10 - 4  EL=90% 759 
K -  e + �9 + L < 1.2 x 10 - 4  CL=90% 869 
K-#+# + L < 1.2 x 10 - 4  CL=90% 856 
K -  e + / z  + L < 1.3 x 10 - 4  EL:90% 866 
K * ( 8 9 2 ) - # + # +  L < 8.5 x 10 - 4  CL=90% 703 

l(J P) = �89 

M a s s m = 1 8 6 4 . 6 + 0 . 5 M e V  i S = 1 . 1 )  
mD~ - mDo----4.76+0.10 MeV ( S =  1.1) 
Mean life ~" = (0.415 4- 0.004) x 10 -12 s 

CT = 124.4 #m 

]mDo - reDO j < 24 x 1010 A s - 1 ,  CL = 90% [tt] 

Ir~o - roollrDo < 0.20, CL = 90% [tt] 
r ( K + t - ~ t  ( v i a - D ~  < O.OO5, s = 9O% 

r(K + =- or K + ~- ~+ ~-(via~~ 
r (K_=§  < 0.0085 (or < 0.0037), CL = 

90% [.u] 

CFLvlolation decay-rate asymmetries 

A c p ( K + K  - )  -- 0.026 + 0.035 
Acp(~r+~r - )  - - 0 , 0 5  4- 0.08 

Acp(K~ = -0.03 4- 0.09 
Acp(K~ O) = -0 ,018 ~ 0.030 

~0 modes are charge conjugates of the modes below, 

Scale factor/ p 
D O DECAY MODES Fraction ( r / / r )  Confidence level (MeV/c) 

K-~r+~r ~ [qq] (13.9 4-0.9 )% 
K - p  + (10.8 4-1.0 )% 
K * ( 8 9 2 ) - ~ r  + ( 1.7 4-0.2 )% 

x B ( K * -  --+ K-~r ~ 
K*(892) 0~r0 ( 2.1 4-0.3 )% 

x B(K *~ ---, K - =  +) 
K-~ r+~ r  ~ nonresonant ( 6.9 4-2.5 ) x 10 - 3  

KO~rO ~rO 

K*(S92)~ ~ ( 1.1 4-0.2 )% 
x B(K*O ~ ~0) 

K-'~176176 nonresonant ( 7.9 4-2.1 ) x 10 - 3  
K-~r+~r+~r - [qq] ( 7.6 4-0.4 )% 

K-~r+p~ ( 6.3 4-o.4 )% 
K - ~ r + p ~  ( 4.8 4-2.1 ) •  10 - 3  
K*(892)~ ~ ( 9.8 4-2.2 ) x 10 -3 

x B(K * 0 - *  K-~r +)  
K-a1(1260)  + ( 3.6 4-0:6 )% 

x B(a1(1260) + - *  ~r+~r+~r - )  
K*(892)%r+~r-total  ( 1,5 4-0.4 ) % 

x B(K * 0 - *  K-~r +)  
K*(892)~ ( 9.5 4-2.1 )x  lO -3 

x B(K *~ -~ K-~r  +)  
Kz(1270) -~ r+  [rr] ( 3.6 4-1.0 ) x 10 - 3  

x B(K1(1270 ) -  --* K - ~ + ~  - )  
K -  ~r + ~r + ~r- nonresonant (1,76:E0.25) % 

-KO'lr+~r-ltO [qq] (10.0 =1:1.2 )%  
K~ n x B(n --, ~r+~r-~r ~ 1.6 4-0.3 ) x lO -3  
~-o~ x B(~ --, x+~. -~o)  1.9 • )% 
K * ( 8 9 2 ) - p  + 4.1 4-1.6 ) % 

x B(K*- ~ ~ o ~ - )  
K*(892)0p 0 

x B ( K * ~  K-'0~r~ 
K1(1270 ) -  ~+ [rr] 

• 9(K1(1270)- ~ -~o~r-~rO) 

e + anything 
/~+ anything 
K -  anything 
K~ + K~ 

K + anything 

~/ anything 

K -  t+  ~t 
K - e + Ue 
K - p + v #  

K -  ~o e +.re 

"~'O ~r - e + V e  

K *  ( 8 9 2 ) -  e + Ue 
x B ( K * -  -~ R'~ - )  

K* (892 ) -  t+  v t 
~ *  (892)0 ~r - e + v e 

K - ~ r + ~ - # + v ~  

(K* (892 )~ ) -  #+ ~p 
~ -  e+  Ve 

Indudve modes 
(6.75=E0.29) % 
( 6.6 4-0.8 )% 
(53 :E4 ) % 
(42 4-5 ) % 

( 3.4 ~o~ 6 )% 
[nn] < 13 % 

,Semlleptonlc modes 
[oo] (3.5o4-o.17) % 

(3.66~0.18) % 
(3.23:50.17) % 

( 1.6 +1.3 -o.s ) % 

( 2.8 _+0~:9 7 )% 
(1.354-0.22) % 

S=1.3 

CL=90% 

S=1,3 

< 1.2 x 10 - 3  CL=90% 

< 1.4 x 10 - 3  CL=90% 
( 3.7 4-0.6 ) x  10 - 3  

867 
867 
863 

861 

860 

719 

7O8 
821 

693 
927 

K*  (892)~ lr + ~ -  3-body 
x B ( K * ~  ~r O) 
~+ ~- ~o non resonant 

K-~r+~r%rO 
K -  ~r+ ~r+ ~r- lr 0 

K * ( e 9 2 ) ~  + l r -  lr 0 
x B ( K  * ~  K-Tr +) 
K * ( 8 9 2 ) ~  ~/ 

x B ( K  * ~  K - T r  + )  
x B(r/---, ~r+ l r -~  ~ 

K - I r + w  x B(w --+ ~r+~r-~r 0) 
K*(892)Ow 

x B(K *0--* K - ~  +)  
x B(~- - ,  ~+~r-@) 

"K-~ 7r+ l r+  ;r 
~ 0  ~ +  ~ -  @ @ ( @ )  

-~O K+ K -  
K~162 x B(~--~ K + K  - )  
-~0 K + K -  non-~ 

K o o o K s K s 
K+ K -  K-~r+ 
K + K -  "-~%r o 

4.8 4-1.1 ) x lO -3  

A fraction of the following resonance mode has already appeared above as 
a submode of a charged-particle mode. 

K*(892) -  e+ue (2.024-0.33) % 

Hadronlc modes wit h a "~ or ~ K ~  
K - / r  + ( 3.854-0.09 
~0~.0 ( 2.124-0.21 
-K'~ - [qq] ( 5.4 4-0.4 

K0,o0 (1.214-0.17) 
K-Ofo(980 ) ( 3.0 4-0.8 

x B(fo-~ ~+~r- )  
KOf2(1270 ) ( 2.4 4-0.9 

x B ( f  2 --~ ~ + ~ - )  
K 0  f0(1370 ) ( 4.3 4-1.3 

x B ( f 0 ~  Ir+Tr - )  
K * ( 8 9 2 ) - I r  + ( 3.4 4-0.3 

x B ( K * -  --~ ~ " 0 . - )  
K ~ ( 1 4 3 0 ) - ~  + ( 6.4 4-1.6 

• B(K~(1430)-  -~ ~%-) 
K~ nonresonant (1.474-0.24) % 

% 
% 
% 
% 

x 10 - 3  

• 10 - 3  

• 10 - 3  

% 

x 10 - 3  

5=1.1 
S=1.2 

5.1 4-1.4 ) x 10 - 3  

4.8 4-1.1 ) x 10 - 3  

2.1 +2.1 )% 
(15 4-5 ) % 
( 4.1 4-0.4 )% 
( 1.2 4-0.6 )% 

( 2.9 4-0.8 ) x 10 - 3  

2.7 4-0.5 )% 
7 4-3 ) x 10 - 3  

5.8 4-1.6 ) x 10 - 3  

(10.6 +7.3 )% 
--3.0 

9.4 4-1.0 ) x 10 - 3  
4.3 4-0.5 ) x 10 - 3  
5.1 4-0.8 ) x 10 - 3  
8.4 4-1.5 ) • 10 - 4  
2.1 4-0.5 ) x lO -4  
7.2 +4.8 -3.5 ) x lO -3 

S=1.3 

S=1.1 

844 
678 
711 

709 

844 
843 
709 

843 
812 
612 
612 
418 

327 

683 

683 

483 

812 
812 
772 
670 
422 

418 

483 

683 

812 
815 
771 
641 

580 

605 
406 

768 

771 

544 
520. 
544 
538 
434 

435 

Fractions of many of the following modes with resonances have already 
appeared above as submodes of particular charged-particle modes. (Modes 

719 for which there are only upper limits and ~ *  (892)p submodes only appear 
below.) 

K-'0F/ ( 7.1 ~:1.0 ) x 10 - 3  772 
861 ~ 0 p 0  (1.214-0.17) % 676 
860 K -  p+  (10.8 4-1.0 ) % S=1.2 678 
842 ~-'0 w ( 2.1 4-0.4 )% 670 
676 ~0T/1(958 ) (1.724-0.26) % 565 
549 ~ 0 f 0 ( 9 8 0  ) ( 5.7 4-1.6 ) X 10 - 3  549 

~0q~ ( 8.6 +1.0 ) x  10 - 3  520 
263 K-a l (1260)+ ( 7.3 4-1.1 ) % 327 

K ~  a1(1260)~ < 1.9 % CL=90% 322 
- K0 f2(1270 ) ( 4.2 4-1.5 ) x  lO -3  263 

K - a 2 ( 1 3 2 0 )  + < 2 x 10 - 3  CL=90% 197 
711 ~-0 f0(1370) ( 7.0 • ) x 10 -3  - 

K * ( 8 9 2 ) - T r  + ( 5.1 4-0.4 )%  s=1.2 711 
364 "~ , (892)0~0 ( 3.2 4-0.4 )%  709 

K * ( 8 9 2 ) % r + ~ r - t o t a l  ( 2.3 4-0.5 )% 683 
842 K* (892 )  ~ ~r + 7r- 3-body (1.434-0.32) % 683 



K - ~r + pO total 
K -  ~r + pO 3-body 
K * ( 8 9 2 ) ~  0 

~ *  (892)0 pO transverse 
~ *  (892)0 pO S-wave 
~ * ( 8 9 2 ) o  po S-wave long. 
~ ,  (892)0 po P-wave 
~ ,  (892)0 pO D-wave 

K *  ( 8 9 2 ) -  p+ 
K * ( 8 9 2 ) -  p+  longitudinal 
K * ( 8 9 2 ) -  p+  transverse 
K * ( 8 9 2 ) -  p+  P-wave 

K -  7r + f0(980) 
K * ( 8 9 2 )  0 f0(980) 

K1(1270 ) -  ~r + 
K1(1400 ) - ~'+ 
E l ( 1 4 0 0 )  0 ~0 
K * ( 1 4 1 0 ) -  :'r + 
K~)(1430)-  ~ +  

K ~ ( 1 4 3 0 ) -  = +  
K~ (1430) 0 ~r ~ 
K * ( 8 9 2 ) 0  ~ + ~r- ~0 

K * ( 8 9 2 ) % /  
K - T r + ~  

K * ( 8 9 2 ) 0 ~  
K -  ~ +  ~/'(958) 

K *  (892)~ ~/'(958) 

,.ir + ,tr. - 
7r 0 7r 0 
7r + ~. - ,.~o 

~ + .lr + ,,tr - ~-- 
E + ,.ir + ,,K-- lr-- ~O 

"zc + "tr' + ~ + ~ "K "tr 

K + K  - 
KO --K-O 

K 0 K -  7r + 
K *  (892) 0 K 0 

x B ( K  * 0 - ~  K - T r  + )  

K*  (892) + K -  
x B ( K  *+  --* KO1r + )  

K ~ K -  ~r + nonresonant 
-~O K + Tr- 

K * ( 8 9 2 ) ~  ~ 
x B ( K  *0 --+ K+~r  - )  

K * ( 8 9 2 ) -  K + 

~ o  K +  f r -  nonresonant 

K + K -  ~o 
Ko ,.o o 

5 n s ~ r  
K +  K - T r +  Tr - 

~Tr+~r - • B ( ~ - *  K + K  - )  
CpO x B ( r  K + K - )  

K + K -  pO 3-body 
K* (892 )  ~ K -  7r + +c.c.  

x B ( K  *~  K + ~  - )  
K * ( 8 9 2 ) ~  0 

x B 2 ( K  *0 --* K+~r  - )  
K +  K -  ~r+Tr- non-~ 
K + K -  7r + 7r-  nonresonant 

KO"~O Tr + ~r- 
K +  K -  ~r+ ~r- ~r o 

( 6.3 4-0.4 )%  
( 4.8 •  ) x  10 - 3  
(1.47• % 
(1.S •  
( 2 . 8  •  

< 3 x 10 - 3  
< 3 x 10 . 3  

(1 .9  •  
( 6.1 • )% 
( 2.9 • )%  
( 3.2 4-1.8 )% 

< 1.5 % 
< 1.1 % 
< 7 x lO - 3  

[rr] (1.06• % 
< 1.2 % 
< 3.7 % 
< 1.2 % 

(1.04• % 
< 8 x 10 - 3  

< 4 x 10 -3  

( 1.8 •  )%  
(1.9 • 
( 3.0 4-0.6 )% 
( 1.1 4-0.5 )%  
( 7.0 • ) x  10 -3  

< 1.1 x 10 - 3  

Pionlc modes 
1.53• x 10 -3  
8.5 4-2.2 ) x 10 - 4  
1.6 • )% 
7.4 • ) x 10 . 3  
1.9 • ) % 
4.0 4-3,0 ) x 10 - 4  

Hadronlc mode= wi th  a K ~  palr 
(4.27• X 10 - 3  
( 6.5 •  ) x  10 - 4  
( 6.4 • ) x  10 -3  

< 1.1 X 10 - 3  

( 2.3 4-0.5 ) x  10 -3  

( 2.3 4-2.3 ) x  10 -3  
( 5.0 • ) x  10 - 3  

< 5 x 10 - 4  

( 1.2 • ) x 10 -3  

CL-90% 
CL=90% 

CL=90% 
CL=90% 
CL=90% 

CL=90% 
CL=90% 
CL=90% 

CL=90% 
CL=90% 

CL=90% 

5=2.7 

612 
612 
418 
418 
418 
418 
418 
418 
422 
422 
422 
422 
459 

483 
386 
387 
378 
364 

367 
363 
641 
58O 
606 
406 
479 

99 

922 
922 
907 
879 
844 
795 

791 
5=1.2 788 
S=1.1 739 

CL=90% 605 

CL=90% 

610 

739 
739 
605 
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610 

( 3.9 +]:~ )• 10-3 739 

( 1.3 • ) x 10 - 3  742 
< 5.9 x 10 - 4  739 

[W] (2.52• x 10 -3 676 

( 5.3 • ) x 10 - 4  614 
( 3.0 4-1.6 ) x  10 - 4  260 
( 9.1 4-2.3 ) x 10 - 4  309 

[WW] < 6 x 10 - 4  528 

( 6 4-2 ) x 10 - 4  257 

- -  676 
< 8 x 10 - 4  CL=90% 676 

( 6.9 4-2.7 ) x 10 - 3  673 
( 3.1 • ) • 10 - 3  600 

Fractions of most of the following modes with resonances have already 
appeared above as submodes of particular charged-particle modes. 

K * ( 8 9 2 )  ~  0 < 1.6 x 10 - 3  CL=90% 605 
K* (892 )  + K -  ( 3.5 • ) x 10 -3  610 
K * ( 8 9 2 ) ~  ~ < 8 • 10 -4  CL=90% 605 
K*(892)- K + ( 1.8 • ) • 10 -3 610 
~/r  0 < 1.4 x 10 - 3  CL=90% 644 
q~T/ < 2.8 x 10 -3  CL=90% 489 

~cd < 2.1 x 10 - 3  CL=90% 239 
(~Tr+Tr - (1.08• x 10 - 3  614 

~p0 ( 6 4-3 ) x 10 - 4  260 
~ r + T r  - 3-body ( 7 •  ) x 10 - 4  614 

K * ( 8 9 2 ) 0 K - T r + +  c.c. [ww] < 8 x 10 - 4  CL=90% - 
K * ( 8 9 2 ) 0 K * ( 8 9 2 )  0 ( 1.4 •  ) x  10 - 3  257 

Doubly Cablbbo suppressed ( DC)  modes, 
A C  : 2 forbidden via mix ing ( C 2 M )  modes, 
AC = 1 weak neutral current (C1) modes, or 
Lepton Family number  ( L F )  v io lat ing modes 

K + t - F t ( v i a  ~ 0 )  C2M < 1.7 x 10 - 4  CL=90% - 
K + T r - o r  C2M < 1.0 • 10 - 3  CL=90% - 

K + 7r- 7r + ~ -  (via ~ 0 )  
K+~r  - DC ( 2.8 • ) x  10 - 4  861 
K + ~ -  (via ~-0) < 1.9 x 10 - 4  CL=90% 861 
K+~ ' - ' I r + 'K  - DC ( 1.9 • ) x  10 - 4  812 
K + T r - l r + ~ r - ( v i a D  ~  < 4 x l o  - 4  CL=90% 812 
# - a n y t h i n g  (via ~ 0 )  < 4 x 10 - 4  CL=~% - 
e + e -  C1 < 1.3 x 10 - 5  CL=90% 932 
// ,+/~- C1 < 4.1 x 10 - 6  CL=90% 926 
"1': 0 e + e -  C1 < 4.5 x 10 - 5  CL=90% 927 
~01s C1 < 1.8 x 10 - 4  CL=90% 915 
71e + e -  C1 < 1.1 x 10 - 4  CL=90% 852 
�9 rll.~+# - C1 < 5.3 x 10 - 4  CL=90% 838 
pOe+ e -  C1 < 1.0 x 10 - 4  CL=90% 773 
.o01~+# - C1 < 2.3 x 10 - 4  CL=90% 756 
c~e + e -  C1 < 1.8 x 10 - 4  CL=90% 768 
0J/~+jU, - C1 < 8.3 x 10 - 4  CL=90% 751 
b e + e  - C1 < 5.2 x 10 - 5  CL=90% 654 
~t1,+# - C1 < 4.1 x 10 - 4  CL=90% 631 
~ 0  e-I- e -  [ss] < 1.1 x 10 - 4  CL=90% 866 
~ 0 / ~ + # - -  [ss] < 2.6 x 10 - 4  CL=90% 852 
K * ( 8 9 2 ) ~  - [ss] < 1.4 x 10 - 4  CL=90% 717 
K * ( 8 9 2 ) ~  - [ss] < 1.18 x 10 - 3  CL=SO% 698 
"K+ I r - l rO l j , +# -  C1 < 8.1 x 10 - 4  CL=90% 863 
I ~  e :F LF [E~] < 1.9 x 10 - 5  CL=90% 929 
"/'t o e • #~: LF [EE] < 8,6 x 10 - 5  CL=90% 924 
f i e •  :F LF [gg] < 1.0 x 10 - 4  CL=90% 848 
pOe~:p,T LF [8"8"] < 4.9 x 10 - 5  CL=90% 769 
~ e •  :F LF ~ ' ]  < 1.2 x 10 - 4  CL=90% 764 
~ e •  ~ :  LF [Eg] < 3.4 x 10 - 5  CL=90% 648 
-t~Oe• :~: LF [Eg] < 1.0 x 10 - 4  CL=90% 862 
K * ( 8 9 2 ) ~ 1 7 7  :F LF [Ee"] < 1.0 x 10 - 4  CL=90% 712 

I D * ( 2 0 0 7 ) ~  I I ( J  P )  = � 8 9  
I, J. P need conf i rmat ion.  

Mass m = 2006.7 4- 0.5 MeV ( S = 1 . 1 )  

mD.o - reDO = 142.12 4- 0.07 MeV 
Full width r < 2.1 MeV. CL = 90% 

D*(2oo7) 0 modes are charge conjugates of modes below. 

D'(200"/) 0 DECAY MODES Fraction (r l / r )  p(MeV/c) 

D O ~r ~ (61.9 • 2.9) % 
D~ (38.1• % 

I D'(20zo)* I I(JP) = �89 
I, J, P need conf i rmat ion.  

Mass rn = 2010.0 4- 0.5 MeV (S = 1.1) 

r o D , ( 2 0 1 0 ) +  - roD+ = 140.64 4- 0.10 MeV  (S = 1.1) 
mD,(2010) + - mDo = 145.397 4- 0.030 MeV  

Full width I" < 0.131 MeV, CL = 90% 

D*(201o)-  modes are charge conjugates of the modes below. 

43 
137 

D*(2010) :1: DECAY MODES Fraction ( r l / r )  p (MeV/c) 

D O/r + (68.3 • 1.4) % 
D + ~r 0 (30.6 :E 2,5) % 

1 14-2.1~ 
D+'Y ( - ' - - o .7J  % 

39 
38 

136 
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I D t ( 2 4 2 0 ) 0  I I ( j e )  = �89 
I, J, P need confirmation. 

M a s s m = 2 4 2 2 . 2 + l . 8  MeV ( S =  1.2) 
Full width r = 18.9_+416 MeV 

D1(2420)0 modes are charge conjugates of modes below. 

/)1(2420)0 DECAY MODES Fraction (Fi/F) p ( M eV/c) 

D* (2010) + ~r- seen 355 

D + I t -  not seen 474 

I D ~ ( 2 4 6 0 ) ~  I I (JP) = �89 

JP = 2 + assignment strongly favored (ALBRECHT 89B). 

Mass m = 2 4 5 8 . 9 •  MeV ( S - -  1.2) 

Full width r = 23 • 5 MeV 

D~(2460) 0 modes are charge conjugates of modes below. 

D~2(24~0)0 DECAY MODES Fraction ( r l / r )  p ( M eV/c) 

D + ~ -  seen 503 
D* (2010) + ~r- seen 387 

I D~(2460)~" I I (JP)  = �89 

JP = 2 + assignment strongly favored (ALBRECHT 89B). 
M a s s m = 2 4 5 9 •  (S- -  1.7) 
mD;(2460) ~ -- mD~(2460)0 = 0.9 • 3:3 MeV (S = 1.1) 

Full width r = 25+8 MeV 

D~(2460)- modes are charge conjugates of modes below. 

D~(24110) :E DECAY MODES Fraction ( r i / r )  

II CHARMED, STRANGE MESONS 
(C-- S-- -I-1) 

O + = c~, D s = ~s, similarly for D~'s 

= o ( o - )  I(J P) 

Mass m = 1968.5 -J- 0.6 MeV (S = 1.1) 
mD~ - mD.~ = 99.2 + 0.S MeV ( S = 1 . 1 )  

Mean life ~" = (0.467 -I- 0.017) • 10 -12 s 
cr = 140 #m 

D + form factors 

r2 = 1.6 :E 0.4 
rv = 1.5 • 0.5 

FL/FT = 0.72 • 0.18 

Branching fractions for modes with a resonance in the final state include 
all the  decay modes of the resonance. D s modes are charge conjugates 
of the modes below. 

D~ DECAY MODES Fraction ( r l / r )  

K -  anything 

K~ + K~ 

K+anything 
non- K K anything 

e + anything 

anything 

Indudve modes 
(13 +14 ) % 

--12 
(39 4-28 ) % 

(20 +1s )% 
- 14  

p (MeV/c) 

D O/r + seen 508 
D *0 lr + seen 390 

(64 4-17 ) % 

(18 +18 )% 
- 10  

Leptonlr and mmlleptonlr model 
( 4.0 + 2.2 ) x 10 - 3  

- -  2,0 
( 7  4 - 4  )% 

[xx] (2.o 4- o .s )% 

/J+ V/~ S=1.4 

r + v~. 
~l+vt  
TIt+Vt Jr T//(958)t+Vt [xx] ( 3.4 4. 1.0 )% 

~ - f -V  t ( 2.5 4- 0.7 )% 
~'(958)~+v! (8.e 4- 3 .4 ) x  10 -3  

Hadronlc modes with a K ~  paw (Indudl.l~ from a ~) 
K + K  ~ 3.6 4- 1.1 )% 
K + K -  7r + [qq] 4.4 4- 1.2 ) % S=1.1 

~/r  + {yy] 3.6 • 0.9 )% 
K+K*(892)  ~ by] 3.3 4- 0.9 )% 
fo(980)~ + [yy} 1.8 4- 0.S )% S=1.3 
K+K~(1430)  ~ by] 7 4- 4 ) x 10 - 3  

f j (1710)Ir + --~ K + K -  ~r + [zz] 1.5 4- 1.9 ) x 10 -3  
K + K-~r +nonresonant 9 4- 4 ) x 10 -3  

KO~OTr+ 

K*(892) + ~ ~  bY] 4.3 • 1.4 )% 
K + K -  7r + lr 0 

~r+Tr  ~ bY] ( 9  • s )% 
~)p+ bY} ( 6.7 4- 2.3 )% 
~r+~r~ bY] < 2.6 % CL=90% 

K + K -  ~r + ~r ~ non-~) < 9 % CL=90% 
K+  K-%r+ ~r - < 2.8 % CL=90% 
K~ + ( 4.3 4- 1.s )% 

K*(892)+K*(892)  ~ bY] ( s.8 4- 2.s )% 
K~ *~ < 2.9 % CL=9O% 

K+K-~r+Tr+~ - ( 8.3 • 3.3 ) x l 0  - 3  

~'+/r+/r - bY} ( 1.184- 0.35)% 

K+K-~r+Tr+Ir-non-~b ( 3.0 + 3.o )x 10 -3 
- 2.0 

Hadronk: modes without K'= 
/ r + / r + ~  - ( 1.0 4- 0.4 )% S=1.2 

pO%+ < 8 x 10 - 4  CL=90% 

f0(980)Tr + bY] ( 1.8 4- 0.8 )% S=1.7 
f2(1270)~r + bY] ( 2.3 • 1.3 ) x 10 -3 
f0(1500)~r + --~ ~r+~r-~ "+ [aaa] ( 2.8 • 1.6 ) x  10 - 3  
~+~r+~r -nonresonant  < 2.8 x 10 - 3  CL=90% 

/ r + / r + / r -  Ir 0 < 12 % CL=90% 

~Tr + bY] ( 2,0 + 0,6 )% 

II 

Scale factor/ p 
Confidence level (MeV/c) 

981  

182  

850 
8O5 
712 
682 
732 
186 

204 " 
8O5 
802 
683 
748 
687 
407 
687 
748 
744 
744 
412 
744 
673 
640 

673 

959 
827 
732 
559 
391 
959 
935 
902 



o:~-+ 

Ir + 7r + I r -  Ir 0 lr 0 
r/p + 

r/~r + ~r ~ 3-body 
;r I t+ It+ l r -  ~r- 7r o 

r + 
lr+ ~-+ ~r+ I t -  ~T-- ~TO Ir 0 

r + 
r/1(958) ~+ ~0 3-body 

K 0 ~r+ 
K+~r+~r - 

K+ p 0 
K*(892)%r + 

K + K + K -  
@K + 

Lvy] ( 3.1 -}- 1.4 ) x  10 -3 822 
( 6.9 • 3.0 ) x  10 -3 899 

- -  902 
[yy] (10.3 • 3.2 )% 727 
[yy] < 3.0 % CL=90% 886 

( 4.9 • 3.2 )% 856 
LYY] ( 4.9 • 1.8 )% 743 

- -  803 
[yy] (12 • 4 )% 470 
[yy] < 3.1 % CL=90% 720 

Modes with one or three K ' I  
< 8 x 10 - 3  CL=90% 916 

( 1.0 • 0.4 )% 900 
< 2.9 X 10 -3 CL=90% 747 

Lvy] ( 6.5 • 2.8 ) x  10 -3 773 
< 6 x 10 -4 CL=90% 628 

[yy] < 5 x 10 -4 CL=90% 607 
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Z I C =  1 weak neutral current (C1) modes, or 

II B O T T O M  M E S O N S  
( B  = - I -1)  

B + = ub, B ~ = db, ~o = "db, B -  = ~b, similarly for B*'s 

B-particle organization I 

Many measurements of B decays involve admixtures of B hadrons. Pre- 
viously we arbitrarily included such admixtures in the B • section, but 
because of their importance we have created two new sections: "B~/B ~ 
Admixture" for T(45) results and "B+/B~176 Admixture" for 
results at higher energies. Most inclusive decay branching fractions are 
found in the Admixture sections. B~ ~ mixing data are found in the B ~ 
section, wh,e e~ mixing data and e-~ mixing data for a e~ ~ ad- 
mixture are found in the B ~ section. CP-violation data are found in the 

B ~ section, b-baryons are found near the end of the Baryon section. 
Lepton number (L) violating modes 

I r+/~+# - [ss] < 4.3 x 10 -4 CL=90% 968 
K+#+/~  - C1 < 5.9 x 10 -4 CL=9O% 909 
K*(892)+p.+p. - Cl < 1.4 x 10 -3 CL=90% 765 
~-- /~+#+ L < 4.3 x 10 -4 CL=90% 968 
K - # + #  + L < 5.9 x 10 -4 CL=90% 909 
K * ( 8 9 2 ) - # + #  + L < 1.4 x 10 -3 CL=90% 765 

r ~  i(JP) 0(? ?) 

JP is natural, width and decay modes consistent with 1 - .  

Mass m = 2112.4 -I- 0.7 MeV (S = 1.1) 

mD,s~- - mD~ = 143.8 4- 0.4 MeV 

Full width r < 1.9MeV, C L = 9 0 %  

D s -  modes are charge conjugates of the modes below. 

D~ "1" DECAY MODES Fraction ( r l / r )  

D + ,y (94.2 • 2.5) % 
+ 0 D s Ir (5.s• % 

i I(JP) = 0 ( 1 + )  
J, P need confirmation. 

Mass m = 2535.35 -4- 0.34 -4- 0.5 MeV 
Full width r < 2.3 MeV, CL -- 90% 

Ds1(2536 ) -  modes are charge conjugates of the modes below. 

Dsl(211N)+ DECAY MODES Fraction ( r / / r )  

p (MeV/c) 

139 

48 

p ( M eV/c) 

D* (2010) + K 0 seen 150 
D*(2007) 0 K + seen 169 
D + K 0 not seen 382 
D O K + not seen 392 
D*s +'Y possibly seen 389 

The organization of the B sections is now as follows, where bullets indi- 
cate particle sections and brackets indicate reviews. 

[Production and Decay of b-flavored Hadrons] 

[Semileptonic Decays of B Mesons] 

�9 B • 

mass, mean life 

branching fractions 
�9 B o 

mass, mean life 

branching fractions 

polarization in B ~ decay 

B~  ~ mixing 

[B~ -~ Mixing and CP Violation in B Decay] 

CP violation 

�9 B • B ~ Admixtures 

branching fractions 

�9 Bi/B~176 Admixtures 

mean life 

production fractions 

branching fractions 

eB*  

mass 
�9 Bo 

mass, mean life 
branching fractions 

polarization in Bs ~ decay 

B~ ~ mixing 

B-B mixing (admixture of B ~ Bs ~ 

At end of Baryon Listings: 

�9 A b 
mass, mean life 

branching fractions 

�9 b-baryon Admixture 

mean life 

JP is natural, width and decay modes consistent with 2 + . 

Mass m = 2573.5 :E 1.7 MeV 
Full width F = 15_+45 MeV 

Dsj(2573 ) -  modes are charge conjugates of the modes below. 

DRj(2B73)+ DECAY MODES Fraction ( r i / r )  p ( M eric) 

D O K + seen 436 
D*(2007) 0 K + not seen 245 

branching fractions 
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r ~  = �89 I(JP) 

I, J, P need confirmation. Quantum numbers shown are quark-model 
predictions. 

Mass roB• = 5278.9 + 1.8 MeV 
Mean life ~B*  = (1.65 + 0.04) x 10 -12 s 

CT = 495 #m 

B -  modes are charge conjugates of the modes below. Modes which do not 
Identify the charge state of the B are listed in the B4-/B 0 ADMIXTURE 
section. 

The branching fractions listed below assume 50% B0B  -0 and 50% B + B -  
production at the T(45).  We have attempted to bdn 8 older measurements 
up to date by rescallng their assumed T(4S) production ratio to 50:50 

and their assumed D, D s, D*, and V~ branching ratios to current values 
whenever this would affect our averages and best limits significantly. 

Indentation is used to Indicate a subchannel of a previous reaction. All 
resonant subchannels have been corrected fo~ resonance branching frac- 
tions to the final state so the sum of the subchannel branching fractions 
can exceed that of the final state. 

Scale factor/ p 
B "l" DECAY MODES Fraction ( r l / r )  Confidence level (MeV/c) 

Semlleptonlc and leptonlc modes 
t+~any th ing  [pp] (10.3 ~0.9 )% - 

-'DO t+  lJt [pp] ( 1.864-0.33)% -- 

9 " ( 2 0 0 7 ) 0 E + ~  t [pp] ( 5.3 4-0.8 ) %  - 

/r 0 e + v e < 2.2 x lO . 3  CL=9O% 2638 

~dt+lJt [pp] < 2.1 x 10 - 4  EL=90% - 

pOt+ I,~I. [pp] < 2.1 x 10 - 4  CL=90% - 

e + v e < 1.5 x 10 - 5  CL=90% 2639 

/ J + v #  < 2.1 x 10 - 5  EL=g0% 2638 

"r+ ~,'r < 5.7 x 10 - 4  CL=90% 2340 

e + v e'Y < 2.0 x 10 - 4  CL=90% - 

#+v# '7  < 5.2 x 10 - 5  CL=90% - 

D, D* ,  or D e modes 
DOTr+ 
~ o p +  

~ 0  l r+  l r  + ~r-  oonresonant  
~ % r + p O  

D ~  a1(1260)+ 
D * ( 2 0 1 0 ) -  ~+  Ir + 

D - ~ + ~ +  
9"(2007)~ + 
D * ( 2 0 1 0 ) + ~  0 
D* (2007 )~  + 
D*  (2007) 0 Ir + Ir + lr - 

D *  (2007) 0 a 1(1260) + 
D* (2010) -  ~ +  ~+  =0 
D* (2010) -  ~ +  ~r + ~+  ~ -  
D ;  (2420) 0 ~+  
9~(2420)0p + 
~ ( 2 4 6 0 )  0 ~+  

D..~i(2460)~ P + 

~ D ;  + 
9 *  (2007) 0 O + 
9*(2007) 0 D; + 
D~ + ~r ~ 

O:+,~ ~ 
O~+,~ 
D; + ~/ 
D + pO 

D*s + po 
D+~ ~ 
D*s+ ~ 
D + a1(1260)  0 

D*s + a1(1260) ~ 

O;+~, 

5.3 4-0.5 ) x 10 - 3  

1.344-0.18) % 

1.1 4-0.4 ) % 
5 4-4 ) x 10 - 3  

4.2 4-3.0 ) x 10 - 3  

5 4.4 ) x 10 - 3  

2.1 4.0.6 ) x 10 - 3  

< 1.4 x 10 - 3  

( 4.6 =E0.4 ) x 10 - 3  

< 1.7 x 10 - 4  

(1.55• % 
( 9.4 4-2.6 ) x  10 - 3  

( 1.9 4-0.5 )% 
( 1.5 4-0.7 )% 

< 1 % 

( 1.5 4-0.6 ) x  lO -3 
< 1.4 x 10 - 3  

< 1.3 • 10 - 3  

< 4.7 x 10 - 3  

( 1.3 •  ) %  

( 9 4-4 ) x 10 . 3  

( 1.2 •  ) %  

( 2.7 4-1.0 ) %  

< 2.0 x 10 - 4  

< 3.3 x 10 - 4  

< 5 x 10 - 4  

< 8 x 10 - 4  

< 4 x 10 - 4  

< 5 x 10 - 4  

< 5 X 10 - 4  

< 7 x 10 - 4  

< 2.2 x 10 - 3  

< 1.6 x 10 - 3  

< 3.2 x 10 - 4  

< 4 x 10 - 4  

2308 

2238 

2289 

2289 

2209 

2123 

2247 

CL=90% 2299 

2256 

CL~90% 2254 

2183 

2236 

2062 

2235 

CL=90% 2217 

S=1.3 2081 

CL=90% 1997 

CL=90% 2064 

CL=90% 1979 

1815 

1734 

1737 

1650 

CL=90% 2270 

CL=90% 2214 

CL=90% 2235 

CL=90% 2177 

CL=90% 2198 

CL=90% 2139 

CL=90% 2195 

CL=90% 2136 

CL=90% 2079 

CL=90% 2014 

CL=90% 2141 

CL=90% 2079 

D + K  0 < 1.1 x 10 - 3  CL=90% 2241 

D ~ + K  0 < 1.1 x 10 - 3  CL=90% 2184 

D + K * ( 8 9 2 )  0 < 5 x 10 - 4  CL=90% 2171 

D * + K * ( 8 9 2 )  ~ < 4 x 10 -4  CL=90% 2110 

D s i r  + K + < 8 x 10 - 4  CL=90% 2222 

D s -  ~r K + < 1.2 x 10 - 3  CL=90% 2164 

D~-~r + K * ( 8 9 2 )  + < 6 x 10 - 3  CL=90% 2137 

Ds-~+K* (892 )+  < 8 x 10 - 3  CL=90% 2075 

Charmonlum modes 
J/4(15)K + ( 9.9 4.1.0 ) x 10 -4 1683 
J/4(1S)K+Tr+Tr  - ( 1.4 -+-0.6 ) x 10 - 3  1612 

J /4 (1S)K*(892)  + (1.474-0.27) x 10 - 3  1571 

J/4(1S)lr + ( 5.0 4-1.5 ) x 10 -5 1727 
J/4(15)p + < 7.7 x 10 - 4  CL=90% 1613 

J/4(1S)al(1260) + < 1.2 x 10 - 3  CL=90% 1414 

4(25) K + ( 6.9 4-3,1 ) x 10 - 4  S=1.3 1284 

4 ( 2 5 ) K * ( 8 9 2 )  + < 3.0 x 10 - 3  CL=90% 1115 

4 ( 2 5 ) K + ~ + ~  - ( 1.9 4-1.2 ) x 10 - 3  909 

Xc l (1P)K + ( 1.0 4-0.4 ) x 10 - 3  1411 

X c l ( 1 P ) K * ( 8 9 2 )  + < 2.1 x 10 - 3  CL=90% 1265 

K or K *  m o d a l  
K 0 / r  + ( 2.3 4-1.1 ) x  10 - 5  2614 

K +~r 0 < 1.6 x 10 - 5  CL=90% 2615 

r / 'K + ( 6.5 4-1.7 ) x  10 - 5  2528 

t/ 'K*(892) + < 1.3 x 10 - 4  CL=90% 2472 

t /K + < 1.4 x 10 - 5  CL=90% 2587 

t /K*(892) + < 3.0 x 10 - 5  CL=90% 2534 
K * ( 8 9 2 ) ~  + < 4.1 x 10 - 5  CL=90% 2561 

K*(892) +Tr ~ < 9.9 x 10 - 5  CL=90% 2562 

K + ~ -  ~r + nonresonant < 2.8 x 10 - 5  CL=90% 2609 

K - t r + ~ r + n o n r e s o n a n t  < 5.6 x 10 - 5  CL=90% - 

K1 (1400 )~  + < 2.6 x 10 - 3  CL=90% 2451 

K~(1430)~ + < 6.8 x 10 - 4  CL=90% 2443 

K + p  0 < 1.9 x 10 - 5  CL=90% 2559 

K 0 p  + < 4.8 x 10 - 5  CL=90% 2559 

K*(892)+~+~ - < 1.1 x 10 - 3  CL=90% 2556 

K * ( 8 9 2 ) + p  0 < 9.0 x 10 - 4  CL=90% 2505 

K 1 ( 1 4 0 0 ) + p  0 < 7.8 x 10 - 4  CL=90% 2389 

K ~ ( 1 4 3 0 ) + p  0 < 1.5 x 10 - 3  CL=90% 2382 

K + K  -~ < 2.1 x 10 - 5  CL=90% 2592 

K + K -  ~+ nonresonant < 7.5 x 10 -5 CL=90% - 
K + K -  K + < 2.0 x 10 - 4  CL=90% 2522 

K + ~b < 1.2 x 10 - 5  CL=90% 2516 

K+K-K+non resonan t  < 3.8 x l o  - 5  CL=90% 2516 

K*(892)  + K + K -  < 1.6 x 10 - 3  CL=90% 2466 
K * ( 8 9 2 ) + ~  < 7.0 x 10 - 5  CL=90% 2460 

K 1 ( 1 4 0 0 ) + ~  < 1.1 x 10 - 3  CL=90% 2339 

K~(1430)+q~ < 3.4 x 10 - 3  CL=90% 2332 

K + f0(980)  < 8 x 10 - 5  CL=90% 2524 

K*(892)+'y ( 5.7 4-3.3 ) x 10 - 5  2564 . 
K 1 ( 1 2 7 0 ) + ' )  ' < 7.3 x 10 - 3  CL=90% 2486 

K1 (1400 )+ ' 7  < 2.2 x 10 - 3  CL=90% 2453 

K~(1430)+ '1  ' < 1.4 x 10 - 3  CL=90% 2447 

K*(1680)+'y < 1.9 x 10 - 3  CL=S0% 2361 
K ~ ( 1 7 8 0 ) + ' y  < 5.5 x 10 - 3  CL=90% 2343 

K ~ ( 2 0 4 5 ) + ' 7  < 9.9 x 10 - 3  CL=90% 2243 

Light unflavored meson mode= 
~r+~ 0 < 2.0 x 10 - 5  CL=90% 2636 

/ r + / r + ~  - < 1,3 X 10 - 4  CL=90% 2630 

p 0 ~ +  < 4.3 X 10 - 8  CL=90% 2582 

'/r + f0(980) < 1.4 x 10 - 4  CL=90% 2547 

7r + f2(1270) < 2,4 x 10 - 4  CL=90% 2483 

~+ ~ -  ~+ nonresonant < 4,1 x 10 - 5  CL=90% - 
?r+ ~.0 Tt0 < 8.9 x 10 - 4  CL=90% 2631 

p +  ~0 < 7.7 x 10 - 5  CL=90% 2582 

'/r + 'rr- 'n "+ ~.0 < 4.0 x 10 - 3  CL=90% 2621 

p+pO < 1.0 x 10 - 3  CL=90% 2525 

a l ( 1260 )+~ r  0 < 1.7 x 10 - 3  CL=90% 2494 

a l (1260)01r  + < 9.0 x 10 - 4  CL=90% 2494 

~dTr + < 4.0 x 10 - 4  CL=90% 2580 



~ / r  + < 1.5 x 10 - 5  CL--90% 2609 

"qr"tr+ < 3.1 x 10 - 5  CL=90% 2550 

'q/p+ < 4.7 x 10 - 5  CL=90% 2493 

~ /p+  < 3.2 x 10 - 5  CL=90% 2554 

~r + 11 .+  l r  + I t -  l r -  < 8.6 x 10 - 4  EL=90% 2608 

p ~  < 6.2 x 10 - 4  EL=90% 2434 

p O a 2 ( 1 3 2 0 ) +  < 7.2 x 10 - 4  CL=90% 2411 

/1" + ?r + / r  + ~ ' -  ~ r - / r  0 < 6.3 x 10 - 3  E L - 9 0 %  2592 

a 1 ( 1 2 6 0 ) +  a1(1260)  ~ < 1.3 % CL=90% 2335 

Baryon modes 
p'p'E + < 1.6 x 10 - 4  EL=90% 2439 

p'p~r +nonresonant  < 5.3 x 10 - 5  CL=90% - 

p ~ r  + ~ r  +~r- < 5.2 x 10 - 4  CL=90% 2369 

p ' p K  +nonresonant  < 8.9 x 10 - 5  CL=90% - 

p A  < 6 x 10 - 5  CL=90% 2430 

pA~r  + ~ r -  < 2.0 x lO - 4  CL=90% 2367 

~Op < 3.8 x 10 - 4  CL=90% 2402 

A + + p  < 1.5 x 10 - 4  CL=90% 2402 

Acp~r+ ( 6.2 -I-2.7 ) x l O  - 4  -- 

A-~p~r+~r ~ < 3.12 x 10 - 3  CL=90% - 

A c p~r + ~r + ~r-  < 1.46 x 10 - 3  CL=90% - 
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Indentation is used to indicate a subchannel of a previous reaction. All  
resonant subchannels have been corrected for resonance branching frac- 
tions to the final state so the sum of the subchannel branching fractions 
can exceed that of the final state. 

Scale factor/ p 
B 0 DEC,,I,Y MODES Fraction ( r i / r )  Confidence level (MeV/c) 

t+vtanything [pp] (lo.5 + o.8 )% 
D- t+v t  [pp] ( 2 .00+ 0.25)% 

D * ( 2 0 1 0 ) -  t + u t [pp] ( 4.60+ 0.27) % 

p - t + ~ l  [p~] ( 28 +_ ~ ) • 10 -4 

/l'--~+Pl ( 1.8 • 0.6 ) x 10 - 4  

Inclusive modes 
K +anything (78 • ) % 

D, D*,  or De modes 
O-~r + ( 3.0 ! 0.4 ) x 10 - 3  

D-p + ( 7.9 • 1.4 ) x 10 -3  
DO~T+~T- < 1.6 x 10 - 3  

D * ( 2 0 1 0 ) - ~ r  + 2.76:5 0.21) x 10 - 3  

O - ~ + ~ ' + ; ' r  - 8.0 • 2.5 ) x 10 - 3  

2306 

2236 

CL--90% 2301 

2254 

2287 

A-~p~r+Tr+Tr-Tr ~ < 1.34 % "  EL=90% 

Lepton Family number (LF) or Lepton number (L) violating modes, or 
& B  = I weak neutral current (BI) mode= 

lr + e + e -  B1 < 3.9 x 10 - 3  CL=90% 

I r+#+ lJ .  - B1 < 9.1 x 10 - 3  CL=90% 

K + e + e -  B1 < 6 x 10 - 5  EL=90% 

K + # + / ~  - B1 < 1.0 x 10 - 5  CL=90% 

K*(892) + e + e -  B1 < 6 .9  x 10 - 4  EL=90% 

K*(892)+#+# - B1 < 1,2 x 10 - 3  E L = 9 0 %  

~+  e + # -  LF < 6.4 x 10 - 3  EL=90% 

lr + e -  I ~+ LF < 6.4 x 10 - 3  CL=90% 

K + e + 11. - LF < 6.4 x 10 - 3  CL=90% 

K+e-p. + LF < 6.4 x 10 - 3  CL=90% 

/ r -  e + e + L < 3.9 x 10 - 3  CL=90% 

/ r -  p , + / J +  L < 9.1 x 10 - 3  CL=90% 

"E-- e + 11. + LF < 6.4 x 10 - 3  CL=90% 

K - e  + e + L < 3.9 x 10 - 3  CL=90% 

K-#+#  + L < 9.1 x 10 - 3  EL=90% 

K-e+ l  ~+ LF < 6.4 X 10 - 3  CL=90% 

2638 

2633 

2616 

2612 

2564 

2560 

2637 

2637 

2615 

2615 

2638 

2633 

2637 

2616 

2612 

2615 

= �89 I(J P) 

I, J, P need confirmation. Quantum numbers shown are quark-model 
predictions. 

Mass mBo = 5279.2 • 1.8 MeV 
ms0 -- roB• = 0.35 • 0.29 MeV (S -- 1.1) 
Mean life rB0 = (1.56 • 0.04) x 10 -12 S 

CT = 468 #m 
"t'B+/'r'Bo = 1.02 • 0.04 (average of direct and inferred) 
rB+/rBO = 1.04 • 0.04 (direct measurements) 

-- n Q~+o.15 (inferred from branching fractions) T B+ /r BO -- v . , ~ _ 0 . 1 2  

S~ ~ mbdng parameters 

X d = 0.172 • 0.010 

A m B o  = mBHO -- mBo = (0 .464  • 0 .018)  x 1012 ~, S - 1  

X d = A m B o / r B o  = 0 .723 -I- 0 .032 

CP violation parameters 

IRe(~Bo)l = 0.002 + 0.008 

~ 0  modes are charge conjugates of the modes below. Reactions indicate 
the weak decay vertex and do not include mixing. Modes which do not 
identify the charge state of the B are listed in the B •  0 ADMIXTURE 
section. 

e 0 �9 The branching fractions listed below assume 50% B ~ 0  and 50 ~ B + B -  
production at the T(45) .  We have attempted to bring older measurements 
up to date by rescal]ng their assumed T(4S)  production ratio to 50:50 

and their assumed D, D s, D*, and V~ branching ratios to current values 
whenever this would affect our averages and best l imits significantly. 

( D - ~ + ~ r + ~  - ) nonresonant 
D-~+ po 

o -  a1(1260) + 
D*(2010)-  ~+ ~o 

D* (2010)- p+ 
D* (2010) - ~r + ~+ ~r - 

( D*(2010)-  lr + lr + 7r- ) non- 
resonant 

D*(2010)-  lr + po 
D*(2010)-  a1(1260) + 

D* (2010)- ~r + Ir + lr - ~r 0 
D ;  (2460)- lr + 
D,~ (2460)- p+ 
D -  D + 
D*(2olo)- D~ + 
D -  D~ + 
D*(2010)-  Ds+ 
D + ~ r  - 

D*s + ~ -  
D+p - 
D*s+ p - 
D7 a1(1260 ) - 
Ds+ a1(1260)- 
D~ K + 
D's-K+ 
D s K*(892) + 
D s-  K*(892) + 
D ;  7r + K ~ 
D s - l r  + K o 

D s ~r + K * ( 8 9 2 )  ~ 

p*s-Tr+ K* (892)  0 
-6o 7ro 
-6o po 
-6% 
~or/ '  
~ o .  

D* (2007) 07r 0 
D*(2007)~ 0 
D* (2007)0r/ 
D*(2007)~ 
D*(2007)~ 
D*(2010) + D*(2010)- 
D* (2010) + D -  
D + D*(2010)-  

J/~(1S) K ~ 
J / ~ ( 1 S )  K + ~r- 

J/~b(1S) K'(892) ~ 
J A b ( i S ) I t  0 

JlO(lS)~l 
J/~b(l$).o ~ 

3.9 i 1.9 ) x 10 - 3  2287 

1.1 • 1.0 ) x 10 - 3  2207 

6.0 :E 3.3 ) X 10 - 3  2121 

1.5 :E 03  ) %  2247 

6.7 • 3.3 ) x 10 - 3  2181 

7.6 :h 1.7 ) x 10 - 3  2235 

0.0 :I: 2.5 ) x 10 - 3  2235 

( 5.7 4- 3.1 ) x 10 - 3  2151 

( 1.30:E 0 .27)% 2061 

( 3.4 • 1.8 ) %  2218 

< 2.2 • 10 - 3  CL=90% 2064 

< 4.9 x 10 - 3  EL=90% 1979 

( 8.0 • 3 .0 ) • 10 - 3  1812 

( 9.6 :k 3.4 ) x 10 - 3  1735 

( 1.0 :t: 0.5 ) %  1731 

( 2.0 • 0.7 ) %  1649 

< 2.8 x 10 - 4  CL=90% 2270 

< 5 x 10 - 4  CL=90% 2214 

< 7 x 10 - 4  CL=90% 2198 

< 8 x 10 - 4  CL=90% 2139 

< 2.6 x 10 - 3  CL=90% 2079 

< 2.2 x 10 - 3  CL=90% 2014 

< 2.4 x 10 - 4  CL -90% 2242 

< 1.7 x 10 - 4  CL=90% 2185 

< 9.9 • 10 - 4  EL=90% 2172 

< 1.1 x 10 - 3  CL=90% 2112 

< 5 x 10 - 3  CL=90% 2221 

< 3.1 x 10 - 3  EL=90% 2164 

< 4 x 10 - 3  CL=90% 2136 

< 2.0 x 10 - 3  CL=90% 2074 

< 1.2 x 10 - 4  CL=90% 2308 

< 3.9 • 10 - 4  CL=90% 2238 

< 1.3 x 10 - 4  CL=90% 2274 

< 9.4 x 10 - 4  CL -90% 2198 

< 5.1 x 10 - 4  E L - 9 0 %  2235 

< 4.4 x 10 - 4  CL=90% 2256 

< 5.6 x 10 - 4  CL=90% 2183 

< 2.6 x 10 - 4  EL=90% 2220 

< 1,4 x 10 - 3  EL=90% 2141 

< 7.4 x 10 - 4  CL=90% 2180 

< 2.2 x 10 - 3  EL=90% 1711 

< 1.8 x 10 - 3  EL=90% 1790 

< 1.2 x 10 - 3  CL=90% 1790 

Charmonlum modes 
( 8 .9 • 1,2 ) x 10 - 4  1683 

( 1.1 • 0 .6 ) x 10 - 3  1652 

( 1.35 4. 0.18) x 10 - 3  1570 

< 5.8 x 10 - 5  CL=90% 1728 

< 1.2 • 10 - 3  CL=90% 1672 

< 2.5 • 10 - 4  CL=90% 1614 

5=1.3 
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Meson Summary Ta 
J/~b(1S)oJ 
~(25)  K ~ 
~(2S) K + ~  - 

~(25) K*(892) ~ 
Xcl(1 P) K ~ 
Xc l (1P)  K*(892) ~ 

K + ~ .  - 

K 0 ~r 0 

~/' K o 

~/t K , ( 8 9 2 ) o  

~ / K * ( 8 9 2 )  0 
~ /K o 

K + K -  
KO~O 

K+p - 
KO pO 
K~ fo(980) 
K*(892)+~r - 
K* (892) 0 ~r 0 
K~(1430)+~ - 

KO K+ K - 
K~  
K - ~ + ~ r + ~ -  
K*(S92)%r + ~r- 

K*(892)o pO 
K*(892) ~ f0(980) 
K1(1400)+ ~r - 
K -  a1(1260) + 

K* (892) ~ K + K -  
K*(E92)~ 

KI( 1400)~ ~ 
K1(1400)~ 
K~(1430)~ 0 
K~,(1430)0 ~ 
K*(892)0,'/ 
K1(1270)~ 
Kl(1400)~ 
K~(1430)03 ' 
K*(1680)~ 
K;(1780)0"7 
K;(2045)0~ 

,R+ ,R-- 

,tr 0.~0 

~-,,r 0 

7/7/ 
T/" ~0  

,r/r ~/ 
CpO 
,Tp o 
l r +  ~r -  l r  0 

p%r ~ 
p:T ~r4- 

~r+ ~r -  ~r+ ~r - po po 
al(  1260)T ~r• 
a 2 ( 1 3 2 0 ) ~  4- 

:r 7r -- 7r 0 ~T 0 
p + p -  

a1 (1260 )~  ~r ~ 

~r+ ~ +  : r  ~r-  R 0 

al(1260)+p - 
~1(12~0)~ ~ 

~ + ~ + ~ r + ~ -  ~ -  ~r-  

a 1 (1260)  + a 1( 1 2 6 0 ) -  
~.+ ~ + ,/r + ,n.- ,n.- ,n.- ,n.0 

hie 
< 2.7 x 10 - 4  CL=90% 1609 

< 8 x 10 - 4  CL=90% 1283 

< 1 x 10 - 3  CL=90% 1238 

( 1.4 4- 0.9 ) x  10 - 3  1113 

< 2.7 x 10 - 3  CL=90% 1411 

< 2.1 x 10 - 3  CL=90% 1263 

K or K* model 
( 1.5 + 0.5 ) x  10 - 5  2615 

- -  0.4 
< 4.1 x 10 - 5  CL=90% 2614 

( 4.7 + 2.8 -- 2.2 ) x 10 - 5  2528 

< 3.9 x 10 - 5  CL=90% 2472 

< 3.0 x 10 - 5  CL=90% 2534 

< 3.3 x 10 - 5  CL~90% 2593 

< 4.3 x 10 - 6  CL=90% 2593 

< 1.7 x 10 - 5  CL=90% 2592 

< 3.5 x 10 - 5  CL=90% 2559 

< 3.9 x 10 - 5  CL=90% 2559 

< 3.6 x 10 - 4  CL=90% 2523 

< 7.2 x 10 - 5  CL=90% 2562 

< 2.8 x 10 . 5  CL:90% 2562 

< 2.6 x 10 - 3  CL=90% 2445 

< 1,3 x 10 - 3  CL=90% 2522 

< 8.8 • 10 - 5  CL=90% 2516 

[bbb] < 2.3 • 10 - 4  CL=90% 2600 

( 1.4 x 10 - 3  CL=90% 2556 

< 4.6 x 10 - 4  CL=90% 2504 

Baryon modes 
p ~  < 1.8 x 10 - 5  CL=90% 2467 

p ~ + ~ -  < 2.5 x 10 - 4  CL=90% 2406 

p A R -  < 1.8 x 10 - 4  CL=90% 2401 

Z ~ ~  0 < 1.5 x 10 - 3  CL=90% 2334 

Z~ + +  Z ~ - -  < 1.1 x 10 - 4  CL=90% 2334 

" ~ c -  Z~++ < 1.0 x 10 - 3  CL=90% 1839 

A c P ~ + ~ r -  ( 1.3 4- 0.6 ) x l O  - 3  - 

A c p  < 2.1 x 10 - 4  CL=90% 2021 

A c p ~ ' 0  < 5.9 x 10 - 4  CL=90% - 

A c p ~ ' + T r - ~ T 0  < 5.07 X 10 - 3  CL=90% - 

A~p~r+Tr -~+~  - < 2.74 x 10 - 3  CL=90% - 

Lepto. Family number (LF) violatJnE modes, or 
AB = I weak neutral current (B2) modes 

"y'y B1 < 3.9 x 10 - 5  CL=90% 2640 

e + e -  B1 < 5.9 x 10 - 6  CL=90% 2640 

I ~+1 ~ -  B1 < 6.8 x 10 - 7  CL=90% 2637 

K 0 e + e -  B1 < 3.0 x 10 - 4  CL=90% 2616 

K~ ~ -  B1 < 3.6 x 10 - 4  CL=90% 2612 

K * ( 8 9 2 ) ~  - B1 < 2.9 x 10 - 4  CL=90% 2564 

K*(892)~ - B1 < 2.3 x 10 - 5  CL=90% 2559 

K*(892)~  B1 < 1.0 x 10 - 3  CL=90% 2244 

64-1J:]: LF [~[]  < 5.9 x 10 - 6  CL=90% 2639 

e4-'r ~: LF [ ~ ]  < 5.3 x 10 - 4  CL=90% 2341 

i J4- 7 "~: LF [~g] < 8.3 x 10 - 4  CL=90% 2339 

< 1.7 x 10 - 4  CL=90% 2467 

< 1.1 x 10 - 3  CL=90% 2451 

[bbb] < 2.3 x 10 - 4  CL=90% 2471 

< 6.1 x 10 - 4  CL=90% 2466 

< 4.3 x 10 - 5  CL :90% 2459 

< 3.0 x 10 - 3  CL=90% 2389 

<~ 5.0 x 10 - 3  CL=90% 2339 

< 1.1 x 10 - 3  CL=90% 2380 

< 1.4 x 10 - 3  CL=90% 2330 

( 4.0 4- 1.9 ) x 10 - 5  2564 

< 7,0 x 10 - 3  CL=90% 2486 

< 4.3 X 10 - 3  CL=90% 2453 

< 4.0 x 10 - 4  CL=90% 2445 

< 2.O x 10 - 3  CL=90% 2361 

< 1.0 % CL=90% 2343 

< 4.3 x 10 - 3  CL=90% 2244 

< 3.9 x 10 - 5  CL=90% 2435 

L l lh t  unflavored meson modes 
< 1.5 x 10 - 5  CL=90% 2636 

< 9.3 x 10 - 6  CL=90% 2636 

< 8 x 10 - 6  CL=90% 2609 

< 1.8 x 10 - 5  CL=90% 2582 

< 1.1 x 10 - 5  CL=90% 2551 

< 4.7 • 10 - 5  CL=90% 2460 

< 2.7 x 10 - 5  CL=90% 2522 

< 2.3 • 10 - 5  CL=90% 2493 

< 1.3 x 10 - 5  CL=90% 2554 

< 7.2 • 10 - 4  CL=90% 2631 

< 2.4 • 10 - 5  CL=90% 2582 

[gg] < 8.8 x 10 - 5  CL=90% 2582 

< 2.3 x 10 - 4  CL=90% 2621 

< 2.8 x 10 - 4  CL=90% 2525 

[EE] < 4.9 x 10 - 4  CL=90% 2494 

[gg] < 3.0 x 10 - 4  CL=90% 2473 

< 3.1 x 10 - 3  CL=90% 2622 

< 2.2 x 10 - 3  CL=90% 2525 

< 1.1 x 10 - 3  CL=90% 2494 

< 4.6 x 10 - 4  CL=90% 2580 

< 9.0 x 10 - 3  CL=90% 2609 

< 3.4 x 10 - 3  CL=90% 2434 

< 2.4 x 10 - 3  CL=90% 2434 

< 3.0 x 10 - 3  CL=90% 2592 

< 2.8 x 10 - 3  CL=90% 2336 

< 1.1 % CL=90% 2572 

I B~/B ~ ADMIXTURE J 
The branching fraction measurements are for an admixture of B mesons at 
the T(4S). The values quoted assume that B(T(4S) -+ B'~) = 100%. 

For inclusive branching fractions, e.g., B -~ D4-anything, the treatment 
of multiple D's ld the final state must be defined. One posslbllty would be 
to count the number of events with one-or-more D's and divide by the total 
number of B's. Another possibility would be to count the total number of 
D's and divide by the total hum ber of B's, which Is the definition of average 
m ultlpllclty. The two deft nitions are Identical when only one of the specified 
particles is allowed in the final state. Even though the "one-or-more" 
definition seems sensible, for practical reasons Inclusive blanching fractions 
are almost always measured using the multiplicity definition. For heavy 
final state particles, authors call their results Inclusive branching fractions 
while for light particles some authors call their results multiplicities. In the 
B sections, we list a8 results as inclusive branching fractions, adopting a 
multiplicity definition. This means that inclusive branching fractions can 
exceed 100% and that inclusive partial widths can exceed total widths, 
Just as inclusive cross sections can exceed total croes sections. 

modes are charge conjugates of the modes below. Reactions indicate 
the weak decay vertex and do not include mixing. 

Scale factor/ 
B D E C A Y  M O D E S  

p 
Fraction ( r l / r )  Confidence level (MeV/c) 

Semlleptonic and lepConlr modes 
B --, e+ueanything [ccc] ( 10.414-0.29)% 5=1o2 

B -+ pe+veanything < 1.6 x 10 -3 CL=90% 
B --* /~+ upanything [ccc] 10.3 4-0.5 ) % 
B -~ ! + vtanythJng [pp, ccc] 10.45+0.21) % 

B -~ D-t+etanything Lop] 2.7 4-0.8 ) %  

B - *  D~  [pp] 7,0 4-1.4 )% 
B --* - D * * t + v t  [pp, ddd] 2.7 4-0.7 ) %  

B -~ D1(2420)t+utan~/- 7.4 • ) • 10 -3  
thing 

B -~ DTrt+ulanything + 2.3 4-0.4 )% 
D* 7rE + ut anything 

B -~ D~(2460) t+v tany - < 6.5 x 10 -3  CL=95% 
thing 

B -~ D * - ~ r + t + u t a n y  - ( 1.004-0.34)% 

thin E 
B -~ Dst+utanything (pp] < 9 x 10 - 3  CL=90% 

B -~ D s t + v t K + a n y -  [pp] < 6 x 10 - 3  CL=90% 

thin E 
B -+ D~t+vtK~ [PP] < 9 x 10 - 3  CL=90% 

B -~ K+t+utanything [pp] ( 6.0 4-0.5 ) %  
B -~ K - t + v t a n y t h i n g  [pp] ( 10 4-4 ) x l o  - 3  

B -~ K ~ 1 7 6  [pp] . ( 4.4 4-0.5 ) %  



B --~ D •  
B -~ D ~ 1 7 6  
B --* D*(2010)  •  
B D*(2007)~  anything 
B -~ D~any th ing  

b --~ c-ds 
B ~  DsD,  D'~D, D s D * , o r  

D s D* 
B - ~  D*(2010)-~ 
B "~ D+~r - ,  D*~+~r - ,  

D + p-,  D; + p-,  O,+ ,~o, 
o;+,,o, D+, ~, o;+,~, 
D?p~ D;+p~ D~, 
D.~+ ~) 

B --~ Ds l (2536)+any th ing  
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D, l~ ,  or D, mod~s 

24.1 •  ) % 
63.1 •  ) % 
22.7 • ) % 
26.O +2.7 )% 

[gg} 10.0 • )% 

22 +4 ) % 
[ ~ ]  4.9 • )% 

< 1.1 

[ ~ ] <  5 

< 9.5 

5=1.1 

x 10 - 3  CL=90% 
x 10 - 4  CL=90% 

x 10 - 3  CL=90% 

Lepton Family number (LF) violating modes or 
/ I B  = I weak neutral current ( B I )  modes 

B -+ e + e - s  B1 < 5.7 x 10 - 5  CL=90% 
B --~ # + # -  S B1 < 5.8 x 10 - 5  CL=90% 
B -~ e •  LF < 2.2 x 10 - 5  CL=90% 

I B+/B~176 ADMIXTURE I 

These measurements are for an admixture of  bot tom particles at high 
energy (LEP, Tevatron, SpaS). 

Mean life r = (1364 �9 0.014) • 10 -12 s 

Mean life ~- = (1.72 • 0.10) • 10 -12 s Charged b-hadron 

admixture 

Mean life ~- = (1.58 • 0.14) • 10 -12 s Neutral b-hadron ad- 

mixture 

"/'charged b-hadron/rneutral b-hadron = 1.09 • 0.13 

Charmonlum modes 
B -~ J/~(1S)anything 

B -~ J/O(1S)(direct) any- 
th ing 

B --~ ~ (2S)any th ing  
B -~ Xc l (1P)any th ing  

B --~ Xc l (1P) (d i rec t  ) any- 
th ing 

B -~ Xc2(1P)anything 
B -~ % ( i S ) a n y t h i n g  

B -~ K •  
B -~ K + a n y t h i n g  
B -~ K - a n y t h i n g  

B -~ K ~ 1 7 6  [gg] 
B -~ K* (892 ) •  
B---* K * ( S 9 2 ) ~ 1 7 6  - ~i'~'] 

th ing 
e ~ K1(1400)'~ < 
B - ~  K~(1430)~/ < 

B--~ /(2(1770)3' < 
8-4 K~(1780)~ < 

B ~ K ; ( 2 0 4 5 ) 7  < 

B - ~  b - ~  ~'~ 
B ~  b- -~  ~gluon < 

Light unflavored 

B -~ ~ •  anything 
B -~ ~/anything 
B -~ po anything 

B --* ~ anything 
B ~ @ anything 

B -~ Ac ~any th ing  

B -~ A c e+anyth ing  

B -+ A c p a n y t h i n g  

B -~ A c P e + v  e 
B .-, ~ c - a n y t h i n g  

B -~ ~_.~__4;-anything 

B ~ Z__~anything 

B ~ E~EN(N = p o r  n ) 

B - *  - -~anyth ing 
x B(-.=Oc--, -.=-~'+) 

B --~ ---+anything 
x B(_. =+ ~ _.=-~+~+) 

B ~ p / ~ a n y t h i n g  
B -~ p /p (d i r ec t )  anything 
B -~ A / A a n y t h i n g  
B --* . - - - - / ~ + a n y t h i n g  
B -~ baryons anything 
B ~ ppanyth ing  
B -~ A-~/-/lpanything 
B -~ AAanyth ing  

(1.13:::E0.06) % 
( 8.o • ) x 10 - 3  

( 3.5 :E0.5 ) x 10 - 3  
( 4.2 •  ) x 10 - 3  
( 3.7 • ) X 10 - 3  

< 3,8 
< 9 

K or K *  modes 
[gg] 78.9 • )% 

66 -4-5 ) % 
13 •  ) % 
64 •  ) % 
18 •  )% 
14.6 •  ) %  

4.1 
8.3 

1,2 
3.0 

1.0 

( 2.3 • 
6.8 

meson modes 
[ee, eee] (339 •  )% 

( 17.6 • )% 
( 21 •  )% 

< 81 % 
( 3.5 4-0.7 ) % 

Baryon modes 
( 6.4 •  ) %  

< 3.2 x 10 - 3  

( 3.6 • )% 

< 1,5 x 10 - 3  

( 4.2 • ) x 10 - 3  

< 9.6 x 10 - 3  

( 4.6 •  ) x 10 - 3  

< 1.5 x 10 - 3  

( 1.4 • ) x 10 - 4  

x 10 - 3  CL=90% 
x 10 - 3  CL=90% 

x 10 - 4  CL=90% 
x 10 - 4  CL=90% 

x 10 - 3  CL=90% 
x 10 - 3  CL=90% 

x 10 - 3  CL=90% 

) x 10 - 4  

% CL=90% 

CL=90% 
5=1.8 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

( 4.5 +1.3 -1 .2  ) x 10 - 4  

[gg] ( 8.0 :EO.4 ) % 
[gg] ( S.8 • )% 
[gg] ( 4.0 •  
[&g] ( 2.7 • ) x 10 - 3  

( 6.8 •  
(2 .47 •  % 

[gg] ( 2.5 +0.4 ) % 
< 5 x 10 - 3  CL=90% 

The branching fraction measurements are for an admixture of B mesons 
and baryons at energies above the T(45). Only the highest energy results 
(LEP, Tevatron, Sp~5) are used in the branching fraction averages. The 
production fractions give our best current estimate of the admixture at 
LEP. 

For Inclusive branching fractions, e.g., B ~ D • anything, the treatment 
of multiple D's In the final state must be defined. One possibllty would be 
to count the hum ber of events with one-or-more D's and divide by the total 
number of B's. Another possibility would be to count the total number of 
D's and divide by the total number of B's, which is the definition of average 
multiplicity. The two definitions are identical when only one of the specified 
particles is allowed in the final state. Even though the "one-or-more" 
definition seems sensible, for practical reasons inclusive branching fractions 
are almost always measured using the multiplicity definition. For heavy 
final state particles, authors call their results inclusive branching fractions 
while for light particles some authors call their results multiplicities. In the 
B sections, we list all results as Inclusive branching fractions, adopting a 
multiplicity definition. This means that Inclusive branching fractions can 
exceed 100% and that inclusive partial widths can exceed total widths, 
Just as inclusive cross sections can exceed total cross sections. 

The modes below are listed for a b initial state, b modes are their charge 
conjugates. Reactions indicate the weak decay vertex and do not include 
mixing. 

P 
]~ DECAY MOD 1=r Fraction (F//F) Confidence level (MeV/c) 

B + 

B o 

eo 

Ab 

PRODUCTION FRACTIONS 

The production fractions for weakly decaying b-hadrons at the Z have 
been calculated from the best values of mean lives, mixing parameters, and 
branching fractions in this edition by the LEP B Oscillation Working Group 
as described in the note "Production and Decay of b-Flavored Hadrons" 
In the B • Particle Listings. ValueS assume 

B ( ~  s + ) =  S ( ~  B ~ 
B(b --, B +) + B(b ~ B 0) +B(b ~ B 0) + B(b ~ Ab) = 100 %. 

The notation for production fractions varies In the literature (fBo, f(b 
~0), Br(b ~ ~0)). We use our own branching fraction notation here, 
B ( ~  B0). 

( 39.7 + ,1:,8 )% 

( lO.5 _+ ~:~ )% 

( lO.1 + ~:~ )% 

DECAY MODES 

Semlleptonlc and leptonlc modes 
vanything ( 23.1 • 1.5 )% 

l+vtanything [pp, ccc] ! 10.99• 0.23) % 
e+•eanything [ccc] ( 10.9 + 03 )% 
#+u/,anything [ccc] ( 10.8 • 0.6 )% 

D-l+vlanything [pp] ( 2.02• 0.29)% 
D'~ [pp] ( 6.5 • 0.6 )% 
D*-t+vlanything [pp] ( 2.76• 0.29)% 
~ j  t+  ut anything [pp, fff] seen 
D f  t+  ulanything [pp, fff] seen 

D~(2460) 0 t + u t anything seen 
D~(2460)- t + vt  anything seen 

~-+vranything ( 2.6 • 0.4 )% 
~ - ~  t-~lanything [PP] ( 7.8 • o.6)% 
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~o anything 
D -  anything 
Dsanything 
Acanything 
~/canyth ing 

J/r anything 
~(2S) anything 
Xcl (1P )anything 

~7 
K :l: anything 
K O anything 

~r~ 

p/panything 

charged anything 

hadron + hadron- 

charmless 

A/Aanything 

#+ # -  anything 

r;q 

Charmed memo. and baryon mndu 
( 60.1 • 3.2 ) %  
( 23.7 • 2.3 )% 
(18 • 5 )% 
( 9.7 • 2.9)% 

[eee] (117 • 4 )% 

Chirmonhlm modes 
( 1.16• 0.10) % 
( 4.8 • 2.4 ) x 10 -3 
( 1.8 • o.5)% 

K or K *  modes 
< 5.4 x 10 -4 

( 88 • )% 
( 29.0 • 2.9 )% 

Plon modes 
[ece] (278 • )% 

Bawoe modes 
( 1 4  •  ) %  

Other model 
[eee] (497 :~ 7 )% 

( 1.7 + 1.o - 0.7 ) x 10 -5 

( 7 •  ) x 10 -3 

Baryon modm 
( 5 . 9 •  % 

& B =  I weak neutral current (B1) modes 
B1 < 3.2 x 10 -4 

9O% 

90% 

l(J P) = �89  

I, J, P need confirmation. Quantum numbers shown are quark-model 
predictions. 

Mass roB, = 5324.9 • 1.8 MeV 
mB, -- m B = 45.78 -I- 0.35 MeV 

B* DECAY MODES Fraction ( r l / r )  p (MeV/c) 

B~ dominant 46 

II B O T T O M ,  S T R A N G E  M E S O N S  

(B= • S= :FI) 
Bs ~ = sb, ~s  = ~b, similarly for B; 's 

I ~ l  = o(o-) I(J P) 

I, J, P need confirmation. Quantum numbers shown are quark-model 
predictions. 

Mass r n ~  = 5369.3 • 2.0 MeV 

Mean life r = (1.54 • 0.07) x 10 -12 s 

Cr = 462 #m 

~ - ~  mixl.l~ parametem 
XB at high energy = fdXd+fsXs = 0.118 • 0.006 
Arn~o = taro - m o > 9.1 X 1012 T~ s -1 ,  CL = 95% 

us ~sH BsL 
x s = &meo/rBo > 14.0, CL = 95% 

Xs > 0.4975, CL = 95% 

These branching fractions all scale with B(b -~ B0), the LEP Bs0 pro- 
ductlon fraction. The first four were evaluated using B(b ~ B 0) = 

(lO.5_+|:~)./. a.d the rnst a.ume B(~ ~ e0) = 12"~. 

The branching fraction B(B 0 -* D;t+vlanything ) is not a pure mea- 

surement since the measured product branching fraction B(b ~ B 0) x 

B(BsO --* Dst+vlanything ) was used to determine B(b ~ Bs0 ), as 
described In the note on "Production and Decay of b-Flavored Hadrons." 

II 

D~- anything (92 • )% - 

D~-l+vtanything [ggg] ( 8.1 • 2.5)% - 

D s ~ +  < 13 % 2321 
J/~(1S)~ ( 9.3 -.~ 3.3)x 10 -4 1590 
J/~(1S)Tr ~ < 1.2 x 10 -3 90% 1768 
J /~(15) r /  < 3.8 x 10 -3 90% 1735 
~(2S) ~ seen 1122 
~r+$r - < 1.7 x 10 -4 90% 1122 
lrO1r 0 < 2,1 x 10 -4 90% 2861 
r/~r 0 < 1.0 • 10 - 3  90% 2655 
r/r/ < 1.5 x 10 -3 90% 2628 
*r + K -  < 2.1 x 10 -4  90% 2660 
K + K -  < 5.9 x 10 -5 90% 2639 
p'p < 5.9 x 10 -5 90% 2515 
q'7 < 1.48 x 10 - 4  90% ;1685 
~'y < 7 x 10 -4 90% 2588 

Lepbm Family number {LF) violating modes or 
A B =  I weak neutral current (B1) modes 

F + #  - B1 < 2.0 x lO -6 90% 2682 
e + e -  B1 < 5.4 x 10 -5 90% 2864 
e• :~ LF [~] < 4.1 x 10 -5 90% 2864 
~vU B1 < 5.4 x 10 -3 90% - 

P 
B~/DECAY MODES Fraction ( r l / r )  Confidence level (MeV/c) 



II II 
~ IG(JPC): 0+(0 - +) 

Mass m = 2979.8 -I- 2.1 MeV (S = 2,1) 
Full width r = +38 13.2_ 312 MeV 

p 
f /c (15)  DECAY MODES Fraction ( r l / r )  Confidence level (MeV/c) 

Decays InvoMng hadmnlc resonances 
~ 7 ' ( 9 5 8 ) ~  (4.1 •  % 1319 

pp (2.6 4-0.9) % 1275 

K * ( 8 9 2 )  0 K -  ~ +  + c.c. (2.0 •  % 1273 

K * ( 8 9 2 ) ' K * ( 8 9 2 )  (8.5 4-3.1) x 10 - 3  1193 

q~q~ (7.1 :::E2.8) x 10 - 3  1086 

a 0 ( 9 8 0 )  '/'r < 2 % 90% 1323 

a 2 ( 1 3 2 0 )  7r < 2 % 90% 1193 

K*(892)K+ c.c.  < 1.28 % 90% 1307 

f 2 ( 1 2 7 0 )  ~/ < 1.1 % 90% 1142 
oJcd < 3.1 x 10 - 3  90% 1268 

Decays Into stable hadron$ 
K K T r  (5.5 .{.1.7) % 1378 
~/'/1":r (4.9 .{.1.8) % 1425 

"tr + ~ -  K + K -  (2.0 +o.7-, o/ 1342 - 0 . 6 ;  /o 

2(K + K - )  (2.1 .{.1.2) % ] 0 5 3  

2 ( / r + T r  - )  (1.2 4-0.4) % 1457 

p~ (1.2 •  x 10 - 3  1157 

KK~/ < 3.1 % 90% 1262 

x + ~ - p ~  < 1.2 % 90% 1023 

AA < 2 x 10 - 3  90% 987 

Radiative decays 
"7'7 (3.0 4-1.2) x 10 - 4  1489 

I J/@OS) I ~a(:PC) = o-(1 - - )  
Mass m = 3096.88 • 0.04 MeV 
Full width r = 87 + 5 keV 
Fee = 5.26 • 0.37 keV (Assuming Fee -- r/~#) 

Scale factor /  p 
J/ '~( l$)  DECAY MODES Fraction ( r l / r )  Confidence level (MeV/c) 

had rons  (87.7 .{.0.5 ) %  - 

virtuaI-y -~ hadrons (17.0 4-2.0 )% - 
e + e -  (6 .02 . { .0 .19)  % 1548 

# 4 - # - -  (6 ,014 -0 .19 )  % 1545 

Decay= Involving hadronlc resonances 
pTr 

p07r 0 

a 2 ( 1 3 2 0 )  p 
OJ 7r+ Tf+ 7r" 7r 
{d~r4- Tr-- 

w f2(1270) 
K*(892)~ K~(1430)0 + C.C. 
wK*(892 )K+  c.c. 
K+ K*(892) - + c.c. 
K~176 + c.c. 
w ~ 0 ~  0 

b1 (1235 )4 -  7r:F 

~ K  • K o  ~r~F 

b 1 ( 1 2 3 5 ) o  ~.o 

q~ K *  ( . _ 8 9 2 ) K  + c.c. 

w K K  
~ : f j ( 1 7 1 0 ) - ~  w K K  

r  - ) 

A ( ] 2 3 2 ) + + ~ T r  - 

~ K K  

@fJ(1710)--* q ~ K K  

Z1(1232) ++ ~ ( 1 2 3 2 ) - -  
Z'(1385)- ~(1385) + (or c.c.) 
p~'q'(958) 
( ~ f ~ ( 1 5 2 5 )  

1.27 • 0.09) % 
4.2 4-0.5 ) x 10 - 3  

1.094-0.22) % 

8.5 4-3.4 x 10 - 3  

7,2 .{.1.0 x 10 - 3  

4.3 4-0.6 x 10 - 3  

6.7 4-2.6 x 10 - 3  

5.3 4-2.0 x 10 - 3  

5.0 4-0.4 x 10 - 3  

4.2 .{.-0.4 x 10 - 3  

3.4 •  x 10 - 3  

[gg] 3.0 •  x 10 - 3  

[gg] 3.0 •  x 10 - 3  

2 3  •  x 10 - 3  

2.04.{.0.28) x 10 - 3  

1.9 4"0.4 ) x 10 - 3  

4.8 •  ) x 10 - 4  

1.604"0.32) x 10 - 3  

1.6 •  ) x 10 - 3  

1 .58•  x 10 - 3  

1 .48•  x 10 - 3  

3.6 •  ) x 10 - 4  

1.304-0.25) x 10 - 3  

1,10.{.0.29) x 10 - 3  

[gg] 1.03::k0.13) x 10 - 3  

9 • ) x 10 - 4  

8 4.4 ) x 10 - 4  

5=1.3  

S=1.7 

5=2 .7  

1449 

1449 

1125 

1392 

1435 

1143 

1005 

1098 

1373 

1371 

1436 

1299 

1210 

1299 

969 

1268 

878 

1318 

1030 

1394 

1179 

875 

769 

938 

692 

596 

871 

K4-  K.~ 1I" :F 

w f1(1420) 

._=(153o)--+ 
p K - ~ ( 1 3 8 5 )  ~ 
oJ 'tr 0 

r 
r 
.=(153o)O =--o 
Z ( 1 3 8 5 ) - ~  "+ (or c.c.) 
q~r1(1285) 
p~ 
~n'(958) 

fo(98o) 
~'(958) 
pP~ 
a 2 ( J 3 2 0 )  • 7r ~: 

K K~z(1430)+ c.c. 

K ; ( 1 4 3 0 ) ~  0 

K * ( 8 9 2 ) ~  0 

q~ f 2 ( 1 2 7 0 )  
pPp 

f~(1525) 
Z(1385)~ 
13(1232).{'~ 
z o ~  

@~r ~ 

2(:,r + ~- ) ~0 
3(~+~-)~ ~ 
7r+ :,r- ~r 0 

;,r + ;,r- .rrO K + K - 
4 ( l r + ~ - ) l r  0 

7r+ Tr- K +  K - 
K-K ;'r 
p-~Tr+Tr- 
2(7r+ 7r - ) 
3(~+~-) 
nWTr+~r- 
zO~O 

2(lr + I t - )  K + K -  
p-~lr + ~r- ~r ~ 

PP 
P ~  
pnTr 
n-fi 

A-A 
p'p~r o 

A ~ -  ~r + (or c.c.) 
p K - A  
2 ( K  + K - )  
p K - r  o 

K + K -  
A~Tr ~ 
7r4-'tr-- 

0 0 KS_._KL 
A Z +  c.c. K Ko 

'7~c(Is) 
7 ~ + ~ - 2 ~ 0  

"~7 (1440 )  - *  3 ' K K T r  

"77 / (1440) - -~  "7")'p 0 
~, r / (1440)  - - ,  ~ ,~ /~ '+~r -  

'TPP 
-~,f(958) 
'72~-+ 27r- 
3' f 4 ( 2 0 5 0 )  
7 o J ~  

"y~7(1440) --* 7 p 0 p  ~ 

"y f 2 ( 1 2 7 0 )  

~f:071o)-~ ~K~  
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[gg] 

leg} 

8.0 .{.1.2 
7.2 •  

6.8 •  

6.5 •  

5.9 •  

5.1 .{.3.2 

4.2 •  

3.3 .{.0.4 

3.2 • 
3.2 .{.1.4 

3.1 .{.0.5 

2.6 •  

X 10 - 4  

X 10 - 4  

X 10 - 4  

X 10 - 4  

X 10 - 4  

X 10 - 4  

• 10 - 4  

X 10 - 4  

• 10 - 4  

x 10 - 4  

• 1 0 - 4  

x 10 - 4  

1 .93•  x 10 - 4  

1.674-0.25) x 10 - 4  

1.4 •  ) x 10 - 4  

1.054-0,18) x 10 - 4  

4.5 4-1.5 ) x 10 - 5  

[gg] < 4.3 x 10 - 3  

< 4.0 x 10 - 3  

< 2.9 x 10 - 3  

< 5 x 10 - 4  

< 3,7 x 10 - 4  

< 3.1 x 10 - 4  

< 2.5 x 10 - 4  

< 2.2 x 10 - 4  

< 2 x 10 - 4  

< 1 x 10 - 4  

< 9 x 10 - 5  

< 6.8 X 10 -6  

Decays into stable hadrons 
3.37•  % 

2.9 •  ) % 

1.50• % 

1.204-0.30) % 

9.0 :b3.0 ) x 10 - 3  

7.2 4-2,3 ) x 10 - 3  

6.1 •  ) • 10 - 3  

6.0 •  ) x 10 - 3  

4.0 •  ) • 10 - 3  

4.0 •  ) x 10 - 3  

4 4-4 ) x 10 - 3  

1.274-0.17) x 10 - 3  

3.1 4-1.3 ) x 10 - 3  

[hhh] 2.3 ~0m9 ) X 10 - 3  

2.144-0,10) x 10 - 3  

2 .09•  x 10 - 3  

2 .00•  x 10 - 3  

1,9 •  ) x 10 - 3  

1.8 4-0.4 ) x 10 - 3  

1.354-0,14) x 10 - 3  

1,094-0,09) x 10 - 3  

[gg] 1.06:k0.12) x 10 - 3  

8.9 .{'1.6 ) X 10 - 4  

7.0 4-3.0 ) • 10 - 4  

2.9 4-0.8 ) X 10 - 4  

2.374-0.31) • 10 - 4  

2.2 .{.]:0.7 ) • 10 - 4  

1.47"i-0.23) • 10 - 4  

1.08•  x 10 - 4  

1.5 X 10 - 4  

5.2 X 10 - 6  

Radiative decays 
1.3 4-0.4 ) %  

8.3 •  ) x 10 - 3  

6.1 4-1.0 ) x 10 - 3  

[p] 9.1 • ) x 10 -4 

6.4 4"1.4 ) x 10 -5  
3.4 4-0.7 ) x 10 -4  
4.5 4-0.8 ) x 10 -3  
4.31.{.0.30) x 10 - 3  

2.8 .{.0.5 ) x 10 - 3  
2.7 •  ) x 10 - 3  

1.59.{.0.33) x 10 - 3  

1.7 4-0.4 ) x 10 - 3  

1.384-0.14) x 10 - 3  

8.5 +_112 ) x 10 -4 

1365 

1114 

1062 

1320 

597 

645 

5=1.4  1447 

1192 

S=1.9 1182 

608 

857 

S=1.1 1032 

1398 

1279 

1271 

1283 

527 

CL=90% 1263 

EL=90% 1159 

C L : 9 0 %  588 

CL=90% 1263 

C L - 9 0 %  1036 

CL=90% 779 

CL=90% 946 

CL=90% 1003 

CL=90% 911 

CL=90% 1100 

CL=90% 1032 

CL=90% 1377 

S=1.3 

S=1.9 

S=1.8 

S=1.2 

CL--90% 

CL=90% 

S=1.9 

5=1.3  

S=1.2 

1496 

1433 

1533 

1368 

1345 

1407 

1440 

1107 

1517 

1466 

1106 

992 

1320 

1033 

1232 

948 

1174 

1231 

818 

1074 

1176 

945 

876 

1131 

820 

1465 

998 

1542 

1466 

1032 

1466 

116 

1518 

1487 

1223 

1223 

1343 
1400 

1517 

874 

1337 

1223 

1286 

1075 
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,Tr/ ( 8.6 • ) x  10 - 4  1500 
"7f1(1420)--~ " y K R ~  ( 8.3 4-1.8 ) x l O  - 4  1220 
7 f1(1285) ( 6.5 :EZ.O ) x 10 - 4  1283 

"~f~(1525) ( 4.7 +0]57 ) x 10 -4  1173 

" 7 ~ )  ( 4.0 4-1.2 ) x  10 - 4  S=2.1 1166 

7 P P  ( 3.8 :El.0 ) x 10 - 4  1232 
"},7/(2225) ( 2.9 +0.6 ) x 10 -4  834 
,7~/(1760) -~  ,Tp0p 0 ( 1.3 4-0.9 ) x 10 - 4  1048 
"~Tr 0 ( 3.9 4-1.3 ) x 10 - 5  1846 

, 7 p - l ~ + ~  - < 7.9 x 10 - 4  CL=90% 1107 
,7,7 < 5 x 10 - 4  CL=90% 1548 
,TAA < 1.3 x 10 - 4  CL=90% 1074 
3,7 < 5,5 x 10 . 5  CL=90% 1548 
,7fJ(2220) > 2.50 x 10 - 3  CL=99.9% - 

, 7 f0 (1500)  ( 5.7 4-0.8 ) x  10 - 4  1184 
7 e + e  - ( 8.8 4-1.4 ) x l O  - 3  - 

I X c o ( 1 P )  I IG(jPC) = 0 + ( 0 +  +)  

Mass m = 3417.3 :E 2.8 MeV 

Full width r = 14 4- 5 MeV 

P 
Xco(1P ) DECAY MODES Fraction ( r l / r )  Confidence level (MeV/c) 

Hadronlc decay= 
2(~r+ ~r - )  (33•  % 1679 

~r + ~ -  K + K -  (3.04-0.7) % 1580 
p~ ~r- (1.64-o.5) % 16o8 
3(~ + ~ - )  (1.54-0.5) % 1633 
K + K *  (892) 0 ~ -  + c.c. (1.24- 0.4) % 1522 
/ r + / r  - (7.54-2.1) x 10 - 3  1702 
K + K -  (7.1~2.4) x 10 - 3  1635 
~r+ ~r-  p p  (5.04-2.0) x 10 - 3  1320 
p p  < 9.0 x 10 - 4  90% 1427 

Radiative decays 
7J /~b(1S)  (6.64-1.8) x 10 - 3  303 

,79' < 5 x 10 - 4  95% 1708 

I G ( j P C  ) = 0 + ( 1 +  + )  

Mass m = 3510.53 4- 0.12 MeV 

Full width r = 0.88 4- 0.14 MeV 

Xc l (1P ) DECAY MODES Fraction ( r l / r )  

Hadronlc decays 
3(~+ ~r - )  (2.24-0.8) % 
2(~r+~-) (1.64-o.5) % 
7 r + ~ ' - K + K  - ( 9 4-4 ) x Z 0  - 3  
pO1r+lr-- (3.94-3.5) x 10 - 3  

K+K* (892 )~  + c.c. (3 .2+2 .1 )  x 10 - 3  
"/ ';+lr--p-p (1.44-0.9) x 10 - 3  
p p  (8.64-1.2) x 10 - 5  

~r+Tr--t .- K + K  - < 2.1 xZ0 - 3  

Radiative decays 
,7J/~)(15) (27.34-1.6) % 

I Xo(1P) I I G ( j P C )  = 0 + ( 2  + + )  

Mass m = 3556.17 4- 0.13 MeV 

Full width r = 2.00 4- 0.18 MeV 

Xc2(1P ) DECAY MODES Fraction ( r l / r )  

2(7r+ ~ - -  ) 

~ +  ~ - K + K - 
3(11" + ~ r - )  
pO 7r+ ~. -  

K + K * ( 8 9 2 ) 0 ~ r  - 4- c.c. 

~ r + ~ r - p ~  
7r + 7r -  

K + K -  
p-# 
J/~,(15) ~+ "tr- 7r 0 

Hadronlc decays 
2.2:t:0.5) % 

1.94-0.5) % 
1.2• % 
7 4-4 ) x l 0  - 3  

4,84-2,8) X 10 - 3  
3.34-1.3) x 10 - 3  
1.94-1,0) x 10 - 3  
1.54-1,1) x 10 - 3  

(lO.O• x lO -5 
< 1.5 % 

p ( M ~ 

1683 
1727 
1632 
1659 
1576 
1381 

1483 
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,TJ/~(zs) 
,7,7 

M(2S) DECAY MODES 

Radlath~ decay= 
(13.54-1.1) % 
(1.6:E0.5) x 10 - 4  

IG(j PC) = 0 - ( 1  - - )  

Mass m = 3686.00 4- 0.09 MeV 
Full width r = 2 7 7 4 - 3 1 k e V  ( S = 1 . 1 )  
ree = 2.14 4- 0.21 keY (Assuming ree = rpp) 

Scale factor/ 
Fraction ( l l / r )  Confidence level 

hadrons 
virtual7 --* hadrons 

e + e -  
# + # -  

J / ~(1S ) anything 
J /~b(1S) neutrals 
J/~(lS)Tr%r- 
J/r176 "~ 
Jhh(lS)n 
J / ~ ( I S ) / r  0 
J / t [ ' ( 1 5 ) / ] , 4 -  # - -  

3(~+ ~-)~o 
2(Tr+~r-)~ 0 
~+ Tr- K + K - 
7r + Tr - p - ~  

K + K * ( S 9 2 ) 0 7 r  - + c.c. 
2 (=+  lr - ) 

pO,u+ ~ - 

~P 
3(Tr+Tr-) 
~pTr ~ 

K + K  - 
j r  + Tr - ~ o 

pTr 
~+  ~ -  

A~ 
= - - ~ +  

K + K -  Tr o 
K + K * ( 8 9 2 )  - + c.c. 

,7X:o(1.) 
,TXc l (1P)  
7Xc2(1P)  
7 r l c (15)  
~r 

~(1440) ~ ,TK-K,, 

(98.10:t:0.30) % 
( 2.9 • )% 
( 8.5 • ) x 10 -3  
( 7.7 4-1.7 ) x 10 - 3  

Decays Into J / # (  l $ ) and anything 
(54.2 4-3.0 ) % 
(22.8 4-1.7 )% 
(30.2 4-1.9 ) % 
(17.9 4-1.8 )% 

( 2.7 -t-0.4 )% 
( 9.7 4-2.1 ) x 10 - 4  

(10.0 • ) x 10 - 3  

Hadronlc decays 
3.5 4-1.6 x 10 - 3  
3.0 4-0,8 x 10 - 3  

1.6 4-0.4 x 10 - 3  
8.0 4-2.0 x 10 - 4  
6.7 4-2.5 x 10 - 4  
4.5 4-1.0 x 10 - 4  
4.2 4-1.5 x 10 - 4  
1,9 4-0.5 x 10 - 4  

1,5 4-1,0 x 10 - 4  
1.4 4-0.5 x 10 - 4  
1.0 4-0,7 x 10 - 4  
9 4-5 x 10 - 5  

< 8 .3  x 10 - 5  
( 8 4-5 ) x 10 - 5  

< 4 x 10 - 4  
< 2 x 10 - 4  
< 2 .96  x 10 - 5  
< 5 .4  x 10 - 5  

Radiative decays 
(9.3 • 
( 8.7 4-0.8 )% 
( 7.8 4-0.8 )% 
( 2.8 4-0.6 ) x 10 - 3  

< 1.1 x 10 - 3  
< 1 .6  x 10 - 4  
< 1,2 x 10 - 4  

IG(J PC) = ? ? ( 1 -  - )  

M a s s m = 3 7 6 9 . 9 •  ( S =  1.8) 
Full width r = 23.6 4- 2.7 MeV ( S = 1 . 1 )  
r e e = 0 . 2 6 4 - 0 . 0 4 k e V  ( S =  1.2) 

S=1,7 

CL=90% 

CL=90% 
CL=90% 
CL=90% 
CL=90% 

430 
1778 

P 
Confidence level (MeV/c) 

1751 

1656 
1707 
1683 
1601 
1410 
1773 
1708 

1510 
90% 185 

P 
( M ~ 

1 8 4 3  

1840 

4 7 7  

481 

2OO 

527 

1746 

1799 
1726 
1491 
1673 
1817 
1751 
1586 
1774 
1543 
1776 
1830 
1760 

1838 

1467 
1285 
1754 
1698 

e + e -  (1.44-0.4) x 10 - 5  2020 
D O D  0 seen 777 

D*(2007)~176  + c.c. seen 878 
D* (2007) 0 D*  (2007) 0 seen 232 

D D  dominant 242 
e + e  - (1.124-0.17) • 10 - 5  1.2 1885 

I I ,G(j.c) = ?:(1- ) 
Mass m = 4040 + 10 MeV 
Full width I- = 52 + 10 MeV 
I-e~ = 0.75 • 0.15 keV 

@(4040) DECAY MOD I=r Fraction ( I - / / r )  p (MeV/c) 

P 
111,(3TtO) DECAY MODES Fraction ( r / /F )  Scale factor (MeV/c) 

261 
171 

127 
639 

CL=90% 1719 
CL=90% 1843 
CL=90% 1569 " 



I @(4160) [.rj I IG( j  PC) = ??(1 - - )  

Mass m = 4159 • 20 MeV 

Full width r = 78 -i- 20 MeV 

Fee = 0.77 • 0,23 keV 

I#(4160) DECAY MODES Fraction ( r l / r )  

4,5 

Meson Summary Table 

e + e  - ( lO i4 )  x 10 - 6  

I Xb,(1P) 

I •(4415) [.rl I IG(J PC) : ??(1 - - )  

Mass m = 4415 -I- 6 MeV 

Full width F = 4 3 •  1 5 M e V  ( 5 :  1.8) 

Fee = 0.47 • 0.10 keV 

IG(jPC) = 0+ (1  + 4-) 

J needs confirmation. 

Mass m = 9891.9 • 0.7 MeV 

Xbl(1P ) DECAY MODES Fraction ( r l / r )  

p (MeV/c) "7 T(1S)  (35• % 

2079 

#(4415) DECAY MODES Fraction ( r l / r )  p (MeV/c) 

hadrons dominant - 
e + e -  (1.14-0.4) x 10 - 5  2207 

II o, M  O.S II 
IG( j  PC) = 0 - ( 1 -  - )  

Mass m = 9460.37 -I- 0.21 MeV (S = 2,7 I 

Full width F : 52.5 • 1,8 keV 

Fee : 1.32 4- 0.05 keV 

Scale factor/ p 
T(15) DECAY MODES Fraction ( r l / r )  Confidence level (MeV/c) 

r+ r -  (2.67 •176 s 4384 

e + e -  (2.52• % 4730 
/~+ #-- (2,48• % S=1.1 4729 

Hadronlc decay= 

J/~(1S)anything (1.1 • ) • lO - 3  4223 
p/r < 2 x 10 - 4  CL=90% 4698 
i f+  ~'-- < 5 x 10 - 4  CL:90% 4728 
K + K -  < 5 x 10 - 4  CL=90% 4704 
p p  < 5 x 10 - 4  CL=90% 4636 

x 10 - 4  4720 
I x 10 - 4  4703 
x 10 - 4  4679 
x 10 - 4  4686 
x 10 - 4  4720 
x 10 - 4  4703 
x 10 - 4  4658 
x 10 - 4  4604 
x 10 - 5  4563 
x 10 - 8  4601 
x 10 - 3  CL=90% 4682 
x 10 - 4  CL=90% 4714 
x 10 - 4  CL=90% 4607 

• 10 - 4  CL=90% 4644 
x 10 - 5  CL=90% 4624 
x 10 - 4  CL=90% 4576 
x 10 - 4  CL:90% 4475 
x 10 - 5  CL=90% 4469 
x 10 - 3  CL=90% 4469 
x 10 - 5  CL:90% - 

x 10 - 3  CL=90% - 

Radiative decays 

7 2 h +  2h - (7.0 • 
-y3h+ 3h - (5.4 • 
74h+4h - (7.4 4-3.5 
"y~ '+ I r -  K + K -  (2.9 +0.9 
72~r+ 2~r - (2.5 • 
73~r+ 3~r - (2.5 4-1.2 
72~+2~r - K + K -  (2.4 4-1.2 
-y~+~r -  p ~  (1.5 • 
7 2 ~ r + 2 x -  p ~  (4 •  
7 2 K + 2 K  - (2.o • 
"7 T/(958) < 1.3 
7~/ < 3.8 
7 f~(1525) < 1.4 

7 f2(1270) < 1.3 
"yr/(1440) < 8.2 
~'fJ(1710) -'~ 7 K K  < 2.6 

7fo(2200) ,-, 7K+ K - < 2 
"7fJ(2220) ~ " /K+K - < 1.8 
-yr/(2225) - *  ~,4q~ < 3 
�9 "),X < 3  

X = pseudoscalar wi th m <  7.2 GeV) 
"yXX < 1 

X X  -- vectors with m <  3.1 GeV) 

I Xbo(1P) b~] I IG(JPC) = 0 + (  0 +  +1 
J needs confirmation. 

Mass m = 9859.8 + 1.3 MeV 
�9 p 

Xibo(1P ) DECAY MODES Fraction ( r i / r )  Confidence level (MeV/c) 

7 T ( l S )  <6 % 90% 391 

p (MeV/c) 

422 

I X ~ ( 1 P )  [J//] I 
IG(JPC) = 0 + (  2 +  +1 

J needs confirmation. 

Mass m = 9913.2 • 0.6 MeV 

xlI2(1P ) DECAY MODES Fraction ( r l / r )  p (MeV/c) 

7 T(1S)  (22• % 

IG( j  PC) = 0 - ( 1 -  - )  

Mass m = 10.02330 • 0.00031 GeV 

Full width F = 44 + 7 keV 

Fee = 0.520 • 0.032 keV 

443 

p 
T(25) DECAY MODES Fraction (r l / I-)  Confidence level (MeV/c) 

T ( l S ) l r + ~ r  - (18.5 4-0.8 ) % 475 
T(1S)~r~  0 ( 8.8 • )% 480 
r + T  - ( 1.7 • )% 4686 
p+//,-- (1.31• % 5011 
e + e -  (1.18• % 5o12 
T ( 1 S ) ~  0 < 8 x lO - 3  90r 531 
T(1S)~/ < 2 x lO - 3  90% 127 
J/~(1S)anything < 6 x 10 - 3  90% 4533 

Radiative 

7Xbl(1P) ( 6.7 +0.9 )% 131 
7Xb2(1P ) ( 6.6 • )% 110 
7Xb0(1P)  ( 4.3 4-1,0 )% 162 
7fJ(1710)  < 5.9 x 10 - 4  90% 4866 
7 f~ (1525)  < 5.3 x 10 - 4  9o% 4896 

"yf2(1270) < 2.41 x 10 - 4  90% 4931 

I X~o(2P) Ug] I IG(jPC) = O+(l~+ +) 
J needs confirmation. 

Mass m = 10.2321 -4- 0.0006 GeV 

Xb0(2P ) DECAY MODES Fraction ( r l / r )  p (MeV/c) 

"y T(2S)  (4.6• % 210 
7 7"(15) (9 •  ) x 10 - 3  746 

I Xaz(2P) ~] I IG(jPC) = 0 + ( 1  + + )  
J needs confirmation. 

Mass m = 10.2552 • 0.0005 GeV 

mXbz(2p ) -- mxbo(2P ) = 23.5 :E 1.0 MeV 

P 
Xbl(2P ) DECAY MODES Fraction (rl/r) Scale factor (MeV/c) 

-~ T(2S)  (21 •  ) % 1.5 229 

"7 T (15 )  (8 .5•  % 1.3 764 

I X=(2P) [~] I IG(jPC) = 0+ (2  + + )  
J needs confirmation. 

Mass m = 10.2685 + 0.0004 GeV 

mXb2(2P ) -- mXbl(2p ) = 13.5 • 0.6 MeV 

Xb2(2P ) DECAY MODES Fraction (r l/r) p (MeV/c) 

"7 T(2S) (16.2 J~2.4) % 
T(lS) (7.1• % 

242 
776 
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~ IG ( J PC) = 0 - ( 1 -  - )  

Mass m = 10.3553 + 0.0005 GeV 
Full width F = 26.3 • 3.5 keV 

Scale factor/ p 
1(35) DECAY MODES Fraction (FI/F) Confidence level (MeV/c) 

T(2S)anything (10.6 • )% 296 
T(2S)lr+~r - ( 2.8 • )% 5=2.2 177 
T(2S)TrO/r O ( 2.00:1:0.327 % 190 
T ( 2 S ) ~ ,  ( 5.0 • )% 327 

T(1S)I r+Ir  - ( 4.48• % 814 
T(1S)~rO~r ~ (2.06~0.28) % 816 
7"(15)I/ < 2.2 x 10 -3 CL=90% - 
/~+/L-- ( 1.81• % 5177 
e + e -  seen 5177 

RadlatNe decays 
,TXb2(2P ) (11.4 4-0.8 )% S=1.3 87 
"YXbl(2P ) (11.3 • )% 100 
~'Xb0(2P) ( 5.4 • 7 % S=1.1 123 

I T(45) I or "r(lo68o) IG(j Pc) = ??(1 - - )  

Mass m = 10.5800 • 0.0035 GeV 
Full width F = 10 • 4 MeV 
Fee = 0.248 • 0.031 keY (S -- 1.3) 

p 
1(45) DECAY MODES Fraction ( r / / r )  Confidence level (MeV/c) 

BB  > 96 % 
non- B B  < 4 % 

e+e - ( 2.8~o.77 x lO -5 
J/'r anything ( 2.24- 0.77 x 10 -3 
D*+anything + c.c. < 7.4 % 
q~anything < 2.3 x 10 -3 
T(1S)anything < 4 x 10 -3 

I T ( 1 0 8 6 0 )  I IG(jPC) = ??(1 - - )  

Mass m = 10.865 • 0.008 GeV (S = 1.1) 
Full width F = 110 • 13 MeV 
ree = 9.31 • 0.07 keY (S = 1.3) 

1(10N0) DECAY MODES Fraction ( r i / r )  

95% 
95% 

529O 

90% 5099 
90% 5240 
90% 1053 

p(MeV/c) 

e+e - (2.8• x lO -6  5432 

I T(11020) I IG(j PC) = ??(1 - - )  

Mass m = 11.019 • 0.008 GeV 
Full width r = 79 • 16 MeV 
Fee = 0.130 • 0.030 keV 

T(llO~O) DECAY MODES Fraction ( r i / r )  p ( M eV/c) 

e + e -  (1.6• x 10 -6 5509 

NOTES 

In this Summary Table: 

When a quantity has "(S = . . . ) "  {o its right, the error on the quantity has 
been enlarged by the "scale factor" S, defined as S = ~ - 1), where 
N is the number of measurements used in calculating the quantity. We 
do this when S > 1, which often indicates that the measurements are incon- 
sistent. When S > 1.25, we also show in the Particle Listings an ideogram of 
the measurements. For more about S, see the Introduction, 

A decay momentum p is given for each decay mode. For a 2-body decay, p is 
the momentum of each decay product in the rest frame of the decaying 
particle. For a 3-or-more-body decay, p is the largest momentum any of the 
products can have in this frame. 

[a] See the "Note on lr • ~ l •  and K • --* t •  Form Factors" in the 
~r • Particle Listings for definitions and details. 

[b] Measurements of F(e + ue)/F(/~ + up) always include decays with "y's, and 
measurements of F(e + ve~) and F(/~ + ep'y) never include low-energy ~'s. 
Therefore, since no clean separation is possible, we consider the modes 
with ~'s to be subreactions of the modes without them, and let [F(e + re) 
+ r(#+~)]/rtotal = 100%. 

I t ]  See the ~r • Particle Listings for the energy limits used in this measure- 
ment; low-energy -y's are not included. 

[e 1 Derived from an analysis of neutrino-oscillation experiments. 

[e] Astrophysical and cosmological arguments give limits of order 10-13; see 
the ~r ~ Particle Listings. 

[f] See the "Note on the Decay Width F(~/ -~ */~)" in our 1994 edition, 
Phys. Rev. DS0, 1 August 1994, Part I, p. 1451. 

[g] C parity forbids this to occur as a single-photon process. 

[hi See the "Note on scalar mesons" in the fo(1370) Particle Listings. The 
interpretation of this entry as a particle is controversial. 

[4 See the "Note on p(770)" in the p(770) Particle Listings. 

[/~ The e + e -  branching fraction is from e + e -  -~ 7r + 7r- experiments only. 
The ~p  interference is then due to ~p  mixing only, and is expected to 
be small. If e/~ universality holds, F(p ~ --+ /~+/~-) = F(p 0 -~ e+e - )  
x 0.99785. 

[k] See the "Note on scalar mesons" in the fo(1370) Particle Listings. 

[/] See the "Note on a1(1260)" in the a1(1260) Particle Listings. 

[m] This is only an educated guess; the error given is larger than the error on 
the average of the published values. See the Particle Listings for details. 

In] See the "Note on the f1(1420)" in the 7/(1440) Particle Listings. 

[o] See also the ~(1600) Particle Listings. 

[p] See the "Note on the T/(1440)" in the T/(1440) Particle Listings. 

[q] See the "Note on the p(1450) and the p(1700)" in the p(1700) Particle 
Listings. 

[r] See the "Note on non-qfi mesons" in the Particle Listings (see the index 
for the page number). 

[s] See also the ~(1420) Particle Listings. 

[t] See the "Note on fJ(1710)" in the fJ(1710) Particle Listings. 

[u] See the note in the K • Particle Listings. 

Iv] The definition of the slope parameter g of the K ~ 3~r Dalitz plot is as 
follows (see also "Note on Dalitz Plot Parameters for K --+ 37r Decays" 
in the K • Particle Listings): 

IMI 2 = 1 + g(~ - ~o)/m~+ + .... 
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[w] For more details and definitions of parameters see the Particle Listings. 

[x] See the K • Particle Listings for the energy limits used in this measure- 
ment. 

[y] Most of this radiative mode, the low-momentum "7 part, is also included 
in the parent mode listed without -y's. 

[z] Direct-emission branching fraction. 

[aa] Structure-dependent part. 

[bb] Derived from measured values of ~+_, ~oo, I~1, Im~ - m~ol, and 

rK~,  as described in the introduction to "Tests of Conservation Laws." 

[cc] The CP-violation parameters are defined as follows (see also "Note on 
CP Violation in K s --* 37r" and "Note on CP Violation in K 0 Decay" 

[nn] This is a weighted average of D • (44%) and D O (56%) branching frac- 
tions. See "D+andD 0 --* (7/anything) / (total D + and Do) '' under 
"D + Branching Ratios" in the Particle Listings. 

[oo] This value averages the e + and #+ branching fractions, after making a 
small phase-space adjustment to the #+ fraction to be able to use it as 
an e + fraction; hence our ! + here is really an e +. 

[pp] An t indicates an e or a # mode, not a sum over these modes. 

[qq] The branching fraction for this mode may differ from the sum of the 
submodes that contribute to it, due to interference effects. See the 
relevant papers in the Particle Listings. 

[rr] The two experiments measuring this fraction are in serious disagreement. 
See the Particle Listings. 

in the Particle Listings): 

r/+_ I~/+_ lei~+- A(K~ 7r+Ir-) 
p(K 0 -* ~+~- )  

Too = I,loole"~' A(K o ~ =o=o) 
- -  - c - 2~ t 

A( K~ -~ lr~ Tr O) 

r ( K  o -~ ~ r - t + v ) -  r ( K  o -~ 7r+~-v) 
5 =  

r ( K  o - .  ~ - t + ~ )  + r ( K  o - .  ~+ .p - . )  ' 

I m ( t / + - O )  2 = r ( K  o _~ Ir+~r-lrO)CP viol, 

r ( K  0 --, Ir+Tr-Tr 0) 

im(~/ooo)2 = r ( K ~  7rOTrOTr 0) 
r ( K  ~ -~ 7rOar%tO) 

[ss] This mode is not a useful test for a A C = I  weak neutral current because 
both quarks must change flavor in this decay. 

[ t t ]The D~ 0 limits are inferred from the DO-D 0 mixing ratio 
r (K+ t -~ tCv ia  ~-o)) / r ( K - t + v t ) .  

[uu] The larger limit (from E791) allows interference between the doubly 
Cabibbo-suppressed and mixing amplitudes; the smaller limit (from E691) 
doesn't. See the papers for details. 

[vv] The experiments on the division of this charge mode amongst its sub- 
modes disagree, and the submode branching fractions here add up to 
considerably more than the charged-mode fraction. 

[vvw] However, these upper limits are in serious disagreement with values ob- 
tained in another experiment. 

[xx] For now, we average together measurements of the X e+~,e and X #+v# 
branching fractions. This is the average, not the sum. 

[yy] This branching fraction includes all the decay modes of the final-state 
where for the last two relations CPT is assumed valid, Le., Re(T/+_o) _~ 
0 and Re(r/ODD) ~- 0. 

[dd] See the K ~ Particle Listings for the energy limits used in this measure- 
ment. 

[eel Calculated from K ~ semileptonic rates and the K ~ lifetime assuming AS 
= ZIQ. 

[ff] ~l/~ is derived from It/DO/r/+_ I measurements using theoretical input on 
phases. 

resonance. 

[zz] This value includes only K + K -  decays of the fj(1710), because branch- 
ing fractions of this resonance are not known. 

[aaa] This value includes only lr + ~r- decays of the fo(1500), because branching 
fractions of this resonance are not known. 

[bbb] B ~ and Bs ~ contributions not separated. Limit is on weighted average of 
the two decay rates, 

[ccc] These values are model dependent. See 'Note on Semileptonic Decays' 
[gg] The value is for the sum of the charge states of particle/antiparticle states 

indicated. 

[hh] See the K ~ Particle Listings for the energy limits used in this measure- 
ment. 

[/i] Allowed by higher-order electroweak interactions. 

[/f] Violates CP in leading order. Test of direct CP violation since the in- 
direct CP-violating and CP-conserving contributions are expected to be 
suppressed. 

[kk] See the "Note on fo(1370)" in the fo(1370) Particle Listings and in the 
1994 edition. 

[11] See the note in the L(1770) Particle Listings in Reviews pf Modern 
Physics 56 No. 2 Pt. II (1984), p. $200. See also the "Note on/(2(1770) 
and the K2(1820)" in the K2(1770 ) Particle Listings. 

[mm] See the "Note on K2(1770 ) and the K2(1820)" in the K2(1770 ) Particle 
Listings. 

in the B + Particle Listings. 

[ddd] D** stands for the sum of the /9(1 1P1), D(1 3Po), D(13P1), D(1 3p2), 
D(2150), and D(21S1) resonances. 

[eee] inclusive branching fractions have a multiplicity definition and can be 
greater than 100%. 

[rT~ Dj represents an unresolved mixture of pseudoscalar and tensor D** (P- 
wave) states. 

[ggg] Not a pure measurement. See note at head of Bs ~ Decay Modes. 

[hhh] includes p-~r+ rr-'~ and excludes p~ / ,  ppu:, p ~ .  

[iii] jPC known by production in e+e - via single photon annihilation. I G 
is not known; interpretation of this state as a single resonance is unclear 
because of the expectation of substantial threshold effects in this energy 
region. 

[/][] Spectroscopic labeling for these states is theoretical, pending experimen- 
tal information. 
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Meson Summary Table 
See also the table of suggested q~ quark-model assignments in the Quark Model section. 
�9 Indicates particles that appear in the preceding Meson Summary Table. We do not regard 

the other entries as being established. 
Indicates that the value of J given is preferred, but needs confirmation. 

�9 ~ •  

�9 ~o 

o ~  

�9 ~(400-1200) 
�9 p(770) 
�9 w(782) 
�9 n'(958) 
�9 &(980) 
.ao(980) 
�9 r 
�9 h1(1170) 
�9 bi(1235) 
�9 a1(1260) 
�9 ~(1270) 
�9 6(1285) 
�9 n(1295) 

�9 ~(1300) 
�9 a2(1320) 
�9 ~(1370) 

hi(1380) 
~(1405) 

�9 6(1420) 
�9 ~(1420) 

~(1430) 
�9 n(1440) 
�9 a0(1450 ) 
�9 p(1450) 
�9 ~(1500) 

6(1510) 

�9 f~(1525) 
~(156s) 

�9 ~(1600) 
x(16oo) 
~(1640) 
7/2(1645) 

LIGHT UNFLAVORED 
(s = c = e = o) 

I6(J Pc) 
1 - ( 0 - )  
1 - ( 0  - + )  
0+(0  - +) 
0+(0 + +) 
1+(1 - - )  
0 - ( 1  - - )  
0+(0 - +) 
0+(0 + +) 
1 - ( 0  + +) 
0--(1 -- --) 
o - ( 1+ - )  
1+(1 + -  ) 
1-(1 ++) 
0+(2  + +) 
0+(i + +) 
0 + ( 0 -  +) 
1-(0-+) 
1 - ( 2  + + )  
0+(O + +) 
?-(I +-) 
1 - ( 1  - +) 
0+(1 + + )  
o - ( 1  - - )  
0+(2  + + )  
o+(o - + )  
1-(0 + + )  
i+(i - - )  
0+(0 + +) 
0+(1 + +) 
O+(2 + +) 
0+(2  + +) 
o-(I - - )  
2+(2 + +) 
0+(2 + +) 
0+(2 - +) 

IG ( j Pc) 

X(1650) 0+(??-) ' i 
�9 o'3(1670) 0-(3 - - )  i 
�9 71"2(1670 ) 1--(2 -- +) 
�9 ~(1680) 0- - ( I  -- --) 
�9 p3(1690) 1+(3 - - )  
�9 p(1700) 1+(1 - - )  
�9 fJ(1710) 0+(even + +) 

F/(1760) 0+(0 - +) 
X(1775) 1-(? - +) 

�9 ~-(1800) 1 - ( 0  - +) 
f2(1810) 0+(2 + +) 

�9 r " 0-(3 - - )  
r/2(1870 ) 0+(2 - +) 
X(1910) 0+(? 7+ ) 
f2(1950) 0+(2 + +) 
X(2000) 1-(? ?+ ) 

�9 f2(2010) 0+(2 + +) 
fo(2020) 0+(0 + +) 

�9 a4(2040) 1- (4  + +) 
�9 f4(2050) 0+(4 + +) 

fo(2060) 0+(0 + +) 
~2(2100) 1--(2 -- +) 
f2(2150) 0+(2 + +) 
p(2150) 1+(1 - - )  
fo(2200) 0+(0 + +) 

2++or  fJ(2220) 0+( +) 

F/(2225) 0+(0 - +) 
p3(2250) 1+(3 - - )  

�9 f2(2300) 0+(2 + +) 

f4(2300) 0+(4 + +) 
�9 f2(2340) 0+(2 + +) 

ps(2350) 1+(5 - - )  
a6(2450) 1-(6 + +) 
 ,(251oi 
X(3250) ? ' (?" )  

,OTHER LIGHT UNFLAVORED 
(S = C = B = 0) 

e+e-(1100-2200) ??(1 - - )  
NN(1100-3600) 
X(1900-3600) 

STRANGE 
(s = • c = B = o) 

ICJ P) 
�9 K • 
�9 K o 

�9 K~ 

�9 K~ 
�9 K*(892) 
�9 K1(1270) 
�9 KI(1400) 
�9 K*(1410) 
�9 K~(1430) 
�9 K~(1430) 

K(1460) 
K2(1580) 
/<'1(1650) 

BOTTOM, STRANGE 
(B = +1, s = § 

IG ( J Pc) 

1/2(0-) 
1/2(0-) 
1/2(0-) 
1/2(0-) 
1/2(1-) 
1/2(1 + ) 
1/2(1 + ) 
1/2(1-) 
1/2(0 + ) 
1/2(2 + ) 
1/2(0-) 
1/2(2-) 
1/2(1 + ) 

�9 B~ 0 ( 0 - )  
B; 0(1-) 
B:j(58S0) ?(??) 

BOTTOM, CHARMED 
(B = c = +l )  

~ o(o-) 
c~ 

�9 7/r 0+(0 - + )  
�9 J/~b(1S) 0 - ( 1  - - )  
�9 Xco(1P) 0+(0 + +) 

hc(1P) ? ' (? " )  
�9 K*(1680) 
.K2(1770) 
�9 K1(1780) 
.K2(1820) 

K(1830) 
K~(1950) 
K~(1980) 

*K~(2045) 
K2(2250) 
/('3(2320) 
K~(2380) 
K4(2500) 
K(3100) 

1/2(1-) 
1/2(2-) 
1/2(3-) 
1/2(2-) 
1/2(0-) 
1/2(0 + ) 
1/2(2 + ) 
1/2(4 + ) 
1/2(2-) 
1/2(3 + ) 
1/2(5-) 
1/2(4-) 
77(777 ) 

CHARMED 
(C= ~1) 

�9 D • 1 / 2 ( 0 - )  
�9 D O 1 / 2 ( 0 - )  

�9 D*(2007) ~ 1 / 2 ( 1 - )  
�9 D*(2010) • 1 / 2 ( 1 - )  
�9 D1(2420) ~ 1/2(1 +) 

91(2420) • 1/2(77 ) 
�9 D~(2460) ~ 1/2(2 +) 
�9 D~(2460) + 1/2(2 +) 

CHARMED, STRANGE 
(C = S = • 

�9 D~ 0 ( 0 - )  

�9 D; • 0(? ?) 

�9 Ds1(2536) • 0(1 + ) 
�9 Dsj(2573) • 0(77) 

BOTTOM 
(B= • 

�9 B • 
�9 B o 

�9 B* 
B~(5732) 

1/2(0-) 
1/2(0-) 
1/2(1-) 
7(77 ) 

�9 Xc2(1P) 0+(2 + +) 
'r/c (2S) ??(7 ?+ ) 

�9 ~(2S)  0 - ( 1  - - )  
�9 @(3770) ??(1 - - )  
�9 ~b(4040) ??(1 - - )  
�9 %b(4160) ??(1 - - )  
�9 ~b(4415) ??(1 - - )  

b~ 
�9 T(1S)  0 - ( 1 - - )  
�9 X ~ ( 1 P )  0 + ( 0  + +) 
�9 Xbl(1P) 0+(1 + +) 
�9 Xb2(1P) 0+(2 + +) 
�9 T(2S) 0 - ( 1 - - )  
�9 Xbo(2P) 0+(0 + +) 
�9 Xbl(2P) 0+(1 + +) 
�9 Xb2(2P) 0+(2 + +) 
�9 r(3s) o - ( i - - )  
�9 TC4S) 7 7 ( 1 - - )  
�9 T(10860) 77(1 Z Z )) 
�9 T(11020) 77(1 

NON-q~ CANDIDATES 
Non-q~ Candidates 
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Baryon Summary Table 
This short table gives the name, the quantum numbers (where known), and the status of baryons in the Review. Only the baryons with 3- 
or 4-star status are included in the main Baryon Summary Table. Due to insufficient data or uncertain interpretation, the other entries in the 
short table are not established as baryons. The names with masses are of baryons that decay strongly. See our 1986 edition (Physics Letters 
170B) for listings of evidence for Z baryons (KN resonances). 

P Pll * * * *  
n Pll * * * *  
N(1440) PII * * * *  
N(1520) /:)13 * * * *  
N(1535) 511 * * * *  
N(1650) 5n * * * *  
N(1675) Dis * * * *  
N(1680) F15 * * * *  

N(1700) D13 ***  

N(1710) P l l  * * *  
N(1720) P13 * * * *  
N(1900) Pz3 **  
N(1990) F17 ** 

N(2000) FlS **  
N(2080) D13 **  
N(2090) 511 * 
N(2100) /:'11 * 
N(2190) 6;17 * * * *  
N(2200) D i s  **  
N(2220) H19 * * * *  

N(2250) 6;19 * * * *  
N(2600) ~,11 ***  

N(2700) K1,13 **  

/1(1232) /'33 * * * *  
D(1600) /'33 * * *  
,4(1620) 531 * * * *  
A(1700) /933 * * * *  
/1(1750) /:'31 * 
A(1900) S31 ** 

�9 4(1905) F35 * * * *  

A(1910) P31 * * * *  
A(1920) P33 ***  
,4(1930) D3s ***  

A(1940) D33 * 
�9 4(1950) F37 * * * *  

A(2000) F3s **  
A(2150) $31 * 
A(2200) (;37 * 
A(2300) /-/39 **  
A(2350) D3s * 
A(2390) F37 * 
A(2400) G39 ** 

, 4 ( 2 4 2 0 )  H3,11 * * * *  

,4(2750) ~,13 **  
,4(2950) K3,15 **  

A Pol * * * *  
A(1405) 501 * * * *  
A(1520) /903 * * * *  

A(1600) POl * * *  
A(1670) 501 * * * *  
A(1690) /])03 * * * *  
A(1800) 5oi ***  

A(1810) P01 *** 

A(1820) F0S * * * *  
A(1830) /905 * * * *  

A(1890) P03 * * * *  
A(2000) * 
A(2020) Fo? * 
A(2100) 6;07 * * * *  

A(2110) Fos * * *  
A(2325) Do3 * 
A(2350) H09 ** *  
A(2585) **  

[+ Pl l  * * * *  

Z'~ Pn * * * *  
Z ' -  Pn  * * * *  
Z'(1385) P13 * * * *  
Z'(1480) * 

Z'(1560) ** 

Z'(1580) D13 **  
Z'(1620) Sn **  
Z'(1660) Pl l  *** 

Z'(1670) D13 * * * *  

Z'(1690) **  
Z'(1750) 511 ***  
Z'(1770) /'11 * 
Z'(1775) D15 * * * *  

Z'(1840) P13 * 
Z'(1880) /:'11 **  
X(1915) FI5 * * * *  

[ '(1940) DI3  *** 

Z'(2000) 511 * 
Z(2030) F17 * * * *  
Z'(2070) FlS * 
Z'(2080) P13 **  
Z'(2100) GI7 * 
~-(2250) ***  

Z'(2455) **  
Z(2620) **  
z(3ooo) * 
Z(3170) * 

__-o P l l  * * * *  
- - -  Pn * * * *  
--(1530) P13 * * * *  
--(1620) * 
--(1690) * * *  
- - - (1820)  D13 ***  

--(1950) * * *  
--(2030) * * *  
E(2120) * 

--(2250) ** 

--(2370) ** 

--(2500) * 

1"2- **** 
19(2250)- * * *  
19(2380)- **  
19(2470)- **  

A~ * * * *  
Ac(2593) + * * *  
Ac(2625) + * * *  
Z'c(2455) * * * *  
Zc(2520) * * *  
=+ * * *  
- c  
=0 *** 
--c 
--c(2645) * * *  
19~ ** *  

A~ ** *  
=o = -  , 
- b ,  - -  b 

* * * *  Existence is certain, and properties are at least fairly well explored. 

* * *  Existence ranges from very likely to certain, but further confirmation is desirable and/or 
quantum numbers, branching fractions, etc. are not well determined. 

**  Evidence of existence is only fair. 

* Evidence of existence is poor. 
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Baryon Sum mary Table 

II N BARYONS 
(S = 0, I= 1/2) 

p, N + = uud;  n, N O = u d d  

13 I ( j P )  = 1, '1+~ 

Mass m = 938.27231 4. 0.00028 MeV [a] 

= 1.007276470 4- 0.000000012 u 
q_~ q_e_ I m~ll(m.) = 1.oooooooo15 4- 0.00o0000011 

Iqp 4- qPl/e < 2 x 10 - 8  

Jqp 4- qel/e < 1.0 x 10-21 [b] 

Magnetic moment  # = 2.79284739 • 0.00000006 #N 

Electric dipole moment d = ( - 4  -I- 6) x 10 -23  ecru 

Electric polarizabil ity ~ = (12.1 • 0.9) x 10 - 4  fm 3 

Magnet ic polarizabil ity ~ = (2.1 4- 0.9) x 10 - 4  fm 3 

Mean life ~ > 1.6 x 1025 years ( independent of  mode) 

> 1031 to 5 x 1032 years [c] (mode dependenL) 

Below, for N decays, p and n distinguish proton and neutron partial life- 
times. See also the "Note on Nucleon Decay" in our 1994 edition (Phys. 
Rev. DBO, 1673) for a short review. 

The "partial mean life" limits tabulated here are the limits on "~/B I, where 
~- Is the total mean life and B I is the branching fraction for the mode in 
question. 

II 

Partial mean life p 
p DECAY MODES (1030 years) Confidence level (MeV/c) 

Anf f iepton -I- photon(s)  

p --, e +,7 > 460 90% 

P --* # +  '7 > 380 90% 
n --~ u")' > 24 90% 
p --~ e+~,3 , > zoo 90% 

Three (or more) leptons 
p --~ e + e + e -  > 510 90% 
p .-, e + # + #  - > 81 90% 
p -~ e + u u  > 11 90% 
n -~ e+ e - u  >74  90% 
n -~. # +  e -  u > 47 90% 
n --~ # +  # -  U > 42 90% 
p --) # +  e + e -  > 91 90% 
p -~ # + # + # -  >190 90% 
p --'> # +  UU >21 90% 
p -~ e - # + # +  > 6 90% 

n .-~ 3u > o.ooos 90% 

Inc ludve modes  
N ~ e+any th ing  >o.e (n, p) 90% 
N ~ #+any th i ng  >12 (n, p) 9o% 
N --~ e + ~ ~  > 0.6 (n, p) 90% 

A B  = 2 d lnudeon modes  

The following are lifetime limits per iron nucleus. 

p p  --~ ~ +  "zr + > 0.7 
p n ~  l r+~  "~ > 2  
n n - ~  ~r+Ir - >0.7 
n n ~ ~.0,/r 0 > 3,4 

pp- -~  e + e  + >5.8 

90% 
90% 
90% 
90% 
90% 

A~lepton + meson 
N - *  e+ Tr >130 (n), > sSO (p) 90% 459 
N -~  # + ~  > lOO (n), > 270 (p) 90% 453 

N --,  u ~  > 100 (n), > 25 (p) 90% 459 
p --) e+ r /  > 140 90% 309 
p ---~ #+~/  > 69 90% 296 
n --~ I,'/I > 54 90% 310 
N --* e + p  > 58 (n), > 75 (p) 90% 153 
N - *  # + p  > 23 (n), > 110 (p) 90% 119 
N ---, u p  > 19 (n), > 27 (p) 90% 153 
p -~  e+u., > 45 90% 142 
p ~ #+o.,' > 57 90% 104 
n - *  u ~  > 43 90% 144 
N -~  e + K > 1.3 (n), > 150 (p) 90% 337 

P --~ e+ K ~  5 > 76 90% 337 

p --> e + K0L > 44 90% 337 

N ~ # +  K > 1.1 (n), > 120 (p) 90% 326 
p -~  # +  K 0 > 64 90% 326 

p -~  # +  K0 L > 44 90% 326 

N -+  u K  > 86 (n), > 100 (p) 90% 339 

p ~ e + K* (892 )  ~ > 52 90% 45 
N ~ u K* (892 )  > 22 (n), > 20 (p) 90% 45 

Ant l lepton + mesons 

p - - ,  e + ~r + ~ ' -  > 21 90% 448 
p ~ e + ,rr0 ~0 > 38 90% 449 

n --~ e + ~'--/'r 0 > 32 90% 449 

p ---, # +  7r + ~'-- > 17 90% 425 
p - *  # + ~ r 0 x  ~ > 33 90% 427 
n -- ,  # +  "rf-- ";'r 0 > 33 90% 427 

n --~ e + K 0 . / r -  > 18 90% 319 

Lepton + meson 
n --~ e -  ';r + > 65 90% 459 
n .-~ # -  ~ +  > 49 90% 453 
n ~ e -  p+  > 62 90% 154 
n -~, # -  p+  > 7 90% 120 
n --~ e -  K + > 32 90% 340 
n --~ # -  K + > 57 90% 330 

Lepton + mesons 

p - ' *  e -  ";'r + ';"r + > 30 90% 448 

n ,-~ e -  91 "+'K 0 > 29 90% 449 
p - -~  # -  7r+~ + >17  90% 425 
n --~ # -  ~ +  ';,T O > 34 90% 427 

p -~ e -  ~r + K + > 20 90% 320 
p --+ # -  7r + K + > 5 90% 279 

p p  -+  e + #  + > 3.6 
p p--~ U + # +  >1.7 
p n  -~, e+D >2.8 
p n  --~ # + D  > 1.6 

n n -~ Ue-~ e > 0.000012 
n n --, u l, D j ,  >0.000006 

DECAY MODES 

Partial mean life 
DECAY MODES (years) 

90% 

90% 
90% 
90% 
90% 
90% 

469 
463 

470 
469 

469 
457 
469 
470 
464 
458 
464 
439 
463 

4S7 
470 

~ e - ' ~  > 1848 95% 469 
-~ e - ~ ~  > 554 95% 459 

--* e -  r/ > 171 95% 309 
-~ e -  K~ > 29 95% 337 

p ---~ e -  K~ > 9 95% 337 

n DECAY MODES 

I ( j P )  = 1 / 1 + )  

Mass m -- 939.56563 4- 0.00028 MeV [a} 

= 1.008664904 4. 0.000000014 u 

m n - mp : 1.293318 4- 0.000009 MeV 

= 0.001388434 4- 0.000000009 u 

Mean life r = 886.7 4 -1 .9  s ( S = 1 . 2 )  

c r  = 2.658 x 108 km 

Magnetic moment  # = - 1.9130428 -4- 0.0000005 #N  

Electric dipole moment  d < 0.97 x 10 -25  ecm, CL = 90% 

Electric polarizabil ity e = (0.98+~ 10 - 3  fm 3 (S = 1.1) 

Charge q = ( - 0 . 4  • 1.1) x 10 -21 e 

Mean nT~oscillation t ime > 1.2 x 108 s, CL = 90% [d] (bound n) 
> 0.86 • 108 s, CL = 90% (free n) 

Decay parameters re] 

P e - P e  g A / g v  ---- - 1 . 2 6 7 0  • 0.0035 (S = 1.9) 

" A = - 0 . 1 1 6 2  4. 0.0013 (S = 1.8) 

. B = 0.990 • 0.008 

,, a = - 0 . 1 0 2  • 0.005 

" r = (180.07 • 0.18) ~ [r] 
" D = ( - 0 . 5  • 1.4) x 10 - 3  

P 
Fraction ( r l / r )  Confidence level (MeV/c) 

pe-D e 

pUeDe 

lOO % 1,19 

Charge conservation (Q) violatiq mode 
Q < 8 x 10 -27 68% 1.29 

P 
Confidence level (MeV/c) 



I N(1440)  Pu I I(jP) = 1,1+, 

Breit-Wigner mass = 1430 to 1470 (~  1440) MeV 
Breit-Wigner full width = 250 to 450 (~  350) MeV 

Pbeam = 0.61 GeV/c 4~rX 2 = 31.0 mb 
Re(pole position) = 1345 to 1385 (~  1365) MeV 
-2Ira(pole position) = 160 to 260 (~  210) MeV 

N(1440) DECAY MODES Fraction ( r l / r )  p (MeV/c) 

N~ 60-70 % 397 
N~r~r 30-40 % 342 

Z~/~ 20-30 % 143 
Np <8 % t 

i=o N (~r)S-wave 5 - 1 o  % - 

p')' 0.035-0.048 % 414 
P3', hel ic i ty=l /2 0.035-0.048 % 414 

n-~ o.oo9-0.o32 % 413 
n-)', hel ic i ty=l /2 o.0o9-o.032 % 413 

I N(lS20) D~ I ' ( J P )  = �89 
Breit-Wigner mass = 1515 to 1530 (~  1520) MeV 
Breit-Wigner full width = 110 to 135 (~  120) MeV 

Pbeam = 0.74 GeV/c 47rl 2 = 23.5 mb 
Re(pole position) = 1505 to 1515 (~  1510) MeV 
-2Ira(pole position) = 110 to 120 (,~ 115) MeV 

N(1520) DECAY MODES Fraction (r~/r) p ( M eV/c) 

NTr 50-6o % 456 
N~rTr 40-50 % 410 

Z~/r 15-25 % 228 
Np 15-25 % 

I=O N (/r/r)s_wave <8 % - 
p~' 0.46-0.56 % 470 

p% hel ic i ty=l /2 0.001-0.034 % 470 
p-y, helicity=3/2 0.44-0.53 % 470 

r/~, 0.30-0.53 % 470 
n-y, hel ic i ty=l /2 0.04-0.10 % 470 
n-y, helicity=3/2 0.25-0.45 % 470 
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I N(1535) St1 I I ( JP )  = �89189 
Breit-Wigner mass = 1520 to 1555 (~  1535) MeV 
Breit-Wigner full width = 100 to 250 (~  150) Me~l 

Pbeam : 0.76 GeV/c 4~'~ 2 = 22.5 mb 
Re(pole position) = 1495 to 1515 (~  1505) MeV 
-2Ira(pole position) = 90 to 250 (~  170) MeV 

N(1B38) DECAY MODES Fraction ( r l / r )  

I N(1650) Sxt I I(JP) = �89189 

Breit-Wigner mass = 1640 to 1680 (~  1650) MeV 
Breit-Wigner full width = 145 to 190 (~  150) MeV 

Pbeam : 0.96 GeV/c 47r~ 2 = 16.4 mb 
Re(pole position) = 1640 to 1680 (~  1660) MeV 
-21m(pole position) = 150 to 170 (,-~ 160) MeV 

N(leS0) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

N ~r 55-9o % 547 
N r/ 3-10 % 346 
A K 3-11% 161 
Nlr / r  10-20 % 511 

A ~ 1-7 % 344 
Np 4-12 % f 

I=o 
N ( ~ r  )S-wave <4 % - 
N(1440) Ir <5 % 147 

p~, o.o4-0.1s % 5ss 
PT, hel ici ty=l/2 0.o4-0.18 % 558 

r/"( 0.003-0.17 % 557 
n% hel ici ty=l/2 0.003-0.17 % 557 

p ( M eV/c) 

I N(1675)/~.8 I /(JP) = �89 

Breit-Wigner mass = 1670 to 1685 (~  1675) MeV 
Breit-Wigner full width -- 140 to 180 (~  150) MeV 

Pbeam ---- 1.01 GeV/c 41rX 2 = 15.4 mb 
Re(pole position) = 1655 to 1665 (~-, 1660) MeV 
.721m(pole position) = 125 to 155 (~  140) MeV 

N(1671i) DECAY MODES Fraction (r i / r )  p (MeV/c) 

N~ 40-50 % 563 
A K <1% 209 
N 7r ~r 50-6o % 529 

Z~ ~- 50-60 % 364 
Np < 1-3% t 

p"/ 0.004-0.023 % 575 
P'7, hel ici ty=l/2 0.0-o.o15 % 575 
P3', helicity=3/2 o.0-o.011% 575 

n~, 0.02-0.12 % 574 
n% hel ic i ty=l/2 0.006-0.046 % 574 
n~,, helicity=3/2 0.01-0.08 % 574 

N~ 35-55 % 467 
NT/ 30-55 % 182 
N~Tr 1-10 % 422 

Z~Tr < 1 %  242 
Np < 4  % f 

I=0 N ( ~rTr )S-wave <3 % - 
N(1440) 7r <7 % 

p~ 0.15-0.35 % 481 
p-y, helicity----1/2 0.15-0.35 % 481 

n'7 0.004-0.29 % 480 
n3', hel ic i ty=l /2 0.004-0.29 % 480 

I N(1680) F15 I l(jp) = 1(s+, 
Breit-Wigner mass = 1675 to 1690 (~  1680) MeV 
Breit-Wigner full width = 120 to 140 (~  130) MeV 

Pbeam = 1.01 GeV/c 41r~ 2 = 15.2 mb 
Re(pole position) = 1665 to 1675 (~  1670) MeV 
-21m(pole position) = 105 to 135 (~  120) MeV 

N(lfdl0) DECAY MODES Fraction ( r / / r )  p ( M eV/c) 

NTr 60-70 % 567 
N~r 7r 3o-40 % 532 

A ~  5-15 % 369 
Np 3-15 % t 

I=0 N ( ~)S_wave 5-2o % - 
P~7 0.21-0.32 % 578 

p~,, hel ici ty=l/2 0.001-0.011% 578 
P3', helicity=3/2 0.20-0.32 % 578 

n,~ 0.021-0.046 % 577 
n% hel ici ty=l/2 0.004-0.029 % 577 
n~, helicity=3/2 0m01~m024 % 577 
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I N(1700) DI~ I I ( j e )  = �89 
Breit-Wigner mass = 1650 to 1750 (~  1700) MeV 
Breit-Wigner full width = 50 to 150 (~- 100) MeV 

/)beam = 1.05 GeV/c 4/rX 2 = 14.5 mb 
Re(pole position) = 1630 to 1730 (~  1680) MeV 
-2Ira(pole position) = 50 to 150 (~  100) MeV 

N(1700) DECAY MODES Fraction (FI/F) p (MeV/c) 

N~T 5-15 % 580 
A K <3 % 25o 
N~r ~r 85-95 % 547 

Np <35 % t 
p'), 0,01-0.05 % 591 

p ' / ,  hel ic i ty=l /2 0,0-0.024 % 591 
p-),, helicity=3/2 0.002-0,026 % 591 

n-y 0,01-0.13 % 590 
nT, hel ic i ty=l /2 0.0-0.0~ % 599 
n3,, helicity=3/2 0 m01~.05 % 590 

N(1710) P~ [ I(JP) = �89189 

Breit-Wigner mass = 1680 to 1740 (~ 1710) MeV 
Breit-Wigner full width = 50 to 250 (~ 100) MeV 

Pbearn = 1.07 GeV/c 4~'X 2 = 14.2 mb 
Re(pole position) = 1670 to 1770 (~ 1720) MeV 
-21m(pole position) = 80 to 380 (~ 230) MeV 

N(1710) DECAY MODES Fraction (FI/F) p (MeV/c) 

N~  10-20% 587 

I N(:~20) H19 I I (JP) = �89 

Breit-Wigner mass = 2180 to 2310 (~  2220) MeV 
Breit-Wigner full width = 320 to 550 (~. 400) MeV 

Pbeam = 2.14 GeV/c 4~X 2 = 5.97 mb 
Re(pole position) = 2100 to 2240 (~. 2170) MeV 
-21m(pole position) = 370 to 570 (~  470) MeV 

/v(2~o) DECAY MODES Fraction (rdr) p (MeV/c) 

N~  10-20 % 905 

I N(2250) G~9 I ~(:e) : �89 
Breit-Wigner mass --- 2170 to 2310 (~. 2250) MeV 
Breit-Wigner full width = 290 to 470 (~  400) MeV 

Pbeam = 2.21 GeV/c 41rX 2 = 5.74 mb 
Re(pole position) = 2080 to 2200 (~. 2140) MeV 
-2Ira(pole position) = 280 to 680 (~. 480) MeV 

N(2~0) DECAY MODES Fraction (ri/r) p (MeV/c) 

N~ 5-15% 923 

] N(2600) ~.,zz ] /(:P) -- �89 
Breit-Wigner mass -- 2550 to 2750 (~ 2600) MeV 
Breit-Wigner full width = 500 to 800 (~ 650) MeV 

Pbeam = 3.12 GeV/c 4/rX 2 = 3.86 mb 

N(2500) DECAY MODES Fraction (r//r) p (MeV/c) 

N~r 5-10 % 1126 A K s-25 % 
NTrTr 40-99 % 

A 7r 15-40 % 
Np 5-25 % 

i=o N (Tr~)S-wave lO-4o % 
p-)' 0.002-0,05% 

p-),, hel ic i ty=l /2 0,002-0.05% 
n-), 0.0-0.02% 

n'~, hel ic i ty=l /2 0.0-0.02% 

I N(1720) P~ I I ( J P )  = 1 , 3 + ,  

Breit-Wigner mass = 1650 to 1750 (~  1720) MeV 
Breit-Wigner full width = 100 to 200 (~-. 150) MeV 

Pbeam ---- 1.09 GeV/c 4~X 2 = 13.9 mb 
Re(pole position) = 1650 to 1750 (~  1700) MeV 
-2Ira(pole position) = 110 to 390 (~  250) MeV 

264 
554 

48 

598 

598 

59"/ 

597 

A BARYONS 
(S = 0, I =  3/2) 

Z~ ++ = uuu,  Z$ + = uud, ZI ~ = udd, Z I -  = ddd  

Z1(1232) P= I I(JP) = ~]3'3+" 
Breit-Wigner mass (mixed charges) = 1230 to 1234 (.~. 1232) 

MeV 
Breit-Wigner full width (mixed charges) -- 115 to 125 (~  120) 

MeV 
Pbeam = 0.30 GeV/c 47r~ 2 = 94.8 mb 

Re(pole position) --- 1209 to 1211 (~. 1210) MeV 
-2Ira(pole position) = 98 to 102 (.~ 100) MeV 

N(1720) DECAY MODES Fractlon(l'l/l" ) p (MeV/c) 

NTr 10-20 % 594 
A K 1-15 % 278 
NTr~r >70 % 561 

Np 70-85 % 104 
p-), 0.003-0.10 % 604 

p,),, hel ic i ty=l /2 0.003-0.08 % 604 
p-),, helicity=3/2 0.001-0.03 % 604 

n-'/ 0.002-0.39 % 603 
n3,, hel ic i ty=l /2 0.0-0.002 % 6o3 
n,'/, helicity=3/2 0.001-0.39 % 603 

I N(21~) C,17 1 ' ( : P )  = �89189 
Breit-Wigner mass : 2100 to 2200 (~  2190) MeV 
Breit-Wigner full width = 350 to 550 (~  450) MeV 

/)beam = 2.07 GeV/c 4r 2 = 6.21 mb 
Re(pole position) = 1950 to 2150 (.~ 2050) MeV 
-2Ira(pole position) = 350 to 550 (~  450) MeV 

N(21gO) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

N~r 10-20 % 888 

,~I(1.,~) DECAY MODES Fraction (rdr) p (MeV/c) 

N~  >99 % 
N'y 0.52-0,60 % 

N')', hel ic i ty=l /2 0.11--0.13 % 
N~', helicity=3/2 0,41-0.47 % 

i z1(1600) P~I I ( jP )  = ~,~313~"1 

Breit-Wigner mass = 1550 to 1700 (~  1600) MeV 
Breit-Wigner full width = 250 to 450 (~. 350) MeV 

Pbeam = 0.87 GeV/c 41rX 2 = 18.6 mb 
Re(pole position) --- 1500 to 1700 (~. 1600) MeV 
-2Ira(pole position) = 200 to 400 (~  300) MeV 

A(1600) DECAY MODES Fraction ( r / / r )  

227 
259 
259 
259 

p (MeV/c) 

N 7r 10-25 % 512 
N 7r ~ 75-90 % 473 

/% ~ 40-70 % 301 
Np <25 % t 
N(1440) ~r 10-35 % 74 

N-./ 0.001-0.02 % s25 
N-),, hel ic i ty=l /2 0.0-0.o2 % 525 
N-y, helicity=3/2 0,001-0,005 % 525 



I 4(1620) Ssz I I(JP) = ~(�89 
Breit-Wigner mass = 1615 to 1675 (~  1620) MeV 
Breit-Wigner full width = 120 to 180 (~ 150) MeV 

Pbearn : 0.91 GeV/c 4~-~ 2 = 17.7 mb 
Re(pole position) = 1580 to 1620 (~  1600) MeV 
:-2Ira(pole position) = 100 to 130 (~  115) MeV 

A(1620) DECAY MODES Fraction ( r l / r )  p ( M eV/c) 

N~r 20-30 % 526 
N~r~r 70-80 % 488 

A ~r 30-60 % 318 
Np 7-25 % f 

N'7 0.004-o.044 % 538 
N-~, hel ici ty=l/2 0.o04-0.044 % 538 

I 4(1700) Dss I I(JP) : ~(~-) 
Breit-Wigner mass = 1670 to 1770 (.~, 1700) MeV 
Breit-Wigner full width = 200 to 400 (.~ 300) MeV 

Pbeam : 1.05 GeV/c 4~r~X 2 = 14.5 mb 
Re(pole position) = 1620 to 1700 (~  1660) MeV 
-2Ira(pole position) : 150 to 250 (~. 200) MeV 

A(1700) DECAY MODES Fraction (rl/r) p (MeV/c) 

N~ 10-2o % 580 
NTr~ so-9o % s47 

A~r 30-60 % 385 
Np 30-ss % t 

N-~ 0.12-0.26 % 591 
N-~, hel ici ty=l/2 0.08-0.16 % 591 
N,y, helicity=3/2 0.025-0.12 % 591 

I A(1905) Fu I ,(:P) = , , ,  ,,s+,, 
Breit-Wigner mass = 1870 to 1920 (~  1905) MeV 
Breit-Wigner full width = 280 to 440 (~ 350) MeV 

Pbeam = 1.45 GeV/c 41r;X 2 : 9.62 mb 
Re(pole position) = 1800 to 1860 (~. 1830) MeV 
-2Ira(pole position) = 230 to 330 (~. 280) MeV 

A(lg(m) DECAY MODES Fraction ( r l / r )  p ( M eV/c) 
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N~ 5-15 % 713 
N~r ss-~s % 687 

A i r  <25 % 542 
Np >60 % 421 

N~/ 0.01-0.03 % 721 
N~,  hel ici ty=l/2 0.0-0,1% 721 
N-y, helicity=3/2 0.004-o.03 % 721 

I 4(1920) P~I I , ( jP)  = 3(~+)  

Breit-Wigner mass = 1900 to 1970 (~  1920) MeV 
Breit-Wigner full width = 150 to 300 (~  200) MeV 

Pbeam = 1,48 GeV/c 4 ~  2 : 9.37 mb 
Re(pole position) = 1850 to 1950 (~. 1900) MeV 
-2Ira(pole position) -- 200 to 400 (~  300) MeV 

A(l~O) DECAY MODES Fraction (r//r) p (MeV/c) 

N~ 5-20% . 722 

I A ( 1 9 3 0 )  D35 I I ( jP )  = 3 S -  ~(~ ) 

Breit-Wigner mass = 1920 to 1970 (~  1930) MeV 
Breit-Wigner full width = 250 to 450 (~  350) MeV 

Pbearn ---- 1.50 GeV/c 41r~ 2 = 9.21 mb 
Re(pole position) = 1840 to 1940 (~  1890) MeV 
-21m(pole position) = 200 to 300 (~  250) MeV 

~(1~10) DECAY MODES Fraction (rl/r) p (MeV/c) 

I A(1910) Psl I I ( jP)  = 3,1+, 2~'} ) 

Breit-Wigner mass : 1870 to 1920 (~ 1910) MeV 
Breit-Wigner full width = 190 to 270 (.~ 250) MeV 

Pbeam ---- 1.46 GeV/c 4/r~ 2 = 9.54 mb 
Re(pole position) = 1830 to 1880 (~  1855) MeV 
-2Ira(pole position) : 200 to 500 (~ 350) MeV 

A(IIJP, L0) DECAY MODES Fraction (rl/r) 

N ~r 10-20 % 729 
N'y 0.0-0.02 % 737 

N~, helicity=l/2 0.0-0.01% 737 
N% helicity=3/2 0.0-0.01% 737 

I A(1950) Fs/I I(JP) = ~t'23'7+'J 

Breit-Wigner mass = 1940 to 1960 (~  1950) MeV 
Breit-Wigner full width = 290 to 350 (~  300) MeV 

Pbeam = 1.54 GeV/c 4~r~ 2 = 8.91 mb 
Re(pole position) = ]880 to 1890 (~  1885) MeV 
-21m(pole position) -- 210 to 270 (~  240) MeV 

A(I~O) DECAY MODES Fraction ( r l / r )  p (MeV/c) 

p (MeV/c) 

N 7r 35-40 % 741 
N~r~r 716 

,4 ~r 20-30 % 574 
N p <10 % 469 

N-y 0.08-0.13 % 749 
N-y, helicity--1/2 o.03-0.0ss % 749 
N-y, helicity=3/2 0.05-0.07s % 749 

4(2420)/'/3,11 I I(jP) = 3 ,11+,  '2 ~ -2- ! 

Breit-Wigner mass = 2300 to 2500 (~ 2420) MeV 
Breit-Wigner full width = 300 to 500 (~. 400) MeV 

Pbeam -- 2,64 GeV/c 41r~ 2 = 4.68 mb 
Re(pole position) = 2260 to 2400 (~ 2330) MeV 
-2Ira(pole position) = 350 to 750 (~  550) MeV 

~i(2420) DECAY MODES Fraction ( r l / r )  p (MeV/c) 

N~ 5-15% 1023 

N~r 15-30 % 716 
N-y 0.0-o.2 % 725 

N-y, helici ty=l/2 0.0-o.2 % 725 
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I[ A BARYONS 
(s =-z, I=O) 

A ~ = uds 

12] l(J P) = 0(�89 +) 

Mass m = 1115.683 • 0.006 MeV 
Mean life ~ = (2.632 4- 0.020) x 10 -1~ s (S = 1.6) 

cr = 7.89 cm 
Magnetic moment/~ = -0 .613 • 0.004 #N 
Electric dipole moment d < 1.5 x 10 -18 ecru, CL = 95% 

II 
I A(1670) So~ I I(JP) = o(�89 

Mass m = 1660 to 1680 (~ 1670) MeV 
Full width r = 25 to 50 (~ 35) MeV 

Pbeam = 0.74 GeV/c 4~X 2 = 28.5 mb 

A(1670) DECAY MODES Fraction ( r l / r )  p (MeV/c) 

N K  15-25% 414 
Z 'E 20-60% 393 
Aft 15-35% 64 

l(J P) = 0(~-)  
Decay parameters 

plr -  a_  = 0.642 • 0.013 
" ~_ = (-6.5 • 3.5) ~ 
" ~_ = 0.76 [~] 
" A _  = (8 • 4) ~ [g] 

n~  ~ c~ 0 = +0 .65  4- 0.05 

Pe--~e gA/gV = - 0 . 7 1 8  • 0.015 [e] 

A DECAY MODES Fraction ( r l / r )  

p~r- (63.9 • )% 
n zr ~ (3s.8 • )% 
/1'7 (1.75• x 10 - 3  
pTr-~'  [h]( 8.4 • ) x  10 - 4  
pe-~ e (8.32• x 10 - 4  
p/~-/,/--~ (1157• X 10 - 4  

IA (1405 )  5511 '(JP) = 0(�89 
Mass m "-- 1407 4- 4 MeV 

Full width r = 50.0 4- 2.0 MeV 

Below K N threshold 

A(14011) DECAY MODES Fraction ( r i / r )  

p (MeV/c) 

101 
104 
162 
101 
163 
131 

p (MeV/c) 

~T'~ 100% 152 

I A (1520 )  Do3 I l (J P) = o ( ] - )  

Mass m = 1519,5 • 1.0 MeV [i] 
Full width r = 15.6 • 1.0 MeV [I] 

/)beam = 0.39 GeV/c 4~X 2 = 82.8 mb 

A(1520) DECAY MODES Fraction ( r l / r )  

I A (1690)  Do3 I 

Mass m = 1685 to 1695 (,~ 1690) MeV 
Full width r = 50 to 70 (,~ 60) MeV 

/)beam ---- 0.78 GeV/c 4~r~i 2 = 26.1 mb 

p ( M eV/c) 

N K  45 4- 1% 244 
~'~r 42 • 1% 267 
ATr~: 10 4- 1% 252 
~T';C/t 0.9 • 0.1% 152 

A 7 0.8 • 0.2% 351 

A(lfdlO) DECAY MODES Fraction ( r l / r )  p (MeV/c) 

NK 20-30 % 433 
E l f  20-40 % 409 
A 7r ~r ~ 25 % 415 
~T" Ir R ~ 20 % 350 

I A (1600 )  POl I I (JP)  = ~189 

Mass m = 1560 to 1700 (~ 1600) MeV 
Full width r = 50 to 250 (~ 15o) MeV 

Pbeam = 0.58 GeV/c 4~rX 2 = 41.6 mb 

A(1600) DECAY MODES Fraction ( r i / r )  

I A (1800)  551 I I (JP) = 0 ( �89  

Mass m = 1720 to 1850 (~  1800) MeV 
Full width r = 200 to 400 (~  300) MeV 

Pbeam = 1.01 GeV/c 4~r~ 2 = 17.5 mb 

/1(11100) DECAY MODES Fraction (r i /r)  

p ( M eV/c) 

NK 25-40 % 
~" ~r seen 
~'( 1385)'n" seen 
N K*(892) seen 

I A(18zo) Po, I ,(JP) : o(�89 
Mass m = 1750 to 1850 (~  1810) MeV 
Full width r = 50 to 250 (~  150) MeV 

Pbeam = 1.04 GeV/c 4~r~ 2 = 17.0 mb 

A(1810) DECAY MODES Fraction (r l / r )  

p (MeV/c) 

528 
493 
345 

t 

p (MeV/c) 

NK 15-30 % 343 
~ '~  1060 % 336 

N K  20-50 % 837 
E l f  10-40 % 501 
Z'(1385) 7r seen 386 
NK*(892) 30-60 % f 

I A(Z820) Fos I '(JP) = o(~+) 
Mass m = 1815 to 1825 (~ 1820) MeV 
Full width r = 70 to 90 (~ 80) MeV 

Pbeam ---- 1.06 GeV/c 47r~ 2 = 16.5 mb 

A(1820) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

N K  3-10 % ss3 
~T" ~t 35-75 % 515 
~(1385)1r >15 % 371 

A(11L~0) DECAY MODES Fraction ( r l / r )  p (MeV/c) 

I A(183o) Do5 I ~(:P) = o(~-) 
Mass m = 1810 to 1830 ( ~  1830) MeV 

Full width r = 60 to 110 (~ 95) MeV 
Pbeam = 1.08 GeV/c  4~rX 2 = 16.0 mb 

N K  55-65 % 545 
~" ~T 8-14 % 508 
~'(1385) ~T 5-10 % 362 



I A ( lS (J0 )  PI)3 I I(JP) : 0(3+) 

Mass m = 1850 to  1910 ( ~  1890) MeV 

Full width r = 60 to 200 ( ~  100) MeV 

Pbeam = 1.21 GeV/c  41rX 2 = 13.6 mb 

A(IlRI0) DECAY MODES Fraction ( r l / r )  p (MeV/c) 

N K  20-35 % 599 
~'lr 3-10 % 559 
~'(._!385 )/1" seen 420 

N K*  (892) seen 233 

I A(2100) C-~ I l(J P) = 0( �89 

Mass m = 2090 to 2110 ( ~  2100) MeV 

Full width r = 100 to 250 ( ~  200) MeV 

Pbeam = 1,68 GeV/c  41rX 2 = 8.68 mb 

A(2~O) DECAY MODFJ Fraction ( rJ r )  p (MeV/c) 

N K  25-35 % 751 
~";(" ~ 5 % 704 
AF/ <3 % 617 
- -  K <3 % 483 
Aw <8 % 443 
N K *  (892) 10-20 % 514 

I A(2110) F0s I I(JP) = ~ 
Mass m : 2090 to  2140 ( ~  2110) MeV 

Full width r = 150 to 250 ( ~  200) MeV 

Pbeam = 1.70 GeV/c  41rX 2 = 8.53 mb 

A(2110) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

N K  s-25% 757 
~ '~  10-40% 711 
A~ seen 455 
~'(1385)= seen 589 
N K *  (892) 10-60 % 524 

I A(Z~50) t~ I I(JP) : ~ 
Mass rn = 2340 to 2370 (~-. 2350) MeV 

Full width r = 100 to 250 (~-. 150) MeV 

Pbearn = 2.29 GeV/c  47rX 2 -- 5.85 mb 

A(2350) DECAY MODES Fraction ( r / / r )  p (MeV/c) 

N K  ~ 12% 915 
~ ~ 1 0 %  867 

55 
Baryon Summary Table 

E BARYONS 
( S = - 1 ,  I =  1) 

,~+ = uus, go = uds, ,~- = dds 

I(J P) = 1(�89 + )  

Mass m = 1189.37 4- 0.07 MeV (S = 2.2) 

Mean life f = (0.799 4- 0.004) x 10 - 1 ~  s 

cr  = 2.396 cm 

Magnetic moment # = 2.458 4- 0.010 #N (S = 2.1) 

r ( z + - . . ~ + , , ) / r ( E - - ,  .~-~) < o.o43 

Decay parameters 
= ~ QRn+ 0.017 

p';,r 0 oz 0 - -v .~vv 0.015 
" r = (36 4- 34) ~ 

" ~o = 0.16 [g] 

" A o = (187 4- 6 )  ~ [g] 
nTr + e% = 0.068 4- 0.013 

" r  = (167 4- 20) ~ ( S = 1 . 1 ) ,  

" I '+  = - 0 . 9 7  [g] 

= ( - 7 3  10) [$] 
. /%+ +133 o 

p~  (~,y = - 0 . 7 6  + 0.08 

P 
DECAY MODES Fraction ( r l / r )  Confidence level (MeV/c) 

p~r 0 (51.57• % 

n ~r + (48.31 @ 0.30) % 
p-y (1.23• x 10 - 3  
nTr+,"f [h] ( 4.S • ) x 10 - 4  
Ae+ue ( 2.0 • ) x 10 - 5  

& S  = & O  (S0)  vlolatlng modes or 
A S  = i weak neutral current (SI) modes 

n e + v e  5Q < 5 x 10 - 6  
n#+v# so < 3.0 x lO - 5  

pe+e - s l  < 7 x 10 - 6  

90% 
90% 

189 
185 
225 
185 
71 

224 
202 

225 

I (J P) = 1(�89 + )  

Mass m = 1192.642 4- 0.024 MeV 

m E - m r o = 4 . 8 0 7 4 - 0 . 0 3 5  MeV (S = 1.1) 

m~o - mA = 76.959 4- 0.023 MeV 
Mean life T = (7.4 4- 0.7) x 10 -20 s 

CT = 2.22 X 10 -11 m 

Transition magnetic moment I #EA ]  = 1.61 4- 0.08 #N 

Z "0 DECAY MODES 
p 

Fraction ( r i / r )  Confidence level (MeV/c) 

A-~ 
A~7) 
A e +  e -  

lOO % 74 
< 3 % 90% 74 

5 x 10 - 3  74 
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l(J P) = 1(�89 + )  

Mass m = 1197.449 + 0.030 MeV (S = 1.2) 
m ~ _ -  mE+ = 8 . 0 8 •  MeV ( S =  1.9) 
m~_ - m A = 8 1 . 7 6 6 •  ( S =  1.2) 
Mean life ~- -- (1.479 :i: 0.011) x 10 -1~ s (S = 1.3) 

cr = 4.434 cm 
Magnetic moment # = -1 .160 • 0.025/~N (S = 1.7) 

Decay paramet~s 

n~r- ~_ = -0.068:1:0.008 
" ~_ = (10 • 15) ~ 
" -y_ = 0.98 [g] 
" A_  = (249_+112) ~ [g] 

ne-De gA/gV = 0.340 • 0.017 Ie] 
" f2(O)/fl(O ) = 0.97 + 0.14 
" D -- 0.11 + 0.10 

Ae-~e EV/EA = 0.01 + 0.10 [e] (S = 1.5) 
" EWM/gA = 2.4 • 1.7 [e] 

E -  DECAY MODES Fraction ( r / / r )  

n~-  (99.848 :I: 0.005) % 
/1/1"--'7 [h]( 4.6 4-0.6 ) x l O  -4  
ne-~"  e (1.017• x 10 -3  
B/Z--~# ( 4.5 4-0.4 ) x 10 -4  
Ae--# e ( 5.73 4-0.27 ) x  10 -5 

I ~ ( 1 3 8 5 )  P13 1 I(JP) = 1 ( }+)  

~(1385)+mass m = 1382.8 :}: 0.4 MeV (S -- 2.0) 
E(1385) ~ mass m = 1383.7 + 1.0 MeV (S = 1.4) 
E(138~5)-mass m = 1387.2 + 0.5 MeV (S -- 2.2) 
Z'(1385)+full width r = 35.8 :E 0.8 MeV 
~(1385) ~ full width r = 36 :k 5 MeV 
E(1385)- fu l l  width F = 39.4 • 2.1 MeV (S = 1.7) 

Below K N  threshold 

E(CM~) DECAY MODES Fraction (i'l/r) 

I ~(17so) .~, J ~U P) = 1(�89 
Mass m = 1730 to 1800 (~  1780) MeV 
Full width I- = 60 to 160 (~  90) MeV 

Pbeam = 0.91 GeV/c 4~r~ 2 = 20.7 mb 

~(171i0) DECAY MODES Fraction ( r l / r )  p (MeV/c) 

N K  10-40 % 486 
A~" seen 507 
~'/r <8 % 455 
~'~ 15-55 % 81 

J z(z'n'5) o~5 J ~(JP) = 1(~-) 
Mass m = 1770 to 1780 (~  1775) MeV 
Full width r = 105 to 135 (~  120) MeV 

Pbeam = 0.96 GeV/c 4~r~ 2 = 19.0 mb 

E(IT/U) DECAY MODB Fraction ( r / / r )  p (MeV/c) 

p ( M eV/c) N K  37-43% 508 
193 A/r 14-20% 525 
193 ~'~" 2-5% 474 
230 E(1385) Tt 8-12% 324 
210 A(1520)~t 17-23% 198 
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p (MeV/c) 

A~" 884-2 % 208 
~ l t  124-2 % 127 

I Z ' ( 1 6 6 0 )  P l l  I I(JP) = 1(�89 

Mass m = 1630 to 1690 (~  1660) MeV 
Full width r = 40 to 200 (~  100) MeV 

Pbeam = 0.72 GeV/c 4~ I  2 = 29.9 mb 

~(1r DECAY MODES Fraction ( r l / r )  p (MeV/c) 

NK 10-30 % 405 
A~" seen 439 
~" lr seen 38S 

J E ( 1 6 7 0 )  D~. 3 I I(J P) = 1 ( ~ - )  

Mass m = 1665 to 1685 (=  1670) MeV 
Full width r = 40 to 80 (~  60) MeV 

Pbeam = 0.74 GeV/c 41rl 2 = 28.5 mb 

J E ( 1 9 1 5 )  Fjui J l(J P) = 1(~ + )  

Mass m = 1900 to 1935 (~  1915) MeV 
Full width r = 80 to 160 (~  120) MeV 

Pbeam = 1.26 GeV/c 4~')[ 2 = 12.8 mb 

,1C(191B) DECAY MODI~ Fraction ( r / / r )  p (MeV/c) 

p ( M eV/c) 

N ~  5-15 % 
A~ seen 
�9 "lr seen 
E(1385) lr <S % 

J z(l o) o. J ,(:p) = 
Mass m = 1900 to 1950 (~, 1940) MeV 
Full width r = 150 to 300 (~  220) MeV 

Pbeam = 1.32 GeV/c 41r,~ 2 = 12.1 mb 

E(1940) DECAY MODES Fraction ( r l / r )  

618 
622 
577 
440 

p (MeV/c) 

E(1670) DECAY MODES Fraction ( r / / r )  

N K  <20 % 637 
Air seen 639 
~"/t seen 594 " 
E(1385) ~ seen 460 
A(1520)~r seen 354 
Z~(1232)K seen 41o 
NK*(892)  seen 320 

I ~--~(2030) F17 I I(JP) = 1(3+) 

Mass m = 2025 to 2040 (~  2030) MeV 
Full width r = 150 to 200 (~  180) MeV 

Pbeam = 1.52 GeV/c 4~r~ 2 = 9.93 mb 

,1C(2M0) DECAY MODES Fraction (rl/r) 
N K  7-13 % 414 
/1 ~r 5-15 % 447 
~';r 30-60 % 393 

p (MeV/c) 

N K  17-23 % 702 
Air 17-23 % 700 

/r 5-10 % 657 
. .~K <2% 412 

E(1385)~t 5-15 % 529 
A(1520) It. 10-2o % 43o 
Z~(1232)K 10-20 % 4oe 
N K*(892) <s % 438 



I ~ ' ( 2 2 ~ 0 )  I I(JP) = 1(??) 

Mass m = 2210 to 2280 (~-. 2250) MeV 
Full width r = 60 to 150 (~  100) MeV 

Pbeam = 2.04 GeV/c 47ri 2 = 6.76 mb 

~E(2260) DECAY MODES Fraction ( r l / r )  p (MeV/c) 

N K  <1o % 851 
A~" seen 842 
~'~r seen 803 

_--- B A R Y O N S  li (S=-2,1=1/2) 
--O=uss, ---=dss 

D /(jP) = 1.,1+~ 
2~2 J 

P is not yet measured; + is the quark model prediction. 

Mass m = 1314.9 4- 0,6 MeV 
m - _  - m_-o -- 6.4 4- 0.6 MeV 
Mean life T = (2.90 4- 0.09) x 10 -1~  s 

cr = 8.71 cm 
Magnetic moment # = - 1.250 4- 0.014 #N 

Decay parameters 

A~  ~ ~ = - 0 .411  • 0.022 (S = 2.1) 
" ~ = (21 4- 12) ~ 
" "7 = 0.85 [e] 
,, ~ = (218+_~,~) o [g] 

A7 c~ = 0.4 4- 0.4 
l-~ ~ = 0.20 4- 0.32 

P 
--0 DECAY MODES Fraction (r ' l / r )  Confidence level (MeV/c) 

ATT 0 

A"7 
Eo7 
E +  e - S e  
E+ #--#. 

E-#+ u. 
p ~ -  

pe u e 
p# up 

ITI 

(99.54• % 135 
(1.06• • 10 - 3  184 
( 3 ,5 •  ) X 10 - 3  117 

< 1,1 X 10 - 3  �9 90% 120 
< 1.1 x 10 - 3  90% 64 

& $  = A Q  (SO) violating modes or 
,AS = 2 forbidden ($2)  modes 

SQ < 9 x 10 -4  90% 112 
50  < 9 x 10 - 4  90% 49 

52 < 4 x 10 - 5  90% 299 
52 < 1.3 x 10 - 3  323 
S2 < 1.3 x 10 - 3  309 

l(J P) = 3(3 +) 

P is not yet measured; + is the quark model prediction. 

Mass m = 1321.32 4- 0.13 MeV 
Mean life r = (1.639 4. 0.015) x 10 -1~  s 

CT = 4.91 cm 
Magnetic moment # = -0 .6507  4. 0.0025 #N 

Decay parameters 

A ~ -  ~ = - 0 . 4 5 6  4- 0.014 (S --- 1.8) 
" ~ = (4 4- 4) ~ 
" "7 = 0.89 [g] 
, ,  A = (188 4. 8) ~ [e] 

Ae-Pe gA/gV = -0 .25  4- 0.05 [e] 

E -  DECAY MODES 
P 

Fraction ( r l / r )  Confidence level (MeV/c) 

A / r -  

E - 7  
Ae-~e 
A#--~# 
~'O e - "~ e 

--O e-~e 

(99.887• % 139 
( 1.27 "4-0,23 ) x 10 - 4  118 
( 5.63 :E0,31 ) x  10 - 4  190 

( 3.5 +3.5 ) x 10 - 4  163 
-2 .2  

( 8.7 • ) x 10 - 5  122 
< 8 x 10 - 4  90% 70 

< 2,3 x 10 - 3  90% 6 
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A S  = 2 forbidden ($2)  modes 

n l r -  $2 < 1.9 x 10 - 5  90~ 303 
n e - ~  e $2 < 3.2 x 10 - 3  90% 327 
n#-~,-~ $2 < 1.5 % 90% 314 

p l r  7r $2 < 4 x 10 - 4  90% 223 

p'ff-- e - D  e 52 < 4 x 10 - 4  90% 304 
p'ff I J, 1)# $2 < 4 x 10 - 4  90% 250 

p #  # L < 4 x 10 - 4  90% 272 

I - ~ ( 1 5 3 0 )  P13 1 i ( jP)  = 1 , 3 + ,  2 t~  ; 

--(1530) 0 mass m = 1531.80 4- 0.32 MeV 
_=(1530)- mass m = 1535.0 4- 0.6 MeV 
--(1530) 0 full width F = 9.1 4- 0.5 MeV 
.-=(1530)-fuli width I" = Q Q+1.7 MeV 

" ' "  - 1.9 

E.(tF~O) DECAY MODES Fraction ( r l / r )  

(s=1.3) 

P 
Confidence level (MeV/c) 

.=--~" 100 % 

~-3' <4 % 
152 

90% 200 

I - - ( 1 6 9 0 )  I I(JP) = �89 

Mass m = 1690 • 10 MeV [/] 
Full width r < 50 MeV 

~.(1~10) DI=CAY MODES Fraction ( r l / r )  p (MeV/c) 

A K  seen 

~K seen 

---- ~r + ~r- possibly seen 

l 

I-(182o) ol, J '(JP) = 
M a s s  m = 1823 -I- 5 MeV [/} 

Full width r = 74+15 MeV [/] - - -  10 

240 
51 

214 

E(1820) DECAY MODES Fraction ( r / / r )  p (MeV/c) 

. A K  large 400 
~ ' K  small 320 
--=Tr small 413 
.-=(1530) ~r small 234 

I -(19so) I ~(:P) = 3(7:) 
Mass m = 1950 -I- 15 MeV [I] 

Full width r = 60 -i- 20 MeV [I] 

-=(lg60) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

A K  seen 522 
~ ' K  po~iblyseen 460 
.----~ seen 518 

I _--(2o3o) I ~(:P) = 3( -> ~?) 
Mass m = 2025 -I- 5 MeV {/] 
Full width r = 20_+lsS MeV {/] 

--(20~0) DECAY MODES Fraction ( I - / / r )  p (MeV/c) 
m 

A K ~ 20 % 589 
�9 " K  ~ 80 % 533 
~.~r small 573 

.-~(1530)/I" small 421 
A K / t  small 501 
~T'K~- small 430 
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.f2 BARYONS 
(S=-3,/=0) 

I~- = SSS 

I(J P) = 0 ( }  + )  

II Ac+ DECAY MODES Fraction ( r l / r )  

p-KO 
p K - ~ +  

p K * ( 8 9 2 )  0 

Hadronic modes with a p and one 
2.5 ~: 0.7 )% 

[H s.o 
[q 1.8 ~: 

Scale factor/ p 
Confidence level (MeV/c) 

JP is not yet measured; } +  is the quark model prediction. 

Mass m = 1672.45 • 0.29 MeV 

Mean life ~- = (0.822 • 0.012) x 10 -10 s 

c-r = 2.46 cm 

Magnetic moment  # = - 2 . 0 2  + 0.05 #N 

Decay parameters 

A K -  c~ : - 0 . 0 2 6  • 0.026 

- - 0 ~ -  c~ : 0.09 + 0.14 

- - -~ r  ~ c~ ---- 0.05 • 0.21 

P 
f l - -  DECAY MODES Fraction (ri/r) Confidence level (MeV/c) 

A K -  (67.8• % 211 
,.~_.0 ~T-- (23.6 • 0.7) % 294 
-~--~T 0 (8 .6•  % 290 

-~-  ~r+~l " -  ( 4.3+3: 4) X 10 - 4  190 

64 +5"1~ X 10 - 4  17 E ( 1 5 3 0 ) % r -  ( " -2.0~ 

. - - -~  e (5 .6•  x 10 - 3  319 
-~--) '  < 4.6 x 10 - 4  90% 314 

A S  = 2 forbidden (S2) m o d e s  

Ai r -  $2 < 1.9 x lO - 4  90% 449 

p (MeV/c) 

531 
437 

II 

I D ( 2 2 5 0 ) -  I i(JP) = ~ 

Mass m : 2252 + 9 MeV 

Full width r = 55 • 18 MeV 

~(22S0)-- DECAY MODES Fraction ( r i / r )  

- - -  ~r + K -  seen 
-(1530) 0 K -  seen 

II CHARMED BARYONS 
= + 1  

USC, --c::O dsc,  .('20 : S$C 

FI I(:P) : o(�89 
J not confirmed; �89 is the quark model prediction. 

Mass m = 2284.9 • 0.6 MeV 

Mean life T = (0.206 • 0.012) X 10 -12 S 

c r  = 6 1 . 8  # m  

Decay awmmetry parameters 
A~r + c~ = - 0 . 9 8  • 0 . 1 9  

Z ' + ~ r  ~ c~ = - 0 . 4 5  + 0 . 3 2  
A ~+ ~'l c~ -- n RO+0.11 

-- -- . . . .  --0.07 

Nearly all branching fractions of the Ac+ are measured relative to the 

p K -  ~r § mode, but there are no model-independent measurementsof this 
branching fraction. We explain how we arrive at our value of B(Ac+ 

p K -  ~+) In a Note at the beginning of the branching-ratio measurements, 
in the Listings. When this branching fraction Is eventually well determined, 
all the other branching fractions will slide up or down proportionally as the 
true va(ue differs from the value we use here. 

Z1(1232) + +  K -  

A(1520)~r + 

p K -  ~r + nonresonant 
p~-O~ 
p~-O~r+~r- 
pK-~r+~r o 

p K *  (892) -  ~r + 

p ( K -  ~r~)nonresonant ~r 0 
A(1232)  K*  (892) 

pK-~r+~r+~r - 
pK -~ r+~O~ o 
p K -  ~r+ ~o~ro~ro 

pTr+~ - 

P f0(980) 

p K + K  - 
p~ 

ATr + 

A l r + ~ r  0 

Ap + 
A~+~+~- 
A~+ ~I 

Z ' ( 1 3 8 5 ) +  F/ 
A K + "k-o 
,~O~r+ 
,Z + 7To 
E+~ 

E +  po 
E - l r +  ir+ 
E 0 ~+ lr 0 
.~o ~r+ ;r ~ -  

E+w 

,~+ Tr+ ~c+ ct" 7r 

E + K + K -  
,~+ ~ 

E +  K + ~ -  

=0 K + 
~_- K + 7r+ 

--(1530) 0 K + 

At+ vt 
Ae+ me 
A #+ u~ 

e+anyth ing 
pe + anything 
Ae + anything 
A # +  anything 
At  + v t anything 

p anythifig 
p anything (no/1) 

p hadrons 
n anything 

n anything (no A) 
A anything 
E • anything 

8 :~ 

VI 4.5 § 
2.8 
1.3 "{" 
2.4 d: 1.1 

seen 
[,1 ( 1.1 ~ 0.6 

( 3.6 ~ 1.2 
.seen 

( 1.1 -4- 0.8 

( 8  : : I :4 
( 5.0 :~ 3,4 

Hadronlc modes wi th a p a n d  zero 

( 3.5 • 2.0 
[I] ( 2.8 :~ 1.9 

( 1.8 + 1.2 
( 2.3 :~ 0,9 

[/] ( 1.2 ~: 0.5 

Hadron ic  m o d e s  with 

( 9.0 
( 3.6 

< 5 
3.3 
1.7 

F] 8.5 
6.0 

9.9 • 

1.00~ 

5.5 i 
3.4 ~ 1.0 

< 1.4 
( 1.8 • 0.8 
( 1.8 ::[: 0.8 
( 1,1 • 0.4 

[/] ( 2.7 :J: 1.0 

( 3.0 + 4.1 
-- 2.1 

( 3.5 • 1.2 
V] ( 3s • 1.7 

(,  +,6 
( 3.9 :t: 1.4 
( 4.9 :i: 1.7 

[/] ( 2.6 • 1.0 

Semlleptonlc m o d e s  

[m] ( 20 :L 0.6 
( 2.1 • 0.6 
( 2.0 ~ 0.7 

( 4.5 • 1.7 
( 1.8 • 0.9 

Inclusive modes 
(50 • 
(12 • 

(50 • 
(29 • 
(35 • 

in] (lO • s 

Y 
872 

1.3 ) % 822 
0.6 ) % 681 

S ) x 10 - 3  709 

2.5 ) x 10 - 3  626 2.1 
0.9 ) % 822 
0.4 ) % 667 

) % 753 
758 

) % 579 
) % 758 

416 
) x 10 - 3  670 
) x 10 - 3  676 
) X 10 - 3  573 

or  t w o  K ' s  
) x 10 - 3  926 
) x 10 - 3  621 
) x 10 - 3  851 
) • 10 - 3  615 
) x 10 - 3  589 

a hyperon  
~: 2.8 ) x 10 - 3  863 
~: 1.3 ) % 843 

% CL=95% 638 
-~ 1.0 ) % 806 

0.6 ) % 69o 
3.3 ) x 10 - 3  569 
2.1 ) x 10 - 3  441 
3.2 ) x 10 - 3  824 
0.34) % 826 
2.3 ) x 10 - 3  712 

) % 803 
% CL=95% 578 

) % 798 
) % 802 
) % 762 

- -  766 
) % s6a 

) x 10 - 3  707 

) x 10 - 3  346 
) x 10 - 3  292 

) x 10 - 3  668 

) x 10 - 3  652 . 
) x 10 - 3  564 
) x 10 - 3  471 

)% 
)% 
)% 
)% 
)% 

)% 
)% 

)% 
)% 
) % S=1.4 
)% 



A C =  1 weak neutral current (C I )  modes, or 
Lepton number (L) vlolatJng modes 

plJ+l ~- CI < 3.4 x 10 - 4  CL=90% 
~T'- # +  # +  L < 7.0 x 10 - 4  CL=90% 

I Ac(2593)+ I /(JP) = 0(�89 

936 
811 

The spin-parity follows f rom the fact that  ~c (2455) / r  decays, with 
l i t t le available phase space, are dominant .  

Mass m = 2593.9 + 0.8 MeV 

m - mAC + = 308.9 + 0 . 6  MeV (S = 1.1) 

Full w id th  r = 3.6+2:~ MeV 

Ac+E~ and Its submode Ec(2455)~r - -  the latter just barely - -  are the 

only strong decays allowed to an excited Ac+ having this mass; and the 

Ac+ ~'+ ~r- rood . . . . .  to be largely via ~c  +'i" ~r- or ~0 c ~.i.. 

Ac(259~)+ DECAY MODES Fraction ( r l / r )  p ( M eV/c) 

Ac + / r  - t - / r -  [o] ~ 67 % 124 

Ec (2455 )++  Ir - 24 :L 7 % 17 
Ec(2455)0 ~r + 24 :E 7 % 23 
A + ~r + ~r- 3-body 18 • 10 % 124 

+ 0 A c "tr not seen 261 

Ac+ "/' not seen 290 

I Ac(2625)+ I I(JP) = 0(??) 

JP is expected to be 3 / 2 - .  

Mass m = 2626.6 4- 0.8 MeV ( S =  1,2) 

m -  mAC + = 341.7 4- 0.6 MeV ( S = 1 . 6 )  

Full w id th  r < 1 . gMeV ,  C L = 9 0 %  

A+lr~r and its submode E(2455)~r are the only strong decays allowed to 

an excited Ac+ having this mass. 

Ac(2625)4" DECAY MODES Fraction ( r l /F)  p ( M eV/c) 

Ac + Ir + / r -  seen 184 
Ec(2455)  + +  ~ -  small 100 
Z'c(2455) 0 ~+  small 101 
A + ~ +  ~ -  3-body large 184 

Ac + ~.0 not seen 293 

Ac Jr ")' not seen 319 

I Ec(2455) I I(JP) = 1(�89 
JP not conf irmed; �89 is the quark model prediction. 

Ec (2455)++mass  m = 2452.8 4- 0.6 MeV 

~c(2455)  + mass m = 2453.6 4- 0,9 MeV 
Ec(2455)  ~ mass m = 2452.2 4- 0.6 MeV 

m,E c++ - mac+ = 167.87 • 0.19 MeV 

m~c+ - mAC + = 168.7 4- 0.6 MeV 

m~o - mAC + = 167.30 4- 0.20 MeV 

ms + - mEo = 0.57 + 0.23 MeV 

m E +  -- t a ro  = 1.4 4- 0.6 MeV  

Ac+~ is the only strong decay allowed to a Z" c having this mass. 

Ec(2455 ) DECAY MODES Fraction ( r l / r )  

Ac + / r  ,~ 100 % 
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I Ec(2520) I I(JP) = 1(??) 
Ec(2520)++mass m = 2519.4 + 1.5 MeV 
Ec(2520) ~ mass m = 2517.5 4- 1.4 MeV 

mEr - mA+ = 234.5 4- 1.4 MeV 

mEc(252o) 0 - rrtA+ : 232.6 4- 1.3 MeV 

mec(252o)++ - mEc(252o)O : 1.9 4- 1.9 MeV 

Ec(2520)++fu l l  width r = 18 4- 5 MeV 
Ec(2520) ~ full width r = 13 + 5 MeV 

l ' ~  I(JP) = 1 / 1 + ~  

I(J P) not confirmed; 1 / 1 + ~  is the quark model prediction. 2 ~  J 

Mass m = 2465.6 4- 1.4 MeV 
T ( + 0  07 Mean life = 035_0104) x 10 -12 s 

or  = 106 #m 

_--4- DECAY MODES Fraction ( r l / r )  --r 

A K - / r +  ~r + seen 
AK*(892)0~r  + not seen 
E(1385)  + K -  lr + not seen 

)-'+ K - / r  "i" seen 
E + K *  (892) 0 seen 

~'0 K - / r +  71 .+ seen 
~.0/ r+ seen 
~ . -  ~-~-/r+ seen 

- - (1530)  0 ~ +  not seen 
._=0 l r§  ~0 seen 
.=0 ~T-t- ~r.i. 71"- seen 
..=0 e +/Ye seen 

FI I ( jP)  = 111+~ 

I ( J P )  not confirmed; l t 1 + ~  is the quark model prediction. 

Mass m = 2470.3 4- 1.8 MeV ( S =  1.3) 
m = o -  m = +  = 4.7 4- 2 . 1 M e V  (S = 1.2) 

- c  - c  
Mean life T +0.023 : (0.098_o.o15) x 10 -12 s 

cr  = 29 #m 

DECAY MODES Fraction (r l /r)  

p (MeV/c) 

784 
601 
676 
808 
653 
733 
875 
850 
748 
854 
817 
882 

p (MeV/c) 

A K  0 seen 864 
.---- ~r + seen 875 ~ 
~ . -  ~r + / r  + l r -  seen 816 
p K -  K *  (892) 0 seen 406 
.f2- K + seen 522 
-~-- e+ Ye seen 882 
- - -  t + anything seen - 

I ~ c ( 2 f ~ , )  I I(JP) = ?(??) 

--c(2645) + mass m = 2644.6 + 2.1 MeV (S = 1.2) 
- c (2645 )  ~ mass m = 2643.8 + 1.8 MeV 

m-c(2645)+ - m=0 = 174.3 + 1.1 MeV 
- c  

m.=c(2645)0 - n l=+ = 178.2 4- 1.1 MeV 
- c  

--c(2645) + full width r < 3.1 MeV, CL = 90% 
-c (2645 )  ~ full width r < 5.5 MeV, CL = 90% 

-cTr Is the only strong decay allowed to a --c resonance having this mass. 

p ( M eV/c) 
-----c(264~) DECAY MOD I~ Fraction ( r / / r )  p (MeV/c) 
=0 + seen 101 ~ c  ~T 
__=~ 7(- seen 107 
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13] I(J P) = 0(�89 +) 

l(J P) not confirmed; 0(�89 +) is the quark model prediction. 

NOTES 

This Summary Table only includes established baryons. The Particle Listings 
include evidence for other baryons. The masses, widths, and branching fractions 

M a s s m = 2 7 0 4 ~ 4 M e V  ( S : 1 . 8 )  
Mean life "r : (0.064 • 0.020) x 10 -12 s 

CT : 19 #m 

'~c DECAY MODES Fraction ( r l / r )  

E+ K -  K-~r+ 
- - -  K-~r+ lr + 
~ -~r+  

seen 
seen 
seen 
seen 

BOTTOM BARYONS 
(B = -1) 

A 0 = udb,- -0 b = usb, E b : dsb 

= o(�89 +) I(J P) 

I ( j P )  1+ not yet measured; 0(~ ) is the quark model prediction. 

M a s s m = 5 6 2 4 i 9  MeV ( S =  1.8) 
Mean life T = (1.24 + 0.08) • 10 -12 s 

~r = 372 #m 

P ( M eV/c) 

697 
838 
827 
759 

for the resonances in this Table are Breit-Wigner parameters, but pole positions 
are also given for most of the N and A resonances. 

For most of the resonances, the parameters come from various partial-wave 
analyses of more or less the same sets of data, and it is not appropriate to 
treat the results of the analyses as independent or to average them together. 
Furthermore, the systematic errors on the results are not well understood. 
Thus, we usually only give ranges for the parameters. We then also give a best 
guess for the mass (as part of the name of the resonance) and for the width. 
The Note on N and A Resonances and the Note on A and ~ Resonances in 
the Particle Listings review the partial-wave analyses. 

When a quantity has "(S = . . . ) "  to its right, the error on the quantity has 
been enlarged by the "scale factor" S, defined as S = ~ ( N  - 1), where N 
is the number of measurements used in calculating the quantity. We do this 
when S > 1, which often indicates that the measurements are inconsistent. 
When S > 1.25, we also show in the Particle Listings an ideogram of the 
measurements. For more about S, see the Introduction. 

A decay momentum p is given for each decay mode. For a 2-body decay, p is 
the momentum of each decay product in the rest frame of the decaying particle. 
For a 3-or-more-body decay, p is the largest momentum any of the products can 
have in this frame. For any resonance, the nominalmass is used in calculating 
p. A dagger ( " t " )  in this column indicates that the mode is forbidden when 
the nominal masses of resonances are used, but is in fact allowed due to the 
nonzero widths of the resonances. 

These branching fractions are actually an average over weakly decaying 
b-baryons weighted by their production rates in Z decay (or high-energy 
pp), branching ratios, and detection efflciencies. They scale with the LEP 
A b production fraction B(b ~ Ab) and are evaluated for our value B(b 
A~) = (lO.1+~:~1O/o. 

The branching fractions B(b-baryon --+ At-~tanythlng ) and B(A O 

A~t-~tanythlng ) are not pure measurements because the underlying 
measured products of these with B(b ~ Ab) were used to determine 
B(b --* Ab), as described in the note "Production and Decay of b-Flavored 
Hadrons." 

P 
--A~ DECAY MODES Fraction ( r i / r )  Confidence level (MeV/c) 

J/~(1S)A (4.7• X 10 -4  
Ac + -n'- seen 
A~ + a1(126o)- s e e n  

A+e-Ptany th ing  [p] (9.o+33:~) % 

~  < 5.0 x 10 -5 
p K -  < s.o x lO -s  

90% 
90% 

1744 
2345 
2156 

2732 

2711 

I b-baryon ADMIXTURE (Ab, --b, Eb, [2b) I 
Mean life ~- = (1.20 :t: 0.07) • 10 -12 s 

These branching fractions are actually an average over weakly decaying 
b-baryons w~lghted by their production rates in Z decay (or high-energy 
pp), branching ratios, and detection efilclencies. They scale with the LEP 
A b production fraction B(b ~ Ab) and are evaluated for our value B(b --~ 
A~) : (lO 1_+~:~1~. 

The branching fractions B(b-baryon ~ At-~zanythlng I and B(A 0 

Ac+t-~tanythlng ) are not pure measurements because the underlying 
measured products of these with B(b --* Abl were used to determine 
B(b ~ Ab), as described in the note "Production and Decay of b-Flavored 
Hadrons." 

b-Italian ADMIXTURE (Ab,.~b,lEbJr~b) Fraction ( r / / r )  p ( M eV/c) 

p#-Pany th ing  ( 4.9• 2.4 / % 

A t -P lany th ing  ( 3.1,1. 1.o, 0/ - 1.2) /0 

A/Aanyth ing (35 +12 )% -14 
_ 2 o  - 3  =---t-Ptanything ( 5.5 "t- 2]4) x 10 

[a] The massesof the p and n are most precisely known in u (unified atomic 
mass units). The conversion factor to MeV, 1 u = 931.49432 4- 0.00028 
MeV, is less well known than are the masses in u. 

[hi The limit is from neutrality-of-matter experiments; it assumes qn = qp + 
qe. See also the charge of the neutron. 

[c] The first limit is geochemical and independent of decay mode. The 
second entry, a range of limits, assumes the dominant decay modes are 
among those investigated. For antiprotons the best limit, inferred from 
the observation of cosmic ray ~'s is ~-p > 107 yr, the cosmic-ray storage 
time, but this limit depends on a number of assumptions. The best direct 
observation of stored antiprotons gives Tp/B(~ -~ e-3 ' )  > 1848 yr. 

[d] There is some controversy about whether nuclear physics and model 
dependence complicate the analysis for bound neutrons (from which the 
best limit comes). The second limit here is from reactor experiments 
with free neutrons. 

[e] The parameters gA, gv ,  and gWM for semileptonic modes are defined by 
-Bf[3"~(gv + gA3"S) + i(gwM/mBj) ~ v  qU]Bl, and ~AV is defined by 

gA/gV : igA/gvl ~Av. See the "Note on Baryon Decay Parameters" 
in the neutron Particle Listings. 

[f ]  Time-reversal invariance requires this to be 0 ~ or 180 ~ 

[g] The decay parameters 3' and A are calculated from e and q~ using 

3' = ~ COS~, tanA = _ 1  ~ sin~. 

See the "Note on Baryon Decay Parameters" in the neutron Particle List- 
ings. 

[hi See the Particle Listings for the pion momentum range used in this mea- 
surement. 

[l~ The error given here is only an educated guess. It is larger than the error 
on the weighted average of the published values. 

[j] A theoretical value using QED. 

[k] See the "Note on A + Branching Fractions" in the Branching Fractions 

of the A + Particle Listings. 

[/] This branching fraction includes all the decay modes of the final-state 
resonance. 

[m] An t indicates an e or a/J mode, not a sum over these modes. 

In] The value is for the sum of the charge states of particle/antiparticle states 
indicated. 

[o] Assuming isospin conservation, so that the other third is A+l r~ ~ 

[p] Not a pure measurement. See note at head of A O Decay Modes. 
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Searches Summary Table 

MONOPOLES, SUPERSYMMETRY, 
COMPOSITENESS, etc., 

SEARCHES FOR II 
I Quark and Lepton Compodteness, I 

Searches for 

Scale U m ~  h for Contact Interactions 
(the lowest dimensional Intemctlons with four formlons) 

Magnetic Monopole Searches I 
Isolated supermassive monopole candidate events have not been con- 
firmed. The most sensitive experiments obtain negative results. 

Best cosmic-ray supermassive monopole flux limit: 
< 1.0 • 10-1s cm-2sr- ls  -1  for 1.1 x 10-4 < f l  < 0.1 

I Supersymmetdc Particle Searches I 
Limits are based on the Minimal Supersymmetric Standard Model. 

Assumptions include: 1) ~o (or ~) is lightest supersymmetric particle; 
2) R-parity is conserved; 3)All scalar quarks (except tL and tR) are de- 
generate in mass, and m~R ~ m~t. 4) Limits for selectrons and smuons 

refer to the tR states. 
See the Particle Listings for a Note giving details of supersymmetry. 

~0 __ neutralinos (mixtures of ~, ~0, and ~o) 
Massm~ > 10.gGeV, CL=95% 

Mass m ~  > 45.3 GeV, CL = 95% [tan/~ >1] 

Mass rn~  > 75.8 GeV, CL = 95% [tanfl >1] 

Mass m ~  > 127 GeV, CL = 95% [tanfl >3] 

X~ - -  charginos (mixtures of W• and F/~) 
Mass m ~  > 65.7 GeV, CL = 95% [m~:-m~. > 2 GeV] 

--1 1 1 
Mass m-• > 99 GeV, CL = 95% [GUT relations assumed] 

X2 

- -  scalar neutrino (sneutrino) 

If the Lagrangian has the form 

~ ~L~.~L~L ~p~L 
(with g2/4~ set equal to I), then we define A -- AlL. For the 
full definitions and for other forms, see the Note in the Listings 
on Searches for Quark and Lepton Compositeness in the full Re- 
view and the original literature. 

A~L(eeee ) > 2.4 TeV, CL = 95% 

ALL(eeee ) > 3.6 TeV, CL = 95% 

A-~L(ee## ) > 2.6 TeV, CL = 95% 

ALL(ee#H. ) > 2.9 TeV, CL = 95% 

A+L(eerr ) > 1.9 TeV, CL = 95% 

A'[L(eerr ) > 3.0 TeV, CL = 95% 

A+L(tts > 3.5 TeV, CL = 95% 

ALL(tiff ) > 3.8 TeV, CL = 95% 

A+L(eeqq) > 2.5 TeV, CL = 95% 

ALL(eeqq ) > 3.7 TeV, CL = 95% 

A+L(eebb ) > 3.1 TeV, CL = 95% 

ALL(eebb ) > 2.9 TeV, CL = 95% 

A-~t(#l~qq ) > 2.9 TeV, CL = 95% 

A[L(l~#qq) > 4.2 TeV, CL = 95% 

A~R(ul~ue#e ) > 3.1 TeV, CL = 90% 

A~L(qqqq) > 1.6 TeV, CL = 95% 

Mass rn > 37.1 GeV, CL = 95% 
Massm> 43.1GeV, CL=95% 

- -  scalar electron (selectron) 
Massm>  58GeV, C L = 9 5 %  

- -  scalar muon (smuon) 
Massm> 55.6GeV, CL=95% 

- -  scalar tau (stau) 
Massm> 45GeV, C L = 9 5 %  

- -  scalar quark (squark) 

[one flavor] 
[three degenerate flavors] 

[m~R-m ~ > 4GeV] 

[m~R-m ~ > 4GeV] 

[if m ~  < 38 GeV] 

These limits include the effects of cascade decays, evaluated 
assuming a fixed value of the parameters/~ and tan/3. The 
limits are weakly sensitive to these parameters over much of 
parameter space. Limits assume GUT relations between gaug- 
ino masses and the gauge coupling; in particular that for I#1 
not small, m~ ,~. m~/6. 

Massm> 176GeV, C L = 9 5 %  [anym~ <300GeV, 
/~ = -250 GeV, tanfl = 2] 

Massm> 224GeV, CL=95% [m~<m~,  
/~ = -400 GeV, tan/~ = 4] 

- -  gluino 
There is some controversy on whether gluinos in a low-mass 
window (1 ~< m= <~ 5 GeV) are excluded or not. See the 
Supersymmetry ~istings for details. 

The limits summarised here refere to the high-mass region 
(m~ >~ 5 GeV), and include the effects of cascade decays, eval- 
uated assuming a fixed value of the parameters/~ and tan/3. 
The limits are weakly sensitive to these parameters over much 
of parameter space. Limits assume GUT relations between 
gaugino masses and the gauge coupling; in particular that for 
I~1 not small, m~ ~ m~/6, 

Mass m > 173 GeV, CL = 95% [any m~,/~ = -200 GeV, 
tan~ = 2] 

Massm> 212GeV, CL=95% [ m ~ > m  E , # = - 2 5 0 G e V ,  
tanfl = 2] 

Exceed Lepto~ 
The limits from t*+~ * -  do not depend on A (where A is the 
i t *  transition coupling). The A-dependent limits assume chiral 
coupling, except for the third limit for e* which is for nonchiral 
coupling. For chiral coupling, this limit corresponds to A~ = v~. 

e *+ - -  excited electron 
Mass m > 85.0 GeV, CL = 95% (from e*+e * - )  
Massm> 91GeV, C L = 9 5 %  ( i ra  z > 1) 
Massm> 194GeV, CL=95% (ifA.~ = 1) 

#*• - -  excited muon 
Mass m > 85.3 GeV, CL = 95% (from/~*+/~*-) 
Massm> 91GeV, CL=95% ( i f l z  > 1) 

r *• - -  excited tau 

Mass m > 84.6 GeV, CL = 95% (from r*+r *-) 
Massm> 90GeV, C L = 9 5 %  ( i fAz  > 0.18) 

v* - -  excited neutrino 

Mass m > 84.9 GeV, CL = 95% (from u*~*) 
Massm> 91GeV, C L = 9 5 %  ( i fA z > 1) 
Mass m = none 40-96 GeV, CL = 95% (from ep ~ e 'X)  

q* - -  excited quark 
Mass m > 45.6 GeV, CL = 95% (from q*~*) 
Massm> 88GeV, CL=95% ( i f l  z > 1) 
Massm> 570GeV, CL=95% (p~-~  q 'X)  

Color Smctet and Octet Particle= 

Color Sextet Quarks ((/6) 
Mass m > 84 GeV, CL = 95% (Stable q6) 

Color Octet Charged Leptons (re) 

Mass m > 86 GeV, CL = 95% (Stable ts) 

Color Octet Neutrinos (us) 

Massm> 110GeV, CL=90% (vs-~ vg) 
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Tests of Conservation Laws 

T E S T S  O F  C O N S E R V A T I O N  L A W S  

Revised by L. Wolfenstein and T.G. Trippe, May 1998. 

In keeping with the current interest in tests of conservation laws, 
we collect together a Table of experimental limits on all weak and 
electromagnetic decays, mass differences, and moments, and on 
a few reactions, whose observation would violate conservation 
laws. The Table is given only in the full Review of Particle 
Physics, not in the Particle Physics Booklet. For the benefit of 
Booklet readers, we include the best limits from the Table in 
the following text. Limits in this text axe for CL=90% unless 
otherwise specified. The Table is in two parts: "Discrete Space- 
Time Symmetries," i.e., C, P,  T, CP,  and CPT;  and "Number 
Conservation Laws," i.e., lepton, baryon, hadronic flavor, and 
charge conservation. The references for these data  can be found 
in the  the Particle Listings in the Review. A discussion of these 
tests follows. 

C P T  I N V A R I A N C E  

General  principles of relativistic field theory require invariance 
under the combined transformation CPT.  The simplest tests 
of C P T  invariance are the equality of the masses and lifetimes 
of a particle and its antiparticle. The best test  comes from the 

limit on the mass difference between K ~ and ~ o .  Any such dif- 
ference contributes to the CP-violat ing parameter  e. Assuming 
C P T  invariance, Ce, the phase of e should be very close to 44 ~ 
(See the "Note on C P  Violation in K~ Decay" in the Particle 
Listings.) In contrast, if the entire source of C P  violation in K ~ 

decays were a K ~ - ~-o mass difference, r would be 44 ~ + 90 ~ 
Assuming tha t  there is no other source of C P T  violation than 
this mass difference, it is possible to deduce tha t  [1] 

1 2(mK~ - "~KO)I~1 (2r + ~r -- r 
- -  m K ~  ~ sin r ' 

where r = 43.5 ~ with an uncertainty of less than 0.1 ~ Using 
our best values of the CP-violat ion parameters, we get I(rn-R-o - 

mKo)/rnKo I < 10 - l s .  Limits can also be placed on specific 
CPT-violating decay amplitudes. Given the small value of (1 - 
[~/oo/7/+_1), the value of r - r  provides a measure of C P T  
violation in K ~ --+ 2~r decay. Results from CERN [1] and 
Fermilab [2] indicate no CPT-violating effect. 

C P  A N D  T I N V A R I A N C E  

Given C P T  invariance, C P  violation and T violation are equiv- 
alent. So fax the only evidence for C P  or T violation comes 
from the measurements of ~7+-, ~00, and the semileptonic decay 
charge asymmetry for KL, e.g., l~7+-I = IA( K ~  ~ 7r+~r-)/A( K~  
--* ~r+Tr-)] = (2.285 4-0.019) x 10 -3 and [F(K ~ --, ~ r - e + t , ) -  
r ( K  ~ - ,  =+e-p)]/[sum] = (0.333 4- 0.014)%. Other searches 
for C P  or T violation divide into (a) those tha t  involve weak 
interactions or parity violation, and (b) those tha t  involve pro- 
cesses otherwise allowed by the strong or electromagnetic in- 
teractions. In class (a) the most sensitive are probably the 
searches for an electric dipole moment of the neutron, measured 
to be < 1.0 x 10 -25 e cm, and the electron ( -0 .18  4- 0A6) x 
10 -26 e c m .  A nonzero value requires both  P and T violation. 
Class (b) includes the search for C violation in ~ decay, be- 
lieved to be an electromagnetic process, e.g., as measured by 
F(~/ --* #+#-~r~ ~ all) < 5 x 10 -6, and searches for T 
violation in a number  of nuclear and electromagnetic reactions. 

C O N S E R V A T I O N  O F  L E P T O N  N U M B E R S  

Present experimental evidence and the s tandard electroweak 
theory are consistent with the absolute conservation of three 
separate lepton numbers: electron number Le, muon number 
L~, and tau number Lr. Searches for violations are of the fol- 
lowing types: 

a) AL = 2 for  one  t y p e  of  l e p t o n .  The best limit comes 
from the search for neutrinoless double beta  decay (Z, A) --* 
(Z + 2, A) + e -  + e - .  The best laboratory limit is tl/2 > 1.1 x 
1025 yr (CL=90%) for 76Ge. 

b)  C o n v e r s i o n  of  one  l e p t o n  t y p e  t o  a n o t h e r .  For 
purely leptonic processes, the best limits are on # ~ e7 and 
# --* 3e, measured as r ( # - - *  eT) / r (#- -*a l l )  < 5 x 10 -11 and 
F(# --* 3e)/F(# --* all) < 1.0 x 10 -12 . For semileptonic 
processes, the best limit comes from the coherent conversion 
process in a muonic atom, # - +  (Z,A)  --~ e-  + (Z,A) ,  mea- 
sured as F ( p - T i  --* e - T i ) / F ( # - T i  -~ all) < 4 • 10 -12. Of 
special interest is the case in which the hadronic flavor also 
changes, as in KL --~ e# and K + --* 7r+e-p +, measured as 
F(KL ~ e#)/F(KL ~ all) < 3.3 x 10 -11 and F ( K  + --* 
z r + e - # + ) / F ( K  + --~ all) < 2.1 x 10 - l~  Limits on the conversion 
of ~- into e or # are found in r decay and are much less stringent 
than  those for # -* e conversion, e.g., r ( r  --* #~)/F(T ~ all) < 
3.0 x 10 -6 and r ( r  ~ e T ) / r ( r  -~ all) < 2.7 x 10 -6. 

c) C o n v e r s i o n  of  one  t y p e  of  l e p t o n  i n t o  a n o t h e r  t y p e  
of  a n t i l e p t o n .  The case most studied is # -  + (Z, A) --* 
e + + ( Z -  2, A), the strongest limit being r ( /~ -T i  - .  e+Ca) /  
F ( # - T i  --~ all) < 9 x 10 -11. 

d) R e l a t i o n  to  n e u t r i n o  mass .  If neutrinos have mass, then 
it is expected even in the standard electroweak theory tha t  the 
lepton numbers are not separately conserved, as a consequence 
of lepton mixing analogous to Cabibbo quark mixing. However, 
in this case lepton-number-violating processes such as # --* e7 
are expected to have extremely small probability. For small neu- 
trino masses, the lepton-number violation would be observed 
first in neutrino oscillations, which have been the subject of 
extensive experimental searches. For example, searches for P~ 
disappearance, which we label as Pe 7/* Pc, give measured limits 
A ( m  2) < 9 x 10 -4 eV 2 for sin2(28) = 1, and sin2(26) < 0.02 
for large A(m2), where 0 is the neutrino mixing angle. Possible 
evidence for mixing has come from two sources. The deficit in 
the solar neutrino flux compared with solar model calculations 
could be explained by oscillations with A ( m  2) _< 10 -5 eV 2 caus- 
ing the disappearance of ue. In addition underground detectors 
observing neutrinos produced by cosmic rays in the atmosphere 
have measured a u~/~'e ratio much less than expected and also 
a deficiency of upward going v~ compared to downward. This 
could be explained by oscillations leading to the disappearance 
of u~ with A(m 2) of the order 10-2-10 -3 eV 2. 

C O N S E R V A T I O N  O F  H A D R O N I C  F L A V O R S  

In strong and electromagnetic interactions, hadronic flavor 
is conserved, i.e. the conversion of a quark of one flavor 
(d, u, s, e, b, t) into a quark of another  flavor is forbidden. In 
the Standard Model, the weak interactions violate these conser- 
vation laws in a manner described by the Cabibbo-Kobayashi- 
Maskawa mixing (see the section "Cabibbo-Kobayashi-Maskawa 
Mixing Matrix"). The way in which these conservation laws are 
violated is tested as follows: 

a) AS = AQ rule .  In the semileptonic decay of strange par- 
ticles, the strangeness change equals the change in charge of 
the hadrons. Tests come from limits on decay rates such as 
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r(E + -~  n e + v ) / r ( E  + - ,  all) < 5 x 10 -6, and from a detailed 
analysis of KL --* ~reg, which yields the parameter  x, measured 
to be (Rex,  Imx)  = (0.006 4- 0.018, -0 .003 4- 0.026). Corre- 
sponding rules are A C  = A Q  and AB = AQ. 
b)  C h a n g e  o f  f lavor  by  t w o  un i t s .  In the Standard Model 
this occurs only in second-order weak interactions. The classic 
example is AS ---- 2 via K ~ - ~-o mixing, which is directly mea- 
sured by m ( K s ) - - m ( K L )  = (3.4894-0.009) x 10 -12 MeV. There 

is now evidence for B ~ - ~-o mixing (AB = 2), with the corre- 
sponding mass difference between the eigenstates (mso  -- mBo) 

= (0.723 4- 0.032)FBO = (3.05 4- 0.12) x 10 - l~  MeV, and for 
0 B s - B  s mixing, with (mBo -mBo ) > 14FBO or > 6 x 10 -9 MeV 

s H  s L  

(CL=95%). No evidence exists for D O - ~ o  mixing, which is ex- 
pected to be much smaller in the Standard Model. 

c) F l a v o r - c h a n g i n g  n e u t r a l  c u r r e n t s .  In the Standard 
Model the neutral-current interactions do not change flavor. The 
low rate F(KL --~ # + p - ) / F ( K L  --* all) = (7.24-0.5) • 10 -9 puts 
limits on such interactions; the nonzero value for this rate is 
a t t r ibuted to a combination of the weak and electromagnetic 
interactions. The best test  should come from K + --* r+uP ,  
which occurs in the Standard Model only as a second-order weak 
process with a branching fraction of (1 to 8)•  -m.  Obser- 
vation of one event has been reported [4], yielding F (K  + -~ 
~r+u~)/F(K + --+ all) = (4.2_+9:57) • 10 -10. Limits for charm- 
changing or bottom-changing neutral  currents are much less 
stringent: F (D ~ --~ ~ + U - ) / r ( D  0 -~ all) < 4 • 10 -6 and 
F(B  ~ ~ # + # - ) / F ( B  ~ --* all) < 7 • 10 -7. One cannot isolate 
flavor-changing neutral  current (FCNC) effects in non leptonlc 
decays. For example, the FCNC transit ion s --, d -I- (~ + u) is 
equivalent to the charged-current transit ion s --+ u + (~ + d). 
Tests for FCNC are therefore limited to hadron decays into lep- 
ton pairs. Such decays are expected only in second-order in the 
r coupling in the Standard Model. 

References 

1. R. Carosi et al., Phys. Lett. B237, 303 (1990). 

2. M. Karlsson et al., Phys. Rev. Lett. 64, 2976 (1990); 
L.K. Gibbons et al., Phys. Rev. Lett. 70, 1199 (1993). 

3. B. Schwingenheuer et aL, Phys. Rev. Lett. 74, 4376 (1995). 
4. S. Adler et aL, Phys. Rev. Lett. 79, 2204 (1997). 

I TESTS OF DISCRETE SPACE-TIME SYMMETRIES I 

CHARGE CONJUGATION (C) INVARIANCE 

F(~r 0 ~ 3"f)/Ftota I <3.1 x 10 - 8 ,  CL = 90% 
T/ C-nonconserving decay parameters 

~4.~r-  lr 0 left-right asymmetry (0.09 4. 0.17) • 10 - 2  
parameter 

~ + x - ~ 0  sextant asymmetry (0.18 4. 0.16) • 10 - 2  
parameter 

~ + ~ - T r  0 quadrant asymmetry ( - 0 . 1 7  4. 0.17) x 10 - 2  
parameter 

~+Tr - -~  left-right asymmetry (0.9 :l: 0.4) x 10 - 2  
parameter 

~ §  parameter # (D-wave) 0.08 4. 0.06 (S = 1.5) 

F(T/ ~ 37)/Ftota I <5  x 10 - 4 ,  CL = 95% 

F(~ ~ ~ 0 e + e - ) / F t o t a l  [a] < 4  x 10 - 5 ,  CL = 90% 

F(T/ ~ x 0 p + p - ) / F t o t a l  [a] <:5 X 10 - 6 ,  CL = 90% 

I-(w(782) ~ r /~0)/Ftota I <:1 • 10 - 3 ,  CL = 90% 

F(~(782) ~ 3~0)/Ftota I <:3 x 10 - 4 ,  CL = 90% 

F(~r(958) ~ ~ rOe+e- ) /F to ta  I [a] <1.3 x 10 - 2 ,  CL = 90% 

F(T/'(958) ~ r ; e + e - ) / F t o t a  I [a] <1.1 • 10 - 2 ,  CL = 90% 

F(T/r(98S) ~ 3~)/Ftota I <1.0 • 10 - 4 ,  CL = 90% 

F(~/~(958) ~ p + p - x 0 ) / F t o t a  I [a] <6.0 • 10 - 5 ,  CL = 90% 

F(7/r(988) ~ p + p - ~ ) / F t o t a  I [a] <1.5 • 10 - 5 ,  CL = 90% 

PARITY (P) INVARIANCE 

�9 electric dipole moment 

p electric dipole moment 
electric dipole moment (d~.) 

I - ( r / ~  ~+~ r - ) / l ' t o t a  I 

F(r/r(gss) ~ ~r + ~ - ) / l ' t o t a  I 
r(r / /(958) ~ ~O~rO)/Ftota I 

p electric dipole moment 
n electric dipole moment 
A electric dipole moment 

(0.18 4- 0.16) x 10 - 2 6  ecm 

(3.7 4- 3.4) x 10 - 1 9  ecm 
> --3.1 and <: 3.1 • 10 - 1 6  ecm, 

CL = 95% 
<9 x 10 - 4 ,  CL = 90% 

<2 x 10 - 2 ,  CL = 90% 

<:9 x 10 - 4 ,  CL = 90% 

( - 4  4- 6) x 10 - 2 3  ecru 
<0.97 • 10 - 2 5  ecru, CL = 90% 
<1.5 • 10 - 1 6  ecm, CL = 95% 

TIME REVERSAL (T )  INVARIANCE 

Limits on e, p, v ,  p, n, and A electric dipole moments under Parity 
Invariance above are also tests o f  T ime  Reversal Invariance. 

/L decay parameters 
transverse e + polarization normal to 

plane of/~ spin, e + momentum 
ar/A 
~'/A 

r electric dipole moment (d r )  

Im(~) in K~3 decay (from transverse/~ pol.) 

Im(~) in KO 3 decay (from transverse poL) 

n ~ p e - u  decay parameters 

CAV, phase of gA relative to $ V  
triple correlation coefficient D 

triple correlation coefficient D for , r -  _.+ 

n e - ~  e 

0.007 + 0.023 

(0 4- 4) x 10 - 3  
(2 4- 6) x lO -3  
> - 3 . 1  and <: 3.1 • 10 - 1 6  ecru, 

CL = 98% 
-0 .017  4- 0.025 

-0 .007  :l: 0.026 

[b] (180.07 4- 0.18) ~ 

(-o.s :i: 1.4) x 10 -3  
0.11 :E 0.10 

a Limits are given at the 90~ confidence level, while errors are given as •  standard deviation. 
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Tests of Conservation Laws 

CP INVARIANCE 

Re(d w)  <0.56 x 10 -17  ecm, CL = 95% (roW+ - m w _  ) / maverag e 

Im(d w)  <1,5 • 10 - 1 7  ecru, CL = 95% (me+ - me_ ) / maverag e 

CPT INVARIANCE 

--0.002 4- 0.007 

<4 x 10 - 8 ,  CL = 90% 

r ( r / ~  ~r+ ~ - ) / r t o t a  I 
r(rP(958) ~ ~r+ ~r - ) / r to ta  I 
r ( r / (958)  ~ ~r0~r0)/rtota I 
K4- --~ ~r+~r+~r - rate difference/average 
K • -~ ~r• 0 ratedlfference/average 
K4- ~ ~r4-~r03 ' rate difference/average 

(g~'+ -- g'r - )  / (g~'+ + g'r-) for K4- 
~r4- ~r+ ~r - 

CP-violation parameters In K O decay 

Ira(r /+_0) = Im(A(K~ ~ ~r+~r-~r 0, 

CP-violatlng) / A(K 0 --~ 
~+, , -  ~o)) 

Im(~ooo) 2 = r ( K  O ~ 3~r ~  / 
F ( K ~ -  3~r 0) 

charge asymmetryj for K 0 ~ ~r + ~r-~r 0 
t 

I%_~1/~ fo, KO ~ ~-+,--~ 

r ( K  0 ~ ~r0/~+/~-) / r tota l  

I=(K 0 ~ ~ r0e+e- ) /F to ta  I 

r ( K  0 ~ ~r0v~)/r tota I 

A c p ( K +  K-~r4-) In D4- ~ K+  K-~r 4- 
Acp(K4-K*O ) In D + ~ K + K  *0 and 

D -  ~ K -  K *0 
Acp(C~r4- ) in D4- ~ r 

Acp(~r+~r-~r4- ) in D • ~ ~r+~r-~r 4- 

Acp(K-f- K -  ) In D 0, ~0 ~ K+  K - 
Acp(~r+~r- ) in D0. D 0 ~ ~r+~r - 

Acp(KO~ ) in D 0, ~ ~ KO~  

Acp(KOs~rO ) in D 0, ~ 0  ~ KO~r 0 

IRe(~Bo)l 
[~_(~) + ~+(~)] / [~_(~) - ~+(~)] 

lc] 
[c] 
[d] 

<9 x 10 - 4 ,  CL = 90% Iqe+ + qe-  I / e  <2  x 10 - 1 8  

<2 x 10 - 2 ,  CL = 90% (ge + - ge - )  / gaverage ( -0 .5  4- 2.1) x 10 - 1 2  

<9 x 10 - 4 ,  CL = 90% (~/~+ - ~'/~-) / ~average (2 4- 8) x 10 - 5  
(0.07 4- 0.12)% 
(0.0 4- 0.6)% (g#+ -- g/~-) / gaverage (--2.6 4- 1.6) X 10 - 8  

(0.9 4- 3.3)% (m~r + -- m~r_ ) / maverag e (2 4- 5) x 10 - 4  

(--0.7 4- 0.5)% (~'~r+ -- ~'~r - )  / ~'average (6 + 7) x 10 - 4  

( inK+ - inK_ ) / maverag e ( -0 ,6  4- 1.8) x 10 - 4  

(~'K + - ~ K - )  / ~'average (0.11 4- 0.09)% (S = 1.2) 
-0.002 4- 0.008 K4- --~ /~4-v/~ rate difference/average ( -0 ,5  4- 0,4)% 

K4- --~ ~r4-~r 0 rate difference/average [ f ]  (0.8 + 1.2)% 

<0.1, CL = 90% ImK~ - mK~ / maverag e {8"] <10 -18  
phase difference ~b00 - ~ + _  ( -0 .1  4- 0.8) ~ 

0.0011 4- 0.0008 CPT-vlolation parameters In K 0 decay 
real part of Z~ 0,018 4- 0.020 

<0.3, CL = 90% 
imaginary part of ~ 0.02 4- 0.04 

<5.1 x 10 - 9 ,  CL = 90% (I m-~l-~)/l~laverage (1.5 4- 1.1) x zo -9  
<4.3 x 10 - 9 ,  CL = 90% Iqp + ~l/e <2 • lO - 5  

<5.8 x 10 - 5 ,  CL = 90% (#p + ~'~) / I~laverage ( -2 .6  4- 2.9) x 10 - 3  
-0 .017 4- 0.027 

(m n -- mR) / maverag e (9 • 5) x 10 - 5  
-0 .02  4- 0.05 

(m A -- m-~) / m A (--1.0 4- 0.9) X 10 - 5  

-0 .014 4- 0.033 (~'A - ~'~) / ~'average 0.04 4- 0.09 

-0 ,02  4- 0.04 (/~E+ + / ~ _ )  / I/~laverage 0.014 4- 0.015 

0.026 4- 0.035 (m E_ -- m~_-+) / maverag e (1.1 + 2.7) x 10 - 4  

--0.05 4- 0.08 (~=_  -- *r~+) / ~'average 0.02 4- 0.18 
--0.03 4- 0.09 
-0.018 4- 0.030 (mD-  -- m~H-) / maverage (0 4- 5) x 10 - 4  

O.OO2 4- 0.008 

-0 .03  4- 0.06 

CP VIOLATION OBSERVED 

K 0 branching ratios 

charge asymmetry In K~3 decays 

6(#) = [ r ( ~ -  ~ + , ~ )  

- r ( ~ + . -  ~ . ) ] / s u m  

~(e) = [ r ( ~ -  e+~e)  
- r(~r + e -  re) I /sum 

parameters for K 0 ~ 2~r decay 

(0.304 4- 0.025)% 

(0.333 4- 0.014)% 

I T E S T S  O F  N U M B E R  C O N S E R V A T I O N  LAWS I 

LEPTON FAMILY NUMBER 

Lepton family number conservation means separate conservation 
of  each o f  L e L#, L~.. 

r (z  ~ e+#:F) / r to ta l  [hi <1.7 x 10 - 6 ,  CL = 95% 

r(z ~ e4-T:F)/r'tota I [h] <9,8 x 10 - 6 ,  CL = 95% 

r (z  ~ #4-~-:F)/rtota I [h] <1.2 x 10 - 5 ,  CL = 95% 

I.ool = IA(KO -- 2. o) / 
A(K 0 --* 2~0)] 

I , §  = IA( K~ ~ =+= - )  / 
A( K0  --~ ~ + ' - ) 1  

~'1~ ~ Re(el/c) = (1-1~oo/.4-_1)/3 
q~+_, phase of 7/+_ 

r phase of r/00 

parameters for K 0 ~ ~r4-1r- 3, decay 

I .+-=1 = IA( K~ ~ " + ~ - ~ ,  CP 
vlolating)/A(K O ~ 7r+~r-,,/) I 

~ + _ ~  = phase of 7/+_, 7 

F(K 0 ~ ~r+lr-)/rtota I 
r ( K  0 ~ ~r0~r0)/rtota I 

(2.275 4- O.019) • 10 - 3  (S = 1.1) 

(2.285 4- 0.019) x 10 - 3  

[el (1.5 + 0.8) x 10 - 3  (S = 1.8) 

(43.5 4- 0.6) ~ 

(43.4 + 1.0) ~ 

(2,35 4- 0,07) x 10 - 3  

(44 -4- 4) ~ 

(2,067 4- 0.035) x 10 - 3  (S = 1.1) 

(9,36 4- 0,20) x 10 - 4  

o Limits are given at the 90% confidence level, while errors ar6'given as 4-1 standard deviation. 

limit on /~-- ~ e-- conversion 
#( /~-32S ~ e-32S) / 

~r(/j-32S ~ v/~32p *) 

~ ( # - T i  ~ e - T I )  / 
<T(/~-TI ~ capture) 

<r(/~-- Pb --~ e -  Pb) / 
r  Pb - *  capture) 

limit on muonlum ~ antlmuonlum 
conversion RE = G C / G F 

r ( . - ~  e -  VeV#)/ r to ta I 

F(/~- ~ e -~ ) /F to ta  I 
r ( /~-  ~ e -  e + e - ) / l ' t o t a  I 

I ' ( /~- ~ e -  2,~)/rtota I 

F ( r - ~  e - ' y ) / l ' t o ta  I 

F(~-- ~ /~-~,)/Ftota I 
f ( r -  ~ e -  l r0) / r to ta [ 

F ( r -  ~ /~ - l r0 ) / r to ta l  

r ( T -  --, e -  K0) / r to ta  I 

r(1-- ~ # - K O ) / r t o t a  I 

r(~-- ~ e - n ) / r t o t a  I 

r(~-- ~ /= - t / ) / r to ta  I 

r(~-- --. e - p ~  I 

r(~-- ~ # - p ~  I 
r(~-- ~ e -  K*(892)0) / r to ta l  

r(~-- ~ /J-  K*(892)0) / r to ta l  

r(~-- ~ e-K*(892)0)/rtotal 
F(~'- ~ /~- K* (892)0) / r to ta l  

<7 X 10 -11,  CL = 90% 

<4.3 x 10 - 1 2 ,  CL = 90% 

<4.6 x 10 - 1 1 ,  CL = 90% 

<0.018, CL = 90% 

[/] <1.2 • 10 - 2 ,  EL = 90% 

< 4 . 9  X 10 -11, CL : 90% 
<1.0 • 10 -12 ,  CL = 90% 

<7.2 • 10 -11 ,  CL = 90% 

<2.7 X 10 - 6 ,  CL = 90% 
<3.0 • 10 - 6 ,  CL = 90% 

<3.7 X 10 - 6 ,  CL = 90% 

<4.0  X 10 - 6 ,  CL = 90% 
<1.3 • 10 - 3 ,  CL = 90% 

<1.0 x 10 - 3 ,  CL = 90% 

<8.2 x 10 - 6 ,  CL = 90% 

<9.6 x 10 - 6 ,  CL = 90% 

<2.0 x 10 - 6 ,  CL = 90% 
<6.3 x 10 - 6 ,  CL = 90% 

<5.1 • 10 - 6 ,  CL = 90% 

<7.5 • 10 - 6 ,  CL = 90% 

<7.4 x 10 - 6 ,  CL = 90% 

<7.5 • 10 - 6 ,  CL = 90% 



r ( ~ -  ~ e - r  I 

r(~- ~ # - r  I 

r (~ -  ~ e-  e+ e - ) / r t o t a  I 
r ( , -  ~ e - / ~ + / ~ - ) / g t o t a  I 

F(~'-  ~ e+  # - / a - ) / F t o t a l  

F(~-- --~ # - e + e - ) / F t o t a  I 

F(~'-  ~ /~+ e -  e - ) / F t o t a  I 

r ( ~ - ~  # -  # + / z - ) / F t o t a  I 

r (~- -  ~ e - ~ r + ~ r - ) / F t o t a  I 

r (~ - -  ~ # - ~ r + ~ r - ) / F t o t a  I 

F(~'-  ~ e -~ r  + K - ) / F t o t a  I 

r (~ - -  ~ e - ~ r -  K + ) / F t o t a  I 

r (~ - -  ~ e -  K + K- - ) /F to ta  I 

r ( r -  ~ / ~ - ~ r + K - ) / F t o t a  I 

r (~ - -  ~ / z - w -  K + ) / r t o t a  I 

r ( , -  ~ /z-  K-t- K- ) /Ftota  I 
F(~--- ~ e-~r0~r0) /Ftota I 

r ( ~ -  ~ / z - ~ r 0 ~ ~  I 

r ( ~ -  ~ e-~/ r / ) /F t0 ta  I 

r ( ~ -  ~ / z - r / r / ) / r t o ta  I 

r ( ~ -  ~ e -~ r0 r / ) / r t o ta  I 

r ( ~ -  -~ /z-~r0~/) / r to ta I 

r ( ~ -  ~ e - l i g h t  boson)/Ftota I 

r (~ - -  ~ /z - l igh t  boson)/Ftota I 
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Tests of Conservation Laws 
<6.9 x 10 - 6 ,  CL = 90% 

<7.0 x 10 - 6 ,  CL = 90% 

<2.9 x 10 - 6 ,  CL = 90% 

< 1 . 8  x 10 - 6 ,  CL = 90% 

< 1 . 5  x 10 - 6 ,  CL = 90% 

<1.7 x 10 - 6 ,  CL = 90% 

< 1 . 5  x 10 - 6 ,  CL = 90% 

< 1 . 9  x 10 - 6 ,  CL = 90% 

<2.2 x 10 - 6 ,  CL = 90% 

< 8 . 2  x 10 - 6 ,  CL = 90% 

< 6 . 4  x 10 - 6 ,  CL = 90% 

< 3 . 8  x 10 - 6 ,  CL = 90% 

<6.0 x 10 - 6 ,  CL = 90% 

<7.5 x 10 - 6 ,  CL = 90% 

<7.4 x 10 - 6 ,  CL = 90% 

<1.5 x 10 - 5 ,  CL = 90% 

<6.5 x 10 -6 ,  CL = 90% 

<1.4 x 10 - 5 ,  CL = 90% 

<3.5 x 10 - 5 ,  CL = 90% 

< 6 . 0  x 10 - 5 ,  CL = 90% 

<2.4 x 10 - 5 ,  CL = 90% 

<2.2 x 10 - 5 ,  CL = 90% 

<2.7 x 10 - 3 ,  CL = 95% 

<5 x 10 - 3 ,  CL = 95% 

F(D + ~ K + e + / ~ - ) / F t o t a  I 

r ( D +  ~ K + e - ' / z + ) / r t o t a  I 

F(D 0 ~ # ~ e ~ ) / r t o t a  I 

F ( D 0 ~  ~r0 e •  #~C)/rtota I 

F(D 0 ~ ~/e~/z~:)/Ftotal 

F(D 0 ~ p 0 e + / ~ ) / l ' t o t a  I 

F(D 0 ~ ~e+# :~ ) /F to ta i  

F(D 0 ~ ~e  •  I 

F ( D 0 ~  ~ e~ #:F)/Ftotal  
F(D 0 ~ ~* (892)  0 e L # ~ ) / r t o t a  I 

F(B + ~ ~ + e + # - ) / r t o t a  I 

F(B + ~ w + e - # + ) / F t o t a  I 

r ( B §  ~ K+ e§ l~-)/Ftota I 
F(B § ~ K+e-#+ ) /F to ta  I 
F(B § ~ ~ - e § 2 4 7  I 

F(B + ~ K -  e + # + ) / r t o t a  I 

F(B 0 ~ e •  

F(B 0 ~ e•  I 

F(B 0 ~ # •  I 

r ( B  ~ e• 
r(Bs0 ~ e• #~) / r to ta  I 

<1.3 X 10 - 4 ,  CL = 90% 

<1.2 x 10 - 4 ,  CL = 90% 

[hi <1.9 x 10 - 5 ,  CL = 90% 

[hi <8.6 x 10 - 5 ,  CL = 90% 

[hi < 1 . 0  x 10 - 4 ,  CL = 90% 

[hi < 4 . 9  x 10 - 5 ,  CL = 90% 

[hi < 1 . 2  x 10 - 4 ,  CL = 90% 

[hi < 3 . 4  x 10 - 5 ,  CL = 90% 

[h] <1.0 x 10 - 4 ,  CL = 90% 

[hi < 1 . 0  x 10 - 4 ,  CL = 90% 

< 6 . 4  x 10 - 3 ,  CL = 90% 

<6.4 x 10 - 3 ,  CL = 90% 

< 6 , 4  x 10 - 3 ,  CL = 90% 

<6.4 x 10 - 3 ,  CL = 90% 

<6.4 x 10 - 3 ,  CL = 90% 

< 6 . 4  x 10 - 3 ,  CL = 90% 

[hi <5.9 x 10 - 6 ,  CL = 90% 

[hi <5.3 x 10 - 4 ,  CL = 90% 

[hi < 8 . 3  x 10 - 4 ,  CL = 90% 

<2.2 x 10 - 5 ,  CL = 90% 

[hi <4.1 x 10 - 5 ,  CL = 90% 

TOTAL LEPTON NUMBER 
~, oscillations. (For other lepton mixing effects in particle decays, see the Particle Listings.) 

v e ~ e  
Z~(m 2) for sln2(2e) = 1 <9  x 10 - 4  eV 2, CL = 90% 
sln2(28) for "Large" A(m2)  <0.02, CL = 90% 

~ e ~  
~ ( m  2) for sln2(2e) = 1 <9  eV 2, CL = 90% 
sin2(20) for "Large" .*.(m 2) <0.25, CL = 90% 

sin2(28) for "Large" A(m2)  <0.7, CL = 90% 

~ ( m  2) for sln2(2~) = 1 <0.09 eV 2, CL = 90% 
sln2(2e) for "Large" Z~(m 2) <3.0 x 10 - 3 ,  CL = 90% 

~ ( m  2) for sln2(2e) = 1 <0.14 eV 2, CL = 90% 
sln2(2e) for "Large" A(m2)  <0.004. CL = 95% 

~ ( ~ )  ~ ~e(~e) 
A(m2)  for sin2(2~) = 1 <0.075 eV 2, CL = 90% 
sin2(29) for "Large" A(m2)  <1.8 x 10 - 3 ,  CL = 90% 

A(m2)  for sin2(2~) = 1 <0.9 eV 2, CL = 90% 
sin2(28) for "Large" L~(m 2) <0.004, CL = 90% 

Z~(m 2) for sln2(28) = 1 <2.2 eV 2, CL = 90% 
sln2(2~) for "Large" A (m 2) <4.4 x 10 - 2 ,  CL = 90% 

~ ( ~ ) - ~  ~ ( ~ )  

Z~(m 2) for sln2(28) = 1 <1.5 eV 2, CL = 90% 
sln2(2e) for "Large" ~,(m 2) <8  x 10 - 3 ,  CL = 90% 

Ue 7~ ~, e 
Z~(m 2) for sln2(28) -- 1 <0.17 eV 2, CL = 90% 
sin2(2~) for "Large" Z~(m 2) <7  x 10 - 2 ,  CL = 90% 

Z~(m 2) for sln2(2~) = 1 <0.23 or >1500 eV 2 
sln2(2~) for A(m2)  = 100eV 2 [J] <0.02, CL = 90% 

A(m2)  for sln2(2e) = 1 <7  or >1200 eV 2 
sln2(2~) for 190 eV 2 < A(m2)  < [k] <0.02, CL = 90% 

320 eV 2 
F(~r + --* #§  I [I] <8.0 x 10 - 3 ,  CL = 90% 

F(~r + ~ /~- e+  e+ u) /Ftota I <1.6 x 10 - 6 ,  CL = 90% 

F(~r 0 ~ / z + e -  + e - # + ) / F t o t a  I <1.72 x 10 - 8 ,  CL = 90% 

F ( r / ~  # + e -  + # - e + ) / F t o t a  I <6  x 10 - 6 ,  CL = 90% 

F(K+ ~ # -ve+e+ ) /F to ta  I <2.0 x 10 - 8 ,  CL = 90% 

F(K + ~ #+~e) /F to ta l  [I] <4  x 10 - 3 ,  CL - 90% 

F(K + ~ ~r+/~+ e - ) / r t o t a  I <2.1 x 10 -10 ,  CL = 90% 

F(K + ~ ~ + / ~ -  e + ) / r t o t a  I <7  x 10 - 9 ,  CL = 9O% 
F(K 0 ~ e: t :# :F) / r to ta l  [hi <3.3 x 10 -11 ,  CL = 90% 

F(K 0 ~ e'l" e+/zq:#q:) /Ftota l  [hi <6.1 x 10 - 9 ,  CL = 90% 

F(D + ~ ~ + e + # - ) / F t o t a  I <1.1 x 10 - 4 ,  CL : 90% 

r ( D  + ~ ~ r + e - / ~ + ) / F t o t a  I <1.3 x 10 - 4 ,  CL = 90% 

Limits are given at the 90% confidence level, while errors are given as :1:1 standard deviation. 

Violat ion of  total  lepton number conservation also im plies violat ion 
of  lepton fami ly number conservation. 

limit on # -  ~ e § conversion 
~( /~ -325 ~ e+325i  * )  / 

~ ( /Z -325  ~ v/~32p * )  

~(/~-1271 --, e§  / 
c,(/Z-- 1271 ~ anything) 

~ ( # - T I  --* e+Ca)  / 
~ ( / Z - T i  ~ capture) 

F(T-- ~ ~ - 3 , ) / r t o t a  I 
r (~- -  ~ l r - l r 0 ) /F to ta  I 

F(~-- ~ e + ~ r - l r - ) / F t o t a  I 

F ( r -  ~ # + l r - ~ r - ) / F t o t a  I 

F(~'-  ~ e+~r - K - ) / F t o t a  I 

r ( . -  ~ e + K - K - ) / r t o t a  I 
I ' ( r -  ~ # + ~ r - K - ) / r t o t a  I 

I ' ( ~ -  ~ # +  K -  K - ) / F t o t a  I 

r (~ - -  ~ ~ ) / r t o t a  I 

r (~ - -  ~ ~ ~  I 

r ( r -  - ,  ~n ) / r t o ta  I 

Ve ~ ( % ) L  
~ A ( m  2) for sln2(2e) = 1 
a2sln2(28) for "Large" Z~(m 2) 

up ~ ('~e)L 
c~ACm2) for sln2(28) = 1 
~2sln2(28) for "Large" A(m2)  

FOr+ ~ /L+~e)/Ftota I 

F (K+  ~ ~ - # + e + ) / r t o t a  I 

F (K + ~ l r - e + e + ) / r t o t a  I 

F ( K +  ~ ~ - # + / ~ + ) / r t o t a  I 

F ( K +  ~ #+~e) /F to ta l  
F (K + ~ ~0e+~e) /F to ta  I 

F(D § ~ ~ - e + e + ) / F t o t a  I 

r ( o +  ~ 7 r - # + p + ) / F t o t a  I 

r ( o +  ~ l r - e + / z + ) / F t o t a  I 

F(D + ~ p - # + / z + ) / F t o t a  I 

F(D + ~  K - e + e + ) / r t o t a  I 
F(D + ~ K - # + / z + ) / F t o t a  I 

F(D + ~ K-e+ /z+ ) / r t o ta  I 
r ( o +  ~ K * ( 8 9 2 ) - # + / ~ + ) / r t o t a  I 

F(D + ~ ~ r - # + # + ) / r t o t a  I 

r(o + ~ K - # +  #+)/ r tota I 
r(o + ~ K * ( 8 9 2 ) - # + / z + ) / r t o t a  I 

F(B + ~ ~r- e + e + ) / r t o t a  I 

F(B + ~ ~r-/z+/=+)/rtota I 
F(B + ~ K -  e + e + ) / r t o t a  I 

F(B + ~ K - / ~ + / ~ + ) / r t o t a  I 

[rJ 

<9 x 10 -10 ,  CL = 90% 

<3 x 10 -10 ,  CL = 90% 

< 8 , 9  x 10 - 1 1  , CL  = 90% 

<2.8 x 10 - 4  CL = 90% 

<3.7 x 10 - 4  EL = 90% 

< 1 . 9  x 10 - 6  CL = 90% 

< 3 . 4  x 10 - 6  CL ~ 90% 

<2.1 x 10 - 6  CL = 90% 

< 3 . 8  x 10 - 6  CL = 90% 

<7.0 x 10 - 6  CL = 90% 

<6.0 x 10 - 6  CL = 90% 

<2.9 x 10 - 4  CL = 90% 

< 6 . 6  x 10 - 4  CL = 90% 

<1.30 x 10 - 3  CL = 90% 

<0.14 eV 2, CL = 90% 
<0.032, CL = 90% 

<0.16 eV 2, CL = 90% 
<0.001, CL = 90% 
< 1 3  x 10 - 3 ,  CL = 90% 

<7 • 10 - 9 ,  CL = 90% 

<1.0 x 10 - 8 ,  CL = 90% 

<1.5 x 10 - 4 ,  CL = 90% 

<3.3 x 10 - 3 ,  CL = 90% 

<3 x 10 - 3 .  CL = 90% 

< 1 . 1  x 10 - 4 ,  CL = 90% 

< 8 . 7  x 10 - 5  CL = 90% 

< 1 . 1  x 10 - 4  CL = 90% 

< 5 . 6  x 10 - 4  C L  = 90% 

< 1 . 2  x 10 - 4  CL = 90% 

< 1 . 2  x 10 - 4  CL = 90% 

<1.3 x 10 - 4  CL = 90% 

< 8 . 5  x 10 - 4  CL = 90% 

< 4 , 3  x 10 - 4  CL = 90% 

< 5 . 9  x 10 - 4  CL = 90% 

< 1 . 4  x 10 - 3  CL = 90% 

<3.9 x 10 - 3  CL = 90% 

< 9 . 1  x 10 - 3  CL = 90% 

<3.9 x 10 - 3  CL = 90% 

< 9 . 1  x 10 - 3  CL = 90% 
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r ( - -  ~ p # - # - ) / r t o t a  I 

r(Ac+ ~ ~ - # + # + ) I r t o t a  I 

<4  x 10 - 4 ,  CL = 90% 

<7.0 x 10 - 4 ,  CL = 90% 

BARYON NUMBER 

r ( ~ -  ~ p-y) / r to ta  I <2.9 x 10 - 4 ,  CL = 90% 

r (~- -  ~ ~ r 0 ) / r t o t a  I <6.6 x 10 - 4 ,  EL = 90% 

r ( , -  ~ p n ) / r t o t a  I <1.30 x 10 - 3 ,  CL = 90% 

p mean life >1.6 x 1025 years 
A few examples of proton or bound neutron decay follow. For limits on many other nucleon 
decay channels, see the Baryon Summary Table. 
~(N ~ e +~ )  

~-(N ~ /=+~r) 

~'(N ~ e + K)  

~'(N ~ /~+ K) 

limit on nf i  oscillations (bound n) 
limit on nf i  oscillations (free n) 

> 130 (n), > 550 (p) x 1030 years, 
CL = 90% 

> 100 (n), > 270 (p) x 1030 years. 
CL = 90% 

> 1.3 (n), > 150 (p) x 1030 years, 
CL = 90% 

> 1.1 (n), > 120 (p) x 1030 years, 
CL = 90% 

[m] >1.2 x 108 s, CL = 90% 
>0.86 x 108 s, CL = 90% 

ELECTRIC CHARGE (O)  

�9 mean life / branching fraction [n] >4.3 x 1023 yr, CL = 68% 

F(n ~ pUe~e)/rtotal <8 x 10 -27 ,  CL = 68% 

AS = A Q  RULE 

Allowed in second-order weak interactions. 

F(K + ~ ~ r+~ r+e -~e ) /F to ta  I <1.2 x 10 - 8 ,  EL = 90% 

F(K + ~ ~ r + w + # - ~ p ) / F t o t a  I <3.0 x 10 - 6 ,  EL = 95% 

x = A ( K  ~ o  ~ ~r- t4- u ) / A ( K  0 ~ ~ - Z +  v )  = A (AS=- -AO) /A (AS= '~ -Q)  

real part of x 
imaginary part of x 

r ( z  + ~ n t + ~ ) l r ( Z - ~  n~-~)  

I - (Z'+ ~ ne+ ue)/rtota I 
r (z+  ~ n/~+~,#)/rtota I 
F(E 0 ~ ~ - e + U e ) / r t o t a  I 

r(_=o~ _~- #+ u/~)/Ftota I 

0.006 :J: 0.018 (S = 1.31 

-0.003 4- 0.026 (S : 1.2) 

<0.043 

<5 x 10 - 6 .  CL = 90% 

<3.0 x 10 - 5 ,  CL = 90% 

<9 x 10 - 4 ,  CL = 90% 

<9 x 10 - 4 .  CL = 90% 

~,S = 2 FORBIDDEN 

Allowed in second-order weak interactions. 

r ( - 0  ~ p T r - ) / r t o t a  I 

r(_=o ~ pe-Pe)/rtota I 
r(zO - p/~-P#)/rtota I 

F(----  ~ n l r - ) / F t o t a  I 

F ( - = - ~  ne-~e) / r to ta I 
F(---- ~ n / z - ~ # ) / r t o t a  I 

F(-- = -  ~ p~r -  t r - ) / F t o t a  I 

F ( ~ - ~  p~r e De) / r to ta l  

r ( - -  ~ p ~ - / ~ - p p ) / r t o t a  I 

F ( ~ -  ~ A ~ - ) / F t o t a  I 

<4  x 10 - 5 ,  CL = 90% 

<1.3 x 10 - 3  

<1.3 x 10 - 3  

< 1 . 9  x 10 - 5 ,  CL ~ 90% 

<3.2 x 10 - 3 ,  CL = 90% 

<1.5 x 10 - 2 ,  CL = 90% 

<4 x 10 - 4 ,  CL = 90% 

<4 x 10 - 4 ,  CL = 90% 

<4  x 10 - 4 ,  CL = 90% 

<1 .9  x 10 - 4 ,  CL = 90% 

Z~$ = 2 VIA MIXING 

Allowed in second-order weak interactions, e.g. mixing. 

mKo L - mKO (0.5301 4- 0,0014) x 1010 ~ s - 1  

mKo L -- mKo (3.489 4- 0.009) x 10 - 1 2  MeV 

Limits are given at the 90% confidence level, while errors are given as 4-1 standard deviation. 

A C  = 2 VIA MIXING 

Allowed in second-order weak interactions, e.g. mixing. 

Imoo - mo~l  

Iro~ - rool l roo . . . .  life 
z 

difference/average 
r(K+ t -  ~t (via ~o) ) / r (K-  l+,,t) 
r ( K + l r - o r  K+ l r - l r +  , - ( v l a  ~0) ) /  

F ( K -  ~r+ or K -  ~ +  ~r+ 7r - )  

F(D 0 ~ K+t- -~ t (v la  D0) ) / r t o t a  I 
F(D 0 ~ K + ~ r - o r  K + l r - ~ + ~ r - ( v l a  

D0) ) /F to ta  I 

[0] < 2 4  x 1010 ~ S -  1, CL ~ 90% 

[o] <0.20, CL = 90% 

<0,005, CL = 90% 

[p] < 0.0085 (or < 0.0037), CL = 90% 

<1.7 x 10 - 4 ,  CL = 90% 

<1.0 x 10 - 3 ,  CL = 90% 

& B  = 2 VIA MIXING 

Allowed in second-order weak interactions, e.g. mixing. 

X d 

L~mBo = mBHO -- mBo L 

x d = ,5,mBO/FBo 
X B at hls;h energy 

AmBO s = mBosH - mBOsL 

x s = &mBos/rBo 

X s 

0.172 4- 0,010 

(0.464 + 0.O18) x 1012 F~ S - 1  

0.723 4- 0.032 

0.118 4- 0.006 
>9 .1  x 1012 T~s - 1 ,  CL = 95% 

>14.0, CL = 95% 

>0.4975, CL = 95% 

A S  = I WEAK NEUTRAL CURRENT FORBIDDEN 

Allowed by higher-order electroweak interactions. 

F(K + ~ 7 r + e + e - ) / F t o t a  I (2.74 4- 0.23) x 10 - 7  

F(K + ~ ~ + # + / ~ - ) / r t o t a  I (5.0 4- 1.0) x 10 - 8  

r ( K  + ~ ~ r+v~ ) / r t o ta  I (4.2_+39: 7) x 10 - 1 0  

r ( K  0 ~ # + # - ) / r t o t a  I <3.2 x 10 - 7 ,  CL = 90% 

F(K 0 ~ e + e - ) / r t o t a  I <1.4 x 10 - 7 ,  CL = 90% 

F(K~ ~ l r O e + e - ) / F t o t a l  <1.1 x 10 - 6 ,  EL = 90% 

F(K~ ~ #+p-) / r tota  I (7.2 4, 0.5) x 10 -9  (5; = 1.4) 

F(K~ ~ p + p - 3 , ) / r t o t a  I (3.25 4- 0.28) x 10 - 7  

F(K~ ~ e + e - ) / r t o t a  I <4.1 x 10 -11 ,  CL = 90% 

r ( K  0 ~ e + e - - y ) / F t o t a  I (9.1 4- 0.5) x 10 - 6  

r ( K ~  -~ e+e - ' y ' y ) /F to ta  I [q] (6.5 • 1.2) x 10 - 7  

F(K o ~ ~+ x - e +  e-)/rtota I [q] < 4 . 6  x 10 - 7 ,  CL = 90% 

r ( K ~  ~ , + # -  e + e - ) / r t o t a  I (2.9_+): 7) x 10 - 9  

F(K 0 ~ e + e - e + e - ) / r t o t a  I (4.1 4- 0.8) x 10 - 8  (S = 1.2) 

F(K 0 ~ x 0 # + # - ) / r t o t a  I <5.1 x 10 - 9 ,  EL = 90% 

F(K 0 ~ ~ r 0 e + e - ) / r t o t a l  <4.3 x 10 - 9 ,  EL = 90% 

F(K 0 ~ 7t0up)/Ftota I <5.8 x 10 - 5 ,  EL = 90% 

r ( ~  + ~ pe+e-) /Ftota I <7  x 10 - 6  

A C  = 1 WEAK NEUTRAL CURRENT FORBIDDEN 

F(D + 

r ( D  + 

F(D + 
F(D 0 

F(D 0 

F(D 0 

r ( o  o 

r ( D  o 

F(D 0 

F(D 0 

F(D 0 

F(D 0 --, 

F(D 0 

F(D 0 --, 

F(D 0 

Allowed by higher-order electroweak interactions. 

7r+ e + e - ) / r t o t a  I 

~r+/~+ # - ) / r t o t a  I 

p+  # +  # - ) / r t o t a  I 

e + e - ) / F t o t a  I 

# +  # - ) / F t o t a  I 
~r 0 e+  e - ) / F t o t a  I 

~r 0 p +  p - ) / F t o t a  I 

7/e + e -  ) /Ftota I 

n # +  P - ) / r t o t a l  
p0 e + e - ) / r t o t a  I 

p0 # + / ~ - ) / r t o t a l  

ode + e - ) / r t o t a  I 

# + / J - ) / r t o t a  I 

r  + e - ) / r t o t a  I 

q~/=+/~-)/Ftota I 

<6.6 x 10 - 5 ,  CL = 90% 

< 1 . 8  x 10 - 5 ,  CL = 90% 

<5 .6  x 10 - 4 ,  CL = 90% 

<1.3 x 10 - 5 ,  CL = 90% 

<4.1 x 10 - 6 ,  CL = 90% 

< 4 , 5  x 10 - 5 ,  CL = 90% 

<1.8 x 10 - 4 ,  CL = 90% 

<1.1 x 10 - 4 .  CL = 90% 

<5.3 x 10 - 4 ,  CL = 90% 

<1.0 x 10 - 4 ,  CL = 90% 

<2.3 x 10 - 4 ,  CL = 90% 

<1 ,8  x 10 - 4 ,  CL = 90% 

<8 .3  x 10 - 4 ,  CL = 90% 

<5.2 x 10 - 5 ,  CL = 90% 

<4.1 x 10 - 4 ,  CL = 90% 
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Tests of Conservation Laws 
r (o  0 ~ ~r+Tt--lrO/~+/J--)/l'tota I 

F(D + ~ K+/~+/~-)/Ftota I 

F(Ds+ ~ K*(892)+ p+ l~-)/rtota I 
F(Ac+ ~ p/J+/~-)/Ftota I 

<8.1 x 10 - 4 ,  CL = 90% 

<5,9 x 10 - 4 ,  CL = 90% 

<1,4 x 10 - 3 ,  CL = 90% 

<3.4 X 10 - 4 ,  CL = 90% 

A B  = 1 WEAK NEUTRAL CURRENT FORBIDDEN 

Allowed by higher-order electroweak interactions. 

F(B + ~ 7r+e+e-)/Ftota I <3.9 x 10 -3, CL : 90% 
F(B+ ~ ~r+/~+~-)/rtota I <9.1 x 10 -3, CL = 90% 
F(B+ ~ K+ e+ e-)/Ftota I <6 x 10 -5, CL = 90% 
F(B + --~ K+/~+/z-)/Ftota I <1.0 x 10 -5, CL = 90% 
F(B + ~ K*(892)+e+e-)/Ftota I <6.9 x 10 -4, CL = 90% 
F{B + ~ K*(892)+t~+/~-)/Ftotal <1.2 x 10 -3, CL = 90% 
F(B ~ ~ -~-y)/rtota I <3,9 x 10 -5, CL = 90% 
F(B 0 ~ e + e-)/rtota I <5,9 x 10 -6, CL = 90% 
F(B 0 ~ /~+/J-)/rtota I <6.8 x 10 -7, CL = 90% 
F(B 0 ~ KOe+e-)/rtotal <3.0 x 10 -4, CL = 90% 
F(B 0 ~ K0#+#-) / r tota l  <3.6 x 10 -4, CL = 90% 
F(B 0 -~ K*(S92)Oe+e-)/rtotal <2.9 x 10 -4, CL = 90% 
F(B ~ -~ K*(892)0/J+/z-)/rtotal <2.3 x 10 -5, CL = 90% 
F(B 0 --* K*(892)0~,~)/rtotai <1.0 x 10 -3, CL = 90% 
F(B ~ e + e -  s)/Ftota I <5.7 x 10 -5, CL = 90% 
r(B ~ /~+/J-s)/Ftota I <S.8 x 10 -5, CL = 90% 
r(b ~ /~+#-anythlng)/l'tota I <3.2 x 10 -4, CL = 90% 
F(Bs0 --* #+/~-)/l 'tota I <2.0 x 10 -6, CL = 90% 

F(Bs0 ~ e+e-) / r tota I <5.4 x 10 -5, CL = 90% 

F(Bs0 ~ r I <5.4 x 10 -3, CL = 90% 

NOTES 

In this Summary Table: 

When a quantity has "(S = . . . ) "  to its right, the error on the quantity has 
been enlarged by the "scale factor" S, defined as S = ~ 1), where N 
is the number of measurements used in calculating the quantity. We do this 
when S > 1, which often indicates that the measurements are inconsistent. 
When S > 1.25, we also show in the Particle Listings an ideogram of the 
measurements. For more about S, see the Introduction. 

[a] C parity forbids this to occur as a single-photon process. 

[b] Time-reversal invariance requires this to be 0 ~ or 180 ~ 

[c] Allowed by higher-order electroweak interactions. 

[e 1 Violates CP in leading order. Test of direct CP violation since the in- 
direct CP-violating and CP-conserving contributions are expected to be 
suppressed. 

[el el/~ is derived from IVoo/r/+_ I measurements using theoretical input on 
phases. 

[ f ]  Neglecting photon channels. See, e.g., A. Pals and S.B. Treiman, Phys. 
Rev. Of  2, 2744 (1975). 

[g] Derived from measured values of ~b+_, q~)o, I,l. ImKo - mK~l, and 

~vo,  as described in the introduction to "Tests of  Conservation Laws." 
- s  

[h] The value is for the sum of the charge states of particle/antiparticle states 
indicated. 

[~ A test of additive vs. multiplicative lepton family number conservation. 

[/3 A(m2) = 100 eV 2. 

[k] 190 eV 2 < A(m 2) < 320 eV 2. 

[/] Derived from an analysis of neutrino-oscillation experiments. 

[m] There is some controversy about whether nuclear physics and model 
dependence complicate the analysis for bound neutrons (from which the 
best limit comes). The second limit here is from reactor experiments 
with free neutrons. 

In] This is the best "electron disappearance" limit. The best limit for the 
mode e-  -~ u-y is > 2.35 x 102s yr (CL=68%). 

[o]The D1-D 2 ~  0 limits are inferred from the D~ ~ mixing ratio 

r(K+t-~t(via ~o)) / r(K-t+~t).  
[p] The larger limit (from E791) allows interference between the doubly 

Cabibbo-suppressed and mixing amplitudes; the smaller limit (from E691) 
doesn't. See the papers for details. 

[q] See the K ~ Particle Listings for the energy limits used in this measure- 
ment. 

Limits are given at the 90% confidence level, while errors are given as • standard deviation. 
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Table 1.1. Reviewed 1998 by B.N. Taylor (NIST). Based mainly on the "1986 Adjustment of the Fundamental Physical Constants" by 
E.R. Cohen and B.N. Taylor, Rev. Mod. Phys. 59, 1121 (1987). The last group of constants (beginning with the Fermi coupling constant) 
comes from the Particle Data Group. The figures in parentheses after the values give the 1-standard-deviation uncertainties in the last digits; 
the corresponding uncertainties in parts per million (ppm) are given in the last column. This set of constants (aside from the last group) is 
recommended for international use by CODATA (the Committee on Data for Science and Technology). 

Since the 1986 adjustment, new experiments have yielded improved values for a number of constants, including the Rydberg constant R ~ ,  the 
Planck constant h, the fine-structure constant a, and the molar gas constant R, and hence also for constants directly derived from these, such as 
the Boltzmann constant k and Stefan-Boltzmanu constant a. The new results and their impact on the 1986 recommended values are discussed 
extensively in "Recommended Values of the Fundamental Physical Constants: A Status Report," B.N. Taylor and E.R. Cohen, J. Res. Natl. 
Inst. Stand. Technol. 95,497 (1990); see also E.R. Cohen and B.N. Taylor, "The Fundamental Physical Constants," Phys. Today, August 1997 
Part 2, BG7. In general, the new results give uncertainties for the affected constants that are 5 to 7 times smaller than the 1986 uncertainties, 
but the changes in the values themselves are smaller than twice the 1986 uncertainties. Because the output values of a least-squares adjustment 
are correlated, the new results cannot readily be incorporated with the 1986 values. Until the next complete adjustment of the constants 
(expected by the end of 1998), the 1986 CODATA set, given (in part) below, remains the set of choice. The full 1986 set (to be replaced by the 
new set, when available) may be found at h t t p : / / p h y s i c s . n i s t  .gov/cuu. 

Q u a n t i t y  Symbol, equation Value Unce r t .  ( p p m )  

speed of light in vacuum c 
Planck constant h 
Planck constant, reduced h =- h/2~r 

electron charge magnitude e 
conversion constant hc 
conversion constant (~)2  

299 792 458 m s -1 exact* 
6.626 075 5(40)• T M  J s 0.60 
1.054 572 66(63)x10 -34 J s 0.60 

= 6.582 122 0(20)x10 -22 MeV s 0.30 
1.602 177 33(49)• 10 -19 C = 4.803 206 8(15)x 10 -19 esu 0.30, 0.30 
197.327 053(59) MeV fm 0.30 
0.389 379 66(23) GeV 2 mbarn 0.59 

electron mass me 0.510 999 06(15) MeV/c 2 = 9.109 389 7(54)x10 -31 kg 0.30, 0.59 
proton mass mp 938.272 31(28) MeV/c 2 = 1.672 623 l (10)x l0  -27 kg 0.30, 0.59 

= 1.007 276 470(12) u = 1836.152 701(37) me 0.012, 0.020 
deuteron mass m d 1875.613 39(57) MeV/c 2 0.30 
unified atomic mass unit (u) (mass 12C atom)/12 : (1 g ) / ( N  A mol) 931.494 32(28) MeV/c 2 : 1.660 540 2(10)x 10 -27 kg 0.30, 0.59 

permittivity of free space e0 } 8.854 187 817 . . .  x 10 -12 F m -1 exact 
permeability of free space /1 o e0/~0 = 1/c 2 47r x 10 -7 N A -2 = 12.566 370 614 . . .  x 10 -7 N A -2 exact 

fine-structure constant a : e2/41reohc 1/137.035 989 5(61) t 0.045 

classical electron radius re : e2/4~reomec 2 2.817 940 92(38")x 10 -15 m 0.13 
electron Compton wavelength ~e = h /mec  = tea -1 3.861 593 23(35)• -13 m 0.089 
Bohr radius (mnur s = or) aoo = 4reoh2/mee 2 = reoL -2  0.529 177 249(24)x10 -1~ m 0.045 
wavelength of 1 e V / c  particle hc/e  1.239 842 44(37)• -6 m 0.30 
Rydberg energy hcRoo = rnee4/2(41reo)2h 2 = mec2a2/2 13.605 698 1(40) eV 0.30 
Thomson cross section ~T = 8rre2/3 0.665 246 16(18) barn 0.27 

Bohr magneton •B = eh/2me 5.788 382 63(52)x10 -11 MeV T -1 0.089 
nuclear magneton DN = eh/2mp 3.152 451 66(28)x10 -14 MeV T -1 0.089 

electron cyclotron freq./field Wceyr = e /me  1.758 819 62(53)x1011 tad s -1 T -1 0.30 

proton cyclotron freq./field w~cyr = e /mp  9.578 830 9(29)x107 rad s -1 T -1 0.30 

gravitational constant t G N 6.672 59(85)x10 -11 m 3 kg -1 s -2 128 
: 6.707 11(86)x10 -39 hc (GeV/c2) -2 128 

standard gray. accel., sea level g 9.806 65 m s -2 exact 

Avogadro constant N A 6.022 136 7(36) x 1023 tool -1 0.59 
Boltzmann constant k 1.380 658(12) x 10 -23 J K -1 8.5 

= 8.617 385(73)x10 -5 eV K -1 8.4 
22.414 10(19)x10 -3 m 3 tool -1 8.4 
2.897 756(24)x10 -3 m K 8.4 
5.670 51(19)x10 -8 W m -2 K -4 34 

molar volume, ideal gas at STP 
Wien displacement law constant 
Stefan-Boltzmann constant 

NAk(273.15 K)/(101 325 Pa) 
b = AmaxT 
a : ~'2k4/60h3c2 

Fermi coupling constant** GF/(~-~c) 3 1.166 39(1)• -5 GeV -2 9 

weak mixing angle sin 2 O(Mz)  (~-~) 0.23124(24) 1000 
W • boson mass m W 80.41(10) GeV/c 2 1200 
Z o boson mass m z  91.187(7) GeV/c 2 77 
strong coupling constant a s ( m z )  0.119(2) 17000 

7r = 3.141 592 653 589 793 238 e = 2.718 281 828 459 045 235 ?, = 0.577 215 664 901 532 861 

1 in = 0.0254 m 1 G - lO-4"r  1 eV = 1.602 177 33(49) • 10 -19 J k T  at 300 K = [38.681 49(33)] -1 eV 

1 . ~ =  10 -10 m 1 dyne = 10 -5 N 1 eV/c 2 = 1.782 662 70(54) • 10 -36 kg 0 ~ _= 273.15 K 

1 barn _= 10 -28 m 2 1 erg - 10 -7 J 2.997 924 58 • 109 esu = 1 C 1 atmosphere - 760 torr = 1Ol 325 Pa 

* The meter is the length of the path traveled by light in vacuum during a time interval of 1/299 792 458 of a second. 
t At Q2 = 0. At Q2 ~ m~ V the value is approximately 1/128. 

Absolute lab measurements of G N have been performed only on scales of 10 -1• m. 

** See discussion in Sec. 10 "Electroweak model and constraints on new physics." 
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2. A S T R O P H Y S I C A L  C O N S T A N T S  

Table 2.1. Revised 1997 by D.E. Groom (LBNL) with the help of G.F. Smoot, M.S. Turner, and R.C. Willson. The figures in parentheses after 
some values give the one-standard deviation uncertainties in the last digit(s). While every effort has  been made to obtain the  most  accurate 
current  values of the  listed quantities, the table does not represent a critical review or adjustment  of the  constants,  and is not  intended as a 
pr imary reference. 

Quant i ty  Symbol ,  equation Value Reference 

speed of light c 
Newtonian gravitational constant G N 
astronomical unit  AU 
tropical year (equinox to equinox) (1994) yr 
sidereal year (fixed star  to fixed star) (1994) 
mean  sidereal day 
Jansky Jy 

299 792 458 m 8 -1  defined Ref. [1] 
6.672 59(85) x 10 -11 m 3 kg -1  s -2  Ref. [2] 
1.495 978 706 6(2) x 1011 m Ref. [3,4] 
31556925.2 s Ref. [3] 
31558149.8 s Ref. [3] 
23 h 56 TM 04.s090 53 Ref. [3] 
10 -26 W m - 2 H z  -1  

Planck mass 

parsec (1 AU/1 arc sec) 
light year (deprecated unit) 
Schwarzschild radius of the Sun 
solar mass 
solar luminosity 
solar equatorial radius 
Earth equatorial radius 
Earth mass 

V~-/ G N 

pc 
ly 
2GNM| 2 
M| 
LO 
RO 
Re  
Me  

1.221 047(79) x 1019 GeV/c 2 uses Ref. [2] 
= 2.176 71(14) x 10 -8  kg 

3.085 677 580 7(4) x 1016 m = 3.262...  ly Ref. [5] 
0 .3066 . . .  pc = 0 .9461 . . .  • 1016 m 
2.953 250 08 km Ref. [6] 
1.98892(25) x 1030 kg Ref. [7] 
(3.846 • 0.008) x 1026 W Ref. [8] 
6.96 x 108 m Ref. [3] 
6.378140 • 106 m Ref. [3] 
5.973 70(76) x 1024 kg Ref. [9] 

luminosi ty conversion L 

flux conversion #" 

3102 x 1028 x 10 -0.4 Mb W Ref. [i0] 

(M b = absolute bolometric magnitude 
= bolometric magnitude at 10 pc) 

2.52 x 10 -8 x 10 -~ mb W m -2 from above 
(mb = apparent bolometric magnitude) 

v| around center of Galaxy Oo 220(20) km s -1 Ref. [11] 
solar distance from galactic center Ro 8.0(5) kpc Ref. [12] 

Hubble expansion rate t 

normalized Hubble expansion rate t 
critical density of the universe t 

local disk density 
local halo density 
pressureless mat te r  density of the universe t 
scaled cosmological constant  t 

scale factor for cosmological constant t  
age of the universe t 

Ho 

ho 
Pc = 3H~/81rGN 

P disk 
P halo 
riM -- PM/Pc 
n^ : Ac2 / 3 ~  
c2 /3x~ 
to 
t2o h2 for A = 0 

cosmic background radiation (CBR) temperaturet  To 
solar velocity with respect to CBR 
energy density of CBR P7 

energy density of relativistic particles (CBR + v) PR 

number  density of CBR photons n 7 
entropy densi ty /Bol tzmann constant  8/k 

t Subscript 0 indicates present-day values. 

100 ho km s -1  Mpc -1  
: ho x (9.77813 Gyr) -1  Ref. [13] 

0.6 < ho < 0.8 Ref. [14] 
2.775 366 27 x 1011 ho 2 M| -3  

= 1.878 82(24) x 10 -29 ho 2 g c m  -3  
= 1.05394(13) x 10 -5 h 2 GeV cm -3  

3-12 x l 0  -24 g cm -3  ~ 2-7 GeV/c 2 cm -3  Ref. [15] 
2-13 xl0 -25 g cm -3 ~ 0.1-0.7 GeV/c2cm -3 Ref. [16] 
0.2 < f/M < 1 Ref. [17] 
- 1  < flA < 2 Ref. [18] 
2.853 x 1051hO 2 m 2 

11.5 + 1 • 1.5 Gyr Ref. [19] 
_< 2.4 for to _> 10 Gyr Ref. [10] 
< 1 for to _> 10 Gyr, h0 > 0.4 Ref. [10] 
_< 0.4 for to > 10 Gyr, h0 > 0.6 Ref. [10] 
2.728 • 0.002 K Ref. [20,21] 
369.3 • 2.5 km s -1  Ref. [21,22] 
4.662 3 x 10 -34 (T/2.728) 4 g cm -3  Ref. [10,21] 

= 0.26153 (T/2.728) 4 eV cm -3  
7.8388 x 10 -34 (T/2.728) 4 g cm -3  Ref. [10,21] 

4 = 0.439 72 (T/2.728) eV cm -3  
411.87 (T/2.728) a cm -3  Ref. [10,21] 
2 899.3 (T/2.728) 3 cm -3  Ref. [10] 
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3. I N T E R N A T I O N A L  S Y S T E M  OF U N I T S  (SI) 
See "The International System of Units (SI)," NIST Special Publication 330, B.N. Taylor, ed. (USGPO, Washington, DC, 1991); and "Guide for 
the Use of the International System of Units (SI)," NIST Special Publication 811, 1995 edition, B.N. Taylor (USGPO, Washington, DC, 1995). 

Physical Name 
quantity of  unit Symbol 

Base units 

length 

m a s s  

time - 

electric Current 

thermodynamic 
temperature 

amount of substance 

luminous intensity 

meter 

kilogram 

second 

ampere 

kelvin 

mole 

candela 

Derived units with special names 

plane angle 

solid angle 

frequency 

energy 

force 

pressure 

power 

electric charge 

electric potential 

electric resistance 

electric conductance 

electric capacitance 

magnetic flux 

inductance 

magnetic flux density 

luminous flux 

illuminance 

celsius temperature 

activity (of a 
radioactive source)* 

absorbed dose (of 
ionizing radiation)* 

dose equivalent* 

radian 

steradian 

hertz 

joule 

newton 

pascal 

watt 

coulomb 

volt 

ohm 

siemens 

farad 

weber 

henry 

tesla 

lumen 

lux 

degree celsius 

becquerel 

gray 

sievert 

m 

kg 

S 

A 

K 

tool 

cd 

tad 

s r  

Hz 

J 

N 

Pa 

W 

C 

V 
fl 

S 

F 

Wb 

H 

T 

lm 

lx 

~ 

Bq 

Gy 

Sv 

SI prefixes 

1024 yotta (Y) 

1021 zetta (Z) 

10 ls exa (E) 

1015 peta (P) 

1012 tera (T) 

100 giga (G) 

106 mega (M) 

103 kilo (k) 

102 hecto (h) 

10 deca (da) 

10 -1 deci (d) 

10 -2 centi (c) 

10 -3 milli (m) 

10 -6 micro (#) 

10 -9 nano (n) 

10 -12 pico (p) 

10 -15 femto (f) 

10 -18 atto (a) 

10 -21 zepto (z) 

10 -24 yocto (y) 

*See our section 26, on "Radioactivity and radiation protection,' " p. 163. 
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4. PERIODIC TABLE OF THE ELEMENTS 
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5. E L E C T R O N I C  S T R U C T U R E  OF T H E  E L E M E N T S  

Table 5.1. Reviewed 1998 by W.C. Martin (NIST). The electronic configurations and the ionization energies (except for a few newer values, 
marked with an *) are taken from "Atomic Spectroscopy," W.C. Martin and W.L. Wiese, in Atomic, Molecular, and Optical Physics Reference 
Book, G.W.F. Drake, ed., Amer. Inst. Phys., 1995. The electron configuration for, say, iron indicates an argon electronic core (see argon) plus 
six 3d electrons and two 48 electrons. The ionization energy is the least energy necessary to remove to infinity one electron from an atom of the 
element. 

Ground Ionization 
Electron configuration state energy 

Element (3d 5 : five 3d electrons, etc.) 2S+ILj (eV) 

1 H Hydrogen l s  2S1/2 13.5984 
2 He Helium l s  2 1S 0 24.5874 

3 Li Lithium (He) 2s 2S1/2 5.3917 
4 Be Beryllium (He) 2s 2 1 So 9.3227 
5 B Boron (He)2s 2 2p 2/>1/2 8.2980 
6 C Carbon (He)2s 2 2p 2 3P 0 11.2603 
7 N Nitrogen (He) 2s 2 2p 3 4S3/2 14.5341 

8 O Oxygen (He) 2s 2 2p 4 :IP 2 13.6181 
9 F Fluorine (He) 2s 2 2p 5 2t>3/2 17.4228 

10 Ne Neon (He)282 2p 6 1S o 21.5646 

11 Na Sodium (Ne)3s 2S1/2 5.1391 

12 Mg Magnesium (Ne) 3s 2 IS 0 7.6462 
13 AI Aluminum (Ne) 3s 2 3p 2]>1/2 5.9858 

14 Si Silicon (Ne) 3s 2 3p 2 3P 0 8.1517 
15 P Phosphorus (Ne)3s 2 3p 3 4S3/2 10.4867 
16 S Sulfur (Ne) 3s 2 3p 4 3P 2 10.3600 
17 C1 Chlorine (Ne) 3s 2 3p 5 2]>3/2 12.9676 
18 Ar Argon (Ne) 382 3p e IS  0 15.7596 

19 K Potassium (Ar) 4s 2S1/2 4.3407 
20 Ca Calcium (Ar) 4s 2 1S 0 6.1132 

21 Sc Scandium (At) 3d 482 T 2D3/2 6.5615 
22 Ti Titanium (Ar) 3d 2 4s 2 r e 3F 2 6.8281 
23 V Vanadium (Ar) 3d 3 4s 2 a 1 4F3/2 6.7463 
24 Cr Chromium (At) 3d 5 4s n e 7S 3 6.7665 
25 Mn Manganese (Ar) 3d 5 4s 2 s m eS5/2 7.4340 
26 Fe Iron (At) 3d 6 482 i e 5D 4 7.9024 
27 Co Cobalt (Ar) 3d 7 4s 2 t i n 4F9/2 7.8810 

28 Ni Nickel (Ar) 3d s 482 o t 3F4 7.6398 
s 29 Cu Copper (Ar) 3dl~ n 2SI/2 7.7264 

36 Zn Zinc (Ar) 3d I0482 I So 9.3942 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

31 Ga Gallium (Ar) 3dl~ 4p 2P1/2 5.9993 
32 Ge Germanium (Ar) 3dl~ 2 4p 2 3P 0 7.8994 
33 As Arsenic (Ar) 3dl~ 2 4p 3 4,,q3/2 9.7886 
34 Se Selenium (Ar) 3dl~ 2 4p 4 3P  2 9.7524 
35 Br Bromine (Ar) 3d104s 2 4p 5 21>3/2 11.8138 

36 Kr Krypton (At) 3d I04s 2 4p 6 1S0 13.9996 

37 Rb Rubidium (Kr) 5s 2SI/2 4.1771 
38 Sr Strontium (Kr) 5s 2 1 So 5.6949 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

39 Y Yttrium (Kr)4d 5s 2 T 2D3/2 6.2171 
40 Zr Zirconium (Kr)4d 2 5 8 2  r e 3F 2 6.6339 
41 Nb Niobium (Kr)4d 4 5 s  a l 6DI/2 6.7589 
42 Mo Molybdenum (Kr)4d 5 5s n e 753 7.0924 
43 Tc Technetium (Kr) 4d 5 5s 2 s i m 6S5/2 7.28 
44 Ru Ruthenium (Kr)4d ~ 5s t e 5F 5 7.3605 
45 Rh Rhodium (Kr) 4d s 5s i n 4F9/2 7.4589 
46 Pd Palladium (Kr) 4d 1~ o t 1S 0 8.3369 

S 47 Ag Silver (Kr)4d!~ n 2S1/2 7.5763 

48 Cd Cadmium (Kr) 4d 10582 1 So 8.9938 
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49 In Indium (Kr)4dl~ 2 5 p  2Pl/2 5.7864 
50 Sn Tin (Kr)4dl~ 2 5p 2 3P 0 7.3439 
51 Sb Antimony (Kr) 4dl~ 2 5p 3 4S3/2 8.6084 
52 Te Tellurium (Kr)4dl~ 2 5p 4 3P 2 9.0096 
53 I Iodine (Kr)4dl~ 2 5p 5 2P3/2 10.4513 
54 Xe Xenon (Kr)4dl~ 2 5p 6 1S o 12.1298 

55 Cs Cesium (Xe) 6s 2S1/2 3.8939 
56 Ba Barium (Xe) 6s 2 1S 0 5.2117 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

57 La Lanthanum (Xe) 5d 6s 2 2D3/2 5.5770 
58 Ce Cerium (Xe)4f 5d 6s 2 1G 4 5.5387 
59 Pr  Praseodymium (Xe)4f 3 6s 2 L 4/9/2 5.464 
60 Nd Neodymium (Xe)4f 4 6s 2 a 5I 4 5.5250 
61 Pm Promethium (Xe)4/5 682 n 6H5/2 5.58 
62 Sm Samarium (Xe) 416 6s2 t 7F 0 5.6436 
63 Eu Europium (Xe)4f7 6s 2 h 8S7/2 5.6704 
64 Gd Gadolinium (Xe)4f 7 5d 6s 2 a 9D 2 6.1501 
65 Tb Terbium (Xe)4] o 682 n i 6H15/2 5.8638 
66 Dy Dysprosium. (Xe) 4-f10 6s2 d 5I 8 5.9389 
67 Ho Holmium (Xe) 4f  11 6s 2 e 4/15/2 6.0215 
68 Er Erbium (Xe)4f 12 6s 2 s 3H 6 6.1077 
69 Tm Thulium (Xe)4f 13 6s 2 2F7/2 6.1843 
70 Yb Ytterbium (Xe)4f 14 6s 2 1SO 6.2542 
71 Lu Lutetium (Xe)4f145d 6s 2 2D3/2 5.4259 

72 Hf Hafnium (Xe)4f145d 2 6s 2 T 3F 2 6.8251 
73 Ta Tantalum (Xe) 4f145d 3 6s 2 r e 4F3/2 7.5496 
74 W Tungsten (Xe) 4]145d4 682 a 1 5Do 7.8640 
75 Re Rhenium (Xe) 4]145d5 682 n e 6S5/2 7.8335 
76 Os Osmium (Xe)4f145d6 682 s m 5D 4 8.4382* 

i e 4F9/2 8.9670* 77 Ix Iridium (Xe) 4]145d~" 6s2 t 
78 Pt  Platinum (Xe) 4]145d 9 6s i n 3D3 8.9587 

t 9.2255 79 Au Gold (Xe) 4]145dl~ o 2S1/2 
S 80 Hg Mercury (Xe) 4]145dl~ 2 n 1S o 10.4375 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

81 T1 Thallium (Xe) 4.f145dl~ 2 6p 2P1/2 6.1082 
82 Pb Lead (Xe)4]145dl~ 2 6p 2 3P o 7.4167 
83 Bi Bismuth (Xe)4]145d1~ 6p 3 4S3/2 7.2856 
84 Po Polonium (Xe)4f145dl~ 2 6p 4 3P 2 8.4167 
85 At Astatine (Xe) 4~145dl~ 2 6p 5 2P3/2 
86 Rn Radon (Xe)4]145dl~ 2 6p 6 1S 0 10.7485 

87 Fr Francium (Rn) 7s 2S1/2 4.0727 
88 Ra Radium (Rn) 7s 2 1S o . 5.2784 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

89 Ac Actinium (Rn) 6d 7s 2 2D3/2 5.17 
90 Th Thorium (Rn) 6d 2 7s 2 3F 2 6.3067 
91 Pa Protactinium (Rn)5f 2 6d 7s 2 A 4Kll/2 5.89 
92 U Uranium (Rn)5] 3 6d 7s 2 c 5L 6 6.1941 
93 Np Neptunium (Rn)5f 4 6d 7s 2 t 6Lll/2 6.2657 
94 Pu Plutonium (Rn)Sf6 782 i 7F 0 6.0262 
95 Am Americium (Rn)5.f7 782 n 8S7/2 5.9738 

i 
96 Cm Curium (Rn)5.f 7 6d 7s 2 d 9D 2 5.9915" 
97 Bk Berkelium (Rn)5"f9 782 e 6H15/2 6.1979" 
98 Cf Californium (Rn)5] 10 7s2 s 518 6.2817" 
99 Es Einsteinium (Rn)5f 11 782 4/15/2 6.42 

100 Fm Fermium (Rn)5 f 12 782 3H 8 6.50 
101 Md Mendelevium (Rn)5] 13 7s 2 2F7/2 6.58 
102 No Nobelium (Rn)5] 14 7s 2 IS 0 6.65 
103 Lr Lawrencium (Rn)5] 14 7s 2 7p? 2P1/2? 

. ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

104 Rf Rutherfordium (Rn)5]146d 2 7s27 3F2? 6.0? 
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6. A T O M I C  A N D  N U C L E A R  P R O P E R T I E S  OF M A T E R I A L S  

T a b l e  6.1. Revised April 1998 by D.E. Groom (LBNL). Gases are evaluated at 20~ and 1 a tm (in parentheses) or at STP [square brackets]. 
Densities and refractive indices without parentheses or brackets are for solids or liquids, or are for cryogenic liquids at the indicated boiling point 
(BP) at 1 a tm.  Refractive indices are evaluated at the sodium D line. Data  for compounds and mixtures  are from Refs. 1 and 2. 

Material  Z A <Z/A I Nuclear a Nuclear a dE/dxlmi n b Radiation length r Density Liquid Refractive 

collision interaction ~ MeV ~ X0 {g /cm 3} boiling index n 

length )t T length A I [ g/cm2 j {g /cm 2} {cm} ({g/ l}  point at ((n - 1 ) x l 0  e 

{g/cm 2} {g/cm 2} for gas) I atm(K) for gas) 

H2 gas 1 1.00794 0.99212 43.3 50.8 (4.103) 61.28 d (731000) (0.0838)[0.0899] [139.2] 
H2 1 1.00794 1.00794 43.3 50.8 4.045 e 61.28 d 866 0.0708 20.39 1.112 
D2 1 2.0140 0.49652 45.7 54.7 (2.052) 122.4 724 0.16910.179] 23.65 1.128 [138] 
He 2 4.002602 0.49968 49,9 65.1 (1.937) 94.32 756 0.124910.1786] 4.224 1.024 [34.9] 
Li 3 6.941 0.43221 54.6 73.4 1.639 82.76 155 0.534 - -  
Be 4 9.012182 0.44384 55.8 75.2 1.594 65.19 35.28 1.848 - -  

C 6 12.011 0.49954 60.2 86.3 1.745 42.70 18.8 2,265 f - -  
N2 7 14.00674 0.49976 61.4 87.8 (1.825) 37.99 47.1 0.807311.250] 77.36 1.205 [298] 
02  8 15.9994 0.50002 63.2 91.0 (1.801) 34.24 30.0 1.14111.428] 90.18 1.22 [296] 
F2 9 18.9984032 0.47372 65,5 95.3 (1.675) 32.93 21.85 1.50711.696] 85.24 [195] 
Ne 10 20.1797 0.49555 66,1 96.6 (1.724) 28.94 24.0 1.20410.9005] 27.09 1.092 [67.1] 
AI 13 26.981539 0.48181 70.6 106.4 1.615 24.01 8.9 2.70 - -  
Si 14 28.0855 0.49848 70.6 106.0 1.664 21.82 9.36 2.33 3.95 
Ar 18 39.948 0.45059 76.4 117.2 (1.519) 19.55 14.0 1.39611.782] 87.28 1.233 [283] 
Ti  22 47.867 0.45948 79.9 124.9 1.476 16.17 3.56 4.54 - -  

Fe 26 55.845 0.46556 82.8 131.9 1.451 13.84 1.76 7,87 - -  
Cu 29 63.546 0.45636 85.6 134.9 1.403 12.86 1.43 8.96 - -  
Ge 32 72.61 0.44071 88.3 140.5 1.371 12.25 2.30 5.323 - -  
Sn 50 118.710 0.42120 100.2 163 1.264 8.82 1.21 7.31 - -  
Xe 54 131.29 0.41130 102.8 169 (1.255) 8.48 2.40 2.953[5.858] 165.0 [701] 
W 74 183.84 0.40250 110.3 185 1.145 6.76 0.35 19.3 - -  
P t  78 195.08 0.39984 113.3 189.7 1.129 6.54 0.305 21.45 - -  
Pb  82 207.2 0.39575 116.2 194 1.123 6.37 0.56 11.35 - -  
U 92 238.0289 0.38651 I17.0 199 1.082 6.00 ~0.32 ~18.95 - -  

Air, (20~ 1 atm.),  [STP] 0.49919 62.0 90.0 (1.815) 36.66 [30420] (1.205)[1.2931] 78.8 (273) [293] 
H 2 0  0.55509 60.1 83.6 1.991 36.08 36.1 1.00 373.15 1.33 
CO2 0.49989 62.4 89.7 (1.819) 36.2 [18310] [1.977] [410] 
Shielding concrete g 0.50274 67.4 99.9 1.711 26.7 10.7 2.5 - -  
Borosilicate glass (Pyrex) h 0.49707 66.2 97.6 1.695 28.3 12.7 2.23 1.474 
SiO2 (fused quartz)  0.49926 66.5 97.4 1.70 ~ 27.05 12.3 2.20 J 1.458 
Dimethyl  ether, (CH3)20 0.54778 59.4 82.9 - -  38.89 - -  - -  248.7 - -  

Methane,  CH4 0.62333 54.8 73.4 (2.417) 46.22 [64850] 0.422410.717] 111.7 [444] 
Ethane,  C2H6 0.59861 55.8 75.7 (2.304) 45.47 [34035] 0.509(1.356) k 184.5 (1.038) k 
Propane,  C3H8 0.58962 56.2 76.5 (2.262) 45.20 - -  (1.879) 231.1 - -  
Isobutane,  (CH3)2CHCH3 0.58496 56.4 77.0 (2.239) 45.07 [16930] [2.67] 261.42 [1900~ 
Octane, liquid, CH3(CH2)6CH 3 0.57778 56.7 77.7 2.123 44.86 63.8 0.703 398.8 1.397 
P a r a i ~  wax, CH3(CH2)~23CH~ 0.57275 56.9 78.2 2.087 44.71 48.1 0.93 - -  

Nylon, type 6 1 0.54790 58,5 81.5 1.974 41.84 36.7 1.24 - -  
Polycarbonate (Lexan) m 0.52697 59.5 83.9 1.886 41.46 34.6 1.20 - -  
Polyethylene terephthlate (Mylar) n 0.52037 60.2 85.7 1.848 39.95 28.7 1.39 
Polyethylene o 0.57034 57.0 78.4 2.076 44.64 ~47.9 0.92-0.95 - -  
Polyimide film (Kapton) P 0.51264 60.3 85.8 1.820 40.56 28.6 1.42 - -  
Lucite, Plexiglas q 0.53937 59.3 83.0 1.929 40.49 ~34.4 1.16-1.20 ~1.49 
Polystyrene, scintillator r 0.53768 58.5 81.9 1.936 43.72 42.4 1.032 1.581 
Polytetrafluoroethylene (Teflon) ' 0.47992 64.2 93.0 1,671 34.84 15.8 2.20 
Polyvinyltolulene, scintillator ~ 0.54155 58.3 81.5 1.956 43.83 42.5 1.032 - -  

Bar ium fluoride (BaF2) 0.42207 92.0 145 1.303 9.91 2.05 4.89 1.56 
Bismuth  germanate  (BGO) u 0.42065 98.2 157 1.251 7.97 1.12 7.1 2.15 
Cesium iodide (CsI) 0.41569 102 167 1.243 8.39 1.85 4.53 1.80 
Li th ium fluoride (LiF) 0.46262 62.2 88.2 1.614 39.25 14.91 2.632 1.392 
Sodium fluoride (NaF) 0.47632 66.9 98.3 1.69 29.87 11.68 2.558 1.336 
Sodium iodide (NaI) 0.42697 94.6 151 1.305 9.49 2.59 3.67 1.775 

Silica Aerogel v 0.52019 64 92 1.83 29.83 ~150 0.1-0.3 1.0+0.25p 
NEMA GI0 plate ~ 62.6 90.2 1.87 33.0 19.4 1.7 - -  
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Material Dielectric Young's Coeff. of Specific Electrical Thermal 

constant (a = E/e0) modulus thermal heat resistivity conductivity 
0 is (a-1)• [106 psi] expansion [cal/g-~ [#~cm(@~ [cal/cm-~ 

for gas [10-6cm/cm-~ 

H2 (253.9) . . . . .  
He (64) . . . . .  
Li - -  - -  56 0.86 8.55(0 ~ ) 0.17 
Be - -  37 12.4 0.436 5.885(0 ~ 0.38 

C - -  0.7 0.6-4.3 0.165 1375(0 ~ ) 0.057 
N 2 (548.5) . . . . .  
02 (495) . . . . .  

Ne (127) . . . . .  

AI - -  i0  23.9 0.215 2.65(20 ~ ) 0.53 

Si 11.9 16 2.8-7.3 0.162 - -  0.20 
Ar (517) . . . . .  

Ti - -  16.8 8.5 0.126 50(0 ~ ) - -  

Fe - -  28.5 11.7 0.11 9.71(20 ~ ) 0.18 
Cu - -  16 16.5 0.092 1.67(20 ~ ) 0.94 
Ge 16.0 - -  5.75 0.073 - -  0.14 
Sn - -  6 20 0.052 11.5(20 ~ ) 0.16 
Xe . . . . . .  
W - -  50 4.4 0.032 " 5.5(20 ~ 0.48 
P t  - -  21 8.9 0.032 9.83(0 ~ ) 0.17 
Pb - -  2.6 29.3 0.038 20.65(20 ~ ) 0.083 
U - -  - -  36.1 0.028 29(20 ~ 0.064 

1. R.M. Sternheimer, M.J. Berger, and S.M. Seltzer, Atomic Data  and Nuclear Data Tables 30, 261-271 (1984). 

2. S.M. Seltzer and M.J. Berger, Int. J. Appl. Radiat. 33, 1189-1218 (1982). 

3. S.M. Seltzer and M.J. Berger, Int. J. Appl. Radiat. 35, 665-676 (1984). 

a. aT, AT and AI are energy dependent. Values quoted apply to high energy range, where energy dependence is weak. Mean free path between 
collisions (AT) or inelastic interactions (AI), calculated from X-1 _- NA ~ wj aj/Aj, where N is Avogadro's number and wj is the weight 
fraction of the j t h  element in the element, compound, or mixture, atotal at 80-240 GeV for neutrons (~  a for protons) from Murthy et al., 
Nucl. Phys. B92, 269 (1975). This scales approximately as A 0"77. O'inelv.stic ~ a t o t a  I - -  O ' e l a s t l  c - -  O ' q u a s i e l a s t i c  ; for neutrons at 60-375 GeV 
from Roberts et al., Nucl. Phys. B159, 56 (1979). For protons and other particles, see Carroll et al., Phys. Lett. 80B, 319 (1979); note that 
al(P)  ~ a l (n) ,  a!  scales approximately as A 0"71. 

b. For minimum-ionizing pions (results are very slightly different for other particles). Minimum dE/dx calculated in 1994, using density effect 
correction coefficients from Ref. 1. For electrons and positrons see Ref. 3. Ionization energy loss is discussed in Sec. 23. 

c. From Y.S. Tsai, Rev. Mod. Phys. 46, 815 (1974); X0 data for all elements up to uranium are given. Corrections for molecular binding 
applied for H2 and D2. For atomic H, X0 : 63.05 g /cm 2. 

e. Density effect constants evaluated for p : 0.0600 g /cm 3 (H2 bubble chamber?). 

d. For molecular hydrogen (deuterium). For atomic H, X0 : 63.047 g c m  -2. 

f .  For pure graphite; industrial graphite density may vary 2.1-2.3 g/cm 3. 

g. Standard shielding blocks, typical composition O2 52%, Si 32.5%, Ca 6%, Na 1.5%, Fe 2%, A1 4%, plus reinforcing iron bars. The 
attenuation length, s = 115 :t: 5 g /cm 2, is also valid for earth (typical p = 2.15), from CERN-LRL-RHEL Shielding exp., UCRL-17841 
(1968). 

h. Main components: 80% SiO2 + 12% B20 3 + 5% Na20. 

i. Calculated usingSternheimer 's  density effect parameterization for p = 2.32 g c m  -3. Actual value may be slightly lower. 

j. For typical fused quartz. The specific gravity of crystalline quartz is 2.64. 

k. Solid ethane density at -60~ gaseous refractive index at 0~ 546 mm pressure. 

I. Nylon, Type 6, (NH(CH2)sCO)n 

m. Polycarbonate (Lexan), (C16H1403)n 

n. Polyethylene terephthlate, monomer, C5H402 

o. Polyethylene, monomer CH2 =CH2 

p. Polymide film (Kepton), (C22HloN2Os)n 

q. Polymethylmethacralate, monomer CH2 =C(CH3)CO2CH3 

r. Polystyrene, monomer C6HsCH=CH2 

s. Teflon, monomer CF2 =CF2 

t. Polyvinyltolulene, monomer 2-CHaC6H4CH=CH2 

u. Bismuth germanate (BGO), (Bi203)2(GeO2)3 

v. n(SiO2) + 2n(H20) used in Cerenkov counters, p = density in g/cm 3. From M. Cantin et al., Nucl. Instrum. Methods 118, 177 (1974). 

w. G10-plate, typical 60% SiO2 and 40% epoxy. 
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7 .  E L E C T R O M A G N E T I C  R E L A T I O N S  

Quantity Ganssian CGS SI 

Conversion factors: 

Charge: 2.997 924 58 x 109 esu = 1 C = 1 A s 

Potential: (1/299.792 458) statvolt (ergs/esn) = 1 V = 1 J C -1 

Magnetic field: 10 4 gauss = 10 4 dyne/esu = 1 T : 1 N A-im -1 

Lorentz force: F = q (E + v - xB) F = q ( E + v x B )  
c 

Maxwell equations: V. D = 4:,rp 
l a D  V x H  - 47rj 
c Ot c 

V . B = O  
I 0B 

v x E + ~ - a 7  = o  

V . D = p  
OD V x 'H- -~-  =J 

V . B = 0  

E a B  Vx + - ~ -  = 0 

Constitutive relations: D = E + 4~rP, H = B - 47rM D = e0E + P, H = B/#0 - M 

Linear media: D = e E ,  H = B / / ~  D = e E ,  H = B / #  

Permitivity of free space: 1 e0 = 8.854 187.. .  x 10 -12 F m -1 

Permeability of free space: 1 /~0 = 47r x 10 -7 N A -2 

Fields from potentials: 

Static potentials: 
(coulomb gauge) 

1 0A 
E = - V V  - - - -  

c Ot 
B = V x A  

V= E ~ = f p(r') d3x, 
�9 

charges rs 

A=c li-~'l-c Ir-rl 

Ell = Ell 

E~ = ~(E~ + ~ • B) 

BII = BII 

B :  7 ( B •  - l v  = x E) 
C 

Relativistic transformations: 
(v is the velocity of the 
primed frame as seen 
in the unprimed frame) 

0A 
E = - V V  - 

Ot 
B = V x A  

~ q/ =4--~e0/  p ( r ' )  d3z ' 

A = ~ - ~ ~  tzo [ J ( r ' )  d3x, 

Eli = Ell 

E~_ = ~ (E j .  + v • B )  

BII = BII 
1 

= - - -  x E )  B~.  "y(B•  c2 V 

1 1 =c2  A_ 2 ~.oo : 1 0 -  7 N A  -2 ; c : - -  : 2 .997924  58• m s  -1 7 - - -  x 10 -7 N = 8.987 55..�9 x 109 m F - I  ; 
47r ,~Tre0 j~oeo 
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7.1. Impedances  (SI units)  

p : resistivity at room temperature in 10 -812 m: 
1.7 for Cu ~ 5.5 for W 
2.4 for Au ~ 73 for SS 304 
2.8 for Al ~ 100 for Nichrome 

(AI alloys may have double the AI value.) 

For alternating currents, instantaneous current I, voltage P', 
angular frequency w: 

V : VO e j~t = Z I .  (7.1) 

Impedance of self-inductance L: Z : j w L .  

Impedance of capacitance C: Z = 1/ jwC.  

Impedance of free space: Z : ~ : 376.7 f~. 

High-frequency surface impedance of a good conductor: 

Z = (1 + j )  p where 6 = skin depth ; ' 

~ 6.0 cm 6= P ~ - - - -  f o r C u .  
v',,(H,.) 

(7.2) 

(7.3) 

7.2 .  C a p a c i t a n c e  C a n d  i n d u c t a n c e  L p e r  u n i t  
l e n g t h  ( S I  u n i t s )  [negligible skin d e p t h ]  

Flat rectangular plates of width w, separated by d << w with linear 
medium (e, #) between: 

w d 
O = ~ - j ;  Z=~w; (7.4) 

e/e0 ---- 2 to 6 for plastics; 4 to 8 for porcelain, glasses; (7.5) 

I~IPo --~ 1.  (7.6) 

Coaxial cable of inner radius r l ,  outer radius r2: 

= In ( r2 / r l )  ~ In ( r2 / r l )  �9 (7.7) 

Transmission lines (no loss): 

Impedance: Z = ~/L/C . (7.8) 

Velocity: v = 1/LX/~-~ = l/vrfi-~. (7.9) 

7.3. S y n c h r o t r o n  r a d i a t i o n  ( C G S  u n i t s )  

For a particle of charge e, velocity v : tic, and energy E : ~fmc 2, 
traveling in a circular orbit of radius R, the classical energy loss per 
revolution 6E is 

6E:--~4~r "Re 2 /33 ../4 . (7.10) 

For high-energy electrons or positrons (/3 ~ 1), this becomes 

6E (in MeV) -~ 0.0885 [E(in GeV)]4/R(in m ) .  (7.11) 

For 7 >> 1, the energy radiated per revolution into the photon energy 
interval d(tu#) is 

where a = e2//tc is the fine-structure constant and 

3,73c 
wc= 2R (7.13) 

is the critical frequency. The normalized function F(y) is 

F(y) = ~ y KS~ 3 (x) dx , (7.14) 

where Ks~ 3 (z) is a modified Bessel function of the third kind. For 
electrons or positrons, 

FU#c (in keY) ~ 2.22 [E(in GeV)]3/R(in m) . (7.15) 

Fig. 7.1 shows F(y) over the important range of y. 

0.6 . . . . . . . .  [ . . . . . . . .  [ . . . . . . . .  

0.5 i 

0.4 

~ 0.3 

0.2 

0.1 

0.0 
0.01 0.1 1.0 10 

Y 

F i gu re  7.1: The normalized synchrotron radiation spectrum F(y). 

For ~ ~,  1 and w << we,  

dI ~ 3.3a (wR/c) 1/3 , (7.16) 
dCr~) 

whereas for 
7 >> 1 and w~>3Wc , 

dCF~) ~ V "2- \ ~ c ]  1 + ~-~-~- + . . . .  (7.17) 

The radiation is confined to angles ~< 1/7 relative to the instantaneous 
direction of motion. The mean number of photons emitted per 
revolution is 

51r 
N~/= - ~ a ' y  , (7.18) 

and the mean energy per photon is 

8 {r~) = ~ . , , c .  (7.19) 

When (tu#) ~> O(E), quantum corrections are important. 

See J.D. Jackson, Classical Electrodynamics, 2 nd edition (John Wiley 
& Sons, New York, 1975) for more formulae and details. In his book, 
Jackson uses a definition of wc that  is twice as large as the customary 
one given above. 

87r 
dl  = 3-~'y F(~/~)  d(~)  , (7.12) 
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8. N A M I N G  S C H E M E  F O R  H A D R O N S  

Maintained 1996 by M. Roos (University of Finland) and C.G. Wohl 
(LBNL). 

8 . 1 .  I n t r o d u c t i o n  

We introduced in the 1986 edition [1] a new naming scheme for the 
hadrons. Changes from older terminology affected mainly the heavier 
mesons made of the light (u, d, and s) quarks. Old and new names 

' were listed alongside until 1994. Names also change from edition to 
edition because some characteristic like mass or spin changes. The 
Summary Tables give both the new and old names whenever a change 
occurred. 

8 . 2 .  " N e u t r a l - f l a v o r "  m e s o n s  ( S  = C = B = T = 0)  

Table 8.1 shows the names for mesons having the strangeness 
and all heavy-flavor quantum numbers equal to zero. The scheme is 
designed for all ordinary non-exotic mesons, but it will work for many 
exotic types too, if needed. 

Table  8.1: Symbols for mesons with the strangeness and all 
heavy-flavor quantum numbers equal to zero. 

0-: 1 + -  1 - -  0 ++ 
j P C  = 2 + 3 + -  2 - -  1 ++ 

: : : 

q~content  2S+ILj  = l (Leven) j  l ( L o d d ) j  3(Leven)j  3 (Lodd) j  

ud, u~ - dd, a~ (I  = 1) r b p a 

d3+u~ 
} ( I = 0 )  r/, 77' h ,h  I w , r  f , f  

and/or  s~ 
c~ ~c he Ct Xc 
bb ~Tb hb T Xb 
t t  tit ht 0 Xt 

tThe J / r  remains the J / r  

First, we assign names to those states with quantum numbers 
compatible with being q~ states. The rows of the Table give the 
possible q~ content. The columns give the possible parity/charge- 
conjugation states, 

P C  = - + ,  + - ,  - - ,  and + +  ; 

these combinations correspond one-to-one with the angular-momentum 
state 2S+ILj  of the q~ system being 

I(L even)j ,  I(L odd) j ,  3(L even)j ,  or 3(L odd) j  . 

Here S, L, and J are the spin, orbital, and total angular momenta of 
the q~ system. The quantum numbers are related by 

P = ( -1 )  L+t, C = ( -1 )  L+S, and G parity = ( - 1 )  L+S+I, 

where of course the C quantum number is only relevant to neutral 
mesons. 

The entries in the Table give the meson names. The spin J is added 
as a subscript except for pseudoscalar and vector mesons, and the 
mass is added in parentheses for mesons that decay strongly. However, 
for the lightest meson resonances, we omit the mass. 

Measurements of the mass, quark content (where relevant), and 
quantum numbers I ,  J ,  P ,  and C (or G) of a meson thus fix its 
symbol. Conversely, these properties may be inferred unambiguously 
from the symbol. 

If the main symbol canr~ot be assigned because the quantum 
numbers are unknown, X is used. Sometimes it is not known whether 
a meson is mainly the isospin-0 mix of u~ and dd or is mainly s~. 
A prime (or pair w, r may be used to distinguish two such mixing 
states. 

We follow custom and use spectroscopic names such as T(1S) as the 
primary name for most of those r T, and X states whose spectroscopic 
identity is known. We use the form T(9460) as an alternative, and as 
the primary name when the spectroscopic identity is not known. 

Names are assigned for t t  mesons, although the top quark is 
evidently so heavy that it is expected to decay too rapidly for bound 
states to form. 

Gluonium states or other mesons that  are not q~ states are, if 
the quantum numbers are not exotic, to be named just as are the 
q~ mesons. Such states will probably be difficult to distinguish from 
q~ states and will likely mix with them, and we make no a t tempt  to 
distinguish those "mostly gluoninm" from those "mostly q~." 

An "exotic" meson with j P C  quantum numbers that  a q~ 
system cannot have, namely j P C =  0 - -  0 + - , 1 - + , 2 + - , 3 - + , . . . ,  
would use the same symbol as does an ordinary meson with all 
the same quantum numbers as the exotic meson except for the 
C parity. But then the J subscript may still distinguish it; for 
example, an isospin-0 1 - +  meson could be denoted Wl. 

8 .3 .  M e s o n s  w i t h  n o n z e r o  S ,  C ,  B ,  a n d / o r  T 

Since the strangeness or a heavy flavor of these mesons is nonzero, 
none of them are eigenstates of charge conjugation, and in each of 
them one of the quarks is heavier than the other. The rules are: 

1. The main symbol is an upper-case italic letter indicating the 
heavier quark as follows: 

s --, -K c " D b ~ -B t " T . 

We use the convention that  the flavor and the charge of a quark 
have the same sign. Thus the strangeness of the s quark is 
negative, the charm of the c quark is positive, and the bot tom 
of the b quark is negative. In addition, /3 of the u and d 
quarks are positive and negative, respectively. The effect of this 
convention is as follows: Any flavor carried by a charged meson 
has the same sign as its charge. Thus the K +, D +, and B + have 
positive strangeness, charm, and bottom, respectively, and all 
have positive 13. The D + has positive charm and strangeness. 
Furthermore, the A(flavor) = AQ rule, best known for the kaons, 
applies to every flavor. 

2. If the lighter quark is not a u or a d quark, its identity is given 
by a subscript. The D~ + is an example. 

3. If the spin-parity is in the "normal" series, JP  = 0 +, 1- ,  2+, .. ., 
a superscript "*" is added. 

4. The spin is added as a subscript except for pseudoscalar or vector 
mesons. 

8 .4 .  B a r y o n s  

The symbols N, A, A, ~Y, .~, and ~ used for more than 30 years 
for the baryons made of light quarks (u, d, and s quarks) tell the  
isospin and quark content, and the same information is conveyed by 
the symbols used for the baryons containing one or more heavy quarks 
(c, b, and t quarks). The rules are: 

1. Baryons with three u and/or  d quarks are N ' s  (isospin 1/2) or 
A's (isospin 3/2). 

2. Baryons with two u and/or  d quarks are A's (isospin 0) or E 's  
(isospin 1). If the third quark is a c, b, or t quark, its identity is 
given by a subscript. 

3. Baryons with one u or d quark are H's (isospin 1/2). One or two 
subscripts are used if one or both of the remaining quarks are 
heavy: thus ~e, =ee, ~b, etc. 

4. Baryons with no u or d quarks are ~ ' s  (isospin 0), and subscripts 
indicate any heavy-quark content. 

In short, the number of u plus d quarks together with the isospin 
determine the main symbol, and subscripts indicate any content of 
heavy quarks. A • always has isospin 1, an ~ always has isospin 0, 
etc. 

R e f e r e n c e :  

1. Particle Data Group: M. AguilaroBenitez et al., Phys. Left. I ' / '0B 
(1986). 
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9. QUANTUM CHROMODYNAMICS 
9 .1 .  T h e  Q C D  L a g r a n g i a n  

Revised September 1997 by I. Hinchliffe (LBNL). 

Quantum Chromodynamics (QCD), the gauge field theory which 
describes the strong interactions of colored quarks and gluons, is one 
of the coniponents of the SU(3)•215 Standard Model. A 
quark of specific flavor (such as a charm quark) comes in 3 colors; 
gluons come in eight colors; hadrons are color-singlet combinations 
of quarks, anti-quarks, and gluons. The Lagrangian describing the 
interactions of quarks and gluons is (up to gauge-fixing terms) 

- -~F (~ r(a)" ~ + i ~  : (D.)~ r LQCD -- -- 4 "~' 
q 

- Z"~ r r (9.1) 

= 0 ,  A v - 0 . A ~ + g s f a b e A  A i ,  (9.2) 

(D,)ij =~,~ o, - igs ~ ~'i Aa (9.3) 
2 ~ '  a 

where gs is the QCD coupling constant, and the ]abe are the structure 
constants of the SU(3) algebra (the ~ matrices and values for ]abe can 
be found in "SU(3) Isoscalar Factors and Representation Matrices," 
Sec. 33 of this Review). The r are the 4-component Dirae spinors 
associated with each quark field of (3) color i and flavor q, and the 
Aa~(x) are the (8) Yang-Mills (gluon) fields. A complete list of the 
Feynman rules which derive from this Lagrangian, together with some 
useful color-algebra identities, can be found in Ref. 1. 

The principle of "asymptotic freedom" (see below) determines that 
the renormalized QCD coupling is small only at high energies, and 
it is only in this domain that  high-precision tests---similar to those 
in QED--can  be performed using perturbation theory. Nonetheless, 
there has been in recent years much progress in understanding and 
quantifying the predictions of QCD in the nonperturbative domain, for 
example, in soft hadronic processes and on the lattice [2]. This short 
review will concentrate on QCD at short distances (large momentum 
transfers),  where perturbation theory is the standard tool. It will 
discuss the processes that  are used to determine the coupling constant 
of QCD. Other recent reviews of the coupling constant measurements 
may be consulted for a different perspective [3]. 

9 .2 .  T h e  Q C D  c o u p l i n g  a n d  r e n o r m a l i z a t i o n  s c h e m e  

The renormalization scale dependence of the effective QCD coupling 
as = g2/47r is controlled by the 8-function: 

0~s ~00~2 81 82 ~t4 , (9.4a) 
#a~- 2,~ - ~  ~ - ~  ' -"' 

2 
80 = 11 - -~n I , (9.4b) 

19 
81 = 51 - - ~ n  I , (9.4c) 

5033 325 2 
82 = 2857 - - - - ~ n / +  - ~ - n /  ; (9.4d) 

where n I is the number of quarks with mass less than the energy 
scale #. The expression for the next term in this series (~3) can be 
found in Ref. 4. In solving this differential equation for (~s, a constant 
of integration is introduced. This constant is the one fundamental 
constant of QCD that must be determined from experiment. The most 
sensible choice for this constant is the value of as at a fixed-reference 
scale #0, but it is more conventional to introduce the dimensional 
parameter A, since this provides a parametrization of the ~ dependence 
of as. The definition of 5, is arbitrary. One way to define it (adopted 
here) is to write a solution of Eq. (9.4) as an expansion in inverse 
powers of In (/.t2): 

4~r [ 281 In [ln(/.t2/5,2)] + 4812 
as(/~) = ;30 ht(~2/5,2) ~1 802 lnC~2/A2 ) 841n2(/~2/A2 ) 

•  [ l n ( # 2 / A 2 ) ] - ~ ) 2 + 8 : ~ ~  ~ ) ] .  (9.5a) 

The last term in this expansion is 

{in ~ [In (~2/A2)] 
ok r n ~  ) '  (9.561 

and is usually neglected in the definition of A. We choose to include 
it. For a fixed value of as (Mz ) ,  the inclusion of this term shifts the 
value of A by ~ 15 MeV. This solution illustrates the asymptotic 
freedom property: as --* 0 as/z --~ ~ .  Alternative definitions of h are 
possible. We adopt this as the standard. Values given by experiments 
using other definitions are adjusted as needed to meet our definition. 

Consider a "typical" QCD cross section which, when calculated 
perturbatively, starts at O(vts): 

a = A1 as + A2 oL, 2 + " "  �9 (9.6) 

The coefficients A1, A2 come from calculating the appropriate Feynman 
diagrams. In performing such calculations, various divergences arise, 
and these must be regulated in a consistent way. This requires a 
particular renormalization scheme (RS). The most commonly used one 
is the modified minimal subtraction (~g) scheme [5]. This involves 
continuing momentum integrals from 4 to 4-2e dimensions, and then 
subtracting off the resulting 1/e poles and also (ln 41r - 7E), which 
is another artifact of continuing the dimension. (Here 7E is the 
Euler-Mascheroni constant.) To preserve the dimensionless nature of 
the coupling, a mass scale # must also be introduced: g --* #~g. The 
finite coefficients Ai (i > 2) thus obtained depend implicitly on the 
renormalization convention used and explicitly on the scale #. 

The first two coefficients (80,81) in Eq. (9.4) are independent of 
the choice of RS's. In contrast, the coefficients of terms proportional 
to a~ for n > 3 are RS-dependent. The form given above for 82 is in 
the ~ scheme. It has become conventional to use the ~ scheme for 
calculating QCD cross sections beyond leading order. 

The fundamental theorem of RS dependence is straightforward. 
Physical quantities, in particular the cross section, calculated to all 
orders in perturbation theory, do not depend on the RS. It follows that  
a truncated series does exhibit RS dependence. In practice, QCD cross 
sections are known to leading order (LO), or to next-to-leading order 
(NLO), or in a few cases, to next-to-next-to-leading order (NNLO); 
and it is only the latter two cases, which have reduced RS dependence, 
that  are useful for precision tests. At NLO the RS dependence is 
completely given by one condition which can be taken to be the value 
of the renormalization scale ~. At NNLO this is not sufficient, and 

is no longer equivalent to a choice of scheme; both must now be 
specified. One, therefore, has to address the question of what is the 
"best" choice for/~ within a given scheme, usually ~--~. There is no 
definite answer to this question--higher-order corrections do not "fix" 
the scale, rather they render the theoretical predictions less sensitive 
to its variation. 

One could imagine that choosing a scale D characteristic of the 
typical energy scale (E) in the process would be most appropriate. 
In general, a poor choice of scale generates terms of order In ( E / r )  
in the Ai's. Various methods have been proposed including choosing: 
the scale for which the next-to-leading-order correction vanishes 
("Fastest Apparent Convergence [6]"); the scale for which the next-to- 
leading-order prediction is stationary [7], (i.e., the value of/~ where 
da/dD = 0); or the scale dictated by the effective charge scheme [8] or 
by the BLM scheme [9]. By comparing the values of as that  different 
reasonable schemes give, an estimate of theoretical errors can be 
obtained. It has also been suggested to replace the perturbation series 
by its Pade approximant [10]. Results obtained using this method 
have, in certain cases, a reduced scale dependence [11,12]. 

An important corollary is that  if the higher-order corrections 
are naturally small, then the additional uncertainties introduced 
by the /~ dependence are likely to be less than the experimental 
measurement errors. There are some processes, however, for which 
the choice of scheme can influence the extracted value of A~~. There 
is no resolution to this problem other than to try to calculate even 
more terms in the perturbation series. It is important to note that ,  
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since the perturbation series is an asymptotic expansion, there is a 
limit to the precision with which any theoretical quantity can be 
calculated. In some processes, the highest-order perturbative terms 
may be comparable in size to nonperturbative corrections (sometimes 
called higher-twist or renormalon effects, for a discussion see [13]); an 
estimate of these terms and their uncertainties is required if a value of 
am is to be extracted. 

In the cases where the higher-order corrections to a process are 
known and are large, some caution should be exercised when quoting 
the value of a,. In what follows, we will attempt to indicate the size 
of the theoretical uncertainties on the extracted value of a~. There 
are two simple ways to determine this error. First, we can estimate it 
by comparing the value of as(/~) obtained by fitting data using the 
QCD formula to highest known order in as, and then comparing it 
with the value obtained using the next-to-highest-order formula (/~ is 
chosen as the typical energy scale in the process). The corresponding 
A's are then obtained by evolving a,(~u) to/J = Mz using Eq. (9.4) to 
the same order in aa as the fit. Alternatively, we can vary the value 
of/~ over a reasonable range, extracting a value of A for each choice of 
I ~. This method is of its nature imprecise, since "reasonable" involves 
a subjective judgment. In either case, if the perturbation series is well 
behaved, the resulting error on aa(Mg) will be small. 

In the above discussion we have ignored quark-mass effects, i.e., we 
have assumed an idealized situation where quarks of mass greater than 
/~ are neglected completely. In this picture, the G-function coefficients 
change by discrete amounts as flavor thresholds are crossed when 
integrating the differential equation for a,. It foUows that, for a 
relationship such as Eq. (9.5) to remain valid for all values of #, 
A must also change as flavor thresholds are crossed. This leads to 
the concept of a different A for each range of/~ corresponding to 

an effective number of massless quarks: A -4 A (n/). There is some 
arbitrariness in how this relationship is set up. As an idealized case, 
consider QCD with n I - i massless quarks and one quark of mass M. 
Now imagine an experiment at energy scale/J; for example, this could 
be e+e - --* hadrons at center-of-mass energy/~. If/~ >> M, the mass 
M is negligible and the process is well described by QCD with n! 
massless flavors and its parameter A(n'  ) up to terms of order M2/D 2. 
Conversely if/J << M, the heavy quark plays no role and the process is 
well described by QCD with n f  - 1 massless flavors and its parameter 

A(n/-1)  up to terms of order p2/M2. If/~ ~ M,  the effects of the 
quark mass are process-dependent and cannot be absorbed into the 
running coupling. 

A mass scale/~ is chosen where the relationship between A(n'  -1) 
and A(n/) will be fixed, p~ should be of order M and the relationship 
should not depend on it. A prescription has been given [14] which has 
this property. We use this procedure choosing #l = MQ, where MQ 
is the mass of the value of the running quark mass defined in the ~g 
scheme (see the note on "Quark Masses" in the Particle Listings for 
more details), i.e., where M~'g(MQ) = Mq. Then [14] 

Gn,--I A(n,) 2 In ( MQ 2~ 
0 =(GV-Go'-') w ~  

- ; ' - '  
G~ ~ In (9.7) 

n/ n, n,--1 MQ 2 

,,G,. G, , t t 'J' lnrln "X 7 

+ In ( Mq ~ 2 
\ h ( n / )  / 

"no'-" s ,%,-, 
+ l n /  MQ ]2 

t hCn, ) / 

This result is valid to order c~a 3 (or alternatively to terms of order 
II In2[(MQIA(n/))2]). The order a 4 expression is also available [15]. 

An alternative matching procedure can be used [16]. This procedure 

requires the equality a,(~) (n') = a,(/~)(n/-I) for /~ = Mq. This 
matching is somewhat arbitrary; a different relation between A (n/) 

and A(n# -D would result if # = Mq/2 were used. In practice, the 
differences between these procedures are very small. A (s) = 200 MeV 
corresponds to A (4) = 289 MeV in the scheme of Ref. 16 and 
A(4) = 280 MeV in the scheme adopted above. Note that the 
differences between A (s) and A(4) are numerically very significant. 

Data from deep-inelastic scattering are in a range of energy where 
the bottom quark is not readily excited,, and hence, these experiments 

quote A(~---~) s . Most data from PEP, PETRA, TRISTAN, LEP, and 

SLC quote a value of A~s since these data are in an energy range 
where the bottom quark is light compared to the available energy. We 

have converted it to A~--~J s as required. A few measurements, including 
the lattice gauge theory values from the r system and from r decay 

are at sufficiently low energy that A~s is appropriate. 

In order to compare the values of a, from various experiments, 
they must be evolved using the renormalization group to a common 
scale. For convenience, this is taken to be the mass of the Z bosom 
This evolution uses third-order perturbation theory and can introduce 
additional errors particularly if extrapolation from very small scales 
is used. The variation in the charm and bottom quark masses 
(mb = 4.3 • 0.2 and mc = 1.3 • 0.3 are used) can also introduce errors. 
These result in a fixed value of a , (2  GeV) giving an uncertainty in 
a~(Mz) = +0.001 if only perturbative evolution is used. There could 
be additional errors from nonperturbative effects that  enter at low 
energy. All values are in the ~ scheme unless otherwise noted. 

9 .3 .  Q C D  i n  d e e p - i n e l a s t i c  s c a t t e r i n g  

The original and still one of the most powerful quantitative tests of 
perturbative QCD is the breaking of Bjorken scaling in deep-inelastic 
lepton-hadron scattering. In the leading-logarithm approximation, 
the measured structure functions Fi(x, Q2) are related to the quark 
distribution functions qi(x, Q2) according to the naive parton model, 
by the formulae in "Cross-section Formulae for Specific Processes," 
Sec. 36 of this Review. (in that  section, qi is denoted by the notation 
fq). In describing the way in which scaling is broken in QCD, it is 
convenient to define nonsinglet and singlet quark distributions: 

F Ns = q~ - q~ F s = ~ ( q ~  + ~ ) .  (9.8) 
i 

The nonsinglet structure functions have nonzero values of flavor 
quantum numbers such as isospin or baryon number. The variation" 
with Q2 of these is described by the so-called DGLAP equations [17,18]: 

Q20FNS _ ots(IQI) pqq * FNS (9.9a) 
OQ 2 27r 

Q2 ~'2 - 2r pgq pgg / 

where * denotes a convolution integral: 

f *g _ / 1  dy (x~ 
- Jx  Y f(Y) g \Y]  (9.10) 
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The leading-order Altarelli-Parisi [18] splitting functions are 

4 [  I + x 2  ] 
Pq" = 3 I.(I - z)+J + 26(1 - z ) ,  (9.ua) 

1 [X 24-(1_x)  2] , (9.115) pqg = 

pgq = .~ , (9.11e) 

[ z 11 - z ) ]  P "  = 6 i ~_~ + z(1 - z) + ~ + i ~ ( I  

n/~(1 - x) . (9.11d) 

Here the gluon distribution G(z,Q 2) has been introduced and 
1/(1 - x ) + m e a n s  

/o l d z  ]_(x)_ _ / 0 1 d z  f ( z ) - f ( 1 )  
(i-x)+ -~:~ (9.12) 

The precision of contemporary experimental data demands that  
higher-order corrections also be included [19]. The above results are 
for massless quarks. At low Q2 values, there are also important 
"higher-twist" (HT) contributions of the form: 

F (HT) (z, Q2) 
Fi(z'Q2) = F(LT) (z 'Q2) + Q2 + (9.13) 

Leading twist (LT) indicates a term whose behavior is predicted 
by perturbative QCD. These corrections are numerically important 
only for Q2< O(few GeV 2) except for z very close to 1. At very 
large values of x corrections proportional to log(1 - x) can become 
important [20]. 

A detailed review of the current status of the experimental data  can 
be found, for example, in Refs. [21-23], and only a brief summary will 
be presented here. We shall only include determinations of A from the 
recently published results; the earlier editions of this Review should 
be consulted for the earlier data. In any event, the recent results will 
dominate the average since their errors are smaller. Data now exist 
from HERA at much smaller values of x than the fixed-target data. 
They provide valuable information about the shape of the antiquark 
and gluon distribution functions at x ~ 10 -4  [24]. 

From Eq. (9.9), it is clear that  a nonsinglet structure function 
offers in principle the most precise test of the theory, since the Q2 
evolution is independent of the unmeasured ghion distribution. The 
CCFR collaboration fit to the Gross-Llewellyn Smith sum rule [25] is 
known to order a 3 [26] 

3 + 358-  + (9.14) 

where the higher-twist contribution A H T  = (0.09 4- 0.045)/Q 2 [26,27]. 
Using the CCFR data [28], this gives a8 (1.76 GeV) = 0.26 4- 
0.035 (expt.) 4- 0.03 (theory). The error from higher-twist terms 
dominates the theoretical error, the higher-twist term being approx- 
imately 50% larger than the c~ term. The CCFR data have been 
recalibrated since this result was published [29] so this result can 
be expected to change; it should not therefore be included in an 
average. An experiment at Serpukov [30] has measured the sum rule at 
< Q2 > =  1.7 GeV 2 and obtains aa (1.7 GeV) = 0.354-0.03 (expt.) or 

A{~-~) s = 359 4- 59(expt.) MeV. The error does not include (theoretical) 
errors arising from the choice of # and the higher-twist terms. 
Estimating the uncertainty from the higher-twist terms as 50% of 
their effect gives 4-60 MeV of additional error in the extracted value 

of h(~-~) s . 

Measurements involving singlet-dominated structure functions, 
(4) 

such as F2, result in correlated measurements of A~-~ and the gluon 
distribution. By utilizing high-statistics data at large x (> 0.25) and 

large Q2, where F2 behaves like an nonsinglet and F3 at smaller x, 
a nonsinglet fit can be performed with better statistical precision, 
and hence, the error on the measured value of A(~--~ s is much reduced. 

Recently, CCFR gives h(~-~)s : 337 + 28 4- 13(higher-twist) MeV [29] 
from F2(uN) and F3(vN ). There is an additional uncertainty of 
4-59 MeV from the choice of scale. The NMC collaboration [31] gives 
as(7 GeV 2) = 0.2644-0.018(stat.)+0.070(syst.)4-0.013(higher-twist). 
The systematic error is larger than the CCFR result, partially because 
the data are at smaller values of x and the gluon distribution is 

more important. A reanaiysis [32] of EMC data [33] gives h(~--) s = 
211 4- 80 4- 80 MeV from F2(vN). Finally a combined analysis [34] of 

SLAC [35] and BCDMS [36] data gives A(M4--)S = 2'63 4- 42 4- 55 MeV. 
Here the systematic error is an estimate of the uncertainty due to the 
choice of Q2 used in the argument of as, and in the scale at which the 
structure functions (factorization scale) used in the QCD calculation 
are evaluated. 

The results from Refs. [29-32], [34], and [37] can be combined 

to give A~-~J s = 305 4- 25 4- 50 MeV which corresponds to as(Mg) = 
0.117 :t= 0.002 4- 0.004, Here the first error is a combination of statistical 
and systematic errors, and the second error is due to the scale 
uncertainty. This result is an average of the results weighted by their 
statistical and systematic errors. The scale error, which is common to 
all, is then reapplied to the average. 

The spin-dependent structure functions, measured in polarized 
lepton nucleon scattering, can also be used to determine as. 
Here the values of Q2 ~ 2.5 GeV 2 are small and higher-twist 
corrections are important. A fit [38].using the measured spin 
dependent structure functions themselves [39] gives as(Mg) = 

+0.004 +0.009 0.120_0.005(expt.)_0.006(theory ). These authors also determine as  
0 11~+0"010" from the Bjorken sum rule [40] and obtain o~8(Mz) . . . . . .  0.024, 

consistent with an earlier determination [41], the larger error being 
due to the extrapolation into the (unmeasured) small x region. 
Theoretically, the sum rule is preferable as the perturbative QCD 
result is known to higher order and these terms are important at 
the low Q2 involved. It has been shown that  the theoretical errors 
associated with the choice of scale are considerably reduced by 
the use of Pade approximants [11] which results in as(1.7 GeV) = 
0.328 4- 0.03(expt.) 4- 0.025(theory) corresponding to a~(Mz) = 
0.11 ~+~176176 )"  ' 4- 0.003(theory). No error is included from the 
extrapolation into the region of x that is unmeasured. If data were 
to become available at smaller values of x so that  this extrapolation 
could be more tightly constrained, the sum rule method would provide 
the best determination of c~,; the more conservative result from the 
structure functions themselves is used in the average. 

At very small values of x and Q2, the x and Q2 dependence 
of the structure functions is predicted by perturbative QCD [42]. 
Here terms to all orders in a ,  ln(1/x) are summed. The data from 
HERA [24] on F~P(z, Q2) can be fitted to this form [43], including 
the NLO terms which are required to fix the Q2 scale. The data 
are dominated by 4 GeV 2 < Q2 < 100 GeV 2. The fit [45] using HI 
data [46] gives a , ( M z )  : 0.122 + 0.004 (expt.) 4- 0.009 (theory). (The 
theoretical error is taken from Ref. 43.) The dominant part  of the 
theoretical error is from the scale dependence; errors from terms that 
axe suppressed by 1/ log(I /x)  in the quark sector are included [44] 
while those from the gluon sector are not. 

Typically, A is extracted from the deep inelastic scattering data 
by parameterizing the parton densities in a simple analytic way 
at some Q02, evolving to higher Q2 using the next-to-leading-order 
evolution equations, and fitting globally to the measured structure 

functions to obtain At~---~ s . Thus, an important by-product of such 
studies is the extraction of parton densities at a fixed-reference value 
of Q~. These can then be evolved in Q2 and used as input for 
phenomenological studies in hadron-hadron collisions (see below). 
To avoid having to evolve from the starting Q2 value each time, a 
parton density is required; it is useful to have available a simple 
analytic approximation to the densities valid over a range of x and Q2 
values. A package is available from the CERN computer library that  
includes an exhaustive set of fits [47]. Most of these fits are obsolete. 
In using a parameterization to predict event rates, a next-to-leading 
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order fit must  be used if the process being calculated is known to 
next-to-leading order in QCD perturbat ion theory. In such a case, 
there is an additional scheme dependence; this scheme dependence is 
reflected in the O(aa)  corrections that  appear in the relations between 
the  s t ructure  functions and the  quark distribution functions. There 
are two common schemes: a deep-inelastic scheme where there are no 
order as  corrections in the formula for F2(z, Q2) and the minimal 
subtract ion scheme. It  is important  when these next-to-leading order 
fits are used in other processes (see below), that  the same scheme is 
used in the calculation of the partonic rates. 

A (5) (in MS scheme,  in GeV) 
0.04 0.1 0.2 0.5 

' ] , , 

Average  

e+e - r a t e s  
O 

o e+e - even t  s h a p e s  

F r a g m e n t a t i o n  
< ) - -  

Z wid th  

Smal l  x s t r u c t u r e  f u n ~ i o n s  
! O - -  

ep even t  s h a p e s  
O 

Deep Ine las t ic  S c ~  (DIS) 

Polar ized DIS 
o - -  

decays  

Q Q Lat t ice  

T d e c a y  : 
- - O  

I , I . . . .  . . . .  I , 
0.10 0.12 0.14 

a s ( M z )  

F i g u r e  9.1: Summary  of the  values of as(Mg) and h (5) from 
various processes. The values shown indicate the process and 
the  measured value of as  extrapolated up to ~ = M z.  The error 
shown is the total error including theoretical uncertainties. 

9 .4 .  Q C D  in  d e c a y s  o f  t h e  ~" l e p t o n  

The  semi-leptonic branching ratio of the tan  (T --~ vr + hadrons, 
R r )  is an inclusive quantity. It  is related to the contribution of 
hadrous to the  imaginary part  of the W self energy (His)):  However, 
it is more inclusive than  R since it involves an integral 

m 2 m r 

Since the scale involved is low, one must  take into account 
nonperturbat ive (higher-twist) contributions which are suppressed by 
powers of the 7- mass.  

a m2 + b m r  + c r 1 6 2 1 6 2 1 6 2  + . . . ]  . (9.15) 

Here a, b, and c are dimensionless constants and m is a light quark 
mass.  The  term of order 1/m2r is a kinematical effect due to the light 
quark masses and is  consequently very small. The nonperturbative 
te rms  are es t imated using sum rules [48]. In total, they are est imated 
to be -0 .014  • 0.005 [49,50]. This  est imate relies on there being no 

te rm of order h / m  r note tha t  an(mr) 0.5 GeV 2 . The a, b, 
lr 

and e can be determined from the da ta  [51] by fitting to moments  
of  the  H(s). The values so extracted [52,53] are consistent with the 
theoretical estimates. If the nonperturbative terms are omitted from 
the fit, the  extracted value of a s ( m r )  decreases by ~ 0.02. 

For a s ( m r )  -- 0.35 the perturbative series for Rr  is Rr  
3.058(1 + 0.112 + 0.064 + 0.036). The size (estimated error) of the 
nonperturbative term is 20% (7%) of the size of the order as  3 term. 
The perturbat ion series in not very well convergent; if the  order aa 3 
term is omitted, the extracted value of a s ( m r ) i n c r e a s e s  by 0.05. The 
order a 4 term has been est imated [54] and a t tempts  made to resum 
the entire series [55,56]. These est imates can be used to obtain an 
est imate of the errors due to these unknown terms [57,581 . We assign 
an uncertainty of • to a6 (mr )  from these sources. 

Rr  can be extracted from the semi-leptonic branching ratio from 
the relation Rr  : 1 / (B( r  --~ eu~) - 1.97256; where B( r  -~ ev~) is 
measured directly or extracted from the lifetime, the muon mass,  and 
the muon lifetime assuming universality of lepton Couplings. Using 
the average lifetime of 290.7 q- 1.3 fs and a r mass  of 1777.00 :k 0.30 
MeV from the PDG fit gives Rr  = 3.642 • 0.024. The  direct 
measurement  of B( r  --~ ev~) can be combined with B( r  --* puP) 
to give B( r  -~ ev~) = 0.1783 • 0.0007 which Rr  = 3.636 • 0.021. 
Averaging these yields a~ (mr)  = 0.350 • 0.008 using the  experimental  
error alone. We assign a theoretical error equal to 40% of the 
contribution from the order a 3 term and all of the nonperturbat ive 
contributions. This then gives a s ( m r )  = 0.35 :k 0.03 for the final 
result. 

9 . 5 .  Q C D  i n  h i g h - e n e r g y  h a d r o n  c o l l i s i o n s  

There are many  ways in which perturbative QCD can be tested in 
high-energy hadron colliders. T h e  quantitative tests are only useful 
if the  process in question has been calculated beyond leading order 
in QCD perturbation theory. The production of hadrous with large 
transverse m o m e n t u m  in hadron-hadron collisions provides a direct 
probe of the scattering of quarks and gluons: qq --~ qq, q9 -'~ q9, 
gg -~ 9g, etc. Recent h ighe r~ rde r  QCD calculations of the  jet  
rates [59] and shapes are in impressive agreement with da ta  [60].This 
agreement has led to the proposal that  these da ta  could be used to 
provide a determination of as  [61]. Data  are also available on the 
angular distribution of jets; these are also in agreement with QCD 
expectations [62,63]. 

QCD corrections to Drell-Yan type cross sections (i.e., the  
production in hadron collisions by quark-antiquark annihilation of 
lepton pairs of invariant mass  Q from virtual photons, or of real W or 
Z bosons), are known [64]. These O ( a , )  QCD corrections are sizable 
at small values of Q. It  is interesting to note tha t  the corresponding 
correction to W and Z production, as measured in p~ collisions at 
v ~  = 0.63 TeV and v ~  = 1.8 TeV, has essentially the  same theoretical 
form and is of order 30%. 

The production of W and Z bosons and photons at large transverse 
momen tum can also be used to test  QCD. The leading-order QCD 
subprocesses are q~ -4 7g and qg --~ ~lq. If the parton distributions 

_(4) 
are taken from other processes and a value oi n~--~ assumed, then  
an absolute prediction is obtained. Conversely, the da ta  can be " 
used to extract information on quark and gluon distributions and 

on the value of At~s.  The  next-to-leading-order QCD corrections 
are known [65,66] (for photons),  and for W / Z  production [67], 
and so a precision test  is possible in principle. Data  exist from the 
CDF and DO collaborations [68,69]. The UA2 collaboration [70] has  
extracted a value of a , ( M w )  -- 0.123 • 0.018(stat.) • 0.017(syst.) 

~ (W + ljet) 
from the measured ratio R W = ~ ( W  + 0jet)" The result depends 

on the algorithm used to define a jet,  and the dominant  systematic  
errors due to fragmentat ion and corrections for underlying events 
(the former causes jet energy to be lost, the latter causes it to be 
increased) are connected to the  algorithm. The scale at which as(M)  
is to be evaluated is not clear. A change from IJ = M W  to I~ = M w / 2  
causes a shift of 0.01 in the extracted a , .  The quoted error should 
be increased to take this into account. There is dependence on the 
parton distribution functions, and hence, a s  appears explicitly in the 
formula for R w ,  and implicitly in the distribution functions. The  D ~  
collaboration has performed an analysis similar to UA2. They are 
unable to obtain a fit where the two values of as  are consistent with 
one another, and do not quote a value of a ,  [71]. The values from this 
process are no longer used in determining the overall average value of 
a s .  
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9.6. Q C D  in heavy -qua rkon i um  decay 

Under the assumption that  the hadronic and leptonic decay widths 
of heavy QQ resonances can be factorized into a nonperturbative 
par t - -dependent  on the confining potent ia l - -and a calculable pertur- 
bative part, the ratios of partial decay widths allow measurements of 
a~ at the heavy-quark mass scale. The most precise data come from 
the decay widths of the 1 - -  J /~ (1S )  and T resonances. The total 
decay width of the T is predicted by perturbative QCD [72] 

R , ( T )  = r ( r  -~ hadrons) 
r ( r  -~ ~,+.-) 

10(7r 2 - 9)~3(M) 

9~rO~e2m 

[ _ _ (  3 ~ (  ( 2 ~ T ) ) ) ]  x 1 +  o~e - 1 9 . 4 +  1.162+1n ~9.16) 
7r 

Data are available for the T, T ~, T ' ,  and J /~ .  The result 
is very sensitive to c~j and the data are sufficiently precise 
(R~(T) = 32.5 4- 0.9) [73] that  the theoretical errors will dominate. 
There are theoretical corrections to this simple formula due to the 
relativistic nature of the QQ system; v2/c 2 ~ 0.1 for the T. They are 
more severe for the J /~ .  There are also nonperturbative corrections 
of the form A2/m2; again these are more severe for the J / ~ .  A fit to 
T, T I, and T" [74] gives c~,(Mz) = 0.113 -I- 0.001 (expt.). The results 
from each state separately and also from the J / ~  are consistent with 
each other. There is an uncertainty of order +0.005 from the choice 
of scale; the error from v2/c 2 corrections is a little larger. The ratio 

T --~ ~/9g of widths ~ has been measured by the CLEO collaboration 

who use it to determine am(9.45 GeV) = 0.163 -t- 0.002 4- 0.014 [76] 
which corresponds to ~ s ( M z )  = 0.110 • 0.001 4-0.007. The error 
is dominated by theoretical uncertainties associated with the scale 
choice. The theoretical uncertainties due to the production of photons 
in fragmentation [75] are small [76]. 

9.7. Per turbat ive  Q C D  in e + e  - collisions 

The total cross section for e+e - ~ hadrons is obtained (at low 
values of ~/;) by multiplying the muon-pair cross section by the factor 
R = 322qe 2. The higher-order QCD corrections to this quantity have 
been calculated, and the results can be expressed in terms of the 
factor: 

- -  + C3 . . .  , ( 9 . 1 7 )  
7r 

where (72 = 1.411 and C3 = -12.8 [77]. 

R (0) can be obtained from the formula for dr for e+e - - , / f  
by integrating over ft. The formula is given in Sec. 36.2 of this Review. 
This result is only correct in the zero-quark-mass limit. The O((~a) 
corrections are also known for massive quarks [78]. The principal 
advantage of determining a j  from R in e+e - annihilation is that  there 
is no dependence on fragmentation models, jet algorithms, etc. 

A comparison of the theoretical prediction of Eq. (9.17) (corrected 
for the b-quark mass), with all the available data at values of v ~ 
between 20 and 65 GeV, gives [79] (~,(35 GeV) = 0.146 + 0.030 . 
The size of the order (~3 term is of order 40% of that of the order 
(~s 2 and 3% of the order (~a. If the order r 3 term is not included, a 
fit to the data yields (~j (34 GeV) = 0.142 4- 0.03, indicating that  the 
theoretical uncertainty is ~maller than the experimental error. 

Measurements of the ratio of hadronic to leptonic width of the Z 
at LEP and SLC, Ph/P~ probe, the same quantity as R. Using the 
average of I '  h /Fp  = 20.783 4- 0.029 gives ~ (Mz)  = 0.124 • 0.0043 [80]. 
There are theoretical errors arising from the values of top-quark and 
Higgs masses which enter due to electroweak corrections to the Z 
width and from the choice of scale. 

While this method has small theoretical uncertainties from QCD 
itself, it relies sensitively on the electroweak couplings of the Z 
to quarks [81]. The presence of new physics which changes these 

couplings via electroweak radiative corrections would invalidate the 
value of aa(Mz) .  However, given the excellent agreement [82] of the 
many measurements at the Z, there is no reason not to use the value of 
~ , ( M z )  = 0.1214 • 0.0031 from the global fits of the various precision 
measurements at LEP/SLC and the W and top masses in the world 
average (see the section on "Electroweak model and constraints on 
new physics," Sec. 10 of this Review) 

An alternative method of determining (~ in e+e-*annihi lat ion is 
from measuring quantities that are sensitive to the relative rates of 
two-, three-, and four-jet events. A recent review should be consulted 
for more details [83] of the issues mentioned briefly here. In addition 
to simply counting jets, there are many possible choices of such "shape 
variables": thrust [84], energy-energy correlations [85], average jet 
mass, etc. All of these are infrared safe, which means they can be 
reliably calculated in perturbation theory. The starting point for all 
these quantities is the multijet cross section. For example, at order 
t~,, for the process e+e - -* qqg: [86] 

2 2 
1 d2cr = 2a_.._~m Zl + z2 (9.18) 

dzldZ2 37r (1 - Zl)(1 - z 2 )  ' 

where 

2Ei (9.19) Z i - - - - - ~  

are the center-of-mass energy fractions of the final-state (massless) 
quarks. A distribution in a "three-jet" variable, such as those listed 
above, is obtained by integrating this differential cross section over an 
appropriate phase space region for a fixed value of the variable. The 
order ~2 corrections to this process have been computed, as well as 
the 4-jet final states such as e+e - ~ qqg9 [87]. 

There are many methods used by the e+e - experimental groups 
to determine (~s from the event topology. The jet-counting algorithm, 
originally introduced by the JADE collaboration [88], has been used 
by many other groups. Here, particles of momenta Pi and pj are 
combined into a pseudo-particle of momentum Pi + Pj if the invariant 
mass of the pair is less than y0v~. The process is then iterated until 
no more pairs of particles or pseudo-particles remain. The remaining 
number is then defined to be the number of jets in the event, and 
can be compared to the QCD prediction. The Durham algorithm is 
slightly different: in computing the mass of a pair of partons, it uses 
M 2 = 2min(E 2, E 2 ) ( 1 -  cos0ij) for partons of energies Ei and Ej  
separated by angle 0ij [89]. 

There are theoretical ambiguities in the way this process is carried 
out. Quarks and ghions are massless, whereas the observed hadrons 
are not, so that the massive jets that result from this scheme 
cannot he compared directly to the massless jets of perturbative 
QCD. Different recombination schemes have been tried, for example 
combining 3-momenta and then resealing the energy of the cluster 
so that it remains massless. These schemes result in the same data 
giving a slightly different values [90,91] of as. These differences can 
be used to determine a systematic error. In addition, since what 
is observed are hadrons rather than quarks and gluons, a model is 
needed to describe the evolution of a partonic final state into one 
involving hadrons, so that detector corrections can be applied. The 
QCD matrix elements are combined with a parton-fragmentation 
model. This model can then be used to correct the data for a direct 
comparison with the parton calculation. The different hadronization 
models that  are used [92-95] model the dynamics that  are controlled 
by nonperturbative QCD effects which we cannot yet calculate. The 
fragmentation parameters of these Monte Carlos are tuned to get 
agreement with the observed data. The differences between these 
models contribute to the systematic errors. The systematic errors 
from recombination schemes and fragmentation effects dominate over 
the statistical and other errors of the LEP/SLD experiments. 

The scale M at which a , ( M )  is to be evaluated is not clear. 
The invariant mass of a typical jet (or S v ~  ) is probably a more 
appropriate choice than the e+e - center-of-mass energy. While there 
is no justification for doing so, if the value is allowed to float in the fit 
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to the data, the data tend to prefer values of order v/8/10 GeV for 
some variables, whereas others have only a preferred range of M > 3 
GeV [91,96]; the exact value depends on the variable that  is fitted. 

The perturbative QCD formulae can break down in special 
kinematical configurations. For example, the thrust distribution 
contains terms of the type ~s In2(1 - T). The higher orders in the 
perturbation expansion contain terms of order aa n ln'n(1 - T). For 
T ~ 1 (the rebqon~ populated by 2-jet events), the perturbation 
expansion is unreliable. The terms with n _< m can be summed to all 
orders in c~s [97]. If the jet recombination methods are used higher- 
order terms involve a ,  n lure(y0), these too can be resummed [98]. The 
res -mmed results give better agreement with the data  at large values 
of T. Some caution should be exercised in using these resummed 
results because of the possibility of overcounting; the showering 
Monte Carlos that  are used for the fragmentation corrections also 
generate some of these leading-log corrections. Different schemes for 
combining the order c~ and the resummations are available [99]. 
These different schemes result in shifts in as  of order • An 
average of the recent results at the Z resonance from SLD [91], 
OPAL [100], L3 [101], ALEPH [102], and DELPHI [103], using the 
combined a 2 and resummation fitting to a large set of shape variables, 
gives a , ( M z )  = 0.122 • 0.007. The errors in the values of a s (Mz)  
from these shape variables are totally dominated by the theoretical 
uncertainties associated with the choice of scale, and the effects of 
hadronization Monte Carlos on the different quantities fitted. 

Similar studies on event shapes have been undertaken at TRISTAN, 
at P E P / P E T R A ,  and at CLEO. A combined result from various 
shape parameters by the TOPAZ collaboration gives as(58 GeV) = 
0.125 • 0.009, using the fixed order QCD result, and as(58 GeV) : 
0.132 -i- 0.008 (corresponding to aa(Mz) = 0.123 • 0.007), using the 
same method as in the SLD and LEP average [104]. The measurements 
of event shapes at P E P / P E T R A  are summarized in earlier editions 
of this note. The results are consistent with those from Z decay, but 
have larger errors. We use c~s(34 GeV) = 0.14 • 0.02 [105]. A recent 
analysis by the TPC group [106] gives aB(29 GeV) = 0.160 • 0.012, 
using the same method as TOPAZ. This value corresponds to 
~,(MZ) = 0.131 • 0.010 

The CLEO collaboration fits to the order c~ ] results for the 
two jet fraction at ~ = 10.53 GeV, and obtains aa(10.93) = 
0.164 + 0.004 (expt.) • 0.014 (theory) [107]. The dominant systematic 
error arises from the choice of scale (/z), and is determined from the 
range of c~a that  results from fit with/~ = 10.53 GeV, and a fit where 
/~ is allowed to vary to get the lowest X 2. The latter results in/~ = 1.2 
GeV. Since the quoted result corresponds to ,~s(1.2) = 0.35, it is by 
no means clear that  the perturbative QCD expression is reliable and 
the resulting error should, therefore, be treated with caution. A fit to 
many different variables as is done in the LEP/SLC analyses would 

�9 give added confidence to the quoted error. 

Recently studies have been carried out at ~130 GeV [108]. These 
can be combined to give as(130 GeV) = 0.114 • 0.008. Preliminary 
data from ~ 165 GeV [109] are consistent with the decrease in as 
expected at the higher energy. 

Since the errors in the event shape measurements are dominantly 
systematic, and are common to the experiments, the results from 
P E P / P E T R A ,  TRISTAN, LEP, SLC, and CLEO are combined to give 
c~s(Mz) = 0.121 • 0.007. All of the experiments are consistent with 
this average and, taken together, provide verification of the running of 
the coupling constant with energy. 

The total cross section e+e - ---, bb + X near threshold can be used 
to determine ~a [110]. The result quoted is c~,(Mz) = 0.109 • 0.001. 
The relevant process is only calculated to leading order and the BLM 
scheme [9] is used. This results in a,(0.632 rob). If a,(mb) is used, 
the resulting a , ( M z )  shifts to ~ 0.117. This result is not used in the 
average. 

9 . 8 .  S c a l i n g  v i o l a t i o n s  i n  f r a g m e n t a t i o n  f u n c t i o n s  

Measurements of the fragmentation function d/(z, E),  being the 
probability that a hadron of type i be produced with energy zE in 
e+e - collisions at v ~  : 2E, can be used to determine a , .  As in 
the case of scaling violations in structure functions, QCD predicts 
only the E dependence. Hence, measurements at different energies 
are needed to extract a value of aa. Because the QCD evolution 
mixes the fragmentation functions for each quark flavor with the 
giuon fragmentation function, it is necessary to determine each of 
these before aa can be extracted. The ALEPH collaboration has 
used data from energies ranging from ~/s = 22 GeV to v/8 = 91" 
GeV. A flavor tag is used to discriminate between different quark 
species, and the longitudinal and transverse cross sections are 
used to extract the giuon fragmentation function [111]. The result 
obtained is as(Mz) = 0.126 • 0.007 (expt.) • 0.006 (theory) [112]. 
The theory error is due mainly to the choice of scale. The OPAL 
collaboration [113] has also extracted the separate fragmentation 
functions. DELPHI [114] has also performed a similar analysis 
using data from other experiments at lower energy with the result 
aj(Mz) = 0.124•177 (theory).The larger theoretical error is 
due to the larger range of scales that  were used in the fit. These results 
can be combined to give am(MZ) = 0.125 • 0.005 • 0.008 (theory). 

e+e - can also be used to study photon-photon interaction, which 
can be used to measure the structure function of a photon [115]. 
This process was included in earlier versions of this Review [115] 
which can be consulted for details on older measurements [116-119]. 
More recent data has become available from LEP [120,121] and from 
TRISTAN [122,123] which show Q2 dependence of the structure 
function that  is consistent with QCD expectations. 

9 .9 .  J e t  r a t e s  i n  e p  c o l l i s i o n s  

At lowest order in as,  the ep scattering process produces a final 
state of (1+1) jets, one from the proton fragment and the other from 
the quark knocked out by the process e + quark ---, e + quark. At 
next order in as,  a gluon can be radiated, and hence a (2+1) jet final 
state produced. By comparing the rates for these (1+1) and (2+1) jet  
processes, a value of as  can be obtained. A 'NLO QCD calculation is 
available [124]. The basic methodology is similar to that  used in the 
jet counting experiments in e+e - annihilation discussed above. Unlike 
those measurements, the ones in ep scattering are not at a fixed value 
of Q2. In addition to the systematic errors associated with the jet 
definitions, there are additional ones since the structure functions enter 
into the rate calculations. Results from H1 [125] and ZEUS [126] can 
be combined to give a s ( M z )  = 0.118 • 0.001 (expt.) -4- 0.008 (syst.). 
The contributions to the systematic errors from experimental effects 
(mainly the liadronic energy scale) in the case of ZEUS (H1) are 
comparable to (smaller than) the theoretical ones arising from scale 
choice, structure functions, and jet definitions. The theoretical err'ors 
are common to the two measurements; therefore, we have not reduced 
the systematic error after forming the average. 

9 . 1 0 .  L a t t i c e  Q C D  

Lattice gauge theory calculations can be used to calculate, using 
non-perturbative methods, a physical quantity that  can be measured 
experimentally. The value of this quantity can then be used to 
determine the QCD coupling that enters in the calculation. For a 
recent review of the methodology see Ref. 127. For example, the 
energy levels of a QQ system can be determined and then used 
to extract as. The masses of the QQ states depend only on the 
quark mass and on c~s. A limitation is that  calculations cannot be 
performed for three light quark flavors. Results are available for 
zero (h i  = 0, quenched approximation) and two light flavors, which 
allow extrapolation to three. The coupling constant so extracted 
is in a lattice renormalization scheme, and must be converted 
to the ~-g scheme for comparison with other results. Using the 
mass differences of T and T I and T ~ and Xb, Davies et al. [128] 
extract a value of as(Mz) = 0.1174 • 0.0024. A similar result 
with larger errors is reported by [129], where results are consistent 
with a s (Mz)  = 0.111 • 0.006. A combination of the results from 
quenched [130] and (n!  = 2) [131] gives as(Mz) = 0.116 • 0.003 [132]. 
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Calculations [133] using the strength of the force between two heavy 
quarks computed in the quenched approximation obtains a value of 
as(5 GeV) that is consistent with these results. There have also been 
investigations of the running of as [134]. These show remarkable 
agreement with the two loop perturbative result of Eq. (9.4). 

There are several sources of error in these estimates of a~,(Mg). 
The experimental error associated with the measurements of the 
particle masses is negligible. The conversion from the lattice coupling 
constant to the ~-g constant is obtained using a perturbative expansion 
where one coupling expanded as a power series in the other. This 
series is only known to second order. A third order calculation exists 
only from the n i  = 0 case [135]. Its inclusion leads to a shift in 
the extracted value of as(Mz)  of +0.002. Other theoretical errors 
arising from the limited statistics of the Monte-Carlo calculation, 
extrapolation in h i ,  and corrections for light quark masses are smaller 
than this. 

The result with a more conservative error as(Mz) = 0.117 • 0.003 
will be used in the average. 
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Figure  9.2: Summary of the values of as(#) at the values of 
/a where they are measured. The lines show the central values 
and the • limits of our average. The figure clearly shows the 
decrease in as(#) with increasing #. 

9 .11 .  C o n c l u s i o n s  

The need for brevity has meant that many other important topics 
in QCD phenomenology have had to be omitted from this review. One 
should mention in particular the study of exclusive processes (form 
factors, elastic scattering, .. .),  the behavior of quarks and giuons in 
nuclei, the spin properties of the theory, the interface of soft and hard 
QCD as manifest, for example, by hard diffractive processes, and QCD 
effects in hadron spectroscopy. 

We have focused on those high-energy processes which currently 
offer the most quantitative tests of perturbative QCD. Figure 9.1 
shows the values of ae(Mz) deduced from the various experiments. 
Figure 9.2 shows the values and the values of Q where they are 
measured. This figure clearly shows the experimental evidence for the 
variation of as(Q) with Q. 

An average of the values in Fig. 9.1 gives a,(Mz) = 0.1189, with 
a total X 2 of 3.3 for eleven fitted points, showing good consistency 
among the data. The error on the average, assuming that all of the 
errors in the contributing results are uncorrelated, is • and is 
an underestimate. Almost all of the values used in the average are 
dominated by systematic, usually theoretical errors. Only some of 
these, notably f romthe  choice of scale, are correlated. Two of the 
results with the smallest errors are the ones from r decay and lattice 
gauge theory. If these errors are increased to • the average is 
unchanged and the error increases to 0.0020. We quote our average 
value as a , (Mz)  = 0.119 4- 0.002, which corresponds to A (s) = 219+~ 
MeV using Eq. (9.5a), only the two-loop result (i.e. dropping the last 
term in Eq. (9.5a)) gives A (s) = 237 +26 MeV. Future experiments can -24 

be expected to improve the measurements of a~ somewhat. Precision 
at the 1% level may be achievable if the systematic and theoretical 
errors can be reduced [136]. 
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10.  E L E C T R O W E A K  M O D E L  A N D  C O N S T R A I N T S  O N  N E W  P H Y S I C S  

Revised October 1997 by J. Erler and P. Langacker (Univ. of 
Pennsylvania). 

10.1 Introduction 
10.2 Renormalization and radiative corrections 
10.3 Cross-section and asymmetry formulas 
10.4 W and Z decays 
10.5 Experimental results 
10.6 Constraints on new physics 

1 0 . 1 .  I n t r o d u c t i o n  

The standard electroweak model is based on the gauge group [1] 
SU(2) x U(1), with gauge bosons W~, i = 1,2,3, and B ,  for 
the SU(2) and U(1) factors, respectively, and the corresponding 
gauge coupling constants g and gt. The left-handed fermion fields 

( ul ) and ( d l )  of the ith fermion family transform as doublets r = q 

t _ ~ j  Vii dj ,  and V is the Cabibbo-Kobayashi- under SU(2), where d i = 

Maskawa mixing matrix. (Constraints on V are discussed in the 
section on the Cabibbo-Kobayashi-Maskawa mixing matrix.) The 
right-handed fields are SU(2) singlets. In the minimal model there are 

single complex Higgs doublet r = ( - ' ; 0 ) .  three fermion families a a d a  

After spontaneous symmetry breaking the Lagrangian for the 
fermion fields is 

g m i H  \ 

- e E q i  r 7" r A .  
i 

g E e l  "7"(g~ - g~75) r Z , .  (10.1) 
2cos0 W i 

0 w -- t a n - l ( g t / g )  is the weak angle; e = gsinO w is the positron 
electric charge; and A = BcosO W + W 3 sin0 W is the (massless) 
photon field. W =t: - ( W  1 q=iW 2) / v ~  and Z - - B  sin0 W + W 3 cos0 W 
are the massive charged and neutral weak boson fields, respectively. 
T + and T -  are the weak isospin raising and lowering operators. The 
vector and axial couplings are 

g~ --t3L(i) -- 2qi sin 20W , (10.2) 

g~A =--t3L(i) , (10.3) 

where t3L(i) is the weak isospin of fermion i (+1/2 for ui and ul; 
- 1 / 2  for di and ei) and qi is the charge of r in units of e. 

The second term in -~'F represents the charged-current weak 
interaction [2]. For example, the coupling of a W to an electron and a 
neutrino is 

e 
2v/~s~nO W [ W ~ - ~ 7 " ( 1 - - ~ 5 ) v + V C ' t  ~ "  (1- '75)e]  . (10.4) 

For momenta small compared to M W ,  this term gives rise to 
the effective four-fermion interaction with the Fermi constant 
given (at tree level, i.e., lowest order in perturbation theory) by 
GF/Vr2  : g 2 / g M 2 .  C P  violation is incorporated in the Standard 
Model by a single observable phase in ~ j .  The third term in .Z  F 
describes electromagnetic interactions (QED), and the last is the weak 
neutral-current interaction. 

In Eq. (10.1), mi is the mass of the i th fermion r For the quarks 
these are the current masses. For the light quarks, as described 
in the Particle Listings, ~ u  ~ 2 - 8 MeV, ~ d  ~ 5 -- 15 MeV, 
and ~ s  ~ 100 - 300 MeV (these are running ~ masses evaluated 
at /~ = 1 GeV). For the heavier quarks, the ~ masses are 
~e(/~ : ~c )  ~ 1.0 - 1.6 GeV and ~b(/~ = ~b)  ~ 4.1 -- 4.5 GeV. The 
average of the recent CDF [4] and D ~  [5] values for the top quark 

"pole" mass is mt  = 175 -4- 5 GeV. See "The Note on Quark Masses" 
in the Particle Listings for more information. 

H is the physical neutral Higgs scalar which is the only remaining 
part of r after spontaneous symmetry breaking. The Yukawa coupling 
of H to r which is flavor diagonal in the minimal model, is 
g m l / 2 M w .  The H mass is not predicted by the model. Experimental 
limits are given in the Higgs section. In nonminimal models there are 
additional charged and neutral scalar Higgs particles [6]. 

1 0 . 2 .  R e n o r m a l i z a t i o n  a n d  r a d i a t i v e  c o r r e c t i o n s  

The Standard Model has three parameters (not counting M H  and 
the fermion masses and mixings). A particularly useful set is: 

(a) The fine structure constant ct = 1/137.0359895 (61), deter- 
mined from the quantum Hall effect. In most electroweak- 
renormalization schemes, it is convenient to define a running a 
dependent on the energy scale of the process, with a -1 ~ 137 
appropriate at low energy. (The running has recently been 
observed directly [7].) At energies of order M z ,  a -1  ~ 128. For 
example, in the modified minimal subtraction ( ~ )  scheme [8], one 
has ~ (Mz)  -1 = 127.88 :t= 0.09, while the conventional (on-shell) 
QED renormalization yields [9] a ( M z )  -1  = 128.88 -4- 0.09, which 
differs by finite constants from ~(Mz)  -1.  The uncertainty, due 
to the low-energy hadronic contribution to vacuum polarization, 
is the dominant theoretical uncertainty in the interpretation of 
precision data. Other recent evaluations [10-14] of this effect are 
in reasonable agreement. Further improvement will require better 
measurements of the cross section for e+e - ~ hadrons at low 
energy. 

(b) The Fermi constant, G F = 1.16639(1) x 10 -5  GeV -2,  determined 
from the muon lifetime formula [15], 

• (105o, 

where 

and 

F ( z )  = 1 - 8z + 8z 3 - z 4 - 12x2 l n z  , (10.5b) 

(c) 

2 l n ( r n , ~  + 1 
a(m")-1 = a-1 - ~ x me I "~ ~ 136 , (10.5c) 

where the uncertainty in GF is from the input quantities. 
There are additional uncertainties from higher order radiativ~ 
corrections, which can be estimated from the magnitude of the 
known ct 2 l n ( m , / m e )  term of ~ 1.8 • 10 -10 (alternatively, one can 
view Eq. (10.5) as the exact definition of GF; then the theoretical 
uncertainty appears instead in the formulae for quantities derived 
from G F ). 
sin 2 Ow, determined from the Z mass and other Z pole 
observables, the W mass, and neutral-current processes [16]. The 
value of sin 2 0 W depends on the renormalization prescription. 
There are a number of popular schemes [16-23] leading to sin 2 0 W 
values which differ by small factors which depend on mt and M H. 
The notation for these schemes is shown in Table 10.1. Discussion 
of the schemes follows the table. 

(i) The on-shell scheme promotes the tree-level formula 
sin 2 0 W = 1 - M 2 / M  2 to a definition of the renormalized 
sin 2 Ow to all orders in perturbation theory, i.e., sin 2 0 W -.-, 
s 2 - 1  2 2 - M ~ c / M ~ .  This scheme is simple conceptually. 
However, M W  is known much less precisely than Mg and in 
practice one extracts s 2 from Mg alone using 

Ao 
M W = s w ( 1  _ Ar)l/2 , (10.6a) 

M W  
M Z = , (10.6b) 

cw 
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Table  10,1: Notations u s e d t o  indicate 
the various schemes discussed in the text. 
Each definition of sin 0 W leads to values 
that  differ by small factors depending on 
mt and M H. 

Scheme Notation 

On-shell s w  = s in0w 

N O V  8Mz = sinOw 

M-"S 8"g = sin0w 

M--g N D  8ND = sin0w 

Effective angle ~! = sin OW 

where s w  =- s in0w,  cw - cos0w, Ao = (Tralv~GF) 1/2 = 
37.2802 GeV, and Ar includes the radiative corrections 
relating a, a (Mz ) ,  GF, MW,  and Mz .  One finds Ar 
A t 0 -  pt / tan28W,  where At0 ~ 1 -  a / a ( M g )  ~ 0.06 
is due to the running of a and pt = 3GFm2t/8v/~2 
0.0096(mt/175 GeV) 2 represents the dominant (quadratic) 
mt dependence. There are additional contributions to 
Ar from bosonic loops, including those which depend 
logarithmically on the Higgs mass M H. One has Ar = 
0.0349 =F 0.0019 -4- 0.0007 for (mr, MH) = (175 -4- 5 GeV, Mz) ,  
where the second uncertainty is from a(Mg).  Thus the 
value of s 2 extracted from Mg includes a large uncertainty 
(=F0.0006) from the currently allowed range of mr. 

(ii) A more precisely determined quantity S~z can be obtained 
from MZ by removing the (mr, MH) dependent term from 
Ar [19], i.e., 

2 2 Ira(Mz) 
8 M z C M z  = ~ /2G F M~ " (10.7) 

This yields s 2 = 0.23116-4-0.00022, with most of MZ 
the uncertainty from a rather than M z.  Scheme (ii) is 
equivalent to using M z rather than sin 2 0w as the third 
fundamental parameter. However, it recognizes that S~z is 

still a useful derived quantity. The small uncertainty in s 2  z 
compared to other schemes is because the mt dependence 
has been removed by definition. However, the mt uncertainty 
reemerges when other quantities (e.g., M W or other Z pole 
observables) are predicted in terms of M z. 

Both s~v and S~z  depend not only on the gauge couplings 
but also on the spontaneous-symmetry breaking, and both 
definitions are awkward in the presence of any extension 
of the Standard Model which perturbs the value of M z  
(or M w ) .  Other definitions are motivated by the tree-level 
coupling constant definition 0 w = tan-l(g~/g). 

(iii) In particular, the modified minimal subtraction (~-~) scheme 
introduces the quantity sin2~w(p) = gt2(D)/[g2(D ) q- 
~2(D)],  where the couplings ~ and ~ are defined by 
modified minimal subtraction and the scale # is conveniently 
chosen to be Mg  for electroweak processes. The value of 

2 2 s'Z = sin Ow (Mz)  extracted from M z is less sensitive than 
s ~  to mt (by a factor of tan 2 0w), and is less sensitive to 
most types of new physics than s ~  or s ~ z .  It is also very 
useful for comparing with the predictions of grand unification. 
There are actually several variant definitions of sin 2 Ow(Mg),  
differing according to whether or how finite a ln(mt/Mg)  
terms are decoupled (subtracted from the couplings). One 
cannot entirely decouple the a ln (mt /Mg)  terms from all 
electroweak quantities because mt >> mb breaks SU(2) 
symmetry. The scheme that will be adopted here decouples 
the a l n ( m t / M z )  terms from the 7 -  Z mixing [8,20], 
essentially eliminating any ln(mt /Mg)  dependence in the 
formulae for asymmetries at the Z pole when written in 

terms of ~-2. The various definitions are related by 

~2 = c (mr, M H ) S ~  = ~ (mr, MH) s 2 (10.8) M Z , 

where c = 1.0376 :t: 0.0021 for m t =  175 + 5 GeV and 
M H = M Z. Similarly, ~ = 1.0003 =F 0.0007. The quadratic 
mt dependence is given by c ~ 1 + p t / t a n 2 0 w  and 

~ 1 - pt/(1 - tan 2 0w), respectively. The expressions for 
M W and M z in the ~ scheme are 

A0 (10.9a) 
M w - ~.z( 1 - AFW)I/2 ' 

MW 
M z -- ~l/2Fz . (10.9b) 

One predicts AF W = 0.0698 -4- 0.0001 • 0.0007 for m t =  
175 -4- 5 GeV and M H = M Z. AF W has no quadratic mt 
dependence, because shifts in M W are absorbed into the 
observed GF, so that  the error in AF W is dominated by 
At0 = 1 -  a / a ( M g )  , which induces the second quoted 
uncertainty. Similarly, ~ ~ 1 + Pt. Including bosonic loops, 

= 1.0109 =i: 0.0006 for (mr, MH) = (175 :t: 5 GeV, MZ). 

(iv) A variant ~ quantity ~'~D (used in the 1992 edition of this 
Review) does not deeouple the a l n ( m t / M z )  terms [21]. It is 
related to ~-2 by 

A 

~'~ = ~"~ID/(1 + ~d ) ,  (lO.lOa) 

^ m ,  1 ..1 1 1 -.~-) in (10.10b) d = 3 ( ~ ' 2 - 8 )  [ ( 1 §  Mg 81r J 

where 68 is the QCD coupling at Mz .  Thus, ~-2 _ ~-2 D 
-0.0002 for mt : 175 GeV. 

(v) Yet another definition, the effective angle [22,23] ~ for 
Z coupling to fermion f ,  is described at the end of Sec. 10.3. 

Experiments are now at such a level of precision that  complete 
O(a) radiative corrections must be applied. For nentral-current and 
Z pole processes, these corrections are conveniently divided into two 
classes: 

1. QED diagrams involving the emission of real photons or the 
exchange of virtual photons in loops, but not including vacuum 
polarization diagrams. These graphs often yield finite and gauge- 
invariant contributions to observable processes. However, they 
are dependent on energies, experimental cuts, etc., and must be 
calculated individually for each experiment. 

2. Eleetroweak corrections, including ~'7, 7Z, ZZ ,  and W W  vacuum 
polarization diagrams, as well as vertex corrections, box graphs, 
etc., involving virtual W's  and Z's. Many of these corrections 
are absorbed into the renormalized Fermi constant defined in 
Eq. (10.5). Others modify the tree-level expressions for Z pole 
observables and neutral-current amplitudes in several ways [16]. 
One-loop corrections are included for all processes. In addition, 
certain two-loop corrections are also important.  In particular, 
two-loop corrections involving the top-quark modify pt in ~, Ar,  
and elsewhere by 

Pi "-+ pt[1 + R(MH, mr)pal3] �9 (10.11) 

R ( M H , m t  ) is best described as an expansion in 2 2 M ~ / m  t . The 
unsuppressed terms were first obtained in Ref. 24, and are known 

2 2 analytically [25]. Contributions proportional to M ~ / m  t were 
studied in Ref. 26 with the help of small and large Higgs mass 
expansions, which can be interpolated. These contributions are 
about as large as the leading ones in Refs. 24 and 25. Very recently, 
a subset of the relevant two-loop diagrams has been calculated 
numerically without any heavy mass expansion [27]. This serves 
as a valuable check on the M H dependence of the leading terms 
obtained in Hers. 24-26. The difference turned out to be small. 
For M H above its lower direct limit, - 1 7  < R < -11 .  Mixed 
QCD-electroweak loops of order aaam 2 [28] and aa2am2 t [29] 
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increase the predicted value of mt by 6%. This is, however, almost 
entirely an artifact of using the pole mass definition for mr. 
The equivalent corrections when using the ~ definition ~ t ( ~ )  
increase m~ by less than 0.5%. The le~ing electroweak [24,25~ 
and mixed [30] two-loop terms are also known for the Z --* b~ 
vertex, but not the respective subleading ones, 

10 .3 .  C r o s s - s e c t i o n  a n d  a s y m m e t r y  f o r m u l a s  

It is convenient to write the four-fermion interactions relevant to 
~-hadron, ~e, and parity violating e-hadron neutral-current processes 
in a form that is valid in an arbitrary gauge theory (assuming massless 
left-handed neutrinos), One has 

_ ~vHadron GF = ~ VT~ (I-7~)~ 

• ~ [,,.(,) ~, .~,(I - ~')q, + , , , ( , )  ~, .~,~(1 +-~%, ]  , (lO.12) 
d 

OF 

(for ~,e or V,e, the charged.current contribution must be included), 
and 

_.~eHadron = -- G._~F 
v~ 

[Ct~ ~ 7. 7~e ~i 7" q~ + CS~ U 7~e ~ 7" 7S q~] . (10,14) g 

(One must add the parity-conserving QED contribution,) 

s i u~ The Standard Model expressions for ~,a() ,  gV,.4, and OdJ are given 
in Table 10,2, Note that g~/,'A and the other quantities are coe/ilcients 
of effective four.fermi operators, which differ from the quantities 
defined in Eq. (10.2) and Eq, (10.3) in the radiative corrections and in 
the presence of possible physics beyond the Standard Model, 

A precise determination of the on-shell s~ ,  which depends 
only very weakly on m~ and MH, is obtained from deep inelastic 
neutrino scatterin_~J~om (approximately) Isoscalar targets [31], 
The ratio R~ ffi ~ / ~ $ ~  of neutral- to charged-current cross 
sections has been measured to I% accuracy by the CDHS [32] 
and CHARM [33] collaborations at CER~ [34], and the CCFR 
collaboration at Fermilab [3~,30] has obtained an even more precise 
result, so it is important to obtain theoretical expressions for R~ and 

~NCy.CC (as functions of sin 20W) to comparable accuracy. Ro = ~ON /"ON 
Fortunately, most of the uncertainties from the strong interactions 
and neutrino spectra cancel in the ratio. 

A simple zerott'-order approximation is 

^2 - 2 r  (lO.15a) 

= O~ + ~'~'~ , (10.15b) 
r 

where 

5 4 g2 __ cn (u)2 + e~ (d) 2 ~. ~ - sin 2 0w + ~ sin flW , (lO.16a) 

5 4 g~ _~ea (~)2 + ea (d)2 ~ 9 sin O w , (10.1Ob) 

~CC/.CC is the ratio of ~ and t, charged-current cross and r = - " v N / r u n  
sections, which can be measured directly. (In the simple parton model, 
ignoring hadron energy cuts, r ~ (~ + e)/(1 + ~ ) ,  where ~ ,.~ 0.125 
is the ratio of the fraction of the nucleon's momentum carried by 
antiquarks to that carried by quarks.) In practice, Eq. (10.15) must 
be corrected for quark mixing, quark sea effects, c-quark threshold 
effects, nonisoscalarity, W ~ Z propagator differences, the finite muon 
mass, QED and electroweak radiative corrections. Details of the 
neutrino spectra, experimental cuts, z and Q2 dependence of structure 
functions, and longitudinal structure functions enter only at the level 
of these corrections and therefore lead to very small uncertainties. The 
largest theoretical uncertainty is associated with the c-threshold, which 

Table 10.2' Standard Model expressions for the neutral-current 
parameters for v-haclron, us, and e-h~lron processes. At 
tree level, p - -  ~ = 1, A -- 0. If radiative corrections are 
included, pNNC = 1,0084, RuN ---- 0.9964 (at (~2) = 35 GeVZ), 
A.~ = -0.0031, A~ = -0,0023, and Ada ffi 2A.a ffi 7,~ x I0 -~ 
for mt ffi 175 GeV and MH = MZ = 91.1807 OeV. For ~e 
scattering, Pu, = 1.0130 and ~u, ffi 0.9970 (st (Q2) ffi 0.7. 
For atomic parity violation and the SLAC polarized electron 
experiment, p[q ffi 0.9879, Peq = 1.0009, ~ q  = 1.0029, 
~,q = 1.0304, Ald ffi -2A1,  = 3.7 x 10 -~, As, = -0.0121 
and A~d = 0.0020. The dominant m, dependence is given by 
p ~ 1 + m, while ~ ~ 1 (~l~) or ~ ~ 1 + m/ t an  ~ 8w (on-sheU). 

Quantity Standard Model Expression 

,LCu) NC 

NC I eL(d) PuN (-2 + Is~vN a~Z) + AdL 

ca(d) NC 

mainly affects o cC. Using the slow rescaling prescription [37] the 
central value of sin 2 #w from CCFR varies as 0,0111(me [GeV] - 1.31), 
where mc is the effective mass. For me = 1.31 :t: 0.24 GeV (determined 
from v.induced dimuon production [88]) this contributes :t:0,003 to 
the total uncertainty A sin #W --0.004, This would require a high. 
energy neutrino beam for improvement, (The experimental uncertainty 
is also • The CCFR group quotes #~V = 0,2236 -" 0.0041 for 
(mr, M'H) = (175,150) GeV with very little sensitivity to (mr, .~4"H). 
Combining all of the precise deep-inelastic measurements, one obtains 
a 2 = 0,2260 4- 0.0039. 

The laboratory cross section for v~,e --* v.e or V#e --, V~,e elastic 
scattering is 

dou~,o. = G~,neEu 
dr 2r 

[(g~e :t: g~,)Z+(g7 ~ g~e)2(1 - y)2 x 

_(g~e2 gl,2)~ me] (10,177 - - ~ / j ,  

where the upper (lower) sign refers to v~,(V~,), and y - Ee/Eu (which 
runs from 0 to (1 + m J 2 E v )  -1) is the ratio of the kinetic energy of 
the recoil electron to the incident v or 17 energy. For Eu ~ me this 
yields a total cross section 

G~,meEv [ v, ue 2 1 ,  ue ue.2] ff 2r ( ~  • 9A ) + ]~gv ~: gA ) j �9 (10.187 

The most accurate leptonic measurements [39-41] of sin 2 0 W are 
from the ratio R -ffi cu, e/o~v,e in which many of the systematic 
uncertainties cancel. Radiative corrections (other than m~ effects) 
are small compared to the precision of present experiments and 
have negligible effect on the extracted sin 2 0w. The most precise 
experiment (CHARM II) [41] determined not only sin 2 0 W but 9~,.eA 
as well. The cross sections for vee and 1Tee may be obtained fro~" 
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Eq. (10.17) by replacing gVve A by g~'ve, A + 1, where the 1 is due to the 
charged-current contribution. 

The SLAC polarized-electron experiment [42] measured the 
parity-violating asymmetry 

A : aR - a L , (10.19) 
o" R + aL 

where GR,L is the cross section for the deep-inelastic scattering of 
a right- or left-handed electron: eR,LN --+ eX. In the quark parton 
model 

A 1 - (1 - y ) 2  
q--~ = al + a2 1 + (1 - y)2 ' (10.20) 

where Q2 > 0 is the momentum transfer and y is the fractional energy 
transfer from the electron to the hadrons. For the deuteron or other 
isoscalar targets, one has, neglecting the s-quark and antiquarks, 

3 G F ( 1 )  3 G F ( 3  5 ) 
_ _ ~ + ~ s i n 2 0  w , 

(10.21a) 

- 1 C  (s in20w - ~ )  (10.21b) a2-- 5V'~ot3GF ( C2u 2 2d) ~ 9GF~ " 

There are now precise experiments measuring atomic parity 
violation [43] in cesium (at the 0.4% level) [44], thallium [45], lead [46], 
and bismuth [47]. The uncertainties associated with atomic wave 
functions are quite small for cesium, for which they are ~ 1% [48]. 
The theoretical uncertainties are 3% for thallium [49] but larger for 
the other atoms. For heavy atoms one determines the "weak charge" 

Q w  = - 2  [C1~ (2Z + N)  + Cld(Z + 2N)] 

Z ( 1  - 4sin 2 Ow) - N .  (10.22) 

The recent Boulder experiment in cesium also observed the parity- 
violating weak corrections to the nuclear electromagnetic vertex (the 
anapole moment [50]). 

In  the future it should be possible to reduce the theoretical 
wave function uncertainties by taking the ratios of parity violation 
in different isotopes [43,51]. There would still be some residual 
uncertainties from differences in the neutron charge radii, however [52]. 

The forward-backward asymmetry for e+e - - ,  ~+s l = # or T, is 
defined as 

o- F - o- B 
AFB :-- - -  , (10.23) 

tr F + o" B 

where O'F(aB) is the cross section for ~- to travel forward (backward) 
with respect to the e -  direction. AFB and R, the total cross section 
relative to pure QED, are given by 

R : F1 , (10.24) 

AFB = 3F2/4F1 , (10.25) 

where 

Fl=l--2xog~.g ~ COS'R-'I-X2(.q~ 2 -{-geA2)(g~-'l-gtA2), (10.26a) 

2 e t F2 = -2X0 g~l g~i cos6R + 4X0 gA gA g~ g ~ ,  (10.26b) 

Mzrz (10.27) 
tan6 R -  M 2 _ s  ' 

G F sM~ (10.28) 
s~2 -L M21~2 ]1/2 ' X0= 2 V ~ r a [ ( M  2 _  , . Z-ZJ 

and ~ is the CM energy. Eq. (10.26) is valid at tree level. If the 
data is radiatively corrected for QED effects (as described above), 
then the remaining electroweak corrections can be incorporated [53,54] 
(in an approximation edequate for existing PEP, PETRA, and 
TRISTAN data, which are well below the Z pole) by replacing X0 by 
X(S) = (1 + pt)xo(s)a/a(s) ,  where a(s) is the running QED coupling, 
and evaluating gv in the ~-g scheme. Formulas for e+e - --, hadrons 
may be found in Ref. 55. 

At LEP and SLC, there are high-precision measurements of various 
Z pole observables [56-61]. These include the Z mass and total width, 
r z ,  and partial widths P(.ff) for Z ---, , f f  where fermion .f = e, 
#, T, hadrons, b, or c. The data is consistent with lepton-family 
universality, r ( e+e  - )  = r ( # + #  - )  = r ( r + r - ) ,  so one may work 
with an average width r(~+~-) .  It is convenient to use the variables 
Mz, r z ,  R t  - r ( h a d ) / r ( t + e - ) ,  ~h~d -- 127rr(e+e-)r(had)/M~ r 2,  
R b - r (bb) / r (had) ,  and Rc =-- r (c~) / r (had) ,  most of which are weakly 
correlated experimentally. (P(had) is the partial width into hadrons.) 
The largest correlation coefficient of -0 .20 occurs between R b and 
Re. R l is insensitive to mt except for the Z --* bb vertex and final 
state corrections and the implicit dependence through sin 2 Ow. Thus 
it is especially useful for constraining as.  The width for invisible 
decays [57], r( inv) = r z  - 3r(~+~ - )  - r (had)  = 500.1 + 1.S MeV, 
can be used to determine the number of neutrino flavors much 
lighter than M z / 2  , N~ = r(inv)/rthe~ = 2.990 • 0.011 for 
(mr, MH) = (175 • 5 GeV, MZ). 

There are also measurements of various Z pole asymmetries. These 
include the polarization or left-right asymmetry 

tr L - tr R 
ALR ---- , ( 1 0 . 2 9 )  

tr L -4- f i r  

where ~L(aR) is the cross section for a left- (right)-handed incident 
electron. ALR has been measured precisely by the SLD collaboration 
at the SLC [59], and has the advantages of being extremely sensitive to 
sin 2 0 W and that  systematic uncertainties largely cancel. In addition, 
the SLD collaboration has extracted the final-state couplings Ab, Ac, 
At,  and Ag from left-right forward-backward asymmetries [57,60], 
using 

: 3 A 
O.L/F + O.L/B + O./R F + cr/R B = ~ f ,  (10.30) 

where, for example, GLF is the cross section for a left-handed incident 
electron to produce a fermion .f traveling in the forward hemisphere. 
Similarly, Ar is measured at LEP [57] through the negative total T 
polarization, T'r, and Ae is extracted from the angular distribution 
of 7~r. An equation such as (10.30) assumes that  initial state QED 
corrections, photon exchange, 7 - Z interference, the tiny electroweak 
boxes, and corrections for ~ # M z are removed from the data, 
leaving the pure electroweak asymmetries. This allows the use of 
effective tree-level expressions, 

where 

and 

ALR = AePe , (10.31) 

3 Ae + Pe (10.32) 
AFB = ~A  I l + PeAe ' 

(10.33) 

"glV = ~/P]~ ~ tt('f)3L -- 2qlSl sin2 OW) ' (10.33b) 

-gIA ~ t(l) (10.33c) = ~/P,f 3L " 
Pe is .the initial e -  polarization, so that the second equality in 
Eq. (10.30) is reproduced for Pe = 1, and the Z pole forward-backward 

asymmetries at LEP (Pe = 0) are given by A ?  J )  = ~AeA I where 

f = e, #, 7, b, c, s, and q, and where A ~  ) ' -  refers to the hadronic 
charge asymmetry. The initial state coupling, Ae, is also determined 
through the left-right charge asymmetry [61] ~md in polarized Bhabba 
scattering [60] at the SLC. 

The eleetroweak-radiative corrections have been absorbed into 
corrections Pl - 1 and t o / -  1, which depend on the fermion .f and on 
the renormalization scheme. In the on-shell scheme, the quadratic mt 
dependence is given by p! ~ 1 + Pt, tel ~ 1 Jr Pt / tan  2 OW, while in ~-'g, 
^ ^ 4 t 1 + ~Pt). In the ~ scheme Pl ~ ~! ~ 1, for ~f # b (Pb ~ 1-- ~p, ~b 

2 _.+ the normalization is changed according to GFM~/2v~ ~/45~2z �9 
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(If one continues to normalize amplitudes by GFM}/2V~Tr, as in the 
1996 edition of this Review, then ~1 contains an additional factor of/~.) 
In practice, additional bosonic and fermionic loops, vertex corrections, 
leading higher order contributions, etc., must be included. For 
example, in the ~ scheme one has, for (mr, MH) = (175 GeV, Mr) ,  
Pl = 0.9978, ~l = 1.0013, P'b = 0.9868 and ~b = 1.0067. It is convenient 
to define an effective angle i~ = sin 2 0W! = ~/s '~  = ~/s~, ,  in terms 

of which g/v and g/A are given by ~ times their tree-level formulae. 
= ~(0,t) Because g~v is very small, not only AOLR Ae, ~FB ' and ~vr, but 

a l  _(O,b) -(0,c) - ( o , , )  SO AFB , A~F B , AFB , and the hadronic asymmetries are mainly 
sensitive to ~ .  One finds that ~1 ( ]  r b) is almost independent of 
(rnt, MH), so that one can write 

~-~ ,,~ ~-2 + 0.00029. (10.34) 

Thus, the asymmetries determine values of ~ and ~-2 almost 
independent of me, while the ~'s for the other schemes are mt 
dependent. 

10 .4 .  W a n d  Z d e c a y s  

The partial decay width for gauge bosons to decay into massless 
fermions .:1f2 is 

GFM~ 
F(W + --* e+ve) = ~ ~ 226.5 4- 0.3 MeV , (10.35a) 

r(w+ .;d~) = CGFM~, ---, 6----6-v~--- l~j 12 ~ (707 4.1) 1~.~ 12 M e V ,  

(10.35b) 
CGFM~ [g~ + g~] (i0.35c) r(z  -- r  = 

167.25 4- 0.08 MeV (v~), 84.01 4- 0.05 MeV (e+e-) ,  

300.3 :t: 0.2 MeV (u~), 383.1 4- 0.2 MeV (dd), 
376.0~ 0.1 MeV (bb), 

where the numerical values are for (mr, MH) = (175 4- 5 GeV, Mz). 

For leptons C = 1, while for quarks C = 3(1 + a,(Mv)/~r 

+l.409a2/r 2 - 12.77a~/~r3), where the 3 is due to color and the 

factor in parentheses represents the universal part of the QCD 
corrections [62] for massless quarks [63]. The Z --* j ' f  widths contain 
a number of additional corrections: universal (non-singlet) top-mass 
contributions [64]; fermion mass effects and further QCD corrections 
proportional to m~ [65] (mq is the running quark mass evaluated at 
the Z scale) which are different for vector and axial-vector partial 
widths; and singlet contributions starting from two-loop order which 
are large, strongly top-mass dependent, family universal, and flavor 
non-universai [66]. All QCD effects are known and included up to 
three loop order. The QED factor 1 4 3aq~/4~r, as well as two-loop 

aa~ and a 2 corrections [67,68] are also included. Working in the 
on-shell scheme, i.e., expressing the widths in terms of GFMSwg, 
incorporates the largest radiative corrections from the running "(~ED 
coupling [18,69]. Electroweak corrections to the Z widths are then 

~2 *2 incorporated by replacing g ~A by ~ ~.A' Hence, in the on-shell scheme 
the Z widths are proportion~ to p~ ,~ 1 + Pt. The ~ normalization 
(see the end of the previous section) accounts also for the leading 
electroweak corrections [22]. There is additional (negative) quadratic 
mt dependence in the Z ~ bb vertex corrections [70] which causes 
P(bb) to decrease with mr. The dominant effect is to multiply P(bb) 

2 
by the vertex correction 1 + 8Pb~, where 8Pt~ ~ 10-2[~-2 ~zz1 mt --4- ~).1 In 

practice, the corrections are included in Pb and ~b, as discussed before. 
For 3 fermion families the total widths are predicted to be 

Pg ~ 2.496 4- 0.001 GeV , (10.36) 

r W ~ 2.093 :h 0.002 GeV . (10.37) 

We have assumed a# = 0.120. An uncertainty in a ,  of 4.0.003 
introduces an additional uncertainty of 0.1% in the hadronic widths, 
corresponding to +1.6 MeV in r z. These predictions are to be 
compared with the experimental results r z = 2.4948 =h 0.0025 GeV 
and r w  = 2.062 4- 0.059 GeV. 

10.5. Experimental  results 

Table 10.3" Principal LEP and other recent observables, 
compared with the Standard Model predictions for Mz  = 
91.1867 + 0.0020 GeV, MH = Mz, and the global best 
fit values m t =  173 • 4 GeV, a ,  = 0.1214 :h 0.0031, and 
~(Mz) -1 = 127.90 4. 0.07. The LEP averages of the ALEPH, 
DELPHI, L3, and OPAL results include common systematic 
errors and correlations [57]. 72:s(0,q)~ is the effective angle oI~'~FB ] 
extracted from the hadronic charge asymmetry. The values of 
F ( t+ l - ) ,  P(had), and r(inv) are not independent o fPz ,  Rt, and 
ahsd. The first MW value is from CDF, UA2, and DO [71] while 
the second includes the measurements at LEP [57]. MW and 
MZ are correlated, but the effect is negligible due to the tiny 
M z error. The four values of A l are (i) from AI, R for hadronic 
final states [59]; (ii) the combined value from SLD including 
leptonic asymmetries; (iii) from the total r polarization; and 
(iv) from the angular distribution of the r polarization. The two 
values of s ~  from deep-inelastic scattering are from CCFR [36] 

ye  and the global average, respectively. Similarly, the gV, A are 
from CHARM II [41] and the world average. The second errors 
in Qw are theoretical [48,49]. Older low-energy results are 
not listed but are included in  the fits. In the Standard Model 
predictions, the uncertainty is from Mr, rnt, A n ( M r )  and de. 
In parentheses we show the shift in the predictions when MH is 
changed to 300 GeV which is its 90% CL upper limit. The errors 
in Pz,  F(had), Rl, and ahad are completely dominated by the 
uncertainty in an. 

Quantity Value Standard Model 

mt [GeV] 175 4- 5 

Mw [GeV] 80.405 4- 0.089 

80,427 4- 0.075 

M Z [OeV] 91.1867 4- 0.0020 

Fz  [GeV] 2.4948 4. 0.0025 

r(had) [GeV] 1.7432 4. 0.0023 

r(inv) [MeV] 500.1 4. 1.8 

r(t+l -) [MeV] 83.91 4. 0.10 

ah~ I [nb] 41.486 4. 0.053 

R l 20.775 4- 0.027 

Rb 0.2170 4- 0.0009 

Re 0.1734 4- 0.0048 
A(O,l) 

B AF,b)(O 0.0171 4- 0.0010 
0.0984 :t: 0.0024 

A~BF̂ 2) 0.0741 4-0.0048 

A~ ) 0.118 4- 0.018 
~2/A(0,q) 1 I~--FB ] 0.2322 4- 0.0010 

A l 0.1550 4- 0.0034 

0.1547 4- 0.0032 

0.1411 4- 0.0064 

0.1399 4- 0.0073 

Ab 0.900 4- 0.050 

Ac 0.650 4- 0.058 

s~(vN) 0.2236 4- 0.0041 
0.2260 4- 0.0039 

g~e -0.035 4- 0.017 

-0.041 4- 0.015 

g~e -0.503 4- 0.017 

-0.507 4- 0.014 

Qw(Cs) -72.41 4- 0.25 4- 0.80 

Qw(T1) -114.8 4- 1.2 4- 3.4 

173 =h 4 (+5) 
80.377 4- 0.023 (-0.036) 

91.1867 4. 0.0020 (+0.0001) 
2.4968 4- 0.0017 (-0.0007) 
1.7433 4- 0.0016 (-0.0005) 

501.7 4- 0.2 (-0.1) 

84.00 4- 0.03 (-0.04) 

41.469 4- 0.016 (-0.005) 

20.754 4- 0.020 (+0.003) 

0.2158 4- 0.0001 (-0.0002) 

0.1723 4- 0.0001 (+0.0001) 
0.0162 4- 0.0003 (-0.0004) 

0.1030 4- 0.0009 (-0.0013) 

0.0736 4- 0.0007 (-0.0010) 

0.1031 4- 0.0009 (-0.0013) 

0.2315 4- 0.0002 (+0.0002) 

0.1469 + 0.0013 (-0.0018) 

0.9347 4- 0.0001 (-0.0002) 

0.6678 4- 0.0006 (-0.0008) 

0.2230 4- 0.0004 (+0.0007) 

-0.0395 4- 0.0005 (+0.0002) 

-0.5064 4- 0.0002 (+0.0002) 

-73.12 ::h 0.06 (+0.01) 
-116.7 4- 0.1 
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The values of the principal Z pole observables are listed 
in Table 10.3, along with the Standard Model predictions for 
M z  = 91.1867 4- 0.0020, mt = 173 + 4 GeV, M H = M z and 
a ,  = 0.1214 • 0.0031. Note, that  the values of the Z pole observables 
(as well as M w )  differ from those in the Particle Listings because 
they include recent preliminary results [57,58,59,71]. The values 
and predictions of M w [57,71], the Qw for cesium [44] and 
thallium [45], and recent results from deep inelastic [32-36] and v~e 
scattering [39-41] are also listed. The agreement is excellent. Even 

the largest discrepancies, A~ ~(0,b) ~FB , and A ? ~  ), deviate by only 
2.4 ~, 1.9 a and 1.7 #, respectively. 

Other observables like Rb = r(b~)/r(had) and R~ -- r(c~)/r(had) 
which showed significant deviations in the past, are now in perfect 
(Rc) or at least better  agreement. In particular, R b whose measured 
value deviated as much as 3.7 ~ from the Standard Model prediction 
is now only 1.3 ~ high. Many types of new physics could contribute 
to Rb (the implications of this possibility for the value of as(Mz)  
extracted from the fits are discussed below) and A b and as a 

~(0,b) = ~AeAb. Indeed, A b can be extracted from consequence to ~FB 
A(O,b) FB when Ae is taken from leptonic asymmetries (using lepton 
universality), and combined with the measurement at the SLC. 
The result, A b -- 0.877 4- 0.023, is 2.5 ~r below the Standard Model 
prediction. (Alternatively, one can use A t = 0.1469 4- 0.0013 from the 
global fit and obtain A b -- 0.894 4- 0.021 which is 1.9 cr low.) However, 
this deviation of about 6% cannot arise from new physics radiative 
corrections since a 30% correction to ~b would be necessary to account 
for the central value of Ab. Only a new type of physics which couples 
at the tree level preferentially to the third generation, and which 
does not contradict Rb (including the off-peak R b measurements by 
DELPHI [72]), can conceivably account for a low Ab [73]. 

The left-right asymmetry, A~ = 0.1550 • 0.0034 [59], based on all 
hadronic data from 1992-1996 has moved closer to the Standard Model 
expectation of 0.1469 • 0.0013 than previous values. However, because 
of the smaller error AOR is still 2.4 cr above the Standard Model 
prediction. There is also an experimental difference of ~ 1.9 v between 
the SLD value of At(SLD) = 0.1547 • 00032 from all ALR and A ~ ( t )  
data on one hand, and the LEP value A~(LEP) = 0.1461 R: 0.0033 

~(0,~) Ar ), A t ( 7 )  ) on the other hand, in both obtained from ~FB , 
cases assuming lepton-family universality. 

Despite these discrepancies the X 2 value of the fit for the Standard 
Model is excellent. It is 25 for 30 d.o.f, when fitting to the independent 
observables in Table 10.3, and 181 for 209 d.o.f, when the older neutral 
current observables are included. The probability of a larger X ~ is 0.73 
and 0.92 for the two eases, respectively. (The low X 2 for the older data 
is likely due to overly conservative estimates of systematic errors.) 

With  the latest value of A(F~ ) the data is now in reasonable 
agreement with lepton-family universality, which will be assumed. 
The observables in Table 10.3 (including correlations on the LEP 
lineshape and LEP/SLD heavy flavor observables), as well as all 
low-energy neutral-current data  [16,17], are used in the global fits 
described below. The parameter sin ~ ~w can be determined from 
Z pole observables , MW, and from a variety of neutral-current 
processes spanning a very wide Q2 range. The results [16], shown in 
Table 10.4, are in impressive agreement with each other, indicating 
the quantitative success of the Standard Model. The one discrepancy 
is the value ~'~ = 0.23023 4. 0.00043 from A~(SLD) which is 2.3 
below the value 0.23124 • 0.00017 from the global fit to all data  and 
2.6 ~ below the value 0.23144 • 0.00019 obtained from all data other 
than At(SLD). 

The data allow a simultaneous determination of sin ~ 8w, mr, and 
the strong coupling a~(Mz). The latter is determined mainly from 
Rt, l~z, and ~had, and is only weakly correlated with the other 
variables. The global fit to all data, including the CDF/DD value, 
mt= 175 • 5 GeV, yields 

~'~ = 0.23124 • 0.00017 (+0.00024), 

mt: 173 • 4 (+5) GeV,  

a , ( M z )  = 0.1214 • 0.0031 (+0.0018), 

MH = MZ �9 (10.38) 

In parentheses we show the effect of changing MH to 300 GeV which 
is the conservative 90% CL upper limit (see below). In all fits, the 
errors include full statistical, systematic, and theoretical uncertainties. 
The ~'~ error reflects the error on ~ ~ • from the Z pole 

asymmetries. In the on-shell scheme one has s ~  = 0.22304 • 0.00044, 
the larger error due to the stronger sensitivity to mr. The extracted 
value of aa is based on a formula with negligible theoretical 
uncertainty (• in aa) if one assumes the exact validity of 
the Standard Model. It is in excellent agreement with other precise 
values [74], such as 0.122 -4- 0.005 from 7" decays, 0.121 4. 0.005 from 
jet-event shapes in e+e - annihilation, and the very recent result [75], 
0.119 4. 0.002 (exp) 4. 0.004 (scale), from deep-inelastic scattering. It 
is slightly higher than the values from lattice calculations of the bb 
(0.1174 4- 0.0024 [76]) and c~ (0.116 4- 0.003 [77]) spectra, and from 
decays of heavy quarkonia (0.112 • 0.006 [74]). For more details, see 
our Section 9 on "Quantum Chromodynamics" in this Review. The 
average aa(Mz) obtained from Section 9 when ignoring the precision 
measurements discussed in this Section is 0.1178 4- 0.0023. We use this 
value as an external constraint for the second fit in Table 10.5. The 
resulting value, 

a ,  = 0.1191 4- 0.0018 (+0.0006), (10.39) 

can be regarded as the present world average. 

Table 10.4: Values obtained for s~ (on-shell) and ~'~(l~') 
from various reactions assuming the global best fit values (for 
MH = Mz)  mt= 173 4- 4 GeV and ae = 0.1214 4- 0.0031. 

Reaction s~v ~ 

M z 0.22314. 0.0005 0.2313 • 0.0002 

M w  0.2228 :k 0.0006 0.2310 + 0.0005 

r z / M  3, R, ~h~l M2 0.2235 4- 0.0011 0.2316 • 0.0011 

ACO,G FB 0.2225 • 0.0007 0.2307 • 0.0006 

LEP asymmetries 0.2235 • 0.0004 0.2317 • 0.0003 

AOR 0.2220• 0.0005 0.2302 • 0.0004 

Ab, Ac 0.230 • 0.016 0.239 • 0.016 

Deep inelastic 0.226 -4- 0.004 0.234 �9 0.004 
(isocalar) 

v~(~,)p--.* v~(~)p 0.203 ~- 0.032 0.211 • 0.032 

v ~ ( ~ ) e  --~ v~ (~ )e  0.221 • 0.008 0.229 • 0.008 

atomic parity 0.220 • 0.003 0.228 • 0.003 
violation 

SLAC eD 0.213 • 0.019 0.222 • 0.018 

All data 0.2230 4. 0.0004 0.23124 • 0.00017 

The value of Rb is 1.3 a above the Standard Model expectation. If 
this is not just a fluctuation but is due to a new physics contribution 
to the Z --* bb vertex (many types would couple preferentially to 
the third family), the value of as(Mg) extracted from the hadronic 
Z width would be reduced [17]. Allowing for this possibility one 
obtains as(Mr)  = 0.1160 + 0.0048 (+0.0007). Similar remarks apply 
in principle for Re and the other quark and lepton flavors, and one 
should keep in mind that  the Z lineshape value of a8 is very sensitive 
to many types of new physics. 

The data indicate a preference for a small Higgs mass. There is a 
strong correlation between the quadratic mt and logarithmic MH terms 
in ~ i n  all of the indirect data except for the Z --* bb vertex. Therefore, 
observables (other than Rb) which favor mt values higher than the 
Tevatron range favor lower values of MIt. This effect is enhanced by 
Rb, which has little direct MH dependence but favors the lower end of 
the Tevatron mt range. M W has additional MtI dependence through 
AF w which is not coupled to mt 2 effects. The strongest individual pulls 

j(0,t)  (when combined towards smaller MH are from M w ,  A~ and ~FB 
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with MZ)  , as well as Rb. The difference in X 2 for the global fit is 
AX2 = x2 (MH = 1000 G e V ) - x 2 ( M H  = 77 GeV) = 16.6. Hence, the 
data  favor a small value of MH, as in supersymmetric extensions of 
the Standard Model, and mt on the lower side of the Tevatron range. 
If one allows M H as a free fit parameter and does not include any 
constraints from direct Higgs searches, one obtains MH -- aa+ss - - -~ -43  GeV, 
i.e., the central value below the direct lower bound, M H > 77 GeV 
(95% CL) [78]. Including the results of the direct searches as an 
extra contribution to the likelihood function drives the best fit value 
to the present kinematic reach ( M  H ~ 83 GeV), and we obtain the 
upper limit M H < 236 (287) GeV at 90 (95)% CL. The extraction 
of M H from the precision data depends strongly on the value used 
for a ( M z ) .  The value derived by Martin and Zeppenfeld [11] relying 
on the predictions of perturbative QCD down to smaller values of 
v ~  is higher and has a smaller stated error. Using this value would 
give a best fit at MH  = 140 GeV, and an upper limit M H < 300 
(361) GeV at 90 (95)% CL. Clearly, a consensus on the applicability 
of perturbative QCD in e+e - annihilation is highly desirable. 

The most deviating observable, ALR , has a strong impact on the 
Higgs mass limits as well [17,79]. The Introduction to this Review 
suggests an unbiased treatment of deviating observables r through the 
introduction of scale factors St. It is instructive to study the impact 
of this more conservative procedure on MH. For the case of a fit to 
the Standard Model, we define 

S r = m a x ( ~ r 2 , 1 ) ,  (10.40) 

where Xr 2 is the X 2 contribution of observable r to a global fit in which 
M H is allowed as a free fit parameter (with no direct constraints 
included). We then repeat the fit with all errors multiplied by St, and 
proceed iteratively until the procedure has converged. This way we 
obtain 

SAOIz : 2.76, SA(~f) = 2.05, SA(fl,B~. ) = 1.83, 

SAFB(.r) : 1.45, SAFBtI~ = 1.34, SRb : 1.33, 
LR LRX P 

as well as SA,(p,)  = 1.02, and Sr = 1 for all other observables. The 
result of the global fit is 

~-2 = 0.23141 4- 0.00031 , 

mt =1745=5 GeV , 

a s ( M r )  = 0.1222 • 0.0034, 
19 +134 M H = . .2_77 GeV,  (10.41) 

where the larger errors compared to Eq. (10.38) are from M H rather 
than the St. Since the central value of M H is much larger than the 
present direct lower bound, and log(MH) is approximately normal 
distributed, it is justified to include the error due to M H (with all 
correlations properly taken into account) in a Gauss• way in the 
uncertainties of the other parameters. For comparison with other fits 
we also list the results for fixed M H in Table 10.5. Including the 
direct constraint we obtain an upper limit MH < 329 (408) GeV at 90 
(95)% CL, which is higher by O(100 GeV) than the one without scale 
factors. It is in good agreement with the bound we obtained above by 
switching to the higher_a(Mz).  Indeed, both analyses decrease the 
impact of ALR on the Higgs mass limit. 

A few comments are in order: (i) The procedure used here is 
not unambiguous. It depends on whether results from different 
experiments (e.g., the various experimental groups at LEP or the 
Tevatron) are combined or used as individual pieces of input. We 
use combined result, primarily in order to avoid insurmountable 
complications with cross correlations between different experimental 
groups on top of the correlations between the observables. Even the 
result on a single observable quoted by an individual group, is in 
general a combination of various channels, with different types of 
systematic errors (which are the prime reason for the introduction 
of scale factors in the first place). Thus, ideally, one would prefer 
to define the Sr at this level. In practice, however, this is virtually 
impossible to achieve. In the case of M W  we use the individual 

determinations, since they are uncorrelated and are based on entirely 
different processes. (ii) None of the definitions of scale factors in 
the Introduction to this Review is directly applicable to our case. 
However, we have tried to work as closely as possible in spirit to the 
definitions given there. One major difference is that  central values of 
fit parameters (in particular of MH) change upon introducing St; on 
the other hand, central values of measurements remain unchanged. 
(iii) The procedure used here relies on the validity of the Standard 
Model, since in the presence of new physics, some discrepancies will 
be shifted into new physics parameters. When fits to new types of 
physics are to be compared to Standard Model fits as is done in 
Section 10.5 one has to refrain from using scale factors. 

One can also carry out a fit to the indirect data alone, i.e., without 
including the value m t =  175 • 5 GeV observed directly by CDF and 
DO. (The indirect prediction is for the ~-g mass which is in the end 
converted to the pole mass using an BLM optimized [80] version of 
the two-loop perturbative QCD formula [81]; this should correspond 
approximately to the kinematic mass extracted from the coUider 
events.) One obtains mt  = 170 • 7 (+14) GeV, with little change in 
the sin 2 8w and as values, in remarkable agreement with the direct 
C D F / D ~  value. The results of fits to various combinations of the 
data are shown in Table 10.5 and the relation between ~'~ and mt  for 
various observables in Fig. 10.1. 

Table  10.5: Values of ~-2 and s~q (in parentheses), as ,  and 
rnt for various combinations of observables. The central values 
and uncertainties are for M H = MZ while the third numbers 
show the shift (positive unless specified) from changing M H to 
300 GeV. 

Data "g2 z ( s ~ )  as ( M z )  rat [GeV] 

All indirect +mt 0.23124(17)(24) 

(0.2230• (+0.0007)) 

All indirect + mt  + as 0.23121(17)(22) 

(0.2230• (+0.0007)) 

All indirect + m t  + Sr 0.23133(20)(32) 

(0.2232• (+o.ooo8)) 
All indirect 0.23129(19)(11) 

(0.2234• (-0.0002)) 

Z pole 0.23135(21)(10) 

(0.2236• (-0.0003)) 

LEP 1 0.23170(24)(13) 

(0.2247• (-0.0002)) 

SLD + M z  0.23023(43) 

(0.2192• (-0.0008)) 
A(O,b) FB + M z  0.23209(45) 

(0.2261+0.0018 (-0.0009)) 

M W  + M z  0.23101(43)(22) 

(0.2221• 

0.1214(31)(18) 173(4)(5) 

0.1191(18)(6) 173(4)(5) 

0.1218(31)(21) 173(4)(5) 

0.1216(31)(14) 170(7)(14) 

0.1218(31)(13) 168(8)(14) 

0.1232(31)(14) 160(8)(14) 

0.1200 (fixed) 203(13)(17) 

0.1200 (fixed) 147(17)(21) 

0.1200 (fixed) 181(12)(12) 

Using a ( M z )  and ~'~ as inputs, one can predict a s ( M z )  assuming 
grand unification. One predicts [82] a s ( M z )  = 0.130 + 0.001 + 0.01 for 
the simplest theories based on the minimal supersymmetric extension 
of the Standard Model, where the first (second) uncertainty is from 
the inputs (thresholds). This is consistent with the experimental 
a s ( M z )  = 0.1216 • 0.0031 + 0.0003 from the Z lineshape (with the 
second error corresponding to M H < 150 GeV, as is appropriate to the 
lower Mtt  range appropriate for supersymmetry) and with the world 
average 0.119 + 0.002. Nonsupersymmetric unified theories predict 
the low value a s ( M z )  = 0.0?3 • 0.001 • 0.001. See also the note on 
"Low-Energy Supersymmetry" in the Particle Listings. 

One can also determine the radiative correction parameters Ar: 
including the CDF and DO data, one obtains Ar  = 0.0355 • 
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Figure 10.1= One-standard-deviation uncertainties in sin = Ow 
as a function of mr, the direct CDF and D| range 175 ~- ~ GeV, 
and the 90% CL region in sin 3 0"w - me allowed by all data, 
assuming M H = Mz. 

0,0014 (+0,0021) and AFw ffi 0,0697 • 0,0005 (+0,0001), in excellent 
agreement with the predictions 0,0349 • 0,0020 and 0.0898 • 0,0007, 
MW measurements [57,71] (when combined with MZ) are equivalent 
to measurements of A r  = 0 .0325  • 0 .0045,  

Table 10.6: Values of the model-independent neutral-current 
parameters, compared with the Standard Model predictions 
for Mz = 91.1887 • 0.0020 Gee, MtI = Ms, and the global 
best fit values m t =  173 • 4 Gee, am ffi 0.1214 • 0.0031, and 
~,(Mz) -1 = 127.90 • 0.07, There is a second g~/,a solution, given 
approximately by g~/e ... g~e, which is eliminated by e+e - data 
under the assumption that the neutral current is dominated 
by the exchange of a single Z. 0~, i = L or R, is defined as 
tan-I'[e,(u)/st(d)]. 

Experimental Standard Model 
Quantity Value Prediction Correlation 

eL(u) 0.328 • 0.3481• 

eL(d) -0.440 • -0.4292• non- 

eR(u) -0.179 • -0.1548• Gaussian 
eR(d) -0.027 +0.077 0.0775• -0.048 

g~ 0.3009• 0.3040• 
g~ 0.0328• 0.0300 small 

0 L 2.50 • 2.4629• 
0R 4.56 +0.4= -0.27 5.1765 

g~e --0.041 • --0.0395• --0.04 

g~e --0.507 • --0.5064• 

C1u -0.216 • -0.1885• -0.997 -0.78 

Cld 0.301 • 0.3412• 0.78 

C2u - 1C=d -0.03 • -0.0488• 

Most of the parameters relevant to v-hadron, re, e-hadron, and 
e+e - processes are determined uniquely and precisely from the data 
in "model independent" fits (i.e., fits which allow for an arbitrary 
electroweak gauge theory). The values for the parameters defined in 
Eqs. (10.12)-(10.14) are given in Table 10.6 along with the predictions 
of the Standard Model. The agreement is excellent. The low-energy 
e+e - results are difficult to present in a model-independent way 
because Z propagator effects are non-negligible at TRISTAN, PETRA, 
and PEP energies. However, assuming e-/~v universality, the lepton 
asymmetries imply [55] 4(g~) 2 = 0.99 �9 0.05, in good agreement with 
the Standard Model prediction ~ 1. 

The results presented here are generally in reasonable agreement 
with the ones obtained by the LEP Electroweak Working Group [57]. 
We obtain slightly higher values for am and significantly lower best fit 
values for Mlf. We could trace the differences to be due to (i) the 
inclusion of recent higher order radiative corrections, in particular, 
O(a=m~) [26] and O(ac~m) vertex [88] corrections, as well as the 
leading O(,~4) contribution to hadronic Z decays; (ii) the use of a 
slightly higher value of a(Mz) [9]; (iii) a more complete set of low 
energy data (which is not very important for Standard Model fits, 
but is for physics beyond the Standard Model); and (iv) scheme 
dependences. Taking into account these differences, the agreement is 
excellent. 

10.6.  C o n s t r a i n t s  o n  n e w  p h y s i c s  

The Z pole, W mass, and neutral-current data can be used to 
search for and set limits on deviations from the Standard Model. 
In particular, the combination of these indirect data with the direct 
CDF and D| value for mt allows stringent limits on new physics. 
We will mainly discuss the effects of exotic particles (with heavy 
mMses Mnmw :~ MZ in an expansion in Mz/Malw ) on the gauge 
boson self-energies. (Brief remarks are made on new physics which 
is not of this type,) Most of the effects on precision measurements 
can be described by three gauge self-energy parameters $, T, and 
U. We wiU define these, as well as related parameters, such as P0, 
el, and e'i, to arise from new physics only. I,e., they are equal to 
zero (P0 = 1) exactly in the Standard Model, and do not include 
any contributions from mr or MH, which are treated separately, Our 
treatment differs from most of the original papers, We also allow a 
Zb~ vertex correction parameter %. 

Many extensions of the Standard Model are described by the P0 
parameter: 

= = ~ ,  (10,42) PO -- M~,/(M~ 

which describes new sources of SU(2) breaking that cannot be 
accounted for by Higgs doublets or mt effects. In the presence of 
P0 ~ 1, Eq. (10.42) generalizes Eq, (10.9b), while Eq. (10.9a) remains 
unchanged. Provided that the new physics which yields P0 ~ 1 is a 
small perturbation which does not significantly a~ect the radiative 
corrections, P0 can be regarded as a phenomenological parameter 
which multiplies GF in Eqs. (10.12)-(10,14), (10.28), and r z  in 
Eq. (10.35). There is now enough data to determine P0, sin = Ow, mr, 
and am simultaneously. In particular, the direct CDF and DO events 
and Rb yield mt independent of Po, the asymmetries yield ~'~, RL 
gives am, and MZ and the widths constrain P0. From the global fit, 

P0 = 0.9998 • 0.0008 (+0.0014), (10.43) 
~'~ -- 0.23126 • 0.00019 (+0.00010), (10.44) 

a, = 0.1219 • 0.0034 (-0.0009), (10.45) 

mt = 174 :t: 5 GeV, (10.46) 

where the central values are for M H = M z and in parentheses we 
show the effect of changing MS to 300 GeV. (As in the case P0 = 1, 
the best fit value for MH is below its direct lower limit.) The allowed 
regions in the P0 - ~'~ plane are shown in Fig. 10.2~ 

The result in Eq. (10.43) is in remarkable agreement with the 
Standard Model expectation, P0 = 1. It can be used to constrain 
higher-dimensional Higgs representations to have vacuum expectation 
values of less than a few percent of those of the doublets. Indeed, the 
relation between M W and Mz is modified if there are Higgs multiplets 
with weak isospin > 1/2 with significant vacuum expectation values. 
In order to calculate to higher orders in such theories one must define 
a set of four fundamental renormalized parameters which one may 
conveniently choose to be c~, GF, MZ, and MW, since M W and Mz 
are directly measurable. Then ~'~ and P0 can be considered dependent 
parameters. 

Eq. (10.43) can also be used to constrain other types of new 
physics. For example, nondegenerate multiplets of heavy fermions or 
scalars break the vector part of weak SU(2) and lead to a decrease in 
the value of M z / M  w. A nondegenerate SU(2) doublet (~) yields a 
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F i g u r e  10.2:  The allowed regions in sin 2 0w - P0 at 90% CL. 
mt is a free parameter and M H  = M z  is assumed except for the 
dashed contour for all data which is for M H = 300 GeV. The 
horizontal (width) band uses the experimental value of M z in 
Eq. (10.35). 

positive contribution to Pt of [83] 

where 

z ~ 2  _ . ~ i  2 + .,~ 

C G F  
8v~r2  Am 2 (10.47) 

4m .q m, 
m~-m221n-m2 >-(ml-m2) 2 , ( lO.48) 

and C = 1 (3) for color singlets (triplets). Thus, in the presence of 
such multiplets, one has 

3GF ~ .  Ci A m ~ = p 0 - - 1  (10.49) 
8v%r ~ . 3 

where the sum includes fourth-family quark or lepton doublets, (~:) 
E0 

or (E - ) ,  and scalar doublets such as (~) in supersymmetry (in the 
absence of L - R mixing). This implies 

Z Ci Amp < (49 GeV) 2 and (83 GeV) 2 (10.50) 
3 i 

for M H : M Z and 300 GeV, respectively, at 90% CL. 

Nondegenerate multiplets usually imply P0 > 1. Similarly, heavy 
Z I bosons decrease the prediction for M z due to mixing and 
generally lead to P0 > 1 [84]. On the other hand, additional Higgs 
doublets which participate in spontaneous symmetry breaking [85], 
heavy lepton doublets involving Majorana neutrinos [86], and the 
vacuum expectation values of Higgs triplets or higher-dimensional 
representations can contribute to P0 with either sign. Allowing for the 
presence of heavy degenerate chiral multiplets (the S parameter, to 
be discussed below) affects the determination of P0 from the data, at 
present leading to a smaller value. 

A number of authors [87-92] have considered the general effects 
on neutral current and Z and W pole observables of various types 
of heavy (i.e., Mne w ~ M Z )  physics which contribute to the W and 
Z self-energies but which do not have any direct coupling to the 
ordinary fermions. In addition to nondegenerate multiplets, which 
break the vector part  of weak SU(2), these include heavy degenerate 
multiplets of chiral fermions which break the axial generators. The 
effects of one degenerate chiral doublet are small, but in technicolor 

theories there may be many chiral doublets and therefore significant 
effects [87]. 

Such effects can be described by just three parameters, S, T, and 
U at the (electroweak) one loop level. (Three additional parameters 
are needed if the new physics scale is comparable to M z [93].) T is 
proportional to the difference between the W and Z serf-energies at 
Q2 = 0 (i.e., vector SU(2)-breaking), while S (S + U) is associated 
with the difference between the Z (W) self-energy at Q2 = M~,  W and 

Q2 : 0 (axial SU(2)-breaking). In the M-S scheme [20] 

e w  ZZ ~.~1 a ( M z ) T  - Hn~w(O) II new/a~ 

M i  ' 

IIn~Z (M~)  - H Z Z  (0) a ( M z  ) .q = ew 2 new 

4~'~'~ ~ - M~ ' 
e w  2 n e w  

a ( M z )  (S  + U) =- H n w w ( M w )  - HWW(0) (10.51) 
4~'~ M~V ' 

D e w  n e w  where H w w  and f i z z  are, respectively, the contributions of the new 
physics to the W and Z self-energies. S, T, and U are defined with a 
factor of ~ removed, so that  they are expected to be of order unity in 
the presence of new physics. They are related to other parameters (~i, 
hi, Si) defined in [20,88,89] by 

T = h v = ~ l l a ,  

s = h A z  = S z  = 4"~2zV3/~, 

U = hAW - hAg  = S W -- S Z = - 4 ~ 2 ~ 2 / a  . ( lO.52)  

A heavy nondegenerate multiplet of fermions or scalars contributes 
positively to T as 

1 
PO = ~ ~- 1 + a T ,  (10.53) 

where P0 is given in Eq .  (10.49). The effects of nonstandard Higgs 
representations cannot be separated from heavy nondegenerate 
multiplets unless the new physics has other consequences, such as 
vertex corrections. Most of the original papers defined T to include 
the effects of loops only. However, we will redefine T to include all 
new sources of SU(2) breaking, including nonstandard Higgs, so that  
T and P0 are equivalent by Eq. (10.53). 

A multiplet of heavy degenerate chiral fermions yields 

2 
s = (10.54> 

i 

where t3L,R(i ) is the third component of weak isospin of the left-" 
(right-) handed component of fermion i and C is the number of colors. 
For example) a heavy degenerate ordinary or mirror family would 
contribute 2/31r to S. In technicolor models with QCD-like dynamics, 
one expects [87] S ~ 0.45 for an isodoublet of technifermions, assuming 
NTC = 4 teehnicolors, while S ~ 1.02 for a full technigeneration with 
NTC = 4; T is harder to estimate because it is model dependent. 
In these examples one has S _> 0. However, the QCD-like models 
are excluded on other grounds (flavor-changing neutral currents, and 
too-light quarks and pseudo-Goldstone bosons [94]). In particular, 
these estimates do not apply to models of walking technicolor [94], 
for which S can be smaller or even negative [95]. Other situations in 
which S < 0, such as loops involving scalars or Majorana particles, a re  
also possible [96]. Supersymmetric extensions of the Standard Model 
generally give very small effects [97]. Most simple types of new physics 
yield U = 0, although there are counter-examples, such as the effects 
of anomalous triple-gauge vertices [89]. 

The Standard Model expressions for observables are replaced by 

1 - a T  

M ~  = M2ZOI - G F M ~ o S / 2 v ~ / r  ' ~ - 

M ~  2 1 
= MWO 1 - GFM~vo(S  + U)/2V'2Ze ' (10.55) 
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where Mz0 and Mw0 are the Standard Model expressions (as 
functions of mt and MH) in the MS scheme. Furthermore, 

FZ= Z, 

r w = M~v f lw  , 
1 

.4i = t _--Z~-~A~0, ( l O . 5 6 )  

where f l z  and flW are the Standard Model expressions for the reduced 
widths F z o / M ~ o  and F w o / M ~ o ,  M z and M w  are the physical 
masses, and Ai (Aio) is a neutral current amplitude (in the Standard 
Model). 

The Z ~ bb vertex is sensitive to certain types of new physics 
which primarily couple to heavy families. It is useful to introduce an 
additional parameter % by [98] 

F(Z --* bb) = F~ -o bb)(1 + % ) ,  (10.57) 

where F 0 is the Standard Model expression (or the expression modified 
by S, T, and U). Experimentally, R b is 1.3 a above the Standard 
Model expectations, favoring a positive %. Extended technicolor 
interactions generally yield negative values of 7b of a few percent [99], 
although it is possible to obtain a positive 7b in models for which the 
extended technicolor group does not commute with the electroweak 
gauge group [100] or for which diagonal interactions related to the 
extended technicolor dominate [101]. Topcolor and topcolor-assisted 
technicolor models do not generally give a significant contribution to 
% because the extended technicolor contribution to mt  is small [102]. 
Supersymmetry can yield (typically small) contributions of either 
sign [103,104]. 

The data allow a simultaneous determination of ~'~ (e.g., from the 
Z pole asymmetries), S (from MZ)  , U (from MW),  T (e.g., from the 
Z decay widths), aa (from Rt)  , m t  (from CDF and DID), and 7b (from 
Rb) with little correlation among the Standard Model parameters: 

S = -0 .16 + 0.14 ( -0 .10) ,  

T = -0.21 4- 0.16 (+0.10),  

U = 0.25 4- 0.24 (+0.01),  

% = 0.0074- 0.005, (10.58) 

and ~-2 = 0.23118 4- 0.00023, as  = 0.1191 4- 0.0051, m t =  175 4- 5 GeV, 
where the uncertainties are from the inputs. The central values 
assume M H = M z ,  and in parentheses we show the change for 
M H = 300 GeV. The parameters in Eq. (10.58) which by definition 
are due to new physics only, are all consistent with the Standard 
Model values of zero near the l a  level, although at present there is a 
slight tendency for negative S and T, and positive U and %. With the 
latest value of Rb, the extracted 58 -- 0.1191 + 0.0051 is now in perfect 
agreement with other determinations, even in the presence of the large 
class of new physics allowed in this fit. Its error is slightly higher 
than in Eq. (10.38) for the Standard Model, but the central value is 
independent of M H. Using Eq. (10.53) the value of P0 corresponding 
to T is 0.9984 4- 0.0012 (+0.0008). The values of the %̀ parameters 
defined in Eq. (10.52) are 

~'3 = -0.0013 4- 0.0012 (-0 .0009) ,  

%'1 = -0.0016 4- 0.0012 (+0.0008), 

%̀2 = -0.0022 4- 0.0021 (-0.0001) .  (10.59) 

There is a strong correlation between 7b and the predicted c== 
(the correlation coefficient is -0.69),  just as in the model with 
S = T = U = 0 [17]. For 7b = 0 one obtains a ,  = 0.1239 4-0.0037, 
with little change in the other parameters. The largest correlation 
coefficient (+0.73) is between S and T. The allowed region in S - T 
is shown in Fig. 10.3. From Eq. (10.58) one obtains S < 0.03 (0.08) 
and T < 0.09(0.15) at 90(95)% CL for Ml f  = M z  (S) and 300 GeV 
(T). If one fixes MH = 600 GeV and requires the constraint S > 0 (as 
is appropriate in QCD-like technicolor models) then S < 0.12 (0.15). 
Allowing arbitrary S, an extra generation of ordinary fermions is now 
excluded at the 99.2% CL. This is in agreement with a fit to the 

number of light neutrinos, Nv = 2 . 9 9 3  + 0.011. The favored value of S 
is problematic for simple technicolor models with many techni-doublets 
and QCD-like dynamics, as is the value of %. Although S is consistent 
with zero, the electroweak asymmetries, especially the SLD left-right 
asymmetry, favor S < 0. The simplest origin of S < 0 would probably 
be an additional heavy Z I boson [84], which could mimic S < 0. 
Similarly, there is a slight indication of negative T, while, as discussed 
above, nondegenerate scalar or fermion multiplets generally predict 
T>O. 
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Figure  10.3: 90% CL limits on S and T from various inputs. 
S and T represent the contributions of new physics only. 
(Uncertainties from mt are included in the errors.) The contours 
assume M E -- Mz  except for the dashed contour for all data  
which is for M H = 300 GeV. The fit to M W and M z  assumes 
U = 0, while U is arbitrary in the other fits. 

There is no simple parametrization that is powerful enough to 
describe the effects of every type of new physics on every possible 
observable. The S, T, and U formalism describes many types of 
heavy physics which affect only the gauge self-energies, and it can 
be applied to all precision observables. However, new physics which 
couples directly to ordinary fermions, such as heavy Z ~ bosons [84] 
or mixing with exotic fermions [1051 cannot be fully parametrized 
in the S, T, and U framework. It is convenient to treat these types 
of new physics by parametrizations that  are specialized to that  
particular class of theories (e.g., extra Z I bosons), or to consider 
specific models (which might contain, e.g., Z ~ bosons and exotic 
fermions with correlated parameters). Constraints on various types 
of new physics are reviewed in [17,106,107]. Fits  to models with 
technicolor, extended technicolor, and supersymmetry are described, 
respectively, in [100], [108], and [109]. An alternate formalism [110] 
defines parameters, el, e2, e3, eb in terms of the specific observables 

~(0,t) 
~/IW/~/~Z' r u ,  ~FB ~ and R b. The definitions coincide with those  
for %̀i in Eqs. (10.51) and (10.52) for physics which affects gauge 
self-energies only, but the e's now parametrize arbitrary types of 
new physics. However, the e's are not related to other observables 
unless additional model-dependent assumptions are made. Another 
approach [111-1131 parametrizes new physics in terms of gauge- 
invariant sets of operators. It is especially powerful in studying the 
effects of new physics on nonabelian gauge vertices. The  most general 
approach introduces deviation vectors [106]. Each type of new physics 
defines a deviation vector, the components of which are the deviations 
of each observable from its Standard Model prediction, normalized 
to the experimental uncertainty. The length (direction) of the vector 
represents the strength (type) of new physics. 
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11. T H E  C A B I B B O - K O B A Y A S H I - M A S K A W A  M I X I N G  M A T R I X  

Revised 1997 by F.J. Gilman (Carnegie-Mellon University), 
K. Kleinknecht and B. Renk (Johannes-Gutenberg Universit~it 
Mainz). 

In the  Standard Model with SU(2) • U(1) as the gauge group of 
electroweak interactions, both the quarks and leptons are assigned to 
be left-handed doublets and right-handed singlets. The quark mass  
eigenstates are not  the same as the weak eigenstates, and the matr ix  
relating these bases was defined for six quarks and given an explicit 
parametrizat ion by Kobayashi  and Maskawa [1] in 1973. It generalizes 
the four-quark case, where the matr ix  is parametrized by a single 
angle, the  Cabibbo angle [2]. 

By convention, the  mixing is often expressed in terms of a 3 • 3 
uni tary matr ix  V operating on the charge - e / 3  quarks (d, s, and b): 

(d)  b,(i ) s' = V~ V .  V~b] 
' b '  Vtd ~ts  V t b ]  

(II.I) 

The values of individual mat r ix  elements can in principle all be 
determined from weak decays of the relevant quarks, or, in some 
cases, from deep inelastic neutrino scattering. Using the constraints 
discussed below together with unitarity, and assuming only three 
generations, the 90% confidence limits on the magni tude of the 
elements of the complete matr ix  are: 

0.9745 to 0.9760 
0.217 to 0.224 
0.004 to 0.013 

0.217 to 0.224 
0.9737 to 0.9753 
0.035 to 0.042 

0.0018 to 0.0045 
0.036 to 0.042 ] . 
0.9991 to 0.9994] 

(11.2) 

The ranges shown are for the individual matr ix  elements. The 
constraints of unitar i ty connect different elements, so choosing a 
specific value for one element restricts the range of others. 

There are several parametrizat ions of the Cabibbo-Kobayashi- 
Maskawa matr ix.  We advocate a "standard" parametrization [3] of V 
that  utilizes angles 012, 023, 013, and a phase, ~fla: 

/ C12r S12C13 $13 e-1613 
V ---- i~f i 6 1 .  --$12C23--C12$23S13 e 13 c12c23--&12$23$13e o $23c13 } 

i6 i613 ~ $12523--C12C23513 e 13 --c12823--$12c23513e c23c13 / 
(11.3) 

with c~j = cosOij and si j  = sinOij for the "generation" labels 
i , j  = 1, 2, 3. This has distinct advantages of interpretation, for the 
rotation angles are defined and labeled in a way which relate to 
the mixing of two specific generations and if one of these angles 
vanishes, so does the  mixing between those two generations; in the 
limit 023 = 013 -- 0 the third generation decouples, and the situation 
reduces to the usual  Cabibbo mixing of the first two generations with 
012 identified with the Cabibbo angle [2]. The real angles 012, 023, 
013 can all be made to lie in the f irst  quadrant  by an appropriate 
redefinition of quark field phases. 

The mat r ix  elements in the first row and third column, which can 
be directly measured in decay processes, are all of a simple form, and 
as Cls is known to deviate from uni ty only in the sixth decimal place, 

Vud = C12, Vus : 812, Vu b = s13 e 613 , Vcb : s23, and Vtb = c23 to an 
excellent approximation.  The phase ~fls lies in the range 0 _< ~fla < 27r, 
with non-zero values generally breaking C P  invariance for the weak 
interactions. The generalization to the n generation case contains 
n(n  - 1)/2 angles and (n - 1)(n - 2)/2 phases. The range of matr ix  
elements in Eq. (11.2) corresponds to 90% CL limits on the sines 
of the angles of s:2 = 0.217 to 0.222, s23 = 0.036 to 0.042, and 
s13 = 0.0018 to 0.0044. 

Kobayashi  and Maskawa [1] originally chose a parametrization 
involving the  four angles, 01, 02, 03, & 

f ~ - . , < s  . 
$ t : SlC 2 ibt) t.i. o,o, os-.,., o'' 

c 1 s 2 c 3 -I-c 2 s 3 e 15 
.,.3 )(i) Cl C2 s3 -}" $2 C3 el6 

Cl $2 $3--C2C3 ei6 

(11.4) 

where c~ = eos0i and s~ = sin0i for i = 1,2,3.  In the  limit 
02 = 03 = 0, this reduces to the usual Cabibbo mixing with 01 
identified (up to a sign) with the Cabibbo angle [2]. Several different 
forms of the Kobayashi-Maskawa parametrizat ion are found in the 
literature. Since all these parametrizations are referred to as "the" 
Kobayashi-Maskawa form, some care about which one is being used is 
needed when the quadrant  in which 6 lies is under discussion. 

A popular approximation that  emphasizes the hierarchy in the size 
of the angles, st2 >> %3 >> s13, is due to Wolfeustein [4], where one 
sets A = s12, the sine of the Cabibbo angle, and then writes the other 
elements in terms of powers of ),: 

= 1 - A2/2 AA 2 . (11.5) 
v \A~3(1- p -  i , )  - A ~ -  1 

with A, p, and y real numbers tha t  were intended to be of order unity. 
No physics can depend on which of the above parametrizat ions (or 
any other) is used as long as a single one is used consistently and care 
is taken to be sure that  no other choice of phases is in conflict. 

Our present knowledge of the matr ix  elements comes from the 
following sources: 

(1) IVudl - Analyses have been performed comparing nuclear 
be ta  decays that  proceed through a vector current to muon decay. 
Radiative corrections are essential to extracting the value of the 
matr ix  element. They already include [5] effects of order Z a  2, and 
most  of the theoretical argument  centers on the nuclear mismatch  
and structure-dependent radiative corrections [6,7]. New data  have 
been obtained on superallowed 0 + -~ 0 + beta  decays [8]. Taking the 
complete data  set for nine decays, the values obtained in analyses by 
two groups are: 

] t  =3146.0•  3.2 (Ref. 8) 

] t  =3150.8-4- 2.8 (Ref. 9) . (11.6) 

Averaging these results (essentially for [Vudl-2), but  keeping the 
same error bar, we obtain IVud[ = 0.9735 =i: 0.0005. It has been 
argued [10] that the change in charge-symmetry-violation for quarks 
inside nucleons that  are in nuclear mat te r  results in a further 
increase of the f t  value by 0.075 to 0.2%, leading to a systematic  
underest imate of ]'Cud]. While more work needs to be done to clarify 
the structure-dependent effects, for now we add linearly a further 
0.1 -4- 0.1% to the f t  values coming from nuclear decays, obtaining a 
value: 

JVudl = 0 . 9 7 4 0  + 0 . 0 0 1 0  . ( 1 1 . 7 )  

(2) ivua[ - Analysis of Ke3 decays yields [11] 

IV.,I = 0.2196 • 0.0023. (11.8) 

With  lsospin violation taken into account in K + and K ~ decays, 
the extracted values of IVusl are in agreement at the 1% level. 
A reanalysis [7] obtains essentially the same value, but  quotes a 
somewhat smaller error which is only statistical. The analysis [12] of 
hyperon decay data  has larger theoretical uncertainties because of first 
order SU(3) symmetry  breaking effects in the axial-vector couplings. 
This has been redone incorporating second order SU(3) symmet ry  
breaking corrections in models [13] applied to the WA2 data  [14] to 
give a value of IVus] = 0.2176 i 0.0026 with the "best-fit" model, 
which is consistent with Eq. (11.8). Since the values obtained in the 
models differ outside the errors and generally do not give good fits, we 
retain the value in Eq. (11.8) for [Vus[. 

(3) tVcd[ - The magni tude of ]Vcd[ may be deduced from neutrino and 
ant• production of charm off valence d quarks. The dimuon 
production cross sections of the CDHS group [15] yield -Be IVcd[ 2 = 
0.41 =i= 0.07 • 10 -2 ,  where Bc is the semileptonic branching fraction 
of the charmed hadrons produced. The corresponding value from a 
more recent Tevatron experiment [16], where a next-to-leading-order 
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QCD analysis has been carried out, is 0.534 • 0.021_+~176 x 10 -2, 
where the last error is from the scale uncertainty. Assuming a similar 
scale error for the CDHS result and averaging these two results gives 
0.49 :i: 0.05 x 10 -2. Supplementing this with data [17] on the mix of 
charmed particle species produced by neutrinos and PDG values for 
their semileptonic branching fractions to give [16] Bc = 0.099 ~- 0.012, 
then yields 

IVcdl = 0.224 • 0.016 (11.9) 

(4) IVc~l - Values of IVcml from neutrino production of charm are 
dependent on assumptions about the strange quark density in the 
parton-sea. The most conservative assumption, that the strange-quark 
sea does not exceed the value corresponding to an SU(3) symmetric 
sea, leads to a lower bound [15], [Vcsl > 0.59. It is more advantageous 
to proceed analogously to the method used for extracting IVuml from 
Kea decay; namely, we compare the experimental value for the width 
of Des decay with the expression [18] that follows from the standard 
weak interaction amplitude: 

r ( D  - -  ~ e + v , )  = I/+D(0)I 2 IV~,l 2 (1.54 x 1011 s -1 )  . (11.10) 

Here .fD(q2), with q = PD - PK, is the form factor relevant to 
Des decay; its variation has been taken into account with the 
parametrization fD( t ) /~(O)  = M~/(M 2 - t) and M = 2.1 GeV/c 2, 
a form and mass consistent with direct measurements [19]. Combining 
data  on branching ratios for Des decays with accurate values for 
the D lifetimes [191 yields a value of (0.818 • 0.041) x I0 II s -I for 
r(D --, ~e+v~). Therefore 

I.f+D(0)l 2 IVc~l 2 = 0.531 • 0.027 . (11.11) 

A very conservative assumption is that  I.f+D(0)l < 1, from which 
it follows that  Ivc, I > 0.62. Calculations of the form factor either 
performed [20,21] directly at q2 = 0, or done [22] at the maximum 
value of q2 __ (m D _ inK)2 and interpreted at q2 __ 0 using the 
measured q2 dependence, gives the value f+D(0) = 0.7 • 0.1. It follows 
that  

IVc,[ = 1.04 + 0.16 . (11.12) 

The constraint of unitarity when there are only three generations gives 
a much tighter bound (see below). 

(5) IVcb] - The heavy quark effective theory [24](HQET) provides 
a nearly model-independent treatment of B semileptonic decays 
to charmed mesons, assuming that both the b and c quarks are 
heavy enough for the theory to apply. From measurements of the 
exclusive decay B --* -D*~+vt, the value IVcbl = 0.0387 :k 0.0021 has 
been extracted [25] using corrections based on the HQET. Exclusive 
B --* -Ds decays give a consistent but less precise result. Analysis 
of inclusive decays, where the measured semileptonic bot tom hadron 
partial width is assumed to be that  of a b quark decaying through the 
usual V - A interaction, depends on going from the quark to hadron 
level. This is also understood within the context of the HQET [26], 
and the results for [Vcb [ are again consistent with those from exclusive 
decays. Combining all these results [25]: 

IVcbl = 0.0395 :i: 0.0017 , (11.13) 

which is now the third most accurately measured CKM matrix 
element. 

(6) I V u b [  - The decay b --* uF~ and its charge conjugate can be 
observed from the semileptonic decay of B mesons produced on the 
T(4S) (bb) resonance by measuring the lepton energy spectrum above 
the endpoint of the b --* cf~ l spectrum. There the b -~ uf~ ! decay 
rate can be obta inedby subtracting the background from nonresonant 
e+e - reactions. This continuum background is determined from 
auxiliary measurements off the T(4S). The interpretation of the 
result in terms of ]Vub/Vcb I depends fairly strongly on the theoretical 
model used to generate the lepton energy spectrum, especially 
for b --* u transitions [21,22,27]. Combining the experimental and 
theoretical uncertainties, we quote 

IV~b/Vcbl = 0.08 + 0.02 . (11.14) 

This result is supported by the first exclusive determinations of 
IVubl from the decays B .-* ~lv t and B --+ pry l b~" the CLEO 
experiment [28] to obtain IVubl -- 3.3 • 0.4 • 0.7 • 10 -a ,  where the first 
error is experimental and the second reflects systematic uncertainty 
from different theoretical models of the exclusive decays. While this 
result is consistent with Eq. (11.14) and has a similar error bar, given 
the theoretical model dependence of both results we do not combine 
them, and retain the inclusive result for V~b. 

(7) ~b  - The discovery of the top quark by the CDF and D| 
collaborations utilized in part the semileptonic decays of t to b. One 
can set a (still rather crude) limit on the fraction of decays of the form 
t --* b l + vt, as opposed to semileptonic t decays that  involve s or d 
quarks, of Ref. 29 

I~bl 2 
iV, all2 + tr4,[2 + iVtbl2 = 0.99 �9 0 .29 .  (11.15) 

For many of these CKM matrix elements, the primary source of 
error is no longer statistical, but rather theoretical. This arises from 
explicit model dependence in interpreting data or in the use of specific 
hadronic matrix elements to relate experimental measurements to 
weak transitions of quarks. This is even more the case in extracting 
CKM matrix elements from loop diagrams discussed below. Such 
errors are generally not Gaussian. We have taken a "1~" range to 
correspond to a 68% likelihood that  the true value lies within "• 
of the central value. 

The results for three generations of quarks, from Eqs. (11.7), 
(II.8), (II.9), (II.12), (Ii.13), (ii.14), and (11.15) plus unitarity, 
are summarized in the matrix in Eq. (11.2). The ranges given there 
are different from those given in Eqs. (11.7)-(11.15) because of the 
inclusion of unitarity, but are consistent with the one-standard- 
deviation errors on the input matrix elements. Note in particular that 
the unitarity constraint has pushed IV~dl about one standard deviation 
higher than given in Eq. (11.7). 

The data do not preclude there being more than three generations. 
Moreover, the entries deduced from unitarity might be altered when 
the CKM matrix is expanded to accommodate more generations. 
Conversely, the known entries restrict the possible values of additional 
elements if the matrix is expanded to account for additional 
generations. For example, unitarity and the known elements of the 
first row require that any additional element in the first row have a 
magnitude I Vub~l < 0.08. When there are more than three generations, 
the allowed ranges (at 90% CL) of the matrix elements connecting the 
first three generations are 

(0,7 ,to0,,05 0217to0 23 00018to000,, !ii) 
0.199 to 0.232 0.847 to 0.975 0.036 to 0.042 
0 toi 0.10 0 to: 0.36 0.05 to 0.9994: , 

(11.16) 
where we have used unitarity (for the expanded matrix) and the same 
measurements of the magnitudes of the CKM matrix elements. 

Further information, particularly on CKM matrix elements involving 
the top quark, can be obtained from flavor-changing processes that  
occur at the one-loop level. We have not used this information in the 
discussion above since the derivation of values for Vtd and ~a  in this 
manner from, for example, B mixing or b -4 8% require an additional 
assumption that the top-quark loop, rather than new physics, gives 
the dominant contribution to the process in question. Conversely, the 
agreement of CKM matrix elements extracted from loop diagrams 
with the values based on direct measurements and three generations 
can be used to place restrictions on new physics. 

The measured value [25] of AMBd = 0.472 • 0.018 ps -1  from 

B 0 - ~  mixing can be turned in this way into information on 
IVt~Vtdh assuming that the dominant contribution to the mass 
difference arises from the matrix element between a Bd and a -Bd o f  
an operator that corresponds to a box diagram with W bosons and 
top quarks as sides. Using the characteristic hadronic matrix element 

2 2 that then occurs, BB4fB d = (1.4 • 0.1)(175 • 25 MeV) from lattice 
QCD calculations [30], which we regard as having become the most 
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reliable source of such matrix elements, next-to-leading-order QCD 
corrections (~QCD = 0.55) [31], and the running top-quark mass, 
~t(m,)  = 166 • 5 GeV, as input, 

I V , : .  V, al = o.oo84 • o.o01s, (11.17) 

where the uncertainty comes primarily from that in the hadronic 
matrix elements, whose estimated errors are combined linearly. 

In the ratio of B, to Bd mass differences, many common factors 
(such as the QCD correction and dependence on the top-quark mass) 
cancel, and we have 

A M B , _  MB, B s o . f ~ ,  IVt;.V~,l z 
(11.18) 

AMBa MBa BBa/ga IVt;' Vtal2 
i 

With the experimentally measured masses [19],/~B, IBB a = 1.01 • 0.04 
and SB,/fBa = 1.15 • 0.05 from lattice QCD [30], and the improved 
experimental lower limit [25] at 95% CL of AMB, > 10.2 ps -1, 

IV, a l / l V ,  I < 0.27 . (11.19) 

Since with three generations, IV~,l ~ lVr this result converts to 
[Vtd[ < 0.011, which is a significant constraint by itself (see Fig. 11.2). 

The CLEO observation [32] of b --* s7 can be translated [33] 
similarly into [Vt,]/[Vcb [ = 1.1 • 0.43, where the large uncertainty is 
again dominantly theoretical. In K + ~  r + v ~  there are significant 
contributions from loop-diagrams involving both charm and top 
quarks. Experiment is just begining to probe the level predicted in 
the Standard Model [34]. All these additional indirect constraints 
are consistent with the matrix elements obtained from the direct 
measurements plus unitarity, assuming three generations; with the 
recent results on B mixing and theoretical improvements in lattice 
calculations, adding the indirect constraints to the fit reduces the 
range allowed for [Vtd[. 

Direct and indirect information on the CKM matrix is neatly 
summarized in terms of the "unitarity triangle." The name arises 
since unitarity of the 3 x 3 CKM matrix applied to the first and third 
columns yields 

v~a vjb + v~d vA + vtavt; = o .  (11.2o) 

The unitarity triangle is just a geometrical presentation of this 
equation in the complex plane [35]. We can always choose to orient 
the triangle so that Vcd Vd,* lies along the horizontal; in the 
parametrization we have chosen, Vcb is real, and V~d is real to a very 
good approximation in any case. Setting cosines of small angles to 
unity, Eq. (11.20) becomes 

v~J  + v,a : s ~  v~J , (11.21) 

which is shown as the unitarity triangle in Fig. l l . l (a) .  Rescaling the 
triangle by a factor [1/[s12 Veb[] so that the base is of unit length, the 
coordinates of the vertices become 

A(Re(Vub)/lSl2 Vcbl , - Im(Vub) l i s l 2  Vcbl) , B ( 1 , 0 ) ,  C(O,O) . 

(11.22) 
In the Wolfenstein parametrization [4], the coordinates of the vertex 

A of the unitarity triangle are simply (p, ~), as shown in Fig. l l . l (b) .  

CP-violating processes will involve the phase in the CKM matrix, 
assuming that the observed CP violation is solely related to a 
nonzero value of this phase. This allows additional constraints to be 
brought to bear. More specifically, a necessary and suf~cient condition 
for CP violation with three generations can be formulated in a 
parametrization-independent manner in terms of the non-vanishing 
of the determinant of the commutator of the mass matrices for the 
charge 2e/3 and charge - e l 3  quarks [36]. CP violating amplitudes 
or differences of rates are all proportional to the CKM factor in 
this quantity. This is the product of factors 2 in S12 S13 823 C12 C13 C23 S61S 
the parametrization adopted above, and is s~s,~S3elC,~C3$~ in that of 

(a) A 

Vub d 

s, vA 

(b - - ) ~  

C = (0,0) B = (1,0) 

Figure  11.1: (a) Representation in the complex plane of the 
triangle formed by the CKM matrix elements Vu~* , VtA, and 
s12 Vcb*. (b) Rescaled triangle with vertices A(p,r/), B(1,0), 
and C(0, 0). 

Ref. 1. With the approximation of setting cosines to unity, this is just 
twice the area of the unitarity triangle. 

While hadronic matrix elements whose values are imprecisely known 
generally enter the calculations, the constraints from CP violation 
in the neutral kaon system, taken together with the restrictions on 
the magnitudes of the CKM matrix elements shown above, are tight 
enough to restrict considerably the range of angles and the phase 
of the CKM matrix. For example, the constraint obtained from the 
CP-violating parameter e in the neutral K system corresponds to 
the vertex A of the unitarity triangle lying on a hyperbola for fixed 
values of the hadronic matrix elements [37,38]. The constraints on 
the vertex of the unitarity triangle that follow from IVubl, B mixing, 
and e are shown in Fig. 11.2. The improved limit in Eq. (11.19) that 
arises from the ratio of B8 to B d mixing eliminates a significant region 
for the vertex A of the unitarity triangle, otherwise allowed by direct 
measurements of the CKM matrix elements. This limit is more robust 
theoretically since it depends on ratios (rather than absolute values) of 
hadronic matrix elements and is independent of the top mass or QCD 
corrections (which cancel in the ratio). Ultimately in the Standard 
Model, the CP-violating process KL --~ 7rOy -p offers high precision 
in measuring the imaginary part of Vtd �9 ~,* to yield Im Vtd , the 
altitude of the unitarity triangle. However, the experimental upper 
limit is presently many orders of magnitude away from the requisite 
sensitivity. 

/ ' . .  . '.~. Sd...;::'. y"  :;,;';(,;;;i; 't A x l i 1 B d ~ l  / <" : -  ~ ." . . . . .  : , ' , ,< , , , , - ; , ; ; ) j  
0.005 I . , ,  : ~': ." ...',.... ':: .,:.' ~.,/:;:-,','~ :--;~ 

'.'. ' �9 " , +" ' ; ' t , . '  +-,;', ,,;','<,;~" / / : . . . . . . .  r . ' . . ~ . ~ , ; - ' , ; ; ; , , ; ' , :  

i iZL';." 

-0 .005 o 0.005 O.OLO 

I-" Isl Vcbl -I-' 
Figure 11.~.: Constraints on the position of  the vertex, A, of 
the unitarity triangle following from [Vubl, B-mixing, and e. 
A possible unitarity triangle is shown with A in the preferred 
region. 

For CP-violating asymmetries of neutral B mesons decaying to 
C P  eigenstates, there is a direct relationship between the magnitude 
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of the asymmetry in a given decay and sin 2~b, where ~b : a, ~, 7 is 
an appropriate angle of the unitarity triangle [35]. The combination 
of all the direct and indirect information can be used to find the 
implications for future measurements of CP violation in the B system. 
(See See. 12 on CP  Violation and the review on "CP Violation in B 
Decay - Standard Model Predictions" in the B Listings.) 
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Revised August 1997 by L. Wolfenstein (Carnegie-Mellon Univ.). 

The symmetries C (particle-antiparticle interchange) and P (space 
inversion) hold for strong and electromagnetic interactions. After the 
discovery of large C and P violation in the weak interactions, it 
appeared that the product CP was a good symmetry. In 1964 CP 
violation was observed in K ~ decays at a level given by the parameter 
e ~ 2.3 x 10 -3. Larger (P-v io la t ion  effects are anticipated in B 0 
decays. 

12.1. C P  violat ion in Kaon  decay 

CP violation has been observed in the semi-leptonic decays 
K 0 ~ ~r:Fl• and in the nonleptonic decay K O --* 2~r. The 
experimental numbers that  have been measured are 

5 = rCK~ --* r - ~ + v )  - r(KOL -~ ~ + t - v )  (12.1a) 
rcgo  -~ ~-~+~) + rcgo -~ ~+~-~) 

~1+- = A(K  ~ "" r % r - ) / A ( g  0 "-' r%r-)  

= [~/+_[ e ir (12.1b) 

rlOO = A(K~ "* ~r%0)/A(K 0 ---* 7rO~ O) 
= I,~ool e'~OO . (12.1c) 

Thus there are five real numbers, three magnitudes, and two phases. 
The present data gives 1,7+_[ ~ 1~7001 = 2.28 x 10 -3, r  ~ r = 44 ~ 
and 6 = 3.3 x I0 - s .  

C P  violation can occur either in the K 0 _ ~ 0  mixing or in the 
decay amplitudes. Assuming CPT invariance, the mass eigenstates of 
the K ~  ~ system can be written 

IKs) = plK ~ + qlK-~ , IKL) = pl K~ - qlK 0) . (12.2) 

If CP invariance held, we would have q = p so that KS would be CP 
even and KL CP odd. (We define [~'0) as CP [K~ CP violation 
in K ~  0 mixing is then given by the parameter ~" where 

p_ = (1 A-~ (12,3) 
q (1 - ~  ' 

CP violation can also occur in the decay amplitudes 

A ( K  0 ..-.* 7P~r(I~) = AI eiQ , A(-K -'0 ~ ~r~r(I)) = A~e iQ , (12.4) 

where I is the isospin of ~rr, 51 is the final-state phase shift, and AI 
would be real if CP invariance held. The CP-violating observables 
are usually expressed in terms of e and d defined by 

77+_ = e + e I , ~/00 = e - 2e I , (12.5a) 

One can then show [1] 

e = ~'+ i (Ira A0/Re A0) , (12.5b) 

V~e I = iei(62-60)(Re A2/Re AO) (Ira A2/Re A2 - Im Ao/Re Ao) , 
(12.5e) 

5 = 2Re e/(1 + le[ 2) ~ 2Re e .  (12.5d) 

In Eq. (12.5c) small corrections of order e I • Re (A2/Ao) are neglected 
and Eq. (12.5d) assumes the AS  = AQ rule. 

The quantities Ira A0, Ira A2, and Ira e depend on the choice of 
phase convention since one can change the phases of K ~ and ~ 0  
by a transformation of the strange quark state Is) --- Is) eia; of 
course, observables are unchanged. It is possible by a choice of phase 
convention to set ImAo or ImA2 or ImP" to zero, but none of these 
is zero may be the usual phase conventions in the Standard Model. 
The choice Irn A0 = 0 is called the Wu-Yang phase convention [2] in 
which case e = ~'. The value of d is independent of phase convention 
and a nonzero value would demonstrate CP violation in the decay 
amplitudes, referred to as direct CP violation. The possibility that 

direct CP violation is essentially zero and that CP violation occurs 
only in the mixing matrix is referred to as the superweak theory [3]. 

By applying CPT invariance and unitarity the phase of e is given 
approximately by 

~b(e) ~ tan -1 2(mKL -- runs) = 43.49 -4- 0.08 ~ (12.6a) 
FKs - FKL 

while Eq. (12.5c) gives 

r ~) = 52 - 50 + ~ ~ 48 -4- 4 ~ , (12.6b) 

where the numerical value is based on an analysis of 7r-~ scattering [4]. 
The approximation in Eq. (12.6a) depends on the assumption that  
direct CP violation is very small in all K ~ decays. This is expected 
to be good to a few tenths of a degree as indicated by the small 
value of e~ and of T/+_0, the CP violation parameter in the decay 
K S --* 7r+r-Tr ~ [5], although limits on Woo are still poor. The relation 
in Eq. (12.6a) is exact in the superweak theory so this is sometimes 
called the superweak phase. The most important point for the analysis 
is that  cos[~b(d) - r "~ 1. The consequence is that  only two real 
quantities need be measured, the magnitude of e and the value of 
(el/e) including its sign. The measured quantity [r/o0/~/+-[2, which is 
very close to unity, is given to a good approximation by 

In0o/n+_l 2 ~ 1 - 6Re (e'/e) ~ 1 - 6 e ' / e  . ( 1 2 . 7 )  

The values of r  and r - ~b+_ are used to set limits on CPT 
violation. [See Tests of Conservation Laws.] 

In the Standard Model, C P  violation arises as a result of a 
single phase entering the CKM matrix (Sec. 11). As a result in 
what is now the standard phase convention, two elements have large 
phases, V~b ~ e -dr,  Vtd ~ e - i~.  Because these elements have small 
magnitudes and involve the third generation, CP violation in the 
K ~ system is small. In general a nonzero value for d/~ is expected 
but uncertainties in evaluating hadronic matrix elements make the 
prediction uncertain. Most theoretical calculations [6] give a value 
between zero and 10 -3, but somewhat larger values or small negative 
values may be possible. On the other hand, large effects are expected 
in the B ~ system, which is a major motivation for B factories. 

12.2. C P  violat ion in B decay 

CP violation in the B ~ system can be observed by comparing B ~ 
and ~0 decays [7]. For a final CP eigenstate a, the decay rate has a 
time dependence given by 

/ 

F~ ~ e - r t  [[1 + I,Xol ~] -4- [1 -]~~ cos(AMt) 

:t: Ira Aa s in (AMt) )  (12.8) 

where the top sign is for B ~ and the bot tom for ~0  and 

la = (qB/PB) AalAa �9 (12.9) 

The quantities PB and qB come from the analogue for B ~ of Eq. (12.2), 
and An(An) is the decay amplitude to state a for B~176 However, 
for B ~ the eigenstates are expected to have a negligible lifetime 
difference and are only distinguished by the mass difference AM; also 
as a consequence [qB/PB[ ~ 1 so that  ~B is purely imaginary. 

If only one quark weak transition contributes to the decay, 
[-Ao/Ao[ = 1 so that [)~o[ = 1 and the cos(AMt) term vanishes. In 
this case, the difference between B ~ and ~0 decays is given by the 
s in(AMt) term with the asymmetry coefficient 

r~176 ( ) 
a~ = (r~ + ~o(t)) sin(AMt) -- % sin 2(* M + ~bD) , (12.10) 
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where 2~b M is the phase of the B~  0 mixing, ~b D is the weak phase 
of the decay transition, and 0a is the C P  eigenvalue of a. 

For B~ -0) - ,  CKs from the transition b --- c~s, one finds in the 
Standard Model that the asymmetry is given directly in terms of a 
CKM phase with no hadronie uncertainty: 

aCK s = - sin2/3 . (12.11) 

From the constraints on the CKM matrix (Sec. 11) sin2/3 is predicted 
to be between 0.3 and 0.9. A significantly different value could be a 
sign of new physics. 

A second decay of interest is B ~ (~0) _., ~r+~r - from the transition 
b ---* u~d with 

a ~  = sin 2(/3 + 7) .  (12.12) 

While either of these asymmetries could be ascribed to B~ -~ 
mixing (qB/PB or e'B), the difference between the two asymmetries 
is evidence for direct C P  violation. From Eq. (12.9) it is seen that 
this corresponds to a phase difference between ACK s and A~+~_. 
Thus this is analogous to e ~. In the standard phase convention, 2/3 in 
Eqs. (12.11) and (12.12) arises from B ~  0 mixing whereas the 7 in 
Eq. (12.12) comes from Vub in the transition b ---, u~d. The result in 
Eq. (12.12) may have a sizeable correction due to what is called a 
penguin diagram. This is a one-loop graph producing b --* d + gluon 
with a W and a quark, predominantly the t quark, in the loop. This 
leads to an amplitude proportional to Vt~Vtd , which has a weak phase 
different from that of the original tree amplitude proportional to 
VubV* d. There are several methods to approximately determine this 
correction using additional measurements [8]. 

C P  violation in the decay amplitude is also revealed by the 
cos(AMt) term in Eq. (12.8) or by a difference in rates of B + and 
B -  to charge-conjugate states. These effects, however, require two 
contributing amplitudes to the decay (such as a tree amplitude plus 
a penguin) and also require final-state interaction phases. Predicted 
effects are very uncertain and are generally small [9]. 

In the case of the Ba system, the mass difference AM is much 
larger than for B ~ and has not yet been measured. As a result, it 
will be difficult to isolate the sin(AMt) term to measure asymmetries. 
Furthermore, in the Standard Model with the standard phase 
convention, ~b M is very small so that decays due to b ---, c~s, yielding 
Ba --* err,  would have zero asymmetry. Decays due to b ---* u~d, 
yielding B j  ---* p ~  would have an asymmetry sin27 in the tree 
approximation. The width difference A1 ~ is also expected to be much 
larger for Bs so that AF/F might be as large as 0.15. In this case, 
there might be a possibility of detecting C P  violation as in the case 
of K 0 by observing the Ba states with different lifetimes decaying into 
the same C P  eigenstate [10]. 

For further details, see the notes on CP violation in the K 0, K~, 
and B 0 Particle Listings of this Review. 
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13.1 ,  Q u a n t u m  n u m b e r s  o f  t h e  q u a r k s  

Each quark has spin 1/2 and baryon number 1/3. Table 13.1 gives 
the additive quantum numbers (other than baryon number) of the 
three generations of quarks. Our convention is that the flavor of a 
quark (Ij, $, r B, or T) has the same sign as its charge. With this 
convention, any flavor carried by a charged meson has the same sign 
as its charge; e.g., the strangeness of the K + is + l ,  the bottomness of (a  
the B + is +1, and the charm and strangeness of the D~" are each -1.  

By convention, each quark is assigned positive parity. Then each 
antiquaxk has negative parity. 

T a b l e  18.1: Additive quantum numbers of the quarks, 

Property ~ Q u a r k  

Q - electric charge 

I, - isospin ~ z-component 

S - strangeness 

C - charm 

B - bottomness 

T - t o p n e s s  

d u s c b t 

_is +~ _is + ~  _As +~ 
-21 o o o o 

0 0 - 1  0 0 0 

0 0 0 +1 0 0 

0 0 0 0 - 1  0 

mass dependent and becomes complex for resonances of finite width. 
Neglecting this, the physical states ~ and ~7' are given in terms of a 
mixing angle 0p by 

~/= ~8 cos Op - 71 sin Op 

~7 ~ = 78 sin Op + ~71 cos Op, 

(13.3a) 

(13.3b) 

(l 

0 0 0 0 0 +1 

13 .2 .  M e s o n s :  q ~  s t a t e s  

Nearly all known mesons are bound states of a quark q and an 
antiquark 51 (the flavors of q and ql may be different). If the orbital 
angular momentum of the q~' state is L, then the parity P is ( -1)  TM. 
A state q~ of a quark and its own antiquark is also an eigeustate of 
charge conjugation, with C = ( -1 )  L+8, where the spin S is 0 or 1. 
The L = 0 states are the pseudoscalars, JP = 0- ,  and the vectors, 
JP -- 1- .  Assignments for many of the known mesons are given in 
Table 13.2. States in the "normal" spin-parity series, P = ( -1 )  J, 
must, according to the above, have S = 1 and hence CP = +1. Thus 
mesons with normal spin-parity and CP = - 1  are forbidden in the 
q~l model. The jPC = 0 - -  state is forbidden as well. Mesons with 
such jPC may exist, but would lie outside the q~' model. 

The nine possible q~t combinations containing u, d, and s quarks 
group themselves into an octet and a singlet: 

3 @ 3 - -  8 ~  1 (13.1) 

States with the same I J  P and additive quantum numbers can mix. 
(If they are eigenstates of charge conjugation, they must also have 
the same value of C.) Thus the I : 0 member of the ground-state 
pseudoscalar octet mixes with the corresponding pseudosealar singlet 
to produce the 7 and ~.  These appear as members ofa  nonet, which is 
shown as the middle plane in Fig. 13.1(a). Similarly, the ground-state 
vector nonet appears as the middle plane in Fig. 13.1(b). 

A fourth quark such as charm can be included in this scheme by 
extending the symmetry to SU(4), as shown in Fig. 13.1. Bottom 
extends the symmetry to SU(5); to draw the multiplets would require 
four dimensions. 

For the pseudoscalar mesons, the Gell-Mann-Okubo formula is 

m~ = l(4m~: - m 2) (13.2) 
3 

assuming no octet-singlet mixing. However, the octet 78 and singiet 
~1 mix because of SU(3) breaking. In general, the mixing angle is 

~ -  

Figure  13.1: SU(4) 16-plets for the (a) pseudoscalar and 
(b) vector mesons made of u, d, s, and c quarks. The nonets of 
light mesons occupy the central planes, to which the e~ states 
have been added. The neutral mesons at the centers of these 
planes are mixtures of u~, ~ ,  s~, and c~ states. 

These combinations diagonalize the mass-squared matrix 

M 2 [ M12Z M128 ~ (13.4) 
= ~M~8 M~8) ' 

1 2 where M~8 = -~ ( 4m K - m~ ). It follows that 

tan 2 8p - M~8 - m2~ (13.5) 
2 _ M828 " m ,  

The sign of 01:, is meaningful in the quark model. If 

.1 = (uu + d~ + s ~ ) / ~  (13.6a) 

~8 = ( ~  + d3 - 2 . ~ ) / v ~ .  (13.0b) 

then the matrix element M~8, which is due mostly to the strange 
quark mass, is negative. From the relation 

2 2 
tanSp - M~8 - m~ (13.7) 

' 

we find that 0p < 0. However, caution is suggested in the use of the 
7-7' mixing-angle formulas, as they are extremely sensitive to SU(3) 
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Table  13.2: Suggested q~ quark-model assignments for most of the known mesons. Some assignments, especially for the 0 ++ multiplet 
and for some of the higher multiplets, are controversial. Mesons in bold face are included in the Meson Summary Table. Of the light mesons 
in the Summary Table, the f0(1500), fl(1510), f j(1710), f2(2300), f2(2340), and one of the two peaks in the ~?(1440) entry are not in this 
table. Within the q~ model, it is especially hard to find a place for the first three of these f mesons and for one of the 7/(1440) peaks. See 
the "Note on Non-q~ Mesons" at the end of the Meson Listings. 

ud, u~, dd u~, dd, s~ c~ 
N 2S+ILj jPC 

1 1S 0 0 - +  

1 3S 1 1 

1 1P 1 1 + -  

1 3P  0 0 ++ 

1 3P 1 1 ++ 

1 3P 2 2 ++ 

1 tD  2 2 - +  

1 3D 1 1 

1 3D 2 2 

1 3D 3 3 

1 3F  4 4 ++ 

2 1S 0 0 - §  

2 3St 1 

2 3P 2 2 ++ 

3 IS o O -+ 

I = 1  I = O  

~r 7"1, rf 

b1(1235) h1(1170),  h1(1380) 

ao(1450)* fo(1370)* 

a1(1260) f1(1285) ,  f l  (1420) 

~2(1320) I2(1270), I~(1525) 

.~2(le~0) .2(1~45), ,~(1870) 

p(1700) w(1600) 

. . . . .  p3(1690) w3(1670), ~b3(1850) 

a4(2040) f4(2050),  f4(2220) 

g(1300)  r/(1295), r/(1440) 

p(1450) w(1420),  ~b(1680) 

f2(1810), f2(2010)  

7r(1800) ~(1760) 

I : 0  

r/c 

b~ 
I = 0  

J/r r(ls)  

hc(1P) 

xco(1P) Xb0(1P) 

Xcl(1P) Xbl(1P) 

Xc2(IP) Xb2(1P) 

r 

.c(2s) 

r Y(2S) 

Xb2(2P) 

~u, ~d c~, cd c~ 

I = 1 / 2  l :  1/2 I : 0  

K D D ,  

K*(892) D*(2010) D: 

KIB t D1 (2420) D,1(2536) 

K;(143o) 

KIA t 

K~ (1430) D~(2460) 

K2(1770) 

K*(1680) t 

K2(1820) 

K~(1780) 

K~(2045) 

K(1460) 

K*(1410)* 

K~(1980) 

K(1830) 

bu, bd -bs bc 
I = 1 / 2  I : 0  I = O  

B B,  Bc 

B* B~ 

See our scalar minireview in the Particle Listings. The candidates for the I = 1 states are 

a0(980) and a0(1450), while for I : 0 they are: ]0(400-1200), f0(980), and f0(1370). 
The light scalars are problematic, since there may be two poles for one q~ state and 
a0(980), ]0(980) may be K K  bound states. 

t The K1A and K1B are nearly equal (45 ~ mixes of the K1(1270) and Kl(1400). 

tThe K*(1410) could be replaced by the K*(1680) as the 2 3St state. 

If we allow M28 = .~(4m K 1  2 _ m 2) (1 + A), the mixing angle is 
determined by 

tan 2 0p : 0.0319(1 + 17A) (13.8) 

Op = --10.1~ + 8.5A) (13.9) 

to first order in A. A small breaking of the Gell-Mann-Okubo relation 
can produce a major modification of 8p. 

For the vector mesons, r --, p, K --- K*, ~? --* r and ~' --- w, so 
that  

r ---- W8 COS0v -- tO1 sinOv (13.10) 

�9 w = wssin0 V + w l c o s 0  V . (13.11) 

For "ideal" mixing, r = s~, so tan0 V = 1/V~ and 0 V = 35.3 ~ 
Experimentally, 0v is near 35 ~ the sign being determined by a 
formula like that for tan0p.  Following this procedure we find the 
mixing angles given in Table 13.3. 

Table  13.3: Singlet-octet mixing angles for several nonets, 
neglecting possible mass dependence and imaginary parts. The 
sign conventions are given in the text. The values of 0quad are 
obtained from the equations in the text, while those for 01in 
are obtained by replacing rn 2 by m throughout. Of the two 
isosinglets in a uouet, the mostly octet one is listed first. 

jPC Nonet members 9qu~l 01i n 

0 - +  ~r, K,  ~?, 77' - 1 0  ~ - 2 3  ~ 

1 - -  p, K*(892), ~b, w 39 ~ 36 ~ 

2 ++ a2(1320), K~(1430), f~(1525), f2(1270) 28 ~ 26 ~ 

3--  p3(1690), K~(1780), ~b3(1850), w3(1670) 29 ~ 28 ~ 
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In the quark model, the coupling of neutral mesons to two photons 
is proportional to ~']~i Q2, where Qi is the charge of the i-th quark. 
This provides an alternative characterization of mixing. For example, 
defining 

Amp [P ---* 7(kl) 7(k2)] : Me ~v~ e~# klv e~a k2f~ , (13.12) 

where ei;~ is the I component of the polarization vector of the i th 
photon, one finds 

M(~? ---, 77) ~3(cos0p _ 2vf~sin0p) M(~0 -~ ~7) 
1.73 =i= 0.18 

= V~ (13.13a) 

M(,' -~ 7~) _ 2 v ~  (cosOp + sinO~ 
M( r0 "* 7"/) - ~ /  

= 2 V ~  (0.78 -4- 0.04), (13.13b) 

where the numbers with errors are experimental. These data favor 
0p ~ -20% which is compatible with the quadratic mass mixing 
formula with about 12% SU(3) breaking in M82s. 

13.3.  B a r y o n s :  q q q  s t a t e s  

All the established baryons are apparently 3-quark (qqq) states, and 
each such state is an SU(3) color singlet, a completely antisymmetric 
state of the three possible colors. Since the quarks are fermions, 
the state function for any baryon must be antisymmetric under 
interchange of any two equal-mass quarks (up and down quarks in the 
limit of isospin symmetry). Thus the state function may be written as 

]qqq)A = Icolor)A • ]space, spin, flavor)s, (13.14) 

where the subscripts S and A indicate symmetry or antisymmetry 
under interchange of any two of the equal-mass quarks. Note the 
contrast with the state function for the three nucleons in 3H or 3He: 

] N N N  )A = [ space, spin, isospin/A . (13.15) 

This difference has major implications for internal structure, magnetic 
moments, etc. (For a nice discussion, see Ref. 1.) 

The "ordinary" baryons are made up of u, d, and s quarks. The 
three flavors imply an approximate flavor SU(3); which requires that 
baryons made of these quarks belong to the multiplets on the right 
side of 

3 | 3 | 3 = 1 0 s  (9 8M (9 8M (~ tA (13.16) 

(see Sec. 34, on "SU(n) Multiplets and Young Diagrams"). Here the 
subscripts indicate symmetric, mixed-symmetry, or antisymmetric 
states under interchange of any two quarks. The 1 is a uds state 
(hi) and the octet contains a similar state (As). If these have the 
same spin and parity they can mix. An example is the mainly octet 
D03 A(1690) and mainly singlet D03 A(1520). In the ground state 
multiplet, the SU(3) flavor singlet A is forbidden by Fermi statistics. 
The mixing formalism is the same as for ~?.~?l or r (see above), 
except that for baryons the mass M instead of M 2 is used. Section 33, 
on "SU(3) Isoscalar Factors and Representation Matrices", shows how 
relative decay rates in, say, 10 ---, 8 | 8 decays may be calculated. A 
summary of results of fits to the observed baryon masses and decay 
rates for the best-known SU(3) multiplets is given in Appendix II of 
our 1982 edition [2]. 

The addition of the c quark to the light quarks extends the flavor 
symmetry to SU(4). Figures 13.2(a) and 13.2(b) show the (badly 
broken) SU(4) baryon multiplets that have as their "ground floors" 
the SU(3) octet that contains the nucleons and the SU(3) decuplet 
that contains the A(1232). All the particles in a given SU(4) multiplet 
have the same spin and parity, The only charmed baryons that have 
been discovered each contain one charmed quark. These belong to 
the first floor of the multiplet shown in Fig. 13.2(a); for details, see 
the "Note on Charmed Baryons" in the Baryon Particle Listings. The 
addition of a b quark extends the flavor symmetry to SU(5); it would 
require four dimensions to draw the multiplets. 

(a) 

E ~  -- \ ++ 
E; 

/ ]00 

2: 22+ 

F i g u r e  13.2:  SU(4) multiplets of baryons made of u, d, s, and 
c quarks. (a) The 20-plet with an SU(3) octet. (b) The 20-plet 
with an SU(3) decuplet. 

For the "ordinary" baryons, flavor and spin may be combined in an 
approximate flavor-spin SU(6) in which the six basic states are d T, 
d 1, "" ", s ~ (T, I = spin up, down). Then the baryons belong to the 
multiplets on the right side of 

6 ~ 6 @ 6 : 565' (9 70 M (9 70 M (9 20  A , (13.17) 

These SU(6) multiplets decompose into flavor SU(3) multiplets as 
follows: 

56 : 410 (9 28 (13.18a) 

70 = 210 (9 48 (9 28 (9 21 (13.18b) 

20 = 28 (9 41 , (13.18c) 

where the superscript (2S + 1) gives the net spin S of the quarks 
for each particle in the SU(3) multiplet. The JP = 1/2 + octet 
containing the nucleon and the JP = 3/2 + decuplet containing the 
,/1(1232) together make up the "ground-state" 56-plet in which the 
orbital angular momenta between the quark pairs are zero (so that 
the spatial part of the state function is trivially symmetric). The 
'[0 and 20 require some excitation of the spatial part of the state 
function in order to make the overall state function symmetric. States 
with nonzero orbital angular momenta are classified in SU(6)| 
supermultiplets. Physical baryons with the same quantum numbers 
do not belong to a single supermultiplet, since SU(6) is broken 
by spin-dependent interactions, differences in quark masses, etc. 
Nevertheless, the SU(6)| basis provides a suitable framework for 
describing baryon state functions. 

It is useful to classify the baryons into bands that have the same 
number N of quanta of excitation. Each band consists of a number of 
supermultiplets, specified by (D, L/~), where D is the dimensionality 
of the SU(6) representation, L is the total quark orbital angular 
momentum, and P is the total parity. Supermultiplets contained 
in bands up to N = 12 are given in Ref. 3. The N = 0 band, 
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which contains the nucleon and A(1232), consists 0nly of the (56,0 +) 
supermultiplet. The N = 1 band consists only of the (70,11) multiplet 
and contains the negative-parity baryons with masses below about 1.9 
GeV. The N = 2 band contains five supermultiplets: (56,0+), (70,0+), 
(56,22+), (70,2+), and (20,1+). Baryons belonging to the (20,1+) 
supermultiplet are not ever likely to be observed, since a coupling from 
the ground-state baryons requires a two-quark excitation. Selection 
rules are similarly responsible for the fact that many other baryon 
resonances have not been observed [4]. 

In Table 13.4, quark-model assignments are given for many of the 
established baryons whose SU(6)| compositions are relatively 
unmixed. We note that the unestablished resonances ,U(1480), 
,~(1560), ,U(1580), ~(1770), and S.(1620) in our Baryon Particle 
Listings are too low in mass to be accommodated in most quark 
models [4,5]. 

Table 13.4: Quark-model assignments for many of the known 
baryons in terms of a flavor-spin SU(6) basis. Only the dominant 
representation is listed. Assignments for some states, especially 
for the A(1810), A(2350), ~(1820), and ~(2030), are merely 
educated guesses. 

JP (D, L P) S Octet members Singlets 

1/2+ (56,00 +) 1/2 N(939) d1_(1116) Z'(1193) ~(1318) 
1/2 + (56,02 +) 1/2 N(1440) A(1600) /:'(1660) S(?) 
1/2-  (70,11) 1/2 N(1535) A(1670) 27(1620) E(?) A(1405) 
3/2-  (70,11) 1/2 N(1520) A(1690) ~U(1670) S(1820) A(1520) 
1/2-  (70,11) 3/2 N(1650) A(1800) ,U(1750) .--(?) 
312- (70,11) 312 N(1700) A(?) ,U(?) ~(?) 
5/2- (70,1~) 3/2 N(1675) A(1830) ~(1775) F-.(?) 
1/2 + (70,0 +) 1/2 N(1710) A(1810) ,U(1880) S(?) A(?) 
3/2 + (56,2 +) 1/2 N(1720) A(1890) ~(?) ~(?) 
5/2 + (56,2 +) 1/2 N(1680) A(1820) E(1915) S(2030) 
7/2-  (70,33) 1/2 N(2190) A(?) ,~(7) S(?) A(2100) 
9/2-  (70,33) 3/2 N(2250) A(?) ,~(?) S(?) 
9/2 + (56,4 +) 1/2 N(2220) A(2350) ,U(?) S(?) 

Decuplet members 

3/2 + (56,0 +) 3/2 A(1232) ,U(1385) .~(1530) O(1672) 
1/2- (70,1~') 1/2 A(1620) ~'(?) 3(?) ~2(?) 
3/2- (70,11) 1/2 /1(1700) ~(7) ~(?) .f?(?) 
512 + (56,22 +) 312 /1(1905) L'(?) H(?) 0(?) 
7/2+ (56,2 +) 3/2/1(1950) ,~(2030) ~(?) a(?) 
11/2 + (50,4 +) 3/2/1(24.20) ,U(?) ~(?) f~(?) 

13.4.  D y n a m i c s  

Many specific quark models exist, but most contain the same basic 
set of dynamical ingredients. These include: 

i) A confining interaction, which is generally spin-independent. 
ii) A spin-dependent interaction, modeled after the effects of gluon 

exchange in QCD. For example, in the S-wave states, there is a 
spin-spin hyperfine interaction of the form 

HHF = - c t sM E(-~Aa)i(~+Aa) j , (13.19) 
i>j 

where M is a constant with units of energy, )~a (a = 1, . . . ,8,  ) 
is the set" of SU(3) unitary spin matrices, defined in Sec. 33, 
on "SU(3) Isosealar Factors and Representation Matrices," and 
the sum runs over constituent quarks or ant/quarks. Spin-orbit 
interactions, although allowed, seem to be small. 

i/i) A strange quark mass somewhat larger than the up and down 
quark masses, in order to split the SU(3) multiplets. 

iv) In the case of isoscalar mesons, an interaction for mixing q~ 
configurations of different flavors (e.g., u~ ~ dd +-+ sg), in a 
manner which is generally chosen to be flavor independent. 

These four ingredients provide the basic mechanisms that determine 
the hadron spectrum. 
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14.  E X P E R I M E N T A L  T E S T S  O F  

Revised April 1998 by T. Damour (HIES, Bures-sur-Yvette, France). 

Einstein's General Relativity, the current "standard" theory of 
gravitation, describes gravity as a universal deformation of the 
Minkowski metric: 

gvv(x ~) = *l~v+h#v(z ~) , where y~v = diag(-1,  +1, +1, +1) .  (14.1) 

Alternatively, it can be defined as the unique, consistent, local 
theory of a massless spin-2 field h~v, whose source must then be the 
total, conserved energy-momentum tensor [1]. General Relativity is 
classically defined by two postulates. One postulate states that  the 
Lagrangian density describing the propagation and self-interaction of 
the gravitational field is 

C4 
I:Ein[g.uv ] : 16--6~--~V~g#VRpv(g), (14.2) 

a ~ a ~ a ( 1 4 . 3 )  R~v(g) : 0 a F ~  - 0~F~,~ + ra~F~, v - rv,~F~, ~ , 

1-,Av = 1 Aa {g  (Ovgva + Ovg~a - Oagpv) , (14.4) 

where GN is Newton's constant, g = - det(glw), and g~v is the matrix 
inverse of g~v. A second postulate states that  g~v couples universally, 
and minimally, to all the fields of the Standard Model by replacing 
everywhere the Minkowski metric 7b, v. Schematically (suppressing 
matrix indices and labels for the various gauge fields and fermions and 
for the Higgs doublet), 

1 ~ /'~,,pa~v~3rpa ~a 
s162 gt~v] : - ~ /_~ VUU u "'~v*'a~ 

- 1vt~g~*VD~,gDvH- v ~ V ( H )  

r, ~ r  , (14.5) 

where 7 # 7 v +  "yvT# = 2g #v, and where the covariant derivative 
D t, contains, besides the usual gauge field t~rms, a (spin depen- 
dent) gravitational contribution r# (x )  [2]. From the total action 
Stot [gpy, r Ap, H] = c -1 f d4x(~Ein + s follow Einstein's field 
equations, 

Rpv 1R - 8~rGN "P 
- ~ g . v  - ~ - t ~ v  �9 ( 1 4 . 6 )  

Here R = gt*VR~v, T#v = gpagvflT a~, and T "v : (2/ V~)~ESM/~g~v 
is the (symmetric) energy-momentum tensor of the Standard 
Model matter.  The theory is invariant under arbitrary coordinate 
transformations: x I~ = fg ( zv ) .  To solve the field equations Eq. (14.6) 
one needs to fix this coordinate gauge freedom. E.g. the "harmonic 
gauge" (which is the analogue of the Lorentz gauge, 0gA ~ = 0, in 
electromagnetism) corresponds to imposing the condition Ov(~f~g gv) = 
0. 

In this Review, we only consider the classical limit of gravitation (i. e. 
classical mat ter  and classical gravity). Considering quantum matter 
in a classical gravitational background already poses interesting 
challenges, notably the possibility that  the zero-point fluctuations of 
the matter  fields generate a nonvanishing vacuum energy density pvac, 
corresponding to a term - V ~  Pvar in s [3]. This is equivalent to 
adding a "cosmological constant" term +A ggv on the left-hand side of 
Einstein's equations Eq. (14.6), with A = 81rGN Pvac/C 4. Cosmological 
observations set bounds on A (see "Astrophysical Constants," Sec. 2 of 
this Review) which, when translated in particle physics units, appear 
suspiciously small: Pvar ~< 10 -46 GeV 4. This bound shows that  Pvar 
even if it is not strictly zero, has a negligible effect on the tests 
discussed below. Quantizing the gravitational field itself poses a very 
difficult challenge because of the perturbative non-renormalizability 
of Einstein's Lagrangian. Supergravity and superstring theory offer 
promising avenues toward solving this challenge. 

G R A V I T A T I O N A L  T H E O R Y  

1 4 . 1 .  E x p e r i m e n t a l  t e s t s  o f  t h e  c o u p l i n g  
b e t w e e n  m a t t e r  a n d  g r a v i t y  

The universality of the coupling between g#v and the Standard 
Model matter postulated in Eq. (14.5) ("Equivalence Principle") has 
many observable consequences. First, it predicts that the outcome 
of a local non-gravitational experiment, referred to local standards, 
does not depend on where, when, and in which locally inertial 
frame, the experiment is performed. This means, for instance, that  
local experiments should neither feel the cosmological evolution of 
the universe (constancy of the "constants"), nor exhibit preferred 
directions in spacetime (isotropy of space, local Lorentz invariance). 
These predictions are consistent with many experiments and 
observations. The best limit on a possible time variation of the basic 
coupling constants concerns the fine-structure constant O~e m and has 
been obtained by analyzing a natural fission reactor phenomenon 
which took place at Okio, Gabon, two billion years ago [4] 

-6.7 x 10-17yr -1 < aem < 5.0 x 10-17yr -1 . (14.7) 
O~em 

The highest precision tests of the isotropy of space have been 
performed by looking to possible quadrupolar shifts of nuclear energy 
levels [5]. The (null) results can be interpreted as testing the fact 
that  the various pieces in the matter  Lagrangian Eq. (14.5) are indeed 
coupled to one and the same external metric g~v to the 10 -27 level. 

The universal coupling to g#v postulated in Eq. (14.5) implies that  
two (electrically neutral) test bodies dropped at the same location 
and with the same velocity in an external gravitational field fall in 
the same way, independently of their masses and compositions. The 
universality of the acceleration of free fall has been verified at the 
10 -12 level both for laboratory bodies [6], 

( A ~ )  = (_1.9 + 2.5) x 10_12 
BeCu 

(14.6) 

and for the gravitational accelerations of the Moon and the Earth 
toward the Sun [7], 

:(- 2 40)• o4.9) 
MoonEarth 

Finally, Eq. (14.5) also implies that  two identically constructed clocks 
located at two different positions in a static external Newtonian 
potential U(z)  = ~ G N m / r  exhibit, when intercompared by means 
of electromagnetic signals, the (apparent) difference in clock rate, 

7"2~rl- v21/1 - I + ~ [ U ( x l ) - U ( z 2 ) ] + O ( ~ I ,  (14.10) 

independently of their nature and constitution. This universal 
gravitational redshift of clock rates has been verified at the 10 -4  level 
by comparing a hydrogen-maser clock flying on a rocket up to an 
altitude ~ 10,000 km to a similar clock on the ground [8]. For more 
details and references on experimental gravity see, e.g., Refs. 9 and 10. 
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14 .2 .  T e s t s  o f  t h e  d y n a m i c s  o f  t h e  g r a v i t a t i o n a l  f i e ld  
i n  t h e  w e a k  f i e l d  r e g i m e  

The effect on matter of one-graviton exchange, i.e. the interaction 
Lagrangian obtained when solving Einstein's field equations Eq. (14.6) 
written in, say, the harmonic gauge at first order in h ~ ,  

[~h~ - 16~rGN_.~ ~:~ - 1T%~) + O(h 2) + O(hT) , (14.11) 

reads -(87rGN /c4)TPv~-l(Tpu 1 - ~-Trbw ). For a system of N moving 
N 

point masses, with free Lagrangian L(1) = ~ - m A C 2 ~ l  -V2A/C 2, 
A=I 

this interaction, expanded to order v2/c 2, reads (with tAB -- I~A --~Bh 
" A ~  = (=A - = ~ ) / ~ A ~ )  

L ( 2 ) - 1  [ 1+  +V2B)--2~(VA'VB) ---2 Z GNmAmB 3 2 
ACB tAB ~C2(VA 

1 
2c,(nAB . VA)(nAB . VB) + O ( ~ ) ] . (14.12) 

The two-body interactions Eq. (14.12) exhibit v2/c 2 corrections to 
Newton's 1/r  potential induced by spin-2 exchange. Consistency at 
the "post-Newtonlan" level v2/c 2 ~ GNm/rc 2 requires that one 
also considers the three-body interactions induced by some of the 
three-graviton vertices and other nonlinearities (terms O(h 2) and 
O(hT) in Eq. (14.11)), 

= - + 0 (14.13) 
Br162 rAB rAC c2 

All currently performed gravitational experiments in the solar 
system, including perihelion advances of planetary orbits, the bending 
and delay of electromagnetic signals passing near the Sun, and very 
accurate ranging data to the Moon obtained by laser echoes, are 
compatible with the post-Newtonian results Eqs. (14.11)-(14.13). 

Similarly to what is done in discussions of precision electroweak 
experiments (see Section 10 in this Review), it is useful to quantify the 
significance of precision gravitational experiments by parameterizing 
plausible deviations from General Relativity. Endowing the spin-2 
excitations with a (Panli-Fierz) mass term is excluded both for 
phenomenological (discontinuities in observable predictions [11]) and 
theoretical (no energy lower bound [12]) reasons. Therefore, deviations 
from Einstein's pure spin-2 theory are defined by adding new, bosonic, 
ultra light or massless, macroscopically coupled fields. The addition of 
a vector (spin 1) field necessarily leads to violations of the universality 
of free fall and is constrained by "fifth force" experiments. See 
Refs. [6,13] for compilations of constraints. The addition of a scalar 
(spin 0) field is the most studied type of deviation from General 
Relativity, being motivated by many attempts to unify gravity with 
the Standard Model (Kaluza-Klein program, supergravity, string 
theory). The technically simplest class of tensor-scalar'(spin 2 $ spin 
0) theories consists in adding a massless scalar field ~ coupled to the 
trace of the energy-momentum tensor T -= g ~ T  ~v [14]. The most 
general such theory contains an arbitrary function a(~) of the scalar 
field, and can be defined by the Lagrangian 

+/:SM[r Ap, H, gpv] , (14.14) 

where G is a "bare;' Newton constant, and where the Standard Model 
matter is coupled not to the "Einstein" (pure spin-2) metric gt, v, but to 
the conformally related ("Jordan-Fierz') metric g~v = exp(2a(~o))g~v. 
The scalar field equation [ : ~  = -(4~rG/c4)a(~)T displays ~(~) -- 
Oa(~)/O~ as the basic (field-dependent) coupling between ~ and 
matter [15]. The one-parameter Jordan-Fierz-Brans-Dicke theory [14] 
is the special case a(~) : a0~ leading to a field-independent coupling 
,~(~o) = ~o. 

In the weak field, slow motion, limit appropriate to describing 
gravitational experiments in the solar system, the addition of ~o 
modifies Einstein's predictions only through the appearance of two 
"post-Einstein" dimensionless parameters: 7 = -2a2/(  1 + ~2) and 

= + ~ 0 ~ / ( 1  + ~ ) 2 ,  where ~0 - ~(~0) ,  ~0 = a~C~0)ta~0,  ~0 
denoting the vacuum expectation value of ~. These parameters show 
up also naturally (in the form 7PPN = 1 + 7, ~PPN = 1 + ~) in 
phenomenological discussions of possible deviations from General 
Relativity [16,9]. The parameter 7 measures the admixture of spin 0 
to Einstein's graviton, and contributes an extra term + 7(VA --VB)2/c 2 
in the square brackets of the two-body Lagrangian Eq. (14.12). The 
parameter 3 modifies the three-body interaction Eq. (14.13) by a 
factor 1 + 2~. Moreover, the combination r / =  43 - 7 parameterizes 
the lowest order effect of the self-gravity of orbiting masses by 
modifying the Newtonian interaction energy terms in Eq. (14.12) into 
GABmAmB/rAB , with a body-dependent gravitational "constant" 
GAB = GN[1 + ~?(EgraV/mA c2 + EgraV/mBc 2) + 0(1/c4)], where 
G N : G exp[2a(~0)] (1 + ~2) and where E gray denotes the gravitational 
binding energy of body A. 

The best current limits on the post-Einstein parameters 7 and 
are Cat the 68% confidence level): (i) [71 < 2 • 10 -3 [17] deduced 
from the Viking mission measurement of the gravitational time 
delay [18] of radar signals passing near the Sun (with similar 
limits coming from Very Long Baseline Interferometry (VLBI) 
measurements of the deflection of radio waves by the Sun [19]), 
and (ii) 4 ~  - 7 : -0.0007 4- 0.0010 [7] from Lunar Laser Ranging 
measurements of a possible polarization of the Moon toward the 
Sun [20]. More stringent limits on ~ are obtained in models (e.g., 
string-inspired ones [21]) where scalar couplings violate the Equivalence 
Principle. 

14 .3 .  T e s t s  o f  t h e  d y n a m i c s  o f  t h e  g r a v i t a t i o n a l  f i e l d  
i n  t h e  r a d i a t i v e  a n d / o r  s t r o n g  f i e ld  r e g i m e s  

The discovery of pulsars (i.e. rotating neutron stars emitting a 
beam of radio noise) in gravitationally bound orbits [22,23] has 
opened up an entirely new testing ground for relativistic gravity, 
giving us an experimental handle on the regime of radiative and/or 
strong gravitational fields. In these systems, the finite velocity of 
propagation of the gravitational interaction between the pulsar 
and its companion generates damping-like terms at order (v/c) 5 in 
the equations of motion [24]. These damping forces are the local 
counterparts of the gravitational radiation emitted at infinity by 
the system ("gravitational radiation reaction"). They cause the 
binary orbit to shrink and its orbital period Pb to decrease. The 
remarkable stability of the pulsar clock has allowed Taylor and 
collaborators to measure the corresponding very small orbital period 
decay Pb =- dPb/dt ~ (v/c) 5 ~ 10 -12 [23,25], thereby giving us a 
direct experimental confirmation of the propagation properties of the 
gravitational field. In addition, the surface gravitational potential of 
a neutron star hoo(R) ~ 2Gm/c2R ~- 0.4 being a factor ~ 10 s higher 
than the surface potential of the Earth, and a mere factor 2.5 below 
the black hole limit (h00 = 1), pulsar data are sensitive probes of the 
strong-gravitational-field regime. 

Binary pulsar timing data record the times of arrival of successive 
electromagnetic pulses emitted by a pulsar orbiting around the 
center, of mass of a binary system. After correcting for the Earth 
motion around the Sun and for the dispersion due to propagation 
in the interstellar plasma, the time of arrival of the Nth  pulse t N 
can be described by a generic, parameterized "timing formula [26]" 
whose functional form is common to the whole class of tensor-scalar 
gravitation theories: 

tN -- to = F[TN(vp, i~p,/)p); {pK) ; {pPg}] . (14.15) 

Here, T N is the pulsar proper time corresponding to the Nth  
1 .. T 2 1 ;. T 3 (with 1/Pp turn given by N/2~r = vpT N + ~ p  N + ~ P  g Vp = 

the spin frequency of the pulsar, etc.), {pK} = {Pb, To,e,wo,x) 
is the set of "Keplerian" parameters (notably, orbital period Pb, 
eccentricity e and projected semi-major axis x = asini/c), and 
{pPK} = {k, ~ftiming, Pb, r, s, ~0, e, x} denotes the set of (separately 
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measurable) "post-Keplerian" parameters. Most important among 
these are: the fractional periastron advance per orbit k =- dVPb/2~ , 
a dimensionful time-dilation parameter "}'timing, the orbital period 
derivative Pb, and the "range" and "shape" parameters of the 
gravitational time delay caused by the companion, r and s. 

Without assuming any specific theory of gravity, one can 
phenomenologically analyze the data from any binary pulsar by 
least-squares fitting the observed sequence of pulse arrival times to 
the timing formula Eq. (14.15). This fit yields the "measured" values 
of the parameters {vp,~p,/~p}, {pK}, {pPK}. Now, each specific 
relativistic theory of gravity predicts that, for instance, k, "}'timing, Pb, 
r and s (to quote parameters that  have been successfully measured 
from some binary pulsar data) are some theory-dependent functions 
of the Keplerian parameters and of the (unknown) masses ml ,  m2 of 
the pulsar and its companion. For instance, in General Relativity, one 
finds (with M = m 1 + m2, n - 2r/Pb) 

kGR(~l ,m2)  :3 (1  -- e2)-l(GNMn/c3) 2/3 , 

~tGimRing(ml, ra2) =en-l(GNMn/c3)2/3m2(ml + 2m2)/M 2 , 

P2R(Tnl, ~Tt2) = -- (1927r/5C5)(1 -- e2) -7/2 (1 + ~c73 _2 + ~c37 _4~) 

• (GNM~t/c3)5/3mlm2/M 2 , 

r (ml ,  m2) =GNm2/c 3 , 

s(ml, m2) =nX( GN Mn/e3)-l /S M /m2 �9 (14.16) 

In tensor-scalar theories, each of the functions ktheorY(ml,m2), 
~f:.h~e~ , p~he~ , etc is modified by quasi-static 
strong field effects (associated with the self-gravities of the pulsar 
and its companion), while the particular function p~he~ m2) 
is further modified by radiative effects (associated with the spin 0 
propagator) [15,27]. 

Let us summarize the current experimental situation. In the first 
discovered binary pulsar PSH1913 + 16 [22,23], it has been possible 
to measure with accuracy the three post-Keplerian parameters k, 
"/timing and Pb. The three equations k measured = kthe~ 
7~ae~Sn~red : ~':h=~ (ml ,  m2), p~n . . . . .  d = p:heory (ml,  m2) determine, 

for each given theory, three curves in the two-dimensional mass 
plane. This yields one (combined radiative/strong-field) test of the 
specified theory, according to whether the three curves meet at 
one point, as they should. After subtracting a small (~  10 -14 level 
in p~bs = (--2.422 • 0.006) • 10-12), but significant, Newtonian 
perturbing effect caused by the Galaxy [28], one finds that General 
Relativity passes this (k - ~/timing - Pb)1913+16 test with complete 
success at the 10 -3  level [23,25] 

p ~ - ~ k - ~ b ~  1/ =1.0032 -4- 0.0023(obs) • 0.0026(galactic) 
b t , 1timingJ J 1 9 1 3 + 1 6  

=1.0032 • 0.0035. (14.17) 

Here P2R[k~ is the result of inserting in PGR(ml,m2) 
the values of the masses predicted by the two equations k ~ = 
kGR(ml, m2), 7 ~ i n g  = 7tGimRing(ml, m2). This experimental evidence 
for the reality of gravitational radiation damping forces at the 0.3% 
level is illustrated in Fig. 14.1, which shows actual orbital phase data 
(after subtraction of a linear drift). 

The discovery of the binary pulsar PSR1534 + 12 [29] has allowed 
one to measure the four post-Keplerian parameters k, ~ftimlng, r and s, 
and thereby to obtain two (four observables minus two masses) tests 
of strong field gravity, without mixing of radiative effects [30]. General 
Relativity passes these tests within the measurement accuracy [30,23]. 
The most precise of these new, pure, strong-field tests is the one 
obtained by combining the measurements of k, 7, and s. Using the 
data reported in [31], one finds agreement at the 1% level: 

so . ] 
'sGR[ko~.~obs I'I = 1.010 • 0.008. (14.18) 
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F igu re  14,1: Accumulated shift of the times of periastron 
passage in the PSR 1913+16 system, relative to an assumed 
orbit with a constant period. The parabolic curve represents the 
general relativistic prediction, modified by Galactic effects, for 
orbital period decay from gravitational radiation damping forces. 
(Figure obtained with permission from Ref. 23.) 

Recently, it has been possible to measure the orbital period change 
of PSR1534 + 12. General Relativity passes the corresponding 
( k  - ~/timing - Pb)1534+12 test with success at the 15% level [32]. 

Several other binary pulsar systems, of a uonsymmetrie type (nearly 
circular systems made of a neutron star and a white dwarf), can 
also be used to test relativistic gravity [33,34]. The constraints on 
tensor-scalar theories provided by three binary-pulsar "experiments" 
have been analyzed in [27] and shown to exclude a large portion of the 
parameter space allowed by solar-system tests. 

The tests considered above have examined the gravitational 
interaction on scales between a few centimeters and a few astronomical 
units. Millimeter scale tests of Newtonian gravity have been reported 
in Her. 35. On the other hand, the general relativistic action on light 
and matter of an external gravitational field on a length scale ~ 100 
kpc has been verified to ~ 30% in some gravitational lensing systems 
(see, e.g., {36]). Some tests on cosmological scales are also available. 
In particular, Big Bang Nueleosynthesis (see Section 15 of this Review) 
has been used to set significant constraints on the variability of the 
gravitational "constant" [37]. 

1 4 . 4 .  C o n c l u s i o n s  

All present experimental tests are compatible with the predictions 
of the current "standard" theory of gravitation: Einstein's General 
Relativity. The universality of the coupling between matter  and 
gravity (Equivalence Principle) has been verified at the 10 -12 level. 
Solar system experiments have tested the weak-field predictions of 
Einstein's theory at the 10 -3  level. The propagation properties of 
relativistic gravity, as well as several of its strong-field aspects, have 
been verified at the 10 -3  level in binary pulsar experiments. Several 
important new developments in experimental gravitation are expected 
in the near future. The approved NASA Gravity Probe B mission 
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(a space gyroscope experiment; due for launch in 2000) will directly 
measure the gravitational spin-orbit and spin-spin couplings, thereby 
measuring the weak-field post-Einstein parameter ~ to the 10 -ti level 
(an improvement by two orders of magnitude). The planned NASA- 
ESA MiniSTEP mission (a satellite test of the Equivalence Principle) 
should test the universality of acceleration of free fall down to the 
10 - i s  level (an improvement by six orders of magnitude), Finally, 
the various kilometer-size laser interferometers under construction 
(notably LIGO in the USA and VIRGO in Europe) should, soon 
after 2000, directly detect gravitational waves arriving on Earth. As 
the sources of these waves are expected to be extremely relativistic 
objects with strong internal gravitational fields (e.g,, coalescing binary 
neutron stars, or neutron stars plunging into large black holes), their 
detection will allow one to experimentally probe gravity in highly 
dynamical circumstances. 
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1 5 .  B I G - B A N G  C O S M O L O G Y  

Revised April 1998 by K.A. Olive (University of Minnesota). 

At early times, and today on a sufficiently large scale, our 
Universe is very nearly homogeneous and isotropic. The most 
general space-time metric for a homogeneous, isotropic space is the 
Friedmann-Robertson-Walker metric (with c = 1) [1,2,3]: 

[ dr 2 r2(dO2+sin20dr ds 2 = dt 2 - R2(t) [1-~-~r2 -t- . (15.1) 

R(t) is a scale factor for distances in comoving coordinates. With 
appropriate rescaling of the corrdinates, ~ can be chosen to be +1, 
-1 ,  or 0, corresponding to closed, open, or spatially flat geometries. 
Einstein's equations lead to the Friedmann equation 

H 2 -  ~ R )  = 3 R 2 + 3  ' (15.2) 

as well as to 

A 4~rGN 
= 3 s (P +3p)'  (15.3) 

where H(t)  is the Hubble parameter, p is the total mass-energy 
density, p is the isotropic pressure, and A is the cosmological constant. 
(For limits on A, see the Table of Astrophysical Constants; we will 
assume here A = 0.) The Friedmann equation serves to define the 
density parameter 120 (subscript 0 indicates present-day values): 

~/R~ = H02(f~0 - 1 ) ,  f$0 = PO/Pc ; (15.4) 

and the critical density is defined as 

3H 2 
Pc -- ~ = 1.88 x 10 -29 h 2 g cm -3 , (15.5) 

with 

H0 = 100h0 km s -1 Mpc -1 = h0/(9.78 Gyr) . (15.6) 

Observational bounds give 0.4 < h0 < 1. The three curvature 
signatures n = + 1 , - 1 ,  and 0 correspond to 120 > 1, < 1, and = 1. 
Knowledge of f~o is even poorer than that of h0. Luminous matter  
(stars and associated material) contribute ~lum ~ 0.01. There is no 
lack of evidence for copious amounts of dark matter: rotation curves of 
apiral galaxies, viriai estimates of cluster masses, gravitational lensing 
by clusters and individual galaxies, and so on. The minimum amount 
of dark matter  required to explain the flat rotation curves of spiral 
galaxies only amounts to f~0 ~ 0.1, while estimates for 120 based upon 
cluster virial masses suggests ~0 ~ 0.2 - 0.4. The highest estimates 
for the mass density come from studies of the peculiar motions of 
galaxies (including our own); estimates for N0 obtained by relating 
peculiar velocity measurements to the distribution galaxies within a 
few hundred Mpc approach unity. A conservative range for the mass 
density is: 0.1 < f~0 _< 2. The excess of fl0 over ~lum leads to the 
inference that  most of the matter  in the Universe is nonluminous dark 
matter.  

In an expanding universe, the wavelength of light emitted from a 
distant source is shifted towards the red. The redshift z is defined 
such that  1 + z is the ratio of the detected wavelength (A) to emitted 
(laboratory) wavelength ()%) of some electromagnetic spectral feature. 
It follows from the metric given in Eq. (15.1) that  

1 + z = AIAe = Re~Re (15.7) 

where Re is the value of the scale factor at the time the light was 
emitted. For light emitted in the not too distant past, one can expand 
Re and write Re - Re + (re - t0)i~0. For small (compared to H0 -1) 
At = (te -- to), Eq. (15.7) takes the form of Hubble's law 

D _  

z ~ A t ~  ~ lHo, (15.8) 

where ~ is the distance to the source. 

Energy conservation implies that  

t~ = -3( /~ /R)(p  + p ) ,  (15.9) 

so that  for a matter-dominated (p = 0) universe p c( R -3, while 
for a radiation-dominated (p = p/3) universe p (x R -4.  Thus the 
less singular curvature term n / R  2 in the Friedmann equation can be 
neglected at early times when R is small. If the Universe expands 
adiabatically, the entropy per comoving volume ( -  R3s) is constant, 
where the entropy density is s = (p + p ) / T  and T is temperature. The 
energy density of radiation can be expressed (with h -- c = 1) as 

?r 2 
Pr = -30 N(T) (kT)4  ' (15.10) 

where N ( T )  counts the effectively massless degrees of freedom of 
bosons and fermions: 

7 
N ( T )  = E 9 B + -~ E g F . (15.11) 

B F 

For example, for m p >  kT > me, N ( T )  = g7 + 7 /8(ge  + 3g~) = 
2 + 7/8 [4 + 3(2)] : 43/4. For m~ > kT  > m~, N ( T )  = 57/4. At 
temperatures less than about 1 MeV, neutrinos have decoupled from 
the thermal background, i.e., the weak interaction rates are no longer 
fast enough compared with the expansion rate to keep neutrinos 
in equilibrium with the remaining thermal bath consisting of 7, e:t:. 
Furthermore, at temperatures kT  < me, by entropy conservation, the 
ratio of the neutrino temperature to the photon temperature is given 
by (Tv/TT) 3 = gT/(g~ + ~ge) = 4/11. 

In the early Universe when p ~ Pr, then /~  (x l / R ,  so that  R c< t 1/2 
and Ht ~ 1/2 as t --* 0. The time-temperature relationship at very 
early times can then be found from the above equations: 

2.42 ( 1  MeV~ 2 sec .  (15.12) 
t - ~ / N ( T  ) \ kT / 

At later times, since the energy density in radiation falls off as 
R -4 and the energy density in non-relativistic mat ter  fails off as 
R -3,  the Universe eventually became matter  dominated. The epoch 
of matter-radiation density equality is determined by equating the 
matter density at teq, P m :  f~opc(RO/Req) 3 to the radiation density, 
Pr : (~r2/30)[2 + (21/4)(4/ll)4/3](kTo)4(RO/Req) 4 where To is the 
present temperature of the microwave background (see below). Solving 
for (R0/Req) = 1 + Zeq gives 

Zeq + 1 = f~oh~/4.2 • I0 -5 = 2.4 x 104 G0h02 ; 

kTeq = 5.6 fl0h02 eV ; 

teq ~ 0.39(n0H~)-l/2(1 + Zeq) -3/2 

= 3.2 x 10t0(G0h02) -2  sec .  (15.13) 

Prior to this epoch the density was dominated by radiation 
(relativistic particles; see Eq. (15.10)), and at later epochs matter  
density dominated�9 Atoms formed at z ~ 1300, and by Zde r ~ 1100 
the free electron density was low enough that  space became essentially 
transparent to photons and matter  and radiation were decoupled. 
These are the photons observed in the microwave background today. 

The age of the Universe today, to, is related to both the Hubble 
parameter and the value of no (still assuming that  A -- 0). In the 
Standard Model, to >> teq and we can write 

t0 = H~-I Jool (1 - 12o + f } o x - 1 ) - l / 2  dx . (15.14) 

Constraints on to yield constraints on the combination f~0h02. For 
example, to _> 13 • 109 yr implies that 120h~ _< 0.25 for h0 _> 0.5, 
or 120h02 _< 0.45 for h0 _> 0.4, while to _> 10 x 10 ~ yr implies that  
N0h02 _< 0.8 for h0 _> 0.5, or f~0h02 _< 1.1 for h0 _> 0.4. 
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The present temperature of the microwave background is To = 
2.728 • 0.002 K as measured by COBE [4], and the number density 
of photons n~ = (2~(3)/~r2)(kT0) 3 ~ 412 cm -3.  The energy density 
in photons (for which g~ = 2) is p~ = (Tr2/15)(kTo) 4. At the present 
epoch, p~ = 4.66 • 10 -3~ g c m  "3 = 0.262 eV cm -3.  For nonrelativistic 
mat ter  (such as baryons) today, the energy density is PB = mBnB 
with nB c< R -3,  so that  for most of the history of the Universe 
nB/s is constant. Today, the entropy density is related to the photon 
density by s = (4/3)(lr2/30)[2 + (21/4)(4/11)](kTo) 3 = 7.0n~. Big 
Bang nucleosynthesis calculations limit rl = nB/n~ to 2.8 • 10 - l ~  _< 

_< 4.0 • 10 -1~ The parameter ~ is also related to the portion of fi 
in baryons 

fi B = 3.67 • 107~ h~ 2 (To/2.728 K) s , (15.15) 

so that  0.010 < f ib  h~ < 0.015, and hence the Universe cannot be 
closed by baryons. 

References: 

1. S. Weinberg, Gravitation and Cosmology, John Wiley and Sons 
(1972). 

2. G. B6rner, The Early Universe: Facts and Fiction~ Springer- 
Verlag (1988). 

3. E.W. Kolb and M.S. Turner, The Early Universe, Addison-Wesley 
(1990). 

4. D.J. Fixsen et al., Astrophys. J. 473, 576 (1996). Error quoted 
here is 1~. 



16. B i g - b a n g  n u c l e o s y n t h e s i s  119 

1 6 .  B I G - B A N G  N U C L E O S Y N T H E S I S  

Revised July 1997 by K.A. Olive (Univ. of Minnesota) and 
D.N. Schramm (deceased). 

Among the successes of the standard big-bang model is the 
agreement between the predictions of big-bang nucleosynthesis (BBN) 
for the abundances of the light elements, D, SHe, 4He, and ?Li, and 
the primordial abundances inferred from observational data (see [1-3] 
for a more complete discussion). These abundances span some nine 
orders of magnitude: 4He has an abundance by number relative to 
hydrogen of about 0.08 (accounting for about 25% of the baryonic 
mass), while ?Li, the least abundant of the elements with a big-bang 
origin, has a abundance by number relative to hydrogen of about 

10 -10. 

16.1.  B i g - b a n g  n u c l e o s y n t h e s i s  t h e o r y  

The BBN theory matches the observationally determined abun- 
dances with a single well-defined parameter, the baryon-to-photon 
ratio, ~7. All the light-element abundances can be explained with ~7 in 
the range (1.5-6.3) x 10-1~ or ~10 -= ~? x 1010 = 1.5-6.3. Equivalently, 
this range can be expressed as the allowed range for the baryon mass 
density, PB = 1.0-4.3 • 10 - s l  gcm -3, and can be converted to the 
fraction, N, of the critical density, Pc. 

The synthesis of the light elements was affected by conditions in the 
early Universe at temperatures T ~ 1 MeV, corresponding to an age as 
early as 1 s. At somewhat higher temperatures, weak-interaction rates 
were in equilibrium, thus fixing the ratio of the neutron and proton 
number densities. At T :~ 1 MeV, nip ~ 1, since the ratio was given 
approximately by the Saha relation, n/p ~ e -Q/T, where Q is the 
neutron-proton mass difference. As the temperature fell, the Universe 
approached the point ("freeze-out') where the weak-interaction 
rates were no longer fast enough to maintain equilibrium. The final 
abundance of 4He is very sensitive to the n/p ratio at freeze-out. 

The nucleosynthesis chain begins with the formation of deuterium 
in the process pn --* DT. However, photo-dissociation by the high 
number density of photons (nT/n B = ~7-1 ~ 1010) delays production 
of deuterium (and other complex nuclei) well past the point where 
T reaches the binding energy of deuterium, E B = 2.2 MeV. (The 
average photon energy in a blackbody is E7 .~ 2.7 T.) When the 
quantity rl-lexp(-EB/T) reaches about 1 (at T ~ 0.1 MeV), the 
photo-dissociation rate finally fails below the nuclear production rate. 

The 25% fraction of mass in 4He due to BBN is easily estimated by 
counting the number of neutrons present when nucleosynthesis begins. 
When the weak-interaction rates freeze-out at about T ~ 0.8 MeV, the 
n-to-p ratio is about 1/6. When free-neutron decays prior to deuterium 
formation are taken into account, the ratio drops to n/p ~ 1/7. Then 
simple counting yields a primordial 4He mass fraction 

2(n/p) ~ 0.25. (16.1) YP = i + n/p 

In the Standard Model, the 4He mass fraction depends primarily on 
the baryon-to-photon ratio ~/, as it is this quantity that determines 
when nucleosynthesis via deuterium production may begin. But 
because the nip ratio depends only weakly on ~/, the 4He mass fraction 
is relatively flat as a function of ~7. The effect of the uncertainty in 
the neutron half-life, ~'n -- 887 • 2 s, is now small. Lesser amounts of 
the other light elements are produced: D and 3He at the level of a few 
times 10 -5 by number relative to H, and 7Li/H at the level of about 
10 -1~ when 7/is in the range 1-10 • 10 -1~ 

When we go beyond the Standard Model, the 4He abundance is 
very sensitive to changes in the expansion rate, which can be related 
to the effective number of neutrino flavors. This will be discussed 
below. 

The calculated abundances of the light elements are shown in 
Fig. 16.1 as a function of ~710. The curves for the 4He mass fraction, 
Yp, bracket the range based on the uncertainty of the neutron 
mean-life, rn = 887 + 2 s. The spread in the 7Li curves is due to the 
la  uncertainties in nuclear cross sections leading to 7Li and 7Be which 

? subsequently decays to Li [4-6]. The uncertainties in the D and SHe 

predictions are small and have been neglected here. The boxes show 
the observed abundances with their range of uncertainty, discussed 
below. Since the observational boxes line up on top of each other, 
there is an overall agreement between theory and observations for 7/10 
in the range 1.5-6.3. 
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Figure 16.1: 
predicted by the standard model of big-bang nucleosynthesis. 
Also shown by a series of boxes is the comparison between these 
predictions and the observational determination of the light 
element abundances. See text for details. 
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The abundances of D, 3He, 4He and 7Li as 

16.2.  O b s e r v a t i o n s  

Because stars produce helium as well as heavier elements, one must 
search for primordial helium in regions where stellar processing has 
been minimal, i.e., in regions where abundances of elements such 
as carbon, nitrogen and oxygen are very low. There are extensive 
compilations of observed abundances of 4He, N, and O in many 
different extra-galactic regions of ionized H [7-9]. Extrapolating the 
4He abundances from the data leads to a observational estimate for 
Yp of [10-12] 

Yp = 0.234 • 0.002 • 0.005. (16.2) 

(Here and elsewhere, the first error is the statistical standard deviation, 
and the second systematic.) The large box in Fig. 16.1 bracketing the 
4He curves covers the range 0.223 to 0.245, where the half height is 
given as twice the errors when added in quadrature. There has been 
some debate on the size of systematic errors [4] and the dashed box is 
obtained using a larger error, allowing Yp to take a maximal value of 
0.250. 

Observations for deuterium and 3He abundances currently present 
certain difficulties. All deuterium is primordial [13], but some of the 
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primordial deuterium has been destroyed. Thus, as can be seen in 
the figure, the present deuterium abundance gives us an absolute 
upper limit to 0. However, to get more information requires either an 
understanding of galactic chemical evolution of deuterium or a direct 
measurement of primordial deuterium. Even more problematical is 
3He: Not only is primordial 3He destroyed in stars but it is very likely 
that  at least some low-mass stars are net producers of 3He. Neither 
the galactic chemical evolution of 3He nor the production of 3He 
in stars is well understood with standard models and observations 
presenting an inconsistent picture. 

It appears that  D /H has decreased over the age of the galaxy. 
Samples obtained deep inside meteorites provide measurements of 
the true (pre)-solar system abundance of 3He, while measurements 
on meteoritic near-surface samples, the solar wind, and lunar soil 
samples also contain 3He converted from deuterium in the early 
pre-main-sequence stage of the sun. The best current values are [14] 

D + a H e )  : ( 4 . 1 + 1 . 0 ) •  
TI(~ 

( 3He~ : (1.5 4- 0.3) • 10 -5  . (16.3) 
H / O  

The difference between these is the pre-solar D abundance. There 
has also been a recent measurement of HI3 in the atmosphere of 
Jupiter  [15] yielding a value D/H = (5 4- 2) • 10 -5. This would 
be an important  measurement if it can be acertained that  isotopic 
fractionation of deuterium did not occur, however, this point is 
debatable at the present time. 

The present interstellar-medium abundance of D/H is [16] 

D / H  = 1.60 4- 0 no+0.05 . . . .  0.10 x 10 -5  . (16.4) 

It is this lowest value of D/H that provides the most robust upper 
bound on 7/, since D is only destroyed. It is shown (decreased by twice 
the errors added in quadrature) as the lower right corner of the D 
and 3He box in Fig. 16.1. Thus, with confidence we can be sure that 
010 < 9 And correspondingly f~Bh 2 < 0.033 

Deuterium has also been detected in high-redshift, low-metallieity 
quasar absorption systems [17-19]. These measured abundances 
should represent the primordial value, but they are at present not 
consistent: Two [17,18] give a relatively high value for D /H ~ 2 x 10 -4  
while the other [19] gives D/H ~ 2.3 4- 0.3 x 10 -5. Although it appears 
that  the quality of the low D/H data is better than those showing 
high D/H,  the latter can be used at the very least as an upper limit to 
primordial D/H and this is shown by the dashed box in Fig. 16.1. As 
one can see, the corresponding value of Y~ (at the same value of 0 as 
inferred by the observation of a high D/H) is in excellent agreement 
with the data. ?Li is also acceptable at this value as well. However, 
due to the still somewhat preliminary status of this observation, it is 
premature to use it to fix the primordial abundance. A high value 
for the D abundance would require an even greater degree of D 
destruction over the age of the galaxy. The lower measurement for 
D / H  requires that  systematies work coherently for both 4He and 7Li 
to give an overlap with this data. Eventually, the primordial D/H 
issue will hopefully be resolved and give a correspondingly narrow 
allowed range in r/ and perhaps change the nature of the 3He and 
rLi (see below) arguments which are currently dominated by galactic 
and/or  stellar evolution issuses. 

Finally, we turn to 7Li. In old, hot, population-H stars, rLi is found 
to have a very nearly uniform abundance. For stars with a surface 
temperature T > 5500 K and a metallicity less than about 1/20th 
solar (so that  effects such as stellar convection may not be important), 
the abundances show little or no dispersion beyond that  consistent 
with the errors 'of  individual measurements. Much data has been 
obtained recently from a variety of sources, and the best  estimate for 
the mean 7Li abundance and its statistical uncertainty in halo stars 
is [20](the estimate of the systematic uncertainty discussed below is 
our own) 

Li/H = (1.6 + n ~+0.4+L6~ x 10 -1~ (16.5) ~ " - 0 . 3 - 0 . 5  / 

The first error is statistical, and the second is a systematic uncertainty 
that  covers the range of abundances derived by various methods. The 

box in Fig. 16.1 corresponds to these errors (as before, with a half 
height of 2~rstat + ~rsyst). The third set of errors in Eq. (16.5) accounts 
for the possibility that as much as half of the primordial 7Li has been 
destroyed in stars, and that  as much as 30% of the observed 7Li was 
produced in cosmic ray collisions rather than in the Big Bang. These 
uncertainties are shown by the dashed box in Fig. 16.1. Observations 
of 6Li, Be, and B help constrain the degree to which these effects play 
a role [21-23]. 

1 6 . 3 .  A c o n s i s t e n t  v a l u e  f o r  r/ 

For the Standard Model of BBN to be deemed successful, theory 
and observation of the light element abundances must agree using a 
single value of 0. We summarize the constraints on r/ from each of 
the light elements. From the 4He mass fraction, Yp < (0.245-0.250), 
we have 010 < (4.5-7.6) as a 2~r upper limit (the highest values use 
possible systematic errors up to their extreme range). Because of the 
sensitivity to the assumed upper limit on Yp and Li/H, the upper limit 
on 0 from D/H, is still of value. From D/H > 1.3 x 10 -5,  we have 
010 ~ 9. 

The lower limit on 010 can be obtained from either D /H or ~Li. 
From the high D/H measurement in quasar absorption systems, we 
obtain 010 > 1.5. 7Li allows a broad range for 010 consistent with 
the other elements. When uncertainties in the reaction rates and 
systematic uncertainties in the observed abundances are both taken 
into account, ?Li allows values of 010 between (1.0-6.3). 

The determination of ~ depends on our certainty that  the 
observations of the light elements abundances can be translated into 
primordial abundances. This is perhaps more straightforward for 4He 
and ?Li, where the element abundances are determined in primitive 
low metallicity environments. If it turns out that a consistent value for 
D/H can be obtained from quasar absorption systems, then because 
of the slope of D/H with respect to 7, D/H will be the best isotopic 
ratio for the determination of 0. Until then, the use of the D and 3He 
abundance determinations is necessarily complicated by the evolution 
of the abundances of these elements over the star forming history 
of the galaxy. Uncertainties in the 3He evolution are compounded 
by uncertainties of stellar production/destruction mechanisms. The 
resulting overall consistent range for 010 is extended to (1.5-6.3) when 
systematic errors are pushed to their limits. These bounds on 010 
constrain the fraction of critical density in baryons, ~B, to be 

0.005 < flBh 2 < 0.024 (16.6) 

for a Hubble parameter, ho, between 0.4 and -1.0. The corresponding 
range for $2 B is 0.005-0.15. 

Perhaps the best test of BBN will come when anisotropies in the 
microwave background check the determination of 12 B. At present, .  
other measurements (such as of hot x-ray gas in dusters  of galaxies, 
Lyman-c~ clouds, or microwave anisotropies) of f B  give considerably 
larger uncertainties than those from BBN, but they are consistent 
with the BBN range. 

1 6 . 4 .  B e y o n d  t h e  S t a n d a r d  M o d e l  

Limits on particle physics beyond the Standard Model come 
mainly from the observational bounds on the 4He abundance. 
As discussed earlier, the neutron-to-proton ratio is fixed by its 
equilibrium value at the freeze-out of the weak-interaction rates at 
a temperature T I ~ 1 MeV, with corrections for free neutron decay. 
Furthermore, freeze-out is determined by the competition between the 
weak-interaction rates and the expansion rate of the Universe, 

GF2Tf 5 ~ r.k(T1) = H(TI) ~ ~ 7'i 2 , (16.7) 

where N counts the total (equivalent) number of relativistic particle 
species. The presence of additional neutrino flavors (or of any other 
relativistic species) at the time of nueleosynthesis increases the energy 
density of the Universe and hence the expansion rate, leading to a 
larger value of TI, n/p, and ultimately Yp. It is clear that  just as one 
can place limits [25] on N, any changes in the weak or gravitational 
coupling constants can be similarly constrained. 
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In the Standard Model, the number of particle species can be 
written as N = 5.5 + ~N~,; 5.5 accounts for photons and e • and N~ 
is the number of (massless) neutrino flavors. The helium curves in 
Fig. 18.1 were computed assuming Nv = 3, and the computed 4He 
abundance scales roughly as AYBB N ~ 0.012-0.014 AN~,. Clearly the 
central value for N~ from BBN will depend on ~. If the best value for 
the observed primordial 4He abundance is 0.234, then, for ~I0 "~ 1.8, 
the central value for N~ is 3. By means of a likelihood analysis on 
and Nv based on 4He and 7Li [24,26], (see also [27]), it was found that 
the 95% CL ranges are 1.6 _< Nv < 4.0, and 1.3 _< ~I0 -< 6.0. 

The limits on N~ can be translated into limits on other types of 
particles or particle masses that would affect the expansion rate of 
the Universe just prior to nucleosynthesis. In some cases, it is the 
interaction strengths of new particles which are constrained. Particles 
with less than full weak strength interactions contribute less to the 
energy density than particles that remain in equilibrium up to the 
time of nucleosynthesis 1281. 

We close with a simple example. Suppose there exist three right- 
handed neutrinos with only right-handed interactions of strength 
GR < GF. The standard left-handed neutrinos are no longer 
in equilibrium at temperatures below ,~ 1 MeV. Particles with 
weaker interactions decouple at higher temperatures, and their 
number density (c< T 8) relative to neutrinos is reduced by the 
annihilations of particles more massive than 1 MeV. If we use 
the upper bound N~ < 4.0, then the three right-handed neutrinos 
must have a temperature 3(T~a/Tvz) 4 < 1. Since the temperature 
of the decoupled ~'R's is determined by entropy conservation, 
Tvlz/TvL = [(43/4)/N(T/)] l/s < 0.76, where T 1 is the freeze-out 
temperature of the vR's. Thus N(T]) > 24 and decoupling must 
have occurred at T! > 140 MeV. Finally, the decoupling temperature 
is related to G R by (GR/GF) 2 ,., (TI/3 MeV) -3, where 3 MeV 
corresponds to the decoupling temperature for Yr. This yields a limit 
GR ~ 10 -2 GF. These limits are strongly dependent on the assumed 
upper limit to Nv; for Nv < 3.5, the limit on GR strengthened 
to GR < 0.002 GF, since T! is constrained to be larger than 
the temperature corresponding to the QCD transition in the early 
Universe. 
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17. T H E  H U B B L E  C O N S T A N T  

Revised August 1997 by C.J. Hogan (University of Washington). 

In a uniform expanding universe, the position r and velocity v of 
any particle relative to another obey Hubble's relation v -- H0r, where 
H0 is Hubble's constant.* As cosmological distances are measured 
in Mpc, the natural unit for H0 is km s -1 Mpc -1, which has the 
dimensions of inverse time: [100 km s -1 Mpc-1] -1 = 9.78 • 109 yr. 

The real universe is nonuniform on small scales, and its motion 
obeys the Bubble relation only as a large scale average. As typical 
non-Hubble motions ("peculiar velocities") are less than about 500 
km s -1, on scales more than about 5,000 km s -1 the deviations from 
Hubble flow are less than about 10%, so the notion of a global Hubble 
constant is well defined. The value of H0 averaged over the local 
15,000 km s -1 volume is known to lie within 10% of its global value 
even if H0 itself is not known this precisely [1-3]. 

Measurement of H0 thus entails measuring large absolute distances. 
Traditionally, certain astronomical systems ("Standard Candles") 
are used to measure relative distance, and are tied to an absolute 
trigonometric parallax scale by a series of distance ratios (or "distance 
ladder") [4-9]. Several relatively new techniques now allow direct 
absolute calibration using physical models. 

Table 17.1 lists several candles and calibrators with a typical range 
of distance accessible to each. The ranges are not precisely defined; the 
near end suffers from small numbers of accessible objects and the far 
end from faint signal. The precision quoted is in units of astronomical 
"distance modulus," given by ~ = 5 loglo(distance in parsecs) - 5.0; a 
:t:0.1 magnitude error in magnitude or distance modulus corresponds 
to a 5% error in distance. In the case of distance ratios the precision 
is estimated by cross-checking indicators on a galaxy-by-galaxy basis. 
Some options often used for verification and absolute calibration are 
listed. The Bubble relation itself is included, as it is the most precise 
indication of relative distance for large distances, and is used to verify 
the standardization of several candles. 

Table I 'Ll :  Selected extragalactic distance indicators, t 

Verification/ 
Technique Range of distance Accuracy (la) calibration 

Cepheids <LMC to 25 Mpc 0.15 mag LMC/parallax 
SNIa 4 Mpc to > 2 Gpc 0.2 mag Hubble/Cepheid 
EPM/SNII LMC to 200 Mpc 0.4 mag Hubb]e/Cepheid 
PNLF LMC to 20 Mpc 0.1 mag SBF/Cepheid 
SBF 1 Mpc to 100 Mpc 0.1 mag PNLF/Cepheid 
TF 1 Mpc to 100 Mpc 0.3 mag Hubble/Cepheid 
BCG 50 Mpc to 1 Gpc 0.3 mag Hubble/SBF 
GCLF 1 Mpc to 100 Mpc 0.4 mag SBF/MWG 
SZ 100 Mpc to > 1 Gpc 0.4 mag Bubble/Model 
GL ~5 Gpc 0.4 mag Model 
Hubble 20 Mpc to ~> 1Gpc 500 km s -1 + H o D  BCG, SNeIa/H0 

MWG = Milky Way Galaxy 

tExtracted from [4-9]. 

17 .1 .  C a l i b r a t i o n  o f  C e p h e i d  v a r i a b l e s  

Using stars as standard candles and the Earth's orbit as a baseline, 
distances in the nearby Galaxy are tied directly to trigonometric 
parallax measurements. With the release in 1997 of the first results 
of the Hipparcos satellite, the range, precision, and size of calibrating 
samples have greatly improved. The early recalibrations of the 
absolute scale of the Galaxy indicate an increase in the distance 
scale for Cepheid variables which propagates to all larger scale 
measurements, reducing previous measurements of H0 by 0.1 to 
0.2 mag [10,11]. (Note that the RRLyrae distance scale, used to 
calibrate the distances to. old globular clusters within the Galaxy, has 
also increased [12], which increases the stellar brightness and decreases 

their estimated age, possibly reconciling the cosmic age and Hubble 
parameter for a wider range of cosmological models [11,13].) The 
revised distance scale however would also increase the distance to the 
Large Magellanic Cloud (LMC) which is constrained by geometrical 
arguments from SN 1987A [14]. Another promising method is based on 
detailed knowledge of orbits of gas in N4258 precisely constrained by 
observations of maser gas emission. This has the potential to calibrate 
the Cepheid scale independently [23]. 

The best studied and most trusted of the absolute calibrators, 
Cepheids are bright stars undergoing overstable oscillations driven 
by the variation of helium opacity with temperature. The period of 
oscillation is tightly correlated with the absolute brightness of the 
star, though this "period-luminosity relation" [15] may vary with 
metallicity [16,17]. With Bubble Space Telescope (lIST), Cepheids 
are now measured in over a dozen galaxies out to 25 Mpc (/z = 32) 
allowing direct absolute calibration of many other indicators to better 
than 10% accuracy [18-22]. 

17.2.  T y p e  I a  s u p e r n o v a e  ( S N I a )  

A SNIa occurs when a degenerate dwarf, of the order of a solar 
mass and of CNO composition, undergoes explosive detonation or 
deflagration by nuclear burning to iron-group elements (Ni, Co, 
Fe). Their uniformity arises because the degenerate material only 
becomes unstable when it is gravitationally compressed to where the 
electrons become close to relativistic, which requires approximately 
a Chandrasekhar mass (1.4 solar masses). Theoretical models of 
the explosion predict approximately the right peak brightness, but 
cannot give a precise calibration. SNIa are very bright, so their 
brightness distribution can be studied using the distant Hubble flow 
as a reference. Indeed, the Bubble diagram of distant SNIa shows that 
they can yield remarkably precise relative distances; even though they 
display large variations in brightness, with detailed knowledge of the 
shape of the light curve and colors, the relative intrinsic brightness 
of a single SNIa can be predicted to Am _~ 0.2 mag and its distance 
estimated to ~ 10% accuracy [24-26]. Distant SNIa constrain the 
global deviations from a linear Bubble law including those from cosmic 
deceleration [27-28]. 

17.3.  T y p e  I I  s u p e r n o v a e  ( S N I I )  

A SNB occurs when a massive star has accumulated 1.4 solar 
masses of iron group elements in its core; there is then no source of 
nuclear energy and the core collapses by the Chandrasekhar instability. 
The collapse to a neutron star releases a large gravitational binding 
energy, some of which powers an explosion. The large variety of 
envelopes around collapsing cores means that SNII are not at all 
uniform in their properties. However, their distances can be calibrated 
absolutely by the fairly reliable "expanding photosphere method 'r 
(EPM). In principle the spectral temperature and absolute flux yield 
the source angular size; spectral lines yield the expansion velocity, 
which combined with elapsed time gives a physical size; and the 
two sizes yield a distance. Models of real photospheres are not so 
simple but yield individual distances accurate to about 20% [29]. 
This is in principle an independent absolute distance, but is verified 
by comparison with Cepheids in several cases, the distant Bubble 
diagram and Tully-Fisher distance ratios in several others, and b y  
multiple-epoch fits of the same object. 

17.4.  P l a n e t a r y  n e b u l a  l u m i n o s i t y  f u n c t i o n  ( P N L F )  

A planetary nebula (PN) forms when the gaseous envelope is ejected 
from a low-mass star as its core collapses to a white dwarf. We see 
bright fluorescent radiation from the ejected gas shell, excited by UV 
light from the hot proto-white dwarf. The line radiation makes PN's 
easy to find and measure even in far-awaY galaxies; a bright galaxy 
can have tens of thousands, of which.hundreds are bright enough to 
use to construct a PNLF. It is found empirically that the range of PN 
brightnesses has a sharp upper cutoff'possibly as a consequence of 
the very narrow range in core masses that result from normal stellar 
evolution. The cutoff appears to provide a good empirical standard 
candle [30], verified by comparison with SBF distance ratios. 
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17 .5 .  S u r f a c e  b r i g h t n e s s  f l u c t u a t i o n s  ( S B F )  

In images of galaxies, individual stars ave generally too crowded 
to resolve. However, with modern linear detectors, it is still possible 
to measure the moments of the distribution of stellar brightness in 
a population (in particular, the brightness-weighted average stellar 
brightness) from surface brightness fluctuations. Stellar populations 
in elliptical galaxies appear to be universal enough for this to be one 
of the most precise standard candles, as verified by comparison with 
PNLF and Cepheids, although absolute calibration must be done on 
the bulge components of spiral galaxies. With HST data it can now 
be applied into the far Hubble flow [31-32]. 

17.6 .  T u l l y - F i s h e r  ( T F )  a n d  d i a m e t e r - d i s p e r s i o n  

The TF relation refers to a correlation of the properties of whole 
spiral galaxies, between rotational velocity and total luminosity. In 
rough terms, the relation can be understood as a relation between 
mass and luminosity, but given the variation in structural properties 
and steUar populations the narrow relation is a surprisingly good 
relative distance indicator. The TF distance ratios and precision have 
been verified by cross-checking against all of the above methods, and 
against the Hubble flow, particularly galaxy cluster averages, which 
permit greater precision. HST has permitted absolute calibration 
of TF in a larger, more representative, and more distant sample, 
including galaxies in the Virgo and Fornax clusters [33]. For elliptical 
galaxies, a similar relation ("Dn-cr") is particularly useful for verifying 
distance ratios of galaxy clusters, whose cores contain almost no 
spirals. 

17 .7 .  B r i g h t e s t  c l u s t e r  g a l a x i e s  ( B C G )  

As a result of agglomeration, rich clusters of galaxies have 
accumulated the largest and brightest galaxies in the universe in their 
centers, which are remarkably homogenous. They provide a check on 
the approach to uniform Hubble flow on large scales [2-3] and are now 
tied to an absolute scale via SBF [34]. 

17 .8 .  G l o b u l a r  c l u s t e r  l u m i n o s i t y  f u n c t i o n  ( G C L F )  

Many galaxies have systems of globular clusters orbiting them, each 
of which contain hundreds of thousands of stars and hence is visible 
at large distances. Empirically it appears that similar galaxies have 
similar distributions of globular cluster luminosity [35] 

17 .9 .  S u n y a e v - Z e l d o v i c h  e f f e c t  ( S Z )  

The electron density and temperature of the hot plasma in a cluster 
of galaxies can be measured in two ways which depend differently on 
distance: the thermal x-ray emission, which is mostly bremsstrahlung 
by hot electrons, and the Sunyaev-Zeldovich effect on the microwave 
background, caused by Compton scattering off the same electrons. 
This provides in principle an absolute calibration. Although the model 
has other unconstrained parameters, such as the gas geometry, which 
limit the precision and reliability of distances, in the handful of cases 
which have been studied most recently the distances are broadly in 
accord with those obtained by the other techniques. [36-38] 

1 7 . 1 0 .  G r a v i t a t i o n a l  l e n s e s  (GL) 
The time delay St between different images of a high redshift 

gravitationally lensed quasar is St = C$02/Ho ~ 1 yr for image 
separations $0 of the order of arcseconds, with a numerical factor 
C typically of order unity determined by the specific lens geometry 
(the angular distribution of the lensing matter) and background 
cosmology. Variability of the double quasar 0957+561 has permitted 
measurements of St from time series correlation, 417 • 3 days [39-40], 
with well controlled theoretical errors in deriving constraints on 
H0 [41]; measurements of other lens systems are also improving [42]. 
It is an amazing sanity check that  this technique, which relies on no 
other intermediate steps for its calibration, gives estimates on the 
scale of the Hubble length which are consistent with local measures of 
H0. 

Table 17.2: Some recent estimates of Hubble's constant 

Result* 
Technique Calibration* Ties to Hubble flow (km s -1 Mpc -1) Ref. 

EPM EPM model, Cepheids Direct EPM Hubble Diagram 73 • 6 • 7 [29,19] 
+ Flow model or TF 

SNeIa Host galaxy Cepheids Direct SNIa Hubble Diagram 63 • 3.4 [25] 
58 • 8 [21] 

Clusters Virgo mean (M100 Cepheids) Virgo infall model 81 • 11 t [19] 
+ local + M101 Cepheids Virgo/Coma ratio 73-77 • 1O t [19] 

Cluster TF + LS flow model fit 82 • 11! [19] 
M96 Cepheids LeoI to Virgo and Coma 69 • 8 [22] 

Field TF Local Cepheids Field TF Huhble Diagram 
+ Malmquist bias correction 80 =i= 10 [43] 

BCG SBF, Cepheids BCG 82 • 8 [34] 

SZ SZ model + X-ray Single cluster velocities 
maps + SZ maps A478,A2142,A2256 54 • 14 [38] 

Coma 74 • 29 [37] 
GL Lens model, time delay Direct, Q0957+561 63 • 12 [40] 

* For all methods except SZ and GL, add a common multiplicative error of • mag or 7% in 
H0 for absolute calibration of Cepheids. These values assume the pre-Hippavcos calibration of 
the Cepheid PL relation. 

t Plus Virgu.depth uncertainty (scales with M100/Virgo ratio). 
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17.11.  E s t i m a t e s  o f  Ho  

The central idea is to find "landmark" systems whose distance is 
given by more than one technique. The number of techniques and 
the range of each has now increased enough for reliable overlapping 
calibration at each stage of the distance scale. The reason for the 
diversity of estimates of the Hubble constant lies in the many different 
ways to combine these techniques to obtain an absolute distance 
calibration in the Hubble flow. There is now broad agreement within 
the errors among a wide variety of semi-independent ladders with 
different systematics. As examples, we cite a variety of (somewhat 
arbitrarily chosen) independent methods, which illustrate some of 
the choices and tradeoffs, summarized in Table 17.2. Note that most 
of the quoted values depend in common on the absolute Cepheid 
calibration. 

1. Expanding photosphere method (EPM) distances give an absolute 
calibration to objects in the distant Hubble flow. A small 
sample of these direct distances with small flow corrections gives 
H0 = 73 • 6 (statistical) • 7 (systematic).The distance estimates 
and limits on the systematic error component are verified by 
Cepheid distances in three cases, where the Cepheid/EPM 
distances come out to 1.02 • 0.08 (LMC), 1.01+_~ (M101) and 
1.13 • 0.28 (M100). 

2. With HST, it is now possible to calibrate SNIa directly with 
Cepheid distances to host galaxies. The light from brighter SNIa 
decays more slowly than from faint ones, so the best fits to the 
distant Hubble diagram include information about the light curve 
shape rather than simply assuming uniformity. 

3. The distance to Virgo or any other local cluster is tied to H0 
via the distant Hubble diagram for TF or Dn-a distances for 
galaxies in distant clusters. This can be done with a large scale 
flow model fit to many clusters or using the distance ratio to a 
fiducial reference such as the Coma cluster. 

4. TF comparison with distant field galaxies in the Hubble flow 
(after corrections for Malmquist bias in the samples, which is 
worse than in cluster samples) yield H0 = 80 • 10 km s -1 Mpc -1. 

5. The distant BCG sample is now calibrated with SBF directly. 

6. Recent SZ and GL estimates lie squarely in the range of the other 
techniques and are completely independent of them, although 
errors are not yet well constrained with such small samples. 

The central values by most reliably calibrated methods lie in the 
range H0 = 60 to 80 km s -1 Mpc -I, and indeed this corresponds 
roughly with the range of estimates expected from the internally 
estimated errors. Thus systematic errors are at least not overwhelming, 
although there are still discrepencies which are not understood. 

Footnote and References: 
* This simple Newton• description is valid to first order in v, 

the role of the Hubble constant in relativistic world-models is 
summarized in the Big-Bang Cosmology section (Sec. 15). 
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18. D A R K  M A T T E R  

Revised Oct. 1997 by M. Srednicki (University of California, 
Santa Barbara).  

There is s t rong evidence from a variety of  different observations 
for a large amount  of dark mat te r  in the universe [1]. The phrase 
"dark mat ter"  means  mat te r  whose existence has  been inferred only 
through its gravitational effects. There is also extensive circumstantial  
evidence tha t  at least some of this  dark mat te r  is nonbaryonic: that  
is, composed of elementary particles other than  protons, neutrons, 
and electrons. These particles mus t  have survived from the Big Bang, 
and therefore mus t  either be stable or have lifetimes in excess of the 
current age of the universe. 

The abundance of dark mat te r  is usually quoted in terms of its 
mass density Pdm in units  of the critical density, ndm = Pdrn/Pr the 
critical density Pc is defined in Eq. (15.5) (in Section 15 on "Big-Bang 
Cosmology" in this Review). The total amount  of visible mat te r  (that 
is, ma t te r  whose existence is inferred from its emission or absorption 
of photons) is roughly ftvi s _~ 0.005, with an uncertainty of at least a 
factor of two. 

The strongest  evidence for dark mat te r  is from the rotation curves 
of spiral galaxies [1,2]. In these observations, the circular velocity vc 
of hydrogen clouds surrounding the galaxy is measured (via Doppler 
shift) as a function of radius r. If there were no dark mat ter ,  at large r 
we would find V2c " GNMvls/r , since the visible mass Mvis of a spiral 
galaxy is concentrated at its center. However, observations of many 
spiral galaxies instead find a velocity vc which is independent of r at 
large r,  with a typical value vr ~ 200km s - z .  Such a "flat rotation 
curve" implies tha t  the total mass  within radius r grows linearly with 
r, Mtot(r) "" GNlv2cr. A self-gravitating ball of ideal gas at a uniform 

1 2 temperature  of kT  = ~mdmV c would have this mass  profile; here 
mdm is the mass  of one dark mat te r  particle. The rotation curves are 
measured out to some tens of kiloparsecs, implying a total mass  within 
this radius which is typically about  ten t imes the visible mass.  This 
would imply ndm ~ I0 nvi s --~ 0.05. In our own galaxy, estimates of 
the local density of dark matter typically give Pdm ~-- 0.3 GeV cm -3, 
but this result depends sensitively on how the halo of dark matter is 
modeled. 

Other indications of the presence of dark matter come from 
observations of the motion of galaxies and hot gas in clusters of 
galaxies [3]. The  overall result is tha t  ndm ~ 0.2. Studies of large-scale 
velocity fields result in ~dm ~ 0.3 [4]. However, these methods  of 
de te rmin ing  ~dm require some astrophysical assumptions about how 
galaxies form. 

None Of these observations give us any direct indication of the 
nature of the dark mat ter .  If it is baryonic, the forms it can take are 
severely restricted, since most  forms of ordinary mat ter  readily emit 
and absorb photons in at least one observable frequency band [5]. 
Possible exceptions include remnants  (white dwarfs, neutron stars, 
black holes) of an  early generation of massive stars, or smaller 
objects which never initiated nuclear burning (and would therefore 
have masses less than  about  0.1 M| These massive compact halo 
objects are collectively called machos. Results from one of the ongoing 
searches for machos via gravitational lensing effects [6] indicate that  a 
significant fraction (roughly 20% to 60%, depending on the details of 
the model of the galaxy which is assumed) of the mass  of our galaxy's 
halo is composed of machos. 

There are, also, several indirect arguments  which argue for a 
substantial  amount  of nonbaryonic dark matter .  First,  nucleosynthesis 
gives the  limits 0.010 < f t b  h2 < 0.016 for the total mass  of baryons; 
h0 is defined in Eq. (15.6) (in Section 15 on "Big-Bang Cosmology" 
in this Review). The upper limit on f~b is substantially below the 
value ~dm ~ 0.3 given by large scale measurements,  even if h0 is near 
the lower end of its optimistically allowed range, 0.4 <_ h0 _< 1.0. A 
second, purely theoretical argument  is that  inflationary models (widely 
regarded as providing explanations of a number  of otherwise puzzling 
paradoxes) generically predict ~'~total ~--- 1. Finally, it is difficult to 
construct a model of galaxy formation without nonbaryonic dark 
mat te r  tha t  predicts sufficiently small  fluctuations in the cosmic 
microwave background radiation [7]. 

For purposes of galaxy formation models, nonbaryonic dark mat te r  
is classified as "hot" or "cold," depending on whether  the  dark mat te r  
particles were relativistic or nonrelativistic at  the  t ime when the 
horizon of the universe enclosed enough mat te r  to form a galaxy. 
If the  dark mat te r  particles are in thermal  equilibrium with the  
baryons and radiation, then only the mass  of a dark ma t t e r  particle 
is relevant to knowing whether the dark mat te r  is hot or cold, with 
the dividing line being mdm ~ 1 keV. In addition, specifying a model 
requires giving the power spec t rum of initial density fluctuations. 
Inflationary models generically predict a power spec t rum which is 
nearly scale invariant. Given this, models with only cold dark mat te r  
are much more successful than  models with only hot dark mat ter  
at reproducing the observed structure of our universe, but  there are 
still serious discrepancies [8]. Some of the  suggestions proposed to 
alleviate these include a nonzero value of the cosmological constant  
A [9], significant deviations from scale invariance in the spect rum of 
initial fluctuations [10], and a mixture of both hot and cold dark 
mat te r  [11]. Another class of models uses mass  fluctuations due to 
topological defects [12]. 

The best candidate for hot dark mat te r  is one of the three neutrinos, 
endowed with a Majorana mass  my. Such a neutr ino would contribute 
f~v = 0.56 G N T 3 Ho2m~ = m~/(92  h 2 eV), where TO is the present 
temperature of the cosmic microwave background radiation. There is 
another constraint on neutrinos (or any light fermions) if they are to 
comprise the halos of dwarf galaxies: the Fermi-Dirac distribution in 
phase space restricts the number  of neutrinos tha t  can be put  into 
a halo [13], and this implies a lower limit on the neutr ino mass  of 
m~ > 80 eV. 

There are no presently known particles which could be cold dark 
matter .  However, many proposed extensions of the Standard Model 
predict a stable (or sufficiently long-lived) particle. The key question 
then becomes the predicted value of f~drn. 

If the particle is its own antiparticle (or there are particles and 
antiparticles present in equal numbers),  and these particles were 
in thermal  equilibrium with radiation at least until  they became 
nonrelativistic, then their relic abundance is determined by their 

3/~ 3 - 2  - 1  annihilation cross section O'ann; ~dm ~ GN TdHo (~ �9 
Here Vre I is the relative velocity of the two incoming dark mat te r  
particles, and the angle brackets denote an averaging over a thermal  
distribution of velocities for each at the freezeout temperature  Tfr when 
the dark mat ter  particles go out  of thermal  equilibrium with radiation; 
typically Tfr -~ l m d m .  One then finds (put t ing in appropriate 

numerical factors) that  f/dmh02 ----- 3 X 10 -27 cm 3 S-1/(O'annVrel>. The 
value of (o'annVrel) needed for l'~dm -- 1 is remarkably close to what  one 
would expect for a weakly interacting massive particle (wimp) with a 
mass  of rodin --~ 100 GeV: (O'annVrel> ~ a 2 / 8 r m 2  m ~ 3 x 10 -27 cm 3 s -1.  

If the dark mat ter  particle is not its own antiparticle, and the 
number  of particles minus antiparticles is conserved, then  an initial 
asymmetry  in the abundances of particles and antiparticles will be 
preserved, and can give relic abundances much larger than  those 
predicted above. 

If the dark mat ter  particles were never in thermal  equilibrium with 
radiation, then their abundance today must  be calculated in some 
other way, and will in general depend on the precise initial conditions 
which are assumed. 

The two best known and most  studied cold dark mat te r  candidates 
are the neutralino and the axion. The neutralino is predicted by 
supersymmetric  extensions of the Standard Model [14,15]. It qualifies 
as a wimp, with a theoretically expected mass  in the range of tens to 
hundreds of GeV. The axion is predicted by extensions of the Standard 
Model which resolve the strong CP problem [16]. Its mass  mus t  be 
approximately 10 -5  eV if it is to be a significant component  of the 
dark matter .  Axions can occur in the early universe form of a Bose 
condensate which never comes into thermal  equilibrium. The axions 
in this condensate are always nonrelativistic, and can be a significant 
component of the dark mat ter  if the axion mass  is approximately 
10 -5  eV. 



126 18 .  D a r k  m a t t e r  

There are prospects for direct experimental detection of both 
these candidates (and other wimp candidates as well). Wimps will 
scatter off nuclei at a calculable rate, and produce observable nuclear 
recoils [15,17]. This technique has been used to show that all the dark 
matter cannot consist of massive Dirac neutrinos or scalar neutrinos 
(predicted by supersymmetric models) with masses in the range 
of 10 GeV~< mdm ~< 4WeY [18]. The neutralino is harder to detect 
because its scattering cross section with nuclei is considerably smaller. 
Condensed axions can be detected by axion to photon conversion in an 
inhomogeneous magnetic field, and limits on the allowed axion-photon 
coupling (for certain ranges of the axion mass) have been set [16]. 
Both types of detection experiments are continuing. 

Wimp candidates can have indirect signatures as well, via present- 
day annihilations into particles which can be detected as cosmic 
rays [15]. The most promising possibility arises from the fact that 
wimps collect at the centers of the sun and the earth, thus greatly 
increasing their annihilation rate, and producing high energy neutrinos 
which can escape and arrive at the earth's surface in potentially 
observable numbers. 
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19. C O S M I C  B A C K G R O U N D  R A D I A T I O N  

Revised April 1998 by G.F. Smoot (LBNL) and D. Scott (University 
of British Columbia). 

1 9 . 1 .  I n t r o d u c t i o n  

The observed cosmic microwave background (CMB) radiation 
provides strong evidence for the hot big bang. The success of 
primordial nucleosynthesis calculations (see Sec. 16, "Big-bang 
nucleosynthesis") requires a cosmic background radiation (CBR) 
characterized by a temperature kT  ~ 1 MeV at a redshift of z -~ 109. 
In their pioneering work, Gamow, Alpher, and Herman [1] realized 
this and predicted the existence of a faint residual relic, primordial 
radiation, with a present temperature of a few degrees. The observed 
CMB is interpreted as the current manifestation of the required CBR. 

The CMB was serendipitously discovered by Penzias and Wilson [2] 
in 1965. Its spectrum is well characterized by a 2.73 + 0.01K 
black-body (Planckian) spectrum over more than three decades in 
frequency (see Fig. 19.1). A non-interacting Planekian distribution of 
temperature Ti at redshift zi transforms with the universal expansion 
to another Planckian distribution at redshift zr with temperature 
Tr/(1 + zr) = Ti/(1 + zi). Hence thermal equilibrium, once established 
(e.g. at the nucleosynthesis epoch), is preserved by the expansion, in 
spite of the fact that  photons decoupled from matter at early times. 
Because there are about 109 photons per nucleon, the transition from 
the ionized primordial plasma to neutral atoms at z ~ 1000 does not 
significantly alter the CBR spectrum [3]. 
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F igu r e  1~}.1: Precise measurements of the CMB spectrum. 
The line represents a 2.73 K blackbody, which describes the 
spectrum very  well, especially around the peak of intensity. 
The spectrum is less well constrained at 10 cm and longer 
wavelengths. (References for this figure are at the end of this 
section under "CMB Spectrum References.") 

10-18 
~-. 

,-~ 10 -19 

10-20 

10-21 

300 
3.5 

3.0 

2.5 
e ~  

[~ 2 . 0  

3O 

\ 

\ 

\ 

\ .  

�9 . . . . . . . . . .  .':.: .-r 
\ \  

\ / /  

Wavelength  (cm) 
3 0.3 0.03 

1 . 5  . . . . . . . .  ' . . . . . . . .  i . . . . . . . .  i . . . . . .  

0.1 1 10 100 1000 
Frequency  (GHz) 

F i g u r e  1 9 . 2 :  The shapes of expected, but so far unobserved, 
CMB distortions, resulting from energy-releasing processes at 
different epochs. 
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1 9 . 2 .  T h e  C M B  f r e q u e n c y  s p e c t r u m  

The remarkable precision with which the CMB spectrum is fitted by 
a Planckian distribution provides limits on possible energy releases in 
the early Universe, at roughly the fractional level of 10 -4  of the CBR 
energy, for redshifts ~< 107 (corresponding to epochs ~> 1 year). The 
following three important classes of theoretical spectral distortions 
(see Fig. 19.2) generally correspond to energy releases at different 
epochs. The distortion results from the CBR photon interactions with 
a hot electron gas at temperature Te. 
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F i g u r e  1 9 . 3 :  Observed thermodynamic temperature as a 
function frequency. 

19.2.1. Compton distortion: Late energy release (z~<105). 
Compton scattering (ve ~ 71e I) of the CBR photons by a hot 
electron gas creates spectral distortions by transfering energy from the 
electrons to the photons. Compton scattering cannot achieve thermal 
equilibrium for y < 1, where 

Y = fo z kTe(z') - kTT(z' ) aT ne(z') c dt mec2 ~ dz I , (19.1) 

is the integral of the number of interactions, aT he(z) c dr, times the 
mean-fractional photon-energy change per collision [4]. For Te >> T 7 
y is also proportional to the integral of the electron pressure nekTe 
along the line of sight. For standard thermal histories y < 1 for epochs 
later than z "~ 105. 

The resulting CMB distortion is a temperature decrement 

ATRj - - 2 y  T 7 (19.2) 

in the Rayleigh-Jeans (hv /kT  << 1) portion of the spectrum, and 
a rapid rise in temperature in the Wien (hu /kT  >> 1) region, 
i.e. photons are shifted from low to high frequencies. The magnitude 
of the distortion is related to the total energy transfer [4] A E  by 

AE/EcB R : e 4y - 1 ~- 4y . (19.3) 
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A prime candidate for producing a Comptonized spectrum is a hot 
intergalactic medium. A hot (Te > 10 s K) medium in clusters of 
galaxies can and does produce a partially Comptonized spectrum as 
seen through the cluster, known as the Sunyaev-Zel'dovich effect. 
Based upon X-ray data, the predicted large angular scale total 
combined effect of the hot intracluster medium should produce 
~/~< 10 -~  [5], 
19.2.2. Bo#e.Ei~te~n or chemical poCenfial di#torClon~ Early 
energy release (z ~ i0~-I07). After many Compton scatterings 
(~/ > 1), the photons and electrons wiU reach statistical (not 
thermodynamic) equilibrium, because Compton scattering conserves 
photon number. This equilibrium is described by the Bose-Einstein 
distribution with non-zero chemical potential: 

1 
n = eZ+# 0 _ 1 ' (19,4) 

where z = h~/kT and /~0 - 1.4 AE/EcBR, with /~0 being the 
dimensionless chemical potential that is required, 

The collisions of electrons with nuclei in the plasma produce 
free-free (thermal brernsstrahlung) radiation: eZ --* eZ% Free-free 
emission thermalizes the spectrumto the plasma temperature at long 
wavelengths, Including this effect, the chemical potential becomes 
frequency-dependent, 

~(,) = ,oe-~'~/" , (19,~) 

where Zb is the transition frequency at which Compton scattering 
of photons to higher frequencies is balanced by free-free creation of 
new photons. The resulting spectrum has a sharp drop in brightness 
temperature at centimeter wavelengths [8], The minimum wavelength 
is determined by (Is, 

The equilibrium Bose-Einstein distribution results from the oldest 
non-equilibrium processes (10 ~ < z < 107), such as the decay of relic 
particles or primordial inhomogeneities, Note that free-free emission 
(thermal bremsstraldung) and radiative-Compton scattering effectively 
erase any distortions [71 to a Planckian spectrum for epochs earlier 
than z ,,. 107, 
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Figure 19.4: Upper Limits (05% CL) on fractional energy 
(AE/ECBR) releases from processes at different epochs as set 
by resulting lack of CMB spectral distortions. These can be 
translated into constraints on the mass, lifetime and photon 
branching ratio Of unstable relic particles, with some additional 
dependence on cosmological parameters such as fib [9,10]. 
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19.2.$.  ~eree-j~ee d/mto~ion: Very late energy release ( z ~  10s), 
Free-free emission can create rather than erase spectral distortion in 
the late Universe, for recent reionization (z < 103) and from a warm 
intergalactic medium, The distortion arises because of the lack of 
Comptonisation at recent epochs. The effect on the present-day CMB 
spectrum is described by 

ATI! = T. r r/! /z 2, (19.0) 

where T-f is the undistorted photon temperature, z is the dimensionless 
frequency, and Y!t/z 2 is the optical depth to free.free emission: 

[ '  r ,  Cz') - T.~Cx') gz'eeh~n, 2 g a t . ,  YII 
J0 

(10,7) 

Here h is Planck's constant, ne is the electron density and g is the 
Gaunt factor [8]. 

19.3,4, Spectrum a u m m a ~  The CMB spectrum is consistent 
with a blackbody spectrum over more than three decades of frequency 
around the peak, A least-squares fit to all CMB measurements yields: 

T~ = 2.728 "-.0.002 K (i= error) 

.~ = (2r = 412 cm -s  
p-f = !Ir2/15)T~ 4 ~ 4,88 x Z0-S4gcm - s  = 0 ,982eVcm - s  

Ivl < 1.2 x 10 -5 (05% CL) 

I,oI < 9 • lO-" (98% CL) 
Ir11[ < i,o x IO -s (95% CL) 

The limits here [11] correspond to limits [11-13] on energetic processes 
AE/EcB R < 2 • 10 -4 occurring between redshifts l0 s and 5 • 10 e 
(see Fig, 19.4). The beet-fit temperature from the COBE FIRAS 
experiment is T.f = 2,728 • 0.002K [11]. 

19.3.  D e v i a t i o n s  f r o m  i s o t r o p y  

Penzias and Wilson reported that the CMB was isotropic and 
unpolarized to the 10% level, Current observations show that the 
CMB is unpolarized at the 10 -5 level but has a dipole anisotropy 
at the 10 -3 level, with smaller.scale anisotropies at the 10 -5 level, 
Standard theories predict anisotropies in linear polarization well below 
currently achievable levels, but temperature anisotropies of roughly 
the amplitude now being detected. 

It is customary to express the CMB temperature anisotropies on 
the sky in a spherical harmonic expansion, 

~'~-~-T (0, ~) = ~ atrnYtr~(0, ~) ,  (19.8) 
tm 

and to discuss the various multipole amplitudes. The power at a given 
angular scale is roughly l ~rn latin[ ~/47r, with t ,,~ 1/0. 

19.8.1. The dipole: The largest anisotropy is in the l = 1 
(dipole) first spherical harmonic, with amplitude at the level of 
AT/T = 1.23 • 10 -s .  The dipole is interpreted as the result of the 
Doppler shift caused by the solar system motion relative to the nearly 
isotropic blackbody field. The motion of the observer (receiver) with 
velocity ~ = v/c relative to an isotropic Planckian radiation field of 
temperature To produces a Doppler-shifted temperature 

r(0)  = T0(1 - ~2)1n/ (1  _ ~cos0)  

= TO (1 + ~cos0 + (~2/2)cOS2O + 0(,83)) . (10.9) 

The implied velocity [11,14] for the solar-system barycenter is ~ = 
0.001236~-0.000002 (68% CL) or v = 371• kms -1, assuming a value 
To = 2.728 • 0.002 K, towards (~, 6) = (11.20 h • 0.01 h, -7.22 ~ • 0.08~ 
or (t, 5) = (264.31~177 ~ 48.05~177176 Such a solar-system velocity 
implies a velocity for the Galaxy and the Local Group of galaxies 
relative to the CMB. The derived velocity is VLG = 627 • 22kms -1 
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F igu re  19.5: Current status of CMB anisotropy observations, 
adapted from Scott, Silk, & White (1995) [18]. This is a 
representation of the results from COBE, together with a wide 
range of ground- and balloon-based experiments which have 
operated in the last few years�9 Plotted are the quadrupole 
amplitudes for a flat (unprocessed scale-invariant spectrum of 
primordial perturbations, i.e., a horizontal line) anisotropy 
spectrum that would give the observed results for each 
experiment. In other words each point is the normalization of 
a flat spectrum derived from the individual experiments. The 
vertical error bars represent estimates of 68% CL, while the 
upper limits are at 95% CL. Horizontal bars indicate the range of 

values sampled. The curve indicates the expected spectrum for 
a standard CDM model (120 = 1,12 s = 0.05, h = 0.5), although 
true comparison with models should involve convolution of this 
curve with each experimental filter function. The dashed line 
is the best fitted flat spectrum derived from the COBE data 
alone [24]. (References for this figure are at the end of this 
section under "CMB Anisotropy References.") 

toward (s b) = (276 ~ 4-3~ ~ 4-3~ where most of the error comes 
from uncertainty in the velocity of the solar system relative to the 
Local Group. 

The Doppler effect of this velocity and of the velocity of the Earth 
around the Sun, as well as any velocity of the receiver relative to the 
Earth, is normally removed for the purposes of CMB anisotropy study. 
The resulting high degree of CMB isotropy is the strongest evidence 
for the validity of the Robertson-Walker metric. 

19.3.2. The quadPupole: The rms quadrupole anisotropy am- 
plitude is defined through 2 2 QrmtJT~ = ~-]+m ]a2mi 2/47r. The current 
estimate of its value is 4/.tK < Qrms < 28 #K for a 95% confidence 
interval [15]. The uncertainty here includes both statistical errors 
and systematic errors, which are dominated by the effects of galactic 
emission modelling. This level of quadrupole anisotropy allows one to 
set general limits on anisotropic expansion, shear, and vorticity; all 
such dimensionless quantities are constrained to be less than about 
10-5. 

�9 For specific homogeneous cosmologies, fits to the whole anisotropy 
pattern allow stringent limits to be placed on, for example, the global 
rotation at the level of about 10 -7  of the expansion rate [16]. 

19.3.3. Smaller angular scales: The COBE-discovered [17] higher- 
order (~ > 2) anisotropy is interpreted as being the result of 
perturbations in the energy density of the early Universe, manifesting 
themselves at the epoch of the CMB's last scattering. Hence the 
detection of these anisotropies has provided evidence for the existence 
of primordial density perturbations which grew through gravitational 
instability to form all the structure we observe today. 

In the standard scenario the last scattering takes place at a redshift 
of approximately 1100, at which epoch the large number of photons 
was no longer able to keep the hydrogen sufficiently ionized. The 
optical thickness of the cosmic photosphere is roughly Az ~ 100 or 
about 5 arcminutes, so that  features smaller than this size are damped. 

t J I t + I l l  i I + I I l l q l  i I I I I ~ l l l  I I I I I ~ t l  
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F i g u r e  19.6: This is a binned version of the previous figure. 
To obtain this figure we took all reported detections, split the 
multipole range into equal logarithmic 'bins,' and calculated the 
weighted average in each bin. Although this is not a statistically 
rigorous procedure, the resulting figure gives a visual indication 
of the current consensus. It is also worth mentioning that  there 
is no strong indication for excess scatter (above Gaussian) within 
each bin. 
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Anisotropies are observed on angular scales larger than this 
damping scale (see Fig. 19.5 and 19.6), and are consistent with those 
expected from an initially scale-invariant power spectrum (flat = 
independent of scale) of potential and thus metric fluctuations. It 
is believed that the large scale structure in the Universe developed 
through the process of gravitational instability, where small primordial 
perturbations in energy density were amplified by gravity over the 
course of time. The initial spectrum of density perturbations can 
evolve significantly in the epoch z > 1100 for causally connected 
regions (angles < 1 ~ ~1/2, lltot )' The primary mode of evolution is through 
adiabatic (acoustic) oscillations, leading to a series of peaks that 
encode information about the perturbations and geometry of the 
Universe, as well as information on no, f~B, f~h (cosmological 
constant), and H0 [18]. The location of the first acoustic peak is 

predicted to be at ~ ~ 220 l'/tolt/2 or 0 ~ v.vn ~t ~ "'tot ~ and its amplitude 
is a calculable function of the parameters. 

Theoretical models generally predict a power spectrum in spherical 
harmonic amplitudes, since the models lead to primordial fluctuations 
and thus arm that are Gaussian random fields, and hence the 
power spectrum in g is sufficient to characterize the results�9 The 
power at each e is (2l + 1)Cd(4r ) ,  where C t = (lalm[ 2> and a 
statistically isotropic sky means that  all m 's  are equivalent. For an 
idealized full-sky observation, the variance of each measured C t is 
[2/(2~ + 1)]C 2. This sampling variance (known as cosmic variance) 
comes about because each Ct is chi-squared distributed with (2t + 1) 
degrees of freedom for our observable volume of the Universe [19]. 

Thomson scattering of the anisotropic radiation field also generates 
linear polarization at the roughly 5% level [20]. Although difficult to 
detect, the polarization signal should act as a strong confirmation of 
the general paradigm. 

Figure 19.7 shows the theoretically predicted anisotropy power 
spectrum for a sample of models, plotted as s + 1)Ct versus 
which is the power per logarithmic interval in l or, equivalently, 
the two-dimensional power spectrum. If the initial power spectrum 
of perturbations is the result of quantum mechanical fluctuations 
produced and amplified during inflation, then the shape of the 
anisotropy spectrum is coupled to the ratio of contributions from 
density (scalar) and gravitational wave (tensor) perturbations [21]. If 
the energy scale of inflation at the appropriate epoch is at the level of 

1016GeV, then detection of the effect of gravitons is possible, as well 
as partial reconstruction of the inflaton potential�9 If the energy scale 
is < 1014GeV, then density fluctuations dominate and less constraint 
is possible. 
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Figure 19.7: Examples of theoretically predicted s + 1)Ct 
or CMB anisotropy power spectra [22]. The plot indicates that 
precise measurements of the CMB anisotropy power spectrum 
could distinguish between models which are currently favored 
from galaxy clustering and other considerations. The textures 
model is from Ref. 23. 

Fits to data over smaller angular scales are often quoted as 
the expected value of the quadrupole (Q/for  some specific theory, 
e.g. a model with power-law initial conditions (primordial density 
perturbation power spectrum P(k) c< kn). The full 4-year COBE 
DMR data give (Q/ = 15.3+-23:87 ~K, after projecting out the slope 
dependence, while the best-fit slope is n = 1.2 • 0.3, and for 
a pure , -- 1 (scale-invariant potential perturbation) spectrum 
(Q/(n  : 1) = 18 • 1.61~K [15,24]. The conventional notation is such 
that (Q/2/T2~ : 5C2/41r, and an alternative convention is to plot 

the "band-power" ~s  + 1 )Cd4r  ). The fluctuations measured by 
other experiments can also be quoted in terms of Qflat, the equivalent 
value of the quadrupole for a fiat (n : 1) spectrum, as presented in 
Fig. 19.5. 

It now seems clear that there is more power at sub-degree 
scales than at COBE scales, which provides some model-dependent 
information on cosmological parameters [18,25], for example f~B. In 
terms of such parameters, fits to the COBE data alone yield n0 > 0.34 
at 95% CL [26] and Dtot < 1.5 also at 95% CL [27], for inflationary 
models. Only somewhat weak conclusions can be drawn based on 
the current smaller angular scale data (see Fig. 19.5). A sample 
preliminary fit [28] finds f~0 hl/2 "" 0.55 • 0.10 (= 68% CL). 

However, new data are being acquired at an increasing rate, with 
a large number of improved ground- and balloon-based experiments 
being developed. It appears that we are not far from being able to 
distinguish crudely between currently favored models, and to begin 
a more precise determination of cosmological parameters. A vigorous 
suborbital and interferometric program could map out the CMB 
anisotropy power spectrum to about 10% accuracy and determine 
several parameters at the 10 to 20% level in the next few years. 

There are also now two approved satellite missions: the NASA 
Millimetre Anisotropy Probe (MAP), scheduled for launch in 2000; 
and the ESA Planck Surveyor, expected to launch around 2004. 
The improved sensitivity, freedom from earth-based systematics, and 
all-sky coverage allow a simultaneous determination of many of the 
cosmological parameters to unprecedented precision: for example, f~o 
and n to about 1%i nB and HO at the level of a few percent [29]. 

Furthermore, detailed measurement of the polarization signal 
provides more precise information on the physical parameters. 
In particular it allows a clear distinction of any gravity wave 
contribution, which is crucial to probing the ~ 1016 GeV energy range. 
The fulfillment of this promise may await an even more sensitive 
generation of satellites. 
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Written 1995 by T.K. Gaisser and T. Stanev (Bartol Research Inst., 
Univ. of Delaware). 

2 0 . 1 .  P r i m a r y  s p e c t r a  

The cosmic radiation incident at the top of the terrestrial 
atmosphere includes all stable charged particles and nuclei with 
lifetimes of order 10 e years or longer. Technically, "primary" cosmic 
rays are those particles accelerated at astrophysical sources and 
"secondaries" are those particles produced in interaction of the 
primaries with interstellar gas. Thus electrons, protons and helium, as 
well as carbon, oxygen, iron, and other nuclei synthesized in stars, are 
primaries. Nuclei such as lithium, beryllium, and boron (which are 
not abundant end-products of stellar nucleosynthesis) are secondaries. 
Antiprotons and positrons are partly, if not entirely, secondaries, but 
the fraction of these particles that  may be primary is a question of 
current interest. 

Apart  from particles associated with solar flares, the cosmic 
radiation comes from outside the solar system. The incoming charged 
particles are "modulated" by the solar wind, the expanding magnetized 
plasma generated by the Sun, which decelerates and partially excludes 
the lower energy galactic cosmic rays from the inner solar system. 
There is a significant anticorrelation between solar activity (which has 
an eleven-year cycle) and the intensity of the cosmic rays with energies 
below about 10 GeV. In addition, the lower-energy cosmic rays are 
affected by the geomagnetic field, which they must penetrate to reach 
the top of the atmosphere. Thus the intensity of any component of 
the cosmic radiation in the GeV range depends both on the location 
and time. 

There are four different ways to describe the spectra of the 
components of the cosmic radiation: (1) By particles per unit rigidity. 
Propagation (and probably also acceleration) through cosmic magnetic 
fields depends on gyroradius or magnetic rigidity, R, which is 
gyroradius multiplied by the magnetic field strength: 

pc 
R = -~e = rLB  " (20.1) 

(2) By particles per energy-per-nucleon. Fragmentation of nuclei 
propagating through the interstellar gas depends on energy per 
nucleon, since that  quantity is approximately conserved when a 
nucleus breaks up on interaction with the gas. (3) By nucleons 
per energy-per-nucleon. Production of secondary cosmic rays in 
the atmosphere depends on the intensity of nucleons per energy- 
per-nucleon, approximately independently of whether the incident 
nucleons are free protons or bound in nuclei. (4) By particles per 
energy-per-nucleus. Air shower experiments that use the atmosphere 
as a calorimeter generally measure a quantity that  is related to total 
energy per particle. 

The units of differential intensity I are [ c m - 2 s - l s r - l s  where E 
represents the units of one of the four variables listed above. 

The intensity of primary nucleons in the energy range from several 
GeV to somewhat beyond 100 TeV is given approximately by 

nucleons 
IN(E)  ~ 1.8 E - a  (20.2) 

cm 2 s sr GeV ' 

where E is the energy-per-nucleon (including rest mass energy) and 
a (-- ~f + 1) = 2.7 is the differential spectral index of the cosmic ray 
flux and 7 is the integral spectral index. About 79% of the primary 
nucleons are free protons and about 70% of the rest are nucleons 
bound in helium nuclei. The fractions of the primary nuclei are nearly 
constant over this energy range (possibly with small but interesting 
variations). Fractions of both primary and secondary incident nuclei 
are listed in Table 20.1. Figure 20.1 [1] shows the major components 
as a function of energy at a particular epoch of the solar cycle. 

The spectrum of electrons and positrons incident at the top of the 
atmosphere is steeper than the spectra of protons and nuclei, as shown 
in Fig. 20.2 [2]. The positron fraction is about 10% in the region in 
which it is measured (< 20 GeV), but it is not yet fully understood {5]. 
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F igu re  20.1: Major components of the primary cosmic radiation 
(from Ref. 1). 

Table  20.1: Relative abundances F of cosmic-ray nuclei at 
10.6 GeV/nucleon normalized to oxygen (~ 1) [3]. The oxygen 
flux at kinetic energy of 10.6 GeV/nucleon is 3.26 x 10 -6  cm -2 
s -1 sr -1 (GeV/nucleon) -1. Abundances of hydrogen and helium 
are from Ref. 4. 

Z Element F Z Element F 

1 H 730 13-14 A1-Si 0.19 

2 He 34 15-16 P-S 0.03 

3-5 Li-B 0.40 17-18 C1-Ar 0.01 

6-8 C-O 2.20 19-20 K-Ca 0.02 

9-10 F-Ne 0.30 21-25 Sc-Mn 0.05 

11-12 Na-Mg 0.22 26-28 Fe-Ni 0.12 

Above 10 GeV the fraction of antiprotons to protons is about 
10 -4  , and there is evidence for the kinematic suppression at lower 
energy expected for secondary antiprotons [5]. There is at this time 
no evidence for a significant primary component of antiprotons. 

2 0 . 2 .  C o s m i c  r a y s  i n  t h e  a t m o s p h e r e  

Figure 20.3 shows the vertical fluxes of the major cosmic ray 
components in the atmosphere in the energy region where the particles 
are most numerous (except for electrons, which are most numerous 
near their critical energy, which is about 81 MeV in air). Except for 
protons and electrons near t he  top of the atmosphere, all particles are 
produced in interactions of the primary cosmic rays in the air. Muons 
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Figure 20.2: Dii~erential spectrum of electrons plus positrons 
multiplied by E 3 (from Ref. 2). 

and neutrinos are products of the decay of charged mesons, while 
electrons and photons originate in decays of neutral mesons, 

10000 

1000 

: 100 

0,1 -- 

0.01 
0 

Altitude (km) 
15 10 5 3 2 1 

I I I I 

.-- . . . . .  ~:~_,,~___.v ~ + v~  . _ .  

161T, = = p -  = ~ -It + + It---.... 

200 400 600 800 1000 
Atmospheric depth (gcm -2 ) 

Figure 20.3: Vertical fluxes of cosmic rays in the atmosphere 
with E > 1 GeV estimated from the nucleon flux of Eq. (20.2). 
The points show measurements of negative muons with 
E~, > 1 GeV [7]. 

Most measurements are made at ground level or near the top of the 
atmosphere, but there are also measurements of muons and electrons 
from airplanes and balloons. Fig. 20.3 includes a recent measurement 
of negative muons [7]. Since ~+(~-) are produced in association with 
v~,(P~,), the measurement of muons near the maximum of the intensity 
curve for the parent pious serves to calibrate the atmospheric v~, 
beam [6]. Because muons typically lose almost two GeV in passing 
through the atmosphere, the comparison near the production altitude 
is important for the sub-GeV range of u~,(P~,) energies. 

The flux of cosmic rays through the atmosphere is described by 
a set of coupled cascade equations with boundary conditions at the 
top of the atmosphere to match the primary spectrum. Numerical or 
Monte Carlo calculations are needed to account accurately for decay 
and energy-loss processes, and for the energy-dependences of the cross 
sections and of the primary spectral index 7. Approximate analytic 
solutions are, however, useful in limited regions of energy [8 I. For 
example, the vertical intensity of nucleons at depth X (g cm-2) in the 
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atmosphere is given by 

IN(E,X) ~ IN(E,O) e -X/A,  (20.3) 

where A is the attenuation length of nucleons in air. 

The corresponding expression for the vertical intensity of charged 
pious with energy E~ ~ s,r = 115 GeV is 

ZN. IN(E,c,O)e_X/A X E= (20.4) 

This expression has a maximum at ~ = A ~ 120 g c m  -2, which 
corresponds to an altitude of 15 kilometers, The quantity ZN~ is the 
spectrum-weighted moment of the inclusive distribution of charged 
pious in interactions of nucleons with nuclei of the atmosphere. The 
intensity of low-energy pious is much less than that of nucleons 
because ZN~ ~ 0.079 is small and because most pious with energy 
much less than the critical energy e= decay rather than interact. 

20 .3 ,  C o s m i c  r a y s  a t  t h e  s u r f a c e  

20.$.1. Muon#: Muons are the most numerous charged particles 
at sea level (see Fig. 20.3). Most muons are produced high in the 
atmosphere (typically 15 km) and lose about 2 Gee to ionization 
before ree~hing the ground. Their energy and angular distribution 
reflect a convolution of production spectrum, energy loss in the 
atmosphere, and decay. For example, E~ = 2.4 GeV muons have a 
decay length of 15 km, which is reduced to 8.7 km by energy loss, The 
mean energy of muons at the ground is ~ 4 Gee. The energy spectrum 
is almost flat below 1 GeV, steepens gradually to reflect the primary 
spectrum in the 10-100 GeV range, and steepens further at higher 
energies because pinna with E= > s~ ~ 115 Gee tend to interact in 
the atmosphere before they decay, Asymptotically (E~ ~, 1 TeV), 
the energy spectrum of atmospheric muons is one power steeper than 
the primary spectrum. The integral intensity of vertical muons above 
1 GeV/c at sea level is ~ 70 m-3s- l s r  -1 [9,10]. Experimentalists 
are familiar with this number in the form I ~ 1 cm -s  rain -1 for 
horizontal detectors. 

The overall angular distribution of muons at the ground is c< cos 2 0, 
which is characteristic of muons with E~, ,~ 3 Gee. At lower energy 
the angular distribution becomes increasingly steeper, while at higher 
energy it flattens and approaches a sec 8 distribution for E# ~t, e~ and 
0 < 70 ~ 

Figure 20.4 shows the muon energy spectrum at sea level for 
two angles. At large angles low energy muons decay before reaching 
the surface and high energy pious decay before they interact, thus 
the average muon energy increases. An approximate extrapolation 
formula valid when muon decay is negligible (E~, > 100/cos0 GeV) 
and the curvature of the Earth can be neglected (0 < 70 ~ is 
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Figure 20.4: Spectrum of muons at # = 0 ~ (m [12],@ [13], 
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dN.  0 .14E -2'7 

dE.  cm 2 s sr GeV 

x 1 .1E.  cos0 + 1 .1E.  cos0 ' (20.5) 

1 +  115Ge---------~ 1 +  850Ge--------~ 

where the  two terms give the contribution of pions and charged kaons. 
Eq. (20.5) neglects a small contribution from charm and heavier flavors 
which is negligible except at very high energy [17]. 

The  muon charge ratio reflects the excess of 7r + over 7r- in the 
forward fragmentat ion region of proton initiated interactions together 
with the  fact tha t  there are more protons than neutrons in the primary 
spectrum. The charge ratio is between 1.2 and 1.3 from 250 MeV up 
to 100 GeV [9]. 

20.3 .2 .  Electromagnetic component: At the ground, this com- 
ponent consists of electrons, positrons, and photons primarily from 
electromagnetic cascades initiated by decay of neutral  and charged 
mesons. Muon decay is the dominant  source of low-energy electrons 
at sea level. Decay of neutral  pions is more important  at high 
alt i tude or when the energy threshold is high. Knock-on electrons also 
make a small  contribution at low energy [11]: The integral vertical 
intensity of electrons plus positrons is very approximately 30, 6, and 
0.2 m - 2 s - l s r  -1  above 10, 100, and 1000 MeV respectively [10,18], 
but  the  exact numbers  depend sensitively on altitude, and the angular 
dependence is complex because of the different alt i tude dependence 
of the  different sources of electrons [11,18,19]. The  ratio of photons 
to electrons plus positrons is approximately 1.3 above a GeV and 1.7 
below the critical energy [19]. 

20 .3 .3 .  Protons: Nucleons above 1 GeV/c at ground level are 
degraded remnants  of the primary cosmic radiation. The intensity 
is approximately represented by Eq. (20.3) with the replacement 
t --* t / c o s 0  for 0 < 70 ~ and an a t tenuat ion length A = 123 g cm -2. 
At sea level, about 1/3 of the  nucleons in the vertical direction 
are neutrons (up from ~ 10% at the top of the atmosphere as the 
n/p  ratio approaches equilibrium). The integral intensity of vertical 
protons above 1 GeV/c  at sea level is ~ 0.9 m - 2 s - l s r  -1  [10,20]. 

2 0 . 4 .  C o s m i c  r a y s  u n d e r g r o u n d  

Only muons  and neutrinos penetrate to significant depths 
underground.  The muons produce tert iary fluxes of photons, electrons, 
and hadrons.  

20 .4 .1 .  Muon~: As discussed in Section 23.9 of this Rev/ew, muons 
lose energy by ionization and by radiative processes: bremsstrahhing,  
direct production of e+e - pairs, and photonuclear interactions. T h e  
total muon energy loss may be expressed as a function of the amount  
of ma t t e r  traversed as 

dE.  _ a + b E .  (20.0) 
dX 

where a is the ionization loss and b is the fractional energy loss by the 
three radiation processes. Both are slowly varying functions of energy, 
The quant i ty  e -= a/b (~ 500 GeV in s tandard rock) defines a critical 
energy below which continuous ionization loss is more important  the 
radiative losses. Table 20.2 shows a and b values for s tandard rock as 
a function of muon energy. The second column of Table 20.2 shows 
the muon. range  in s tandard rock (A = 22, Z = 11, p = 2 .65  g cm-3) .  
These parameters  are quite sensitive to the chemical composition of 
the rock, which mus t  be evaluated for each experimental  location. 

The intensity of muons underground can be est imated from the 
muon intensity in the atmosphere and their rate of energy loss. To the 
extent  that  the mild energy dependence of a and b can be neglected, 
Eq. (20.6) can be integrated to provide the following relation between 
the energy E. ,0  of a muon at production in the atmosphere and its 
average energy E .  after traversing a thickness X of rock (or ice or 
water): 

E ,  = (E,,o + e) e -bX -- ~ , (20.7) 

?[hble 20.2: Average muon range R and energy loss parameters  
calculated for s tandard rock. Range is given in kin-water- 
equivalent, or 105 g cm -2.  

Ep R a bpalr bbrems bnucl ~ bi 
GeV km.w.e. M e V g - 1  cm 2 10-6 g -1  cm 2 _ _  

10 0.05 2.15 0.73 0.74 0.45 1.91 

100 0.41 2.40 1.15 1.56 0.41 3.12 

1000 2.42 2.58 1.47 2,10 0.44 4.01 

10000 6.30 2.76 1.64 2,27 0,50 4.40 

Especially at high energy, however, fluctuations are impor tant  and an  
accurate calculation requires a simulation that  accounts for stochastic 
energy-loss processes [21]. 

Fig. 20.5 shows the vertical muon intensity versus depth. In 
constructing this "depth-intensity curve," each group has  taken 
account of the angular  distribution of the muons in the  atmosphere,  
the map  of the overburden at each detector, and the properties of 
the local medium in connecting measurements  at various slant depths 
and zenith angles to the vertical intensity. Use of da ta  from a range 
of angles allows a fixed detector to cover a wide range of depths. 
The fiat portion of the curve is due to muons produced locally by 
charged-current interactions of v , .  

10-6 - - r - - T T T T m - T - - ~ - - V - - - -  

7 
1 0  . 8  

�9 ~ 10-10 

10 -12 

- i 

10-14 ~ _ ~  _-u___ 
1 10 100 

D e p t h  (kin w a t e r  equiva len t )  

F i g u r e  20.5: Vertical muon intensity vs. depth (1 km.w.e. : 
105 g cm -2  of s tandard  rock). The experimental da ta  are 
from: 0: the compilations of Crouch [29], l-I: Baksan [30], O : 
LVD [31], �9 : MACRO [32], � 9  Frejus [33]. The shaded area at 
large depths represents neutrino induced muons of energy above 
2 GeV. The upper line is for horizontal neutrino-induced muons,  
the lower one for vertically upward muons. 

The energy spect rum of atmospheric muons underground can be 
est imated from Eq. (20.7). The muon energy spect rum at slant depth 
X is 

dN, (X)  _ dN,  e b X ,  (20.8) 
dE,  dE,,o 

where E, ,0 is the  solution of Eq. (20.7). For X << b -1  ~ 2.5 k m  wa- 
ter equivalent, E, ,0 ~ E , ( X )  + aX. Thus  at shallow depths the  
differential muon energy spect rum is approximately constant  for 
E ,  < aX and steepens to reflect the surface mnon spect rum for 
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Ev > aX. For X >> b -1  the differential spectrum underground is 
again constant  for small  muon energies but  steepens to reflect the 
surface muon  spect rum for E~ > e ~ 0.5 TeV. In this regime the shape 
is independent of depth al though the intensity decreases exponentially 
with depth. 

20.4.2.  Neutrinos: Because neutrinos have small interaction cross 
sections, measurements  of atmospheric neutrinos require a deep 
detector to avoid backgrounds. There are two types of measurements:  
contained (or semi-contained) events, in which the vertex is determined 
to originate inside the  detector, and neutrino-induced muons.  The 
latter are muons tha t  enter the detector from zenith angles so large 
(e.g., nearly horizontal or upward) tha t  they cannot be muons 
produced in the atmosphere.  In neither case is the neutrino flux 
measured directly. Wha t  is measured is a convolution of the neutrino 
flux and cross section with the properties of the detector (which 
includes the  surrounding medium in the case of entering muons).  

Contained events reflect the neutrinos in the GeV region where the 
product of increasing cross section and decreasing flux is maximum.  
In this energy region the neutrino flux and its angular distribution 
depend on the geomagnetic location of the detector and to a lesser 
extent on the phase of the solar cycle. Naively, we expect vt~/ve = 2 
from counting the neutrinos of the  two flavors coming from the chain 
of pion and muon decay. This ratio is only slightly modified by the 
details of the  decay kinematics.  Experimental  measurements  have also 
to account for the ratio of P/v, which have cross sections different by 
a factor of 3 in this energy range. In addition, detectors will generally 
have different efficieneies for detecting muon neutrinos and electron 
neutrinos. Even after correcting for these and other effects, some 
detectors [22,23] infer a vt~/ve ratio lower by ~ 4a  from the expected 
value. (See Tables in the Particle Listings of this Review.) This effect 
is sometimes cited as possible evidence of neutrino oscillations and 
is a subject  of current investigation. Figure 20.6 shows the da ta  of 
Refs. 22,23 for the distributions of visible energy in electron-like and 
muon-like charged-current events, which appear to be nearly equal 
in number.  Corrections for detection efficiencies and backgrounds are 
insufficient to account for the  difference from the expected value of 
two. 
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F i g u r e  20.6: Contained neutrino interactions from IMB [23](12) 
and Kamiokande [22]. 

Muons tha t  enter the detector from outside after production in 
charged-current interactions of neutrinos naturally reflect a higher 
energy portion of the neutrino spec t rum than  contained events because 
the muon range increases with energy as well as the cross section. The 
relevant energy range is ~ 10 < Ev < 1000 GeV, depending somewhat 
on angle. Like muons  (see Eq. (20.5)), high energy neutrinos show 

a "secant theta" effect which causes the flux of horizontal neutrino 
induced muons to be approximately a factor two higher than  the 
vertically upward flux. The upper and lower edges of the horizontal 
shaded region in Fig. 20.5 correspond to horizontal and vertical 
intensities of neutrino-induced muons.  Table 20.3 gives the measured 
fluxes of neutrino induced muons. 

Table  20.3: Measured fluxes (10 -13 cm -2  s -1  sr -1)  of neutrino- 
induced muons as a function of the min imum muon  energy Eg. 

E~ > 1 GeV 1 GeV 1 GeV 2 GeV 3 GeV 

Ref. CWI [24] Saksan  [25] MACRO [26] IMB [27] K a m  [28] 

FI~ 2.174-0.21 2.774-0.17 2.48 4- 0.27 2.26-t-0.11 2.044-0.13 

2 0 . 5 .  A i r  s h o w e r s  

So far we have discussed inclusive or uncorrelated fluxes of various 
components of the cosmic radiation. An air shower is caused by a 
single cosmic ray with energy high enough for its cascade to be 
detectable at the ground. The shower has a hadronic core, which 
acts as a collimated source of electromagnetic subshowers, generated 
mostly from 7r ~ ~ 3' 7. The resulting electrons and positrons are 
the most  numerous particles in the shower. The number  of muons,  
produced by decays of charged mesons, is an order of magni tude  lower. 

Air showers spread over a large area on the ground, and arrays 
of detectors operated for long t imes are useful for s tudying cosmic 
rays with primary energy E0 > 100 TeV, where the low flux makes 
measurements  with small detectors in balloons and satellites difficult. 

Greisen [46] gives the following approximate expressions for the 
numbers  and lateral distributions of particles in showers at ground 
level. The total number  of muons Ng with energies above 1 GeV is 

{ Ne ) 3/4 (20.9) Y~(> 1 GeV) = 0.95 • 105 \ i ~ )  ' 

where Ne is the total  number of charged particles in the shower (not 
jus t  e• The number  of muons per square meter,  Pt*, as a function of 
the lateral distance r (in meters) from the center of the shower is 

1.25N~ ( 1 ~1"25 r -2.5 
" - 2~ r(1.25) ~ 3 - ~ ]  r -~ ( 1 +  3 -~)  ' (20.10) 

where r is the g a m m a  function. The number  density of charged 
particles is 

Pe = Cl(S, d, C2)re(s-2)(1 + m)(s-4"5)(1 + C2x d) �9 (20.11) 

Here s, d, and C2 are parameters  in terms of which the overall 
normalization constant C1 (s, d, C2) is given by 

Cl ( s ,d ,  C2) = ~ [ B ( s , 4 . 5 -  2s) 
27rr 1" 

+ C2 B(s  + d, 4.5 - d - 2s)] -1  , (20.12) 

where B(m,n) is the beta  function. The values of the parameters  
depend on shower size (Ne), depth in the atmosphere,  identity of the 
primary nucleus, etc. For showers with Ne ~ 106 at sea level, Greisen 
uses s = 1.25, d = 1, and C2 = 0.088. Finally, x is r / r l ,  where r l  is 
the Moli~re radius, which depends on the density of the atmosphere 
and hence on the altitude at which showers are detected. At sea level 
r l  ~ 78 m. It increases with altitude. 

The lateral spread of a shower is determined largely by Coulomb 
scattering of the many low-energy electrons and is characterized by 
the Mollere radius. The lateral spread of the muons (p~) is larger and 
depends on the transverse momenta  of the muons at production as 
well as multiple scattering. 
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There are large fluctuations in development from shower to shower, 
even for showers of the same energy and primary mass--especially 
for small showers, which are usually well past maximum development 
when observed at the ground. Thus the shower size Ne and primary 
energy E0 are only related in an average sense, and even this relation 
depends on depth in the atmosphere. One estimate of the relation 
is [35] 

E0 ~ 3.9 x 106 GeV (Nel l00)  0"9 (20.13) 

for vertical showers with 1014 < E < 1017 eV at 920 g cm -2 (965 m 
above sea level). Because of fluctuations, Ne as a function of E 0 is not 
the inverse of Eq. (20.13). As E0 increases the shower maximum (on 
average) moves down into the atmosphere and the relation between 
Ne and Eo changes. At the maximum of shower development, there 
are approximately 2/3 particles per GeV of primary energy. 

Detailed simulations and cross-calibrations between different types 
of detectors are necessary to establish the primary energy spectrum 
from air-shower experiments [35,36]. Figure 20.7 shows the "ail- 
particle" spectrum. In establishing this spectrum, efforts have been 
made to minimize the dependence of the analysis on the primary 
composition. In the energy range above 1017 eV, the Fly's Eye 
technique [48] is particularly useful because it can establish the 
primary energy in a model-independent way by observing most of the 
longitudinal development of each shower, from which E0 is obtained 
by integrating the energy deposition in the atmosphere. 
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Figure 20.7': The all-particle spectrum: �9 [37], �9 [38], A [39], 
I-1 [40], 0 [35], �9 [48], �9 [42], @ [43]. 

In Fig. 20.7 the differential energy spectrum has been multiplied 
by E 2"7 in order to display the features of the steep spectrum that 
are otherwise difficult to discern. The steepening that occurs between 
l0 Is and 1016 eV is known as the knee of the spectrum. The feature 
between 1018 and 1019 eV is called the ankle of the spectrum. Both 
these features are the subject of intense interest at present [44]. 

The ankle has the classical characteristic shape [45] of a higher 
energy population of particles overtaking a lower energy population. A 
possible interpretation is that the higher energy population represents 
cosmic rays of extragalactic origin. If this is the case and if the 
cosmic rays are cosmological in origin, then there should be a cutoff 
around 5 • 1019 eV, resulting from interactions with the microwave 
background [46,47]. It is therefore of special interest that several 
events have been assigned energies above 1020 eV [48,49,50]. 

If the cosmic ray spectrum below 1018 eV is of galactic origin, the 
knee could reflect the fact that some (but not all) cosmic accelerators 
have reached their maximum energy. Some types of expanding 
supernova remnants, for example, are estimated not to be able to 
accelerate particles above energies in the range of 1015 eV total energy 
per particle. Effects of propagation and confinement in the galaxy [51] 
also need to be considered. 

References: 

I. J.A. Simpson, Ann. Rev. Nucl. & Particle Sci. 33, 323 (1983). 

2. Dietrich Miiller & Kwok-Kwong Tang, Astrophys. ,I. 312, 183 
(1087). 

3. J.J. Engelmann et of., Astron. & Astrophys. 233, 96 (1990); 

See also Cosmic Abundances of Matter (ed. C. Jake Waddington) 
A.I.P. Conf. Proceedings No. 183 (1988) p. 111. 

4. W.R. Webber, R.L. Golden and S.A. Stephens, in Proc. 20th Int. 
Cosmic Ray Conf. (Moscow) 1,325 (1987). 

5. Several new experimental results on antiprotons and positrons 
were reported and published in the Proceedings of the 24th 
(Rome) 3 (1995). The positron results are: G. Basini et al., p. 1, 
J.M. Clem et al., p. 5, F. Aversa et al., p. 9 and G. Tarld et al., 
p. 17 (See also S.W. Barwick et al., Phys. Rev. Lett. 75, 3909 
(1995)). The antiproton results are: M. Hof et al., p. 60, A.W. 
Labrador et al., p. 64, J.W. Mitchell et al., p. 72 and S. Orito 
et al., p. 76. 

6. D.H. Perkins, Astropart. Phys. 2, 249 (1994). 

7. R. Bellotti et al., Phys. Rev. D53, 35 (1996). 

8. T.K. Gaisser, Cosmic Rays and Particle Physics, Cambridge 
University Press (1990). 

9. M.P. De Pascale et al., J. Geophys. Res. 98, 3501 (1993). 

10. K. Allkofer & P.K.F. Grieder, Cosmic Rays on Earth, Fachinfor- 
mationszentrum, Karlsruhe (1984). 

11. S. Hayakawa, Cosmic Ray Physics, Wiley, Interscience, New York 
(1969). 

12. O.C. Allkofer, K. Carstensen and W.D. Dan, Phys. Lett. B36, 
425 (1971). 

13. B.C. Rastin, J. Phys. G10, 1609 (1984). 

14. C.A. Ayre et al., J. Phys. G1, 584 (1975). 

15. I.P. Ivanenko et al., Proc. 19th Int. Cosmic Ray Conf. (La Jolla) 
8, 210 (1985). 

16. H. Jokisch et al., Phys. Rev. D19, 1368 (1979). 

17. F. Halzen, R. V~zquez and E. Zas, Astropart. Phys. 1,297 (1993). 

18. R.R. Daniel and S.A. Stephens, Revs. Geophysics & Space Sci. 
12, 233 (1974). 

19. K.P. Beuermann and G. Wibberenz, Can. J. Phys. 46, $1034 
(1968). 

20. I.S. Diggory et al., J. Phys. AT, 741 (1974). 

21. Paolo Lipari & Todor Stanev, Phys. Rev. D44, 3543 (1991). 

22. K.S. Hirata et al., (Kam-II Collaboration), Phys. Lett. B280, 146 
(1992); 

Y. Fukuda et al., Phys. Lett. B335, 237 (1994). 

23. R. Becker-Szendy et al., (IMB Collaboration), Phys. Rev. D46, 
3720 (1992); 
See also D. Casper et al., Phys. Rev. Lett. 66, 2561 (1991). 

24. F. Reines et al., Phys. Rev. Lett. 15, 429 (1965). 

25. M.M. Boliev et al., in Proceedings 3rd Int. Workshop on Neutrino 
Telescopes (ed. Mifla Baldo Ceolin), 235 (1991). 

26. D. Michael et al., (MACRO) Nucl. Phys. B35, 235 (1994) 
(TAUP-93). 

27. R. Becker-Szendy et aL, Phys. Rev. Lett. 69, 1010 (1992); 

Proc. 25th Int. Conf. High-Energy Physics (Singapore, ed. K.K. 
Phua & Y. Yamaguchi, World Scientific, 1991) p. 662. 

28. M. Mori et al., Phys. Lett. B210, 89 (1991). 

29. M. Crouch, in Proc. 20th Int. Cosmic Ray Conf.. (Moscow) 6, 165 
(1987). 

30. Yu.M. Andreev, V.I. Gurentzov and I.M. Kogai, in Proc. 20th 
Int. Cosmic Ray Conf. (Moscow) 6, 200 (1987). 

31. M. Aglietta et al., (LVD Collaboration), Astropart. Phys. 3, 311 
(1995). 

32. M. Ambrosia et al., (MACRO Collaboration), Phys. Rev. D52, 
3793 (1995). 



2 0 .  C o s m i c  r a y s  137 

33. Ch. Berger et al., (Frejus Collaboration), Phys. Rev. D4O, 2163 
(1989). 

34. K. Greisen, Ann. Rev. Nucl. Sci. 10, 63 (1960). 

35. M. Nagano et al., J. Phys. G10, 1295 (1984). 

36. M. Teshima et al., J. Phys. G12, 1097 (1986). 

37. N.L. Grigorov et al., Yad. Fix. 11, 1058 (1970) and Proc. 12th 
Int. Cosmic Ray Conf. (Hobart) 2, 206 (1971). 

38. K. Asakimori et al., Proc. 23rd Int. Cosmic Ray Conf. (Calgary) 
' 2 ,  25 (1993); 

Proc. 22nd Int. Cosmic Ray Conf. (Dublin) 2, 57 and 97 (1991). 

39. T.V. Danilova et al., Proc. 15th Int. Cosmic Ray Conf. (Plovdiv) 
8, 129 (1977). 

40. Yu. A. Fomin et al., Proc. 22nd Int. Cosmic Ray Conf. (Dublin) 
2, 85 (1991). 

41. D.J. Bird et al., Astrophys. J. 424, 491 (1994). 

42. S. Yoshida et al., Astropart. Phys. 3, 105 (1995). 

43. M.A. Lawrence, R.J.O. Reid and A.A. Watson, J. Phys. G17, 
773 (1991). 

44. The most recent discussion is contained in Proc. 24th Int. Cosmic 
Ray Conf. (Rome) 2, (1995) as well as the rapporteur talk 
of S. Pe'trera at the same conference (to be published). Some 
important information and discussion can also be found in Ref. 50 
(World Scientific, Singapore, to be published). 

45. B. Peters, Nuovo Cimento 22, 800 (1961). 

46. K. Greisen, Phys. Rev. Left. 16, 748 (1966). 

47. G.T. Zatsepin and V.A. Kuz'min, Soy. Phys. JETP Lett. 4, 78 
(1966). 

48. D.J. Bird et al., Astrophys. J. 441,144 (1995). 

49. N. Hayashima et al., Phys. Rev. Lett. 73, 3941 (1994). 

50. A.A. Watson, Proc. of the 1993 Summer Study on Nuclear and 
Particle Astrophysics and Cosmology ]or the Next Millenium, 
Snowmass CO, 1994, ed. by E.W. Kolb et al. (World Scientific, 
Singapore, to be published, 1996). 

51. V.S. Ptustkin et al., Astron. & Astrophys. 268, 726 (1993). 



138 s Acce le ra tor  p h y s i c s  o f  col l iders  

2 1 .  A C C E L E R A T O R  P H Y S I C S  O F  C O L L I D E R S  

Written November 1997 by K. Desler and D.A. Edwards'(DESY). 

2 1 . 1 .  I n t r o d u c t i o n  

This article, is intended to be a mini-introduction to accelerator 
physics, with emphasis on colliders. Essential data  are summarized 
in the "Tables of Collider Parameters" (Sec. 22). Luminosity is the 
quantity of most immediate interest for HEP, and so we begin with 
its definition and a discussion of the various factors involved. Then 
we talk about some of the underlying beam dynamics. Finally, we 
comment on present limitations and possible future directions. 

The focus is on coMders because they provide the highest c.m. 
energy, and so the longest potential discovery reach. All present- 
day colliders are synchrotrons with the exception of the SLAC 
Linear Collider. In the pursuit of higher c.m. energy with electrons, 
synchrotron radiation presents a formidable barrier to energy beyond 
LEP. The LHC will be the first proton eollider in which synchrotron 
radiation has significant design impact. 

21.2. Luminosity 

The event rate R in a collider is proportional to the interaction cross 
section 0-int and the factor of proportionality is called the luminosity: 

R = -L~0-ia t . (21.1) 

If two bunches containing n I and n2 particles collide with frequency 
f ,  then the luminosity is 

nln2 (21.2) 

where az  and 0-y characterize the Ganssian transverse beam profiles 
in the horizontal (bend) and vertical directions. Though the initial 
distribution at the source may be far from Gaussian, by the time 
the beam reaches high energy the normal form is a very good 
approximation thanks to the central limit theorem of probability and 
diminished importance of space charge effects. 

Luminosity is normally expressed in units of cm-2s  -1,  and tends 
to be a large number; the highest instantaneous luminosity achieved 
to date is about 4.5• cm-2s  -1 at CESR, and for protons, 
2.3• cm-2s  -1  at the now-decommissioned ISR. The critical 
quantity for HEP is the integrated luminosity, often stated in pb -1. 
For example, during the most-recent two-year Tevatron run, an 
integrated luminosity of 150 pb -1  was obtained. 

The beam size can be expressed in terms of two quantities, one 
termed the transverse emittance, e and the other, the amplitude 
function, 8. The transverse emittance is a beam quality concept 
reflecting the process of bunch preparation, extending all the way 
back to the source for hadrons and, in the case of electrons, mostly 
dependent on synchrotron radiation. The amplitude function is a 
beam optics quantity and is determined by the accelerator magnet 
configuration. 

The transverse emittance is a measure of the phase space area 
associated with either of the two transverse degrees of freedom, z and 
y. These coordinates represent the position of a particle with reference 
to some ideal design trajectory. Think of z as the "horizontal" 
displacement (in the bend plane for the case of a synchrotron), and 
y as the "vertical" displacement. The conjugate coordinates are the 
transverse momenta, which at constant energy are proportional to the 
angles of particle motion with respect to the design trajectory, x ~ and 
y~. Various conventions are in use to characterize the boundary of 
phase space. Beam sizes are usually given as the standard deviations 
characterizing Ganssian beam profiles in the two transverse degrees of 
freedom. In each degree of freedom, the one-o- contour in displacement 
and angle is frequently used and we will follow this choice. 

Suppose that  at some location in the coMder, the phase space 
boundary appears as an upright ellipse where the coordinates are 
the displacement x (using the horizontal plane for instance) and the 
angle x ~ with respect to the beam axis. The choice of an elliptical 

contour will be justified under Beam Dynamics below. If 0- and 0-~ are 
the ellipse semi-axes in the z and x ~ directions respectively, then the 
emittance may be defined by e = 7ra0- ~. Transverse emittance is often 
stated in units of mm-mrad. 

The aspect ratio, 0-/0-~, is the so-called amplitude function,/3, and 
its value depends on position within the focussing structure. When 
expressed in terms of ~ and/~ the transverse emittance becomes 

0-2 
e = 7r- -  . (21.3) 

Of particular significance is the value of the amplitude function at the 
interaction point, /~*. To achieve high luminosity, one wants/~* to 
be as small as possible; how small depends on the capability of the 
hardware to make a near-focus at the interaction point. For example, 
in the HERA proton ring,/3" at one of the major detectors is 1 m 
while elsewhere in the synchrotron typical values of the amplitude 
function lie in the range 30-100 m. 

Eq. (21.2) can now be recast in terms of emittances and amplitude 
functions as 

: f 4 ~  ' (21.4) 

Thus, to achieve high luminosity, all one has to do is make high 
population bunches of low emittance to collide at high frequency 
at locations where the beam optics provides as low values of the 
amplitude functions as possible. 

Depending on the particular facility, there are other ways of stating 
the expression for the luminosity. In a multibunch coMder, the various 
bunch populations will differ, in a facility such as HERA, the electron 
and proton bunches may differ in emittance, the variation of the beam 
size in the neighborhood of the interaction point may be significant, 
and so on. 

2 1 . 3 .  B e a m  d y n a m i c s  

A major concern of beam dynamics is stability: conservation of 
adequate beam properties over a sufficiently long time scale. Several 
time scales are involved, and the approximations used in writing 
the equations of motion reflect the time scale under consideration. 
For example, when, in Sec. 21.3.1 below, we write the equations 
for transverse stability no terms associated with phase stability or 
synchrotron radiation appear; the time scale associated with the last 
two processes is much longer than that  demanded by the need for 
transverse stability. 

21.3.1. Betatron o6eillations: Present-day high-energy acceler- 
ators employ alternating gradient focussing provided by quadrupole 
magnetic fields [1]. The equations of motion of a particle undergoing 
oscillations with respect to the design trajectory are 

x " + K x ( s ) x = 0 ,  y"+Ky(s)y=O , (21.5) 

with 
x' = d~/ds , y' = dy /ds  (21.~) 

K ,  - B ' / (Bp)  + p - 2 ,  K~ = - B ' / ( B p )  (21.7) 

B' =_ aB~/a~ . (21.8) 

The independent variable s is path length along the design trajectory. 
This motion is called a betatron oscillation because it was initially 
studied in the context of that type of accelerator. The functions 
Kz and Ky reflect the transverse focussing--primarily due to 
quadrupole fields except for the radius of curvature, p, term in Kz 
for a synchrotron--so each equation of motion resembles that  for a 
harmonic oscillator but with spring constants that  are a function of 
position. No terms relating to synchrotron oscillations appear, because 
their time scale is much longer and in this approximation play no role. 

These equations have the form of Hill's equation and so the solution 
in one plane may be written as 

x(s) = A v / ~  cos(r + ~), (21.9) 
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where A and $ are constants  of integration and the phase advances 
according to dr = 1/~. The dimension of A is the square 
root of length, reflecting the fact tha t  the oscillation ampli tude is 
modulated by the  square root of  the ampli tude function. In addition 
to describing the  envelope of the oscillation,/9 also plays the role of 
an ' ins tantaneous '  2. The wavelength of a betatron oscillation may be 
some tens of meters,  and so typically values of the amplitude function 
are of the order of meters rather than  on the order of the beam size. 
The beam optics arrangement  generally has some periodicity and 
the ampli tude function is chosen to reflect that  periodicity. As noted 
above, at the interaction point a small value of the amplitude function 
is desired, and so the focussing optics is tailored in the neighborhood 
to provide a suitable fl*. 

The number  of  betatron oscillations per turn  in a synchrotron is 
called the  tune and is given by 

1 / ds (21.10) ~ = ~  - 5 '  

Expressing the integration constant  A in the solution above in 
terms of z, x'  yields the Courant-Snyder invariant 

,4 2 ='rCs) ~(~)2 + 2~(s) ~(s) ~'(~) + ~(s) ~,(~)2 

where 
i + a  2 

ot - - ,~'/2, 7 = 

(21.11) 

(The Courant-Snyder parameters  a,  ~ and 7 employ three Greek 
letters which have other meanings and the significance at hand mus t  
often be recognized from context.) Because ~ is a function of position 
in the focussing structure,  this ellipse changes orientation and aspect 
ratio from location to location but  the  area ~rA 2 remains the same. 

As noted above the  transverse emittance is a measure of the area 
in z, z '  (or y, y')  phase space occupied by an ensemble of particles. 
The definition used in Eq. (21.3) is the area tha t  encloses 39% of a 
Ganssian beam. 

For electron synchrotrons the equilibrium emittance results from 
the balance between synchrotron radiation damping and excitation 
from quan tum fluctuations in the radiation rate. The equilibrium is 
reached in a t ime small compared with the storage time. 

For present-day hadron synchrotrons,  synchrotron radiation does 
not play a similar role in determining the transverse emittance. 
Rather  the emit tance during storage reflects the source properties 
and the  abuse suffered by the particles throughout acceleration and 
storage. Nevertheless it is useful to argue as follows: Though z '  and 
z can serve as canonically conjugate variables at constant energy this 
definition of the emit tance would not  be an adiabatic invariant when 
the energy changes during the acceleration cycle. However, 7(v /e)z ' ,  
where here 7 is the Lorentz factor, is proportional to the  transverse 
m o m e n t u m  and so qualifies as a variable conjugate to z. So often one 
sees a normalized emit tance defined according to 

1) 
eN = '7 - e. (21.12) 

s 

21.3.2.  Phase stability:. The particles in a circular collider also 
undergo synchrotron oscillations. This  is usually referred to as motion 
in the longitudinal degree-of-freedom because particles arrive at a 
part icular position along the accelerator earlier or later than  an ideal 
reference particle. This  circumstance results in a finite bunch length, 
which is related to an energy spread. 

For dynamical  variables in longitudinal phase space, let us take A E  
and At, where these are the energy and time differences from that  of 
the idea/part icle.  A positive At  means  a particle is behind the ideal 
particle. The equation of motion is the same as that  for a physical 
pendulum and therefore is nonlinear. But  for small oscillations, it 
reduces to a simple harmonic oscillator: 

d2At --(21rvs)2At (21.13) 
dn 2 - -  

where the independent variable n is the turn number  and Vs is the 
number  of synchrotron oscillations per turn, analogous to the betatron 
oscillation tune defined earlier. 

In the high-energy limit, where v/c ~ 1, 

= [hz/eV c o s r  1/2 (21.14) 
Vs [ 2 r E  J ' 

There are four as yet undefined quantities in this expression: the 
harmonic number  h, the slip factor 1/, the m a x i m u m  energy eV gain 
per turn from the acceleration system, and the synchronous phase Cs. 
The frequency of the RF system is normally a relatively high multiple, 
h, of  the orbit frequency. The slip factor relates the fractional change 
in the  orbit period r to changes in energy according to 

A r  AE 
- ,  (21.15) 

r E 

At sufficiently high energy, the slip factor just  reflects the relationship 
between path length and energy, since the speed is a constant; t/ is 
positive for all the synchrotrons in the tables. 

The synchronous phase is a measure of how far up on the RF wave 
the average particle must  ride in order to maintain constant  energy 
in the face of synchrotron radiation. Tha t  is, sin Cs is the ratio of 
the energy loss per turn to the max imum energy per turn that  can 
be provided by the acceleration system. For hadron colliders built to 
date, s ines  is effectively zero. This  is not the case for electron storage 
rings; for example, the electron ring of HERA runs at a synchronous 
phase of 45 ~ . 

Now if one has  a synchrotron oscillation with ampli tudes At and 
AE ,  

At  = A t  sin(2rVsn) , A E  = A E  cos(27rt, sn)  (21.16) 

then the amplitudes are related according to 

A--E = 2 , ~ v , E ~  . (21.17) 

The longitudinal emittance et may be definedA as the phase space 
area bounded by particles with ampli tudes At and AE.  In general, 
the longitudinal emittance for a given ampli tude is found by numerical 
integrations. For sinr -- 0, an analytical expression is as follows: 

r2 3EeVh ] 1/2 (2 )  2 (21.18) '~=L T2~ j 
Again, a Gaussian is a reasonable representation of the longitudinal 
profile of a well-behaved beam bunch; if cat is the standard deviation 
of the time distribution, then the bunch length can be characterized 
by 

= CaAt �9 (21.19) 

In the electron case the  longitudinal emit tance is determined by 
the synchrotron radiation process just  as in the transverse degrees ' 
of freedom. For the hadron case the history of acceleration plays 
a role a n d  because energy and t ime are conjugate coordinates, the 
longitudinal emittance is a quasi-invariant. 

For HEP bunch length is a significant quanti ty because if the bunch 
length becomes larger than  ~* the  luminosity is adversely affected. 
This is because ~ grows parabolically as one proceeds from the IP 
and so the beam size increases thus lowering the contribution to the 
luminosity from such locations. 

21.3 .3 .  Synchrotron radiation [2]: A relativistic particle undergo- 
ing centripetal acceleration radiates at a rate given by the Larmor 
formula multiplied by the 4th power of the Lorentz factor: 

1 e2a2 4 
P = 6-~eo --~--7 �9 (21.20) 

Here, a = v2/p is the centripetal acceleration of a particle with speed 
v undergoing deflection with radius of curvature p. In a synchrotron 
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that has a constant radius of curvature within bending magnets, 
the energy lost due to synchrotron radiation per turn is the above 
multiplied by the time spent in bending magnets, 27rp/v. Expressed 
in familiar units, this result may be written 

W = 8.85 • 10 -5E4 MeV per turn (21.21) 
P 

for electrons at sufficiently high energy that v ~ c. The energy E is in 
GeV and p is in kilometers. 

The characteristic time for synchrotron radiation processes is the 
time during which the energy must be replenished by the acceleration 
system. If f0 is the orbit frequency, then the characteristic time is 
given by 

E 
(21.22) To-  loW " 

OsciUations in each of the three degrees of freedom either damp 
or antidamp depending on the design of the accelerator. For a 
simple separated function alternating gradient synchrotron, all three 
modes damp. The damping time constants are related by Robinson's 
Theorem [3], which, expressed in terms of T 0, is 

1 1 1 = 2 1  - -  + - -  + - -  . (21.23) 
Tx Ty T, TO 

Even though all three modes may damp, the emittances do not 
tend toward zero. Statistical fluctuations in the radiation rate excite 
synchrotron oscillations and radial betatron oscillations. Thus there is 
an equilibrium emittance at which the damping and excitation are in 
balance. The vertical emittance is non-zero due to horizontal-vertical 
coupling. 

The radiation rate for protons is of course down by a factor of the 
fourth power of the mass ratio, and is given by 

W = 7.8 • 10 -3E4 keV per turn (21.24) 
P 

where E is now in TeV and p in km. As noted in the Introduction, 
the LHC will the first proton facility in which synchrotron radiation 
plays a significant role. 

21.3.4. Beam-beam tune shift: In a bunch-bunch collision the 
particles of one bunch see the other bunch as a nonlinear lens. 
Therefore the focussing properties of the ring are changed in a way 
that depends on the transverse oscillation amplitude. And so there is 
a spread in the frequency of betatron oscillations. 

There is an extensive literature on the subject of how large this 
tune spread can be. In practice, the limiting value is hard to predict. 
It is consistently larger for electrons because of the beneficial effects of 
damping from synchrotron radiation. 

In order that contributions to the total tune spread arise only at the 
detector locations, the beams in a multibunch ~ollider are kept apart 
elsewhere by a variety of techniques. For equal energy particles of 
opposite charge circulating in the same vacuum chamber, electrostatic 
separators may be used assisted by a crossing angle if appropriate. 
For particles of equal energy and of the same charge, a crossing angle 
is needed not only for tune spread reasons but to steer the particles 
into two separate beam pipes. In HERA, because of the large ratio 
of proton to electron energy, separation can be achieved by bending 
magnets. 

21.3.5. Luminosity lifetime: In electron synchrotrons the lumi- 
nosity degrades during the store primarily due to particles leaving 
the phase stable region in longitudinal phase space as a result of 
quantum fluctuations in the radiation rate and bremsstrahlung. 
For hadron colliders the luminosity deteriorates due to emittanee 
dilution resulting from a variety of processes. In practice, stores are 
intentionally terminated when the luminosity drops to the point where 
a refill will improve the integrated luminosity. 

21.4.  S t a t u s  a n d  p r o s p e c t s  

Present facilities represent a balance between available technology 
and the desires of High Energy Physics. For forty-five years, beam 
optics has exploited the invention of alternating gradient focussing. 
This principle is employed in all eolliders both linear and circular. 
Superconducting technology has grown dramatically in importance 
during the last two decades. Superconducting magnets are vital 
to the Tevatron, HERA, and to the future LHC. Superconducting 
accelerating structures are necessary to CESR, LEP, HERA, Jefferson 
Laboratory and other facilities requiring high-gradient long pulse 
length RF systems. Present room temperature accelerating structures 
produce very short pulses, but with gradients well in excess of the 
superconducting variety [7]. 

At present, the next potential facilities are perceived to include 
the LHC and an electron linear collider. The LtIC is an approved 
project that will represent a major step forward in superconducting 
magnet technology. No linear collider project has been approved as 
yet, and the conventional and superconducting approaches compete 
for prominence. Of perhaps more immediate impact are the B and r 
"factories" that are designed to go beyond the 1033 em-2s -1 level in 
luminosity. 

In addition to the possibilities of the preceding paragraph, 
there are other synchrotron-based collider studies underway. Despite 
formidable R~D challenges a muon-muon collider may become 
feasible. Proponents of a very large hadron collider at higher energy 
than the cancelled SSC project are exploring low-cost magnets and 
tunnels for a facility on the 100 TeV c.m. energy scale. 

Ideas abound in accelerator R&D for the long term. Approaches 
such as wakefield accelerators, plasma-laser combinations, and related 
investigations may if successful deliver gradients far higher than 
anything realized today. These studies could potentially lead to a new 
vision for HEP facilities. 
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H I G H - E N E R G Y  C O L L I D E R  P A R A M E T E R S :  e + e  - C o l l i d e r s  (I)  

The numbers here were received from representatives of the colliders in 1998 (contact C.G. Wohl, LBNL). Many of the numbers of course change 
with time, and only the latest values (or estimates) are given here; those in brackets are for coming upgrades. Quantities are, where appropriate, 
r.m.s. H and V indicate horizontal and vertical directions. Parameters for the defunct SPEAR, DORIS, PETRA, PEP, and TRISTAN cotIiders 
may be found in our 1996 edition (Phys. Rev. D54, 1 July 1996, Part I). 

VEPP-2M DA~'NE r FACTORY r-CHARM BEPC VEPP-4M 
[round beams] (Frascati) (Novosibirsk) FACTORY (China) (Novosibirsk) 
(Novosibirsk) (Novosibirsk) 

Physics start date ! 1974 [1998] 1998 2001 ? 1989 1994 
J 

Maximum beam energy (GeV) 0.7 0.510 0.55 2.1 2.2 
[0.551 (0.75 max.) 

Luminosity (1030 cm-2s -1) 5 [100] 135(--.540) 2500 10000 10 at 2 GeV 50 

Time between collisions (/is) 0.03 0.0108(--.0.0027) 0.007 0.027 0.8 0.6 

Crossing angle (# rad) 0 4-(1.0 to 1.5)x104 0 0 0 0 

Energy spread (units 10 -3) 0.36 0.40 0.43 0.002-0.7 0.58 at 2.2 GeV 1 

Bunch length (cm) 3 3.0 1 1 ~ 5 5 

Beam radius (10 -6 m) H/V: 300/10 H: 2100 35 (beams are 33 H: 890 H: 1000 
[90 (round)] V: 21 round) V: 37 V: 30 

F~ee space at interaction 4-1 4-0.46 4-2 4-1.5 4-2.15 4-2 
point (m) (4-157 mrad cone) 

Luminosity lifetime (hr) continuous 2 continuous continuous 7-12 2 

Filling time (rain) continuous 3 (topping up) continuous continuous 30 15 
I 
J 

Acceleration period (s) . . . .  120 150 

Injection energy (GeV) 0.2-0.6 0.510 - -  2.1 1.55 1.8 
[0.2-0.55] 

Transverse emittance H/V: 110/1.3 H: 1000 125 H: 100-10000 H: 660 H: 400 
(I0-97r rad-m) [170] 

per species (mA) 

fl*, amplitude function at H/V: 0.45/0.045 
interaction point (m) [0.05] 

Beam-beam tune shift H/V: 200/500 
per crossing (units 10 -4) [1000] 

RF frequency (MHz) 200 

Particles per bunch 
(units 1010) 2 [6.7] 

Bunches per ring 1 
per species 

Average beam current 50 [160] 

V: 10 V: 1-10000 V :  2 8  V: 20 

Dipoles in ring 8 e+: 8(+4 wigglers) 22 112 40 78 
e- :  8(+4 wigglers) + 4 weak 

Quadrupoles in ring 20 [12] e+ /e - :  53/53 22 112 68 150 
r 

Peak magnetic field (T) 1.8 [ 1 . 5 ]  1.2(--.1.76) dipoles [ 1.8 0.13 0.9028 0.6 
1.8 wigglers I at 2.8 GeV 

2 •  1 1 4 1 

e+: 1.21/0.99 0.8 1.47 1.6 2 
e- :  1.21/0.99 

- -  - -  5 6.6 7.2 

- -  - -  6 0  ~ 6 0  6 5  

Utility insertions 1 

Magnetic length of dipole (m) 1 

Length of standard cell (m) 4.5 [9.0] 

Phase advance per cell (deg) 280 [560] 

Circumference or length (kin) 0.018 0.0977 0.047 0.773 0.2404 0.366 

Interaction regions 2 2 1 1 2 1 

~ :  4.5 0.01 0.01 H: 1.2 H: 0.75 
V: 0.045 V: 0.05 V: 0.05 

400 1000 500 350 500 

368.25 700 700 199.53 180 

8.9 5 20 20 a t  2 GeV 15 

30(--.120) 11 95 1 2 

1313(--.5250) 550 1120 40 at 2 GeV 80 
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H I G H - E N E R G Y  C O L L I D E R  P A R A M E T E R S :  e + e  - C o l l i d e r s  (II)  

The numbers here were received from representatives of the colliders in 1998. Many of the numbers of course change with time, and only the 
latest values (or estimates) axe given here. Quantities are, where appropriate, r.m.s. H and V indicate horizontal and vertical directions; s.c. 
indicates superconducting. 

CESR KEKB PEP-II SLC LEP 
(Cornell) (KEK) (SLAC) (SLAC) (CERN) 

Physics start date 1979 1999 1999 1989 1989 

Maximum beam energy (GeV) 

Luminosity (10 s~ cm-2s -1) 470 at 5.3 GeV 

e- x e + :  8x3.5 

10000 

e-: 7-12 (9.0 nominal) 

e+: 2.5--4 (3.1 " ) 
(nominal Ecru = 10.5 GeV) 

3000 

50 

2.5 

92 in 1997 

(100=max. foreseen 

24 at Z 0 
50 at > 90 GeV 

rime between collisions (ps) 0,028 to 0.22 0.002 0.0042 8300 22 

Crossing angle (~u rad) • +11,000 0 0 

Energy spread (units 10 -3) 0.6 at 5.3 GeV 0.7 e-/e+: 0.61/0.77 1.2 1.0 

Bunch length (cm) 1.8 0.4 e-/e+: 1.1/1.0 0.1 1.0 

Beam radius (pro) H: 500 H: 77 H: 181 H: 1.5 H: 200 
V: i0 V: 1.9 V: 5.4 V: 0.5 V: 8 

Free space at interaction • (• +0.75/-0.58 • • • 
point (m) to REC quads) (+300/-500) mrad cone • mrad cone 

20 at Z ~ Luminosity lifetime (hr) 3-4 2 2.5 - -  
10 at > 90 GeV 

Filling time (min) I0 (topping up) 8 (topping up) 3 (topping up) __ 20 to setup 
20 to accumulate 

Acceleration period (s) . . . .  550 

Injection energy (GeV) 6 

l~ransverse emittance H: 240 
(Tr rad-nm) It: 6 

e - /e  + : 8/3.5 2.5-12 45.64 22 

H: 18 e-:  48 (H), 1.5 (V) H: 0.5 H: 35 
V: 0.36 e+: 64 (H), 2.0 (V) It: 0.05 V: 0.25 ~ I 

3", amplitude function at 
interaction point (m) 

H: 0.33 
V: 0.01 

H: 0.0025 
V: 0.0015 

e-: 0.57 (H), 0.02 (V) 
e+: 0.50 (H), 0.o15 (V) 

H: 1.0 
V: 0.018 

H: 1.5 
It: 0.05 

Beam-beam tune shift H: 390 300 500 
per crossing (units 10 -4 ) 420 It: 520 

RF frequency (MHz) 500 508.887 476 352.2 

Particles per bunch 30 in coUlsion 
(units 1010) 15 e- /e+:  1.3/3.,2 e - /e+:  2.7/5,9 4.0 60 in single beam 

Bunches per ring 9 trains of 2 bunches 5120 1658 I i 4 trains of I or 2 
per species 

Average beam current 1 4 at Z 0 
per species (mA) 180 e - /e+:  1100/2800 e- /e+:  995/2181 0,0008 - 2.5 at > 90 GeV 

Beam polarization (%) - -  e-: 80 ' 85 

~ircumference or length (kin) 0.768 

Interaction regions 1 

Utility insertions 3 

Magnetic length of dipole (m) 1.6-6.6 

Length of standard cell (m) 16 

Phase advance per cell (deg) 45-90 (no 
standard cell) 

Dipoles in ring 86 

3.018 26.66 2.2 1.45 +1,47 

I I (2 possible) 1 4 

3 5 - -  4 

e- /e  + : 5,86/0,915 e-/e+: 5,4/0.45 2.5 ll,66/pair 

e- /e  + : 75.7/76.1 15.2 5.2 79 

450 e-/e+: 60/90 108 90/60 

e - / e  + : 116/112 e-/e+: 192/192 460+440 3280+24 inj. 
+ 64 weak 

Quadrupoles in ring 104 e- /e  + : 452/452 e-/e+: 290/326 __ ' 520+288 
+ 8 s.c. 

l 

Peak magnetic field (T) 0.3 normal ~ at 8 e- /c  + : 0.25/0.72 e-/e+: 0.18/0.75 0.597 0,135 
0.8 high field ] GeV 



~2. High-energy collider parameters 143 

H I G H - E N E R G Y  C O L L I D E R  P A R A M E T E R S :  ep, ~p,  a n d  p p  C o l l i d e r s  

The  n u m b e r s  here  were  rece ived  f r o m  rep resen ta t ives  o f  t he  col l iders  in 1998. M a n y  of t he  n u m b e r s  of course  c h a n g e  w i th  t ime ,  a n d  only  the  
la tes t  va lues  (or  e s t i m a t e s )  a re  g iven  here.  Quan t i t i e s  a re ,  where  a p p r o p r i a t e ,  r .m.s .  H ,  V, and ,  s.c. i n d i c a t e  h o r i z o n t a l  a n d  ve r t i ca l  d i rec t ions ,  
a n d  s u p e r c o n d u c t i n g .  T h e  SSC is kep t  for  p u r p o s e s  of  c o m p a r i s o n .  

HERA Spas TEVATRON t LHC SSC 
(DESY) (CERN) (Fermilab) (CERN) (USA) 

Physics start date 1992 1981 1987 2005 Terminated 

Physics end date - -  1990 

?articles collided ep /rp p~ pp Pb Pb pp 

~/Iaximum beam energy e: 0.030 0.315 (0.45 in 1.0 2.76 TeV/u 20 
(TeV) p: 0.82 pulsed mode) 

[~uminosity 14 6 210 0.002 1000 
(1030 cm-2S -1)  

L 
r ime between collisions (~s) 0.096 3.8 0.396 0.125 0.016678 

h 
~rossing angle (,u rad) 0 0 0 < 200 100 to 200 

(135 nominal) 

Energy spread (units 10 -3) 0,35 0.09 0.055 e: 0.91 
p: 0.2 

Bunch length (cm) e: 0.83 20 38 
p: 8.5 

Beam radius (10 -6  m) e: 28o(H), 50(v) 
p: 265(H), 50(V) 

p: 73(H), 36(V) 
~: 55(H), 27(V) 

p: 34 
p: 29 

6.0 

4.8 

Dee space at interaction �9 5.8 10 :i:6.5 38 38 ~:20 
point (m) 

Luminosity lifetime (hr) 10 15 7-30 ~24 

Filling time (rain) 

Acceleration period (s) 

Injection energy (TeV) 

transverse emittance 
(I0-97r rad-m) 

~*, amplitude function at 
interaction point (m) 

Beam-beam tune shift 
per crossing (units 10 -4  ) 

RP frequency (MItz) 

Particles per bunch 
(units 1010 ) 

Bunches per ring 
per species 

Average beam current 
per species (mA) 

Circumference (kin) 

Interaction regions 

Utility insertions 

e: 60 
p: 120 

e: 200 
p: 1500 

e: 0,012 
p: 0.040 

e: 42(H),6(V) 
p: 6(~),5(v) 

e: 1(~),o.7(v) 
p: 7(B),o.5(v) 

e: 1'90(H), 360(V) 
p: 12(H), 9(V) 

e: 499.7 
p: 208.2/52.05 

e: 3 
p: 7 

e: 189 
p: 180 

e: 40 
p: 90 

6.336 

ep: 2; e,p: 1 each, 
internal fixed target 

e: 9.185 
p: 8.82 

e: 23.5 
p: 47 

e: 60 

Magnetic length 
of dipole (m) 

0.5 

10 

0.026 

p: 9 
p: 5 

0.6 (H) 
0,15 (V) 

50 

100+200 

p: 15 
p: 8 

p: 8 
p: 3 

6.911 

8.28 

84 Length of standard cell (m) 

30 

86 

0.15 

p: 3.5 
p: 2.5 

0.35 

p: 38 
/~: 97 

53 

p: 27 
~: 7.5 

36 

p: 81 
1~: 22 

8.28 

2 high .~  

8,12 

59,5 

67.8 

7,0 

1.0 x 104 

0.026 

> 200 

0.I 0.I 

7.5 7.5 

16 15 

I0 6.7 

6 20 

1200 

0.450 177.4 
GeV/u 

0.5 0.5 

0.5 0,5 

34 

400.8 400.8 

10.5 0.0094 

2835 fi08 

538 7.8 

28.689 

2 high .~  / 1 
+ I  1 

4 

14.3 

106.90 

Phase advance per cell (deg) 

72 

1500 

2 

0.047 

0.5 

8 head on 
131ongrange 

359.75 

0.8 

17,424 

71 

87.12 

4 

2 

Mostly 14,928 

180 

90 Phase 90 90 
p: 90 

Dipoles in ring e: 396 744 774 1232 H: 8330 1 �9 
p: 416 main dipoles V: 88 ~ m 2 rings 

Quadrupoles in ring e: 580 232 218 692 focussing 2084 } 2 rings 
p: 280 +96 skew 

S,C. 
COS 0 

warm iron 

4.4 

20x10 I0 

H type with 
bent-up 
coil ends 

1.4 (2 in 
pulsed mode) 

s.c. 
2 in  1 

cold iron 
Magnet type 

8.3 

8 • 10 ]0 

Peak magnetic field (T) 

source accum, rate (hr -1)  

Max. no. ~ in accum, ring 

e: C-shaped 
p: s.c., collared, 

cold iron 

e: 0.274 
p: 4.65 

- -  1.2 x 1012 2.6)<1012 - -  

s.c. 
cos 0 

cold iron 

6.790 

tTEVATRON numbers are for the year 2000, when it again runs in collider mode. 
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23.  P A S S A G E  OF P A R T I C L E S  T H R O U G H  M A T T E R  

Revised May 1998 by D.E. Groom (LBNL). 

23 .1 .  N o t a t i o n  

Table 23.1: Summary of variables used in this section. The 
kinematic variables/3 and 7 have their usual meanings. 

Symbol Definition Units or Value 

a Fine structure constant 
M Incident particle mass 
E Incident particle energy 7Mc 2 
T Kinetic energy 

mec 2 Electron mass • c 2 
re Classical electron radius 

e2/4~reomec 2 
NA Avogadro's number 
ze Charge of incident particle 
Z Atomic number of medium 
A Atomic mass of medium 

K / A  4rNAr2ernee2/A 

I 
6 

Mean excitation energy 

1/137.0359895(61) 
MeV/c 2 

MeV 
MeV 
0.510 999 06(15) MeV 
2.81794092(38) fm 

6.022136 7(36) • 1023 mol - I  

g mo1-1 
0.307075 MeV g-1 cm 2 

for A : 1 g mo1-1 
eV 

Density effect correction to ionization energy loss 
Plasma energy 2 8 . 8 1 6 ~  eV (a) 

~ ~ , c 2 / ~  
Ne Electron density (units of re)-3 
wj Weight fraction of the j th  element in a compound or mixture 
nj oc number of j th  kind of atoms in a compound or mixture 

X0 Radiation length g cm -2 
- -  4are2NA/A (716.408 g cm-2) -1 

for A = 1 g tool -1 
Ec Critical energy MeV 
E, Scale energy ~ mec 2 21.2052 MeV 

RM Moli~re radius MeV g-1 cm 2 

(a) For p in gcm -3. 

23 .2 .  I o n i z a t i o n  e n e r g y  loss  b y  h e a v y  p a r t i c l e s  I1-5] 

Moderately relativistic charged particles other than electrons lose 
energy in matter primarily by ionization. The mean rate of energy 
loss (or stopping power) is given by the Bethe-Bloch equation, 

dEdz = Kz2Zl[lln2mec2/3272TmaX'A'~ 12 /32 _ ~] . (23.1) 

Here Traax is the maximum kinetic energy which can be imparted to a 
free electron in a single collision, and the other variables are defined in 
Table 23.1. The units are chosen so that dz is measured in mass per 
unit area, e.g., in gcm -2. 

In this form, the Bethe-Bloch equation describes the energy loss of 
pions in a material such as copper to about 1% accuracy for energies 
between about 6 MeV and 6 GeV. At lower energies corrections for 
tightly-bound atomic electrons and other effects must be made, and 
at higher energies radiatiye effects begin to be important. These 
limits of validity depend on both the effective atomic number of the 
absorber and the mass of the slowing particle. Low-energy effects will 
be discussed in Sec. 23.2.2. 

The function as computed for pions on copper is shown by the solid 
curve in Fig. 23.1, and for pions on other materials in Fig. 23.2. A 
minor dependence on M at the highest energies is introduced through 
Tmax, but for all practical purposes in high-energy physics dE/dx in a 
given material is a function only of/3. Except in hydrogen, particles 
of the same velocity have very similar rates of energy loss in different 
materials; there is a slow decrease in the rate of energy loss with 
increasing Z. The qualitative difference in stopping power behavior at 
high energies between a gas (He) and the other materials shown in 
Fig. 23.2 is due to the density-effect correction, 6, discussed below. 

The stopping power functions are characterized by broad minima 
whose position drops from/37 = 3.5 to 3.0 as Z goes from ? to 100. 

In practical cases, most relativistic particles (e.g., cosmic-ray 
muons) have energy loss rates close to the minimum, and are said to 
be minimum ionizing particles, or mip's. 

Eq. (23.1) may be integrated to find the total range R for a particle 
which loses energy only through ionization. Since dE/dx  depends 
only on/3, R / M  is a function of E / M  or pc/M. In practice, range is 
a useful concept only for low-energy hadrons (R ~ ~1, where h I is 
the nuclear interaction length), and for muons below a few hundred 
GeV (above which radiative effects dominate). R I M  as a function of 
/37 = pc /M is shown for a variety of materials in Fig. 23.3. 

50.0 

20.0 

9 
7 10.0 

~> 
5.0 

~ 2.0 
I 

1.0 

0.5 
0.1 1.0 10 100 1000 10000 

~JT = p/Mc 

F i g u r e  23,1: Energy loss rate in copper. The function without 
the density-effect correction, ~, is also shown, as is the loss 
rate excluding energy transfers with T > 0.5 MeV. The 
shell correction is indicated. The conventional/3 -2 low-energy 
approximation is compared with/3-5/3 

10 

8 

~ -  6 

7 
4 

3 3  

[ 

1 
0.1 1.0 10 100 1000 10 000 

~T = plMc 
. . . . . . . .  J . . . . . . . .  I . . . . . . . .  I . . . . . . . .  P . . . . . . . .  I 

0.1 1.0 I0 I00 I000 
Muon momentum (GeV/c) 

. . . . . . . .  ~ . . . . . . . .  I . . . . . . . .  l . . . . . . . .  I . . . . . . . .  i 
0.1 1.0 10 100 1000 

Pion momentum (GeV/c) 

I . . . . . . . .  I . . . . . . . .  I . . . . . . . .  I . . . . . . . .  t . . . . . . . .  
0.1 1.0 10 100 1000 10 000 

Proton momentum (GeV/c) 
F i g u r e  23.2: Energy loss rate in liquid (bubble chamber) 
hydrogen, gaseous helium, carbon, aluminum, tin, and lead. 
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~3' = p/Mc 

0.05 0.1 0.2 0.5 1.0 2.0 5.0 10.0 
M uon  m o m e n t u m  (GeV/c) 

. . . . . .  I . . . . . . . .  F . . . . . . . .  I 
0.05 0.1 0.2 0.5 1.0 2.0 5.0 10.0 

Pion m o m e n t u m  (GeV/c) 
. . . . . . .  t . . . . . . . .  I t t I L t t t l  

0.5 1.0 2.0 5.0 10.0 20.0 50.0 
Pro ton  m o m e n t u m  (GeV/c) 

F i g u r e  2 3 . 3 :  Range of heavy charged particles in liquid (bubble 
chamber) hydrogen, helium gas, carbon, iron, and lead. For 
example: For a K + .whose m o m e n t u m  is 700 MeV/c, ~'~ = 1.42. 
For lead we read R / M  ~ 396, and so the range is 195 g cm -2. 

For a particle with mass  M and momen t um M~Tc , Tmax is given 

by 2mec 2 ~2.~2 
]'max = 1 + 2vme/M + (me/M) 2 " (23.2) 

It is usual  [1,2] to make the "low-energy" approximation 
Tmax = 2mec2~2"/2, valid for 2~/me/M << 1; this, in fact, is done 
implicitly in many  s tandard  references. For a pion in copper, the 
error thus introduced into dE/dx  is greater than  6% at 100 GeV. The 
correct expression should be used. 

At energies of order 100 GeV, the max i mum 4-momentum transfer 
to the electron can exceed 1 GeV/c,  where structure effects significantly 
modify the cross sections. This  problem has been investigated by J.D. 
Jackson [6], who concluded tha t  for hadrons (but not for large nuclei) 
corrections to dE/dz  are negligible below energies where radiative 
effects dominate.  While the cross section for rare hard collisions is 
modified, the average stopping power, dominated by many softer 
collisions, is almost unchanged. 

The mean  excitation energy I is (1O :t: 1 eV) x Z for elements 
heavier than  sulphur. The values adopted by the ICRU for the 
chemical elements [7] are now in wide use; these are shown in Fig. 23.4. 
Machine-readable versions can also be found [8]. Given the availability 
of these constants  and their variation with atomic structure,  there 
seems little point to depending upon approximate formulae, as was 
done in the past. 

Ionization losses by electrons and positrons [7,9,10] are not discussed 
here. Above the critical energy, which is a few tens of MeV in most  
materials (see Fig. 23.7, bremsst rahlung is the dominant source of 
energy loss. This important  case is discussed below. The contributions 
of various electron energy-loss processes in lead are shown in Fig. 24.4. 

22 [ ' " 1  . . . .  I . . . .  I . . . .  [ . . . .  I . . . .  I . . . .  I . . . .  I . . . .  L " "  t 

2O 

18 

ICRU 37 (1984), as t a k e n  f rom EGS4 - 
16 / ( in terpola ted  va lue s  a re  no t  m a r k e d  - 

/ wi th  points)  

14 l ~ "  / R P P ,  1992 and  ear l ie r  - 
% / 
" . ~  / / B a r k a s  & Berge r  1964 

, , ,  . . . . . . .  / . .f . . .~ .. . . . . . . . . . . .  

10 - - -  

8 ,I . . . .  I . . . .  i . . . .  I . . . .  I . . . .  I . . . .  I , , , , I , , , , i , , , ,  
0 10 20 30 40 50 60 70 80 90 100 

Z 

F i g u r e  23.4: Excitation energies (divided by Z) as adopted by 
the ICRU [7]. Those based on measurement  are shown by points 
with error flags; the interpolated values are simply joined. The 
solid point is for liquid H2; the open point at 19.2 is for H2 gas. 
Also shown are curves based on two approximate formulae. 

23.2.1.  The densi ty  effect: As the particle energy increases, 
its electric field flattens and extends, so that  the distant-collision 
contribution to Eq. (23.1) increases as ln~7.  However, real media 
become polarized, limiting the field extension and effectively t runcat ing 
this part  of the logarithmic rise [4,11-14]. At very high energies, 

6/2 --+ ln(~wJp/I) + ln~7  - 1/2 , (23.3) 

where 6/2 is the density effect correction introduced in Eq. (23.1) 
and FtWp is the plasma energy defined in Table 23.1. A comparison 
with Eq. (23.1) shows that  IdE/dxl then grows as ln/37 rather than  
ln~272, and that  the mean excitation energy I is replaced by the 
plasma energy hwp. The stopping power as calculated with and 
without the density effect correction is shown in Fig. 23.1. Since the 
plasma frequency scales as the square root of the electron density, the 
correction is much larger for a liquid or solid than  for a gas, as is 
i l lustrated by the examples in Fig. 23.2. 

The density effect correction is usually computed using Stern- 
heimer 's  parameterization [11]: 

[ 2 ( l n 1 0 ) ~ - _  i f z  > zl ;  

I o if z < z0 (nonconductors); 
L 60102(x-z~ if x < x0 (conductors) 

(23.4) 
Here x = lOgl0 ~l = lOglo(P/Mc). C (the negative of the C used in 
Ref. 11) is obtained by equating the high-energy case of Eq. (23.4) with 
the limit given in Eq. (23.3). The other parameters  are adjusted to 
give a best fit to the results of detailed calculations for momenta  below 
Mc exp(xl).  Parameters  for elements and nearly 200 compounds and 
mixtures of interest are published in a variety of places, notably in 
Ref. 14. A recipe for finding the coefficients for nontabulated materials 
given by Sternheimer and Peierls [13] is summarized in Ref. 10. 

The remaining relativistic rise can be at t r ibuted to large energy 
transfers to a few electrons. If these escape or are otherwise accounted 
for separately, the energy deposited in an absorbing layer (in contrast 
to the energy lost by the particle) approaches a constant  value, the 
Fermi plateau (see Sec. 23.2.5 below). The curve in Fig. 23.1 labeled 
"Tout = 0.5 MeV" illustrates this behavior. At extreme energies (e.g., 
> 321 GeV for muons in iron), radiative effects are more important  
than  ionization losses. These are especially relevant for high-energy 
muons,  as discussed in Sec. 23.6. 
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23.2.2. Energy loss at low energies: A shell correction C/Z is 
often included in the square brackets of Eq. (23.1) [3,5,7] to correct 
for atomic binding having been neglected in calculating some of the 
contributions to Eq. (23.1). We show the Barl~s form [3] in Fig. 23.1. 
For copper it contributes about 1% at/37 = 0.3 (kinetic energy 6 MeV 
for a pion), and the correction decreases very rapidly with energy. 

Eq. (23.1) is based on a first-order Born approximation. Higher- 
order corrections, again important only at lower energy, are normally 
included by adding a term z2L2(~) inside the square brackets. 

An additional "Barkas correction" zLz(~) makes the stopping power 
for a negative particle somewhat larger than for a positive particle 
with the same mass and velocity. In a 1956 paper, Barkas et al. noted 
that  negative pions had a longer range than positive pions [15]. The 
effect has been measured for a number of negative/positive particle 
pairs, most recently for antiprotons at the CERN LEAR facility [16]. 

A detailed discussion of low-energy corrections to the Bethe formula 
is given in ICRU Report 49 [5]. When the corrections are properly 
included, the accuracy of the Bethe-Bloch treatment is accurate to 
about 1% down to/3 ~ 0.05, or about 1 MeV for protons. 

For 0.01 </3  < 0.05, there is no satisfactory theory. For protons, 
one usually relies on the empirical fitting formulae developed by 
Andersen and Ziegier [5,17]. For particles moving more slowly than 

0.01c (more or less the velocity of the outer atomic electrons), 
Lindhard has been quite successful in describing electronic stopping 
power, which is proportional to ~ [18,19]. Finally, we note that at low 
energies, e.g., for protons of less than several hundred eV, non-ionizing 
nuclear recoil energy loss dominates the total energy loss [5,19,20]. 

As shown in ICRU49 [5] (using data taken from Ref. 17), the nuclear 
plus electronic proton stopping power in copper is 113 MeV cm 2 g-1 at 
T = 10 keV, rises to a maximum of 210 MeV cm 2 g-1 at 100-150 keV, 
then falls to 120 MeV cm 2 g-1 at 1 MeV. Above 0.5-1.0 MeV the 
corrected Bethe-Block theory is adequate. 

23.2.3. Fluctuations in energy loss: The quantity (dE/dx)6x is 
the mean energy loss via interaction with electrons in a layer of the 
medium with thickness/~z. For finite 6z, there are fluctuations in the 
actual energy loss. The distribution is skewed toward high values 
(the Landau tail) [1,21]. Only for a thick layer [(dZ/dx)6x > Tmax] is 
the distribution nearly Gaussian. The large fluctuations in the energy 
loss are due to the small number of collisions involving large energy 
transfers. The fluctuations are smaller for the so-called restricted 
energy loss rate, as discussed in Sec. 23.2.5 below. 

23.2.4. Energy loss in miztures and compounds: A mixture or 
compound can be thought of as made up of thin layers of pure 
elements in the right proportion (Bragg additivity). In this case, 

E w i  J (23.5) dx 

where dE/dzlj is the mean rate of energy loss (in MeV g c m  -2) 
in the j t h  element. Eq. (23.1) can be inserted into Eq. (23.5) to 
find expressions for (Z/A), (I) ,  and (~/; for example, (Z/A) = 
~-~wjZj/Aj : ~ n j Z j / ~ n j A j .  However, (I) as defined this way is 
an underestimate, because in a compound electrons are more tightly 
bound than in the free elements, and (6) as calculated this way has 
little relevance, because it is the electron density which matters. 
If possible, one uses the tables given in Refs. 14 and 10, which 
include effective excitation energies and interpolation coefficients for 
calculating the density effect correction for the chemical elements and 
nearly 200 mixtures and compounds. If a compound or mixture is not 
found, then one uses the recipe for/~ given in Ref. 13 (or Ref. 22), and 
calculates (I) according to the discussion in Ref. 9. (Note the "13%" 
rule!) 

23.2.5. Restricted energy loss rates for  relativistic ionizing 
particles: Fluctuations in energy loss are due mainly to the production 
of a few high-energy knock-on electrons. Practical detectors often 
measure the energy deposited, not the energy lost. When energy is 
carried off by energetic knock-on electrons, it is more appropriate to 
consider the mean energy loss excluding energy transfers greater than 

some cutoff Teut. The restricted energy loss rate is 

- ~  T<Teut K z 2 Z ~  [~ l n l  [1 2mec2~272Tupper12 

Tupper 

where Tupper : MIN(Tcut, Tins.x). This form agrees with the equation 
given in previous editions of this Review [23] for Tout << Tmax but 
smoothly joins the normal Bethe-Bloch function (Eq. (23.1)) for 
Tcut> Tmax. 

23.2.6. Energetic knock-on electrons (6 rays): The distribution 
of secondary electrons with kinetic energies T >:> I is given by [1] 

1 F(T) (23.7) d2N _ 1 Kz 2 Z ~2 T 2 
dTdx 2 A 

for I << T _< Tm~, where Tmax is given by Eq. (23.2). The factor F is 
spin-dependent, but is about unity for T << Tm~. For spin-0 particles 
F(T) = (1 -/32T/Tmax); forms for spins 1/2 and 1 are also given 
by Rossi [1]. When Eq. (23.7) is integrated from Teut to Tmax,one 
obtains the difference between Eq. (23.1) and Eq. (23.6). For incident 
electrons, the indistinguishability of projectile and target means that  
the range of T extends only to half the kinetic energy of the incident 
particle. Additional formulae are given in Ref. 24. Equation (23.7) is 
inaccurate for T close to I: for 2I<~T<~ 101, the 1/T 2 dependence 
above becomes approximately T -~,  with 3 ~< y ~< 5 [25]. 

23.2.7, Ionization yields: Physicists frequently relate total energy 
loss to the number of ion pairs produced near the particle's track. 
This relation becomes complicated for relativistic particles due to 
the wandering of energetic knock-on electrons whose ranges exceed 
the dimensions of the fiducial volume. For a qualitative appraisal 
of the nonlocality of energy deposition in various media by such 
modestly energetic knock-on electrons, see Ref. 26. The mean local 
energy dissipation per local ion pair produced, W, while essentially 
constant for relativistic particles, increases at slow particle speeds [27]. 
For gases, W can be surprisingly sensitive to trace amounts of 
various contaminants [27]. Furthermore, ionization yields in practical 
cases may be greatly influenced by such factors as subsequent 
recombination [28]. 

23.3. Multiple scattering through small angles 
A charged particle traversing a medium is deflected by many 

small-angle scatters. Most of this deflection is due to Coulomb 
scattering from nuclei, and hence the effect is called multiple Coulomb 
scattering. (However, for hadronic projectiles, the strong interactions 
also contribute to multiple scattering.) The Coulomb scattering 
distribution is well represented by the theory of Moli~re [29]. It is 
roughly Ganssian for small deflection angles, but at larger angles 
(greater than a few 00, defined below) it behaves like Rutherford 
scattering, having larger tails than does a Gaussian distribution. 

If we define 
1 

_ r m s  _ r m s  ( 2 3 . 8 )  0 0 --  0 plane -- ~ Ospace '  

then it is sufficient for many applications to use a Gaussian approxi- 
mation for the central 98% of the projected angular distribution, with 
a width given by [30,31] 

0 0 -  13.6 M e . . _  V z V / ~ - ~ [  1 + O.0381n(z/Xo)]. (23.9) 
~cp 

Here p, /3c, and z are the momentum, velocity, and charge number 
of the incident particle, and x/Xo is the thickness of the scattering 
medium in radiation lengths (defined below). This value of 00 is from 
a fit to Moli~re distribution [29] for singly charged particles with/3 = 1 
for all Z, and is accurate to 11% or better for 10 -3 ,~ z/Xo ( 100. 

Eq. (23.9) describes scattering from a single material, while the 
usual problem involves the multiple scattering of a particle traversing 
many different layers and mixtures. Since it is from a fit to a Moli~re 
distribution, it is incorrect to add the individual 00 contributions in 
quadrature; the result is systematically too small. It is much more 
accurate to apply Eq. (23.9) once, after finding x and X 0 for the 
combined scatterer. 
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Lynch and Dahl have extended this phenomenological approach, 
fitting Gaussian distributions to a variable fraction of the Moli~re 
distribution for arbitrary scatterers [31], and achieve accuracies of 2% 
or better. 

X Jb 

?'% 

Figure 23.5: Quantities used to describe multiple Coulomb 
scattering. The particle is incident in the plane of the figure. 

The nonprojected (space) and projected (plane) angular distribu- 
tions are given approximately by [29] 

1 [ _ 0~paee 
2~r02 exp ( 20~ df~, (23.10) 

2 
i [ -- 0~lane ] (23.11) 

V'~O--""~ e x p  l 202 J d~plane ' 

where 0 is the deflection angle. In this approximation, 02pace 

(e~l . . . .  + ~plane,y)' where the x and y axes are orthogonal to the 
direction of motion, and dn ~ dOplane, x d~plane,y. Deflections into 
0plane, z and 0plane,y are independent and identically distributed. 

Figure 23.5 shows these and other quantities sometimes used to 
describe multiple Coulomb scattering. They are 

1 0rms 1 
~bplrl~e ---- " ~  plane = ~ e o ,  (23.12) 

rms ~ 1 
Yplane -'~ a~O;~aSne = " ~ x O 0 ,  (23.13) 

rms = zorp~ane = " ~ x O 0  . (23.14) S plane 

All the quantitative estimates in this section apply only in the 
limit of small 0 plrn~e and in the absence of large-angle scatters. The 
random variables s, r  y, and 0 in a given plane are distributed in 
a correlated fashion (see Sec. 28.1 of this Review for the definition 
of the correlation coefficient). Obviously, y ~ xr In addition, y and 
0 have the correlation coefficient Pyo = v~ /2  ~ 0.87. For Monte 
Carlo generation of a joint (y plane, 0plane) distribution, or for other 
calculations, it may be most convenient to work with independent 
Gaussian random-variables (Zl, z2) with mean zero and variance one, 
and then set 

- p~e) / ~ 5  + ~2 p~o~ eo/~ f5 Yplane = Z l ~ O O ( 1  2 1/2 

= Z l  xOO/V'~-b Z2 X 0 0 / 2  ; (23.15)  

0plane ----z2 ~0 �9 (23.16) 

Note that  the second term for y plane equals x 0plane/2 and represents 
the displacement that  would have occurred had the deflection ~plane 
all occurred at the single point x/2. 

For heavy ions the multiple Coulomb scattering has been measured 
and compared with various theoretical distributions [32]. 

2 3 . 4 .  R a d i a t i o n  l e n g t h  a n d  a s s o c i a t e d  q u a n t i t i e s  

In dealing with electrons and photons at high energies, it is 
convenient to measure the thickness of the material in units of the 
radiation length X0. This is the mean distance over which a high- 
energy electron loses all but 1/e of its energy by bremsstrahlung, and is 
the appropriate scale length for describing high-energy electromagnetic 
cascades. Xo has been calculated and tabulated by Y.S. Tsai [33]: 

1 = 4 a r 2 - ~ { Z 2 [ L r a d - f ( Z ) ] +  ZL:rad} (23.17) 
X0 

For A = 1 g mo1-1, 4are2NA/A = (716.408 g cm-2)  -1.  Lra d and 
LIrad are given in Table 23.2. The function f (Z)  is an infinite sum, but 
for elements up to uranium can be represented to 4-place accuracy by 

f (Z)  = a2 [(1 + a2)-1 + 0.20206 

-0.0369 a 2 + 0.0083 a 4 - 0.002 a 6] , (23.18) 

where a = a Z  [34]. 

'1"able 23.2: Tsai's Lra d and L~rad , for use in calculating the 
radiation length in an element using Eq. (23.17). 

! 
Element Z Lrs d Lra d 

H 1 5.31 6.144 
He 2 4.79 5.621 
Li 3 4.74 5.805 
Be 4 4.71 5.924 

Others > 4 ln(184.15 Z - t /3 )  ln(1194 Z -2/3) 

Although it is easy to use Eq. (23.17) to calculate X0, the functional 
dependence on Z is somewhat hidden. Dahl provides a compact fit to 
the data [35]: 

X0 = 716.4 g cm -2 A (23.19) 
z ( z  + 1)ln(287/v~2) 

Results obtained with this formula agree with Tsai's values to better 
than 2.5% for all elements except helium, where the result is about 
5% low. 
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F igu re  23.6: Two definitions of the critical energy Ec. 

The radiation length in a mixture or compound may be approxi- 
mated by 

l /X0 = Z wjlXi , (23.20) 

where wj and Xj  are the fraction by weight and the radiation length 
for the j t h  element. 

An electron loses energy by bremsstrahlung at a rate nearly 
proportional to its energy, while the ionization loss rate varies only 
logarithmically with the electron energy. The critical energy Ec 
is sometimes defined as the energy at which the two loss rates 
are equal [36]. Berger and Seltzer [36] also give the approximation 
Ec = (800 MeV)/(Z + 1.2). This formula has been widely quoted, 
and has been given in previous editions of this Review [23]. Among 
alternate definitions is that of Rossi [1], who defines the critical 
energy as the energy at which the ionization loss per radiation length 
is equal to the electron energy. Equivalently, it is the same as the 
first definition with the approximation [dE/dX[brems ~ E/Xo. These 
definitions are illustrated in the case of copper in Fig. 23.6. 

The accuracy of approximate forms for Ec has been limited by the 
failure to distinguish between gases and solid or liquids, where there 
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F i g u r e  23.7: Electron critical energy for the chemical elements, 
using Rossi's definition [1]. The fits shown are for solids and 
liquids (solid line) and gases (dashed line). The rms deviation 
is 2.2% for the solids and 4.0% for the gases. (Computed with 
code supplied by A. Fass6.) 

is a substantial difference in ionization at the relevant energy because 
of the density effect. We distinguish these two cases in Fig. 23.7. Fits 
were also made with functions of the form a / ( Z  + b) ~, but a was 
essentially unity. 

The transverse development of electromagnetic showers in different 
materials scales fairly accurately with the Molidre radius RM,  given 
by [37,38] 

RM = Xo Es /Ec  , (23.21) 

where Es ~ 21 MeV (see Table 23.1), and the Rossi definition of Ec is 
used. 

In a material containing a weight fraction wj of ' the element with 
critical energy Ecj and radiation length X j ,  the Moli~re radius is 
given by 

1 _ 1 ~-~ w j E c j  (23.22) 
RM Es ~ X j  " 

For very high-energy photons, the total e+e - pair-production cross 
section is approximately 

tr = } ( A / X o N A )  , (23.23) 

where A is the atomic weight of the material and N A is Avogadro's 
number. Equation Eq. (23.23) is accurate to within a few percent 
down to energies as low as 1 GeV. The cross section decreases at 
lower energies, as shown in Fig. 24.4 of this Review. As the energy 
decreases, a number of other processes become important, as is shown 
in Fig. 24.3 of this Review. 

2 3 . 5 .  E l e c t r o m a g n e t i c  c a s c a d e s  

When a high-energy electron or photon is incident on a thick 
absorber, it initiates an electromagnetic cascade as pair production 
and bremsstrahlung generate more electrons and photons with lower 
energy. The longitudinal development is governed by the high-energy 
part  of the cascade, and therefore scales as the radiation length in the 
material. Electron energies eventually fall below the critical energy, 
and then dissipate their energy by ionization and excitation rather 
than by the generation of more shower particles. In describing shower 
behavior, it is therefore convenient to introduce the scale variables 

t = z / X o  

y = E / E c ,  (23.24) 

so that  distance is measured in units of radiation length and energy in 
units of critical energy. 

Longitudinal profiles for an EGS4 [22] simulation of a 30 GeV 
electron-induced cascade in iron are shown in Fig. 23.8. The number 
of particles crossing a plane (very close to Rossi's H function [1]) 
is sensitive to the cutoff energy, here chosen as a total energy of 

0.125 
. . . .  l . . . .  I . . . .  l . . . .  - l O O  

30 GeV electron 
0.I00 ~ _ o o o ~  incident on iron - 80 

aS 

0.075 ~ 
Ooo - 6o .~ 

0.050 4o ~, 

0.025 J =  % ~  _ 20 2; 

0.000 0 5 I0 15 200 

t = dep th  in radia t ion lengths  

F igure  23.8: An EGS4 simulation of a 30 GeV electron- 
induced cascade in iron. The histogram shows fractional energy 
deposition per radiation length, and the curve is a gamma- 
function fit to the distribution. Circles indicate the number of 
electrons with total energy greater than 1.5 MeV crossing planes 
at Xo/2  intervals (scale on right) and the squares the number of 
photons with E _> 1.5 MeV crossing the planes (scaled down to 
have same area as the electron distribution). 

1.5 MeV for both electrons and photons. The electron number falls off 
more quickly than energy deposition. This is because, with increasing 
depth, a larger fraction of the cascade energy is carried by photons. 
Exactly what a calorimeter measures depends on the device, but it 
is not likely to be exactly any of the profiles shown. In gas counters 
it may be very close to the electron number, but in glass (~erenkov 
detectors and other devices with "thick" sensitive regions it is closer 
to the energy deposition (total track length). In such detectors the 
signal is proportional to the "detectable" track length Td, which is 
in general less than the total track length T. Practical devices are 
sensitive to electrons with energy above some detection threshold Ea, 
and T a = TF(Ed /Ec ) .  An analytic form for F(Ed/Ec  ) obtained by 
Rossi [1] is given by Fabjan [39]; see also Amaldi [40]. 

The mean longitudinal profile of the energy deposition in an 
electromagnetic cascade is reasonably well described by a gamma 
distribution [41]: 

(bt)a-le-bt  (23.25) 
= Eo b 

r (a )  

The maximum tmax occurs at (a - 1)/b. We have made fits to shower 
profiles in elements ranging from carbon to uranium, at energies from 
1 GeV to 100 GeV. The energy deposition profiles are well described 
by Eq. (23.25) with 

tmax = (a - 1)/b = 1.0 x (lny + Cj) , j = e , 7 ,  (23.26) 

where Ce = -0 .5  for electron-induced cascades and C 7 = +0.5 for 
photon-induced cascades. To use Eq. (23.25), one finds (a - 1)/b 
from Eq. (23.26) and Eq. (23.24), then finds a either by assuming 
b ~ 0.5 or by finding a more accurate value from Fig. 23.9. The results 
are very similar for the electron number profiles, but there is some 
dependence on the atomic number of the medium. A similar form for 
the electron number maximum was obtained by Rossi in the context 
of his "Approximation B," [1] (see Fabjan's review in Ref. 39), but 
with Ce = -1 .0  and C 7 = -0.5;  we regard this as superseded by the 
EGS4 result. 

The "shower length" X,  = Xo/b is less conveniently parameterized, 
since b depends upon both Z and incident energy, as shown in 
Fig. 23.9. As a corollary of this Z dependence, the number of electrons 
crossing a plane near shower maximum is underestimated using Rossi's 
approximation for carbon and seriously overestimated for uranium. 
Essentially the same b values are obtained for incident electrons and 
photons. For many purposes it is sufficient to take b ~ 0.5. 

The gamma distribution is very fiat near the origin, while the 
EGS4 cascade (or a real cascade) increases more rapidly. As a result 
Eq. (23.25) fails badly for about the first two radiation lengths; it was 
necessary to exclude this region in making fits. 
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F i g u r e  23.9: Fit ted values of the scale factor b for energy 
deposition profiles obtained with EGS4 for a variety of elements 
for incident electrons with 1 < E0 < 100 GeV. Values obtained 
for incident photons are essentially the same. 

Because fluctuations are important ,  Eq. (23.25) should be used only 
in applications where average behavior is adequate. Gr indhammer  
et al. have developed fast s imulation algorithms in which the variance 
and correlation of a and b are obtained by fitting Eq. (23.25) to 
individually simulated cascades, then generating profiles for cascades 
using a and b chosen from the correlated distributions [42]. 

Measurements  of the lateral distribution in electromagnetic 
cascades are shown in Refs. 37 and 38. On the average, only 10% 
of the energy lies outside the cylinder with radius R M. About 
99% is contained inside of 3.SRM, but at this radius and beyond 
composition effects become important  and the scaling with RM fails. 
The distr ibutions are characterized by a narrow core, and broaden as 
the shower develops. They are often represented as the sum of two 
Gaussians,  and Gr indhammer  [42] describes them with the function 

2r R 2 
f ( r )  : (r 2 + R2)2 , (23.27) 

where R is a phenomenological function of x/Xo and In E. 

2 3 , 6 .  M u o n  e n e r g y  l o s s  a t  h i g h  e n e r g y  

At sufficiently high energies, radiative processes become more 
important  than  ionization for all charged particles. For muons and 
pions in materials such as iron, this "critical energy" occurs at 
several hundred GeV. Radiative effects dominate the energy loss of 
energetic muons found in cosmic rays or produced at the newest 
accelerators. These processes are characterized by small cross sections, 
hard spectra, large energy fluctuations, and the associated generation 
of electromagnetic and (in the case of photonuclear interactions) 
hadronic showers [45-53]. As a consequence, at these energies the 
t reatment  of energy loss as a uniform and continuous process is for 
many purposes inadequate. 

It is convenient to write the average rate of muon energy loss 
as [43] 

-dE/dx = a(E) + b(E) E .  (23.28) 

Here a(E) is the ionization energy loss given by Eq. (23.1), and 
b(E) is the sum of e+e - pair production, bremsstrahlung,  and 
photonuclear contributions. To the approximation that  these slowly- 
varying functions are constant,  the mean  range xo of a muon with 
initial energy E0 is given by 

x0 ~ (1/b)tn(1 + EoIE,uc), (23.29) 

where E#c = a/b. Figure 23.10 shows contributions to b(E) for iron. 
Since a(E) ~ 0.002 GeV g ,1  cm 2, b(E)E dominates the energy loss 
above several hundred GeV, where b(E) is nearly constant. The rate 
of energy loss for muons  in hydrogen, uranium, and iron is shown in 
Fig. 23.11 [44]. 
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F i g u r e  23.10" Contributions to the fractional energy loss by 
muons in iron due to e+e - pair production, bremsstrahlung,  and 
photonuclear interactions, as obtained from Lohmann  et aL [44]. 
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F i g u r e  23.11: The average energy loss of a muon in hydrogen, 
iron, and uranium as a function of muon energy. Contributions 
to dE/dx in iron from ionization and the processes shown in 
Fig. 23.10 are also shown. 

The "muon critical energy" E~c can be defined more exactly as the 
energy at which radiative and ionization losses are equal, and can be 
found by solving E~c = a(E~c)/b(E~c). This  definition corresponds 
to the solid-line intersection in Fig. 23.6, and is different from the 
Rossi definition we used for electrons. It serves the same function: 
below E~c ionization losses dominate,  and above E~c dominate.  The 
dependence of E~c on atomic number  Z is shown in Fig. 23.12. 

The radiative cross sections are expressed as functions of the 
fractional energy loss v. The bremsst rahlung cross section goes 
roughly as 1/v over most of the range, while for the pair production 
case the distribution goes as v -3  to v -2  (see Ref. 55). "Hard" losses 
are therefore more probable in bremsstrahlung,  and in fact energy 
losses due to pair production may very nearly be treated as continuous. 
The calculated momen tum distribution of an incident 1 TeV/c muon 
beam after it crosses 3 m of iron is shown in Fig. 23.13. The most  
probable loss is 9 GeV, or 3.8 MeV g - l cm2 .  The full width at half 
m a x i m u m  is 7 GeV/c, or 0.7%. The radiative tail is almost entirely 
due to bremsstrahlung; this includes most of the 10% that  lost more 
than  2.8% of their energy. Most of the 3.3% that  lost more than  10% of 
their incident energy experienced photonuclear interactions, which are 
concentrated in rare, relatively hard collisions. The latter can exceed 
nominal  detector resolution [56], necessitating the reconstruction 
of lost energy. Electromagnetic and hadronic cascades in detector 
materials can obscure muon tracks in detector planes and reduce 
tracking efficiency [57]. 
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F i g u r e  23.12: Muon critical energy for the chemical elements, 
defined as the energy at which radiative and ionization energy 
loss rates are equal. The equality comes at a higher energy for 
gases than for solids or liquids with the same atomic number 
because of a smaller density effect reduction of the ionization 
losses. The fits shown in the figure exclude hydrogen. Alkali 
metals fall 3-4% above the fitted function for alkali metals, while 
most other solids are within 2% of the function. Among the 
gases the worst fit is for neon (1.4% high). (Courtesy of N.V. 
Mokhov and S.I. Striganov.) 
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F igu r e  23.13: The momentum distribution of 1 TeV/c muons 
after traversing 3 m of iron, as obtained with Van Ginniken's 
TRAMU muon transport code [55]. 

2 3 . 7 .  C e r e n k o v  a n d  t r a n s i t i o n  r a d i a t i o n  [4,58,59] 

A charged particle radiates if its velocity is greater than the 
local phase velocity of light (Cerenkov radiation) or if it crosses 
suddenly from one medium to another with different optical properties 
(transition radiation). Neither process is important for energy loss, 
but both are used in high-energy physics detectors. 

Cerenkov Radiation. The half-angle 0c of the Cerenkov cone for a 
particle with velocity/~e in a medium with index of refraction n is 

0c = arccos(1/n~) 
~/2(1 - 1/n~) for small 0c, e.g. in gases. (23.30) 

The threshold velocity/3t is 1/n, and 7t = 1/(1 - ~2)1/~. Therefore, 
~t~/t = 1/(2~ + ~2)1/2, where ~ = n - 1. Values of ~ for various 
commonly used gases are given as a function of pressure and 
wavelength in Ref. 60. For values at atmospheric pressure, see 
Table 6.1. Data for other commonly used materials are given in 
Ref. 61. 

The number of photons produced per unit path length of a particle 
with charge ze and per unit energy interval of the photons is 

d 2 N a z  2 a2z2 ( ~ )  
dEdz hc sin2 0c = - -  1 re t n e C  2 

370sin 2 0c(E) e V - l c m  -1 (z = 1) , (23.31) 

or, equivalently, 

dzdA = ~ 1 -  . (23.32) 

The index of refraction is a function of photon energy E, as is t h e  
sensitivity of the transducer used to detect the light. For practical use, 
Eq. (23.31) must be multiplied by the the transducer response function 
and integrated over the region for which/3 n(E) > 1. Further details 
are given in the discussion of Cerenkov detectors in the Detectors 
section (Sec. 25 of this Review). 

Transition Radiation. The energy radiated when a particle with 
charge ze crosses the boundary between vacuum and a medium with 
plasma frequency wp is 

I = az27?u.~p/3, (23.33) 

where 

= ?4~rNea 3 2 x 13.6 eV .  (23.34) 
m 

Here Ne is the electron density in the medium, re is the classical 
electron radius, and a ~  is the Bohr radius. For styrene and similar 
materials, ~ ~ 0.8, so that  rump ~ 20 eV. The typical emission 
angle is 1/7. 

The radiation spectrum is logarithmically divergent at low energies 
and decreases rapidly for ?u~/'yhwp > 1. About half the energy is 
emitted in the range 0.1 < hw/,~hwp _< 1. For a particle with 7 = 103, 
the radiated photons are in the soft x-ray range 2 to 20 eV. The 7 
dependence of the emitted energy thus comes from the hardening of 
the spectrum rather than from an increased quantum yield. For a 
typical radiated photon energy of 7fuvp/4, the quantum yield is 

1 ~2~_~p/-y_~p 
N ~  3 / 4 

~olz 2 ~ 0.5% x z 2 . (23.35) 

More precisely, the number of photons with energy hw > rue 0 is 
given by [4] 

NT(~u~ > ~ 0 )  = - 1 /  + , (23.36) 

within corrections of order (~0/7?~.vp) 2. The number of photons 
above a fixed energy hw 0 << ,~hwp thus grows as (lnT) 2, but the number 
above a fixed fraction of 7hwp (as in the example above) is constant. 
For example, for fiw > 7hwp/10, N 7 = 2.519az2/~r = 0.59% x z 2. 

The yield can be increased by using a stack of plastic foils with 
gaps between. However, interference can be important, and the soft 
x rays are readily absorbed in the foils. The first problem can be 
overcome by choosing thicknesses and spacings large compared to the 
"formation length" D = 7c/wp, which in practical situations is tens 
of ~m. Other practical problems are discussed in Sec. 25. 

R e f e r e n c e s :  

1. B. Rossi, High Energy Particles, Prentice-Hall, Inc., Engiewood 
Cliffs, NJ, 1952. 

2. U. Fano, Ann. Rev. Nucl. Sci. 13, 1 (1963). 

3. W.H. Barkas and M.J. Berger, Tables of Energy Losses and 
Ranges of Heavy Charged Particles, NASA-SP-3013 (1964). 

4. J.D. Jackson, Classical Electrodynamies, 3rd edition, (John Wiley 
& Sons, New York, 1998). 

5. "Stopping Powers and Ranges for Protons and Alpha Particles," 
ICRU Report No. 49 (1993). 

6. J.D. Jackson, "Effect of Form Factor on dE/dz from Close 
Collisions," Particle Data Group Note PDG-93-04 (19 October 
1993) (unpublished). 



23.  P a s s a g e  o f  p a r t i c l e s  t h r o u g h  m a t t e r  151 

7. "Stopping Powers for Electrons and Positrons," ICRU Report 
No. 37 (1984). 

8. ht tp ://physics .n is t .  gov/PhysRefDat a/IrayMassCoef/t abl .html. 

9. S.M. Seltzer and M.J. Berger, Int. J. of Applied Rad. 33, 1189 
(1982). 

10. S.M. Seltzer and M.J. Berger, Int. J. of Applied Rad. 35, 665 
(1984). This paper corrects and extends the results of Ref. 9. 

11. R.M. Sternheimer, Phys. Rev. 8g, 851 (1952). 

12. A. Crispin and G.N. Fowler, Rev. Mod. Phys. 42,290 (1970). 

13. R.M. Sternheimer and R.F. Peierls, Phys. Rev. BJ,  3681 .(1971). 

14. R.M. Sternheimer, S.M. Seltzer, and M.J. Berger, "The Density 
Effect for the Ionization Loss of Charged Particles in Various 
Substances," Atomic Data & Nucl. Data Tables 30, 261 (1984). 
An error resulting from an incorrect chemical formula for 
lanthanum oxysulfide is corrected in a footnote in Ref. 10. 
Chemical composition for the tabulated materials is given in 
Res 9. 

15. W.H. Barkas, W. Birnbaum, and F.M. Smith, Phys. Rev. 101, 
778 (1956). 

16. M. Agnello et al., Phys. Rev. Lett. 74, 371 (1995). 

17. H.H. Andersen and J.F. Ziegler, Hydrogen: Stopping Powers and 
Ranges in All Elements. Vol. 3 of The Stopping and Ranges of 
Ions in Matter (Pergamon Press 1977). 

18. J. Lindhard, Kgl. Danske Videnskab. Selskab, Mat.-Fys. Medd. 28, 
No. 8 (1954). 

19. J. Lindhard, M. Scharff, and H.E. Schiett, Kgl. Danske Videnskab. 
Selskab, Mat.-Fys. Medd. 311, No. 14 (1963). 

20. J.F. Ziegler, J.F. Biersac, and U. Littmark, The Stopping and 
Range of Ions in Solids, Pergamon Press 1985. 

21. L.D. Landau, J. Exp. Phys. (USSR) 8, 201 (1944); See, for 
instance, K.A. Ispirian, A.T. Margarian, and A.M. Zverev, Nucl. 
Instrum. Methods 117, 125 (1974). 

22. W.R. Nelson, H. Hirayama, and D.W.O. Rogers, "The EGS4 
Code System," SLAC-265, Stanford Linear Accelerator Center 
(Dec. 1985). 

23. K. Hikasa et al., Review of Particle Properties, Phys. Rev. D46 
(1992) Sl. 

24. For unit-charge projectiles, see E.A. Uehling, Ann. Rev. Nucl. Sci. 
4, 315 (1954). For highly charged projectiles, see J.A. Doggett 
and L.V. Spencer, Phys. Rev. 103, 1597 (1956). A Lorentz 
transformation is needed to convert these center-of-mass data to 
knock-on energy spectra. 

25. N.F. Mott and H.S.W. Massey, The Theory of Atomic Collisions, 
Oxford Press, London, 1965. 

26. L.V. Spencer "Energy Dissipation by Fast Electrons," Nat'l 
Bureau of Standards Monograph No. 1 (1959). 

27. "Average Energy Required to Produce an Ion Pair," ICRU Report 
No. 31 (1979). 

28. N. Hadley et al., "List of Poisoning Times for Materials," 
Lawrence Berkeley Lab Report TPC-LBL-79-8 (1981). 

29. H.A. Bethe, Phys. Rev. 89, 1256 (1953). A thorough review of 
multiple scattering is given by W.T. Scott, Rev. Mod. Phys. 
115, 231 (1963). However, the data of Shen et al., (Phys. Rev. 
D29, 1584 (1979)) show that Bethe's simpler method of including 
atomic electron effects agrees better with experiment that does 
Scott's treatment. For a thorough discussion of simple formulae 
for single scatters and methods of compounding these into 
multiple-scattering formulae, see W.T. Scott, Rev. Mod. Phys. 
35, 231 (1963). For detailed summaries of formulae for computing 
single scatters, see J.W. Motz, H. Olsen, and H.W. Koch, Rev. 
Mod. Phys. 116, 881 (1964). 

30. V.L. Highland, Nucl. Instrum. Methods 129, 497 (1975), and 
Nucl. Instrum. Methods 161,171 (1979). 

31. G.R. Lynch and O.I Dahl, Nuel. Instrum. Methods B58, 6 (1991). 

32. M. Wong et al., Med. Phys. 17, 163 (1990). 

33. Y.S. Tsai, Rev. Mod. Phys. 46, 815 (1974). 

34. H. Davies, H.A. Bethe, and L.C. Maximon, Phys. Rev. 93, 788 
(1954). 

35. O.I. Dahl, private communication. 

36. M.J. Berger and S.M. Seltzer, "Tables of Energy Losses and 
Ranges of Electrons and Positrons," National Aeronautics and 
Space Administration Report NASA-SP-3012 (Washington DC 
1964). 

37. W.R. Nelson, T.M. Jenkins, R.C. McCall, and J.K. Cobb, Phys. 
Rev. 149, 201 (1966). 

38. G. Bathow et aL, Nucl. Phys. B20, 592 (1970). 

39. Experimental Techniques in High Energy Physics, ed. by T. Ferbel 
(Addision-Wesley, Menlo Park CA 1987). 

40. U. Amaldi, Phys. Scripta 23, 409 (1981). 

41. E. Longo and I. Sestili, Nucl. Instrum. Methods 128, 283 (1975). 

42. G. Grindhammer et al., in Proceedings of the Workshop on 
Calorimetry for the Supercollider, Tuscaloosa, AL, March 13-17, 
1989, edited by R. Donaldson and M.G.D. Gilchriese (World 
Scientific, Teaneck, N J, i989), p. 151. 

43. P.H. Barrett, L.M. Boltinger, G. Cocconi, Y. Eisenberg, and 
K. Greisen, Rev. Mod. Phys. 24, 133 (1952). 

44. W. Lohmann, R. Kopp, and R. Voss, "Energy Loss of Muons in 
the Energy Range 1-10000 GeV," CERN Report 85-03 (1985). 

45. H.A. Bethe and W. Heitler, Proc. Roy. Soc. A146, 83 (1934); 
H.A. Bethe, Proc. Cambridge Phil. Soc. 30, 542 (1934). 

46. A.A. Petrukhin and V.V. Shestakov, Can. J. Phys. 46, $377 
(1968). 

47. V.M. Galitskii and S.R. Kel'ner, Soy. Phys. JETP 25, 948 (1967). 

48. S.R. Kel'ner and Yu.D. Kotov, Sov. J. Nucl. Phys. 7, 237 (1968). 

49. R.P. Kokoulin and A.A. Petrukhin, in Proceedings of the 
International Conference on Cosmic Rays, Hobart, Australia, 
August 16-25, 1971, Vol. 4, p. 2436. 

50. A.I. Nikishov, Sov. J. Nucl. Phys. 27, 677 (1978). 

51. Y.M. Andreev et al., Phys. Atom. Nucl. 57, 2066 (1994). 

52. L.B. Bezrukov and E.V. Bugaev, Sov. J. Nucl. Phys. 33, 635 
(1981). 

53. N.V. Mokhov, J.D. Cossairt, Nucl. Instrum. Methods A244, 349 
(1986); 

N.V. Mokhov, Soviet J. Particles and Nuclei (Sept.-Oct. 1987) 
408-426; 

N.V. Mokhov, "The MARS Code System User's Guide, Version 
13(95)," Fermilab-FN-628, (April 1995). 

54. L.B. Bezrukov and E.V. Bugaev, Soy. J. Nuel. Phys. 33, 635 
(1981). 

55. A. Van Ginneken, Nuel. Instrum. Methods A251, 21 (1986). 

56. U. Becker et al., Nucl. Instrum. Methods A253, 15 (1986). 

57. 3.3. Eastman and S.C. Loken, in Proceedings of the Workshop on 
Experiments, Detectors, and Experimental Areas for the Supercol- 
lider, Berkeley, CA, July 7-17, 1987, edited by R. Donaldson and 
M.G.D. Gilchriese (World Scientific, Singapore, 1988), p. 542. 

58. Methods of Experimental Physics, L.C.L. Yuan and C.-S. Wu, 
editors, Academic Press, 1961, Vol. 5A, p. 163. 

59. W.W.M. Allison and P.R.S. Wright, "The Physics of Charged 
Particle Identification: dE/dx, Cerenkov Radiation, and Tran- 
sition Radiation," p. 371 in Experimental Techniques in High 
Energy Physics, T. Ferbel, editor, (Addison-Wesley 1987). 

60. E.R. Hayes, R.A. Schluter, and A. Tamosaitis, "Index and 
Dispersion of Some (~erenkov Counter Gases," ANL-6916 (1964). 

61. T. Ypsilantis, "Particle Identification at Hadron Colliders", 
CERN-EP/89-150 (1989), or ECFA 89-124, 2 661 (1989). 



152 ~ .  Pho ton  and electron a t tenuat ion  

2 4 .  P H O T O N  A N D  E L E C T R O N  I N T E R A C T I O N S  W I T H  M A T T E R  

Revised April 1998 by D.E. Groom (LBNL). 

P h o t o n  A t t e n u a t i o n  L e n g t h  

100 

10 

&-" 1 

0.1 

0.01 
= 
O 

"~ 0.001 

�9 ~ 1 0 - 4  

10 -5  

10 -6  
10 eV 

I I I I I I I I  I I I I I I I I  I I I I I I I I  I I I I I I I I  I I I I I I I I  I I I I I I I i /  I I i I J . . L I 4 1 - -  i i i l i i i H  l ', ' , : : : ' . ~ '  '. '. ' . 1 1 1 1 . [  

. . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . .  . . . . . . .  

. . . . . . . . . . .  : . . . . . . . . . . . . .  : / . . . . . . . .  : /  . . . . . .  .; . . . . . . .  : / : '  . . . . . . . . . .  : . . . . . . . . . . . .  i . . . . . . . . . . . . . . .  i . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  ! . . . . . . . . . .  
/ ; .: Fe ~: Pb : : i 

i /  /."i S i  / / ]  7 i i i : : 
: 7 / ' :  . y / / "  ~z : : : : : 

. . . . . . . . . . .  i . . . . . . . . . .  / -  . . . . . . . .  : / i  ; , , ' " / ? ;  . . . . .  i . . . . . . . . . .  :. . . . . . . . . . . .  :: .............. ~: .......... i . . . . . . . . . . . .  : : :  . . . . . . . . . .  
: / : , : . .  / / . : # "  : : : : : : 

I H  i ,C ""! ////'~"z i : i i i 

i / /  ~ / ' , ' . /  - ,./ ','J : 

. . . . . . .  . . . . . . . . .  / 4 A ~ / l i i / ~ " 7  ' : i ! : 

�9 . i ~ X \ - l - ~ . ; ~ - t  : : : : : i 
....... ...S " -~ ~ ~ . . . .  : .............. ! ......... ............. i ........... i .............. ! ................ ! ................ ! ........ : ............. 

f 

, , , , , , , , I  , , , , , , , , I  , , , , , , , , I  , , , , , , , , 1  , , , , , , , , I  , . . , , . . I  , , , , , , . , I  , , , , , , . I  , , . . , . , . I  , , , , , ,  
100 eV i keV 10 keV 100 keV 1 MeV 10 MeV 100 MeV 1 GeV 10 GeV 100 GeV 

Photon energy 

Figure 24.1: The photon mass attenuation length (or mean free path) A = ll(/l/p) for various elemental absorbers as a function of photon 
energy. The mass attenuation coefficient is D/P, where p is the density. The intensity I remaining after traversal of thickness t (in mass/unit 
area) is given by I -- I0 exp(-t/A). The accuracy is a few percent. For a chemical compound or mixture, 1/heft ~ ~-~ehments W%/~Z, where 
wz is the proportion by weight of the element with atomic number Z. The processes responsible for attenuation are given in Fig. 24.4. Since 
coherent processes are included, not all these processes result in energy deposition. 

The data for 30 eV < E < 1 keV are obtained from h t t p : / / ~ - c x r o . l b l . g o v / o p t i c a l _ c o n s t a n t s  (courtesy of Eric M. Gullikson, LBNL). 
The data for 1 keV < E < 100 GeV are from h t t p : / / p h y s i c s  .mist .gov/PhysRefData, through the courtesy of John H. Hubbell (NIST). 
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Figure 24.2: Probability P that a photon 
interaction will result in conversion to an e+e - 
pair. Except for a few-percent contribution 
from photonuclear absorption around 10 or 20 
MeV, essentially all other interactions in this 
energy range result in Compton scattering off 
an atomic electron. For a photon attenuation 
length ,~ (Fig. 24.1), the probability that a 
given photon will produce an electron pair 
(without first Compton scattering) in thickness 
t of absorber is P[1 - exp(-t/~)].  
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C o n t r i b u t i o n s  to  P h o t o n  Cross  S e c t i o n  in C a r b o n  a n d  L e a d  
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F i g u r e  24.3: Photon total cross sections as a function of energy in carbon and lead, showing the contributions of different processes: 

O'p.e. = Atomic photo-effect (electron ejection, photon absorption) 

aeoherent = Coherent scattering (Rayleigh scattering--atom neither ionized nor excited) 

O'incoherent = Incoherent scattering (Compton scattering off an electron) 

nn = Pair production, nuclear field 

ne = Pair production, electron field 

anur = Photonuclear absorption (nuclear absorption, usually followed by emission of a neutron or other particle) 

From Hubbell, Gimm, and Overb0, J. Phys. Chem. Ref. Data 9, 1023 (80). Data for these and other elements, compounds, and mixtures 
may be obtained from http://phys:i .cs.nist .gov/PhysRefVata.  The photon total cross section is assumed approximately flat for at least two 
decades beyond the energy range shown. Figures courtesy J.H. Hubbell (NIST). 
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F i g u r e  2 4 . 4 :  Fractional energy loss per radiation 
length in lead as a function of electron or positron 
energy. Electron (positron) scattering is considered 
as ionization when the energy loss per collision is 
below 0.255 MeV, and as Moiler (Bhabha) scattering 
when it is above. Adapted from Fig. 3.2 from Messel 
and Crawford, Electron-Photon Shower Distribution 
Function Tables for Lead, Copper, and Air Absorbers, 
Pergamon Press, 1970. Messel and Crawford use 
X0(Pb) = 5.82 g/era 2, but we have modified the 
figures to reflect the value given in the Table of Atomic 
and Nuclear Properties of Materials, namely X0(Pb) 
= 6.4 g/cm 2. The development of electron-photon 
cascades is approximately independent of absorber 
when the results are expressed in terms of inverse 
radiation lengths (i.e., scale on left of plot). 
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25. P A R T I C L E  D E T E C T O R S  

Revised 1997 (see the various sections for authors). 

In this section we give various parameters for common detector 
components. The quoted numbers are usually based on typical devices, 
and should be regarded only as rough approximations for new designs. 
A more detailed discussion of detectors can be found in Ref. 1. 
In Table 25.1 are given typical spatial and temporal resolutions of 
common detectors. 

Table  25.1: Typical detector characteristics. 

Resolution Dead 
Detector Type Accuracy (rms) Time Time 

Bubble chamber 10 to 150 #m 1 ms 50 ms a 
Streamer chamber 300 pm 2/~s 100 ms 
Proportional chamber _~ 300 pm b,c 50 ns 200 ns 
Drift chamber 50 to 300/~m 2 ns d 100 ns 
Scintillator - -  150 ps 10 ns 
Emulsion 1 #m - -  - -  

pitch e ! l 
Silicon strip 3 to 7 

Silicon pixel 2 #m 9 ! ] 

a Multiple pulsing time. 

b 300/~m is for 1 mm pitch. 

c Delay line cathode readout can give • /~m parallel to anode 
wire. 

d For two chambers. 

e The highest resolution ("7") is obtained for small-pitch detectors 
( ~ 25 #m) with pulse-height-weighted center finding. 

] Limited at present by properties of the readout electronics. (Time 
resolution of _~ 15 ns is planned for the SDC silicon tracker.) 

9 Analog readout of 34 #m pitch, monolithic pixel detectors. 

25 .1 .  O r g a n i c  s c i n t i l l a t o r s  

Written October 1995 by K.F. Johnson (FSU). 

Organic scintillators are broadly classed into three types, crystalline, 
liquid, and plastic, all of which utilize the ionization produced by 
charged particles (see the section on "Passage of particles through 
matter" (Sec. 23.2) of this Review) to generate optical photons, usually 
in the blue to green wavelength regions [2]. Plastic scintillators are 
by far the most widely used and we address them primarily; however, 
most of the discussion will also have validity for liquid scintillators 
with obvious caveats. Crystal organic scintillators are practically 
unused in high-energy physics. 

Densities range from 1.03 to 1.20 g cm -3. Typical photon yields 
are about 1 photon per I00 eV of energy deposit E3]. A one-cm-thick 
scintillator traversed by a minimum-ionizing particle will therefore 
yield ~ 2 • 104 photons. The resulting photoelectron signal will 
depend on the collection and transport efficiency of the optical 
package and the quantum efficiency of the photodetector. 

Plastic scintillators do not respond linearly to the ionization 
density. Very dense ionization colunms emit less light than expected 
on the basis of dE~dr for minimum-ionizing particles. A widely 
used semi-empirical model by Birks posits that recombination and 
quenching effects between the excited molecules reduce the light 
yield [9]. These effects are more pronounced the greater the density of 
the excited molecules. Birks' formula is 

dE~dr 
d.~ = -~01 (25.1) 
dz + kB dE/dx  ' 

where .~  is the luminescence, -~0 is the luminescence at low 
specific ionization density, and k B is Birks' constant, which must be 
determined for each scintillator by measurement. 

Decay times are in the ns range; risetimes are much faster. The 
combination of high light yield and fast response time allows the  
possibility of sub-ns timing resolution [4]. The fraction of light emitted 
during the decay "tail" can depend on the exciting particle. This 
allows pulse shape discrimination as a technique to carry out particle 
identification. Because of the hydrogen content (carbon to hydrogen 
ratio ~ 1) plastic scintillator is sensitive to proton recoils from 
neutrons. Ease of fabrication into desired shapes and low cost has 
made plastic scintillators a common detector component. Recently, 
plastic scintillators in the form of scintillating fibers have found 
widespread use in tracking and calorimetry [5]. 

25.1.1. Scint i l la t ion  mechan i sm  : 
Scintillation: A charged particle traversing matter leaves behind it a 
wake of excited molecules. Certain types of molecules, however, will 
release a small fraction ( ~ 3%) of this energy as optical photons. This 
process, scintillation, is especially marked in those organic substances 
which contain aromatic rings, such as polystyrene, polyvinyltoluene, 
and napthalene. Liquids which scintillate include toluene and xylene. 

Fluorescence: In fluorescence, the initial excitation takes place via 
the absorption of a photon, and de-excitation by emission of a 
longer wavelength photon. Fluors are used as "waveshifters" to shift 
scintillation light to a more convenient wavelength. Occurring in 
complex molecules, the absorption and emission are spread out over a 
wide band of photon energies, and have some overlap, that  is, there 
is some fraction of the emitted light which can be re-absorbed [6]. 
This "self-absorption" is undesirable for detector applications because 
it causes a shortened attenuation length. The wavelength difference 
between the major absorption and emission peaks is called the Stokes' 
shift. It is usually the case that the greater the Stokes' shift, the 
smaller the self absorption--thus, a large Stokes' shift  is a desirable 
property for a fluor. 

Ionizationll excitation of base plastic base plastic 

10-8m I I  Forster  energy t ransfer  

pr imary fluor 

i emit  UV, -340  nm (-1% wt /wt  ) 
lO-4m T 

absorb UV photon secondary fluor 

i m y ~  emit  blue, -400  nm (-0.05% wt /wt  ) 

absorb blue photon photodetector 

Figure 25.1: Cartoon of scintillation "ladder" depicting the 
operating mechanism of plastic scintillator. Approximate fluor 
concentrations and energy transfer distances for the separate 
sub-processes are shown. 

Scintillators: The plastic scintillators used in high-energy physics are 
binary or ternary solutions of selected fluors in a plastic base containing 
aromatic rings. (See the appendix in Ref. 7 for a comprehensive list 
of plastic scintillator components.) Virtually all plastic scintillators 
contain as a base either polyvinyltoluene, polystyrene, or acrylic, 
whereby polyvinyltoluene-based scintillator can be up to 50% brighter 
than the others. Acrylic is non-aromatic and has therefore a very 
low scintillation efficiency. It becomes an acceptable scintillator when 
napthalene, a highly aromatic compound, is dissolved into the acrylic 
at 5% to 20% weight fraction. Thus, in "acrylic" scintillator the 
active component is napthalene. The fluors must satisfy additional 
conditions besides being fuorescent. They must be sufficiently stable, 
soluble, chemically inert, fast, radiation tolerant, and efficient. 

The plastic base is the ionization-sensitive (i.e., the scintillator) 
portion of the plastic scintillator (see Fig. 25.1). In the absence of 
fluors the base would emit UV photons with short attenuation length 
(several ram). Longer attenuation lengths are obtained by dissolving 
a "primary" fluor in high concentration (1% by weight) into the 
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base, which is selected to efficiently reradiate absorbed energy at 
wavelengths where the base is more transparent. 

The primary fluor has a second important function. The decay time 
of the scintillator base material can be quite long--in pure polystyrene 
it is 16 ns, for example. The addition of the primary fluor in high 
concentration can shorten the decay time by an order of magnitude 
and increase the total light yield. At the concentrations used (1% and 
greater), the average distance between a fluor molecule and an excited 
base unit is around 100 -~, much less than a wavelength of light. At 
these distances the predominant mode of energy transfer from base to 
fluor is not the radiation of a photon, but a resonant dipole-dipole 
interaction, first described by Foerster, which strongly couples the 
base and fluor [8]. The strong coupling sharply increases the speed 
and the light yield of the plastic scintillators. 

Unfortunately, a fluor which fulfills other requirements is usually 
not completely adequate with respect to emission wavelength or 
attenuation length, so it is necessary to add yet another waveshifter 
(the "secondary" fluor), at fractional percent levels, and ocassionally 
a third (not shown in Fig. 25.1). 

External wavelength shifters: Light emitted from a plastic scintillator 
may be absorbed in a (nouscintillating) base doped with a waveshifting 
fluor. Such wavelength shifters are widely used to aid light collection 
in complex geometries. The wavelength shifter must be insensitive to 
ionizing radiation and ~erenkov light. A typical wavelength shifter 
uses an acrylic base (without napthalene!) because of its good optical 
qualities, a single fiuor to shift the light emerging from the plastic 
scintillator to the blue-green, and contains ultra-violet absorbing 
additives to deaden response to (~erenkov light. 

25,1.2.  Caveats and cautions: Plastic scintillators are reliable, 
robust, and convenient. However, they possess quirks to which the 
experimenter must be alert. 

Aein~ and Handling: Plastic scintillators are subject to aging which 
diminishes the light yield. Exposure to solvent vapors, high tempera- 
tures, mechanical flexing, irradiation, or rough handling will aggravate 
the process. A particularly fragile region ijs the surface which can 
"craze"--develop microcracks--which rapidly destroy the capability 
of plastic scintillators to transmit light by total internal refection. 
Crazing is particularly likely where oils, solvents, or fingerprints have 
contacted the surface. 

Attenuation length: The Stokes' shift is not the only factor deter- 
mining attenuation length. Others are the concentration of fluors 
(the higher the concentration of a fluor, the greater will be its self- 
absorption); the optical clarity and uniformity of the bulk material; 
the quality of the surface; and absorption by additives, such as 
stabilizers, which may be present. 

Afterglow: Plastic scintillators have a long-lived luminescence which 
does not follow a simple exponential decay. Intensities at the 10 -4 
level of the initial fuorescence can persist for hundreds of ns [10]. 

At~0sphcric auenchin~: Plastic scintillators will decrease their light 
yield with increasing partial pressure of oxygen. This can be a 10% 
effect in an artificial atmosphere [11]. It is not excluded that other 
gasses may have similar quenching effects. 

Magnetic field: The light yield of plastic scintillators may be changed 
by a magnetic field. The effect is very nonlinear and apparently not 
all types of plastic scintillators are so affected. Increases of .~ 3% at 
0.45 T have been reported [12]. Da t a  are sketchy and mechanisms are 
not understood. 

Radiation damage: Irradiation of plastic scintillators creates color 
centers which absorb light more strongly in the UV and blue than 
at longer wavelengths. This poorly understood effect appears as 
a reduction both of light yield and attenuation length. Radiation 
damage depends not only on the integrated dose, but on the dose rate, 
atmosphere, and temperature, before, during and after irradiation, as 
well as the materials properties of the base such as glass transition 
temperature, polymer chain length, etc. Annealing also occurs, 

accelerated by the diffusion of atmospheric oxygen and elevated 
temperatures. The phenomena are complex, unpredictable, and not 
well understood [13]. Since color centers are less intrusive at longer 
wavelengths, the most reliable method of mitigating radiation damage 
is to shift emissions at every step to the longest practical wavelengths, 
e.g., utilize fuors with large Stokes' shifts. 

25 .2 .  I n o r g a n i c  s c i n t i l l a t o r s  

Written October 1995 by C.L. Woody (BNL). 

Table 25.2 gives a partial list of commonly-used inorganic 
scintillators in high-energy and nuclear physics [14-21]. These 
scintillating crystals are generally used where high density and good 
energy resolution are required. In a crystal which contains nearly 
all of the energy deposited by an incident particle, the energy 
resolution is determined largely, but not totally, by the light output. 
The table gives the light output of the various materials relative 
to NaI, which has an intrinsic light output of about 40000 photons 
per MeV of energy deposit. The detected signal is usually quoted in 
terms of photoelectrons per MeV produced by a given photodetector. 
The relationship between photons/MeV produced and p.e.'s/MeV 
detected involves factors for light collection effciency (typically 
10-50%, depending on geometry) and the quantum efficiency of 
the detector (~ 15-20~ for photomultiplier tubes and ~ 70% for 
silicon photodiodes for visible wavelengths ). The quantum effificiency 
of the detector is usually highly wavelength dependent and should 
be matched to the particular crystal of interest to give the highest 
quantum yield at the wavelength corresponding to the peak of the 
scintillation emission. The comparison of the light output given in 
Table 25.2 is for a standard photomultiplier tube with a bialkali 
photocathode. Results with photodiodes can be significantly different; 
e.g., the CsI(TI) response relative to NaI(T1) is 1.4 rather than 
0.40 [21]. For scintillators which emit in the UV, a detector with a 
quartz window should be used. 

25 .3 .  ( ~ e r e n k o v  d e t e c t o r s  

Written October 1993 by D.G. Coyne (UCSC). 

~erenkov detectors utilize one or more of the properties of Cerenkov 
radiation discussed in the Passages of Particles through Matter section 
(Sec. 23 of this Review): the existence of a threshold for radiation; 

the dependence of the (~erenkov cone half-angle 0c on the velocity 
of the particle; the dependence of the number of emitted photons on 
the particle's velocity. The presence of the refractive index n in the 
relations allows tuning these quantities for a particular experimental 
application (e.g., using pressurized gas and/or various liquids as 
radiators). 

The number of photoelectrons (p.e.'s) detected in a given device or 
channel is 

~2Z2 / 
Np.e. = L="-~- '~ 2 ecoll(E) edet(E) sin 2 Oc(E)dE , (25.2) 

re meC 

where L is the path length in the radiator, eco u is the efficiency 
for collecting the (~erenkov light, edet is the quantum efficiency of 
the transducer (photomultiplier or equivalent), and ~2/(re raeC 2) --- 
370 cm-leV -1. The quantities coon, edet, and 8c are all functions of 
the photon energy E, although in typical detectors 0c (or, equivalently, 
the index of refraction) is nearly constant over the useful range of 
photocathode sensitivity. In this case, 

Np.e. ~ LNo/ s in2  0c) (25.3) 

with 
~2 Z2 

/ ecoll edetdE (25.4) NO : re meC -------~ _ 

We take z = 1, the usual case in high-energy physics, in the following 
discussion. 

Threshold ~erenkov detectors make a simple yes/no decision based on 
whether the particle is above/below the (~erenkov threshold velocity 
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Table 25.2: Properties of several inorganic crystal scintillators. 

NaI(T1) BGO BaF 2 CsI(T1) CsI(pure) PbWO4 CeF3 

Density (g cm-3): 
3.07 7.13 4.89 4.53 4.53 8.28 6.16 

Radiation length (cm): 
2.59 1.12 2.05 1.85 1.85 0.89 1.68 

Molihre radius (cm): 
4.5 2.4 3.4 3.8 3.8 2.2 2.6 

dE/d:c  ( M e V / c m )  (per  mlp): 
4.8 9.2 6.6 5.6 5.6 13.0 7.9 

Nucl. int. length (cm): 
41.4 22.0 29.9 36.5 36.5 22.4 25.9 

Decay time (ns): 
250 300 0.71 1000 10, 361 5-15 10-30 

620 s ~ 1000 s 

Peak emission A (nm): 
410 480 2201 565 3051 440-500 310-340 

310 s ~ 480 s 

Refractive index: 
1.85 2.20 1.56 1.80 1.80 2.16 1.68 

Relative light output:* 
1.00 0.15 0.05 / 0.40 0.10 / 0.01 0.10 

0.20 s 0.02 s 

Hygroscopic: 
very no slightly somewhat somewhat no no 

* For standard photomultiplier tube with a bialkali photocathode. 
See Ref. 21 for photodiode results. 

f = fast component, s -- slow component 

f~t = 1/n. Careful designs give (ecoll) ~> 90%. For a photomultiplier 
with a typical bialkali cathode, f edetdE ~ 0.27, so that 

Np.e./L ~ 90 em - I  <sin 20c> (i.e., No = 90 cm-1) . (25.5) 

Suppose, for example, that n is chosen so that the threshold for species 
a is Pt; that is, at this momentum species a has velocity/~a = 1In. A 
second, lighter, species b with the same momentum has velocity f~b, so 
COS0c = ~a/~b, and 

Np.e. 2 2 
90 cm -1 ma -- mb (25.6) 

L 2 2 ' Pt + ma 

For Kl~r separation at p = 1 GeV/c, Np.e.lL ~ 16 cm -1 for 7r's and 
(by design) 0 for K's. 

For limited path lengths Np.e. can be small, and some minimum 
number is required to trigger external electronics. The overall 
efficiency of the device is controlled by Poisson fluctuations, which can 
be especially critical for separation of species where one particle type 
is dominant [22]. 

A related class of detectors uses the number of observed 
photoelectrons (or the calibrated pulse height) to discriminate between 
species or to set probabilities for each particle species [23]. 

Differential (~erenkov detectors exploit the dependence of 0c on/~, 
using optical focusing and/or geometrical masking to select particles 
having velocities in a specified region. With careful design, a velocity 
resolution of a~/f~ ~ 10-4-10 -5 can be obtained [22,24]. 

Rin~-Ima~in~ (~erenkov detectors use all three properties of (~erenkov 
radiation in both small-aperture and 4~r geometries. They are 

principally used as hypothesis-testing rather than yes/no devices; that 
is, the probability of various identification possibilities is established 
from 0c and Np.e. for a particle of known momentum. In most cases 
the optics map the (~erenkov cone onto a circle at the photodetector, 
often with distortions which must be understood. 

The 41r devices [25,26] typically have both liquid (C6F14, n = 1.276) 
and gas (C5F12, n = 1.0017) radiators, the light from the latter being 
focused by mirrors. They achieve 3 a separation of e/Tr/K/p over wide 
ranges, as shown in Table 25.3. Great attention to detail, especially 
with the minimization of UV-absorbing impurities, is required to get 
(~con) > 50%. 

Table 25.3: Momentum range for 3a separation in the SLD 
ring-imaging (~erenkov detector. 

Particle pair Morn. range for 3 ~ separation 

e/Tr p ~< 5 GeV/c 
~r/K 0.23 ~<p~< 20 GeV/c 
KiP  0.82 < p  < 30 GeV/c 

The phototransducer is typically a TPC/wire-chamber combination 
sensitive to single photoelectrons and having charge division or 
pads. This construction permits three-dimensional reconstruction 
of photoelectron origins, which is important for transforming the 
Cerenkov cone into a ring. Single photoelectrons are generated by 
doping the TPC gas (for instance, ethane/methane in some proportion) 
with ~ 0.05% TMAE [tetrakis(dimethylamino)ethylene] [27], leading 
to photon absorption lengths along the (~erenkov cone of ~, 30 mm. 
The readout wires must be equipped with special structures (blinds 
or wire gates) to prevent photon feedback from avalanches generating 
cross-talk photoelectrons in the TPC. Drift-gas purity must be 
maintained to assure mean drift lengths of the order of meters without 
recombination (i.e., lifetimes of ~ 100 #s at typical drift velocities 
of ~ 4 cm/#s). The net (edet)'s reach 30%, with the limitation being 
the TMAE quantum efficiency. 

Photon energy cutoffs are set by the TMAE (E > 5.4 eV), the 
UV transparency of fused silica glass (E < 7.4 eV), and the C6F14 
(E < 7.1 eV). With effort one gets 50 _~ No ~ 100 for complete rings 
using liquid or gas. This includes losses due to electrostatic shielding 
wires and window/mirror reflections, but not gross losses caused by 
total internal reflection or inadequate coverage by the TPC's. 

Such numbers allow determination of ring radii to ~0.5% (liquid) 
and ~2% (gas), leading to the particle species separations quoted 
above. Since the separation efficiencies may have "holes" as a function 
of p, detailed calculations are necessary. 

25.4.  T r a n s i t i o n  r a d i a t i o n  d e t e c t o r s  ( T R D ' s )  

Revised February 1998 by D. Froidevaux (CERN). 

It is clear from the discussion in the Passages of Particles Through 
Matter section (Sec. 23 of this Review) that transition radiation (TR) 
only becomes useful for particle detectors when the signal can Joe 
observed as x rays emitted along the particle direction for Lorentz 
factors 7 larger than 1000. In practice, TRD's are therefore used to 
provide electron/pion separation for 0.5 GeV/c ~ p ~ 100 GeV/c. 
The charged-particle momenta have usually been measured elsewhere 
in the detector in the past [28]. 

Since soft x rays, in the useful energy range between 2 and 20 keV, 
are radiated with about 1% probability per boundary crossing, 
practical detectors use radiators with several hundred interfaces, 
e.g. foils or fibres of low-Z materials such as polypropylene (or, more 
rarely, lithium) in a gas. Absorption inside the radiator itself and in 
the inactive material of the x-ray detector is important and limits 
the usefulness of the softer x rays, but interference effects are even 
larger, and saturate the x-ray yield for electron energies above a 
few GeV [29,30]. 

A classical detector is composed of several similar modules, each 
consisting of a radiator and an x-ray detector, which is usually a 
wire chamber operated with a xenon-rich mixture, in order efficiently 
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to absorb the x rays. Since transition-radiation photons are mostly 
emitted at very small angles with respect to the charged-particle 
direction, the x-ray detector most often detects the sum of the 
ionization loss (dE/dr) of the charged particle in the gas and energy 
deposition of the x rays. The discrimination between electrons and 
pions can be based on the charges measured in each detection module, 
on the number of energy clusters observed above an optimal threshold 
(usually in the 5 to 7 keV region), or on more sophisticated methods 
analysing the pulse shape as a function of time. Once properly 
calibrated and optimized, most of these methods yield very similar 
results. 

More recent development work has aimed at increasing the intrinsic 
quality of the TRD-performance by increasing the probability per 
detection module of observing a signal from TR-photons produced 
by electrons. This has been achieved experimentally by distributing 
small-diameter straw-tube detectors uniformly throughout the 
radiator material [31]. This method has thereby also cured one 
of the major drawbacks of more classical TRD's, that is, their 
need to rely on another detector to measure the charged-particle 
trajectory. For example, in the straw tracker proposed for one of 
the LHC experiments [32], charged particles cross about 40 straw 
tubes embedded in the radiator material. Dedicated R&D work and 
detailed simulations have shown that the combination of charged-track 
measurement and particle identification in the same detector will 
provide a very powerful tool even at the highest LHC luminosity. 

i , , , , , , , [ a Electron efficiency = 90% o NA34 (HELIOS) 
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F igu re  25.2: Pion efficiency measured (or predicted) for 
different TRDs as a function of the detector length for a fixed 
electron efficiency of 90%. The experimental data are directly 
taken or extrapolated from references [33--45] (top to bottom). 

The major factor in the performance of any TRD is its overall 
length. This is illustrated in Fig. 25.2, which shows, for a variety 
of detectors, the measured (or predicted) pion efficiency at a fixed 
electron efficiency of 90% as a function of the overall detector length. 
The experimental data  cover too wide a range of particle energies 
(from a few GeV to 40 GeV) to allow for a quantitative fit to 
a universal curve. Fig. 25.2 shows that  an order of magnitude in 
rejection power against pions is gained each time the detector length 
is increased by ~ 20 em. 

2 5 . 5 .  S i l i c o n  p h o t o d i o d e s  a n d  p a r t i c l e  d e t e c t o r s  

Written October 1993 by H.F.W. Sadrozinski (UCSC) and H.G. 
Spieler (LBNL). 

Silicon detectors are p-n junction diodes operated at reverse bias. 
This forms a sensitive region depleted of mobile charge and sets up 
an electric field that  sweeps charge liberated by radiation to the 
electrodes. The thickness of the depleted region is 

W = ~/2~ ( V +  V~) _ 42,,~,e( v + V~) , (25.7) 
u ne 

where V = external bias voltage 

Vb~ = "built-in" voltage (~ 0.8 V for resistivities typically used 
in detectors 

n = doping concentration 

e = electron charge 

e = dielectric constant = 11.9 e0 ~ 1 pF/cm 

p = resistivity (typically 1-10 kfl cm) 

# -- charge carrier mobility 

-- 1350 cm 2 V -1 s -1 for electrons (n-type material) 

-- 450 cm 2 V -I s -I for holes (p-type material) 

or 

W = 0.5 /~m • v ~ V  + V~) for n-type material, (25.8) 

and 

W = 0.3 /~m • ~ Vbi) for p-type material, (25.9) 

where V is in volts and p is in f l cm.  

The corresponding capacitance per unit area is 

1 (25.10) C= ~ ~ l[pF/cm]~ . 

In strip detectors the capacitance is dominated by the strip-to-strip 
fringing capacitance of ~ 1-1.5 pF cm -1 of strip length at a strip 
pitch of 25-50 pm. 

About 3.6 eV is required to create an electron-hole pair. For 
minimum-ionizing particles, the most probable charge deposition in a 
300 #m thick silicon detector is about 4 fC (25000 electrons). Readily 
available photodiodes have quantum efficiences > 70% for wavelengths 
between 600 nm and 1 Dm. UV extended photodiodes have useful 
efficiency down to 200 nm. In applications in which photodiodes 
detect light from scintillators, care must be taken so that signal from 
the scintillator is larger than that produced by particles going through 
the photodiode. 

Collection time decreases with increased depletion voltage, and can 
be reduced further by operating the detector with "overbias," i.e., a 
bias voltage exceeding the value required to fully deplete the device. 
The collection time is limited by velocity saturation at high fields; at 
an average field of 104 V/cm, the collection times is about 15 ps /pm 
for electrons and 30 ps /pm for holes. In typical strip detectors of 
300 #m thickness, electrons are collected within about 8 ns, and holes 
within about 25 ns. 

Position resolution is limited by transverse diffusion during charge 
collection (typically 5 gm for 300 #m thickness) and by knock-on 
electrons. Resolutions of 3-4 pm (rms) have been obtained in beam 
tests. In magnetic fields, the Lorentz drift can increase the spatial 
spread appreciably (see "Hall effect" in semiconductor textbooks). 

Radiation damage occurs through two basic mechanisms: 

1. Bulk damage due to displacement of atoms from their lattice sites. 
This leads to increased leakage current, carrier trapping, and 
changes in doping concentration. Displacement damage depends 
on the nonionizing energy loss, i.e., particle type and energy. The 
dose should be specified as a fiuence of particles of a specific type 
and energy. 

2. Surface damage due to charge build-up in surface layers, which 
leads to increased surface leakage currents. In strip detectors the 
inter-strip isolation is affected. The effects of charge build-up are 
strongly dependent on the device structure and on fabrication 
details. Since the damage is determined directly by the absorbed 
energy, the dose should be specified in these units (rad or Gray). 

The increase in leakage current due to bulk damage is Ai = a r  
per unit volume, where r is the particle fluence and a the damage 
coefficient (a ~ 2 • 10 -17 A/cm for minimum ionizing protons and 
pions after long-term annealing; roughly the same value applies for 
1 MeV neutrons). The doping concentration in n-type silicon changes 
as n = n0exp(-~r  - ~r where no is the initial donor concentration, 
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~ 6 x 1014 cm 2 determines donor removal, and /~ ~ 0.03 cm -1 
describes acceptor creation. This leads to an initial increase in 
resisitivity until type-inversion changes the net doping from n to p. 
At this point the resistivity decreases, with a corresponding increase 
in depletion voltage. The safe operating limit of depletion voltage 
ultimately limits the detector lifetime. Strip detectors have remained 
functional at fiuences beyond 1014 cm -2 for minimum ionizing 
protons�9 At this damage level, charge loss due to recombination and 
trapping also seems to become significant. 

2 5 . 6 .  P r o p o r t i o n a l  a n d  d r i f t  c h a m b e r s  

Proportional chamber wire instability: The limit on the voltage V 
for a wire tension T, due to mechanical effects when the electrostatic 
repulsion of adjacent wires exceeds the restoring force of wire tension, 
is given by (SI units) [46] 

v < ~ c ~ ,  (25.11) 

where s, l, and C are the wire spacing, length, and capacitance per 
unit length. An approximation to C for chamber half-gap t and wire 
diameter d (good for s < t) gives [47] 

V < 59T 1/2 + ~-~ In ~-d , (25.12) 

where V is in kV, and T is in grams-weight equivalent. 

Proportional and drift chamber potentials: The potential distribu- 
tions and fields in a proportional or drift chamber can usually be 
calculated with good accuracy from the exact formula for the potential 
around an array of parallel line charges q (coul/m) along z and located 
at y = 0 ,  x = 0 , + s , + 2 s , . . . ,  

7rz Try 
} . (25.13) 

Errors from the presence of cathodes, mechanical defects, TPC-type 
edge effects, etc., are usually small and are beyond the scope of this 
review. 

2 5 . 7 .  T i m e - p r o j e c t i o n  c h a m b e r s  

Written November 1997 by M.T. Ronan (LBNL). 

Detectors with long drift distances perpendicular to a multi-anode 
proportional plane provide three-dimensional information, with one 
being the time projection. A (typically strong) magnetic field parallel 
to the drift direction suppresses transverse diffusion (a = ~/~-Dt) by a 
factor 

1 
D(B)/D(O) = 1 + w2r 2 ' (25.14) 

where D is the diffusion coefficient, w = e B / m c  is the cyclotron 
frequency, and r is the mean time between collisions. Multiple 
measurements of dE/dz  along the particle trajectory combined wi th  
the measurement of momentum in the magnetic field allows excellent 
particle identification [48], as can be seen in Fig. 25.3. 

A typical gas-filled TPC consists of a long uniform drift region 
(1-2 m) generated by a central high-voltage membrane and precision 
concentric cylindrical field cages within a uniform, parallel magnetic 
field [49]. Details of construction and electron trajectories near the 
anode end are shown in Fig. 25.4. Signal shaping and processing using 
analog storage devices or FADC's allows excellent pat tern recognition, 
track reconstruction, and particle identification within the same 
detector. 

Typical values: 

Gas - Ar + (10-20%) CH4 

E / P  = 100-200 V / c m / a t m  

Vdrif t = 5-7 cm//~s 

crx or y = 100-200 #m 

O ' d E / d  z = 2.5-5.5 % 

Pressure(P) = 1-8.5 atm. 

B = 1-1.5 Tesia 

WT = 1-8 

az = 0.2-1 mm 
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Figure  25.3: PEP4/9-TPC dE/dz  measurements (185 samples 
@8.5 atm Ar-CKI 80-20%) in multlhadron events. The electrons 
reach a Fermi plateau value of 1.4 times minimum. Muons 
from pion decays are separated from pions at tow momentum; 
7r/K are separated over all momenta except in the cross-over 
region. (Low-momentum protons and deuterons originate from 
hadron-nucleus collisions in inner materials such as the beam 
pipe.) 

Truncated mean dE/dz  resolution depends on the number and size 
of samples, and gas pressure: 

adE/d  z oc N -0"43 X (p~)-0.32 . (25.15) 

Here N is the number of samples, l is the sample size, and P is 
the pressure. Typical dE/dz  distributions are shown in Fig. 25.3. 
Good three-dimensional two-track resolutions of about 1-1.5 cm are 
routinely achieved. 

E x B distortions arise from nonparallel E and B fields (see Eq. 2.6 
in Ref. 49), and from the curved drift of electrons to the anode 
wires in the amplification region. Position measurement errors include 
contributions from the anode-cathode geometry, the track crossing 
angle (a), E • B distortions, and from the drift diffusion of electrons 

O. x2 or y = a02 + ~ 2 ( 1  + tan2a)L/Lmax +aa2( t anc t -  t a n r  2 (25.16) . 

where a is the coordinate resolution, a0 includes the anode-cathode 
geometry contribution, r is the Lorentz angle, and L is the drift 
distance. 

Space-charge distortions arise in high-rate environments, especially 
for low values of wr. However, they are mitigated by an effective 
gating grid (Fig. 25.4). Field uniformities of 

i( E •  dz < 0.5-1 r am,  (25.1~) 

over 10-40 m 3 volumes have been obtained. Laser tracks and 
calibration events allow mapping of any remnant drift non-uniformities. 

2 5 . 8 .  C a l o r i m e t e r s  

Electromagnetic calorimeters: The development of electromagnetic 
showers is discussed in the "Passage of Particles Through Matter" 
section (Sec. 23 of this Review). Formulae are given for the 
approximate description of average showers, but since the physics 
of electromagnetic showers is well understood, detailed and reliable 
Monte Carlo simulation is possible. EGS4 has emerged as the 
standard [50]. 
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Table  25.4: Resolution of typical electromagnetic calorimeters. 
E is in GeV. 

Detector Resolution 

NaI(T1) (Crystal Ball [52]; 20 )to) 

Lead glass (OPAL [53]) 

Lead-liquid argon (NA31 [54]; 80 cells: 27 X0, 1.5 mm Pb 
+ 0.6 mm A1 -4- 0.8 mm G10 + 4 mm LA) 

Lead-scintillator sandwich (ARGUS [55], LAPP-LAL [56]) 

Lead-scintillator spaghetti (CERN test module) [57] 

Proportional wire chamber (MAC; 32 cells: 13 X0, 
2.5 mm typemetal + 1.6 mm A1) [58] 
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F igu re  25.4: (a) Drifting electrons are collected on the gating 
grid until gated open by a triggering event. A shielding grid at 
ground potential is used to terminate the drift region. Electrons 
drifting through an open gating grid (b) pass through to the 
amplification region around the anode wires. Positive ions 
generated in the avalanche are detected on segmented cathode 
pads to provide precise measurements along the wire. The slow 
positive ions are blocked from entering the drift region by closing 
the gating grid after the electrons have drifted through. 

The resolution of sampling calorimeters (hadronic and electro- 
magnetic) is usually dominated by sampling fluctuations, leading to 
fractional resolution o'/E scaling inversely as the square root of the 
incident energy. Homogenous calorimeters, such as solid NaI(T1), will 
in general not have resolution varying as 1/v/E. At high energies 
deviations from 1 / v ~  occur because of noise, pedestal fluctuations, 
nonuniformities, calibration errors, and incomplete shower contain- 
ment. Such effects are usually included by adding a constant term to 
a/E,  either in quadrature or (incorrectly) directly. In the case of the 
hadronic cascades discussed below, noncompensation also contributes 
to the constant term. 

In Table 25.4 we give resolution as measured in detectors using 
typical EM calorimeter technologies. In almost all cases the installed 
calorimeters yield worse resolution than test beam prototypes 
for a variety of practical reasons. Where possible actual detector 
performance is given. For a fixed number of radiation lengths, the 
FWHM in sandwich detectors would be expected to be proportional 
to ,r for t (= plate thickness) _> 0.2 radiation lengths [51]. 

Given sufficient transverse granularity early in the calorimeter, 
position resolution of the order of a millimeter can be obtained. 

Hadronic calorimeters [59,60]: The length scale appropriate for 
hadronic cascades is the nuclear interaction length, given very roughly 
by 

A I ~ 35 g cm-2A 1/3 . (25.18) 

Longitudinal energy deposition profiles are characterized by a sharp 
peak near the first interaction point (from the fairly local deposition 
of EM energy resulting from r ~  produced in the first interaction), 
followed by a more gradual development with a maximum at 

x/Ai -- tmax ~ 0.2 ln(E/1 GeV) + 0.7 (25.19) 

as measured from the front of the detector. 

The depth required for containment of a fixed fraction of the 
energy also increases logarithmically with incident particle energy. 
The thickness of iron required for 95% (99%) containment of cascades 
induced by single hadrons is shown in Fig. 25.5 [61]. Two of the sets 
of data are from large neutrino experiments, while the third is from 
a commonly used parametrization. Depths as measured in nuclear 
interaction lengths presumably scale to other materials. From the 
same data it can be concluded that  the requirement that 95% of the 
energy in 95% of the showers be contained requires 40 to 50 cm (2.4 to 
3.0 Al) more material material than for an average 95% containment. 
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F igu re  25.5; Required calorimeter thickness for 95% and 99% 
hadronic cascade containment in iron, on the basis of data from 
two large neutrino detectors and the parametrization of Bock 
et aL [61]. 
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The transverse dimensions of hadronic showers also scale as AI, 
although most of the energy is contained in a narrow core. 

The energy deposit in a hadronic cascade consists of a prompt EM 
component due to 7r ~ production and a slower component mainly due 
to low-energy hadronic activity. In general, these energy depositions 
are converted to electrical signals with different efficiencies [62]. The 
ratio of the conversion efliciencies is usually called the intrinsic e/h 
ratio. If e/h = 1.0 the calorimeter is said to be compensating. If it 
differs from unity by more than 5% or 10%, detector performance is 
compromised because of fluctuations in the r ~ content of the cascades. 
Problems include: 
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a) A skewed signal distribution; 

b) A response ratio for electrons and hadrons (the "e/rr ratio") 
which is different from unity and depends upon energy; 

c) A nonlinear response to hadrons (the response per GeV is 
proportional to the reciprocal of e / r ) ;  

d) A constant contribution to detector resolution, almost propor- 
tional to the degree of noncompensation. The coefficient relating 
the constant term to I1 - e / h  I is 14% according to FLUKA 
simulations, and 21% according to Wigman's calculations [59]. 

In most cases e / h  is greater than unity, particularly if little 
hydrogen is present or if the gate time is short. This is because much 
of the low-energy hadronic energy is "hidden" in nuclear binding 
energy release, low-energy spallation products, etc. Partial correction 
for these losses occurs in a sampling calorimeter with thick plates, 
because a disproportionate fraction of electromagnetic energy is 
deposited in the inactive region. For this reason, a fully sensitive 
detector such as BGO or glass cannot be made compensating. 

Compensation has been demonstrated in calorimeters with 2.5 mm 
scintillator sheets sandwiched between 3 mm depleted uranium 
plates [64] or 10 mm lead plates [65]; resolutions a l E  of 0 . 3 4 / v ~  
and 0 . 4 4 / v ~  were obtained for these cases (E in GeV). The former 
was shown to be linear to within 2% over three orders of magnitude 
in energy, with approximately Gaussian signal distributions. 

2 5 . 9 .  M e a s u r e m e n t  o f  p a r t i c l e  m o m e n t a  i n  a u n i -  
f o r m  m a g n e t i c  f i e l d  [71,72] 

The trajectory of a particle with momentum p (in GeV/c) and 
charge ze  in a constant magnetic field B is a helix, with radius 
of curvature R and pitch angle ~. The radius of curvature and --4 
momentum component perpendicular to B are related by 

pcosA = 0.3 z B R , (25.20) 

where B is in tesla and R is in meters. 

The distribution of measurements of the curvature k -- 1 / R  is 
approximately Gaussian. The curvature error for a large number of 
uniformly spaced measurements on the trajectory of a charged particle 
in a uniform magnetic field can be approximated by 

(~k) 2 : ($kres) 2 + (~kms) 2 , (25.21) 

where 6k : curvature error 

~kres : curvature error due to finite measurement resolution 

~kra6 : curvature error due to multiple scattering. 

If many (> 10) uniformly spaced position measurements are made 
along a trajectory in a uniform medium, 

6kre, : ~2~/N+4720 , (25.22) 

where N = number of points measured along track 

L I = the projected length of the track onto the bending plane 

e = measurement error for each point, perpendicular to the 
trajectory. 

If a vertex constraint is applied at the origin of the track, the 
coefficient under the radical becomes 320. 

For arbitrary spacing of coordinates si measured along the projected 
trajectory and with variable measurement errors ei the curvature error 
~kres is calculated from: 

(~kres)2 4 V88 (25.23) 
= -; v .v+~+2 - ( v . 2 )  2 ' 

where V are covariances defined as V , ,~ , ,  = (sins n) - ( sm)(s  n) with 
(s m) = w -1  ~-~(sim/el 2) and w = ~'~ei -2 .  

The contribution due to multiple Coulomb scattering is approxi- 
mately 

(0.016)(GeV/c)z //-~--, 
+kms ~ ~ V U ~ 0  (25.24) 

wherep = momentum (GeV/c) 
z = charge of incident particle in units of e 

L = the total track length 

X0 = radiation length of the scattering medium (in units of 
length; the X0 defined elsewhere must be multiplied by 
density) 

= the kinematic variable v/c .  

More accurate approximations for multiple scattering may be found 
in the section on Passage of Particles Through Matter (Sec. 23 
of this Review). The contribution to the curvature error is given 
approximately by ~kms ~ VSplane/~ ~ rms i t 2 ,  where Splanerm. is defined there. 

2 5 . 1 0 .  S u p e r c o n d u c t i n g  s o l e n o i d s  f o r  c o l l i d e r  d e t e c -  
t o r s  

Revised October 1997 by R.D. Kephart  (FNAL). 

2 5 . 1 0 . 1 .  Basic (approadmate) equatior~: In all cases SI units 
are assumed, so that  B is in tesla, E is in joules, dimensions are in 
meters, and #0 = 4~r x 10 -? .  

Magnetic field: The magnetic field at the center of a solenoid of 
length L and radius R, having N total turns and a current I is 

B(0, O) = l~oNI  (25.25) 

Stored energy: The energy stored in the magnetic field of any magnet 
is calculated by integrating B 2 over all space: 

E=~ B2dV. (25.26) 

For a solenoid with an iron flux return in which the magnetic field is 
< 2T, the field in the aperture is approximately uniform and equal to 
p o N I / L .  If  the thickness of the coil is small, (which is the case if it is 
superconducting), then 

E ~ (Tr/21~o)B2R2L. (25.27) 

Cost of a suuerconducting solenoid [73]: 

Cost (in MS) -- 0.523 [(E/(1 MJ)] 0"6e2 (25.28) 

Magnetostatic computer programs: It is too difficult to solve the 
Biot-Savart equation for a magnetic circuit which includes iron 
components and so iterative computer programs are used. These 
include POISSON, TOSCA [74], and ANSYS [75]. 

25.10.2. S c a l i n g  l a w s  f o r  t h i n  so l eno id s :  For a detector in which 
the calorimetry is outside the aperture of the solenoid, the coil must 
be thin in terms of radiation and absorption lengths. This usually 
means that the coil is superconducting and that the vacuum vessel 
encasing it is of minimum real thickness and fabricated of a material 
with long radiation length. There are two major contributers to the 
thickness of a thin solenoid: 

1. The conductor, consisting of the current-carrying superconducting 
material (usually Cu/Nb-Ti) and the quench protecting stabilizer 
(usually aluminum), is wound on the inside 'of  a structural 
support cylinder (usually aluminum also). This package typically 
represents about 60% of the total thickness in radiation lengths. 
The thickness scales approximately as B2R .  

2. Approximately another 253  of the thickness of the magnet comes 
from the outer cylindrical shell of the vacuum vessel. Since this 
shell is susceptible to buckling collapse, its thickness is determined 
by the diameter, length, and the modulus of the material of which 
it is fabricated. When designing this shell to a typical standard, 
the real thickness is 

t = pcD2 '5[ (L /D)  - 0 .45 ( t /D)~  0"4 , (25.29) 

where t = shell thickness (in), D = shell diameter (in), L = shell 
length (in), Y = modulus of elasticity (psi), and Pc = design 
collapse pressure (= 30 psi). For most large-diameter detector 
solenoids, the thickness to within a few percent is given by [76] 

t = p c D 2 " 5 ( L / D ) / 2 . 6 Y  0"4 �9 (25.30) 
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Figure 25.6: Ratio of stored energy to cold mass for existing 
thin detector solenoids. Solenoids in decommissioned detectors 
are indicated by open circles. 

25.10.3. Properties of  collider detector solenoids: The physical 
dimensions, central field, stored energy and thickness in radiation 
lengths normal to the beam line of the superconducting solenoids 
associated with the major colliders are given in Table 25.5. 

Table 25.5: Properties of superconducting collider detector 
solenoids. 

Experiment-Lab Field Bore Dia Length Energy Thickness 
(T) (m) (m) (M J) (X0) 

CDF-Fermilab 1.5 2.86 5.07 30 0.86 
D~ -Fermilab 2.0 1.06 2.73 5.6 0.87 
BaBar-SLAC 1.5 2.80 3.46 27.0 < 1.4 
Topaz-KEK 1.2 2.72 5.4 19.5 0.70 
Venus-KEK 0.75 3.4 5.64 12 0.52 
Cleo H-Cornell 1.5 2.9 3.8 25 2.5 
Aleph-CERN 1.5 5.0 7.0 130 1.7 
Delphi-CERN 1.2 5.2 7.4 109 4.0 
H1-DESY 1.2 5.2 5.75 120 1.2 
Zeus-DESY 1.8 1.72 2.85 10.5 0.9 

The ratio of stored energy to cold mass (E/M) is a useful 
performance measure. One would like the cold mass to be as small 
as possible to minimize the thickness, but temperature rise during 
a quench must also be minimized. Ratios as large as 8 kJ/kg may 
be possible (final temperature of 80 K after a fast quench with 
homogenous energy dump), but some contingency is desirable. This 
quantity is shown as a function of total stored energy for some major 
collider detectors in Fig. 25.6. 

25 .11 .  O t h e r  o b s e r v a t i o n s  

dE/dx resolution in argon: Particle identification by dE/dz is 
dependent on the width of the distribution. For relativistic incident 
particles with charge e in a multiple-sample Ar gas counter with no 
lead [66], 

/ d E  : 0.96N -~ (xp) -0'32 (25.31) dE 
~-~ F W H M / ' ~ - X  most  probable 

where N = number of samples, x = thickness per sample (cm), p = 
pressure (atm.). Most commonly used chamber gases (except Xe) give 
approximately the same resolution. 

Free electron drift velocities in liquid ionization chambers [67-70]: 
Velocity as a function of electric field strength is given in 
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Figure 25,7: Electron drift velocity as a function of field 
strength for commonly used liquids. 
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Revised March 1998 by R.J. Donahue (LBNL) and A. Fass6 (SLAC). 

26.1.  D e f i n i t i o n s  

The International Commission on Radiation Units and Measure- 
ments (ICRU) recommends the use of SI units. Therefore we list SI 
units first, followed by cgs (or other common) units in parentheses, 
where they differ. 

�9 Unit  o f  activity = becquerel (curie): 

1 Bq = 1 disintegration s -1 [--- 1/(3.7 x 1010) Ci] 

�9 Unit  of  a b s o r b e d  dose  = gray (tad): 

1 Gy = I joule kg -1 (= 104 erg g-1 = 100 tad) 

= 6.24 x 1012 MeV kg - I  deposited energy 

�9 Unit  of  exposure,  the quantity of x- or 7- radiation at a point in 
space integrated over time, in terms of charge of either sign produced 
by showering electrons in a small volume of air about the point: 

= 1 eoul kg -1 of air (roentgen; 1 R = 2.58)<10 -4 coul kg -1) 

= 1 esu c m - 3 ( :  87.8 erg released energy per g of air) 

Implicit in the definition is the assumption that the small test volume 
is embedded in a sufficiently large uniformly irradiated volume that 
the number of secondary electrons entering the volume equals the 
number leaving. This unit is somewhat historical, but appears on 
many measuring instruments. 

�9 Unit  ofequlvalent  dose (for biological damage) = sievert [= 100 
rein (roentgen equivalent for man)]: Equivalent dose in Sv = absorbed 
dose in grays x WR, where w R (radiation weighting factor, formerly 
the quality factor Q) expresses long-term risk (primarily cancer and 
leukemia) from low-level chronic exposure. It depends upon the type 
of radiation and other factors, as follows [2]: 

Table  26.1: Radiation weighting factors. 

Radiation wR 

X- and 7-rays, all energies 1 
Electrons and muons, all energies 1 
Neutrons <: 10 keV 5 

10-100 keV l0 
> 100 keV to 2 MeV 20 
2-20 MeV 10 

> 20 MeV 5 
Protons (other than recoils) > 2 MeV 5 
Alphas, fission fragments, & heavy nuclei 20 

26.2.  R a d i a t i o n  l e v e l s  [3] 

�9 Natural  annual background,  all sources: Most world areas, 
whole-body equivalent dose rate ~ (0.4-4) rosy (40-400 millirems). 
Can range up to 50 mSv (5 reins) in certain areas. U.S. average 

3.6 mSv, including ~ 2 mSv (~ 200 torero) from inhaled natural 
radioactivity, mostly radon and radon daughters (0.1-0.2 mSv in open 
areas. Average is for a typical house and varies by more than an order 
of magnitude. It can be more than two orders of magnitude higher in 
poorly ventilated mines). 

�9 Cosmic  ray b a c k g r o u n d  in counters (Earth's surface): 
N 1 rain -1 cm -~ st. For more accurate estimates and details, 
see the Cosmic Rays section (Sec. 20 of this Review). 
�9 Fluxes (per cm 2) to deposit one Gy, assuming uniform irradiation: 

(charged particles) 6.24• where dE/dx (MeV 
g-1 cm2), the energy loss per unit length, may be obtained from the 
Mean Range and Energy Loss figures. 

3.5 x 109 cm -2 minimum-ionizing singly-charged particles in 
carbon. 

(photons) 6.24xlog/[Ef/A], for photons of energy E (MeV), 
attenuation length A (g cm -2) (see Photon Attenuation Length 
figure), and fraction f ~< 1 expressing the fraction of the photon's 
energy deposited in a small volume of thickness << A but large enough 
to contain the secondary electrons. 

2 x 1011 photons cm -2 for 1 MeV photons on carbon ( f  ~ 1/2). 

(Quoted fluxes are good to about a factor of 2 for all materials.) 

�9 R e c o m m e n d e d  Hmits  to  e x p o s u r e  o f  rad ia t ion  workers  
( w h o l e - b o d y  dose):* 

C E R N :  15 mSv yr -1 

U.K.:  15 mSv yr -1 

U.S.: 50 mSv yr -1 (5 rein yr-1) t 

�9 Lethal  dose: Whole-body dose from penetrating ionizing radiation 
resulting in 50% mortality in 30 days (assuming no medical treatment) 
2.5-3.0 Gy (250-300 rads), as measured internally on body longitudinal 
center line. Surface dose varies due to variable body attenuation and 
may be a strong function of energy. 

26 .3 .  P r o m p t  n e u t r o n s  a t  a c c e l e r a t o r s  

26.3.1. Electron beams: At electron accelerators neutrons are 
generated via photonuclear reactions from bremsstrahlung photons. 
Neutron yields from semi-infinite targets per unit electron beam power 
are plotted in Fig. 26.1 as a function of electron beam energy [4]. In 
the photon energy range 10-30 MeV neutron production results from 
the giant photonuclear resonance mechanism. Neutrons are produced 
roughly isotropically (within a factor of 2) and with a Maxwellian 
energy distribution described as: 

dN ~.~e_En/T (26.1) 
dEn = 

where T is the nuclear temperature characteristic of the target nucleus, 
generally in the range of T = 0.5-1.0 MeV. For higher energy photons 
the quasi-deuteron and photopion production mechanisms become 
important. 

' J ' ~ U I - -  ~ - ' - - ' - - ~ _  ~ i 

/ 

I /~ Cu------'--~_ 

, , , 

, ,  4 0  6 o  4 0  1 0 0  
u / B ~  \T Ni A1 Electron Energy E 0 (MeV) 

Figure  26.1: Neutron yields from semi-infinite targets, per kW 
of electron beam power, as a function of electron beam energy, 
disregarding target self-shielding. 

x 1012 
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F i g u r e  2 6 . 3 :  The variation of the attenuation length for 
monoenergetic neutrons in concrete as a function of neutron 
energy [5]. 

26.3.2. Proton beams: At proton accelerators neutron yields 
emitted per incident proton by different target materials are roughly 
independent [5] of proton energy between 20 MeV and 1 GeV and are 
given by the ratio C:AI:Cu-Fe:Sn:Ta-Pb = 0.3 : 0.6 : 1.0 : 1.5 : 1.7. 
Above 1 GeV neutron yield [6] is proportional to E m, where 
0.80 _< m _ <  0.85. 

_ ,  . , . , , .~ L " ' ' I  ' ' " " " I  ' ' " ' " I  ' ' " ' " I  ' ' " ' ' I  ' ' " ' " ~  ' ' " " ~  ' ' " ' I  ' ' " " ' I  ' ' " ' '  

----concrete] 
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F igu r e  26.2: Calculated neutron spectrum from 205 GeV/c 
hadrons (2/3 protons and 1/3 ~'+) on a thick copper target. 
Spectra are evaluated at 90 ~ to beam and through 80 cm of 
normal density concrete or 40 cm of iron. 

A typical neutron spectrum [7] outside a proton accelerator 
concrete shield is shown in Fig. 26.2. The shape of these spectra 
are generally characterized as having a thermal-energy peak which is 
very dependent on geometry and the presence of hydrogenic material, 
a low-energy evaporation peak around 2 MeV, and a high-energy 
spallation shoulder. 

Letaw's [8] formula for the energy dependence of the inelastic 
proton cross-section (asymptotic values given in Table 6.1) for E < 2 
GeV is: 

r 0.62e-E/2oo 1 

~r(E) = C r a s y m p  t [ I  -- sin(10.9E-~ , (26.2) 

and for E > 2 GeV: 

O'uympt = 45A ~ [1 + 0.016 sin(5.3 - 2.63 in A)] , (26.3) 

where a is in rob, E is the proton energy in MeV and A is the mass 
number. 

The neutron-attenuation length, A,  is shown in Fig. 26.3 for 
monoenergetic broad-beam conditions. These values give a satisfactory 
representation at depths greater than 1 m in concrete. 

2 6 . 4 .  D o s e  c o n v e r s i o n  f a c t o r s  
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Figure  26.4: Fluence to dose equivalent conversion factors for 
various particles. 

Fluence to dose equivalent factors are given in Fig. 26.4 for 
photons [9], neutrons [10], muons [11], protons and pions [12]. These 
factors can be used for converting particle fiuence to dose for personnel 
protection purposes. 

2 6 . 5 .  A c c e l e r a t o r - i n d u c e d  a c t i v i t y  

The dose rate at 1 m due to spaUation-induced activity by high 
energy hadrons in a 1 g medium atomic weight target can be 
estimated [13] from the following expression: 

D = D O �9 In[(T + t)/t] , (26.4) 

where T is the irradiation time, t is the decay time since irradiation, 
is the flux of irradiating hadrons (hadrons cm -2 s -I) and Do has a 

value of 5.2 x 10 -Iz [(Sv hr-l)/(hadron cm -2 s-l)]. This relation is 
essentially independent of hadron energy above 200 MeV. 

Dose due to accelerator-produced induced activity can also be 
estimated with the use of "w factors" [5]. These factors give the 
dose rate per unit star density (inelastic reaction for E > 50 MeV) 
after a 30-day irradiation and 1-day decay. The w factor for steel or 
iron is -~ 3 x 10 -12 (Sv cruZ/star). This does not include possible 
contributions from thermal-neutron activation. Induced activity 
in concrete can vary widely depending on concrete composition, 
particularly with the concentration of trace quantities such as sodium. 
Additional information can be found in Barbier [14]. 

26.6. Photon sources 

The dose rate from a gamma point source of C Curies emitting one 
photon of energy 0.07 < E < 4 MeV per disintegration at a distance 
of 30 cm is 6CE (rem/hr),  or 60CE (mSv/hr),  +20%. 

The dose rate from a semi-infinite uniform photon source of specific 
activity C (#Ci/g) and gamma energy E (MeV) is 1.07CE (rem/hr), 
or 10.7CE (mSv/hr). 



s Radioactivity and radiation protection 165 

2 6 . 7 .  R a d i a t i o n  l e v e l s  i n  d e t e c t o r s  a t  h a d r o n  c o l l i d -  
e r s  

An SSC Central Design Group task force studied the radiation 
levels to he expected in SSC detectors [15]. The s tudy focused on 
scaling with energy, distance, and angle. As such, it is applicable 
to future detectors such as those at the LHC. Although superior 
detector-specific calculations have since been made, the scaling is in 
most  cases not evident, and so the SSC results have some relevance. 
The SSC/CDG model assumed 

�9 The machine luminosity at v ~  = 40 TeV is . ~  = 1033 cm-2s  -1  , 
and the  pp inelastic cross section is O'inel = 100 mb. This 
luminosity is effectively achieved for 107 s yr -1.  The interaction 
rate is thus  108 s -1 ,  or 1015 yr-1;  

�9 All radiation comes from pp collisions at the interaction point; 

�9 The charged particle distribution is (a) fiat in pseudorapidity 
for 171 < 6 and (b) has a m o m e n t u m  distribution whose 
perpendicular component  is independent of rapidity, which is 
taken as independent of pseudorapidity: 

d2Nch = H f(p• (26.5) 
&ldp • 

(where p•  = psinO). Integrals involving f(p• are simplified 
by replacing f (p •  by ~(p• - (p• in the worst case this 
approximation introduces an error of less than  10%; 

�9 G a m m a  rays from 7r 0 decay are as abundant  as charged particles. 
They have approximately the same ~/distribution, but  half the 
mean momentum;  

�9 At the SSC (v'~ = 40 TeV), H ~ 7.5 and (p• ~ 0.6 GeV/c; 
assumed values at other energies are given in Table 26.3. Together 
with the  model discussed above, these values are thought  to 
describe particle production to within a factor of two or better. 

It then follows tha t  the flux of charged particles from the interaction 
point passing through a normal  area da located a distance r •  from 
the beam line is given by 

dNch 1.2 • 10 s s -1  (26.6) 
da = r~. 

In a typical organic material  , a relativistic charged particle flux of 
3 • 109 cm -2  produces an ionizing radiation dose of 1 Gy, where 
1 Gy -= 1 joule kg -1  (=  100 rads). The above result may thus be 
rewritten as dose rate, 

/~ = 0.4 MGy yr -1  
(rAi I cm)2 (26.7) 

If a magnet ic  field is present, "loopers" may  increase this dose rate by 
a factor of two ore more. 

In a medium in which cascades can develop, the ionizing dose 
or neutron fluence is proportional to dNch/da multiplied by (E) a, 
where (E) is the mean  energy of the particles going through da and 
the power a is slightly less than  unity. Since E ~ p = p.l./sinO and 
r •  = r sin0, the above expression for dNch/da becomes 

A A 
Dose or fluence ~ = ~ cosh 2+a ~/= . (26.8) 

r 2 sin 2+a 8 

The constant  A contains the total  number  of interactions O'inel f .~dt ,  
so the ionizing dose or neutron fluence at another accelerator scales as 
ain,l f .~dt H (p• 

The dose or fiuence in a calorimeter scales as 1/r  2, as does the 
neutron fluence inside a central cavity with characteristic dimension r. 

Under all conditions so far studied, the neutron spectrum shows 
a broad log-normal distribution peaking at just  under 1 MeV. In a 
2 m radius central cavity of a detector with coverage down to I~[ = 3, 
the average neutron flux is 2 • 1012 c m - 2 y r  -1,  including secondary 
scattering contributions. 

Values of A and c~ are given in Table 26.2 for several relevant 
situations. Examples of scaling to other accelerators are given in 
Table 26.3. It should be noted that  the assumption tha t  all radiation 
comes from the interaction point does not apply to the present 
generation of accelerators. 

The constant  A includes factors evaluated with cascade simulation 
programs as well as constants describing particle production at the 
interaction point. It is felt that  each could introduce an error as large 
as a factor of two in the results. 

Tab le  26.2: Coefficients A/(100 cm) 2 and c~ for the evaluation 
of calorimeter radiation levels at cascade maxima  under SSC 
nominal  operating conditions. At a distance r and angle 
0 from the interaction point the annual fluence or dose is 
A/(r 2 sin 2+a 0). 

Quanti ty A/(100 cm) 2 Units (p• c~ 

Neutron flux 1.5 • 1012 c m - 2 y r  -1  0.6 GeV/c  0.67 

Dose rate from photons 124 Gy yr -1  0.3 GeV/c 093 

Dose rate from hadrons 29 Gy yr -1  0.6 GeV/c 0.89 

Tab le  26.3: A rough comparison of beam-collision induced 
radiation levels at the Tevatron, high-luminosity LHC, SSC, and 
a possible 100 TeV machine [16]. 

Tevatron LHC SSC 100 TeV 

v/~ (TeV) 1.8 15.4 40 100 
.-~aom (cm-2s  -1)  2 x 1030 1.7 x I034a 1 x 1033 1 x 1034 

O'inel 56 mb 84 mb 100 mb 134 mb 

H 3.9 6.2 7.5 10.6 

(p• (GeV/c) 0.46 0.55 0.60 0.70 

Relative dose rate b 5 x 10 -4  11 1 20 

a High-luminosity option. 

b Proportional to .L~'nom ainel H (p.j_)o.7 

F o o t n o t e s :  

* The ICRP recomendation [2] is 20 mSv yr -1  averaged over 
5 years, with the dose in any one year _< 50 mSv. 

t Many laboratories in the U.S. and elsewhere set lower limits. 

t Dose is the t ime integral of dose rate, and fluence is the t ime 
integral of flux. 
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27. C O M M O N L Y  U S E D  R A D I O A C T I V E  S O U R C E S  

T a b l e  2't ' , l .  Revised November 1993 by E. Browne (LBNL). 

Particle Photon 

Type of Energy Emission Energy Emission 
Nuclide Half-life decay (MeV) prob. (MeV) prob. 
~ N a  2.603 y /~+, EC 0.545 90% 0.511 Annih. 

1.275 100% 

254Mn 0.855 y EC 0.835 100% 
Cr K x rays 26% 

~65Fe 2.73 y EC Mn K x rays: 
0.00590 24.4% 
0.00649 2.86% 

57r 0.744 y EC 0.014 9% 27 ~ 
0.122 86% 
0.136 11% 
Fe K x rays 58% 

60 27Co 5.271 y ~ -  0.316 100% 1.173 100% 
1.333 100% 

68 s2Ge 0.742 y EC Ga K x rays 44% 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

--~ ~ G a  /3+, EC 1.899 90% 0.511 Annih. 
1.077 3% 

]~Sr 28.5 y /3- 0.546 100% 

--* 39~ /3- 2.283 100% 

1 0 6 u ,  1 . 0 2 0  y ~ -  0.039 100% 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

---+ 140561~h ~ -  3.541 79% 0.512 21% 
0.622 10% 

109~A 1.267 y EC 0.063 e -  41% 0.088 3.6% 48 ~ 
0.084 e -  45% Ag K x rays 100% 
0.087 e -  9% 

113~ 5 0 ~  0.315 y EC 0.364 e -  29% 0.392 65% 
0.388 e -  6% In K x rays 97% 

137c, o 30.2 y /3- 0.514 e -  94% 0.662 85% 55 ~ o  

1.176 e -  6% 

133~,56 ~ 10.54 y EC 0.045 e -  50% 0.081 34% 
0.075 e -  6% 0.356 62% 

Cs K x rays 121% 

207m 31.8 y EC 0.481 e -  2% 0.569 98% 83 ~L 
0.975 e -  7% 1.063 75% 
1.047 e -  2% 1.770 7% 

Pb K x rays 78% 

228,rh 1.912 y 6a: 5.341 to 8.785 0.239 44% 90~,, 
3/3-: 0.334 to 2.246 0.583 31% 

2.614 36% 
( . . .4224D~ ...4 2 2 0 D ,  .. . ,  216 212Dr,  2 1 2 ~ ;  212D^~ 

88 "~= 86""  84 P~  -'4 82 - ~  "-~ 83 ~" "-* 84-v/ 
241A~ 432.7 y a 5.443 13% 0.060 36% 95 . . . .  

5.486 85% Np L x rays 38% 

2$1Am/Be 432.2 y 6 x 10 -5 neutrons (4-8 MeV) and 
4 x 10-57's (4.43 MeV) per Am decay 

244 r  95 . . . .  18.11 y a 5.763 24% Pu L x rays ~ 9% 
5.805 76% 

2 5 2 ~ r  98 ~ .  2.645 y a (97%) 6.076 15% 
6.118 82% 

Fission (3.1%) 
20 ~f's/fission; 80% < 1 MeV 

~, 4 neu t rons / f i s s ion ; /En/=  2.14 MeV 

"Emission probability" is the probability per decay of a given emission; 
because of cascades these may total more than 100%. Only principal 
emissions are listed. EC means electron capture, and e -  means 
monoenergetic internal conversion (Auger) electron. The intensity of 
0.511 MeV e+e - annihilation photons depends upon the number of 
stopped positrons. Endpoint ]3+ energies are listed. In some cases 
when energies are closely spaced, the 7-ray values are approximate 
weighted averages. Radiation from short-lived daughter isotopes is 
included where relevant. 

Half-lives, energies, and intensities are from E. Browne and 
R.B. Firestone, Table of Radioactive Isotopes (John Wiley & Sons, 
New York, 1986), recent Nuclear Data Sheets, and X-ray and 
Gamma-ray Standards for Detector Calibration, IAEA-TECDOC-619 
(1991). 

Neutron data are from Neutron Sources for Basic Physics and 
Applications (Pergamon Press, 1983). 
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2 8 .  P R O B A B I L I T Y  

Revised May 1996 by D.E. Groom (LBNL) and F. James (CERN). 

2 8 . 1 .  G e n e r a l  [1-5] 

Let z be a possible outcome of an observation. The probability of 
x is the  relative frequency with which tha t  outcome occurs out of 
a (possibly hypothetical) large set of similar observations. If x can 
take any value from a continuous range, we write f ( z ;  0) dx as the 
probability of observing x between x and x + dx. The function f (x ;  0) 
is the probability density function (p.d.f.) for the random variable 
x, which may  depend upon one or more parameters  0. If z can take 
on only discrete values (e.g., the  non-negative integers), then f (x ;  0) 
is itself a probability, but  we shall still call it a p.d.f. The  p.d.f, is 
always normalized to unit  area (unit sum, if discrete). Both x and 0 
may have multiple components and are then often writ ten as column 
vectors. If 0 is unknown and we wish to est imate its value from a 
given set of da ta  measuring x, we may use statistics (see See. 29). 

The cumulative distribution function F(a) is the  probability tha t  
x _ a :  

F(a l  = f ( x )  d ~ .  (28.1) 

Here and below, if z is discrete-valued, the integral is replaced by 
a sum. The endpoint a is expressly included in the integral or sum. 
Then  0 <_ F(x )  < 1, F(x)  is nondecreasing, and Prob(a  < z _< b) = 
F(b) - F(a) .  If z is discrete, F (z )  is flat except at allowed values of 
z, where it has discontinuous jumps  equal to f (x) .  

Any function of random variables is itself a random waxiable, with 
(in general) a different p.d.f. The  expectation value of any function 
u(x)  is 

F E [u(~)l = u(x)  f ( ~ )  d ~ ,  (28.2) 

assuming the integral is finite. For u(x) and v(z) any two functions 
of x, E(u  + v) : E(u) + E(v). For c and k constants,  E(cu + k) = 
cE(u) + k. 

The n t h  moment  of a distribution is 

l o a ,  = lr,(x ~) = x " f ( x ) a x  , (28.3a) 

and the n t h  moment  about the mean  of x, o~1, is 

/ ;  ~ ,  - E[(~ - ~1)"1 = (x - ~ l l " I ( x ) d ~ .  (2S.3b) 

The most  commonly used moments  are the mean ~ and variance 0"2: 

/~ ~ a l  (28.4a) 

a 2 --= Var(x) = m2 = a2 - #2 . (28.4b) 

The mean  is the  location of the "center of mass" of the probability 
density function, and the  variance is a measure of the square of its 
width. Note that  Var(cz + k) = c2Var(x). 

Any odd moment  about the mean is a measure  of the skewness 
of the  p.d.f. The  simplest of these is the dimensionless coefficient of 
skewness 71 -- m3/0-3. 

Besides the  mean,  another useful indicator of the  "middle" 
of the probability distribution is the median Xmed, defined by 
F(Zmed) = 1/2; i.e., half the probability lies above and half lies below 
Xme d. For a given sample of events, Zme d is the value such that  
half  the  events have larger x and half have smaller x (not counting 
any tha t  have the same z as the median).  If the sample median lies 
between two observed x values, it is set by convention halfway between 
them. If the  p.d.f, for x has the form f (x  - / ~ )  and # is both mean 
and median,  then for a large number  of events N,  the variance of the 
median  approaches 1/[4Nf2(O)], provided f(0) > O. 

Let x and 9 be two random variables with a joint p.d.f, f ( z ,  Y). 
The marginal p.d.f, of z (the distribution of z with Y unobserved) is 

/ ;  A ( x l  = f ( x ,  91 dg, (2s.51 

and similarly for the marginal  p.d.f, f2(Y). We define the  conditional 
p.d.f, of z, given fixed y, by 

f3(ylx) f l ( ~ )  : f (~ ,  y ) .  (2S.Oa) 

Similarly, the conditional p.d.f, of y, given fixed x, is 

f4(x[y) f2(Y) = f ( z ,  y ) .  (28.6b) 

From these definitions we immediately obtain Bayes'  theorem [2]: 

f4(zly ) _ f3(y[x) f1(x) f3(YlX) f l ( x )  (28.7) 
f2(Y) = f f 3 ( y l x ) f l ( x ) d x  " 

The mean of x is 

/?;~ // Pz = �9 f ( x , y )  dx dy = z f l (x )  d x ,  (28.8) 
co oo 

and similarly for y. The correlation between z and y is a measure of 
the dependence of one on the other: 

pzy = E [(x - ~,,)(y - ~ ) ] / 0 - ,  0-y = CovCx, Y)/0-z 0-~ , (28.9) 

where 0-= and ay are defined in analogy with Eq. (28.4b). It can be 
shown that  - 1  < Pzy _< 1. Here "Cov" is the covariance of x and Y, a 
2-dimensional analogue of the variance. 

Two random variables are independent if and only if 

/(~, 9) : fiCx) f2(9) �9 (28.10) 

If z and Y are independent then  Pzy = 0; the converse is not  
necessarily true except for Ganssian-distr ibnted x and y. If z and 
Y are independent, E[u(x) v(y)] = E[u(z)] Ely(y)], and Var(x + Y) 
= Var(x)+Var(y); otherwise, Var(z + 9) = Var(z)+Var(y)+  
2Coy(x, y), and E(u v) does not factor. 

In a change of continuous random variables from z = ( x l , . . . ,  xn), 
with p.d.f, f ( x )  = f ( x l  . . . .  ,xn) ,  to y -= (Yl , . . . ,Yn) ,  a one-to-one 

.function of the xi's, the  p.d.f, g(y) = g(Yl , . . . ,Yn)  is found by 
substi tut ion for ( x l , . . . ,  Xn) in f followed by multiplication by the 
absolute value of the Jacobian of the transformation; tha t  is, 

g(y) : f [wl(y) . . . . .  w,(y)]  IJI . (28.11) 

The functions wi express the inverse transformation,  zi = wi(y) for 
i = 1 , . . .  ,n,  and ]JI is the absolute value of the determinant  of the 
square matr ix  Jij = Oxi/Oyj. If the t ransformation from x to y is 
not one-to-one, the si tuation is more complex and a unique solution . 
may not exist. For example, if the  change is to m < n variables, then 
a given 9 may correspond to more than  one x, leading to multiple 
integrals over the contributions [1]. 

To change variables for discrete random variables simply substi tute;  
no Jacobian is necessary because now f is a probability rather  than  a 
probability density. 

If f depends upon a parameter  set a ,  a change to a different 
parameter  set r = r  is made by simple substi tution; no Jacobia~ 
is used. 

28.2. C h a r a c t e r i s t i c  func t ions  

The characteristic function O(u) associated with the p.d.f, f (x )  is 
essentially its (inverse) Fourier transform, or the expectation value of 
exp(iux): 

/2 e ( u )  = E ( J  "~) = e ~ ' f ( x ) a x  . (28.12) 

It is often useful, and several of its properties follow [1]. 

It follows from Eqs. (28.3a) and (28.12) that  the n th  moment  of 
the distribution f (x )  is given by 

._.d"r I f ;  ~ = ~ . (28.13) l u = 0  zn f (x)dx = an 
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Thus  it is often easy to calculate all the moments  of a distribution 
defined by r even when f (~)  is difficult to obtain. 

If f l (~)  and f2(Y) have characteristic functions ~bl(u ) and r 
then the characteristic function of the weighted sum ax + by is 
r162 The addition rules for common distributions (e.g., 
tha t  the sum of two numbers  from Ganssian distributions also has a 
Gaussian distribution) easily follow from this observation. 

Let the  (partial) characteristic function corresponding to the 
conditional p.d.f, f2(~lz) be r and the p.d.f, of z be f l (z) .  The 
characteristic function after integration over the conditional value is 

r  = f r ) ] l ( z ) d z .  (28.14) 

Suppose we can write r in the form 

r  = A ( u ) J  ~(~)~ . (28.15) 

Then 
r = A(U)Cl(g(u)) .  (28.16) 

The semi-invariants ~n are defined by 

r = exp (iu) n = exp i~r 1s2u2 + .... (28.17) 

The ~r are related to the moments an and ran. The first few 
relations axe 

tel = O~1 (= 1', the  mean)  

~r = m2 = a2 - a 2 (=  a 2, the variance) 

tr = m3 = a3 - 3a l a2  + 2a~ . (28.18) 

2 8 . 3 .  S o m e  p r o b a b i l i t y  d i s t r i b u t i o n s  

Table 28.1 gives a number  of common probability density functions 
and corresponding characteristic functions, means,  and variances. 
Further information may  be found in Refs. 1-6; Re(. 6 has particularly~ 
detailed tables. Monte Carlo techniques for generating each of them 
may  be found in our Sec. 30.4. We comment  below on all except the 
trivial uniform distribution. 

28.3.1.  B i n o m i a l  dis tr ibut ion:  A random process with exactly 
two possible outcomes is called a Bernoulli process. If the probability 
of  obtaining a certain outcome (a "success") in each trial is p, then 
the probability of obtaining exactly r successes (r = 0, 1, 2 , . . . ,  n) in 
n trials, without regard to the order of the successes and failures, 
is given by the binomial distribution f ( r ;n ,p )  in Table 28.1. If r 
successes are observed in n r  trials with probability p of a success, and 
if s successes are observed in na similar trials, then t = r + s is also 
binomial with nt = nr + ns. 

28.3.2.  P o i s s o n  distribution: The Poisson distribution f ( r ; ~ )  
gives the probability of finding exactly r events in a given interval of 
x (e.g., space and time) when the events occur independently of one 
another and of x at an average rate of /J  per the given interval. The 
variance a 2 equals/~. It is the limiting case p --~ 0, n --* c~, np --/~ 
of the binomial distribution. The Poisson distribution approaches the 
Ganssian distr ibution for large #. 

Two or more Poisson processes (e.g., signal + background, with 
parameters  ~s and #b) that  independently contribute amounts  na and 
n b to a given measurement  will produce an observed number  n = 
n8 + nb, which is distributed according to a new Poisson distribution 
with parameter /~ = ps + Db. 

28.3.3.  N o r m a l  or Gauss ian  distribution: The normal  (or 
Ganssian) probability density function f(~;  ~, a 2) given in Table 28.1 
has  mean ~ = # and variance a2. Comparison of the characteristic 
function ~(u) given in Table 28.1 with Eq. (28.17) shows that  all 
semi-invariants ~n beyond n2 vanish; this is a unique property of the 
Gaussian distribution. Some properties of the distribution are: 

rms deviation = ~r 

probability z in the range/~ • u = 0.6827 

probability z in the range/~ • 0.6745a = 0.5 

expection value of Ix - p], E(Ix -/~1) = (2/7r) 1/2a -- 0.7979a 

half-width at half max imum = (2 In 2)1/2a = 1.177u 

The cumulative distribution, Eq. (28.1), for a Ganssian with # = 0 
and a2 = 1 is related to the error function eft(y) by 

F(z;0,1) = 1 [1 + erf(~/v"2)] . (28.19) 

The error function is tabulated in Ref. 6 and is available in computer  
ma th  libraries and personel computer spreadsheets. For a mean p and 
variance u2, replace x by (x - # ) / a .  The probability of x in a given 
range can be calculated with Eq. (29.36). 

For x and y independent and normally distributed, z -- ax + by 
obeys f ( z ;  a~z + bl~, a2a2z + b2a2); that  is, the weighted means  and 
variances add. 

The Gaussian gets its importance in large part  from the central limit 
theorem: If a continuous random variable x is distributed according to 
any p.d.f, with finite mean and variance, then the sample mean, xn,  
of n observations of x will have a p.d.f, that  approaches a Gaussian as 
n increases. Therefore the end result ~'~'* zi = n~n of a large number  
of small fluctuations xi will be distributed as a Gaussian,  even if the 
zi themselves are not. 

For a set of n Ganssian random variables ;v with means  /~ and 
corresponding Fourier variables u ,  the characteristic function for a 
one-dimensional Gaussian is generalized to 

~bfz; p ,  S) = exp [il~. u - �89 . (28.20) 

From Eq. (28A3), the covariance about  the mean  is 

E [(xj - p j ) (x  k - #k)] = S j k '  (28.21) 

If the �9 are independent, then Sj/r = 6jku~, and Eq. (28.20) is the 
product of the c.f.'s of n Ganssians. 

The covariance matr ix S can be related to the correlation matr ix  
defined by Eq. (28.9) (a sort of normalized covariance matrix).  With  
the definition ~k 2 = Skk, we have Pjh = Sjk/O'jUh �9 

The characteristic function may be inverted to find the  correspond- 
ing p.d.f. 

f ( : v ; p , S )  - (27 r )n /2v~ l  exp [ - l ( x  - ~ ) T s - I ( ~  - / .*)](28.22) 

where the determinant IS[ must  be greater than  0. For diagonal S 
(independent variables), f(~v;/~, S) is the product of the  p.d.f. 's of n 
Ganssian distributions. 
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Ta b l e  28.1.  Some common probability density functions, with corresponding characteristic functions and 
means  and variances. In the Table, F(k) is the gamma  function, equal to (k - 1)! when k is an integer. 

Probability density function Characteristic 
Distribution f (variable; parameters) function r Mean Variance 0"2 

Uniform f ( x ;  a, b) = ~ 1 / (b  - a) a < x < b e ibu -- e iau a + b (b - a) 2 
0 otherwise (b - a) iu  ~ = " ~  12 t 

n! p r q n - r  (q + peiu) n ~ = np  npq 
B i n o m i a l  f ( r ;  n ,p )  = r!(n - r)-----~ 

r = O , l , 2 , . . . , n  ; 0 < p < l ;  q = l - p  

Itre-P 
Poisson f ( r ; i t ) -  ~ ; r = 0 , 1 , 2  . . . .  ; I t > 0  exp[It(eiU-1)] ~ = I t  It 

1 e x p ( - ( z  - It)2/20"2) exp(iitu - �89 ~ = It 0"2 Normal .fix; #, 0"2) = 
(Gaussian) 

- c o < x < c o ;  - c o < i t < c o ;  0 " > 0  

1 exp [iit �9 u -- ~ u T s u ]  It S j k  Multivariate f ( x ;  p,  ,9) - -  (27r)n/2 ~V ~ 
Gaussian 

• exp [ - � 89  - I t ) T s - l ( x  - It)] 

- c o < z j  < c o ;  - c o < # j  < c o ;  d e t S > 0  

zn/2-1e-Z/2 
X 2 f ( z ; n )  = 2n12r (n /2 )  ; z > 0 (1 - 2iu) - n / 2  -5 = n 2n 

Student 's  t 
1 I'[(n + 1)/2] (1  + --|t2 "~ -Cn+l)/2 __ t = 0 n / ( n  - 2) 

f ( t ;  n) 
v ~  r ( n / 2 )  . n /  for n _> 2 for n _> 3 

- c o  < t < co ; n not required to be integer 

G a m m a  
xk-l~ke-Az 

y ( z ; ~ , k ) =  r ( k )  ; Q < z < c o ;  

k not  required to be integer 

(1 - i u / A )  - k  �9 = k/A k/A 2 

For n = 2, f ( x ;  It, S) is 

f(xl,a~2; Pl,It2,0"I,0"2,P) = 

--1 

4 

1 
27r0"10" 2 ~/1 - p2 

2p(Xl -- Itl)(X2 -- It2) 
0"10"2 

"1- (x2 - - n  ] )  ~. ~2)21 ~ . (28.23) 
0"2 J ) 

The marginal  distribution of any xi is a Gaussian with mean / t l  and 
variance Sii. S is n • n, symmetric,  and positive definite. Therefore 
for any vector X, the quadratic form X T S -1  X = C, where C is any 
positive number,  traces an n-dimensional  ellipsoid as X varies. If 
X i  = (zi - I t i ) /a i ,  then C is a random variable obeying the x2(n) 
distribution, discussed in the following section. The probability that  
X corresponding to a set of Gaussian random variables x i lies outside 
the ellipsoid characterized by a given value of C (= X 2) is given by 
Eq. (28.24) and may be read from Fig. 28.1. For example, the %- 
standard-deviat ion ellipsoid" occurs at C = s 2. For the two-variable 
case ( n --- 2), the  point X lies outside the one-standard-deviation 
ellipsoid with 61% probability. (This assumes tha t  #i and ai are 
correct.) For X i  = xi/0"i, the ellipsoids of constant X 2 have the same 
size and orientation but  are centered at It. The use of these ellipsoids 
as indicators of probable error is described in Sec. 29.6.4. 
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1 I I 1 
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Figure 28.1: The confidence level versus X 2 for n degrees of 
freedom, as defined in Eq. (28.24). The  curve for a given n 
gives the probability tha t  a value at least as large as X 2 will be 
obtained in an experiment; e.g., for n = 10, a value X 2 ~> 18 will 
occur in 5% of a large number  of experiments. For a fit, the  
CL is a measure of goodness-of-fit, in tha t  a good fit to a correct 
model is expected to yield a low X 2 (see Sec. 29.5.0). For a 
confidence interval, a measures the probability tha t  the interval 
does not  cover the true value of the quanti ty being est imated 
(see Sec. 29.6). The dashed curve for n = 20 is calculated using 
the approximation of Eq. (28.25). 
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28.3.4.  X 2 distribution: If Z l , . . . , Z n  are independent Gaussian 
distributed random variables, the sum z = ~']n(x i - p i ) 2 / a ~  is 
distributed as a X 2 with n degrees of freedom, x2(n). Under a linear 
transformation to n dependent Gaussian variables x~, the X 2 at each 

transformed point retains its value; then z = X ~T V - 1 X  ~ as in the 
previous section. For a set of zl, each of which is x2(ni), ~ zi is a new 
random variable which is X 2 (~~ ni). 

Fig. 28.1 shows the confidence level (CL) obtained by integrating 
the tall of ](z; n): 

CL(x 2) = f ( z ;  n) d z .  (28.24) 
2 

This is shown for a special case in Fig. 28.2, and is equal to 1.0 
minus the  cumulative distribution function F(z  = X2; n). It is useful 
in evaluating the consistency of da ta  with a model (see Sec. 29): The 
CL is the probability that  a random repeat of the given experiment 
would observe a greater X 2, assuming the model is correct. It is also 
useful for confidence intervals for statistical est imators (see See. 29.6), 
in which case one is interested in the unshaded area of Fig. 28.2. 

0.12 . . . .  I . . . .  I . . . .  I . . . .  I . . . .  I . . . .  - 

0 . 1 0  / - ~  n = 10 

o.o8 / ~ 

/ \ 0.06 
~,~ 10% of  a rea  

0.04 

0.02 

0 . 0 0  I . . . .  I . . . . .  
0 5 10 15 20 25 30 

X2 

F i g u r e  28.2: I l lustration of the confidence level integral given 
in Eq. (28.24). This  particlar example is for n = 10, where the 
area above 15.99 is O.1. 

Since the  mean of the X 2 distribution is equal to n, one expects in a 
"reasonable" experiment to obtain X 2 ~ n. While caution is necessary 
because of the width and skewness of the distribution, the "reduced 
X 2" =- x2 /n  is a sometimes useful quantity. Figure 28.3 shows x2 /n  
for useful CL's as a function of n. 

2.0 ~ 

~2/n ~ 3 2 % ~  
1.0 . . . . . . . . . . . . . . . .  50% 

- -  6 8 ~ - - - - - - - - - : _  

0.5 99% ~ ~ - ~  ~ 

0 10 20 30 40 50 
Degrees  of  f reedom n 

F i g u r e  28.3: Confidence levels as a function of the "reduced 
X 2" =_ x2 /n  and the number  of degrees of freedom n. Curves are 
labeled by the probability tha t  a measurement  will give a value 
of x2 /n  greater than  tha t  given on the y axis; e.g., for n = 10, a 
value x2 /n  > 1.8 can be expected 5% of the time. 

For large a, the CI~ is approximately given by [1,7] 

1 / , c r  _x2/2 CL(~ 2) ~ ~ ]~ e - dx, (28.25) 

where y = 2 V ~  - ~ - 1. This approximation was used to draw 
the dashed curves in Fig. 28.1 (for n = 20) and Fig. 28.3 (for 
CL = 5%). Since all the functions and their inverses are now readily 
available in s tandard mathematical  libraries (such as IMSL, used 
to generate these figures, and personal computer spreadsheets,  such 
as Microsoft (~) Excel [8]), the approximation (and even figures and 
tables) are seldom needed. 

28.3.5.  S tuden t ' s  t distribution: Suppose that  z and Xl, . . . ,  Xn 
are independent and Gaussian distributed with mean  0 and variance 1. 
We then define 

and t = (28.26) 2 X 
Z = X i , - - - - ~ .  

l 

The variable z thus belongs to a x2(n) distribution. Then  t is 
distributed according to a Student 's  t distribution with n degrees of 
freedom, ]( t ;  n), given in Table 28.1. 

The Student 's  t distribution resembles a Gaussian distribution with 
wide tails. As n ---* cr the distribution approaches a Ganssian. If 
n = 1, the distribution is a Cauchy or Breit-Wigner distribution. The 
mean is finite only for n > 1 and the variance is finite only for n > 2, 
so for n = 1 or n = 2, t does not obey the central limit theorem. 

As an example, consider the sample mean �9 = ~.. x i / n  and the 
sample variance s 2 = ~']~(xi - ~)2/ (n  - 1) for normally distributed 
random variables xi with unknown mean /~ and variance a 2. The 
sample mean has a Gaussian distribution with a variance a2/n,  so 
the variable ( 5 - / ~ ) / ~  is normal  with mean 0 and variance 1. 
Similarly, (n - 1) s2/a 2 is independent of this and is X 2 distributed 
with n - 1 degrees of freedom. The ratio 

(~ - / z ) / ~  ~ - / ~  (28.27) 
t : x/C. - 1) 82/.2 (n - 1) = v53-~ 

is distributed as ](t; n - 1). The unknown true variance a 2 cancels, 
and t can be used to test the probability tha t  the true mean  is some 
particular value/~. 

In Table 28.1, n in f ( t ; n )  is not required to be an integer. A 
Student 's  t distribution with nonintegral n > 0 is useful in certain 
applications. 

28.3 .6 .  G a m m a  distribution: For a process tha t  generates events 
as a function of x (e.g., space or time) according to a Poisson 
distribution, the distance in x from an arbitrary s tar t ing point 
(which may be some particular event) to the k th event belongs to 
a gamma distribution, ] (x;  ~, k). The Poisson parameter  tt is ~ per 
unit  x. The special case k = 1 (i.e., f (z ;  ~, 1) : ,~e -~z )  is called the 
exponential distribution. A sum of k ~ exponential random variables 
xi is distributed as f()"~ xi; ~,kl). 

The parameter  k is not required to be an integer. For )~ = 1/2 and 
k = n/2,  the g a m m a  distribution reduces to the x2(n)  distribution. 
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2 9 .  S T A T I S T I C S  

Revised April 1998 by F. James (CERN). 

2 9 . 1 .  P a r a m e t e r  e s t i m a t i o n  [1-4] 

A probability density function f (x ;  a)  with known parameters  a 
enables us to predict the frequency with which random data  x will 
take on a particular value (if discrete) or lie in a given range (if 
continuous). In parametric statistics we have the  opposite problem of 
est imating the parameters  a from a set of actual observations. 

A statistic is any function of the data, plus known constants,  which 
does not  depend upon any of the unknown parameters.  A statistic is 
a random variable if the da ta  have random errors. An estimator is 
any statistic whose value (the estimate ~) is intended as a meaningful 
guess for the value of the parameter  a,  or the vector a if there is more 
than  one parameter.  

Since we are free to choose any function of the  da ta  as an est imator 
of the  parameter  a,  we will t ry to choose that  est imator  which has the 
best properties. The most  important  properties are (a) consistency, 
(b) bias, (c) efficiency, and (d) robustness. 

(a) An est imator  is said to be consistent if the est imate G converges 
to the  true value a as the amount  of da ta  increases. This  property is 
so impor tant  that  it is possessed by all commonly used estimators. 

(b) The bias, b = E( ~ ) - d, is the difference between the true 
value and the expectation of the estimates, where ' the  expectation 
value is taken over a hypothetical set of similar experiments in which 

is constructed the same way. When b = 0 the est imator is said 
to be unbiased. The bias may be due to statistical properties of the 
es t imator  or to systematic errors in the experiment. If we can estimate 
the b we can subtract  it from ~ to obtain a new Gt = G _ b. However, 
b may  depend upon a or other unknowns, in which case we usually 
try to choose an est imator which minimizes its average size. 

(c) Efficiency is the inverse of the ratio between the variance of 
the estimates Var(G) and the min imum possible value of the variance. 
Under  rather general conditions, the min imum variance is given by 
the Rao-Cram~r-Prechet bound: 

Varmi n = [1 + Ob/Oa] 2 / I ( a )  ; (29.1) 

(Compare with Eq. (29.6) below.) The sum is over all da ta  and b 
is the  bias, if any; the xi are assumed independent and distributed 
as f ( x i ; a ) ,  and the allowed range of x must  not depend upon a. 
Mean-squared error, rose = E[( ~ - c~ )2] = V( ~ ) + b 2 is a convenient 
quant i ty  which combines in the appropriate way the errors due to 
bias and efficiency. 

(d) Robustness; is the property of being insensitive to departures 
from assumptions  in the  p.d.f, due to such factors as noise. 

For some common est imators the above properties are known 
exactly. More generally, it is always possible to evaluate them by 
Monte Carlo simulation. Note tha t  they will often depend on the 
unknown a.  

2 9 . 2 .  D a t a  w i t h  a c o m m o n  m e a n  

Suppose we have a set of N independent measurements  Yi assumed 
to be unbiased measurements  of the same unknown quant i ty / t  with a 
common,  but  unknown, variance a 2 resulting from measurement  error. 
Then  

N 
1 

: -~ ~ Yi = E(y) (29.2) 
i :1  

N 
= / 2 9 3 /  

i=1 

are unbiased est imators  of # and cr 2. The variance of ~ is ff2/N. If the 
common p.d.f, of the Yi is Gaussian, these est imates are uncorrelated. 
Then,  for large N,  the  s tandard deviation of ~ (the "error of the 

error") is a /v~-N.  Again if the Yi are Gaussian, ~ is an  efficient 
est imator for ~. Otherwise the mean is in general not the most  
efficient estimator. For example, if the y follow a double-exponential 
distribution, the  most  efficient est imator  of the mean  is the sample 
median (the value for which haft  the Yi lie above and half  below). 
This is discussed in more detail in Ref. 2, section 8.7. 

If a 2 is known, it does not improve the est imate ~, as can be 
seen from Eq. (29.2); however, if ~ is known, subst i tute  it for ~ in 
Eq. (29.3) and replace N - 1 by N, to obtain a somewhat  better  
est imator of a2. 

If the Yi have different, known, variances ad 2, then  the  weighted 
average 

N 
= _1 ~ w ~  y~, (29.4) 

w 

is an unbiased est imator for ~ with smaller variance than  Eq. (29.2), 
where wi = 1/o'~ and w = ~ wi. The standard deviation of ~ is 
1/v~. 

2 9 . 3 .  T h e  m e t h o d  o f  m a x i m u m  l i k e l i h o o d  

29.3.1. Parameter  es t imat ion by m a x i m u m  likelihood: 

"From a theoretical point of view, the most  important  general 
method of est imation so far known is the method of maximum 
likelihood" [3]. We suppose that  a set of independently measured 
quantities xi came from a p.d.f, f (x ;  ct), where ,~ is an unknown set 
of parameters.  The method  of m a x i m u m  likelihood consists of finding 
the set of values, ~ ,  which maximizes the joint probability density for 
all the data, given by 

.~(c~) = H f (x i ;  ca), (29.5) 
i 

where .~  is called the likelihood. It is usually easier to work with 
l n .~ ,  and since both are maximized for the same set of ct, it is 
sufficient to solve the likelihood equation 

01n.LP 
- -  = o .  (29.6) 

OC~n 

When the solution to Eq. (29.6) is a maximum,  it is called the  
maximum likelihood estimate of oz. The importance of the approach is 
shown by the following proposition, proved in Ref. 1: 

I f  an efficient estimate ~ of c~ exists, the likelihood equation will 
have a unique solution equal to ~.  

In evaluating .~ ,  it is important  tha t  any normalization factors" 
in the f ' s  which involve c~ be included. However, we will only be 
interested in the max imum of . ~  and in ratios of . ~  at different a ' s ;  
hence any multiplicative factors which do not involve the  parameters  
we want to est imate may  be dropped; this includes factors which 
depend on the da ta  but  not on c~. The results of two or more 
independent experiments may  be combined by forming the product  of 
the .~ ' s ,  or the sum of the lnAe's. 

Most commonly the solution to Eq. (29.6) will be found using a 
general numerical minimizat ion program such as the CERN program 
MINUIT [8] which contains considerable code to take account of the 
many special cases and problems which can arise. 

Under a one-to-one change of parameters  from r to O =/3(c~), 
the max imum likelihood est imate  ~ transforms to/~(~,). Th a t  is, the 
max imum likelihood solution is invariant under change of parameter.  
However, many properties of ~ ,  in particular the bias, are not 
invariant under change of parameter.  
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29.3.2.  Confidence intervals  f r o m  the likelihood funct ion:  
The covariance matr ix  V may  be est imated from 

In the  asymptotic  case (or a linear model with Ganssian errors), 
. ~  is Gaussian, ln.s is a (multidimensional) parabola, and the second 
derivative in Eq. (29.'/) is constant,  so the "expectation" operation 
has no effect. This  leads to the usual  approximation of calculating 
the error matr ix  of the parameters  by inverting the second derivative 
matr ix of l n .~ .  In this asymptotic  case, it can be seen tha t  a 
numerically equivalent way of determining s-standard-deviation errors 
is from the contour given by the a ~ such that  

l n - ~ ( a  t) = ln-LPmax - s2/2 , (29.8) 

where ln..~max is the  value of In f f  at the solution point (compare with 
Eq. (29.32), below). The  extreme limits of this contour parallel to the 
an  axis give an approximate s-standard-deviation confidence interval 
in an.  These intervals may not be symmetr ic  and in pathological cases 
they may  even consist of two or more disjoint intervals. 

Although asymptotically Eq. (29.7) is equivalent to Eq. (29.8) 
with s = 1, the latter is a better  approximation when the model 
deviates from linearity. This  is because Eq. (29.8) is invariant with 
respect to even a non-linear t ransformation of parameters a ,  whereas 
Eq. (29.7) is not. Still, when the model is non-linear or errors are 
not Gaussian,  confidence intervals obtained with both these formulas 
are only approximate.  The true coverage o f  these confidence intervals 
can always be determined by a Monte Carlo simulation, or exact 
confidence intervals can be determined as in Sec. 29.6.3. 

29.3 .3 .  Applicat ion to Poisson-dis tr ibuted data: 
I n  the case of Poisson-distributed data  in a counting experiment,  

the unbinned m a x i m u m  likelihood method (where the index i in 
Eq. (29.5) labels events) is preferred if the total  number of events 
is very small. If there are enough events to justify binning them 
in a histogram, then one may  alternatively maximize the likelihood 
function for the contents of the bins (so i labels bins). This is 
equivalent to minimizing [5] 

th obs 2N~ ln(N~ /g~ )].  (29.9) 
i 

where N ~ and N th are the observed and theoretical (from f )  

contents of the i th  bin. In bins where N ~ = 0, the second term 
is zero. This  function asymptotically behaves like a classical X 2 for 
purposes of point estimation, interval estimation, and 9oodness-offit. 
It also guarantees tha t  the area under the fitted function f is equal to 
the sum of the his togram contents (as long as the overall normalization 
of f is effectively left unconstrained during the fit), which is not 
the case for X 2 statistics based on a least-squares procedure w i t h  
traditional weights. 

2 9 . 4 .  P r o p a g a t i o n  o f  e r r o r s  

Suppose tha t  F(x ;  a )  is some function of variable(s) x and the 
fitted parameters  (~, with a value i ~ at ~.  The variance matr ix  of the 
parameters  is Vmn. To first order in am  - ~m, F is given by 

F = F + E ~ F ( a m  -- ~ m ) ,  (29.10) 
(Yam 

m 

and the variance of F about its est imator  is given by 

OF OF (29.11) (AF)  2 = E[(F -- ~)2] = E Oam Oa----n Vmn'  
m n  

evaluated at the z of interest. For different functions Fj and Fk, the 
covariance is 

~-, OFj OFkv  ' . (29.12) E[(Fj - ~ j ) ( fk  - h ) ]  = ~ ~ ~ m.  
m n  ~ m  ~ n  

If the  first-order approximation is in serious error, the above results 
may be very approximate.  F may  be a biased estimator of F even if 
the ~ are unbiased est imators  of a .  Inclusion of higher-order terms or 
direct evaluation of F in the vicinity of ~ will help to reduce the bias. 

2 9 . 5 .  M e t h o d  o f  l e a s t  s q u a r e s  

The method of least squares can be derived from the m a x i m u m  
likelihood theorem. We suppose a set of N measurements  at points 
xi. The i th  measurement  Yi is assumed to be chosen from a Ganssian 
distribution with mean F(xi;  a )  and variance o./2 Then  

X 2 = - 2  l n l  + constant = ~ [Yl - F(zl ;  ~)]2 (29.13) 

Finding the set of parameters a which maximizes .LP is the same as 
finding the set which minimizes X 2. 

In many  practical cases one further restricts the problem to the 
si tuation in which F(xi;  a )  is a linear function of the am'S, 

f ( x i ;  c~) -- Z an fn(x)  , (29.14) 
n 

where the fn are k linearly independent functions (e.g., 1, x, z 2, . . . ,  
or Legendre polynomials) which are single-valued over the allowed 
range of x. We require k <__ N,  and at least k of the zi must  be 
distinct. We wish to estimate the linear coefficients an .  Later we will 
discuss the nonlinear case. 

If the  point errors ei = Yi - F ( z i ;a )  are Ganssian, then  the 
min imum X 2 will be distributed as a X 2 random variable with 
n = N - k degrees of freedom. We can then evaluate the goodness- 
of-fit (confidence level) from Figs. 28.1 or 28.3, as per the earlier 
discussion. The confidence level expresses the probability tha t  a 
worse fit would be obtained in a large number  of similar experiments 
under the assumptions that: (a) the model y = ~ an fn is correct 
and (b) the errors ei are Gaussian and unbiased with variance 
a/2. If this probability is larger than  an agreed-upon value (0.001, 
0.01, or 0.05 are common choices), the da ta  are consistent with the 
assumptions;  otherwise we may want to find improved assumptions.  
As for the converse, most  people do not regard a model as 
being truly inconsistent unless the probability is as low as that  
corresponding to four or five s tandard deviations for a Ganssian 
(6 • 10 -3  or 6 • 10-5; see Sac. 29.6.4). If the ei are not Gaussian,  the 
method of least squares still gives an answer, but  the  goodness-of-fit 
test would have to be done using the correct distr ibution of the 
random variable which is still called "X2. '' 

Finding the min imum of X 2 in the linear case is straightforward: 

210X2Oam = E fm(Xi) ( y i  - )-~n an fn(xi)  a2 

~i fm(~i) 

With the definitions 

and 

~ a .  x-'/.(~i) !m(~i) 
A.~ a? " 

i z 
(29.15) 

gm=~ifm(~i) l~ (29.16) 
i 

Vmln = E fn(Xi) f m ( z i ) l a ~ ,  (29.17) 
i 

the k-element column vector of solutions ~ ,  for which Ox2/Oam = O 
for all m, is given by 

a = V g .  (29.18) 

Wi th  this notation, X 2 for the  special case of a linear fitting 
function (Eq. (29.14)) can be rewritten in the compact  form 

X2 2 + ({:~ ~ ) T v - I ( ~  a )  (29.19) 
: X m i n  - -  - -  ' 

N o n i n d e p e n d e n t  yi~s 
Eq. (29.13) is based on the assumpt ion that  the likelihood function 

is the product of independent Gaussian distributions. More generally, 
the measured 9i 's are not independent, and we must  consider them as 
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coming from a multivariate distribution with nondiagonal covariance 
matrix S, as described in Sec. 28.3.3. The generalization of Eq. (29.13) 
is 

X 2 = E l y  j - f ( z j ;  o~)]~'~l[l/k -- F(xlr c~)]. (29.20) 
jk 

In the case of a fitting function that is linear in the parameters, 
one may differentiate X 2 to find the generalization of Eq. (29.15), and 
with the extended definitions 

0m = E l / J  1 
j t  

V~I = E .f~(zj) .fm(mk)S/I (29.21) 
jk 

solve Eq. (29.18) for the estimators ~. 

The problem of constructing the covariance matrix S is simplified 
by the fact that contributions to S (not to its inverse) are additive. 
For example, suppose that we have three variables, all of which have 
independent statistical errors. The first two also have a common error 
resulting in a positive correlation, perhaps because a common baseline 
with its own statistical error (variance s 2) was subtracted from each. 
In addition, the second two have a common error (variance a2), 
but this time the values are anticorrelated. This might happen, for 
example, if the sum of the two variables is a constant. Then 

O ) 

! / ( ! o  o / 
- a  2 (29.22) + s 2 + a 2 . 

0 --a 2 a 2 

If unequal amounts of the common baseline were subtracted from 
variables 1, 2, and 3--e.g., fractions f l ,  f2, and f3, then we would 
have 

0 ) 

~2 2 / 2 h s 2 |  ' (29.23) 
k f l f 3  s2 f2f3 s ~ S  2 } 

While in general this "two-vector" representation is not possible, it 
underscores the procedure: Add zero-determinant correlation matrices 
to the matrix expressing the independent variation. 

Care must be taken when fitting to correlated data, since off- 
diagonal contributions to X 2 are not necessarily positive. It is even 
possible for all of the residuals to have the same sign. 

E x a m p l e :  s t r a i g h t - H n e  f i t  

For the case of a straight-line fit, l/(m) : cx I + a2 z, one obtains, for 
independent measurements l/i, the following estimates of a l  and a2, 

~1 = (01 A22 - 02 A12)/D , (29.24) 

~2 = (02 A11 - gl AI2)/D , (29.25) 

where 
(All,  A12, A22) = E ( 1 ,  :ci, x/2)/a 2 , (29.26a) 

(gl, 02) = E ( I ,  x i ) l / i / c r 2 .  (29.26b) 

respectively, and 
D = All A22 - (A12) 2 . (29.27) 

The covariance matrix of the fitted parameters is: 

Vli VI2 ~ 1 ~ A22 -A12 ~ (29.28) 
V12 V22] : D ~-A12 All  ] " 

The estimated variance of an interpolated or extrapolated value of 
l / a t  point x is: 

1 All  ( A12 ~ 2 . 
(Y-l / t rue)2 est = ~11 + -'-ff z - ~11] (20.20) 

29.5.1. Confidence intervals from the ehisquare funct ion:  

If I/ is not linear in the fitting parameters r the solution vector 
may have to be found by iteration. H we have a first guess c,0, then 
we may expand to obtain 

~ ~ + v ~  1. (~" - ~0)  + (29.30) 
T ~  = ~ - ~ o  . . . .  

where Ox2/Oc~ is a vector whose ruth component is Ox2/Oc~m, and 
(V~n 1) = �89 (See Eqns. 29.7 and 29.17. When evaluated 
at ~ ,  V -1 is the inverse of the covariance matrix.) The next iteration 
toward ~ can be obtained by setting OX2/Oc~m[a = 0 and neglecting 
higher-order terms: 

c* = r 0 - Vao ' 0X2/0alr �9 (29.31) 

If V is constant in the vicinity of the minimum, as it is when the 
model function is linear in the parameters, then X 2 is parabolic 
as a function of a and Eq. (29.31) gives the solution immediately. 
Otherwise, further iteration is necessary. If the problem is highly 
nonlinear, considerable difficulty may be encountered. There may be 
secondary minima, and X 2 may be decreasing at physical boundaries. 
Numerical methods have been devised to find such solutions without 
divergence [7,8]. In particular, the CERN program MINUIT [8] offers 
several iteration schemes for solving such problems. 

Note that minimizing any function proportional to X 2 (or 
maximizing any function proportional l n ~ ' )  will result in the same 
parameter set ~ .  Hence, for example, if the variances ~r 2 are known 
only up to a common constant, one can still solve for ~.  One cannot, 
however, evaluate goodness-of-fit, and the covariance matrix is known 
only to within the constant multiplier. The scale can be estimated at 
least roughly from the value of X 2 compared to its expected value. 

Additional information can be extracted from the behavior of 
the (normalized) residuals, rj = ( l / j -  F(z j ;c l ) /a j ,  which should 
themselves distribute normally with a mean of 0. 

If the data covariance matrix S has been correctly evaluated 
(or, equivalently, the ~j 's,  if the data are independent), then the 
s-standard deviation limits on the parameters are given by a set c* ~ 
such that  

2 i 2 (29.32) X (r -'- Xmin q- s2 �9 

This equation gives confidence intervals in the same sense as 29.8, 
and all the discussion of Sec. 29.3.2 applies as well here, substituting 
-X2/2  for in .~ .  

2 9 . 6 .  E x a c t  c o n f i d e n c e  i n t e r v a l s  

2 9 . 6 . 1 .  Two methodologies: 
There are two different approaches to statistical inference, which 

we may call Frequentist and Bayesian. For the cases considered up to 
now, both approaches give the same numerical answers, even though 
they are based on fundamentally different assumptions. However, 
for exact results for small samples and for measurements near a 
physical boundary, the different approaches may yield very different 
confidence limits, so we are forced to make a choice. There is an 
enormous amount of literature devoted to the question of Bayesian 
vs non-Bayesian methods, most of it written by people who are 
fervent advocates of one or the other methodology, which often leads 
to exaggerated conclusions. For a reasonably balanced discussion, 
we recommend the following articles: by a statistician [9], and by a 
physicist [6]. 

29.6.2. Bayes ian :  The Bayesian concept of probability is not 
based on limiting frequencies, but is more general and includes degrees 
of belief. It can therefore be used for experiments which cannot 
be repeated, where a frequency definition of probability would not 
be applicable (for example, one can consider the probability that  
it will rain tomorrow). Bayesian methods also allow for a natural 
way to input additional information such as physical boundaries 
and subjective information; in fact they require as input the prior 
distribution for any parameter to be estimated. 



29 .  S t a t i s t i c s  175 

The Bayesian methodology, while well adapted to decision-making 
situations, is not in general appropriate for the objective presentation 
of experimental  data. This  can be seen from the following example. 

An experiment sets out to measure the value of a parameter  whose 
true value cannot be negative (such as the neutrino mass  squared), 
but  let us assume tha t  the true value is in fact zero. We should 
then expect that  about half of the time, an unbiased experimental  
measurement  should yield a negative (unphysicai) result. Now if our 
experiment produces a negative result, the question arises what value 
to report. If we wish to make a decision concerning the most  likely 
value of this  parameter,  we would use a Bayesian approach which 
would assure tha t  the reported value is positive, since it would be 
nonsense to assert tha t  the most  likely value is one which cannot be 
true. On the other hand,  if we wish to report an unbiased result which 
can be combined with other measurements ,  it is better to report the 
unphysical result. Everyone unders tands what it means to quote a 
result of, for example, m 2 = -1 .2  =t: 2.0 eV 2. This result could then 
be averaged with other results, half of which would be positive, and 
the average would eventually converge toward zero, the true value. 
If Bayesian est imates are averaged, they do not converge to the true 
value, since they have all been forced to be positive. 

29.6.3.  Frequcnt is t ,  or classical confidence intervals: As the 
name implies, the Frequentist concept of probability is based entirely 
on the limiting frequency, so it only makes sense in situations where 
experiments are repeatable, at least in principle. This is clearly the 
case for the  kind of da ta  we are concerned with, and the methods  we 
present here are based on the Frequentist  point of view. 

The classical construction of exact confidence intervals which we 
describe here was first proposed by Neyman [10]. 

. .  (X 0 

xl(a), al(x).~ 

xl(ao) 

: _ _  . m 

- -  ~.x2(a),  a2(x) 
t . . . . . . . . . . . . . . . . . . . . . . . . . .  

x2(ao) 

Possible  expe r imen ta l  va lues  x 

Figure 29.1: Confidence intervals for a single unknown 
parameter  s .  One might think of the p.d.f. ](x;  a)  as being 
plotted out  of the paper as a function of x along each horizontal 
line of constant  s .  The domain D(e) contains a fraction 1 - e of 
the area under each of these functions. 

We wish to set limits on the  parameter  s whose true value is 
fixed but  unknown. The properties of our experimental apparatus  
are expressed in the function .f(x; a)  which gives the probability of 
observing data  x if the  true value of the parameter  is s .  This  function 
must  be known, otherwise it is impossible to interpret the results of an 
experiment. For a large complex experiment,  this function is usually 
determined numerically using Monte Carlo simulation. 

Given the  function . f (x ;s ) ,  we can find for every value of s ,  two 
values ~Cl(S ,e) and x2(s , e )  such that  repeated experiments would 
produce results x in the interval Xl < x < x2 a fraction 1 - e of the 
time, where 

P ( x l  < x < x 2 )  -- 1 - e  -- f ( ~ ; s )  d x .  (29.33) 
1 

This situation is shown in Fig. 29.1, where the region between the 
curves xl(c~,~) and x2(s ,~)  is indicated by the domain D(~). We 
require tha t  the curves x l ( s ,  E) and  x2(s ,  E) be monotonic functions 
of s ,  so they can be labeled either as functions of x or of s .  Dropping 
the argument  ~ for simplicity, we may  then label the curve Xl(S) as 
Sl(Z ) and x2(s)  as s2(x).  Now consider some arbitrary particular 
value of s ,  say so,  as indicated in the figure. We notice from the 
figure tha t  for all values of x between Xl(SO) and x2(so) ,  it happens 
that  so  lies between al(X) and s2(x) .  Thus  we can write: 

P[Xl(S0) < x < x2(ao)] -- 1 - e  -- P[s2(x)  < so  < al(X)].  (29.34) 

And since, by construction, this  is true for any value so,  we 
can drop the subscript 0 and obtain the relationship we wanted to 
establish for the probability that  the confidence limits will contain the 
true value of s :  

P [ s 2 ( x ) < s < s l ( x ) ]  -- 1 - ~ .  (29.35) 

In this probability statement,  s 1 and a2 are the random variables 
(not s ) ,  and we can verify that  the s ta tement  is true, as a limiting 
ratio of frequencies in random experiments,  for any assumed value 
of s .  In a particular real experiment, the numerical values Sl  and 
s2  are determined by applying the algorithm to the real data, and 
the probability s ta tement  appears to be a s ta tement  about the true 
value s since this is the only unknown remaining in the equation. 
It should however be understood that  it gives only the probability 
of obtaining values Sl  and a2 which include the true value of s ,  
in an ensemble of identical experiments. Any method  which gives 
confidence intervals that  contain the true value with probability 1 - 
(no mat te r  what the true value of s is) is said to have coverage. 
The frequentist intervals as constructed above have coverage by 
construction. Coverage is considered the most  impor tant  property of 
confidence intervals [6]. 

The condition of coverage Eq. (29.33) does not determine Xl and 
x2 completely, s ince  any range which gives the desired value of the 
integral would give the same coverage. Additional criteria are needed 
to determine the intervals uniquely. The most  common criterion is 
to choose central intervals such tha t  the area of the excluded tail on 
either side is e/2.  This criterion is sufficient in most  cases, but  there 
is a more general ordering principle which reduces to centrality in the 
usual  cases and produces confidence intervals with bet ter  properties 
when in the neighborhood of a physical limit. This  o~dering principle, 
which consists of taking the interval which includes the largest values 
of a likelihood ratio, is described by Feldman and Cousins [11]. 

29.6.4. Gaussian errors: 

If the data  are such that  the distribution of the estimator(s)  satisfies 
the central limit theorem discussed in Sec. 28.3.3, the function ] (x ;  s )  
is the Gaussian distribution. If there is more than  one parameter  
being estimated, the multivariate Gaussian is used. For the univariate 
case with known a, 

fp-1-6--(~C :---2/~)2 ( 5 )  (29.36) 1 - ~ = /  e ~ d~=erf  
J~-6 

is the probability that  the measured value x will fail within :t=& of the 
true value/~. From the symmetry  of the Gaussian with respect to x 
and #, this is also the probability that  the true value will be within 
:t:& of the measured value. Fig. 29.2 shows a & = 1.64~r confidence 
interval unshaded. The choice & = ~ ~ ~ gives an interval 
called the standard error which has  1 - e = 68.27% if a is known. 
Confidence coefficients e for other frequently used choices of 6 are 
given in Table 29.1. For other &, find e as the ordinate of Fig. 28.1 
on the n = 1 curve at X 2 = (&/a) 2. We can set a one-sided (upper or 
lower) limit by excluding above/~ + & (or below/~ - &); e 's for such 
limits are 1/2 the values in Table 29.1. 

For multivariate a the scalar Var(#) becomes a full variance- 
covariance matrix.  Assuming a multivariate Gaussian, Eq. (28.22), 
and subsequent discussion the s tandard error ellipse for the  pair 
( ~,n, ~n) may  be drawn as in Fig. 29.3. 
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Figure 29.2: Illustration of a symmetr ic  90% confidence interval 
(unshaded) for a measurement  of a single quant i ty  with Ganssian 
errors. Integrated probabilities, defined by e, are as shown. 

Tab l e  29.1: Area of the tails e outside +~ from the mean of a 
Gaussian distribution. 

E (%) 
31.73 
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Figure 29.3: Standard error ellipse for the est imators  ~m and 
~n.  In this case the  correlation is negative~ 

The  min imum X 2 or max i mum likelihood solution is at (~m,~n ) .  
The s tandard  errors am and an are defined as shown, where the ellipse 
is at a constant  value of X 2 = X2min + 1 or ln.LP = ln-~max - 1/2. The 
angle of the major  axis of the ellipse is given by 

tan 2r = 2pmn 0.m 0.n (29.37) 
2 2 0.Tr~ - -  0.n 

For non-Ganssian or nonlinear cases, one may construct  an analogous 
contour from the same X 2 or l n . ~  relations. Any other parameters 
~t ,  s ~ m,  n mus t  be allowed freely to find their op t imum values for 
every trial point. 

For any unbiased procedure (e.g., least squares or max imum 
likelihood) being used to est imate k parameters  ~i, i = 1 . . . .  , k, the 
probability 1 - ~ tha t  the true values of all k lie within the s-s tandard 
deviation ellipsoid may  be found from Fig. 28.1. Read the ordinate as 
s; the  correct value of e occurs on the n = k curve at X 2 = s 2. For 
example,  for k = 2, the probability that  the true values of ~1 and 
(~2 simultaneously lie within the one-standard-deviation error ellipse 
(s = 1), centered on E1 and ~2, is 39%. This probability only assumes 
Gaussian errors, unbiased estimators,  and that  the model describing 
the  da ta  in terms of the ~i is correct. 

29.6.5.  Upper  l imi ta  and two-aided inte~ala: 

When a measured value is close to a physical boundary,  it is natural  
to report a one-sided confidence interval (usually an upper  limit). It is 
straightforward to force the procedure of Sec. 29.6.3 to produce only 
an upper limit, by sett ing x2 = vo in Eq. (29.33). Then  z l  is uniquely 
determined. Clearly this procedure will have the desired coverage, 
but  only i f  we always choose to set an upper limit. In practice one 
might decide after seeing the da ta  whether to set an upper  limit or a 
two-sided limit. In this case the upper limits calculated by Eq. (29.33) 
will not give exact coverage, as has  been noted in Ref. 11. 

In order to correct this problem and assure coverage in all 
circumstances, it is necessary to adopt a unified procedure, tha t  is, a 
single ordering principle which will provide coverage globally. Then  
it is the ordering principle which decides whether a one-sided or 
two-sided interval will be reported for any given set of data. The 
appropriate unified procedure and ordering principle are given in 
Ref. 11. We reproduce below the main results. 

29.6.6. Gauasian data close to a boundary. 

One of the most  controversial statistical questions in physics is how 
to report a measurement  which is close to the edge or even outside 
of the  allowed physical region. This is because there are several 
admissible possibilities depending on how the result is to be used or 
interpreted. Normally one or more of the following should be reported: 

(a) In any case, the actual measurement  should be reported, even 
if it is outside the physical region. As with any other measurement ,  
it is best to report the value of a quanti ty which is nearly Ganssian 
distributed if possible. Thus  one may choose to report mass  squared 
rather than  mass,  or cos0 rather than  0. For a complex quant i ty  z 
close to zero, report Re(z) and / re(z)  rather than  ampli tude and 
phase of z. Data  carefully reported in this way can be unbiased, 
objective, easily interpreted and combined (averaged) with other da ta  
in a straightforward way, even if it lies partly or wholly outside the 
physical region. The reported error is a direct measure of the intrinsic 
accuracy of the result, which cannot always be inferred from the upper 
limits proposed below. 

(b) If the da ta  are to be used to make a decision, for example 
to determine the dimensions of a new experimental appara tus  for an 
improved measurement ,  it may be appropriate to report a Bayesian 
upper limit, which mus t  necessarily contain subjective feelings about  
the possible values of the parameter,  as well as containing information 
about the physical boundary. Its interpretation requires knowledge of 
the prior distribution which was necessarily used to obtain it. 

(c) If it is desired to report an upper limit in an objective way such 
tha t  it has a well-defined statistical meaning in te rms  of a l imiting 
frequency, then report the Frequentist confidence bound(s) as given by 
the unified Feldman-Cousins approach. This algori thm always gives 
a non-null interval ( that  is, the confidence limits are always inside" 
the physical region, even for a measurement  well outside the  physical 
region), and still has correct global coverage. These confidence limits 
for a Ganssian measurement  close to a non-physical boundary  are 
summarized in Fig. 29.4. Additional tables are given in Ref. 11. 

29.6.7. Poiaaon data f o r  amal l  aamples: 

When the observable is restricted to integer values (as in the  case 
of Poisson and binomial distributions), it is not generally possible 
to construct confidence intervals with exact coverage for all values 
of ~. In these cases the integral in Eq. (29.33) becomes a sum of 
finite contributions and it is no longer possible (in general) to find 
consecutive terms which add up exactly to the required confidence 
level 1 - e for all values of a.  Thus  one constructs intervals which 
happen to have exact coverage for a few values of a,  and unavoidable 
over-coverage for all other values. This  is the best tha t  can be done 
and still guarantee coverage for any true value. 

In addition to the problem posed by the discreteness of the data,  we 
usually have to contend with possible background whose expectation 
must  be evaluated separately and may  not be known precisely. 
For these reasons, the reporting of this kind of da ta  is even more 
controversial than  the Ganssian data  near a boundary as discussed 
above. This is especially true when the number of observed counts is 
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Figure 29.4: Plot  of 99%, 95%, 90%, and 68.27% ("one ~") 
confidence intervals for a physical quantity # based on a Gaussian 
measurement z (in units of standard deviations), for the case 
where the true value of/~ cannot be negative. The curves become 
straight lines above the horizontal tick marks. The probability 
of obtaining an experimental value at least as negative as the 
left edge of the graph (z = -2.33) is less than 1%. Values of z 
more negative than -1 .64 (dotted segments) are less than 5% 
probable, no matter  what the true value of/~. 
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F igu re  29.5: 90% confidence intervals ~Ul, ~u2]on the number of 
signal events as a function of the expected number of background 
events b. For example, if the expected background is 8 events 
and 5 events are observed, then the signal is 2.60 or less with 
90% confidence. Dotted portions of the/~2 curves on the upper 
left indicate regions where/~1 is non-zero (as shown by the inset). 
Dashed portions in the lower right indicate regions where the 
probability of obtaining the number of events observed or fewer 
is less than 1%, even ff # = 0. Horizontal curve sections occur 
because of discrete number statistics. Tables showing these data 
as well as the CL = 68.27%, 95%, and 99% results are given in 
Ref. 11. 

greater than the expected background. As for the Ganssian case, there 
are at least three possibilities for reporting such results depending on 
how the result is to be used: 

(a) In any case, the actual measurements should be reported, 
which means (1) the number of recorded counts, (2) the expected 
background, possibly with its error, and (3) normalization factor 
which turns the number of counts into a cross section, decay rate, etc. 
As with Gaussian data, this da ta  can be combined with that  of other 
experiments, to make improved upper limits for example. 

(b) A Bayesian upper limit may be reported. This has the 
advantages and disadvantages of any Bayesian result as discussed 
above. It is especially difficult to find an acceptable prior probability 
distribution for this case, 

Table  29.2: Poisson limits [/~1, P2] for no observed events in the 
absence of background. 

CI = 90% CI = 95% 

0 0.00 2.44 0.00 3.09 
1 0.11 4.36 0.05 5.14 

2 0.53 5191 0.36 6.72 

3 I.I0 7.42 0.82 8.25 

4 1.47 8.60 1.37 9.76 

5 1.84 9.99 1.84 11.26 

6 2.21 11.47 2.21 12.75 

7 3.56 12.53 2.58 13.81 

8 3.96 13.99 2.94 15.29 

9 4.36 15.30 4.36 16.77 

10 5.50 16.50 4.75 17.82 

(c) An upper limit (or confidence region) with optimal coverage 
can be reported using the unified approach of Ref. 11. At the moment 
these confidence limits have been calculated only for the case of 
exactly known background expectation. The main results can be read 
from Fig. 29.5 or from Table 29.2; more extensive tables can be found 
in Ref. 11. 

None of the above gives a single number which quantifies the quality 
or sensitivity of the experiment. This is a serious shortcoming of most 
upper limits including those of method (c), since it is impossible to 
distinguish, from the upper limit alone, between a clean experiment 
with no background and a lucky experiment with fewer observed 
counts than expected background. For this reason, we suggest that 
in addition to (a) and (c) above, a measure of the sensitivity should 
be reported whenever expected background is larger or comparable to 
the number of observed counts. The best such measure we know of is 
that  proposed and tabulated in Ref. 11, defined as the average upper 
limit that would be attained by an ensemble of experiments with the 
expected background and no true signal. 
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30.  M O N T E  C A R L O  T E C H N I Q U E S  

Revised July 1995 by S. Youssef (SCRI, Florida State University). 

Monte Carlo techniques are often the only practical way to 
evaluate difficult integrals or to sample random variables governed 
by complicated probability density functions. Here we describe an 
assortment of methods for sampling some commonly occurring 
probability density functions. 

30.1. Sampling the uniform distribution 

Most Monte Carlo sampling or integration techniques assume a 
"random number generator" which generates uniform statistically 
independent values on the half open interval [0,1). Although such a 
generator is, strictly speaking, impossible on a finite digital computer, 
generators are nevertheless available which pass extensive batteries of 
tests for statistical independence and which have periods which are so 
long that, for practical purposes, values from these generators can be 
considered to be uniform and statistically independent. In particular, 
the lagged-Fibonacci based generator introduced by Marsaglia, Zaman, 
and Tsang [1] is efficient, has a period of approximately 1043, produces 
identical sequences on a wide variety of computers and, passes the 
extensive "DIEHARD" battery of tests [2]. Many commonly available 
congruential generators fail these tests and often have sequences 
(typically with periods less than 232 ) which can be easily exhausted 
on modern computers and should therefore be avoided [3]. 

30.2. Inverse transform method 

If the desired probability density function is f(x) on the range 
-oo < x < co, its cumulative distribution function (expressing the 
probability that z <_ a) is given by Eq. (28.1). If a is chosen with 
probability density f(a), then the integrated probability up to point 
a, F(a), is itself a random variable which will occur with uniform 
probability density on [0,1]. If z can take on any value, and ignoring 
the endpoints, we can then find a unique z chosen from the p.d.f, f(s) 
for a given u if we set 

= F(=), (30.1) 

provided we can find an inverse of F, defined by 

Z = F-I(u) �9 (30.2) 

This method is shown in Fig. 30.1a. 

x~F-l(u) 
1 F.b) ~ , 

I 
F(x) ~ } f( 

u [- ........... I ............ xk) 
o 4 4 
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x 

Figure 30.1: Use of a random number u chosen from a uniform 
distribution (0,1) to find a random number z from a distribution 
with cumulative distribution function F(z) .  

For a discrete distribution, F(z)  will have a discontinuous jump of 
size f (zk)  at each allowed z k , k  = 1,2 , . . . .  Choose u from a uniform 
distribution on (0,1) as before. Find x/r such that  

k 
F (zk -1 )  < u <_ F(zk)  = Prob (x _< zk) : ~ f(z~) ; (30.3) 

i : 1  

then zk is the value we seek (note: F(zo) -= 0). This algorithm is 
illustrated in Fig. 30.lb. 

3 0 . 3 .  A c c e p t a n c e - r e j e c t i o n  m e t h o d  ( Y o n  N e u m a n n )  

Very commonly an analytic form for F(z )  is unknown or too 
complex to work with, so that obtaining an inverse as in Eq. (30.2) is 
impractical. We suppose that  for any given value of z the probability 
density function f ( z )  can be computed and further that  enough is 
known about f (z )  that  we can enclose it entirely inside a shape which 
is C times an easily generated distribution h(x) as illustrated in 
Fig. 3O.2. 

(a) 

(b) 

. . . . . . . . . . . . . . .  . . . . . . . .  

X 

Figure 30.2: Illustration of the acceptance-rejection method. 
Random points are chosen inside the upper bounding figure, and 
rejected if the ordinate exceeds f (z ) .  Lower figure illustrates 
importance sampling. 

Frequently h(z) is uniform or is a normalized sum of uniform 
distributions. Note that  both f ( z )  and h(z) must be normalized 
to unit area and therefore the proportionality constant C > 1. 
To generate .f(z), first generate a candidate z according to h(z). 
Calculate .f(z) and the height of the envelope C h(x); generate u and 
test if uC h(z) <_ f (z) .  If so, accept z; if not reject z and try again. If 
we regard z and uC h(z) as the abscissa and ordinate of a point in a 
two-dimensional plot, these points will populate the entire area C h(z) 
in a smooth manner; then we accept those which fall under f (z ) .  The 
efficiency is the ratio of areas, which must equal 1/C; therefore we 
must keep C as close as possible to 1.0. Therefore we try to choose 
C h(z) to be as close to f ( z )  as convenience dictates, as in the lower 
part of Fig. 30.2. This practice is called importance sampling, becauie 
we generate more trial values of z in the region where f ( z )  is most 
important. 

30.4.  A l g o r i t h m s  

Algorithms for generating random numbers belonging to many 
different distributions are given by Press [4], Ahrens and Dieter [5], 
Rubinstein [6], Everett and CashweU [7], Devroye [8], and Walck [9]. 
For many distributions alternative algorithms exist, varying in 
complexity, speed, and accuracy. For time-critical applications, these 
algorithms may be coded in-line to remove the significant overhead 
often encountered in making function calls. Variables named "u" are 
assumed to be independent and uniform on (0,1). 

In the examples given below, we use the notation for the variables 
and parameters given in Table 28.1. 

30.4.1. Sine and cosine of random angle: 
Generate Ul and u2. Then vl = 2ul - 1 is uniform on ( -1 ,1) ,  and 

v2 = u2 is uniform on (0,1). Calculate r 2 -- vt 2 + v~. If r 2 > 1, start  
over. Otherwise, the sine (S) and cosine (C) of a random angle are 
given by 

S = 2vlv2/r 2 and C = (v~ - v ~ ) / r  2 �9 (30.4) 
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30.4.2.  Gaussian distribution: 
If u l  and u2 are uniform on (0,1), then  

zl = s in27ru lv / -21nu2  and z2 = c o s 2 7 r u l ~  (30.5) 

are independent and Gaussian distributed with mean 0 and a = 1. 

There are many  faster variants of this basic algorithm. For example, 
construct  vl = 2ul  - 1 and vz = 2u2 - 1, which are uniform on (-1 ,1) .  
Calculate r z = vl 2 + v  2, and i f r  z > 1 start  over. I f r  9 < 1, it is uniform 
on (0,1). Then 

v /~-2 lnr2 
Z 1 ~--- 1V ~ and z 2 --= v2V "~- (30.6) 

are independent numbers  chosen from a normal  distribution with 
mean 0 and variance 1. z~ = /~ + azi distributes with mean /~  and 
variance a z. 

For a multivariate Gaussian,  see the  algorithm in Ref. 10. 

30 .4 .3 .  X2(n) d i s t r i b u t i o n :  

For n even, generate hi2 uniform numbers  ui; then 

/hi2 \ 
y : - 2 1 n t i H = l U i )  is x2Cn) . (30.7) 

For n odd, generate (n  - 1)/2 uniform numbers  ui and one Ganssian z 
as in Sec. 30.4.2; then  

/ (n-l) /2 

y------21n / i__II1 u i ) + z  2 is xZ(n ) .  (30.8) 

For n >  30 the  much faster Gaussian approximation for the 
X 2 may  be preferable: generate z as in See. 30.4.2 and use 
y = [z + 2n~/2"-ff~- 1] z /2 ;  if z < - 2nv/2ff':~- 1 reject and start  over. 

30 .4 .4 .  Gamma distribution: 

All of the following algori thms are given for ,~ = 1. For ~ ~ 1, 
divide the  resulting random number  z by ~. 

s If k = 1 (the ezponential distribution), accept z = - ( l n u ) .  

* If 0 < k < 1, initialize with Vl = (e + k)/e (with e = 2.71828... 
being the natura l  log base). Generate Ul, u2. Define v2 = VlUl. 

C u e  1 : v 2  _< 1. Define z = v~/~. If u2 _< e-=,  accept = and 
stop, else restart  by generating new ul ,  u2. 
C a s e  2 : v 2  > 1, Define z = - l n ( [ v l  - v2]/k), If u2 <_ z h - l ,  
accept z and stop, else restart  by generating new Ul, u2. 
Note that ,  for k < 1, the probability density has  a pole at 
z = 0, so tha t  return values of zero due to underflow must  be 
accepted or otherwise dealt with. 

s Otherwise, if k > 1, initialize with c = 3k - 0.75. Generate 
u l  and compute Vl = u1(1 - u l )  and v2 = (ul - 0 . 5 ) V / ~ .  If 
z = k + v2 - 1 < 0, go back and ~enerate new ut ;  otherwise 
generate ~ and compute v3 = 6 4 v ~ ] .  n vs < 1 - 2 v ] / ,  o~ if 
lay3 _< 2{[k - 1] ln[z/(k - 1)] - v 2 } ,  accept z and stop; otherwise 
go back and generate new Ul. 

30.4.5.  Binomial  distribution: 

If p < 1/2, i terate until  a successful choice is macle: begin with 
k = 1; compute  Pk = qn [for k r 1 use Pk = ] ( r~ ;n ,p ) ,  and store Pk 
into B; generate u. If u _< B accept r k = k - 1 and stop; otherwise 
increment k by 1 and compute next  P/c and add to B; generate a new 
u and repeat. If we arrive at k = n + 1, stop and accept rn+l = n. If 
p > 1/2 it will be more efficient to generate r from f ( r ;  n, q), i.e., with 
p and q interchanged, and then set rk = n - r. 

30.4 .6 .  PoisJon distribution: 
Iterate until a successful choice is made: Begin with k = 1 and set 

A -- 1 to start.  Generate u. Replace A with uA; if now A < e x p ( - p ) ,  
where /t is the Poisson parameter,  accept n~ = k - 1 and stop. 
Otherwise increment k by 1, generate a new u and repeat, always 
s tar t ing with the value of A left from the previous try. For large 
/t( > 10) it may  be satisfactory (and much faster) to approximate the 
Poisson distribution by a Gaussian distribution (see our Probabili ty 
chapter, Sec. 28.3.3) and generate z from f(z;0,1); then  accept 
z = max(0, [/~ + Zv/- fi + 0.5]) where [ ] signifies the  greatest integer 
< the expression. 

30.4 .7 .  Student's t d i s t r i b u t i o n :  

For n > 0 degrees of freedom (n not necessarily integer), generate = 

from a Gaussian with mean  0 and a 2 = 1 according to the  method  of 
30.4.2. Next generate y, an independent g a m m a  random variate with 
k = n / 2  degrees of freedom. Then  z = x v~-n /v  ~ is distr ibuted as a t 
with n degrees of freedom. 

For the special case n = 1, the Breit-Wigner distribution, generate 
u 1 and u2; set vl = 2Ul - 1 and v2 = 2u2 - 1. If Vl 2 + v22 < 1 accept 
z = Vl/V2 as a Breit-Wigner distribution with unit  area, center at 0.0, 
and FWHM 2.0. Otherwise s tar t  over. For center Mo and F W t t M  I ~, 
use W = zr /2  + Mo. 
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31. M O N T E  C A R L O  P A R T I C L E  N U M B E R I N G  S C H E M E  

Revised April 1998 by L. Garren (Fermilab), I.G. Knowles (Edinburgh 
U.), T. SjSstrand (Lund U.), and T. Trippe (LBNL). 

The PDG particle numbering scheme [1] is designed to facilitate 
interfacing between the event generator and analysis packages used in 
particle physics. It is used in several generators, e.g. HEHWIG and 
PYTI-HA/JETSET, and in the/HEPEVT/[2] standard interface. After 
consultation [3], the scheme has been revised to better match the 
practice of program authors. The revised scheme includes numbering 
of states by orbital and radial quantum numbers to allow systematic 
inclusion of quark model states which are as yet undiscovered, and also 
includes numbering for hypothetical particles such as SUSY particles. 
The genera[ form is a 7-digit number: 

-4-p~ n~, n L  nq t  nq~ nqs  n j .  

This encodes information about the particle's spin, flavor content, and 
internal quantum numbers. The details are as follows: 

1. Particles are given positive numbers, antiparticles negative 
numbers. The PDG convention for mesons is used, so that K + 
and B + are particles. 

2. Quarks and leptons are numbered consecutively starting from 1 
and 11 respectively; to do this they are first ordered by family 
and within families by weak isospin. 

3. In composite quark systems (diquarks, mesons, and baryons) 
nqt_3 axe quark numbers used to specify the quark content, while 
the rightmost digit n j  = 2J  + 1 gives the system's spin (except 
for the K O and K~  The scheme does not cover particles of spin 
J > 4 .  

4. Diquarks have 4-digit numbers with nql >_ nq2 and nq3 = O. 
5. The numbering of mesons is guided by the nonrelativistic (L -S  

decoupled) quark model, as listed in Table 13.2. This leads to 
several differences with the earlier numbering [4] for excited 
mesons. 

a. The numbers specifying the meson's quark content conform 
to the convention nqt = 0 and nq2 >_ nqa. The special case 
K 0 is the sole exception to this rule. 

b. The quark numbers of flavorless, light (u, d, s) mesons are: 
11 for the member of the isotriplet (~r~176 22 for the 
lighter isosingiet (7, co . . . .  ), and 33 for the heavier isosinglet 
(~1, ~b . . . .  )_ Since isosinglet mesons are often large mixtures 
of u~ + dd and s~ states, 22 and 33 are assigned by mass and 
do not necessarily specify the dominant quark composition. 

c. The special numbers 310 and 130 are given to the K 0 and 
K 0 respectively. 

d. The fifth digit n L is reserved to distinguish mesons of the 
same total (J)  but different spin (S) and orbital (L) angular 
momentum quantum numbers. For J > 0 the numbers are: 
( L , S )  : (J  - 1,1) n L = 0, ( J ,  0)  n L : 1, (J, 1) n L = 2 
and ( J  + 1,1) nL = 3. For the exceptional case J = 0 the 
numbers are (0,0) nL : 0 and (1,1) nL = 1 (i.e. n r  = L). 
See Table 31.1. 

Table  31.1: Meson numbering logic. Here qq stands for 
nq2 nq3. 

J 

0 
1 

2 
3 
4 

L = J - 1 ,  S = I  L = J , S = O  L = J , S = I  L = J + I , S = I  

code JPC L code J P r  L code j P C  L code j p c  L 

00qq3 1 0 
00qq5 2 ++ 1 " 
00qq7 3 2 
00qq9 4 ++ 3 

00qql 0 - +  0 
10qq3 1 + -  1 
10qq5 2 - +  2 
lOqq7 3 + -  3 
10qq9 4 - +  4 

20qq3 1 ++ 1 
20qq5 2 2 
20qq7 3 ++ 3 
20qq9 4 - -  4 

10qql 0 ++ 1 
30qq3 1 2 

!30qq5 2 ++ 3 
30qq7 3 4 

!30qq9 4 ++ 5 

e. If a set of physical mesons correspond to a (non-negligible) 
mixture of basis states, differing in their internal quantum 
numbers, then the lightest physical state gets the smallest 

basis state number. For example the K1(1270) is numbered 
10313 ( l iP1 K1B ) and the Kl(1400) is numbered 20313 
(13pi KiA) .  

f. The sixth digit n ,  is used to labelmesons radially excited 
above the ground state. 

g. Numbers have been assigned for complete nr  = 0 S- and 
P-wave mnltiplets, even where states remain to be identified. 

h. In some instances assignments within the qq meson model 
are only tentative; here best guess assignments are made. 

i. Many states appearing in the Meson Listings are not yet 
assigned within the qq model. Here nq2_s and n j  are 
assigned according to the state 's likely flavors and spin; all 
such unassigned light isoscalar states are given the flavor 
code 22. Within these groups n L = 0 ,1 ,2 , . . .  is used to 
distinguish states of increasing mass. These states are flagged 
using n = 9. It is to be expected that these numbers will 
evolve as the nature of the states are elucidated. 

6. The numbering of baryons is again guided by the nonrelativistic 
quark model, see Table 13.4. 

a. The numbers specifying a baryon's quark content are such 
that in general nql > nq2 > nq2. 

b. Two states exist for J = 1/2 baryons containing 3 different 
types of quarks. In the lighter baryon (A,2,, D , . . . )  the light 
quarks are in an antisymmetric ( J  = 0) state while for 
the heavier baryon (~-0, ~1, i f , . . . )  they are in a symmetric 
( J  = 1) state. In this situation nq2 and nq3 are reversed for 
the lighter state, so that the smaller number corresponds to 
the lighter baryon. 

c. At present most Monte Carlos do not include excited baryons 
and no systematic scheme has been developed to denote 
them, though one is foreseen. In the meantime, use of the 
PDG 96 [4] numbers for excited baryons is recommended. 

7. The ghon,  when considered as a gauge boson, has official number 
21. In codes for glueballs, however, 9 is used to allow a notation 
in close analogy with that  of hadrons. 

8. The pomeron and odderon trajectories and a generic reggeon 
trajectory of states in QCD are assigned codes 990, 9990, and 110 
respectively, where the final 0 indicates the indeterminate nature 
of the spin, and the other digits reflect the expected "valence" 
flavor content. We do not a t tempt a complete classification of all 
reggeon trajectories, since there is currently no need to distinguish 
a specific such trajectory from its lowest-lying member. 

9. Two-digit numbers in the range 21-30 are provided for the 
Standard Model gauge bosons and Higgs. 

10. Codes 81-100 are reserved for generator-specific pseudoparticles 
and concepts. 

11. The search for physics beyond the Standard Model is an active 
area, so these codes are also standardized as far as possible. 

a. A standard fourth generation of fermions is included by 
analogy with the first three. 

b. The graviton and the boson content of a two-Higgs-doublet 
scenario and of additional SU(2)• groups are found in 
the range 31-40. 

c. "One-of-a-kind" exotic particles are assigned numbers in the 
range 41-80. 

d. Fundamental supersymmetric particles are identified by 
adding a nonzero n to the particle number. The superpartner 
of a boson or a left-handed fermion has n = 1 while the 
superpartner of a right-handed fermion has n = 2. W h e n  
mixing occurs, such as between the winos and charged 
Higgsinos to give charginos, or between left and right 
sfermions, the lighter physical state is given the smaller basis 
state number. 

e. Technicolor states have n = 3. In the absence of a unique 
theory we only number generic states whose digits reflect the 
technlquark content. 

f. Excited (composite) quarks and leptons are identified by 
setting n = 4. 
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12. Occasionally program authors add their own states. To avoid 
confusion, these should be flagged by setting nnr = 99. 

13. Concerning the non-99 numbers, it may be noted that only 
quarks, excited quarks, squarks, and diquarks have nq3 = 0; 
only diquarks, baryons, and the odderon have nql ~ 0; and only 
mesons, the reggeon, and the pomeron have nqx = 0 and nq2 ~ O. 
Concerning mesons (not antimesons), if nql is odd then it labels 
a quark and an antiquark if even. 

This text and fists of particle numbers can be found on the 
WWW [5]. The StdHep Monte Carlo standardization project [6] 
maintains the list of PDG particle numbers, as well as numbering 
schemes from most event generators and software to convert between 
the different schemes. 

SUSY 
QUARKS DIQUARKS PARTICLES 
d I (dd)t 1103 d'L I000001 

u 2 (ud)o 2101 ~/, 1000002 
s 3 (ud)t 2103 ~g 1000003 
c 4 
b 5 (UU)l 2203 ~L 1000004 
t 6 (sd)o 3101 bx 1000005a 
b' 7 (sd)t 3103 t'l 1000006a 
t I 8 (su)o 3201 eL 1000011 

LEPTONS (aU)l 3203 "VeL 1000012 
e -  11 (SS)l 3303 ~ 1000013 
ve 12 (cd)o 4101 ~L  1000014 

p -  13 (cd)l 4103 ~1 1000015a 
v~, 14 (eU)o 4201 ~rL 1000016 
~'- 15 (CU)l 4203 dR 2000001 
vr 16 (cs)o 4301 ~R 2000002 
~.l- 17 (CS)I 4303 ~R 2000003 
v r ,  18 (cc)l 4403 ~R 2000004 

E X C I T E D  (bd)o 5101 b2 2000005a 
PARTICLES (bd)t 5103 ~2 2000006a 
d* 4000001 (bu)o 5201 e'-~ 2000011 
u* 4000002. (bu)t 5203 ~ 2000013 
e* 4000011 (bs)o 5301 ~2- 2000015a 
u~ 4000012 

(bS)l 5303 ~ 1000021 

G A U G E  A N D  (bc)c 5401 ~1 1000022b 
HIGGS BOSONS (bc)t 5403 ~2 1000023b 
9 (9) 21 (bb)l 5503 X+ 1000024b 
7 22 ~0 1000025 b 
Z ~ 23 TECHNICOLOR ~4 1000035b 
W + 24 PARTICLES 
hO/H 0 25 lrt0ech 3000111 X+ 1000037b 

100OO39 
Z' /Z  ~ 32 ~rtech+ 3000211 
Zn / Z 0 33 0 ~}~ech 3000221 SPECIAL 
W' / W  + 34 pOec h 3 0 0 0 1 1 3  PARTICLES 

G (graviton) H ~  0 35 P+ch 3000213 
A~176 3 36 o 3000223 R~ Wtech LQ c 
H + 37 reggeon 

pomeron 
odderon 

39 
41 
42 

110 
990 

9990 

for MC internal use 81-100 

References: 
1. T.G. Trippe and G.R. Lynch, "Particle I.D. Numbers, Decay 

Tables, and Other Possible Contributions of the Particle Data 
Group to Monte Carlo Standards," LBL-24287 (November 1987). 
Presented at the Workshop on Detector Simulation for the SSC 
(August 1987); 
G.P. Yost et al., Particle Data Group, Phys. Lett. B204, 1 (1988). 

2. T. Sj6strand et al., in "Z physics at LEPI", CERN 89-08, vol. 3, 
p. 327. 

3. I. G. Knowles et al., in "Physics at LEP2", CERN 96-01, vol. 2, 
p. 103. 

4. R.M. Barnett et al., Particle Data Group, Phys. Rev. D54, 1 
(1996). 

5. http://pdg.lbl.gov/mc_particle-id_contents .html. 
6. L. Garren, StdHep 3.01, Monte Carlo Standardization at FNAL, 

Fermilab PM0091 (Nov. 17, 1995) and StdHep WWW site: 
http://~.r fnal. gov/stdhep, html. 

LIGHT I ---- 1 MESONS L I G H T  I = 0 MESONS 
~0 111 (u~, dd, and s~ Admixtures) 
r + 211 ~? 221 
a0(980) ~ 0000111* r1r 331 

ao(980) + 9000211* fo(400-1200) 9000221* 
~(1300) ~ 100111* fo(980) 9010221* 
7r(1300) + 100211* n(1295) 100221* 
ao(1450) ~ 10111" ]o(1370) 10221* 
ao(1450) + 10211* 7/(1440) 100331* 
7r(1800) 0 200111 /o(1500) 9020221* 

7r(1800) + 200211 f j(1710) 9030221* 
p(770) 0 113 7/(1760) 200221 

p(770) + 213 ]0(2020) 9040221 

b1(1235) 0 10113 f0(2060) 9050221 
b1(1235) + 10213 fo(2200) 9000221* 
a1(1260) ~ 20113 ~7(2225) 9070221* 
a1(1260) + 20213 w(782) 223 
,5(1405) ~ 9000113 r 333 

~(1405) + 9000213 h1(1170) 10223 
p(1450) ~ 100113* f1(1285) 20223 
p(1450) + 100213* h1(1380) 10333 
p(1700) 0 30113 ft(1420) 20333* 
p(1700) + 30213 w(1420) 100223* 
p(2150) 0 9010113 f1(1510) 9000223* 
p(2150) + 9010213 w(1600) 30223* 
a2(1320) ~ 115 ~b(1680) 100333* 
a2(1320) + 215 f2(1270) 225 
~r2(1670) ~ 10115 f2(1430) 9000225 
~r2(1670) + 10215 f~(1525) 335 

~2(2100) ~ 9000115 f2(1565) 9010225 
~r2(2100) + 9000215 f2(1640) 9020225 
p3(1690) 0 I17 3(1645) 10225 

p3(1690) + 217 f2(1810) 100225 
p3(2250) ~ 9000117 r/2(1870) 10335* 

p3(2250) + 9000217 f2(1950) 9030225* 
a4(2040) 0 119 f2(2010) 100335* 
a4(2040) + 219 f2(2150) 9040225* 

f2(2300) 9050225* 
/2(2340) 9000225* 
w3(1670) 227 
r 337 
/4(2050) 229 

fJ(2220) 9000339 
f4(2300) 9000229 
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S T R A N G E  C H A R M E D  L I G H T  
MESONS MESONS c~ MESONS BARYONS 
K ~ 130 D + 411 ~/c(1S) 441 p 2212 
Ks  ~ 310 Do 421 Xco(1P) 10441 n 2112 
K ~ 311 D~ + 10411 ~c(2S) 100441 A++ 2224 

A + 2214 K + 321 D~ ~ 10421 J/r 443 A ~ 2114 
K~(1430) ~ 10311 D*(2010) + 413 hc(1P) 10443 A -  1114 
K~(1430) + 10321 D*(2007) 0 423 Xcl(1P) 20443* 

K(1460) ~ 100311 D1(2420) + 10413 r 100443*  S T R A N G E  
BARYONS K(1460) + 100321 D1(2420) ~ 10423 r 30443 A 3122 

K(1830) ~ 200311 Dz(H) + 20413 r 9000443*  27 + 3222 
K(1830) + 200321 DI(H) ~ 20423 r 9010443*  270 3212 

K~(1950) ~ 9000311 D~(2460) + 415 r 9020443*  27- 3112 
K~(1950) + 9000321 D~(2460) 0 425 Xc2(1P) 445 27*+ 3224d 
K*(892) ~ 313 D+ 431 27.o 3214 d 

27*- 3114 d .+ 
K*(892) + 323 Dso 10431 bb M E S O N S  _ =o 3322 
K1(1270) ~ 10313 D, *+ 433 %(1S) 551 - - -  3312 
K1(1270) + 10323 Ds1(2536) + 10433 Xb0(1P) 10551* --.0 3324 d 

~, - 3314 K1(1400) ~ 20313 D,I(H) + 20433 ~b(2S) 100551 * 
K1(1400) + 20323 D:2 + 435 Xbo(2P) 110551" ~2- 3334 d 

K*(1410) ~ 100313*  %(3S) 200551 C H A R M E D  
K*(1410) + 100323* BOTTOM Xb0(3P) 210551 BARYONS 

MESONS T(1S) 553 A + 4122 
K1(1650) ~ 9000313 BO 511 hb(1P) 10553 27c ++ 4222 
K1(1650). + 9000323 B + 521 
K*(1680) ~ 30313* B~ ~ 10511 Xbl(1P) 20553* 27+ 4212 

K*(1680) + 30323*  B~ + 10521 Tz(1D) 30553 270 4112 

K~(1430) ~ 315 B *o 513 T(2S) 100553*  27*++ 4224 

K~(1430) + 325 B *+ 523 hb(2P ) 110553 27*+ 4214 

K2(1580) 0 9000315 BI(L) 0 10513 Xbl(2P) 120553*  27,0 4114 

K2(1580) + 9000325 BI(L) + 10523 TI(2D) 130553 -c=+ 4232* 

K2(1770) ~ 10315 BI(H) ~ 20513 T(3S) 200553* -c=~ 4132" 

K2(1770) + 10325 BI(H) + 20523 hb(3P) 210553 -c=~+ 4322 
B~ ~ 515 Xbl(3P) 220553 =~o 4312 /(2(1820) ~ 20315 - c  

/(2(1820) + 20325 B~ + 525 T(4S) 300553* -c=*+ 4324 

K~(1980) ~ 100315 B, ~ 531 T(10860) 9000553*  -c=*~ 4314 

K~(1980) + 100325 B *0 10531 T(l1020) 9010553"  ~c 0 4332 

K2(2250) ~ 9010315 B*~ 533 Xb2(1P) 555 ~ o  4334 

K2(2250) + 9010325 BsI(L) ~ 10533 ~?b2(1D) 10555 _~=+ 4412 
K~(1780) ~ 317 Bsl(H) ~ 20533 T2(1D) 20555 -co=++ 4422 

K~(1780) + 327 B *0 �9 535 Xb2(2P) 100555" --cc=*+ 4414 

K3(2320) ~ 9010317 B+ 541 %2(2D) 110555 -co=*++ 4424 

/(3(2320) + 9010327 B~0 + 10541 T2(2D) 120555 $7 + 4432 
K~(2045) 0 319 B *+ 543 Xb2(3P) 200555 ~*c + 4434 

ccc K~(2045) + 329 Bcl(L) + 10543 T3(1D) 557 ~++ 4444 

K4(2500) ~ 9000319 Bcl(H) + 20543 T3(2D) 100557 

/(4(2500) + 9000329 B~ + 545 

B O T T O M  
BARYONS 
A~ 5122 

27~ 5112 

27~ 5212 

27~ 5222 

27~- 5114 

27~o 5214 

ZT~ + 5224 

= -  5132 ~b 
=0 5232 ~b 
=1- 5312 ~ b  

=10 5322 ~b 
= - 5314 ~b 
=*0 5324 ~b 
~ 5332 

~ -  5334 

=o 5142 --be 
=+ 5242 ~bc 
=10 5412 ~bc 
=l§ 
~ 5422 

=,0 5414 

=*+ 5424 --be 
D~ 5342 

Y~ 5432 

~ 5434 

JT~c 5442 

JT~ 5444 

= -  5512 

=o 5522 ~bb 

= - 5514 ~bb 
=.o 5524 ~bb 
~7~ 5532 

D~- 5534 

~ o  5542 

~7~ 5544 

~ b  5554 

F o o t n o t e s  to  t h e  Tables:  
*) Numbers which have changed since the 1990 Review [4] are in bold face. 

Numbers which were not assigned in the 1996 Review [4] are in regular type. 
a) Particulary in the third generation, the left and right sfermion states may mix, as shown. The lighter mixed state is given the 

smaller number. 
b) The physical ~ states are admixtures of the pure ~, ~o, ~ +  ~o, ~ o  and H§ states. 
c) In this draft we have only provided one generic leptoquark code. More general classifications according to spin, weak isospin and 

flavor content would lead to a host of states, that could be added as the need arises. 
d) 27* and ~* are alternate names for 27(1385) and ~(1530). 
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3 2 .  C L E B S C H - G O R D A N  C O E F F I C I E N T S ,  S P H E R I C A L  H A R M O N I C S ,  

A N D  d F U N C T I O N S  
I j J ... 

Note: A square-root sign is to be understood over every coefficient, e.9. , for - 8 / 1 5  read - v / ~ .  Notat ion:  M M ... 

Im I m 2 [ 

I m, m2/Coef f ic ien t s  

I -  / 1 /2l l /2-1/21-  I ]'t = - , , / ~  sinOe 1+2-1/211/5 4/51 5/2 3/21 i " �9 / 
1-112-1/21 11 , 0 -  i+1 +1/2t415-115i+1/2 +112i , 

- 0 r5-[3 2. 1~ '1+~-1/2 [ 2/5 3/5[ 5/2 3/21 
"2 = V ~ t ]  cos. - 5 )  I o +1/21 3/5 -2/5 i-1/2 - 1 / 2  I 

t 0-1/21 3/5 2/51 5/2 3/21 
I ~  11+1/2 + 1 / ; 1  y2t = _,/-~ sinOcosOei,~ ~ I-1 +1/2 / 2/5 -3 /5 l -3 /2  -3/2 I 

V 871" --i--112 415 115 512 
~]_~1/~ 3 / 2  • 1 / 2  -2 +1,2 1,5 -4/5 -5,2 

y2=1 lySsin2Oe2i 0 t, _JI 
i+3/2-;/211/4 3,41 2 1i ' , 1, 

~+2,+~ 11 +2 +21 I +3/2 +4 11+3/2 +3/21 t-1/2 +112t112 -1/2 i -1 -11 
I+~ ~~ ~ql 3 2 11 i+3/2 o~ 2/5 3/5t 5/2 3/2 1/2i I-1/2-1/213/4 1/4 t 21 
i+1+112/~-1/3 ~ +1 +1 +11 hl/2+11 3/5-2151+i/2 +1/2 +~/21 I-3/2+1/2tl/4-3/41-21 

,_, I+2-111/15 1/3 3151 . I+3/2-1h/10 2/5 i/2t [-3/2-1/2[1[ 
ix1 +i 0 8/15 1/6-3/i0 3 2 1 +1/2 0 3/5 1/15 -1/3 5/2 3/2 1/2 

I . . . .  I ~1 . . . .  I I + 1 - 1 h / 5  112 3/101 1+112-1/3110 5115 1 / 6 i - . - - - i , - - .  
I+1 011/2 1/21 2 1 01 I 0  0/3/5 0-2/51 3 2 11 I-1/2 0 /3 /5 -1 /15 -1 /315 /2  3/21 
I ~  0 0 01 I - 1+1 /1 /5 -1 /2  3/101 -1 -1 -11 I -3/2+1/1/10 -2/5 1 /2t -3 /2-3 /2  I 

I+1-111/6 1/2 1 / 3 1 _ _  I 0-1/~/15 1/2 1 / 1 0 1 ~ ; . ,  I -1 /2-1I  3/5 2/51 5/21 
I 0 012/3 0-1/31 2 11 I-1 0/s/15-1/6-3/101 3 21 i-3/2 01 2/5-3/51--5/2 I 
I -1+111/6-1 /2  1/31-1 - 11_ .  ' 1-2 +1/1/~5 -1/3 3/5 I - 2  -21 1_3/2_11 1 I 

Y l - m = ( - 1 ) m Y t  m* ~ I :~-~01~:_ ;~1_:1  g ( j l J2mlm2i J l J2JM)  [ 
' I - 1 - 1 T l i  i - 2 -1 r  11 I =(-1)J-"-s'(~2~1~2md~zMM) 

dJt = (-1)m-m'd j ,, =d j , 3/2X3/2 ~ J1 ~ .1/2 o~ O ,41 1+cos8 
m , m  m , m  - -m, - -m i +3 [  3 2 [ UO0 : C O S ~  a l / 2 1 / 2  : ~ v o ~  ~ 1 1 :  - 

_ _  . i+3/2 +3/2 I 11 +2 +2 I ' ' ' ~ z ' z 

2 X 3 / 2  ~ 1 + 3 / 2 + 1 / 2 1 1 / 2 1 / 2 1 3  2 11 . 1 / 2  . O - t  sin0 
,+2+3,2V'~I+~1,]+7~1 1+1,2+,21 12-1;21 +1 +1 +11 <h/2,-1/2 = - s m ~  o l , o  = - ~  
r I / +312-112 I15 i/2 3_110 i+2'+1,;1;;;:;;I 7,2 5,2 3,2  1:];]  ;]13,5 o , o. 1-cosO 

i+1+3121 4/'7 -317ti-312 +3/2 +312[ i-I/2 +312 i 1/5 -i12 3/10 I 0 0 0 0 i 1,-1 : 2 

I+2-i,21 1/7 16/3~ 2/51 , i+3/2-3/2h/20 1/4 9120 1/41 
m i+l I/2[ 4/7 1/35 -2/51 7/2 5/2 3/2 1/2 l l ...... 19/20 1/4 1/20 1/4 l 

7 +• --llZ -- - -  2 x 2  I~1 '~ - - -= ,  I 0 ;>~1 2, -lS,35 1,51 +1,2 +1,2+1/2 +1,21 1-112 +1,2t9,20-1,4-1,20 1,41 3 2 1, 
I +2-312 1135 6135 2/5 215 1-312 +312 1/20-1/4 9120-1/4 -i -i -i +7 +;I . 1+1-1,2/12,35 5,14 o_3,1oU2 ___ .+1 ,2_3 ,211 ,51 ,23 ,101  

i+7+111/2 7-/]1 4 3 21 I 0  1 /2 / le /35-3135-115 1/51 7/2 5/2 3/2 1/2 I -1 ,2 -1 ,21  . . . . .  2 , < 1 ~  
[+1+2 +2 +2 +2 1 312 4135 27170 215 iii0 i12 112 i12 112 # # " 1+1+2il/ .2-1/21 I l -  / - - i - 1 / 2  - 1 , 2 -  - l - 3 ; 2 + 1 ; 2 i l ; 5 - 1 / 2  3Aol-~ -~1 

1+7 013/14 1/2 2/71 I+1 - 3 / 2 1  4/35 27/70 2/5 1/10 I . . . . . .  1 . . . . . .  I o, 
I+ l  11 4/7 0-3 /71  4 3 2 1 I 0-I12115135 3/35-1/5--115 I - ~ ' "  -~'~1 ~'~ ~ " 1  ~1 
i 0 213/14-1/2  2/71 +1 +1 +1 +1 I-1 1/2E2735-5} [4  0 3/10 7/2 512 3/211-3/2 -1121112-1121-31 

1-,-2 -1T1/14 311o 3/7 1/5 I-2 3/2 I - r / ~ - ~  2/5 -2,5 -3/2 -3/2-3/21 1-3/2-3/21 11 
[+1 0 [ 3/7  1 / 5 - 1 / 1 4 - 3 / 1 0  - - - - - -  [ 0 - 3 / 2  2/7  18/35 1/5[  
[0 1l 317 -1/5-1114 3/10 4 3 2 1 0 I - i  -112 417 -1135-2/51 712 5121 
l-1 2/1/14-3/10 317-115 o o o o o I-2 1/2 1/7-16/35 2/51-512 -5/21 

1+2-~ 1.0 1/10 2 .  2/5 1/5 I-1-3/2] 4/7 3/717/21 
i+1 -1 s/35 2/5 1/14-1/10 -1/5 I -2 -1 /2 /  3/7 -4/7[-7/21 
l o o t8135 0-217 0 115 . . . .  l l l i l 
l - 1  1 8/35 -2/5 1/14 i/i0 -i/5 4 3 2 1 l-2-3/21 i I  

.3/2 1 + COSO O I-2 2 1170-iii0 217 -215 115 -1 -i -1 -I t 
a 3 / 2 , 3 / 2  - -  ~ COS ~ 

( 1 +  COSO~2 -1  3/7 1 1 5 - 1 1 1 4 - 3 1 1 0  
2 0 3/7 --1/5 --1/14 3/10 

d ,2 : i T /  1 1114 --3/10 317 --1/5 
d3/2 ~ 1  + cosO . 0 

3/2,1/2 = - V 3 ~  sm 

1 - cos 0 0 1 + cos O 
a3'~ = V3----------~ cos d~, 1 - sinO 
-3 /2 , -1 /2  2 2 

d3/2,_3/23,2 _ 1-2cosOsinO d 2 2 0 2 ~  sin 28 

- 2 d22_1= l ' c o s O s i n 8  ,/3/2 3cosO 1 c~ 0 
1/2 ,1 /2  = 2 2 

d3/2 3cosO + 1 0 (1 - cosO~2 
1/2,-1/2 = ~ s in~  d22, -2 = t - - - ' 2 " - - 2  

1 + cos8 (2 cos8 - 1) d2'1 - 2 

d2,0 = - ~ / ~  sin0 cos@ 

d21,_1 : 1 - cos0 (2cos0 + 1) 
2 

4 3 2 I 
- 2  - 2  - 2  / 

I 0 -2. } /141 /22 /7  
_-~-I 4/7 0-3/7 i 4 3 1 

0 3/14 -1/2 2/7i-3 -31 

I-i -211/2 1/21 4 i 
I-2 -111/2-i/21-4 i 

I-2 -21 li 

F i g u r e  32.1: The sign convention is tha t  of Wigner (Group Theory, Academic Press, New York, 1959), also used by Condon and Shortley (The 
Theory of Atomic Spectra, Cambridge Univ. Press, New York, 1953), Rose (Elementary Theory of Angular Momentum, Wiley, New York, 1957), 
and Cohen (Tables o/the Clebsch-Gordan Coefficients, North American Rockwell Science Center, Thousand Oaks, Calif., 1974). The coefficients 
here have been calculated using computer programs written independently by Cohen and at LBNL. 



184 33.  S U ( 3 )  i s o s e a l a r  f a c t o r s  a n d  r e p r e s e n t a t i o n  m a t r i c e s  

3 3 .  S U ( 3 )  I S O S C A L A R  F A C T O R S  A N D  R E P R E S E N T A T I O N  M A T R I C E S  

Written by R.L. Kelly (LBNL). 

The most commonly used SU(3) isoscalar factors, corresponding 
to the singlet, octet, and decuplet content of 8 | 8 and 10 | 8, are 
shown at the right. The notation uses particle names to identify the 
coefficients, so that the pattern of relative couplings may be seen 
at a glance. We illustrate the use of the coefficients below. See J.J 
de Swart, Rev. Mod. Phys. 35, 916 (1963) for detailed explanations 
and phase conventions. 

A ~/- is to be understood over every integer in the matrices; the 
exponent 1/2 on each matrix is a reminder of this. For example, the 
S --* DK element of the 10 --* 10 @ 8 matrix is - v " 6 / x / ~  = -1 /2 .  

Intramultiplet relative decay strengths may be read directly from 
the matrices. For example, in decuplet --* octet + octet decays, the 
ratio of 9"  --* S K  and A --, N~r partial widths is, from the 10 --* 8 x 8 
matrix, 

1 --* 8 |  

1 
(A) "--+ ( N K  Z'a" Art S K )  : - ~  (2 3 - 1  --2) 1/2 

8 1 ~ 8 |  

NK.._Er a~" ~'r/ SKI= 1 9'6 0 4 4 
"* N K  ~'Tr a~? S K ]  ~ 2 - 1 2 - 4  

E K  AK S~r S. ] 9 - 1  - 9  

8z --* 8 |  

NK__~r Air E. S K I =  8 0 - 
0 6 

�9 ~K  AK S~  Sn / 3 

1/2 

m 

P (D* ---* SK )  12 
r ( A  --, N l r ) -  -6- • (phase space factors) . (33.1) 

Including isospin Clebsch-Gordan coefficients, we obtain, e.g., 

r (m-  -~ S ~  - )  1/2 12 • p.s.f. 3 • p.s.f. (33.2) 
r ( a +  -0 v ~  0) : 2 ~  • -ff = 

Partial widths for 8 --* 8 | 8 involve a linear superposition of 81 
(symmetric) and 82 (antisymmetric) couplings. For example, 

1 0 4 8 |  

NK_E,~j,~ X. S K |  1 --2 2 --3 3 2 
--+ E K A K K T r  S~ I _  ) = ~  3 - 3  3 3 12 

8 - - - . 1 0 |  

AK ZTr Z~/ S K  
--* ZTr S K  

~7-K STr S~ DK 

1 2  
1 8 - 2  - 3  

- 9  6 
3 - 3  - 3  

112 

,., 
The relations between gl and g2 (with de Swart's normalization) 
and the standard D and F couplings that appear in the interaction 
Lagrangian, 

.2"= - v ~ D T r ( ( - B , B ) M ) +  v~FTr (FB ,  B]M ) , (33.4) 

where [~, B] _= ~ B  - B ~  and {~,  B}  - ~ B  + B ~ ,  are 

v ~  v~ D = ~ g l ,  F : -~ g2. (33.s) 

Thus, for example, 

F(S* ---* STr) ~ (F  - D) 2 ~ (1 - 2002 , (33.6) 

where a = F/(D + F). (This definition of a is de Swart's. The 
alternative D/(D + F), due to Gell-Mann, is also used.) 

The generators of SU(3) transformations, ha (a : 1, 8), are 3 • 3 
matrices that obey the following commutation and antieommutation 
relationships: 

[ha, hb] -- hahb - hbha : 2ifabche (33.7) 

4 
{ha, hb} -- hahb + hbha = "~6abl + 2dabchc , (33.8) 

where / is the 3 • 3 identity matrix, and 6ab is the Kroneeker delta 
symbol. The fabr are odd under the permutation of any pair of 
indices, while the dab c are even. The nonzero values are 

10 --,-* 1 0 |  8 

A K  ~ E ,  S K |  = 83 __12 ) 
E K  STr Sl/ O K ]  ~ 12 - 3  - 6  

S K  9~/ / 12 
I 

abe fobe abe dabe abc dabe 

123 1 118 1 / v ~  

147 1/2 146 1/2 

156 - 1 / 2  157 1/2 

246 1/2 228 I / V ~  

257 1/2 247 - 1 / 2  

345 1/2 256 1/2 

367 - 1 / 2  338 i /v /3  

458 V~/2 344 1/2 
678 Vr3/2 

355 1/2 
366 -1 /2  
377 -1 /2  
448 - i / (2x/3) 
558 - i / ( 2 v ~ )  
o68 -11(2~) 
778 -11(2,v/'3) 
888 -II,v~ 

The ha's are 

(i 1 o ) ( 0 ,  o)( 0o) 
h I : 0 0 h2 = i 0 0 h 3 :  0 - i 0 

0 0 0 0 0 O 0 0 

(i01) (00,)  (000) 
h4-- 0 0 h s =  0 0 0 ho-- 0 0 1 

0 0 i 0 0 0 1 0 

( oo) i(i o o) 
h7 = 0 - i  h 8 = 0 1 0 

i 0 ~ 0 0 - 2  

Equation (33.7) defines the Lie algebra of SU(3). A general d- 
dimensional representation is given by a set of d • d matrices satisfying 
Eq. (33.7) with the fabc given above. Equation (33.8) is specific to the 
defining 3-dimensional representation. 
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34. S U ( n )  M U L T I P L E T S  A N D  Y O U N G  D I A G R A M S  

Written by C.G. Wohl (LBNL). 

This note tells (1) how SU(n) particle multiplets are identified or 
labeled, (2) how to find the number of particles in a multiplet from its 
label, (3) how to draw the Young diagram for a multiplet, and (4) how 
to use Young diagrams to determine the overall multiplet structure of 
a composite system, such as a 3-quark or a meson-baryon system. 

In much of the literature, the word "representation" is used where 
we use "multiplet," and "tableau" is used where we use "diagram." 

34.1.  M u l t i p l e t  l a b e l s  

An SU(n) multiplet is uniquely identified by a string of ( n - l )  
nonnegative integers: (a,/3,7 . . . .  ). Any such set of integers specifies 
a multiplet. For an SU(2) multiplet such as an isospin multiplet, the 
single integer a is the number of steps from one end of the multiplet 
to the other (i.e., it is one fewer than the number of particles in the 
multiplet). In SU(3), the two integers a and/3 are the numbers of 
steps across the top and bot tom levels of the multiplet diagram. Thus 
the labels for the SU(3) octet and decuplet 

}'I-1"*'[ 14 3 *1 

- , - 0  

are (1,1) and (3,0). For larger n, the interpretation of the integers 
in terms of the geometry of the multiplets, which exist in an 
(n-1)-dimensional  space, is not so readily apparent. 

The label for the SU(n) singlet is (0 ,0 , . . .  ,0). In a flavor SU(n), 
the n quarks together form a (1,0 . . . . .  0) multiplet, and the n 
antiquarks belong to a ( 0 , . . . ,  0,1) multiplet. These two multiplets 
are conjugate to one another, which means their labels are related by 
(~ ,~  . . . .  ) ~ (  . . . .  ~ ,~) .  

34.2.  N u m b e r  o f  par t i c l e s  

The number of particles in a multiplet, N = N(a,/3 . . . .  ), is given 
as follows (note the pattern of the equations). 

In SU(2), N -- N ( a )  is 

N = (a + i) (34.1) 
1 

In SU(3), N : N ( a , ~ )  is 

N =  ( a + l )  ( ~ + l ) . ( a + / ~ + 2 )  
1 1 2 

(34.2) 

In SU(4), N = N(a,~3,7) is 

N = Ca+l)  (~+1) ( 7+1 ) .  ( a + ~ + 2 ) .  (/3+7+2) (a+/3+7+3) 
1 1 1 2 2 3 

(34.3) 

Note that  in Eq. (34.3) there is no factor with (a + 7 + 2): only a 
consecutive sequence of the label integers appears in any factor. One 
more example should make the pattern clear for any SU(n). In SU(5), 
N = N(a,~ ,7 ,6)  is 

N-- (a+l) (/3+I). (7+1). (6+1). (a+/3+2) (/~+7+2) 
1 1 1 1 2 2 

x (7%6+2) (a+/3+7+3) (/~%7+~+3) (a+/3+q'%6+4)(34.4) 
2 3 3 4 

From the symmetry of these equations, it is clear that multiplets that 
are conjugate to one another have the same number of particles, but 
so can other multiplets. For example, the SU(4) multiplets (3,0,0) and 
(1,1,0) each have 20 particles. Try the equations and see. 

34.3.  Y o u n g  d iagrams  

A Young diagram consists of an array of boxes (or some other 
symbol) arranged in one or more left-justified rows, with each row 
being at least as long as the row beneath. The correspondence between 
a diagram and a multiplet label is: The top row juts out a boxes to 
the right past the end of the second row, the second row juts out 
boxes to the right past the end of the third row, etc. A diagram in 
SU(n) has at most n rows. There can be any number of "completed" 
columns of n boxes buttressing the left of a diagram; these don't  affect 
the label. Thus in SU(3) the diagrams 

represent the multiplets (1,0), (0,1), (0,0), (1,1), and (3,0). In any 
SU(n), the quark multiplet is represented by a single box, the 
antiquark multiplet by a column of ( n - l )  boxes, and a singlet by a 
completed column of n boxes. 

3 4 . 4 .  C o u p l i n g  m u l t i p l e t s  t o g e t h e r  

The following recipe tells how to find the multiplets that  occur 
in coupling two multiplets together. To couple together more than 
two multiplets, first couple two, then couple a third with each of the 
multiplets obtained from the first two, etc. 

First a definition: A sequence of the letters a, b, c , . . .  is admissible 
if at any point in the sequence at least as many a's have occurred as 
b's, at least as many b's have occurred as c's, etc. Thus abcd and aabcb 
are admissible sequences and abb and acb are not. Now the recipe: 

(a) Draw the Young diagrams for the two multiplets, but in one of 
the diagrams replace the boxes in the first row with a's, the boxes in 
the second row with b's, etc. Thus, to couple two SU(3) octets (such 
as the r-meson octet and the baryon octet), we start  with ~ and 

a .  The unlettered diagram forms the upper left-hand corner of all 
the enlarged diagrams constructed below. 

(b) Add the a's from the lettered diagram to the right-hand ends 
of the rows of the unlettered diagram to form all possible legitimate 
Young diagrams that have no more than one a per column. In general, 
there will be several distinct diagrams, and all the a's appear in each 
diagram. At this stage, for the coupling of the two SU(3) octets, we 
have: 

a a 

(c) Use the b's to further enlarge the diagrams already obtained, 
subject to the same rules. Then throw away any diagram in which the 
full sequence of letters formed by reading right to left in the first row, 
then the second row, etc., is not admissible. 

(d) Proceed as in (c) with the c's (if any), etc. 

The final result of the coupling of the two SU(3) octets is: 

~ | a n =  b 

b b a a b 

Here only the diagrams with admissible sequences of a's and b's and 
with fewer than four rows (since n = 3) have been kept. In terms of 
mnltiplet labels, the above may be written 

(1,1) @ (1,1) = (2, 2) ~ (3, 0) (9 (0, 3) (9 (1, 1) (B (1, 1) (9 (0, 0 ) .  

In terms of numbers of particles, it may be written 

8 @ 8  = 2 7 ( 9 1 0 ( 9 1 0 ( 9 8 ( 9 8 ( 9 1  . 

The product of the numbers on the left here is equal to the sum on 
the right, a useful check. (See also Sec. 13 on the Quark ModeL) 
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3 5 .  K I N E M A T I C S  

Revised May 1996 by J.D. Jackson (LBNL). 

Throughout this section units are used in which I~ = c = 1. The 
following conversions are useful: hc = 197.3 MeV fro, (?~c) 2 = 0.3894 
(GeV) 2 mb. 

35.1. L o r e n t z  t r a n s f o r m a t i o n s  

The energy E and 3-momentum p of a particle of mass m form a 
4-vector p = (E, p) whose square p2 _- E 2 _ ipl2 : m 2. The velocity of 
the particle is 13 = p / E .  The energy and momentum (E*, p*) viewed 
from a frame moving with velocity 13y are given by 

P : - T y ~ f  7] } Pt[ ' P T = P T '  (35.1) 

where 71 : (1 - ~ ) - 1 / 2  and PT (P[[) are the components of p 
perpendicular (parallel) to 13y. Other 4-vectors, such as the space- 
time coordinates of events, of course transform in the same way. The 
scalar product of two 4-momenta Pl �9 P 2  = EIE2 - Pl "P2 is invariant 
(frame independent). 

3 5 . 2 .  C e n t e r - o f - m a s s  e n e r g y  a n d  m o m e n t u m  

In the collision of two particles of masses m 1 and m2 the total 
center-of-mass energy can be expressed in the Lorentz-invariant form 

E ~  = [(El + E~) ~ - (Pl + ~)~]1/2 , 

= [ m  2 + m] + 2E1E2(1 - ~11~2 cos0)] 1/2 , (35.2) 

where 0 is the angle between the particles. In the frame where one 
particle (of mass m2) is at rest (lab frame), 

3 5 . 4 .  P a r t i c l e  d e c a y s  

The partial decay rate of a particle of mass M into n bodies in its 
rest frame is given in terms of the Lorentz-invariant matrix element 

by 
(27r) 4 

d r  = ~ IA'I 2 d~n (P; Pl . . . . .  Pn), (35.10) 

where d~n is an element of n-body phase space given by 

o f i  
d~n(P;  Pl . . . . .  Pn) = ~4 ( p  _ E p i )  d3Pi 

i=1 i=l (2~)32Ei " 
(35.11) 

This phase space can be generated recursively, viz. 

d~n(P;  Pl . . . . .  pn) = d~j(q; Pl . . . . .  pj)  

• d ~ n - j + l  (P; q, Pi+l . . . . .  pn)(21r)3dq 2 , (35.12) 

j 2 
where q2 = ~z-~i=lr~'J E.~2~j - ~ i = l P i  �9 This form is particularly 

useful in the case where a particle decays into another particle that  
subsequently decays. 

35.4.1. S u r v i v a l  probabil i tv .  If  a particle of mass M has mean 
proper lifetime T (= l / F )  and has momentum (E ,p ) ,  then the 
probability that it lives for a time to or greater before decaying is 
given by 

P(to)  = e -to F/-y = e-Mrs  F/E , (35.13) 

and the probability that it travels a distance zo or greater is 

P(zo)  = e - M z ~  r/Ipl . (35.14) 

Ecru = (m 2 + m22 + 2Sllab m2) 1/2 . 

The velocity of the center-of-mass in the lab frame is 

(35.3) 

13cm : P h b / ( E l l a b  "]- m2)  , (35.4) 

where  Plab ~ Pl  lab and  

7cm = (El lab  "~" ~ 2 ) / ~ c m  �9 (35.5) 

The c.m. momenta of particles 1 and 2 are of magnitude 

m2 
Pcm : Phb ~cm ' (35.6) 

For example, if a 0.80 GeV/c kaon beam is incident on a proton 
target, the center of mass energy is 1.699 GeV and the center of mass 
momentum of either particle is 0.442 GeV/c. It is also useful to note 
that 

Ecru deem = m2 dE 1 lab = m2 ~1 lab dplab �9 (35.7) 

3 5 . 3 .  L o r e n t z - i n v a r i a n t  a m p l i t u d e s  

The matrix elements for a scattering or decay process are written in 
terms of an invariant amplitude - i . ,g ' .  As an example, the S-matrix 
for 2 -~ 2 scattering is related to ~ by 

~ i ~  Isl p ip2 ) :  z - i ( 2 @  ~4(p~ + p2 - pl  - p~) 

�9 A~'(Pl, P2; P~, P~) 
• (2E1)1/2 (2E2)1/2 (2EI)1/2 (2E~)!/2 . (35.8) 

The state normalization is such that  

~ ' ] P / =  (27r)3~3(P - P ' ) .  (35.9) 

35.4.2. Two-body  decaya: 

P,M 

, m 2 
i 

Figure  35.1: Definitions of variables for two-body decays. 

In the rest frame of a particle of mass M, decaying into 2 particles 
labeled 1 and 2, 

El = M2 - m22 + m~ 
2M ' (35.15) 

Ipll = Ip21 

[ ( M  2 - ( m  1 + m2)  2) ( M  2 - (~rt I - m2)2)]  1/2 
2M , (35.16) 

and 
1 Ivll da, dr  = ~ J.~l 2 ~-~ 

where df~ = d~ld(cos01) is the solid angle of particle 1. 

35.4.3. Three-body  decays: 

(35.17) 

P , M  

# I / P 1 '  m l  

~ , - ~  P2 ,  m2 

P3 ,  m3 

F igure  35.2: Definitions of variables for three-body decays. 
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Defining Pij = Pi + 9] and m2j = p~j, then rnlss + ms 3s + m123 = 
M2 +ml+ms+m 3 s  2 s and m2s = ( P - p 3 )  s = M s +  m32 - 2 M E 3 ,  where 
E3 is the energy of particle 3 in the rest frame of M. In that  frame, 
the momenta  of the three decay particles lie in a plane. The relative 
orientation of these three momenta  is fixed if their energies are known. 
The momenta  can therefore be specified in space by giving three Euler 
angles (a,  ~, ~/) tha t  specify the orientation of the final system relative 
to the initial particle. Then 

1 1 
d r  = (2~r)------- 3 16M 1"4t'12 dE1 dE2 da d(cos/3) dT.  (35.18) 

Alternatively 

1 1 . 
d r  - (2~) 5 16M2 [~fll 2 [P~I [P3[ dmls  d n l  dfl3 , (35.19) 

where (IP~I, fl~) is the momentum of particle 1 in the rest frame of 
1 and 2, and f~3 is the angle of particle 3 in the rest frame of the 
decaying particle. IP~I and IP3i are given by 

Ip~l = [ ( ~ s  - Cm~. + ms) s) (m~s - (m~. - m.,,)s)] 1/', 
2m12 , (35.20a) 

and 

Ip3t = [(M~ - (m~s + ms) s) (M s - (m~s - m3)s)] ~/2 
2M (35.20b) 

[Compare with Eq. (35.16).] 

If the decaying particle is a scalar or we average over its spin states, 
then integration over the angles in Eq. (35.18) gives 

1 1 
d r  = ~ ~ ~ - ~  dE1 dE2 

_ 1 1 ~ - ~ d m 2 2 d m 2 3  (35.21) 
(2~') 3 32M 3 

This is the s tandard form for the Dalitz plot. 

35.4.3.1.  Dalitzpiot: For a given value of m22, the range 0fm223 is 
determined by its values when P2 is parallel or antiparallel to P3: 

( ~ 3 ) ~ . ~  = 

( ITt23)min  - -  

H e r e  E~ = ( ~  - m~ + ~ )12 , -~2  and E~ = CM 2 - , . h  - " ~ ) 1 2 ~ s  
are the energies of particles 2 and 3 in the m12 rest frame. The scatter 
plot in ml2S and m23 is called a Dalitz plot. If 1.4r s is constant, the 
allowed region of the plot will be uniformly populated with events [see 
Eq. (35.21)]. A nonuniformity in the plot gives immediate information 
on I ~ J  2. For example, in the case of D --* K~lr, bands appear when 
m(K~) ---- mK.(892), reflecting the appearance of the decay chain 
D --, K*(892)Ir --* KTrTr. 

35.4.4.  K i n e m a t i c  l imits:  In a three-body decay the maximum 
of IPal, [given by Eq. (35.20)], is achieved when mls  = rnt  + ms, 
i.e., particles 1 and 2 have the same vector velocity in the rest 
frame of the decaying particle. If, in addition, ra3 > rrtl,mS, then 
I,Pslm~ > IVllm,~, IP21m,~' 

10 . . . .  I ' ' ' i '  J . . . .  I . . . .  I . . . .  
(ml+m2)2 

8 - ~ M - m l ) 2  

r 

2 '  (m2+m3)2-~--~--~'-- j I, _ 

0 , , , , I  . . . .  W . . . .  I . . . .  I . . . .  
0 1 2 3 4 

m22 (GeV 2) 

F i g u r e  35.3: Dalitz plot for a three-body final state. In this 
example, the state is ~ + ~ 0 p  at 3 GeV. Four-momentum 
conservation restricts events to the shaded region. 

35.4.5.  Mul t ibody  decays: The above results may be generalized 
to final states containing any number  of particles by combining some 
of the particles into "effective particles" and t reat ing the final states 
as 2 or 3 "effective particle" states. Thus, ifpijk... = Pi +Pj  +Pk + . . . ,  
then 

mijk... : ~psijk. . .  , (35.23) 

and m/jk.., may be used in place of e.g., rn12 in the relations in 
Sec. 35.4.3 or 35.4.3.1 above. 

P l ,  m l  

P2 ,  m2  

F i g u r e  35.4: Definitions of variables for production of an 
n-body final state. 

3 5 . 5 .  C r o s s  s e c t i o n s  

The differential cross section is given by 

do" -- (21r)41~Kr 

4~/0~.r~)2_mlms2 s 

• d@n(pl +P2;  P3, . . . ,  Pn+s) �9 

[See Eq. (35.11).] In the rest frame of ms(lab),  

V/(pl . p2)2 2 2 - mlrrt  s : m2Pllab ; 

while in the center-of-mass frame 

V/(pl s s 2 
' P 2 )  - -  m l f r t 2  = P l c m V / ~  �9 

35.5.1.  Two-body  react ions:  

P l , m l  , ra3 

(35.24) 

(35.25a) 

(35.25b) 

P2 ,  m 2  z '4,  m 4  

F i g u r e  35.5: Definitions of variables for a two-body final state. 
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Two particles of momen t a  Pl and P2 and masses m l  and m2 scatter 
to particles of momen ta  Ps and P4 and masses m 3 and m4; the 
Lorentz-invariant Mandels tam variables are defined by 

S : (Pl 4-P2) 2 = (P3 4-P4) 2 

= m l  2 4- 2EIE2 - 2p I 'P2  4- m]  , 

t = (Pl --P3) 2 : (P2 --P4) 2 

= rrt~ - 2EIE3 -I- 2p  t 'P'3 4- m 2 ,  

,, = ~ 1  - p 4 )  2 = (p2 -~, )~ 
= ,',=~ - ZE1E4 + 2pj 'P4 + " , ~ ,  

and they satisfy 

(35.26) 

(35.27) 

(35.28) 

s 4. t 4. n : m l  2 4. rrt 2 4. rrt32 4- m 2 .  (35.29) 

The two-body cross section may be written as 

d~ I 1 
d--~ : f)4~r8 [Plcm[ 2 I '~[2 " (35.30) 

In the  center-of-mass frame 

t : (Etc m - E3cm) 2 - (Plcm - P3cm) 2 - 4plcm P3cm sin2(0cm/2) 

: t0 -- 4plcm P3cm sin2(0cm/2) , (35.31) 

where 0cm is the  angle between particle 1 and 3. The limiting values 
to (0era = 0) and t l  (0cm = ~) for 2 --, 2 scattering are 

2 2 2 2 2 
Ira1 - ms._- _m2 + m 4 ]  to(q) = t 2 v ~  j - ~'X~m :F p 3 ~ )  2 �9 (35.32) 

In the  l i terature the notat ion tmln (tmax) for to ( t l )  is sometimes 
used, which should be discouraged since to > t l .  The  center-of-mass 
energies and m o m e n t s  of  the incoming particles are 

E l c m  s + rrt12 - rrt22 s 4. rn, ] - m l  2 (35.33)  
= 2V ~ ' E2cm -- 2V, ~ ' 

For E3c m and E4cm, change m!  to m 3 and rrt 2 to m 4. Then  

E~/2cm Pl lab m2 Pi cm = -- rrt/2 and Plcm -- V/~ (35.34) 

Here the  subscript lab refers to the  frame where particle 2 is at rest. 
[For other  relations see Eqs. (35.2)-(35.4).] 

35 .5 .2 .  lnelusiee reactions: Choose some direction (usually the 
beam direction) for the  z-axis; then the  energy and m o m e n t u m  of a 
particle can be writ ten as 

E = m T coshy , p= , py , Pz = m T s i n h y ,  (35.35) 

where m T is the  transverse mass  

m2T = m 2 4. p2 4. p 2 ' (35.36) 

and the rapidity y is defined by 

1 ( E + p z ~  
y = ~ l n  \E------~z) 

----In ( E 4 . p z ~  = t a n h _ l ( _ ~ )  , (35.37) 
\ m T } 

Under  a boost in the  z-direction to a frame with velocity ~, 
y ~ y - t anh  -1  ~. Hence the shape of the rapidity distribution dN/dy 
is invariant. The invariant cross section may  also be rewritten 

d3u d3u d2~ (35.38) 
E-~p = d~ dy PTdP T ~ 7t dy d(P2T-------- ~ . 

The second form is obtained using the identity dy/dpz = 1/E, and the 
third form represents the average over ~b. 

Feynman's z variable is given by 

Pz E -t-p= 

p= m ~  ( E  + pz)max 

In the c.m. frame, 

and 

( ~  ~ Ip=l) �9 (35.39) 

2pz cm 2m T sinh ycm (35.40) 

: (Ycm)max ~- In(v/S/m) �9 (35.41) 

For p >> m,  the rapidity [Eq. (35.37)] may  be expanded to obtain 

1 COS2(0/2) 4. m2 /4p  2 4 . . . .  
y : ~ lit sin2(0/2 ) + mZ/4p2 4-.. .  

-- In tan(0/2)  - T/ (35.42) 

where cos 0 = Pz/P. The pseudorapidity t} defined by the  second line 
is approximately equal to the  rapidity y for p ) )  m and 0 ~ 1/% and 
in any case can be measured when the mass  and m o m e n t u m  of the  
particle is unknown. From the definition one can obtain the  identities 

s i nh~ /=co tO  , c o s h r / = l / s i n O  , t a n h ~ / = c o s O .  (35.43) 

35 .5 .3 .  Partial waves: The ampli tude in the center of mass  for 
elastic scattering of spinless particles may  be expanded in Legendre 
polynomials 

1 
E ( 2 1  + 1)alPl(cosO), (35.44) y ( k , 0 )  = 

l 

where k is the c.m. momentum,  0 is the c.m. scattering angle, at  
= (~le2i6l - 1)/2i, 0 < Ut <-- 1, and 6l is the  phase shift of the l th 
partial wave. For purely elastic scattering, ~l = 1. The  differential 
cross section is 

&r 
d--~ = If(k '  0)[2 " (35.45) 

The optical theorem states tha t  

Otot = ? ~ n  f(If, 0) , (35.46) 

and the cross section in the l th partial wave is therefore bounded: 

47r 2 4~r(2t + 1) 
~l = ~ - ( 2 t  + 1)latl _< k2 (35.47) 

The evolution with energy of a partial-wave amplitude a l can be 
displayed as a trajectory in an  Argand plot, as shown in Fig. 35.6. 

I ~ V _ o O  "'/  I Re A 
-1 /2  0 1/2 

F i g u r e  35.6: Argand plot showing a partial-wave ampli tude al  
as a function of energy. The ampli tude leaves the uni tary circle 
where inelasticity sets in (~t < 1). 

The usual  Lorentz-invariant matr ix  element . ~  (see Sec. 35.3 
above) for the elastic process is related to f (k ,  0) by 

. ~  = - 8 ~ v ' ; / ( k ,  0 ) ,  (35.48) 

so 
1 

- -  I m ~ ( t  = 0 ) ,  (35.49) 
fftot -- 2Pl& b 7/t2 

where s and t are the center-of-mass energy squared and m o m e n t u m  
transfer squared, respectively (see Sec. 35.4.1). 
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35.5.3.1.  Resonances:  The Breit-Wigner (nonrelativistic) form for 
an elastic ampli tude a t with a resonance at c.m. energy ER,  elastic 
width rel , and total  width r tot  is 

r j 2  (35.50) 
a t =  E a - E -  i r t o t / 2  ' 

where E is the c.m. energy. As shown in Fig. 35.7, in the  absence of 
background the elastic ampli tude traces a counterclockwise circle with 
center i x e l / 2  and radius Xel/2, where the  elasticity Xel = rel /Ftot .  
The ampli tude has a pole at E = E R - i r tot /2 .  

The spin-averaged Breit-Wigner cross section for a spin-J  resonance 
produced in the collision of particles of spin $1 and $2 is 

(2J  + 1) r BinBoutrt2ot (35.51) 
~ B w ( E )  = (281 + 1)(282 + 1) k "-~ (E - ER) 2 + rt2ot/4 ' 

where k is the c.m. momentum,  E is the c.m. energy, and Bin and 
Bout are the branching fractions of the resonance into the entrance and 
exit channels. The 2S -t- 1 factors are the multiplicities of the incident 
spin states,  and are replaced by 2 for photons. This expression is valid 
only for an isolated state. If the width is not small, r tot  cannot be 
treated as a constant  independent of E.  There are many other forms 
for a B W  , all of which are equivalent to the one given here in the 
narrow-width case. Some of these forms may be more appropriate if 
the resonance is broad. 

Im  A 

R e A  
-1/2  0 1/2 

Figure 35.7: Argand plot for a resonance. 

The relativistic Breit-Wigner form corresponding to Eq. (35.50) is: 

-mrel (35.52) 
al  - s - m 2 + imr to t  

A better  form incorporates the known kinematic dependences, 
replacing mr to t  by v ~ r tot  ( s ), where r t  ot (s) is the width t he resonance 
particle would have if its mass were x/s, and correspondingly mFel by 
v/sFe | (s)  where Fel(s ) is the partial width in the incident channel for 
a mass  v~: 

-vqro~(s) (35.53) a l ~ s - m 2 + ix/~rtot  (s) 

For the Z boson, all the decays are to particles whose masses 
are small  enough to be ignored, so on dimensional grounds 
rtot(S) = v ~ r o / m z ,  where ro  defines the width of the Z,  and 
r e l ( S ) / r t o t ( S  ) is constant. A full t reatment  of the line shape requires 
consideration of dynamics, not jus t  kinematics. For the Z this is done 
by calculating the radiative corrections in the  Standard Model. 
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3 6 . 1 .  L e p t o p r o d u c t i o n  

k ! 

J 
P , M  ~ 

Figure 36.1: Kinematic quantities for description of lepton- 
nucleon scattering, k and k ~ are the four-momenta of incoming 
and outgoing leptons, P is the four-momentum of a nucleon with 
mass M. The exchanged particle is a % W • or Z~ it transfers 
four-momentum q : k - k t to the target. 

Invariant quantities: 

q '  P = E - E ~ is the lepton's energy loss in the lab (in earlier 
v = M literature sometimes v : q.  P) .  Here, E and E ~ are the 

initial and final lepton energies in the lab. 

Q2 = _q2 = 2(EE I _ -~.-~1) _ m~ - m2l, where mr(mr, ) is the initial 
(final) lepton mass. If  EEI sin2(0/2) >> m 2, m2~, then 

4EE ~ sin2(0/2), where 0 is the lepton's scattering angle in the 
lab. 

02 
x = ~ In the parton model, z is the fraction of the target nucleon's 

momentum carried by the struck quark. [See section on 
Quantum Chromodynamics (See. 9 of this Review.)] 

q. P = v is the fraction of the lepton's energy lost in the lab. Y = k . P  E 

W 2 = ( p  + q)2 = M 2 + 2My - Q2 is the mass squared of the system 
recoiling against the lepton. 

s = ( k + p ) 2  : Q2 + M  2 
zy 

36.1.1.  Leptoproduetion cross sections: 

d2~r d2cr 27r M y  d2q 
dzdy  = v ( s - M  2) ~ -  E : d n l a  ba lE '  

d2a (36.1) 
= x(s - M 2) dz dQ 2 " 

36.1.2.  Leptoproduetion structure functions: The neutral- 
current process, eN ~ cX, at low Q2 is just  electromagnetic and 
parity conserving. It  can be wri t ten in terms of two structure functions 
F~m(z, Q2) and F~m(z, Q2): 

d2o " 4~" ot2(s - M 2) 
dx dy = Q4 

• ( l - y ) ~ +  y 2 ~ m  (s--~r2) ~YF~m ' (36.21 

The charged-current processes, e - N  .---, vX,  vN  .--, e - X ,  and 
PN ----, e+X, are parity violating and can be writ ten in terms of three 
structure functions FICC(z, Q2), F c c ( x ,  Q2), and FCC(x, Q2): 

d2o " _ G 2 (s -- M 2) M~V (36.3) 
dx dy 21r (Q2 + M ~ ) 2  

( [  M2xy ]F2CO Y2 2zF1CC-t-(y-~)zF~C } 
• 1 - 9  ( s _  M~) j + -~-  

where the last term is positive for the e -  and v reactions and negative 
for PN --* e+X. As explained below there are different structure 
functions for charge-raising and charge-lowering currents. 

36.1.3. Structure ~unetion8 in the QCD parton modek In the 
QCD parton model, the structure functions defined above can be 
expressed in terms of par ton distribution functions. The quanti ty 
1i(x, Q2)dx is the probabili ty tha t  a parton of type i (quark, antiquark, 
or gluon), carries a momentum fraction between z and z + dz of 
the nucleon's momentum in a frame where the nucleon's momentum 
is large. For the cross section corresponding to the neutral-current 
process ep --* eX, we have for s :~. M 2 (in the case where the incoming 
electron is either left- (L) or right- (R) handed): 

d2o - 7ro~ 2 [~q(Zfq(af ,  Q2) q _ x f ~ ( z ,  Q2))] 
dz dy = 

x [Aq+(1 -y )2Bq]  �9 (36.4) 

Here the index q refers to a quark flavor (i.e., u, d, s, c, b, or t), and 

Aq : ( -qq  + gLq gLe - -  

Bq = ( -qq  + gRq gLe - -  

Q27--M~ + -qq+gP~gP~ Q2+M~} ' 
(36.6) 

Q +( -qq+gLq  Q 2 + M } )  
Q2 72~ / I  ) 2 gR, Q2 ~2.  

(36.6) 
Here qq is the charge of flavor q. For a left-handed electron, gRe = 0 
and gLe : ( - 1 / 2  + sin 2 Ow)/(sinOw cos0w),  while for a r ight-handed 
electron, gLe = 0 and gRe = ( sin2 OW)/(sinOw cos0w).  For the quarks, 
gLq = (2"3 - qq sin 2 Ow)/(sin OW cos OW), and gRq = (-qq sin2 Ow) / 
(sin 0 W cos OW). 

For neutral-current neutrino (antineutrino) scattering, the same 
formula applies with gLe replaced by gLu = 1/(2sinOw COS0w) (gD~ 
= 0) and gRe replaced by gR~ = 0 [g/t~ = - 1 / ( 2  sin0 W cos0w) ]. 

In the case of the charged-current processes eLP --~ v X  and 
Vp --, e+X, Eq. (36.3) applies with 

F2 = 2zF1 = 2x [.fu(x, Q2) + It(z,  Q2) + h ( z ,  Q2) 

+ 13(x,  Q2)+1-~(z, Q2)+jf~(z ,  Q2)] , (36.7) 

F 3 = 2 [1u(z, Q2) + re(z, Q2) -t- It(z, Q2) 

- I 3  (z ,Q 2) - I ~  (z ,Q 2) - l b  (z, Q2)] �9 (36.8) 

For the process vp -* e -X:  

I72 : 2xF1 = 2z [1d(Z, Q2) + la(z, Q2) -t- ]b(Z, Q2) 

+ jr (z, Q2) + IE (z, Q2) + It (z, Q2)] , (36.9) 

F 3 : 2 [1d(X, Q2) q_ Is(x, Q2) _}_ fb(Z ' Q2) 

- I ~ ( z ,  Q 2 ) - I ~ ( x ,  Q 2 ) - I i ( z ,  Q2) ] .  (36.10) 

3 6 . 2 .  e + e  - a n n i h i l a t i o n  

For pointlike, spin-I /2  fermions, the differential cross section in the 
c.m. for e+e - --* f 7  via single photon annihilation is (0 is the angle 
between the incident electron and the produced fermion; Nc = I if 1 
is a lepton and Nc = 3 if S is a quark). 

a 2 
da : Nc.~s ~[1 + cos2 0 + (1 - /32)  sin 2 0] Q~ (36.11) ~-5 

where ~ is the velocity of the final state fermion in the c.m. and QI  is 
the charge of the fermion in units of the proton charge. For ~ --* 1, 

N~ 41r~2 -2 86.8Q~ nb 
a = e ~ Q ]  = Nes(GeV/c2 ) �9 (36.12) 
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At higher energies, the Z ~ (mass MZ and width Fz )  must be 
included. If the mass of a fermion f is much less than the mass of the 
Z O, then the differential cross section for c+c - ~ f f  is 

d~r 

d~  

where 

~ 2 2 2 Nc-4"~S {(1 4-cos 2 O) [Q} -  2XlVeVfQf.4- x2(a 2 4-Ve)(a f -I-vf)] 

+ 2 cosO [ -2XlaeafQ ! -~ 4Xsaeaf%vf] } (36.13) 

1 s(s - M ~ )  
Xl : 16sin 20W cos 20w. (s -M~)2 s +M~r z 2  s , 

1 s 2 

x2 = 256 sin 4 0 W cos 4 0 w (s - M~)2 s + M~rz2 2 ' 

a e :  - I ,  

r e =  - l + 4 s i n  20 w , 

a i  = 2T3f , 

v! = 2T3! - 4Qf sin s 0 W , (36.14) 

where T3! = 1/2 for , ,  c and neutrinos, while T3! = - 1 / 2  for d, s, b, 
and negatively charged leptons. 

At LEP II it may be possible to produce the orthodox Higgs 
boson, H, (see the mini-review on Higgs bosons) in the reaction 
e+e - --* H Z  ~ which proceeds dominantly through a virtual Z ~ The 
Standard Model prediction for the cross section [3] is 

a(e+ e _ _ . , H Z O ) =  r a  2 2K K s + 3 M  2 1 - 4 s i n S 0 w + 8 s i n 4 0 w  
24 ~ (s - M2)  s sin 4 8 W cos 4 0 W 

(36.15) 
where K is the c.m. momentum of the produced/- /or  Z 0. Near the 
production threshold, this formula needs to be corrected for the finite 
width of the Z ~ 

36 .3 .  T w o - p h o t o n  p r o c e s s  a t  e + e  - c o l l i d e r s  

When an e + and an e -  collide with energies E1 and E2, they emit 
dnl and dns virtual photons with energies wl and ws and 4-momenta 
ql and q2. In the equivalent photon approximation, the cross section 
for e+e - --* e + e - X  is related to the cross section for 7"y --* X by 
(Ref. 1) 

dae+e-__.e+e- X (s) = dnl dns d677-~ X (W 2) (36.16) 

where 8 : 4E1E2, W 2 : 4WlW2 and 

a_ [1 - w+ +2 rn2wp ] d~i d( -q  2) 
dni 

, , - .  + 2.Ep ( - q p )  �9 
(36.17) 

After integration (including that  over q~ in the region 
m2ew2 / Ei(  Ei - wi ) < _q2 g (_q2)max), the cross section is 

0~2 t l'n -~- f z In (--qS)max 2 + ') 
+ 

/ ( z )  = ( I  + 2t--z)'+' In i _ � 8 9  z)(3 + z ) ;  

W s 
z = - - .  (36.18) 

8 

The quantity (--q2)m~x depends on properties of the produced 
System X,  in particular, (-qS)m~x ~ m2~ for hadron production 
(X : h) and (-q2)max ~ W s for lepton pair production (X = s 
t = e, #, r). 

For production of a resonance of mass mR and spin J # 1 

8aSFR--.77 ~++~ (s) = (2J + 1) --~ 

x S s m v  - 1 ~  / - 3 \  (36.19) 
L \ " ~ e ' + R  

where m y  is the mass that  enters into the form factor of the "y~ --* R 
transition: rn V ~ mp for R = ~r O, pO, w, ~, . . . ,  m V ~ m R for R -- c~ 
or bb resonances. 

3 6 . 4 .  I n c l u s i v e  h a d r o n i c  r e a c t i o n s  

One-particle inclusive cross sections Ed3a/d3p for the production 
of a particle of momentum p are conveniently expressed in terms of 
rapidity (see above) and the momentum PT transverse to the beam 
direction (defined in the center-of-mass frame) 

d3a d3a (36.20) 
E ~ p  - dCdyprdP r 

In the case of processes where PT is large or the mass of the produced 
particle is large (here large means greater than 10 GeV), the parton 
model can be used to calculate the rate. Symbolically 

= E. .  / f i (z l ,  Q2) f /(z2,  Q2) dxl dx2 ~partonir , (36.21) ahadronic 
sj 

where /~(z, Q2) is the parton distribution introduced above and Q 
is a typical momentum transfer in the partonic process and ~ is 
the partonic cross section. Some examples will help to clarify, The 
production of a W § in pp reactions at rapidity y in the center-of-mass 
frame is given by 

da G F lr V~ 
dy 3 

•  
L \ s - s . + u(xs , M ~ )  d ( Z l , M ~ ) |  

2 [ 2 2 / + sin O~/u(xl ,  M w ) ~ ( ' 2 ,  M ~ )  
\ 

+ s ( , 2 , M 2 ) ~ ( x l , M 2 ) ) ]  , (36.22) 

where Zl : v @ e y, ,2  : v ~ e -v ,  and r = M ~ / s .  Similarly the 
production of a jet in pp (or pp) collisions is given by 

d3 a 

d2pT dy ij [ d~ ] . 
• [s  ----x[ a,1 dz2 ~ ( ~ +  t ' + u )  , (36.23) 

[ d t J i j  

where the summation is over quarks, gluons, and antiquarks. Here 

S = (Pl  + P 2 )  2 , (36.24) 

t : (P l  -- Pjet)  s , (36 .25)  

u : (P2 -- Pier) 2 , (36.26) 

Pl and P2 are the momenta of the incoming p and p (or ~) and ~', t', 
and ~ are s, t, and u with Pl --* , l P l  and P2 ---* "2 Ps. The partonic 
cross section ~'[(d~)/(dt ')] can be found in Ref. 2. Example: for the 
process gg --* q~, 

d a = 3 a  2 ( ~ ' 2 + ~ S )  [ 4 1 ]  (36.27) 
~ 6~" 9 ~  - ~ 

The prediction of Eq. (36.23) is compared to data from the UA1 and 
UA2 collaborations in Fig. 38.8 in the Plots of Cross Sections and 
Related Quantities section of this Review. 

The associated production of a Higgs boson and a gauge boson is 
analogous to the process e+e - --* H Z  O in Sec. 36.2. The required 
parton-level cross sections [4], averaged over initial quark colors, are 

a(qi~i --. W + H ) =  ra2]Vij[ 2 . 2._KK. K 2 + 3 M ~  
36sin40w ~ ( s - M ~ v ) 2  

a(q~ --* Z~  = lr62(a2 + v2) . 2__KK. K 2 + 3M 2 

144sin40wcos40w ~ ( s - M 2 )  2 ' 

Here ~ j  is the appropriate element of the Kobayashi-Maskawa matrix 
and K is the c.m. momentum of the produced H. The axial and 
vector couplings are defined as in Sec. 36.2. 
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36.5 .  One-particle inclusive distributions 

In order to describe one-particle inclusive production in 
e+e - annihilation or deep inelastic scattering, it is convenient 
to introduce a fragmentation function D h (z, Q2) where Di h (z, Q2) 
is the number of ha(irons of type h and momentum between zp and 
(z + dz)p produced in the fragmentation of a parton of type i. The 
Q2 evolution is predicted by QCD and is similar to that of the parton 
distribution functions [see section on Quantum Chromodynamics 
(Sec. 9 of this Review)]. The Dh(z, Q2) are normalized so that 

~ / zD~ (z, Q2)dz = l . (36.28) 

If the contributions of the Z boson and three-jet events are 
neglected, the cross section for producing a hadron h in e+e - 
annihilation is given by 

1 do- E i e i  2 D~ (z,Q 2) (36.29) 
O'ha d dz = )-]~ie 2 ' 

where ei is the charge of quark-type i, O-had is the total hadronic cross 
section, and the momentum of the hadron is zEcm/2. 

In the case of deep inelastic muon scattering, the cross section for 
producing a ha(iron of energy E h is given by 

1 do- E i e 2  qi(x'Q2) Dh(z'Q2) (36.30) 
O'to t dz : ~'~ie 2 qi(~,Q 2) ' 

where E h = vz. (For the kinematics of deep inelastic scattering, 
see Sec. 35.4.2 of the Kinematics section of this Review.) The 
fragmentation functions for light and heavy quarks have a different 
z dependence; the former peak near z = 0. They are illustrated in 
Figs. 37.1 and 37.2 in the section on "Heavy Quark Fragmentation in 
e+e - Annihilation" (Sec. 37 of this Review). 
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37. H E A V Y - Q U A R K  F R A G M E N T A T I O N  I N  e + e  - A N N I H I L A T I O N  

Written January 1998 by D. Besson (University of Kansas). radiative corrections, comparison of charm spectra at v'~ = 10 GeV 

Measurement of the fragmentation functions of heavy quarks 
provides information about non-perturbative particle production in a 
variety of experimental environments. The CDF observation of high 
PT J/d2(1S) production rates far in excess of the extant theoretical 
predictions prompted the development of the color octet model 
(e.g., tr~ ~ 99 -+ Xc --* r + X) and highlighted the role of gluon 
fragmentation in chaxmonium production. Recent results from both 
LEP and HERA have also helped elucidate the gluonic contribution 
to charmed meson production. Current estimates from LEP are 
that  gluon fragmentation accounts for approximately half of the D* 
production in the lowest momentum region (the lowest quarter of the 
allowed kinematic region). 

cannot be compared directly with spectra at higher center-of-mass 
energies, and must be appropriately evolved. 

Fits to the combined CLEO and ARGUS D O and D *+ data give 
ep(D O) = 0.135 4- 0.01 and ep(D*) = 0.078 4- 0.008; these are indicated 
in the solid curves. Measurement of the fragmentation functions 
for a variety of particles has allowed comparisons between mesons 
and baryons, and particles of different spin structure, as shown in 
Table 37.1 

Table  37.1: The Peterson momentum hardness pa- 
rameter ep as obtained from e+e - --* (par t ic le)+ X 
measurements. 

Many functional forms have been suggested to describe these Particle L v ~  ep Reference 
momentum spectra for heavy quarks produced in e+e - annihilations. 
The functional form given by Peterson et al. [1] in terms of just one D 0 0 10 GeV 0.135 4- 0.01 [3] 
free parameter ep has found widespread use; other parameterizatious D *+ 0 10 GeV 0.078 + 0.008 [3] 
are also given in the literature [2]. The earliest Peterson form was a D~ 0 10 GeV n ha+ ~ 
function of one variable z, defined for a heavy-quark Q, light-quark . . . .  -0.01 [5] 

system as the ratio of the energy plus the longitudinal momentum D1~ 1 10 GeV 0 0 qa+0'01s . . . .  0.o12 [6] 
of the hadron Q~ to the sum of the energy and momentum of D~ 1 10 GeV 0.015 4- 0.004 [6] 
the heavy quark after accounting for initial state radiation, gluon D1+(2420) 1 10 GeV 0 non+0.011 . . . . .  o.oo6 [7] 
bremsstrahlung, and final state radiation: z = (E + pll)Q~/(E + pQ). D+(2460) 1 10 GeV 0.013 4- 0.007 [7] 
The main advantage of this variable is that it is relativistical]y 
invariant with respect to boosts in the direction of the primary quark. De1(2536) 1 10 GeV n na+o.o35 . . . . .  o.o3 [8] 
Unfortunately, as this quantity is not directly accessible, experiments Dn(2573) 1 10 GeV n no~+0.043 . . . . . .  O.OLO [9] 
typically use other scaling variables which are close approximations Ac 0 10 GeV 0.25 4- 0.03 [10,11] 
to z---either z + = (Pl[ + E)hadron/(P[[ + E)msx, zp = P/Pmax, or 
ZE = Ehadron/Ebeam. ~c 0 10 GeV 0.23 4- 0.05 [12,13] 

The Peterson functional form is: 

d N  1 
d"-z- = z[1 - (1/z) - ep/(1 - z)] 2 (37.1) 
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zp  = P/Pmax 
F i g u r e  37.1: Efficiency-corrected inclusive cross section mea- 
surements for the production of D O and D *+ in e+e - 
measurements at v~  ~ 10 GeV. The variable zp is related to the 
Peterson variable z, but is not identical to it. 

The hulk of the available fragmentation function data on charmed 
mesons (excluding J / r  is from measurements at v/8 = 10 GeV. 
Shown in Fig. 37.1 are the effficiency-corrected (but not branching 
ratio corrected) CLEO [3] and ARGUS [4] inclusive cross sections 
(s �9 Bda /dzp  in units of GeVZ-nb, with zp = p/Pmax) for the 
production of pseudoscalar D O and vector D *+ in e+e - annihilations 
at v ~ ~ 10 GeV. For the D 0, B represents the branching fraction 
for D O --* K-~r+; for the D *+, B represents the product branching 
fraction: D *+ --* D01r+; D O --* K - l r  +. These inclusive spectra have 
not been corrected for cascades from higher states, nor for radiative 
effects. Note that  since the momentum spectra are sensitive to 

E(: 0 10 GeV 0.29 4- 0.06 [14,15] 
,~'c* 0 10 GeV n ,~n+0.10 [16] . . . .  -0.07 
--*+ 0 10 GeV n oA+0.22 [17] ~c v"=-0.10 
=.0 0 10 GeV n 29+0"15 [18] ~ c  v. " - 0 . 0 8  

Ac,1 1 10 GeV 0.059 4- 0.028 [19,20] 

Ac,2 1 10 GeV 0.053 4- 0.012 [19,21] 

-~c,2 1 10 GeV . . . .  n 0 ~  +0.037_0.021 [22] 

b hadrons - -  90 GeV n nna~+0.001o [23] . . . . . .  -0 .0008  

We note from Table 37.1 that  the mass dependence of ep is 
less marked than the dependence on the orbital angular momentum 
structure of the charmed hadron being measured. Orbitally excited 
L = 1 charmed hadrous (D j ,  Ds, j ,  and Ac, j )  show consistently harder 
spectra (i.e., smaller values of ep) than the L = 0 ground states, 
whereas the data for the ground state charmed baryons Ac and ~c 
show agreement with the lighter (by m 400-600 MeV) ground-state D 
and D,  charmed mesons. To some extent, the harder spectra of L = 1 
hadrous can be attributed to the fact that all the L = 1 charmed 
hadrous will eventually decay into L = 0 hadrous. 

Bottom-flavored hadrons at LEP have been measured to have 
an even harder momentum spectrum than charmed hadrous at 
lower energies [23-25]. Qualitatively, whereas charm spectra peak at 
xp m 0.6, the spectra of bottom hadrous peak at xp ~ 0.8. This is as 
expected in the Peterson model, where the value ep is expected to 
vary as the ratio of the effective light quark mass to the heavy quark 
mass in a heavy quark + light (all)quark hadron. In the case of charm, 
the Peterson functional form provides an acceptable description of 
the shape of the x• distribution, provided the appropriate ep value 
is independently determined for each separate species of charmed 
particle. However, unlike charm, the numbers of fully reconstructed 
b-flavored hadrons is too small to allow a statistically compelling 
measure of ep for each separate bot tom hadron. Consequently, a 
b-enriched sample is isolated klnematically, using, e.g., a high PT 
lepton and/or a displaced vertex to tag a primary b quark. The zp 
distribution therefore includes all b-flavored hadrons in the sample, and 
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does not yet allow a straightforward species-by-species ep extraction. 
Additional uncertainties in the case of bottom arise from the sensitivity 
of ep to the fragmentation model used to non-perturbatively evolve 
the initial q~ system into final state hadrons. 
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Figure  37.2: Fractional energy distribution for b-quark 
fragmentation for inclusive b production at LEP. 

In general, the b-quark fragmentation function distribution is found 
to be somewhat narrower than the shape of the Peterson function; 
this may be due to a systematic underestimate of soft gluon emission 
in event generators, and/or uncertainties in the appropriate mix 
of b-flavored hadrons. The match of a single Peterson function to 
data is therefore much more difficult for bottom than charm at this 
time, although there is relatively good agreement from experiment to 
experiment, as seen in Fig. 37.2, which displays the fragmentation 
function data from OPAL [23], ALEPH [24], and DELPHI [25]. 
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Figure  33.5: The nucleon structure function F2 
measured in deep inelastic scattering of muous on 
carbon (BCDMS) and neutrinos on iron (CCFR). The 
data are shown versus Q2, for bins of fixed x, and 
have been scaled by the factors shown in parentheses. 
References: BCDMS--A.C.  Benvenuti et al., Phys. 
Lett. B195, 91 (1987); CCFR--S.R.  Mishra et al., 
NEVIS-1465 (1992). (Courtesy of R. Voss, 1996.) 
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In this plot, the E80, E130 and EMC data have been 
reevaluated using up-to-date parametrizations of F~ and 
R = tTL/ t7  T .  (Courtesy of R. Voss, 1997.) 
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Figure 38.9: Differential cross sections for observation of a 
single photon of pseudorapidity 7? = 0 as a function of the photon 
transverse momentum It806--E. Anassontzis et al., Z. Phys. C13, 
277 (1982); UA6--A. Bernasconi et al., Phys. Lett. B206, 163 
(1988); UA1--C. Albajar et al., Phys. Lett. B209, 385 (1988); 
UA.2--J. Alitti et al., Phys. Lett. B288, 386 (1992); CDF--F. 
Abe eta/., Phys. Rev. Lett. 73, 2662 (1994); D~--S. Abachi et al., 
Phys. Rev. Lett. 77, 5011 (1996). Next-to-leading order QCD 
curves are shown for 630 GeV and 1800 GeV. (Courtesy of S. Geer, 
FNAL, 1995.) 
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and ISR data are from K. Alpg~d eta/., Phys. Left. U3B, 
193 (1982). CDF nonsingle-diffractive results at V ~ -- 630 and 
1800 GeV are given in F. Abe et al., Phys. Rev. D41, 2330 (1990). 
(Courtesy of D.R. Ward, Cambridge Univ., 1991.) 
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A v e r a g e  H a d r o n  M u l t i p l i c i t i e s  in H a d r o n i c  e + e  - A n n i h i l a t i o n  E v e n t s  

Table  38.1: Average hadronic multiplicities per hadronic e+e - anni- 
hilation event at v~  ~ 10, 29-35, and 91 GeV. The rates given include 
decay products from resonances with er < 10 cm, and include charge 
conjugated states. (Updated September 1997 by O. Biebel.) 

P a r t i c l e  ~ ~ 10 G e V  V ~  : 2 9 - 3 5  G e V  v ~  = 91 G e V  

P s e u d o s c a l a r  m e s o n s :  
7r + 6.6 • 0.2 10.3 • 0.4 17.1 • 0.4 

7r ~ 3.2 • 0.3 5.83 • 0.28 9.42 • 0.56 

K + 0.90 • 0.04 1.48 • 0.09 2.39 • 0.12 

K ~ 0.91 • 0.05 1.48 • 0.07 2.013 • 0.033 

0.20 • 0.04 0.61 • 0.07 0.97 • 0.10 

~/1(958) 0.03 • 0.01 0.26 • 0.10 0.222 • 0.040 

D + 0.16 :t= 0.03 0.17 • 0.03 0.175 • 0.016 

D O 0.37 • 0.06 0.45 • 0.07 0.454 • 0.030 

D~  0.13 • 0.02 0.45 • 0.20 (a} 0.131 • 0.021 

B +, Bd 0 - -  - -  0.165 • 0.026 (b) 

B 0 - -  - -  0.057 • 0 . 0 1 3  (b) 

S c a l a r  m e s o n s :  
f0(980) 0.024 • 0.006 0.05 • 0.02 (c) 0.14 • 0.06 (d) 

V e c t o r  m e s o n s :  
p ( 7 7 0 )  ~ 0.35 5= 0.04 0.81 • 0.08 1.28 :t= 0.14 

w(782) 0.30 • 0.08 - -  1.10 • 0.13 

K*(892) + 0.27 • 0.03 0.64 • 0.05 0.715 • 0.059 

K*(892) ~ 0.29 • 0.03 0.56 • 0.06 0.747 • 0.028 

•(I020) 0.044 -4- 0.003 0.085 • 0.011 0.109 • 0.007 

D*(2010) + 0.22 • 0.04 0.43 • 0.07 0.183 :t= 0.010 

D*(2007) ~ 0 . 2 3  • 0 . 0 6  0 . 2 7  • 0 . i i  

B* (e) __ - -  0.288 =i= 0.026 

J / r  - -  - -  0.0053 =i: 0.0004 (/) 

r  - -  - -  0.0023 • 0.0004 (I) 

T ( I S )  - -  - -  0.00014 • 0.00007 (I) 

P s e u d o v e e t o r  m e s o n s :  
X c l ( 1 P )  - -  - -  0.0041 • 0.0011 (I) 

T e n s o r  m e s o n s :  
f2(1270) 0,09 • 0.02 0.14 • 0.04 0.31 • 0.12 

I ~ ( 1 5 2 5 )  - - 0 . 0 2 0  • 0.008 

K~(1430) + - -  0.09 • 0.03 - -  

K ~ ( 1 4 3 0 )  ~ - -  0.12 • 0.06 0.19 • 0.07 (g) 

B** (h) __ - -  0.118 :t: 0.024 

B a r y o n s :  
p 0.253 • 0.016 0.640 -t- 0.050 0.964 • 0.102 

A 0.080 • 0.007 0.205 •  0.372 • 0.009 
,~0 0.023 :t= 0.008 - -  0.070 • 0.012 

~ -  - -  - -  0.071 • 0.018 

�9 ~+ - -  - -  0.099 • 0.015 

,~:t= __ - -  0.174 • 0.009 

S -  0.0059 • 0.0007 0.0176 • 0.0027 0.0258 • 0.0010 

A(1232) ++ 0.040 • 0.010 - -  0.085 • 0.014 

�9 ~(1385)- 0.006 • 0.002 0.017 • 0.004 0.0240 • 0.0017 

,~(!385) + 0.005 • 0.001 0.017 • 0.004 0.0239 • 0.0015 

,~(1385) + 0.0106 • 0.0020 0.033 • 0.008 0.0462 • 0.0028 

~(1530) ~ 0.0015 • 0.0006 - -  0.0055 • 0.0005 

~ -  0.0007 • 0.0004 0.014 • 0.007 0.0016 • 0.0003 

Ac + 0.100 • 0.030(0 0.110 • 0.050 0.078 • 0.017 

Ab 0 - -  - -  0.031 • 0.016 

E : + , E  o 0.014 • 0.007 - -  - -  

.4(1520) 0.008 • 0.002 - -  - -  

(a) B(Ds ---* ~ ,  ~ ' r )  has been used (RPP 1994). 

(b) The Standard Model B(Z -~ bb) = 0.217 was 
used. 

(c) Xp = P/Pbeam > 0.1 only. 

(d) Extrapolation to the unobserved region using 
the shape predicted by JETSET. 

(e) Any charge state (i.e., B~, B~, or B*). 

(f) B(Z ---* hadrons) = 0.699 has been used (RPP 
1994). 

(g) x E = E[K~(1430)O]/Ebeam < 0.3 only. 

(h) Any charge state (i.e., B~*, Bu**, or B~*). 

(i) The value was taken from the cross section 
of the A+c -:, p~rK, assuming the branching 
fraction to be (3.2 • 0.7)% (RPP 1992). 

R e f e r e n c e s :  

R P P 9 2 :  Phys. Rev. D45 (1992) and references therein 
R P P 9 4 :  Phys. Rev. 050 ,  1173 (1994) and references therein 

R P P 9 6 :  Phys. Rev. D54, 1 (1996) and references therein 
R. Marshall, Rep. Prog. Phys. 52, 1329 (1989) 

A. De Angelis, J. Phys. G19, 1233 (1993) and references therein 
A L E P H :  D. Buskulic et al.: Phys. Lett. B295, 396 (1992); 

Z. Phys. C64, 361 (1994); Z. Phys. C69, 15 (1996); Z. Phys. 
C69, 379 (1996); Z. Phys. C73,  409 (1997); and R. Barate 
et al.: Z. Phys. C74, 451 (1997); Phys. Rep., CERN-PPE/96- 
186 

A R G U S :  H. Albrecht et al.: Phys. Lett. 230B, 169 (1989); 
Z. Phys. C44, 547 (1989); Z. Phys. C46,  15 (1990); Z. Phys. 
C54, 1 (1992); Z. Phys. C58, 199 (1993); Z. Phys. C61, 1 
(1994); Phys. Rep. 276, 223 (1996) 

CELLO:  H.J. Behrend et al.: Z. Phys. C46,397 (1990); Z. Phys. 
C47, 1 (1990) 

CLEO: D. Bortoletto et al., Phys. Rev. D37,  1719 (1988) 
C rys t a l  Ball: Ch. Bieler et al., Z. Phys. C49, 225 (1991) 
D E L P H I :  P. Abreu et aL: Z. Phys. C57, 181 (1993); Z. Phys. 

C59, 533 (1993); Z. Phys. C61,407 (1994); Phys. Lett. B341 ,  
109 (1994); Phys. Lett. B345, 598 (1995); Z. Phys. C65, 587 
(1995); NucL Phys. B444,  3 (1995); Phys. Lett. B361, 207 

�9 (1995); Z. Phys. C67, 543 (1995); Z. Phys. C68,  353 (1995); 
Phys. Lett. B372, 172 (1996); Phys. Lett. B379, 309 (1996); 
Z. Phys. C, CERN-PPE/97-108; and W. Adam et aL: Z. Phys. 
C69, 561 (1996); Z. Phys. C70, 371 (1996) 

HRS:  S. Abachi et al., Phys. Rev. Lett. 57, 1990 (1986); and 
M. Derrick et al,, Phys. Rev. D35, 2639 (1987) 

L3: M. Acciarri et al.: Phys. Lett. B328, 223 (1994); Phys. 
Lett. B345, 589 (1995); Phys. Left. 8371 ,  126 (1996); Phys. 
Lett. B371, 137 (1996); Phys. Lett. B393, 465 (1997); Phys. 
Lett. B404, 390 (1997); Phys. Lett. B407, 351 (1997); Phys. 
Lett. B407, 389 (1997) 

M A R K  II: H. Schellman et al., Phys. Rev. D31, 3013 (1985); 
and G. Wormser et aL, Phys. Rev. Lett. 61, 1057 (1988) 

J A D E :  W. Bartel et al., Z. Phys. C20, 187 (1983); and D.D. 
Pietzl et aL, Z. Phys. C46,  1 (1990) 

OPAL:  R. Akers et al.: Z. Phys. C63, 181 (1994); Z. Phys. 
C66, 555 (1995); Z. Phys. C67, 389 (1995); Z. Phys. C68, 1 
(1995); and G. Alexander et al.: Phys. Lett. B358, 162 (1995); 
Z. Phys. C70, 197 (1996); Z. Phys. C72, 1 (1996); Z. Phys. 
C72,191 (1996); Z. Phys. C73, 569 (1997); Z. Phys. C73, 587 
(1997); Phys. Lett. B370, 185 (1996); and K. Ackerstaff et aL: 
Z. Phys. C75, 192 (1997); Z. Phys. C, CERN-PPE/97-093; Z. 
Phys. C, CERN-PPE/97-094; 

P L U T O :  Ch. Berger et al., Phys. Lett. 1O4B, 79 (1981) 
TASSO:  H. Aihara et al., Z. Phys. C27, 27 (1985) 
T P C :  H. Aihara et al., Phys. Rev. Lett. 53, 2378 (1984) 

All average multiplicites are per hadronic e+e - annihilation event. 
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Figure 38.11: Fragmentation into 7r + in e+e - annihilations: 
Inclusive cross sections (1/crhad)(d~/dz), with z = P/Pbeam. The 
indicated errors are statistical and systematic errors added in 
quadrature. 

/~: rate at vfs : 9.98 GeV; an overall uncertainty of 1.8%: 
ARGUS--H.  Albrecht et al., Z. Phys. C44, 547 (1989). 

�9 : rate at vfs = 29 GeV TPC--H.  Aihara et al., Phys. Rev. Lett. 
61, 1263 (1988). 

O : rate for hadronic decays of the Z at vfs = 91.2 GeV A L E P H - -  
D. Buskulic et al., Z. Phys. C66, 355 (1995); OPAL--R.  Akers 
et al., Z. Phys. C63, 181 (1994). (Courtesy of O. Biebel, S. Bethke, 
and D. Lanske, RWTH, Aachen, 1995.) 
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Figure 38.12: Fragmentation into K • in e+e - annihilations: 
Inclusive cross sections (1/%ad)(d~r/dz), with z = P/Pbeam. The 
indicated errors are statistical and systematic errors added in 
quadrature. 

/~: r~te at ~ = 9.98 GeV; an overall uncertainty of 1.8%: 
ARGUS--H.  Albrecht et al., Z. Phys. C44, 547 (1989). 

�9 : rate at V~ = 29 GeV TPC--H.  Aihara eta/., Phys. Rev. Lett. 
61, 1263 (1988). 

O : rate for hadronic decays of the Z at V~ = 91.2 GeV A L E P H - -  
D. Buskulic et al., Z. Phys. C66, 355 (1995); DELPHI- -P .  Abreu 
et al., Nucl. Phys. B444, 3 (1995); OPAL--R.  Akers et al., 
Z. Phys. C63, 181 (1994). (Courtesy of O. Biebel, S. Bethke, and 
D. Lanske, RWTH, Aachen, 1995.) 
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Figure 38.13: Fragmentation into p~ in e+e - annihilations: 
Inclusive cross sections (1/~had)(d~/dz), with z = P/Pbeam. The 
indicated errors are statistical and systematic errors added in 
quadrature. 

A :  rate at v ~ : 9.98 GeV; an overall uncertainty of 1.8%. This 
rate is obtained from the measured ~ rate by scaling with a factor 
of two: ARGUS--H.  Albrecht et al., Z. Phys. C44, 547 (1989). 

�9 : rate at v/] = 29 GeV: TPC--H.  Aihara eta/., Phys. Rev. Lett. 
61, 1263 (1988). 

O : rate for hadronic decays of the Z at v ~ = 91.2 GeV: A L E P H - -  
D. Buskulic et al., Z. Phys. C66, 355 (1995). DELPHI- -P .  Abreu 
et al., Nucl. Phys. B444, 3 (1995). OPAL--R.  Akers et al., 
Z. Phys. C63, 181 (1994). (Courtesy of O. Biebel, S. Bethke, sad 
D. Lanske, RWTH, Aachen, 1995.) 
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F i gu re  38.14: Data from the ALEPH, DELPHI, L3, and OPAL 
Collaborations for the cross section in e+e - annihilation into 
hadronic final states as a function of c.m. energy near the Z. LEP 
detectors obtained data at the same energies; some of the points 
are obscured by overlap. The curves show the predictions of the 
Standard Model with three species (solid curve) and four species 
(dashed curve) of light neutrinos. The asymmetry of the curves is 
produced by initial-state radiation. References: 

ALEPH: D. Decamp et al., Z. Phys. C53,  1 (1992). 
DEPHI: P. Abreu et al., Nucl. Phys. B367, 511 (1992). 
L3: B. Adeva et al., Z. Phys. C51,179 (1991). 
OPAL:  G. Alexander et aL, Z. Phys. C52, 175 (1991). 
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Fi gu re  38.15: Average multiplicity as a function of v ~ 
for e+e - and p~ annihilations, and pp and ep collisions. 
The indicated errors are statistical and systematic errors 
added in quadrature, except when no systematic errors are 
given. Files of the data shown in this figure are given in 
h t t p  : / / ~ I n ~ o .  ce rn .  c h / b / b i e b e l / ~ / R P P 9 8 / .  

e + e - :  All e+e - measurements include contributions from Ks 0 and 
A decays with the exception of the L3 measurements. The 7~2 
and MARK I measurements contain a systematic 5% error. The 
five points at the Z resonance have been spread horizontally for 
clarity: OPAL:  P.O. Acton et al., Z. Phys. C53, 539 (1992) and 
references therein, OPAL:  R. Akers et al., Z. Phys. C68, 203 
(1995), A L E P H :  D. Buskulic et al., Z. Phys. C69, 15 (1995), 
ALEPH: D. Buskulic et al., Z. Phys. C73, 409 (1997), DELPHI: 
P. Abreu et al., Z. Phys. C, CEKN-PPE/97-108, D E L P H I :  P. 
Ahreu et al., Phys. Lett. B372, 172 (1996), L3: M. Acciarri et al., 
Phys. Lett. B371, 137 (1996), L3: M. Acciarri et al., Phys. Lett. 
B404, 390 (1997), OPAL:  K. Ackerstaff et ~.,  Z. Phys. C75, 193 
(1997). 
e• Multiplicities have been measured in the current fragmentation 
region of the Breit frame: HI :  C. Adloff et al., Nucl. Phys. B, 
DESY 97-108, ZEUS:  M. Derrick et al., Z. Phys. C67,  93 (1995). 

p(~):  The errors of the p(~) measurements are the quadratically 
added statistical and systematic errors, except for the bubble 
chamber measurements for which only statistical errors are given 
in the references. The values measured by UA5 exclude single 
diffractive dissociation: b u b b l e  c h a m b e r :  J. Benecke et al., Nucl. 
Phys. B76,  29 (1976), b u b b l e  chambe r :  W.M. Morse et al., Phys. 
Rev. D15, 66 (1977), ISR:  A. Breakstone r al., Phys. Rev. D30, 
528 (1984), UAS: G.J. Alner et al., Phys. Lett. B, 476 (1986), 
UA5:  R.E. Ansorge et al., Z. Phys. C43, 357 (1989). 

(Courtesy of O. Biebel, RWTH, Aachen, 1997.) 
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Figure  38.16: Selected measurements of R -= a(e+e - --~ hadrons)/a(e+e - --* #+#- ) ,  where the annihilation in the numerator proceeds via 
one photon or via the Z. Measurements in the vicinity of the Z mass are shown in the following figure. The denominator is the calculated QED 
single-photon process; see the section on Cross-Section Formulae for Specific Processes. Radiative corrections and, where important, corrections 
for two-photon processes and r production have been made. Note that the ADONE data (772 and MEA) is for _> 3 hadrons. The points 
in the r region are from the MARK I--Lead Glass Wall experiment. To preserve clarity only a representative subset of the available 
measurements is shown--references to additional data are included below. Also for clarity, some points have been combined or shifted slightly 
(< 4%) in Ecru, and some points with low statistical significance have been omitted. Systematic normalization errors are not included; they 
range from ~5--20%, depending on experiment. We caution that especially the older experiments tend to have large normalization uncertainties. 
Note the suppressed zero. The horizontal extent of the plot symbols has no significance. The positions of the J / r  r and the four 
lowest T vector-meson resonances are indicated. Two curves are overlaid for Ecru > 11 GeV, showing the theoretical prediction for R, including 
higher order QCD [M. Dine and J. Sapirstein, Phys. Itev. Lett. 43, 668 (1979)] and electroweak corrections. The A values are for 5 flavors in 

the ~ scheme and are A(~) s = 60 MeV (lower curve) and A(~) s = 250 MeV (upper curve). (Courtesy of F. Porter, 1992.) References (including- 
several references to data not appearing in the figure and some references to preliminary data): 

AMY:  T. Mori et al., Phys. Lett. B218, 499 (1989); 
CELLO: H.-J. Behrend et al., Phys. Lett. 144B, 297 (1984); 

and H.-J. Behrend et al., Phys. Lett. 183B, 400 (1987); 
CLEO: It. Giles et al., Phys. Itev. D29, 1285 (1984); 

and D. Besson et al., Phys. Itev. Left. 54, 381 (1985); 
CUSB:  E. Rice et al., Phys. Rev. Lett. 48, 906 (1982); 
C R Y S T A L  BALL: A. Osterheld et al., SLAC-PUB-4160; 

and Z. Jakubowski et al., Z. Phys. C40, 49 (1988); 
DASP:  R. Brandelik et al.i Phys. Lett. 76B, 361 (1978); 
D A S P  II: Phys. Lett. 116B, 383 (1982); 
DCI: G. Cosine et al., Nucl. Phys. B152, 215 (1979); 
D H H M :  P. Bocket  al. (DESY-Hamburg-Heidelberg- 

MPI Miinchen Collab.), Z. Phys. C6, 125 (1980); 
772:  C. Bacci et al., Phys. Lett. 86B, 234 (1979); 
HRS: D. Bender et al., Phys. Itev. D31, 1 (1985); 
JADE:  W. Bartel et al., Phys. Lett. 129B, 145 (1983); 

and W. Bartel et al., Phys. Lett. 160B, 337 (1985); 
LENA: B. Niczyporuk et al., Z. Phys. C15, 299 (1982). 

MAC: E. Fernandez et al., Phys. Itev. D31, 1537 (1985); 
M A R K  J: B. Adeva et al., Phys. Rev. Lett. 50, 799 (1983); 

and B. Adeva et al., Phys. Rev. D34, 681 (1986); 
M A R K  I: J.L. Siegrist et al., Phys. Itev. D26, 969 (1982); 
M A R K  I -F Lead Glass Wall: P.A. Itapidis et al., 

Phys. Rev. Lett. 39, 526 (1977); and P.A. Rapidis, thesis, 
SLAC-iteport-220 (1979); 

M A R K  II: J. Patrick, Ph.D. thesis, LBL-14585 (1982); 
MD-I :  A.E. Blinov et M., Z. Phys. C70, 31 (1996); 
MEA: B. Esposito et al., Lett. Nuovo Cimento 19, 21 (1977); 
PLUTO: A. B~icker, thesis Gesamthochschule Siegen, 

DESY F33-77/03 (1977); C. Gerke, thesis, Hamburg Univ. (1979); 
Ch. Berger et al., Phys. Lett. 81B, 410 (1979); 
and W. Lackas, thesis, RWTH Aachen, DESY Pluto-81/11 (1981); 

TASSO: R. Brandelik et al., Phys. Lett. 113B, 499 (1982); 
and M. Althoff et al., Phys. Lett. 138B, 441 (1984); 

TOPAZ: I. Adachi et al., Phys. Itev. Lett. 60, 97 (1988); and 
V E N U S :  H. Yoshida et al., Phys. Left. 198B, 570 (1987). 
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Table 38.2: Total  h a d r o n i c  cros s  s e c t i o n .  Regge theory suggests a parameterization of total cross sections as 

CrAB =NAB s~ "b YIAB s-ql "b Y2AB s-W2 

o'~B =XABs ~ + Y1AB~ -rjl -- y2aBa-'~ 

where XAB,YiA B are in mb and s is in GeV 2. The exponents e,T}l , and W2 are independent of the particles A,A, and B and represent the 
pomeron, and lower-lying C-even and C-odd exchanges, respectively. Requiring ~71 = ~ results in much poorer fits. In addition to total cross 
section, the measured ratio of the real to the imaginary part of the forward scattering amplitude can be included in the fits by assuming 
that the C-even and C-odd amplitudes have the simple behavior (-s) ~ + s a, where c~ -- 1 + e, 1 + W1,1 + 3. Fits were made to the data for 
P+P, ~r• K+P, 7P, and 77. The exponents e = 0.095(2), 7/1 = D.34(2), and ~ = 0.55(2) thus obtained were then fixed and used as inputs to a fit 
to a larger data sample that included cross sections on deuterons and neutrons. In the initial fit only data above ~ = 12 GeV were used. In 
the subsequent fit, data above Plab = 10 GeV (hadronic collisions) and ~ = 4 GeV (TP and 77) collisions were used. 

Fits to ~(p)p, lr+p, K+p, 7P, 77 Colliding 

particles 

Fits to groups 

x Y~ Y~ x Y~ Y2 

18.304(28) 60.12(24) 32.84(33) ~(p)p 18.256(22) 60.19(21) 33.43(31) 

~(p)n 18.256(22) 61.14(58) 29.80(58) 1.17 

11.594(22) 27.52(14) 5.53(11) Ir+p 11.568(25) 27.55(15) 5.62(13) 1.65 

10.353(28) 15.83(20) 12.98(17) K+p 10.376(23) 15.57(16) 13.19(17) 

K+n 10.376(23) 14.29(37) 7.38(37) 1.26 

0.0579(4) 0.1170(26) q,p 0.0577(3) 0.1171(17) 

1.56(18)E-4 0.32(13)E-3 77 1.56(II)E-4 0.32(8)E-3 0.75 

x2/dof = 1.28 with fixed e = 0.095(2), ~(p)d 32.357(47) 143.7(7) 85.95(99) 1.57 

7"/1 = 0.34(2), r/2 = 0.55(2) at their ~r+d 21.015(39) 64.88(51) 1.36(63) 1.91 
central values 

K+d 18.935(40) 35.74(48) 28.80(59) 1.56 

x2/~f 
by groups 

The fitted functions are shown in the following figures, along with ane-standaxd-deviation error bands. When the reduced X2 is greater than 
one, a scale factor has been included. Where appropriate, statistical and systematic errors were combined quadratically. Vertical arrows indicate 
lower limits on the Pl~b or Ecru range used in the fits. The user may decide on the range of applicability of the extrapolated curves. The 
data were extracted from the PPDS accessible at http://wmrppde.s or http://pdg.lbl.gov Computer-readable 
data files are also available at http://pdg.lbl.gov. (Courtesy of V.V. Ezhela, S.B. Lugovsky, and N.P. Tkachenko, COMPAS group, IHEP, 
Protvino, Russia, April 1998.) 



206 38. P lo t s  o f  cross  s ec t ions  and  related quan t i t i e s  

' ~ i ' " ' "  , , , , , , , ,  , , , , , , , , ,  , , , , , , ,  , , 

,o ' . . . . . . . . . . . . . . . .  i~ i ............................... il ................. ! ~  

K p, K-p 
10 14- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

m 

1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  " . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0 .I ~o 

*d - 

10 

10 

.4 I 

10 L I I I I I I [  I I I I I I I l l  I I 1 J I I I I  I I I I I I I L I 

1 10 10 X 10 s 10 4 
~s (GeV) 

Figure 38.17: Summary of hadronic, ~p, and ~7 total cross sections. Corresponding computer-readable data files may be found at 
h t t p : / / p d g ,  l b l .  gov/xsect /contents  .html (Courtesy of the COMPAS group, IHEP, Protvino, Russia, April 1998.) 
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Figure 38.18: Total and elastic cross sections for FP and ~p collisions as a function of laboratory beam momentum and total center-of-mass 
energy. Corresponding computer-readable data files may be found at http://pdg.lbl .gov/xsect/contents .html (Courtesy of the COMPAS 
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h t t p : / / p d g ,  l b l .  g o v / x s e c t / c o n t o n t s  . h t m l  (Cour t e sy  of  t he  C O M P A S  Group ,  I H E P ,  P r o t v i n o ,  Russ ia ,  Apr i l  1998.) 
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F i g u r e  3 8 . 2 3 :  Total  and elastic cross sections for Ap and total  hadronic cross sections for 7d, 7P, and 77  collisions as a function 
of  laboratory  beam m o m e n t u m  and the total  center-of-mass energy. Corresponding computer-readable data  files may  be found at 
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Name of particle, "Old" name used 
before 1986 renaming scheme also 
given if different. See the section 
"Naming Scheme for Hadrons" for de- 
tails. 

Quantity tabulated below. 

Top line gives our best value (and er- _ _  
ror) of quantity tabulated here, based 
on weighted average of measurements 
used. Could also be from fit, best 
limit, estimate, or other evaluation. 

Measured value used In averages, fits, 
limits, etc. 

Error in measured value (often statls- - -  
tical only; followed by systematic i f  
separately known; the two are com- 
bined in quadrature for averaging and 
fitting.) 

Measured value not used in averages, 
fits, limits, etc. See the Introductory 
Text for explanations. 

Arrow points to weighted average. 

Shaded pattern extends -I-1~ (scaled 
by "scale factor" S) from weighted av- 
erage. 

--looO2oo) l 
OMITTED FROM SUMMARY TABLE 

Evidence not compelling, may be a kinematic e f fec t .~  

~LUE{Me~ EV7~ 
RA 

{ ao(1200 ) MASS] 

DOCUMENT ID TECN 

Particle quantum numbers (where I G ( j P C )  = 1 - (0  + + )  
known). 

Indicates particle omitted from Parti- 
cle Physics Summary Table, implying 
particle's existence is not confirmed. 

_ _  CHG C O M M E N T ~ " ~ ' ~  General comments on particle. 

12104- 84-9 3000 ~ M M S  - 3 . 5 . - p  I 
11984-10 PIERCE 83 ASPK + 2.1 K - p  
12164-114-9 1500.~MERRILL 81 HBC 0 3.2 K - p ~  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

See next page for details. 11924-16 / ~ LYNCH 81 ~ 4- 23 ~r-p 

linking measure- - " / ~ S y s t e m a t l c  error was a~d-ddd~ quadratically by us tn our 1986 edition. Footnote number 
l en t  to text of footnote. 

ao(1200) WIDTH 
Number of events above background. VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT 

41",-11 OUR AVERAGE Error Includes scale factor o f [ ~  See the ideogram below. 
- - ' ~ " ~ - - ~  PIERCE 83 ASPK + 2 . 1 K - p  

n+30 " -20  200 LYNCH 81 HBC 4- ~ . ' . ' . ' . ' . ' . ' . ' . ' . ~ - -  

2 5 ~ - - - ~  MERRILL 81 HBC 0 3.2 K - p  
�9 �9 �9 We do not use the following data for averages, fits, ,mRs, etc. �9 �9 �9 

/ / / ~  WEIGHTED AVERAGE FENNER 87 MMS E ~ 3 . 5  ~r- p ~ -  
41,11 (Error Icaled by 1.8) 

Value and error for each experiment. 

"Document id" for this result; full ref- 
erence given below. 

Measurement technique. (See abbre- 
viations on next page.) 

Scale factor > 1 indicates possibly in- 
consistent data. 
Reaction producing particle, or gen- 
eral comments. 

"Change bar" indicates result added 
or changed since previous edition. 

Charge(s) of particle(s) detected. 

~2 

83 ASPK 1.3 
81 HBC 
81 HBC 

6~ 
nfldence Levi = 0.033) 

-50 0 50 100 150 200 
a0(1200 ) width (MeV) 

ao(1200) DECAY MODES 

Mode Fraction ( l ' l / r )  

J j J  
Ideogram to display possibly inconsis- 
tent data. Curve Is sum of Gaus- 
sians, one for each experiment (area 
of Gausslan = 1/error; width of Gaus- 
dan = +error). See Introductory Text 
for discussion. 

Contribution of experiment to X 2 (if 
no entry present, experiment not used 

2 in calculating X or scale factor be- 
cause of very large error). 

Scale factor/ 
Confidence level 

5=1.7 Our best value for branching fraction 
S=1.7 ]---- as determined from data averaging, 

Partial decay mode (labeled by F/). ~ (65.24-1.3) % 
r2 KK I(~.e4-1.3) % 
1"3 ~:r < 4.9 x 10 -4 CL=95% 

ao(1200) BRANCHING RATIOS 

B ranching ratio. - - ~  r ( ~ ) / r = = =  I r z / r  
VALUE DOCUMENT ID T ~ t  CHG COMMENT 

Our best value (and error) of quantity ~ - 0 . 0 1 3  OUR Fir 1 Error Includes scale factor of 1.7. 
tabulated, as determined from con- ~ E ]  
strained fit (using aft significant mea- / 0.64 4-0.01 PIERCE 83 ASPK + 2.1 K -  p 

/ 0.74 -k0.06 MERRILL 81 HBC 0 3.2 K - p  
cle).Sured branching ratios for this parti- / * *  �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

Weighted average of measurements of / 0.48 4-0.15 2 LYNCH 81 HBC 4- 2.7 ~r- p 
this ratio only. / ~ 2  Data has questionable background subtraction. I 

Footnote (referring to LYNCH 81). ~ r(K~)/rtm, 
VALUE DOCUMENT ID TECN CHG COMMENT 
0.3484-0.013 OUR FIT Error includes scale factor of 1.7. 
0JIB-t-O.Ol PIERCE 83 ASPK + 2.1 K - p  

r(KR)/r(~r) r=/rz 
VALUE DOCUMENT fD TECN CHG COMMENT 
o.gM-I-OJNO OUR FIT Error Includes scale factor of 1.7. 
OJIO -I-0JD MERRILL 81 HBC 0 3.2 K - p  

Confidence level for measured upper ~ ~ r ( q ( i t e u t r a l d ~ y ) ~ * ) / r ~ = =  o . n r s / r  

limit. VALUE {units 10 -4) CL~ DOCUMENT ID TECN CHG COMMENT 

<3.8 ~ PIERCE 83 ASPK + 2 , 1 K - p  

References, ordered inversely by year, ~ ~ ~  ~ Partial list of author(s) in addition to 
then author. =110(1200 ) REFERENCES / first author. 

"Document Id" used on data entries sr I PRL 55 14 L+wa~on, Willis, (SLAC)~ j Quantum number determinations in 
above. PIERCE 83 PL 123e 230 (FNAL IJP)~p~ thls reference. 

LYNCH 81 PR D24 610 +Jones+ (CLEO CJdlab.~ 
Journal, report, preprint, etc. (See MERRILL 81 ~ +Armstrong, Harper, Rittenberl. Wa|man ~ Institution(s) of author(s). (See ab- 
abbreviations on next page.) breviations on next page.) 

fitting, evaluating, limit selection, etc. 
This list is basically a compact sum- 
mary of results in the Branching Ratio 
section below. 

Branching ratio in terms of partial 
decay mode(s) F I above. 
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Abbreviations Used in the Particle Listings'- 
I n d i c a t o r  o f  P r o c e d u r e  U s e d  t o  O b t a i n  O u r  R e s u l t  

OUR AVERAGE From a weighted average of selected data. 

OUR FIT From a constrained or overdetermined multipa- 
rameter fit of selected data. 

OUR EVALUATION Not from a direct measurement, but evaluated 
from measurements of other quantities. 

OUR ESTIMATE Based on the observed range of the data. Not 
from a formal statistical procedure. 

OUR LIMIT For special cases where the limit is evaluated by 
us from measured ratios or other data. Not from 
a direct measurement. 

Measurement Techniques 

(i.e., Detectors and Methods of Analysis) 

ACCM 
AEMS 
ALEP 
AMY 
ARG 
ARGD 
ASP 
ASPK 
ASTE 
ASTR 
B787 
B791 
B845 
BAKS 
BC 
BDMP 
BEAT 
BEBC 
BES 
BIS2 
BKEI 
BONA 
BPWA 
CALO 
CBAL 
CBAR 
CBOX 
CC 
CCFR 
CDF 
CDHS 
CELL 
CHER 
CHM2 
CHOZ 
CHRM 
CIBS 
CLE2 
CLEO 
CMD 
CMD2 
CNTR 
COSM 
CPLR 
CSB2 

CUSB 
DO 
DAMA 
DASP 
DBC 
DLCO 
DLPH 
DM1 
DM2 
DPWA 
E621 
E653 
E665 
E687 
E691 
E?05 
E731 
E760 

ACCMOR Collaboration 
Argonne effective mass spectrometer 
ALEPH - CERN LEP detector 
AMY detector at KEK-TRISTAN 
ARGUS detector at DORIS 
Fit to semicircular amplitude path on Argand diagram 
Anomalous single-photon detector 
Automatic spark chambers 
ASTERIX detector at LEAR 
Astronomy 
BNL experiment 787 detector 
BNL experiment 791 detector 
BNL experiment 845 detector 
Baksan underground scintillation telescope 
Bubble chamber 
Beam dump 
CERN BEATRICE Collab. 
Big European bubble chamber at CERN 
BES Beijing Spectrometer at Beijing Electron-Positron Collider 
BIS-2 spectrometer at Serpukhov 
BENKEI spectrometer system at KEK Proton Synchrot0n 
Bonanza nonmagnetic detector at DORIS 
Barrelet-zero partial-wave analysis 
Calorimeter 
Crystal Ball detector at SLAC-SPEAR or DORIS 
Crystal Barrel detector at CERN-LEAR 
Crystal Box at LAMPF 
Cloud chamber 
Columbia-Chicago- Fecmilab-Rochest ec detector 
Collider detector at Fermilab 
CDHS neutrino detector at CERN 
CELLO detector at DESY 
Cherenkov detector 
CHARM-If neutrino detector (glass) at CERN 
Nuclear Power Station near Chooz, France 
CHARM neutrino detector (marble) at CERN 
CERN-IHEP boson spectrometer 
CLEO II detector at CESR 
Cornell magnetic detector at CESR 
Cryogenic magnetic detector at VEPP-2M, Novosibirsk 
Cryogenic magnetic detector 2 at VEPP-2M, Novosibirsk 
Counters 
Cosmology and astrophysics 
CPLEAR Collaboration 
Columbia U. - Stony Brook BGO calorimeter inserted in NaI 
array 
Columbia U. - Stony Brook segmented NaI detector at CESR 
DO detector at Fermllab Tevatron CoUider 
DAMA, dark matter detector at Gran Sasso" National Lab. 
DESY double-arm spectrometer 
Deuterium bubble chamber 
DELCO detector at SLAC-SPEAR or SLAC-PEP 
DELPHI detector at LEP 
Magnetic detector no. 1 at Orsay DCI collider 
Magnetic detector no. 2 at Orsay DCI collider 
Energy-dependent partial-wave analysis 
Fecmilab E621 detector 
Fermilab E653 detector 
Fermiiab E665 detector 
Fermiiab E687 detector 
Fermilab E691 detector 
Fermilab E705 Spectrometer-Calorimeter 
Fermilab E731 Spectrometer-Calorimeter 
Fermilab E760 detector 

E761 
E771 
E773 
E789 
E791 
E799 
EHS 
ELEC 
EMC 
EMUL 
FBC 
FIT 
FMPS 
FRAB 
FRAG 
FRAM 
FREJ 

GA24 

GALX 

GAM2 
GAM4 
GOLI 
HI 
HBC 
HDBC 
HEBC 
HEPT 
HLBC 
HOME 
HPW 
HRS 
HYBR 
IMB 
IMB3 
INDU 
IPWA 
JADE 
KAM2 
KAMI 
KARM 

KOLR 
KTEV 
L3 
LASS 
LATT 
LEBC 
LENA 
LEPS 
LSND 
MAC 
MBR 
MCRO 
MD1 
MDRP 
MICA 
MIRA 
MLEV 
MMS 
MPS 
MPS2 
MPSF 
MPWA 
MRK1 
MRK2 
MRK3 
MRKJ 
MRS 
MWPC 
NA14 
NA31 
NA32 
NA48 
ND 
NICE 

Fermilab E761 detector 
Fermilab E771 detector 
Fermilab E773 Spectrometer-Calorimeter 
Fermilab E789 detector 
Fermilab E791 detector 
Fermilab E799 Spectrometer-Calorimeter 
Four-pi detector at CERN 
Electronic combination 
European muon collaboration detector at CERN 
Emulsions 
Freon bubble chamber 
Fit to previously existing data 
Fermilab Multiparticle Spectrometer 
ADONE BB group detector 
ADONE ~/~/group detector 
ADONE MEA group detector 
FREJUS Collaboration - modular flash chamber detector 
(calorimeter) 
Hodoscope Cherenkov ~/calorimeter (IHEP GAMS-2000) 
(CERN GAMS-4000) 
GALLEX solar neutrino detector in the Gran Saeso Under- 
ground Lab. 
IHEP hodoscope Cherenkov ~ calorimeter GAMS-2000 
CERN hodoscope Cherenkov ~/calorimeter GAMS-4000 
CERN Goliath spectrometer 
HI detector at DESY/HERA 
Hydrogen bubble chamber 
Hydrogen and deuterium bubble chambers 
Helium bubble chamber 
Helium proportional tubes 
Heavy-liquid bubble chamber 
Homestake underground scintillation detector 
Harvard-Pennsylvania-Wisconsin detector 
SLAC high-resolution spectrometer 
Hybrid: bubble chamber -{- electronics 
Irvine~Michigan-Brookhaven underground Cherenkov detector 
Irvine~Michigan-Brookhaven underground Cherenkov detector 
Magnetic induction 
Energy-independent partial-wave analysis 
JADE detector at DESY 
KAMIOKANDE-II underground Cherenkov detector 
KAMIOKANDE underground Cherenkov detector 
KARMEN calorimeter at the ISIS neutron spallation source at 
Rutherford 
Kolar Gold Field underground detector" 
KTeV Collaboration 
L3 detector at LEP 
Large-angle superconducting solenoid spectrometer at SLAC 
Lattice calculations 
Little European bubble chamber at CERN 
Nonmagnetic lead-glass Nal detector at DORIS 
Low-Energy Pion Spectrometer at the'Paul Scherrer Institute 
Liquid Scintillator Neutrino Detector 
MAC detector at PEP/SLAC 
Molecular beam resonance technique 
MACRO detector in Gran Sasso 
Magnetic detector at VEEP-4, Novosibirsk 
Millikan drop measurement 
Underground mica deposits 
MIRABELLE Liquid-hydrogen bubble chamber 
Magnetic levitation 
Missing mass spectrometer 
Multiparticle spectrometer at BNL 
Multiparticle spectrometer upgrade at BNL 
Multiparticle spectrometer at Fermilab 
Model-dependeat partial-wave analysis 
SLAC Mark-I detector 
SLAC Mark-II detector 
SLAC Mark-Ill detector 
Mark-J detector at DESY 
Magnetic resonance spectrometer 
Multi-Wire Proportional Chamber 
CERN 
CERN NA31 Spectrometer-Calorimeter 
CERN NA32 Spectrometer 
CERN NA48 Collaboration 
NaI detector at VEPP-2M~ Novosibirsk 
Serpukhov nonmagnetic precision spectrometer 
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NMR 
NUSX 
OBLX 
OLYA 
OMEG 
OPAL 
OSPK 
PLAS 
PLUT 
PWA 
REDS 
RVUE 
SAGE 
SFM 
SHF 
SIGM 
SILl 
SLD 
SOU2 
SOUD 
SPEC 
SPED 
SPRK 
SQID 
STRC 
TASS 
THEO 
TOF 
TOPZ 
TPC 
TPS 
TRAP 
UA1 
UA2 
UA5 
VES 
VNS 
WA75 
WA82 
WA89 
WIRE 
XEBC 
ZEUS 

Nuclear magnetic resonance 
Mont Blanc NUSEX underground detector 
OBELIX detector at LEAR 
Detector at VEPP-2M and VEPP-4, Novosibirsk 
CERN OMEGA spectrometer 
OPAL detector at LEP 
Optical spark cha~nber 
Plastic detector 
DESY PLUTO detector 
Partial-wave analysis 
Resonance depolarization 
Review of previous data 
US - Russian Gallium Experiment 
CERN split-field magnet 
SLAC Hybrid Facility Photon Collaboration 
Sarpukhev CERN-IHEP magnetic spectrometer (SIGMA) 
Silicon detector 
SLC Large Detector for e + e-  colliding beams at SLAC 
Soudan 2 underground detector 
Soudan underground detector 
Spectrometer 
From maximum of speed plot or resonant amplitude 
Spark chamber 
SQUID device 
Streamer chamber 
DESY TASSO detector 
Theoretical or heavily model-dependent result 
Time-of-flight 
TOPAZ detector at KEK-TRISTAN 
TPC detector at PEP/SLAC 
Tagged photon spectrometer at Fermilsb 
Penning trap 
UAI detector at CERN 
UA2 detector at CERN 
UA5 detector at CSRN 
Vertex Spectrometer Facility at 70 GeV H-IEP accelerator 
VENUS detector at KEK-TRISTAN 
CERN WA75 experiment 
CERN WA82 experiment 
CERN WA89 experiment 
Wire chamber 
Xenon bubble chamber 
ZEUS detector at DESY/HERA 

C o n f e r e n c e s  

Conferences are generally referred to by the location at which they were 
held (e.g., HAMBURG, TORONTO, CORNSLL, BRIGHTON, etc.). 

J o u r n a l s  

AA Astronomy and Astrophysics 
ADVP Advances in PhysiCs 
AFIS Anales de Fisica 
AJP American Journal of Physics 
ANP Annals of Physics 
ANPL Annals of Physics (Leipzig) 
ANYAS Annals of the New York Academy of Sciences 
AP Atomic Physics 
APAH Acta Physics Acedemiae Scientiarum Hungaricae 
APJ Astrophysical Journal 
APJS Astrophysical Journal Suppl. 
APP Acta Physics Polonica 
ARNPS Annual Review of Nuclear and Particle Science 
ARNS Annual Review of Nuclear Science 
ASP Astroparticle Physics 
BAPS Bulletin of the American Physical Society 
BASUP Bulletin of the Academy of Science, USSR (Physics) 
CJNP Chinese Journal of Nuclear Physics 
CJP Canadian Journal of Physics 
CNPP Comments on Nuclear and Particle Physics 
CZJP Czechoslovak Journal of Physics 
DANS Doklady Akademii nauk SSSR 
EPJ European Physical Journal 
EPL Europhysies Letters 
FECAY Fizika Elementarnykh Chustits i Atomnogo Yadra 
HADJ Hadronic Journal 
IJMP International Journal of Modern Physics 

JAP Journal of Applied Physics 
JETP English Translation of Soviet Physics ZETF 
JETPL English Translation of Soviet Physics ZETF Letters 
JINR Joint Lust. for Nuclear Research 
JINRRCJINR Rapid Communications 
JPA 
JPB 
JPCRD 
JPG 
JPSJ 
LNC 
MNRA 
MPL 
NAT 
NC 
NIM 
NP 
NPBPS 
PAN 
PD 
PDAT 
PL 
PN 
PPN 
PPNP 
PPSL 
PR 
PRAM 
PRL 
PRPL 
PRSE 
PRSL 
PS 
PTP 
PTRSL 
RA 
RMP 
RNC 
RPP 
RRP 
SCI 
SJNP 
SJPN 
SPD 
SPU 
UFN 
YAF 
ZETF 
ZETFP 

ZNAT 
ZPHY 

I n s t i t u t i o n s  

AACH Phys. Inst. der Techn. 
Hochechule Aachen  (His- 
torical, use for general Inst. 
der Teclm. Hochschule) 

AACH1 I Phys. Inst. der Teclm. 
Hochschule Aachen  

AACH3 III Phys. inst. der Teclm. 
Hochschule Aachen  

AACHT Iustitut flir Theoretische 
Physik 

AARH Univ. of Aarhtm 
ABO Abo Akademi University 
ADEL Adelphi  Univ. 
ADLD The Univ. of Adelaide 
AERE Atomic Energy Research Es- 

tab. 
AFRR Armed  Forces Radiobiology 

Res. Inst. 
AHMEDPhysical Research Lab. 
AICH Aichi Univ. of Education 
AKIT Aki ta  Univ. 
ALAH Univ. of A labama  

(Huntsvil le)  

Journal of Physics, A 
Journal of Physics, B 
Journal of Physical and Chemical Reference Data 
Journal of Physics, G 
Journal of the Physical Society of Japan 
Lettere Nuovo Cimento 
Monthly Notices of the Royal Astronomical Society 
Modern Physics Letters 
Nature 
Nuovo Cimento 
Nuclear Instruments and Methods 
Nuclear Physics 
Nuclear Physics B Proceedings Supplement 
Physics of Atomic Nuclei (formerly SJNP) 
Physics Doldady (Magazine) 
Physik Daten 
Physics Letters 
Particles and Nuclei 
Physics of Particles and Nuclei (formerly SJPN) 
Progress in Particles and Nuclear Physics 
Prec. of the Physical Society of London 
Physical Review 
Vramana 
Physical Review Letters 
Physics Reports (Physics Letters C) 
Proc. of the Royal Society of Edinburgh 
Prec. of the Royal Society of London, Section A 
Physics Scripta 
Progress of Theoretical Physics 
Phil. Trans. Royal Society of London 
Radiochimica Acta 
Reviews of Modern Physics 
La Rivista del Nuovo Cimento 
Reports on Progress in Physics 
Revue Roumaine de Physique 
Science 
Soviet Journal of Nuclear Physics 
Soviet Journal of Particles and Nuclei 
Soviet Physics Doklady (Magazine) 
Soviet Physics - Uspekhi 
Usp. Fiz. Nauk - Russian version of SPU 
Yademaya Fisika 
Zhurnal Eksperimental'noi i Teoreticheskoi Fiziki 
Zhurnal Eksperimental'noi i Teoreticheskoi Fiziki, Pis'ma v 
Redakts 
Zeitschrift fur Naturforschung 
Zeitschrift fur Physik 

Aachen, Germany 

Aachen, Germany 

Aachen, Germany 

Aachen,  Germany 

Aachus C, Denmark 
Abo (Turku), Finland 
Garden City, NY, USA 
Adelaide, SA, Australia 
Didcot, United Kingdom 

Bethesds, MD, USA 

Ahmedabad ,  Gujarat, India 
Aichi, Japan 
Akita, Japan 
Huntsville, AL, USA 
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ALAT Univ. of A labama  

(Tuscaloesa) 
ALBA SUNY at  Albany  
ALBE Univ. of A lbe r t a  
AMES A m e s  Lab. 
AMHT A m h e r s t  College 
AMST Univ. van A m s t e r d a m  
ANIK NIKHEF 
ANKA Middle Eas t  Technical 

Univ.; Dept. of Physics; Ex- 
perimental HEP Lab 

ANL Argonne  National Lab.; High 
Energy Physics Division, 
Bldg. 362; Physics Division, 
Bldg. 2{)3 

ANSM St. Anse lm Coll. 
ARCBO Arecibo Observatory 
ARIZ Univ. of Ar izona  
ARZS Arizona S t a t e  Univ. 
ASCI Russian Academy of Sciences 
AST Ins t .  of  Phys .  

ATEN NCSR "Demokr i tes"  

ATHU Univ. of A the ns  
AUCK Univ. of Auckland 
BAKU Azerbai j lan Academy of 

Sciences, Inst. of Physics 
BANGB Bangatmsi  College 
BARC Univ. Aut6noma de 

Barcelona 
BARI Univ. dl Bari  
BART Univ. of Delaware; Bar to l  

Research Inst. 
BASL Inst. fiir Physik der Univ. 

Basel 
BAYR Univ. Bayreuth 
BCEN Centre d'Etudes Nuclealres de 

Bordeaux-Grad lguan  
BEM Beijing Univ. 

BEIJT Inst .  of  Theoret ical  
Physics  

BELG Inter-University Inst. for High 
Energies (ULB-VUB) 

BELL AT & T Bell Labs 
BERG Univ. of Be rgen  
BERL D E S Y  
BERN Univ. of Berne  
BGNA Univ. di Bologna, & INFN, 

Sezione di Bologna; Viale C. 
Berti Pichat, n. 6/2; Via Irne. 
rio, 46, 1-40126 Bologna 

BHAB B h a b h a  Atomic  Research 
Center 

BHEP Inst .  of  High Energy  
Phys ics  

BIEL Univ. Bielefeld 
BLNG. SUNY at  B i n g h a m t o n  
BIRK Birkbeck College, Univ. of 

London 
BIRM Univ. of B i r m i n g h a m  

BLSU Bloomsburg  Univ. 
BNL Brookhaven  Nat ional  Lab. 
BOCH R u h r  Univ. Bochum 
BOHR Niels Boh r  Ins t .  
BOIS Boise State Univ. 
BOMB Univ. of Bombay  
BONN Rhetn ische  Friedr.-  

Wi lhehns -Univ .  B onn  
BORD Univ. de Bordeaux  I 
BOSE S.N. Bose National Centre 

for Basis Sciences 
BOSK "Rudje r  Boikovi~" last. 
BOST Bos ton  Univ. 
BRAN Brandeis  Univ. 
BRCO Univ. of Br i t i sh  Columbia  
BRIS Univ. of Bristol  

Tnscaloosa, AL, USA 

Albany, NY, USA 
Edmonton, AB, Canada 
Ames, IA, USA 
Amherst, MA, USA 
Amsterdam, The Netherlands 
A m s t e r d a m ,  The Netherlands 
Ankara, Turkey 

Argonne, IL, USA 

Manchester, NH, USA 
Arecibo, PR, USA 
Tucson, AZ, USA 
Tempe, AZ, USA 
Moscow, Russian Federation 
N~nl~ug, Taipei, The Republic 
of China (Taiwan) 
Aghia  Paraskevi Attikis, 
Greece 
Athens, Greece 
Auckland, New Zealand 
Baku,  Azerbaijan 

Calcutta, India 
Bellaterra (Barcelona), Spain 

Bari, Italy 
Newark, DE, USA 

Basel, Switzerland 

Bayreuth, Germany 
Gradignan, France 

Beijing, The People's Republic 
of China 
Beijing, The People's Repub- 
lic of China 
Brnssel ,  Belgium 

Murray Hill, N J, USA 
Bergen, Norway 
Zeuthen,  Germany 
Berne, Switzerland 
Bologna, Italy 

Trombay, Bombay, India 

Beijing, The People's Repub- 
lic of China 
Bielefeld, Germany 
Binghamton, NY, USA 
London, United Kingdom 

Edgbnston, Birmingham, 
United Kingdom 
Bloomsburg, PA, USA 
Upton, NY, USA 
Bochum, Germany 
Copenhagen ~,  Denmark 
Boise, ID, USA 
Bombay, India 
Bonn, Germany 

Gradignan, France 
Calcutta, India 

Zagreb, Croatia 
Boston, MA, USA 
Waltham, ]VIA, USA 
Vancouver, BC, Canada 
Bristol, United Kingdom 

BROW Brown Univ. Providence, RI, USA 
BRUN Brune l  Univ. Uxbridge, Middlesex, United 

Kingdom 
BRUX Univ. Libre de Bruxelles;  Bruxelles, Belgium 

Service de Physique des Par- 
ticules Eldmentaires 

BRUXT Univ. Lihre de Bruxelles;  Bruxelles, Belgium . 
Physique Thdorique 

BUCH Univ. of Buchares t  Bucharest-Magurele, Romania 
BUDA KFKI Research Inst. for Par- Budapes t ,  Hungary 

ticle & Nuclear Physics 
BUFF SUNY at  Buffalo Buffalo, NY, USA 
BURE Inst. des Hantes Etudes Scien- Bures~suroyvet te ,  France 

tifiques 
CAEN Lab. de Physique Corpnscu- Caen,  France 

laire, I S M R A  
CAGL Univ. degli Studi di Caglinri  Cagliari, Italy 
OAIR Cairo University Orman, Giza, Cairo, Egypt 
CAIW Carnegie  Inst .  of Washing- Washington, DO, USA 

ton 
CALC Univ. of Ca lcu t t a  Calcutta, India 
CAMB Univ. of Cambr idge  Cambridge, United Kingdom 
CAMP Univ. de C a m p i n a s  Campinns ,  SP, Brasil 
CANB Aust ra l ian  Nat ional  Univ.  Canberra, ACT, Australia 
CAPE University of Cape town  Rohdehosch, Cape, South 

Africa 
OARA Univ. Central de Venezuela Caracas, Venezuela 
CARL Car le ton  Univ. Ottawa, ON, Canada 
CARLC Car le ton  College Northtleld, MN, USA 
CASE Case Western Reserve Univ. Cleveland, OH, USA 
CAST China  Center of Advanced Beijing, The People's Republic 

Science and Technology of China 
CATA Univ. di Ca tan la  Catania, Italy 
OATH Catholic Univ. of America Washington, DO, USA 
CAVE Cavendish  Lab. Cambridge, United Kingdom 
CBNM CBNM Goal, Belgium 
CCAC Allegheny College MeadviUe, PA, USA 
CDEF Coli~ge de France Paris, France 
OEA Cambridge Electron Aceelera- Cambridge ,  MA,  USA 

tor (Historical in Review) 
CEBAF JLab---Thornas  Jefferson Newpor t  News,  VA, USA 

Nat ional  Accelerator  Facil- 
i ty 

CENG Centre d'Etudes Nuclealres Grenoble,  France 
CERN CERN,  European Laboratory Gen~ve, Switzerland 

for Particle Physics 
CFPA Univ. of California, (Berke- Berkeley, CA, USA 

Icy) 
CHIC Uaiv. of Chicago Chicago, IL, USA 
CIAE China  Ins t i tu t e  of  Atomic  Beijing, The People's Republic 

Energy  of China 
CINC Univ. of Cinc inna t i  Cincinnati, OH, USA 
CINV C[NVESTAV-IPN, Centro de Mdxico, DF, Mexico 

Investigacion y de Estudios 
Avanzados del IPN 

CIT California Inst .  o f  Tech. Pasadena, CA, USA 
CLER Univ. de Cle rmont -Fer rand  Aubi~re, France 
CLEV Cleveland State Univ. Cleveland, OH, USA 
CMNS Comenins  Univ. Bratislava, Slovakia 
CMU Carnegie  Mellon Univ. Pittsburgh, PA, USA 
CNEA Comisidn Nacional  de Eli- Buenos Aires, Argentina 

ergfa Atdmica  
CNRC Centre for Research in Patti- Ottawa, ON, Canada 

cle Physics 
COLO Univ. of Colorado Boulder, CO, USA 
COLU Columbia  Univ. New York, NY, USA 
CONC Concordia  University Montreal, PQ, Canada 
CORN Cornell  Univ. Ithaca, NY, USA 
COSU Colorado Sta te  Univ. Fort Collins, CO, USA 
CPPM Centre National de Is Marseille, France 

Recherche Scientifique, Lu- 
rainy 

CRAC Krakdw Inst. of Nuclear KrakSw, Poland 
Physics 

CRNL Chalk River  Labs. Chalk River, ON, Canada 
CSOK Oklahoma  Central State Edmond, OK, USA 

Univ. 
CST Univ. of Science and  Tech- Hefei, Anhni 230027, The 

nology of China People's Republic of China 



Abbreviations Used in the Particle Listings (Cont'd) 
217 

CSULB 
CUNY 
CURIN 

CURIT 

DALH 
DARE 
DARM 
DELA 

DELH 
DESY 

DFAB 
DOE 
DORT 
DUKE 
DURH 
DUUC 
EDIN 
EFI 
ELMT 
ENSP 

EOTV 
EPOL 
ERJ~A 
ETH 
FERR 
FIRZ 
FISK 
FLOR 
FNAL 
FOM 

FR_~N 
FKAS 

FREIB 
FREIE 
FRIB 
FSU 
FSUSC 
FUKI 
FUKU 
GENO 
GEOR 

GESC 
GEVA 
GIES 
GIFU 
GLAS 
GMAS 
GOET 
GRAN 
GRAZ 
GRON 
GSCO 

GSI 

GUEL 
HAHN 

HAIF 

HAMB 

HANN 
HARC 

HARV 
HAWA 
HEBR 

California State Univ. 
City College of New York 
U n i v .  P i e r r e  et Mar ie  
Curie (Paris VI), LPNHE 
Univ. P i e r r e  et Marie 
Curie (Paris VI), LPTHE 
Dalhousie Univ. 
Daresbury Lab 
Tech. Hochschule Darmstadt  
Univ. of Delaware; Dept. of 
Physics & Astronomy 
Univ. of Delhi 
DESY, Deutsches 
Elektronen-Synchrotron 
Escuela de Ingenieros 
Depar tment  of Energy 
Univ. Dor tmund  
Duke Univ. 
Univ. of Durham 
University College 
Univ. of Edinburgh 
Enrico Fermi Inst. 
Elmhurst  College 
l'Ecole Normale 
Sup~rieure 
F-~tv~s University 
~.~cole Polytechnique 
Univ. Erlangen-Nurnberg 
Univ. Ziirich 
Univ. di Ferrara 
Univ. di Firenze 
Fisk Univ. 
Univ. of Florida 
Fermilab 
FOM, Stichting voor Funda- 
menteel Onderzoek der Ma- 
terie 
Univ. Frankfurt  
Lab. Nazionah di Frnscati 
dell'INFN 
Albert-Ludwigs Univ. 
Freie Univ. Berlin 
Univ. de Fribourg 
Florida State University 
Florida State Univ. 
Fukui Univ. 
Fuktmhima Univ. 
Univ. di Genova 
Georgian Academy of Sci- 
ences 
General Electrio Co. 
Univ. de Gen~ve 
Univ. Giessen 
Gifu Univ. 
Univ. of Glasgow 
George Mason Univ. 
Univ. G/ittingen 
Univ. de Granada 
Univ. Graz 
Univ. of Groningen 
Geological Survey of 
C a n a d a  
D a r m s t a d t  Gesellschaft fur 
Schwerionenforschung 
Univ. of Guelph 
Hahn-Meitner  Inst. Berlin 
GmbH 
Technion - Israel Inst. of 
Teeh. 
Univ. Hamburg; I Inst. 
Experimentalphysik; II Inst. 

Experimentalphysik 
Univ. Hannover 
Houston Advanced Re- 
search Ctr. 
Harvard Univ. 
Univ. of Hawai'i 
Hebrew Univ. 

Long Beach, CA, USA 
New York, NY, USA 
Paris, France 

Paris, France 

Halifax, NS, Canada 
Cheshire, United Kingdom 
Darmstadt, Germany 
Newark, DE, USA 

Delhi, India 
Hamburg, Germany 

Bilbao, Spain 
Germantown, MD, USA 
Dortmund, Germany 
Durham, NC, USA 
Durham City, United Kingdom 
Dublin, Ireland 
Edinburgh, United Kingdom 
Chicago, IL, USA 
Elmhurst, IL, USA 
Paris, France 

Budapest, Hungary 
Palaiseau, ~'ance 
E~angen, Germany 
Zlirich, Switzerland 
Ferrara, Italy 
Firenze, Italy 
Nashville, TN, USA 
GaincsviUe, FL, USA 
Batavia, IL, USA 
JP Utrecht, The Netherlands 

Frankfurt am Main, Germany 
Frascati (Roma), Italy 

I~reiburg, Germany 
Berlin, Germany 
iWibourg, Switzerland 
Taliahassee, FL, USA 
Taliahassee, FL, USA 
Fukni, Japan 
Fukushima, Japan 
Genova, Italy 
Tbilisi, Republic of Georgia 

Schenectady, NY, USA 
Gen~ve, Switzerland 
Giessen, Germany 
Gifu, Japan 
Glasgow, United Kingdom 
Fairfax, VA, USA 
G6ttingen, Germany 
Granada, Spain 
Graz, Austria 
Groningen, The Netherlands 
Ottawa, ON, Canada 

Darmstadt, Germany 

Guelph, ON, Canada 
Berlin, Germany 

Technion, Haifa, Israel 

Hamburg, Germany 

Hannover, Germany 
The Woodlands, TX, USA 

Cambridge, MA, USA 
Honolulu, HI, USA 
Jerusalem, Israel 

HEID Univ. Heidelberg; (unspec- 
ified division) (Historical in 
Review) 

HEIDH Univ. Heidelberg; Inst. flir 
Hochenergiephysik 

HEIDP Univ. Heidelberg; Physik 
Inst. 

HEIDT Univ. Heidelberg; Inst. fiir 
Theoretische Physik 

HELS Univ. of Helsinki; Dept. of 
Physics, High Energy Physics 
Division (SEFO); Dept. of 
Physics, Theoretical Physics 
Division (TFO); Helsinkl In- 
stitute of Physics (HIP) 

HIRO Hiroshima Univ. 
HOUS Univ. of Houston 
HPC Hewintt-Packard Corp. 
HSCA Harvard-Smithsonian Cen- 

ter for Astrophysics 
IAS Inst. for Advanced Study 
IASD Dublin Inst. for Advanced 

Studies 
IBAR Ibaraki Univ. 
IBM IBM Corp. 
IBMY I B M  
IBS Inst. for Boson Studies  
ICEPP Univ. of Tokyo; Int. Cen- 

ter for Elementary Particle 
Physics (ICEPP) 

ICRR Univ. of Tokyo; Inst. for 
Cosmic Ray Research 

ICTP Abdus Salam International 
Centre for Theoretical Physics 

IFIC IFIC (Instituto de Fisica 
Corpuscular) 

IFRJ Univ. Federal do Rio de 
Janeiro 

IIT Illinois Inst. of Tech. 
ILL Univ. of Illinois at Urbana-  

Champaign 
ILLC Univ. of Illinois at Chicago 
ILLG Inst. Laue-Langevin 
IND Indiana Univ. 
INEL E G and G Idaho, Inc. 
INFN Ist. Nazionale di Fisica Nu- 

clear (Generic INFN, un- 
known location) 

INNS Leopold-Franzens Univ. 
INPK Inst. of Nuclear Physics 
INRM INR, Inst. for Nucl. Research 
INUS Univ. of Tokyo; Inst. for 

Nuclear Study 
IOAN Univ. of Ioannina 
IOFF A.F. Ioffe Phys. Tech. Inst. 

IOWA Univ. of Iowa 
IPN IPN, Inst. de Phys. Nucl. 
IPNP Univ. Pierre et Marie Curie 

(Paris Vl) 
IRAD Inst. du Radium (Historical) 
ISNG Inst. des Sciences Nucleaires 

(ISN) 
ISU Iowa State Univ., Dept. of 

Physics & Astronomy; Al- 
pha HEP Group; Ames High 
Energy Physics 

ITEP ITEP, Inst. of Theor. and 
Exp. Physics 

ITHA Ithaca College 
IUPU Indiana Univ., Purdue 

Univ. Indianapolis 
JADA Jadavpur  Univ. 
JAGL Jagiellouian Univ. 
JHU Johns Hopkins Univ. 
JINR JINR,  Joint Inst. for Nucl. 

Research 
JULI Julieh, Forschungszentrum 
JYV Univ. of Jyv~iskyl~i 

Heidelberg, Germany 

Heidelberg, Germany 

Heidelberg, Germany 

Heidelberg, Germany 

University of Helsinki, Finland 

Higashi-Hiroshima, Japan 
Houston, TX, USA 
Cupertino, CA, USA 
Cambridge, MA, USA 

Princeton, N J, USA 
Dublin, Ireland 

Ibaraki, Japan 
Palo Alto, CA, USA 
Yorktown Heights, NY, USA 
Pasadena, CA, USA 
Tokyo, Japan 

Tokyo, Japan 

Trieste, Italy 

Burjassot, Valencia, Spain 

Rio de Janeiro, R J, Brasil 

Chicago, IL, USA 
Urbana, IL, USA 

Chicago, IL, USA 
Grenoble, France 
Bloomington, IN, USA 
Idaho Falls, ID, USA 
Various places, Italy 

Innsbruck, Austria 
Krak6w, Poland 
Moscow, Russian Federation 
Tokyo, Japan 

Ioannina, Greece 
St. Petersburg,  Russian Fed- 
eration 
Iowa City, IA, USA 
Orsay, France 
Paris, France 

Paris, France 
Grenoble, France 

Ames, IA, USA 

Moscow, Russian Federation 

Ithaca, NY, USA 
Indianapolis, IN, USA 

Calcutta, India 
Krak6w, Poland 
Baltimore, MD, USA 
Dubna, Russian Federation 

Jniich, Germany 
Jyv~kyl~, Finland 
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KAGO Univ. of Kagoshima 
KANS Univ. of Kansas 
KARL Univ. Karlsruhe; (unspec- 

ified division) (Historical in 
Review) 

KARLE Univ. Kar ls ruhe;  Inst. ffir 
Experimentelle Kernphysik 

KARLK Forschungszentrum K e r n  
s ruhe  

KARLT Univ. Kar ls ruhe;  Inst. f'dr 
Theoretische Teilchenphysik 

KAZA Kazakh  Inst. of High Energy 
Physics 

KEK KEK,  National Lab. for High 
Energy Phys. 

KENT Univ. of Ken t  
KEYN Open  Univ. 

KFTI Kharkov  Inst. of Physics and 
Tech. (KFTI) 

KIAE The Russian Research Center, 
Kurcha tov  Inst. 

KIAM Keldysh  Inst. of Applied 
Math., Acad. Sci., Russia 

KIDR Vin~a Inst .  of  Nuclear  Sci- 
ences (Formerly Boris Kidri~ 
Inst.) 

KIEV Ins t i t u t e  for Nuclear  Re-  
search 

KINK Kinki  Univ. 
KNTY Univ. of Ken tucky  
KOBE Kobe  Univ. 
KOMABUniv. of Tokyo, K o m a b a  
KONAN K o n a n  Univ. 
KOSI Inst. of Experimental Physics 
KYOT Kyoto  Univ. 
KYOTU Kyoto  Univ. 
KYUN Kyungpook  National Univ. 
KYUSH K y u s h u  Univ. 
LALO LAL, Laboratoire de 

l'Acc~ldrateur Lin~aire 
LANC Lancas ter  Univ. 
LANL Los Alamos Nat ional  Lab. 

(LANL) 
LAPP LAPP ,  Lab. d'Annecy-le- 

Vieux de Phys. des Particules 
LASL U.C. Los Alamos  Scient i f ic  

Lab. (Old name for LANL) 
LATV Latv ian  State Univ. 
LAUS Univ. de Lausanne  
LAVL Univ. Level 
LBL Lawrence Berkeley Na- 

t ional  Lab. 
LCGT Univ. di Torino 
LEBD Lehedev  Physical Inst. 
LECE Univ. eli L e c c e  
LEED Univ. of Leeds 
LEHI Lehigh Univ. 
LEHM' Lehman  College of CUNY 
LEID Univ. of Leiden 
LEMO Le Moyne  Coll. 
LEUV Katholieke Univ. Leuven 
LINZ Univ. Linz 
LISB Inst. Nacional de Investigacion 

Cientifica 
LISBT Univ. T6cnica de Lisbon, Inst. 

Superior Tdcnico 
LIVP Univ. of Liverpool 
LLL Lawrence Livermore Lab. 

(Old name for LLNL) 
LLNL Lawrence Livermore Na- 

t ional  Lab.  
LOCK Lockheed Palo Alto Res. 

Lab 
LOIC Imper ia l  College of Science 

Tech. & Medicine 
LOQM Univ.  of  London, Queen 

Mary & Westlleld College 
LOUC Univers i ty  College London 

Kagoshima-shi, Japan 
Lawrence, KS, USA 
Karlsruhe, Germany 

Kartsruhe, Germany 

Karlsruhe, Germany 

Karlsruhe, Germany 

Alma Ata, Kazakhstan 

Ibaraki-ken, Japan 

Canterbury, United Kingdom 
Milton Keynes, United King- 
dom 
Kharkov, Ukraine 

Moscow, Russian Federation 

Moscow, Russian Federation 

Belgrade, Yugoslavia 

Kiev, Ukraine 

Osaka, Japan 
Lexington, KY, USA 
Kobe, Japan 
Tokyo, Japan 
Kobe, Japan 
Ko~ice, Slovakia 
Kyoto, Japan 
Kyoto 606-01, Japan 
Taegu, Republic of Korea 
Fukuoka, Japan 
Orsay, France 

Lancaster, United Kingdom 
Los Alamos, NM, USA 

Annecyole-Vieux, France 

Los Alamos, NM, USA 

Riga, Latvia 
Lausanne, Switzerland 
Quebec, PQ, Canada 
Berkeley, CA, USA 

Turin, Italy 
Moscow, Russian Federation 
Leece, Italy 
Leeds, United Kingdom 
Bethlehem, PA, USA 
Bronx, NY, USA 
Leiden, The Netherlands 
Syracuse, NY, USA 
Leuven, Belgium 
Lip_z, Austria 
Lisbon CODEX, Portugal 

Lisbon, Portugal 

Liverpool, United Kingdom 
Livermore, CA, USA 

Livermore, CA, USA 

Palo Alto, CA, USA 

London, United Kingdom 

London, United Kingdom 

London, United Kingdom 

LOUV Univ. Cathohque de Louvain Louvain-la-Neuve, Belgium 
LOWC Westfieid College (Historical, London, United Kingdom 

see LOQM (Queen Mary and 
Westfield joined)) 

LRL U.C. Lawrence Radiation Lab. Berkeley, CA, USA 
(Old name for LBL) 

LSU Louisiana State Univ. Baton Rouge, LA, USA 
LUND Univ. of Lund  Lund, Sweden 
LUND Fysiska Ins t i tu t ionen  Lund,  Sweden 
LYON Institute de Physique Villeurbanne, France 

Nucldaire de Lyon (IPN) 
MADE Inst. de Estructttra de la Me- Madrid,  Spain 

teria 
MADR C.I .E .M.A.T Madrid,  Spain 
MADU Univ. Aut6noma de Madr id  Madrid, Spain 
MANI Univ. of Man i toba  Winnipeg, MB, Canada 
MANZ Johannes -Gutenbe rg -Univ .  Mainz,  Germany 
MARB Univ. Marbu rg  Marburg, Germany 
MARS Centre de Physique des Par- Marseille, France 

ticules de Marseil le 
MASA Univ. of Massachuse t t s  Amhers t ,  MA, USA 

Amherst 
MASB Univ. of Massachusetts Boston, MA, USA 

Boston 
MASD Univ. of Massachusetts N. Dartmouth, MA, USA 

Dartmouth 
MCGI McGill Univ. Montreal, QC, Canada 
MCHS Univ. of Manches t e r  Manchester, United Kingdom 
MCMS McMas te r  Univ. Hamilton, ON, Canada 
MEHTA Meh ta  Research Inst. of Allahabad, India 

Mathematics & Mathemati- 
cal Physics 

MEIS Meisei Univ. Tokyo, Japan 
MELB Univ. of Melbourne  Parkville, Victoria, Australia 
MEUD Observatoire de Meudon  Meudon, France 
MICH Univ. of Michigan Ann Arbor, MI, USA 
MILA Univ. di Milano Milano, Italy 
MILAI INFN, Sez. di Milano Milano, Italy 
MINN Univ. of Minneso ta  Minneapolis, MN, USA 
MISS Univ. of Mississippi  University, MS, USA 
MISSR Univ�9 of Missouri  Rolla, MO, USA 
MIT MIT Massachusetts Inst. Cambridge, MA, USA 

of Technology 
MIU Mahar i sh i  International Fairfield, IA, USA 

Univ. 
MIYA Miyazaki  Univ. Miyazaki-shi, Japan 
MONP Univ. de Montpel l ier  II Montpellier, France 
MONS Univ. de Mons -Ha lnau t  Mons,  Belgium 
MONT Univ. de Montrdal;  Labora- Montrdal, PQ, Canada 

toire Rend- J.-A.-Ldvesque 
MONTCUniv. de Montrdal;  Centre Montrdal, PQ, Canada 

de recherches math~matiques 
MOSU Skobeltsyn Inst. of Nuclear Moscow, Russian Federation 

Physics, Moscow State Univ. 
MPCM Max Planck Inst. fur Chemie Malnz, Germany 
MPEI Moscow Physical  Engi- Moscow, Russian Federation 

neer ing Inst. 
MPIA Max-Planck-Institute fiir Garching, Germany 

Astrophysik 
MPIH Maxoplanck-Inst .  ffir Kern: Heidelberg,  Germany 

physik 
MPIM Max-Planck-Ins t .  ffir Miinchen,  Germany 

Physik 
MSU Michigan Sta te  Univ. East Lansing, MI, USA 
MTHO Moun t  Holyoke College South Hadley, MA, USA 
MULH Centre Univ. du H a u t - R h i n  Mulhouse, France 
MUNI Ludwig-Maximil ians-Univ .  Garching, Germany 

Miinchen 
MUNT Tech. Univ. Milnchen Garching, Germany 
MURA Midwestern  Univ. Research Stroughton, WI, USA 

Assoc. (Historical in Reviez#) 
NAAS North Americal Aviation Sci- Thousand Oaks, CA, USA 

ence Center (Historical in 
Review) 

NAGO Nagoya Univ. Nagoya, Japan 
NAPL Univ. di Napoli  Napoll, Italy 
NASA NASA Greenbelt, MD, USA 
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NBS U.S National Bureau of 
Standards (Old name for 
NIST) 

NBSB National Inst .  Standards 
Tech. 

NCAR National Center for Atmo- 
spheric Research 

NCARO North  Carolina State Univ. 
NDAM Univ. of Notre Dame 
NEAS Northeas tern  Univ. 
NEUC Univ. de Neuchi tel  
NICEA Univ. de Nice 
NICEO Observatoire de Nice 
NIHO Nihon Univ. 
NIIG Niigat a Univ. 
NIJM Univ. of Nijmegen 
NIRS Nat. Inst. Radiological Sci- 

ences 
NIST National Inst i tute  of Stan- 

dards & Technology 
NIU Nor thern  Illinois Univ. 
NMSU New Mexico State Univ. 
NORD Nordita 
NOTT Univ. of Not t ingham 
NOVM Inst. of Mathematics 

NOVO BINP, Budkar Inst. of Nu- 
clear Physics 

NPOL Polytechnic of Nor th  Lon- 
don 

NRL Naval Research Lab 
NSF National Science Founda- 

tion 
NTHU National Tsing Hua Univ. 

NTUA National Teeh. Univ. of 
Athens 

NWES Northwestern Univ. 
NYU New York Univ. 
OBER Oberlin College 
OCH Ochanomizu Univ. 
OHIO Ohio Univ. 
OKAY Okayama Univ. 
OKLA Univ. of Oklahoma 
OKSU Oklahoma State Univ. 
OREG Univ. of Oregon 
ORNL Oak Ridge National Labora- 

tory 
ORSAY Univ. de Paris Sud 
ORST Oregon State Univ. 
OSAK Osaka Univ. 
OSKC Osaka City Univ. 
OSLO Univ. of Oslo 
OSU Ohio State Univ. 
OTTA Univ. of Ottawa 
OXF University of Oxford 
OXFTP Univ. of Oxford 
PADO Univ. degli Studi di Padova 
PARIN Univ. Paris VI et Paris 

VII, IN2p3/CNRS 
PARIS Univ. de Paris (Historical) 
PARIT Univ. Paris VI et Paris 

VII, LPTHE 
PARM Univ. di Parma 
PAST Institut Pas teur  
PATR Univ. of Patras  
PAVI Univ. di Pavia 
PENN Univ. of Pennsylvania 
PGIA Univ. di Perugia 
PISA Univ. di Pisa 
PISAI INFN,  Sez. di Pisa 
PITT Univ. of Pi t t sburgh 
PLAT SUNY at Pla t t sburgh 
PLRM Univ. di Palermo 
PNL Battelle Memorial Inst. 
PNPI Petersburg Nuclear Physics 

Inst. of Russian Academy of 
Sciences 

Gaithersburg, MD, USA PPA Princeton-Penn. Proton Accel- 
erator (Historical in Review) 

PRAG Inst. of Physics, ASCR 
Boulder, CO, USA PRIN Princeton Univ. 

PSI Paul Scherrer Inst. 
Boulder, CO, USA PSLL Physical Science Lab 

PSU Penn State Univ. 
Raleigh, NC, USA PUCB Pontiffcia Univ. Catdlica 
Notre Dame, IN, USA do Rio de Janeiro 
Boston, MA, USA PUEB High Energy Physics Group, 
Neuchatel, Switzerland FCFM - B U A P  
Nice, France PURD Purdue Univ. 
Nice, France QUKI Queen's Univ. 
Tokyo, Japan RAL Rutherford Appleton Lab. 
Niigata, Japan 
Nijmegen, The Netherlands REGE Univ. Regensburg 
Chiba, Japan REHO Weizmann Inst. of Science 

RHBL Royal Holloway & Bedford 
Gaithersburg, MD, USA New College 

RHEL Rutherford High Energy 
De Kalb, IL, USA Lab (Old name for RAL) 
Las Cruces, NM, USA RICE Rice Univ. 
Copenhagen O, Denmark RIKEN Riken Accelerator Research 
Nottingham, United Kingdom Facility (RARF) 
Novosibirsk, Russian Federa- RIKK Rikkyo Univ. 
tion RIS Rowland Inst. for Science 
Novosibirsk, Russian Federa- RISC Rockwell International 
tion RISL Universities Research Re- 
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See key on page 213 

I! GAUGE AND HIGGS BOSONS II 
B I(J PC) = 0,1(1--) 

7 MASS 
For a review o f  the photon mass, see BYRNE 77. 

VALUE (eV) CL.,._~.~ DOCUMENT ID TECN COMMENT 

< 2 X 10 - 1 6  1 LAKES 98 Torque on torold bal- | 
ance 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< 9 x 10 - 1 6  90 2 FISCHBACH 94 Earth magnetic field 
<(4.734-0.45)  x 10 - 1 2  3 C H E R N I K O V  92 SQID Ampere-law null test 
<(9.0 4-8.1 ) x 10 - 1 0  4 RYAN 85 Coulomb-law null test 
< 3 x 10 - 2 7  5 CHIBISOV 76 Galactic magnetic field 
< 6 x 10 - 1 6  99.7 DAVIS 75 Jupiter magnetic field 
< 7.3 x 10 - 1 6  HOLLWEG 74 Alfven waves 
< 6 x 10 - 1 7  6 FRANKEN 71 Low freq. res. cir. 
< 1 x 10 - 1 4  WILL IAMS 71 CNTR Tests Gauss law 
< 2.3 x 10 - 1 5  GOLDHABER 68 Satellite data 
< 6 x 10 - 1 5  6 PATEL 65 Satellite data 
< 6 x 10 - 1 5  GINTSBURG 64 Satellite data 

1 LAKES 98 report l imits on torque on a torold Cavendisb balance, obtaining a t ime on | 
#2A via the MaxwelI-Proca equations, where/J Is the proton mass and A is the ambient I vector potential in the Lorentz gauge. This is the most conservative l imit  reported, in 
which A ~  (1/~ G ) x ( 6 0 0  pc) is based on the Galactic field. 

2FISCHBACH 94 report < 8 x 10 - 1 6  with unknown CL. We report Baysian CL used 
elsewhere In these Listings and described In the Statistics section. 

3 CHERNIKOV 92 measures the photon mass at 1.24 K, following a theoretical suggestion 
that  electromagnetic gauge invariance might break down at some low crit ical tempera- 
ture. See the erratum for a correction, included here, to  the published result. 

4 RYAN 85 measures the photon mass at 1.36 K (see the footnote to CHERNIKOV 92). 
5 CHIBISOV 76 depends in critical way on assumptions such as applicabilty o f  vldal theo- 

rem. Some of the arguments given only in unpublished references. 
6 See crit icism questioning the validity o f  these results In KROLL 71 and GOLDHABER 71. 

7 CHARGE 

VALUE(e I DOCUMENT ID TECN COMMENT 

< 5  X 10 -310 7 RAFFELT 94 TOF Pulsar f l - f 2  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<2  x 10 - 2 8  8 COCCONI 92 V L B A  radio telescope 
resolution 

<2  x 10 - 3 2  COCCONI 88 TOF Pulsar f l -  f2 TOF 

7 RAFFELT 94 notes that  COCCONI 88 neglects the fact that the t ime delay due to  disper- 
sion by free electrons in the Interstellar medium has the same photon energy dependence 
as that  dqe to  bending of  a charged photon in the magnetic field. His l ime is based on 
the assumption that  the entire observed dispersion is due to  photon charge. I t  is a factor 
of  200 less stringent than the COCCONI 88 limE. 

8See COCCONI 92 for less stringent l imits in other frequency ranges. Also see RAF- 
FELT 94 note. 
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7, g, graviton, W 

ICuon REFERENCES 

YNDURAIN 9S PL B345 524 (MADU) 
ABREU 92E PL B274 498 +Adam, Adaml, Adye, Akesson+ (DELPHI Collab.) 
ALEXANDER 91H ZPHY CS2 543 +Ailiso,, Ailport, Anderson+ (OPAL Coflab.) 
BEHREND 82D PL Bll0 329 +Chert, Reid, Guempel, Schroedet+ (CELLO Collab.) 
BERGER B0D PL B97 459 +Genzel, Griguil, Lackas+ (PLUTO Collab.) 
BRANDELIK 80C PL B97 453 +BraunSCh~Rig, Gather, Kadansky+ (TASSO Collab.) 

I graviton I : = 2 
OMITTED FROM SUMMARY TABLE 

MASS 
All of  the following limits are obtained assuming Yukawa potential in 
weak field l imit, V A N D A M  70 argue that a massive field cannot ap- 
proach general relativity In the zero-mass l imit;  however, see GOLD- 
HABER 74 and references therein, h 0 is the Hubble constant in units 

o f  100 kms - 1  Mpc - 1 .  

VALUE (eV) DOCUMENT ID COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1 D A M O U R  91 Binary pulsar PSR 1913+16 
10 - 2 9  h~ - 1  GOLDHABER 74 Rich clusters < 2 x 

<7  x 10 - 2 8  HARE 73 Galaxy 
<8  • 104 HARE 73 2";' decay 

1 DAMOUR 91 is an analysis o f  the orbital period change in binary pulsar PSR 1913+16, 
and confirms the general relativity prediction to  0.8%. "The theoretical importance of  
the [rate o f  orbital period decay] measurement has lone been recognized as a direct 
confirmation that  the gravitational Interaction propagates wi th velocity c (which is the 
Immediate cause of the appearance of a damping force In the binary pulsar system) 
and thereby as a test o f  the existence of  gravEatlonal radiation and of i ts quadrupolar 
nature." TAYLOR 93 adds that orbital parameter studies now agree with general relativity 
to  0,5%, and set l imits on the level o f  scalar contribution In the context of  a family of  
tensor [spin 2]-biscalar theories. 

gravlton REFERENCES 

TAYLOR 93 Nature 355 132 +Wolszc/~n, Damour+ (PRIN, ARCBO, BURE, CARLC)J 
DAMOUR 91 APJ 366 501 +Taylor (BURE, MEUD, PRIN) 
GOLDHABER 74 PR D9 119 +Nieto (LANL STON) 
HARE 73 CJP 51 431 (SASK) 
VANDAM 70 NP B22 397 van Dam, Veltman (UTRE) 

J = l  w! 
N O T E  ON THE MASS OF THE W B O S O N  

Written March 1998 by C. Caso (Univ. of Genow) and 
A. Gurtu (Tata Inst.) 

7 REFERENCES 
LAKES 98 PRL 80 1826 R. Lakes (WISC) 
FISCHBACH 94 PRL 73 514 +Klooe, Langd+ (PURD, JHU+) 
RAFFELT 94 PR DSS 7729 (MPIM) 
CHERNIKOV 92 PRL 68 3383 +Gerber. Ott, Gerber (El'H) 

Also 92B PRL 69 2999 (erratum) Chernikov, Gerber, Oft, Gerber (ETH) 
COCCONI 92 AJP 60 750 (CERN) 
COCCONI 88 PL B2SS 705 (CERN) 
RYAN 85 PR D32 802 +Accetta, Austin (PRIN) 
BYRNE 77 Att.Sp.Scl, 46 115 (LOIC) 
CHIBISOV 76 SPU 19 624 (LEBO) 
DAVIS 75 PRL 35 1402 , +Goldhaber, Nieto (CIT, STON, LASL) 
HOLLWEG 74 PRL 32 961 (NCAR) 
FRANKEN 71 PRL 28 115 +Ampulski (MICH} 
GOLDHABER 71 RMP 43 277 +Nieto (STON, BOHR, UCSB) 
KROLL 71 PRL 26 1395 (SLAC) 
W1LLIAMS 71 PRL 26 721 +Failer, Hill (WESL) 
GOLDHABER 68 PRL 21 567 +Nieto (STON) 
PATEL 65 PL 14 105 (DUKE) 
GINTSBURG 64 Soy. &~tr. A J7 536 (ASEI) 

Igor gluon I I(JP)--O(1-) 

Till 1995 the production and study of the W boson was 

the exclusive domain of the ~p colliders at CERN and FNAL. 

W production in these hadron colliders is tagged by a high 

PT lepton from W decay. Owing to unknown parton-parton 

effective energy and missing energy in the longitudinal direction, 

the experiments reconstruct only the transverse mass of the W 

and derive the W mass from comparing the transverse mass 

distribution with Monte Carlo predictions as a function of M w .  

In 1996 the energy of LEP was increased in two steps to 

161 GeV and 172 GeV, allowing the production of pairs of 

W bosons. A precise knowledge of the e+e - centre of mass 

energy enables one to reconstruct the W mass even if one 

of them decays leptonically. At LEP two methods have been 

used to obtain the W mass. In the first method the measured 
S U ( 3 )  color  oc te t  

Mass rn = 0. Theoret ica l  value. A mass as large as a few M e V  
may  not  be precluded, see Y N D U R A I N  95. 

VALUE DOCUMENT ID TECN COMMEiNT 
�9 �9 �9 We do not use the following data for averages, fits, l imes, etc. �9 �9 �9 

ABREU 92E DLPH Spin 1, not 0 
ALEXANDER 91H OPAL Spin 1, not 0 
BEHREND 82D CELL Spin 1, not 0 
BERGER 80D PLUT Spin 1, not O 
BRANDELIK 80C TASS Spin 1, not 0 

W-pair  production cross sections, a(e+e - ---* W + W - ) ,  have 

been used to determine the W mass using the Standard Model 

based dependence of this cross section on M w  (see Fig. 1). At 

161 GeV, which is just above the W-pair  production threshold, 

this dependence is a much more sensitive function of the W mass 

than at higher energies. 
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F i g u r e  1: The W-pair  cross section as a func- 
tion of the center-of-mass energy. The data 
points are the LEP averages. The solid line is 
the Standard Model prediction. For compari- 
son the figure contains also the cross section if 
the Z W W  coupling did not exist (dotted line), 
or if only the t-channel ~ exchange diagram 
existed (dashed line). 

In the second method, which is used at the higher energies, 

the W mass has been determined by directly reconstructing the 

W from its decay products. 

Each LEP experiment has combined their own mass values 

properly taking into account the common systematic errors. We 

have then combined their values into a LEP average leading to: 

m w =  80.49 + 0.14 GeV. The error includes in the systematics 

a LEP energy uncertainty of + 30 MeV and, in the case of 

the reconstruction method for the q~q~ channel, a possible 

effect of "color reconnection" and "Bose-Einstein correlations" 

between quarks from different W's. In our combination, the 

last two effects have been treated as 100% correlated between 

the experiments. 

OUR AVERAGE is obtained by combining this LEP value 

with other measurements assuming no common systematics. 

Combining published and unpublished preliminary Collider 

and LEP results (as of end of March 1998) yields an average 

W-boson mass of 80.375 + 0.064 GeV (80.40 + 0.09 GeV for p~p 

Colliders and 80.35 + 0.09 GeV for LEP). 

The Standard Model prediction from the electroweak fit, 

excluding the direct W mass measurements from LEP and 

Tevatron, gives a W-boson mass of 80.364 + 0.035 GeV. 

w MASS 
OUR FIT uses the W and Z mass, mass difference, and mass ratio mea- 
surements. 

VALUE (GeV) EVT5 DOCUMENT ID TECN COMMENT 
80.41 4- 0.10 OUR FIT 
110 .41  + 0 .10  OUR AVERAGE 

80.22 • 0.41 4-0.07 72 1ABREU 98B OLPH E c ~ =  172.14 GeV 

80.32 • 0.30 4-0.094 96 2ACKERSTAFF 98D OPAL Etch= 172.12 GeV 

80.5 + 1.4 +0.5  104 3 ACKERSTAFF 98D OPAL E c ~ =  172.12 GeV - 2.2 - 0 . 6  
80.80 • 0.32 :E0.114 95 4 BARATE 988 ALEP E c ~ =  172.09 GeV 

80.40 • 0.44 • 29 5ABREU 97 DLPH E c ~ =  161.3 GeV 

80.80 + 0.48 • 20 6ACCIARRI 97 L3 E ~  161.3 GeV 
- -  O:42 

80.5 + 1.4 :E0.3 94 7 ACCIARRI 97M L3 Eceem= 172.13 GeV 
- 2.4 

80.71 + 0.34 - 0.35 4-0.09 101 8 ACCIARRI 97s L3 E c ~ =  172.13 GeV 

80.14 • 0.34 4-0.095 32 9 BARATE 97 ALEP E~m= 161.3 GeV 

81.17 + 1.15 106 10 BARATE 97s ALEP Eceem= 172.09 GeV - 1.62 

80.350:t: 0.1404-0.230 5982 11ABACHI 96E DO E pTJ- 1.8 TeV c m -  

80.40 + 0.44 +0.09 23 12 ACKERSTAFF 968 OPAL E c ~ =  161.3 GeV 
- -  0,41 --0.10 

80,410• 0.180 8986 13 ABE 9SP CDF E p ~ -  1.8 TeV cm-- 
79.91 • 0.39 1722 14 ABE 90<; CDF E p ~ -  1.8 TeV c m -  
e e e  

84 + 10 
- 7 

80.84 4- 0.22 

80.79 • 0.31 

80.0 • 3.3 

82.7 • 1.0 

81.8 + 6.0 
- 5.3 

89 • 3 

81. 4- 5. 

80. + 10. 
-- 6. 

We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

13 1SAID 96DH1 e ~ : p ~  Ue(~e)+  X 
~/s ~ 300 GeV 

=1:0.83 2065 16 ALITTI  928 UA2 See W / Z  ratio below 

4-0.84 17 ALITTI  908 UA2 E p ~ -  546,630 GeV r  
•  22 18 ABE 891 CDF E p ~ -  1.8 TeV cm-- 
4-2.7 149 19ALBAJAR 89 UA1 E p ~ -  546,630 GeV c m -  

•  46 20 ALBAJAR 89 UA1 EcP~I= 546,630 GeV 

4-6 32 21ALBAJAR 89 UA1 EcP~n = 546,630 GeV 

6 ARNISON 83 UAI  E c ~ =  546 GeV 

4 BANNER 838 UA2 Repl. by ALITTI  908 

] ABREU 98B obtain this value from a fit to the reconstructed W mass distribution. The 
W width was taken as Its Standard Model value at the fitted W mass. The systematic 
error Includes :t:0.03 GeV due to the beam energy uncertainty and ~0.05 GeV due to the 
possible color reconnectlon and Bosc~Einsteln effects in the purely hadronic final state. 
Combining with ABREU 97 authors find: M(W) = 80.33 :E 0.30 4- 0.06 i 0.03 (LEP) 
GeV. 

2ACKERSTAFF 980 obtain this value from a fit to the reconstructed W mass distribu- 
tion. The Wwidth was taken as its Standard Model value at the fitted W mass. When 
both W mass and width are varied they obtain M(W)  = 80.30 :l: 0.27 4- 0.095 GeV. The 
systematic error includes 4-0.03 GeV due to the beam energy uncertainty and i 0 . 0 5  GeV 
due to the possible color reconnection and Bose-Einstein effects In the purely hadronlc fi- 
nal state. Com binlng both values of ACKERSTAFF 98D with ACKERSTAFF 968 authors 
find: M(W) = 80.35 • 0.24 :t: 0.07 4- 0.03 (LEP) GeV. 

3 ACKERSTAFF 98D derive this value from their measured W W production cross section 
crw W =12.3 • 1.3 4- 0.4 pb using the Standard Model dependence of a W W on M W 
at the given c.m. energy. 

4 BARATE 988 obtain this value from a fit to the reconstructed W mass dlstdbution. The 
W width was taken as Its Standard Model value at the fitted W mass. The systematic 
error includes 4-0.03 GeV due to the beam energy uncertainty and 4-0.032 GeV due 
to the possible color reconnecUon and Bose-Einstein effects in the purely hadronlc final 
state. Combining with the M W values from cross section measurements at 161 and 172 
GeV (BARATE 97 and BARATE 97S) authors find: M(W) = 60.51 4- 0.23 4- 0.08 GeV. 

5ABREU 97 derive this value from their measured W-W production cross section <rWW 

= ~ ~7+0"97 :E 0.19 pb using the Standard Model dependence of a W W  on M W at . . . .  - 0.85 
the given c.m. energy. The systematics Include an error of  4-0.O3 GeV arising from the 
beam energy uncertainty. 

6ACCIARRI 97 derive this value from their measured W W production cross section 
2 8 Q+0"81 • 0.14 pb using the Standard Model dependence of a W W  on ~WW = " " - 0 . 7 0  

M W at the given c.m. energy. Statistical and systematic errors are added in quadrature 
andthe last error of 4-0.03 GeV arises from the beam energy uncertainty. The same 
result is given by a fit of the production cross sections to the data. 

7ACCIARRI 97M derive this value from their measured W W production cross section 
- 12 27+1"41 :E 0.23pb using the Standard Model dependence of a W W  on a W  W - ' - -  1.32 

M W at the given c.m. energy. Combining with ACCIARRI 97 authors find M ( W )  = 

80 78 +0"45 * 0.03 GeV where the last error Is due to beam energy uncertainty. �9 -0 .41  
8ACCIARRI 97S obtain this value from a fit to the reconstructed W mass distribution. 

The Wwldth was taken as Its Standard Model value at the fitted Wmass. When 
both W mass and width are varied they obtain M ( W  I = 80.72+n0~ 4- 0.09 GeV. The 
systematic error Includes 4- 0.03 GeV due to the beam energy uncertainty and 4-0.05 GeV 
due to the possible color reconnection and Bose-Einstein effects In the purely hadronlc 
final state. Combining with ACCIARRI 97 and ACCIARRI 97M authors find: M(W)  = 
80 7~ +0"26 ~- 0,03 (LEP) GeV. 

�9 "--0.27 
9BARATE 97 derive this value fr~ thetr measured W-W pr~ cr~ sectl~ a w w  I 

= 4.23 4- 0.73 4- 0.19 pb using the Standard Model dependence of a W W  on M w at 
the given c.m. energy. The systematlcs include an error of  •  GeV arising from the 
beam energy uncertainty. 
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10 BARATE 97s derive this value from their measured W W production cross section ~r W W 
= 11.71 • 1.23 • 0.28 pb using the 5tandard Model dependence of # W  W on M W at 
the given c.m. energy. The errors quoted on the mass are statistical only. Combining 
with BARATE 97 authors find: M ( W )  = 80.20 ~: 0.33 • 0.09 • 0.03 (LEP) GeV. 

11ABACHI 96E f i t  the transverse mass distribution of 5982 W ~ ev e decays. An error 
of •  MeV due to the uncertainty in the absolute energy scale of the EM calorimeter 
Is included in the total  systematics. 

12 ACKERSTAFF 96B derive this value from an analysis of the predicted M W dependence 
of their accepted four-fermion cross section, explicitly taking into account interference 
effects. The systematics include an error of •  GeV arising from the beam energy 
uncertainty. 

13ABE 95P use 3268 W ~ /~v/~ events to find M - 80.310 • 0.205 • 0.130 GeV and 
5718 W ~ e~ e events to find M = 80,490 • 0,145 • 0.175 GeV. The result given here 
combines these while accounting for correlated uncertainties. 

14ABE 90G result from W ~ eu is 79.91 • 0.35 • 0.24 • 0.19(scale) GeV and from 
W ~ /~u is 79.90 • 0.53 ~: 0.32 • 0.08(scale) GeV. 

15 AID 96D derive this value as a propagator mass using the Q2 shape and magnitude of the 
e :E charged-current cross sections. Q2 > 50OOGeV 2 events with PT of the outgoing | 
lepton > 25 GeV/c are used. I 

16 ALITTI  92B result has two contributions to the systematic error (•  one ( •  0.81) 
cancels in m w / m  Z and one ( •  is noncancelling. These were added in quadrature. 
We choose the ALITTI  928 value wi thout  using the LEP m Z value, because we perform 
our own combined f i t .  

17There are two contributions to the systematic error ( •  one (+0.81)  which cancels 
in m w / m  z and one ( •  which is non-cancelling. These were added in quadrature. 

18ABE 891 systematic error dominated by the uncertainty in the absolute energy scale. 
19ALBAJAR 89 result is from a total sample of 299 W ~ ev  events. 
20ALBAJAR 89 result is from a total sample of 67 W ~ /~v events. 
21ALBAJAR 89 result is from W ~ r ~  events. 

W / Z  M A S S  R A T I O  

The f i t  uses the W and Z mass, mass difference, and mass ratio measure- 
ments. 

VALUE E V T S  DOCUMENT ID TECN COMMENT 
0.88184-0.0011 OUR FIT 

22 0.8813:E0.00364-0.001g 156 ALITTI  92B UA2 EcPmP= 630 GeV 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

0.8831• 22 ALITTI  90B UA2 EcPmP= 546,630 GeV 

22 Scale error cancels in this ratio. 

m Z - m W 

The f i t  uses the W and Z mass, mass difference, and mass ratio measure- 
ments. 

VALUE (GeV) DOCUMENT ID TECN COMMENT 
10.784-0.10 OUR FIT 

10.4 4-1.4 4 -0~  ALBAJAR 89 UA1 E p ~ -  546,630 GeV c m -  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

11.3 •  •  ANSARI 87 UA2 E p ~ -  546,630 GeV c m -  

m w +  - m w _  

Test of CPT Invarlance. 

VALUE (GeV) 

-- 0.1~ "1" 0s 

EVT$ DOCUMENT ID TECN COMMENT 

1722 ABE 90G CDF E p ~ -  1.8 TeV c m -  

W W I D T H  

The CDF and D(~ widths labelled "extracted value" are obtained by mea- 
suring R =  [ a ( W ) / ~ ( Z ) ]  [F(W ~ eVe) ] / (B (Z  ~ ee)F(W))  where the 
bracketed quantities can be calculated with plausible reliability. F(W) is 
then extracted by using a value of B(Z  ~ ee) measured at LEP. The 
UA1 and UA2 widths used R ~ [ r 1 6 2  [F(W ~ eve ) /F (Z  
ce)] F ( Z ) / F ( W )  and the measured value of F(Z). The Standard Model 
prediction is 2,067 • 0.021 (ROSNER 94). 

VALUE (GeV) CL% E V T S  DOCUMENT ID TECN COMMENT 
2.06 4-0.06 OUR AVERAGE 

r  1.30 +0 .70  •  92 23 ACKERSTAFF 98D OPAL E c m -  172.12 GeV - 0 . 5 5  

1.74 +0.88_0.78 •  101 24 ACCIARRI 975 L3 Ecm_ee _ 172.13 GeV 

2.044• 13k 25 ABACHI 95D DO Extracted value 
2.11 •  •  58 26 ABE 95C CDF Direct meas. 
2.064•177 27 ABE 95wCDF Extracted value 

2.10 +0.14 •  3559 28 ALITTI  92 UA2 Extracted value 
--0.13 

2.18 -t-0.26 --0.24 •  29 ALBAJAR 91 UA1 Extracted value 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2.16 •  30ABE 921 CDF Repl. b y A B E 9 5 w  
2.12 •  31 ABE 90 CDF RepL by ABE 921 
2.30 •  •  32 ALITTI  90C UA2 Extracted value 

2.8 +1 .4  E P ~ =  546.630 GeV - 1.5 •  149 33 ALBAJAR 89 UA1 

<7 90 251 ANSARI 87 UA2 EcPmP= 546.630 GeV 

<7 90 119 APPEL 86 UA2 EPmP= 546,630 GeV 
<6.5 90 86 34ARNISON 86 UA1 Repl. by 

ALBAJAR 89 
23 ACKERSTAFF 98D obtain this value from a f i t  to the reconstructed W mass distribution. | 
24 ACCIARRI 975 obtain this value from a f i t  to the reconstructed W mass distribution. I 
25ABACHI 950 measured R = 10.90 • 0.49 and used the measured value B (Z  ~ t l )  = 

(3,367 -i- 0,006)% from LEP. 
26ABE 95c use the tail of the transverse mass distribution of W ~ eve decays. 

27ABE 95w measured R = 10.90 • 0.32 • 0.29. They use m w = 8 0 . 2 3  • 0.18 GeV, 

~(W) /~ r (Z )  = 3.35 • 0.03, F(W ~ eu) = 225.9 4- 0.9 MeV, F(Z -~ e-Fe - )  = 
83.98 • 0.18 MeV, and F(Z) ~ 2.4969 • 0.0038 GeV. 

28ALITTI  92 measured R = 10 ~+0.7  • 0.3. The values of r  and ~ ( W )  come from "~ -0 .6  
O(~ 2) calculations using m W = 80.14 • 0.27 GeV, and m Z = 91.175 + 0.021 GeV 

along with the corresponding value of s ln28w = 0.2274. They use # ( W ) / r  = 
3.26 • 0.07 • 0.05 and F(Z) = 2.487 • 0.010 GeV. 

29ALBAJAR 91 measured R = 9.5_+~i01 (star. -F syst.), o ' (W) /o ' (Z ) I s  calculated in QCD 

at the parton level using m W = 80.18 • 0.28 GeV and m Z = 91.172 • 0,031 GeV 
along with s in2#w = 0.2322 • 0.0014. They use o ' (W) /o ' (Z )  = 3.23 • 0.05 and r ( z )  
- 2,498 • 0,020 GeV. 

30 ABE 921 report 1216 • 38_+327 W ~ /~u and 106 • 10~  0"2 Z ~ /~'+/~- events which 

are combined with 2426 W ~ ev events of ABE 91C to derive the ratio a W B ( W  --* 

s 1 6 2  Z B(Z ~ t - t - I - ) =  10.0 • 0.6 • 0.4. Finally the value of F(Z)  measured by 
LEP 92 is used to extract F(W). 

31 ABE 90 extract F(W) = 2.19 • 0.20 by using the value F(Z) = 2.57 •  GeV. However, 
in ABE 91s they update their analysis with a new LEP value F(Z)  = 2.496 • 0.016; 
the value F(W) = 2.12 • 0.20 above reflects this update. They measured R = 10.2 • 
0.8 • 0.4. assumed sin28 W = 0.229 • 0.007, and took predicted values ~,(W)/cr(Z)  = 
3.23 • 0.03 and F(W ~ e v ) / r ( z  ~ ee) = 2.70 • 0.02. This yields r(w)/r(z) 
0.85 • 0.08. The quoted error for F(W) includes systematic uncertainties. EcPm ~ = 1.8 
TeV. 

32ALITTI  90c used the same technique as described for ABE 90. They measured R = 
9.38+0182 • 0.25, obtained r(w)/r(z) = 0.902 • 0.074 • 0.024. using F(Z) = 

2.546 • 0.032 GeV, they obtained the F(W) value quoted above and the l imits F(W)  

< 2.56 (2.64) GeV at the 90% (95%) EL, PP Ecm = 546,630 GeV. 

33ALBAJAR 89 result is from a total sample of 299 W ~ eu events. 

341f systemati . . . . . .  is neglected . . . . .  It is 2 .7+~:  4 GeV. This is enhanced subsample of 
172 total events. 

W A N O M A L O U S  MAGNETIC  M O M E N T  ( A ~ )  

The full magnetic moment is given by/~ W = e ( l + s  + A ) / 2m W" In the 
Standard Model, at tree level, ~ = 1 and A = O. Some papers have defined 
A ~  = 1 - ~  and assume that A = O. Note that  the electric quadrupole 
m 2 oment is given by - e ( ~ - A ) / m  W' A description of the parameterlzatlou 
of these moments and additional references can be found in HAGIWARA 87 
and BAUR 88. The parameterA appearing in the theoretical l imits below 
is a regularlzation cutoff which roughly corresponds to the energy scale 
where the structure of the W boson becomes manifest. 

VAL UE (e/2m W) DOCUMENT ID TECN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

35 ABE 95G 
36 ALITTI  92C UA2 
37 SAMUEL 92 THEO 
38 SAMUEL 91 THEO 
39 GRIFOLS 88 THEO 
40 GROTCH 87 THEO 
41 VANDERBIJ 87 THEO 
42 GRAU 85 THEO 
43 SUZUKI 85 THEO 
44 HERZOG 84 THEO 

35 ABE 95G report --1.3 < ~ < 3.2 for A=O and - 0 . 7  < A < 0.7 for K = I  In p ~  ~ eve3,X 
and #v/~3,X at ~/~ = 1.8 TeV. 

36 ALITTI  92C measure ~ = 1 +2 .6  and A = 0 + ~ ' ~  in p ~  ~ ev- f . i .  X at v '~ = 630 GeV. - 2 . 2  - �9 
At  95%CL they report - 3 . 5  < K < 5.9 and - 3 . 6  < ~ < 3.5. 

37SAMUEL 92 use preliminary CDF and UA2 data and find - 2 . 4  < K < 3.7 at 96%CL 
and - 3 , 1  < ~ < 4.2 at 95%CL respectively. They use data for W-y production and 
radiative W decay, 

38SAMUEL 91 use preliminary CDF data for p ~  ~ W ~ X  to obtain - 1 1 . 3  _< AIr < 
10.9. Note that their ~ = 1 - ~ .  

39GRIFOLS 88 uses deviation from p parameter to set l imi t  Z ~  ~ ,  65 (M2w/A2) .  

40GROTCH 87 finds the l imi t  - 3 7  < A ~  < 73.5 (90% CL) from the experimental l imits 

on e + e  - ~ v~-y assuming three neutrino generations and - 1 9 . 5  < AK < 56 for 
four generations. Note their & ~  has the opposite sign as our definition. 

41VANDERBIJ 87 uses existing Itmlts to the photon structure to obtain IAKI < 33 
(m w / A ) .  In addition VANDERBIJ 87 discusses problems wi th using the p parameter of 
the Standard Model to determine h.~. 
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42 GRAU 85 uses the muon anomaly to derive a coupled limit on the anomalous magnetic 
dipole and electric quadrupole (,X) moments 1.05 > Z~  I n ( A / m W )  + ,V2 > -2.77. In 
the Standard Model ,X = 0. 

43SUZUKI 85 uses partial-wave unltadty at high energies to obtain I&KI ~ 190 
( m w / A )  2. From the anomalous magnetic moment of the muon, SUZUKI 85 obtains 

JAg I ~ 2 . 2 / I n ( A / m w ) .  Finally SUZUKI 85 uses deviations from the p parameter and 

obtains a very qualitative, order-of-magnitude limit IZIK] ~ 150 ( r o w ~ A ) 4  If IA . I  
1. 

44 HERZOG 84 consider the contrlbetlon of W-boson to muon magnetic moment Including 
anomalous coupling of W W-~. Obtain a limit - 1 < &K < 3 for A ~ 1 TeV. 

W + DECAY MODES 

W -  modes are charge conjugates of the modes below. 

Mode Fraction (r l /r) Confidence level 

F 1 t + / )  [a] (10.744-0.33)% 
r2 �9 + -  (10.9 4-0.4 ) %  

['3 /~+l /  (10.2 4-0.5 ) %  
['4 r + .  (11.3 4-0.8 ) %  
['5 hadrons (67.8 4-1.0 ) %  
['6 ~r +') '  < 2.2 x 10 - 4  9s% 

[a] t indicates each type o f  lepton (e, /~,  and ~), not  sum over them. 

CONSTRAINED FIT INFORMATION 

Overall fits are performed to determine the branching ratios of the W. For 
each LEP experiment the correlation matrix of the leptonlc branching ratios 
Is used. A first fit determines three Individual leptonlc branching ratios, 
B(W --* CUe), B(W -*  pUl~ ), and B(W --~ ~'u~.). This fit has a X 2 = 
9.0 for 17 degrees of freedom. The second fit assumes lepton universality 
and determines the leptonic branching ratio B(W -*  ~ut), from which 
one also derives the hadronlc branching ratio, assuming B(W ~ hedrons) 
= 1-3. B(W ~ ru t ) .  This fit has a X 2 = 10.9 for 19 degrees of freedom. 

W BRANCHING RATIOS 

The LEP collaborations obtain the W branching ratios by a fit to their 
measured cross sections of the final states �9 + e -  ~ W + W -  ~ q ~ e u  e, 
q? lpup ,  q~ j ru~ ,  q ~ q ~ ,  t v t t u  t ,  The leptonic branching ratios and 

~r(e+ e -  ~ W + W--) at the respective ceeter-of-mass energies are the 
fitted parameters. Two fits are performed, one wlthoot and one assum- 
Ing lepton universality. The hadronic branching ratio Is derived from the 
second fit assuming B(W ~ hadrons) = 1-3. B(W ~ r u t ) .  

r(O',,)/r~ 
t Indicates average over e, p, and �9 modes, not sum over modes. 

rz / r  

Data marked "avg" are highly correlated with data appearing elsewhere in the Listings, 
and are therefore used for the average given below but not in the overall fits. "f&a" 
marks results used for the fit and the average. 

VALUE EVTS DOCUMENT ID TECN COMMENT 1 
O.lO'J'4:l:o___e~__ O U R  F I T  
0.108 4-0.0~8 O U R  ~ t F . J U G E  

0.113 4-0.012 4-0.003 avg 

0.101 +0.011 4-0.002 avg 61 
-0.010 

0.119 40.013 4-0.002 avg 51 
-0.012 

avg 3642 0.104 4-0.008 

52 ABREU 98B DLPH eceem= 161.3 + I 
172.14 GeV 

ACKERSTAFF 98D OPAL Ec~= 161.3 + I 
172.12 GeV 

ACCIARRI 97M L3 Eceem= 161.3 + I 
,172.13 GeV 

45 ABE 921 CDF EcPmP= 1.8 TeV 

45 1216 4- 38 4 27 W --~ #u events from ABE 921 and 2426W ~ eu  events of ABE 91c. - 3 1  
ABE 921 give the inverse quantity as 9.6 + 0.7 and we have inverted. 

r(e+,,)/r~ r=/r 
Data marked "avl~' are highly correlated with data appearing elsewhere in the Listings, 
and are therefore used f ix the average given below but not In the overall fits. "f&a" 
marks results used for the fit and the average. 

VA~ V[  
0.109 "~0.004 OUR FIT 
0.100 d:O.O04 OUR INERAGE 

0.102 40.038 4-0.003 f&a 
- 0.032 

0.098 40.022 -- 0.020 4-0.003 f&a 

0.165 40.037 -0.033 4-0.005 f&a 

0.097 4-0.02 4-0.005 f&a 

0.10944-0.00334-0.0031 f&a 

0.10 4-0.014 40.02 f&a 
-0.03 

_ _  [VT~ DOCUMENT ID TECN COMMENT 

I 
16 ABREU 98B DLPH Eceem= 161.3 + s 

172.14 GeV s 
21 ACKERSTAFF 98D OPAL Eceem= 161.3 + I 

172.12 GeV l 
23 ACCIARRI 97M L3 EC~= 161.3 + 1 

172.13 GeV m 

21 BARATE 97S ALEP Eceem= 161.3 + | 
172.09 GeV 

46ABE 9$wCDF EcPmP= 1.8 TeV 

248 47 ANSARI 87C UA2 E p p -  546,630 
m 

cm-- 
GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.106 4-0.0096 2426 48ABE 91C CDF Repl. by 
ABE 94S 

seen 299 49 ALBAJAR 89 UA1 EcPP= 546,630 

seen 119 APPEL 86 UA2 E = 546,630 
GeV 

seen 172 ARNISON 86 UA1 Repl. by ALBA- 
JAR 89 

46ABE 95w result is from a measurement of ~B(W -~ e u ) / ~ B ( Z  - *  e + e  - )  = 
10.90 4- 0.32 4- 0.29. the theoretical prediction for the cross section ratio, the experimental 
knowledge of r ( z  -~ e+e - )  = 83.98 4- 0.18 MeV, and F(Z) = 2.4969 4- 0.0038. 

47 The first error was obtained by adding the statistical and systematic expedmental uncer- 
tainties In quadrature. The second error reflects the dependence on theoretical prediction 
of total W cross section: <r(546 GeV) -- 4 74  1.4 nb and ~(630 GeV) = S 8 4 1.8 n b. 

- -  " - 0 . 7  " - -1 .0  
See ALTARELLI 8SB. 

48ABE 91C result Is from a measurement of ~B(W --* e u ) / u B ( Z  -~ e + e - ) ,  the 
theoretical prediction for the cross section ratio, and the experimental knowledge of 
r ( z ~  e+e- ) / r (z~  all). 

49ALBAJAR 89 experiment determines values of branching ratio times production cross 
section. 

r ( ~ + . ) / r ~  rs / r  
Data marked "avK" are highly correlated with data appearing elsewhere in the Ustlngs, 
and are therefore used for the average given below but not in the overall fits. "f&a" 
marks results used for the fit and the average. 

V/~I~UI~ - -  EVTS DOCUMENT ID T~:  N r 
o.10~4-o~on OUR FIT 
0.0W:I:0.00T OUR N/StAGE 

0 107 +0"032~-n ~ f&a 
" - 0.027 ~ = . w =  

0 0 ?=+0 019~n . . . _ 0 1 0 1 7  ~ . 0 0 2  f&a 

0 0 aA+O'028~n ~ "  
. ~ _  0.024 ~ ~.u~,o f&a 

0.U2 4-0.02 4-0.006 f&a 

0.10 4-0.01 f&a 

I 
20 ABREU 98B DLPH E~m= 161.3 + s 

172.14 GeV i 
16 ACKERSTAFF 98D OPAL Eceem= 161.3 + | 

172.12 GeV 
13 ACCIARRI 97M L3 Ec~= 161.3 + | 

172.13 GeV B 

25 BARATE 97s ALEP Eceem= 161.3 + | 
172.09 GeV 

1216 $0 ABE 921 CDF EcPmP= 1.8 TeV 

SOABE 921 quote the inverse quantity as 9.9 4- 1.2 which we have Inverted. 

r ( ~ + ~ ) / r = =  r4 / r  
Data marked "avg" are highly correlated with data appearing elsewhere in the Listings, 
and are therefore used for the average given below but not In the overall fits. "f&a" 
marks results used for the fit and the average. 

VA~(J[ - -  EVTS DOCUMENT ID TECN COMMENT 
0.1134-0.fi08 OUR F i T  
0.1244-0.017 OUR AVERAGE 

013,_+o~176 f&a 16 A..Eu 9 .  DLPH 

0 I an+O'030-Ln ~ "  . ~ _ 0 . 0 2 8 ~ . w o  f&a 23 ACKERSTAFF 980 OPAL 

0 109 +0.042 .Ln ~ f&a 15 ACCIARRI 97M L3 
�9 _0.039 ~ . ~  

0.1134-0.0274-0.006 f&a 37 BARATE 97s ALEP 

e~m= 161.3 + I 
172.14 GeM 

e~m= 161.3 + I 
172.12 GeV 

Ec~=  161.3 + | 
172.13 GeV 

e ~ =  161.3 + I 
172.09 GeV 

r ( ~ . m d / r ~ . ,  r d r  
Data marked "avg" are highly correlated with data appearing elsewhere in the Listings, - 
and are therefore used for the average given below but not in the overall fits. "f&a" 
marks results used for the fit and the average. 

VALU~ _ _  ~cVT~  DOCUMENT ID TECN (;OMMENT 
0.67114-0.010 OUR FIT 
0.6724-0.017 OUR #MERAGE 
0 6 r J" n . w_0.O37~v .w= avg 57 ABREU 98B DLPH Eceem= 161.3 + | 

+ 0 030 0.698_010324-0.007 avg 52 ACKERSTAFF 98D OPAL E~m= 161.3 + | 

0 6 a~ n ~ -  �9 ~ * -  0.038 ~ v.w= avg 70 

0.6774-0.0314-0.007 avg 65 

172.14 GeV 

172.12 GeV 
ACCIARRI 97M L3 E~m= 161.3 + | 

172.13 GeV 
BARATE 97s ALEP Eceem= 161.3 + I 

172.09 GeV 

r~+ , , ) / r (e+ , , )  rs / r ,  
Data marked "avg" are highly correlated with data appearing elsewhere In the Listings, 
and are therefore used for the average given below bet not in the overall fits. "f&a" 
marks results used for the fit and the average. 

VAIrU~ _ _  EVT$ DOCUMENT IO TECN (:OMM~NT 
O.M=I:0~ O U R  F I T  
O.gl:i:O.OS O U R  AVERAGE 

0.894-0.10 f&a 13k 51 ABACHI 95D DO E p ~ -  1.8 TeV c m -  
1.024-0.08 f&a 1216 52 ABE 921 CDF E p p -  1.8 TeV c m -  
�9 �9 �9 We do not use the fonowlng data for averages, fits, limits, etc. �9 �9 �9 

1.004-0.144-0.08 67 ALBAJAR 89 UA1 E p p -  546,630 c m -  
GeV 

1 2 a+0"6 14 ARNISON 840 UA1 Repl. by ALBA- �9 ~ -0 .4  JAR 89 
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51ABACHI 95D obtain this result from the measu'red a w B ( W  -~ /~u)= 2.09 :t: 0.23 4- 
0.11nb and o ' w B ( W  -+ eu)=  2.36 d: 0.07 :E 0.13nb in which the first error is the 
combined statistical and systematic uncertainty, the second reflects the uncertainty in 
the luminosity. 

52ABE 92i obtain a ' w B ( W  --~ /~u)= 2,21 4. 0.07 -I- 0.21 and combine with ABE 91c a" W 
B ( ( W  ~ e~,)) to give a ratio of the couplings from which we derive this measurement. 

r (,+ ~)/F(e + ~,) r~/r= 
Data marked "avg ~ are highly correlated with data appearing elsewhere in the Listings, 
and are therefore used for the average given below but not in the overall fits. " f&a"  
marks results used for the f i t  and the average. 

VALU E - -  E V T 5  DOCUMENT ID TECN COMMENT 
1. M :EO.Or OUR FIT 
1.00 -1-0,08 OUR AVERAGE 

0.94 +0.14 f&a 179 53 ABE 92E CDF E p ~ -  1.8 TeV c m -  
1.04:1:0.08 •  f&a 754 54 ALITTI  92F UA2 E p ~ -  630 GeV cm--  
1.02 4-0.20 4-0.12 f&a 32 ALBAJAR 89 UA1 E p ~ -  546,630 c m -  

GeV 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. * �9 �9 

0.9954.0.1124.0.083 198 ALITTI  91c UA2 Repl. by 
ALITTI  92F 

1.02 +0.20:1 :0 .10 32 ALBAJAR 87 UA1 Repl. by ALBA- 
JAR 89 

53ABE 92E use two procedures for selecting W ~ r ~ .  events. The missing E T trigger 
ieads to  132 :E 14 :i: 8 events and the v tr igger to 47 4- 9 4- 4 events. Proper statistical and 
systematic correlations are taken into account to arrive at ~ B ( W  ~ ~u)  = 2.05 4. 0.27 
nb. Combined wi th ABE 91C result on a B ( W  ~ eu), ABE 92E quote a ratio of the 
couplings from which we derive this measurement. 

54Thi3 measurement is derived by us from the ratio of the couplings of ALITTI  92F. 

r(~+~)/r(e%) rut= 
VALUE CL~ pOCUMENT ID TECN COMMON T 

< 2 - 0 X 1 0  - 3  95 ABE 961 CDF EcP~m= 1.8 TeV 

< 4.9 x 10 - 3  95 55 ALITTI  92D UA2 EcP~= 630 GeV 

<58 x 10 - 3  95 56 ALBAJAR 90 UA1 E L m -  546, 630 GeV 
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J = l  171 
T H E  Z BOSON 

Revised February 1998 by C. Caso (Univ. of Oenova) and A. 
Gurtu (Tata Inst.) 

Precision measurements at the Z-boson resonance using 
electron positron colliding beams began in 1989 at the SLC 
and at LEP. During 1989-95, the four CERN experiments 
have made high-statistics studies of the Z. The availability 
of longitudinally polarized electron beams at the SLC since 

1993 has enabled a precision determination of the effective 
electroweak mixing angle sin20w that is competitive with the 
CERN results on this parameter. 

The Z-boson properties reported in this section may broadly 
be categorized as: 

55ALITTI  920 l imi t  is 3.8 x 10 - 3  at 90%CL. 
56ALBAJAR 90 obtain < 0.048 at 90%CL. 

�9 The standard 'lineshape' parameters of the Z con- 
sisting of its mass, Mz, its total width, Fz, and its 
partial decay widths, F(hadrons), and F(t~) where 

= e, /J , ,  T ,  V; 

�9 Z asymmetries in leptonic decays and extraction of 
Z couplings to charged and neutral leptons; 

A8REU 98B EPJ C1 (accepted) 
CERN-PPE/97-1~0 

ACKERSTAFF 98D EPJ CI 395 
BARATE 98B PL 5422 384 
ABREU 97 PL B397 158 
ACCIARRI 97 PL B398 223 
ACCIARRI 97M PL 5407 419 
ACCIARRI 97S PL B413 176 
BARATE 97 PL B401 347 
BARATE 97S PL 5415 435 
ABACHI %E PRL 77 3309 
ABE 961 PRL 76 2852 
ACKERSTAFF 965 PL B389 416 
AID 960 PL 5379 319 
ABACHI 95D pRL 75 1456 
ABE 95(: PRL 74 341 
ABE 95G PRL 74 1936 
ABE 95P PRL 75 11 

Also 95~ PR D52 4784 
ABE 95W PR 052 2624 

Also 94B PRL 73 220 
ABE 94B PRL 73 220 
ROSNER 94 PR D49 1363 
ABE 92E PRL 68 3398 
ABE 921 PRL 69 28 
ALITTI 92 PL 5276 365 
ALITTI 92B PL 5275 354 
ALITTI 92C PL B277 194 
ALITTI 92D PL B2T/ 2G3 
ALITTI 92F PL B280 137 
LEP 92 PL 8276 247 
SAMUEL 92 PL B280 124 
ABE 91C PR D44 29 
ALBAJAR 91 PL B263 503 - 
ALITTI 91C ZPHY C52 209 
SAMUEL 91 pRE 67 9 

Also 91C PRL 67 2920 erratum 
ABE 90 PRL 64 152 

ALso 91C PR D44 29 
ABE 90G PRL 6S 2243 

Also 91B PR D43 2070 
ALBAJAR 90 PL 5241 283 
ALITTI 908 PL 5241 150 
ALITTI ~ ZPHY C47 11 
ABE 891 PRL 62 11~5 
ALBAJAR 89 ZPHY C44 15 
BAUR 88 NP B308 127 
GRIFOLS 88 IJMP A3 225 

Also 87 PL B197 437 
ALBAJAR 87 PL B185 233 
ANSARI 87 PL 8156 440 
ANSARI 87C PL B194 158 
CROTCH 57 PR D36 2153 
HAGIWARA 87 NP B292 253 
VANDERBI$ 87 PR D35 1 ~  
APPEL 86 ZPHY C30 1 
ARNISON 86 PL 166B 484 
ALTARELLI 355 ZPHY C27 617 
GRAU 85 PL 154B 293 
SUZUKI 85 PL 153B 289 
ARNISON BID PL 134B 469 
HERZOG 84 PL 1485 355 

Also e4B PL 155B 468 erratum 
ARNiSON 83 PL 122B 103 
BANNER 835 PL 122B 476 

W REFERENCES 

P. AMeu+ (DELPHI Collab.) 

K. Ackerstaff+ (OPAL Cdlab.) 
R. Barate+ (ALEPH Collab.) 

+Adam. Adye, AdzJc+ (DELPHI Collab. ) 
+Addani. A~ulia~-Benitez, Ahlen+ (L3 Collab.) 

M. Acdarri+ (L3 Colbb.) 
M. Acci~li+ (L3 Collab.) 

+Buskulic, Decamp, Ghez+ (ALEPH Collab;) 
R. Barate+ (ALEPH Collab.) 

+Abbott, AbolJns, Achawa+ (DO Collab.) 
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Abe, Albrow, Amidei, Antra, AawapWlese+ (CDF Collab.) 
+AIMow, Amendolia, Amidet, Antos+ (CDF Collab.) 

�9 The b- and c-quark-related partial widths and charge 
asymmetries which require special techniques; 

�9 Determination of Z decay modes and the search for 
modes that violate known conservation laws; 

�9 Average particle multiplicities in hadronic Z decay. 

For the lineshape-related Z properties there are no new 
published LEP results after those included in the 1994 edition 
of this compilation. The reason for this is the identification 
in mid 1995 of a new systematic effect which shifts the LEP 
energy by a few MeV. This is due to a drift of the dipole field 
in the LEP magnets caused by parasitic currents generated 

Abe, Albrow, Amidei, Amcay-W'u~e+ (CDF Collab.) 
+AIb/~, Amidei, Anv~y-Wiese+ (COF Collab.) 
+Worab, Takeuchi (EFI, FNAL) 
+Amide;, Apollinad, At~c§ (CDF Co,lab.) 
+Amidd, Apollinari. Atac, Auchindoss+ (CDF Collab,) 
+Amlxo~nl, Ansari, Autiero, Bareyre+ (UA2 Collab.) 
+AmMo~nl, Ansad, AuBero, Bareyre+ (UA2 Collab.) 
+Ambfodni, Ansad, Aufiero, Bareyre+ (UA2 Cdlab. ) 
+Am~osini. Armarl. Aut~ero. Bateyre+ {UA2 Collab.) 
+Am~odni, Ansad. AuUero, Bareyre+ (UA2 Collab.) 
+ALEPH, DELPHI, L3, OPAL (LEP Collabs.) 
+LI, Slnha, Sinha, Sundaresalt (OKSU, CARL) 
+Amldel, Al~llinarl, Atac, Auchindms+ (CDF s 
+AIMow, Allkofer, Anko~ak, Apsimon+ (UA1 Collab.) 
+Amb~sini. An.sad, AuUero+ (UA2 Co,lab. ) 
+Li. Sinha, Sinha. Sundaresan (OKSU, CARL) 

+AmidH, Apollinari, Atac, Auchinc~ss+ (CDF Cotlab.) 
Abe, AmideS, Apollinari, Atac, Auchindc, ss+ (CDF Collab.) 

+Amidel. Apc41inaH, Atac+ (CDF Ccdlab.) 
Abe, Amidei, ApolEnari, Atac. Auchinclo~+ (CDF Collab. ) 

by electrically powered trains in the Geneva area. The LEP 
Energy Working Group has been studying the implications of 
this for the Z-lineshape properties which would be obtained 
after analysis of the high statistics 1993-95 data. The main 
consequence of this effect is expected to be in the determination 
of the Z mass. 

Details on Z-parameter determination and the study of 

Z ~ bb, c2 at LEP and SLC are given in this note. 
The standard 'lineshape' parameters of the Z are deter- 

mined with increasing precision from an analysis of the pro- +Nbm~. A]]kofer+ 
+Ansari. AMorKe , Autlero+ 
+Ansari, Ansmge, Bagnaia+ 
+Amkld, Aponinad, Ascofi, Atac+ 
+AJMow, AJIImfer, Arnlson, Astbory+ 
+Zeppenfeld 
+Peris. Sob 

Gdfols, Perk, Sda 
+Albtow, AIIkofer, Arnir~n, Astbur/+ 
+B~naia, Banner, BattJsto.+ 
+Balp~aia, Banner, Battlston+ 
+RW~nett 
+l~cod, Zeppenfe~d, Hikasa 

van d~ B~] 
+Basnala, Banner, Battlston + 
+Albrow, AIIkofer, Astbury+ 
+Blis, Martinelli 
+Gdfol~ 

+Astbu~y, Aubett, BaLd+ 
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+Astbuly, Aubett, BaLd+ 
+Battlston, Bloch. Bonaudi+ 
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(UA2 Conab.) 

I CDF Collab.) 
UA1 Collab.) 

WLSC 
(FSU, DESY I 8ARC, 

IBARC, DESY) 
(UA1 Collab.) 

Collab. 

(PSU) 
(KEK, UCLA, FSU) 

(FNA~) 
(UA2 Collab.) 
(UAI Collab.) J 

(CERN, FNAL, FRAS) 
(BARC) 

(LBL) 
(UA1 Coliab.) 

(WlSC) 
(wmc) 

(UA1 Cdlab.) 
(UA2 Co41ab.) 

duction cross sections of these final states in e+e - collisions. 

The Z ~ u~(q,) state is identified directly by detecting single 
photon production and indirectly by subtracting the visible 
partial widths from the total width. Inclusion in this analysis 

~(o,0 of the forward-backward asymmetry of charged leptons, ~FB , 
of the r polarization, P(r), and its forward-backward asymme- 
try, P(T) lb, enables the separate determination of the effective 
vector (gv) and axial vector (gA) couplings of the Z to these 
leptons and the ratio (-gv/gA) which is related to the effective 
electroweak mixing angle sin2~w (see the "Electroweak Model 
and Constraints on New Physics" Review). 
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Determination of the b- and c-quark-related partial widths 

and charge asymmetries involves tagging the b and c quarks. 

Traditionally this was done by requiring the presence of a 

prompt lepton in the event with high momentum and high 

transverse momentum (with respect to the accompanying jet). 

Precision vertex measurement with silicon detectors has enabled 

one to do impact parameter and lifetime tagging. Neurai- 

network techniques have also been used to classify events as 

where gAS is the neutral axial-vector coupling of the Z to S S ,  the 
lowest-order expressions for the various lepton-related asymme- 
tries on the Z pole are [5-7] ~(0,t) (314)A~AI, P(r )  -- - A t ,  
p(v)Sb = -(3/4)Ae,  ALR = Ae. The full analysis takes into 

account the energy dependence of the asymmetries. Experi- 

mentally ALR is defined as (o-L -- aR)l(aL {- o'R) where erL(R) 
are the e+e - --* Z production cross sections with left- (right)- 

handed electrons. 
b or non-b on a statistical basis using event-shape variables. 
Finally, the presence of a charmed meson (D/D*) has been 

used to tag heavy quarks. 

Z.parameter determination 
LEP is run at a few energy points on and around the Z mass 

constituting an energy 'scan.' The shape of the cross-section 

variation around the Z peak can be described by a Breit-Wigner 

ansatz with an energy-dependent total width [1-3]. The th ree  

main properties of this distribution, viz., the pos i t ion  of the 

peak, the w id th  of the distribution, and the height  of the peak, 
determine respectively the values of Mz,  r z ,  and F(e+e - )  x 

F ( f f ) ,  where F(e+e - )  and F ( f f )  are the electron and fermion 
partial widths of the Z. The quantitative determination of 

these parameters is done by writing analytic expressions for 

these cross sections in terms of the parameters and fitting the 

calculated cross sections to the measured ones by varying these 

parameters, taking properly into account all the errors. Single- 
photon exchange (a 0) and 7-Z interference (a~ are included, 

and the large (~25 %) initial-state radiation (ISR) effects are 

taken into account by convoluting the analytic expressions 

over a 'Racliator Function' [1-4] H(s, s'). Thus for the process 

e + e -  -~  l y :  

--- / H(s,  s') a~(s') ds' (1) o-f (s) 

=o-o + o-o + (2) 

12~ r(e+e-)r(s7) s r~ 
= - s r z / M  z (3) 

o 4~ra2(s) ~ 2 N I  (4) 
o-~/ = 3S ~S c 

o-o _ 2x/2a(s) (QIGFNIgv~gvl)  
~z-- 3 

s 2 2 - M ~ ) M ]  
• (5) (s - -  M2) 2 + s2F2z/M 2 

where QI is the charge of the fermion, Nc / = 3(1) for quark 

(lepton) and gvl is the neutral vector coupling of the Z to the 

fermion-antifermion pair fS. 
Since o-~z~ is expected to be much less than o-o, the LEP 

Collaborations have generally calculated the interference term 

in the framework of the Standard Model using the best known 

values of gv. This fixing of a~ leads to a tighter constraint on 

M z  and consequently a smaller error on its fitted value. 
Defining 

- 2 gVS:gAS 
A S -  2 + 2 (6) (gvf gAS) 

In terms of gA and gv, the partial decay width of the Z to 

f f  can be written as 

GF M3 2 + 2 N/(1  +6QED)(1 +~QCD) (7) r ( / 7 )  = ~ (gw gAS) 

where *QED = 3aQ21/47r accounts for final-state photonic cor- 

rections and ~QCD -- 0 for leptons and ~QCD = (o~a/Tr)+ 

1.409(as/r) 2 - 12.77(an#r) 3 for quarks, a ,  being the strong 

coupling constant at ~u -- Mz.  
In the above framework, the QED radiative corrections 

have been explicitly taken into account by convoluting over 
the ISR and allowing the electromagnetic coupling constant 

to run [8]: a(s) = a / ( 1 -  An).  On the other hand, weak 

radiative corrections that depend upon the assumptions of the 

electroweak theory and on the values of the unknown Mtop 
and MHiggs are accounted for by abso rb ing  t h e m  in to  the 
couplings,  which are then called the effective couplings gv and 

gA (or alternatively the effective parameters of the * scheme of 

Kennedy and Lynn [9]). 

S-raatriz approach to the Z 
While practically all experimental analyses of LEP/SLC 

data have followed the 'Breit-Wigner' approach described above, 
an alternative S-matrix-based analysis is also possible. The Z, 

like all unstable particles, is associated with a complex pole 

in the S matrix. The pole position is process independent and 

gauge invariant. The mass, M z ,  and width, r z ,  can be defined 

in terms of the pole in the energy plane via [10-13] 

~ 2  
-~ = z - iM  zF z (8) 

leading to the relations 

-- M z /  + 

Mg - 34.1 MeV (9) 

/ 
Pz 2 2 = r z l g l  + rzlM~ 

Fz - 0.9 MeV. (10) 

Some authors [14] choose to define the Z mass and width via 

= ( ~ z  - ~ r z )  2 (11) 
2 

which yields -Mz "~ M z  - 26 MeV, Fz  ~ Fz - 1.2 MeV. 
The L3 "and OPAL Collaborations at LEP (ACCIARRI 

97K and ACKERSTAFF 97C) have analyzed their data using 

the S-matrix approach as defined in Eq. (8), in addition to 
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the conventional one. They observe a downward shift in the 

Z mass as expected. 

H a n d l i n g  the large-angle e+ e - f n a l  state 

Unlike other f f  decay final states of the Z, the e+e - final 

state has a contribution not only from the s-channel but  also 

from the t-channel and s-t interference. The full amplitude is 

not amenable to fast calculation, which is essential if one has to 

carry out  minimization fits within reasonable computer time. 

The usual procedure is to calculate the non-s channel part  of 

the cross section separately using the Standard Model programs 

ALIBABA [15] or TOPAZ0 [16] with the measured value of 

Mtop, and the 'central '  value of MHiggs (300 GeV) and add it 

to the s-channel cross section calculated as for other channels. 

This leads to two additional sources of error in the analysis: 

firstly, the theoretical calculation in ALIBABA itself is known 

to be accurate to ~ 0.5%, and secondly, there is uncertainty 

due to the error on Mtop and the unknown value of MHiggs 

(60-1000 GeV). These additional errors are propagated into the 

analysis by including them in the systematic error on the e+e - 

final state. 

Errors  due to uncertainty in  L E P  energy d e t e r m i n a -  

t ion  [17-21] 

The systematic errors related to the LEP energy measure- 

ment can be classified as: 

�9 The absolute energy scale error; 

�9 Energy-point-to-energy-point errors due to the non- 

linear response of the magnets to the exciting cur- 

rents; 

�9 Energy-point-to-energy-point errors due to possible 

higher-order effects in the relationship between the 

dipole field and beam energy; 

�9 Energy reproducibility errors due to various un- 

known uncertainties in temperatures, tidal effects, 

corrector settings, RF status, etc. Since one groups 

together da ta  taken at 'nominally same' energies in 

different fills, it can be assumed that  these errors 

are uncorrelated and are reduced by v/Nfill where 
Nfill is the (lumtinosity weighted) effective number 

of fills at  a particular energy point. 

At each energy point the last two errors can be summed 

into one point-to-point error. 

Choice of  fit parameters 
The LEP Collaborations have chosen the following primary 

set of parameters for fitting: Mz,  Fz,  (Thadron0, R(lepton), 
A(O,t) F B '  where R(lepton) = F(hadrons)/F(lepton) ,  O.hadron0 = 

+ 2 2 127rF(e e-)F(hadrons)/M~F z. With  a knowledge of these fit- 

ted parameters and their covariance matrix, any other param- 

eter can be derived. The main  advantage of these parameters 

is tha t  they form the leas t  c o r r e l a t e d  set of parameters, so 

tha t  it becomes easy to combine results from the different LEP 

experiments. 

Thus, the most general fit carried out to cross section and 

asymmetry data  determines the n i n e  p a r a m e t e r s :  Mz,  Fz,  
~(o,~) A ( ~ ) ,  4(o,r) 0 R(e ) ,  R(~ ) ,  R(~) ,  --FB , Crhadron' " ' F B "  Assumption 

of lepton universality leads to a f i v e - p a r a m e t e r  f i t  deter- 

mining Mz,  Fz,  o R(lepton), a(0,1) The  use of on ly  O'hadron' " ~ F B  " 

cross-section data  leads to six- or four-parameter fits if lepton 

universality is or is not assumed, i.e., A ~  e ) -  values are not 

determined. 

In order to determine the best values of the effective vector 

and axial vector couplings of the charged leptons to the Z, 

the above mentioned nine- and five-parameter fits are carried 

out with added constraints from the measured values of Ar 

and Ae obtained from T polarization studies at  LEP and the 

determination of ALR at SLC. 

C o m b i n i n g  results  f r o m  the L E P  and  S L C  experi-  

m e n t s  [22] 

Each LEP experiment provides the values of the parameters 

mentioned above together with the full covariance matrix. The 

statistical and experimental systematic errors are assumed to 

be uncorrelated among the four experiments. The sources of 

c o m m o n  systematic errors are i) the LEP energy uncertainties, 

and ii) the effect of theoretical uncertainty in calculating the 

small-angle Bhabha cross section for luminosity determination 

and in estimating the non-s channel contribution to the large- 

angle Bhabha  cross section. Using this information, a full 

covariance matrix, V, of all the input parameters  is constructed 

and a combined parameter set is obtained by minimizing X 2 = 

A T v - ] A ,  where A is the vector of residuals of the combined 

parameter  set to the results of individual experiments. 

Non-LEP measurement of a Z parameter,  (e.g., F(e+e - )  

from SLD) is included in the overall fit by calculating its value 

using the fit parameters and constraining it to the measurement. 

Study of Z --* bb and Z --* c-d 

In the sector of c- and b-physics the LEP experiments 

have measured the ratios of partial  widths Rb = F(Z  --, 

b~)/r(Z -~ hadrons) and Rc = F(Z  --* c~)/F(Z --* hadrons) 

and the forward-backward (charge) asymmetries A~FB and A~B. 

Several of the analyses have also determined other quantities, 

in particular the semileptonic branching ratios, B(b --, l)  and 

B(b --~ c --* l+) ,  the average B ~  ~ mixing parameter  X and 

the probabilities for a c quark to fragment into a D +, a Ds, 

a D *+ , or a charmed baryon. The latter measurements do 

not concern properties of the Z boson and hence they are not 

covered in this section. However, they are correlated with the 

electroweak parameters, and since the mixture of b hadrons is 

different from the one at the T(4S),  their values might differ 

from those measured at the T(4S).  
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All the above quantities are correlated to each other since: 

Several analyses (for example the lepton fits) deter- 

mine more than one parameter simultaneously; 

�9 Some of the electroweak parameters depend explic- 

itly on the values of other parameters (for example 

Rb depends on Re); 
�9 Common tagging and analysis techniques produce �9 

tagging efficiencies between the hemispheres (due for instance 

to correlations in momentum between the b hadrons in the 

two hemispheres) are small but nevertheless lead to further 

systematic uncertainties. 

The measurements in the b- and c-sector can be grouped in 

the following categories: 

Lepton fits which use hadronic events with one 

common systematic uncertainties. 

The LEP Electroweak Heavy Flavour Working Group has 

developed [23] a procedure for combining the measurements tak- 

ing into account known sources of correlation. The combining 

procedure determines eleven parameters: the four parameters 

of interest in the electroweak sector, Rb, Re, Ab~B, and A~B 
and, in addition, B(b --* ~), B(b --* c --~ l+), X, f (D+) ,  f(Ds), 
f(Cbaryon) and P(c ~ D *+) x B(D *+ --, 7r+D~ to take into 

account their correlations with the electroweak parameters. 

Before the fit both the peak and off-peak asymmetries are 

translated to v ~  = 91.26 GeV using the predicted dependence 

from ZFITTER [4]. 

~ u m m a r y  of  the measurements  and of  the various kinds 
o f  analysis 

The measurements of Rb and Rc fall into two classes. 

In the first, named single-tag measurement, a method for 

selecting b and c events is applied and the number of tagged 

events is counted. The second technique, named double-tag 

measurement, is based on the following principle: if the number 

of events with a single hemisphere tagged is Nt and with both 

hemispheres tagged is Nu, then given a total number of Nh~a 

hadronic Z decays one has: 

Nt 
- -  ----CbRb 4- ~cRc 4- Cuds(1 -- Rb - Re) (12) 
2Nhad 

Nu =CbC2R b 4- (/.cs2Rc 4- Cudse2uds(1 _ Rb -- Re) (13) 
Nh~ 

where Eb, ~c, and guds are the tagging efficiencies per hemisphere 

for b, c, and light quark events, and Cq # 1 accounts for the fact 

that the tagging efficiencies between the hemispheres may be 

correlated. In tagging the b one has Eb >> e~ >> Suds, Cb "~ 1. 
Neglecting the c and uds background and the hemisphere 

correlations, these equations give: 

Sb =2Ntt/Nt (14) 

Rb =N2/(4NuNhad) �9 (15) 

The double-tagging method has thus the great advantage 

that the tagging efficiency is directly derived from the data, 

reducing the systematic error of the measurement. The back- 

grounds, dominated by c~ events, obviously complicate this 

simple picture, and their level must still be inferred by other 

means. The rate of charm background in these analyses de- 

pends explicitly o n  the value of R~. The correlations in the 

or more leptons in the final state. Each anal- 

ysis usually gives several electroweak parameters 
bb chosen among: Rb, R~, AFB , A,~B , B(b--* ~), 

B(b -~ c --* s and X. The output parameters 

are then correlated. The dominant sources of sys- 

tematics are due to lepton identification, to other 

semileptonic branching ratios and to the modelling 

of the semileptonic decay; 

�9 Event shape tag for Rb; 
�9 Lifetime (and lepton) double-tagging measurements 

of Rb. These are the most precise measurements 

of Rb and obviously dominate the combined result. 

The main sources of systematics come from the 

charm contamination and from estimating the hemi- 

sphere b-tagging efficiency correlation. The charm 

rejection has been improved (and hence the system- 

atic errors reduced) by using either the information 

of the secondary vertex invariant mass or the in- 

formation from the energy of 'all particles at the 

secondary vertex and their rapidity; 

�9 Measurements of A~FB using lifetime tagged events 

with a hemisphere charge measurement. Their con- 

tribution to the combined result has roughly the 

same weight as the lepton fits; 

�9 Analyses with DID *• to measure Re. These mea- 

surements make use of several different tagging 

techniques (inclusive/exclusive double tag, inclusive 

single/double tag, exclusive double tag, reconstruc- 

tion of all weakly decaying D states) and no as- 

sumptions are made on the energy dependence of 

charm fragmentation; 

�9 Analyses with DID *• to measure A~B or simulta- 

neously Ab~B and A~B; 
�9 Measurements of Ab and Ac from SLD, using several 

tagging methods (lepton, D/D*, and impact param- 

eter). These quantities are directly extracted from 

a measurement of the left-right forward-backward 

asymmetry in c2 and bb production using a polarized 

electron beam. 

Averaging procedure 
All the measurements are provided by the LEP Collabora- 

tions in the form of tables with a detailed breakdown of the 

systematic errors of each measurement and its dependence on 

other electroweak parameters. 
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The averaging proceeds via the following steps: 

�9 Define and propagate a consistent set of external 

inputs such as branching ratios, hadron lifetimes, 
fragmentation models etc. All the measurements 

are also consistently checked to ensure that all use 

a common set of assumptions (for instance since the 

QCD corrections for the forward-backward asym- 
metries are strongly dependent on the experimental 

conditions, the data are corrected before combin- 

ing); 

�9 Form the full (statistical and systematic) covariance 

matrix of the measurements. The systematic cor- 

relations between different analyses are calculated 

from the detailed error breakdown in the mea- 

surement tables. The correlations relating several 

measurements made by the same analysis are also 

used; 

�9 Take into account any explicit dependence of a 
measurement on the other electroweak parameters. 

As an example of this dependence we illustrate 

the case of the double-tag measurement of Rb, 

where c-quarks constitute the main background. 

The normalization of the charm contribution is not 
usually fixed by the data and the measurement of 

Rb depends on the assumed value of Rc, which can 
be written as: 

Rb = R~ ~ + a(Rc)(R~ - R~ed) Rc ' (16) 

where R~ e~ is the result of the analysis which 
assumed a value of Rc = --e/?used and a(R~) is the 

constant which gives the dependence on Re; 

�9 Perform a X 2 minimization with respect to the 

combined electroweak parameters. 

c E  After the fit the average peak asymmetries AFB and A~B 
are corrected for the energy shift and for QED, 7 exchange, 

and 7Z interference effects to obtain the corresponding pole 
�9 0 c 0,b asymmetries AT~ and AFB. A small correction is also applied 

to both Rb and Rc to account for the contribution of "7 
exchange. 
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Z MASS 

The fit is performed using the Z mass and width, the Z hadronlc pole 
cross section, the ratios of hadronlc to leptonic partial widths, and the 
Z pole forward-backward lepton asymmetries. We believe that this set is 
the most free of correlations. Common systematic errors are taken into 
account. For more details, see the 'Note on the Z Boson.' 

The Z-boson mass listed here corresponds to a Brelt-Wigner resonance 
parameter. The value is 34 MeV greater than the real part of the position 
of the pole (in the energy-squared plane) in the Z-boson propagator�9 Also 
the LEP experiments have generally assumed a fixed value or the ",r - Z 
interferences term based on the standard model, Keeping this term as 
free parameter leads to a somewhat larger error on the fitted Z mass, See 
ACCIARRI 97K and ACKERSTAFF 97C for a detailed investigation of both 
these issues. 

A new source of LEP energy variation was discovered in mid 1995: an 
energy change of a few MeV is correlated with the passage of a train 
on nearby railway tracks. The LEP energy working group Is studying the 
implications of this effect for the high statistics data recorded since 1993. 
The main consequence of this is expected to be a shift In the overall LEP 
energy values leading to a corresponding shift in the value of m Z ,  The 
LEP collaborations have consequently deferred publication of their results 
on Z lineshape and lepton forward-backward asymmetries based on 1993 
and later data. 

Because of the high current interest, we mention here the following pre- 
liminary results, but do not average them or include them In the Listings 
or Tables�9 

Combining published and unpublished preliminary LEP results (as of end 
of February 1998) yields an average Z-boson mass of 91.1867 4- 0.0020 
GeV, with a total width of 2.4948 :t: 0.0025 GeV. 

VAt UE (GeV) EVTS 
91.1g?'1-0.00"1 OUR FIT 
91.1n4-0.00"/OUR AVERAGE 
91.187 4- 0.007 4- 0,006 1.16M 

91.195•177 1.19M 

91.1824-0.0074"0.006 1.33M 

91.187-4-0,007• 1.27M 

DOCUMENT ID TECN COMMENT 

1 ABREU 94 DLPH E~m = 88-94 GeV 

1ACCIARRI 94 L3 E~m = 88-94 GeV 

i AKERS 94 OPAL E c ~ =  88-94 GeV 

1 BUSKULIC 94 ALEP Eceem= 88-94 GeV 
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�9 �9 �9 We do not use the following data for' averages, fits, limits, e tc . �9  �9 �9 

91.1934-0.010 1,2M 2 ACCIARRI 97K L3 Ec~m= LEP1 + 130-136 | 
GeV + 161-172 GeV 

91.1854-0.010 3 ACKERSTAFF 97c OPAL Ec~m = LEP1 + 130-136 | 
GeV + 161 GeV 

91.1624-0.011 1.2M 4ACCIARRI 96B L3 RepL by ACCIARRI 97K 
91.1924-0.011 1.33M 5 ALEXANDER 96x OPAL Repl. by ACKER- | 

STAFF 97C 
91.1514-0.005 6 MIYABAYASHI 95 TOPZ E~m= 57.8 GeV 
91.181•177 512k 7ACTON 93D OPAL Repl. by AKERS 94 
91.1954-0.O09 46Ok 8 ADRIANI 93F L3 Repl. by ACCIARRI 94 
91.1874-0.009 520k 9 BUSKULIC 93J ALEP RepL by BUSKULIC 94 
91.74 • • 156 10 ALITTI 928 UA2 E p '~-  630 GeV cm-  
89.2 +2.1 -1 .8  11 ADACHI 90F RVUE 

90.9 4-0.3 4-0.2 188 12ABE 89C CDF E p ~ -  1.8 TeV cm-  
91.14 4-0.12 480 13 ABRAMS 898 MRK2 E~m= 89-93 GeV 

93.1 4-1.O 4- 3.0 24 14,15 ALBAJAR 89 UA1 E p '~-  546,630 GeV cm-  

1 The second error of 6.3 MeV Is due to a common LEP energy uncertainty. 
2ACCIARRI 97K interpret the s-dependence of the cross sections and lepton forward: 

backward asymmetries in the framework of the S-matrix formalism with a combined fit 
to their cross section and asymmetry data at the Z peak (ACCIARRI 94) and their data 
at 130, 136, 161, and 172 GeV. The authors have corrected the measurement for the 
34.1 MeV shift: with respect to the Breit-Wigner fits. The error contains a contribution 
of 4-3 MeV due to the uncertainty on the ~,Z interference. 

3ACKERSTAFF 97C obtain this using the S-matrix formalism for a combined fit to their 
cross-section and asymmetry data at the Z peak (AKERS 94) and their data at 130, 136, 
and 161 GeV. The authors have corrected the measurement for the 34 MeV shift with 
respect to the Breit-WIgner fits. 

4ACCIARRI 968 interpret the s-dependence of the cross sections and lepton forward- 
backward asymmetries In the framework of the S-matdx ansatz. The 130-136 GeV data 
constrains the ~Z interference terms. As expected, this result is below the mass values 
obtained with a standard Breit-WIgner parametrization. 

5ALEXANDER 96x obtain this using the S-matrix formalism for a combined fit to their 
cross-section and asymmetry data at the Z peak (AKERS 94) and their data at 130 and 
136 GeV. The authors have corrected the measurement for the 34 MeV shift with respect 
to the Breit-WIgner fits. 

6MIYABAYASHI 95 combine their low energy total hadronlc cross-section measurement 
with the ACTON 93D data and perform a fit using an S-matrix formalism. As expected, 
this result is below the mass values obtained with the standard Brelt-Wigner parametriza- 
tlon. 

7 The systematic error in ACTON 93D IS from the uncertainty in the LEP energy calibration. 
8The error in ADRIANI 93F includes 6 MeV due to the uncertainty in LEP energy calibra- 

tion. 
9 BUSKULIC 93J supersedes DECAMP 925. The error includes 6 MeV due to the uncer- 

tainty In LEP energy calibration. 
10 Enters fit through W / Z  mass ratio given in the W Particle Listings. The ALITTI 92B 

systematic error (4-0.93) has two contributions: one (4-0.92) cancels in m w / m  Z and 
one (4-0.12) Is noncancelling. These ware added in quadrature. 

11ADACHI 90F use a Breit-Wlgner resonance shape fit and combine their results with 
published data of PEP and PETRA. 

12 First error of ABE 89 is combination of statistical and systematic contributions; second 
Is mass scale uncertainty. 

13ABRAMS 898 uncertainty includes 35 MeV due to the absolute energy measurement. 
14 Enters fit through Z-W mass difference given in the W Particle Listings. 
15ALBAJAR 89 result Is from a total sample of 33 Z --~ �9 + e -  events. 

Z WIDTH 

VALUE (GeV) EVTS 
2ASm=EO.007 OUR FIT 
2.4Ji1"J'0.007 OUR AVERAGE 
2.50 4-0.21 • 

2.4834-0.0114-0.0045 1.16M 
2.4944-0.0094-0.0045 1.19M 

2.483• 0.011+0.0045 1.33M 
2.5014- 0.011-F 0.0045 1.27M 

DOCUMENT ID . TECN COMMENT 

16 ABREU 96R DLPH EC~= 91.2 GeV 

17 ABREU 94 DLPH Eceem= 88-94 GeV 

17 ACCIARRI 94 L3 E~m= 88-94 GeV 
17 AKERS 94 OPAL Ec~= 88-94 GeV 

17 BUSKULIC 94 ALEP E~m= 88-94 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2.494• 

2.4924-0.010 
2.4834-0.0114-0.004 
2.4904-0.011 
2.501 • 

3.8 4-0,8 4-1.0 

2.42 +0.45 
-0 .35  

2,7 +1.2 --1.0 4-1.3 

2.7 4-2.0 4-1.0 

1.2M 18 ACCIARRI 97K L3 E~m= LEP1 + 130-136 I 
GeV + 161-172 GeV 

1.2M 19 ACCIARRI 96B L3 Repl. by ACCIARRI 97K 
512k 20ACTON 93D OPAL Repl. by AKERS 94 
460k 21ADRIANI 93F L3 Repl. by ACCIARRI 94 
520k 22 BUSKULIC 93J ALEP Repl. by BUSKULIC 94 

188 ABE 89C COF EcP~= 1.8 TeV 

480 23ABRAMS 895 MRK2 Ec~= 89-93 GeV 

24 24 ALBAJAR 89 UA1 E p-~- 546.630 GeV cm-  

25 25 ANSARI 87 UA2 EcPmP~= 546,630 GeV 

16ABREU 96R obtain this value from a study of the interference between Initial and final | 
state radiation In the process e + e -  --+ Z --* /~+# - .  I 

17The second error of 4.5 MeV Is due to a common LEP energy uncertainty. 
18ACCIARRI 97K Interpret the s-dependence of the cross sections and lepton forward- | 

backward asymmetries In the framework of the S-matrix formalism with a combined fit 

I to their cross section and asymmetry data at the Z peak (ACCIARRI 94) and their data 
at 130, 136, 161, and 172 GeV. The authors have corrected the measurement for the 0.9 
MeV shift with respect to the Breit-Wlgner fits. 

19ACCIARRI 96B Interpret the s-dependence of the cross sections and lepton forward- 
backward asymmetries In the framework of the S-matrix ansatz. The 130-136 GeV data 
constrains the "yZ interference terms. The fitted width |s expected to be 0.9 MeV less 
than that obtained using the standard Breit-Wigner parametrizatlon (see 'Note on the 
Z Boson'). 

20Tbe systematic error Is from the uncertainty in the LEP energy calibration. 
21The error in ADRIANI 93F includes 4 MeV due to the uncertainty in LEP energy calibra- 

tion. 
22Tbe error in BUSKULIC 93J includes 4 MeV due to the uncertainty in LEP energy 

calibration. 
23ABRAM5 898 uncertainty includes 50 MeV due to the miniSAM background subtraction 

error. 
24ALBAJAR 89 result Is from a total sample of 33 Z --* e + e -  events. 
2SQuoted values of ANSARI 87 are from direct fit. Ratio of Z and W production gives 

either r ( Z )  <:(1.09 4- 0.07) x F(W) ,  C L = 90% or r (z )  = (0.82 + 0~ 4- 0.06) x r ( w ) .  
Assuming Standard-Model value F(W) = 2.65 GeV then gives r(z) < 2.89 4- 0.19 or 
= 2 ,7+0.50 .~ 0.16. 

"~'--0.37 

Z DECAY MODES 

Mode Fraction ( r l / r )  Confidence level 

I- 1 e + e -  

r 2 / ~ + # -  
r 3 r+~-- 
I" 4 t + t -  
I" s invisible 

I" 6 hadrons 
r7 ( u ~ +  c ~ ) / 2  
r 8 ( d-d-I- s'~-I- b b ) / 3  
F 9 c-d 
r i o  b b  

F l l  g g g  
1"12 7r0~ 

r13 7/-y 

[ 14  Ld~/' 
rlS ~'(958)-y 
r16 -y~, 
El7 ~Y'y'y 
r18  7r + W ~: 

r19 p •  w:F  

r2o JIr 
r21 r  

r22 Xcl(1P)X 
r23 xc2(1P)X 
r24 T ( 1 S )  X + T ( 2 S )  X 

+T(3S) X 
r2s T(1S)x 
r26 T ( 2 S ) X  

r27 T ( 3 5 ) X  
r28 (D~ ~ x 
r29 D4- X 

r30 D* (2010)4-X  

r31 B X  
F32 B * X  
['33 B O x  

[.34 anomalous ~,+ hadrons 
r35 e + e -  
[.36 p,-i-/j,- ,.), 

[.37 "r + r -  ? 
F38 t + l -  ~,3, 

r39 qq3'3' 
r4o ~, ~,,/,-/ 
r41 84- #:F 

1"42 e :J: ~.~: 
r43 /~• ~-:F 

(3.3664-0.005) % 
(3.3674-0.013) % 
(3.360• % 

[,1] (3 .3664-0 .006)  % 

(2O.Ol 4-0.16 ) % 
(69.90 4-0.15 ) %  
(lO.1 4-1.1 )% 
(16.6 -~o.6 ) % 
(12.4 -I-0.6 ) %  
(15.16 4-0.09 ) % 

< 1.1 % 95% 
< 5,2 x 10 - 5  95% 
< S.1 x 10 - 5  95% 
< 6.5 x 10 - 4  95% 
< 4.2 x 10 - 5  95% 
< 5.2 x 10 - 5  95% 

< 1.0 x 10 - 5  95% 
[b] < 7 x 10 - 5  95% 

[b] < 8.3 x 10 - 5  95% 
( 3.66 4-0.23 ) x  10 - 3  

( 1,60 4-0.29 ) x  10 - 3  
( 2.9 4-02 ) x 10 - 3  

< 3.2 x 10 - 3  90% 
(1 .o  4-0.5 ) x l o  - 4  

< 5.5 . x 10 - 5  95% 

< 1.39 x 10 - 4  95% 

< 9.4 x 10-5 95% 
(20.7 4-2.0 ) % 
(12.2 4-1.7 ) % 

[b] (11.4 +1.3 ) %  

LF 
LF 
LF 

seen 

[c] < 3.2 x 10 - 3  95% 
[C] < 5.2 x 10 - 4  95% 
[el < 5.6 x 10 - 4  95% 
[C] < 7.3 x 10 - 4  95% 
[ol < 6.8 x 10 - 6  95% 
[ol < S.S x 10 - 6  95% 
[all < 3.1 x 10 - 6  95% 
[b] < 1.7 x 10 - 6  95% 
[b] < 9.8 x 10 - 6  95% 
[b] < 1.2 x 10 - 5  95% 

[a] t indicates each type of  lepton (e, #, and r ) ,  not  sum over them. 

[b] The value is for the sum of  the charge states of  part ic le/ant ipart ic le states 
indicated. 

{c] See the Particle Listings below for the -y energy range used in this mea- 
surement. 

[d] For m.T~ r - -  (60:1: 5) GeV. 
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Z PARTIAL WIDTHS 
r(e+e - )  rl 

For the LEP experiments, this parameter Is not directly used In the overall fit but is 
derived using the fit results; see the 'Note on the Z Boson,' 

VALUE (MeV) EVT5 DOCUMENT ID TECN COMMENT 
83.82-1-0.30 OUR FIT 
82.894441.204"0.89 26 ABE 95J SLD E~m: 91.31 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

83.31+0.54 31.4k ABREU 94 DLPH Eceem= 88-94 GeV 

83.43• 38k ACCIARRI 94 L3 Eceem= 88-94 GeV 

83.63+0.53 42k AKERS 94 OPAL Ec~= 88-94 GeV 

84.61:J:0.49 45.8k BUSKULIC 94 ALEP Eceem= 88-94 GeV 

26ABE 95J obtain this measurement from Bhabha events in a restricted fiducial region to 
improve systematlcs. They use the values 91.187 and 2,489 GeV for the Z mass and 
total decay width to extract this partial width. 

r ( ,+ . - )  r= 
Thls parameter Is not directly used in the overall fit but Is derived uslng the fit results; 
see the 'Note on the Z Boson.' 

VALUE (MeV) EVT5 DOCUMENT ID TECN COMMENT 
8&IB4-O.39 OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

84,15+0,77 45.6k ABREU 94 DLPH E~m= 88-94 GeV 

83.20+0.79 34k ACCIARRI 94 L3 E~m= 88-94 GeV 
83.83+0.65 57k AKERS 94 OPAL E~m= 88-94 GeV 

83.62+0.75 46.4k BUSKULIC 94 ALEP E~m= 88-94 GeV 

r(r+r-)  rs 
Thls parameter Is not dlrectly used In the overall fit but Is derlved uslng the fit results; 
see the 'Note on the Z Boson.' 

VALUE (MeV) EV'I'S DOCUMENT ID TECN COMMENT 
B3.g74-0.44 OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

83.55+0.91 25k ABREU 94 DLPH E~m= 88-94 GeV 

84.04+0.94 25k ACCIARRI 94 L3 Ecr 88-94 GeV 

82.90+0.77 47k AKER5 94 OPAL Ec~= 88-94 GeV 

84.18+0.79 45.1k BUSKULIC 94 ALEP E~m= 88-94 GeV 

r( t* t - )  r, 
In our fit F(t + l - - )  is defined as the partial Z width for the decay Into a pair of m assless 
charged leptons. This parameter Is not directly used in the 5-parameter fit assuming 
lepton universality but is derived using the fit results. See the 'Note on the Z Boson.' 

VALUE (MeV) EVT$ DOCUMENT ID TECN COMMENT , 
IB,U-I-0.2"t OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

83.56+0.45 102k ABREU 94 DLPH E~m= 88-94 GeV 
83.49+0.46 97k ACCIARRI 94 L3 Ec~= 88-94 GeV 

83,55+0.44 146k AKERS 94 OPAL Ecr 88-94 GeV 
84,40+0.43 137.3k BUSKULIC 94 ALEP Eceem= 88-94 GeV 

r ( I . v ~ )  r, 
We use only direct measurements of the Invisible partial width to obtain the average 
value quoted below. The fit value Is obtained as a difference between the total and 
the observed partial widths assuming lepton universality. 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
498.34- 4.2 OUR FIT 
517 44422 OUR AVERAGE 
539 • +17 410 AKERS 95c OPAL E~m= 88-94 GeV 
450 +34 +34 268 BUSKULIC 93L ALEP Eceem= 88-94 GeV 

540 +80 4-40 52 ADEVA 92 L3 Ec~= 8 H 4  GeV 

524 +40 +20 172 27 ADRIANI 92E L3 E ~  88-94 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

509,4+ 7.0 ABREU 94 DLPH Ec~= 88-94 GeV 
496.5• 7.9 ACCIARRI 94 L3 E~m= 88-94 GeV 

490.3+ 7.3 AKERS 94 OPAL E~m= 88-94 GeV 

501 • 6 BUSKULIC 94 ALEP Ec~= 88-94 GeV 

27ADRIANI 92E improves but does not supersede ADEVA 92, obtained with 1990 data 
only. 

I-(hadron8) r6 
This parameter Is not directly used In the 5-parameter fit assuming lepton universality, 
but is derived using the fit results. See the 'Note on the Z Bosom' 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
1740.7444 6.9 OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1723 •  1.05M ABREU 94 DLPH Ec~= 88-94 GeV 

1748 +10 1.09M ACCIARRI 94 L3 Ec~= 88-94 GeV 
1741 +10 1.19M 28 AKER8 94 OPAL E~m= 88-94 GeV 

1746 +10 1.27M BUSKULIC 94 ALEP Ec~= 88-94 GeV 

2BAKERS 94 assumes lepton universality. Without this assumption, It becomes 1742 + 11 
MeV. 
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Z BRANCHING RATIOS 
r(hadrons)/r(e + e-) rg/r~ 
VALUE EVTS DOCUMENT ID TECN COMMENT 
20,774" 0.08 OUR FIT 
20.74+ 0.18 31,4k ABREU 94 DLPH Ec~= 88-94 GeV 

20.96• 0.15 38k ACCIARRI 94 L3 Eceem= 88-94 GeV 

20,83+ 0,16 42k AKERS 94 OPAL Ec~= 88-94 GeV 
20,59+ 0.15 45.8k BUSKULIC 94 ALEP E~m= 88-94 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

20.99+ 0.25 17k ACTON 93D OPAL lepl. by AKERS 94 
20,69+ 0,21 BUSKULIC 93J ALEP Repl. by 

BUSKULIC 94 
27.0 +11.7 12 29 ABRAMS 89D MRK2 E~m= 89-93 GeV - 8.8 

29ABRAMS 89D have Included both statistical and systematic uncertainties in their quoted 
errors. 

r(hadrong)/r(~+~-) rg/r= 
VALUE EVTS DOCUMENT IO TEEN .COMMENT 
i!1.?i4-0.07 OUR FIT 
20.7114"0.09 OUR AVERAGE Error includes scale factor of 1.3. See the Ideogram below. 
20.54+0,14 45.6k ABREU 94 DLPH E~m= 88-94 GeV 

21.02+0.16 34k ACCIARRI 94 L3 Ec~= 88-94 GeV 
20.78+0.11 57k AKER5 94 OPAL Ec~= 88-94 GeV 

20.83+0.15 46.4k BUSKULIC 94 ALEP Ec~m= 88-94 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

20,65+0.17 23k ACTON 93D OPAL Repl. by AKERS 94 
20.88• BUSKULIC 93J ALEP Repl. by 

BUSKULIC 94 
18,9 +7.1 13 30ABRAMS 89D MRK2 Eceem= 89-93 GeV -5 .3  

30ABRAMS 89D have included both statistical and systematic uncertainties in their quoted 
errors. 

WEIGHTED AVERAGE 
20.78tO.09 (Error scaled by 1.3) 

Values above of weighted average, error, 
/ / ~  and scale factor are based upon the data in 
/ ~ this ideogram only, They are not neces- 
/' ~ sarily the same as our 'best' values, 
/ I obtained from a least-squares constrained fit 
I ~ utilizing measurements of other (related) 

/ quantities as additional information. 

/ ~ . . . . .  ACCIARRI 94 L3 2.3 
/ I 1 " 1 ~ . . . . . .  AKERS 94 OPAL 0,0 

/ I - -  \ . . . . .  BUSKULIC 94 ALEP 0.1 

J , , ~ " ~ . - I  (C~)rlfidence Level = 05'i35 1 ) 

20 20.5 21 21.5 

r(hadrons)/r(#+, -) 
r(hadms)/r(:+r -) 
VALUE EVTS 
20.804-0.08 OUR FIT 
20.111:1:0.06 OUR AVERAGE 
20.68+1-0.18 25k ABREU 

20.804-0,20" 25k ACCIARRI 

21.01 +0.15 47k AKERS 

20.70+0.16 45.1k BUSKULIC 

22 

rglrs 
DOCUMENT ID TECN COMMENT 

94 DLPH E~m= 88-94 GeV 
94 L3 Ec~= 88-94 GeV 

94 OPAL E~m= 88-94 GeV 

94 ALEP Eceem= 88-94 GeV 
�9 * 'e  We do not use the following data for averages, fits, limits, etc. * �9 �9 

21.22+0.25 18k ACTON 93D OPAL Repl. by AKERS 94 
20.774-0.23 BUSKULIC 93J ALEP Repl. by 

BUSKULIC 94 
15.2 +4.8 21 31 ABRAMS 89D MRK2 Ec~= 89-93 GeV -3 ,9  

31 ABRAMS 89D have lnduded both statistical and systematic uncertainties in their quoted 
errors. 

r(hadrons)/r(t+t - )  rg/r4 
t Indicates each type of lepton (e, ,., and ~-), not sum over them. 

Our fit result is obtained requiring lepton universality. 
VALUE EVTS DOCUMENT ID TECN COMMENT 
20,~  4-0.08 OUR FIT 
20.71' 4"0.07 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram 

below. 
20.62 • 102k ABREU 94 DLPH Ec~= 88-94 GeV 

20.93 • 97k ACCIARRI 94 L3 Ec~= 88-94 GeV 

20.835+0.086 146k AKERS 94 OPAL Ec~=  88-94 GeV 

20.69 +0.09 137.3k BUSKULIC 94 ALEP Ec~=  88-94 GeV 
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�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

20.884-0.13 58k ACTON 930 OPAL Repl. by AKERS 94 
21.004-0.15 40k ADRIANI 93M L3 Repl. by ACCIARR194 
20.784-0.13 BUSKULIC 93J ALEP Repl. by BUSKULIC 94 

1 8 . 9 4 3 . 6  46 ABRAMS 89s MRK2 E c ~ =  89-93 GeV - 3 . 2  

WEIGHTED AVERAGE 
20.77iO.07 (Error scaled by 1.4) 

i ~ Values above of weighted average, error, 
and scale factor are based upon the data in 
this ideogram only. They are not neces. 
sadly the same as our 'bast' values, 
obtained from a least-squares constrained fit 
utilizing measurements of other (related) 
quantities as additional information. 

. . . . .  ABFIEU 94 DLPH 2.2 
/ . . . . .  ACCIARRI 94 L3 2.6 
/ : I . . \  . . . . .  AKERS 94 OPAL 0.6 

I / . . . .  . . . .  BUSKULIC 94 ALEP 0.86.2 

(Confidence Level = 0.104) 

20.2 20.4 20.6 20.8 21 21.2 21.4 21.0 

r(hadrons)/r (,+ t - ) 

I '(hadrom)/rtew r6/r 
This parameter Is not directly used In the overall fit but is derived using the fit results; 
see the "Note on the Z Bosom' 

VAt. U~ ~VT~.  DOCUMENT ID TECN COMMENT 
0.r OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.69834-0.0023 1.14M BUSKULIC 94 ALEP Ecee= 88-94 GeV 

r(e+ e-) / r~,  rdr  
This parameter Is not directly used In the overall fit but is derived using the fit results; 
see the 'Note on the Z Boson.' 

VAI~UE E V T S  DOCUM~ENT ID TECN COMMENT 
O~-W~-- -~JE'~-'I'O.s OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.03383+0.00013 45.8k BUSKULIC 94 ALEP Eceem= 88-94 GeV 

r ( ,+ . - ) / r~=  r=/r 
This parameter Is not directly used In the overall fit but Is derived using the fit results; 
see the 'Note on the Z Boson.' 

VALUE E V T S  DOCUMENT ID TEC N (~OMMENT 
0.03367~0.00013 OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.033444-0.00026 46.4k BUSKULIC 94 ALEP E c ~ =  88-94 GeV 

r(.-+~-)Ir,~, rglr 
This parameter Is not directly used In the overall fit but Is derived using the fit results; 
see the 'Note on the Z Bosom' 

VALUE EVT5 DOCUMENT ID TECN COMMENT 
Oo~t__~,O:l:O.0Ootg OUR FIT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.033664-0.00028 45.1k BUSKULIC 94 ALEP E~m= 88-94 GeV 

r(t+l-)Irto=, r41r 
l Indicates each type of lepton (e,/J, and "r), not sum over them. 

Our fit result assumes lepton universality. 

This parameter Is not directly used in the overall fit but Is derived using the fit results; 
see the 'Note on the Z Boson.' 

VALVe: E V T S  DOCUMENT ID T~.CN COMMENT 
0~-e3tJE'~-~-I'0.--n~x~--- OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.033754-0.00009 137.3k BUSKULIC 94 ALEP E c ~ =  88-94 GeV 

rO~bk,)Ir,~,, rglr 
See the data, the note/and the fit result for the partial width, r 5, above. 

VALUE DOCUMENT ID 
0,2001J,'0,0016 OUR FIT 

r ( .+ , - ) / r ( ,+e- )  r2/rl 
This parameter Is not directly used in the overall fit but is derived using the fit results; 
see the 'Note on the Z Boson.' 

VALUE OOCUMENT /D 
1.000~:0,0~6 OUR FIT 

rO-§247 ) rs/r~ 
This parameter Is not directly used In the overall fit but is derived using the fit results; 
see the 'Note on the Z Boson,' 

VALUE DOCUMENT ID 
0.~:EO.00S OUR FIT 

r((u~+~)P)Ir(hadrons) rdr6 
This quantity Is the branching ratio of Z ~ =up-type" quarks to Z ~ hadrons. Except 
ACKERSTAFF 97T the values of Z ~ "up-type" and Z ~ "down-type" branchings 
are extracted from measurements of r(hadrons), and F(Z ~ ~'4 Jets) where 3, is a 
high-energy (>5  GeV) isolated photon. As the experiments use different procedures 
and slightly different values of M z , r(hadrons) and c~ s In their extraction procedures, 
our average has to be taken with caution. 

VALU~ DOCUMENT ID TECN COMMENT 
0.1484-0,0111 OUR AVERAGE 
0.160•177 32 ACKERSTAFF 97T OPAL E~m= 88-94 GeV | 

013740`038 33ABREU 9Sx DLPH Eceem= 88-94 GeV ' -- 0.054 
0.139+0.026 34 ACTON 93F OPAL E~m= 88-94 GeV 

0.1374-0.033 35 ADRIANI 93 L3 E~m= 91.2 GeV 

32ACKERSTAFF 97T measure r u ~ / ( r d ~ + r u . g + r s - d )  = 0.2584- 0.0314- 0.032. To I 
obtain this branching ratio authors use R c + R  b = 0.380 • 0.010. This measurement Is I 
fully negatively correlated with the measurement of rd-a,s~/(rd~ + ru~ + rs~ ) given | 

in the next data block. 
33ABREU 95x use M Z = 91.1874- 0.009 GeV, r(hadmns) = 17254- 12 MeV and a s = 

0.1234- 0.005. To obtain this branching ratio we divide their value of C2/3 = 0.91._0.3640.25 

by their value of (3C1/3 + 2C2/3) = 6.664- 0.05. 

34ACTON 93F use the LEP 92 value of r(hadrons) = 17404- 12 MeV and c= s = 
012240"006 

" -0.005" 
35ADRIAN193 use M z = 91.1814- 0.022 GeV, r(hadrons) = 1742 • 19 MeV and a s = 

0.1254- 0.009. To obtain this branching ratio we divide their value Of C2/3 = 0.924- 0.22 

by their value of (3C1/3 + 2C2/3) = 6.720 • 0.076. 

r((da+s~+b'B)13)lr(hadrons) rg/r6 
This quantity is the branching ratio of Z --~ "down-type" quarks to Z ~ hadrons. 
Except ACKERSTAFF 97T the values of Z ~ "up-type" and Z --* "down-type" 
branchings are extracted from measurements of I'(hadrons), and I ' (Z --~ 3,+ jets) 
where 3' is a high-energy (>5 GeV) isolated photon. As the experiments use different 
procedures and slightly different values of M Z ,  r(hadrons) and c~ s In their extraction 
procedures, our average has to be taken with caution. 

VALUE DOCUMENT ID T~C~t COMMENT 
0.2~'~-0,009 OUR AVERAGE 
0.2304-0.0104-0.010 36ACKERSTAFF 97T OPAL E~m= 88-94 GeV | 

0 ~a~40.036 37ABREU 98x DLPH E c ~ =  88-94 GeV 
. . . .  -0 .026 

0.2414-0.017 38 ACTON 93F OPAL E c ~ =  88-94 GeV 

0.2434-0.022 39 ADRIANI 93 L3 E~m= 91.2 GeV 

36ACKERSTAFF 97T measure r d ~ , s - t j / ( r d - ~ 4 r u ~ + r s ~  ) = 0.3714- 0.0164- 0.016. To | 

obtain this branching ratio authors use R c 4 R  b = 0.380 • 0.010. This measurement is I fully negatively correlated with the measurement of ru -d / (Fd~-F  r u ~  4 rs-  ~) presented 
In the previous data block. 

37ABREU 95x use M Z = 91.1874- 0.009 GeV. I'(hadrons) = 17254- 12 MeV and a s = 

0.1234- 0.005. To obtain this branching ratio we divide their value of C1/3 . . . . .  _ �9 r 

by their value of (3C1/3 + 2C2/3) = 6.664- 0.05. 

38ACTON 93F use the LEP 92 value of r(hadrons) = 17404- 12 MeV and c= s = 
012 ~40'006 

" ~-0.005" 
39ADRIANI 93 use M Z = 91.181 4- 0.022 GeV, F(hadrons) = 1742 ~ 19 MeV and c~ s -- 

0.125 4- 0.009. To obtain this branching ratio we divide their value of C1/3 = 1,63 4- 0,15 

by their value of (3C1/3 % 2C2/3) = 6.720 4- 0.076. 

R~ = r(c~)/r(h~ns) rg/r6 
OUR FIT is obtained by a simultaneous fit to several c- and b-quark measurements 
as explained in the "Note on the Z boson." As a cross check we have also performed 
a weighted average of the R c measurements taking Into account the various com- 
mon systematic errors. Assuming that the smallest common systematic error is fully 
correlated, we obtain R c = 0.171 4- 0.009. 

Because of the high current interest, we mention the following preliminary results 
here, but do not average them or include them in the Listings or Tables. Combining 
published and unpublished preliminary LEP and SLD electroweak results (as of end of 
February 1998) yields R c = 0.1734 4- 0.0048. The Standard Model predicts R c 
0.1723 for m t = 175 GeV and M H = 300 GeV. 

VALUE DOCUMENT ID TECN COMMENT 
0,117 "l-0.0(m OUR FIT 
0.1804-0.0114-0.013 40 ACKERSTAFF 98E OPAL Etch= 88-94 GeV | 

0.1674-0.0114-0.012 41ALEXANDER 96R OPAL E c ~ =  88-94 GeV | 

0.1623• 42 ABREU 950 DLPH E c ~ =  88-94 GeV 

0.165 •  43 BUSKULIC 94G ALEP E c ~ =  88-94 GeV 

0.1874-0.0314-0.023 44 ABREU 931 DLPH E c ~ =  88-94 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.1424-0.0084-0.014 45AKERS 95OOPAL Repl. byACKERSTAFF98E 
0.151 • 46 ABREU 920 DLPH E c ~ =  88-94 GeV 

"4- J 40ACKERSTAFF 98E use an Indosive/exclusive double tag. In one Jet O mesons are 
exclusively reconstruced in several decay channels and In the opposite Jet a slow pion 
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(opposite charge Inclusive D*4-) tag Is used. The b content of this sample Is measured 
by the simultaneous detection of a lepton in one jet arid an Inclusively reconstructed 
D*4- meson In the opposite jet, The systematic error Includes an uncertainty of 4-0.006 
due to the external branching ratios. 

41ALEXANDER 96R obtain this value via direct charm counting, summing the partial 
contributions from D 0, D +, D+s' and Ac+, and assuming that strange-charmed baryons 

account for the 15% of the Ac+ production. An uncertainty of 4-0,005 due to the 
uncertainties In the charm hadron branching ratios is Included in the overall systematlcs. 

42ABREU 95D perform a maximum likelihood fit to the combined p and P T  distributions 
of single and dllepton samples. The second error includes an uncertainty of 4-0.0124 
due to models and branching ratios. 

43 BUSKULIC 94G perform a simultaneous fit to the p and P T  spectra of both single and 
dllepton events. 

44ABREU 931 assume that the D s and charmed baryons are equally produced at LEP and 
CLEO (10 GeV) energies. 

45AKERS 950 use the presence of a D*4- to tag Z ~ c? with D* ~ DOlt and D O 
K~r. They measure Pc * F(c~)/F(hadrons) to be (1.006 4- 0.055 • 0.061) x 10 -3 ,  where 
Pc is the product branching ratio B(c ~ D*)B(D* --* DOTr)B(D 0 ~ K~r). Assuming 
that Pc remains unchanged with energy, they use its value 47.1 :L 0 .5 )  x 10 - 3  determined 
at CESR/PETRA to obtain F(c~)/F(hedrons). The second error of AKERS 950 includes 
an uncertainty of +0.011 from the uncertainty on Pc" 

46ABREU 920 use the neural network techinque to tag heavy flavour events among a 
sample of 123k selected hadronlc events. The systematic error consists of three parts: 
due to Monte Carlo (MC) parametrlzatlon (0.023), choice of MC model (0.033) and 
detector effects (0.009) added in quadrature. 

R~ = r(b~)Ir(hadm.=) rlolr6 
OUR FIT Is obtained by a simultaneous fit to several c- and b-quark measurements 
as explained in the "Note on the Z bosom" As a cross check we have also performed 
a weighted average of the R b measurements taking into account the various common 
systematic errors. We have assumed that the smallest common systematic error is 
fully correlated. For R c = 0.177 (as given by OUR FIT above), we obtain R b = 
0.2169 4- 0.0012. For an expected Standard Model value of R c = 0.1723, our weighted 
average gives R b = 0.2172 4- 0.0012. 

Because of the high current interest, we mention the following preliminary results 
here, but do not average them or include them in the Listings or Tables. Combining 
published and unpublished preliminary LEP and SLD electroweak results (as of end of 
February 1998) yields R b = 0.2170 + 0.0009. The Standard Model predicts R b = 
0.2158 for m t = 175 GeV and M H = 300 GeV. 

VAItUE EVT5 DOCUMENT ID TEeN COMMENT 
0.2169:1:0. ( IO12 O U R  F I T  

0.21424-0.00344-0.0015 47 ABE 98D SLD EC~= 91.2 GeV 

0.21754-0.00144-0.0017 48 ACKERSTAFF 97K OPAL Ec~= 88-94 GeV 
0.2159:E0.00094-0.0011 49 BARATE 97F ALEP Ec~= 88-94 GeV 

0.22164-0.00164-0.0021 50 ABREU 96 DLPH Ec~= 88-94 GeV 
0.21454-0.0089=t:0.0067 51 ABREU 95D DLPH Ec~= 88-94 GeV 

0.219 4-0.006 4-0.005 52 BUSKULIC 94G ALEP Ec~= 88-94 GeV 

0.222 4-0.003 4-0.007 53 ADRIANI 93E L3 Ec~= 88-94 GeV 

0.222 4-0.011 =I=0-007 54AKERS 938 OPAL E~m= 88-94 GeV 

0.251 4-0.049 4-0.030 32 55 JACOBSEN 91 MRK2 E ~ =  91 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0,21674-0.00114-0.0013 56 BARATE 97E ALEP Ec~= 88-94 GeV 
0.229 4-0.011 57 ABE 96E SLD Repl. by ABE 980 
0.22174-0.00204-0.0033 58 ABREU 950 DLPH Repl. by ABREU 96 
0.22414-0.00634-0.0046 59 ABREU 95J DLPH Repl. by ABREU 96 
0.21714-0.00214-0.0021 60AKERS 958 OPAL Repl. by ACKER- 

STAFF 97K 
0.228 4-0.005 4-0.005 61 BUSKULIC 93N ALEP E~m= 88-94 GeV 

0.222 +0.033 4-0.017 62 ABREU 92 DLPH Ec~= 88-94 GeV -0.031 
0.219 4-0.014 4-0.019 63ABREU 92K DLPH E~m= 88-94 GeV 

0.232 4-0.005 4-0.017 64 ABREU 920 DLPH Ec~= 88-94 GeV 

0.23 +0.10 +0.05 15 65 KRAL 90 MRK2 E~m= 89-93 GeV -0.08 -0.04 

47ABE 98D use a double tag based on 3D impact parameter with reconstruction of sec- 
ondary vertices. The charm background Is reduced by requiring the Invarlant mass at 
the secondary vertex to be above 2 GeV. The systematic error includes an uncertainty of 
4-0.0002 due to the uncertainty on R c.  

48ACKERSTAFF 97K use lepton and/or separated decay vertex to tag Independently each 
hemisphere. Comparingthe numbersof single- and double-tagged events, they determine 
the b-tagging efficiency directly from the data. 

49 BARATE 97F combine the lifetime-mass hemisphere tag (BARATE 97E) with event 
shape Information and lepton tag to identify Z --~ bb candidates. They further use c- 
and uds-selectlon tags to Identify the background. For R c different from its Standard 
Model value of 0.172, R b varies as -O.019x(R c - 0.172). 

50ABREU 96 obtain this result combining several analyses (double lifetime tag, mixed tag 
and muitlvadate analysis). This value Is obtained assuming R c = F ( c ~ ) / r ( h a d r o n s  ) = 
0.172. For a value of R c different from this by an amount A R  c the change in the value 
is given by -0.087.  AR c. 

51ABREU 95D perform a maximum likelihood fit to the combined p and P T  distributions 
of single and dllepton samples. The second error includes an uncertainty of 4-0.0023 
due to models and branching ratios. 

52 BUSKULIC 940 perform a simultaneous fit to the p and P T  spectra of both single and 
dilepton events. 

53ADRIANI 93E use a multidimensional analysis based on a neural network approach. 
54AKERS 938 use a simultaneous fit to single and dilepton events (electrons and muons) 

to tag Z ~ bb. 

55 JACOBSEN 91 tagged bb events by requiring coincidence of _> 3 tracks with significant 
impact parameters using vertex detector. Systematic error includes lifetime and decay 
uncertainties (4-0.014). 

56BARATE 97F combine a lifetime tag with a mass cut based on the mass difference | 
between c hadrons and b hadrons. 

I 57ABE 96E obtain this value by combining results from three different b-tagging methods 
(2D impact parameter, 3D Impact parameter, and 3D displaced vertex). 

58ABREU 95D obtain this result combining several analyses (double-lifetime tag and mixed 
tags). The second error contains an uncertainty of 4-0.0029 due to the total systematlcs 
and an uncertainty of 4-0.0016 due to an 8% variation of F(c~)/F(hadmns) around 
its Standard Model value (0.171 ~ 0.014). Combining with their own lepton analysis, 
ABREU 95D obtain 0.2210 4- 0.0033 4- 0.0003 (models) 4-0.0014 [F(c~)/F(hadrons)]. 

59ABREU 95J obtain this+value with a multivariate analysis based on event shape and 
particle trajectories near the interaction point. The second error contains an uncertainty 
of 4-0.0012 due to an 8% variation of F(c~) /F (hadrons)  around its Standard Model 
value (0.171 :E 0.014). 

60 AKERS 95B select events based on the lepton and/or vertex tag independently in each 
hemisphere. Comparing the numbers of single- and double-tagged events, they determine 
the b-tagging efficiency directly from data. 

61BUSKULIC 93N use event shape and high P T  lepton discriminators applied to both 
hemispheres. 

62 ABREU 92 result is from an indirect technique. They measure the lifetime ~'B, but use 
a world average of r B Independent of F(bb) and compare to their F(bb) dependent 
lifetime from a hadron sample. 

63 ABREU 92K use boosted-spheridty technique to tag and enrich the b-'b content with 
a sample of 50k hadronlc events. Most of the systematic error is from hadronizatlon 
uncertainty. 

64ABREU 920 use the neural network technique to tag heavy flavour events among a 
sample of 123k selected hadronlc events. The systematic error consists of three parts: 
due to Monte Carlo (MC) parametrlzation (0.010), choice of MC model (0.008), and 
detector effects 40.011) added in quadrature. 

65 KRAL 90 used isolated leptons and found F(bb)/F(total) = n 17+ 0.07 +0.04 . . . .  - 0 ,06  - 0.03" 

r(g&&)/r(hadrons) r l l /r6 
VALUE CL~ DOCUMENT ID TEeN COMM~ENT 

<1.6 x 10 - 2  95 66 ABREU 96S DLPH Ec~= 88-94 GeV I 

66 This branching ratio Is slightly dependent on the Jet-finder algorithm. The value we quote | 
is obtained using the JADE algorithm, while using the DURHAM algorithm ABREU 96s I 
obtain an upper limit of 1.5 x 10 - 2 .  

r(~%)Ir~,, rl=Ir 
VALUE CL*~  DOCUMENT ID TEeN COMMENT 

<:5.2 X 10 - S  95 67 ACCIARRI 950 L3 EC~= 88-94 GeV 

<5.5 x 10 - 5  95 ABREU 948 DLPH E~m= 88-94 GeV 

<2.1 x 10 - 4  95 DECAMP 92 ALEP Eceem: 88-94 GeV 

<1.4 x 10 - 4  95 AKRAWY 91F OPAL Ec~= 88-94 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.2 x 10 - 4  95 68 ADRIANI 928 L3 Repl. by ACCIARRI 950 

67This limit Is for both decay modes Z ~ ~rO'//'13 ' which are Indistinguishable In ACClA- 
RRI 950. 

68Thls limit Is for both decay modes Z ~ ~0-//~/3, which are indistinguishable In ADRI- 
ANI 928. 

r(~7)/r~,, ru / r  
VALUE CL~ DOCUMENT ID TEeN COMMENT 

<7.6 X 10 - 5  95 ACCIARRI 950 L3 E c ~ :  88-94 GeV 

< 8 . 0  x 10 - 5  95 ABREU 94B DLPH Ec~= 88-94 GeV 

<S.I  x 10 - 5  95 DECAMP 92 ALEP Eceem= 88-94 GeV 

<2.0 x 10 - 4  95 AKRAWY 91F OPAL Ec~= 88-94 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.8 x 10 - 4  95 ADRIANI 92B L3 Repl. by ACClARRI 95G 

r (~) / reml  ri+/r 
VALUE ~ DOCUMENT ID TEEN COMMENT 

<6.5 X 10 - 4  95 ABREU 94B DLPH Ec~= 88-94 GeV 

r(.'(gss)=)/rto=l r,s/r 
VALUE ~ DOCUMENT ID TEeN COMMENT 

<4.2 X 10 - 5  95 DECAMP 92 ALEP Eceem= 88-94 GeV 

r(77)/rt=., rls/r 
This decay would violate the Landau-Yang theorem. 

VAL UE CL r DOCUMENT ID TEeN COMMENT 

<5.2 X 10 - 5  95 69 ACClARRI 950 L3 Ec~ = 88-94 GeV 

<5.5 x 10 - 5  95 ABREU 948 DLPH E~m= 88-94 GeV 

<1.4 x 10 - 4  95 AKRAWY 91F OPAL Eceem= 88-94 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.2 x 10 - 4  95 70 ADRIANI 928 L3 Repl. by ACCIARRI 950 

69 Thle limit is for both decay modes Z ~ lr0-[/'7"7 which are Indistinguishable in ACCIA- 
RRI 95G. 

70This limit Is for both decay modes Z ~ 7r0 3./'y-( which are Indistinguishable In ADRI* 
ANI 928. 
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r (~ -O/ r~  rldr 
VALU E CL~ OOCUMENT ID TECN COMMENT 

<1.0 X 10 - w  95 71 ACCIARRI 95c L3 Ec~m= 88-94 GeV 
<1.7 x 10 - 5  95 71 ABREU 94B DLPH Ec~= 88-94 GeV 

<6.6 x 10 - 5  95 AKRAWY 91F OPAL E~m= 88-94 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<3.3 x 10 - 5  95 ADRIANI 92B L3 Repl. by ACCIARRI 95C 

71 Limit derived in the context of composite Z model. 

r(~ ~r~)/r~: rl~/r 
The value is for the sum of the charge states indicated. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

< 7 X 1 0  - ~  95 DECAMP 92 ALEP 

r(~* w~)Ir~,,  
The value Is for the sum of the charge states Indlcated. 

VALUE ~ DOCUMENT ID TECN 

<8~  x 10 - w  95 DECAMP 92 ALEP 

r(J/~(lS)X)lr~=, 
VALUE (units 10 -3) EVTS DOCUMENT ID TECN 
3.~:t:0.2~1 OUR AVERAGE 
3.404-0.234-0.27 441 72 ACCIARRI 97J L3 

3.9 :EO.2 4-0.3 511 73ALEXANDER 96B OPAL 

3.734-0.394-0.36 153 74 ABREU 

E~m= 88-94 GeV 

r . / r  
1 C O M M E N T  

Ec~= 88-94 GeV 

r~01r 
COMMENT 

EC~= 88-94 GeV 

E~m= 88-94 GeV 

94P DLPH Eceem= 88-94 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 e 

3.6 4-0.5 4-0.4 121 74ADRIANI 93J L3 Repl. by ACCIARRI 97J 

72ACCIARRI 97J combine/~+p- and e+e - J/V~(15) decay channels and take into ac- | 
count the common systematic error. I 

73ALEXANDER 96B identify J /~(1$)  from the decays Into lepton pairs. (4.8 • 2.4)% of 
this branching ratio Is due to prompt J /~(15)  production (ALEXANDER 96N). 

74 Combining ,u -i- p -  and e + e -  channels and taking into account the common systematic 
errors, (7.7+6:3)% of this branching ratio Is due to prompt J/g,(1S) production. 

r(~(2s) x)/rt== r=z/r 
VALUE {units 10 -3) EVTS DOCUMENT ID TECN COMMENT 
1.60-1-0.29 OUR AVERAGE 
1.6 4-0.5 4-0.3 39 75ACCIARRI 97J L3 E~m= 88-94 GeV ' 

1.6 4-0.3 4-0.2 46.9 76 ALEXANDER 96B OPAL Ec~= 88-94 GeV 

1.604.0.734-0.33 5.4 77 ABREU 94P DLPH Ec~= 88-94 GeV 

75ACCIARRI 97J measure thisbranching ratio via the decay channel r  ~ t + !  - ( t  I 
=/~, e). 

76ALEXANDER 96B measure this branching ratio via the decay channel r 
J / r  - ,  with J / ~  ~ l + t  - .  

77 ABREU 94P measure this branching ratio via decay channel V~(25) ~ J/VJ ~+  ~ - ,  with 
J /~  ~ i~+ /~-. 

r(x~(1P)X)lr== r. . /r  
VALUE (units 10 -3} EVTS DOCUMENT ID TECN COMMENT 
2.94-0.7 OUR AVERAGE 
2.74-0.64-0.5 33 78 ACCIARRI 97J L3 E ~ =  88-94 GeV I 

5.04-2.1____.1:5 6.4 79 ABREU 94P DLPH E ~ :  88-94 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limlts, etc. �9 �9 �9 

7.54-2.94-0.6 19 79 ADRIANI 93J L3 Repl. by ACCIARRI 97J 

78ACCIARRI 97J measure this branching ratio via the decay channel Xcl  ~ J / r  + ~, | 

with J / r  ~ t + t  - ( t  = #, e). The M ( t + t - ~ ) - M ( t + t  - )  mass difference spectrum I is fitted with two gaussian shapes for Xcl  and Xc2. 

79This branching ratio is measured via the decay channel Xcl  ~ J / r  + ~, with J / r  
/~+/~--. 

r(xo(1P)X)lr==l r.~/r 
VAL~J~ CL~ DOCUMENT ID TECN ~QMM~NT 

<3.2 x 10 - 3  90 80 ACCIARRI 97J L3 E~m= 88-94 GeV ' 

80ACCIARRI 97J derive this limit via the decay channel Xc2 -~ J / ~  + % with J/VJ ~ , 

t + t  - ( t  = p, e). The M ( t + t - - y ) - M ( t + t  - )  mass difference spectrum Is fitted with I two gausslan shapes for Xcl  and Xc2. 

r(T(ZS)X+T(~S)X+~'(~S)X)Ir~o~I r~/r  = (r , ,+r~+r~)/r  
VALUE (units 10 -4) EVTS DOCUMENT ID TECN COMMENT 

1.0"1-0A'1-0.22 6.4 81ALEXANDER 96F OPAL Ec~= 88-94 GeV 

81ALEXANDER 96F identify the T (which refers to any of the three lowest bound states) 
through its decay into e + e -  and/~+/~-. The systematic error includes an uncertainty 
of 4-0.2 due to the production mechanism. 

r(~(lS) X)/r==, r.=/r 
VALUE CL~ DOCUMENT I0 TECN COMMENT 

<SJi; x 10 - g  95 82 ACCIARRI 97R L3 Eceem= 88-94 GeV ' 

82ACCIARRI 97R search for T(1S) through its decay into t + t  - ( t  = e or t~). | 

r(T(zs)x)Irt~, r~Ir  
VALUE ~ DOCUMENT ID TECN ~OMM~NT 

<18.9 X 10 - w  95 83 ACCIARRI 97R L3 E~m= 88-94 GeV ' 

83ACCIARRI 97R search for T(25) through its decay Into t + t  - ( t  = �9 or p). I 
r(T(3s)x)/r~=, r=7/r 
VA~UE ~ DOCUMENT ID TECN COMMENT 

<9.4 X 10 - S  95 84 ACCIARRI 97R L3 E ~ =  88-94 GeV ' 

84ACCIARRI 97R search for T(35)  through Its decay Into t + t  - ( t  = e or/~). I 

r((g~176 r=/r6 
VALUE EVTS DOCUMENT I D TECN COMMEN T 

0.29G-t-O.019-t-0.0~I 369 85 ABREU 931 OLPH Eceem= 88-94 GeV 

85The ( D O / D  O) states in ABREU 931 are detected by the K~r decay mode. This is a 
corrected result (see the erratum of ABREU 931). 

r(D~x)/r(hadm=) r=./r6 
VALUE EVT$  DQ~UMENT ID TECN ~QMM~N T 

0.174"4"0.0164"0.018 539 86 ABREU 931 DLPH EC~= 88-94 GeV 

86The D • states In ABREU 931 are detected by the K~rlr decay mode. This Is a corrected 
result (see the erratum of ABREU 931). 

r(o*(2010)*x)/r(hadms) r=/r6 
The value is for the sum o f  the charge states indicated. 

VALU E ~VTS DOCUMENT ID TECN COMMENT 
0.1634"0.019 OUR AVERAGE Error Includes scale factor of 1.3. 
0.1554-0.010• 358 87 ABREU 931 DLPH Ec~= 88-94 GeV 

0.21 4-0.04 362 88 DECAMP 91J ALEP Ec~= 88-94 GeV 

87D*(2010)4" in ABREU 931 are reconstructed from DO*r 4-, with D O - *  K -~ r  +. The 
new CLEO II measurement of B(D * •  --* D01r •  = (68.1 4- 1.6) % Is used. This Is a 
corrected result (see the erratum of ABREU 931). 

88DECAMP 91J report B(D*(2010) + --~ D0*r + )  B(D 0 - *  K -~ r  + )  r(D*(2010)4.X) 
/ r(hadrons) = (8.11 4" 0.34) x 10 - 3 .  They obtained the above number assuming 
B(D 0 ~ K-~r  + )  = (3.62~-0.344-0.44)% and B(D*(2010) + ~ DOx + )  = (554-4)%. 
We have rescaled their original result of 0.26 4- 0.05 taking into account the new CLEO 
11 branching ratio B(D*(2010) + ~ O07r + )  = (68.1 4- 1.6)%, 

r(~x)/r(hadmn d r=/r= 
VA~U E DOCUMENT ID TECN COMMENT 

seen 89 ABREU 92M DLPH Eceem= 88-94 GeV 
seen 90 ACTON 92N OPAL E~m= 8 H 4  GeV ' 
seen 91 BUSKULIC 92E ALEP Ec~= 88-94 GeV ' 

89ABREU 92M reported value is F(BOX),B(B 0 ~ DsI~Ut~X ) *B(D s ~ ~lr)/r(hadrons) 

= (18 • 8) x 10 - 8  . 
90ACTON 92N find evidence for B sO production using Ds-t correlations, with Ds+ ~ ~lr + , 

and K*(892) K +.  Assuming R b from the Standard Model and averaging over the e arid , 
p ch . . . .  Is, authors measure the product branching fraction to be t{~ ~ BsO)x B(Bs0 ~ | 

D s t + V t X ) x B ( D  s -~ / ~ , - )  = (3.9 • 1.1 • 0.8) x 10 -4 .  

91BUSKULIC 92E find evidence for BsO production using Ds-t . . . . .  ,atl . . . .  with o,+ - -  I 
4~r + and K*(892)K +.  Using B(Ds+ ---* ~ r §  = (2.7 4- 0.7)% and summing up the I 
e and /J channels, the weighted average product branching fraction is measured to be | 

~- 0 n11+0.010 B ( b - -  Bs0)XB(Bs 0 ~ D s t + V t X  ) = 0.040 . . . . . .  0mOZ 2 �9 

r(o'X) l[r(ox) + r(o'x)] r . l ( r = + r . )  
AS the experiments assume different values of the b-baryon contribution, our average 
should be taken with caution. If we assume a common baryon production fraction lab 
= (]3.2 • 4.1)% as given in the 1996 edition of this Review OUR AVERAGE becomes 
0.77 4- 0.04. 

VALUE Errs pOCUMENT ID TECN COMMENT 
0.7E 4-0.04 OUR AVERAGE 
0.7604-0.036• 92 ACKERSTAFF 97M OPAL Eceem~ 88-94 GeV ' 

0.771• 93 BUSKULIC 96D ALEP E~m= 88-94 GeV 

0.72 +0.03 4-0.06 94 ABREU 95R DLPH Ec~m = 88-94 GeV 

0.76 4-0.08 4-0.06 1378 95 ACCIARRI 95B L3 Eceem= 88-94 GeV 

92ACKERSTAFF 97M use an Inclusive B reconstruction method and assume a (13.2 4- I 
4.1)% b-baryon contribution. The value refers to a b-flavored meson mixture of B u, B d, , 
and B s, 

93BUSKULIC 96D use an inclusive reconstruction of B hadrons and assume a (12.2 4- 
4.3)% b-baryon contribution. The value refers to a b-flavored mixture of B u, B d, and 
es, 

94 ABREU 95R use an inclusive B-reconstruction method and assume a (10 4- 4)% b-baryon 
contribution. The value refers to a b-flavored meson mixture of B u, B d, and B s. 

95ACCIARRI 95B assume a 9.4% b-baryon contribution. The value refers to a b-flavored 
mixture of B u, B d, and B s. 

r(anomalous-y+ hadrons)/rtet=l r~4/r 
Limits on additional sources of prompt photons beyond expectations for final-state 
bremsstrahlung. 

VALUE CL~ DOCUMENT ID TECN ~.MM~NT 

<$.2 X 10 - 3  95 96 AKRAWY 90J OPAL E~m= 88-94 GeV 

96AKRAWY 90J report 1"(3,X) < 8.2 MeV at 98%CL. They assume a three-body "yq~ 
distribution and use E(3') > 10 GeV. 



See key on page 213 

r(e+ e--~)/r~,, 
VALUE ~ DOCUMENT ID TEEN COMMENT 

<S.2 x 1 0 - 4  95 97 ACTON 91B OPAL Ec~m= 91,2 GeV 

r , . / r  

97ACTON 91B looked for isolated photons with E>2% of beam energy (> 0.9 GeV). 

r(~+~-~)/r~., r~/r 
VALUE CL~ DOCUMENT ID TECN COMMENT 

< | .6  X 10 - 4  95 98 ACTON 91B OPAL E~m= 91.2 GeM 

98ACTON 91B looked for isolated photons with E>2% of beam energy (>  0.9 GeV). 

r(.+.-~)/rt== r~/r 
VALUE CL~ DOCUMENT ID T~.CI~ COMMENT 

<7,3 X 10 .-4 95 99 ACTON 918 OPAL E c ~ =  91.2 GeV 

99ACTON 91B looked for isolated photons with E>2% of beam energy (> 0.9 GeV). 

r(Pt-~)/r~,0 r=/r 
VALUE CL~ DOCUMENT ID T ~ N  COMMENT 

<6.g x 10 - 6  95 100 ACTON 93E OPAL E~m= 88-94 GeV 

The value Is the sum over t = e, /~, ~'. 

100For m-r.y = 60 4- 5 GeV. 

r(q~-y-y)/r~n 
VALUE CL~ DOCUMENT ID 

<g-g x 10 "-6 95 101 ACTON 

101 For m.r .  / = 60 4- 6 GeV. 

r(Mp~)/r~,l 
VAI~U~ CL~ DOCUMENT IO 

<3.1 x 10 - 6  95 102 ACTON 

102For ro-r'7 = 60 4- 5 GeV. 

r~/r 
TEEN COMMENT 

93E OPAL E c ~ =  88-94 GeV 

r4o/r 
TEEN COMMENT 

93E OPAL Eceem= 88-94 GeV 
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r(e*~)/r(e+,-) r4drl 
Test of lepton family number conservation. The value is for the sum of the charge 
states Indicated. 

VALU~ EL% DOCUMENT ID T~CN COMMENT 

<0-O1 r 90 ALBAJAR 89 UA1 EP~n = 546,630 GeV 

r ( ~ ) / r ~ =  r41/r 
"rest of  lepton family number conservation, The value Is for the sum of the charge 
states indicated. 

VALUE CL~ DOCUMENT ID Tf~(~N COMMENT 

<2.5  X 10 - 6  95 ABREU 97C DLPH E~m= 88-94 GeV I 

< 1 . 7  x 10 - $  95 AKERS 95WOPAL E c ~ =  88-94 GeV 

<0 .6  x 10 - 5  95 ADRIANI 931 L3 E~m= 88-94 GeV 

<2.6 x 10 - 5  95 DECAMP 92 ALEP Eceem= 88-94 GeV 

r(~r=F)/r~l r~Ir 
Test of lepton family number conservation. The value is for the sum of the charge 
states Indicated. 

V,4LU~. CL.,es pOCUM~NT ID TEEN COMMENT 

<2.2 x 10 - 5  95 ABREU 97C DLPH E c ~ =  88-94 GeV I 

<g.8 X 10 - 6  95 AKERS 95WOPAL EC~= 88-94 GeV 

<1.3 x 10 - 5  95 ADRIANI 931 L3 E c ~ =  88-94 GeV 

<1 .2  x 10 - 4  95 DECAMP 92 ALEP E~m= 08-94 GeV 

r0,4-~:)/r~., r~/r 
Test of lepton family number conservation. The value is for the sum of the charge 
states indicated. 

VALUE CL% DOCUMENT ID T{CN COMMENT 

<1.2 X 10 - 5  95 ABREU 97C DLPH E~m= 68-94 GeV I 

<1.7 x 10 - 5  95 AKERS 96WOPAL E~m= 68-94 GeV 

<1.9 x 10 - 5  95 ADRIANI 931 L3 E~m= 88-94 GeV 

<1.0 x 10 - 4  95 DECAMP 92 ALEP E c ~ =  88-94 GeV 

AVERAGE PARTICLE MULTIPLICITIES IN HADRONIC Z DECAY 

Summed over particle and antiparticle, when appropriate. 

(N.,) 
YALUE DOCUMENT ID TEEN 

17.064-0.43 AKER5 94P OPAL 

(N.,) 
VALUE DOCUMENT IO 

VALUE DOCUMENT ID TEEN COMMENT 

0.93 4-O.01 4-0.09 ACCIARRI 96 L3 E c ~ =  91.2 GeV 

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

0.91 4-0.02 4-0.11 ACCIARRI 94B L3 RepL by ACCIARRI 96 
0.2964-0.0234-0,021 103 BUSKULIC 92D ALEP E c ~ =  91.2 GeV 

103 BUSKULIC 92D obtain this value for x>  0,1. 

(N,,) 
VALUE DOCUMENT tD TEEN COMMENT 
1.~i04-0.12 OUR AVERAGE 

1.454-0.064-0.20 BUSKULIC 96H ALEP Eceem= 91.2 GeV 

1,21+0.04• ABREU 95L DLPH E c ~ =  91.2 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.43+0.124-6.22 ABREU 93 DLPH Repl. by ABREU 95L 

VALUe: DOCUMENT ID TEEN COMMENT 
1.114-0.11 OUR AVERAGE 

1.174-0.094-0,15 ACCIARRI 97D L3 E c ~ =  91.2 GeV I 

1.074-0.06-J-0,13 BUSKULIC 96H ALEP E c ~ =  91.2 GeV 

VALUE DOCUMENT ID TEEN COMMENT 

O.;TJB 4-0.04 104 ACEIARRI 97D L3 E c ~ =  91.2 GeV I 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.066• 105 BUSKULIC 92D ALEP E~m= 91,2 GeV 

104ACCIARRI 970 obtain this value averaging over the two decay channels r/r ~ ~ r+ l r -  T/ I 
and *71 ~ p0-r. I 

165 BUSKULIC 92D obtain this value for x>  0,1. 

(N~(,,.)) 
VALUE ~)OCUM~NT I0 TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0984-0.016 106 ABREU 95L DLPH Ec~m = 91.2 GeV 

0,10 4-0.03 4-0.019 107 ABREU 93 DLPH Repl, by ABREU 95L 

106ABREU 95L obtain this value for 0.05 < x <  0.6. 
107ABREU 93 obtain this value for x> 0.06. 

(N,) 
VA~.U~ DOCUMENT ID TEEN COMMENT 
0.10e4-0.006 OUR AVERAGE Error includes scale factor of 1,4, See the ideogram below. 

0.1044-O.0034-0.007 ABREU 96u DLPH E c ~ =  91.2 GeV I 

0.1224-6.0044-0.008 BUSKULIC 96H ALEP Ecee m -  91.2 GeV 

0.1004-0.0044-0.007 AKER5 95x OPAL Ecee= 91,2 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.086• ACTON 920 OPAL Repl. by AKERS 95x 

COMMENT 

E~m= 91.2 GeV 

TECN COMMENT 
9 . 7 g + 0 . 2 8  O U R  AVERAGE 
9,634-0.13• BARATE 97J ALEP Eceem= 91,2 GeV 

9.90• ACCIARRI 96 L3 E c ~ =  91.2 GeV 

9.2 4-0.2 :EI.O ADAM 96 DLPH Ecr 912  GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

9,18+0,034-0.73 ACCIARRI 948 L3 RepL by ACCIARRI 96 

0.06 

WEIGHTED AVERAGE 
0.108t"0.006 (Error scaled by 1.4) 

. . . . .  ABREU 96U DLPH 02  
. . . .  BUSKULIC 96H ALEP 2.6 

I . . . . . . . .  AKERS 95X OPAL 0.9 
3.7 

(Confidence Levet = 0,157) 
. I I I F 
0.08 0.1 0,12 0.14 0,16 0.18 

VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.1704-0.043 108 ABREU 95L DLPH E c ~ =  91.2 GeV 

0.11 • 4-0.03 109 ABREU 93 DLPH RepL by ABREU 95L 

106ABREU 95L obtain this value for x>  0,05. 
109ABREU 93 obtain this value for x> 0,1. 



238 

Gauge & Higgs Boson Particle Listings 
z 

VALUE 

0.0204-0,005:E0.008 

(N.,) 
VALUE 

DOCUMENT ID TECN COMMENT 

ABREU 96C DLPH E c ~ =  91.2 GeV 

DOCUMENT ID TECN COMMENT 

ABREU 95F DLPH Eceem= 91.2 GeV 

AKERS 94P OPAL E~m= 91.2 GeV 

DOCUMENT ID TEEN COMMENT 

ACCIARRI 97L L3 E~m= 91.2 GeV 

ABREU 95L DLPH Eceem= 91.2 GeV 

AKERS 95U OPAL E c ~ =  91.2 GeV 

BUSKULIC 94K ALEP E c ~ =  91.2 GeV 

(~)  
VALUC~ DOCUMENT ID TEEN COMMENT 
0.4624"0.026 OUR AVERAGE 
0.465•177 ALEXANDER 96R OPAL E c ~ =  91.2 GeV 

0.518•177 BUSKULIC 94J ALEP E ~ =  91.2 GeV 

0.403•177 112 ABREU 931 DLPH E~m= 91.2 GeV 

112 See ABREU 95 (erratum). 

VALUE DOCUMENT ID TEEN COMMENT 

0.1314-0.0104-0.018 ALEXANDER 96R OPAL E c ~ =  91.2 GeV 

(No,(2o~o)*) 
VALUE DOCUMENT IO TEEN COMMENT 
0.l IB 4-0.0011 OUR AVERAGE 
0.1854•177 113 ACKERSTAFF 98E OPAL E~m= 91.2 GeV 

0.187 • • BUSKULIC 94J ALEP E c ~ =  91.2 GeV 

0.171 • 4-0.016 114 ABREU 931 DLPH E c ~ =  91.2 GeV 

2.374-0.11 OUR AVERAGE 
2.26•177 

2.424-0.13 

(N,<,) 
VArC~ 
2.0134-0.023 OUR AVERAGE 
2.024 • 0.006 • 0.042 

1.962 • • 

1.99 ~0.01 • 

2.061• 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. * �9 * 

2.04 :~0.02 •  ACCIARRI 94B L3 Repl. by ACCIARRI 97L 
2.12 •  •  ABREU 92G DLPH Repl. by ABREU 95L 

(NK.(m~) 
VALUE DOCUMENT IO TECN COMMENT 
0.72 4-0,06 OUR AVERAGE 
0.7124-0.031• ABREU 95L DLPH E~m= 91.2 GeV 

0.72 •  •  ACTON 93 OPAL E c ~ =  91.2 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.33 • •  ABREU 92G DLPH Repl. by ABREU 95L 

�9 * * We do not use the following data for averages, fits, limits, etc. �9 �9 * 

0.183 • • 115 AKERS 950 OPAL Repl. by ACKER- 
STAFF 98E 

113ACKERSTAFF 98E systematic error includes an uncertainty of • due to the 
branching ratios B(D * +  ~ D01r + )  = 0.683 • and B(D 0 ~ K -  lr + )  = 0.0383 • 
0.0012. 

114See ABREU 95 (erratum). 
115AKERS 950 systematic error includes an uncertainty of • due to the D * •  and 

D O branching ratios [they use B(D* ~ D0~r) = 0.681 • 0.016 and B(D 0 ~ K~ )  = 
0.0401 • 0.0014 to obtain this measurement]. 

(NK'(~)o) 
VALUE DOCUMENT ID T~(~ N COMMENT 
0.7524-0.02g OUR AVERAGE 
0.74 •  •  ACKERSTAFF 975 OPAL E~m= 91.2 GeV 

0.77 •  •  ABREU 96u DLPH E~m= 91.2 GeV 

0.83 •  •  BUSKULIC 96H ALEP E c ~ =  91.2 GeV 

0.97 •  •  ABREU 93 DLPH E c ~ =  91.2 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

0.74 •  •  AKERS 95x OPAL Repl. by ACKER- 
STAFF 97s 

(N~..o)) 
VALUE DOCUMENT ID TEEN COMMENT 

0*071J4-0JD264-0.0~I1 ABREU 96U DLPH EcC~= 91.2 GeV 

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

0.19 •  •  110AKERS 95x OPAL E~m= 91.2 GeV 

110AKERS 95x obtain this value for x< 0.3. 

(No,) 
VALUE DOCUMENT ID TECN COMMENT 

VALUE (units 10 -3) DOCUMENT ID TEEN COMMENT 

�9 * �9 We do not use the following data for averages, fits, limits, etc. �9 * �9 

2 9 4 0 7  . _016• 116ACKERSTAFF 97wOPAL E~m= 91.2 GeV 

116ACKERSTAFF 97w obtain this value for x> 0.6 and with the assumption that Its decay 
width is saturated by the D* K final states. 

VALUE DOCUMENT IO TEEN COMMENT 

0.28 4-0.01 4-0.~1 117 ABREU 95R DLPH E c ~ =  91.2 GeV 

117ABREU 95R quote this value for a flavor-averaged excited state. 

(NJ/,KlS)) 
VALUE DOCUMENT ID TEE N CQMM~NT 

0.00r~4-0.000~4-0.0(]04 118 ALEXANDER 968 OPAL Eceern= 91.2 GeV 

118ALEXANDER 96B identify J/V~(15) from the decays into lepton pairs. 

(~=)) 
VALU~ DOCUMENT IO TECN COMMENT 

0.002~J4-0.00044-0.0003 

0.1874"0.0~0 OUR AVERAGE Error includes scale factor of 1.5. See the Ideogram below. 

0.170•177 ALEXANDER 96R OPAL E c ~ =  91.2 GeV 

0.251•177 BUSKULIC 94J ALEP E c ~ =  91.2 GeV 

0.199:~0.019i0.024 111ABREU 931 DLPH E c ~ =  91.2 GeV 

111See ABREU 95 (erratum). 

WEIGHTED AVERAGE 
0.18710.020 (Error scaled by 1.5) 

: X2 
. . . .  ALEXANDER 96R OPAL ~1- 

/ . ~ . . . .  BUSKULIC 94J ALEP 3.1 
/ I - -  " ~  . . . . .  ABREU 931 DLPH 0.2 

/ ' ' i ~  ( COnfidence Level = 04i3 4 ) 

0.1 0.15 0.2 0.25 0.3 0.35 0.4 

<=~,> 

ALEXANDER 96B OPAL 

(N,) 
VALUE DOCUMENT ID TEEN COMMEN T 
0.984"0.09 OUR AVERAGE 
1.07+0.01• ABREU 95F DLPH 

0.92• AKERS 94P OPAL 

VALUE DOCUMENT ID TECN 
O.0~-kO.0~ OUR AVERAGE Error includes scale factor of 2.4. 
0.079:t:0.0094-0.011 ABREU 95w DLPH 

0.22 • +0.04 ALEXANDER 980 OPAL 

(N,,,) 
VALUE DOCUMENT IO T~CN COMMENT 
0.3724-0.007 OUR AVERAGE 
0.364 •177 ACCIARRI 97L L3 

0.374•177 ALEXANDER 97D OPAL 

0.386• BUSKULIC 94K ALEP 

0.357 •177 0.017 ABREU 93L DLPH 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

E c ~ =  91.2 GeV 

E~m= 91.2 GeV 

E c ~ =  91.2 GeV 

COMMENT 

Eceem= 91.2 GeV 

E c ~ =  91.2 GeV 

E c ~ =  91.2 GeV 

E c ~ =  91.2 GeV 

Eceem = 91.2 GeV 

E~m= 91.2 GeV 

VALU E DOCUMENT ID TEEN COMMENT 

0.0~134-0.(X~1~0.0019 ALEXANDER 97D OPAL E c ~ =  91.2 GeV 

(N~§ 
VALUE DOCUMENT/D TEEN COMMENT 

0.0~4-0.0084"0.013 ALEXANDER 97E OPAL E c ~ =  91.2 GeV 

0.37 • 4-0.04 ACCIARRI 94B L3 �9 Repl. by ACCIARRi 97L 
0.351• ACTON 92J OPAL RepL by ALEXAN- 

DER 97D 
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(~r-) 
VALUE 

0.083+0.0084-0.009 

(N~++~_) 
VALUE 

DOCUMENT ID TECN COMMENT 

ALEXANDER 97E OPAL E c ~ =  91.2 GeV | 

DOCUMENTID TECN COMMENT 
0.181-1-0.018 OUR AVERAGE 
0.182:[:0,010• 119ALEXANDER 97E OPAL E~m= 91.2 GeV | 

0.170•177 ABREU 950 DLPH E c ~ =  91.2 GeV 

119We have combined the values of ( N s  and ( N E _ )  from ALEXANDER 97E adding | 
the statistical and systematic errors of the two final states separately in quadrature. If I isospin symmetry is assumed this value becomes 0.174 4- 0.010 • 0.015. 

(,v~) 
VALUE DOCUMENT ID TECN COMMENT 
0.070-1-0.011 OUR AVERAGE 
0.071:1-0.0124-0,013 ALEXANDER 97E OPAL Ec~m = 91.2 GeV I 

0.070:[:0.010:[:0,010 ADAM 96B DLPH E c ~ =  91.2 GeV 

(N(z§ 
VALUE DOCUMENT IO TECN COMMENT 

0.014~0.008~0.008 ALEXANDER 97E OPAL Ec~m = 91.2 GeV | 

(Nz(..~,) 
VALUE DOCUMENT ID TECN COMMENT 

0.02394-0.00(~-k0.0012 ALEXANDER 97D OPAL Ec~m = 91.2 GeV | 

(N~(~)_) 
VALUE DOCUMENT ID Tc~:N COMM~I~T 

0.0240-1-0.0010• ALEXANDER 97D OPAL Ec~m = 91.2 GeV I 

( N z l l , W S ) + + Z l l m S ) - )  
VAL.UE DOCUMENT ID TECN COMMENT 
0.046 4-0.004 OUR AVERAGE Error includes scale factor of 1.6, 
0.0479•177 ALEXANDER 97D OPAL E c ~ =  91,2 GeV | 

0.0382:[:0,0028:[:0.0045 ABREU 950 DLPH Eceem= 91.2 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0380:[:0.0062 ACTON 92J OPAL Repl. by ALEXAN- 
DER 97D 

(N=~) 
VALUE DOCUMENT ID TECN COMMENT 
0.0258+0.00~ OUR AVERAGE 
0.02594-0.0004• ALEXANDER 97D OPAL E c ~ =  91.2 GeV | 

0.0250• ABREU 950 DLPH E c ~ =  91.2 GeV 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

0.020 :[:0.004 • ABREU 92G DLPH Repl, by ABREU 95O 
0.0206• Ac : roN 92J OPAL Repl, by ALEXAN- 

DER 97D 

VALUE DOCUMENT ID T~:N CQMMENT 
0,00U4-0.0013 OUR AVERAGE Error includes scale factor of 3.2. 

0.0068• ALEXANDER 97D OPAL Ec~m= 91.2 GeV | 

0.0041:[:0.0004:[:0,0004 ABREU 950 DLPH E c ~ =  91.2 GeV 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

0.0063:[:0.0014 ACTON 92J OPAL Repl. by ALEXAN- 
DER 97D 

(N~_) 
VALUE DOCUMENT ID TECN COMMENT 
0.00164=E0.._--_--~-~_- OUR AVERAGE 
0.0018 • ~-0,0002 ALEXANDER 97D OPAL E c ~ =  91.2 GeV I 
0.0014 • • ADAM 96B OLPH E c ~ =  91,2 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

0.0050 4-0.OO15 ACTON 92J OPAL Repl. by ALEXAN- 
DER 97D 

(N,,:) 
VALU E DOCUMENT ID TECN COMMENT 

0.078-l-0.0124-0.012 ALEXANDER 96R OPAL Ececm = 91.2 GeV 

(N~,.,..,) 
VALUE DOCUMENT ID TECN COMMENT 
21.004-0.13 OUR AVERAGE 
21.05:[:0.20 AKERS 95Z OPAL E c ~ =  91.2 GeV 
20.91:[:0.03:[:0.22 BUSKULIC 95R ALEP E~m= 91.2 GeV 

21.40• ACTON 92B OPAL E c ~ =  91.2 GeV 

20.71:[:0.04:[:0.77 ABREU 91H DLPH E c ~ =  91.2 GeV 

20.7 :[:0.7 ADEVA 911 L3 E~m= 91.2 GeV 

20.1 4-1.0 :t:0.9 ABRAMS 90 MRK2 Ec~m= 91,1 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

20,85 + 0.02 • 0.24 DECAMP 91K ALEP Repl. by BUSKULIC 95R 
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Z H A D R O N I C  P O L E  CROSS S E C T I O N  

This quantity Is defined as 

~0 -- 12~ r ( e+e  - )  r(hadrons) 

It Is one of the parameters used in the Z Ilneshape fit. (See the 'Note on 
the Z Boson.') 

VALUE (nb) EVT5 
41.54-1-0.14 OUR FIT 
41./R4-0.10 OUR AVERAGE 
41.23:[:0.20 1.05M 

41.39:[:0.26 1,09M 

41.70:[:0,23 1.19M 

41.60:[:0.16 1.27M 

DOCUMENT ID TECN COMMENT 

ABREU 94 DLPH E~m= 88-94 GeV 

ACCIARRI 94 L3 E c ~ =  88-94 GeV 

AKERS 94 OPAL E ~ m -  58-94 GeV 

BUSKULIC 94 ALEP E c ~ =  88-94 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

41.45:[:0.31 512k ACTON 93D OPAL Repl. by AKERS 94 
41.34:[:0.28 460k ADRIANI 93M L3 Repl. by ACCIARRI 94 
41.60:[:0.27 520k BUSKULIC 93J ALEP RepL by BUSKULIC 94 
42 :[:4 450 ABRAMS 89B MRK2 E~m= 89,2-93.0 GeV 

Z VECTOR COUPLINGS TO CHARGED LEPTONS 

These quantities are the effective vector couplings of the Z to charged 
leptons. Their magnitude is derived from a measurement of the Z line- 
shape and the forward-backward lepton asymmetries as a function of en- 
ergy around the Z mass. The relative sign among the vector to axial-vector 
couplings Is obtained from a measurement of the Z asym metry parameters, 
A e and A T, or v e scattering, The fit values quoted below correspond to '  
global nine- or five-parameter fits to Bneshape, lepton forward-backward 
asymmetry, and A e and A .  measurements. See "Note on the Z boson" 
for details. 

Within the current data set, the reason for the smallness of ~V compared 

to ~V and g~/ is due to the large value of A e which is heavily weighted by 

the SLD result. This large value of A e leads to a large value of ge V. Since 

~V is obtained using the relation A~B ~ 0 ,75xAe•  a large value of 

dgdV leads to a SMALL value of ~V" Concerning the r ,  its g v  gets mainly 
etermined directly from A T which is obtained from a measurement of the 

~- polarization (see "Note on the Z boson"). 

~v 
VALUE E V T S  DOCUMENT ID TECN COMMENT 
--0~__ee~n__'l'0.0008 OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0.0414+0.0020 120 ABE 95J SLD Ec~m = 91.31 GeV 

0 03 Aa't'O'0096 38k 121 ACCIARRI 94 L3 E~m= 88-94 GeV 
- " "~--0.0082 
-0 .036 :[:0.005 45,8k 122 BUSKULIC 94 ALEP E~m= 88-94 GeV 

-0 .040 4-0.013 123 ADRIANI 93M L3 RepL by ACCIARRI 94 
-0.011 

-0 .034 § 121BUSKULIC 93J ALEP RepL by BUSKULIC 94 - 0,005 

120ABE 95J obtain this result combining polarized Bhabha results with the ALR measure- 
ment of ABE 94c. The Bhabha results alone give -0.0507 • 0.0096 • 0.0020. 

121The r polarization result has been included. 
122BUSKULIC 94 use the added constraint of ~- polarization. 
123ADRIANI 93M Use their measurement of the ~- polarization in addition to forward- 

backward lepton asymmetries. 

#v 
VALUE E V T S  DOCUMENT ID TECN COMMENT 
--0.~74-1"0.0047 OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

- 0  0 ~Ln~ +0'0153 . ,v ._0,0211 34k 124ACCIARRI 94 L3 E c ~ =  88-94 GeV 

-0 ,034 :[:0,013 46,4k 125 BUSKULIC 94 ALEP E c ~ =  88-94 GeV 

-0 ,048 +0.021 126 ADRIANI 93M L3 Repl. by ACCIARRI 94 
- 0.033 

-0 .019  +0,018 124 BUSKULIC 93J ALEP Repl. by BUSKULIC 94 - 0.019 

124The ~- polarization result has been included. 
125 BUSKULIC 94 use the added constraint of T polarization, 
126ADRIANI 93M use their measurement of the ~- polarization in addition to forward- 

backward lepton asymmetries. 

VA~.UE~ EV'FS DOCUMENT ID TECN COMMENT 
-0.0~1H-0.0020 OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0.0384• 25k 127 ACCIARRI 94 L3 E~m= 88-94 GeV 

-0 .038 :[:-0.005 45.1k 128 BUSKULIC 94 ALEP E~m= 88-94 GeV 

-0 .037 :[:0.008 7441 129 ADRIANI 93M L3 Repl. by ACCIARRI 94 
-0 .039 • 127 BUSKULIC 93J ALEP Repl. by BU5KULIC 94 

127The ~- polarization result has been included, 
128 BUSKULIC 94 use the added constraint of r polarization. 
129ADRIANI 93M use their measurement of the *- polarization in addition to forward- 

backward lepton asymmetries. 
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VALUE E V T S  DOCUMENT IO TECN 
-0.03TZ-1-O.0007 OUR FIT 
�9 �9 �9 We do not use the followln 8 data for averages, fits, limits, etc. �9 �9 �9 

--0.039 :EO,O04 50,3k 130ABREU 94 DLPH Ecr 88-94 GeV 

0037R+0"0045 97k 131ACCIARRI 94 L3 E c ~ =  88-94 GeV 
- ' " ' -  0,0042 

-0 .034 4-0.004 146k 130AKERS 94 OPAL E c ~ =  88-94 GeV 

-0 .038 4-0.004 137.3k 130 BUSKULIC 94 ALEP E c ~ =  88-94 GeV 

-0 ,027 4.0.008 58k 130 ACTON 93D OPAL Repl. by AKERS 94 

-0 .040 -t-0.006 131 ADRIANI 93M L3 Repl. by ACCIARRI 94 - 0.005 

-0 .034 +0.004 131 BUSKULIC 93J ALEP RepL by BUSKULIC 94 " -- 0.003 

130 Using forward-backward lepton asymmetries. 
131The ~- polarization result has been included. 

COMMENT 

Z AXIAL-VECTOR COUPLINGS TO CHARGED LEPTONS 

These quantities are the effective axial-vector couplings of the Z to charged 
leptons, Their magnitude is derived from a measurement of the Z line- 
shape and the forward-backward lepton asymmetries as a function of en- 
ergy around the Z mass. The relative sign amongthe vector to axial-vector 
couplings is obtained from a measurement of the Z asymmetry parameters, 
A e and A~., or v e scattering. The fit values quoted below correspond to 
global nine- o~ five-parameter fits to lineshape, lepton forward-backward 
asymmetry, and A e and A T measurements. See "Note on the Z boson" 
for details. 

VALUE E V T S  DOCUMENT IO TECN COMMENT 
-OJiO0"/-l-O.O009 O U R  FIT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0.49774.0.0045 132 ABE 95J SLD E~m~ 91.31 GeV 

-0.4998• 38k 133 ACCIARRI 94 L3 Eceem= 88-94 GeV 

-0 .503 4.0.002 45.8k BUSKULIC 94 ALEP E c ~  88-94 GeV 
--0.49804-0.0021 133 ADRIANI 93M L3 Repi. by ACCIARRI 94 
-0,50294.0,0018 133 BUSKULIC 93J ALEP Rep|, by BUSKULIC 94 

132ABE 95J obtain this result combining polarized Bhabha results with the ALR measure- 
ment of ABE 94c. The Bhabha results alone give -0,4968 4. 0.0039 4. 0.0027. 

133The ~--polarization constraint has been included. 

d 
VALUE EVTS DOCUMENT ID TECN COMMENT 
--0.50154-0.0012 OUR R T  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 4987 +0.0030 34k 134 ACCIARRI 94 L3 E c ~ =  88-94 GeV 
- " -- 0.0026 
--0.501 4.0.002 46.4k BUSKULIC 94 ALEP E c ~ =  88-94 GeV 

0 49 r~ + 0'0050 - " "~ -0 .0037  134 ADRIANI 93M L3 Repl. by ACCIARRI 94 

-0.50144-0.0029 134 BUSKULIC 93J ALEP Repl. by BUSKULIC 94 

134The T-polarization constraint has been included. 

g~ 
VALUE E V T S  DOCUMENT ID TECN COMMENT 
-O.KOOg:EO.O013 O U R  FIT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

--0.50144.0.0029 25k 135 ACCIARRI 94 L3 E c ~ =  88-94 GeV 

--0.502 4.0.003 45.1k BUSKULIC 94 ALEP E c ~ =  88-94 GeV 

-0.50324.0.0038 7441 135 ADRIANi 93M L3 RepL by ACCIARRI 94 
-0,50164-0.0033 135 BUSKULIC 93J ALEP Repl. by BUSKULIC 94 

135 The ~'-polarization constraint has been included. 

VALUE EVTS DOCUMENT ID TECN COMMENT 
-o . rd~e- I -o .oooe  O U R  FIT 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

-0.49994.0.0014 71k ABREU 94 DLPH E~m= 88-94 GeV 

-0.4998+0.0014 97k 136 ACCiARRI 94 L3 E c ~ =  88-94 GeV 

-0 .500 4.0,001 146k AKERS 94 OPAL E~m= 88-94 GeV 

-0 .502 4.0.001 137k BUSKULiC 94 ALEP E~m= 88-94 GeV 

-0,4998• 58k ACTON 93D OPAL Repl, by AKERS 94 
-0.49864.0,0015 . 136 ADRIANI 93M L3 Repl, by ACCIARRI 94 
-0.50224.0.0015 136 BUSKULIC 93J ALEP Repl. by BUSKULIC 94 

136The ~'-polarlzation constraint has been included. 

Z COUPLINGS TO NEUTRAL LEPTONS 

These quantities are the effective couplings of the Z to neutral leptoes, 
Vee and v p e  scattering results are combined with ~A and ~V measure- 

ments at the Z mass to obtain gue and g~'# following NOVIKOV 93C. 

VALUE DOCUMENT ID TECN COMMENT 

0.5284.0.085 137 VILAIN 94 CHM2 From v/~e and v e e scat- 
tering 

137VILAIN 94 derive this value from their value of g/~/~ and their ratio gUe/ge# = l o5+O:   
d ,  
VALUE DOCUMENT ID TECN COMMENT 

o.r~Q4.0.01? 138 VILAIN 94 CHM2 From ul~e scattering 

138VILAIN 94 derive this value from their measurement of the couplings ge;p  = -0 .503 4- 

0,017 and ge;/~ = _ 0,035 4- 0,017 obtained from v/j e scattering. We have re-evaluated 

this value using the current PDG values for ~A and ~V" 

Z ASYMMETRY PARAMETERS 

For each fermlon-antlfermlon pair coupling to the Z these quantities are 
defined as 

2 g f g  f 
A f = ~  

where gf /  and ga f are the effective vector and axial-vector couplings. For 
their relation to the various lepton asymmetries see the 'Note on the Z 
Boson.' 

Using polarized beams, this quantity can also be measured as (a L - erR) / (~L  + ~  

where #L and o R are the e + e -  production cross sections for Z bosuns produced with 
left-handed and right-handed electrons respectively. 

VA~-U~ EVTS OOCUM~NT ID TECN COMMENT 
O. lS lg :EO.O0~  O U R  AVERAGE 

0,162 i0 .041  ~:0.014 89838 139 ABE 97 5LD Eceem= 91.27 GeV | 

0,15434.0.0039 93644 140 ABE 97E SLD Ec~m = 91.27 GeV | 

0,152 4-0.012 141ABE 97N SLD E c ~ =  91.27 GeV | 

0.129:1:0.014 • 89075 142 ALEXANDER 96u OPAL Eceem= 88-94 GeV | 

0.202 4-0.038 4-0.008 143ABE 95J SLD Ec~m = 91.31 GeV 

0.136 4.0.027 +0.003 144 ABREU 951 DLPH E c ~ =  88-94 GeV 

0.129 4.0.016 :CO.005 33000 J45 BUSKULIC 95Q ALEP Eceem= 88-94 GeV 

0.157 4-0.020 :E0.005 86000 144ACCIARRI 94E L3 E c ~ =  88-94 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.122 4.0.030 4-[:0.012 30663 144AKERS 95 OPAL Repl. by ALEXAN- 
DER 96u 

0.16564-0.00714-0.0028 49392 146 ABE 94C SLD Repl. by ABE 97E 
0.097 4-0.044 4-0.004 10224 147 ABE 93 SLD Repl. by ABE 97E 
0.120 4.0.026 144 BUSKULIC 93P AI_EP RepL by 

BUSKULIC 95Q 
139ABE 97 obtain_L this result from a measurement of the observed left-right charge | 

asymmetry, A ~  ~ = 0,225 • 0.056 • 0.019, in hadronic Zdecays, If they combine | - 
l obs obs this value of AQ with their earlier measurement of A L R  they determine A e to be m 

0.1574 • 0,0197 4- 0,0067 independent of the beam polarization. I 140ABE 97E measure the left-right asymmetry in hadronlc Zproductlon. This value 
(statistical and systematic errors added in quadrature) leads to siu2#~4 ~ = 0,23060 4- | 
0.00050. 

141ABE 97N obtain this direct measurement using the lef-rlght cross section asymmetry and | 
the left-right forward-backward asymmetry in leptonic decays of the Z bosun obtained I 
with a ~)olarized electron beam. 

142ALEXANDER 96u measure the ~--lepton polarization and the forward-backward polar- | 
ization asymmetry. I 

143ABE 95J obtain this result from polarized Bhabha scattering. 
144 Derived from the measurement of forward-backward ~- polarization asym metry. 
145BUSKULIC 95Q obtain this result fitting the ~- polarization as a function of the polar ~- 

production angle. 
a 2 146 ABE 94C measured the left-right asym metry in Z production. This v lue leads to sin 6W 

: 0.2292 4- 0.0009 i 0~0004. 
147A I 6E 93 measured the left-r ght asymmetry in Z production. 

A~ 
This quantity is directly extracted from a measurement of the left-right forward- 
backward asymmetry in p . + p -  production at SLC using a polarized electron beam, 
This double asymmetry eliminates the dependence on the Z-e-e  coupling parameter 
A e �9 

VAL UE E V T S  DOCUMENT ID TECN COMMENT 

0,102:b0.034 3788 148 ABE 97N SLD E~m= 91.27 GeV | 

148ABE 97N obtain this direct measurement using the lef-right cross section asymmetry and I 
the left-right forward-backward asymmetry in p + / ~ -  decays of the Z bosun obtained I 
with a polarized electron beam. 
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z 

The LEP Collaborations derive this quantity from the measurement of the average ~" 
polarization In Z ~ ~+ T--. The SLD Collaboration directly extracts this quantity 
from its measured left-right forward-backward asymmetry in Z ~ ~'+ ~-- produced 
using a polarized e -  beam, This double asymmetry eliminates the dependence on the 
Z-e-e  coupling parameter A e. 

VALUE EVTS DOCUMENT ID TECN COMMENT 
0,143:E0.008 OUR AVERAGE 
0.1954.0.034 149 ABE 97N SLD Eceem= 91.27 GeV I 

0.1344.0:0094.0.010 89075 150 ALEXANDER 96u OPAL E c ~ =  88-94 GeV I 

0.1484.0.0174.0.014 ABREU 951 DLPH E~m= 88-94 GeV 

0.1364.0.0124.0.009 330(}0 151 BUSKULIC 95Q ALEP E c ~ =  88-94 GeV 

0.1504.0.0134.0.009 86000 ACCIARRI 94E L3 E c ~ =  88-94 GeV 

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

0.1534.0.019J~0.013 30663 AKERS 95 OPAL RepL by ALEXAN- 
DER 96u 

0.1324.0.033 10732 ADRIANI 93M L3 RepL by ACCIARRI 94E 
0.1434.0.023 BUSKULIC 93P ALEP RepL by 

BUSKULIC 95Q 
0.24 -;-0.07 2021 ABREU 92N DLPH RepL by ABREU 951 

149ABE 97N obtain this direct measurement using the left-right cross section asymmetry I 
and the left-right forward-backward asymmetry in ~'+ ~'- decays of the Z boson obtained I 
with a polarized electron beam. 

150ALEXANDER 96u measure the ~--lepton polarization and the forward-backward polar- | 
Ization asymmetry. I 

151BUSKULIC 95Q obtain this result fitting the *- polarization as a function of the polar ~- 
production angle. 

Ac 
This quantity is directly extracted from a measurement of the left-right forward- 
backward asymmetry in c~ production at SLC using polarized electron beam. This 
double asymmetry eliminates the dependence on the Z-e-e coupling parameter A e. 

VALUE DOCUMEN T ID TECN COMMENT 
0.Bg=b0.1g OUR AVERAGE 
0.374.0.234.0.21 152 ABE 95L SLD E c ~ =  91.26 GeV 

0.73• 153ABE,K 95 SLD Eceem= 91.26 GeV 

152 ABE 95L tag b and c quarks through their semileptonlc decays into electrons and muons. 

CTN 
VALUE EVTS DOCUMENT ID TECN COMMENT 

0.0e:E0.13:l:0.04 120K 156 BARATE 97D ALEP E c ~ =  91.2 GeV | 

156 BARATE 97D combine their value of CTN with the world average P~. = -0 .140 4. 0.007 | 
to obtain tan((bg_t/ - r = --0.57 4- 0.97. 

I 

AF-~')"= C H A R G E  A S Y M M E T R Y  IN  e + e  - e + e  - 

For the Z peak, we report the pole asymmetry defined by (3/4)A 2 as 
determined by the nine-parameter fit to cross-section and lepton forward- 
backward asymmetry data. For details see the "Note on the Z boson." 

S TD. ~/~e 
ASYMMETRY (%) MODEL V) DOCUMENT/D TECN 
1J514.0.40 OUR FIT 
1.g 4-0.4 OUR AVERAGE 
2.5 4.0.9 91.2 ABREU 94 DLPH 
1.044.0.92 91.2 ACCIARRI 94 L3 
0.624.0.80 91.2 AKERS 94 OPAL 
1.854.0.66 91.2 BUSKULIC 94 ALEP 

A(FOB a=) CHARGE ASYMMETRY IN e+e - ~ p+ /J -  

For the Z peak. we report the pole asymmetry defined by (3 /4)AeAI~ as 
determined by the nine-parameter fit to cross-section and lepton forward- 
backward asymmetry data. For details see the "Note on the Z boson." 

5TD. (/~e 
ASYMMETRY (%) MODEL V) DOCUMENT ID TECN 

1Jm4. "0.26 OUR FIT 
1.344. 0.24 OUR AVERAGE 
1.4 4. 0.5 91.2 ABREU 94 DLPH 
1.79• 0.61 91.2 ACCIARR[ 94 L3 
0.994. 0.42 91.2 AKERS 94 OPAL 
1.464. 0.48 91.2 BUSKULIC 94 ALEP 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 
A maximum likelihood fit is performed to extract A b and A c. 

153ABE.K 95 tag Z ~ c~ events using D * +  and D + meson production. To take care 
of the bb contamination in their analysis they use A D =  0.64 4. 0.11 (which is A b from 

D * / D  tagging). This is obtained by starting with a Standard Model value of 0.935, 
assigning it an estimated error of 4.0.105 to cover LEP and SLD measurements, and 
finally taking into account B-B mixing (1 -2Xmi  x = 0.72 4. 0.09). Combining with 
ABE 95L they quote 0.59 4. 0.19. 

Ab 
This quantity is directly extracted from a measurement of the left-right forward- 
backward asymmetry in bb production at SLC using polarized electron beam. This 
double asymmetry eliminates the dependence on the Z-e-e coupling parameter A e. 

VALUE EVTS POEUMENT ID TECN COMMENT 
0.894-0.11 OUR AVERAGE 
0.874.0.114.0.09 4032 154 ABE 95K SLD E c ~ =  91.26 GeV 

0.914.0.144.0.07 155 ABE 95L SLD E c ~ =  91.26 GeV 

154ABE 9SK obtain an enriched sample of bb events tagging with the impact parameter. A 
momentum-weighted charge sum is used to identify the charge of the underlying b quark. 

155 ABE 95L tag b and c quarks through their semlleptonlc decays Into electrons and muons. 
A maximum likelihood fit is performed to extract A b and A c, Combining with ABE 95K, 
they quote 0.89 4. 0.09 4. 0.06. 

TRANSVERSE SPIN CORRELATIONS IN Z ~ ~+~'- 

The correlations between the transverse spin components of ~'+ ~-- pro- 
duced in Z decays may be expressed in terms of the vector and axial-vector 
couplings: 

Ig~lZ-lg;,I = 
C T T  = ig~ l=+lg; l=  

- 2 ~  CTN = ig~l=+lg~l 2 sln(~g; - | 

C T T  refers to the transverse-transverse (within the collision plane) spin 

9 4.30 - 2  20 157 ABREU 95M DLPH 
7 4.26 - 1 0  40 157 ABREU 95M DLPH 

- 1 1  233  - 2 5  57 157 ABREU 95M DLPH 
- 6 2  4.17 - 4 5  69 157 ABREU 95M DLPH 
- 5 6  4.10 - 5 8  79 157 ABREU 95M DLPH 
- 1 3  2 5 - 2 3  87.5 157 ABREU 95M DLPH 

-29 .0  + 5.0 158AB E - 4.8 20.5 -32.1 56.9 901 VNS 

- 9.9 4- 1.5 4-0.5 --9,2 35 HEGNER 90 JADE 
0.054. 0.22 0.026 91.14 159 ABRAMS 89D MRK2 

-43.4 4.17.0 -24.9 52.0 160 BACALA 89 AMY 
- 11.0 • -29.4 55.0 160 BACALA 89 AMY 
-30.0 4.12.4 -31.2 56.0 160BACALA 89 AMY 
-46.2 4.14.9 -33.0 57.0 160 BACALA 89 AMY 

- 2 9  4.13 -25 .9  53.3 ADACHI 88C TOPZ 
+ 5.3 + 5.0 4-0.5 -1 .2  14.0 ADEVA 88 MRKJ 
-10 .4  4. 13 4.0.5 -8 .6  34.8 ADEVA 88 MRKJ 
-12 .3  4. 5.3 +0.5 -10 .7  38.3 ADEVA 88 MRKJ 
-15 .6  4. 3.0 4.0.5 -14 .9  43.8 ADEVA 88 MRKJ 
- 1.0 4. 6.0 -1 .2  13.9 BRAUNSCH... 88D TASS 
- 9.1 4. 2.3 4.0.5 -8 .6  343 BRAUNSCH... 88D TASS 

-10 .6  + 2.2 - 2.3 4.0.5 -8 .9  35.0 BRAUNSCH... 88D TASS 

-17 .6  + 4.4 4.0.5 -15.2 43.6 BRAUNSCH... 880 TASS - 4.3 
- 4.8 :E 6.5 21.0 -11.5 39 BEHREND 87C CELL 
-18 .8  4. 4.5:1:1.0 -15.5 44 BEHREND 87C CELL 
+ 2.7 4. 4.9 -1 .2  13.9 BARTEL 86C JADE 
-11 .1  4. 1.8 4.1.0 -8 .6  34.4 BARTEL 86C JADE 
-17 .3  4. 4.8 4.1.0 -13 .7  41.5 BARTEL 86C JADE 
-22 .8  ~- 5.1 4.1.0 -16.6 44.8 BARTEL 86C JADE 
- 6.3 + 0.8 4.0.2 -6 .3  29 ASH 85 MAC 
- 4.9 + 1.5 •  - 5 .9  29 DERRICK 85 HRS 
- 7.1 4- 1.7 -5 .7  29 LEVI 83 MRK2 
-16.1  4" 3.2 -9 .2  34.2 BRANDELIK 82C TASS 

correlation and CTN refers to the transverse-normal (to the collision plane) 
spin correlation. 

The longitudinal ~- polarization Pr  (=  -A~.) is given by: 

P~. = - 2 ~  cos(e ~. - e  ~.) 
Ie~lZ+le~l ~ ev eA 

Here r Is the phase and the phase difference Og'rv - Cg~'A can be obtained 

using both the measurements of CTN and P~.. 

C T T  
VALUE EVTS DOCUMENT ID TECN COMMENT 
1.014-0.12 OUR AVERAGE 

0874.02010f 91K ABREO 97~ OLPH E =912OoV 
1.064.0,134.0.05 120K BARATE 97D ALEP E~m= 91.2 GeV 

157 ABREU 95M perform this measurement using radiative muon-palr events associated with 
high-energy isolated photons. 

158ABE 90t measurementsln the range 50 _< ~'s _< 60.8 GeV. 
159ABRAMS 89D asymmetry includes both 9 # + / ~ -  and 15 r + r -  events. 
160BACALA 89 systematic error Is about 5%. 
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A,~ ' ) ' "  CHARGE ASYMMETRY IN e+e - - .  7.-I- 7.-- 

F~r the Z peak, we report the pole asymmetry defined by (3 /4 )AeA,  r as 
determined by the nine-parameter fit to cross-section and lepton forward- 
backward asymmetry data. For details see the "Note on the Z boson." 

5TD. 
A5YMMETRY (%) MODEL V) 

2.124" 0 . ~  OUR FIT 
2.13=b 0.31 OUR AVERAGE 

DOCUMENT ID TECN 

A(~ c) CHARGE ASYMMETRY IN e+e - ..+ C~ 

OUR FIT, which Is obtained by a simultaneous fit to several c- and b- 
quark measurements as explained In the "Note on the Z boson," refers 
to the Z pole asymmetry. As a cross check we have also performed a 
weighted average of the "near peak" measurements taking into account 
the vadous common systematic errors. We have assumed that the smallest 
common systematic error is fully correlated. Applying to this combined 
"peak" measurement QCD, QED, and energy-dependence corrections, our 
weighted average gives a pole asymmetry of (7.20 4` 0.64)%. 

STD. 
ASYMMETRY (%) MODEL V) DOCUMENT ID TECN 

7.~2:~ O.BI OUR FIT 
6.3 ~ 1.2 +0.6 91.22 166ALEXANDER 97C OPAL 
6.00~ 0.674`0.52 91.24 167ALEXANDER 96 OPAL 
7.7 ~ 2.94`1.2 91.27 168ABREU 98E DLPH 
8.34`  2.24`1.6 91.27 169ABREU 96K DLPH 
6.994` 2.05~:1.02 91.24 170 BUSKULIC 95~ ALEP 
9.94`  2.04`1.7 91.24 171 BUSKULIC 94G ALEP 
8.34`  3 . 8 4 ` 2 . 7 5 . 6  91.24 172ADRIANI 92D L3 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3.9 4` 5.1 4`0.9 89.45 166ALEXANDER 97C OPAL 

2.24`  0.7 91.2 ABREU 94 DLPH 
2.654` 0.88 91.2 ACCIARRI 94 L3 
2.054` 0.52 91.2 AKERS 94 OPAL 
1.974` 0.56 91.2 BUSKULIC 94 ALEP 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-32.8 +_ 6.26"44`1.5 -32.1 56.9 161ABE 901 VN$ 

- 8.1 4` 2.0 4`0.6 -9 .2  35 HEGNER 90 JADE 
-18.44`19.2  --24.9 52.0 162 BACALA 89 AMY 
-17.74`26.1 -29.4 55.0 162 BACALA 89 AMY 
-45.94`16.6 -31.2 56.0 162 BACALA 89 AMY 
-49.5 :E18.0 -33.0 57.0 162 BACALA 89 AMY 
- 2 0  •  -25.9 53.3 ADACHI 88C TOPZ 
- 1 0 . 6 4 `  3.14`1.5 -8 .5  34.7 ADEVA 88 MRKJ 
- 8 .54`  6.64`1.5 -15.4 43.8 ADEVA 88 MRKJ 
- 6 .04`  2.5 ~1.0 8.8 34.6 BARTEL 85F JADE 
- 1 1 . 8 4 `  4.64`1.0 14.8 43.0 BARTEL 85F JADE 
- 5 .54`  1.24`0.5 -0.063 29.0 FERNANDEZ 85 MAC 
- 4 .24-  2.0 0.057 29 LEVI 83 MRK2 
- 1 0 . 3 4 `  5.2 -9 .2  34.2 BEHREND 82 CELL 
- 0 .44-  6.6 -9 .1  34.2 BRANDELIK 82C TAS5 

161ABE 901 measurements in the range 50 _< vrs _< 60.8 GeV. 
162 BACALA 89 systematic error Is about 5%. 

15.84` 4.14`1.1 93.00 166ALEXANDER 97c OPAL 
- 7.54` 3.44`0.6 -3 .5  89.52 167ALEXANDER 96 OPAL 

14.14` 2 .84 `0 .912 .0  92.94 167ALEXANDER 96 OPAL 
6.8 ~ 4.24`0.9 91.25 173 BUSKULIC 94J ALEP 
1.44` 3.0 •  91.24 174ACTON 93K OPAL 
3.84` 4 . 4 4 ` 1 . 0 5 . 4  91.28 175AKERS 93D OPAL 

- 1 2 . 9 4 `  7.84`5.5 -13.6 35 BEHREND 90D CELL 
7.74`13.44`5.0 -22.1 43 BEHREND 90D CELL 

- 1 2 . 8 4 -  4.44`4.1 -13.6 35 ELSEN 90 JADE 
-10.9 •  -23.2 44 ELSEN 90 JADE 

A}~-s ~ '  CHARGE ASYMMETRY IN e+e - e+t -  

peak, we reporL the pole asymmetry defined by (3/4)A 2 as For the Z 
determined by the five-parameter fit to cross*section and lepton forward- 
backward asymmetry data assuming lepton universality. For details see 
the "Note on the Z boson." 

STD. "~e 
ASYMMETRY (%) MODEL V) DOCUMENT ID TECN 
1.SS:bO.111 OUR FIT 
1.10d:0.18 OUR AVERAGE 
1.77:t:0.37 91.2 ABREU 94 DLPH 
1.844`0.45 91.2 ACCIARRI 94 [.3 
1.284`0.30 91.2 AKER$ 94 OPAL 
1.714`0.33 91.2 BUSKULIC 94 ALEP 

A(~ u) CHARGE ASYMMETRY IN e + e  - - *  u g  

STD. 
ASYMMETRY (%) MODEL V) DOCUMENT ID TECN 
4.04"7.3 OUR EVALUATION 
4.84" 6.74- 2.8 8 91.2 163 ACKERSTAFF 97T OPAL | 

163ACKERSTAFF 97T measure the forward-backward asymmetry of various fast hadroes | 
made of light quarks. Then using SU(2) Isospln symmetry and flavor Independence for I down and strange quarks authors solve for the different quark types. 

A(~ ") CHARGE ASYMMETRY IN e+e - --* s3' 

The s-quark asymmetry Is derived from measurements of the forward- 
backward asymmetry of fast hadrons containing an s quark. 

STD. 
ASYMMETRY (%) MODEL V) DOCUMENT ID TECN 

9.g4"$.1 OUR AVERAGE Error Includes scale factor of 1.2. 
6.84`3.54`1.] 10 91.2 164ACKERSTAFF 97T OPAL | 

13.14`3.54`1.3 91.2 165 ABREU 95G DLPH 

164ACKERSTAFF 97T measure the forward-backward asymmetry of various fast hadrons | 
made of light quarks. Then using SU(2) Isospln symmetry and flavor Independence for 

I down and strange quarks authors solve for the different quark types. The value reported 
here corresponds then to the forward-backward asymmetry for "down-type" quarks. 

165ABREU 95G require the presence of a high-momentum charged kaon or A 0 to tag the 
o s quark. An unresolved s- and d-quark asymmetry of (11.24` 3.14` 5.4) ~ is obtained by 

tagging the presence of a high-energy neutron or neutral kaon In the hadron calorimeter. 

-14.9 ~: 6.7 --13.3 35 OULD-SAADA 89 JADE 

166ALEXANDER 97C identity the b and c events usln K a D / D *  tag. 
167ALEXANDER 96 tag heavy flavors using one or two Identified leptons. This allows the 

simultaneous fitting of the b and c quark forward-backward asymmetries as well as the 
average B0-B 0 mixing. 

168 ABREU 95E require the presence of a D*4` to identity c and b quarks. 
169ABREU 95K identify c and b quarks using both electron and muon semlleptonic decays. 
]70BUSKULtC 951 require the presence of a high momentum D *+  to have an endched 

sample of Z ~ c~ events. 
171 BUSKULIC 94G perform a simultaneous fit to the p and P T  spectra of both single and 

dilepton events. 
172ADRIAN192D use both electron and muon semileptonlc decays. 
173BUSKULIC 94j Identity the b and c decays using D*. Replaced by BUSKULIC 951. 
174ACTON 93K use the lepton tagging technique. Replaced by ALEXANDER 96. 
175AKER$ 930 identity the b and c decays using D* .  Replaced by ALEXANDER 97C. 

A ) ~ ,  ) ,n=  CHARGE A S Y M M E T R Y  IN e + e  - --~ b'B 

OUR FIT, which is obtained by a simultaneous fit to several c- and b- 
quark measurements as explained in the "Note on the Z boson," refers 
to the Z pole asymmetry. As a cross check we have also performed a 
weighted average of the "near peak" measurements taking Into account 
the various common systematic errors. We have assumed that the smallest 
common systematic error Is fully correlated. Applying to this combined 
"peak" measurement QCD, QED, and enerw-dependenos corrections, our 
weighted average gives a pole asymmetry of (10.074` 0.32)%. For the Jet- 
charge measurements (where the QCD corrections are already Included 
since they represent an Inherent part of the analysis), we subtract the 
QCD correction before combining. 

STD. ~/~ 
ASYMMETRY (%) MODEL V) DOCUMENT ID TECN 

10.0~4- 0.21 OUR FIT 
9,94• 0.524` 0.44 91.21 176ACKERSTAFF 97P OPAL 
9.44` 2.74` 2.2 91.22 177ALEXANDER 97c OPAL 
9.064` 0.514` 0.23 91.24 178ALEXANDER 96 OPAL 
9.654` 0.44:s 0.26 91.21 179 BUSKULIC 96Q ALEP 
5.94` 6.24`  2.4 91.27 180 ABREU 95E DLPH 

10.44` 1.34` 0.5 91.27 181ABREU 95K DLPH 
11.54` 1.74- 1.0 91.27 182ABREU 95K DLPH 
8.74` 1.14` 0.4 91.3 183 ACCIARRI 94D L3 
9.924` 0.844` 0.46 91.19 184BUSKUUC 941 ALEP ~ 

�9 �9 �9 We do not use the roll,vinE data for averages, fits, limits, etc. �9 �9 �9 

4.14` 2.14` 0.2 89.44 176 ACKERSTAFF 97P OPAL 
14.54` 1.74` 0.7 92.91 176 ACKERSTAFF 97P OPAL 

- 8 .64`10.84`  2.9 89.45 177 ALEXANDER 97(: OPAL 
- 2.14-  9.04`  2.6 93.00 177ALEXANDER 97c OPAL 

5.S 4` 2.4 :t: 0.3 5.5 89.52 178ALEXANDER 96 OPAL 
11.7 4` 2.0 4` 0.3 11.4 92.94 178ALEXANDER 98 OPAL 

- 3.44`11.24`  0.7 88.38 179 BUSKULIC 96Q ALEP 
S.3 + 2.04`  0.2 89.38 179 BUSKULIC 96Q ALEP 
8.9 4` 5.9 4` 0.4 90.21 179 BUSKULIC 96q ALEP 
3.84` 5.14`  0.2 92.05 179 BUSKULIC 96Q ALEP 

10.34` 1.64- 0.4 92.94 179 BUSKULIC 96Q ALEP 
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8.8 • 7.5 4- 0.5 
6.2 4- 3.4 4- 0.2 
9.634- 0.674- 0.38 

17.2 4- 2.8 • 0.7 
8.7 4- 1.4 4- 0.2 
7.1 -F 5.4 4- 0.7 
9.2 ~ 1.8 4- 0.8 

13.1 -4- 4.7 :E 1.3 
13.9 4- 9.7 4- 4.9 
16.1 4- 6.0 • 2.1 

8.6 ~ 1.5 4- 0.7 
2.5 4- 5.1 4- 0.7 
9.7 4- 1.7 4- 0,7 
6,2 • 4.2 • 0.7 

- 7 1  4-34 + 7 
- -  8 

-22 .2  4- 7.7 • 3.5 
-49 .1  •  • 5.0 
- 2 8  4-11 
-16 ,6  4- 7.7 4- 4.8 
- 33 ,6  4-22.2 ~ 5.2 

3.4 ~: 7.0 4- 3.5 
- 7 2  4-28 4-13 

93.90 179 BUSKULIC 96Q ALEP 
89.52 185 AKERS 955 OPAL 
91.25 185 AKERS 955 OPAL 
92.94 185 AKERS 955 OPAL 
91.24 186 BUSKULIC 94G ALEP 

5.2 89.66 187 ACTON 93K OPAL 
8.5 91.24 187 ACTON 93K OPAL 
10.8 92.75 187 ACTON 93K OPAL 
9.4 91.28 188 AKERS 93D OPAL 

91.2 189 ABREU 92H DLPH 
8.2 91.24 190 ADRIANI 92D L3 
5.3 89.67 191 ADRIANI 92D L3 
8.2 91.24 191 ADRIANI 92D L3 
10.8 92.81 191 ADRIANI 92D L3 

- 5 8  58.3 SHIMONAKA 91 TOPZ 

- 2 6 . 0  35 BEHREND 90D CELL 
- 3 9 . 7  43 BEHREND 90D CELL 
- 2 3  35 BRAUNSCH-. 90 "lASS 
- 2 4 . 3  35 ELSEN 90 JADE 
- 3 9 . 9  44 ELSEN 90 JADE 
- 1 6 . 0  29.0 BAND 89 MAC 
- 5 6  55.2 SAGAWA 89 A M Y  

176ACKERSTAFF 97P tag bquarks using lifetime. The quark charge is measured using I 
both je t  charge and vertex charge, a weighted sum of the charges of tracks In a Jet which | 
contains a tagged secondary vertex. 

177ALEXANDER 97C identify the b and c events using a D / D *  tag. | 
178ALEXANDER 96 tag heavy flavors using one or two Identified leptons. This allows the 

simultaneous f i t t ing of the b and c quark forward-backward asymmetries as well as the 
average B 0 - ~  0 mixing. 

179 BUSKULIC 96Q tag b-quark flavor and charge using high transverse momentum leptons. I 
The asymmetry value at the Z peak is obtained using a charm charge asymmetry of | 
6.17%. 

180ABREU 95E require the presence of a D*4- to identify c and bquarks. 
181ABREU 95K identify c and b quarks using both electron and muon semlleptonic decays. 

The systematic error Includes an uncertainty of 4-0.3 due to the mixing correction (X = 
0.115 -4- 0.011). 

182 ABREU 95K tag b quarks using lifetime; the quark charge Is Identified using Jet charge. 
The systematic error includes an uncertainty of 4-0.3 due to the mixing correction (X = 
0.115 • 0.011). 

183ACCIARRI 94D use both electron and muon semileptonic decays. 
184BUSKULIC 941 use the lifetime tag method to obtain a high purity sample of Z ~ b b  

events and the hemisphere charge technique to obtain the Jet charge. 
185AKERS 95s tag bquarks using lifetime; the quark charge is measured using Jet charge. 

These asymmetry values are obtained using R b = F(bb)/F(hadrons) = 0.216. For a 
value of R b different from this by an amount ZXR b, the change in the asymmetry values 
is given by -KLXR b, where K = 0.082, 0.471, and 0.855 for ~ values of 89.52, 91.25, 
and 92.94 GeV respectively. Replaced by ACKERSTAFF 97P. 

186 BUSKULIC 94G perform a simultaneous f i t  to the p and PT  spectra of both single and 
dilepton events. Replaced by BUSKULIC 96Q. 

187ACTON 93K use the lepton tagging technique. The systematic error includes the uncer- 
ta inty on the mixing parameter, Replaced by ALEXANDER 96. 

188AKERS 93D Identify the b and c decays using D* .  Replaced by ALEXANDER 97c. 
189B tagging via its semlmuonlc decay, Experimental value corrected using average LEP 

BO-B 0 mixing parameter X = 0.143 ~ 0.023. 
190ADRIANI 92D use both electron and muon semlleptonlc decays. For this measurement 

ADRIANI 92D average over all v ~ values to obtain a single result, 
191ADRIANI 92D use both electron and muon semlleptonlc decays. The quoted systematic 

error Is common to all measurements. The peak value Is superseded by ACCIARRI 94D. 

CHARGE ASYMMETRY IN e+e  - ~ qiI 

Summed over five lighter flavors. 

Experimental and Standard Model values are somewhat event-selection 
dependent. Standard Model expectations contain some assumptions on 

uD--~l x B -B mi ing and on other electroweak parameters, 

STD. 
ASYMMETRY (%) MODEL V) DOCUMENT ID TECN . 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 0 .76•177 91.2 192ABREU 921 DLPH 
4.0 ::EO.4 4-0.63 4.0 91.3 193ACTON 92L OPAL 
9.1 4-1.4 4-+-1.6 9.0 57.9 ADACHI 91 TOPZ 

- 0.844-[-0".15-[-0.04 91 DECAMP 91B ALEP 
8.3 4-2.9 +1 .9  8.7 56.6 STUART 90 A M Y  

11.4 •  4-2.1 8.7 57.6 ABE 89L VNS 
6.0 4-1.3 ,5.0 34.8 GREENSHAW 89 JADE 
8.2 4-2.9 8.5 43.6 GREENSHAW 89 JADE 

192ABREU 921 has 0.14 systematic error due to uncertainty of quark fragmentation. 
193ACTON 92L use the weight function method on 259k selected Z ~ hadrons events. 

The systematic error includes a contribution of 0.2 due to BO-B 0 mixing effect, 0.4 
due to Monte Carlo (MC) fragmentation uncertainties and 0.3 due to MC statistics. 

o 2 eft ACTON 92L derive a value fs in  0 W to be 0.2321 ~: 0.0017 + 0.0028. 

CHARGE ASYMMETRY IN p p - ~  Z ~ e+e  - 

STD. ~/~e 
ASYMMETRY (%) MODEL v) DOCUMENT ID TECN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

5.24-5.94-0A 91 ABE 91E CDF 

ABE 58D 
ACKERSTAFF 98E 
ABE 97 
ABE 97E 
ABE 97N 
ABREU 97C 
ABREU 97G 
ACCIARRI 97D 
ACCIARRI 97J 
ACCIARRI 97K 
ACCIARRI 97L 
ACCIARRI 57R 
ACKERSTAFF 97C 
ACKERSTAFF 97K 
ACKERSTAFF 97M 
ACKERSTAFF 97P 
ACKERSTAFF 975 
ACKERSTAFF 97T 
ACKERSTAFF 57W 
ALEXANDER 97C 
ALEXANDER 57D 
ALEXANDER 97E 
BARATE 97D 
BARATE 97E 
BARATE 97F 
BARATE 97J 
ABE 96E 
ABREU 96 
ABREU 96C 
ABREU 96R 
ABREU %S 
ABREU %U 
ACCIARRI 
ACCIARRI ~B 
ADAM 96 
ADAM ~B 
ALEXANDER 96 
ALEXANDER %B 
ALEXANDER %F 
ALEXANDER 96N 
ALEXANDER %R 
ALEXANDER %U 
ALEXANDER 96X 
BUSKULIC %D 
BUSKULIC %H 
BUSKULIC %Q 
ABE 95J 
ABE 95K 
ABE 95L 
ABE,K 95 
ABREU 95 
ABREU 95D 
ABREU 95E 
ABREU 95F 
ARREU 95G 
ABREU 951 
ABREU 95J 
ABREU 95K 
ARREU 95L 
ABREU 95M 
ABREU 950 
ABREU %R 
ABREU 95W 
ABREU 95X 
ACCIARRI 95B 
ACCIARRI 95C 
ACCIARRI 95G 
AKERS 95 
AKERS 95B 
AKERS 95C 
AKERS 950 
AKERS 955 
AKERS 95U 
AKERS 95W 
AKERS 95X 
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Revised October 1997 by I. Hinchliffe (LBNL). 

The Standard Model [1] contains one neutral scalar Higgs 
boson, which is a remnant of the mechanism that breaks the 

SU(2) x U(1) symmetry and generates the W and Z boson 

masses. The Higgs couples to quarks and leptons of mass m /  

with a strength gm//2Mw. Its coupling to W and Z bosons 

is of strength g, where g is the coupling constant of the SU(2) 

gauge theory. The branching ratio of the Higgs boson into 
various final states is shown in Fig. 1. 
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Figure  1: The branching ratio of the Higgs 
boson into -y% ~-Y, bb, t~, c~, ZZ, and WW as a 
function of the Higgs mass. For ZZ and WW, 
if MH < 2Mz (or MH < 2Mw),  the value 
indicated is the rate to ZZ* (or WW*) where 
Z* (W*) denotes a virtual Z (W). The c2 rate 
depends sensitively on the poorly-determined 
charmed quark mass. 
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The Higgs coupling to stable matter is very small while its 

coupling to the top quark and to W and Z bosons is substantial. 

Hence its production is often characterized by a low rate and 

a poor signal to background ratio. A notable exception would 

be its production in the decay of the Z boson (for example 

Z --* Hq~). Since large numbers of Z's can be produced and 

the coupling of the Z to the Higgs is unsuppressed, experiments 
at LEP are now able to rule out a significant range of Higgs 
masses. 

If the Higgs mass is very large, the couplings of the Higgs to 

itself and to longitudinally polarized gauge bosons become large. 

Requiring that these couplings remain weak enough so that 

perturbation theory is applicable implies that MH ~< 1 TeV [2]. 

While this is not an absolute bound, it is an indication .of the 

mass scale at which one can no longer speak of an elementary 

Higgs boson. This fact is made more clear if one notes that the 

widthof  the Higgs boson is proportional to the cube of its mass 
(for MH > 2Mz)  and that a boson of mass 1 TeV has a width 
of 500 GeV. 

A scalar field theory of the type that is used to describe 

Higgs self-interactions can only be an effective theory (valid 

over a limited range of energies) if the Higgs self-coupling and 

hence the Higgs mass is finite. An upper bound on the Higgs 

mass can then be determined by requiring that the coupling 

has a finite value at all scales up to the Higgs mass [3]. 

Nonperturbative calculations using lattice [4] gauge theory that 

compute at arbitrary values of the Higgs coupling indicate that 
MH ~ 770 GeV. 
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If the Higgs mass were small, then the vacuum (ground) 

state with the correct value of M w  would cease to be the true 

ground state of the theory [5]. A theoretical constraint can 

then be obtained from the requirement that our universe is in 

the true minimum of the Higgs potential [6]. The constraint 

depends upon the top quark mass and upon the scale (A) up to 

which the Standard Model remains valid. This scale must be 

at least 1 TeV, resulting in the constraint [7] MH > 52 GeV + 

0.64 (Mtop-175 GeV). This constraint is weaker than that from 

the failure to directly observe the Higgs bosom The bound 

increases monotonically with the scale, for A = 1019 GeV, 

MH > 135 G e V +  1.9 (Mtop-175 GeV) -680  ( a s ( M z ) -  0.117). 

This constraint may be too restrictive. Strictly speaking we 

can only require that the predicted lifetime of our universe, 

if it is not at the true minimum of the Higgs potential, be 

longer than its observed age [8,9]. For A = 1 TeV there is no 

meaningful constraint; and for A = 10 TM GeV MH> 130 GeV + 

2.3 (Mtop - 175 GeV) - 815(~(Mz)  - 0.117) [10]. 

Experiments at LEP are able to exclude a large range 

of Higgs masses. They search for the decay Z --~ HZ*  or 

e+e - --~ Z H .  Here Z* refers to a virtual Z boson that can 

appear in the detector as e+e - ,  # + # - ,  T+T-~ UP (i.e., missing 

energy) or hadrons. The experimental searches have considered 

both H ~ hadrons and H ~ T+T - .  The best limits are shown 

in the Particle Listings below. 

Precision measurement of electroweak parameters such as 

M w ,  Mtop, and the various asymmetries at LEP and SLC are 

sensitive enough that they can constrain the Higgs mass through 

its effect in radiative corrections. The current unpublished 

limit is MH< 450 GeV, at 95% CL with a central value of 
MH + 127 = 127 -12 GeV [11]. See also the article in this Review 

on the "Electroweak Model and Constraints on New Physics." 

The process e+e - --* Z H  [12] should enable neutral Higgs 

bosons of masses up to 95 GeV to be discovered at LEP at a 

center-of-mass energy of 190 GeV [13]. The current unpublished 

limits corresponding to the failure to observe this process at 

LEP imply MH > 77.5 GeV at 95% CL [14]. If the Higgs is too 

heavy to be observed at LEP, there is a possibility that it could 

be observed at the Tevatron via the processes pp -~ H Z X  [15] 

and p/~ ~ W H X  [16]. Failing this, its discovery will have to 

wait until experiments at the LHC. If the neutral Higgs boson 

has mass greater than 2Mz ,  it will likely be discovered via its 

decay to Z Z  and the subsequent decay of the Z's to charged 

leptons (electrons or muons) or of one Z to charged leptons and 

the other to neutrinos. A challenging region is that between the 

ultimate limit of LEP and 2Mz .  At the upper end of this range 

the decay to a real and a virtual Z, followed by the decay to 

charged leptons is available. The decay rate of the Higgs boson 

into this channel falls rapidly as MH is reduced and becomes 

too small for M H ~ 140 GeV. For masses below this, the decays 

H ~ "~? and possibly H --* bb [17] are expected to be used. 

The former has a small branching ratio and large background, 

the latter has a large branching ratio, larger background and a 

final state that is difficult to fully reconstruct [18]. 

Extensions of the Standard Model, such as those based on 

supersymmetry [19], can have more complicated spectra of Higgs 

bosons. The simplest extension has two Higgs doublets whose 

neutral components have vacuum expectation values vl and v2, 

both of which contribute to the W and Z masses. The physical 

particle spectrum contains one charged Higgs boson (H+), two 

neutral scalars (H1 ~ H~ * and one pseudoscalar (A) [20]. See 

also the articles in this Review on Supersymmetry. 

In the simplest version of the supersymmetric model (see 

the Reviews on Supersymmetry), the mass of the lightest of 

these scalars depends upon the top quark mass, the ratio v2/vl  

( -  tan fl), and the masses of the other supersymmetric particles. 

For Mtop = 174 GeV, there is a bound MHO ~ 130 CeV [21,22] 

at large tan ft. The bound reduces as tan fl is lowered. 

The H ~ H ~ and A couplings to fermions depend on v2/vl  

and are either enhanced or suppressed relative to the couplings 

in the Standard Model. As the masses of H2 ~ and A increase, 

the mass of H ~ approaches the bound, and the properties of this 

lightest state become indistinguishable from those a Standard 

Model Higgs boson of the same mass. This observation is 

important since the discovery of a single Higgs boson at LEP 

with Standard Model couplings would not be evidence either 

for or against the minimal supersymmetric model. However 

the failure to find a Higgs boson of mass less than 130 GeV 

would be definite evidence against the minimal supersymmetric 

Standard Model. In more complicated supersymmetric models, 

there is always a Higgs boson of mass less than 160 GeV. 

Experiments at LEP are able to exclude ranges of masses for 

neutral Higgs particles in these models. Production processes 

that are exploited are e+e - ~ ZH~ and e+e - --* AH~ . No 

signal is seen; the mass limits are (weakly) dependent upon 

the masses of other supersymmetric particles and upon tan f/. 

Currently MHO , MA > 62 GeV. See the Particle Listings below 

on H ~ Mass Limits in Supersymmetric Models. 

Charged Higgs bosons can be pair-produced in e+e - an- 

nihilation. Searches for charged Higgs bosons depend on the 

assumed branching fractions to VT, C~, and cb. Data from 

LEP now exclude charged Higgs bosons of mass less than 

54.5 GeV [23]. See the Particle Listings for details of the H i 

Mass Limit. 

A charged Higgs boson could also be produced in the 

decay of a top quark, t --* H+b. A search at CDF excludes 

M//+ < 147 GeV for tanfl  > 100 where the branching ratio 

H + --~ ~-~ is large and at tanf l  < 1 where the BR(t --~ H+b) 

is large [24]. The region at intermediate values of tan fl will 

be probed as the number of produced top quarks increases. 

Searches for these non-standard Higgs bosons will be continued 

at LEP [13] and at LHC [25] 
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none0.21-14 95 27ABREU 90C DLPH Z ~  HOz * 
none 2-32 95 28 ADEVA 90H L3 Z --~ HOz s 
> 2 99 29ADEVA 90NL3 Z ~  H O z  * 
none 3.0-19.3 95 30 AKRAWY 90C OPAL Z --+ H 0 Z *  
> 0.21 95 31 AKRAWY 90P OPAL Z ~ H OZ* 
none 0.032-15 95 32 DECAMP 90 ALEP Z ~ /40Z* 
none 1]-24 95 33 DECAMP 90H ALEP Z --~ H0Z  * 
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1Search for e + e  - -~ Z H  0 at Ecm = 161,170, 
q~ with Z --* t + l  - ,  u~, q~, and ~ + v - ,  and H 0 ~ ~'+~'- with Z -~ t + t  - and 
q~. The limits also includes 1he data from Z decay by each experiment, 

2ABE 97w search for associated W H  O production in p~ collisions at v ~  = 1.8 TeV with 
W ~ t v  b H 0 ~ b~ and find the cross-section limit a .  B(H 0 ~ b~) <(14-19)pb 
(95%CL) for m H = 70-120 GeV. This limit Is one to two orders of magnitude larger 
than the expected cross section In the Standard Model. 

3 ACKERSTAFF 97E searched fo~ e + e -  ~ Z H 0 at Ecru = 161 GeV for the final states 
(q-~)(b~), (u~)(q?j),  (~-+l--)(q~),  ( q ~ ) ( T + v - ) ,  ( e + e - ) ( q ~ ) ,  and ( /J+/~-)(q~) 
[the Z (H 0) decay products are in the first (second) parentheses]. The limit Includes 
the results of ALEXANDER 97. Two additional low-runes candidate events are seen, 
consistent with expected backgrounds. 

4ALEXANDER 97 complements the study in ALEXANDER 96L with the Inclusion of the 
search for Z --* H 0 4- (e - i ' e - , /~+ /~ - ) ,  with H 0 ~ q~, One addRIonal candidate 
event Is found In the/~/~ channel, consistent with expected backgrounds, 

5ACCIARRI 961 searched for Z --* H 0 + (e+e - ,  /~+#- ,  vv )  with H 0 - *  q'~, Two 

e+e - H 0 candidate events with large recolgng mass (above 50GeV) were found con. 
slstent with the background expectations. 

6ACCIARRI 96J give B(Z --~ H~ 0 --* q~) < 6.9-22,9 x 10 - 6  (95%CL) for 20 
<mi lD  <80 GeV. 

7ALEXANDER 96H give B(Z ~ HO~)xB(H 0 --* q'~) < 1-4 x 10 - 5  (95%CL) and I 
B(Z -+ H0"f)xB(H 0 ~ b'b) < 0.7-2 x 10 - 5  (95%CL) in the range 20 < m H o  <80 | 
GeV. 



See key on page 213 

8ALEXANDER 96L searched for final states with monoJets or acoplanar diJets. Two 
observed candidate events are consistent with expected backgrounds. 

9BUSKULIC 96R searched for Z ~ H 0 + ( e + e  - , / . r  - ,  uP) with H 0 ---* q~. Three 
candidate events in t h e / ~  channel are consistent with expected backgrounds. 

10ABREU 94G searched for Z ~ H 0 + ( e + e  - ,  /~-t- /~-,T-t-~-,  vP) with H 0 ~ q~. 

Four t -F t -  candidates were found (all yielding low mass) consistent with expected back- 
grounds. 

11AKERS 94B searched for Z ~ H 0 + ( e + e  - ,  / ~ + # - ,  vP) with H 0 ~ q~. One vP 

and o n e / ~ + # -  candidate were found consistent with expected backgrounds. 
12 ADRIANI 93C searched for Z ~ H 0 + (u~, e + e - ,  #+  # - )  with H 0 decaying hadronl- 

cally or to ~-~. Two e + e -  and one #-t- p -  candidates are found consistent with expected 
background. 

13BUSKULIC 93H searched for Z ~ HOv~ (acoplanar Jets) and Z ~ H 0 + ( e + e  - ,  
#+/~- - )  (lepton pairs In hadronlc events). 

14GROSS 93 combine data taken by four LEP experiments through 1991. 
15ABREU 92D give o ( e + e  - ~ Z ~ HO~).B(H 0 ~ hadrons) <8 pb (95% CL) for 

mHo <78 GeV and E.y >8 GeV. 

16ABREU 92J searched for Z ~ H 0 + (ee, /=#, ~'~', ~,P) with H 0 ~ q~. Only one 
candidate was found, in the channel ee + 2jets, with a duet mass 35.4 • 5 GeV/c 2, 
consistent with the expected background of 1.0 • 0.2 events in the 3 channels �9 § e - ,  
/ ~ + # - ,  ~--F~--, and of 2.8 • 1.3 events in all 4 channels. This paper excludes 12-38 
GeV. The range 0-12 GeV is eliminated by combining with the analyses of ABREU 90c 
and ABREU 91B. 

17ADEVA 92B searched for Z ~ H 0 + (vP, re,  /~#, T~) with H 0 ~ anything, Z 

H 0 + ~'~" with H 0 - *  q~, and Z --* H 0 + q~ with H 0 ~ TT. The analysis excludes 
the range 30 < mHn < 52 GeV. 

18ADRIANI 92F give o ( e + e  - ~ Z ~ H O ' ~ ) . B ( H  0 ~ hadrons) < ( 2 - 1 0 )  pb ( 9 5 %  CL) 
for mXo = 25-85 GeV. Using r + e -  ~ Z) = 30 nb, we obtain B(Z ~ H0~)B(H 0 

hadrons) <(0.7-3) x 10 - 4  (95% CL). 
19DECAMP 92 searched for most possible final states for Z ~ HOz *. 
20ABREU 91B searched for Z ~ H 0 - F t t  with missing H 0 and Z ~ H 0 + (v~, ~l, 

q ~ )  with H 0 --* ee. 
21ACTON 91 searched for e "F e -  ~ Z*  H 0 where Z*  - *  e § e - .  p+ /~ - ,  or u~'and H 0 

anything. Without assuming the minimal Standard Model massJIfetlme relationship, the 
limit is mHo > 9.5 GeV. 

22ADEVA 91 searched for Z ~ H 0 + (/~#, re,  e~). This paper only excludes 15 < 
mHo < 41.8 GeV. The 0-15 GeV range is excluded by combining with the analyses of 
previous L3 papers. 

23ADEVA 91D obtain a limit B(Z ~ HO'~).B(H 0 ~ hadrons) < 4.7 x 10 - 4  (95%CL) 

for mHo = 30-86 GeV. The limit is not sensitive enough to exclude a standard H O. 

24AKRAWY 91 searched for the channels Z ~ H 0 + (u~, re,  #p, ~-~-) with H 0 - *  
q~, ~'~', and Z ~ HOq~ with H 0 *-~ ~ - .  

25AKRAWY 91c searched the decay channels Z ~ H 0 + (=,~, re,/~/~) with H O ~ q~. 
26ABE 90E looked for associated production of H 0 with W • or Z in p~ collisions at v/s 

= 1.8TeV. Searched for H 0 decays into /=-t-/~- ~r-l-~r- and K-t-K - .  Most of the 
excluded region Is also excluded at 95% CL. 

27ABREU 90C searched for the channels Z ~ H 0 + (uP, ee, /~p) and H 0 + q~ for 
m H < 1GeV. 

28ADEVA 90H searched for Z ~ H 0 + (/z#, re.  ~J~). 
29ADEVA 90N looked for Z ~ H 0 + (ee, /~#) with mlsslng H 0 and with H 0 ~ re,  

pp,, ~ + ~ - ,  K + K  - .  
30AKRAWY 90C based on 825 nb - 1 .  The decay Z --* HOu~ with H 0 --~ ~'~" or q~ 

provides the most powerful search means, but the quoted results sum all channels. 
31 AKRAWY 90P looked for Z ~ H 0 ,F ( re,  /~/~) (H 0 missing) and Z ~ HOve, H 0 

e + e  - ,  ,),,y. 
32DECAMP 90 limits based on 11,550 Z events. They searched for Z ~ H 0 + (u~, ee, 

#/=, ~'~', q~). The decay Z ~ H0~,~ provides the most powerful search means, but the 
quoted results sum all channels. Different analysis methods are used for mHo < 2mp 
where Hlggs would be long-lived. The 99% confidence limits exclude mHO = 0.040-12 
GeV. 

33DECAMP 90H limits based on 25,000 Z --* hadron events. 
34 CA DE MP 90M looked for Z ~ HOtt ,  where H 0 decays outside the detector. 
35 DECAMP 90N searched for the channels Z --* H 0 + (u~, re,  pp, ~-~-) with H 0 

(hadrons,~-~-). 

/4 o Indirect Ma "= Llrnlt= from Bectroweak Analy~lK 
For limits obtained before the direct measurement of the top quark mass, see the 1996 
(Physical Review Dg4 1 (1996)) Edition of this Review. For Indirect limits obtained 
from other considerations of theoretical nature, see the review on "The Higgs boson." 

VALUE (GeV} CL.~_~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, ate, �9 �9 �9 

36 CHANOWITZ 98 RVUE 

14~+140 37 DEBOER 97B RVUE " -  77 

127+143 38 DEGRASSI 97 RVUE sln28w(eff, lept ) - 71 

1 ~ + 1 4 8  39 DITTMAIER 97 RVUE 
" ' -  84 

149 +146 40 RENTON 97 RVUE 
- 82 

~ 5 5 0  90 41DITTMAIER 96 RVUE 

la~+164 42 ELLIS 96C RVUE 
~ ' -  77 
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G a u g e  & H i g g s  B o s o n  P a r t i c l e  L i s t i n g s  

Higgs Bosons ~ H ~ and H • 

36CHANOWITZ 98 fits LEP and 5LD Z-decay-asymmetry data (as reported in ABBA- 
NEO 97), and explores the sensitivity of the fit to the weight ascribed to measurements 
that are individually in significant contradiction with the direct-search limits. Various 
prescriptions are discussed, and significant variations of the 95%CL Hlggs-mass upper 
limits are found. The Higgs-mass central value varies from 100 to 250 GeV and the 
95%CL upper limit from 340 GeV to the TeV scale. 

37 DEBOER 97B fit to LEP and SLD data (as reported In ALCARAZ 96), as well as m W 
and m t from CDF/D~ and CLEO b ~ s-~ data (ALAM 95). 1 / ~ ( m z )  = 128.90 + 0.09 
Is used. 

38 DEGRASSI 97 Is a two-loop calculation of M W and sln281e ept as a function of m H, using 

sin281e ept 0.23165(24) as reported in ALCARAZ 96, m t = 175 i 6 GeV, and Lie=ha d = 
0.0280(9). 

39DITTMAIER 97 fit to m W and LEP/SLC data as reported in ALEARAZ 96, with m t 

= 175 • 6 GeV, 1/a(m~.) = ]28.89 • 0.09. Exclusion of the SLD data gives m H = 

Gev Taking o iy the dot . . . .  roW. sin2   t and t. the authors 
get m H 19 n§ GeV and m H 29 A+243 GeV, with and without 5LD data, = " - 1 0 2  = " - 1 4 3  
respectively. The 95% CL upper limit Is given by 850 GeV (800 GeV removing the SLD 
data). 

40 RENTON 97 fit to LEP and SLD data (as reported In ALCARAZ 96), as well as m W and 
m t f rom p ~ ,  and low-energy v N data available in early 1997. 1/cx(mz) = 128.90 ~ 0.09 
is used. 

41 DITTMAIER 96 fit to m W, LEP, and SLD data available in the Summer of 1995 (with 
and without mt=180 • 12GeV from CDF/D~) ), leaving out R b and R c, They argue 
that the low HIggs mass obtained in some electroweak analyses is an artifact of including 
the observed value of R b, which is incompatible with the rest of the data. Exclusion of 
the SLD data pushes the 90%CL limit on mHo above 1TeV. 

42 ELLIS 96c fit to LEP. SLD, roW, neutral-current data available in the summer of 1996, 
plus m t = 175 ~ 6 GeV from COF/D~ . The fit yields m t = 172 • 6 GeV. 

43GURTU 96 studies the effect of the mutually incompatible SLD and LEP asymmetry 
data on the determination of m H" Use is made of data available In the Summer of 1996. 
The quoted value is obtained by increasing the errors ~ la PDG. A fit ignoring the SLD 
data yie,ds 267%4   ev. 

44CHANKOWSKI 95 fit to LEP, SLD, and W mass data available in the spring of 1995 
plus m t = 176 • 13 GeV. Exclusion of the SLD data increases the mass to m H = 

121+_ 207 GeV (m H <800 GeV at 95% CL). 

48 ERLER 95 fit tO LEP, SLC, W mass, and various low-energy data available In the summer 
of 1994 plus mt=174 • 16 GeV from CDF. The limit without m t Is 850 GeV. However, 
the preference for lighter m H is due to R b and ALR, both of which do not agree well 
with the Standard Model prediction. 

46 MATSUMOTO 95 fit to LEP, SLD, W mass, and various neutral current data available 
In the summer of 1994 plus mt=180 • 13 GeV from CDF/D~ , and the LEP direct 
limit m H >63 GeV. ~ s ( m z )  = 0.124 is used. Fixing ~zg(mz) = 0.116 lowers the upper 
limit to 440 GeV. Dependence on c*(mz) is given in the paper. 

47 ELLIS 94B fit to LEP, SLD, W mass, neutral current data available in the spring of 1994 
plus m t = 167 • 12 GeV determined from CDF/D~) t t  direct searches. ~ s ( m z )  = 
0.118 4- 0.007 is used. The fit yields m t = 162 • 9 GeV. A fit without the SLD data 
gl . . . .  H = 1304--320 GeV. 

48GURTU 94 fit to LEP, SLD, W mass, neutral current data available in the spring of 
1994 as well as m t = 174 • 16 GeV. A fit without F(Z ~ b-b)/F(Z --* hadrons) gives 

m H -- 120 +364 GeV. 
- - 60 

49 MONTAGNA 94 fit to LEP and SLD, W-mass data together with m t = 174 4- 17 GeV. 
Atthough the data favor smatter HIggs masses, the authors do not regarc~ It sI&nificant. 

H ~ (Hlggs Boson) MASS LIMITS In Extended HIg@ Models 
The parameter x denotes the Hlggs coupling to charge - 1 / 3  quarks and charged 
leptons relative to the value in the standard one-Hlggs-doublet model. 

In order to prevent flavor-changing neutral currents In models with more than one 
Hlggs doublet, only one of the HIggs doublets can couple to quarks of charge 2/3. 
The same requirement applies independently to charge - 1 / 3  quarks and to leptons, 
Hlggs couplings can be enhanced or suppressed. 

VALUE (GeV) CL.~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, llmlts, etc. �9 �9 �9 

>69.6 95 50 ACCIARRI 98B L3 Invisible H 0 
51ACKERSTAFF 988 OPAL e+ e - ~ HO z ( * ) ,  

H 0--~ 3"f 
52KRAWCZYK 97 RVUE ( g - 2 ) p  

53ACCIARRI 961 L3 Z - *  HO z * 
>66,7 95 54 ACCIARRI 961 L3 Invisible H 0 

55 ACCIARRI 96J L3 Z ~ H 0 Z * ,  H 0 --* 
~7  

1R•-i-251 " - - 1 3 4  43 GURTU 96 RVUE 

63+- 97 44 CHANKOWSKI95 RVUE 

<730 95 45 ERLER 95 RVUE 
<740 95 46 MATSUMOTO 95 RVUE 

45 + 95 47 ELLIS 94B RVUE 
- 28 

69+  188 48 GURTU 94 RVUE 

49 MONTAGNA 94 RVUE 
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Gauge & Higgs Boson Particle 
Higgs Bosons - -  H ~ and H ~ 

>65 95 

> 3.57 95 

> 0.21 95 

none 0.6-6.2 90 

Listings 

56 ALEXANDER 96H OPAL Z ~ HO z *, H 0 
.7~f 

57ABREU 95H DLPH Z ~ HO z *, HO A 0 
58 BRAHMACH... 93 RVUE 
59 BUSKULIC 931 ALEP Z ~ HO z * 
54 BUSKULIC 931 ALEP Invisible H 0 
60 LOPEZ-FERN..33 RVUE 
61ADRIANI 92G L3 Z ~ H 0Z*  
62 PICH 92 RVUE Very light Higgs 
63 ACTON 91 OPAL Z ~ HO z * 
64 DECAMP 91F ALEP Z ~ HOt + f . -  
65 DECAMP 911 ALEP Z decay 
66 AKRAWY 90P OPAL Z ~ H 0Z*  
67DAVIER 89 BDMP e - - Z ~  eHOz 

( H 0 ~  e-t-e-)  
68SNYDER 89 MRK2 B ~  H0X 

( H 0 ~  e+e - )  
69FRANZINI 87 CUSB T ( 1 S ) ~  *rH0, x=2 

(HIKp Bo=on) MASS LIMITS In Supem/mmetrlc Models 
The minimal supersymmetric model has two complex doublets of Hlggs bosons. The 
. . . .  Itlng physical stat . . . . .  two scalars [H 0 and H 0, wh . . . .  define milD < mild ], 

a pseudoscafar (AO), and a charged HIKgs pair (H•  H 0 and H 0 are also called h and 
H in the literature. There are two free parameters In the theory which can be chosen 
to be mAo and tan/3 = u2/Ul, the ratio of vacuum expectation values of the two 
Hlggs doublets. Tree-level Higgs masses are constrained by the model to be mild " < 

m 0, and > m W. However, as described in the mz, mild >_ m Z, mAD >_ Ht mH• - 
"Note on Supersymmetry," recent calculations of one-loop radiative corrections show 
that these relations may be violated. Many experimental analyses have not taken into 
account these corrections; footnotes indicate when these corrections are included. The 
results assume no invisible H 0 or A 0 decays. 

VALUE (GeV) CL_~_~ DOCUMENT ID TECN COMMENT 
>59.5 95 71ABREU 98E DLPH tan/~ > 1 
>s 95 72 BARATE 97P ALEP 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

none 0.6-7,9 90 69 FRANZINI 87 CUSB T(1S) ~ "TH 0, x=-4 
none 3,7-5.6 90 70 ALBRECHT 85J ARG T(15)  ~ ~H 0, x=2 
none 3.7-8.2 90 70 ALBRECHT 85J ARG T(15)  ~ ~ H 0, x=4 

50 ACCIARRI 98B searches for e + e -  ~ Z H 0 events, with Z ~ hadrons and H 0 decaying 
Invisibly. The limit assumes SM production cross section, and B(Z --~ Invisible)=100%. 
For ,mRs under other assumptions, ~e their Fig. 5b. 

51ACKERSTAFF 98B search for associate production of a ~r-~ resonance and a q~, =,~, or 
t - i ' t  - pair in e+e - annihilation at ~ _~ 91, 130-140, and 161-172 GeV. The cross- 
section limit ~(e + e -  --* H 0 Z(*)) -B(H 0 ~ 3'3') < 0.29-0.83 pb (95%CL) Is obtained 
for m H = 40-160 GeV at vrs = 161-172 GeV, a �9 B< 0.09 pb for m H = 40-80 GeV at 
v~--~ 91 GeV. See also their Fig. 9 for the limit on a(HO).B(H 0 ~ *r3,)/r 

52 KRAWCZYK 97 analyse the muon anomalous magnetic moment In a two-doublet Hl~s 
model (with type II Yukawa couplings) assuming no H 0 Z Z coupling and obtain m/.~l ~ 

5 GeV or m A D e 5  GeV for tan/~ > 50. Other Hlggs bosons are assumed to be much 
heavier. 

S35ee Figs. 5 and 6 of ACCIARRI 961 for the excluded region in the (m Ha, F(Z ~ Z* HO)) 
plane (normalized to the Standard Model Hlggs) for a general Higgs having a similar decay 
signature to Standard Model Hlggs boson or decaying invisibly. 

54 These limits are for H 0 with the standard coupling to Z but decaying to weakly interacting 
particles. 

55ACCIARRI 96J give B(Z ~ H 0 § hadrons)xB(H 0 ~ "Y3') < 2.3-6.9 x 10 - 6  for 20 
<mi ld  <70 GeV. 

56ALEXANDER 96H give B(Z --~ H 0 + q~)xB(H 0 ~ 3'3') < 2 x 10 - 6  in the range 
40 <mild < 80 GeV. 

57See Fig. 4 of ABREU 95H for the excluded region in the mild - mAD plane for general 

two-doublet models. For tan/3 >1, the region mHo+mAo~,.~87 GeV, mild <47 GeV Is 

73 ACCIARRI 97N L3 
>44.3 95 74 ALEXANDER 97 OPAL 
>44 95 75 ABREU 95H DLPH 

76 ROSIEK 95 RVUE 
>44.4 95 77 ABREU 940 DLPH 

>44,5 95 78 AKERS 941 OPAL 
>44 95 79 BUSKULIC 931 ALEP 
>34 95 8O ABREU 92J DLPH 
>29 95 80 ABREU 92J OLPH 
>42 95 81 ADRIANI 92G L3 
> 0,21 95 82 ABREU 910 DLPH 
>28 95 83 ABREU 910 DLPH 
none 3-38 95 84 AKRAWY 91c OPAL 
none 3-22 95 84 AKRAWY 91C OPAL 

85 BLUEMLEIN 91 BDMP 

>41 95 86 DECAMP 911 ALEP 
> 9 95 87 ABREU 90E DLPH 
>13 95 87 ABREU 90E DLPH 
>26 95 88 ADEVA 90R L3 

I none 0.05-3,1 95 89 DECAMP 90E ALEP 
none 0.05-13 95 89 DECAMP 90E ALEP 

I none 0,006-20 95 89 DECAMP 90E ALEP 
>37,1 95 89 DECAMP 90E ALEP 

none 0.05-20 95 90 DECAMP 90H ALEP 
none 0.006-21.4 95 90 DECAMP 90H ALEP 
> 3,1 95 91 DECAMP 90M ALEP 

any tan/~ 
any tan~ 

m 0 =m 0 any tan# H 1 A '  
tan/~ >1 
tan/~ >1 
tan/~ > 0.6 
any tan~ 
l<tan~ <50 
any tan/~ 
any tan/~ 
tan/~ > 6 
tan# > 0.5 
pN ~ H~X 

(H 0 --* e + e - -  2"/) 

tan/3 > 1 
any tan/~ 
tan~9 > 1 
tan/~ > 1 
any tan/~ 
tan~ > 0.6 
tan/~ > 2 
tan/~ > 6 
tan/~ > 0.6 
tan# > 2 
any tanj3 

excluded at 95% CL 
58 BRAHMACHARI 93 consider Hlggs limit from Z decay when the HIggs decays to invisible 

modes. If/40 COupling to Z is at least 1/vr2 of the Standard Model H 0' the DECAMP 92 
limit of 48 GeV changes within +6  GeV for arbitrary B(H 0 ---* SM-llke)§ 0 
invisible)=1. 

59See Fig. 1 of BUSKULIC 931 for the limit on Z Z H  0 coupling for a general Hlggs having 
a similar decay signature to Standard Model Higgs boson or decaying Invisibly. If the 
decay rate for Z ~ HOz * Is >10% of the minimal Standard Model rate, then mHo >40 
GeV. For the standard rate the I|mlt Is 58 GeV. 

60LOPEZ-FERNANOEZ 93 consider Hlggs limit from Z decay when the Hlggs decays 
to Invisible modes. See Fig. 2 for excluded region in mHo-ZZH coupling plane with 

arbitrary B(H 0 ~ SM-Ilke)+B(H 0 ~ Invisible)=1, m H >50 GeV Is obtained If the 
H 0 coupling strength to the Z Is greater than 0.2 times the Standard Model rate. 

61See Fig, 1 of ADRIANI 92G for the limit on Z Z H  0 coupling for a general Hlggs having 
a similar decay signature to Standard Model Hlggs boson. For most masses below 30 
GeV, the rate for Z -~ HOz * is less than 10% of the Standard Model rate. 

62 PICH 92 analyse H 0 with mild <2m# In general two-doublet models, Excluded regions 

in the space of mass-mixing angles from LEP, beam dump, and lr •  q rare decays are 
shown In Figs. 3,4. The considered mass region Is not totally excluded, 

63 0 0 * ACTON 91 limit Is valid for any H having F(Z ~ H Z ) more than 0.24 (0.56) times 
that for the standard Higgs boson for Hlggs masses below 2m# (2m~.), 

64DECAMP 91F search for Z ~ HOt+t  - where H 0 escapes before decaying. Combining 
this with DECAMP 90M and DECAMP 9ON, they obtain B(Z ~ H O I + t - ) / B ( Z  
t + t  - )  < 2.5 x 10 - 3  (95%CL) for mild < 60 GeV. 

65 See Figs. 1, 3, 4, 5 of DECAMP 911 for excluded regions for the masses and mixing angles 
In general two-doublet models. 

66AKRAWY 90P limit is valid for any H 0 having F(Z ~ HOz *) more than 0,57 times 
that for the Standard HIggs boson. 

67 DAVIER 89 give excluded region in mHO-X plane for mild ranging from 1.2 MeV to 50 
MeV. 

68SNYDER 89 give limits on B(B ~ HOx).B(H 0 ~ e+e - )  for 100 < mHa < 200 
MeV, cr  < 24 ram. 

69 First order QCD correction included with ~s ~ 0.2. Their figure 4 shows the ,mRs vs. 
x, 

70 ALBRECHT 85J found no mona-energetic photons In both T(1S) and T(25) radiative 
decays In the range 0.5 GeV <E('7)<4.0 GeV with typically BR< 0.01 for T(15) and 
BR< 0.02 for T(2S) at 90% CL. These upper limits are 5-10 times the prediction of the 
standard Hlggs-doublet model. The quoted 90% limit B(T(1S) ~ H 0"y) < 1.5 x 10 - 3  
at E(3') = 1,07 GeV contradicts previous Crystal Ball observation of (4,7 :J: 1.1) • 10-3; 
see their reference 3. Their figure 8a shows the upper limits of x "?" as a function of E(*r) 
by assuming no QCD corrections, We used mild = m T (1-2E(~)/mT)1/2.  

71ABREU 98E search for e+e - ~ HOA 0 in the final state b-bbb and q~ ' r+ ' r  - at V~ | 
= 161-172 GeV. The results from the SM Hlggs search described In the same paper are 

I also used to set these limits. Two-loop radiative corrections are Included with rata p = 
175 GeV, MSUSY = 1TeV, and maximal scalar top mixlngs. 

72 BARATE 97P search for e -i- e -  --* HOA 0 In the final state bbbb and bbT "+-~-- at ~ I 

- 130-172 GeV and combine with BARATE 970 limit on e'i'e - -*  HOz Two-laD- | 
- -  1 ' I~ 
radiative corrections are Included with rata p = 175 GeV and MSUSY = 1 TeV, and I 
maximal scalar top mlxlngs. The invisible decays H 0 ~ ~0~0 are not allowed In the | 
analysis, as ruled out In the relevant kinematic region by BUSKULIC 96=<, I 

73ACCIARRI 97N search for e+e - ~ HOA 0 In four-Jet final states at ~ = 130-172 

GeV. Cross-section limits . . . .  btalned for I m H o -  mAD I = 0, 10, and 20 GeV. | 

74ALEXANDER 97 search for Z ~ HOz * and Z ~ HOA 0 and use F Z (nonstandard) | 
< 13.9 MeV. Radiative corrections using two-loop renormallzatlon group equations are I Included with m t < 195 GeV and the MSSM parameter space is widely scanned. Possible 
Invisible decay mode H 0 --* ~0~0 Is included in the analysis. I 

75ABREU 95H search for Z ~ HOZ * and Z -* HOA O. Two-loop corrections are included 
with mt=170 GeV, m~=l  TeV. Including only one-loop corrections does not change the 
limit. 

76~OSIEK 95 study the dependence of mH~ t limit on various supersymmetry parameters. 

They argue that H 0 as light as 25 GeV is not excluded by ADRIANI 92G data in the 

region mAD ~ 60 GeV If m-{,~ ~ 200 GeV and "{L-'{R mixing is large. 

77ABREU 940 study HOA 0 -~ four Jets and combine with ABREU 94G analysis. The 

limit applies if the HO-A 0 mass difference is <4 GeV. 
78 0 * 0 AKERS 941 search for Z ~ H 1 Z and Z ~ /-/~1 A . One-loop corrections are Included 

with m t <200 GeV, m~ <1 TeV. See Fig. 10 for limits for tan/~ <1. 

79BUSKULIC 931 search for Z ~ HOz * and Z ~ HOA O. One-loop corrections are 
Included with any m t, m~ >mr: 

80ABREU 92J searched for Z ~ H~IZ* and Z ~ HOA 0 with HO, A 0 ~ ~ or Jet-Jet. 
Small mass values are excluded by ABREU 916. 

81ADRIANI 92G search for Z ~ HO z *, Z -*  HO A 0 ~ 4b, bbr~,  4~', 6b (via H 0 

AOAO), and Include constraints from F(Z). One-loop corrections to the Higgs potential 
are Included with 90<m t <250 GeV, m t <m-~ <1 TeV. 

82 ABREU 910 result is based on negative search for Z ~ H 0 f 7  and the limit on Invisible 

Z width I '(Z --* HOA O) < 39 MeV (95%CL), assuming mAD < milD, 

83 ABREU 910 result obtained by combining with analysis of ABREU 901. 
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84AKRAVVY 91c result from Z ~ HOA 0 ~ 4Jet or r + ~ - J ]  or 4~" and Z ~ H~IZ* 

(H 0 ~ q~, Z*  --~ v~  or e+e - or/~+/~-).  See paper for the excluded region for the 
case tan/~ < 1. Although these limits do not take Into account the one-loop radiative 
corrections, the authors have reported unpublished results including these corrections and 
showed that the excluded region becomes larger. 

85 BLUEMLEIN 91 excluded certain range of tan~ for mH~ 1 < 120 MeV, mAo < 80 MeV. 

86DECAMP 911 searched for Z ~ HO z *, and Z ~ HO A 0 -~ 4Jets or r rJJ or 3A O, 
Their litnits take Into account the one-loop radiative corrections to the Hlggs potential 
with varied top and squark masses. 

87ABREU 90E searched for Z ~ HOA 0 and Z ~ H~IZ*. mH~ 1 < 210 MeV Is not 

excluded by this analysis. 
88ADEVA ~ result is from Z ~ HOA 0 -~ 4jet or ~rJJ or 4~" and Z ~ HOz *. Some 

region of m/.~l < 4 GeV is not excluded by this analysis. 

89 DECAMP 90E look for Z ~ H 0 A 0 as well as Z --* H 0 Z + t - ,  Z ~ H 0 ~ with 15610 

Z decays. Their search Includes signatures in which H 0 and A 0 decay to "r'r, �9 + e - ,  

# + / * - ,  ~-+~'-, or q~. See their figures of milD vs. tan/3. 

90 DECAMP 90H IS similar to DECAMP 90E but with 25,000 Z decays. 
91DECAMP 90M looked for Z ~ HOtt,  where H 0 decays outside the detector. This 

excludes a region in the (milD, tan/~) plane centered at milD = 50 MeV, tan/~ = 0.5. 

This limit together with DECAMP 90E result excludes mH~ 1 < 3 GeV for any tan/3. 

A ~ (PmudoEalar Hi l l= Bcmon) MASS LIMITS In Super~ymmetrlc Models 
Limits on the A 0 mass from e + e -  collisions arise from direct searches In the �9 + c -  
A 0 H 0 channel and indirectly from the relations valid in the minimal supersymmetric 
mod'e]~ between mAo and mHo. As discussed in the "Note on Supersymmetry," at the 

one-loop level and in the simplest cases, these relations depend on the masses of the 
f quark-and t squarks. The limits are weaker for larger t and t masses, while they 
increase with the inclusion of two-loop radiative corrections. Some specific examples 
of these dependences are provided in the footnotes to the listed papers. 

VALUE (GeV) CL_%% DOCUMENT ID TECN COMMENT 
>51.0 95 92 ABREU 98E DLPH tan# > 1 | 
>62.5 95 93 BARATE 97P ALEP tan/~ > 1 I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

94 ACCIARRI 97N L3 | 
>23.5 95 95 ALEXANDER 97 OPAL tan/~>l, m t <195GeV I >60 95 96 KEITH 97 RVUE tan/3 < 1 
>27 95 97 ABREU 95H DLPH tan/~ >1, m t = 170 

GeV 
>44.4 95 98 ABREU 940 DLPH mH~l=mAo, any tan~3 

>24.3 95 99AKERS 941 OPAL tan/~ >1, m t <200 GeV 
>44.5 95 99 AKERS 941 OPAL tan/3 >1, ml~t=mAo 

>21 95 100 BUSKULIC 931 ALEP tan/3 >1, m t = 140 
GeV 

101ELLIS 93 RVUE Electroweak 
>34 95 102ABREU 92J DLPH tanj~ > 3 
>22 95 103 ADRIANI 92G L3 1<tan/3 <50, m t <250 

GeV 
> 0.21 95 104 BUSKULIC 92 ALEP tan/~ > 1 
none 3-40.5 95 105 AKRAWY 91(: OPAL tan/~ > 1, if 3 GeV < 

milD 1 < mAD 
>20 95 106 DECAMP 91J ALEP tan/~ > 1 
>34 95 107ABREU 90E DLPH tan~ > 1, 

mild < mAn 

>12 95 107ABREU 90E DLPH tan~ < 1 
>39 95 108 ADEVA 90R L3 tan/~ > 1, 

milD < mAD 

0 0 + I 92ABREU 98E search for e+e - ~ H I A  in the final state bbbb and q f l r  ~'- at V's 

I = 161-172 GeV. The results from the SM HIggs search described in the same paper are 
also used to set these ,mRs. Two-loop radiative corrections are included with into p = 
175 GeV, MSUSY = 1 TeV, and maximal scalar top mlxings, 

93 r h for e + H 0 0 + BARATE97Pseae e - ~  1A Inthef lnalstateb-bbbandbbr ~ - - a t ~  | 

= 130-172 GeV and combine with BARATE 97o ~lmit on e+e - ~ HOz Two-ioo ~ | I " e 
radiative corrections are Included with into p = 175 GeV and MSUSY = 1 TeV, and I 
maximal scalar top mlxlngs. The invisible decays H 0 --~ ~0~0 are not allowed In the | 
analysis, as ruled out In the relevant kinematic region by BUSKULIC 96K, I 

94ACCIARRI 97N search for e+e - ~ HOA 0 in four-jet final states at v's = 130-172 | 

GeV. Cross-section limits are obtained for I m 0 - mAol = 0, 10, and 20 GeV. 
H~ I 

95ALEXANDER 97 search for Z ~ H~IZ* and Z ~ HOA 0 and use r Z (nonstandard) | 
< 13.9 MeV. Radiative corrections using two-loop renormalizatlon group equations are I Included with m t < 195 GeV and the MSSM parameter space is widely scanned. Possible 
Invisible decay mode H~I ~ ~0~0 is included in the analysis. The limit improves to I 

44GeV for tan~9 ?., 1.5, but goes to 0 for tan/~ < 0.9 and m t > 195 GeV. I 
96KEITH 97 uses Tevatron data on t 't production to estimate B(t ~ H + b ) <  0.3 at 

I 95%CL. The resulting constraints on mH+ and the one-loop MS5M relation between 
mH+ and mAo give rise to the llmitshown on mAD. 

97 ABREU 95H search for Z ~ H10 Z*  and Z ~ H 0 A 0. One-loop corrections are included 
with m t = 170 GeV, m~- = 1 TeV. The limit becomes weak for larger mr: at m t = 
190 GeV, the limit is 14 GeV. The limit at m t = 170 GeV would Increase to 39 GeV 

If two-loop radiative corrections were included, m t and m*{ dependences are shown In 
Fig. 6, 

98ABREU 940 study H~IAO ~ four Jets and combine with ABREU 94G analysis. The 

limit applies if the H~I-A0 mass difference is <4 GeV. 

99AKERS 941 search for Z ~ H01 Z* and Z -~ HOA O. One-loop corrections are included 
with m t <200 GeV, m~ <1 TeV. See Fig. 10 for limits for tan/~ <1. 

100BUSKULIC 931 search for Z ~ HOz * and Z ~ HOA O. One-loop corrections to the 
Higgs potential are included with any mt, m~ >m t. For m t = 140 GeV and m-{ = 1 

TeV, the limit is mAD >45 GeV. Assumes no invisible H 0 or A 0 decays. 

101 ELLIS 93 analyze possible constraints on the MSSM Hlggs sector by electroweak precision 
measurements and find that mAD Is not constrained by the electroweak data. 

102ABREU 92J . . . .  bed for Z - -  H 0 Z*  and Z ~ H OA 0 with H O, A 0 . . . . .  jet~et. 
Small mass values are excluded by AgREU 91B. 

103ADRIANI 92G . . . .  h for Z ~ HO1z*. Z ~ HOA 0 - -  4b, bb ' r r ,  4-r, 6b (via 

H 0 ~ AOA0), and include constraints from F(Z). One-loop corrections are included 
with 90<m t <250 GeV, m t <m-~ <1 TeV. The region mAD <11 GeV is allowed if 
42<m/.~1 <62 GeV, but is excluded by other experiments. 

104BUSKULIC 92 limit is from F(Z). Z ~ HOz *, and Z - *  HOA O, The limit Is valid 
for any m/./~ 1 below the the theoretical limit m/./~ 1 <64 GeV which holds for rnAo ~ 0 In 

the minimal supersymmetrlc model. One-loop radiative corrections are included. 
105AKRAWY 91c result from Z ~ HOA 0 ~ 4Jet or ~'-t- 'r-jJ or 4r. See paper for the 

excluded region for the case tan/~ < 1. 
106DECAMP 911 searched for Z ~ HOz *, and Z ~ HOA 0 ~ 4Jets or ~-l, JJ or 3A 0. 

Their limits take into account the one-loop radiative corrections to the Higgs potential 
with varied top and squark masses. For r o t=  140 GeV and m ~ = l  TeV, the limit is 
mAD > 31 GeV. 

107ABREU 90E searched Z ~ H~IA0 and Z ~ H~IZ*. mAD < 210 MeV is not excluded 
by this analysis. 

108ADEVA 90R result Is from Z ~ /~1 AO ~ 4Jet or r r j J  or 4r  and Z ~ HOz *. Some 
region of mAD < 5 GeV is not excluded by this analysis. 

MASS LIMITS for Amodated HIIBs Production In e+e - InteractJons 
In multi-Hlggs models, associated production of Hlggs via virtual or real Z in e + e -  
annihilat, . . . .  + e -  --~ H 0 H 0. is possible If H~I and H~2 have opposite CP eigenval . . . .  

Limits are for the mass of the heavier Higgs ~ in two-doublet models. 

VALUE (C-eV) CL.~.~_~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>53 95 109 AKERS 941 OPAL mild 1 < 12 GeV 

110 ADRIANI 92G L3 
>45 95 111 DECAMP 90H ALEP mild < 20 GeV 

>37.5 95 111 DECAMP 90H ALEP mild 1 < mild 

none 5-45 95 112 KOMAMIYA 90 MRK2 rnHo < 0.5 GeV, 

H~2 ~ q~ or ~-+ r -  
> 5 90 113KOMAMIYA 89 MRK2 / ~ 1 ~  p+ /~ - ,  

H~2~ q~, r + r  - 
>28 95 114 LOW 89 AMY m. 0 ~ 20 MeV, 

/11 
H 0 -~ q~ 

none 2-9 90 115 AKERLOF 85 HRS mH~ 1 = 0, 

H 0 --* f 7  
none 4-10 90 116 ASH 85c MAC mild = 0.2 GeV, 

H 0 ~ ~.-F~-, C~ 

none 1.3-24.7 95 115 BARTEL 85L JADE milD = 0.2 GeV, H 0 

f7  or f ' {  H 0 
none 1.2-13.6 95 115 BEHREND 85 CELL mild 1 = O, 

H 0 ~ f f  

none 1-11 90 115 FELDMAN 85 MRK2 milD = O, H 0 ~ f 7  

none 1-9 90 115 FELDMAN 85 MRK2 mH~ 1 = milD, 

,0 : f7 
109AKERS 941 search for Z ~ HOH~2 with various decay modes. See Fig. 11 for the full 

excluded mass region In the general two-doublet model, from which the limit above is 
taken. In particular, for mild ~ milD the limit becomes >38 GeV. 

110ADRIANI 92G excluded regions of the mild - mAD plane for various decay modes with 

limits B(Z - -  H 0/'/~2) <(2-20) x 10 - 4  are shown in Figs. 2-5. 

111 DECAMP 90H search for Z - -  H~I e + e--, H 0/~+/~-, H 0-r + 7"-, H 1 q~, low m ultiplicity 
final states, ~'-r-Jet-Jet final states and 4-Jet final states. 

112 KOMAMIYA 90 limits valid for cos2(~ - /~ )  ~ 1. They also search for the cases H 0 

#+ /~ - ,  ~'+ ~'-,  and H 0 ~ H 0 H~I. See their Fig. 2 for limits for th . . . . . .  

113KOMAMIYA 89 assume B(/'/~ ~ /~+/~-) = 100 %, 2m/~ < mild < m r ,  The limit 

is for maximal mixing. A limit of m 0 > 18 GeV for the case H 0 --~ HOH0 (H 0 
H 2 --1 1 

/~+/J-)  is also given. From PEP at Ecru = 29 GeV. 
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114LOW 89 assume that H 0 escapes the detector. The l imit is for maximal mixing. A 

reduced l imit o f  24 GeV is obtained for the case H 0 ~ H 0 f f .  Limits for a Higgs-triplet 

model are also discussed. E c ~  = 50-60.8 GeV. 

115The l imit  assumes maximal mixing and that  H 0 escapes the detector. 

116ASH 85 assumes that H 0 escapes undetected. The bound applies up to  a mixing sup 
presston factor o f  5. 

119 ACCIARRI 
120 A M M A R  
121 COARASA 
122 GUCHAIT 
123 M A N G A N O  

124 STAHL 
125 ABE 

> 44.1 95 126 ALEXANDER 961 OPAL B(~'v) = 0-1  
>244 95 127 A L A M  95 CLE2 b ~ s'~ 

128 BUSKULIC 95 ALEP b ~ ~'v~.X 
> 43.5 95 129ABREU 940 DLPH B(~'u) = 0-1  

130 BARGER 93 RVUE b ~ s'~ 
131BELANGER 93 RVUE b ~ s3' 
130 HEWETT 93 RVUE b ~ s'~ 

> 41 95 132 ADRIANI  92G L3 B(~'u) = 0-1  
> 41.7 95 133,134 DECAMP 92 ALEP B(~'u) = 0-1  

none 8.0-20.2 95 135 YUZUKI  91 VNS B ( t v )  = 0-1  
> 29 95 133,136ABREU 90B DLPH B(Tu)  = 0-1  
> 19 95 133,137 ADACHI  90B TOPZ B(~e)  = 0-1  
> 36.5 95 133,138 ADEVA 90M L3 B(~'~,) = 0-1  
> 35 95 133,139AKRAVVY 90K OPAL B(~'u) = 0-1  
> 35.4 95 133,140 DECAMP 901 ALEP B('r~.) = 0 -1  

none 10-20 95 141 SMITH 90B A M Y  B(~-v) > 0.7 
> 19 95 140 BEHREND 87 CELL B(~'v) = 0-1  
> 18 95 142 BARTEL 86 JADE B(~ 'u)=0,1-1.0 
> 17 95 142ADEVA 85 MRKJ B(~'~.)=0.25-1.0 

/-~ (Charged Hlgl~) MASS LIMITS 
Most  o f  the following l imits assume B ( H  + ~ ~' ' i 'v)  + B (H  + ~ c~) = 1. DE- 
C A M P  901. BEHREND 87, and BARTEL 86 assume B (H  + ~ ~ '+v )  + B (H  + 
c3)  + B (H  + ~ cb )  = 1. All l imits from Z decays as well as ADACHI  90B assume 
that  H + has weak Isospln T 3 = +1 /2 .  

For l imits obtained in hadronic collisions before the observation of  the top quark, and 
based on the top mass values inconsistent with the current measurements, see the 
1996 (Physical Review D r ~  1 (1996)) Edition of this Review. 

The l imits are also applicable to pointlike technl-plons. For a discussion of  techni- 
particles, see EICHTEN 86. 

In the following tan/~ is the ratio of  the two vacuum expectation values In the two- 
doublet model. 

VALUE (GeV) CL_~_~ DOCUMENT ID TECN COMMENT 

�9 54.5 95 117ABREU 98F DLPH B(~'v) = 0-1  
> 52.0 95 117 ACKERSTAFF 981 RVUE B(~u)  = 0-1  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

118 ABE 97L CDF t ~ b H  -'F, H -~ ~u  

97F L3 B ~ ~u~ 
97B CLEO ~" ~ / zvv  
97 RVUE B ~  ~-u~X 
97 RVUE t ~ b H  + ,  H ~ ~ v  

97 RVUE B u ( c ) ~  ~'v~. 

97 RVUE ~ ~ IZUU 

96G CDF t ~ b H  + ,  H + 

129ABREU 940 study H +  H - ~ cSs-d (four-Jet final states) and H- I -H  - --* ~ - v r T u  ~, 
Limit  for B(~v~.)= 1 is 45.4 GeV. 

1 3 0 H E W E T T  93 and BARGER 93 analyze charged H lUS contribution to  b ~ 53, in two- 
doublet models with the CLEO l imit  B(b  ~ s ' r ) <  8.4 x 10 - 4  (90% CL) and find lower 
l imits on m H ~  In the type of  model (model l l )  In which different HIggs are responsible 
for up-type and down-type quark masses. H E W E T T  93 give m H +  >110  (707 GeV for 
m t >150 (120) GeV using m b = 5 GeV. 8ARGER 93 give m H +  >155 GeV for m t = 
150 GeV using m b = 4.25 GeV. The authors employ leading logarithmic QCQ corrections 
and emphasize that  the l imits are quite sensitve to m b. 

131BELANGER 93 make an analysis similar to  BARGER 93 and H E W E T T  93 with an 
improved CLEO l imit B(b ~ s'~) < 5.4 x 10 - 4  (95%CL). For the Typel l  model, the 
l imit m H +  >540 (300) GeV for m t >150 (120) GeV is obtained. The authors employ 
leading logarithmic QCD corrections. 

132ADRIANI  92G l imit improves to  44 GeV If B(~-u~.) > 0.4. 

133Studied H ' I ' H  - ~ (~u )  + (~u ) ,  H +  H - ~ ( ~ v )  + hadrons, H - I ' H  - ~ hadrons. 
134DECAMP 92 l imit  improves to 45.3 GeV for B(~-u)= l .  
135yUZUKI  91 assume photon exchange. The l imit is valid for any decay mode H + ~ eu,  

/~u, ~'v, q~  with five flavors. For B ( t v )  = 1, the l imit  improves to  25.0 GeV. 
136ABREU 90B l imit improves to  36 GeV for B(~-~,) = 1. 
137ADACHI  908 l imit  Improves to 22 GeV for B(TU) = 0,6. 
138ADEVA 90M l imit  Improves to 42.5 GeV for B(~-v) = 1. 
139AKRAWY 90K l imit improves to 43 GeV for B(~-u) = 1. 

1401f B(H + ~ ~-+u) = 100%, the DECAMP 901 l imit  improves to 43 GeM. 
141 SMITH  90B l imit  applies for v2 /V l  > 2 1 n a m o d e l l n w h l c h H 2 c o u p l e s t o u - t y p e q u a r k s  

and charged leptons. 
142Studied H + H  - ~ ( ~ v )  + (~u ) ,  H + H  - -~ (~u )  + hadrons. Search for muon 

opposite hadronlc shower. 

MASS LIMITS for/-~• (doubly-charl~d Higgs boson) 
VALUE (GeV) CL~_% DOCUMENT IO TECN COMMENT 

>45.6 95 143 ACTON 92M OPAL 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

144 GORDEEV 97 SPEC muonlum conversion 
145 ASAKA 95 THEO 

>30.4 95 146 ACTON 92M OPAL T 3 ( H + + ) =  + 1  
>25.5 95 146 ACTON 92MOPAL T 3 ( H + + ) =  0 

none 6,5-36.6 95 147 SWARTZ 90 MRK2 T 3 ( H + +  ) = + 1  
none 7.3-34.3 95 147 SWARTZ 90 MRK2 T 3 ( H + +  ) = 0 

143ACTON 92M l imit assumes H + ~  ---* E ; - t  • or H • 1 7 7  does not decay in the detector. 
Thus the region g t l  ~" 1 0 - 7  is not excluded. 

144~9~OR'DELE'V:~e::rG:f;  r ~ s u t h : U ~ e ; : : : l ' f l : : : ~ u ? ~  f~:durGeMr~i~176 I 

This l imit may be converted to  m H +  + > 210 GeV i f  the Yukawa copullngs of  H + +  I 
to ee and p/J are as large as the weak gauge coupling. For similar l imits on muonlum- I antlmuonlum conversion, see the muon Particle Listings. 

145ASAKA 95 point out that  H + +  decays dominantly to four fermlons In a large region of  
parameter space where the l imit  of  ACTON 92M from the search of dllepton modes does 
not apply. 

146ACTON 92M from ZIF Z <40  MeV. 

147SWARTZ 90 assume H • 1 7 7  ~ t •  • (any flavor). The l imits are valid for the Higgs- 
lepton coupling g ( H t l )  _~> 7.4 x l O - 7 / [ m ~ / G e V ] l / 2 .  The l imits improve somewhat 
for ee and # p  decay mod~s. 

117Search for e + e  - --* H + H  - at . / s=130-172  GeV. 
118ABE 97L search for a charged Hlggs boson in top decays In p~  collisions at Ecm = 1.8 

TeV, wi th H + ~ T'i 'v~-, ~" decaying hadronically. The limits depend on the choice 
of  the t t  cross section. See Fig, 3 for the excluded region. The excluded mass region 
extends to  over 140 GeM for tan# values above 100, 

119ACCIARRI 97F give a l imit  m H +  > 2.6 tan# GeV (90%CL) from their l imit on the 
exclusive B ~ T v  T branching ratio, 

1 2 0 A M M A R  978 measure the Michel parameterp from r ~ e v v  decays and assmes e//~ 
universality to extract the Michel ~/parameter from ~- ~ i~vv  decays. The measurement 
is translated to a lower l imit  on m H +  in a two-doublet model m H +  > 0.97 tan# GeV 
(90% CL). 

121COARASA 97 reanalyzed the constraint on the ( m H •  plane derived from the 
inclusive B ~ ~-v~.X branching ratio in GROSSMAN 95B and BUSKULIC 95. They 
show that  the constraint is quite sensitive to  supersymmetdc one-loop effects. 

122GUCHAIT  97 studies the constraints on m H +  set by Tevatron data on l~- final states in 

t t  ~ ( W ~ ( H b ) ,  W ~ to ,  H ~ ~L,~.. See Fig. 2 for the excluded region. 
123 M A N G A N O  97 reconsiders the l imit in ACCIARRI 97F including the effect of  the poten- 

tially large B c ~ ~v~. background to B o ~ T v  r decays. Stronger l imits are obtained. 
1245TAHL 97 f i t  ~- lifetime, leptonlc branching ratios, and the Michel parameters and derive 

l imit  m H +  > 1.5 tan/~ GeV (90%CL)  for a two-doublet model. See also STAHL 94. 

125ABE 96G search for a charged Higgs boson in top decays in p ~  collisions at Ecru = 
1.8TeV.  For the currently observed value of  the top mass, the search is not sensitive 
enough to  exclude a charged HIggs boson of  any mass, 

1 2 6 A L E X A N D E R  961 search for the final states H + H -  - *  "ru~. ~ ~ . .  1"u T cs,  c ~ s .  Limit  
for B(~-u~.) = i Is 45,5 GeV. 

1 2 7 A L A M  95 measure the Inclusive b ~ s-y branching ratio at T (4S)  and give B(b 
s ' f ) <  4.2 x 10 - 4  (95% CL), which translates to the l imit m H +  >[244 + 63 / ( tan#)  1"3] 
GeV in the Type II two-doublet model. Light supersymmetrlc particles can Invalidate this 
bound. 

128BUSKULIC 95 give a l imit  m H +  > 1.9 tan# GeV (90%CL) for Type-II models from b 
r v ~ . X  branching ratio, as proposed in GRO55MAN 94. 

H ~ and ~ REFERENCES 
ABREU . ~ SSE EPJ C2 1 P. Abreu+ (DELPHI Collab.) 
ABREU 98F PL B420 140 P. Abreu+ (DELPHI Collab.) 
ACCIARRI 98B PL B418 389 M. Acciarri+ (L3 Collab,) 
ACKERSTAFF 98B EPJ C1 31 K. Ackerstaff+ (OPAL Colklb.) 
ACKERSTAFF 98H EPJ CI 425 K. Acke~taff+ (OPAL Collab.) .. 
ACKERSTAFF 981 PL B426 180 K. Ackerstaff+ (OPAL Collab.) 
CHANOWITZ 98 PRL 80 2521 M. Chanowitz 
ABBANEO 97 CERN-PPE/g7-154 D, Abbaneo+ 

ALEPH, DELPHI, LS, OPAL, and SLD Collaborations, and the LEP Electroweak Working Group. 
ABE 97L PRL 79 357 F. Abe+ (CDF Cotlab.) 
ABE 97W PRL 79 3819 F. Abe+ (CDF Co,lab.) 
ACCIARRI 97F PL B3% 327 M. Acciard+ (!.3 Collab.) 
ACCIARRI 97N PL B411 330 M. Acciarri+ (L3 Collab.) 
ACQARRI 970 PL B411 373 M. Acciard+ (I.3 Collab.) 
ACKERSTAFF 97E PL B393 231 K. Ackerstafl+ (OPAL Collab.) 
ALEXANDER 97 ZPHY C73 189 G. Alexander+ (OPAL Collab.) 
AMMAR STB PRL 78 4686 R. Ammar+ (CLEO Cotlab.) 
BARATE 970 PL ;;412 155 R. Barate+ (ALEPH CoJlab.) 
8ARATE 97P PL B412 173 R. Batate+ (ALEPH Collab.) 
ROCK 97 CERN-EP/?8-046 R Book+ 

ALEPH, DELPHI, L3, and OPAL Collaborations, and the LEP Higgs Boson Searches Working Group 
COARASA 97 PL B406 337 J.A. Coarasa, R.A. Jimenez, J. Sola 
DEBOER 97B ZPHY C75 627 W. de Boer. A. Dabelstein, W, Holtlk+ 
DEGRAS$1 97 PL B394 188 G. DelFassi, P, Gambino, A. Sidin (MPIM, NYU) 
DITTMAIER 97 PL B391 420 S, Dittmaier. D. Schildknecht (BIEL) 
GORDEEV 97 PAN 60 1164 V.A. Gordeev+ (PNPI) 

Translated from YAF 60 1291. 
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GUCHAIT 97 PR DSS 7263 M. Guchait, D.P. ROY (TATA) 
KEITH 97 PR DS6 RSS06 E. Keith, E. Me, D.P. Roy 
KRAWCZYK 97 PR D55 6968 M. Krm~czyk, J. Zochowski (WARS) 
MANGANO 97 PL B410 299 M. Mansano, S. Slabo~p~tsky 
RENTON 97 IJMP A12 4109 P.B. Renton 
STAHL 97 ZPHY C74 73 A. Stahl, H. Voss (BONN) 
ABE 9SG PR D54 735 + (CDF Co/lab.) 
ACC~ARRI 951 PL B3eS 4S4 + (L3 Conab.) 
ACCIARRI 9SJ PL Bssa 40~ + (L3 Collab,) 
ALCARAZ % CERN-PPE/%-183 J. Algaraz+ 

The ALEPH. DELPHI, LS, OPAL, and SLD Collaborations and the LEP Electro~eak Work~n 9 Group 
ALEXANDER %H ZPHY C71 1 + (OPAL Coliab.) 
ALEXANDER 991 PL 8370 174 + (OPAL Coflab.) 

PL B377 273 +Allison. Altekamp, Ametewee+ (OPAL Coflab. ) 
PL 8373 246 +De Bonis. Decamp, Ghez+ (ALEPH Collab. 
PL 8384 427 + (ALEPH CoSab. 
PL B386 247 +Schildlmecht, Welglein (BIEL. KARL) 
PL 8389 321 +Fogli, Lisi (CERN, BARI) 
PL BESS 415 (TATA) 
PR D54 1 
ZPHY C67 69 +Adam, Adye. Aga~, A Rnenko. Alekzae+ (DELPHI Collab.) 
PRL 74 2895 +K~m, Ling, Mahmood+ (CLEO Co/lab.) 
PL 8345 36 +Hika~ (TOHOK) 
PL B343 444 +Casper. De Bonis, Decamp, Ghez, Get+ (ALEPH CoSab.) 
PL 8356 307 +Pokorski (WARS, MPIM) 
PR DS2 441 +Langacker (PENN) 
PL 8357 630 Y. Grossman, H. Haber. Y. Nit 
MPL A10 2553 (KEK) 
PL 8341 419 +Sopczak (IFIC, CERN) 
NP B421 3 +Adam. Adye, Agasi, Aj~nenko+ (DELPHI Collab.) 
ZPHY C64 183 +Adam, Adye, Agasl, Ajinenko, Aleksan+ (DELPHI Co,lab.) 
PL B327 397 +Alexander, Allison, Anderson, Arcelli+ (OPAL Coqab.) 
ZPHY C64 1 +Alexander, ASison, Anderson, ArcelE, Asai+(OPAL Co/lab. ) 
PL B333 11S +Fo~I, Lis~ (CERN, 8ARI} 
PL B332 373 Y. Gros~man, Z. Liged 
MPL A9 3301 (TATA) 
PL B335 484 +Nictosini. passadno, Piccinini (INFN, PAVI, CERN, TORI) 
PL B324 121 A. Stahl (BONN) 
PL 8303 391 +Aguilar-Benitez, Ahlen, Alcaraz, Aloiso+ (L3 Coflab.) 
PRL 70 1368 +Berger, PhiSips (WISE, RAL) 
PR D48 5419 +Gang, Turcotte (MONT, ISU, AMES) 
PR D49 4224 8rahmachad, Jeshipura, Rindani+(AHMED, TATA, CERN) 
PL 8313 299 +De Bonis. Decamp, Ghez, Coy+ (ALEPH Collab.) 
PL B513 312 +De Bonis, Decamp, Ghez, GOY, Lees+ (ALEPH Co/lab.) 
NP 8393 3 +Fogli. Lid (CERN, BARI) 
IJMP Aa 407 +Vepe~ (CERN) 
PRL 70 1045 (ANL, OREG) 
PL 8312 240 Lopez-Fernandez, Romao+ (CERN, LIES, VALE) 
ZPHY CS3 SSS +Adam, Adami, Adye, Akesmn, Alekseev+(OELPHI Co/tab.) 
NP B373 3 +Adam, Adami, Adye, Akesson+ (DELPHI Co/lab.} 
PL B295 347 +Alexander, ASison, AIIport, Anderson+ (OPAL Col]ab.} 
PL 8283 4S4 +Addanl. Aguilar-Benitez, Ahlen, Akbad+ (L3 Co/lab.) 
PL 8292 472 +Aguila~aenitez, AMen, Akbad, Alcarez+ (L3 Co/Jab.) 
PL B294 457 +Aguilar-Banitez, AMen, Akbari. Alcaraz+ (L3 Collab.) 
ZPHY C57 355 Addani. Agu~lar-Benltez, Ahlen, Algaraz+ (L3 Collab.) 
PL B2ss 309 +Decamp, Coy, Lees, M~nard+ (ALEPH Collab.) 
PRPL 216 2S3 +Deschizeaux, Coy, LeE, Minard+ (ALEPH CoSab.) 
NP 8388 al +Prade~. Yepes (CERN, CPPM) 
ZPHY C51 25 +Adam, AdamL Adye, Akesson+ (DELPHI C~lab.) 
PL 8268 122 +Alexander, Alfl~on, Al[port+ (OPAL Collab.) 
PL 8257 4S0 +Addani, Aguilar-Senitez, Akbad, Alcaraz+ (L3 Co/lab.) 
PL B282 1SS +AddanL A~uilar-Senitez, Akbad, Alcaraz+ (L3 Co/lab.) 
PL B2SS 511 +Alexander, Allison. AIIport, Anderson-p (OPAL Coliab.) 
ZPHV C49 1 +Alexander, Allison, AJIport. Andemon+ (OPAL Co/lab.) 
ZPHY EEl 341 +Brunner, Grabosch+ (BERL, BUDA, JINR, SERP) 
PL 8262 139 +Deschlzeaux, Goy. Lees, Minard+ (ALEPH Collab.) 
PL B265 475 +Deschizeaux, Coy, Lees, MInard+ (ALEPH Collab. 
PL 8267 309 +Haba, Abe, Amako. Arai, Asano+ (VENUS Collab. 
PR D41 1717 +Amidel, Appolllnari, Atac, Auchlndo~+ (CDF Collab. 
PL B241 449 +Adam, Adami, Ad~, Alekseev+ (DELPHI Collab. 
NP 8342 1 +Adam, Adimi, Adye, Alekseev+ (DELPHI Collab. 
PL 8245 276 +Adam, Adimi, Ad~e~ Afek~ev+ (DELPHI Cbrlab. 
HEP-~O Slrcgapore unpu~Adam, Adaml, Adye, Alekseev+ (DELPHI Collab. 

+Aihara, Ooe~r, Enomoto+ (TOPAZ CO/Ii0 
+Adda.i. Agullar-Benltez, Akbad, Algaraz+ (LS Co/lib, 
+AddalU, Agullar-Benitez, Akbad, Alcaraz+ (L3 Cdlab.= 
+Adrlanl, Aguilar-Benitez, Akbarl, Alcaraz+ (L5 Collab.' 
+Adrlanl~ Al[ullar-Benitez, Akbari, Alcaraz+ ~L5 Coliab.' 
+Alexander, Allison, AIIport+ (OPAL Collab. 
+Alexander, Allison, AIIport, Ander..o.+ (OPAL CoSab. 
+AIIxander, Allison, Allport, Andemon+ (OPAL Collab. 
+DesChlzeaux, Lees, Mlnard, Crespo+ (ALEPH Co/lab. 
+Dnehlzeaux, Lees, Minard+ (ALEPH Collab, 
+Der~:hlzea~x. Lees, M/nard+ (ALEPH COIlab. 
+De~hlzQux, Goy, Lees, MInard+ (ALEPH Coliab.' 
+DeKhlzeaux, Goy, Lm, MInard+ (ALEPH Collab 
+De~:hizmaux, GW, Lees, MInard+ /ALEPH Co~lab 
+Abrams, Adolphsen, Avedll, Ballam+ Mark II Co,lab 
+McNeil, Breedon, KIm, Ko+ (AMY Coilab 
+Abrams, AdOlphsen, Avedll, Ballam+ (Mark II Co/lab 

+Nguyen NSOC (LALO 
+Fotdham, Abrams, Adolphsen, Akerlof+ (Mark II CoSab 

ALEXANDER SSL 
BUSKULIC 96K 
BUSKULIC 96R 
DITTMAIER 96 
ELLIS 96C 
GURTU 96 
PDG 96 
ASREU 95H 
ALAM SS 
ASAKA 95 
BUSKULIC 95 
CHANKOWSKI 95 
ERLER 95 
GROSSMAN 95B 
MATSUMOTO 95 
ROSIEK 95 
ABREU 94G 
ABREU 940 
AKERS S4B 
AKERS 941 
ELLIS 948 
GROSSMAN 94 
GURTU 
MONTAGNA 94 
STAHL 94 
ADRIANI 93C 
BARGER 93 
BELANGER 93 
BRAHMACH.,. 93 
BUSKULIC 93H 
BUSKULIC 931 
ELLIS 93 
GROSS 93 
HEWETT 93 
LOPEZ-FERN,. 93 
ABREU ~J2D 
ABREU 92J 
ACTON 92M 
ADEVA 928 
ADRIANI 92F 
ADRIANI 92G 

Also 938 
BUSKULIC 92 
DECAMP 92 
PICH 92 
ABREU 918 
ACTON 91 
ADEVA 91 
ADEVA 91D 
AKRAWY 91 
AKRAWY 91C 
BLUEMLEIN 91 
DECAMP 91F 
DECAMP 911 
YUZUKI 91 
ABE 90E 
ABREU 998 
ABREU 9DE 
ABREU ~E 
ABREU 901 

CERN-PPE/90-183 
ADACHI SOB PL B240 513 
ADEVA 90H PL B248 203 
ADEVA 90M PL 8252 Ell 
ADEVA 90N PL B2S2 519 
ADEVA 90R PL 8251 311 
AKRAWY 90C PL 8236 224 
AKRAWY 99K PL B242 299 
AKRAWY 99P PL B251 211 
DECAMP 90 PL B2~ 233 
DECAMP 99E PL B237 281 
DECAMP 99H PL 8241 141 
DECAMP 90] PL B241 823 
DECAMP 90M PL 8245 299 
DECAMP 90N PL B246 306 
KOMAMIYA 90 PRL 64 2981 
SMITH 90B PR 042 949 
SWARTZ 90 PRL 64 2077 
CAHN 89 RPP 52 399 
DAVIER 99 PL 8229 159 
KOMAMWA 89 PR D40 721 
LOW 99 PL B226 S49 
SHER 99 PRPL 179 273 
SNYDER 89 PL B229 169 
BEHREND e7 PL 8193 376 
FRANZINI 87 PR D35 2893 
BARTEL 86 ZPHY C31 3S9 
EICHTEN SS PR D34 lS47 
ADEVA 85 PL IS2B 439 
AKERLOF 85 PL lSSB 271 
ALBRECHT 9SJ ZPHY C29 167 
ASH 85 PRL 55 1831 
ASH 9SC PRL 54 2477 
BARTEL 8SL PL 1SSB 288 
BEHREND 95 PL 1618 182 
FELDMAN 85 PRL 54 2299 

+Xu, Abashlan, Gotow, HU, Martson+ (AMY Collab 

+Murray, Abrams, Ado/phsen, Akedof+ (Mark II Collab. 
+Buerlw, CriB|H, Dafnton+ (CELLO CoSab 
+Son, Tuts, Youssef, Zhao+ (CUSS Collab 
+Backer, Fetst, Haidt+ (JADE Collab 
+Hlnchtlffe, Lane, Quigg+ (FNAL, LBL, OSL 
+Becket, Becker-Szendy+ (Mark-J Co,lab 
+Bonvicinl. Chapman. Errede+ (HRS Cotlab.) 
+Binder, Harder+ (ARGUS Collab 
+Band, Blume, Camporesi+ (MAC Co/lab.) 
+Band, Blume, Campotesi+ (MAC Co/lab 
+Backer. Cords, Felst, Hagi~lra+ (JADE CoSab.) 
+Burger. Crie~ee, Farmer+ (CELLO CoSab 
+Abrams, Amidel, Baden+ (Mark II Collab 

I l l  

I Heavy Bosons Other Than I 
1 Higgs Bosons, Searches for I 

We list here var ious l imi ts on charged and neutral  heavy vector  
bosons (o ther  than W 's  and Z 's ) ,  heavy scalar bosons (o ther  than 
Higgs bosons), vector  or scalar leptoquarks, and axigluons. 

WR (Right-Handed W Boson) MASS LIMITS 
Assuming a light right-handed neutrino, except for BEALL 82, LANGACKER 89B, 
and COLANGELO 91. ER = gL assumed, [Limits in the section MASS L IMITS for 

W I below are also valid for W R If mVR << m W ,] Some limits assume manifest 
left-right symmetry, LB. the equality o f  left- and r~ght Cablbbo-KobayashI-Maskawa 
matrices. For a comprehensive review, see LANGACKER 898. Limits on the WL-W R 
mixing angle ~ are found in the next section. Values In brackets are f rom cosmological 
and astrophysical considerations and assume a light right-handed neutrino. 

VALUE (GeV) CL~ DOCUMENT ID TECN COMMENT 
> 549 1 B A R E N B O I M  97 RVUE # decay 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2 STAHL 97 RVUE �9 decay 
3 ALLET 96 CNTR /9 + decay 
4 KUZNETSOV 95 CNTR Polarized neutron decay 

95 
90 
90 
90 
90 
90 

> 220 
> 220 
> 281 
> 282 
> 439 
> 250 

> 475 
> 240 
> 496 
> 700 

> 477 
[none 540-23000] 
> 3O0 
> 160 
> 4O6 
> 482 
> 800 
> 400 
> 475 

> 380 
>1600 

[> 4000] 

5 KUZNETSOV 948 CNTR 
6 BHATTACH.. .  93 RVUE 
7 SEVERIJNS 93 CNTR 
8 I M A Z A T O  92 CNTR 

90 9 POLAK 92B RVUE 
9O 10 AQUINO 91 RVUE 
90 10 AQUINO 91 RVUE 

11 COLANGELO 91 THEO 

90 12 POLAK 91 RVUE 
13 BARBIERI 89B ASTR 

90 14 LANGACKER 898 RVUE 
90 15 BALKE 88 CNTR 
90 16 JODIDIO 86 ELEC 
90 16 JODIDIO 86 ELEC 

M O H A P A T R A  86 RVUE 
95 17 STOKER 85 ELEC 
95 17 STOKER 85 ELEC 

18 8ERGSMA 83 CHRM 

90 19 CARR 83 ELEC 
20 BEALL 82 THEO 

Polarized neutron decay 
Z-Z r mixing 

8 + decay 
K +. decay 
/z decay 
Neutron decay 
Neutron and muon decay 

~ decay 
SN 1987Ai l ight v R 
General 

Any C 
r  
SU(2)L x S U ( 2 ) R  x U(1) 
Any ~ 
r <o.o41 

# +  decay 

STEIGMAN 79 COSM Nucleosynthesls; light u R 

1The quoted l imit  Is f rom/~ decay parameters. BARENBOIM 97 also evaluate l imit from | 
K L-K S mass difference. 

2 STAHL 97 l imit  Is from f i t  to  r-decay parameters. I 
3 A L L E T  96 measured polarization-asymmetry correlaton In 12N~1+ decay. The listed I I lmlt auumes zero L-R mixing. 
4 KUZNETSOV 95 l imit is from measurements of  the asymmetry (l~u.an) In the ~ decay 

of  polarized neutrons. Zero mixing assumed. See also KUZNETSOV 948. 
8 KUZN ETSOV 948 l imit is from measurements of  the asymmetry (~U'~n) In the/~ decay 

of polarized neutrons. Zero mixing assumed. 
6 BHATTACHARYYA 93 uses Z-Z r mlxlng l imit  f rom LEP '90 data, assuming a specific 

Hlggs sector o f  SU(2 )LXSU(2 )RXU(1  ) gauge model. The l imi t  Is for mr=200 GeV and 
slightly improves for smaller mt. 

7SEVERIJNS 93 measured poladz2tlon-asymmetry correlation In 1071n #4- decay. The 
listed l imit assumes zero L-R mixing, Value quoted here Is from SEVERIJNS 94 erratum, 

S I M A Z A T O  92 measure positron asymmetry In K + ~ p4 -~#  decay and obtain 

~P# > 0.990 (90%CL). I f  W R couples to u3 with full weak strength (V~us=l) ,  the 
result corresponds to mWR >653 GeV. See their Fig, 4 for mWR l imits for general 

I~s12=l-I~dl 2 
9 p O L A K  928 l imit Is from f i t  to muon decay parameters and is essentially determined by 

JODIDIO 88 data assuming ~=0. Supersedes POLAK 91, 
10AQUINO 91 l imits obtained from neutron lifetime and asymmetries together with unl- 

tarlty o f  the CKM matrix. Manifest left-right symmetry assumed. Stronger of  the two 
l imits also includes muon decay results. 

11COLANGELO 91 l imit  uses hadronlc matr ix  elements evaluated by QCD sum rule and 
Is less restrictive than BEALL 82 l imit  which uses vacuum saturation approximation. 
Manifest left-right symmetry assumed. 

12 POLAK 91 l imit Is from fit to muon decay par2meters and Is essentially determined by 
JODIDIO 86 data assuming ( = 0 .  Superseded by POLAK 928. 

13 BARBIERI 89B l imit holds for toUR < 10 MeV. 

14LANGACKER 898 l imit is for 2ny u R mass (either Dlrac or MaJorana) and for a general 
class of  right-handed quark mixing matrices. 

1SBALKE 88 l imit  Is for eve R = 0 and mylar < 50 MeV. Limits come from precise 

measurements o f  the muon decay asymmetry as a function of the positron energy. 
16JODIDIO 86 Is the same TRIUMF experiment as STOKER 85 (and CARR 83); how- 

ever, i t  uses a different technique. The results given here are combined results o f  the 
two techniques. The technique here involves lXeClse measurement of  the end-point e + 
spectrum In the decay of the highly polarized p -F  

17 STOKER 85 Is same TRIUMF experiment as CARR 83. Here they measure the decay e + 
spectrum asymmetry above 46 M e V / c  using a muon-spln-rotatlon technique. Assumed 
a light right-handed neutrino. Quoted l imits are froSn combining with CARR 83. 

]SBERGSMA 83 set l imit mwz/mWl >1.9  at CL = 9O%. 
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19 CARR 83 Is TR IUMF experiment with a highly polarized/~+ beam. Looked for deviation 
f rom V-A  at the high momentum end of the decay e + energy spectrum. L imi t  from 
previous world-averase muon polarization parameter Is mWR >240 GeV. Assumes a 
light right-handed neutrino. 

20 BEAL L 82 l imit  is obtained assuming that  W R contribution to KOL-KO S mass difference is 
smaller than the standard one, neglecting the top quark contributions, Manifest left-right 
symmetry assumed. 

Limit on WL-W R Mlxlng Anlile ( 
Lighter mass elgenstate W 1 = WLcos( - WRsln(.  Light u R assumed unless noted. 
Values in brackets are f rom cosmological and astrophysical considerations. 

VALUE CL~ ~OCUM~NT ID TEC N COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< 0.0333 21 BARENBOIM 97 RVUE ,udecay | 
< 0.04 90 22 MISHRA 92 CCFR u N  scattering 

- 0 . 0 0 0 6  to  0.0028 90 23 AQUINO 91 RVUE 
[none 0.00001-0.02] 24 BARBIERI 89B ASTR 5N 1987A 
< 0.040 90 25 JODIDIO 86 ELEC /~ decay 

- 0 . 0 5 6  to  0,040 90 25 JODIOIO 86 ELEC /~ decay 

21The quoted limit is from # decay parameters. BARENBOIM 97 also evaluate l imlt from | 
KL-K 5 mass difference. 

22 MISHRA 92 l imit  is from the absence of extra large-x, large-y Pp N ~ P p X  events at 
Tevatron. assuming lef~-handed v and right-handed Y in the neutrino beam. The result 
gives (.2(1-2m2w./m2w~)< 0.0015. The l imit  is Independent o f  u R . . . . .  

23AQUINO 91 l imits obtained from neutron lifetime and asymmetries together with uni- 
tarry of the CKM matrix. Manifest left-right asymmetry Is assumed. 

24 BARBIERI 89B l imit holds for mvR <_ 10 MeV. 

25 First JODIDIO 86 result assumes m wR=Oo, second Is for unconstrained m WR. 

T H E  W r S E A R C H E S  

Written October 1997 by K.S. Babu, C. Kolda, and J. March- 
Russell (IAS/Princeton). 

Any electrically charged gauge boson outside of the Stan- 

dard Model is generically denoted W r. A W I always couples to 

two different flavors of fermions, similar to the W boson. In 

particular, if a W ~ couples quarks to leptons it is a leptoquark 

gauge bosom 

The most attractive candidate for W ~ is the WR gauge 

boson associated with the left-right symmetric models [11. These 

models seek to provide a spontaneous origin for parity violation 

in weak interactions. Here the gauge group is extended to 

SU(3)c x SU(2)L x SU(2)R x U(1)B-L with the Standard Model 

hypercharge identified as Y = T3R + (B-L)~2, T3R being the 

third component of SU(2)R. The fermions transform under the 

gauge group in a left-right symmetric fashion: qL(3, 2, 1, 1/3) + 

qR(3,1, 2,1/3) for quarks and tL(1,2,1,--1 ) + tR(1,1, 2, --1) 

for leptons. Note that the model requires the introduction 

of right-handed neutrinos, which can facilitate the see-saw 

mechanism for explaining the smallness of the ordinary neutrino 

masses. A Higgs bidoublet r 2, 2, 0) is usually employed to 

generate quark and lepton masses and to participate in the 

electroweak symmetry breaking. Under left-right (or parity) 

symmetry, qL ~ qR, ~L ~ lR, WL ~ WR and �9 ~-~ e l .  
After spontaneous symmetry breaking, the two W bosons of 

the model, WL and WR, will mix. The physical mass eigenstates 

are denoted as 

W1 = cosf  WL+sin f  WR, W2 = - s i n f  WL+cos f  W1~ (1) 

with W1 identified as the observed W bosom The most general 

Lagrangian that describes the interactions of the W1,2 with the 

quarks can be written as [2] 

1 _ VLpL -- gRe i~ s in (VRPR)  W~ s = -- - ~ u %  [ (gL COS~ 

where gL,R are the SU(2)L,R gauge couplings, PL,R = (1 =F75)/2 

and V L,R are the left- and right-handed CKM matrices in the 

quark sector. The phase w reflects a possible complex mixing 

parameter in the WL-WR mass-squared matrix. Note that there 

is C P  violation in the model arising from the right-handed 

currents even with only two generations. The Lagrangian for 

leptons is identical to that for quarks, with the replacements 

u ~ v, d ~ e and the identification of V L,R with the CKM 

matrices in the leptonic sector. 

If parity invariance is imposed on the Lagrangian, then 

gL = gR. Furthermore, the Yukawa coupling matrices that arise 

from coupling to the Higgs bidoublet r will be Hermitian. If in 

addition the vacuum expectation values of �9 are assumed to be 

real, the quark and lepton mass matrices will also be Hermitian, 

leading to the relation V L = V R. Such models are called 

manifest left-right symmetric models and are approximately 

realized with a minimal Higgs sector [3]. If instead parity and 

C P  are both imposed on the Lagrangian, then the Yukawa 

coupling matrices will be real symmetric and, after spontaneous 

C P  violation, the mass matrices will be complex symmetric. In 

this case, which is known in the literature as pseudo-manifest 

left-right symmetry, V L = (VR) *. 

Indirect  constraints:  In minimal version of manifest or 

pseudo-manifest left-right symmetric models with w = 0 or 

7r, there are only two free parameters, ( and Mw2, and they 

can be constrained from low energy processes. In the large 

Mw2 limit, stringent bounds on the angle ~ arise from three 

processes. (i) Nonleptonic K decays: The decays K --* 37r and 

K ~ 27r are sensitive to small admixtures of right-handed 

currents. Assuming the validity of PCAC relations in the Stan- 

dard Model it has been argued in Ref. 4 that the success in 

the K --* 37r prediction will be spoiled unless [~[ < 4 x 10 -3. 

(ii) b ~ sT: The amplitude for this process has an enhancement 

factor mt/mb relative to the Standard Model and thus can be 

used to constrain ~ yielding the limit -0.01 < ~ < 0.003 [5]. 

(iii) Universality in weak decays: If the right-handed neutrinos 

are heavy, the right-handed admixture in the charged current 

will contribute to /3 decay and K decay, but not to the # 

decay. This will modify the extracted values of V L and V L .  

Demanding that the difference not upset the three generation 

unitarity of the CKM matrix, a bound [r < 10 -3 has been 

derived [6]. 

If the vR are heavy, leptonic and semileptonic processes do 

not constrain ~ since the emission of vR will not be kinematically 

allowed. However, if the vR is light enough to be emitted in 

# decay and f~ decay, stringent limits on ff do arise. For example, 

[ff] < 0.039 can be obtained from polarized # decay [7] in the 

large Mw2 limit of the manifest left-right model. Alternatively, 

in the ~ = 0 limit, there is a constraint Mw2 > 484 GeV 

from direct W2 exchange. For the constraint on the case in 

which Mw~ is not taken to be heavy, see Ref. 2. There are 

also cosmological and astrophysical constraints on Mw2 and 

in scenarios with a light yR. During nucleosynthesis the 
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process e+e - ~ URPR, proceeding via W2 exchange, will keep 
the un in equilibrium leading to an overproduction of 4He 
unless Mw2 is greater than about 1 TeV [8]. Likewise the ueR 

produced via e~p ---* nun inside a supernova must not drain 
too much of its energy, leading to limits MW2 :> 16 TeV and 

[~[ _< 3 x 10 -5 [9]. Note that models with light UR do not 
have a see-saw mechanism for explaining the smallness of the 

neutrino masses, though other mechanisms may arise in variant 
models [10]. 

The mass of W2 is severely constrained (independent of 

the value of ~) from KL-Ks  mass-splitting. The box diagram 

with exchange of one WL and one WR has an anomalous 
enhancement and yields the bound Mw2 >_ 1.6 TeV [11] for 

the case of manifest or pseudo-manifest left-right symmetry. If 

the uR have Majorana masses, another constraint arises from 
neutrinoless double fl decay. Combining the experimental limit 

one each for the quarks and leptons; models with separate 

SU(2) gauge factors for each generation [20]; and the SU(3)c • 
SU(3)L x U(1) model of Ref. 21. 

Leptoquark gauge bosons: The SU(3)o x U(1)B-L part of 
the gauge symmetry discussed above can be embedded into a 

simple SU(4)c gauge group [22]. The model then will contain 

leptoquark gauge boson as well, with couplings of the type 

{('eL"/l~dL -~ ~L'7#UL)W I~ + (L ~ R)}. The best limit on such 
leptoquark W' comes from nonobservation of KL ---* ~e, which 

requires M W, > 1400 TeV; for the corresponding limits on 
less conventional leptoquark flavor structures, see Ref. 23. 

Thus such a W' is inaccessible to direct searches with present 
machines which are sensitive to vector leptoquark masses of 

order 300 GeV only. 

References 
from 76Ge decay with arguments of vacuum stability, a limit of 

Mw2 >_ 1.1 TeV has been obtained [12]. 

Direct search limits: Limits on Mw2 from direct searches 

depend on the available decay channels of W2. If vR is heavier 
than W2, the decay W + -~ ~+va will be forbidden kinemat- 

ically. Assuming that ~ is small, the dominant decay of W2 

will be into dijets. UA2 [13] has excluded a W2 in the mass 

range of 100 to 251 GeV in this channel. DO excludes the 

mass range of 340 to 680 GeV [14], while CDF excludes the 

mass range of 300 to 420 GeV for such a W2 [15]. If vR is 
lighter than W2, the decay W + --* e+vR is allowed. The Va 

can then decay into eRW~, leading to an eejj signature. DO 

has a limit of Mw2 > 720 GeV if mvR << Mw2; the bound 
weakens, for example, to 650 GeV for m,R = MwJ2  [16]. CDF 

finds Mw2 > 652 GeV if uR is stable and much lighter than 
W2 [17]. All of these limits assume manifest or pseudo-manifest 

left-right symmetry. See [16] for some variations in the limits 
if the assumption of left-right symmetry is relaxed. 

,Alternative models: W' gauge bosons can also arise in other 

models. We shall briefly mention some such popular models, 

but for details we refer the reader to the original literature. 

The alternate left-right model [18] is based on the same gauge 

group as the left-right model, but arises in the following way: 

In E6 unification, there is an option to identify the right- 
handed down quarks as SU(2)R singlets or doublets. If they 

are SU(2)R doublets, one recovers the conventional left-right 

model; if they are singlets it leads to the alternate left-right 

model. A similar ambiguity exists in the assignment of left- 

handed leptons; the alternate left-right model assigns them to 

a (1, 2, 2, 0) multiplet. As a consequence, the ordinary neutrino 

remains exactly massless in the model. One important difference 
from the usual left-right model is that the limit from the KL-Ks 

mass difference is no longer applicable, since the dR do not 

couple to the WR. There is also no limit from polarized # decay, 

since the SU(2)R partner of eR can receive a large Majorana 
mass. Other W' models include the un-unified Standard Model 
of Ref. 19 where there are two different SU(2) gauge groups, 
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MASS LIMITS for W r (A He,wy-Charged Vector Boson Other Than W) 
In Hadron Collider Expedmeal~ 

Couplings of W I to quarks and leptons are taken to be identical with those of W. 
The following limits are obtained from p p  -~ W I X  with W I decaying to the mode 
Indicated in the comments. New decay channels (e.g., W I -~ W Z )  are assumed to 
be suppressed. UA1 and UA2 experiments assume that the tb  channel is not open. 

VALUE (GeV) CL__~ DOCUMENT ID TECN COMMENT 

>'/20 95 26 ABACHI 96C DO W I --* ev e 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

none 300-420 95 27 ABE 97G CDF W I ~ q~ 
>610 95 28 ABACHI 95E DO W I ~ ev  e and W I 

"ru. r ~ e u u ~  
>652 95 29 ABE 95M CDF W t ~ eue 
>251 90 30ALITTI 93 UA2 W ! ~ q ~  
none 260-600 95 31 RIZZO 93 RVUE W t ~ qfl 
>520 95 32 ABE 91F CDF W I ~ eu, i~v 

none 101-158 90 33 ALITTI 91 UA2 W I ~ q ~  
>220 90 34ALBAJAR 89 UA1 W I ~ ev 
>209 90 35 ANSARI 87D UA2 W I ~ ev  
>210 90 36ARNISON 86B UA1 W I ~ ev  
>170 90 37ARNI$ON 830 UA1 W I ~ ev  

26For bounds on W R with nonzero right-handed mass, see Fig. 5 from ABACHI 96C 
27ABE 97G search for new particle decaying to dljets. 
28ABACHI 9SE assume that the decay W ! .-* W Z  is suppressed and that the neutrino 

from W I decay Is stable and has a mass significantly less mwi .  

29ABE 95M assume that the decay W I --* W Z  is suppressed and the (right-handed) 
neutrino Is light, nonlnteractlng, and stable. If my=60 GeV, for example, the effect on 
the mass limit is negnblble. 

30ALITTI 93 search for resonances In the two-Jet Invarlant mass. The limit assumes 
r ( W t ) / r r l W ~  = F ( W ) / m  W and B ( W  I ~ JJ) = 2/3. This corresponds to W R with 

toUR > m w R  (no leptonlc decay) and W R --+ t'b allowed. See their Fig. 4 for limits In 
the m w~-B(qID plane. 

31RIZZO 93 analyses CDF limit on pocslble two-Jet resonances. The limit Is sensitive to 
the inclusion of the assumed K factor. 

32 c ABE 91F assume leptonl branching ratio of 1/12 for each lepton flavor. The limit from 
the eu (l~U) mode alone Is 490 (435) GeV. These limits apply to W R If toUR ~ 15 
GeV and u R does not decay In the detector. Cross section limit # �9 B < (1-10) pb is 
given for m w ~  = 100-550 GeV; see Fig. 2. 

33ALITTI 91 search Is based on two-Jet Invarlant mass spectrum, assuming B(W / -~ q~) 
= 67.6%. Limit on t~. B as a function of two-Jet mass is given in Fig. T. 

34ALBAJAR 89 cross section limit at 630 GeV Is ~r(W/) B(eu) < 4.1 pb (90% CL). 
35See Fig. 5 of ANSARI 870 for the excluded region In the m w ~ - [ ( g W ~ q )  2 B(W ~ 

eP)] plane. Note that the quantity (gW~q) 2 B ( W  t --* e~) Is normalized to unity for 

the standard W couplings. 
36ARNI$ON 86B find no excess at large PT In 148 W ~ eu events. Set limit axB(ev )  
�9 <10 pb at CL = 90% at Ecru = 546 and 630 GeV. 
37ARNISON 83D find among 47 W --* e~, candidates no event with excess PT"  Also set 

t~xB(ev) <:30 pb with CL = 90% at Ecru -- 540 GeV. 

Model plus the following new pieces [1,2,3]: 

F~--:~r ( / .  ~ 5 ^, -- -- f~A7 )~biZ, 
i 

(1) 

where F~v,F~v are the field strength tensors for the hyper- 

charge B~ gauge boson and the Z t respectively before any 

diagonalizations are performed, r are the matter fields with Z ~ 

vector and axial charges f~, and f~l, and Z~ is the electroweak 

Z boson in this basis. (See the Review on "Electroweak Model 
and Constraints on New Physics" for the Standard Model pieces 
of the Lagrangian.) The mass terms axe assumed to come from 

spontaneous symmetry breaking via scalar expectation values. 

The above Lagrangian is general to all abelian and non-abelian 

extensions, except that X = 0 for the non-abelian case since 

then F~u is not gauge invariant. Most analyses take X = 0 even 

for the abelian case. 

Going to the physical eigenbasis requires diagonalizing both 

the gauge kinetic and mass terms, with mass eigenstates denoted 

Z1 and Z2, where we choose Z1 to be the observed Z boson. 

The interaction Lagrangian for Z1 has the form, to leading 
order in the mixing angle ~ ( s w  - sin0w, etc.): 

/~Z1 - -  
e aT  -- 

where 

- cos X ( 6 ~  + ~ z s w  sin X) 

Mz 2, - M~z cos2 X + M~zs~r sin 2 X + 26M 2 s w  sinX 

THE Z I SEARCHES 

Written October 1997 by K.S. Babu, C. Kolda, and J. March- 
Russell (IAS/Princeton). 

If the Standard Model is enhanced by additional gauge 

symmetries or embedded into a larger gauge group, there will 

arise new heavy gauge bosons, some of which generically are 

(2) 

electrically neutral. Such a gauge boson is called a Z I. Consider 
the most general renormalizable Lagrangian describing the 

complete set of interactions of the neutral gauge bosons among 

(3) 

(s) 

to leading order in small ~. These contributions are in addition 

to those coming from top quark and Higgs boson loops in 

the Standard Model. (This is in contrast to the "Electroweak 

d ~ 

a S  = 4~C~vS w tan X 

aT = (2 (M22 ) 
~ - ~ Z 1 - - 1  + 2 r  t a n X  

a U  = 0 

We have made the identifications 9i A = T~, g~ = T~ - 2Q's2., 

]~',A = ( ~ s w c w / e C ~  and s~v is identified to be the 
s 2 defined in the "Electroweak Model and Constraints o~ Mz 
New Physics" review. Note that the value of the weak angle 

that appears in the vector coupling is shifted by the S and T 

oblique parameters: 

s .  = s~v + s2--------~w a S  - C w s w a T  . (4) 

Recall that p = 1% aT defines the usual p parameter. In 

the presence of Z - Z  r mixing, the oblique parameters receive 

contributions [4]: 
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Model and Constraints on New Physics" Review in which 

oblique parameters are defined to be zero for reference values of 

mt and MH.) Note that nonzero Z-Z  ~ contributions to S arise 

only in the presence of kinetic mixing. 

The corresponding Z2r162  interaction Lagrangian is: 

e 
~Z2 --- 2swcwr u {(h~ - g~z~) - (h~ - g~l~)7),5} r 

and any additional fermions necessary for anomaly cancellation. 

However, because these states are highly model-dependent, we 

will not include searches for them, or Z ' decays to them, in the 

bounds that follow. 

Low-energy constraints: After the breaking of the new gauge 

group and the usual electroweak breaking, the Z of the Standard 

Model can mix with the Z I, with mixing angle ~ defined above. 

with the following definitions: 

h~, = ]~  +~(T~ - 2Qi) tanX 

" - - - 2  = SW + c2 W -  sW a S -  aT 

(6) 

(7) 

As already discussed, this Z - Z  ~ mixing implies a shift in the 

usual oblique parameters [S, T, U defined in Eq. (5)]. Current 

bounds on S and T translate into stringent constraints on the 

mixing angle, ~, requiring ~ ~ 1; similar constraints on ~ arise 

from the LEP Z-pole data. Thus we will only consider the 

small-~ limit henceforth. 

Whether or not the new gauge interactions are parity 

where the last equation defines a weak angle appropriate for 

the Z2 interactions. 

If the Z ~ charges are generation-dependent, there exist 

severe constraints in the first two generations coming from 

precision measurements such as the KL-Ks mass splitting 

and B(Iz --* 3e) owing to the lack of GIM suppression in the 

Z I interactions; however, constraints on a Z I which couples 

differently only to the third generation are somewhat weaker. 

(It will be assumed in the Z-pole constraint section that the 

Z ' couples identically to all three generations of matter; all 

other results are general.) If the new Z ~ interactions commute 

with the Standard Model gauge group, then per generation, 

there are only five independent Z~r162 couplings; we can choose 

them to be ]~,  ] ] ,  ]d ,  ]~,  and ]~. All other couplings can be 

determined in terms of these, e.g., ]~ = (]~, + ]~)/2.  

Canonical models: One of the prime motivations for an 

additional Z ~ has come from string theory in which certain 

compactifications lead naturally to an E6 gauge group, or 

one of its subgroups. E6 contains two U(1) factors beyond 

the Standard Model, a basis for which is formed by the two 

groups U(1)X and U(1)q~, defined via the decompositions E8 --o 

SO(10) x V(1)r and SO(10) -* SU(5) x U(1)X; one special case 

is U(I)n where Z n = ~ Z  X + ~/-~Zr often encounte red  The 

charges of the SM fermions under these U(1)'s, and a discussion 

of their experimental signals, can be found in Ref. 5. 

It is also common to express experimental bounds in terms 

violating, stringent constraints can arise from atomic parity 

violation (APV) and polarized electron-nucleon scattering ex- 

periments [6]. At low energies, the effective neutral-current 

Lagrangian is conventionally written: 

GF E { Clq(E7"75 e)('~7"q) + C2q(ETl~e)(q7"75 q) } /~NC = " ~  q=u,d 

(s) 
APV experiments are sensitive only to C1~ and Cld (see the 

"Electroweak Model and Constraints on New Physics" Review 

for the nuclear weak charge, Qw, in terms of the Clq) where in 

the presence of the Z and Zl: 

Clq = 2(1 + ~T)(gea + ~]~)(g~ + ~]~ ) + 2r( h~A -- ~geA)( h ~ -- ~g~ ) 
(9) 

where r = (Mzl/Mz~) 2. The r-dependent terms arise from Z2 

exchange and can interfere constructively or destructively with 

the ZL contribution. In the limit ~ = r = 0, this reduces to 

the Standard Model expression. Polarized electron scattering is 

sensitive to both the Clq and C2q couplings, again as discussed 

in the "Electroweak Model and Constraints on New Physics" 

Review. The C2q can be derived from the expression for Clq 
with the complete interchange V ~-* A. 

Stringent limits also arise from neutrino-hadron scattering. 

One usually expresses experimental results in terms of the ef- 

fective 4-fermion operators (PT~V)(~L,R7~qL,R) with coefficients 

(2V~GF)eL,R(q). (Again, see the "Electroweak Model and Con- 

straints on New Physics" Review.) In the presence of the Z and 

of a toy Z '  usually denoted ZSM. This ZSM , of arbitrary mass, 

couples to the SM fermions identically to the usual Z. 

Almost all analyses of Z'  physics have worked with one of 

these canonical models and have assumed zero kinetic mixing 

at the weak scale. 

Ex'perimental constraints: There are three primary sets of 

constraints on the existence of a Z '  which will be considered 

here: precision measurements o f  neutral-current processes at 

low energies, Z-pole constraints on Z-Z'  mixing, and direct 

search constraints from production at very high energies. In 

principle, one usually expects other new states to appear at the 

same scale as the Z ', including its symmetry-breaking sector 

Z',  the eL,R(q) are given by: 

~L,R(q) =1 + c~T { (g~ 4- g~)[1 + ~(]~ 4- ]~)] + ~(]q 4- ]~)}  
2 

+ ~ {(h~ + h~)(h~ 4- h~) - ~(g~ 4- g~)(h~ • h~) 

- ~ ( h ~ / +  h ~ ) }  . (10) 

Again, the r-dependent terms arise from Z2-exchange. 

Z-pole constraints: Electroweak measurements made at LEP 

and SLC while sitting on the Z resonance are generally sensitive 

to Z I physics only through the mixing with the Z unless the 

Z and Z I are very nearly degenerate, a possibility we ignore. 
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Constraints on the allowed mixing angle and Z couplings arise 

by fitting all data simultaneously to the ansatz of Z - Z  ~ mixing. 

For any observable, O, the shift in that observable, AO, can be 

expressed (following the procedure of Ref. 7) as: 

AO = A S a s + A T  a T + ~ Z B ~ ) ] i  (11) 
O i 

where i runs over the 5 independent Z~r162 couplings listed 

earlier (assuming a Z ~ couplings commute with the generation 

and gauge symmetries of the Standard Model; this is the only 

place where we enforce such a restriction). The coefficients 

J4~ 'T and B~ ), which are functions only of the Standard Model 

collected above the Z peak; see, e.g., Ref. 9. For indirect Z t 

searches at future facilities, see, e.g. Refs. 10 and 11. 

Direct-search constraints: Finally, high-energy experiments 

have searched for on-shell Z I (here Z2) production and decay. 

Searches can be classified by the initial state off of which the 

Z' is produced, and the final state into which the Z'  decays; 

we will not include here exotic decays of a Z ~. Experiments to 

date have been sensitive to Z ' production via their coupling to 

quarks (p~ colliders), to electrons (e+e - )  or to both (ep). 
For a heavy Z ~ (Mz~ >> Mzl), the best limits come from 

p~ machines via Drell-Yan production and subsequent decay to 

parameters, are given in Table 1. The first 5 observables are 

directly measured at LEP and SLC, while Ae, Ab and Ac are 

asymmetries A ~ J )  = 4AeA] and AOLR = -Ae measured via the 

as defined in the "Electroweak Model  and Constraints on New 

Physics" Review. As an example, the shift in Ae due to Z I 

physics is given by 

A-Ae-- -- - 2 4 . 9 a S + 1 7 . 7 a T -  26.7~f-~ + 2 . 0 ~ ] ~  . (12) 
A~ 

Table  1: Expansion coefficients for shifts in 
Z-pole observables normalized to the Standard 
Model value of the observable [7,3]. 

Fz  -0.49 

Re -0 .39 

ah 0.046 

Rb 0.085 

Re -0 .16 

Ae -24.9 

Ab -0 .32 

Ac -2.42 

M~v -0 .93 

1.35 -0.89 -0.40 0.37 0.37 0 

0.28 -1 .3  -0.56 0.52 0.30 4.0 

-0.033 0.50 0.22 -0.21 -1 .0  -4 .0  

-0.061 -1 .4  -2.1 0.29 0 0 

0.12 2.7 4.1 -0.59 0 0 

17.7 0 0 0 -26.7 2.0 

0.23 0.71 0.71 -1.73 0 0 

1.72 3.89 -1.49 0 0 0 

1.43 0 0 0 0 0 

High-energy indirect constraints: At ~ < Mz~, but off 

the Z1 pole, strong constraints on new Z'  physics arise from 

measurements of deviations of asymmetries and leptonic and 

hadronic cross sections from their Standard Model predictions. 

These processes are sensitive not only t o  Z-Z  ~ mixing but 

also to direct Z2 exchange primarily through 7-Z2 and Zx-Z2 
interference; therefore information on the Z2 couplings and 

mass can be extracted that is not accessible via Z-Z'  mixing 

alone. 

Far below the Z2 mass scale, experiment is only sensitive 

to the scaled Z2 couplings (v~/Mz2). hiy, A so the Z2 mass and 

overall magnitude of the couplings cannot both be extracted. 

However as vfs approaches Mz2 the Z2 exchange can no longer 

be approximated by a contact interaction and the mass and 

couplings can be simultaneously extracted. 

Z ' studies done before LEP relied heavily on this approach; 

see, e.g., Ref. 8. LEP has also done similar work using data 

charged leptons. For Mz2 > 600 GeV, CDF [12] quotes limits 

on a(p~ ~ Z2X) �9 B(Z2 ~ g+g-) < 0.04pb at 95% C.L. for 

= e + # combined; DO [13] quotes a .  B < 0.025pb for g = e. 

For Mz~ < 600 GeV, the mass dependence is complicated and 

one should refer to the original literature. For studies of the 

search capabilities of future facilities, see e.g. Ref. 10. 

If the Z'  has suppressed, or no, couplings to leptons (i.e., it 

is leptophobic) then experimental sensitivities are much weaker. 

In particular, searches for a Z I via hadronic decays at DO [14] 

are able to rule out a Z t with quark couplings identical to those 

of the Z only in the mass range 365 GeV < Mz2 < 615 GeV; 

CDF [15] cannot exclude even this range. Additionally, UA2 [16] 

finds a.  B(Z'  ~ j j )  < 11.7pb at 90% C.L. for Mz, > 200 GeV 

and more complicated bounds in the range 130 GeV < Mz, < 
200 GeV. 

For a light Z ~ (Mz, < Mz) direct searches in e+e - colliders 

have ruled out any Z t unless it has extremely weak couplings 

to leptons. For a combined analysis of the various pre-LEP 

experiments see Ref. 8. 
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MASS LIMITS for Z ~ (Heavy Neutral Vector Boson Other Than Z) 

LImR= for ZtSM 
i 

ZSM is assumed to have couplings with quarks and leptons which are identical to 
those of Z. 

VALUE (GeV) CL.~_~ DOCUMENT ID TECN COMMENT 
i 

>690 95 38 ABE 97S CDF p~; ZSM ~ e + e - ,  

>7"/9 95 39,40LANGACKER 928 RVUE Electroweak 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>490 95 ABACHi 96D DO p~; Z~M ~ e + e -  

>505 95 41ABE 95 CDF PP; ZSMr ~ e + e -  

>398 95 42VILAIN 94B CHM2 u # e  -~ ul~e and 
Ppe~ Ppe 

l 
>237 90 43 ALITTI  93 UA2 p]5; ZSM ~ q~ 
>119 90 44ALLEN 93 CALO r e - *  ve 

none 490-560 95 45 RIZZO 93 RVUE p~; ZSM ~ q~ 

>412 95 ABE 92B CDF p~; ZSM e + e  - ,  

>387 95 46 ABE 91D CDF p~; ZSM ~ e + e -  

>307 90 47GEIREGAT 91 CHM2 u # e ~  u/~eand 
Dpe-~ Dpe 

>426 90 48 ABE 90F VNS e -F e -  
>208 90 49 HAGIWARA 90 RVUE e + e -  

! 
>173 90 50 ALBAJAR 89 UA1 p~; Z~; M - *  �9 -Fe-  

>180 90 51ANSARI 87D UA2 p~; ZpM ~ e + e -  

>160 90 52 ARNISON 86B UA1 p~; ZSM e + e -  

38ABE 97s limit Is obtained assuming that Z I decays to known fermlons only. 
39 LANGACKER 928 fit to a wide range of electroweak data Including LEP results available 

early '91. m t >89 GeV used. 

40LANGACKER 928 give 95%CL limits on the Z - Z  r mixing -0.0086 < 8 < 0.0005. 
41ABE 95 limit Is r obtained assuming that Z decays to known fermions only. 
42VILAIN 94B assume m t = 150 GeV. 

43 ALITTI  93 search for resonances in the two-Jet Invarlant mass. The limit assumes B(Z r 
q~)=0.7. See their Fig. 5 for limits in the m z t - B ( q ~ )  plane. 

44ALLEN 93 limit Is from total cross section for ue ~ ue, where u = u e, u/~, ~/z. 

45 RlZZO 93 analyses CDF limit on possible two-Jet resonances. The limit Is sensitive to 
the Inclusion of the assumed K factor. 

46ABE 91D give o(Zl) .B(e + e - )  < 1.31 pb (9S%CL) for m z i  > 200 GeV at Ecru = 1.8 
TeV. Limits ranging from 2 to 30 pb are given for m z i  = 100-200 GeV. 

47GEIREGAT 91 limit Is from comparison of ~V from v/~e scattering with F(Z ~ ee) 
from LEP. Zero mixing assumed. 

48ABE 90F use data for R, Rt l ,  and Ar t .  They fix m W = 80.49 4- 0.43 4- 0.24 GeV and 
m Z = 91.13 4- 0.03 GeV. 

49 HAGIWARA 90 perform a fit to e't 'e - data at PEP, PETRA, and TRISTAN Including 
/~-t-/j-- ~ . + r - ,  and hadron cross sections and asymmetries. 

50 A A ALB J R 89 cross section limit at 630 GeV is o'(Z I )  B(ee) < 4.2 pb (90% CL). 
51See Fig. 8 of ANSARI 87D for the excluded region In the mz~- [ (~Z~q)2  B(Z ~ 

�9 + e - ) ]  plane. Note that the quantity (gZ~q)2B(Z  r ~ e + e - )  Is normalized to unity 

for the standard Z couplings. 
52 ARNISON 868 find no excess e + e -  pairs among 13 pairs from Z. Set limit a x B(e + e - )  

<13 pb at CL = 90% at Ecru = 546 and 630 GeV. 

Limits for ZLR 
ZLR is the extra neutral boson in leR-right symmetric models. EL = gR is assumed 
unless noted. Values in parentheses assume stronger constraint on the Higgs sector, 
usually motivated by superstring models. Values in brackets are from cosmological and 
astrophysical considerations and assume a light right-handed neutrino. 

VAL UE ( GeV) CL~_~ DOCUMENT ID TECN COMMENT 
- -  t 

> 6 t 0  95 53 ABE 97S CDF pp;  Z L R  ~ �9 + e - ,  
/~+/~- 

>389 95 54'55LANGACKER 92B RVUE Electroweak 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>190 95 56 BARATE 978 ALEP e + e -  --* / f F p -  and 
hacJronic cross section 

>445 95 57 ABE 95 CDF p~;  Z L R  ~ e §  
>253 95 58 VILAIN 948 CHM2 u#e ~ ~./~e and ~pe 

~ / je  
>130 95 59 ADRIANI 93D L3 Z parameters 
(> 1500) 90 60 ALTARELLI 938 RVUE Z parameters 
none 490-560 95 61 RIZZO 93 RVUE p~;  Z L R  ~ q ~  
>310 95 62 ABE 92B CDF p~ 
>230 95 63 ABE 928 CDF p~ 
(> 900) 90 64 DELAGUILA 92 RVUE 
(> 1400) 65 LAYSSAC 928 RVUE Z parameters 
(> 564) 90 66 POLAK 92 RVUE /~ decay 
>474 90 67 POLAK 928 RVUE Electroweak 

(>  1340) 68 RENTON 92 RVUE 
(>  800) 90 69 ALTARELLI 918 RVUE Z parameters 
(> 795) 90 70 DELAGUILA 91 RVUE 
>382 90 71 POLAK 91 RVUE Electroweak 
[> 2000] WALKER 91 COSM Nucleosynthesis; light u R 
[> 500] 72 GRIFOLS 90 ASTR SN 1987A; light u R 
(>  460) 90 73 HE 90B RVUE 
[> 2400-6800] 74 BARBIERI 898 ASTR SN 1987A; light v R 
>189 75 DELAGUILA 89 RVUE p~  
[> 10000] RAFFELT 88 ASTR SN 1987A: light u R 
>325 90 76 AMALDI 87 RVUE 
>278 90 77 DURKIN 86 RVUE 
>150 95 78ADEVA 858 MRKJ e'he - ~ / J + # -  

53 ABE 97S limit is obtained assuming that Z t decays to known fermlons only, I 
54 LANGACKER 928 fit to a wide range of electroweak data including LEP results available 

early '91. m t >89 GeV used. 
55LANGACKER 928 give 95%CL limits on the Z-Z  t mixing -0.0025 < ~ < 0.0083. 
56 BARATE 97B gives 95% CL limits on Z - Z  t mixing -0.0017 < S < 0.0035. The bounds | 

are computed with a s = 0.120 4- 0.003, m t = 175 4- 6 GeV, and M H = 150_ + 1 ~  GeV. | 
See their Fig. 4 for the limit contour In the mass-mixing plane. I 

57ABE 95 limit is obtained assuming that Z I decays to known fermions only. See their 
Fig. 3 for the mass bound of Z p decaying to all allowed fermlons and supersymmetric 
fermions. 

58VILAIN 94B assume m t = 150 GeV and 9=0. See Fig. 2 for limit contours in the 
mass-mixing plane. 

59ADRIANI 93D give limits on the Z-Z  I mixing -0 .002 < 8 < 0.015 assuming the 
ABE 92B mass limit. 

60ALTARELLI 938 limit is from LEP data available In summer '93 and is for m t = 110 
GeV. m H = 100 GeV and a s = 0.118 assumed. The limit improves for larger m t (see 

their Fig. 5). The 90%CL limit on the Z - Z  I mixing angle is in Table 4. 
61 RIZZO 93 analyses CDF limit on possible Wvo-Jet resonances. The limit Is sensitive to 

the inclusion of the assumed K factor. 
62 i These limits assume that Z decays to known fermlons only. 
63 These limits assume that Z r decays to all E 6 fermioos and their superpartners. 
64See Fig. 7b and 8 in DELAGUILA 92 for the allowed region In mzi-mlxlng plane and 

m z i  - m t plane from electroweak fit including '90 LEP data. 

65LAYSSAC 928 limit is from LEP data available spring '92. Specific Higgs sector Is 
assumed. See also LAYSSAC 92. 

66 POLAK 92 limit Is from m W >477 GeV, which Is derived from m uon decay parameters 
assuming light u R. Specific ~lggs sector is assumed. 

67pOLAK 928 limit Is from a simultaneous fit to charged and neutral sector in 
SU(2 )LXSU(2 )RXU(1  ) model using Z parameters, r n w ,  and low-energy neutral cur- 
rent data as of 1991. Light u R assumed and m t = m H = l O 0  GeV used, Supersedes 
POLAK 91, 

68 RENTON 92 limits use LEP data taken up to '90 as well as m W, u N, and atomic parity 
violation data. Specific Hlggs structure Is assumed. 

69ALTARELLI 91s is based on Z mass, widths, and AFB.  The limits are for superstrlng 
motivated models with extra assumption on the Higgs sector, m t > 90 GeV and 
mi ld  < 1 TeV assumed. For large m t, the bound improves drastically. Bounds for 

Z - Z  I mixing angle and Z mass shift: without this model assumption are also given In the 
paper. 

70 DELAGUILA 91 bounds have extra assumption of superstring motivated Hlggs sector. 
From u N  neutral current data with m Z = 91.10 4- 0.04 GeV, m t > 77 GeV, mi le  < 1 
TeV assumed. 

71pOLAK 91 limit Is from a simultaneous fit to charged and neutral sector In 
SU(2)LxSU(2)RXU(1 ) model using m W, m Z, and low-energy neutral current data as 
of 1990. Light u R assumed and m t = m H = l O 0  GeV used. Superseded by POLAK 928. 

72GRIFOLS 90 limit holds for toUR ~ I MeV. See also GRIFOLS 90D, RIZZO 91. 
w 

73 HE 908 model assumes a specific Hlggs sector. Neutral current data of COSTA 88 as 
well as m z Is used. gR is left free in the fit. 

74BARBIERI 59B limit holds for toUR < 10 MeV. 
75 DELAGUILA 89 limit is based on ~r(p'p ~ Z / ) .B (Z  ! e + e - )  < 1,8 pb at CERN p~ 

colllder. 
76A wide range of neutral current data as of 1986 are used in the fit. 
77A wide range of neutral current data as of 1985 are used in the fit. 
78ADEVA 858 measure asymmetry of/~-palr production, following formalism of RIZZO 81, 
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z X Is the extra neutral boson In SO(10) ~ SU(5) x U(1)X. g'x = e/cos8 W is 
assumed unless otherwise stated. We list limits with the assumption p =  1 but with 
no further constraints on the HIggs sector. Values in parentheses assume stronger 
constraint on the HIggs sector motivated by superstrlng models. Values in brackets 
are from cosmological and astrophysical considerations and assume a light right-handed 
neutrino, 

VALUE (GeV) CL.~% DOCUMENT ID TECN COMMENT 

>.~1~ 95 79ABE 978 CDF p ] ~ ; Z ~  e + e - , p + #  - I 
>321 95 80,81LANGACKER 92B RVUE Electroweak 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>190 95 Bhabha scattering 
>236 95 e+e - ~ /~+/~- and 

hadronlc cross section 
>196 95 Hadronic cross section 
>425 95 pp; Z~ ~ e + e -  
>147 95 Z parameters and 

e+e - ._, /~-F/~-(n3, ) 
Z parameters 
Z parameters 

>262 95 ~,#e ~ v/~e and ~pe 
~/~ e 

Z parameters 
Z parameters 
PP 
PP 

Z parameters 
Z parameters 

Z parameters 
Z parameters 

Nucleosynthesls; light ~'R 

Cs 
e "]- e-- 
e-he - ,  ul~e 

Nucleosynthesis; light eR 
SN 1987A; light u R 
e + e -  
p-p 

gx = gZ 

P~ 

82 ARIMA 97 VNS 
83 BARATE 978 ALEP 

84 BUSKULIC 96N ALEP 
85 ABE 95 CDF 
86 ABREU 95M DLPH 

87 NARDI 95 RVUE 
88 BUSKULIC 94 ALEP 
89 VILAIN 94B CHM2 

>117 95 90 ADRIAN] 93D L3 
(>900) 90 91 ALTARELLI 938 RVUE 
>340 95 92ABE 928 CDF 
>280 95 93 ABE 928 CDF 
(>650) 90 94 DELAGUILA 92 RVUE 
(>760) 95 LAYSSAC 92B RVUE 
>148 95 96 LEIKE 92 RVUE 
(>700) 97 RENTON 92 RVUE 
(>  500) 90 98 ALTARELLI 91B RVUE 
(>  570) 99 BUCHMUEL... 91 RVUE 
(> 555) 90 100 DELAGUILA 91 RVUE 
[>1470] 101 FARAGGI 91 COSM 
>320 90 102 GONZALEZ-G..91 RVUE 
>221 103 MAHANTHAP..91 RVUE 
>231 90 104,105 ABE 90F VNS 
>206 90 105,106 ABE 90F RVUE 

>335 107 BARGER 908 RVUE 
(> 650) 90 108 GLASHOW 90 RVUE 
[> 1140] 109 GONZALEZ-G..90D COSM 
[> 2100] 110 GRIFOLS 90 ASTR 
none <150 or > 363 90 111 HAGIWARA 90 RVUE 
>177 112 DELAGUILA 89 RVUE 
>280 95 113 DORENBOS... 89 CHRM 
>352 90 114 COSTA 88 RVUE 
>170 90 115 ELLIS 88 RVUE 
>273 90 114 AMALDI 87 RVUE 
>266 90 116 MARCIANO 87 RVUE 
>283 90 117 DURKIN 86 RVUE 

mHo < 1 TeV assumed. For large rot, the bound Improves drastically. Bounds for 

Z-Z I mixing angle and Z mass shift without this model assumpUon are also given In the 
paper. 

99 BUCHMUELLER 91 limit is from LEP data. Specific assumption Is made for the Hlggs 
sector. 

100DELAGUILA 91 bounds have extra assumption of superstdng motivated Hlggs sector. 
From vN  neutral current data with m Z = 91.10 4- 0.04 GeV, m t > 77 GeV, mH0 < 1 
TeV assumed. 

101FARAGGI 91 limit assumes the nucleosynthesis bound on the effective number of neu- 
trinos ZIN v < 0.5 and is vand for toUR < 1 MeV. 

102GONZALEZ-GARCIA 91 limit Is based on low-energy neutral current data, Z mass 
i and widths, m W from ABE 90G. 100 <mt  < 200 GeV, mHo = 100 GeV assumed. 

Dependence on m t is shown in Fig. 7. 
103 MAHANTHAPPA 91 limit is from atomic parity violation In Cs with m W, m z ,  

I 104ABE 90F use data for R, Rt t ,  and A r t  .. 
105ABE 90F fix m W = 80.49 4- 0.43 ~ 0.24 GeV and m Z = 91~13 ~ 0.03 GeV. 

106e+e-  data for R, R l l ,  A l t ,  and Ac~ below Z as well as ~/~e scattering data of 
GEIREGAT 89 Is used In the fit. 

107BARGER 908 limit IS based on CDF limit a(p~  ~ Z/) .B(Z I -~ e+e - )  < l p b  
(Nodulman. EPS Conf. '89). Assumes no new threshold is open for Z r decay. 

I08GLASHOW 90 model assumes a specific Hlggs sector. See GLASHOW 908. 
109These authors claim that the nucleosynthesls bound on the effective number of light 

neutrinos (~N v < 1) constrains Z / masses if z, R Is light ( ~,~ 1 MeV). 
110GRIFOLS 90 limit holds for toUR ~ 1 MeV. See also GRIFOLS 90D. RIZZO 91. 

111HAGIWARA 90 perform a fit to �9 -I- e -  data at PEP, PETRA, and TRISTAN including 
/~+# - .  ~--I-T-, and hadron cross sections and asymmetries. The upper mass limit 
disappears at 2.7 s.d. 

112 DELAGUILA 89 limit Is based on ~(p~ --* ZI) .B(Z I ~ e + e - )  < 1.8 pb at CERN p~ 
cotlider, 

113DORENBOSCH 89 obtain the limit (gX/gZ)  2 �9 ( m z / m z x )  2 < 0.11 at 95% CL from 
the processes P/Le ~ ~/~e and u~e ~ u~e. 

114A wide range of neutral current data as of 1986 are used In the fit. 
115 Z t mass limits from non-observation of an excess of t + t -  pairs at the CERN p~ colllder 

[based on ANSARI 87D and GEER Uppsela Conf. 87]. The limits apply when Z I decays 
only into light quarks and leptons. 

116 MARCIANO 87 limit from unltarlty of Cablbbo-KobayashI-Maskawa matrix. 
117A wide range of neutral current data as of 1985 are used in the fit. 

Um~, ~ z~ 
Z,b is the extra neutral boson-ln E 6 ~ SO(10) x U(1)r /Gb = e/cosO W is assumed 
unless otherwise stated. We fist limits with the assumption p = 1 but with no fur- 
ther constraints on the HIggs sector. Values in brackets are from cosmological and 
astrophysical considerations and assume a light right-handed neutrino, 

VALUE (GeV~ CL._,~ DOCUMENT IO TECN COMMENT 

>HO 95 11BABE 978 CDF p~; Z~ --* e+e - , / ~ + / ~ -  I 
>160 95 119,120 LANGACKER 92B RVUE Electroweak 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>160 95 121BARATE 97B ALEP e+e - _.~ /~-I-/=- and 

79ABE 978 limit is obtained assuming that Z I decays to known fermlons only. I 
80 LANGACKER 928 fit to a wide range of electroweak data including LEP results available 

early '91. m t >89 GeV used. 
81 LANGACKER 92B give 95%CL r limits on the Z-Z mixing-0.0048 < 0 < 0.0097. 
82 Z .Z  s mixing Is assumed to be zero. I 
83 BARATE 978 gives 95% CL nmits on Z-Z r mixing -0.0016 < 6 < 0.0036. The bounds I 

are computed with a s = 0.120 4- 0.003, m t = 175 4- 6 GeV, and M H -- 15 n-F120 GeV, I - -  " -  90 
See their Fig. 4 for the limit contour in the mass-mixing plane. 

I 84 BUSKULIC 95N limit is from a combined fit to the hadronic cross sections measured at 
~'s=130, 136 GeV (ALEPH) and v~=58 GeV (TOPAZ). Zero mixing is assumed. 

85ABE 95 limit Is obtained assuming that Z r decays to known fermlons only. See their 
Fig. 3 for the mass bound of Z I decaying to all allowed fermlons and supersymmetrlc 
fermlons. 

86ABREU 95M limit Is for c~ --0 123 mt--lSO GeV and mH=300 GeV. For the limit s - -  �9 ' - -  i 
contour In the mass-mixing plane, see their Fig. 13. 

87 NARDI 95 give 9O%CL limits on Z-Z r mixing -0.0032 < e < 0.0031 for MZ~ >500 GeV, 
mt=170 GeV, mH=250 GeV, C~s=0.12, The bound Is relaxed under the simultaneous 
presence of the mixing of the known fermlons with new heavy states, -0.0032 < 8 < 
0.0079. 

hadronic cross section 
>148 95 122 BUSKULIC 96N ALEP Hadronlc cross section 
>415 95 123ABE 95 CDF p~; Z~b ---* e+e - 

>105 95 124 ABREU 95M DLPH Z parameters and 
e+e - .-~ ,u+#-(n~t)  

125 NARDI 95 RVUE Z parameters 
>135 95 126VILAIN 948 CHM2 u /~e~  v/~eand~#e--~ 

%e 
>118 95 127 ADRIANI 93D L3 Z parameters 
>320 95 128 ABE 92B CDF pp  
>180 95 129 ABE 928 CDF p~ 
>122 95 130 LEIKE 92 RVUE Z parameters 
>105 90 131,132 ABE 9OF VNS �9 + e -  
>146 90 132,133 ABE 90F RVUE �9 + e - ,  u/~ �9 

>320 134 BARGER 90B RVUE p~D 
[> 160] 135 GONZALEZ-G..90O COSM Nucleosynthesls; light u R 
[> 2000] 136 GRIFOLS 90D ASTR SN 1987A; light u R 
>136 90 137 HAGIWARA 90 RVUE �9 -Fe -  
>154 90 138 AMALDI 87 RVUE 

88 BUSKULIC 94 give 95%CL limits on the Z-Z  t mixing -0.0091 < 8 < 0.0023. 
89VILAIN 948 assume m t = 150 GeV and #=0. See Fig.2 for limit contours In the 

mass-mixlng plane. 
90ADRIANI 930 give limits on the Z-Z I mixing -0.004 < # < 0.015 assuming the 

ABE 928 mass limit. 
91ALTARELLI 938 limit is from LEP data available In summer '93 and is for m t = 110 

GeV. m H = 100 GeV and a s = 0,118 assumed. The limit improves for larger m t (see 

their Fig. 5). The 90%CL limit on the Z-Z r mixing angle Is In their Fig. 2. 
92These Ilmlts assume that Z r decays to known fermlons only. 
93Theee limits assume that Z r decays to all E 6 fermlons and their superpartners. 
94555 FIg. 7a and 8 In DELAGUILA 92 for the allowed region in mzr-mixlng plane and 

mzs - m t plane from electroweak fit Including '90 LEP data, 

95LAYSSAC 928 limit Is from LEP data available spring '92. Specific Hlggs sector Is 
assumed. See also LAYSSAC 92. 

96 LEIKE 92 Is based on '90 LEP~lata published In LEP 92. 
97 RENTON 92 limits use LEP data taken up to '90 as well as m W, uN, and atomic parry 

vlolatlon data. Specific Hlggs structure Is assumed. 
98ALTARELLI 918 Is based on Z mass, widths, and AFB. The limits are for superstrlng 

motivated models with extra assumption on the Hlggs sector, m t > 90 GeV and 

>146 90 139 DURKIN 86 RVUE 

118ABE 975 limit is obtained assuming that Z I decays to known fermlons only. I 
119 LANGACKER 928 fit to a wide range of electroweak data including LEP results available 

early '91. m t >89 GeV used. 
120LANGACKER 928 give 95%CL limits on the Z.Z r mixing -0,0025 < 9 < 0.013. 
121BARATE 97B gives 95% CL limits on Z-Z I mixing -0.0020 < 5 < 0.0038. The bounds | 

are computed with a a = 0.120 -k 0 . 0 0 3 ,  m t = 175  4- 6 GeV, and M H = 150+_ 1 ~  G e V .  | 

See their Fla .  4 for the limit contour In the mass-mixing plane. 

I 122 BUSKULIC 96N limit Is from a combined fit to the hadronlc cross sections measured at 
v~=130, 136 GeV (ALEPH) and v~=58 GeV (TOPAZ). Zero mixing Is assumed. 

123ABE 95 limit is obtained aMumlng that Z I decays to known fermlons only. See their 
Fig.3 for the mass bound of Z I decaying to all allowed fermlons and auperaymmetrlc 
fermlons. 

124ABREU 95M limit Is for as=0.123, mt=150 GeV, and mH=300 GeV. For the limit 
contour in the mess-mixing plane, see their Fig. 13. 

125 o i NARD195 give 90 ~CL Ilmlta on Z-Z mixing - 0.0056 < # < 0.0055 for MZ~ >500 GeV, 
mt=170 GeV, mH=250 GeV, <~a=0.12. The bound Is relaxed under the slmuRaneous 
presence of the mixing of the known fermlons with new heavy states, -0.0066 < B < 
0.0071. 



See key on page 213 
Z59 

Gauge & Higgs Boson Particle Listings 
Heavy Bosons Other than Higgs Bosons 

126VILAIN 948 assume m t = 150 GeV and 8=0. See Fig. 2 for limit contours in the 
mass-mixing plane. 

127ADRIANI 930 give limits on the Z - Z  / mixing -0.003 < 8 < 0.020 assuming the 
ABE 928 mass limit. 

128These limits assume that Z z decays to known fermlons only. 
129These limits assume that Z ~ decays to all E 6 fermions and their superpartners. 
130LEIKE 92 Is based on 'go LEP data published in LEP 92. 
131ABE 90F use data for R, RZt, and A r t .  

132ABE 90F fix m W = 80.49 -4- 0.43 4. 0.24 GeV and m Z = 91.13 4- 0.03 GeV. 
133e+e-  data for R, R t t ,  A r t ,  and A c ~  below Z as well as v p e  scattering data of 

GEIREGAT 89 is used in the fit. 
134BARGER gOB limit is based on CDF limit ~ ( p ~  ~ Z I ) . B ( Z  ! ~ e+e - )  < l pb  

(Nodulman, EPS Conf. '89). Assumes no new threshold is open for Z ! decay. 
135These authors claim that the nucleosynthesls bound on the effective number of light 

neutrinos (6N u < 1) constrains Z / masses if ~'R is Ught ( ~< 1 MeV), 
136GRIFOLS 90D limit holds for muR ~ 1 MeV. See also RIZZO 91. 

137HAGIWARA 90 perform a fit to e+e - data at PEP, PETRA. and TRISTAN Including 
p+ /~ - ,  ~-+ ~--, and hadron cross sections and asymmetries. 

138A wide range of neutral current data as of 1986 are used in the fit. 
139A wide range of neutral current data as of 1985 are used in the fit. 

Limits for Z n 
Zr/ is the extra neutral boson in E 6 models, corresponding to Or/ = V / ~  QX - 

v r ~  Q~" gr/ = e/c~ Is assumed unless otherwise stated. We list limits with 
the assumption p =  1 but with no further constraints on the HIggs sector. Values in 
parentheses assume stronger constraint on the Hlggs sector motivated by superstring 
models. Values in brackets are from cosmological and astrophysical considerations and 
assume a light right-handed neutrino. 

VALUE (GeV) CL~/; DOCUMENT ID TECN COMMENT 

> 6 2 0  95 140 ABE 97S CDF p~; z~ - e+ e-,  . + . -  I 
).~12 95 141,142 LANGACKER 92B RVUE Electroweak 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>173 95 143 BARATE 978 ALEP e+ e -  --* # + / ~ -  and 
hadronlc cross section 

>167 95 144 BUSKULIC 96N ALEP Hadronlc cross section 
>440 95 145 ABE 95 CDF p~; Z~ --* e + e -  

>109 95 146ABREU 95M DLPH Z parameters and 
e + e  - ~ p + p - ( n * / )  

�9 147 NARDI 95 RVUE Z parameters 
>100 95 148VILAIN 94BCHM2 ul~e--*  u#eand~/~e- *  

~/~e 
>100 95 149 ADRIANI 930 L3 Z parameters 
(>500) 90 150ALTARELLI 938 RVUE Z parameters 
>340 95 151 ABE 928 CDF pp 
>230 95 152 ABE 928 CDF p~ 
(>450) 90 153 DELAGUILA 92 RVUE 
(>315) 154 LAYSSAC 92B RVUE Z parameters 
>118 95 155 LEIKE 92 RVUE Z parameters 

(>470) 156 RENTON 92 RVUE 
(>  300) 90 157ALTARELLI 91B RVUE Z parameters 
>120 90 158 GONZALEZ-G..91 RVUE 
>125 90 159,160 ABE goF VNS e + e -  
>115 90 160,161ABE goF RVUE e+e - ,  v/ je 

>340 162 BARGER goB RVUE pp 
[> 820] 163 GONZALEZ-G..90D COSM Nucleosynthesls; light v R 
[> 3300] 164GRIFOLS go ASTR SN 1987A; light v R 
>100 90 165 HAGIWARA go RVUE e + e -  
[> 1040] 163 LOPEZ 90 COSM Nucleosynthesis; light ~'R 
>173 166 DELAGUILA 89 RVUE p~ 
>129 90 167 COSTA 88 RVUE 
>156 90 168 ELL1S 88 RVUE 
>167 90 169 ELLIS 88 RVUE p~ 
>111 90 167 AMALDI 87 RVUE 
>143 90 170 BARGER 868 RVUE p~ 
>130 90 171 DURKIN 86 RVUE 
[> 760] 
[> s00] 

163 ELLIS 86 COSM Nucleosynthesls; light u R 
163STEIGMAN 86 COSM Nucleosynthesls; light u R 

140ABE 97S limit Is obtained assuming that Z t decays to known fermlons only, I 
141 LANGACKER 92B fit to a wide range of electroweak data Including LEP results available 

early '91. m t >89 GeV used. 
142LANGACKER 92B give 95%CL limits on the Z - Z  I mixing -0.03g < $ < 0.002. 
143 o I BARATE 97B gives 95% CL limits on Z - Z  mixing -0.021 < 9 < 0,012. The bounds | 

are computed with (~s = 0.120 • 0.003, m t = 175 ~- 6 GeV, and M H = 150_ +120 GeV. I 
See their Fig. 4 for the limit contour In the mass~ plane. 

I 144BUSKULIC 96N limit Is from a combined fit to the hadronlc cross sections measured at 
~/s=130, 136 GeV (ALEPH) and , / i=58 GeV (TOPAZ). Zero mixing Is assumed. 

145ABE 95 limit Is obtained assuming that Z t decays to known fermlons only. See their 
Fig. 3 for the mass bound of Z I decaying to an allowed fermlons and supersymmetrlc 
fermlons. 

146ABREU 95M limit is for C~s=0.123, mt=150 GeV, and m H = 3 0 0  GeV. For the limit 
contour in the mass-mixing plane, see their Fig. 13. 

147 NARDI 95 give go%CL limits on Z - Z  r mixing -0.0087 < B < 0.0075 for MZ~ >500 GeV, 
mt=170 GeV, mH=250 GeV, ~s=0.12. The bound is relaxed under the simultaneous 
presence of the mixing of the known ferm|ons with new heavy states, -0.0087 < 0 < 
0.010. 

148VILAIN 948 assume m t = 150 GeV and 0=0. See Fig. 2 for nmlt contours in the 
mass-mixing plane. 

149ADRIANI 93D give limits on the Z - Z  I mixing -0.029 < 0 < 0.010 assuming the 
ABE 928 mass limit. 

150ALTARELLI 938 limit Is from LEP data available in summer '93 and is for m t = 110 
GeV. m H = 100 GeV and a s ~ 0.118 assumed. The 90%CL limit on the Z - Z  r mixing 
angle is in Fig. 2. 

151These limits assume that Z r decays to known fermlons only. 
152These limits assume that Z r decays to all E 6 fermtons and their superpartners. 
153See Fig. 7d In DELAGUILA 92 for the allo~.cl region in raze-mixing plane from elec- 

troweak fit including '90 LEP data. 
154LAYSSAC 928 limit is from LEP data available slxlng '92. Specific Higgs sector Is 

assumed. See also LAYSSAC 92. 
155LEIKE 92 is based on '90 LEP data published in LEP 92. 
156 RENTON 92 limits use LEP data taken up to 'go as well as m W, uN ,  and atomic parity 

violation data. Specific Higgs structure is assumed. 
157ALTARELLI 918 is based on Z mass, widths, and AFB.  The limits are for superstring 

motivated models with extra assumption on the Higgs sector, m t > 90 GeV and 
mH0 < 1 TeV assumed. For large m t, the bound Improves drastically. Bounds for 

Z - Z  r mixing angle and Z mass shift without this model assumption are also given in the 
paper. 

158GONZALEZ-GARCIA 91 limit Is based on low-energy neutral current data, LEP Z mass 
and widths, m W from ABE 9OG. 1OO < m t  < 200 GeV. mHo = 100 GeV assumed. 
Dependence on m t is shown in Fig. 8. 

159ABE 90F use data for R, Rtt ,  and A r t .  

160ABE 90F fix m W = 80.49 4- 0.43 4. 0.24 GeV and m Z = 91.13 4. 0.03 GeV. 
161e-Fe- data for R, Rt t ,  A r t ,  and A c T  below Z as well as u/~e scattering data of 

GEiREGAT 89 is used in the fit, 
162BARGER 908 limit is based on CDF limit cT(p~ -+ z r ) . B ( Z  r ~ e+e - )  < l p b  

(Nodulman, EPS Conf. '89). Assumes no new threshold is open for Z I decay. 
163These authors claim that the nucleosynthesls bound on the effective number of light 

neutrinos (6N v < 1) constrains Z I masses If v R Is light ( ~, 1 MeV). 

164GRIFOLS 90 limit holds for m~, R ~ 1 MeV. See also GRIFOLS goD, RIZZO 91. 

165HAGIWARA 90 perform a fit to e+e - data at PEP, PETRA, and TRISTAN Including 
,~+,u--, T + ~'-, and hadron cross sections and asymmetries. 

166 DELAGUILA 89 limit Is based on ~ ( p ~  ~ Z I ) . B ( Z  ! ~ e + e - )  < 1.8 pb at CERN p~ 
coUlder. 

167 r c r A wide range of neutal ur ent data as of 1986 are used in the fit. 
168ZT/ mass limits obtained by combining constraints from non-observation of an excess of 

l + l -  pairs at the CERN p~ colllder and the global analysis of neutral current data by 
COSTA 88. Least favorable spectrum of three (E 6 27) generations of particles and their 
superpartners are assumed. 

169 / Z mass limits from non-observation of an excess of t + t -  pairs at the CERN p~ colllder 
[based on ANSARI 870 and GEER Uppsala Conf. 87], The limits apply when Z I decays 
only into light quarks and leptons. 

170BARGER 868 limit Is based on UA1/UA2 limit on p ~  ~ Z t, Z t ~ e+e - (Lepton 
Photon Syrup., Kyoto, "85). Extra decay channels for Z t are assumed not be open. 

171A wide range of neutral current data as of 1985 are used in the fit. 

Limits for other Z ~ 
z~ = z x co~ + z~ sln~ 

VALUE (GeV) CL~_~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

172 DELAGUILA 92 RVUE 
>360 173 ALTARELLI 91 RVUE ZX~ with tan/3 = V ~ ;  

Cs 
>190 174 MAHANTHAP..91 RVUE Z/~ with tanX~ = v / ~ ;  

Cs 
175 GRIFOLS goC RVUE 
176 DELAGUILA 89 RVUE pp 

>180 90 177,175 COSTA 88 RVUE Z~ with tan~ = 

>158 90 179 ELLIS 88 RVUE Z~ (tan/9 = v ~ ) ,  p~ 

172Fig, 7c and 7e In DELAGUILA 92 give limits for tan#= - 1 / v ~  and v ~  from elec- 
troweak fit including 'go LEP data. 

173ALTARELLI 91 limit Is from atomic parity violation In Cs together with LEP, CDF data. 
Z - Z  r mixing Is assumed to be zero to set the limit. 

174MAHANTHAPPA 91 limit is from atomic parity violation in Cs with m W, m Z. SEE 

Table III of MAHANTHAPPA 91 (corrected In erratum) for limits on various Z I models. 
175GRIFOLS goc obtains a limit for Z r mass as a function of mixing angleX9 (his 8 = 

- ~r/2), which Is derived from a LAMPF experiment on a(Uee  ) (ALLEN go). The 
result is shown in Fig. 1, 

1765ee Table I of DELAGUILA 89 for limits on various Z r models, 
177g# = e/cos8 W and p = 1 assumed, 

178A wide range of neutral current data as of 1986 are used In the fit. 
179 i Z mass limits from non-observation of an excess of t + t -  pairs at the CERN pp colllder 

[based on ANSARI 870 and GEER Uppsala Conf. 87], The limits apply when Z ~ decays 
only into light quarks and leptons. 
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L E P T O Q U A R K  Q U A N T U M  N U M B E R S  

Written December 1997 by M. Tanabashi (Tohoku U.). 

Leptoquarks axe particles carrying both baryon number (B) 

and lepton number (L). They are expected to exist in various 

extensions of the Standard Model (SM). The possible quantum 

numbers of leptoquark states can be restricted by assuming 
that their direct interactions with the ordinary SM fermions are 

dimensionless and invariant under the SM gauge group. Table 1 

shows the list of all possible quantum numbers with this 

assumption [1]. The columns of SU(3)C, SU(2)w, and V(1)y 
in Table 1 indicate the QCD representation, the weak isospin 

representation, and the weak hypercharge, respectively. Naming 

conventions of leptoquark states are taken from Ref. 1. The spin 

of a leptoquark state is taken to be 1 (vector leptoquark) or 0 
(scalar leptoquark). 

Table  1: Possible Ieptoquarks and their quan- 

its gauge quantum numbers as listed in the table [3]. We need 
extra assumptions about these interactions to evaluate the pair 
production cross section for a vector leptoquark. 

If a leptoquark couples to fermions of more than a single 
generation in the mass eigenbasis of the SM fermions, it can in- 

duce four-fermion interactions causing fiavor-changing-neutral- 
currents and lepton-family-number violations. Non-chiral lepto- 

quarks, which couple simultaneously to both left- and right- 

handed quarks, cause four-fermion interactions affecting the 

(7r ~ eu)/(Tr ~ #u)  ratio [4]. Indirect limits provide stringent 

constraints on these leptoquarks. Since the Pati-Salam lepto- 

quark has non-chiral coupling with both e and/z, indirect limits 

from the bounds on K L  ~ #e lead to severe bounds on the 

Pati-Salam leptoquark mass. For detailed bounds obtained in 

this way, see the Boson Particle Listings for "Indirect Limits 

for Leptoquarks" and its references. 

It is therefore often assumed that a leptoquaxk state couples 
tum numbers. 

Leptoquarks Spin 3 B + L  SU(3)c SU(2)w U(1)y 

$1 0 - 2  3 1 1/3 

~ o -2  3 ] 4/3 
$3 0 - 2  3 3 1/3 

v2 1 - 2  ~ 2 5/6 
~ 1 - 2  ~ 2 -1/6 
R2 0 0 3 2 7/6 
~ 0 0 3 2 :/6 
U: I 0 3 i 2/3 

U, i 0 3 1 5/3 

U 3 1 0 3 3 2/3 

If we do not require leptoquark states to couple directly 
with SM fermions, different assignments of quantum numbers 

only to a single generation in a chiral interaction, where indi- 

rect limits become much weaker. This assumption gives strong 
constraints on concrete models of leptoquarks, however. Lepto- 

quark states which couple only to left- or right-handed quarks 

are called chiral leptoquarks. Leptoquark states which couple 

only to the first (second, third) generation are referred as the 

first (second, third) generation leptoquarks in this section. 

Reference  

1. W. Buchm/iller, R. Rfickl, and D. Wyler, Phys. Lett. B191, 
442 (1987). 

2. J.C. Pati and A. Salam, Phys. Rev. D10, 275 (1974). 

3. J. B1/imlein, E. Boos, and A. Kryukov, Z. Phys. C76, 137 
(1997). 

4. O. Shanker, Nuel. Phys. B204, 375 (1982). 

MASS LIMITS for Leptoquarks from Pair Production 
These limits rely only on the color or electroweak charge of the leptoquark. 

VALUE (GeV) CL~ E V T $  DOCUMENT ID TECN COMMENT 
become possible. 

The Pati-Salam model [2] is an example predicting the 

existence of a leptoquark state. In this model a vector lepto- 

quark appears at the scale where the Pati-Salam SU(4) "color" 
gauge group breaks into the familiar QCD SU(3)e group (or 

SU(3)c • U(1)B-L). The Pati-Salam leptoquark is a weak iso- 
singlet and its hypercharge is 2/3 (U1 leptoquark in Table 1). 

The coupling strength of the Pati-Salam leptoquark is given by 

the QCD coupling at the Pati-Salam symmetry breaking scale. 

Bounds on leptoquaxk states are obtained both directly and 

indirectly. Direct limits are from their production cross sections 
at colliders, while indirect limits are calculated from the bounds 

on the leptoquark induced four-fermion interactions which are 
obtained from low energy experiments. 

The pair production cross sections of leptoquarks are eval- 
uated from their interactions with gauge bosons. The gauge 

couplings of a scalar leptoquark are determined uniquely ac- 

cording to its quantum numbers in Table 1. The magnetic- 

dipole-type and the electric-quadrupole-type interactions of a 
vector leptoquark are, however, not determined even if we fix 

>225 

>131 
> 45.5 

> 44.4 
> 44.6 
> 4 4  

> 45 
> 44.2 

> 41,4 
�9 �9 �9 We do not 

>225 

>213 
>119 
>116 
> 8O 
> 44.5 
> 42.1 
> 74 95 
> 43.2 98 
> 43.4 98 

none 8.9-22.6 95 
none 10.2-23.2 95 
none 5-20.8 95 
none 7-20.5 95 

95 180 ABBOTT 98E DO First generation 
95 181 ABE 97F CDF Third generation 
95 182 ABE 95u CDF Second generation 
95 183,184ABREU 93J DLPH First § second genera- - 

tlon 
95 185 ADRIANI 93M L3 First generation 
95 186 ADRIANI 93M L3 Third generation 
98 185 DECAMP 92 ALEP First or second 

generation 
95 
95 

185 DECAMP 92 ALEP Third generation 
185 ALEXANDER 91 OPAL First or second 

generation 
95 185 ALEXANDER 91 OPAL Third generation 

use the following data for averages, fits. limits, etc. �9 �9 �9 

95 187 ABBOTT 978 DO Result included in AB- I 
BOTT 98E 

95 187 ABE 97X CDF First generation | 
95 188 ABACHI 95G DO Second generation 
95 189 ABACHI 94B DO First generation 
95 190 ABE 931 CDF First generation 
95 185 ADRIANI 93M L3 Second generation 
95 191ABREU 92F DLPH Second generation 

192 ALITTI  92E UA2 First generation 
185 AOEVA 918 L3 First generation 
185 ADEVA 918 L3 Second generation 
193 KIM 90 AMY First generation 
193 KIM 90 AMY Second generation 
194 BARTEL 878 JADE 

2 195 BEHREND 868 CELL 

180ABBOTT 98E search for scalar leptoquarks using euJJ, eeJJ, and vvJJ events in p~ | 
collisions at Ecm=l .8  TeV. The limit above assumes B(eq)~ l .  For B(eq)=0.5 and 0, 

I the bound becomes 204 and 79 GeV, respectively. 
181ABE 97F search for third generation scalar and vector leptoquarks In p~ collisions at 

Ecm = 1.8 TeV. The quoted limit is for scalar leptoquark with B(~'b) = 1. 
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182ABE 95u search for scalar leptoquarks of charge 0=-2/3 and - 1 / 3  using ##JJ events 
in pp collisions at Ecm=l.8 TeV. The limit is for B(#q) = 1. For B(#q) = B(uq) = 
0.5, the limit Is > 96 GeV. 

183 Limit Is for charge - 1 / 3  Isospln-0 leptoquark with B(t q) = 2/3. 
184First and second generation leptoquarks are assumed to be degenerate. The limit is 

slightly lower for each generation. 
185 Limits are for charge -1 /3 ,  Isospln-0 scalar leptoquarks decaying to t -  q or ~,q with any 

branching ratio. See paper for limits for other charge-lsospln assignments of leptoquarks. 
186ADRIANI 93M limit for charge -1 /3 ,  Isospin-0 leptoquark decaying to ~'b. 
187ABBOTT 97B, ABE 97X search for scalar leptoquarks using eeJJ events in pp collisions 

at Ecm=l.8 TeV. The limit Is for B(eq)= l .  
188ABACHI 95G search for scalar leptoquarks using /~#+Jets and /~z~p+Jets events In pp 

collisions at E c = 1.8 TeV. The limit Is for B(#q) = 1. For B(pq) = B(uq) ~ 0.5, 
the limit is > 9~GeV. 
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> 0.3 95 

> 18 
> 0.43 95 

> 0.44 95 

> 350 

> 1 

> 125 

209 BHATTACH... 94 RVUE Spln-O leptoquark cou- 
pled to ~R tL 

210 DAVIDSON 94 RVUE 
211 KUZNETSOV 94 RVUE Pati-Salam type 
212 LEURER 94 RVUE First generation spin-1 

leptoquark 
212 LEURER 94B RVUE First generation spln-O 

leptoquark 
213 MAHANTA 94 RVUE P and Tvlolatlon 
214DESHPANDE 83 RVUE Sup. by 

KUZNETSOV 95B 
215SHANKER 82 RVUE Nonchlral spln-0 lepto- 

quark 
215 SHANKER 82 RVUE Nonchiral spin-1 lepto- 

quark 
189ABACHI 94B search for eeJJ and evJJ events In p~ collisions at Ecm=l.8 TeV. 

ABACHI 948 obtain the limit >120 GeV for B(eq)=B(uq)=O.5 and >133 GeV for 
B(eq)= l .  A change in the DO luminosity monitor constant reduces the first bound to 
>116 GeV quoted above (see FERMILAB-TM-1911). This limit does not depend on the 
electroweak quantum numbers of the leptoquark. 

190ABE 931 search for l t j J  events In p~ collisions at Ecm=l.8 TeV. The limit is for B(eq) 
= B(uq) = 0.5 and Improves to >113 GeV for B(eq) = 1. This limit does not depend 
on electroweak quantum numbers of the leptoquark. 

191ABREU 92F limit is for charge --1/3 isosin-O leptoquark with B(/~q)=2/3. If first and 
second generation leptoquarks are degenerate, the limit is 43.0 GeV, and for a charge 
2/3 second generation leptoquark 43.4 GeV. Cross-section limit for pair production of 
states decaying to tq  is given In the paper. 

192ALITTI 92E search for s and tvJJ events in pp collisions at Ecm=630 GeV. The 
limit is for B(eq) = 1 and is reduced to 67 GeV for B(eq) = B(~,q) = 0.5. This limit 
does not depend on electroweak quantum numbers of the leptoquark. 

193 KIM 90 assume pair production of charge 2/3 scalar-leptoquark via photon exchange. 
The decay of the first (second) generation leptoquark is assumed to be any mixture of 
de + and u~ (s# + and cP). See paper for limits for specific branching ratios, 

194BARTEL 878 limit Is valid when a pair of charge 2/3 splnless leptoquarks X is produced 
with point coupling, and when they decay under the constraint B(X --* c~/~) + B(X 

sp + )  = 1. 
195BEHREND 86B assumed that a charge 2/3 splnless leptoquark, X, decays either into 

sp + or cP: B(X ~ s# + )  + B(X ~ c~) = 1. 

MASS LIMITS for Leptoquarks from Single Productlo~ 
These limits depend on the q-l-leptoquark coupling gLCI" It is often assumed that 

~LLQ/41r=l/137. Limits shown are for a scalar, weak Isoscalar, charge - 1 / 3  leptm 
quark. 

VALUE (GeV) CL.~__~ DOCUMENT ID TECN COMMENT 
~>237 95 196 AID 96B H1 First generation | 
:> 73 95 197ABREU 93J DLPH Second generation 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 * �9 

198 DERRICK 97 ZEUS Lepton-flavor violation | 
>230 95 199 AHMED 94B H1 Sup. by AID 96B 
> 65 95 197 ABREU 93J DLPH First generation 
>181 95 200ABT 93 H1 First generation 
>168 95 201 DERRICK 93 ZEUS First generation 

196The quoted limit is for a left-handed scalar leptoquark which solely couples to the first | 
generation with electromagnetic strength. AID 96B also search for leptoquarks with 

I lepton-flavor violating couplings. For limits on states with different quantum numbers 
and the limits In the coupling-mass plane, see their Fig. 2, Fig. 3, and Table 2. AID 96B 
supersedes AH MED 94B. 

197Limit from single production In Z decay. The limit Is for a leptoquark coupling of 
electromagnetic strength and assumes B(tq) = 2/3. The limit Is 77 GeV if first and 
second leptoquarks are degenerate. 

198DERRICK 97 search for various leptoquarks with lepton-flavor violating couplings. See | 
their Figs. 5-8 and Table I for detailed limits, I 

199AHMED 94B limit is for the left-handed leptoquark decaying to eq and uq with B(eq) 
= B(uq)= l /2 .  Electromagnetic coupling strength is assumed for the scalar leptoquark 
interaction. For limits on states with different quantum numbers and the limits in the 
coupling~mass plane, see their Table 2 and Fig, 6. 

200ABT 93 search for single leptoquark production in ep collisions with the decays eq and 
uq. The limit Is for a leptoquark coupling of electromagnetic strength and assumes 
B(eq) = B(~,q) = 1/2. The limit for B(eq) = 1 Is 178 GeV. For limits on states with 
different quantum numbers, see their Fig. 2. ABT 93 superseded by AHMED 94B. 

201 DERRICK 93 search for single leptoquark production in ep collisions with the decay eq 
and vq. The limit is for leptoquark coupling of electromagnetic strength and assumes 
B(eq) = B(vq) = 1/2. The limit for B(eq) = 1 Is 176 GeV. For limits on states with 
different quantum numbers, see their Table 3. 

Indirect Limit= for Leptoquarks 
VALUE (TeV} CL.~ DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

> 0.76 95 202DEANDREA 97 RVUE R2 leptoquark | 
203 DERRICK 97 ZEUS Lepton-flavor violation 

I 204GROSSMAN 97 RVUE B ~  T+T- - (X )  
205jADACH 97 RVUE e + e - - - *  q~ 

> 0.31 95 206 AID 95 H1 First generation 
>1200 207 KUZNETSOV 95B RVUE PatI-Salam type | 

208 MIZUKOSHI 95 RVUE Third generation scalar I 
leptoquark 

202DEANDREA 97 limit is for R2 leptoquark obtained from atomic parity violation (APV). 
The coupling of leptoquark is assumed to be electromagnetic strength. See Table 2 for 
limits of the four-fermion interactions induced by various scalar leptoquark exchange, 
DEANDREA 97 combines APV limit and limits from Tevatron and HERA. See Fig. 1-4 
for combined limits of leptoquark in mass-coupling plane. 

203DERRICK 97 search for lepton-flavor violation in ep collision. See their Tables2-5 for 
limits on lepton-flavor violating four4ermlon interactions induced by various leptoquarks. 

204GROSSMAN 97 estimate the upper bounds on the branching fraction B - *  r + ~'- (X) 
from the absence of the B decay with large missing energy. These bounds can be used 
to constrain leptoquark induced four,fermlon interactions, 

205 JADACH 97 limit is from e+e - ~ q~ cross section at v~=172,3 GeV which can be 
affected by the t- and u-channel exchanges of leptoquarks. See their Fig. 1 for limits on 
vector leptoquarks in mass-coupling plane. 

206 AID 95 limit is for the weak isotriplet spin-1 leptoquark with the electromagnetic coupling 
strength. For the limits of leptoquarks with different quantum number, see their Table 2. 
AID 95 limits are from the measurements of the Q2. spectrum measurement of ep 
eX. 

207KUZNETSOV 95B use ~r, K, B, �9 decays and #e conversion and give a list of bounds 
on the leptoquark mass and the fermion mixing matrix in the Pati*Salam model. The 
quoted limit is from K L ~ #e decay assuming zero mixing. See also KUZNETSOV 94, 
DESHPANDE 83, and DIMOPOULOS 81. 

208 MIZUKOSHI 95 calculate the one-loop radiative correction to the Z-physics parameters 
in various scalar leptoquark models. See their Fig. 4 for the exclusion plot of third 
generation leptoquark models in mass-coupling plane. 

209 BHATTACHARWA 94 limit is from one-loop radiative correction to the leptonlc decay 
width of the Z. mH=250 GeV, (=s(mz)=0.12, mt=180 GeV, and the electroweak 
strength of leptoquark coupling are assumed. For leptoquark coupled to "eL tR, -~t, and 
�9 t, see Fig. 2 in BHATTACHARYYA 94B erratum and Fig. 3. 

210 DAVIDSON 94 gives an extensive list of the bounds on leptoquark-lnduced four-fermlon 
Insteractlons from ~r, K, D, B, /~, ~- decays and meson mixlngs, etc. See Tablel5 of 
DAVIDSON 94 for detail. 

211KUZNETSOV 94 gives mixing independent bound of the PatI-Salam leptoquark from 
the cosmological limit on w0 ._~ Pv. 

212LEURER 94, LEURER 94B limits are obtained from atomic parity violation and apply to 
any chlral leptoquark which couples to the first generation with electromagnetic strength. 
For a nonchlral leptoquark, universality in lr12 decay provides a much more stringent 
bound. See also SHANKER 82. 

213MAHANTA 94 gives bounds of P- and T-violating scalar-leptoquark couplings from 
atomic and molecular experiments. 

214DESHPANDE 83 used upper limit on K 0 ~ #e decay with renormalization-group 
equations to estimate coupling at the heavy boson mass. See also DIMOPOULOS 81. 

215From (~r --, ev) / ( l r  ~ /~v) ratio. SHANKER 82 assumes the leptoquark Induced 

four-fermlon coupling 4B2/M 2 (~eL UR) (~LeR) with F 0'004 for spin-0 leptoquark 

and g2/M2 (~eL ~p UL) (dR "r# eR) with ~_ 0.6 for spin-1 leptoquark. 

MASS LIMITS for DkluarI= 
VALUE (GeV) CL_...~ DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

none 290-420 95 216 ABE 97G CDF E 6 dlquark 
none 15-31.7 95 217 ABREU 940 DLPH SUSY E 6 diquark 

216ABE 97G search for new particle decaying to diJets. 
217ABREU 940 limit is from e + e -  ~ "d~cs, Range extends up to 43 GeV If diquarks are 

degenerate in mass. 

MASS LIMITS for i / ,  (axl~,,on) 
Axlgluons are massive color-octet gauge bosons In chiral color models and have axial- 
vector coupling to quarks with the same coupling strength as gluons. 

VAL UE (GeV) CL._~_~ DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

none 200-980 95 218 ABE 97(; CDF p ~  gAX, X --* 2 Jets 
none 200-870 95 219 ABE 95N CDF PP ~ gAX, gA ~ qq 
none 240-640 95 220 ABE 93G CDF P-P2~ets gA! jG X, gA "* 

>50 95 221CUYPERS 91 RVUE ~(e ~-e-  ~ hadrons) 
none 120-210 95 222 ABE 90H CDF PP ~ gA X, gA 

2Jets 
>29 223 ROBINETT 89 THEO Partial-wave unitarlty 
none 150-310 95 224 ALBAJAR 88B UA1 PP ~ EA X, gA 

2jets 
>20 BERGSTROM 88 RVUE p ~ - *  T X  via gag 
> 9 225 CUYPERS 88 RVUE T decay 
>25 226 DONCHESKI 88B RVUE T decay 
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218ABE 97G search for new particle decaying to dljets. 
219ABE 95N assume axigiuons decaying to quarks In the Standard Model only. 
220ABE 93G assume I '(gA) = NasmgA/6 with N = 10. 

221CUYPERS 91 compare (~s measured In T decay and that from R at PEP/PETRA 
energies. 

222ABE 90H assumes F(gA) = N~smgA/6 with N = 5 (F(gA) = 0.09togA). For N = 10, 
the excluded region Is reduced to 120-150 GeV. 

223ROBINETT 89 result demands partial-wave unltarlty of J = 0 t t  ~ tT scattering 
amplitude and derives a limit mg A > 0.5 m t. Assumes m t > 56 GeV. 

224ALBAJAR 88B result Is from the nonobservation of a peak in two-Jet invariant mass 
distribution. F(gA) < 0.4 mg A assumed. See also BAGGER 88. 

225CUYPERS 88 requires F (T  ~ ggA )<  F (T  ~ ggg) .  A similar result is obtained by 
DONCHESKI 88. 

226DONCHESKI 88B requires F (T  ~ gq~) /F (T  -~ Egg)  < 0.25, where the former 
decay proceeds via axlgiuon exchange. A more conservative estimate of < 0.5 leads to 
mg A > 21 GeV. 

x o (Hea~ a m . )  Searches JR Z Deep 
Searches for radiative transition of Z to a lighter spin-0 state X 0 decaying to hadrons, 
a lepton pair, a photon pair, or Invisible particles as shown in the comments. The 
limits are for the product of branching ratios. 

VALUE CL~ DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

227 ACCIARRI 97Q L3 X 0 ~ invisible patti- 
de(s) 

228 ACTON 93E OPAL X 0 ~ "y'y 
229 ABREU 92D DLPH X 0 ~ hadrons 
230 ADRIANI 92F L3 X 0 --~ hadrons 
231'ACTON 91 OPAL X 0 ~  anything.  
232ACTON 91B OPAL X 0 --~ e + e  - 
232ACTON 91B OPAL X 0 ~ /J+/~-  
232ACTON 91B OPAL X 0 --* ~" t ' l " -  
233ADEVA 910 L3 X 0 ~ e-t-�9 - 
233ADEVA 91D L3 X 0 ~ #-t-/~- 
234ADEVA 91D L3 X 0 ~ hadrons 
235 AKRAWY 90J OPAL X 0 - *  hadrons 

< 1 . 1  x 10 - 4  95 
<9 x 10 - 5  95 
<1.1 x 10 - 4  95 
< 2 . 8  x 10 - 4  95 
<2.3 x 10 - 4  95 
<4.7 X 10 - 4  95 
<8 x 10 - 4  95 

240ADEVA 84 and BEHREND 84C have Ecm = 39.8-45.5 GeV. MARK-J searched X 0 In 

e + e  - ~ hadrons, 2% # + / ~ - ,  e + e  - and CELLO in the same channels plus ~r pair. 
No narrow or broad X 0 is found In the energy range. They alsO searched for the effect of 
X 0 with m X > Ecm. The second limits are from Bhabha data and for spin-0 singiet. 

The same limits apply for F(X 0 ~ e + e  - )  = 2 MeV if X 0 is a spin-0 doublet. The 
second limit of BEHREND 84c was read off from their figure 2. The original papers also 
list limits in other channels. 

Search for X ~ Resonance in e + e -  Collisions 
The limit is for F(X 0 -~ e + e  - )  . B(X 0 --* f), where f is the specified final state. 
Spin 0 is assumed for X 0. 

VALUE (keV) CL f~ DOCUMENT IO TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

<103 95 241 ABE 93c VNS F(ee) 
<(0.4-10) 95 242 ABE 93c VNS f = 7~ 
<(0.3-5) 95 243,244 ABE 93D TOPZ f = "y~, 
<(2-12) 95243,244ABE 93DTOPZ f =  hadrons 
<(4-200) 95 244,245 ABE 93D TOPZ f = ee 
<(0.1-6) 95 244,245 ABE 93D TOPZ f = /J# 
<(0.5-8) 90 246 STERNER 93 AMY f = -y'~ 

241Limit ]s for F(X 0 ~ e + e  - )  mXo = 56--63.5 GeV for F(X 0) = 0.5 GeV. 

242 Limit is for mXo = 56-61.5 GeV and is valid for F(X 0) << 100 MeV. See their Fig, 5 for 
limits for r = 1,2 GeV, 

243Limit is for mXo = 57.2-60 GeV. 

244Limit is valid for F(X 0) << 100 MeV. See paper for limits for F = 1 GeV and those for 
J = 2 resonances. 

245Limit is for mXo = 56.6-60 GeV. 

246STERNER 93 limit is for mXo = 57-59.6 GeV and is valid for F(X0)<100 MeV. See 
their Fig. 2 for limits for F = 1,3 GeV. 

Search for X ~ Resonance In Two-Photon Process 
The limit is for F(X 0) . B(X 0 ---* "7*y) 2. Spin0 is assumed for X 0. 

VALUE {MeV) CL%_% DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

227See Fig.4 of ACCIARRI 97Q for the upper limit on B(Z ~ "yX0; E.y >Emln) as a | 
function of Eml n. 

228ACTON 93E give o ( e + e  - ~ X07 ) .B (X  0 ~ .y~,)< 0.4pb (gS%CL) for mxo=60 + 
2.5 GeV. If the process occurs via s-channel ~, exchange, the limit translates to 
F(X0) .B(X 0 ._, .y~,)2 <20 MeV for mxu = 60 :E 1 GeV. 

229ABREU 92D give oZ  " B(Z ~ -rX 0) . B(X 0 ~ hadrons) <(3-10)pb for mXo = 

10-78 GeV. A very similar limit Is obtained for spin-1 X 0. 
230ADRIANI 92F search for isolated "~, in hadronlc Z decays. The limit oZ " B(Z ~ ~'X 0) 

, B (X  0 ~ badrons) <(2-10) pb (95%CL) Is given for mxo = 25-85 GeV. 

231ACTON 91 searches for Z --* Z* X O, Z* -*  e+ e - ,  p+  l z - ,  or uP. Excludes any 
new scalar X 0 with mxo < 9.5 GeV/c If It has the same coupling to ZZ*  as the MSM 
Hlggs bosou. 

232ACTON 91B limits are for reX0 = 6 H 5  GeV. 

233ADEVA 91D limits are for mXO = 3C-89 GeV. 

234AOEVA 91D limits are for mxo = 30-86 GeV. 

235AKRAWY 90J give F(Z ~ ~,X0).B(X 0 --* hadrons) < 1.9 MeV (95%CL) for reX0 
= 32-80 GeV. We divide by r ( z )  = 2.5 GeV to get product of branching ratios. For 
nonresonant transitions, the limit is B(Z ~ ~qZl) < 8.2 MeV assuming three-body 
phase space distribution. 

MASS LIMITS for a Heavy Neutral Boson Coupling to e+e - 
V A L U E  (GeV) CL._~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

none 55-61 236OOAKA 89 VNS r ( x  0 ~ e + e - )  

�9 B(X 0 - *  hadrons) 
0.2 MeV 

>45 95 237 DERRICK 86 HRS F(X ~ ~ e + e - i = 6  MeV 
>46.6 95 238ADEVA 85 MRKJ F(X 0 --* e + e - ) = 1 0  keV 
>48 95 238ADEVA 85 MRKJ F ( x O ~  e + e - ) = 4 M e V  

239 BERGER 85B PLUT 
none 3 9 . H 5 . 5  240ADEVA 84 MRKJ F(X 0 ~ e + e - ) = 1 0  keV 
>47.8 95 240ADEVA 84 MRKJ r ( x  0 -~ e + e - ) = 4  MeV 
none 3 9 . H 5 . 2  240 BEHREND 84c CELL 
>47 95 240 BEHREND 84c CELL r (x  ~ ~ e + e - ) = 4  MeV 

236ODAKA 89 looked for a narrow or wide scalar resonance In e + e  - ~ hadrons at Ecru 
= 55.0-60.8 GeV, 

237DERRICK 86 found no deviation from the Standard Model Bhabha scattering at Ecm = 

29 GeV and set limits on the possible scalar bosun e + e -  couptlng. See their figure 4 
for ec<cluded region in the r ( x  0 --, e+e - ) -mxo  plane. Electronic chiral Invarlance 

w 0 requires a parity doublet of X O, in hlch case the limit applies for I ' (X ~ e + e - )  = 
3 MeV. 

236ADEVA 85 first Ilmlt is from 2% #- t -p - ,  hadrons assuming X 0 is a scalar. Second limit 
Is from e + e -  channel. Ecm = 40-47 GeV. Supersedes ADEVA 84. 

239 BERG ER 85B looked for effect of spln-O bosun exchange In e + e -  ~ �9 + e -  and p+  p -  
at Ecm = 34.7 GeV. See Fig. 5 for excluded region in the mXo - I ' (X O) plane. 

<2.6 95 247 ACTON 93E OPAL reX0=60 :E 1 GeV 

<2.9 95 BUSKULIC 93F ALEP mXo ~ 60 GeV 

247ACTON 93E limit for a J = 2 resonance Is 0.8 MeV. 

Search fo rX  ~ Resonance in e+e - --* X~  
VALUE (GeV) DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

248ADAM 96C DLPH X 0 decaying invisibly | 

248ADAM 96C is from the single photon production cross at v~=130,  136 GeV. The upper | 
bound Is less than 3 pb for X 0 masses between 60 and 130 GeV, See their Fig. 5 for the I exact bound on the cross section ~ (e+e  - ~ -~X0). 

Search for X ~ Resonance In Z -~ f f X  0 
The limit is for B(Z ~ f T X  O) . B(X 0 ~ F) where f is a fermion and F is the 
specified final state. Spin 0 is assumed for X O. 

VALUE (MeV) CL.~_~ DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits', etc. �9 �9 �9 

249 ABREU 
< 3 . 7  x 10 - 6  95 250 ABREU 

251 ABREU 
<6.8 x 10 - 6  95 250 ACTON 
<5.5 x 10 - 6  95 250 ACTON 
<3.1 x 10 - 6  95 250 ACTON 
<6.5 x 10 - 6  95 250 ACTON 
<7.1 x 10 - 6  95 250 BUSKULIC 

252 ADRIANI 

249ABREU 96T obtain limit as a function of mXo. 

250Limit Is for mXo around 60 GeV. 

251ABREU 96T obtain limit as a function of mXo. See their Fig. 15. 

252ADRIANI 92F give ~Z ' B(Z ~ q~X O) �9 B(X 0 ~ "y'y)<(0.75-1.5)pb (95%CL) for 
mxo = 10-70 GeV. The limit is I pb at 60 GeV. 

96T DLPH f=e,p,T: F=~i~/ 
96T DLPH f=-v: F=~"y 
96T DLPH f=-q; F='y'y 
93E OPAL f=e,/~,T; F=-y-y 
93E OPAL f=q:  F=~I'y 
93E OPAL f=u; F=~,'/ 
93E OPAL f=e,p;  F=tE, q~, v ~  
93F ALEP f=e,p; F=t't, q~, u-d 
92F L3 f=q;  F=~l'y 

See their Fig. 6. 

Search for X ~ Resonance In p~ -~ WX ~ 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

253ABE 97wCDF X 0 --* bb | 

253ABE 97w search for X 0 production associated with W in p~ collisions at Ecru=l .8 | 
TeV, The 95%CL upper limit on the production cross section times the branching ratio 

I for X 0 -+ bb ranges from 14 to 19 pb for X 0 mass between 70 and 120 GeV. See their 
Fig. 3 for upper limits of the production cross section as a funciton of mXo. 



See key on page 213 

Search for Resonance X, Y In e + e -  - *  X Y 
VALUE(MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

254 ALEXANDER 978 OPAL X ~ 2 jets, Y ~ 2 iets 
255 BUSKULIC,D 96 ALEP X --+ 2 Jets, Y 2 Jets 

254ALEXANDER 97B search for the associated production of two maselve particles decay- 
ing into quarks In e + e  - collisions at Vrs=130-136 GeV. The 95%CL upper l imits on 
~(e + e-- ~ X Y )  range from 2.7 to 4.5 pb for 95<mx+m y < 120 GeV. 

255 BUSKULIC,D 96 observed an excess of four-Jet production cross section In e + e -  col- 
lisions at v~=130-136  GeV and find an enhancement In the sum of two dijet masses 
around 105 GeV. 

Heavy Particle Production In quarkonlum Decays 
Limits are for branching ratios to modes shown. 

VAL UE ~ DOCUMENT/D TECN COMMENT 
�9 �9 �9 We do riot use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<1.5 x 10 - 5  90 256 BALEST 95 CLE2 T(15)  ~+ x O %  
mXo < 5 GeV 

< 3 x 1 0 - 5 - 6  x 10 - 3  90 257 BALEST 95 CLE2 T(1S) ~ x O x - 0 %  
mxo < 3.9 GeV 

<5.6 x 10 - 5  90 258ANTREASYAN 90c CBAL T(1S) ~ xO-y, 
mXo < 7.2 GeV 

259 ALBRECHT 89 ARG 

256BALEST 95 two-body l imi t  is for pseudoscalar X O. The l imi t  becomes < 10 - 4  for 
mXo < 7.7 GeV. 

257 BALEST 95 three-body l imi t  is for phase-space photon energy distribution and angular 
distribution same as for T ~ gg'y, 

258ANTREASYAN 90C assume that  X 0 does not decay in the detector. 
259ALBRECHT 89 give l imits for B ( T ( 1 5 ) ,  T(2S) ~ XO~,).B(X 0 ~ ~r§ - ,  K + K - ,  

p p )  for mxo < 3.5 GeV. 

REFERENCES FOR Searches rot Heavy Bosons Othe~ Than Hlgl~ Bosom 

ABBOTT 98E PRL 80 2051 
ABBOTT 97B PRL 79 4321 
ABE 97F PRL 78 2906 
ABE 97G PR D65 R5263 
ABE 975 PRL 79 2192 
ABE 9"/W PRL 79 3819 
ABE 97X PRL 79 4327 
ACCIARRI STQ PL B4L2 201 
ALEXANDER 97B ZPHY C73 201 
ARIMA 97 PR D55 19 
BARATE 976 PL B399 329 
BARENBOIM 97 PR D55 4213 
DEANDREA 9T PL B6~9 277 
DERRICK 97 ZPHY C73 613 
GROSSMAN 97 PR DSS 2768 
JADACH 97 PL 6408 281 +Ward, Was (CERN, INPK, TENN, SLAC) 
STAHL 97 ZPHY C74 73 A. Stahh H. Voss (BONN) 
ABACHI 96C PRL 76 3271 +Abbott, Abolins. AchaPja, Adam+ (DO Collab.) 
ABACHI 96D PL B385 471 +Abbott, Abolins, Achatya, Adam+ (DO Collab.) 
ABREU 96T ZPHY C72 179 +Adam, Adye, A6asl , Ajinenko, Aleksan+ (DELPHI Collab.) 
ADAM 96C PL B380 471 +Aden, Apsl, A~inedko, Aleksan+ (DELPHI Cc41ab.) 
AID 966 PL 8369 173 +Andreev, Andrleu, Appuhn, Arpaiaus+ (H1 Collab.) 
ALLET 96 PL 6363 139 +Bodek, Camps, Deutsch+ (VILL, LEUV, LOUV, WlSC) 
8USKULIC 96N PL 6378 373 +De 8onls, Decamp, G~ez. Goy, Lees+ (ALEPH Co,lab.) 
BUSKULIC,D 96 ZPHY C71 178 D. Buskullc+ (ALEPH Collab.) 
ABACHI 95E PL B358 405 +Abbott, Abo41ns. Acharya, Adam, Adams+ (DO Collab.) 
ABACHI 95G PRL 75 3618 +Abbott, Abolins, Acharya, Adam, Adams+ (DO Collab.) 
ABE 95 PR D51 R949 +Albrow, Amidei, Antos, Anway-Wter~+ (CDF Collab.) 
ABE 95M PRL 76 2900 +Albrow, AmideS, Antos, Anway-Wlele+ (CDF Coflab, ) 
ABE 95N PRL 74 5538 +Albrow, Amendol[a, Amidel, Antos+ (CDF CoIlab.) 
ABE 95U PRL 75 1012 +Albrow, Amenbolla, Amldei, Anto6+ (CDF Collab. ) 
ABREU 85M ZPHY C63 603 +Adam, Adye, A~isi, AJInenko+ (DELPHI Co6ab.) 
AID 95 PL B355 $78 +Andreev, Andfleu, Appuhn, Arpasaus+ (HI Collab,) 
BALEST 96 PR O51 2053 +Cho. Ford. Jo~nscn+ (CLEO C01fab.) 
KUZNETSOV 93 PRL 75 784 +Serdbrov, Stepanenko+ (PNPI, KIAE, HARV, NIST) 
KUZNETSOV 9SB PAN 58 2113 +Mlkheev (YARD) 

Trangated from YAF 68 2228, 
MIZUKO5HI 95 NP B443 20 +Eboll, Gonzalez-Garcla (SPAUL, CERN) 
NAROI 95 PL 6344 225 +Routet, Tommadnl (MICH, CERN) 
ABACHI 846 PRL 72 %5 +Abbott, Abollns, Achatya, Adam+ (DO Coflab.) 
ABREU 940 ZPHY C64 183 +Adam, Adye, Asad, N]nenko, Aleksan+ (DELPHI Cotlab.) 
AHMED 946 ZPHY C64 $45 +Aid, Andreev, Andrleu, Ap~uhn, Arpasau|+ (H1 Collab.) 
BHATTACH.,. 94 PL 5336 100 Bhattacharyya, Ellis, Sddhar (CERN) 

Al~o 948 PL B338 622 (erratum) Bhattachary~, Ellis, 5ddhar (CERN) 
BHATTACH... ~948 PL 83~ 522 (erratum) Bhattac~aryya, EOIr, Srldhar (CERN) 
BUSKULIC ZPHY C62 539 +Casper, De Boni~, Decamp, Ghez, Goy+ (ALEPH Coflab,) 
DAVIDSON 94 ZPHY C61 613 +Barley, Campbell (CFPA, TNTO, ALBE) 
KUZNETSOV 34 PL B329 295 +MIkheev (YARD) 
KUZNETSOV 948 JETPL 60 3LS +Serebrov, 5tepanenko+ (PNPt, ~(IAE, HARV, NI5T) 

Translated from ZETFP 60 311. 
LEURER 94 PR DSO 336 (REHO) 
LEURER 946 PR D40 333 (REHO) 

AlSo 93 PRL 71 1324 Leurer (REHO) 
MAHANTA 94 PL B337 126 (MEHTA) 
SEVERUN5 94 PRL 75 611 (erratum) + (LOUV, WISC, LEUV, ETH, MASA) 
VILAIN 948 PL B332 465 +W~lquet, Beyer, Flegel, Grote+ (CHARM II Collab.) 
ABE 93C PL B302 118 +Amako, Afai, Adma, Asano, Chiba+ (VENUS Collab, ) 
ABE 93D PL B304 373 +Adachi, Awa, Aoki, Belusevic, Emi+ (TOPAZ Coliab.) 
ABE 93G PRL 71 2542 +Albrow, Akimoto, Amidei, Anway-Wiese+ (CDF Collab.} 
ABE 931 PR D48 R3939 +Albrow. Amide;, Anway-Wiese, Apo~linari+ (CDF Coltab.) 
ABREU 93J PL B316 620 +Adam, Adye, Agasi, Aleksan, AJekseev+ (DELPHI Collab.) 
ABT 93 NP B396 3 +Afldreev, Andrleu, Appuhn, Arpsgaus+ (H1 Collab. 
ACTON 93E PL B311 381 +Akers, Alexander+ (OPAL Colab, 
ADRIANI 93D PL B306 187 +Aguilar-Ben~tez, AMen, Alcaraz, AIo~do+ (L3 Collab.) 
ADRIANI 93M PRPL 236 1 +Asullar-Benitez. AMen. Alcaraz, AIoL~o+ (L3 Collab.) 
ALITTI 93 NP B400 3 +Ambro~ni, Ansad, Autiero, Bareyre+ (UA2 Collab.) 
ALLEN 93 PR D47 11 +Chen, Doe, Hausammann+ (UCI, LANL~ ANL, UMD) 
ALTARELLI 936 PL 6318 139 +Casalbuoni+ (CERN, FIRZ, GEVA, PADO) 
BHATTACH... 93 PR D47 RSe93 Bhattacharyya+ (CALC, JADA, ICTP, AHMED, BOSE) 
BUSKULIC 93F PL 6308 425 +De Bonis, Decamp, Chez, Coy, Lees+ (ALEPH Collab.) 

B. Abbott+ (DO Co0ab.) 
+Abe]ins, Achar~+ (DO Co0ab.) 
+Aklmoto. Akop;an, AIb~ow, Amendolla§ (CDF Co41ab.) 
+Akimoto, Akop~an, Nbrow, Amendolia+ (CDF Collab.) 
+Akimoto. Akoplan, Albrow, Amendolia+ (COF Co0ab.) 

F, Abe+ (CDF Co0ab.) 
+Akimoto, Akoplan, Aibrow, Amadon+ (CDF Collab.) 

M. Acciarri+ (L3 Collab.) 
G. Alexander+ (OPAL Col)ab.) 

+Odaka, O&awa, Bhiral, Tsuboyama+ (VENUS Collab.) 
+Buskulic, Decamp, Ghez, Goy, Lees+ (ALEPH Cofiab.) 
+Bernabeu, Prades. Raidal (VALE, IFIC) 

(MARS) 
M. Derrick+ (ZEUS Collab.) 

+LIKeU, Nard/ (REHO, CIT) 

263 

Gauge & Higgs Boson Particle Listings 
Heavy Bosons Other than Higgs Bosons 

DERRICK 93 PL B306 ]73 
RIZZO 93 PR D48 4470 
SEVERIJNS 93 PRL 70 4047 

Also 94 PRL 73 611 (erratum) 
STERNER 93 PL B303 385 
ABE 926 PRL 68 1463 
ABREU 92D ZPHY C53 555 
ABREU 92F PL B275 222 
ADRIANI 92F PL 6292 472 
ALITTI 92E PL B274 507 
DECAMP 92 PRPL 216 253 
DELAGU~LA 92 NP 6372 3 

AlsO 91C NP B361 45 
IMAZATO 92 PRL 69 877 
LANGACKER 926 PR D45 278 
LAYSSAC 92 ZPHY C$3 97 
LAYSSAC 926 PL B287 267 
LEIKE 92 PL BLRI 187 
LEP 92 PL B276 247 
MISHRA 92 PRL 68 3499 
POLAK 92 PL B276 492 
POLAK 926 PR D46 3871 
RENTON 92 ZPHY C56 355 
ABE 9JD PRL 67 2418 
ABE 91F PRL 67 2609 
ACTON 91 PL 6268 122 
ACTON 91B PL B273 338 
ADEVA 9]B PL B261 169 
ADEVA 91D PL 6262 155 
ALEXANDER 91 PL B263 123 
ALITTI 9] ZPHY C49 17 
ALTARELLI 91 PL B26] ]46 
ALTARELLI 916 PL B263 459 

Also 90 PL B245 660 
AQUINO 91 PL B261 280 
BUCHMUEL.. 91 PL B267 395 
COLANGELO 91 PL B253 154 
CUYPERS 91 PL B259 173 
DELAGUILA 91 PL B2SS 497 
FARAGGI 91 MPL A6 61 
GEIREGAT 91 PL B259 499 
GONZALEZ-G...91 PL B259 365 

Also 90C NP 6345 312 
MAHANTHAP...91 PR D43 3093 

Also 916 PR D44 1616 erratum 
POLAK 91 NP B363 385 
RIZZO 91 PR D44 202 
WALKER 91 APJ 376 51 
ABE 9OF PL B246 297 
ABE 90G PRL 65 2243 
ABE 90H PR D41 1722 
AKRAWY ~)J PL 6246 263 
ALLEN 90 PRL 64 1330 
ANTREASYAN 90C PL 6251 204 
BARGER 906 PR D42 152 
GLASHOW 90 PR D42 3224 
GLASHOW 90B PRL 64 725 
GONZALEZ-G-.90D PL B240 163 
GRIFOLS 90 NP B331 244 
GRIFOLS 90C MPL A5 2657 
GRIFOLS 90D PR D42 3293 
HAGIWARA ~0 PR D41 813 
HE 906 PL B240 441 

AlSO 90C PL B244 580 erratum 
KIM 90 PL 6240 243 
LOPEZ 90 PL 624J 392 
ALBAJAR 69 ZPHY C44 15 
ALBRECHT 69 ZPHY C42 340 
BARBIERI 896 PR D39 1229 
DELAGUILA 69 PR 040 2481 

Also 30B PR O41 134 
Also 90C PR D42 262 erratum 

DORENBOS._ 69 ZPHY C41 367 
GEIREGAT 89 PL B232 539 
LANGACKER B9B PR D40 1569 
ODAKA 89 JPSJ 58 3037 
ROBINETT ~J PR 03S B36 
ALBAJAR BBB PL B209 127 
BAGGER BB PR D37 11B8 
BALKE ~ PR D37 587 
BERGSTROM 86 PL B212 386 
COSTA 06 NP 8297 244 
CUYPERS 86 PRL 60 1237 
OONCHESKI 88 PL EI206 137 
DONCHESKI 88B PR D38 412 
ELLIS 86 PL B202 417 
RAFFELT 86 PRL 60 1793 
AMALDI 87 PR D56 1385 
ANSARI 87D PL B195 613 
BARTEL B7B ZPHY C36 15 
MARCIANO 67 PR D35 1672 
ARNISON 86B EPL I 327 
BARGER 66B PRL 56 30 
8EHREND 868 PL 8178 452 
DERRICK 86 PL 1666 463 

Also 966 PR D34 3286 
DURKIN 66 PL 166B 436 
ELLIS 86 PL 167B 457 
JODtDIO 66 PR D34 1967 

Also 68 PR D37 237 erratum 
MOHAPATRA 66 PR D34 909 
STEIGMAN 66 PL B176 33 
ADEVA 83 PL 1S2B 439 
ADEVA B5B PRL $8 66S 
BERGER 658 ZPHY C27 341 
STOKER 65 PRL 54 1887 
ADEVA 84 PRL 53 134 
BEHREND 84C PL 140B 130 
ARNISON 83D PL 1298 273 
BERGSMA 83 PL L226 465 
CARR 83 PRL 51 627 
DESHPANDE 83 PR D27 1193 
BEALL 82 PRL 48 848 
SHANKER 82 NP B204 375 
DIMOPOUL,.. 81 NP B182 77 
RIZZO 81 PR D24 704 
STEIGMAN 79 PRL 43 239 

+Krakauer, Maglll. Musgrave. Repond+ (ZEUS Co[lab.) 
(ANt) 

+Gimenc-Nogues+ (LOUV, WlSC, LEUV, ETH, MASA) 
Sevedjns+ (LOUV, WlSC, LEUV, ETH, MASA ) 

+Abashian, Gotow, Haim, Mattson, Morpn+(AMy Collab.) 
+Amldel, Apollinari, Atac, Auchinclos~+ (CDF Collab.) 
+Adam, Adami, Adye, Akesson, Alekseev+(DELPHI Collab.) 
+Adam, Adami, Ad~, Akesson, Alekseev+(DELPHI Collab.) 
+Aguilar-Benitez, AMen, Akbari. Alcarez+ (L3 Co,lab.) 
+Ambrodni, Ansad, Autlero, Bareyre+ (UA2 Coflab.) 
+Deschizeaux. Coy, Lees, Minard+ (ALEPH Collab,) 

del AguiJa+ (CERN, GRAN, MPIM. BRUXT. MADE~ 
del Aguila, Moreno, Qu[ros (BARC, MADE) 

TOKM5 +Luo+Kaw~shlma' Tanaka+ (KEK, INUS, TOKY, (PENN)) 

+Renard, Verzegnassi (MONP, LAPP) 
+Renard, Verzegnass~ (MONP, TRSTT) 
+Riemann, Riemann (BERt, CERN) 
+ALEPH, DELPHi, L3, OPAL (LEP CoIlabs.) 
+Leung, Arroyo+ (COLU, CHIC, FNAL, ROCH, WISC) 
+Zralek (SEES) 
+Zralek (SILES) 

(OXF) 
+Amidei, Apo;linad, Atac, Auchincloss+ (CDF Collab.) 
+Amidei, Apollinari, Atac, Auchincloss+ (CDF Collab.) 
+Alexander, Allison, AIIpOrt+ (OPAL Collab.) 
+Alexander, Allison, Ailport, Anderson+ (OPAL Collab.) 
+Adrianl, Aguilar-Benitez, Akbad, Alcaraz+ (L3 Collab.) 
+Addani, Aguilar-Benitez, Akbad, Alcaraz+ (L3 Co0ab.) 
+Allison, AIIport, Anderson, Arcelli+ (OPAL Collab.) 
+Ansad, Anscxge, Aufiero, Bareyre+ (UA2 Coliab.) 
+Ca~albuoni, De Curtis+ (CERN, FIRZ, GEVA) 
+Casalbuoni, De Curtis+ (CERN, FIRZ, GEVA} 

Altarefli, Casalbuon;, Ferusllo, Gatto(CERN, LECE, GEVA) 
+Fernandez. Garcia (CINV, PUEB) 

Buchmueller, Greub. Minkowski (DESY, BERN) 
+Nardulli (BARI) 
+Falk, Frampton (DURH. HARV, UNCCH) 

del AKuJla, Moreno, Quiros (BARC, MADE, CERN) 
+NanopouIos (TAMU) 
+Vilaln, WHquet, Binder, Burkard+ (CHARM II Co;lab.) 

Gonzalez-Garcia. VaSe (VALE ) 
Gonzalez-Garcia, Valle (VALE) 
Mahanthappa, Mohapatra (COLD) 
Mahanthappa, Mobapatra (COLD) 

+Zralek (SILES) 
(wisc, isu) 

+Steigman, Schramm, Olive+ (HSCA, OSU, CHIC, MINN) 
+Amako, Arai, Asano, Chiba+ (VENUS Collab. ) 
+Amidei, Apotlinad, Atac+ (CDF Collab.) 
+Am~del. Apo0inad, Asco6, Atac+ (CDF Collab.) 
+Alexander, A0ison, AIIport, Anderson+ (OPAL Co0ab.) 
+Chen, Doe+ (UCI, LASt, UMO) 
+Barrels, Besset, Banter. Bienlein+ (Crystal Ball Collab.) 
+Hewett, Rizzo (WlSC, ISU) 
+Sadd (HARV) 
+Sadd (HARV) 

Gonzalez-Garcia. VaNe (VALE) 
+Masso (BARC) 

(BARC) 
+Masso, Rizzo (BARC, CERN, WlSC, ISU) 
+Najima, Sakuda, Terunuma (KEK, DURH. YCC, HIRO) 
+ Joshi, VC~kas (MELB~ 

He, Joshi, Vdkas (MELB) 
+Breedon, Ko, Lander, Maeshlma, Malchow+(AMY Collab.) 
+Nanopoulos (TAMU) 
+Albrow, Allkofer, Arnfson, Astbupj+ (UA1 Coilab.) 
+Boeckmann, Glaeser, Harder+ (ARGUS CoJlab.) 
+Mohapatra (PtSA, UMO) 

del Agui,a, M . . . .  Quiros IBARC, MADE I 
del AKuila, Moreno, Quiros BARC, MADE 
del AguHa, Moreno, Quiros (BARC, MADE 
Dorenbosch, Udo, Allaby, Amaldl+ (CHARM Co0|b. 

+Vllain, WIIquet, Berlpma , Binder+ (CHARM II Collab, 
+Urea Sankar (PENN i 
+Kondo, Abe, Amako+ (VENUS Collab. I 

(PSU 
+AIMow, AIIkofer, Astbury, Aubert+ (UA1 CoSab, 
+Scbmidt, Kin S (HARV, BOST 
+GIdal, Jodldio+ (LBL, UCB, COLD, NWES, TRIU 

(STOH 
+Ellis. Fo|Ii+ (PADO, CERN, BARI, wise, LBL 
+Framptcm (UNCCH 
+Grotch, Robinett (PSU 
+Grotch, Roblnett (PSU 

Ellis, Franzlni, Zwlrner (CERN. UCB, LBL' 
+Seckel (UCB, LLL, UCSC 
+Bohm, Durkln, Lanpcker+ (CERN, AACH3, OSU+ 
+BiEnnia, Banner+ (UA2 Collab. 
+Becker, Felst+ (JADE Collab.) 
+Sldin (BNL, NYU) 
+Albrow, AIIkofer+ (UA! Collab.) 
+Deshpande, Whl|nant (WISC, OREG, FSU) 
+Buerier, Cdeiea, FenneL, Field+ (CELLO Colbb.) 
+Dan, KoOiJman, Lo~+ (HRS Collab,) 

Derdck, Gan, Kool;man, Loos, Musirave+ (HRS Collab,) 
+Lan&acker (PENN) 
+Enqvitt. Nanopoulos, Sarkar (CERN, OXFTP) 
+Balke, CarL, Gidal, Shinsky+ (LBL, NWES, TRIU) 

Jod~d~o, Balke, Carr+ (LBL. NWES, TRIU) 
(UMD) 

+Olive, Sehramm, Turner (BART, MINN+) 
+Becker, Becker-Szendy+ /Mark-J Collab. / 
+Becker, Becker-Szendy+ Mark-J Coftab. 
+Deuter, Genzel, Lackas, plelorz+ (PLUTO Collab.) 
+8alke, Carr, Gidal+ (LBL, NWES, TRIU) 
+Barber, Becker, Berduso + (Mark-J Collab.) 
+Burger, Criegee, Fenner+ (CELLO Collab.) 
+Astbury, Aubert, Bacci+ (UAI Collab.) 
+DorenboSch, Jonker+ (CHARM Collab.) 
+Johnson+Gidal' Gobb~, Jodidio. Dram+ (LBL, NWES,(OREG)TRIU) 

+Bander, Soni (UCI. UCLA) 
(TRIU) 

Olmopoulos, Raby, Kane (STAN, MICH) 
+Senjanovic (BNL) 
+Olive, Schramm (BART, EFI) 



264 

Gauge & Higgs Boson Particle Listings 
Axions (A ~ and Other Very Light Bosons 

I Axions (A ~ and Other forl Very Light Bosons, Searches 
A X I O N S  A N D  O T H E R  V E R Y  L I G H T  B O S O N S  

Written October 1997 by H. Murayama (University of Califor- 
nia, Berkeley) Part I; April 1998 by G. Raffelt (Max-Planck 
Institute, Miinchen) Part II; and April 1998 by C. Hagmann, K. 
van Bibber (Lawrence Livermore National Laboratory), and L.J. 
Rosenberg (Massachusetts Institute of Technology) Part III. 

This review is divided into three parts: 

Part I (Theory) 

Part II (Astrophysical Constraints) 

Part III (Experimental Limits) 

A X I O N S  A N D  O T H E R  V E R Y  L I G H T  BOSONS,  

PART I (THEORY) 

(by H. Murayama) 

In this section we list limits for very light neutral (pseudo) 
scalar bosons that couple weakly to stable matter. They arise 

if there is a global continuous symmetry in the theory that 

is spontaneously broken in the vacuum. If the symmetry is 

exact, it results in a massless Nambu-Goldstone (NG) bosom 

If there is a small explicit breaking of the symmetry, either 

already in the Lagrangian or due to quantum mechanical effects 

such as anomalies, the would-be NG boson acquires a finite 
mass; then it is called a pseudo-NG bosom Typical examples 

are axions (A ~ [i], familons [2], and Majorons [3,4], associated, 
respectively, with spontaneously broken Peccei-Quinn [5], fam- 
ily, and lepton-number symmetries. This Review provides brief 
descriptions of each of them and their motivations. 

One common characteristic for all these particles is that 
their coupling to the Standard Model particles are suppressed by 
the energy scale of symmetry breaking, i.e. the decay constant 
f, where the interaction is described by the Lagrangian 

L: = -~ (0~r ~, (1) 

where J~ is the Noether current of the spontaneously broken 

global symmetry. 
An axion gives a natural solution to the strong C P  problem: 

why the effective 8-parameter in the QCD Lagrangian L:0 = 

eff~'-~ ~" uu is so small (Serf ~ 10 -9) as required by the 
current limits on the neutron electric dipole moment, even 

though 8eft ~ O(1) is perfectly allowed by the QCD gauge 

invariance. Here, 8ef  t is the effective 8 parameter after the 
diagonalization of the quark masses, and F u~a is the gluon 

field strength and - a  = F~ u 1 ~ Fpaa uupa . An axion is a pseudo- 

NG boson of a spontaneously broken Peccei-Quinn symmetry, 

which is an exact symmetry at the classical level, but is broken 
quantum mechanically due to the triangle anomaly with the 

gluons. The definition of the Peccei-Quinn symmetry is model 

dependent. As a result of the triangle anomaly, the axion 
acquires an effective coupling to gluons 

_ . ~ ,  (2) 

where CA is the axion field. It is often convenient to define the 
axion decay constant f a  with this Lagrangian [6]. The QCD 

nonperturbative effect induces a potential for CA whose mini- 

mum is at CA = OefffA cancelling 0eft and solving the strong 
C P  problem. The mass of the axion is inversely proportional 

to fA  as 

m A = 0.62 x 10-3eV x ( I O I ~  . (3) 

The original axion model [1,5] assumes f A  ~ v, where 
v = ( v ~ G f )  -1/2 = 247 GeV is the scale of the electroweak 

symmetry breaking, and has two Higgs doublets as minimal 

ingredients. By requiring tree-level flavor conservation, the ax- 

ion mass and its couplings are completely fixed in terms of one 

parameter (tan~): the ratio of the vacuum expectation values 
of two Higgs fields. This model is excluded after extensive 

experimental searches for such an axion [7]. Observation of a 

narrow-peak structure in positron spectra from heavy ion colli- 

sions [8] suggested a particle of mass 1.8 MeV that decays into 

e+e - .  Variants of the original axion model, which keep fA  ~ v, 

but drop the constraints of tree-level flavor conservation, were 

proposed [9]. Extensive searches for this particle, A~ MeV), 

ended up with another negative result [10]. 

The popular way to save the Peccei-Quinn idea is to 

introduce a new scale fA  >> v. Then the A ~ coupling becomes 

weaker, thus one can easily avoid all the existing experimental 
limits; such models are called invisible axion models [11,12]. 

Two classes of models are discussed commonly in the literature. 

One introduces new heavy quarks which carry Peccei-Quinn 

charge while the usual quarks and leptons do not (KSVZ axion 

or "hadronic axion") [11]. The other does not need additional 

quarks but requires two Higgs doublets, and all quarks and 
leptons carry Peccei-Quinn charges (DFSZ axion or "GUT- 

axion") [12]. All models contain at least one electroweak singlet 

scalar boson which acquires an expectation value and breaks 

Peccei-Quinn symmetry. The invisible axion with a large decay 

constant fA  ~ 1012 GeV was found to be a good candidate" 

of the cold dark matter component of the Universe [13](see 
Dark Matter review). The enexgy density is stored in the low- 
momentum modes of the axion field which are highly occupied 

and thus represent essentially classical field oscillations. 

The constraints on the invisible axion from astrophysics 

are derived from interactions of the axion with either photons, 

electrons or nucleons. The strengths of the interactions are 

model dependent (i.e., not a function of fA  only), and hence 

one needs to specify a model in order to place lower bounds 

on fA. Such constraints will be discussed in Part II. Serious 
experimental searches for an invisible axion are underway; 

they typically rely on axion-photon coupling, and some of 

them assume that the axion is the dominant component of 

our galactic halo density. Part III will discuss experimental 

techniques and limits. 



See key on page 213 

Familons arise when there is a global family symmetry 
broken spontaneously. A family symmetry interchanges gener- 
ations or acts on different generations differently. Such a sym- 

metry may explain the structure of quark and lepton masses 

and their mixings. A familon could be either a scalar or a 

pseudoscalar. For instance, an SU(3) family symmetry among 

three generations is non-anomalous and hence the familons 
are exactly massless. In this case, familons are scalars. If 

one has larger family symmetries with separate groups of 

left-handed and right-handed fields, one also has pseudoscalar 

familons. Some of them have flavor-off-diagonal couplings such 

as OuCFdT~s/Fds or O~CbF~')'Ul~/F#e, and the decay constant 
F can be different for individual operators. The decay con- 

stants have lower bounds constrained by flavor-changing pro- 

cesses. For instance, B(K + --* 7r+r < 3 x 10 - l~ [14] gives 

Fds > 3.4 x 1011 GeV [15]. The constraints on familons primarily 

coupled to third generation are quite weak [15]. 

If there is a global lepton-number symmetry and if it 

breaks spontaneously, there is a Majoron. The triplet Majoron 
model [4] has a weak-triplet Higgs boson, and Majoron couples 

to Z. It is now excluded by the Z invisible-decay width. The 
model is viable if there is an additional singlet Higgs boson and 

if the Majoron is mainly a singlet [16]. In the singlet Majoron 

model [3], lepton-number symmetry is broken by a weak- 

singlet scalar field, and there are right-handed neutrinos which 

acquire Majorana masses. The left-handed neutrino masses are 

generated by a "seesaw" mechanism [17]. The scale of lepton 

number breaking can be much higher than the electroweak 

scale in this case. Astrophysical constraints require the decay 
constant to be >~ 109 GeV [18]. 

There is revived interest in a long-lived neutrino, to improve 
Big-Bang Nucleosynthesis [19] or large scale structure formation 

theories [20]. Since a decay of neutrinos into electrons or 

photons is severely constrained, these scenarios require a familon 

(Majoron) mode Ul -~ v2r (see, e.g., Ref. 15 and references 

therein). 
Other light bosons (scalar, pseudoscalar, or vector) are 

constrained by "fifth force" experiments. For a compilation of 

constraints, see Ref. 21. 
It has been widely argued that a fundamental theory will 

not possess global symmetries; gravity, for example, is expected 
to violate them. Global symmetries such as baryon number 

arise by accident, typically as a consequence of gauge symme- 

tries. It has been noted [22] that the Peccei-Quinn symmetry, 

from this perspective, must also arise by accident and must 

hold to an extraordinary degree of accuracy in order to solve 

the strong C P  problem. Possible resolutions to this problem, 

however, have been discussed [22,23]. String theory also pro- 

vides sufficiently good symmetries, especially using a large 

compactification radius motivated by recent developments in 
M-theory [24]. 
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A X I O N S  A N D  O T H E R  V E R Y  L I G H T  B O S O N S :  

P A R T  II  ( A S T R O P H Y S I C A L  C O N S T R A I N T S )  

(by G.G. Raffelt) 

Low-mass weakly-interacting particles (neutrinos, gravitons, 

axions, baryonic or leptonic gauge bosons, etc.) are produced in 

hot plasmas and thus represent an energy-loss channel for stars. 

The strength of the interaction with photons, electrons, and 

nucleons can be constrained from the requirement that stellar- 

evolution time scales are not modified beyond observational 

limits. For detailed reviews see Refs. [1,2]. 

The energy-loss rates are steeply increasing functions of 

temperature T and density p. Because the new channel has 

to compete with the standard neutrino losses whict~ tend to 

increase even faster, the best limits arise from low-mass stars, 

notably from horizontal-branch (HB) stars which have a helium- 

burning core of about 0.5 solar masses at (p) ~ 0.6 x 104 g cm -3 

and (T) ~ 0.7 • 108 K. The new energy-loss rate must not ex- 

ceed about 10 ergs g-1 s-1 to avoid a conflict with the observed 

number ratio of HB stars in globular clusters. Likewise the igni- 

tion of helium in the degenerate cores of the preceding red-giant 

phase is delayed too much unless the same constraint holds at 

(p) ~ 2 x 105gcm -3 and (T) ~ 1 x 108K. The white-dwarf 

luminosity function also yields useful bounds. 

The new bosons X ~ interact with electrons and nucleons 

with a dimensionless strength g. For scalars it is a Yukawa 

coupling, for new gauge bosons (e.g., from a baryonic or leptonic 

gauge symmetry) a gauge coupling. Axion-like pseudoscalars 

couple derivatively as f-lr r OUdpx with f an energy scale. 

Usually this is equivalent to (2m/f)~,b75r Cx with m the mass 

of the fermion r so that g = 2m/f .  For the coupling to 

electrons, globular-cluster stars yield the constraint 

gxe < { 0.5 • 10 -12 for pseudoscalars [3] , (1) 
1.3 x 10 -14 for scalars [4] , 

if m x  ~ 10keV. The Compton process 7 + 4He --~ 4He-}-X~ 

limits the coupling to nucleons to gXN ~ 0.4 x 10 -10 [4]. 

Scalar and vector bosons mediate long-range forces which 

are severely constrained by "fifth-force" experiments [5]. In the 

massless case the best limits come from tests of the equivalence 

principle in the solar system, leading to 

gs,L ~ 10 -23 (2) 

for a baryonic or leptonic gauge coupling [6]. 

In analogy to neutral pions, axions A ~ couple to photons as 

gATE. B CA which allows for the Primakoff conversion 7 ~-~ A ~ 

in external electromagnetic fields. The most restrictive limit 

arises from globular-cluster stars [2] 

gA7 <~ 0.6 X 10 -10 GeV -1 . (3) 

The often-quoted "red-giant limit" [7] is slightly weaker. 

The duration of the SN 1987A neutrino signal of a few 

seconds proves that the newborn neutron star cooled mostly by 

neutrinos rather than through an "invisible channel" such as 

right-handed (sterile) neutrinos or axions [8]. Therefore, 

3 x Io-IO~gAN~3 X 10 -7 (4) 

is excluded for the pseudoscalar Yukawa coupling to nucleons [2]. 

The "strong" coupling side is allowed because axions then escape 

only by diffusion, quenching their efficiency as an energy-loss 

channel [9]. Even then the range 

10 -6 ~< gAN 5 10-3 (5) 

is excluded to avoid excess counts in the water Cherenkov 

detectors which registered the SN 1987A neutrino signal [11]. 

In terms of the Pcccei-Qninn scale fA, the axion couplings 

to nucleons and photons are gnN = CNmN/fA (N = n or p) 

and gA.y ---- ( a / 2 r f A ) ( E / N -  1.92) where CN and E / g  are 

model-dependent numerical parameters of order unity. With 

mA = 0.62eV(IOTGeV/fA), Eq. (3) yields mA<~0.4eV for 

E / N  = 8/3 as in GUT models or the DFSZ model. The 

SN 1987A limit is mA ~ 0.008eV for KSVZ axions while it 

varies between about 0.004 and 0.012eV for DFSZ axions, 

depending on the angle fl which measures the ratio of two 

Higgs vacuum expectation values [10]. In view of the large 

uncertainties it is good enough to remember ra A < 0.01 eV as a 

generic limit (Fig. 1). 

In the early universe, axions come into thermal equilibrium 

only if fA < 108 GeV [12]. Some fraction of the relic axions 

end up in galaxies and galaxy clusters. Their decay a ~ 27 

contributes to the cosmic extragalactic background light and 

to line emissions from galactic dark-matter haloes and galaxy 

clusters. An unsuccessful "telescope search" for such features 

yields ma < 3.5 eV [13]. For ma > 30 eV, the axion lifetime is 

shorter than the age of the universe. 

For fA > 108 GeV cosmic axions are produced nonthermally. 

If inflation occurred after the Peccei-Quinn symmetry breaking 

or if Treheat < fA, the "misalignment mechanism" [14] leads to 

a contribution to the cosmic critical density of 

~A h2 ~ 1.9 X 34-1 (1 ~eV/mA) 1"175 O2F(Oi) (6) 

where h is the Hubble constant in units of 100kms -1 Mpc -1. 

The stated range reflects recognized uncertainties of the cosmic 

conditions at the QCD phase transition and of the temperature- 

dependent axion mass. The function F(O) with F(0) = 1 and 

F ( r )  = oo accounts for anharmonic corrections to the axion 
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F i g u r e  1: Astrophysical and cosmological exclu- 
sion regions (hatched) for the axion mass mA or 
equivalently, the Peccei-Quinn scale fA. An "open 
end" of an exclusion bar means that it represents 
a rough estimate; its exact location has not been 
established or it depends on detailed model as- 
sumptions. The globular cluster limit depends on 
the axion-photon coupling; it was assumed that 
E / N  = 8/3 as in GUT models or the DFSZ model. 
The SN 1987A limits depend on the axion-nucleon 
couplings; the shown case corresponds to the KSVZ 
model and approximately to the DFSZ model. The 
dotted "inclusion regions" indicate where axions 
could plausibly be the cosmic dark matter. Most of 
the allowed range in the inflation scenario requires 
fine-tuned initial conditions. In the string scenario 
the plausible dark-matter range is controversial as 
indicated by the step in the low-mass end of the 
"inclusion bar" (see main text for a discussion). 
Also shown is the projected sensitivity range of the 
search experiments for galactic dark-matter axioms. 

potential. Because the initial misalignment angle Oi can be 

very small or very close to 7r, there is no real prediction for 

the mass of dark-matter axions even though one would expect 

O2F(Oi) ~ 1 to avoid fine-tuning the initial conditions. 

A possible fine-tuning of Oi is limited by inflation-induced 

quantum fluctuations which in turn lead to temperature fluctu- 

ations of the cosmic microwave background [15,16]. In a broad 

class of inflationary models one thus finds an upper limit to mA 

where axioms could be the dark matter. According to the most 

recent discussion [16] it is about 10 -3 eV (Fig. 1). 

If inflation did not occur at all or if it occurred before 

the Peccei-Quinn symmetry breaking with Treheat > fA, cosmic 

axion strings form by the Kibble mechanism [17]. Their motion 

is damped primarily by axion emission rather than gravitational 

waves. After axions acquire a mass at the QCD phase transition 

they quickly become nonrelativistic and thus form a cold dark 

matter component. Battye and Shellard [18] found that the 

dominant source of axion radiation are string loops rather than 

long strings. At a cosmic time t the average loop creation size 

is parametrized as Ill  = a t  while the radiation power is P = ~# 

with # the renormalized string tension. The loop contribution 

to the cosmic axion density is [18] 

f lAh  2 ~ 88 x 3 :e' [(I + a/,Q 3/2 - I] (I l~eV/mA) I'175 , (7) 

where the stated nominal uncertainty has the same source as in 
Eq. (6). The values of a and ,~ are not known, but probably 

0.I < ~/,~ < 1.0 [18], taking the expression in square brackets 

to 0.15-1.83. If axioms are the dark matter, we have 

0.05 5 a A  h2 5 0.50, (8) 

where it was assumed that the universe is older than 10 Gyr, 

that the dark-matter density is dominated by axioms with 

OA~>0.2, and that h>0.5 .  This implies mA = 6-2500 peV 

for the plausible mass range of dark-matter axions (Fig. 1). 

Contrary to Ref. 18, Sikivie et al. [19] find that the mo- 

tion of global strings is strongly damped, leading to a flat 

axion spectrum. In Battye and Shellard's treatment the axion 

radiation is strongly peaked at wavelengths of order the loop 

size. In Sikivie et al.'s picture more of the string radiation goes 

into kinetic axion energy which is redshifted so that ultimately 

there are fewer axions. In this scenario the contributions from 

string decay and vacuum realignment are of the same order of 

magnitude; they are both given by Eq. (6) with Oi of order one. 

As a consequence, Sikivie et al. allow for a plausible range of 

dark-matter axions which reaches to smaller masses as indicated 

in Fig. 1. 

The work of both groups implies that the low-mass end of 

the plausible mass interval in the string scenario overlaps with 

the projected sensitivity range of the U.S. search experiment for 

galactic dark-matter axioms (Livermore) [20] and of the Kyoto 

search experiment CARRACK [21] as indicated in Fig. 1. (See 

also Part III of this Review by Hagmann, van Bibber, and 

Rosenberg.) 

In summary, a variety of robust astrophysical arguments and 

laboratory experiments (Fig. 1) indicate that mA < 10 -2 eV. 

The exact value of this limit may change with a more sophis- 

ticated treatment of supernova physics and/or  the observation 

of the neutrino signal from a future galactic supernova, but 

a dramatic modification is not expected unless someone puts 

forth a completely new argument. The stellar-evolution limits 

shown in Fig. 1 depend on the axion couplings to various par- 

ticles and thus can be irrelevant in fine-tuned models where, 

for example, the axion-photon coupling strictly vanishes. For 

nearly any mA in the range generically allowed by stellar evo- 

lution, axions could be the cosmic dark matter, depending on 

the cosmological scenario realized in nature. It appears that 

our only practical chance to discover these "invisible" particles 

rests with the ongoing or future search experiments for galactic 

dark-matter. 
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AXIONS AND O TH ER VERY LIGHT BOSONS, 
PART III  (EXPERIMENTAL LIMITS) 

(by C. Hagmann, K. van Bibber, and L.J. Rosenberg) 

In this section we review the experimental methodology 
and limits on light axions and light pseudoscalars in gen- 

eral. (A comprehensive overview of axion theory is given by 

H. Murayama in the Part I of this Review, whose notation we 

follow [1].) Within its scope are searches where the axion is as- 

sumed to be dark matter, searches where the Sun is presumed to 

be a source of axions, and purely laboratory experiments. We 
restrict the discussion to axions of mass mA < O(eV), as the al- 

lowed range for the axion mass is nominally 10 -6 < m A  < 10 -2 

eV. Experimental work in this range predominantly has been 

through the axion-photon coupling gAT, to which the present 

review is confined. As discussed in Part II of this Review by 

G. Raffelt, the lower bound derives from a cosmological overclo- 

sure argument, and the upper bound from SN1987A [2]. Limits 

from stellar evolution overlap seamlessly above that, connecting 

with accelerator-based limits which ruled out the original axion. 

There it was assumed that the Peccei-Quinn symmetry-breaking 

scale was the eleetroweak scale, i.e., fA  "~ 250 GeV, implying 

axions of mass m A  "~ O(100keV). These earlier limits from 
nuclear transitions, particle decays, etc., while not discussed 

here, are included in the Listings. 

While the axion mass is well determined by the Peccei- 

Quinn scale, i.e., mA  = 0.62 eV (107GeV/ fA) ,  the axion- 

photon coupling gA7 is not: gA7 = ( a / n f A ) g T ,  with g7 = 
( E / N  - 1.92)/2, where E / N  is a model-dependent number. It 

is noteworthy however, that two quite distinct models lead to 

axion-photon couplings which are not very different. For the 
case of axions imbedded in Grand Unified Theories, the DFSZ 

axion [3], g7 = 0.37, whereas in one popular implementation of 

the "hadronic" class of axions, the KSVZ axion [4], g7 = -0.96. 

The Lagrangian L = gA7 E.  B CA, with CA the axion field, 
permits the conversion of an axion into a single real photon in 

an external electromagnetic field, i.e., a Primakoff interaction." 

In the case of relativistic axions, k 7 - k A  ~ m2A/2w << w, 
pertinent to several experiments below, coherent axion-photon 

mixing in long magnetic fields results in significant conversion 

probability even for very weakly coupled axions [5]. 

Below are discussed several experimental techniques con- 

straining gAT, and their results. Also included are recent but 

yet-unpublished results, and projected sensitivities for experi- 
ments soon to be upgraded. 

I I I . I .  M i c r o w a v e  c a v i t y  e x p e r i m e n t s :  Possibly the most 

promising avenue to the discovery of the axion presumes that 

axions constitute a significant fraction of the dark matter 

halo of our galaxy. The maximum likelihood density for the 

Cold Dark Matter (CDM) component of our galactic halo is 
P C D M  ---- 7.5 X 10-25g/cma(450MeV/cm3) [6]. That the CDM 
halo is in fact made of axions (rather than e.g. WIMPs) is in 

principle an independent assumption, however should very light 

axions exist they would almost necessarily be cosmologically 
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abundant [2]. As shown by Sikivie [7], halo axions may be de- 

tected by their resonant conversion into a quasi-monochromatic 

microwave signal in a high-Q cavity permeated by a strong mag- 

netic field. The cavity is tunable and the signal is maximum 

when the frequency u = mA(1 + O(10-6)), the width of the 

peak representing the virial distribution of thermalized axions 

in the galactic gravitational potential. The signal may possess 

ultra-fine structure due to axions recently fallen into the galaxy 

and not yet thermalized [8]. The feasibility of the technique 

was established in early experiments of small sensitive volume, 

V = O(l l i ter)  [9,10] with High Electron Mobility Transistor 

(HEMT) amplifiers, which set limits on axions in the mass 

range 4.5 < mA < 16.3 #eV, but at power sensitivity levels 2-3 

orders of magnitude too high to see KSVZ and DFSZ axions 

(the conversion power PA~v cx g~7)" A recent large-scale ex- 

periment (B -~ 7.5 T, V ,,, 200 liter) has achieved sensitivity to 

KSVZ axions over a narrow mass range 2.77 < mA < 3.3 #eV, 

and continues to take data [11]. The exclusion regions shown 

in Fig. 1 for Refs. [9-12] are all normalized to the best-fit Cold 

Dark Matter density PCDM = 7.5 • 10-25g/cm3(450 MeV/cm3), 

and 90% CL. Recent developments in DC SQUID amplifiers [12] 

and Rydberg atom single-quantum detectors [13[ promise dra- 

matic improvements in noise temperature, which will enable 

rapid scanning of the axion mass range at or below the DFSZ 

limit. The region of the microwave cavity experiments is shown 

in detail in Fig. 2. 
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F i g u r e  1: Exclusion region in mass vs. axion- 
photon coupling (mA, gAT) for various experiments. 
The limit set by globular cluster Horizontal Branch 
Stars ("HB StarS") is shown for Ref. 2. 
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111.2. Telescope search f o r  e V  axions:  For axions of 

mass greater than about 10 -1 eV, their cosmological abundance 

is no longer dominated by vacuum misalignment or string ra- 

diation mechanisms, but rather by thermal production. Their 

contribution to the critical density is small, f2 ,,~ 0.01 (rnA/eV). 

However, the spontaneous-decay lifetime of axions, 7-(A --* 

27) "~ 1025sec(mA/eV) -5 while irrelevant for peV axions, is 

short enough to afford a powerful constraint on such thermally 

produced axions in the eV range, by looking for a quasi- 

monochromatic photon line from galactic clusters. This line, 

corrected for Doppler shift, would be at half the axion mass and 

its width would be consistent with the observed virial motion, 

typically A,~/)~ ~, 10 -2. The expected line intensity would be 

of the order I A ~ lO-17(mA/3eV)Tergcm-2arcsec-2~-lsec -1 

for DFSZ axions, comparable to the continuum night emission. 

The conservative assumption is made that the relative density 

of thermal axions fallen into the cluster gravitational poten- 

tial reflects their overall cosmological abundance. A search for 

thermal axions in three rich Abell clusters was carried out at 

Kitt Peak National Laboratory [14]; no such line was observed 

between 3100-8300 ~ (mA = 3-8 eV) after "on-off field" sub- 

traction of the atmospheric molecular background spectra. A 

limit everywhere stronger than gA7 < 10-1~ is set, which 

is seen from Fig. 1 to easily exclude DFSZ axions throughout 

the mass range. 

F igu re  2: Exclusion region from the microwave cav- 
ity experiments, where the plot is flattened by present- 
ing (gA3,/mA) 2 vs. m A. The first-generation experi- 
ments (Rochester-BNL-FNAL, "RBF" [9]; University 
of Florida, "UF" [10]) and the US large-scale exper- 
iment in progress ("US" [11]) are all HEMT-based. 
Shown also is the full mass range to be covered 
by the latter experiment (shaded line), and the im- 
proved sensitivity when upgraded with DC SQUID 
amplifiers [12] (shaded dashed line). The expected 
performance of the Kyoto experiment based on a Ry- 
dberg atom single-quantum receiver (dotted line) is 
also shown [13]. 
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111.3. A search  f o r  so lar  a z i o n s :  As with the telescope 

search for thermally produced axions above, the search for 

solar axions was stimulated by the possibility of there being a 

"1 eV window" for hadronic axions (i.e., axions with no tree- 

level coupling to leptons), a "window" subsequently closed by an 

improved understanding of the evolution of globular cluster stars 

and SN1987A [2]. Hadronic axions would be copiously produced 

within our Sun's interior by a Primakoff process. Their flux at 

the Earth of ~ 1012cm-2sec- l (mA/eV)  2, which is independent 

of the details of the solar model, is sufficient for a definitive 

test via the axion reconversion to photons in a large magnetic 

field. However, their average energy is ,-~ 4 keV, implying an 

oscillation length in the vacuum of 27r(m~/2w) -1 ~ O(mm), 

precluding the mixing from achieving its theoretically maximum 

wlue in any practical magnet. It was recognized that one could 

endow the photon with an effective mass in a gas, m~ = Wp|, 

thus permitting the axion and photon dispersion relationships 

to be matched [15]. A first simple implementation of this 

proposal was carried out using a conventional dipole magnet 

with a conversion volume of variable-pressure helium gas and 

a xenon proportional chamber as the x-ray detector [16]. The 

magnet was fixed in orientation to take data for ~ 1000 sec/day. 

Axions were excluded for gA~ < 3.6 x 10-9GeV -1 for m A < 

0.03eV, and g.A'y < 7.7 • 10-9GeV -1 for 0.03eV< mA <0.11 

eV (95% CL). A more ambitious experiment has recently been 

commissioned, using a superconducting magnet on a telescope 

mount to track the Sun continuously. A preliminary exclusion 

limit of gA~ < 6 x 10-1~ -1 (95% CL) has been set for 

mA < 0.03 eV [17]. 

Another search for solar axions has been carried out, using 

a single crystal germanium detector. It exploits the coherent 

conversion of axions into photons when their angle of incidence 

satisfies a Bragg condition with a crystalline plane. Analysis 

of 1.94 kg-yr of data from a 1 kg germanium detector yields 

a bound of gA~ < 2.7 x 10-9GeV -1 (95% CL), independent of 

mass up to m a  ~ 1 keV [18]. 

III.4. Photon regeneration ("invisible l ight  s h i n i n g  

through w a l l s " ) :  Photons propagating through a transverse 

field (with EIIB ) may convert into axions. For light axions 

with m2Al/2w << 2~r, where l is the length of the magnetic 

field, the axion beam produced is colinear and coherent with 

the photon beam, and the conversion probability H is given 

by H ~ (1/4)(gA~Bl) 2. An ideal implementation for this limit 

is a laser beam propagating down a long, superconducting 

dipole magnet like those for high-energy physics accelerators. 

If another such dipole magnet is set up in line with the 

first, with an optical barrier interposed between them, then 

photons may be regenerated from the pure axion beam in 

the second magnet and detected [19]. The overall probability 

P('y --+ A --+ 7) = YI2. Such an experiment has been carried 

out, utilizing two magnets of length l= 4.4 m and B--  3.7 T. 

Axions with mass m A < 10 -3 eV, and gAff > 6.7 x 10-TGeV -1 

were excluded at 95% CL [20,21]. With sufficient effort, limits 

comparable to those from stellar evolution would be achievable. 

Due to the g~7 rate suppression however, it does not seem 

feasible to reach standard axion couplings. 

I I I . 5 .  P o l a r i z a t i o n  e z p e r i m e n t s :  The existence of axions 

can affect the polarization of l ight propagating through a 

transverse magnetic field in two ways [22]. First, as the Ell 

component, but not the E• component will be depleted by 

the production of real axions, there will be in general a small 

rotation of the polarization vector of linearly polarized light. 

This effect will be a constant for all sufficiently light mA such 

that the oscillation length is much longer than the magnet 

(m2Al/2w << 27r). For heavier axions, the effect oscillates and 

diminishes with increasing mA, and vanishes for mA ~> w. The 

second effect is birefringence of the vacuum, again because there 

can be a mixing of virtual axions in the E H state, but not for 

the E• state. This will lead to light which is initially linearly 

polarized becoming elliptically polarized. Higher-order QED 

also induces vacuum birefringence, and is much stronger than 

the contribution due to axions. A search for both polarization- 

rotation and induced ellipticity has been carried out with the 

same magnets described in Sec. (III.4) above [21,23]. As in 

the case of photon regeneration, the observables are boosted 

linearly by the number of passes the laser beam makes in 

an optical cavity within the magnet. The polarization-rotation 

resulted in a stronger limit than that from ellipticity, gA~ < 

3.6 x 10-7GeV -1 (95% CL) for m A < 5 x 10 -4 eV. The 

limits from ellipticity are better at higher masses, as they 

fall off smoothly and do not terminate at mA. There are two 

experiments in construction with greatly improved sensitivity 

which while still far from being able to detect standard axions, 

should measure the QED "light-by-light" contribution for the 

first time [24,25]. The overall envelope for limits from the 

laser-based experiments in Sec. (III.4) and Sec. (III.5) is shown 

schematically in Fig. 1. 
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A ~ (Axlon) MASS LIMITS from Astrophydcs and Cosmoloiy 
These bounds depend on model-dependent assumptions (I.e, - -  on a combination of 
axlon parameters). 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>0.2 BARROSO 82 ASTR Standard Axlon 
>0.25 1 RAFFELT 82 ASTR Standard Axlon 
>0.2 2 DICUS 78c ASTR Standard Axlon 

MIKAELIAN 78 ASTR Stellar emission 
>0.3 2 SATO 78 ASTR Standard Axion 
>0.2 VYSOTSKII 78 ASTR Standard Axlon 

1 Lower bound from 5.5 MeV "f-ray line from the sun. 
2Lower bound from requiting the red giants' stellar evolution not be disrupted by axlon 

emission. 

<3.0 x 10 - 1 0  
<5.0 x 10 - 8  

<5,2 x 10 - 1 0  
<2.8 x 10 - 4  

<3 • 10 - 4  

<4 x 10 - 5  

90 97 B787 K + --~ "=r+ A 0 I 
90 97 B787 K -F ~ ~r -F A 0 I 

(A 0 ~ "f~0 ) 
90 96 B787 K + ~ w + A  I 
90 96B CBAR ~r 0 ~ "fX 0, I 

mxo < 65 MeV 

90 6 AMSLER 96B CBAR ~ ~ "fX O, mxo= I 
50-2000MeV 

90 6 AMSLER 96B CB/$R rl r - -  " f x ,  I 
mXO= 5 H 2 5  
MeV 

90 6 AMSLER 94B CBAR ~r 0 -~ 3,X O, 
mx0=65-125 
MeV 

90 6 AMSLER 94B CBAR r / ~  "~X 0, 
mx0=200-525 
MeV 

90 7 MEIJERDREES94 CNTR lr 0 ~ "fX 0, 
m x 0 = 2 5  MeV 

90 7 MEIJERDREES94 CNTR ~r 0 - *  " fX O, 
mxo= lO0  MeV 

90 8ATIYA 93B B787 K + ~ ~ + A  0 
9 NG 93 COSM 7r 0 --+ " fX 0 
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A ~ (Axion) and Other Light Beiofi (X ~ Searches in Stable Particle Decays 
Limits are for branching ratios. 

.VALUE CL~ EVTS  DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3 ADLER 
4 KITCHING 

5 ADLER 
6 AMSLER 

<1.1 x 10 - 8  90 

<5 x 10 - 4  90 
<4 • 10 - 6  90 

<1 x 10 - 7  90 

<1.3 x 10 - 8  90 

<1 x 10 - 9  90 

<2 x 10 - 5  90 

<(1.5-4) x 10 - 6  90 

IOALLIEGRO 92 SPEC K + ~ ~r+A O 
(A0 --~ e §  

11 ATIYA 92 B787 1c 0 ~ "fX 0 
12 MEIJERDREES92 SPEC lr 0 - *  " fX 0' 

X 0 ~ e + e  - ,  
mxo= 100 MeV 

13 ATIYA 90B B787 Sup. by KITCH- 
ING 97 

14KORENCHE... 87 SPEC 7r + ~-~ e't-vA 0 
(A -~ e + e  - )  

15 EICHLER 86 SPEC Stopped l r+ --~ 
e + v A 0 

16yAMAZAKI  84 SPEC For 160<m<260 
MeV 

16 YAMAZAKI 84 SPEC K decay, mAo .,r 
100 MeV 

17 ASANO 82 CNTR Stopped K -I- 
+ A 0 

18 ASANO 81B CNTR Stopped K + -~ 
+ A 0 

19 ZHITNITSKII 79 Heavy axlon 

<6 x 10 - 5  

< 6  x 10 - 5  

<0.007 

<0.002 

<2 x 10 - 7  
<3 x 10--! 3 

3ADLER 97 bound Is for massless A O. | 
4KITCHING 97 limit is for B(K + ~ ~r+AO).B(A 0 - *  'f*~) and applies for mAo ~-- 50 | 

MeV, rA0 < 10 - 1 0  s. Limits are provided for 0<mA0 < 100 MeV, ~'AO < 10 - 8  s. | 

5ADLER 96 looked for a peak in missing-mass distribution. This work Is an update of I 
ATIYA 93. The limit is for massiess stable A 0 particles and extends to mA0=80 MeV | 
at the same level. See paper for dependence on finite lifetime. I 6AMSLER 94B and AMSLER 96B looked for a peak in missing-mass distribution, 

7The MEIJERDREES 94 limit Is based on inclusive photon spectrum and is Independent 
of X 0 decay modes, it applies to r ( x O ) >  10 - 2 3  sec. 

8ATIYA 93B looked for a peak In missing mass distribution. The bound applies for stable 
A 0 of mA0=150-250 MeV, and the limit becomes stronger (10 - 8 )  for mA0=180-240 
MeV. 

9 NG 93 studied the production of X 0 via "f'f --* 7r 0 ~ "fX 0 in the early universe at T-- ~ 1 
MeV. The bound on extra neutrinos from nucleosynthels Z~N u < 0.3 (WALKER 91) Is 
employed. It applies to mXo 4;: 1 MeV in order to be relativistic down to nucleosynthesls 

temperature. See paper for heavier X 0. 
IOALLIEGRO 92 limit applies for mA0=150-340 MeV and is the branching ratio times the 

decay ppbablBty. Limit Is < 1.5 x 10 - 8  at 99%CL. 
11ATIYA 92 looked for a peak In missing mass distribution. The limit applies to 

mx0=O-130 MeV In the narrow resonance limit. See paper for the dependence on 

lifetime. Covarlance requires X 0 to be a vector particle. 
12 MEIJERDREES 92 limit applies for VX0 = 10-23-10 -11  sec, Limits between 2 x 10 - 4  

and 4 x 10 - 6  are obtained for mXo = 25-120 MeV. Angular momentum conservation 

requires that X 0 has spin _> 1. 
13ATIYA 90B limit is for B(K + ~ l r+AO).B(A 0 ~ "f'f) and applies for rnAo = 50 MeV, 

�9 A0 < 10 - 1 0  s. Limits are also provided for 0 < mAo < 100 MeV, ~-A0 < 10 - 8  s. 

14KORENCHENKO 87 limit assumes mAo = 1.7 MeV, TAO ~ 10 - 1 2  S, and B(A 0 

e + e  - )  = 1.. 
15EICHLER 86 looked for ~r + - *  e-FvA 0 followed by A 0 ~ e + e  - .  Limits on the 

branching fraction depend on the mass and and lifetime of A O. The quoted limits are 
valid when ~'(A O) ~ 3. x 10-10s i f  the decays are klnematically allowed. 

16yAMAZAKI  84 looked for a discrete line In K + -+ x §  Sensitive to wide mass range 
(5-300 MeV), independent of whether X decays promptly or not. 

17ASANO 82 at KEK set limits for B(K -F --* l t ' t-A O) for mAo <100 MeV as BR 

< 4. x 10 - 8  for ~-(A 0 ~ n'f's) > 1. x 10 - 9  s, BR < 1.4 • 10 - 6  for ~" < 1. x 10-9s. 
18ASANO 81B is KEK experiment. Set B(K -F ~ ~r'FA O) < 3.8 x 10 - 8  at CL = 90%. 
19ZHITNITSKII 79 argue that a heavy axlon predicted by YANG 78 (3 <rn <40 MeV) 

contradicts experimental muon anomalous magnetic moments. 

A ~ (Axlon) Searches In Quarkonium Decays 
Decay or transition of quarkonlum. Limits are for branching ratio. 

VALUE CL~ EV'I 'S DOCUMENT ID TECIV COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1,3 x 10 - 5  90 20 BALEST 95 CLEO T(15)  --* A0' f  
<4.0 x 10 - 5  90 ANTREASYAN 90c CBAL T(1S) --* AO'f 

21 ANTREASYAN 90C RVUE 
<5 x 10 - 5  90 22 DRUZHININ 87 ND r ~ A03 , 

( A 0 ~  e + e  - )  
<2 x 10 - 3  90 23 DRUZHINiN 87 ND ~b ~ A03, (A 0 - *  "f'f) 
<7 x l O  - 6  90 24DRUZHININ 87 ND ~b--* AO'f 

(A 0 ~ missing) 
< 3 . 1  x 10 - 4  90 0 25 ALBRECHT 86D ARG T(1S) --~ AO'f 

(A 0 ~ e-t-e--) 
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<4 x 10 . 4  90 O 25 ALBRECHT 86D ARG T(15)  ~ A03" 

(A 0 ~ / ~ + # - ,  

~r+lr - ,  K+ K - )  
<8 x 10 - 4  90 1 26 ALBRECHT 86D ARG T(15)  ~ A03 ' 
<1.3 x 10 - 3  90 0 27 ALBRECHT 86D ARG T(1S) ~ A03" 

(A 0 ~ e + e - ,  3'3") 
<2. x 10 - 3  90 28 BOWCOCK 86 CLEO T(2S) ~ T(1S) 

A 0 
<5. x 10 - 3  90 29 MAGERAS 86 CUSB T(15)  ~ A03" 
<3. x l O  - 4  90 30ALAM 83 CLEO T ( 1 S ) ~  A03" 
<9.1 x 10 - 4  90 31 NICZYPORUK 83 LENA T(15)  ~ A03" 
<1.4 x 10 - 5  90 32 EDWARDS 82 CBAL J/q~ ~ A03" 
<3.5 x 10 . 4  90 33 SIVERTZ 82 CUSB T(15)  ~ A03" 
<1.2 x 10 - 4  90 33 SIVERTZ 82 CUSB T(35)  ~ A03" 

20 BALEST 95 rooked for a monochromatic 3" from T(1S) decay. The bound is for mAo < 
5.0 GeV. See Fig. 7 In the paper for bounds for heavier mAo. They also quote a bound 

on branching ratios 10-3~10 - 5  of three-body decay 3"XX for O<m X < 3.1 GeV. 

21The combined limit of ANTREASYAN 90C and EDWARDS 82 excludes standard axlon 
with mAo < 2m e at 90% CL as long as CTCj/~ > 0.09, where C V ( V =  T, J/t~) 

is the reduction factor for F(V ~ A03') due to QCD and/or relativistic corrections. 
The same dataexcludes 0.02 < x < 260 (90% CL) if C T = Cj/~ = 03,  and further 

combining with ALBRECHT 86D result excludes 5 x 10 - 6  < x < 260. x Is the ratio 
of the vacuum expectation values of the two Higgs fields. These limits use conventional 
assumption F(A 0 -~ ee) cx x - 2 .  The alternative assumption F(A ~ -~ ee) c< x "?- 
gives a somewhat different excluded region 0.00075 < x < 44. 

38ORITO 89 limit translates to ~A0ee/41r < 6.2 x 10 -10 .  Somewhat more sensitive 

limits are obtained for larger mAo: B < 7.6 x 10 - 6  at 100 keV. 

39AMALDI 85 set limits B(A03") / B(3"3"3") < (1-51 x 10 - 6  for mAO = 900-100 keV 
which are about 1/10 of the CARBONI 83 limits. 

40CARBONI 83 looked for orthoposltronlum --* A03". Set limit for A 0 electron coupling 
squared, g~eeAO)2/(4~r) < 6. x 10-10-7.  x 10 - 9  for mAo from 150-900 keV (CL = 
99.7% I. This is about 1/10 of the bound from 8"-2 experiments. 

A ~ (Ax~on) Search In Photowoductlon 
VALUE DOCUMENT ID COMMENT 
�9 �9 * We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

41 BASSOMPIE... 95 mAo = 1.8 • 0.2 MeV 

41 BASSOMPIERRE 95 is an extension of BASSOMPIERRE 93. They looked for a peak 
in the invarlant mass of e + e  - pairs In the region me+ e- = 1,8 4- 0.2 MeV. They 

obtained bounds on the production rate A 0 for ~-(A 0) = 10-18-10 . 9  sec. They also 
found an excess of events In the range me+ e- = 2.1-3,5 MeV. 

A ~ (Axlon) Production In Ha:Iron Collisions 
Limits are for o(A 0) / o(x0) .  

VALUE EL% EVTS DOCUMENT ID TEEN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

42 AHMAD 97 SPEC �9 + production 22The first DRUZHININ 87 limit is valid when ~'AO/mAo < 3 x 10 - 1 3  s/MeV and 
mAo < 20 MeV. 

23The second DRUZHININ 87 limit Is valid when "rAO/mAo < S x 10 - 1 3  s/MeV and 

mAo < 20 MeV. 

24The third DRUZHININ 87 limit is valid when ~-AO/mAo > 7 x 10 - 1 2  s/MeV and 
mAo < 200 MeV. 

25~e~/'  < 1 x 10-13s and mAo < 1.5 GeV. Applies for A 0 -~ 3"3' when mAo < 100 

26~'A0 > 1 x 10-7s. 

27 Independent of ~'AO. 

28 BOWCOCK 86 looked for A 0 that decays Into e + e -  In the cascade dec W T(25)  
T(1S)~r+~r - followed by T(1S) ~ A03,. The limit for B (T(15)  ~ AO3")B(A 0 

e + e  - )  depends on mAo and rA0. The quoted limit for mA0=l .8  MeV is at ~'A0 

2. x 10-12s, where the limit is the worst. The same limit 2. x 10 - 3  applies for all 
lifetimes for masses 2m e < mAo < 2m/j when the results of this experiment are 
combined with the results of ALAM 83. 

29MAGERAS 86 looked for T(15)  ---* 3"A 0 (A 0 ~ e + e - ) .  The quoted branching 
fraction limit is for mAo = 1.7 MeV, at ~*(AO)~ 4. x 10-13s where the limit is the 
worst. 

30 ALAM 83 is at CESR. This limit corn blned with limit for B(J/'~ ~ A 0 3') (EDWARDS 82) 
excludes standard axlon. 

31NICZYPORUK 83 is DESY-DORIS experiment. This limit together with lower limit 
9.2 x 10 - 4  of B ( T  ~ A03") derived from B(J/'~(I$) ~ A03") limit (EDWARDS 82) 
exdudes standard axlon. 

32EDWARDS 82 looked for J/r ~ 3"A 0 decays by looking for events with a single 
3' [of energy ~ 1/2 the J/q~(1S) mass], plus nothing else In the detector. The limit is 
inconsistent with the axion interpretation of the FAISSNER 81B result. 

3351VERTZ 82 Is CESR experiment. Looked for T ~ 3"A 0' A 0 undetected. Limit for 15 
(351 is valid for mAo <7 GeV (4 GeV). 

<2. x 10 - 1 1  90 0 
<1. x 10 - 1 3  90 0 

24 

<1. x 10 - 8  
<1. x 10 - 1 4  

A ~ (Axlon) Searches In Podtronlum Decays 
Decay or transition of positronium. Limits are for branching ratio. 

VALUE ~ DOCUM[.NT IO TEEN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<2 x 10 - 4  90 MAENO 95 CNTR o~Ps--* A03" 
mA0=850-1013 keV 

< 3 . 0 x 1 0  - 3  90 34ASAI 94 CNTR o - P s ~  A03" 
mA0=30-500 keV 

<2.8 x 10 - 5  90 35 AKOPYAN 91 CNTR o-Ps ~ A03" 

(A ~ ~ 3"3"), 
m Ao < 30 keV 

<1.1 x 10 - 6  90 36ASAI 91 CNTR o-Ps ~ A03,, 
mAo < 800 keV 

<3.8 x 10 - 4  90 GNINENKO 90 CNTR o-Ps--~ A03", mAn < 
30 keV 

<(1-51 x 10 - 4  95 37TSUCHIAKI 90 CNTR o-Ps ~ A03", mAo 
300-900~ keV 

<6.4 x 10 . 5  90 38 ORITO 89 CNTR o-Ps ~ AU3", 
mAo < 30 keV 

39AMALDI  85 CNTR Ortho~positronium 
40 CARBONI 83 CNTR Ortho-positronlum 

34 The ASAI 94 limit is based on inclusive photon spectrum and is independent of A 0 decay 
modes. 

35The AKOPYAN 91 limit applies for a short-lived A 0 with "rAo < 10 - 1 3  mAo [keV] s. 

36ASAI 91 limit translates to ~A0e+e_/4~ < 1.1 x 10 -11  (90%CL) for mAo < 800 
keV. 

37The TSUCHIAKI 90 limit is based on Inclusive photon spectrum and is independent of 
A 0 decay modes. 

<1. x 10 - 8  90 
<1. x 10 - 3  95 
<1 .  X 10 - 8  90 
<6. X 10 - 9  95 
<1 .5  x 10 - 8  90 
<5.4 x 10 - 1 4  90 

<4 .1  x 10 . 9  90 

<1. x 10 - 8  90 

<0.5 x 10 - 8  90 

12 
15 
8 
0 

90 
90 

43 LEINBERGER 97 SPEC A 0 --* e + e  - 
44 GANZ 96 SPEC A 0 ~ �9 -Fe -  
45 KAMEL 96 EMUL 325 emulsion, A 0 

0 e + e  - 
46BLUEMLEIN 92 BDMP A N Z ~  t + t - N  Z 
47 MEIJERDREES92 SPEC I r - p  .-, nA O, A 0 --, 

e + e -  
48BLUEMLEIN 91 BDMP AO-~  e + e - , 2 3 "  
49 FAISSNER 89 OSPK Beam dump, 

A 0 ~ e + e -  
50DEBOER 88 RVUE A 0 - *  e + e  - 
SIEL-NADI 88 EMUL A0--~ e + e  - 
52 FAISSNER 8g OSPK Beam dump, A 0 ~ 23" 
53 BADIER 86 BDMP A 0 -~ e + e  - 
54 BERGSMA 85 CHRM CERN beam dump 
54 BERGSMA 85 CHRM CERN beam dump 
55 FAISSNER 83 OSPK Beam dump, A 0 ~ 23" 
56 FAISSNER 838 RVUE LAMPF beam dump 
57 FRANK 83B RVUE LAMPF beam dump 
58 HOFFMAN 83 CNTR Irp ~ nA 0 

(A 0 --, e + e  - )  
59 FETSCHER 82 RVUE See FAISSNER 81B 
60 FAISSNER 81 OSPK CERN PS u wideband 
61 FAISSNER 81B OSPK Beam dump, A 0 ~ 23, 
62 KIM 81 OSPK 26 GeV pN ~ A0X 
63 FAISSNER 80 OSPK Beam dump, 

A 0 ~ e + e -  
64 JACQUES 80 HLBC 28 GeV protons 
64 JACQUES 80 HLBC Beam dump 
65 SOUKAS 80 CALO 28 GeV p beam dump 
66 BECHIS 79 CNTR 
67 COTEUS 79 OSPK Beam dump 
68 DISHAW 79 CALO 400 GeV pp 

ALIBRAN 78 HYBR Beam dump 
ASRATYAN 78B CALO Beam dump 

69 BELLOTTI 78 HLBC Beam dump 
69 BELLOTTI 78 HLBC mA0=l .5  MeV 

69BELLOTTI 78 HLBC m A 0 = l  MeV 

70 BOSETTI 78B HYBR Beam dump 
71 DONNELLY 78 

HANSL 78D WIRE Beam dump 
72 MICELMAC... 78 
73 WSOTSKI I  78 

42 AHMAD 97 reports a result of APEX Collaboration which studied positron production In 
238U+232Ta and 238U+181Ta collisions, without requiring a coincident electron. No 
narrow lines were found for 250 <Ee+ < 750 keV. 

43LEINBERGER 97 (ORANGE Collaboration) at GSI looked for a narrow sum-energy 
e + e-- l ine at ~ 635 keY in 238U+181Ta collision. Limits on the production proba- 
bility for a narrow sum-energy e + e -  line are set. See their Table 2. 

44 GANZ 96 (EPos II Collaboration) has placed upper bounds on the production cross sec- 
tion of e + e -  pairs from 238U+181Ta and 238U+232Th collisions at GSI. See Table 2 

for limits both for back-to-back and Isotroplc configurations of e + e -  pairs. These lim- 
its rule out the existence of peaks in the e + e -  sum-energy distribution, reported by an 
earlier version of this experiment. 

45KAMEL 96 looked for e + e  - pairs from the collison of 325 (200GeV/nucleon) and 
emulsion. No evidence of mass peaks Is found in the region of sensitivity me�9 >2 MeV. 

46BLUEMLEIN 92 is a proton beam dump experiment at Serpukhov with a secondary 
target to Induce Bethe-Heltler production of e + e  - or / ~ + p -  from the produce A O, 
See Fig. 5 for the excluded region in mAO-X plane. For the standard axlon, 0,3 <x<25 
is excluded at 95% CL  If combined with BLUEMLEIN 91, 0.008 <x<32  is excluded. 
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47MEIJERDREES 92 give r ( l r - p  ~ nAO).B(A 0 ~ e + e - ) / r ( = - p  ~ all) < 10 - 5  

(90% CL) for mAo = 100 MeV, ~'A0 = 1 0 - 1 1 - 1 0  - 2 3  sec. Limits ranging from 2,5 x 

10 - 3  to  10 - 7  are given for mAn = 25-136 MeV. 

48 BLUEMLEIN 91 Is a proton beam dump experiment at Serpukhov. No candidate event 
for A 0 ~ e + e  - ,  23" are found. Fig. 6 gives the excluded region in mAO-X plane ( x =  
tan# = v2/vl). Standard axlon Is excluded for 0.2 < mAn < 3.2 MeV for most 
x > 1, 0.2-11 MeV for most x < 1. 

49 FAISSNER 89 searched for A 0 ~ e + e -  in a proton beam dump experiment at  SIN. No 
excess of  events was observed over the background. A standard axlon with mass 2me-20  

MeV Is excluded, Lower l imit  on fan of -- 104 GeV is given for mAO = 2me-20  MeV. 

50DEBOER 88 reanalyze EL-NADI  88 data and claim evidence for three distinct states 
with mass ~ 1.1, ~ 2.1, and ~ 9 MeV, lifetimes 1 0 - 1 6 - 1 0 - 1 5 s  decaying to e + e  - 
and note the similarity of  the data with those of a cosmic-ray experiment by Bristol group 
(B.M,  Anand, Proc. o f  the Royal Society o f  London, Section A A22 183 (1953)), For a 
crit icism see PERKINS 89, who suggests that the events are compatible with ~r 0 Dalitz 
decay. DEBOER 89B Is a reply which contests the criticism. 

51EL .NADI  88 claim the existence of a neutral particle decaying into e + e  - with mass 
1.60 • 0,59 MeV, l i fetime (0.15 • 0.01) x 10 - 1 4  s, which is produced in heavy ion 
interactions with emulsion nuclei at ~ 4 GeV/c/nucleon. 

52FAISSNER 88 is a proton beam dump experiment at SIN. They found no candidate event 
for A 0 --~ "7"7. A standard axlon decaying to 2"7 is excluded except for a region x~_ 1. 
Lower l imi t  on fAO of  102-103 GeV Is given for mAO = 0,1-1 MeV. 

53BADIER 86 did not find long-lived A 0 in 300 GeV 7r -  Beam Dump Experiment that  
decays into �9 + e -  in the mass range mAn = (20-200)  MeV, which excludes the A 0 decay 

constant f(A O) in the Interval (60-600)  GeV. See their figure 6 for excluded region on 
f(AO)-mAo plane. 

54BERGSMA 85 look for A 0 ~ 2"7, e + e  - ,  / ~ + # - .  First l imit above is for mAn = 1 
MeV; second is for 200 MeV. See their figure 4 for excluded region on fAn-mAn plane, 

where FAn Is A O decay constant. For Peccel-Qulnn PECCEI 77 A O, mAn <180  keV and 
~" >0,037 s. (CL = 90%). For the axlon of FAISSNER 81B at 250 keV, BERGSMA 85 
expect 15 events but observe zero. 

55FAISSNER 83 observed 19 1-3" and 12 2-3" events where a background of 4.8 and 2.3 
respectively is expected. A small-angle peak is observed even If Iron wall is set In front 
o f  the decay region. 

56 FAISSNER 83B extrapolate SIN 3" signal to  LAMPF  v experimental condition. Resulting 
370 "7% are not at variance with LAMPF  upper l imit of  450 3"s. Derived from LAMPF 
l imit  that  [der(AO)/do: at 90o]mAO/TAO < 14 x 10 - 3 5  cm 2 sr - 1  MeV  ms - 1 .  See 
comment on FRANK 83B. 

5 7 F R A N K  83B stress the importance of  LAMPF  data bins with negative net signal. By 
statistical analysis say that  LAMPF  and SIN-A0 are at variance when extrapolation by 
phase-space model Is done. They find LAMPF upper l imit is 248 not 450 3"s. See 
comment on FAISSNER 83B. 

58 H O F F M A N  83 set CL = 90% l imit  dcr/dt B(e + e - )  < 3.5 x 10 - 3 2  cm2/GeV 2 for 140 

<mAn <160  MeV. L imi t  assumes ~-(A 0)  < 10 - 9  s. 

59 FETSCHER 82 reanalyzes SIN beam-dump data o f  FAISSNER 81. Claims no evidence 
for axlon since 2-3" peak rate remarkably decreases If iron wall is set in front of  the decay 
region. 

60FAISSNER 81 see excess # e  events. Suggest axlon Interactions. 
61FAISSNER 81B is SIN 590 MeV proton beam dump. Observed 14.5 • 5.0 events of  23" 

decay of  long-lived neutral penetrating particle with m 2 "  7 ~ 1 MeV. Axlon interpreta- 

t ion wi th r/-A 0 mixing gives man = 250 • 2S keV, ~r(23" ) ~ (7.3 • 3.7) x 10 - 3  S from 

above rate. See crit ical remarks below in comments of  FETSCHER 82, FAISSNER 83, 
FAISSNER 83B, FRANK 83B, and BERGSMA 85. Also see in the  next subsection ALEK-  
SEEV 82, CAVAIGNAC 83, and A N A N E V  85. 

6 2 K I M  81 analyzed 8 candidates for A 0 ~ 2"7 obtained by Aachen-Padova experiment at 
CERN with 26 GeV protons on Be. Estimated axion mass is about 300 keV and lifetime 
Is ( 0 . 8 6 ~  5 .6 )  • 10 - 3  s depending on models. Faissner (private communication), says 
axlon production underestimated and mass overestimated. Correct value around 200 
keV. 

63FAISSNER 80 Is SIN beam dump experiment with 590 MeV protons looking for A 0 
e + e -  decay. Assuming AO/~ 0 = 5.5 x 10 - 7 .  obtained decay rate l imit 2 0 / ( A  0 mass) 
MeV/s  (CL = 90%), which is about 10 - 7  below theory and interpreted as upper l imit 
to  man <2me_. 

64 JACQUES 80 is a BNL beam dump experiment. First l imit above comes from nonobserva- 
tlon of excess neutral-current-type events [<r(productlon)c,(Interactactlon) < 7. x 10 - 6 8  

cm 4, CL = 90%]. Second l imit  is f rom nonobservatlon of axlon decays into 23"s or 

e + e  - ,  and for axlon mass a few MeV. 
65SOUKAS 80 at BNL observed no excess of neutral-current-type events In beam dump. 
66 BECHIS 79 looked for the axion production in low energy electron Bremsstrahlung and 

the subsequent decay into either 2"7 or e + e  - .  No signal found. CL = 90% limits for 
model parameter(s) are given. 

67COTEUS 79 is a beam dump experiment at BNL. 
68DISHAW 79 is a calorimetric experiment and looks for low energy tall o f  energy distri- 

butions due to  energy lost to  weakly interacting particles. 
69 BELLOTTI  78 first value comes from search for A 0 ~ e + e- .  Second value comes 

from search for A 0 ~ 23", assuming mass <2me_. For any mass satisfying this, 

l imit Is above va l uex (mass -4 ) .  Third value uses data of  PL 60B 401 and quotes 
#(productlon)e,(Interaction) < 10 - 6 7  cm 4. 

70 BOSETTI  78B quotes <7(production)a(Interactlon) < 2, x 10 - 6 7  cm 4. 
71DONNELLY  78 examines data from reactor neutrino experiments of REINES 76 and 

GURR 74 as well as SLAC beam dump experiment. Evidence is negative. 
7 2 M I C E L M A C H E R  78 finds no evidence of axlon existence in reactor experiments of 

REINES 76 and GURR 74. (See reference under DONNELLY 78 below). 
73 VYSOTSKI I  78 derived lower l imit for the axlon mass 25 keV from luminosity o f  the sun 

and 200 keV from red supergiants. 
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A ~ (Axlon) Searches In Reactor Experiment= 
VALUE DOCUMENT ID .TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

7 4 A L T M A N N  95 CNTR Reactor; A 0 ~ e + e  - 
75 KETOV 86 SPEC Reactor, A 0 ~ "77 
76 KOCH 86 SPEC Reactor; A 0 ~ 3"3" 
77 DATAR 82 CNTR Light water reactor 
78VUILLEUMIER 81 CNTR Reactor, A 0 ~ 2"7 

7 4 A L T M A N N  95 looked for A 0 decaying into e + e  - from the Bugey5 nuclear reac- 
tor. They obtain an upper l imit on the A 0 production rate of  ~(AO)/o~('7) x B ( A  0 

e + e - ) <  10 - 1 6  for mAn = 1.5 MeV at 90% CL. The l imit is weaker for heavier A 0. In 
the case of a standard axlon, this l imit excludes a mass In the range 2m e <mAn < 4.8 
MeV at 90% CL. See Fig. 5 of their paper for exclusion l imits of  axion-like resonances 
Z 0 in the (mxo,fxO) plane. 

7 5 K E T O V  86 searched for A 0 at the Rovno nuclear power plant. They found an upper 
l imit  on the A 0 production probability o f  0.8 [100 keV/mAO] 6 x 10 - 6  per fission. In 

the standard axion model, this corresponds to mAO >150 keV. Not valid for mAn 
1 MeV. 

76KOCH 86 searched for A 0 ~ 3'3' at nuclear power reactor Blblis A. They found an 
upper l imit on the A 0 production rate of~(AO)/~(3"(M1)) < 1.5 x 10 - 1 0  (CL=95%) .  
Standard axion with mAn = 250 keV gives 10 - 5  for the ratio. Not  valid for mAn >1022 
keY. 

77 DATAR 82 looked for A 0 ~ 23" in neutron capture (np ~ dA O) at Tarapur 500 M W  
reactor. Sensitive to sum of I = 0 and I = 1 amplitudes. Wi th ZEHNDER 81 [( I  = 0) 

- ( /  = 1)] result, assert nonexistence of standard A 0. 
78VUILLEUMIER 81 Is at Grenoble reactor. Set l imit  man <280 keV. 

A ~ (Axlon) and Other Light Boson (X ~ Searchu In Nuclear Trandtlon= 
Limits are for branching ratio. 

VALUE . CL~ EVTS DOCUMENT ID TEEN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, l imits, 

79 DEBOER 97C RVUE 
< 5.5 x 10 - 1 0  98 8 0 T S U N O D A  95 CNTR 
< 1,2 x 10 - 6  95 81 MINOWA 93 CNTR 
< 2 • 10 - 4  90 82 HICKS 92 CNTR 
< 1.5 • 10 - 9  95 83 A S A N U M A  90 CNTR 

<(0 .4 -10)  x 10 - 3  95 84 DEBOER 90 CNTR 

< (0 .2 -1 )  x 10 _3  90 85 BINI 89 CNTR 

86 AVIGNONE 88 CNTR 

< 1.5 x 10 - 4  90 

< 5 x 10 _3  90 

< 3.4 x 10 _5  95 
< 4 x 10 - 4  95 

< 3 x 10 - 3  95 
< 0.106 90 
<10.8 90 
< 2.2 90 
< 4 x 10 _4  90 

87 DATAR 88 CNTR 

88 DEBOER 88c CNTR 

89 DOEHNER 88 SPEC 
90 SAVAGE 88 CNTR 

90 SAVAGE 88 CNTR 
91 HALLIN ~ 86 SPEC 
91 HALLIN 86 SPEC 
91 HALLIN 86 SPEC 

0 92 SAVAGE 86B CNTR 
93 A N A N E V  85 CNTR 
94 CAVAIGNAC 83 CNTR 

95 ALEKSEEV 82B CNTR 

96 L E H M A N N  82 CNTR 

0 97 ZEHNDER 82 CNTR 
0 98 ZEHNDER 81 CNTR 

99 CALAPRIEE 79 

etc. �9 �9 �9 

M1 transitions 
252Cff isslon, A 0 ~ ee 
139La* ~ 139LaA0 

35S decay, A 0 ~ "77 
241Am decay 
8Be*  ~ 8BeA0,  

AO~ ~;CxO. 1 6 0 *  
X 0 ~ e + e -  

Cu* ~ CuA 0 (A 0 

2% AOe ~ 7e, 
A 0 Z  ~ "TZ) 

12C* ~ 12CA0,  
A 0 ~ + e -  

1 6 0 *  ~ ~ 6 o x O ,  
X 0 ~ e + e -  

2H* ,  A 0 ~ e + e  - 

Nuclear decay (Isovec- 
tot)  

Nuclear decay (Isoscalar) 
6LI ]sovector decay 
10B Isoscalar decays 
14N Isoscalar decays 
14N* 

L i* ,  deut* A 0 ~ 2"7 
97Nb* .  deut* transition 

A 0 ~ 23" 
LI* ,  deut* transition 

A 0 ~ 2"7 
Cu* ~ CuA 0 

(A 0 ~ 2"7) 
Li* ,  Nb*  decay, n-capt. 
Ba* ~ BaA  0 

(A  ~ ~ 2"7) 
Carbon 

79DEBOER 97C reanalyzed the existent data on Nuclear M1 transitions and find that  a | 
9 MeV boson decaying into e -F e -  would explain the excess of  events with large opening I 
angles. 

80 TSUNODA 95 looked for axion emission when 252Cf undergoes a spontaneous fission, 
with the axion decaying into e + e - ,  The bound is for m A o = 4 0  MeV. It improves to 

2.5 x 10 - S  for mAn=200 MeV. 

8 1 M I N O W A  93 studied chain process, 139Ce ~ 139La* by electron capture and M1 
transition of 139La* to the ground state. It does not assume decay modes of A O. The 
bound applies for mAo < 166 keV. 

82HICKS 92 bound is applicable for ~-xO < 4 x 10 - 1 1  sec. 

83 The A S A N U M A  90 l imit is for the branching fraction of X 0 emission per 241Am ~z decay 
and valid for 7X0  < 3 x 10 - 1 1  s. 

84The DEBOER 90 l imit is for the branching ratio 8Be*  (18.15 MeV, 1 + )  ~ 8BeA0,  

A 0 ~ e + e -  for the mass range mAo -- 4-15 MeV. 

8SThe BINI 89 l imit Is for the branching fraction of 160* (6 .05  MeV, 0 + )  ~ 16OX0,  

X 0 ~ e-Fe - for m x = 1.5-3.1 MeV. TXO ~ 10 - 1 1  s Is assumed, The spin-parity 

o f  X Is restricted to 0 + or 1 - .  
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86AVIGNONE 88 looked for the 1115 keV transition C* ~ CuA 0, either from A 0 
2";' In-flight decay or from the secondary A 0 interactions by Compton and by Primakoff 
processes. Limits for axion parameters are obtained for mAo < 1.1 MeV. 

87 DATAR 88 rule out light pseudescalar particle emission through Its decay A 0 ~ e + e -  
In the mass range 1.02-2.5 MeV and lifetime range 10-13-10 - 8  s. The above limit is 
for r = 5 x 10 - 1 3  s and m = 1.7 MeV; see the paper for the r-m dependence of the 
limit. 

88The limit Is for the branching fraction of 160*(6.05 MeV, 0 + )  ~ 16OX0, X 0 

e + e -  against internal pair conversion for mXo = 1.7 McV and rXO < 10 -11s .  

107The limits are obtained from their figure 3. Also given is the limit on the 
AO~y~-A 0 e -}- e-  coupling plane by assuming Prlmakoff production. 

Search for A ~ (Axlon) Resonance in Bhabha Scattering 
The limit is for F(A0)[B(A 0 ~ e + e - ) ]  2. 

VAL UE ( IO -3 eV) CL~ DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the fonowlng data for averages, fits, limits, etc. �9 �9 �9 

Similar limits are obtained for mXo = 1.3-3.2 MeV. The spin parity of X 0 must be 

either 0 + or 1 - .  The limit at 1.7 MeV is translated Into a limit for the X0-nucleon 
coupling constant: 4o jvN/4~ < 2.3 x 10 - 9 .  

89The DOEHNER 88 limit is for mAo = 1.7 MeV, r(A O) < 10 - 1 0  s. Limits less than 

10 - 4  are obtained for mAo = 1.2-2.2 MeV. 

90SAVAGE 88 looked for A 0 that decays into e + e  - in the decay of the 9.17 MeV JP = 
2 + state in 14N, 17.64 MeV state JP = 1 + in 8Be, and the 18.15 MeV state JP = 
1 + In 8Be. This experiment constrains the isovector coupling of A 0 to hadrons, If man 
= (1.1 ~ 2.2) MeV and the Isoscalar coupling of A 0 to hadrons, if mAo = (1.1 

2.6) MeV. Both limits are valid only If r(A O) ~,~ 1 x 10 -11  s. 
91Limits are for F(A0(1.8 MeV))/F(TrM1); Le., for 1.8 MeV axion emission normalized 

to the rate for Internal emission of e + e  - pairs. Valid for l"A0 < 2 x 10-11s. 6Li 

Isovector decay data strongly disfavor PECCEI 86 model h whereas the 10B and 14N 
Isoscalar decay data strongly reject PECCEI 86 model II and IlL 

92 SAVAGE 86B looked for A 0 that decays into e + e -  in the decay of the 9.17 MeV JP = 
2 + state in 14N. Limit on the branching fraction Is valid if rAO ~ 1. x 10-11s for mAo 
= (1.1-1.7) MeV. This experiment constrains the Iso-vector coupling of A 0 to hadrons. 

93ANANEV 85 with IBR-2 pulsed reactor exclude standard A 0 at CL = 95% masses below 

< 1.3 97 108 HALLIN 92 CNTR mA0 = 1.75-1.88 MeV 

none 0.0016-0.47 90 109 HENDERSON 92C CNTR mAo= 1.5-1.86 MeV 

< 2.0 90 110WU 92 CNTR mAo= 1.56-1.86 MeV 

< 0.013 95 TSERTOS 91 CNTR mAo = 1.832 MeV 

none 0.19-3.3 95 111WIDMANN 91 CNTR mAo= 1.78-1.92 MeV 

< 5 97 BAUER 90 CNTR man = 1.832 MeV 

none 0.09-1.5 95 112 JUDGE 90 CNTR mAo = 1.832 MeV, 
elastic 

< 1.9 97 113TSERTOS 89 CNTR mAo = 1.82 MeV 

<(10-40) 97 113TSERTOS 89 CNTR mAo = 1.51-1.65 MeV 

<(1-2.5) 97 113 TSERTOS 89 CNTR mAo = 1.80-1.86 MeV 

< 31 95 LORENZ 88 CNTR mAo = 1.646 MeV 

< 94 95 LORENZ 88 CNTR mAo = 1.726 MeV 

< 23 95 LORENZ 88 CNTR mAo = 1.782 MeV 

< 19 95 LORENZ 88 CNTR mAo = 1.837 MeV 

< 3.8 97 114TSERTOS 88 CNTR mAo = 1.832 MeV 

115VANKLINKEN 88 CNTR 
116 MAIER 87 CNTR 

<2500 90 MILLS 87 CNTR mAo = 1.8 MeV 

CNTR 470 keV (LI* decay) and below 2m e for deuteron* decay. 

94CAVAIGNAC 83 at Bugey reactor exclude axlon at any mg?Nb,decay and axion with 

mAo between 275 and 288 keV (deuteron* decay). 

95ALEKSEEV 82 with IBR-2 pulsed reactor exclude standard A 0 at CL = 95% mass*ranges 
mA0 <400 keV (Li* decay) and 330 keV <mAo <2.2 MeV. (deuteron* decay). 

96LEHMANN 82 obtained A 0 ~ 2"y rate < 6.2 x 10-5 /s  (CL = 95%) excluding mAo 
between 100 and 1000 keV. 

97ZEHNDER 82 used Goesgen 2.8GW-Ilght-water reactor to check A 0 production. No 
2"y peak in LI*, Nb* decay (both single p transition) nor In n capture (combined with 
previous Ba* negative result) rules out standard A O. Set limit mA0 <60 keV for any 

A 0 . 
98ZEHNDER 81 looked for Ba* ~ AOBa transition with A 0 ~ 2"y. Obtained 2~ 

coincidence rate < 2.2 x 10-5 /s  (CL = 95%) excluding mAo >160 keV (or 200 keV 
depending on HIggs mixing). However, see BARROSO 81. 

99 CALAPRICE 79 saw no axion emission from excited states of carbon. Sensitive to axion 
mass between 1 and 15 MeV. 

A ~ (A.,don) U m ~  from Its Electron Coupling 
Limits are for ~'(A 0 ~ e + e - ) .  

VALUE (s) CL.~_~ DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

none 4 x 10-16-4.5 x 10 - 1 2  90 100.BROSS 91 BDMP eN ~ eAON 
(A ~ ~ ee) 

101GUO 90 BDMP e N ~  eAON 
(A 0 --* ee) 

102BJORKEN 88 CALO A ~  e + e - o r 2 " ~  
103 BLINOV 88 MD1 ee :~0 eeAO 

(A ~ ee) 
n o n e 1 x 1 0 - 1 4 - 1 x 1 0  - 1 0  90 104RIORDAN 87 BDMP eN-~ eAON 

(A ~ ee) 
none 1 x 10-14-1  x 10 - 1 1  90 105 BROWN 86 BDMP eN ~ eA 0 N 

( a 0 ~  ee) 
none 6 x 10 -14 -9  x 10 - 1 1  95 106 DAVIER 86 BDMP eN ~AO eAON 

(A ~ ee) 
none 3 x 10--13-1 x 10 - 7  90 107 KONAKA 86 BDMP eN ~ eAON 

(A 0 ~ ee) 

100The listed BROSS 91 limit is for mAo = 1.14MeV. B(A 0 ~ e + e  - )  = 1  assumed. 
Excluded domain in the rAO-mAo plane extends up to rnAo ~ 7 MeV (see Fig. 5). 

Combining with electron g - 2  constraint, axions coupling only to e § e -  ruled out for 
mAo < 4.8 MeV (90%CL). 

101GUO 90 use the same apparatus as BROWN 86 and Improve the previous limit In the 
shorter lifetime region. Combined with g - 2  constraint, axlons coupling only.to e + e  - 
are ruled out for mAo < 2.7 MeV (90% CL). 

102BJORKEN 88 reports limits on axion parameters (fA, mA, rA) for mAo < 200 MeV 
from electron beam-dump experiment with production via Prlmakoff photoproduction, 
bremsstrahlung from electrons, and resonant annihilation of positrons on atomic elec- 
trons. 

103BLINOV 88 assume zero spin, m = 1.8 MeV and lifetime < 5 x 10 -12s  and find 
F(A ~ ~ "y~)B(A 0 ~ e + e  - )  < 2 eV (CL=90%). 

104Assumes AO~,~, coupling Is small and hence Prlmakoff production is small. Their figure 
2 shows limits on axlons for mAo < 15 MeV. 

105Uses electrons In hadronlc showers from an incident 800 GeV proton beam. Limits for 
mAo < 15 MeV are shown in their figure 3. 

106man ~ 1.8 MeV assumed. The excluded domain in the rAO-mAo plane extends up to 
mAo "~ 14 MeV, see their figure 4. 

117 VONWIMMER.B7 

108HALLIN 92 quote limits on lifetime, 8 x 1 0 - 1 4 - 5  x 10 - 1 3  sec depending on mass, 
assuming B(A 0 - *  e §  - )  = 100%. They say that TSERTOS 91 overstated their 
sensitivity by a factor of 3. 

109 HENDERSON 92C exclude axion with lifetime ran  =1.4 x 10 - 1 2 -  4.0 x 10 - 1 0  s, as- 

suming B(A 0 ~ e §  HENDERSON 92c also exclude a vector bosun with 
r=1 .4  x 1 0 - 1 2 - 6 . 0  x 10-10 s. 

110WU 92 quote limits on lifetime > 3.3 x 10 -13s  assuming B(A 0 - *  e + e - ) = 1 0 0 % .  
They say that TSERTOS 89 overestimate the limit by a factor of 1r/2. WU 92 also quote 
a bound for vector bosun, r >  8.2 x 10-13 s. 

111WIDMANN 91 bound applies exclusively to the case B(A 0 --* e + e - ) = l ,  since the 

detection efficiency varies substantially as F(AO)total changes. See their Fig. 6. 
112 JUDGE 90 excludes an elastic pseudoscalar �9 + e -  resonance for 4.5 x 10 - 1 3  s < r(A O) 

< 7.5 x 10-12s  (95% CL) at mAo = 1.832 MeV. Comparable limits can be set for 
mAo = 1.776-1.856 MeV. 

113See also TSERTOS 88B In references. 
114The upper Umlt listed In TSERTOS 88 is too large by a factor of 4. See TSERTOS 88B, 

footnote 3. 
115VANKLINKEN 88 looked for relatively long-lived resonance ( r  = 10-10-10 - 1 2  s). The 

sensitivity is not sufficient to exclude such a narrow resonance. 
116MAIER 87 obtained limits RF ~ 60 eV (100 eV) at mAo ~- 1.64 MeV (1.83 MeV) for 

energy resolution ZlEcm ~ 3 keV, where R is the resonance cross section normalized 

to that of Bhabha scattering, and F 2 = Fee/Ftota I. For a discussion implying that 
&Ecm ~ 10keV, see TSERTOS 89. 

117 O V NWIMMERSPERG 87 measured Bhabha scattering for Ecru = 1.37-1.86 MeV and 
found a possible peak at 1.73 with fadEcm = 14.5 :l: 6.8 keV.b. For a comment and 
a reply, see VANKLINKEN 88B and VONWIMMERSPERG 88. Also see CONNELL 88. 

Search for A ~ (Axion) Resonance In e + e -  -~ ~,y 
The limit Is for F(A 0 --~ e + e - ) . F ( A  0 ~ ~,~,)/l'tota I 

VALUE (10 -3 eV) CL.__~_% DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 0.18 95 VO 94 CNTR mA0=l .1  MeV 

< 1.5 95 VO 94  CNTR mAo= l .4  MeV 

<12 95 VO 94 CNTR rnA0=l .7 MeV 

< 6.6 95 118TRZASKA 91 CNTR mAo = 1.8 MeV 

< 4.4 95 WIDMANN 91 CNTR mAo= 1.78-1.92 MeV 
119 FOX 89 CNTR 

< 0.11 95 120 MINOWA 89 CNTR mAo = 1.062 MeV 

<33 97 CONNELL 88 CNTR mAo = 1.580 MeV 

<42 97 CONNELL 88 CNTR mAo = 1.642 MeV 

<73 97 CONNELL 88 CNTR mAo = 1.782 MeV 

<79 97 CONNELL 88 CNTR rnAo = 1.832 MeV 

118TRZASKA 91 also give limits in the range (6.6-30) x 1 0 - 3 e V  (95%CL) for mAo = 
1.6-2.0 MeV. 

119FOX 89 measured positron annihilation with an electron in the source material into two 
photons and found no signal at 1.062 MeV (<  9 • 10 - 5  of two-photon annihilation at 
rest). 

120Similar limits are obtained for mAu = 1.045-1.085 MeV. 
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Search for X ~ (Light Boron) Remnance In e+e - --* *r~/ 
The limit is for F(X 0 ~ e + e - ) - F ( X  0 ~ "y~,'y)/Ftota I. C invadance forbids spin-0 

X 0 coupling to both e + e -  and -y-),-~,. 
VALUE (10 -3 eV) CL_%% DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 0.2 95 121VO 94 CNTR mx0=1.1-1.9 MeV 

< 1.0 95 122 VO 94 CNTR mxo=l .1  MeV 

< 2.5 95 122 VO 94 CNTR m x 0 = l . 4  MeV 

<120 95 122 VO 94 CNTR mxo= l .7  MeV 

< 3.8 95 1235KALSEY 92 CNTR mxo= 1.5 MeV 

121VO 94 looked for X 0 ~ -y'y'~ decaying at rest. The precise limits depend on mXO. See 
Fig. 2(b) in paper. 

122V0 94 looked for X O ~ ~f'~' decaying In flight. 
123SKALSEY 92 also give limits 4.3 for mXO = 1.54 and 7.5 for 1.64 MeV. The spin o f X  0 

is assumed to be one. 

Light Boson (X ~ Search In Nonresonant e+e - Annihilation at Rest 
Limits are for the ratio of n~/ + X 0 production relative to ~/'y. 

VALUE(units 10 -6 ) CL% DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 4.2 90 124 MITSUI 96 CNTR ~ X  0 I 
< 4 68 125 SKALSEY 95 CNTR "yX 0 
<40 68 126SKALSEY 95 RVUE "yX 0 
< 0.18 90 127 ADACHI 94 CNTR ~/'yX 0' X 0 ~ -y-~ 
< 0.26 90 128ADACHI 94 CNTR "7~,X 0. X 0 ~ ~f~f 
< 0,33 90 129ADACHI 94 CNTR ~/X 0' X 0 ~ ~,-~ 

124MITSUI 96 looked for a monochromatic ~f. The bound applies for a vector X 0 with | 
C=--1 and mxo <200 keV. They derive an upper bound on eeX 0 coupling and ~ence | 

on the branching ratio B(o-Ps ~ "7~fxO)< 6.2 x 10 - 6 .  The bounds weaken for heavier I 
X 0 . 

interaction Lin t = �89 x .  For several families of neutrinos, the limit applies for 

(zh~)l/4 
136pICCIOTTO 88 limit applies when mXo < 55 MeV and ~-X0 > 2ns, and It decreases 

to 4 x 20 - 7  at mXo = 125 MeV, beyond which no limit Is obtained. 

137 GOLDMAN 87 limit corresponds to F > 2.9 x 109 GeV for the family symmetry breaking 
scale from the Lagranglan Lin t = (Z/F)~/z'y/z (a+b75) ~beOl~#4xO with a2+b 2 = 1. 

This is not as sensitive as the limit F > 9.9 x 109 GeV derived from the search for ,u + 
e + X 0 by JODIDIO 86, but does not depend on the chlrallty property of  the coupling. 

138Umits are for r(/z ~ eX~ -.-, ev'o). Valid when mxo = 0-93.4, 98.1-103.5 
MeV. 

139EICHLER 86 looked for /~+ ~ e + X  0 followed by X 0 ~ e+e - .  Limits on the 
branching fraction depend on the mass and and lifetime of X O, The quoted limits are 
valid when ~'xO ~ 3. x 10 - 1 0  s If the decays are kinematlcally allowed. 

140JODIDIO 86 corresponds to F > 9.9 x 109 GeV for the family symmetry breaking scale 
with the padty-conservlng effective Lagrangian Lin t = ( l / F )  ~#.,/P'~,eO#~AXO. 

141BALTRUSAITIS 85 search for nght Goldstone boron(X 0) of broken U(1). CL = 95% 
limits are B 0. ~ /~+ X0) /B (T  ~ # +  vv) <0.125 and B(7 ~ e + X0) /B(~ - ~ e + vv) 
<0.04. Inferred limit for the symmetry breaking scale is m >3000 TeV. 

142The primordial heavy neutrino must decay into v and famllon, fA, early so that the 
red-shifted decay products are below critical density, see their table. In addition, K 
fffA and/~ --* ef  A are unseen. Combining these excludes mheavy u between 5 x 10 - 5  

and 5 x 10 - 4  MeV (# decay) and mheavy v between 5 x 10 - 5  and 0,1 MeV (K-decay). 

MaJomn Searches In Neutdnok~ Double/~ Decay 
Limits are for the half-life of neutdnoless/3~3 decay with a MaJoron emission. 
Previous Indications for neutrinoless double beta decay with maJoron emission have 
been superseded. No experiment currently claims any such evidence. For a review, see 
DOI  88. 

VALUE (~ears) CL_...~ DOCUMENT ID TECN COMMENT 
> 7.2 X 1024 90 143 BERNATOW... cJ2 CNTR 128Te 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

125SKALSEY 95 looked for a monochromatic q, without an accompanying-y in e + e  - 
annihilation. The bound applies for scalar and vector X 0 with C = - 1  and mXo = 
106-1000 keV. 

1265KALSEY 95 reinterpreted the bound on ~,A 0 decay of o-Ps by ASAI 91 where 3% of 
delayed annihilations are not from 351 states. The bound applies for scalar and vector 

X 0 with C =  - 1  and mxo = 0-800 keV. 

127ADACHI 94 looked for a peak In the "y-y Invariant mass distribution In q , - f ~  production 
f rom e + e  - annihilation. The bound applies for mxo = 70-800 keV. 

128 ADACHI 94 looked for a peak In the missing-mass mass distribution In "y'y channel, using 
q'q"y*/production from e + e  - annihilation. The bound applies for mXo <800 keV, 

> 7.91 x 1021 90 144 GUENTHER 96 SPEC 76Ge 
> 1.7 x 1022 90 BECK 93 CNTR 76Ge 
> 7.9 x 1020 68 145 TANAKA 93 SPEC 100Mo 
> 1.9 x 1020 68 BARABASH 89 CNTR 136Xe 
> 1.0 x 1021 90 FISHER 89 CNTR 76Ge 
> 3.3 x 1020 90 ALSTON-... 88 CNTR 100Mo 

(6 •  x 1020 AVIGNONE 87 CNTR 76Ge 
> 1.4 x 1021 90 CALDWELL 87 CNTR 76Ge 
> 4.4 x 1020 90 ELLIOTT 87 SPEC 825e 
> 1.2 x 1021 90 FISHER 87 CNTR 76Ge 

146 VERGADOS 82 CNTR 
129ADACHI 94 looked for a peak in the missing mass distribution In ~,~/ channel, using 

*f'),'),'y production from e + e  - annihilation. The bound applies for mXo = 200-900 
keV. 

Searches for Gadstone Borons (X ~ 
(Including Horizontal Borons and MaJorons.) Limits are for branching ratios. 

VALUE CL~ E V T S  DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

130 BOBRAKOV 91 Electron quasi-magnetic 
Interaction 

<3.3 x 10 - 2  95 131 ALBRECHT 90E ARG T ~ /zX u. Famllon 
<1 .8  x 10 - 2  95 131ALBRECHT 90E ARG "r ~ eX O. Famllon 
<6.4 x 10 - 9  90 132 ATIYA 90 B787 K + ~ lr + X 0. 

Famllon 
<1.1 x 10 - 9  90 133 BOLTON 88 CBOX /~+ --~ �9 +• IX O. 

Fatal• 
134CHANDA 88 ASTR Sun, MaJoron 
135 CHOI 88 ASTR MaJoron, SN 1987A 

<5 x 10 - 6  go 136 PICCIOTTO 88 CNTR lr ~ evX O, MaJoion 

143 BERNATOWICZ 92 studied double-/3 decays of 128Te and 130Te, and found the ratio 
~-(130Te)/T(128Te) = (3.52 • 0.11) x 10 - 4  In agreement with relatively stable theo- 
retical predictions. The bound Is based on the requirement that MaJoron-emlttlng decay 
cannot be larger than the observed double-beta rate of 128Te of (7.7 4- 0.4) x 1024 year. 
We calculated 90% CL ltmR as (7.7-1.28 x 0.4=7.2) x 1024. 

1445ee Table I In GUENTHER 96 for limits on the Majoron coupling in different models. 
145TANAKA 93 also quote limit 5.3 x 1019 years on two MaJoron emission. 
146VERGADO5 82 sets limit gH < 4 x 10 - 3  for (dimensionless) lepton-number violating 

coupling, g'H' of scalar boron (MaJoron) to neutdnos, from analysis of data on double #9 

decay of 48Ca. 

Invbible A ~ (AxIon) MASS LIMITS from A s t r o p h ~  and C~mololg 
v I = v 2 is usually assumed (v I = vacuum expectation values). For a review of these 
limits, see RAFFELT 90C and TURNER 90. In the comment nnes below, D and K 
refer to DFSZ and KSVZ axion types, discussed In the above minireview. 

VALUE (eV} DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

147 BORISOV 97 ASTR D, neutron star 
<1.3 x 10 - 9  90 137 GOLDMAN 87 CNTR /~ ~ e'rX O, Famllon 
<3 x 10 - 4  90 138 8RYMAN 86B RVUE /~ ~ eX  0. Famllon 
<1. x 10 - 1 0  90 0 139 EICHLER 86 SPEC t ~+ ~ e + X  O, Famlion 
<2.6 x 10 - 6  90 140 JOOIDIO 86 SPEC ta + ~ e + X  O. Fatal• 

141 BALTRUSAIT..s MRK3 ~- ~ I X  O. Famllon 
142 DICUS 83 COSM v(hvy) --* v( l ight)X 0 

130 BOBRAKOV 91 searched for anomalous magnetic interactions between polarized elec- 
trons expected from the exchange of a massless pseudoscalar boson (at• A limit 
~e < 2 x 10 - 4  (95%CL) is found for the effective anomalous magneton parametdzed 

as Xe( GF /81rv/2)1/2. 
131ALBRECHT 90E limits are for B 0" ~ txO)/B( ' r  ~ iv'P). Valid for mxo < 100 

MeV. The limits rise to 7.1% (for/~), 5.0% (for e) for mXo = 500 MeV. 

132ATIYA 90 limit is for mXO = 0. The limit B < 1 x 10 - 8  holds for mxo < 95 MeV. 

For the reduction of the limit due to finite lifetime of X 0, see their Fig. 3. 
133BOLTON 88 limit corresponds to F > 3.1 x 109 GeV, which does not depend off the 

chirality property of the coupling. 
134CHANDA 88 find v T < 10 MeV for the weak-triplet Hlggs vev. in GelminI-Roncadelll 

model, and v 5 > 5.8 x 106 GeV in the slng!et MaJoron model. 
135CHOI 88 used the observed neutrino flux from the supernova SN 1987A to exclude the 

neutrino MaJoron Yukawa coupling h in the range 2 x 10 - 5  < h < 3 x 10 - 4  for the 

< 0.007 
< 4  
<(o.s-8) x lO -3 

< 0.018 
< 0.010 

< 0.01 
< 0.03 
none 3-8 

<10 

< 1 x 10 - 3  
none 10 -3 -3  

< 0.02 
< 1 x 10 - 3  
<(1.4-10) x 10 - 3  
< 3.6 X 10 - 4  
<12 

148 KACHELRIESS 97 ASTR D, neutron star cooling 
149KEIL 97 ASTR SN 1987A 
150 RAFFELT 95 ASTR D, red giant 
151 ALTHERR 94 ASTR D, red giants, white 

dwarfs 
WANG 92 ASTR D, white dwarf 
WANG 92c ASTR D, C-O burning 

152 BERSHADY 91 ASTR D, K, 
Intergalactic light 

153 KIM 91C COSM D, K, mass density of 
the universe, super- 
symmetry 

154 RAFFELT 91B ASTR D,K, SN 1987A 
155 RESSELL 91 ASTR K, Intergalactic light 

BURROWS 90 ASTR D,K, SN 1987A 
156 ENGEL 90 ASTR D,K, SN 1987A 
157 RAFFELT 9OD ASTR D, red giant 
158 BURROWS 89 ASTR D,K, SN 1987A 
159 ERICSON 89 ASTR D,K, SN 1987A 
160 MAYLE 89 ASTR D,K, SN 1987A 

CHANDA 88 ASTR D, Sun 
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< 1 x 10 - 3  RAFFELT 88 ASTR D,K, SN 1987A 
161RAFFELT 880 ASTR red giant 

< 0.07 FRIEMAN 87 ASTR D, red giant 
< 0.7 162 RAFFELT 87 ASTR K, red giant 
< 2-5 TURNER 87 COSM K, thermal production 
< O.O1 163 DEARBORN 86 ASTR D, red giant 
< 0.06 RAFFELT 86 ASTR D, red giant 
< 0.7 164RAFFELT 86 ASTR K, red giant 
< 0.03 RAFFELT 86B ASTR D, white dwarf 
< 1 165 KAPLAN 85 ASTR K, red giant 
< 0.003-0.02 IWAMOTO 84 ASTR D, K, neutron star 
> 1 x 10 - 5  ABBOTT 83 COSM D,K, mass density of the 

universe 
> 1 • 10 - 5  DINE 83 COSM D,K, mass density of the 

universe 
< 0.04 ELLIS 830 ASTR D, red giant 
> 1 x 10 - 5  PRESKILL 83 COSM D,K, mass density of the 

universe 
< O.1 BARROSO 82 ASTR D, red gia/lt 
< 1 166 FUKUGITA 82 ASTR D, stellar cooling 
< 0.07 FUKUGITA 820 ASTR D, red giant 

Invldble .40 (AxJon) Limits from Photon Coupling 
Limits are for the axion-two-photon coupling GA.7. 7 defined by L = GA3,3,~AE.B. 
Related limits from astrophysics can be found in the "invisible A 0 (Axion) Mass Limits 
from Astrophysics and Cosmology" section. 

VALUE (GeV- 1 ) CL.~.~__~ DOCUMENT ID COMMENT 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

<3.6 x 10 - 7  95 169 CAMERON 93 mAo < 10 - 3  eV, 
optical rotation 

<6.7 x 10 - 7  95 170 CAMERON 93 mAo < 10 - 3  eV, 
photon regeneration 

<3.6 x 10 - 9  99.7 171 LAZARUS 92 mAo < 0.03 eV 

<7.7 x 10 - 9  99.7 171 LAZARUS 92 mAo= 0.03-O.11 eV 

<7.7 x 10 - 7  99 172 RUOSO 92 mAo < 10 - 3  eV 

<2.5 x 10 - 6  173 SEMERTZIDIS 90 mAo < 7 x 10 - 4  eV 

169 Experiment based on proposal by MAIANI 86. 
170Experiment based on proposal by VANBIBBER 87. 
171 LAZARUS 92 experiment is based on proposal found in VANBIBBER 89. 
172RUOSO 92 experiment Is based on the proposal by VANBIBBER 87. 

147 BORISOV 97 bound is on the axion-electron coupling gee < 1 x 10 - 1 3  from the photo- 
production of axloos off of electric fields In the outer layers of neutron stars. 

148KACHELRIESS 97 bound is on the axion-electron coupling gee < 1 x 10 - 1 0  from the 
production of axions in strongly magnetized neutron stars. The authors also quote a 
stronger limit, gee < 9 x 10 - 1 3  which is strongly dependent on the stren~h of the 
magnetic field !n white dwarfs. 

149KEIL 97 uses new measurements of the axial-vector coupling strength of nucleons, as 
well as a reanalysis of many-body effects and plon-emlssion processes In the core of the 
neutron star, to update limits on the Iovlsible-axion mass. 

150RAFFELT 95 reexamined the constraints on axion emission from red giants due to the 
axlon-electron coupling. They improve on DEARBORN 86 by taking into proper account 
degeneracy effects in the bremsstrahlung rate. The limit comes from requiring the red 
giant core mass at helium Ignition not to exceed Its standard value by more than 5% 
(0.025 solar masses). 

151ALTHERR 94 bound is on the axion-electron coupling gee < 1.5 x 10 -13 ,  from energy 
toss via axion emission. 

152 BERSHADY 91 searched for a line at wave length from 3100-8300 A expected from 23' 
decays of relic thermal axlons In intergalactic light of three rich clusters of galaxies. 

153 KIM 91c argues that the bound from the mass density of the universe will change dras- 
tically for the supersymmetdc models due to the entropy production of saxion Iscalar 
component In the axionic chlral multiplet) decay. Note that It Is an upperbound rather 
than a Iowerbound. 

154 RAFFELT 91B argue that previous SN 1987A bounds must be relaxed due to corrections 
to nucleon bremsstrahlung processes. 

155 RESSELL 91 uses absence of any Intracluster line emission to set limit. 
156ENGEL 90 rule out 10 - 1 0  ,~  gAN ~, 10-3,  which for a hadronic axion with EMC 

motivated axlon-nucleon couplings corresponds to 2.5 x 10 - 3  eV ~ mAo <,~ 2.5 x 

104 eV. The constraint is loose In the middle of the range, Le. for gAN ~ 10-6.  
157RAFFELT 90D Is a re-analysis of DEARBORN 86. 
158The region mAo ?~ 2 eV is also allowed. 

159ERICSON 89 considered various nuclear corrections to axlon emlsalon in a supernova 
core, and found a reduction of the previous limit (MAYLE 88) by a lame factor. 

160 MAYLE 89 limit based on naive quark model couplings of axlon to nucleons. Limit based 
on couplings motivated by EMC measurements is 2-4 times weaker. The limit from 
axlon-electron coupling is weak: see HATSUDA 880. 

161 RAFFELT 880 derives a limit for the energy generation rate by exotic processes in helium- 
burning stars �9 < 100 erg g - 1  s -  1, which gives a firmer basis for the axion limits based 
on red giant cooling. 

162RAFFELT 87 also gives a limit gA3' < I x 10 - 1 0  GeV - 1 .  

163DEARBORN 86 also gives a limit gA3" < 1.4 x 10 -11  GeV- 1 

164 RAFFELT 86 gives a limit EA"/ < 1.1x 10-10 GeV- 1 from red gis nts and < 2.4 x 10 - 9  

GeV - 1  from the sun. 
165KAPLAN 85 says mAo < 23 eV is allowed for a special clloice of model parameters. 

166FUKUGITA 82 gives a limit gA3, < 2.3 • 10 - 1 0  GeV - 1 .  

173SEMERTZIDIS 90 experiment Is based on the proposal of MAIANI 86. The limit Is 
obtained by taking the noise amplitude as the upper limit. Limits extend to mAo = 

4 x 10 - 3  where GA../. 7 < 1 x 10 - 4  GeV - 1 .  

Omit on Invisible .4 o (Axlon) Electron Coupling 
The limit Is for GAeeO/~A~/#3,5e in GeV - 1 ,  or equlvalenty, the dipole-dipole po- 

tential G4~e ((e' 1 . e'2) -3 (o '  1 �9 n) (it 2 . n ) ) / r  3 where n=r / r .  

The limits below apply to Invisible axion of m A < 10 - 6  eV. 

VALUE (GeV- 1 ) CL~_~ DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<5.3 x 10 - 5  66 174 NI 94 Induced magnetism 
<6.7 x 10 - 5  �9 66 174 CHUI 93 Induced magnetism 
<3.6 x 10 - 4  66 175 PAN 92 Torsion pendulum 
<2.7 • 10 - 5  95 174 BOBRAKOV 91 Induced magnetism 
<1,9 x 10 - 3  66 176WINELAND 91 NMR 
<8.9 • 10 - 4  66 175 RITTER 90 Torsion pendulum 
<6.6 x 10 - 5  95 174VOROBYOV 88 Induced magnetism 

174These experiments measured Induced magnetization of a bulk material by the spin- 
dependent potential generated from other bulk material with aligned electron spins, 
where the magnetic field is shielded with superconductor. 

175These experiments used a torsion pendulum to measure the potential between two bulk 
matter objects where the spins are polarized but without a net magnetic field in either 
of  them. 

176WlNELAND 91 looked for an effect of bulk matter with aligned electron spins on atomic 
hyperfine splitting using nuclear magnetic resonance. 

Axlon Umlts from T-vlolatlng Medlum-Ranp Forces 
The limit is for the coupling g in a -/'-violating potential between nucleons or nucleon 

and electron of the form V =  8K~hm2p(c'.P) (r- ~ -P ~ r  c ) e-mAcr/T= 

VALUE DOCUMENT ID 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

177 YOUDIN 96 | 

177y U IN 9 c 199 | O D 6 compared the pre esslon frequencies of atomic Hg and Cs when a large 
mass is positioned near the ceils, relative to an applied magnetic field. See Fig. 3 fo/" I 
their limits. 
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Starch for l~.llc hwMbie 
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Lin t = G~'T?(PAFI~uk'I~u = GA.7~d)AE.B, and PA Is the axlon energy density near 
the earth. 

VALUE CL~ DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limRs, etc. �9 �9 �9 

<2  x 10 - 4 1  167 HAGMANN 90 CNTR mAo = 

(5.4-5,9)10 -6 eV 
<1.3 x 10 - 4 2  95 168WUENSCH 89 CNTR mAo = (4.5-10.2)10 - 6  

eV 
<2 x 10 - 4 1  95 168WUENSCH 89 CNTR mAo = 

(11.3-16.3)10 - 6  eV 

167 HAGMANN 90 experiment is based on the proposal of SIKIVIE 83. 
168WUENSCH 89 looks for condensed axions near the earth that could be converted to 

photons in the presence of an intense electromagetlc field via the Pdmakoff erect, fol- 
lowing the proposal of  SIKIVIE 83. The theoretical prediction with [GA./3,/mAo] 2 = 
2 x 10 - 1 4  MeV - 4  (the three generation DFSZ model) and PA = 300 MeV/cm 3 that 

makes up galactic halos gives (GA.r3,/mAo) 2 PA = 4 x 10 -44.  Note that our definition 
of GA3,3 , is (1/47r) smaller than that of WUENSCH 89. 
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PRL 59 539 De Panfllis, Melissinos, Mo~kewitz+ (ROCH, BNL. FNAL ) 
PRL 60 3 9 2 8  Alston-Garnjost, DoughertT+ (LBL, MTHO, UNM) 
PR D37 618 +Boktash, Barker, Calapdce+(PRIN, SCUC, ORNL, WASH) 
PR D38 3375 +Eckiend, Nelson, Abashlan+ (FNAL, SLAC. VPI) 
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PR D38 2077 +Cooper, Frank, Hallin+ (LANL, STAN, CHIC, TEMP) 
PRL 56 2461 Bolton, Bowman, Cooper+ (LANL, STAN. CHIC, TEMP) 
PRL 57 3241 Grosnick. Wright. Boiton+ (CHIC, LANL, STAN, TEMP) 
PR D37 2714 +Nieve~, Pal (UMD, UPR. MASA ) 
PR D37 3225 +KIm, Kim. Lain (JHU) 
PRL 60 2242 +peafick, Hoernie, Sideras-Heddad, Sellschop (WlTW) 
PR C37 250 +ForBer, Gales, Hourani+ (IPN) 
PRL 61 1274 de Boer, van Dantzi 8 (ANIK) 
PRL 62 2644 erratum de Boer. van Dantzig (ANIK) 
PRL 62 2638 Perkins (OXF) 
PRL 62 2639 de Boer, van Dantzig (ANIK) 
JPG 14 LL31 de Boer, Deutsch, Lehma,n. Ptleels, SteFaerL (LOUV) 
PR D38 2722 +Last, Arnold, Freedman. Dubbers (HEIDP, ANL, ILLG) 
PR D37 2575 +Kotanl, Takesugi (OSAK) 
PRL 61 1271 +Bodawy (CAIR) 
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PL B203 469 +Yoshimura (KEK) 
PL 8214 10 +Mageras. Stiegler, Huszar (MPIM. PSI) 
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PRL 60 2443 yon Wimmersperg (BNL) 
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PRL 57 2105 +Calparice, Ounford, McDonald (PRIN) 
PR O34 1967 +Balke, Carr, GidaI, Shinsky+ (LBL, NWES, TRIU) 
PR D37 237 erratum Jodidio, Balke. Can+ (LBL, NWES, TRIU ) 
JETPL 44 146 +Klimov, Nikolaev, Mikeelyan+ (KIAE) 
Trandated from ZETFP 44 114. 
NE 96A 182 +Schult (JULI) 
PRL 57 659 +lmai, Kobayashi, Masaike, Miyake+ (KYOT, KEK) 
PRL 56 2672 +Franzini. Tuts. Youssef+ (MPIM, COLU, STON) 
PL B175 359 +Petronzio, ZavatUnl (CERN) 
PL BZ72 435 +Wu, Yanaglda (DESY) 
PR D33 897 (MPIM) 
PL 166B 402 (MPIM) 
PRL 57 178 +McKeown, Filippo~e, Mitchell (CIT) 
PL 153B 444 +Carbonl, Jonson, Thun (CERN) 
SJNP 4] 585 +Kalinina, Lushchlkov, Olshevsldi+ (JINR) 
Translated from YAF 41 912. 
PRL 55 1842 Boltrusaitis, Becker, Blaylock, Brown+ (Mark III Coitab.) 
PL 1578 458 +Dorenbo~ch, Allaby, Amaldi+ (CHARM Coital..) 
NP 8260 215 (HARV) 
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PTP 60 1942 (KYOT) 
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See key on page 213 

II 'EPTONS II 
ITI :--�89 

�9 MASS 

The mass is known much more precisely In u (atomic mass units) than 
in MeV (see the footnote). The conversion from u to MeV, l u  = 
931.49432 4- 0.00028 MeV, involves the relatively poorly known electronic 
charge. 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

0.510g~JO74-O.O0000015 1FARNHAM 95 CNTR Penning 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.51099906/:0.00000015 2 COHEN 87 RVUE 1986 CODATA value 
0.5110034 :s COHEN 73 RVUE 1973 CODATA value 

1 FARNHAM 95 compares cyclotron frequency of trapped electrons wi th that  of a single 
trapped 12C-F6 ion. The result is m e = 0.0005485799111(12)u, where the figure in 
parenthesis is the lc,  uncertainty in the last digit. The uncertainty after conversion to 
MeV is dominated by the uncertainty in the electron charge. 

2COHEN 87 (1986 CODATA) value in atomic mass units Is 0.000548579903(13). See 
footnote on FARNHAM 95. 

(me+ - m,_) / r o m p  
A test of CPTinvarlance. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

<:4 x 10 - 8  90 CHU 84 CNTR Posltronlum spec- 
troscopy 

Iqe+ + qrl/�9 
A test of CPT invariance. See also similar tests involving the proton. 

VALUE DOCUMENT ID TECN COMMENT 

<:4 x 10 - 8  3 HUGHES 92 RVUE 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 
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e 

�9 ELECTRIC DIPOLE MOMENT 

A nonzero value Is forbidden by both T invarlance and P invariance. 

VALUE (10 -26 ecm) CL.~_~ DOCUMENT ID TEEN COMMENT 

0.18 4- 0.124-0.10 9 COMMINS 94 MRS 205TI beams 
�9 * �9 We do not use the following data for averages, fits, l imits, e t c . � 9  �9 * 

0.274- 0.83 9 ABDULLAH 90 MRS 205TI beams 
- 14 4- 24 CHO 89 NMR TI F molecules 

1.5 4- 5.5 4-1.5 MURTHY 89 Cesium, no B field 
- 50 / :110 LAMOREAUX 87 NMR 199Hg 

190 4-340 90 SANDARS 75 MRS Thal l ium 
70 4-220 90 PLAYER 70 MRS Xenon 

< 300 90 WEISSKOPF 68 MRS Cesium 

9ABDULLAH 90 and COMMINS 94 use the relativistic enhancement of a valence elec- 
tron's electric dipole moment In a hlgh-Z atom. 

�9 MEAN LIFE / BRANCHING FRACTION 

A test of charge conservation. See the "Note on Testing Charge Conserva- 
tion and the Paun Exclusion Principle" fol lowing this section in our 1992 
edition (Physical Review D41S, 1 June, Part II (1992), p .V l . lO) .  We use 
the best "disappearance" l imi t  for the Summary Tables. The best nmlt  
for the specific channel e -  ~ u~, is much better. 

Note that  we use the mean life rather than what  is often reported, the 
half life. 

VALUE (}'r) CL~ DOCUMENT ID TECN COMMENT 

>4.3 X 1023 68 AHARONOV 95B CNTR Ge K-shll disappearance 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

>3.7 • 1025 68 AHARONOV 958 CNTR e -  ~ u-f 
>2.35 x 1025 68 BALYSH 93 CNTR e -  ~ u'~', 76Ge detector 
>2.7 x 1023 68 REUSSER 91 CNTR Ge K-shell disappearance 
>1.5 x 1025 68 AVIGNONE 86 CNTR e -  ~ v~, 
>1 x 1039 10 ORITO 85 ASTR Astrophysical argument 
>3 • 1023 68 BELLOTTI 83B CNTR e -  -~ u'y 
>2 x 1022 68 BELLOTTI 838 CNTR Ge K-shell disappearance 

10 ORITO 85 assumes that  electrom agnetic forces extend out  to large enough distances and 
that  the age of our galaxy Is 1010 years. 

<2 x 10 - 1 8  4 SCHAEFER 95 THEO Vacuum polarization | 
<1 • 10 - 1 8  5 MUELLER 92 THEO Vacuum polarization 

3 HUGHES 92 uses recent measurements of Rydberg-energy and cyclotron-frequency ra- 
tios. 

4 SCHAEFER 95 removes model dependency of MUELLER 92. I 
5 MUELLER 92 argues that  an inequality of the charge magnitudes would, through higher- 

order vacuum polarization, contribute to the net charge of atoms. 

e REFERENCES 

e MAGNETIC MOMENT ANOMALY 

. . / ~ B  - 1 = ( i - 2 1 / 2  
For the most accurate theoretical calculation, see KINOSHITA 81. 

Some older results have been omitted. 

VALUE (units 10 -6} DOCUMENT ID TECN CHG COMMENT 

1159.652193 :gO.000010 6 COHEN 87 RVUE 1986 CODATA 
value 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1159.65218844-0.0000043 VANDYCK 87 MRS - Single electron 
1159.6521879• VANDYCK 87 MRS + Single positron 
1159.652200 4-0.000040 VANDYCK 86 MRS - Single electron 
1159.652222 4-0.000050 SCHWINBERG 81 MRS 4- Single positron 

6The COHEN 87 value assumes the 8/2 values for e + and e -  are equal, as required by 
CPT. 

(ge+ - I r  ) / r  
A test of CPT invariance. 

VALUE (units 10 -12) CL__%% DOCUMENT 10 TECN COMMENT 

-- O_K-I- 2.1 7 VANDYCK 87 MRS Penning trap 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

< 12 95 8VASSERMAN 87 CNTR Assumes me+ = m e -  

22 4-64 SCHWINBERG 81 MRS Penning trap 

7VANDYCK 87 measured ( 8 _ / g + ) - 1  and we converted It. 

8VASSERMAN 87 measured (84- - 8 - ) / ( 8 - 2 )  �9 We multipl ied by ( 8 - 2 ) / 8  = 1.2 x 

1 0 - 3  

AHARONOV 9SB PR DS2 3785 +Avignon, Brodzinski, CoLlar+ (SCUC, PNL, ZAGR, TELA) 
Also 95 PL B353 168 Aharonov. Avignoee+ (SCUC, PNL, ZAGR, TELA) 

FARNHAM 05 PRL 73 3598 +Van Dyck, Schwinberg (WASH) 
SCHAEFER 95 PR A51 838 A. Schaefer, J. Reinhardt (FRAN) 
COMMINS 94 PR A50 2960 E.O. Commins. S.B. ROSS, D. DeMille, B.C. Regan 
BALYSH 93 PL B298 278 +Beck, Belyaev. 8ensch+ (KIAE, MPIH, SASSO) 
HUGHES 92 PRL 69 578 +Deutch (LANL, AARH) 
MUELLER 92 PRL 89 3432 +Thoma (DUKE) 
PDG 92 PR D45, 1 June, Part II Hikasa, Barnett, Stone+ (KEK, LBL, BOST+) 
REUSSER 91 PL 8255 143 +Treichel, Boehm, Broggini+ (NEUC, CIT, PSI) 
ABDULLAH 90 PRL 85 2347 +Cadberg, Commlns, Gould, Ross (LBL, UCB) 
CHO 99 PRL 83 2559 +Sangster, Hinds (YALE) 
MURTHY 89 PRL 83 965 +Krause, U, Hunter (AMHT) 
COHEN 87 RMP 59 1121 +Taylor (RISC, NBS) 
LAMORFAUX 87 PRL 59 2275 +Jacobs, Heckel, Raab, Fo~tson 0h'ASH) 
VANDYCK 87 PRI. 59 26 Van Dyck, Schwinberg, Dehrnelt (WASH) 
VASSERMAN 87 PL 8198 392 +Vo~byov, G~uskin+ (NOVO) 

Also 87B PL B187 172 Vasserman, Vorobyov, Gluskln+ (NOVO) 
AVIGNONE 86 PR D34 97 +Brodzinski, Hensley, Mile/, Reeves+ (PNL, SCUC) 
VANDYCK 86 PR D34 722 Van Dyck, Schwinberg, Dehmelt (WASH) 
ORITO 85 PRL 54 2 4 5 7  +Yoshimura (TOKY. KEK) 
CHU 84 PRL 52 1699 +Mills. Hall (BELL, NBS, COLD) 
BELLOTTI 83B PL 1248 435 +CorU, Fiodni, Liguori, Pullia+ (MILA) 
KINOSHITA 81 PRL 47 1573 +Lindquist (CORN) 
SCHWINBERG 81 PRL 47 1679 +Van Dyck, Dehmelt (WASH) 
SANDARS 78 PR A l l  473 +Sternhe~mer (OXF, 8NL} 
COHEN 73 JPCRD 2 663 +Taylor (RISC, NBS) 
PLAYER 70 JPB 3 1620 +Sandars (OXF) 
WEISSKOPF 68 PRL 21 1645 +Carrico, Gould, Lipe~rth+ (BRAN) 
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r ~  J= �89  

/= MASS 

The mass Is known more precisely In u (atomic mass units) than In MeV 
(see the footnote to COHEN 87), The conversion from u to MeV, I u = 
931.49432 4- 0.00028 MeV, Involves the relatively poorly known electronic 
charge. 

Where mp/m e was measured, we have used the 1986 CODATA value for 
m e = 0.51099906 4- 0.00000015 MeV, 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 
lmt____sJZan~l.l.O,__nnnm~__. 1 COHEN 87 RVUE 1986 CODATA 

value 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

105.6584~1 4-0.00033 2 BELTRAMI 86 SPEC - Muonlc atoms 
105.6584324-0.000064 3 KLEMPT 82 CNTR -}- Incl. In 

MARIAM 82 
105.658386-;-0.00O044 4 MARIAM 82 CNTR + 
105.65856:1:0.0o015 5 CASPERSON 77 CNTR + 
105.65836 4-0.0O026 6 CROWE 72 CNTR 
105.65865 4-0.O0044 7 CRANE 71 CNTR 

1 The mass Is known more precisely in u: m = 0.113428913 • 0.000000017 u. COHEN 87 

p ELECTRIC DIPOLE M O M E N T  

A nonzero value Is forbidden by both T Invadance and P Invadance. 

VALUE (10 -19 ecm) DOCUMENT ID TECN CHG COMMENT 

S.74.S. 4 9 BAILEY 78 CNTR 4- Storage ring 
�9 �9 �9 We do not use the following data for averages, fits, limits, e tc . �9  �9 �9 

8.64-4.5 BAILEY 78 CNTR + Storage rings 
0.8~4.3 BAILEY 78 CNTR - Storage rings 

9This Is the combination of the two BAILEY 78 results given below. 

p / p  M A G N E T I C  M O M E N T  RATIO 

This ratio Is used to obtain a precise value of the muon mass. Measure- 
ments with an error �9 0.00001 have been omitted. 

VAI.~I~ DOCUMENT ID TECN CHG COMMENT 
S . 1 1 1 3 t 4 E 4 7 . l . O . 1 7  10 COHEN 87 RVUE 1986 CODATA 

value 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3.1833441 :E0.0O00017 KLEMPT 82 CNTR -i- Precession strob 
3.1833461 4-0.00O0011 MARIAM 82 CNTR + HFS splitting 
3.1833448 :t:0.000o029 CAMANI 78 CNTR + See KLEMPT 82 
3.1833403 4-0.0000044 CASPERSON 77 CNTR + HFS splitting makes use of the other entries below. 

2 BELTRAMI 86 gives mlJm e = 206.76830(64). 

3 KLEMPT 82 gives mlJrn e = 206.76835(11). 

4 MARIAM 82 gives mlJm e = 206.768259(62). 

5 CASPERSON 77 Elves mt~/m e = 206.76859(29). 

6CROWE 72 gives mp/m e = 206.7682(5). 

7CRANE 71 gives mlJm e = 206.76878(85). 

/~ M E A N  LIFE T 

Measurements with an error �9 0.001 x 10 - 6  s have been omitted. 

VALUE (10 -s s) DOCUMENT ID TECN CHG 
2.19703 4-0,.00004 OUR AVERAGE 
2.197078:b0.000073 BARDIN 84 CNTR -}- 
2.1970254-0.000155 BAROIN 84 CNTR - 
2.19695 :E0.00O06 GIOVANETTI 84 CNTR + 
2.19711 4-0.O0008 BALANDIN 74 CNTR + 
2.1973 :E0,O003 DUCLOS 73 CNTR + 

1"~,+/~,_ M E A N  LIFE RATIO 

A test of CPT Invariance. 

VALUE DOCUMENT ID TECN COMMENT 
1 _~-----~---~A. =1= O .0000/11 BARDIN 84 CNTR 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3.1833402 :E0.0O00072 COHEN 73 RVUE 1973 CODATA 
value 

3.1833467 4-0.0000082 CROWE 72 CNTR -}- Precession phase 

10COHEN 87 (1986 CODATA) value was fitted using their own selection of the following 
data. Because their value Is from a multlparameter fit, correlations with other quantities 
may be important and one cannot arrive at this result by any average of these data alone. 

# -  DECAY MODES 

p+ modes are charge conjugates of the modes below. 

Mode Fraction (rdr) Confidence level 

1-1 e - P e v p  ~- zoo% 

1-2 e-~e/) /~ '7 [a] (1.44-0.4) % 

1-3 e - P e r #  �9 + e -  [b] (3.44-0.4) x 10 - 5  

Family number ( L F )  violating modes 

F 4 e-Ue-#l~ LF [c] < 1.2 % 
I" 5 e - "7  LF < 4.9 x 10 -11  

F 6 e -  �9 + e -  LF < 1.0 x 10 -12  
1"7 e-2.',/ LF < 7.2 x 10 -11  

90% 

90% 
90% 
90% 

[a] This only includes events wi th the ~ energy > 10 MeV. Since the e - ~ e  v#  

and e- '#eU~-y modes cannot be clearly separated, we regard the lat ter  
mode as a subset of  the former. 

�9 1.0006 4-0.0010 BAILEY 79 CNTR Storage ring 
1,000 4-0.001 MEYER 63 CNTR Mean l i f e / ~ + / p -  

(%+ - %-) / r,v,r,p 
A test of CPTInvarlance. Calculated from the mean-life ratio, above. 

~{~1~ DOCUMENT ID 
(2=1:l) x 10 - g  OUR EVALUATION 

p M A G N E T I C  M O M E N T  A N O M A L Y  

~./(eA/=m~)-1 = ~-2)12 
Por reviews of theory ano experiments, see HUGHES 85, KINOSHITA 84, COMB- 
LEY 81, FARLEY 79, and CALMET 77. 

VALUE (unit3 10 -s) DOCUMENT ID TECN CHG COMMENT 

11UJ~O'k0.0014 COHEN 87 RVUE 1986 CODATA 
value 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1165.910 4-0.011 8 BAILEY 79 CNTR -I- Storage ring 
1165.937 4-0,012 8 BAILEY 79 CNTR - Storage ring 
1165.923 4-0.0085 8 BAILEY 79 CNTR -;- Storage dng 
1165.922 4-0.O09 8 BAILEY 77 CNTR 4- Storage ring 
1166.16 4-0.31 BAILEY 68 CNTR 4- Storage rlnge 
1162.0 :E5.O CHARPAK 62 CNTR -I- 

8BAILEY 79 Is final result. Includes BAILEY 77 data. We use I.~/P magnetic moment 
ratio = 3.1833452 and recalculate the BAILEY 79 values. Third BAILEY 79 result is 
first two combined. 

(~+ - =~-) I ~,.~. 
A test of CPT Invarlance. 

VALUE (units 10 -s ) DOCUMENT ID 

-- :Lli:l: 1.ll BAILEY 79 

[b] See the Particle Listings below for the energy l imits used in this measure- 
ment. 

[c] A test o f  addit ive vs. mult ipl icat ive lepton family number conservation. 

p -  B R A N C H I N G  RATIOS 

r(e-VoV.~)/rt==l r=/r 
V~LVE EVT$ DOCUMENT IO TECN COMMEN T 
0.014 =t:0.004 CRITTENDEN 61 CNTR "y K E � 9  10 MeV 
�9 �9 �9 We do not use the following data for averages, fits, ,mRs, etc. �9 e �9 

862 BOGART 67 CNTR ~ KE �9 14.5 MeV 
0.O033-~-0.0013 CRITTENDEN 61 CNTR "f KE �9 20 MeV 

27 ASHKIN 59 CNTR 

r(.-v,..e+e-)/rt~ r=/r 
VALUE(units 10 -$ ) EVT$ DOCUMENT ID TECN CHO COMMENT 

3A::l=O.2=b0.3 7443 11BERTL 85 SPEC § SlNORUM 
�9 �9 �9 We do not use the following data for averages, fits, nmlts, etc. �9 �9 �9 

2.2• 7 12 CRITTENDEN 61 HLBC § E ( e + e - ) � 9  
MeV 

2 1 13 GUREVICH 60 EMUL + 
1.5-;- 1.0 3 14LEE 59 HBC + 

11BERTL 85 has transverse momentum cut PT �9 17 MeV/c. Systematic error was 
increased by us. 

12 CRITTENDEN 61 count only those decays where total energy of either (e "F, e - )  com- 
bination Is >10 MeV, 

13GUREVICH 60 Interpret their event as either virtual or real photon converdon, e "t" and 
e -  energies not measured, 

141n the three LEE 59 events, the sum of energies E(e + )  + E(e- )  + E(e + )  was 51 MeV, 
55 MeV, and 33 MeV, 
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M U O N  DECAY PARAMETERS 

Revised October 1997 by W. Fetscher and H.-J. Gerber (ETH 
Ziirich). 

Introduction-All measurements in direct muon decay, 

/z- --* e -  + 2 neutrals, and its inverse, u~ + e-  --~ # -  + neutral, 

are successfully described by the "V-A interaction", which 

is a particular case of a local, derivative-free, lepton-number- 

conserving, four fermion interaction [1]. As shown below, within 

this framework, the Standard Model assumptions, such as the 

V-A form and the nature of the neutrals (t,g and ~ ) ,  and hence 

the doublet assignments (v~ e - )~  and (t,~ /Z-)L , have been 

determined from experiments [2,3]. All considerations on muon 

decay are valid for the leptonic tan decays r --* ~ + ur + #~ with 

the replacements mg --* m, ,  me --* me. 
P a r a m e t e r s :  The differential decay probability to obtain 

an e • with (reduced) energy between x and x + dx, emitted in 

the direction ~ at an angle between v~ and t~ + dr9 with respect 

to the muon polarization vector Pg, and with its spin pointing 

in the arbitrary direction r neglecting radiative corrections, is 

given by 

d2F _ m ,  

a s  cos - - 

x (FIs(x) + P .  cos~) FAS(X)) 

• /1) 

Here, We~ = max(Ee) = (m 2 + m2e)/2m~, is the maximum e • 

energy, x = Ee/Weg is the reduced energy, xo = me/Weg = 

9.67 • 10 -3, and Pg = [/5~1 is the degree of muon polarization. 

is the direction in which a perfect polarization-sensitive 

electron detector is most sensitive. The isotropic part of the 

spectrum, FIs(x), the anisotropic part FAS(X) and the electron 

polarization, /Se(X, Zg), may be parametrized by the Michel 

parameters [1,4] p, ~1, ~, 6, etc. These are bilinear combinations 

of the coupling constants g~g, which occur in the matrix element 

(given below). 

If the masses of the neutrinos as well as x 2 axe neglected, 

the energy and angular distribution of the electron in the rest 

frame of a muon (#+) measured by a polarization insensitive 

detector, is given by 

d~r f 20 
X 2 . ~3(1 - x) + :~(4x - 3) + 3~/x0(l - x) /x  

dz d cos 

Here, ~ is the angle, between the electron momentum and the 

muon spin, and x =- 2Ee/m. .  For the Standard Model coupling, 

we obtain p = (6 = 3/4, ( = 1, ,7 -- 0 and the differential decay 

rate is 

2 5 

d~r - aFro" [ 3 -  2z=l=P, eosz~(2x-1)] x 2 
dx d cos z9 192~r a 

The coefficient in front of the square bracket is the total decay 
rate. 

If only the neutrino masses are neglected, and if the e =e 

polarization is detected, then the functions in Eq. (1) become 

Fls(X) = x(1 - x) + 2 p(4x 2 _ 3z - x~) + r/. zo(1 - x) 

FAS(X) ___ 1~ V ~  - x 2 

P,(x, #) = PT, s + PT2~ + PL "~ . 

Here ~, ~, and ~ are orthogonal unit vectors defined as follows: 

g ]/l[Sx ]l 
~=~• 

is along the e momentum 

is transverse to the e momentum and 

perpendicular to the "decay plane" 
is transverse to the e momentum and 

in the "decay plane." 

The components of fie then are given by 

PT1 (x, d) = P# sin ~) FTI (x)/(FIs(x) :}: P~ cos v ~ FAS(X)) 

PT2(X,V ~) = P~t s in9 FT2(X)/ (Fls(x)-4- p~ cosv~ FAS(X)) 

PL(X, ~) = • + P~, cos z9 

x RAp(x)/(FlS(X) 5= P. cosvq FAS(X)) , 
where 

FT,(X) = ~2 { - -2  [ ~ " +  12(p--  3)]  ( 1 -  x)xo 

--3~/(x 2 -- X2o) + r/ '(--3• 2 + 4x -- x2) }  

F , p ( = )  = { r  - = - =o + 4(p - �88 (4= = - 3= - 

+ 2 . " ( 1  - = ) = 0 }  

For the experimental values of the parameters p, ~, ~', ~l, 6, 

q, r~, a /A ,  fl/A, a ' /A,  # / A ,  which are not all independent, 

see the Data Listings below. Experiments in the past have also 

been analyzed using the parameters a, b, c, a ~, b', d, a /A ,  f l /A, 

a ' /A,  f i ' /A (and ~? = ( a -  2fl)/2A), as defined by Kinoshita 

and Sirlin [5]. They serve as a model-independent summary of 

all possible measurements on the decay electron (see Listings 

below). The relations between the two sets of parameters are 

p -  �88 = + 2 e ) l A  , 

71 = (~ - 2fl)/A , 

r/" = (3a + 2~) /A ,  

6 - 3 -  = 9_ . (a ~ -  2d)/A 
4 4 1 - [a + 3a' + 4(b + b') + 6c - 14d]/A ' 

6 [(b + b') + 2(c - d)]/A 

1 - ~' = [(a + a') + 4(5 + b') + 6(c + c')]/A,  

1 - ~" = ( -2a  + 20c)/A, 



See key on page 213 

where 

A = a + 4b + 6c.  

The differential decay probability to obtain a left-handed 
ue with (reduced) energy between y and y + dy, neglecting 

radiative corrections as well as the masses of the electron and 

of the neutrinos, is given by [6] 

{ } d-~ = 1 0 ~  " Q ~  ~ (1 - u) - ~L' (~ -- 43-) 

Here, y = 2 E~/m~. Q~L ~ and WL are parameters. ~ L  is the 

neutrino analog of the spectral shape parameter p of Michel. 

Since in the Standard Model, Q~  = 1, 0) L ---- 0 ,  the measure- 

ment of dF/dy has allowed a null-test of the Standard Model 

(see Listings below). 

Matr i z  element:  All results in direct muon decay (energy 

spectra of the electron and of the neutrinos, polarizations, and 

angular distributions) and in inverse muon decay (the reaction 

cross section) at energies well below m w  c2 may be parametrized 

in terms of amplitudes g~# and the Fermi coupling constant GF, 
using the matrix element 

4GF 
~ ~2<~.lr~l(~o).><~.),~lr~l~.>. (2) 

-t=S,V,T 
~,p=R,L 

We use the notation of Fetscher et aL [2], who in turn use the 

sign conventions and definitions of Scheck [7]. Here, 7 = S, V, T 

indicates a scalar, vector, or tensor interaction; and e, # = R, L 

indicate a right- or left-handed chirality of the electron or muon. 

The chiralities n and m of the ~e and P~ are then determined 

by the values of 7, e and #. The particles are represented by 

fields of definite chirality [8]. 

As shown by Langacker and London [9], explicit lepton-num- 

ber nonconservation still leads to a matrix element equivalent to 

Eq. (2). They conclude that it is not possible, even in principle, 

to test lepton-number conservation in (leptonic) muon decay if 

the final neutrinos are massless and are not observed. 

The ten complex amplitudes 9~e~ 9T T ( RR and 9LL are identi- 
caily zero) and GF constitute 19 independent (real) parameters 

to be determined by experiment. The Standard Model interac- 

tion corresponds to one single amplitude g[L being unity and 

all the others being zero. 

The (direct) muon decay experiments are compatible with 

an arbitrary mix of the scalar and vector amplitudes gS L and 
V gLL - in the extreme even with purely scalar gSLL 2, V 

= gLL = O. 
The decision in favour of the Standard Model comes from the 

quantitative observation of inverse muon decay, which would be 

forbidden for pure g~L [2]. 

g=perimental  determinat ion of  V--A: In order to de- 

termine the amplitudes gT~ uniquely from experiment, the 

following set of equations, where the left-hand sides represent 

experimental results, has to be solved. 
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a --- 16(IgVLI 2 + IgVRI 2) + Ig~L + 6gTLI 2 + IgSR + 6gLTRI 2 

a '  = 16(IgVLI 2 -  V 2 

al=8im{gVR(gS*L+6T*. V 8. 6gT~)} gRL) -- gRL(gLR + 

b v 2 = 4(Ig.RI + Ig[L?) + IgSRI 2 + IgSLI ~ 

e = 4(Ig~.l ~ -- Ig[LI ~) + IgsRl ~ - I / L ?  

4Re~-V ~s. , gV g S . I  
= - t ~ n n ~ L L  1- LL n n f  

and 
Ue 1 S 2 1 S 2 

,,~'gS~R,'5 + 41~1 ~ + I~L + 2g T~L ~ 
~  = "4 S 2 ~ R R  :~LL ~ L R  -}- " 

It has been noted earlier by C. Jarlskog [10], that certain exper- 

iments observing the decay electron are especially informative 

if the yield the V-A values. The complete solution is now 

found as follows. Fetscher et al. [2] introduced four probabilities 

Qe~(e, # = R, L) for the decay of a #-handed muon into an 

e-handed electron and showed that there exist upper bounds 

on QRR, QLn, and QRL, and a lower bound on QLL. These 

probabilities are given in terms of the g~ ' s  by 

Q o .  = ~1 g..s : + Eg~l~ + 3(1 - 5 . . ) l g T . ?  , (3) 

where 6~ = 1 for e = #, and 6e~ = 0 for s ~ #. They are 

related to the parameters a, b, c, a', b', and c' by 

QRR = 2(b + b')/A, 

QLn = [(a - a') + 6(c - c')]/2A, 

QRL = [(a + a') + 6(c + c')]/2A, 

QLL = 2(5 - b')/A, 

with A = 16. In the Standard Model, QLL ---- 1 and the others 

are zero. 

Since the upper bounds on QRR, QLR, and QRL are found 

to be small, and since the helicity of the v~ in pion decay is 

known from experiment [11,12] to very high precision to be 

- 1  [13], the cross section S of inverse muon decay, normalized 

to the V-A value, yields [2] 

s 2 lgLd -< 4(1 - S) (7) 
and 

IgvLI ~ = s .  (5) 

Thus the Standard Model assumption of a pure V-A leptonic 

charged weak interaction of e and # is derived (within errors) 
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from experiments at energies far below mass of the W+: Eq. (5) 

gives a lower limit for V-A, and Eqs. (3) and (4) give upper 

limits for the other four-fermion interactions. The existence of 

such upper limits may also be seen from QnR+QI~L = (1 --~r)/2 

and QRR+QLR = �89 ~6/9). Table 1 gives the current 
experimental limits on the magnitudes of the g~Tp's. 

Limits on the "charge retention" coordinates, as used in the 

older literature (e.g., Ref. 16), are given by Burkard et al. [1711 

Table  1. Coupling constants geT/=. Ninety-percent confidence 
level experimental limits. The limits on ]g~LI and IgVLI are 
from Ref. 14, and the others are from Ref. 15. The experimental 
uncertainty on the muon polarization in pion decay is included. 

gV Ig~RI < 0.066 I RRI < 0.033 IGOR1 = 0 

Ig~RI < 0.125 IgvRI < 0.060 [g~RI < 0.036 

IgSRLI < 0,424 ig~L[ < 0.110 Ig~LI < 0.122 

Ig~LI < 0.550 IgvLLI > 0.960 ]g~LI ---- 0 
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/~ DECAY PARAMETERS 

p PARAMETER 
( V - - A )  theory predicts p = 0.75. 

VALUE E V T S  OOCUMENT I O T~CN CHG COMMENT 

0.1~18-1- 0.00~6 DERENZO 69 RVUE 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.762 4-0.008 170k 27 FRYBERGER 68 ASPK Jr 25-53 MeV ejr 
0.760 4-0.009 280k 27 SHERWOOD 67 ASPK + 25-53 MeV e § 
0.75034-0.0o26 800k 27 PEOPLES 66 ASPK Jr 20-53 MeV eJr 

27r/ constrained = O. These values incorporated into a two parameter fit to p and ~ by 
DERENZO 69. 

q PARAMETER 
( V - A )  theory predicts r / =  O. 

VALUE E V T S  DOCUMENT ID T~(~N CHG COMMENT 
-0.00'/'4-0.0'15 OUR AVERAGE 
-0.0074.0.013 5.3M 28 BURKARD 85B FIT + 9-53 MeV e + 
-0 .12 4-0.21 6346 DERENZO 69 HBC Jr 1.6-6.8 MeV 

e+  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0.0124-0.0154-0.003 5.3M 29 BURKARD 85B CNTR + 9-53 MeV ejr 
0.0114-0.0814-0.026 5.3M BURKARD 855 CNTR Jr 9-53 Me ' / e j r  

- 0 .7  4-0.5 170k 30 FRYBERGER 68 ASPK + 25-53 MeV e -I" 
-0 .7  4-0.6 280k 30SHERWOOD 67 ASPK Jr 25-53 MeV eJr 

0.05 4-0.5 800k 30 PEOPLES 66 ASPK Jr 20-53 MeV ejr 
- 2 .0  4-0.9 9213 31 PLANO 60 HBC + Whole spec- 

trum 
28Global fit to all measured parameters. Correlation coefficients are given In 

BURKARD 855. 
29~z = c= r = 0 assumed. 
30p constrained = 0.75. 
31Two parameter fit to p and r/; PLANO 60 discounts value for r/. 

$ PARAMETER 
( V - A )  theory predicts 6 = 0.75. 

VALUE EVT5 DOCUMENT ID TECN CHG COMMENT 

0.741864.0.0~4-0.00~ s 32 BALKE 88 SPEC + Surface/~§ 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

33 VOSSLER 69 
0.752 4-0,009 490k FRYBERGER 68 ASPK Jr 25-53 MeV e + 
0,782 4-0.031 KRUGER 61 
0.78 4-0.05 8364 PLANO 60 HBC Jr Whole spec- 

trum 
32 BALKE 88 uses p = 0.752 4- 0.003. 
33 VOSSLER 69 has measured the asym metry below 10 MeV. See comments about radiative 

corrections in VOSSLER 69. 

I(e PARAMETER)x(# LONGITUDINAL POLARIZATION) I 
( V - A )  theory predicts ~ = 1, longitudinal polarization = 1. 

VALUE E V T S  OOCUMENT ID TECN CHG COMMENT 

1.00~74-0.00"/~4-0.0030 BELTRAMI 87 CNTR SIN, ~r decay in 
flight 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.00134-0.00304-0.0053 34 IMAZATO 92 SPEC + K + ~ /~Jru/j 

0,975 4.0.015 AKHMANOV 68 EMUL 140 kG 
0.975 4.0.030 66k GUREVICH 64 EMUL See AKHMA-  

NOV 65 
0,903 4-0,027 35 ALI-ZADE 61 EMUL + 27 kG 
0,93 4-0.06 8354 PLANO 60 HBC Jr 8.8 kG 
0,97 4-0.05 9k BARDON 59 CNTR Bromoform 

target 

34The corresponding 90% confidence limit from IMAZATO 92 Is I~P/zl > 0.990. This 

measurement is of K j r  decay, not ~-F decay, so we do not Include It in an average, nor 
do we yet set up a separate data block for K results. 

35 Depolarization by medium not known sufficiently well. 

( x (# LONGITUDINAL POLARIZATION) x 6 / p 
VALU~ CL~ DOCUMENT ID T~CN CHG COMMENT 

: > O . ~  90 36 JODIDIO 86 SPEC Jr TRIUMF 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>0.9966 90 37 STOKER 85 SPEC + /=-spin rotetlon 
>0.9959 90 CARR 83 SPEC Jr 11 kG 

36 JODIDIO 86 includes data from CARR 83 and STOKER 85. The value here Is from the 
erratum. 

37STOKER 85 find (~P/=~/p) >0.9955 and >0.9966, where the first limit Is from new/~ 
spin-rotation data and the second Is from combination with CARR 83 data. In V - A  
theory, (b/p)  = 1.0, 

= LONGITUDINAL POLARIZATION OF e + 
( V - A )  theory predicts the longitudinal polarization = 4-1 for e4-, respectively. We 
have flipped the sign for e -  so our programs can average. 

VALUE EVT...~_.SS DOCUMENT ID TECN CHG COMMENT 
1.00 4-0.04 OUR AVERAGE 
0.9984.0.045 1M BURKARD 85 CNTR + Bhabha + annlhll 
0.89 • 29k SCHWARTZ 67 OSPK - Moiler scattering 
0.94 • BLOOM 64 CNTR Jr Brems. transmlss. 
1.04 :EO.II~ :~' DUCLOS 64 CNTR + Bhabha scattering 
1.05 •  BUHLER 63 CNTR Jr Annihilation 

~ PARAMETER 
VA~.U E EVT5 DOCUMENT ID T.ECN CHG COMMENT 

0.fdi4-0..416 326k 38 BURKARD 85 CNTR + Bhabha + annlhll 

38 BURKARD 85 measure (~*r-~ l ) / l~ and ~l and set ~ = 1, 

TRANSVERSE e + POLARIZATION IN PLANE OF/~ SPIN, �9 + MOMEN- 
TUM 
VALUE E V T S  DOCUMENT I D TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.016• 5.3M BURKARD 855 CNTR + Annihil 9 5 3  MeV 



See key on page 213 

TRANSVERSE e + POLARIZATION NORMAL TO PLANE OF/~  SPIN, �9 + 
M O M E N T U M  

Zero If T Invarlance holds. 
VA~.~ EVT5 DOCUMENT ID T~CN CHG COMMENT 

0.00?4-OJW2-t-0.(X}7 5.3M BURKARD 859 CNTR + Annlbl l  9-53 MeV 

=/A 
VALUE (units 10 -3) EVTS DOCUMENT ID TEEN CHG COMMENT 

0.4 4. 4.3 39 BURKARD 85B FIT 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

15 +-50 +-14 5.3M BURKARD 85B CNTR + 9-53 MeV �9 + 

39Global f i t  to all measured parameters. Correlation coeffidents are given in 
BURKARD 85B. 

d/A 
Zero i f  Tlnvarlance holds. 

VALUE (units 10 -3) EVTS DOCUMENT ID TECN CHG COMMENT 

-- 0.24- 4.~1 40 BURKARD 859 FIT 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 4 7  + 5 0  / :14  5.3M 41 BURKARD 85B CNTR + 9-53 MeV e + 

4OGIobal f i t  to all measured parameters. Correlation coeffidents are given in 
BURKARD 85B. 

41BURKARD 85B measure e + poladzatlons PT1 and PT2 versus e + energy. 

~/A 
VALUE (units 10 -3 ) EVTS DOCUMENT ID TECN CHG COMMENT 

$.9 "1" 6.2 42 BURKARD 85B FIT 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2 / :17  +-6 5.3M BURKARD 85B CNTR + 9-53 MeV �9 + 

42Global f i t  to all measured parameters. Correlation coefficients are given in 
BURKARD 859. 

~'/A 
Zero If T Invarlance holds. 

VALUE (units 10 -3) EVTS DOCUMENT ID TEEN CHG COMMENT 

1.154- 6'.3 43 BURKARD 85B FIT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

17 / : 17  / : 6  5.3M 44BURKARD 85BCNTR +- 9 - 5 3 M e V e  + 

43Global f i t  to all measured parameters. Correlation eoeffidents are given in 
BURKARD 85B. 

44 BURKARD 85B measure �9 + polarizations PT1 and PT2 versus e + energy. 

a/A 
This comes from an alternative parametedzatlon to that  used In the Summary Table 
(see the "Note on Moon Decay Parameters" above). 

VALUE (units 10 -3  ) CL,__~ DOCUMENT ID TECN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<15.9 90 45 BURKARO 859 FIT 

45Global f i t  to all measured parameters. Correlation coefficients are given In 
BURKARD 85B. 

WA 
This comes from an alternative parametedzatlon to that  used In the Summary Table 
(see the "Note on Moon Decay Parameters" above). 

VALUE (units 10 -3  ) DOCUMENT ID TECN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

5.3+-4.1 46 BURKARD 85B FIT 

46Global f i t  to all measured parameters. Correlation coefficients are given in 
BURKARD 85B. 

(t/+b)lA 
This comes from an alternative parametedzatlon to that  used In the Summary Table 
(see the "Note on Moon Decay Parameters" above). 

VALUE (units 10 -3 ) CL._..~ DOCUMENT ID TEEN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<1.04 90 47 BURKARD 85B FIT 

47Global f i t  to all measured parameters. Correlation coefficients are given in 
BURKARD 85B. 

c/A 
This comes from an alternative parametedzatlon to that used in the Sommary Table 
(see the "Note on Moon Decay Parameters" above). 

VALUE (units 10 -3) CL..~ DOCUMENT ID TECN 

�9 �9 �9 We do not use the fol lowing data for averages, fits. l imits, etc. �9 �9 �9 

<6,4 90 48 BURKARD 85B FIT 

48Global f i t  to all measured parameters. Correlation coefficJents are given In 
BURKARD 858. 

285 

Lepton Particle Listings 
# 

vIA 
This comes from an alternaUve parameterlzatlon to that  osed In the Summary Table 
(see the "Note on Moon Decay Parameters" above). 

VALUE (units 10 -3 ) DOCUMENT ID TECN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

3 .5•  49 BURKARD 859 FIT 

49Global f i t  to all measured parameters. Correlation coeffidents are given In 
BURKARD 85B. 

PARAMETER 
( V - A )  theory predicts ~ = 0. f i  affects spectrum of radiative moon decay. 

VALUE DOCUMENT IO TECN CHG COMM~'NT 
0.0~ 4.0.0e OUR AVERAGE 

-0 .014•  EICHENBER... 84 ELEC + p free 
+0 .09  +-0.14 BOGART 67 CNTR + 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

--0.035+-0.098 EICHENBER... 84 ELEC + p=0.75 assumed 

GDRDEEV 

ABELA 
HONECKER 
DOHMEN 
FREEDMAN 
NI 
IMAZATD 
BARANOV 

KRAKAUER 
MATTHIAS 

Also 
HUBER 
AHMAD 

Also 
BALKE 
BELLGARDT 
BDLTON 

Also 
Also 

BELTRAMI 
COHEN 
BEER 
BELTRAMI 
JODIDIO 

Also 
BERTL 
BRYMAN 
BURKARD 
BURKARD 

Also 
Also 

HUGHES 
STOKER 
BARDIN 
BERTL 
BDLTON 
EICHENBER.. 
GIOVANETTI 
KINOSHITA 
AZUELOS 

Also 
BERGSMA 
CARR 
KINNISON 

Also 
KLEMPT 
MARIAM 
MARSHALL 
COMBLEY 
NEMETHY 
ABELA 
BADERT... 

Also 
JONKER 
SCHAAF 

Also 
WILLIS 

AlsO 
BAILEY 
FARLEY 
BADERT... 
BAILEY 

AlSO 
BLIETSCHAU 
BOWMAN 
CAMANI 
BADERT.. 
BAILEY 

Also 
Also 

CALMET 
CASPERSDN 
DEPOMMIER 
BALANDIN 

COHEN 
DUCLOS 
EICHTEN 
BRYMAN 
CROWE 
CRANE 
DERENZO 
VOSSLER 
AKHMANOV 

/J REFERENCES 

97 PAN 60 1164 V.A. Gefdeev+ (PNPI) 
Tral~ated from YAF 60 1291. 

% PRL 77 1 9 5 0  +Bagaturia+ (PSi. ZURI. HEIDH. TBIL. YALE~i -) 
% PRL 76 200 +Dohmen. Haan, Junker+ (SINDRUM II Collab.) 
93 PL B317 631 +Groth, Heer+ (PSI SINDRUM-II Collab.) 
93 PR D47 811 +Fujikawa, Napo~itano, Nelson+ (LAMPF E645 Collab. ) 
93 PR D48 1976 +Arnold, Ehmely+ (LAMPF CrystakB~x Collab.) 
92 PRL 69 977 +Kawashima, Tanaka+ (KEK, INUS, TOKY, TOKMS) 
91 SJNP 33 802 +Vanko, Glazov, Evtukhovich+ {JINR) 

Translated from YAF 53 1302. 
918 PL 8263 534 +Talaga, Allen, Chert, Doe+ (UMD, UCI, LANL) 
91 PRL 66 2716 +Ahn+ (YALE, HEIDP, WILL, GSh VILL, BNL) 
91B PRL 67 932 erratum Matthias. Ahn+ (YALE, HEIDP, WILL. GSh VILL. BNL ) 
9OB PR D41 2709 + (WYDM, VICT, ARIZ, ROCH, TRIU. SFRA, BRCO) 
88 PR D38 2102 +Azu#os+ (TRiU, VICT. VPI. BRCO, MONT, CNRC) 
87 PRL 39 970 Ahmad+ (TRIU. VPI, VICT, BRCO, MONT, CNRC ) 
88 PR D37 587 +Gidel, Jodldio+ (LBL, UCB, COLD, NWES, TRIU) 
88 NP B299 1 +Otter, Eichler+ (SINDRUM Collab.) 
88 PR D3S 2077 +Cooper. Frank, Halfin+ (LANL, STAN, CHIC, TEMP) 
86 PRL 36 2461 Bolton, Bowman, Cooper+ (LANL. STAN, CHIC, TEMP ) 
86 PRL 57 3241 Grosnick, WdKIlt, Bolton+ (CHIC, LANL, STAR, TEMP) 
87 RL B194 326 +Burkard, Von Dincklage+ (ETH, SIN, MANZ) 
87 RMP 59 1121 +Taylor (RISC, NRS) 
86 PRL 57 671 +Marshall, Mason+ (VICT, TRIU, WYOM) 
86 NP A451 679 +Aas, Beer. Dechambder, Goudsmit+ (ETH, FRIB) 
86 PR D34 1967 +Balke, Carr, Gldal, Shinsky+ (LBL, NWES, TRIU) 
88 PR D37 237 erratum Jodidio, Balke, Carr+ (LBL, NWES, TRIU) 
85 NP B260 1 +EKE, Eichler+ (SINDRUM Cotlab.) 
83 PRL 55 465 + (TRIU, CNRC, BRCO, LANL, CHIC, CARL+) 
85 PL 1SOB 242 +C(xriveau. Eig~er+ (ETH, SIN, MANZ) 
859 PL 1COB 343 +Corrive=u. EKKer+ (ETH, SIN, MANZ) 
818 PR D24 2004 Corriveau, Eger, Fetscher+ (ETH, SIN, MANZ) 
83B PL 129B 260 Coeriveau, EIg{er, Fetrcher+ (ETH, SiN, MANZ) 
85 CNPP 14 341 +Kinoshita (YALE, CORN) 
85 PRL 54 1887 +Balke, Cgrr, Gidal+ (LBL, NWES, TRIU) 
84 PL 137B 135 +Dodos, Mainon+ (SACL, CERN, BGNA, FIRZ) 
84 PL 1409 299 +Eickler. Felawke+ (SINDRUM Co41ab. ) 
84 PRL 53 1415 +Bowman, Cadini+ (LANL, CHIC, STAN, TEMP) 
84 NP A412 523 Eichenber&er, EnKfer. VanderSchaff (ZURI) 
84 PR D29 343 +Dey, Eckhause, Hart+ (WILL) 
84 PRL 52 717 +Nizic, Okamoto (CORN) 
83 PRL 31 164 +Depommie~, Leroy, Maltin+ (MONT, TRIU, BRCO) 
77 PRL 39 1113 Oepommier+ (MONT. BRCD, TRIO, VICT, MELB) 
83 PL 1229 465 +Dotenbosch, Jonker+ (CHARM Coliab.) 
83 PRL 51 627 +Gidal, Gabld, Jodidio, Oram+ (LBL, NWES, TRIU) 
82 PR 025 2 8 4 6  +A.demm*,  Matis, Wright+ (EFh STAN, LANL) 
79 PRL 42 556 Bowman, Coopex, Harem+ (L/~SI., EFh STAN) 
82 PR D25 652 +Schulze, Wolf. Camani, Gyl~x+ (MANZ. ETH) 
82 PRL 49 993 +Beer, Bolto., Egan, Gardner+ (YALE, HEIDH, BERN) 
82 PR D25 1174 +Watre.. Oram, Kiefl (BRCO) 
81 PRPL 68 93 +Farley, picauo (SHELF, RMCS. CERN) 
91 CNPP 10 147 +Hughes (LBL, YALE) 
80 PL %B 313 +Backenstoss, Simons, Wuest+ (BASL, KARLK. KARLE) 
80 LNC 28 401 Badertscher, Borer, Czapek, Fluecklger+ BERN) 
82 NP A377 406 Badertsciler, Bccer. Czapek, Flueck ger+ BERN) 
80 PL 93B 203 +Panman. Udo, Allaby+ (CHARM Coltab.) 
80 NP A340 249 +EnKfer, Povet, Dey+ (ZURI, ETH, SIN) 
77 PL 72B 183 Povel. Dey, Walter, Pfelfler+ (ZURh ETH, SIN ) 
80 PRL 44 522 +Hughes+ (YALE, LBL, LASL, SACL, SIN, CNRC+) 
809 PRL 43 1370 Willis+ (YALE, LBL, LASL, SACL, SIN, CNRC+) 
79 NP B150 1 (CERN, DARE, MANZ ) 
79 ARNPS 29 243 +Picasso (RMCS, CERN) 
78 PL 799 371 Badertscher, Borer, Czapek, Flueckiger+ (BERN) 
78 JPG 4 345 (DARE, BERN, SHEF, MANZ, RMCS, CERN, BIRM) 
79 NP B160 1 Barley (CERN, DARE, MANZ) 
78 NP B133 265 +Deden, Ha~rt, Krenz+ (Gargamelle Collab.) 
78 PRL 41 442 +Cheng, L;, Matis (LASL, IAS, CMU, EFI) 
78 PL T/B 326 +Gypx, Klempt, Schenck, Schulze+ (ETH, MANZ) 
77 PRL 39 1385 Badertscher, Borer, Czapek, Flueckiger+ (BERN) 
77 PL 67B 225 + (CERN Moon Storage Ring Collab.) 
77C PL 689 191 Bailey+ (CERN, DARE, BERN. SHEF, MANZ+) 
75 PL 559 420 Baitey+ (CERN Moon Storage Ring Coltab., BIRM) 
77 RMP 49 21 +Narlsog, Perrottet+ (CPPM) 
77 PRL 38 956 +Crane+ (BERN, HEIDH, LASL, WYOM, YALE) 
77 PRL 39 1113 + (MONT, BRCO, TRIU, VICT, MELB) 
74 JETP 40 911 +Gtebenyuk, Zinov, Konin, Ponomalev (JINR) 

Trandated from ZETF 67 1631. 
73 JPCRD 2 663 +Taylor (RISE, NBS) 
73 PL 47B 491 +Mignon, Picard (SACL) 
73 PL 46B 281 +Oeden, Hasert, Krenz+ (Gargamelie Collab.) 
72 PRL 28 1469 +Biecher, Gotow, powe~ (VPI) 
72 PR D5 2143 +Hague, Rothberg, Schenck+ (LBL, WASH) 
71 PRL 27 474 +Caspemon, Crane, Egan, Hughes+ (YALE) 
69 PR 181 1854 {EFI) 
69 NC SSA 423 (EFI) 
68 SJNP 6 230 +Gui'evich, DoMetsov. Makadna+ (KIAE) 

Translated from YAF 6 316. 
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BAILEY 68 
AlSO 72 

FRYBERGER 68 
BOGART 67 
SCHWARTZ 67 
SHERWOOD 67 
PEOPLES 66 
BLOOM 64 
DUCLOS 64 
GUREVICH 64 
BUHLER 63 
MEYER 63 
CHARPAK 62 
CONFORTO 62 
ALI-ZADE 61 

CRITTENDEN 61 
KRUGER 61 
GUREVICH 60 

PLANO 60 
ASHKIN 59 
BARDON 59 
LEE 59 

E] 

Particle Listings 

PL 28B 287 +BarU, VonBochmann, Brown, Farley+ (CERN) 
NC 9A 369 Bailey, BarU, VonBochmann, Brown+ (CERN) 
PR 166 1379 (EFI) 
PR 156 1405 +Dicapua. Nemethy, Streizoff (COLU) 
PR 162 1306 (EFI) 
PR 156 1475 (EFI) 
Nevi$ 147 unpub. (COLU) 
PL 8 87 +Dick. Feuvrais, Henry, Macq, Splghel (CERN) 
PL r 62 +Heintze, DeRujula, Soergel (CERN) 
PL 11 185 +Makarina+ (KIAE) 
PL 7 368 +Cabibbo, Fidecaro. Massam, Muller+ (CERN) 
PR 132 2693 +Anderson, Bleser, Lederman+ (COLU) 
PL 1 16 +Fadey. Garwln+ (CERN) 
NC 26 261 +Conversi, D~lega+ (INFN, ROMA. CERN) 
JETP 13 313 +Gurevich, Nikolski 
Translated from ZETF 40 452. 
PR 121 1823 -}-Walker, Ballam (WISC, MSU) 
UCRL 9322 unpub. (LRL) 
JETP 10 225 +Nikolski, Surkova (ITEP) 
Trandated from ZETF 37 318. 
PR 119 1400 (COLU) 
NC 14 1266 +Fazzini, Fidecaro, Lipman, Merrison+ (CERN) 
PRL 2 56 +Bedey, Lederman (COLU) 
PRL 3 55 +Samios (COLU) 

J=�89 
r discovery paper was PERL 75. e + e  - ~ r + r  - cross-section 
threshold behavior and magnitude are consistent with pointlike spin- 
1 /2  Dirac particle. BRANDELIK 78 ruled out pointlike spin-0 or 
spin-1 particle. F E L D M A N  78 ruled out J = 3/2.  K IRKBY 79 also 
ruled out J=integer,  J = 3/2.  

VALUE (MeV) EVTS 

1778.2 :E0.8 :E1.2 

1776 9 r  "t"0"25 
�9 " - -0 .21  --0.17 65 

1777.8 4-0.7 •  35k 

1776.3 4-2.4 •  11k 

1783 -I-3 692 
- 4  

M A S S  

DOCUMENTID TECN COMMENT 

ANASTASSOV 97 CLEO E c ~ =  10.6 GeV 

1BAI 96 BES E c ~ =  3.54-3.57 GeV 

2 BALEST 93 CLEO E c ~ =  10.6 GeV 

3 ALBRECHT 92M ARG Ec~ = 9.4-10.6 GeV 

4 BACINO 78B DLCO E c ~ =  3.1-7.4 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1776.9 -FO.4 i 0 . 2  14 5 BAI 92 BES Repl. by BAI 96 - 0 . 5  

1BAI 96 fit # ( e + e  - ~ ~ - •  at different energies near threshold. 
2 BALEST 93 fit spectra of minimum kinematically allowed r mass in events of the type 

e~-e - --* T ' P r  - ~ (~r+nTrOu~)(~--m~rO~T) n < 2, m <_ 2, 1 <_ n§  _< 3. If 

rout  ~ O, result increases by (m2 /1100 MeV). 

3ALBRECHT 92M fit T pseudomass spectrum in ~-- -~ 2~r--~r-FuT decays. Result 
assumes m e = 0 .  

4 BACINO 78B value comes from e :E X T threshold�9 Published mass 1782 MeV increased 
by 1 MeV using the high precision ~(25)  mass measurement of ZHOLENTZ 80 to 
eliminate the absolute SPEAR energy calibration uncertainty. 

5BAI 92 fit ~r(e-Fe - ~ ~ + ~ - )  near threshold using e/~ events, 

M E A N  LIFE 

VALUE (10 -15 s) E V T S  DOCUMENT ID TECN COMMENT 
2gO.0=E 1.2 O U R  AVERAGE 
290.1:E 1.5•  1.1 BARATE 97R ALEP 1989-1994 LEP runs 
291.4:E 3.0 ABREU 96B DLPH 1991-1993 LEP runs 
290.1:E 4.0 34k ACCIARRI 96K L3 1994 LEP run 
289.2:E 1.7-;- 1.2 ALEXANDER 96E OPAL 1990--1994 LEP runs 
289.0d: 2.8~ 4.0 57.4k BALEST 96 CLEO E~m= 10.6 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, 

291.2• 2 .0•  1.2 BARATE 971 ALEP Repl. by BARATE 97R 
297 :E 9 :E 5 1671 ABE 95Y SLD 1992-1993 SLC runs 
293 :E 9 ~12  5743 ADRIANI 93M L3 1991 LEP run 
304 :E 14 -F 7 4100 BATTLE 92 CLEO Ece~= 10.6 GeV 

309 :E 23 :E30 2817 ADEVA 91F L3 1990 LEP run 
301 :E 29 3780 KLEINWORT 89 JADE E~m= 35-46GeV 

e e _  288 :J: 16 ~-17 807 AMIDEI 88 MRK2 E c m - 2 9 G e V  

306 :E 20 •  695 BRAUNSCH... 88c TASS E~m= 36 GeV 

299 :E 15 4-10 1311 ABACHI 87c HRS E~m= 29 GeV 
e e _  295 :E 14 •  5696 ALBRECHT 87P ARG E c m -  9.3-10.6 GeV 

309 :J: 17 -4- 7 3788 BAND 87B MAC E c ~ =  29 GeV 

325 4- 14 4-18 8470 BEBEK 87C CLEO E c ~  10.5 GeV 

460 4-190 102 FELDMAN 82 MRK2 E~m= 29 GeV 

etc. �9 �9 �9 

~" M A G N E T I C  M O M E N T  A N O M A L Y  

/ ~ r / ( e S / 2 r n . ) - i  = ( E r - 2 ) / 2  
For a theoretical calculation [(g~.-2)/2 = 11773(3) x 10-7],  see SAMUEL 91B. 

VALU E CL~ DOCUMENT ID T~:CN COMMENT 
> - o ~ r ~  Bad < 0.088 (CL ---- ~ % )  OUR LIMIT 

> -0.052 and < 0.058 95 ACCIARRI 98E L3 1991-1995 LEP runs I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

> -0 .068 and < 0.065 95 6 ACKERSTAFF 98N OPAL 1990-1995 LEP runs I 
> - 0 . 0 0 4 a n d < 0 . 0 0 6  95 7ESCRIBANO 97 RVUE Z ~  ~" t -~ ' -a tLEP I 
<0.01 95 8ESCRIBANO 93 RVUE Z- - *  ~ ' + r - a t L E P  
<0.12 90 GRIFOLS 91 RVUE Z ~ ~-r~( at LEP 
<0.023 95 9SILVERMAN 83 RVUE e •  - ~ ~ + ~ ' -  at 

PETRA 

6ACKERSTAFF 98N use Z ~ ~'-}%'--9 events. The limit applies to an average of the I 
form factor for off-shell ~*'s having p2 ranging from m 2 to ( M z - m . r )  2. I 

7 ESCRIBANO 97 use preliminary experimental results. I 
8ESCRIBANO 93 limit derived from I ' (Z ~ ~*+ ~--), and is on the absolute value of the 

magnetic moment anomaly. 
9 SILVERMAN 83 limit is derived from e "P e -  ~ ~'-}" ~ -  total cross-section measurements 

for q2 up to (37 GeV) 2. 

E L E C T R I C  D I P O L E  M O M E N T  ( d r )  

A nonzero value is forbidden by both T invariance and P Invarlance. 

VALUE (10 -16 ecru) CL~ DOCUMENT ID "FECAl COMMENT 

> - 3 . 1  aM < 3.1 (CL = gE%) OUR LIMIT 

> -3 .1  and < 3.1 95 ACCIARRI 98E L3 1991-1995 LEP I 
runs 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

> -3 .8  and < 3.6 95 10 ACKERSTAFF 98N OPAL 1990-1995 LEP I 
runs 

<0.11 95 11,12 ESCRIBANO 97 RVUE Z --* ~--F~-- at | 
LEP 

<0.5 95 13 ESCRIBANO 93 RVUE Z --* ~-+~-- at 
LEP 

<7 90 GRIFOLS 91 RVUE Z - *  ~--y at 
LEP 

<1.6 90 DELAGUILA 90 RVUE e - F e - ~  
T+T- -  

EC~= 35 GeV 

10ACKERSTAFF 98N use Z ~ ~-+ r - - y  events. The limit applies to an average of the I 
form factor for off-shell "r's having p2 ranging f . . . .  2 to ( m z - m . r )  2. I 

11ESCRIBANO 97 derive the relationship ]d,I = cot ~W IdW[ using effecUve Lagranglan I 
methods, and use a conference result ]dWJ < 5.8 x 10 - 1 8  ecm at 95% CL (L. SIIvestris, I 
ICHEP96) to obtain this result. I 12 ESCRIBANO 97 use preliminary experimental results. 

13 ESCRIBANO 93 limit derived from I ' (Z --* ~-+ r - ) ,  and Is on the absolute value of the 
electric dipole moment. 

~" W E A K  D I P O L E  M O M E N T  (d  w )  

A nonzero value is forbidden by CP Invarlance. 

R=(~,*) 
VALUE (10 -17 ecru) C L f ~  DOCUMENT ID TECN COMMENT 

<0.56 95 ACKERSTAFF 97L OPAL 1991-1995 LEP runs 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<3.0 90 14 ACCIARRI 98c L3 1991-1995 LEP runs 
<0.78 95 15 AKERS 95F OPAL Repl. by ACKER- 

STAFF 97L 
<1.5 95 15 BUSKULIC 95C ALEP 1990-1992 LEP runs 
<7.0 95 15 ACTON 92F OPAL Z --~ ~'+~-- at LEP 
<3.7 95 15 BUSKULIC 92J ALEP Repl. by BUSKULIC 95c 

14 ACCIARRI 98c limit Is on the absolute value of the real part of the weak dipole moment. I 
15Limit Is on the absolute value of the real part of the weak dipole moment, and applies 

forq 2 = m~. 

am(d~) 
VALUE (10 17 ecm) CL.I~ DOCUMENT ID TECN COMMENT 

<1.6 95 ACKERSTAFF 97L OPAL 1991-1995 LEP runs I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<4.5 95 16 AKERS 95F OPAL Repl. by ACKER- 
STAFF 97L 

16 Umlt is on the absolute value of the Imaginary part of the weak dipole moment, and 
applies for q2 = m2z. 

I 

I" W E A K  A N O M A L O U S  M A G N E T I C  D I P O L E  M O M E N T  ( a ~  w )  

Ra(~,") 
VALUE CL~ QOCUMENT ID TECN COMMENT 

<4 .g  X 10 - 3  90 17 ACCIARRI 98C L3 1991-1995 LEP runs I 

17ACCIARRI 98C limit is on the absolute value of the real part of the weak anomalous I 
magnetic dipole moment. 



See key on page 213 

Im(a  w)  
VALUE 

<9.g  x 10 - 3  
DOCUMENT ID TECN COMMENT 

90 18 ACCIARRI 98C L3 1991-1995 LEP runs I 

18 ACCIARRI 98C nmlt Is ~ the abs~ value ~  the imaginary part ~ the weak an~176 I 
magnetic dipole moment. 

287 

Lepton Particle Listings 

r -  DECAY MODES 

r + modes are charge conjugates of the modes below. "h E" stands for 
~r • or K • "~' stands for e or #. "Neutral" means neutral hadron whose 
decay products include *r's and/or ~r0's. 

Scale factor/ 
Mode Fraction ( r l / r )  Confidence level 

Modes wi th one charged particle 
part ic le-  _> 0 neutrals _> OKOvr (84.71• 0.13) % r l  

( " l - p rong" )  
1-2 part ic le-  _> o neutrals _> oKOvr 
r3 p-P#- .  
1-4 # -  "6 ~, vr ,,/ 
1- 5 e-  "Ue ur 
F 6 h- >0neutrals >_OK 0 u r 

1-7 h -  > OK~ Vr 
1-8 h-  Vr 
1-9 ~ -  "~ 
Flo K -  "r 
I"11 h -  _> 1 neutra ls ,  r 
['12 h - / r  0 " r  
F13 ~-- ~0 " r  
1-14 7r- ~r 0 non-p(770) .~ 
F15 K -  ~r 0 " r  
F16 h -  >_ 2~rOvr 
r17 h -  2~ ~  
r15 h -  2~r 0 v~ (ex.K ~ 
r19 ~ -  2~r~ "r (ex. K 0) 
1-20 K -  2~r 0 " r  (ex. K 0 ) 
F;1 h -  > 3~rOvr 
r22 h -  3~ 0 er 
r23 ~r- 3~r 0 "r (ex. K ~ ) 

1"24 K -  3~r 0 Ur ( ex-K0 ) 

1"25 h -  4~r ~ Vr (ex. K 0) 
r26 h- 4~ 0 Ur (ex. K 0 J/) 
1-27 K -  >_ O~r ~ >_OK ~ " r  
r28 K -  _> l (~ r  0 o r  K O) " r  

(55.30• 0.13) % 
[a] (17.37+ 0.09) % 
[b] ( 3.0 • 0.6 ) x  10 - 3  

[a] (17.81• 0.07)% 
(49.52• 0.16) % 
(12.32+ 0.12)% 
(11.79:5 0.12) % 

[4 (11.08• 0.13)% 
[a] ( 7.1 :E 0.5 )x 10 -3 

(36.91• o.17) % 
(25.84• o.14) % 

[,1] (25.32• 0.15) % 
( 3.0 • 3.2 ) x  10 - 3  

[a] ( 5.2 • 0.5 ) x 10 -3 

(10.79• 0.16) % 
9.39• 0.14) % 
9.23• 0.14) % 

[a] 9.15:5 0.15) % 
[a] 8.0 • 2.7 ) x 10 - 4  

1.404, 0.11) % 
1.23• 0.10) % 

[a] 1.11:5 0.14) % 

[a] 4.3 _+10:0 ) x 10 - 4  

1.7 • 0,6 ) x  10 - 3  
[a] 1.1 4, 0.6 ) x 10 - 3  

1.66:5 0.10) % 
9.5 • 1.0 ) • 10 - 3  

Modes with/(O's 
1-29 K 0 (part ic les)-  " r  
1-30 h - K - ~  > 0 neutrals > OKOL.r 
1-31 h--KO "~ 
1-32 ~:--'K'O . r  
1-33 ~r - 

(non- K*  (892)-) u r 
r34 K -  K ~ . r  
F3S h -  -'K'~ ~r~ . r 
F36 ~ -  -K%r~ " r  
1-37 -~O p-  .~ 
1-38 K -  K ~ ~r ~ . r  
F39 ~r- -'K~ ~rO ~rO . r 

1-4o K- K ~ ~o ~o "r 

1-41 ~r- K~ -~ "r 

F42 ~:- K~ K~ vr 
r43 ,~- K ~ K t - .  

F45 ~r- KUs K~ ~r ~ . r  
F4~ K -  K ~ > 0 neutrals " r  
1"47 K ~ h + h -  h -  _> 0 neutrals " r  
F45 K ~ h + h -  h -  "r 

5=1.2 

5=1.2 

S=1.2 
S=1.5 
S=1.5 
S=1.4 

S=1.2 
5=1.1 
S=1.1 

S=1.2 
S=1.2 
5=1,2 
5=1.2 

S=l,1 
5=1.1 

( 1.66:5 0.09)% 5=1.4 
( 1.62:5 0.09)% 5=1.4 
( 9.9 • 0.8 )X 10 -3  5=1.5 

[a] ( 8.3:5 o.s ) x 10 -3 s:1.4 
< 1.7 x 10 -3  CL=95% 

[a] ( 1.59• 0.24) x 10 - 3  
(5.5 • o . 5 ) x l O  - 3  

[a] ( 3.9 • 0.5 ) x  10 - 3  
( 1.9:5 0.7 ) x 10 - 3  

[a] ( 1.s1• 0.29) x 10 -3 
( 6 + 4 )x l0  -4 

< 3.9 x 10 - 4  CL=95% 
[a] ( 1.21+ 0.21) x 10 -3  5=1.2 

( 3.0 • 0.5 ) x  10 -4  5=1.2 
( 6.0 4- 1.0 ) x 10 -4 5=1.2 

< 2.0 x 10 - 4  CL=95% 
( 3.1 • 1.2 ) x 10 - 4  
( 3.1 • 0.4 ) x 10 - 3  

< 1.7 x 10 - 3  CL=95% 
( 2.3 • 2.0 ) x  10 - 4  

1"49 
['5O 

r51 
r52 
r53  
1-54 
F55 
1-56 
1"57 
1-58 
1-59 

1"6o 
['61 
F62 
F63 
F64 
r65 
1-66 
1-67 
1-68 
1-69 
1-7o 
1-71 
F72 
F73 

r74 

1-75 
1-76 
1-77 
1-78 
1-79 
1-8o 

1-81 

1-82 
1-83 
r84 
Fo5 
1"o6 
1"07 
1-88 
1-89 
I-9o 

r91 

r92 
F93 
F94 

F95 
F96 

F97 
F98 
F99 
Floo 
r lOl  
F102 
F103 
F1o4 

FI05 
FlO6 
FlO7 
F1o0 
FlO9 
FllO 

Modes with three charged particles 
h - h - h  + >_ 0 n e u t . . r ( " 3 - p r o n g " )  (15.18• 0.13)% 

h - h - h  + _> 0neutrals Vr 
(ex. K ~ -~ ~+ ~-) 

~-7 r  + ~ -  > 0 neutrals v r 
h - h - h + v r  
h -  h -  h+ vr(ex.K ~ 
h- h- h+ ur(ex.KO,u~) 
~-  Tr + ~r- ur 
~r- Ir + l r -  Ur (ex.K 0) 
7r- ~ + ~r- Vr (ex .K~ [a] 
h - h - h  + > 1 neutrals v r 
h -  h -  h + > 1 neutrals v r (ex. 

K o -~ . + ~ - )  

h -  h -  h+ ~rou r 
h -  h -  h+ Tr~ (ex.K 0) 
h-  h -  h+ lr~ vr (eX. K ~ ~)  
~r- ~r+ I r -  lrO vr 
~r - Ir + l r -  ~r 0 Vr (ex.K 0) 
~r- ~+ ~-  7r 0 Vr (ex.K 0,~) [a] 
h - ( p l r ) ~  

(al(Z260) h ) - . ,  
h -  p TrO vr 
h - p +  h - , r  
h - p - h + , .  

h -  h -  h + 27r ~  
h -  h -  h + 27r 0 "r  (ex. K O) 
h -  h -  h + 2~ ~ Vr (ex.K ~ [a] 

h -  h -  h + > 3~r ~  [a] 

h -  h -  h + 3~ ~ Vr 
K -  h + h -  > 0 neutrals " r  

K-~r+~r  - > 0 neutrals " r  
K - ~ +  ~ r - . r  
K-  ~+ ~ - "r (ex.K 0 ) [a] 
K - ~ + ~ - ~ O . r  

K -  7r + 7r- 7r ~ v r (ex.K ~ [a] 

K -  lr + K -  > 0 neut. ,~  
K -  K+Tr - _> 0 neut. " r  

K -  K+  ~ r - , r  
K -  K+  ~ r - l r~  

K - K  + K -  _>0neut.  " r  
K -  K+  K - , r  

~ r - K  + ~ r -  _> 0 neut. v r 
e- e- e+-6e . r  
# -  e- e+-P# . r  

Modes wi th f ive charged par 'dd~ 
3 h - 2 h  + _ 0 neutrals u r ( 9.7 • 0.7 

(ex. K ~ - - *  ~r-~ +) 
( "5-prong" ) 

3 h - 2 h + . r ( e x . K  ~ [a] ( 7.5 + 0.7 
3h-2h+~r~  ~ [a] ( 2.2 4- 0.5 
3h-2h+2~rO.r  < 1.1 

Miscellaneous other allowed modes 
(5/r)--~'  r ( 7.4 • 0.7 

4h-3h + > 0 neutrals Vr < 2.4 

( "7-prong" ) 
K * ( 8 9 2 ) -  > O(h 0 # KO)pr ( 1.94• 

K * ( 8 9 2 ) -  _> 0 neutrals u r ( 1.33:5 
K * ( 8 9 2 ) -  "r  1.28• 

K * ( 8 9 2 ) ~  - _ 0 neutrals " r  3.2 + 
K*(892)  0 K -  Ur 2.1 • 

K* (892)0~  - _> 0 neutrals u r 3.8:5 
K*(892)~ - u r 2.2 • 

( K * ( 8 9 2 ) ~ r ) - .  r -~ 1.1 • 
~r- N%rOv~ 

K1(1270) - ,  r ( 4 : 5  
K1(1400) -u  ~ ( 8 • 
K~(1430)-u  r < 3 

ao(980)- _> 0 neutrals "r  
~/~T-. T < 1.4 
~l ~r- ~rO vr 

q- 

5=1.2 
(14.60• 0.13) % S=1,2 

(14.60• 0.14) % 
9.96• 0.10) % 5=1.1 
9.62• 0.10) % 5=1.1 
9.57• 0.10) % 5=1.1 

9.564- o.11) % s=1.1 
9.52:5 0.11) % S=1.1 
9.23• 0.11) % S=1.1 
5.18• 0.11) % 5=1.2 
4.98• 0,11) % 5=1,2 

4.50• 0.09) % 
4.31• 0.09) % 
2.59• 0.09) % 
4.35• 0.10) % 
4.224- 0.10) % 
2,49• 0.10) % 
2.00• 0.35) % 

< 2.0 % 
1136-}" 0120) @/@ 
4.5 4- 2.2 ) x 10 - 3  
1,174, 0,23) % 
5,4 4" 0.4 ) x 10 - 3  
5,3 • 0,4 ) x  10 - 3  
1.1 -4- 0.4 ) x 10 - 3  

1.4 + 0.9 -- 0.7 ) X 10 - 3  

2,9 • 0.8 ) x 10 - 4  
5.4 • 0.7 ) X 10 - 3  
3.1 • 0.6 ) x 10 - 3  
2.3 �9 0.4 ) x 10 - 3  
1.8 • 0.5 ) x  10 - 3  
8 • 4 ) x l O  - 4  

2.4 + 4.3 - 1.6 ) x 10 - 4  

< 9 x 10 - 4  
( 2.3 • 0.4 ) X 10 -3 

[a] ( 1.61• 0.26) x 10 - 3  
[a] ( 6.9 • 3.0 ) x 10 - 4  

< 2.1 x 10 - 3  
< 1,9 x 10 - 4  
< 2,5 x 10 - 3  

( 2.8 4- 1.5 ) x 10 - 5  
< 3.6 x 10 - 5  

x 10 - 4  

x 10 - 4  
x 10 - 4  
x 10 - 4  

x 10 - 3  
x 10 - 6  

0.31) % 
0.13) % 
0.08) % 
1.4 x 10 - 3  
0.4 • 10 - 3  
1.7 x 10 - 3  
0.5 • 10 - 3  
0.5 x 10 - 3  

4 x 10 - 3  
4 x 10 - 3  

x 10 - 3  

x 10 - 4  
[a] ( 1.744- 0.24) x 10 - 3  

S=1.1 
5=1,1 

CL=95% 

S=1.5 

5=1,1 
5=1,1 

CL=95% 

CL=95% 
CL=90% 
CL~95% 

CL=90% 

CL=90% 

CL=90% 

CL=95% 

CL=95% 
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1'111 ~/~'-~'O~rOu~ " ( 1.4 + 0.7 ) x l O  - 4  

F112 ~lK-v~. ( 2,7 • 0.6 ) x l O  - 4  
1'113 ~7 ~T-I'1r-~'- ~> 0 neutrals v~ < 3 x 10 - 3  CL=90% 
1'114 f / l r -~ r+~r -v~  - ( 3,4 • 0.8 ) x l 0  - 4  
1'115 r / a l ( 1 2 6 0 ) - v  r --~ ~7~r-pOu~. < 3,9 x 10 - 4  CL=90% 
1'116 ~r/lr-/J~. < 1,1 x l 0  - 4  CL=95% 
1'117 ~/~/11"-Ir0/J~ - < 2.0 x l0 - 4  CL=95% 
J-118 ~/I(gF'8)R--/)l" < 7 . 4  x 10 - 5  CL=Se% 
1'119 r / ' (958)~r -~Ovr  < 8.0 x lO - s  CL=~0% 
1'120 ~ r - U r  < 2.0 x 10 - 4  CL=90% 
1'121 ~ K - v , r  < 6.7 x lO  - 5  CL=90% 
F12 2 f l ( 1285)~ r -Ur  ( 5.8 ~ 2.3 ) x l O  - 4  
1'123 f '1(1285)~r-e~ --~ ( 1.9 �9 0.7 ) x  10 - 4  

r124 h-oJ  ~ 0 neutrals v .  ( 2.36-{- 0.08)% 
F12 s h-~u~.  [a] ( 1.93• 0.06)% 
r126 h - ~ r ~  [a] ( 4.3 • 0.5 ) x 10 - 3  
1'127 h-~2~rOu~ ( 1.9 • 0.8 ) x 10 - 4  

Lepton Family number (LF), Lepton number (L), 
or Baryon number (B)  violating model  

(In the modes below, l mesM a sum over e a M  p modm) 

L means lepton number violation (e.g. . r -  ~ e + x - x - ) .  Following 
common usage, LF means lepton family violation and nor lepton number 
violation (e.s ~'- --~ e -  x +  ~ - ) .  B means baryon number violation. 

[128 e - " f  LF < 2.7 x 10 - 6  CL=90% 
1-129 /~- 'Y LF < 3.0 x 10 - 6  CL=se% 
J'130 e -  lr 0 LF < 3,7 x 10 - 6  CL=90% 

"~1'131 / ~- 'R0 LF < 4.0 x l0 - 6  CL=90% 
1'132 e -  K 0 LF < 1.3 x 10 - 3  CL=90% 
1'133 I ~-  K 0 LF < 1.0 x 10 - 3  CL=90% 
1-134 e -  7/ LF < 8,2 x 10 - 6  CL=90% 
['135 /~- r /  LF < 9.6 x 10 - 6  CL=90% 
1'136 e - P  0 LF < 2.0 x 10 - 6  CL=90% 
1'137 I~-P 0 LF < 6.3 x 10 - 6  CL=90% 
1'138 e -  K* (892)  ~ LF < 5.1 x 10 - 6  CL=90% 
1'139 /~- K* (892)  ~ LF < 7.5 x 10 - 6  CL=90% 
F140 e - K ' * ( 8 9 2 )  ~ LF < 7,4 x10  - 6  CL=90% 
1'141 / ~ - K * ( 8 9 2 )  ~ LF < 7.5 x l0 - 6  CL=90% 
1'142 e - ~  LF < 6.9 x 10 - 6  CL=90% 
J-143 /z-q~ LF < 7.0 x 10 - 6  CL=90% 
1'144 " f f -~  L < 2.8 x 10 - 4  CL=90% 
1'145 ~ ' - / t  0 L < 3,7 x 10 - 4  CL=90% 
[.146 e -  e + e -  LF < 2.9 x 10 - 6  CL=90% 
1'147 e - / ~ + / ~ -  LF < 1.8 x l 0  - 6  CL=90% 
1'148 e'F I ~ -  I .~- LF < 1.5 x 10 - 6  CL=90% 
1'149 /~- e+ e -  LF < 1.7 x 10 - 6  CL=90% 
[.150 /~+ e -  e -  LF < 1.5 x 10 - 6  CL=90% 
1'151 / ~ - # - t - # -  LF < 1.9 x l0 - 6  CL=90% 
1'152 e -  7t "+-Tr- LF < 2,2 x 10 - 6  CL=90% 
1'153 e + / s  L < 1.9 x 10 - 6  CL=90% 
1-154 / J ' - / r+ ' / r -  LF < 8.2 x l0 - 6  CL=90% 
1'155 /~+']r" /r L < 3.4 x l0 - 6  CL=90% 
1'156 e -  ~-F K -  LF < 6.4 x 10 - 6  CL=90% 
1'157 e - l r -  K + LF < 3,8 x 10 - 6  CL=90% 
1'108 e + ~ r - K -  L < 2.1 x l 0  - 6  CL=90% 
1'159 e -  K + K -  LF < 6.0 x 10 - 6  CL=90% 
1'160 e+ K -  K -  L < 3.8 x 10 - 6  CL=90% 
1-161 # -  7r't" K -  LF < 7,5 x 10 - 6  CL=90% 
1'162 I J -  ~ -  K +  LF < 7.4 x 10 - 6  CL=90% 
['163 # + ~ r - K -  L < 7,0 x l 0  - 6  CL=90% 
1'164 J~- K +  K -  LF < 1.5 x 10 - 5  CL=90% 
1'165 / z-I" K -  K -  L < 6.0 x 10 - 6  CL=90% 
J'166 e -  ~.o 1;.o LF < 6.5 x 10 - 6  CL=90% 
1'167 / z- / r0~'0 LF < 1.4 x l 0  - 5  CL=90% 
1-168 e -  r/r/ LF < 3.5 x 10 - 5  CL=90% 
1'169 /~-r / r /  LF < 6.0 x l0 - 5  CL=90% 
1'170 e- / ro~/  LF < 2.4 x 10 - 5  CL=90% 
1'171 /z- l r%7 LF < 2.2 x lO - 5  CL=90% 
1'172 P'~ L,B < 2.9 x lO - 4  CL=90% 
1'173 ~ 0  L,B < 6.6 x 10 - 4  CL=90% 
1'174 ~r/  L,B < 1.30 x 10 - 3  CL=90% 
1'175 e - l i g h t  boson LF < 2.7 x 10 - 3  CL=95% 
1'176 /~ - I igh t  boson LF < 5 x 10 - 3  CL=gS% 

[a] Basis mode for the r .  

[b] See the Particle Listings below for the energy limits used in this measure- 
ment. 

CONSTRAINED FIT INFORMATION 

An overall f it to 65 branching ratios uses 141 measurements and 
one constraint to determine 29 parameters. The overall f i t  has a 
x 2 = 94.2 for 113 degrees of freedom. 

The following off-diagonal array elements are the correlation coefficients 
(axibxj)/(6xi.axj), in percent, from the fit to the branching fractions, x i -_- 

FJFtota I. The fit constrains the x i whose labels appear in this array to sum to 

xs 

x9 

xlO 

x13 

Xls 

Xle 

x20 

x23 

x24 

x26 

x32 

x34 

x36 

x3s 

x41 

xs7 

x6s 

x73 

x74 

x79 

Xsl 

x84 

xss 

x92 

x93 

X11o 

x12s 

x126 

11 

-11  - 1 0  

0 0 - 3 4  

- 1 5  - 1 3  - 1 7  3 

0 0 2 - 7  - 3 7  

-16  - 1 4  - 1 5  1 - 2 4  1 

0 0 1 - 3  1 - 4  - 1 8  

- 7  - 6  - 1 3  14 - 1 4  17 - 1 4  8 

0 0 7 - 1 9  9 - 2 3  2 -11  - 7 2  

- 5  - 4  - 5  0 - 7  0 - 9  0 - 4  0 

- 2  - 2  - 2 4  0 - 3  0 -12  0 - 2  1 

0 0 - 4  --3 1 - 3  - 2  - 2  7 - 9  

- 2  - 2  - 1  1 - 4  1 - 3  1 - 8  3 

- 1  - 1  1 --3 0 - 4  - 1  - 2  6 -11  

- 1  --1 --3 

--7 --6 --4 

--3 --3 --4 

--1 - 1  --2 

--6 --5 --7 

0 0 1 

0 0 0 

0 0 0 

0 0 0 

0 0 --1 

0 0 0 

--1 --1 - 1  

- 2  - 2  - 3  

- 2  - 2  - 3  

0 --2 0 --2 0 --1 0 

0 --10 0 --9 0 --4 0 

0 --5 0 --5 0 --1 --1 

0 --2 0 --2 0 --1 0 

0 --9 0 --9 0 --4 0 

0 0 1 0 0 --1 2 

1 0 1 0 0 --1 3 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 --1 0 - 1  0 0 0 

0 0 0 0 0 0 0 

0 --1 0 - 1  0 --1 0 

0 --3 0 --4 0 --1 0 

0 --3 0 --4 0 --2 0 

x32 

x34 

x36 

x3e 

x41 

)(57 
xes 

x73 

x74 

x7s 

Xel 

x84 

Xss 

x92 

x93 

X11o 

x125 

x126 

x3 xs x9 x lo x13 x ls  x19 x20 x23 x24 

- 1  

0 - 1 0  

- 1  - 8  - 1  

0 - 3  - 2  - 2 9  

- 1  - 4  - 1  - 2  - 1  

- 3  - 1 7  4 0 0 0 

- 2  1 0 - 1 0  7 0 -10  

1 0 0 0 0 0 - 1  - 2  

- 3  0 0 0 0 - 1  - 1 3  - 1 5  - 3  

0 2 - 1 8  0 0 0 -40 3 0 0 
0 1 1 7 - 2 3  0 3 -41  0 0 

0 0 0 0 0 0 - 2 3  3 0 0 

0 0 0 0 0 0 2 , - 3 0  0 0 

0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 

- 1 4  0 0 0 0 0 - 1  0 - 1 4  - 1  

- 1  0 0 - 4  - 1  0 - 6  - 2 8  - 1  - 8  

- 1  0 0 0 0 0 - 1  - 4  - 4 2  - 4  

~6 ~2 ~4 ~6 ~0 ~1 ~7 ~s ~3 ~4 
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;(81 

x84 
Xss 

x92 
x93 

XllO 

X12S 
X126 

- 8  

0 0 

0 0 - 9  

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 

0 - 24  

0 0 0 

0 0 0 0 

0 0 0 0 --1 

X79 XSl X84 X85 X92 X93 Xl10 X125 

r B R A N C H I N G  F R A C T I O N S  

Revised April 1998 by K.G. Hayes (Hillsdale College). 

For the last six years, the rate of publication of new 

experimental results on the r lepton has been high. The 30 new 

experimental papers listed in the r References for this edition 

have produced significant changes in the T Listings. The new 

results are made possible by the large r data sets accumulated 

by the LEP experiments and by CLEO. Measurements of new 

r-decay modes with small (< 10 -3) branching fractions have 

been published, and stringent upper limits on other new allowed 

r decays have also been published. Significant improvements in 

branching fraction upper limits for forbidden r decays have 

been made including the determination of upper limits for 12 

new forbidden decay modes. The great majority of branching 

fraction upper limits for forbidden modes are now in the range 

of 10 -5 to 10 -6 . 

Relatively precise branching fractions for 3-prong exclusive 

r-decay modes containing charged kaons have finally been pub- 

lished [1]. This allows the determination of branching fractions 

for the decay modes r -  --* r - r + r r - v r  and r -  --~ 7r-Tr+r-Tr~ 

the last exclusive v-decay modes with large branching fractions 

to be measured. The new measurements have resulted in a 30% 

increase in the number of r-decay modes in the Listings; 176 

decay modes are listed in the current edition, although many 

are not mutually independent. 

There have also been many new measurements of r-decay 

parameters. For most parameters, the uncertainty on the world 

average has decreased by a factor of 2.5 or more. Finally, new 

experimental limits have been published for the various r-dipole 

moments. However, there have been few new measurements 

of r-decay modes with large branching fractions, and the 

world average values for most of these branching fractions have 

changed little since the last edition. 

The  cons t ra ined  l l t  to r branching  .fractions: The Lep- 

ton Summary Table and the List of r-Decay Modes contain 

branching fractions for 105 conventional v-decay modes and up- 

per limits on the branching fractions for 22 other conventional 

r-decay modes. Of the 105 modes with branching fractions, 

76 are derived from a constrained fit to r branching fraction 

data. The goal of the constrained fit is to make optimal use 

of the experimental data to determine r branching fractions. 

For example, the new branching fractions for the decay modes 

r -  --,  7 r - ~ + T r - V r  and r -  --+ rr-Tr+rr-Tr~ are determined 

mostly from experimental measurements of the branching frac- 

tions for modes r -  -~ h - h - h + v r  and r -  ~ h-h-h+Tr~ 
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and the new measurements of exclusive branching fractions for 

3-prong modes containing charged kaons and 0 or 1 7r~ 

Branching fractions from the constrained fit are derived 

from a set of basis modes. The basis modes form an exclusive 

set whose branching fractions are constrained to sum exactly 

to one. The list of 29 basis modes selected for the 1998 fit 

are listed in Table 1. The only change for the 1996 basis 

set is that the two modes r ~ h - h - h + v r  (ex. K~ and 
r ~ h-h-h+rr~ (ex. K~ have been replaced by the six 

new modes: 

r -* r-zr+Tr-vr (ex. K~ 

r --* 7r-rr+'lr-Tr~ (ex. K~ 

r --+ K-Tr+Tr-v~ (ex. K~ 

r --~ K-Tr+Tr-zr~ (ex. K~ 

r ~ K-K+Tr-vr ,  and 

r ~ K-K+Tr-r~  

Table  1: Basis modes for the 1998 fit to r branching 
fraction data. 

e-Per t  K - K ~  

#-Pj,  vr K -  K % ~  
r - v ~  zr-zr+Tr-v~ (ex. K~ ; 

~ - ~ ~  r ~ - ~ + ~ - ~ ~  (ex. K ~ w) 

rr-27r~ (ex. K ~ K-Tr+Tr-vr (ex. K ~ 

7r-31r~ (ex. K ~ K-Tr%r-Tr~ (ex. K ~ 

h-4~rOvr (ex. K ~ K-K+Tr-v~  

K - v r  K-K+Tr-Tr~ 
K-zr~ h-h-h+2~r~ (ex. K 0, w, ~/) 

K-27r~ (ex. K ~ h - h - h  + > 31r~ 

K-37r~ (ex. K ~ 3h-2h+vr (ex. K ~ 

7r--K~ 3h-2h+Tr~ (ex. K ~ 

7r--K~176 h -wvr  

7r- KO~~ h-wTr~ 

7r-rpr~ 

In selecting the basis modes, assumptions and choices 

must be made. Factors pertaining to the selection of the 

1996 basis modes are described in the 1996 edition. Ad- 

ditional assumptions have been made in selecting the six 

new modes for the 1998 basis set. We assume the decays 

r -  ~ r -K+~r  - _> 0zr~ and r -  --* 7r+K-K - >_ Ozr~ have 

negligible branching fractions. This is consistent with Standard 

Model predictions for r decay, although the experimental lim- 

its for these branching fractions are not very stringent. The 

95% CL upper limits for these branching fractions in the cur- 

rent Listings are B(T- --~ z r - K % r -  > 0r~ < 0.25% and 

B(~r+K-K - > 0zr~ < 0.09%, values not so different from 

measured branching fractions for allowed 3-prong modes con- 

taining charged kaous. Although our usual goal is to impose 

as few theoretical constraints as possible so that the world 

averages and fit results can be used to test the theoretical con- 

straints (i.e., we do not make use of the theoretical constraint 
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from lepton universality on the ratio of the r-leptonic branch- 

ing fractions B ( r -  --+ #- 'P~Vr)/B(r-  --* e-vevr)  ----- 0.9728), 

the experimental challenge to identify charged prongs in 3- 

prong r decays is sufficiently difficult that experimenters have 

been forced to make these assumptions when measuring the 

branching fractions of the allowed decays. 

We also assume the branching fraction for the allowed decay 

r -  --* K - K +  K - >_ Orc~ is negligible. This decay has limited 

phase space, and the branching fraction is expected to be very 

small. The branching fraction upper limit for this decay in the 

current Listings is B(T- ~ K - K + K  - > 07r~ < 0.21% at 

95% CL, and the ALEPH Collaboration [1] has determined a 

much more stringent limit on the branching fraction B(T- 

K - K + K - v r )  < 0.019% at 90% CL. 

Recent measurements of several new decay modes having 

very small branching fractions have raised two other issues 

regarding the choice of basis modes. The ALEPH Collaboration 

has recently measured new branching fractions for 1-prong 

r decays containing two neutral kaons [2]. The basis set has 

just one r-decay mode containing two neutral kaons: r -  --* 

~r-K~176 In calculating the contribution of this decay to 

other measured r-decay modes, we assume the two neutral 

kaons decay independently: 

B ( r -  --* ~r-K~ = B(T- --~ ~r-K~176 
1B( ~r- g ~ 1 7 6  ). 

B(T- -o zr- g~ g~ vr ) = 1B(Tr- g~176 ). 
This assumption may be incorrect. For example, Bose-Einstein 

correlations between the two neutral kaons can in principle alter 

these branching fractions. The ratio of the ALEPH measure- 

ment of S ( r -  -* l r - K ~ 1 7 6  = (0.101 + 0.023 + 0.013)% to 

the average of the CLEO [3] and ALEPH [2] measurements of 

S ( r -  --~ r - K ~  = (0.024 4- 0.005)% is not inconsistent 

with our assumed value for this ratio of 2. For the sake of sim- 

plicity, we retain in this edition the assumption of independent 

K ~ decay. 

There are several newly measured modes with small branch- 

ing fractions [4] which cannot be expressed in terms of the 

selected basis modes and are therefore left out of the fit: 

B ( K ~  = (2.3 4- 2.0) x 10 -4, 

B(Tr-K~176 ) = (3.1 4- 1.2) x 10 -4, 

B(r- --* 7r-K 7r%r~ = (6 + 4) x 10 -4, 

plus the ~/--~ yy component of the branching fractions 

B(rpr-Tr+Tr-vr) -- (3.4 4-0.8) x 10 -4, 

B(Tpr-~r~176 = (1.4 4- 0.7) x 10 -4, and 

BO?K-vr ) = (2.7 • 0.6) x 10 -4. 

The sum of these excluded branching fractions is (0.15 4- 0.05 )%. 

This is near our goal of 0.1% for the internal consistency of the 

r Listings for this edition, and thus for simplicity we do not 

include these small branching fraction decay modes in the basis 

set. 

The only significant difference between the world average 

value and the constrained fit value for branching fractions in 

the 1996 edition was for the 1-prong and 3-prong topologi- 

cal branching fractions. The average values for the topological 

branching fractions were dominated by old measurements from 

the pre-LEP era. Some of these old experiments had signif- 

icantly underestimated their experimental uncertainties, with 

the result that, in the period between 1986 and 1990, the 

uncertainty in the world averages for the 1-prong and 3-prong 

topological branching fractions were considerably smaller than 

the uncertainty in the world averages of the very well-measured 

leptonic branching fractions [5]. Also, several of these old topo- 

logical branching fraction measurements made the largest con- 

tributions the the constrained X 2 fit. These measurement axe 

now very old and have been retired. 

The constrained fit has a X 2 of 94 for 113 degrees of 

freedom. The only basis mode branching fraction which shifted 

more than l a  from its 1996 value is B ( r -  --~ lr-vr) which 

changed from (11.31 4- 0.15)% to (11.08 4- 0.11)% due mainly 

to the new measurement of B ( r -  --~ h-vr)  by the CLEO 

Collaboration [6]. The fit and average values for the topological 

branching fractions are consistent. Table 2 compares the current 

fit and average values for 

BI - B(particle- >__ 0 neutrals >_ OK~ and 

B3 = B ( h - h - h  + >_ 0 neutrals vT) 

with the values from the 1996 edition. 

Table  2: Fit and average values for B1 and B3. 

Branching 

fraction 1996 Fit 1998 Fit 

B1 Fit: 84.96 4- 0.17 84.71 4- 0.13 

B1 Ave: 85.91 4- 0.30 85.1 4- 0.4 

B3 Fit: 14.92 4- 0.17 15.18 4- 0.13 

B3 Ave: 14.01 4- 0.29 14.8 4- 0.4 

Another measure of the overall consistency of the r branch- 

ing fraction data with the fit constraint is a comparison of 

the fit and average values for the leptonic branching frac- 

tions. Table 3 compares the current fit and average values for 

Be -- B ( r -  --* e -Per t )  and B~, -= B ( r -  --* #-~t ,  vr) with the 

values from the 1996 edition. 

Table  3: Fit and average values for r -  --* 
e-Fev r and r -  -* #-P~vr.  

Branching 

fraction 

Be Fit: 

Be Ave: 

B t, Fit: 

B ,  Ave: 

1996 Fit 1998 Fit 

17.83 + 0.08 17.81 + 0.07 

17.80 4- 0.08 17.78 4- 0.08 

17.35+0.10 17.374-0.09 

17.30 4- 0.i0 17.32 4- 0.09 
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C o n c l u s i o n s :  Many new measurements of r-lepton properties 
have been made in the last two years. Experimenters have 

exploited the availability of large data sets to measure T- 

decay modes with either small branching fractions or low 

detection efficiencies. Charged particle identification in 3-prong 
decays has finally allowed the experimental determination of 
the branching fraction for the decay modes T- --* ~r-~r+~r-vr 

and T-  --~ ~r-~r+~r-r%r, the last exclusive r-decay modes 

with large branching fractions to be measured. The basis set 

of T-decay modes used in the constrained fit to branching 
fractions has been expanded to include the new measurements 

of exclusive 3-prong decays with identified charged prongs and 

0 or 1 ~r~ There is no significant evidence of any inconsistency 

in the branching fraction data used in the constrained fit or to 
calculate world average values. 
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T-  BRANCHING RATIOS 

r(wu~,-  _> o neutrals _> 01~LUT('l-I~ng"))/rteta, r;/r 
r l / r  = (r3+rs+rg+rlo+r13+r15+r19+r2o+r23+r24+r26+o.6569r32+ 
o.6569r34+0.6569r36+o.6569r38+o.4316r41+o.7o8rllo+o.o9r125+ 
o.o9F126)/r 

The charged particle here can be e, /~, or hadron. In many analyses, the sum of the 
topological branching fractions (1, 3, and 5 prongs) Is constrained to be unity. Since 
the 5-prong fraction is very small, the measured 1-prong and 3-prong fractions are 
highly correlated and cannot be treated as independent quantities In our overall fit. 
We arbitrarily choose to use the 3-prong fraction in our fit, and leave the 1-prong 
fraction out. We do, however, use these 1-prong measurements in our average below. 
The measurements used only for the average are marked "avg," whereas "f&a" marks 
a result used for the fit and the average. 

VALUE (%) E V T S  .DOCUMENT ID TECN COMMENT 
84.714"0,13 OUR FIT Error includes scale factor of 1.2. 
88.1 =EO,4 OUR AVERAGE 
85.6 • +0.3 avg 3300 19 ADEVA 91F L3 Ec~m= 88.3-94.3 GeV 
84.9 +0.4 • avg BEHREND 898 CELL E~m= 14-47 GeV 
84.7:1:0.8 +0.6 avg 20 AIHARA 87B TPC E~m= 29 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

86.4 +0.3 +0,3 ABACHI 898 HRS Ec~= 29 GeV 
87.1 +1.0 +0.7 21BURCHAT 87 MRK2 Eceem= 29 GeV 

87.2 +0.5 +0.8 5CHMIDKE 86 MRK2 Ec~= 29 GeV 

84.7:1:1.1 +1.6 169 22ALTHOFF 85 TASS Ec~= 34.5 GeV -1.3 
86.1 +0,5 +0.9 BARTEL 85F JADE Ec~= 34.6 GeV 
87.8 --1.3 • 23BERGER 85 PLUT Eceem=34.6GeV 

86.7 +0.3 +0.6 FERNANDEZ 85 MAC Ec~= 29 GeV 

19Not independent of ADEVA 91F r I h -  h -  h + _> 0neut. ~.~("3-prong"))/rtota I value. 
20Not Independent of AIHARA 878 r(/z-~/~ur)/r total ,  r(e-i~eV~.)/rtotal, and 

r ( h -  _> 0 neutrals _> 0K~ ~r) / r tota I values. 
21 Not independent of SCHMIDKE 86 value (also not independent of BURCHAT 87 value 

for r ( h -  h -  h + _> 0neut. u~.("3-prong"))/rtota I. 
22 Not Independent of ALTHOFF 85 r(/~-~/~uv)/rtotal, r (e-~eUr) / r to ta l ,  r ( h -  >_ 0 

neutrals >_ 0K O ~.~.)/Ftotal, and r ( h -  h -  h+ _> Oneut. u~.("3-prong"))/rtota I values. 
23Not independent of (1-prong + O~ O) and (1-prong + _> 1~ 0) values. 
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r(part lde- > 0 neutrals > oK%.)/r~,, r=/r 
r2/r = (r3+rs+r9+rlo+r13+r15+rlg+r2o+r23+r24+r26+r32+r34+r36+ 
r3a+r41+o.7osrllO+O.ogr125+o.ogr126)/r 

VALUE (%) - -  DOCUMENT I0 TECN COMMENT 
85.30"1"0.13 OUR FIT Error includes scale factor of 1.2. 
84.H=l:0JI3 OUR AVERAGE 
84.48+0.2720.23 avg ACTON 92H OPAL 1990-1991 LEP runs 
85 4 ~+0 69.L . ._0173~0.65 f&a DECAMP 92c ALEP 1989-1990 LEP runs 

r ( ~ - ~ . ) / r t ~ ,  rs/r 
Data marked "avg" are highly correlated with data appearing elsewhere in the Listings, 
and are therefore used for the average given below but not in the overall fits. "f&a" 
marks results used for the fit and the average. 

To minimize the effect of experiments with large systematic errors, we exclude exper- 
iments which together would contribute 5% of the weight in the average. 

VAL UE (%) E V T S  DOCUMENT ID TECN COMMENT 
17.37:1:0.09 OUR FIT 
17.32-I-0.O9 OUR AVERAGE 
17.3720.0820.18 avg 24ANASTASSOV 97 CLEO Ec~= 10.8 GeV | 
17.3120.11+0.05 f&a 20.7k BUSKULiC 96C ALEP 1991-1993 LEP runs 
17.02• f&a 6586 ABREU 95T DLPH 1991-1992 LEP runs 
17.36• f&a 7941 AKERS 951 OPAL 1990-1992 LEP runs 
17.6 +0.4 20.4 f&a 2148 ADRIANI 93M L3 E ~ =  88-94 GeV 
17.4 +0.3 20.5 avg 25 ALBRECHT 936 ARG Ec~= 9.4~10.6 GeV I 
17.354-0.414-0.37 f&a DECAMP 92c ALEP 1989-1990 LEP runs 
17.7:1:0.8 +0.4 f&a 568 BEHREND 90 CELL E~m= 35 GeV 
17.4 +1.0 f&a 2197 ADEVA 88 MRKJ Eceem= 14-16 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

17.7 +1.2 +0.7 AIHARA 878 TPC Ec~= 29 GeV 
18.3 +0.9 20.8 BURCHAT 87 MRK2 E ~ =  29 GeV 
18.6 • • 558 26 BARTEL 86D JADE Ec~= 34.6 GeV 

i2.9 +1.7 +0.7 -0.5 ALTHOFF 85 TASS Ec~= 34.5 GeV 

18.0 20.9 +0.5 473 26 ASH 855 MAC Eceem = 29 GeV 
18.0 :LI.0 • 27 BALTRUSAIT..JB5 MRK3 Ec~= 3.77 GeV 

19.4 +1.6 • 153 BERGER 85 PLUT Ec~= 34.6 GeV 
17.6 +2.6 • 47 BEPJREND 83C CELL E ~ =  34 GeV 
17.8 +2.0 • BERGER 818 PLUT Ec~= 9-32 GeV 

24This ANASTASSOV 97 result is not Independent of r (p -Ppv~) / r (e -PeV~)  and I 

r (e -  ~e v~.)/Ftota I values, 
25Not independent of ALBRECHT 92D F(I*--~Ij~,~-)/F(e-PeUT. ) and ALBRECHT 93G | 

r(p-~/ju~.) x r(e-~eV~.)/F2otal values. | 
26 Modified using B(e-eev~.) /B(" l  prong") and B("1 prong") ,= 0.855, 
27 Error correlated with BALTRUSAITIS 85 eu~ value, 

r0, -~. ) / r (~rar  _> o .e~,.l, >_ o ~ . ( - 1 - ~ . r  r3/rl 
r3/r l  = r3/(r3+rs+r9+rlo+r13+rls+r19+r20+r23+r24+r26+ 
o.6569r32+o.6569r34+0.6569r36+o.6569r38+o.4316r41+o.7ogrllo+o.ogr125+ 
O.O9F126) 

VALUE Ev'rs DOCUMENT ID TECN COMMENT 
0.20614"0.0010 OUR FIT Error includes scale factor of 1.1. 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.217 :I:0.009 -;-0.008 BARTEL 860 JADE Ec~= 34.6 GeV 
0.211 • 20.006 390 ASH 858 MAC Ec~= 29 GeV 

r (~-p~,7) / rml  r4/r 
VALUE{%) EV'F$ DOCUMENT ID TECN COMMENT 

0.30-kO.04"~0.06 116 28 ALEXANDER 965 OPAL 1991-1994 LEP runs | 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.234-0.10 10 29WU 90 MRK2 Ec~= 29 GeV | 

28ALEXANDER 965 impose requirements on detected ~'s corresponding to a ~--rest-frame | 
energy cutoff E.y :>20 MeV. I 

29WU 90 reports F(/~--ppvT~)/F(p--Ppvr) = 0.013 • 0.006, which is converted to I 
I'(/J-P/~ v~-~)/rtota I using r (p -P /~v~) / l ' t o ta  I = 17.35%. Requirements on detected I 
";"s correspond to a ~" rest frame energy cutoff E.y :> 37 MeV. I 

r(e-p.~,)/r~,l rg/r 
Data marked "avg" are highly correlated with data appearing elsewhere In the Listings. 
and are therefore used for the average given below but not In the overall fits. "f&a" 
marks results used foe the fit and the average, 

To minimize the effect of experiments with large systematic errors, we exclude exper- 
iments which together would contribute 5% of the weight in the average, 

VALUE(%) Ev'rs 
17,111:1:0J~/OUR FIT 
17,711-t-0.08 OUR AVERAGE 
17.76+0.064-0.17 f&a 
17.78:1:0.104"0.09 f&a 25.3k 
17.79+0.12+0.06 f&a 20.6k 
17.51:[:0.23+0.31 f&a 5059 
17.9 • • f&a 2892 

DOCUMENT IO TECN COMMENT 

ANASTASSOV 97 CLEO Ec~= 10.6 GeV 
ALEXANDER 96D OPAL 1991-1994 LEP runs 
BUSKULIC 96C ALEP 1991-1993 LEP runs 
ABREU 95T DLPH 1991-1992 LEP runs 
ADRIANI 93M L3 Ec~= 88-94 GeV 
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17.5 -;-0.3 ~0.5 avg 30ALBRECHT 936 ARG Eceem= 9.4-10.6 GeV 

19.1 4-0.4 4-0.6 avg 2960 31AMMAR 92 CLEO Eceem= 10.5-10.9 GeV 
18.094-0.454-0.45 f&a DECAMP 92C ALEP 1989-1990 LEP runs 
17.0 4-0.5 20.6 f&a 1.7k ABACHi 90 HRS Eceem= 29 GeV 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

17.974-0.14:1:0.23 3970 AKERIB 92 CLEO RepL by ANAS- 
TASSOV 97 

18.4 4-0.8 4-0.4 644 BEHREND 90 CELL E~m= 35 GeV 

16.3 20.3 4-3.2 JANSSEN 89 CBAL Ecr 9.4-10.6 GeV 
18.4 4-1.2 4-1.0 AIHARA 87B TPC Ec~= 29 GeV 

19.1 4-0.8 +1,1 BURCHAT 87 MRK2 Eceem= 29 GeV 

16.8 4-0.7 :t:0.9 515 31BARTEL 86D JADE Ec~= 34.6 GeV 

20.4 4-3.0 +1.4 ALTHOFF 85 TASS Ec~= 34.5 GeV -0 .9  
17.8 20.9 :t:0.6 390 31ASH 85B MAC E~m= 29 GeV 

18.2 4-0.7 4-0.5 32 BALTRUSAIT..J~5 MRK3 Ec~= 3.77 GeV 

13.0 21.9 +2.9 BERGER 85 PLUT E~m= 34.6 GeV 
ee _ 34 GeV 18.3 4-2.4 4-1.9 60 BEHREND 83c CELL Ecm-  

16.0 4-1.3 459 33 BACINO 78B DLCO Eceem= 3.1-7.4 GeV 

30Not independent of ALBRECHT 92D I '(p.-- '~l~U.r)/F(e--~eUT) and ALBRECHT 936 | 

ro,- ~, ~)  x r(e- % ~,)/r2otai values. I 
31 Modified using B(e-~eU~.) /B(" l  prong") and B(" I  prong") .= 0.855. 
32 Error correlated with BALTRUSAITIS 85 r (p-p#u~. ) / l ' to ta  I, 

33 BACINO 78B value comes from fit to events with e4- and one other nonelectron charged 
prong. 

r ( e -P . v . ) / r (WUde -  > 0 neutrals _> OK~ ('l-profiif ')) rg/rs 
rs l r  I = l ' 5 / ( r 3 + F 5 + r 9 + r 1 0 + r 1 3 + r 1 5 + ~ 9 + r 2 0 + r 2 3 + r 2 4 + r 2 6 +  
o.6569132+o.6569134+o.6569r36+o.6569r38+o.4316141-t-o.7o81uo+O.O91125+ 
0.09F126) 

VALUE EVT~ DOCUMENT ~Q TECN COMMENT 
0~ln~']'O.O00~ OUR FIT Error includes scale factor of 1.1. 
0.22~llJ,-oJB0444-O.O0"~J 2856 AMMAR 92 CLEO Ec~= 10.5-10.9 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.196 20.008 +0.010 BARTEL 86D JADE Ec~= 34.6 GeV 

0.208 4-0.010 4-0.007 390 ASH 85B MAC Ec~= 29 GeV 

rO, -p~ . )  x r ( , .p .~ . ) I r~ , ,  r~rg/r ~ 
VALUE E V T S  DOCUMENT ID T~CN (;OMMENT 
0.030944-O.0Q(~1 OUR FIT Error Includes scale factor of 1.1. 
0.0306 4 - 0 ~  4-0.001g 3230 ALBRECHT 936 ARG Ec~= 9.4-10.6 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0288 • ASH 85B MAC Eceem= 29 GeV 

r (~ -y~ . ) I r (e -p .~ . )  rglr~ 
e'redlcted to be 1 for sequential lepton, 1/2 for para-electron, and 2 for para-muon. 
Para-electron also ruled out by HELLE 78. 

Data marked "avg" are highly correlated with data appearing elsewhere in the Listings, 
and are therefore used for the average given below but not in the overall fits. "f&a" 
marks results used for the fit and the average. 

VALUE DOCUMENT ID T~(;N COMMENT 
0.976 :1:0.006 OUR FIT 
0.978 4-0.011 OUR AVERAGE 
0.9777-k0.00634-0.0087 f&a ANASTASSOV 97 CLEO Ec~= 10.6 GeV | 

0.997 4-0.035 :EO.040 f&a ALBRECHT 92D ARG E~m= 9.4-10.6 GeV 

r (h -  ~ 0 ~ . r ~ -  ~ O ~  v , ) / r ~  r d r  
r6/r = (rg+rlo+rla+r15+rlg+r2o+r23+r24+g26+o.6569r32+o.6569r34+ 
0.6569F36+0.6569F38+0.4316r41+O.708F110+0.09r125+0.09F126)/F 

VALUE (%) DOCUMENT ID TECN COMMENT 
4gJ124-O.16 OUR FIT Error Includes scale factor of 1.2. 
48.6 4-1.2 "60.9 ark 34 AIHARA 87B TPC Eee= 29 GeV 

34Not independent of AIHARA 87B eu'O, pu-d, and ~-1- 2~r-( _> O~r0)v values. 

r(~- > 0~  ~,)/rtom b / r  
FT/F _ 1 1 1 -- (F9+F10+2 F32+2 F34+ ~ F41)/F 

Data marked "avg" are highly correlated with data appearing elsewhere In the Listings. 
and are therefore used for the average given below but not in the overall fits. "f&a" 
marks results used for the fit and the average. 

VALUE (%) E V T S  DOCUMENT ID TECN COMMENT 
12.324-0.12 OUR FIT Err~ includes scale factor of 1.5. 
12.424-0.14 OUR AVERAGE 
12.44~0.1120.11 f&a 15k 35 BUSKULIC 96 ALEP 1991-1993 LEP run 
12.4720.2620.43 f&a 2967 36ACCIARRI 95 L3 1992 LEP run 
12.4 4-0.7 4-0.7 f&a 283 37ABREU 92N DLPH 1990 LEP run 
11.7 4-0.6 20.8 avg 38 ALBRECHT 92D ARG E ~ =  9.4-10.6 GeV | 
12.98•177 f&a 39 DECAMP 92C ALEP 1989-1990 LEP runs 
12.1 4-0.7 20.5 f&a 309 ALEXANDER 91D OPAL 1990 LEP run 
12.3 4-0.9:1:0.5 f&a 1338 BEHREND 90 CELL Ec~m= 35 GeV 
11.3 • 4-0.8 ave 798 40 FORD 87 MAC Ec~= 29 GeV 

12.3 4-0.6 :E1.1 avg 328 41BARTEL 86D JADE Eceem= 34.6 GeV 

�9 �9 * We do not use the following data for averages, fits, limits, etc. * �9 �9 

11.1 4-1.1 4-1.4 42 BURCHAT 87 MRK2 Ec~= 29 GeV 

13.0 +2.0 4-4.0 BERGER . 85 PLUT Ecr 34.6 GeV 
11.2 4-1.7 -+-1.2 34 43 BEHREND 83C CELL Ec~= 34 GeV 

35BUSKULIC 96 quote 11.78 4- 0.11 + 0.13 We add 0.66 to undo their correction for 
unseen K O and modify the systematic error accordingly. 

36ACCIARRI 95 with 0,65% added to remove their correction for x -  K~ backgrounds. 

37ABREU 92N with 0.5% added to remove their correction for K*(892)-  backgrounds. 
38Not independent of ALBRECHT 92D r (# -~#u~ . ) / r ( e -~eUr ) ,  F(/~-~pv~.) x I 

I ' (e -~eVr) ,  and r ( h -  _> O K ~ u ~ ) / r ( e - % u ~ )  values. I 
39DECAMP 92C quote B(h -  ~ OK 0 >_ 0 (K O ~ ~r+x - )  u~) = 13.32 :J: 0.44 :[: 0.33. 

We subtract 0.35 to correct for their inclusion of the K~ decays. 

40FORD 87 result for B(x-u~.)  with 0.67% added to remove their K -  correction and 
adjusted for 1992 B( " I  prong"). 

41 BARTEL 86D result for B (~ -  VT) with 0.59% added to remove their K -  correction and 
adjusted for 1992 B( " I  prong"). 

42 BURCHAT 87 with 1.1% added to remove their correction for K -  and K* (892) -  back- 
grounds. 

43 BEHREND 83c quote B( l r -  u~.) = 9.9 4- 1.7 4-1.3 after subtracting 1.3 4- 0.5 to correct 

for B ( K -  u~.). 

I ' (h- _> 0K~L u~)/l'(partlde- _> 0 neutrals _> 0K~L v, ("l-proni~')) rT/ra 
r7/r I = (rg+rlo+�89189 
1"20+r23+r24+f26+o.6569r32+o.65691"34+o.6569F36+o.6569F38+o.4316r41 + 
0.708Fjjo+O.09r 125+0.09F126) 

VALU~ ~VTS DOCUMENT ID T~CN COMMENT 
O.1486-1-O.0014 OUR FIT Error includes scale factor of 1.4. 
0,1gJJ J,-0.009 OUR AVERAGE 
0.131 :t:0.006:1:0.009 798 44 FORD 87 MAC Ec~= 29 GeV 

0.143 4-0.007 • 328 45 BARTEL 86D JADE Ec~= 34.6 GeV 

44 FORD 87 result divided by 0.865, their assumed value for B( " I  prong"). 
45 BARTEL 86D result with 0.6% added to remove their K -  correction and then divided 

by 0.866, their assumed value for B ( ' I  prong"). 

r(h- > 0 ~  ,,,)/r(e-p,,,,) rT/rs 
r7/r 8 = (r9+rlo+�89189 

VA~UE DOCUMENT,O TECN COMMENT 
0.6924"0.006 OUR FIT Error includes scale factor of 1.4. 
0.6711:i:0.~74"0.044 ALBRECHT 92D ARG Ec~= 9.4-10.6 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.647:1:0.0394-0.061 46 BARTEL 86D JADE E~m= 34.6 GeV 

46Combined result of BARTEL 86D ev~, /~v~, and l r - u  assuming B(p.uP)/B(eu'~)  = 
0.973. 

r(h- v,) /r~. l  r . / r  = (r~+r~o)/r 
Data marked "avg" are highly correlated with data appearing elsewhere In the Listings, 
and are therefore used for the average given below but not In the overall fits. "f&a" 
marks results used for the fit and the average. 

VALUE (%} ~ DOCUMENT ID TECN COMMENT 
11.794"0.12 OUR FIT Error includes scale factor of 1.5. 
11.U4-0.21 OUR AVERAGE Error includes scale factor of 1.9. 
11.984"0.134"0.16 f&a ACKERSTAFF 98MOPAL 1991-1995 LEP runs 
11.524-0.054-0.12 f&a ANASTASSOV 97 CLEO E~m= 10.6 GeV 

r(~- ,,)/r(e-17,,,) rl/rs = (r,+ho)/rs 
Data marked "avg" are highly COrrelated with data appearing elsewhere in the Listings, 
and are therefore used for the average given below but not in the overall fits. '~'&a" 
marks results used for the fit and the average. 

VAI, I,i~ - -  DOCUMENT IO T~(:N COMMENT 
0 . ~  ~O.O0e OUR FIT Error includes scale factor of 1.4. 
O.MI84.1_O.00414-O.OOEO ~ 47 ANASTASSOV 97 CLEO Ec~= 10.6 GeV 

47 Not independent of ANASTASSOV 97 I ' (h -  vT)/l ' tota I value. 

r ( . -  u.) Ir~. ,  r , l r  
Data marked "avg" are highly correlated with data appearing elsewhere In the Listings, 
and are therefore used for the average given below but not In the overall fits. "f&a" 
marks results used for the fit and the average. 

VALUE (%) EVT5 DOCUMENT ID TECN COMMENT 
11.084-0.13 OUR FIT Error Includes scale factor of 1.4. 
11.074-0.1g OUR AVERAGE 
11.0620.114-0.14 avg 48 BUSKULIC 96 ALEP LEP 1991-1993 data 
11.7 4-0.4 4-1.8 f&a 1138 BLOCKER 82D MRK2 Ec~= 3.5-6.7 GeV 

48 Not independent of BUSKULIC 96 B(h-v~.) and B(K-~,~.) values. 
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r (x - . . ) I r~ . ,  rlolr 
VALUE (%) EVTS DOCUMENT ID TECN COMMENT 
0.?14"O.OB OUR FIT 
0.714"0.08 OUR AVER/M;E 
0.724-0.04--0.04 728 BUSKULIC 96 ALEP LEP 1991-1993 data 
0.854-0.18 27 ABREU 94K DLPH LEP 1992 Z data 
0,664-0.074-0.09 99 BATTLE 94 CLEO Ec~ R~ 10.6 GeV 

0.594-0.18 16 MILLS 84 DLCO E~m= 29 GeV 
1.3 4-0.5 15 BLOCKER 82B MRK2 Ec~= 3.9-6.7 GeV 

Lepton 
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�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.644-0.054-0.05 336 BUSKULIC 94E ALEP RepL by 
BUSKULIC 96 

r(h- > t mtrakv.)Ir~., r u l r  
r11Ir = (r13+r15+r19+r2o+r23+r24+r26+O.lSTr32+O.lSTr34+OJSTr36+ 
0.157F38+0.0246F41+0.708F110+0.09F125+0.09F126)/F 

VALUE {%) DOCUMENT IO TECN COMMENT 
3G.91=b0.17 OUR FIT Error Includes scale factor of 1.2. 
36.7 4"0.8 OUR AVERAGE Error Includes scale factor of 1.4. See the ideogram below. 
36.144-0.334-0.58 AKERS 94E OPAL 1991-1992 LEP runs 
38.4 4-1.2 4-1.0 49BURCHAT 87 MRK2 Ec~=29GeV 

42.7 4-2.0 4-2.9 BERGER 85 PLUT E~m= 34.6 GeV 

49 BURCHAT 87 quote for B(lr4- > 1 neutral%.) = 0.378 • 0.012 4- 0.010. We add 0.006 

to account for contribution from (K* -U. r )  which they fixed at BR = 0.013. 

r (h- .%.) / r=. .  r, . /r  = (r .+r,~)/r  
VALUE (%) EVTS DOCUMENT 10 TECN COMMENT 
28.84"1"0.14 OUR FIT Error Includes scale factor of 1.1. 
~w=.~4"0.22 OUR AVERAGE Error Includes scale factor of 1.5. See the ideogram below. 
25.894-0.174-0.29 ACKERSTAFF 98MOPAL 1991-1995 LEP runs 
25.764-0.154-0.13 31k BUSKULIC 96 ALEP LEP 1991-1993 data 
25.054-0.354-0.50 6613 ACCIARRI 95 L3 1992 LEP run 
25.874-0.12-1-0.42 51k 50ARTUSO 94 CLEO Ec~m = 10.6 GeV 

23.1 4-0,4 4-1-0.9 1249 51ALBRECHT 92Q ARG Eceem= 10 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

28.984-0.36+0.52 52 AKERS 94E OPAL Repl. by ACKER- 
STAFF 9gM 

22.9 4-0.8 4-1.3 283 53 ABREU 92N DLPH Eceem= 88.2-94.2 GeV 
25.024-0.64:1:0.88 1849 DECAMP 92c ALEP 1989-1990 LEP runs 
22,0 4-0.8 4-1.9 779 ANTREASYAN 91 CBAL Ecr 9.4-10.6 GeV 

22.6 4-1.8 4-0.7 1101 BEHREND 90 CELL E~m= 35 GeV 

23.1 4-1.9 4-1.6 BEHREND 84 CELL Ec~= 14,22 GeV 

50ARTUSO 94 reports the combined result from three independent methods, one of which 
0 0 (23 % of the ~'- ~ h -  ~r ~.~. ) is normalized to the inclusive one-prong branching fraction, 

taken as 0.854 4- 0.004. Renormallzatlon to the present value causes negligible change. 
51ALBRECHT 92Q with 0.5% added to remove their correction for ~-- ~ K*(892)-v~. 

background. 
52 AKERS 94E quote (26.25 4- 0.36 4- 0.52) x 10--2; we subtract 0.27% from their number 

to correct for ~r-  ~ h -  KOL u. r .  

53ABREU 92N with 0.5% added to remove their correction for K*(892)-  backgrounds. 

r( . -~, , . ) / r~, . i  r . / r  
Data marked "avg" are highly correlated with data appearing elsewhere in the Listings, 
and are therefore used for the average given below but not In the overall fits. 'ff&a" 
marks results used for the fit and the average. 

VALUE {%) E V T S  DOCUMENT ID TECN COMMENT 

~m.32:E0.1g OUR FIT Error includes scale factor of 1.1. 
25.31:1:0.111 OUR AVERAGE 
25.304-0.154-0.13 avg 54 BUSKULIC 96 ALEP LEP 1991-1993 

data 
25.364-0.44 avg 55 ARTUSO 94 CLEO Ec~= 10.6 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

21.5 4-0.4 4-1.9 4400 56,57ALBRECHT 88L ARG E~m= 10 GeV 

23.0 "I-1.3 4-1,7 582 ADLER 87B MRK3 Eceem= 3.77 GeV 

25.8 • 4-2.5 88 BURCHAT 87 MRK2 Ec~= 29 GeV 

22.3 4-0.6 4-1.4 629 57yELTON 86 MRK2 E~m= 29 GeV 

54 Not Independent of BUSKULIC 96 B(h-lr0u~.) and B(K-~r0u~.) values. 
55 Not Independent of ARTUSO 94 B(h -  ~r 0 u•) and BATTLE 94 B ( K -  lr 0 u~.) values. 
56The authors divide by ( r 3 + r 5 + r 9 + r i o  ) /F = 0.467 to obtain this result. 
87Experiment had no hadron Identification. Kaon corrections were made. but Insufficient 

Information is given to permit their removal 
58BURCHAT 87 value is not independent of YELTON 86 value. Nonresonant decays 

included. 

r ( . - .~  r . l r  
VALUE (%) DOCUMENT ID TECN COMMENT 

0,3 4"0.1 4"0,3 59 BEHREND 84 CELL Ec~=  14,22 GeV 

59BEHREND 84 assume a flat nonresonant mass distribution down to the p(770) mass, 
using events with mass above 1300 to set the level. 

r (K-~v . ) I r~ , ,  r lglr 
VALUE{%) EVT$ DOCUMENT IO TEEN COMMENT 

0,324"0.06 OUR FIT 
0.524"0.06 OUR AVERAGE 
0.52:E0.044-0.05 395 BUSKULIC 96 ALEP LEP 1991-1993 data 
0.514-0.104-0.07 37 BATTLE 94 CLEO E~m ~ 10.6 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.534-0.054-0.07 220 BUSKULIC 94E ALEP RepL by BUSKULIC 96 

r(h- > 2~, . ) /r~ ,  r16/r 
rl6/r = (F19+F20-~F23+F24+F26+O.157F32+0.157F34+0.157F36+0.157F38+ 
0.0246F41+0.319F110)/F 

Data marked "avg" are highly correlated with data appearing elsewhere In the Listings, 
and are therefore used for the average given below but not In the overall fits. "f&a" 
marks results used for the fit and the average. 

VALUE (%) EVT$ DOCUMENT IO TECN COMMENT 

10.794"0.16 OUR FIT Error includes scale factor of 1.2. 
10.3 4"1.1 OUR AVERAGE Error Includes scale factor of 2.9. See the Ideogram below. 
9.91+0.31+0.27 f&a ACKERSTAFF 98MOPAL 1991-1995 LEP runs 

14.0 -;-1.2 4-0.6 avg 938 60 BEHREND 90 CELL Ec~= 33 GeV 

12.0 4-1.4 4-2.8 f&a 61 BURCHAT 87 MRK2 Eceem= 29 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

9.89• 62 AKERS 94E OPAL RepL by ACKER- 
STAFF 98M 

13.9 4-2.0 +1.9 63 AIHARA 86E TPC Ec~m = 29 GeV -2 .2  

60 No independent of BEHREND 90 F(h-21r0uT (exp. KO)) and F(h-  >_ 31r 0 %.). 
61 r Error cor elated with BURCHAT 87 F(p-Ve)/ r ( tota l  ) value. 
62AKERS 94E not independent'of AKERS 94E B(h -  > 11r0v~.) and B(h-~r0u~.) mea- 

surements. 
63AIHARA 86E (TPC) quote B(2~'0~'- ~'T) + 1.6B(3~'01r-.u.r) + 1 .1B(~0~-  v.e). 
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r(h- 2~o~,,)/r~,~ r~Ir 
r171r = (r lg+r20+O.lSTr32+O.lS7r34)Ir  

VALUE (%) EVT5 DOCUMENT ID TEEN COMMENT 
9.~1~4-O.14 OUR FIT Error Includes scale factor of 1.2. 
gAg:I:O.~-]-0,~0 12k 64 BUSKULIC 96 ALEP LEP 1991-1993 data 

64BUSKULIC 96 quote 9.29 4- 0.13 4- 0.10, We add 0.19 to undo their correction for 
~--  -~ h -  KOur .  

r(h- 2. ~ (~.Ke))/r~,, r~/r 
r l s / r  = ( r l g + r 2 0 ) / r  

Data marked "avg" are highly correlated with data appearing elsewhere in the Listings, 
and are therefore used for the average given below but not In the overall fits, f&a marks 
results used for the fit and the average. 

VALUE (%) EVT$ DOCUMENT ID TEEN COMMENT 
~.23-1-0,14 OUR FIT Error includes scale factor of 1.2. 
g.ss-1-O.33 OUR AVERAGE Error includes scale factor of 1.1. 
8.884-0.374-0.42 f&a 1060 ACCIARRI 95 L3 1992 LEP run 
8.96440.16440.44 avg 65 PROCARIO 93 CLEO Ece~ ~ 10.6 GeV 

10.38440.66440.82 f&a 809 66 DECAMP 92r ALEP 1989-1990 LEP runs 

5.7 440.5 4-1.7 f&a 133 67ANTREASYAN 91 CBAL Eceem= 9,4-10,6 GeV -1 ,0  
10.0 4-1,5 441.1 f&a 333 68 BEHREND 90 CELL Ecee= 35 GeV 

8,7 4-0.4 441.1 f&a 815 69 BAND 87 MAC E~m= 29 GeV 

6.0 443.0 441.8 f&a BEHREND 84 CELL Ecee= 14`22 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

6.2 440.6 441.2 70GAN 87 MRK2 Ec~= 29GeV 

65pROCARIO 93 entry Is obtained from B ( h - 2 ~ O u r ) / B ( h - ~ O v r )  using ARTUSO 94 
result for B(h-~r0%.), 

66We subtract 0.0015 to account for ~-- ~ K* (892) -u  r contribution. 
67ANTREASYAN 91 subtract 0,001 to account for the r -  ~ K*(892)-  er contribution. 
68BEHREND 90 subtract 0.002 to account for the r -  ~ K * ( 8 9 2 ) - u  r contribution. 
69BAND 87 assume B(~r- 3~r0Ur) = 0,01 and B(~t- ~r0r/~,r) = 0.005, 
70 GAN 87 analysis use photon multiplicity distribution. 

r(~-2~ ~176176 rig/r1= 
r t g / r z 2  = ( r zg+ r20 ) / ( r13+r l s )  

VALUE DOCUMENT ID TECN COMM~I~T 
0,.~i74-0.00~ OUR FIT Error Includes scale factor of 1.2. 
0.~t~.1.0,00~4-0.01~ 71 PROCARIO 93 CLEO E~m ~ 10.6 GeV 

71pROCARIO 93 quote 0,345 4- 0.006 4- 0.018 after correction for 2 kaon backgrounds 
assuming B (K* -u r )=1 .42  4- 0.18% and B(h -  KO~rOur)=0.48 4- 0.48%, We multiply 
by 0.990 4- 0.010 to remove these corrections to B (h -  ~r 0 Ur).  

r(K- 2. ~ (~.K~ r2o/r 
VALUE(%) EV'I'$ DOCUMENT ID TEEN COMMENT 
0 .~0+0 .027  OUR FIT 
0 . ~ 1 - ~ 0 . ~ 7  OUR AVERAGE 
0.08 4-0.02 4-0.02 59 BUSKULIC 96 ALEP LEP 1991-1993 data 
0,09 440.10 440,03 3 73 BATTLE 94 CLEO E~em ~ 10,6 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0,04 440.03 4-0.02 11 BUSKULIE 94E ALEP Repl. by BUSKULIC 96 

73 BATTLE 94 quote 0.14 4- 0,10 4- 0.03 or < 0,3% at 90% EL, We subtract (0,05 4- 0,02)% 
to account for r -  ~ K -  ( K 0 ~ ~O ~O)u r background. 

r(~- _> ~,%,)/r~l r2~/r 
r21 / r  = (r23+r244,r264.0.157r364.0,157r384,0.02461-414,0.319FllO)/r 

Data marked "avg" are highly correlated with data appearing elsewhere In the Listings, 
and are therefore used for the average given below but not In the overall fits. "f&a" 
marks results used for the fit and the average. 

VALUE (%) EVTS DOCUMENT IO TEEN COMMENT 
1,40"1"0,11 OUR FIT Error includes scale factor of 1.1, 
1.8:1:0.6 OUR AVERAGE Error includes scale factor of 1.1. 
1,534-0,404-0.46 f&a 186 DECAMP 92c ALEP 1989-1990 LEP 

runs 
3.2 4-1.0 441.0 f&a BEHREND 90 CELL Ec~= 35 GeV 

r(h- 3x ~ r,,Ir 
r22 / r  = (r23+r24+O.lSTr36+O.lS7r38)/r 

Data marked "avg" are highly correlated with data appearing elsewhere in the Listings, 
and are therefore used for the average given below but not in the overall fits, "f&a" 
marks results used for the fit and the average, 

VALUE {%) _ _  E V T S  DOCUMENT ID TEEN COMMENT 
1,234-0,10 OUR FIT Error includes scale factor of 1.1. 
1.224-0.10 OUR AVERAGE 
1,24440,09+0.11 f&a 2.3k 74 BUSKULIC 96 ALEP LEP 1991-1993 data 
1.7044-0.24440.38 f&a 293 ACCIARRI 95 L3 1992 LEP run 
1.15• avg 75 PROCARIO 93 CLEO Ec~ ~, 10.6 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0 4.1,4 4,1.1 76 GAN 87 MRK2 EcL~= 29 GeV 
-0.1 --0.1 

74BUSKULIC 96 quote B(h -  3~0ur (ex. K0)) = 1.17 4- 0.09 4- 0.11. We add 0.07 to 

remove their correction for K 0 backgrounds. 
75 PROCARIO 93 entry Is obtained from B(h-3~rOur) /B(h-~Our)  using ARTUSO 94 

result for B (h -  7r 0 Vr). 
76Highly correlated with GAN 87 r(~/~r-~0v~.)/Ftota I value. Authors quote 

B(~q- 3w0u~.) + 0.67B(~44W~r0ur) = 0.047 4- 0.010 4" 0.011. 

r(h-3.~176 r../rl~ 
r22/r12 = ( r 2 3 + r 2 4 + o , 1 5 7 r 3 6 + O . l S 7 F 3 8 ) / ( r 1 3 + r l s )  

VALUE DOCUMENT ID TEEN COMMENT 
0.048"1"0.004 OUR FIT Error Includes scale factor of 1.1, 
0.0444.0,0034.0.005 77 PROCARIO 93 CLEO Ec~ ~ 10.6 GeV 

77pROCARIO 93 quote 0.041 4- 0.003 4- 0,008 after correction for 2 kaon backgrounds 
�9 o 0 0 o assuming B(K -~ r )=1 .42  4- 0.18~ and B ( h - g  ~ ~.)=0.48 4- 0.48~. We add 

0.003 44 0.003 and multiply the sum by 0.990 4- 0.010 to remove these corrections. 

r( .-  3.%,(~.K~ r,,Ir 
VALUE (%) DOCUMENT 10 
1.114-0.14 OUR FIT 

r(K- 3~~176 r~Ir 
VALUE(%) DOCUMENT ID TECN COMMENT 

o ou. 
0.0~ "1"0.1,1 78 BUSKULIC 94E ALEP 1991-1992 LEP runs 

r( . -  2@..(~.x ~ r . / r  
Data marked "avg" are highly correlated with data appearing elsewhere in the Listings, 
and are therefore used for the average given below but not in the overall fits. "f&a" 
marks results used for the fit and the average. 

VALUE {%) DOCUMENT ID TECN COMMENT 
g.15-1"0.11l OUR FIT Error includes scale factor of 1.2, 

78BUSKULIC 94E quote B ( K -  > 0~ 0 >_ o K O u r )  - [B(K-u~.) 4 - B ( K - ~ O u r )  4- 
B ( K - K  0 v~.) 4- B ( K - i t  0 ~r0vr) + B ( K - ~ 0  K0vr ) ]  = 0.05 44 0.13% accounting for 
common systematic errors in BUSKULIE 94E and BU$KULIE 94F measurements of these 
modes, We assume B ( K -  _> 2K0v~.) and B ( K -  _> 4~0u~.) are negligible. 

r(~-4~..(~.Ko))/r~,~ r../r 
r25 / r  = ( r26+o.319rno) / r  

9,214"0.134"0.11 a~i 72 BUSKULIC 96 ALEP LEP 1991-1993 data 

72 Not Independent of BUSKULIC 96 B(h-2~0 u~. (ex. K0)) and B(K-2~0v~. (ex. K0)) 
values. 

VALUE (%} EVTS DOCUMENT ID TECN COMMENT 
0.17=1:0.0~ OUR FIT 
0.11-1-0.06 OUR AVERAGE 
0.16440.04:]:0.09 232 79 BUSKULIC 96 ALEP LEP 1991-1993 data 
0.16440.054-0.05 80 PROCARIO 93 CLEO Ec~ ~ 10.6 GeV 

79BUSKULIC 96 quote result for r -  ~ h -  >_ 4~Our  . We assume B (h -  _> 5~0ur) Is 
negligible, 

80 p ROCARIO 93 q uotes B (h -  4~ 0 u r ) / B ( h -  ~0 Ur ) =0.006 44 0,002 44 0,002. We multiply 
by the ARTUSO 94 result for B ( h - l r O u r )  to obtain B(h-4~0u~.). PROCARIO 93 

assume B(h -  > 5 ~0Ur) Is small and do not correct for it. 

r(h- ~..(~.K~ r~/r 
VALUE (%) DOCUMENT 10 
0.11"1-0.0~ OUR FIT 
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r(K- > 0~ ~ > 0K ~ ~.)/r~., r~/r  
r 2 7 / r  = ( r l o+ r l s+ r ' 20+ l -24+ r34+ r38 ) / r  

Data marked "avg" are highly correlated with data appearing elsewhere in the Listings. 
and are therefore used for the average given below but not In the overall fits. "f&a" 
marks results used for the fit and the average. 

VALUE (%} E V T S  DOCUMENT ID TECN COMMENT 
1.664-0.10 OUR FiT 
1.69-1-0.07 OUR AVERAGE 
1.704-0.054-0.06 avg 1610 81 BUSKULIC 96 ALEP LEP 1991-1993 data 
1.544-0.24 f&a ABREU 94K DLPH LEP 1992 Z data 
1.704-0.124-0.19 f&a 202 82 BATTLE 94 CLEO Ee~ ~ 10.6 GeV 

1.6 4-0.4 4-0.2 f&a 35 AIHARA 87B TPC E~m= 29 GeV 
1.714-0.29 f&a 53 MILLS 84 DLCO Ecm--ee _ 29 GeV 

r(.-P(non- K'(892)-)..)/r~,, 
VALUE(%) CL.~._~ 

<0.17 95 

r(K- ~o,,)/r~,, 
VALUE 4 %) EVT$ 
0.1~4-0.024 OUR FIT 
0.161:1:0.0~4 OUR AVERAGE 
0.1584-0.0424-O.017 46 
0.26 4-0.09 4-0.02 13 
0.1514-0.0214-0.022 111 

DOCUMENT ID TECN COMMENT 
r=/r  

ACCIARRI 95F L3 1991-1993 LEP runs 

r~/r  
DOCUMENT ID TECN COMMENT 

92 BARATE 98E ALEP ]991-1995 LEP runs I 
93 BUSKULIC 96 ALEP LEP 1991-1993 data 

COAN 96 CLEO Ec~ ~. 10.6 GeV 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

0.29 4-0.12 4-0.03 8 BUSKULIC 94F ALEP Repi. by 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

1.604-0.074-0.12 967 83 BUSKULIC 94E ALEP Repl. by 
BUSKULIC 96 

81Not independent of BUSKULIC 96 B(K-u~) .  B(K-Tt0v~.). B(K-2w0u~.). 
B(K-  K0 %.). and B ( K -  KOw0%.)  values. 

82 BATTLE 94 quote 1.60 4- 0.12 4- 0.19. We add 0.10 4- 0.02 to correct for their rejection 
of K 0 ~ ~r + T r -  decays. 

83Not Independent of BUSKULIC 94E B(K-v~.) ,  B (K - l r 0~ r ) ,  B(K-2~r0v~.), 
B ( K - K 0 u ~ ) ,  and B ( K - K 0 ~ 0 u ~ )  values. 

r (K -  > 1 (~o or K ~ ~.)Ir~., r361r 
r281r = (rls+r2o+r24+r34+r3s)Ir 
Data marked "avg" are hlghly correlated with data appearlng elsewhere In the Llstlngs, 
and are therefore used for the average given below but not In the overall fits. "f&a" 
marks results used for the fit and the average. 

VALUE(%) 1 E V ' I ' S  DOCUMENT ID TECN COMMENT 
0.g~'1"0.10 OUR FIT 
0.76-1-0.23 OUR AVERAGE 
0.694-0.25 avg 84ABREU 94K DLPH LEP 1992 Z data 

1.2 4-0.5 +0.2 f&a 9 AIHARA 878 TPC Eee= 29 GeV -0 .4  

84 Not independent of ABREU 94K B ( K - % . )  and B ( K -  _> 0 neutralsu~) measurements. 

r(K ~  ~.)Ir~= r~Ir  
F29/F = ( r 3 2 + r 3 4 + r 3 6 + r 3 8 + r 4 ] ) / r  

VALUE 4 %) EVT5 DOCUMENT ID TECN COMMENT 
1~'1"0.0~ OUR FIT Error includes scale factor of 1.4. 
1.g4=E0.13 OUR AVERAGE 
1.944-0.124-0.12 929 85 BARATE 98E ALEP 1991-1995 LEP runs I 
1.944-0.184-0.12 141 86 AKER5 94G OPAL Eceem= 88-94 GeV 

85BARATE 98E measure F(KO(particles)-u~)/Ftotal = (0.970 4- 0.058 4- 0.062)%. We | 
multiply this by 2 to obtain the listed value. 

86AKERS 94G measure F(K O (particles)-~.~)/rtota I = 0.97 4- 0.09 4- 0.06. 

r ( h - R  ~ > 0 neutrals _> 0~M.)/r~, ,  r = / r  
r g o / r  = (r32+I'34+F36+F38+0.657F41)/I- 

VALUE 4%) E V T S  DOCUMENT ID TECN COMMENT 
1.62"t'0.09 OUR FIT Error includes scale factor of 1.4. 
1.$ "1"0.3 44 TSCHIRHART 88 HRS Eceem= 29 GeV 

r(h-~~ r~11r = ( r . .+r . ) I r  
Data marked "avg" are highly correlated with data appearing elsewhere In the Listings, 
and are therefore used for the average given below but not in the overall fits. "f&a" 
marks results used for the fit and the average. 

VALUE 4 %) EVT5 DOCUMENT IO TECN COMMENT 
0 . ~  "1-0.00 OUR FIT Error includes scale factor of 1.5. 
0.90 -I-0.07 OUR AVERAGE 
1.01 4-0.11 4-0.07 avg 555 87 BARATE 98E ALEP 1991-]995 LEP runs I 
0.8554-0.0364-0.073 f&a 1242 COAN 96 CLEO Ec~ ~ 10.6 GeV 

87 Not independent of BARATE 98E B(~-- ~ ~t- '~0 ~7) and B(~'- ~ K -  K 0 %.) values. I 

r(.-~~ r.. Ir 
Data marked "avg" are highly correlated with data appearing elsewhere In the Listings. 
and are therefore used for the average given below but not in the overall fits. "f&a" 
marks results used for the fit and the average. 

VALUE (%) EVT$ DOCUMENT ID TECN COMMENT 
0.83 -l-0.01 OUR FIT Error includes scale factor of 1.4. 
0.'/8 4-0.36 OUR AVERAGE 
0.8554-0.1174-0.066 avg 509 88 BARATE 98E ALEP 1991-1995 LEP | 

runs 
0.79 4-0.10 4-0.09 f&a 98 89 BUSKULIC 96 ALEP LEP 1991-1993 

data 
0.704-1-0.0414-0.072 avg 90 COAN 96 CLEO E~m ~ 10.6 GeV 
0.95 4-0.15 4-0.06 f&a 91ACCIARRI 95F L3 1991-1993 LEP 

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 runs 

0.88 4-0.14 4-0.09 53 BUSKULIC 94F ALEP Repl. by 
BUSKULIC 96 

88BARATE 98E reconstruct K0's using K 0 --* ~ + ~ -  decays. Not independent of I 
BARATE 98E 0 B(K partlcles-~.~) value. 

89 BUSKULIC 96 measure K0's by 0 detecting KL'S In their hadron calorimeter. I 
90Not Independent of COAN 96 B(h-K0e~.)  and 0 B(K- K e~.) measurements. 
91ACCIARRI 95F do not identify ~ r - / K -  and assume B ( K -  KOuT) = (0.29 4- 0.12)%. 

BUSKULIC 96 
92BARATE 98E reconstruct K0's using K 0 ~ ~r+~ - decays. I 

93 BUSKULIC 96 measure K0's by detecting KO's in their hadron calorimeter. I 

r(h-~~176 ru l r  = (r36+rx)Ir 
Data marked "avg" are highly correlated with data appearing elsewhere In the Listings. 
and are therefore used for the average given below but not in the overall fits. ~&a" 
marks results used for the fit and the average. 

VALUE(% } E V T S  DOCUMENT ID TECN COMMENT 
0.5S -I-0.06 OUR FIT 
0.50 -,k0.36 OUR AVERAGE Error includes scale factor of 1.2. 
0.4464-0.0524-0.046 avg 157 94 BARATE 98E ALEP 1991-1995 LEP runs I 
0.5624-0.0504-0.048 f&a 264 COAN 96 CLEO Ec~ ~. 10.6 GeV 

94Not independent of BARATE 98E B(~'- --* ~-K"OTtOr) and B(~'- ~ K -  KOlrOu.r) | 
values. 

r ( . -~~  r36/r 
Data marked "avg" are highly correlated with data appearing elsewhere in the Listings, 
and are therefore used for the average given below but not In the overall fits. "f&a" 
marks results used for the fit and the average. 

VALUE 4%) E V T $  DOCUMENT ID TECN COMMENT 
0.39 -I-0.06 OUR FIT 
0.36 4-0.05 OUR AVERAGE 
0.2944-0.0734-0.037 f&a 142 95 BARATE 98E ALEP 1991-1995 LEP i 

runs 
0.32 4-0.11 4-0.05 f&a 23 96 BUSKULIC 96 ALEP LEP 1991-1993 

data 
0.4174-0.0584-0.044 avg 97 COAN 96 CLEO Ece~ ~ 10.6 GeV 

0.41 4-0.12 4-0.03 f&a 98ACCIARRI 95F L3 1991-1993 LEP 
runs 

�9 �9 * We do not use the following data for averages, fits. limits, e tc . �9  �9 , 

0.33 4-0.14 4-0.07 9 BUSKULIC 94F ALEP Repl. by 
BUSKULIC 96 

95 BARATE 98E reconstruct K0's using K 0 ~ x +  ~-- decays. I 
96 BUSKULIC 96 measure K0's by detecting KO's In their hadron calorimeter. I 

0 0 97Not Independent of COAN 96 B (h -  K0~0~.~.) and B ( K -  K ~ e~.) measurements. 
98 ACCIARRI 95F do not Identify ~ - / K -  and assume B ( K -  K 0 x  0 u~.) = (0.05 4- 0.05)%. 

r(IPp- M.)Ir~., r~Ir  
VALUE4% ) DOCUMENT ID TECN COMMENT 

0.188.1.0.064.1.0.0311 99 BARATE 98E ALEP 1991-1995 LEP runs I 

99 BARATE 98E determine the ~-0 p -  fraction In ~-- ~ ~-- ~0  ~r 0 u~ decays to be (0.64 4- 
0"09 4- 0"10) and multiply their B ( ~ -  K---0w0v~') measurement by this fractl~ t~  ~ I 
the quoted result. 

r(K- K%0M.)/r~.. 
VALUE4% I E~'l'$ DOCUMENT ID TECN COMMENT 
0.11114-0.029 OUR FIT 
0.1334"0.031 OUR AVERAGE 
0.1524-0.076+0.021 15 100 BARATE 98E ALEP 1991-1995 LEP runs 
0.10 • i0 .03 5 101 BUSKULIC 96 ALEP LEP 1991-1993 data 
0.1454-0.036• 32 COAN 96 CLEO Ec~ ~ 10.6 GeV 

r=/r 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.05 4-0.05 4-0.01 1 BUSKULiC 94F ALEP Repl. by BUSKULIC 96 

100 BARATE 98E reconstruct gO's using K O ~ ~+ ~r- decays. I 
101 0 s BUSKULIC 96 measure K ' by detecting KO's in their hadron calorimeter. I 
r ( . -~~176 r . / r  
VALUE(units 10 -3 ) E V T S  DOCUMENT ID TECN COMMENT 

0J~1"1"0.33"1"0.14 5 102 BARATE 98E ALEP 1991-1995 LEP runs I 
102 T BARA E 98E reconstruct K0's using K 0 ~ x + ~ - -  decays. I 

F(K- K~176  r4o/r 
VALUE CL *A DOCUMENT ID TECN COMMENT 

<0.39 X 10 - 3  95 BARATE 98E ALEP 1991-1995 LEP runs I 
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r ( . -  K ~ r411r 
Data marked "avg" are highly correlated with data appearing elsewhere in the Listings, 
and are therefore used for the average given below but not in the overall fits. "f&a" 
marks results used for the fit and the average. 

VALUE (%) EVT$ DOCUMENT IO TEEN COMMENT 
o,tet't-O,0~L OUR FIT Error Includes scale factor of 1.2, 
0.116"1-0.~ OUR AVERAGE Error Includes scale factor of 1.5. See the ideogram below. 
0.1534-0.030• f&a 74 103 BARATE 98E ALEP 1991-1995 LEP I 

runs 
0.0924-0.020• avg 42 104 COAN 96 CLEO E~m ~ 10.6 GeV 
0,31 4-0,12 • f&a ACCIARRI 95F L3 1991-1993 LEP 

runs 
103BARATE 98E obtain this value by adding twice their B(~r-KOKOz,.r) value to their | 

B(~'- K~ KOu, r )  value. I 

104We multiply the COAN 96 measurement B (h -  K O K O u~.) = (0.023 • 0.005 4- 0.003)% 
by 4 to obtain the listed value. This factor of 1/4 is uncertain, and might be as large as 12,8 
1/2, due to Bose-Einstein correlations and the resonant parentage of this state, 

12.1 

WEIGHTED AVERAGE 12,8 
0,116t-0.028 (Error scatscl by 1.5) 15.3 

'~ 13.6 I ~ Values above of weighted average, error, 
and scale factor are based upon the data in 12.2 
this ideogram only. They are not neces- 
sarily the same as our 'best' values, 13,3 
obtained from a least-squares constrained fit 24 
utilizing measurements of other (related) 
quantities as additional information. 32 

~2  

. . . . . . .  BARATE 98E ALEP 1.2 

. . . . . . .  COAN 96 CLEO t.1 
- -  �9 ACCIARRI 95F L3 2,3 

4.6 

0 0.1 0.2 0.3 0.4 0.5 0.6 

r (~ -  K~ (%) 

r ( . -  ~s ~s-.)/rt=., r4=/r = tr41/r 
Bose-Einstein correlations might make the mixing fraction different than 1/4. 

VALUE (%) EVT$ DOCUMENT ID TEEN COMMENT 
0.~104-O.005 OUR FIT Error includes scale factor of 1.2. 
o . o a 4 a - o ~  OUR AVERAGE 
0.026d-0.0104-0.005 6 BARATE 98E ALEP 1991-1995 LEP runs I 
0.0234-0.0054-0.003 42 COAN 96 CLEO Ec~ ~, 10.6 GeV 

r ( . -  ~ ~ . ) / r ~ . ,  r~ / r  = �89 
Data marked "avg" are highly correlated with data appearing elsewhere In the Listings, 
and are therefore used for the average given below but not In the overall fits. 'if&a" 
marks results used for the fit and the average. 

VALUE (%) E V T S  DOCUMENT ID TEEN COMMENT 
OJBC~a'O,l~J.0 OUR FIT Error includes scale factor of 1.2. 
0.101=EO.n'~4-0,O~ I v  I 65 BARATE 98E ALEP 1991-1995 LEP I 

runs 

r (h-  h- h + > 0neut. vr('~J-pronl~'))/i'total r~i/r 
r49 / r  = (0.3431r32+o.3431r34+o.3431r36+o.3431r38+o.4sosr4t+rs7+r6s+ 
r 73+ r74+ r79+ r81+ rg4+ res+O.285F11o+O.91O1F t25+o .91o l r126 ) / r  

Data marked "avg" are highly correlated with data appearing elsewhere In the Listings, 
and are therefore used for the average given below but not in the overall fits. "f&a" 
marks results used for the fit and the average. 

VALUE (%) E V T S  DOCUMENT ID TEEN COMMENT 
lS,184" 0,13 OUR FIT Error Includes scale factor of 1.2. 
14,8 .4- 0.4 OUR AVERAGE 
14.4 �9 0.6 4-0.3 f&a ADEVA 91F L3 E ~ =  88.3-94.3 

GeV 
15.0 • 0.4 4-0.3 f&a BEHREND 89B CELL Ec~= 14-47 GeV 

15.1 • 0.8 • f&a AIHARA 87B TPC Ec~m = 29 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

13.5 4- 0,3 4-0.3 ABACHI 89S HRS Ec~= 29 GeV 

4- 1,0 4-0,7 106 BURCHAT 87 MRK2 Ec~= 29 GeV 

4- 0.5 4-1.2 RUCK$TUHL 86 DLCO E~m=29GeV 

:I: 0.5 • 1420 SCHMIDKE 86 MRK2 Eceem= 29 GeV 

4- 1.1 +1,3 367 ALTHOFF 85 TASS Ec~= 34.5 GeV -1.6  
4- 0.5 4-0,8 BARTEL 85F JADE Ec~= 34.6 GeV 
4- 1,3 4-3,9 107 BERGER 85 PLUT Eceem= 34.6 GeV 

4- 0,3 4-0,6 FERNANDEZ 85 MAC Eceem= 29 GeV 

4- 6 35 BRANDELIK 80 TASS E ~ =  30 GeV 
4- 5 692 108 BACINO 78B DLCO Eceem= 3.1-7.4 

GeV 
35 • 108 BRANDELIK 78 DASP Assumes V - A  de- 

cay 
18 :E 6.5 33 108 JAROS 78 MRK1 Ec~ > 6 GeV 

106 BURCHAT 87 value is not independent of SCHMIDKE 86 value. 
107Not independent of BERGER 85 r ( p - p p v ~ ) / r t o t a l ,  r ( e - P e V T ) / r t o t a l ,  r(h- _> 1 

neutrals%.)/rtota I, and r ( h -  > 0K 0 ~%.)/Ftota I, and therefore not used in the fit. 

108 Low energy experiments are not in average or fit because the systematic errors In back- 
ground subtraction are Judged to be large. 

r(~- h- h+ > 0 neutrals .. (ex./~S ~ ~r+~r- ) ) / r t="  r~o/r 
r s o / r  ~ ( r 5 7 + r 6 5 + r 7 3 + r 7 4 + r 7 9 + r 8 1 + r 8 4 + r 8 5 + o . 2 8 5 r 1 1 0 + o . 9 1 0 1 r 1 2 5 +  �9 
0.9101r126)/r 

Data marked "avg" are highly correlated with data appearing elsewhere in the Listings, 
and are therefore used for the average given below but not In the overall fits. '~'&a" 
marks results used for the fit and the average. 

VALUE (%) EVT$ DOCUMENT ID TEEN COMMENT 
1r OUR FIT Error includes scale factor of 1.2, 
14.634-0.25 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below. 
14.96• f&a 10,4k AKERS 95Y OPAL 1991-1994 LEP runs 
14.22d:0.10• avg 109 BALEST 95E CLEO Ec~ ~ 10.6 GeV 

13,3 • 4-0.8 f&a 110 ALBRECHT 92D ARG E~m= 9,4-10.6 GeV 

+0  40 14.35_0145• f&a DECAMP 92C ALEP 1989-1990 LEP runs 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

15.264-0.26• ACTON 92H OPAL Repl. by AKERS 95Y 

109 Not Independent of BALEST 95E B (h -  h -  h + v~.) and B(h -  h -  h + lr 0 u~.) values, and 
BORTOLETTO 93 B(h-  h -  h'+21rOu~.)/B(h - h -  h + > 0 neutrals u~.) value, 

n 2 110This ALBRECHT 92D value is not I dependent of their r(/~-Ppv~)r(e-Pe v~)/Ftotal 
value, 

WEIGHTED AVERAGE r(,- ~ ~.%.)/r~ r ~ / r  14,63:L0.25 (Error scaled by.1.4) 

VALUE (%) CL..~.~ DOCUMENT ID TEEN COMMENT J~ 

<0,i~0 95 BARATE 98E ALEP 1991-1995 LEP runs | �9 Values above of weighted average, error, 
and scale factor are based upon the data In r(.- ~ ~%, ) / r~  r a / r  this Ideogram only. They are not nesas. 
sadly the same as our ~best' values, 

VALUE (%) E V T S  DOCUMENT ID TEEN COMMENT obtained from �9 Isast-squares constrained fit 

0.011"1-0.011"1"0.0~ 11 BARATE 98E ALEP 1991-1995 LEP runs | utilizing measurements of other (related) 
quantities as additional information, 

F(K- K ~ >_ 0 neutrals .,)/rtm~ r~ / r  = ( r~+r=l / r  ~ - - ~  
VALUE (%) DOCUMENT ID / 
0JIla'0,04 OUR FIT 

r(K%+h-~- > o .~ r .~  ~.)/rw= r . / r  x 2 
VALUE (%) CL~ DOCUMENT ID TEEN COMMENT . . . .  AKERS 95Y OPAL 1.9 

- -  . �9 , , BALEST 95C CLEO 1.1 
<0,17 95  TSCHIRHART 88 HR5 E~m= 29 GeV �9 . �9 ALBRECHT 92D ARG 2.4 
�9 �9 �9 We do not use the fotiowlng data fo r averages, fits, limits, eta, �9 �9 �9 �9 �9 , DECAMP 92C ALEP 0,3 

5.8 
<0.27 90 BELTRAMI 85 HRS E~m= 29 GeV / (Confidence Level = 0.120) 

r(K~ ru/r 11 12 13 14 15 16 17 18 
VALUE('~) E V T S  DOCUMENT ,D TECN COMMENT 

0.0~-~4"0,0194"0.007 6 105 BARATE 98E ALEP 1991-1995 LEP . . . .  I r(h-h-h + >_ 0 neutrals vl.(ex. K O --* ~r + ~-))/rtota I (%) 
105BARATE 98E reconstruct K0'S using K O ~ ~ + ~ -  decays. I 
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r( . - .+.-  _> 0 neutrals =, , . ) / r (h-h-h + >_ Oneut. u=('3-pron~)) 
rgl/r~ 

r51/149 = (0.3431F324-0.3431F364-0.1078F414-F57+F65+F73+F744-0.285r110+ 
0.9101r1254-0.9101F126)/(O.3431F32 +0.3431F34+0.3431F364-0.3431F38+ 
0.4508r414-r57+ F654-F73 § -PF814- F844- r854-0.285Fl10-l-0.9101F125 + 
0.9101r126) 

VALUE EVT$ DOCUMENT ID TECN COMMENT 
0.gG24"0.00~ OUR FIT Error Includes scale factor of 1.1. 
0.941~4"0.019 490 111 BAUER 94 TPC Ec~= 29 GeV 

111BAUER 94 quote B(~r-~r+w - > 0 neutrals ~.)  = 0.1329 =5 0.0027. We divide by 
0.1406, their assumed value for B("3prong"). 

r ( , - , -  ~ ~,)Ir~.,  rulr  
%21r = (0.3431r32+o.3431r34+rs7+r79+re4+O.0221r125)Ir 
Data marked "avg" are highly correlated with data appearing elsewhere In the Listings, 
and are therefore used for the average given below but not in the overall fits, '~&a" 
marks results used for the fit and the average, 

VALUE (%) EVTS DOCUMENT ID TECN COMMENT 
9.964"0.10 OUR FIT Error includes scale factor of 1.1. 
g.7 -I '0A O U R  AVERAGE Error Includes scale factor of 3.1. See the Ideogram below. 
7.6 4-0.1 4-0.5 avg 7.5 k 112 ALBRECHT 96E ARG Ec~= 9.4-10.6 G~V I 

96 ALEP LEP 1991-1993 data 
92C ALEP 1989-1990 LEP runs 
90 CELL Ec~= 35 GeV 
fits, limits, etc. �9 �9 �9 

87 MAC Eceem= 29 GeV 

87 MRK2 Eceem= 29 GeV 

86 DLCO Ec~= 29 GeV 
86 MRK2 E~m= 29 GeV 

85 MAC E~m= 29 GeV 

84 CELL Ec~= 14,22 GeV 

112ALBRECHT 96E not independent of ALBRECHT 93c F ( h - h - h + u ~ . ( e x .  K O) x I 

r(partlcle- _> 0 neutrals _> 0K~u~)/r2otal value. 

113BUSKULIC 96 quote B (h -  h -  h'F u~. (ex. K0)) = 9.50/: 0.10 4- 0,11, We add 0.42 to 
remove their K 0 correction and reduce the systematic error accordingly. 

114BEHREND 90 subtract 0.3% to account for the ~ -  ~ K*(892)-u~ contribution to 
measured events. 

115 BAND 87 subtract for charged kaon modes; not Independent of FERNANDEZ 85 value. 
116 BURCHAT 87 value is not independent of SCHMIDKE 56 value. 
117Value obtained by multiplying paper's R = B ( h - h -  h + ~%.)/B(3-pfong) by B(3-prong) 

0.143 and subtracting 0.3% for K*(892) background. 

9.924-0.10+:0.09 f&a 11.2k 113 BUSKULIC 
9.49+:0.36+:0.63 f&a DECAMP 
8.7 +:0.7 /:0.3 f&a 694 114BEHREND 

�9 �9 �9 We do not use the following data for averages, 

7.0 +:0.3 :t:0.7 1566 115 BAND 

6.7 /:0.8 +:0.9 116 BURCHAT 

6.4 4-0.4 /:0.9 117 RUCKSTUHL 

7.8 /:0.5 •  890 SCHMIDKE 
8.4 +:0.4 /:0.7 1255 117 FERNANDEZ 

9.7 +:2.0 +:1.3 BEHREND 

WEIGHTED AVERAGE 
9.7t"0.4 (Error scaled by 3.1) 

I �9 . �9 

6 7 8 9 10 

r (h- h- h + ~,) Irtota i (%) 

Values above of weighted average, error, 
and scale factor are based upon the data in 
this ideogram only. They are not neces- 
sarily the same as our 'best' values, 
obtained from a least-squares constrained fit 
utilizing measurements of other (related) 
quantities as additional information. 
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"r  

. . . . .  ALBRECHT 96E ARG 17.5 

. . . . .  BUSKULIC 96 ALEP 2.0 
. . . .  DECAMP 92C ALEP 0.1 

. . . . .  BEHREND 90 CELL o 1.8 
21.4 

(Confidence Level 0.001) 

11 12 13 

r(h- h- h+ ,,,)lr(h- h- ~ > 0neut. v=. ( ' 3 - p r o ~ ) )  rg=/r~ 
r52/ r49 = (0.3431F32+0.3431r34+F57+F79+F84+0.0221F125)/(O.3431F32+ 
0.3431F34+0.3431F36-P0,3431F38+0,4508F41+F57 +F65 +F73+F74+ F79+F51-1- 
F84-F F85 +0,285Fl10-t-0.9101r125+0.9101F126) 

This branching fractions is not independent of values for F (h -  h -  h + u~.)/rtota I and 
r(h- h-- h + _> 0neut. u~( "3 -p rong" ) ) /F to ta  I. 

VALUE DOCUMENT IO TEqN COMMENT 
0.666"I'0.00G O U R  F I T  Error Includes scale factor of 1.1. 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.47 +:0.03 +:0.06 RUCKSTUHL 86 DLCO Ec~= 29 GeV 

0.61 +:0.03 +:0.05 FERNANDEZ 85 MAC Ec~= 29 GeV 

r(h- h- h+~.(~.KO))Irt=,, ru l r  
rs31r = (r57+r79+%4+o.0221r125)Ir 
Data marked "avg" are highly correlated with data appearing elsewhere In the Listings. 
and are therefore used for the average given below but not in the overall fits, '~'&a" 
marks results used for the fit and the average. 

VALUE (%) EVTS DOCUMENT ID TECN COMMENT 
9.624"0.10 OUR FIT Error includes scale factor of 1.1. 
9J57:1:0.11 OUR AVERAGE 
9.50+0.10+0.11 avg 11.2k 118 BUSKULIC 96 ALEP LEP 1991-1993 data 
9.87-1-0.10::1:0.24 avg 119 AKER5 95Y OPAL 1991-1994 LEP runs 
9.51+0.07• f&a 37.7k BALEST 95c CLEO Ecee m ~= 10.6 GeV 

118 Not Independent of BUSKULIC 96 B (h -  h -  h "t" u~,) value. 

119 Not Independent of AKERS 95Y B (h -  h -  h + _> 0 neutralsvl.(ex. K O ~ ~r+ l r - ) )  and 

B(h -  h -  h + u r (ex. K O ) ) / B ( h -  h -  h + > 0 neutrals=,r (ex. K O --~ ~r 4" i t - ) )  values. 

r (h-  h-  h+ v, (e~K~ ) / r ( h - h-  h + >_ 0 neutrals v,(er "~ f + : - ) )  
rn/rso 

rs3/r50 = ( r 5 7 + F 7 9 + F g 4 + O . O 2 2 1 F 1 2 5 ) / ( r 5 7 + r 6 5 + F 7 3 + r 7 4 + F 7 9 + F g l + r 8 4 +  
r85 +0.2851-110+0.9101F125+O.9101F126) 

VALUE DOCUMENT ID TECN COMMENT 
0*~4"0.00G OUR F IT  Error includes scale factor of 1.1. 
0.fl60-1-0.004-1-0.014 AKERS 95Y OPAL 1991-1994 LEP runs 

r(h- h- h + v. (=.K~ r~ I r  = (rsT+r~+r~)Ir 
VALUE (%) DOCUMENT IO 
9.57-1"0.10 OUR FIT Error includes scale factor of 1.1. 

r ( . - . + . - . . ) / r t= , ,  r , , / r  = (0.3431r,=+rsT+0.oz21rl=,)/r 
VALUE (%) DOCUMENT ID 
9.1164-0.11 OUR FIT Error includes scale factor of 1.1. 

r ( ~ - . + . -  ~. (=LK~ r , , / r  = (0.3431r==+r,,)/r 
VALUE (%) DOCUMENT It) 
9J~J,'0.11 OUR F IT  Error includes scale factor of 1.1. 

r(~-.+~-v.( ,v.K~ r , , / r  
VALUE (%) DOCUMENT ID 
9.23:1:0.11 OUR FIT Error includes scale factor of 1.1. 

r(~- h- h+ > 1neutrals M.)/r=,= r , , / r  
r58 / r  = (0.34311-36+0.3431F38-F0.10771-41+r65+r73+r74+r81+r85+ 
0.285F110+0.888r 125+0.9101r126)/r 

Data marked "avg" are highly correlated with data appearing elsewhere in the Listings, 
and are therefore used for the average given below but not In the overall fits. "f&a" 
marks results used for the fit and the average. 

VALUE (%) E V T S  DOCUMENT ID TECN COMMENT 
B.19-1-0.11 OUR FIT Error includes scale factor of 1.2. 
9.2 :E0.6 OUR AVERAGE 
5.6 +:0.7 +:0.3 avg 352 120 BEHREND 90 CELL Ec~= 35 GeV 

4.2 4-0.5 +:0.9 f&a 203 121 ALBRECHT 87L ARG Ec~= 10 GeV 

6.2 +:2.3 +:1.7 f&a BEHREND 84 CELL Eceem= 14.22 
GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

6.1 +:0.8 /:0.9 122 BURCHAT 87 MRK2 Ec~= 29 GeV 
7.6 +:0.4 +:0.9 123,124 RUCKSTUHL 86 DLCO Ec~= 29 GeV 

4.7 +:0.5 +0.8 530 125 SCHMIDKE 86 MRK2 Eceem= 29 GeV 

5.6 +:0.4 +:0.7 124 FERNANDEZ 85 MAC E L =  29 GeV 

120BEHREND 90 value is not independent of BEHREND 90 B(3hv~. > 1 neutrals) + 
B(5-prong). 

121 ALBRECHT 87L measure the product of branching ra- 
tios B(3~r+:lr0u~.) B((e~or lJ '~or~rorKorp)U. r )  = 0.029 and use the PDG 86 values 
for the second branching ratio which sum to 0.69 +: 0.03 to get the quoted value. 

122 BURCHAT 87 value Is not independent of SCHMIDKE 86 value. 
123Contrlbuttons from kaons and from >17r 0 are subtracted. Not Independent of (3-prong 

+ 0w 0) and (3-prong + _> 0~r 0) values. 
124Value obtained using paper's R = B(h--  h -  h + u~.)/B(3-prong) and current B(3-prong) 

= 0,143. 
125 Not independent of SCHMIDKE 86 h -  h -  h + ~%. and h -  h -  h+( _> 0w0)~,~. values. 

r (h-  h- h + > I neutrals , , 1 ~  ~ -~ ~+,-))Irt=,,  rMlr  
rsglr = (r65+r73+r74+rg1+rgs+O.255rllO+O.855r125+o.91olr126)Ir 
Data marked "avg" are highly correlated with data appearing elsewhere In the Listings, 
and are therefore used for the average given below but not in the overall fits. "f&a" 
marks results used for the fit and the average. 

VALUE (%) EVT5 DOCUMENT ID TECN COMMENT 
4.984"0.11 OUR FIT Error includes scale factor of 1.2. 
5.07:1:0.24 OUR AVERAGE 
5.09+:0.10+:0.23 avg 126 AKER5 95Y OPAL 1991-1994 LEP runs 
4.95+:0.294-0.65 f&a 570 DECAMP 92C ALEP 1989-1990 LEP runs 

126Not independent of AKERS 95Y B ( h - h - h  + > 0 neutraisu~.(ex. K O ~ ~r+Tr-)) 

and B ( h -  h -  h + > 0 neutrais~,T(ex. K O ) ) / B ( h -  h -  h + > 0 neutraisu~.(ex. K O --* 

w + w - ) )  values. 
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r(h- ~- h+ .o . , . ) / r~  r=/r  
F60/r = (o.3431r36+o.3431r38+r65+F81+r85+o.888r125+o.0221r126)/F 

VALUE (%) EVTS DOCUMENT ID TECN COMMENT 
4-30"t'0.0~ OUR FiT Error Includes scale factor of 1.1. 
4A~4-OoO~:EO.07 6.1k 127 BUSKULIC 96 ALEP LEP 1991-1993 data 

127BUSKULIC 96 quote B ( h - h - - h + w O u T ( e x .  K0)) = 4,30 • 0.09 ~: 0,09. We add 0,15 
to remove their K 0 correction and reduce the systematic error accordingly. 

r ( , -  h - *+ .~  r . / r  
r61 / r  = (F65+F81+F85+0.888F125+0.0221F126)/F 

VALUE (%) EVTS DOCUMENT ID TECN COMMENT 
4.314-0.09 OUR FIT Error Includes scale factor of 1.1. 
4.~1"1"0.064"0.~! 7.2k BALEST 95c CLEO Ec~ ~ 10.6 GeV 

r(~- ~- ~+~%.1=~ K%~l)/r~,, r. . /r = ( r=+r .+ r= ) / r  
VALUE (%) DOCUMENT ID 
2.59=1=0.09 OUR FIT 

r ( . - .+ . -~o~.) / r t= . ,  
r = / r  = (0.3431r=~+r=+o.~r~=s+o.0221rx=d/r 

VALUE {%) DOCUMENT ID 
4.~-I-0,10 OUR FIT 

r ( , r - .+ , r - .%.  (~ -K~  r~/r  = (r~+o.mr~+0.o221r~)/r 
VALUE (%) DOCUMENT ID 
4.22-I-0.10 OUR FIT 

r ( ~ - . + . - . o ~ . ( ~ x o ~ ) ) I r ~ ,  r . I r  
VALUE (%) DOCUMENT ID 
2.4~4-0.10 OUR FIT 

r(~- ( p , ) % , ) I r ( h -  h-  h + x~ r . l r =  
r66/r6o = (1"68+1"69+1"70)/F60 

VALUE DOCUMENT IO T~CN COMMENT 

0.64.1.0.O7.1.0,03 128 ALBRECHT 91D ARC E ~ =  9.4-10.6 GeV 

128ALBRECHT 91D not Independent of their F ( h - p + h - u ~ ) / F ( h - h - h + ~ r O e ~ ) ,  

r ( h -  p -  h + ~ )  I F ( h  - h -  h + ~ 0 , ~ ) .  and r ' (h- p~0 ~,T)/r (h-  h -  h + ,0  ~'-r) 
values. 

r(la11126o) h)- v ~ . ) I r ( h - * -  h+.~ r=~Ir= 
VAI~U~ CL~ DOCUMENT /D TEC N COMMENT 

<OA4 95 129 ALBRECHT 91D ARC Ec~= 9.4-10.6 GeV 

129ALBRECHT 91D not independent of their F ( h - ~ e ~ ) / F ( h - h - h +  ~r0%. (ex,K0)). 
r ( b -  px ~ ~ ) / r ( h -  h -  h + =o ~ ) ,  r ( h -  p +  h -  ~ . ) / r ( h -  h -  h + ~r 0 u~.), 

and r ( h -  p -  h + ~ ) / r ( h -  h -  h + w0 u~) values. 

r(~-e.o,,.)Ir(h - h- h+.o,,.) r~ / r=  
VALUE ~yT~ DOCUMENT ID TECN COMMENT 

0.~l-1"O.04"k0.0~ 393 ALBRECHT 91D ARC Ec~= 9.4-10.6 GeV 

r( , -e+ h- v.)/r(h- h- h +~~ r . / r =  
VALU E EVTS DOCUMENT ID TECN COMME~NT 

0-104"0.0~4"0.04 142 ALBRECHT 91D ARG E~m= 9.4-10.6 GeV 

r ( , -  e- /P ~,.)/r (h- h-  h+ ~%.)  r~olr= 
VALUE ~VT S DOCUMENT ID TECN COMMENT 

0.26"I'0.0~-I'0.01 370 ALBRECHT 91D ARG E~m= 9.4-10.6 GeV 

[r(*-p+h-~,,)+r(h- p-h+v,)]Ir(h-h-IP~,,) (r~+r~o)Ir. 
VALUE EVTS DOCUMENT /O T~CN COMMENT 

0..~4"0,064"0.01 475 130 ALBRECHT 91D ARC Ec~= 9.4-10.6 GeV 

130ALBRECHT 91D not independent of their F ( h -  p +  h -  u ~ ) / r ( h -  h -  h + ~rOuT) and 
r ( h -  p -  h + , , ) / r ( h -  h -  h + ~r 0 uT) values. 

r (~ - , -  ~ -2~ , , . ) I r~ ,  rn l r  
F71/I" = (o.1o77r41+r73+o.236rllo+o.8esr126)ir 

VALUE {%) DOCUMENT ID 
o.~.o.o4 ou, ~iT 

r(h- ~- ~+2, ~176 rz=/r 
F72/F = ( r73+O.236r110+O.SeSr126) /F  

VALUE (%) EVe 'S DOCUMENT IO TECN COMMENT 
0-33:1:0.04 OUR FiT 
0-E0"1"O.074"0.07 1.8k BUSKULIC 96 ALEP LEP 1991-1993 data 

r ( h - h - h + 2 , P . , , ( e ~ K ~  + > O.eut. u,('3-pronl~')) r ~ / r ~  
1"72/1"49 = (i-73+o.236r110+o.888F126)/(o.3431r32+o.3431F34+o.3431r36 + 
o , 3 4 3 1 F 3 8 + o . 4 5 o s r 4 1 + r 5 7 + r 6 5 + r 7 3 + r 7 4 + r 7 9 + r 8 1 + r 8 4 + F 8 s + O . 2 8 S r l l O +  
o,91o1F125+o.9101r126) 

VALUE EVTS DOCUMENT Ip TECN COMMENT 
0.0S48-1-0.00~ OUR FIT 
OJ~4 4-O.(X~ 4-0.003 668 BORTOLETTO93 CLEO Ec~ ~ 10,6 GeV 

r(h- h- ~ -2 .~  r~ /r  
VALUE (%) DOCUMENT ID 
0.11:E0.O4 OUR FiT 

F(h- h- h+ >_ ~r%.)/r~,,  r . / r  
VALUE{%) EV'rS DOCUMENT ID TECN COMMENT 

o 14+~176 ou.  ~ r  �9 --v.ve . . . . . . .  Error includes scale factor of 1.5. 

0.11:E0.04:i:0.(~ 440 BUSKULIC 96 ALEP LEP 1991-1993 data 

r(~- h- ~+3. ~ r~/r  
VALUE (un;tS 10 -4) EVT5 DOCUMENT ID TECN COMMENT 

2.U:I:O.N'I'0JSl 57 ANDERSON 97 CLEO Ec~m = 10.6 GeV | 

F ( K -  h +  h - >_ 0 neutrals u . ) / r t o t . I  

rT=/r = ( o . ~ l r . + o . ~ l r . + r , , + r . + r . + r . ) / r  
VALUE (%) CL_~_~ DOCUMENT ID TECN COMMENT 

0.S44-0,07 OUR FIT Error includes scale factor of 1,1. 
<0.6 90 AIHARA 84(: TPC Ec~= 29 GeV 

r (K -x+ , r  - > 0 neutral= ..)/rt=,, 
rnlr = (o.~tr~+o.s4slr=+r~+r=)/r 

Data marked "avg" are highly correlated with data appearing elsewhere in the Listings, 
and are therefore used for the average given below but not in the overall fits. '1"&a" 
marks results used for the fit and the average, 

VALUE {%) EVTS DOCUMENT IO TECN COMMENT 
0,31 4"0.06 OUR FIT Error Includes scale factor of 1.1. 
0.30 4-0.O7 OUR AVERAGE Error includes scale factor of 1.2. 
0.2754-0,064 avg 131 BARATE 98 ALEP 1991-1995 LEP | 

runs 
0.58 +0.15 Ec~m = 29 GeV -0,13 • f&a 20 132 BAUER 94 TPC 

0.22 +0.16 -0.13 • f&a 9 133 MILLS 85 DLCO E~m-- 29 GeV 

131Not independent of BARATE 98 r(~-- ~ K - w + I r - u r ) / F t o t a  I and F(~'- ~ I 

K -  ~r + w-  w0 v~.)/Ftota I values. I 
132We multiply 0.58% by 0.20, the relative systematic error quoted by BAUER 94, to obtain 

the systematic error. 
133 Error correlated with MILLS 85 (K KTru) value, We multiply 0.22% by 0.23, the relative 

systematic error quoted by MILLS 85, to obtain obtain the systematic error. 

r ( K - . + . -  , . ) / r== r~/r- -  (0.3431r,+r~.)/r 
VALUE(%) DOCUMENT ID TECN COMMENT 
0.~1 :t:0.04 OUR FIT 
0.214:1:0.0~74-0.0~1 BARATE 98 ALEP 1991-1995 LEP runs I 
r ( K -  lr + l r -  =,, (ex, K~  r T , / r  
VALUE (%) DOCUMENT ID 
0...o.= our RT 

r (K- .+  , -  ~o v.) /r~= rm/r = (0.~zru+rel) /r  
VALUE (%) DOCUMENT ID TECN COMMENT 
0.08 -I-0.04 OUR FIT 
0.0Gl=E0.03g-1-0.018 BARATE 98 ALEP 1991-1995 LEP runs | 

r ( K - x + I t -  ~r 0 v l . ( e ~ . K 0 ) ) / r ~ , ,  r= I r  
VALUE DOCUMENT tO 

(= 4_+~|) x 1o-4 o . .  m 

r ( K - x + K  - > 0neut. ~, . ) / r~, ,  r - / r  
VALUE(%) CL_~_~ DOCUMENT ID TEEN COMMENT 

<0.09 95 BAUER 94 TPE Eceem= 29 GeV 

r ( K -  K + ~ -  > 0,eut. v,)/rtot= r - / r  = ( r .+r , . ) / r  
Data marked "avg" are highly correlated with data appearing elsewhere In the Listings, 
and are therefore used for the average given below but not in the overall fits. "f&a" 
marks results used for the fit and the average. 

VALUE (%) EVTS DOCUMENT ID TECN COMMENT 
0.23 +0.04 OUR FIT 
0.22 +0.04 OUR AVERAGE 
0.238+0.042 avg 134 BARATE 98 ALEP 1991-1995 LEP | 

runs 
0.15 +0,09 4,0.03 f&a 4 135 BAUER 94 TPC Ec~m= 29 GeV -0,07 

134NOt independent of BARATE 98 I'(~-- ~ K - K + w - u ~ ) / F t o t a  I and I'(~-- --* | 
K - K + ~r - ~r 0 u~. )/l 'tota I values. I 

135We multiply 0,15% by 0.20, the relative systematic error quoted by BAUER 94, to obtain 
the systematic error. 

r(K- K+~r - ..)/rt=,= r . / r  
VALUE (%) EVTS DOCUMENT ID TECN COMMENT 
O.1614-0.~Ni OUR FIT 
0.1r OUR AVERAGE 
0.1634-0.0214-0.017 BARATE 98 ALEP 1991-1995 LEP runs I 
0.22 +0.17 4-0.05 9 136 MILLS 85 DLCO E~m= 29 GeV -0,11 

136Error correlated with MILLS 85 (K~r~r~r0u) value, We multiply 0.22% by 0,23, the 
relative systematic error quoted by MILLS 85, to obtain obtain the systematic error. 
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r(K- K+x-x%.) / r tm,  
VALUE(%) 
0.0~Jl=l:0.0~10 OUR FIT 

DOCUMENT ID TECN COMMENT 

Lepton Particle 

r= / r  r((e~)-,,.)Ir=~ 
r951r = (r26+ ~ r41+r73+r92+o.236r110+o.seer126)Ir 
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r~ / r  

0.O'~4.OJ~g4.0,O'J~ BARATE 98 ALEP 1991-1995 LEP runs 

F(K-K+  K - >_ One.t. =,.)/rt=t.l r~ / r  
VALUE (%) CL% DOCUMENT ID TECN COMMENT 

<0.21 95 BAUER 94 TPC Eceem= 29 GeV 

F(K- K + K- v.)/rt=Cal r~ / r  
VALI/E ~ DOCUMENT ID TECN (~OMM~NT 

<1.9 X 10 - 4  90 BARATE 98 ALEP 1991-1995 LEP runs 

r (~ -K+x-  > 0 . = r  ,,.)/rt~,i r= / r  
VALUE (%) CL__~N DOCUMENT ID TECN COMMENT 

<0. r 95 BAUER 94 TPC Ec~= 29 GeV 

r@- e- e+ ~o,..)Ir~,, r n l r  
VALUE (units 10 -s) E V T S  DOCUMENT ID TEEN COMMENT 

2.8.1.1.4.1.0.4 5 ALAM 96 CLEO Eceem= 10.6 GeV 

r0,- e- e+p~,~,) I r ~ t  r . l r  
VALUE (units 10 -s ) C L f 4  DOCUMENT ID TECN COMMENT 

<~6  90 ALAM 96 CLEO Eceem= 10.6 GeV 

r(sh-2/fl- > 0 neutmls 
1-91/1" = (F92+F93)/I" 

VALUE (%) EVTS 
0.0S74.0.007 OUR FIT 
0.1~4.0.811 OUR AVERAGE 
0.097 4` 0.005 4` 0.011 419 

0.26 4-0,06 -1,0.05 

0.10 40.05 -0.04 -1,0.03 

0.1024-0.029 13 

0.16 -1"0.08 -1"0,04 4 

~,(=. ~ -~ .-.+)('S-p,=C))/rt== 

DOCUMENT ID TECN COMMENT 

r . l r  

GIBAUT 94S CLEO Eceem= 10.6 GeV 

ACTON 92H OPAL Ec~= 88.2-94.2 GeV 

DECAMP 92(:: ALEP 1989-1990 LEP runs 

BYLSMA 87 HRS Ec~= 29 GeV 

BURCHAT 85 MRK2 Ec~= 29 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.16 -1,0.13 -1,0.04 BEHREND 89B CELL Ec~m = 14-47 GeV 

0.3 -1,0.1 -1,0.2 BARTEL 85F JADE Ec~= 34.6 GeV 
0.13 -1,0.04 10 BELTRAMI 85 HRS RepL by BYLSMA 87 
1.0 -1,0.4 10 BEHREND 82 CELL RepL by BEHREND 89B 

[r(h- h- ~" _> z neutrals u~.) + F(3h-2h + _> 0 neutral-, v. 
(~- /~s "~ x-~r+)l'S'Pr~ ( r . + r , l l / r  

(F58+F91)/F = (o.3431F36+o,3431r38+O.lO77F41+F65+r73+F74-Fr81+r85+ 
1"92+F93+0.285r 110+0.888F125+0.9101F126)/F 

VALUE (%) E V T S  DOCUMENT ID TECN COMMENT 
w OUR FIT Error Includes scale factor of 12. 
$.4 4.0Ji OUR AVERAGE 
5,054-0.294-0.65 570 DECAMP 92C ALEP 1989-1990 LEP runs 
5.8 -1,0.7 -1.0.2 352 137 BEHREND 90 CELL E~m= 35 GeV 

137BEHREND 90 not Independent of their F (h-  h -  h + > 1 neutralsu~.)/l'tota I measure- 
ment. 

r (3h-2h%, . (~K~ 
VALUE (%) E V T S  DOCUMENT ID TECN COMMENT 
0.01'i-l-0.007 OUR FIT 
0.013=1:0.008 OUR AVERAGE 
0.080-1,0.0114-0.013 55 BUSKULIC 96 ALEP LEP 1991-1993 data 
0.0774`0.0054`0.009 295 GIBAUT 94B CLEO E~m= 10.6 GeV 

0.0644-0.023:E0.01 12 ALBRECHT 888 ARG E~m= 10 GeV 

0.051-1,0,020 7 BYLSMA 87 HRS Ec~= 29 GeV 

r,~/r 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.067-1,0.030 5 138 BELTRAMI 85 HRS Repl. by BYLSMA 87 

138The error quoted Is statistical only. 

r(3a-2~+~o,,.(~KO))Ir~,, 
VALUE (%) EVTS 
0.0~4.0.008 OUR FIT 
0.r~14.0.0n~ OUR AVERAGE 
0.010-+-0.007-1,0.012 18 
0.0194- 0.004-1, 0.004 31 

0.051'1'-0.022 6 

DOCUMENTID 
r . l r  

TECN COMMENT 

BUSKULIC 96 ALEP LEP 1991-1993 data 
GIBAUT 94B CLEO Eceem= 10.6 GeV 

BYLSMA 87 HRS E~m= 29 GeV 
�9 �9 * We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.067:E0.030 5 139 BELTRAMI 85 HRS Repl. by BYLSMA 87 

139The error quoted Is statistical only. 

r(3h-2h+~r o,,,)Ir~,,i r~Ir  
VALUE (%) CL.~.~_~ DOCUMENT ID TECN COMMENT 

<OJBll 90 GIBAUT 94B CLEO E~m= 10,6 GeV 

Data marked "avE" are highly correlated with data appearing elsewhere In the Listings, 
and are therefore used for the average given below but not In the overall fits. ~f&a" 
marks results used for the fit and the average. 

VALUE(%} - -  DOCUMENT IO TECN COMMENT 
0.74.1.0.07 OUR R T  
0.614.0.06:1:0J~ aVlg 140 GIBAUT 948 CLEO EC~= 10.6 GeV 

140 Not Independent of GIBAUT 94B B(3h-2h + v~.), PROCARIO 93 B(h-41r Ova.), and 
BORTOLETTO 93 B(2h-  h + 2~r 0 v~)/B("3prong") measurements. Result is corrected 
for T/contributions, 

r(4h- 3h+ > 0 neutra~ v~('7-pmnr r , d r  
VALUE CL~ DOCUMENT ID TECN COMMENT 

<2.4 X 10 - 6  90 EDWARDS 978 CLEO EC~= 10.6 GeV 
�9 �9 �9 We do not use the following data for averages, fits, IImRs, etc. �9 �9 �9 

<1.8 x 10 - 5  95 ACKERSTAFF 97J OPAL 1990-1995 LEP runs 
<2.9 x 10 - 4  90 BYLSMA 87 HRS Ec~= 29 GeV 

r(~'(~2)- ~ o(0 ~ ~)~,,)/r==l r~/r 
VALUE (%) EVT5 DOCUMENT ID TECN COMMENT 

1,944"0.274"0, tm 74 AKERS 94G OPAL E~m= 88-94 GeV 

r ( K ' ( ~ ) -  > 0..,tra~ ~.)/r,== r, , /r  
VALUE (%} E V T S  DOCUMENT 10 TECN COMMENT 
1.33:1:0.13 OUR AVERAGE 

1.194`0.15_+0:113 104 ALBRECHT 95H ARG E ~ m =  9.4-10,6 C-eV 

1.434-0.114-0.13 475 141GOLDBERG 90 CLEO E c ~ :  9.4-10.9 GeV 

141 GOLDBERG 90 estimates that 10% of observed K*(892) are accompanied by a ~r 0. 

r (K' (em)- , , . ) I r~ 
VALUE (%) EVT5 
1.28.1.0.08 OUR AVERAGE 
1.394`0.094:0.10 
1.114`0.12 
1.42-1-;-0.22-;-0.09 

1234`o21_§ 1 54 
1.9 -1,0.3 -1,0.4 44 

1.5 -1,0.4 • 15 

1.3 -1,0.3 +0.3 31 

r . / r  
DOCUMENT ID TECN COMMENT 

142 BUSKULIC 96 ALEP LEP 1991-1993 data 
143 COAN 96 CLEO E~m ~ 10.6 GeV 
144 ACCIARRI 95F L3 1991-1993 LEP runs 

145 ALBRECHT 88L ARG Ec~= 10 GeV 

146 TSCHIRHART 88 HRS Ec~=  29 GeV 
147 AIHARA 87(:: TPC Ec~=  29 GeV 

YELTON 86 MRK2 Ec~=  29 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.454-0.134-0.11 273 148 BUSKULIC 94F ALEP Repl. by BUSKULIC 96 
1.7 -1,0.7 11 DORFAN 81 MRK2 Eceem= 4.2-6.7 GeV 

142Not Independent of BUSKULIC 96 B(~-K0v~. )  and B(K-7rOvr )  measurements, 
143Not independent of COAN 96 B ( x -  K--'0vT) and BATTLE 94 B (K -E0v , . )  measure. 

ments. K~ final states are consistent with and assumed to originate from K*(892)-  
production. 

144This result is obtained from their B (~ -K 'Ovr )  assuming all those decays originate In 

K*(892)-  decays. 
145The authors divide by F1/F = 0.865 to obtain this result. 
146 NOt Independent of TSCHIRHART 88 r ( . -  

h - K  "0 _> 0 neutrals _> OKOLur)/F(total ). 

147 Decay l r -  identified in this experiment, Is assumed in the others, 
148 BUSKULIC 94F obtain this result from BUSKULIC 94F B(K --0 l r -  v~.) and BUSKULIC 94E 

B ( K -  xO %.) assuming all of those decays originate In K* (892) -  decays. 

r (K- (m)- . . ) / r ( . - .~  r , , / r .  
VALUE DOCUMENT ID TECN COMMENT 

0.0"[S4.0J~? 149 ABREU 94K DLPH LEP 1992 Z data 

149ABREU 94K quote B(~'- ~ K*(892)-  v~.)B(K*(892)- - *  K -  xO)/B(~ " -  ---* p -  %.) 

= 0.025 4` 0,009. We divide by B(K*(892)-  ~ K-~r  0) = 0.333 to obtain this result, 

r(K'(S92) ~ K-  _> 0 neutrals v,)/Ftm=l rsoo/r 
VALUE (%) EVT5 DOCUMENT ID TECN COMMENT 

0.824"0.08"1-0,12 119 GOLDBERG 90 CLEO Ec~= 9.4-10.9 GeV 

r ( ~ ( ~ )  o K- ..)/r==. rs0,/r 
VAL UE (%) E V T S  DOCUMENT ID TECN COMMENT 
0.21 "1-0.04 OUR AVERAGE 
0.213• 150 BARATE 98 ALEP 1991-1995 LEP runs | 
0.20 4-0.05 /:0.04 47 ALBRECHT 95H ARG E~m= 9.4-10.6 GeV 

150BARATE 90 measure the K -  (pO ~ l r + l r - )  fraction In ~'- ~ K - T r + I r - u ~  de- | 

cays to be (35 4` 11)% and derive this result from their measurement of I'(~-- --* I K -  ~+ l r -  %.)/rtota I assuming the intermediate states are all K -  p and K -  K*(892) 0. 

rCP(m)o.  - _> 0 neutrals v:)/rt=,t r ,=/r  
VALUE (%) E V T S  DOCUMENT ID TECN COMMENT 

O,384"0,114"O.13 105 GOLDBERG 90 CLEO Ec~m = 9.4-10.9 GeV 
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rCk"(892)o,-~.)/r== r l=/r 
VALUE{%) EVT$ DOCUMENT ID TECN COMMENT 
0~2 -1,0.08 OUR AVERAGE 
0.2094-0.058 151BARATE 98 ALEP 1991-1995 LEP runs 
0.25 4-0~10 4-0.05 27 ALBRECHT 9SH ARG Ec~= 9.4-10.6 GeV 

151BARATE 98 measure the K - K * ( 8 9 2 )  0 fraction in ~'- -+ K - K + * - ~  de- I 
cays to be (87 4- 13)% and derive this result from their measurement of F(~-  - *  I 

K -  K + ~r- %.)/Ftota I. 

r ( ( ~ ( ~ ) . ) -  M.--, ,~ -P~, , . ) I r~ , ,  r ~ I r  
VALUE (%) DOCUMENT ID TECN COMMENT 

0.10~4-0.~7.1.0J01~2 152 BARATE 98E ALEP 1991-1995 LEP runs I 

152 BARATE 98E determine the ~0  p -  fraction in ~.- ~ ~r- ~0  ~r 0 u~. decays to be (0.64 4- I 

0,09 -1, 0.10) and multiply their B(~r-K 0 ~r 0 u~.) measurement by one minus this fraction | 
to obtain the quoted result. 

r(Kl(l~0)- ..)/rt== r ~ / r  
VALUE(%) EV73 DOCUMENT ID TECN COMMENT 

0A1~00~4-0.10 5 153 BAUER 94 TPC E~m= 29 GeV 

153We multlfily 0,41% by 0.25, the relative systematic error quoted by BAUER 94, to obtain 
the systematic error. 

r(Kl(Z400)- ..)/rt== r,0=/r 
VALUE (%) E V T S  DOCUMENT ID TECN COMMENT 

0.'it8+O0~:E0.20 11 154 BAUER 94 TPC Ec~= 29 GeV 

154We multiply 0.76% by 0.25, the relative systematic error quoted by BAUER 94, to obtain 
the systematic error. 

[r (K1 ( 1 2 7 0 ) -  J/ .)  + r (K1 ( 1 4 0 0 ) -  v r ) ] / r t = , ,  ( r l = + r ~ ) / r  
VALUE{%) E V E S  DOCUMENT IO TECN COMMENT 

1 17 +0"41J.nem �9 _ 0 . 3 . t ~ . . .  16 155 BAUER 94 TPC Ec~= 29 GeV 

155We multiply 1.17% by 0.25, the relative systematic error quoted by BAUER 94, to obtain 
the systematic error. Not Independent of BAUER 94 B(Kl(1270 ) -  %.) and BAUER 94 
B(Kl(1400 ) -  =/~) measurements. 

r (~(~c~o)- , , , ) I r~  r ~ / r  
VALUE (%) CL% Ewrs DOCUMENT ID TECN COMMENT 

<0*3 95 TSCHIRHART 88 HRS Eceem= 29 GeV 
�9 * * We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.33 95 156 ACCIARRI 95F L3 1991-1993 LEP runs 
<0.9 95 0 DORFAN 81 MRK2 Eceem= 4.2-6.7 GeV 

1SgACCIARRI 95F quote B(~-- ~ K*(1430)-  ~ ~ - - ~ v T )  < 0,11%. We divide by 
B(K*(1430)-  --* ~ r -K  O) = 0.33 to obtain the limit shown. 

r(ao(seo)- > 0 .=m~  M.)/rt=,. X B(ao(~e0)-~ K ~ K-) r l= / r  x B 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<2.11X 10 - 4  90 GOLDBERG 90 CLEO E ~ =  9,4-10.9 GeV 

r(,~.-,,.)Ir~,, r1.1r 
VALUE (units 10 -4) CL~ E V T S  DOCUMENT ID TECN COMMENT 

<: 1A 95 0 BARTELT 96 CLEO Ec~ ~ 10.6 GeV 
�9 * �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 6.2 95 BUSKULIC 97C ALEP 1991-1994 LEP 
runs 

< 3,4 95 ARTUSO 92 CLEO E ~  ~ 10.6 GeV 
< 90 95 ALBRECHT 88MARG Ec~ ~ 10 GeV 

<140 90 BEHREND "88 CELL Ec~= 14-46.8 
GeV 

<180 95 BARINGER 87 CLEO Ec~= 10.5 GeV 

<250 90 0 COFFMAN 87 MRK3 Ec~= 3,77 GeV 
510 4-1004-120 65 DERRICK 87- HRS Eceem= 29 GeV 

<100 95 GAN 878 MRK2 Ec~= 29 GeV 

r(,~,.- ~ , , . ) I r~, ,  r .olr  
VALUE (%) CL~; E V T S  DOCUMENT IO TECN COMMENT 

0.1744-0~!4 OUR FIT 
0.1734-0.0~4 OUR AVERAGE 
0.18 97C ALEP 1991-1994 LEP | 4.0�9 • BUSKULIC 

�9 runs 
0.17 4.0.02 4-0.02 125 ARTUSO 92 CLEO Ec~ ~ 10.6 

C-eV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.10 95 ALBRECHT 88MARG Ecee m ~ 10 
GeV 

<2.10 95 BARINGER 87 CLEO E c ~  10.5 GeV 

4.20 +0.70 157 CAN --1.20 :J:1.60 87 MRK2 E~m= 29 GeV 

187 Highly correlated with GAN 87 F(x-3~r 0 u~.)/F(total) value. 

r(~.-.o.o..) Ir~,~ r1111r 
VALUE (units 10 -4) CL% EVT5 DOCUMENT ID TECN COMMENT 

1.4+0.64"0.3 15 BERGFELD 97 CLEO Ec~=  10,6 GeV 
�9 �9 * We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 4.3 95 
<120 95 

r(qK- v.)/rted,, 
VALUE (~n~tS 10 -4) CLf; EVES 

2,74-0.6 OUR AVERAGE 
2.9_+I:~o.7 
28• 88 

ARTUSO 92 CLEO E ~  ~ 10.6 GeV 

ALBRECHT 88MARG E~m ~ 10 GeV 

r l , . / r  
DOCUMENT tO TECN COMMENT 

BUSKULIC 97c ALEP 1991-1994 LEP runs 

BARTELT 96 CLEO E~m ~. 10.6 GeV 
�9 . �9 We do not use the following data for averages, fits, limits, etc. �9 = �9 

<4,7 95 ARTUSO 92 CLEO Ecee m ~ 10.6 GeV 

r(,1.+,r -,~- > o ~ra~. ,,.)Irml rl . . /r  
VALUE (%) CL._~ DOCUMENT ID TECN COMMENT 

<0.3 90 ABACHI 87B HRS Eceem= 29 GeV 

r (~. - r  ~,)/rt== r .4 / r  
VALUE (uaitS 10 -4 ) E V T S  DOCUMENT ID TECN COMMENT 

+0.S 3-4__0,54-0.g 89 BERGFELD 97 CLEO EC~= 10.6 GeV 

r(.~(126o)-~.-~ v . - p % . ) / r ~  r1=/r 
VA~J~ CL~ DOCUMENT tD T~.~I~ COMM~rNT 

<~L9 X 10-4  90 BERGFELO 97 CLEO Ec~= 10.6 GeV 

r ( ~ . - v . ) / r = =  r l l , / r  
VALUE (units 10 -4 ) , CL..~ DOCUMENT ID TECN COMMENT 

<: 1.1 95 ARTUSO 92 CLEO Ec~ ;u 10.6 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<83 95 ALBRECHT 88M ARG E~m ~ 10 GeV 

r (~ . - .o~ . ) / r~ , ,  r1171r 
VALUE(unitS 10 -4 ) CL_~_~ DOCUMENT ID TECN COMMENT 

< 2.0 95 ARTUSO 92 CLEO Ecee m ~ 10,6 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<90 95 ALBRECHT 88M ARG Ecee m ~. 10 GeV 

r ( , f (~) . - , , . ) / rw= rl , . /r  
VALUE CL~ DOCUMENT ID TECN COMMENT 

<?,4X 10 - w  90 BERGFELD 97 CLEO Ec~= 10,6 GeV I 

r ( r  r.91r 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<8.0 X 10 - 5  90 BERGFELD 97 CLEO Eceem= 10.6 GeV | 

r(#.- , , . ) / r== r=olr 
yA~(J~ ~ DOCUMENT ID T ~  N ~OMMENT 

<2.0 X 10 - 4  90 158 AVERY 97 CLEO E~m= 10.6 GeV L 

�9 �9 * We do not use the following data for averages, fits, limits, etc. �9 * * 

<3.5 • 10 - 4  90 ALBRECHT 95H ARG EC~= 9.4-10.6 GeV 

158AVERY 97 limit varies from (1.2-2.0) x 10 - 4  depending on decay model assumptions. | 

r(~x-,, .) /r~,,  r~. /r  
VALUE CL% DOCUMENT ID TECN COMMENT 

<6.7 x 10 - s  90 159 AVERY 97 CLEO Ec~=  10.6 GeV J 
159AVERY 97 limit varies from (5.4-6.7) x 10 - 5  depending on decay model assumptions. | 

r(611~1~- v,)/rt=,= rl . . /r  
VALUE (units 10 -4 ) E V T S  DOCUMENT ID TECN COMMENT 

S R + I . 4 . L . .  | �9 _1.3~=.u 54 BERGFELD 97 CLEO E~m= 10.6 GeV 

r(ti(12r q~-~+~r-v,)/r(~,r-f+lr-v,) rln/r114 
VA~UI; DOCUMENT ID T~C N COMMENT 

0J~'l '0.14 BERGFELD 97 CLEO Eceem= 10,6 GeV | 

r(h-w > 0 Matralg v.)/rtot,i r=4/r 
r124/ r  = ( r125+r126) / r  

Data marked "avg" are highly correlated with data appearing elsewhere In the Listings, 
and are therefore used for the average given below but not In the overall fits. '~&a" 
marks results used for the fit and the average. 

VALUE (%} EVT$ DOCUMENT tD TECN COMMENT 
2..~:i:0.01 OUR F1T 
1.M4-0.3 "1-0.2 I v  E 1513 ALBRECHT 88MARC Ec~ ~ 10 GeV 
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r(,-~,..)Ir~., r~ I r  
Data marked "avg" are highly correlated with data appearing elsewhere In the Listings, 
and are therefore used for the average given below but not in the overall fits. =f&a" 
marks results used for the fit and the average. 

VALUE (%) E V T S  DOCUMENT ID TECN COMMENT 
1,1~I"~-0~06 OUR F i r  
1.92:b0.07' OUR AVERAGE 
1.914-0.07-1-0.06 f&a 5803 BUSKULIC 97C ALEP 1991-1994 LEP | 

runs 
1.954-0.074-0.11 av E 2223 160 BALEST 95C CLEO E~m ~. 10.6 GeV 

1.604-0.27• f&a 139 BARINGER 87 CLEO E~m~ 10.5 GeV 

160 Not Independent of BALEST 95c B(~'- ~ h -  ~ u~ r ) / B ( r -  ~ h -  h -  h + x 0 v .  r ) value. 

[r(h-p~ov.) + r(h-p+ h- V.) + r (h-e-  h+,.) + r(h-o~v.)] / 
r@-,- h+.0M.) (r=+rm+rTo+r~,)Irw 
VALU~ CL~ DOCUMENT ID TECN COMMENT 

>O.gl 95 161 ALBRECHT 91D ARG Ec~= 9.4-10.6 GeM 

161 ALBRECHT 91D not independent of their F ( h -  ~ %.)/1" (h-- h -  h + ~r 0 ur (ex.KO)), 

r(h- p.o v,r)lr(h- h-  h +.~ r(h- p+ h- ~,)/r(h- h- h +,,~ 
and F (h -  p -  h + ~,)/r(h- h -  h+ ~%,) values. 

r(h-~..)/r(h- h- h+.%(~xo)) r . . . / r=  
r125/r61 = F125/(F65+Fsl+F85+O.888F12s+O.O221F126) 

VALUE EVT"S DOCUMENT IO TgCN COMMENT 
O.Mill~O.Ot~ OUR FIT 
0.d&3:l:OJ~i9 OUR AVERAGE 
0.4314"0.033 2350 162 BUSKULIC 96 ALEP LEP 1991-1993 data 
0.4644.0.0164.0.017 2223 163 BALEST 95c CLEO Ecee m ~. 10.6 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.37 4-0.05 4-0.02 458 164 ALBRECHT 91D ARG Ec~= 9.4-10.6 GeV 

162BUSKULIC 96 quote the fraction of r ~ h - h - h  +~r0u r (ex. K O) decays which 

originate In a h--cd final state = 0.383 4- 0.029. We divide this by the ~(782) 
~r + ~r- ~0 branching fraction (0.888). 

163BALEST 95c quote the fraction of r -  --~ h - h - h §  (ex. K O) decays which 

originate In a h - ~  final state equals 0.412 4- 0.014 4, 0.015. We divide this by the 
o~(782) --* ~r-i'~r-~r 0 branching fraction (0.588). 

164ALBRECHT 91D quote the fraction of ~'-- ~ h -  h -  h§ decays which originate In 
a ~r- ~ final state equals 0.33 4, 0.04 4- 0.02. We divide this by the ~(782) ~ ~r + ~r- ~r 0 
branching fraction (0.888). 

r( , -~OM.) Ir~ r~ / r  
VALUE (%) EVT5 DOCUMENT ID TECN COMMENT 
OAS,,I-O,~ OUR FIT 
0,4L3:t:O.0~O.08 7283 BUSKULIC 97c ALEP 1991-1994 LEP runs | 

r ( , -~2~. ) I r~= r~ / r  
VALUE (units 10 -4 ) E V T S  DOCUMENT IO TECN COMMENT 

1 Bg "I'0"74"L n ,n  | �9 _ 0 . 6 7 ~  19 ANDERSON 97 CLEO Ec~= 10.6 GeM 

r(~- , ~ , , . ) I r (h -  , -  h+ > ~ ~ . ( ~ n r  r~ / r~  
r126/r49 = r126/(o.3431r32+o.3431r34+o.3431F36+o.3431r35+o.4508F41+ 
rsT+r65+  r73+r74+r79+r81+r84+ l85  +0.255rllO+0.9101F125+o.9101F126) 

Data marked "avl~' are highly correlated with data appearing elsewhere In the Listings, 
and are therefore used for the average given below but not in the overall fits. "f&a" 
marks results used for the fit and the average�9 

V~V~ -- ~yT 5 DOCUMENT I O T~CN COMMENT 
0~I~I=EO.0~I OUR FIT 
o .~g  4"0-003 "1"0.003 aVlg 430 165 BORTOLETTO93 CLEO Ecee m ~. 10.6 

GeV 
165Not Independent of BORTOLETTO 93 1"(~'- ~ h - ~ r O u . r ) / l ' ( ' r -  

h -  h -  h+ 2~rO~. (ex.KO)) value. 

r ( ~ - ~ . ) / r ( , -  h- ~ - ~ . ( ~ ) )  r~ / r~  
r12e/r72 = r126/(F73+0.236FllO+0.585r126) 

VALUE DOCUMENT ID TECN COMMENT 
0.1114-0.01 OUR FIT 
O.l~-l-O.O~a-O.O~ BORTOLETTO93 CLEO Ec~ ~= 10.6 GeM 

r(e--~)/r~., r~ / r  
Test of lepton family number conservation. 

VALI~I~ CL % DOCUMENT ID T~.Cf~ r~QMM~NT ,,, 

< 2 . 7 x  10 - 6  90 EDWARDS 97 CLEO | 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc�9 �9 �9 �9 

<1.1 x 10 - 4  90 ABREU 95u DLPH 1990-1993 LEP runs 
<1.2 x 10 - 4  90 ALBRECHT 92K ARG Eceem= 10 GeV 

<2,0 x 10 - 4  90 KEH 85 CBAL Ec~= 10 GeV 

<6.4 x 10 - 4  90 HAYES 82 MRK2 EC~= 3 . H , 5  GeV 
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< 6.2 x 10 - 5  90 ABREU 95U DLPH 1990-1993 LEP runs 
< 0.42 x 10 - 5  90 BEAN 93 CLEO Ec~=  10.6 GeV 

< 3.4 x 10 - 5  90 ALBRECHT 92K ARG EcC~m= 10 GeV 

<55 x 10 - 5  90 HAYES 82 MRK2 E~m= 3.8-6.8 GeM 

r(e-~=)/rt==, rl=/r 
Test of lepton family number conservation. 

VALUE CL % DOCUMENT ID TECN ~'OMM#NT 

< ~1.7 x 10 -4~ 90 BONVICINI 97 CLEO Eceem= 10.6 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 17 x 10 - 5  90 ALBRECHT 92K ARG Ec~m = 10 GeM 

< 14 x 10 - 5  90 KEH 88 CBAL Ec~m = 10 GeM 
<210 x 10 - 5  90 HAYES 82 MRK2 Ec~= 3.8-6.8 GeV 

r( . -~) /r~. ,  r l=/r 
Test of lepton family number conservation. 

VALUE ~ DQCUM~NT ID , TfLCN , COM#4~NT 

< 4.0X10 - 6  90 BONVICINI 97 CLEO Ec~= 10.6GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 4.4 x 10 - 5  90 ALBRECHT 92K ARG Ec~m = 10 GeM 

<82 x 10 - 5  90 HAYES 82 MRK2 E~m= 3.8-6.8 GeV 

r (e- K ~ Ir~,, r1=Ir 
Test of lepton fatally number conservatlon. 

VAI, UE CL~ DOCUMENT It) TECN COMMENT 

<1.$ X 10 - ~  90 HAYES 82 MRK2 Ec~= 3.8-6.8 GeV 

r0,- ~)Ir~,,  rmlr 
Test of lepton family number conservation. 

VALUE CL~ DOCUMENT ID TEC N COMMENT 

<1.0 X 10 - $  90 HAYES 82 MRK2 Ecef%= 3.8-6.8 GeM 

r(e-.)/r== r l~/r 
Test of lepton family number conservation. 

VALUE CL~ DOCUMENT ID T~(~N COMMENT 

< 8.2 X 10 - 6  90 BONVICINI 97 CLEO Ec~= 10.6 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 6.3 x 10 - 5  90 ALBRECHT 92K ARG Ec~m= 10 GeV 

<24 x 10 . 5  90 KEH 88 CBAL Ec~= 10 GeV 

r~,- .) /rt~ rl=/r 
Test of lepton family number conservation. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

< g . g x l O  -(~ 90 BONVICINI 97 CLEO E~m=IO.6GeV I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<7.3 x 10 - 5  90 ALBRECHT 92K ARG Ec~= 10 GeV 

r(e-p~ rzs/r 
Test of lepton family number conservation. 

VALUE ~ DOCUMENT ID TECN ~OMMENT 

< 2.0 X 10 - g  90 BLISS 98 CLEO Ec~= 10.6 GeM I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 0.42 x 10 - 5  90 166 BARTELT 
< 1.9 x 10 - 5  90 ALBRECHT 

<37 x 10 - 5  90 HAYES 

166 BARTELT 94 assume phase space decays. 

r(~-p~ 
Test of lepton family number conservation. 

VALUE CL ~ DOCUMENT 10 

< 6,,I x 10 - 8  90 BLISS 

94 CLEO Repl. by BLISS 98 
92K ARG E~m= 10 GeV 

82 MRK2 Ec~= 3.8-6.8 GeV 

rl~/r 
T~CN COMMENT 

98 CLEO Ec~= 10.6 GeV | 
�9 �9 �9 We do riot use the following data for averages, fits, limits, etc. �9 �9 �9 

< 0.57 x 10 - 5  90 167 BARTELT 94 CLEO Repl. by BLISS 98 
< 2.9 x 10 - 5  90 ALBRECHT 92K ARG Ec~= 10 GeV 
<44 x 10 . 5  90 HAYES 82 MRK2 E ~ m =  3.8-6.8 GeM 

167BARTELT 94 assume phase space decays. 

r(e- K'(~)o)/rt== r.=/r 
Test of lepton family number conservation. 

V,41.1=I E . CL~ DOCUMENT ID Tt~:N COMMENT 

<g.1 X 10 - 6  90 BLISS 98 CLEO E~m= 10,6 GeM 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.63 x 10 - 5  90 168 BARTELT 94 CLEO Repl. by BLISS 98 
<3.8 x 10 - 5  90 ALBRECHT 92K ARG Ec~= 10 GeV 

168BARTELT 94 assume phase space decays. 

r0 , -~) I r~  r=,Ir 
Test of lepton family number conservation. 

VALUE CL~ DOCUMENT ID TECN COM~/~T 

<: g.O X 10 - 6  90 EDWARDS 97 CLEO | 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 
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r( ,-  K*(892)0)/r~= rm/r 
Test of lepton family number conservaUon. 

VA~U E CL~ DOCUMENT ID TECN COMMENT 

<7 Ir X ]0 - -6  90 BLISS 98 CLEO E~m= 10.6 GeV 

�9 * �9 We do not use the following data for averages, fits, limits, etc. * * �9 

<0.94 x 10 - 5  90 169 BARTELT 94 CLEO RepL by BLISS 98 
<4.5 x 10 - 5  90 ALBRECHT 92K ARG Ec~m = 10 GeV 

169 BARTELT 94 assume phase space decays. 

r(e-~'-(892)0)irt=., r.olr 
Test of lepton family number conservation. 

VALUE CL% ~)OCUMENT ID TEC;N COMMENT 

< ? . 4 x  10 ~ 6  90 BLISS 98 CLEO E c ~ =  10.6 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

<1.1 x 10 - 5  90 170 BARTELT 94 CLEO Repl. by BLISS 98 

170BARTELT 94 assume phase space decays. 

r(.-~"(8921 ~ r1411r 
Test of lepton family number conservation. 

VALUE C ~  DOCUMENT ID T ~ N  COMMENT 

<TJi  X 1 0 - 6  90 BLISS 98 CLEO E c ~ =  10.6 GeV 

�9 t �9 We do not use the following data for averages, fits, limits, etc, , �9 �9 

<0.87 x 10 - 5  90 171BARTELT 94 CLEO Repl. by BLISS 98 

171BARTELT 94 assume phase space decays. 

r(e-~)/r~,l r l . / r  
Test of lepton family number conservation. 

VALUE CL~ DOCUMENT ID TEC N COMmeNT 

<6.g X ]0 - -6  90 BLISS 98 CLEO E c ~ =  10.6 GeV I 

r(~-§ rl~/r 
Test of lepton family number conservation. 

VALUE CL~ DOCUMENT 10 TEEN COMME[NT 

< T . O x l O  - 6  90 BLISS 98 CLEO E c ~ = 1 0 . 6 G e V  | 

r(,r--r) Irt=., r1.Alr 
Test of lepton number conservation. 

VA~.UE CL% DOCUMENT ID TECN COMMENT 

<:26 X 10 - S  90 ALBRECHT 92K ARG E~m= 10 GeV 

r(,r.~ rl~/r 
Test of lepton number conservation. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

<~37 x 10 - E  90 ALBRECHT 92K ARG Eceem= 10 GeV 

r(e- e+ e-)/r~= rl~/r 
Test of lepton family number conservation. 

VALUE CL~ DOCUMENT ID TECN ~QMMENT 

<: 2.9 x ]0--6 90 BLISS 98 CLEO E~m= 10.6 GeV | 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 * 

< 0 .33 x 10 - 5  90 172 BARTELT 94 CLEO Repl, by BLISS 98 
< 1.3 x 10 - 5  90 ALBRECHT 92K ARG E c ~ =  10 GeV 

< 2.7 x 10 - 5  90 BOWCOCK 90 CLEO E~m= 10.4-10.9 

<40 x 10 - 5  90 HAYES 82 MRK2 E ~ =  3.8-6.8 GeV 

172 BARTELT 94 assume phase space decays. 

r(e- ~+~-)/r~, r . d r  
Test of lepton family number conservation. 

VA( UE ~ DOCUMENT ID TECN COMMENT 

< 1.8 X 10 - 6  90 BLISS 98 CLEO E~m= 10.6 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 

< 0.36 x 10 - 5  90 173 BARTELT 94 CLEO RepL by BLISS 98 
< 1.9 • 10 - 5  90 ALBRECHT 92K ARG Eceem= 10 GeV 

< 2.7 x 10 - 5  90 BOWCOCK 90 CLEO E~m= 10.4-10.9 

< 3 3  x 10 - 5  90 HAYES 82 MRK2 E c ~ =  3.8-6.8 GeV 

173 BARTELT 94 assume phase space decays, 

r(e+~-~-)/r~., rla/r 
Test of lepton family number conservation. 

VALUE[ CL% DOCUMENT ID TECN COMMENT 

<1.5 x 10 - 6  90 BLISS 98 CLEO Eceem= 10.6 GeV 

�9 �9 * We do not use the following data for averages, fits, limits, etc. �9 �9 * 

< 0 . 3 5  x 10 - 5  90 174 BARTELT 94 CLEO Repl. by BLISS 98 
<1.8 x 10 - 5  90 ALBRECHT 92K ARG E c ~ =  10 GeV 

<1.6 x 10 - 5  90 BOWCOCK 90 CLEO Ec~m = 10.4-10.9 

174BARTELT 94 assume phase space decays, 

r(~- e+ e-)lrt,,=, rlo/r 
Test of lepton family number conservation. 

VALUE CL~ DOCUMENT ID TECN (;QMMENT 

< 1.7 x 10 - 6  90 BLISS 98 CLEO E c ~ =  10.6 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 0.34 x 10 - 5  90 175 BARTELT 94 CLEO Repi. by BLISS 98 
< 1.4 x 10 - 5  90 ALBRECHT 92K ARG E~m= 10 GeV 

< 2.7 x 10 - 5  90 BOWCOCK 90 CLEO Eceem= 10.4-10.9 

<44 x 10 - 5  90 HAYES 82 MRK2 E~m= 3.8-6.8 GeV 

175 BARTELT 94 assume phase space decays. 

r(p+ e- e-)/r~., r ~ / r  
Test of lepton family number conservation. 

VA~,~I~ CL ~ DOCUMENT ID TECN COMMENT 

<l .S X 1 0 - 6  90 BLISS 98 CLEO E c ~ =  10.6 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. * �9 �9 

< 0 . 3 4  x 10 - 5  90 176 BARTELT 94 CLEO Repl. by BLISS 98 
<1.4 x 10 - 5  90 ALBRECHT 92K ARG E c ~ =  10 GeV 

< 1 . 6  x 10 - 5  90 BOWCOCK 90 CLEO E~m= 10.4-10.9 

176 BARTELT 94 assume phase space decays. 

r( ,-  .+.-)/r~= r.1/r 
Test of lepton family number conservation, 

VALU~ CL% DOCUMENT I~) TECN ~:Q~MENT 

< 1.9  X 10 - 6  90 BLISS 90 CLEO E~m= 10.6 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 0.43 x 10 - 5  90 177 BARTELT 94 CLEO Repl. by BLISS 98 
< 1.9 x 10 - 5  90 ALBRECHT 92K ARG Eceem= 10 GeV 

< 1.7 x 10 - 5  90 BOWCOCK 90 CLEO E c ~  10.4-10.9 

<49 x 10 - 5  90 HAYES 82 MRK2 E c ~ =  3.8-6.8 GeV 

177 BARTELT 94 assume phase space decays. 

r(e-.+x-)/r~.l r ~ / r  
Test of lepton family number conservation, 

V~I,I,/~ EL% DOCUMENT ID TECN COMMENT 

<2.2 X 10 - 6  90 BLISS 98 CLEO Eceem= 10.6 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.44 x 10 - 5  90 178 BARTELT 94 CLEO Repl. by BLISS 98 

<2 .7  x 10 - 5  90 ALBRECHT 92K ARG E c ~ =  10 GeV 

<6.0 x 10 - 5  90 BOWCOCK 90 CLEO Eceem= 10.4-10,9 

178 BARTELT 94 assume phase space decays. 

r(e+.-.-)/r==t r ~ / r  
Test of lepton number conservation. 

VALUE CL% DOCUMENT ID TECN COMMENT 

< 1 , 9  X ]0  - 6  90 BLISS 98 CLEO EC~= 10.6 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, * �9 * 

<0,44 x 10 - 5  90 179 BARTELT 94 CLEO Repl. by BLISS 98 
< 1 . 8  x 10 - 5  90 ALBRECHT 92K ARG E c ~ =  10 GeV 

<1.7 x 10 - 5  90 BOWCOCK 90 CLEO Eceem= 10,4-10.9 

179 BARTELT 94 assume phase space decays. 

r ( . - . + . - ) / r ~  r ~ / r  
Test of lepton family number conservation. 

VALUE CL~ OOCUMENT ID TECN (~QMMENT 

<8.2 X 10 - 6  90 BLISS 98 CLEO EC~= 10.6 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.74 x 10 - 5  90 180 BARTELT 94 CLEO Repl. by BLISS 98 
<3.6 x 10 - 5  90 ALBRECHT S2K ARG E~m= 10 GeV 

<3.9 x 10 - 5  90 BOWCOCK 90 CLEO E c ~ =  10.4-10.9 

180BARTELT 94 assume phase space decays. 

r ( ~ + . - . - ) / r ~  r ~ / r  
Test of lepton number conservation, 

VALUE[ CL~ DOCUMENT IO TE[(;N (~OMMENT 

< 3 . 4  X 1 0 ,  6 90 BLISS 98 CLEO E c ~ =  10.6 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.69 x 10 - 5  90 181BARTELT 94 CLEO Repl. by BLISS 98 
< 6 . 3  x 10 - 5  90 ALBRECHT 92K ARG E c ~ =  10 GeV 

<3.9 x 10 - 5  90 BOWCOCK 90 CLEO E c ~ =  10.4-10.9 

181BARTELT 94 assume phase space decays. 

r (.- .+ x- ) / r~ ,  r l . / r  
Test of lepton family number conservation. 

V~l.~J~ CL~ pOCUMENT ID TECN CQ~'~ENT 

<6.4 x 10--6 90 BLISS 98 CLEO E c ~ =  10.6 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. i �9 �9 

<0,77 x 10 - 5  90 182 BARTELT 94 CLEO Repl. by BLISS 98 
< 2 . 9  x 10 - 5  90 ALBRECHT 92K ARG E c ~ =  10 GeV 

<5.8 x 10 - 5  90 BOWCOCK 90 CLEO Ec~m = 10.4-10.9 

182 BARTELT 94 assume phase space decays. 
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r@-.-  K+)/rt=., r,.,/r 
Test of lepton family number conservation. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

<S.8 x 10 - g  90 BLISS 98 CLEO E c ~ =  10.6 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.46 x 10 - 5  90 183 BARTELT 94 CLEO Repl. by BLISS 98 
<5.8 x 10 - 5  90 BOWCOCK 90 CLEO E c ~ =  10.4-10.9 

183 BARTELT 94 assume phase space decays. 

r(e+,r K-) /r==,  r~,/r 
Test of lepton number conservation. 

VALUE CL~ DOCUMENT tO T~(~N ~:OMM~:NT 

<2.1 x 10 - 6  90 BLISS 98 CLEO E c ~ =  10.6 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.45 x 10 - 5  90 184 BARTELT 94 CLEO Repl. by BLISS 98 
<2.0 x 10 - 5  90 ALBRECHT 92K ARG E c ~ =  10 GeV 

<4.9 x 10 - 5  90 BOWCOCK 90 CLEO E c ~ =  10.4-10.9 

184 BARTELT 94 assume phase space decays. 

r(e- K+ K-) lr=ta r,,dr 
Test of lepton family number conservation. 

VAL UE CL~ DOCUMENT ID TECN COMMENT 

< 6 . 0 X  10 - 5  90 BLISS 98 CLEO E~m= 10.6 GeV I 

r(e+ K- K-)/rtotal rl~o/r 
Test of lepton number conservation. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

< 3 . 8 X  10 - 5  90 BLISS 98 CLEO E c ~ =  10.6 GeV I 

r(i,-.+ K-) /r==,  r151/r 
Test of lepton famby number conservation. 

VALUE CL% DOCUMENT ID TECN COMMENT 

< 7.5 X 10 - 5  90 BLISS 98 CLEO E ~ =  10.6 GeV I 
�9 �9 * We do not use the following data for averages, fits, limits, etc. * * �9 

< 0.87 x 10 - 5  90 185 BARTELT 94 CLEO Repl. by BLISS 95 
<11 x 10 - 5  90 ALBRECHT 92K ARG E~m= 10 GeV 

< 7.7 x 10 - 5  90 BOWCOCK 90 CLEO E c ~ =  10.4-10.9 

185 BARTELT 94 assume phase space decays. 

r 0'-"- K+) Ir~,, rl~Ir 
Test of lepton family number conservation. 

VALUE CL~ OOCUMENT ID TECN COMMENT 

<7.4 X 10 - 5  90 BLISS 98 CLEO E c ~ =  10.6 GeV I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.5 • 10 - 5  90 186 BARTELT 94 CLEO Repl. by BLISS 98 
<7.7 x 10 - 5  90 BOWCOCK 90 CLEO E c ~ =  10.4-10.9 

186 BARTELT 94 assume phase space decays. 

r0,+.- K-)/rt=., 
Test of lepton number conservation. 

VAI.UE CL~ DOCUMENT ID TECN COMMENT 

<7.0 X 10--5 90 BLISS 98 CLEO Eceem= 10.6 GeV 

�9 �9 �9 We do not use the fonowlng data for averages, fits, limits, etc. �9 �9 �9 

rlu/r 

<2.0 x 10 - 5  90 187 BARTELT 94 CLEO Repl. by BLISS 98 
<5.8 x 10 - 5  90 ALBRECHT 92K ARG E c ~ =  10 GeV 

<4.0 x 10 - 5  90 BOWCOCK 90 CLEO E c ~ =  10.4-10.9 

187 BARTELT 94 assume phase space decays. 

r0,- K + K-)/r=~ r~ / r  
Test of lepton family number conservation. 

VALUE CL~ DOCUMENT ~) TECN COMMENT 

<111X 10 - 6  90 BLISS 98 CLEO E c ~ =  10.6 GeV I 

r(p+ K- K-)/r=.i rm/r 
Test of lepton number conservation. 

VA~U ~ ~ DOCUMENT ID TECN COMMENT 

<5 .0X  10 - g  90 BLISS 98 CLEO E c ~ =  10.6 GeV I 
r(e- ~%O)/r~= rlu/r 

Test of lepton family number conservation. 
VALUE CL~ DOCUMENT ID TECN COMMENT 

< I L l  x 10 - 6  90 BONVICINI 97 CLEO E c ~ =  10.6 GeV I 

rO,-,P~~ rlsdr 
Test of  lepton family number conservation. 

VAt LIE . CL~ DOCUMENT ID T~(~N ~ : O ~ N  T 

<14 x 10 - 6  90 BONVICINI 97 CLEO E c ~ =  10.6 GeV I 

r(e-~,l)/r~= rlu/r 
Test of lepton family number conservation. 

VALUE CL~ DOCUMENT ID T~CN COMMENT 

<35 X 10 - g  90 BONVICINI 97 CLEO Eceem= 10.6 GeV I 

r(~,-,m) Irt=,, rl~Ir 
Test of lepton family number conservation. 

VALUE CL ~ DOCUMENT ID TECN COMMENT 

<60 X 10 - 6  90 BONVICINI 97 CLEO E~m= 10.6 GeV I 

r(e- ~~ Irt~,, r17olr 
Test of lepton family number conservation. 

VALUE CL~ pOCUMENT ID TECN COMMENT 

<24 X 10 - 5  90 BONVICINI 97 CLEO E c ~ =  10.6 GeV I 

r(~-.%)/r~,, rm/r 
Test of lepton family number conservation. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

<22 X 10 - 6  90 BONVICINI 97 CLEO E c ~ =  10.6 GeV I 

rOiT)Ir~,, rm/r 
Test of lepton number and baryon number conservation. 

VALUE ~ DOCUMF~NT tD TECN COMMENT 

<29 X 10 -5 90 ALBRECHT 92K ARG E c ~ =  10 GeV 

r(~)/r~, rlr~/r 
Test of lepton number and baryon number conservation. 

VALU E CL~ DOCUMENT ID TECN COMMENT 

<66 X 10 - w  90 ALBRECHT 92K ARG E~m= 10 GeV 

r(~)Ir~,, rlTdr 
Test of lepton number and baryon number conservation. 

VALUE Ct~ DOCUMENT ID TEC N COMMENT 

<130 X 10 - l i  90 ALBRECHT 92K ARG E~m= 10 GeV 

r(e-JJlht b=on)/r (e-~.~.) rm/rs 
Test of lepton family number conservation. 

VALUE CL% DOCUMENT ID TECN COMMENT 

<0.015 95 188 ALBRECHT 95G ARG E c ~ =  9.4-10.6 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.018 95 189 ALBRECHT 90E ARG E~m= 9.4-10.6 GeV 

<O.O40 95 190 BALTRUSAIT..35 MRK3 E c ~ =  3.77 GeV 

188ALBRECHT 95G limit holds for bosons with mass < 0.4 GeV. The limit rises to 0.036 
for a mass of 1.0 GeV. then falls to 0.006 at the upper mass limit of 1.6 GeV. 

189ALBRECHT 90E limit applies for splnless boson with mass < 100 MeV. and rises to 
0.050 for mass = 500 MeV. 

190 BALTRUSAITIS 85 limit applies for splnless boson with mass < 100 MeV. 

r(~-I,r b=o.)Ir(e-p.~.) rl~Irs 
Test of lepton family number conservation. 

VALUE CL% DOCUMENT ID TECN COMMENT 

<0.026 95 191 ALBRECHT 95G ARG E c ~ =  9.4-10.6 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.033 95 192 ALBRECHT 90E ARG Eceem= 9.4-10.6 GeV 

<0.125 95 193 BALTRUSAIT..~5 MRK3 Ec~m = 3.77 GeV 

191ALBRECHT 95G limit holds for bosons with mass < 1.3 GeV. The limit rises to 0.034 
for a mass of 1.4 GeV. then falls to 0.003 at the upper mass limit of 1.6 GeV. 

192ALBRECHT 90E limit applies for splnless boson with mass < 100 MeV, and rises to 
0.071 for mass = 500 MeV. 

193 BALTRUSAITI5 85 limit applies for spinless boson with mass < 100 MeV. 

v-DECAY PARAMETERS 
Written April 1996 by D.E. Groom (LBNL). 

Neglecting radiative corrections and terms proportional to 
2 2 me~mr, the energy spectrum of the charged decay lepton l in 

the T rest frame is givea by 

({2Fr"tvP o~ x 2 
d~ dx 

x{12(1-x)+pr(3---~x-8) +24~/rmtrn~ (1-x)x 

-Pr,rcosO [4(1- x) + 6r (3---~x - 8) ] } . (1) 

Here x = 2El~mr is the scaled lepton energy, Pr is the r 
polarization, and 8 is the angle between the 7- spin and the 

lepton momentum. With unpolarized v's or integrating over 
the full 8 range, the spectrum depends only on Pr and Yr. 
Measurements of the other two Michel parameters, ~r and 

6r, require polarized r's. The  Standard Model predicitioas for 
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PT, ~' ,  ~ and 6r are �88 0, 1 and ~. Where possible, we give 

separately the parameters for ~'- --~ e-U/ge and ~'- --~ # uruu, 

to avoid assumptions about universality. Listings labelled "(e 

or #)" contain either the results assuming lepton universality if 

quoted by the experiments or repeat the results from the "e" or 

"p" section. 

Hadronic two-body decays ~- --* urh, h = v ,  p, az, , ,  ,, can 

under minimal assumptions be written 

l d F  
F dz = fh(Z) + Pr ~ gh(z ) ,  (2) 

where the kinematic functions fh,  ..oh and the definition of the 

variable z depend on the spin of the hadron h. For the simple 

case h = r ,  one has z = E~ /Er ,  f ( z )  -- 1, and g(z) = 2z - 1. 

The parameter ~h is predicted to be unity and can be identified 

with twice the negative ~r helicity. Again {h is listed, when 

available, separately for each hadron and averaged over all 

hadronic decays modes. 

f(e or p) PARAMETER 
(V--A) theory predicts p = 0.78. 

VALUE E~5 DOCUMENTID T~(:N COMMENT 
0.748"i-0.010 OUR AVERAGE 
0.72 4-0.09 ~0.03 194 ABE 970 SLO 1993-1995 SLC runs 
0.747:1:0.0104-0.006 55k ALEXANDER 97F CLEO Ec~m = 10.6 GeV 
0.7944-0.0394-0.031 18k ACCIARRI 96H L3 1991-1993 LEP runs 
0.7384-0.038 195 ALBRECHT 95C ARG Eceem= 9.5-10.6 GeV 
0.751:E0.0394-0.022 BUSKULIC 95D ALEP 1990-1992 LEP runs 
0.79 4-0.10 4-0.10 3732 FORD 87B MAC E ~ =  29 GeV 

0.71 4-0.09 4-0.03 1426 BEHRENDS 85 CLEO e+e - near T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.735~0.013:J:0.008 31k AMMAR 97B CLEO RepL by ALEXAN- I 
DER 97F 

0.7324-0.0344-0.020 8.2k 196 ALBRECHT 95 ARG Ec~m= 9.5-10.6 GeV 

0.742:J:0.0354-0.020 8000 ALBRECHT 90E ARG Eceem= 9.4-10.6 GeV 

194ABE 970 assume rf" = 0 In their fit. Letting ~1- vary in the fit gives a pl- value of I 
0.69 4- 0.13:1: 0.05. 

195Comblned fit to ARGUS tau decay parameter measurements in ALBRECHT 95C, AL- 
BRECHT 93G, and ALBRECHT 94E. 

196Value is from a simultaneous fit for the p~ and r/~" decay parameters to the lepton energy 
spectrum. Not Independent of ALBRECHT 90E p~'(e or/~) value which assumes rl~'=0. 
Result Is strongly correlated with ALBRECHT 95C. 

f ( e )  PARAMETER 
(V--A) theory predicts p = 0.75. 

VALUE EVES DOCUMENT ID T~CN C(~M~f~N T 
0,741i:1:0.012 OUR AVERAGE 
0.71 4-0.14 4-0.05 ABE 970 SLD 1993-1995 SLC runs I 
0.7474-0.0124-0.004 34k ALEXANDER 97F CLEO Ec~= 10.6 GeV I 
0.7354-0.0364-0.020 4.7k 197 ALBRECHT 95 ARG E~m= 9.5-10.6 GeV 
0.7934-0.0504-0.025 BUSKULIC 95D ALEP 1990-1992 LEP runs 
0.79 4-0.08 :I:0.06 3230 198 ALBRECHT 93G ARG Ec~-- 9.4-10.6 GeV 

0.64 4-0.06 :t:0.07 2753 JANSSEN 89 CBAL Ec~= 9.4-10.6 GeV 

0.62 4-0.17 4-0.14 1823 FORD 87B MAC Ec~= 29 GeV 

0.60 4-0.13 699 BEHRENDS 85 CLEO e+e - near T(45) 
0.72 4-0.10 4-0.11 594 BACINO 79B DLCO Ec~= 3.5-7.4 GeV 
�9 �9 �9 We do not use the follow|rig data for averages, fits. nmlts, etc. �9 �9 �9 
0.7324-0.0144-0.009 19k AMMAR 978 CLEO Repl. by ALEXAN- I 

DER 97F 
0.7474-0.0454-0.028 5106 ALBRECHT 90E ARG Repl. by ALBRECHT 95 

197ALBRECHT 95 use tau pair events of the type " r - . r  + ~ ( t - ~ t v ~ . )  
( h + h -  h + ( ~ 0 ) ~ .  ) and their charged conjugates. 

198ALBRECHT 93G use tau pair events of the type ~--- r +  ~ (p-~l~U.r) (e-t-Ue~.r) and 
their charged conjugates. 

f (p )  PARAMETER 
(V--A) theory predicts p = 0.75. 

y.A_.LU E EVTE DOCUMENT ID TEEN COMMENT 
0.741~-0.0~0 OUR AVERAGE 
0.54 4-0.28 4-0.14 ABE 970 SLD 1993-1995 SLC runs 
0.7504-0.0174-0.045 22k ALEXANDER 97F CLEO Ec~m = 10.6 GeV 
0.6934-0.0574-0.025 BUSKULIC 95D ALEP 1990-1992 LEP runs 
0.76 4-0.07 4-0.05 3230 ALBRECHT 93(; ARG Ec~= 9.4-10.6 GeV 

0.7344-0.0554-0.027 3041 ALBRECHT 90E ARG E~m= 9.4-10.6 GeV 
0.89 4-0.14 4-0.08 1909 FORD 878 MAC E ~ =  29 GeV 

0.81 4-0.13 727 BEHRENDS 85 CLEO e-I'e - near T(45) 
�9 �9 �9 We do not use the folloWing data for averages, fits, limits, etc. �9 �9 �9 
0.7474-0.0484-0.044 13k AMMAR 978 CLEO Redl. by ALEXAN- 

DER 97F 

~'(e or/~) PARAMETER 
(V -A )  theory predicts ~ = 1. 

VALUE Ev'rs DOCUMENT I O ~TE~N COMMENT 
1.01 =1:0.04 OUR AVERAGE 
1.05 4-0.35 4-0.04 199 ABE 970 SLD 1993-1995 SLC runs I 
1.0074-0.040:i:0.015 55k ALEXANDER 97F CLEO E~m= 10.6 GeV I 
0.94 4-0.21 4-0.07 18k ACCIARRI 96H L3 1991-1993 LEP runs I 
0.97 4-0.14 200 ALBRECHT 95c ARG Eceem= 9.5-10.6 GeV 
1.18 • -t-0.16 BUSKULIC 95D ALEP 1990-1992 LEP runs 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc, �9 �9 �9 

0.90 4-O.15 ~0.10 3230 201 ALBRECHT 93G ARG Eceem= 9.4-10.6 GeV 

199ABE 970 assume *7 T = 0 In their fit. Letting r/~" vary In the fit gives a ~" value of I 
1.02 4- 0.36 4- 0.05. 

200Combined fit to ARGUS tau decay parameter measurements in ALBRECHT 95C, AL- 
BRECHT 93G, and ALBRECHT 94E. ALBRECHT 95C uses events of the type I - -  ~.-F ._, 
( t -  P~ u v ) ( h + h -  h + P~. ) and their charged conjugates. 

201ALBRECHT 93G measurement determines ~'r I for the case ~r(e) = ~ ' (p) ,  but the 
authors point out that other LEP exper ments determ ne the sign to be positive. 

~r(e) PARAMETER 
(V -A )  theory predicts ~ = 1. 

VALU~ EVTS 
0.98 :t:0.05 OUR AVERAGE 
1.16 4.0.52 ::E0.06 
0.979 :t: 0.045 ::E 0.016 34k 
1.03 4-0.23 4-0.09 

~r(p) PARAMETER 
(V--A) theory predicts ~ = 1. 

VALUE ~VT~ 
1.07 :l:0,OI OUR AVERAGE 
0.75 +0.50 4.0.14 
1.054 4. 0.069i0.047 22k 
1.23 4-0.22 • 

r f ( e  or p) PARAMETER 
( V - A )  theory predicts 7/= 0. 

VALUE , ~VTS 
OJ~ :1=0.07 OUR AVERAGE 

--0.13 ~0.47 4-0.15 
--0.0154-0.0614-0.062 31k 

0.25 I0 .17 4-0.11 18k 
0.03 i0 .18  4-0A2 8.2k 

--0,04 4-0.15 4-0,11 

~{p) PARAMETER 
( V - A )  theory predicts q = 0. 

VAL~I~ . . ~  
--0.10 4-0.18 OUR AVERAGE 
-0.59 4-0.82 4"0.45 

0,010 :l: 0.1494- 0.171 
-0.24 4-0.23 4-0.18 

DOCUMENT ID TECN COMMENT 

ABE 970 SLD 1993-1995 SLC runs I 
ALEXANDER 97F CLEO Ec~= 10.6 GeV I 
BUSKULIC 95D ALEP 1990-1992 LEP runs 

DOCUMENT ID TECN COMMENT 

ABE 970 SLD 1993-1995 SLC runs | 
ALEXANDER 97F CLEO Ec.~= 10.6 GeV I 
BUSKULIC 95D ALEP 1990-1992 LEP runs 

DOCUMENT 10 .T~.N CQMMCpNT 

ABE 970 SLD 1993-1995 SLC runs I 
AMMAR 97B CLEO Ec~m = 10.6 GeV I 
ACCIARRI 96H L3 1991-1993 LEP runs I 
ALBRECHT 95 ARG Eceem = 9.5-10.6 GeV 
BUSKULIC ' 95D ALEP 1990-1992 LEP runs 

DOCUMENT l(~ TE~CN COHMENT 

202 ABE 970 SLD 1993-1995 SLC runs I 
13k 203 AMMAR 978 CLEO Ec~= 10.6 GeV I 

BUSKULIC 95D ALEP 1990-1992 LEP runs 

202 Highly correlated (corr. = 0.92) with ABE 970 p'r(p) measurement. J 
203 Highly cocrelated (corr. = 0.949) with AMMAR 97B p'r(p) value. I 
(${)'(e or/=) PARAMETER 

(V -A )  theory predicts (6~) = 0.75. 
VAI~V~. EVT$ DOCUMENT IO TEC N t~(~MMENT 
0.749:E0.026 OUR AVERAGE 
0.88 4.0.27 • 204 ABE 97o SLD 1993-1995 SLC runs I 
0.745• 55k ALEXANDER 97F CLEO E~m= 10.6 GeV I 
0.81 4-0.14 4.0.06 18k ACCIARRI 96H L3 1991-1993 LEP runs | 
0.65 4-0.12 205 ALBRECHT 95C ARG Ec~m = 9.5-10.6 GeV 
0.B8 4.o.11 4-0.07 BUSKUUC 9SO ALEP 1990-1992 LEP runs 

204ABE 970 assume rl ~" --- 0 in their fit. Letting yf" vary in the fit gives a (p~)~" value of I 
0.87 :J: 0.27 4. 0.04. 

205Combined fit to ARGUS tau decay parameter measurements In ALBRECHT 95c, AL- 
BRECHT 93G, and ALBRECHT 94E. ALBRECHT 95C uses events of the type ~'- ~-+ 
( l -  ~t u~ ) ( h + h -  h + ~ .  ) and their charged conjugates. 

(6~)~(e) PARAMETER 
( V - A )  theory predicts (6~) = 0.75. 

VALUE ~VI 'S DOCUMENT ID ~ COMMENT 
o.'rn.;-o.o~ OUR AVERAGE 
0.85 :EO.43 4.0.08 ABE 970 SLD 1993-1995 SLC runs I 
0.720:t:o.0324.0.010 34k ALEXANDER 97F CLEO Ec~= 10.6 GeV I 
1.11 :t:0.17 4.0.07 BUSKULIC 95D ALEP 1990-1992 LEP runs 

((~)~'(p) PARAMETER 
( V - A )  theory predicts (6~) = 0.75. 

VALU E ~yrs DOCUMENT ID TECN r 
0.78 =Eo.06 OUR AVERAGE 
0.82 •  4-0.07 ABE 970 SLD 1993-i995 SLC runs I 
0.7864.0.0414.0.032 22k ALEXANDER 97F'CLEO E ~ =  10.6 GeV I 
0.71 4-0.14 4-0.06 BUSKULIC 9so ALEP 1990-1992 LEP runs 



See key on page 213 

~ ( x )  PARAMETER 
( V - A )  theory predicts ~ ' (~r)  = 1. 

VA~.(JE EV' I 'S  DQ~(JMENT ID TECN COMMENT 
O.9S 4-0.08 OUR AVERAGE 
0.81 4-0.17 +0.02 ABE 970 SLO 1993-1995 SLC runs I 
1.03 4-t:0.06 +0.04 2.0k COAN 97 CLEO E c ~ =  10.6 GeV I 
0.957+0.0574-0.027 BUSKULIC 95D ALEP 1990-1992 LEP runs 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. + �9 * 

0.95 4-0,11 ~0.05 206 BUSKULIC 94D ALEP 1990+1991 LEP run 

2O6Superseded by BUSKULIC 95D. 

~'(p) PARAMETER 
( V - A )  theory predicts ~*'(p) = 1. 

VALUE E V T S  DOCUMENT ID TECN COMMENT 
0.g~=EOJBIO OUR AVERAGE 
0.99 4-0.12 +0.04 ABE 970 SLD 1993-1995 SLC runs | 
0.9954-0.010+0.003 66k ALEXANDER 97F CLEO E c ~ =  10.6 GeV I 
1.0454-0.0584-0.032 BUSKULIC 95D ALEP 1990-1992 LEP runs 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1.03 +0.11 4-0.05 207 BUSKULIC 94D ALEP 1990+1991 LEP run 

20?Superseded by BUSKULIC 95D. 

~ ' ( ~ )  PARAMETER 
( V - A )  theory predicts ~*'(a 1) = 1. 

VALUE E V T S  DOCUMENT ID TEEN ~:OMMENT 
1.~ :t:0.04 OUR AVERAGE 
1129 4-O.26 4-0.11 7.4k 208ACKERSTAFF 97R OPAL 1992-1994 LEP runs I 
1.0174-0.039 ALBRECHT 95C ARG E ~ =  9.5-10.6 GeV 

0.9374-0.116+0.064 BUSKULIC 95D ALEP 1990-1992 LEP runs 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. * �9 �9 

1.08 +0.46 +0.14 2.6k 209AKERS 95P OPAL'  Repl. by ACKER- 
- 0 . 4 1  - 0 . 2 5  

STAFF 97R 
1.0224-0.0284-0.030 1.7k 210 ALBRECHT 94E ARG Eceem = 9.4-10.6 GeV 

1.25 +0.23 +0.15 --0.08 7.5k ALBRECHT 93C ARG E ~ =  9.4-10.6 GeV 

208 ACKERSTAFE 97R ~ this result w l th  a re~ |ndependent f i t  t ~  the hadr~ struc- I 
ture functions. Fit t ing wi th  the model of Kuhn and Santamarla (ZPHY C48, 445 (1990)) 
gives 0.87 4- 0.16 4- 0.04, and with the model of of Isgur eta/. (PR 1 ~ , 1 3 5 7  (1989)) 
they obtain 1.20 4- 0.21 4- 0.14. 

209AKERS 95P obtain this result wi th a model Independent f i t  to the hadronlc structure 
functions. Fit t ing wi th the model of Kuhn and Santamarla (ZPHY C48, 445 (1990)) 

4- 027 + 0 0 5  - gives 0.87 " --0106" and wi th the model of of Isgur etal. (PR D39,1357 (1989)) 

they obtain 1.10 + 0 31 +0 '13  
�9 - 0 . 14"  

210ALBRECHT 94E measure the square of this quanti ty and use the sign determined by 
ALBRECHT 901 to obtain the quoted resuft. Reptaced by ALBRECHT 95c. 

~r(all hadronlc modes) PARAMETER 
( V - A )  theory predicts ~*" = 1. 

VALUE E V T S  DOCUMENT ID TECN ~QMMENT 
0.~7-1-0,~0~ OUR AVERAGE 
0.93 +0.10 4-0.04 ABE 970 SLD 1993-1995 SLC runs | 
1.29 +0.26 +0.11 7.4k 211ACKERSTAFF 978 OPAL 1992-1994 LEP runs I 0,9954-0.010+0.003 66k 212 ALEXANDER 97F CLEO Eceem = 10.6 GeV 

1.03 +0.06 :~0.04 2.Ok 213 COAN 97 CLEO E r  10.6 GeV I 

0.9704-0.0534-0.011 14k 214 ACCIARRI 96H L3 1991-1993 LEP runs | 
1.0174-0.039 215 ALBRECHT 95C ARG Ec~m= 9.5-10.6 GeV 

1.0064-0.0324-0.019 216 BUSKULIC 95D ALEP 1990-1992 LEP runs 
�9 * �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1.08 +0.46 +0.14 - 0 . 4 1  --0.25 2.6k 217AKERS 95P OPAL Repl. by ACKER- 
STAFF 97R 

1.022+0.0284-0.030 1.7k 210ALBRECHT 94E ARG Ec~m = 9.4-10.6 GeV 

0.99 4-0.07 +0.04 219 BUSKULIC 94D ALEP 1990+1991 LEP run 

1.25 +0.23 +0.15 -0 .08  7.5k 220ALBRECHT 93c ARG Ec~m = 9.4-10.6 GeV 

~11ACKERSTAFF 97R Use r --* a l v  ~. decays. 

212ALEXANDER 97F use r --* p u  r decays. 

213COAN 97 use h + h -  energy correlations. 
214ACCIARRI 9~H use T ~ ~'~-r, T ~ Kv , . ,  and r --~ pv~. decays. 
215 fi Combined t to ARGUS tau decay parameter measurements in ALBRECHT 95c, AL- 

BRECHT 93G, and ALBRECHT 94E. 
2168USKULIC 95D use ~ -~ ~Ur ,  ~ ~ pu~.  and ~" ~ a l  v r decays. 

217AKERS 95P use *" ~ a 1 ~ .  decays. 

218ALBRECHT 94E measure the square of this quanti ty and use the sign determined by 
ALBRECHT 901 to obtain the quoted result. Uses ~- ~ a l v  r decays. Replaced by 
ALBRECHT 95c. 

219BUSKUUC 94D use *- ~ ~ u  r and ~" ~ pu r decays. Superseded by BUSKUUC 95D, 

220Uses ~- ~ a l v  r decays. Replaced by ALBRECHT 95C. 

3O5 

Lepton Particle Listings 
1" 

ACCIARRI 98C PL B (to be publ.) M, Acclard+ 
CERN-EP/98-15 

ACCIARRI 98E PL B (to be pebL) M. Aclarrl+ 
CERN-EP/98-45 

ACKERSTAFF 98M EPJ C (to be pebl.) K. Ackerstaff+ 
CERN-PPE/97-152 

ACKERSTAFF 98N PL B (to be pel~.) K. Arkerst~ff+ 
CERN-EP/98-033 

BARATE 98 EPJ C1 65 R. Barate+ 
BARATE 9RE EPJ C (to be pebl.) R. Bar~e+ 

CERN-PPE/97-LE7 
BLISS 99 PR DS7 5903 
ABE 970 PRL 78 4691 
ACKERSTAFF 97J PL 8404 213 
ACKERSTAFF 97L ZPHY C74 403 
ACKERSTAFF 97R ZPHY C75 593 
ALEXANDER 97F PR D56 5320 
AMMAR 978 PRL 78 4686 
ANASTASSOV 97 PR DSS 2559 
ANDERSON 97 PRL 79 3814 
AVERY 97 PR DSS Rl119 
BARATE 971 ZPHY C74 387 
BARATE 97R PL 8414 362 
BERGFELD 97 PRL 79 2406. 
BONVICINI 97 PRL 79 1221 
BUSKULIC 97C ZPHY C74 263 
COAN 97 PR DS5 7291 
EDWARDS 97 PR D55 R3919 
EDWARDS 978 PR DS6 RS297 
ESCRIBANO 97 PL B395 369 
ABREU %B PL B365 448 
ACCIARRI %H PL 8377 313 
ACCIARRI %K PL B389 187 
ALAM % PRL 76 2637 
ALBRECHT %E PRPL 276 223 
ALEXANDER %D PL 8369 163 
ALEXANDER %E PL R374 341 
ALEXANDER %S PL 8388 437 
BAI % PR DS3 20 
BALEST 96 PL B388 402 
BARTELT % PRL 76 4119 
BUSKULIC 96 ZPHY C70 579 
BUSKUUC %C ZPHY C70 561 
COAN % PR D53 6037 
ABE %Y PR D52 4828 
ABREU 95T PL 8357 715 
ABREU 95U PC 8339 411 
ACCIARRI 95 PL 8345 93 
ACCIARRI 95F PL 8352 487 
AKERS 95F ZPHY C66 31 
AKERS 951 ZPHY C~ 543 
AKERS 95P ZPHY C57 45 
AKERS 95Y ZPHY C68 555 
ALBRECHT 95 PL B341 441 
ALBRECHT 95C PL 8349 $76 
ALBRECHT 95G ZPHY C68 25 
ALBRECHT 95H ZPHY ChS 215 
BALEST 95C PRL 75 3809 
BUSKULIC 95C PL B346 371 
BUSKULIC 95D PL 8346 379 

Also 9SP PL 8363 265 erratum 
ABREU 94K PL B334 438 
AKERS 94E PL 8328 207 
AKERS 94G PL B339 278 
ALBRECHT 94E PL B337 383 
ARTUSO 94 PRL 72 3762 
BARTELT 94 PRL 73 1890 
BATTLE 94 PRL 73 1079 
BAUER 94 PR DS0 R13 
BUSKULIC 94D PL B321 168 
BUSKULIC 94E PL B332 209 
BUSKULIC 94F PL 8332 219 

(L3 Cellab.) 

(L3 Collab.) 

(OPAL ColIOb.) 

(OPAL Collab.) 

(ALEPH Cotlab.) 
(ALEPH Collab.) 

D.W. Rti~+ (CLEO Coltab.) 
+Akai~ , Allen, Ash+ (SLD Collab.) 
+Alexander, Allison, Altek~mp+ (OPAL Collob.) 
+Alexander, Alllson, Alte~mp+ (OPAL Collab.) 

K. Ackerstaff+ (OPAL Collob.) 
+Bob�9 BerBer, Rerkelman, Bloom+ (CLEO Collab.) 

R. Ammar+ (CLEO Collob,) 
+Blinov, Duboscq, Fisher, FuJlno+ (CLEO Collob.) 
+Kubota, Lee, O'Neill, Patton+ (CLEO Collob.) 
+Prescott, Yan K, Yelton+ (CLEO Colbb.) 
+Buskulic, Decamp, Ghez, Coy+ (ALEPH Collab. ) 

R. Barate+ (ALEPH Collob.) 
+Eisensteln. Ernst. Gtadding+ (CLEO Coliab.) 
+analxo. Grin, Perera+ (CLEO Collab,) 
+De Bonls. Decamp, Ghez, Goy+ (ALEPH Collab.) 
+Farley�9 Korolkov, Maravin+ (CLEO Collob.) 
+Bell�9 Janicek, MacFarlane+ (CLEO Collab.) 
.Belier)re, Janicek, MacFarlane+ (CLEO Collab.) 
+Masso (BARC, PARIT) 
+Adam, Adye, Agad+ (DELPHI Collob.) 
+Adam, Addani. Aguilat-Benitez+ (L3 Collab.) 
+Adrian), Aguilar-Benitez, AMen+ (L3 Collab.) 
+Rim, Lin K, Mahmood, O'Neill+ (CLEO Collab.) 
+Andam. Binder, Bockmann+ (ARGUS Collob.) 
+Allison, Altekamp, Ametewee+ (OPAL Collob,) 
+Allison. AIt~kamp. Ametewee+ (OPAL ColIOb.) 
+Allison, Altekamp. Ametewee+ (OPAL CObob.) 
+Bardon, Becket-Szendy, Blum+ (RES Collab.) 
+Behrens, Cho, Daoudi, Ford+ (CLEO Collab.) 
+Csotna, Jaln, Marka+ (CLEO Collab.) 
+Casper, De Son)s. Decamp+ (ALEPH Collob.) 
+Casper, De Son)s, Decamp+ (ALEPH Collab.) 
+Dominick. Fadeyev, Komlkov+ (CLEO Collob.) 
+Abt, Ahn. Akagi, Alien+ (SLD ColIOb.) 
+Adam, Adye, A~asi, Ajinenk~+ (DELPHI Collab.) 
+Adam, Adye, Agasi, Ajinenko+ (DELPHI Collab.) 
+Adam, Addanl, Aguilar-Benitez+ (L3 Collob.) 
+Adam, Addan;, Aguil~*--Benitez+ (L3 COlIOb.) 
+Alexander, AUtson, Ametewee+ (OPAL Collab.) 
+Alexander, Allison, Ametewee+ (OPAL Collab.) 
+Alexander, Allison, Amete~Re+ (OPAL ColIOb.) 
+Alexander, Allison, Altekamp+ (OPAL Collab.) 
+Hamacher, Hofmann, Kirchhoff+ (ARGUS Collab.) 
+Hamacheh Hofmann. Kirchoff+ (ARGUS Collab.) 
+Hamacher, Hofmat~n, KJrchhoff+ (ARGUS Collob.) 
+Hamacher, Hofmann, Kirchhoff+ (ARGUS Collab.) 
+Cho, Ford, Lobner+ (CLEO ColIob.) 
+Casper, De 8on)s, Decamp+ (ALEPH Collab.) 
+Casper, De BonJs, Decamp+ (ALEPH Collab.) 

+Adam, Adye, Agasi+ (DELPHI Collab,) 
+Alexander, Allison. Anderson+ (OPAL Cobab.) 
+Alexander, Allison, Andelson+ (OPAL Collob.) 
+Hamacher, Hofmann+ (ARGUS ColIob.) 
+G~dberK, He, Horwitz+ (CLEO Collob.) 
+C~ocna, Eg~d. Jaln+ (CLEO Coliab.) 
+Ernst, Kwon, Roberts+ (CLEO ColIob.) 
+Belcinski, Bet K, BinKham+ (TPC/2gamma ColIob.) 
+De Bonls. Decamp. Ghez+ (ALEPH Colbb.) 
+Casper, De 8on[s, Decamp+ (ALEPH Coliob.) 
+Casper, De Bonls, Decamp+ (ALEPH Collab.) 

GIBAUT 948 
ADRIANI 93M 
ALBRECHT 93C 
ALBRECHT 93G 
BALEST 93 
BEAN 98 
BORTOLETTO 93 
ESCRIBANO 93 
PROCARIO 93 
ABREU 92N 
ACTON ~ 
ACTON 92H 
AKERIB 92 

Also 938 
ALBRECHT 92D 
ALBRECHT 92K 
ALRRECHT 92M 
ALBRECHT 92Q 
AMMAR 92 
ARTUSO 92 
BAI 92 
BATTLE 92 
BUSKULIC 92J 
DECAMP 92C 
ADEVA 91F 
ALBRECHT 91D 
ALEXANDER 91D 
ANTREASYAN % 
GRIFOLS 91 
SAMUEL 91B 

AlSO 928 
Erratum. 

ABACHI 90 
ALBRECHT 90E 
ALBRECHT 901 
BEHREND 90 
BOWCOCK 9O 
DELAGUILA gO 
GOLDBERG 90 
WU 9O 
ABACHI 898 
REHREND 89B 
JANSSEN 89 
KLEINWORT 89 
ADEVA 88 

PRL 73 934 +Kinoshita, Barish, Chadha+ (CLEO Collab.) 
PRPL 236 1 +Aguilar-Benitez, AMen, Alcaraz, Aloisio+ (L3 Collab.) 
ZPHY C58 61 +Ehdichmann, Hamacher+ (ARGUS CoBab.) 
PL R316 606 +Ehdlchmann, Hamacher+ (ARGUS Collab.) 
PR D47 R3671 +Deoudi, Fo~d, Johnson+ (CLEO ColIob.) 
PRL 70 138 +Gronber K, Kutschke+ (CLEO ColIob.) 
PRL 71 1791 +Brown, Fast, Mdtwaln+ (CLEO Coliob.) 
PL B301 4]9 +Masso (BARC) 
PRL 70 1207 +YanK, Balest, Cho+ (CLEO CoUOb.) 
ZPHY CS5 555 +Adam, Adye, Agasi+ (DELPHI ColIob.) 
PL 8281 405 +Alexander, Allison, AIIpo~t+ (OPAL Collob.) 
PL 8288 373 +Allison, A,port+ (OPAL Collob.) 
PRL 69 3610 +Barlsh, Chadha, Cow�9 (CLEO Collab.) 
PRL 71 3395 (erratum) Akedb, Badsh, Chadha, Co~n+ (CLEO Collob.) 
ZPHY C53 367 +Ehflichmann, Hamacher+ (ARGUS Collab.) 
ZPHY C55 L79 +Ehdichmann, Hamacher, KrueKer+ (ARGUS Cotlab.) 
PL 8292 221 +Ehrlichmann, Hamacher, Hofmann+ (ARGUS Cdlab.) 
ZPHY C86 339 +Ehdichmann, Hamacher+ (ARGUS Collab.) 
PR D4S 3976 +Baring�9 Coppage, Davis+ (CLEO Collob.) 
PRL 69 3278 +Gddberg, Hocwitz, Kennett+ (CLEO Collab.) 
PRL 69 3021 +Bardon, 8ecker-Szendy, Burnett+ (BES Collob.) 
PL 8291 488 +Ernst, Kroba, Roberts+ (CLEO Collob.) 
PL B297 459 +Decamp, Goy, Lees+ (ALEPH Collab.) 
ZPHY C54 211 +Deschizeaux, Goy, Lees+ (ALEPH Collab.) 
PL B265 451 +Adrianl, Aguilar-Ben;tez, Akbad+ (L3 Collob.) 
PL B260 259 +Ehdichmann, Hamacher, Krueger+ (ARGUS Collab.) 
PL 8266 201 +Allison. AIIport+ Anderson+ (OPAL Collab.) 
PL 8259 216 +Barrels, Bestet, 8ieler+ (Crystal Ball Collob.) 
PL 8255 611 +Mendez (8ARC) 
PRL 67 658 +Li, Mendel (OKSU, WONT) 
PRL 69 995 Samuel, LI, Mendel (OKSU, WONT) 

PR D41 1414 +Derrick, Rooijman, Musgrave+ (HRS Collab.) 
PL B246 278 +Ehdichmann, Harder, Krueger+ (ARGUS Collob.) 
PL 8250 164 +Ehd;chmann, Harder, Krueger+ (ARGUS Co)lob.) 
ZPHY C46 537 +Criegee, Field, Frank�9 (CELLO Collob.) 
PR D41 805 +Kinoshita, Pipkin, Procado+ (CLEO Collob.) 
PL 8252 116 +Sher (BARC, WILL) 
PL B251 223 +Haupt. Horwltz, Jain+ (CLEO Collob.) 
PR O41 2339 +Hayes, Ped, Barklow+ (Mark II Collob.) 
PR 040 902 +Derrick, Kooljman, Musgrave+ (HRS Collob. ) 
PL R222 163 +Cr]elee , Dalnton. Field, Frank�9 (CELLO Cotlob,) 
PL 8225 273 +Antreasyan, SniVels, Besset+ (Crystal Ball Collob.) 
ZPHY C42 7 +Allison, Ambrus, Badow+ (JADE Collob.) 
PR D38 2 6 6 5  +Anderhub, Ansari, Beck�9 (Mark-J Collob.) 

r REFERENCES 



3O6 

Lepton Particle Listings 
T, Heavy Charged Lepton Searches 
ALBRECHT 88B PL B202 149 +Binder. Boeckmann+ (ARGUS Collab.) 
ALBRECHT 88L ZPHY C41 I +Boeckmann, Glees�9 Harder+ (ARGUS Coltab.) 
ALBRECHT ggM ZPHY C41 405 +Baeckmann, Glaeser, Harder+ (ARGUS Collab.) 
AMIDEI 88 PR D37 1750 +Trilling, Abrams, Baden+ (Mark II Collab.) 
BEHREND 88 PL B200 226 +Cdegee, Dalnton, Field+ (CELLO Collab.) 
BRAUNSCH... BBC ZPHY C39 331 Braunschweig, Kirschfink. Martyn+ (TASSO Collab.) 
KEH 88 PL B212 123 +Antreasyan, Barrels, Bec.~et+ (Crystal Ball Co0ab.) 
TSCHIRHART 08 PL B205 407 +Abachi, Akerlof, Baring�9 (HRS Coltab.) 
ABACHI BTB PL B197 251 +Baring�9 Bylsma. De Bonte+ (HRS Collab.) 
ABACHI 87C PRL 59 2515 +Akerlof, Bad~ger, Btockus+ (HR5 Collab.) 
ADLER 87B PRL 59 1527 +Beck�9 Blaylock, Bolton+ (Mark III Coltab.) 
AIHARA 878 PR D35 1 5 5 3  +Alstcn-Garnjost, Avery+ (TPC Collab.) 
AIHARA 87C PRL 59 751 +Atston-Garnjost, Avery+ (TPC Collab.) 
ALBRECHT 87L PL 8155 223 +Binder, Bo~kmann, Glair+ (ARGUS Collab.) 
ALBRECHT 87P PL 8t99 58D +A~dam, Binder, Boeckmann+ (ARGUS Collab,~ 
BAND 87 PL 8198 297 +Camporesi. Chadwick. Delfino+ (MAC Cotlab.) 
BAND 87B PRL 59 415 +Bosman, Camporesi, Chadwick+ (MAC Collab.) 
BARINGER 87 PRL 59 1993 +Mcllwlln, Miller, Shibata+ (CLEO Collab.) 
BEBEK 87C PR O36 690 +Berkelman, Blucher, Cassel+ (CLEO Collab.) 
BURCHAT 87 PR O35 27 +Feldman, Bavklow, Boyarski+ (Mark II Collab.) 
BYLSMA 87 PR 035 2269 +Abachi, Baring�9 DeBonte+ (HRS Collab.) 
EOFFMAN 87 PR D36 2185 +Dubois, Eigen, Hauser+ (Mark III Collab,) 
DERRICK 87 PL 8189 260 +Kooijman, Loos, Musgrave+ (HRS Collab.) 
FORD 07 PR 035 4~  +Qi, Read. Smith+ {MAC Coltab.) 
FORD 878 PR 036 1971 +Qi, Read, Smith+ (MAC Collab.) 
GAN 87 PRL 59 411 +Abrams, Amid�9 Baden+ (Mark II Collab.) 
GAN 87B PL 8197 561 +Abrams, Amidei, Baden+ (Mark II Collab.) 
AIHARA 86E PRL 57 1 8 3 6  +Alston-Garnje~t, Avery+ (TPC Collab.) 
BARTEL 660 PL 0182 216 +Backer, Felst, Haidt, Knles+ (JADE Collab.) 
PDG 8b PL 170B Aguilar-Benitez, Porter+ (CERN, CIT+) 
RUCKSTUHL 86 PRL 56 2 1 3 2  +Stroynowski, ALva~d, Badsh+ (DELCO Collab.) 
SCHMIDKE 86 PRL 57 527 +Abrams, Matteuzzl, AmideS+ (Mark II Collab.) 
YELTON 86 PRL 56 812 +Dorian, Abrams, Amidei+ (Mark II Collab.) 
ALTHOFF 85 ZPHY C26 521 +Braunschweig, Kirscbflnk+ (TASSO Coiled. 
ASH 05B PRL 55 2118 +Band, Blume, Camporesi+ (MAC Collab. 
BALTRUSAIT... 85 PRL 55 1842 Baltrusa;tis, Backer, Blayloch, Brown+ (Mark Ill Collab.) 
BARTEL ESF PL 161B 188 +BackeL Cords, Felst+ (JADE Coiled.) 
BEHRENDS 85 PR D32 2460 +Gentile, Guide, Gulde. Morrow+ (CLEO Collab.) 
BELTRAMI 85 PRL 54 1775 +8ylsma. DeBonte, Gan+ (HRS Coilab.) 
BERGER B5 ZPHY C28 1 +Genzel, Lackas, piel~z+ (PLUTO Collab.) 
BURCHAT 65 PRL 54 2450 +Schmidke, Yelton. Abrams+ (Mark II Collab.) 
FERNANDEZ 05 PRL 54 1624 +Ford, Qi, Read+ (MAC Collab.) 
MILLS 65 PRL 54 624 +Pal, Atwood. Bail&on+ (DELED Collab.) 
AIHARA ~4C PR D30 2 4 3 6  +Alston-Garnjost, Badtke. Bakken+ (TPC Collab.) 
BEHREND 84 ZPHY C23 103 +Fenner, Schachter, Schroder+ (CELLO Collab.) 
MILLS 84 PRL 52 1 9 4 4  +Ruckstuhi, Atwood. Baillon+ (DELCO Collab,) 
BEHRENO 83C PL 127B 270 +Chen, Fenner. Gumpel~ (CELLO Collab,) 
SILVERMAN 83 PR 027 1196 +Shaw (UCI) 
BEHREND 82 PL U4B 282 +Chen, Fenaer, Field+ (CELLO Collab,) 
BLOCKER 82B PRL 48 1586 +Abrams. Alam, BIondel+ (Mark II Collab.) 
BLOCKER 82D PL 109B 119 +Dorian, Abrams, Alam+ (Mark II Collab.) J 
FELDMAN 82 PRL 48 66 +Trilling, Abrams, Amid�9 (Mark II Collab,) 
HAYES 82 PR D25 2869 +Pen, Alam, Boyarskl+ (Mark II Collab.) 
BERGER 81B PL 99B 489 +Genzel, Grigull, Laches+ (PLUTO Collab.) 
DORFAN 81 PRL 46 215 +Blocker, Abrams, Alam+ (Mark II Collab.) 
BRANDELIK 80 PL 528 199 +Braunschwelg, Gather+ (TASSO Collab.) 
ZHOLENTZ 80 PL 96B 214 +Kurdadze, Lelchuk, Mishnev+ (NOVO) 

Mso 81 SJNP 34 814 Zholentz, Kurdadze, Lelchuk+ (NOVO) 
Translated from YAF 34 1471. 

BACINO 79B PRL 42 749 +Ferguson, Nodulman, Slat�9 (DELCO Collab.) 
KIRKBY 79 SLAC-PUB-2419 (SLAg) J 

Batavia Lepton Photon Coafererlce, 
BACINO 78B PRL 41 13 +Ferguson, Nodulman. Slater+ (DELCO Collab.) J 

Also 78 Tokyo Conf. 249 Kirz (STON) 
Also BO PL %B 214 ZholenLz. Rurdadze. Letchuk, Mlshnev+ (NOVO) 

BRANDELIK 78 PL 738 109 +Bzaunsch~g, Martyn, Sander+ (DASP Col(ab.)J 
FELDMAN 78 Tokyo Conf. 777 (SLAC) J 
HELLE 78 NP B138 189 +Ped, Abrams, Atam. Boyai~ki+ (SLAC. LBL) 
JAROS 78 PRL 40 1120 +Abrams, Alam+ (SLAC, LBL, NWES, HAWA) 
PERL 75 PRL 35 1489 +Abrams, Boyorskl. 8reidenbach+ (LBL, SLAC) 

OTHER RELATED PAPERS 
PRPL 274 207 +Pohl (ROMAI, ETH) 
ARNPS 43 457 +Stroynowski (CIT, SMU} 
RPP 55 653 (SLAC) 
MPL AS 1995 (VALE t 
PRPL 157 1 +Stroynowski (CIT) 
IJMP A3 531 +Perl (SLAC) 
PR D38 3351 +Perl (SLAC) 
ARNPS 30 299 (SLAC) 

GENTILE 96 
WEINSTEIN . 03 
PERL 92 
PICH 90 
BARISH 88 
GAN 08 
HAYES 88 
PERL 80 
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C h a r g e d  H e a v y  L e p t o n  M A S S  L I M I T S  

S e q u e n t i a l  C h a r l ~ d  H e a v y  L e p t o n  ( L  ~:)  M A S S  L I M I T S  

These experiments assumed that  a fourth generation L :E decayed to  a fourth generation 
u L (or L u) where e L was stable, or that  L :l: decays to a light u L via mixing. 

See the "Quark and Lepton Composlteness, Searches for" Listings for l imits on radla- 
l ively decaying excited leptons, Le. t *  ~ t-y. See the "WIMPs  and other Particle 
Searches" section for heavy charged particle search l imits in which the charged particle 
could be a lepton. 

VALUE (GeV) CL.~_~ DOCUMENT ID TEEN COMMENT 

>81.5 95 

>410.2 95 

>72  95 

>81  95 

>78.7 95 
< 48 or > 61 95 
>64.5  95 

>63.5 95 

>42.8 95 
>44.3 95 

ACKERSTAFF 98c OPAL Assumed m L •  - mLo > 8.4 I 
GeV 

ACKERSTAFF 98c OPAL mLo > m L •  and L • ~ u W  | 

ACCIARRI 97P L3 Assumed m L •  - mvL > 10 GeV | 

ACCIARRI 97P L3 Assumed m L •  - reel  > 20 GeV | 

I ACCIARRI 97P L3 Light e ,  ~ = 1 6 1 ,  172 GeV 
1 ACCIARRI 96G L3 

ALEXANDER 96P OPAL m L - toLD > 10 GeV 

BUSKULIC 965 ALEP m L - mLo > 7 GeV | 

ADEVA 90S L3 Decay to Dirac u L 
A K R A W Y  9OG OPAL 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

>73.5 95 ACKERSTAFF 970 OPAL Assumed m L •  - muL > 13 GeV I 

ACKERSTAFF 97D OPAL m v r  > m L •  and L ~ ~ ~ ,W* | 

A L E X A N D E R  96P OPAL Decay to massless u's I 

>76.7 95 

>63.9 95 
>65  95 

none 10-225 
none 12.6-29.6 95 
>42.7 95 

none 0.5-10 95 

> 8  

>12 

none 18.4-27.6 95 . 
>25.5 95 

none 1.5-22.0 95 
>41 90 
>22.5 95 
>18.0 95 

none 4-14.5 95 
>15.5 95 
>13. 
>16. 95 
> 0.490 

BUSKULIC 96S ALEP Decay to  massless u's 
2 A H M E D  94 CNTR H1 Collab. at HERA 

KIM 918 A M Y  Massless v assumed 
DECAMP 90F ALEP 

3 RILES 90 MRK2 For ( toLD-toLD)> 0.25-O.4GeV 

4 S T O K E R  89 MRK2  F o r ( m L + - m L o ) = O . 4 G e V  

4 STOKER 89 MRK2 For toLD=O.9 GeV 

5 ABE 88 VNS 
6 ADACHI  888 TOPZ 

BEHREND 88C CELL 
7 A L B A J A R  878 UA1 
8 ADEVA 185 MRKJ 
9 BARTEL 83 JADE 

10 BERGER 818 PLUT 
11BRANDEL IK  81 TASS 
12 A Z I M O V  80 
13 BARBER 80B CNTR 
14 ROTHE 69 RVUE 

1ACCIARRI 96G assumes LEP result that  the associated neutral heavy lepton mass > 40 | 
GeV. 

2The A H M E D  94 l imits are from a search for neutral and charged sequential heavy leptons 
at HERA via the decay channels L -  ~ e'y, L -  ~ e W - .  L -  ~ eZ ;  and L 0 ~ u'y, 
L 0 ~ e -  W -F, L -  ~ ~Z ,  where the W decays to  t u  l ,  or to  jets. and Z decays to  

t + t -  or jets. 
3 RILES 90 l imits were the result of  a special analysis o f  the data In the case where the mass 

difference m L_ - mLo was allowed to be quite small, where L 0 denotes the neutflno 
Into which the sequential charged lepton decays. Wi th a slightly reduced m L •  range, 
the mass difference extends to  about 4 GeV. 

4STOKER 89 (Mark II at PEP) gives bounds on charged heavy lepton (L + )  mass for 
r 0 the generalized case in which the corresponding neut al heavy lepton ( L )  in the SU(2) 

doublet Is not of  negligible mass. 
5 A B E  88 search for L + and L -  --* hadrons looking for acoplanar Jets. The bound Is 

valid for m v < 10 GeV. 
6 ADACHI  88B search for hadronlc decays giving acoplanar events with large missing energy. 

Ecru ee = 52 GeV. 
7Assumes assodated neutrino Is approximately massless. 
8 A D E V A  85 analyze one-isolated-muon data and sensitive to ~- < !  0 nanosec. Assume 

B(lepton) = 0.30. Ecru = 40-47 GeV. 

9 BARTEL 83 l imit  is from PETRA e -F e -  experiment with average Ecru = 34.2 GeV. 

10 BERGER 81B IS DESY DORIS and PETRA experiment. Looking for e "F e -  --* L + L - .  
11BRANDEL IK811sOESY-PETRAexpe r lmen t .  Looking for e + e  - ~ L + L  - .  
1 2 A Z i M O V  80 estimated probabilltles for M + N t ype  eventsln e + e  - ~ L + L-- deducing 

semi-hadronlc decay multlpl lclt le~of L from e + e -  annihilation data at Ecru = ( 2 / 3 ) m  L' 

Obtained above l imit comparing these with e + e -  data (BRANDELIK  80). 

13 BARBER 80B looked for e + e -  ~ L + L - ,  L ~ u~" X with MARK-J  at DESY-PETRA.  

14 ROTHE 69 examines previous data on p pair production and ~ and K decays. 

Stable Charged Heavy Lepton (L :1:) MASS LIMITS 
VALUE (GeV) CL.~.~_~ DOCUMENT ID TECN 

:>!4.:1 95 ACCIARRI 97P L3 | 
�9 �9 �9 We do not use the following data for averages, f i ts, l imits, etc. �9 �9 �9 

>28.2 95 15 ADACHI  90C TOPZ 
none 18.5-42.8 95 A K R A W Y  900 OPAL 
>26.5 95 DECAMP 9OF ALEP 

none m~-36.3  95 SODERSTROM90 MRK2 

15 ADACHt 90c put lower l imits on the mass of stable charged particles wRh electric charge 
Q satlsylng 2 /3  < Q/e  < 4 /3  and with spin 0 or 1/2.  We list here the special case for 
a stable charged heavy lepton. 

Chaqlld LoNg-Lived Heavy Leplz, n MASS LIMITS 
VALUE(GeV) Ev'rs DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, ,mRs, etc. �9 �9 t 

>0.1 0 16 ANSORGE 738 HBC - Long-lived 
none 0.55-4.5 17 BUSHNIN 73 CNTR - Long-lived 
none 0.2-0.92 18 BARNA 68 CNTR - Long-lived 
none 0.97-1.03 18 BARNA 68 CNTR - Long-lived 

16ANSORGE 738 looks for electron pair production and electron-like Bremsstrahlung. 
17BUSHNIN 73 is SERPUKOV 70 GeV p experiment. Masses assume mean life above 

7 x 10 - 1 0  and 3 x 10 - 8  respectively. Calculated from cross section (see "Charged 
Quasi-Stable Lepton Production Differential Cross Section" below) and 30 GeV muon 
pair production data. 

18 BARNA 68 Is SLAC photoproduction experiment. 

DouMpCharMd Heavy Lepton MASS LIMITS 
VALUE (GeV) CL..~ DOCUMENT ID TECN CHG 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

none 1 -9  GeV 90 19 CLARK 81 SPEC + +  

19CLARK 81 Is FNAL experiment with 209 GeV muons. Bounds apply to  # p  which 
couples with full weak strength to muon. See also section on "Doubly-Charged Lepton 
Produciton Cross Section." 
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Doubly-Charged Lepton Production Cross Section 
O,N Scatteani) 

VALUE (cm 2 ) EVTS DOCUMENT ID TECN CHG 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<6.  x 10 - 3 8  0 20CLARK 81 SPEC + +  

20CLARK 81 is FNAUexpedment  wi th 209 GeV muon. Looked for p+nuc leon ~ ~ X ,  
- -  , + + ~  + +  _., ~-Op__, i j + p  u p a n d l ~ + n ~  PP ^ ' I JP  2/~+u/~. A b o v e n m i t s a r e f o r ~ x B R  

taken from their mass-dependence plot figure 2. 
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N E U T R I N O  M A S S  

Writ ten February 1998 by B. Kayser (NSF). 

While there is no unequivocal evidence for neutrino mass, 

it is natural  to suspect tha t  the neutrinos, like the charged 

leptons and the quarks, have nonzero masses. Evidence of these 

masses is being sought through experiments on neutrinos cre- 

ated astrophysically, in the earth 's  atmosphere, by accelerators, 

by reactors, and by nuclear decays, and in studies of reactions 

where neutrinos appear only as virtual particles. 

In the  decay 

w + -+ ~+vt (1) 

of a W boson into a charged lepton of "flavor" t (e ,  #, or ~-), 

the accompanying neutrino is referred to as tpt, the neutrino of 

flavor t .  Neutrinos of different flavor are different objects. When 

an energetic v t undergoes a charged-current weak interaction, 

it produces a charged lepton l of the same flavor as the 

neutrino [1]. 

If neutrinos have masses, then a neutrino of definite flavor, 

ut, need not be a mass eigenstate. Indeed, if leptons behave 

like quarks, the tit is a coherent linear superposition of mass 

eigenstates, given by 

I~t) = ~ utral~ra) �9 (2) 
771 

Here, the vra are the mass eigenstates, and the coefficients 

Utra form a matr ix  U known as the leptonic mixing matrix. 
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There are at least three urn, and perhaps more. However, it is 

usually assumed tha t  no more than three vm make significant 

contributions to Eq. (2). Then U is a 3 x 3 matrix,  and according 

to the electroweak Standard Model (SM), extended to include 

neutrino masses, it is unitary. 

The relation (2) means tha t  when, for example, a W + 

decays to an e + and a neutrino, the neutrino with probability 

[Uel[ 2 is a ul, with probability [Ue2[ 2 is a v2, and so on. This 

behavior is an exact leptonic analogue of what  is known to 

occur when a W + decays to quarks. 

If each neutrino of definite flavor is a coherent superposition 

of mass eigenstates, then we will have neutr ino oscillation [2]. 

This is the spontaneous metamorphosis of a neutrino of one 

flavor into one of another flavor as the neutrino propagates. 

To understand neutrino oscillation, let us consider how a 

neutrino born as the vl of Eq. (2) evolves in time. First, we 

apply SchrSdinger's equation to the Um component of ut in the 

rest frame of tha t  component. This tells us tha t  [3] 

I.ra(~ra)) = e-iMmr~lvra(O)) , (3) 

where Mra is the mass of vra, and rra is t ime in the vra frame. 

In terms of the time t and position L in the laboratory frame, 

the Lorentz-invariant phase factor in Eq. (3) may be writ ten 

e - i M m r r a  --- e - i ( E m t - p m L )  . ( 4 )  

Here, Era and pra are respectively the energy and momentum 

of vra in the laboratory frame. In practice, our neutrino will 

be extremely relativistic, so we will be interested in evaluating 

the phase factor of Eq. (4) where t .~ L, where it becomes 

e x p [ - i (  Em - pra)L]. 

Imagine now tha t  our r, t has been produced with a definite 

momentum p, so tha t  all of its mass-eigenstate components 

have this common momentum. Then the ~ra component has 

Era = v f ~  + M 2 ~ p + M 2  /2p,  assuming tha t  all neutrino 

masses Mra are small compared to the neutrino momentum. 

The phase factor of Eq. (4) is then approximately 

e -i(M~/2p)L �9 (5) 

Alternatively, suppose that  our vt has been produced with a 

definite energy E, so tha t  all of its mass-eigenstate components 

have this common energy [4]. Then the vra component has 

pra = ~ ,.~ E - M2m/2E. The phase factor of Eq. (4) 

is then approximately 

e - i ( M 2 m / 2 E ) L  �9 (6) 

Since highly relativistic neutrinos have E ~ p, the phase factors 

(5) and (6) are approximately equal. Thus, it doesn' t  mat ter  

whether our ~'e is created with definite momentum or definite 

energy. 

From Eq. (2) and either Eq. (5) or Eq. (6), it follows tha t  

after a neutrino born as a t,e has propagated a distance L, its 

s tate  vector has become 

IvdL)) ~ ~ Utme-iCM~/2E)Llvra ) . (7) 
ra 
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Using the unitarity of U to invert Eq. (2), and inserting the 

result in Eq. (7), we find that 

[ ~ .  . . . .  i(M2m/2E)Lrr* ] Ivt(L)) ~ ~ ]  ~tm~ ~t,m/lye,) . (8) 
t~ J 

We see that our vt, in traveling the distance L, has turned into 

a superposition of all the flavors. The probability that it has 

flavor t I, P(v  t ---* vt,; L), is obviously given by 

P(vt  --* re; L) = I(vt,[vt(L))[ 2 = ~,Ut~e-i(M&/2E)Lu~,m 2 . 

(9) 
The quantum mechanics of neutrino oscillation leading to 

the result Eq. (9) is somewhat subtle. It has been analyzed 

using wave packets [5], treating a propagating neutrino as 

a virtual particle [6], evaluating the phase acquired by a 

propagating mass eigenstate in terms of the proper time of 

propagation [3], requiring that a neutrino's flavor cannot change 

unless the neutrino travels [4], and taking different neutrino 

mass eigenstates to have both different momenta and different 

energies [7]. The subtleties of oscillation are still being explored 

and discussed. 

Frequently, a neutrino oscillation experiment is analyzed 

assuming that only two neutrino flavors, ve and v# for example, 

mix appreciably. Then the mixing matrix U takes the form 

cos0e~ sin0e~ 
U =  - s i n 0 ~ ,  cosOe~ ] ' (10) 

where 0e~ is the ve-v~ mixing angle. Inserting this matrix into 

Eq. (9), we find that 

P(ve --* v~; L) = sin 22Oe~sin 2 (AM22L/4E) . (11) 

Here, AM212 =_ M21 - M 2, where Vl and v2 are the mass eigen- 

states which make up ve and v~. If the omitted factors of h and 

c are inserted into the argument AM22L/4E of the oscillatory 

sine function, it becomes 1.27 AM~2 (eV2)L (km) /E  (GeV). 

The probability that a v e  will retain its original flavor during 

propagation over a distance L is simply 

P(ve --* re; L) = 1 - P(ve -* v~; L) . (12) 

Under some important circumstances, a "two-neutrino" for- 

mula virtually identical to that of Eq. (11) accurately describes 

neutrino oscillation even when all three neutrino flavors mix. 

One of these circumstances is when all mixing angles are small. 

That is, each neutrino of definite flavor is dominantly one mass 

eigenstate, plus only small amounts of the other two. In this 

circumstance, let us refer to the dominant mass eigenstate com- 

ponent of ve as vl, that of v~ as v2, and that of vr as v3. Then 

the mixing matrix U is approximately 

U ~ -0~.  1 0 (13) 
--Oer --O/zr ~r , 

where Oab is the (small) ut~-ut b mixing angle. Inserting this 

mixing matrix in Eq. (9), we find that through second order in 

the mixing angles, 

P(vt,  --~ vtb#t,; L) ,~ (28ab)2sin 2 (AM2 L /4E)  . (14) 

Here, A M  2 -- M 2 - My, where vi and vj are, respectively, the 

dominant mass eigenstate components of vt~ and vtb. We see 

that when all mixing angles are small, the oscillation between 

any pair of neutrino flavors is indeed described by a two-neutrino 

formula just like Eq. (11), but for each pair of flavors, there is 

a different mixing angle and a different A M  2. In addition, in 

contrast to Eq. (12), the probability that a neutrino (say, a re) 

retains its original flavor is now given by 

P(ve --* re; L) = 1 - P(ve --* v,; L) - P(ve --* vr; L) . (15) 

Another interesting situation occurs when there is a neutrino 

mass hierarchy, Ma>M2>>M1, so that AM22 ~ A M ~ l ~ A M 2 1 .  

Then there is a region of L / E  in which AM221L/E is negligible 

compared to unity, but AM~2 L / E  is not. For L / E  in this 

region, it follows from Eq. (9) and the unitarity of U that [8] 

P(vta --* vtb#t~; L) ~ [2Ua3Ub3[2sin 2 (AM22L/4E) . (16) 

Once again, the oscillation probability has the same form 

as when just two neutrinos mix. ~r thermore ,  Eq. (16) holds 

whether the mixing angles are large or small. However, the 

parameters in Eq. (16) have a different meaning from those 

in the true two-neutrino formula, Eq. (11). In Eq. (16), the 

coefficient ]2UaaUb3] 2 is, in general, not sin 220ab , as it would be 

in the two-neutrino case. (To be sure, [2UaaUb312 never exceeds 

unity, anymore than sin 220ab does.) In addition, in Eq. (16), the 

mass splitting which appears is always the same one- -AM~2--  

regardless of which neutrino flavors are being considered. 

In a beam of neutrinos born with flavor ga, neutrino os- 

cillation can be sought in two ways: First, one may seek the 

appearance in the beam of neutrinos of a different flavor, tb. - 

Secondly, one may seek a disappearance of some of the original 

vt, flux, or an L-dependence of this flux. 

Clearly, no oscillation is expected unless L / E  of the 

experiment is sufficiently large that the phase factors 

exp(-iM2m L/2E)  in Eq. (9) differ appreciably from one 

another. Otherwise, P(v~ ~ re; L) = I ~ m  UtmU~rn[ 2 : 6s 

Now, with omitted factors of h and c inserted, the relative phase 

of e x p ( - i M 2 L / 2 S )  and e x p ( - i M ~ L / 2 S ) i s  2.54 AM~(eV 2) 

L(km)/E(GeV).  Thus, for example, an experiment in which 

neutrinos with E ~ 1 GeV travel 1 km between production and 

detection will be sensitive to A M  2 ~ 1 eV 2. 

A more direct way than neutrino oscillation experiments 

to search for neutrino mass is to look for its kinematical 

effects in decays which produce a neutrino. In the decay X --4 

Yi+vt,  where X is a hadron and Y is zero or more hadrons, 

the momenta of t + and the particles in Y will obviously be 

modified if vt has a mass. If vt is a superposition of mass 

eigenstates vm, then X ~ Y~+vt is actually the sum of the 



See key on page 213 

decays X ~ Yt+v,n  yielding every Vm light enough to be 

emitted. Thus, if, for example, one Vm is much heavier than 

the others, the energy spectrum of s may show a threshold 

rise where the ~+ energy becomes low enough for the heavy 

Vm to be emitted [9]. However, if neutrino mixing is small, 

then the decays X --, Y~+vm yield almost always the neutrino 

mass eigenstate which is the dominant component of re. The 

kinematics of s and Y then reflect the mass of this mass 

eigenstate. 

From kinematical studies of the particles produced in 3H --* 

3He e - ~ ,  7r -* #v~, and r --* n~rvr, upper limits have been 

derived for M1,M2,  and M3, respectively. Here, we assume 

mixing to be small, and, as before, call the dominant mass- 

eigenstate components of re, v#, and vr, respectively, Vl, v2, and 

va. In the case of the decay 3H ---* 3He e -Pc ,  the upper bound 

on the neutrino mass is derived from study of the e -  energy 

spectrum. It should be noted that in several experiments, the 

theoretical expression used to describe this spectrum does not 

produce a good fit, either for M1 --- 0 or for M1 > 0 [10]. 

Indeed, the best fit is achieved for an unphysical, negative value 

of M 2. Thus, the quoted limits on M1 must be interpreted with 

caution. 

Neutrinos carry neither electric charge nor, as far as we 

know, any other charge-like quantum numbers. To be sure, it 

may be that the reason an interacting "neutrino" creates an 

l - ,  while an "antineutrino" creates an s is that neutrinos and 

antineutrinos carry opposite values of a conserved "lepton num- 

ber." However, there may be no lepton number. Even then, the 

fact that "neutrinos" and "antineutrinos" interact differently 

can be easily understood. One need only note that, in prac- 

tice, the particles we call "neutrinos" are always left-handed, 

while the ones we call "antineutrinos" are right-handed. Since 

the weak interactions are not invariant under parity, it is then 

possible to attribute the difference between the interactions of 

"neutrinos" and "antineutrinos" to the fact that these particles 

are oppositely polarized. 

If the neutrino mass eigenstates do not carry any charge- 

like attributes, they may be their own antiparticles. A neutrino 

which is its own antiparticle is called a Majorana neutrino, 

while one which is not is called a Dirac neutrino. 

If neutrinos are of Majora~a character, we can have neutri- 

noless double beta-decay (fl3ov), in which one nucleus decays 

to another by emitting two electrons and nothing else. This 

process can be initiated through the emission of two virtual 

W bosons by the parent nucleus. One of these W bosons then 

emits an electron and an accompanying virtual "antineutrino." 

In the Majorana case, this "antineutrino" is no different from 

a "neutrino," except for its right-handed helicity. If the virtual 

neutrino has a mass, then (like the e + in nuclear fl-decay), it is 

not fully right-handed, but has a small amplitude, proportional 

to its mass, for being left-handed. Its left-handed component 

is precisely what we call a "neutrino," and can be absorbed 

by the second virtual W boson to create the second outgoing 
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electron. This mechanism yields for flflov an amplitude propor- 

tional to an effective neutrino mass (M), given in a common 

phase convention by [11] 

(M) = ~ U2emMm . (17) 
m 

Experimental upper bounds on the flflov rate are used to derive 

upper bounds on (M). Note that, owing to possible phases in 

the mixing matrix elements Ucm, the relation between (M) and 

the actual m a s s e s  M m of the neutrino mass eigenstates can be 

somewhat complicated. The process flflov is discussed further 

by P. Vogel in this Review. 

If neutrinos are their own antiparticles, then their magnetic 

and electric dipole moments must vanish. To see why, recall 

that C P T  invariance requires that the dipole moments of the 

electron and its antiparticle be equal and opposite. Similarly, 

C P T  invariance would require that the dipole moments of a 

neutrino and its antiparticle be equal and opposite. But, if the 

antiparticle of the neutrino is the neutrino itself, this means 

that the dipole moments must vanish [12]. 

If neutrinos are not their own antiparticles, then they 

can have dipole moments. However, for a Dirac neutrino mass 

eigenstate Vm, the magnetic dipole moment #m predicted by 

the Standard Model (extended to include neutrino masses) is 

only [13] 

/Zm ---- 3.2 X lO-19Mm(eV)pB , (18) 

where #B is the Bohr magneton. 

Whether neutrinos are their own antiparticles or not, there 

may be transition magnetic and electric dipole moments. These 

induce the transitions Vm - ~  Vm~m') ' .  

A Majorana neutrino, being its own antiparticle, obviously 

consists of just two states: spin up and spin down. In contrast, 

a Dirac neutrino, together with its antiparticle, consists of 

four states: the spin-up and spin-down neutrino states, plus 

the spin-up and spin-down antineutrino states. A four-state 

Dirac neutrino may be pictured as comprised of two degenerate 

two-state Majorana neutrinos. Conversely, in the field-theory 

description of neutrinos, by introducing so-called Majorana 

mass terms, one can split a Dirac neutrino, D, into two nonde- 

generate Majorana neutrinos, v and N. In some extensions of 

the SM, it is natural for the D, v, and N masses, M D , M v ,  and 

Mlv, to be related by 

M v M N  ~ M 2 �9 (19) 

In these extensions, it is also natural for MD to be of the order 

of Mt or q, the mass of a typical charged lepton or quark. Then 

we have [14] 

M v M N  "~ M2or q �9 (20) 

Suppose now that MN >> Meorq, so that N is a very heavy 

neutrino which has not yet been observed. Then relation (20), 

known as the seesaw relation, implies that My << Me or q. Thus, 

v is a candidate for one of the light neutrino mass eigenstates 

which make up vc, v~, and v~. So long as N is heavy, the seesaw 
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relation explains, without fine tuning, why a mass eigenstate 

component of re, v~,, or Vr will be light. Interestingly, the 

picture from which the seesaw relation arises predicts tha t  the 

mass eigenstate components of re, v~, and Vr are Majorana 

neutrinos. 

In early 1998, there are three observed hints of neutrino 

oscillation, and thus of neutrino mass. These hints are the be- 

havior of solar neutrinos, the behavior of atmospheric neutrinos, 

and the  results of the  LSND experiment. 

The  flux of solar neutrinos has been detected on earth by 

several experiments [15] with different neutrino energy thresh- 

olds. In every experiment, the flux is found to be below the cor- 

responding prediction of the Standard Solar Model (SSM) [16]. 

The discrepancies between the observed fluxes and the SSM 

predictions have proven very difficult to explain by simply mod- 

ifying the SSM, without invoking neutrino mass [17]. Indeed, we 

know of no a t tempt  which has succeeded. By contrast,  all the 

existing observations can successfully and elegantly be explained 

if one does invoke neutrino mass. The most popular explana- 

t ion of this type is based on the Mikheyev-Smirnov-Wolfenstein 

(MSW) effect--a matter-enhanced neutrino oscillation [18]. 

The  neutrinos produced by the nuclear processes tha t  power 

the sun are electron neutrinos v~. Wi th  some probability, the 

MSW effect converts a v e  into a neutrino v~ of another flavor. 

Depending on the specific version of the effect, vx is a v~, a vr, 

a v~-Vr mixture, or perhaps a sterile neutrino vs. Since present 

solar neutrino detectors are sensitive to a re, but wholly, or at  

least largely, insensitive to a vu, vr, or vs, the flavor conversion 

accounts for the low observed fluxes. 

The MSW ve --* vx conversion results from interaction 

between neutrinos and solar electrons as the neutrinos travel 

outward from the solar core, where they were produced. The 

conversion requires that ,  somewhere in the sun, the total  

energy of a v~ of given momentum, including the energy of its 

interaction with the solar electrons, equal the total  energy of 

the v~ of the same momentum, so tha t  we have an energy level 

crossing. Given the typical density of solar electrons, and the 

typical momenta  of solar neutrinos, the condition tha t  there be 

a level crossing requires tha t  

M2x - M 2  - A M ~  ~ 10-SeV 2 , (21) 

where Mv, is the mass of the dominant  mass eigenstate compo- 

nent  of re, and My, is the mass of v~. 

The solar neutrino observations can also be explained by 

supposing tha t  on their  way from the sun to the earth,  the elec- 

t ron neutrinos produced in the solar core undergo vacuum oscil- 

lation into neutrinos of another flavor [19]. Assuming that  only 

two neutrino flavors are important  to this oscillation, the oscilla- 

t ion probability is described by an expression of the form given 

by Eq. (11). To explain the observed suppression of the solar ve 

flux to less than  half the predicted value at some energies, and 

to accommodate the observation tha t  the suppression is energy- 

dependent,  the argument [1.27AM2(eV2)L(km)/E(GeV)] of 

the oscillatory factor in Eq. (11) must be of order unity when 

L is the distance from the sun to the earth, and E "" 1 MeV 

is the typical energy of a solar neutrino. Perhaps this apparent  

coincidence makes the vacuum oscillation explanation of the so- 

lar neutrino observations less likely than  the MSW explanation. 

To have [1.27AM2(eV2)L(km)/E(GeV)]~ 1, we require tha t  
A M  2 ~ 10-10 eV 2. 

The solar neutrino experiments, and the comparison be- 

tween their results and theoretical predictions, are discussed in 

some detail by K. Nakamura in this Review. 

Neutrinos created in the earth 's  atmosphere by cosmic rays 

result largely from the cosmic-ray-induced production of pions, 

which then decay via the chain 7r ~ #v~, # ---* evevl,. As we 

see, this chain produces neutrinos in the ratio v~:ve - 2 :1 .  

Since the various neutrinos from the chain have different energy 

spectra, this 2 : 1 ratio does not hold at  a given neutrino energy, 

but  it is believed tha t  the actual v~,:ve ratio is known to 

5% [20]. However, measurements of this ratio in underground 

detectors yield [21] 

R ~ ( v . :  re)Data ,-~ 0.6 -{- 0 . i  , (22) 

where (v~ : re)Me is the v~ : ve ratio expected on the basis 

of a Monte Carlo simulation. In addition, it is found tha t  the 

quanti ty R depends on the direction from which the neutrinos 

are coming: For upward-going neutrinos, which must  have been 

produced in the atmosphere on the side of the ear th  opposite to 

where the detector is located, and then traveled ,,~ 104 km, the 

diameter of the earth, to reach the detector, R has an anoma- 

lously low value. But  for downward-going neutrinos, which must  

have been produced in the atmosphere just  above the detector 

and traveled only ~ 10 km to reach it, R is consistent with 

unity [22]. 

The atmospheric neutrino results have been interpreted 

as v~ --* vr or v~ --* ve oscillation, described by an expres- 

sion like tha t  of Eq. (11). To accommodate the fact tha t  

the upward-going neutrinos oscillate, making R anomalously 

low, we must have [1.27AM2(eV2)L(km)/E(GeV)] >~ 1 when 

L ~ 104 km and E ,,~ 1 GeV, a typical energy for the 

neutrinos studied. This requires AM2>~ 10 -4 eV 2. To accom- 

modate the fact tha t  the downward-going neutrinos do not 

oscillate (since for them R is not anomalous), we must have 

[1.27AM2(eV2)L(km)/E(GeV)]<< 1 when L ~ 10 km and 

E ~ 1 GeV. This requires A M  2 <~ 10 -2 eV 2. Thus, the favored 

A M  2 range is 

10 -4 ~< A M  2 ~< 10 -2 eV 2 . (23) 

The size of the observed effect implies tha t  the mixing angle is 

near maximal: 

sin 2 20 ~ 1 .  (24) 

In view of a recent bound on ve *-, v~, oscillation from the 

CHOOZ reactor experiment [23], the v~ --~ vr interpretat ion of 
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the atmospheric neutrino data is more likely than the v~ --* ve 

interpretation. 

The LSND experiment [24] has studied neutrinos from 

stopped positively-charged pions, which decay via the chain 

with AM22 ~ AM21 >> AM21. The large mass splitting, AMa22, 

is taken to be ~, 0.4 eV 2, and the small one, AM221, to 

be ~,, (3-10) x 10-5eV 2. The LSND results are interpreted as 

(Y~ --* (re) oscillation governed by the large mass splitting. The 

7r + ~ #+v~ 

k__, e+v~v~ (25) 

We note that this chain does not produce ~ ,  but an excess 

of ~ over expected background is reported by the experiment. 

This excess is interpreted as arising from oscillation of the ~ ,  

which the chain does produce into ~ .  Since the experiment has 

L ( k m ) / E ( G e V ) , , ~  1, the implied mass splitting is A M  ~ > 1 eV a. 

More recently, the same experiment has studied the neutri- 

nos from the decay 

7r + --~ p+v  o (26) 

of positively-charged pions in flight. This decay does not pro- 

duce re, but the experiment reports a v e  signal above back- 

ground [25]. This signal is interpreted as coming from v~ --* v~ 

oscillation. The regions of A M  2 and sin 2 2~ favored by the 

stopped pion and decay-in-flight data are consistent [25,26]. 

Suppose we assume that the behavior of the solar, at- 

mospheric, and LSND neutrinos are all to be understood in 

terms of neutrino oscillation. What  neutrino masses are then 

suggested? 

If there are only three neutrinos of definite flavor, re, v~, 

and Vr, made up out of just three neutrinos of definite mass, 

vl, v2, and v3, then there are only three mass splittings AM~, 

and they obviously satisfy 

aM, a + aM 3 + aM l = 
(M 2 -  M22) + (M 2 - M 2) + (M 2 - M 2) = 0 .  (27) 

Now, the A M  2 required by the MSW explanation of the solar 

neutrino data is ~ 10 -5 eV 2, Eq. (21), and that required 

by the vacuum oscillation explanation is only 10 - l ~  eV a . The 

A M  2 required by the vacuum oscillation interpretation of the 

atmospheric neutrino anomaly is ,,, 10-(2-4)eV 2, Eq. (23). 

Finally, the A M  a favored by the vacuum oscillation explanation 

of the LSND data is ~> 1 eV 2. Since the A M  2 values required 

to explain the solar, atmospheric, and LSND effects are of three 

different orders of magnitude, there is no way these three A M  2 

values can add up to zero, as demanded by Eq. (27). Thus, it 

appears that one cannot explain all three of the existing hints of 

neutrino oscillation without introducing a fourth neutrino. Since 

this neutrino is known to make no contribution to the width of 

the Z ~ [27], it must be a neutrino which does not participate in 

the normal weak interactions--a "sterile" neutrino. 

Despite this argument, interesting attempts have been made 

to make do with just three neutrinos. In one of these [28], there is 

a neutrino mass hierarchy of the sort described before Eq. (16), 

solar neutrino observations axe explained in terms of an MSW 

ve --+ v~, conversion governed by the small mass splitting. 

The atmospheric neutrino anomaly, which appears naively to 

require an intermediate A M  2, is explained as a combination of 

oscillation effects involving both the large AM22 and the small 

AM21. This scheme does not quite fit all the data, but it is 

intriguingly close. 

If one assumes that a sterile neutrino cannot be avoided, 

then all three hints of neutrino oscillation can be accommo- 

dated, for example, with the following four neutrinos: A nearly 

degenerate pair, ua, v2, with M3 ~ M2 "~ 1 eV, a lighter neu- 

trino vl, with M1 ~ 3 x 10 -3 eV, and a sterile neutrino v8 much 

lighter than Vl [29 I. The flavor neutrinos Vr and v~ are each 

50-50 mixtures of ua and u2, in accord with the suggestion from 

the atmospheric neutrino" data that Ur and vl, are maximally 

mixed. The ue is dominantly vl. The mass splitting M32 - M 2 

is chosen to be < 10-2eV 2 to facilitate the v~ ---+ ur oscilla- 

tion interpretation of the atmospheric anomaly. The splitting 

M 2 - M 2 ~ M12 ~ 10 -5 eV 2 allows us to interpret the solar 

neutrino observations as reflecting MSW conversion of ve to the 

sterile vs. The splitting M 2 - M 2 ,~ M22 - M 2 ,- 1 eV 2 enables 

us to explain t he (~  ~(~) oscillation. 

The existing hints of neutrino oscillation, and the possible 

neutrino-mass scenarios which they suggest, will be probed in 

future neutrino experiments. 

In addition to the re, V~, and vr sections, the Review of 

Particle Physics includes sections on "Number of Light Neutrino 

Types," "Heavy Lepton Searches," and "Searches for Massive 

Neutrinos and Lepton Mixing." 
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Not in general a mass eigenstate. See note on neutrino properties 
above. 

Written April 1996 by D.E. Groom (LBNL). 

These limits apply to Vl, the primary mass eigenstate in re. 
They would also apply to any other uj which mixes strongly 
in ue and has sufficiently small mass that it can occur in 
the respective decay. The neutrino mass may be of a Dirac 
or Majorana type; the former conserves total lepton number 
while the latter violates it. Either would violate lepton family 
number, since nothing forces the neutrino mass eigenstates to 
coincide with the neutrino interaction eigenstates. For limits on - 
a Majorana ue mass, see the section on "Searches for Massive 
Neutrinos and Lepton Mixing," part (C), entitled "Searches for 

Neutrinoless Double-fl Decay." 
The square of the neutrino mass m2, is measured in tritium 

beta decay experiments by fitting the shape of the beta spec- 
trum near the endpoint; results are given in one of the tables 
in this section. In many experiments, it has been found to be 
significantly negative. In the 1994 edition of this Review, it was 
noted that the combined probability of a positive result was 
3.5%. The problem has been exacerbated by the precise and 
careful experiments reported in two new papers (BELESEV 95 

and STOEFFL 95). Both groups conclude that unknown effects 
cause the accumulation of events in the electron spectrum near 
its end point. If the fitting hypothesis does not account for this, 
unphysical values for m2  are obtained. BELESEV 95 obtain 
their value for m2u, and limit for mv~ (4.35 eV at 95% CL) un- 
der the assumption that a certain narrow region is free of both 
high-energy and low-energy anomalies. Including the endpoint 
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accumulation (they find no low-energy, anomaly), STOEFFL 95 

find a value for m 2 which is more than 5 standard deviations 

negative, and report a Bayesian limit of 7 eV for mv~ which is 

obtained by sett ing m 2 = 0. Given the status of the tr i t ium 

results, we find no clear way to set a meaningful limit on mv~. 

On the other hand, a mass as large as 10-15 eV would probably 

cause detectable spectrum distortions near the endpoint. 

The spread of arrival times of the neutrinos from SN 1987A, 

coupled with the measured neutrino energies, should provide 

Lepton 

a simple time-of-flight limit on mv~. This statement,  clothed 

in various degrees of sophistication, has been the basis for a 

very large number  of papers. The LOREDO 89 limit (23 eV) 

is among the most conservative and involves few assumptions; 

as such, it is probably a safe limit. We list this limit below as 

"used," but  conclude tha t  a limit about half this size is justified 
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ue MASS SQUARED 

The tritium experiments actually measure mass squared. A combined limit 
on mass must therefore be obtained from the weighted average of the re- 
sults shown here. The recent results are In strong disagreement with the 
earlier claims by the ITEP group [LUBIMOV 80, BORIS 87 (+  BORIS 88, 
erratum)] that me1 lies between 17 and 40 eV. The BORIS 87 result Is 
excluded because of the controversy over the possibly large unreported sys- 
tematic errors; see BERGKVIST 85B, BERGKVIST S6, SIMPSON 84, and 
REDONDO 89. However, the average for the new experiments given below 
Implies only a 3.5% probability that m 2 is positive. See HOLZSCHUH 92 
for a review of the recent direct mvt  measurements. 

VALUE (eV 2 ) CL.~.~_S DOCUMENT ID TECN COMMENT 

-- 27-1- 20 OUR AVERAGE Error Includes scale factor of 4.2. See the ideogram 
below. 

- 22+ 4.8 11BELESEV 95 SPEC 3H/~ decay 
- 1 3 0 +  20 +15  95 12 STOEFFL 95 SPEC 3H/~ decay 
- 3 1 +  75 +48  13SUN 93 SPEC 3H/~decay 
- 39+ 34 +15 14WEINHEIMER 93 SPEC 3H fl decay 
- 24+  48 +61 15 HOLZSCHUH 92B SPEC 3H fl decay 
- 65+  85 +65  16KAWAKAMI 91 SPEC 3Hf ldecay 
- 1 4 7 +  68 +41 17ROBERTSON 91 SPEC 3H/3decay 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

by the t r i t ium decay experiments. 

ue MASS 

Most of the data from which these limits are derived are f rom/3-  decay 
experiments In which a ~e is produced, so that they really apply to m~l.  
Assuming CPTlnvadance,  a limit on m~l Is the same as a limit on mul. 
Results from studies of electron capture transitions, given below "mul - 
m~l " ,  give limits on mul Itself. OUR EVALUATION of the present status 
of the tritium decay experiments is discussed In the above mlnlrevlew. 

VALUE (eV} CL~.% DOCUMENT ID TECN COMMENT 

< 1E OUR EVALUATION 
<: 23 LOREDO 89 ASTR SN 1987A 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 4.35 95 1 BELESEV 95 SPEC 3H/~ decay 
< 12.4 95 2 CHING 95 SPEC 3Hi3 decay 
< 92 95 3 HIDDEMANN 95 SPEC 3H ~ decay 

15 +32  HIDDEMANN 95 SPEC 3H fl decay 
- 1 5  

< 19.6 95 KERNAN 95 ASTR SN 1987A 
< 7.0 95 4STOEFFL 95 SPEC 3H fl decay 
<460 68 5 YASUMI 94 CNTR �9 capture in 163Ho 
< 7.2 95 6WEINHEIMER 93 SPEC 3H/3 decay 
< 11.7 95 7 HOLZSCHUH 92B SPEC 3H/~ decay 
< 13.1 95 8 KAWAKAMI 91 SPEC 3H/3 decay 
< 9.3 95 9 ROBERTSON 91 SPEC 3H fl decay 
< 14 95 AVIGNONE 90 ASTR SN 1987A 
< 16 SPERGEL 88 ASTR SN 1987A 

17 to 40 10 BORIS 87 SPEC ~e, 3H~ decay 

1BELESEV 95 (Moscow) use an integral electrostatic spectrometer with adiabatic mag- 
netic collimation and a gaseous tritium sources. A fit to a normal Kude plot above 
18300-18350 eV (to avoid a low-energy anomaly) plus a monochromatic line 7-15 eV 
below the endpoint yields m 2 = - 4 . 1  • 10.9 eV 2, leading to this Bayesian limit. 

2 CHING 95 quotes results previously given by SUN 93; no experimental details are given. 
A possible explanation for consistently negative values of m 2 is given. 

3 HIDDEMANN 95 (Munich) experiment us~ atomic tdtlum embedded In a metal-dioxide 
lattice. Bayesian limit calculated from the weighted mean m 2 = 221 + 4244 eV 2 from 
the two runs listed below. 

4STOEFFL 95 (LLNL) result is the Bayesian limit obtained from the m 2 errors given 

below but with m 2 set equal to 0. The anomalous endpoint accumulation leads to a 

2 n value of m e which Is negative by more tha 5 standard deviations. 

5The YASUMI 94 (KEK) limit results from their measurement ...v-zm - ' 1  +̂350u_110 ev.'" 

6WEINHEIMER 93 (Mainz) Is a measurement of the endpolnt of the tdtlum ~ spectrum 
using an electrostatic spectrometer with a magnetic guiding field�9 The source is molecular 
tritium frozen onto an aluminum substrate. 

7 HOLZSCHUH 92B (Zurich) result Is obtained from the measurement m 2 = - 2 4 + 4 8 +  61 

( l a  errors), in eV 2, using the PDG prescription for conversion to a limit in m u. 

8 KAWAKAMI 91 (Tokyo) experiment uses tritium-labeled arachidlc acid. This result Is the 
Bayesian limit obtained from the m 2 limit with the errors combined In quadrature. This u 
was also done in ROBERTSON 91, although the authors report a different procedure. 

9 ROBERTSON 91 (LANL) expedment uses gaseous molecular tritium. The result is In 
strong disagreement with the eadler claims by the ITEP group [LUBIMOV 80, BORIS 87 
(+  BORIS 88 erratum)] that m u lies between 17 and 40 eV. However, the probability of 

a positive m 2 Is only 3% If statistical and systematic error are combined In quadrature. 
10See also comment in BORIS 87B and erratum in BORIS 88. 

�9 129~6010 18 HIDDEMANN 95 SPEC 3H ~ decay 
313• 18 HIDDEMANN 95 SPEC 3H/~ decay 

11 BELESEV 95 (Moscow) use an Integral electrostatic spectrometer with adiabatic mag- 
netic collimation and a gaseous tritium sources. This value comes from a fit to a normal 
Kurie plot above 18300-18350 eV (to avoid a low-energy anomaly), including the effects 
of an apparent peak 7-15 eV below the endpoint. 

125TOEFFL 95 (LLNL) uses a gaseous source of molecular trit ium. An anomalous pileup 
of events at the endpolnt leads to the negative value for m 2. The authors acknowledge 

that "the negative value for the best fit of m 2 has no physical meaning" and discuss 
possible explanations for this effect. 

135UN 93 uses a tritlated hydrocarbon source. See also CHING 95. 
14WEINHEIMER 93 (Mainz) is a measurement of the endpolnt of  the trit ium/~ spectrum 

using an electrostatic spectrometer with a magnetic guiding field. The source Is molecular 
tritium frozen onto an aluminum substrate. 

15 HOLZSCHUH 92B (Zurich) source is a monolayer of tdtlated hydrocarbon, 
16 KAWAKAMI 91 (Tokyo) experiment uses tdtium-labeled arachldlc acid. 
17 ROBERTSON 91 (LANL) experiment uses gaseous molecular tdtlum. The result Is In 

strong disagreement with the earlier claims by the ITEP group [LUBIMOV 80, BORIS 87 
(+  BORIS 88 erratum)] that m u lies between 17 and 40 eV. However, the probability of 

a positive m 2 Is only 3% if statistical and systematic error are combined In quadrature. 

18 HIDDEMANN 95 (Munich) experiment uses atomic tritium embedded In a metal-dioxide 
lattice. They quote measurements from two data sets. 

WEIGHTED AVERAGE 
-27+~0 (Error scaled by 4.2) 

1 

.200 -150 

m~ e (eV 2) 

~ 2  

�9 - BELESEV 95 SPEC 0.9 
�9 �9 BTOEFFL 95 SPEC 17.1 
~" BUN 93 SPEC 0.0 
�9 . WEINHEIMER 93 SPEC 0.1 

HOLZSCHUH 92B SPEC 0.0 
KAWAKAMI 91 SPEC 0.1 

�9 �9 ROBERTBON 91 SPEC 2.3 
20.6 

(Confidence Level = 0.002) 

-100 -50 0 50 100 

m~ - m~ 

These are measurement of m v l  (in contrast to m~l,  given above). The 
masses can be different for a Dlrac neutrino in the absense of CPTInvad- 
ance. The test is not very strong. 

VALUE (eV) C L f ~  DOCUMENT ID TECN COMMENT 

< 225 95 SPRINGER 87 CNTR v, 163Ho 
< 550 68 YASUMI 86 CNTR u, 163Ho 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 4.5 x 105 90 CLARK 74 ASPK Ke3 decay 
<:4100 67 BECK 68 CNTR v, 22Na 



3 1 4  

Lepton Particle Listings 
/Je 

I/1 CHARGE 

VALUE (units: dectron ChaliCe ) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

< 2 x  10 - 1 5  19BARBIELLINI 87 ASTR SN 1987A 
<1 x 10 - 1 3  BERNSTEIN 63 ASTR Solar energy losses 

19precise limit depends on assumptions about the Intergalactic or galactic magnetic fields 
and about the direct distance and time through the field. 

1.1 MEAN LIFE 

VALUE (s) C L ~ ;  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

20 COWSIK 89 ASTR rou = 1-50 MeV 
21RAFFELT 89 RVUE ~ (Dlrac, MaJorana) 
22 RAFFELT 89B ASTR 

>278 90 23 LOSECCO 878 IMB 
> 1.1 x 1025 24 HENRY 81 ASTR m u =  16-20 eV 
> 1022_1023 25 KIMBLE 81 ASTR mu= 10-100 eV 

20COWSIK 89 use observations of supernova SN 1987A to set the limit for the lifetime of 
a neutrino with 1 < m < 50 MeV decaying through v H ~ u l e e  to be ~- > 4 x 1015 
exp(- ro/5 MeV) s. 

21RAFFELT 89 uses KYULDJIEV 84 to obtain ~'m 3 > 3 x 1018 s eV 3 (based on Pe e -  
cross sections). The bound Is not valid If electric and magnetic transition moments are 
equal for Dlrac neutrinos. 

22 RAFFELT 898 analyze stellar evolution and exclude the region 3 x 1012 < ~'m 3 
< 3 x 1021seV 3. 

23 LOSECCO 87B assumes observed rate of 2.1 SNU (solar neutrino units) comes from sun 
while 7.0 :~ 3.0 Is theory. 

24HENRY 81 uses UV flux from clusters of galaxies to find limit for radiative decay. 
25 KIMBLE 81 uses extreme UV flux limits. 

~.  M A G N E T I C  M O M E N T  

Must vanish for Majorana neutrino or purely chlral massless Dlrac neutrino. 
The value of the magnetic moment for the standard SU(2)xU(1) elec- 
troweak theory extended to Include massive neutrinos (see FUJIKAWA 80) 
Is/~u = 3 e G F m u / ( 8 ~ 2 V ~ )  = (3.20 x lO -19 ) rov l~  B where m v Is In eV 
and/~B = e ~ / 2 m e  Is the Bohr magneton, Given the upper bound rnul 
< 7.3 eV, it follows that for the extended standard eleetroweak theory, 
p(v1) < 2.3 x 10 -18  PB" Current experiments are not yet challenging 
this limit. There Is considerable controversy over the validity of many of 
the claimed upper limits on the magnetic moment from the astrophysi- 
cal data. For example, VOLOSHIN 90 states that =in connection with 
the astrophysical limits on /Ju . . . .  there is by now a general consensus 
that contrary to the Initial claims (BARBIERI 88. LATTIMER 88, GOLD- 
MAN 88, NOTZOLD 88), essentially no better than quoted limits (from 
previous constraints) can be derived from detection of the neutrino flux 
from the supernova SN1987A." See VOLOSHIN 88 and VOLOSHIN 88C. 

VALUE IIO-IO I~FI) CL_~_% DOCUMENT ID TECN COMMENT 

< 1,8 90 37DERBIN 94 CNTR Reactor~ee~ Pe �9 
�9 �9 �9 We do not use the following data for averages, fits, limits, e tc . �9  �9 �9 

< 0.62 38 ELMFORS 97 COSM Depolarization in eady | 
universe plasma 

< 3.2 90 39 GOVAERTS 96 | 
< 0.003-0.0OO5 40 GOYAL 95 SN 1987A 
< 7.7 95 MOURAO 92 ASTR HOME/KAM2 u rates 
< 2.4 90 41VIDYAKIN 92 CNTR ReactorPee---~ ~ee 
<10.8 90 42 KRAKAUER 90 CNTR LAMPF uee ~ Uee 
< 0,02 43 RAFFELT 90 ASTR Red giant luminosity 
< 0.1 44 RAFFELT 898 ASTR Cooling helium stars 
< 0.02-0.08 44,45,46 BARBIERI 88 ASTR SN 1987A 

47 FUKUGITA 88 COSM Primordial magn. fields 
< 0.01 45,46,48 GOLDMAN 88 ASTR SN 1987A 
< 0.005 44,46LATTIMER 88 ASTR SN 1987A 

< 0.015 44,46NOETZOLD 88 ASTR SN 1987A 
_< .3 44 RAFFELT 888 ASTR He burning stars 
< 0.11 44 FUKUGITA 87 ASTR Cooling helium stars 
< 0.4 LYNN 81 ASTR 
< 0.1-0.2 MORGAN 81 COSM 4He abundance 
< 0.85 BEG 78 ASTR Stellar plasmoos 
< 0.6 49 SUTHERLAND76 ASTR Red giants + degen. 

dwarfs 
< 1 BERNSTEIN 63 ASTR Solar cooling 
<14 COWAN 57 CNTR Reactor ~e 

~ .  ( M E A N  LIFE)  / MASS 

VALUE (s/�9 CL.~_% DOCUMENT ID TECN COMMENT 

�9 "r x lO 9 26 RAFFELT 85 ASTR 
�9 ~100 90 27 REINES 74 CNTR ~" 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

> 2.8 x 1015 28,29 BLUDMAN 92 ASTR rn v < 50 eV 
> 6.4 90 30 KRAKAUER 91 CNTR ~ at LAMPF 
> 6.3 x 1015 29,31CHUPP 89 ASTR m u < 20 eV 
> 1.7 x 1015 29 KOLB 89 ASTR m u < 20 eV 
> 8.3 x 1014 32 VONFEILIT.., 88 ASTR 
> 22 68 33 OBERAUER 87 ~R (DIrac) 
> 38 68 33 OBERAUER 87 ~ (MaJorana) 
> 59 68 33 OBERAUER 87 PL (Dlrac) 
> 30 68 KETOV 86 CNTR ~ (Olrac) 
> 20 68 KETOV 86 CNTR P (MaJorana) 
> 2 x 1021 34 STECKER 80 ASTR mu= 10-100 eV 

26RAFFELT 85 limit Is from solar x- and "/-ray fluxes. Limit depends on vf iux from pp, 
now established from GALLEX and SAGE to be > 0.5 of expectation. 

27REINES 74 looked for u e of nonzero mass decaying to a neutral of lesser mass § % 
Used liquid scintillator detector near fission reactor. Finds tab lifetime 6. x 107 s or more. 
Above value of (mean Ilfe)/mass assumes average effective neutrino energy of 0.2 MeV. 

n 7 To obtai the limit 6. • 10 s REINES 74 assumed that the full ~e reactor flux could 
be r~sponsible for yielding decays with photon energies in the interval 0.1 MeV - 0.5 
MeV. This represents some overestimate so their lower limit Is an over-estimate of the 
lab lifetime (VOGEL 84). I f  so, OBERAUER 87 may be comparable or better, 

28 BLUDMAN 92 sets additional limits by this method for higher mass ranges. Cosmological 
limits are also obtained, 

29 Nonobservatlon of ~'s in coincidence with u's from SN 1987A. 
30KRAKAUER 91 quotes the limit ~ / m v l  > (0.3a 2 -}- 9.8a + 15.9)s/eV, where a is 

a parameter describing the asymmetry in the neutrino decay defined as dN3,/dcos8 = 
(1/2)(1 + a cosg) a ~ 0 for a Majorana neutrino, but can vary from - 1  to 1 for a Dlrac 
neutrino. The bound given by the authors Is the most conservative (which applies for 
a =  -- 1). 

31CHUPP 89 should be multiplied by a branching ratio (about 1) and a detection efficiency 
(about 1/47, and pertains to radiative decay of any neutrino to a lighter or sterile neutrino. 

32 Model-dependent theoretical ana~sis of SN 1987A neutrinos. 
33OBERAUER 87 bounds are from comparison of observed and expected rate of reactor 

neutrinos. 
34STECKER 80 limit based on UV background; result given is ~- > 4 • 1022 s at m v = 20 

eV. 

I ( v  - C) /c~ (v  ------ ~ V E L O C I T Y )  

Expected to be zero for massless neutrino, but tests also whether photons 
and neutrinos have the same limiting velocity In vacuum. 

VALUE (units 10 -8 ) EVT5 DOCUMENT ID TECN COMMENT 

<1 17 35STODOLSKY 88 ASTR SN1987A 
<0.2 36 LONGO 87 ASTR SN 1987A | 
3S n STODOLSKY 88 result based o <10 hr between ~e detection In IMB and KAMI 

detectors and beginning of light ~gnal. Inclusion of the problematic 5 neutrino events 
from FREJ (four hours later) does not change the result. 

36LONGO 87 argues that uncertainty between light and neutrino transit times Is 4-3hr, | 
Ignoring FREJUS events. 

37 DERBIN 94 supersedes DERBIN 93. 
38 ELMFORS 97 calculate the rate of depolarization in a plasma for neutrinos with a mag- I 

netlc moment and use the constraints from a big-bang nucteosynthesis on additional I 
degrees of freedom. 

39 GOVAERTS 96 limit Is on ~ ,  based on limits on 2u decay of ortho-posltronlum. I 
40 GOYAL 95 assume that hetlcity flip via/~u would result In faster cooling and hence shorter 

burst from SN1987A. Limit Is based on the assumed presence of a pion condensate or 
quark core in the remanant. 

41VIDYAKIN 92 limit Is from a eP e elastic scattering experiment, No experimental details 
are given except for the cross section from which this limit Is derived. Signal/noise was 
1/10. The limit uses sin29 W = 0.23 as Input. 

42 KRAKAUER 90 experiment fully reported In ALLEN 93. 
43 RAFFELT 90 limit applies for a diagonal magnetic moment of a Dlrac neutrino, or for a 

transition magnetic moment of a MaJorana neutrino. In the latter case, the same analysis 
gives < 1.4 x 10 -12.  Limit at 95%CL obtained from aM c. 

44 Slgn~cant dependence on details of stellar models. 
45A limit of 10 -13  Is obtained with even more model-depeodence. 
46These papers have assumed that the right-handed neutdno Is Inert; see BARBIERI 888. 
47FUKUGITA 88 find magnetic dipole moments of any two neutrino species are bounded 

by # < 10 -16  [10 - 9  G/Bo] where B 0 is the present-day Iotergalactlc field strength. 
48 Some dependence on details of stellar models. 
49We obtain above limit from SUTHERLAND 76 using their limit f <  1/3. 

NONSTANDARD C O N T R I B U T I O N S  T O  N E U T R I N O  S C A T T E R I N G  

we report ,mRs on the so*called neutrino charge radius squared In this 
section. This quantity Is not an observable, physical quantity and this Is 
reflected In the fact that It Is gauge dependent (see LEE 77c). It Is not nec- 
essarily positive. A more general Interpretation of the experimental results 
Is that they are limits on certain nonstandard contributions to neutrino 
scattering. 

VALUE (10 -82 cm 2 ) C L ~ ;  DOCUMENT ID TECN COMMENT 

0.1}=1:;I.7 ALLEN 93 CNTR LAMPF Vee --~ vee 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<2.3 95 MOURAO 92 ASTR HOME/KAM2 ~, rates 
<7.3 90 50VIDYAKIN 92 CNTR Reactor l ;ee~ ~'e �9 

1.14-2.3 ALLEN 91 CNTR Repl. by ALLEN 93 
51GRlFOLS 898 ASTR SN 1987A 

50VIDYAKIN 92 limit is from a eP e elastic scattering experiment. No experimental details 
are given except for the cross section from which this limit is derived. Signal/noise was 
1/10. The limit uses slo28 W = 0.23 as input. 

51 GRIFOLS 898 sets a limit of (r 2) < 0.2 x 10 -32  cm 2 for right-handed neutrinos. 



See key on page 213 
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Lepton 
315 

Particle Listings 
Vet  V #  

D j=�89 
Not in general a mass eigenstate. See note on neutrinos in the v e 
section above. 

v~ MASS 

Applies to u 2, the pdmary mass elgenstate in v#.  Would also apply to any 
other vj which mixes strongly in v u and has sufficiently small mass that  
i t  can occur in the respective decays~ (This would be nontrlvlal only for 
J _> 3, given the "e  mass l imi t  above.) Results based upon an obsslete 
pion mass are no longer shown; they were in any cass less restrive than 
ASSAMAGAN 96. 

VALUE (MeV) CL.~..~ DOCUMENT ID TECN COMMENT 

<0.17 90 1 ASSAMAGAN 96 SPEC rn 2 = -0 .016  -4- 0.023 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.15 2 DOLGOV 95 COSM Nucleosynthesls 
<0.48 3 ENQVIST 93 COSM Nucleosynthesls 
<0.003 4,5 MAYLE 93 ASTR SN 1987A cooling 
< 0.025-0.030 5,6 BURROWS 92 ASTR SN 1987A cooling 
<0.3 7 FULLER 91 COSM Nuc|eosynthesis 
<0.42 7 LAM 91 COSM Nucleosynthesls 

< 0.028-0.15 8 NATALE 91 ASTR SN 1987A 
<0.028 5 GANDHI 90 ASTR SN 1987A 
<0.014 5,9 GRIFOLS 908 ASTR SN 1987A 
<0.06 5,10 GAEMERS 89 5N 1987A 
<0.50 90 11ANDERHUB 82 SPEC m 2 =  -O.14 :E 0.20 
<0.65 90 CLARK 74 ASPK K/ j  3 decay 

1 S A SAMAGAN 96 measurement of p# from ~ +  ~ /~+ v/~ at rest combined with JECK- 

ELMANN 94 Solution B pion mass yields m 2 = -0 ,016  • 0.023 wi th corresponding 

Bayesian l imi t  listed above. If Solution A is used, m 2 = -0 .143  i 0.024 MeV 2. Re- 
places ASSAMAGAN 94. 

2 DOLGOV 95 removesearller assumptions (DOLGOV 93) about thermal equilibrium below 
TQC D for wrong-heUclty Dlrac neutdnos (ENQVIST 93, FULLER 91) to set more strin- 
gent l imits. 

3ENQVIST 93 bases l imi t  on the fact that  thermallzed wrong-helicity Dlrac neutrinos 
would speed up expansion of early universe, thus reducing the primordial abundance. 
FULLER 91 exploits the same mechanism but in the older calculation obtains a larger 
production rate for these states, and hence a lower l imi t .  Neutrino l i fetime assumed to 
exceed nucleosynthesis t ime, ~ i s. 

4MAYLE 93 recalculates cooling rate enhancement by escape of wrong-hellcity Dirac 
neutrinos using the Livermore Supernova Explosion Code, obtains more restrictive result 
than the "very conservative" BURROWS 92 l imi t  because of higher core temperature. 

5There would be an Increased cooling rate i f  Dirac neutrino mass is included; this does 

not apply for MaJorana neutrinos. L imit  Is on , Jm2v- t -m2u~ . ,  and error becomes very 
i . 

large if  v T is nonrelativlstic, which occurs near the lab l imi t  of 31 MeV. RAJPOOT 93 
notes that l imi t  could be evaded wi th new physics. 

6 BURROWS 92 l imi t  for Dirac neutrinos only. 
7Assumes neutrino lifetime >13.  For Dirac neutrinos only. See also ENQVIST 93. 
8 NATALE 91 published result mult ipl ied by ~,/8,/~ at the advice of the author. 
9 GRIFOLS 90B estimated error is a factor of 3. 

10 GAEMERS 89 published result (<  0.03) corrected via the GANDHI 91 erratum. 
11ANDERHUB 82 kinematics is insensitive to the plon mass. 

m ~  - 

Test of CPT for a Dlrac neutrino, (Not  a very strong test.) 

VALUE (MeV) CL_.~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.45 90 CLARK 74 ASPK K/~ 3 decay 

u2 (MEAN LIFE) / MASS 

These l imits often apply to u 7 (u3) also. 

VALUE (s/eV) CL~ EVT$ DOCUMENT ID TECN COMMENT 

>15.4 90 12 KRAKAUER 91 CNTR v/ j .  ~/~ at LAMPF 

�9 �9 �9 We do not use the following data for averages, fits. l imits, etc. �9 �9 �9 

> 2.8 x 1015 13,14 BLUDMAN 92 ASTR m u < 50 eV 
none 10 - 1 2  - 5 x 104 15 DODELSON 92 ASTR m u = l - 3 0 0  keV 
> 6.3 X 1015 14,16 CHUPP 89 ASTR m e < 20 eV 
> 1.7 • 1015 14 KOLB 89 ASTR m v < 20 eV 
> 3.3 x l014 17,18VONFEILIT. .  88 ASTR 
> 0.11 90 0 19 FRANK 81 CNTR u ~  LAMPF 

20 HENRY 81 ASTR m u =  16-20 eV 
21 KIMBLE 81 ASTR m v ~  10-100 eV 
22 REPHAELI 81 ASTR m y =  30-150 eV 
23 DERUJULA 80 ASTR m u =  10-100 eV 

> 2 x 1021 24 STECKER 80 ASTR m u =  10-1OO eV 

> 1.0 x 10 - 2  90 0 19 BLIETSCHAU 78 HLBC u#, CERN GGM 

> 1.7 x 10 - 2  90 0 19 BLIETSCHAU 78 HLBC ~#,  CERN GGM 

> 2.2 x 10 - 3  90 0 19 BARNES 77 DBC v, ANL 12-ft 
> 3. x 10 - 3  90 0 19 BELLOTTI 76 HLBC u, CERN GGM 
> 1.3 x 10 - 2  90 1 19 BELLOTTI 76 HLBC ~, CERN GGM 
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12KRAKAUER 91 quotes the limit T/mut > (0.75a 2 + 21.65a + 26.3)s/eV, where a 

Is a parameter describing the asymmetry in the neutrino decay defined as dN..y/clcosO 
= (1/2)(1 + acosO) The parameter a = 0  for a MaJorana neutrino, but can vary from 
- 1  to 1 for a Dlrac neutrino. The bound given by the authors is the most conservative 
(which applies for a--- - 1). 

13 BLUDMAN 92 sets additional limits by th~s method for higher mass ranges. Cosmological 
limIts are also obtained. 

14 NonobservaUon of -f's in coincidence with u's from SN 1987A. Results should be divided 
by the T u ~ - iX  branching ratio. 

15 DODELSON 92 range Is for wrong-hellcity keV mass Dlrac v'5 from the core of neutron 
star In SN 1987A decaying to u's that would have interacted in KAM2 or IMB detectors. 

16 CHUPP 89 should be multiplied by a branching ratio (about 11 and a detection effldeocy 
(about 1/4).  and pertains to radiative decay of any neutrino to a lighter or sterile neutrino. 

17 Model-dependent theoretical analysis of SN 1987A neutrinos. 
18 Limit applies to u~ also. 

19These experiments look for Up ~ ue.r or P/~ --+ ~e% 

20HENRY 81 uses UV flux from clusters of galaxies to find T > 1.1 x 1025 s for radiative 

NONSTANDARD CONTRIBUTIONS TO NEUTRINO SCATI'ERING 
We report limits on the so-called neutrino charge radius squared in this 
section. This quantity is not an observable, physical quantity and this 13 
reflected in the fact that i t  Is gauge dependent (see LEE 77C I. It is not nec- 
essarily positive. A more general interpretation of the experimental results 
is that they are limits on certain nonstandard contributions to neutrino 
scattering. 

VALUE (10 -32 cm 2) CL% DOCUMENT IO TEEN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< [0.61 90 VILAIN 95B CHM2 vl~e elas scat 

- 1 .1+1 .0  35AHRENS 90 CNTR upeelasscat 
- 0 .3+1 .5  35 DORENBOS._ 89 CHRM u ue elas scat 

35 Result Is obtained from resnalysis given In ALLEN 91, followed by our reduction to obtain 
1 r errors. 

decay. 
21 KIMBLE 81 uses extreme UV flux limits to find ~- > 1022-1023 s. 
22REPHAELI 81 consider u decay 3, effect on neutral H In early universe; based on M31 

HI concludes ~- > 1024 s. 
23 DERUJULA BO finds ~- > 3 x 1023 s based on CDM neutrino decay contribution to UV 

background. 
24STECKER 80 limit based on UV background; result given is ~- > 4 x 1022 s at m~. = 20 

eV. 

u~REFERENCES 

I( v - r162 (u Pa VELOCITY) 
Expected to be zero for massiess neutrino, but also tests whether photons 
and neutrinos have the same limiting velocity in vacuum. 

VALUE (units 10 -4) ELf~ E V T S  DOCUMENT ID TECN CHG COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.4 95 9800 KALBFLEISCH 79 SPEC 
<2.0 99 77 ALSPECTOR 76 SPEC 0 >5 GeV v 
<4.0 99 26 ALSPECTOR 76 SPEC 0 <5 GeV =. 

Pa MAGNETIC MOMENT 
MUst vanish for Majorana neutrino or purely chlral massiess Dirac neutrino. 
The value of the magnetic moment for the standard SU(2)xU(1) elec- 
troweak theory extended to include massive neutrinos (see FUJIKAWA 80 / 
Is ~u = 3eGFmu/(8~2v/21 = (3.2 x 10-19)muPB where m u is In eV 
and PB = eT=/2me is the Boar magneton. Given the upper bound m R 
< 0.17 MeV, it follows that for the extended standard electroweak theory, 
p(u21 < 0.51 x 10 - 1 3  PB" 

IALUE [10 -10 #R) CL_~ DOCUMENT IO TECN COMMENT 
< 8.5 90 AHREN5 90 CNTR v p e ~  ~pe 
< 7 A  90 25KRAKAUER 90 CNTR LAMPF(vp ,~p)e  

elast. 
�9 �9 �9 We do not use the following data for averages, fts, limits, etc. �9 �9 �9 

< 0.62 26 ELMFORS 97 COSM Depolarization In early 
universe plasma 

< 3.2 90 27 GOVAERTS 96 
< 30 90 VILAIN 950 CHM2 Upe --~ Upe 

<100 95 28DORENBOS... 91 C H R M  vpe- - *  vl~e 
< 0.02 29 RAFFELT 90 ASTR Red giant luminosity 
< 0.1 30 RAFFELT B9B ASTR Cooling helium stars 
< 0.11 30,31 FUKUGITA g7 ASTR Cooling helium stars 
< 0.0006 32 NUSSINOV 07 ASTR Cosmic EM backgrounds 
< 0.4 LYNN 81 ASTR 
< 0.85 31 BEG 78 ASTR Stellar plasmons 

ELMFORS 97 NP 0303 3 P. EImfors. K. Enqvlst, G. Raffdt. G. SIal 
ASSAMAGAN 96 PR D53 6 0 6 5  +Broennimann, Daum+ (PSI, ZURI, VILL, VIRG) 
GOVAERTS 96 PL 0381 481 +Van Caillie (LOUV) 
DOLGOV 95 PR D51 4 1 2 9  +Kainulalnen, Rotastein (MICH, MINN, CERN) 
VILAIN 958 PL 8345 115 +W~lquet, Beyer+ (CHARM II C(dlab.) 
ASSAMAGAN 94 PL 8335 231 +aroenlUman,. Oaura+ (PSi. ZURI. VILL. VIRG) 
JECKELMANN 94 PL 8333 326 +Goudsmit, Leisi (WABRN, VILL) 
ALLEN 93 PR 047 11 -I-Chert. Doe, Hausammann+ (UCl, LANL. ANL, UMD) 
DOLGOV 93 PRL 71 476 +Rothstein (MICH) 
ENQVIST 93 PL 0301 376 +Uibo (NORO) 
MAYLE 93 PL B317 119 +Schramm, Turner, Wilson (LLNL, CHIC) 
RAJPOOT 93 MPL AS 1179 (CSULB) 
RLUOMAN 92 PR D45 4720 (CFPA) 
BURROWS 92 PRL 68 3834 +Gandhi, Turner (ARIZ, CHIC) 
DODELSON 92 PRL 68 2372 +Frleman. Turner (FNAL, CHIC) 
ALLEN 91 PR D43 RI +C.hen. Doe, Haurmmmann (UCI, LANL, UMO) 
DORENBOS.,. 91 ZPHY C81 142 D~enbosch, U8o, Allaby, AmalBi+ (CHARM Collab,) 
FULLER 91 PR D43 3136 +Malaney (UCSD) 
GANDHI 91 PL BZE1 519E (erratum)-Burro~ (ARIZ) 
KRAKAUER 91 PR D44 R6 +Talaga, Alien, Chen+ (LAMPF E226 CoSab.) 
LAM 91 PR 044 3345 +N E (AST) 
NATALE 91 PL B25S 227 (SPLIT) 
AHRENS 90 PR D4L 3297 + . (BNL. BROW. HIRO. KEK. OSAK. PENN. STON) 

PL B246 149 +Burrows (ARIZ) 
PL 0261 518E (erratum) C.~ndhi. Burrmes (ARIZ) 
PL B242 77 +Masso (BARC, CERN) 
PL 0252 177 +Talaga, Allen, Chen+ (LAMPF E225 CoSab.) 
PRL 64 2856 (MPIM) 
PRL 6;Z 505 +Vestrand, Reppin (UNH, MPIM) 
ZPHY CAI 567 Dote.bosch, Udo, Allaby, Amaldi+ (CHARM Collab.) 
PR D40 309 +Gandhi, Latimer (ANIK. STON) 
PRL 62 509 +Turner (CHIC, FNAL) 
APJ 336 61 +Dearbora, Silk (UCB, LLL) 
PL B200 580 Von Fellit~ch, Oberauer (MUNT) 
PR D36 3817 +Yazakl (KYOTU, TOKY) 
PR D36 2278 +Rephaeil (TELA) 

GANDHI 90 
Also 91 

GRIFOLS 90B 
KRAKAUER 90 
RAFFELT 90 
CHUPP 89 
DORENBOS... 89 
GAEMERS 89 
KOLB B9 
RAFFELT IRB 
VDNFEILIT... 88 
FUKUGITA 87 
NUSSlNOV 87 
ANOERHUB 82 
FRANK 81 
HENRY 81 
KIMBLE 81 
LYNN 81 
REPHAELI 81 
DERUJULA 80 
FUJIKAWA 8O 
5TECKER 80 
KALBFLEISCH 79 
BEG 78 
BLIET$CHAU 75 
BARNES 77 
LEE 77C 
ALSPECTOR 76 
BELLOTTI 76 
CLARK 74 
KIM 74 
BERNSTEIN 63 

13 

PL n4B 76 +~)ecklin. Hofer. Kottmann+ (ETH. SIN) 
PR D24 2 0 0 1  +Burman+ (LASL, YALE, MIT, SACL, SIN+) 
PRL 47 618 +Feldman /JHUI 
PRL 46 80 +Bowyer, Jakobsen CB 
PR D23 2151 (COLU 
PL la6B 73 +Szatay (UCSB, CHIC 
PRL 45 942 +Glaskow (MIT, HARV 
PRL 45 %3 +Shtock (STUN 
PRL 45 1460 (NASA 
PRL 63 1361 +Baagett, Fow4er+ (FNAL, PURO, BELL 
PR O17 1395 +Marclano, Ruderman (ROCK, COLU 
NP B133 20S +Deden, Hasert, Krenz+ (Garaameile Collab, 
PRL 38 1049 +Carmony, Oauwe, Fernandez+ (PURD, ANL 
PR D16 1444 +Shrock (STON 
PRL 36 537 + (BNL, PURD, CIT, FNAL, ROCK 
LNC 17 553 +Cavalli, Flodnl, Rollier (MILA 
PR D9 533 +EIIotf, Fr;sch, Johnson, Kertlt, Shen+ (LBL 
PR D9 3050 +Mather, Okubo (ROCH 
PR 132 1 2 2 7  +Rudermtan, F'4nber[ (NYU, COLU 

:=�89 
< 81 33KIM 74 RVUE P p e ~  ~pe  

< 1 34 BERNSTEIN 63 ASTR Solar cooling 

25 KRAKAUER 90 experiment fully reported in ALLEN 93. 
26 ELMFORS 97 calculate the rate of depolarization In a plasma for neutrinos with a mag- I 

netlc moment and use the constraints from a big-bang nucleosynthesls on additional | 
degrees of freedom. 

27GOVAERTS 96 limit Is o n e ,  based on limits on 2u decay of ortho-positronium, I 

28 DORENBOSCH 91 corrects an Incorrect statement In DORENBOSCH 89 that the u 2 

magnetic moment is < I x 10 - 9  at the 95%CL. DORENBOSCH 89 measures both Up e 

and Pp e elastic scattering and assume/J(u/~) =/~(Pp), 

29 RAFFELT 90 limit appnes for a diagonal magnetic moment of a Dirac neutrino, or for a 
transition magnetic moment of a MaJorana neutrino, in the latter case, the same analysis 
gives < 1.4 x 10 -12 .  Limit at 95%CL obtained from 6M c. 

30Significant dependence on details of stellar propertJes. 
311fmu2 < lOkeV. 

32 For m R ----- 8-200 eV. NUSSINOV 87 examines transition magnetic moments for up 

~'e and obtain < 3 x 10 - 1 5  for mu2 > 16 eV and < 6 x 10 - 1 4  for mu2 > 4 eV. 

33 KIM 74 Is a theoretical analysis of 5# reaction data. 

341f me2 < l keV .  

Existence indirectly established from ~- decay data combined with 
v reaction data. See for example F E L D M A N  81. ALBRECHT 92Q 

rules out J = 3 /2  by establishing that  the p -  Is not in a pure H p = -  1 

hellclty state in T -  --, p -  u~. 

Not  in general a mass etgenstate. See note on neutrinos in the v e 
section above. 

~. MASS 
Applies to v 3, the primary mass elgenstate In u~.. Would also apply to any 
other uj which mixes strongly In u~. and has suffidently small mass that 
It can occur in the respective decays. (This would be noetdvlal only for a 
hypothetical J > 4, given the v e and Up mass limits above, I See also the 
Listings In the Neutrino Bounds from Astrophysics and Cosmology suction. 

VALUE (MeV) CL~ E V T $  DOCUMENT IO TECN COMMENT 
< 11.2 93 1 BARATE 98F ALEP 1991-1995 LEP runs 



See key on page 213 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 60 95 2 ANASTASSOV 97 CLEO Eceem= 10.6 GeV 
< 0,37 or >22 3 FIELDS 97 COSM Nucleosynthesis 
< 68 95 4 SWAIN 97 THEO my, ~ ,  ~ partial widths 
< 29.9 95 5ALEXANDER 96M OPAL 1990-1994 LEP runs 
<149 6 BOTTINO 96 THEO ~r,/~, ~- leptonlc decays 
<1 or >25 7 HANNESTAD 96C COSM Nuclsosynthesls 
< 71 95 8 SOBIE 96 THEO my, ~ ,  B(~'- --* 

< 74 95 9AKERS 95D OPAL Z --* ~-+~- at LEP 
< 24 95 25 10 BUSKULIC 95H ALEP 1991-1993 LEP runs 
< 0.19 11 DOLGOV 95 COSM Nucleosynthesis 
< 3 12SIGL 95 ASTR SN 1987A 
< 0.4 or > 30 13 DODELSON 94 COSM Nudeesynthesis 
< 0.1 or > 50 14 KAWASAKI 94 COSM Nucleosynthesis 
155-225 15 PERES 94 THEO ~r,K,/~,~ weak decays 
<: 75 95 16 BALEST 93 CLEO E~m= 10.6 GeV 

<: 32,6 95 113 17 CINABRO 93 CLEO Ec~ ~ 10,6 GeV 
<: 0.3 or > 35 18 DOLGOV 93 COSM Nucleosynthesis 
<: 0.74 19 ENQVIST 93 COSM Nucleosynthesis 
<: 0,003 20,21 MAYLE 93 ASTR SN 1987A cooling 
<: 31 95 19 22 ALBRECHT 92M ARG Ec~-- 9.4-10.6 GeV 
<: 0.025-0.030 21,23 BURROWS 92 ASTR SN 1987A cooling 
<: 0.3 24 FULLER 91 COSM Nuclsosynthesis 
<: 0.5 or > 25 25 KOLB 91 COSM Nucleosynthesis 
<: 0.42 24 LAM 91 COSM Nucleosynthesls 
<: 0.028-0.15 26 NATALE 91 ASTR SN 1987A 
<: 0.028 21GANDHI 90 ASTR SN 1987A 
<: 0.014 or > 34 21,27 GRIFOLS 90B ASTR SN 1987A 
<: 0.06 21,28 GAEMERS 89 SN 1987A 

1BARATE 98F result based on kinematics of 2939 ~'- - *  2~r-~r+e~. and 52 ~'- -~ 
3 ~ -  2~ -I" (~0) e~. decays. If possible 2.5% excited a I decay is Included in 3-prong sample 
analysis, limit Increases to 19.2 MeV. 

2 ANASTASSOV 97 derive limit by comparing their m~. measurement (which depends on 
me.r)  to BAI 96 m~. threshold measurement. 

3FIELDS 97 limit for a Dlrac neutrino. For a MaJorana neutrino the mass region <: 0.93 
or >31 MeV Is excluded. These bounds assume N e <:4 from nucleosynthesis; a wider 
excluded region occurs with a smaller N u upper limit. 

4 SWAIN 97 derive their limit from the Standard Model relationships between the tau mass, 
lifetime, branching fractions for ~-- --~ e - ' ~  e e. r ,  " r -  ~ I~ -  P I~ e. r ,  " r -  ~ ~ r -  e.r, and 

~'- --* K -  e~., and the muon mass and lifetime by assuming lepton universality and using 
world average values. Limit Is reduced to 48 MeV when the CLEO ~- mass measurement 
(BALEST 93) is included; see CLEO's more recent me. r limit (ANASTASSOV 97). 

Consideration of mixing with a fourth generation heavy neutrino yields sin28 L < 0.016 
(95%CL). 

5ALEXANDER 96M bound comes from analyses of T-- ~ 3~r--2~+v~ and ~ -  

h -  h -  h + e~. decays. 
6 BOTTINO 96 assumes three generations of neutrinos with mixing, finds consistency with 

massless neutrinos with no mixing based on 1995 data for masses, lifetimes, and leptonlc 
partial widths. 

7HANNESTAD 96c limit is on the mass of a MaJorana neutrino. This bound assumes 
N u <: 4 from nucleoaynthesis. A wider excluded region occurs with a smaller N u 
upper limit. This paper is the corrected version of HANNESTAD 96; see the erratum: 
HANNESTAD 96B. 

8SOBIE 96 derive their limit from the Standard Model relationship between the tau mass, 
lifetime, and leptonlc branching fraction, and the moon mass and lifetime, by assuming 
lepton universality and using world average values. 

9AKERS 95D bound comes from analysis of ~-- --~ 3~r-21r§ u~ decay mode. 
10 BUSKULIC 95H bound comes from a two-dimensional fit of the visible energy and In- 

variant mass distribution of ~" --~ 5~r(~0)u~. decays. Replaced by BARATE 98F. 
11 DOLGOV 95 removes earlier assum ptlons (DOLGOV 93) about thermal equlllbrlu m below 

TQC D for wrong-hellclty Dlrac neutrinos (ENQVIST 93, FULLER 91) to set mo~e strin- 
gent limits. DOLGOV 96 argues that a pocdbis window near 20 MeV is excluded. 

12SiGL 95 exclude massive Dirac or MaJorana neutrinos with lifetimes between 10 - 3  and 
108 seconds If the decay products are predominantly ~ or �9 + e - ,  

13DODELSON 94 calculate constraints on v~. mass and lifetime from nucleosynthesls for 
4 generic decay modes. Limits depend strongly on decay mode, Quoted limit is valid for 
all decay modes of MaJorana neutrinos with lifetime greater than about 300s. For Dlrac 
neutrinos limits change to <: 0.3 or > 33. 

14KAWASAKI 94 excluded region Is for MaJorana neutrino with lifetime >1000s, Other 
,mRs are given as a function of v~ lifetime for decays of the type v~ --* vp~  where 
Is a Nambu-Goidstone bosun. 

15 PERES 94 used PDG 92 values for parameters to obtain a value consistent with mixing. 
Reexamination by BOTTINO 96 which Included radiative corrections and 1995 PDG 
parameters resulted In two allowed regions, m 3 <: 70 MeV and 140 MeV m 3 < 149 
MeV. 

16 BALEST 93 derive limit by comparing their m~. measurement (which depends on me.r)  

to BAI 92 and BACINO 78B m~. threshold measurements. 
17EINABRO 93 bound comes from analysis of ~-- --* 3~r-2~r§ and ~'- - *  

2~r- ~r + 2~ 0 u~. decay modes. 
18 DOLGOV 93 assumes neutdno lifetime >100 s. For Majorana neutrinos, the low mass 

limit is 0.5 MeV. KAWANO 92 points out that these bounds can be overcome for a Dlrac 
neutrino If It possesses a magnetic moment. See also DOLGOV 96. 

19ENQVIST 93 bases limit on the fact that thermallzed wrong-hellclty Dlrac neutrinos 
would speed up expansion of early universe, thus reducing the primordial abundance. 
FULLER 91 exploits the same mechanism but In the older calculation obtains a larger 
production rate for these states, and hence a lower limit. Neutrino lifetime assumed to 
exceed nucleosynthesis time, ~ I s, 
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20MAYLE 93 recalculates coding rate enhancement by escape of wrong-hellclty Dlrac 
neutrinos using the Livermore Supernova Explosion Code, obtains more restrictive result 
than the "very conservative" BURROWS 92 limit because of higher core temperature. 

21There would be an increased SN 1987A cooling rate if Dlrac neutrino mass Is Included; 

this does not apply for MaJorana neutrinos, Limit Is on ~ / r n 2 u + m 2 u T ,  and error 
i , 

becomes very large If e~ Is nonrelatlvlstk:, which occurs near the lab limit of 31 MeV. 
RAJPOOT 93 notes that limit could be evaded with new physics. 

22ALBRECHT 92M reports measurement of a slightly lower ~ mass, which has the effect 
of reducing the e~. mass reported In ALBRECHT 88B. Bound Is from analy~s of ~,- --* 
31r- 21r + u~. mode. 

23BURROWS 92 limit for Dlrac neutrinos only, 
24Assumes neutrino lifetime >1 s. For Dlrac neutrioos. See also ENQVIST 93. 
25 KOLB 91 exclusion region Is for Dlrac neutrino with lifetime >1 s; other limits are given. 
26 NATALE 91 published result muRIplled by v"8~/'4 at the advice of the author. 
27 GRIFOLS 90B estimated error is a factor of 3. 
28 GAEMERS 89 published result (<: 0.03) corrected via the GANDHI 91 erratum. 

vs (MEAN LIFE) / MASS 
These limits often apply to v/= (u2) also, 

VALUE (s/eV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>1 x 1014 29SIGL 95 ASTR m e > few MeV 
>2.8 x 1015 30,31 BLUDMAN 92 ASTR m e <: 50 eV 
<: 10 -12  or > 5 x 104 32 DODELSON 92 ASTR me=l-300 keV 

33 GRANEK 91 COSM Decaying L 0 
34 WALKER 90 ASTR m e =  0.03 - ~ 2 MeV 

>6.3 x 1015 31,35 CHUPP 89 ASTR m e < 20 eV 
>1.7 x 1015 31 KOLB 89 ASTR m v < 20 eV 

36 TERASAWA 88 COSM m#= 30-70 MeV 

37 KAWASAKI 86 COSM m e >10 MeV 
38 LINDLEY 85 COSM m e > 10 MeV 
39 BINETRUY 04 COSM m e ~ 1 MeV 
40SARKAR 84 COSM m e =  10-100 MeV 
41HENRY 81 ASTR m e =  16-20 eV 
42 KIMBLE 81 ASTR my= 10-100 eV 
43 REPHAELI 81 ASTR m e =  30-150 eV 
44 DERUJULA 80 ASTR m e =  10-100 eV 

>2 x 1021 45 STECKER 80 ASTR me= 10-100 eV 
46 DICU5 78 COSM m e =  0.5-30 MeV 

<:3 x 10 -11  47 FALK 78 ASTR m u <10 MeV 
48 COWSIK 77 ASTR 

29 SIGL 95 exclude l s  ~ ~- ~ 108 s for MeV-mass ~ nuetrlnos from SN 1987A decaying 
radiatively, and eliminates t~e lower limit using other published results. 

30 BLUDMAN 92 sets additional limits by this method for higher mass ranges. Cosmological 
limits are also obtained. 

31 Nonobservation of ' l 's In coincidence with v's from SN 1987A. Results should be dlvlded 
by the ~'v ~ ~,X branching ratio. 

32 DODELSON 92 range Is for wrong-he,city keV mass Dlrac v's from the core of neutron 
star in SN 1987A decaying to u's that would have Interacted In KAM2 or IMB detectors, 

33GRANEK 91 considers heavy neutrino decays to .yu L and 3u L, where muL <:100 keV. 
Lifetime Is calculated as a function of heavy neutrino mass, branching ratio Into .yv L, 
and mvL. 

34WALKER 90 uses SN 1987A "y flux limits after 289 days to find m~. > 1.1 x 1015 eVs. 
35 CHUPP 89 should be multlpned by a branching ratio (about 1) and a detection efficiency 

(about 1/4), and pertains to radiative decay of any neutrino to a lighter or sterile neutrino. 
36TERASAWA 88 finds only 102 <: T <: 104 allowed for 30-70 MeV u's from prlmordal 

nucleosynthesls. 
37 KAWASAKI 86 concludes that light elements In prlmordal nucleosyntheds would be 

destroyed by radiative decay of neutrinos with 10 M e V < m  u <1 GeV unless 1- ~< 104 s. 
38 LINDLEY 55 considers destruction of cosmologically-produced light elements, and finds 

~- <: 2 x 103s for 10 MeV < m  u <100 MeV. See also LINDLEY 79. 
39 BINETRUY 04 finds ~- < 108 s for neutrinos In a radiation-dominated universe. 
40 SARKAR 84 finds ~, < 20 s at me=10 MeV, with higher limits for other m v,  and claims 

that all masses between 1 MeV and 50 MeV are ruled out. 
41 HENRY 81 uses UV flux from clusters of galaxies to find ~- > 1.1 x 1025 s for radiative 

decay. 
r 22 023 42 KIMBLE 81 uses ext eme UV flux limits to find �9 > 10 -1 s. 

43 REPHAELI 81 consider v decay ~ effect on neutral H In early universe; based on M31 
24 s Ht concludes ~ > 10 . 

44 ~. DERUJULA 80 finds > 3 x 1023 s based on CDM neutrino decay contribution to UV 
background. 

45 STECKER 80 limit based on UV background; result given Is ~" > 4 x 1022 a at m v = 20 
eV. 

46DICUS 78 considers effect of u decay photons on light-element production, and finds 
lifetime must be less than "hours." See also DICUS 77, 

47 FALK 78 finds lifetime constraints based on supernova energetlcs, 
48 COWSIK 77 considers varlty of scenarios. For neutrinos produced In the big bang, present 

limits on optical photon flux require ~" > 1023s for m u ~ 1 eV. See also COWSIK 79 
and GOLDMAN 79. 
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us MAGNETIC MOMENT 

MUst vanish for MaJorana neutrino or purely chiral massless Dirac neutrino. 
The  value of  the magnetic moment for the standard SU(2 )xU(1 )  elec- 
troweak theory extended to  include massive neutrinos (see FUJIKAWA 80) 
is Pu = 3eGFmu/(8fr2V'~) = (3.20 x l O - 1 9 ) m v P B  where m v is In eV 
and / JB  = eT~/2me is the Bohr magneton. Given the upper bound mu3 
< 35 MeV, i t  follows that  for the extended standard electroweak theory, 
/~(US) < 1.1 x 10 - 1 1  /~B' 

VALUE (PR) CL~_~ DOCUMENT ID TECN COMMENT 

< I A X  10 ~ 7  90 49 COOPER-... 92 BEBC v~. e -  ~ v~- e -  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

90 ABREU 97J DLPH e §  ~ u'~'y at LEP | 
90 50 ACCIARRI 97q L3 e + e -  ~ v~.y at LEP I 51 ELMFORS 97 COSM Depolarization in early 

universe plasma 
95 52 ESCRIBANO 97 RVUE F(Z - *  vu )  at LEP | 
90 53 GOVAERTS 96 I 
90 GOULD 94 RVUE e + e  - --+ v ~ ,  at LEP 

54 KAWANO 92 ASTR Prlmodlal 4He abun- 
dance 

90 DESHPANDE 91 RVUE e + e - - - *  u ~  
55 RAFFELT 90 ASTR Red giant luminosity 
56 RAFFELT 898 ASTR Cooling helium stars 

90 57GROTCH 88 RVUE e + e  - --~ v~-y 
56,58 FUKUGITA 87 ASTR Cooling helium stars 

59 NUSSINOV 87 ASTR Cosmic EM backgrounds 
58BEG 78 ASTR Stellar plasmons 

49COOPER-SARKAR 92 assume fDs/f lr = 2 and D s, -Ds production cross section = 
2.6/~b to  calculate u~. flux. 

50ACCIARRI  97Q result applies to  both direct and transition magnetic moments and for | 
q2=O. 

51 ELMFORS 97 calculate the rate of depolarization in a plasma for neutrinos with a mag- I 
netlc moment  and use the constraints from a blg-baeg nucleosynthesis on additional | 
degrees of  freedom. 

52Applies to  absolute value of  m a ~ l c  moment.  | 

53 GOVAERTS 96 l imit is on ~ /Z 'pu  2, based on l imits on 2u decay of  ortho-positronlum. I 

54 KAWANO 92 lower l imit  Is that  needed to  circumvent 4He production i f  m v r  is between 

5 and ~ 30 M e V / c  2. 
55 RAFFELT 90 l imit  valid i f  mu3 < 5 keY. i t  applies for a diagonal magnetic moment of  

a Dirac neutrino, or for a transition magnetic moment of  a Majorana neutrino. In the 
latter case, the same analysis gives < 1.4 x 10 - 1 2 .  L imi t  at 95%CL obtained from ~M c. 

56 Significant dependence on details of  stellar properties. 
57GROTCH 88 combined data from MAC, ASP, CELLO, and Mark J, 
5 8 1 f m v 3  < 10 keV. 

59 For mu3 = 8-200 eV. NUSSINOV 87 examines transition magnetic moments for u~. 

u e and obtain < 3 x 10 - 1 5  for m R < 16 eV and < 6 x 10 - 1 4  for m u l  > 4 eV. 

<4.4 x 10 - 6  
<3.3 x 10 - 6  
<6.2 x 10 - 1 1  

<2,7 x 10 - 6  
<3.2 x 10 - 1 0  
<5.5 x 10 ~6  
~, 10 -8  

<5.6 x 10 - 6  
<2  X 10 - 1 2  
<1  x 10 - 1 1  
<4.  X 10 - 6  
<1.1 x 10 - 1 1  
<6  x 10 - 1 4  
<8.5 x 10 - 1 1  

us ELECTRIC DIPOLE MOMENT 

VALUE (ecm) CL.~.~ DOCUMENT ID TECN COMMENT 

< B , 2 X l 0  - 1 7  95 60ESCRIBANO 97 RVUE F ( Z ~  ~,v) a t L E P  | 

60 Applies to  absolute value of  electric dipole moment. | 

us CHARGE 

VALUE (uaiLs: electron char|e) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<4  x 10 - 4  6 1 B A B U  94 RVUE BEBC beam dump 
<3  x 10 - 4  62 DAVIDSON 91 RVUE SLAC electron beam 

dump 

6 1 B A B U  94 use COOPER-SARKAR 92 l imit  on u 3 magnetic moment to  derive quoted 
result. 

62 DAVIDSON 91 use data f rom early SLAC electron beam dump experiment to  derive 
charge l imit  as a function of  neutrino mass. 

LIMIT ON u~. PRODUCTION IN BEAM DUMP EXPERIMENT 

VALUE DOCUMENT ID TE.C..~ 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

63 DORENBOS...  88 CHRM 
64 BOFILL 87 CNTR 
65 TALEBZADEH 87 BEBC 
66 USHIDA 86c EMUL 
67 ASRATYAN 81 HLBC 
68 FRITZE 80 BEBC 

63DORENBOSCH 88 Is CERN SPS beam dump experiment with the CHARM detector. 
u r +]P~. f lux is <21% of the total  Ixompt f lux at 90% CL. 

64 BOFILL 87 Is a Fermllab narrow-band u beam wRh a fine-grained neutrino detector. 
6 5 T A L E B Z A D E H  87 Is a CERN SPS beam dump experiment with the BEBC detector. 

Mix ing probability P(u e --~ u.r) <18% at 90% CL. 
66USHIDA 86C Is a Ferm|lab wide-band u beam with a hybrid emulsion spectrometer. 

Mix ing probabilities P(~'e ~ u~.) < 7.3% and P(u/~ --* v~.) < 0.2% at 90% CL. 

67 ASRATYAN 81 Is a Fermilab wide-band ~ beam with a 15 foot  bubble chamber. Mixing 
probability P(~/z --* ~ )  < 2.2% at 90% CL. 

68 FRITZE 80 is CERN SPS experiment with BEBC. Neutral-current/charged-current rat io 
corresponds to  R = (prompt-v~.-induced events)/(al l  prompt-u events) <0,1.  Mixing 
probability P (v  e ~ u r )  <0.35 at CL = 90%. 
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I Number of Light Neutrino Types I 
The neutrinos referred to in this section are those of  the Standard 
S U ( 2 ) x U ( 1 )  Electroweak Model possibly extended to allow nonzero 
neutrino masses. Light neutrinos are those with rn v < m z / 2 .  The 
l imits are on the number o f  neutrino families or species, including 

Ve, U.,ur 

THE N U M B E R  OF LIGHT N E U T R I N O  
TYPES F R O M  COLLIDER EXPERIMENTS 

Revised April 1998 by D. Karlen (Caxleton University). 

The most precise measurements of the number of light 

neutrino types, N~, come from studies of Z production in 
e+e - collisions. At the time of this report, the most recent 

(preliminary) combined analysis of the four LEP experiments [1] 

included over 16 million visible Z decays. The invisible partial 

width, Piny, is determined from these data by subtra~>ting the 

measured visible partial widths, corresponding to Z decays 

into quarks and charged leptons, from the total Z width. The 

invisible width is assumed to be due to Nu light neutrino species 

each contributing the neutrino partial width Fu as given by the 

Standard Model. In order to reduce the model dependence, the 
Standard Model value for the ratio of the neutrino to charged 

leptonic partial widths, (Fv/F~)SM = 1.991 =E 0.001, is used 

instead of (Fv)SM to determine the number of light neutrino 
types: 

Finv ( F t )  
N.=--if; ~ s~ 

The combined LEP result is Nv -- 2.993 -4- 0.011. 

In the past, when only small samples of Z decays had been 

recorded by the LEP experiments and by the Mark II at SLC, 

the uncertainty in N~ was reduced by using Standard Model 
fits to the measured hadronic cross sections at several center- 

of-mass energies near the Z resonance. Since this method is 

much more dependent on the Standard Model, the approach 
described above is favored. 

Before the advent of the SLC and LEP, limits on the 
number of neutrino generations were placed by experiments at 

lower-energy e+e - colliders by measuring the cross section of 

the process e+e - -~ vP'y. The ASP, CELLO, MAC, MARK J, 

and VENUS experiments observed a total of 3.9 events above 
background [2], leading to a 95% CL limit of Nv < 4.8. 

This process has a much larger cross section at center-of-mass 
energies near the Z mass and has been measttred at LEP by 

the ALEPH, DELPHI, L3, and OPAL experiments [3]. These 

experiments have observed several thousand such events, and 

the combined result is Nv - 3.00 �9 0.09. 

Experiments at p]3 colliders also placed limits on Nv by 

determining the total Z width from the observed ratio of 

W • ~ t+~ to Z ~ t + t  - events [41. This involved a calculation 

that assumed Standard Model values for the total W width 

and the ratio of W and Z leptonic partial widths, and used 

an estimate of the ratio of Z to W production cross sections. 

Now that the Z width is very precisely known from the LEP 
experiments, the approach is now one of those used to determine 
the W width. 
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Number from �9 + e -  Collldem 

Number of LIl~t v Types 
Our evaluation uses the Invisible and lepton]c widths of the Z boson from our combined 
fit shown in the Particle Listings for the Z Boson, and the Standard Model value Fv/F t 
= 1.9908 :l: O.0015. 

VALU E DOCUMENT ID TECN 
2 . ~ ' 1 "  0o012 OUR EVALUATION Combined fit to aU LEP data. 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3.00 ~0.05 1 LEP 92 RVUE 

1 Simultaneous fits to all measured cross section data from all four LEP experiments. 

Number of Light u Types from Direct Measurement of Invisible Z Width 
In the following, the invisible Z width is obtained from studies of single-photon events 
from the reaction e "t- e -  ~ v~7.  All are obtained from LEP runs in the Ecee m range 
88-94 GeV. 

VALUE DOCUMENT ID TECN COMMENT 
3.07:E0.12 OUR ~VERAGE 
2.89+0.32:E0.19 ABREU 97J DLPH 1993-1994 LEP runs 
3.23+0.16+0.10 AKERS 95C OPAL 1990-1992 LEP runs 
2.68J:0.20~:0.20 BUSKULIC 93L ALEP 1990-1991 LEP runs 
3.24:L0.46r ADEVA 92 L3 1990 LEP run 
3.14~0.24~0,12 ADRIANI 92E L3 1991 LEP run 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3.1 :E0.6 ~:0.1 ADAM 96C DLPH ~ = 130, 136 GeV 

Limits from Astrophysics and Cosmology 

Number of Light v Types 
("light" means < about 1 MeV). See also OLIVE 81. For a review of limits based 
on Nucleosynthesis, Supernovae, and also on terrestlal experiments, see DENEGRI 90. 
Also see "Big-Bang Nucleosynthesis" In this Review. 

VALUE DOCUMENT ID TECN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 4.9 COPI 97 COSM 
< 3.6" 2 HATA 97B COSM 
< 4.0 3 OLIVE 97 COSM 
< 4.7 2 CARDALL 96B COSM 
< 3.9 3 FIELDS 96 COSM 
< 4.5 2 KERNAN 96 COSM 
< 3.6 4 OLIVE 95 COSM 
< 3.3 WALKER 91 COSM 
< 3.4 OLIVE 90 COSM 
< 4 YANG 84 COSM 
< 4 YANG 79 COSM 
< 7 STEIGMAN 77 COSM 

PEEBLES 71 COSM 
<16 5 SHVARTSMAN69 COSM 

HOYLE 64 COSM 

2Limit  based on high D/H from quasar absorption systems. 
3 Limit based on high 4He and 7Li. 
4OLIVE 95 limit assumes the existence of at least three (massless) neutrinos. 
5 SHVARTSMAN 69 limit inferred from his equations. 

Number Couplln$ with Less Than Full Weak Stren~h 
VALUE DOCUMENT ID TE~N 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

<20 6 OLIVE 81c COSM 
<20 6 STEIGMAN 79 COSM 

6 Bruit varies with strength of coupling. See also WALKER 91. 
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ARREU 
COPI 
HATA 
OLIVE 
ADAM 
CARDALL 
FIELDS 
KERNAN 
AKERS 
OLr, IE 
BUSKULIC 
ADEVA 
ADRIANI 
LEP 
WALKER 
DENEGRI g0 
OLIVE 
YANG 84 
OLIVE 81 
OLIVE 81C 
STEIGMAN 79 
YANG 79 
STEIGMAN 77 
PEEBLES 71 

princeton Univ. 
SHVARTSMAN 69 

HOYLE 64 

REFERENCES FOR Limits on Number of 
LIIht Neutrino Types 
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PRL 43 239 +Olive, 5chramm (BART, EFI) 
APJ 227 697 +Sghralnm, Steil~ma~ , Roori (CHIC, YALE. VIRG) 
PL 66B 202 +Schramm, Gunn (YALE, CHIC, CIT) 
Physical Cosmology (PRIN) 
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Translated from ZETFP 9 315. 
Natme 203 1108 +Twler (CAMB) 

I Massive Neutrinos and I 
Lepton Mixing, Searches for 

I 

S E A R C H E S  F O R  M A S S I V E  N E U T R I N O S  

Revised April 1998 by D.E. Groom (LBNL). 

Searches for massive neutral leptons and the effects of 

nonzero neutrino masses are listed here. These results are di- 

vide(] into the following main sections: 

A. Heavy neutral lepton mass limits; 

B. Sum of neutrino masses; 

C. Searches for neutrinoless double-fl decay (see the note by 

P .  Vogel on "Searches for neutrinoless double-fl decay" 

:preceding this section); 

D. Other bounds from nuclear and particle decays; 

E. Bounds from particle decays; 

F. Solar v experiments (see the note on "Solar Neutrinos" by 

K. Nakamura preceding this section); 

G. Astrophysical neutrino observations; 

H. Reactor Pe disappearance experiments; 

I. Accelerator neutrino appearance experiments; 

J. Disappearance experiments with accelerator and radioactive 

source neutrinos. 

Direct searches for masses of dominantly coupled neutrinos 

are listed in the appropriate section on re, vv, or yr. Searches 

for massive charged leptons are given elsewhere, and searches 

for the mixing of (~ -e  +) and (ju+e - )  are given in the muon 

Listings. 

Discussion of the current neutrino mass limits and the 

theory of mixing are given in the note on "Neutrino Mass" by 

Boris Kayser just before the ~e Listings. 

In many of the following Listings (e.g. neutrino disappear- 

ance and appearance experiments), results are presented as- 

suming that mixing occurs only between two neutrino species, 

such as vr ~-~ v~. This assumption is also made for lepton- 

number violating mixing between two states, such as ve ~ P~ 

or v~ ~ P~. As discussed in Kayser's review, the assumption of 

mixing between only two states is valid if (a) all mixing angles 

are small or (b) there is a mass hierarchy such that one AM~, 

e.g. AM~] --- M2~ -M21,  is small compared with the others, 

so that there is a region in L / E  (the ratio of the distance L 

that the neutrino travels to its energy E) where AM21L/E is 

negligible, but AM~2L/E is not .  

In this case limits or results can be shown as allowed regions 

on a plot of [AM 2] as a function of sin 2 20. The simplest 

situation occurs in an "appearance" experiment, where one 

searches for interactions by neutrinos of a variety not expected 

in the beam. An example is the search for ve interactions in 

a detector in a v~ beam. For oscillation between two states, 

the probability that the "wrong" state will appear is given by 

Eq. 11 in Kayser's review, which may be written as 

P = sin 2 28 sin2(1.27AM2L/E), (1) 

where [AM2[ is in eV 2 and L / E  is in km/GeV or m/MeV. In 

a real experiment L and E have some spread, so that one must 

average P over the distribution of L/E.  As an example, let us 

make the somewhat unrealistic assumption that b - 1.27L/E 
has a Gaussian distribution with standard deviation ab about a 

central value b0. Then: 

IF) -- �89 sin 2 2811 - cos(2b0AM 2) exp(--2ab2(AM2)2)] (2) 

The value of (P) is set by the experiment. For example, if 

230 interactions of the expected flavor are detected and none 

of the wrong flavor are seen, then P = 0.010 at the 90% 

CL. * A superior statistical analysis of confidence limits in 

the sin 2 28-[AM21 plane is given in Ref. 1. We can then 

solve the above expression for sin 2 28 as a function of JAM2[. 

This function is shown in Fig. 1. t Curve generated with 

(P) = 0.005, (L/E) = 1.11, and ab/bo = 0.08. Note that: 

(a) since the fast oscillations are completely washed out by the 

resolution for large [AM2[, sin 2 28 = 2 (P) in this region; 

(b) the maximum excursion of the curve to the left is 

to sin228 = (P/  with good resolution, with smaller 

excursion for worse resolution. This "bump" occurs at 

JAM2[ ----- r/2bo eV2; 

(c) for large sin 2 28, A M  2 ~ ((P) / sin 2 28)1/2/b0; and, conse- 

quently, 

(d) the intercept at sin 2 28 = 1 is at A M  2 = (X/~/bo. 

The intercept for large IAM2[ is a measure of running time and 

backgrounds, while the intercept at sin 2 28 = 1 depends also on 

the mean value of L/E.  The wiggles depend on experimental 

features such as the size of the source, the neutrino energy dis- 

tribution, and detector and analysis features. Aside from such 

details, the two intercepts completely describe the exclusion 

region: For large IAM2[, sin 2 28 is constant and equal to 2 (P), 

and for large sin 2 28 the slope is known from the intercept. For 

these reasons, it is (nearly) sufficient to summarize the results 

of an experiment by stating the two intercepts, as is done in the 

following tables. The reader is referred to the original papers 

for the two-dimensional plots expressing the actual limits. 
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F i g u r e  1: Neutrino oscillation parameter 
ranges excluded by two hypothetical experi- 
ments 
(a and b) described by Eq. (2) and one real 
one (c). Parameters for the first two cases are 
given in the footnotes. In case (a) one searches 
for the appearance of neutrinos not expected 
in the beam. The probability of appearance, in 
this case 0.5% at some specified CL, is set by the 
number of right-flavor events observed and/or 
information about the flux and cross sections. 
Case (b) represents a disappearance experiment 
in which the flux is known in the absence of 
mixing. In case (c), the information comes from 
measured fluxes at two distances from the tar- 
get [4]. 

If a positive effect is claimed, then the excluded region is 

replaced by an allowed band or allowed regions. This is the 

case for the LSND experiment [2] and the SuperKamiokande 

analysis of R(#/e)  for atmospheric neutrinos [3]. 

In a "disappearance" experiment, one looks for the attenua- 

tion of the beam neutrinos (for example, vk) by mixing with at 

I. Those in which the beam neutrino flux is known, from 

theory or from other measurements. Examples are reactor 

P~ experiments and certain accelerator experiments. Al- 

though such experiments cannot establish very small-sin 2 20 

mixing, they can establish small limits on A M  2 for large 

sin 2 28 because L / E  can be very large. An example, based 

on the Chooz reactor measurements [5], is labeled "Dis- 

appearance I" in Fig. 1. $ Curve parameters (P/  = 0.1, 

( L / E  I -- 237, and ab/bO = 0.5. For the actual Chooz 

experiment [5], (L /E )  ~, 300 and the limit on ( P / i s  0.09. 

II. Those in which attenuation or oscillation of the beam neu- 

trino flux is measured in the apparatus itself (two detectors , 

or a "long" detector). Above some minimum IAM21 the 

equilibrium is established upstream, and there is no change 

in intensity over the length of the apparatus. As a result, 

sensitivity is lost at high JAM21, as can be seen by the curve 

labeled "Disappearance II" in Fig. 1 [4]. Such experiments 

have not been competititive for a long time. However, a new 

generation of long-baseline experiments with a "near" de- 

tector and a "far" detector with very large L, e.g., MINOS, 

will be able to use this strategy to advantage. 

Finally, there are more complicated cases, such as analyses 

of solar neutrino data in terms of the MSW parameters [6]. For 

a variety of physical reasons, an irregular region in the IAM2 I 

vs sin 2 20 plane is allowed. It is difficult to represent these 

graphical data adequately within the strictures of our tables. 
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(A)  Heavy neutral lepton- 

1 S ~  Neutral Heavy Lepton MASS LIMITS - -  

Note that LEP results In combination with REUSSER 91 exclude a fourth 
stable neutrino with m< 2400 GeV. 

least one other neutrino eigenstate. (We label such experiments 

as vk -/4 uk.) The probability that a neutrino remains the same 

neutrino from the production point to detector is given by 

P(vk  --~ vk) = 1 - P(vk  "-~ vj) , (3) 

VALUE (GeV) CL 
:>46.0 95 
>$9.g 95 
>44.1 95 
>37.2 95 
none 3-100 90 
>42.8 95 
>34.8 95 
>42.7 95 

DOCUMENT ID TECN COMMENT 

ABREU 92B DLPH Dlrac 
ABREU 92B DLPH MaJorana 
ALEXANDER 91F OPAL DIrac 
ALEXANDER 91F OPAL Majorana 
5ATO 91 KAM2 Kamlokande II 

1 ADEVA 90s L3 Dlrac 
1 ADEVA 90S L3 Majorana 

DECAMP 90F ALEP Dlrac 
where mixing occurs between the kth and j t h  species with 

P(vk --* uj) given by Eq. (1) or Eq. (2). 

In contrast to the detection of even a few "wrong-flavor" 

neutrinos establishing mixing in an appearance experiment, 

the disappearance of a few "right-flavor" neutrinos in a dis- 

appearance experiment goes unobserved because of statistical 

fluctuations. For this reason, disappearance experiments usually 

cannot establish small-probability (small sin 2 20) mixing. 

Disappearance experiments fall into two general classes: 

1ADEVA 90S limits for the heavy neutrino apply If the mixing with the charged leptons 
satlse• )Ul j I2 + Iu2j I  2 + IU3jI 2 > 6.2xZ0 - 8  at mLo = 20 GeV and > 5.1x10 -10  
for mLo = 40 GeV. 

Neutral Heavy Lepton MASS LIMITS - -  

Limits apply only to heavy lepton type given in comment at right of data 
Listings. See review above for description of types. 

See the "Quark and Lepton Composlteness, Searches for" Listings for 
limits on radiatively decaying excited neutral leptons, Le. u*  ~ u'7. 

VALUE (GeV} CL~ DOCUMENT ID TECN COMMENT 

>69.8 95 2 ACKERSTAFF 98C OPAL MaJorana, coupling to e 
>79.1 95 2 ACKERSTAFF 98C OPAL Dlrac, coupling to e 
>68.7 95 2 ACKERSTAFF 98C OPAL MaJorana, coupling to/J 
>78.5 95 2 ACKERSTAFF 98(: OPAL Dirac, coupling to/~ 
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>54,4 95 2 ACKERSTAFF 98C 
>6~Jl,O 95 2 ACKERSTAFF 98E 
>78.0 95 2 ACCIARRI 97P 
>66.7 95 2 ACCIARRI 97P 
>78,0 95 2 ACCIARRI 97P 
>66.7 95 2 ACCIARRI 97P 
>72.2 95 2 ACEIARRI 97P 
>BII.2 95 2 ACCIARRI 97P 
>63 95 3,4 BUSKULIC 965 
>54.3 95 3,5 BUSKULIC 96s 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

95 ACCIARRI 96G L3 Dlrac coupling to e 
L3 Dlrac coupling to/~ 
L3 MaJorana coupling to e 

>59.3 
>57.9 
>48.6 
>47.2 
>62.5 
>63.0 
>57.4 
>51.4 
>52.2 
>44.2 
>44.5 
>39.0 
none 2.5-50 

none 4-50 
>46.4 
>45,1 
>46.5 
>45.7 
>41 

>19.6 

none 25-45.7 

none 8.2-26.5 

none 8.3-22.4 

95 ACCIARRI 96G 
95 ACCIARRI 96G 
95 ACCIARRI 96G 
95 ALEXANDER 96P 
95 ALEXANDER 96P 
95 ALEXANDER 96P 
95 ALEXANDER 96P 
95 ALEXANDER 96P 
95 ALEXANDER 96P 
95 6 ABREU 92B 
95 6 ABREU 92S 
95 7 ADRIANI 921 

95 7 ADRIANI 921 
95 8 ADEVA 9OS 
95 8 ADEVA 90S 
95 9 AKRAWY 90L 
95 9 AKRAWY 90L 
95 10,11 BURCHAT 90 

95 10,11 BURCHAT 90 

95 10,12 DECAMP 90F 

95 13 SHAW 89 

95 13 5HAW 89 

95 13 SHAW 89 

90 14 AKERLOF 88 

90 14 AKERLOF 88 

80 14 AKERLOF 88 

90 15 MISHRA 87 

90 15 MISHRA 87 

90 15 MiSHRA 87 

90 16 WENDT 87 

90 16 WENDT 87 

90 16 WENDT 87 

90 16 WEN DT 87 

90 17 BADIER 86 

90 17 BADIER 86 

90 17 BADIER 86 

90 17 BADIER 86 

MEYER 77 

OPAL Majorana, couplins to ~" 
OPAL Dlrac, coupling to r 

L3 Dlrac couplin s to �9 
L3 MaJorana coupling to e 
L3 Oirac coupling to # 
L3 MaJorana coupling to # 
L3 Dlrac coupling to r 
L3 Majorana coupling to ~" 
ALEP Dlrac 
ALEP MaJorana 

none 8.1-24.9 

none 1.8-6.7 

none 1.8-6.4 

none 2.5-6.3 

none 0.25-14 

none 0.25-10 

none 0.25-7.7 

none 1.-2. 

none 2.2-4. 

none 2.3-3, 

none 3.2-4.8 

none 0.3-0.9 

none 0.33-2.0 

none 0.6-0.7 

none 0.6-2.0 

> 1.2 

L3 Majorana couplln s to/J 
OPAL Dlrac couplln s to �9 
OPAL Dlrac coupling to/J 
OPAL Dirac couplln s to r 
OPAL Majorana coupling to e 
OPAL MaJorana couplln s t o / l  
OPAL MaJorana coupling to ~" 
DLPH Dlrac 
DLPH MaJorana 
L3 [Urorp l2  < 3 x 10 - 4  

L3 lu,  I = < 3 x 10-4 
L3 Dirac 
L3 MaJorana 
OPAL Coupling to e or/~ 

16WENDT 87 Is MARK-II search at PEP for heavy u with decay length 1-20 cm (hence 
Ions-lived). 

17BADIER 86 is a search for a Ions-Ilveq penetrating sequential lepton produced In ~ -  - 
nucleon collisions with lifetimes in the range from 5 x 10 - 7  - 5 x 10 -11 s and decaying 
into at least two charged particles. Uej and Umj  are mixing ankles to u e and u/~. See 
also the BADIER 86 entry In the section "Searches for Massive Neutrinos and Lepton 
Mixing". 

- -  Astroph~cal  Umlts on Neutdno MASS for my > 1 GeV - -  

VALUE (GeV) CLN DOCUMENT ID TEEN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

OPAL Coupling to ~" 
MRK2 Dlrac, IUf.jI 2 > 

10-10 
MRK2 Dlrac, all IUt j I  2 
ALEP Dirac IuUI 2 > 10 -13 
AMY Dirac L 0' 

IuejI2 > 1o-6 
AMY MaJorana L 0, 

tUejI 2 > 10-6 
AMY Majorana L 0, 

Iu~,jI2 > 1o-6 
HRS Uejl2=Z 

HRS ]u~jI2=z 
HRS Iu~jI2=x 
CNTR Iu~,jI2=l 
CNTR tUi~jI2=O.] 
CNTR Iu~jI2=o.o3 
MRK2 IUe or/~]12=0'1 

MRS2 lUe or , j I2=0.0~1 
MRK2 Iu~j I2=o 1 
MRK2 Iu~jI2=o.ooa 
CNTR IVejI2=0.s 
CNTR Iuej l~=o o3 
CNTR lu~jI2=o.e 
CNTR Iu~jI2=o.oz-o.ooz 
MRK1 Neutral 

none 60-115 
none 9.2-2000 
none 26-4700 
none 6 - hundreds 
none 24 - hundreds 
none 10-2400 
none 3-100 

90 
90 

none 1 2 - 1 4 0 0  

none 4-16 90 
none 4-35 90 
>4,2 to 4.7 
>5,3 to 7.4 �9 
none 20-1000 95 

18 FARGiON 95 ASTR Dlrac 
19 GARCIA 95 COSM Nucleosynthesls 
19 BECK 94 COSM Dirac 

20,21 MORI 925 KAM2 Dirac neutrino 
20,21 MORI 92B KAM2 MaJorana neutdno 

22 REUSSER 91 CNTR HPGe search 
SATO 91 KAM2 Kamiokande II 

23 ENQVIST 89 COSM 
19 CALDWELL 88 COSM Olrac v 

19,20 OLIVE 88 COSM Dirac u 
OLIVE 88 COSM MaJorana u 
SREDNICKI 88 COSM Dlrac =, 
SREDNICKI 88 COSM MaJorana u 

19 AHLEN 87 COSM Dlrac u 

2The decay length of the heavy lepton Is assumed to be < lcm, limiting the square of | 
the mixing angle Iut j l  2 to 1o -12 I 

3 BUSKULIC 96S requires the decay length of the heavy lepton to be < I cm, limiting the I 
square of the mixing ankle IuuI 2 to z0 -10 I 

4BUSKULIC 96S limit for mixing with ~-. Mass is > 63.6 GeV for mixing with e or ,u. I 5BUSKULIC 96S limit for mixing with ~'. Mass Is > 55.2 GeV for mixing with e or/~. 
5ABREU 92B limit is for mixing matrix element ~ 1 for coupling to �9 or /~. Reduced 

somewhat for couplln s to ~', Increased somewhat for smaller mixing matrix element. 
Replaces ABREU 91F. 

7ADRIANI 921 Is a search for Isosinglet heavy lepton N~ which might be produced from 
Z ~ u l N  b then decay via a number of different channels. Limits are weaker for decay 
lengths longer than about 1 m. 

SADEVA 90s limits for the heavy neutrino apply If the mixing with the charged leptons 
sat~r~s IUajI 2 + lu2112 + tu3jI 2 > 62x 10 - s  at %0 = 20 GeV and > 5.1x 10 -10  
for toLD = 40 GeV. 

9AKRAWY 90L limits valid if coupling strength is greater than a mass-dependent value, 
e.g., 4 .9x  10 - 7  at mLo = 20 GeV, 3.5 x 10 - 8  at 30 GeV, 4 x 10 - 9  at 40 GeV. 

lOLImlts apply for t = e,/~, or r and for V - A  decays of Dlrac neutrinos. 
11 BURCHAT 90 searched for Z decay to unstable L 0 pairs at SLC. It includes the analyses 

reported in JUNG 90, ABRAMS 89c, and WENDT 87, 
12For 25 < toLD < 42.7 GeV, DECAMP 9OF exclude an L 0 for all values of IuuI 2. 
13SHAW S9 also excludes the mass region from 5.0 to 27.2 GeV for Dirac L 0 and from 8.1 

to 23.6 GeV for MaJorana L 0 with equal full-strength couplings to �9 and/~, SHAW 89 
also gives correlated bounds on lepton mixing. 

14AKERLOF 88 Is PEP �9 + e -  experiment at Ecm = 29 GeV. The L 0 is assumed to decay 
via V - A  to e or/= or ~" plus a virtual W, 

15 MISHRA S7 Is Fermllab neutrino experiment looking for either dimuon or double vertex 
events (hence long-lived). 

> 4 . 1  GRIEST 87 COSM Dirac u 

18FARGION 95 bound Is sensitive to assumed =, concentration in the Galaxy. See also 
KONOPLICH 94. 

19These results assume that neutrinos make up dark matter In the galactic halo, 
20Limits based on annihilations In the sun and are due to an absence of high enerRy 

neutrinos detected in underground experiments. 
21 MORi 92B results assume that neutrinos make up dark matter in the galactic halo. Limits 

based on annihilations in earth are also given. 
22 REUSSER 91 uses existing / ~  detector (see FISHER 89) to search for CDM Dlrac 

neutrinos. 
23 ENQVIST 89 argue that there is no cosmological upper bound on heavy neutrinos. 

(B) Sum of neutflno ma~es 

Revised April 1998 by K.A. Olive (University of Minnesota). 

The limits on low mass (rnv < 1 MeV) neutrinos apply to 

mtot given by 

-~o~ = Z ( g ~ / 2 ) m ~ ,  
l /  

where gv is the number of spin degrees of freedom for u 

plus p: g.  = 4 for neutrinos with Dirac masses; g~ = 2 for 

Majorana neutrinos. Stable neutrinos in this mass range make 

a contribution to the total energy density of the Universe which 

is given by 

Pu = mtotnv = m t o t ( 3 / l l ) n  7 , 

where the factor 3/11 is the ratio of (light) neutrinos to photons. 

Writing Rv = Pv/Pc, where Pc is the critical energy density of 

the Universe, and using n 7 = 412 cm -3, we have 

12vh 2 = mtot/(94 eV) . 

Therefore, a limit on 12~h 2 such as 12vh 2 < 0.25 gives the limit 

m t o t <  24 eV . 

The limits on high mass (my > 1 MeV) neutrinos apply 

separately to each neutrino type. 

Limit on Total v MASS, mtot 
(Defined in the above note), of effectively stable neutrinos (Le., those with mean lives 
greater than or equal to the age of the universe). These papers assumed Dirac neutri- 
nos. When necessary, we have generalized the results reported so they apply to miD t. 
For other limits, see SZALAY 76, VYSOTSKY 77, BERNSTEIN 81, FREESE 84, 
SCHRAMM 84, and COWSIK 85. 

VALUE (eV) DOCUMENT I1:) TECN 
�9 �9 �9 We do not use the folk;wing data for averages, fits, limits, etc. �9 �9 �9 

<180 SZALAY 74 COSM 
<132 COWSIK 72 COSM 
<280 MARX 72 COSM 
<400 GERSHTEIN 66 COSM 



See key on page 213 

Limits on MASSES of Light Stable Right-Handed V 
(with necessadly sup _pr~,~.4___ Interaction streniff, hs) 
VAWE(,V) DOCUMENT ,D TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, ,mRs, etc. �9 �9 �9 

<100-200 24 OLIVE 82 EOSM Dlrac v 
<200-2000 24 OLIVE 82 COSM Majorana u 

24Depending on interaction strength G R where G R <G F. 

Limits on MASSES of Heavy Stable Right-Handed U 
(with necewadly suplxemd Interaction strengtl~) 
VALUE (GeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

> 10 25OLIVE 82 COSM GR/G F <0.1 
> 1 0 0  25OLIVE 82 COSM GR/G F < 0 . 0 1  

25These results apply to heavy MaJorana neutrinos and are summarized by the equation: 
rn u >1.2 GeV (GF/GR).  The bound saturates, and If G R is too small no mass range 
Is allowed. 

(C) Searches for neutdnoless double-/~ decay 

L I M I T S  F R O M  N E U T R I N O L E S S  ~ D E C A Y  

Revised 1995 by P. Vogel (Caltech). 

Limits on an effective Majorana neutrino mass and a lepton- 

number violating current admixture can be obtained from 

lifetime limits on 0v/3/3 nuclear decay. The derived quantities 

axe model-dependent, so the half-life measurements are given 

first. Where possible we list the references for the matrix 

elements used in the subsequent analysis. Since rates for the 

more conventional 2vfl/3 decay serve to calibrate the theory, 

results for this process are also given. As an indication of the 

spread among different ways of evaluating the matrix elements, 

we show in Fig. 1 some representative examples for the most 

popular nuclei. For further calculations, see, e.g., Ref. 1 

7 

6 
. 

5 

4 

3 

2 

1 

. . . . . . . . . .  S h e l l  m o d e l  [2] 
QRPA [3] 
QRPA [4I 
QRPA [5] 
Pseudo SU(3) [6] 

:1 il 
i! : '  

:1 
:1 

' i :1 :1 :! 

76Ge 100Mo 128T e 

I 

136Xe 150Nd 

F i g u r e  1: Nuclear matrix elements for Ovflfl 
decay calculated by a subset of different meth- 
ods and different authors for the most popu- 
lar double-beta decay candidate nuclei. Recal- 
culated from the published half-lives using con- 
sistent phase-space factors and gA = 1.25. The 
QRPA [3] value is for a r = -390 MeV fm 3. 
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To define the limits on lepton-number violating right-handed 

current admixtures, we display the relevant part of a phe- 

nomenological current-current weak interaction Hamiltonian: 

H w  =(GF/V/2) 
x (JL" JtL + ~JR" JIL + ~IJL" JtR + A JR.  j~) + h.c. 

where j~ = ~L"/~VeL, j~  = ~R"/~'~'eR, and J~ and J~  are left- 

handed and right-handed hadronic weak currents. Experiments 

are not sensitive to ~, but quote limits on quantities propor- 

tional to ~1 and A.* In analogy to (m~ / (see Eq. 11 in the 

"Note on Neutrinos" at the beginning of the Neutrino Par- 

ticle Listings), the quantities extracted from experiments axe 

(7]) = I ] ~ ~ U I j V l j  and (A) = .~'~UljVlj , where V/j is a ma- 

trix analogous to Uij (see Eq. 2 in the "Note on Neutrinos"), 

but describing the mixing among right-handed neutrinos. The 

quantities (~1) and (A) therefore vanish for massless or unmixed 

neutrinos. Also, as in the case of (me), cancellations are pos- 

sible in (71) and (A). The limits on (~?) are of order 10 -8 while 

the limits on (A) are of order 10 -6. The reader is warned that 

a number of earlier experiments did not distinguish between 

and A. Because of evolving reporting conventions and ma- 

trix element calculations, we have not tabulated the admixture 

parameters for experiments published earlier than 1989. 

See the section on Majoron searches for additional limits 

set by these experiments. 

F o o t n o t e s  and  Refe rences  

* We have previously used a less accepted but more explicit 
notation in which ~RL ~ ~, ~]LR ~ T], and 7]RR =- A. 

1. M. Moe and P. Vogel, Ann. Rev. Nucl. and Part. Sci. 44, 
247 (1994). 

2. W.C. Haxton and G.J. Stephenson Jr., Prog. in Part. Nucl. 
Phys. 12,409 (1984). 

3. J. Engel, P. Vogel, and M.R. Zirnbaner, Phys. Rev. C37, 
731 (1988). 

4. A. Staudt, K. Muto, and H.V. Klapdor-Kleingrothaus, 
Europhys. Lett. 13, 31 (1990). 

5. T. Tomoda, Rept. on Prog. in Phys. 54, 53, (1991). 

6. J.G. Hirsch, O. Castafios, and P.O. Hess, Nucl. Phys. A582, 
124 (1995). 

Half-life Meuurements and Limits for Double ~ Decay 
In all cases of double beta decay, (Z,A I ~ (Z+2,A) + 2 f l -  + (0or2l~ e. In the 
following Listings, only best or comparable limits or lifetimes for each isotope are 
reported. 

tl/2(1021 yr) CL% ISOTOPE TRANSITION METHOD DOCUMENT ID 

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

(7.6+~:~)ElS lOOMo 2~ s,(u) 26ALSTON .... 97 I 
> 0.19 90 92Mo Ou+2u 0 + ~ 0 + 3" In HPGe 27 BARABASH 97 I 
> 0.81 90 92Mo Ou+2u 0 -F ~ 0 + 27 I 
> 0.89 90 92Mo 0v+2u 0 + 2 ~- 3" in HPGe BARABASH 97 

3' In HPGe 27 BARABASH 97 | 
>11000 90 76Ge 0u 0 + : 0 ~- Enriched HPGe 28 BAUOIS 97 I 

(6.82 +0"38 + 0.68)E18 lOOMo 2u TPC 29 DESILVA 97 I 
)675 -~8:)~ :E 0.68)E18150Nd 2~' TPC 30DESILVA 97 I ', - -0.42 
> 1.2 90 lSONd OL, TPC 31 OESILVA 97 I 
1.77 :i: 0 01 +0"13 76Ge 2u Enriched HPGe 32 GUENTHER 97 I ' --0.11 
> 32.5 90 130Te Ou Bolometer 33ALESSAND... S6B I 

(3.75 + 0.35 4` 0.21)E19116Cd 2u 0 + 4 0  + NEMO2 34ARNOLD 96 I 
0 043 +0.024 4` 0.014 48Ca 2u TPC 35 BALYSH 96 I �9 -0.011 
> 52 68 lOOMo O~,/~nu~O+ ~ 0 + ELEGANT V 36 EJIRI 96 I 
> 39 68 lOOMo Ou,(A) 0 + ~ 0 + ELEGANT V 36 EJIRI 96 I 
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> 51 68 tOOMo O=,,(r/) 0 + ~ O + 
0,79 :E 0.10 130Te 0v+2u 

061+0"18" --0.11 100Mo 0u+2u 0 + ~ 0~  

> 0.00013 99 160Gd 2v 0 + --* 0 + 
> O.00012 99 160Gd 2u 0 + ~ 2 + 
> 0.014 90 160Gd Ov 0 + ~ 0 + 
> 0,013 90 160Gd 0u 0 + ~ 2 + 

(9.5 4- 0.4 :J: 0,9)E18 100Mo 2u 

> 0.6 90 100Mo 0u 0 + ~ 01+ 
0 n~6+0-009 116Cd 0 + ~ O + ' ~  - 0.005 2v 
> 29 90 116Cd Ov 0 + ~ 0 + 
> 0,3 68 160Gd Ov 
> 2,37 90 116Cd 0u+2u 0 + ~ 2 + 

> 2.05 90 116Cd Ov+2v 0 + ~ 01+ 

> 2.05 90 116Cd Ou+2u 0 + ~ 02+ 
0 017 + 0  O10 ~ n 150Nd 0 + ~ 0 + ' -01005 ~ ~.0035 2v 
0.039 4- 0,009 96Mo Ou+2v 
> 340 90 136Xe 0u 0 + ~ 0 + 
> 260 90 136Xe 0v 0 + ~ 0 + 
> O.21 90 136Xe 2u 0 + ~ 0 ~ 
> 430 90 76Ge 0u 0 -F ~ 2 + 
2.7 -4- 0.1 130Te 
7200 4- 400 128Te 

> 27 68 825e Ou 0 + --, 0 + 
01n~+  0.O26 82Se 0 + ~ 0 + 

. . . .  --0.006 2v 
0 92 + 0 . 0 7  76Ge 2u 0 + ~ 0 + 

' -0 ,04  
> 3.3 95 136Xe Ov 0 + ~ 2 + 
> 0.16 95 136Xe 2u 

2.0 4- 0,6 238U 
> 9.5 76 48Ca Ou 
1 12 +0.48 76Ge 2v 0 + ~ 0 + 

�9 -0 .26  
0,9 4- 0.1 76Ge 2=, 
> 4.7 68 128Te 0 + ~ 2 + 
> 4.S 68 13OTe 0 + ~ 2 + 
> 800 95 128Te 
2,60 4- 0.28 130Te 

ELEGANT V 36 EJIRI 96 | 
Geochem 37 TAKAOKA 96 I 
-~ In HPGe 38 BARABASH 95 

Gd2SIO5:Ce sclnt 39 BURACHAS 95 
Gd2SiO5:Ce scinb 39 13URACHA5 95 
Gd2SIO5:Ce scint 39 BURACHA5 95 
Gd2SIOs:Ce sclnt 39 BURACHAS 95 
NEMO 2 DASSIE 95 

NEMO 2 DASSIE 95 

ELEGANT IV EJIRI 95 

116CDWO4 sclnt40GEORGADZE 95 

Gd2SiO5: Ce stint KOBAYASHI 95 
3" in HPGe 41 PIEPKE 94 

3' In HPGe 41 PIEPKE 94 

"~ in HPGe 41 P1EPKE 94 

TPC ARTEMEV 93 

Geochem KAWASHIMA 93 
TPC 42 VUILLEUMIER 93 
TPC 43 VUILLEUMIER 93 
TPC VUILLEUMIER 93 
Enriched HPGe BALYSH 92 
Geochem BERNATOW.,. 92 
Geochem 44 BERNATOW,,, 92 
TPC ELLIOTT 92 
TPC ELLIOTT 92 

Enriched HPGe 45 AVIGNONE 91 

Prop cntr 46 BELLOTTi 91 
Prop cntr BELLOTTI 91 
Radiochem 47 TURKEVICH 91 
CaF 2 stint. YOU 91 
HPGe 48 MILEY 90 

Enriched Ge(U) VASENKO 90 
Ge(LI) 39 BELLOTTI 87 
Ge(Li) 39 BELLOTTI 87 
Geochem 49 KIRSTEN 83 
Geochem 49 KIRSTEN 83 

predict a ratio of 2u decay widths. . .  In fair agreement with observation." Further de- 
tails of the experiment are given in BERNATOWICZ 93. Our listed half-life has been 
revised downward from the published value by the authors, on the basis of reevaluated 
cosmic-ray 128Xe production corrections. 

45 AVIGNONE 91 reports confirmation of the MILEY 90 and VASENKO 90 observations of 
2v~3fl decay of 76Ge, Error is 2a. 

46 BELLOTTI 91 uses difference between natural and enriched 136Xe runs to obtain/~/30v 
limits, leading to "less stringent, but safer limits." 

47TURKEVICH 91 observes activity in old U sample. The authors compare their results 
with theoretical calculations. They state "Using the phase-space factors of Boehm and 
Vogel (BOEHM 87) leads to matrix element values for the 238U transition In the same 
range as deduced for 130Te and 76Ge. On the other hand, the latest theoretical estimates 
(STAUDT 90) give an upper limit that is 10 times lower. This large discrepancy implies 
either a defect in the calculations or the presence of a faster path than the standard 
two-neutrino mode in this case," See BOEHM 87 and STAUDT 90. 

48MILEY 90 claims only "suggestive evidence" for the decay. Error is 2~r. 
49 KIRSTEN 83 reports "2~" error. References are given to earlier determinations of the 

130Te lifetime, 

(my), The EffeclJve Weytted Sum of MaJorana Neutrino M=__~__ 
Contdbutlng to Neutrlnolem Double ,8 Decay 

(my) -- I~" U~ljmvj I, where the sum goes from 1 to n and where n = number of 

neutrino generations, and uj is a Majorana neutrino. Note that U~I j ,  not Iu1jI 2, 
occurs in the sum. The possibility of cancellations has been stressed, in the following 
Listings, only best or comparable limits or lifetimes for each Isotope are reported. 

VAI-UE {eV~ EL% ISOTOPE TRANSITION METHOD DOCUMENT ID 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

<9.3 68 10OMo 0u 
<0.46 90 76Ge 0u 
<2.2 68 100Mo Ou 
<4.1 90 116Cd Ou 
< 2,8-4.3 90 136Xe 0u 
< 1.1-1.5 128Te 
<5 68 825e 
<8,3 76 48Ca 0u 
<5,6 95 128Te 

SI(LI) 50 ALSTON-... 97 | 
0 + ~ 0 + Enriched HPGe 51 BAUDIS 97 I 0 + ~ 0 + ELEGANT V 52 EJtRI 96 

116CDWO4 sclnt 53 DANEVICH 95 
0 + ~ 0 + TPC 54VUILLEUMIER 93 

Geochem 55 BERNATOW.,, 92 
TPC 56 ELLIOTT 92 
CaF 2 stint. YOU 91 
Geochem KIRSTEN 83 

50ALSTON-GARNJOST 97 obtain the limit for (mu) using the matrix elements of EN- 
GEL 88. The limit supersedes ALSTON-GARNJOST 93. 

51 BAUDIS 97 limit for (mu) is based on the matrix elements of STAUDT 90. This Is the 

26ALSTON-GARNJOST 97 report evidence for 2u decay of lOOMo, This decay has been 
also observed by EJIRI 91, DASSIE 95, and DESILVA 97, 

27BARABASH 97 measure limits for ~+ ,  EC, and ECEC decay of 92Mo to the ground 
and excited states of 92Ru, respectively. Limits are not competive compared t o / ~ - / 3 -  
searches as far as sensitivity to (m~,) or RHC admixtures Is concerned. 

28BAUDI5 97 limit for 0u decay of enriched 76Ge using Ge calorimeters supersedes 
GUENTHER 97. 

29 DESILVA 97 result for 2u decay of 100Mo is in agreement with ALSTON-GARNJOST 97 
and DASSIE 95. This measurement has the smallest errors. 

30 DESILVA 97 result for 2u decay of 150Nd is in marginal agreement with ARTEMEV 93. 
It has smaller errors. 

31 DESILVA 97 do not explain whether their efficiency for 0v decay of 150Nd was calculated 
under the . . . . .  ptlon of a (me) ,  (z.~), Or (r/) driven decay. 

32GUENTHER 97 half-life for the 2v decay of 76Ge Is not in good agreement with the 
previous measurements of BALYSH 94, AVIGNONE 91, and MILEY 90. 

33ALESSANDRELLO 96B experiment can distinguish the 0v and 2u modes; It shows 
that the geochemical observation of 130Te decay (BERNATOWICZ 92, KIRSTEN 83, 
TAKAOKA 96) is dominanted by the 2u decay. Supersedes ALESSANDRELLO 94. 

34ARNOLD 96 measure the 2~ decay of 116Cd, This result is in agreement with EJIRI 95, 
but has smaller errors. Supersedes ARNOLD 95. 

35 BALYSH 96 measure the 2~ decay of 48Ca, using a passive source of enriched 48Ca In 
a TPC. 

36 EJIRI 96 use energy and angular correlations of the 2~3-rays in efficiency estimate to 
give limits for the 0u decay modes associated with (me),  (~), and (r//, respectively, 

Enriched 100Mo source Is used in tracking calorimeter. These are the best limits for 
100Mo. Limit is more stringent than ALSTON-GARNJOST 97. 

37TAKAOKA 96 measure the geochemical half-life of 130Te. Their value is In dlsagreemnt 
with the quoted values of BERNATOWICZ 92 and KIRSTEN 83; but agrees with several 
other unquoted determinations, e.g., MANUEL 91. 

38 BAltABASH 95 cannot distinguish 0~, and 2u, but It is Inferred indirectly that the 0u 
mode accounts for less than 0.026% of their event sample. They also note that their 
result disagrees with the previous experiment by the NEMO group (BLUM 92). 

39BELLOTTI 87 searches for 3, rays for 2 + state decays in corresponding Xe isotopes. 
Limit for 130Te case argues for dominant 0-F~ 0 + transition in known decay of this 
isotope. 

40GEORGADZE 95 result for this and other modes are also give in DANEVICH 95, Result 
for 2u decay omitted because of authors' caveats, 

411n PIEPKE 94, the studied excited states of 1165n have energies above the ground state 

of 1.2935 MeV for the 2 + state, 1.7568 MeV for the 01+ state, and 2,0273 for the 02+ 
state. 

42 Limit In the case of a transition induced by a MaJorana mass. 
43 Limit for lepton-number violating right-handed current-induced (RHC) decay. 
44BERNATOWICZ 92 finds 128Te/130Te activity ratio from slope of 128Xe/132Xe vs 

13OXe/132Xe ratios during extraction, and normalizes to lead-dated ages for the 130Te 
lifetime. The authors state that their results imply that "(a) the double beta decay of 
128Te has been firmly established and its half-life has been determined . . ,  without any 
ambiguity due to trapped Xe interferences... (b I Theoretical calculations . . ,  underesti- 
mate the [long half-lives of 128Te 130Te] by 1 or 2 orders of magnitude, pointing to a 
real supression in the 2u decay rate of these isotopes, (c) Despite [this], most ~/~-models 

most stringent bound on (mu). It supersedes the limit of GUENTHER 97. 
52 EJIRI 96 obtain the limit for (my) using the matrix elements of TOMODA 91. 
53 DANEVIEH 95 Is identical to GEORGADZE 95, 
54VUILLEUMIER 93 mass range from parameter range In the Caltech calculations (EN- 

GEL 88). On the basis of these calculations, the BALYSH 92 mass range would be 
< 2.2-4.4 eV. 

55 BERNATOWlCZ 92 finds these maJoron mass limits assuming that the measured geo- 
chemical decay width Is a limit on the Ou decay width. The range Is the range found 
using matrix elements from HAXTON 84, TOMODA 87, and SUHONEN 91. Further 
detal!s of the experiment are g yen in BERNATOWlCZ 93. 

56 ELLIOTT 92 uses the matrix elements of HAXTON 84. 

Limits on Lepton-Number Violating (V+A) Current Admixture 
For reasons given In the discussion at the beginning of this section, we list only results 
from 1989 and later. (.~) = , ~ U I j V l j  and (r/) = r/T'~UIjVlj , where the sum Is 
over the number of neutrino generations�9 This sum vanishes for massiees or unmixed 
neutrinos. In the following Listings, only best or comparable limits or lifetimes for each 
isotope are reported. 

(~/"~ c,~ /~/"~ c,~ IsoTOPE METHOD DOCOMENT,O 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.1 90 <0,64 90 76Ge Enriched HPGe 57 GUENTHER 97 
<3,7 68 <2,5 68 100Mo Elegant V 58 EJIRI 96 
<5,3 90 <5.9 90 116Cd 116CDWO4 scint 59 DANEVICH 95 
<4.4 90 <2.3 90 136Xe TPC 60 VUILLEUMIER 93 

<5.3 128Te Geochem 61 BERNATOW... 92 

57 GUENTHElt 97 limits use the matrix elements of 5TAUDT 90. Supersedes BALYSH 95 
and BALu 92, 

58 EJIRI 96 obtain limits for ~ )  and (r// using the matrix elements of TOMODA 91. 
59 DANEVICH 95 is identical to GEOltGADZE 95. 
60VUILLEUMIElt 93 uses the matrix elements of MUTO 89. 
61 BERNATOWICZ 92 takes the measured geochemical decay width as a limit on the 0u 

width, and uses the SUHONEN 91 coefficients to obtain the least restrictive limit on r/. 
Further details of the experiment are given in BERNATOWICZ 93. 

(D) Other bounds from nuclear and particle decays 

Llmlt~ on IUIjI 2 as Function ofm~ 

Peak and kink search Izsl:s 
Limits on IU l j l  2 as function of m ~  

VALUE CL_~L DOCUMENT ID TEEN COMMENT 
<1 X 10 - 7  9O 62 BRITTON 928 CNTR 50 MeV < muj < 130 

MeV 



See key on page 213 

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

<5 x 10 - 6  90 DELEENER-... 91 muj = 20 MeV 

<5 x 10 - 7  90 DELEENER-... 91 mej = 40 MeV 

<3 x 10 - 7  90 DELEENER-... 91 mvj = 60 MeV 

<1 x 10 - 6  90 DELEENER-... 91 mej = 80 MeV 

<1 x 10 - 6  90 DELEENER-... 91 muj = 100 MeV 

<5 x 10 - 7  90 AZUELOS 86 CNTR mv]=60 MeV 

<2 x 10 - 7  90 AZUELOS 86 CNTR mvj=80 MeV 

<3 x 10 - 7  90 AZUELOS 86 CNTR muj=ZO0 MeV 

<1 x 10 - 6  90 AZUELOS 86 CNTR muj=120 MeV 

<2 x 10 - 7  90 AZUELOS 86 CNTR muj=130 MeV 

<8 x 10 - 6  DELEENER-... 86 CNTR m~.j=20 MeV 

<4 x 10 - 7  DELEENER-... 86 CNTR muj=60 MeV 

<2 x 10 - 6  DELEENER-... 86 CNTR muj=100 MeV 

<7 x 10 - 6  DELEENER-... 86 CNTR mvj=120 MeV 

<1 x 10 - 4  90 63 BRYMAN 83B CNTR mvj=5 MeV 

< 1 . 5  x 10 - 6  90 BRYMAN 83B CNTR mej=53 MeV 

<1 x 10 - 5  90 BRYMAN 83B CNTR muj=70 MeV 

<1 x 10 - 4  90 BRYMAN 838 CNTR muj=130 MeV 

<1 x 10 - 4  68 64 SHROCK 81 THEO m~.]=10 MeV 

<5 x 10 - 6  68 64 SHROCK 51 THEO muj=60 MeV 

<1 x 10 - 5  68 655HROCK 80 THEO muj=80 MeV 

<3 x 10 - 6  68 65 SHROCK 80 THEO mvj=160 MeV 

62BRITTON 92B Is from a search for additional peaks in the �9 L spectrum from lr -I- 
e+u e decay at TRIUMF. See also BRITTON 92. 

63BRYMAN 83B obtain upper limits from both direct peak search and analysis of B(~" --* 
eu)/B(Ir ~ #u). Latter limits are not listed, except for this entry (i.e. - -  we list the 
most stringent limits for given mass). 

64Analysis o f ( x  + ~ e+Ve)/(lr• ~ /~+el~ ) and (K  + ~ e+Ue)/(K+ ~ #+e#) 
decay ratios. 

65Analysis of (K  + ~ e+Ve)  spectrum. 

Kink =arch In nuclear ~ decay 
High-sensitivity follow-up experiments show that indications for a neutrino with mass 
17 keV (Simpson, Hlme, and others) were not valid. Accordingly, we no longer list the 
experiments by these authors and some others which made positive claims of 17 keV 
neutrino emission. Complete listings are given In the 1994 edition (Physical Review 
O 6 0  1173 (1994)). Limits on IU l j l  2 as a function of muj. See WlETFELDT 96 for 

a comprehensive review. 
VALUE 
(unit~ 10 -3) CL% me/. (keV) ISOTOPE METHOD DOCUMENT ID 
�9 �9 �9 We do not usa the following data for averages, fits, limits, etc. �9 �9 �9 

< 1 x 10 - 2  95 1 3H SPEC 66 HIDDEMANN 95 
< 6 x 10 - 3  95 2 3H SPEC 66 HIDDEMANN 95 
< 2 x 10 - 3  95 3 3H SPEC 66 HIDDEMANN 95 
< 2 x 10 - 3  95 4 3H SPEC 66 HIDDEMANN 95 

0.3 4-1.54-0.8 17 355 Mag spect 67 BERMAN 93 
< 2.8 99 17 3H Prop chamber 68 KALBFLEISCH 93 
< 1 99 14.4-15.2 3H Prop chamber 68 KALBFLEISCH 93 
< 0.7 99 16.3-16.6 3H Prop chamber 68 KALBFLEISCH 93 
< 2 95 13-40 355 SI(LI) 69 MORTARA 93 
< 0.73 95 17 63NI Mag spect OHSHIMA 93 
< 1.5 95 10.5-25.0 63NI Mag spect 70 OHSHIMA 93 
< 6 95 5-25 55Fe IBEC in Ge 71WlETFELDT 9~} 
< 2 90 17 355 Mag spect. 72 CHEN 92 
< 0.95 95 17 63Ni Mag spect 73 KAWAKAMI 92 
< 1.0 95 10-24 63Nl Mag spect KAWAKAMI 92 
< 10 90 16-35 1251 IBEC; "7 bet 74 BORGE 86 
< 7.5 99 5-50 355 Mag spect ALTZITZOG... 85 
< 8 90 80 355 Mag spect 75 APALIKOV 85 
< 1.S 90 60 35S Mag spect APALIKOV 85 
< 8 90 30 355 Mag spect APALIKOV 85 
< 3 90 17 355 Mag spect APALIKOV 85 
< 45 90 4 355 Mag spect APALIKOV 85 
< 10 90 5-30 355 SI(LI) DATAR 85 
< 3.0 90 5-50 Mag spect MARKEY 85 
< 0.62 90 48 355 SI(LI) OHI 85 
< 0.90 90 30 355 $1(LI) OHI 85 
< 1.30 90 20 355 SI(LI) OHI 85 
< 1.50 90 17 355 SI(LI) OHI 85 
< 3.30 90 10 355 SI(LI) OHI 85 
< 25 90 30 64Cu Mag spect 76 SCHRECK... 83 
< 4 90 140 64Cu Mag spelt 76 SCHRECK... 83 
< 8 90 440 64Cu Mag spect 76 SCHRECK... 83 
< 1 95 0.1 77 SIMPSON 818 
< 4 E - 3  95 10 77 SIMPSON 81B 
<100 90 0.1-3000 THEO 78 SHROCK 80 
< 0.1 68 80 THEO 79 SHROCK 80 
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66 In the beta spectrum from tritium/~ decay nonvanlshing or mixed mD- 1 state in the mass 

region 0.01-4 keV, For muj <1 keV, their upper limit on I ui j I  2 becomes less 

67BERMAN 93 uses an iron-free Intermediate-image magnetic spectrometer to measure 
355/~ decay over a large portion of the spectrum. Paper reports (0.01 • 0.15)%; above 
result revised by author on basis of analysis refinements. 

68KALBFLEISCH 93 extends the 17 keV neutrino search of BAHRAN 92, using an im- 
proved proportional chamber to which a small amount of 3H is added. Systematlcs are 
significantly reduced, allowing for an improved upper limit. The authors give a 99% 
confidence limit on I u1j j2 as a function of me / in the range from 13.5 keV to 17.5 keV. 

Typical upper limits are listed above. They report that this experiment in combination 
with BAHRAN 92 gives an upper limit of 2.4 x 10 - 3  at the 99% CL. See also the 
related pa r r s  BAHRAN 93, BAHRAN 93B, and BAHRAN 95 on theoretical aspects of 
beta spectra and fitting methods for heavy neutrinos. 

69MORTARA 93 limit is from study using a high-resolution solid-state detector with a 
superconducting solenoid. The authors note that "The sensitivity to neutrino mass is 
verified by measurement with a mixed source of 355 and 14C, which artificially produces 
a distortion in the beta spectrum similar to that expected from the massive neutrino." 

70OHSHIMA 93 is the full data analysis from this experiment. The above limit on the 
mixing strength for a 17 keV neutrino is obtained from the measurement IUl j I  2 = 

( -0 .11  :E 0.33 4- 0.30) x 10 - 3  by taking zero as the best estimate and ignoring physical 
boundaries; see discussion in HOLZSCHUH 92B for a comparison of methods. An earlier 
report of this experiment was given in KAWAKAMI 92. 

71WIETFELDT 93 is an extension of the NORMAN 91 experiment. However, whereas 
NORMAN 91 reported indications for the emission of a neutrino with mass muj = 
21 • 2 keV and coupling strength = 0.0085 • 0.0045, the present experiment states 
that "We find no evidence for emission of a neutrino in the mass range 5-25 keV. In 
particlular, a 17 keV neutrino with sin28 ( IUzj I  2 In our notation) = 0.008 is excluded 
at the 7r level." The listed limits can be obtained from the paper's Fig. 4. The authors 
acknowledge that this conclusion contradicts the one reported in NORMAN 91, based on 
a smaller data sample. In further tests, WIETFELDT 95 have shown that "the observed 
distortion was most likely caused by systematic effects... A new measurement with a 
smaller data sample shows no sign of this distortion." 

72CHEN 92 is a continuation and improvement of the Boehm et aL Caltech iron-free 
magnetic spectrometer experiment searching for emission of massive neutrinos in 355 
decay (MARKEY 85). The upper limit on [U I j I  2 for mej = 17 keV comes from the 

measurement IU l j l  2 = ( - 0 . 5  :E 1.4) x 10 - 3 .  The authors state that their results 

"rule out, at the 6r level, a 17 keV neutrino admixed at 0.85% (i.e. with I U i j I  2 = 

0.85 x 10-2 , "  the level claimed by Hlme and Jelly in HIME 91. They also state that 
"our data show no evidence for a heavy neutrino with a mass between 12 and 22 keV" 
with substantial admixture in the weak admixture In the weak eigenstate Ve; see their 

Fig. 4 for a graphical set of measured values of IUzjI 2 for various hypothetical values of 
mej In this range. 

73 KAWAKAMI 92 experiment final results are given in OHSHIMA 93. The upper limit is 
improved to 0.73 x 10 - 3 ,  based on IuijJ 2 = ( -0 .11  • 0.33 • 0.30) x 10 - 3 .  Ohshlma 

notes that the result is 22r away from the value IUzjI 2 = 1%. 

74BORGE 86 results originally presented as evidence against the SIMPSON 85 claim of a 
17 keV antineutrlno emitted with IUzjI 2 = 0.03 in 3H decay. 

75 This limit was taken from the figure 3 of APALIKOV 85; the text gives a more restrictive 
limit of 1.7 x 10 - 3  at CL = 90%. 

765CHRECKENBACH 83 is a combined measurement of the/~§ and/~-  spectrum. 
77Application of kink search test to trit ium/~ decay Kurie plot. 
78 SHROCK 80 was a retroactive analysis of data on several superallowed/3 decays to search 

for kinks in the Kurie plot. 
79Application of test to search for kinks in /~ decay Kurie plots. 

Searches for Decays of ML~slve u 
Limits on Iu i j I  2 as function of m ej 

VA~ U~ CL~ OOCUMENT ID T~C/~ COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<2 X 10 - 5  95 80 ABREU 971 DLPH mvj:6 GeV 

<3 x 10 - 5  95 80 ABREU 971 DLPH m v ] : 5 0  GeV 

<1.8 • 10 - 3  90 81 HAGNER 95 MWPC meh = 1.5 MeV 

<2.5 x 10 - 4  90 81 HAGNER 95 MWPC muh = 4 MeV 

<4.2 x 10 - 3  90 81 HAGNER 95 MWPC mvh = 9 MeV 

<1 x 10 - 5  90 82 BARANOV 93 muj= 100 MeV 

<1 x 10 - 6  90 82 BARANOV 93 muj= 200 MeV 

<3 x 10 - 7  90 82 BARANOV 93 mvj= 300 MeV 

<2 x 10 - 7  90 82 BARANOV 93 mvj= 400 MeV 

<6.2 x 10 - 8  95 ADEVA 9Os L3 muj -- 20 GeV 

<5.1 x 10 - 1 0  95 ADEVA 90,3 L3 muj = 40 Gee 

all values ruled out 95 83 BURCHAT 90 MRK2 mej < 19.6 GeV 

<1 x 10 - 1 0  95 83 BURCHAT 90 MRK2 mvj ~ 22 GeV 

<1 x 10 -11  95 83 BURCHAT 90 MRK2 me} = 41 GeV 

all values ruled out 95 DECAMP 9OF ALEP mej= 25.0-42.7 GeV 

<1 x 10 - 1 3  95 DECAMP 90F ALEP muj= 42.7-45.7 GeV 

<5 x 10 - 3  90 AKERLOF 88 HRS me]=l.8 GeV 

<2 x 10 - 5  90 AKERLOF 88 HRS muj=4 GeV 

<3 • 10 - 6  90 AKERLOF 88 HRS mej=6 GeV 
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<1.2 x 10 - 7  90 BERNARDI 88 CNTR mvj=lO0 MeV 

<1 x 10 - 8  90 BERNARDI 88 CNTR muj=2(~O MeV 

<2.4 x 10 - 9  90 BERNARD1 88 CNTR mvj=300 MeV 

<2.1 x 10 - 9  90 BERNARDI 88 CNTR muj=400 MeV 

<2 x 10 - 2  68 84 OBERAUER 87 muj=l.5 MeV 

<8 x 10 - 4  68 84 OBERAUER 87 muj=4.0 MeV 

<8 x 10 - 3  90 BADIER 86 CNTR mvj=400 MeV 

<8 x 10 - 5  90 BADIER 86 CNTR mvj=l.7 GeV 

<8 x 10 - 8  90 BERNARD1 86 CNTR mv]=lO0 MeV 

<4 x 10 - 8  90 BERNARDI 86 CNTR mvj=200 MeV 

<6 x 10 - 9  90 BERNARDI 86 CNTR mvj=400 MeV 

<3 x 10 - 5  90 DORENBOS... 86 CNTR muj=150 MeV 

<1 x 10 - 6  90 DORENBC)S... 86 CNTR mvj=500 MeV 

<1 x 10 - 7  90 DORENBO5... 86 CNTR mvj=l.6 GeV 

<7 x 10 - 7  90 85 COOPER-... 85 HLBC mu]=0.4 GeV 

<8 x 10 - 8  90 85 COOPER-... 85 HLBC mvj=l.5 GeV 

<1 x 10 - 2  90 86 BERGSMA 83B CNTR muj=lO MeV 

<1 x 10 - 5  90 86 BERGSMA 83B CNTR muj=110 MeV 

<6 x 10 - 7  9O 86 BERGSMA 838 CNTR muj=410 MeV 

<1 x 10 - 5  9O GRONAU 83 mvj=160 MeV 

<1 x 10 - 6  90 GRONAU 83 my]=480 MeV 

81HAGNER 95 obtain limits on heavy neutr]no admixture from the decay Uh ~ ve e+ e- I 
at a nuclear reactor for the u h mass range 2-9 M e V .  I 

82 BARANOV 93 Is a search for neutrino decays into e + e -  u e using a beam dump experi- 
ment at the 70 GeV Serpukhov proton synchrotron. The limits are not as good as those 
achieved earlier by BERGSMA 83 and BERNARDI 86, BERNARD1 88. 

83BURCHAT 90 Includes the analyses reported in JUNG 90, ABRAMS 89C, and 
WENDT 87. 

84OBERAUER 87 bounds from search for v ~ p /e �9  decay mode using reactor 
(anti)neutrinos. 

85 COOPER-SARKAR 85 also give limits based on model-dependent assumptions for v~. 
flux. We do not list these. Note that for this bound to be nontrlvlal, j is not equal 
to 3, I.e. vj cannot be the dominant mass eigenstate in v~. since raps <70 MeV 
(ALBRECHT 851). Also, of course, J is not equal to 1 or 2. so a fourth generation would 
be required for this bound to be nontrlvial. 

86 BERGSMA 83B also quote limits on IU13J 2 where the index 3 refers to the mass eigen- 
state dominantly coupled to the r .  Those limits were based on assumptions about the 
D s mass and D s ~ ~ru~. branching ratio which are no longer valid. See COOPER- 
SARKAR 85. 

Llmltz on lU2112 al Function of my] 

Peak mrck test 
Limits on IU2j]  2 as function of muj 

VA~.U~ CL ~ DOCUMENT ID TECN 
�9 �9 �9 We do not use the following data for averages, fits, limits, 

< 1-10 x 10 _4  87 BRYMAN 96 CNTR 

>10 - 1 6  88 ARMBRUSTER95 KARM 

< 4 x 10 - 7  95 89 BILGER 95 LEPS 

< 7 • 10 - 8  95 89 BILGER 95 LEPS 

< 2.6 x 10 - 8  95 89 DAUM 95B TOF 

< 2 • 10 - 2  90 DAUM 87 

< 1 x 10 - 3  9 0  DAUM 87 

< 6 x 10 - 5  9O DAUM 87 

< 3 x 10 - 2  90 9O MINEHART 84 

< 1 x 10 - 3  9O 90 MINEHART 84 

< 3 x 10 - 4  90 90 MINEHART 84 

< 5 x 10 - 6  90 91 HAYANO 82 

< 1 x 10 - 4  90 91 HAYANO 82 

< 9 x 10 - 7  90 91 HAYANO 82 

< 1 x 10 - 1  90 90 ABELA 81 

< 7 • 10 - 5  90 9O ABELA 81 

< 2 x 10 - 4  90 9OABELA 81 

< 2 x 10 - 5  90 9O ABELA 81 

< 2 x 10 - 5  95 91ASANO 81 

COMMENT 
etc. �9 �9 �9 

mvx = 30-33.91 MeV | 

mux = 33.9 MeV 

mpx = 33.9 MeV 

mvx = 33.9 MeV 

mvx = 33.9 MeV 

mvj=l MeV 

muj=2 MeV 

3 MeV < muj < 19.5 

MeV 
mvj=2 MeV 

muj=4 MeV 

muj=lO MeV 

mvj=330 MeV 

mvj=70 MeV 

muj=250 MeV 

mvj=4 MeV 

muj=lO.5 MeV 

mu]=11.5 MeV 

mvj=16-30 MeV 

mvj=170 MeV 

< 3 x 10 - 6  95 91 ASANO 81 muj=210 MeV 

< 3 x 10 - 6  95 91ASANO 81 mvj=230 MeV 

< 6 x 10 - 6  95 92 ASANO 81 mvj=240 MeV 

< 5 x 10 - 7  95 92 ASANO 81 mvj=280 MeV 

< 6 x 10 - 6  95 92 ASANO 81 muir300 MeV 

< 1 x 10 - 2  95 9O CALAPRICE 81 mvj=7 MeV 

< 3 x 10 - 3  95 90 CALAPRICE 81 mvj=33 MeV 

< 1. x 10 - 4  68 938HROCK 81 THEO mvj=13 MeV 

< 3 x 10 - 5  68 93 SHROCK 81 THEO mvj=33 MeV 

< 6 x 10 - 3  68 948HROCK 81 THEO muj=80 MeV 

< 5 x 10 - 3  68 94 SHROCK 81 THEO muj=120 MeV 

87 BRYMAN 96 search for massive unconventional neutrinos of mass mux in ~-t- decay. The I 

reported value is the upper limit for the branching ratio, < 4-6 x 10 - 5  (90%CL). They I interpret the result as an upper limit for the admixture of a heavy sterile or otherwise 
unconventional neutrino. 

88 ARMBRUSTER 95 study the reactions 12C(ue,e-)  12 N and 12C(v,u/) 12C* induced by 

neutrinos from ~-~ and/~+ decay at the ISIS neutron spallaflon source at the Rutherford- 
Appleton laboratory. An anomaly in the t ime distribution can be interpreted as the decay 
7r + ~ p+ u x, where u x is a neutral weakly interacting particle with mass ~ 33.9 MeV 
and spin 1/2. The lower limit to the branching ratio is a function of the lifetime of the 
new massive neutral particle, and reaches a minimum of a few x 10 - 1 6  for ~'x ~ 5 s. 

89From experiments of ~r + and ~-- decay In flight at PSi, to check the claim of the 
KARMEN Collaboration quoted above (ARMBRUSTER 95). 

901r-i- ~ p§ peak search experiment. 

91 K + _~ p+ vp peak search experiment. 

92Analysis of experiment on K "l" ~ ~-I'upVx~x decay. 

93 Analysis of magnetic spectrometer experiment, bu bble chamber experiment, and em ulsion 
experiment on x + -4 p~-Vl~ decay. 

94Analysis of magnetic spectrometer experiment on K --* p, up decay. 

Peak Search in Muon Capture 
Limits on [U2j[2 as function of mu] 

VAt.~; E DOCUMENT ID COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1 x 10 - 1  DEUTSCH 83 mvj=45 MeV 

<7 x 10 - 3  DEUTSCH 83 mvj=70 MeV 

<1 x 10 - 1  DEUTSCH 83 muj=85 MeV 

Searches for Decays of Mainly�9 v 
Limits on IU2ji 2 as function of muj 

VALUE CL~ DOCUMENT ID TEC,~ COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 * 
<2 x 10 - 5  95 

<3 x 10 - 5  95 

<3 x 10 - 6  90 

<3 x 10 - 5  90 

<6.2 x 10 - 8  95 

< 5 . 1  x 10 - 1 0  95 

all values ruled out 95 

<1 x 10 - 1 0  95 

<1 x 10 - 1 1  95 

all values ruled out 95 

I <1 x 10 - 1 3  95 

<5 x 10 - 4  9O 

<5 x 10 - 3  9O 

<2 x 10 - 5  90 

<3 x 10 - 6  90 

<1 x 10 - 7  90 

<3 x 10 - 9  90 

<4 x 10 - 4  90 

<4 x 10 - 3  90 

<0.9 x 10 - 2  90 

<0.1 90 

<8 x 10 - 4  90 

<1.2 x 10 - 5  9O 

<3 • 10 - 8  90 

<6 x 10 - 9  90 

<1 x 10 - 6  90 

<1 x 10 - 7  90 

< 0 . 8  x 10 - 5  90 

<1.0 x 10 - 7  90 

95ABREU 971 DLPH rn~.j=6 GeV 

95 ABREU 971 DLPH mL.j=50 GeV 

GALLAS 95 CNTR mvj = 1 GeV 

96VILAIN 95c CHM2 muj = 2 GeV 

ADEVA 9Os L3 muj = 20 GeV 

ADEVA 9Os L3 muj = 40 GeV 

97 BURCHAT 90 MRK2 mu) < 19.6 GeV 

97 BURCHAT 90 MRK2 muj = 22 GeV 

97 BURCHAT 90 MRK2 muj = 41 GeV 

DECAMP 9OF ALEP muj= 25.0-42.7 GeV 

DECAMP 90F ALEP mvj= 42.7-45.7 GeV 

98 KOPEIKIN 90 CNTR muj = 5.2 MeV 

AKERLOF 88 HRS mvj=l,8 GeV 

AKERLOF 88 HRS mvj=4 GeV 

AKERLOF 88 HRS mvj=6 GeV 

BERNARDI 88 CNTR mvj=200 MeV 

BERNARDI 88 CNTR mvj=300 MeV 

99 MISHRA 87 CNTR mvj=l.5 GeV 

99 MISHRA 87 CNTR mvj=2.5 GeV 

99 MISHRA 87 CNTR muj=5 GeV 

99 MISHRA 87 CNTR mvj=lO GeV 

BADIER 86 CNTR mvj=600 MeV 

BADIER 86 CNTR m v j = l . 7 G e V  

BERNARDI 86 CNTR muj=200 MeV 

BERNARDI 86 CNTR mvj=350 MeV 

DORENBOS... 86 CNTR mvj=500 MeV 

DORENBOS... 86 CNTR mv]=1600MeV 
100 COOPER-... 85 HLBC rnvj=0.4 GeV 

100COOPER-... 85 HLBC mvj=l.SGeV 
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95 ABREU 971 long-lived uj analysis. Short-lived analysis extends limit to lower masses with I 
decreasing sensitivity except at 3.5 GeV, where the limit is the same as at 6 GeV. | 

96VILAIN 95c is a search for the decays of heavy isosinglet neutrinos produced by neutral 
current neutrino interactions. Limits were quoted for masses In the range from 0.3 to 24 
GeV. The best limit is listed above. 

97BURCHAT 90 includes the analyses reported in JUNG 90, ABRAMS 89c, and 
WENDT 87. 

98 KOPEIKIN 90 find no muj in the interval 1-6.3 MeV at 90%CL for maximal mixing. 

99See also limits on IU3jl from WENDT 87. 

IOOcoOPER-SARKAR 85 also give limits based on model-dependent assumptions for u v 
flux. We do not list these. Note that for this bound to be nontrlvial, j is not equal 
to 3, i.e. uj cannot be the dominant mass elgenstate in u r since my3 <70 MeV 

(ALBRECHT 851). Also, of course, j is not equal to 1 or 2, so a fourth generation would 

where Ev represents the energy taken away by neutrinos, 

with an average value being (Ev/ ~ 0.6 MeV. Each neutrino- 

producing reaction, the resulting flux, and contributions to the 

event rates in chlorine and gallium solar-neutrino experiments 

predicted by the recent Bahcall and Pinsonneault  s tandard 

solar model (SSM) calculation [1] are listed in Table 1. This 

SSM is regarded as the best  with helium and heavy-element 

diffusion. Figure 1 shows the energy spectra of solar neutrinos 
be required for this bound to be nontrlvlal. 

Limits on Jusj] = as a Function of m~ 
VALUE . CL~ DOCUMENT #D TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<2 x 10 - 3  95 101ABREU 971 DLPH muj=6 GeV 

<3 x 10 - 3  95 101ABREU 971 DLPH mvj=30 GeV 

<6.2 x 10 - 8  95 ADEVA 90s L3 muj = 20 GeV 

<3.1 x 10 - 1 0  95 ADEVA 90s L3 muj = 40 GeV 

all values ruled out 95 102 BURCHAT 90 MRK2 muj < 19.6 GeV 

<1 x 10 - 1 0  95 102 BURCHAT 90 MRK2 muj = 22 GeV 

<1 x 10 - 1 1  95 102 BURCHAT 90 MRK2 muj = 41 GeV 

all values ruled out 95 DECAMP 90F ALEP mvj= 23.0-42.7 GeV 

<1 x 10 - 1 3  95 DECAMP 9OF ALEP muj= 42.7-43.7 GeV 

<3 • 10 - 2  80 AKERLOF 88 HRS muj=2,5 GeV 

<9 x 10 - 3  80 AKERLOF 88 HRS mu/=4.3 GeV 

from these reactions quoted from the SSM calculation by 

Bahcall and Ulrich [2]. Recently, the SSM has been shown 

to predict accurately the helioseismological sound velocities 

with a precision of 0.1% rms throughout  essentially the entire 

Sun, greatly strengthening the confidence in the solar model [3]. 

T a b l e  1: Neutrino-producing reactions in the Sun (the first 
column) and their abbreviations (second column). The neutrino 
fluxes and event rates in chlorine and gallium solar-neutrino 
expreiments predicted by Bahcall and Pinsonneault  [1] are 
listed in the third, fourth, and fifth columns respectively. 

BAHCALL 95B [1] 

Reaction Abbr. Flux (cm -2 s -1) C1 (SNU*) Ga (SNU*) 

101 ABREU 971 long-lived vj  analysis. Short-lived analysis extends limit to lower masses with | 
decreasing sensRlvlty. 

102BURCHAT 90 includes the analyses reported in JUNG 90, ABRAMS 89(:, and 
WENDT 87. 

Limits on Iu, jI  = 
Where a = 1, 2 from p parameter In /~ decay. 

VALU E CL % DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1 x 10 - 2  68 SHROCK 818 THEO mu~=lO MeV 
J 

<2 x 10 - 3  68 SHROCK 818 THEO m,..=40 MeV 

<4 x 10 - 2  68 SHROCK 81B THEO 

Limits on ItbjxU=jI = ,  Function of m~ 
VALUE CL~ DOCUMENT I D TECN 
�9 �9 �9 We do not use the fonowlng data for averages, fits, limits, 

muj=70 MeV 

COMMENT 

5 91tl ,,+0.01, 101o pp .--* de  + v pp �9 t .UU_o.0l) x - -  69.7 
p e - p  -* d v  pep 1.40(1.00_+o% ~ x 10 s 0.22 3.0 
3Hep- - -*4Hee+v  hop 1.21 x 103 

7Be e- --* 7Li v + ('~) 7Be 5.15(1.00+~ ~ x 109 1.24 37.7 
BB --* SBe* e+v 88 6.62(1.00+~ 4) x 106 7.36 16.1 
13N --* 13C e+u 13N 6.18(1.00+_~ ) x l0 s O.ll 3.8 

150 ~ 18N e+u 150 5.45(1.00+0o:~ 9) x 10 s 0.37 6.3 

17F ---* 170 e+u 17F 6,48(I.00+_0oi~95) x 106 

o ,~+1.2 137+8 Total ~.V_l. 4 7 

* 1 SNU (Solar Neutrino Unit) = 10 -36 captures per atom per second. 

Observation of solar neutrinos directly addresses the SSM 

and, more generally, the theory of stellar s tructure and evolution 

which is the basis of the SSM. The Sun as a well-defined 

e t c .  �9 �9 �9 

<3 x 10 - 5  90 103 BARANOV 93 muj= 80 MeV 

<3 x 10 - 6  90 103 BARANOV 93 muj= 160 MeV 

<6 x 10 - 7  90 103 BARANOV 93 mvj= 240 MeV 

<2 x 10 - 7  90 103 BARANOV 93 mvj= 320 MeV 

<9 x 10 - 5  90 BERNARDI 86 CNTR my]=25 MeV 

<3.6 x 10 - 7  90 BERNARDI 86 CNTR m uj=lO0 MeV 

<3 x 10 - 8  90 BERNARDI 86 CNTR mvj=200 MeV 

<6 x 10 - 9  90 BERNARDI 86 CNTR mvj=350 MeV 

<1 x 10 - 2  90 BERGSMA 838 CNTR mvj=lO MeV 

<1 x 10 - 5  90 BERGSMA 83B CNTR mvj=140 MeV 

<7 x 10 - 7  90 BERGSMA 838 CNTR mvj=370 MeV 

103 BARANOV 93 is a search for neutrino decays Into e + e -  v e using a beam dump exper: 
]merit at the 70 GeV 5erpukhov proton synchrotron. 

{e) Solar v E xpedm ~ 

S O L A R  N E U T R I N O S  

Revised February 1998 by K. Nakamura (KEK, High Energy 
Accelerator Research Organization, Japan).  

The Sun is a main-sequence star at  a stage of stable hydro- 

gen burning. It produces an intense flux of electron neutrinos as 

a consequence of nuclear fusion reactions which generate solar 

energy, and whose combined effect is 

4p + 2e-  -~ 4He + 2Ue + 26.73 MeV - Ev , (1) 

neutrino source also provides extremely important  opportunities 

to investigate nontrivial neutrino properties such as nonzero 

mass and mixing, because of the wide range of mat te r  density 

and the very long distance from the Sun to the Earth.  In fact, 

the currently available solar-neutrino data  seem to require such 

neutrino properties, if one tries to understand them consistently. 

So far, four solar-neutrino experiments published the re- 

sults. In addition, a new solar-neutrino experiment ( S u p e r -  

Kamiokande) started observation in 1996. Three of them are 

radiochemical experiments using 37C1 (Homestake in USA) or 

71Ga (GALLEX at Grail Sasso in Italy and SAGE at Baksan 

in Russia) to capture neutrinos: 37C1 ve --~ 37AT e -  (threshold 

814 keV) or 71Ga v~ --- 71Ge e -  (threshold 233 keV). The 

produced 37AT and 71Ge are bo th  radioactive nuclei, with half 

lives (rl/2) of 34.8 days and 11.43 days, respectively. After an 

exposure of the detector for two to three times rU2 , the reaction 

products are extracted and introduced into a low-background 

proportional counter, and are counted for a sufficiently long 

period to determine the exponentially decaying signal and a 



328 

Lepton Particle Listings 
Massive Neutrinos and Lepton Mixing 

~ i o  TM 

!-1010 

10 8 

10 6 

1~ 4 

1~ 2 

0.1 

', -~ Ga I ~ C1 b-~Kamiokande 
J i i i i I l l  I I J I I I J l + l  I 

p p  

.15,",a I | + 
�9 - L . - | i  

=-- . . . . . . . . . . .  I -i 8 :. ....... 17 F .... ~ B - - - ' ~  

i IL,+ \ 

t i 

0.2 0.5 1 2 5 10 20 
Neutrino energy (MeV) 

F i g u r e  1: The solar neutrino spectrum pre- 
dicted by the standard solar model. The neu- 
trino fluxes from continuum sources are given 
in units of number cm-2s-lMeV -1 at one as- 
tronomical unit, and the line fluxes are given in 
number cm-2s -1 . Spectra for the pp chain are 
shown by solid lines, and those for the CNO 
chain by dotted or dashed lines. (Courtesy of 
J.N. Bahcall, 1995.) 

constant background. In the chlorine experiment, the dominant 
contribution comes from 8B neutrinos, but CBe, pep, 13N, and 

150 neutrinos also contribute. At present, the most abundant 

pp neutrinos can be detected only in gallium experiments. Even 

so, almost half of the capture rate in the gallium experiments is 
due to other solar neutrinos. 

The other experiments are real-time experiments utilizing 

ve scattering in a large water-Cerenkov detector (Kamiokande 

and Super-Kamiokande in Japan). These experiments take ad- 

vantage of the directional correlation between the incoming 

neutrino and the recoil electron. This feature greatly helps the 

clear separation of the solar-neutrino signal from the back- 

ground. Due to the high thresholds (7 MeV in Kamiokande 

and 6.5 MeV at present in Super-Kamiol~nde) the experiments 

observe pure 8B solar neutrinos (hep neutrinos contribute neg- 

ligibly). 
Solar neutrinos were first observed in the Homestake chlo- 

rine experiment in the late 1960's. From the very beginning, it 

was recognized that the observed capture rate was significantly 

smaller than the SSM prediction provided nothing happens to 
the electron neutrinos after they ave created in the solar interior. 

This deficit has been called "the solar-neutrino problem." 

The Kamiokande-II Collaboration started observing the SB 
solar neutrinos at the beginning of 1987. Because of the strong 

directional correlation of ve scattering, this result gave the 

first direct evidence that the Sun emits neutrinos (no direc- 

tional information is available in radiochemical solar-neutrino 
experiments.) The observed solar-neutrino flux was also signifi- 

cantly less than the SSM prediction. In addition, Kamiokande- 

II obtained the energy spectrum of recoil electrons and the 

fluxes separately measured in the day time and nighttime. The 

Kamiokande-II experiment came to an end at the beginning of 

1995, and a 50-kton second-generation solar-neutrino detector 

Super-Kamiokande started observation in April, 1996. 

GALLEX presented the first evidence of pp solar-neutrino 

observation in 1992. Here also, the observed capture rate is 

significantly less than the SSM prediction. SAGE, after the 
initial confusion which is ascribed to statistics by the group, 

observed a similar capture rate to that of GALLEX. Both 

GALLEX and SAGE groups tested the overall detector response 

with intense man-made 51Cr neutrino sources, and observed 

good agreement between the measured 71Ge production rate 
and that predicted from the source activity, demonstrating the 

reliability of these experiments. 
The most recent published results on the average capture 

rates or flux from these experiments are listed in Table 2 and 

compared to the results from SSM calculations which are taken 

from "Lepton Particle Listings (E) Solar v Experiments" in this 

edition of "Review of Particle Physics." In these calculations, 

BAHCALL 95B [1] and DAR 96 [9] take into account helium 

and heavy-element diffusion, but  other calculations do not. 

SSM calculations give essentially the same results for the same 

input parameters and physics. The BAHCALL 95B [1] model 

and the TURCK-CHIEZE 93B [10] model differ primarily in 
that BAHCALL 95B [1] includes element diffusion. DAR 96 [9] 

model differs significantly from the BAHCALL 95B [1] model 

mostly due to the use of nonstandard reaction rates, the 
different treatments of diffusion and the equation of state. 

There was a controversy whether the 37C1 capture rate 

showed possible time variation, anticurrelated with the sunspot 

numbers which represent the l l-year solar-activity cycle. How- 

ever, Walther recently argued that the claimed significant an- 
ticorrelation is due to a statistical fallacy [7]. Also, eight years 

of Kamiokande-II solar-neutrino observations covering an entire 

period of solar cycle 22 [8] does not show evidence for a sta- 

tistically significant correlation or anticorrelation between the 

solar-neutrino flux and sunspot number. 

All results from the present solar-neutrino experiments indi- 

cate significantly less flux than expected from the SSM calcula- 

tions except DAR 96 [9]. The DAR 96 [9] model predicts the SB 

solar-neutrino flux which is consistent with the Kamiokande-II 
result, but even this model predicts 37C1 and r i g a  capture rates 

significantly larger than the Homestake, GALLEX, and SAGE 

results. Is there any possible consistent explanation of all the 
results of solar-neutrino observations in the framework of the 

standard solar model? This is difficult because the Homestake 

result and the Kamiokande result, taken at face value, are 
mutually inconsistent if one assumes standard neutrino spectra. 
That is, with the reduction factor of the 8B solar-neutrino flux 
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Table  2: Recent results from the four solar-neutrino experi- 
ments and a comparison with theoretical solar-model predic- 
tions. Solar model calculations are also presented. The evolu- 
tion of these results over the years gives some feeling for their 
robustness as the models have become more sophisticated and 
complete. 

37C1-.37Ar 71Ga-*71Ge 8B u flux 
(SNU) (SSV) (106cm-2s -1) 

Homestake 
(DAVIS 89)[4] 2.33 4- 0.25 - -  

GALLEX 
(HAMPEL 96)[5] - -  69.7 4- 6.7_+3:9 

SAGE 
(ABDURASHI...94)[6] - -  73_+~6S+_~ 

Kamiokande 

(FUKUKDA 96)[8] -- -- 2 .8 0  4- 0 . 1 9  -4- 0 . 3 3  

(DAR 96)[9] 4.1 4- 1.2 115 + 6 2.49 
(BAHCALL 95B)[1] -.--1.4a u+l.~ 137+s_ 6.6(1.00+0.~4)_. 

(TURCK-CHIEZE 93B)[10] 6.4 4- 1.4 123 4- 7 4.4 4- 1.1 
(BAHCALL 92)[11] 8.0 4- 3 .0t  132+2~ ? 5.69(1.00 4- 0.43)? 
(BAHCALL 88)[2] 7.94- 2 .6t  132-+~i  5.8(1.00 + 0.37)? 

(TURCK-CHIEZE 88)[12] 5.8 4- 1.3 125 4- 5 3.8(1.00 4- 0.29) 
(FILIPPONE 83)[13] 5.6 - -  - -  
(BAHCALL 82)[14] 7.6 4- 3.3t  106+~ 37 5.6 

(FILIPPONE 82)[15] 7.0 + 3.0 111 :h 13 4.8 
(FOWLER 82)[16] 6.9 4- 1.0 - -  - -  
(BAHCALL 80)[17] 7.3 - -  - -  

* 1 SNU (Solar Neutrino Unit) = 10 -36 captures per atom per second. 
? "3 i f "  errors, 

as determined from the Kamiokande result, the Homestake 37C1 

capture rate would be oversaturated, and there would be no 

room to accommodate the 7Be solar neutrinos. This makes as- 

trophysical solutions untenable because SB nuclei are produced 

from 7Be nuclei in the Sun. 

Several authors made more elaborate analyses using the 

constraint of observed solar luminosity, and found (see for 

example, Refs. 18-20) 

* that both the comparison of the Kamiokande and 

gallium results and the comparison of the gallium 

and chlorine results also indicate strong suppression 

of the 7Be solar-neutrino flux, and 

�9 that not only the SSM but also nonstandard solar 

models are incompatible with the observed data. 

In view of the above situation, it is attractive to invoke 

nontrivial neutrino properties. Neutrino oscillation in mat- 

ter (MSW mechanism) is particularly attractive in explain- 

ing all the experimental data on the average solar-neutrino 

flux consistently, without any a priori assumptions or fine 

tuning. Several authors made extensive MSW analyses us- 

ing all the existing data and ended up with similar results. 

For example, Hata and Langacker [19] analyzed the solar- 

neutrino data as of 1996 in terms of two-flavor oscillations, 

including the preliminary result from Super-Kamiokande [21] 

Lepton Particle Listings 
Massive Neutrinos and Lepton Mixing 

on the average 8B solar-neutrino flux which is consistent 

with the Kamiokande-II result. They obtained viable solutions 

for the BAHCALL 95B [1] SSM: the small-mixing solution 
(Am 2 ,,~ 5 x 10 -6 eV 2 and sin220 ,,~ 8 x 10 -3) and the large- 

mixing solution (Am 2 ~ 1.6 • 10 -5 eV 2 and sin22• ,,~ 0.6). Vac- 

uum oscillations also provide solutions (Am 2 ---- (5-8) x 10 T M  

eV 2 and sin228 = 0.65 - 1). 

Assuming that the solution to the solar-neutrino problem be 

provided by some nontrivial neutrino properties, how can one 

discriminate various scenarios? The measurements of energy 

spectrum of the solar neutrinos and the day-night flux differ- 

ence, and the measurement of solar-neutrino flux by utilizing 

neutral-current reactions are key issues. The MSW small-mixing 

solution causes the energy-spectrum distortion, while the MSW 

large-angle solution causes the day-night flux difference. If the 

flux measured by neutral-current reactions is consistent with 

the SSM prediction, and larger than that measured by charged- 

current reactions, it is a clear indication of neutrino oscillations. 

Two high-statistics solar-neutrino experiments, Sudbury 

Neutrino Observatory (SNO) and Super-Kamiokande are ex- 

pected to provide such results within a few years. Super- 

Kamiokande is sensitive to the solar-neutrino spectrum through 

measurement of recoil electron energy. SNO, which is expected 

to be completed in 1998, will use 1,000 tons of heavy wa- 

ter (D20) to measure solar neutrinos through both inverse 

beta decay (ued --* e-pp)  and neutral current interactions 

(vxd --~ vxpn). In addition, ue scattering events will also be 

measured. The Borexino experiment with 300 tons of ultra- 

pure liquid scintillator is approved for the Gran Sasso. The 

primary purpose of this experiment is the measurement of the 

7Be solar neutrino flux, whose possible deficit is now a key 

question, by lowering the detection threshold for the recoil elec- 

trons to 250 keV. Also, the vacuum-oscillations cause seasonal 

variation of the rBe solar neutrino flux. It is hoped that these 

new experiments will finally provide the key to solving the 

different solar-neutrino problems raised by the first-generation 

experiments. 
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1 SNU (Solar Neutrino Unit) = 10 - 3 6  captures per atom per second. 
VAL UE DOCUMENT ID TEEN COMMENT 

(2.80 4- 0.19 4- 0,33)x106cm--2s - ] 1 0 4  FUKUDA 96 KAMI 8B~, flux 
(2,70 4- 0 .27)x106cm-2s - 1  104 FUKUDA 96 KAMI 8By  flux (day) 
(2.87~O:267~• 104 FUKUDA 96 KAMI 8By  flux (night) 

69.7 4- 6 , 7 ~ 3 7  SNU 105 HAMPEL 96 GALX 71Ca ~ 71Ge 

7 ~ + 1 8 + 5  c~JH 106 ABDURASHI.,. 94 SAGE 71Ca -4 71Ge 
" - 1 6 - 7  ~,,u 

2.33 4- 0.25 SNU 107 DAVIS 89 HOME 37CI radiochemlcal 

104FUKUDA 96 results are for a total of 2079 live days with Kamiokandell and III from 
January 1987 through February 1995, covering the entire solar cycle 22, with threshold 
E e > 9.3 MeV (first 449 days), > 7.5 MeV (middle 794 days), and > 7,0 MeV (last 836 

days). These results update the HIRATA 90 result for the average 8B solar-neutdno flux 
and HIRATA 91 result for the day-night variation in the 8B solar-neutrino flux. The total 
data sample was also analyzed for short-term variations: within experimental errors, no 
strong correlation of the solar-neutrino flux with the sunspot numbers was found. 

105HAMPEL 96 reports the combined result for GALLEX I+ l l+ l l l  (53 runs in total), which 
updates the ANSELMANN 958 result. The GALLEX III result (14 runs) is 53.9 4- 10.6 4- 
3.1SNU, which Is "15.8 SNU below but statistically compatible with the new combined 
result." The total run data, covering the period 14 May 1991 through 4 October 1995, are 
consistent with a 71Ge production rate constant In time, but "the confidence with which 
some kind of periodic or sporadic variability may be excluded has decreased as a result of 
the statistical departure of GALLEX II1." HAMPEL 96 also reports the second calibration 
run using a strong 51Cr source. The result combined with the ANSELMANN 95 data 
was found to be 92 4- 5 for the (measured)/(expected) Cr induced 71Ge rate. 

106ABDURASHITOV 94 result is for a total of 15 runs from January 1990 through May 
1992, using 30 tons of metallic gallium for the first 7 runs, increased to 57 tons for 
the rest of 8 runs. The first 5 runs in 1990 lelded a n + 3 1 + 5  Y " ' - 3 8 - 7  SNU which updates the 
ABAZOV 91B result. 

107DAVIS 89 is the average from the 37CL experiment at the Homestake Mine (HOME) 
from 1970-1985. Earlier averages are given in the references therein. 

(F) Astrophysical neutrino obsenrations 

Neutrinos and antineutrinos produced in the atmosphere induce/z-like and 
e-like events in underground detectors. The ratio of the numbers of the two 
kinds of events is defined as/z/e. It has the advantage that that systematic 
effects, such as flux uncertainty, tend to cancel, for both experimental and 
theoretical values of the ratio. The "ratio of the ratios" of experimental 
to theoretical/z/e, R(/z/e), or that of experimental to theoretical #/total, 
R(/z/total) with total = /z+e, is reported below. If the actual value is 
not unity, the value obtained In a given experiment may depend on the 
experimental conditions. 

RiMe) = (M==md RaUo , /e) / ( ~  RaUo , /e) 
VA!,V ~ DOCUMENT ID TEEN (~QMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

I 0.724-0,19+_ 0'05 108ALLISON 97 SOU2 Calorimeter 
V k ~ I  

109 FUKUDA 96B KAMI Water Cerenkov | 
1.004-0.154-O.08 110 DAUM 95 FREJ Calorimeter 

0 6 n+0.06 ~-n ~ �9 "--0.05 ~ . u u  111 FUKUDA 94 KAMI sub-GeV 

0 57'~0"08 "s'-~ ~7 " " - - 0 , 0 7 ~ ' u "  112 FUKUDA 94 KAMI multI-Gev 

113 BECKER-SZ... 92B IMB Water Cerenkov 

108ALLISON 97 result Is based on an exposure of 1.52 kton yr. ALLISON 97 also studied | 
the background due to interaction of neutrons or photons produced by muon interactions I in the rock surrounding the detector. This background Is shown not to produce the low 
values of R(/z/e). 

109 FUKUDA 96B studied neutron background in the atmospheric neutrino sample observed I 
In the Kamlokande detector. No evidence for the background contamination was found�9 | 

110DAUM 95 results are based on an exposure of 2.0 ktonyr which includes the data used 
by BERGER 90B. This ratio is for the contained and semlcontalned events. DAUM 95 
also report R(/z/e) = 0.99 4- 0�9 4- 0.08 for the total neutrino induced data sample 
which includes upward going stopping muons and horizontal muons in addition to the 
contained and semlcontained events. 

l l l F u K U D A  94 result is based on an exposure of 7.7 kton yr and updates the HIRATA 92 
result. The analyzed data sample consists of fuily contained e-like events with 0.1 < 
Pe < 1.33 GeV/c and fully-contained/z-like events with 0.2 < p/z < 1.5 GeV/c.  

112 FUKUDA 94 analyzed the data sample consisting of fully contained events with visible 
energy > 1.33 GeV and partially contained/z-tlke events. 

113 BECKER-SZENDY 928 reports the fraction of nonshowering events (mostly muons from 
atomospheric neutrinos) as 0.36 4- 0.02 4- 0.02, as compared with expected fraction 
0.51 4- 0.01 4- 0.05�9 After cutting the energy range to the Kamiokande limits, BEIER 92 
finds R(/Z/e) very close to the Kamiokande value. 

R(v/~) = (Measured Flux of vs, ) / (Expected Flux of vl, ) 
VALU E DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . .  �9 �9 

0.734-0.094-0.06 1 ]4AHLEN 95 MCRO Streamertubos 
115 CASPER 91 IMB Water Cherenkov 
116 AGLIETTA 89 NUSX 

0.95 4-0.22 117 BOLIEV 81 Baksan 
0.624-0,17 CROUCH 78 Case Western/UCI 

114AHLEN 95 result Is for all nadir angles. The lower cutoff on the muon energy is 1 GeV. 
The errors are statistical / systematic. The Monte Carlo flux error is 4-0.12. 

115 CASPER 91 correlates showering/nonshowerlng signature of single-ring events with par- 
ent atmospheric-neutrino flavor. They find nonshowering (~  u/z induced) fraction is 
0.41 4- 0.03 4- 0.02, as compared with expected 0.51 • 0.05 (syst). 

l l 6AGLIETTA 89 finds no evidence for any anomaly In the neutrino flux. They de- 
fine p = (measured number of Ve'S)/(measured number of v/z's). They report 

p( measured ) ~  p( expected) - -  0 9 ~+0"32 
- " " - 0 .20 "  

117From this data BOLIEV 81 obtain the limit Z~(m 2) < 6 x 10 - 3  eV 2 for maximal 
mixing, u/Z 7c* v/L type oscillation. 

R(,/=t=) = {M---.md RaUo Mtota0 / ( ~  P~Uo ~/tot=0 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1 14-0"07~^ ""  118 CLARK 97 IMB multI-GeV I 
, -_0.12 ~u .z i  

118CLARK 97 obtained this result by an analysis of fully contained and partially contained I 
events in the IMB water-Cerenkov detector with visible energy > 0.95 GeV. | 

�9 Jfi=(2r for even A(m 2) (~o ,~ ~ )  
For a review see BAHCALL 89. 

VALUE EL% DOCUMENT 1~9 TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.5 119CLARK 97 IMB Zl(m 2) > 0.1 eV 2 | 
>0.55 80 120 FUKUDA 94 KAMI Z~(m 2) = 0.007-0.08 ev 2 
<0.47 90 121 BERGER 90B FREJ A im2)  > 1 eV 2 
<0.14 90 LOSECCO 87 IMB Zl(m2)= 0.00011 eV 2 

119CLARK 97 obtained this result by an analysis of fully contained and partially contained | 
events In the IMB water-Cerenkov detector with visible energy > 0.95 GeV. I 

120FUKUDA 94 obtained this result by a combined analysis of sub- and multI-GeV atmos- 
pheric neutrino events In Kamlokande. 

121 BERGER 90B uses the FreJus detector to search for oscillations of atmospheric neutrinos. 
Bounds are for both neutrino and antinuetrino oscillations. 

&(~ )  for efi=(2e) = 1 (~o .~ v,) 
VALUE 110 -$ eV 2 ) EL% DOCUMENT fD TEEN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<980 122 CLARK 97 IMB I 
700 < ~ ( m  2) < 7000 90 123 FUKUDA 94 KAMI 
<150 90 124 BERGER 90B FREJ 

122CLARK 97 obtained this result by an analysis of fully contained and partially contained | 
events in the IMB water-Cerenkov detector with visible energy > 0.95 GeV. I 

123FUKUDA 94 obtained this resuR by a combined analysis of sub- and multi-GeV atmos- 
pheric neutrino events in Kamiokande. 

124 BERGER 9OB uses the Frejus detector to search for oscillations of atmospheric neutrinos. 
Bounds are for both neutrino and antinuetrino oscillations, 

sin=(29) ~ r A(,,;) (v, .-. p,) 
VALUE(lO - s  eV 2 ) EL~ DOCUMENT-ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0�9 99 125 SMIRNOV 94 THEO Zl(m 2) > 3 x 10 - 4  eV 2 
<0.7 99 125 SMIRNOV 94 THEO Zl(m 2) < 10 - 1 1  eV 2 

125 SMIRNOV 94 analyzed the data from SN 1987A using stellar-collapse models. They also 
give less stringent upper limits on sin228 for 10 - 1 1  < / l ( m  2) < 3 x 10 - 7  eV 2 and 
10 - 5  < Zl(m 2) < 3 x 10 - 4  eV 2. The same results apply to ~e ~-* ~ . ,  u/~, and u v. 

sin2(2e) for I~ven A(m2) (v/~ ~ vl.) 
VA~_UE CL~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.7 126CLARK 97 IMB A im2)  > 0.1 eV 2 I 
>0.65 90 127 FUKUDA 94 KAMI Zl(m 2) = 0.005-0,03 ev 2 
>0.5 90 128 BECKER-SZ... 92 iMB A i m 2 ) =  1-2 X 10 - 4  eV 2 
<0.6 90 129 BERGER 90B FREJ Zl(m 2) > 1 eV 2 

126 CLARK 97 obtained this result by an analysis of fully contained and partially contained | 
events in the IMB water-Cerenkov detector with visible energy > 0.95 GeV. I 

127FUKUDA 94 obtained this result by a combined analysis of sub-and multi-GeV atmos- 
12sPheric neutrino events in Kamlokande. 

BECKER-SZENDY 92 uses upward-going muons to search for atomospherlc u/Z oscilla- 
tions. The fraction of muoos which stop in the detector is used to search for deviations 
in the expected spectrum. No evidence for oscillations is found. 

129 BERGER 9OB uses the FreJus detector to search for oscillations of atmospheric neutrinos. 
Bounds are for both neutrino and antinuetrino oscillations. 



See key on page 213 

&(m 2) for tin2(2#) = 1 (v/= *~ My) 
VALUE (IO -S eV 2) EL% DOCUMENT ID TEEN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 
<1500 130 CLARK 97 IMB I 

500 < A ( m 2 )  < 2500 90 131 FUKUDA 94 K A M I  
< 350 90 132 BERGER 908 FREJ 

130CLARK 97 obtained this result by an analysis of  fully contained and partially contained I 
events in the IMB water-Cerenkov detector with visible energy > 0.95 GeV. I 

131FUKUDA 94 obtained this result by a combined analysis of  sub and multi-GeM atmos- 
132 pheric neutrino events in Kamiokande. 

BERGER 908 uses the Frejus detector to search for oscillations of atmospheric neutrinos. 
Bounds are for both neutrino and antinuetrino oscillations. 

A(m 2) for ~n2(20) = 1 (~. -~ ~,) 
v s means v T or any ster i~ (noninteracting) v, 

VALUE (lO 5 eV 2) EL% DOCUMENT IO TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<3000 (or <550)  90 133 O Y A M A  89 K A M I  Water Cerenkov 
< 4.2 or > 54. 90 B IONTA 88 IMB Flux has v#,  P#, v e, 

and r e 

133OYAMA 89 gives a range of  limits, depending on assumptions in their analysis. They 
argue that  the region L~(m 2) = (100-1000) x 10 - 5  eV 2 is not ruled out by any data 
for large mixing. 

(G) Reactor Pe disappearance e~perlments 
In most cases, the reaction "~eP ~ e +  n is observed at different distances 
f rom one or more reactors in a complex. 

Events (Obsewed/Expected) from Reactor ~e F_xpeflments 
VALUE DOCUMENT ID TEEN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 
0.98 •  ~0 .04 134 APOLLONIO 98 CHOZ Chooz reactors 1.1 km 
0 .987•177  135 GREENWOOD 96 Savannah River, 18.2 m 
1 .055•177  135 GREENWOOD 96 Savannah River, 23.8 m 
0 .988•177  ACHKAR 95 CNTR Bugey reactor, 15m 
0 .994•177  ACHKAR 95 CNTR Bugey reactor, 40m 
0 .915•177  ACHKAR 95 CNTR Bugey reactor, 95 m 
0 .987•177  136 DECLAIS 94 CNTR Bugey reactor, 15 m 
0 .985•177  KUVSHINN.. .  91 CNTR Rovno reactor 
1.05 •  A-O.05 VUILLEUMIER 82 G6sgen reactor 
0 .955•177  137 KWON 81 PeP ~ e + n  

0.89 •  137 BOEHM 80 ~eP  ~ e +  n 
0.38 •  138,139 REINES 80 
0.40 •  138,139 REINES 80 

134APOLLONIO 98 search for neutrino oscillations at 1.1 km fixed distance from Chooz I 
reactors. They use Pep  ~ e + n in Gd-loaded scintillator target. I 

135 GREENWOOD 96 search for neutrino oscillations at 18 m and 24 m from the reactor at 

I Savannah River, 
136DECLAIS 94 result based on integral measurement of  neutrons only. Result is ra- 

t io o f  measured cross section to that expected in standard V-A theory. Replaced by 
ACHKAR 95. 

137KWON 81 represents an analysis of  a larger set of  data from the same experiment as 
BOEHM 80. 

138 REINES 80 Involves comparison of  neutral- and charged current reactions Pe d ~ n p P  e 

and r e d  ~ n n e  + respectively. Combined analysis o f  reactor Pe experiments was 
performed by S ILVERMAN 81. 

139The two REINES 80 values correspond to the calculated Pe fluxes of AVIGNONE 80 and 
DAVIS 79 respectively, 

- - p o ~  P e -  
A(m =) for slnZ(2e) = 1 
VALUE (eV 2 ) CL~ DOCUMENT ID TEEN COMMENT 

<0.0009 90 140APOLLONIO 98 CHOZ Chooz reactors 1.1 km I 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 
<0.06 90 141 GREENWOOD 96 Savannah River I 
<0.01 90 142 ACHKAR 95 CNTR Bugey reactor 
<0.0075 90 143 V IDYAKIN 94 Krasnoyark reactors 
<0.0083 90 143 V IDYAKIN 90 Krasnoyark reactors 
<0.04 90 144 AFONIN 88 CNTR Rovno reactor 
<0.014 68 145V IDYAKIN  87 Pep  ~ e + n  

<0.019 90 146 ZACEK 86 G6sgen reactor 
<0,02 90 147 ZACEK 85 G6sgen reactor 
<0,016 90 148 GABATHULER 84 G~sgen reactor 

140APOLLONIO 98 search for neutrino oscillations at 1.1 km fixed distance from Chooz | 
reactors. They use P e p  ~ e + n  in GdJoaded scintillator target. This is the most | 

sensitive search in terms of ~ ( m  2) for Ue disappearance. I 
141GREENWOOD 96 search for neutrino oscillations at 18 m and 24 m from the reactor I 

at Savannah River by observing PeP ~ e + n  in a Gd loaded scintillator target. Their | 

region of sensitivity in A ( m 2 )  and sin22~ is already excluded by ACHKAR 95. I 
142ACHKAR 95 bound is for L = i 5 ,  40, and 95m.  
143VIDYAKIN 94 bound Is for L=57.0 m, 57.6 m, and 231.4 m. Supersedes V IDYAKIN 90. 
144AFONIN 86 and AFONIN 87 also give limits on sin2(28) for intermediate values of 

Z~(m2), (See also KETOV 92). Supersedes AFONIN 87, AFONIN 86, AFONIN 85, 
AFONIN 83, and BELENKII  83. ~ 45V lDYAKIN  87 bound is for L ~ 32.8 and 92.3 m distance from two reactors. 

46This bound is from data for L=37.9 m, 45.9 m, and 64.7 m. 
147 See the corn merit for ZACEK 88 in the section on sin2(26) below. 
148 This bound comes from a combination of  the VUILLEUMIER 82 data at distance 37.9 m 

and new data at 45.9m.  
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sin2(2#) for "large" A(m 2) 
VALUE ~ DOCUMENT ID TEEN COMMENT 

<0.02 90 149 A C H K A R  95 CNTR For A ( m 2 )  = 0.6 eV 2 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.18 90 150APOLLONIO 98 CHOZ Chooz reactors 1.1 km I 
<0.24 90 151 GREENWOOD 96 I <0.04 90 151 GREENWOOD 96 For Z~(m 2) = 1.0 eV 2 
<0.087 68 152 V Y R O D O V  95 CNTR For A ( m  2) >2  eV 2 
<0.15 90 153 V IDYAKIN 94 For A ( m 2 )  > 5 .0X10 - 2  

eV 2 
<0.2 90 154AFONIN 88 CNTR P e p ~  e + n  

<0.14 68 155 V IDYAKIN 87 PeP ~ e +  n 

<0.21 90 156 ZACEK 86 Pe P ~ e+  n 
<0.19 90 157 ZACEK 85 GSsgen reactor 
<0.16 90 158 GABATHULER 84 ~ e p ~  e + n  

149ACHKAR 95 bound is from data for L=15,  40, and 95 m distance from the Bugey reactor. 
150APOLLONIO 98 search for neutrino oscillations at 1.1 km fixed distance from Chooz I 

reactors. They 
151GREENWOOD 96 search for neutrino oscillations at 18 m and 24 m from the reactor | 

at Savannah River by observing PeP ~ e+  n in a Gd loaded scintil lator target. Their | 

region of sensitivity in ~ ( m  2) and sin228 Is already excluded by A C H K A R  95. I 
152 The VYRODOV 95 bound is from data for L=15 m distance from the Bugey-5 reactor, 
153The VIDYAKIN 94 bound is from data for L=S7.0m,  57 .6m,  and 231.4m from three 

reactors in the Krasnoyark Reactor complex. 
154Several different methods of data analysis are used in AFONIN 88. We quote the most 

stringent limits. Different upper l imits on sin228 apply at intermediate values of  Z~(m2). 
Supersedes AFONIN 87, AFONIN 85, and BELENKII  83. 

156VlDYAKIN 87 bound is for L = 32.8 and 92.3 m distance from two reactors. 
156This bound is from data for L=37.9 m, 45.9 m, and 64,7 m distance from Gosgen reactor, 
157ZACEK 85 gives two sets of  bounds depending on what assumptloos are used In the 

data analysis. The bounds in figure 3(a) o f  ZACEK 85 are progressively poorer for large 
~ ( m  2) whereas those of figure 3(b) approach a constant. We list the latter. Both sets 
o f  bounds use combination of data from 37.9, 45.9, and 64.7m distance from reactor. 
ZACEK 85 states "Our experiment excludes this area (the oscillation parameter region 
allowed by the Bugey data, CAVAIGNAC 84) almost completely, thus disproving the 
indications of  neutrino oscillations of  CAVAIGNAC 84 with a high degree of  confidence." 

158This bound comes from a combination of  the VUILLEUMIER 82 data at distance 37.9m 
from Gosgen reactor and new data at 45.9m. 

(H) Acoderator neutrino appearance expedments 

--ve-~ M y - -  

A(m 2) for s i n 2 ( 2 0 )  = 1 

VALUE (eV 2 ) CL.._ ~.~_~ DOCUMENT ID TEEN COMMENT 

< 9 90 USHIDA 86C EMUL FNAL 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<44  90 TALEBZADEH 87 HLBC BEBC 

s i n 2 ( 2 0 )  f o r  " L a r g e "  • ( m  2)  
VALUE CL~ DOCUMENT/D TEEN COMMENT 

<0.25 90 159 USHIDA 86C EMUL FNAL 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.36 90 TALEBZADEH 87 HLBC BEBC 

159USHIDA 86C published result is sin22~ < 0.12. The quoted result is corrected for a nu- 
merical mistake incurred in calculating the expected number o f  v e CC events, normalized 
to the total number of  neutrino interactions (3886) rather than to the total number o f  
u/~ CC events (1870). 

Pe --* P, 

~.=12e) ~x - L a ~  a(m 21 
VALUE _ ~ DOCUMENT ID TEC.N , COMMENT 

<0,7  90 160 FRITZE 80 HYBR BEBC CERN SPS 

160Authors give P(u e ~ u~.) <0.35, equivalent to  above l imit. 

- -  u t , - - +  u e  - -  

A(m 2) for sin2(2#) = 1 
VAL UE (eV 2 ) CL .~_P/~ DOCUMENT ID TEEN COMMENT 

<0.09 90 ANGELINI 86 HLBC BEBC CERN PS 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<2.3  
<0.9  
<0.1 
<1.3  
<0.19 

<2.4 
<1.8 
<2.2 
<0.43 
<0.20 
<1.7  
<0.6  
<1.7  
<1.2 
<1.2 

90 161 LOVERRE 96 C H A R M / C D H 5  
90 V ILAIN 94C CHM2 CERN SPS 
90 BLUMENFELD 89 CNTR 
90 A M M O S O V  88 HLBC SKAT at Serpukhov 
90 BERGSMA 88 CHRM 

162 LOVERRE 88 RVUE 
90 AHRENS 87 CNTR BNL AGS 
90 BOFILL 87 CNTR FNAL 
90 163 BRUCKER 86 HLBC 15-ft FNAL 
90 AHRENS 85 CNTR BNL AGS E734 
90 BERGSMA 84 CHRM 
90 ARMENISE 81 HLBC GGM CERN PS 
90 BAKER 81 HLBC 15-ft FNAL 
90 ERRIQUEZ 81 HLBC BEBC CERN PS 
95 BLIETSCHAU 78 HLBC GGM CERN PS 
95 BELLOTTI  76 HLBC GGM CERN PS 
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161LOVERRE 96 uses the charged-currant to neutral-current ratio from the combined I 
CHARM (ALLABY 86) and CDHS (ABRAMOWlCZ 86) data from 1986. 

162LOVERRE 88 reports a less stringent, indirect limit based on theoretical analysis of 
neutral to charged current ratios. 

16315R bubble chamber at FNAL. 

~.=(2~) for "Lar~' &(m =) 
VALUE(units 10 -3) CL.~_~ DOCUMENT ID TECN COMMENT 

< ~.0 90 164 LOVERRE 96 CHARM/CDHS | 
< 2.5 90 AMMOSOV 88 HLBC SKAT at Serpukhov 

175ATHANASSOPOULOS 96 reports (0.31 ~: 0.12 4- 0.05)% for the oscillation probability; | 
the value of sln22# for large A(m2) should be twice this probability. See footnote in I preceedlng table for further details, and see the paper for a plot showing allowed regions, 

176ATHANASSOPOULOS 95 error corresponds to the 1.6~ band in the plot. The ex- 
pected background is 2.7 ~: 0.4 events, Corresponds to an oscillation probability of 
0 34 +0"20 4- 0.07)%�9 For a different Interpretation, see HILL 95. Replaced by �9 -0.18 

ATHANASSOPOULOS 96. 
177 HILL 95 Is a report by one member of the LSND Collaboration, reporting a different con- 

clusion from the analysis of the data of this experiment (see ATHANASSOPOULOS 95). 
Contrary to the rest of the LSND Collaboration, Hill finds no evidence for the neutrino 
oscillation ~/~ --* i~ e and obtains only upper limits. 

�9 �9 �9 We do not use the following data for averages, fits, limits, 

< 9.4 
< 5.6 
< 16 
< 8 

< 10 
< 15 
< 2 0  

20 to 40 
< 11 
< 3.4 
<240 
< 10 
< 6 
< 10 
< 4 
< 10 

etc. �9 �9 e 

90 VILAIN 94C CHM2 CERN SP5 
90 165VILAIN 94C CHM2 CERN SPS 
90 BLUMENFELD09 CNTR 
90 BERGSMA 88 CHRM A(m 2) _> 30eV 2 

166 LOVERRE 88 RVUE 
90 AHRENS 87 CNTR BNLAGS 
90 BOFILL 87 CNTR FNAL 
90 167ANGELINI 86 HLBC BEBC CERN PS 

168 BERNARDI 86B CNTR A(m2)=5--10 
90 169 BRUCKER 86 HLBC 15-ft FNAL 
90 AHRENS 85 CNTR BNL AGS E734 
90 BERGSMA 84 CHRM 
90 ARMENISE 81 HLBC GGM CERN PS 
90 BAKER 81 HLBC 15-R FNAL 
90 ERRIQUEZ 81 HLBC BEBC CERN PS 
95 BLIETSCHAU 78 HLBC GGM CERN PS 
95 BELLOTTI 76 HLBC GGM CERN PS 

178VILAIN 94c limit derived by combining the up and ~/j data assuming CP conservation. 

179FREEDMAN 93 is a search at LAMPF for ~e generated from any of the three neutrino 
types ~,p, ~/~, and u e which come from the beam stop. The Pe'S would be detected by 

the reaction "ge p ~ e "l" n. FREEDMAN 93 replaces DURKIN 88. 
180in reaction ~eP ~ e +  n. 

- -  ~.(p,] -~ ~o(po) - -  

A ( ~ )  f= =.=(~) = s 
VALUE (eV 2 ) E L ~  DOCUMENT ID TECN COMMENT 

<0,078 90 BORODOV... 92 CNTR BNL E776 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.6 90 181 ROMOSAN 97 CCFR FNAL 

181 ROMOSAN 97 uses wldeband beam with a 0.5 km decay region. 

Mn2(2r for ~ A(n~ 
164LOVERRE 96 uses the charged-current to neutral-current ratio from the combined I 

CHARM (ALLABY 86) and CDHS (ABRAMOWlCZ 86) data from 1986. 
165VILAtN 94c limit derived by combining the u/~ and ~/~ data assuming CP conservation. 

166LOVERRE 88 reports a less stringent, indirect limit based on theoretical analysis of 
neutral to charged current ratios. 

167ANGELINI 86 limit reaches 13 x 10 - 3  at A(m 2) ~ 2 eV 2. 
168BERNARDI 868 Is a typical fit to the data, assuming mixing between two species. As the 

authors state, this result Is in conflict with eadler upper bounds on this type of neutrino 
oscillations. 

16915ft bubble chamber at FNAL, 

]Fp --~ p'  e - -  

A(m 2) for sin2(2�9 = 1 
VALUE (eV 2 ) . CL% DOCUMENT 10 TECN COMMENT 

<0.14 90 170FREEDMAN 93 CNTR LAMPF 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.05-O.08 90 171 ATHANASSO..96 LSND LAMPF | 
0.048-0.090 80 172 ATHANASSO...95 
<0.07 90 173 HILL 95 
<0.9 90 VILAIN 94c CHM2 CERN SPS 
<3.1 90 BOFILL 87 CNTR FNAL 
<2.4 90 TAYLOR 83 HLBC 15-R FNAL 
<0.91 90 174 NEMETHY 818 CNTR LAMPF 
<1 95 BLIETSCHAU 78 HLBC GGM CERN PS 

170 FREEDMAN 93 Is a search at LAMPF for ~e generated from any of the three neutrino 
types u/~, D/~, and u e which come from the beam stop. The ~e'S would be detected by 

the reaction ~eP -b e + n .  FREEDMAN 93 replaces DURKIN 88. 
171ATHANASSOPOULO5 96 is a search for ~e 30m from LAMPF beam stop. Neutrinos | 

originate mainly from lr + decay at rest. ~e could come from either ~p --~ Ve or I 
Ue ~ ~e; our entry assumes the first Interpretation. They are detected through Ue P ~ I 
e + n (20 MeV <E + <60 MeV) In delayed coincidence with np ~ d'y. Authors | e 
observe 51 -t- 20 :E 8 total excess events over an estimated background 12.8 4- 2.9�9 I ATHANASSOPOULOS 968 iS a shorter version of this paper. 

172ATHANASSOPOULOS 95 error corresponds to the 1.6o" band in the plot. The ec<- 
pected background is 2.7 + 0.4 events. Corresponds to an oscillation probability of 
(0.34+0:12 ~ • 0.07)%. For a different Interpretation, see HILL 95. Replaced by 
ATHANAESOPOULOS 96. 

173 HILL 95 is a report by one member of the LSND Collaboration, reporting a different con- 
clusion from the analysis of the data of this experiment (see ATHANASSOPOULOS 95), 
Contrary to the rest of the LSND Collaboration, Hill finds no evidence for the neutrino 
oscillation ~p ~ ~e and obtains only upper limits. 

1741n reaction ~eP ~ e+n. 

~.=1~) for "Lar~ &(~) 
VAloUr: CL~ DOCUMENT It) TECN COMMENT 

<0.004 95 - BLIETSCHAU 78 HLBC GGM CERN PS 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

O.OC62~:O.OG24• 175ATHANASSO...96 LSND LAMPF 
O.003-0.012 80 176 ATHANAS50...95 
<0.006 90 177 HILL 95 
<4.8 90 VILAIN 94c CHM2 CERN SPS 
<5.6 90 178VILAIN 94c CHM2 CERN SPS 
<0.024 90 179 FREEDMAN 93 CNTR LAMPF 
<0.04 90 BOFILL 87 CNTR FNAL 
<0.013 9o TAYLOR 83 HLBC 15-ft FNAL 
<0.2 90 180 NEMETHY 81B CNTR LAMPF 

VALUE (,nits 10 -3 ) CL.__~ DOCUMENT 10 TECN COMMENT 

<1.8 90 182ROMOSAN 97 CCFR FNAL 
�9 �9 �9 We do not use the foliowlog data for averages, fits, limits, etc. �9 �9 �9 

<3.8 90 183MCFARLAND 95 CCFR FNAL 
< 3  90 BORODOV.,. 92 CNTR BNL E776 

182 ROMOSAN 97 uses wldeband beam with a 0.5 km decay region. 
183MCFARLAND 95 state that "This result is the most stringent to date for 250< 

A(m 2) <450 ev 2 and also excludes at 90%CL much of the high A(m2) region favo~:l by 
the recent LSND observation." See ATHANASSOPOULOS 95 and ATHANASSOPOU- 
LOS 96. 

A(= =1 for dn=(~) = 1 
VALUE (eV 2 ) CL..._~ DOCUMENT ID TECN COMMENT 

< 0.1) 90 USHIDA 86c EMUL FNAL 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 3.3 
< 1.4 
< 4.5 
<10.2 
< 6.3 
< 4.6 
< 3  
< 6  
< 3  

90 184 LOVERRE 96 CHARM/CDHS 
90 MCFARLAND 95 CCFR FNAL 
90 BATUSOV 90B EMUL FNAL 
90 BOFILL 87 CNTR FNAL 
90 BRUCKER 86 HLBC 15-ft FNAL 
90 ARMENISE 81 HLBC GGM CERN SPS 
90 BAKER 81 HLBC 15-ft FNAL 
90 ERRIQUEZ 01 HLBC BEBC CERN SPS 
90 USHIDA 81 EMUL FNAL 

184LOVERRE 96 uses the charged-current to neutral-current ratio from the combined I 
CHARM (ALLABY 86) and CDHS (ABRAMOWICZ 86) data from 1986. 

d.21~) ~ "L.~" AIm 2) 
VA~UE/ CL% DOCUMENT ID T ~  N COMMENT 

<0,004 90 USHIDA 86c EMUL FNAL 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.006 
<0.0081 
<0.06 
<0.34 
<0.088 
<0.11 
<0.017 
<0�9 
<0.05 
<0.013 

90 185 LOVERRE 96 CHARM/CDHS 
90 MCFARLAND 95 CCFR FNAL 
90 BATUSOV 9OB EMUL FNAL 
90 BOFILL 87 CNTR FNAL 
90 BRUCKER 86 HLBC 15-R FNAL 
90 BALLAGH 84 HLBC 15-ft FNAL 
90 ARMENISE 81 HLBC GGM CERN SPS 
90 BAKER 81 HLBC 15-ft FNAL 
90 ERRIQUEZ 81 HLBC BEBC CERN SPS 
90 USHIDA 81 EMUL FNAL 

185LOVERRE 96 uses the charged-current to neutral-current ratio from the combined I 
CHARM (ALLABY 86) and CDHS (ABRAMOWICZ 86) data from 1986. 

A ( ~ )  f~ en=(20) = z 
VALUE (eV 2 ) CL.__~ DOCUMENT ID .TECN COMMENT 

<~1.2 90 ASRATYAN 81 HLBC FNAL 
�9 �9 �9 We do not use the following data for averages, fits limits, etc. �9 �9 �9 

<1.4 90 MCFARLAND 95 CCFR FNAL 
<6.5 90 BOFILL 87 CNTR FNAL 
<7.4 90 TAYLOR 03 HLBC 1S*ft FNAL 



See key on page 213 

r r= "L,r~ &(rr, =) 
YAL(J~ CL~ DOCUMENT ID T~CI~ COMMENT 

<4.4 x 10 - 2  90 ASRATYAN 81 HLBC FNAL 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.0081 90 MCFARLAND 95 CCFR FNAL 
<0.15 90 BOFILL 87 CNTR FNAL 
<8.8 x 10 - 2  90 TAYLOR 83 HLBC 15-ft FNAL 

z~(,.=) ~ =n=(=~) = x 
VALUE (eV 2 ) Ct_ ~__.~ DOCUMENT ID TECN COMMENT 

<1 s 90 186 GRUWE 93 CHM2 CERN SPS 

186GRUWE 93 is a search using the CHARM II detector In the CERN SPS wide-band 
neutrino beam for u/~ ~ u~ and ~/~ ~ uT oscillations signalled by quasi elastic u~ and 

~ interactions followed by the decay r ~ u~x. The maximum sensitivity in sin22�9 

(< 6.4 • 10 - 3  at the 90% CL) is reached for Zl(m 2) ~ 50 eV 2. 

dn2(2e) for "I.arl~ Z~(m z) 
VALUE (units 10 -3 ) CL% DOCUMENT ID TECN COMMENT 

<8 90 187 GRUWE 93 CHM2 CERN SPS 

187GRUWE 93 iS a search using the CHARM II detector In the CERN SPS wide-band 
neutrino beam for u/~ ~ v~. and ~/~ ~ ~T oscillations signalled by quasi-elastic u 7 and 

~ .  Interactions followed by the decay ~* ~ U.rX. The maximum sensitivity In sin22# 

(< 6,4 x 10 - 3  at the 90% CL) is reached for A(m2)  _ 50 eV 2. 

, , .  - - ,  ( : 'O )L  

This Is a limit on lepton family-number violation and total lepton-number 
violation. (~e)L denotes a hypothetical left-handed Ue" The bound is 

quoted in terms of ZI (rn2), sin(2~), and (~, where c~ denotes the fractional 
admixture of ( V §  charged current. 

oA(r~r 1) for dn=(2e) = 1 
VALUE (eV 2 ) CL~ DOCUMENT ID TECN COMMENT 

<0.14 90 188 FREEDMAN 93 CNTR LAMPF 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

<7 90 189 COOPER 82 HLBC BEBC CERN SPS 

188FREEDMAN 93 is a search at LAMPF for ~e generated from any of the three neutrino 
types u/~, ~/~, and u e which come from the beam stop. The ~e'S would be detected by 

the reaction ~ e p  ~ e +  n" 

189COOPER 82 states that existing bounds on V + A  currents require ~ to be small. 

===ln=(2~) r~ "l.ari~ &(m =) 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.032 90 190FREEDMAN 93 CNTR LAMPF 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.05 90 191COOPER 82 HLBC BEBC CERN SPS 

190FREEDMAN 93 is a search at LAMPF for ~e generated from any of the three neutrino 
types u/~, ~/~, and u e which come from the beam stop. The ~e'S would be detected by 

the reaction ~eP ~ e +  n" 

191COOPER 82 states that existing bounds on V + A  currents require ~ to be small. 

- -  ~ -~ (~o)~ 

See note above for u e ~ (~e)L  limit 

aA(m =) for sin=(2e) = 1 
VALUE (eV 2 ) CL%% DOCUMENT ID TECN COMMENT 

<0.16 90 192 FREEDMAN 93 CNTR LAMPF 
�9 �9 �9 We do not use the following data for averages fits. limits etc. * �9 �9 

<0.7 90 193COOPER 82 HLBC BEBC CERN SPS 

192 FREEDMAN 93 is a search at LAMPF for Ue generated from any of the three neutrino 
types u#, ~/~, and u e which come from the beam stop. The ~e'S would be detected 

by the reaction UeP -- '  e + n .  The limit on A(m2) is better than the CERN BEBC 
s 2 experiment, but the limit on in 8 is almost a factor of 100 less sensitive. 

193COOPER 82 states that existing bounds on V + A  currents require ~ to be small. 

~2dn~(2e) for "Laq~ A(m 2) 
VALUE CL~ ~OCUMENT ID TECN COMMENT 

<0.001 . 90 194 COOPER 82 HLBC BEBC CERN SPS 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.07 90 195 FREEDMAN 93 CNTR LAMPF 

194COOPER 82 states that existing bounds on V-I-A currents require ~ to be small. 
195 FREEDMAN 93 is a search at LAMPF for ~e generated from any of the three neutrino 

types v/~, ~/~, and ~e which come from the beam stop. The ~e'S would be detected 

by the reaction -dep ~ e + n .  The limit on A(m 2) is better than the CERN BEBC 

experiment= but the limit on sin2| 
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(I) Dlsal0qxarance experiments vdth accelerator & radioactive source neutdnes 

A(m:) for dn:(2e) = 1 
VALUE (eV 2 ) CL___~S DOCUMENT ID TECN COMMENT 

< 0.17 90 196 BAHCALL 95 THEO 
�9 �9 �9 We do not use the following data for averages, fits, limit_% etc. �9 �9 �9 

<40 90 197 BORISOV 96 CNTR |HEP-JINR detector | 
<14.9 90 BRUCKER 86 HLBC 15-ft FNAL 
< 8 90 BAKER 81 HLBC 15-ft FNAL 
<56 90 DEDEN 81 HLBC BEBC CERN SPS 
<10 90 ERRIQUEZ 81 HLBC BEBC CERN SPS 
<2.3 OR >8 90 NEMETHY 818 CNTR LAMPF 

196BAHCALL 95 analyzed the GALLEX 51Cr calibration source experiment (ANSEL- 
MANN 95). They also gave a 95% CL limit of < 0.19 eV 2. 

197 BORISOV 96 exclusion curve extrapolated to obtain this value; however, i t  does not have | 
the right curvature In this region. I 

VA~,U~ CL~ DOCUMENT ID " r~N COMMENT 

<7  x 10 - 2  90 198 ERRIQUEZ 81 HLBC BEBC CERN SPS 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0,115 90 199 BORISOV 96 CNTR A(m2) = 175 eV 2 | 
<0,38 90 200 BAHCALL 95 THEO 51Cr source 
<0.54 90 BRUCKER 86 HLBC 15-ft FNAL 
<o.5 90 BAKER 81 HLBC )5-ft FNAL 
<0.3 9O 198 DEDEN 81 HLBC BEBC CERN SP5 

198Obtalned from a Gausslan centered In the unphysical region. 
199 BORISOV 96 sets 2 less stringent limits at large Zl(m ), but exclusion curve does not have | 

clear asymptotic behavior. 
200BAHCALL 95 analyzed the GALLEX 51Cr calibration source experiment (ANSEL- 

MANN 95). They also gave a 95% CL limit of < 0.45. 

A(m 21 for dn2(2e) = 1 
These experiments also allow sufficiently large A(m2).  

VALUE (eV 2 ) CL_%_~ DOCUMENT ID TECN COMMENT 

<0.23 OR >1500 OUR u M r r  
<0.23 OR >100 90 DYDAK 84 CNTR 
<13 OR > ]S~ I  90 STOCKDALE 84 CNTR 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 0.29 OR >22 90 BERGSMA 88 CHRM 
<7 90 BELIKOV 85 CN3-R Serpukhov 

<8.O OR >1250 90 STOCKDALE 85 CNTR 
<0.29 OR >22 90 BERGSMA 84 CHRM 
<8.0 90 BELIKOV 83 CNTR 

sin=(20) for Aim 2) = lOOeV = 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.02 90 201STOCKDALE 85 CNTR FNAL 
�9 �9 * We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.17 90 202 BERGSMA 88 CHRM 
<0.07 90 203 BELIKOV 85 CNTR Serpukhov 
<O.27 9O 202 BERGSMA 84 CHRM CERN PS 
<0,1 90 204DYDAK 84 CNTR CERN PS 
<0.02 90 2~ 84 CNTR FNAL 
<0.1 90 206 BELIKOV 83 CNTR 5erpukhov 

201 This bound applies for A(m2)  = 100 eV 2. Less stringent bounds apply for other A(m2);  
these are nontrivial for 8 < A(m 2) <1250 eV 2. 

202This bound applies for A(m2) = 0.7-9. eV2. Less stringent bounds apply for other 
m 2 2 2 ~ {  ); these are nontrlvial for 0.28 < ~ ( m  ~ <22 eV . 

203This bound applles for a wide range of Zl(m 'r >7 eV 2. For some va|uee of ,'-(m2). 
the value is less stringent; the least restrictive, nontrivial bound occurs approximately at 
Zl(m 2) = 300 eV 2 where sin2(20) <0.13 at CL = 90%. 

204This bound applies for Zl(m 2) = 1.-10. eV 2. Less stringent bounds apply for other 
Zl(m2); these are nontrlvlal for 0.23 < Zl(m 2) <90 eV 2. 

205 This bound applies for Zl(m 2) = 110 eV 2. Less stringent bounds apply for other Zl(m2); 
these are nontrivial for 13 < Zl(m 2) <1500 eV 2. 

206Bound holds for A(m2) = 20-1000 eV 2. 

Alnr ~) for sln=(2e) = 1 
VALUE (eV 2 ) Ct.~.~.~ DOCUMENT ID TECN 

<7  OR > 1 ~ 0  OUR MMIT 
<7  OR >1200 90 STOCKDALE 85 CNTR 

dn=(2r for 190 eV 2 < A(m =) < 320 eV 2 
VALUE ~ pOCUMENT ~O TEeN COMMENT 

<O.02 90 207STOCKDALE 85 CNTR FNAL 

207This bound applies for ~ ( m  2) between 190 and 320 or = 530 eV 2. Less stringent bounds 
apply for other A(m2); these are nontrivial for 7 < Z~,(m 2) <12OO eV 2. 
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REFERENCES FOR Searches for Masslve Neutrinos and Lepton MMnIr 

ACKERSTAFF 90C 
APOLLONIO 98 
ABREU 971 

Also 97L 
ACCIARRI 97P 
ALLISON 97 
ALSTON-... 97 
BARABASH 97 
BAUDIS 97 
CLARK 97 
DESILVA 07 
GUENTHER 97 
ROMOSAN 97 
ACCIARRI 96G 
ALESSANO... 96B 
ALEXANDER goP 
ARNOLD 96 
ATHANASSO.,. 96 
ATHANASSO_. 96B 
BALYSH 96 
BORISOV 96 
BRYMAN 96 
BUSKULIC 965 
EJIRI 96 
FUKUDA 96 
FUKUDA %B 
GREENWOOD 96 
HAMPEL 96 
LOVERRE 96 
TAKAOKA 96 
WIETFELDT 96 
ACHKAR 95 
AHLEN 95 
ANSELMANN 95 
ANSELMANN 96B 
ARMBRUSTER 95 
ARNOLD 95 

ATHANASSO.., 95 
BAHCALL 95 
BAHRAN 95 
BALYSH 95 
BARABASH 95 
BILGER 95 
BURACHAS 95 

DANEVICH 95 
DASSIE 95 
DAUM 95 
DAUM 958 
EJJRI 95 
FARGION 95 
GALLAS 95 
GARCIA 95 
GEORGADZE 95 

HAGNER 95 
HIDDEMANN 95 
HILL 95 
KOBAYASHI 95 
MCFARLAND 95 
VILAIN 95C 

Also 95 
VYRODOV 95 

WIETFELDT 95 
ABDURASHL.. 94 
ALESSAND-. 94 
BALYSH 94 
BECK 94 
DECLAlS 94 
FUKUDA 94 
KONOPLICH 94 
PDG 94 
PIEPKE 94 
SMIRNOV 94 
VIDYAKIN 04 

VILAIN 94C 
ALSTON-... 93 
ARTEMEV 93 

BAHRAN 93 
BAHRAN 93B 
BARANOV 93 
BERMAN 93 
BERNATOW... 93 
FREEDMAN 93 
GRUWE 03 
KALBFLEISCH 93 
KAWASHIMA 93 
MORTARA 93 
OHSHIMA 93 
VUILLEUMIER 93 
WlETFELDT 93 
ABREU 928 
ADRIANI 921 
BAHRAN 92 
BALYSH 92 
BECKER-SZ... 92 
BECKER-SZ... 92B 
BEIER 92 

AlSO 94 
BERNATOW... 92 
BLUM 92 
BORODOV_. 92 
BRITTON 92 

Also 94 
BRITTON 928 
CHEN 92 
ELLIOTT 92 
HIRATA 92 
HOLZSCHUH 9213 
KAWAKAMI 02 
KETOV 92 

EPJ C145 K. Ackerstaff+ (OPAL Collab.) 
PL 8420397 M. ApoBonio+ (CHOOZ Collab.) 
ZPHY C7457 +Adam, Adye, Ajinenko. Alekseev+ (DELPHI Collab.) 
ZPHY C75580 erratum Abfeu, Adam, Adye, Ajinenko+ (DELPHI Co0ab.) 
PL 8412189 +Adriani, A~uilar-Benitez, Ahlen+ (L3 Collab.) 
PL B391491 +Alner, Ayres, Barrett+ (Soudan 2 Collab.) 
PR C58474 Alston-Garnjost. Dougherty+ (LBL, MTHO, UNM, INEL) 
ZPHY A357351 +Gurriaran, Hubert, Hubert, Umatov (ITEP, BCEN) 
PL B407219 L. Beudls+ (MPIH. KIAE, SASSO) 
PRL 79345 +Becker-Szendy, Bratton, Brealt+ (IMB Collab.) 
PR C562451 De Silva, Moe. Nelson, Vient (UCI) 
PR D5554 +Hellmig+ (MPIH, KIAE, SASSO) 
PRL 782912 +Arroyo, de Berbaro, de Barbaro+ (CCFR Collab.) 
PL B377304 +Adam, Adriani, Aguilar-Benitez+ (L3 Collab.) 
NPBPS 48230 Alessandrello, BroffeHo, Bucd+ (MILA, SASSO) 
PL B385 433 +Allison, Altekamp, Ametewee+ (OPAL Collab.) 
ZPHY C72239 R. Arnold+ (BCEN. CAEN, JINR+) 
PR C542685 Atkanassopoulos, Auerbach. Burman+ (LSNO Collab.) 
PRL 773082 Athanassopoulos, Auerbach, Burman+ (LSND Collab.) 
PRL 775186 +De Silva, Lebedev, Lou. Moe+ (KIAE, UCI, CIT) 
PL B36939 +Chernichenko, Chukin, Goryachev+ (SERP, JINR) 
PR D53588 +Numao (TRIU) 
PL B384439 +De Bonis, Decamp, Ghez+ (ALEPH Collab.) 
NP A61105 H. E]id+ (OSAK) 
PRL 771683 +Hayakawa, InDue. Ishihara+ (Kamiokande Collab.) 
PL B388397 +Hayakawa, InDue, Ishihara+ (Kamiokande Collab.) 
PR D536054 +Kropp, Mandelkern, Nakamura+ (UCI, SVR, SCUC) 
PL B388 384 +Heusser, Kiko, Kirsten+ (GALLEX Collab.) 
PL 8370 156 P.F. Loverre 
PR C531557 +Motomura, Nagao (KYUSH, OKAY) 
PRPL 273149 +Nocman (LBL) 
NP B434503 +Aleksan+ (SING, SACLD, CPPM, CDEF. LAPP) 
PL 8357481 +Ambr Antolini, Aurlemma+ (MACRO Coflab.) 
PL B342440 +Fockenbrock, HampeL Heusser+ (GALLEX Collab.) 
PL B357237 +Hampel, Heusser, Kike+ (GALLEX Collab.) 
PL B34819 +Blair, Bodmann. Booth+ (KARMEN Collab.) 
JETPL 61170 +Caurier, Guyonnet, tinck+ (NEMO CoSab.) 
Translated from ZETFP 61 168. 
PRL 75 2 6 5 0  Athanassopoulm, Auerbach+ (LSND Collab.) 
PL B348 121 +Krastev, Lisl (IAS) 
PL 8354481 +Kalbflelsch (OKLA) 
PL 8356450 +Beck, Belyaev+ (MPIH, KIAE, SASSO) 
PL 5345408 +Avignone+ (ITEP, SCUC, PNL, MINN, LEBD) 
PL 836341 +Clement, Denig, Fok~+ (TUBIN, KARLE, PSI) 
PAN 58153 +Danevlch, Zdesenko, Kobychev+ (KIEV) 
Translated from YAF 58195. 
PL B344 72 +Georgadze, Kobychev, Kropivyansky+ (KIEV) 
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ZPHY C66 417 +Rhode, Bareyre, Badoutaed+ (FREJUS Cogab.) 
PL B361179 +Frosch, Hajdas, Janousch+ (PSI. VIRG) 
JPSJ 64339 +Fushmii, Hazama, Kawasaki+ (OSAK, KIEV) 
PR D521828 +Khlopov, Konplich, Mignani (ROMA, KIAM, MPEI) 
PR DS26 +Abollns, Brock, Cobau+ (MSU, FNAL, MIT, FLOR) 
PR D511458 +MoraleS, Morales, Sarsa+ (ZARA, SCUC, PNL) 
PAN 581093 
Translated from YAF 881170. 
PR DS21343 +Altmann, Feilitzsch, Oberauer+ (MUNT, LAPP. CPPM) 
JP G21539 +Daniel, Schwentker (MUNT) 
PRL 782654 (PENN) 
NP A586457 +Kobayashi (KEK, SAGA) 
PRL 75 3993 +Naples, Arroyo, Auchinchloss+ (CCFR Coliab.) 
PL B351387 +W[Iquet, Petrak+ (CHARM II Collab.) 
PL B343453 Vilain, Wilquet+ (CHARM II Collab.) 
JETPL 61163 +Kozlov, Martem'yanov, Machulln+ (KIAE, LAPP, CDEF) 
Translated from ZETFP 61161. 
PR C521028 +Norman+ (LBL, UCB, SPAUL, IND, TENN) 
PL B328 234 Abdurashltov, Faizov. Gavdn, Gusev+ (SAGE Collab.) 
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PRL 701759 +Chart, da Cruz, Garcia+ (LBL. UCB. SPAUL) 
PL B274230 +Adams, Adami, Adye+ (DELPHI Collab.) 
PL 8295371 +AKuilar-Benitez, AMen, Akbad, Alcaraz+ (L3 Collab.) 
PL 8291336 +Kalbfleisch (OKLA) 
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independent of the renormalization scheme used. It is known 
that the on-shell quark propagator has no infrared divergences 

in perturbation theory [1], so this provides a perturbative 

definition of the quark mass. The pole mass cannot be used to 

in terms of a few unknown constants that can be obtained 

from experiment. For example, the B and D meson masses in 

the heavy quark effective theory are given in terms of a single 

nonperturbative parameter A, 

arbitrarily high accuracy because of nonperturbative infrared 
effects in QCD. The full quark propagator has no pole because 

the quarks are confined, so that the pole mass cannot be defined 

outside of perturbation theory. 

The MS running mass ~ ( # )  is defined by regulating the 
QCD theory using dimensional regularization, and subtracting 

M ( B ) = m b + X + O  ~ , 

the divergences using the modified minimal subtraction scheme. 

The MS scheme is particularly convenient for Feynman diagram 

computations, and is the most commonly used subtraction 

scheme. 

The Georgi-Politzer mass ~ is defined using the momentum 

space subtraction scheme at the spacelike point _p2 = ~2 [2]. 

A generalization of the Georgi-Politzer mass that is often used 

in computations involving QCD sum rules [3] is ~(~),  defined 
at the subtraction point p2 = _(~ + 1)m 2. QCD sum rules 

are discussed in more detail in the next section on light quark 

masses. 

Lattice gauge theory calculations can be used to obtain 

heavy quark masses from r and T spectroscopy. The quark 

masses are obtained by comparing a nonperturbative computa- 
tion of the meson spectrum with the experimental data. The 

lattice quark mass values can then be converted into quark mass 
values in the continuum QCD Lagrangian Eq. (1) using lattice 

perturbation theory at a scale given by the inverse lattice spac- 
ing. A recent computation determines the b-quark pole mass 

to be 5.0 -4- 0.2 GeV, and the MS mass to be 4.0 4- 0.1 GeV [4]. 
Potential model calculations of the hadron spectrum also 

involve the heavy quark mass. There is no way to relate 

the quark mass as defined in a potential model to the quark 

mass parameter of the QCD Lagrangian, or to the pole mass. 

Even in the heavy quark limit, the two masses can differ by 

nonperturbative effects of order AQCD. There is also no reason 

why the potential model quark mass should be independent of 

the particular form of the potential used. 

Recent work on the heavy quark effective theory [5-9] has 
provided a definition of the quark mass for a heavy quark that 
is valid when one includes nonperturbative effects and will be 
called the HQET mass mQ. The HQET mass is particularly 

useful in the analysis of the 1/mQ corrections in HQET. 

The HQET mass agrees with the pole mass to all orders in 
perturbation theory when only one quark flavor is present, but 

differs from the pole mass at order a 2 when there are additional 
flavors [10]. Physical quantities such as hadron masses can 

in principle be computed in the heavy quark effective theory 

in terms of the HQET mass mQ. The computations cannot 
be done analytically in practice because of nonperturbative 

effects in QCD, which also prevent a direct extraction of the 
quark masses from the original QCD Lagrangian, Eq. (1). 

Nevertheless, for heavy quarks, it is possible to parametrize the 

nonperturbative effects to a given order in the 1/mQ expansion 

(2) 

This allows one to determine the mass difference m b -  me ---- 
M(B) - M(D) = 3.4 GeV up to corrections of order "A2/mb - 
-A2/m c. The extraction of the individual quark masses mb and 

me requires some knowledge of A. An estimate of A using 

QCD sum rules gives A = 0.57 4-0.07 GeV [11]. The HQET 

masses with this value of A are rab -- 4.74 4- 0.14 GeV and 
me = 1.4 4-0.2 GeV, where the spin averaged meson masses 

(3M(B*) + M(B))/4 and (3M(D*) + M(D))/4 have been used 
to eliminate the spin-dependent O(A2/mQ) correction terms. 

The errors reflect the uncertainty in A and the unknown spin- 

averaged O(-A2/mQ) correction. The errors do not include any 

theoretical uncertainty in the QCD sum rules, which could 

be large. A quark model estimate suggests that A is the 

constituent quark mass (~ 350 MeV), which differs significantly 
from the sum rule estimate. In HQET, the 1/mQ corrections 

to heavy meson decay form-factors are also given in terms of A. 

Thus an accurate enough measurement of these form-factors 

could be used to extract A directly from experiment, which 

then determines the quark masses up to corrections of order 

1/mQ. 
The quark mass mQ of HQET can be related to other quark 

mass parameters using QCD perturbation theory at the scale 
mQ. The relation between mQ and ~(~)  at one loop is [12] 

[ ~s(~) ~ + 2  log (~ + 2)] (3) mq=~(~) 1+ ~ ~+ 

where ~8(~) is the strong interaction coupling constant in the 

momentum space subtraction scheme. The relation between 
mQ and the MS mass ~ is known to two loops [13], 

4~(mQ)  
mQ = ~(mQ) 1A 3r 

+ (  1 6 " l l - l ' 0 4 Z ( 1 - m Q k ~  ( ~ ) 2 j  ' k  m Q / ]  (4) 

where ~s(#) is the strong interaction coupling constants in the 

MS scheme, and the sum on k extends over all flavors Qk lighter 
than Q. For the b-quark, Eq. (4) reads 

mb= mb (rob) [1 + 0.09 + 0.06], (5) 

where the contributions from the different orders in as are 

shown explicitly. The two loop correction is comparable in 
size and has the same sign as the one loop term. There is 
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presumably an error of order 0.05 in the relation between mb 

and ~b(mb) from the uncalculated higher order terms. 

D. Light quarks 
For light quarks, one can use the techniques of chiral per- 

turbation theory to extract quark mass ratios. The light quark 

part of the QCD Lagrangian Eq. (1) has a chiral symmetry in 

the limit that the light quark masses are set to zero, under 

which left- and right-handed quarks transform independently. 

The mass term explicitly breaks the chiral symmetry, since it 

couples the left- and right-handed quarks to each other. A 

systematic analysis of this explicit chiral symmetry breaking 

provides some information on the light quark masses. 

It is convenient to think of the three light quarks u, d and s 

as a three component column vector k~, and to write the mass 

term for the light quarks as 

are discussed at the end of this section. Chiral perturbation 

theory cannot determine the overall scMe of the quark masses, 

since it uses only the symmetry properties of M, and any 

multiple of M has the same G X transformation law as M. 

This can be seen from Eq. (8), where all quark masses occur 

only in the form Bin, so that B and m cannot be determined 

separately. 

The mass parameters in the QCD Lagrangian have a scale 

dependence due to radiative corrections, and are renormaliza- 

tion scheme dependent. Since the mass ratios extracted using 

chiral perturbation theory use the symmetry transformation 

property of M under the chiral symmetry GX, it is impor- 

tant to use a renormalization scheme for QCD that does not 

change this transformation law. Any quark mass independent 

subtraction scheme such as MS is suitable. The ratios of quark 

~Mk~ = "~LM ~ R + "~RMkO L, 

where M is the quark mass matrix M, (oO o) 
M = m d 0 . 

0 ms 

(6) 

(7) 

The mass term ~Mk~ is the only term in the QCD Lagrangian 

that mixes left- and right-handed quarks. In the limit that 

M -~ 0, there is an independent SU(3) flavor symmetry for the 

masses are scale independent in such a scheme. 

The absolute normalization of the quark masses can be 

determined by using methods that go beyond chiral perturba- 

tion theory, such as QCD sum rules [3]. Typically, one writes 

a sum rule for a quantity such as B in terms of a spectral 

integral over all states with certain quantum numbers. This 

spectral integral is then evaluated by assuming it is dominated 

by one (or two) of the lowest resonances, and using the experi- 

mentally measured resonance parameters [16]. There are many 

subtleties involved, which cannot be discussed here [16]. 

left- and right-handed quarks. This G X = SU(3)L • SU(3)R 

chiral symmetry of the QCD Lagrangian is spontaneously bro- 

ken, which leads to eight massless Goldstone bosons, the 7r's, 

K's,  and 7, in the limit M -* 0. The symmetry G X is only 

an approximate symmetry, since it is explicitly broken by the 

quark mass matrix M. The Goldstone bosons acquire masses 

which can be computed in a systematic expansion in M in 

terms of certain unknown nonperturbative parameters of the 

theory. For example, to first order in M one finds that [14,15] 

m 2 = B  (m.  + md) 71"0 

m~• ~ = B  (m~, + rod) + A~m 

= B  (rod + m.)  , (8) m~0 = m~o 

m~•  = B  (my + mA + a~m,  

m~ = I B  (mu + m d +  4ms) , 
J 

with two unknown parameters B and A~m, the electromagnetic 

mass difference. From Eq. (8), one can determine the quark 

mass ratios [14] 

m.=2m o- " 4 +  m ,o 
_ _  m +  + - = 0.56 , 
md m~o - m~+ + m~+ 

ms + - m 2 
- -  ~ 7 r +  

ma m ~ o  + ra~+ - m~.+  = 2 0 . 1 ,  (9)  

to lowest order in chiral perturbation theory. The error on 

these numbers is the size of the second-order corrections, which 

Another method for determining the absolute normaliza- 

tion of the quark masses, is to assume that the strange quark 

mass is equal to the SU(3) mass splitting in the baryon mul- 

tiplets [14,16]. There is an uncertainty in this method since 

in the baryon octet one can use either the E - N  or the A - N  

mass difference, which differ by about 75 MeV, to estimate the 

strange quark mass. But more importantly, there is no way to 

relate this normalization to any more fundamental definition of 

quark masses. 

One can extend the chiral perturbation expansion Eq. (8) 

to second order in the quark masses M to get a more accurate 

determination of the quark mass ratios. There is a subtlety 

that arises at second order [17], because 

M ( M  ?M) -1 det M ? (10) 

transforms in the same way under G X as M.  One can make 

the replacement M ~ M(A) = U + AM ( M t M ) - I  det Mt  in 

all formulm, 

M(A)=d iag (mu(A) ,  rod(A), ms(A)) 

= diag (rnu + Amdms, md + Amums,  ms + Amumd) ,(11) 

so it is not possible to determine A by fitting to data. One 

can only determine the ratios mi(A)/mj(A)  using second-order 

chiral perturbation theory, not the desired ratios m i / m j  = 

, , i (A = 0)/mAA = 0). 
Dimensional analysis can be used to estimate [18] that 

second-order corrections in chiral perturbation theory due to the 
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strange quark mass are of order )tins ~ 0.25. The ambiguity 

due to the redefinition Eq. (11) (which corresponds to a second- 
order correction) can produce a sizeable uncertainty in the ratio 

mu/md. The lowest-order value mu/m d = 0.56 gets corrections 

of order ~ms(md/m u -- mu/md) ~ 30%, whereas ms/rod gets a 
smaller correction of order Ams(mu/m d - mumd/m 2) ~ 15%. 

A more quantitative discussion of second-order effects can be 

the numerical value for a quark mass is meaningless without 
specifying the particular scheme in which it was obtained. All 

non-MS quark masses have been converted to MS values in the 
data listings using one-loop formulae, unless an explicit two-loop 

conversion is given by the authors in the original article. 

References 

found in Refs. 17,19,20. Since the second-order terms have a 

single parameter ambiguity, the value of m~/rnd is related to 

the value of ms~rod. 

The ratio mu/m d is of great interest since there is no strong 

CP problem if mu = 0. To determine mu/md requires fixing A 

in the mass redefinition Eq. (11). There has been considerable 

effort to determine the chiral Lagrangian parameters accurately 

enough to determine m~/md, for example from the analysis of 

the decays r  ~ r + 7r ~ r/, the decay 7/--* 3r, using sum rules, 

and from the heavy meson mass spectrum [16,21-24]. A recent 

paper giving a critique of these estimates is Ref. 25. 

Eventually, lattice gauge theory methods will be accurate 

enough to be able to compute meson masses directly from the 

QCD Lagrangian Eq. (1), and thus determine the light quark 

masses. For a reliable determination of quark masses, these 

computations will have to be done with dynamical fermions, 

and with a small enough lattice spacing that one can accu- 
rately compute the relation between lattice and continuum 
Lagrangians. 

The quark masses for light quarks discussed so far are 

often referred to as current quark masses. Nonrelativistic 

quark models use constituent quark masses, which are of order 
350 MeV for the u and d quarks. Constituent quark masses 

model the effects of dynamical chiral symmetry breaking, and 

are not related to the quark mass parameters m k of the QCD 
Lagrangian Eq. (1). Constituent masses are only defined in 

the context of a particular hadronic model. 

E. N u m e r i c a l  v a l u e s  a n d  cavea t s  

The quark masses in the particle data listings have been ob- 

tained by using the wide variety of theoretical methods outlined 

above. Each method involves its own set of approximations 

and errors. In most cases, the errors are a best guess at the 

size of neglected higher-order corrections. The expansion pa- 

rameter for the approximations is not much smaller than unity 
(for example it is 2 2 m g / A  X ~ 0.25 for the chiral expansion), 
so an unexpectedly large coefficient in a neglected higher-order 

term could significantly alter the results. It is also important 

to note that the quark mass values can be significantly differ- 

ent in the different schemes. For example, assuming that the 

b-quark pole mass is 5.0 GeV, and "~s(mb) ,'~ 0.22 gives the MS 
b-quark mass ~b(~u = rob) = 4.6 GeV using the one-loop term 

in Eq. (4), and ~b(/Z = mb) = 4.3 GeV including the one-loop 

and two-loop terms. The heavy quark masses obtained using 

HQET, QCD sum rules, or lattice gauge theory are consistent 
with each other if they are all converted into the same scheme. 

When using the data listings, it is important to remember that 

1. R. Tarrach, Nucl. Phys. B183, 384 (1981). 

2. H. Georgi and H.D. Politzer, Phys. Rev. D14, 1829 (1976). 

3. M.A. Shifman, A.I. Vainshtein, and V.I. Zakharov, Nucl. 
Phys. B147, 385 (1979). 

4. C.T.H. Davies, et al., Phys. Rev. Lett. 73, 2654 (1994). 
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ibid B237, 527 (1990); 
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moire d = 0.20 to 0.70 

B l ( j p  ) = �89189 

Mass rn = 3 to 9 MeV Charge = - ~  e I z = - �89 

ms/m d = 17 to 25 

= (m u +  m d ) / 2 = 2 t o 6  MeV 
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i ( j  P) = o(�89 +) 
Mass m = 60 to 170 MeV Charge = - ~  e Strangeness = - 1  

(m s -  (m u + md) /2) / (m d -- mu) = 34 to 51 

lUGHT QUARKS (u, d , , ) l  
OMITTED FROM SUMMARY TABLE 

u-QUARK MASS 

The u-, d-, and s-quark masses are estimates of so-called "current-quark 
masses," in a mass- Independent subtraction scheme such as M-S. The 
ratios mu/m d and ms/m d are extracted from plon and kaon masses 
using chiral symmetry. The estimates of d and u masses are not without 
controversy and remain under active investigation. Within the literature 
there are even suSgestlons that the u quark could be essentially massless. 
The s-quark mass is estimated from SU(3) sp,ttlngs In hadron masses. 

Starting with this edition of the Review, we have norm allzed the ~ m asses 
at a renormalization scale of/= = 2 GeV. Results quoted In the literature 
at /= = 1 GeV have been rescaled by dividing by 1.35. 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 
I J• to Ii OUR L=VALUATION 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3.94_1.1 1 j A M I N  95 THEO M-~ scheme 
3,0:50,7 2 NARISON 95C THEO M-S scheme 

3 CHOI 92B THEO 
4.3 4 BARDUCCI 88 THEO 
3.8• 5 GASSER 82 THEO 

1JAMIN 95 uses QCD sum rules at next-to-leading order. We have rescaled mu(1GeV) | 
= 5,3:5 1.5 to # = 2 GeV. I 2 For NARISON 95c, we have rescaled m u(1 GeV)=  4 • I to/~ = 2 GeV. 

3CHOI 92B argues that m u = 0 Is okay based on Instanton contributions to the chlral 
coefficients. Disagrees with DONOGHUE 92 and DONOGHUE 92B. 

4 BARDUCC! 88 uses a calculation of the effective potential for ~ in QCD, and estimates 
for ]E(p2). We have rescaled mu(1 GeV) = 5.8 to # = 2 GeV. I 

5 GASSER 82 uses chlral perturbation theory for the mass ratios, and uses QCD sum rules 
to extract the absolute values. We have rescaled mu(1 GeV) = 5.1 -/- 1.5 to # ~ 2 GeV. I 

d-QUARK MASS 
See the comment for the u quark above. 

Starting with this edition of the Review, we have norm afized theM-S m asses 
at a renormalization scale of/~ = 2 GeV. Results quoted in the literature 
at/= = 1 GeV have been rescaled by dividing by 1.35. 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
3 to g OUR EVALUATION 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

7.04-1.1 6 JAMIN 95 THEO M---5 scheme 
7.4:50.7 7 NARISON 95c THEO lV~ scheme 

8 ADAMI 93 THEO 
9 NEFKENS 92 THEO 

6.2 10 BARDUCCI 88 THEO 
11DOMINGUEZ 87 THEO 
12 KREMER 84 THEO 

6,6• 13 GASSER 82 THEO 

6JAMIN 95 uses QCD sum rules at next-to-leading order, We have rescaled md(1 GeV) I 
= 9,4 • 1.5 to # = 2 GeV. I 7For NARISON 95c, we have rescaled md(] GeV) = 10 • 1 to # = 2 GeV. 

8ADAMI 93 obtain m d - mu=3 :5  1 MeV at #=0,5 GeV using Isospln-vlotating effects 
9In QCD sum rules. 

NEFKENS 92 results for m d - m u are 3,1:5 0.4 MeV from n~eson masses and 3.6 • 0,4 
MeV from baryon masses. 

10 BARDUCC188 uses a calculation of the effective potential for ~VJ In QCD, and estimates 
for T(p2). We have rescaled rod(1 GeV) = 8.4 to/~ = 2 GeV. I 

11 DOMINGUEZ 87 uses QCD sum rules tO obtain mu+m d = 15.5:5 2.0 MeV and m d - 
m u = 6 4- 1,5 MeV. 

12 KREMER 84 obtain mu+md=21:5 2 MeV at Q2 = 1 GeV 2 using SVZ values for quark 

condensetes; they obtain mu+md=35:5 3 MeV at Q2 = I GeV 2 using factodzation 
values for quark condensates. 

13 GASSER 82 uses chlral perturbation theory for the mass ratios, and uses QCD sum rules 
to extract the absolute values. We have rescaled rod(1 GeV) = 8.9 4- 2.6 to/= = 2 GeV. | 

= (m,,+m~)/2 
See the comments for the o quark above. 

Starting with this edition of the Review, we have normalized the M-5 masses 
at a renormallzation scale of/= = 2 GeV. Results quoted In the literature 
at # = 1 GeV have been rescaled by dividing by 1.35. 

VALUE (MeV} DOCUMENT IO TECN COMMENT 
2 tO 6 OUR EVALUATION 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2.7+0,2 14 EICKER 97 LATT M---S scheme I 
3.6• 15 GOUGH 97 LATT M~ scheme I 3.44-0.4• 16GUPTA 97 LATT ]~;~scheme 
4.5 4-1,0 17 81JNENS 95 

14 EICKER 97 use lattice gauge computations with two dynamical light flavors. I 
15GOUGH 97 use lattice gauge computations In the quenched approximation. Correcting 

I for quenching gives 2.1 < ~ < 3.5 MeV at /==2 GeV. 
16GUPTA 97 use Lattice Monte Carlo computations in the quenched approximation. The 

value for two light dynamic flavors at/= = 2 GeV Is 2.7 ~ 0.3:5 0.3 MeV. 
17BIJNENS 95 determines mu+m d (1 GeV) = 12 4- 2.5 MeV using finite energy sum 

rules. We have rescaled this to 2GeV, 

PQUARK MASS 

See the comment for the u quark above. 

Starting with this edition of the Review, we have normalized the ~ masses 
at a renormalizatlon scale of p = 2 GeV. ResuRs quoted in the literature 
at # = 1 GeV have been rescaled by dividing by 1.35. 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
60 to 1/0 OUR EVALUATION 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

152.4/:14.1 18CHETYRKIN 97 THEO M--Sscheme 
_> 89 1 9  COLANGELO 97 THEO M--S scheme 

140 •  20 EICKER 97 LATT M--S scheme 
95 +16 21 GOUGH 97 LATT M~ scheme 

100 =E21:510 22GUPTA 97 LATT M--Sscheme 
127 4-11 23CHETYRKIN 95 THEO M--Sscheme 
140 +24  24 JAMIN 95 THEO ~ Scheme 
1 4 6 : 5 2 2  25NARISON 95c THEO M--'Sscheme 

26 NEFKENS 92 THEO 
144 4 - 3  27DOMINGUEZ 91 THEO 
88 28 BARDUCCI 88 THEO 

29 KREMER 84 THEO 
130 •  3~ 82 THEO 

18 CHETYRKIN 97 obtains 205.5 • 19.1 MeV at/==1 GeV from QCD sum rules Including 
fourth-order QCD corrections. We have rescaled the result to 2 GeV. 

19 COLANGELO 97 Is QCD sum rule computation, We have rescaled ms(1 GeV) > 120 to 
/= = 2 GeY. 

20 EICKER 97 use lattice gauge computations with two dynamical fight flavors. 
21GOUGH 97 use lattice gauge computations in the quenched approximation, Correcting 

for quenching gives 54 < m  s < 92 MeV at /==2 GeV. 
22GUPTA 97 use Lattice Monte Carlo computations in the quenched approximation. The 

value for two light dynamical flavors at/= = 2 GeV is 68 :E 12:5 7 MeV. 
23CHETYRKIN 95 uses QCD sum rules at next-to-leading order. We have rescaled 

ms(1 GeV) = 171 4- 15 to/= = 2 GeV. 

24JAMIN 95 uses QCD sum rules at next-to-leading order. We have rescaled ms(1 GeV) 
= 189 • 32 to/= = 2 GeV. 

25 For NARISON 95c, we have rescaled ms(1 GeV) = 197 + 29 to/= = 2 GeV, 

26 NEFKENS 92 results for ms-(mu+md)/2 are 111 -4- 10 MeV from meson masses and 
163 4- 15 MeV from baPton masses. 

27DOMINGUEZ 91 uses QCD sum rules with AQC D = 100-200 MeV and the SVZ value 
for the gluon condensate. We have rescaled ms(1 GeV) = 194 • 9 to/~ = 2 GeV. | 

28 BARDUCC188 uses a calculation of the effective potential for ~V, in QCD, and estimates 
for T(p2). We have rescaled ms(1 GeV) = 118 to # = 2GeV. | 

29 KREMER 84 obtain mu+ms=245• 10 MeV at Q2 ~ 1 GeV 2 using SVZ values for quark 

condensates; they obtain mu+ms=270 4- 10 MeV at CP ?" = 1 GeV 2 using factorizatlon 
values for quark condensates. 

30 GASSER 82 uses chiral perturbation theory for the mass ratios, and uses QCD sum rules 
to extract the absolute values. We have rescaled ms(1 GeV) = 175:5 55 to/= = 2 GeV. | 
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Light  Q u a r k s  (u, d, s), c 

LIGHT QUARK MASS RATIOS 

u/d MASS RATIO 
VALUE DOCUMENT ID TECN COMMENT 

0.2 tO 0.7 OUR EVALUATION 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.44 31 GAD 97 THEO M~ scheme 
0.553:1:0.043 3 2 L E U T W Y L E R  96 THEO 

<0,3 33 CHOI 92 THEO 
0,26 34 DONOGHUE 92 THEO 
0.30 +0 .07  35 DONOGHUE 92B THEO 
0,66 36 GERARD 90 THEO 
0.4 to  0.65 37 LEUTWYLER 90B THEO 
0.05 to  0.78 38 M A L T M A N  90 THEO 
0.0 to  0.56 39 CHOl 89R THEO 
0.0 to  0.8 40 KAPLAN 86 THEO 
0.57 •  41 GASSER 82 THEO 
0.38 4-0.13 42LANGACKER 79 THEO 
0.47:1:0.11 43 LANGACKER 79B THEO 
0.56 44 WEINBERG 77 THEO 

Com pllatlon 

31 GAD 97 UseS electromagnetic mass spllttlngs of  light mesons. I 
3 2 L E U T W Y L E R  96 uses a combined f i t  to T/ ~ 31r and ~r ~ j / ~  (lr,r)) decay rates, I and the electromagnetic mass differences of  the lr and K.  
33 CHOI 92 result obtained from the decays V)(2S) ~ J/~(1S)Tr and ~ ( 2 5 )  ~ J /V)(15)~,  

and a dilute Instanton gas estimate of some unknown matr ix elements. 
3 4 D O N O G H U E  92 result is from a combined analysis of  meson masses, ~ ~ 3~ us- 

ing second-order chlral perturbation theory including nonanalytic terms, and (V~(2S) 
J/V)(1S)~r)/(dj(2S) ~ J/~b(1S)rl). 

35 DONOGHUE 92B computes quark mass ratios using ( ~ ( 2 8 )  ~ J/Vj(1S)~r)/(t~(2S) 
J/r and an estimate of  L14 using Weinberg sum rules. 

36GERARD 90 uses large N and r/-r// mixing. 
37 LEUTWYLER 90B determines quark mass ratios using second-order chlral perturbation 

theory for the meson and baryon masses, including nonanalytic corrections. Also uses 
Weinberg sum rules to  determine L 7, 

38 M A L T M A N  90 uses second-order chlral perturbation theory including nonanalytic terms 
for the meson masses. Uses a criterion of  "max imum reasonableness" that  certain coef- 
ficients which are expected to be of order one are < 3. 

39 CHOl 89 uses second-order chiral perturbation theory and a dilute Instanton gas estimate 
of  second-order coefficients in the chiral lagrangian. 

40 K A P L A N  86 uses second-order chlral perturbation theory including nonanalytic terms for 
the meson masses. Assumes that  less than 30% of the mass squared of  the pion is due 
to  second-order corrections. 

41GASSER 82 uses chiral perturbation theory for the meson and baryon masses. 
42 LANGACKER 79 result is f rom a f i t  to  the meson and baryon mass spectrum, and the 

decay 77 ~ 3w. The electromagnetic contribution is taken from Socolow rather than 
from Dashen's formula. 

43 LANGACKER 79B result uses LANGACKER 79 and also p-~ mixing. 
44WEINBERG 77 uses lowest-order chiral perturbation theory for the meson and baryon 

masses and Dashen's formula for the electromagnetic mass differences. 

s/d MASS RATIO 
VALU~ DOCUMENT ID TECN ~OMMENT 
17 to 211 OUR EVALUATION 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

20.0 45 GAD 97 THEO M'--S scheme I 
1B.9•  4 6 L E U T W Y L E R  96 THEO Compilation I 
21 47 DONOGHUE 92 THEO 
18 48 GERARD 90 THE(} 
18 to  23 49 LEUTWYLER 90B THEO 
15 to 26 50 KAPLAN 86 THEO 
19.6•  51 GASSER 82 THEO 
22 :1:5 52LANGACKER 79 THEO 
24 4-4 53 LANGACKER 79B THEO 
20 54 WEINBERG 77 THEO 

45GAD 97 uses electromagnetic mass splittlngs of  light mesons. I 
4 6 L E U T W Y L E R  96 uses a combined f i t  to  r/ ~ 3~ and ~r  ~ j / ~  (~r,r/) decay rates, I and the electromagnetic mass differences of  the lr and K. 
4 7 D O N O G H U E  92 result is f rom a combined analysis of  meson masses, r/ ~ 3~r us- 

ing second-order chiral perturbation theory Including nonanalytic terms, and (./)(25) 
J /~(15)* ) / (~ (2S)  ~ J/r 

48GERARD 90 uses large N and r/-r/~ mixing. 
49 L E U T W Y L E R  90B determines quark mass ratios using second-order chlral perturbation 

theory for the meson and baryon masses, including nonanalytic corrections. Also uses 
Weinberg sum rules to  determine L 7, 

50 K A P L A N  86 uses second-order chlral perturbation theory including nonanalytic terms for 
the meson masses. Assumes that  less than 30% of  the mass squared of the plon is due 
to  second-order corrections. 

51GASSER 82 uses chiral perturbation theory for the meson and baryon masses. 
52 LANGACKER 79 result is from a f i t  to the meson and baryon mass spectrum, and the 

decay r/ ~ 3~r. The electromagnetic contribution is taken from Socolow rather than 
from Dashen's formula. 

53 LANGACKER 79B result uses LANGACKER 79 and also pu:  mixing. 
54WEINBERG 77 uses lowest-order chlral perturbation theory for the meson and baryon 

masses and Dashen's formula for the electromagnetic mass differences. 

(me - m) / (md - m=) MkSS RATIO 
"~ =_ (m u + rod)r2 

VALUE DO~VMENT ID T~t~N 
34 to  g l  OUR EVALUATION 
�9 �9 �9 We do not use the following data for averages, fits. l imits, etc. �9 �9 �9 

55 ANISOVICH 96 THEO | 
36 •  56NEFKENS 92 T H E O  
45 -I-3 57NEFKENS 92 THEO 
38 •  5 8 A M E T L L E R  84 THEO 
43 .5 •  GASSER 82 THEO 
34 to 51 GASSER 81 THEO 
48 4-7 MINKOWSKI  80 THEO 

55AN,SOV,CH ,6 find ~22.7 ~ 0g w,th O2 --- Cm~-~2~/(~-~) from, -~ i 
~ +  l r - ~ 0  decay using dispersion relations and chlral perturbation theory. I 

56 NEFKENS 92 result Is from an analysis o f  meson masses, mixing, and decay. 
57 NEFKENS 92 result is from an analysis of  o f  baryon masses. 
5 8 A M E T L L E R  84 uses r / ~  7 r + l r - l r g  and p dominance. 

LIGHT QUARKS (u, d, s) REFERENCES 

CHETYRKIN 97 PL B404 337 K.G. Chetyrldn, D. Pirjol, K. 5r 
COLANGELO 97 PL B408 340 P. Cohutgelo+ 
EICKER 97 PL 8407 290 N. Eicker+ (SESAM Collab.) 
GAD 97 PR 056 4115 D.-N. Gao, B.A. Li, M.-L Yah 
GOUGH 97 PRL 79 1622 B. Cough+ 
GUPTA 97 PR 055 7203 R. Gupta, T. Bhattacharya 
ANISOVICH % PL B375 335 A.V. Antsovich. H. Leutwyler 
LEUS~/YLER % PL B378 313 H. Leatwyler 
BIJNENS 95 PL B348 226 +Prades, de Rafael (NORD, BOHR, CPPM) 
CHETYRKIN 95 PR O51 5 0 9 0  +Dominguez, Pirjol, Schilclter (INRM, CAPE, MANZ) 
JAMIN 95 ZPHY C66 633 +Munz (HEIDT, MUNT) 
NARISON 95C PL BSS8 113 (MONP) 
ADAMI 93 PR 048 2304 +Drukarev, Ioffe (CIT, ITEP, PNPI) 
CHOI 92 PL B292 159 (UCSD) 
CHOI 92B NP B383 58 (UCSD) 
DONOGHUE 92 PRL 69 3444 +Holstein, Wyler (MASA, ZURI) 
DONOGHUE 92B PR D45 892 +Wyler (MASA, ZURh UCSBT) 
NEFKENS 92 CNPP 20 221 +Mitler, Slaus (UCLA, WASH, ZAGR) 
DOMINGUEZ 91 PL B253 241 +van Gend, Paver (CAPE, TRST, INFN) 
GERARD ~lO MPI AS 391 (MPIM) 
LEUTWYLER 90B NP B337 188 (BERN) 
MALTMAN go PL B234 158 +Goldman, Stephenson Jr. (YORKC, IANL) 
CHOI 89 PRL 62 849 
CHOI 89B PR 040 890 +Kim (CMU, JHU) 
BARDUCCI 88 PR 038 238 +Casalbuoni, De Curtis+ (FIRZ, INFN, LECE, GEVA) 

Also 87 PL B193 305 Barducd, Casalbuo.i+ (FIRZ, INFN, LECE, GEVA) 
DOMINGUEZ 87 ANP 174 372 +de Rafad (ICTP, MARS, WlEN ) 
KAPLAN 1~6 PRL 56 2004 +Manohar (HARV) 
AMETLLER 84 PR DSO 674 +Ayala, Bramon (BARC) 
KREMER B4 PL 143B 476 +Papadopoulos, Schilcher (MANZ) 
GASSER 82 PRPL 87 77 +Leutwyter (BERN) 
GASSER 81 ANP 136 62 (BERN) 
MINKOWSKI 60 NP B164 28 +Zepeda (BERN) 
LANGACKER 79 PR D19 2070 +Pagels (DESY, PRIN) 
LANGACKER 79B PR D20 2983 (PENN) 
WEINBERG 77 ANYAS 38 185 (HARV) 

r ~ l  i(JP) = 0(�89 
Charge = ~ e Charm = + 1  

c-QUARK MASS 

The c-quark mass is estimated from charmonlum and D masses. It cor- 
responds to  the "running" mass m c (/z = m )c~ln the M-S scheme. We 
have converted masses in other schemesto the MS scheme using one-loop 
QCD pertubation theory wi th C~s(#=mc) = 0.39. The range 1.0-1.6 GeV 
for the M6 mass corresponds to  1.2-1.9 GeV for the pole mass (see the 
"Note on (~uark Masses"). 

VALUE (GeV) DOCUMENT ID TECN COMMENT 
1,1 1~ 1.4 OUR EVALUATION 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1 DOMINGUEZ 94 THEO ~ scheme 1.22:1:0.06 
>_ 1.23 2 LIGETI 94 THEO ~ scheme 
_> 1.25 3 LUKE 94 THEO ]V~ scheme 

1.234-0.04 4 NARISON 94 THEO ~ scheme 
1.314-0.03 5 T I T A R D  94 THEO M~scheme 

1.5 + 0 . 2 : 1 : 0 . 2  6ALVAREZ  93 THEO 
- 0 . 1  

1 .27•  7 NARISON 89 THEO 
1.25:1:0.05 8 NARISON 87 THEO 
1.27 ~0.05 9 GASSER 82 THEO 

1DOMINGUEZ 94 uses QCD sum rules for J/qJ(1S) system and finds a pole mass of  
1.46 4- 0.07 GeV. 
LIGETI 94 computes lower bound of  1.43 GeV on pole mass using HQET,  and experi- 
mental data on inclusive B and D decays. 

3 LUKE 94 computes lower bound of  1.46 GeV on pole mass using HQET,  and experimental 
data on inclusive B and D decays. 

4NARISON 94 uses spectral sum rules to  two loops, and J/qJ(15) and T systems. 
5 T ITARD 94 uses one-loop computat ion of  the quark potential with nonperturbatlve gluon 

condensate effects to f i t  J/r and T states. 
6ALVAREZ 93 method is to  f i t  the measured x F and p2 T charm photoproductlon distri- 

butions to  the theoretical predictions of  ELLIS 89C. 
7 NARISON 89 determines the GeorgI-Politzer mass at p 2 = - m 2  to  be 1.26 :t: 0.02 GeV 

using QCD sum rules. 
8 NARISON 87 computes pole mass of 1.46 • 0.05 GeV using QCD sum rules, with A(]~I~) 

= 180 • 80 MeV. 
9 GASSER 82 uses SVZ sum rules. The renorma0zatlon point Is/~ = quark mass. 
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c-QUARK REFERENCES 

DOMINGUEZ 94 PL 8333 184 +Gluckman, Paver (CAPE, TRST, INFN) 
LIGETI 94 PR D49 R4331 +Nit (REHO) 
LUKE 94 PL B321 88 +Savage (TNTO, UCSD, CMU) 
NARISON 94 PL B341 73 (CERN, MONP) 
TITARD 94 PR 049 6007 +Yndurain (MICH, MADU) 
ALVAREZ 93 ZPHY C60 53 +Barate, Bloch. Bonamy+ (CERN NA14/2 Collab.) 
ELLIS 89C NP B312 551 +Nason (FNAL, ETH) 
NARISON 89 PL B216 191 (ICTP) 
NARISON 87 PL B197 405 (CERN) 
GASSER 82 PRPL 87 77 +Leutwyler (BERN) 

~ i ( J P )  = 0( �89 + )  

Charge = - ~  e Bo t tom = - 1  
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rnb - mc MASS DIFFERENCE 

The mass difference m b - m c in the HQET scheme is 3.4 • 0.2 GeV (see 
the "Note on Quark Masses" I. 

VALUE (GeV) DOCUMENT ID 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

_> 3.29 17 GROSSE 78 

17 GROSSE 78 obtain (m b - mc) > 3.29 GeV based on elgenvalue inequalities in potential 
models. 

b-QUARK REFERENCES 

b-QUARK MASS 

The b-quark mass Is estimated from bottomonium and B masses. It cor- 
responds to the "running" mass m b (/~ = mb.~_n the MS scheme. We 
have converted masses In other schemes to the MS scheme using one-loop 
QCD pertubation theory with C~s(P,=mb) = 0.22. The range 4.1-4.5 GeV 
for the MS mass corresponds to  4.5-4.9 GeV for the pole mass (see the 
"Note on Quark Masses"). 

VALUE (GeV) DOCUMENT ID TECN COMMENT 
4.1 tO 4.4 OUR EVALUATION 
�9 * �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

3.91 :t:0.67 1ABREU 981 DLPH M-~ scheme 
4.15 :t:0.05 •  2 GIMENEZ 97 L A T T  MS scheme 

ABREU 981 PL B418 430 p. Abreu+ (DELPHI Collab.) 
GIMENEZ 97 PL B393 124 V. Gimenez. G. Martinelli, C.T. Sachra]da 
JAMIN 97 NP 8507 334 M. Jamin, A. Pith 
RODRIGO 97 PRL 79 193 G. Rodrigo. A. Santamarla, M. Biienky 
NARISON 95B PL BSS2 122 (MONP) 
VOLOSHIN 95 IJMP AIO 2865 (MINN) 
DAVIES 94 PRL 73 2 6 5 4  +Hornbostel+ (GLAS, SMU, CORN, EDIN. OSU, FSU) 
LIGETI 94 PR D49 R4331 +Nir (REHO) 
LUKE 94 PL 8321 88 +Savage (TNTQ, UCSD, CMU) 
NARISON 94 PL B341 73 (CERN, MONP) 
TITARD 94 PR D49 6007 +Ynduraln (MICH, MADU ) 
DOMINGUEZ 92 PL 8293 197 +Paver (CAPE, TRST, INFN) 
NARISON 89 PL B216 191 (ICTP) 
REINDERS 88 PR D38 947 (BONN) 
NARISON 87 PL 8197 405 (CERN) 
GASSER 82 PRPL 87 77 +Leutwyler (BERN) 
GROSSE 78 PL 79B 103 +Martin (CERN) 

B i(jp ) = 0(�89 +) 
4.13 •  3 JAMIN 97 THEO M--S scheme 
4 .16  •  •  4 RODRIGO 97 THEO M'~S scheme 
4.22 ~0 .05  S NARISON 958 THEO M~ scheme 
4.415:E0.006 6VOLOSHIN  95 THEO M~ scheme 
4.0 •  7 DAVIES 94 THEO M-S scheme 
_> 4.26 8 LIGETI 94 THEO M'-S scheme 
_> 4.2 9 LUKE 94 THEO M-S scheme 

4.23 -;-0.04 10 NARISON 94 THEO M'-S scheme 
4.397:J:0.O2S 1 1 T I T A R D  94 THEO M--S scheme 
4.32 :E0.05 12DOMINGUEZ 92 THEO 
4.24 •  13 NARISON 89 THEO 
4.18 d:0.02 14 REINDERS 88 THEO 
4.30 •  . 15 NARISON 87 THEO 
4.25 :E0.1 16 GASSER 82 THEO 

1ABREU 981 determines the ~ mass m b = 2.67 • 0.25 :E 0.34 • 0.27 GeV a t / J = M  Z 
f rom three jet heavy quark production at LEP. ABREU 981 have rescaled the result to /~  
= m b using C=s=0.118 :E 0.003. 

2 GIMENEZ 97 uses lattice computations of  the B-meson propagator and the B-meson 
binding energy A In the HQET.  Their systematic (second) error for the M~-S mass is an 
estim ate of the effects o f  higher-order corrections in the matching of the HQET operators 
(renormalon effects). 

3 J A M I N  97 apply the QCD moment method to  the Tsystem. They also find a pole mass 
of 4.60 • 0.02. 

4 RODRIGO 97 determines the M-S mass m b = 2.85 -4- 0.22 • 0.20 :~ 0.36 GeV at p.= M Z 
f rom three jet heavy quark production at LEP. We have rescaled the result. 

5 NARISON 958 uses finite energy sum rules to two-loop accuracy to determine a b-quark 
pole mass of 4.61 :E 0.05 GeV. 

6VOLOSHIN  95 result was converted from a pole mass of 4827 4- 7 MeV using the one- 
loop formula. Pole mass was extracted using moments of  the total cross section for 
e -F e -  --* bhadrons. 

7DAVIES 94 uses lattice computation of  T spectroscopy. They also quote a value of  
5.0 • 0.2 GeV for the b~quark pole mass. The numerical computation includes quark 
vacuum polarization (unquenched); they find that  the masses are independent of  nf to 
within their errors. Their  error for the pole mass is larger than the error for the MS mass, 
because both are computed from the bare lattice quark mass. and the conversion for the 
pole mass is less accurate. 

8L IGETI  94 computes lower bound of 4.66 GeV on pole mass using HQET,  and experi- 
mental data on inclusive B and D decays. 

9 LUKE 94 computes lower bound of 4.60 GeV on pole mass using HQET, and experimental 
data on inclusive B and D decays. 

IONARISON 94 uses spectral sum rules to  two loops, and J / r  and T systems. 
11 T I T A R D  94 uses one-loop computation of  the quark potential with nonperturbative gluon 

condensate effects to f i t  J / r  and T states, 
12 DOMINGUEZ 92 determines pole mass to  be 4.72 • 0.05 using next-to-leading order in 

1 / m  in moment sum rule. 
13 NARISON 89 determines the GeorgI-PolRzer mass at p 2 = - m 2  to be 4.23 • 0.05 GeV 

using QCD sum rules. 
14REINDERS 88 determines the GeorgI-Polltzer mass at p2 = _ m  2 to be 4.17 • 0.02 

using moments of  b'y/~ b. This technique leads to a value for the mass of  the B meson 
of 5.25 :E 0.15 GeV. 

15NARISON 87 determines the pole mass to  be 4.70 • 0.14 using QCD sum rules, with 
A(M--S) = 180 :t: 80 MeV. 

16 GASSER 82 uses SVZ sum rules. The renormalization point Is/~ = quark mass. 

Charge = 2 e Top  = + 1  

T H E  TOP Q U A R K  

Revised April 1998 by M. Mangano (CERN) and T. Trippe 
(LBNL). 

A.  In troduct ion:  The top quark is the Q = 2/3, T3 = +1/2 
member of the weak-isospin doublet containing the bottom 

quark (see our review on the "Standard Model of Electroweak 
Interactions" for more information). This note collects a sum- 
mary of its currently measured properties, in addition to a 
discussion of the experimental and theoretical issues involved 
in the determination of its parameters (mass, production cross 
section, decay branching ratios, etc.) and some comments on of 
the prospects for future improvements. 

B.  Top quark product ion  at the Tevatron:  At the Teva- 
tron energy, 1.8 TeV, top quarks axe dominantly produced in 
pairs from pure QCD processes: q~ --* t t  and gg --~ ft. The 
production cross section through these channels is expected to 
be approximately 5 pb at m t =  175 GeV/c 2, with a dominant 
90% contribution from t h e  q~ annihilation process. Smaller 
contributions come from the single-top production mechanisms, 
namely q~r __, W* --* tb and qg --* q~tb, this last mediated 
by a t-channel virtual-W exchange. The combined rate from 
these processes is approximately 2.5 pb at m t =  175 GeV (see 
Ref. 1 and references therein). The actual contribution of these 
channels to the detected final states is further reduced relative 
to the dominant pair-production mechanisms, due to the lower 

experimental acceptances. 
With a mass above the Wb threshold, the top quark decay 

width is dominated by the two-body decay t --* Wb. Neglecting 
terms of order 2 2 mb/m t and of order (as /Tr )m2/m 2, this is 
predicted in the Standard Model to be [2]: 

F - - G F m 3  (1 - M ~ 2  ( 1 + 2  M ~  [1-- 2~ (2_~ 5~] . 

(1) 
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The use of G F in this equation accounts for the largest part 

of the one-loop electroweak radiative corrections, providing 

an expression accurate to better than 2%. The width values 

increase with mass, going for example from 1.02 GeV at m t =  

160 GeV to 1.56 GeV at mt -- 180 GeV (we used as(Mz)  = 

0.118). With such a correspondingly short lifetime, the top 

quark is expected to decay before top-flavored hadrons or tE- 

quarkonium bound states can form. 

In top decay, the W s  and W d  final states are expected 

to be suppressed relative to W b  by the square of the CKM 

improve the S/B ratio by either requiring the presence of a 

b quark, or by selecting very energetic and central kinematical 

configurations. 

A detailed study of control samples with features similar to 

those of the relevant backgrounds, but free from possible top 

contamination is required to provide a reliable check on the 

background estimates. 

C. Measured  top propert ies:  All direct measurements of 

top quark production and decay have been made by the CDF 

matrix elements Vt8 and Ytd , whose values can be estimated 

under the assumption of unitarity of the three-generation CKM 

matrix to be less than 0.042 and 0.013, respectively (see our 

review "The Cabibbo-Kobayashi-Maskawa Mixing Matrix" in 

the current edition for more information). 

Typical final states for the leading pair-production process 

therefore belong to three classes: 

A. t~-~ WbW-b- -*  q-~lbq'-~l"b, 

B. t t - ~  WbWb- - -*  q ~ b ~ - ~ b +  ~v~bq~t-b, 

C. t t - o  W b W b - *  iv~bglP~,b, 

where A, B, and C are referred to as the all-jets, lepton + jets, 

and dilepton channels, respectively. 

The final state quarks emit radiation and evolve into jets 

of hadrons. The precise number of jets reconstructed by the 

detectors varies event by event, as it depends on the decay 

kinematics, as well as on the precise definition of jet used in 

the analysis. The neutrinos are reconstructed via the large im- 

balance in detected transverse momentum of the event (missing 

ET). 
The observation of t~ pairs has been reported in all of 

the above decay modes. As discussed in detail below, the top 

quark production and decay properties extracted from the three 

different decay channels above are all consistent with each other, 

within the present experimental sensitivity. In particular, the 

t ---* W b  decay mode has been confirmed by the reconstruction 

of the W -o j j  invariant mass in the g-~tbbjj final state [3]. 

The extraction of the top-quark properties from the Teva- 

tron data  requires a good understanding of the production and 

decay mechanisms of the top itself, as well as of the large 

background processes. The theoretical estimates of the physics 

backgrounds have large uncertainties, since only leading order 

QCD calculations are available for most of the relevant pro- 

cesses (W+3 and 4 jets, or W W + 2  jets). While this limitation 

is known to affect the estimates of the overall production rates, 

it is believed that the LO determination of the event kinemat- 

ics and of the fraction of W plus multi-jet events containing 

b quarks is rather accurate. In particular, one expects the ET 

spectrum of these jets to fall rather steeply, the jet direction 

to point preferentially at small angles from the beams, and 

the fraction of events with b quarks to be of the order of few 

percent. In the case of the top signal, vice versa, the b fraction 

is ~ 100% and the jets are rather energetic, since they come 

from the decay of a massive object. It is therefore possible to 

and DO experiments at the Fermilab Tevatron collider in p~ 

collisions at vfs = 1.8 TeV. Since the first direct experimental 

evidence for the top quark in 1994 [4] by CDF (a 2.8 a effect. 

See this review in our 1996 edition [5] for more details) and 

the conclusive observation by both CDF and DO in 1995 [6,7], 

the integrated luminosity has increased to 109 pb -1 for CDF 

and 125 pb -1 for DO, allowing significant improvements in the 

measurement of the top production cross section, mass, and 

decay properties. 

DO and CDF determine the tt  cross section at~ from their 

numbers of top candidates, their estimated background, their t~ 

acceptance, and their integrated luminosity, assuming Standard 

Model decays t ---* Wb  with unity branching ratio. Table 1 

shows the measured cross sections from DO and CDF along 

with the range of theoretical expectations, evaluated at the mt 

values used by the experiments in calculating their acceptances. 

There is fairly good agreement between the experiments and the 

theoretical expectations, although the CDF values are somewhat 

higher than the theory values. This agreement supports the 

hypothesis that the excess of events over background in all 

of these channels is due to t t  production. A joint CDF/DO 

working group is expected to produce a combined cross section 

for the two experiments in the near future. 

Future precise determinations of the top production cross 

section will test the current theoretical understanding of the 

production mechanisms [8-11]. A precise understanding of top 

production at the Tevatron is important for the extrapolation to 

the higher energies of future colliders, like the LHC, where the 

expected large cross section will enable more extensive studies. 

Discrepancies in rate between theory and data, on the other 

hand, would be more exciting and might indicate the presence 

of exotic production channels, as predicted in some models. In 

this case, one should also expect a modification of kinematical 

distributions such as the invariant mass of the top pair or the 

top quark transverse momentum. 

The top mass has been measured in the lepton + jets 

and dilepton channels by both DO and CDF, and in the 

all-jets channel by CDF. At present, the most precise mea- 

surements come from the lepton + jets channel with four or 

more jets and large missing ET. In this channel, each event is 

subjected to a two-constraint kinematic fit to the hypothesis 

t t  ~ W + b W - b  --* g vl q ~ b b, assuming that the four highest 

ET jets are the tt  daughters. The shape of the distribution of 

fitted top masses from these events is compared to templates 
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Table  1: Cross section for t~ production in p~ 
collisions at ~ = 1.8 TeV from DO (mr = 173.3 
GeV/c2), CDF (mr = 175 GeV/c2), and theory. 

t t  cross section Source Ref. Method 

4.1 • 2.0 pb DO [12] lepton + jets 

8.2 • 3.5 pb DO [12] lepton + je ts /~  

6.3 • 3.3 pb DO [12]  dileptons + ev 

5.5 • 1.8 pb DO [12] Ref. 12 combined 

5.0 - 5.8 pb Theory [8-11] at rnt = 173.3 GeV/c 2 

7+2.o �9 "-1.7 pb CDF [13] lepton + jet 
8 ~+4.4 pb CDF [14]  dileptons 

" ~ - 3 . 4  

10.1+~: 5 pb CDF [15] all jets 

7 ~+l.S pb CDF [13] Refs. 13-15 combined �9 V_l. 5 

4.75 - 5.5 pb Theory [8-11] at m t =  175 GeV/c 2 

expected from a mixture of background and signal distributions 

for a series of assumed top masses. This comparison yields val- 

ues of the likelihood as a function of top mass, from which a best 

value of the top mass and its error are obtained. The results 

are shown in Table 2. The systematic error, the second error 

shown, is comparable to the statistical error and is primarily 

due to uncertainties in the jet energy scale and the Monte Carlo 

modeling. 

Less precise determinations of the top mass come from 

the dilepton channel with two or more jets and large missing 

ET, and from the all-jets channel. In the dilepton channel 

a kinematically constrained fit is not possible because there 

are two missing neutrinos, so experiments must use other 

mass estimators than the reconstructed top mass. Any quantity 

which is correlated with top mass can be used as a mass 

estimator. DO uses the fact that if mt is assumed, the t t  
4 

system can be reconstructed (up to a four-fold ambiguity). They 

compare the resulting kinematic configurations to expectations 

from t t  production and obtain a weight vs m~ curve for each 

event, which they coarsely histogram to obtain four shape- 

sensitive quantities as their multidimensional mass estimator. 

Their method yields a significant increase in precision over one- 

dimensional estimators. CDF does two analyses, one using the 

b quark jet energy and the other using the ! b-jet invariant mass. 

Both DO and CDF obtain the top mass and error from these 

mass estimators using the same template likelihood method as 

for the lepton + jets channel. CDF also measures the mass in 

the all-jets channel using events with six or more jets, at least 

one of which is tagged as a b jet by the presence of a secondary 

vertex. 

As seen i n  Table 2, all top mass results are in good 

agreement, giving further support to the hypothesis that these 

events are due to t t  production. A joint CDF/DO working 

group is expected to produce a combined CDF/DO average 

top mass in the near future, taking into account correlations 
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mt (GeV/c 2) Source Ref. Method 

173.3 • 5.6 + 5.5 DO [16] lepton + jets 

168.4 • 12.3 4- 3.6 DO [17] dileptons 

172.1 • 5.2 • 4 .9  DO [16] DO combined 

175.9 • 4.8 • 4.9 CDF [18] lepton + jet 

161 • 17 4- 10 CDF [14] dileptons 

186 4- 10 • 12 CDF [15] all jets 

173.8 • 3.5 • 3.9 * PDG PDG Average 

* Average does not include CDF all jets. See text. 

between the systematic errors in the different measurements. In 

the meantime, the PDG obtains an average top mass as follows. 

Using DO's approach to combining their own results [16], we 

assume a 100% correlation between the DO lepton + jets and 

dilepton systematic errors for jet energy scale, signal model, and 

multiple interactions, and 0% correlation between their other 

systematic errors. CDF have not published their combined 

results, but we can include CDF results for lepton + jets [18] 

and dileptons [14] by assuming 100% correlation between the 

signal model errors in all four results and 100% correlation 

between the jet energy scale errors of the two CDF results. In 

addition, in a given channel, lepton + jets or dileptons, we 

assume a 100% correlation between systematic errors in the 

CDF and DO background shapes. All other correlations are 

assumed to be zero. We do not include the CDF all jets channel 

because we do not know what correlation to assume for its 

signal model error. These assumptions yield a PDG average top 

mass of mt = 173.8 • 3.5 + 3.9 GeV/c  2 = 173.8 =t= 5.2 GeV/c 2. 

Given the experimental technique used to extract the top 

mass, the top mass values should be taken as representing the 

top pole mass (see our review "Note on Quark Masses" in the 

current edition). 

The extraction of the value of the top mass from the 

analyses described requires, in addition to an understanding of 

the absolute energy calibration and resolution of the detectors, 

also an a priori knowledge of the structure of the final state. 

Given the hardness of a t t  production process, jets can in 

fact arise not only from the top decays, but also from the 

initial state gluon radiation. Fhrthermore, quarks from the 

top decays can radiate additional jets. The presence of these 

additional jets will affect the shape of the mass spectrum, 

depending on the details of how the samples used for the mass 

determination were defined. QCD calculations used to model 

top production and decay are expected to be rather reliable, 

but residual uncertainties remain and are accounted for in the 

overall systematic error on the top mass. The larger samples 

that will become available in the future will allow more strict 

selection criteria, leading to purer samples of top quarks. For 

example, requesting the presence of four and only four jets in 

Table  2: Top mass measurements from DO and 
CDF. 
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the event, two of which are b tagged jets and the other two 

of which are central jets of high-ET, should largely reduce the 

possibility of erroneously including jets not coming from the 

top decays into the mass reconstruction. This will significantly 

improve the mass resolution and will make it less sensitive to 

the theoretical uncertainties. With a smaller error on the top 

mass, and with yet improved measurements of the electroweak 

parameters, it will be possible to get important constraints 

on the value of the Higgs mass. Current global fits performed 

within the Standard Model and its minimal supersymmetric 

extension provide indications for a relatively light Higgs (see 

the "H ~ Indirect Mass Limits from Electroweak Analysis" in 

the Particle Listings of the current edition), possibly within the 

range of the upcoming LEP2 experiments. 

Measurements of other properties of top decays are under- 

way. CDF reports a direct measurement of the t --~ W b  branch- 

ing ratio [19]. Their preliminary result, obtained by comparing 

the number of events with 0, 1 and 2 tagged b jets and using the 

known tagging efficiency, is: R = B(t --* Wb)/~~.q=d,s,b B(t 

W q )  -- 0.99 4- 0.29 where the error includes statistical and sys- 

c~ modes lead to disagreement with the observed cross section 

and thus to exclusion regions at both low and high tan j3. At 

high tan fl these experiments can potentially probe mH+ up 

to the top decay kinematic limit, while at low t an~  the mH+ 

reach is expected to be weakened to perhaps 140 GeV. This is 

because at higher m u +  and low tariff the H + ---* Wbb decay 

mode dominates [21] and cannot easily be distinguished from 

Standard Model top decay. 

Searches for other possible new particles such as a super- 

symmetric scalar top quark (t) via t ~ ~ 0 ,  are under way both 

at CDF and DO. 

CDF reports a search for flavor changing neutral current 

(FCNC) decays of the top quark t ~ q'y and t --* q Z  [22], for 

which the Standard Model predicts such small rates that their 

observation here would indicate new physics. They assume that 

one top decays via FCNC while the other decays via W b .  For 

the t --~ q~/search, they search for two signatures, depending on 

whether the W decays leptonically or hadronically. For leptonic 

W decay, the signature is "rs plus missing E T  and two or more 

jets, while for hadronic W decay, it is "7 plus four or more jets, 

tematic uncertainties, or as a lower limit, R > 0.58 at 95% CL. 

Assuming that non-W decays of top can be neglected, that only 

three generations exist, and assuming the unitarity of the CKM 

matrix, they extract a CKM matrix-element IYtbl ----- 0.99 + 0.15 

or IVtbl > 0.76 at 95% CL. A more direct measurement of 

the W t b  coupling constant will be possible when enough data 

have been accumulated to detect the less frequent single-top 

production processes, such as q~ --+ W* ~ t/~ and qb ~ qtt via 

W exchange. The cross-sections for these processes are propor- 

tional t o  IYtbl 2, and no assumption on the number of families or 

the unitarity of the CKM matrix needs to be made to extract 

iYtbl. 
Both CDF and DO are searching for non-Standard Model 

top decays, particularly those expected in supersymmetric mod- 

els. CDF [20] has published a direct search for top decay to 

a charged Higgs and a b quark followed by H + --o Tur with 

r decaying to hadrons. This search focuses on large tanfl,  

the ratio of the vacuum expectation values for the two Higgs 

doublets. As tanfl  increases, the t --* H+b and H + --* TUr 

branching fractions are both expected to approach one, maxi- 

mizing sensitivity to this mode. CDF sees no excess of events 

over the expected background, giving an exclusion region in the 

mtt+ v s  t a n ~  plane (see their Fig. 3) which extends to rag+ 

values higher than existing LEP limits for tan/3 above 100, 

assuming m~ = 175 GeV/c 2 and a d = 5.0 pb. 

DO and CDF are looking for top disappearance via t 

H+b, H + --~ r v  or c~. These charged Higgs decays would 

not be detected in the lepton + jets or dilepton cross section 

analyses as efficiently as t --~ W + b ,  primarily because of the 

absence of energetic isolated leptons in the Higgs decays. This 

would give rise to measured cross sections lower than the 

Standard Model prediction, assuming that non-Standard Model 

tt  production is negligible. The H + is expected to decay to 

"rv at high tan fl and to c~ or Wbb at low tan ft. The r v  and 

one with a secondary vertex b tag. They observe one event (#-y) 

with an expected background of less than half an event, giving 

an upper limit on the top branching ratio of B(t --~ qT) < 3.2% 

at 95% CL. 

For the t --* qZ  FCNC search, they look for Z ~ /~# 

or ee and W --* hadrons, giving a Z plus four jet signature. 

They observe one #/z event with an expected background of 

1.2 events, giving an upper limit on the top branching ratio of 

B(t --* qZ)  < 33% at 95% CL. Both the ~ and Z limits are 

non-background subtracted (i.e. conservative) estimates. 

Studies of the decay angular distributions are also in 

progress using the current data sets. They will allow a first 

direct analysis of the V - A nature of the W t b  coupling, as 

well as providing direct information on the relative coupling 

of longitudinal and transverse W bosons to the top. In the 

Standard Model, the fraction of decays to transversely polar- 

ized W bosons is expected to be 1/(1 + m ~ / 2 M ~ v  ) (30% for 

mt  = 175 GeV. Deviations from this value would challenge the 

Higgs mechanism of spontaneous symmetry breaking. 
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IMimct t-Quark Mass from Standard Model Electromak Fit 
"OUR EVALUATION"  below is from the f i t  to  electroweak data described in the 
=Electroweak Model and Constraints on New Physics" section of  this Review. This 
f i t  result does not include direct measurements of  m t. The central value and first 
uncertainty are for M H = M Z.  The second uncertainty is the shift from changing 
M H to  300 GeV. 

l-he RVUE values are based on the data described in the footnotes. RVUE's published 
before 1994 and superseded analyses are now omitted. For more complete listings of  
earlier results, see the 1994 edition (Physical Review DgO 1173 (1994)).  

"COMMENT VAL UE (GeVJ DOCUMENT ID TECN 
170 4- 7 ( + 1 4 )  OUR EVALUATION 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

79, 1203 (1997). 

F. Abe et al., The CDF Collaboration, Phys. Rev. Lett. 
80, 2773 (1998). 

F. Abe et al., The CDF Collaboration, Phys. Rev. Lett. 
80, 2779 (1998). 

F. Abe et al., The CDF Collaboration, Phys. Rev. Lett. 
79, 1992 (1997). 

B. Abbott et al., The DO Collaboration, to be publ. in 
Phys. Rev. D; S. Abachi ctal . ,  The DO Collaboration, 
Phys. Rev. Lett. 79, 1197 (1997). 
B. Abbott et al., The DO Collaboration, Phys. Rev. Lett. 
80, 2063 (1998). 

F. Abe et al., The CDF Collaboration, Phys. Rev. Lett. 
80, 2767 (1998). 
G. F. TartareUi, The CDF Collaboration, FERMILAB- 

172.0 + 5,8 5 DEBOER 978 RVUE Electroweak + Direct | - 5.7 
I 157 + 1 6  6 - 1 2  ELLIS 96C RVUE Z parameters, r oW,  low - 

energy 

175 : E l l  +17_19 7ERLER 95 RVUE Zparameters ,  m W ,  lOW__ 
energy 

180 • 9 + 1 9  :F 2.6 • 4,8 8 M A T S U M O T O  95 RVUE 

157 + 3 6  + 1 9  9 ABREU 94 DLPH Z parameters - 4 8  - 2 0  

158 + 3 2  •  10 ACCIARRI 94 L3 Z parameters - 4 0  

132 + 4 1  + 2 4  11 AKERS 94 OPAL Z parameters - 4 8  - 1 8  

190 +39_48 +12_14 12 ARROYO 94 CCFR u# iron scattering 

184 + 2 5  + 1 7  13 BUSKULIC 94 ALEP Z parameters - 2 9  - 1 8  
153 4-15 14ELLIS 94B RVUE Electroweak 

1 7 7 4 -  9 + 1 6  15GURTU 94 RVUE Electro~eak 
- 2 0  

174 + 1 1  + 1 7  1 6 M O N T A G N A  94 RVUE Electroweak - -13 - -18 

171 d:12 + 1 5  1 7 N O V I K O V  94B RVUE Eiectroweak - 2 1  

160 + 5 0  1 8 A L I T T I  92B UA2 m W, m z - 6 0  
CONF-97/401-E. Proceedings International Europhysics 
Conference on High Energy Physics, Jerusalem, Israel, 
August 19-26, 1997. 

20. F. Abe et al., The CDF Collaboration, Phys. Rev. Lett. 
79, 357 (1997). 

21. E. Ma, D. P. Roy, J. Wudka, Phys. Rev. Lett. 80, 1162- 
1165 (1998). 

22. F. Abe et al., The CDF Collaboration, Phys. Rev. Lett. 
80, 2525 (1998). 

t-Quark Ma~ I.  pp Collldons 
The t quark has now been observed. Its mass is sufficiently high that decay is expected 
to  occur before hadronlzation. OUR EVALUATION is an AVERAGE which incorporates 
correlations as described in the note "The Top Quark" '  above. 

For earlier search l imits see t~e Review o f  Particle Physics, Phys. Rev. D i4 ,1  (1996). 

VALUE{GeV} DOCUMENTID TECN. COMMENT 
173.84- S.2 OUR EVALUATION 
168.4•  12 ,3 •  3.6 1 A B B O T T  98D DO t t  + Jets 
173.34- 5.64- 5 3  1 A B B O T T  98F DO t + Jets 
175.9•  4 . 8 •  4.9 2 ABE 98E CDF ! + Jets 
161 4-17 4-10 2 ABE 98F CDF t t  + jets 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

173.34- 5,64- 6.2 1 A B A C H I  97E DO t + Jets 
186 4-10 4-12 2 ,3ABE 97R CDF 6 or moreJets 

199 + 1 9  - 2 1  4-22 ABACHt  95 DO t + Jets 

176 4- 8 4-10 ABE 95F CDF t + b-jet 

174 :J:lO + 1 3  - 1 2  ABE 94E CDF t + b-Jet 

1Result is based on 125pb - 1  of  data at v ~ = 1.8 TeV. 
2 Result is based on 109 4- 7 p b -  1 of  data at v ~  = 1.8 TeV. 
3 A B E  97R result is based on the first observation of  all hadronlc decays of t t  pairs. Single 

b-quark tagging wi th Jet-shape variable constraints was used to select signal enriched 
multi-Jet events. Not used in OUR EVALUATION because of  unknown correlations in 
the systematic errors. A Joint CDF-D(~ working group Is considering how to include 
these results. 

t-Quark Decay Branddng Fmcffons 
VALUE J%) DOCUMENT It:) TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

4 ABE 97V CDF t ~  + Jets I 

4 A B E  97V searched for t t  ~ ( t e l . )  ( ~ u T ) b b  events in 109pb - 1  of  p ~  collisions at I 
~/s = 1.8 TeV. They observed 4candidate events where one expects ~ 1 signal and ~ 2 I background events. Three of the fou r observed events have Jets identified as b candidates. 

5 DEBOER 97B result is from the five-parameter f i t  which varies m Z, m t, m H,  a s, and I 
c=(mz) under the contraints: m t = 1 7 5  + 6 GeV, 1 / (~ (mz)=128 .896  + 0.09. They found | 

m u  + 1 4 0  I ~ = 1 4 1 _  77 GeV and ( l s ( m z ) = 0 , 1 1 9 7  -I- 0.0031. 

6ELLIS 96C result Is a the two-parameter f i t  with free m t and m H, yielding also 

m H = 6 5 +  117 GeV. I 

7 ERLER 95 result is from f i t  with free m t and c~s(mz),  yielding c~s(mz)  = 0,127(5)(2).  

8 M A T S U M O T O  95 result is from f i t  with free rn t to Z parameters, M W, and low-energy 

neutral-current data. The second error is for m H - 3 nn+700  GeV, the third error is for - " ' -  240 
c~s(mZ) = 0.116 • 0.005, the fourth error is for 6~ha d = 0.0283 • 0.0007. 

9ABREU 94 value is for__~(~ ( r n z )  constrained to 0,123 • 0.005. The second error corre- 

sponds to  m H = 3 0 0 + ~  0 GeV. 

10ACCIARRI 94 value is for a ( m z )  constrained to 0.124 4- 0.006. The second error 

corresponds to rnu  +~(~0 a v n = 3 0 0 - 2 4 0  ~ e - .  

11AKERS 94 result is from fit with free (z s. The second error corresponds to  

mH_oW_240_~+700 GeV. The 95%CL l imit  is m t <210 GeV. 

12 ARROYO 94 measuresthe ratio of  the neutral-current and charged-current deep inelastic 
scattering of  u/j on an iron target. By assuming the SM electroweak correction, they 

obtain 1 - m 2 w / m 2  Z = 0.2218 • 0.0059, yielding the quoted m t value. The second error 
3 ~  + 7 0 0  - . .  corresponds to  m H = w _ 2 4 0  ~ev .  

13 BUSKULIC 94 result is from fit with free ~s" The second error is from mH=300+7~00 
GeV. 

14 ELLIS 94B result is f i t  to  electroweak data available in spring 1994, including the 1994 
ALR data from SLD. m t and m H are two free parameters o f  the f i t  for ( z s ( m z )  = 

0.118 • 0.007 yielding m t above, and m H = 3 5  + 7 0  GeV. ELLIS 94B also give results 

for fits including constraints from CDF's direct measurement o f  m t and CDF's and D O ' s  
production cross-section measurements. Fits excluding the ALR data from SLD are also 
given. 

15 GURTU 94 result is from f i t  with free m t and a s ( m z ) ,  yielding m t above and ~ s ( m z )  

= 0.125 + 0.005+0'0~13._ . Th . . . . . .  d . . . . . . . . . . .  pond to  m H = 300 +700_ 240 GeV. Uses 
LEP, M W, v N ,  and SLD electroweak data available in spring 1994. 

1 6 M O N T A G N A  94 resuR Is from f i t  with free m t and a s ( m z ) ,  yielding m t above and 

a s ( m z )  = 0.124. The second errors correspond to m ~  - 300 + 7 0 0  GeV. Errors in n - - 240 
a ( m z )  and m b are taken Into account in the f i t. Uses LEP, SLC, and M w / M  z data 
available in spring 1994. 

17NOVIKOV 94B result is from f i t  with free m t and CXs(mz), yielding m t above and 

o s ( m z )  = 0.125 • 0.005 4- 0.002. The second errors correspond to  m H --  300 + 7 0 0  -- " - - 2 4 0  
GeV. Uses LEP and CDF electroweak data available in spring 1994. 

1 8 A L I T T I  92B assume rn H = 100 GeV. The 95%CL l imit  is m t < 250 GeV for m H < 
1 TeV. 
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t, b' (Fourth Generation) Quark 

t-quark REFERENCES 

ABBOTT 98D PRL 80 2063 B. Abbott+ (DO Collab.) 
ABBOTT 9BF PR D (to be publ.) B. Abbottt (DO Collab.) 

FERMILAB-PulP98/03 I-E 
ABE SeE PRL 80 2767 F. Abe+ (CDF Collab.) 
ABE 98F PRL 80 2779 F, Abe+ (CDE Collab.) 
ABACHI 97E PRL 79 1197 S. Abachi+ (DO Collab.) 
ABE 97R PRL 79 1992 F. Abet (CDF Collab.) 
ABE 97V PRL 79 3585 F. Abe+ (CDF Collab.) 
DEBOER S7B ZPHY C75 627 W. de Boer, A. DaUe]stein, W. Holllk+ 
ELLIS 96C PL B389 321 +Fogli, Lisl (CERN, BARI) 
ABACHI 95 PRL 74 2632 +Abbott, Abolins, Acharya. Adam+ (00 Collab.) 
ABE 95F PRL 74 2626 +Akimoto, Akopia~. Albrow, Amendolia+ (CDF Collab.) 
ERLER 95 PR DS2 441 +Langacker (PENN) 
MATSUMOTO 95 MPL AL0 2S53 (KEK) 
ABE 94E PR DS0 2%6 +Albrow, Amendolia, Amidei, Antos+ (CDF Collab.) 

Also 94F PRL 73 225 Abe, Albrow, Amidei, Antos, Anway-Weise+ (CDF Collab.) 
ABREU 94 NP B418 403 +Adam, Adye, A~asi+ (DELPHI Collab.) 
ACCIARRI 94 ZPHY C62 551 +Adam, Adriani, AEuilar-Benitez+ (L3 Collab.) 
AKERS 94 ZPHY C61 19 +Alexander, Allison+ (OPAL Collab.) 
ARROYO 94 PRL 72 3462 +King, Bachman+ (COLU, CHIC, FNAL. ROCH, WISC) 
BUSKULIC 94 ZPHY C62 539 +Casper, De Bonis, Decamp, Ghez, GOY+ (ALEPH Collab.) 
ELLIS 94B PL 8333 118. +Fogli, Lisi (CERN, BARI) 
GURTU 94 MPL A9 3301 (TATA) 
MONTAGNA 94 PL B335 484 +Nicrosini, Passarino, Piccinini (INFN, PAVI, CERN, TORI) 
NOVIKOV 94B MPL A9 2641 +Okun, Rozanov, Vysotsky (GUEL, CERN, ITEP) 
POG 94 PR D50 1173 Montanet+ (CERN, LBL, BOST, ]PIC+) 
ALITTI 92B PL B276 354 +Ambrosini, Ansarl, Autiero, Bareyre+ (UA2 Collab.) 

I b' (4 th Generation) Quark, Searches for I 

>45.2 95 13 AKRAWY 908 OPAL B(C C) = 1; acopla- 
narity 

>46 95 14 AKRAWY 90J OPAL b ~ ~ "7 + any 
>27.5 95 15 ABE 89E VNS B(CC)  =1;  /~, e 

none 11.4-27.3 95 16 ABE 89G VNS B(b / ~ b3,) > 10%; 
isolated 3' 

>44.7 95 17 ABRAMS 89C MRK2 B(C C)=  100%; Isol. 
track 

>42.7 95 17 ABRAMS 89C MRK2 B ( b g ) =  100%; event 
shape 

>42.0 95 17 ABRAMS 89C MRK2 Any decay; event shape 
>28.4 95 18,19 ADACHI 89C TOPZ B(C C) =1;  /~ 

>28.8 95 20END 89 AMY B(CC)  ? .~90%;# ,e  
>27.2 95 20,21 END 89 A M Y  any decay; event shape 

>29,0 95 20 END 89 A M Y  B(b / ~ b g )  ~ ,  85%; 
event shape 

>24.4 95 22 IGARASHI 88 A M Y  /~,e 
>23.8 95 23 SAGAWA 88 A M Y  event shape 
>22.7 95 24 ADEVA 86 MRKJ /~ 
>21 25 ALTHOFF 84c TASS R, event shape 
>19 26 ALTHOFF 841 TASS Aplanarlty 

MASS LIMITS for V (4 m Generation) quark or Hadron in p~ Collisions 
These experiments (except for MUKHOPADHYAYA 93 and ABACHI 97D) assume 
that  no two-body modes such as b I ~ b3,, b ! ~ bg,  or b I ~ c H  -F are available. 

VALUE {GeV) CL% DOCUMENT ID TECN COMMENT 

>1211 95 1 ABACHI 95F DO .~ + jets, t + jets 
�9 �9 �9 We do not use the fol lowlng data for averages, fits, l imits, etc. �9 �9 �9 

> 96 95 2 ABACHI 97D DO FCNC (b / ~ b-y) 
> 75 95 3 MUKHOPAD.,.  93 RVUE FCNC (b ~ ~ b l  + t - )  
> 85 95 4 ABE 92 CDF t l  
> 72 95 5 ABE 908 CDF e + /~ 
> 54 95 6 AKESSON 90 UA2 e + jets + missing E T 
> 43 95 7 ALBAJAR 908 UA1 /~ + jets 
> 34 95 8 ALBAJAR 88 UA1 e or/~ -t- jets 

1ABACHI 95F bound on the top-quark also applies to b r and t r quarks that decay pre- 
dominant ly  into W. See FROGGATT 97. 

2 ABACHI 97D searched for b / that  decays mainly via FCNC. They obtained 95%CL upper 
bounds on B ( b l ~  ~ ~ +  3 jets) and B ( b l b  I -~ 2"y+ 2 Jets), which can be interpreted 
as the lower mass bound m y  > m z + m  b. 

3MUKHOPADHYAYA 93 analyze CDF dilepton data of ABE 92G in terms of a new 
quark decaying via flavor-changing neutral current. The above l imi t  assumes B(b / 
b t + t . - - ) = 1 % .  For an exotic quark decaying only via virtual Z [ B ( b l + s  - )  = 3%], the 
l lmR is 85 GeV. 

4ABE 92 dllepton analysis l imi t  of >85 GeV at CL=95% also applies to b I quarks, as 
discussed in ABE 90B. 

5 ABE 90B exclude the region 28-72 GeV. 
6AKESSON 90 searched for events having an electron with PT > 12 GeV, missing 

momentum > 15 GeV, and a Jet with E T > 10 GeV, I~11 < 2.2, and excluded m y  
between 30 and 69 GeV. 

7For the reduction of the l imi t  due to non-charged-current decay modes, see Fig. 19 of 
ALBAJAR 908. 

8 ALBAJAR 88 study events at Ecru ~ 546 and 630 GeV with a muon or isolated electron, 
accompanied by one or more jets and find agreement wi th Monte Carlo predictions for 
the production of charm and bot tom, wi thout  the need for a new quark. The lower mass 
l imi t  is obtained by using a conservative estimate for the b i b  I production cross section 

9 DECAMP 90F looked for isolated charged particles, for isolated photons, and for four-jet 
final states. The modes b I ~ b g  for B(b ! ~ bg )  > 65% b r ~ b3, for B(b / ~ b3,) 
> 5% are excluded. Charged HIggs decay were not discussed. 

IOADRIANI 93G search for vector quarkonium states near Z and give l imi t  on quarkonlum- 
Z mixing parameter bm 2 <(10-30) GeV 2 (95%CL) for the mass 88-94.5 GeV, Using 
Richardson potential, a 1S (brb I) state is excluded for the mass range 87.7-94.7 GeV. 
This range depends on the potential choice. 

11ABREU 90D assumed m H_ < rob1 - 3 GeV. 

12 Superseded by ABREU 91F. 
13AKRAWY 90B search was restricted to data near the Z peak at Ecru = 91.26 GeV at 

LEP. The excluded region is between 23.6 and 41.4 GeV if no H + decays exist. For 
charged Higgs decays the excluded regions are between ( m H +  + 1.5 GeV) and 45.5 
GeV. 

14 r AKRAWY 90J search fo isolated photons in hadronic Z decay and derive 
B(Z ~ b l b l ) . B ( b  I ~ ~ X ) / B ( Z  ~ hadrons) < 2.2 x 10 - 3 .  Mass l imi t  assumes 

B(b r ~ 3,X) > 10%. 
15ABE 89E search at Ecru = 56-57 GeV at TRISTAN for mult lhadron events wi th a 

spherical shape (using thrust and acoplanarity) or containing isolated leptons. 
16ABE 89G search was at Ecm = 55-60.8 GeV at TRISTAN. 

17 If the photonic decay mode is large (B(b I ~ b~/) > 25%), the ABRAMS 89c l imi t  is 

45.4 GeV, The l imi t  for for Higgs decay (b  I ~ c H - ,  H -  ~ ~s )  is 45.2 GeV. 
18ADACHI 89C search was at Ecru = 56.5-60.8 GeV at TRISTAN using mult l-hadron 

events accompanying muons. 
19 ADACHI 89c also gives l imits for any mixture of C C and bg  decays. 
20END 89 search at Ecru = 50-60.8 at TRISTAN. 

21END 89 considers arbitrary mixture of the charged current, bg, and b-~ decays, 
22 IGARASHI 88 searches for leptons in low-thrust events and gives Z~R(b r) < 0.26 (95% 

CL) assuming charged current decay, which translates to m y  > 24.4 GeV. 

23SAGAWA 88 set l imi t  ~(top) < 6.1 pb at CL=95% for top-flavored hadron production 
from event shape analyses at Ecru = 52 GeV, By using the quark parton model cross- 
section formula near threshold, the above l imi t  leads to lower mass bounds of 23.8 GeV 
for charge - 1 / 3  quarks. 

24ADEVA 86 give 95~/0CL upper bound on an excess of the normalized cross section, AR, 
as a function of the min imum c.m. energy (see their figure 3). Production of a pair of 
1/3 charge quarks is excluded up to Ecm = 45.4 GeV. 

25 ALTHOFF 84C narrow state search sets l imi t  F(e + e-)B(hadrons)  <2.4 keY CL = 95% 
and heavy charge 1/3 quark pair production m >21 GeV, CL = 95%. 

26ALTHOFF 841 exclude heavy quark pair production for 7 < m  <19 GeV (1/3 charge) 
using aplanarity distributions (CL = 95%). 

REFERENCES FOR Searches for (Fourth Generation) b I quark 

and by assuming that i t  cannot be produced in W decays. The value quoted here is 
revised using the full O(~3_~ cross section of ALTARELLI 88. 

MASS LIMITS for b ~ (4 th Generation) Quark or Hadron in e + e -  Collisions 
Search for hadrons containing a fourth-generation - 1 / 3  quark denoted b r. 

The last column specifies the assumption for the decay mode (C C denotes the con- 
ventional charged-current decay) and the event signature which is looked for. 

VALUE (GeV} CL.._~ DOCUMENT ID TECN COMMENT 

>46.0  95 9 DECAMP 90F ALEP any decay 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

10 ADRIANI 93G L3 Quarkonium 
>44.7 95 . ADRIANI 93M L3 F(Z) 
>45 95 ABREU 91F DLPH F(Z) 

none 19.4-28.2 95 ABE 9OD VNS Any decay; event shape 
>45.0 95 ABREU 90D DLPH B(C C) = 1; event 

shape 
>44.5 95 11 ABREU 90D DLPH b I ~ c H - .  H -  

>40.5 95 12 ABREU 90D DLPH I-(Z ~ hadrons) 
>28.3 95 ADACHI 9O TOPZ B(FCNC)=100%; iso l . .y  

or 4 jets 
>41.4 95 13 AKRAWY 908 OPAL Any decay; acoplanarity 

ABACHI 97D PRL 78 3818 S. Abachi+ (DO Collab.) 
FROGGATT 97 ZPHY C73 333 C.D. Froggatt, D.J. Smith, H.B. Nielsen (GLAS, BOHR) 
ABACHI 95F PR D52 4877 +Abbott, Abolin~, Acharya, Adam, Adams+ (DO Col]ab. 
ADRIANL 93G PL 8313 326 +Aguilar-Benitez, AMen, AIcaraz, Aloisio+ (L3 Collab, 
ADRiANI 93M PRPL 236 1 +Aguilar-Benitez, Ahlen, Alcaraz, Aloislo+ (L3 Co[lab.) 
MUKHOPAD.., 93 PR D48 2 1 0 5  Mukhopadhyaya, Roy (TATA) 
ABE 92 PRL 68 447 +Amidei, Apollinari, Atac. Auchincloss+ (CDF Collab.) 

Also 92G PR D45 3921 Abe, Amidei, Apollinari, Atac, Atlcblncloss+ (CDF Collab.) 
ABE 92G PR D45 3921 +Amidei, Apollinari, Atac, Auchincloss+ (CDF Collab.) 
ABREU 91F NP B367 511 +Adam, Adami, Adye, Akesson+ (DELPHI Collab.) 
ABE 90B PRL 64 147 +Amidei, Apollinari, Atar Auchincloss+ (CDF Co8ab.) 
ABE SOD PL 8234 382 +Amako, Ara[, Asano+ (VENUS Collab.) 
ABREU 90D PL B242 536 +Adam, Adami, Adye, Alekseev. Allaby+ (DELPHI Collab.) 
AOACHI 90 PL 8234 197 +Aihara, Doser, Enomoto+ (TOPAZ Collab.) 
AKESSON 90 ZPHY C46 179 +Alitti, Ansari, Ansorge. Bagnaia+ (UA2 Collab.) 
AKRAWY 90B PL B236 364 +Alexander, Allison. Ailport, Anderson+ (OPAL Collab.) 
AKRAWY 90J PL B246 285 +Alexander, Allison, Agport, Anderson+ (OPAL Collab.) 
ALBAJAR 90B ZPhY C4B 1 +Albrow, AIIkofer, Andrieu, Ankovlak+ (UA1 Collab.) 
DECAMP 90F PL B236 511 +Deschizeaux, Lees, Minard+ (ALEPH C08ab.} 
ABE BSE PR D39 3524 +Amako, Arai, Asano, Chiba, Chiba+ (VENUS Cotlab.) 
ABE 89G PRL 83 1776 +Amako, Aral, Asano, Chiba+ (VENUS Collab.) 
ABRAMS 89C PRL 63 2 4 4 7  +Adoiphsen, AvedlL Ballam+ (Mark It Collab.) 
ADACHI 89C PL B229 427 +Aihara, Doser, Enomoto, Fujii+ (TOPAZ Collab.) 
END 89 PRL 63 1 9 1 0  +Auchlncloss, Blanis, Bodek, Budd+ (AMY Cogab.) 
ALBAJAR 88 ZPHY C37 505 +Albrow, AIIkofer+ (UAI Collab.) 
ALTARELLI 88 NP B308 724 +Diemoz, Martinelli, Nason (CERN, ROMA, ETH) 
IGARASHI 88 PRL 60 2359 +Myung, Chiba, Hanaoka+ (AMY Collab.) 
SAGAWA 68 PRL 60 93 +Moci, Abet (AMY Coliab.) 
ADEVA 86 PR D34 681 +Ansari, Becker, Becker-Szendy+ (Mark-J Collab.) 
ALTHOFF 84C PL 138B 441 +Braunschwelg, Kirschfink+ (TASSO Collab.) 
ALTHOFF 841 ZPHY C22 307 +Braunschweig, Kirschfink+ (TASSO Collab.) 
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Free Quark Searches 

[ Free Quark Searches I Quark Differential Production Cross Section - -  Accelerator Searches 
X-SE(:T CHG MASS ENERGY 

F R E E  Q U A R K  S E A R C H E S  

The basis for much of the theory of particle scattering and 

hadron spectroscopy is the construction of the hadrons from a 

set of fractionally charged constituents (quarks). A central but 

unproven hypothesis of this theory, Quantum Chromodynamics, 

is that quarks cannot be observed as free particles but are 

confined to mesons and baryons. 

Experiments show that it is at best difficult to "unglue" 

quarks. Accelerator searches at increasing energies have pro- 

(cm2sr 1GeV-l) e/3 (GeV) (GeV) BEAM EVTS DO(:UMENTID TEEN 

<4 .E -36  -2 ,4  1,5-6 70 p 0 BALDIN 76 CNTR 
<2 .E -33  •  5-20 82 p p  0 ALBROW 75 SPEC 
<5 .E -34  <7 7-15 44 p p  0 JOVANOV.,. 75 CNTR 
<5 ,E-35  20 "7 0 9GALIK 74 CNTR 
<9 .E -35  -1 ,2  200 p 0 NASH 74 CNTR 
<4 .E -36  - 4  2.3-2.7 70 p 0 ANTIPOV 71 CNTR 
<3 .E-35  •  <2.7 27 p 0 ALLABY 698 CNTR 
<7 .E-38  -1 .2  <2.5 70 p 0 ANTIPOV 698 CNTR 

9 Cross section in cm2/sr/equlvalent quanta. 

Quark Rux - -  A c c e l e r a t o r  Searches 
The definition of FLUX depends on the experiment 

(a) is the ratio of measured free quarks to predicted free quarks if there is no "con- 

duced no evidence for free quarks, while only a few cosmic-ray 

and matter searches have produced uncorroborated events. 

This compilation is only a guide to the literature, since the 

quoted experimental limits are often only indicative. Reviews 

can be found in Refs. 1-3. 

Refe rences  

1. P.F. Smith, Ann. Rev. Nucl. and Part. Sci. 39, 73 (1989). 

2. L. Lyons, Phys. Reports 129, 225 (1985). 

3. M. Marinelli and G. Morpurgo, Phys. Reports 85, 161 
(1982). 

finement." 
(b) is the probability of fractional charge on nuclear fragments. Energy is In 

GeV/nucleon. 

(c) is the 90%CL upper limit on fractionally-charged particles produced per Interac- 
tion. 

(d) is quarks per collision. 

(e) is inclusive quark-production cross-section ratio to ~(e + e -  ~ /J+/J- ) .  

( f)  is quark flux per charged particle. 

(g) is the flux per u-event. 

(h) is quark yield per ~r- yield. 

(i) is 2-body exclusive quark-production cross-section ratio to <~(e+e - 

Quark Production Cross Section - -  ~ r a t o r  Searches 
X-SE(:T CHG MASS ENERGY 
(cm 2) (e/3) (GeV) (GeV) BEAM E V T S  DOEUMENT ID TE(:N 

<1.3E-36 •  45-84 130-172 e -F e -  0 ABREU 97D DLPH 
<2 .E-35  +2  250 1800 p~ 0 1ABE 92J CDF 
<1 .E-35  +4  250 1800 p~ 0 1ABE 92J CDF 
<3.8E-28 14.5A 28Si-Pb 0 2 HE 91 PLAS 
<3.2E-28 14,5A 28Si-Cu 0 2 HE 91 PLAS 
<1 .E-40  •  <10 p,u,~ 0 BERGSMA 84B CHRM 
<1 .E-36  •  <9  200 /= 0 AUBERT 83(: SPEC 
<2 .E-10  :t:2,4 1-3 2OO p 0 3 BUSSIERE 8O CNTR 
<5 .E-38  +1,2 >5 300 p 0 4,5 STEVENSON 79 CNTR 
<1 .E-33  •  <20 52 p p  0 BASILE 78 SPEC 
<9 .E-39  •  <6 400 p 0 4ANTREASYAN77 SPEC 
<8 ,E-35  +1,2 <2O 52 p p  0 6 FABJAN 75 CNTR 
<5 .E-38  - 1 , 2  4-9 200 p 0 NASH 74 CNTR 
<1 .E-32  +2,4 4-24 52 p p  0 ALPER 73 SPEC 
<5 ,E-31  +1,2,4 <12 300 p 0 LEIPUNER 73 CNTR 
<6 .E-34  •  <13 52 p p  0 BOTT 72 CNTR 
<1 .E-36  - 4  4 = 70 p 0 ANTIPOV 71 CNTR 
<1 .E-35  •  2 28 p 0 7ALLABY 698 CNTR 
<4 .E-37  - 2  <5 70 p 0 3ANTIPOV 69 CNTR 
<3 .E-37  - 1 , 2  2-5 70 p 0 7ANTIPOV 69B CNTR 
<1 .E-35  +1,2 <7  30 p 0 DORFAN 65 CNTR 
<2 .E-35  - 2  < 2.5-5 30 p 0 8 FRANZINI 65B CNTR 
<5 .E-35  +1,2 <2.2 21 p 0 BINGHAM 64 HLBC 
<1 .E-32  +1,2 <4.0 28 p 0 BLUM 64 HBC 
<1 .E-35  +1,2 <2.5 31 p 0 8 HAGOPIAN 64 HBC 
<1 .E-34  +1  <2 28 p 0 LEIPUNER 64 CNTR 
<1 .E-33  +1,2 <2.4 24 p 0 MORRISON 64 HBC 

1ABE 92J flux limits decrease as the mass Increases from 50 to 500 GeV. 
2HE 91 limits are for charges of the form N •  from 23/3 to 38/3. 
3 Hadronlc or leptonlc quarks. 
4 Cross section cm2/GeV 2. 
53 • 10 - 5  <lifetime < 1 • 10 - 3  s. 
6includes BOTT 72 results. 
7Assumes isotroplc cm production. 
8 Cross section Inferred from flux. 

~,+ i , - ) ,  
CHG MASS ENRGY 

FLUX (e/3) (GeV) (GeV) BEAM EVTS DOCUMENTID TECN 

<1 .6E-3  b see note 200 32S-Pb 0 10HUENTRUP 96 PLAS| 
<6 .2E-4  b see note 10.6 32S-Pb 0 10 HUENTRUP 96 PLAS I 
<0.94E-4  e •  2-30 88-94 e + e  - 0 AKERS 95R OPAL 
<1 .7E-4  e •  30-40 88-94 e+e  - 0 AKERS 95R OPAL 
<3 .6E-4  e •  5-30 88-94 e + e  - 0 AKERS 95R OPAL 
<1 .9E-4  e •  30-45 88-94 e + e  - 0 AKERS 95R OPAL 
< 2 . E - 3  e +1  5-40 88-94 e + e  - 0 11 BUSKULIC 93C ALEP 

I < 6 . E - 4  e +2  5-30 88-94 e + e  - 0 11 BUSKULIC 93C ALEP 
<1 .2E-3  e +4  15-40 88-94 e + e  - 0 11 BUSKULIC 93C ALEP 
<3 .6E-4  I +4  5.0-10.2 88-94 e + e  - 0 BUSKULIC 93C ALEP 
< 3 . 6 E - 4  i +4  16.5-26.0 88-94 e + e  - 0 BUSKULIC 93C ALEP 
<6~9E-4 i + 4  26,0-33.3 88-94 e + e  - 0 BUSKULIC 93C ALEP 
<9 .1E-4  i + 4  33.3-38,6 88-94 e + e  - 0 BUSKULIC 93C ALEP 
<1 .1E-3  i +4  38.6-44.9 88-94 e - t - e  - 0 BUSKULIC 93C ALEP 
<1 .7E-4  b see note see note 0 12 CECCHINI 93 PLAS | 

b 4,5,7,8 2.1A 160 0,2,0,6 13GHOSH 92 EMUL 
<6 .4E-5  g 1 u,~ 1 14 BASILE 91 CNTR 
<3 .7E-5  g 2 v,~ 0 14 BASILE 91 CNTR 
<3 .9E-5  g 1 u,~ 1 15 BASILE 91 CNTR 
<2 .8E-5  g 2 u,~ 0 15 BASILE 91 CNTR 
<1 .9E-4  c 14.5A 28SI-Pb 0 16HE 91 PLAS 
<3 .9E-4  c 14.5A 28SI-Cu 0 16 HE 91 PLAS 
< 1 . E - 9  c • 14.5A 160-Ar  0 MATIS 91 MDRP 
<5 .1E-10  c • 14.5A 160-Hg 0 MATIS 91 MDRP 
<8 .1E-9  c • 14.5A SI-Hg 0 MATIS 91 MDRP 
<1 .7E-6  c • 60A 160-Hg 0 MATIS 91 MDRP 
<3 .5E-7  c • 200A 160-Hg 0 MATIS 91 MDRP 
< i . 3 E - 6  c • 200A S-Hg 0 MATIS 91 MDRP 
< 5 E - 2  e 2 19-27 52-60 e + e  - 0 ADACHI 90C TOPZ 
< 5 E - 2  e 4 <24 52-60 e + e  - 0 ADACHI 90(: TOPZ 
< 1 . E - 4  e +2  <3.5 10 e + e  - 0 BOWCOCK 89B CLEO 
< 1 . E - 6  d •  60 160-Hg 0 CALLOWAY 89 MDRP 
<3 .5E-7  d •  200 160-Hg 0 CALLOWAY 89 MDRP 
<1 .3E-6  d •  200 S-Hg 0 CALLOWAY 59 MDRP 
<1.2E-10 d •  1 800 p-Hg 0 MATIS 89 MDRP 
<1 .1E-10  d •  1 800 p-Hg 0 MATIS 89 MDRP 
<1 .2E -10d  :El 1 800 p-N 2 0 MATIS 89 MDRP 
< 7 . 7 E - l i d  •  1 800 p-N 2 0 MATIS 89 MDRP 
< 6 . E - 9  h - 5  0.9-2.3 12 p 0 NAKAMURA 89 SPEC 
< 5 . E - 5  g 1,2 <0,5 u , v d  0 ALLASIA 88 BEBC 
< 3 . E - 4  b See note 14.5 160-Pb 0 17 HOFFMANN 88 PLAS 
< 2 . E - 4  b See note 200 160-Pb 0 18 HOFFMANN 88 PLAS 
< 8 E - 5  b 19,20,22,23 200A GERBIER 87 PLAS | 
< 2 . E - 4  a •  <300 320 ~p 0 LYONS 87 MLEV 
< 1 . E - 9  c i l , 2 ,4 ,5  14.5 160-Hg 0 SHAW 87 MORP 
< 3 . E - 3  d -1,2,3,4,6 <5 2 Si-Si 0 19ABACHI 86c CNTR 
< 1 . E - 4  e • <4 10 e + e  - 0 ALBRECHT 85G ARG 
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<6.E-5 b 4-1,2 1 540 p~ 0 BANNER 85 UA2 
<5.E-3 e - 4  1-8 29 e+e - 0 AIHARA 84 TPC 
<1.E-2 e 4-1,2 1-13 29 e+e - 0 AIHARA 84B TPC 
<2.E-4 b 4-1 72 40Ar 0 20 BARWICK 84 CNTR 
<1.E-4  e •  <0.4 1.4 e+e - 0 BONOAR 84 OLYA 
<5.E-1 e 4-1,2 <13 29 e+e - 0 GURYN 84 CNTR 
<3.E-3  b :E1,2 <2 540 p~ 0 BANNER 83 CNTR 
<1.E-4 b 4-1,2 106 56Fe 0 LINDGREN 83 CNTR 
<3.E-3  b > I + 0.1[ 74 40Ar 0 20 PRICE 83 PLAS 
41.E-2  e 4-1,2 <14 29 e+e - 0 MARINI 82B CNTR 
48 .E-2  e • <12 29 e+e - 0 ROSS 82 CNTR 
43 .E-4  e 22 1.8-2 7 e+e - 0 WEISS 81 MRK2 
45 ,E-2  e +1,2,4,5 2-12 27 e+e - 0 BARTEL 80 JADE 
42.E-5  g 1,2 ~, 0 14,15 BASILE 80 CNTR 
<3.E-  10 f 4-2,4 1-3 200 p 0 21 BOZZOLI 79 CNTR 
46.E-11 f 4-1 <21 52 p p  0 BASILE 78 SPEC 
<5.E-  3 g ~,/~ 0 BASILE 78B CNTR 

<2.E-9  f •  <26 62 p p  0 BASILE 77 SPEC 
<7.E-10 f +1,2 <20 52 p 0 22 FABJAN 75 CNTR 

+1,2 >4.5 7 0 14,15 GALIK 74 CNTR 
+1,2 >1.5 12 e -  0 14,15 BELLAMY 68 CNTR 
+1,2 >0.9 "7 0 15 BATHOW 67 CNTR 
+1,2 >0.9 6 7 0 15 FOSS 67 CNTR 

10HUENTRUP 96 quote 95% CL limits for production of fragments with charge differing I 
by as much as 4-1/3 (in units of e) for charge 6 < Z < 10. I 

11 BUSKULIC 93C limits for Inclusive quark production are more conservative if the ALEPH 
hadronic fragmentation function is assumed. 

12CECCHINI 93 limit at 90%CL for 23/3 < Z < 40/3, for 16A GeV O, 14.5A SI, and J 
200A S incident on Cu target. Other limits are 2.3 x 10 - 4  for 17/3 _< Z < 20/3 and I 
1.2 x 10 - 4  _< Z < 23/3. 

13GHOSH 92 reports measurement of spallation fragment charge based on Ionization In 
emulsion. Out of 650 measured tracks, 2 were consistent with charge 5e/3, and 4 with 
7e/3. 

14 Hadronlc quark. 
15 Leptonic quark, 
16 HE 91 limits are for charges of the form N4-1/3 from 23/3 to 38/3, and correspond to 

cross-section limits of 380pb (Pb) and 320/~b (Cu). 
17The limits apply to projectile fragment charges of 17, 19, 20, 22, 23 in units of e/3. 
18The limits apply to projectile fragment charges of 16, 17, 19, 20, 22, 23 in units of e/3. 
19 Flux limits and mass range depend on charge. 
20 Bound to nuclei. 
21Quark lifetimes > 1 • 10 - 8  s. 
22One candidate m <0,17 GeV. 

Quark RBK - -  Cosmic Ray Searches 
Shleldlng values followed with an asterisk indicate altltude In kin. Shleldlng values not 
followed wlth an asterlsk indlcate sea level in kg/cm 2. 

FLUX CHG MASS 
(cm-2sr- ls -1 ) (e/S) {GeV) SHIELDING EVTS 

<2.1E- 15 +1 
<2.3E- 15 ~2 
<2.E-10 4-1,2 0.3 

4-4 0.3 12 
4-4 0.3 

< I . E -  12 4-2,3/2 -70.  
<9.E-  10 ::E 1,2 0.3 
<4 .E -  9 4-4 0.3 
<2.E-  12 4-1,2,3 -0 .3  * 
<3 .E -  10 :E 1,2 0.3 
<2.E-  11 :El,2 
<8.E- 10 4-1,2 0.3 

<1.E-9  
<2 .E-  11 +1 
<2.E-  10 + 1,2 
<1 .E-7  +1,2 
<3.E-  10 +1 >20 
<8.E-11 +1 
<2.E-8  +1,2 
<5 .E-  10 +4  2.8 * 
< I . E -  10 + 1,2 
< I . E -  10 + 1,2 2.8 * 
<3.E-  10 + 2 
< 3 , E - 8  7 
<4.E-9  +1 
<2.E-9  >10 
<2.E-  10 +1 2.8 * 
<3.E-  10 + 1,2 
< I . E -  10 +1,2 
<5.E-  10 +1,2 3.5 * 

+1,2 <6.5 
<2 .E-9  +1 
<2.E-  10 +1,2 0.8 * 
<5.E-  11 +2 
<8 .E -  10 + 1,2 410 

+2 
<1.E-10 >5 1.7,3.6 

DOCUMENT ID TECN 

0 MORI 91 KAM2 
0 MORI 91 KAM2 
0 WADA 88 CNTR 

23 WADA 88 CNTR 
9 24 WADA 86 CNTR 
0 25 KAWAGOE 84B PLAS 
0 WADA 84B CNTR 
7 WADA 84B CNTR 
0 MASHIMO 83 CNTR 
0 MARINI 82 CNTR 
0 MASHIMO 82 CNTR 
0 25 NAPOLITANO 82 CNTR 
3 26 YOCK 78 CNTR 
0 27 BRIATORE 76 ELEC 
0 28 HAZEN 75 CC 
0 KRISOR 75 CNTR 
0 28,29 CLARK 748 CC 
0 KIFUNE 74 CNTR 
0 28 ASHTON 73 CNTR 
0 HICKS 73B CNTR 
0 BEAUCHAMP 72 CNTR 
0 28 BOHM 72B CNTR 
0 COX 72 ELEC 
0 CROUCH 72 CNTR 
0 27 DARDO 72 CNTR 
0 28 EVANS 72 CC 
0 27 TONWAR 72 CNTR 
0 CHIN 71 CNTR 
0 28 CLARK 71B CC 
0 28 HAZEN 71 CC 
0 BOSIA 70 CNTR 
1 28 CHU 70 HLBC 
0 FAISSNER 70B CNTR 
0 KRIDER 70 CNTR 
4 CAIRNS 69 CC 
0 FUKUSHIMA 69 CNTR 
1 28,30 MCCUSKER 69 CC 
0 27 BJORNBOE 68 CNTR 

<1.E-8 4-1,2,4 6.3.2 * 
43.E-8 >2 
<9.E-11 21,2 
<4.E-  10 :El 
<3.E-8 >15 
<2.E-10 +2 
<2.E-10 +4 
42.E-10 +2 6 
<2.E-7 +4  0.008,0.5 * 
<5.E-  10 1,2 0.008,0.5 * 
<4.E-  10 +1,2 
<2.E-9 +2  
<2.E- 10 + 2 220 
<2.E-9 +1,2 0.5 * 
<3.E-9 +1,2 
<2.E-9 +1,2 
<2.E-8 +1,2 >7 2.8 * 
< 5 . E - 8  + 2  >2,5 0,5 * 
<2 ,E -8  +1  2.5 * 
<2.E-7 +1  0.8 

0 25 BRIATORE 68 CNTR 
0 FRANZINI 68 CNTR 
0 GARMIRE 68 CNTR 
0 HANAYAMA 68 CNTR 
0 KASHA 68 OSPK 
0 KASHA 68B CNTR 
0 KASHA 68C CNTR 
0 BARTON 67 CNTR 
0 BUHLER 67 CNTR 
0 BUHLER 67B CNTR 
0 GOMEZ 67 CNTR 
0 KASHA 67 CNTR 
0 BARTON 66 CNTR 
0 BUHLER 66 CNTR 
0 KASHA 66 CNTR 
0 LAMB 66 CNTR 
0 DELISE 65 CNTR 
0 MASSAM 65 CNTR 
0 BOWEN 64 CNTR 
0 SUNYAR 64 CNTR 

23 Distribution in celestial sphere was described as a nisotroplc. 
24 o With telescope axis at zenith angle 40 to the south. 
25 Leptonlc quarks. 
26 Lifetime > 10 - 8  s; charge :E0.70, 0.68, 0.42; and mass >4.4, 4.8, and 20 GeV, respec- 

tively. 
27Time delayed air shower search. 
28 Prompt air shower search. 
29Also e/4 and e/6 charges. 
30 No events in subsequent experiments. 

Quark Density ~ Matter Searches 
For a review, see SMITH 89. 

QUARKS./ CHG MASS 
NUCLEON (e/3) {GeV) MATERIAL/METHOD EVES 

<4.7E-21 4-1,2 silicone oil drops 0 
<8.E-22 +2 SI/Infrared photoionization 0 
<5.E-  27 • 1,2 sea water/levitation 0 
<4,E-20 :E1,2 meteorites/mag, levitation 0 
<1.E-19 +1,2 various/spectrometer 0 
<5.E-22 4-1,2 W/levitation 0 
<3.E-20 +1,2 org IIq/droplet tower 0 
<6.E-20 -1 ,2  Org IIq/droplet tower 0 
<3.E-21 • 1 Hg drops-untreated 0 
<3 .E -  22 :E 1,2 levitated niobium 0 
<2 .E -  26 4-1,2 4 He/levlt atlon 0 
<2.E-  20 >4-1 0.2-250 nloblum+tungs/ion 0 
<1.E-21 :El levitated niobium 0 

+1,2 <100 niobium/mass spec 0 
<5.E-  22 levitated steel 0 
<9.E-20 • <13 water/oil drop 0 
<2.E-21 > J 4- 1/21 levitated steel 0 
< L E - 1 9  -kl,2 photo ion spec 0 
<2.E-20 mercury/oil drop 0 
1.E- 20 + 1 levitated niobium 4 
1.E- 20 - 1 levitated niobium 4 
<1.E-21 levitated steel 0 
<6.E-  16 helium/mass spec 0 
1.E- 20 + 1 levitated niobium 2 
<4.E-  28 earth+/ion beam 0 
<5.E-  15 + 1 tungs./mass spec 0 
<5.E- 16 +3  <1.7 hydrogen/mass spec 
<1.E-21 +2,4 water/ion beam 
<6.E- 15 >1/2 levitated tungsten 
<1.E-22 metals/mass spec 
<5.E- 15 levitated tungsten ox 
<3.E-  21 levitated iron 
2.E- 21 - 1 levitated niobium 
4,E- 21 + 1 levitated niobium 
<I.E- 13 + 3 47.7 hydrogen/mass spec 
<5.E-27 water+/ion beam 
< I . E -  21 Iunar+/ion spec 
<1.E-15 +1 <60 oxygen+/ion spec 
<5.E- 19 levitated graphite 
<5,E-  23 water+/atom beam 
< L E -  17 :t:1,2 levitated graphite 
< I . E -  17 water+/uv spec 
<3.E- 19 + 1 levitated iron 
< I . E -  10 sun/uv spec 
< I . E -  17 + 1,2 meteorites+/ion beam 
< I , E -  16 + 1 levitated graphite 
<1,E-22 argon/electrometer 

- 2 levitated oil 

31Also set limits for Q = +e/6. 
32Note that in PHILLIPS 88 these authors report a subtle 

account for the apparent fractional charges. 
33 Limit inferred by JONES 77B. 

DOCUMENT ID 

MAR 96 | 
PERERA 93 
HOMER 92 
JONES 89 
MILNER 87 
SMITH 87 
VANPOLEN 87 
VANPOLEN 87 
SAVAGE 86 
SMITH 86 
SMITH 86B 
MILNER 85 
SMITH 85 
KUTSCHERA 84 
MARINELLI 84 
JOYCE 83 
LIEBOWITZ 83 
VANDESTEEG 83 

31 HODGES 81 
32 LARUE 81 
32 LARUE 81 

MARINELLI 80B 
BOYD 79 

32 LARUE 79 
OGOROD... 79 
BOYD 78 

0 BOYD 78B 
0 LUND 78 
0 PUTT 78 
0 SCHIFFER 78 
0 BLAND 77 
0 GALLINARO 77 
1 32 LARUE 77 
2 32 LARUE 77 
0 MULLER 77 
0 OGOROD.. 77 
0 STEVENS 76 
0 ELBERT 70 
0 MORPURGO 7O 
0 COOK 69 
0 BRAGINSK 68 
0 RANK 68 
0 STOVER 67 
0 33 BENNETT 66 
0 CHUPKA 66 
0 GALLINARO 66 
0 HILLAS 59 
0 MILLIKAN 10 

magnetic effect which could 
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MATIS 
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SMITH 
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PHILLIPS 
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SMITH 
VANPOLEN 
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SMITH 
SMITH 
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GURYN 
KAWAGOE 
KUTSCHERA 
MARINELLI 
WADA 
AUBERT 
BANNER 
JOYCE 
LIEBOWlTZ 
LINDGREN 
MASHIMO 
PRICE 
VANDESTEEG 
MARINI 
MARINI 
MASHIMO 
NAPOLITANO 
ROSS 
HODGES 
LARUE 
WEISS 
BARTEL 
BASILE 
BUSSIERE 
MARINELU 

Also 
BOYD 
BOZZOU 
LARUE 

AlSO 
OGOROD... 

STEVENSON 
BASILE 
BASILE 
BOYD 
BOYD 
LUND 
PUTT 
SCHIFFER 
YOCK 
ANTREASYAN 
BASILE 
BLAND 
GALLINARO 
JONES 
LARUE 

REFERENCES FOR Free Quark Searches 

97D PL B3% 315 P. Abreu+ (DELPHI CoUab.) 
% PR C53 350 +Weidmann, Hirzebruch, Winkel, Hetnrlch (SIEG) 
9~ PR D33 6017 +Lee, Fleming, Case+ (SLAC, SCHAF, LANL, UCI) 

R ZPHY C67 203 +Alexander, Allison, Ametewee, Anderson+ (OPAL Coltab.) 
93C PL B303 190 +Decamp, Coy, Lees, Minard+ (ALEPH Collab.) 
93 ASP 1 369 S. Cecchini+ 
93 PRL 70 1053 +Betarbet, Byun~un8, Coon (PITT) 
92J PR D46 R1089 +Amidel, Anvray-Weiss+ (CDF Coltab.) 
92 NC 105A 99 +Roy, Ghosh, Ghosh, Base (JADA, BANGB) 
92 ZPHY C55 549 +Smith, Lewin, Robertson+ (RAL, SHMP, LOQM) 
91 NC 104A 405 +Berbiers, Cara Romeo+ (BGNA, INFN, CERN, PLRM+) 
91 PR C44 1672 +Price (UCB ) 
91 NP A525 51~ +Pugh, AIba, Bland, Calloway+ (LBL, SFSU, UCI, LANL) 
91 PR D43 2843 +Oyama, Suzuki, Tikahashi+ (Kamiokande II Collab.) 
9OC PL 0244 352 +Aihara, Doser, Enomoto+ (TOPAZ Coltab.) 
89B PR D40 263 +Kinoshita, Mauskopf, Pipkin+ (CLEO Colfab.) 
89 PL B232 549 +Alba, Bland, Dickson, Hodges+ (SFSU, UCI, LBL, LANL) 
89 ZPHY C43 349 +Smith, Homer, Lewin, Walford (LOIC, RAL) 
89 PR D39 1851 +Pugh, Bland, Calloway+ (LBL, SFSU, UCI, FNAL, LANL) 
89 PR D39 1 2 6 1  +Kobayasb~, Konaka, Imai, Masaike+ (KYOT, TMTC) 
89 ARNPS 39 73 (RAL) 
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I[ LIGHT UNFLAVORED MESONS 
(S=C=B=O) 

For I -- 1 (re, b, p, a): u'd, (uO-dd)/v'2, d'd; 
for I =O(r / , r / ' ,  h, ff, w,r  f, f'): Cl(U-~+ dd) + c2(s~ ) 

P S E U D O S C A L A R - M E S O N  D E C A Y  C O N S T A N T S  

Revised March 1998 by M. Suzuki (LBNL). 

Charged m e s o n s  

The decay constant f p  for a charged pseudoscalar meson P 

is defined by 

(01A~(0)IP(q)) = i f p  q# , (1) 

where A ,  is the axial-vector part of the charged weak cur- 

rent after a Cabibbo-Kobayashi-Maskawa mixing-matrix ele- 

ment Vqq, has been removed. The state vector is normalized 

by (P(q) lP(q ' ) )  = (2~r) 3 2Eq 6(q - q'), and its phase is chosen 

to make f p  real and positive. Note, however, that in many 

theoretical papers our f p / v ~  is denoted by fp .  
In determining f p  experimentally, radiative corrections 

must be taken into account. Since the photon-loop correc- 

tion introduces an infrared divergence that is canceled by 

soft-photon emission, we can determine f p  only from the com- 

bined rate for P •  -* e• and P•  --* e• This rate is given 

by 

F (P ~ eve + eveT) = 

G2FIVqq'21"2m 2 (1 - m2 ~z[1 + ~(a)] (2) 
~P e m p  m ~ ]  

Here me and m p  are the masses of the lepton and meson. 

Radiative corrections include inner bremsstrahlung, which is 

independent of the structure of the meson [1-3], and also a 

structure-dependent term [4,5]. After radiative corrections are 

made, there are ambiguities in extracting f p  from experimental 

measurements. In fact, the definition of f p  is no longer unique. 
It is desirable to dei~ne f p  such that it depends only on the 

properties of the pseudoscalar meson, not on the final decay 

products. The short-distance corrections to the fundamental 

electroweak constants like GFIVqq, I should be Separated out. 

Following Marciano and Sirlin [6], we define fp  with the 

following form for the i f (a)  corrections: 

l + O ( a )  = [ l + 2 a l  ( m z ) ] [ a + - ~ F ( x ) J  
iv n x m p / j  

x {1 -~ [  31n(mp)+ò+C2-~-21nfm2p~\me/ m o ~km2) + C3~m---~t22+'"J}mp ' 

(3) 

where mp and m z  are the masses of the p meson and Z boson. 

Here 
13 - 19x 2 8 - 5x 2 

F ( x ) = 3 1 n x q  8 ( 1 - x  2) 2 ( 1 - x 2 )  - - - - - - ~  x21nx 

/ l q - x 2  2 1 + x 2  L ' I  , - 2 ( l _ - - ~ - ~ l n x + l )  l n ( 1 - x 2 ) +  ( 1 _ - - ~ - - ~ ) ( - x  2) 
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with 
~0 z ln(1 - t) de.  x -~ m t / m p  , L(z)  - t (4) 

The first bracket in the expression for 1 + ~'(a) is 

the short-distance electroweak correction. A quarter of 

( 2 a / r )  ln (mz /mp)  is subject to the QCD correction (1 -as/Tr) ,  

which leads to a reduction of the total short-distance correction 

of 0.00033 from the electroweak contribution alone [6]. The 

second bracket together with the term -(3~/27r) tn(mp/mp)  
in the third bracket corresponds to the radiative corrections 

to the point-like peon decay (Acutoff ~ rap)[2]: The rest of 

the corrections in the third bracket are expanded in powers 

of me~rap. The expansion coefficients C1, C2, and (73 depend  

on the hadronic structure of the pseudoscalar meson and in 

most cases cannot be computed accurately. In particular, C1 

absorbs the uncertainty in the matching energy scale between 

short- and long-distance strong interactions and thus is the 

main source of uncertainty in determining f~+ accurately. 

With the experimental value for the decay ~+ -~ #+v~ + 

p+v~3, , one obtains 

f~+ = 130.7 4-0.1 ~ 0.36 MeV,  (5) 

where the first error comes from the experimental uncertainty 

ontVud I and the second comes from the uncertainty on CI (-- 

0 4-0.24) [6]. Similarly, one obtains from the decay K + -~ 

#+v~ + #+v~'y the decay constant 

fK+ = 159.8 4- 1.4 4- 0.44 MeV,  (6) 

where the first error is due to the uncertainty on [V~sI. 

For the heavy pseudoscalar mesons, uncertainties in the 

experimental values for the decay rates are much larger than 

the radiative corrections. For the D +, only an upper bound 

can be obtained from the published data: 

fD+ < 310 MeV (CL = 90%). (7) 

For the D +, the decay constant has been extracted from both 

the D + -~ #+v~ and the D + --* T+vr branching fractions. 

Two values have been reported since the last edition [7,8]: 

fD + = 194 4- 35 • 20 4- 14 MeV from D + --~ ~+v~ , 

fD + = 309 4- 58 • 33 =t= 38 MeV from D + -~ r+vr . 
There are now altogether five reported values for fD + spread 

over a wide range, 

fD+m = 194 MeV ,,~ 430 M e V  (8) 

with large uncertainties attached. We must wait for better 

data before giving a meaningful value for fD +. (See the mea- 

surements of the D + ~ l+vt modes in the Particle Listings for 

the numbers quoted by individual experiments.) 

There have been many attempts to extract f p  from spec- 

troscopy and nonleptonic decays using theoretical models. 

Since it is difficult to estimate uncertainties for them, we have 

listed here only values of decay constants that are obtained 

directly from the observation of P• --* g• 
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L i g h t  n e u t r a l  m e s o n s  

The decay constants for the light neutral pseudoscalar 

mesons zr ~ ~?, and ~?' are defined by 

(01At`(0)lP~ = i ( fp/v/2)qt`  , (9) 

where A t, is a neutral axial-vector current of octet or singlet. 

However fp for the neutral mesons cannot be extracted directly 

from the data. 

In the limit of m p  --* O, the Adler-Bell-Jackiw anomaly 

determines fp  through the matrix element of the two-photon 

decay p0 _, 77 [9,10]. The extrapolation to the mass shell is 

"needed to extract the physical value of fp .  In the case of fTro, 

the extrapolation is small and the experimental uncertainty in 

the rr ~ lifetime dominates in the uncertainty of f~o: 

f~o = 130 • 5 MeV, (10) 

which is consistent with isospin symmetry. 

For the r/and r/', the extrapolation to the mass shell is larger 

and therefore the dominance of the anomaly on the mass shell 

is questionable, particularly for the r/; and rt-~ 7' mixing adds to 

the uncertainty. If the corrections are computed for the octet 

with the chiral Lagrangian [11], one obtains fs ~ 1.3fx for the 
decay constant of the I = 0 octet state. For the singlet state, 

if  the ,7 --* "Y7 and 7/' --* ~/7 decay rates are fitted with the same 

form as the anomaly indicates, f l  ~- f~ would give a viable 

fit for fs ~ 1.31, and the 7/-r]' mixing angle of Op ~ -20% 
However, because of the arbitrariness even in defining the decay 

constants, we do not quote numbers for f~ or f~, here. 
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r ~  IG(j P) = 1- (0 - )  

We have omitted some results that  have been superseded by later 
experiments. The omit ted results may be found in our 1988 edition 
Physics Letters 5204 (1988). 

M A S S  

The most accurate charged plon mass measurements are based upon x- 
ray wavelength measurements for transitions in x--mesonic atoms. The 
observed line is the blend of three components, corresponding to different 
K-shell occupancies. JECKELMANN 94 revisits the occupancy question, 
with the conclusion that two sets of occupancy ratios, resulting in two dif- 
ferent plon masses (5olutloos A and B), are equally probable. We choose 
the higher Solution B since only this solution is consistent with a positive 
mass-squared for the muon neutrino, given the precise muon momentum 
measurements now available (DAUM 91, ASSAMAGAN 94, and ASSAM- 
AGAN 96) for the decay of plons at rest. Earlier mass determinations with 
pl-mesonlc atoms may have used incorrect K-shell screening corrections. 

Measurements with an error of > 0.005 MeV have been omitted from this 
Listing. 

VALUE {MeV) DOCUMENT ID TECN CHG COMMENT 
llR.,~,."~.t:fi.---e~-0~gJ3-- OUR FIT 
l S g . r ~ 9 9 6 4 " O ~  1 JECKELMANN 94 CNTR - ~ -  atom, Soln. B 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

139.570224-0,00014 2ASSAMAGAN 96 SPEC -t- 7r+--~ t `+up 

139.567824_0.00037 3 JECKELMANN 94 CNTR - x -  atom, Soln. A 
139.569964-0,00067 4 DAUM 91 SPEC + ~r -F ~ # +  
139.567524_0.00037 5 JECKELMANN86B CNTR - Mesonic atoms 
139.5704 4_0.0Oll 4 ABELA 84 SPEC + See DAUM 91 
139.5664 4_0.0009 6 LU 80 CNTR - Mesonic atoms 
139.5686 4-0.0020 CARTER 76 CNTR - Mesonic atoms 
139,5660 4-0.0024 6,7 MARUSHEN... 76 CNTR - Mesonic atoms 

1 JECKELMANN 94 Solution B (dominant 2-electron K-shell occupancy), chosen for con- 
slstency with positive m 2 . up 

2ASSAMAGAN 96 measures the p +  momentum pp in ~+  ~ /~+v/~ decay at rest to 

be 29.79200 4_ 0.00011 MeV/c. Combined with the # +  mass and the assumption my# 

= 0, this gives the x + mass above; i f  me# > O, mlr + given above Is a lower limit. 

Combined Instead with m# and (assuming CPT) the ~ -  mass of JECKELMANN 94, 
p# gives an upper limit on m~,# (see the v#). 

3JECKELMANN 94 Solution A (small 2-electron K-shell occupancy) in combination with 
either the DAUM 91 or ASSAMAGAN 94 plon decay moon momentum measurement 
yields a significantly negative m2#. It is accordingly not used in our fits. 

4 The DAU M 91 value Includes the ABELA 84 result. The value is based on a measu[ement 
of the p +  momentum for ~ +  decay at rest. pp = 29.79179 4" 0.00053 MeV, uses m p =  
105.658389 4_ 0.000034 MeV. and assumes that my# = O. The last assumption means 

that In fact the value is a lower limit. 
5JECKELMANN 86B gives m~T/m e = 273.12677(71). We use m e = 0.51099906(15) 

MeV from COHEN 57. The authors note that two solutions for the probability distribution 
of K-shell occupancy fit equally well, and use other data to choose the lower of the two 
possible x4_ masses. 

6These values are scaled with a new wavelength-energy conversion factor V~ = 
1,23984244(37) x 10 - 6  eV m from COHEN 87. The LU 80 screening correction re- 
lies upon a theoretical calculation of inner-shell refilling rates. 

7This MARUSHENKO 76 value used at the authors' request to use the accepted set of 
calibration 3' energies. Error increased from 0.CO17 MeV to include QED calculation error 
of 0.0017 MeV (12 ppm). 

m ~  - ml,+ 

Measurements with an error > 0,05 MeV have been omitted from this 
Listing. 

VALUE (MeV) EVTS DOCUMENT tD TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

33,91157:t:0,00067 8 DAUM 91 SPEC + x + ~ p + v  
33.9111 :t:0,0011 ABELA 84 5PEC See DAUM 91 
33.925 4-0.025 BOOTH 70 CNTR + Magnetic spect. 
33,881 • 145 HYMAN 67 HEBC + K -  He 

8 The OAUM 91 value assumes that mul ~ = 0 and uses our m/~ = 105.658389 4- 0.0ooo34 

MeV. 

(m.+ - re,r-) / m M r ~ ,  
A test of CPT Invarlance. 

VAt UE {units 10 -4 ) DOCUMENT ID TECN 

24"5 AYRES 71 CNTR 
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,~k MEAN LIFE 

Measurements wi th an error > 0,02 x 1 0 - 8 8  have been omitted. 

VALUE {10 -8  s) DOCUMENT ID TECN CHG COMMENT 
2.6033 4"0.0006 OUR AVERAGE Error includes scale factor of  1.2. 
2.60361• 9 KOPTEV 95 SPEC + Surface/~+'s 
2.602314-0.00050:1:0.00084 NUMAO 95 SPEC + Surface p + ' s  
2.609 / :0 .008 DUNAITSEV 73 CNTR 4- 
2.602 / :0 .004 AYRES 71 CNTR 
2.604 4-0.005 NORDBERG 67 CNTR + 
2~602 / :0 .004 ECKHAUSE 65 CNTR + 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2,640 4-0.008 10 KINSEY 66 CNTR + 

9 K O P T E V  95 combines the statistical and systematic errors; the statistical error domi- 
nates. 

10Systematic errors In the calibration of  this experiment are discussed by NORDBERG 67. 

(%.+ - %-)  / ~ r ~  
A test o f  CPTtnvarlanee. 

VALUE {units 10 -4  ) DOCUMENT ID TECN 

l , l f - I-  7.1 AYRES 71 CNTR 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

- 1 4  / : 2 9  PETRUKHIN 68 CNTR 
40 4-70 BARDON 66 CNTR 
23 4-40 11LOBKOWICZ 66 CNTR 

11This Is the most conservative value given by LOBKOWICZ 66. 

~r + DECAY MODES 

~r-  modes are charge conjugates of  the modes below. 

Mode Fraction (r l /r) Confidence level 

r l  / ~ + ~  La] (9~.98770/:0.0000~ 
r 2 #+ u~,y [b] ( 1.24 /:0.25 
r 3 e+~e [a] ( 1.230 +0.004 
r4 e+ re') ' [b] ( 1.61 +0.23 

r 5  e+ / - ' e / t o  ( 1.025 4- 0.034 

F 6 e + u e e + e  - ( 3.2 4-0.5 

[ '7 e + u e  ~-# < 5 

% 
x 10 - 4  

• 10 - 4  

x 10 - 7  

x 10 - 8  

x 10 - 9  

x 10 - 6  90% 

Lepton Family number (LF) or Lepton number (L) violaUng modes 
['8 /~+~e  L [c] < 1.8 x 10 - 3  90% 

r9 #+ ~'e LF [c] < 8.0 x 10 - 3  90% 

r i o  # - e + e + u  LF < 1.6 x 10 - 6  90% 

[a] Measurements of r(e + Ve)/r(/~ + v#) always include decays with ~/'s, and 
measurements of F(e + Ve-y ) and F(/~ + v#-y) never include low-energy -y's. 
Therefore, since no clean separation is possible, we consider the modes 
with "7's to be subreactions of the modes without them, and let [F(e+Ve) 
+ r(/~+v,)]/rtotal = zoO%. 

[b] See the Particle Listings below for the energy limits used in this measure- 
ment; low-energy ~'s are not included. 

[c] Derived from an analysis of neutrino-oscillation experiments. 

~r + BRANCHING RATIOS 

r(e+~,)ir~,, r=Ir 
See note [a] In the llst o f  ~ +  decay modes lust above, and see also the next block of  
data. 

VALUE (units 10 -4  ) DOCUMENT ID 
1J~lOa"O.O04 OUR EVALUATION 

[r(e+..) + r(e+~o~)]/[r(~+.,) + r(~+~p~)] (r=+r4)/(rl+r2) 
See note [a] In the list of  ~ +  decay modes above. See N U M A O  92 for a discussion of  
e-/~ u niversailty, 

VALUE (units 10 -4  ) E V T S  DOCUMENT ID TECN COMMENT 
1 .~0  4-0.004 OUR AVERAGE 
1.2346•  120k CZAPEK 93 CALO Stopplnglr  + 
1 .2265/ :0 .0034+0,0044 190k BRITTON 92 CNTR Stopplng~r + 
1.218 / :0 .014 32k B R Y M A N  86 CNTR Stopping ~r + 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1.273 4-0,028 11k 12 D ICAPUA 64 CNTR 
1.21 / :0 .07  ANDERSON 60 SPEC 

12 D ICAPUA 64 has been updated using the current mean life. 

3LSS 
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T 

r(#+~.~)/r~=l r=/r 
Note that measurements here do not cover the full k inematic range. 

VAL UE {units 10 -4  ) E V T S  DOCUMENT ID TECN COMMENT 

1.244-0. 9r 26 CASTAGNOLI 88 EMUL KE/~ < 3.38 MeV 

r(e+~o.y) Ir~, i  r41r 
Note that  measurements here do not cover the full k inematic range, 

VALUE (units 10 -8 ) E V T S  DOCUMENT ID TECN COMMENT 

16.14-2.3 13 BOLOTOV 90B SPEC 17 GeV ' . ' -  ~ e - - P e T  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

5 .6+0 .7  226 14 STETZ 78 SPEC Pe > 56 M e V / c  
3.0 143 D E P O M M I E R  63B CNTR (KE)e+3  ' > 48 MeV 

1 3 B O L O T O V  90B Is for E.y > 2 1  MeV, E e > 70 - O,8E.y. 

1 4 5 T E T Z  78 Is for an e - ' r  opening angle > 132 ~ Obtains 3.7 when using same cutoffs 
as DEPOMMIER 63B. 

r(e+ v,.o)/rtml 
VALUE {units 10 -8  ) EVTS 
1.0284-0.0a4 OUR AVERA6E 
1.026 4- 0,039 1224 

1.00 4-0,08 332 
- 0 , 1 0  

1.07 / :0.21 38 
1.10 / :0 .26 
1.1 :gO,2 43 
0,97 / :0 .20 36 

DOCUMENTID 

rs/r 
TECN CHG COMMENT 

15MCFARLANE 85 CNTR + 

DEPOMMIER 68 CNTR + 

16 BACASTOW 65 OSPK + 
1 6 B E R T R A M  65 OSPK + 
16 DUNAITSEV 65 CNTR 4- 
1 6 B A R T L E T r  64 OSPK 4- 

Decay in fl ight 

�9 �9 �9 We do not use the following data for averages, fits. l imits, etc. �9 �9 �9 

1.15 •  52 16 DEPOMMIER 63 CNTR + See DEPOM-  
MIER 68 

15MCFARLANE 85 combines a measured rate (0.394 4- 0.o15)/s with 1982 PDG mean 
life. 

16 DEPOMMIER 68 says the result of  DEPOMMIER 63 is at least 10% too large because 
of  a systematic error in the ~r 0 detection efficiency, and that  this may be true of  all the 
previous measurements (also V. Soergel, private communication, 1972). 

r(e+., e+ e- i / r ( .+ . . )  r6/rl 
VALUE {units 10 9) CLK EVT$ DOCUMENT ID TECN COMMENT 

3,2 4-0.5 4-0.2 98 EGLI 89 SPEC Uses RpCAC = 
0.068 :E O.004 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

0 .46+0 .16 •  7 17 BARANOV 92 SPEC Stopped lr4- 
< 4.8 90 KORENCHE...  76B SPEC 
<34  90 KORENCHE...  71 OSPK 

17This measurement by BARANOV 92 is of  the structure-dependent part of  the decay. 
The value depends on values assumed for ratios of form factors. 

r(e+~.~)/rt=., r d r  
VALUE {units 10 -6 ) CL.~_~ DOCUMENT IO TECN 

<s 90 P,CC,OTTO 88 SPEC 

r(~+vo)/r~l r6/r 
Forbidden by total lepton number conservation. 

VALUE {unlts 10 -3 ) CL~_~ DOCUMENT ID TECN COMMENT 

<1.5  90 18 COOPER 82 HLBC Wldeband u beam 

18COOPER 82 l imit on ~e observation is here interpreted as a l imit on lepton number | 
violation. 

r(~+~.)/rt=.l r d r  
Forbidden by lepton family number conservation. 

VALUE {units 10-3~ CL~ DOCUMENT ID TECN COMMENT 

<8,0  90 19 COOPER 82 HLBC Wldeband u beam 

19 COOPER 82 l imit on u e observation is here interpreted as a l imit  on lepton family number | 
violation. 

r(~- e+ e+,,)/r~l rlo/r 
Forbidden by lepton family number conservation. 

VALUE (units 10 -6 ) CL~_% DOCUMENT ID TECN CHG 

<1.6 90 BARANOV 91B SPEC + 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<7,7  90 KORENCHE...  87 5PEC + 

f +  - -  POLARIZATION OF EMI'I-FED p+ 

Tests the Lorentz structure of leptonlc charged weak Interactions. 
VALU E C L ~ L  OOCUMENT ID TEC N ~ COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< ( - 0 . 9 9 5 9 )  90 20FETSCHER 84 RVUE + 
- 0 . 9 9 i 0 . 1 6  2 1 A B E L A  83 SPEC - /~ X-rays 

20 FETSCHER 84 uses only the measurement o f  CARR 83. 
21Sign of measurement reversed in ABELA  83 to  compare with p +  measurements. 
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Ir4- ---* s177 A N D  K • --* l •  F O R M  F A C T O R S  

Written by H.S. Pruys (Zfirich University). 

In the radiative decays 7r4" ~ 14"v~/ and K ~ --* t• 

where t is an e or a # and ~/ is a real or virtual photon 

(e+e - pair), both the vector and the axial-vector weak hadronic 

currents contribute to the decay amplitude. Each current gives a 

structure-dependent term (SD v and SDA) from virtual hadronic 

states, and the axial-vector current also gives a contribution 

from inner bremsstrahlung (I'B) from the lepton and meson. The 

IB amplitudes are determined by the meson decay constants f~ 

and fK [1]. The SDv 'and SDA amplitudes are parameterized 

in terms of the vector form factor Fv and the axial-vector form 

factors FA and R [1-4]: 

M(SDv)  - - -eG F Vqq, E# ~u FV e#ual, k a qr , 
v~  mp 

M(SDA) = --ie GFVqq, eU s {FA [(s - -  t)g,~ - qu ku] + R t g#v} �9 
v ~  u p  

Here Vqq, is the Cabibbo-Kobayashi-Maskawa mixing-matrix 

element; eU is the polarization vector of the photon (or the 

effective vertex, e ~' = (e/t)~(p_)7~v(p+), of the e+e - pair); 

s = ~(p~)7~(1 - %)v(pt) is the lepton-neutrino current; q and 

k are the meson and photon four-momenta, with s -- q . k  and 

t = k2(= (p+ +p_)2);  and P stands for 7r or K. In the analysis 

of data, the s and t dependence of the form factors is neglected, 

which is a good approximation for pions [2] but not for kaons [4]. 

The pion vector form factor F~ is related via CVC to the r ~ 

lifetime, IFSI = (1/a)X/2F,o/~rm,o [1]. PCAC relates R to the 

electromagnetic radius of the meson [2,4], R P = �89 

The calculation of the other form factors, F~,~ F~,K and FA K, is 

model dependent [1,4]. 

When the photon is real, the partial decay rate can be given 

analytically [1,5]: 

d2Fp--.tv7 , d 2 (FIB :1- FSD + FINT) 
dxdy dxdy 

where FIB, FSD, and tiN T are the contributions from inner 

bremsstrahlung, structure-dependent radiation, and their inter- 

ference, and the FSD term is given by 

d2FsD c~ 1 [ r n p ~  ~ 
= - ~  ~ P - * t u  dxdy r(1 r) 2 \ ' - ~ - p ]  

/ / 

x [(Fv + FA) 2 SD + + (Fv - FA) 2 SD-] . 

Here 

SD + = ( x + y - l - r ) [ ( x + y - 1 ) ( 1 - x ) - r ]  , 

S D - = ( 1 - y §  , 

where x -- 2ET/mp, y = 2E~/mp, and r = (redtop) 2. 
In 7r • --~ e=~v7 and K • --~ e• decays, the interference 

terms are small, and thus only the absolute values IFA+FvI and 

[FA - Fvl can be obtained. In K • ---* #• decay, the interfer- 

ence term is important, and thus the signs of Fv and FA can 

be obtained. In 7r • --* #4-u7 decay, bremsstrahhing completely 

dominates. In 7r4" ~ e~-ue+e - and K4" --~ t+ue+e - decays, all 

three form factors, Fv, FA, and R, can be determined. 
We give the 7r + form factors Fv, FA, and R in the Listings 

below. In the K • Listings, we give the sum FA + Fv and 

difference FA -- Fv. 
The electroweak decays of the pseudoscalar mesons are 

investigated to learn something about the unknown hadronic 

structure of these mesons, assuming a standard V - A structure 

of the weak leptonic current. The experiments are quite difficult, 

and it is not meaningful to analyse the results using parameters 

for both the hadronic structure (decay constants, form factors) 

and the leptonic weak current (e.g., to add pseudoscalar or 

tensor couplings to the V - A coupling). Deviations from the 

V - A interactions are much better studied in purely leptonic 

systems such as muon decay. 

Refe rences  

1. D.A. Bryman et al., Phys. Reports 88, 151 (1982). See 
also our note on "Pseudoscalar-Meson Decay Constants," 
above. 

2. A. Kersch and F. Scheck, Nucl. Phys. B263, 475 (1986). 
3. W.T. Chu et aL, Phys. Rev. 166, 1577 (1968). 
4. D.Yu. Bardin and E.A. Ivanov, Soy. J. Part. Nucl. 7, 286 

(1976). 
5. S.G. Brown and b.A. Bludman, Phys. Rev. 136, Bl160 

(1964). 

FORM FACTORS 

FV, VECTOR FORM FACTOR 
VALUE E V T S  DOCUMENT ID TECN COMMENT 
0.017-i-0.0~ OUR AVERAGE 
0.0144-0.009 22 BOLOTOV 90B SPEC 17 GeV ~r- ~ e - ~ e 7  

O0 ~ + 0 ' 0 1 5  98 EGLI 89 SPEC Ir + ~ e+uee+e- " " ~ -  0.013 

22 BOLOTOV 908 only determines the absolute value. 

F A, AXIAL-VECTOR FORM FACTOR 
VALUE EVT5 DOCUMENT ID TEEN COMMENT 
0.01164"0.0016 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram 

below. 
0.0106:E0.0060 23 BOLOTOV 90B SPEC 17 GeV x -  -~ e - ~ e - f  
0.0135dc0.0016 23 BAY 86 SPEC x + ~ e+v - t  
0.006 :i:0.003 23pIILONEN 86 5PEC ~r + ~ e+u~f 
0.011 ~:0.003 23,24STETZ 78 SPEC ~+  ~ e+u3  , 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.021 +0.011 98 EGU 89 SPEC 7 + ~ e + u e e + e -  
-0 .013 

23 Using the vector form factor from CVC pRdictlon F V = 0.0259 :E 0.0005. Only the 
absolute value of F A "is determined. 

24The result of STETZ 78 has a two4old ambiguity. We take the solution compatible with 
later determinations. 

WEIGHTED AVERAGE 
0.01161-O.0016 (Error scaled by 1.3) 

. . . .  BOLOTOV 90B SPEC ~ 

/, !!ii iii -~-~ 

J ~ l  , | I ~ , - - ~  t (C~)I nf'dence Level - O" 175) 

-0.005 0 0.005 0.01 0.015 0.02 0.025 0.03 

~r • axial-vector form factor 



See key on page 213 

R, S E C O N D  A X I A L - V E C T O R  F O R M  F A C T O R  
VA/rU E E V T S  DOCUMENT I~) TECN COMMENT 

o . ~ B + o  _.o~_ --O.uuB 98 EGLI 89 SPEC x + ~ e + u e e + e -  

l r  :b R E F E R E N C E S  

We have omit ted some papers that  have been superseded by later exper- 
Iments. The omit ted papers may be found In our 1988 edition Physics 
Letters B204 (1988). 

ASSAMAGAN % PR D53 6 0 6 5  +Broennimann, Oaum+ (PSi, ZURI. VILL, VIRG) 
KOPTEV 55 JETPL 61 877 +MUdrt'jch'yaets, Shcherbakov+ (PNPI) 

Translated from ZETFP 61 865. 
NUMAO 95 PR 052 4 8 5 5  +Macdonald, Marshall, Olin. Fujiwara (TRIU. BRCO) 
ASSAMAGAN 94 PL B335 231 +Broennimann, Daum+ (PSI, ZURL VILL, VIRG) 
JECKELMANN 94 PL B335 325 +Go~dsmit, Leisl (WABRN, VILL) 
CZAPEK 93 PRL 70 17 +Federspid, Fluecklger, Frel+ (BERN, VILL) 
BARANOV 92 SJNP 55 1844 +Vanko, Glazov, Evtukhovtch+ (JINR) 

Translated from YAF 55 2940. 
BRITTON 92 PRL 68 3000 +Ahma~, Bryman, Burnham+ (TRIU, CARL) 

Also 94 PR 049 28 Britton, Ahmad, Btyman+ (TRIU, CARL) 
NUMAO 92 MPL A7 33~7 (TRIU) 
BARANOV 91B SJNP 54 790 +KIsel. Kocenchenko, Kuchinsldi+ (JINR) 

Translated from YAF 54 1298. 
DAUM 91 PL B265 425 +Frosch, Herder, Janousch, Kettle 0/ILL) 
BOLOTOV SSB PL B243 30~ +Gninenko, DjSkibaev, Isakov+ (INRM) 
EGLI 89 PL B222 533 +En~fer, Grab, Hermes, Kraus+ (SINORUM Collab.) 

Also 86 PL B175 97 Eill, En~fer, Grab, Hermes+ {AACH3, ETH, SIN, ZUBI) 
PDG 88 PL B204 Yost, Barnett+ (LBL+) 
PICCIOTT'O 88 PR D37 1131 +Ahma8, Britton, Bryman, Clifford+ (TRIU, CNRC) 
COHEN 87 RMP 39 1121 +Taylor (RISC, NBS) 
KORENCHE.. 87 SJNP 46 193 Kocenchenko, Kostin, Mzhaviy~+ (JINR) 

Translated from YAF 46 313. 
BAY 86 PL B174 445 +RueEIper , Gabio~d, Joseph, Loede+ (LAUS, ZURI) 
BRYMAN 88 PR D33 1211 +Oubols, Macdonald, Numao+ (TRIU, CNRC) 

Also 83 PRL 50 7 Bryman, Dubob, Numao, Olanlya+ (TRIU, CNRC) 
JECKELMANN 8~B NP A457 709 +Beer, Cham~iet, Elsenhans+ (ETH, FRIB) 

Also 86 PRL 56 1444 Jockdmann, Nakeda, Beer+ (ETH, FRIB) 
PIILONEN 86 PRL 57 1402 +Bolton, Cooper, Frank+ (LANL, TEMP, CHIC) 
MCFARLANE 85 PR 032 547 +Auerb~ch, GIiUe+ {TEMP, LANL) 
ABELA 84 PL 14~B 431 +Daum, Eaton. Frosch, Jost, Kettle+ (SIN) 

AlSO 78 PL 748 126 Daum, Eaton, Frog:h, Hil~chmann+ (SIN) 
Also 79 PR D20 2692 Daum, Eaton, Froth, Hirschmann+ (SIN) 

FETSCHER 84 PL 14OB 117 (ETH) 
ABELA 83 NP A395 413 +Backenstoss, Kunold, Simons+ (BASL, KARLK, KARLE) 
CARR 83 PRL 51 627 +Gldal, Gobbi, Jodidio, Oram+ (LBL, NWES. TRIU) 
COOPER 82 PL 112B 97 +Guy, Michette, Tyedel, Venus (RL) 
LU 80 PRL 45 10~ +Delk~r, Dupn, Wu, Caffrey+ (YALE, COLU, JHU) 
5TETZ 78 NP B138 285 +Carroll, Ortendahl, Perez-Mendez+ (LBL, UCLA) 
CARTER 76 PRL 37 1380 +Dixit, S~edaresan+ (CARL, CNRC, CHIC, CIT) 
KORENCHE... 76B JETP 44 35 Km~Ichenko, Kostin, MIcelmacher+ (JINR) 

Translated from ZETF 71 69. 
MARUSHEN.. 76 JETPL 23 72 Ma~ushenko, Mezentsev, Petrunin+ (PNPI) 

Translated from ZETFP 23 80. 
Also 76 Pdvate Comm. Sharer (FNAL) 
Also 78 Private Comm. Smirnov (PNPI) 

DUNAITSEV 73 SJNP 15 292 +prokozhktn, Razuwev+ (SERP) 
Translated from YAF 16 524. 

AYRES 71 PR D3 1051 +Cormack, Greenbers, Kenney+ (LRL, UCSB) 
NSO 87 PR 157 1288 Aytes, Caldwed, Greenberg, Kenney. Kurz+ (LRL) 
Also 68 PRL 21 261 Ayres, Cormark, Greenber|+ (LRL, UCSB) 
Also 69 Thesis UCRL 18369 Ayres (LRL) 
Also 69 PRL 23 1267 Greenbers, Aym. Coemack+ (LRL, UCSB) 

KORENCHE... 71 SJNP 13 189 Korenchenko. Kostin, Mlcelmacher+ (JINR) 
Translated from YAF 13 339. 

BOOTH 70 PL 32B 723 +Johnson, Williams, Wormald (LIVP) 
DEPOMMIER b8 NP B4 189 +D~Ir Helntze, Kleinknecht+ (CERN) 
PETRUKHIN 58 JINR P1 3862 +Rykalin, Khazins, Cisek (JINR) 
HYMAN 67 PL 25B 378 +Loken, Pew~, McKenzia+ (ANL, CMU, NWES) 
NORDBERG 67 PL 24B 594 +Lobl~wicz, Burman (ROCH) 
BARDON 66 PRL 16 775 +De, e, Do(fan, Kdeger+ (COLU) 
KINSEY 66 PR 144 1132 +Lobko~cz, No~dberg (ROCH) 
LOBKOWICZ 66 PRL 17 548 +Mdisdno~, Nasashima+ (ROCH, BNL) 
BACASTOW 65 PR 139B 407 +Gher.qulere, Wlepnd. Larsen (LRL, SLAC) 
BERTRAM 65 PR 139B 617 +Meyer, Catrisan+ (MICH. CMU) 
DUNAITSEV 65 JETP 20 58 +Petrukhin, Prokoshkin+ (JINR) 

Translated from ZETF 47 84. 
ECKHAUSE 65 PL 19 348 +Harris, Shuler+ (WILL) 
BARTLETT 64 PR 136B 1452 +Oevons, Meyer, Ro+en (COLU) 
DICAPUA 64 PR 133B 1333 +Garland, Poedrom, Streboff (COLU) 

Also 86 Pdvato Comm. Pondrom (WISC) 
DEPOMMIER 63 PL 5 61 +Heintze, Rubbla, Soerlel (CERN) 
DEPOMMIER 63B PL 7 285 +Heintze, Rubbia, Soersel (CERN) 
ANDERSON 60 PR 119 2050 +Fujli, MiSer+ (EFI) 
CASTAGNOLI 58 PR 112 1779 +M~chnik (ROMA) 

r ~  IG(j PC) = 1 - ( 0 -  + )  

We  have o m i t t e d  some results t ha t  have been superseded by later 
exper iments .  The  om i t t ed  results may  be found in our  1988 edi t ion 
Physics Let ters  B204  (1988) .  

~0 MASS 
The value is calculated f rom m •  and (m • - m o ). See notes under 

the +4- Mass Listings concerning recent revision of the.charged plon mass. 
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71-4- p 71-0 

m ~  - m ~  

Measurements with an error > 0.01 MeV have been omit ted. 

VALUE (MeV) DOCUMENT IO TECN COMMENT 
:kO.O0~ OUR FIT 
4-0.00~ OUR AVERAGE 

4.59364~:0.0OO48 CRAWFORD 91 CNTR ~ - p  ~ xOn, n TOF  
4.5930:1:0.0013 CRAWFORD 86 CNTR ~ r - p - +  ~On, n T O F  
�9 �9 �9 We do not use the following data for  averages, fits, l imits, etc. �9 �9 �9 

4.593664-0.00048 CRAWFORD 888 CNTR See CRAWFORD 91 
4.6034 4-0.0052 VASILEVSKY 66 CNTR 
4.6056 4-0.0055 CZlRR 63 CNTR 

l r  ~ M E A N  L I F E  

Measurements with an Error > 1 x 10 - 1 7  s have been omit ted. 

VALUE (10 -17 s) . EVTS DOCUMENT 10 TECN COMMENT 
8.4 - I -0~ OUR .411/ERJ~E Error Includes scale factor o f  3.0. See the Ideogram below. 

8.97:b0.224-0.17 ATHERTON 88 CNTR 
8.2 4-0.4 1 B R O W M A N  74 CNTR Pdmakoffef fect  
5.6 4-0.6 BELLETTINI  70 CNTR Pdmakoffef fect  
9 4-0.68 KRYSHKIN 70 CNTR Pdmakoffef fect  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

8.4 :t:0.5 4-0.5 1182 2 W I L L I A M S  88 CBAL e + e  - ~ e + e - l r  0 

1 B R O W M A N  74 gives a x 0 width r = 8.02 4- 0.42 eV. The mean life is 5 /F .  
2 W I L L I A M S  88 gives F(.y.y) = 7.7 4- 0,8 4- 0.5 eV. We give here ~" = T~/F(total). 

WEIGHTED AVERAGE 
8.4~0.6 (Error scaled by 3.0) 

:~I~:~ . . . . . .  ATHERTON 85 CNTR 4.4 
~ I  . . . . . .  BROWMAN 74 CNTR 02. 

I . . . .  f ~ ' l l  . . . . . .  BELLET'rlNI 70 CNTR 21.5 
. . . .  KRYSHKIN 70 CNTR 0.8 

~ :  ~:!!~ 27.0 
:~.~:~ l.Confidence Level 0.001) 

4 6 8 10 12 14 

~r 0 mean life (10 - 1 7  B) 

I a DECAY MODES 
Scale fac tor /  

Mode Fraction ( r l / r )  Confidence level 

2~" (98.798 4- 0.032) % S=1.1 

e + e - ~  (1.1984-0.032) % S=1.1 

- y p o s i t r o n i u m  ( 1.82 4-0.29 ) x 10 - 9  

e + e + e - e  - ( 3.14 4-0.30 ) x l O  - 5  

�9 + e -  ( 7 . 5  4-2.0 ) x 1 0  - 8  

4")' < 2 x 10 - 8  CL=90% 

U ~  [a] < 8.3 x 10 - 7  CL=90% 

V e ~  e < 1.7 x 10 -6 CL=90% 
v ~ P .  < 3.1 • 10 - 6  CL=90% 

u~-~-  < 2.1 x 10 - 6  CL=90% 

r l  

r2 
r3 
r4 
F5 

r8 
r 7  

r8 
F9 

r i o  

C h a r l e  c o n J u p f l o n  ( C )  o r  l e p t o n  F a m i l y  n u m b e r  ( L F }  v i o l a t l n  I m o d e s  

r l l  37 c < 3.1 x 10 - 8  CL=00% 
r 1 2  /~+ e -  
( '13 /~+ e -  Jr- e - / z  + LF ( 1.72 x 10 - 8  CL=90% 

VALUE (MeV) DOCUMENT ID [a] A s t r o p h y s i c a l  and c o s m o l o g i c a l  a r g u m e n t s  g ive  l i m i t s  o f  o r d e r  1 0 - 1 3 ;  see 
134.f~,4=1=0~008 OUR F IT  t h e  Par t i c l e  L is t ings  be low.  
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CONSTRAINED FIT INFORMATION 

A n  overal l  f i t  t o  2 branching rat ios uses 4 measurements and one 

const ra in t  to  determine 3 parameters.  The  overal l  f i t  has a X 2 = 
1.9 for  2 degrees o f  f reedom. 

The  fo l low ing  of f -d iagona l  array elements are the correlat ion coeff ic ients 

(6X~X,i~/(6xi.6X,i), in percent, f rom the f i t  tO the branching fract ions, 

r j r t o t a  I. T h e  f i t  constrains the x~ whose labels appear in th is array to  sum to  
one. 

x 2 - ioo 

x 4 - 1  0 

Xl x2 

x ~ BRANCHING RATIOS 

r(e+ e-'~)/r(2~) rdr l  
VALUE (%) E V T S  DOCUMENT ID TECN COMMENT 
1,215-1"0.0~3 OUR FIT Error includes scale factor of  1.1, 
1.213::E0.030 OUR AVERAGE 
1.25 •  SCHARDT 81 SPEC ~r-  p ~ n~ 0 
1.1664-0,047 3071 3 SAMIOS 61 HBC ~r- p ~ o~r 0 
1.17 4-0.15 27 BUDAGOV 60 HBC 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1.196 JOSEPH 60 THEO QED calculation 

3SAMIOS 61 value uses a Panofsky ratio = 1.62. 

r (-t poctronlum)/r (2~/) 
VALUE (units 10 -9 )  E V T S  DOCUMENT ID TECN COMMENT 

1.844"0.29 277 AFANASYEV 90 CNTR pC 70 GeV 

r(e+e+,.- e-) Ir  (2~) 
VALUE (units 10 -5 )  E V T S  DOCUMENT ID TECN 
3.184-0.30 OUR FIT  
3.184"0.~0 146 4 SAMIOS 62B HBC 

r3/rl 

rdr l  

4 SAMIOS 628 value uses a Panofsky ratio = 1.62. 

r(e+e-)/r==i rs/r 
VALUE (units 10 -8 )  EV'FS DOCUMENT IO TEEN COMMENT 
7.54-2.0 OUR AVERAGE 
6 . 9 + 2 . 3 •  21 5DESHPANDE 93 SPEC K + ~ l r + l r  0 

8 .8+4 :5~ :0 .6  8 6 M C F A R L A N D  93 SPEC K~-- 37rOlnf l ight 

5The  DESHPANDE 93 result with bremsstrablung radiatige corrections is (8.0 4- 2,6 • 
0.6) x 10 - 8 .  

6The  MCFARLAND 93 result with radiative corrections and excluding [ m e e / m r o ]  2 < 

o95 Is (7 6+_23:~ • o5) • lO-8 
r(e+ e-)Ir(2~) rdr l  
VALUE (units 10 7) CL.~.~ E V ' T S  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<1.3 90 NIEBUHR 89 SPEC 7t--p ~ wOn at rest 
<5.3 90 ZEPHAT 87 SPEC ~ - p ~  ~r0n 

0.3 GeV/c  
1.7 •  +0 .3  59 FRANK 83 SPEC 7 r - p ~  n~r 0 
1.8 + 0 . 6  58 MISCHKE 82 SPEC See FRANK 83 

2 2 ~+2"40  90 8 FISCHER 788 SPRK K + l r + l r  0 
' ~ - -  1.10 

r(4~)Ir~.l "' r6/r 
VALUE (units 10 -8)  EL% EVTS DOCUMENT ID TEEN COMMENT 

< 2 90 MCDONOUGH 88 CBOX ~- p at rest 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<160  90 BOLOTOV 86c CALO 
<440 90 0 AUERBACH 80 CNTR 

r(vu rmm rT/r 
~he astrophysical and cosmological l imits are many orders of magnitude lower, but we 
use the best laboratory l imit for the Summary Tables. 

VALUE (units LO -6  ) CL% EVT5 DOCUMENT ID TEEN COMMENT 

< O.IB 90 7 A T I Y A  91 B787 K + ~ l r + u u  I 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< 2.9 x 10 - 7  8 LAM 91 Cosmological l imit 
< 3.2 x 10 - 7  9 NATALE 91 SN 1987A 
< 6.5 90 DORENBOS...  88 CHRM Beam dump, prompt 

<24  90 0 7HERCZEG 81 RVUE K + ~ I r + u u  I 

7Th is  l imi t  applies to all possible uu / states as well as to  other maseless, weakly interacting 
states. 

8 L A M  91 considers the production of right-handed neutrinos produced from the cosmic 
thermal background at the temperature of about the plan mass through the reaction 

9 NATALE 91 considers the excess energy-loss rate from SN 1987A i f  the process ~3" 
~r 0 ~ u ~  occurs, permitted If the neutrinos have a right-handed component. As pointed 
out  In L A M  91 (and confirmed by Natale), there is a factor 4 error In the NATALE 91 
published result (0.8 x 1 0 - 7 ) .  

r(ve~.)Irto= rglr 
VALUE (units la -6)  C L ~  DOCUMENT ID TEEN COMMENT 

<1,7 90 DORENBOS...  88 CHRM Beam dump, prompt v 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<3.1 90 10 HOFFMAN 88 RVUE Beam dump, prompt u 

10 HOFFMAN 88 analyzes data from a 400-GeV BEBC beam-dump experiment. 

r(v.u~)Ir~= rglr 
VALUE (units 10 -6 } CL_~_r DOCUMENT ID TEEN COMMENT 

<3.1  90 11 HOFFMAN 88 RVUE Beam dump, prompt v 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<7.8 90 DORENBOS...  88 CHRM Beam dump, prompt u 

11HOFFMAN 88 analyzes data from a 400-GeV BEBC beam-dump experiment. 

r(,,.u~)Ir~ rlolr 
VALUE (units 10 =6 ) CL.~.~o DOCUMENT ID TEEN COMMENT 

<2.1 90 12 HOFFMAN 88 RVUE Beam dump, prompt u 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<4.1 90 DORENBOS...  88 CHRM Beam dump, prompt u 

12 HOFFMAN 88 analyzes data from a 400-GeV BEBC beam-dump experiment, 

r (~ ) / r~ , l  r11/r 
Forbidden by C invarlance. 

VALUE (units 10 -8 ) CL~ EVTS DOCUMENT ID TEEN COMMENT 

< 3.1 90 MCDONOUGH 88 CBOX l t - p  at  rest 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< 38 90 0 H IGHLAND 80 CNTR 
<150 90 0 AUERBACH 78 CNTR 
<490 90 0 13 DUCLOS 65 CNTR 
<490 90 13 KUTIN  65 CNTR 

13These experiments give B(3-y/23,) < 5.0 x 10 - 6 .  

r (#+ e - ) / r ~ i  r ld r  
Forbldden by lepton fatally number conservatlon. 

VALUE (units 10 -9 ) CL._~_~ DOCUMENT IO TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<16  90 LEE 90 SPEC K + ~ l r + # + e -  

<78 90 CAMPAGNARI  88 SPEC See LEE 90 

[r(.+ e-) + r(e- .+ ) ] i r~ . .  r~ I r  
Forbidden by lepton famlly number conservatlon, 

VALUE (units 1O -9}  CL~% OOCUMENT ID TEEN COMMENT 

< 17.2 90 KROLAK 94 E799 In K 0 ~ 3~r 0 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<140 HERCZEG 84 RVUE K + ~ 7r+ l~e 

< 2 x 10 - 6  HERCZEG 84 THEO / ~ - ~  e-convers ion 
< 70 90 B R Y M A N  82 RVUE K + ~ ~ r + # e  

W 0 ELECTROMAGNETIC FORM FACTOR 

The amplitude for the process lr 0 ~ e + e -  ~ contains a form factor F(x) 
at the lr03,~( vertex, where x = [ m e + e _ / m l r O ] 2 .  The parameter a in the 
linear expansion F(x) = 1 + ax is listed below. 

All the measurements except that  of  BEHREND 91 are in the t ime-l ike 
region of momentum transfer. 

LINEAR COEFFICIENT OF lr 0 ELECTROMAGNETIC FORM FACTOR 
VALUE EVT~ DOCUMENT ID TEEN CQM,.MENT 

0.032 4-0.004 OUR AVERAGE 
+0.026 •  •  7548 FARZANPAY 92 SPEC ~ r - p  ~ l r0n  at rest 
+0 .025 •  •  54k MEIJERDREES92B SPEC ~ r - p  ~ won at rest 
+0.0326•  127 14BEHREND 91 CELL e + e  - ~ e + e - ~ r  0 
- 0 . 1 1  •  ~:0.08 32k FONVIEILLE 89 SPEC Radiation corr. 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.12 +0.05 15 TUPPER 83 THEO FISCHER 78 data - 0 , 0 4  
+0 ,10  :t:0.03 31k 16 FISCHER 78 SPEC Radiation corr. 
+0.01 ~:0.11 2200 DEVONS 69 OSPK No radiation corr. 
- 0 , 1 5  :t:0,10 7676 KOBRAK 61 HBC No radiation corr. 
- 0 . 2 4  :1:0.16 3071 SAMIOS 61 HBC No radiation corr. 

14 BEHREND 91 estimates that their systematic error is of  the same order of  magnitude as 
their statistical error, and so we have included a systematic error o f  this magnitude. The 
value of a is obtained by extrapolation from the region of large space-like momentum 
transfer assuming vector dominance, 

15TUPPER 83 is a theoretical analysis of  FISCHER 78 including 2-photon exchange in the 
corrections. 

16The FISCHER 78 error Is statistical only. The result without radiation corrections is 
+0.05 :L 0.03, 
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B IG(jPC ) = 0+(0- +) 

We have om i t t ed  some results tha t  have been superseded by later 
exper iments.  The  om i t t ed  results may  be found in our 1988 edi t ion 
Physics Let ters  B204  (1988) .  

MASS 

We no longer use the bubble-chamber measurements from the 1960's, 
which seem to have been systematically high by about 1 MeV. Some early 
results have been omit ted altogether. 

VALUE (MeV) EVT5 DOCUMENT ID TEEN COMMENT 
547.304-0.12 OUR AVERAGE 
547.124`0.064-0.25 KRUSCHE 95D SPEC ~ p  ~ ~p,  threshold 
547.304`0.15 PLOUIN 92 5PEC dp ~ ~ 3He 
547.45•  DUANE 74 SPEC x - p  ~ n neutrals 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

548.2 •  FOSTER 65c HBC 
549.0 -~0.7 148 FOELSCHE 64 HBC 
648.0 •  91 ALFF-...  62 HBC 
549.0 4-1.2 53 BASTIEN 62 HBC 

I /WIDTH 

This is the partial decay rate r(~ -~ ~ )  divided by the fitted branching fraction for 
that  mode. See the "Note on the Decay Width F(r/ ~ "y'y)" in our 1994 edition, 
Phys. Rev. DSO. 1 August 1994, Part I, p. 1451. 

VALUE (keV) DOCUMENT ID 
1.184"0.11 OUR F IT  Error includes scale factor o f  1.8. 
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Mode 

17 DECAY MODES 
Scale factor /  

Fraction (F I /F )  Confidence level 

rl  neutral modes 
r 2 2"7 
r3 3~ ~ 
r 4 ~~  
r 5 other neutral modes 

re charged m o d e s  
r7 ~+ ~-  ~o 
F 8 ~ +  1 r - . 7  

r9 e + e-"7 
r i o  # + / ~ - " 7  
rll e + e -  

r12 p§ 
r 1 3  ~ + ~ r - e + e  - 

r14 R + ~ -  2"7 
r15 ~+~-~o"7 
FI6 ~r ~ p+ #-"7 

r 17 ~ +  ~ ' -  
F18 3~/ 
1-19 ~rO e +  e - 

F2o ~r ~  

r21 # + e - +  ~ - e  + 

Neutral mmM~ 
(7].5 4`0.6 ) % s=1.4 

[a] (39.2]4-0.34)  % S=1.4 

(32.2 4`0.4 ) % 5=1,3  

( 7.1 4`1.4 ) x 10 - 4  

< 2.8 % CL=90% 

Charged modes 
(28.5 4`t:0.6 ) % S=1.4 

(23.1 4-0.5 ) %  S=1.4 

( 4 . 7 7 + 0 . 1 3 )  % S=1.3 

( 4.9 4-1.1 ) x 10 - 3  

( 3.1 4`I-0.4 ) x 10 - 4  

< 7.7 x 10 - 5  CL=90% 

( 5.8 4-0.8 ) •  10 - 6  

( 1.3 + 1 . 2  ) x  lO - 3  
- 0 , 8  

< 2.1 x 10 - 3  

< 6 x 10 - 4  CL=90% 

< 3 x 10 - 6  CL=90% 

Charp conjugation (C), ParRy (P), 
Charle r x Padty (CP), or 

Family number (LF) vlelatlnl model 
P, CP < 9 x 10 - 4  C L = 9 0 %  

C < 5 x 10 - 4  CL=95% 

C [hi < 4 x 10 - S  CL=90% 

C [b] < 5 x 10 - 6  CL=90% 

LF < 6 x 10 - 6  CL=90% 

[a] See the "Note on the Decay Width F(~ -+ "7"7)" in our 1994 edition, 
Phys. Rev. DS0, 1 August 1994, Part I, p. 1451. 

[b] C parity forbids this to occur as a single-photon process. 

CONSTRAINED FIT INFORMATION 
An overal l  f i t  t o  a decay rate and 15 branching rat ios uses 40  
measurements and one constra in t  t o  determine 9 parameters.  The  

overal l  f i t  has a X 2 = 31.0 for  32 degrees o f  f reedom.  

T h e  fo l lowing off-diagonal array e lements are the corre lat ion coeff ic ients 

(~x~x j ) / (Sx i .~x j ) ,  in percent, f r om the f i t  t o  the branching f ract ions,  x~ _= 

r i / F t o t a  I. The  f i t  constrains the ~ whose labels appear in th is  array t o  sum to  
one, 

x 3 60 

x 4 3 

x 7 - 8 5  

x 8 - 7 2  

x 9 - 1 0  

x10 0 

X13 - 4  

F - 1 0  

x2 

3 

- 8 6  - 5  

- 7 3  - 5  76 

- 1 1  - 1  - 6  

0 0 - 1  

- 4  0 - 1 5  

- 6  0 8 

- 6  

0 0 

- 1 1  - 2  0 

7 1 0 

x3 x4 x7 x8 x9 xlo x13 

Mode Rate (keV) Scale factor 

r 2  

r3 
['4 
F7 

r8 
F9 
FlO 

r 1 3  

2"7 
3~r o 

7r ~ 2"7 
~ + / r -  ~0  

~ '+  ~ r - .7  

e +  e - . 7  

/ ~ + F - " 7  

l r + ~ r -  e +  e - 

[a] 0.46 4`0.04 

0,381 :E 0,035 
(8.4 :t:1.9 ) x 10 - 4  

0,274 +0 ,026  

0.057 4` 0,005 

0.0058 4` 0,0014 

(3.7 4`1:0.6 ) x 10 - 4  

0 00 lc+0"0015 
�9 * ~ -  0.0009 

1.8 

148 

1.1 

1.8 

1.7 

1.1 
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~/DECAY RATES 
r (~)  r= 

See the table immediately above giving the fitted decay rates. See also the "Note on 
the Decay Width 1"(7/~ "7"7)," in our 1994 edition, Phys. Rev. Dg0, 1 August 1994, 
Part I, p. 1451. 

VALUE (keV) E V T S  DOCUMENT ID TECN COMMENT 
0.46 4-0.O4 OUR R T  Error includes scale factor of 1.8. 
0.46 4-0.04 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below. 

0.51 4-0.12 4-0.05 36 BARU 90 MD1 e + e - ~  e4-e-~/ 
0.4904-0.010~0.048 2287 ROE 90 ASP e + e  - -4 e + e - r /  
0.5144-0.0174-0.035 1295 WILLIAMS 88 CBAL e-l-e - ~ e + e - ~ /  
0.53 4-0.04 •  BARTEL 85E JADE e+e  - ~ e + e - r /  
0.3244-0.046 BROWMAN 74B CNTR Primakoffeffect 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

0.64 4-0.14 4-0.13 AIHARA 86 TPC e + e  - ~ e4-e-~/ 
0.56 4-0.16 56 WEINSTEIN 83 CBAL e + e  - ~ e + e - ~ /  
1.00:50.22 1 BEMPORAD 67 CNTR Prlmakoffeffect 

1BEMPORAD 67 gives F(23,) = 1.21:5 0.26 keY assuming 1"(2"7)/r(total) = 0.314. 

Bemporad private communication gives r(23)2/ l ' ( total)  = 0.380 4- 0.083. We evaluate 
this using F(2"y)/F(total) = 0.38 4- 0.01. Not included in average because the uncertainty 
resulting from the separation of the coulomb and nuclear amplitudes has apparently been 
underestimated. 

WEIGHTED AVERAGE 
0.46-/'0.04 (Error scaled by 1.8) 

* 
Values above of weighted average, error, 
and scale factor are based upon the data in 
this ideogram only. They are not necas. 
sadly the same as our 'best' values. 
obtained from a least-squaras constrained fit 
utilizing measurements of other (related) 
quantities as additional information. 

x 
. . . . . .  BARU 90 MD1 /%  I " : ~ - - ' ~  . . . . . . . . .  ROE 90 ASP 0.3 

/ \ / ~ - ~ - -  t " ~  " . . . . . . . .  WILLIAMS 88 CBAL 1.6 
/ \ /  - ' - -P--- \  . . . . . . . .  BARTEL 85E JADE 1.3 

I / - - - I ' ~  . . . . . .  \ . . . . . . . .  BROWMAN 74B CNTR 9.3 

nfidenca Level = 1,207 3) 

0.2 0.4 0.6 0.8 1 

r(2~) (keV) 

q B R A N C H I N G  R A T I O S  

Neutra l  modes 

r (neutral modu)/r~ F:/F = (r=+rs+r4)/r 
VALUE EVT5 DOCUMENT ID TECN COMMENT 
0.71B'I'0.QQ6 OUR FIT Error Includes scale factor of 1.4. 
0.'/~54-0.008 16k BASILE 71D CNTR MM spectrometer 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.79 4-0.08 BUNIATOV 67 OSPK 

r(~)/rt~=, r=/r 
VALU~ E V T S  DOCUMENT ID TECN COMMENT 
0-.~214"0.00~4 OUR FIT Error includes scale factor of 1.4. 
0,..~4~4-0J~O17::b0.0030 65k ABEGG 96 SPEC p d  ~ 3Her/ 

r ( ~ ) / r ( ~ r =  mode=) r=/rl = r=/(r=+r~+r4) 
VALUE E V T S  DOCUMENT ID TECN COMMENT 
O-li41~'l'0o00~t OUR R T  Error includes scale factor of 1.1. 
0.549 4-0.004 OUR AVERAGE 
0.549 4-0.004 ALDE 84 GAM2 
0.535 4-0.010 BUTTRAM 70 OSPK 
0.59 :E0.033 BUNIATOV 67 OSPK 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. * �9 �9 

0.52 4-0.09 88 ABROSIMOV 80 HLBC 
0.60 4-0.14 113 KENDALL 74 OSPK 
0.57 4-0.09 STRUGALSKI 71 HLBC 
0.579 4-0.052 FELDMAN 67 OSPK 
0.416 4-0.044 DIGIUGNO 66 CNTR Error doubled 
0.44 4-0.07 GRUNHAUS 66 OSPK 
0.39 4-0.06 2 JONES 66 CNTR 

2This result from combining cross sections from two different experiments. 

r (3.0)/r (~=traJ modes) r=/rt = r=/(r=+r=+r4) 
t[/~l,~l ~ E V T S  DOCUMENT I~) TECN COMMENT 
~ 4 - 0 . 0 M 2  OUR FIT Error Includes scale factor of 1.1. 
0.4r=o 4-fi.004 OUR AVERAGE 
0.450 4-0.004 ALDE 84 GAM2 
0.439 4-0.024 BUTTRAM 70 OSPK 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.44 4-0.08 75 ABROSIMOV 80 HLBC 
0.32 4-0.09 STRUGALSKI 71 HLBC 
0.41 4-0.033 BUNIATOV 67 OSPK Not Indep. of r (2" / ) /  

F(neutral modes) 
0.177 4-0.035 FELDMAN 67 OSPK 
0.209 4-0.054 DIGIUGNO 66 CNTR Error doubled 
0.29 :50.10 GRUNHAUS 66 OSPK 

r(~hr~ r3/r= 
VAI.Uf~ DOCUMENT I~) TECN COMMENT 
0.11~L-I-O.00"I OUR FIT Error includes scale factor of 1.1. 
0.833-1-0.012 OUR AVERAGE 
0.832:50.0054-0.012 KRUSCHE 95D SPEC 3'P ~ r/p, threshold 
0.8414-0.034 AMSLER 93 CBAR ~p --4 ~r+~--t /  at rest 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.8224-0,009 3 ALDE 84 GAM2 
0.91 4-0.14 COX 70a HBC 
0.75 4-0.09 DEVONS 70 OSPK 
0.88 4-0.16 BALTAY 670 DBC 
1.1 4-0.2 CENCE 67 OSPK 
1.25 4-0.39 BACCI 63 CNTR Inverse BR reported 

3This result Is not independent of other ALDE 84 results In this Listing, and so Is Omitted 
from the fit and average. 

r(~ ~)/r  (mint modes) r4/rl = r4/(r=+r3+r4) 
VALUE DOCUMENT I D TECN 

(1.00 4-0~0 ) x 10 - 3  OUR FIT 

0.0010 -I-0.00(~ ALDE 84 GAM2 

r ( .~  r4/r 
These results are summarized In the review by LANDSBERG 85. 

VALUE (units 10 -4) CL% E V T S  DOCUMENT ID TECN COMMENT 

7.1~1.4 OUR FIT 
�9 �9 �9 We do not use the following data for averages , fits, limits, etc. �9 �9 �9 

9.54-2.3 70 BINON 82 GAM2 See ALDE 84 
<30 90 0 DAVYDOV 81 GAM2 l r -  p ~ r/n 

r (mrmai modes)/[r(sr+sr- sr O) + r( .+ . -  ~) + r ( ,+, -~)]  
r~/(rT+rs+r,) = (r=+rs+r4)/(rT+rs+ry) 

VALUE EVT$ DOCUMENT l@ T~r 
2J~-I-0.08 OUR FIT Error Includes scale factor of 1.5. 
:L644"0,2g BALTAY 67B DBC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

4.5 +1.0 280 4 JAMES 66 HBC 
3.20:51.26 53 4 BASTIEN 62 HBC 
2.5 4-1.0 10 4pICKUP 62 HBC 

4These experiments are not used In the averages as they do not separate clearly 17 - *  
7r+Tr-~r 0 and r/ ~ lr ' t%r-'7 from each other. The reported values thus probably 
contain some unknown fraction of ~/--* lr "1" ~r -% 

r(~)/[r( ,r+,r-x ~ + r(,r+,r-~) + r(e+ e--f)] r=/lrT+r,+rt] 
VALUE E V T S  DOCUMENT ID T~ :  N 
1,M'1"0.04 OUR FIT Error includes scale factor of 1.5. 
1.1 4-0.4 OUR AVERAGE 
1.514-0.93 75 KENDALL 74 OSPK 
0.994-0.48 CRAWFORD 63 HBC 

r (.e.tral modes)/r (~r+~r-~) rdr7 = (r=+r~+r4)/r7 
VALUE~ EVT5 DOCUMENT ID TECN 
$.0g=1:0,10 OUR FIT Error Includes scale factor of 1.4. 
3~=1:0.30 OUR AVERAGE 
2.544-1,89 74 KENDALL 74 OSPK 
3.4:51.1 29 AGUILAR-... 72B HBC 
2.834-0.80 70 5 BLOODWO... 72B HBC 
3.6:50.6 244 FLATTE 67B HBC 
2.894-0.56 ALFF-... 66 HBC 
3.6 4-0.8 50 KRAEMER 64 DBC 
3.8 4-1.1 PAULI 64 DBC 

5 r E rot increased from published value 0.5 by Bloodworth (private communication). 

r ( ~ ) / r i ,  + , - . ~  r=/r, 
VALUE EVT$ DOCUMENT ID TE~: N COMMENT 
Z.104"0.0S OUR FIT Error includes scale factor of 1.5. 
1.7114-OjL3 OUR AVERAGE 
1.784-0.104-0.13 1077 AMSLER 95 CBAR ~p ~ ~ + l r - T / a t  rest 
1.724-0.25 401 BAGMN 69 HLBC 
1.614-0.39 FOSTER 65 HBC 
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Searches Particle Listings 
Quark and Lepton Corn positeness, WIM Ps and Other Particle Searches 

BRAUN$CH... 880 ZPHY C4O 163 
ANSARI 87D PL B195 613 
BARTEL 87B ZPHY C36 15 
BEHREND 87C PL BI?I 209 
FERNANDEZ 87B PR D35 10 
ARNISON 86C PL B172 461 
ARNISON 860 PL BIT/ 244 
BARTEL 86 ZPHY C31 359 
BARTEL 86C ZPHY C30 371 
BEHREND 86 PL lssB 420 
BEHREND 86C PL B181 176 
DERRICK 86 PL 166B 463 

Also 86B PR 034 3286 
DERRICK 86B PR D34 3286 
GRIFOLS 86 PL 168B 264 
JODIDIO 86 PR D34 1%7 

Also 88 PR D37 237 erratum Jodldlo, Balk�9 Carr+ 
APPEL 85 PL 1608 349 +Balinaia, Banner+ 
BARTEL 85K PL 160B 337 +Beck�9 Cords, Eichler+ 
BERGER 85 ZPHY C28 1 +Genzel, Lackas, pieiorz+ 
BERGER 85B ZPHY C27 341 +Deuter, Genzel, Lack�9 Pielorz+ 
BAGNAIA 84C PL 138B 430 +Banner, Battlston+ 
BARTEL 84D PL 146B 437 +Beck�9 Bowdety, Cords+ 
BARTEL 84E PL 146B 121 +Becket, Bowdery, C.ords, Felst+ 
EICHTEN 84 RMP 56 579 +Hi.chlifle, Lane, Qui u 
ALTHOFF . 83C PL 126B 493 +Fischer, Burkhardt+ 
RENARD 82 PL 116B 264 

BraunschweiE, Gerhard$, Kirschflnk+ (TASSO Cotlab.) 
+Bagnaia, Banner+ (UA2 Collab.) < 0.004 90 
+Beck�9 FeJst+ (JADE Collab.) ~ < 0.3 90 
+8uerKer , Criegee, Dalnton+ (CELLO Cogab.) 
+Ford, Qi, Read, Smith, Camporesi+ (MAC CollaU.) < 0.2 95 
+AiM�9 Allkofer+ (UAI Collab.) < 0.015 90 
+Albajar, Albrow+ (UA1 Colli, b.) 
+Beck�9 Felst, Haidt+ (JADE Cogab.) < 0.05 95 
+Beck�9 Cords, Fetst, Haidt+ (JADE Collab.) < 0.1 95 
+Buerier, Criegee, Fenner+ (CELLO Cogab.) <90 90 
+Buerger. Criel~ee. Dainton+ (CELLO Collab.~ 
+Gan, Kooijman, Loos+ (HRS Collab.) < 4 X 103 90 

Derrick, Gun, Kooijman, Loos, Musgrave+ (HRS Collab.) < 0.7 90 
+Gan, Kooijman, Loos, Musgrave+ (HRS Collab.) 
+Peds (BARC) < 0.12 90 
+Balk�9 Cart, Gidal, Shlnsky+ (LBL, NWES, TRIU) < 0.06 95 

(LBL, NWES, TRIU) 
(UA2 Collab.) 

(JADE Cdlab,) 
Collab. (PLUTO Collab.I (PLUTO 

(UA2 CoSab,) 
(JADE Collab.) 
(JADE Collab.) 

(FNAL, LBL, OSU) 
(TASSO Collab.) 

(CERN) 

lWlMPs and Other Particle Searches l 
OMITTED FROM SUMMARY TABLE 
W I M P S  A N D  OTHER PARTICLE SEARCHES 

Revised October 1997 by K. Hikasa (Tohoku University). 

We collect here those searches which do not appear in any 
of the above search categories. These are listed in the following 

order: 

1. Galactic WIMP (weakly-interacting massive parti- 

cle) searches 

2. Concentration of stable particles in matter 

3. Limits on neutral particle production at accelerators 
4. Limits on jet-jet resonance in hadron collisions 

5. Limits on charged particles in e+e - collisions 
6. Limits on charged particles in hadron reactions 
7. Limits on charged particles in cosmic rays 

Note that searches appear in separate sections elsewhere for 

Higgs bosons (and teehnipions), other heavy bosons (including 
WR, W I, Z r, leptoquarks, axigluons), axions (including pseudo- 

Goldstone bosons, Majorons, familons), heavy leptons, heavy 

neutrinos, free quarks, monopoles, supersymmetric particles, 

and compositeness. We include specific WIMP searches in the 

appropriate sections when they yield limits on hypothetical 

particles such as supersymmetric particles, axions, massive 

neutrinos, monopoles, etc. 
We omit papers on CHAMP's, millicharged particles, and 

other exotic particles. We no longer list for limits on ta~hyons 
and centauros. See our 1994 edition for these limits. 

GALACTIC WIMP SEARCHES 
Cross-Section Limits for Dark Matter Partk:les (X ~ on Nuclei 

These limits are for weakly-interacting stable particles that may constitute 
the Invisible mass in the galaxy. Unless otherwise noted, a local mass 
density of 0.3 GeV/cm 3 is assumed; see each paper for velocity distribution 
assumptions. In the papers the limit is given as a function of the X 0 mass. 
Here we list limits only for typical mass values of 20 GeV, 100 GeV, and 1 
TeV. Specific limits on supersymmetrlc dark matter particles may be found 
In the Supersymmetry section. 

For mxo = 20 GeV 
VALUE (rib) CL_,,~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

1 BERNABEi 97 CNTR F 
< 0.8 ALESSAND... 96 CNTR O 
< 6 ALESSAND... 96 CNTR "re 
< 0.02 90 2 BELLI 96 CNTR 129Xe, Inel. 

3 BELLI 96C CNTR 129Xe 

4 BERNABEI 96 CNTR Na 
4 BERNABEI 96 CNTR i 
5 SARSA 96 CNTR Na 
6SMITH 96 CNTR Na 
7 GARCIA 95 CNTR Natural Ge 

QUENBY 95 CNTR Na 
8 SNOWDEN-... 95 MICA 160 
8SNOWDEN-.. 95 MICA 39K 

BACCI 92 CNTR Na 
9 REUSSER 91 CNTR Natural Ge 

CALDWELL 88 CNTR Natural Ge 

1 BERNABEI 97 give ~ < 12 pb (eO%CL) for the spin-dependent xO-proton cross section. 
2BELLI 96 limit for inelastic scattering X 0 129Xe -*  X 0 129Xe�9 keV). 
3BELLI 96(; use background subtraction and obtain ~ < 150pb (<  1.5fb) (?%CL) for 

spin-dependent (Independent) xO-proton cross section. 
4 BERNABEI 96 use pulse shape discrimination to enhance the possible signal. The limit 

here is from R. Bernabei, private communication, September 19, 1997. 
5SARSA 96 search for annual modulation of WIMP signal. See SARSA 97 for details of 

the analysis. The limit here is from M.L. Sarsa, private communication, May 26, 1997. 
6SMITH 96 use poise shape discrimination to enhance the possible signal. A dark matter 

density of 0.4 GeV cm - 3 Is assumed. 
7GARCIA 95 limit Is from the event rate. A weaker limit is obtained from searches for 

diurnal and annual modulation. 
5SNOWDEN-IFFT 95 look for recoil tracks In an ancient mica crystal. Similar limits are 

also given for 27AI and 285L See COLLAR 96 and SNOWDEN-iFFT 96 for discussion | 
on potential backgrounds. 

9REUSSER 91 limit here 13 changed from published (0.04) after reanalysls by authors. 
J.L Vullieumier, private communication, March 29, 1996. 

For rex0 = 100 GeV 
VALUE (nb) CL% DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, 

10 BERNABEI 97 CNTR 

e t C ,  �9 �9 0 

F 

< 4 ALESSAND.., 96 CNTR O 
<25 ALESSAND... 96 CNTR Te 
< 0,006 90 11 BELLI 96 CNTR 129Xe, Incl. 

12 BELLI �9 96C CNTR 129Xe 
< 0.001 90 13BERNABEI 96 CNTR Na 
< 0.3 90 13BERNABEI 96 CNTR I 
< 0,7 95 14SARSA 96 CNTR Na 
< 0.03 90 155MITH 96 CNTR Na 
< 0.8 90 15 SMITH 96 CNTR I 
< 0.35 95 16 GARCIA 95 CNTR Natural Ge 
< 0.6 95 QUENBY 95 CNTR Na 
< 3 95 QUENBY 95 CNTR i 
< 1.5 x 102 90 17 SNOWDEN-... 95 MICA 160 
< 4 • 102 90 17 SNOWDEN-... 95 MICA 39K 
< 0.08 90 18 BECK 94 CNTR 76Ge 
< 2.5 90 BACCI 92 CNTR Na 
< 3 90 BACCl 92 CNTR I 
< 0.9 90 19 REUSSER 91 CNTR Natural Ge 
< 0.7 95 CALDWELL 88 CNTR Natural Ge 

10 BERNABEI 97 give o < 5 pb (90%CL) for the spin-dependent X0-proton cross section. 
11 BELLI 96 limit for inelastic scattering X 0 129Xe --* X 0 129Xe*(39.58 keV). 
12 BELLI 96c use background subtraction and obtain ~ < 0.35 pb (<  0.15 fi)) (?%CL) for 

spin-dependent (independent) xO-proton cross section. 
13 BERNABEI 96 use pulse shape dlscrlmlnetlon to enhance the possible signal. The limit 

here is from R. Bernabel, private communication, September 19, 1997. 
145ARSA 96 search for annual modulation of WlMP signal See SARSA 97 for details of 

the analysis. The limit here is from M.L. Sarss, private communication, May 26, 1997. 
15 SMITH 96 use pulse shape discrimination to enhance the possible signal. A dark matter 

density of 0.4 GeVcm - 3  is assumed. 
16GARCIA 95 limit is from the event rate. A weaker limit Is obtained from searches for 

diurnal and annual modulation. 
17SNOWDEN-IFFT 95 look for recoil tracks in an andeot mica crystal. Similar limits are 

also given for 27AI and 285L See COLLAR 96 and SNOWDEN-IFFT 96 for discussion | 
on potential backgrounds. 

18 BECK 94 uses enriched ?6Ge (86% purity). 
19REUSSER 91 limit here Is changed from published (0.3) after reanalysis by authors. 

J.L. Vullleumler, private communication, March 29, 1996. 

For mx o = 1 TeV 
V.ALUE (nb) CL~  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

20 BERNABEI 97 CNTR F 
< 40 ALESSAND... 96 CNTR O 
<700 ALESSAND... 96 CNTR "re 
< 0.05 90 21 BELLi 96 CNTR 129Xe, inel. 
< 1.5 90 22 BELLI 96 CNTR 129Xe, Incl. 

23 BELLI 96C CNTR 129Xe 
< 0.01 90 24BERNABEI 96 CNTR Na 
< 9 90 24BERNABEI 96 CNTR I 
< 7 95 25SARSA 96 CNTR Na 
< 0.3 90 26SMITH 96 CNTR Na 
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Meson Particle Listings 
r/ 

~r+~r-,.y LEFT-RIGHT ASYMMETRY PARAMETER 
Measurements wi th an error > 2.0 x 10 - 2  have been omitted. 

VALUE (units 10 -2 ) E V T S  DOCUMENT ID TECN 
o.g 4-OA OUR AVERAGE 
1.2 •  35k JANE 745 OSPK 
O.5 :CO.6 36k THALER 72 ASPK 
1.2~• 1.56 7257 GORMLEY 70 ASPK 

~r+~r-~ PARAMETER ~ (D-wave) 
Sensitive to a D-wave contribution: dN/dcos8 = sin28 (1 + / ~  cos28) 

VALUE EVT5 DOCUMENT ID TEEN 
0-05 -I-0.0~ OUR AVERAGE Error includes scale factor of 1.5. See the ideogram 

below. 
0.11 •  35k JANE 748 OSPK 
0.12 •  7 THALER 72 ASPK 

- 0 . 0 6 0 •  0.065 7250 GORMLEY 70 WiRE 

7The authors don't  believe this indicates D-WaVE because the dependence of /~ on the -~ 
energy is inconsistent wi th theoretical prediction. A cos2# dependence may also come 
from P- and F-wave interference. 

WEIGHTED AVERAGE 
0.0520.06 (Error scaled by 1.5) 

* 

: ~  :JANE 745 OSPK O3 
THALER 72 ASPK 1.5 

. . . .  G O R . ' E ~  70 W,.E 27  
4.5 

........ (Confidence Level = 0.104) 

-0.5 -0.3 -0.1 0.1 0.3 0.5 

r/ -~  ~ r+~r - '7  parameter /~ (D-wave)  

ABELE 
ABELE 
AKHMETSHIN 
BROWDER 
ABEGG 
WHITE 
AMSLER 
KRUSCHE 
ABEGG 
AMSLER 
KESSLER 
PLOUIN 
BARU 
ROE 
WILLIAMS 
AIHARA 
BARTEL 
LANDSBERG 
ALDE 

Also 

WEINSTEiN 
BINON 

Also 
DAVYDOV 

Also 

DZHELYADIN 
Also 

ABROSIMOV 

DZHELYADIN 
Also 

DZHELYADIN 
Also 

BUSHNIN 
Also 

MARTYNOV 

JANE 
JANE 

Also 
Erratum in 

BROWMAN 
DAVIES 
DUANE 
JANE 
JANE 
KENDALL 
LAYTER 
THALER 
AGUILAR-.- 
BLOODWO.. 
LAYTER 
THALER 
BASILE 

98C 
98D 
97C 
97B 
% 
96 
95 
95D 
94 
93 
93 
92 
9O 

86 
85E 
85 
84 
84B 

83 
82 

82B 
81 
81B 

81 
81C 

80C 

~ B  
~ D  

ENERGY DEPENDENCE OF T/--* 3~r DALITZ PLOTS 

PARAMETERS FOR r / ~  ~r+x- l r  ~ 
See the "Note on 77 Decay Parameters" in our 1994 edition, Phys. Rev. Dr=O, 1 August 
1994, Part I, p. 1454. The following experiments f i t  to one or more of the coefficients 
a, b, c, d, or efor  Imatr lx elementl 2 = 1 + a y +  by 2 + c x +  dx 2 + exy. 

VALUE E V E S  DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

3230 8 ABELE 98D CBAR ~ p  ~ lr 0~rO~/at rest 
1077 9AMSLER 95 CBAR ~ p ~  *r-t- l r -  r/ at rest 

81k LAY'I'ER 73 ASPK 
220k LAYTER 72 ASPK 
1138 CARPENTER 70 HBC 

349 DANBURG 70 DBC 
7250 GORMLEY 70 WiRE 

526 BAGLIN 69 HLBC 
7170 CNOPS 68 OSPK 

37k GORMLEY 68E WiRE 
1300 CLPWY 66 HBC 

705 LARRIBE 66 HBC 

8ABELE 98D obtain a = - 1 .22  • 0.07 and b = 0.22 :E 0.11 when c (our d) is fixed at | 
0.06. 

9AMSLER 95 fits to ( l + a y + b y  2) and obtains a = - 0 . 9 4  ~ 0.15 and /)=-0.11 4- 0.27. 

,- PARAMETER FOR ~/--~ 3~r 0 
See the "Note on q Decay Parameters" in our 1994 edition, Phys. Rev. DIIO, 1 August 

r 2 1994, Part I, p. 1454. The value here Is of c~ in ]mat  ix element I = i + 2~z. 
VALUE E V T S  DOCUMENT ID TECN COMMENT 
--0.O394"0.015 OUR AVERAGE 
- -0 .052•177 98k ABELE 98C CBAR ~ p  ~ 5~r 0 | 
-0.0224-0.023 50k ALDE 84 GAM2 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 0 .32  •  192 BAGLIN 70 HLBC 

STRUGALSKt 
BAGLIN 
BUTTRAM 
CARPENTER 
COX 
DANBURG 
DEVONS 
GOBMLEY 

Also 
BAGLIN 

Also 
HYAMS 
ARNOLD 
BAZIN 
BULLOCK 
CNOPS 
GORMLEY 
WEHMANN 
BAGLIN 
BAGLIN 
BALTAY 
BALTAY 
BEMPORAD 

AlSO 
BILLING 
BUNIATOV 
CENCE 
ESTEN 
FELDMAN 
FLATTE 
FLATTE 
LITCHFIELD 
PRICE 
ALFF-... 
CLPWY 
CRAWFORD 
DIGIUGNO 
GROSSMAN 
GRUNHAUS 
JAMES 
JONES 
LARRIBE 
FOSTER 
FOSTER 
FOSTER 
PRICE 
RITTENBERG 
FOELSCHE 
KRAEMER 
PAULI 
BACCI 
CRAWFORD 

Also 
ALFF-... 
BASTIEN 
PICKUP 

REFERENCES 

PL B417 193 +Adomeit+ 
PL B417 197 +Adomett+ 
PL 5415 452 +Aksenov+ 
PR D56 5359 +Li, Li, Roddguez+ 
PR DS3 ]1 +Abela, Boudard+ 
PR DS3 6658 +Tippens, Abe4.g+ 
PL 5346 203 +Armstrong, Heinsius+ 
ZPHY A351 237 +Ahrens+ 
PR D50 92 +Baldisseri, Boudard+ 
ZPHY C58 175 +Armstror MerkeL+ 
PRL 70 892 +Abel~, Baldisseri+ 
PL B276 526 +Fleury+ 
ZPHY C48 581 +Blinov, Blinov+ 
PR D41 17 +Bartha, Burke, Garbincius+ 
PR D38 1 3 6 5  +Antrea~an, Barrels, Besset+ 
PR D33 844 +Alston-Garnjost+ 
PL 1605 421 +Becker, Cords, Felst+ 
PRPL 128 310 
ZPHY C25 225 +Binon, Bricman, Donskov+ 
SJNP 40 918 Aide, Bi'aon, Bricman+ 
Translated from YAF 40 1447. 
PR D28 28% +Antreasyan, Gu, Koltman+ 
SJNP 36 391 +Bricman, Gouanere+ 
Translated from YAF 36 670. 
NC 71A 497 Binon, Brlcman+ 
LNC 32 45 +Donskov, Inyakin+ 
SJNP 33 825 Davydov, Binon+ 
Translated from YAF 33 1534. 
PL 10SB 239 +Golovkin, Konstantinov. Kubamvski+ 
SJNP 33 822 Dzhelyadin, Viktorov, Go;ovkin+ 
Translated from YAF 33 1529. 
SJNP 31 195 +llina, Niszcz, Okhrimenko+ 
Translated from YAF 31 371. 
PL 94B 546 +Viktoeov, Golovkin+ 
SJNP 32 516 Dzhelyadin, Golovkin, Kachanov+ 
Translated from YAF 32 998. 
PL 975 471 +Viktorov. Golovkin+ 
SJNP 32 518 Dzheiyedln, Golovldn, Kachanov+ 
Translated from YAF 32 1002. 

78 PL 79B 147 +Dzhelyedin, Go~ovkin. Gdtsuk+ 
78B SJNP 28 775 Bushnin. Golovkin, Gritsuk, Dzhely~din+ 

Translated from YAF 28 1507. 
76 SJNP 23 48 +Saltykov, Tarasov, Uzhinsldi 

Translated from YAF 23 93. 
75 PL S9B 99 +Grannis, Jones, Lipman. Owen+ 
755 PL 59B 103 +Grannis, Jones, Lipman, O~en+ 
78B PL 73B 503 Jane 
~ivate communlcation. 
74B PBL 32 1067 +Dewire, Gittelman, HansOn, Loh+ 
74 NC 24A 324 +Guy. Zia 
74 PRL 32 425 +Binnie, Camiileri. CaR+ 
74 PL 48B 260 +Jones, Lipman, Owen+ 
74B PL 48B 265 +Jones, Lipman, Owen+ 
74 NC 21A 357 +Lanou, Massimo, Shapiro+ 

(CERN Crystal Barrel Collab.) 
(CERN Crystal Barrel Collab.) 
(NOVO, BOST, PITT, YALE) 

(CLEO Collab.) 
(Saturne SPES2 Collab.) 
(Satame SPES2 Collab.) 

(Crystal Barrel Eollab. ) 
(TAPS + A2 Co'lab.) 

(Saturne SPES2 Coilab.) 
(Crystal Barrel Collab.) 

(5atarne SPES2 Collab.) 
(Saturne SPES4 Collab.) 

(MD-1 Collab.) 
(ASP Co0ab.) 

(Crystal Ball Collab.) 
(TPC-2-y Collab.) 

(JADE Cogab.) 
(SERF) 

(SERF, BELG, LAPP) 
(SERP, BELG, LAPP) 

(Crystal Ball Collab.) 
(SERP, BELG. LAPP. CEBN) 

(SERF', BELG, LAPP, CERN) 
(SERF, BELG, LAPP, CERN) 
(SERP, BELG. LAPP, CERN) 

(SERF) 
(SERF) 

(JINR) 

(SERF) 
(SERF) 

(SERP) 
(SERP) 

(SERF) 
(SERP) 

(JINR) 

(RHEL, LOWC) 
(RHEL. LOWC) 

(CORN, BING) 
(BIRM, RHEL, SHMP) 

(LOIC, SHMP) 
(RHEL, LOWC, SUSS) 
(RHEL, LOWC, SUSS) 

(BROW, BARI, MIT) 
73 
73 
72B 
72B 
72 
72 
71D 
71 
70 
70 
70 
70B 
70 
70 
70 
70B 
69 
70 
69 
68 
68 
68 
68 
hSC 
68 
67 
67B 
67B 
67D 
67 
67 
67 
67 
07 
67 
67 
67 
67B 
67 
67 
66 
66 
66 
66 
66 
66 

66 
65 
65B 
05C 
5g 
65 
64 
64 

63 
S3 
66B 
62 
62 
62 

PR D7 2565 +Appei, Kotlewski, Lee, Stein, Thaler (COLU) 
PR D7 2569 +Appel, Kotlewskl, tayter, Lee, Stein (COLU) 
PR D6 29 AKuilar-Benitez, Chung, ~sner, Samios (BNL) 
NP B39 525 Bloodwort~, Jackson, Prentice, Yoon (TNTO) 
PRL 29 316 +Appel, Kotlewski, Lee, Stein, Thaler (COLU) 
PRL 29 313 +Appel, Kotlewski. Layter, Lee, Stein (COLU) 
NC 3A 796 +Bollini, Deiplaz, Frabetti+ (CERN. BGNA, STRB) 
NP B27 429 +Chuvito, Gemesy, Ivanovskaya+ (JINR) 
NP B22 66 +Bezaguet, Degrange+ (EPOL, MADR, STRB) 
PRL 25 1358 +Kreisler, Mischke (PRIN) 
PR D1 1303 +Binldey, Chapman, C~x. Dagan+ (DUKE) 
PRL 24 534 +Fortney, Golson (DUKE) 
PR D2 2564 +Abolins, DaM, Davies, Hoch, Kirz+ (LRL) 
PR D1 1936 +Grunhaus, Kozlo~ski. Nemethy+ (COLU, SYRA) 
PR D2 501 +Hyman, Lee, Nash, Peoples+ (COLU. BNL) 
Thes~s Nevis 181 Gocmtey (COLU) 
PL 29B 445 +Bezaguet+ (EPOL, UCB, MADR, STRB) 
NP B22 66 Bagli#, Bezaguet, Degrange+ (EPOL, MADR, STRB) 
PL 29B 128 +Koch, Potter, VonLindern+ (CERN, MPIM) 
PL 27B 466 +Paty, Baglin, gingham+ (STRB, MADR, EPOL, UCB) 
PRL 20 895 +Goshaw, Zacher+ (PRIN, QUKI) 
PL 27B 402 +Esten, Fleming, Govan, Henderson+ (LOUC) 
PRL 21 1609 +Hough, Cohn+ (BNL, ORNL, UCND, TENN, PENN) 
PBL 21 402 +Hyman, Lee, Nask, Peoples+ (COLU, BNL) 
PRL 20 748 +Engels+ (HABV, CASE, SLAC, CORN. MCGI) 
PL 24B 637 +Bezaguet, Degrange+ (EPOL, UCB) 
BAPS 12 567 +Bezaguet, Degrange+ (EPOL, UCB) 
PRL 19 1498 +Franzini, Kim, Newman+ (COLU, STON) 
PRL 19 1495 +Franein{, Kim, Newman+ (COLU, BRAN) 
PL 25B 380 +Braccini, Foa, Luhelsmey+ (PISA, BONN) 
Private Comm. Ion 
PL 255 435 +Bullock, Esten, Govan+ (LOUC, OXF) 
PL 255 560 +Zavattini, Deinet+ (CERN, KARL) 
PRL 19 1393 +Peterson, Stenger, Chiu+ (HAWA. LRL) 
PL 24B 115 +Govan, Knight, Miller. Tovey+ (LOUE, OXF) 
PRL 18 868 +Frati, Gleeson, Haipern+ (PENN) 
PRL 18 976 (LRL) 
PR 163 1441 +WoM (LRL) 
PL 24B 485 +Rangan, Sepr, Smith+ (RHEL, SACL) 
PRL 18 1207 +Crawford (LRL ) 
PR 145 1 0 7 2  Alff-Steinberler , Bedey+ (COLU, RUTG) 
PR 149 1044 (SCUC, LRL, PURD, WlSC, YALE) 
PRL 16 333 +Price (LRL) 
PRL 16 767 +Gimgl, Silvestri+ (NAPL, TRST, FRAS) 
PR 146 993 +Price, Crawford (LRL) 
Thesis (COLU} 
PB 142 896 +Kraybig (YALE, BNL) 
PL 23 597 +Binnie, Duane, Horsey, Mason+ (LOIC, RHEL) 
PL 23 600 +Levedue. Muller, Pauli+ (SACL. RHEL) 
PR 138B 652 +Peters, Meet. Loeffler+ (WlSC, PURD) 
Athens Conf. +Good, Meer (WISE) 
Thesis (WISE) 
PBL 15 123 +Crawfotd (LRL) 
PRL 15 556 +Kalbfleisch (LRL, BNL) 
PR 134B 1138 +Kraybill (YALE) 
PR 136B 496 +Madansky~ Fields+ (JHU, NWES, WOOD) 
PL 13 351 +Muller (SACL) 
PRL 11 37 +Penso, SaJvini+ (ROMA, FRAS) 
PBL 10 546 +Lloyd. Foeder (LRL. DUKE) 
PRL 16 907 Cri~focd, Uoyd, Fowter (LRL, DUKE) 
PRL 9 322 Aiff-Steinberger, Bedey, Colic-j+ (COLU, RUTG) 
PRL 8 114 +Berge. DaM, Ferro-Luzzi+ (LRL) 
PRL 8 329 +Robinson, Salant (CNRC. BNL) 
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fo(400-1200) 

I fo(400-1200) I ,G(:pc) = o+(o++) 
or (7 

See "Note on scalar mesons" under fo(1370). 

fo(400-1200) T-MATRIX POLE vr~ 

Note that F ~ 2 I m ( p v ~ ) .  

VALUE (MeV) DOCUMENT ID TECN COMMENT 
(400-1200)-i(300-500) OUR ESTIMATE 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

19 Breit-Wigner fit to S-wave intensity measured in ~r N ~ ~r-~r + N on polarized targets. 
The fit does not include f0(980). 

20Uses data from ASTON 88, OCHS 73, HYAMS 73, ARMSTRONG 91B, GRAYER 74, 
CASON 83, ROSSELET 77, and BEIER 72B. Coupled channel analysis with flavor sym- 
metry and all l ight two-pseudoscalars systems. 

21 Uses ~rO~r 0 data from ANISOVICH 94, AMSLER 94D, and ALDE 95B, ~r-F ~r - data from 
OCHS 73, GRAYER 74 and ROSSELET 77, and f f  data fromANISOVICH 94. 

22The pole is on Sheet I l l .  Demonstrates explicitly that fo(400-1200) and f0(1370) are 
two different poles. 

23Analysis of data from OCHS 73, ESTABROOKS 75, ROSSELET 77, and MUKHIN 80. 

fo(400-1200) DECAY MODES 

Mode Fraction ( l ' i / F )  

[ '1 ~T~- dominant 

[ '2 3'3' seen 

469.5-- ~178.6 10LLER 97 RVUE ~ ~ ~ , K K  
470 -~250  2,3 TORNQVIST 96 RVUE ~ ~ ~ ,  K K ,  K ~ ,  

f ~  
( 1 1 0 0 -  i30O) AMSLER 95B CBAR ~ p  ~ 3~ 0 

4 0 0 -  i500 3,4 AMSLER 95D CBAR ~ p  ~ 3~ 0 
1 1 0 0 -  i137 3,5 AMSLER 95D CBAR ~ p  ~ 3~ 0 
387 - (305 3,6 JANSSEN 95 RVUE ~r~ ~ ~r~r, K K  
525 -~269  7ACHASOV 94 RVUE ~r~r~ ~r~r 
370-~.356 8ZOU 94B RVUE ~r~ ~ ~r~r, K K  
4 0 8 -  ~342 3,8 ZOU 93 RVUE ~ r  ~ ~r~r, K K  
8 7 0 -  ~370 3,9 AU 87 RVUE ~ r  ~ ~r~r, K K  
7 5 0 •  lOESTABROOKS79 RVUE ~r~r~ ~r~r, K K  
660 • 1 0 0 -  ~(320 • 70) PROTOPOP... 73 HBC ~ r  ~ ~r~r, K K  
6 5 0 -  ~370 11 BASDEVANT 72 RVUE ~r~r ~ ~ 

f0(400-1200) PARTIAL WIDTHS 

r(~) r= 
VALUE (keV) DOCUMENT ID TECN COMMENT 

seen 24MORGAN 90 RVUE - ~ , ~  ~r+~r - ,  ~r0~r 0 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1 0 •  COURAU 86 OM1 e •  - 
~ r+~r -  e + e -  

24Analysis of data from BOYER 90 and MARSISKE 90. 

1Coupled channel analysis combined with chiral perturbation theory. 
2Uses data from BEIER 72B, OCHS 73, HYAMS 73, GRAYER 74, ROSSELET 77, CA- 

SON 83, ASTON 88, and ARMSTRONG 91B. Coupled channel analysis with flavor 
symmetry and all l ight two-pseudoscalars systems. 

3 Demonstrates explicit ly that fO(400~1200) and f0(1370) are two different poles. 

4Coupled channel analysis o f p p  ~ 3w O, ~ o f n  and ~r0~rO~/on sheet II. 
5 Coupled channel analysis of ~ p  ~ 3~ O, ~r 0 ~/f and ~O ~rO ~/on sheet III, 
6Analysis of data from FALVARO 88. 
7Analysis of data from OCHS 73, ESTABROOKS 75, ROSSELET 77, and MUKHIN 80. 
8Analysis of data from OCHS 73, GRAYER 74, and ROSSELET 77. 
9Analysis of data from OCHS 73, GRAYER 74, BECKER 79, and CASON 83. 

lOAnalysis of data from APEL 73, GRAYER 74, CASON 76, PAWLICKI 77. Includes spread 
and errors of 4 solutions. 

11Analysis of data from BATON 70, BENSINGER 71, COLTON 71, BAILLON 72,PRO- 
TOPOPESCU 73, and WALKER 67. 

ALDE 
OLLER 
ISHIDA 
SVEC 
TORNQVIST 
ALDE 
AMSLER 
AMSLER 
ANISOVICH 
JANSSEH 
ACHASOV 
AMSLER 
ANISOVICH 
KAMINSKI 
ZOU 
ZOU 
ARMSTRONG 
BOYEB 
MARSISKE 
MORGAN 
AUGUSTIN 
ASTON 
FALVARD 
AU 
COURAU 
CASON 
MUKHIN 

BECKER 
ESTABROOKS 
PAWLICKI 
ROSSELET 
CASON 
ESTABROOKS 
SRINIVASAN 
GRAYER 
APEL 
HYAMS 
OCHS 
PROTOPOP... 
BAILLON 
BASDEVANT 
BEIER 
BENSINGER 
COLTON 
BATON 
WALKER 

ABELE 
ANISOVICH 
ANISOVICH 
ANISOVICH 
ANISOVICH 
CLOSE 
KAMINSKI 
MALTMAN 
OLLER 
SVEC 
SVEC 
ABELE 
AMSLER 
BIJNENS 
BONUTTI 
BUGG 
HARADA 
ISHIDA 
AMSLER 
AMSLER 
ANTINORI 
BUGG 
GASPERO 
TORNQVIST 
AMSLER 
BUGG 
KAMINSKI 
ADAMO 

f0(400-1200) BREIT-WIGNER MASS OR K-MATRIX POLE PARAMETERS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
(400-1200) OUR ESTIMATE 
�9 = �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

780 •  ALOE 97 GAM2 450 p p  ~ pp~rO~r 0 I 
553.3•  0.5 12 ISHIDA 96 RVUE 7r~ ~ lrTr I 
761 •  13SVEC 96 RVUE 6-17 7rNpola r ~ ~ + ~ - N  

860 14 TORNQVIST 96 RVUE 7rlr ~ ~rTr, K K ,  KTr, fTr 
1165 •  15,16ANISOVICH 95 RVUE ~ r - p ~  ~rO~rOn, 

~ p  ~ ~rO~O~rO, ~O~0 f ,  ~rOf f  
1000 17 ACHASOV 94 RVUE ~r~r ~ ~r~ 
506 •  KAMINSKI 94 RVUE ~r~r~  ~r~r, K K  | 
414 4-20 13AUGUSTIN 89 DM2 

12 Reanalysis of data from HYAMS 73, GRAYER 74, SRINIVASAN 75, and ROSSELET 77 
using the interfering ampli tude method. 

13 Breit-Wigner f i t  to S-wave intensity measured in lr N ~ 7r- ~r + N on polarized targets. 
The f i t  does not include f0(980). 

14Uses data from ASTON 88, OCHS 73, HYAMS 73, ARMSTRONG 91B, GRAYER 74, 
CASON 83, ROSSELET 77, and BEIER 72B. Coupled channel analysis with flavor sym- 
metry and all l ight two-pseudoscalars systems. 

15 Uses ~r 0 ~r 0 data from ANISOVICH 94, AMSLER 94D, and ALDE 95B, 7r + lr-- data from 
OCHS 73, GRAYER 74 and ROSSELET 77, and f i r /data fromANISOVICH 94. 

16The pole is on Sheet II1. Demonstrates explicitly that f0(400-1200) and f0(1370) are 
two different poles. 

17Analysis of data from OCHS 73, ESTABROOKS 75, ROSSELET 77, and MUKHIN 80. 

fo(400-1200) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
(600-1000) OUR ESTIMATE 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

780 •  ALDE 97 GAM2 450 p p  ~ ppTrOTr 0 | 
242.6+ 1.2 181SHIDA 96 RVUE 7rlr---~ 7r~ I 
290 :E54 19SVEC 96 RVUE 6-17 7rNpola r ~ ~ r + ~ r - N  

880 20TORNQVIST 96 RVUE ZrTT ~ ~rlr, K K ,  K l r ,  f l r  
460 •  21,22ANISOVICH 95 RVUE 7 r - p ~  ~TO~On, 

~ p  ~ 7rO~r07r 0, ~rOTrOf, ~rOfr/ 
3200 23 ACHASOV 94 RVUE ~rlr ~ Ir l r  
494 • 5 KAMINSKI 94 RVUE ~r~r ~ ~r~-, K K  I 
494 •  19 AUGUSTIN 89 DM2 

18Reanalysis of data from HYAMS 73, GRAYER 74, SRINIVASAN 75, and ROSSELET 77 | 
using the interfering ampli tude method. 

f0(400-1200) REFERENCES 

97 PL B397 350 +Bellazzlnl, Binon+ (GAMS Collab.) 
97 NP A620 438 J,A. Oiler+ (VALE) 
96 PTP 95 745 S. Ishida+ (TOKY, MIYA, KEK) 
96 PR D53 2343 (MCGI) 
96 PRL 76 1575 +RoDs (HELS) 
95B ZPHY C66 375 +Binon, Boutemeur+ (GAMS Coliab.) 
95B PL B342 433 +Armstrong, Brose+ (Crystal Barrel Collab.) 
95D PL B355 425 +Armstrong, Spanier+ (Crystal Barrel Collab.) 
95 PL B355 363 +Hondashov+ (PNPI, SERP) 
95 pR D52 2690 +Pearce, Holinde, Speth (STON, ADLD, JULI) 
94 pR D49 5 7 7 9  +Shestakov (NOVM) 
94D PL B333 277 +Anlsovlch, Spanier+ (Crystal Barrel Collab.) 
94 PL B323 255 +Armstrong+ (Crystal Barrel Collab.) 
94 PR D50 3145 R. Karnlnski+ (CRAC, IPN) 
94B PR 050 591 +Bugg (LOQM) 
93 PR D48 R3948 +Bugg (LOQM) 
91B ZPHY C52 389 +Barnes+ (ATHU, BARI, BIRM, CERN, CDEF) 
90 PR 042 1350 +Butler+ (Mark II Collab.) 
90 PR D41 3 3 2 4  +Antreasyan+ (Crystal Ball Collab.) 
90 ZPHY C48 623 +PenninRton (RAL, DURH) 
89 NP B320 1 +Cosrne (DM2 Collab.) 
88 NP B296 493 +Awaji, Bienz, Bird+ (SLAC, NAGO, CINC, INUS) 
88 PR D38 2 7 0 6  +Ajaltoun[+ (CLER, FRAS, LALO, PADO) 
87 PR D35 ]633 +Morgan, Pennington (OURH, RAL) 
86 NP B27t 1 +Fa~vard, Haisslnski, Jousset, Michel+ (CLER, LALO) 
83 PR D28 1586 +Cannata, Baumbaugh, Bishop+ (NDAM, ANL) 
80 JETPL 32 801 +Patarakin+ (KIAE) 

Translated from ZETFP 32 616. 
79 NP B151 46 +Blanar, Blum+ (MPIM, CERN, ZEEM, CRAC) 
79 PR D19 2678 (CARL) 
77 PR 015 3196 +Ayres, Cohen, Diebold, Kramer, Wicklund (ANt) U 
77 PR O15 574 +Extermann, Fischer, Guisan+ (GEVA, SACL) 
76 PRL 36 1 4 8 5  +Polychronakos, Bishop, Biswas+ (NDAM, ANL)IJ 
75 NP B95 322 +Martin (DURH) 
75 PR D12 681 +Helland, Lennox, Klem+ (NDAM, ANL) 
74 NP B75 189 +Hyams, Blum, Dietl+ (CERN, MPIM) 
73 PL 41B 542 +AusJander, Muller+ (KARL, PISA) 
73 NP B64 134 +Jones, We[lhammer, Blum, Dietl+ (CERN, MPIM) 
73 Thesis (MPIM, MUNI) 
73 PB 07 1279 Protopopescu, Alston-Garnjost, Galderl, Flatte+ (LBL) 
72 PL 38B 555 +Carnegie, KJuge, Leith, Lynch, Ratcllff+ (SLAC) 
72 PL 418 178 +Froggatt, Petersen (CERN) 
72B PBL 29 511 +Buchho~tz, Mann+ (PENN) 
71 PL 36B 134 +Erwin, Thompson, Walker (WlSC) 
71 PR D3 2028 +Malamud, Schlein+ (LBL, FNAL. UCLA, HAWA) 
70 PL 33B 528 +Laurens, Re~gnler (SACL) 
67 BMP 39 695 (WISC) 

OTHER RELATED PAPERS 

98 PR 057 3860 A. Abele, Adomeit, Amsler+ (Crystal Barrel Collab.) 
97 PL B395 123 +Sarantsev (PNPI) 
97B ZPHY A357 123 A.V. Anisov~ch+ (PNPI) 
97C PL B413 137 
97D ZPHY A359 173 
97B PB D55 5749 F. Ctose+ (RAL, RUTG, BEIJT) 
97 ZPHY C74 79 R. Kaminski+ (CRAC) 
97 PL B393 19 K. Maltman, Wc~fe (YORKC) 
97 NP A620 438 J.A. Offer+ {VALE) 
97 PR D55 4355 M. Svec 
97B PR D55 5727 M, Svec (MCGI) 
% PL B380 453 +Adomelt, Amsler+ (Crystal Barrel Collab.) 
96 PR D53 295 +Close (ZURI, RAL ) 
96 PL B374 210 J. Bijnens, Colangelo, Ecker+(NORD, BERN, WlEN, HELS) 
99~ PRL 77 603 +Amerin[, Fragiacomo+ (TRSTI, TRSTT, TRIU) 

NP B471 59 +Sarantsev, Zou (LOQM, PNP 0 
96 PR D54 1991 M. Harasa+ (5YRA) 
96 PTP 95 745 S. Ishida+ (TOKY, MIYA, KEK) 
95C PL B353 571 +Armstrong, Hackman+ (Crystal Barrel Co,lab.) 
95F PL B358 389 +Armstrong, Urner+ (Crystal Barrel Collab.) 
95 PL B353 589 +Barberis, Bayes+ (ATHU, BARI, B~RM, CERN, JINR) 
95 PL B353 378 +Scott, Zoli+ {LOQM, PNPI, WASH) 
95 NP A588 861 (ROMA) 
95 ZPHY C68 647 (HELS) 
94 PL B322 431 +Armstrong. Meyer+ (Crystal Barrel Collab.) 
94 PR DSO 4 4 1 2  +Anisovich+ (LOQM) 
94 PR D50 3145 R. Kaminski+ (CRAC, IPN) 
93 NP A558 13C +Agnello+ (OBELIX Collab.) 
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GASPERO 93 NP A562 407 (ROMAI) 
MORGAN 93 PR D48 1 1 8 5  +Pennin~ton (RAL, DURH) 

Also 93C NC A Conf. Suppl .  Moc~an (RAL) 
BOLTON 925 PRL 69 1328 +Brown, Bunnell+ (Mark In Coltab.) 
SVEC 92 PR D45 55 +de Lesquen, van Rossum (MCGI, SACL) 
SVEC 92B PR [:)45 1518 +de Lesquen, van Rossurn (MCGI, SACL) 
SVEC 92C PR 046 949 +de Lesquen, van Rossum (MCGI, SACL) 
RIGGENBACH 91 PR D43 127 C. Riggenbach, Gasser+ (BERN. CERN, MASA) 
BAI 9OC PRL 65 2507 +Blaylock+ (Mark III Cotlab.) 
WEINSTEIN 90 PR D41 2236 +lsgur (TNTO) 
WEINSTEIN 89 UTPT 89 03 +lsgur (TNTO) 
ASTON 88D NP B301 525 +Awaji, Bienz:t- (SLAC, NAGO, CINC, INUS) 
BEVEREN 86 ZPHY C30 615 E. van Beveren+ (NIJM, BIEL) 
LONGACRE 86 PL B177 223 +Etkin+ (BNL, BRAN. CUNY, DUKE. NDAM) 
ACHASOV 84 ZPHY C22 53 +Dev-~ ,  Shes~akov (NOVM) 
GASSER 64 ANP 158 142 
BINON 53 NC 75A 313 +Oonsk~v, Outeil+ (BELG, LAPP, SERP, CERN) 
ETKIN 528 PR D25 1786 +Foley, Lai+ (BNL, CUNY, TUFTS, VAND) 
TORNQVIST 82 PRL 49 624 (HELS) 
COHEN 80 PR D22 2595 +Ayres, Diebold, Kramer, Pawlicki+ (ANL) UP 
COSTA 80 NP 5175 402 G. Costa+(BARI, BONN, CERN, GLAS, LIVP, MILA, WlEN) 
BECKER 79B NP B150 301 +Blanar, Blum+ (MPIM, CERN, ZEEM, CRAC) 
NAGELS 79 PR D20 1633 +Rijken. Deswart . (NIJM) 
POLYCHRO... 79 PR D19 1 3 1 7  Polychronakos, Cason. Bishop+ (NDAM, ANL) IJP 
COROEN 78 NP B144 253 +Colbert. Alexander+ (BIRM. RHEL, TELA, LOWC) 
JAFFE 77 PR D15 267,281 (MIT) 
FLATTE 76 PL 635 224 (CERN) 
WETZEL 76 NP Bl15 208 +Freudenreich, Beusch+ (ETH, CERN, LOIC) 
DEFOIX 72 NP B44 125 +Nascimento. Bizzard+ (CDEF, CERN) 

p(7TO) MASS 

w e  no longer list 5-wave Breit-Wlgner fits, or data wi th high combinatorial 
background. 

M I X E D  C H A R G E S  
VALUE (MeV} DOCUMENT ID 
?70JB=EO.9 OUR AVERAGE Includes data from the 4 datablocks that  fol low this one. 

Error includes scale factor of 1.8. See the ideogram 
below. 

WEIGHTED AVERAGE 
770.91-0.9 (Error scaled by 2.2) 

I . . . . . . . . . . .  ~ . m ' N . U C O  78 CNTR 1,5 
I . . . .  a ~ O ~ N a  73  C N T R  O.7 

' . . . . . . . . . .  BALI.AM 72 HBC 1,0 
. . . . . . . . .  BALLAM 72 HBG 0.1 

[ . . . . . . .  ALVENSLEB.,. 70 CNTR 0.3 
"-t-" , �9 . . . . . . . . .  BIGGS 70 CNTR 2.9 

I . . . . . . . . . .  ASBURY 675 CNTR 1.4 
t ,, �9 . . . . . . . . .  BERTIN 97C OBLX 1.0 

. . . . . . . .  WEIDENAUER 93 ASTE 1.6 
�9 ' '  . . . . . . . . .  AGUILAFI-_. 91 EHS 10.3 

. . . . . . . . .  HEYN 81 RVUE 0 2  / II 

Ip(770)  I : ,+l , - - )  
THE p(770) 
Written February 1998 by S. Eidelman (Novosibirsk). 

Determination of the parameters of the p(770) is beset 

w i thmany  difficulties because of its large width. In physical 

region fits, the line shape does not correspond to a relativistic 

Breit-Wigner function with a P-wave width, but requires some 

additional shape parameter. This dependence on parametriza- 

tion was demonstrated long ago by PISUT 68. Bose-Einstein 

correlations are another source of shifts in the p(770) line 

shape, particularly in the multiparticle final state systems 

(LAFFERTY 93). 

The same model dependence afflicts any other source of the 

resonance parameters, such as the energy dependence of the 

phase shift 61 or the pole position. It is therefore not surprising 

that a study of p(770) dominance in the decays of the ~/ and 

yr reveals the need for specific dynamical effects in addition 

to the p(770) pole (BENAYOUN 93, ABELE 97B). Recently 

BENAYOUN 98 compared the predictions of different Vector 

Meson Dominance (VMD) based models with the data on the 

e+e - --* r+lr  - cross section below 1 GeV as well as with the 

phase and near-threshold behaviour of the timelike pion form 

factor. They showed that only the model based on a hidden 

local symmetry (HLS) is able to account consistently for all low- 

energy information, if one also requires a point-like coupling 

"rTr%r- which is excluded by common VMD but predicted by 

HLS. 

The cleanest determination of the p(770) mass and width 

comes from the e+e - annihilation and r-lepton decays. BARA- 

TE 97M showed that the charged p(770) parameters measured 

from r-lepton decays are consistent with those of the neutral 

one determined from e+e - data of BARKOV 85. 

I ::: . . . . . . . . .  BOHACIK 
. . . . . . . . .  WICKLUND 

~ . . . . . . . . . . .  DEUT,~H_. 
. . . . . . . . . .  ENGLER 

I ~ I . . . . .  PROTOPOP... 
I I } " " " ~ . . . . . . .  RATCLIFF 

t 1. ~ . . . . . .  ,E, , ,N~DS 
I - ~  �9 �9 H . . . . . . .  P l S U T  

I I ,  ~ ' '  " t t  . . . . . . .  ABELE 
�9 . . . . .  AGUILAR-... 

:::::iiiiii~176 HUSTON 
i BYERLY 

PISLIT 

" :  i i i i i i  EISNER 
BARATE 
BARKOV 

I I 
750 760 

80 RVUE 0.5 
78 ASPK 0.4 
76 HBC 8.7 
74 DBC 1.0 
73 HBC 1.0 
72 ASPK 5.4 
69 HBC 1.0 
68 RVUE 1A 
97 CBAR 5.1 
91 EHS 0.1 
87 SPEC 1.7 
87 SPEC 4.0 
86 SPEC 0.0 
73 OSPK 0.5 
68 RVUE 7.7 
67 HBC 0A  
97M ALEP 36.7 
85 OLYA 20.3 

117.0 
(Confidence leve l  0.001) 

770 780 790 800 

p(770) MASS M I X E D  CHARGES 

M I X E D  C H A R G E S ,  T D E C A Y S  a n d  �9 + e -  
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 
The data in this block is Inctuded in the average IXioted for a previous datablock. 

771L0=1:0,~1 OUR AVERAGE 
776.4~0.9:1:1.5 1 BARATE 97MALEP .r-- -,~ I r - x O u . r  | 
775.9:E1.1 2BARKOV 85 OLYA 0 e + e  - ~ ~r+ l r  - 
�9 �9 �9 We do not use the fol lowing data for avera&~s, fits, l imits, etc. �9 �9 �9 

775.14-0.7 3 BENAYOUN 98 RVUE �9 + e -  --* | 
x-4- / r -  

e+~e + - P -  764.14-0.7 40 'CONNELL  97 RVUE - ~ ~r+ l r  - | 
757.54-1.5 5 BERNICI;IA 94 RVUE e + e  - --* x-i%r - 
768 d~l 6GESHKEN...  89 RVUE e + e  - ~ ~r+ l r  - 

C H A R G E D  O N L Y ,  H A D R O P R O D U C E D  
VALUE (MeV} EV'rE DOCUMENT ID TECN CH._~G COMMENT 
The data in this block is included In the average printed for a previous datablock. 

~ = E I . 1  OUR AVERAGE 
763o7i3.2 ABELE 97 CBAR p n  --* ~r- l r0~r 0 I 
768 4-9 AGUILAR-... 91 EHS 400 p p  
767 :1:3 2935 7CAPRARO 87 SPEC - 2 0 O l r - ~ u - - *  

~r-  fru Cu 
761 4-5 967 7 CAPRARO 87 SPEC - 200 x - ~ b  - *  

l r - l r U  Pb 
771 ::E4 HUSTON 06 SPEC + 2 0 2 ~ . + ~ - - *  

/r ' ~'-PL 
766 4-7 6500 8BYERLY 73 OSPK - 5 ~ r - p  
766.84-1,5 9650 9 PISUT 68 RVUE - 1.7-3.2 ~ - p ,  t 

<10 
767 i 6  900 7 EISNER 67 HBC 4.2 ~ - p ,  t <10 

NEUTRAL ONLY, PHOTOPRODUCED 
VALUE (MeV) E V T S  DOCUMENT ID TECN CHG COMMENT 
The data in this block Is Included In the average printed for a previous datablock. 

I~LI=E 1-$ OUR ~IWERAGE 
757.64- 2.7 BARTALUCCl 78 CNTR 0 "yp-.~ e + e - p  
775 4 - 5  GLADDING 73 CNTR 0 2.9-4.7"yp 
757 4- 4 1930 BALLAM 72 HBC 0 2 .8 " fp  
770 4 - 4  2430 BALLAM 72 HBC 0 4 .73 'p  
765 4-10 ALVENSLEB... 70 CNTR 0 7 A ,  t <0.01 
767.74- 1.9 140k BIGGS 70 CNTR 0 <4.1 "yC --~ 

7 r+~r -C  
765 4- 5 4000 ASBURY 67B CNTR 0 "y + Pb 



See key on page 213 

NEUTRAL ONLY, OTHER REACTIONS 
VALUE (MeV) EVT5 DOCUMENT ID TECN CHG COMMENT 
The data in this block is included In the average printed for a previous databinck. 

7r176 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below. 
765 / :6  BERTIN 97c OBLX O.0 ~p ~ | 

x§ 0 
773 4-1.6 WEIDENAUER93 ASTE ~p  ~ l r+ / r - r  
762,64-2.6 AGUILAR-... 91 EHS 400 pp  
770 4-2 10 HEYN 81 RVUE Pion form factor 
768 4-4 11,12BOHACIK 80 RVUE 0 

769 4-3 8WICKLUND 78 ASPK 0 3,4,6~4-N 
768 / :1  76000 DEUTSCH... 76 HBC 0 16 ~r'Fp 
767 / :4  4100 ENGLER 74 DBC 0 6 7r + n  

l r + ~ - p  
775 / :4  32000 11 PROTOPOP.. 73 HBC 0 7.1 ~r4-p, t <0.4 
764 / :3  6800 RATCLIFF 72 ASPK 0 1 5 ~ r - p ,  t <0 .3  
774 / :3  1700 REYNOLDS 69 HBC 0 2.26 ~r- p 
769.2/:1.5 13300 13 PISUT 68 RVUE 0 1.7-3.2 ~r-p, t 

<10 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

777 4-2 4943 14 ADAMS 97 E665 470 #p  ~ #X~ I 
770 4-2 15 BOGOLYUB... 97 MIRA 32 ~p I 

~ r + ~ - X  
768 / :8  15 BOGOLYUB... 97 MIRA 32 pp  ~ | 

~r+~r -X 
761.14-2,9 DUBNICKA 89 RVUE ~r form factor 
777.44-2,0 16 CHABAUD 83 ASPK 0 17 x -  p polarized 
769.5/:0.7 11,12 LANG 79 RVUE 0 
770 4-9 12 ESTABROOKS 74 RVUE 0 1 7 ~ r - p ~  

773.54-1.7 11200 7 JACOBS 72 HBC 0 2,8 ~r-p 
775 4-3 2250 HYAMS 68 OSPK 0 11 .2~r -p  

WEIGHTED AVERAGE 
769.0~O,9 (Error scaled by 1.4) 

1 

; 

I ~ . . . . . . . . . . .  BERTIN 97C OBLX 0.4 
-- I -  . . . . . . . .  WEIDENAUER 93 ASTE 6.2 

I ~ - - - � 9  . AGUILAR-... 91 EHS 6.1 
HEYN 81 RVUE 0.2 

- -  �9 8OHACIK 80 RVUE 0.1 
- WlCKLUND 78 ASPK 0.0 

' �9 DEUTSCH... 76 HBC 1.0 
- -  ~ �9 ENGLER 74 DBC 0.3 

�9 PROTOPOP... 73 HBC 2.2 
�9 RATCLIFF 72 ASPK 2.8 
�9 REYNOLDS 69 HBC 2.8 
�9 PISUT 68 RVUE 0,0 

22.1 
(Confidence Level = 0.()23) 

I I l I 
750 760 770 780 790 800 

p(770) O mass (MeV)  

1 From the Gounarls-Sakurai parametrlzatlon of the plon form factor. The second error Is 
a model error taking into account different parametrlzations of the plon form factor, 

2 From the Gounarls-Sakurai parametrlzation of the plon form factor. 
3Using the data of BARKOV 85 and near-threshold behavior of the time-like plon form | 

factor In the hidden local symmetry model�9 
4A fit of BARKOV 85 data assuming the direct ~:~r ~r coupling. I 
5Applying the S-matrix formalism to the BARKOV 85 data, 
6Includes BARKOV 85 data. Model-dependent width definition. 
7Mass errors enlarged by us to F/VrN; see the note with the K*(892) mass. 
8 Phase shift analysis. Systematic errors added corresponding to spread of different fits. 
9 r Fom fit of 3-parameter relativistic P-wave Breit-Wigner to total mass distribution. In- 

cindes BATON 68, MILLER 67B, ALFF-STEINBERGER 66, HAGOPIAN 66, HAGO- 
PlAN 66B, JACOBS 6613, JAMES 66, WEST 66, BLIEDEN 65 and CARMONY 64, 

10 HEYN 81 includes all spacellke and tlmellke F~r values until 1978. 
11 From pole extrapolatinn. 
12 From phase shift analysis of GRAYER 74 data. 
13Includes MALAMUD 69, ARMENISE 68, BACON 67, HUWE 67, MILLER 67B, ALFF- 

STEINBERGER 66, HAGOPIAN 66, HAGOPIAN 66B, JACOBS 66B, JAMES 66, 
WEST 66, GOLDHABER 64, ABOLINS 63. 

14 Systematic errors not evaluated. I 
15 Systematic effects not studied, I 
16 From fit of" 3-parameter relativistic Brelt-Wlgner to helicity-zero part of P-wave intensity, 

CHABAUD 83 Includes data of GRAYER 74. 
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p(77o) 

mp(./7o)O - mp(.n,o)~ 

VALUE (MeV) E V T S  DOCUMENT ID TECN CHG COMMENT 
0.14-0.9 OUR AVERAGE 
0.0:51.0 17 BARATE 97MALEP ~' -  ~ l r -~r0uT 

- 4  4-4 3000 18 REYNOLDS 69 HBG - 0  2.26 l r - p  
- 5  4-5 3600 18FOSTER 68 HBC 4-0 0 .0~p 

2.44-2,1 22950 19 PISUT 68 RVUE l rN  ~ p N  

17 Using the compilation of e + e -  data from BARKOV 85. 
18 From quoted masses of charged and neutral modes. 
19includes MALAMUD 69, ARMENISE 68, BATON 68, BACON 67, HUWE 67, 

MILLER 67B, ALFF-STEINBERGER 66, HAGOPIAN 66, HAGOPIAN 66B, JA- 
COBS 66B, JAMES 66, WEST 66, BLIEDEN 65. CARMONY 64, GOLDHABER 64, 
ABOLINS 63. 

p(770) RANGE PARAMETER 

The range parameter R enters an energy-dependent correction to the 
width, of the form (1 + q~r R2) / (1 + q2 R2), where q Is the mo- 
mentum of one of the pions In the lr~r rest system. At resonance, q = 

qr" 

VALUE(GeV -1  ) DOCUMENT ID TECN CHG .COMMENT 

,=~+o.9 - -0 . t  CHABAUD 83 ASPK 0 17 l : - p  polarized 

p(TtO) WIDTH 

We no longer list .C-wave Brelt-Wlgner fits, or data with high combinatorial 
background. 

MIXED CHARGES 
VALUE (MeV) DOCUMENT ID 
U0.?:1:1.1 OUR AVERAGE Includes data from the 4 datablocks that follow this one. 

MIXED CHARGES, 1" DECAYS and e + e -  
VALUE IMeV) DOCUMENT ID TECN CHG COMMENT 
The data In this block is included in the average printed for a previous datablock. 

IEOJi::b2.T OUR AVERAGE 
150.5• 20 BARATE 97MALEP - r -  --* l r - l r0u l .  I 
150.5/:3,0 21 BARKOV 85 OLYA 0 e + e -  ~ x + : r  - 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

147.94-1.5 22 BENAYOUN 98 RVUE 

145.04.1.7 23 O'CONNELL 97 RVUE 
142.54-3.5 24 BERNICHA 94 RVUE 
138 :51 25GESHKEN... 89 RVUE 

CHARGED ONLY, HADROPRODUCED 
VALUE (MeV) E V T S  DOCUMENT ID TECN CHG COMMENT 

e + e  - ~ | 

e + e  - __~ l r + l : -  
e- l -e-  ~ /r'Flr - 

The data in this block is included in the average printed for a previous datablock. 

1g0.2/: 2.4 OUR FIT 
:~0.24" 2.4 OUR AVERAGE 
152.8• 4.3 ABELE 97 CBAR ~n- - *  :-TrO~r 0 | 
155 4-11 2935 26 CAPRARO 87 SPEC - 200 l r - ~ u  --~ 

m-- ~UCu 
154 /:20 967 26 CAPRARO 87 SPEC - 200 ~r- ~b 

7r- 7r v Pb 
150 4 - 5  HUSTON 86 SPEC + 202~_+/~-~ 

/r ~--p, 
146 :E12 6500 27 BYERLY 73 OSPK - S ~ r -p  
148.2/: 4.1 9650 28 PISUT 68 RVUE - 1,7-3.2 x -  p, t 

<10 
146 :h13 900 EISNER 67 HBC - 4 .21r -p ,  t < 1 0  

NEUTRAL ONLY, PHOTOPRODUCED 
VALUE (MeV) EVT$ DOCUMENT ID TECN CHG COMMENT 
The data in this block is included In the average printed for a previous databinck. 

1!K).94" 3.0 BARTALUCCI 78 CNTR 0 " y p ~  e + e ~ p  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

147 4-11 GLADDING 73 CNTR 0 2.9-4.7 -fp 
155 4-12 2430 BALLAM 72 HBC 0 4.7-rp 
145 4-13 1930 BALLAM 72 HBC 0 2.8 "yp 
140 / :  5 ALVENSLEB... 70 CNTR 0 -fA, t <0.01 
146.14- 2.9 140k BIGGS 70 CNTR 0 <4.1 "rC 

: r + x -  C 
160 /:10 LANZEROTTI 68 CNTR 0 ~p 
130 / :  5 4000 ASBURY 67B CNTR 0 3' + Pb 
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,(zzo) 
NEUTRAL ONLY, OTHER REACTIONS 
VALUE (MeV) EVTS DOCUMENT ID TEEN CHG COMMENT 
The data in this biock is included In the average printed for a previous dataidock. 

lg0.94" 2.0 OUR FIT Error includes scale factor of 1.3. 
tl0.g-l- 1.7 OUR AVERAGE Error Includes scale factor of 1.1. 
122 4-20 BERTIN 97C OBLX 0.0~p -+ I 

~r+~-  ~r 0 
145.7:J: 5.3 WEIDENAUER93 ASTE ~p ~ ~r+~r-~ 
144.9:E 3.7 DUBNICKA 89 RVUE ~r form factor 
148 :1:6 29,30 BOHACIK 80 RVUE 0 
152 4- 9 27WICKLUND 78 ASPK 0 3,4,6~r• 
154 • 2 76000 DEUTSCH... 76 HBC 0 16 ~ + p  
157 4- 8 6800 RATCLIFF 72 ASPK 0 15 ~r-p, t <0.3 
143 • 8 1700 REYNOLDS 69 HBC 0 2,26~r-p 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

146 • 3 4943 31 ADAMS 97 E665 470 I~p ~ I~XB I 

160.0 • 4.1 32 CHABAUD 83 ASPK 0 17 ~r-p polarized - 4.0 
155 4- 1 33 HEYN 81 RVUE 0 ~r form factor 
148.0• 1.3 29,30 LANG 79 RVUE 0 
146 •  4100 ENGLER 74 DBC 0 6 x + n  --* 

~r+ x - p  
143 •  30 ESTABROOKS 74 RVUE 0 17~r--p-+ 

x + ~ - - n  
160 •  32000 29 PROTOPOP... 73 HBC 0 7.1 ~+ p, t <0.4 
145 • 2250 26 HYAMS 68 OSPK 0 11.2 ~r- p 
163 • 13300 34 PISUT 68 RVUE 0 1.7-3.2 ~r-p, t 

<10 
20From the Gounarls-Sakural parametdzation of the plon form factor. The second error is 

a model error taking into account different parametdzations of the pion form factor. 
21 From the Gounads-Sakural parametrizatlon of the plon form factor. 
22 Using the data of BARKOV 85 and near-threshold behavior of the time-like plon form | 

factor in the hidden local symmetry model. 
23A fit of BARKOV 85 data assuming the direct w x x  coupling. I 
24Applying the S-matrix formalism to the BARKOV 85 data. 
25 Includes BARKOV 85 data. Model-dependent width definition. 
26Width errors enlarged by us to 41"/~/N; see the note with the K*(892) mass. 
27 Phase shift analysis. Systematic errors added corresponding to spread of different fits. 
28 From fit of 3-parameter relativistic P-wave Brelt-Wtgner to total mass distribution. In- 

cludes BATON 68, MILLER 67B, ALFF-STEINBERGER 66, HAGOPIAN 66, HAGO- 
PlAN 66B, JACOBS 66B, JAMES 66, WEST 66, BLIEDEN 65 and CARMONY 64. 

29From pole extrapolation. 
30 From phase shift analysis of GRAYER 74 data. 
31 Systematic errors not evaluated. I 
32 From fit of 3-parameter relativistic Breit-Wlgner to hellclt~/-zero part of P-wave intensity. 

EHABAUD 83 includes data of GRAYER 74. 
33HEYN 81 Includes all spacetike and tlmellke F~r values until 1978, 
341ndudes MALAMUD 69, ARMENISE 68, BACON 67, HUWE 67, MILLER 67a, ALFF- 

STEINBERGER 66, HAGOPIAN 66, HAGOPIAN 66B, JACOBS 66B, JAMES 66, 
WEST 66, GOLDHABER 64, ABOLINS 63. 

r~(no~p - r~(no) ,  
VAL~E DOCUMENT ID TECN COMMENT 
--0.14"1.9 35BARATE 97MALEP ~'- --* ~r-~r0u~ | 

35 Using the compilation of e + e -  data from BARKOV 85, | 

p(770) DECAY MODES 

Scale factor/ 
Mode Fraction ( l ' l / r )  Confidence level 

F 1 "/r "n" ~ 100 % 

p(no)4" d = ~  
F 2 7r • 7r 0 ~ 100 % 
I" 3 ;r177 ( 4.5 • ) x l 0  - 4  S=2.2 
['4 7r • T/ < 6 x 10 - 3  CL=84% 
['5 "/r• ~ -  "/r0 < 2.0 x 10 - 3  CL=84% 

p(n0) ~ 
['6 ~ +  ~T-- ~ 100 % 
I- 7 7r+~--3 �9 ( 9.9 4-1.6 ) x l 0  - 3  
I" 8 w0" 7 ( 6.8 • ) x 10 - 4  

[-9 r/3' ( 2.4 +0.8 ) x 10 - 4  S=1.6 -0.9 
[-10 /~+/~-  [a] (4,604-0.28) x 10 - 5  
1-11 e + e -  [a] (4,494-0.22) x 10 - 5  
F12 7r + ~i"- ~0 < 1.2 X 10 - 4  EL=90% 
[-13 ~ + ' K - ~ + ~ ' -  < 2 X 10 - 4  EL=90% 
['14 ~r+ ~r ~.0 < 4 X 10 - 5  CL--90% 

[a] The e + e -  branching fraction is from e + e -  ~ ~r + 7r- experiments only. 
The ~:p interference is then due to  ~ p  mixing only, and is expected to 
be small. I f  e/~ universality holds, F(p ~ -+ /~+/~-)  = F(p 0 --, e + e  - )  
• 0.99785. 

C O N S T R A I N E D  FIT  INFORMATION 

An overall f it to the total width and a partial width uses 10 mea- 
surements and one constraint to determine 3 parameters. The 
overall f it has a X 2 = 10.7 for 8 degrees of freedom. 

The following off-diagonal array elements are the correlation coefficients 
~ p i ~ p j l / ( ~ p i . a p j ) ,  in percent, from the fit to parameters Pi, including the branch- 

ing fractions, x~ = Fi/Ftota I. The fit constrains the x~ whose labels appear in this 
array to sum to one. 

x3 I -100 

r 15 --~15 

x2 x 3 

Mode Rate (MeV) Scale factor 

['2 ~:i:/r0 150.2 • 
F 3 'R~ "y 0.068 4- 0.007 2.3 

C O N S T R A I N E D  FIT INFORMATION 

An overall f it to the total width, a partial width, and a branching 
ratio uses 10 measurements and one constraint to determine 4 
parameters. The overall f it has a X 2 --- 9.9 for 7 degrees of freedom. 

The following off-diagonal array elements are the correlation coefficients 
16pi~pj l / (~p i .ap j ) ,  In percent, from the fit to parameters pl, including the branch- 

ing fractions, x i =-. r j F t o t a  I. The fit constrains the x i whose labels appear in this 
array to sum to one. 

Xl0 - 7 9  

X l l  - 61  0 

r 16 0 -27  

x6 Xl0 Xl I 

Mode Rate (MeV) Scale factor 

re ~r+ ~r- 150.8 •  1.3 
1"10 /~+/~- [a] 0.0069 4-0.0004 
['11 �9 + e -  [a] 0.00677• 

p (T /0 )  PARTIAL WIDTHS 

r ( ~ )  r3 
VALUE {keV} DOCUMENT ID TEEN CHG COMMENT 
Ell 4"7 OUR FIT Error includes scale factor of 2.3. 
g l  4"7 OUR AVERAGE Error Includes scale factor of 2.2. See the Ideogram below. 
81 4-4 4-4 CAPRARO 8, SPEC - 2 0 0 . - ~ :  

/r lr-/~ 
59.8• HUSTON 86 SPEC § 202 x + A  

x +  lrOA 
71 4-7 JENSEN 83 SPEC - 156 -2601 r -A~  

x -  7r0A 

WEIGHTED AVERAGE 
68+7 (Error scaled by 2.2) 

40 50 60 70 

r(.• (keY) 

Values above of weighted average, error, 
and scale factor are based upon the data in 
this ideogram only. They are not neces- 
sarily the same as our 'best' values, 
obtained from a least-squares constrained fit 
utilizing measurements of other (related) 
quantities as additional information. 

80 

~2 

. CAPRARO 87 SPEC 5.6 
�9 HUSTON 86 SPEC 3.8 
. JENSEN 83 SPEC 0.2 

\ (Confidence Level = 0.008) 

90 100 110 



See key on page 213 
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 (77o) 

r(~+e-) r~ 
VALUE (keY) DOCUMENT ID TEEN COMMENT 

6.174"0.32 OUR F I T  
6.'l'7"I'0.I04"0,."I0 BARKOV 85 OLYA �9 + e- ~ ~r + x -  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

6.3 4-0.1 36BENAYOUN 98 RVUE e + e - ~  ~r+~r- ,  I 
# + / ~ -  

36Using the data of BARKOV 85 and near-threshold behavior of the t ime-l ike pion form | 
factor in the hidden local symmetry model. 

r ( ~ , y )  r6 
VALUE (keV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

121:E31 DOLINSKY 89 ND e + e  - ~ ~rO'~ 

r(,r~) r, 
VALUE (keY) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

624-17 37 DOLINSKY 89 ND e + e  - ~ ~ (  

37Solution corresponding to constructive ~-p  interference. 

p(T/O) BRANCHING RATIOS 

r ( ~ , ) / r ( . . )  rdr~ 
VALUE (units 10 -4) CL.~.~ DOCUMENT ID TEEN CHG COMMENT 

<60  84 FERBEL 66 HBC 4- ~r4-p above 2.5 

r (~r4..+.- ~)Ir(,r,r) r~Ir~ 
VALUE (units 10 -4) CL.~_~ DOCUMENT ID TECN CHG COMMENT 

< 2 0  84 FERBEL 66 HBC • ~r •  above 2.5 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

354-40 JAMES 66 HBC + 2.1 l r + p  

r (~+~-) / r ( .+ . - )  rlo/rg 
VALUE (units 10 -5) DOCUMENT ID TECN COMMENT 

4.60-1-0.2B OUR F I T  
4.6 4"0.2 4"0.2 ANTIPOV 89 SIGM l r - C u  ~ # + / ~ - ~ r - C u  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

8.2 + 1 . 6  38 ROTHWELL 69 CNTR Photoproductlon 
--3.6 

5.6 4-1.5 39WEHMANN 69 OSPK 12 ~r -C,  Fe 

9.7 43 .1  40HYAMS 67 OSPK 111r -L I ,  H 
- 3 . 3  

38 Possibly large p-~ interference leads us to increase the minus error. 
39Result contains 11 4- 11% correction using SU(3) for central value. The error on the 

correction takes account of possible p-~ interference and the upper l imi t  agrees with the 
upper l imi t  of ~ ~ # +  # -  from this experiment. 

40HYAMS 67's mass resolution is 20 MeV. The r region was excluded. 

r(=+ e-)Ir(,r,r) r . lr~ 
VALUE (units 10 -4) DOCUMENT ID TEEN COMMENT 

0.414"0.06 BENAKSAS 72 OSPK e + e -  

r(~)/rt== r,/r 
VALUE (units 10 ~4) DOCUMENT ID TEEN CHG COMMENT 

2 . 4 ~ 0 ~  OUR AVERAGE Error includes scale factor of 1.6. 

1 r 41 BENAYOUN 96 RVUE 0.54-1.04 | 
" ~ - 0 . 8  e +  e -  ~ ~/'~ 

3.64-0.9 42 ANDREWS 77 CNTR 0 6.7-10 3'Cu 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

4.04-1.1 42 DOLINSKY 89 ND e + e -  ~ r/'7 

41Reanalysis of DRUZHININ 84, DOLINSKY 8% and DOLINSKY 91 taking into account | 
a triangle anomaly contribution. Constructive p-~ interference solution. I 

42 Solution corresponding to constructive o~-p Interference. 

r(.+~-,r+~-)Irt=., r . / r  
VALUE (units 10 -4) CL.~_~ DOCUMENT ID TEEN COMMENT 

< 2  90 KURDADZE 88 OLYA e + e -  
~r+ ~r -  ~r+ ~r - 

r ( , r+ . - .+ . - ) I r ( . . )  r . lr~ 
VALUE (units 10 -4) CL.~_~ DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<15 90 ERBE 69 HBC 0 2.5-5.8 3'P 
<20 CHUNG 68 HBC 0 3.2,4.2 ~ r - p  
<20 90 HUSON 68 HLBC 0 16.0 ~ r - p  
<80 JAMES 66 HBC 0 2.1 ~r+p 

r(,r+,,-~O)irt~ ,, r,,/r 
VALUE (units 10 -4) CL.~_~ DOCUMENT ID TEEN COMMENT 

<1.2 90 VASSERMAN 88B ND e + e  - ~ l r+Tr -~r  0 

r(,r+,r-.~ r,./rl 
VALUE EL% DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.01 BRAMON 86 RVUE 0 J / t~  ~ ~ r  0 

<0.01 84 43 ABRAMS 71 HBC 0 3.7 ~r + p  

43 Model dependent, assumes I = 1, 2, or 3 for the 31r system. 

r(,r+.-.~176 r14r 
VALUE (units 10 -4) CL._..~ DOCUMENT ID TEEN CHG COMMENT 

<:0.4 90 AULCHENKO 87C ND 0 e + e  - 
~ +  ~r-  l r  07r 0 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc.  �9 �9 �9 

<2 90 KURDADZE 86 OLYA 0 e + e -  
l f +  l r -  7r07r0 

r( .+.-~)/r==, rT/r 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

0.00~J.1.0.0016 44 DOLINSKY 91 ND e + e  - ~ l r + T r - 3  ' 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.01114-0.0014 45VASSERMAN 88 ND e + e  - ~ l r + l r - ' Y  
<0.005 90 46VASSERMAN 88 ND e + e  - ~ ~r+~r- 'y  

44 Bremsstrahlung from a decay plon and for photon energy above 50 MeV. 
45Superseded by DOLINSKY 91. 
46 Structure radiation due to quark rearrangement in the decay. 

r(~%)/r~,, rg/r 
VALUE (units 10 -4) DOCUMENT ID TEEN COMMENT 

6.84.1.7 47 BENAYOUN 96 RVUE 0.54-N1.04 e + e -  ~ I 
/r-~/ 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

7.94-2.0 DOLINSKY 89 ND e + e  - ~ lr03 ' 

47Reanalysls of DRUZHININ 84, DOLINSKY 89, and DOLINSKY 91 taking Into account I 
a triangle anomaly contribution. 

BENAYOUN 98 
ABELE 97 
ADAMS 97 
BARATE 97M 
BERTIN 97C 
BOGOLYUB... 97 

O'CONNELL 97 
BENAYOUN 96 
BERNICHA 94 
WEIDENAUER 93 
AGUILAR-... 91 
DOLINSKY 91 
ANTIPOV 
DOLtNSKY 
DUBNICKA 89 
GESHKEN.. 80 
KURDAOZE 88 

VASSERMAN 88 

VASSERMAN 88B 

AULCHENKO 87C 
CAPRARO 87 
BRAMON 86 
HUSTON 86 
KURDADZE 86 

BARKOV 
DRUZHININ 
CHABAUD 83 
JENSEN 83 
HEYN 81 
BOHACIK 80 
LANG 79 
BARTALUCCI 78 
WICKLUND 78 
ANDREWS 77 
OEUTSCH... 76 
ENGLER 74 
ESTABROOKS 74 
GRAYER 74 
BYERLY 73 
GLADDING 73 
PROTOPOP,.. 73 
BALLAM 72 
BENAKSAS 72 
JACOBS 72 
RATCLIFF 72 
ABRAMS 71 
ALVENSLEB... 70 
BIGGS 70 
ERBE 69 
MALAMUD 69 
REYNOLDS 69 
ROTHWELL 69 
WEHMANN 69 
ARMENISE 68 
BATON 68 

p(n'0) REFERENCES 

EPJ C2 269 M. Benayoun+ (IPNP, NOVO. ADLD, KNTY) 
PL B391 191 A. Abele, Adomeit, Ams~er+ (Crystal Barrel Collab.) 
ZPHY C74 237 M.R. Adams+ (E665 Collab.) 
ZPHY C76 15 R. Barate+ (ALEPH Cofiab. ) 
PL B408 476 A. Bertin, Bruschi+ (OBELIX Collab.) 
PAN 60 46 Bogolyubsky, Bravlna, Kiryunin+ (MOSU, SERP) 
Translated from YAF 60 53. 
NP A623 559 H.B. O'Connell, Thomas, Wifiiams+ (ADLD) 
ZPHY C72 221 M. Benayoun+ (IPNP. NOVO) 
PR O50 4454 +Lo~ez Castro, Pestieau (LOUV, CINV) 
ZPHY C59 387 +Ouch+ (ASTERIX Cofiab.) 
ZPHY CS0 405 AKuiiar-Benitez, AlliSOn, Batalor+ (LEBC-EHS Collab.) 
PRPL 202 99 +Druzhinin, Dubrovin+ (NOVO) 
ZPHY C42 185 +Batarin+ (SERP, JINR, BGNA, MILA, TBIL) 
ZPHY C42 511 +Druzhlnln. Dubcovin, Golubev+ (NOVO) 
JPG 15 1 3 4 9  +Martinovic+ (JINR, SLOV) 
ZPHY 45 351 Gesfikenbeln (ITEP) 
JETPL 47 512 +Leltchouk, Pakhtusova, Sidorov+ (NOVO) 
Translated from ZETFP 47 432. 
SJNP 47 1035 +Go~ubev, Dollnsky+ (NOVO) 
Translated from YAF 47 1635. 
SJNP 48 400 +Golubev, Dolinsky+ (NOVO) 
Translated from YAF 48 753. 
IYF 07-90 Prepdnt +Dolinsky, Druzhinin+ (NOVO) 
NP B2fi8 659 +Levy+ (CLER, FRAS, MILA, PISA, LCGT, TRST+) 
PL B173 97 +Casulleras (BARE) 
PR 33 3199 +Berg, Colfick, Jonckheere+ (ROCH, FNAL, MINN) 
JETPL 43 643 +Lelchuk, Pakhtusova. Sidorov, Skrinsk~i+ (NOVO) 
Translated from ZETFP 43 497. 
NP B256 365 +Chilingarov, Eidelman, Kbazln, Lelchuk+ (NOVO) 
PL 144B 13S +Golubev, Ivanchenko, Peryshkin+ (NOVO) 
NP B223 1 +Godich, Cerrada+ (CERN. CRAC, MPIM) 
PR D27 26 +Berg, Biel, Collick+ (ROCH, FNAL, MINN) 
ZPHY C7 169 +Lank (GRAZ) 
PR D21 1342 +Kuhnelt (SLOV, WIEN) 
PR D19 %6 +Mas-Parareda (GRAZ) 
NC 44A 587 +Baslni, Bertolucci+ (DESY, FRAS) 
PR D17 1197 +Ayres, Diebold, Greene, Kramer. Pawlicki (ANL) 
PRL 38 198 +Fukushima, Harvey, Lobk~wicz, May+ (ROCH) 
NP BIO3 426 Deutschmann+ (AACH3, BERL, BONN, CERN+) 
PR D10 2070 +Kraemer, Toaff, Welsser, Diaz+ (CMU, CASE ) 
NP B70 301 +Martin (DURH) 
NP B75 189 +Hyams, Blum, DIeU+ (CERN, MPIM) 
PR D7 637 +Anthony, Coffin, Meantey, Meyer, Rice+ (MICH) 
PR D8 3721 +Russell. Tannenbaum, Weiss, Thomson (HARV) 
PR D7 1279 Protopopc~cu, Alsron-Garnjost. GalUeri, Flatte+ (LBL) 
PR Dfi 545 +Chadwick, Bingham, Milburn+ (SLAC, LBL, TUFTS) 
PL 39B 280 +Cosine, Jean-Made, Jufiian. Laplanche+ (ORSAY) 
PR D6 1201 (SACL) 
PL 38B 345 +Bulos, Carnegie, Kluge, Leith, Lynch+ (SLAC) 
PR D4 653 +Barnham, Butler, Coyne, Gc4dhaber, Hall+ (LBL) 
PRL 24 786 Alvensleben, Bucker, Bertram, Cfien, Cohen (DESY} 
PRL 24 1197 +Braben, Cliflt, Gabathuler, Kitching+ (DARE) 
PR 188 2060 +Hitpert+ (German Bubble Chamber Collab.) 
Argonne Conf. 93 +Schlein (UCLA) 
PR 184 1424 +AIbright, Bradley, Brucker, Harms+ (FSU) 
PRL 23 1521 +Chase, Eades, Gettner, Glass, Weinstein+ (NEAS) 
PR 178 2095 + (HARV, CASE, SLAC, CORN. MCGI) 
NC 54A 999 +Ghldlni, Forino+ (KARl, BGNA. FIRZ, ORSAY) 
PR 176 1574 +Laurens (SACL) 
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p(770),  u:(782) 

CHUNG 68 PR 165 1491 
FOSTER 68 NP BS 107 
HUSON 68 PL 28B 208 
HYAMS 68 NP B7 1 
LANZEROTTI 68 PR 166 1365 
PISUT 68 NP 86 325 
ASBURY 67B PRL 19 865 
BACON 67 PR 157 1263 
EISNER 67 PR 164 1699 
HUWE 67 PL 24B 252 
HYAMS 67 PL 24B 634 
MILLER 67B PR 153 1423 
ALFF-... 66 PR 145 1072 
FERBEL 66 PL 21 111 
HAGOPIAN 66 PR 145 1128 
HAGOPIAN 66B PR 152 1183 
JACOBS 668 UCRL 16877 
JAMES 66 PR 142 896 
WEST 66 PR 148 1089 
BLIEDEN 65 PL 19 444 
CARMONY 64 PRL 12 254 
GOLDHABER 54 PRL 12 336 
ABOLINS 63 PRL 11 381 

ABELE 
ABELE 
BARATE 
BENAYOUN 
LAFFERTY 
KAMAL 
KUHN 
ERKAL 
RYBICKI 
KURDADZE 

ALEKSEEV 

KENNEY 
SAMIOS 
XUONG 
ANDERSON 
ERWlN 

+Dahl, Kirz, Miller (LRL) 
+Gavillet, Labrosse. Montanet+ (CERN, CDEF) 
+Lubatti. Six. Veillet+ (ORSAY, MILA, UCLA) 
+KOch, Potter, Wilson, VonLindern+ (CERN, MPIM) 
+Blumenthal, Ehn, Ealssler+ (HARV) 
+RODS (CERN) 
+Becker, Bertram, JOGS, Jordan+ (DESY. COLU) 
+Fick~nge~', Hill, Hopkins, Robinson+ (BNL) 
+Johnson. Klein, Peters. Sahni, Yen+ (PURD) 
+Marqbit, Oppenheimer. Schultz, Wilson (COLU) 
+Koch, Pellert. Potter, VonLindern+ (CERN, MPIM) 
+Gutay, JohnSOn, Loeffler+ (PURD) 

Alff-Steinberg~r, Bedey+ (COLU, RUTG) 
(ROCH) 

+Selove, AlittL Baton+ (PENN, SACL) 
+Pan (PENN, LRL) 

(LRL) 
+KraybiII (YALE. BNL) 
+Boyd, Erwin, Walker (WlSC) 
+Freytag, Geibel+ (CERN Missing Mass Spect. Conab.) 

WEIGHTED AVERAGE 
781.94!0.12 (Error scaled by 1 3)  

+Lander, Rindfleisch, Xuong, Yager (UCB) 
+Brown, Kadyk, Shen+ (LRL, UCB) 
+Lander, Mehlhop. Nguyen, Yager (UCSD) 

OTHER RELATED PAPERS 

97B PL B402 198 A. Abele, Adomeit, Amsler+ (Crystal Barrel Collab.) 
97F PL B4U 354 A. Abele+ (Crystal Barrel Collab.) 
97M ZPHY C76 15 R. Barate+ (ALEPH Collab.) 
93 ZPHY 88 31 +Fe~ndt, Girone+ (CDEF, CERN, BARI) 
93 ZPHY C60 659 (MCHS) 
92 PL B284 421 +Xu (ALBE) 
90 ZPHY C4S 445 J.H. Kuhn, Santamaria+ (MPIM) 
88 ZPHY C29 485 +Dijon 0NISC) 
88 ZPHY C28 65 +Sakrejda (CRAC) 
83 JETPL 37 733 +Lelchuk, Pakhtusova+ (NOVO) 

Tran~Jated from ZETFP 37 613. 
82 JETP 55 591 +Kartamyshev, Makarin+ (KIAE) 

Translated from ZETF 82 1007. 
62 PR 126 736 +Shephard, Gall (KNTY) 
62 PRL 9 139 +Bachman, Lea+ {BNL, CUNY, COLU, KNTY) 

780 781 782 

~ (782)  mass (MeV)  

VALUE {MeV) EVTS 
g.41-1-0.09 OUR AVERAGE 
8.2 •  19500 

Z ~ 
WURZiNGER 95 SPEC 0.3 
AMSLER 94C CBAR 0.0 

. . . . .  AMSLER 94C CBAR 0.0 
~- . . . . . . . . .  AMSLER 938 CBAR 0.0 

. . . . . . .  WEIDENAUER 93 ASTE 5.3 
�9 " \ . . . . . . . .  BARKOV 87 CMD 2.5 

. . . . . . .  KURDADZE 838 OLYA 0.4 
. . . . .  KEYNE 76 CNTR 0.9 

9.4 
onfidence Level = 0.225) 

783 784 785 

WURZINGER 95 SPEC 1.33 pd ~ 3He~ 
62 PR 128 1849 +Lynch (LRL) 
61 PRL 6 365 +Bang, Burke, Carmony, Schmitz (LRL) 
61 PRL 6 628 +March, Walker, West (WISC) 

1 (782) 1 IG(j PC) = 0 - ( 1 - - )  

VALUE (MeV) EVT5 
"/'111.94,4"0.12 OUR AVERAGE 
782.7 :E0.1:1:1.5 . 19500 
781.96:1:0.17.4-0.80 11k 
782.08•  3463 
781.96 J~ 0 .13•  0.17 15k 
782.4 4"0.2 270k 
781.78• 
782.2 :E0.4 1488 
782.4 •  7000 

(d(782) MASS 

DOCUMENT IO TEEN COMMENT 
Error includes scale factor of 1.5. See the ideogram below. 

WURZINGER 95 SPEC 1.33 pd ~ 3Heu~ 
AMSLER 94c CBAR 0.0 ~ p  --* u~rO~ 0 
AMSLER 94C CBAR 0.0 ~ p  ~ c~Tw 0 
AMSLER 93BCBAR 0 . 0 ~ p ~  ~ 0 ~ 0  

WEIDENAUER93 ASTE ~ p ~  2~'+2~r-~r 0 
BARKOV 87 CMD e + e  - __+ ~ . + w - ~ 0  
KURDADZE 83B OLYA e + e  - ~ w . + w - ~ 0  

1KEYNE 76 CNTR ~ - p ~  u:n 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

783.3 + 0 . 4  CORDER 80 WIRE e ' l 'e  - ~ ~ ' + ~ - ~ r  0 
782.5 •  33260 RODS 80 RVUE 0.0-3.6 ~ p  

8.4 •  4AULCHENKO 87 ND e + e  - ~ l r ' + ~ - l r  0 

8.30• BARKOV 87 CMD e + e  - ~ l r + ~ r - l r  0 
9.8 •  1488 KURDADZE 838 OLYA e ' l 'e  - --~ ~ ' l ' ~ r - x  0 
9.0 •  CORDIER 80 WIRE e + e  - --+ ~ ' l ' ~ r - w 0  

9.1 •  BENAKSAS 72B OSPK e + e  - 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

12 •  1430 COOPER 788 HBC 0.7-0.8 ~ p  ~ 5~ 
9.4 •  2100 GESSAROLI 77 HBC 11 w - p  -~ ~ n  

10.22• 20000 5 KEYNE 76 CNTR ~ r - p  -~ ~ n  
13.3 •  418 AGUILAR-. .  728 HBC 3.9,4.6 K - p  
10.5 •  BORENSTEIN 72 HBC 2.18 K - p  
7.70• •  940 BROWN 72 MMS 2.5 ~ - p  ~ n M M  

10.3 •  510 BIZZARRI 71 HBC O.Op-~ K I K I ~  
12,8 •  248 BIZZARRI 71 HBC O.Op-~ K + K - ~  
9.5 •  3583 COYNE 71 HBC 3.7 ~r + p 

p~r+ ~r+ ~r-~r 0 

4 Relativistic Breit-WIgner includes radiative corrections. 
5Observed by threshold-crossing technique. Mass rosolutlon = 4.8 MeV FWHM. 

u(782) DECAY MODES 

Scale factor/ 
Mode Fraction ( r l / F )  Confidence level 

782.6 •  3000 BENKHEIRI 79 OMEG 9-12 ~ •  
781.8 4-0.6 1430 COOPER 788 HBC 0.7-0.8 ~ p  ~ 5~r 
782.7 4-0.9 535 VANAPEL... 78 HBC 7.2 ~ p  ~ ~ p ~  
783.5 •  2100 GESSAROLI 77 HBC 11 ~ - p  ~ ~ n  
782.5 •  418 AGUILAR-... 72B HBC 3.9,4.6 K - p  
783.4 4-1.0 248 BIZZARRI 71 HBC 0.0 p ~  ~ K + K - w  
781.0 •  510 BIZZARRI 71 HBC 0.0 p ~  ~ K 1 K I ~  
783.7 :E l .0  3583 2 COYNE 71 HBC 3.7 ~ ' + p  

p~+ ~+ ~ -  ~0 
784.1 •  750 ABRAMOVI.. .  70 HBC 3.9 w - p  
783.2 •  3 BIGGS 70B CNTR <4.1 "yC ~ l r '+w - C 
782.4 •  2400 BIZZARRI 69 HBC 0.0 ~ p  

1Observed by threshold-crossing technique. Mass resolution = 4.8 MeV FWHM. 
2From best-resolution sample of COYNE 71. 
3 From ~ - p  Interference In the ~ + l r -  mass spectrum assuming ~ width 12.6 MeV. 

r I ~ '+~T-~T 0 (88.8 •  ) %  

i- 2 ~0.~ ( 8.s -~0.5 )% 
I- 3 ~'+~T-- ( 2 . 2 1 •  % 

r 4 neu t ra ls  ( e x c l u d i n g ~ ~  ( 5.3 +8 .7  - 3 . 5  ) x 10 - 3  

I" 5 T/.y ( 6.5 •  ) x 10 - 4  

F 6 7r~ - ( 5.9 4-1.9 ) x l O  -4  
F 7 lrO/~'+# - ( 9,6 +2.3 )x 10 -5 
I" 8 e + e -  ( 7 . 0 7 •  x 10 - 5  S=1.1 

F 9 or'+ 7r--/r01r 0 < 2 % CL=90% 

1"10 l r + ~ - " /  < 3.6 x 10 - 3  CL=95% 

I"11 l r  -t- ~T-- ~ ' l "  ~ -- < 1 x 10 - 3  CL=90% 

F12 ~ 0 ~ 0 . y  ( 7.2 •  ) x 10 - 5  

1"13 /z+ /~  - < 1.8 x 10 - 4  CL=90% 

J'14 33' < 1.9 x 10 - 4  CL=95% 

Charge conjugation (C) violating modes 
r/~r 0 C < 1 x 10 - 3  CL=90% 

3~ 0 C < 3 x 10 - 4  CL=90% 
r15 

1"16 

~(782) WIDTH 

DOCUMENT ID TEEN COMMENT 



See key on page 213 

CONSTRAINED FIT INFORMATION 
An overal l  f i t  t o  6 branching ratios uses 20 measurements and one 

constra int  to  determine 4 parameters. The overall f i t  has a X 2 
10.3 for 17 degrees o f  f reedom. 

The fo l l ow ing  o f f -d iagona l  array e lements are the  correlation coefficients 

I a x ~ a x ~ l / ( a x ~ . a x j ) ,  in percent, f rom the f i t  t o  the  branching fract ions, x~ --~ 

r j r t o t a  I. The f i t  constrains the x~ whose labels appear in this array to  sum to  
one. 

x 2 13 

X 3 --39 --5 

X 4 --74 --68 - -1 

Xl x2 X3 

~(782) PARTIAL W1DTHS 

r(e+e-) 
VALUE (keY) DOCUMENT ID 
0.60:t:0.0~ OUR EVALUATION 

F8 

~(782) BRANCHING RATIOS 

r(.emra~s)/r(.+.-.o) (r=+r,)/rl 
VAL I, J~ EVTS DOCUMENT ID T~(~N COMMENT 
0 . 1 0 2 = E 0 ~  OUR FIT 

0 103 + 0  011 �9 - 0 : 0 1 0  OUR AVERAGE 

0.15 -kO.04 46 AGUILAR-... 72B HBC "3.9,4.6 K - - p  
0.10 4-0.03 19 BARASH 67B HBC 0.0 ~ p  
0.1344.0.026 850 DIGIUGNO 66B CNTR 1.4 x - p  
0.0974.0.016 348 FLATTE 66 HBC 1.4 - 1.7 K - p  -+ 

A M M  
0.06 +0.05 JAMES 66 HBC 2.1 ~r+p  

- 0 . 0 2  
0,08 :E0.03 35 KRAEMER 64 DBC 1.2 ~.,i,d 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.11 4-0.02 20 BUSCHBECK 63 HBC 1.5 K - p  

r( .+.-) /r( .+.- .o)  ra/rl 
See also r ( x  + ~ r - ) / r t o t a  I. 

VALUE DOCUMENT ID TECN COMMENT 
0.0~49:1:0.00~ OUR FIT 
0 . 0 ~  -t-O.00/S OUR AVERAGE 

0.021 +0.028 6RATCLIFF 72 ASPK 1 5 ~ r - p ~  n2~r - 0.009 
0.028:1:0.006 BEHRENO 71 ASPK Photoproduction 

0.022 +0.009 7 RODS 70 RVUE 
- 0 . 0 1  

6Signif icant interference effect observed. NB of ~ ---* 3~ comes from an extrapolation. 
7RODS 70 combines ABRAMOVICH 70 and BIZZARRI 70. 

r(.O-1) I r ( .+. - .~ r=/r~ 
VALUE DOCUMENT ID TEEN (~QMM~NT 
0.0~:E0.006 OUR FIT  
O~M=l:O~Oi OUR AVERAGE 
0.099~-O.007 DOLINSKY 89 ND e + e  - --~ x0"~ 

0.0844.0.013 KEYNE 76 CNTR x - p  ~ <~n 
0.1094-0.025 BENAKSAS 72c OSPK e + e  - 
0.0814.0.020 BALDIN 71 HLBC 2.9 ~r'+p 
0.13 +0.04 JACQUET 69B HLBC 

r(~+.-~)Ir(.+.-.~ r~olrl 
VA~-U~ CL~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.066 90 KALBFLEISCH 75 HBC 2.18 K - p  
A ~r + ~r -  .~ 

<0.05 90 FLATTE 66 HBC 1.2 - 1.7 K - p  

r(~r+~r--r)/r~, r~o/r 
VA~-U~ CL~ DOCUMENT ID TEEN COMMENT 

<O.gO~ 95 WEIDENAUER90 ASTE p~- - *  ~ - + ~ r - ~ + ~ ' - 9  " 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.004 95 BITYUKOV 88B SPEC 32 ~ -  p ~ ~ + ~ -  ~ X  

r(.+,r-,r+.-)/r,~,, rn/r  
VALUE CL~ DOCUMENT ID TEEN COMMENT 

< 1  X 10 - 3  90 KURDADZE 88 OLYA e + e -  -~ 
x+ ~r-~r+ ~r- 

r(~r+~r-~~ r,/r 
VALUE (units 10 -2  ) CL~..~ DOCUMENT ID TECN COMMENT 

< 2  90 KURDADZE 86 OLYA e + e  - --~ ~r+~r-~0~r 0 
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r( .+.-) /r( .+.- .o) r . l rz  
VALUE (units 10 -3 ) CL__.~_~ DOCUMENT ID TECN COMMENT 

<0.2 90 WILSON 69 OSPK 12 ~ -  C ~ Fe 
�9 �9 �9 We do not use the following data for averages, fits. l imits, etc. �9 �9 �9 

<1.7 74 FLATTE 66 HBC 1.2 - 1.7 K - p  

A # + # -  
<1.2 BARBARO-. ,  65 HBC 2.7 K - p  

r(.%%)/r(.%) rz=/r2 
VALUE CL~ EVT5 DOCUMENT ID TEEN COMMENT 

O~__N~W___4"0.000~) 40 ~ ALDE 94B GAM2 3 8 ~ - p  
14 ~ 0 ~ 0 ~ n  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< 0.005 90 DOLINSKY 89 ND e + e  - 
7r0 lr0,y 

< 0.18 95 KEYNE 76 CNTR l r - p  ~ ~ n  
< 0.15 90 BENAKSAS 72c OSPK e + e  - 
< 0.14 BALDIN 71 HLBC 2.9 ~, i , p  

< 0.1 90 BARMIN 64 HLBC 1.3-2.8 ~ r - p  

r(~.O)Ir~ r . l r  
Violates C conservation. 

VALUE CL~ DOCUMENT ID T~E N COMMENT 

<0.001 90 ALDE 94B GAM2 3 8 ~ - p  --* ~/~rOn 

[r(~) + r(~.~ (rs+r=)Irl 
VALUE EL% DOCUMENT ID TECN COMMENT 

<0.016 90 8 FLATTE 66 HBC 1.2 - 1.7 K -  p 
Aw "i" ~ -  MM 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.045 95 JACQUET 69B HLBC 

8 Restated by us using B ( r / ~  charged modes) = 29.2%. 

r(neu~,)/r(ch~ parUd=) (r=+r.)l(r~+rs) 
VAI~UE ~OCUMENT ID TECN CQ~M~N T 
0.099:E0.008 OUR FIT 
0.124,4"0.021 FELDMAN 67C OSPK 1.2 7r-- p 

r(~%%)Ir(,r+,r-~ ~ r,.Ir~ 
VAIrU ~ CL~ DOCUMENT ID TEEN COMMENT 

<0.00048 90 DOLINSKY 89 ND e + e  - ~ ~rO~r0"~ 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.08 95 JACQUET 69B HLBC 

r(~)Ir(~%) r, lr= 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.0098~0.0024 9 A L D E  93 GAM2 3 8 ~ - p ~  c~n 
0.0082+0.0033 I O D O U N S K Y  89 ND e + e  - ~ T/.y 
0.010 •  APEL 72B OSPK 4-8 ~ - p  ~ n3"f 

9 Model independent determination. 
10 Solution corresponding to constructive ~-p  interference. 

r ( .%+. - ) i r~ ,  
VALUE{units 10 -4 ) 

0.96--0.23 

r(~%+e-)ir~., 
VALUE (units 10 -4 ) 

0.94-1.9 

r(.+ a-)/r~., 
VALUE (~nits 10 -4 ) 

DOCUMENT ID TEEN 

DZHELYADIN 81B CNTR 

EVT$ DOCUMENT ID TECN 

43 DOLINSKY 88 ND 

rT/r 
COMMENT 

25-33 7r- p ~ ~ n 

rdr 
COMMENT 

e+e - ~ wOe+e - 

ro/r 

(r2+r,)Ir 

E V T S  DOCUMENT ID TEEN COMMENT 
0.7074"0.019 OUR AVERAGE Error includes scale factor of 1.1. 
0.714• DOLINSKY 89 ND e + e -  ~ ~ . i . ~ -  7r0 
0.72 4.0.03 BARKOV 87 CMD e + e - ~  ~ + x - x  0 
0.64 4.0.04 1488 KURDADZE 838 OLYA e + e  - ~ ~ . + ~ - ~ 0  
0.6754.0.069 CORDIER 80 WIRE e + e  - ~ 3~r 
0.83 i 0 . 1 0  BENAKSAS 72B OSPK e ' i 'e  - ~ 3~ 
0.77 +0.06 11AUGUSTIN 690 OSPK e-F�9  - --* 2~ 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.65 +0.13 33 12ASTVACAT.. .  68 OSPK AesumeSU(3)+mlx lng 

11 Rescaled by us to correspond to ~ width 8.4 MeV. 
12 Not resolved from p decay. Error statistical only. 

r(~utmL~)/r~, 
VA~U~ EV 'F5  DOCUMENT ID TEEN COMMENT 
O.0gO:i:O.006 OUR FIT 
0.0814-0011 OUR AVERAGE 
0.075+0.025 BIZZARRI 71 HBC 0.0 p ~  
0.079:t:0.019 DEINET 69B OSPK 1.5 ~ - p  
0.084:1:0.015 BOLLINI 68C CNTR 2.1 7 r - p  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.0734.0.018 42 BASILE 72B CNTR 1.67 ~ - p  
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r(~+,-)/r.~ r,/r 
S~ also r ( , + , - ) / r ( ~ + , -  ~~ 

VALL~ 0OCUMENT ID TEEN COMMENT 
~ a.O.O010 OUR FIT 

a-oao4 OUR/~IRAGE 
0,023 :t:0,0011 BARKOV 05 OLYA e + e  - 

0,015 + 0.009 - 0 . 0 0 7  QUENZER 78 CNTR e + e  

�9 �9 �9 We do not ule the following data for ave r l i l s ,  fltl~ limits, etc. �9 �9 �9 

0 .023:1:0 .004 13BENAYOUN 98 RVUE e + E  - --* ~r'4"~r - ,  

0.010 =t:0.001 1 4 W l C K L U N D  78 ASPK 3,4,6~r N 
0.0122:t:0.0030 ALVENSLEB...  71C CNTR Photowoduotlon 

0.013 +0 .012  MOFFEIT 71 HBC 2.11,4,7 "yp - 0 , 0 0 9  

0 0 0 8 0 + 0 , 0 ~ 2 8  15 BIGGS 70B CNTR 4,2~C -~ x + ~ r - C  

13 Not Indepenhent o f  BARKOV 811, 
14 From a mode-dependant analylb a32umlnl complete coherence, 

18 pRe~Vho~)~u~tni~ : r ( ~ . ~ / / : [ : + : -  ~r 0)  by BEHREND 71 udn |  more accurata ~ - ,  

r C ~ ~  r,./(rl+r~) 
VALUE CL~ DOCUMENT ~ TECN COMMENT 

�9 �9 �9 We do not ues the followJn| data for avera|es, flta, llmlta, etc. �9 �9 �9 

0 .22+0 .07  15DAKIN  72 OSPK 1 . 4 ~ - p . - ,  n M M  
<0.19 90 DEINET 690 OSPK 

16See F(~rO,~)/F(neutrP,), 

r (,o~)/r (n.umb) re/(r=+r4) 
VALUE CL~ ~ U M E N ~  ID TECN ~OMMENT 

�9 �9 �9 We do not ues the following data for averales, fits, I |mRI, etc. �9 �9 �9 

0,78:b0,07 1 7 D A K I N  72 OSPK 1 . 4 ~ r - p ~  n M M  
>0.81 90 DEINET 690 OSPK 

17Error etatletlcal only. Authors obtain good fit a l l �9  a lsumln|  ,n'0,'T a l  the only neutral 
dlR41y. 

r (~ ) / r~  
VALU~ (Unlt~ ],0 -4  ) EVeS 
ILl :t:1~ OUR AVERAGE 
6.6 :t: 1.7 

0,3 =t: 2.1 
7.3 :b2.9 

3,0 + 2 , 5  
- 1 . 8  

D~UMENT ID TEEN COMMENT 

r,/r 

ABELE 978 CBAR 0.0 ~ p  ~ 

ALDE 93 GAM2 3 8 ~ r  ~an 
16DOL INSKY 89 ND o + e  - ~ ~/'~ 

18ANDREWS 77 CNTR 6,7-10"~Cu 

�9 e �9 We do not ule the following data for averages, f i t l ,  l imits, etc. �9 �9 �9 

6 x ~ + 2 , 4 1  3525 16 ,19BENAYOUN 96 RVUE e + e  - ~ ~ ' /  I 
" ' - 2 . $ 5  

18Solution correspondlnil{ to constructive ~ . p  Interference. 
1 9 R u n a l y l l i  of  DRUZHININ 84, DOLINSKY 89, DOLINSKY 91 taklnll Into account the J 

triangle anomaly contributions. 

r(.ro,+ , - ) I r~+  , -) r~Ir~ 
VALUE EVTS DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1,2:E0.6 30 2ODZHELYADIN 79 CNTR 2 5 - 3 3 x - p  

20Superseded by DZHELYADIN 81B result above. 

r(~+,-~~ r l /r  
VALUE DOCUMENT ID TEEN ~QMMENT 

0.M4~=b0.OOG~ DOLINSKY 09 ND e + e  - ~ ~ ' + . - - x  0 

r(~rO)/rN~ r . / r  
Violates C conservation. 

VALUE CL~ DOCUMENT IO TEEN COMMENT 

~ _  ne~m 90 PROKOSHKIN 95 GAM2 38 ~ - p  ~ 3~On 

r (~ ) / r~  r14/r 
VALUE (unltl 10 -4  ) CL~ DOCUMENT ID TEEN COMMENT 

<1 .9  95 21 ARELE 978 CBAR 0.0 p p  ~ 5"~ I 
�9 �9 �9 We do not use the following data for averages, fits. l imits, etc. �9 �9 �9 

<2  90 2 1 p R O K O S H K I N 9 5  GAM2 3 8 ~ r - p ~  3-an 

21 From direct 3"y decay search. I 

r(~%)/r~, r2/r 
VALUE (UfdtS 10 -2  ) E,VT~ DOCUMENT 10 TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

8.39:E0.24 9975 22BENAYOUN 96 RVUE e + e - ~  ~rO'y | 

22 Reanalysls o f  DRUZHININ 84, DOLINSKY 69, DOLINSKY 91 taklnil Into account the I 
triangle anomaly contributions, 
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See key on page 213 

In'(958)1 I G ( J  P C )  = 0 + ( 0 - - + )  

r MASS 

VALUE (MeV) EVT5 DOCUMENT ID TECN COMMENT 
987.784"O.14 O U R  AVERAGE 
957,9 4-0.2 4-0,6 4800 WURZINGER 96 SPEC 1.68 p d  ~ 3He~/I 
959 4-1 630 BELAD[DZE 92C VES 36 ~r- Be ~ ~r-~/Ir/Be 
958 4-1 340 ARMSTRONG 918 OMEG 300 p p  ~ p p r l ~  + x -  
958.2 4-0.4 622 AUGUSTIN 90 DM2 J/ '~ ~ 3"rl~r+= - 
957.8 4-0.2 2420 AUGUSTIN 90 DM2 J / ~  ~ " r '7 : r+~ - 
956.3 4-1.o 143 GIDAL 87 MRK2 e+e - 

e+ e - ~ / ~ + ~  - 
957.464-0.33 DUANE 74 MMS ~r-p ~ nMM 
958.2 4-0.5 1414 DANBURG 73 HBC 2,2 K - p  ~ AX  0 
958 4-1 400 JACOBS 73 HBC 2.9 K - p  ~ A X  0 
956.1 4-1,1 3415 BASILE 71 CNTR 1 , 6 ~ r - p ~  n X  0 
957,4 4-1.4 535 BASILE 71 CNTR 1 ,6~ r -p -+  n X  0 
957 4-1 RITTENBERG 69 HBC 1.7-2.7 K - p  

371 

Meson Particle Listings 
 '(958) 

~(958) WIDTH 

VALUE (MeV) EVTS DOCUMENT ID TECN 
0-20~4"0.016 OUR FIT Error includes scale factor of 1.3. 
0.30 4"0.09 OUR AVERAGE 
0,40 4-0,22 48o0 WURZINGER 96 SPEC 1,68 p d  

3Her/ 
0.28 4-0.10 1000 BINNIE 79 MMS 0 ~r- p ~ nMM 

~(958) DECAY MODES 
Scale factor/ 

Mode Fraction ( r / / I - )  Confidence level 

1-1 7r+~--T/ (43.8 4-1.5 ) %  
F2 p~ non- (30.2 4-1.3 ) % 

resona nt ~r + ~ -  "y ) 
F 3 /rOTr0~/ (20.7 4-1.3 ) %  

1-4 ~ '  (3.014-0.30) % 
1-5 ~"7 ( 2.114-0.13)% 
I" 6 3~r 0 (1.544-0.26) x 10 - 3  

F7 # + # - 3 '  (1.034-0.26) x 10 - 4  
F 8 ~r + ~r- ~r 0 < 5 % 
F 9 ~r0p 0 < 4 % 

FlO ~r + r -I- ~' ~ < 1 % 
r l1 ~+~+~r-~r-neutrals < 1 % 

Fz2 ~ r + ~ + ~ - ~ r - ~  ~ < 1. % 

r13 6~ < 1 % 
F14 ~ r + ~ r - e + e  - < 6 x l O  - 3  
r15 / t~ < 8 x 10 - 4  
1-16 4/1~ < 5 x 10 - 4  
1-17 e + e -  < 2.1 x 10 - 7  

CHG COMMENT 

CONSTRAINED FIT INFORMATION 

An overall f i t to the total width, a partial width, 2 combinations 
of partial widths obtained from integrated cross section, and 16 
branching ratios uses 46 measurements and one constraint to de- 
termine 7 parameters. The overall f i t has a X 2 = 34.4 for 40 
degrees of freedom. 

The following of f -d iagonal  array elements are the correlation coefficients 

I ~ p ~ p j l / ( ~ p i . 6 p j ) ,  in percent, from the f i t  to parameters p~, including the branch- 

ing fractions, x i -= r j r t o t a  I. The fit constrains the x~ whose labels appear in this 
array to sum to one. 

x2 

x3 

x4 

xs 

x6 

F 

- 4 9  

- 6 2  - 3 5  

- 2 7  - 2 5  34 

- 2 2  - 1 3  27 8 

- 2 3  - 1 3  36 12 

34 - 1 1  - 2 1  - 3  

10 

- 8 3  - 7  

Xl x2 x3 x4 Xs xs 

Mode Rate (MeV) Scale factor 

F1 7r+Tr- ~ 0.089 4-0.009 1.2 
r2 p~ non- o.o61 4-0.005 1.3 

resonanbr + 'zr- '7 ) 
1-3 ~rO 7r~ ~/ 0.042 4-0.004 1.5 
I- 4 oJ-y 0.0061 4-0.0008 1.2 

I" 5 -y~ 0,00427 :E 0.00019 1.1 
1-6 3~r~ (3.1 4-0.6 ) x 10 - 4  1.1 

r PARTIAL WIDTHS 

r (~ )  
EVT$ DOCUMENT ID TECN COMMENT S=1.1 VALUE (keV) 

S=1.1 

S=1.2 

Fs 

S=1.2 

CL=90% 
CL=90% 
CL=90% 

CL=95% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 

Charge conjugation (C) or ParRy (P) violating modes 
1-18 /r+Tr - P, CP < 2 % CL=90% 
1-19 /rO/I "0 P, CP < 9 x 10 - 4  CL=90% 

r20 7r ~  + e -  C [a] < 1.3 % C L = 9 0 %  

r21 ~ / e + e  - c [a] < 1.1 % CL=90% 
F22 3"7 C < 1.0 x 10 - 4  CL=90% 
i-23 /~+//--;r  C [a] < 6.0 x 10 - 5  CL=90% 
1-24 # + # - r /  C [a] < 1.5 x 10 - 5  CL=90% 

[a] C parity forbids this to occur as a single-photon process. 

4,274"0.19 OUR RT Error Includes scale factor of 1.1. 
4.374"0.25 OUR AVERAGE 
4.534-0,294-0.51 266 KARCH 92 CBAL e+e - --* 

e-I- e -  r/TrO ~0 
3.614-0.134-0.48 1 BEHREND 91 CELL e + e -  

�9 + e -  n1(958) 
4.6 4-1.1 4-0.6 23 BARU 90 MD1 e+e - 

e4- e -  lr-F 7r-'7 
4374-0.254-0,44 BUTLER 90 MRK2 e-I'e - 

e + e -  r/(988) 
5.084-0.244-0.71 547 2ROE 90 ASP e + e  - ~ e + e - 2 3  , 
3.8 4-0,7 4-0.6 34 AIHARA 88C TPC e+e - 

e+ e -  r/~r+ 7r - 
4.9 4-0.5 4-0.5 136 3WILLIAMS 88 CBAL e+e - ~ e-Fe-2~f 
�9 = * We do not use the following data for averages, fits, limits, etc. * �9 * 

4.7 4-0,6 4-0,9 143 4GIDAL 87 MRK2 e + e - ~  
e+ e- r t~r+~ - 

4.0 4-0.9 5 BARTEL 85E JADE e+e - ~ e + e - 2 ~  , 

1Revaluated by us using B(r// ~ p(770)'7) = (30.2 4- 1.3)%. 
2 Revaluated by us using B(r/! -~ 3''7) ~ (2.11 4- 0.13)%. 
3 Revaluated by us using B(r/I ~ 3"~) = (2.11 4- 0,13)%. 
4Superseded by BUTLER 90. 
8 Systematic error not evaluated. 

~'(988) r(i)r(-1~)Ir(total) 
Thls comblnatlon of a partial width wlth the partlal wldth into 3.'7 and 
wlth the total wldth Is obtalned from the integrated cross section into 
channel(I) In the 3.'r annihilation. 

r (~ )  x r(p%(i.d=dlq.o.-.so.a.t~+.-~))/r~,l rsr=lr 
VALUE (keV} EVT5 DOCUMENT tO TECN COMMENT 
1-29"1"0.06 OUR FIT Error includes scale factor of 1.2. 
1,25"1"0.07 OUR AVERAGE Error includes scale factor of 1.2. 
1,094-0.04 +O.13 BEHREND 91 CELL 

1.35• AIHARA 
1.134-0,044-0.13 867 ALBRECHT 
1.53 4-0.094- 0.21 ALTHOFF 
1.144-0,984-0.11 243 BERGER 
1.734-0,344-0.35 95 JENNI 
1.494-0.134-0,027 213 BARTEL 
�9 * �9 We do not use the following data for averages, fits, limits, etc. �9 �9 * 

1.854-0.314-0.24 43 BEHREND 83B CELL e-t 'e - ~ e + e - p ' Y  

e-}" e-- 
�9 + e-- p(770) 0 

87 TPC �9 + e -  ~ e + e - p 3  
878 ARG �9 "l" e -  ~ �9 + e -  p'7 
84E TASS e + e -  -~ �9 + e -  p'7 
84B PLUT e + e -  ~ e + e -  p'y 
83 MRK2 e + e - ~  e + e - p " l  
828 JADE e + e -  ~ e +e -p~ /  
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r (~ )  x r ( .~  r~r,/r 
VALUE (keY) DOCUMENT ID TECN COMMENT 
0.884-0,07 OUR FIT Error Includes scale factor of 1.1. 
0.9'24-0.0~4-0,11 6KARCH 92 CBAL e + e - ~  e + e - ~ / * 0 ~  0 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.954-0.054-0.08 7KARCH 90 CBAL e + e  - -~ e + e - ~ / * O x  0 
1.004.0.084-0.10 7,8 ANTREASYAN 87 CBAL �9 + e -  --~ �9 + e -  ~/xOx 0 

6Revaluated by us using B(~/-+ ~,~') = (39.21 4- 0.34)%. Supersedes ANTREASYAN 87 | 
and KARCH 90. 

7Superseded by KARCH 92. 
8Uslag BR(~ /~  2"7)=(38.9 :t: 0.5)%. 

~(958) o PARAMETER 

IMATRIX ELEMENTI= = (I + ay) 2 + cx 2 
VA~,U~ DOCUMENT IO TECN COMMENT 

--0`0884-0.013 9ALDE 86 GAM2 3 8 ~ - p - *  n~/2~ 0 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

-0 .08  +0.03 9 KALBFLEISCH 74 RVUE ~/t ~ ~ / ~ + ~ -  

9May not necessarily be the same for ~//--~ ~ / x + ~ -  and ~/r ~ ~/~0~0. 

~(958) BRANCHING RATIOS 

F ( . + . -  17 (neutral decay))/Floral 0.714F1/r 
V~I,I~ EVTS DOCUMENT ID TECN COMMENT 
0`3154-0`011 OUR FIT Error Includes scale factor of 1.1. 
0.3144-0.026 281 RITTENBERG 69 HBC 1.7-2.7 K - p  

r ( . + . -  neutrals)/r~= (o.714Fl+o~r=+o.w4)/r 
VALUE EVT~ DOCUMENT IO TECN COMMENT 
0`399-1"0.009 OUR FIT Error includes scale factor of 1.1. 
0.8~ 4"0.08 OUR AVERAGE 
0.4 4.0.1 39 LONDON 66 HBC 2.24 K - p - ~  

A .  § x -  neutrals 
0.35 4.0.06 33 BADIER 658 HBC 3 K - p  

r (.+.-,1 (charged decay))/r~== o.2~rl/r 
VAlor ~ EVTS ~)OCUMENT ID TECN COMMENT 
0.12~4-0.004 OUR FIT Error Includes scale factor of 1.1. 
0,1164-0,013 OUR AVERAGE 
0.123:E0.014 107 RITTENBERG 69 HBC 1,7-2.7 K - p  
0.10 :E0.04 10 LONDON 66 HBC 2 ,24K-p - -~  

A ~ + x - x + ~ - ~ 0  
0.07 :EO.04 7 BADIER 68B HBC 3 K - p  

[r (.o .o ,1 (charged decay)) + r (= (charged decay) 3,)] /r~., 
(o.2~sr~+0.W4l/r 

VALU E EVTS DOCUMENT ID TECN COMMENT 
0,0~4"0.00~ OUR FIT Error Includes scale factor of 1.2. 
0`04S-1-0.0~9 42 RITTENBERG 69 HBC 1.7-2.7 K - p  

r(neutrals)/r~= (o.714rs+0.ogr4+r,)/r 
VALUE EVTS ~)OCUMENT ID T~C N COMMENT 
0,11P24"0.009 OUR FIT Error includes scale factor of 1.1. 
0`1874-0.017 OUR AVERAGE 
0.185:t:0.022 535 BASILE 71 CNTR 1.6 ~r-p --* nX 0 
0.1894.0.02, 123 RITTENBERG 69 HBC 1.7-2.7 K - p  

r (e ~ ~ (Including non- resonant. + . -  '7 ))/Ftotal r2/r  
VALUE E~S DOCUMENT ID TECN ~:OMMENT 
0.,10221"0.013 OUR FIT Error Includes scale factor of 1.1. 
0.$194-0,0~0 OUR AVERAGE 
0.3294.0.033 298 RITTENBERG 69 HBC 1.7-2.7 K - p  
0.2 :EO.1 20 LONDON 66 HBC 2.24 K - p - - *  

0.34 4.0.09 35 BADIER 65B HBC 3 K - p  

r (po-/(Including non-resonant.+ . -  ~) ) / r  (..~/) r i / ( r l+r~)  
VAI.UE DOCUMENT ID TECN COMMENT 
0.4~94-0.029 OUR FIT Error Includes scale factor of 1.1. 
Ul ,O . , .  OAVlS 58 . . c  88~-p 

r(.~ e-)/r~, r . . / r  
VA~_V~ CL~ pOCUMENT ID TECN COMME~NT 

<OJ~$ 90 RITTENBERG 65 HBC 2.7 K - p  

r(,~e + e- ) / r==l  r u / r  
VALUE CL~ DOCUMENT ID T[CN COMMENT 

<021 9o .,~EN~E.~ ~5 .~C 27 K-.  
r ( , ~ ) / r ~  rdr 
VALUE CL~ ~r)OCUMENT I o TgC N (~OMMENT 

<0.04 90 RITTENBERG 65 HBC 2,7 K - p  

r ( . + . -  e+ e-)/r=t.i r . / r  
VALU E CL~ DOCUMENT 'O TECN COMMENT 

<0.006 90 RITTENBERG 65 HBC 2.7 K - p  

r@.)/r~. ,  r , . / r  
VA~.V~ CL~ DOCUMENT ID TECN COMMENT 

<O,ID1 90 LONDON 66 HBC Compilation 

r(~)/r( .+,~-, i )  r4/rl 
VA!~U~: ~VT~  DOCUMENT ID TECN COMMENT 
0`0(~:E0.008 OUR FIT Error Includes scale factor of 1.1. 
0 ~ 4 " 0 ` 0 1 3  68 ZANFINO 77 ASPK 8.4 ~r-p  

F (pO 3, (Induding non-resolmnt .+  . -  "y )) / IF ( .+ . -  r/) + F (x 0 .0 ~) + 
r(=,-r)] r=/(rl+r2+r4) 
VALUE DOCUMENT IO TECN COMMENT 
0 . 4 4 a 4 - 0 ~  OUR FIT Erro( includes scale factor of 1.1. 
o,, 4-0̀ 14 DAUBE. ,4 .~c 195 K-,  
r(-f~)/r=,, r=/r 
VALUE EVES DOCUMENT IO T~C N COMMENT 
0.02114-O.0018 OUR FIT Error Includes scale factor of 1.2. 
0.01064-0`0011i OUR AVERAGE 
0.02004.0.0018 10 STANTON 80 SPEC 8.45 ~ - p  --+ 

nx + I t -  2'7 
0.028 4.0.007 DUANE 74 MM$ x - p - - *  nMM 
0.0171~0.0033 68 DALPIAZ 72 CNTR 1 . 6 f - p - - *  nX 0 

0.020 +0.008 31 HARVEY 71 OSPK 3.65~r-p---~ nX 0 
-0 .006 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.018 4.0.002 6000 1 lAPEL  79 NICE 1 5 - 4 0 ~ - p - - ~  n2-y 

10 includes APEL 79 result. 
11 Data is included In STANTON 80 evaluation. 

r (P e-)/rm, ru / r  
VALUE(unit= 10 -7 ) CL_._~ DOCUMENT ID TECN COMMENT 

<2.1 90 VOROBYEV 88 ND e + e  - --* ~ + ~ - r /  

r(.+f)/r~l r./r 
VALUE CL~ ~)QCUMENT 10 T~C N GOMMENT 

<0`tin 90 RITTENBERG 69 HBC 1.7-2.7 K - p  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.08 95 DANBURG 73 HBC 2.2 K - p  -~ AX 0 

r ( .+ . -~O) / r~ l  rd r  
VALU E CL~ ~)OCUMENT ID TECN COMMENT 

<0.0 j; 90 RITTENBERG 69 HBC 1.7-2.7 K -  p 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.09 95 DANBURG 73 HBC 2.2 K - p  --~ AX 0 

r ( , + , + , - , -  neutrals)/r~l ru / r  
VALUE ~ DOCUMENT ID TECN , COMMENT 

<0.01 95 DANBURG 73 HBC 2.2 K - p  ~ AX 0 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.01 90 RITTENBERG 69 HBC 1.7.2,7 K - p  

r ( . + . + . - . - , ~ ) / r ~ , l  r , , / r  
VA~U E CL~ DOCUMENT ID TECN COMMENT 

<0`ol ~ , , r rENBE,G , . 8 c  17-27 K - p  

r ( . + . + . - . - ) / r = =  rlo/r 
VA~UE~ CL~ pQCUMENT ID T~: N COMMENT 

<0.01 90 RITTENBERG 69 HBC 1.7-2.7 K - p  

r(P~~ 0.321rs/r 
VALUE EVTS DOCUMENT ID TECN COMMENT 
0.O~4-OJOO4 OUR FIT Error Includes scale factor of 1.2. 
0.11 4-0,(16 4 BENSINGER 70 DBC 2.2 ~ + d  

r(pO,/(Induding .on-msonaut . +  .-~1)/1" ( . + . - q  (neutral decay)) 
r=/o.714rl 

VALUE EVTS DOCUMENT ID TECN 
0.974"0.07 OUR FIT Error includes scale facto( of 1.1. 
1.014"0,09 OUR AVERAGE 
1.07• BELADIDZE 
0.924-0.14 473 DANBURG 
1.114"0.18 192 JACOBS 

r (~) / r ( f%%(,euml decw)) 
VALUE EVT~ DOCUMENT ID 
0.1434-0.O10 OUR FIT Erro( Includes scale facto( of 1.6. 
0.11184-0.088 16 APEL 

COMMENT 

92C VES 36 ~r- Be ~ ~ ' -  r/I r/Be 
73 HBC 2.2 K -  p ~ AX 0 
78 HBC 2.9 K - p  ~ AX 0 

r./o.714rs 
T~C N COMMENT 

72 OSPK 3.8 x -  p -~ nX 0 



See key on page 213 

r~+~,-,~)/r(.r~) 
VALUE (units 10 -3 ) EVT5 

r#r~ 
DOCUMENT ID TEEN COMMENT 

VIKTOROV 80 (:NTR 2 5 , 3 3 ~ r - p ~  2p~ 

r~/r 
DOCUMENT ID TECN COMMENT 

DZHELYADIN 81 (:NTR 3 0 ~ r - p ~  ~ /n  

r=/r 
DOCUMENT ID TECN COMMENT 

4.94-1.2 

r ( ,+ , -~) / r~ ,  
VALUE (units 10 -5) 

<1-15 

r(~+~-,,~)/r~, 
VALUE (units 10 -s) 

<6.O 

r(~~176 
VALUE (units 10 -4 } 
744-12 OUR FIT  
744-12 OUR AVERAGE 
744"15 
754.18 

r(~/~/)/r(x%%) 
VALUE 
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33 

CL._~ 
9O 

CL.__~ 
9O 

0.10~'1-0.007 OUR FIT  
0.10B4-0.010 OUR AVERAGE 
0.091:t: 0.009 
0.112 • 0.002 :i: 0.006 

r (~ ,~) / r (~~ 
vALUE 
0.14~4-0.014 OUR FIT  

0.147 -I- 0.016 

r(~)/r(-~ 
VALUE (units 10 -4  ) CL___~_~ 

<4.S 90 

r ( . % ~ ) / r ( . ~ )  
VALUE (units 10 -4) CL_~ 

<~r/ 90 

r(,~)/r(,r 
VALUE (units 10 -4 ) CL.__~ 

<48 90 

VALUE (units 10 -4  ) CL._.~ 

<2~1 9O 

DZHELYADIN 81 (:NTR 30 x - p - "  ~ /n  

r,/r= 
DOCUMENT ID TECN COMMENT 

ALDE 87B GAM2 38 x -  p --~ nB-f 
BINON 84 GAM2 30 -40~ r -p - -~  n6~ 

r=/r= 
DOCUMENT I0 TECN COMMENT 

Error Includes scale factor of 1.8. 
Error Includes scale factor of 1.9. 

AMSLER 93 (:BAR 0.0 ~ p  
ALDE 87B GAM2 38 ~ r - p  --* n2-~ 

r~/rs 
DOCUMENT ID TEEN COMMENT 

ALDE 878 GAM2 3 8 ~ r - p - - ~  n43, 

r,,/r~ 
DOCUMENT ID TECN COMMENT 

ALDE 87B GAM2 3 8 ~ r - p ~  n33' 

r=s/r= 
DOCUMENT ID TECN COMMENT 

ALDE 87B GAM2 3 8 ~ ' - p - *  n4~ 

r. /rs 
DOCUMENT IO TECN COMMENT 

ALDE 87B GAM2 38 ~ r - p  ~ n4~ 

r~/r= 
DOCUMENT ID TEEN COMMENT 

ALOE 87B GAM2 3 8 ~ r - p - - ~  n8"7 

WILLIAMS 88 
AIHARA 87 
ALBRECHT 87B 
ALDE 87B 
ANTREASYAN 87 
GIDAL 87 
ALOE 86 
BARTEL 8SE 
ALTHOFF 84E 
BERGER 84B 
BINON 84 
BEHREND 83B 

Also 62E 
JENNI 83 
BARTEL B2B 
DZHELYADIN 81 
STANTON 80 
VIKTOROV 80 

APEL 79 
BINNIE 79 
ZANFINO 77 
GRIGORIAN 75 
KALBFLEISCH 75 
DUANE 74 
KALBFLEISCH 74 
DANBURG 73 
JACOBS 73 
APEL 72 
DALPIAZ 72 
BASILE 71 
HARVEY 71 
BENSINGER 70 
RITTENBERG 69 
DAVIS 68 
LONDON 66 
BADIER 65B 
RITTENBERG 65 
DAUBER 64 

GRONBERG 98 
ABELE 97B 
GENOVESE 94 
BENAYOUN 93 
KAMAL 92 
BICKERSTAFF 82 
KIENZLE 65 
TRILLING 66 
GOLDBERG 64 
GOLDBERG 64B 
KALBFLEISCH 64 
KALBFLEISCH 64B 

I  o(980)1 

PR D38 1 3 6 5  +Antreasyan, Bartels, Besset+ (Crystal Ball Collab.) 
PR D3S 2 6 5 0  +Alston-Garnjost+ (TPC-2"y Collab.)JP 
PL B199 457 +Andam, Binder+ (ARGUS Collab.) 
ZPHY C36 603 +Binon, Br[cman+ (LANL, BELG, SERP, LAPP) 
PR D36 2633 +Barrels, Bess�9 (Crystal Ball Collab.) 
PRL 59 2012 +Boy�9 Butler, Cords, Abrams+ (LBL, SLAC, HARV) 
PL B177 115 +Binon. Bricman+ (SERP, BELG, LANL, LAPP) 
PL 160B 421 +Beck�9 Cords, Felst+ (JADE Collab.) 
PL 147B 487 +Braunscbwei&, Kirs~hfink, Luebelsmeyer+ (TASSO Collab.) 
PL 142B 123 (PLUTO Collab.) 
PL 140B 264 +Donskov, Duteil+ (SERP, BELG, LAPP, CERN) 
PL 125B 618 +D'AKostlni+ (CELLO Collab.) 
PL 114B 378 Bebrend, Cken, Fenner, Field+ (CELLO Collab.) 
PR D27 1031 +Burke, Telnov, Abrams, Blocker+ (SLAC, LBL) 
PL 113B 190 +Cords+ (JADE Collab.) 
PL 10SB 239 +Golovkin, KonstanBnov, Kubarowkl+ (SERP) 
PL 92 B 353 +Edwards, Lel~acey+ (OSU, CARL, MCGI, TNTO) 
SJNP 32 520 +Go~ovkin, Dzhelyadin, Zaitsev, Mukhin+ (SERP) 
Translated from YAF 32 10~5. 
PL 83B 131 ~uKenstein, Bertolucci(KARLK, KARLE, PISA, SERP, WIEN) 
PL 83B 141 +Carr, Oebenham. Jones, Karami, Keyne+ (LOIC) 
PRL 38 930 +Brockman+ (CARL, MCGI, OHIO, TNTO) 
NP B91 232 +Ledage, Mellema, Rudnlch+ (+) 
PR DU 987 +Strand, Chapman (BNL, MICH) 
PRL 32 425 +BInnie. Camilleri, Carr+ (LOIC, SHMP) 
PR D10 916 (BNL) 
PR D8 3 7 4 4  +Kalbflei~ch, Bor Chapman+ (BNL, MICH)JP 
PR D8 18 +Chang, Gauthier+ (BRAN, UMD, SYRA, TUFTS)JP 
PL 40B 680 +Auslander, Muller, Beltolucci+ (KARLK, KARLE, PISA) 
PL 42B 377 +FrabetB, Massam, Navarrla, Zichichl (CERN) 
NC 3A 371 +Bolllnl, Dalpiaz, Frabetti+ (CERN, BGNA, STRB) 
PRL 27 885 +Marquit, Peterson, Rhoades+ (MINN, MtCH) 
PL 33B 505 +Erwin, Thompson, Walker (WISC) 
Thetis UCRL 18863 (LRL) I 
PL 27B 532 +Ammar, Mott, Dagan, Derrick+ (NWES, ANL) 
PR 143 1034 +Rau, Goldber~. Lichtman+ (BNL, SYRA)IJP 
PL 17 337 +Demoulin, Barloutaud+ (EPOL, SACL, AMST) 
PRL 15 SS6 +Kalbfleisch (LRL, BNL) 
PRL 13 449 +S~ater, Smith, Stork, Ticho (UCLA) JP 

OTHER RELATED PAPERS 
PR D57 33 J. Gronbers, Hill, Kutschke+ (CLEO Collab.) 
PL B402 195 A. Abel�9 Adomeit, Amsler+ (Crystal Barrel Collab.) 
ZPHY C61 425 +LJchtenberg, Pedrazzi (TORI, IND) 
ZPHY 58 31 +Felndt, Girone+ (CDEF, CERN, BARI) 
PL B284 421 +Xu (ALBE) 
ZPHY C16 171 +McKellar (MELB) 
PL 19 438 +Masllch, Levrat. Lefebvres+ (CERN) 
PL 19 427 +Brown. Goldhaber, Kadyk. Scan[o (LRL) 
PRL 12 546 +Gundzik, Lichtman, Eonnolly, Hart+ (SYRA, BNL) 
PRL 13 249 +Gundzik, Leitner, Connolly, Hart+ (SYRA, BNL) 
PRL 12 527 +Alvarez, Barbaro-GalBeri+ (LRL) JP 
PRL 13 349 +DAM, Rittenber S (LRL) JP 

IG(J PC) = 0+(0 + +) 

See also the min i rev lew on scalar mesons under f0(1370). (See the 

index for the page number . )  

fo(980) MASS 

VALUE (MeV} E V T S  DOCUMENT ID TEEN COMMENT 
NO 4-10 OUR ESTIMATE 

�9 �9 �9 We do not use the followln K data for averages, fits, l imits, etc. �9 �9 �9 

I//(968) C-NONCONSERVING DECAY PARAMETER 
See the note on .r/decay parameters in the Stable Particle Particle Listings 
for definition of this parameter. 

DECAY ASYMMETRY PARAMETER FOR ~r+~--f 
VA~{~ ~VT5 DOCUMENT ID TEEN COMMENT 
--0.01 -I-0.04 OUR AVERAGE 
-0.019-=-0.056 AIHARA 87 TPC 2"~ ~ ~ r + w - q  ' 
-0.0694-0.078 295 GRIGORIAN 75 STRC 2.1 ~ r - p  

0.00 4.0.10 103 KALBFLEISCH 75 HBC 2.18 K -  p 

0.07 +0.08 152 RITTENBERG 65 HBC 2.1-2.7 K - p  

~(958) REFERENCES 

WURZINGER 96 PL B374 283 +Siebert+ (BONN, ORSAY, SACL, CRAC) 
AMSLER 93 ZPHY CS8 175 +Armstrong, Merkel+ (Crt~tal Banel Collab.) 
BELADIDZE 92C SJNP 55 1 3 3 3  +BKyukov, Bor (SERP, TBIL) 

Trandated from YAF SS 2748, 
KARCH 92 ZPHY (:54 33 +Antrea~an, Barteb+ (Cr/stal Ball Co, lab.) 
ARMSTRONG 91B ZPHY C52 389 +Barn�9 (ATHU, BARI, BIRM. CERN, CDEF) 
BEHREND 91 ZPHY C49 401 +Cdeiee, Field, Frank�9 (CELLO Collab. ) 
AUGUSTIN 90 PR D42 10 +Colin�9 (DM2 Collab.) 
BARU 90 ZPHY C48 581 +BIInov, Blinov+ (MD-1 Cogab.) 
BUTLER 90 PR D42 1368 +Boy�9 (Mark II Collab.) 
KARCH 90 PL B249 353 +Antre~cla., Barteb+ (Cqt~tal Bali Ccdlab.) 
ROE 90 PR D41 17 +BarrEl, Burke. Garbincius+ (ASP Coliab.) 
AIHARA 88C PR D38 1 +Nsto~GarnJost+ (TPC-2-f Collab.) 
VOROBYEV 86 SJNP 48 273 +Golubev, Dolinsky, Druzhlltin+ (NOVO) 

Translated from YAF 48 436. 

955 :1:10 1ALDE 97 GAM2 4 5 0 p p ~  pp~OwO | 
994 :t: 9 2BERTIN 97C OBLX 0 . 0 ~ p ~  7 r + l r - ~  0 I 993.24. 6.54.6.9 3 ISHIDA 96 RVUE 7rTr ~ 7rTr, K K  

1006 TORNQVIST 96 RVUE ~r~r ~ l r~ ,  K K ,  K~r, 

997 • 5 3k 4ALDE 95BGAM2 3 8 ~ r - p ~  l r 0 ~ 0 n  
960 :610 10k 5ALOE 95BGAM2 3 8 7 r - p ~  ~r07r0n 
994 :l: 5 AMSLER 95B CBAR 0.0 ~ p  ~ 37r 0 
996 6AMSLER 95DCBAR 0 . 0 ~ p ~  lrO1r0~r 0, 

~rO f/~/, lr0 lr0 r/ 
987 4. 6 7 ANISOVICH 95 RVUE 

1015 JANSSEN 95 RVUE lr~r ~ l r l r ,  K K  
983 8BUGG 94 RVUE ~ p ~  r/2~ 0 
973 4. 2 KAMINSKI 94 RVUE ~rlr ~ ~r~r, K K  I 
988 9 ZOU 94B RVUE 
988 4.10 10MORGAN 93 RVUE ~r~r(KK)--~ 

~(K~), J/~ 
@~rw(K-K), O s ~ . 

971.14. 4.0 1AGUILAR.. . .  91 EHS 400 pp  
979 4" 4 11ARMSTRONG 91 OMEG 3 0 0 p p - ' *  pp~t~:, 

p p K - K  
9 5 6 : 6 1 2  BREAKSTONE9O SFM p p ~  pp~r+~r - 

959.44. 6.5 
978 4. 9 

985 n +  9.0 
.v - 39.0 

974 4. 4 
975 
986 • 10 

969 :l: S 

987 • 7 
1012 4- 6 
1007 4.20 

997 :i: 6 

1AUGUSTIN 89 DM2 J/V) --~ ~Tr+ l r  - 
1ABACHI  86B HRS e + e  - --* ~ r + ~ - X  

ETKIN 82B MPS 23 ~ r - p  ~ n 2 K  0 

11GIDAL 81 MRK2 J / V ) ~  ~ r + ~ r - X  
12 ACHASOV 80 RVUE 
11AGUILAR_... 78 HBC 0.7 ~ p  ~ K 0 K 0 5 5 
11 LEEPER 77 ASPK 2-2.4 l r - p  

l r + ~ - n ,  K + K - n  
11BINNIE 73 CNTR ~ r - p ~  n M M  
13GRAYER 73 ASPK 1 7 7 r - p ~  ~ + ~ - n  
13HYAMS 73 ASPK 1 7 ~ r - p ~  ~ r + ~ - n  
13 PROTOPOP... 73 HBC 7 7r + p  

~r+ p ~r + l r -  
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1 From Invariant mass fit. 
2On sheet II In a 2 pole solution. The other pole is found on sheet Ill at (963-29i) MeV. I 
3 Reanalysls o f  data from HYAMS 73, GRAYER 74, SRINIVASAN 75, and ROSSELET 77 

using the Interfering amplitude method. 
4 A t  high Itl. 
5At ~ow Itl. 
6On sheet II In a 4-pole solution, the other poles are found on sheet III at (953-55 / )  MeV 

and on sheet IV at (938-35 / )  MeV. 
7 Combined f i t  o f  ALDE 95B, ANISOVICH 94, AMSLER 94D. 
8 On sheet II In a 2 pole solution. The other pole is found on sheet III at ( 996 -103 / )  MeV. 
9 On sheet II In a 2 pole solution. The other pole is found on sheet III at ( 797 -188 / )  MeV 

and can be interpreted as a shadow pole. 
lOOn sheet II in a 2 pole solution. The other pole is found on sheet III at ( 9 7 8 - 2 8 / )  MeV. 
11 From coupled channel analysis. 
12 Coupled channel analysis wi th finite width corrections. 
13Included In AGUILAR-BENITEZ 78 fit. 

69 :E 15 
38 4- 20 

100 
34 

4 8 4 -  10 
95 • 20 
26 �9 10 

~ 1 1 2  

80 4- 12 
3O 
74 
29 4- 2 
46 
48 4- 12 

f0(980) WIDTH 

Width determination very model dependent. Peak width In ~r~r is about 50 MeV, but 
decay width can be much larger. 

VALUE {MeV} EVTS DOCUMENT ID TECN COMMENT 
40 tO 100 OUR ESTIMATE 

�9 �9 �9 We do not use the fol lowing data for averages, fits. l imits, etc. �9 �9 �9 

1 4 A L D E  97 G A M 2 4 5 0 p p ~  pp~rO~r 0 
15 BERTIN 97c OBLX 0.0 ~ p  ~ ~r + ~ r -  ~r 0 
161SHIDA 96 RVUE ~r~r --* ~r~r, K K  

TORNQVIST  96 RVUE ~r~r ~ ~r~r, K K ,  K~r, 

37.44" 10.6 
72 4" 8 

110 4" 30 
29 4" 13 

120 4-281 "+20 

28 4- 10 
70 to  300 

100 4- 80 

3O 4- 8 

48 4" 14 
32 4" 10 
30 4 - 1 0  
54 4- 16 

r//r 
3k 1 7 A L D E  95B G A M 2 3 8  w - p  ~ ~r0~r0n 

10k 18ALOE 9 5 B G A M 2 3 8 ~ r - p ~  ~r0~rOn 
AMSLER 95B CBAR 0.0 ~ p  ~ 3~r 0 

19AMSLER 95DCBAR 0 . 0 ~ p - - *  ~rO~r0~r 0'  
~r0 r/r/, ~r0 ~r0 ~/ 

20 ANISOVICH 95 RVUE 
JANSSEN 95 RVUE w~r ~ ~r~r, K K  

21 BUGG 94 RVUE ~ p - *  r/2~r 0 
KAMINSKI  94 RVUE ~r~r ~ ~ r ,  K K  

22 ZOU 94B RVUE 
23 MORGAN 93 RVUE ~r~r(KK) 

~r~r(K-K), J / ~  
~ r ~ r ( K - K ) ,  D s 
=(~=) 

14 AGUILAR .... 91 EH5 400 p p  
2 4 A R M S T R O N G  91 OMEG 3 0 0 p p ~  pp~r~', 

p p K K  
BREAKSTONEgO SFM pp  ~ pp~r'+~r - 

14ABACHI  86B HRS e-Fe - --* 7 r ' + l r - X  
ETKIN 82B MPS 23 ~ - p  ~ n2KO S 

24GIDAL  81 MRK2 J/ '~  --~ l r + l r ~ X  
25 ACHASOV 80 RVUE 
26AGUILAR-. . .  78 HBC 0 . 7 ~ p  ~ K 50 KsO 

24 LEEPER 77 ASPK 2-2.4 l r - p  
~r+~,r -n,  K +  K - n  

24B INNIE  73 CNTR l r - p ~  n M M  
27GRAYER 73 ASPK 1 7 ~ r - p ~  ~r '+~r-n 
2 7 H Y A M S  73 ASPK 1 7 ~ r - p ~  ~r '+~r-n 
27pROTOPOP. . .  73 HBC 7~r '+p- -~  

l r +  plr '+ lr - 

14 From Invarlant mass fit. 
15On I sheet II In a 2 pole solution. The other pole is found on sheet III at (963-291) MeV. 
16 Reanalysis o f  data from HYAMS 73, GRAYER 74, SRINIVASAN 75, and ROSSELET 77 

using the interferirlg amplitude method. 
1tAt blgh I t l  . 
18A t  low I f l '  

19 On sheet II In a a-pole solution, the other poles are found on sheet III at (953-55 / )  MeV 
and on sheet IV at (938-35 / )  MeV. 

20Combined f i t  o f  ALDE 95B, ANISOVICH 94, 
21On sheet II In a 2 pole solution. The other pole Is found on sheet III at ( 996 -103 / )  MeV. 
22On sheet II In a 2 pole solution. The other pole is found on sheet III at ( 797 -185 / )  MeV 

and can be Interpreted as a shadow pole. 
23On sheet II In a 2 pole solution. The other pole is found on sheet III at ( 978 -28 / )  MeV. 
24 From coupled channel analysis. 
25 Coupled channel analysis with f inite width corrections. 
26From coupled channel f i t  to  the HYAMS 73 and PROTOPOPESCU 73 data. With a 

slmuRaneous f i t  to  the ~ phase-shifts, inelasticity and to the K O K O invarlant mass. 

27included In AGUILAR-BENITEZ 78 fit. 

fo(CJg0) DECAY MODES 

Mode Fraction ( r f / F )  Confidence level 

r I ~r~r dominant 
r2 K K  seen 
1-3 "7"7 (1.19:t:0.33) x 10 -5 
I-4 e + @-- < 3 x 10 - 7  90% 

~ ( ~ 0 )  PARTIAL WIDTHS 

r ( ~ )  r s  
VAL UE (keV) EVTS DOCUMENT IO TECN COMMENT 
0.S6:EO,U OUR AVERAGE 
0.63+0.14  2 8 M O R G A N  90 RVUE 3 " y ~  ~r'+Tr - ,  ~r0x 0 
0.42:1:0.06~0.18 60 2 9 O E S T  90 JADE e + e  - ~ e+e-TrO~r  0 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.294-0.074-0.12 30,31 BOYER 90 MRK2 e + e  - 
e +  e -  w + l r  - 

0.314-0.14:1:0.09 30,31 MARSISKE 90 CBAL e ' t 'e  - --~ e + e - ~ r 0 ~ r  0 

28 From amplitude analysis of  BOYER 90 and MARSISKE 90, data corresponds to  resonance 
parameters m = 989 MeV, r = 61 MeV. 

29OEST 90 quote systematic errors +0 .08  We use :~0.18. 
- 0 .18 "  

30 From analysis allowing arbitrary background unconstrained by unltarity. 
31 Data included in MORGAN 90 analysis. 

r(o*o-) r ,  
VALUE (eV} CL~_~ DOCUMENT ID TECN COMMENT 

<8.4  90 VOROBYEV 88 ND e + e  - ~ 7r01r 0 

fo(980) BRANCHING RATIOS 

r ( . . ) / [ r ( . . )  + r(K~)] rl/(r1+r=) 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.674-0.09 32 LOVERRE 80 HBC 4 l r -  p --, n2KO S 

OR1 0,09 32 CASON 78 STRC 7 ~ - p  ~ o 2 K  0 " " - 0 . 0 4  
0 .78•  32 W E T Z E L  76 OSPK 8.9 ~ r - p  ~ n 2 K  0 

32Measure 7rTr elasticity assuming two resonances coupled to the xTr and K K  channels 
only. 

fo(980) REFERENCES 

ALDE 97 PL 8397350 +Bellazzinl, Binon+ (GAMS Collab.) 
BERTIN 97C PL 8408476 A. Bertin, Bruschi+ (OBELIX Collab.) 
ISHIDA % PTP 95745 S. Iskida+ (TOKY, MIYA, KEK) 
TORNQVIST % PRL 761575 +RoDs (HELS) 
ALDE 95B ZPHY CSS 375 +8inon, Boutemeur+ (GAMS Collab.) 
AMSLER 95B PL B342433 +Armstrong, Brose+ (Crystal Barrel Collab.) 
AMSLER 95D PL B355425 +Armstron&, Spanier+ (Crystal Barrel Collab.) 
ANISOVICH 95 PL 8355363 +Kondashov+ (PNPI, SERp) 
JANSSEN 95 PR D522690 +Pearce. Hollnde, Speth (STON, ADLD. JULI) 
AMSLER 94D PL B333277 +Anisovich, Spanier+ (Crystal Barrel Collab.) 
ANISOVICH 94 PL B323233 +Armstrong+ (Crystal Barrel Collab.) 
BUGG 94 PR DSe 4 4 1 2  +Anisovich+ {LOQM) 
KAMINSKI 94 PR DSO 3145 R. Kaminski+ (CRAC, IPN) 
ZOU 94B PR D50591 +BugK (LOQM) 
MORGAN 93 PR D481185 +PenninKton (RAL, DURH) 
AGUILAR-... 91 ZPHY CSO 405 Aguilar-Benitez, Allison, Batalor+ (LEBC-EHS Collab.) 
ARMSTRONG 91 ZPHY C51351 +Benayoun+ (ATHU. BARI, BIRM, CERN, CDEF) 
BOYER 90 PR D421350 +Butler+ {Mark II Collab.) 
BREAKSTONE 90 ZPHY C48569 + (ISU, 8GNA, CERN, DORT, HEIDH, WARS) 
MARSISKE 90 PR s +Antreasya,+ (Crystal Ball Collab.) 
MORGAN 90 ZPHY C48623 +PenninKton (RAL, DURH) 
OEST 90 ZPHY C47343 +Olsson+ {JADE Collab.) 
AUGUSTIN 89 NP B3201 +Cosme (DM2 Collab.) 
VOROBYEV 88 SJNP 48273 +Golubev, Ddinsky, Druzhinin+ (NOVO) 

Translated from YAF 48436. 
ABACHI 88B PRL 571990 +Derrick, Blockus+ (PURD, ANL, IND. MICH. LBL) 
ETKIN 828 PR D251786 +Foley. Lai+ (BNL, CUNY, TUFTS, VAND) 
GIDAL 81 PL 107B 153 +Goldhaber, Guy, Millikan, Abrams+ (SLAC. LBL) 
ACHASOV 80 SJNP 32566 +Devyanln, Shestalmv (NOVM) 

Translated from YAF 321098. 
LOVERRE 80 ZPHY C6187 +Armenteros, Dionlsi+ (CERN, COEF, MADR, STOH)UP 
AGUILAR-... 78 NP B14073 Aguilar-Benitez. Cerrada+ (MADR, BOMB, CERN+) 
CASON 78 PRL 41271 +Baumbaugh, Bishop, BIswas+ (NDAM, ANL) 
LEEPER 77 PR D162054 +8uttram, Crawiey, Duke. Lamb, Peterson {ISU) 
ROSSELET 77 PR D15574 +F.xtermann. Fischer, Guisan+ (GEVA, SACL) 
WETZEL 76 NP 8115208 +Freudenreich. Beusch+ (ETH, CERN, LOIC) 
SRINIVASAN 75 PR D12681 +Helland, Lennox, Klein+ (NDAM, ANL) 
GRAYER 74 NP B75189 +Hyams, BIum, Dietl+ {CERN, MPIM) 
BINNIE 73 PRL 311534 +Cart, Debenham, Duane, Garbutt+ (LOiC, SHMP) 
GRAYER 73 Tallaha~iee +Hyams, Jones, Blum. Dietl, Koch+ (CERN, MPIM) 
HYAMS 73 NP 864134 +Jones, Weilhammer, Blum, Diett+ (CERN, MPIM) 
PROTOPOP... 73 PR D71279 Protopope~cu. Alstor~Garnjost, Galtferi, Flatte+ (LBL) 

~ "  OTHER RELATED PAPERS 

ACHASOV 97C PR DS6 4084 N,N. Achasov+ 
ACHASOV 97D PR DS6 203 N,N. Achasov+ 
PROKOSHKIN 97 SPD 42117 +Kondashov, Sadovsky+ (SERP) 

Translated from DANS 353323. 
AU 87 PR D351633 +Mocgan, PenninKton (DURH, RAL) 
AKESSON 88 NP B264154 +Albrow, Almehed+ (Axial Field Spec. Collab.) 
MENNESSIER 83 ZPHY C16 241 (MONP) 
BARBER 82 ZPHY C121 +Dainton, Brodbeck, Brookes+ {DARE, LANC, SHEF) 
ETKIN 82C PR D252446 +Foley, Lai+ {BNL, CUNY, TUFTS, VAND) 
SRINIVASAN 75 PR D12681 +Henand, Lenn0~, Klein+ (NDAM, ANL) 
BIGI 62 CERN Conf. 247 +Brandt, Carrara+ (CERN) 
BINGHAM 62 CERN Conf. 240 +8ioch+ (EPOL, CERN) 
ERWIN 62 PRL 934 +Hoyer, March. Walker, Wangler (WlSC, BNL) 
WANG 61 JETP 13523 +Vekder, Vrana+ (JINR) 

Translated from ZETF 40464. 



See key on page 213 

I ao(980) l = 

See our mlnlrBvlBw on scalar mesons under f0(1370), (See the Index 
for the page number.) 

ao(CJ~lO) MASS 

VALUf~ (MIV) DOCUMENT IO 
0N.4d :0 . I  OUR AVERA( i l  Includes data from the 2 datsblockl that follow this one, 

tpr FINAL STATE ONLY 
VALUE (MIV) Ev'rE DOCUMENT IO TECN CHG COMMENT 
The data in this block Is included In the average printed for a previous detablock. 

W=.? =12 0,e OUR AVERAGE 
954,454. 1.234.0,34 AMSLER 94(: CBAR 
982 4. 2 1AMSLER 92 CBAR 
984 4. 4 1040 1ARMSTRONG 91B OMEG 
976 4. 6 ATKINSON $4E OMEG 
986 4. 3 S00 2 EVANGELISTA 81 OMEG 

990 4. 7 145 2 GURTU 79 HBC 
977 4. 7 GRASSLER 77 HBC 
972 4.10 150 DEFOIX 72 HBC 
* �9 e We do not use the following data for averales, fits, 

376 

Meson Particle Listings 
ao(980) 

987 TORNQVIST 96 RVUE 

991 JANSSEN 95 RVUE 

980 4.11 47 CONFORTO 78 OSPK 
978 4.16 60 CORDEN 78 OMEG 
989 4. 4 70 WELLS 75 HBC 
970 =l=lS 20 BARNES 69C HBC 
980 4.10 CAMPBELL 69 DBC 
980 4.10 1S MILLER 69B HBC 
980 4.10 30 AMMAR 68 HBC 

1 From a slnile Brelt-Wll~ner fit. 
2 From f1(1255) decay, 

K~ '  ONLY 
VALUE (MIV) EVT$ DOCUMENT ID 

0.0 ~p  --~ ~ / e  0 
0,0 ~p  --~ r~r;e 0 

4. 3 0 0 p p ~  pp r l e+e  - 
4. 2S-S6 "tP --~ qen  
4. 12 e - p  --~ 

~ e + e - e - p  
4. 4 . 2 K - p - . *  Aq2x 
- 16 e:Fp --* pr/3e 
4. 0.7 ~p  -~ 7~ 

limits, etc. �9 �9 �9 

ee  --* ~r~', K'~, Ks ,  

~e 
- 4,6 e -  p --~ p X -  
4. 12-15 ~ ' - p  -~ ne~2~' 
- 3 . 1 - s K - p ~  A~2e 
- 4 - S K - p - - ~  At~2e 
4. 2,7 �9 § d 
- 4 , S K - N - ~  f lea 
4. 5.5 K -  p -'* Arl2'r/r 

TECN CHG COMMENT 
The data In this block Is Included In the averate printed for s previous datablock, 

M O , l d :  2 .7  O U R  A V E R A G E  
982 4. 3 3ABELE 98 CBAR O.07~p~ KOK4.x :F I 
976 4. 6 316 DEBILLY 80 HBC 4. 1.2-2 ~ p - *  f1(128S)~a 

�9 �9 . We do not use the following data for averages, fits, IImRs, etc, �9 �9 �9 

1016 4 . 1 0  100 4ASTIER 67 HBC 4. 0 .0~p  
1003.34. 7.0 143 5 ROSENFELD 65 RVUE 4. 

3T-matr ix pole on sheet II, the pole on sheet III Is at I006-149 MeV. I 
4ASTIER 67 Includes data of BARLOW 67, CONFORTO 67, ARMENTEROS 65. 
5 Plus systematic errors. 

ao(~0)  WIDTH 

K ~  ONLY 
VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT 

~l~:l: I 9ABELE 98 CBAR O,O~p.~ K ~ K 4 . *  :F I 
�9 e �9 We do no t use the followlns data for Ivlrases, fits, limits, etc, �9 �9 �9 

~ 2 S  100 10 ASTIER 67 HBC 4. 
$74-13 143 11ROSENFELO 65 RVUE 4. 

gT-matrlx pole on sheet II, the pole on sheet III Is I t  1006-149 MeV, I 
10ASTIER 67 Includes data of BARLOW 67, CONFORTO 67, ARMENTEROS 66, 
11 Plus systematic errors. 

ao(980) DECAY MODES 

Mode Fraction (FI/F) 

r l  r/~r dominant 
r2 K ~  ~ n  
r~ p~ 
r 4 ~ seen 
rs e + e- 

=o(~o) r(i)r(~)/r(t=,u) 
r(a,) x rC~)/r=,,  
VALUE (kW) EVTS 

0~4+0,N n * , e  - 0 , ~  " "  AVERAGE 

0,2S• 44 

o z~4.o o~+~ ~ �9 ' - - 0 ,U f  

r(~,) x r (~+r ) / rN0 
VA, UE (,vl 
<1.11 90 

DOCUMENT ID TECN COMMENT 
r;r4/r 

BEST 90 JADE e + e  - --, e + e - e 0 r /  

ANTREASYANB6 CBAL e + e  - ~ a + e - e 0 r /  

DOCUMENT ID TECN COMMENT 

VOROBYEV 85 ND e + e  - ~ e0r/ 

ao(N0) BRANCHING RATIOS 

r(KX)/r(e,) 
VALUE DOCUMENT It) TECN CHG ~{)MMEN T 
0.84.0.0g 12 ABELE 98 CBAR 0.0 ~p  --~ 

K 0 K4. e :F 

�9 �9 �9 We do not use the following data for averaps, fits, limits, etc, �9 �9 �9 

1,16-1-0.18 13 BUGG 94 RVUE 
0.7 4.0,3 14CORDEN 78 OMEG 

0.254.0.08 14 DEFOIX 72 HBC 4. 

12 Usln S e 0 e 0 r/from AMSLER 94D, 
13 BUGG 94 uses AMSLER 94c data�9 This Is a ratio of couplings, 
14 From the decay of f1(1285). 

pp --* ~ e  0 

12-15 w - p - *  
n~2e 

02  p - - *  7e 

r;ru/r 

r=/rl 

r(p,)/r(~,) rs/r~ 
pe forbidden. 

YI~I.V~ CJJ L DOCUMENT ID TECN CHG COMMENT 

e �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT 
!10 tO 100 OUR lmTIMATI~ Width determination very model dependent�9 Peak 

width In r/e is about 60 MeV, but decay width can 
be much larger. 

�9 �9 �9 We do not use the followln S data for averages, fits, limits, etc, �9 �9 �9 

100 TORNQVIST 96 RVUE ~e  --, ee,  K~'I  Ks ,  

202 JANSSEN 95 

54.124. 0.344.0.12 AMSLER 94c 
54 4-10 6 AMSLER 92 
95 4.14 1040 6 ARMSTRONG 91B 
62 4.15 500 7 EVANGELISTA 81 

60 4.20 145 7 GURTU 79 

60 _+~ 47 CONFORTO 78 

86,0 +60.0 50 CORDEN 78 -50 ,0  
44 4.22 GRASSLER 77 
80 to 300 8 FLATTE 76 

16.0 +25.0 70 WELLS 75 
-16 .0  

30 4. 5 150 DEFOIX 72 
40 4.15 CAMPBELL 69 
60 4.30 15 MILLER 69B 
80 4.30 30 AMMAR 68 

6 From a single Breit-Wlgner fit. 
7 From f1(1285) decay. 

r/e 
RVUE rl~r ~ f/e, K'R, Ke,  

r/e 
CBAR 0.0]~p --* ~r /e  0 
CBAR 0.0 ~p ~ ~F/e 0 
OMEG 4. 300pp..~ p p ~ l e + e  - 

O M E G  4. 12 e -  p ---. 

HBC 4. 4.2 K - p  ~ Ari21r 

OSPK - 4.5 e - p  ...* p X -  

OMEG 4. 1 2 - 1 5 e - p - - ~  nr/2e 

HBC - 16 e:F p --* pr/31r 
RVUE - 4.2 K - p ~  Ar;2e 

HBC - 3,1-6 K - p  ~ At72x 

HBC 4- 0.7 ~p  ~ 7e 
DBC 4. 2.7 e + d 
HBC - 4,5 K -  N ~ T/eA 
HBC 4. 5 . 5 K - p ~  ATI2~ 

data. 8 Using a two-channel resonance parametrlzation of GAY 76B 

<0.25 70 AMMAR 70 HBC 4. 4.1,5.5 K - p  .-* 
Ar/2e 

ABELE 58 
TORNQVIST 
JANSSEN 95 
AMSLER g4C 
AMSLER 94D 
BUGG 94 
AMSLER 92 
ARMSTRONG 91B 
OF.ST 90 
VOROBYEV 88 

ANTREASYAN 
ATKINSON e4E 
EVANGELISTA 01 
DEBILLY gO 
GURTU 79 
CONFORTO 78 
CORDEN 78 
GRASSLER 77 
FLATTE 76 
GAY 7EB 
WELLS 75 
DEFOIX 72 
AMMAR 70 
BARNES SSC 
CAMPBELL 
MILLER 

Also 
AMMAR 
ASTIER 

ao(gSO) REFERENCES 

PR DE7 3860 A. Abele, Adomelt, Amsler+ (Crystal Barrel Collab.) 
PRL 76 1575 +RoDs (HELS) 
PR DS2 2690 +Pearce, HolJnde, Speth (STON, ADLD, JULI) 
PL B327 425 +Armstrong, Ravndel+ (Crystal Barrel CoJlab.) 
PL B333 277 +Anllovlch, Spanler+ (Crystal Barrel Co, lab.) 
PR DSO 4 4 1 2  +Anllovich+ (LOQM) 
PL B291 347 +Ausulfln, Baker+ (Crystal Barrel Collab.) 
ZPHY C52 389 +BMne~+ (ATHU, BARI, BIRM, CERN, CDEF) 
ZPHY C47 343 +Oluoa+ (JADE Colleb,) 
5JNP 48 273 +Gc~ubev, DolJnsky, Oruzhinin+ (NOVO) 
Trenllated from VAF 48 436. 
PR DES 1847 
PL 13BB 459 
NP B175 197 
NP B176 1 
NP BISl 181 
LNC 23 41g 
NP Blkl 253 
NP B121 189 
PL 63B 224 
PL 63B 220 
NP B101 533 
NP B44 125 
PR D2 430 
PRL 23 610 

69 PRL 22 1204 
69B PL 29B 255 
69 PR 188 2011 
68 PRL 21 1832 
67 PL 2SB 294 

+AKhman, Basset, ~enlelo+ (Crystal Bail Coll|b.) 
+ (BONN, CERN, GLAS, LANC, MCHS, CURIN+) 
+ (BARI, BONN, CERN, DARE, LIVP+) 
+Bdand, Dubor Levy+ (CURIN, LAUS, NEUC, GLAS) 
+Galliot, BlokzIJl+ (CERN, ZEEM, NUM, OXF) 
+Confoeto, Key+ (RHEL, TNTO, CHIC, FNAL+) 
+Colbert, Alexander+ (BIRM, RHEL, TELA, LOWC) 
+ (AACHS, BERL, BONN, CERN, CRAC, HEIDH+) 

�9 ' (CERN) 
+Cheloupka, BlokzlJl, Helnon+ (CERN, AMST, NIJM)JP. 
+RadoJldc. Rolcoe. L~as (OXF) 
+Nasclmento, BIzzard+ (CDEF, CERN) 
+Kropac. Davis+ (KANS. NWES. ANL. WISC) 
+Chung, El~er, Bassano, G~dbers+ (BNL, SYRA) 
+Licht Loeffler+ . . . .  IPURD I 
+Kramer, Carmony+ PURD 

Yen, Ammann, Carmony, Eisner+ PURD 
+Davis. Kropac, Derrick, Fields+ (NWES, ANL) 
+Montanet, Baubllller, Duboc+ (CDEF, CERN, IRAD) 

Includes data of BARLOW 67. CONFORTO 67, and ARMENTEROS 65. 
BARLOW 67 NC SOA 701 +Lillestoi, Montanet+ (CERN, CDEF, IRAD, LIVP) 
CONFORTO 67 NP B3 469 +Marechel+ (CERN, CDEF, IPNP, LIVP 3 ARMENTEROS SS PL 17 344 +Edwards, Jacobsen+ (CERN. CDEF 
ROSENFELD 65 Oxford COM. 58 (LRL) 
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 o(98o),  0o2o) 

- -  OTHER RELATED PAPERS 
ACHASOV 97C PR 056 40~4 N.N. Achasov+ 
ACHASOV 97D PR DSS 203 N.N. Achasov+ 
AMSLER 94D PL B333 277 +Anisovich. Spanier+ 
TORNQVIST 90 NPBPS 21 196 
WEINSTEIN 89 UTPT 89 03 +lsgur 
ACHASOV 88B ZPHY C41 309 +Shestakov 
WEINSTEIN 83B PR D27 588 +lsgur 
TORNQVIST 82 PRL 49 624 
BRAMON 80 PL 93B 65 +Masso 
TURKOT 63 Siena Conf. ! 661 +Collins, Fujii. Kemp+ 

(CP/stal Barrel Collab.) 
(HELS) 

(TNTO) 
(NOVM) 
(TNTO} 
(HELS) 
(BARC) 

(BNL, PITT) 

1+(lO2O)1 IG(j PC) = 0 - ( 1 - - )  

#,(loz, o) MASS 
We average mass and width values only when the systematic errors have 
been evaluated. 

VALUE {MeV) EVTS DOCUMENT ID TECN 
1019.4134.0.008 OUR AVERAGE 
1019.42 •  

1019.7 •  
1019.411• 

1019.7 4-0.1 •  

1019.3 •  

1019.67 •  
1019.52 •  

55600 AKHMETSHIN 95 CMD2 

2012 DAVENPORT 86 MPSF 
642k 1 DIJKSTRA 86 SPEC 

5079 ALBRECHT 85D ARG 

1500 ARENTON 82 AEMS 

25080 2 PELLINEN 82 RVUE 
3681 BUKIN 78C OLYA 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 

1019.8 •  ARMSTRONG 86 OMEG 

1020.1 •  
1019.7 •  

1020.9 •  

1021.0 •  

1020.0 •  

1019.7 •  

1019.8 •  •  

1019.4 •  

1020 • 1 

1018.9 •  

1019.7 •  

1019.4 •  

1020.3 •  
1019.4 •  
1019.6 •  

1019.9 •  

1020.4 •  

1019.9 •  

5526 3 ATKINSON 86 OMEG 
BEBEK 86 CLEO 

3 FRAME 86 OMEG 

3 ARMSTRONG 83B OMEG 

3ARMSTRONG 83B OMEG 

3 BARATE 83 GOLI 

766 IVANOV 81 OLYA 

337 COOPER 78B HBC 

383 3 BALDI 77 CNTR 

800 COHEN 77 ASPK 

454 KALBFLEISCH 76 HBC 

984 BESCH 74 CNTR 

100 BALLAM 73 HBC 
BINNIE 73B CNTR 

120 4 AGUILAR-... 72B HBC 

100 4 AGUILAR-... 72B HBC 

131 COLLEY 72 HBC 

410 STOTTLE... 71 HBC 

COMMENT 

e + e -  
hadrons 

400 pA ~ 4KX  
100-200 7r ~,  ~, 

p. K •  on Be 
10 e + e- 

K + K - X  
11.8 polar. 

p p ~  K K  

e+ e - 
hadrons 

85 lr + / p p  --* 
~r+ / p4K p 

20-70 7P 
e + e  - 

T(4S) 
13 K +  p 

#)K+ p 
18.5 K -  p 

K - K + A  
18.5 K -  p 

K - - K + A  
190 ~ -  Be 

2#X 
1-1.4 e + e -  

K + K -  
0.7-0.8 ~p 

K 0 ~-0 ~+  l r -  
S ~ L  

10 ~r--p ~ 

K + K -  N 
2.18 K-O ~ 

AK-~ 

o K + K -  
2.8-9.3 'yp 
~ - p ~  ~n 
3,9,4,6 K -  p 

A K + K -  
3.9.4,6 K -  p 

K - p K +  K - 
10 K + p 

K +  p## 
2.9 K - p ~  

Z / A K K  
1 n Weighted a d scaled average of 12 measurements of DIJKSTRA 86. 
2pELLINEN 82 review Includes AKERLOF 77, DAUM 81, BALDI 77, AYRES 74, DE- 

GROOT 74. 
3 Systematic errors not evaluated. 
4 Mass errors enlarged by us to F/~/N; see the note with the K*(892) mass. 

r WIDTH 

We average mass and width values only when the systematic errors have 
been evalutated. 

VALUE (MeV} EVT5 
4.43-1-0.05 OUR AVERAGE 
4.44• 55600 
4.45• 271k DIJKSTRA 
4.5 +0.7 1500 ARENTON 
4.2 •  766 5 IVANOV 

4.3 •  5 CORDIER 
4.36• 3681 5 BUKIN 
4.4 •  984 5 BESCH 
4.67• 681 5 BALAKIN 
4.09• BIZOT 

DOCUMENT ID TECN COMMENT 

AKHMETSHIN95 CMD2 e + e - - - ~  hadrons 
86 SPEC 100 ~ - B e  
82 AEMS 11.8polar. p p ~  K K  
81 OLYA 1-1.4 e + e -  

K + K -  
80 WIRE e + e  - ~ w + ~ - - ~  0 
78C OLYA e + e -  ~ hadrons 
74 CNTR 2 7 p - - *  p K + K  - 
71 OSPK e + e  - ~ hadrons 
70 OSPK e + e  - ~ hadrons 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3.6 ~0.8 337 5 COOPER 78B HBC 0.7-0.8 ~p 
K0 K 0 ~.+ lr-- 

S L 
4.5 •  1300 5,6AKERLOF 77 SPEC 400pA--~  K + K - X  
4.5 •  500 5,6AYRES 74 ASPK 3-6 x - p  

K +  K - n ,  K - p  --~ 
K + K -  A~ E ~ 

3.81• COSME 74B OSPK e+e  - ~ KOK 0 L S 
3.8 •  454 5 BORENSTEIN 72 HBC 2.18 K - p  ~ K-Kn 

5Width errors enlarged by us to 41"/v~;  see the note with the K*(892) mass. 
6 Systematic errors not evaluated. 

~1020)  DECAY MODES 
Scale factor/ 

Mode Fraction (FI/F) Confidence level 

I" 1 K + K -  (49.1 •  ) % S=1.3 
0 0 (34.1 •  ) % S=1.2 F2 K L K s 

I- 3 pTr -F 7r + ~r 7r 0 (15.5 •  ) % S=1.5 

r4 p *  
r 5 ~'+ ,~-  7r 0 

1-6 7/-}, (1 .26•  % S=1.1 

r 7 /r~ (1 .31•  x 10 - 3  

[`8 e + e -  (2 .99•  x 10 - 4  S=1.2 

1-9 / ~ + # -  ( 2.5 •  ) x  10 - 4  

Flo r /e+e - ( 1.3 40.8  --0.6 ) x 10 - 4  

1-11 ' tr+/r-- ( 8 _+54 ) X 10 - 5  S=1.5 

['12 oJ-)' < 5 % CL=84% 

['13 P 7  < 7 x 10 - 4  CL=90% 
1-14 ~ ' + / f -  7 < 3 x 10 - 5  CL=90% 

['15 f0(980) '7 < 1 x 10 - 4  CL=90% 
['16 ~rO~c0"Y < 1 x 10 - 3  CL=90% 

1-17 ~ ' + ~ - ~ + ~ I " -  < 8.7 x 10 - 4  CL=90% 
['18 'rt'+ ';r 71"--/r-- 7( 0 < 1.5 x 10 - 4  r CL=95% 

['19 1tO e+  e -  < 1.2 x 10 - 4  CL=90% 

['20 ~'Or/'~ ' < 2.5 x 10 - 3  CL=90% 

1-21 ao(980) '7  < S x 10 - 3  CL=90% 

['22 r / ' (958) '7 ( 1.2 +0.7 --0.5 ) • 10--4 

1-23 /~+/~--'Y ( 2.3 •  ) x 10 - 5  

CONSTRAINED RT INFORMATION 
An overall f i t  to 9 branching ratios uses 29 measurements and one 

constraint to  determine 4 parameters. The overall f i t  has a X 2 = 
26.9 for 26 degrees of  freedom. 

The following off-diagonal array elements are the correlation coefficients 

(Sx iSx j ) / (Sx i .Sx j ) ,  in percent, from the fit to the branching fractions, x i --= 

Pi / l ' tota I. The fit constrains the x i whose labels appear in this array to  sum to 
one. 

x 2 -53 
x 3 - 6 0  - 3 6  

x 6 - 3  - 3  - 2  

x1 x2 x3 

IK1020) BRANCHING RATIOS 

r(K+ K-)/rtm, 
VALUE ~ V T $  DOCUMENT ID TECN 
0.491"1"0.008 OUR FIT Error Includes scale factor of 1.3. 
0.4M4-0.010 OUR AVERAGE 
0,492 =E 0.012 2913 
0.44 • 321 
0.49 • 270 
0,540• 565 
0.48 •  252 

r(~)/r~,,  
VALUE EVT5  DOCUMENT ID TECN COMMENT 
0-3414"0.006 OUR FIT Error includes scale factor of 1.2. 
0,331:E0.009 OUR AVERAGE 
0.335• 40644 AKHMETSHIN95 CMD2 e + e  - 

0.326• DOLINSKY 91 ND e + e  - 

0.310• DRUZHININ 84 ND e + e  - --* 

r l /r  
COMMENT 

AKHMETSHIN95 CMD2 e + e - ~  K + K  - 
KALBFLEISCH 76 HBC 2.18 K - p  ~ A K + K  - 
DEGROOT 74 HBC 4 . 2 K - p ~  A<b 
BALAKIN 71 OSPK e + e - ~  K + K  - 
LINDSEY 66 HBC 2.1-2.7 K - p  

A K +  K - 

r=/r 

K.0 K o 

K ~ K ~ 

KbK~ L S 
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�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 * �9 

0.27 4-0.03 133 KALBFLEISCH76 HBC 2.18 K - p  ~ AKOKO S 

0.2574-0.030 95 BALAKIN  71 OSPK e+ e - _,  KLO KsO 

0.40 4-0.04 167 L INDSEY 66 HBC 2.1-2.7 K -  p 
~OKO 

[r (p..) + r (.+ . -  .o)]/rt==i rdr 
VAI, O~ EVT5 DOCUMENT ID TECN COMMENT 
0`2~di4-0`fiO7 OUR F IT  Error includes scale factor of  1.5. 
0.21114-0.00~ OUR AVERAGE Error includes scale factor o f  1.7. 
0.1614-0.008 11761 A K H M E T S H I N 9 5  CMD2 e + e - ~  ~ r + ~ r - ~  0 
0.1434-0.007 DOLINSKY 91 ND e + e  - ~ ~ + ~ - ~ r  0 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.1394-0.007 7 PARROUR 768 OSPK e + e  - 

7 Using total width 4.1 MeV. The p~r to 3~ mode Is more than 80%. at the 90% confidence 
level. 

r (~ /~ ) / r (KR)  ri/(rl+r=) 
VALUE E V T S  DOCUMENT ID TECN COMMENT 
0.4104-Oo007 OUR F IT  Error Includes scale factor of  1.2. 
0.48 -I-o.04 OUR AVERAGE 

�9 ~1.44 4-0.07 LONDON 66 HBC 2.24 K - p  ~ A K - K  
0.48 4-0.07 52 BADIER 65B HBC 3 K - p  
0.40 •  34 SCHLEIN 63 HBC 1.95 K -  p --* A K K  

[r(~.) +r(,~+.-.~ rd(r~+r=) 
VALUE DOCUMENT ID TECN COMMENT 
0.1874"0.O10 OUR F IT  Error Includes scale factor of  1.5. 
0,24 4-0.04 OUR AVERAGE 
0.2374-0.039 CERRADA 77B HBC 
0.30 4-0.15 LONDON 66 HBC 

4.2 K - - p  - *  A3~ 
2.24 K -  p 

A;'r + ~r-  ~.0 

[r(p.) + r ( . + . - . ~  ~ )  r./r2 
VALUE EVT5 DOCUMENT ID TEC_~N COMMENT 
OAl~' l '0`021i  OUR F IT  Error includes scale factor o f  1.5. 
OJil 4-0.06 OUR AVERAGE 
0.56 4-0.07 3681 BUKIN 78C OLYA e + e -  _~ K L K s  , 0  0 

x + ~ r -  ~rO 
0.47 4-0.06 516 COSME 74 OSPK e + e - - ~  7 r+T r - l r  0 

r(~§ rdr 
VALUE (units 10 -4)  DOCUMENT ID TECN COMMENT 
2.5 4-0.4 OUR AVERAGE 
2.69:1:0.46 8 HAYES 71 CNTR 8.3,9.8 ,1C --* / ~ §  
2.174-0.60 8 E A R L E 5  70 CNTR 6.0,1C--~ / ~ + / ~ - X  

8 Neglecting interference between resonance and continuum. 

r(n~)/r~, rdr 
VALUE E V T S  DOCUMENT ID TECN COMMENT 
0.01264"0,0006 OUR F IT  Error Includes scale factor o f  1.1. 
0,012~4-0.000~ OUR AVERAGE Error Includes scale factor o f  1.1. 
0.01184-0.0011 279 9 A K H M E T S H I N 9 5  CMD2 e + e - ~  ~ r + ~ - 3 , 1  
0,01304-0.0006 10DRUZHIN IN  84 NO e + e  - ~ 3~ 
0,014 4-0.002 11 DRUZHININ 84 ND e + e - - - - ~  6,)' 
0.00884-0.0020 290 KURDADZE 83(: OLYA e + e  - --~ 3"y 
0.01354-0.0029 ANDREWS 77 CNTR 6.7-10 "1Cu 
0.015 4-0.004 54 I O c O S M E  76 OSPK e + e  - 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.01214-0.0007 12 BENAYOUN 96 RVUE 0.54-1.04 e + e -  --* rt"1 | 

9 From ~ +  ~ -  ~0 decay mode of r/. I 
10 From 2"1 decay mode of  f/. 
11 From 3~ 0 decay mode of  ~/. 
12 Reanalysls o f  DRUZHININ 84, DOLINSKY 89, and DOLINSKY 91 taking into account I 

a triangle anomaly contribution. 

r ( .+ . -~) / r~ . ,  r . l r  
VALUE {units 10 -4  ) CL_~_~ DOCUMENT ID TECN COMMENT 

13 I D ,< 0.3 90 A K H M E T S H N 9 7 C C M  2 e + e  - ~ + ~ - " 1  | 
�9 �9 �9 We do not use the following data for averages, fits. l imits, etc. �9 �9 �9 

<600  90 KALBFLEISCH 75 HBC 2.18 K - p  

< 70 90 COSME 74 OSPK e + e  - --~ ~ + ~ - " 1  
<400  90 LINDSEY 65 HBC 2.1-2.7 K - p  

A~  + ~r-- neutrals 
13For E"1 > 20 MeV and assumlngthat B(@(1020) ~ f0(980)"1) is negligible. I 

r(,,~)/r~., r,./r 
VAL(J~ CL% DOCUMENT ID TECN COMMENT 

,<0.0~ 84 L INDSEY 66 HBC 2.1-2.7 K - p  -~ 
A~ "+ ~ -  neutrals 
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r(p~)/r=~ r,./r 
VALUE(units 10 -4 ) CL__%_% DOCUMENT ID TECN COMMENT 

< 7 90 A K H M E T S H I N 9 7 C  CMD2 e + e  - ~ ~ + 1 r - , 1  
�9 �9 �9 We do not use the following data for averages, fits. l imits, etc. �9 �9 �9 

<200  84 LINDSEY 66 HBC 2.1-2.7 K - p  
A~r + ~ -  neutrals 

r(e+ e-)/r~l rdr 
VALUE(units 10 -4)  EVT$ DOCUMENT 10 TECN COMMENT 
2.!194-0`00 OUR AVERAGE Error Includes scale factor o f  1.2. 
2.884-0.09 55600 A K H M E T S H I N 9 5  CMD2 e+e----+ hadrons 
3.004-0.21 3681 BUKIN 78(: OLYA e + e  - ~ hadrons 
3 .10•  14pARROUR 76 OSPK e + e  - 
3.3 4-0.3 COSME 74 OSPK e + e  - --* hadrons 
2.81:5o.25 681 BALAKIN 71 OSPK e + e  - ~ hadrons 
3.504-0.27 CHATELUS 71 OSPK �9 + e -  

14 Using total width 4.2 MeV. They detect 3~r mode and observe significant Interference 
with ~ tail. This is accounted for In the result quoted above. 

r(,r%)Irt=.i rTlr 
VALUE (units 10 -3  ) E V T S  DOCUMENT ID TECN COMMENT 
1.314-0`13 OUR AVERAGE 
1.30:s DRUZHININ 84 ND e + e  - ~ 3,1 
1.4 4-0.5 32 COSME 76 OSPK e + e  - 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1.264-0.17 12 BENAYOUN 96 RVUE 0.54hL04 e + e -  --* 
~r-,1 

r(.+.-)/r~, ru/r 
VALUE (units 10 -4 )  CL~ DOCUMENT ID TECN COMMENT 

0.8 "t'0-3 OUR AVERAGE Error Includes scale factor o f  1.5. - -0.4 

0 6  ~+0 '37  1 5 G O L U B E V  86 ND e + e  - ~ ~r+Tr - 
' " - 0 . 2 8  

1 9 a + 1 ' 0 3  15 VASSERMAN 81 OLYA e + e  - ' ~-- 0.81 
<6.6  95 BUKIN 78B OLYA e + e  - ~ l r+Tr - 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<2.7  95 ALVENSLEB...  72 CNTR 6.7,1C ~ C x + ~  - 

15Using r ( e + e - ) / r t o t a  I = 3.1 x 10 - 4 .  

r(~/~s)/r(K+ K-) r i /r l  
VALUE E V T $  DOCUMENT ID TECN COMMON T 
O.6tm4"0.~1 OUR F IT  Error includes scale factor o f  1.2. 
O.7404"0.1031 OUR AVERAGE 

0.70 •  2732 BUKIN 78c OLYA 

0.82 4-0.08 LOSTY 78 HBC 
0.71 4-0.05 LAVEN 77 HBC 
o.71 4-0.08 LYONS 77 HBC 
0.89 4-0.10 144 AGUILAR-.. .  72B HBC 

[r(~.) + r(.+.-~~ K -) 
VALUE EVT$ DOCUMENT I D TECN 
0.3174-0.017 OUR FIT Error includes scale factor o f  1.5. 

e + e - -  ~ K 0 K 0 
L 5 

4.2 K - p  --* 4)hyperon 
1 O K - p - +  K + K - A  
3 - 4 K - p ~  A ~  
3.9,4.6 K -  p 

r3/rl 
COMMENT 

0`28 * 0 , 0 9  34 AGUILAR .... 72B HBC 3.9,4.6 K - p  

r(.e+e-)/r~= r,0/r 
VALUE (units 10 -4 )  E V T $  OOCUMENT IO TECN COMMENT 

1-3+0`! --0`e 7 GOLUBEV 85 N D  e + e  - ---* ,1 ,1e+e - 

r(d(~)~)/r~= r../r 
VALUE{units 10 -4)  CL% E V T S  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1.2+_0:574-0.2 6 1 6 A K H M E T S H I N 9 7 B  CMD2 e + e  - ~ ,- t-~.-- 3-~ I 

<4.1 90 DRUZHININ 87 ND e + e  - ~ , 1 ~ r + ~ r  - 

16Using the value B(~ ~ T/,1) = (1.26 4- 0.06) x 10 - 2  | 

r(.%%)/r=~ r,dr 
VALUE(units 10 -3)  CL.__~ DOCUMENT ID TECN COMMENT 

<1 90 DRUZHININ 87 ND e + e  - ~ 5"7 

r(.+ f + . -  ~-.~ r . / r  
VALUE (units 10 -4 )  CL. ~_~ DOCUMENT ID TECN COMMENT 

<1.5  95 BARKOV 88 C M D  e + e  - --~ 
~ + ~ -  ~ + ~ -  ~r0 

r ( . + . - . + . - ) / r~ . ,  r~7/r 
VALUE{units 10 -4)  CL~_~ DOCUMENT ID TECN COMMENT 

,<8.7 90 CORDIER 79 WIRE e + e  - ~ 41r 
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r(~(~o)~)/r~= r~/r 
VALUE (units 10 -4) C L ~  DOCUMENT ID TECN COMMENT 

< 1 90 17AKHMETSHIN97c  CMD2 e + e  - ~ ~ + ~ - 3 '  I 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. = �9 �9 

< 7 90 18AKHMETSHIN 97c CMD2 e4 -e -  ~ w + ~ - ~  I 
<20 90 DRUZHININ 87 ND e4 -e -  ~ ~rO~O'~ 

17 For destructive Interference wi th the Bremsstrahlung process | 
18 For constructive Interference with the Bremsstrahlung process I 

r (.o e+ e-)/r~,, r ldr 
VA~-~c~ CL~ DOCUMENT ID TECN COMMENT 

< 1 ~ x l O  - 4  90 DOLINSKY 88 ND e + e  - ~ ~ ~  

r(f~ I r~ i  
VALUE (onit~ 10 -3 ) CL.~%_% DOCUMENT ID TECN COMMENT 

<2.5"  90 DOLINSKY 91 ND e + e  - ~ ~rOrl~i 

r(~(~o)~)/r~,~ 
VALUE (units 10-31 CL_._~_~ DOCUMENT ID TEEN COMMENT 

< ~  90 DOLINSKY 91 ND e + e  - ~ ~0~/.~ 

r(4(~),0/r(~-~) r=/r~ 
VALUE(units 10 -3) EVTS DOCUMENT ID TECN COMMENT 

g . S ~ ' k l . 4  6 AKHMETSHIN 97B CMD2 e + e -  ~ ~t + x -  33' 

r(,+,-.~)ir~,, r..Ir 
VALUE(units 10 5) EVTS DOCUMENT ID TECN COMMENT 

2-34"1-0 8244- 19AKHMETSHIN 97c CMD2 e4 -e -  --~ /~+/~--'~ 
33 

19For E.y > 20 MeV. 

AKHMETSHIN 
AKHMETSHIN 
BENAYOUN 
AKHMETSHIN 
DOLINSKY 
DOLINSKY 
BARKOV 

DOLINSKY 

DRUZHININ 
ARMSTRONG 
ATKINSON 
BEBEK 
DAVENPORT 
DIJKSTRA 
FRAME 
GOLUBEV 

ALBRECHT 
GOLUBEV 

DRUZHININ 
ARMSTRONG 
BARATE 
KURDADZE 

ARENTON 
PELLINEN 
DAUM 
IVANOV 

Also 
VASSERMAN 
CORDIER 
CORDIER 
BUKIN 

BUKIN 

COOPER 
LOSTY 
AKERLOF 
ANDREWS 
BALOI 
CERRADA 
COHEN 
LAVEN 
LYONS 
COSME 
KALBFLEISCH 
PARROUR 
PARROUR 
KALBFLEISCH 
AYRES 
BESCH 
COSME 
COSME 
DEGROOT 
BALLAM 
BINNIE 
AGUILAR-., 
ALVENSLEB.,. 

97B 
97C 
96 
95 
91 
89 
08 

88 

87 
86 
86 
86 
86 
86 
86 
86 

85D 
85 

84- 
83B 
83 
83C 

82 
82 
81 
81 
02 
81 
8O 
79 
78B 

,J~(1020) REFERENCES 

PL B415 445 R.R. Akhmetshin, Anashkin+(NOVO, BOST, PITT, YALE) 
PL B415 452 +Aksenov+ (NOVO, BOST, PITT, YALE) 
ZPHY C72 221 M. Benayoun+ (IPNP, NOVO) 
PL B364 199 +Akesnov+ (NOVO, BOST, PITT. MINN. YALE) 
PRPL 202 99 +Druzhinin, Dubrovin+ (NOVO) 
ZPHY C42 511 +Oruzhinin, Dubrovin, Golubev+ (NOVO) 
SJNP 47 248 +Vas~erman, Vorobyev, Ivanov+ (NOVO) 
Translated from YAF 47 393. 
SJNP 48 277 +Oruzhinin. Dubrovin, Golubev+ (NOVO) 
Translated from YAF 48 442. 
ZPHY C37 I +Dubrovin, Eidelman, Go]ubev+ (NOVO) 
PL 166B 245 +Bloodworth, Carney+ (ATHU, BARI, BIRM, CERN) 
ZPHY C3O 521 + (BONN, CERN, GLAS, LANC, MCHS, CURIN+) 
PRL 56 1 8 9 3  +Berkelman, Blucher, Cassel+ (CLEO Collab.) 
PR 33 2519 (TUFTS, ARIZ, FNAL, FSU, NDAM. VAND) 
ZPHY C31 375 +Bailey+ (ANIK. BRIS. CERN, CRAC, MPIM, RAL) 
NP B276 667 +Hughes, Lynch, Minto, McFedzean+ (GLAS) 
SJNP 44 409 +Oruzhinin, Ivanchenko, Perevedentsev+ (NOVO) 
Translated from YAF 44 633. 
PL 153B 343 +Drescher, Binder, Drews+ (ARGUS Collab.) 
SJNP 41 756 +Druzhinln, Ivanchenko, Peryshkln+ (NOVO) 
Translated from YAF 41 1183. 
PL 144B 136 +Golubev, Ivanchenko, Peryshkln+ (NOVO) 
NP B224 193 + (BARI, BIRM, CERN, MILA, CURIN+) 
PL 121B 449 +Bareyre, Bonamy+ (SACL. LOIC, SHMP. IND) 
JETPL 38 366 +LeJchuk, Root+ (NOVO) 
Translated from ZETFP 38 306. 
PR 025 2241 +Ayres, Diebold, May, Swallow+ (ANL, ILL) 
PS 25 590 +RODS (HELS) 
PL 1COB 430 +Bardsley+ (AMST, BRIS, CERN, CRAC, MPIM+) 
PL 107B 297 +Kurdadze, Lelchuk, Sidorov, Skdnsky+ (NOVO) 
Private Comm. Eidelman (NOVO) 
PL 99B 62 +Kurdadze, Sidorov, Skrinsky+ (NOVO) 
NP B172 13 +Delcourt. Eschstruth, Fulda+ (LALO) 
PL 818 309 +Delcourt, Eschstruth, Fulda+ (LALO) 
SJNP 27 521 +Kurdadze, Sidorov. Skdnsky+ (NOVO) 
Translated from YAF 27 985. 

BORENSTEIN 72 PR D5 1559 +Danburg, Kalbfleisch+ (BNL, MICH) 
COLLEY 72 NP 050 1 +Job�9 Riddiford, Griffiths+ (BIRM, GLAS) 
BALAKIN 71 PL 340 328 +Budker, Pakhtusova, Sidorov, Skdnsky+ (NOVO) 
CHATELUS 71 Theds LAL 1247 (STRB) 

Also 70 PL 32 416 Bizot, Buon, Chatelus. JeanJean+ (ORSAY) 
HAYES 71 PR D4 899 +lmlay, J~eph, Keizer, Ste~n (CORN) 
STOTTLE... 71 Thesis ORO 2504 170 StotUemyer (UMD) 
BIZOT 70 PL 32 416 +Buon, Chatelus. Jeanjean+ (ORSAY) 

Also 69 Liverpool Sym. 69 Perez-y-Jorba 
EARLES 70 PRL 25 1312 +Faissler, Gettner, Cutz, Moy, Tang+ (NEAS) 
LINDSEY 66 PR 147 913 +Smith (LRL) 
LONDON 66 PR 143 1034 +Rau, Goldberg. Lichtman+ (BNL, SYRA)IGJPC 
BADIER 65B PL 17 337 +Demoulln, Barloutaud+ (EPOL, SACL, AMST) 
LINDSEY 65 PRL 15 221 +Smith (LRL ) 

LINOSEY 65 data included in LINDSEY 66. 
SCHLEIN 63 PRL 10 368 +~ater, Smith, Stork, Ticho (UCLA) IGJP 

OTHER RELATED PAPERS 
r ACHASOV 97C PR D56 4084 N.N. Achasov+ r,o ACHASOV 97D PR D56 203 N.N. Achasov+ 

ACHASOV 95 PLB 363 106 +Gubin (NOVM} 
KAMAL 92 PL 0284 421 +Xu (ALBE) 
GEORGIO... 85 PL 1520 428 Georgiopoulos+ (TUFTS, ARIZ, FNAL, FSU, NDAM+ I 
GELFAND 63B PRL 11 438 +Miller, Nussbaum, Kirsch+ (COLU, RUTG 

r= I r  BERTANZA 62 PRL 9 180 +Bdsson, Conndly, Hart+ (BNL. SYRA) 

IG(J PC) = 0-(1 + - )  

I hz(1170) MASS 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

11704-20 OUR ESTIMATE 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

m 11684- 4 ANDO 92 SPEC 8 ~ r - p  

11664- 54-3 1ANDO 92 SPEC 8 ~ - - p ~  

11904-60 2 DANKOWY...  81 SPEC 0 8 ~ p  --~ 37rn 

1 Average and spread of values using 2 variants of the model of BOWLER 75. 
2 Uses the model of BOWLER 75. 

/~(117o) WIDTH 

VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 

�9 t0::1:40 OUR ESTIMATE 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

3454- 6 ANDO 92 SPEC 8 l r - p  
l r + ~ - -  7r0n 

3754- 64-34 3 ANDO 92 SPEC 8 x - p  
l r + ~ -  ~On 

3204-50 4 DANKOWY...  81 SPEC 0 8 ~ p  ~ 31rn 

3Average and spread of values using 2 variants of the model of BOWLER 75. 
4 Uses the model of BOWLER 75. 

hz(1170 ) DECAY MODES 

Mode Fraction (F i /F )  

[ '1 P ~  seen 

/~(1170) BRANCHING RATIOS 

r(p-)Ir~,, 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 
78C SJNP 27 516 +Kurdadze, Serednyakov, Sidorov+ (NOVO) 

Translated from YAF 27 976. 
78B NP B146 1 +Ganguli+ (TATA, CERN, CDEF, MAOR) 
78 NP B133 38 +Holmgren, Blokzijl+ (CERN, AMST, NIJM, OXF) 
77 PRL 39 861 +Alley, BinBnger, Dil:z~er+ (FNAL, MICH, PURD) 
77 PRL'38 198 +Fukushima, Harvey, Lobkowicz, May+ (ROCH) 
77 PL 68B 381 +Bohdnger, Docsaz, Hungerbuhler+ (GEVA) 
77B NP B126 241 +Blockzljl, Helnen+ (AMST, CERN, NIJM, OXF) 
77 PRL 38 260 +Ayres, Diebold, Kramer, Pawlicki, Wicklund (ANL) 
77 NP B127 43 +Otter. Klein+ (AACH3, BERL, CERN. LOIC, WIEN) 
77 NP B125 207 +Cooper, Clark (OXF) 
76 PL 63B 352 +Courau, Oudelzak. Grelaud, Jean-Made+ (ORSAY) 
76 PR D13 22 +Strand. Chapman (BNL. MICH) 
76 PL 630 357 +Grelaud, Cosme, Courau, Dude~zak+ (ORSAY) 
76B PL 630 362 +Grelaud, Cosine, Courau, Dude~zak+ (ORSAY) 
75 PR Dl l  987 +Strand. Chapman (BNL. MICH) 
74 PRL 32 1463 +Diebold, Greene, Kramer, Levlne+ (ANL) 
74 NP 070 257 +Hartmann, Kose, Krautschneider, Paul+ (BONN) 
74 PL 40B 155 +Jean-Made, Jullian, Lap4anche+ (ORSAY) 
74B PL 480 159 +Jean-Made, Jullian, Lap~anche+ (ORSAY) 
74 NP 074 77 +Hoogland, Jongejans, Metzger+ (AMST, NIJM) 
73 PR D7 3150 +Chadwick, Eisenberg, Bingham+ (SLAC, LBL) 
73B PR D8 2789 +Cart, Debenham~ Ouane+ (LOIC, SHMP) 
72B PR D6 29 Aguilar-Benitez, Chung. Eisner, Samios (BNL) 
72 PRL 28 66 Alvensleben. Beck�9 Biggs, Binkley+ (MIT, DESY) 

r l /r 

ANDO 92 PL B291 496 
ATKINSON 84 NP B231 1S 
DANKOWY... 81 PRL 46 580 
BOWLER 75 NP B97 227 

/h (1170) REFERENCES 

+lmai+ (KEg, KYOT, NIRS. SAGA, INUS, AKIT) 
+ (BONN, CERN, GLAS, LANC, MCHS, CURIN+) 

Dankowych+ (TNTO, BNL, CARL, MCGI, OHIO I 
+Game, Aitchison, Dainton (OXFTP, DARE 

I 

seen ANDO 92 SPEC 8 ~ r - - p ~  l r§  
seen ATKINSON 84 OMEG 20-70 ,yp  

~ + ~ - ~ O p  

seen DANKOWY...  81 SPEC 8 7rp --* 31rn 



See key on page 213 

IG(J PC) : 1 + ( 1 + - )  

b~(Z23S) MASS 

VALUE (MeV) EVTS DOCUMENT ID TEEN CHG COMMENT 
12~}J~4- 3.2 OUR AVERAGE Error Includes scale facto{ of 1.6. See the Ideogram below. 

1225 -t- 5 WEIDENAUER 93 ASTE ~p 
2~r + 2~r- ~r 0 

1235 +15 ALDE 92C GAM2 38,100 ~r- p 
~ - 0  n 

1236 +16 FUKUI 91 SPEC 8.95 ~r -p  
w~r0n 

1222 :5 6 ATKINSON 84E OMEG :5 25-55 "yp 
u@a-X 

1237 :5  7 ATKINSON 84E OMEG 0 25-55 -~p 
u]~.X 

1239 :5 5 EVANGELISTA81 OMEG - 1 2 ~ r - p ~  u~rp 
1251 :5  8 450 GESSAROLI 77 HBC 11 ~r- p -*  

/ r -  r 
1245 4-11 890 FLATTE 76C HBC 4.2 K -  p 

x - ~ +  

1222 :5  4 14OO CHALOUPKA 74 HBC 3.9~r-p  
1220 :5  7 600 KARSHON 748 HBC + 4.9 ~r + p  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1190 +10 AUGUSTIN 89 DM2 • e+e - ~ 5x 
1213 -i" 5 ATKINSON 84E OMEG 0 20-70 -~p 
1271 :511 COLLICK 84 SPEC - 200 ~r "f" Z 

Z x ~  

WEIGHTED AVERAGE 
1229.5+3.2 (Error scaled by 1.6) 

. . . . . . . . . . . . . .  WEIDENAUER 93 ASTE 
I ~ I . . . . . . .  ALDE 92C GAM2 0.1 
I . ~ I/~ . . . . . . .  FUKUI 91 SPEC 0.2 
~ 1 - -  ~ /  - \ . . . . . . . . . .  ATKINSON 84E OMEG 1.6 
I ~ . . . . . . . . .  ATKINSON 84E OMEG 1.1 
I ~ . . . . . . . . .  EVANGELISTA81 OMEG 3.6 
/ ~ . . . . .  GESSAROLI 77 HBC 7.2 
/ ~ . . . . . .  FLATrE 76C HBC 2.0 

--}-- . . . . .  ~ . . . . . .  CHALOUPKA 74 HBC 3.5 
J t . . . . .  % . . . . . .  KARSHON 74B HBC 1.8 

I / "  (Confidence Level = 0.009) 

1200 1220 1240 1260 1280 1303 

b 1 (1235) mass (MeV) 

h(Z23S) WIDTH 

VALUE (MeV} EVT5 DOCUMENT ID TECN CHG COMMENT 
1424- ~ OUR AVERAGE Error includes scale factor of 1.2. 
1134-12 WEIDENAUER 93 ASTE ~p 

2~ + 2 x -  ~r 0 
1604-30 ALDE 92C GAM2 38,100 x -  p 

~ x 0 n  
151+31 FUKUI 91 SPEC 8.95 ~r -p  

~ . 0 n  
170:515 EVANGELISTA 81 OMEG - 12 ~r- p ~ ~ r p  
170+50 225 BALTAY 788 HBC + 15 ~r+p ~ p4~r 
155~32 450 GESSAROLI 77 HBC 11 ~r-p 

~r- u~p 
182:E45 890 FLATTE 76C HBC 4.2 K - p  

135-t-20 1 4 0 0  CHALOUPKA 74 HBC 3.9 ~r -p  
156r 600 KARSHON 74B HBC + 4.9 ~r+p 
�9 �9 �9 We do not use the foilowlng data for averages, fits, limits, e t c . � 9  �9 �9 

210+19 AUGUSTIN 89 DM2 :5 e'f'e - ~ 5x 
231:514 ATKINSON 84c OMEG 0 20-70-~p 
232:529 COLLICK 84 SPEC + 200 ~r+Z 

Z~r~ 
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Meson Particle Listings 
/ ) i ( 1235 )  

Mode 

b~(1235) DECAY MODES 

Fraction (r l /r)  Confidence level 

r 1 ~:r  dominant 
[DIS amplitude ratio -- 0.29 • 0.04] 

F 2 ;'rd:"f (1.6:50.4) x 10 - 3  

F 3 ~/p seen 

F 4 ~r+ ~ + ~ r -  ~r ~ < .So % 84% 

I"5 ( K K ) ~  ~ < 8 % 9o'/, 
F 6 K ~ KO~:5 
F7 K ~  K ~ +  < 6 % 90% 

S S < 2 % 90% 

r 8 ~ r  < 1.5 % 84% 

r(,,~,y) 
WUE(~V) 
230"1-~ 

b1(1235 ) PARTIAL WIDTHS 

DOCUMENT ID TEEN CHG COMMENT 

COLLICK 84 SPEC + 200 w + z  
Z x ~  

r2 

bs(1235) D - v m v e / ~  AMPLITUDE RATIO IN DECAY OF b1(1235) ~ ~ r  

~/.~,t,l~ EVT5 DOCUMENT ID TEEN CHG COMMENT 
0-2111 4"0.04 OUR AVERAGE Error Includes scale factor of 2.2. See the Ideogram below. 

0.23 +0.03 AMSLER 94c CBAR 0.0 ~p ~ ~ T r  0 
0.45 +0.04 AMSLER 93B CBAR 0.0 ~p 

~x0~r0 
0.235:50.047 ATKINSON 84C OMEG 20-70 "rp 

O.4 +0.1 GESSAROLI 77 HBC - 11 ~ - p  -0 .1  
7 r -wp  

0.21 4-0.08 CHUNG 75B HBC + 7.1 = + p  
0.3 :50.1 EHALOUPKA 74 HBC - 3.9-7.5 7r- p 
0.35 +0.25 600 KARSHON 74B HBC + 4.9 x + p 

WEIGHTED AVERAGE 
0.291~.04 (Error scaled by 2.2) 

S, 
O 0.2 0.4 0.6 0.6 1 

b1(1235 ) D-wave/S-wave amplitude ratio in decay of b1(1235 ) ~ ~ r  

. . . . . . . . . . .  AMSLER 94C CBAR 4.5 
. . . . . . . .  AMSLER 93B CBAR 15.3 
. . . . . . . .  ATKINSON 84C OMEG 1.5 

. . . . . . .  GESSAROLI 77 HBC 1.1 
. . . . . . . .  CHUNG 75B HBC 1.1 
. . . . . . . .  CHALOUPKA 74 HBC 0.0 

. . . .  KARSHON 746 HBC 0.1 
23.6 

I ~ + ~  I (Confidence Level 0.001) 

bl(~3S ) BRANCHING RATIOS 

r(ep)Ir(,~.) r, lr~ 
VALUE DOCUMENT ID TECN ~)~M~I~T 

<0,10 ATKINSON 84D OMEG 20-70 '7 p 

r (,~+,~+,~- ~ ) i r  (,~,,) r41r~ 
VALUE DOCUMENT JD TECN CH~ COMMENT 

<0,11 ABOLINS 63 HBC + 3.5 ~''f'p 

r(lK'e)':~)ir(,,.) r,lrl 
Y4~,i/~ CL~ DOCUMENT ID TECN CHG COMMENT 

<O.0l 90 BALTAY 67 HBC + 0.0 ~p 

r(x~ ~ ) I r ( , ~ , , )  r,lr~ 
VALUE CL~ DOCUMENT IO TECN CHG ~O~4M~NT 

<O.0G 90 BALTAY 67 HBC :5 0.0 ~p 

r ( ~  ~ ) I r ( , . , ~ )  rTlr~ 
VALUE CL~ DOCUMENT I• TEEN CHG CQMM~NT 

<0.02 90 BALTAY 67 HBC + 0.0 ~p 



3 8 0  

Meson Particle Listings 
bl(Z2 5),  1( 26o) 
r(§ rB/r~ 
VALUE CL~ DOCUMENT ID TEEN CHG COMMENT 

<0.(304 95 V IKTOROV 96 SPEC 0 32.5 ~ -  p ~ | 
K +  K- -  ~rO n 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.04 95 BIZZARRI 69 HBC ::i: 0.0 ~ p  
<0.015 DAHL 67 HBC 1,6-4.2 ~ - p  

b~ (1235) REFERENCES 

PAN 59 1 1 8 4  +Golovkin+ (SEHP) 
Translated from YAF 59 1239. 
PL B327 425 +Armstrong, Ravndal+ (CP/stal Barrel Collab.) 
PL B311 362 +Armstrong. v.Dom~owski+ (Crystal Barrel Coilab.) 
ZPHY C89 387 +Duch+ (ASTERIX Collab.) 
ZPHY C84 553 +Bencheikh, Binon+ (BELG. SERP, KEH, LANL, LAPP) 
PL B257 241 +Ho~ikawa+ (SUGI, NAGO, KEK, KYOT, MIYA) 
NP B320 1 +Cosine (DM2 Col~ab.) 
NP B243 1 + (BONNI CERN, GLAS, LANC, MCHS, CURIN+) JP 
NP B242 269 + (BONN, CERN, GLAS, LANC, MCH8, CURIN+ ) 
PL 138B 459 + (BONN, CERN, GLAS, LANC. MCHS, CURIN+) 
PRL 53 2 3 7 4  +Heppelmann, Berg+ (MINN, ROCH, FNAL) 
NP B178 197 + (BARI, BONN, CERN, DARE, LIVP+) 
PR D17 62 +Cautis, Cohen, Csoena+ (COLU, BING) 
NP B126 382 + (BGNA, FIRZ, GENO. MILA, OXF, PAVI) JP 
PL 64B 225 +Gay, Blokzijl, Metzger+ (CERN, AMST, NIJM, OXF) JP 
PR D11 2 4 2 6  +Protopopescu, Lynch, Flatte+ (BNL, LBL, UCSC) JP 
PL 51B 407 +Ferrando, Losty, Montanet (CERN) JP 
PR D10 3 6 0 8  +Mikenberg, Elsenberg, PiBuck, Ronat+ (REHO) JP 
NP B14 169 +Foster, Gavillet, Montanet+ (CERN, CDEF) 
PRL 18 93 +Franz[ni, Severlens, Yeh, Zanetlo (COLU) 
PR 163 1377 +Hardy, Hess, Kirz, Miller (LRL) 
PRL U 381 +Lander, Mehlhop, Nguyen, Yager (UCSD) 

OTHER RELATED PAPERS 
ZPHY A389 4335 $.V. Golovldn, Kozhevnikov+ (SERP, ITEP) 
PR D37 2379 +Franek+ (SLAC Hybrid Facility Photon Collab.)JP 
NP B243 1 + (BONN, CERN, GLAS, LANC, MCHS, CURIN+)JP 
PRL 15 11B +Goldhaber, Kadyk, Shen (LRL ) 
PRL 12 254 +Lander, Rindfletsch, Xuong, Yager (UCB) JP 
PL 5 209 +Dodd+ (AACH, BIRM, HAMB, LOIC, MPIM) 

VIKTOROV 96 

AMSLER 94C 
AMSLER 93B 
WEIDENAUER 93 
ALDE 92C 
FUKUI 91 
AUGUSTIN 89 
ATKINSON 84C 
ATKINSON 84D 
ATKINSON 84E 
COLLICK 84 
EVANGELISTA 81 
BALTAY 78B 
GESSAROLI 77 
FLATTE 76C 
CHUNG 75B 
CHALOUPKA 74 
KARSHON 74B 
BIZZARRI 69 
BALTAY 67 
DAHL 67 
ABOLINS 63 

GOLOVKIN 97 
BRAU 88 
ATKINSON 84C 
GOLDHABER 68 
CARMONY 64 
BONDAR $3B 

la (Z26o)l IG(J PC) = 1-(1 ++)  

THE a~ (1260) 

Written March 1998 by S. Eidelman (Novosibirsk). 

The main experimental data on the az(1260) may be 
grouped into two classes: 

(1) Hadronic  Product ion.  This comprises diffractive 
production with incident ~r- (DAUM 80, 81B) and charge- 

have studied the process v --* 3~r~r. Despite quite different 

approaches, they all found a good overall description of the 

z-decay data with an a~(1260) mass near 1230 MeV, consis- 

~(~o)  MASS 
VAL UE (MIV) DOCUMENT ID TECN CHG COMMENT 
1230:t:40 OUR ESTIMATE 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 
12624. 94. 7 1,2 ACKERSTAFF 97R OPAL E c ~ =  88-94, 

exchange production with low-energy ~r- (DANKOWYCH 81, 
ANDO 92). The 1980's experiments explain the IGLJ P = 

I+S0 + data using a phenomenological amplitude consisting of a 
rescattered Deck amplitude plus a direct resonance-production 
term. They agree on an a1(1260) mass of about 1270 MeV 
and a width of 300-380 MeV. ANDO 92 finds rather lower 
values for the mass (1121 MeV) and width (239 MeV) in a 
partial-wave analysis based on the isobar model of the ~r%r-r ~ 
system. However, in this analysis, only Breit-Wigner terms 
were considered. 

($) -r decay. Five experiments reported good data on 
~" --* al(1260)~r --+ p~r~r (RUCKSTUHL 86, SCHMIDKE 86, 
ALBRECHT 86B, BAND 87, and ACKERSTAFF 97R). They 
are somewhat inconsistent concerning the a z (1260) mass, which 
can, however, be attributed to model-dependent systematic 
uncertainties (BOWLER 86, ALBRECHT 93C, ACKERSTAFF 
97R). They all find a width greater than 400 MeV. 

-T  ~ S x v  
12104. 74. 2 2,3 ACKERSTAFF 97R OPAL E~ '~=  88-94, 

~ r ~  3~ru 
1211-[" 7 ALBRECHT 93C ARG ~ +  -~ 

~r + Ir + ~r - v 
11214. 8 4 A N D O  92 SPEC 8 ~ - p - - ~  

12424.37 3 IVANOV 91 RVUE �9 --~ ~ + x + x - u  
12604.14 6 i V A N O V  91 RVUE ~--~ 7 r + ~ r + ~ - u  
12604. 9 71VANOV 91 RVUE ~ - - *  ~ + ~ + ~ - u  
12084.15 ARMSTRONG 90 OMEG 0 300.Opp-.~ 

p p ~ +  ~ -  ~0 

12204.15 IS ISGUR 89 RVUE ~.-t- 
l r + l r + l r -  v 

12604.26 9 BOWLER 88 RVUE 
11664.184.11 B A N D  87 MAC ~,-t- _.~ 

11644.414.23 B A N D  87 MAC ~'+ --~ 
~ §  

1250:E40 B T O R N Q V I S T  87 RVUE 
10464.11 ALBRECHT 86B ARG v +  

10564.204.15 RUCKSTUHL 86 DLCO v -l- --* 
l r + l r + ~ r -  u 

11944.144.10 SCHMIDKE 86 MRK2 ~.-t- . . ,  
~ + x + ~ - u  

12404.80 10DANKOWY, , ,  81 SPEC 0 8 . 4 5 x - p - - *  

12804.30 10 D A U M  81B CNTR 63,94 ~r -  p --~ 
p3~r 

10414.13 11GAVILLET  77 HBC + 4.2 K - p  

The discrepancies between the hadronic- and v-decay re- 

sults have stimulated several reanalyses. BASDEVANT 77, 78 

used the early diffractive dissociation and r decay data and 

showed that they could be well reproduced with an al  reso-' 

nance mass of 1180 + 50 MeV and width of 400 4- 50 MeV. Later, 

BOWLER 86, TORNQVIST 87, ISGUR 89, and IVANOV 91 

1 Uses the model of  KUHN 90. 
2 Supersedes AKERS 95P 

Uses the model of  ISGUR 89. 
Average and spread of values urJng 2 variants o f  the model of BOWLER 75. 

5 Reanalysis o f  RUCKSTUHL 86. 
6 Reanalysls o f  SCHMIDKE 86. 
7 Reanalysls of  ALBRECHT 86B. 
8 From a combined reanalysls o f  ALBRECHT 86B, SCHMIDKE 86, and RUCKSTUHL 86. 
9From a combined reanalysis of  ALBRECHT 66B and DAUM 81B. 

10 Uses the model of  BOWLER 75. 
11 Produced in K -  backward scattering. 

tent with the hadronic data. However, their widths remain 

significantly larger (400-600 MeV) than those extracted from 

diffracti~e-hadronic data. This is also the case with the later 

OPAL experiment (ACKERSTAFF 97R). In the high statistics 

analysis of ACKERSTAFF 97R the models of ISGUR 89 and 

KUHN 90 are used to fit distributions of the 3~r invariant mass 

as well as the 27r invariant mass projections of the Dalitz plot 

and neither model is found to provide a completely satisfactory 

description of the data. Another recent high statistics analysis 

of ABREU 98G obtains good description of the v --~ 31r data 

using the model of FEINDT 90 which includes the a t meson, 

a radial excitation of the a1(1260) meson, with a mass of 1700 

MeV and a width of 300 MeV. 
BOWLER 88 showed that good fits to both the hadronic 

and the v-decay data could be obtained with a width of about 

400 MeV. However, applying the same type of analysis to the 

ANDO 92 data, the low mass and narrow width they obtained 

with the Breit-Wigner PWA do not change appreciably. 
CONDO 93 found no evidence for charge-exchange photo- 

production of the az(1260) (but found a clear signal of a2(1320) 

photoproduction). They show that it is consistent with either 

an extremely large az(1260) hadronic width or with a small 

radiative width to Ir~/, which could be accommodated if the al 

mass is somewhat below 1260 MeV. 
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a1(1260), f2(1270) 

,lb.(12~0) WIDTH 

VALUE (MeV) DOCUMENT IO TECN CHG COMMENT 
210 to  6O0 OUR E E n M A T E  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

6214- 324-58 12,13ACKERSTAFF 97R OPAL E c ~  88-94, 

4574- 154-17 13,14 ACKERSTAFF 97R OPAL E~m= 88-94, 
T ~ 3~-v 

446•  21 ALBRECHT 93C ARG ~-+ 
x + ~ + ~ - v  

2394- 11 ANDO 92 SPEC 8 ~ r - p  
x + ~ r - - x O n  

2664- 13+ 4 15ANDO 92 SPEC 8 ~ r - p ~  
~ + x - ~ r O n  

46~ + 228 " - 1 4 3  16 IVANOV 91 RVUE r ~ x + ~ r + ~ r - u  

40 298+ -- 34 171VANOV 91 RVUE "r ~ x + x + ~ r - v  

4884- 32 181VANOV 91 RVUE " r ~  ~ + ~ + ~ - v  
430+ 50 ARMSTRONG 90 OMEG 0 300,Opp 

p p ~ +  ~r- x 0 

4204- 40 191SGUR 89 RVUE ~ +  

3964- 43 20 BOWLER 88 RVUE 

405+ 754-25 BAND 87 MAC r + 

4194-1084-57 BAND 87 MAC ~'+ 
x +  x0 ~r 0 

5214- 27 ALBRECHT 86B ARG ~'+ 
~r+ x +  ~ -  ~, 

476+1324-54 RUCKSTUHL 86 DLCO ~ ' + - -  
~ U  ~r+/r-i- fr-- u 

4624- 564-30 5CHMIDKE 86 MRK2 ~'+ 

3804-100 21 DANKOWY...  81 SPEC 0 8.45 ~r- p 
n3~r 

3004- 50 21 DAUM 818 CNTR 63,94 x - p  
pSx 

2304- 50 22 GAVILLET 77 HBC + 4.2 K -  p 
Z3~r 

12 Uses the model of KUHN 90. 
13 Supersedes AKERS 95P 
14 Uses the model of ISGUR 89. 
15 Average and spread of values using 2 variants of the model of BOWLER 75. 
16 Reanalysls of RUCKSTUHL 86. 
17 Reanalysis of SCHMIDKE 86. 
18 Reanalysis of ALBRECHT 86B. 
19 From a combined reanalysls of ALBRECHT 86B, SCHMIDKE 86, and RUCKSTUHL 86. 
20 From a combined reanalysls of ALBRECHT 86s and DAUM 81B. 
21 Uses the model of BOWLER 75. 
22 Produced In K -  backward scattering. 

Mode 

~(1260) DECAY MODES 

Fraction (rl/r) 

r I p~ dominant 
[D/S amplitude ratio = -0.100 • 0.028] 

r 2 ~r~ seen 
r 3 ~ (~r~r)s.wave pocslbly seen 

r(x,~) 
VALUE (~,V) 
MO~I4~ 

~(1260) PARTIAL WIDTHS 

DOCUMENT ID TECN COMMENT 

ZIELINSKI 84C SPEC 200 ~r ~ z  ~ Z3~r 

r2 

D-wave/$-vm~ AMPLITUDE RATIO IN DECAY OF al(12f~) --* p~r 

VALUE DOCUMENT ID TECN COMMENT 

- 0 . 1 0  =1:0.0~ =1=0 .02  23,24ACKERSTAFF 97R OPAL E c ~ =  88-94. r ~ J 
3~" u 

23 Uses the model of ISGUR 89. 
24 Supersedes AKERS 95P I 

~.(1260) BRANCHING RATIOS 

r(.(,~)s.~)/r(~,r) rs/rs 
VALUE DOCUMENT ID TECN 

�9 * �9 We do not use the followlnK data for averages, fits, l imits, etc. * �9 �9 

0.0034-0.003 25 LONGACRE 82 RVUE 

25Uses muitlchanne~ AItchlson-Bow~er model (BOWLER 75). Uses data from GAVIL- 
LET 77, DAUM 80, and DANKOWYCH 81. 

ACKERSTAFF 97R 
AKERS 9SP 
ALBRECHT 93C 
ANDO 92 
IVANOV 91 
ARMSTRONG 90 
KUHN ~K) 
ISGUR 89 
BOWLER 88 
BAND 87 
TORNQVIST ST 
ALBRECHT S~B 
RUCKSTUHL el~ 
SCHMIDKE 86 
ZIELINSKI 84C 
LONGACRE 62 
DANKOWY... $1 
OAUM 81B 
DAUM 80 
GAVILLET 77 
BOWLER 75 

ABREU ~ G  
CERN-EP/9~- 14 

BOLONKIN 95 

WINGATE 95 
CONDO 93 
FEINDT 90 
IIZUKA 89 
TORNQVIST 87 
BOWt.ER B6 
BASDEVANT 78 
BASDEVANT 77 
ADERHOLZ 64 
GOLDHABER 64 
LANDER 64 
BELLINI 63 

~(1260) REFERENCES 

ZPHY CTS 593 K. Ackerstaff+ (OPAL C~4bb.) 
ZPHY C67 45 +Alexander, Allit~l. Ametewee+ (OPAL Co, lab.) 
ZPHY C58 61 +Ehdichmann, Hamach~- (ARGUS Collab,) 
PL B291 496 +lmait (KEK. KYOT, NIRS, SAGA, INUS, AKIT) 
ZPHY C49 563 +Odpo% Volkov (JINR) 
ZPHY C4S 213 fBenayoen, Beu~h (WA76 Collab.) 
ZPHY C48 445 J.H. Kuhn, Santamada+ (MPIM) 
PR D39 1 3 5 7  +Morninlptar. Reader (TNTO) 
PL B209 99 (OXF) 
PL BL98 297 +CamporetJ, Chadwick. DeJfiilo~ (MAC Collab.) 
ZPHY C36 695 (HELS) 
ZPHY C33 7 +Donker, Gabriel. Ed~'ds+ (ARGUS Co~ab.) 
PRL 56 2 1 3 2  +Stroynowski. At~x~4. Bartsh+ (OELCO Co~b.) 
PRL 57 527 +AMams, Matteuzzi. Arnidei+ (Mark II Coilab.) 
PRL 52 1195 +Berg, Chandlee, Cihanlir~ (ROCH, MINN, FNAL) 
PR D26 83 (BNL) 
PRL 46 580 Dankowych~" (TNTO, BNL, CARL. MCGI, OHIO) 
NP 8182 269 ~Hertzber|er+ (AMST, CERN, CRAC, MPIM. OXF+) 
PL 89B 281 .Hertzber|er~ (AMST, CERN. CRAC, MPIM, OXF.) JP 
PL 69B 119 +BIockzi~, Enlelen+ (AMST, CERN, NIJM. OXF)JP 
NP B97 227 +Game, AJtchlsoe, Dalntoa (OXFTP, DARE) 

OTHER RELATED PAPERS 
PL B (to be ~Jl~.) R Abreu+ (DELPHI Co~l~b.) 

PAN 58 1 5 3 5  +V~edimirskii, Erole~a+ (ITEP) 
Translated Worn YAF 58 1628. 
PRL 74 45% + ~  Grind (COLO, FSU) 
PR 048 3045 ~Handler, BulB+ (SLAC Hytxid Collab.) 
ZPHY C48 ~1 M. Feindt (HAMB) 
PR D39 3357 +K0~buchi, Masuda (NAGO, IBAR. TSUK) 
ZPHY C36 695 (HELS) 
PL B182 400 (OXF) 
PRL 40 994 +Ber|er (FNAL, ANL) JP 
PR O16 657 +B~ger (FNAL, ANL)JP 
PL 10 226 ~ (AACH3, BERL, BIRM, BONN, DESY. HAMB+) 
PRL 12 33~ +Broom. Kadyk, Shen+ (LRL, UCB) 
PRL 13 34(~. 4Abdins, Carmony, Henddcks, Xuoel+ (UCSD) JP 
NC 29 Ir~ +FIodnl, Herz, Negd, Ratd (MILA) 

IG(J PC) = 0 + ( 2 + + )  

~(~z0) MASS 

VALUE (MeV) E V T S  DOCUMENT IO 
127't~:J,: 1.2 OUR AVERAGE 

1278 4- 5 1 BERTIN 97C 
1272 4- 8 200k PROKOSHKIN 94 
1269.74- 5.2 5730 AUGUSTIN 89 
1283 r 8 400 2 ALDE 87 
1274 4- 5 2 AUGUSTIN 87 
1283 4- 5 3 LONGACRE 86 

1276 4- 7 COURAU 84 

1273.34- 2.3 4 CHABAUD 83 
1280 + 4 5 CASON 82 
1281 ::i: 7 11600 GIDAL 81 
1282 4- 5 6 CORDEN 79 
1269 4- 4 10k APEL 75 
1272 4- 4 4600 ENGLER 74 
1277 4- 4 5300 FLATTE 71 
1273 d: 8 2 STUNTEBECK 70 
1265 4- 8 BOESEBECK 68 
�9 �9 �9 We do not use the following data for averages, fits, llmRs. 

1260 4-10 7ALDE 97 
1278 4- 6 7 GRYGOREV 96 

1262 4-11 AGUILAR-... 91 

TECN COMMENT 

OBLX O . O ~ p ~  ~+~ r -T r  0 
GAM2 38 7 r - p  ~ ~r0Tr0n 

DM2 e' i-e - ~ 5~ 
GAM4 100 ~r-  p - -  4*r 0 n 

DM2 J/V) ~ "~x+ x - 
MPS 22 7 r - p  ~ n 2 / ~  5 

DLCO �9 + e -  
e+  e -  ~r-t- ~r- 

ASPK 17 ~r- p polarized 
STRC 8 ~ + p ~  A'~'~rOTr 0 
MRK2 J/VJ decay 
OMEG 12-15 7 r - p  ~ n2~r 
NICE 4 O T r - p ~  n2Tr 0 
DBC 6 ~ r + n  ~ 7r+ I t -  p 
HBC 7.0 ~r-t- p 
HBC 8 ~r-  p, 5.4 7r4" d 
HBC 8 ~r'f- p 

etc. �9 �9 �9 

GAM2 450 pp  ~ pp~O~O 
SPEC 40 ~ ' -  N ~ KO K O v 5 S "  
EHS 400 pp 

1275 4-10 AKER 91 CBAR O . O p p ~  3~r 0 

1220 4-10 BREAKSTONEgO SFM p p ~  p p ~ + l r -  
1288 4-12 ABACHI 86B HRS e-t'e - ~ ~r ' t 'Tr-X 
1284 4-30 3k BINON 83 GAM2 3 8 x - p ~  n2r/ 
1280 "4"20 3k APEL 82 CNTR 2 5 1 r - p ~  n2~r 0 

1284 4-10 16000 DEUTSCH..  76 HBC 16 f r + p  
1258 4-10 600 TAKAHASHI 72 HBC 8 x - p ~  n2~r 
1275 4-13 ARMENISE 70 HBC 9 ~ r ' i ' n ~  p x ' t ' x  - 
1261 d: 5 1960 2ARMENISE 68 DBC 5.1 x + n  ~ p l r + M M  - 
1270 4-10 360 2ARMENISE 68 DBC 5 . 1 1 r + n ~  p x O M M  
1268 4- 6 8JOHNSON 68 HBC 3 . 7 - 4 . 2 ~ r - p  

1 T-matr ix  pole. 
2Mass errors enlarged by us to r / ~ / N ;  see the note wi th the K*(892)  mass. 
3From a partial-wave analysis of data usJng a K-matr ix formalism wi th 5 poles. 
4 From an enerBy-lndependent partial-wave analysis. 
5 From an amplitude analysis of the reaction ~r + 7r- ~ 2~ 0. 
6 From an amplitude analysis of x + ~ r -  ~ ~ +  ~r- scattering data. 
7Systematic uncertainties not estimated. 
8JOHNSON 68 includes BONDAR 63, LEE 64, DERADO 65, EISNER 67. 
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f~(1270)  

~ ( ] 2 7 0 )  WIDTH 

VALUE (M~V) EVTS DOC.UMENT IO TECN COMMENT 

~l~g +_ ~.~ OUR FIT Error Includes scale factor of 1.5. 

l lN. l i~  4~  OUR AVERAGE Error Includes scale factor of 1.7. See the Ideogram below. 

204 4-20 9 BERTIN 97C OBLX 0.0 ~p ~ x + ~r- ~r 0 
192 d: 5 200k PROKOSHKIN94 GAM2 3 8 ~ r - p ~  ~0~r0n 
180 4-24 AGUILAR-... 91 EHS 400 pp 
189 + 9 5730 10 AUGUSTIN 89 DM2 e + e -  ~ 5~r 
150 4-30 400 10ALDE 87 GAM4 1 0 0 ~ r - p ~  4~r0n 

188 +_ 92 11LONGACRE 86 MPS 2 2 x - p ~  n2KO S 

179.2 + 6.9 12CHABAUD 83 ASPK 17~-ppoladzed - 6.6 
160 4:11 DENNEY 83 LASS 1 0 x + N  
196 +10 3k APEL 82 CNTR 2 5 ~ r - p ~  n2x 0 
152 �9 9 13CASON 82 STRC 8 x + p - - ~  A++~rOx 0 
186 4-27 11600 GIDAL 81 MRK2 J/r 
216 +13 14CORDEN 79 OMEG 1 2 - 1 5 x - p - - *  n2x 
190 :El0 10k APEL 75 NICE 4 0 x - p - - ~  n2~.0 
192 4-16 4600 ENGLER 74 DBC 8 x + n ~  ~ + x - p  
183 4-15 5300 FLAT'rE 71 HBC 7 ~ + P ~  ~ + + f 2  
1% 4-30 10 STUNTEBECK70 HBC 8 ~ ' -p,  5,4 ~'+d 
216 -t-20 1960 10ARMENISE 68 DBC 5 . 1 ~ r + n ~  p ~ + M M -  
128 4-27 10BOESEBECK 68 HBC 8 w + p  
176 4-21 10,15JOHNSON 68 HBC 3.7-4.2~r-p 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

187 4-20 16ALDE 97 GAM2 4SOpp...* ppxOx 0 
184 4-10 16GRYGOREV 96 SPEC 4 0 ~ r - N ~  KOKOx 

200 +10 AKER 91 CBAR 0 . 0 p p - -  3~r 0 
240 :b40 3k BINON 83 GAM2 38~r -p , - *  n2~ 
187 :t:30 650 10ANTIPOV 77 CIBS 2 5 ~ r - p ~  p3x 
223 4-38 16000 DEUTSCH... 76 HBC 16~r+p 
166 4-28 600 10TAKAHASHI 72 HBC 8 ~ - p ~  n2x 
173 ~53 10ARMENISE 70 HBC 9 ~ r + n ~  p~ r+x -  

9 T-matrix pole. 
10Width errors enlarged by us to 4F/~/N; see the note with the K*(892) mass. 
11 From a partial-wave analysis of data udng a K-matrix formalism with 5 poles. 
12 From an enerlp/-Independent partial-wave anal~ls. 
13From an amplitude analyrJs of the reaction ~r+x - ~ 2~ 0. 
14 From an amplitude analysis of ~+ ~r- ~ ~r + ~ -  scattndng data. 
15 JOHNSON 68 Includes BONDAR 63, LEE 64, DERADO 65, EISNER 67. 
16 Systematic uncertainties not estimated. 

WEIGHTED AVERAGE 
184.6+4.2-2.6 (Error scaled by 1.7) 

Values above of weighted average, error, 
and scale factor am based upon the data in 
this ideogram cmly. They am no~ neces- 
sadly the same as our 'best' values, 
ob~ined Irom a least-squares (>on.strained lit 
utilizing measurements ol other (related) 
quantities as additional i~formatio~. 

Z2 
I . . . . . . . .  BERTIN 97C OBLX 0.9 

-t- . . . . . . . . . . .  PROKOSHKIN 94 GAM2 2.2 
AGUILAR-... 91 EHS 0.0 

~ . . . . . . . . . . . .  AUGUSTIN 89 DM2 3,0 
I [ '  I . . . . . . . . . . . .  ALDE 87 GAM4 1.3 

~ - ~  . . . . . . . . . . .  LONGACRE 86 MPS 0.3 
- i f  | . . . . . . . . . . .  CHABAUD 83 ASPK 0.6 

�9 ~" ] . . . . . . . . . . .  DENNEY 83 LASS 5.0 
I " '~-  . . . . . . . . . .  APEL 82 CNTR 1.3 

--t-- . t .  ~ . . . . . . . . . . .  CASON 82 STRC 13.1 
. . . . . . . . .  GIDAL 81 MRY~ 0.0 

/ . ) t . . . . . . .  CORDEN 79 OMEG 5.8 
/ - - - ~  . . . . . . . . . .  APEL 75 NICE 0.3 
/ - ~ -  . . . . . . . . . .  ENGLER 74 DBC 0.2 

t - -P - -  ~ . . . . . . . . . .  FLATTE 71 HBC 0.0 
. . . . . . .  STUNTEBECK 7O HBC 0.1 

/ ~ . . . . . .  ARMENISE 68 DBC 2.5 
. . . . . .  \ . . . . . . . . .  BOESEBECK 68 HBC 4.4 

/ I ' ~  . . . . . . . .  JOHNSON 68 HBC . 0.2 
/ \ 41.4 

J I / ~ L _  I (IC~ fida~ce Level = 0"001) 

100 150 200 250 300 350 

f2(1270) width (MeV) 

F~(1270) DECAY MODES 
Scale factor/ 

Mode Fraction (rl/r) Confidence 

r l  x ~  (84.6 +2.5 -1 .3  )% S=1.3 

r2 ~ + ~ - 2 ~  ~ ( 7.2 +1.5 )% S:1.3 -2 .7  
r 3 K ' R  ( 4.6 4-0.4 )% S=2.8 
F4 2~'+2~ " -  ( 2.8 4-0.4 )% S=1.2 
['s ,7,/ ( 4.s 4-1.0 ) x 10 - 3  s=2.4 
re 4~r ~ ( 3.0 4-1.0 ) x  10 - 3  

r7 ' ~  ( +o 17 - s  1.32_0116) x 10 

r8 ~, , , ,  < 8 x 10 - 3  CL=95% 
r 9 K 0 K -  x +  + c.c. < 3.4 x 10 - 3  CL--95% 
r i o  e + e -  < 9 x 10 - 9  CL=90% 

CONSTRAINED FIT INFORMATION 
An overall f i t to the total width, 4 partial Widths, a combination 
of partial widths obtained from integrated cross sections, and 6 
branching ratios uses 39 measurements and one constraint to de- 
termine 8 parameters. The overall fit has a X 2 = 70.7 for 32 
degrees of" freedom. 

The following off.dia&onal array elements are the correlation coefficients 
(6p i6p j l / (6p i .6p j ) ,  In percent, from the fit to parameters p~, Including the branch- 

in K fractions, x i = r J r t o t a  I. The fit constrains the x~ whose labels appear in this 
array to sum to one. 

x2 

x3 

x4 
xs 

x6 

x7 

r 

- 9 2  

11 --38 

11 - 3 6  1 
2 --9 0 

0 - 7  0 

8 - 3  - 1 5  

- 7 9  74 - 1 2  

0 

0 0 

1 0 0 

- 9  - 3  0 - 1 0  

Xl x2 x3 X4 x5 x 6 x7 

Mode Rate (MeV) Scale factor 

['1 ~T  15@9 +4.2 -1.2 

r 2 ~'+ 7r-- 2/r 0 13.4 +3.1 -5.1 
I" 3 K K  8.6 •  
I" 4 2~r+2~ - 5.2 +o.7 

rs ,,~ o.. +o.18 
F 6 4~r 0 0.55 4-0.19 

n nn.~A,l + 0.00032 
['7 ")"7 . . . . .  --0,00029 

1.3 

2.9 
1.2 
2.4 

~(1270) PARTIAL W I D T H S  

DOCUMENT ID TECN 

17 LONGACRE 86 MPS 

r ( . . )  r l  
VALUE (MeV} - -  COMMENT 

=~'+- 'N ou.  m 

~.0*N 22.-0-  .2Ko 

r ( x N  r, 
V~J UE (MeV) DOCUMENT ID TECN COMMENT 
11.6 i0.1l  OUR FIT Error Includes scale factor of 2.9. 

9.0 -4-0.7 -0 .3  17 LONGACRE 86 MPS 22 x - p  ~ n2K 0 

r (~)  r, 
VALUE (MeV) DOCUMENT ID "FECAl COMMENT 
0J~4-0.11 OUR FIT Error includes scale factor of 2.4. 
1.0 4-0.1 17LONGACRE 86 MPS 2 2 ~ r - p ~  n2K 0 

r (~ )  r7 
The value of this width depends or= the theoretical model used. Unitadsed models with 
scalars give values clustedng around ~-- 2.6; without an 5-wave contdbutio~, values are 
systematically higher (typically amued 3). Since It Is used to average results obtained 
with variety of models, we I~efer to quote our own estimate. 

VALUE {keV} EVT._~SS DOCUMENT IO TECN COMMENT 
2.11 4-0.4 OUR I~JITIMATE 

u , * g ~  our . r  

um,o.,,+o~ 18BE.,ENO 92 CELL e+,-- -  
e+e-- w + ~ -  



See key on page 213 

�9 ,~ �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

3,104-0.354-0.35 19 BLINOV 92 MD1 e+e - 
e + e -  ~-+~r-  

2.274-0,47~0.11 ADACHI 90D TOPZ e + e -  
e+  e-- ~r§ - 

3.154-0.044-0.39 BOYER 90 MRK2 e + e  - 

3�9 MARSISKE 90 CBAL r  e + e - ~ ' O ~  "0 

2.354-0.65 20MORGAN 90 RVUE " y ~  : ' r+~ - . ~r0~r 0 

3 .19+0.09+0:22  2177 OEST 90 JADE e + e - - ~  e+e--",'r0".'r 0 

3.2 4-0.1 4-0.4 21 AIHARA 86B TeE e + e-- 
e +  e -  ~r+ r - 

2.5 4-0.1 4-0.5 BEHREND 84B CELL e + e  - ~-~ 
e+  e -  ~r+ ~r - 

2.85• 22 BERGER 84 PLUT e §  - ~ e §  
2.70:1:0.054-0.20 COURAU 84 DLCO e §  - 

e+  e -  .a-+ .,,r - 
2.524-0.134-038 23 SMITH 84C MRK2 e + e  - --~ 

e+e--~+~ - 
2.7 +0.2 4-0,6 EDWARDS 82F CBAL e+e - ~ e§ 0 

2,9 4-0.6 4-0.6 24EDWARDS 82F CBAL e§ - ~ e§ 0 
-0.4 

3.2 4-0.2 4-0.6 BRANDELIK 81B TASS e + e  - 
e§ - 

3,6 4-0.3 4-0,5 ROUSSARIE 81 MRK2 e + e - ~  
e+e-~§ 

2,3 4-0.8 25 BERGER 80B PLUT e+e  - 

r(e + e-) r=0 
VALUE (eV) CL~ DOCUMENT /D TECN COMMENT 

< l , T  90 VOROBYEV SB ND e+e  - ~ ~0~0 

17 From a partial-wave analysis of data using a X-matr lx formalism wi th 5 pales. 
18 Using a unltarlzed model wi th scalars. 
19 Using the unitarized model of LYTH 85. 
20 Error includes spread of different solutions. Data of MARK2 and CRYSTAL BALL used 

in the analysis�9 Authors report strong correlations with 3'"( width of f0(1370) : r ( f2)  § 

1 /4  r ( f  O) = 3.6 • 0.3 KeY. 
21Radlatlve corrections modify the partial widths; for Instance the COURAU 84 value 

becomes 2.66 4- 0.21 in the calculation of LANDRO 86. 
22 Us|ng the MENNESSIER 83 model. 
23 Superseded by BOYER 90�9 
241f hellclty = 2 assumption Is not made. 
25Using maSS, width and B(f2(1270 ) ~ 2~) from PDG 78. 

f2 (1270) r (0r (~ ) / r (= t~0  
r(KK---) x r(~)/r~., r~ rd r  
VALUE (keV) DOCUMENT ID TECN COMMENT 

0.115+00~O011~ ~ OUR FIT  Error Incl~des scale factor of 1.1. 

O.0~114.0.0074-O.0~T 26 ALBRECHT 90G ARG e + e -  
e + e - K + K  - 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.1044-0.0074-0.072 27 ALBRECHT 90G ARG e + e -  --~ 
e + e - K + K  - 

26 Using an incoherent background. 
27 Using a coherent background. 

f2(1270) BRANCHING RATIOS 

r ( , . O l r ~ , i  rdr 
VA~.U~: E V T S  DOCUMENT ID TECN COMMENT 

B44t "I" O D25 O. -0~1~1 OUR FIT  Error Includes scale factor of 1.3. 

0 .837 -1 -0 .020  O U R  A V E R A G E  

0.849:1:0,025 CHABAUD 83 ASPK 17 ~ - p  polarized 
0.85 4-0.05 250 BEAUPRE 71 HBC 8 7r+p --* A + +  f2 
0.8 ~0.04 600 OH 70 HBC 1 . 2 6 1 r - p ~  ~ r + ~ - n  

r ( .+  �9 - 2- 0 ) / r (..) r= /q  
Should be twice l ' ( 2 ~ r + 2 ~ r - ) / r ( ~ r )  I f  decay Is pp. (See ASCOLI 68D.) 

VALUE ~V'I'S DOCUMENT ID TECN COMMENT 

0 065 "t'0"~0~- OUR FIT Error Includes scale factor of 1.3, 
�9 --0.~1~ 

0.15 4-0.0~ 600 EISENBERG 74 HBC 4 . 9 ~ + p - - ~  A + §  2 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.07 EMMS 75D DBC 4 ~ +  n ~ Pf2 

r(KK--)/r( . .)  r~/r~ 
We average only experiments which either take into account f2(1270)-a2(1320 ) inter- 
ference explicit ly or demonstrate that  a2(1320 ) production is negng]ble. 

VALUE~ ~ :V7~ ~OCUMENT /D TECN ~'OMMENT 

0 055"1"0"~0~ E OUR FIT Error includes scale factor of 2.8. �9 --u.u~m 

0.0410+0:0~ OUR AVERAGE 

0 037+0"008 ETKIN 828 MPS 23 ~ -  p ~ n2KO S 
" " - -0.021 

0.0454-0.009 CHABAUD 81 ASPK 17 ~r--p polarized 
0.0394-0.008 LOVERRE 80 HBC 4 ~ r - p  ~ K K N  
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f2(1270) 

�9 �9 �9 We do not use the following data for averages, fits, l imits, e t c . � 9  * �9 

0.0364-0.005 28 COSTA... 80 OMEG 1-2.2 ~ -  p "-~ 
K §  

0.0304-0.005 29 MARTIN 79 RVUE 
0.027+0.009 30pOLYCHRO.. .  79 STRC 7 1 r - p ~  n 2 K  0 

0.0254-0.015 EMMS 75D DBC 4 ~r+~ ~ Pf2 
0.031• 20 ADERHOLZ 69 HBC 8 7r-Pp 

K +  K -  Ir-F p 

28 Re-evaluated by CHABAUD 83. 
29 includes PAWLICKI 77 data. 
30Takes lnto account the f2(1270)-f~(1525) Interference�9 

r ( 2 , , + z . - ) / r ( . . )  rdrl 
VALUE E V T 5  DOCUMENT ID Tf~CN COMMENT 
0.033"1"0.00B OUR FIT Error includes scale factor of 1.2. 
0.0334-0.004 OUR AVERAGE Error includes scale factor of 1.1. 

0.024• 160 EMMS 75D DBC 4 l r + n  ~ Pf2 
0.051• 70 EISENBERG 74 HBC 4.9 ~ + p  ~ LI + §  f2 

0 04 ̀ .`.+0.007 255 LOUIE 74 HBC 3.9 ~ -  p -'~ n f  2 
�9 " -  0 ,011  

0.0374-0.007 154 ANDERSON 73 DBC 6 ~r § n ~ Pf2 
0.0474-0.013 OH 70 HBC 1 . 2 6 1 r - p ~  ~ r+T r -n  

r (nn) Ir~,., rglr 
VALUE (units 10 -3) DOCUMENT ID TECN COMMENT 
4.54"1.0 OUR FIT Error Includes scale factor of 2�9 
3.14-0.8 OUR AVERAGE Error includes scale factor of 1.3. 

2 .8•  ALOE 869 GAM4 100 l r -  p ~ 2~n 
5.2:t:1.7 BINON 83 GAM2 38 ~ - p  ~ 2~/n 

r(n,1) I r ( , r . )  rdrl 
VALUE CL% DOCUMENT ID TECN ~OMM~NT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.05 95 EDWARDS 82F CBAL e + e -  ~ e -F e -  2T/ 

<O.016 95 EMMS 750 DBC 4 l r  + n ~ p f2 
<0.09 95 EISENBERG 74 HBC 4.9 r  ~ A + +  f2 

r(4.o) Irt~, rdr 
VALUE E V T S  DOCUMENT ID TECN C~QMMENT 
0.0030"1"0.0010 oUR FIT 
0.003 "t"0.001 4004- ALDE 87 GAM4 1 0 0 ~ - p ~  4~r0n 

5O 

r(n, . , ) I r ( ,~. )  r , lr~ 
VA~.UE CL% DOCUMENT ID TECN COMMENT 

<0.010 95 EMMS 75D DBC 4 w + n ~ Pf2 

r (K ~ K -  lr + + r r , / r l  
VAL~I~ CL% DOCUMENT I~J TECN CLOMMENT 

<0.004 95 EMMS 75D DBC 4 lr § n ~ Pf2 

ALOE 
BERTiN 
GRYGOREV 

PROKOSHKIN 

BEHREND 
BLINOV 
AGUILARo.. 
AKER 
AOACHI 
ALBRECHT 
BOYER 
BREAKSTONE 
MARS)SKE 
MORGAN 
OEST 
AUOUSTIN 
VOROBYEV 

ALDE 
AUGUSTIN 
ABACHI 
AIHARA 
ALDE 
LANDRO 
LONGACRE 
LYTH 
BEHREND 
BERGER 
COURAU 
SMITH 
BINON 

Also 

CHABAUD 
DENNEY 
MENNESSIER 
APEL 
CASON 
EDWARDS 
ETKIN 
BRANDELIK 
CHABAUD 

f2(1270) REFERENCES 
PL B397 350 +Bellar Binon+ 
PL B408 476 A. BerUn, Bzusch~+ 
PAN 59 2105 +Baloshin, Barkov 
Translated from YAF 59 21s7. 
SPD 39 420 +Kondashov 
Translated from DANS 336 613. 
ZPHY C56 381 
ZPHY C53 33 
ZPHY C$0 408 
PL B260 249 
PL B234 185 
ZPHY C48 183 
PR D42 1350 
ZPHY C4S 569 
PR D41 3324 
ZPHY C4S 623 
ZPHY 047 343 
NP B320 1 
SJNP 48 273 

97 (GAMS ColLab.)' 
97C (OBELIX Cotlab.) 
% (ITEP) 

94 (SERe) 

92 (CELLO Collab.) 
92 +Bondar, Bukin+ (NOVO) 
91 Aguilar-Benitez, Allison, Batalor+ (LEBC-EH5 CoJlab.) 
91 i-AmBler, Peters+ (Crystal Barrel Collab.) 
9~D +Dos�9 (TOPAZ Collab.) 
90G +Ehrtichmann, Harder+ (ARGUS Collab.) 
90 +Butler+ (Mark II Coliab.) 
90 + (ISU, BGNA, CERN, DORT. HEIDH, WARS) 
90 +Antreasya~+ (Crystal Bali Collab�9 
90 +Pennington (RAL, DURH) 
gO +Damon+ (JADE Collab.) 
89 +Cosme (DM2 Coliab.) 
88 +GOlub~v, Dolinsky, Oruzhinin+ (NOVO) 

Translated from YAF 48 436. 
87 PL B198 286 +Binon, Bricman+ (LANL, BRUX, SERe, LAPP)" 
67 ZPHY C36 369 +Cosine+ (LALO, CLER. FRAS, PADO) 
86B PRL 57 1990 +Derrick, BIockus+ (PURD, ANL, IND, MICH, LBL) 
86B PRL 57 404 +Alston-Garnjost+ (TPC-2 T Collab.) 
86D NP B269 485 +Binon, Bricman+ (BELG, LAPP, SERP. CERN, LANL} 
86 PL 8172 448 +Mork, OIs~n (UTRO) 
86 PL B177 223 +Etkln+ (BNL, BRAN. CUNY, DUKE, NDAM) 
85 JPG 11 459 
84B ZPHY C23 223 +Fenner, Schachter, Schroeder+ (CELLO Collab.) 
84 ZPHY C26 199 +Klovnini, B.rger+ (PLUTO Co,lab.) 
84 PL 147B 227 +Job.son. Sherman, Atwood. Baiilon+ (ClT, SLAC) 
84C PR Da0 851 +Burke. Abrams, Blocker, Levi+ (SLAC, LBL, HARV) 
8~3 NC 78A 313 +OonskOv, Duteil+ (BELG, LAPP, SERe, CERN) 

B SJNP 38 561 Binon. Gouanere+ (BELG. LAPP, SERF'. CERN) 
Translated from YAF 38 934. 

83 NP B223 I +Gorlich, Cerrada+ (CERN. CRAC, MPIM) 
83 PR D28 2726 +Cranley, Firestone, Chapman+ (IOWA, MICH) 
83 ZPHY C16 241 (MONP) 
82 NP 8201 197 +Augenstein+(KARLK, KARLE, elBA, SERF'. WIEN, CERN) 
82 PRL 48 1316 +Biswas. Baumbaugh, Bishop+ (NOAM, ANL) 
82F PL 110B 82 +PaKddi[e. P~:k+ (CIT. HARV, PRIN. STAN. SLAC) 
82B PR D25 1786 +Foley, Lai+ (BNL, CUNY, TUFTS, VAND) 
8IB 2PHY C10 ]17 +Boernel+ (TASSO CoBab.) 
81 APe B12 575 +Niczyporuk. Seeker+ (CERN. CRAC, MPIM) 
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f~(1270), f~(1285) 
GIOAL 81 PL 1078 lS3 
ROUSSARIE 81 PL 1(~8 304 
BERGER 808 PL 948 254 
COSTA... 80 NP 8175 402 
LOVERRE 80 ZPHY C6 187 
CORDEN 79 NP B157 250 
MARTIN 79 NP 8158 520 
POLYCHRO.,. 79 PR O19 1317 
PDG 78 PL 758 
ANTIPOV 77 NP B119 45 
PAWLICKI 77 PR D]5 3196 
DEUTSCH... 76 NP B103 426 
APEL 75 PL $?B 398 
EMMS 75D NP B% 155 
EISENBERG 74 PL 528 23r 
ENGLER 74 PR D10 2070 
LOUIE 74 PL 4BB 385 
ANDERSON 73 PRL 31 562 
TAKAHASHI 72 PR D6 12~6 
BEAUPRE 71 NP B28 77 
FLATTE 71 PL 34B 551 
ARMENISE 70 LNC 4 199 
OH 70 PR D12494 
STUNTEBECK 70 PL 328391 
ADERHOLZ 69 NP BU 259 
ARMENISE 68 NC 54A 999 
ASCOLI 68D PRL 21 1712 
BOESEBECK 68 NP 84 501 
JOHNSON 68 PR 176 1651 
EISNER 67 PR 164 1699 
DERADO 65 PRL 14 87") 
LEE 64 PRL 12 342 
8ONDAR 65 PL 5 153 

I ,(z285)1 

+Goldhaber, Guy, Millikan, Abrams+ (SLAC, LBL) 
+Burke, Abrams, Alam+ (SLAC, LBL) 
+Geezer+ (PLUTO C~lab.) 

Costa De Beaureprd+ (BARI, BONN, CERN+) 
+Armenteros, OlonirJ+ (CERN, CDEF, MAOR, STOH) 
+Dowell, Ganmy+ (BIRM, RHEL, TELA, LOWC) 
+Ozmutlu (OURH) 

Polychronako~, Cason, Bishop+ (NDAM, ANL} 
Bdcman+ 

+Busnello, Dlmsaa~d, K[enzle+ (8ERP, GEVA) 
+Ayres, Cohen, Dfebold. K~amer, W~cklund (ANL) 

Deutschmann+ (AACH3, BERL, BONN, CERN+) 
4Aul[enste{n+(KARLK, KARLE. PISA. SERF, W/EN, CERN) 
+Ktnson, S~cey. Votruba+ (BIRM, DURH, RHEL) 
+En[ter, Haber, Kzrshon+ (REHO) 
+Krzemer, Toaff, Wet~er, Olaz+ {CMU, CASE) 
+Alittl, Gandois, Chaloup~+ (SACL, CERN) 
+Enter, Kraemer, Toaff, Dliz+ (CMU, CASE} 
+Barlsh+ {TOHOK, PENN, NOAM, ANL) 
+Deutschmann, Gru.~Jer+ (AACH, 8ERL, CERN) 
+Alston-Gar njost, Bar b~ro-C-altJer[+ (LBL) 
+Ghidlni, Fodn|, Cartacci+ (BARI, BGNA, FIRZ) 
+Ga~nkel, Morse, Walker, prentice (WISC, TNTO)JP 
+Kenney, Decry, Blswas, Car, on+ (NDAM) 
+Bartsch+ (AACH3, BERL, CERN, JAGL, WARS) 
+Ghldlnl, FoaleD+ (BARI, BGNA, FIRZ, ORSAY) 
+Crawley, Mo~tara+ (ILL) 

BERL, CERN +Deutschmann+ (AACH, PURD, SLAC ) ) 
+Poirier, Biswas, Gutay+ (NDAM, 
+Johnson, Klein, Peters, Sahnl, Yen+ (PURD) 
+Kenney, Poirlef, Shephard (NOAM) 
+Roe, Sinclair, VanderVelde (MICH) 
+ (AACH, 81RM, BONN, DESY, LOIr MPIM) 

I G ( J  PC)  = 0-1-(1 + + )  

f1 (1285)  M A S S  

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
12~1.g4- 0.5 OUR AVERAGE Error includes scale factor of 1.7. See the ideogram 

below. 
1284 4- 6 1400 ALDE 978 GAM4 100 ~ - p  ~ ~/~r0~r0n I 
1281 4- 1 BARBERIS 97B OMEG 450 pp I 

pp2(~r+ ~r - ) 
1281 4- 1 BARBERIS 97C OMEG 450 pp ~ | 

ppKO K4-~r:]: 

1280 4- 2 1 ANTINORI 95 OMEG 300,450 pp -., 
pp2(~r+~r-)  

1282.2:1:1.5 LEE 94 MPS2 1 8 x - p - *  
K+ K--'O2~r- p 

1279 4- 5 FUKUI 91C SPEC 8.95 ~ r -p - - *  r / ~ + ~  - n  
1 2 7 8 4 -  2 140 ARMSTRONG 89 OMEG 300 pp ~ K ' ~ r p p  
1 2 7 8 4 -  2 ARMSTRONG 890 OMEG 85 x + p  ~ 4 x x p ,  

pp ~ 4~rpp 
1280.14- 2.1 60 RATH 89 MPS 21.4 x - p  

K 0 K 0 ~r 0 n 
S S 

1285 4- 1 4750 2BIRMAN 88 MPS 8~r-p . .~  K+'l~O~r-n 
1280 4- 1 504 SITYUKOV 88 SPEC 32.5 -,r- p 

K+ K -  ~rO n 
1280 4- 4 ANDO 86 SPEC 8 ~ r - p ~  rt~r+~r-n 
1277 4- 2 420 REEVES 86 SPEC 6.6pp--~ KK~rX 
1285 4- 2 CHUNG 85 SPEC 8 ~ r - p ~  NKK~r 
1279 4- 2 604 ARMSTRONG 84 OMEG 85 ~r+p ~ K'K~r~rp, 

pp ~ K'K~r pp 
1286 4- 1 CHAUVAT 84 SPEC ISR 31.5 pp 
1278 4- 4 EVANGELISTA81 OMEG 12 ~r -p  

1283 4- 3 103 DIONISI 80 HBC 4 ~ - p ~  K-K:n  
1282 :E 2 320 NACASCH 78 HBC 0.7,0.76 ~p  -~ K K 3 ~  
1 2 7 9 4 -  5 210 GRASSLER 77 HBC 16 ~:Fp 
1286 4- 3 180 DUBOC 72 HBC 1.2 ~p ~ 2K4~r 
1283 4- 5 DAHL 67 HBC 1.6- '4.2;r  

�9 = �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1270 4-10 AMELIN 95 VES 3 7 ~ r - N ~  

ASATZIS 94 OMEG 450 pp 

- pp2(x0+ ~r-)  
ARMSTRONG 93C E760 pp ~ ~r fir I ~ 6"7 

4-10 ARMSTRONG 92C OMEG 300 pp ~ ppx 'Fx- "7  
AUGUSTIN 90 DM2 J / r  --* "7"q~r+~r - 
ARMSTRONG 89E OMEG 300 pp --* 

p p 2 ( x + x  - )  
4-10 16 BECKER 87 MRK3 e + e - - ~  <~KK~ 

GIDAL 87 MRK2 e + e  - -~ 
e+ e -  r/~.+ ~ -  

353 BITYUKOV 84B SPEC 32 x - p  
K +  K -  ~rO n 

3TORNQVIST 828 RVUE 
31 BROMBERG 80 SPEC 100 ~r-p--~ K;l('~rX 

1280 4- 2 

1282 4- 4 
1270 4- 6 
1 2 6 4 4 -  8 
1 2 8 1 4 -  1 

1 2 7 9 4 -  6 
1286 4- 9 

1287 4- 5 

~1279  
1275 4- 6 

1288 4- 9 200 GURTU 79 HBC 4 .2K -p - -~  n~121r 
~1275.0 46 4STANTON 79 CNTR 8 . 5 ~ - p ~  n2.72~r 

1271 :1:10 34 CORDEN 78 OMEG 12-15 7 r -p  --~ 
K +  K -  lrn 

1295 4-12 85 CORDEN 78 OMEG 12-15 I r - p  --~ n5~" 
1292 4-10 150 DEFOIX 72 HBC O.7~p..-.~ 7~" 
1280 4- 3 500 8THUN 72 MMS 1 3 . 4 . - p  
1303 4- 8 BARDADIN-... 71 HBC 8 x + p  -.~ p6~r 
1283 4- 6 BOESEBECK 71 HBC 16.0 7rp ~ pS~r 
1270 4-10 CAMPBELL 69 DBC 2.7 ~-+ d 
1285 4- 7 LORSTAD 69 HSC 0.7 ~p, 4,5-body 
1290 4- 7 D'ANDLAU 68 HBC 1.2 pp, 5-6 body 

1Supersedes ABATZIS 94. ARMSTRONG 89E. 
2 From partla! wave analys!s of K+K--'Ox - system. 
3 From a unltadzed quark-model calculation. 
4 From phase shift analysis of ~x-I- ~r system. 
5Seen in the missing mass spectrum. 

WEIGHTED AVERAGE 
1281.9r (Error scaled by 1.7) 

~ x 2 
i :  I . . ALDE 97B GAM4 0,1 

. . . . . . . . . .  BARBERIS 97B OMEG 0.8 
- t - .  �9 . . . . . . . . .  BARBERI$ 97C OMEQ 0.8 
I : '  - . . . . . . . . .  ANTINORI 95 OMEG 0,9 

. . . . . . . . .  LEE 94 MPS2 0.1 
I A!~I . . . . . . . .  FUKUI 91C SPEC 0.3 

! ~ ;  . . . . . . . . . .  ARMSTRONG 89 OMEG 3.7 
~ -  ~: . . . . . . . . . .  ARMSTRONG 89G OMEG 3.7 

- -  ~ . . . . . . . . . .  PATH 8 9  MP$ 0,7 
|! - 4 -  . . . . . .  BIRMAN 88 MPS 9.8 

- ~- J . . . . . . . . . . .  BITYUKOV 88 SPEC 3.5 
. . . . . . . . .  ANDO ~8~ SPEC 02  
. . . . . . . . . .  REEVES 5.9 

~ i i  SPEG 
"~1 I . . . . .  CHUNQ 85 SPEC 2.5 

- - ! 1  �9 ARMSTRONG 84 OMEG 2.0 
�9 CHAUVAT 84 SPEC 17.1 
. EVANGELISTA 81 OMEG 0.9 
' DIONISI 80 HBC 0.1 
�9 NAGASCH 78 HBC 0.0 

. . . .  GRASSLER 77 HBC 0.3 
/ , , ~  �9 �9 .DUBOC 72 HBC 1.9 

/ ~ . . . .  DAHL 67 HBC 55.50;1 

i:i: (Confidence Level 0.001) 

1270 1275 1280 1285 1290 1295 1300 

f1(1285) mass (MeV)  

f l ( 128S)  W I D T H  

Only experiments giving width error less than 20 MeV are kept for aver- 
aging. 

VALUE (MeV) Ev'rs DOCUMENT ID TECN COMMENT 
24'.0 4" 1.2 OUR AVERAGE Error Includes scale factor of 1.4. See the Ideogram below. 

55 +18 1400 ALDE 97B GAM4 100 ~ - p  ~ T/~0~0n 
24 4- 3 BARBERIS 97B OMEG 450 pp 

pp2(~r+ x - ) 
20 4- 2 BARBERIS 97C OMEG 450 pp.-*  

p p K O s K •  
36 4- 5 6ANTINORI 95 OMEG 300,450 pp 

pp2(~r+ ;r - ) 
29.0-1- 4.1 LEE 94 MPS2 18 ~ - p  --~ 

K +  ~O 2~r-p 
25 4- 4 140 ARMSTRONG 89 OMEG 300 pp ~ K'KTrpp 
22 4- 2 4750 7BIRMAN 88 MPS 8 1 r - p ~  K+K---O~r-n 
25 4- 4 504 BITYUKOV 88 SPEC 32.5 l r - p  

K + K - I r O n  
19 4- 5 ANDO 86 SPEC 8 x - p - *  r /Tr+~--n 
32 4- 8 420 REEVES 86 SPEC 6 . 6 p ~  KK~rX 
22 4- 2 CHUNG 85 SPEC 87r-p . -~  NK"~ r  
32 4- 3 604 ARMSTRONG 84 OMEG 857r' i 'p ~ K'Kvr~rp, 

pp ~ K"~Irpp 
24 4- 3 CHAUVAT 84 SPEC ISR 31.5 pp 
29 4-10 103 DIONISI 80 HBC 41r-p....., K-'KTrn 
28.34" 6 2  320 NACASCH 78 HBC 0.7,0.76 ~p  --~ K~[('3x 

�9 �9 �9 We do not use the following data for averages, fits, ,mRs, etc. �9 �9 �9 



See key on page 213 

40 4- 5 ABATZIS 94 OMEG 

44 4-20 AUGUSTtN 90 DM2 
31 :l: 5 ARMSTRONG 89E OMEG 

41 4-12 ARMSTRONG 89G OMEG 

17.94-10.9 60 RATH 89 MPS 
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f ~ ( 1 2 8 5 )  

450 p p  
p p 2 ( , +  ~r - ) 

J / r  --~ ~ . + . -  
300 p p  

pp2(~r+ ~r - ) 
85 ~r+p --* 4~rxp, 

p p  ~ 4 * p p  
21.4 ~r-- p 

K 0 K 0 , 0  n 
S 5 

CONSTRAINED FIT INFORMATION 
An overall f i t to 7 branching ratios uses 14 measurements and one 
constraint to determine 5 parameters. The overall f i t has a X 2 = 
23.7 for 10 degrees of  freedom. 

The following of f -d iagonal  array elements are the correlation coefficients 

( ~ x i # x ~ l / ( # x i . ~ x ~ ) ,  in percent, from the fit to the branching fractions, x i - 

F j l ' t o ta  I. The fit constrains the x i whose labels appear in this array to sum to 

14 _+20 4-10 16 BECKER 87 MRK3 

26 4-12 EVANGELISTA81 OMEG 

25 4-15 200 GURTU 79 HBC 
10 8 STANTON 79 CNTR 
24 4-18 210 GRASSLER 77 HBC 
28 + 5 150 9DEFOIX 72 HBC 
46 4- 9 180 9DUBOC 72 HBC 
37 4- 5 500 IOTHUN 72 MMS 
10 4-10 BOESEBECK 71 HBC 
30 4-15 CAMPBELL 69 DBC 
60 4-15 9LORSTAD 69 HBC 
38 4-10 9DAHL 67 HBC 

6Supersedes ABATZIS 94. ARMSTRONG 89E. 
7 From partial wave analysis of K + K - '0  ~r- system. 
8 From phase shlR analysis of r/~r+ ~ -  system. 
9 Resolution is not unfolded. 

10Seen in the missing mass spectrum. 

WEIGHTED AVERAGE 
24.0r (Error scaled by 1.4) 

e+e - --~ CKK~r 

1 2 . - - p  
t~.'4-.-- . -  p 

4.2 K - p  ~ n r l 2 *  
8.5 * - - p  -+ n2"y2* 
16 .:F p 
0.7 ]5 p ~ 7*  
1.2 ~p ~ 2K4"~ 
13.4 ~r -p  
16.0 * p  ~ p5*  
2.7 ~-F d 
0.7 ~p, 4.5-body 
1.6-4.2 w -  p 

X2 

> ALDE I 97B GAM4 3.0 
�9 BARBERIB 97B OMEG 0.0 

. . . . . . .  . . . . . . .  BARBERIS 97C OMEG 3.9 
I �9 . ANTINORI 95 OMEG 5.8 

' LEE 94 MPS2 1.5 
�9 ARMSTRONG 89 OMEG 0.1 
. BIRMAN 88 MPB 1.0 
�9 BITYUKOV 88 SPEC 0.1 
- ANDO 86 BPEC 1.0 

. . REEVES 86 SPEC 1.0 
�9 CHUNG 85 BPEC 1.0 
�9 ARMSTRONG 84 OMEG 7.2 

. . . . . . . . .  CHAUVAT 84 SPEC 0.0 
. . . . . .  DIONISI 80 HBC 03 

. . . . . . .  NACASCH 78 HBC 0.4 
~s.~ 

(Confidence Level = 0.025) 

10 20 30 40 50 60 

f1(1285) width (MeV) 

one. 

x7 
x~ 
x~ 

f~(128S) DECAY MODES 

(4. = ~ (~ * )P~e )  
Scale factor/ 

Mode Fraction (FI/F) Confidence level 

F 1 Mr (3s 4- 4 )% S=1.6 
['2 /r0~rOlr+Tl'- (23.54- 3.0) % S=1.6 

F 3 2~r+ 27r - (11.74- 1.8)% s=1.6 
I" 4 pO~r+~r- (11.7+ 1.5) % 5=1.6 
1"5 4/1"0 < 7 X 10 - 4  . CL=90% 

F6 ~/~r~ (so 4-18 )04 
1"7 a0(980_~r [ ignoring ao(980 ) --* (34 -t- 8 )% 5=1.2 

KK] 
1"8 r/~r~r [excluding a0(980)~r ] (13 4- 7 )% S=1.1 
FS KR~r ( 9.64- 1.2) % 5=1.5 
1"10 KK*(892) not seen 
1"11 .yp0 ( 5.44- 1.2) % 5=2.3 
1"12 ~')' ( 7.9• 3.0) x 10 - 4  

1"13 " ) " 7 *  

1"14 "Y'Y 

Xll 

-48 
- 2 4  - 7 2  

89 - 4 5  - 2 2  

- 5  - 8  - 4  - 6  

xz x7 xs x9 

&(12=) r(e)r(~)/r(t==) 
r (~ . . )  x r ( ~ ) / r ~ ,  r ~ r . / r = ( r ~ + r , ) r . / r  
VALUE (keV) CL_• DOCUMENT ID TEEN COMMENT 

<0.r 95 GIDAL 87 MRK2 e+e - --~ 
e+ e -  r / . + .  - 

r (~ . . )  x r ( ~ ) / r ~ . ,  r6ru/ r=(rT+r=)r - / r  
VALUE (keV) EVTS DOCUMENT 10 TEEN COMMENT 
1.4 4-0.4 OUR AVERAGE Error includes scale factor of 1.4. 
1.18:E0.25• 26 11,12 AIHARA 88B TPC e + e -  --~ 

e+ e -  r/lr+ lr - 
2.304-0.614-0.42 11,13GIDAL 87 MRK2 e+e - -+ 

e+ e -  r / , + w  - 

11Assuming a p-pole form factor. 
12 Published value multiplied by r / l r *  branchln K ratio 0.49. 
13 Published value divided by 2 and multiplied by the r/lrlr branching ratio 0.49. 

f1(1285) BRANCHING RATIOS 

r(x'e' , ) /r(4.)  ro/r~ 
VALUE DOCUMENT ID TEEN COMMENT 
O.274:1:0.O18 OUR FIT Error includes scale factor of 1.4. 
02714-0.016 OUR AVERAGE Error Includes scale factor of 1.2. 
0.2654-0.014 14 BARBERIS 97c OMEG 480 p p  --~ | 

ppKOsK ' : -x~ :  

0.28 4-0.05 15 ARMSTRONG 89E OMEG 300 p p  ~ pp f1 (1288)  
0.37 4-0.03 4-0.05 16ARMSTRONG 89(; OMEG 88 * p - - *  4*X 

14 Using 2(* + * - )  data from BARBERiS 97B. I 
15 Assuming p x *  and a0(980)1r intermediate states. 
164,  consistent wlth being entirely p * * .  

r(~OxOx+ , - ) / r ~ , l  r 2 / r  = | r l / r  
VALUE DOCUMENT It:) 
O.,']~i4"0.OSO OUR FIT Error includes scale factor of 1.6. 

r ( 2 .+2 . - ) / r~=  rs/r = t r d r  
VALUE DOCUMENT IO 
0.1174-0.015 OUR FIT Error includes scale factor of 1.6. 

r ~ ,P , r - ) / r= ts ,  r4/r = t r u r  
VALUE DOCUMENT ID 
0.1174-0.015 OUR FIT Error Includes scale factor of 1.6. 

r(KX,OIr(n,~. ) ry/r6 = r,/(r~+re) 
VALUE DOCUMENT 10 T~CN COMMENT 
0.194"0.04 OUR FIT Error lncludes scale factor of 1.4. 
0.234-0.06 OUR AVERAGE Error includes scale factor of 1.2. 
0.424-0.15 GURTU 79 HBC 4.2 K - p  
0.5 +0.2 CORDEN 78 OMEG 12-15 * - p  
0.204-0.08 17 DEFOIX 72 HBC 0.7 pp --* 7x 
0.16::E0.08 CAMPBELL 69 DBC 2.7 * + d  

17 K~" system characterized by the I = 1 threshold enhancement. (See under a0(980)). 

r(ao(~0), pimorlnlao(~0)-. K~J)/r(v/,rx) r~/r6 = r~/(r~+r=) 
VA~U~ EVTS DOCUMENT ID TEEN COMMENT 
0.~4-0.13 OUR FIT 

o..+_g:~ ou. ,ve~G~ 
o.,24-o.1, GORTU , . . ~ c  4.2 K- .  
0.6 +0.3 CORDEN 78 OMEG 12-15 * - p  -0 .2  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.284-0.07 1400 ALDE 97B GAM4 100 * - p  ~ r / *0x0n  | 
1.0 4-0.3 GRASSLER 77 HBC 18 ~r~p 
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 (12e5), 
r (~ ) / r ( . . . )  r~/r~ = r~/(r~+r,) 
VALU ~ DOCUMENT ID T ~ N  COMMENT 
O.TJ.-I-Ool~ OUR FIT Error includes scale factor of 1.5. 
0A1-1-0.14 OUR AVERAGE 
0.37:E0.114-0.11 BOLTON 92 MRK3 J / ' ~  7f1(1285) 
0.644-0.40 GURTU 79 HBC 4.2 K - p  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.93-:-0.30 18 GRASSLER 77 HBC 16 ~rTp 

18Assuming p~r~r and ao(980)~r Intermediate states. 

r(K~(SS2l)/r== 
V.~t.V~ DOCUMENT ID T~CN 

net  ~ NACASCH 78 HBC 

r ~ . + . - ) i r ( 2 . + 2 . - )  
VALU E DOCUMENT ID TEEN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

ANDO 
REEVES 
CHUNG 85 
ARMSTRONG 84 
BITYUKOV 84B 
CHAUVAT 84 
TORNQVIST 82B 
EVANGELISTA 81 
BROMBERG 80 
DIONISI 80 
GURTU 79 
STANTON 79 
CORDEN 78 
NACASCH 78 
GRASSLER 77 r lolr DEFOIX 72 
DUBOC 72 

COMMENT THUN 72 
0.7,0.76 ~ p  ~ KK3~r 8ARDADIN-.. 71 

BOESEBECK 71 
CAMPBELL 69 Fur3 LORSTAD 69 

COMMENT D'ANDLAU 68 
DAHL 67 

PRL 57 12% +lmai+ (KEK, KYOT, NIRS. SAGA, INUS, TSUK+)IJP 
PR 34 1960 +Chun K, Crittenden+ (FLOR, BNL, IND, MASD) JP 
PRL 55 779 +Femow, 8oehnlein+ (RNL, FLOR, IND, MASD)JP 
PL 146B 273 +Blood~orth, Burns+ (ATHU, BARI, BIRM, CERN)JP 
PL 1448 133 Bitukov, Domfeev, Dzhelyadin, Golovkin, Kulak+ (SERP) 
PL 148B 382 +Meriret, Bonino+ (CERN, CLER, UCLA, SACL) 
NP 8203 268 (HELS) 
NP B178 197 + (BARI, BONN, CERN. DARE. LIVP+) 
PR D22 1513 +HasRerty, Abrams, Dzierba (CIT, FNAL, ILLC, IND) 
NP B169 1 +Gavtllet+ (CERN, MADR, CDEF, STOH) 
NP B151 181 +Gavillet. Blokzijl+ (CERN. ZEEM, NIJM, OXF) 
PRL 42 346 +Brockman+ (OSU, CARL, MCGI. TNTO) JP 
NP B144 253 +Corbett, Alexander+ (BIRM, RHEL, TELA, LOWC)JP 
NP B135 203 +Defoix, Dobrzynski+ (PARIS, MADR, CERN) 
NP B121 189 + (AACH3, BERL, BONN, CERN, CRAC, HEIDH+) 
NP B44 125 +Nascimento, Bizzarri+ (CDEF, CERN ) 
NP B46 429 +Go(dberg, M~kow~k~, Donald+ (PARIS, LIVP) 
PRL 28 1733 +Blieden, Finocchiaro, Bowen+ (STON, NEAS) 
PR D4 2 7 1 1  Bardadin-Otw~nowska, Hofmokl+ (WARS) 
PL 34B 659 (AACH, BERL, BONN, CERN. CRAC, HELD, WARS) 
PRL 22 1204 +Lichtman. Loeffler+ (PURD) 
NP B14 63 +D'Andlau, Astier+ (CDEF, CERN)JP 
NP B5 693 +AstJer, Badow+ (CDEF, CERN, IRAD, LIVP)IJP 
PR 163 1377 +Hardy, Hess, Kirz. Miller (LRL) UP 

1.04-o.4 GRASSLER 77 HBC 16 GeV ~r4-p 

rp~r0)/rt== rg/r 
VALUE(units 10 -4) CL.~..~ DOCUMENT ID TEEN COMMENT 

< 7  90 ALDE 87 GAM4 l O O ~ r - p ~  4~r0n 

r(r rl=/r9 
VALUE (units 10 -2) EL% E V T S  DOCUMENT ID TEEN COMMENT 

0.8~::1:0.21=J=0.20 19 BITYUKOV 88 SPEC 32.5 ~r-- p 
K + K - ~ r O n  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

<0.93 95 AMELIN 95 VES 37 ~r-  N 
~r-  ~r+ ~r- 3, N 

r(~0)/r(K~'~) r . / r .  
VALUE CL~ DOCUMENT ID TEEN (~QMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

>0.035 90 19 COFFMAN 90 MRK3 J / #  ~ ~ r + ~ r  - 

19Using B(J/V~ ~ 7f1(1285) --* 7"~p0)=0.25 x 10 - 4  and B(J/V~ ~ 3'f1(1285) 

3, K K ~ r ) = <  0.72 x 10 - 3 .  

r(~~ r . / r~ = r,~/tr, 
VALUE DOCUMENT ID TEEN COMMENT 
OA~'l 'O.t.~ OUR R T  Error Includes scale factor of 1.9. 
0.418-1-0.111 20COFFMAN 90 MRK3 J / V , ~  7*r~r+~r - 

20Using B ( J / r  ~ 7f i (1255)  -~ ~ p 0 ) = 0 . 2 5  x 10 - 4  and B ( J / 9  - *  "~f1(1255) 

~/2~-} '2~r-)=0.55 x 10 - 4  given by MIR 88, 

r( ,~) /r~,~ r . / r  
VALUE / CL~ DOCUMENT ID TEEN COMMENT 

O.1084"1"O.O12 OUR FIT Error includes scale factor of 2.3. 

OJ~!14-O.00/4-0.O0~ AMELIN 95 VES 37 ~r-  N 
~r- ~r+ ~r- 3,N 

�9 �9 �9 We do not use the fol lowing data for averages, fits. l imits, etc. �9 �9 �9 

<0.05 95 BITYUKOV 918 SPEC 32 ~ r - p  ~ ~ r §  

r ( . . ~ ) / r (~  ~ ru r~  = (r~+r.)/r. 
VA~.U~ DOCUMENT ID TEEN COMMENT 
g.24"2.6 OUR FIT Error Includes scale factor of 3.0�9 
7 j J , . 1 .0  21 ARMSTRONG 92C OMEG 300 pp  ~ pp~r+~r - " ( ,  

pp r l~ r+~r -  

21 Published value mult ipl ied by 1.5. 

ALDE 97B 

BARBERIS 97R 
BARBERIS 97C 
AMELIN 95 
ANTINORI 95 
A5ATZIS 94 
LEE 94 
ARMSTRONG 93C 
ARMSTRONG 92C 
BOLTON 92 
BITYUKOV 918 

FUKUI 91C 
�9 AUGUSTIN 90 

COFFMAN 90 
ARMSTRONG 89 
ARMSTRONG 89E 
ARMSTRONG 89G 
RATH 69 
AIHARA 888 
BIRMAN 88 
BITYUKOV 88 
MIR 88 
ALDE 87 
BECKER 87 
GIDAL 87 

f1(1285) REFERENCES 

PAN 60 386 D, Aide, 8inon, 8Hcman+ (GAMS Collab.) 
Translated from YAF 60 458. 
PL 8413 217 D. Barbeds+ (WA102 Collab.) 
PL 8413 225 D. BarberB+ (WA102 Collab.) 
ZPHY C66 71 +Berdnikov+ (VES Coil/b.) 
PL B353 589 +Barberls. Bayes+ (ATHU, BARI, BIRM, CERN, JINR) 
PL B324 509 +Antinori, Barberis+ (ATHU, BARI, BIRM, CERN, JINR) 
PL 8323 227 +ChunK, Kirk+ (8NL, IND, KYUN, MASD, RICE) 
PL B307 394 +Bettoni+ (FNAL, FERR, GENO, UCI, NWES+) 
ZPHY C54 371 +Barnes, Bena~oun+ (ATHU, BARI, BIRM, CERN, CDEF) 
PL B278 495 +Brown, Bunnett+ (Mark III Co(lab.) 
SJNP 54 318 +Bo~isov, Viktorov+ (SERP) 
Translated from YAF 54 529. 
PL 8267 293 + (SUGI, NAGO, KEK, KYOT, MIYA, AKiT) 
PR D42 10 +Cosine+ (DM2 Co(lab.) 
PR O41 1410 +De JOnKh+ (Mark lU Co(lab.) 
PL B221 216 +Benayoun+(CERN, CDEF, BIRM, BARI, ATHU, CURIN+) JPC 
PL B228.536 +Benayoun (ATHU, BARI, BIRM, CERN, CDEF, CURIN+) 
ZPHY C43 55 +Blood~orth+ (CERN, BIRM, BARI, ATHU, CURIN+) 
PR D40 693 +Casofl+ (NDAM, BRAN, BNL, CUNY, DUKE) 
PL B209 107 +Alstoe-Garnjost+ (TPC*27 Co(lab.) 
PRL 61 1557 +ChunK, Peaslee+ (BNL, FSU, IND. MASD) JP 
PL 8203 327 +Borisov, Dorofeev+ (5ERP) 
Photon-Photon 88 Conf., 126 (Mark III Collab.) 
PL B19a 286 +Binon, Bdcman+ (LANL, BRUX, SERP. LAPP) 
PRL 59 186 +Blaylock, Bolton, Brown+ (Mark III Co(lab.) 
PRL 59 2012 +Boyer, Butler, Cords, Abrams+ (LBL, SLAC, HARV) 

AIHARA 
ASTON 
ATKINSON 
GAVILLET 
D'ANDLAU 
MILLER 

- -  OTHER RELATED PAPERS - -  

88C PR D38 I +Alston-Garnjost+ (TPC-2*f Co(lab.)JPC 
85 PR O32 2255 +Carnegie, Ounwoodie+ (SLAC, CARL, CNRC) 
84E PL 138B 459 + (BONN, CERN, GLAS, LANE, MCHS, CURIN+) 
82 ZPHY C16 119 +Armenteros+ (CERN, CDEF, PADO, ROMA) 
65 PL 17 347 +Barlow. Adamson+ (CDEF. CERN. IRAD. LIVP) 
65 PRL 14 1074 +Chung. DaM, Hess. Hardy. Kirz+ (LRL. UCB ) 

I ( 29s) I o+(o +, 
See also the mini-review under non-qfi candidates. (See the index 
for the page number.) 

.(1295) MASS 

VALUE (MeV) EVT5 DOCUMENT ID TEEN COMMENT 
129"t.0::E2.11 OUR AVERAGE 
1299 4-4 2100 ALDE 97B GAM4 100 l r - p  ~ r/~rOlrOn 
1295 4-4 FUKUI 91C 5PEC 8.95 l r - p  ~ r D r + l r - n  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

~1275  STANTON 79 CNTR 8 . 4 ~ r - p ~  nr/21r 

.(1295) WIDTH 

VALUE (MeV) EVT5 DOCUMENT ID TEEN COMMENT 

r~4-6  FUKUI 91cSPEC 8 . 9 5 1 r - p ~  r D r + T r - n  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<40 2100 ALDE 97B GAM4 100 ~ r - p  ~ r/lr0~rOn 

~ 7 0  STANTON 79 CNTR 8 . 4 1 r - p ~  n~/21r 

Mode 

.(1295) DECAY MODES 

Fraction ( r l / r )  

r I r / / r + / r  - seen 

F 2 a0(980)Tr seen 

F3 ,),,7 
r 4 r/~.0 ;1.0 seen 

F 5 r / (T r~)s_wave seen 

r/(1295) r (Dr (~ ) / r ( to t= )  

r ( . . + . - )  x r(~)/r==, rlr=/r 
VALUE (keV) CL.~.~ DOCUMENT ID TEEN COMMENT 

<0.3 ANTREASYAN87 CBAL e + e  - ~ e + e - r D r ~ r  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.6 90 AIHARA 88C TPC e § e -  
e+e-~+~ - 

.(1295) BRANCHING RATIOS 

r(mo(~o),,)Ir~,, rd r  
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

not seen BERTIN 97 OBLX 0.O ~ p  
K +  ( KO) l r~  ~.+ lr - 

seen BIRMAN 85 MPS 8 I r -  p ~ K +  K"O lr - n 
large ANDO 86 SPEC 8 l r - p  ~ r/ l r+~r - n 
large STANTON 79 CNTR 8 . 4 1 r - p ~  nrt2~r 

r(~o(~o).)Ir(n..% o) r=Ir~ 
VALUE DOCUMENT ID TEEN COMMENT 

0.654.0.10 1ALDE 97B GAM4 100 ~ r - p  ~ 7/lrOlrOn 

1 Assuming that a0(980 ) decays only to T/~, 
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r(,~(,=)~.~v~)Ir(~/~r ~  r~Ir~ 
VALUE DOCUMENT IO TECN ~Q~f~4ENT 
0.M' I 'O.10 ALDE 97B GAM4 100 ~ r - p  ~ r /~0*r0n 

//(1295) REFERENCES 

AN S0 38 D. Aide Binon, Brlcman+ (GAMS Collab.) ALDE 978 ~raftsated ~rom YAF 60 455. 
BERTIN 97 PL 8400 226 +Bruschi, Capponl+ (OBELIX Collab.) 
FUKUI 91C PL 8267 293 + (SUGI, NAGO, KEK, KYOT, MIYA, AKIT) 
AIHARA 88C PR D38 1 +Alston-GarnJo~+ (TPC-2"/ Collab.) 
BIRMAN 88 PRL 61 1557 +Chung, Peaslee+ (BNL, FSU, IND, MASD)JP 
ANTREASYAN 87 PR D36 2633 +BarLels, Besset+ (Crystal Ball Collab.) 
ANDO 86 PRL 57 1296 +lmai+ (KEK, KYOT, NIRS, SAGA, INUS, TSUK+)IJP 
STANTON 79 PRL 42 346 +Brockman+ (OSU, CARL, MCGi, TNTO) JP 

I,,( 3oo) I I G ( J  PC)  = 1 - ( 0 - + )  

.(1300) MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
13004"100 OUR ~ M A T E  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

12754" 15 BERTIN 97D OBLX 0.05 p p  ~ 2~r-i'2~r - 
1114 ABELE 96 CBAR 0.0 ~ p  --* 5~r 0 
11904- 30 ZIELINSKI 84 SPEC 200 ~r+Z ~ Z3~r 
12404- 30 BELLINI 82 SPEC 40 ~ r - A  ~ A3~r 
1273 4. 50 1AARON 81 RVUE 
13424- 20 BONESINI 81 OMEG 1 2 ~ r - p ~  p3~r 
1400 DAUM 81B SPEC 63,94 ~ r - p  

1Uses mult lchannel Aitchison-Bowler model (BOWLER 75), Uses data from DAUM 80 
and DANKOWYCH 81. 

,(1300) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
200 tO 600 OUR Fr..CrlMATE 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2184"100 BERTIN 97D OBLX 0.05 ~ p  ~ 2~r+2~r - 
340 ABELE 96 CBAR 0.0 ~5p ~ 5~r 0 
4404- 80 ZIELINSKI 84 5PEC 2 0 0 ~ r ' F Z ~  Z3~r 
3604-120 BELLINI 82 SPEC 40 ~ r - A  ~ A3*r 
5804-100 2 AARON 81 RVUE 
220:1:70 BONESINI 81 OMEG 1 2 ~ r - p ~  p3~r 
600 DAUM 81B 5PEC 63,94 ~ r - p  

2 Uses mult ichannel AItchlson-Bowler model (BOWLER 75). Uses data from DAUM 80 
and DANKOWYCH 81. 

,(1300) DECAY MODES 

Mode Fraction ( l J r )  

F1 p~r seen 

r 2 ~r (~r~r)s_wave seen 

I" 3 ,~ff 

.(1300) r(~)r(.~)/r(tot=) 
r (~ . )  x r (~ ) / r to=~  r~r~/r  
VALUE (keV) CLf[, DOCUMENT ID TECN COMMENT 
<0�9 90 ACCIARRI 97T L3 e + e  - 

e+  e -  ~r+ ~r- ~rO 
<0.54 90 ALBRECHT 97B ARG e -I- e -  

r ( . ( ,r - )s_w.v~)Ir  (e . )  r21r~ 
VALU~ DOCUMENT ID TECN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2.12 3 AARON 81 RVUE 

3 Uses mult lchannel Altchlson-Bowler model (BOWLER 75)�9 Uses data from DAUM 80 
and DANKOWYCH 81. 

�9 -(1300) REFERENCES 

ACCIARRI 97T PL B413 147 M. Acdarri+ 
ALBRECHT 97B ZPHY C74 469 +Hamacher, Hofmann+ (ARGUS Collab.) 
8ERTIN 97D PL B414 220 A. BerLin+ (OBELIX Collab.) 
ABELE 96 PL 8380 453 +Adomeit, Amsler+ (Crystal Barrel Cogab.) 
ZlELINSKI 84 PR D30 1855 +Berg, Chandiee, Cihangir+ (ROCH, MINN, FNAL) 
BELLINI 82 PRL 48 1697 +Frabetfi, Ivanshin, Litk~n+ (MILA, BGNA, JINR) 
AARON 51 PR D24 1207 +Longacre (NEAS, BNL) 
BONESINI 81 PL 103B 75 +Donald+ (MILA, LIVP, DARE, CERN, BARI, BONN) 
DANKOWY... 81 PRL 46 580 Dankowych+ (TNTO. BNL, CARL, MCGI, OHIO) 
DAUM 818 NP B182 269 +HerLzberger+ (AMST, CERN, CRAC, MPIM, OXF+) 
DAUM 80 PL 898 281 +HerLzberger+ (AMST, CERN, CRAC, MPIM, OXF+) 
BOWLER 75 NP 897 227 +Game. Altchl~on, Dainton (OXFTP, DARE) 

OTHER RELATED PAPERS - -  
ACKERSTAFF 97R ZPHY C75 593 K. Ackerstaff+ (OPAL Collab.) 
ALBRECHT 95C PL B548 576 +Hamacher, Hofmann, Klrchoff+ (ARGUS Collab. ) 

I G ( J  PC)  = 1 - ( 2  + + )  

~(1320) MASS 

VALUE (MeV) DOCUMENT ID 
1318.14"0.6 OUR AVERAGE Includes data from the 4 datablocks that  follow this one. 

Error includes scale factor of 1.1. 

3hr MODE 
VALUE (MeV) EV'TS DOCUMENT ID TECN CHG COMMENT 
The data in this b l o c k ~ c l u d e d  in the average printed for a previous datablock. 

1318.0-1- 1,w OUR AVERAGE Error Includes scale factor of 1.3. See the ideOgram below. 

1323 4- 4 •  ACCIARRI 97T L3 e ' t 'e  - ---* 
e+  e -  ~ r + ~ -  ~0 

1320 • 7 e + e -  --~ 
e+  e -  ~r+ ~r-  1tO 

1311.3• 1.64"3.0 72400 36 '~ ' -p  
l r + ~ -  I r0n 

1310 4- 5 0 300.Opp -..* 
pp~r + ~ -  ~0 

1323.84- 2.3 4- J/V) ~ P4" a:]:"2 
1320.64- 3.1 0 J /9  pOaO 
1317 4- 2 - 63,94~ ' -p- - -~  31rp 
1320 4-10 + 0  15 I r §  ~ p41r 
1306 • 8 - 9 ~ r - p  ~ p31r 
1318 4- 7 0 4~r-} 'n -~ p(3~r) 0 

1315 4- 5 - 25 ,40~r -p - -~  
pr /~r -  

1306 4- 9 HBC - 3.9 ~ r - p  
fits, l imits, etc. �9 �9 �9 

4022 AUGUSTIN 89 

3562 AUGUSTIN 89 

25000 1 DAUM 50C 
1097 1 BA LTAY 788 

FERRERSORIA78 
1600 1 EMMS 75 

1 ANTIPOV 73C 

1580 CHALOUPKA 73 

ALBRECHT 97B ARG 

AMELIN 96 VES 

ARMSTRONG 90 OMEG 

DM2 

DM2 

SPEC 
HBC 
OMEG 
DBC 
CNTR 

�9 �9 �9 We do not use the following data for averages, 

1305 •  CONDO 93 
1310 + 2 1 EVANGELISTA 81 
1343 4-11 490 BA LTAY 78B 
1309 4- 5 5000 BINNIE 71 

1299 4- 6 28000 BOWEN 71 
I 1300 • 6 24000 BOWEN 71 

1309 • 4 17000 BOWEN 71 
1306 4- 4 941 ALSTON- . .  70 

1 From a f i t  to JP = 2 + p~" partial wave. 

SHF "7P -'* v / l r 'FTr+ l r -  

OMEG - 1 2 1 r - p - - *  31rp 
HBC 0 15 ~r+p --, A31r 
MMS - l r - p  near a 2 thresh- 

old 
MMS - 5 1 r - p  
MMS + 5 7 r+p  
MMS - 7 ~ r - p  
HBC + 7.0 l r + p  -~ 3~p  

WEIGHTED AVERAGE 
1318.0~1.5 (Error scaled by 1.3) 

~2 
�9 ' ACCIARRI 973" L3 

ALBRECHT 97B ARG 01 
. . . .  / . . . .  AMELIN 96 VE$ 3�9 

�9 �9 �9 ~ . . . .  ARMSTRONG 90 OMEG 2.6 
~ �9 �9 - AUOUSTIN 89 DM2 6.3 

/ " " " AUGUSTIN 89 DM2 0.7 
-~- �9 �9 .~. �9 �9 DAUM 80C SPEC 0.3 

�9 BALTAY 78B HBC 0.0 
. . . . .  I '  " " FERRERSORIA78 OMEG 2.3 

- -E ' - - - -  ~" �9 �9 EMMS 75 DBC 0.0 
I- ' --  �9 ' t �9 �9 ANTIPOV 73C CNTR 0.4 

�9 - .  ~. "CHALOUPKA 73 HBC 1.8 
\ " 1 ; ;  

I ~ (Confidence Level = 0.057) 

1280 1290 1300 1310 1320 1330 1340 1350 

a2(1320 ) mass, 3~ mode (MeV)  

K• MODE 
VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

1319 -F 5 4700 2,3CLELAND 82BSPEC + 5 0 1 r + p ~  KO~K+P 
1324 • 6 5200 2,3CLELAND 828 SPEC - 50 l r - p  --, KUsK- p 
1320 • 2 4000 CHABAUD 80 SPEC - 1 7 1 r - A - - *  

KO K - A  

1312 • 4 11000 CHABAUD 78 SPEC - 9.8 ~ r - p  
K - K O  p 

1316 • 2 4730 CHABAUD 78 SPEC - 18.8 l r - p  
K - K O  p 

1310 • 1 2 ,4MARTIN 78DSPEC - 1 0 ~ - p - - - ~  K O K - p  
1320 • 2 2724 MARGULIE 76 SPEC - 2 3 ~ r - p - - ,  K-KOsp 
1313 • 4 730 FOLEY 72 CNTR - 20.3 l r - p  

K -  KOs p 

1319 • 3 1500 4GRAYER 71 ASPK - 1 7 . 2 ~ - p - - ~  
K - K O  p 

1318.1-1- 0.7 OUR AVERAGE 
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a 032o) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1330 •  1000 2,3CLELAND 82B SPEC + 30 ~r+p ~ KOsK+ p 

1324 • 5 350 HYAMS 78 ASPK + 12.7 ~r + p  
K + KO S p 

2 From a fit to JP = 2 + partial wave. 
3 Number of events evaluated by us. 
4Systematic error in mass scale subtracted. 

101 • 8 4730 CHABAUD 78 SPEC - 18.8 x - p  
K - K O  p 

113 • 4 10,12 MARTIN 78DSPEC -- 1 0 ~ r - - p ~  K O K - p  

105 • 8 2724 12MARGUUE 76 SPEC - 2 3 x - p ~  K - K O p  

113 •  730 FOLEY 72 CNTR - 20.3 ~ - p  
K -  KOs p 

123 -+-13 1500 12 GRAYER 71 ASPK - 17.2 ~ -  p 
K - K O  p 

~/~r MODE 
VALUE (MeV) EVTS DOCUMENT IO TECN CHG COMMENT 
The data In this block Is included in the average printed for a previous datablock. 

1.~118.0=E 1Ji OUR AVERAGE 
1317 •  •  THOMPSON 97 MPS 18 ~ - p  ~ ~ /~ -p  
1315 :~5 •  5AMSLER 94DCBAR 0 . 0 p p ~  ~r0~0~/ 
1325,1• AOYAGI 93 BKEI ~ ' - p  ~ ~ r - p  
1317.7•177 BELADIDZE 93 VES 3 7 ~ - N  ~ r / ~ - N  
1323 •  1000 6 KEY 73 OSPK - 6 ~r -p  --~ p~-~ /  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1324 ~ 5  ARMSTRONG 93C E760 0 ~p ~ ~r0rlr/ --* 6"~ 
1336.2• 2561 DELFOSSE 81 SPEC + w •  --~ p~r •  
1330.7• 1653 DELFOSSE 81 SPEC - ~r• ~ p~r• 
1324 •  6200 6,7 CONFORTO 73 OSPK - 6 ~ r -p  ~ p M M -  

5The systematic error of 2 MeV corresponds to the spread of solutions. 
6 Error Includes 5 MeV systematic mass-scale error. 
7 Missing mass with enriched MMS = r/~r-, r / =  2-y. 

t~r MODE 
VALUE (MeV) DOCUMENT 10 TECN COMMENT 
The data In this block is Included in the average printed for a previous datablock, 

1.~l~llf.O=E10.'t BELADIDZE 93 VES 37~r- N ~ r /~ r -  N 

i2(1320) WIDTH 

3"a" MODE 
VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT 
104.1-1- 2.0 OUR AVERAGE 
105 •  :t:11 ACCIARRI 97T L3 e + e  - 

e+ e -  ,~+ ,,,,r - .,tO 
120 •  ALBRECHT 97B ARG e+e  - 

e+  e-- ~.§ ~ -  ~0 
103.0• 6 ,0•  3.3 72400 AMELIN 96 VE5 3 6 ~ r - p ~  

120 •  ARMSTRONG 90 OMEG 0 300.Opp 
pp~r + ~r- ~r 0 

107.O• 9.7 4022 AUGUSTIN 89 DM2 • J /~  ~ P~a~"2 
118.5• 3562 AUGUSTIN 89 DM2 0 J/'~ -'~ pOaO 

97 • 5 8 EVANGELISTA 81 OMEG - 12 ~r-- p ~ 3~p 
96 • 9 25000 8DAUM 80cSPEC - 6 3 , 9 4 ~ r - p - *  3~rp 

110 •  1097 8 BALTAY 78B HBC +0  15 ~r+p ~ p4~r 
112 •  1600 8EMM5 75 DBC 0 4 ~ r + n ~  p(3~r) 0 
122 •  1200 8,gWAGNER 75 HBC 0 7 ~ r + p ~  

.,++(3,0o 
115 •  8 ANTIPOV. 73C CNTR - 25,40 ~r -p  

p~/~r- 
99 •  1580 CHALOUPKA 73 HBC - 3.9 ~r -p  

105 • 5 28000 BOWEN 71 MMS - 5 ~ r - p  
99 • 5 24000 BOWEN 71 MMS + 5 ~r+p 

103 • 5 17000 BOWEN 71 MMS - 7 ~ - p  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

120 4-40 CONDO 93 SHF " y p ~  f / l r+lr ' t ' l r  - 
115 •  490 BALTAY 78B HBC 0 15 l r + p  ~ Z137r 
72 •  5000 BINNIE 71 MMS - l r - p  near a 2 thresh- 

old 
79 ~12  941 ALSTON-,.. 70 HBC + 7.0 ~r+p ~ 3~rp 

8From a fit to JP = 2 + plr partial wave, 
9Width errors enlarged by us to 41"/~/N; see the note with the K*(892) mass. 

K~/~s AND ~pr MODES 
VALUE (MeV) DOCUMENT ID 
107 =Eli OUR ESTIMATE 
1~0,$=E1,7 OUR AVERAGE Includes data from the 2 datablocks that follow this one. 

K=E t~  s MODE 
VALUE (MeV I EVTS DOCUMENT IO TECN CHG COMMENT 
The data in this block Is Included in the average printed for a previous datablock. 

1Ol.g=E 2A  OUR AVERAGE 
112 •  4700 10,11 CLELAND 82B 5PEC + 50 ~r+p ~ K 0 K + p  

120 ~25  5200 10,11CLELAND 82B SPEC - 5 0 ~ r - p ~  KUsK- p ~ 

106 • 4 4000 CHABAUD 80 SPEC - 1 7 ~ r o A ~  
K s K - A  

126 •  11000 CHABAUD 78 SPEC - 9.8 ~r -p  
K -  K~p 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

121 -4-51 1000 10,11 CLELAND 82B SPEC + 30 7r+p .-* KOs K + p  

110 •  350 HYAMS 78 ASPK + 1 2 , 7 1 r + p ~  
K + K O p 

10From a fit to JP = 2 + partial wave. 
11 Number of events evaluated by us. 
12 Width errors enlarged by us to 4F/vIN; see the note with the K*(892) mass. 

r/lr MODE 
VALUE (MeV) EVTS DOCUMENT IO TECN CHG COMMENT 
The data In this block Is included in the average printed for a previous datablock. 

111.0=E 23  OUR AVERAGE 
112 4- 3 •  13AMSLER 94DCBAR 0.0;5p--*  ~0~0r/  

103 • 6 •  BELADIDZE 93 VES 37~ ' -N--~ ~ ' - N  
112.24- 5.7 2561 DELFOSSE 51 5PEC + ~r p~-t-~/ 
116.6• 7.7 1653 DELFOSSE 81 SPEC - l r+p- -~  p~'t 'r/ 
108 4- 9 1000 KEY 73 OSPK - 61r -p - - - *  p~r- r /  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

127 • 2 + 2  14THOMPSON 97 MPS 1 8 ~ r - p - - *  r t f r - p  
118 •  ARMSTRONG 93c E760 0 ~p - *  ~rOT/f/--~ 63, 
104 4- 9 6200 15CONFORTO 73 OSPK - 61r -p - - - *  p M M -  

13The systematic error of 2 fq~eV corresponds to the spread of solutions. 
14 Resolution is not unfolded. 
15 Missing mass with enriched MMS = r / l r - ,  r / =  23'. 

~lr  MODE 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

106"1"H BELADIDZE 93 VES 371r- N --* T/;~'- N 

~(1320) DECAY MODES 
Scale factor/ 

Mode Fraction ( l ' l / r )  Confidence level 

r I p~r (70.1• % 5=1.2 

[ 2  17 ~" (14.5 :I: 1.2) % 

p 3 w l r ~ r  (10.6-1- 3.2) % 5=1,3 

I- 4 K K  ( 4 . 9 + 0 , 8 )  % 

Fs n'(958)~ (5.3-~0.9) x 10 - 3  
r 6 ~r:l:-y ( 2 . 8 •  x 10 - 3  

r 7 .),.y ( 9 A •  x 10 - 6  

['8 / r+  ~ -  ~ -  < 8 % CL=90% 

r 9 �9 + e -  < 2.3 x 10 - 7  CL=90% 

CONSTRAINED FIT INFORMATION 
An overall fit to 5 branching ratios uses 18 measurements and one 
constraint to determine 4 parameters. The overall f i t  has a X 2 = 
9.3 for 15 degrees of  freedom. 

The following off-diagonal array elements are the correlation coefficients 

~x i~x j~ / (~x i .~x j ) ,  in percent, from the fit to the branching fractions, x i -= 

c i / r t o t a  I. The fit constrains the x i whose labels appear in this array to  sum to 
one. 

x 2 lO 

x 3 - 8 9  - 4 6  

x 4 - 1  - 2  - 2 4  

Xl x2 x 3 

ai(1320 ) PARTIAL WIDTHS 

r(,~,y) 
VALUE (keV) DOCUMENT ID TECN CHG COMMENT 

216::b go CIHANGIR 82 SPEC + 200 x § A 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

461+110 MAY 77 SPEC • 9.7 q,A 

rs 
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a~(1320)  

r(-r-r) r, 
VALUE (keV) E V T 5  DOCUMENT ID TECN CHG COMMENT 

1.004-O.06 OUR AVERAGE 
0.98•177 ACCIARRI 97T L3 e -F e -  

e+ e -  ~ r + = -  ~0 
0.96•177 ALBRECHT 97B ARG e + e  - 

e + e - ~ + ~ - ~ O  
1.26•177 36 BARU 90 MD1 e §  - 

e + e - - ~ + ~ - - ~ 0  
1.O0+0.07• 415 BEHREND 90C CELL O e + e -  

e+  e -  ~r+ ~r- ~r 0 
1.03• BUTLER 90 MRK2 e-}'e - 

e§  e -  ~ + ~ r -  ~0 
1.01•177 85 OEST 90 JADE e + e  - 

e+ e -  ~0~/ 
0.90•177 56 16ALTHOFF 86 TASS 0 e + e  - ~ e + e - 3 ~  
1.14•177 17 ANTREASYAN 86 CBAL 0 e § e -  

e+e-~r0~/  
1.O6•177 BERGER 54c PLUT 0 e-t-�9 - ~ e+e -3~ r  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 8 ~ L n  ~ + 0 . 4 2  35 
. . . . . . .  -0 .11  

0.77• 0.18• 22 

16 From p~r decay mode. 
17 From ~/~r 0 decay mode. 

r(e+e-) 
VALUE (eV) CL~ 

<26 90 

16BEHREND 83B CELL 0 e + e  - ~ e+e -3~ r  

17 EDwAROs 82F CBAL 0 �9 + e -  
e+ e -  ~0~/ 

DOCUMENT ID TECN COMMENT 

VOROBYEV 88 ND e+e  - ~ ~r0r/ 

r9 

,=(~0) r(0r(~)/r(tot=0 
r (KR)  x r(~)/rt=,, r4rT/r 
VALUE (keV) DOCUMENT ID TECN COMMENT 

O.12~::kO.OO74`O.O~B 18 ALBRECHT 90G ARG e + e -  - *  
e + e - K + K  - 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.081:t:0.006• 19 ALBRECHT 90G ARG e + e -  --~ 
e + e - K + K  - 

18 Using an Incoherent background. 
19 Using a coherent background. 

a,z(1320 ) BRANCHING RATIOS 

r(K~)/r(p.) r4/rz 
VAUJE E V T S  DOCUMENT IO TECN CHG ~QI~MENT 

0,0"/'0=1:0.012 OUR FIT 
0.01ql4` 0.017 CHABAUD 78 RVUE 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.056d:0.014 50 20 CHALOUPKA 73 HBC 3.9 ~ - p  
0.097• 115 20 ALSTON-..  71 HBC § 7.0 ~r + p  
0.06 • 20ABRAMOVI.. .  70B HBC - 3 . 9 3 ~ - p  
0.054:E0.022 20 CHUNG 68 HBC - 3.2 ~r -p  

20included in CHABAUD 78 review. 

r(~,)/[r(~.) + r(~.) + r(K~)] r=/(rz+r=+r,) 
VALUE E ~ S  DOCUMENT ID TECN CHG COMMENT 
0.192:E0.012 OUR FIT 
0.140:E0.02l OUR AVERAGE 
0.13 ::J::0.04 ESPIGAT 72 HBC -4- 0.0 ~p 
0.15 •  34 BARNHAM 71 HBC + 3.7 ~ + p  

r(,.,)/r(p.) r=/r~ 
VALUE E V T 5  DOCUMENT ID TECN CHG COMMENT 

0.207:EO.oII OUR R T  
O.2,1.1ra,'O.~O OUR AVERAGE 
0.18 • FORINO 76 HBC 11 ~r -p  
0.22 • 52 ANTIPOV 75 CNTR - 4 0 ~ r - p  
0.2114`0.044 149 CHALOUPKA 73 HBC - 3.9 ~ ' - p  
0.246• 167 ALSTON-... 71 HBC § 7.0 ~r §  
0.25 •  15 BOECKMANN 70 HBC + 5.0 ~r+p 
0.23 •  22 ASCOLI 68 HBC - 5 ~ r - p  
0.12 •  CHUNG 68 HBC - 3 . 2 ~ - p  
0.22 •  CONTE 67 HBC - 11.0 x - p  

r(~(ese).)/r=,~ rg/r 
V~L~I~= CL~ DOCUMENT ID 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 

<0.006 95 ALDE 92B GAM2 38,100 ~ r -p  --, 
r/r ~rO ,*./ 

<0.02 97 BARNHAM 71 HBC + 3.7 ~r + p  
0,0044-0.004 BOESEBECK 68 HBC + 8 .- t -p 

TECN CHG COMMENT 

r(4(m),,)/r(p.) r=/r~ 
VALU~ CL~ DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

<0.011 90 EISENSTEIN 73 HBC - 5 ~ r -p  
<0.04 ALSTON--. 71 HBC + 7.0 ~r + p  

0.04 -FO.03 BOECKMANN 70 HBC 0 5.0 ~ + p  
- 0.04 

r(KK--')/[r(p.) + r(~.) + r(KkT)] r,/lrl+r=+r,) 
VALUE E V T $  DOCUMENT ID TECN CHG COMMENT 
0.0.q44`0.009 OUR FIT 
0.0484-0.012 OUR AVERAGE 
0.05 • TOET 73 HBC + 5 l r + p  
0.09 • TOET 73 HBC 0 5 l r+p  
0.03 • 8 DAMERI 72 HBC - 11 l r - p  
0.06 • 17 BARNHAM 71 HBC + 3.7 ~-I-p 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.020• 21 ESPIGAT 72 HBC • 0.0 ~p 

21 Not averaged because of discrepancy between masses from K ~  and p~ modes. 

r ( .+ . - , - ) / r (p~)  rg/rl 
VALUE CL~ DOCUMENT ID TECN CHG COMMENT 

<0.12 90 ABRAMOVI... 70B HBC - 3.931r--p 

r(~-1)/r==, rg/r 
VALUE DOCUMENT ID T~(~N ~QMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

000n+0.005 �9 - - 0 . 0 0 3  22 EISENBERG 72 HBC 4.3,5.25,7.5 3'p 

22 Plon-exchange model used In this estimation. 

r(~, ,) /r(p,)  r=/rl 
V~!,~I~ EVTS DOCUMENT ID TECN CHG COMMENT 

0.16-1-0.06 OUR FIT Error includes scale factor of 1.3. 
0.1g'l'0.tm OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below. 

0.25• 60 DIAZ 74 DBC 0 6 lr + n  
0.15• 23KARSHON 74 HBC Avg. ofabovetwo 
0.10• 279 CHALOUPKA 73 HBC 3.9 7 r -p  
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

0.29• 140 23 KARSHON 74 HBC 0 4.9 7r§ 
0.10-4-0.04 60 23 KARSHON 74 HBC -I- 4.9 ~r'Fp 
0.19• DEFOIX 73 HBC 0 0.7 ~p  

23KARSHON 74 suggest an additional I = 0 state strongly coupled to ~ r ~  which could 
explain discrepancies In branching ratios and masses. We use a central value and a 
systematic spread. 

WEIGHTED AVERAGE 
0,15s (Error acefad by 1.3) 

, 
ValuRs above of weighted average, error, 

factor ere baaed upon the data In 
am only. They ere not nscea- 
;am�9 as our 'beat' valuea, 
om a faaat-squares conatralned fit 
)eaurernents of other (related) 
aa additional Information. 

~ 2 .  

AZ 74 DBC 2.0 
I~RSHON 74 HBC 0.1 
HALOUPKA 73 HBC 1.0 

3.2 
(Confidence Level = 0.199) 

I 
0.6 0.8 -0.2 0 0.2 0,4 

r(~.~)/r(,.) 
r(~'(ml.)/r(~.) rg/r= 
VALUE OOCUMENT ID TECN COMMENT 
O.03't 4`0.006 OUR AVERAGE 
0.032-;-0,009 ABELE 97C (:BAR 0,0 ~p --~ ~0~r0r// 

O.O474-O.O10-1-0.004 24 BELADIDZE 93 VES 3 7 x -  N ~ a 2 N 

0.034•177 BELADIDZE 92 VES 361r-C --* a~- C 

24Using B(rt I ~ l r + ~ - r , )  = O.441, B(r/ ~ "~'y) = 0.359 and B(~/-~ l r + ~ - ~ 0 )  = 
0.236. 
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ABELE 97C PL B404 179 
ACCIARRI 97T PL 841:] 147 
ALBRECHT 97B ZPHY C74 469 
THOMPSON 97 PRL 79 16:]0 
AMEUN 96 ZPHY C70 7:] 
AMSLER 94D PL B333 277 
AOYAGI 93 PL B314 246 
ARMSTRONG 93C PL B307 :]94 
BELADIDZE 93 PL 31:] 276 
CONDO 93 PR D48 3045 
ALOE 92B ZPHY C54 549 
BELADIOZE 92 ZPHY C54 235 

a,a(1320) REFERENCES 

A. Abete, Adomeit. Amsler+ (Crystal Barrel Collab.) 
M. Acciarri+ 

+Hamacher, Hofmann+ (ARGUS Eoliab.) 
+Adams+ (E852 ColLab.) 
+Berdnlkov, Bityuhov+ (SERP. TBIL) 
+Anisovich, 5panler+ (C~stal Barrel Collab.} 
+Fukui, Hasegawa+ (BKEI Cotlab.) 
+Bettoni+ (FNAL, FERR, GENO. UCI, NWES+) 
+Berdnikov. Bityukov+ (VES Collab.) 
+Handler, Buu+ (SLAC Hybrid Collab.) 
+Binon+ (SERP. BELG, LANL, LAPP, PISA, KEK) 
+BRyukov, 5or~sov+ (VE$ Cdlab.} 

ZPHY C48 183 +Ehrfichmann, Harder+ (ARGUS Collab.) 
ZPHY C4S 213 +Benayoun, Seusch (WA76 Cot ab ) 
ZPHY C48 581 +BBnov, Blinov+ (MD-1 Collab.) 
ZPHY C46 583 +Criel~ee+ (CELLO Coltab.) 
PR D42 1368 +Boyer+ (Mark II CoUab.) 
ZPHY C47 343 +Olsson+ (JADE Collab.) 
NP B320 I +Cosine (DM2 Collab.) 
SJNP 48 273 +Golub~v. Oo~insky, Druzh[n~n+ (NOVO) 
Translated from YAF 48 436. 

ALTHOFF 86 ZPHY C31 537 +Both, Foster, Bernardi+ (TASSO Collab.) 
ANTREASYAN 86 PR D33 1847 +ABchman, Besset, Stenlein+ (Crystal Bali Collab.) 
BERGER 84C PL 149B 427 +KIovnin&, Burger+ (PLUTO Collab.) 
BEHREND $3B PL 125B 518 +D'AKostini+ (CELLO Coqab.) 
CIHANGIR 82 PL I17B 123 +Berg, Biel, Chandlee+ (FNAL. MINN, ROCH) 
CLELANO 82B NP B288 228 +Delfose, Dorsaz, Gloor (DURH, GEVA, LAUS, PITT) 
EDWARDS 82E PL 110B 82 +Partridge, Peck+ (CIT, HARV, PRIN, STAN, SLAC) 
DELFOSSE 81 NP B183 349 +Goisan. Martin, Muhlemann, Weill+ (GEVA, LAUS) 
EVANGELISTA 81 NP B178 197 + (BARI, BONN, CERN. DARE. LIVP+) 
CHABAUD 80 NP B175 189 +Hyams, Papadopoulou+ (CERN, MPIM, AMST) 
DAUM BOC PL BgB 276 +Hertzberger+ (AMST. CERN, CRAC. MPIM. OXF+)JP 
BALTAY 78B PR D17 62 +Caut~, Cohen. Cso~na+ (COLU, SING) 
CHABAUD 78 NP B145 349 +Hyams. Jones, We~lh~mmer, Blum+ (CERN. MPIM) 
FERRERSORIA 78 PL 74B 287 +Treille+ (ORSAY, CERN, COEF. EPOL) 
HYAMS 78 NP 8146 303 +Jones, Weilhammer, Blum+ (CERN, MPIM. ATEN)- 
MARTIN 78D PL 74B 417 +Ozmutlu, Baldi, Bohringer, Dorsaz+ (DURH. GEVA)JP 
MAY 77 PR 016 1 9 8 3  +Abcamson, Andrews. Busneflo+ (ROCH, CORN) 
FORINO 76 NC 35A 465 +Gessaroli+ (BGNA, FIRZ, GENO, MILA, OXF, PAVI) 
MARGULIE 76 PR DI4 667 +Kramer. Foley, t.ove. Lindenb~.m+ (BNL. CUNY) 
EMMS 75 PL 58B 117 +Jones, Kinson. Stacry, Bell+ (BIRM, DURH. RHEL)JP 
WAGNER 75 PL 58B 201 +Tabak, Chew (LBL)JP 
DIAZ 74 PRL 32 260 +Dib;anca, Fick~n~er, Anderson+ (CASE, CMU) 
KARSHON 74 PRL 32 852 +Mikenberg, Pitluck, Eisenberg, Ronat+ (REHO) 
ANTIPOV 73 NP B63 175 +Ascoti, Busnello, Focacci+ (CERN. SERP)JP 
ANTIPOV 73C NP B63 153 +Ascoli, Busndlo, Focacci+ (CERN, SERP)JP 
CHALOUPKA 73 PL 44B 211 +Dobrzynski,  Ferrando, Lost-/+ (CERN) 
CONFORTO 73 PL 45B 154 +Mobley, Key+ (EFI, FNAL, TNTO, WlSC) 
DEFOIX 73 PL 43B 141 +Dobrzynski. Esplgat, Nascimento+ (CDEF) 
EISENSTEIN 73 PR D7 276 +Schultz, Ascoli, Ioffredo+ (ILL) 
KEY 73 PRL 30 503 +Conforto. Mobley+ (TNTO, EFI, FNAL, WISC) 
TOET 73 NP B63 248 +Thuan, Major+ (NIJM, BONN, DURH, TORI) 
DAMERI 72 NC 9A 1 +Borzatta, G~ussu+ (GENO, MILA, SACL) 
EISENBERG 72 PR D5 15 +Ballam, Dagan+ (REHO, SLAC. TELA) 
ESPIGAT 72 NP 836 93 +Ghesquiere, tillestot, Montanet (CERN. COEF) 
FOLEY 73 PR D~ 747 +Love, Ozaki, Plainer, Lindenbaum+ (BNL, CUNY) 
ALSTON-,- 71 PL 34B 156 AIston-Garnjost, Barbato, Bu8~, De~enzo+ (LRL) 
BARNHAM 71 PRL 26 1494 +Abrams, But~er, Coyne, G~dbaber, Hall+ (LBL) 
BINNIE 71 PL 3hB 257 +Camilleri, Duane, Faruqi, Burton+ (LOIC, SHMP) 
BOWEN 71 PRL 26 1663 +Eades, Faissler, Blieden+ (NEAS, STON) 
GRAYER 71 PL 34B 333 +Hyams, Jones, Schlein, Blum+ (CERN. MPIM) 
ABRAMOVI.. 70B NP B23 466 Abramovich. Blumenfeld, Bruyant+ (CERN) JP 
ALSTON-... 70 PL 33B 607 Alston-Garnjost. Barbaro, BubL Derenzo+ (LRL) 
BOECKMANN 70 NP B16 221 +Major+ (BONN, DURH, NIJM. EPOL, TORI} 
ASCOLI 68 PRL 20 1321 +Crawley, Mortara, Shapiro. BridEes+ (ILL) JP 
BOESEBECK 68 NP B4 501 +Oeutschmann+ (AACH, BERL, CERN) 
CHUNG 68 pR 185 1491 +Dab1, Kirz, Miller (LRt) 
CONTE 67 NC 51A 175 +Tomasini, Cords+ (GENO, HAMB. MILA, SACL) 

OTHER RELATED PAPERS 
JENNI 83 PR D27 1031 +Burke, Telnov, Alxam$, Blocker+ (SLAC, LBL) 
BEHREND 82C PL 114B 378 +Che~, Fennel', Find+ (CELLO Cotiab.) 
ADERHOLZ 85 PR 138B 897 (AACH3, BERt. BIRM, BONN, HAMB, LOIC. MPIM) 
ALITTI 85 PL 15 69 +Baton, Deler, Crussard+ (SACL. BGNA)JP 
CHUNG 85 PRL 15 325 +Dahl, Hardy, Hess, Jacobs, Kirz (LRL) 
FORINO h5B PL 19 68 +Gessaroli+ (BGNA, BARI, FtRZ, ORSAY, SACL) 
LEFEBVRES 65 PL 19 434 +Levrat+ (CERN Missing Mass SpeLt. Collab.) 
SEIDLITZ 65 PRL 15 217 +Dahl, Miller (LRL) 
ADERHOLZ 64 PL 10 226 + (AACH3, BERL, BIRM, BONN, DESY, HAMB+) 
CHUNG 64 PRL 12 621 +Dahl, Hardy, He=, Kalbfleisth, Kirz (LRL ) 
GOLDHABER 64 PRL 12 336 +Brown, Kadyk, Shen+ (LRL, UCB) 
LANDER 64 PRL 13 348A +Abo~ins, Carmony, Her~drlcks. Xuong+ (UCSD) 

I 
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spite of these problems the understanding of the scalars has 
improved considerably during the last few years, because we 

now have high statistics measurements of different production 

modes from: p~ annihilation at rest, lrN-scattering on polar- 

ized/unpolarized targets, central production, J/r  decays, 

D-meson decays, ~Fr-formation. Furthermore, we have had a 
strong development of better theoretical models for the reaction 

ALBRECHT 90G 
ARMSTRONG 90 
BARU 90 
BEHREND 90C 
BUTLER 9O 
OEST 90 
AUGUSTIN 89 
VOROBYEV 88 

amplitudes, which are based on common fundamental princi- 

ples. These allow direct comparison and interpretation of many 

different experimental results. Two-body unitarity, analyticity, 
Lorentz invariance, chiral- and flavor-symmetry constraints have 

been implemented into the transition amplitudes using different 

IG(J PC) = 0+(0 ++ )  

N O T E  O N  S C A L A R  M E S O N S  

Written March 1998 by S. Spanier (Zfirich) and N. TSrnqvist 
(Helsinki). 

In contrast to  the vector and tensor mesons the identifica- 

tion of the scalar mesons is a long standing puzzle. The problem 

originates from their large decay widths causing a strong over- 

lap of individual resonances within the same partial wave, and 

at the same time several decay channels open up within a short 

mass interval. In addition the K K  and ~ thresholds produce 

sharp cusps in the energy dependence of the resonant amplitude. 

Furthermore, one expects non-q~ scalar objects like glueballs 

and multiquark states in the mass range below 1800 MeV. In 

general methods (K-matrix formalism, N/D-method, Dalitz- 

Tuan ansatz, unitarized quark models with coupled channels, 
etc.). In general, mass and width parameters of a resonance are 

found from the position of the nearest pole in the T-matrix (or 
equivalently the S-matrix) at an unphysical sheet of the complex 

.F 
energy plane: ( E - z ~ ) .  It is important to realize, that only in 

the case of well separated resonances, far away from the opening 

of decay channels, does a naive Breit-Wigner parametrization 

(or K-matrix pole parametrization) agree approximately with 

the T-matrix pole position in the amplitude. Breit-Wigner pa- 

rameters are sensitive to background, nearby thresholds etc., 

while T-matrix poles depend only on the limitations of the 

theoretical model. 
In this note we discuss all light scalars organized in the 

listings under the entries ( I =  1/2) K~(1430), (I = 1) ao(980), 

a0(1450), and (I = 0) a or f0(400-1200), f0(980), f0(1370), and 
f0(1500). The list is minimal and does not necessarily exhaust 

the list of actual resonances. 

The I :  1 / 2  s ta tes  
The K~(1430) (ASTON 88) is the least controversial of 

the light scalar mesons. The phase shift rises smoothly from 

threshold, passes 90 ~ at 1350 MeV, and then continues to 
rise to about 170 ~ at 1600 MeV at the first important inelas- 

tic threshold Kr/l(958). Thus it behaves like a single broad, - 

nearly elastic resonance. ABELE 98 finds for the T-matrix 

pole parameters, m ~ 1430 MeV and F ~ 290 MeV, while 

the K-matrix pole of the same data is at about 1340 MeV 
using KKlr in p~ annihilation at rest. This agrees with the 

LASS (ASTON 88) determination. The scattering length near 

threshold is a = 2.56 • 0.20 (GeV/c) -1 (ABELE 98). 

The I = 1 s ta tes  
Two states are established, the well-known a0(980), and the 

a0(1450) found by Crystal Barrel (AMSLER 94D). Indepen- 
dently of any model about the nature of the a0(980) the K K  

component in the wave function of the state must be large: 

the a0(980) lies very close to the opening of the K K  channel 

to which it couples strongly. This gives an important cusp- 

like behaviour in the resonant amplitude. Hence, its mass and 
width parameters are strongly distorted. To reveal its true cou- 

pling constants a coupled channel model with energy-dependent 
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widths and mass shift contributions must be applied. A naive 

Breit-Wigner form is certainly inadequate. 

The relative coupling KK/rT? in previous editions was de- 

termined only indirectly from f l  (1285) (CORDEN 78, DEFOIX 

72) or 7/(1410) decays (BAI 90C, BOLTON 92B, AMSLER 

95F) or from the line shape observed in the lr~] decay mode 

(FLATTE 76, AMSLER 94D, BUGG 94, JANSSEN 95). From 

analysis of 7rTrT/ and KKvr final states of T~P annihilation at 

rest a relative production ratio B(/~p--* ra0;a0 - - ~ K K ) /  

B(~p --* ~ra0; a0 --* r~)  = 0.23 4- 0.05 is obtained by ABELE 98. 

Tuning of the couplings in a coupled channel formula to repro- 

duce the production ratio for the integrated mass distributions 

gives a relative branching ratio F(KK)/F(Tr~?)=I.03 4- 0.14. 

Analysis of p~ annihilation data also found that the width 

determined from the T-matrix pole is 92 4- 8 MeV, while the 

observed width of the peak in the 7r~? mass spectrum is about 

45 MeV. 

In our table the mass position comes out very consistently 

near 980 MeV in all measurements, but the width takes values 

between 50 and 300 MeV, because of the differences in the 

models used in the analyses. Using the relative production 

ratio and the observed 2-photon generation of a0(980) one 

can calculate the 2-photon width of a0(980) to be F ~  = 

(0.30 4- 0.10) keV, which is similar to that of f0(980). 

The a0(1450) is seen by the Crystal Barrel experiment in 

its lr~?, K K ,  and r7]'(958) decay modes. The relative couplings 

to the different final states are found to be close to SU(3)-flavor 

predictions for an ordinary q~ meson. 

T h e  I = 0 s t a t e s  

The I = 0 jPC __ 0++ sector is the most complex one both 

experimentally and theoretically. The data have been obtained 

from ~rTr, K K ,  ~]y, 41r, and ~?~]'(958) systems produced in 

S-waves by nonstrange initial states. From the high statistics 

data sets collected from ~p annihilation at rest into 7r~ 

where the f0 decay into the above mentioned channels, one 

concludes that at least four poles are needed in the mass 

range from lrr  threshold to about 1600 MeV. The claimed 

isoscalar resonances are found under the separate entries a or 

f0(400-1200), f0(980), f0(1370), and f0(1500). 

Below 1100 MeV the important data come from ~rr and K K  

final states. Information on the r~r S-wave phase shift ~ / =  ~f~ 

was extracted already 20 years ago from ~rN scattering with 

unpolarized (GRAYER 74) and polarized target (BECKER 79) 

and near threshold from Ke4-decay (ROSSELET 77). The ~r~r 

S-wave inelasticity is not accurately known, and the reported 

~r~r ~ K K  cross sections (WETZEL 76, POLYCHRONAKOS 

79, COHEN 80, ETKIN 82B) may have large uncertainties. 

Recently, the ~rN data (GRAYER 74, BECKER 79) have been 

reevaluated in a combined partial-wave analysis (KAMINSKI 

97). Out of four, two relevant solutions are found with the 

S-wave phase-shift rising slower than the P-wave [p(770)], 

which is used as reference. One of these corresponds to the 

well known "down" solution of (GRAYER 74), the other "up" 

solution shows a decrease of the modulus in the mass interval 

800-980 MeV. Both solutions exhibit at 1 GeV a sudden drop 

in the modulus and in the inelasticity parameter ~]0 ~ which is 

due to the appearance of f0(980) very close to the opening of 

the KK-threshold. The phase shift ~o rises smoothly up to 

this point where it jumps by 120 ~ (in the "up") or 140 ~ (in the 

"down'-solution) to reach 230 ~ from which point both continue 

to rise slowly. 

SVEC 97 using data on rN(polarized) producing the Ir~r 

system from 600 to 900 MeV suggests that there exists a 

narrow state at 750 MeV with a small width of 100 to 

200 MeV. Such a solution is also found by (KAMINSKI 97) 

using the CERN-Munich(-Cracow) data considering both r -  

and al(1260)-exchange in the reaction amplitudes. However, 

they show that unitarity is violated for this solution; therefore 

a narrow light f0 state below 900 MeV seems to be excluded. 

Also, the 21r ~ invariant mass spectra of p~ annihilation at rest 

(AMSLER 95B, ABELE 96) and central collision (ALDE 97) 

do not show a narrow resonance below 900 MeV, and these data 

are consistently described with the standard "down" solution 

(GRAYER 74, KAMINSKI 97), which allows for the existence 

of the broad (F ~ 500 MeV) a listed under f0(400-1200). 

For low-energy rlr scattering the predicted Weinberg scat- 

tering length for the isoscalar S-wave a0 ~ is 0.16, chiral per- 

turbation theory including one-loop corrections increases this 

value to a0 ~ .~ 0.20 while the slope parameter is bo o ~ 0.18 

(GASSER 83, RIGGENBACH 91). With two-loop corrections 

one still gets a little larger value a ~ = 0.217 (BIJNENS 96), but 

electromagnetic corrections reduce this value to 0.208 (MALT- 

MAN 97). Experimentally the region near the 7rr threshold is 

difficult to investigate. Current values of these quantities are 

a0 ~ = 0.26 4- 0.05 and boo = 0.25 4- 0.03 (NAGELS 79). 

An experimentally very well studied meson resonance is the 

f0(1500) seen by the Crystal Barrel experiment in five decay 

modes: Irlr, K K ,  ~,], y~/'(958), and 4~r (AMSLER 95D, ABELE 

96, ABELE 98). Due to its interference with the f0(1370) the 

peak attributed to f0(1500) can appear shifted in mass to 

1590 MeV, where it was observed by the GAMS collaboration 

(BINON 83) in the yy mass spectrum. They applied a sum 

of Breit-Wigner functions for the dynamics in the resonant 

amplitude. In central production (ANTINORI 95) a peak at 

1450 MeV having a width of 60 MeV can be interpreted as 

the coherent sum of f0(1370) and f0(1500). The ~Yp and ~P/Pn 

reactions show a single enhancement at 1400 MeV in the 

invariant 41r mass (GASPERO 93, ADAMO 93, AMSLER 94, 

ABELE96). In the 0 5~r channel (ABELE 96) this structure was 

resolved into f0(1500) and f0(1370), found at a somewhat lower 

mass around 1300 MeV. An additional scalar in mass above 

1700 MeV had to be introduced in the re-analysis of the reaction 

J/r --* -y47r (BUGG 95). According to these investigations 

the f0(1500) decay proceeds dominantly via aa --* 41r where a 

denotes the r~r S-wave below K K  threshold. The K K  decay 

of f0(1500) is suppressed (ABELE 98). 
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The determination of the 7r~r coupling of f0(1370) is inhib- 

ited by the strong overlap with the broad background from the 

fo(400-1200). Since it does not show up prominently in the 

27r spectra its mass and width are difficult to fix. A resonance 

band in the ~r%~? final state of p~ annihilation at rest (AM- 
SLER 95D) is attributed to it. Data on ~rTr --, KK show an 

enhancement at around 1300 MeV in the scalar partial wave 

(WETZEL 76, COHEN 80, POLYCHRONAKOS 79, COSTA 

80, LONGACRE 86). According to the phase shift the reso- 

nance is found around 1400 MeV (COHEN 80), while a recent 

re-analysis (BUGG 96) claims a trend to lower mass. Further 

information about the KK decay of the scalars are most wel- 

come, in particular those which clearly distinguish between the 

I -- 0 and the I -- 1 system. 

In the analysis of (ANISOVICH 97, 97C) using data of ~rN 

and ~p annihilation reactions a fifth pole at 1530 MeV about 

1 GeV off the physical region is added. 

InterpreLation 
Almost every model on the scalar states agrees that the 

K~(1430) is the 1 3po quark model sT or sd state, but the other 

scalars remain controversial. 

The f0(980) and a0(980) are often interpreted as being mul- 
tiquark states ( JAFFE 77) or K K  bound states (WEINSTEIN 

90). This picture is supported by their 2-photon widths which 

are smaller than expected for q~ mesons, if one neglects the K K  

component. Using a simple quark model one is led to put the 

f0(1370), a0(1450), and K~(1430) into the same SU(3) flavor 
nonet being the (u~§ ud and the u~ state, respectively. In 
this picture the s~ state is missing experimentally. Compared 

f0(1370) T-MATRIX POLE POSITION 

Note that r ~ 2 I m ( p ~ - ~ ) .  

VALUE (MeV) DOCUMENT ID TECN COMMENT 
(1200-~1~O0)-4(ISO-2S0) OUR ESTIMATE 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

(1290 • 15)-i(145 ~ 15) BARBERIS 97B OMEG 450 pp  --~ | 
pp2(~r+ ~r-)  

(1548 4- 40)-i(560 :l: 40) BERTIN 97C OBLX 0.0 ~p ~ ~r+~r - ~r O I 
(1380 ~ 40)-i(180 4- 25) ABELE 96B CBAR 0.0 ~p ~ _0 wOK 0 I " " L  L 
(1300 4- 15)-i(115 -4- 8) BUGG 96 RVUE I 
(1330 4- 50)-i(1SO ~ 40) 1 AMSLER 95B CBAR ~p --~ 3~r 0 
(1360 4- 35)-i(150-300) 1 AMSLER 95C CBAR ~p ~ ~rO~?~ 
(1390 4- 30)-i(190 ~ 40) 2 AMSLER 95D CBAR ~p ~ 3~ O, ~rO~/, 

xO~r0~ 

1346- i249 3,4 JANSSEN 95 RVUE ~ ~ ~r~r, K K  
1214- i168 4,5 TORNQVIST 95 RVUE ~ r  ~ ~ ,  KK,  K~, 

1364- i139 AMSLER 94D CBAR ~p --* ~O~rO~/ 
(1365+20)-i(134 4- 35) ANISOVICH 94 CBAR ~p -~ 3w0,.OrFt 

(1340 4- 4 0 ) - i ( 1 2 7  +30) 6 BUGG 94 RVUE ~p ~ 3~r 0, r/rpr 0, 
~/~rO ~r 0 

151S - ;214 4,7 ZOU 93 RVUE /r~r --~ ~r~r, K'K 
1420- i220 8AU 87 RVUE ~r~r --* ~r~r, K K  

1Supersedes ANISOVICH 94. 
2Coupled-channel analysis of ~p ~ 3~ O, ~rOr/r/, and ~rO~rOr/on sheet IV. Demonstrates 

explicitly that f0(400-1200) and f0(1370) are two different poles. 
3Analysis of data from FALVARD 88. 
4The pole Is on Sheet III. Demonstrates explicitly that f0(400-1200) and f0(1370) are 

two different poles. 
5Uses data from BEIER 728, OCHS 73, HYAM5 73, GRAYER 74, ROSSELET 77, CA- 

SON 83, ASTON 88, and ARMSTRONG 91B. Coupled channel analysis with flavor 
symmetry and all light twc-pseudoscalars systems. 

6 Reanalysls of ANISOVICH 94 data. 
7Analysis of data from OCHS 73, GRAYER 74, and ROSSELET 77. 
8Analysis of data from OCHS 73,GRAYER 74, SECKER 79, and CASON 83. 

f0(1370) BREIT-WIGNER MASS OR K-MATRIX POLE PARAMETER 

VALUE (MeV) DOCUMENT ID 
tO 1100 OUR ESTIMATE 

lrlr MODE 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, I/mRs, etc. �9 �9 �9 

with these states the f0(1500) is too narrow to be the isoscalar 
partner, and too light to be the first radial excitation. A non-q~ 
(gluonium) interpretation seems likely (CLOSE 97B). See our 
Note on Non-q~ states. As to the light f0(400-1200) structure 
it is far from the physical region and its interpretation in terms 

1280• BERTIN 98 OBLX 50-405 ?/p --~ | 

1186 9TORNQVIST 95 RVUE lrlr --. lrlr, K~ ,  K~, 

1430-4- 5 KAMINSKI 94 RVUE lrlr ~ 7rfr, K ~  | 
14724-12 ARMSTRONG 91 OMEG 300 pp  .-, pp l r f r ,  

p p K ' ~  
12754-20 BREAKSTONE�0 SFM 62 pp  ~ p p l r +  lr - 
14204-20 AKESSON 86 SPEC 63 p p  -.-, pp f r  + I t -  

of a q~ state or cross channel effect remains open. Such a state 
is often referred to as the a or ]'o(500) meson. 

More detailed models exist, which include more theoretical 
input at least phenomenologically. One such unitarized quark 
model with coupled channels can understand 6 of the light 
scalars as different unitarized manifestations of bare quarks 
model 3Po q~ states (TORNQVIST 82, 95, 96). The a, f0(9g0), 
f0(1370), a0(980), a0(1450), and K~(1430) are described as 
unitarized remnants of strongly shifted and mixed q~ 1 3P0 

states using 6 parameters. Here the a is the (u~ + dd) state 
and at the same time also the chiral partner of the 7r. The 

./0(980) and f0(1370) as well as a0(980) and ao(1450) are two 
manifestations of  the same ~ state. The interpretation of 
fo(1500) in this scheme is an open question; it can be a glueball 
or a deuteron-like pp + ww bound state. For other models 
and more details discussing the light scalar resonances see also 
(AU 87, MORGAN 93, ZOU 94B, JANSSEN 95, CLOSE 92, 
ANISOVICH 97, 97B, 97C, 97D, BEVEREN 86, KAMINSKI 

94, 97B, OLLER 97, ISHIDA 96). 

1256 FROGGATT 77 RVUE ~ + l r -  channel 

9 Uses data from BEIER 72B, OCHS 73, HYAMS 73, GRAYER 74, ROSSELET 77, CA- 
SON 83, ASTON 88, and ARMSTRONG 91B. Coupled channel analysis with flavor 
symmetry and all light two-pseudoscalars systems. 

K'R MODE 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

14404.50 BOLONKIN 88 SPEC 4 0 ~ r - p ~  w O K O n  " 5  S 
1463• 9 ETKIN 82B MPS 23 x , - p  -.* n 2 K  0 

1428• WICKLUND 80 SPEC 6 f N . - ~  K §  
POLYCHRO... 79 STRC 7 x -  p ..-~ n2K  0 

44r MODE 2(~rf)s+pp 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1374• AMSLER 94 CBAR O.0~p--* ~r+lr-3~r 0 
1345• ADAMO 83 OBLX ?Jp~ 3v+2~ - 
1388• GASPERO 93 DBC 0.0 ]Bn --, 2~r§ - 

qq MODE 
VALUE (MeV) DOCUMENT ]O TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1430 AMSLER 92 CBAR O.O]~p--* ~r0r/r/ 
1220• ALDE 860 GAM4 1 0 0 ~ - p ~  n2r/ 
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Meson Particle Listings 
f o ( 1 3 7 0 )  

f0(1370) BREIT-WlGNER WIDTH 

VALUE (MeV) DOCUMENT ID 
200 to BOO OUR ESTIMATE 

x~r MODE 
VALUE (MeV) DOCUMENT tO TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits. l imits, etc. �9 �9 �9 

323~13 BERTIN 98 OBLX 50-405 ~ p  
~r+~r+ ~ - 

350 10TORNQVIST 95 RVUE ~r~ ~ ~r~, K ~ ,  K~r, 
r/~r 

145q-25 KAMINSKI 94 RVUE ~r~r --~ ~r~r, K K  
195d:33 ARMSTRONG 91 OMEG 300 p p  ~ pp~r~r, 

p p K - K  

285+60 BREAKSTONE90 SFM 62 p p  ~ pp~r+~r  - 

4604-50 AKESSON 66 SPEC 63 p p  ~ pp~r + ~ r -  
~ 4 0 0  11FROGGATT 77 RVUE ~ + ~ r -  channel 

lOuses data from BEIER 726, OCHS 73, HYAMS 73, GRAYER 74, ROSSELET 77, CA- 
SON 83, ASTON 88, and ARMSTRONG 916, Coupled channel analysis wi th flavor 
symmetry and al l  l ight two-pseudoscalars systems, 

11 Width defined as distance between 45 and 135 ~ phase shift. 

K ~ '  MODE 
VAL UE (MeV) DOCUMENT It) TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2504- 80 BOLONKIN 88 SPEC 4 0 ~ r - p ~  K O K O n  

11 n+138  ETKIN 826 MPS 23 :r p "~ n 2 K  0 
" -  16 

160•  30 WICKLUND 80 SPEC 6 ~r N ~ K +  K - N 
~ 1 5 0  POLYCHRO,,. 79 STRC 7 ~ r - p ~  n2KO S 

4~ M O D E  2(~r~r)S+pp 
VALUE [MeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, llmRs, etc. �9 �9 �9 

375-4-61 AMSLER 94 CBAR 0 . 0 ~ p  ~ ~ r + x - 3 ~  0 

398•  ADAMO 93 OBLX ? ~ p ~  3 ~ + 2 x  - 
310:1:50 GASPERO 93 DBC 0.0 ~ n  -~ 2~r+3~r  - 

t/t~ MODE 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

250 AMSLER 92 CBAR 0.0 ~ p  ~ ~0~/r/ 
320+40 ALOE 860 GAM4 100 ~ r - p  ~ n2~ 

t~(1370) DECAY MODES 

Mode .Fraction ( r l / r )  

r l  .~r seen 
I" 2 4~r seen 
F 3 4~r o seen 
r4 2~ + 2 ~ -  seen 
r5 ~+ ~- 2~ o seen 
F6 pp 
F7 2(~r)s-wave seen 

F 8 qT/ seen 

r~ K K seen 
Flo ~';' seen 
Fl1 e + e -  not seen 

f0(1370) PARTIAL WIDTHS 

r(.~,~) r~o 
VALUE (eV) DOCUMENT IO TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

5.44-2.3 MORGAN 90 RVUE 73' ~ ~'+",','--, ~rO~O 

r(e+ e-) r .  
VALUE (eV) CL._._~.~ DOCUMENT ID TEEN COMMENT 

<20 90 VOROBYEV 88 ND e + e  - ~ ~r0~r 0 

fO(1370) BRANCHING RATIOS 

r ( , . . ) I r~ . ,  r d r  
VALUE DOCUMENT IO TEEN COMMON T 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

O.26 • BUGG 96 RVUE 
<:0.15 12AMSLER 94 CBAR ~ p ~  ~ + ~ - 3 ~  0 
<0.20 GASPERO 93 DBC 0,0 p n  --* hadrons 

12 Using AMSLER 95B (3~0). 

r(4) /r==,  r=/r=(r=+r4+r=)/r 
VALUe. DOCUMENT It) TEEN ~QMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.60• GASPERO 93 DBC 0.0 ~ n  ~ hadrons 

r(~)/r~,, rg/r 
VALUE DOCUMENT It) TEEN_ COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

seen ABELE 96 CBAR 0.0 p p  --* 5 *  0 

r (~+~- ) / r (4~)  r4/r= = r+/(r=+r~+rg) 
VALU E DOCUMENT ID TEC~I . CQMMENT 

�9 �9 �9 We do not use the following data for averages, fits, ,mRs, etc. �9 �9 �9 

0.420+0.014 13 GASPERO 93 DBC 0.0 ~ n  --~ 21r §  

13 Model-dependent evaluation. 

r ( , + , -  2,O)/r(4,) rg/r= = r=/(rs+r~+rg] 
VALUE DOCUMENT 10 T~:(;N (~QMMENT 

�9 �9 �9 We do not use the fotiowlng data for averages, fits, l imits, etc. �9 �9 �9 

0.5124-0.019 14 GASPERO 93 DBC 0.0 p n  ~ hadrons 

14 Model-dependent evaluation. 

r (pp) lr (2(,~)s.wv,) rg/r, 
y~,(,l~ - -  DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1.6 4-0.2 AMSLER 94 CBAR ~ p ~  ~ + x - 3 7 r  0 
0,58-;-0.16 GASPERO 93 DBC 0.0 ~ n  ~ 21r + 3 ~ -  

r(KX)/r~= r, /r 
VALUE DOCUMENT ID TEEN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.35:1:0.13 BUGG 96 RVUE 

fo(1370) REFERENCES 

BERTIN 98 PR D57 55 &, Bertin, Bruschi, Capponl+ 
BARBERIS 97B PL 8413 217 0. Barberls+ 
BERTIN 87C PL 8408 475 A, 8ertin, Bruschi+ 
ABELE 96 PL 8380 453 +Adomelt, Amsler+ 
ABELE 968 PL 6385 425 +Adomeit, Amder+ 
BUGG 96 NP 8471 59 +Sarantsev, Zou 
AMSLER 958 PL B342 435 +ArmStrong, arose+ 
AMSLER 95C PL B353 571 +Armstron$, Hackman+ 
AMSLER 950 PL 8355 425 +Arm~tronl;, Spinier+ 
JANSSEN 95 PR 1)52 2696 +Pearce, Hollnde, Sp~h 
TORNQVIST 95 ZPHY C68 647 
AMSLER 94 PL B322 431 +Armstroeg, Meyer+ 
AMSLER 94D PL 8333 277 +Anbovich, Spanier+ 
ANISOVICH 94 PL 8323 235 +Armstrong+ 
BUGG 94 PR DSO 4 4 1 2  +Anisovich+ 
KAMINSKI 94 PR DSO 3145 R. Kamlnskl+ 
ADAMO 93 NP A558 13C +Alnello+ 
GASPERO 93 NP A562 407 
ZOU 93 PR 048 R3945 +Buu 
AMSLER 92 PL 82(J1 347 +Augustin, Baker+ (Crystal Barrel Collsb 
ARMSTRONG 81 ZPHY C51 351 +Benayoun+ (ATHU, BARh BIRM, CERN, CDE! 
ARMSTRONG 91B ZPHY C52 389 +Barnes+ (ATHU, 6ARI, BtRM, CERN, COEF I 
BREAKSTONE 90 ZPHY C45 S69 + (ISU, BGNA, CERN, DORT, HEIDH, WARS 
MORGAN 90 ZPHY C45 623 +PenninlPon (RAL, DURH 
ASTON 88 NP B296 493 +Av~I. Btenz, Bird+ (SLAC, NAGO, CINC, INUS 
BOLONKIN 8~ NP 6309 426 +6~shenko. C~r[n+ (ITEP, SERP 
FALVARD 88 PR D38 2 7 0 6  +Nattoun~+ (CLER, FRA$, LALO, PADO 
VOROBYEV 88 5JNP 48 273 +Golubev, Ddinlky, Druzhln~n+ (NOVO 

Translated from YAF 4a 436. 
AU 87 PR D35 1633 +M~|an, Pennin~on {DURH, RAL 
AKESSON 86 NP B264 154 +AIIxOw, Almehed+ (Axial Field Spec. Collab. 
ALDE 96D NP B268 485 +Binon, 8rlcman+ (BELG, LAPP, SERP. CERN, LANL 
CASON 83 PR D28 1586 +Cannata, Baumbaul~, Bishop+ (NDAM, ANL 
ETKIN 828 PR D25 1786 +Foley, Lal+ (BNL, CUNV, TUFTS, VAND 
WICKLUND 80 PRL 45 1459 +Ayres, Cohen, Diebold, Pawlickl (ANL 
6ECKER 79 NP 8151 46 +Blanar, Bluing (MPIM, CERN, ZEEM, CRAC 
POLYCHRO... 79 PR D19 1317 
FROGGATT 77 NP 8129 89 
ROSSELET 77 PR DIS 574 
GRAYER 74 NP 675 189 
HYAMS 73 NP 864 134 
OCHS 75 Thesis 
BEIER 728 PRL 29 511 

(OBELIX CoHab,) 
(WAI(~ Collab.) 

(OBELIX Cr 

I Crystal Barre~ Collab.) 
Crystal Barrel Collab.) 

(LOQM, PNPI) 
(Crystal Barrel Collab,} 
(Crystal Barrel Co]lab.) 
(Cr~rLal Barrel Collab.) 
(STON, ADLD, JULI) 

(HELS) 
(Crystal Barrel Collab.)JPC 
(Crystal Barrel Cosab.=) 
(C~ltal Barrel Collab.)JPC 

(LOQM) 
(CRAC, IPN) 

(OBELIX Collab.) JPC 
(ROMA JPC 
(LOQ~ 

ANISOVICH 97 
ANISOVICH 97B 
ANISOVICH 87C 
ANISOVICH 97E 

PROKOSHKIN 97 

TORNQVIST 96 
GASPERO 95 
LI 91 
BIZZARRI 69 
BETTINI 66 

Poiychronakos, Cason, Bishop+ (NDAM, ANL 
+Petenen (GLAS, NORD 
+Extermann, Fischer, Guisan+ (GEVA, SACL 
+Hyam|, Blum, Dletl+ (CERN, MPIM 
+Jones, Weilhammer, alum, Dietl+ (CERN, MPIM 

(MPIM, MUNI) 
+Buchhd/Cz, Mann+ (PENN), 

'OTHER RELATED PAPERS - -  

PL B3~k~ 123 +Sarantsev IPNPll 
ZPHY A357 123 A.V. Anisovlch+ FNPI 
PL 8413 137 
PAN 60 1892 A.V. Aniso~ch+ (PNPI) 
Translated from YAF 60 2065. 
5PD 42 117 +Kondasho% Sadovsky+ (SERP) 
Translated from DANS 353 323. 
PRL 76 1576 +RoDs (HELS) 
NP ASeS 861 (ROMA) 
PR 043 2161 +Close, Barnes+ (TENN) 
NP 814 168 +Fo6ter. Gavillet, Montanet+ (CERN, CDEF) 
NC 42A 655 +Cresti, Limentani, Bertanza, Bil l+ (PADO, PISA) 
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Meson Particle Listings 
h1(1380),  ,5(1405), f~(1420) 

I h 1 ( 1 3 8 o ) 1  ,G(.,,,,c) = .,-(.,-,--) 
OMITTED FROM SUMMARY TABLE r 

Seen In par t ia l -wave analysis o f  the K~ '~ r  system. Needs con f i rma-  
t ion.  

VALUE (MeV} 
~l~=1:1~ OUR AVERAGE 
14404-60 �9 ABELE 

1380 4- 20 ASTO N 

h(z3eo) MASS 

DOCUMENT ID TECN COMMENT 

vO K 0 0 0 97H CBAR ~ p  --~ - -L  S ~r ~ 
�9 88C LASS 11 K -  p 

KOs K4- ~r:F A 

~(1380) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
91-1"30 O U R  AVERAGE Error Includes scale factor of  1.1. 

KO K 0 0 ~0 1704-80 ABELE 97H CBAR ~ p  --~ L S ~ 

804-30 ASTON 88C LASS 11 K - p  
K~ K-I" ~,~ A 

h1(1380) DECAY MODES 

Mode 

F1 K K * ( 8 9 2 )  -I- c.c. 

/~(1380) REFERENCES 

ABELE 97H PL B415 260 A. Abele+ (Crystal Barre~ Collab.) 
ASTON 88C PL B201 573 +Aw~ji, Bienz+ (SLAC, NAGO, CINC, INU5) 

1 _ , - ( , -  § 
OMITTED FROM SUMMARY TABLE 

See also the min i - rev iew under non -q~  candidates. (See the index 
fo r  the  page number . )  

~(Z40S) MASS 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

1400 4-20 :E20 ABELE 98B CBAR O.0~n  
~r-  ~r0r/ 

1370 4-16 -}-50 1 T H O M P S O N  97 MPS 1 8 w - p ~  - 3 0  
r/~r p 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1323.14- 4.6 2AOYAGI  93 BKEI ~ - p ~  ~ / w - p  
1406 4-20 3 A L O E  8 8 B G A M 4  0 l O 0 ~ - - p ~  

1 Natural parity exchange. 
2 Unnatural parity exchange. 
3Seen in the P0-wave intensity o f  the ~ O  system, unnatural parity exchange. 

~(1405) WIDTH 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 
:I:SO OUR AVERAGE 

310 4-50 + 50 ABELE 9 8 n C B A R  0 . 0 p n ~  | 
- -  30 ~r_ r0~/ 

385 -J-40 + 65 4 T H O M P S O N  97 MPS 1 8 ~ r - p ~  | - 105 
r/~r p 

�9 �9 * We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

143.2~:12.5 5AOYAGI  93 BKEI ~ r - p  ~ r / ~ r -p  
150 4-20 6 A L D E  88B GAM4 0 100 ~ r - p  

~/~'0 n 

4 Resolution Is not unfolded, natural parity exchange. | 
5 Unnatural parity exchange. I 
6Seen in the Po-wave intensity of  the ~/~0 system, unnatural parity exchange. 

,8(140S) DECAY MODES 

Mode Fraction 0 " I /F )  

F1 ~/~r ~ seen 

F 2 r / ~ r -  ~en  

[ '3 17 ~ ~r possibly seen 

~(1405) BRANCHING RATIOS 

r(~o)/r~,~ rut 
VALUE DOCUMENT It) TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

not seen PROKOSHKiN 95B GAM4 100 ~ - p  
r /~0n  

not seen 7 BUGG 94 RVUE ]~p --~ ~2~  0 
not seen 8 APEL 81 NICE 0 40 ~ - p  --* 

T/~0n 

7 Usln~ Crystal Barrel data. 
8 A general f i t  allowing 5, D, and P waves (including m = 0 )  Is not done because of  l imited 

statistics, 

r(~.-)/r~.~, r=/r 
VALUE DOCUMENT IO T~r COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

possibly seen BELADIDZE g3 VE5 3 7 x -  N --~ ~ / ~ -  N 

r(q,r)/r~,, rdr 
VAI~U ~ DOCUMENT IO TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

posdb/yseon BELADIDZE 93 VES 3 7 ~ r - N ~  r / ~ - N  

r(r o) r=/r~ 
VALUE ~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

<0.80 95 BOUTEMEUR 90 GAM4 1 0 0 ~ r - p ~  4~n 

~1405) REFERENCES 

ABELE 98B PL B423 175 A. Abele, Adomeit, Amger+ (Crystal Barrel Collab.) 
THOMPSON 97 PRL 79 1630 +Adams+ (ESS2 Collab. ) 
PROKOSHKIN 95B PAN 58 606 +Sadovski (SERP) 

Trandated fiem YAF $8 662. 
BUGG ~ PR D50 4412 +Anlsovlch+ (LOQM) 
AOYAGI g3 PL B314 246 +Fukul, Hasea~a+ (BKEI Collab.) 
BELADIDZE % PL 313 276 +Berd,ikov, Bityukov+ (VES Collab.) 
BOUTEMEUR 90 Hadron 89 Conf. p 11g+Poulet (SERP, BELG, LANL, LAPP, PISA, KEK) 
ALOE 88B PL B205 397 +Binon, Boutemeur+ (SERP, BELG, LANL, LAPP) IGJPC 
APEL 81 NP B193 269 +Auaensteln, Bertolucd, Donskov+ (SERP, CERN) 

OTHER RELATED PAPERS 

LACOCK 97 PL B401 308 P. Lacock+ (EDIN, LIVP) 
SVEC 97E PR DS6 4355 M. Svec (MCGI) 
PROKOSHKIN 9SC PAN 58 853 +Sadovskl (SERP) 

Translated from YAF 58 921. 
KALASHNIK... 94 ZPHY C62 323 Kalashnlkova (ITEP) 
IDOIR 88 PL B205 564 +Le Yaouanc, Ono+ (ORSAY, TOKY) 
TUAN 88 PL B213 S37 +FerbH, Dalltz (HAWA, ROCH, OXFTP) 
ZIELINSKI 87 ZPHY C34 255 (ROCH) 

I  (z42~ = o+(, § § 
See the minireview under 7/(1440). 

VALUE (MeV) EVTS 
1426.2"1" 1.2 OUR AVERAGE 

1426 4- 1 

1425 "4- 8 

1430 4- 4 

1462 4-20 2 AUGUSTIN 

1443 + 7 + 3 1100 BAI - 6  - 2  
1425 4-10 17 BEHREND 

1442 ~: 5 + 1 0  111 BECKER 
- 17 

1423 4- 4 GIDAL 
1417 4-13 13 A IHARA 
1422 4- 3 CHAUVAT 
1440 4-10 3 BROMBERG 
1426 4- 6 221 DIONISI 
1420 4-20 DAHL  

f1(1420) MASS 

DOCUMENT ID TECN COMMENT 
Error includes scale factor of  1.3. See the ideogram 

below. 
BARBERIS 97C OMEG 450 pp 

ppK~K::t:~T 
BERTIN 97 OBLX 0.0 ~ p  ---* 

K 4" ( K  0 ) ~--F 7r + x -  
1 ARMSTRONG 92E OMEG 85,300 l r + p ,  pp .--* 

7r-F p, pp~K-K'~) 
92 DM2 J / ~  ~ ~ K K I r  

90C MRK3 J/V~ --~ ~ K  O K4 -xT  

89 CELL ~ ,  ~ K O K4-Tr ~F 

87 MRK3 e + e - ,  ~ K ' ~  

87B MRK2 e + e  - ~ e + e - K - K T r  
86E TPC e + e  - ~ e + e - K - K ~  
84 SPEC ISR 31.5 pp 
80 SPEC 1 0 0 ~ - p - - ~  K ~ X  
80 HBC 4 x - p ~  K K ~ n  
67 HBC 1.6-4.2 ~ -  p 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1429 4- 3 389 ARMSTRONG 89 OMEG 300 pp--~ K - K x p p  
1425 4- 2 1520 ARMSTRONG 84 OMEG 85 l r+p ,  pp  --* 

( ~ §  ,p)(K ' t~I r )p 
1420 B ITYUKOV 84 SPEC 32 K - p  --~ 

K + K - x O y  

1 This result supersedes ARMSTRONG 84, ARMSTRONG 89. 
2 From f i t  to the K *  (892) K 1 § + partial wave. 
3 Mass error increased to account for a0(980 ) mass cut uncertainties, 

I 
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Meson Particle Listings 
f~(1420)  

f1(1420) BRANCHING RATIOS 

F(K~* (892)+  c .c . ) / r (K~ . )  r21r~ 
VALUE DOCUMENT ID TECN ~OMMENT 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.764-0.06 BROMBERG 80 SPEC 100 ~ r - p  ~ K K ~ X  
0.864-0.12 DIONISI 80 HBC 4 ~ r - p  ~ K-K~r n 

r ( . .~) / r (K~. )  r~/r~ 
VALUE CL~ DOCUMENT 10 TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

WEIGHTED AVERAGE 
1426.2.t:1.2 (Error scaled by 1.3) 

x2 
. . . . . . . . . . .  SARBERm ~7C OMEG ~ "  

N . . . . . . . . .  BERT~N 97 OBL• 0 . 0  

I I  I . . . . . . . .  ARMSTRONG 92E OMEG 0.9 
J~ �9 AUGL~STIN 92 DM2 

~ I �9 BAI 90C MRK3 7.1 
. . . . . . .  BEHREND 89 CELL 0.0 

I I ', > BECKER 87 MRK3 0.8 
. . . . . . . . . . .  GIDAL 87B MRK2 0.6 

I I I . . . . . . . . . .  AIHARA 86C TPC 0.5 
�9 ~ . . . . . . . . . . .  CHAUVAT 84 SPEC 1.9 

I . ~ 1 �9 BROMBERG 80 SPEC 1.9 
. . . . . . . . .  DIONISI 80 HBC 0.0 

7 ~ . . . . .  DAHL . 67 HBC . 1 ~  

J ,  I ~ (Confidence Leve l=0. i79)  

1400 1410 1420 1430 1440 1450 1460 1470 

f1(1420) mass ( M e V )  

VALUE (MeV) EVTS 
sg.0:E 3.0 OUR AVERAGE 
58 4 - 4  

45 4.10 

58 4-10 

129 4-41 

68 + 2 9  4-8 1100 
--18 -- 

42 4-22 17 

40 4-17 4-5 111 
--13 

35 4-47 13 
- 2 0  

47 4-10 
62 4-14 

40 4-15 221 
60 4-20 

f~(14~) WIDTH 

DOCUMENT ID TECN COMMENT 

BARBERIS 97C OMEG 450 pp  ~ I 
p p KOs K4.  ~r=;: 

BERTIN 97 OBLX 0.0 ~ p  ~ J 
K4. ( KO)~r:F ~,r+ ~r - 

4ARMSTRONG 92E OMEG 85,300 ~r+p,  p p  
,,t4- p ,  pp(K-K~r )  

5AUGUSTIN 92 DM2 J / ~  "yKK~r 

BAI 90C MRK3 J/t~ --, "yKO K• 

BEHREND 89 CELL "7"( ~ KO K 4.~r~ 

BECKER 87 MRK3 e + e - ~  = ;KK~r  

AIHARA 86C TPC e + e  - ~ e + e - K ~  

CHAUVAT 84 SPEC ISR 31.5 p p  
BROMBERG 00 SPEC 100~r -p - -~  K ~ r X  
DIONISI 80 HBC 4 ~ r - p ~  K-K~rn 
DAHL 67 HBC 1.6-4.2 ~r-  p 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

58 4- 8 389 ARMSTRONG 89 OMEG 300 pp  ~ K K ~ r p p  
62 4- 5 1520 ARMSTRONG 84 OMEG 85~r+p ,  p p ~  

( ~ +  ,p ) (K-K~r )p  
50 B ITYUKOV 84 SPEC 32 K - p  -~ 

K +  K -~ rO  y 
4This result supersedes ARMSTRONG 84, ARMSTRONG 89. 
5 From fi t  to the K*(092)  K 1 + 4- partial wave. 

fi(1420) DECAY MODES 

Mode Fraction (rift) 

<0.3 95 CORDEN 78 OMEG 12-15 ~ r - p  
<2.0 DAHL 67 HBC 1.6-4.2 w - p  

r (n , r . ) / r (K~ . )  rdr~ 
VALUE CL "A DOCUMENT 10 TECN COMMENT 

<0.1 95 ARMSTRONG 91B OMEG 300 p p  ~ p p ~ r + ~ r  - 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1.354-0.75 KOPKE 89 MRK3 J / r  ~ ~ l r ~ r ( K K : r  
<0.6 90 GIDAL 87 MRK2 e + e  - 

e+  e -  r / l r+  ~r - 
<0.5 95 CORDEN 78 OMEG 1 2 - 1 5 ~ r - p  

1.5 4-0.8 DEFOIX 72 HBC 0.7 p p  

r(.o(~0).)/r(~..) rdr3 
VALUE DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

not seen In either mode ANDO 86 SPEC 8 l r - p  
not seen in either mode CORDEN 78 OMEG 12-15 l r - p  
0.44-0.2 DEFOIX 72 HBC 0.7 ~ p  ~ 71r 

r(,~)/r(K]~*(892)+ c.c.) rg/r= 
VALUE ~ DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.go 95 DIONISI 80 HBC 4 ~ - p  

r (K~x)/ [ r(K~"(892) + c.c.) + r(=o(~0).)] rx/(r=+r~) 
VALUE DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.654-0.27 9 DIONISI 80 HBC 4 ~ r - p  

9Calculated using r(KK-)/r(n~) = 0.24 4- 0.07 for a0(980 ) fractions. 

r (ao(~0),r)/r (K~*(iB2) + c.c.) r4/r= 
VALUE ~ DOCUMENT I0 TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

68 ARMSTRONG 04 OMEG 85 ~r+p  <0.04 

r(~)/r(K~'.)  
VALUE 
<0,62 

VALUE 

<0.08 

CL% DOCUMENT ID TECN COMMENT 

95 ARMSTRONG 89G OMEG 85 l rp  ~ 4~rX 

rg/rl 

rg/r 
CL% DOCUMENT IO TECN (;QMMENT 

95 IOARMSTRONG 92C SPEC 3 0 0 p p ~  p p ~ r + y r - " /  

10 Using the data on the K K y r  mode from ARMSTRONG 89. 

[-1 K K / r  dominant 
F 2 K K * ( 8 9 2 )  + c.c. dominant BARBERIS 

BERTIN 
r 3  7/ / r / r  possibly seen ARMSTRONG 
['4 ao(980)lr AUGUSTINARMSTRONG 

['5 ~T 9T ,O ARMSTRONG 
BAI 

['6 4~- ARMSTRONG 
ARMSTRONG 

J'7 "7"/* BEHREND 
r8  pO..( HILL 

KOPKE 
AIHARA ~(142o) r(i)r(~)/r(to=l) SEEKER 
GIOAL 

r(K~,r) x r ( ~ * ) / r ~ ,  rlry/r G,OAL AIHARA 
ANDO VALUE (keV) CL% DOCUMENT ID TECN COMMENT ARMSTRONG 

1.7-1-0.4 OUR AVERAGE BITYUKOV 
3.04.0.9•  6,7 BEHREND 89 CELL e + e -  

e + e -  K O K 7r CHAUVATjENNI 

8ROMBERG 
2.3+1'09~0.8 HILL 89 JADE e + e - ~  

" e + e -  K -+" K O 7r :F DIONISI CORDEN 
1.34-0.54-0.3 AIHARA 88B TPC e4- e -  ~ OEFOtX 

e + e-- K + K O ~r:F DAHL Also 
1.64-0.7/:0.3 6,8 GIDAL 87B MRK2 e + e -  ~ e + e -  K'Kyr 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<8.0 95 JENNI 83 MRK2 e - F e - ~  e 4 - e - K K y r  IIZUNA 
ISHIDA 

6Assume a p-pole form factor. AIHARA 
7 A q~ - pole form factor gives considerably smaller widths. 81TYUKOV 
8 Published value divided by 2. PROTOPOP... 

f1(1420) REFERENCES 

97C PL B413 225 D. Barbefls+ (WA102 CoHab.) 
97 PL B400 226 +Bruschi, Capponi+ (OBELIX Collab.) 
92C ZPHY C54 371 +Barnes, Benayoun+ (ATHU, BARI, BIRM, CERN, CDEF) 
92E ZPHY 56 29 +Benayoun+ (ATHU, BARI, BIRM, CERN, CDEF)JPC 
92 PR O46 1951 +Cosine (OM2 Collab.) 
91B ZPHY C52 389 +BarneS+ (ATHU, BARh 81RM, CERN, CDEF) 
seC PRL 65 2507 +Blaylock+ (Mark Ill Collab.) 
89 PL B221 216 +Benayoun+(CERN, CDEF, BIRM, BARI, ATHU, CURIN+)JPC 
89G ZPHY C43 35 +Bloodworth+ (CERN, 81RM, 8ARI, ATHU, CURIN+) 
89 ZPHY C42 367 +Criegee+ (CELLO Collab.) 
09 ZPHY C42 355 +OIsson+ (JADE Collab.)JP 
89 PRPL 174 67 +Wermes+ (CERN) 
88B PL B209 107 +Al*~on-Garnjost+ (TPC-2 T Collab.) 
87 PRL 59 186 +Blaylock, 8olto,, Brown+ (Mark III CoUab.) JP 
87 PRL 59 2012 +Boyer, Butler, Cords, Abrams+ (LBL, SLAC, HARV) 
87B PRL 59 2016 +Boyer, Butler, Cords, Abrams+ (LBL, SLAC, HARV) 
86C PRL 57 2 5 0 0  +Alston-Garnjost+ (TPC-23, Collab.)JP 
86 PRL 57 12% . +lmai+ (KEK, KYOT, NIRS, SAGA, INUS, TSUK+) 
84 PL 146B 273 +Bloodv~th, Burns+ (ATHU, BARI, BIRM, CERN)JP 
84 SJNP 39 735 S. Bityukov+ (SERP) 

Translated from YAF 39 1165. 
84 PL 148B 382 +Meritet, Bonino+ (CERN, CLER, UCLA, SACL) 
83 PR D27 1031 +Burke, Telno% Abrams. Blocker+ (SLAC, LBL) 
80 PR D22 1513 +Haggerty, Alxams, Dzierba (CIT, FNAL, ILLC, IND) 
~8 NP B169 1 +Ga~4ket+ (CERN, MADR, CDEF, STOH)IJP 

NP B144 253 +Corbett, Alexander+ (BIRM, RHEL, TELA, LOWC) 
72 NP B44 125 +Nascimento, Bizzarri+ (CDEF, CERN) 
67 PR 163 1377 +Hardy, Hess, Kirz, Miller (LRL) IJP 
65 PRL 14 1074 Miller, Chung, DaM, Hess. Hardy, Kirz+ (LRL, UCB) 

- -  OTHER RELATED PAPERS - -  
91 PTP 86 085 +Koibuchi (NAGO) 
89 PTP 82 119 +Oda, Sawazaki, Yamada (NIHO) 
88C PR D38 1 +AIston-Garnjost+ (TPC-2-f Collab.)JPC 
88 PL B203 327 +Bod~ov, Dorofeev+ (SERP) 
87B Hadron 87 Con f .  Protopopescu, Chun K (BNL) 
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w(1420) ,  f2(1430),  f l (1440)  

l (142o) I Ia(J PC) = 0 - ( 1 - - )  

~,(1420) MASS 

f~(14SO) WIDTH 

VALUE (MeV) DOCUMENT I0 TECI~ COMMENT 

�9 �9 �9 We do not use the following data for averase~, fits. limits, etc. �9 �9 �9 

304- 9 AUGUSTIN 87 OM2 J/V~ ~ " ~ + w - -  
1504-50 AKESSON 86 SPEC pp ~ p p ~ r + ~ :  - 

VALUE (MeV) EWI"$ DOCUMENT ID TECN COMMENT 

14194"$1 315 1ANTONELLI 92 DM2 1.34-2.4e+e - --* p~ 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1440-I-70 2 CLEGG 94 RVUE 

1 From a fit to two Breit-Wlgner functions Interfering between them and with the ~,@ tails 
with fixed ( + , - , + )  phases. 

2 Using data published by ANTONELLI 92. 

~(14.20) WIDTH 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 

1~44"!~1 315 3ANTONELLI 92 DM2 1.34-2.4e + e -  --* p~ 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2404-70 4 CLEGG 94 RVUE 

3 From a fit to tw~ Breit-Wlgner functions interfering between them and with the ~,~ tails 
with fixed ( + , - , + )  phases. 

4 Using data published by ANTONELLI 92. 

81+56 DAUM 84 CNTR 17-18 ~r-p--~ 
* - -29  

K + K - n  
14•  6 DAUM 84 CNTR 6 3 x - p - - *  KO$KOsn, 

K + K - n  
43 +17  2BEUSCH 67 OSPK 5 , 7 , 1 2 ~ - p ~  

- 1 8  ~On  
2 Not seen by WETZEL 76. 

~(1430) DECAY MODES 

Mode 

r l  KK 

~(~,m) REFERENCES 

~(1420) DECAY MODES 

Mode Fraction (r//r) 

F1 p~ dominant 

r2 u~.r 
r3 ~+~- 

,,,(142o) r0)r(e+ e-)/r0~,0 
r(p,r) x r(e+e-)/r~., rtrg/r 
VALUE (eV) EVTS DOCUMENT 10 TECN COMMENT 

g1"1"~1. 315 5ANTONELLI 92 DM2 1.34-2.4e+e - -~ p~ 

fi F r o m  a f i t  t o  two Breit-Wlgner functions interfering between them and with the w,@ tails 
with fLxed (+ . - - .+ )  phases. 

~(14~) REFERENCES 

CLEGG 94 ZPHY C62 455 +Donnachle (LANC, MCHS) 
ANTONELLI 92 ZPHY C56 15 +Baldinl+ (DM2 C~lab.) 

OTHER RELATED PAPERS 

ACHASOV g7F PAN 60 2029 N.N. Achasov, Kozhevnlkov (NOVM) 
Trandated from YAF 60 2212. 

ATKINSON 87 ZPHY C34 157 + (BONN, CERN, GLAS, LANC, MCHS, CURIN) 
ATKINSON 84 NP 8231 15 + (BONN, CERN, GLAS, LANC, MCHS, CURIN+) 
ATKINSON 83B PL 127B 132 + (BONN, CERN, GLAS, LANC, MCHS, CURIN+) 

[ f2(1430) [ ,G(jPc) : o+(2 + +) 
OMITTED FROM SUMMARY TABLE 

This entry lists nearby peaks observed in the D wave of the K ~  and 

7r+l r  - systems. Needs confirmation. 

~(1~o) MASS 

VALUE (MeV} DOCUMENT ID TECN COMMENT 
1430 OUR ESTIMATE 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

14214- 5 AUGUSTIN 87 DM2 J / r  "-, ~/Tr+lr - 
14804-50 AKESSON 86 SPEC pp ~ p p l r + ~  - 

1436_ +26  DAUM 84 CNTR 17-18 • - p  
K + K - n  

14124- 3 DAUM 84 CNTR S 3 ~ - p ~  KOKOn, 

K +  K - n  
1439_+ 65 1BEUSCH 67 OSPK 5 , 7 , 1 2 ~ - p ~  

KO KOs n 

1Not seen by WETZEL 76. 

AUGUSTIN 87 ZPHY C36 369 +Cosine+ (LALO, CLER, FRAS, PADO) 
AKESSON 86 NP B264 154 +Albtow, Nmehed§ (Axial Field Spec. COIlab, ) 
DAUM 84 ZPHY C23 339 +Hertzbe~er+ (AMST, CERN, CRAC, MPIM, OXF+)JP 
WETZEL 16 NP Bl15 206 +Freudenreich, ~k~usch+ (ETH, CERN, LOIC) 
BEUSCH 67 PL 25B 367 +Fischer, GobS, Astbuty+ (ETH, CERN} 

1 (144o'il Ia(J PC) = 0+(0- +) 

See also the mini-review under non-q~" candidates. (See the index( 
for the page number.) 

T H E  ~(1440), ~1(1420), A N D  f1(1510) 

Written March 1998 by M. Aguilar-Benitez (CIEMAT, Madrid) 
and C. Amsler (Zfirich). 

The first observation of 7(1440) was made in ~ anni- 
hilation at rest into ~(1440)Tr%r-, 7(1440) --* KKTr (BAIL- 
LON 67). This state was reported to decay through a0(980)lr 
and K*(892)K with roughly equal contributions. The ~?(1440) 
has also been observed in radiative J/r decay to KKIr 
(SCHARRE 80, EDWARDS 82E, AUGUSTIN 90). 

The f1(1420), decaying to K*K was reported in 7r-p 
reactions at 4 GeV/e (DIONISI 80). However, later analyses 
found that the 1400-1500 MeV region is far more complex. 
In l r-p experiments (CHUNG 85, REEVES 88, BIRMAN 88) 
reported 0 -+  with a dominant a0(980)~r contribution to KKIr." 
The lr-p data of RATH 89 at 21 GeV/c suggest the presence 
of two pseudoscalars decaying to KKIr, one around 1410 MeV 
decaying through a0(980)lr and the other around 1470 MeV, 
decaying to K*K. A reanalysis of the MARK III data in 
radiative J / r  decay to KK~r (BAI 90C) also claims the 
existence of two pseudoscalars in the 1400-1500 MeV range, 
the lower mass state decaying through a0(980)~r and the higher 
mass state decaying via K * K .  In addition, f1(1420) is observed 
to decay into K*K. 

In vr-p --~ ~/r~rn charge-exchange reactions at 8-9 GeV/c 
the ~prTr mass spectrum is dominated by ~/(1440) and ~/(1295) 
(ANDO 86, FUKUI 91C) and at 100 GeV ALDE 97B report 
~/(1295) and 7/(1440) decaying to ~pr~ ~ with a weak f1(1285) 

and no evidence for Ji(1420). 
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~/(1440) 

An experiment in ~p annihilation at rest into KK3~r 
(BERTIN 95) reports two pseudoscalars with decay proper- 
ties similar to BAI 90C, although the lower state shows, apart 

from a0(980)Tr, a large contribution from the direct decay 

~/(1440) --~ KKIr. We note that the data from AUGUSTIN 92 
also suggest two states but their intermediate states, a0(980)Tr 

and K 'K ,  are reversed relative to BAI 90C. 

In J/r radiative decay ~/(1440) decays to K K r  through 

a0(980)r and hence a signal is also expected in the 7pr~r mass 

spectrum. This has indeed been observed by MARK III in 

~pr+r - (BOLTON 92B) which report a mass of 1400 MeV, in 

line with the existence of a low mass pseudoscalar in the ~/(1440) 

structure, decaying to a0(980)~r. This state is also observed 

in ~p annihilation at rest into ~pr+~r-~r% ~ where it decays 

to ~prr (AMSLER 95F). The intermediate a0(980)~r accounts 

for roughly half of the r/r~r rate, in accord with MARK III 

(BOLTON 92B) and DM2 (AUGUSTIN 90). However, ALDE 

97B reports only a very small contribution of a0(980)~r. 

One of these two pseudoscalars could be the first radial 

excitation of the ~f, with ~/(1295) the first radial of the ~/. Ideal 
mixing suggested by the ~/(1295) and ~r(1300) mass degeneracy 

would then imply that the second isoscalar in the nonet is mainly 

s~ and hence couples to K'K,  in accord with observations for 

the upper ~/(1440) state. This scheme then favors an exotic 

interpretation of the lower state, perhaps gluonium mixed with 

q~ (CLOSE 97B) or a bound state of gluinos (FARRAR 96). 

The gluonium interpretation is, however, not favoured by lattice 
gauge theories, which predict the 0 -+ state above 2 GeV 

(BALI 93). 

Axial (1 ++) mesons are not observed in ~p annihilation 
at rest in liquid hydrogen which proceeds dominantly through 

S-wave annihilation. However, in gaseous hydrogen P-wave an- 

nihilation is enhanced and, indeed, BERTIN 97 report f1(1420) 

decaying to K*K in gaseous hydrogen, while confirming their 
earlier evidence for two pseudoscalars (BERTIN 95). 

In TI fusion from e+e - annihilations, a signal around 1420 

MeV is seen in single-tag events (GIDAL 87B, AIHARA 88B, 

BEHREND 89, HILL 89) where one of the two photons is 
off-shell. However, it is totally absent in the untagged events 

where both photons are real. This points to a spin 1 object 
which is not produced by two real (massless) photons (Yang- 

Landau theorem). The 2~, decays also implies C = § For the 

parity, AIHARA 88C and BEHREND 89 both find angular 

distributions with positive parity preferred, but negative parity 

cannot be excluded. 

The f1(1420) is definitively observed in K K r  in pp central 

production at 300 and 450 GeV, together with f1(1285). The 

latter decays via a0(980)zr and the former only via K ' K ,  while 
~/(1440) is absent (ARMSTRONG 89, BARBERIS 97C). The 

KsKs~r ~ decay mode of fi(1420) establishes unambiguously 
that C=+I. On the other hand, there is no evidence for any 
state decaying to rpr~r around 1400 MeV and hence the rpr~r 

mode of f~(1420) is suppressed (ARMSTRONG 91B). 

We now turn to the experimental evidence for f1(1510). 
Two states, f1(1420) and f1(1510), decaying to K'K ,  compete 

for the s~ assignment in the 1 ++ nonet. The fl(1510) was seen 
in K-p --~ AKKlr at 4 GeV/c (GAVILLET 82) and a t  11 

GeV/c (ASTON 88C). Evidence is also reported in Ir-p at 
8 GeV/c, based on the phase motion of the 1 ++ K*K wave 

(BIRMAN S8). 

The absence of f](1420) in K-p  (ASTON 88C) argues 

against f1(1420) being the s~ member of the 1 ++ nonet. 
However, f1(1420) has been reported in K-p  but not in 

~r-p (BITYUKOV 84) while two experiments do not observe 

f1(1510) in K-p (BITYUKOV 84, KING 91). It is also not 

seen in radiative J/r decay (BAI 90C, AUGUSTIN 92), 

central collisions (BARBERIS 97C), nor in ~/'r collisions (AI- 

HARA 88C), although and surprisingly for an s] state, a signal 

is reported in 4r decays (BAUER 93B). These facts led to 

the conclusion that fl(1510) is not well established and that 

its assignment as s~ member of the 1 ++ nonet is premature 

(CLOSE 97D). The Particle Data Group agrees and has re- 
moved this state from the Summary Table. Assigning instead 

f1(1420) to the 1 ++ nonet one finds a nonet mixing angle of 

50 ~ (CLOSE 97D). This is derived from the mass formula and 

from f1(1285) radiative decays to r (BITYUKOV 88) and g7 

(AMELIN 95). 

Arguments favoring f1(1420) being a hybrid q~g meson 
or a four-quark state are put forward by ISHIDA 89 and by 

CALDWELL 90, respectively, while LONGACRE 90 argues 

that this particle is a molecular state formed by the Ir orbiting 

in a P-wave around an S-wave K K  state. 

Summarizing, there is strong evidence for f1(1420), mostly 
produced in central collisions and decaying to K'K,  and for 
7/(1440) mostly produced in radiative J/r decay and ~p 

annihilation at rest, decaying to K*K and a0(980)Tr. Confusion 

remains as to which states are observed in lr-p interactions. 
The fl(1510) is not well established. Furthermore, there are 

experimental indications for the presence of two pseudoscalars 

in the ~/(1440) structure. Accordingly, the Particle Data Group 
has split the K K r  entry for 7/(1440) into a0(980)Tr and K*K. 

!/(1440) MASS 

VALUE (MeV) DOCUMENT ID 
- 14"/0 OUR ESTIMATE Contains possibly two overlapping pseudoscalars. 

~/~rlr MODE 
VALUE (MeV} EVTS DOCUMENT IO TECN COMMENT 

14106"1" g OUR AVERAGE Error Includes scale factor of 2.9. See the Ideogram below. 
14244- 6 2200 ALDE 
14094- 3 AMSLER 
13854-15 1 BEHREND 
14004- 6 1 BOLTON 
13884- 4 FUKUI 
13984- 6 261 2 AUGUSTIN 
14204- 5 ANDO 

1 From fit to the a0(980)x 0 - + partial wave. 
2 Best fit with a single Brelt Wlgner. 

97B GAM4 100 "~ -p  --~ ~r0~r0n 
95F CBAR 0 pp  ~ ~r+Ir-~'01r0f/ 
92 CELL J/qJ ~ "Y~Ir + ~ r -  

92B MRK3 J / ~  --~ " l ~ f + I r  - 

91C SPEC 8.95 ~r- p .-* r/~ -'~ ~r- n 
90 DM2 J / r  ~ "yT1~+I r -  

86 SPEC 8 ~ r - p ~  Tpr§ 
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n(1440) 

WEIGHTED AVERAGE 
1405• (Error scaled by 2.9) 

~ . ALDE 97B G A ~  9.7 
1 ~'~ - - t ' - ~ t  '~  " " �9 AMSLER 95F CBAR 1.5 
~1 . �9 . V"  �9 \ �9 . . BEHREND 92 CELL 1.8 
I . I �9 - -  ' ' ~" �9 ' BOLTON 92B MRK3 0.8 
I '--I-- �9 . . . . . . . .  \" �9 ' FUKUI 91C SPEC 18.7 
/ , . . . . .  \ . . A U G U S T I N  90 DM2 1.5 

/ ---P-- "~  �9 ANDO 86 SPEC 8.642.7 

J I  t , " ~  (Confidence Level 0.001) 

1360 1380 1400 1420 1440 1460 

,7(1440) mass, r/~r~r mode ( M e V )  

~r~r~/MODE 
VALUE {MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

14014-18 3 ,4AUGUSTIN 90 DM2 J/V) ~ ~- i '~r- '73, 
14404-20 4 C O F F M A N  90 MRK3 J / # ~  ~- i%r-23,  

3 Best f i t  with a single Brelt Wlgner. 
4 This peak In the ~p  channel may not be related to  the rt(1440). 

4~r MODE 
VALUE (MeV) ~ EVT~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

14204-20 BUGG 95 MRK3 J / V ) ~  ~ * + ~ r - ~ r + ~ r  - 
14894-12 3270 5 BISELLO 89B DM2 J/V) ~ 4~r3, 

5 Estimated by us from various fits. 

K ~ r  MODE (ao(980) ~ dominant) 
VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
141111.7:1:1 "J O U R  A V E R A G E  Error Includes scale factor of  1.6. See the ideogram below. 
1407 4-5 6 BERTIN 97 OBLX 0 ~ p  

K •  ( KO)~r=F .rt+.~, - 
1416 4-2 6 B E R T I N  95 OBLX 0 ~ p ~  KK~r~r~r 

1416 •  + 7  700 7 BAI 90C MRK3 J/V) ~ "/KO S K4-~r:F 
- 5  

1413 4-8 500 DUCH 89 ASTE p p ~  
~'+ ~r -  K4- ~r:F K 0 

1413 •  7 R A T H  89 MPS 2 1 . 4 x - - p ~  
n KO KO ~r 0 

1419 4-1 8800 B IRMAN 88 MPS 8 ~ r - p ~  K+-K'O~r-n 
1424 4-3 620 REEVES 86 SPEC 6.6 p ~  ~ K K w X  
1421 4-2 CHUNG 85 SPEC 8 ~ - p ~  K - K * n  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1459 •  8 AUGUSTIN 92 DM2 J / ~  - *  ~(K-K~r 

6 Decaying Into (K-K)s~r, (K~r)s-K, and a0(980)~r. 

7 From f i t  to  the ao(980)~r 0 - + partial wave. Cannot rule out a a0(980 ) ~r 1 -t- + partial 
wave. 

8 Excluded from averaging because averaging would be meaningless. 

WEIGHTED AVERAGE 
1418.7+1.2 (Error scaled by 1.6) 

Z ~ 
BERTIN 97 OBLX 5.5 
BERTIN 95 OBLX 1.8 
BAI 90C MRK3 0.1 
DUCH 89 ASTE 0.5 
RATH 89 MPS 1.3 
BIRMAN 88 MPS 0,1 
REEVES 86 SPEC 3.1 
CHUNG 85 SPEC 1.3 

13.7 
(Confidence Level = 0,057) 

= I 
1390 1400 14t0 1420 1430 1~0 1r 

T/(1440) mass, K K ~ r  mode (a0 (980 )  ~r dominan t )  ( M e V )  

K~tr MODE (K*(892) K domifiant) 
VALUE ~yT5 DOCUMENT ID TECN COMMENT 
1473"1" 4 O U R  A V E R A G E  Error includes scale factor of  1.1. 
1 4 6 4 •  BERTIN 97 OBLX 0 ~ p  ~ 

K +  ( K O ) w ~ + ~  - 
14604-10 BERTIN 95 OBLX 0 ~ p  ~ KK~r~r l r  

14r 8-163 1100 BAI 90C MRK3 J/V) ~ "TKOK4-1r :F 

14754- 4 RATH 69 MPS 2 1 . 4 w - p ~  
n KO KO . 0 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

14214-14 9 A U G U S T I N  92 DM2 J/V) ~ 3 . K K l r  

9 Excluded from averaging because averaging would be meaningless. I 

K ~ r  MODE (unresolved) 
VALU{ EVT5 DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

14454- 8 693 AUGUSTIN 90 DM2 J/V) ~ "~KOK• ~: 

14334- 8 296 AUGUSTIN 90 DM2 J/V) " ~ K + K - ~  0 
1453•  7 170 RATH 89 MPS 21.4 ~ r - p  

KO KO ,O n 

1440 + 2 0  - 1 5  174 EDWARDS 82E CBAL J/V) ~ " ( K + K - ~ r  0 

1 4 4 0 + -  10 SCHARRE 80 MRK2 J / V ) ~  ~(KOsK4-~r:F 
- l b  

14254- 7 800 10 B A I L L O N  67 HBC 0 ~ p  ~ K'K~r~r~r 

10From best f i t  of  0 - + partial wave ,  50% K * ( 8 9 2 ) K  , 50% a0(980)~r. 

r/(1440) WIDTH 

VALUE (MeV) DOCUMENT ID 
50 - 80  O U R  E S T I M A T E  Contains possibly two overiapplng pseudoscalars. 

r/lr lr MODE 
VALUE (MeV) EVT$ DOCUMENT ID TECN COMMENT 

r~- l .  7 O U R  A V E R A G E  Error Includes scale factor of  2.3. See the ideogram below. 

8 5 •  2200 ALDE 976 GAM4 100 ~ r - p  ~ r/w07r0n 
864-10 AMSLER 95F CBAR 0 ~ p ~  l r+Tr -Tr0w0~/  
474"13 11 BOLTON 928 MRK3 J/V) ~ "/r/~r't' lr - 
594- 4 FUKUI 91C SPEC 8.95 l r - p  ~ r / l r + l r - n  
534-11 12 AUGUSTIN 90 DM2 J/V) --* *(rllr-t-lr - 
314- 7 A N D O  86 SPEC 8 1 r - p ~  r /~ r+T r -n  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

50 12 BEHREND 92 CELL J/V) ~ "~r/Tr§ - 

11 From fit to the a0(980) l r  0 - + partial wave. 
12 From r/lr + ~r -  mass distribution - mainly a0(980)~r - no spin-parity determination avail- 

able. 

WEIGHTED AVERAGE 
56+7 (Error scaled by 2.3) 

Z2 

/ . i i i i i '. i ALoE 976  GAM4 2.6 
AMSLER 95F CBAR 9.1 
SOLTON 9 2 0 M . K 3  0 6  
FUKUI 91C SPEC 0.6 
AUGUSTIN 90 DM2 0,1 
ANDO 86 SPEC 12.6 

(Confidence Level 0.001) 
I 

50 100 150 200 

~/(1440) w id th  r / l r l r  mode  ( M e V )  

wlr'y MODE 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1 7 4 + 4 4  AUGUSTIN 90 DM2 J/V) ~ 7 r+~ -~ r~  
604-30 1 3 C O F F M A N  90 MRK3 J/V)--* l r + ~ r - 2 ~  

13This peak in the "yp channel may not be related to  the T/(1440), 

41r MODE 
VALUE (MeV) EVTS DOCUMENT ID TEEN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1 6 0 ~ 3 0  BUGG 95 MRK3 J / V ) ~  "y~r+Tr-~r+lr  - 
1 4 4 •  3270 14 BISELLO 89B DM2 J/V) ~ 4~r'1 

14 Estimated by us from various fits. 



See key on page 213 
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Meson Particle Listings 
n(z.4o) 

K'R'~ MODE (ao(gS0) ~" dominant )  
VALUE (MeV) EVTS DOCUMENT tD TECN COMMENT 
IRI-I- g OUR AVERAGE Error Includes scale factor of 3,1. See the Ideogram below, 
48• 5 15BERTIN 97 OBLX 0.0~p-"~ 

50• 4 15BERTIN 95 OBLX O ~ p ~  KK~r~r~r 
75• 9 AUGUSTIN 92 DM2 J/r  , ' fK '~r  

62• 500 DUCH 89 ASTE ]~p--~ KK~r~r~r 
19:1:7 16RATH 89 MP$ 2 1 . 4 ~ r - p ~  

66• 2 8800 BIRMAN 88 MPS 
60• 620 REEVES 86 SPEC 6.8 p~'-'* K K ~ X  
60• CHUNG 85 SPEC 8 ~ r - p ~  K-K~rn 

15 Decaying Into (K-'r~)s~r, (K~r)5"[~, and a0(980)~r. 
16 From fit to the a0(980)~ 0 - + partial wave, but a0(980)~r 1 

WEIGHTED AVERAGE 
59~J:5 (Error sr by 3.1) 

i! iiii~ii 

!i!;~i:!ill ~2 

+ : : : i : : i ' J ' l " ' " " " '  BERTIN 95 OBLX 5.6 
| - J ~ l - - - " A U G U S T I N  92 DM2 3.0 

~: '~' ~ 90C MRK3 0.4 BA 
�9 �9 �9 DUCH 89 ASTE 0.0 

I . . . .  / ' \ ' : /~  ' ~ . . . . . .  PATH 89 MPS 33.3 
/ ~ ':;|-~-[ . . . . .  aIRMAN 88 MPS 10.8 

I / ~ . . . . .  REEVES 86 SpEC 0.0 
. . . . .  UNG 85 SPEC 0.0 

~ ~ 1  58.3 (Confidence Level 0.001) 
I 

0 20 40 60 80 100 120 

r/(1440) width K ~ r  mode (a0(980) ~r dominant) 

K~'~r MODE (K~(892) K dominant) 
VALUE DOCUMENT ID TECN COMMENT 
~'1"13 OUR AVERAGE Error Includes scale factor of 1.7. See the Ideogram below. 

105• BERTIN 97 OBLX 0.0 ~p *-* 
K • (K0)~r:F ~+ ~ -  

105• BERTIN 95 OBLX 0~p  ~ KK~r~r~r 
63• AUGUSTIN 92 DM2 J /~  ~ "TK-K~r 

54 +37+13  BAI 90C MRK3 J/,~ --* ~/KOK• :F 
--21--24 

51• RATH 89 MPS 21.4 ~'-- p 
nKOKOs~r 0 

WEIGHTED AVERAGE 
79~:t3 (Error scaled by 1.7) 

I 

K • (K0)~r :F ~r + ~r- 

J / r  --~ ~ K 0 K • ~r~: 

0 0 0 nKsKs~r  
8 ~r -p  --~ K+~'O~r- n 

+ + cannot be excluded. 

. . . . .  BERTIN 97 OBI-X 3.0 

. . . . .  BERTIN 95 OBLX 3.0 
I ' AUGUSTIN ~2 DM2 0.8 

�9 BAI 90C MRK3 0,4 
. . . .  PATH 89 MPS 4.6 

11.9 
. '  nfldence Level = 0.018) 

-50 0 50 100 150 200 250 

r/(1440) width KK~r  mode (K �9  K dominant) 

K~'~r MODE (unre~lved) 
VALUE EVT$ ~OCUMENT ~O - TECN r 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

93• 296 AUGUSTIN 90 DM2 J/'~ --* ' y K + K - ~ r  0 
105• 693 AUGUSTIN 90 DM2 J/',~ .-+ "~KOsK• 

100• 170 RATH 89 MP5 21.4 ~r -p  --~ 
KOKO,On 

55 +20 174 EDWARDS 82E CBAL J/V~ ~ "7 K+K-~ rO - 30 

50 +30 5CHARRE 80 MRK2 J / ~  ~ "~KOsK• 
- 2 0  

80• 800 17BAILLON 67 HBC 0 , 0 ~ p ~  K~r~r~r 

17From best fit to 0 - + partial wave , 50% K�9 , 50% a0(980)~r. 

r t(1440) DECAY MODES 

Mode Fraction (r l /r) 

r z  K K ~ r  seen 
r2  K K * ( 8 9 2 ) +  c.c. seen 
r 3 ,q~r~ seen 
I" 4 a0(980)/r  seen 

I" 5 ~/(~r~r)s_wave seen 
i- 6 4~r ' seen 

1-7 ~'7 
F8 p0~ 

~(l~Ao) r0)r(~)/r(mtaJ) 
r(KR'.) x r(~)/rt=.u r l rdr 
VALUE (keV) CL.~ DOCUMENT ID TECN COMMENT 

<:1.2 95 BEHREND 89 CELL "/~ ~ KOK• ~: 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.6 95 AIHARA 860 TPC e+e - 
e + e -  K~ K • 7r:F 

<2.2 95 ALTHOFF 858 TAS5 e+e - ~ e + e - K - K ~  
<8.0 95 JENNI 53 MRK2 e + e - ~  e+e-K-K1r  

r(e. . )  x r(~)/r==, rgrT/r 
VALUE (keV) DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.3 ANTREASYAN87 CBAL e+e - -*  e+e-r / l r~r  

r ( ~ )  x r (~ ) / r=~  r.r~/r 
VALUE (keV) ... CL% DOCUMENT ~D TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.5 95 ALTHOFF 84E TASS e + e -  
e+ e -  ~r+~r- 3, 

t / (1440) B R A N C H I N G  RATIOS 

r(,1.,~)Ir(K~'.) rdr~ 
VA(.U~. (Lf~ DOCUMENT ID TE~:N COMMEN T 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.5 90 EDWARDS 83B CBAL J/'~ ~ rl~rTr'7 
<1.1 90 SCHARRE 80 MRK2 J /~  -~ r/~rlr',/ 
<1.5 95 FOSTER 68B HBC 0.0 ~p 

r(=o(~o).)/r(K~'.) r4/rl 
VALUE EVT5 DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.15 18 BERTIN 95 OBLX 0 ~p ~ KK~r~ r  
0.8 500 18 DUCH 89 ASTE ~p 

~+ = -  K • lr:F K 0 
~0.75 18REEVES 86 SPEC 6 . 6 p ~  K K ~ X  

18Assuming that the a0(980 ) decays only into KK.  

r(=o(~0).)/r(~..) r4/r3 
VALUE EVT$ DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.19• 2200 19ALDE 97B GAM4 100~ -p - -~  ~/~0~0n 
0.56•177 19AMSLER 95F CBAR 0 ~ p ~  ~+~-Tr0~rOr/ 

19Assuming that the a0(980 ) decays only into r/~r. 

r ( K ' R * ( g e 2 ) + c . c . ) / r ( K ~ l r )  r = / r l  
VALUE DOCUMENT ID T~:N ~OMM~NT 
0JI0-t-0.10 BAILLON 67 HBC 0.0 ~p ~ K ~ r ~ l r  

r(KTP(ss2)+c.c.)/[r(KTP(~2)+c.c.)+r(io(~o),r)] r=/(r=+r4) 
VALUE CL~ DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0,25 90 EDWARDS 82E CBAL J/@ .-, K + K-~rO'~ 



4OO 

Meson Particle Listings 
77(1440), ao(1450), p(1450) 

r(~%)/r(K~.) rg/r= 
VALUE DOCUMENT ID T~I~ COMMENT 

0.011~J.-O.O0~l 2OCOFFMAN 90 MRK3 J/V~ ~ "~'r* + * -  

20Using B(J/th - -  "~r/(1440) ~ ~K~ '~ r )=4 .2  x 10 - 3  and B(J/V~ ~ "rq(1440) 
"r 'ypO)=6.4 x 10 - 5  and assuming that  the ~pO dgnal does not come from the f1(1420). 

r(~(~m)s-~)/r(,~,',r) rdr= 
VALUE EVT5 DOCUMENT I0 TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0 .81+0 .04  2200 ALDE 973 GAM4 100 ~ r - p  ~ q~r0xOn 

~1440) REFERENCES 

ALDE gTB PAN 60 33~ D. Aide, Binon, Bdcmim+ (CAMS Colab.) 
Translated from YAF 60 451. 

BERTIN ~7 PL 3400 226 4 Rruschl. C.al~O~l+ (OBELIX C~lab.) 
AMSLER 9SF PL B3~8 3~J +Armltro~|, Umer+ (Cwstal B~frel Co~llb.) 
BERTIN 95 PL B3&I 137 +Bru.%'hl+ (OBELIX Collmb.) 
BUGG 93 PL B35337S +Scott, Zoi+ (LOQM, PNPI, WASH) 
AUGUSTIN 92 PR D4~ 1~1 +Co,me (DM2 Collab.) 
BEHREND 92 ZPHY C56 3Sl (CELLO CoSab.) 
BOLTON ~J2B PRL 6~ 1328 +Brown, Bunnell+ (Mark III Confab.) 
FUKUI 31C PL B267 293 + (SUGI, NAGO, KEK, KYOT, MIYA. AKIT) 
AUGUSTIN gO PR D4210 +Co, me+ (DM2 Collab. ) 
BAI 90(: PRL f~ 2307 § (Mark III Colhlb.} 
COFFMAN 90 PR D41 1410 +~1 Jonsh+ (Mark III Co41lb.) 
BEHREND 89 ZPHY C42 367 +Crlqee+ (CELLO Coil�9 
BISELLO I~B PR D19 701 Busetto+ (DM2 CoS�9 
DUCH S9 ZPHY 45 223 +Heel, Bailey+ (ASTERIX Collab.) Jp 
PATH I~ PR D40 6q3 +Cason+ (NDAM, BRAN, BNL, CUNY, DUKE) 
BIRMAN SS PRL 61 1SS7 +Chunl~ Pudee+ (BNL, FSU. iND, MASD)JP 
ANTREASYAN 87 PR D3~ 2633 +Barrels, B~u~et~r (Crystal Bal Coll~b.) 
AIHARA 860 PRL 57 51 +Ahltoe-Gl~Jelt+ (TPC-2"~ CoH~b,) 
ANDO 86 pRE 37 1296 +Imam+ (KEK, KYOT, NIRS, SAGA. INUS, TSUK+)IJP 
REEVES I~ PR 34 13~0 +Chung, Cdttenden+ (FLOR, BNL, IND, MASD) JP 
ALTHOFF 158 ZPHY C2~ 189 +nriunsch~d|, Klrtchflnk+ (TASSO Col~|b.) 
CHUNG SS PRL S~ 779 +Fernow, Bo~hnkdn+ (BNL. FLOR, IND, MASD)JP 
ALTHOFF 143 PL 147B 437 +Braunschwel|, KIm:hflnk, Luebelsmeyef+ .(TASSO Cdlab.) 
EDWARDS 83B PRL 511159 +Partrld|e, peck+ (CIT, HARV, PRIN, STAN, SLAC) 
JENNI 83 PR D27 1031 +Burke, TeleOv, Abrams, Blocker+ (SLAC. LBL) 
EDWARDS 32E PRL 43 259 +P�9 Peck+ (CIT. HARV, PRIN. STAN, SLAC} 

ANo S3 PRL 5021~ Edwards, Parttime+ (CIT. HARV. PRIN, STAN+) 
SCHARRE 30 PL 97R 329 +Trilllnl~ A~riml. Alam, Bkxk~r+ (SLAC, LBL) 
FOSTER ~B  NP 38 174 +C.~Lk~, Lab'osse, Montanet+ (CERN, CDEF) 
BAILLON 67 NC 5OA 393 +E~ards. D'Andlll, A~klr+ (CERN, CD~F. IRAD) 

OTHER RELATED PAPERS 

CLOSE 973 PR DS5 5743 F. Close+ (RAL, RUTG. BEIJT) 
BERTIN 96 PL B38S 453 +Bruschi+ (Obet;x Colla/~.) 
FARPAR ~ PRL 764111 G.R. Farrar (RUTG) 
AMELIN ~S ZPHY CSS 71 +Berdnikov+ (VES CoNab.) 
GENOVE~E ~ ZPHY C61 425 +Lichtenbe*'|, Pe~fazzl (TORI, IND) 
BALI 93 PL 8309 373 +SchllNns, Hu4sebo, Ir~inl~ Michad+ (LIVP) 
LONCACRE go PR D42 1174 (BNL) 
AHMAD 89 NP B (RROC.)B 50 +Am~r, Auld+ (ASTERIX Cog�9 
ARMSTRONG 19 PL 3221 216 +Bcmar~n+(CEJRN, CDEF, BIRM, BARI, ATHU, CURIN+} 
ARMSTRONG 37 ZPHY C~l 23 +Blood~"th+ (CERN, BIRM, BARI, ATHU, CURIN+) 
ASTON 37 NP B292 693 +A~] i ,  D'Amore+ (SLAC, NAGO, CINC, INUS) 
ARMSTRONG 14 PL 1468 273 +BIood~r162 Burl~+ (ATHU, BARI, BIRM, CERN ) 
DIONISI SO NP B169 1 +Ga~llet+ (CERN, MADR, CDEF, STOH) 
DEFOIX 72 NP 344 125 +NaK~mento, B~zzard+ (CDEF, CERN) 
DUBOC 72 NP 34~ 429 +Goldberi, Mako~dd, Donald+ (PARIS, LWP) 
LORSTAD 65 NP 314 63 +D'AMlau, Airier+ (CD~EF, CERN) 

I ao(1450) I = 
See mln l rev lew on scalar mesons under f0 (1370) .  

~(z~o) MASS 

VALUE ~MeV) DOCUMENT ID TECN COMMENT 
1474:E19 OUR AVERAGE 

K 0 K + .~ :  1 4 8 0 + 3 0  ABELE 98 CBAR 0 . 0 ~ p  ~ ~ r ~ , 0 x  0 0 " x  
14704-25 1 AMSLER 95D CBAR 0.0 ]Sp ~ , 

x0  r/r/, xOxO~ 
�9 �9 �9 We do not use the following data for averaiies, fits. l imits, etc. �9 �9 �9 

1 4 5 0 + 4 0  AMSLER 94D CBAR 0.0 } p  ~ x0~r0~/ 
1 4 3 5 + 4 0  BUGG 94 RVUE ~ p  ~ rt2~r 0 

1 Coupled-channel analysis o f  AMSLER 95B, AMSLER 95C, and AMSLER 940. 

�9 o(t450) WIDTH 

VALUE (M~IV) DOCUMENT ID TECN COMMENT 
~ 4 " ! 3  OUR R /ERAGE 
2 6 5 + 1 5  ABELE 98 CBAR O . O ~ p ~  KOK4-~r :T: 

265 :t: 30 2 AMSLER 95D CBAR 0.0 ~ p  ~r0-x 0 ~r 0` 
~rO r/~/, ~rO x0  r/ 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2 7 0 •  AMSLER 94D CBAR 0.0 ~ p  ~ *0~r0~/ 
2 7 0 •  BUGG 94 RVUE ~ p ~  r/2~r 0 

2 Coupled-channel analysis o f  AMSLER 95B. AMSLER 95C, and AMSLER 94D. 

�9 o(1450) DEC~Y MODES 

r(.r r=/r: 
VALUE p~)CUMENT IQ TECN t~OMMENT 

O.311:E0,11 3 A B E L E  98 CBAR 0 . O ~ p ~  K O K + *  ~: I 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0 .43+0.19  ABELE 97C CBAR 0.0 ~ p  ~ ~r0*Or /  I 

3 Using ~O~ from AMSLER 94D. I 

r ( K ~ / r ( ~ r ~ )  r=/r~ 
VALUE DOCUMENT ID T~h~ r162 

OJISq-OJB 3 A B E L S  98 CBAR 0 . 0 ~ p ~  KOK-i%r :F I 

ABELE M PR D37 3860 A. Abe|e, Adorn�9 Am~er* Crystal Barrel Co41ab.) 
ABELE 97C PL 3404 177 A. Abell. Adonlelt, Ares/�9 Crystil Barrel Co41lb. ) 
AMSLER %B PL B342 433 +Armtlron E, Brose+ (Crystal Barrel Collib.) 
AMSLER 35C PL B353 571 +Armstrong, Hackman+ (Crystal Barrel Co'lb. ) 
AMSLER gSD PL 3355 425 +Armstron|, Spinier+ (Crts~ Barrd Co3ab.) 
AMSLER 94D PL 3333 277 +Anilo~ch, Span~er+ (Cryst~ Barrel Collab.)IGJPC 
BUGG 94 PR D50 4 4 1 2  +Aniso~dch+ (LOQM) 

ao(14~0 ) REFERENCES 

I p(z45o) I _ -  ,+(1--) 
See the min i - rev iew under the p(1700) .  

p(t~0) MASS 

VALUE (MeV) DOCUMENT ID 
14664"23 OUR ESTIMATE This Is only an educated guess; the error given Is larger than 

the error on the aver�9 of  the puMIshed values. 
14824- | OUR AVERAGE Includes data from the 2 databiocks that  follow this one. 

~ MODE 
VALUE (MeV) DOCUMENT ID TECN COMMENT 
The data In this block Is Induded In the average printed for a p~evlous datablock. 

14704-20 ANTONELL I  88 DM2 e + e  - - *  T / * + .  - 
1446:i :10 FUKUI 88 SPEC 8 . � 5 x - p ~  Q ~ r + l r - n  

wx MODE 
VAL UE (MeV) DOCUMENT 10 TECN COMMENT 
The data In this block is Included In the average printed for a previous datablock. 

1463+25  1 CLEGG 94 RVUE 
�9 �9 �9 We do not use the following data for averages, fits. l imits, etc. �9 �9 �9 

1250 2 ASTON 80(: OMEG 20-70 -yp ~ w~rOp 
1290+40  2 BARBER 80C SPEC 3-5  "rP ~ ~TrOp 

1 Udng data from BISELLO 913, DOLINSKY 86 and ALBRECHT 87L. 
2Not  separated from b1(1235 ), not pure JP = 1 -  effect. 

trlr MODE 
VALUE {MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 * 

1348+33  BERTIN 98 OBLX 50-405 ~p  ~ | 

x+ ,r+ ..% I 
1411+14  3 A B E L E  97 CBAR ]~n--* * - *  . 0  

I 1370+7~00 ACHASOV 97 RVUE e + e  - ~ * + 7 r -  

13804-24 4 BARATE 97M ALEP ~.-- ~ . - . o r .  I 
1359+40  5 BERTIN 97C OBLX 0.0 ~ p  ~ x +  T r - x  0 I 1282+37  BERTIN 97D OBLX 0.05 ~ p  ~ 27r ' i '2x - 
1424+25  BISELLO 89 DM2 e + e  - ~ l r + T r -  

3T-mat r i x  pole. I 
4Rx ing  p(1450) width to 310 MeV and p(l?O0) mass and width to  1700 MeV and 235 

MeV respectively. 
5p(1700) mass and width fixed at 1700 MeV and 235 MeV, respectively. I 

~r+lr- Ir+tr - MODE 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1350-t-50 ACHASOV 97 RVUE e + e  - ~ 2 (~ r+x  - )  | 
14494- 4 6 A R M S T R O N G  893 OMEG 300 pp  

pp2 ( I r+  x - )  

6No t  dear whether this observation has I = 1  or 0, 

Mode Fraction ( l / / r )  

F 1 ~ seen 
r 2 ~r 7/1(958) seen 

r 3 K K  seen 
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r MODE 
VALUE (MeV) DOCUMENT IO TEEN EHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits. nmlts, etc. �9 �9 �9 

1480:1:40 7,8 B ITYUKOV 87 SPEC 0 32.5 E - p  
~0 n 

7 DONNACHIE 91 suggests this is a different particle. 
8Not  seen by ABELE 97H. 

MIXED MODES 
VAL UE (MeV~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits. l imits, etc. �9 �9 �9 

1265.5:E75.3 DUBNICKA B9 RVUE e + e  - --* ~ + ~ r -  

p(1450) WIDTH 

VALUE (MeV) DOCUMENT ID 
3104-60 OUR ESTIMATE This is only an educated guess; the error given is larger than 

the error on the average of the published values. 

qpo MODE 
VAGUE (MeV} DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2304:30 ANTONELLI 88 DM2 e + e  - --* ~ + ~ r -  
60~15 FUKUI 88 5PEC B , 9 5 ~ - p ~  ~ l ~ + ~ - n  

=x MODE 
VALUE {MeV} DOCUMENT ID TEEN COMMENT 
The data In this block Is Included In the average printed for a previous databiock. 

311~: 62 9CLEGG 94 R v u E  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

300 IOASTON B0c OMEG 2 0 7 0  q,p ~ ~.~Op 
3204.100 10 BARBER 80C 5PEC 3-5 ~p- -+  ~ 0 p  

9 Using data from BISELLO 91B, DOLINSKY 86 and ALBRECHT 87L. 
lONot  separated from b1(1235 ), not pure JP  = 1 -  effect. 

~r~r MODE 
VA, LUE{MeV) DOCUMENT IO TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

275•  BERTIN 98 OBLX 50 -4053p  -~ 
~ + ~ + ~ -  

3434-20 11ABELE 97 CBAR ]~n --* ~ -  ~0~0 
310+40 12 BERTIN 97c OBLX 0 . 0 ~ p  --~ ~r+~r-~r 0 

23B~35 BERTIN 97D OBLX 0,05 ~ p , - *  2~r+2~ - 
269~31 BtSELLO 89 DM2 e + e  - ~ ~+  ~m 

l i T . m a t r i x  pole. 
12p(1700) mass and width fixed at 1700 MeV and 235 MeV, respectively. 

#~r MODE 
VALUE {MeV) DOCUMENT IO TEEN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

130~60 13,14 B ITYUKOV 87 SPEC 0 32.5 w - p  
=0 n 

13 DONNACHIE 91 suggests this 18 a different particle. 
14Not  seen by ABELE 97H. 

MIXED MODES 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

3914"70 DUBNICKA 89 RVUE e + e  - - *  w + ~  - 

p(1450) DECAY MODES 

Mode Fraction ( r / / r )  Confidence level 

F1 ~r~ seen 
r 2 4~ seen 
r 3 ~ / r  <2,0 % 95% 

r4 e + e -  seen 

rs ~p <4 % 

r7 K ~  <l.s x 10 - 3  95% 

A;r r(i)r(, + e-)Ir(tot=) 

r(,r,r) x r ( , + r ) I r t= , ,  r~r41r 
VALUE (l~V) DOCUMENT IO TEEN COMMENT 

�9 * �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

0.12 l g D I E K M A N  BB RVUE e + e - - - - ~  ~ .4 -~ -  

15 Using total  width = 235 M e V ,  
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r(.~p) x r@+r) ir~,,  r . rdr  
VALUE(�9 DOCUMENT ID TEEN COMMENT 

914-1~ ANTONELLI 88 DM2 e + e  - ~ r /~r+~ - 

r(§ x r(e+e-)/r~om rgr41r 
VALUE (eV} CL_~_~ DOCUMENT IO TEEN COMMENT 

<'tO 90 16AULCHENKO 87B ND e + e  - ~ K O K O ~  0 

16Using mass 1480 • 49 MeV and tota l  width 130 • 60 MeV of BITYU)(OV BT, 

p(1450) BRANCHING RATIOS 

r (~p) / r~ ,  rg/r 
VALUE DOCUMENT 10 TEfrN 

<0.04 DONNACHIE 878 RVUE 

r ($ . ) / r (~ , )  rdrs 
VALUE CL_~ L DOCUMENT ID TEEN CHG COMMENT 

:>O.g 95 B ITYUKOV 87 5PEC 0 32.5 ~ - p  
~ 0 n  

r (~ , ) / r (~ )  r,/r= 
VAI~U~ DOCUMENT ID T~CN 

<0.14 CLEGG 88 RVUE 

r(~)/r(~,) rdr ,  
VALU~ DOCUMENT IO TEEN COMMENT 

0.24 17 DONNACHIE 91 RVUE 
�9 �9 �9 We do not use the following data for averages, fits, l imits, 

>2 Fu.u, ,1 s~c 

r(..,)/r~ 
VALUE DOCUMENT ID TECN 

0.21 CLEGG 94 RVUE 

r( , ,) /r(~,) rdrg 
VALUE "" DOCUMENT ID TECN 

0,32 CLEGG 94 RVUE 

r(~,)/r~,, rdr 
VALUE DOCUMENT ID TEEN COMMENT 

<:O,01 17DONNACHIE 91 RVUE 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

K 0 K 0 ~r 0 ~r O not seen ABELE BrH CBAR ~ p  ~ L $ 

r(KX)/r(~,r) r#r= 
VALUE DOCUMENT {~J Ts 

<0,01 17DONNACHIE 91 RVUE 

17 Ustng data from BISELLO 918, DOLINSKY 86 and ALBRECHT 87L 

etc. �9 �9 �9 

8,95 ~r-  p -~ ~ O n  

rdr  

BERTIN 98 
ABELE 97 
ABELE 5?H 
ACHASOV 97 
BARATE 97M 
BERTIN 97C 
BERTIN t7D 
CLEGG g4 
BISELLO 91B 
DONNACHIE 91 
FUKUI 91 
ARMSTRONG 59E 
BISELLO 89 
DUBNICKA 69 
ANTONELLI 58 
CLEGG 88 
DtEKMAN 
FUKUI 
ALBRECHT 57L 
AULCHENKO 578 

BIWUKOV 87 
OONNACHR 87B 
DOLINSKY 
ASTON 80C 
BARBER 80C 

ABELE 97H 
BARNES 97 
CLOSE 97C 
URHEIM 97 
ACHASOV %B 

MURADOV 
LANDSBERG 92 

BRAU 
ASTON 87 
KURDADZE 86 

p(1450) REFERENCES 

PR D57 55 A. Berlin, Bru~hl, Cippon1+ (OBELIX Collab.) 
PL 6391 191 A. Abel�9 Adomelt, Am~er+ (Crystal Barrel Cc41ab.) 
PL 8415 280 A. Abele+ (Crystal Barrl~ Cdllb.) 
RR DSS 2 6 6 3  +Kozblvnlkov+ (NOVM) 
ZPHY C76 15 R. Barate+ (ALEPH C~lib. 
PL B40E 478 A. Bertin, BruKhi+ (OBELIX COl lb. 
PL 8414 220 A. Bertln+ (OBELIX Cotlab 
ZPHY C62 455 +Donnachle (LANE, MCH| 
NP B21 111 ($uppl) (DM2 Coll|b 
ZPHY CSl 689 +C;e U (MCHS, LAN( 
PL B257 241 +Hodkawa+ (SUGL NAGO, KEK, KYOT, MIYI 
PL B228 538 +Benayoun (ATHU, BARI, BIRM, CERN, CDEF, CURIN-~ 
PL B220 321 +Buletto+ (DM2 Co411b 
JPG 15 1 3 4 9  +Mar~no~c+ (JINR, SLO~ 
PL B212 133 +BlldlnI+ (DM2 COlhlb 
ZPHY C40 313 +Oosnachle (MCHS, LAN( 
PRPL 159 101 (BONh 
PL B202 441 +Hodkawa+ ($UGI, NAGO, KEK, NYOT, MIYI 
PL B18S 223 +Binder, Boeckmann, Glaslr+ (ARGUS Collab 
JETPL 45 145 +O~lnsky, Oruzhroln, Oubto~n+ (NOV( 
Tranditld Born ZETFP 45 1t$. 
PL B156 383 +Dzh-~yadln, D~M~V, GokN~n+ (SERF 
ZPHY C34 257 +CleM (MCHS, LANCI 
PL B174 453 +Druzhlnln, DuMovln, EIdelm|n+ (NOVO 
PL 928 211 (BONN, CERN, EPOL, GLAS, LANE, MCHS+I 
ZPHY C4 169 +Dalnton, Bmdbeck, Brook�9 (DARE, LANE, SHEF 

OTHER RELATED PAPERS 

PL B415 280 A, Abide+ (Cryltol Barr~ Cogab.) 
PR DSS 4157 T. Barns+ (ORNL, RAL, MCHS) 
PR D56 1584 F,E, CloSe+ (RAL, MCHS) 
NPBPS 55C 359 J. Urholm (CLEO Collab.) 
PAN 59 1 2 6 2  +5hestakov (NOVM) 
Translated from YAE 59 1319. 
PAN 57 864 (BAKU 
SJNP 55 1051 (SERP 
Trindated from YAF 55 18%, 
PR 037 2379 +Franek+ (SLAC Hybrid Ficlllty Photon ColPab.) 
NP 8292 693 +Awaji. D'Amoqe+ (SLAC. NAGO, CINC, INUS) 
JETPL 43 M3 +Le;r pak;~tuiova, Stdo(ov. 5kr;nshlI+ (NOVO) 
Tran~ated from ZETFP 43 497, 
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8ARKOV 85 NP B256 365 +Chilingarov, Eidelman. Khazin. Lelchuk+ (NOVO) 
BISELLO 85 LAL 85-15 +Augustin, AjaltOun[+ {PADO. LALO, CLER, FRAS) 
ABE 84B PRL 53 751 +Bacon, Ballam+ (SLAC Hyb~d Fadlity Photon Collab.) 
ATKINSON 84C NP B243 I + (BONN, CERN, GLA$, LANC, MCHS. CURIN+) 
CORDIER 82 PL 109B 129 +Bisello, Bizot, Buon, Delcourt (LALO) 
KILLIAN B0 PR D21 3005  +Treadwell, Ahrens, Berkelman, C~ I+  (CORN) 
COSME 76 PL 63B 352 +Courau, Dudelzak, Grelaud, Jean~Marie+ (ORSAY) 
BINGHAM 72B PL 41B SS$ +Rabin, Rosenfeld. Smadja+ (LBL, UCB, SLAC) 
FRENKIEL 72 NP B47 61 +Ghesquiere. Lille~tol, Chung+ (CDEF, CERN) 
LAYSSAC 71 NC 6A 134 +Renard (MONP) 

I o( 5oo)I IG(j PC) = O-F(O+ +) 

See also the mini-reviews on scalar mesons under fo(1370) and on 
nonlqq" candidates. (See the index for the page number,) 

fo(1500) MASS 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
lS00"t-10 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below. 
1522• BERTIN 98 OBLX 50-405 ~p --* | 

1510• 1 BARBERIS 97B OMEG 450 pp  -.-, | 
pp2(w+ ~r - ) 

1449-1-20 1 BERTIN 97C OBLX 0.0 ~p ~ ~r+~r-~r 0 | 
1515~20 ABELE 96B CBAR O.0 ~p ~ r t~ L.~0 K 0L I 
1500• 2AMSLER 95B CBAR 0.0 ~p ~ 3w 0 
1505~15 3 AMSLER 95C CBAR 0.0 ~p ~ nn~r 0 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1475 FRABETTI 970 E687 D ~ ~ ~r~F~r:t:~r • | 
s 

1430 4 KAMINSKI 97B RVUE ~ -  P polar ~ ~r+~r- n I 

1505 ABELE 96 CBAR 0.0 pp ~ 5~r 0 | 
1500• 8 1ABELE 96c RVUE Compilation I 
1460• 1:20 5 AMELIN 96B VES 37 ~r- A ~ r/r/~r- A 
1500• 8 BUGG 96 RVUE | 
1S00• 10 6 AMSLER 95D CBAR 0.0 ~p ~ ~r 0 ~r0~ 0, 

~r0 r/r/, ~r0 ~r0 ~/ 
1445• 5 7ANTINORI 95 OMEG 300,450 pp  

pp2(~r+ ~r-) 
1497-F30 5 ANTINORI 95 OMEG 300,450 pp  

pp~-F~r -  
1505 BUGG 95 MRK3 J / ' r  ~ ",/~r+ ~r- ~r+ ~r - 
1446:E 5 5 ABATZIS 94 OMEG 450 pp  

pp2(~r+ ~r-) 
1545:J:25 5 AMSLER 94E CBAR 0,0 pp  ~ ~r0~/~ r 
15204-25 1,8ANISOVICH 94 CBAR O.O~p--~ 3~r0,~r0r/rt 
1505• 1,9 BUGG 94 RVUE ~p ~ 3~r 0, r/r/~r 0, 

r/~r0 ~r 0 
1560• 5AMSLER 92 CBAR 0 . 0 ~ p ~  ~r0r/~ 
1550•177 5 BELAOIDZE 92C VES 36 ~ -  Be --~ ~r-r//~/Be 
1449• 4 5 ARMSTRONG 89E OMEG 300 pp  

pp2(w+ ~r - ) 
1610:E20 5 ALDE 88 GAM4 300 ~r- N ~ ~r- N2r/ 
1525 ASTON 88D LASS 11 K - p  _.  K s K s  0 
1570-1,20 600 5 ALDE 87 GAM4 100 ~r-p  ~ 4~r 0n 
1575• 10ALDE 86D GAM4 100 ~r -p  ~ 2r/n 
1568• 5 BINON 84c GAM2 38 ~ r - p  --* r l r l /n 
1592• 5BINON 83 GAM2 3 8 ~ r - - p ~  2~/n 
1525• 5 5 GRAY 83 DBC 0.0 ~N ~ 3~r 

1 T-matrix pole. | 
2T-matrix pole, supersedes ANISOVICH 94. 
3 T-matrix pole, supersedes ANISOVICH 94 and AMSLER 92. 

WEIGHTED AVERAGE 
1500~:10 (Error scaled by 1.3) 

. . . . .  BERTIN 98 OBLX 0~- 
/ ~ "  . . . . . .  BARBERIS 97B OMEG 0.3 

J . . . .  - -~ . . . . . . .  BERTIN 97C OBLX 6.4 
/ l ' - -F-- - - - \  . . . . . .  ABELE 96B CBAR 0.6 

// ---I-:-- - �9 .\ . . . . . .  AMSLER 95B CBAR 0.0 
- - + -  - . \  . . . . .  ,~S,ER ~ c  C,A~ 0.__1 

/ I I I ~  ' (C~nfidence Level = 0.146) 8.2 

,,oo I,o  ,o,o 

f0(1500) mass (MeV) 

fo(1500) WIDTH 

VALUE ~MeV) EVTS DOCUMENT ID TECN COMMENT 
112"1"10 OUR AVERAGE 
108• BERTIN 98 OBLX 50-405 f fp  - *  | 

120• 11 BARBERIS 97B OMEG 450 pp  ~ | 

pp2(~r+ ~r-)  0 
114• 11BERTIN 97COBLX 0.0~p---* ~r+~r-~r I 
105• 15 ABELE 96B CBAR 0.0 pp ~ . 0  ~0 ~-0 I " " ' L - - L  
120+25 12 AMSLER 95B CBAR 0.0 ~p ~ 3~r 0 
120-F30 13 AMSLER 95C CBAR 0.0 pp ~ r/r/~r 0 

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

4Reanalysis of SRINIVASAN 75, ROSSELET 77, BECKER 79, and COHEN 80 using a | 
three coupled channel analysis (~r~, KK.  and #c~). 

5 Brelt-Wlgner mass. 
6T-matrix pole. Coupled-channel analysis of AMSLER 95B, AMSLER 95C, and AM- 

100 FRABETTI 97D E687 
135 14 KAMINSKI 97B RVUE 

169 ABELE 96 CBAR 
100• 120 15 AMELIN 96B VES 
132+15 BUGG 96 RVUE 
154~-30 16 AMSLER 95D CBAR 

65+10 17 ANTINORI 95 OMEG 

1994-30 15 ANTINORI 95 OMEG 

56:E12 15 ABATZIS 94 OMEG 

100• 15 AMSLER 94E CBAR 

14R-F20 11,18 ANISOVICH 94 CBAR 
" - 2 5  

150• 11,19 BUGG 94 RVUE 

245• 15 AMSLER 92 CBAR 
153• 15 BELADIDZE 92C VES 
78• 15 ARMSTRONG 89E OMEG 

170• 15 ALDE 88 GAM4 
150• 600 15 ALDE 87 GAM4 
265• 20 ALDE 86D GAM4 
260• 15 BINON 84C GAM2 
210• 15 BINON 83 GAM2 
101+13 15 GRAY 83 DBC 

SLER 94D. 
7Supersedes ABATZIS 94, ARMSTRONG 89E. Breit-Wigner mass. 
8 From a simultaneous analysis of the anolhHations ~p --* 31r 0,~r 0 r/~. 
9 Reanalysls of ANISOVICH 94 data. 

10 From central value and spread of two solutions. Brelt-Wlgner mass. 

Ds~ ~ ~r:F ~r • ~4- | 

l r -  p polar ~ l r+Tr -  n | 
0.0 ~p --+ 57r 0 | 
37 7r -A  ~ ~/~/lr-A 

I 
0.0 ~p ~ 7r0x0~ 0' 

~rO T/r/, lr0 lr0 r/ 
300,450 pp  --~ 

pp2(Tr+ 7r - ) 
300,450 pp  

p p ~ + ~ r -  
450 p p  

pp2( l r+ x - ) 
O.O ~p ~ ~rOT/r/r 

0.0 ~p ~ 3~r0,Tr0r/T/ 

]~p ~ 31r 0' r/r/It O, 
r/lr0 ~r 0 

0.0 ~p --~ lr0 r/r/ 
36 ~-- Be - *  x--r l lT iBe 
300 pp  

pp2(Tr§ ~r - ) 
300 l r -  N ~ ~T- N2rl 
100 ~ -  p ~ 4~ 0 n 
100 x - p  ~ 2~/rl 
38 ~ -  p --~ rlTlln 
38 x - p ~  2r/n 
0.0 ~N ~ 3~ 

I 11 T-matrix pole. 
12 T-matrix pole, supersedes ANISOVICH 94. 
13T-matrix pole, supersedes ANISOVICH 94 and AMSLER 92. 
14Reanalysis of SRINIVASAN 75, ROSSELET 77, BECKER 79, and COHEN 80 using a I 

three coupled channel analysis (~r~r, KK,  and #<~). 
15 Brelt-Wlgner mass, 
16T-matrix pole. Coupled-channel analysis of AMSLER 95B, AMSLER 95C, and AM- 

SLER 94D. 
17Supersedes ABATZIS 94, ARMSTRONG 89E. Brelt-Wlgner mass. 
18 From a simultaneous analysis of the annihilations ~Op --* 3f0,1r0~/r/. 
19 Reanalysis of ANISOVICH 94 data. 
20From central value and slxead of two solutions. Brelt-Wlgner mass. 
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6(1500)  DECAY MODES 

Meson Particle 
4O3 

Listings 
fo(1500) 

r(K~/r(2. )  r , /r .  
VALUE DOCUMENT ID TEEN COMMENT 

0.19-1"0.07 27ABELE 98 CBAR O.O ~ p  "~ KO K •  :~ I 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 = 

0.20• 28 ABELE 96B CBAR 0.0 ~ p  ~ ~0 k-0 ~-0 I 
- -L - L  

27 Using ~0~0  from AMSLER 95B. | 
28 Using AMSLER 95B (3~0), AMSLER 94c (2~0~/) and SU(3). I 

r(2~)/r~., rut 
VALUE DOCUMENT ID TEEN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.454• BUGG 96 RVUE I 

r(4~)/r(2~) r~/r~ 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

3 .4•  29 ABELE 96 CBAR 0.0 ~ p  ~ 5~ 0 | 

29 Excluding pp  contribution to 4~r. | 

r(.+.-)/r~o=, rdr 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

seen BERTIN 98 OBLX 50-405 ~ p - +  I 
~ + ~ + ~ -  

FRABETTI 97D E687 D t --~ ~:F~r'l-~r ~: | 

Mode Fraction ( r d r )  

r~ ~r(958) seen 
r2 ~1 r/ seen 
F 3 4~  seen 
F 4 4w 0, seen 

r5 2~ + 2 ~ -  seen 

r 6 2 ~  seen 

I" 7 ~ + = -  seen 
r 8 2~r 0 seen 
r 9 K K  seen 

fO(1500) BRANCHING RATIOS 

r (~r  rdr2 
VALUE DOCUMENT ID TEEN COMMENT 

0.294.0.10 21AMSLER 95c CBAR 0.0 ~ p  ~ T/qTr 0 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.84+0.23 ABELE 96c RVUE Compilation 
2.7 +0 .8  BINON 84c GAM2 38 ~ - p  --~ r/~t/n 

21Using AMSLER 94E (~/7//*0). 

r(nn)/rb== r=/r 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. = = = 

large ALDE 88 GAM4 300 ~r- N ~ r / r / i t -  N 

large BINON 83 GAM2 3 8 ~ - p - *  2r/n 

r(~O)/r(~) rqr= 
VA~{JI~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. = = �9 

0.8-4-0.3 ALDE 87 GAM4 l O 0 ; ' r - - p ~  4 * 0 n  

r(2.O)/r(~) r./r= 
VALUE DOCUMENT ID TEEN COMMENT 

1.45+0.61 22 AMSLER 95C CBAR 0.0 ~ p  ~ T/~I~ 0 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. * �9 �9 

4.29• 23ABELE 96c RVUE Compilation 
2.12~0.81 24 AMSLER 950 CBAR 0.0 ~ p  ~ ~0~r0w0. 

lr0 T/T/, X0 ~0T/ 

<0.3 BINON 83 GAM2 3 8 ~ - p ~  2qn 

22 Using AMSLER 95B (3~0). 
2321r width determined to be 60 -~ 12 MeV. 
24Coupled-channel analysis of AMSLER 95B, AMSLER 95C, and AMSLER 940. 

r (K~)/r(.m) rdr= 
VAI.U~ ~ DOCUMENT ID TEEN COMMENT 

<0,6  25BINON 83 GAM2 3 8 7 r - p ~  2T/n 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, e t c . � 9  �9 �9 

<0.4  90 26 PROKOSHKIN 91 GAM4 300 ~ -  p ~ ~r pf/Q 

25 Using ETKIN 82B and COHEN 80. 
26Combining results of GAM4 wi th those of WA76 on K K  central production. 

r (K~ / r~ . ,  r, /r 
VALU E DOCUMENT ID TEEN 

�9 �9 �9 We do not use the follOWing data for averages, fits, l imits, etc. �9 �9 �9 

0.044• BUGG 96 RVUE 

possibly seen 

ABELE 
8ERTtN 
BARBERIS 
BERTIN 
FRABETTI 
KAMINSKI 
ABELE 
ABELE 
ABELE 
AMELIN 

BUGG 
AMSLER 
AMSLER 
AMSLER 
ANTINORI 
BUGG 
ABATZIS 
AMSLER 
AMSLER 
AMSLER 
ANISOVICH 
BUGG 
AMSLER 
BELADIDZE 

PROKOSHKIN 

ARMSTRONG 
ALDE 
ASTDN 
ALDE 
ALDE 
BINON 
BINON 

AlSO 

GRAY 
ETKIN 
COHEN 
BECKER 
ROSSELET 
SRINIVASAN 

ANISOVICH 
ANISOVICH 
ANISOVICH 
ANISOVICH 

PROKOSHKIN 

AMSLER 
AMSLER 
GASPERO 
SLAUGHTER 

fo(1500) REFERENCES 

98 PR O57 3860 A, Abele, Adomeit. Amder+ (Crystal Barrel Collab.) 
98 PR D57 55 A. Bert;n. B~u~hi, Capponi+ (OBELIX Co,lab.} 
97B PL B413 217 D. Barberis+ {WA102 Collab.) 
97C PL B408 476 A. Bertln, BruKhi+ (OBEUX Collab.) 
97D PL B407 79 +Cheunl[, Cumalat+ {FNAL E687 Coflab.) 
97B PL B413 130 R. Kaminski+ (CRAC, IPN) 
96 PL B380 453 +Adome~t, Amsler+ (Crystal Barrel Collab.) 
96B PL B385 425 +Adome~t, Amsler+ (Crystal Barrel Collab.) 
96C NP A609 552 A. Abe|e, Adome~t, Armstrong+ (Crystal Barrel Collab.) 
96B PAN 59 976 +Rerdnikov, Bityukov+ (SERP, TBIL) 

Translated from YAF 59 1021. 
96 NP B471 59 +Sarantsev, Zou (LOQM, PNPI) 
95B PL B342 433 +Armstrong, Brose+ (Crystal Barrel Collab.) 
9SC PL B353 571 +Armstr~, Hackman+ {Crystal Barrel Coltab. ) 
95D PL B355 425 +Armstrong, Spanler+ (Crystal Barrel Collab.) 
95 PL B353 589 +Barberis, Bay�9 (ATHU, BARI, BIRM, CERN, JINR) 
95 PL B353 378 +Scott, Zoli+ (LOQM, PNPI, WASH) 
94 PL B324 509 +Antinod, Barberis+ {ATHU, BARI, BIRM, CERN, JINR) 
~ PL B327 425 +Armstrong, Ravndal+ (Crystal Barrel Collab.) 
94D PL B333 277 +Anisovich, Sparta�9 (Crystal Barrel C~lab.) 
94E PL B340 259 +Armstrong, Hackman+ (Crysta~ Barrel Coflab.) 
94 PL B323 233 +Armstrong+ (Crystal Barrel Collab.) 
94 PR DS0 4 4 1 2  +Anisovich+ (LOQM) 
92 PL B291 347 +Augu~n. Baker+ (Crystal Barrel Collab.) 
92C SJNP 55 153S +Bityukov, Borisov (5ERP, TBIL) 

Tran~ated from YAF 55 2748. 
91 SPD 36 155 (GAM2, GAM4 Co, lab.} 

Trartelared from DANS 316 900. 
89E PL B228 S3S +Benayo~n (ATHU. BARI, B]RM, CERN, CDEF, CUR|N+) 
88 PL B20I 160 +Bellazzlni, Bin~n+ (SERP, BELG, LANL, LAPP, PISA) 
88D NP B301 525 +Awaji, Bienz+ (SLAC, NAGO, CINC, INUS) 
87 PL Blse 286 +Barton, Bricman+ {LANL, BRUX, SERP, LAPP) 
86D NP B269 485 +Bi.ofl, Bricman+ {BELG, LAPP, SERP, CERN, LANL) 
B4C NC S0A 363 +Brlcman. Donskov+ {BELG, LAPP, SERP, CERN) 
83 NC 78A 313 +Donskov, Duteil+ (BELG, LAPP, SERP, CERN) 
83B SJNP 38 561 Binon, Gouanere+ (BELG, LAPP, SERP, CERN ) 

Translated from YAF 38 934. 
83 PR D27 307 +Kalogeropoulos, Nandy, Roy, Zenone (SYRA) 
82B PR D25 1786 +Fo~ey, Lain (BNL. CUNY, TUFTS, VAND) 
80 PR D22 2595 +Ayres. Diebold, Kramer, Pawllcki+ (ANL) 
79 NP B151 46 +Blanar. Blum+ (MPIM, CERN, ZEEM, CRAC) 
77 PR D15 574 +Extermann, Fischer, Guisan+ (GEVA, SACL} 
75 PR D12 681 +Helland, Lennr Klem+ (NDAM, ANL) 

OTHER RELATED PAPERS 

97 PL B395 123 +Sarantsev (PNPI) 
97B ZPHY A357 123 A.V. An[sovich+ (PNPI) 
STC PL B413 137 
97E PAN 60 1892 A.V, Anisovich+ (PNPI) 

Translated from YAF 60 2065. 
97 SPD 42 117 +Koedaskov, Sadovsky+ (SERP) 

Translated from DANS 353 323. 
% PR DS3 295 +CI~e {ZURI, RAL} 
95E PL B353 385 +Close (ZURI, RAL) 
95 NP ASBB 861 {ROMA) 
88 MPL A3 ]361 (LANL) 
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Meson Particle Listings 
f~(1510), f~(1525) 

OMITTED FROM SUMMARY TABLE 
See the minireview under r/(1440). 

fz(1510) MASS 

VALUE (MeV) EVTS DOCUMENT ID TECfV COMMENT 
1518 -I- g OUR AVERAGE Error includes scale factor of 1.7, See the ideogram below. 

1530:t:10 ASTON 88c LASS 11 K - p  
K~K'4-~.TA 

1512• 4 600 1BIRMAN 88 MPS 8 w - p - - *  K+-K-O~-n 
1526:E 6 271 GAVILLET 82 HSC 4.2 K - p  -~ AKKI r  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1525 2 BAUER 93B -y~/* ~ lr'F~r--~r0~r 0 

1 From partial wave analysis of K-t-K-07r - state. 
2 Not seen by AIHARA 8BE in the K O K ~ ~r :F final state. 

WEIGHTED AVERAGE 
1518+5 (Error scaled by 1.7) 

1500 1520 1540 

f1(1510) mass (MeV)  

~2  

�9 ASTON 88G LASS 1.5 
�9 BIRMAN 88 MPS 2.0 
�9 GAVILLET 82 HBC 1.9 

5.5 
(Confidence Level = 0.065) 

1560 1580 

fz(1510) WIDTH 

VALUE (MeV) EVT$ DOCUMENT ID TEEN COMMENT 
"/3"k2E OUR AVERAGE Error includes scale factor of 2,5. See the ideogram below. 

100:1:40 ASTON 88c LASS 11 K - p  
K~ K :t: ~.~ A 

35:E15 600 3BIRMAN 88 MPS 8 1 r - p ~  K+-KO~r-n 
1074`15 271 GAVILLET 82 HBC 4.2 K - p  ~ A K K ~  

3 From partial wave analysis of K-I-~01r - state. 

WEIGHTED AVERAGE 
73:P25 (Error scaled by 2.5) 

~ 2  

�9 �9 �9 ASTON 88C LASS 0.5 
�9 �9 �9 BIRMAN 88 MPS 6.4 
. . . GAVILLET 82 HBC 5.2 

12.0 

-SO 0 50 100 150 200 250 

f1(1510) width (MeV)  

f1(1510) REFERENCES 

I  (z525)1 IG(j PC) = 0+(2+ +) 

f~2(1525) MASS 

VALUE (MeV) DOCUMENT ID 
152B-t-& OUR ESTIMATE This is only an educated guess; the error given Is larger than 

the error on the average of the published values. 

PRODUCED BY PION BEAM 
VALUE (MeV) EVTS DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

1547+-120 1LONGACRE 86 MPS 2 2 ~ r - p - - *  K ~ K O n  

1496 + - 89 2CHABAUD 81 ASPK 6 ~ r - p - - *  K + K - n  

1497 + - 8 CHABAUD 81 ASPK 18.4~r-p---* K + K - n  

1492~29 GORLICH 80 ASPK 17 lr-ppolarlzed 
K + K - n  

1502125 3CORDEN 79 OMEG 1 2 - 1 5 1 r - p ~  
lr% 7r- n 

1480 14 CRENNELL 66 HBC 6.0 7r- p --* K O K O n 

1 From a partial-wave analysis of data using a K-matrix formalism with 5 poles. 
2CHABAUD 81 is a reanalysis of PAWLICKI 77 data. 
3 From an amplitude analysis where the f~(1525) width and elasticity are In complete 

disagreement with the values obtained from K ~  channel, making the solution dubious. 

PRODUCED BY K • BEAM 
VALUE (MeV) EVT5 DOCUMENT ID TEEN COMMENT 
1524L8 4" 1.4 OUR AVERAGE Includes data from the datablock that follows this one. 

Error Includes scale factor of 1.1. 
1526.84` 4.3 ASTON 880 LASS 11 K-p ~ KOKOsA 
1504 ";-12 BOLONKIN 86 SPEC 4 0 K - - p  KUsKUsY 

1529 :l: 3 ARMSTRONG 83B OMEG 18.5 K - p - *  K - K + A  
1521 :E 6 650 AGUILAR-.. 81B HBC 4.2 K -  p ~ AK + K -  
1521 :E 3 572 ALHARRAN 81 HBC 8 . 2 5 K - p ~  AK'K 
1522 4- 6 123 BARREIRO 77 HBC 4 , 1 5 K - p ~  AKOsKO 5 

1528 :E 7 166 EVANGELISTA 77 OMEG 10 K - p  
K + K -  (A, Z )  

1527 4` 3 120 BRANDENB._ 76C ASPK 13 K - p  
K +  K - - ( A , E )  

1519 4- 7 100 AGUILAR-.., 72B HBE 3.9,4.6 K -  p 
KK(A,~) 

PRODUCED IN e+e - ANNIHILATION 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 
The data in this block is included in the average printed for a previous datablock. 

1524 -I- 4 OUR AVERAGE Error includes seaie factor of 1.2. 

1535 :E 5 4- 4 ABREU 96C DLPH 3'*f ~ K + K  - Ececm = 
91.2 GeV 

1516 :E 5 +19  BAI 96(: BES J /~  ~ 7 K + K  - 

1529 ~:18 ACCIARRI 95J L3 ~l'y ~ KO~K9 E~m= 
88-94 Ge~ I~ 

1531.6:h10.0 AUGUSTIN 88 DM2 J/q~ -~ ~K + K -  
1515 ~ 5 4FALVARD 8B DM2 J/VJ-'* ~ K + K  - 
1525 4-10 :El0 BALTRUSAIT..37 MRK3 J / r  * / K + K  - 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1496 4- 2 5FALVARD 88 DM2 J / t ~  ~bK+K - 

4 From an analysis ignoring interference with fJ(1710). 

5 From an analysis Including interference with fJ(1710). 

fz(1510) DECAY MODES 

Mode Fraction ( l ' i / r )  

F1 KK*(892)+ c.c. seen 

BAUER 93B PR D48 3976 +Belcinski, Berg, 8ingham+ (SLAC) 
AIHARA 88C PR D38 1 +Alston-Garnjost+ (TPC-2-f Collab.) 
ASTON 88C PL B201 573 +Awaji. Bienz+ (SLAC. NAGO, CINC, INUS)JP 
BIRMAN 88 PRL 61 1557 +Chung, Peaslee+ (BNL, FSU, IND, MASO) JP 
GAVILLET 82 ZPHY C16 119 +Armenteros+ (CERN, COEF, PADO, ROMA) 

OTHER RELATED PAPERS 

ABELE 97G PL B415 289 A. Abele+ 
BARBERIS 97C PL B413 225 D. Barberis+ (WA102 Co,lab.) 
CLOSE 97D ZPHY C76 469 F.E. Close+ 
KING 91 NP B21 11 (suppl) E. King+ (FSU, 8NL+) 
AIHARA 88C PR 038 1 +Alston-Garnjost+ (TPC-27 Co, lab.) 
BITYUKOV 84 SJNP 39 735 S. Bityukov+ (SERP) 

Trans;ated from YAF 39 1165. 
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Meson Particle Listings 
f ; ( 1 5 2 5 )  

VALUE {MeV} 
78:1:10 OUR ESTIMATE 

73-+ I OUR FIT 

794-10 

~2(1525) WIDTH 

DOCUMENT ID COMMENT 
This is only an educated guess; the error given is larger than 

the error on the average of the published values. 

PDG 90 For fitting 

PRODUCED BY PION BEAM 
VALUE (MeV) . DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

108+ 5 6LONGACRE 86 MPS 2 2 / r i p - - ~  KOsKOn 

6 q+22  7CHA:BAUD 81 ASPK 6 ~ ' - p ~  K + K - n  
" - -16  

137+23 CHABAUD 81 ASPK 1 8 . 4 ~ - p ~  K + K - n  
" - 2 1  

15 n+83  GORLICH 80 ASPK 17 ~-ppolarized 
~ - 5 0  

K+ K - n  
1654-42 8 CORDEN 79 OMEG 12-15 ~ - p  

9 ~+39 9pOLYCHRO.., 79 STRC 7 ~ - p ~  nKOKO S 
" - 2 2  

6From a partial-wave analysis of data using a K-matrix formalism with 5 poles. 
7CHABAUD 81 is a reanalysis of PAWLICKI 77 data. 
8From an amplitude analysis where the f~(1525) width arid elasticity are in complete 

disagreement with the values obtained from K K  channel, making the solution dubious, 
9From a fit to the D with f2(1270)-f~(1525) Interference. Mass fixed at 1516 MeV. 

PRODUCED BY K "J: BEAM 
VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 

"7~4. g OUR AVERAGE Includes data from the datablock that follows this one, 
904-12 ASTON 88DLASS 1 1 K - p - -  KOKOs'A 

734-18 BOLONKIN 86 SPEC 4 0 K - p ~  KUsKusY 

834-15 ARMSTRONG 839 OMEG 18.5 K - p  ~ K - K + A  
854-16 650 AGUILAR-... 819 HBC 4.2 K - p  ~ A K + K  - 

0 14 572 ALHARRAN 81 HBC 8.25 K - p  --~ AK-K 
- 1 1  

724-25 166 EVANGELiSTA 77 OME<3 10 K -  p 
K+ K -  ( A,,~) 

694-22 100 AGUILAR-... 72B HBC 3.9,4.6 K - p  
K ~ ( A , Z )  

�9 �9 �9 We do not use the following data for averages, fits, limits, ~cc. �9 �9 �9 

62 +19  123 BARBEIRO 77 HBC 4.15 K - p  ~ AKOsKO S 
- 1 4  

61:t: 8 120 BRANDENB... 76C ASPK 13 K - p  ~. 
K + K -  (A, ~ )  

PRODUCED IN e + e-  ANNIHILATION 
VALUE (MeV) DOCUMENT ID TECN COMMENT 
The data In this block is Included in the average printed fcr a previous datablock. 

66:1:6 OUR AVERAGE 
604-204-19 ABREU 96C DLPH "y'~ ~ K +  K - Eceem= 

91.2 GeV 
604-23+ 13 BAI 96C BES J l ~  ~ K + K -  

103• AUGUSTiN 88 DM2 J/t~ ~ .yK+ K - 
624-10 10FALVARD 89 DM2 J / ~  ~ K + K  - 
854-35 BALTRUSAIT..JB7 MRK3 J /~  ~ "~ K+ K - 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

764-40 ACCIARRI 95J L3 "[*f --~ K S K S Ec~m = 
88-94 GeV 

1004- 3 11 FALVARO 89 DM2 J / r  ~ ~K + K -  

10 From an analysis ignoring interference with fJ(1710). 

11From an analysis including Interference with fJ(1710). 

f~(1525) DECAY MODES 

Mode Fraction ( r l / r )  
m 

r z KK 
[2 ~ 
r3 ~'~ 
r 4 G<,.), 
r 5 KK*(892)+ c.c. 
r 6 ~ ' ~  
r7 ~ K K  
r9 ~+~+~ 

(88.8 4-3.1 )% 
(10.3 4-3.1 ) %  
( 8.2 4-1.5 )x  10 - 3  

(1.324-0.21) x 10 - 6  

CONSTRAINED FIT INFORMATION 
An overall f i t  to the total width, 2 partial widths, a combination 
of partial widths obtained from integrated cross sections, and 3 
branching ratios uses 14 measurements and one constraint to de- 

termine 5 parameters. The overall f i t  has a X 2 = 11.4 for 10 
degrees of freedom. 

The following off-diagonal array elements are the correlation coefficients 

~ap~apj~/(ap=.apj), in percent, from the fit to  parameters p~, including the branch- 

ing fractions, x~ _~ I ' J l ' to ta  I, The f i t  constrains the x~ whose labels appear in this 

array to sum to one. 

x 2 "-zoo 
x 3 • -1  
x 4 - 7  7 1 

r - 3 2  32 - 1  - 4 2  

Xl x2 x3 x4 

Mode Rate (MeV) 

rl KK 65 +4 s 
r2 ~ 7.6 4-t:2.6 
r3 ~ 0.604-0.12 
r 4 ~/.y ( 9.7 4-1.4 ) x 10 - 5  

~(1525) PARTIAL WIDTHS 

r (K 'R)  
VALUE (MeV) 

.-+! ou. m" 

-_-2-: 
r ( . . )  
VALUE (MeV) 
0.604-0.12 OUR FIT 
1.4 +1.0 

--0.6 

r(~,0 
VALUE (MeV) 
7,6-1-2.6 OUR FIT 

DOCUMENT 10 TECN 
r l  

COMMENT 

12 LONGACRE 86 MPS 22 w-- p ~ K~ K O n 

r3 
DOCUMENT ID TEEN COMMENT 

12 LONGACRE 86 MPS 22 ~ -  p ~ K O K O n 

r l  
DOCUMENT tD TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

24 + 3  12LONGACRE 86 MPS 2 2 x - p ~  KOKOn 
- 1  

12 From a partial-wave analysis of data using a K-matrix formalism with 5 poles. 

~=(ls2s) r( i )r (~) /r ( tml)  

r(K~) x r(~7)/r~. ,  rlr4/r 
VALUE (keV} DOCUMENT ID TEEN COMMENT 
Oo0N -I-0.012 OUR FIT 
O,0N 4-0.012 OUR AVERAGE 
0.093 • 4-0.022 13ACCIARRI 95J L3 Eceem= 88-94 GeV 

0.067 4-0.008 4-0,015 13 ALBRECHT 90G ARG e + e -  
e+ e -  K+  K -  

0,11 +0.03 4-0.02 BEHREND 89C CELL e + e  - 
-0 .02  e+ e -  KO K 0 

0.10 +0,04 +0.03 BERGER 88 PLUT e + e -  -~ 
-0 ,03  -0 .02  e+ e -  KO K 0 

0,12 4-0.07 • 13AIHARA 869 TPC e + e  - -~ 
e + e - K + K  - 

0.11 4-0,02 4-0.04 13ALTHOFF 83 TASS e+e - -~, e + e - K K  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

"0.03144-0.0050• 14 ALBRECHT 90(; ARG e + e -  --* 
e + e - K +  K -  

13 Using an incoherent background. 
14 Using a coherent background. 

~(15~)  BRANCHING RATIOS 

r ( ,m) I r (K~ r=Irl 
VALUE ()QCUMENT ID "r~cN ~OMMENT 

0.124-0.04 OUR FIT 
0.11:E0.04 15 PROKOSHKIN 91 GAM4 300 ~ - p  -4 ~ - p ~  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0,50 BARNES 67 HBC 4.6,5.0 K - p  
15 Combining results of GAM4 with those of WA76 on K~ '  central production and results 

of CBAL, MRK3 and DM2 on J / r  --~ " I ~ .  
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Meson Particle 
f~(1525) ,  f~(1565) 

Listings 

r ( . ) / r ~  rs/r 
VALUE CL~ DOCUMENT IO TECN COMMENT 

0.00~'~-0,0021 OUR FIT 
0.00/IH-0a01t OUR ,WI!RAGB 
0.007 d=0.002 COSTA... 80 OMEG 10 ~r- p ~ K + K -  n 

0,027 +0.071 16GORLICH 50 ASPK 17 ,18~-p  -0,013 
0.007S• 16,17 MARTIN 79 RVUE 

OMITTED FROM SUMMARY TABLE 
Seen In antlnucleon-nucleofl annlhllatlon at I'elt, See also mlnlrevlew 
under non-q~ candidates, (See the Index for the pike number.) 
Needs confirmation. 

�9 �9 �9 WE do not uR th l  following data for averigee, fits, limits, etc, �9 �9 �9 

<0,06 95 AGUILAR-., 513 HBC 4.2 K - p  .-, AK + K -  
0.19 -~-0.05 CORDEN 79 OMEG 12-16 ~r- p .-~ 

~t+ lr-- rl 
<0.043 95 BARREIRO 77 HBC 4,15 K - p  - -  AKOsKO 5 

0.012 • 16pAWLICKI 77 SPEC 6 x N . - ,  K + K - N  
<0,0g3 90 BRANDENB... 76C ASPK 13 K - p  

K + K -  (~, Z )  
<0.0086 16 BEUSCH 753 OSPK 8,9 ~ -  p ~ K0~ '0n 

16Aseumlngthst the f~(1525) Is produced by an one-plon exchange production mechsnlsm. 

17 MARTIN 79 uses the PAWLICKI 77 data with different Input value of the f~(1525) 

K ~  branching ratio. 

r(..)/r(xX) rs/r, 
VALUE DOCUMENT ID TECN COMMENT 
OAO~=i=0,00'J.I OUR Frr 
0J~ll =l:0J~i AUGUSTIN 87 DM2 J/'~ ~ .,/~+~r- 
r(..~)/r(KX) rs/r~ 
VALUE ~ DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, Ilmlt~, etc. �9 �9 �9 

<0.41 95 AGUILAR-.. 723 HBC 3.9,4,6 K - p  
<0,3 67 AMMAR 67 HBC 

[rCKA'.llm)+ �9 + r(, K~)] Ir(K~) (rg+r~)/r, 
VALUE ~ DOCUMENT IO TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.35 95 AGUILAR-,,. 72B HBC 3.9,4.6 K - p  
<0,4 67 AMMAR 67 HBC 

r( .+.+.- . - ) /r(KX) rg/rs 
VALUE CL~ DOCUMENT IO TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.32 95 AGUILAR-... 72B HBC 3.9,4.6 K - p  

r(~)/r~= r=/r 
VALUE DOCUMENT IO TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

0.10• 18 PROKOSHKIN 91 .GAM4 300 ~ -  p --~ x-pr /~ /  

15 Combining results of GAM4 with those of WA76 on K'~ central production and results 
of CBAL, MRK3 and DM2 on J/'~ ~ ~/'rl~. 

ABREU 96C 
BAI 96C 
ACCIARRI 9SJ 
PROKOSHKIN 91 

ALBRECHT goG 
PDG 90 
BEHREND 39C 
ASTON $80 
AUGUSTIN SE 
BERGER 88 
FALVARD lib 
AUGUSTIN 87 
BALTRUSAIT... 87 
AIHARA 363 
BOLONKIN B6 

LONGACRE 36 
ALTHOFF 33 
ARMSTRONG S3B 
AGUILAR-_. SIB 
ALHARRAN 81 
CHABAUD 81 
COSTA... 80 
GORLICH S0 
COROEN 79 
MARTIN 70 
POLYCHRO.. 79 
BARREIRO 77 
EVANGELISTA 77 
PAWLICKI 77 
BRANDENB.. 76C 
BEUSCH 7SB 
AGUILAR-... 723 
AMMAR S7 
BARNES 67 
CRENNELL 66 

JENNI 83 
ARMSTRONG $2 
ETKIN S2B 
ABRAMS 678 
BARNES SS 

~(1325) REFERENCES 

PL 8379 309 +Adam, Adye+ (DELPHI Collah 
PRL 77 3959 J.Z. BaI+ (BES Collab 
PL 33r 11e +Adam, Adrlanl, A|u~lar-Benltez+ (L3 Collab 
SPO 36 155 (GAM2, GAM4 Co(lab 
Trandited from DANE 316 900. 
ZPHY CAS 163 +Ehrilchminn, Harder+ (ARGUS Coltab. 
PL B239 Hernandez, Stone, Porter+ (IFIC, BOST CIT+' 
ZPHY (:43 91 +Cde|ee, Dalnton+ (CELLO Collab 
NP B~1 525 +Awaji, Blenz+ (SLAC. NAGO, CINC, INU! 
PRL 60 2238  +CaKaterra+ (DM2 COllab 
ZPHY C37 329 +Genzel, Lackes+ (PLUTO Cotlab 
PR 038 2706  +AJaltoultl+ (CLER, FRAS, LALO, PAD( 
ZPHY C36 369 +Co,me+ (LALO, CLER, FRAS, PAD{ 
PR D35 2077 Baltruaaltis, Coffman, Dubols+ (Mark III Collab 
PRL 57 404 +Alston-G~rn~o~t+ (TPC-2"y Collab.) 
SJNP 43 776 +Bloshenko+ (ITEP) JP 
Translated from YAF 43 1211. 
PL B1T/ 223 +Etkin+ (BNL, BRAN, CUNY, DUKE. NDAM) 
PL 121B 216 +Brandellk. Boerner, Burkhardt+ (TASSO Collab.) 
NP B224 193 + (BARI, BIRM, CERN. MILA, CURIN+) 
ZPHY CS 313 Agullar-Benltez, AIbaJir+ (CERN. CDEF. MADR+) 
NP 3191 26 +Ba.billler+ (BIRM. CERN, GLAS, MICH, CURIN) 
APP B12 573 +Nlczypotuk, BiEker+ (CERN, CRAC, MPIM) 
NP 8175 402 Colts De Beaureprd+ (BARh BONN, CERN+) 
NP B174 16 +Nlczyporuk+ (CRAC, MPIM. CERN. ZEEM) 
NP B137 250 +Dowlll. Garvey+ (BIRM. RHEL, TELA, LOWC) JP 
NP B153 S20 +OzmuUu (DURH) 
PR DIS 1 3 1 7  Polychronakos, Casofl, Bishop+ (NDAM, ANL) 
NP B121 237 +Diaz, Gay, Heminlway+ (CERN, AMST, NIJM, OXF) 
NP 3127 384 + (BARI, BONN, CERN. DARE. GLAS+) 
PR D15 31% +Ayres, Cohen, Oiabold, Kramer, Wicklund (ANL) IJP 
NP B104 413 Brandenbur|, Carneile. Calhmore+ (SLAC) 
PL 603 101 +airman, Websdale, Wetzel (CERN, ETH) 
PR D6 29 Agullar-Benltez, Chum|, F~sner, Samlos (BNL) 
PRL 19 1071 +Davis, Hwang. Dasan, Derflck+ (NWES, ANL)JP 
PRL lg 964 +Dornar;, Goldbers, Leather+ (BNL, SYRA)IJPC 
PRL 16 1025  +Kalbfleisch, La], Scarf, Schumann+ (BNL)I 

OTHER RELATED PAPERS 
PR O27 1031 +Burke. Telnov, Abrams, Blocker+ (SLAC. LEL) 
PL 1103 77 +Baubllfler+ (BARI, BIRM, CERN. MILA, CURIN+) 
PR D2S 1786 +Foley. Lal+ (BNL, CUNY, TUFTS, VAND) 
PRL 13 620 +Kehoe, Glasler. Sechl-Zorn, Woisky (UMD) 
PRL 13 322 +Culwick, Guldonl, Kalbflel~h, GOZ+ (BNL, SYRA) 

VALUE (MIV} 
l l i la - l . r  
1575 • 18 

1507 • 15 
1565• 

�9 e e We do 

1534 4- 20 
1552 

1595• 

15~+. so 

1502• g 
14il8 -I- 10 
lS0B • 10 
13254-10 
1504 
15404-15 
1515• 
1477• IS 

~ ( ~ )  MASS 
DOCUMENT IP TECN COMMENT 

OUR AVERAGE Error Ineludel scale factor of 2.3. See the Ideogram below. 
BERTIN 95 OBLX 50-405 71p .-, I 

~ + x + x -  
1 BERTIN 97C OBLX 0.0 ]Bp ~ ~+ ~ -  ~r 0 I 

MAY 90 ASTE 0 . 0 p p ~  ~ + x - x 0  
not use the following data for avoraps, fits, limits, ate. �9 �9 e 

2 ABELE gSc RVUE Complletlon I 
3AMBLER 95DCBAR 0.0~p---~ x0~r0~r 0' 

~Or/r/, ~rO ~r0r/ 
BALOSHIN 95 SPEC 40~r-C--~ K O K ~ x  

4ANISOVICH 94 CBAR 0,0~p--~ 3x0,r/rt~r 0 

ADAMO 93 OBLX "ffp.-* ~r+~t+~-  
5ARMSTRONG 53C E760 ~p--~ ~ 0 r / t / ~  
5 ARMSTRONG g30 E750 ]~p --* 3x 0 ~ 
IS ARMSTRONG g30 E760 ~p ..~ r/~'0~ "0 ~ 6"y 
6WEIDENAUERg3 ASTE 0.O~N--* 3 ~ - 2 x +  
5ADAMO g 2 0 B L X  "~p..-* ~+~r+~r-  
7AKER 91 CBAR 0.0]5p ~ 3x 0 

BRIDGE5 B6C DBC 0,0 ~N --* 3~r- 2~ "+ 

1 T-matrix pole. 
2T-matrix pole, large coupling to pp and ww, could be f2(1640). 
3 Coupled-channel analysis of AMSLER gaB, AMSLER gsc, and AMSLER 940. 
4 From s slmultsneou3 analylls of the annihilations ]~p -.* 3~ 0 ,it0 r/t7 Including AKER 91 

d a. 
S j ~  not determined, could be partly f0(1300). 
~. JP not determined. 

Superseded by AMSLEI~ 95e, 

WEIGHTED AVERAGE 
1542:~22 (Error scaled by 2.3) 

, 

~2 

. . . .  BERTIN 98 OBLX 3.3 

. . . .  BERTIN 07C OBLX 5.6 

. . . .  MAY 90 ASTE 1~i 
L 10.1 

1450 1500 1550 1800 1650 1700 

f2(1565) mass (MEV) 

f2(156S) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
131=i: 14 OUR AVERAGE 
119• 24 BERTIN 98 OBLX 50-405 7/p-.* | 

1304- 20 SBERTIN 97C OBLX 0.0~p--*  l r + ~ - l r  0 | 
170-i- 40 MAY 90 ASTE 0.O~p--~ l r + x - x  0 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

180• 60 9ABELE 96c RVUE Compilation | 
142 10 AMSLER 95D CBAR 0.0 ]~p --* lrOx01r 0, 

~r0~r/, lr0 x0r/ 
263-~-101 BALOSHIN 95 SPEC 4 0 ~ - C - - ~  K O K O x  

166 + 80 11ANISOVICH 94 CBAR O.0]~p---~ 3~0.T/r/~ 0 - 20 
130• 10 12ADAMO 93 OBLX ~p--~ ~ + x + ~ -  
148• 27 13ARMSTRONG 93C E760 ~ p ~  ~Or/T/--~ f~f 
103• 15 13 ARMSTRONG 930 E760 ~p ~ 3~r 0 --* 6"y 
1114. 10 13 ARMSTRONG 93D E760 ~p ~ t / l r0x 0 --~ 6"y 
206 14WEIDENAUER 93 ASTE 0,O pN --~ 3~r-21r + 
132• 37 13ADAMO 92 OBLX ~p - . ,  l r +~ r+ l r -  
120+" 10 15 AKER 91 CBAR 0.0 ]~p -..* 3'r 0 
116• 9 BRIDGES 86C DBC 0.0 ]SN ~ 3 ~ - 2 x  + 



See key on page 213 

8 T-matr ix  pole. 
9T-mat r ix  pole, large coupling to pp and 0aw, could be f2(1640). 

10 Coupled-channel analysis of AMSLER 95B, AMSLER 95c, and AMSLER 94D. 
11 From a simultaneous analysis of the annihilations ~ p  ~ 3~r 0,~r0r/r/ Including AKER 91 

data. 
12 Supersedes ADAMO 92. 
13 j P  not determined, could be partly f0(1500). 

1 4 j P  not determined. 
15 Superseded by AMSLER 95B, 

Mode 

~(1565) DECAY MODES 

Fraction ( r i / F )  

[-1 ~r -I- I t -  seen 
['2 ~0 ~.0 seen 

['3 p0 p0 seen 

[ '4 2~r + 2 . -  seen 

F 5 7/7/ seen 

f2(1565) BRANCHING RATIOS 

r ( .+ . - ) / r t~ ,  rdr 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

seen BERTIN 98 OBLX 50-405 ~ p  

not seen 16 ANISOVlCH 94B RVUE ~ p  ~ ~ + ~ -  ~r 0 

seen MAY 89 ASTE ~ p - *  ~ + ~ - ~ r  0 

16ANISOVICH 94B IS from a reanalysis of MAY 90. 

r(,+.-)/r(~% ~ rdr~ 
VALU~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0,042:~0.013 BRIDGES 86B DBC ~SN ~ 3~r-- 2 .  + 

r(-%~ 
VALUE DOCUMENT ID TECN COMMENT 

seen AMSLER 95B CBAR 0.0 p p  ~ 3~r 0 

r(n~)Ir(~~ ~ 
VALUE DOCUMENT ID TECN COMMENT 

r=/r 

rdr= 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0,024•177 17 ARMSTRONG 93c E760 ~ p  ~ ~ rO~r /~  6"f 

17 j P  not determined, could be partly f0(1500). 

f2(1565) REFERENCES 
BERTIN 
BERTIN 
ABELE 
AMSLER 
AMSLER 
AMSLER 
BALOSHIN 

AMSLER 940 PL B333 277 
ANISOVICH 94 PL B323 233 
ANISOVICH 94B PR DS0 1972 
ADAMO 93 NP A558 13C 
ARMSTRONG 93C PL B307 394 
ARMSTRONG 93D PL B307 399 
WEIDENAUER 93 ZPHY C59 387 
ADAMO 92 PL B287 368 
AKER 91 PL B260 249 
MAY 90 ZPHY C46 203 
MAY 89 PL B225 450 
BRIDGES 86B PRL 56 215 
BRIDGES 86C PRL 57 1534 

98 PR D57 55 A. Bertin, Bruschi, Capponi+ (OBELIX Collab.) 
97C PL B408 476 A+ Bertin, Brus~hi+ (OBELIX Collab,) 
96C NP A609 562 A. Abele, Adomelt, Armstrong+ (Crystal Barrel Collab.) 
g5B PL B342 433 +Armstrong, Brose+ (Crystal Barrel Collab.) 
95C PL B353 571 +Armstrong, Hackman+ (CryStal Barrel Collab.) 
95D PL B355 425 +Armstrong, Spanler+ (Crystal Barrel Collab.) 
95 PAN 58 46 +8olonkln, Vledimirskii+ (ITEP) 

Translated from YAF 58 50. 
+Anlsovich, Spanier+ (Crystal Barrel Collab.) 
+Armstrong+ (Crystal Barrel Collab.) 
+Bu~g+ (LOQM) 
+Agnello+ (OBELIX Co,lab.) 
+Bettoni+ (FNAL, FERR, GENO, UCI, NWES+) 
+Bettoni+ (FNAL, FERR, GENO, UCI, NWES+) 
+Duch+ (ASTERIX Collab.) 
+Agnello, Balestra+ (OBELIX Collab.) 
+Amsler, Peters+ (Crystal Barrel Collab.) 
+Duch, Heel+ (ASTERIX Collab.) 
+Duch, Heel+ (ASTERIX Collab.)UP 
+Daftari, Kalogeropoulos, Debbe+ (SYRA, CASE) 
+Daftarl, Kalogeropoulos+ (SYRA) 
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Meson Particle Listings 
f2(1565), ~o(1600) 

Io (16oo)l IG(jPC) = 0 - ( 1 - - )  

o~(lsoo) MASS 

VALUE (MeV) E V T S  DOCUMENT ID TECN 

16494"24 O U R  A V E R A G E  Error Includes scale factor of 2.3. 

1609•  315 1 ANTONELLI 92 DM2 1.34-2.4e + e -  
p~  

1663• 12 435 2 ANTONELLI 92 DM2 1.34-2.4e + e -  
�9 ~J 1r162 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1600• 1CLEGG 94 RVUE e + e -  ~ p~  
1607• 2CLEGG 94 RVUE e + e  - ~ ~ 
1635:E35 3CLEGG 94 RVUE e + e  - ~ p ~  
1625+21 3CLEGG 94 RVUE e + e  - ~ w ~  
1670•  ATKINSON 83B OMEG 20-70 ~,p 

3wX 
1657:1:13 CORDIER 81 DM1 e + e  - ~ ~2~r 
16794-34 21 ESPOSITO 80 FRAM e + e  - ~ 3~ 
16524-17 COSME 79 OSPK 0 e + e - ~  3~ 

1 F r o m  a two Breit-W]gner fit, 
2 From a single Brelt-WIgner plus background fit. 
3From a single Breit-Wigner fit, 

CHG COMMENT 

I w(1600) W I D T H  

VALUE (MeV) E V T S  DOCUMENT ID TECN CHG COMMENT 

2204-35 O U R  A V E R A G E  Error includes scale factor of 1.6. 
159:t:43 315 4 ANTONELLI 92 DM2 1.34-2.4e + e -  

p~  
240•  435 5 ANTONELLi  92 DM2 1.34-2.4e + e -  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1404-50 4CLEGG 94 RVUE e + e  - ~ p~  
86 •  5CLEGG 94 RVUE e + e  - --~ w~r~ 

350•  6CLEGG 94 RVUE e + e  - ~ p ~  
4014-63 6CLEGG 94 RVUE e + e  - ~ ~ 
160•  ATKINSON 83B OMEG 20-70 ~ p  

37rX 
136+46 CORDIER 81 DM1 e + e  - ~ ~ 2 ~  

99•  21 ESPOSITO 80 FRAM e + e  - ~ 3~ 
42 •  COSME 79 OSPK 0 e + e - ~  3~ 

4 From a two Breit-Wigner fit. 
5 From a single Breit-Wlgner plus background f i t .  
6 From a single Brelt-Wigner fit. 

w(1600) DECAY MODES 

Mode Fraction ( l ' l / r )  

F 1 p / r  seen 

[ '2 r seen 

[ '3 e + e-- seen 

w(1600) r(0r(e+e-)/r(to=0 

r(p.) x r( .+e-) /r~= rlrs/r 
VALUE (eV) EVTS DOCUMENT ID TECN COMMENT 

134"1"14 435 7 ANTONELLI 92 DM2 1.34-2.4e + e -  
hadrons 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

93 • 27 315 ANTONELLI 
964-35 DONNACHIE 

7 From a coupled f i t  of p~r and ~ channels. 

r (~ , . )  x r ( , * . - ) / r==  
VALUE (keV) E V T S  DOCUMENT ID 

170-1"17 435 8 ANTONELLI 

92 DM2 1.34-2.4e+e - ~ p l r  
89 RVUE e + e  - ~ p l r  

TECN 

r=rdr 
COMMENT 

92 DM2 1.34-2.4e + e -  --~ 
hadrons 

�9 �9 �9 We do not use the ro l l . r i ng  data for averages, fits, l imits, etc. �9 �9 �9 

1354-16 435 9ANTONELLI  92 DM2 1.34-2.4e+e - --~ w ~  
56:1:31 DONNACHIE 89 RVUE e + e  - --~ ~ 2 ~  

8 From a coupled f i t  of p~r and ~ r ~  channels. 
9 From a single Breit-Wlgner fit. 

w(lf,00) REFERENCES 
CLEGG 94 ZPHY C62 455 +Donnachie (LANC, MCH$) 
ANTONELLI 92 ZPHY C56 15 +Batdifli+ (DM2 Collab.) 
DONNACHIE 89 ZPHY C42 663 +Clel~ (CERN, MCHS) 
ATKINSON 83B PL 127B 132 + (BONN, CERN, GLAS, LANC, MCHS. CURIN+) 
CORDIER 81 PL 106B 155 +Bisello, Bizot, Buon, Delcoud:, Mane (ORSAY) 
ESPOSITO 80 LNC 28 195 +Marini, Patteri+ (FRAS, NAPL, PADO, ROMA) 
COSME 79 NP B152 215 +Dudelzak, Gre~aud, Jean-Made, Jullian+ (IPN) 
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Meson Particle Listings 
~(1600), X(1600), f2(1640), F/2(1645), X(1650) 

~ "  OTHER RELATED PAPERS 

ACHASOV 97F PAN 60 2029 N.N. Achasov, Kozhevnikov (NOVM) 
Translated from YAF 60 2212. 

DOLINSKY 91 PRPL 202 99 +Druzhinin, Dubmv~n+ (NOVO) 
ATKINSON 87 ZPHY C34 157 + (BONN, CERN, GLA5, LANC. MCHS, CURIN) 
ATKINSON 84 NP 8231 15 + (BONN, CERN, GLAS, LANE. MCHS, CURIN+) 

i 

i x (16oo)  I ,o(,Pc) : 2§ 
OMITTED FROM SUMMARY TABLE 

Observed in the reaction ~/'7 -* pp  near threshold, See also minire- 
v iew under n o n - q ~  candidates. (See the index for  the page number . )  

x(zr, oo) MASS 
VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 

1600:E100 1 ALBRECHT 91F ARG 0 10.2 �9 + e -  
e + e -  2 (x  + ~ r - )  

1 Our estimate. 

X(1600) WIDTH 

VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 

4004-200 2 ALBRECHT 91F ARG 0 10.2 e + e  - 
e+  e -2 (T r+  lr - )  

2 Our estimate. 

X(1600) REFERENCES 

ALBRECHT 91F ZPHY C50 1 +Appuan, Paulini, Funk+ 

OTHER RELATED PAPERS 

BAJC 96 ZPHY A356 187 B, Bait+ 
ALBRECHT 89M PL B217 205 +Bockmann+ 
BEHREND 89D PL B218 494 +Crlesee+ 

(ARGUS Collab,) 

(ARGUS Collab.) 
(CELLO Collab.) 

I f (164o) I = 0+(2++) 
OMITTED FROM SUMMARY TABLE 

f2(1640) MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 
1 U 8  4" 6 OUR .'IWERAGE Error Includes scale factor o f  1.2. 
1620:E16 BUGG 95 MRK3  J/ 'b  ~ 3 'Tr+ l r -~ - } ' I r  - 
1647 •  7 A D A M O  92 OBLX ~p - -~  37r-}'2~ - 
15904-30 BELADIDZE 928 VES 36 ~ r - p  ~ ~ n  
1635 4- 7 ALDE 90 GAM2 3 8 ~ r - p ~  ~r 

~(1MO) WIDTH 

VALUE (MeV) CL..~ DOCUMENT ID TECN COMMENT 

N + 2 ~  OUR AVERAGE Error includes scale factor o f  2.1. See the ideogram below. 

140 + 6 0  BUGG 95 MRK3 J / V ) ~  '7~r+Tr - r r+ l r  - 
t 

- z u  

584-20 A D A M O  92 OBLX R p ~  3~+2~r - 
1 0 0 + 2 0  BELADIDZE 92B VES 36 "a*-p ~ ~ . , n  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< 70 90 ALDE 90 GAM2 3 8 1 r - p ~  ~ w n  

WEIGHTED AVERAGE 
99+28-24 (Error scaled by 2.1) 

-100 0 100 

f2 (1640)  w id th  ( M e V )  

~ 2  

. . . . .  BUGG 95 MRK3 4.1 
. . . . . .  ADAMO 92 OBLX 4.3 
. . . . . .  BELADIDZE 92B VES 0.0 

~ : : ; ~ . _ ~ o  8.4 
nfidenca Level = 0.015) 

200 300 400 

~(1MO) DECAY MODES 

Mode Fraction ( t i E r )  

r I w ~  seen 

r 2 47r seen 

f=(1MO) REFERENCES 

BUGG 95 PL 8353 378 +Scott, Zoil+ (LOQM, PNPI, WASH)JP 
ADAMO 92 PL 8287 368 +AKndlo, Balestra+ (OBELIX Coilab.) 
BELADIDZE 92B ZPHY C54 367 +Bityukov, Borisov+ (VES Coilab.) 
ALOE 90 PL 8241 600 +Binon+ (SERP, BELG, LANL, LAPP, PISA, KEK} 

1,2(16,5)  i ,G(,Pc, = 0+(2-+) 
OMITTED FROM SUMMARY TABLE 

VALUE (MeV) 
1632=1:14 OUR AVERAGE 
1 6 2 0 •  

1645 "+ 14:::E 15 

'q2(1M.5) MASS 

DOCUMENT ID TECN CHG COMMENT 

BARBERIS 978 OMEG 450 pp  --, I 
p p 2 ( l r +  l r - )  ^ 

A D O M E I T  96 CBAR 0 1.94 ~5p --~ r/31r v I 

~(1MI,5) WIDTH 

VALUE (MeV) DOCUMENT 10 TEEN CHG COMMENT 

.o+__=~ ouR , v ~ G =  
1804-25 BARBERIS 978 OMEG 450 pp  ~ I 

p p 2 ( l r +  ~r - )  

1 8 0 ~ 0 + 2 5  A D O M E I T  96 CBAR 0 1 . 9 4 ~ p - -  ~ 3 . o  I 

q=(1MkS) DECAY MODES 

Mode 

r l  a2(1320)lr 
r 2 KK~r 
r3 K * ~  

~(164,5) BRANCHING RATIOS 

r(K~',)/r(~(z320),) r=/r3 
VALUE DOCUMENT ID T~C N COMMENT 

0.07 -l-0.03 1 BARBERI5 97C OMEG 450 pp  ~ ppK- 'K l r  

1 Using 2(~r+ ~r - )  data from BARBERIS 97B. 

q=(1645) REFERENCES 

BARBERIS 97B PL B413 217 D. Barberis+ (WA102 Coilab.) 
BARBERIS 97C PL B413 225 D. Barberis+ (WA102 Coilab.) 
ADOMEIT 96 ZPHY C71 227 +Amsler, Armstrong+ (Crystal Barrel Coil;lb.) 

X ( 1 6 5 0 )  J, p need ~on.Fmation. 
OMITTED FROM SUMMARY TABLE 

Observed in a study of the ~/effective mass distribution. Needs 
confirm ation. 

X(1650) MASS 

VALUE (MeV) EVT5 DOCUMENT ID TEEN CHG COMMENT 

1652"1"7 100 1 PROKOSHKIN 96 GAM2 0 32,38 l rp  ~ r I 

1Supersedes SAMOILENKO 91. I 

X(1650) WIDTH 

VALUE (MeV) CL..._~ DOCUMENT ID TEEN CHG COMMENT 

<r io  90 2 PROKOSHKIN 96 G A M 2 0  32,38 ~rp --+ o~T/n I 
2 Supersedes SAMOILENKO 91. I 

X(1650) DECAY MODES 

Mode Fraction ( r l / r )  

r I r seen 

X(1~50) REFERENCES 

PROKOSHKIN 96 PD 41 4 +Samoilenko 
~'ranslated21 ~rom DANS 348 481. 

SAMOILENKO 91 PD 36 7 
~,nslate~ ~rom DANS 318 1367. 

(SERP) 

(SERP) 



See key on page 213 

l  ( 67o)1 IG(J PC) = 0 - ( 3 - - )  

~(',6n)) MASS 

VALUE (MeV} EVTS DOCUMENT ID TEEN COMMENT 
1667 4- 4 OUR AVERAGE 

1665.34- 5.24"4.5 23400 AMELIN 96 VES 36 ~r -p  -.~ ~r+~r-~rOn 
1685 4-20 60 BAUBILLIER 79 HBC 8.2 K - p  backward 
1673 4-12 430 1,2BALTAY 78E HBC 15~r+p- - *  A3~r 
1650 4-12 CORDEN 78B OMEG 8-12 l r - p  --* N3~r 
1669 4-11 600 2WAGNER 75 HBC 7~r+p--~ zl++3~r 
1678 4-14 500 DIAZ 74 DBC 6 ~r + n ~ p3~r 0 
1660 4-13 200 DIAZ 74 DBC 6 x + n  ~ p~r0~r  0 
1679 4"17 200 MATTHEWS 710 DBC 7.0 ~r + n  -~ p3x 0 
1670 4-20 KENYON 69 DBC 8 x + n ~  p3~r 0 

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

1700 110 1 CERRADA 77B HBC 4.2 K -  p ~ A3~" 
1695 4-20 BARNES 69B HBC 4.6 K - p  --~ ~ 2 x X  
1636 4-20 ARMENISE 68B DBC 5.1 ~ + n  --* p3~r 0 

1 Phase rotation seen for JP = 3 -  p~r wave. 
2From a fit to I (J  P)  = 0 ( 3 - )  p~r partial wave. 

r WIDTH 

VALUE (MeV) EVTS DOCUMENT ID TEEN COMMENT 
168"1-10 OUR AVERAGE 
1494-194-7 23400 AMELIN 96 VES 36 ~ - p  --* ~ + ~ - x 0 n  
160:E80 60 3 BAUBILLIER 79 HBC 8,2 K - p  backward 
1734-16 430 4,5 BALTAY 78E HBC 15 ~r+p ~ z13x 
2534-39 CORDEN 78B OMEG 8-12 x - p  --~ N3~r 
173:E28 600 3,5WAGNER 75 HBC 7 x + p - - *  z1++3~ 
1674-40 500 DIAZ 74 DBC 6 ~ + n - ~  p3~ 0 
1224-39 200 DIAZ 74 DBC 6 x + n  --~ p ~ x 0 x 0  
1554-40 200 3 MATTHEW5 71D DBC 7.0 x + n  ~ p3~r 0 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

904"20 BARNES 69B HBC 4.6 K - p  ~ ~2~r 
1004-40 KENYON 69 DBC 8 x + n - ~  p3~r 0 
1124-60 ARMENISE 60B DBC 5.1 x + n  ~ p3~r 0 

3Width errors enlarged by us to 4 r / v ~ ;  see the note with the K*(892) mass. 
4phase rotation seen for JP = 3 -  p~r wave. 
5From a fit to I ( JP )  = 0 ( 3 - )  p~ partial wave. 

(,~j(1670) DECAY MODES 

Mode Fraction ( r l / r )  

r l  p~r seen 
r 2 u) ~ ~r seen 
r 3 b1(1235) 2r possibly seen 

u3(1670) BRANCHING RATIOS 

r(~. . ) / r (p.)  r=/r2 
VALUE ~.VTS DOCUMENT ID T~:N COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.714-0.27 100 DIAZ 74 DBC 6 lr + n  - *  p51r 0 

r(b~(ms)~)/r(p~) r3 / r~  
VA~.UE DOCUMENT ID T~(~N COMMENT 

possibly seen DIAZ 74 DBC 6 x +  n ~ p5~r 0 

r(b=(mSl~)/r(~--) rg / r=  
VALUE CL~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

>0.75 68 BAUBILLIER 79 HBC 8.2 K - p  backward 

~j (1670)  REFERENCES 

AMELIN 96 ZPHY C70 71 +Berd,lkov. Bit-/ukov+ (SERP. TBIL) 
BAUBILLiER 79 PL 89B 131 + (BIRM. CERN. GLAS. MSU. ORSAY) 
BALTAY 78E PRL 40 87 +Cautls. Kalelkar (COLU)JP 
CORDEN 78B NP B138 235 +Corbett, Alexander+ (BIRM, RHEL, TELA, LOWC) 
CERRADA 77B NP 8126 241 +Blockzljl, Heinen+ (AMST, CERN, NIJM, OXF} JP 
WAGNER 7S PL SgB 201 +Tabak, Chew (LBL) JP 
DiAZ 74 PRL 32 260 +Diblanr.a, Ficldnger , Anderson+ (CASE, CMU) 
MATTHEWS 71D PR D3 2561 +prentice, Yoon, Caeroll+ (TNTO, WISE} 
BARNES 69B PRL 23 142 +Chung, Eisner, Flaminio+ (BNL) 
KENYON 69 PRL 23 146 +Kinson, Scarf+ (BNL, UCND, ORNL} 
ARMENISE 68B PL 26B 336 +Fodno, Cartacci+ (BARI, BGNA, FIRZ, ORSAY ) 

OTHER RELATED PAPERS 

MATTHEWS 71 LNE 1 361 +Prentice, Yoon, Carroll+ (TNTO, WISE) 
ARMENISE 70 LNC 4 199 +Ghidini, Fodng. Cartaccl+ (BARI, BGNA, FIRZ} 

Meson 
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Particle Listings 
 3(1670),  2(1670) 

1 2(1670)1 IG(j PC) = 1 - ( 2 -  +)  

~r2(1670) MASS 

VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT 
16704"20 OUR ESTIMATE This is only an educated guess; the error given Is larger than 

the error on the average of the published values. 
16"/7 4- I OUR AVERAGE Error includes scale factor of 1.7. See the Ideogram below. 

17304-20 1 AMELIN 95B VES 36 l r - A  
x + ~ r - ~ - A  

16904-14 2 BERDNIKOV 94 VES 37 ~ r - A  --~ 
K + K - 1 r - A  

17104-20 700 ANTIPOV 87 SIGM 50 l r -Cu  
# + p -  ~'- Cu 

16764- 6 2EVANGELISTA81 OMEG - 121r -p - -~  3~rp 
16574-14 2~3 DAUM 80D SPEC - 63-94 ~p --~ 3~X 
16624-10 2000 2BALTAY 77 HBC + 1 5 ~ + p - *  p3x 
�9 a �9 We do not use the following data for averages, fits. Umlts, etc. �9 �9 �9 

17424-314-49 ANTREASYAN 90 CBAL �9 + e -  --* 
�9 + e -  lr 07r 0 x 0 

17104-20 4 DAUM 81B SPEC - 63,94 ~r -p  
16604-10 2ASCOLI 73 HBC - 5 -251 r -p - -~  plr 2 

1From a fit to j P C  = 2 - + f2(1270)x, f0(1370)x waves. 

2From a fit to JP = 2-S-wave f2(1270)~r partial wave. 

3Clear phase rotation seen in 2 - 5 ,  2 - P ,  2 - D  waves. We quote central value and spread 
of single-resonance fits to three channels. 

4 From a two-resonance fit to four 2 - 0  + waves. This should not be averaged with all the 
single resonance fits. 

WEIGHTED AVERAGE 
1677+8 (Error scaled by 1.7) 

z2 
I . . . .  AMELIN 95B VES " ~  

/ . . . . . . . . . .  BERDNIKOV 94 VES 0.9 
/ ~ ' - ' - ~  . . . . . . .  ANTIPOV 87 SIGM 2.7 
/ " l -  ~ . . . . . . . . . . . .  EVANGELISTA81 OMEG 0.0 

~ : -  "~," . . . . . . . . . . .  DAUM 80D SPEC 2.0 
/ ~ . . . . . . . . .  B.'J.TAY . H~ 2.3 

I ~ ~  , 14.9 
(Confidence Level = 0.011) 

1600 1650 1700 1750 1800 1850 

~r2(1670 ) mass (MeV)  

~r2(1670 ) WIDTH 

VALUE (MeV) Ev'rs DOCUMENT ID TECN CHG COMMENT 
2B84-111 OUR AVERAGE Error includes scale factor of 1.7. See the ideogram below. 

310-1-20 5 AMELIN 95B VES 36 ~ r - A  -.4 
Ir + Ir - l r -  A 

190:1:50 6 BERDNIKOV 94 VES 37 ~ r - A  
K +  K - 1 r -  A 

1704-80 700 ANTIPOV 87 SIGM - 50 x - C u  
p + p - l r - C u  

2604-20 6EVANGELISTA81 OMEG - 1 2 x - p ~  31rp 
2194-20 6,7 DAUM 800 SPEC - 63-94 lrp --~ 3~rX 
2854-60 2000 6 BALTAY 77 HBC + 15 x + p  --+ p31r 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2364-49:t:36 ANTREASYAN 90 CBAL e " l ' e -  -~ 
�9 + e -  ~r 0 ~0 xO 

3124-50 8 DAUM 81B SPEC - 63,94 w - p  
2704-60 6ASCOLI 73 HBC - 5 - 2 5 x - p - - ~  px  2 

5From a fit to j P C  = 2 - + t'2(1270)~, t'0(1370)~ waves. 

6From a fit to JP = 2 -  f2(1270)x partial wave. 

7 Clea'r phase rotation seen In 2 -  $, 2 -  P, 2 -  D waves. We quote central value and spread 
of single-resonance fits to three channels. 

8From a two-resonance fit to four 2 - 0  + waves. This should not be averaged with atl the 
single resonance fits. 



410 

Meson Particle Listings 

WEIGHTED AVERAGE 
258+18 (Error scaled by 1.7) 

. . . . . .  AMELIN 95B VES 6.6 

. . . . . .  BERDNIKOV 94 VES 1,9 
. . . . .  ANTIPOV 87 SIGM 1.2 
. . . . .  EVANGELISTA 81 OMEG 0.0 
. . . . .  DAUM 80D SPEC 3.9 
. . . . .  BALTAY 77 HBC 0.2 

13.8 
(Confidence Level = 0.017) 

I I i I 
100 200 300 400 500 600 

~2(1670) width (MeV)  

~r2(1670 ) D E C A Y  M O D E S  

Mode Fraction ( l ' i / l " )  

rl 3~ 
r2 f2(1270) ~r 
r3 p~ 
r4 ~(1370)~ 
rs K K * ( 8 9 2 ) +  C.C. 

r 6  -~-~ 

r7  ~/~ 
r8 . ~ 2 ~ r  + 2 w -  

(95.8•  

(56.2•  

(31 •  ) %  

( 8 . 7 •  

( 4 . 2 •  

C O N 5 T R A I N E D  F I T  I N F O R M A T I O N  

An overall f i t  to  4 branching ratios uses 6 measurements and one 

constraint to determine 4 parameters. The overall f i t  has a X 2 = 
1.9 for 3 degrees of freedom. 

The following off -d ias array elements are the correlation coefficients 

(a~ax~}l(a~ax~), in percent, from the fit to the branching fractions, 

I ' j r t o t a  I. The f i t  constrains the x~ whose labels appear in this array to sum to 
one. 

x 3 - 5 3  

x 4 - 2 9  - 5 9  

x 5 - 8  - 2 1  - 9  

x2 X3 X4 

~'2(1670) P A R T I A L  W I D T H S  

r(,r,~) r, 
VALUE (keV) CL~._~ DOCUMENT ID TECN CHG COMMENT 

<0.072 90 9 ACCIARRI 97T L3 e + e -  ~ I 
e+  e -  ~ r + ~ -  ~0 

<0.19 90 9ALBRECHT 978 ARG �9 + e -  ~ I 
e+ e -  ~ + ~ -  ~rO 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.41 •177 ANTREASYAN 90 CBAL 0 e + e -  
e + e-- ~0 ~0 ~0 

0.8 •  •  10BEHREND 90C CELL 0 e+e - 
e+e- -  ~+~ r -  ~0 

1.3 •  ~0.2 11 BEHREND 9OC CELL 0 e + e -  
e+  e -  ~r+ ~ -  ~0 

9 Decaying Into f2(1270)~ and pw. I 
10Constructive Interference between f2(1270)~,p~ and background. 
11 incoherent Ansatz. 

I r1 (1670 ) B R A N C H I N G  R A T I O S  

r(3. ) / r~, ,  r l / r  = (r=+r~+r,)/r 
VALUE DOCUMENT ID 
OArdl4-0~L4 OUR FIT 

r (p . ) / r ( , - * .+ . - )  �89189 
VALUE DOCUMENT ID TECN CH.~G COMMENT 

0.29-1"0.04 OUR FIT 
0.29-1-0.05 12 DAUM 81B SPEC 63.94 ~ -  p 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.3 BARTSCH 68 HBC + 8 ~ + p  ~ 3~p 

12 From a two-resonance fit to four 2 - 0  + waves. 

r (s (12z0) . ) / r (~ .+ . - )  0.sGTr=/(0.~r,+�89 
(With f2(1270) ~ 7r+Tr-.)  

VALUE DOCUMENT ID T ~  N CHG COMMENT 
0.604=1:0. MK OUR FIT 
0.60 -I-0.08 OUR AVERAGE Error Includes scale factor of 1.3. See the ideogram below. 

0.61 @-0.04 13 DAUM 81B SPEC 63,94 ~ - p  

0.76 +0.24 ARMENISE 69 DBC + 8.1 ~ + d  ~ d3~ 
-0 .34 

0.35 • BALTAY 68 HBC + 7-8.5 ~ + p  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.59 BARTSCH 68 HBC + 8 ~ + p  ~ 3~rp 

13 From a two-resonance fit to four 2 - 0  + waves. 

WEIGHTED AVERAGE 
0.60~0.05 (Error scaled by 1.3) 

) 
- ~ - ~ - "  I ..... . 

0 0.2 0.4 0.6 

Values above of weighted average, error, 
and scale factor are based upon the data in 
this ideogram only. They are not neces- 
sarily the same as our 'best' values, 
obtained from a Isast-squares constrained fit 
utilizing measurements of other (related) 
quantities as additional information. 

~ 2  

. . . . . . . . .  DAUM 81B SPEC T 0  
' �9 ARMENISE 69 DBC 0.3 

8 A L I A Y  68 HBC 1.6 
1.9 

(Confidence Level = 0.389) 
I 

0.8 1 1.2 1.4 

VALUE DOCUMENT ID TECN CHG COMMENT 

<0.00 BALTAY 68 HBC + 7-8.5 l r + p  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<O.10 CRENNELL 70 HBC - 6 ~r -p  

r ( . *  2 . + 2 . - ) / r ( . * . + . - )  
VALUE 

<0.10 

f2 ~-- N 

F 8 / ( 0 . S 6 ? F 2 + ~  FS+0.624F4)  
DOCUMENT ID TECN CHG COMMENT 

CRENNELL 70 HBC - 6 ~ - p  
f2 ~r-  N 

BALTAY 68 HBC + 7,8.5 ~ + p  

0 . 6 2 4 r 4 / ( o . s 6 ? r 2 +  �89 

TECN COMMENT 

81B SPEC 63,94 ~ - p  

<0.1 

r ( foO370) . ) / r (~ .+. - )  
(With f0(1370) ~ l r + . - . )  

VALUE DOCUMENT ID 
0.10-1-0.04 OUR FIT 
0.10-1-0.0E 14 DAUM 

14 From a two-resonance fit to four 2 - 0  + waves. 

r(KP(892)+ c.c.)/r(f=(1270).) r,/r= 
VA~_rU ~ DOCUMENT ID TECN CHG COMMENT 
0.070::1:0.02S OUR FIT 
0.07S=E0.025 15 ARMSTRONG 82B OMEG - 16 ~- -p  

K +  K - ~ - p  

15 From a partial-wave analysis of K + K - ~ -  system. 

~wave/S-waw RATIO FOR ,r2(Z670) - .  60270),r 
VALU E DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.22-~0.10 16 DAUM 81B SPEC 63,94 ~ - p  

16From a two-resonance fit to four 2 - 0  + waves. 

f 2 ( 1 6 7 0 )  REFERENCES 

ACCIARRI 97T PL 13413 147 M. Acciarri+ 
ALBRECHT 97B ZPHY C74 469 +Hamacher, Hofmann+ (ARGUS Conab.) 
AMELIN 9SB PL B356 595 +Berdnikov, Bityukov+ (SERP, TBIL) 
BERDNIKOV 94 PL B337 219 +Bityukov+ (SERP, TBIL) 
ANTREASYAN 90 ZPHY C48 561 +eartHs, Basset+ (Crystal Ball Collab.) 
BEHREND g0C ZPHY C46 583 +Criegee+ (CELLO Co,lab.) 
ANTIPOV 87 EPL 4 403 +BatariN+ (SERP, JINR, INRM, TBIL, BGNA, MILA) 
ARMSTRONG 82e NP B202 1 +Baccari (AACH3, BARI, BONN, CERN, GLAS+) 
DAUM 81B NP B182 269 +Hertzbefger+ (AMST, CERN, CRAC, MPIM, OXF+) 
EVANGEUSTA 81 NP B178 197 + (BARh BONN, CERN, DARE, LIVP+) 

Also 81B NP 8186 594 Evangelista 
DAUM 80D PL 89B 285 +HertzberKer+ (AMST, CERN, CRAC, MPIM, OXF+)JP 
8ALTAY 77 PRL 39 591 +Cautis, Kalelkar (COLU) JP 
ASCOLI 73 PR 07 669 (ILL, TNTO, GENO, HAMB, MILA, SACL) JP 
CRENNELL 70 PRL 24 781 +Ka~shon, Lal. Scarr, Sims (8NL) 
ARMENISE 69 LNC 2 501 +Ghidini, Forino, Cartacci+ (BARI, BGNA, FIRZ) 
BALTAY 68 PRL 20 887 +Kung, Yah, Ferbel+ (COLU, ROCH, RUTG. YALE) I 
BARTSCH 68 NP B? 345 +Keppel, Kraus+ (AACH, BERL, CERN) JP 



See key on page 213 

OTHER RELATED PAPERS 

CHEN ILIB PR D2I 2304 
LEEDOM 83 PR D27 1426 
BELLINI 12B NP B199 1 
FOCACCI ~ PRL 17 190 
LEVRAT 66 PL 22 714 
VETLITSKY 33 PL 21 179 
FORINO 6tB PL 19 68 

1 ( 68o)1 

+Fsnklr+ (ARIZ, FNAL, FLOR, NDAM, TUFTS+) 
+DaBontl, C.wII(l~, Kly, Won|+ (PURD, TNTO) 
+ (CERN, MILA, JINR, BGNA, HELS, PAVI, WARS+) 
+Klenzle, Lwrat, MII~Ich, Martin (CERN) 
+TollttUp+ (CERN Millin G Mall SplCt, Calilb,) 
+Gumvln, Kilpr, ZOl!lflOV+ {ITEP) 
+Guurotl+ (BGNA, BARI, FIRZ, ORSAY, SACL) 

IG(J PC) = 0 - ( 1 - - )  

r MASS 

e+e - PRODUCTION 
VALUE (MaV) EVT5 DOCUMENT IO TECN COMMENT 
lell0:t:10 OUR ESTIMATE 
IMl=l: l OUR AVERA~| 
17004.20 1CLEGG 94 RVUE e + e - - - *  K §  - ,  

K~ K~r 

1657=i:27 367 BISELLO 91c DM2 e+e - ~ KOEK4-~r :F 

16504.10 2BUON 82 DM1 e+e - -~ hadrons 
* * �9 We do not use the following data for averages, fits, limits, etc. , e e 

15554.17 3BISELLO 5gB DM2 e+e - ~ K + K  - 
15774-12 4MANE 82 DM1 e+e - ~ KOsK~ 

PHOTOPRODUCTION 
VALUE {MIV} DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

1726=b22 BUSENITZ 69 TPS "1P"* K + K - X  
17604.20 ATKINSON 85c OMEG 20-70 7P --~ K'/~'X 
16904.10 ALTON 51F OMEG 25-70 7P -'~ K+ K - X  

1Usln| BISELLO 885 and MANE 82 data. 
2From global fit of p, ~, @ and their radial excitations to channels ~ + x - ,  K + K  - ,  

K O K O, K~ K4. ~r:F. Assume mass 1570 MeV and width 510 MeV for p radial excita- 
tions, mass 1670 and width 500 MeV for ~ radial excitation, 

5From global fit Including p, ~, # and p(l?00) assume mall 1570 MeV and width 510 
MeV for p radial excitation, 

4 Fit to one channel only, neglecting interference with ~, p(1700). 

~(1MI0) WIDTH 

e + e-  PRODUCTION 
VALUE (MeV) EVT5 DOCUMENT ID TECN COMMENT 
1104"110 OUR ESTIMATE This Is only an educated guess; the error given Is larger than 

the error on the average of the pub,shed values. 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

5004-60 5CLEGG 94 RVUE e + e - ~  K + K  - ,  
K~ Ke 

1464-55 367 BISELLO 910 DM2 e+e - ~ KOK4-~r :F 

207-;-45 6BISELLO EBB DM2 e+ e - -~ K ' r  K - ~ 
185• 7BUON 82 DM1 e't'e - --~ hadmns 
1024.36 8MANE 82 DM1 e§ - --* KO K x  

PHOTOPRODUCTION 
VALUE IMeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

1214-47 BUSENITZ 89 TPS ~p--~ K + K - X  
804-40 ATKINSON 85C OMEG 20-70"/p -~ K'~X 

1004-40 ASTON 81F OMEG 25-70 7P "~ K + K - X  

5 Using BISELLO 88B and MANE 82 data, 
5 From global fit including p, w, ~b and p(1700) 
7From global fit of p, ~, ~ and their radial excitations to channels ~rq'~r - ,  K §  - ,  

K 0- K 0, K O K4- ~:F Assume mass 1570 MeV and width 510 MeV for p radial exdta. L' ~ 
tlons, mass 1570 and width 500 MeV for ~ radial excitation. 

8 Fit to one channel only, neglecting Interference with ~, p(1700). 

~1680) DECAY MODES 

Mode Fraction (FI/F) 

r I KK*(892)-I- C.C. dominant 
I" 2 K~ K ~r seen 
r 3 K K seen 
r 4 e + e -  seen 
r 5 bJ/r~ hot seen 
r5 K + K -  ~0 
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~'2(1670), @(1680), P3(1690) 

+(lm) r0)r(,+ a-)/r(~,l) 
This combination of a partial width with the partial width into �9 + e -  
and with the total width is obtained from the Integrated cross section Into 
channel (I) In e + e -  annihilation. We list only data that have not been 
used to determine the partial width r( i )  or the branching ratio r( i)/ total. 

r(K~'*(m)+c.c.) x r(e+r)/r, ,~ rlr4/r 
VALUE (keY) Ev ' r$  DOCUMENT 10 TECN COMMENT 

�9 �9 e We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0,454.0.14 357 BISELLO 91c DM2 e " e -  ~ KOK4.~r ~; 

~(1680) BRANCHING RATIOS 

r (KX'(m)+ =.c.)/r(K~ K,) rl/r2 
VALUE DOCUMENT ID TECN COMMENT 

dominant MANE 52 DM1 e+ e - --. KO Kd;~ :F 

r(K~/r(KTP(m)+~=.) rd r l  
VALUE DOCUMENT ID TECN COMMENT 

0.07 4"0,01 BUON 82 DM1 e + e  - 

r (~ , f ) / r (K~(m)+ c.c.) rE/r1 
VALUE DOCUMENT IO TECN COMMENT 

<0.10 BUON 82 DM1 e + e  - 

CLEGG 
BISELLO 
BUEENITZ 
BISELLO 
ATKINSON 
BUON 
MANE 
ALTON 

ACHASOV 

ATKINBON 
ATKINSON 
ATKINSON 
ATKINSON 
CORDIER 
MANE 
ALTON 

iIK1elo) REFERENCES 

94 ZPHY Ct2 4SS +Donnachle (LANC, MCHS) 
91C ZPHY C52 227 +Eulltto, Castro, NIiro, Pllcara+ (DM2 Collab,) 
aa PR D40 1 +OtBeWllkl, Calllhan+ (ILL, FNAL) 
888 EFHY C39 13 +Bulltto+ (PADO, CLER, FRAS, LALO) 
8SC ZPHY C27 288 + (BONN, CERN, GLAS, LANC, MCHS, CURIN+) . 
82 PL 118B 221 +Blllllo, BIZGt, Cordlar, Delcourt+ (LALO, MONP) 
82 PL 112B 173 +B[le~lo, Bizot, Buon, Delcourt, F|yard+ (LALO) 
9IF PL 104B 231 (BONN, CERN, EPOL, GLAB, LANC, MCHS+) 

OTHER RELATED PAPERS 

9?F PAN 60 2029 N.N, Achasov, Kozhlvnlkov (NOVM) 
TrlnllaUid from YAF 30 2212. 

s6c ZPHY C30 $41 + (BONN, CERN, GLAS, LANC, MCHS, CURIN+) 
84 NP B231 13 + (BONN, CERN, GLAS, LANC, MCHS, CURIN+) 
845 NP B231 1 + (BONN, CERN, GLAS, LANC, MCHS, CURIN+) 
a3C NP 8229 269 + (BONN, CERN, GLAS, LANC, MCHS, CURIN+) 
81 PL 1065 ISS +Blllllo, Blzot, Buon, Delcourt, Mane (ORSAY) 
81 PL 99B 261 +Blsello, BIzot, Buon, Cordler, Oelcourt (ORSAY) 
80F NP 5174 26a (BONN, CERN, EPOL, GLAS, LANC, MCHS+) 

1  ( 690)1 IG(j PC) = 1+(3 - - )  

p,(16go) MASS 

VALUE (MeV) DOCUMENT ID 
1891 ~-li OUR ESTIMATE This Is only an educated guess; the error given Is larger 

than the error on the average of the published values. 
11MI8.8"1"2.1 OUR AVERAGE Includes data from the 5 datablocks that follow this one. 

2~r MODE 
VALUE (MeV) EVT5 DOCUMENT ID TECN CHG COMMENT 
The data In this block is Included In the average printed for a previous datablock. 

EVANGELISTA81 OMEG - 1 2 ~ r - p - ~  21rp 
BALTAY 78B HBC 0 15 ~r+p --* 

~'+/r-- n 
1ANTIPOV 77 CIBS 0 2 5 ~ - p - - ,  p3~ 
1 ENGLER 74 DBC 0 6 ~r + n --, 

~ + l r - p  

16934- 8 2GRAYER 74 ASPK 0 1 7 ~ - p - - *  
lr+ ~.- n 

16784-12 MATTHEW5 71C DBr 0 7 x + N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1734:i: 10 3 CORDEN 79 OMEG 12-15 x -  p --~ 
n21r 

16924.12 2,4 EETABROOKS 75 RVUE 17 ~ - p  --~ 

17374.23 ARMENISE 70 DBC 0 9 x~+'/~ TM 
16504-35 122 BARTSCH 70E HBC + 8 x + p  --+ N2~ 
1687:b21 5TUNTEBECK 70 HDBC 0 8 ~ -  p, 5.4 lr -Pd 
16634-13 ARMENISE 68 DBC 0 5.1 ~ + d  
16704-30 GOLDBERG 65 HBC 0 6 ~+d,  B ~ - p  

1Mass errors enlarged by us to I ' / v ~ ;  see the note with the K*(892) mass, 
2 Uses same data as HYAMS 75. 
3 From a phase shift: solution containing a f~(1525) width two times larger than the K'R 

result. 
4 From phase-shift analysis. Error takes account of spread of different phase-shift solutions. 

1M6-1- 4 OUR AVERAGE 
1677 4.14 
1679 :t: 11 475 

16784.12 175 
16904- 7 600 
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p3(1690) 

K ~ '  A N D  K ~ l r  MODES 
VALUE (MeV} E V T 5  DOCUMENT ID TECN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

lf~16:l: 4 OUR/WERAGE 
1699• 5 ALPER 80 CNTR 0 6 2 x - p . - *  

K + K - n  
1698• 12 6k 5,6 MARTIN 78D SPEC 10 lrp 

KO K - p  

1692• 6 BLUM 75 ASPK 0 1 8 . 4 1 r - p ~  
nK  + K -  

1690• ADERHOLZ 69 HBC + 8 l r + p  -~ K-Kx 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1694• 8 7COSTA... 80 OMEG 1 0 x - p ~  
K + K - n  

5From a fit to JP = 3 -  partial wave. 
6 Systematic error on mass scale subtracted. 
7They cannot distinguish between P3(1690) and w3(1670 ). 

(4~r) :1: M O D E  
VALUE (MeV) Ev'rs DOCUMENT ID TEEN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

lU6:E IS OUR AVERAGE Error includes scale factor of 1.1. 
1694• 6 8EVANGELISTA81 OMEG - 1 2 ~ r - p ~  p4~r 
1665• 177 BALTAY 78B HBC + 15 7r+p ~ p4x 
1670• THOMPSON 74 HBC + 13 7r+p 
1687• CASON 73 HBC - 8,18.5 ~ -  p 
1685• 14 9 CASON 73 HBC - 8,18.5 l r -  p 
1680:E40 144 BARTSCH 70B HBC -t- 8 ~ + p - *  N4x 
1689• 102 9 BARTSCH 70B HBC -I- 8 Ir- i 'p ~ N2p 
1705• CASO 70 HBC - 11.2 l r - p  

np2;r 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1718• 10 EVANGELISTA 81 OMEG - 12 l r -  p ~ p4~r 
1673• 9 11EVANGELISTA 81 OMEG - 1 2 1 r - p ~  p4~r 
1733• 9 66 9 KLIGER 74 HBC - 4.5 l r - p  ~ p4~r 
1630• HOLMES 72 HBC + 10-12 K + p  
1720• BALTAY 68 HBC • 7, 8.5 ~r+p 

8 From p - p O  mode, not independent of the other two EVANGELISTA 81 entries. 
9 From p•  p0 mode. 

10 From a2(1320 ) -  xO mode, not independent of the other two EVANGELISTA 81 entfles. 
11 From a2(1320)0 ~ -  mode, not independent of the other two EVANGELISTA 81 entries. 

~ r  M O D E  
VALUE (MeV) DOCUMENT ID  TECN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

1681 -I" 7 OUR AVERAGE 
1670• 12ALDE 95 GAM2 38 ~r -p  

odor0 o 
1690-t-15 EVANGELISTA 81 OMEG - 12 ~r- p ~ ~ r p  
1666• GESSAROLI 77 HBC 11 ~r- p ~ ~ x p  
1686• 9 THOMPSON 74 HBC + 13 ~r-t-p 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1654~:24 BARNHAM 70 HBC + 10 K + p  ~ ~ x X  

12 Supersedes ALDE 92C. 

~pr+~r - M O D E  
(For difficulties with MMS experiments, see the a2(1320 ) mini-review In the 1973 
edition.) 

VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

lU0J ' - I~  FUKUI 88 SPEC o 8.95 ~r -p  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1700.1-47 13 ANDERSON 69 MMS 16 ~r -p  backward 
1632• 15 13,14 FOCACCI 66 MMS 7-12 ~r- p 

pMM 
1700~15 13,14 FOCACCl 66 MMS - 7-12 ~r-p  

pMM 
1748• 13,14 FOCACCI 66 MMS - 7-12 x - p  

pMM 

13Seen in 2.5-3 GeV/c ~p. 2~r+2~r - ,  with 0, 1, 2 ~r+~r - pairs in p band not seen by 
OREN 74 (2.3 GeV/c ~p) with more statistics. (Jan. 1976) 

14NOt seen by BOWEN 72. 

p I ( l f R 0 )  W I D T H  

2:r, K K .  A N D  K ~ ' : r  M O D E S  
VALUE (MeV) DOCUMENT ID 
1go J,'10 OUR AVERAGE includes data from the 5 datablocks that follow this one. Error 

includes scale factor of 1.5. See the ideogram below. 

WEIGHTED AVERAGE 
160r (Error scaled by 1.5) 

I . . . . . . . .  MARTIN 78D SPEC 1.0 
-- I--  . . . . . . . . .  BLUM 75 ASPK 5.1 

__/~_; .-- t---  . . . . . . . .  DENNEY 83 LASS 4.3 
- - - - t - - -  . . . . .  EVANGELISTA 81 OMEG 5A 

. . . . . . . . . .  BALTAY 78B HBC 2.1 

. . . . . . . . . .  ANTIPOV 77 CIBS 0,0 
I ~ . . . . . . . . . .  ENGLER 74 DBC 0,0 
I ~ ~ . . . . . . . . .  GRAYER 74 ASPK 5,0 
I ~ "1 . . . . . . . . . .  MATI'HEWS 71C DBC 0,0 

. . . . . . . .  ARMENISE 70 DBC 0,0 
l - ~  ~ - - I  . . . . . . . . . .  EVANGELISTA81 OMEG 8.0 

',~. �9 .~ . . . . . . . . .  BALTAY 78B HBC 3,3 
I ~ . . . . . . . .  CASON 73 HBC 0.0 
I " ~ - - ' -  �9 �9 �9 '~ . . . . . . . . .  BARTSCH 70B HBC 0.7 
I " ' " b ' -  �9 "~ . . . . . . .  BARTSCH 70B HBC 0.0 
r ~ . . . . .  ALDE 95 GAM2 1.2 

I \ . . . . . . .  EVANGELISTA81 OMEG 0,2 
I �9 .\ . . . . . . . .  GESSAROLI 77 HBC 0.0 

I . . . . .  ~ '  . . . . . .  FUKUI 88 SPEC 4.0 

\ 
I I I ~  = (Confidencel Level = 0.002) 

100 200 300 400 500 

P3(1690) width, 21r, K K ,  and K K l r  modes (MeV) 

21r M O D E  
VALUE (MeV) Ev'r$ DOCUMENT ID TEEN CHG COMMENT 
The data In this block is included In the average printed for a previous datablock. 

186-1-14 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below, 
220• DENNEY 83 LASS 10 x "i 'N 
246• EVANGELISTA81 OMEG - 1 2 7 r - p ~  2~rp 
116+30 476 BALTAY 78B HBC 0 15 7r+p 

~.-I- l r -  n 
162• 178 15ANTIPOV 77 CIBS 0 25 l r - p  --* p3~r 
167+40 600 ENGLER 74 DBC 0 6 lr "t'n 

x + l r - p  
200• 16GRAYER 74 ASPK 0 1 7 1 r - p ~  

/r-I- x - -  n 
156• MATTHEW5 71C DBC 0 7 x -F N 
171• ARMENISE 70 DBC 0 9 7r •  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

322• 17 CORDEN 79 OMEG 12-15 l r - p  
o2x 

240• 16,18 ESTABROOKS 75 RVUE 17 w -  p --* 
l r +x - -  n 

180• 122 BARTSCH 70B HBC + 8 l r+  p ~ N2x  

267+72 STUNTEBECK70 HDBC 0 8 ~r-p, 5.4 ~r+d " - 4 6  
188• ARMENISE 68 DBC 0 5.1 7r + d  
180• GOLDBERG 65 HBC 0 6 ~r+d, 8 l r - p  " 

15Width errors enlarged by us to 4F/v'N; see the * note with the K (892) mass. 
16Uses same data as HYAMS 75 and BECKER 79. 
17 From a phase shift solution containing a f~(1525) width two times larger than the K K  

result. 
18 From phase-shift analysis. Error takes account of spread of different phase-shift solutions. 

WEIGHTED AVERAGE 
186+14 (Error scaled by 1.3) 

x 
; ; ~  . ~ ' : : : : "  DENNEY 83 LASS 1.4 

"EVANGELISTA81 OMEG 2.6 
�9 BALTAY 78B HBC 5.5 
�9 ANTIPOV 77 CIBS 0.2 
�9 ENGLER 74 DBC 0.2 
�9 GRAYER 74 ASPK 0.6 

�9 - MATTHEWS 71C DBC 0.7 

J I I . . . . . . . .  ARMENISE 70 DBC 0.1 
11:3 

(Col nfidence Level = 0.128) 
I l 

0 100 200 300 400 500 

p3(1690) width, 2~r mode (MeV) 



See key on page 213 

K~'  AND KRIr  MODES 
VALUE (MeV} EVTS DOCUMENT ID TECN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

2044-38 OUR AVERAGE 
1994`40 6000 19 MARTIN 78D SPEC 10 lrp 

KO K - p  

2054`20 BLUM 75 ASPK 0 18.4 l r - p  
n K +  K - 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

219• 4 ALPER 80 CNTR 0 6 2 1 r - p - - *  
K4, K - n  

186• 11 20 COSTA.,. 80 OMEG 10 "m-- p 
K + K - n  

112• ADERHOLZ 69 HBC + 8 l r4"p -.* K'-K~r 

19 From a fit to JP  = 3 -  partial wave, 
20They cannot distinguish between P3(1690) and ~3(1670). 

(4~r)4- MODE 
VALUE (MeV} EVTS DOCUMENT ID TECN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

129-1-10 OUR AVERAGE 
1234`13 21EVANGELISTA 81 OMEG - 1 2 ~ r - p ~  p4~r 
1054`30 177 BALTAY 78B HBC + 15 ~r4"p ~ p4~r 

16 o+70  CASON 73 HBC - 8,18,5 ~r -p  " - 4 8  
1354`30 144 BARTSCH 70B HBC + 8 ~4.p ~ N4~r 
160d:30 102 BARTSCH 70B HBC 4" 8 ~4, p ~ N2p  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

230• 22 EVANGELISTA 81 OMEG - 12 ~ r -p  - *  p4~r 
1844`33 23 EVANGELISTA 81 OMEG - 1 2 x - p ~  p4~r 
150 66 24 KLIGER 74 HBC - 4.5 ~r- p ~ p4~r 
1064`25 THOMPSON 74 HBC + 13 ~ + p  

1254" 83 --.~b 24 CASON 73 HBC - -  8,18.5 ~r- p 

1304`30 HOLMES 72 HBC + 10-12 K + p  
1804`30 90 24 BARTSCH 70B HBC + 8 "~r4"p ~ N a 2 #  

,1004`35 BALTAY 68 HBC + 7, 8.5 ~r+p  

21 From p -  pO mode, not independent of the other two EVANGELISTA 81 entries. 
22 0 From a2(1320)-~r mode, not independent of the other two EVANGELISTA 81 entries. 

23From a2(1320)O~r - mode, not independent of the other two EVANGELISTA 81 entries. 
24 From p4` pO mode. 

u~r MODE 
VALUE {MeV) DOCUMENT ID TECN CHG COMMENT 
The data in this block is included In the average printed for a previous datablock. 

1904-40 OUR AVERAGE 
230• 25 ALDE 95 GAM2 38 ~ -  p 

1904`65 EVANGELISTA 81 OMEG - 12 ~r- p ~ . :~p  
1604`56 GESSAROLI 77 HBC 11 ~ r -p  --* ~ r p  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

894`25 THOMPSON 74 HBC + 13 ~r+p 

130 4-73 BARNHAM 70 HBC + 10 K 4 " p  ~ ~ r X  - 4 3  

25 Supersedes ALDE 92c. 

~/~r+~r - MODE 
(For difficulties with MMS experiments, see the a2(1320 ) mini-review in the 1973 
edition.) 

VALUE {MeV) DOCUMENT ID TECN CHG COMMENT 
The data in this block Is included in the average printed for a previous datablock. 

1064-27 FUKUI 88 SPEC 0 8.95 ~r -p  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

195 26 ANDERSON 69 MMS 16 ~r- p backward 
< 21 26,27 FOCACCI 66 MMS 7-12 ~ - -  p 

p M M  
< 30 26,27 FOCACCI 66 MMS 7-12 ~r- p 

p M M  
< 38 26,27 FOCACCI 66 MMS 7-12 ~r -p  

p M M  

26Seen in 2.5-3 GeV/c ~p. 2~r+ 2~r - ,  with O, 1, 2 ~ + ~ -  pairs in pO band not seen by 
OREN 74 (2.3 GeV/c ~p)  with more statistics. (Jan. 1979) 

27 Not seen by BOWEN 72. 

Mode 

r l  4~ 46" 

413 

Meson Particle Listings 
p3(1690)  

p3(1690) DECAY MODES 

Fraction ( r i / r )  Scale factor 

(71.1 4- 1.9 ) %  

r2 ~r + ~r+ ~r- ~r o 
r 3 ~ -  

r 4 ~ -  

r5 K K ~  
r6 K K  
r7 r/~r+~r - 
r8 .~p 

Excluding 2p and a2(1320)~r. 
r9 a2(1320)Ir 
rio pp 
rn r 
ri2 ~ 
r13 ~• +2~r-~r ~ 

(67 -;-22 ) % 

(16 • 6 )% 
(23.6 • 1.3 ) %  

( 3.8 4- 1.2 ) %  

( 1.584` 0.26)% 
seen 

1.2 

CONSTRAINED FIT INFORMATION 

An overall f i t  to 5 branching ratios uses 10 measurements and one 

constraint to determine 4 parameters. The overall f i t  has a X 2 = 
14.7 for 7 degrees of freedom. 

The following of f -d iagonal  array elements are the correlation coefficients 

<6x i6xd> / (6x i . ~x j ) ,  in percent, from the fit to the branching fractions, x i =- 

r j r t o t a  I. The fit constrains the x i whose labels appear in this array to  sum to 
one, 

x 4 - 7 7  

x 5 - 7 4  17 

x 6 - 1 5  2 0 

x 1 x 4 x 5 

~(1690) BRANCHING RATIOS 

r ( - - ) / r~ ,  
VALUE 
0.2N4-0.013 OUR FIT 
02434-0.013 OUR AVERAGE 

0 259 4"0"018 
�9 --0.019 

0.23 4`0.02 

0.22 +0.04 

DOCUMENT ID 
r,/r 

TECN CHG COMMENT 

BECKER 79 ASPK 0 17 l r - p  polarized 

CORDEN 79 OMEG 12-15 l r - p  --* 
n27r 

28MATTHEWS 71cHDBC 0 7 1 r + n ~  ~r -p  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.2454`0.006 29 ESTABROOKS 75 RVUE 17 ~r- p 
7r+/r-- n 

28 One_pion.exchang e model used in this estimation. 
29 From phase-shift analysis of HYAMS 75 data. 

r ( . . ) l r ( ~ . + . - . ~  r,/r2 
VALUE DOCUMENT ID TECN CHG COMMENT 

0.354-0,11 CASON 73 HBC 8,18.5 l r - p  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.2 HOLMES 72 HBC 4- 10-12 K + p  
<0.12 BALLAM 71B HBC 16 ~r -p  

r ( . ) / r (4 . )  r,/r, 
VALUE DOCUMENT ID TECN CHG COMMENT 
0.3~!'1"0.0~6 OUR FIT Error includes scale factor of 1.1. 
O..!10 4-O.10 BALTAY 78B HBC 0 15 ~r+p ~ p4~r 

r(KR)/r(. .)  rd r ,  
VALUE DOCUMENT ID TECN CH__G.G COMMENT 
0.0674-0,Oll OUR FIT Error Includes scale factor of  1.2. 

0 .118+0~/~  OUR AVERAGE Error Includ . . . .  le factor of 1.7. See the Ideogram 

below. 

0 161+0"040 GORLICH 80 ASPK 0 17,18 x - p  polar- " - ' -  0,037 /Tpd 
0.08 4`0.03 BARTSCH 70B HBC 4- 8 7 %  

0.08 +0.08 CRENNELL 68B HBC 6.0 l r - p  
- 0.03 



4 1 4  

Meson Particle Listings 
p~(1690) 

WEIGHTED AVERAGE 
0.118+0,039-0.032 (Error scaled by 1.7) 

and scale factor are based upon the d a ~  in 
this ideogram only. They are not neces. 
~ r i l y  the same as our 'ba~' values, 
obtained from a least-squares constrained fit 
utilizing measurements of other (related) 
quantities as additional information. 

-0.1 0 

r(K~)/r(.,~) 

. . . i \ .  " GORLICH 
' BARTSCH 

I i~i ili!ii~!,~ �9 

O.f 0.2 

~ 2  

80 ASPK 3.8 
70B HBC 1.6 

CRENNELL 68B HBC 0.4 
5.g 

(Confidence Level = 0.053) 

0.3 0.4 0.5 

r (~ . ) / r (~ .+ . - .o )  r../r= 
VALUE DOCUMENT ID T~C N CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.02 THOMPSON 74 HBC 4- 13 w + p  

r(K~)/rt== rur  
VALUE DDCUMENT K) TEC.N CHG COMMENT 
0.01~14-0,0~6 OUR FIT Error includes scale factor of 1.2. 
0.OM10=1:O,0024 OUR AVERAGE 
0.013 4-0.003 COSTA... 80 OMEG O l O ~ - p - ~  

K4- K - n  
0.013 4-0.004 33 MARTIN 78B SPEC -- 10 ~rp 

K~K-p 
33From ( r 4 r s ) l / 2  = 0.056 4- 0.034 assuming B(P3(1690 ) ~ w~r) = 0.24. 

r(=.)/[r(=.) + I-(pp)] rd(r~+r,o) 
VALUE DOCUMENT ID TECN CHG ~.OMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.224-0.08 CASON 73 HBC - 8,18.5 ~ r - p  

r(~,+~-)/r~., rd r  
VALUE DOCUMENT ID TECN (~OMMENT 

FUKUI 88 SPEC 8 . 9 5 x - p - - ~  r l ~ r+ ; r -n  r(K~',,)ir(,.r) 
VALU E DOCUMENT ID T~CN 
0.16:EO.08 OUR FIT 
0.164.O.G8 30 BARTSCH 70B HBC 

30Increased by us to correspond to B(P3(1690 ) ~ ~rTr)=0.24. 

[r(~.p) + r(a211320).) + r(pp)]/r(~.+~-~ ~ (r~+r,+r~o)/r~ 
VA~UE DOCUMENT IO T~C N CHG COMMENT 
O.M:i:O.OS OUR AVERAGE 
O.964-0.21 BALTAY 780 HBC 4- 15 ~r + p ~ p4~r 
0.884-O.15 BALLAM 718 HBC - 16 ~ -  p 
1 4-0.15 BARTSCH 708 HBC + 8 x + p 
consistent wi th 1 CASO 68 HBC - 11 ~ r - p  

r(pp)/r(r162176 r=o/r~ 
VALU~ E V T 5  DOCUMENT ID T~CN CHG COMMENT 

rg/r4 
CHG COMMENT 

+ 8 ~ + p  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.124-0.11 BALTAY 780 HBC + 15 ~r4-p --~ p4~" 

0.56 66 KLIGER 74 HBC - 4.5 l r - p  ~ p4w 
0.134-0.09 31 THOMPSON 74 HBC + 13 lr ~ ' p  
0.7 4-0.15 BARTSCH 700 HBC + 8 w -Fp 

31 pp and a2(1320)lr modes are indistinguishable. 

r(pp)/[r(..p) + r (.~(132o).) + r(pp)] rlo/lr,+rg+rlo) 
VALUE DOCUMENT fD TECN CNG COMMENT, 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

O.484-0.16 CASO 68 HBC - 11 x -  p 

r(a=(l~o).)/r(c*.+,r-~O) rg/r= 
VAI-,U~ DOCUMENT ID TEC N CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.664-0.08 BALTAY 78B HBC + 15 ~ + p  ~ p41r 
0.364-O.14 32THOMPSON 74 HBC + 13 w + p  
not seen CASON 73 HBC 8,18.5 ~ r - p  
0.6 4-0.15 BARTSCH 700 HBC + 8 7r§ 
0.6 BALTAY 68 HBC + 7,8.5 l r §  

32 pp and a2(1320)lr modes are indistinguishable. 

r(~.)/r(.-*.+r rs/r= 
VALUE CL~ DOCUMENT ID TECN CHG COMMENT 

0.~l ' l 'O.0E OUR AVERAGE Error includes scale factor of 1.2. 

0,334-0.07 THOMPSON 74 HBC -F 13 x + p  
0.124-O.07 BALLAM 718 HBC - 16 ~r-  p 
0.254-O.10 BALTAY 68 HBC 4- 7,8.5 ~r+p 
0.254-0.10 JOHNSTON 68 HBC - 7.0 ~ r - p  

�9 �9 �9 We do not use the fol lowing data for averages, fits, timlts, e t c . � 9  �9 �9 

<0.11 ,95 BALTAY 78B HBC + 15 ~r+p --~ p41r 
<0.09 KLIGER 74 HBC - 4.5 x - p  ~ p41r 

r(§162 ru/r2 
VALU~ DOCUMENT I D T~CN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, timlts, etc. �9 �9 �9 

<0.11 BALTAY 68 HBC 4- 7,8.5 ~-F p 

r( .*  2r r , /r2 
VALUE DOCUMENT Ip TECN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits. l imits, etc. �9 �9 �9 

<0.15 BALTAY 68 HBC + 7,8.5 ~r -F p 

ALDE 
ALDE 
FUKUI 
DENNEY 
EVANGELISTA 
ALPER 
COSTA... 
GORLICH 
BECKER 
CORDEN 
BALTAY 
MARTIN 
MARTIN 
ANTIPOV 
GESSAROLI 
BLUM 
ESTABROOKS 
HYAMS 
ENGLER 
GRAYER 
KLIGER 

OREN 
THOMPSON 
CASON 
BOWEN 
HOLMES 
BALLAM 
MATTHEWS 
ARMENISE 
BARNHAM 
BARTSCH 
CASO 
STUNTEfiECK 
ADERHOLZ 
ANDERSON 
ARMENISE 
BALTAY 
CASO 
CRENNELL 
JOHNSTON 
FQCACCI 
GOLDBERG 

BARNETT 
EHRLICH 
LEVRAT 
SEGUINOT 
BELLINI 
DEUTSCH... 
FORINO 

p a ( 1 6 9 0 )  R E F E R E N C E S  

9S ZPHY C66 379 +Binon, Bdcman+ (GAMS Collab.)Jp 
g2C ZPHY C54 553 +Bencheikh, Bilmn+ (BELG, SERP, KEK, LANL, LAPP) 
88 PL B202 441 +Hodkawa+ (SUGI. NAGO, KEK, KYOT, MIYA) 
83 PR D28 2726 +Cranley, Firestone, Chapman+ (iOWA, MICH) 
81 NP B178 197 + (BARI, BONN, CERN. DARE. LIVP+) 
80 PL 948 422 +Reeker+ (AMST, CERN, CRAC, MPIM, OXF+) 
80 NP BI?S 402 Costa De Beauregard+ (BARI, BONN, CERN+) 
80 NP 0174 16 +Nicz-/poruk+ (CRAC. MPIM, CERN, ZEEM) 
79 NP B151 46 +Blanar, Blum+ (MPIM, CERN, ZEEM, CRAC) 
79 NP 8157 2SO +Oo~di, Ganley+ (BIRM, RHEL, TELA, LOWC)JP 
78B PR D17 62 +CauUs, Cohen, Csorna+ (COLE, RING) 
78B NP B140 lS8 +Ozmutlu, Baldi, Bohringer, Dorsaz+ (DURH, GEVA) 
78D PL 74B 417 +Ozmutlu, Baldi, Bohrlnger, Dor~z+ (DURH, GEVA) 
77 NP B119 45 +Rusnelto, Dampard, Kielnzle+ (SERP, GEVA) 
77 NP B126 382 + (BGNA, FIRZ, GENO, MILA, OXF, PAVI) 
75 PL 57B 403 +Chabaud, Oietl, Garelick, Gray�9 (CERN, MPIM)JP 
75 NP B95 322 +Martin (DURH) 
75 NP 0100 205 +Jones, Welihanlmer, Blum, Dietl+ {CERN, MPIM) 
74 PR D10 2070 +Kraemel, Toaff. Weiss�9 Diaz+ (CMU. CASE) 
74 NP 075 189 +Hyams, Blum, Dietl+ . (CERN, MPIM) 
74 SJNP 19 428 +Beketov, Grechko, Guzhavin, Dubovikov+ (ITEP) 

Transtated from YAF 19 839. 
74 NP B71 189 +COOper, Fields, Rhines, Allison+ (ANL. OXF) 
74 NP 869 220 +Gaido~, Mcllwain, Mille;', Mulera+ (PURD) 
73 PR D? 1971 +Biswas, Kenney, Madden+ (NDAM) 
72 PRL 29 890 +Earl�9 Faissler, Riled�9 (NEAS, STON) 
72 PR D6 3336 +Ferbel, S~attery, Werner (ROCH) 
71B PR D3 2606 +Chadwick, Guiral0ssia., Johnson+ (SLAC) 
71C NP 033 1 +PrenUce, Yoon, Carroll+ (TNTO, WISC) JP 
?O LNC 4 199 +Ghidini, Forin8, Cartacci+ (BARI, BGNA, FIRZ) 
70 PRL 24 1083 +Coil�9 Job�9 Kenyon, Pathak, Riddifocd (BIRM) 
?0B NP 822 109 +Kraus, Tsanos, Grote+ (AACH. BERL, CERN) 
70 LNC 3 707 +Conte, Tomasini+ (GENO, HAMB, MILA, SACL) 
70 PL 32B 391 +Kenney, Oee W, BIswas, Cason+ (NDAM) 
69 NP B l l  259 +Bartsch+ (AACH3, BERL, CERN, JAGL, WARS) 
69 PRL 22 1390 +Co,ins+ (BNL, CMU) 
68 NC 54A 999 +Ghidini, Forino+ (BARL BGNA, FIRZ, ORSAY)I 
to8 PRL 20 887 +Kunl[, Yeh, Ferbel+ (COLU, ROCH. RUTG, YALE) I 
68 NC 54A 983 +Conte, Cords, Oiaz+ (GENO, HAMB, MILA, SACL) 
680 PL 280 136 +Karshon, Lai, Scarf, Skilliconl (BNL) 
68 PRL 20 1414 +Prentice, Steenberg, Yoon (TNTO, WlSC)UP 
66 PRL 17 890 +Kie~zle. Levrat, Maitich, Martin (CERN) 
65 PL 17 354 + (CERN, EPOL, ORSAY, MILA, CEA. SACL) 

O T H E R  R E L A T E D  P A P E R S  

83B PL 120B 455 +Blockus, Burke, Chien, Christian+ (JHU) 
66 PR 152 1194 +Selove, Yuta {PENN) 
66 PL 22 714 +Tolstrup+ (CERN Missing Mass Spect. CoBab.) 
66 PL 19 712 +Martin+ (CERN Missing Mass Spect. Collab. ) 
65 NC 40A 948 +DiCorato, Duimio. Fkxini (MILA) 
65 PL 18 351 Deutschmana+ (AACH3, BERL, CERN) 
65 PL 19 65 +Gessaroli+ (BGNA, ORSAY, SACL) 
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I p(1700) I ,G(:PC) = 1+ 0 - - )  

TI-IP, p(145o) AND TI-IP, p(1T00) 
Written March 1998 by S. Eideiman (Novosibirsk) and J. Her- 
nandez (Valencia). 

In our 1988 edition, we replaced the p(1600) entry with 

two new ones, the p(1450) and the p(1700), because there 

was emerging evidence that the 1600-MeV region actually 

contains two p-like resonances. ERKAL 86 had pointed out 

this possibility with a theoretical analysis on the consistency of 

2r  and 47r electromagnetic form factors and the 7rTr scattering 

length. DONNACHIE 87, with a full analysis of data on the 2~r 

and 4~r final states in e+e - annihilation and photoproduction 

reactions, had also argued that in order to obtain a consistent 

picture two resonances were necessary. The existence of p(1450) 

was supported by the analysis of ~/p0 mass spectra obtained in 

photoproduction and e+e - annihilation (DONNACHIE 87B) as 

well as that of e+e - ---* wr  (DONNACHIE 91). 

The analysis of 'DONNACHIE 87 was further extended by 

CLEGG 88, 94 to include new data on 47r systems produced 

in e+e - annihilation and in T decays ( T decays to 4 r  and 

e+e - annihilation to 4~r can be related by the Conserved 

Vector Current assumption). These systems were successfully 

analyzed using interfering contributions from two p-like states, 

and from the tall of the p(770) decaying into two-body states. 

While specific conclusions on p(1450) --* 47r were obtained, little 

could be said about the p(1700). 

An analysis by CLEGG 90 of 6 r  mass spectra from e+e - 

annihilation and from diffractive photoproduction provides evi- 

dence for two p mesons at about 2.1 and 1.8 GeV that decay 

strongly into 61r states. While the former is a candidate for a 

new resonance (p(2150)), the latter could be a manifestation of 

the p(1700) distorted by threshold effects. 

Independent evidence for two 1- states is provided by 

KILLIAN 80 in 4~r electroproduction at (Q2) = 1 (GeV/c) 2, 

and by FUKUI 88 in a high-statistics sample of the yTrr system 

in 7r-p charge exchange. 

This scenario with two overlapping resonances is supported 

by other data. BISELLO 89 measured the pion form factor 

in the interval 1.35-2.4 GeV and observed a deep minimum 

around 1.6 GeV. The best fit was obtained with the hypothesis 

of p-like resonances at 1420 and 1770 MeV with widths of about 

250 MeV. ANTONELLI 88 found that the e+e - ~ ~/~r+Tr - 

cross section is better fitted with two fully interfering Breit- 

Wigners, with parameters in fair agreement with those of 

DONNACHIE 87 and BISELLO 89. These results can be 

considered as a confirmation of the p(1450). 

Decisive evidence for the r l r  decay mode of both p(1450) 

and p(1700) came from recent results in ~p annihilation at 

rest (ABELE 97). According to ABELE 98 these resonan.ces 

also possess a K K  decay mode. High statistics studies of the 

v ---* 7rTrur decay also require the p(1450) (BARATE 97M, 

URHEIM 97), but axe not sensitive to the p(1700) because it is 

too close to the T mass. 
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p(1700) 
The structure of these p states is not yet completely clear. 

BARNES 97 and CLOSE 97C claim that p(1450) has a mass 

consisbent with radial 2S, but its decays show characteristics of 

hybrids and suggest that this state may be a 2S-hybrid mixture. 

We also list under the p(1450) the Cr state with 

j P C  __ 1 - -  or C(1480) observed by BITYUKOV 87. While 

ACHASOV 96B shows that it may be a threshold effect, 

CLEGG 88 and LANDSBERG 92 suggest two independent vec- 

tor states with this decay mode. Note, however, that C(1480) 

in its Cr decay mode was not confirmed by e+e - (DOLINSKY 

91, BISELLO 91C) and ~p (ABELE 97H) experiments. 

Several observations on the w~ system in the 1200-MeV re- 

gion (FRENKIEL 72, COSME 76, BARBER 80C, ASTON 80C, 

ATKINSON 84C, BRAU 88, AMSLER 93B) may be inter- 

preted in terms of either JP  = 1- p(770) --* wr  production 

(LAYSSAC 71) or j R  = 1 + b1(1235) production (BRAU 88, 

AMSLER 93B). We argue that no special entry for a p(1250) is 

needed. The LASS amplitude analysis (ASTON 91B) showing 

evidence for p(1270) is preliminary and needs confirmation. 

For completeness, the relevant observations are listed under the 

p(1450). 

p(i~) MASS 

~/pO AND f+ l r -  MODES 
VALUE (MeV) DOCUMENT ID 

17004"20 OUR ESTIMATE 
17234"11 OUR AVERAGE includes data from the 2 datablocks that follow this one. Er- 

ror includes scale factor of 1,3. See the ideogram 
below. 

WEIGHTED AVERAGE 
1723s (Error scaled by 1.3) 

. . . . . . . . . . . .  ANTONELLI 88  DM2 ~ -  
I ~  �9 . - - \  . . . . . . . . . . .  FUKUI 88 SPEC 2,2 
/ ~ . . . . . .  ABELE 97 CBAR 3.8 
/ - - ~  ' ' - ~  . . . . . . . . .  BERTIN 97C OBLX 0.1 

J t ~ . . . . . . . . . .  CLEGG 94 RVUE 0~. 

; I I I ~ ' ~  ' (C~nfidence Level = 0 143) 

1650 1700 1750 1800 1 8 5 0  1900 1950 

p(1700) mass, r/p 0 and 7r+lr - modes (MeV) 

'r/p ~ MODE 
VALUE(MeV) DOCUMENT ID TECN COMMENT 
The data in this block Is Included In the average printed for a previous datablock. 

1740:520 ANTONELLI 88 DM2 e+e - --* rpr+ l r  - 
17014-15 I FUKUI 88 SPEC 8.95 ~r- p ~ rpr +~ r -  n 

~r7 MODE 
VALUE (MeV) OOCUMENT ID TEEN COMMENT 
The data In this block Is included In the average printed for a previous datablock. 

1780 +37 2 ABELE 97 CBAR ~n ~ l r - l r01r 0 
- 29 

1719 :515 2 BERTIN 97C OBLX O.O~p ~ ~r+~r-lr 0 
1730 ~30 CLEGG 94 RVUE e + e - ~  ~r+~r - 
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p(1700) 
�9 �9 �9 We do not use the following data for averages, fits, limits, 

1768 •  BISELLO 89 DM2 
1745.7• DUBNICKA 89 RVUE 
1546 :E26 GESHKEN... 89 RVUE 
1650 3 ERKAL 85 RVUE 
1550 •  ABE 84B HYBR 
1590 •  4ASTON 80 OMEG 
1600 •  5 ATIYA 79B SPEC 

1598 -}-24 BECKER 79 ASPK - 2 2  
1659 •  3 LANG 79 RVUE 
1575 3 MARTIN 78C RVUE 
1610 •  3 FROGGATT 77 RVUE 
1590 •  6 HYAMS 73 ASPK 

~r~ MODE 
VALUE DOCUMENT IO TECN 

�9 �9 �9 We do not use the following data for averages, fits, limits, 

1710• ACHASOV 97 RVUE 

K~' MODE 
VALUE (MeV} EV"I '$ DOCUMENT ID TEEN 

etc. �9 �9 �9 

e §  - ~ ~ + ~ r -  
e §  - ~ ~ + ~ -  

20-70 *fp ~ " ~  
20 "~p --+ ~ + ~ - p  
20-70 ~p ~ p2~ 
50 3'C ~ C2~r 

17 ~r- p polarized 

17 ~r -p  ~ ~r'§ ~r- n 
17 ~r -p  ~ ~r'§ ~ -  n 
17 ~r -p  ~ ~r'}" ~r- n 

COMMENT 

etc. �9 �9 �9 

CHG COMMENT 

�9 * �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1582~-36 1600 CLELAND 82B SPEC • 50 ~rp --~ 
K~ K• p 

2(~r+~r - )  MODE 
VALUE {MeV) E V T $  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1851 + 27 ACHASOV 97 RVUE e §  - ~ 2(~r+~ - )  
- 24 

1570• 20 7CORDIER 82 DM1 e + e  - ~ 2(~r+~r - )  
1520• 30 4ASTON 81E OMEG 20-70 3'P ~ p4~r 
1654• 25 8DIBIANCA 81 DBC ~r+d--~ pp2(~r+~ - )  
1666~ 39 7BACCI 80 FRAG e + e - ~  2(~+~r - )  
1780 34 KILLIAN 80 SPEC 11 e -  p ~ 2(~r+~r - )  
1500 9ATIYA 79BSPEC 5 0 ~ C ~  C4~ • 
1570• 60 65 10 ALEXANDER 75 HBC 7.5 3'P ~ p4~r 
1550• 60 4CONVERSI 74 OSPK e + e - ~  2(~r+~r - )  
1550:E 50 160 SCHACHT 74 5TRC 5.5-9"~p --* p4w 
1450• 340 SCHACHT 74 STRC 9-18 "~p ~ p4~r 
1430• 50 400 BINGHAM 72B HBC 9.3 ~p --* p4~r 

~r+~r- ~r~ ~ MODE 
VALUE (MW) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 * 

1660•  ATKINSON 85B OMEG 20-70-~p 

3 ( . + .  - )  AND 2(x+~r-x ~ MODES 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1783• CLEGG 90 RVUE e + e  - 
~(~+~-)2(~+~-~~ 

1Aseumlng p+ f0(1370) decay mode Interferes with a1(1260)+~r background. From a 
two Brelt-Wlgner fit. 

2 T-matrix pole. 
3 From phase shift analysis of HYAMS 73 data. 
4Simple relativistic Brelt-Wlgner fit with constant width. 
5An additional 40 MeV uncertainty in both the mass and width is present due to the 

choice of the background shape. 
6included in BECKER 79 analysis. 
7Simple mlatlvlsUc Breit-Wigner fit with model dependent width. 
8 One peak fit result. 
9 Parameters roughly estimated, not from a fit. 

10Skew mass distribution compensated by Ross-Stodolsky factor. 

p(1700) WIDTH 

~po AND ~r+~r" MODES 
VALUE (MeV) DOCUMENT ID 

2 4 0 4 " 6 0  O U R  ESTIMATE 
2404"40 O U R  A V E R A G E  Includes data from the 2 datablocks that follow this one. Error 

includes scale factor of 2.0. See the Ideogram below. 

WEIGHTED AVERAGE 
240r (Error scaled by 2.0) 

iiii~!iiiii l!i~!i ;~2 ; . . . . . . . . . . . .  '~TONELLI 88 OM2 9' 
J V ~ ~ . . . . . . . . .  FUKUI 88 SPEC 0.9 
/ ~ . . . . . . . . .  ABELE 97 CBAR 0.6 
1 \ . . . . . . . .  BERTIN 97C OBLX 3.1 

I /  . . . .  OLEGG  RVOE,,101 
(Confidence Level = 0.003) 

0 200 400 600 8Q0 

p(1700) width, ~Tp 0 and 7r+Tr - modes (MeV)  

~p0  M O D E  

VALUE ~MeV) DOCUMENT ID TEEN COMMENT 
The data in this block is included in the average printed for a previous datablock. 

150•  ANTONELLI 88 DM2 e + e  - --~ r / l r+ l r  - 
2824-44 11 FUKUI 88 SPEC 8.95 ~ r -p  ~ ~/~r + 7r- n 

l r r  MODE 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 
The data in this block is included in the average printed for a previous datablock. 

275 4- 45 12ABELE 97 CBAR ~n--~ ~r-lr01r 0 
310 • 40 12 BERTIN 97C OBLX 0.0 ~p --* lr § l r -  lr 0 
400 •  CLEGG 94 RVUE e + e - ~  7r+lr - 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

224 4- 22 BISELLO 89 DM2 e - f ' e - ~  l r+ l r  - 
242.5• DUBNICKA 89 RVUE e-t-�9 - ~ lr+~r - 
620 • 60 GESHKEN... 89 RVUE 

<315 13 ERKAL 85 RVUE 20-70 ~fp ~ "yw 

280 § 30 ABE 84B HYBR 2 0 " y p ~  l r + l r - p  
- 80 

230 4- 80 14ASTON 80 OMEG 2 0 - 7 0 - f p ~  p21r 
283 • 14 15 ATIYA 79B SPEC 50 ~C --~ C27r 

175 • 98 BECKER 79 ASPK 17 ~ r -p  polarized 
- 53 

232 • 34 13 LANG 79 RVUE 
340 13 MARTIN 78C RVUE 17 I t -  p ~ lr+~r - n 
300 •  13FROGGATT 77 RVUE 1 7 1 r - p ~  l r + l r - n  
180 • 50 16HYAMS 73 ASPK 1 7 w - p ~  ~ r + w - n  

K ~  MODE 
VALUE (MeV) E V T 5  DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

265• 1600 CLELAND 82B SPEC • 50 lrp -~ 
K~ K:t: p 

2(z+lr - )  MODE 
VALUE (MeV) E V T 5  DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

5104- 40 17CORDIER 82 DM1 e + e  - ~ 2( l r+ l r  - )  
400•  50 14ASTON 81E OMEG 20-703,p ~ p4~ 
400• 18 DIBIANCA 81 DBC ~r + d -+ pp2 ( l r +~  - )  
700• 17 BACCI 80 FRAG e + e  - ~ 2(lr+Tr - )  
100 34 KILLIAN 80 SPEC 11 e - p  ~ 2( l r+w - )  
600 19 ATIYA 79B SPEC 50 "yC --~ C41r • 
340• 65 20 ALEXANDER 75 HBC 7.5 "~p ~ p4~r 
360+100 14CONVERSI 74 OSPK e §  2(~r+x - )  
400• 160 21SCHACHT 74 STRC 5.5-9"~p ~ p4~r 
850• 340 21SCHACHT 74 STRC 9-18 3'P ~ p4~r 
650:E100 400 BINGHAM 72B HBC 9.3 3'P -+ p4~r 

�9 "+ ~r- ~r~ MODE 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

300• ATKINSON 85B OMEG 20-70.~p 



See key on page 213 

30r+~r - )  AND 2(~r+~r - x a) MODES 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

285+20 CLEGG 90 RVUE e-t-e - 
3(~r 4- ~r-- ) 2(~r -t- "~- ~r 0 ) 

11Assuming p +  f0(1370 ) decay mode Interferes with a1(1260)+~r background. From a 
two Brelt-Wlgner fit. 

12 T-m atrlx pole. 
13From phase shift analysis of HYAMS 73 data. 
14Simple relativistic Brelt-W1gner fit wi th constant width.  
15An additional 40 MeV uncertainty in both the mass and width Is present due to the 

choice of the background shape. 
16included In BECKER 79 analysis. 
17 SIm pie relativistic B reit-Wlgner f i t  wi th model-dependent width. 
18 One peak f i t  result. 
19 Parameters roughly estimated, not from a f i t .  
20Skew mass distribution compensated by Ross-Stodolsky factor. 
21Width errors enlarged by us to 4 r /~ /N ;  see the note with the K*(892)  mass. 

p(1700) DECAY MODES 

Mode Fraction (r l /r) 

r l  p~r~ dominant 
F 2 2 ( / r  + / r - )  large 

r 3  p0 ,tr + ";,t- large 

['4 P 07r0 ~I"0 

r5 p:E ~r:F ~.0 large 
1"6 ~r + ~-  s~n 
r 7 ~ r -  ~r 0 seen 

r 8 K K * ( 8 9 2 )  + C.C. seen 

r 9 ~/p seen 

['10 K K  seen 

['11 e + e -  seen 

F12 ~ r~ seen 

e(z'roo) r0)r(e+ e-)/r(tot=0 
This combination of a partial width wi th the partial width Into e + e -  and 
wi th the total  width Is obtained from the cross-section into channel I In 

�9 -t" e -  annihilation. 

r (2 l , r+ . - ) )  x r (e+e-) / r t= , ,  r=rss/r 
VALUE (keV) DOCUMENT ID TECN COMMENT 

2,~1"1"O,42 BACCl 80 FRAG e + e - ~  2 ( l r + ~  - )  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2.6 4-0.2 DELCOURT 81B DM1 e + e  - ~ 2(x+~r  - )  

r(.r+.-)  x r(e+e-)Ir~, rgrsslr 
VALUE (keY) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.13 22DIEKMAN 88 RVUE e-F�9 - ~ x+~r  - 

22Using total  width = 220 MeV. 

r ( K R * ( ~ )  + r x r(e+ e- ) / r~ , , ,  r e r u / r  
VALUE (keV} DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.305• 23 BIZOT 80 DMI '  e + e -  

r(np) x r(~+e-)/rt~mj rgrss/r 
VALUE (eV) DOCUMENT IO TECN COMMENT 

? -I-$ ANTONELLI 88 DM2 e + e  - ~ ~ / ~ + ~ -  

r(K7~) x r(e+e-)/r=r r~orsdr 
VALUE (keV) DOCUMENT IO TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.0354-0.029 23 BIZOT 80 DM1 e + e- 

r(p,.~) x r (e+e - ) I r=m rsrsslr 
VALUE{keV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

3.5104-0.090 23 BIZOT 80 DM1 e -}" e -  

23 Model dependent. 
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p(1700) BRANCHING RATIOS 

r ( .+ . - ) / r~ , . ,  r6/r 
VALU E DOCUMENT ID T~(;N COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0~a7+0.043 BECKER 79 ASPK 17 x - p  polarized 
. . . .  -0 .042  

0.15 to 0.30 24 MARTIN 78c RVUE 17 7r- p ~ 7r + x -  n 
<0.20 25CO5TA., ,  77B RVUE e-Fe - ~ 27r, 4~r 

0.30 •  24FROGGATT 77 RVUE 1 7 ~ r - p - - ~  ~ r + ~ r - n  
<0.15 26 EISENBERG 73 HBC 5 l r + p  ~ A-F+21r 

0.25 :EO.O5 27HYAMS 73 ASPK 1 7 ~ - p - - *  l r - } ' l r - n  

24 From phase shift analysis of HYAMS 73 data, 
25 Estimate using unltarity, t ime reversal invariance, Breit-Wlgner. 
26 Estimated using one-pion-exchange model. 
27included In BECKER 79 analysis. 

r ( . + . - ) / r ( 2 ( P . - ) )  rur= 
VALUE( DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.13:t:0.05 ASTON 80 OMEG 20-70-yp ~ p27r 
<0.14 28 DAVIER 73 STRC 6-18 "TP ~ p4~r 
<0.2 29 BINGHAM 728 HBC 9.3 "yp ~ p21r 

28 Upper l imi t  is estimate. 
292o upper l imi t .  

r(K~*lS92)+ c.r rg/r= 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.15• 30DELCOURT 818 DM1 e-Fe - ~ K K ~ r  

30Assuming p(1700) and uJ radial excitations to be degenerate in mass. 

r(,lp)/r~, rdr 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.04 DONNACHIE 87B RVUE 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.02 58 ATKINSON 868 OMEG 20-70 "yp 

r(~p)/r(2l.+r-)) rg/r2 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.1234-0.027 DELCOURT 82 DM1 e + e  - ~ ~ r + l r - M M  
0.1 ASTON 80 OMEG 20-70 3'P 

r ( . + . -  mem:ra,.)/r(2(.+.-)) (1"4+rs+0.714rg)/r= 
VA~-U~: DOCUMENT ID TECN COMME(NT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

2.64-0.4 31 BALLAM 74 HBC 9.3 "yp 

31 Upper l imi t .  Background not subtracted. 

r(,P~)Ir~,,  r~ I r  
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

seen ACHASOV 97 RVUE e + e  - ~ ~ l r  0 

r (KR) / r (2 (~+ . - ) )  rso/r= 
VALU E CL~ DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, e tc .  �9 �9 �9 

0.0154-0.010 32 DELCOURT 818 DM1 e' t 'e - ~ K K  
<0.04 95 BINGHAM 728 HBC O 9.3 3'P 

32Assuming p( t700) and ~ radial excitations to be degenerate in mass. 

r ( K'R) I r  ( K'A'*(S92) + c.c.) r lo/ r8 
VALUE( DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.0524-0.026 BUON 82 DM1 e + e  - --* hadrons 

r (p~ rs/r= 
VAI~U E EVTS DOCUMENT ID T~CN COMMEI~T 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

1.0 DELCOURT 818 DM1 e + e  - ~ 2 ( ~ + ~  - )  
0.7 4-0.1 500 SCHACHT 74 STRC 5.5-18 -yp ~ p4~  
0.80 33 BINGHAM 728 HBC 9.3 ~ p  ~ p4~ 

33The ~ system is in S-wave. 

r ( p O . o . O ) I r ( ~ . o  ) r41rg 
VALUE pOCUMENT ID T~CN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.10 ATKINSON 85B OMEG 20-70 "~p 
<0.15 ATKINSON 82 OMEG 0 20-70-yp ~ p41r 
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p(1700), fj(1710) 

Listings 

p(t'/IX)) REFERENCES 
ABELE 07 PL B391 191 A. Abele, Adomelt, Amsler+ (Crystal Barrel CoBab.) 
ACHASOV 97 PR D5S 2 6 6 3  +Kozhevnikov+ (NOVM) 
BERTIN 97C PL B406 476 A. BerLin. Bruscki+ (OBELIX Colieb.) 
CLEGG 94 ZPHY C62 455 +Oo~nachie (LANE. MCHS) 
CLEGG 90 ZPHY C45 677 +Donn~kie (LANC, MCHS) 
BISELLO 59 PL B220 321 +8uSotto+ (DM2 Collab.) 
DUBNICKA 89 JPG 15 1 3 4 9  +Martinovic+ (JINR. SLOV) 
GESHKEN... 89 ZPHY 45 351 Geshkenbein {ITEP) 
ANTONELU 88 PL B212 133 +Baldini+ (DM2 Collab.) 
DIEKMAN 88 PRPL 159 101 (BONN) 
FUKUI 88 PL B202 441 +Hodkawa+ (SUGI, NAGO, KEK, KYOT, MIYA) 
DONNACHIE 87B ZPHY C34 257 +CleU (MCHS, LANE) 
ATKINSON 86B ZPHY C30 531 + (BONN, CERN, GLAS~ LANE, MCHS, CURIN+) 
ATKINSON 855 ZPHY C26 499 + (BONN. CERN, GLAS, LANC, MCHS, CURIN+) 
ERKAL 85 ZPHY C29 485 +Olsson (WlSC) 
ABE 845 PRL 53 751 +Bacon, Ballam+ (SLAC Hybrid Fadli~ Photon Colieb.) 
ATKINSON 82 PL 106B 55 + (BONN. CERN. GLAS, LANE, MCHS, CURIN§ 
BUON 82 PL 1185 221 +Bisello, Bizot, C~(dler, Oelcourt+ (LALO, MONP) 
CLELANO 825 NP B208 228 +Delfosse, ~xsaz, Gloot (DURH, GEVA, LAUS, PITT) 
CORDIER 82 PL 109B 129 +Bisello, Btzot, Buon, ~lcourt (LALO) 
DELCOURT 52 PL 115B 95 +Bisello, Bizot, Boon, Co(diet, Mane (LALO) 
ASTON 81E NP 5189 15 (BONN, CERN, EPOL, GLAS, LANE, MCHS+) 
DELCOURT BIB Bonn Conf. 205 (ORSAY ) 

AlSo 52 PL 109B 129 Co(tiler, Bbello, Bizot, Buon, Delcourt (LALO) 
DIBIANCA 81 PR 023 595 +Fickinger. Matko, Dedo, Engler+ (CASE, CMU) 
ASTON 80 PL 92B 215 (BONN, CERN, EPOL, GLAS, LANE. MCHS+) 
BACCI 80 PL 95B 138 +DeZorzi, Penso, Baldini-Cdio+ (ROMA, FRAS) 
BIZOT 80 MadiSon Conf. 546 +Bisello, Buon, Co(diet. Oelcourt+ (LALO, MONP) 
KILLIAN 80 PR D21 3 0 0 5  +Treadwell, Ahrens, Berkelman, Cassel+ (CORN) 
ATIYA 795 PRL 43 1691 +Holmes, Knapp, Lee, Seto+ (COLU, ILL, FNAL) 
BECKER 79 NP B151 46 +Blanar, Blum+ (MPIM, CERN, ZEEM. CRAC) 
LANG 79 PR D19 956 +Mas-Parareda (GRAZ) 
MARTIN 78(: ANP 114 1 +Penni.~on (CERN) 
COSTA... 77B PL 71B 345 Costa De BeaureBard, Pire, Truon K (EPOL) 
FROGGATT 77 NP B129 89 +Petersen . (GLAS. NORD) 
ALEXANDER 75 PL 575 487 +Be.a~y, Gandsman, Lisr.luer+ (TELA) 
BALLAM 74 NP B76 375 +Chadwick, Bingham, Fretter+ (SLAC, LBL. MPIM) 
CONVERSI 74 PL 525 683 +Paoluzi, Ce~adini, Grilli+ (ROMA, FRA5) 
SCHACHT 74 NP 581 205 +Deredo, Fries, Park, Yount (MPIM) 
OAVIER 73 NP B58 31 +Der;KIo, Fries, Li~, Moziey, Odian, Park+ (SLAC) 
EISENBERG 73 PL 43B 149 +Karskon, Mikenberg, Pitluck+ (REHO) 
HYAMS 73 NP B64 134 +Jones, Weilhammer, ~um, Diett+ (CERN, MPIM) 
BINGHAM 72B PL 41B 635 +Rabin, Resenfeld, Smedja+ (LBL, UCB, SLAC) IGJP 

OTHER RELATED PAPERS 

BARNES 97 PR D55 4157 T. Barnes+ (ORNL, RAL, MCHS) 
CLOSE 97C PR D56 1584 F.E. Close+ (RAL, MCHS) 
URHEIM 97 NPBPS 55C 359 J. Urkelm (CLEO Collab.) 
ACHASOV 968 PAN 59 1 2 6 2  +Shestakov (NOVM) 

Translated from YAF 59 1319. 
AMSLER 93B PL B311 362 +Armstmn8, v.Oombrowski+ (CP/stal Barrel Coilab.) 
LANDSBERG 92 SJNP 55 1051 (SERF)) 

Translated from YAF 55 1896. 
ASTON 91B NPBPS 21 105 +Av~ji, Bienz+ (LASS Collab.) 

region, but considered only the process J/r  --* ~pp. In 

contrast, a spin 2 was found for the f j(1710) in earlier anal- 

yses of the ~y (BLOOM 83) or K + K  - (BALTRUSAITIS 87) 
systems based on less statistics. More recently, an analysis of 
the K + K  - channel finds indications for a lower mass tensor as 

well as a higher mass scalar state (BAI 96C). 
In pp central production at 300 GeV/c in both K + K  - and 

K s K 8  , o  o f j(1710) is definitely spin 2 (ARMSTRONG 89D). More 

recent analyses with greater statistics (E690 Collaboration, 
unpublished) are, however, not able to differentiate between 

spin 0 and 2. Generally, analyses preferring spin 2 concentrate 

on angular distributions in the f j(1710) region, and do not 
include possible interferences or distortion due to the nearby 

f~(1525). 
The fJ(1710) is also observed in K K  (FALVARD 88) in 

J/r ~ wKK and J/r  --, CKK, but with no spin- 

parity analysis. ARMSTRONG 93C also sees a broad peak 

at 1747 MeV i n / ~  annihilation into ~F/ , which may be the 

fJ(1710). This resonance is not observed in the hypercharge- 

exchange reactions K - p  --~ K ~  (ASTON 88D) and K - p  --* 

K0 ~,-0v, (BOLONKIN 86). 
0 0 A partial-wave analysis of the K s K  s system in ~r-p 

K ~  (BOLONKIN 88) finds a D0-wave behavior (JPC = 

2 ++) near 1700 MeV, hut the width (~ 30 MeV) is much smaller 

than those observed in J / r  decays and in hadroproduction. 
The 0 ++ wave shows, however a broad enhancement around 

DONNACHIE 91 ZPHY C51 689 +Cieu (MCHS, LANE) 
ACHASOV 88C PL B209 373 +Kozkevnikov (NOVM) 
BRAU 88 PR D37 2579 +Franek+ (SLAC Hybrid Facility Photon Coliab.)JP 
CLEGG 88 ZPHY (:40 313 +Donnachie (MCHS, LANE) 
ASTON 87 NP 5292 693 +Awaji, D'Amore+ (SLAC, NAGO, CINC, INUS) 
ERKAL 86 ZPHY C31 615 +Olsson (WISE) 
BARKOV 85 NP 5256 365 +ChilinKarov, Eiddman, Kkazin, Lelchuk+ (NOVO) 
ATKINSON 84C NP 5243 1 + (BONN, CERN, GLAS, LANE, MCHS, CURIN+)JP 
ATKINSON 835 PL 1275 132 + (BONN, CERN, GLAS, LANC, MCHS, CURIN+) 
ATKINSON 83(: NP B229 269 + (BONN, CERN, GLAS, LANE, MCHS, CURIN+) 
AUGUSTIN 83 LAL 83~21 +Ayach, Btsello, Baldini+ (LALO, PADO, FRAS) 
SHAMBROOM 82 PR D26 1 +Wilson, Anderson, Fra.cis+ (HARV, EFI, ILL, OXF) 
ASTON 80C PL 92B 211 (BONN, CERN, EPOL, GLAS, LANC, MCHS+) 
BARBER 80C ZPHY (:4 169 +Daiaton, 8rodbeck, Brookes+ (DARE, LANC, SHEF) 
KILLIAN 80 PR D21 3 0 0 5  +Treadwell, Ahrens, Berkelman, Cassel+ (CORN) 
COSME 76 PL 65B 352 +Courau, Dudelzak, Gretaud, Jean-Marie+ (ORSAY) 
FRENKIEL 72 NP B47 61 +Ghesquiere, LiUestol, ChunK+ (CDEF, CERN) 
ALVENSLEB... 71 PRL 26 275 Alvendeben, Becket', Bertram, Chert+ (DESY, MIT)G 
BRAUN 71 NP B30 213 +Fridman, Gerber, Givemaud+ (STRB) G 
BULOS 71 PRL 26 148 +Busza, Kehoe, Bealston+ (SLAC, UMO, IBM, LBL)G 
LAYSSAC 71 NC 6A 134 +Ren=d (MONP) 

I 

i 0(171o) I = 0-1-(even-I-+) 

THE f j(1710) 

Written March 1998 by M. Doser (CERN). 

The fj(1710) is seen in the radiative decay J/r -~ 
0 0 "/f j(1710); therefore C = +1. It decays into 2~ and K s K s ,  

which implies IGJ PC = 0+(even)++. The spin of the f j(1710) 

is controversial. Combined amplitude analyses of the K + K  -,  

K s K s  and r + r  - systems produced in J/r radiative de- 

cay (in recent and some earlier unpublished analyses by the 

Mark III Collaboration) find a large spin-0 component, as 
well as reproducing known parameters of the f2(1270) and 
f~(1525). A recent reanalysis (BUGG 95) of the 41r channel 

from MARK III, allowing both pp and two lr~r S waves, finds 
two states, a 0 ++ at ~ 1750 MeV and a 2 ++ at ~ 1620 MeV. 

Earlier analyses of the pp final state (BISELLO 89B, BALTRU- 

SAITIS 86B) found only pseudoscalar activity in the f j(1710) 

1720 MeV. 

0(1no) MASS 

VALUE (MeV) OOCUMENT ID TEEN COMMENT 
17124- g OUR AVERAGE Error includes scale factor of 1.1. 

1713+10 1 ARMSTRONG 890 OMEG 300 pp ~ p p K + K  - 
17064-10 1ARMSTRONG 89D OMEG 300 pp .-* ppKO 5 K 0 

1707+10 2AUGUSTIN 88 DM2 J/V; -~ ~ K +  K - ,  
K 0 . K O 

1698+15 2AUGUSTIN 87 DM2 J/V; .-.+ "77r'+ ~ - 
1720+10+10  3BALTRUSAIT. .B7 MRK3 J/V; - *  "y K +  K - 
1742+15 2WILL IAMS 84 MPSF 2 0 0 ~ - N ~  2 K O x  

16704-50 BLOOM 83 CBAL J/V;"-+ "7217 
�9 �9 �9 We do not use the fol lowing data for averages, fits. ,mRs. etc. �9 �9 �9 

17r~+16  4 DUNWOODiE 97 J/V; ~ K-K, ~r* | w - 2 3  

16904-11 5 ABREU 96C DLPH ~'y --+ K + K -  Eceem= | 

16%4- 5+--39 

17814- 8 + 1 0  
--31 

1768 4-14 

1750 4-15 
16204-16 
17484-10 
1750 

17444-15 
17004-15 

1720 + 60 

16384-10 

169O4- 4 

173o+-1o ~ 
1650 4- 50 
1640+50 
1730+104"20 

1 j P  = 2 + ,  (O + excluded). 

2 No jPC determination. 
3 j P  = 2 + .  

8 ALDE 
3 BOLONKIN 

6 BOLONKIN 

9 FALVARD 

10 FALVARD 

11 LONGACRE 

BURKE 
12,13 EDWARDS 

14 ETKIN 

91.2 GeV 
3 BAI 96C BES J/V; ~ "./K + K -  | 

6 B A I  96C BES J/V; ~ ",/K'I 'K - | 

BALOSHIN 95 SPEC 4 0 ~ - C - . ~  K O K O x  

7BUGG 95 MRK3 J/V; ~ "7~r'l" lr-~r'l" Ir - 
3BUGG 95 MRK3 J / r  " y x + x - l r + l r  - I 
2 ARMSTRONG 93C E760 ~ p  -+ ~OTpl ~ 6~ 

BREAKSTONE98 SFM pp 
p p~r "l" x -  ~ +  ~ -  

92DGAM2 3 8 x - p - - *  T/~N* I 
88 SPEC 4 0 . - p ~  KOKOn 

88 SPEC 40 ~ - p  ~ K ~ K ~ n  

88 DM2 J/V~ ~ r  K - ,  
KO K O 

S S 
88 DM2 J/V~.~ r  - ,  

0 0 
K S K S 

86 RVUE 22 I t -  p ~ n2KO S 

82 MRK2 J/.~ ~ "y2p 
820 CBAL J / r  --~ "/2"q 
82C MPS 2 3 ~ - p - - *  n2K 0 

I 
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Particle Listings 
f (ZTZO) 

4 j P  = 04", reanalysis of MARK III data. | 
5 No j P C  determination, width not determined. I 6 j P  = 04-. 
7 From a f i t  to the 0 § partial wave. 
8ALOE 92D combines all the GAMS-2OO0 data. 
9 From an analysis ignoring interference wi th f~(1525). 

10 From an analysis including Interference wi th  f~(1525), 

11 Uses MRK3 data. From a partial-wave analysis of data using a K-matr ix formalism with | 
5poles, but assuming spin 2. Fit with constrained inelasticity. 

1 2 j P  = 24- preferred. I 
13 From fi t  neglecting nearby f~(1525). Replaced by BLOOM 83. 

14Superseded by LONGACRE 86. | 

VALUE (MeV) 
133 4-14 
181 ~ 30 
104 :l: 30 

166.4:1:33,2 

136 ~ 28 
130 ~ 20 

57 ~ 38 

160 ~ 80 
e o e W e  

124 4- 

103 ~ 18 4-30 
--11 

85 ~ 24 4-22 
--19 

56 �9 19 

160 d: 40 
160 -4- 60 

-- 20 
264 :1:25 
200 to 300 

< 80 -  
30 ~: 20 

350 • 150 

148 �9 17 

184 ~: 6 

122 4- 74 
- -  15 

2OO ;-100 

220 4-100 
70 

200.0 4-156.0 
- -  9.0 

0(1710) WIDTH 

CL% DOCUMENT I0 TECN COMMENT 
O U R  A V E R A G E  Error includes scale factor of 1.2. 

15ARMSTRONG 89D OMEG 300 pp ~ p p K 4 - K -  
15ARMSTRONG 89D OMEG 300 pp ~ ppKO K 0 

16AUGUSTIN 88 DM2 J /~  ~ "f K +  K - ,  
K 0 ~ 0  

5 " ' 5  
16AUGUSTIN 87 DM2 J / ~  ~ r+~ r  - 
17 BALTRUSAIT..,B7 MRK3 J /~  ~ " lK + K -  

2WILLIAMS 84 MPSF 2 O O l r - N ~  2 K O x  

BLOOM 83 CBAL J /~  ~ "r2rl 
do not use the fol lowing data for averages, fits, l imits, etc. �9 J �9 

52 18 DUNWOODIE 97 J /~  ~ K-K. ~r~r | 
44 

17 BAI 96C BES J /~  ~ 3" K + K -  I 

19 BAI 96c BES J /~  ~ 3 "K+K  - | 

BALOSHIN 95 SPEC 40 ~r- C ~ ~-0 K 0 X 
--5 5 

20BUGG 95 MRK3 J l ~  ~ 3"~r+~r-~r+~ - 

17BUGG 95 MRK3 J / r  3 "=+~ r -~+~ r -  I 

16 ARMSTRONG 93C E760 ~ p  ~ ~r0~r/ ~ 63' 
BREAKSTONE 93 SFM pp 

p p ~ +  ~r- ~r+ w -  
90 21ALOE 92DGAM2 3 8 ~ r - p ~  r / r /N* I 

17BOLONKIN 88 SPEC 4 0 ~ r - p ~  KOKOn 

19 BOLONKIN 88 SPEC 40 ~ -  p ~ K ~ K ~ n 
5 5 

22FALVARD 88 DM2 J/V~ ~ r  K - ,  
0 0 

K S K S 
23FALVARD 88 DM2 J/V) ~ ~ K +  K - ,  

0 0 
K S K S 

24LONGACRE 86 RVUE 2 2 ~ r - p ~  n2KO S 

BURKE 82 MRK2 J/'~ ~ 3"2,0 

25,26 EDWARDS 82D CBAL J/,.b ~ "12r/ 

27ETKIN 82B MPS 2 3 ~ r - p  ~ n2K 0 

1 5 j P  = 2 + ,  (0 + excluded). 
16 No j P C  determination. 
17 j P  _ 2 § 
1 8 j P  ~ 0 + i  reanalysis of MARKI I I  data. 
19 j P  = 04-. 
20From a f i t  to the 0 + partial wave. 
21ALDE 92D combines all the GAMS-2000 data. 
22 From an analysis Ignorinl~ interference wi th f2(1525). 

23 From an analysis Including I interference wi th f2(1525). 

24 Uses MRK3 data. From a partial-wave analysis of data using a K-matr ix formalism with I 
5poles, but assuming spin 2. Fit wi th constrained inelasticity. 

2 5 j P  = 2 + preferred. | 
26 From fi t  neglecting nearby f~(1525). Replaced by BLOOM 83. 
27 - 0 0 From an ampl i tude analysis of the K S K S system, superseded by LONGACRE 86. 

Mode 

0(1710) DECAY MODES 

Fraction ( r l / r )  

r l  K ~  seen 
F 2 ~'/~ seen 

r3 ~ / r  seen 

F4 pp 
r s -y.y 

0(1710) r (1 ) r (~ ) I r ( to= l )  

r(K~) x r(~)Ir==, r l r . l r  
VALUE (keV) CL..~_~ DOCUMENT ID TECN COMMENT 

K 0 K 0 <0.11 95 28 BEHREND 89c CELL ~3, ~ 5 5 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, e t c . � 9  �9 �9 

<0.48 95 ALBRECHT 9OG ARG ~3, ~ K + K -  
<0.28 95 28 ALTHOFF 858 TASS ~,3, ~ K K ~  

28Assuming hellclty 2. 

fj(1710) BRANCHING RATIOS 

r(K~Ir~.= r l / r  
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0 3 ~+0"09 29,30 LONGACRE 86 MPS 22 7r- p ~ n2KO S 
�9 " - 0 , 1 9  

r(~)Ir=.i  r=Ir 
VALUE DOCUMENT ID T~CN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0 1R + 0.03 �9 ~ - 0 . 1 3  29,30 LONGACRE 86 RVUE 

r(~.)Ir~= rslr 
VALUE DOCUMENT ID TECN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0 0~ =+0"002 29,30 LONGACRE 86 RVUE 
�9 v -_0 .024  

r(,.)/r(K~) rs/rl 
VALUE DOCUMENT ID TECN COMMENT 

0.394"0.14 ARMSTRONG 91 OMEG 300 pp ~ pplrTr, 
p p K K  

r i / r l  
DOCUMENT ID TECN COMMENT 

r(,7,0/r(K~) 
VALUE CL~ 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.02 90 31 PROKOSHKIN 91 GA24 300 ~ -  p -~ l r -  pr/r/ 

29 From a partial-wave analysis of data using a K-matr ix formalism wi th 5 poles, but as- 
suming spin 2. 

30 Fit wRh constrained inelasticity. 
31 Combining results of GAM4 with those of ARMSTRONG 89D. 

DUNWOODIE 97 
ABREU %C 
BAI %C 
BALOSHIN 95 

BUGG 95 
ARMSTRONG %C 
BREAKSTDNE 93 
ALOE 92D 

Also 91 

ARMSTRONG 91 
PROKOSHKIN 91 

ALBRECHT r 
ARMSTRONG 89D 
BEHREND 89C 
AUGUSTIN 88 
BOLONKIN 88 
FALVARD 88 
AUGUSTIN 87 
BALTRUSAIT.. 87 
LONGACRE 86 
ALTHOFF 85B 
WILLIAMS 84 
BLOOM 83 
BURKE 82 
EDWARDS 82D 
ETKIN 82R 
ETKIN 82C 

ANISOVICH 97 
BISELLO 89B 
ASTON 88D 
AKESSON 86 
ARMSTRONG 86B 
BALTRUSAIT... SSB 
AL'THOFF 83 
BARNETT 83B 
ALTHOFF 82 
BARNES 82 
BARNES 82B 
TANIMOTO 82 

fJ(1710) REFERENCES 

Hadron 97 Cord. W. Dun~rdie (SLAC) 
PL B379 309 +Adam. Adye+ (DELPHI Collab.) 
PRL 77 3959 J.Z. Bai+ (BES Co|lab.) 
PAN 58 46 +Bo~o~kin. Vladimirskg+ (ITEP) 
Translated from YAF 58 50. 
PL B353 378 +Scott, Zoli+ (LOQM, PNPL WASH) 
PL B307 394 +Bettoni+ (FNAL. FERR, GENO. UCI. NWES+) 
ZPHY C58 251 +Campanini+ (IOWA, CERN, DORT, HEIDH, WARS) 
PL B284 457 +Binon, Bricman+ (GAM2 Collab.) 
SJNP 54 451 Aide, Binon, Bricman+ (GAM2 Cogab.) 
Translated from YAF 54 745. 
ZPHY C51 3Sl +Benayoun+ (ATHU, BARI, BIRM, CERN. CDEF) 
SPD 36 155 (GAM2, GAM4 Collab.) 
Translated from DANS 316 900. 
ZPHY C48 183 +Ehdlchmann, Harder+ (ARGUS Co|lab.) 
PL B227 186 +Beneyoun (ATHU, BARI, BIRM, CERN, CDEF) 
ZPHY C43 91 +Criegee, Dalntoa+ (CELLO Coliab.) 
PRL 60 2 2 3 8  +Calcaterra+ (DM2 Collab.) 
NP B309 426 +Bloshenko, Gorln+ (ITEP, 5ERP) 
PR D38 2 7 0 6  +Ajaltounl+ (CLER, FRAS, LALO. PAD�9 
ZPHY C34 389 +Cosine+ (LALD, CLER, FRAS. PAD�9 
PR D35 2077 Baltrusaitls, Coffman. Dub�9 (Mark III Coltab.) 
PL B177 223 +Etkin+ (BNL, BRAN, CUNY, DUKE, NDAM) 
ZPHY C29 189 +Braunschv~ig, Kirschflnk+ (TASSO Collab.) 
PR D30 877 +Diamond+ (VAND, NDAM, TUFTS, ARIZ, FNAL+) 
ARNS 33 143 +Peck (SLAC, CIT) 
PRL 49 632 +Trilling, Abcams, Alam, Blocker+ (LBL. SLAC) 
PRL 48 458 +Partridge. Peck+ (CIT, HARV, PRIN, STAN, SLAC) 
PR D25 1784 +Foley, Lai+ (BNL, CUNY, TUFT5, VAND) 
PR D25 2446 +Foley, Lat+ (BNL, CUNY, TUFTS, VAND) 

OTHER RELATED PAPERS 
PL 8395 123 +Sarantsev (PNPI) 
PR D39 701 Busetto+ (DM2 Co|lab.) 
NP B301 525 +Awaji, Bienz+ (SLAC, NAGO, CINC, INUS) 
NP B264 154 +Albrow, Almehed+ (Axial Field Spec. Co|lab.) 
PL 147B 133 +Bloodworth, Carney+ (ATHU, BARI, BIRM, CERN) 
PR D33 1222 Baltrusaitis. Coffman, Hause~+ (Mark III Collab. ) 
PL 121B 216 +Brandelik, Bcerner, Rurkhardt+ (TASSO Collab.) 
PL 120B 455 +Blockus, Burka, Chlen, Christian+ (JHU) 
ZPHY C16 13 +8oemer. Burkhardt+ (TASSO Collab.) 
PL Bl16 365 +Close (RHEL) 
NP B198 360 +CIr Monaghan (RHEL, OXFTP) 
PL 116B 198 (BIEL) 
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Meson Particle Listings 
~/(1760), X(1775),  ~(1800) 

in( 76o) I : o §  

OMITTED FROM SUMMARY TABLE 
Seen by DM2 in the pp  system (BISELLO 89B). Structure in 
this region has been reported before in the same system (BAL-  
TRUSAIT IS  86B) and in the u)~ system (BALTRUSAIT I8  85C, 
BISELLO 87). Needs confirmation. 

i/(1760) MASS 

VALUE (MeV) E V T S  DOCUMENT ID TEEN 

17604-11 320 1 BISELLO 89B DM2 

1 Estimated by us from various fits�9 

COMMENT 

J / ~  4 ~  

r/(1760) WIDTH 

VALUE (MeV) EVT$ DOCUMENT ID TEEN 

~0"4"1~ 320 2 BISELLO 89B DM2 

2 Estimated by us from various fits. 

COMMENT 

q(1760) REFERENCES 

BISELLO 89B PR D39 701 Busetto+ (DM2 Collab.) 
BISELLO S7 PL B192 239 +Ajaltouni, Baldl~i+ (PADO, CLER, FRAS, LALO) 
BALTRUSAIT... 86B PR D33 1222 Baltrusaitis, Coffma~, Hauser+ (Ma~k III Cotlab.) 
BALTRUSAIT..8SC PRL 55 1723 Banrusaitis+ (CIT, UCSC, ILL, SLAC, WASH) 

I x 0 7 7 5 )  1 = ,-c;-§ 
OMITTED FROM SUMMARY TABLE 

Needs confirmation. 

VALUE (UeV) 
17764-13 OUR AVERAGE 
1763 4- 20 

1787~18 

X(1775) MASS 

DOCUMENT ID TEEN COMMENT 

CONDO 91 SHF 

CONDO 91 SHF 

~ , p ~  
( p . + ) ( . + . - . - )  

-~p ~ n~+w- f -~ -  

VALUE (MeV} 
lU:J='IO OUR AVERAGE 
1924-60 CONDO 91 SHF 

118+60 CONDO 91 SHF 

X(1775) DECAY MODES 

Mode 

1-1 p,~ 
r 2 f2(Z270)~r 

X(1775) WIDTH 

DOCUMENT IO TEEN COMMENT 

" ~ p ~  
(p.+)(,~+ . - . - )  

,~p ~ n~r+~r+~r  - 

X(1TTS) BRANCHING RATIOS 

r(p,r)/r(f=(1270).) 
VALUE DOCUMENT ID TEC N 
1.434"~2~ OUR AVERAGE 
1,3 -L-0.3 CONDO 91 SHF 

118 4-0.5 CONDO 91 SHF 

rdr= 
COMMENT 

~ p --~ 
( p ~ + ) ( ~ + ~ -  ~ - )  

~ p  ~ n ~ + ~ + ~ -  

CONDO 

X(1T/K) REFERENCES 

91 PR D43 2787 +Handler+ (SLAC Hybrid Collab.) 

1 (18oo) 1 : 1-(o-+) 
m m 

See also minireview under non-q~ candidates. (See the index for the 
page number.) 

,(1800) MASS 

VALUE (MeV) E V T S  DOCUMENT IO TEEN CHG COMMENT 
1101"1-1~1 OUR AVERAGE Error includes scale factor of 1.9. See the ideogram below. 

1840+10+10 1200 AMELIN 96B VES - 37 ~ - A  

1775• 7+10  1AMELIN 95B VE5 

1790+14 2 BERDNIKOV 94 VES 

1873• BELADIDZE 92C VES 

1814+104-23 426+ BITYUKOV 91 VES 
57 

1770+30 1100 BELLINI 82 SPEC 

1From a fit to j P C  = 0 - + f0(980)Ir, f0(1370)~ waves. 

2From a fit to j P C  = 0 - + K~(1430)K-  and f0(980)~-  

WEIGHTED AVERAGE 
1801+13 (Error scaled by 1.9) 

I 

- 3 6 x - A ~  
~ ' + ~ - x - A  

- 37 ~ - A  --* 
K +  K - 1 r - A  

- 36 ~ -  Be 
'n'-- 'r/~/Be 

-- 36~ - -C  ~ 
~-- fF/C 

- 40 ~ - A  --* 3~A 

waves. 

1700 1750 

. . . . . . .  ,.EL,N  BVES 
.'~',,;/.. ~ . . . . . . . .  AMELIN 95B VES d.5 

- F - "  �9 ' "~ . . . . . .  BERDNIKOV 94 VES 0.6 
�9 BELADIDZE 92C VES 3.5 

I , ,~ . . . . . . .  BITYUKOV 91 VES 0.3 
. . . . . .  ~ . . . .  BELLINI 82 SPEC 1.1 

�9 17,6 
onfldence Level = 0.004) 

1800 1850 1900 1950 2000 

~(1800) mass (MeV)  

.(1800) WIDTH 

VALUE (MeV) Et/'I'S DOCUMENT ID TEEN CH.__.~G COMMENT 
210:1=1fi OUR AVERAGE 
2104-304-30 1200 AMELIN 96B VES - 37 ~-- A - *  

r F / ~ -  A 
190-F 154-15 3 AMELIN 958 VES - 36 ~ -  A 

x + ~ - ~ - A  
2104-70 4 BERDNIKOV 94 VES 37 ~ r - A  - *  

K + K - ~ . - A .  
225+35+20 BELADIDZE 92C VES - 36 ~ - B e  

205+184:32 426• BITYUKOV 91 VES 36 ~ - C  
57 ~ -  7/~/C 

3104-50 1100 BELLINI 82 SPEC - 40 ~ - A  - *  3xA  

3From a fit to j P C  = 0 - + f0(980)~, f0(1370)~ waves. 

4From a fit to j P C  = 0 - + K~ (1430 )K -  and f0(980)~-  waves. 

x(1800) DECAY MODES 

Mode Fraction (FI /F) 

r 1 /r + lr lr seen 

r 2 f0(980)  7r -  seen 

r3 fo(1370) l r -  seen 
I" 4 p / r -  not seen 

r 5 T/T/~T- seen 

I" 6 =10(980)7/ seen 

I- 7 f0(1500) ~r- seen 
r 8 r /~ / (958)~  - -  seen 

1-9 K~)(1430) K -  seen 

I-lO K*(892) K-  not seen 



See key on page 213 

I-(1800) BRANCHING RATIOS 

r(~(Be0).-)/r(fo(lS70)lr-) r=Irs 
V~LUE DOCUMENT ID TEEN CHG COMMENT 

1.74-1.3 AMELIN 95B VES - 36 'a'- A 
~r + Tr -- lr -- A 

r (fo(1370).-)/r~., rs/r 
VALU~ DOCUMENT ID TEEN CHG COMMENT 

BELLINI 82 SPEC - 40 w - A  --~ 3~rA 

r(~.-) / r( .+.- . -)  rdr~ 
VALUE E V T S  DOCUMENT ID TEEN CHG COMMENT 

0.5 4-0.1 1200 AMELIN 96B VES 37 l r - A  --~ 

r (to(IS00).-)/r (.o1~0) ~) rdr6 
VALUE E V E S  DOCUMENT ID TEEN CHG COMMENT 

0.0e 4"0.1~ 1200 5 AMELIN 96B VES 37 7r- A --* 
r F / ~ -  A 

5Aseumlng that  f0(1500) decays only to rF /and a0(980 ) decays only to ~/~. 

r(~,~(~s~).-)/r(~.-) r,/r~ 
VALUE E V T 5  DOCUMENT ID TEEN CHG COMMENT 
0.294-0.06 O U R  AVERAGE 

0.29:E0.07 BELADIDZE 92C VES - 36 "~- Be 
, r - q / r / B e  

0.3 4-0.1' 4264" B ITYUKOV 91 VE5 - 36 ~r~ C 
57 ~r r/r/C 

r (K~(1430) K-)/rtot=l r t / r  
VALU E DOCUMENT ID TEEN CHG COMMENT 

BERDNIKOV 94 VES - 37 ~ r - A  
K +  K - ~ r -  A 

r(K'(SS2) K-)/rt=a r~Ir  
VALUE DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

not seen BERDNIKOV 94 VES - 37 ~r- A 
K +  K - ~ r -  A 

r(~.-)Ir(~o(~O).-) r~/r= 
VA!.U E EL% DOCUMENT ID TEEN CHG ~OMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.14 90 AMELIN 95B VES - 36 ~r -  A 
~r + ~ -  ~r - A 

r(~,r-)/r~= r4/r 
VA~.U E DOCUMENT ID TEC N CHG COMMENT 

net s e ~  BELLINI 82 SPEC - 40"A ' -A  ~ 3~rA 

w(1800) REFERENCES 
AMELIN 96B PAN 59 976 +Berdnikov, Bityukov+ (SERP, TBIL) IGJPE 

Trandated from YAF 59 1021. 
AMELIN 95B PL B3Se 595 +Berdnikov, Bityukov+ (SERP, TBIL) 
BERDNIKOV 94 PL B337 219 +Bityukov+ (SERP, TBIL) 
BELADIDZE 92C SJNP SS 1 5 3 5  +Bityukov, Borisov (SERP, TBIL) 

Translated from YAF 5S 2748. 
BITYUKOV 91 PL B2Se 137 +Bo~isov+ (SERP. TBIL) 
BELLINI 82 PRL 48 1697 +Frabetti, Ivanshin, Litkin+ (MILA. BGNA, JINR) 

OTHER RELATED PAPERS 
BORISOV 92 SJNP $5 1 4 4 1  +Gershtein, Zaitsev (SERP) 

Translated from YAF 55 2583. 

Meson 
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Particle Listings 
~-(1800), f2(1810) 

[  (181o) i ,G(jPc) __ 0+(2 § § 
OMITTED FROM SUMMARY TABLE 

Needs conf i rmat ion.  

f2(1810) MASS 

VALUE (MeV) EVTS DOCUMENT ID TEEN COMMENT 

18154-12 O U R  AVERAGE Error includes scale factor of 1.4. See the ideogram below. 

18004-30 40 ALDE 88D GAM4 300 ~ - p  ~ l r - p4~ r  0 
18064-10 1600 ALDE 87 GAM4 1007 r -p - -~  41r0n 
1870• 1ALDE 860 GAM4 100 ~ r - p  ~ r / t in 

1857_+235 2COSTA...  80 OMEG l O . - p ~  K + K - n  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1858_+~ 8 3LONGACRE 86 RVUE Compilation 

17994-15 4 CASON 82 STRC 8 Ir+p ~ A + + T t O l t  0 

1 Seen in only one solution. 
2 Error increased by spread of two solutions. Included in LONGACRE 86 global analysis. 
3 From a partial-wave analysis of data using a K-matr ix formalism with 5 poles, includes 

compilation of several other experiments. 
4From an amplitude analysis of the reaction l r+~r - ~ 21r O. The resonance in the 27r 0 

final state is not confirmed by PROKOSHKIN 97. 

WEIGHTED AVERAGE 
1815• (Error scaled by 1.4) 

1700 1750 1800 

f2(1810) mass (MeV)  

. . . . . . . . .  ALDE 88D GAM4 0.3 

. . . . . . . . .  ALDE 87 GAM4 0.8 
�9 ALDE 86D GAM4 1.9 

, �9 , COSTA... 80 OMEG 3.1 
6.0 

(Confidence Level = 0.111) 

1850 1900 1950 2000 

f2(1810) WIDTH 

VALUE (MeV} EV' I '$  DOCUMENT ID TEEN COMMENT 

1974" 22 O U R  AVERAGE Error includes scale factor of 1.5. See the ideogram below. 

1604- 30 40 ALDE 880 GAM4 300 l r - p  ~ l r - p4~ r  0 
1904- 20 . 1600 ALDE 87 GAM4 1 0 0 ~ r - p ~  41tOn 
2504- 30 5 A L D E  960 GAM4 100 l r - p  ~ r /~n 

18~ +102 6COSTA...  80 OMEG 1 0 7 r - p ~  K + K - n  
~ - 1 3 9  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

388 + 15 7 LONGACRE 86 RVUE Compilation 
- 21 

280 + 42 8 CASON 82 STRC 8 ~r+p  --* A++~r01r  0 
- 35 

5Seen in only one solution. 
6 Error Increased by spread of two solutions. Included in LONGACRE 86 global analysis. 
7 From a partial-wave analysis of data using a K-matr ix formalism with 5 poles, includes 

compilation of several other experiments. 
8From an amplitude analysis of the reaction l r + * r  - ~ 21r O. The resonance In the 2~r 0 

final state is not confirmed by PROKOSHKIN 97. 
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Meson Particle Listings 
6( 8   (1870) 

WEIGHTED AVERAGE 
197r (Error scaled by 1.5) 

; �9 

: : . : : : : : : : A L D E  88D GAM4 1.5 
ALDE 87 GAM4 0.1 
ALDE 86D GAM4 3.1 
COSTA..�9 80 OMEG 0.0 

I (Confidence Level = 0.189) 

100 200 300 400 500 

f2(1810) w i d t h  ( M e V )  

Mode 

fz(1810) DECAY MODES 

Fraction (rl/r) 

F1 ~r~ 
r2 ~ 
r~ 4~o 
r 4 K + K -  

f2(1810) BRANCHING RATIOS 

r(,r,r) Ir.,= rdr 
VALUE DOCUMENT I~) TECN ~QMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

n o t  seen PROKOSHKIN 97 GAM2 38 ~ - p  ~ ~OxOn 

0 21 -t-0"02 9 LONGACRE 86 RVUE Compilation �9 ~ u . u ~  

0.44:1:0.03 10 CASON 82 STRC 8 ~ + p  ~ A + +  x 0 x 0  

9From a partial-wave analysis of data using a K-matr ix formalism wi th 5 poles. Includes 
compilation of several other expedments. 

101nduded in LONGACRE 86 global analysis. 

r ( . ' 0 / r =  r=/r 
V~L~I~ DOCUMENT ID TECN CQMM~NT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, e t c . � 9  �9 �9 

0 008 +0"028 9 LONGACRE 86 RVUE Compilation �9 - 0.003 

r ( . . ) / r ( ~ )  q/r~ 
~/~,V{ DOCUMENT IO T~r N COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.75 ALDE 87 GAM4 100 x - p  ~, 4~r 0n 

r(4~~ rs/r= 
VALUE ~)C(/MENT ID T~t~ COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0 .8 •  ALDE 87 GAM4 1 0 0 ~ r - p ~  4~r0n 

r(K + K-)/r~o~ r,/r 
V A ~  DOCUMENT ID T ~  N COMMENT 

�9 �9 �9 We do nOt use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0 00-~+0-019 9 LONGACRE 86 RVUE Compilation 
" " -  0 . 0 0 2  

seen COSTA... 80 OMEG 1 0 x - p ~  K + K - n  

~(Z810) REFERENCES 

PROKOSHKIN 97 SPD 42 117 +Kol~dasho% Sado~ky~ (SERP) 
TranCated from DANS 353 32]. 

ALDE IgD SJNP 47 810 +BdIazzini, ~non+ (SERP. BELG, LANL, LAPP, PISA) 
Trand~ted from YAF 47 1273. 

ALDE 87 PL B I ~  286 +Binon. Bricman ~ (LANL, BRUX, SERP, LAPP) 
ALD~ 860 NP B269 485 +Binon, Bricman+ (BELG, LAPP. SERP, CERN, LANL 
LONGACRE ~ PL B1T/ 223 +Etkin+ BNL, BRAN, CUNY. DUKE, NDAM 
CASON a2 PRL 48 1316 +Bil~,~S, Baumbau|k, B~hop+ (NDAM, ANL) 
COSTA... 80 NP B175 402 Cost= De Beaure@rd+ (BARI, BONN, CERN§ 

/ OTHER RELATED PAPERS 
AKER 91 PL B260 249 +Ams~.r peter;+ (Crystal Barel Coilab.) 
CASON 83 PR D2g 158~ +Cannata, BaumbaulIh, BP~op+ (NDAM. ANL) 
ETKIN 82B PR D2S 17K +Fo~ey, Lid+ (BNL, CUNY, TUFTS, VAND) 

I 

IG(j PC) = 0 - ( 3 - - )  

VALUE (MeV) EVTS DOCUMENT IO TECN COMMENT 
18S4~- 7 OUR A V E R A G E  

185S+10 ASTON 88E LASS 11 K - p  ~ K - K + A ,  
K~ K-t- T:F A 

1870+_ 30 430 ARMSTRONG 82 OMEG 18.5 K - p  ~ K - K + A  

1850• 123 ALHARRAN 81B HBC 8.25 K - p  ~ K ~ A  

q~j(1850) WIDTH 

VALUE(MeV) EV'TS DOCUMENT IO TECN COMMENT 

87~2~  OUR AVERAGE Error Includes scale factor of 1.2. 

64•  ASTON 88E LASS 11 K - p  ~ K - K + A ,  
K O s K •  A 

160+_59 ~ 430 ARMSTRONG 82 OMEG 1 8 . S K - p ~  K - K ~ - A  

8 0 ~ 3  ~ 123 ALHARRAN 81B HBC 8.25 K -  p ~ K-KA 

d,.s(1850) DECAY MODES 

M o d :  Fraction (rl/r) 

r l  KK seen 

r2 K K ' ( 8 9 2 )  + c.c. seen 

~hj(llLS0) BRANCHING RATIOS 

r(KR'(~2)+ c.c.)/r(K~ r= / r l  
VA~U~ OOCUMENT ID T{CN COMMENT 

OJ~+O'.l~- ASTON 88E LASS 11 K -  p ~ K -  K + A ,  
KO K + x T  A 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.8 •  ALHARRAN 81B HBC 8.25 K - p  ~ K K l r A  

~(1850) REFERENCES 

ASTON 88E PL B208 324 fAwaj~, B~wz+ (SLAC, NAGO, CINC, INUS) IGJPC 
ARMSTRONG B2 PL 110B 77 +Baubillier~ (BARh BIRM. CERN, MILA, CURIN+)JP 
ALHARRAN 81B PL 101B 357 ~Amlrz~dehF (BIRM, CERN. GLAS, MICH. CURIN) 

OTHER RELATED PAPERS 
CORDIER 82B PL 110B 335 +Bi~dk~, Bizot, Buon, Ddcourt, Fayatd+ (LALO) 
ASTON 80B PL 92B 219 (BONN, CERN, EPOL, C4_AS, LANC. MCHS+) 

Y 

OMITTED FROM SUMMARY TABLE 
Needs conf i rmat ion.  

,~(t.~0) MASS 

VALUE (MeV) EVT$ DOCUMENT ID TECN CHG COMMENT 
MIM:I :20 OUR A V E R A G E  

1840+25 BARBERIS 97B OMEG 450 pp ~ I 
pp2(x + l r - )  - 

1875•177  ADOMEIT 96 CBAR 0 1.94 ~ p  ~ n3~r ~ I 
1881:k 32 +40 26 KARCH 92 CBAL e + e  - 

�9 + � 9  ~/lr 0 x 0 

~(1S?O) WIDTH 

VALUE(MeV) EVTS DOCUMENT ID TECN CHG COMMENT 
~ l O  OUR ,INF.JtAGE 
2004-40 BARBERIS 97B OMEG 450 pp ~ I 

pp2(Tr+ x - ) 
2 0 0 + 2 5 + 4 5  ADOMEIT 96 CBAR 0 1 .94~p  ~ r /3x 0 I 
221r 26 KARCH 92 CBAL e-t-e - 

e+  e - ~ r 0 x 0  

~(1870) DECAY MODES 

Mode 

F2 a2(1320)~ 
F3 f2(IH70)U 



See key on page 213 

~ ( 1 8 7 0 )  B R A N C H I N G  R A T I O S  

r (.~(1~o) . ) / r  (~(~m),~) r=/rs 
yA~U~ DOCUMENT IQ TEEN CHG COMMENT 

4.1J--2~ ADOMEIT  96 CBAR 0 1 . 9 4 . . . , ~ 0  m 

I / 2 (1870)  R E F E R E N C E S  

BARBERIS ~TB PL B413 217 D. B~rbe~+ (WAr02 Co, lab.) 
ADOMEIT ~6 ZPHY C71 227 +Am~r. Armstrone+ (C~stal B~rd CoHab.) 
](ARCH ~2 ZPHY C54 33 +Ant~ea~an. Barter+ (C~ '~  Ba;~ Cr 

O T H E R  R E L A T E D  P A P E R S  - -  

KAREH 90 PL B249 353 fAntreasyan, Bartok+ (Crystal Ball Co~lab.) 

Ix(z9zo) I : o + ( : ; + )  

O M I T T E D  F R O M  S U M M A R Y  T A B L E  
We list here t w o  di f ferent peaks w i t h  close masses and w id ths  seen 

in the mass d ist r ibut ions o f  ~ and ~r/r f inal states. A L D E  9 t B  
argues t h a t  they  are o f  dif ferent nature. 

x(z~z0) MASS 

VALUE {MeV} DOCUMENT ID 
1B10 t~  1 ~ 0  OUR E~TIMATE 

X ( 1 9 1 0 )  ~ M O D E  
VALUE (MeV} DOCUMENT IO TEEN COMMENT 
l g21  4- 8 OUR 
1920:E10 1 BELADIDZE 92B VE5 36 ~ r - p  ~ ~ n  
1924:E14 1ALDE 90 GAM2 3 8 ~ r - p ~  ~ n  

1 j P C  = 2 + + .  

x(xs;0) ~ ,  MODE 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1911+10 ALDE gIB GAM2 38 x - p  ~ r lr l ln 

X ( 1 9 1 0 )  W I D T H  

VALUE (MeV} DOCUMENT ID 
~O tO ~ O  OUR Eb-rIMATE 

X(1910) ~ MODE 
VALUE(MeV) DOCUMENT 10 TECN COMMENT 
90~: 111 OUR R~..RAGE 
90 ~: 20 2 BELADIDZE 92B VES 36 ~ r - p  ~ ~ n  
91+50  2ALOE 90 GAM2 3 8 x - - p ~  ~ n  

2 j P C  = 2 + + .  

x(~s~0) ~,  MODE 
VALUE {MeV} DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

90~35 ALDE 91B GAM2 3 8 x - - p ~  ~l~lln 

X ( 1 9 1 0 )  D E C A Y  M O D E S  

Mode 

[-1 :TO 7tO 
r2 o o K s  K s 
r 3 r /r /  

r 4  ~ ;  
rs ~q' 
r 6 q~ ~/~ 

X ( 1 9 1 0 )  B R A N C H I N G  R A T I O S  

r ( ~ ) / r ~  rd r  
~/A&U{ DOCUMENT IO T~CIy ~OMM~NT 

�9 �9 �9 We do not use the foliowing data for averages, fits, l imits, etc. �9 �9 �9 

seen ALDE 89B GAM2 38 7 r - p  ~ ~ : n  

r(,~,O)/r(,~') rdrg 
VALUE DOCUMENT ID T~N COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, I]mits. etc. �9 �9 �9 

<0.1 ALDE 89 GAM2 38~ : -p  ~ rF/ /n  
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Meson Particle Listings 
'r/2(1870), X(1910), f2(1950) 

r(,1,~)Ir(,./) rs/rg 
VALUE ~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.0S 90 ALDE 91B GAM2 38 x - p  ~ ~l~ln 

r ( ~ ) / r ( ~ )  r=/rs 
VALUE CL~ DOCUMENT ID TEEN {(~MM~NT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.066 90 BALOSHIN 86 SPEC 40~rp ~ k-0 K 0 n 
- -5 $ 

r ( ~ ) / r ~  rur  
VALUE DOCUMENT I~) TEEN ~OMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

posdbly seen BELADIDZE 920 VES 37 I r - -p  ~ yllrltn 

BELADIDZE 
BELA~DZE 
ALDE 

N ~  
ALDE 
ALDE 

/dso 

ALDE 
BALOSHIN 

X(1910) REFERENCES 

92B ZPHY (34 367 +Bityukov, Borbov+ (VES Collab.) 
92D ZPHY C57 13 +Berdl~kov+ (VES Collab.) 
9IB SJNP 54 455 +Binon~ (SERP, BELG. LANL, LAPP, PISA, KEK) 

Translated from YAF 54 751. 
92 PL B276 37S Aide. Blnon§ (BELG. 5ERP, KEK, LANL. LAPP) 
~10 PL B241 ~0 +B~non F (SERP. BELG, LANL, LAPP, PISA, KEK) 
89 PL B216 447 +BinDs, Bricman, D~nckov+ (SERf >, BELG, LANL, LAPP) 
ME SJNP 4a 1035 AkJe, Binon, Bdcman+ (BELG, SERP. LANL, LAPP) 

Translated from YAF 48 1724. 
~B  PL B216 451 ~-Binon. Bricmzn+ (SERP, BELG, LANL, LAPP, TBIL) 
B6 SJNP 43 959 +Back~, Bd0~ldn, V]adimlrskii, Grilodt~-+ (ITEP) 

Tranllated from YAF 43 1487. 

O T H E R  R E L A T E D  P A P E R S  

LEE 94 PL e323 227 -t-Chunl~ Kirk+ (BNL, IND, KYUN, MASD, RICE) 

I  (z950) 1 : 
O M I T T E D  F R O M  S U M M A R Y  T A B L E  

Needs conf i rmat ion.  

~(z~o) MASS 

VAIUE(MeV) DOCUMENT ID TECN CHG COMMENT 

]Lg6OA']O 1 BARBERIS 97B OMEG 450 pp ~ I 
pp2(Tr+ x - )  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1918+12 ANT|NORI 95 OMEG 300.450 pp 
p p 2 ( l r +  x - ) 

1996 HASAN 94 RVUE ~ p  ~ r E  
1990 2 0 A K D E N  94 RVUE 0.36-1.55 ]tip ~ I 

~r + ~r- 
1950t:15 3 ASTON 91 LASS 0 11 K-.p_ 

A K K x ~  
1 Possibly two states, m 
2 From ~utlon B of amplitude anal~s of data on ]tp ~ ~r~r. See ho~,ever KLOET 96 i 

who find waves only up to J = 3 to be important but not significantly resonant. 
3Cannot determine spin to be 2. 

f 2 (1950)  W I D T H  

VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 

4604-410 4 BARBERIS 97B OMEG 450 pp ~ | 
p p 2 ( x +  lr - )  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

390~ 60 ANTINORI 95 OMEG 3 0 0 , 4 5 0 p p ~  
pp2 (x+v r  - )  

134 HASAN 94 RVUE p p  ~ ~rx 
100 5 0 A K D E N  94 RVUE 0.36-1.55 ] t p  ~ I 

~ r+z  - 
2 5 0 i 5 0  6 ASTON 91 LASS 0 11 K - p  

A K ' ~ x *  
4 Possibly two states. I 
5 From solution B of ampfitude analysis of data on ] t p  --* x x .  See however KLOET 96 I 

who find waves only up to J = 3 to be Important but not dgnif icantly resonant. 
6Cannot determine spin to be 2, 

Mode 

f z ( 1 9 6 0 )  D E C A Y  M O D E S  

Fraction ( r l / r )  

r I K ' ( 8 9 2 ) K "  (892)  seen 

r 2 7 + 7 -  seen 

F 3 Tr + ~ ' -  ~T + ~ ' -  possibly seen 

r4 a2(z320)~ 
r 5  f2 (1270)  ~Tr 
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Meson Particle Listings 
f~(1950), X(2000), f~(2010), f0(2020) 

f.a(1950) BRANCHING RATIOS 

r (K'(~J2)iC~ r~/r 
VALUE DOCUMENT ID TEEN CHG COMMENT 

ASTON 91 LASS o 11 K - p  
A K  KIr~r 

r(a2(132o).)Ir~ r4/r 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

possibly seen BARBERIS 97B OMEG 450 p p  

p p 2 ( l r +  Tr - )  

f,.a (1950) REFERENCES 

BARBERIS 97B PL B413 217 D. Barberis+ (WA102 Collab.) 
KLOET 96 PR DS3 6120 +Myhrer (RUTG, NORD) 
ANTINORI 95 PL B353 589 +Barberis, Bay�9 (ATHU, BARI, BIRM. CERN, JINR)JP 
HASAN 94 PL B334 215 +BuKg (LOQM) 
OAKDEN 94 NPA 574 731 +Penninl'.ton (DURH) 
ASTON 91 NP B21 5 (suppl) +Awaji+ (LASS Collab.) 

OTHER RELATED PAPERS 

ALBRECHT 88N PL B212 528 + (ARGUS Collab.) 
ALBRECHT 87Q PL B198 255 +Binder+ (ARGUS Col[ab.) 
ARMSTRONG 87C ZPHY C34 33 +BIoodworth+ (CERN, BIRM. BARI, ATHU, CURIN+) 

J (2olo) I 
See also the min i - rev iew 
for the  page number . )  

IG(J PC) = 0 + ( 2 + + )  

under non-q~ candidates. (See the index 

f2(2010) MASS 

DOCUMENT ID VALUE (MeV) TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing 

19804- 20 

~o~o_+ ~o 

21604" 50 ETKIN 82 MPS 2 2 ~ r - p ~  2r  

1 Includes data of ETKIN 85. The percentage of the resonance going Into ~ 2 + + 52, 

D 2, and D O is a n + l  n + l  "~ - -3 '  " - - 0 '  and 2 4-2, respectively. 

2Statistically very weak, only 1.4 s.d. 

ix(2ooo) I : 
OMITTED FROM SUMMARY TABLE 

BALTAY 77 favors JP = 3 +. Needs confirmation. 

X(2000) MASS 

VALUE (MeV} EVTS DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1 ETKIN 88 MPS 22 x -  p ~ r  

data for averages, fits, l imits, etc. �9 �9 �9 

2BOLONKIN 88 SPEC 4 0 ~ r - p ~  K O K O n  

ETKiN 85 MPS 22 l r - p  ~ 2r 

LINDENBAUM 84 RVUE 

19644"35 1ARMSTRONG 93D E760 ~ p  ~ 3~ 0 ~ 63' 
2100 1ANTIPOV 77 CIBS - 25 l r -  p --~ 

p Tr - p3 
22144"15 BALTAY 77 HBC 0 15 ~ - p  

A + + 3 r  
20804"40 208 KALELKAR 75 HBC + 15 l r + p  

P~4- P3 

1 Cannot determine spin to be 3. 

~(2010) DECAY MODES 

Mode Fractlon ( r l / r )  

1"1 ~ seen 

X(2000) WIDTH 

VALUE (MeV~ EVT"S DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

2254"50 2 ARMSTRONG 93D E760 ~ p  ~ 3~ 0 ~ 6*r 

f2(2010) REFERENCES 

BOLONKIN 88 NP B309 426 +Bloshenko, Gorln+ (ITEP, SERP) 
ETKIN 88 PL B201 568 +Foley, Lindenbaum+ (BNL, CUNY) 
ETKIN 85 PL 165B 217 +Foley, Longacre, Lindenbaum+ (BNL, CUNY) 
LINDENBAUM 84 CNPP ]3 28S (CUNY) 
ETK]N 82 PRL 49 1620 +Foley, Longacn~, Undenbaum+ {BNL, CUNY} 

Also 83 Brighton Conf. 351 Lindenbaum (BNL, CUNY) 

OTHER RELATED PAPERS 
500 2 ANTIPOV 77 CIBS - 25 4 -  p 

p~ r -  P3 
3554"21 BALTAY 77 HBC O 15 l r - p  

A + +  3~r 
3404"80 208 KALELKAR 75 HBC + 15 l t + p  

p l r +  p 3 

2 Cannot determine spin to be 3. 

X(2(X~O) DECAY MODES 

Mode Fraction ( r l / r )  

r 1 3~r 

r 2 , p3 (1690)~ r  dominant 

X{2000) BRANCHING RATIOS 

r(~(169o).)/r(3.) 
VALUE DOCUMENT ID TEEN CHG COMMENT 

domlBant  KALELKAR 75 HBC + 15 7 r+p  ~ p3~r 

X(2000) REFERENCES 

LANDBERG 96 PR D53 2839 
ARMSTRONG 89B PL B221 221 
GREEN 86 PRL 56 1639 
BOOTH 84 NP B242 51 

+Adams, Chart+ (BNL. CUNY, RPI) 
+Benayoun+(CERN, CDEF, BIRM. BARI, ATHU, CURIN+) 
+Lai+ (FNAL, ARIZ, FSU, NDAM, TUFTS, VAND+) 
+Ballance, Carroll, Donald+ (UVP, GLAS, CERN) 

IG(j PC) = 0+(0 + + )  

OMITTED FROM SUMMARY TABLE 
Needs confirmation. 

r = / r l  

VALUE (MeV) 

2020-1-3S 

fo(2020) MASS 

DOCUMENT ID TEEN COMMENT 

BARBERIS 97B OMEG 450 p p  

p p 2 ( l r +  ~r - ) 

fo(2020) WIDTH 

VAt UE ( MeV} 

410-HiO 

DOCUMENT ID TECN COMMENT 

BARBERIS 97B OMEG 450 p p  
pp2( l r4%r - ) 

ARMSTRONG 93D PL B307 399 +Bettoni+ (FNAL, FERR, GENO. UCI, NWES+) 
ANTIPOV 77 NP Bl19 45 +Busnello, Damgaard, Kienzle+ (SERP, GEVA) 
BALTAY 77 PRL 39 591 +Cautis. Kalelkar (COLU) JP 
KALELKAR 75 Thesis Nev~s 207 (COLU) 

OTHER RELATED PAPERS 

HARRIS 81 ZPHY (:9 275 +Dunn, Lubatti, Moriyasu, Podo~sky+ (SEAT, UCB) 
HUSON 68 PL 28B 208 +Lubatti, Six, Veillet+ (ORSAY, MILA, UCLA) 
DANYSZ 67B NC 51A 801 +French, Simak (CERN) 

fo(2020) DECAY MODES 

Mode Fraction ( r l / r )  

r l  p~rTr seen 

fo(2020) REFERENCES 

BARBERIS 97B PL R413 217 D. Barberis+ (WA] 02 Collab,) 

202 "1" ==~,~ 3ETKIN  88 MPS 2 2 . - p ~  ~ n  

�9 �9 �9 We do not use the folk}wing data for averages, fits, l imits, etc. �9 �9 �9 

1454- SO 4BOLONKIN 88 SPEC 4 0 1 r - p - *  KOKOsn 

20 n+160  ETKIN 85 MPS 22 7 r - p  ~ 2r  v 50 

30 n+150  LINDENBAUM 84 RVUE v _  50 

310•  70 ETKIN 82 MPS 22 ~ r - p  --+ 2r 

3includes data of ETKIN 85. 
4Statistically very weak, only 1.4 s.d. 

VALUE (MeV} DOCUMENT ID TEEN COMMENT 

t'2(2010 ) WIDTH 



5ee key on page 213 

Ia,(2o4o)I I G ( j  P C )  = 1 - ( 4 + + )  

,~(2o4o) MASS 
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 
20204"16 OUR AVERAGE 
2010:520 1 DONSKOV 96 GAM2 0 38 ~ r -p  ~ r/~: 0n | 
2040:530 2 CLELAND 828 5PEC :5 50 ~rp ~ K O K + p  

2030:550 3CORDEN 78C OMEG 0 15 ~r -p  -~ 3~rn 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 . 

1903:510 4 BALDI 78 SPEC - 10 ~:--p 
pKO K - 

1From a simultaneous fit to the G+ and G O wave intensities. I 

2 From an amplitude analysis, 
3 j P  = 4 + is favored, though JP = 2 + cannot be excluded, 
4From a fit to the yO moment. Limited by phase space. 

a1(2040)  W I D T H  

VA!_UE (MeV) DOCUMENT ID TECN CHG COMMENT 
3~'-I- 70 OUR AVERAGE 
370:1:80 5DONSKOV 96 GAM2 0 3 8 ~ r - p ~  r/~0n | 
3804-150 6 CLELAND 82B SPEC 4- 50 ~rp ~ KO S K:sp 

510:5200 7 CORDEN 78C OMEG 0 15 ~ r -p  ~ 3~rn 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

166:5 43 8 BALDI 78 SPEC - 10 ~ - p  
p K  0 K -  

5 From a simultaneous fit to the G+ and G O wave Intensities. | 

6 From an amplRude analysis. 
7 j P  = 4 + Is favored, though JP = 2 + cannot be excluded. 
8 From a fit to the y0  moment. Limited by phase space. 

a4(2040) DECAY MODES 

Mode Fraction (F i / r )  

I" 1 K K  seen 
r 2 ~r + ~r-  ~r 0 seen 

r3 ~/~r ~ seen 

a4(2040  ) B R A N C H I N G  R A T I O S  

r ( K ~ / r = , =  r d r  
VALUE DOCUMENT ID TECN CHG COMMENT 

BALDI 78 SPEC 4- 10 ~r- p ---* 
K~K-p 

r(,r+,-xO)/rt==~ r=/r 
VALUE pOCUMENT IO T~C N ~ COMMENT 

CORDEN 78C OMEG 0 15 ~ r -p  ~ 3~rn 

r(,~.~ r d r  
VALU E DOCUMENT ID TECN CHG COMMENT 

seen DONSKOV 96 GAM2 0 38 x . -  p 
r/~r 0 n 

a4(2040)  REFERENCES 

DONSKOV 96 PAN 59 982 +lnyakin, Kachanov+ (GAMS Collab.)IGJPC 
Translated from YAF 59 1027. 

CLELAND 82B NP B208 228 +Delfocse, Do~az, Gtoor (DURH, GEVA, LAUS, PITT) 
BALDI 78 PL 74B 413 +Bohdnger, Dorsaz, Hungerbuhler+ (GEVA) JP 
CORDEN 78C NP B136 77 +Oowell, Garvey+ (BIRM RHEL, TELA, LOWC)JP 

O T H E R  R E L A T E D  PAPERS 

DELFOSSE 81 NP B183 349 +Guisan, Martin, Muhtemann, Weill+ (GEVA, LAUS) 
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Meson Particle Listings 
a4(2040),  f~(2050) 

i ,(2o5o)1 I G ( J  P C )  = 0 + ( 4  + + )  

t'4(2050 ) MASS 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
20444-11 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below. 

1970:530 BELADIDZE 92B VES 36 l r - p  ~ ~ n  
2060:520 ALDE 90 GAM2 3 8 ~ r - p ~  ~o;n 
2038:530 AUGUSTIN 87 DM2 J/O ~ ~ l r+ ~r - 
2086:515 BALTRUSAIT..~7 MRK3 J / ~  ~ - f=+ Tr- 
2000:560 ALDE 86D GAM4 100 ~ r -p  ~ n2~t 
2020:520 40k 181NON 84B GAM2 3 8 x - p ~  n2w 0 
2015:528 2 CASON 82 STRC 8 ~r+p ~ -4+-F~r0~r0 

2031+ 25 ETKIN 82B MPS 23 ~r -p  ~ n2K 0 

2020+30 700 APEL 75 NICE 40 ~ r -p  --* n2~r 0 
20504-25 BLUM 75 ASPK 18.4 ~r -p  ~ nK  + K -  

�9 �9 �9 We do not use the following data for averages, fits, limits, 

2010 MARTIN 97 RVUE 
2040 30AKDEN 94 RVUE 

1990 40AKDEN 94 RVUE 

1978:5 5 5 ALPER 80 CNTR 
2040:510 5 ROZANSKA 80 SPRK 
1935:513 5 CORDEN 79 OMEG 
19884- 7 EVANGELISTA 79B OMEG 
1922:514 6 ANTIPOV 77 CIBS 

1 From a partial-wave analysis of the data. 
2 From an amplitude analysis of the reaction ~r + ~r- ~ 2~r 0. 

etc. �9 e �9 

N N  ~ ~r~ I 

I 0.36-1.55 ~p 
~ r+ / r -  

0.36-1.55 ~p ~ I 
62 l r - -p ~ K + K - n  
18 ~r -p  ~ ppn  
12-15 w - p  ~ n2~r 
10 l r - p  ~ K + K - n  
25 I t -  p ~ p3x 

3From solution A of amplitude analysis of data on ~p ~ ~Tr. See however KLOET 96 | 
who find waves only up to . / =  3 to be important but not significantly resonant, 

4 From solution B of amplitude analysis of data on ~p ~ lr~r. See however KLOET 96 I 
who find waves only up to J = 3 to be important but not significantly resonant. 

5 I ( j P )  = 0(4 + )  from amplitude analysis assuming one-plon exchange. 
6Width errors enlarged by us to 4F/vrN; see the note with the K*(892) mass. 

WEIGHTED AVERAGE 
2044+11 (Error scaled by 1.4) 

t �9 - BELADIDZE 92B VES 6.0 
�9 �9 ALDE 90 GAM2 0,7 

�9 AUGUSTIN 87 DM2 0,0 
. BALTRUSAIT._ 87 MRK3 8.0 
�9 ALDE 86D GAM4 0.5 

I . . . .  ~ .  BINON 84B GAM2 1 .4 
| . . . .  ~ CASON 82 STRC 1.0 

I : :  ""  "1" ETKIN 829 MFS 0.2 
~ . -  . I .  APEL 75 NICE 0.6 

18.6 
(Confidence Level = 0.029) 

I I 
1850 1900 1950 2000 2050 2100 2150 2200 

f4(2050) mass (MeV)  

t~ (2050)  W I D T H  

VALUE (MeV) EVTS DOCUMENT ID TECN 
20e4- 13 OUR AVERAGE Error includes scale factor of 1.2. 

COMMENT 

300:5 50 BELADIDZE 92B VES 36 ~r-p--~ wu;n 
170-+- 60 ALDE 90 GAM2 3 8 x - p ~  w w n  
3 0 4 t  60 AUGUSTIN 87 DM2 J/'4, "-' "/Tr+Tr - 
210:5 63 BALTRUSAIT.J~7 MRK3 J / ~  ~ ~/w+ Tr - 
400+100 ALDE 860 GAM4 100 x - p  ~ n2rt 
240:5 40 40k 7BtNON 84B GAM2 3 8 7 r - p ~  n2~r 0 
1904- 14 DENNEY 83 LASS 10 ~r+n/ ' l r+p 

l n ~ +  103 ~ + +  lr0 lr 0 " -  58 8CASON 82 STRC 8 1 r + p ~  

305 + 36 ETKIN 82B MP5 23 7 r -p  ~ n2KO S - 119 
1804- 60 700 APEL 75 NICE 4 0 ~ r - p ~  n2~r 0 

225 +120 BLUM 75 ASPK 1 8 . 4 ~ r - p ~  n K + K  - - {u 
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Meson Particle Listings 
f~ (2050) ,  fo (2060)  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

200 MARTIN 97 RVUE N N  ~ ~r~r 
60 9 0 A K D E N  94 RVUE 0.36-1.55 ~ p  

80 10 OAKDEN 94 RVUE 0.36-1.55 ~ p  
~ + ~ - -  

243•  16 11ALPER 80 CNTR 6 2 ~ r - p ~  K + K - n  
140•  15 11ROZANSKA 80 SPRK 1 8 ~ r - p ~  p-~n 
263•  57 11CORDEN 79 OMEG 1 2 - 1 5 ~ r - p ~  n2~r 

100:J: 28 EVANGELISTA79B OMEG 1 0 ~ r - p  ~ K + K - n  
107•  56 12 ANTIPOV 77 CIBS 25 :r p ~ p3w 

7 From a partial-wave analysis of the data. 
8From an ampli tude analysis of the reaction ~r-f'~r - ~ 2~r O. 
9From solution A of ampli tude analysis of data on ~ p  ~ ~r~r. See however KLOET 96 | 

who find waves only up to J = 3 to be Important but not significantly resonant. 
10From solution B of ampl i tude analysis of data on ~ p  ~ ~r~r. See however KLOET 96 | 

who find waves only up to J = 3 to be important but not significantly resonant. 
11 I ( j P )  = 0(4 + )  from ampli tude analysis assuming one-pion exchange. 
12Width errors enlarged by us to 4F / - /N ;  see the note wi th the K*(892)  mass. 

MARTIN 97 
KLOET 96 
OAKDEN 94 
BELADIDZE 928 
ALOE 90 
OEST 90 
ALOE 87 
AUGUSTIN 87 
BALTRUSAIT... 87 
ALOE 86D 
ALTHOFF 8SB 
BINON 840 
BINON 83C 

DENNEY 83 
CASON 82 
ETKIN 82B 
ALPER 8O 
ROZANSKA 80 
CORDEN 79 
EVANGELISTA 79B 
ANTIPOV 77 
APEL 75 
BLUM 75 

t'4(2050 ) DECAY MODES 

Mode Fraction ( r / / r )  

r I ~o: (26 • )% 
r 2 ~r~r (17.0• % 

PROKOSHKIN 97 

CASON 83 
GOTTESMAN 80 
WAGNER 74 

III 

f4(2050) REFERENCES 

PR C$6 1114 B.R. M=tin, Oades (LOUC, AARH) 
PR DS3 6120 +Myhrer (RUTG, NORD) 
NPA 574 731 +Pennington (DURH) 
ZPHY C54 367 +Bityuko% Bor (VE5 Collab.) 
PL 8241 600 +Binon§ (SERP, BELG, LANL. LAPP, PISA, KEK) 
ZRHY C47 343 +Olsson+ (JADE Collab,) 
PL B198 286 +Binon, 0ricman+ (LANL BRUX, SERP, LAPP) 
ZPHY E36 369 +Cosine+ (LALO, CLER, FRAS, PADO ) 
PR D35 2077 Baltrusaitls, Coffman, Oubois+ (Mark III Collab.) 
NP B269 485 +Binon, 8ricman+ (BELG, LAPP, SERP, CERN, LANL) 
ZPHY C29 189 +B~aunschweig, Kirschfink+ (TASSO Collab.) 
LNC 39 41 +Donsko% Duteil, Goua~re+ (SERP, BELG, LAPP) 
SJNP 38 723 +Gouanere, Donskov, Duteil+ (SERP, ORUX+) 
Translated from YAF 38 1199. 
PR D28 2726 +Cranley, Firestone, Chapman+ (IOWA, MICH) 
PRL 48 1316 +Biswas, Baumba.gh, Bishop+ (NDAM, ANL) 
PR D25 1786 +Foley, Lai+ (BNL, CUNY, TUFTS, VAND) 
PL 94B 422 +Beck�9 (AMST, CERN, CRAC, MPIM, OXF+) 
NP B162 505 +Blum, Dietl, Gray�9 Lorenz+ (MPIM, CERN) 
NP B157 250 +Do~dl, Galvey+ (BIRM, RHEL, TELA, LOWC) JP 
NP 0154 381 + (BARI, BONN, CERN, DARE, GLAS, LIVP+) 
Np 8119 45 +Busnello, Damgaard, Kienzte+ (SERP, GEVA ) 
PL S7B 398 +Augenstein+(KARLK, KARLE. PISA, SERP; WlEN. CERN)JP 
PL 570 403 +Chabaud. Dietl, Garelick, Gray�9 (CERN, MPIM)JP 

OTHER RELATED PAPERS 

SPD 42 117 +Kondashov, Sadovsky+ (SERP) 
Translated from DANS 353 323. 
PR D28 1586 +Cannata, Baurnbaugh, BishOp+ (NDAM, ANL) 
PR D22 1503 +Jacobs+ (SYRA, BRAN, BNL, CINC) 
London Conf, 2 27 (MPIM) 

r3 K K  ( 6.8+3: 4) x 10 -3  

r 4 ~/~/ (2.1• x 10 -3  
r 5 4~r ~ < L2 % 

f~(mso) r0)r(~)/r(~n) 
F(KK---') x r ( ~ - 1 ) / r ~ u  r3rg/r 
VALUE (keV) CL.~_~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.29 95 ALTHOFF 85B TASS ~ r  ~ K K ~ r  

r ( . . )  x r (~) / r t~ ,  r=rur 
VALUE (keV) EL% E V T S  DOCUMENT ID TECN COMMENT 

<1.1 95 13 + OEST 90 JADE e + e  - ~ e+e-~ r0~r  0 
4 

f4(2050) BRANCHING RATIOS 

r(==)/r(..) 
VALUE DOCUMENTID 

1 ~  ~ 0 . 3  ALDE 

r ( . . ) / r~ . l  
VALUE DOCUMENTID 
0.1704-0.0 TM OUR AVERAGE 
0.18 :1:0.03 13 BINON 
0.16 +0.03 13 CASON 
0.17 4-0.02 13 CORDEN 

13Assuming one plon exchange. 

r(K~)/r ( . . )  
VALUE DOCUMENT ID 

0.04 +O.O~ ETKIN --0.01 

r(,v01r~ 
VALUE (unlts 10-3~ DOCUMENT ID 

2.14"0.8 ALDE 

r(4~~ 
VALUE~ DOCUMENT ID 

<0.012 ALDE 

rl/r= 
T~ECN COMMENT 

90 GAM2 3 8 ~ r - p ~  ~:u:n 

r=/r 
TEEN COMMENT 

83C GAM2 38 ~ r - p  ~ n4~ 
82 STRC 8 1 r + p ~  A++TrO1r 0 

79 OMEG 1 2 - 1 5 7 r - p ~  n2~r 

TECN COMMENT 
r~/r= 

820 MPS 23 ~ -  p ~ n2K~ 

rdr 
TECN COMMENT 

86DGAM4 1 0 0 ~ r - p ~  n4"y 

rs/r 
TECN COMMENT 

87 GAM4 1 0 0 1 r - p ~  4~r0n 

I fo(2060) I ,G(j c) __ o+(o + +) 
OMITTED FROM SUMMARY TABLE 

Needs conf i rmat ion.  

ro(2Oeo) MASS 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2050 1OAKDEN 94 RVUE 0.36-1.55 ~p ~ i 
~r+ 7r- 

2060 2 0 A K D E N  94 RVUE 0.36-1.55 ~ p  - *  | 
lr  + l r -  

IF rom solution A of ampli tude analysis of data on ~ p  ~ l r l r  See however KLOET 96 | 
who find waves only up to J = 3 to be important but not significantly resonant. 

2From solution B of ampli tude analysis of data on ~ p  ~ ~rlr See however KLOET 96 | 
who find waves only up to J = 3 to be important but not significantly resonant. 

fo(2060) WIDTH 

VALUE DOCUMENT I D TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

120 3 0 A K D E N  94 RVUE 0.36-1.55 ]Sp ~ | 
l r + ~ r -  

50 4 0 A K D E N  94 RVUE 0.36-1.55 ~ p  ~ | 
~ + l r -  

3From solution A of ampli tude analysis of data on ~ p  ~ l r l r  See however KLOET 96 I 
who find waves only up to J = 3 to be important but not significantly resonant. 

4 From solution B of ampli tude analysis of data on ~p ~ l r l r  See however KLOET 9.6 | 
who find waves only up to J = 3 to be important but not significantly resonant. 

fo(2060) DECAY MODES 

Mode Fraction ( r l / r )  

I" 1 ~ + / r -  seen 

fo (2060) REFERENCES 

KLOET 96 PR D53 6120 +Myhrer 
OAKDEN 94 NPA 574 731 +Pennington 

(RUTG, NORD) 
(DURH) 
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Meson Particle Listings 
~r2(2100), f2(2150) 

I ~r2(2100) I ,G(~Pc) = ~-(2- +) 

O M I T T E D  FROM S U M M A R Y  TABLE 
Needs confirmation. 

,r2(2~00) MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
2090=i= 29 OUR AVERAGE 
20904- 30 1 AMELIN 95B VES 36 ~ -  A 

~ ( + ~ - ~ ' - A  
21004-150 2 DAUM 81B CNTR 63,94 ~ - p  ~ 3~X 

1 From a fit to j P C  = 2 -- + f2(1270)~r, ( ~ ) s  ~ waves. 
2From a two-resonance fit to four 2 - 0  + waves. 

~2(2100) W I D T H  

VALUE (MeV) DOCUMENT ID TECN COMMENT 

625"1" 50 OUR AVERAGE Error includes scale factor of 1.2. 
5204-100 3 AMELIN 95B VES 36 E--A 

~ + ~ - ~ - A  
6514- 50 4 DAUM 81B CNTR 63,94 ~ -  p ~ 3~X 

3From a fit to j P C  = 2 - + f2(1270)~, (~E)s E waves. 
4 From a two-resonance fit to four 2 -0  + waves. 

Mode 

~r2(2100  ) D E C A Y  M O D E S  

Fraction ( r l / r )  

r l  37r seen 
r 2 p;r seen 
r3 f2 (1270) ~ seen 
['4 (~T ~')S';r seen 

X2(2100) BRANCHING RATIOS 

r(p.)/r(~,) r=/r= 
VALUE DOCUMENT ID TECN COMMENT 

0.194.0.06 5 DAUM 81B CNTR 63,94 ~ - p  

r(6(1270)r r3/r t  
VAI-U~ ~)OCUM~NT ID Tf~CN COMMENT 

0,364-0.01) 5 DAUM 81B CNTR 63,94 ~ - p  

r((,r,r).,r)/r(3~) r4 / r l  
VALUE DOCUMENT ID TECN COMMENT 

0.411:t:0.Et 5 DAUM 81B CNTR 63,94 E - p  

D~.ave/S-mv. RATIO FOR ,r2(2100) - ,  f2(1270)~ 
VALUE DOCUMENT ID TECN COMMENT 

0J~.l.0.2~l 5 DAUM 81B CNTR 63,94 ~r- p 

5 From a two-resonance fit to four 2 -0  + waves. 

X2(2100) REFERENCES 

AMELIN 95B PL B356 595 +Berdnikov, Bityukov+ (5ERP, TBIL) 
DAUM 81B NP B182 269 +Hertzberger+ (AMST, CERN, CRAC, MPIM, OXF+) 

I  (215~ I : o+(2+ +) 

O M I T T E D  FROM S U M M A R Y  TABLE 
This entry was previously called T O . 

~,(21so) MASS 

~ ( 2 1 5 0 )  M A S S ,  C O M B I N E D  M O D E S  ( M e V )  
VALUE {MeV) DOCUMENT ID 
2138-t"18 OUR AVERAGE Includes data from the 2 datablocks that follow this one. Er- 

ror includes scale factor of 1.5. See the ideogram 
below. 

WEIGHTED AVERAGE 
2138r (Error scaled by 13) 

~ 1  I ~ �9 �9 PROKOSHKIN 95D GAM4 
I - -  �9 ~ �9 �9 SINGOVSKI 94 GAM4 0.1 

I . . . . . . .  \ .  ARMSTRONG 93C E760 2.9 
, - -~  �9 ADOMEIT 96 CBAR 0.O 

I , ~ (Confidenca Level = 0.'~5) 

2000 2050 2100 2150 2200 2250 2300 

f2(2150) MASS, COMBINED MODES (MeV) 

~ M O D E  
VALUE (MeV) DOCUMENT ID TECN COMMENT 
The data in this block is included in the average printed for a previous datablock. 

21384-23 OUR AVERAGE Error includes scale factor of 1.8. See the Ideogram below. 
21754-20 PROKOSHKIN 95o GAM4 300 E -  N ~ ~ -  N2Q, 

450 p p  ~ p p 2 q  
21304-35 SINGOVSKI 94 GAM4 450 p p  ~ p p 2 q  

2104/:20 1ARMSTRONG 93(: E760 pp ~ ~0 , / r / ~  67 

1No j P C  determination. 

WEIGHTED AVERAGE 
2138r (Error scals4 by 1 3) 

1 

x 
/ �9 �9 PROKOSHKIN 95D GAM4 " ~  

I - -  �9 ~. �9 SINGOVSKI 94 GAM4 0.1 
I . . . . . . .  \. �9 ARMSTRONG 93C E760 2.9 

i ' , "~k .~ ,  (Confid . . . .  Level= 0.-~,) 

2000 2050 2100 2150 2200 2250 2300 

f2(2150) MASS, ~r /MODE (MeV) 
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Meson Particle Listings 
 (2 5o) 
ft~r Ir MODE 
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 
The data in this block is Included in the average printed for a previous datablock. 

2135-1-20-I-416 ADOMEIT 96 CBAR 0 1.94 ~p ~, r/31r 0 I 

~p ~ lr:r 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

2226 HASAN 94 RVUE pp ~ *Tr 
2090 20AKDEN 94 RVUE 0.36-1.55 pp --~ | 

~ + ~ -  
2120 30AKDEN 94 RVUE 0.36-1.55 ~p ~ | 

2170 4 MARTIN 80B RVUE 
2150 4 MARTIN 80C RVUE 
2150 5 DULUDE 78B OSPK 1-2 pp - *  ~rO*r 0 

2OAKDEN 94 makes an amplitude analysis of LEAR data on ~p ~ ~r~r using a method I 
based on Barrelet zeros, This Is solution A. The amplitude analysis of HASAN 94 includes 

I earlier data as wall, and assume that the data can be parametrized in terms of towers of 
nearly degenerate resonances on the leading Regge trajectory. See also KLOET 96 and 
MARTIN 97 who make related analyses. 

3From solution B of amplitude analysis of data on ~p  ~ ~r~. I 
4 I ( jP)  = 0(2 + )  from simultaneous analysis of p~ ~ w-~r + and ~0 or0. 
5 I G ( j P )  = 0+(2  + )  from partial-wave amplitude analysis. 

S-CHANNEL ~p, ~ N  or ~ K  
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2139 + - 8 6EVANGELISTA97 SPEC 0 . 6 - 2 . 4 " p p ~  | 
K 0 K 0 

S S 
2190 7 CUTTS 78B CNTR 0.97-3 ~p 

~ N  
CNTR 0 0.7-2.4 ~p ~ ~p 
CNTR ~p  5 channel 

21554_15 7,8 COUPLAND 77 
21934_ 2 7,9ALSPECTOR 73 

61sospln 0 and 2 not separated, 
71sospins 0 and 1 not separated. 
8 From a fit to the total elastic cross section. 
9 Referred to as T or T region by ALSPECTOR 73, 

~(2150) WIDTH 

Fa(2150) WIDTH, COMBINED MODES (MeV) 
VALUE (MeV) DOCUMENT ID 
194=1:1B OUR AVERAGE Includes data from the 2 datablocks that follow this one. Error 

includes scale factor of 1.6. See the Ideogram below. 

WEIGHTED AVERAGE 
194+15 (Error scaled by 1.6) 

1 

-2-'. 
X2 

t . . . .  ADOMEIT 96 CBAR 1.2 
. . . . . . . . .  PROKOSHKIN 95D GAM4 1.6 
. . . . . . . . .  SINGOVSKI 94 GAM4 4.6 
. . . . . . . . .  ARMSTRONG 93C E760 0.8 

8.1 
(Confidence Level = 0.044) 

I I 
100 200 300 400 500 

f2(2150) WIDTH, COMBINED MODES (MeV) 

r/q MODE 
VALUE (MeV) DOCUMENT ID TECN COMMENT 
The data in this block is included in the average printed for a previous datablock. 

lg3-t-17 OUR AVERAGE Error Includes scale factor of 1.9. See the ideogram below. 

1504-35 PROKOSHKIN 95D GAM4 300 7r- N ~ l r -  N2~9, 
450 pp  ~ pp2Q 

1304-30 SINGOVSKI 94 GAM4 450 pp  ~ pp2rl  
2034-10 10 ARMSTRONG 93C E760 ~p ~ * O ~ r / ~  6"1 

10 No j P C  determination, 

WEIGHTED AVERAGE 
193+17 tError scaled by 1.9) 

I)KOSHKIN 95D GAM4 1,S 
GOVSKI 94 GAM4 4.3 
~STRONG 93C E760 1.1 

6.9 
(Confidence Level = 0.031) 

_ _ J  

f2(2150) DECAY MODES 

rl . .  
r2 Q. 
r 3 KK  
r4 G027o)~ 
r5 a2(1320)~ 

f2(2150) BRANCHING RATIOS 

r (K~) / r ( ,m)  rs/r= 
VALUE ~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages., fits, limits, etc. �9 �9 �9 

<0.1 95 17 PROKOSHKIN 95D GAM4 300 ~ -  N ~ ~ -  N2r/, 
450 pp  ~ pp271 

17 Using data from ARMSTRONG 89D. 

r ( . , ) / r ( ~ )  r l / r=  
VALUE CL~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.33 95 18 PROKOSHKIN 95D GAM4 300 l r -  N ~ ~r- N2r/, 
450 pp  ---, pp2r l  

18 Derived from a .07r0/r /~ limit. 

Mode 

50 100 150 200 250 300 

f2(2150) WIDTH, r/r/MODE (MeV) 

~/lrx MODE 
~/ALUE (MeV) DOCUMENT ID TECN CHG COMMENT 
The data in this block Is included in the a~'erage printed for a previous datablock. 

2rd]J, -s- l -u ADOMEIT 96 CBAR 0 1.94 ~p  ~ q3*r 0 I 

~p ~ t . r  
VALUE (MeV} DOCUMENT ID TECN COMMENT 

250 OUR ESTIMATE 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

226 HASAN 94 RVUE ~p- - *  fr~r 
70 11OAKDEN 94 RVUE 0.36-1,55 ~p ~ I 

~ + ~ -  
250 12 MARTIN 80B RVUE 
250 12 MARTIN 80c RVUE 

~ 2 5 0  13DULUDE 78BOSPK 1 - 2 ~ p ~  lrO~ 0 

11See however KLOET 96 who find waves only up to J = 3 to be important but not | 
significantly resonant. 

12 I ( j P )  = 0(2+)  from simtdtaneous analysis of p~ ~ x -  ~+  and x 0 ~r O, 
13 I G ( j P )  = 0+(2  + )  from partial-wave amplitude analysis. 

S-CHANNEL ~ ~ N  or "R'K 
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

56 +31  14 EVANGELISTA 97 SPEC o.6 2 . 4 p . -  I 
KOs KO 

1354_75 15,16 COUPLAND 77 CNTR fi 0,7-2.4 ~p  ~ ~p  
984- 8 16 ALSPECTOR 73 CNTR pp  S channel 

141sospin 0 and 2 not separated. I 
15 From a fit to the total elastic cross section. 
16 Isosplns 0 and 1 not separated. 



See key on page 213  

429 

Meson Particle Listings 
f2(2150), ,o(2150), fo(2200) 

r(r=(~270),~)/r(~(z~o).) r~/rg 
yALUE DOCUMENT 10 TECN COMMENT 

0.'1~-i-0,11 19 ADOMEIT  96 CBAR 1,94 ~ p  ~ ~/3~ 0 

19Using B(a2(1320 ) ~ ~/~r) = 0.145 

f2(2150) REFERENCES 

EVANGELISTA 97 PR D56 3803 C. Evangelista, Palano, Drijard+ (LEAR Collab.) 
MARTIN 97 PR CS6 1114 B.R. Martin, Oades (LOUC, AARH) 
ADOMEIT 96 ZPHY C71 227 +Amsler, Armstrong+ (Crystal Barre~ Collab.) 
KLOET 96 PR OS3 6120 +Myhrer (RUTG, NORD) 
PROKOSHKIN 95D SPD 40 495 (SERP) IGJPC 

Translated from DANS 344 469. 
HASAN 94 PL B334 21S +Bugs (LOQM) 
OAKDEN 94 NPA 574 731 +Penn~n~ton (DURH) 
SINGOV~KI 94 NC 107 I911 (SERP) 
ARMSTRONG 93C PL B307 394 +Bettoni+ (FNAL, FERR. GENO, UCI, NWES+) 
ARMSTRONG 89D PL B227 186 +Benayoun (ATHU, BARI, BIRM. CERN, CDEF) 

~p --~ ~r~" 
VALUE (MeV} DOCUMENT IO TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

296 HASAN 94 RVUE p p  ~ ~ r  
244 HASAN 94 RVUE ~ p  ~ ~r~r 

40 8 0 A K D E N  94 RVUE 0.36-1.55 ~ p  ~ 
~r+ ~r- 

250 10 MARTIN 80B RVUE 
20O 10 MARTIN 80C RVUE 

8See however KLOET 96 who find waves only up to J = 3 to be important but not I 
significantly resonant. 

5-CHANNEL "~N 
VALUE(MeV~ DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. * �9 �9 
MARTIN 8OB NP B176 355 +Morgan (LOUC. RHEL} JP 
MARTIN 80C NP B169 216 +Pennington (DURH) JP 
CUTT5 78B PR O17 16 +Good, Grannis, Green, Lee+ (STON, WISC) 
DULUDE 78B PL 79B 33S +Lanou, Ma~simo. Peaslee+ (BROW, MIT, BARI)JP 
COUPLAND 77 PL 71B 460 +Eisenhandler, Gibson, Astbury+ (LOQM, RHEL) 
ALSPECTOR 73 PRL 30 511 +Cohen, Cvijanovich+ (RUTG, UPNJ) 

OTHER RELATED PAPERS 

FIELDS 71 PRL 27 1749 +Cooper, Rhlnes, AlliSon (ANL, OXF) 
YOH 71 PRL 26 922 +Barish, Caroll, Lobkowicz+ (CIT, BNL, ROCH) 

1 (2 5o) I : ,+( , - - )  
OMITTED FROM SUMMARY TABLE 

Th is  entry was previously cal led 7"1(2190 ). 

p(2150) MASS 

135•  11,12 COUPLAND 77 CNTR 0 O.7-2.4 ~ p  ~ ~ p  
9 8 •  8 12 ALSPECTOR 73 CNTR ~ p  S channel 
85 13 ABRAMS 70 CNTR 5 channel ~ N  

~r-p -.-, ~ ' ~  
VALUE (MeV) DOCUMENT ID TECN COMMENT 
The data in this block is included in the average printed for a previous datablock. 

3204-70 ALDE 9S GAM2 3 8 ~ r - p ~  ~ r 0 n  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

300 ALDE 92c GAM4 100 ~ - p  ~ ~ r O n  

9Includes ATKINSON 85. 
I O I ( J P )  = 1 (1 - )  f rom simultaneous analysis of p ~  ~ ~r-~r + and ~rO~r O, 

11 From a fit to the total  elastic cross section. 
12 Isospins 0 and 1 not separated. 
13Seen as bump in I = 1 state. See also COOPER 68. PEASLEE 75 confirm ~ p  results 

of ABRAMS 70, no narrow structure. 

e+ e - .-~ x + l r - , K +  K - , 6 1 r  
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 
2149"1"17 OUR AVERAGE Includes data from the datablock that follows this one. 

2153•  BIAGINI 91 RVUE e + e -  
r162 - , 
K + K  - 

2110•  2CLEGG 90 RVUE 0 e + e  - 
3(~+ ~-), 
2(w+ x -  ,r ) 

pp --* r l r  
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

2191 HASAN 94 RVUE ~ p  ~ ~ r  
1988 HASAN 94 RVUE ~ p  --* ~ 
2070 1OAKDEN 94 RVUE 0.36-1.55 ~ p  ~ I 

2170 3 MARTIN gOB RVUE 
2100 3 MARTIN 80C RVUE 

1See however KLOET 96 who find waves only up to J = 3 to be important but not | 
significantly resonant. 

S-CHANNEL ~ N  
VALUE {MeV) DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2190 4 CUTTS 78B CNTR 0.97-3 ~ p  
~ N  

2155• 4,5 COUPLAND 77 CNTR O O.7-2.4 ~ p  ~ ~ p  
2193•  2 4,6 AL5PECTOR 73 CNTR ~ p  S channel 
2190•  7 ABRAMS 70 CNTR 5 channel ~ N  

�9 "-p .-, o,,~n 
VALUE (MeV) DOCUMENT ID TECN COMMENT 
The data in this block is included In the average printed for a previous datablock. 

215S-1-21 OUR AVERAGE 
2140+30 ALDE 95 CAM2 3 8 ~ - p - - ~  ~ r O n  
2170•  ALDE 92C GAM4 100 l r - p  --~ ~ l rOn  

2includes ATKINSON 85, 
3 I ( j P )  = 1 ( 1 - )  from simultaneous analysis of p p  --* l r -  lr  + and w0 ~r 0. 
4 Isosplns 0 and 1 not separated. 
5 From a f i t  to the total  elastic cross section. 
6 Referred to as T or T region by ALSPECTOR 73. 
7Seen as bump in I = 1 state, See also COOPER 68. PEASLEE 75 confirm p p  results 

of ABRAMS 70, no narrow structure. 

p(2150) REFERENCES 

KLOET 96 PR DS3 6120 +Myhrer (RUTG, NORD) 
ALDE 95 ZPHY C66 379 +Binon, Bricman+ (CAMS Collab.)JP 
HASAN 94 PL B334 215 +Bu~ (LOQM) 
OAKOEN 94 NPA 574 731 +Pennlngton (DURH) 
ALDE 92C ZPHY CS4 553 +Bencheikh, Binon+ (BELG, SERP. KEK, LANL, LAPP) 
BIAGINI 91 NC 104A 363 +Dubnicka+ (FBAS, PRAG) 
CLEGG 90 ZPHY C45 677 +Oonnachie (LANC, MCHS) 
ATKINSON 85 ZPHY C29 333 + (BONN, CERN, GLAS, LANC, MCHS, IPNP+) 
MARTIN 80B NP B176 35S +Morgan (LOUC. RHEL)JP 
MARTIN 8OC NP B169 216 +Pennington (DURH) JP 
CUTTS 78B PR D17 16 +Good. Grannis, Green, Lee+ (STON, WISC) 
COUPLAND 77 PL 71B 460 +Eisenhandler, Gibson, Astbury+ (LOQM, RHEL) 
PEASLEE 75 PL 57B 189 +Demarzo, Guerr[ero+ (CANB, BARI, BROW, MIT) 
ALSPECTOR 73 PRL 30 511 +Cohen. Cvijanovich+ (BUTG, UPNJ) 
ABRAMS 70 PB D1 1917 +Cool, Giacomelli, Kycia. Leontic, Li+ (BNL) 
COOPER 68 PRL 20 1059 +Hyman, Manner, Musgrave+ (ANL) 

OTHER RELATED PAPERS 
BRICMAN 69 PL 29B 451 +Ferro-Luzzi, Bizar(J+ (CERN. CAEN, SACL) 
ABRAMS 67C PRL 18 1209 +Cool, Giacomelli. Kycia, Leontlc, Li+ (BNL) 

p(2150) WIDTH 

e + e  - ._~ f + l r - , K + K - , S x  
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 
363-t- go OUR AVERAGE Includes data from the datablock that follows this one. 

389•  79 BIAGINI 91 RVUE e + e  - 
a-+ ~r--, 
K + K  - 

410+100 9CLEGG 90 RVUE O e + e  - 
3(= + = -) ,  
2(~+ ~.- =o ) 

I fo(2200) I ,G(jPC) = o+(o + +) 

OMITTED FROM SUMMARY TABLE 
Seen at  DCI in the K O K O system. Not  seen in T radiat ive decays 
(BARU 89). Needs conf i rmat ibn.  

fo(2200) MASS 

VALUE(MeV) DOCUMENT ID TECN C._HG COMMENT 

=1.~1y 1AUGU5T,N 88 DM2 0 ~ Z  ~KOKO 
�9 �9 * We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2122 HASAN 94 RVUE ~ p  ~ 7r~ 
2321 HASAN 94 RVUE ~ p  ~ ~E 

1Cannot determine spin to be O. 

fo(2200) WIDTH 

VALUE (MeV} DOCUMENT ID TECN CHG COMMENT 

201~w 2AUGUSTIN 88 DM2 O J/'r ~[KOsKO 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

273 HASAN 94 RVUE ~ p  ~ wE 
223 HASAN 94 RVUE ~ p  ~ ~ 

2 Cannot determine spin to be O. 

4(2200) REFERENCES 

HASAN 94 PL B334 21S +Bugg (LOQM) 
BARU 89 ZPHY C42 505 +Beilin, Blinav, Blinov+ (NOVO) 
AUGUSTIN 88 PRL 60 2 2 3 8  +Calcaterra+ (DM2 Collab.) 



430 

Meson Particle Listings 
5 ( 2 2 2 0 )  

J f:(2220) J = 0+(2 + + or4  + +)  

OMITTED FROM SUMMARY TABLE 

T H E  . fJ(2220) 

Written March 1998 by M. Doser (CERN). 

This state has been seen in J/r radiative decay into 

K-K ( K + K  - and K s K  s ~  0 modes seen (BALTRUSAITIS 86D, 

BAI 96B)). An upper limit from DM2 for these modes (AU- 

GUSTIN 88) is ~t the level at which observation is claimed. 
There are also indications for further decay modes (~r+r - and 

~p) in the same production process (BAI 96B), although again 
at the level at which previous upper limits had been obtained 

(BALTRUSAITIS 86D); also seen in yy (ALDE 86B), KsKs~ o 

(ASTON 88D) and in K + K  - (ALDE 88F), albeit with very low 

statistics. Its j P c  is determined from the angular distributions 

of these observations. 
It is not seen in Z" radiative decays (BARU 89), B inclusive 

decays (BEHRENDS 84), nor in 7"~ (GODANG 97). It is also 

not seen in formation in ~p --~ K + K  - (BARDIN 87, SCULLI 

87), in ~p ---* K s K s  (BARNES 93, EVANGELISTA 97), nor 
in ~p ~ ~r+~r - (HASAN 96). The upper limit in ~p formation 

c~n be related to the claimed decay into ~p to give a lower 

limit for the process J/r  --* -~fj(2220) of ~ 2.5 x 10 -~. 

Such a signal should be visible in the inclusive photon spectrum 

(BLOOM 82). The limit also leads to the conclusion that two- 
body final states constitute only a small fraction of all decay 

modes of the fJ(2220). Observation of further decay modes 
would be very desirable. 

VALUE (MeV) EVTS 
2231.1-1- U OUR AVERAGE 
2235 4" 4 ~: fi 74 

2230 ~ 76 4"16 46 

2232 4"_ 8 4-15 23 

2235 4" 4 4" 5 32 

2209 + 1 7  •  
- 1 5  

2230 4-20 

2220 4"10 41 
2230 4" 6 :t:14 93 
2232 4- 7 4- 7 23 

f jF~o) MASS 

DOCUMENT IO TECN COMMENT 

BA! 96B BES e §  - ~ J / r  --~ | 

BAI 968 BES �9 + e -  ~ J/,~ --* I 
"~ K + K -  

BAI 96B BES e + e- -  - -  J / V ) -  J 
0 0 

"YKsK S 
BAI 96B BES e + e - - +  J /~ - .~  " /p~ | 

ASTON 88F LASS 11 K - p  ~ K + K - A  

BOLONKIN 88 SPEC 4 0 ~ - p - - +  KO~"On S " S  
1 ALDE 86B GA24 38-100 ".,rp -.* nr/r/" 

BALTRUSAIT. . ,860 MRK3 e+ e - ~ "~ K +  K - 

BALTRUSAm.~O MRK3 e+ e- -, .~KO K~ 
1 A L D E  86B uses data from both the GAMS-2000 and GAMS-4000 detectors. 

0(2220) WIDTH 

VALUE (MeV} EVTS DOCUMENT I0 TECN COMMENT 

�9 -_+ ", ou. *v~G~ 
19 +_ ]~• 74 BAI 96BBES e+~--- Jl,~-- I 

" ~ +  ~r-- 

20 +_ ]504-17 46 BAI 96B BES e+e- -__ ,  j l~_~ I 
~ K + K  - 

20 +_ ~ ; 4  23 BA, 96B BES e + ~ -  -~ J l ~ -  I 

1 5 ~  124" 9 32 BAI 96B BES e-i-s - - -  J/',~---, ~ p ~  | 

0 107 ASTON 88F LASS 11 K - p  - -  K + K - A  - 57 
804" 30 BOLONKIN 88 SPEC 4 0 ~ - p - -  K O K O n  

26 4"_ 204"17 93 BALTRUSAIT.. .86D MRK3 e-I'e - . ,~K"I 'K - 

23 O 0 18 + -- 154"10 23 BALTRUSAIT. .36D MRK3 s 'Fe - ~ , y K $ K  S 

Mode 

0(2220) DECAY MODES 

Fraction ( r  l / r )  

F 1 ~'~" seen 

F 2 *r + ~ - seen 

r 3 K K seen 
I- 4 p~ seen 
r 5 ,y-y not seen 

F 6 ~ t ( 9 5 8 )  seen 

0(2220) ro)r(-~-t)Ir(~t=) 
r(K1r x r ( ~ ) / r ~ . ,  
VALUE (eV) CL._..~ DOCUMENT ID TECN COMMENT 

K 0 vO �9 < S.6 95 2 GODANG 97 CLE2 ";"7 - -  S - -S 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< 86 95 2 ALBRECHT 90G ARG ~ --, K + K -  
<1000 95 3 A L T H O F F  85B TASS "y~/, K -Kx  

2Assuming JP = 2 + .  
3True for JP  = 0 + and JP = 2 + .  

r~rslr 

0(2220) r(1)rO~p)Ir(tot=) 

rO,~) x r(,r+,r-)Ir~,,  r 4 r = I r  
VALUE (keY) CL~..~ DOCUMENT ID "FECAl COMMENT 

<:3.9 99 4 H A S A N  96 SPEC ~ p - -  ~t-~t + | 

4Assuming r = 15 MeV and JP = 2 + | 

fJ(2220) BRANCHING RATIOS 

r(pp-)/r~., r 4 / r  
VALUE (units 10 -4  ) CL.~_~ DOCUMENT IO TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<3.0  95 5 EVANGELISTA97 SPEC 1.96-2.40~p --~ K O K  O I 

<1.1 99.7 6 B A R N E S  93 SPEC 1.3-1.57"~p--* KOsKO 

<:2.6 99.7 6 BARDIN 87 CNTR 1.3-1.~pp ~ K + K -  
<3.6 99.7 6 SCULLI 57 CNTR 1.29-1.55~Ip--* K + K -  

5Assuming r ~ 20 MeV, JP = 2 + and B( f j (2220)  - -  K K )  = 100%. J 

6Assuming F = 30-35 MeV, JP = 2 + and B( f j (2220)  ---* K K )  = 100%. 

r ( . . ) / r ( xX )  rdr: 
VALUE DOCUMENT 10 T~(;N COMMENT 

1.0-1-OJ BAI 96B BE5 �9 + e -  ~ J/,p --, I 
3 , 2 1 t , K ~  

r(p~)/r(K~ r4 / r :  
VALUE DOCUMENT I~0 TECN COMMENT 

0.17+0.09 BAI 96B BES e + e -  ~ J / ~  --~ | 
"y p 7~ , K-K 

EVANGELISTA 97 
GODANG 97 
BAI %B 
HASAN 96 
BARNES 93 
ALBRECHT ~ 
ASTON 88F 
BOLONKIN 88 
BARDIN 07 
SCULLI 87 
ALDE 86B 
BALTRUSAIT.. 86D 
ALTHDFF 8SB 

HUANG % 
BARDIN 87 
YAOUANC 85 
GODFREY 84 
SHATZ 84 
WILLEY 84 

fJ(2220) REFERENCES 

PR D56 3803 C, Evanl[elbta, Patano, OdJard+ (LEAR Co|lab.) 
PRL 70 3829 R. Godan E, KlnoshRa. Lat+ (CLEO Coilab.) 
PRL 76 3502 +Chen, Chen+ (BE5 Coilab,) 
PL B388 376 +Buu (BRUN, LOQM) 
PL B309 469 +Biden, Breunllch (P5185 Coil;lb.) 
ZPHY C48 183 +Ekdichmann, Harder+ (ARGUS Co|lab.) 
PL B215 199 +A~ j i+  (SLAC, NAGO. CINC, INUS) JP 
NP 8309 426 +Bloshenko, Got[n+ (ITEP, 5ERP) 
PL B195 292 +Bursun+ (SACL, FERR, CERN, PADO, TORI) 
PRL 58 1 7 1 5  +Chrlstenson, Kreiter. Nemethy, Yarnin (NYU, BNL) 
PL B177 120 +Binon, Bricman+ (SERP, BELG, LANL, LAPP) 
PRL 56 107 Baltrusa;Bs (CIT, UCSC, ILL, SLAC. WASH) 
ZPHY C29 189 +Braunschwe~g, Kirschflnk+ (TASSO Co|lab.) 

OTHER RELATED PAPERS 

PL 6380 109 +Jin. Zhan|, Chad (8HEP, 8EIJ) 
PL BIg5 292 +Burgun+ (SACL, FERR, CERN, PADO, TORI) 
ZPHY C28 309 +Oliver, Pene, Raynal, Dno (ORSAY, TOKY) 
PL 141B 439 +Kokoski, Isgut (TNTO) 
PL 138B 209 (CIT) 
PRL 52 585 (PITT) 
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 (2225),   (2250),  (2 00) 

1 (2225) I ,G(jPc) : o+(o-+) 
OMITTED FROM SUMMARY TABLE 

Seen in J/,@ --~ - / ~ .  Needs conf i rmat ion .  

11(2225) MASS 

VALUE {MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2 2 3 0 • 1 7 7  BAI 90B MRK3 J/V) 

~ K + K - K + K  - 
2 2 1 4 + 2 0 •  BAI 90B MRK3 J/V) 

7 K + K- KO KO L 
2220 BISELLO 86B DM2 J / ~  

7 K + K - K + K  - 

.(2225) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

1 ~ 0 : 1 : : ! ~ : 6 0  BAI 9OB MRK3 J / *  

~ K + K - - K + K  - 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

80 BISELLO 86B DM2 J/V) 

~ y K + K - K + K  - 

.(2226) REFERENCES 

,~(22S0) WIDTH 

~p --* x~r or K ~  
VALUE (MeV} DOCUMENT It) TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

220 HASAN 94 RVUE p p  ~ ~ r  
287 HASAN 94 RVUE ~p  ~ ~ 

60 9 0 A K D E N  94 RVUE 0.36-1.55 ~ p  ~ I 
~ + ~ r -  

250 10 M A R T I N  80B RVUE 
200 10 M A R T I N  80C RVUE 
150 1 1 C A R T E R  78B CNTR 0 0.7-2.4 ~ p  

K -  K § 
200 12 CARTER 77 CNTR 0 0.7-2.4 ~ p  --* 

wE 
9See however KLOET 96 who find waves only up to J = 3 to be important  but not I 

sbmificantly resonant. 
10 I ( j P )  = 1 ( 3 - )  from simultaneous analysis o f  p ~  ~ ~ r - ~ +  and ~0~0 .  
11 1 = O, 1. JP  = 3 -  from Barrelet-zero analysis. 
12 I ( j P )  = 1 ( 3 - ) f r o m  amplitude analysis. 

S-CHANNEL RN 
VALUE (MeV} DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1354-75 13,14 COUPLAND 77 CNTR 0 0.7-2.4 p p  ~ ~ p  
9 8 •  8 14 ALSPECTOR 73 CNTR p p  S channel 
85 15 A B R A M S  70 CNTR S channel p N  

13 From a fit to the total elastic cross section. 
141sosplns 0 and 1 not separated. 
15Seen as bump In I = 1 state. See also COOPER 68. PEASLEE 75 confirm p p  results 

o f  ABRAMS 70, no narrow structure. 
BAI 90B PRL 65 1309 +Blaylock+ (M;~rk III ColPab.) 
BISELLO 86B PL 8179 294 +Bus�9 Castro. Limentani+ (DM2 Collab. ) 

I p3(2250) I = 
OMITTED FROM SUMMARY TABLE 

Conta ins results only  f rom fo rmat ion  exper iments.  For produc- 
t ion  exper iments  see the N N ( 1 1 0 0 - 3 6 0 0 )  entry. See also p (2150) ,  
f2 (2150) ,  f4 (2300) ,  p5 (2350) .  

~j(2250) REFERENCES 

KLOET 96 PR D53 6120 +Myhrer (RUTG, NORD) 
HASAN 94 PL B334 215 +BuU (LOQM) 
OAKDEN 94 NPA 574 731 +Pennington (DURH) 
MARTIN 80B NP B176 355 +Morgan (LOUC, RHEL)JP 
MARTIN 80C NP B169 216 +PenninKton (DURH) JP 
CARTER 78B NP B141 467 (LOQM) 
CUTTS 78B PR D17 16 +Good, Grannis, Green, Lee+ (STON, WISC) 
CARTER 77 PL 67B 117 +Coupland, Elsenhandler, Astbury+ (LOQM, RHEL)JP 
COUPLAND 77 PL 71B 460 +Eisenhandler, Gibson, Astbury+ (LOQM, RHEL) 
PEASLEE 75 PL 57B 189 +Demarzo, Guerriero+ (CANB, BARI, BROW, MIT) 
ALSPECTOR 73 PRL 30 511 +Cohen, Cvljanovich+ (RUTG. UPNJ) 
ABRAMS 70 PR D1 1917 +CooI, G~acOmelil. Kycla. Le~r Li+ (BNL) 
COOPER 68 PRL 20 1059 +Hymen, Manner, Musgrave+ (ANt) 

OTHER RELATED PAPERS 
MARTIN 79B PL B6B 93 +PenninKton (DURH) 
CARTER 78 NP B132 176 (LOQM JP 
CARTER 77B PL E7B 122 (LOQM JP 
CARTER 77C NP B127 202 +Coup4and, Atklnson+ (LOQM, DARE, RHEL) 
ZEMANY 76 NP B103 537 +MingMa, Mountz, Smith (MSU) 
BERTANZA 74 NC 23A 209 +Bigl, Casall, Lariccia+ (PISA, PADO, TORI) 

I BETTINI 73 15A 563 (PADO, LBL, PISA, TORI) NC +Alsron-Garnjost, Bisi+ 
OONNACHIE 73 LNC 7 285 +Thomas {MCHS) 
NICHOLSON 73 PR D7 2572 +Del(xme, Carrotl+ (CIT, ROCH, 8NL) 
FIELDS 71 PRL 27 1749 +Cooper, Rhines. Allison (ANt, OXF) 
YOH 71 PRL 26 922 +Banish, Caroll, Lobko~Icz+ (CIT, BNL, ROCH) 
ABRAMS 67C PRL 18 1209 +Cool, Glacomelll, Kycia, Leont;c, L[+ (BNL) 

pa(2250) MASS 

~p--~ lrlr or KTi~ 
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2232 HASAN 94 RVUE ' p p  ~ ~ 
2007 HASAN 94 RVUE ~ p  ~ ~ r  
2090 1 O A K D E N  94 RVUE 0.36-1.53 ~p  

2250 2 M A R T I N  80B RVUE 
2300 2 M A R T I N  80C RVUE 
2140 3 CARTER 78B CNTR 0 0.7-2.4 ~ p  -~ 

K -  K + 
2150 4 CARTER 77 CNTR 0 0.7-2.4 ~ p - - *  

1See however KLOET  96 who find waves only up to  J = 3 to be important but not I 
significantly resonant, 

21 P ( J )  = 1 { 3 - )  from simultaneous analysis of  p ~  -+ ~ -  ~r + and ~ 0 ~ 0  
31 = Ol 1. J P  = 3-- from Barrelet-zero analysis, 
41(JP)  = 1 ( 3 - )  from amplitude analysis. 

S-CHANNEL ~ N  
VALUE (MeV} DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2190 5 CUTTS 78B CNTR 0.97-3 ~ p  ---* 
N N  

2 1 5 5 ~ 1 5  5,6 COUPLAND 77 CNTR 0 0.7-2.4 ;~p ~ ~p  
2 1 9 3 •  2 5 ,TALSPECTOR 73 CNTR ~ p  5channel 
2190 4-10 8 A B R A M S  70 CNTR S channel ~ N  

5 Isosplns 0 and 1 not separated. 
6 From a f i t  to  the total  elastic cross section. 
7Referred to as T or T region by ALSPECTOR 73. 
8seen as bump In I = 1 state. See also COOPER 68. PEASLEE 75 confirm ~ p  results 

o f  A B R A M S  70, no narrow structure. 

I &(23~176 I ,G(jPq : § +) 
See also the min i - rev iew under nonoq~ candidates.  {See the index 
for  the page number . )  

~(23oo) MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

2~J'1-1-211 1 E T K I N  88 MPS 2 2 ~ - p ~  (~r 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. * �9 �9 

2 2 3 1 + 1 0  BOOTH 86 OMEG B5 7 r - B e  ~ 2 r  

2220_  + 9 0  L I N D E N B A U M  84 RVUE 

2320J~40 ETKIN 82 MPS 22 ~ - p  --~ 2~n  

1 Includes data of ETKIN 85. The percentage of  the resonance going Into ~ 2 + + 52, 

D 2 a n  d . . . .  + 1 5  ~ + 1 8  and 69_+176, respectively. 
' " 0  '~ u _  5 '  " ' - 1 4 '  

~(2300) WIDTH 

VALUE (MeV) DOCUMENT 10 TECN COMMENT 

1494-41 2 ETKIN 88 MPS 22 ~ - p  ~ ~ n  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1 3 3 + 5 0  BOOTH 86 OMEG 85 ~ -  Be ~ 2~Be 
2 0 0 •  L INOENBAUM 84 RVUE 
2 2 0 + 7 0  ETKIN 82 MPS 2 2 ~ - p - *  2bn  

2Includes data of ETKIN 85. 
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Meson Particle Listings 
f2(2300), f~(2300), f2(2340) 

~(~1]0) DECAY MODES 

Mode Fraction ( r l / r )  

r l  ~ seen 

f2 (2300) REFERENCES 

ETKIN 88 PL B201 568 +Foley, Undeflbaum+ (BNL, CUNY) 
BOOTH 86 NP B273 677 +Carroll, Donald, Edwards+ (LIVP, GLAS, CERN) 
ETKIN 85 PL 1~5B 217 +Foley, Longacre, Lindenbaum+ (BNL, CUNY) 
UNDENBAUM 84 CNPP 13 285 (CUNY) 
ETKIN 82 PRL 49 1620 +Foley, Longacre, Lindenbaum+ (BNL, CUNY) 

�9 OTHER RELATED PAPERS 

LANDBERG 96 PR D53 2839 +Adams, Chan+ (BNL, CUNY. RPI) 
ARMSTRONG 89B PL B221 221 
GREEN 86 PRL 56 1639 
BOOTH 84 NP B242 51 

+Benayoun+(CERN, CDEF, BIRM, BARI, ATHU, CURIN+) 
+Lai+ (FNAL, ARIZ, FSU, NDAM, TUFTS, VAND+) 
+Ballance, Carroll, Donald+ (LIVP, GLAS, CERN) 

I f ' (23~176 I : ~ + +) 
OMITTED FROM SUMMARY TABLE 

Th is  ent ry  was previously called U0(2350  ). Conta ins results only  
f rom fo rmat ion  exper iments.  For product ion exper iments  see the 
N N ( 1 1 0 0 - 3 6 0 0 )  entry. See also p(2150) ,  f2(2150) ,  p3 (2250) ,  

P5(2350) .  

t'4(2300 ) MASS 

-pp"-* Ir l r  or K K 
VALUE ~MeV) DOCUMENT IO TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2314 HASAN 94 RVUE ~ p  -+ 7rTr 
2300 1 M A R T I N  80B RVUE 
2300 1 M A R T I N  80c RVUE 
2340 2 CARTER 78B CNTR 0.7-2.4"pp --~ K -  K + 

2330 DULUDE 78B OSPK 1-2 ~ p  ~ ~rO~r 0 
2310 3 CARTER 77 CNTR 0.7-2,4 p p  ~ ~r~r 

1 I ( j P )  = 0(4 + )  from simultaneous analysis o f  p~  ~ w-•r  + and ~rO~r O. 
2 I ( j P )  = 0(4 + )  from BarreleC-zero analysis. 
3 I ( j P )  = 0(4 + )  from amplitude analysis. 

f4(2300) REFERENCES 

HASAN 94 PL B334 215 +Bulg~ (LOQM) 
MARTIN 80B NP B178 355 +Morgan (LOUC, RHEL)JP 
MARTIN 80C NP B169 216 +Pennlniton (DURH) JP 
CARTER 78B NP B141 467 (LOQM) 
CUTTS 78B PR D17 16 +Good, Granni$, Green. Lee+ (STON, WISC) 
DULUDE 78B PL 79B 335 +Lanou, Masdmo, Peaslee+ (BROW, MIT, BARI)JP 
CARTER 77 PL 67B 117 +Coupland, Elsenhandler, Astbury+ (LOOM, RHEL)JP 
COUPLAND 77 PL 71B 460 +EIsenhandler, Gibson, Astbui~+ (LOOM, RHEL) 
ALSPECTOR 73 PRL 30 511 +Cohen, Cvijanovich+ (RUTG. UPNJ) 
ABRAMS 70 PR D1 1917 +Cool. Giacomel0, Kyc;a, LeonBc, Li+ (BNL) 

OTHER RELATED PAPERS 

FIELDS 71 PRL 27 1749 +Cooper, Rh;nes. Allison (ANL, OXF) 
YOH 71 PRL 26 922 +Barish, Caroll, Lobkowicz+ (CIT, BNL, ROCH) 
BRICMAN 69 PL 2r 451 +FerrO-Luzd, Bizard+ (CERN, CAEN, SACL) 

I  (2340) I = + +) 
See also the min i - rev iew under non -q~  candidates. (See the  index 
for  the page number . )  

~(2~10) MASS 

VALUE (MeV) DOCUMENT IO TECN COMMENT 

2339"1-S!1 1 E T K I N  88 MPS 2 2 ~ - p ~  ~ n  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

23924-10 BOOTH 86 OMEG 85 ~ - B e  ~ 24)Be 
23604-20 L I N D E N B A U M  84 RVUE 

1 Includes data of  ETKIN 85. The percentage of  the resonance going Into ~ 2 + + 52, 

and ~0 Is 37 ~- 19, 4_+1~, and Sg_+~, ,esp~lve.y. 

~(2340) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

319 + f ~  2 E T K I N  88 MPS 2 2 1 r - p ~  ~ n  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1984- 50 BOOTH 86 OMEG 85 x - B e  ~ 2#Be 

150 + 1 5 0  L I N D E N B A U M  84 RVUE 
- bu 

2includes data of  ETKIN 85. 

f2(2340) DECAY MODES 

Mode Fraction ( r i / r )  

[ '1 ~ seen 

f2(2340) REFERENCES 

S-CHANNEL ]~p or "~N 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, ~c .  �9 �9 �9 

2380 4 CUTTS  78B CNTR 0.97-3 ~ p  --* N N  
2345:E15 4,5 COUPLAND 77 CNTR 0.7-2.4 ~ p  ~ ~ p  
23594- 2 4 , 6 A L S P E C T O R  73 CNTR ~ p S c h a n n e l  
23754-10 A B R A M S  70 CNTR 5channel  N N  

4lsosplns 0 and 1 not separated. 
5 From a f i t  to the total elastic cross section. 
6Referred to  as U or U region by ALSPECTOR 73. 

ETKIN 88 PL B201 568 +Foley, Lindenbaum+ (BNL, CUNY) 
BOOTH 86 NP 8273 677 +Carroll, Donald, Edwards+ (LIVP, GLAS, CERN) 
ETKIN 85 PL 165B 217 +Foley, Longacre, Lindenbaum+ {BNL, CUNY) 
LINDENBAUM 84 CNPP 13 285 (CUNY) 

f4(2300) WIDTH 
LANDBERG % PR D53 2839 

OTHER RELATED PAPERS 

~p --~ x l r  or ~'K 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

278 HASAN 94 RVUE ~ p  ~ I r l r  
200 7 M A R T I N  80C RVUE 
150 8 CARTER 78B CNTR 0.7-2.4 ~ p  ~ K -  K + 
210 9 CARTER 77 CNTR 0.7-2.4 ~ p  ~ ~r~r 

7 I ( j P )  = 0(4 + )  from simultaneous analysis of  p ~  - *  7r-  l r +  and ~r 0 lr O. 

8 I ( j P )  = 0(4 + )  f rom Barrelet-zero analysis. 
9 I ( j P )  = 0(4 + )  from amplitude analysis. 

S-CHANNEL ~p or ~ N  
VALUE {MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the follmNIng data for averages, fits, l imits, etc. �9 �9 �9 

1 3 5 ~  150 10 ,11COUPLAND 77 CNTR 0 . 7 - 2 . 4 ~ p ~  ~ p  

165_+ 18 11ALSPECTOR 73 CNTR ~ p  5 channel 

190 A B R A M S  70 CNTR S channel "NN 

lOFrom a f i t  to  the total elastic cross section. 
11 Isospins 0 and 1 not separated. 

ARMSTRONG 89B PL B221 221 
GREEN 86 PRL 56 1638 
BOOTH 84 NP B242 51 

+Adams. Cha.+ (BNL, CUNY, RPI) 
+Benayou,+(CERN, CDEF, BIRM, BARI, ATHU, CURIN+) 
+Lai+ (FNAL, ARIZ, FSU, NDAM, TUFTS, VAND+) 
+Ballance, Carroll, Donald+ (LIVP, GLAS, CERN) 



See key on page 213 

I p5(2350) I ,G(jPC) = t+(s- -) 
OMITTED FROM SUMMARY TABLE 

Th is  en t ry  was previously called Ul(2Z}00 ). See also the 
N N ( 1 1 0 0 - 3 6 0 0 )  and X ( 1 9 0 0 - 3 6 0 0 )  entries. See also p(2150) ,  

f2 (2150) ,  P3(2250) ,  f4 (2300) .  
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Meson Particle Listings 
ps(2350), a~(2450), f~(2510) 

ps(2350) MASS 

~ r - p ~  ~=r~ 
VALUE (MeV) DOCUMENT ID "FECAl COMMENT 

21B0:l:~lll ALDE 95 GAM2 38 ~ -  p - *  ~ r  0 n 

]~p --~ ~r~r or ~ ' K  
VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 

�9 = * We do not use the following data for averages, fits, l imits, etc. = * �9 

2303 HASAN 94 RVUE ~ p  ~ *r*r 
2300 1 M A R T I N  80B RVUE 
2250 1 M A R T I N  80C RVUE 
2500 2 CARTER 78B CNTR 0 0.7-2.4 ~p  

K -  K + 
2480 3 CARTER 77 CNTR 0 0.7-2.4 ~p  

7r~r 

S-CHANNEL ~ N  
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

�9 �9 * We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2380 4 CUTTS 78B CNTR 0.97-3 ~ p  
~ N  

23454-15 4,5 COUPLAND 77 CNTR 0 0.7-2.4 ~ p  ~ ~p  
23594- 2 4 ,gALSPECTOR 73 CNTR ~ p  S channel 
23504-10 7 A B R A M S  70 CNTR S channel N N  
23604-25 8 OH 70B HDBC - 0  ",d(pn), K *  K21r 

I I ( J P )  = 1 ( 5 - )  from simultaneous analysis o f p ~  ~ l r - ~  + and ~0~rO. 

21 = 0(1); JP = 5 -  f rom Barrelet-zero analysis. 
3 I ( j P )  = 1 ( 5 - )  f rom amplitude analysis. 
4 Isospins 0 and 1 not separated. 
5 From a f i t  to  the total  elastic cross section. 
6Referred to as U or U region by ALSPECTOR 73. 
7For  I = 1 N N .  
8 N o  evidence for this bump seen In the ~ p  data of C H A P M A N  71B. Narrow state not 

confirmed by OH 73 with more data. 

~(2350) WIDTH 

x - p  ~ . ~ ~  
VALUE (MeV) DOCUMENT ,D TECN COMMENT 
4004"100 ALDE 95 GAM2 3 8 ~ r - p ~  ~ O n  

]~p --~ lrlr or ~ K  
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

169 HASAN 94 RVUE ~ p  ~ ~ 
250 9 M A R T I N  80B RVUE 
300 9 M A R T I N  80C RVUE 
150 10 CARTER 78B CNTR 0 0.7-2.4 ~ p  

K -  K § 
210 11CARTER 77 CNTR 0 0.7-2.4 ~ p  

S-CHANNEL "RN 
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

�9 = = We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

13n+150  12,13 COUPLAND 77 CNTR 0 0,7-2,4 ~p  ~ ~p  
~ -  68 

165 + - 18 13 ALSPECTOR 73 CNTR ~ p  S channel 

< 60 1 4 O H  708 HDBC - 0  ~(pn ) ,  / ( * K 2 ~  
140 A B R A M S  67c CNTR S channel ~ N  

9 I ( j P )  = 1 ( 5 - )  from simultaneous analysis o f  p ~  
101 = O(1); JP  = 5 -  from Barrel�9 analysis. 
11 I ( j P )  = 1 ( 5 - )  from amplitude analysis. 
12 From a fit to the total elastic cross section. 
131sospins 0 and 1 not separated. 

* - ~ +  and ~ 0 ~ 0  

14No evidence for this bump seen in the p p  data of  C H A P M A N  71B. Narrow state not 
confirmed by OH 73 with more data. 

/~(2~50) REFERENCES 

ALDE 95 ZPHY C66 379 +Blnom, Bricman+ (GAMS Coltab.)JP 
HASAN 94 PL 8334 215 +Bugg (LOQM) 
MARTIN 80B NP B176 355 +Morsan (LOUC, RHEL)JP 
MARTIN 80C NP BlS9 216 +Pennlngton (DURH) JP 
CARTER 78B NP B141 467 (LOQM) 
CUTTS 78B PR D17 16 +Good, Granni$, Green, Lee+ (STON, WISC) 
CARTER 77 PL 67B 117 +Coupland, Elsenhandler, Astbu~y+ (LOQM, RHEL)JP 
COUPLANO 77 PL 71B 460 +Eisenhandler, Gibson, Astbury+ (LOQM, RHEL) 
ALSPECTOR 73 PRL 30 511 +Cohen, Cvijanovich+ (RUTG, UPNJ) 
OH 73 NP B51 57 +Eastman, MingMa, Parker, Smfth+ (MSU) 
CHAPMAN 71B PR D4 1275 +Green, Lys, Murphy, RinK+ (MICH) 
ABRAMS 70 PR D1 1917 +Cool, Giacomelll, Kycia, Leontic, Li+ (SNL) 
OH 70B PRL 24 1257 +Parker, Eastman, Smith, Sprafka, Ma (MSU) 
ABRAMS 67C PRL 18 1209 +Cool, C4acomelli, Kycia, Leontic, Li+ (BNL) 

- -  OTHER RELATED PAPERS - -  
CASO 70 LNC 3 707 +Conte, Tomadn~+ (GENO, HAMB, MILA, SACL) 
BRICMAN 69 PL IRB 451 +Ferrc-Luzzi, Bizard+ (CERN, CAEN, SACL) 

i a+(:4so) i ,G(,Pc) = , - ( ,+n 
OMITTED FROM SUMMARY TABLE 

Needs conf i rmat ion.  

a6(2450) MASS 

VALUE (MeV) DOCUMENT ID TECN CHG 

2480::1:130 1 CLELAND 82B 5PEC -{- 

1 From an amplitude analysis. 

COMMENT 

50 7rp ~ K O K •  

a6(2450) WIDTH 

VALUE (MeV) DOCUMENT ID TECN 

4004-250 2 CLELAND 82B SPEC 

2 From an amplitude analysis. 

CHG COMMENT 

4- 50 l rp  --* K O K 4 - p  

a6(2450 ) DECAY MODES 

Mode 

r l  KK 

CLELAND 85B NP B208 528 

1 (2mo)l 

a6(2450) REFERENCES 

+Delfosse, Dorsaz, GIo<x (DURH, GEVA, LAUS, PITT) 

O M I T T E D  F R O M  S U M M A R Y  T A B L E  
Needs conf i rmat ion.  

IG(J  PC) = 0+(6+ +) 

f,(im0) MASS 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

8 1 0 4 - S 0  BINON 84B GAM2 38 ~ - p  ~ n2~ 0 

f6(2510) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

2404"60 BINON 84B GAM2 23 ~ - p  -~ n2~ 0 

~,(2510) DECAY MODES 

Mode Fraction (F I /F )  

r l  ~,r (8.o4-1.0) % 

f6(2510) BRANCHING RATIOS 

r(..)/r~, rdr 
VALUE DOCUMENT ID TECN COMMENT 

0.06 8Oo01 1 BINON 83C GAM2 38 ~ - p  ~ n4~ 

1Assuming one pion exchange and using data of  BOLOTOV 74. 

fg(2510) REFERENCES 

BINON 84B LNC 39 41 ~+Donskov, Duteil, Gouanere+ (SERP, BELG, LAPP)JP 
81NON 83C SJNP 38 723 +Gouanere, Donskov, Duteil+ (SERP, BRUX+) 

Translated from YAF 38 1199, 
BOLOTOV 74 PL 52B 489 +lsakov, Kakaurldze, Khaustov+ (SERP) 
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Meson Particle Listings 
X(3250)  

I X(3250)  I ,G(jPc) = 7?(???) 
OMITTED FROM SUMMARY TABLE 

Narrow peak observed in several f inal states w i th  hidden strangeness 

( A p K  + ,  A~K+Tr •  KOpeK• Needs conf i rmat ion.  

x(~so) MASS 

3-BODY DECAYS 
VALUE (MeV} DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

3 2 5 0 + 8 •  ALEEV 93 BIS2 X(3250) ~ A~K + 
3265 i74 -20  ALEEV 93 BIS2 X(3250) ~ ApK- 

4-BODY DECAYS 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

3245q-8+20 ALEEV 93 BIS2 X(3250) ~ A~K+~r :j: 
3 2 5 0 • 1 7 7  ALEEV 93 BI52 X(32S0) ~ "ApK-lr ~: 

ALEEV 93 BIS2 X ( 3 2 5 0 ) ~  KOpeK ~ 3270• 

X(3250) WIDTH 

3-BODY DECAYS 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

45:J:18 ALEEV 93 BIS2 X(3250) ~ A'pK + 
40:E18 ALEEV 93 BIS2 X(3250) ~ -ApK- 

4-BODY DECAYS 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

25•  ALEEV 93 BIS2 X(3250) ~ A'~K+w • 
50•  ALEEV 93 BIS2 X(3250) --* -ApK-~r:F 
25+11 ALEEV 93 BIS2 X(3250) ~ KOpeK • 

X(3250) DECAY MODES 

Mode 

F 1 A#K + 
F 2 A-#K+:r + 
F3 K ~  + 

X(3250) REFERENCES 

93 PAN 56 1 3 5 8  +Balandin+ 
Translated from YAF 56 100. 

ALEEV (BIS-2 Collab.) 



See key on page 213 

OTHER LIGHT UNFLAVORED 
MESONS (S = C =  B = 0) 

IG(J PC) = ? ? ( 1 - - )  

O M I T T E D  F R O M  S U M M A R Y  T A B L E  
This entry contains unflavored vector mesons coupled to �9 + e -  
(photon) between the ~ and J /V~(1S)  mass regions. See also 
c~(1420), p(1450), ~(1600),  ~(1680),  and p(1700). 

e+e-(1100-2200) MASSES AND WIDTHS 

We do not use the following data for averages, fits, limits, etc. 
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Meson Particle Listings 
e +e-(1100-2200), NN(1100-3600) 

VALUE (MeV) DOCUMENT IO 
1100 to :1200 OUR L IMIT  

VALUE (MeV) DOCUMENT IO TEEN COMMENT 

0 ~=n-t'16"0 BARTALUCCI 79 OSPK 7 " 7 p - *  e + e - p  
. . . .  - 19 .0  

3 �9 n+24"0 BARTALUCCI 79 OSPK 7 3 'P '~ �9 + e - p  " ~  - 20.0 

VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 

1266.04- 5.0 BARTALUCCI 79 DASP 0 7" /p- - -~  e + e - p  

110.04-35.0 BARTALUCCI 79 DASP 0 7 " y p ~  e + e - p  

VALUE (MeV) DOCUMENT IO TECN COMMENT 

1830,0 PETERSON 78 SPEC ~ p  "-, K + K - p  

120.0 PETERSON 78 SPEC " /p - - *  K + K - p  

VALUE (MeV} DOCUMENT IO TEEN COMMENT 

�9 �9 �9 We do not use the following data fOr averages, fits, limits, etc. �9 �9 �9 

18704-10 ANTONELLI 96 SPEC e+e  - ~ hadrons 
104- 5 ANTONELLI 96 SPEC e+e  - ---* hadrons 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

2130 1 ESPOSITO 78 F R A M e  + e -  ---* K*(892) + . , .  
30 1ESPOSITO 78 FRAM e+e  - - - ~  K*(892)+. , .  

1Not seen by DELCOURT 79, 

e+e- (1100-2200) REFERENCES 

ANTONELLI 96 PL B365 427 +Bakllnl, Bertani+ (FENICE Collab.) 
BARTALUCCI 79 NC 49A 207 +Badni, Bertolucd+ (DESY, FRAS) 
DELCOURT 79 PL 86B 395 +Derado, Bertrand, Biseno, Blzot, Buo~+ (LALO) 
ESPOSITO 78 " LNC 22 30~ +Fellcetti (FRAS, NAPL, PADO, ROMA) 
PETERSON 7S PR D18 3955 +Dixon, Ehdich, Gallk, Larlon (CORN, HARV) 

OTHER RELATED PAPERS " ~  
BACCI 76 PL 64B 356 +Bidoll, Penlo, Stelli, Baldinl+ (ROMA, FRAS) 
BACCl 75 PL 58B 481 +Bidoli, Pen~o, Stella+ (ROMA, FRAS) 

I N(  O0- 600) I 

VALUE {MeV) 

1390.94-6.3 
1395 

VALUE (MeV) 

1410 
100 

VALUE (MeV) 

14684- 6 

884-18 

VALUE (MeV) 

1512 4- 7 
1523.84- 3.6 
1522 4- 7 

59 4-12 

VALUE (MeV) 

1577.84- 3.4 
1594 4- 9 

81 4-12 

VALUE (MeV) 

1633.64-4.1 

1.7.1+_~:~ 
VALUE (MeV) 

16384-3.0 

VALUE (MeV) 

1644 n +5"6 
" ' - -7.3 

VALUE (MeV) 

1646 

VALUE (MeV) 

1~87.1+ ~: ~ 
1684 

VALUE (MeV) 

16934-2 
1694 4- 2.0 

VALUE (MeV) 

1713.04-2.6 

VALUE (MeV) 

1731.04-1.5 

VALUE (MeV) 
1771 4-1.0 

DOCUMENT ID TEEN CHG COMMENT 

1CHIBA 87 CNTR 0 O. ~p ~ "~X 
1,3,4,5 PAVLOPO... 78 CNTR Stopped 

DOCUMENT ID TECN CHG COMMENT 

BETTINI 66 DBC 0 O. ~N  ~ 5~r 
BETTINI 66 DBC 0 O. ~ N  ~ 5~r 

DOCUMENT ID TEEN CHG COMMENT 

6 BRIDGES 86B DBC 

6 BRIDGES 86B DBC 

0 O, - p N - *  
2~r-  ;r + ~r 0 

0 O. " ~ N ~  
2 ~ -  ~ + ~r 0 

DOCUMENT ID TEEN CHG COMMENT 

1 CHIBA 91 CNTR pd  ~ "yX 
1CHIBA 87 CNTR 0 O. ~p ~ "yX 
6 BRIDGES 86B DBC 0 0. ~ N  

2 ~ -  ~4- 
6 BRIDGES 86B DBC 0 O. ~N  

2~r- ~r + 

DOCUMENT ID TEEN CHG COMMENT 

1,2,3,4 RICHTER 83 CNTR 0 Stopped 

DOCUMENT ID TEEN COMMENT 

ADIELS 84 CNTR p i le  

DOCUMENT ID TEEN COMMENT 

1,3,4,5 PAVLOPO... 78 CNTR Stopped 

DOCUMENT ID TEEN COMMENT 

1CHIBA 87 CNTR 0 0. ~p ~ ~'X 
6 BRIDGES 86B DBC O, pN  

2 ~ -  ~ + ~t 0 
6 BRIDGES 86B DBC - O. ~N  

21r- it + it 0 

DOCUMENT ID TEEN CHG COMMENT 

1CHIBA 87 CNTR 0 O. ~p  ~ *fX 

ADIELS 84 CNTR ~He 

DOCUMENT ID TEEN CHG COMMENT 

ADIELS 84 CNTR ~He 

1,3,4,5 PAVLOPO.. 78 CNTR Stopped 

DOCUMENT ID TEEN CHG COMMENT 

1 CHIBA 91 CNTR ~d  ~ "~X 
1,2,3,4 RICHTER 83 CNTR 0 Stopped 

DOCUMENT ID TEEN CHG COMMENT 

1CHIBA 87 CNTR 0 0, pp ~ ~/X 

DOCUMENT ID TEEN CHG COMMENT 

1CHIBA 87 CNTR 0 0. pp --* "yX 

DOCUMENT ID TEEN CHG COMMENT 

1,3,4,7 RICHTER 83 CNTR 0 Stopped 

O M I T T E D  F R O M  S U M M A R Y  T A B L E  
This entry contains various high mass, unflavored structures cou- 
pled to  the baryon-antibaryon system, as well as quasi-nuclear bound 
states below threshold. 

VALUE 

1812.34-1.2 
3.74-1.3 

VALUE(MeV) 

"RN(1100-~00) MASSES AND WIDTHS 
We do not use the following data for averages, fits, limits etc. 

VALUE (MeV) DOCUMENT IO 
1100 110 MO0 OUR LIMIT  

VALUE(MeV) 

11074-4 

1114-84-15 

VALUE (MIV) 

1167 4-7 
1191.04-9.9 
1210 4-5.0 

VALUE (MeV) 

1325 4-5 
1329.24-7.6 

DOCUMENTID TECN CHG COMMENT 

DAFTARI 87 DBC 0 O. ~n -~ 
p - ~ + x -  

DAFTARI 87 DBC 0 O. ~n --* 
p ~ + ~ - -  

DOCUMENT ID TEEN CHG COMMENT 

1CHIBA 91 CNTR ~d  --* ~X 
1CHIBA 87 CNTR 0 0. ~p ~ 3'X 

1,2,3,4 RICHTER 83 CNTR 0 Stopped 

DOCUMENT ID TEEN CHG COMMENT 

1CHIBA 91 CNTR ~d  ~ 3,X 
1 CHIBA 87 CNTR 0 O. ~p  ~ "IX 

1856.64- 5 
20 4-5 

VALUE (M=V) 
1870 

10 

1873 4- 2.5 
< 5 

VALUE (MeV} 
18974-17 

1104-82 
18974- 1 

25+ 6 

VALUE(MeV) 

~1920  
190 

DOCUMENT ID T E E N  COMMEN T 

CHIBA "97 CNTR ~d ~ nX 
CHIBA 97 CNTR ~d ~ nX 

DOCUMENT ID TECN CHG COMMENT 

BRIDGES 86D SPEC 0 O. ~d  ~ l rwN 
BRIDGES 860 SPEC 0 0. ~d  ~ l r~N  

DOCUMENT ID TECN CHG COMMENT 

8 DALKAROV 97 RVUE - 0.0 ~d  --~ 
p 3 ~ -  2~ + 

8 DALKAROV 97 RVUE - 0.0 ~d  --~ 
p 3 ~ -  2x + 

BRIDGES 86D SPEC 0 O. pd--~  ~ w N  
BRIDGES 86D SPEC 0 O. p d  "~ e ~ N  

DOCUMENT ID TEEN COMMENT 

9 ABASHIAN 76 STRC 8 l r - p  ~ p3~ 
9 ABASHIAN 76 STRC 8 ~ -  p ~ p31r 

KALOGERO_. 75 DBC ~n annihilation near 
threshold 

KALOGERO... 75 DBC ~n annihilation near 
threshold 

DOCUMENT ID TEEN COMMENT 

10 EVANGELISTA 79 OMEG 
EVANGELISTA 79 OMEG 

10,16 ~-- p ~ pp 
10,16 ~- -p  ~ ~p 
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 N( ZOO-36OO) 
VALUE (MeV) EVTS 

1937.3 + 1.3 
- -  0.7 

< 3.0 
1930 :4- 2 

12 4- 7 
1940 + 1 36 

6.0 
1949 :El0 

80 4- 20 
1939 -4- 2 

22 •  
1935.5+ 1.0 

2.84- 1.4 
1939 �9 3 

< 4.0 
1935.9-F 1.0 

8 . 8 - } -  4.3 
- -  3.2 

1942 • 5 
57.54- 5 

1934.4 ~ 2.6 
- 1.4 

11 +11 
- -  4 

1932 :E 2 

9 + 4  
- -  3 

1 9 6 8  

35 

VALUE (MeV) 

1949 -k 10 
804-20 

VALUE (MeV) 

2011:E 7 
=:+10 
"- -25 

2025 
< 30 

20204- 3 
244-12 

VALUE (MeV) 
20224- 6 

14-F13 

VALUE (MeV) 

2023 :E 5 
274-12 

VALUE(MeV} 

2026-1- S 
204-11 

VALUE (MeV) 

20804-10 

110• 

VALUE {MeV) 

2090 • 20 
170 �9 50 

VALUE (MeV} 

2110 
330 

VALUE (MeV) 

21104-10 
190-4-10 

VALUE (MeV) 

2141 
14 

VALUE (MeV) 

2180-4-10 
270 4-10 

VALUE (MeV) 
2207 4-13 

624-52 

DOCUMENT ID TECN EHG COMMENT 

11 FRANKLIN 87 SPEC 0.586 ~p 

11 FRANKLIN 87 SPEC 0.586 ~p 
12 ASTON 80D OMEG "~p ~ p~X 
12 ASTON 80D OMEG "~p ~ p~X 

DAUM 80E CNTR 0 93 p p  ~ "~pX 
DAUM 50E CNTR 93 p p  ~ ~ p X  

13 DEFOIX 80 HBC 0 ~p ~ 5~r 
13 DEFOIX 80 HBC 0 ~p ,--, 5~ 
14HAMILTON 80B CNTR 0 $channel~p 
14 HAMILTON 80B CNTR 0 S channel ~p 

SAKAMOTO 79 HBC 0 0.37-0.73 ~p 
SAKAMOTO 79 HBC 0 0.37-0.73 ~p 
BRUCKNER 77 SPEC 0 0.4-0.85 ~p 
BRUCKNER 77 SPEC 0 0.4-0.85 ~p 

15 CHALOUPKA 76 HBC 0 ~p total,elastic 

16 CHALOUPKA 76 HBC 0 ~p total,elastic 

17 D'ANDLAU 75 HBC 0 0.175-0,750~p 
18 D'ANDLAU 75 HBC 0 0.175-0.750~p 

19 KALOGERO... 75 DBC - ~N annihilation 

20 KALOGERO.., 75 DBC - ~N annihilation 

15 CARROLL 74 CNTR S channel ~p 
d 

16 CARROLL 74 CNTR S channel ~p 
d 

21 BENVENUTI 71 HBC 0 0.1-0.8 ~p 
21 BENVENUTI 71 HBC 0 0.1-0.8 ~p 

DOCUMENT ID TECN CHG COMMENT 

22 DEFOIX 80 HBC 0 0.0-1.2 ~p ~ 5w 
22 DEFOIX 80 HBC 0 0.0-1.2 ~p ~ 5~ 

DOCUMENT ID COMMENT 

23 FERRER 93 ~ -  p ~ p p ~ r -  ~r 0 

23FERRER 93 ~ r - p  ~ p p ~ x - ~ r  0 

GIBBARD 79 e - p ~  e - p p ~  

GIBBARD 79 e - p  --* e - p p ~  

BENKHEIRI 77 ~r-  p ~ p p ~ r -  

BENKHEIRI 77 ~ r - p ~  p p ~ r - -  

DOCUMENT ID TECN CHG COMMENT 

24 AZOOZ 83 HYBR + 6 pp  ~ p~3* 
24 AZOOZ 83 HYBR + 6 ~p ~ p~3~ 

DOCUMENT ID TECN CHG COMMENT 

BODENKAMP 83 SPEC 0 "TP ~ PPP 
BODENKAMP 83 SPEC 0 " /p  ~ "ppp 

DOCUMENT IO TECN EHG COMMENT 

24 AZOOZ 83 HYBR 
24 AZOOZ 83 HYBR 

- 4 p p  ~ -pn3~ 
- 4 p p ~  p n 3 x  

DOCUMENT ID TECN CHG COMMENT 

25KREYMER 80 STRC 0 1 3 ~ - d ~  
p ~ n ( n )  

25 KREYMER 80 STRC 0 13 ~ -  d --* 
p ' p n ( n )  

�9 DOCUMENT ID TECN COMMENT 

26KREYMER 80 STRC 1 3 x - d ~  n p ' ~ l r - p  

26KREYMER 50 STRC 1 3 ~ - d - *  n p ~ - p  

DOCUMENT ID TECN COMMENT 

27 EVANGELISTA79 OMEG 10,16 ~ - p  ~ ~p 
27 EVANGELISTA 79 OMEG 1 0 , 1 6 ~ - p - *  ~p 

DOCUMENT ID TEEN COMMENT 

28ROZANSKA 80 SPRK 1 8 ~ - p ~  p"pn 

28ROZANSKA 80 SPRK 1 8 ~ p ~  p ~ n  

DOCUMENTID TECN CHG COMMENT 

29 DONALD 73 HBC 0 ~p S channel 
29 DONALD 73 HBC 0 ~p S channel 

DOCUMENT ID TECN COMMENT 

30 ROZANSKA 80 SPRK 18 w - p  ~ p-~n 

30ROZANSKA 80 SPRK 1 8 ~ - p ~  p ~ n  

DOCUMENT ID TECN CHG COMMENT 

31 ALLES-... 67B HBC 0 S.7 ~p 
31 ALLES-... 67B HBC 0 5.7 ~p 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

2210 +79 EVANGELISTA798 OMEG 10 x - p  K + K - n  

203 EVANGELISTA 79B OMEG 10 ~r -p  - *  K + K -  n 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

2231.9 4-0.1 32 BARNES 94 SPEC 0-46 ~p ~ ~A 
0.59~:0.25 32 BARNES 94 SPEC 0-46 ~p - *  AA 

2229.2 CARBONELL 93 RVUE ~p ~ AA 
1.8 CARBONELL 93 RVUE ~ p ~  AA 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

2260 33 EVANGELISTA79 OMEG 10,16 ~ - p  --~ ~p 
440 33 EVANGELISTA 79 OMEG ~10,16 ~ -  p ~ pp 

VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 

2307• 6 ALPER 80 CNTR 0 6 2 ~ - p - - ~  
K +  K - - n  

2454-20 ALPER 80 CNTR 0 6 2 . - p ~  
K + K - n  

VALUE (MeV) DOCUMENT ID TECN COMMENT 

23804-10 34ROZANSKA 80 SPRK 1 8 ~ - p ~  p ~ n  

380:E20 34ROZANSKA 80 SPRK 1 8 ~ - p ~  p'~n 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

24504-10 35 ROZANSKA 80 SPRK 18 l r - p  --~ p ~ n  

2804-20 35 ROZANSKA 80 SPRK 18 x - p  --~ p"pn 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

24804-30 36 CARTER 77 CNTR 0 0.7-2.4 ~p--*  

2104-25 36 CARTER 77 CNTR 0 0.7-2.4 ~p 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

2500 37 CARTER 78B CNTR 0 0.7-2.4 ~p --b 
K -  K + 

150 37 CARTER 78B CNTR 0 0.7-2.4 ~p 
K -  K + 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

27104-20 ROZANSKA 80 SPRK 18 ~ ' - p - ' *  p-pn 

170• ROZANSKA 80 SPRK 18 I r - p  .-+ p"Pn 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

28504-5 38 BRAUN 76 DBC - 5,5 ~d  - *  N N ~  
< 39 38 BRAUN 76 DBC - 5.5 ~d  --, N N x  

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

33704-10 39ALEXANDER 72 HBC 0 6.94~p 
150+40 39 ALEXANDER 72 HBC 0 6.94 ~p 

VALUE (MeV) DOCUMENT ID TECN EHG COMMENT 

36004-20 39ALEXANDER 72 HBC 0 6.94~p 
1404"20 39ALEXANDER 72 HBC 0 6.94~p 

1 Not seen by GRAF 91. 
2Not seen by CHIBA 88, ANGELOPOULOS 86, ADIELS 86. 
3 They looked for radiative tra nsltlons to bound p~ states, mono-energetlc ,y rays detected. . 
4Observed widths consistent with expedmentat resolution. 
5Not seen by ADIELS 86. 
6 From analysis of difference of w -  and ~+ spectra. 
7Not seen by CHIBA 88, ANGELOPOULOS 86. 
8 From a phenomenologlcal analysis of ASTERIX data. | 
9 Produced backwards. 

I O I ( J P )  = 1(1 - )  from a mass dependent partial-wave analysis taking solution A. 
11From reanalysis of data from JASTRZEMBSKI 81. 
12Not seen by BUSENITZ 89. 
13 From energy dependence of 5~r cross section. I G = 1 -  from observation of wp decay. 

P = -P and J >1. a2(1320)x~ also seen. 
141 = 0 favored, J = 0 or 1, seen in total ~p total cross section. Pdmadly from annihilation 

reactions. Not seen In ~d total and annihilation cross sections. 
15Narrow bump seen In total ~p, ~d  cross sections. Isospln uncertain. Not seen In 

]tip charge exchange by ALSTON-GARNJOST 75, CHALOUPKA 76. Integrated cross 
section three times larger than BRUCKNER 77, 

16Narrow bump seen In total ~p, ~d cross sections. Isospln uncertain. Not seen In 
~p charge exchange by ALSTON-GARNJOST 75, CHALOUPKA 76. Integrated cross 
section three times larger than BRUCKNER 77. Not seen by CLOUGH 84. 

17 From energy dependence of far backward elastic scattering, Some Indication of additional 
structure. 

18 From energy dependence of far backward elastic scattering, Some indication of additional 
structure, 

19 Not seen by ALBERI 79 with comparable statistics, 
20 Not seen by ALBERI 79 with comparable statistics. 
21Seen as a bump in the~p ~ K O K O  L cross section with j P C  = 1 - - .  

22 Isospln 1 favored. 
23 Not seen by AJALTOUNI 82, ARMSTRONG 79, BUZZO 97. 
24Not seen by BIONTA 80, CARROLL 80, HAMILTON 80, BANKS 81, CHUNG 81, 

BARNETT 83. 
25 Neutron spectator. See also n p ~ I r - ( p )  channel following. 
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N N(1100-3600), X (1900-3600) 

26 Proton spectator. See also ppn (n )  channel above. 

27 I ( j P )  = 1 ( 3 - )  from a mass dependent partial-wave analysis taking solution A. 
28 I ( j P )  = 1 ( 3 - )  from ampl i tude analysis assuming one-plon exchange. 
29 See;3 in final state ~ ~ §  ~ - .  
30 I ( j P )  = 0(2 + )  from ampl i tude analysis assuming one-pion exchange. 
31ALLES.BORELLI 67B see neutral mode only ~ +  ~ -  ~0. 
32Supersedes CARBONELL 93. 
33 I ( j P )  = 0(4-}-) from a mass dependent partial-wave analysis taking solution A. 
34 I ( j P )  = 0(4+)  from ampl i tude analysis assuming one-plon exchange. 
3 5 1 ( j P )  = 1 ( 5 - )  from ampl i tude analysis assuming one-pion exchange. 
361(JP) : 1 ( 5 - )  from ampli tude analysis o f p p  --* ~ .  
371=0,1 JP  = 5 -  from Barrelet-zero analysis. 
38 Decays to N N  and N N ~ .  Not seen by BARNETT 83. 
39 Decays to 4 ~ + 4 ~  - .  

NN(l100-3600) REFERENCES 

Ix(19oo-36oo)1 
OMITTED FROM SUMMARY TABLE 

T H E  X(1900-3600)  R E G I O N  

This high-mass region is covered nearly continuously with 

evidence for peaks of various widths and decay modes. As 

no satisfactory grouping into particles is yet possible, we list 

together in order of increasing mass all the Y = 0 bumps above 

1900 MeV that are coupled neither to N N  nor to e+e - .  

X(1900-3600) MASSES AND WIDTHS 
BUZZO 97 ZPHY C76 475 A. Buzzo, Drijard+ (JETSET Collab.) 
CHIBA 97 PR D55 40 +Do~, Fujitani+ (FUKI, INUS, KEK, SANG, OSAK, TMU) 
DALKAROV 97 PL B392 229 +Kolybasov, Shapiro+ (LEBD) 
BARNES 94 PL B331 203 +Biriefl+ (PS185 Collab.) 
CARBONELL 93 PL B306 407 +Protasov, Dalkarov (ISNG, LEBD) 
FERRER 93 NP AS58 1 9 1 c  +Gdgonian (WAS6 Collab.) 
CHIBA 91 PR D44 1933 +Fujitani+ (FUKI, KEK, SANG, OSAK, TMU) 
GRAF 91 PR D44 1945 +Fero, Gee+(UCI, PENN. NMSU, KARLK, KARLE, ATHU) 
BUSENITZ 89 PR D40 1 +OIszewski, Callahan+ (ILL. FNAL) 
CHIBA 88 PL B202 447 +Doi (FUKI, INUS. KEK, SANG, OSAK. TMU) 
CHIBA 87 PR D36 3321 +Doi+ (FUKI, INUS. KEK, SANG, OSAK, TMU) 
DAFTARI 87 PRL 58 859 +Gray, Kalogeropoulos, Roy (SYRA) 
FRANKLIN 87 PL B184 81 
ADIELS 86 PL B182 405 +Backenstoss+ (STOH, BASL, LASL, THES, CERN) 
ANGELOPO... 86 PL B178 441 Angelopoulos+(ATHU, UCI, KARLK, KARLE, NMSU, PENN) 
BRIDGES 86B PRL 56 215 +Daftad, Kalogeropoulos, Debbe+ (SYRA, CASE) 
BRIDGES 86D PL B180 313 +Brown, Daftad+ (SYRA, BNL, CASE, UMD, COLU) 
ADIELS 84 PL 138B 235 + (BASL, KARLK, KARLE, STOH, STRB, THES) 
CLOUGH 84 PL 146B 299 +Beard, Bugg+ (SURR, LOQM, ANIK, TRST. GEVA) 
AZOOZ 83 ' PL 122B 471 +Butte~worth (LOIC, RHEL. SACL. SLAG, TOHOK+) 
BARNETT 83 PR D27 493 +BIockus, Burka, Chien, ChdstJan+ (JHU) 
BODENKAMP 83 PL 133B 275 +Fries, Behrend. Fenner+ (KARLK, KARLE, DESY) 
RICHTER 83 PL 126B 284 +Adieis (BASt KARLK, KARLE, STOH, STRB, THES) 
AJALTOUNI 82 NP B209 301 +Bachman+ (CERN, NEUC+) 
BANKS 81 PL IOOB 191 +Booth, Campbell, Armstrong+ (LIVP, CERN) 
CHUNG 81 PRL 46 395 +Bensinger+ (BNL, BRAN, CINC, FSU, MASD) 
JASTRZEM... 81 PR D23 2 7 8 4  Jastrzembskl, Mandelkern+ (TEMP, UCI, UNM) 
ALPER 80 PL 94B 422 +Becket+ (AMST, CERN, CRAC, MPIM, OXF+) 
ASTON 800 PL 93B 517 (BONN, CERN, EPOL, GLAS, LANC, MCHS, ORSAY+) 
BIONTA 80 PRL 44 909 +Carroll, Edelstein+ (BNL. CMU, FNAL, MASD) 
CARROLL 80 PRL 44 1572 +Chiang, Johnson, Gester, Webb+ (BNL, PRIN) 
DAUM 80E PL 90B 475 +Her tzberger+ (AMST. CERN, CRAC, MPIM, OXF+) 
DEFOIX 80 NP B152 12 +Dolxzynski.  Angellni, Bigi+ (CDEF. PISA) 
HAMILTON 80 PRL 44 1179 +Pun, Tdpp, Lazarus+ (LBL, BNL, MTHO) 
HAMILTON 80B PRL 44 1182 +Pun, Tripp, Lazarus+ (LBL, BNL, MTHO) 
KREYMER 80 PR D22 36 +Baggett. Fieguth+ (IND, PURD. SLAC. VAND) 
ROZANSKA 80 NP B162 505 +Blum, Dietl, Grayer. Lorenz+ (MPIM, CERN) 
ALBERI 79 PL 83B 247 +Alvear, Castelll, Poropat+ (TRST, CERN, IFRJ) 
ARMSTRONG 79 PL B85 304 +Baccari, 8elletti, Booth+ (DESY, GLAS) 
EVANGELISTA 79 NP B153 253 + (BARI, BONN, CERN, DARE, GLAS, LIVP+) 
EVANGELISTA 79B NP B154 381 + (BARI, BONN, CERN, DARE, GLAS, LIVP+) 
GIBBARD 79 PRL 42 1593 +Ahrens, Berketman, Cassel, Day, Harding+ (CORN) 
SAKAMOTO 79 NP B158 410 +Hashimoto, Sai, Yamamoto+ ONUS) 
CARTER 78B NP B141 467 (LOQM) 
PAVLOPO... 78 PL 72B 415 Pavlopoulos+(KARLK, KARLE, BASt, CERN, STOH, STRB) 
BENKHEIRI 77 PL 68B 483 +Bogcrot+ (CERN, CDEF. EPOL. LALO) 
BRUCKNER 77 PL 67B 222 +Granz. Ingham. Kilian+ (MPIH, HEIDP, CERN) 
CARTER 77 PL 67B 117 +Coupland, Eisenhandler, Astbury+ (LOQM, RHEL)JP 
ABASHIAN 76 PR D13 S +Watson, Ge~fand, Buttram+ (ILL, ANL, CHIC, ISU) 
BRAUN 76 PL 60B 481 +Brick, Fridman, Gerber, Juillot, Maurer+ (STRB) 
GHALOUPKA 76 PL 61B 487 + (CERN. LIVP, MONS, PADO, ROMA, TRST) 
ALSTON-... 75 PRL 35 1 6 8 5  Alston*Garnjost, Kenney, Pollard, Ross, Trlpp+(LBL, MTHO) 
D'ANDLAU 75 PL 58B 223 +Cohen-Ganouna, Laloum, Lutz, Petri (CDEF, PISA) 
KALOGERO... 75 PRL 34 1 0 4 7  Katogeropoulos, Tzanakos (SYRA) 
CARROLL 74 PRL 32 247 +Chiang, Kyda, LI, Mazur, Michael+ (BNL) 
DONALD 73 NP B61 333 +Edwards, Gibbins, Briand, Dubor (LIVP, PARIS) 
ALEXANDER 72 NP B4S 29 +Bar-Nir, Benary, Dagan+ (TELA) 
BENVENUTI 71 PRL 27 283 +Cline, Rutz, Reeder, Scherer (WISC) 
ALLES-... 67B NC 50A 776 Alles-Bcr French, Frisk+ (CERN, BONN)G 
BETTINI 66 NC 42A 695 +Cresti, Limentani, Bertanza, Bigi+ (PADO, PISA) 

OTHER RELATED PAPERS 
BUZZO 97 ZPHY C76 47S A. Buzzo, Drijard+ (JETSET Collab.) 
TANIMORI 90 PR D41 744 +lshlmoto+ (KEK, INUS, KYOT, TOHOK. HIRO) 
LIU 87 PRL 58 2288 +Kiu, Li (STON) 
ARMSTRONG 86C PL B175 383 +Chu, Clement, Elinon+ (BNL, HOUS, PENN, RICE) 
BRIDGES 86 PRL 56 211 +Brown+ (BLSU, BNL, CASE, COLU, UMD, SYRA) 
BRIDGES 86C PRL 57 1534 +Daftari, Kalogeropoulos+ (SYRA) JP 
DOVER 86 PRL 57 1207 + (BNL) JP 
ANGELOPO.. 85 PL 159B 210 Angelopoulos+ (ATHU, UCI, UNM, PENN, TEMP) 
BODENKAMP 85 NP B255 717 +Fries, Behrend, Hesse+ (KARLK, KARLE, DESY) 
AZOOZ 84 NP 8244 277 +Butterworth (LOIC, RHEL, SACL, SLAG, TOHOK+) 

We do not use the following data for averages, fits, l imits, etc. 

VALUE (MeV) 
1900 to 3600 OUR LIMIT 

DOCUMENT ID 

VALUE (MeV) 

1870~:40 
250 • 30 

DOCUMENT ID TECN CHG COMMENT 

1ALDE 86DGAM4 0 l O 0 ~ - p ~  2fiX 
1ALDE 86DGAM4 0 l O O v - p ~  2t lX 

VALUE ( MeV ) 

18984-18 

108 + 4 1  

VALUE (MeV) 

19OO4- 4O 

2164-105 

VALUE (MeV) 

19294-14 
2 2 ~  2 

E V T S  DOCUMENT ID TECN CHG COMMENT 

100 THOMPSON 74 HBC § 13 ~ + p  ~ 2pX 

100 THOMPSON 74 HBC • 13 w + p  ~ 2pX 

EVT5 DOCUMENT ID TECN CHG COMMENT 

100 BOESEBECK 68 HBC + 8 ~ + p  
~ + l r 0 X  

100 BOESEBECK 68 HBC • 8 ~ + p  
. + ? r 0 X  

DOCUMENT ID TECN CHG COMMENT 

2 FOCACCI 66 MMS - 3-12 ~ -  p 
2 FOCACCI 66 MMS - 3-12 7 r - p  

VALUE(MeV) 

1970"10  

40 •  

VALUE (MeV) 

1973 • 15 

8O 

VALUE (MeV) 

2070 
160 

DOCUMENT ID TECN CHG COMMENT 

CHLIAPNIK...  80 HBC 0 32 K §  
2K O 27rX 

CHLIAPNIK...  80 HBC 0 32 K + p  
2K~2~X 

EVT5 DOCUMENT ID TECN CHG COMMENT 

30 CASO 70 HBC - 11.2 ~ - p  
p2~ 

30 CASO 70 HBC - 11.2 ~ - p  
p2~r 

E V T S  DOCUMENT ID TECN COMMENT 

50 
50 

EVT$ 

TAKAHASHI 72 HBC 8 ~ - p  ~ N2~ 
TAKAHASHI 72 HBC 8 ~ - p  ~ N2~ 

VALUE (MeV) 

2104 

2103 4- 50 
1874-75 

2100::40 
250 4- 40 

586 
586 

DOCUMENT ID TECN CHG COMMENT 

BUGG 95 MRK3 J / r  

3 BISELLO 89B DM2 J / r  .~ 4~'y 
3 BISELLO 89B DM2 J / ~  ~ 4~7 
4 ALDE 86D GAM4 0 100 ~ -  p ~ 2~X 
4 ALDE 860 GAM4 0 100 7r- p ~ 2T/X 

VALUE(MeV) 

2141•  
494-28 

EVTS 

389 
389 

DOCUMENT ID TECN COMMENT 

GREEN 86 MPSF 400 p A  ~ 4 K X  
GREEN 86 MPSF 400 p A  ~ 4 K X  

DOCUMENT ID TECN CHG COMMENT 

CLAYTON 67 HBC �9 2.5 ~ p  -'-* a 2 , w 

VALUE (MeV) 

2190•  
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VALUE (MeV) 

21954-15 
394-14 

VALUE {MeV} 

2207 4- 22 
130 

VALUE (MeV) 

22804- 50 

4404-110 

VALUE (MeV) 

2300•  
250 

VALUE (MeV) 

2330 :J: 30 

435 + 75 

DOCUMENT ID TECN CHG COMMENT 

2 FOCACCI 66 MMS 3-12 l r - p  
2 FOCACCI 66 M MS - 3-12 ~ r - p  

DOCUMENT ID TECN CHG COMMENT 

5 CASO 70 HBC 11.2 w-- p 
5CASO 70 HBC 11.2 l r - p  

DOCUMENT ID TECN COMMENT 

ATKINSON 85 OMEG 20-70 3 p  
p ~  ~ +  ~r-  lr 0 

ATKINSON 85 OMEG 20-70 ~ p - *  
p ~  ~ +  x -  lr 0 

DOCUMENT ID TECN CHG COMMENT 

ATKINSON 84F OMEG 4-0 20-70 "yp ~ p f  
ATKINSON 84F OMEG 4-0 20-70 3'P ~ P f  

DOCUMENT ID TECN CHG COMMENT 

ATKINSON 88 OMEG 0 25-50 ~ p  --~ 
p ~  pO Tr~ 

ATKINSON 88 OMEG 0 25-50 3"P 
p4- pO ~r ~ 

DOCUMENT ID TECN CNG COMMENT 

6BALTAY 75 HBC + 1 S ~ r + p  .--, p51r 

6BALTAY 75 HBC + 1 5 7 r + p ~  p51r 

DOCUMENT IO TECN CHG COMMENT 

2 FOCACCI 66 MMS - 3-12 w - p  
2 FOCACCI 66 MMS - 3-12 l r -  p 

DOCUMENT ID TECN CHG COMMENT 

ANDERSON 69 MMS - 16 ~ r - p  backward 
ANDERSON 69 MMS - 16 ~ r - p  backward 

DOCUMENT ID TECN CHG COMMENT 

BAUD 69 MMS -- 8-10 ~r-- p 
BAUD 69 MMS - 8-10 l r -  p 

DOCUMENT ID TECN CHG COMMENT 

5CASO 70 HBC - 11.2 ~r-  p 
5 CASO 70 HBC - 11.2 ~r- p 

DOCUMENT IO TECN COMMENT 

DENNEY 83 LASS 10 lr + N 
DENNEY 83 LASS 10 ~ + N  

DOCUMENT ID TECN CHG COMMENT 

BAUD 69 MMS - 8 - 1 0 7 r - p  
BAUD 69 MMS - 8-10 l r -  p 

DOCUMENT ID TECN CHG COMMENT 

7 SABAU 71 HBC + 8 lr + p  
7 SABAU 71 HBC + 8 ~r + p  

VALUE (MeV) EVTS 

23404-20 126 
1804-60 126 

VALUE (MeV) 

23824-24 
62d: 6 

VALUE (MeV) 

2500 4- 32 

87 

VALUE (MeV) EVTS 

26204-20 550 
854-30 550 

VALUE (MeV} 

2676 4- 27 
150 

VALUE (MeV) 

2747 4- 32 
195 4- 75 

VALUE (MeV) EVTS 

2800~20 640 
46 4-10 640 

VALUE (MeV) EVTS 

2820 4-10 15 
50 4-10 15 

VALUE (MeV) E V T S  DOCUMENT 10 TECN CHG COMMENT 

28804-20 230 BAUD 69 MMS 8-10 ~ r - p  
< 15 230 BAUD 69 MMS - 8-10 ~r-  p 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

30254-20 BAUD 70 MMS 10.5-13 ~ r - p  
25 BAUD 70 MMS - 10.5-13 ~ r - p  

VALUE {MeV) DOCUMENT ID TECN CHG COMMENT 

3075:1:20 BAUD 70 MMS - 10.5-13 l r - p  
25 BAUD 70 MMS - 10.5-13 ~ r - p  

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

31454-20 BAUD 70 MMS - 10.5-15 w - p  
< 10 BAUD 70 MMS - 10.5-15 ~ - p  

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

34754-20 BAUD 70 MMS - 14-15.5 ~ - p  
30 BAUD 70 MMS - 14-15.5 "a'- p 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

35354-20 BAUD 70 MMS - 14-15.5 7 r - p  
30 BAUD 70 MMS - 14-15.5 l r -  p 

1Seen in J = 2 wave in one of the two ambiguous solutions. 
2 Not seen by ANTIPOV 72, who performed a similar experiment at 25 and 40 GeV/c, 
3ASTON 818 sees no peak, has 850 events In Aj lnenko+Barth bins. ARESTOV 80 sees 

no peak. 
4Seen in J = 0 wave in one of the two ambiguous solutions. 
5Seen in p -  7r-/%r - (~  and r/antlselected in 4~ system). 
6 Dominant decay Irlto pOpO l r + .  BALTAY 78 finds confirmation In 21r + l r -2~ r  0 events 

which contain p +  pO 1tO and 2p + ~r - .  
7Seen in (KK l r~ r )  mass distribution. 

BUGG 9S 
BISELLO 89B 
ATKINSON 88 
ALDE 86D 
GREEN 86 
ATKINSON 85 
ATKINSON 84F 
DENNEY 83 
ASTON SlB 
ARESTOV 80 
CHLIAPNIK.. 80 
BALTAy 78 
BALTAY 75 
THOMPSON 74 
ANTIPOV 72 
TAKAHASHI 72 
SABAU 71 
BAUD 70 
CASO 70 
ANDERSON 69 
BAUD 69 
BOESEBECK 68 
CLAYTON 67 
FOCACCI 66 

ANTIPOV 72 
CHIKOVANI 66 

X ( 1 9 0 0 - - 3 6 0 0 )  R E F E R E N C E S  

PL B353 378 +Scott, Zoli+ (LOQM, PNPI, WASH) 
PR D39 701 Busetto+ (DM2 Collab.) 
ZPHY C38 535 +Axon+ (BONN, CERN, GLAS, LANC, MCHS, CURIN) 
NP 8269 485 +Binon, Bricman+ (BELG, LAPP, SERP, CERN, LANL) 
PRL 56 1639 +Lai+ (FNAL, ARIZ, FSU, NDAM, TUFTS, VAND+) 
ZPHY C29 333 + (BONN, CERN, GLAS, LANC, MCHS, IPNP+) 
NP 8239 1 + (BONN, CERN, GLAS, LANC, MCHS, IPNP+ ) 
PR D28 2726 +Craaley, Firestone. Chapman+ (IOWA, MICH)J 
NP B189 265 + (BONN, CERN, EPOL, GLAS, LANC, MCHS+) 
IHEP 80-165 +BoKotjubsld+ (SERP ) 
ZPHY C3 285 Chliapnik~% Gerdyukov+ (SERP, BRUX, MONS) 
PR D17 52 +Cautis, Cohen, Csorna, Kalelkar+ (COLU, BING) 
PRL 35 891 +CauUs, Cohen, Kalelkar, Pisetlo+ (COLU, BING) 
NP 869 220 +Gaidos, Mdlwain, Miller, Mulera+ (PURD) 
PL 40 147 +Kienzle. Landsberg+ (SERP) 
PB D6 1266 +Barish+ (TOHOK, PENN, NDAM, ANL) 
LNC 1 514 +Uretsky (BUCH, ANL) 
PL 31B 549 +Bemz+ (CERN Boson Spectrometer Collab.) 
LNC 3 707 +Conte, Tomas~ni+ (GENO, HAMB, MILA, SACL) 
PRL 22 1390 +Collins+ (BNL, CMU) 
PL 308 129 +Benz+ (CERN Bosor Spectrometer CoPab.) 
NP 84 501 +Oeutschmann+ (AACH, BERL CERN) 
Heidelberg Conf. 57 +Mason, Muirhead, Filippas+ (LWP, ATHU) 
PRL 17 890 +Kienzle, Levret, Maglich, Martin (CERN) 

O T H E R  R E L A T E D  P A P E R S  

PL 40 147 ' +Kienzte, Landsberg+ (SERP) 
PL 22 233 +Kienzle, Mailich+ (SERP) 



See key on page 213 

II ST RANOEMESONS II ( s  = + 1 ,  c =  B = 0)  

K + = u~, K 0 = d'$, ~-0 = "ds, K -  = ~s, similarly for K*'s 

I ' ~  I(.P) = �89 

THE C H A R G E D  K A O N  M A S S  

Revised 1994 by T.G. Trippe, (LBNL). 
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WEIGHTED AVERAGE 
493.664:L'0.011 (Error scaled by 2.5) 

Values above of weighted average, error, 
and scale factor are based upon the data in 
this ideogram only. They are not neces- 

..... sadly the same as our "best' values, 
obtained from a least-squares constrained fit 
utilizing measurements of other (related) 
quantities as additional information. 

x 2 
. . . . . . . . . .  DENISOV 91 20.5 

�9 . . . . . . . . . . .  GAL,88 KP. 22, 
. . . . . . . . . .  GALL 88 KPb 11-10 0.2 

The average of the six charged kaon mass measurements 

which we use in the Particle Listings is 

mK:~ = 493.677 4- 0.013 MeV (S -- 2.4), (1) 

where the error has been increased by the scale factor S. 

The large scale factor indicates a serious disagreement between 

different input data. The average before scaling the error is 

inK+ = 493.677 + 0.005 MeV,  

X 2 = 22.9 for 5 D.F., Prob. = 0.04%, (2) 

where the high X 2 and correspondingly low X 2 probability 

further quantify the disagreement. 

The main disagreement is between the two most recent and 

precise results, 

inK+ =493.696 =E 0.007 MeV DENISOV 91 

i n K ,  =493.636 4- 0.011 MeV (S = 1.5) GALL 88 

Average =493.679 4- 0.006 MeV 

X 2 = 21.2 for 1 D.F., Prob. = 0.0004%, (3) 

both of which are measurements of x-ray energies from kaonic 

atoms. Comparing the average in Eq. (3) with the overall 

average in Eq. (2), it is clear that DENISOV 91 and GALL 88 

dominate the overall average, and that their disagreement is 

responsible for most of the high X 2. 

The GALL 88 measurement was made using four different 

l~onlc atom transitions, K - P b  (9 ~ 8), K - P b  (11 --* 10), 

K - W  (9 --* 8), and K - W  (11 --* 10). The inK• values they 

obtain from each of these transitions is shown in the Part(cle 

Listings and in Fig. 1Their K - P b  (9 --* 8) inK• below and 

somewhat inconsistent with their other three transitions. The 

average of their four measurements is 

rag+ = 493.636 4- 0.007, 

X 2 = 7.0 for 3 D.F., Prob. = 7.2% . (4) 

This is a low but acceptable X 2 probability so, to be conserva- 

tive, GALL 88 scaled up the error on their average by S=1.5 to 

obtain their published error 4-0.011 shown in Eq. (3) above and 

used in the Particle Listings average. 

493.5 493.6 

inK+ (MeV) 

GALL 88 K W 9-8 0.4 
GALL 88 KW 11-10 2.2 
LUM 81 0.2 
BARKOV 79 0.0 
CHENG 75 K Pb 9-8 1.1 
CHENG75 KPb 10-9 0.1 
CHENG75 KPb 11-10 0.5 
CHENG75 KPb 12-11 3.6 
CHENG 75 K Pb 13-12 0.8 
BACKENSTO... 73 0.4 

52.6 
(Confidence Level 0.001) 

493.7 493.8 493.9 494 

F i g u r e  1: Ideogram of mK~ mass measure- 
ments. GALL 88 and CHENG 75 measure- 
ments are shown separately for each transition 
they measured. 

The ideogram in Fig. 1 shows that the DENISOV 91 mea- 

surement and the GALL 88 K -  Pb (9 --+ 8) measurement yield 

two well-separated peaks. One might suspect the GALL 88 

K -  Pb (9 --~ 8) measurement since it is responsible both for the 

internal inconsistency in the GALL 88 measurements and the 

disagreement with DENISOV 91. 

To see if the disagreement could result from a systematic 

problem with the K - P b  (9 --~ 8) transition, we have sepa- 

rated the CHENG 75 data, which also used K - P b ,  into its 

separate transitions. Fig. lshows that the CHENG 75 and 

GALL 88 K -  Pb (9 --* 8) values are consistent, suggesting the 

possibility of a common effect such as contaminant nuclear 

rays near the K -  Pb (9 --+ 8) transition energy, although the 

CHENG 75 errors are too large to make a strong conclusion. 

The average of all 13 measurements has a X 2 of 52.6 as shown 

in Fig. land the first line of Table 1, yielding an unaccept- 

able X 2 probability of 0.00005%. The second line of Table 1 

excludes both the GALL 88 and CHENG 75 measurements 

of the K - P b  (9 --+ 8) transition and yields a X 2 probability 

of 43%. The third [fourth] line of Table 1 excludes only the 

GALL 88 K - P b  (9 ~ 8) [DENISOV 91] measurement and 

yields a X 2 probability of 20% [8.6%]. Table 1 shows that 

removing both measurements of the K -  Pb (9 ~ 8) transition 

produces the most consistent set of data, but that excluding 

only the GALL 88 K -  Pb (9 --* 8) transition or DENISOV 91 

also produces acceptable probabilities. 

Yu.M. Ivanov, representing DENISOV 91, has estimated 

corrections needed for the older experiments because of im- 
proved 192Ir and 198Au calibration ~/-ray energies. He estimates 
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Table  1: inK• averages for some combinations 
of Fig. ldata. 

inK• (MeV) X 2 D.F. Prob. (%) Measurements used 

493.664 -4- 0.004 52.6 12 0.00005 all 13 measurements 
493.690 :t= 0.006 10.1 10 43 no K -  Pb(9--*8) 
493.6874- 0.006 14.6 11 20 no GALL 88 K -  Pb(9~8)  
493.642 4- 0.006 17.8 11 8.6 no DENISOV 91 

that CHENG 75 and BACKENSTOSS 73 inK• values could be 

raised by about 15 keV and 22 keV, respectively. With these 

estimated corrections, Table 1 becomes Table 2. The last line 

of Table 2 shows that if such corrections are assumed, then 

GALL 88 K -  Pb (9 --+ 8) is inconsistent with the rest of the 

data even when DENISOV 91 is excluded. Yu.M. Ivanov warns 

that these are rough estimates. Accordingly, we do not use 

Table 2 to reject the GALL 88 K -  Pb (9 -~ 8) transition, but 

we note that a future reanalysis of the CHENG 75 data could 

be useful because it might provide supporting evidence for such 

a rejection. 

Tab le  2: rag• averages for some combina- 
tions of Fig. ldata  after raising CHENG 75 and 
BACKENSTOSS 73 values by 0.015 and 0.022 
MeV respectively. 

inK• (MeV) X 2 D.F. Prob. (%) Measurements used 

493.666 4- 0.004 53.9 12 0.00003 all 13 measurements 
493.693-4-0.006 9.0 10 53 no K -  Pb(9--*8) 
493.690 4- 0.006 11.5 11 40 no GALL 88 K -  P b ( 9 ~ 8 )  
493.645 4- 0.006 23.0 11 1.8 no DENISOV 91 

The GALL 88 measurement uses a Ge semiconductor spec- 

trometer which has a resolution of about 1 keV, so they run 

the risk of some contaminant nuclear ~/rays. Studies of 3' rays 

following stopped Ir- and ,U- absorption in nucleii (unpub- 

lished) do not show any evidence for contaminants according 

to GALL 88 spokesperson, B.L. Roberts. The DENISOV 91 

measurement uses a crystal diffraction spectrometer with a 

resolution of 6.3 eV for radiation at 22.1 keV to measure 

the 4f-3d transition in K -  12C. The high resolution and the 

light nucleus reduce the probability for overlap by contaminant 

-y rays, compared with the measurement of GALL 88. The 

DENISOV 91 measurement is supported by their high-precision 

measurement of the 4d-2p transition energy in 7r- z2C, which is 

good agreement with the calculated energy. 

While we suspect that the GALL 88 K -  Pb (9 --~ 8) mea- 

surements could be the problem, we are unable to find clear 

grounds for rejecting it. Therefore, we retain their measure- 

ment in the average and accept the large scale factor until 

further information can be obtained from new measurements 

and/or  from reanalysis of GALL 88 and CHENG 75 data. 

We thank B.L. Roberts (Boston Univ.) and Yu.M. Ivanov 

(Petersburg Nuclear Physics Inst.) for their extensive help in 

understanding this problem. 

K ~ MASS 

VALUE (MeV) . DOCUMENT ID TECN CHG COMMENT 

4~a.6/'t:l:O.0t6 OUR FIT E'rror Includes scale factor of 2.8. 
4g~CT/-I-0.O]L~ OUR AVERAGE Error Includes scale factor of 2.4. See the Ideogram 

belOw. 
493,696+0.007 1 DENISOV 91 CNTR - Kaonlc atoms 
493.6364.0.011 2 GALL 68 CNTR - Kaonlc atoms 
493.6404-0.054 LUM 81 CNTR - Kaonlc atoms 
493.670+0.029 BARKOV 79 EMUL 4. e+e - 

K + K -  
493.6574-0.020 2 CHENG 75 CNTR - Kaonlc atoms 
493.6914-0.040 BACKENSTO...73 CNTR - Kaonic atoms 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 Q 

493.6314-0.007 GALL 88 CNTR - K - P b  ( 9 4  5) 
493.6754.0.026 GALL 68 CNTR - K -  Pb (11-+ 10) 
493.7094-0.073 GALL 88 CNTR - K - W  (9--* 8) 
493.8064.0.095 GALL 88 CNTR - K - W  (114 10) 
493.6404-0.0224.0.008 3 CHENG 75 CNTR - K -  Pb (9-+ 8) 
493.6584-0.0!94-0.012 3 CHENG 75 CNTR - K - P b  (10--~ 9) 
493.6384-0.0354-0.016 3 CHENG 75 CNTR - K -  Pb (114 10) 
493.7534.0.0424-0.021 3 CHENG 75 CNTR - K -  Pb (12-+ 11) 
493.7424-0.0814.0.027 3 CHENG 75 CNTR - K -  Pb (134  12) 
493.6624.0.19 KUNSELMAN 74 CNTR - Kaonlc atoms 
493.75 • GREINER 65 EMUL + 
493.7 4.0.3 BARKAS 63 EMUL - 
493.9 4-0.2 COHEN 57 RVUE + 

1 Error Increased from 0.0059 based on the error analysis In IVANOV 92. 
2This value is the authors' combination of all of the separate transitions listed for this 

paper. 
3The CHENG 75 values for separate transitions were calculated from their Table 7 transi- 

tion energies. The first error Includes a 20% systematic error in the nondrcular contam- 
inant shiR. The second error Is due to a :E5 eV uncertainty In the theoretical transition 
energies. 

WEIGHTED AVERAGE 
493.677-i-0.013 (Error scaled by 2.4) 

I - -  Values above of weighted average, error, 
/ and scale factor ere based upon the data in 

this ideogram only. They ere not necas- 
sadly the same aS our 10est' values. 
obtained from a least-squares constrained fit 

J utilizing measurements of other (related) 
quantities as additional information. 

. . . . . . .  DENISOV 91 CNTR 7.7 

. . . . . . .  GALL 88 CNTR 13.6 

. . . . . . .  LUM 81 CNTR 0.5 

. . . . . . .  BARKOV 79 EMUL 0.1 

. . . . . . .  CHENG 75 CNTR 1.0 
BACKENSTO... 73 CNTR 0.1 

22.9 
nfidence 0.001) 

493.55 493.6 493.65 493.7 493.75 493.8 493.85 

i n K •  (MeV) 

Test of CPT. 

I n K +  - -  m K_ 

VALUE (MeV) E V T S  DOCUMENT ID TECN CHG 

--0.0324-0.0g0 1.5M 4 FORD 72 ASPK 4. 

4FORD 72 uses mlr + - mTr_ = +28 4- 70 keV. 

K "~ MEAN LIFE 

VALUE (IO -8  s) E V T S  DOCUMENT ID TECN CHG COMMENT 
1.2N6=1:0.0~4 OUR FIT Error Includes scale factor of 2.0. 
1.2~1S-1-0.00~5 OUR AVERAGE Error Includes scale factor of 2.1. See the Ideogram 

below. 
1.2451i0.0030 250k KOPTEV 95 CNTR K at rest, U tar- 

get 
1.23654-0.0041 150k KOPTEV 95 CNTR K at rest, Cu tar- 

get 
1.2380• 3M OTT 71 CNTR + K at rest 
1.2272• LOBKOWlCZ 69 CNTR + K In flight 
1.2443• FITCH 65B CNTR + K at rest 
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�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1,24154-0.0024 400k 5 K O P T E V  95 CNTR K at rest 
1,221 4-0.011 FORD 67 CNTR 4- 
1.231 4-0.011 BOYARSKI 62 CNTR 4- 

1.25 +0 .22  BARKAS 61 EMUL 
- 0 . 1 7  

1.27 +0 .36  51 B H O W M I K  61 EMUL 
- 0 . 2 3  

1.31 4-0.08 293 NORDIN 61 HBC - 
1.24 4-0.07 NORDIN 61 R V U E .  - 
1.38 4-0.24 33 FREDEN 60B EMUL 
1.21 4-0.06 BURROWES 59 CNTR 
1,60 4-0.3 52 EISENBERG 58 EMUL 

0.95 +0 .36  ILOFF 56 EMUL 
- 0 . 2 5  

5 K O P T E V  95 report this weighted average of their U-target and Cu-target results, where 
they have weighted by 1 /a  rather than 1 /a  2. 

WEIGHTED AVERAGE 
1.238510,0025 (Error scaled by 2,1) 

Values above of weighted average, error, 
and scale factor are based upon the data in 
this ideogram only. They are not neces- 
sarily the same as our 'best' values, 
obtained from a least-squaras constrained fit 
utilizing measurements of other (related) 
quantities as additional information. 

S 
1.21 1.22 1.23 1.24 

K4-  mean life (10 - 8  s) 

~ 2  

�9 �9 ' KOPTEV 95 CNTR 4.9 
. . . .  KOPTEV 95 CNTR 0.2 
. . . .  O'l-r 71 CNTR 0.1 

\ .  . , �9 LOBKOWICZ 69 CNTR 9.8 
- \ � 9  - �9 FITCH 65B CNTR 2.4 

I ~ -  I (~l nlidence Level = 0.002) 

1.25 1.26 1,27 

(~K* - ~K-) I ~,,,,,p 
This quantity Is a measure of CPT invarlance In weak Interactions. 

VALUE (%) DOCUMENT ID TECN 
0.11 - I -OJ~ OUR AVERAGE Error includes scale factor o f  1.2. 
0.0904-0.078 LOBKOWICZ 69 CNTR 
0.47 4-0.30 FORD 67 CNTR 

R A R E  K A O N  D E C A Y S  

Revised November 1997 by L. Littenberg (BNL) and G. Valencia 
(Iowa State University) 

A.  In t roduct ion:  There are several useful reviews on rare kaon 

decays and related topics [1-10]. The current activity in rare 

kaon decays can be divided roughly into four categories: 

1. Searches for explicit violations of the Standard Model 
2. Measurements of Standard Model parameters 

3. Searches for C P  violation 
4. Studies of strong interactions at low energy. 

The paradigm of Category 1 is the lepton flavor violating 

decay KL ~ pc. Category 2 includes processes such as K + --* 
7r+uP, which is sensitive to IVtdl. Much of the interest in 

Category 3 is focussed on the decays KL ~ lr~ where t - 

e, #, v. Category 4 includes reactions like K + ~ l r+ t+ t -  which 

constitute a testing ground for the ideas of chiral perturbation 

theory. Other reactions of this type are KL ---' 7r%7, which 
also scales a CP-conserving background to C P  violation in 

KL ~ r~  - and KL ~ "Tt+t - ,  which could possibly shed 
light on long distance contributions to KL ~ p+p- .  
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B.  E~pl ic i t  v iolat ions  o f  the S tandard  Model:  Most of the 

activity here is in searches for lepton flavor violation (LFV). 

This is motivated by the fact that many extensions of the min- 

imal Standard Model violate lepton flavor and by the potential 

to access very high energy scales. For example, the tree-level 

exchange of a LFV vector boson of mass M x  that couples to left- 
handed fermions with electroweak strength and without mixing 
angles yields B(KL ~ pc) = 3.3 • 10-11(91 T e V / M x )  4 [5]. 

This simple dimensional analysis may be used to read from 
Table 1 that the reaction KL --' pe is already probing scales of 
nearly 100 TeV. Table 1 summarizes the present experimental 

situation v i s a  vis LFV, along with the expected near-future 

progress. The decays KL ~ p~e T and K + --* 7r+e:F# • (or 

KL --~ ~r~ +) provide complementary information on poten- 

tial family number violating interactions since the former is 

sensitive to axial-vector (or pseudoscalar) couplings and the 

latter is sensitive to vector (or scalar) couplings. 

Table  1: Searches for lepton flavor violation in 
K decay 

90% CL (Near-) 
Mode upper limit Exp't Yr./Ref. future aim 

K+--*Tr+ep 2.1.10 - l~  BNL-777 90/11 3 .10  -12 (BNL-865) 
KL---*#e 3.3.10 -11 BNL-791 93/12 3 .10  -12 (BNL-871) 
KL---~Tr~ 3.2.10 -9 FNAL-799 94/13 5 .10  -11 (KTeV) 

Another forbidden decay currently being pursued is K + 

7r+X ~ where X ~ is a very light, noninteracting particle (e.g. 

hyperphoton, axion, familon, etc.). Recently the upper limit on 

this process has been improved to 3 x 10 -1~ [15]. Data already 

collected by BNL-787 are expected to yield a further factor in 

sensitivity to this process. 

C. M e a s u r e m e n t s  o f  S t a n d a r d  Mode l  parameters :  Until 

recently, searches for K + --* 7r+vP have been motivated by  the 

possibility of observing non-SM physics because the sensitivity 

attained was far short of the SM prediction for this decay [16] 

and long-distance contributions were known to be negligible [2]. 

However, BNL-787 has attained the sensitivity at which the ob- 

servation of an event can no longer be unambiguously attributed 
to non-SM physics. The previous 90% CL upper limit [14] is 
2.4 x 10 -9, but running with an upgraded beam and detector 
BNL-787 recently observed one candidate event, corresponding 

to a branching ratio of (4.2_3.5)+9"7 x 10 -1~ [15]. Further data 

already collected are expected to increase the sensitivity by 
more than a factor 2, and there are plans to collect data rep- 

resenting a further large increase in sensitivity. This reaction 

is now interesting from the point of view of constraining SM 
parameters. The branching ratio can be written in terms of the 

very well-measured rate of Ke3 as [2]: 

a2B(K+ --. 1rOe+v) 
B(K+ ~ ~r+uV) = V227r 2 sin 4 ~w 

• ~_, IV:,Y~dX~L+Y~;Y~dX(mt)l ~ (1) 
|=e,l~,r 
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to eliminate the a priori unknown hadronic matrix element. 

Isospin breaking corrections to the ratio of matrix elements 

reduce this rate by 10% [17]. In Eq. (1) the Inami-Lim func- 

tion X ( m t )  is of order 1 [18], and X ~ L  is several hundred 

times smaller. This form exhibits the strong dependence of this 

branching ratio on [Vtd[. QCD corrections, which are contained 
in X t NL, are relatively small and now known [10] to < 10%. 

Evaluating the constants in Eq. (1) with m t =  175 GeV, one 

can cast this result in terms of the CKM parameters A, p and ~/ 

(see our Section on "The Cabibbo-Kobayashi-Maskawa mixing 

matrix") [10] 

B(K + --~ r+vP)  ~ 1.0 x 10-1~ 2 -b (Po -- p)2] (2) 

2 e 1 ~- 2 4 where Po - 1 + ( 3 X N L  + ~ X N L ) / ( A  V~sX(mt )  ) ,~ 1.4. Thus, 

B(K + --* r+v~)  determines a circle in the p, y plane with 
1 /B(K+--,~+vp) 

.center (po,0) and radius ~ A-2V 1.0xl0 -1~ " 

The decay K L  --+ IX+p- also has a short distance contribu- 

tion sensitive to the CKM parameter p. For m t =  175 GeV it is 

given by [10]: 

BsD(K L --~ p + p - )  ~ 1.7 x 10-9A4(pl o - p)2 (3) 

where P~o depends on the charm quark mass and is around 1.2. 

This decay, however, is dominated by a long-distance contri- 

bution from a two-photon intermediate state. The absorptive 

(imaginary) part of the long-distance component is calculated 

in terms of the measured rate for K L  --* ~/~/ to be Babs(KL 

Ix+p - )  = (7.07 4- 0.18) x 10-9; and it almost completely satu- 

rates the observed rate B ( K L  --~ Ix+Ix-) = (7.2 4- 0.5) x 10 -9 

listed in the current edition. The difference between the ob- 

served rate and the absorptive component can be attributed 

to the (coherent) sum of the short-distance amplitude and the 

real part of the long-distance amplitude. In order to use this 

mode to constrain p it is, therefore, necessary to know the real 

part of the long-distance contribution. Unlike the absorptive 

part, the real part of the long-distance contribution cannot be 

derived from the measured rate for K L  --* "I'Y. At present, it is 

not possible to compute this long-distance component reliably 

and, therefore, it is not possible to constrain p from this mode. 

It is expected that studies of the reactions K L  ---* ~+~-'Y, and 

K L  "-'+ l + l - g + l  I- for s = e or # will improve our under- 

standing of the long distance effects in K L  --~ Ix+Ix- (the current 

data is parameterized in terms of a~(, discussed on page 24 of 

the K~ Particle Properties Listing in our 1997 WWW update). 

D .  S e a r c h e s  f o r  C P  v io la t ion :  The mode K L  --* rOvP 

is dominantly CP-violating and free of hadronic uncertain- 

ties [2,19]. T h e  Standard Model predicts a branching ratio 

10 -11 - 10-1~ for m t =  175 GeV it is given approximately 

by [10]: 

B ( K L  "+ rO~'P) ~ 4.1 X 10-10A4~/2 . (4) 

The current published upper bound is B ( K L  ~ r176 <_ 

5.8 x 10 -5 [20] and KTeV (FNAL799II) is expected to place a 

bound of order 10 -s  [21]. The KTeV group has recently quoted 

a preliminary result of 1.8 x 10 -6 [22]. If lepton flavor is con- 

served, the 90% CL bound on K + --* r + v P  provides the model 

independent bound B ( K L  ~ r~  < 1.1 x 10 -8 [23]. A recent 

proposal, BNL-926 [24], aims to make a ,,, 15% measurement 

of B ( K L  --* r~ There is also a Fermilab EOI [25] with 

comparable goals. 

The decay K L  --* w~ - also has sensitivity to the product 

Any 2. It has a direct CP-violating component that depends on 

the value of the top-quark mass, and that for mt -- 175 GeV is 

given by [10]: 

Bdlr(KL ~ w0e+e - )  ~ 6.7 x 10-11A4r . (5) 

However, like K L  --~ #+IX- this mode suffers from large theoret- 

ical uncertainties due to long distance strong interaction effects. 

It has an indirect CP-violating component given by: 

B i n d ( K L  "-+ w~ - )  = le[ 2TKL B ( K s  ~ w~ - )  , (6) 
-/ 'Ks 

that has been estimated to be less than 10 -12 [26], but that will 

not be known precisely until a measurement of K s --~ w~ - 

is available [4,27]. There is also a CP-conserving component 

dominated by a two-photon intermediate state that cannot be 

computed reliably at present. This component has an absorptive 

part that can be, in principle, determined from a detailed 

analysis of K L  --+ rOT'/. 

An analysis of K L  --+ r~ within chiral perturbation theory 

has been carried out in terms of a parameter a v  [28] that deter- 

mines both the rate and the shape of the distribution dF/dm.r ,  r. 

A fit to the distribution has given -0.32 < a v  < 0.19 [29]; 

a value that suggests that the absorptive part of the C P -  

conserving contribution to K L  --~ w~ - is significantly smaller 

than the direct CP-violating component [29]. However, there 

remains some uncertainty in the interpretation of K L  --* r % " /  

in terms of av.  Analyses that go beyond chiral perturbation 

theory have found larger values of av ,  helping with understand- 

ing the rate in that process [30]. This would indicate a sizeable 

CP-conserving component to K L  --* r~  - .  The real part of 

the CP-conserving contribution to K L  --* w~ - is also un- 

known. The related process, K L  --* rO're+e - ,  is an additional 

background in some region of phase space [31]. 

Finally, BNL-845 observed a potential background to K L  --* 

w~ - from the decay K L  --* "YTe+e - [32]. This was later 

confirmed with an order of magnitude larger sample by FNAL- 

799 [33], which measured additional kinematic quantities. It 

has been estimated that this background will enter at the level 

of 10 -11 [34], comparable to the signal level. Because of this, 

the observation of K L  --4 w~ - will depend on background 

subtraction with good statistics. 

The current upper bound for the process K L  ~ w~ - is 

4.3 x 10 -9 [35]. For the closely related muonic process, the upper 

bound is B ( K L  --~ r ~  - )  < 5.1 x 10 -9 [36]. KTeV expects 

to reach a sensitivity of roughly 10 -11 for both reactions [21]. 
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E. Other  long dis tance domina$ed modes: The decays 
K + --* ~r+E+l - (E : e or #) are described by chiral perturba- 
tion theory in terms of one parameter, w + [37]. This parameter 
determines both the rate and distribution dF/dm~ for these 
processes. A careful study of these two reactions can provide 
a measurement of w + and a test of the chiral perturbation 
theory description. A simultaneous fit to the rate and spectrum 
of K + -~ ~r+e+e - gives: w + n RQ+0.24. B(K + __~ ~r+e+e-) = = v'v"--O.141 
(2.99+0.22) x 10 -7 [38]. These two results satisfy the prediction 
of chiral perturbation theory within two standard deviations [4]. 
Improved statistics for this mode and a measurement of the 
mode K + ~ ~r+/~+# - are thus desired. BNL-787 has recently 
measured B ( K  + --* ~r+#+# - )  = (5.0 + 1.0) x 10 -s [39] which is 

at about the predicted level, but the result is not yet accurate 
enough to provide additional constraints. 
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r2 
r3 
r4 
1- 5 
r6 

r7 

re 
r9 
r io 
r u  
r12 
r13 
r14 

r15 
r16 

r17 

r18 

r19 

r2o 
[-21 
[-22 

r23 

[24 

[25 
r26 
1-27 

K § DECAY MODES 

K -  modes are charge conjugates of the modes below. 

Mode Fraction ( r l / r )  
Scale factor/ 

Confidence level 

/~+ ~,~, 

e + Ve 
+ Ir 0 

~.+ 70 ~0 

Called g + p3" 
1rOe+ Ve 

Called g+3 . 
7rO~rOe+ve 
~r+ l r -  e+ Ve 

~r 0 ~r 0 7r 0 e+ u e 

7r + 3"/ 

e+ veV'~ 
p+ vp e+ e - 

e+ YeS+ e - 

~-+~0 7 

:,r+ ~'%' (DE) 
:,r+ ~ +  ~-- ,), 

~ +  ~-0~-0, 7 

~rO e+ ~'e 7 
lr~ e+ ~,e'7 (SD) 
~rO~rO e+ ve,7 

(63.514-0.18) % S=1.3 

(1.554-0.07) x 10 - 5  
(21.16:E0.14) % S=1.1 
(5.594-0.05) % S=l.S 
(1.734-0.04) % S=1.2 
(3.184-0.08) % 5=1.5 

(4.824-0.06) % S=1.3 

( 2.1 4-0.4 ) x 10 - 5  
(3.914-0.17) x 10 - 5  
( 1.4 4-0.9 ) x 10 - 5  

< 3.5 x 10 - 6  EL=90% 
[a] (1.104-0.32) x 10 - 6  
[a] < 1.0 x 10 - 4  CL=90% 

< 6.0 x 10 - 6  EL=90% 

< 6 x 10 - 5  CL=90% 
( 1.3 4-0.4 ) • 10 -7 

( 30 _+13: ~ )• lO-O 
< 4.1 x 10 - 7  CL=90% 

p,b] (s.so:eo.~s) x 10 -3 
[a,b] (2.754-0.18) x 10 - 4  
[a,c] ( 1.5 4-0.4 ) x 10 - 5  
[a,b] (1.044-0.31) x 10 - 4  

[~.b] ( 7.s +s.5 -3 .0  ) x 10 - 6  

[a,b] < 6.1 x 10 - 5  CL=90% 

[a,b] (2.624-0.20) x 10 - 4  
[ol < 5.3 x 10 - 5  CL=90% 

< 5 x 10 - 6  EL=g0% 
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Lepton Family number (LF),  Lepton number (L), AS = AQ (SO) 
violating modes, or A S  = I weak neutral current (51) modes 

r28 ~r + ' / r  + e -  ~e  SQ < 1.2 x 10 - 8  CL=90% 

r29 / r + / r ' + # - v / ~  sQ < 3.0 x 10 - 6  CL=95% 

r3o ~ +  e4- e -  52 (2.74• x 10 - 7  

r31 ~r+#+# - 51 ( 5.0 4-1.0 ) x 10 - 8  

['32 ~'+v-~ 51 ( 4.2 +9.7 ) x10 - -10  --3.5 
r33 # -  Ve + e4- LF < 2.0 x 10 - 8  CL=90% 
r .  .4-"e LF  [e] < 4 X 10 - 3  CL=90% 
['35 l r + / ~ + e -  LF < 2.1 x 10 -10  CL=90% 
['36 ~r'i '# - e+ LF < 7 x 10 - 9  CL=90% 
['37 ~r - /~+ e4- L < 7 x 10 - 9  CL=90% 
['38 ~ -  e4- e "i" L < 1.o x 10 - 8  CL=90% 

1"39 ~ r - # + #  + L [e] < 1.5 x 10 - 4  CL=90% 
r~o #4-Pc L [e] < 3.3 x 10 - 3  CL=90% 

r41 - / r~  e L < 3 x 10 - 3  CL=90% 

r42 ~r+ '7 

[a] See the Particle Listings below for the energy limits used in this measure- 
ment. 

[b] Most of this radiative mode, the low-momentum -y part, is also included 
in the parent mode listed without "y's. 

[c] Direct-emission branching fraction. 
[d] Structure-dependent part. 
[e] Derived from an analysis of neutrino-oscillation experiments. 

CONSTRAINED FIT INFORMATION 
An overall f i t to the mean life, 2 decay rate, and 20 branching 
ratios uses 60 measurements and one constraint to determine 8 
parameters. The overall f i t has a X 2 = 78.1 for 53 degrees of 
freedom. 

The following of f -d iagonal  array elements are the correlation coefficients 

..--~Pi~PJ~/(bPi'~P~)' in percent, from the fit to parameters Pi, including the branch- 

ing fractions, x i -~ F jF to ta  I. The fit constrains the x i whose labels appear in this 
array to sum to one. 

x3 

x4 

x5 

x6 

x7 

x8 

r 

- 5 8  

- 4 1  - 1 2  

- 2 7  - 4  21 

- 4 8  - 1 7  14 2 

- 5 0  - 1 6  34 6 

- 3  - 1  2 0 

7 2 - 1 8  - 4  

39 

2 6 

- 2  - 6  

Xl x3 x4 Xs x6 x7 x8 

Mode Rate (108 s - 1 )  Scale factor 

['1 /~+u# 0.5128 4- 0~0018 

F 3 7r+~r ~ 0.1708 • 0.0012 
['4 "n'4- ~r4- l r  - 0.0452 4-0.0004 
I" 5 /r4- ;T O/r 0 0.01399 • 0.00032 

[.6 ~r~ v~ 0.0257 4- 0.0006 
+ 

Called K~3. 

[.7 /r 0 e4-1J e 0.0389 4- 0,0005 

Called K+3 . 
[-8 ~01r0 e + v e  (1.69 +0.34 ) x 10 - 5  

--0.29 

1.5 

1.1 
1,8 

1.2 
1.5 

1.3 

K • DECAY RATES 

VALUE(IO 6 $-1) DOCUMENT ID TECN CH._.G__G 
151.284"0.111 OUR R T  Error Includes scale factor of 1.5. 
61.2 *0 .8  FORD 67 CNTR • 

r(.+.+.-) 
VALUE (IO s s -1 ) .EVTS DOCUMENT ID TECN CH._~G 
4.52 *0 .04  OUR R T  Error includes scale factor of 1.8. 
4.511.1.0.(]Q4 6 FORD 70 ASPK 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

4.5294-0.032 3.2M 6 FORD 70 ASPK 
4.496:E0.030 6FORD 67 CNTR • 

6 First FORD 70 value is second FORD 70 combined with FORD 67. 

Fz 

F4 

(r(K+) - F(K-)) / F(K) 
K "J: --~ /=~'v~ RATE DIFFERENCE/AVERAGE 

Test of CPT conservation. 
VALUE (%) DOCUMENT ID TECN 

--0.54*0.41 FORD 67 CNTR 

K • ~ ~ t + ~  - RATE DIFFERENCE/AVERAGE 
Test of CP conservation. 

VALUE (%) EVTS DOCUMENT ID TECN CHG 
0.07=1:0.12 OUR AVERAGE 
0.08+0.12 7 FORD 70 ASPK 

- 0.50 -I- 0.90 FLETCHER 67 OSPK 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0.02+0.16 8SMITH 73 ASPK + 
0.104-0.14 3.2M 7 FORD 70 ASPK 

-0.044-0.21 7 FORD 67 CNTR 

7 First FORD 70 value is second FORD 70 combined with FORD 67. 
8SMITH 73 value of K4- --~ ~r• - rate difference is derived from SMITH 73 value 

of K + ~ lr4- 2~r 0 rate difference. 

K "=" -~ =-'l%r~ RATE DIFFERENCE/AVERAGE 
Test of CP conservation. 

VALUE (%) EVTS DOCUMENT ID TECN CHG 
0.0 -1-0.6 OUR AVERAGE 
0.084-0.58 SMITH 73 ASPK 4- 

-1 .1  4-1.8 1802 HERZO 69 OSPK 

K :k - *  lr:%r 0 RATE DIFFERENCE/AVERAGE 
Test of CPT conservation. 

VALUE {%} DOCUMENT ID TECN 

0.8:1:1.2 HERZO 69 OSPK 

K ~ ~ ~ -~7~  RATE DIFFERENCE/AVERAGE 
Test of CP conservation. 

VALUE (%) EVTS DOCUMENT 10 TECN CHG COMMENT 
�9 9:1: U OUR AVERAGE 
0,8•  5.8 2461 SMITH 76 WIRE 4- Elf 55-90 MeV 
L04- 4.0 4000 ABRAMS 73B ASPK • E x 51-100 MeV 
0.04-24.0 24 EDWARDS 72 OSPK Ex 58-90 MeV 

K + BRANCHING RATIOS 

r(~+~)/r==, r l / r  
VALUE (units 10 -2) EVTS DOCUMENT ID TECN CHG COMMENT 
f13.S14"0.]L8 OUR FIT Error Includes scale factor of 1.3. 
63,24:1:0.44 62k CHIANG 72 OSPK + 1.84 GeV/c K + 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

56.9 • 9ALEXANDER 57 EMUL + 
58.5 +3.0 9 BIRGE 56 EMUL + 

9Old experiments not Included in averaging. 

r(~+ v~) / r ( .+ .+ . - )  rl/r~ 
VALUE ~1"  5 pOCUMENT Ip T~r CHG 
U.38-1-0.]L2 OUR FIT Error Includes scale factor of 1.8. 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

10.38• 427 10 YOUNG 65 EMUL 4- 

10 Deleted from overall fit because YOUNG 65 constrains his results to add up to 1, Only 
YOUNG 65 measured (#v)  directly, 

r(e+ Vo)/r~.l r i / r  
VALUE {unlts 10 -5 } CL~I EVTS DOCUMENT ID TECN CHG 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

+1'8 4 BOWEN 67B OSPK 4- " ' - 1 . 3  
<160.0 95 BORREANI 64 HBC 4- 

r(e+ Vo)/r(~+ v~,) r=/rl 
VALUE(units 1O -5 ) EVT5 DOCUMENT ID TECN CHG 
2.48.0.11 OUR AVERAGE 
2.514-0J5 404 HEINTZE 76 SPEC 4- 
2.37• 534 HEARD 75a SPEC + 
2.424-0.42 112 CLARK 72 OSPK 4- 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.8 +0.8 8 MACEK 69 ASPK + -0 .6  
1.9 +0.7 -0 .5  10 BOTTERILL 67 ASPK + 
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r ( . + . O ) / r t =  ,, 
VALUE (units 10 -2 ) EVT$ DOCUMENT ID TECN 

21.164-0.14 OUR FIT Error includes scale factor of 1.1. 

rs/r 
CHG COMMENT 

21.184-0.28 16k CHIANG 72 OSPK + 1.84 GeV/c K4- 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

21.0 4-0.6 CALLAHAN 65 HLBC See r ( . + . o ) /  
r ( # + ~ + ~  - )  
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21.6 4-0.6 TRILLING 656 RVUE 
23.2 +2.2 11 ALEXANDER 57 EMUL" 4- 
27.7 +2.7 11 BIRGE 56 EMUL 4- 

11 Earlier experiments not averaged. 

r(.+ .rO)lr(,+ .,,) 
VALUE EVT$ DOCUMENT ID 

r=/r= 
TECN CH_.,.~G COMMENT 

r ( , + P . O ) / r ~ , l  rg/r 
VALUE (units 10 -2 } EV' I 'S DOCUMENT ID TECN CHG COMMENT 

1.T~J'I'O.04 OUR FIT Error includes scale factor of 1.2. 
1.714-0.07 OUR AVERAGE Error Includes scale factor of 1.4. See the ideogram below. 
1.844-0.06 1307 CHIANG 72 OSPK 4- 1.84 GeV/c K4- 
1.534-0.11 198 17pANDOULAS 70 EMUL + 
1.8 4-0.2 108 SHAKLEE 64 HLBC + 
1.7 4-0.2 ROE 61 HLBC 4- 
�9 �9 �9 We do not use the following data for averages, fits. limits, e tc . �9  �9 �9 

1.5 4-0.2 18TAYLOR 59 EMUL + 
2.2 +0.4 16ALEXANDER 57 EMUL 4- 
2.1 4-0.5 18 BIRGE 56 EMUL 4- 

17 Includes events of TAYLOR 59. 
18 Earlier experiments not averaged. 

0.33314-0.0028 OUR FIT Error includes scale factor of 1.1. 
OJi316:l:O.OOg2 OUR AVERAGE 
0.33294-0.00474-0.0010 45k USHER 92 SPEC 4- p~ at rest 
0.3355+0.0057 12WEISSENBE... 76 SPEC 4- 
0.305 +0.018 1600 ZELLER 69 ASPK 4- 
0.32774-0.0065 4517 13AUERBACH 67 OSPK + 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.328 +0.005 25k 12 WEISSENBE... 74 STRC 4- 

12WEISSENBERG 76 revises WEISSENBERG 74. 
13AUERBACH 67 changed from 0.3253 4- 0.0065. See comment with ratio r(~~ v/=)/ 

r (/=+-/=). 

r ( . + . ~  rs/r4 
VA~.I,/~ Ev'r5 DOCUMENT I 0 TEC N CHG 
3:/84"0.04 OUR FIT Error includes scale factor of 1.5. 
3.844-0.27 OUR AVERAGE Error Includes scale factor of 1.9. 
3.964-0.15 1045 CALLAHAN 66 FBC 4- 
3.244-0.34 134 YOUNG 65 EMUL + 

r(.+~+.-)/r~l r4/r 
VALUE (units 10 -2) EVT$ DOCUMENT IO TECN CHG COMMENT 

g.E94"O.06 OUR FIT Error Includes scale factor of 1.8. 
6.62-t-0.10 OUR AVERAGE Error includes scale factor of 1.3. See the Ideogram below. 
5.344-0.21 693 14 PANDOULAS 70 EMUL 4- 

WEIGHTED AVERAGE 
1.77t0.07 (Error scaled by 1.4) 

Values above of weighted average, error, 
and scale factor are based upon the data in 
this ideogram only. They are not neces- 
sadly the same as our 'best' values, 
obtained from a !east-squares constrained fit 
utilizing measurements of other (related) 
quantities as additional information. 

~2 

. . . . . . .  CHIANG 72 OSPK 1.5 

i l i i i i   ANDO0 $ 70 E O" ,6 �9 SHAKLEE 64 HLBC 0.0 
�9 ROE 61 HLBC 0.1 

6.3 

12 I ,  16 16 2 22 24 26 

r ( .+ .%~ (units 10 -2) 

5.714-0.15 DEMARCO 65 HBC 
6.0 +0.4 44 YOUNG 65 EMUL 4- 
5.544-0.12 2332 CALLAHAN 64 HLBC + 
5.1 +0.2 540 SHAKLEE 64 HLBC + 
5.7 4-0.3 ROE 61 HLBC + 
�9 �9 �9 We do not use the following data for averages, fits, IlrnRs, etc. �9 �9 �9 

5.56+0.20 2330 15 CHIANG 72 OSPK + 1.84 GeV/c K4- 
5.2 4-0.3 16TAYLOR 59 EMUL + 
6.8 +0.4 16ALEXANDER 57 EMUL + 
5.6 4-0.4 16 BIRGE 56 EMUL + 

14Includes events of TAYLOR 59. 
15Value Is not Independent of CHIANG 72 F(/=+u/=l/rtota I, F(~r+~r0)/Ftotal. 

r (Tr + ~r o lr 0) / r to ta I, r (~0/=+ u/=)/i-total, and r ( ,  0 e + re) / r to ta I. 

16 Earlier experiments not averaged. 

WEIGHTED AVERAGE 
5.52t"0.10 (Error scaled by 1.3) 

Values above of weighted average, error, 
and scale factor are based upon the data In 
this ideogram only. They are not neoes- 
sadly the same as our 'best' values, 
obtained from a least-squares constrained fit 
utilizing measurements ol other (related) 
quantities as additional information. 

z 2 
. . . . . . . . .  P~DOUL~S 70 EMU, 

/ : L - { ~  . . . . . . . . .  DEMARCO 65 HBC 1.6 
/ ' ~ , �9 . YOUNG 65 EMUL 1.4 

/ 

/ /  " P -  " " \ '  . . . . . . . .  GALLAHAN 64 HLBC 0.0 
-/-t---" �9 . . . . .  ~( . . . . . . .  8HAKLEE 64 HLBC 4.4 
/ ~ . . . . . .  ROE 61 HLBC 0.3 

8.6 
/ ~ ~ (Confidenca Level = 0.127) 

L . J  i I i 
4.5 5 5.5 6 6.5 7 7.5 

r ( .  + ~+ l r - ) / r t o t a  I (units 10 - 2 )  

r ( . + ~ , , O ) / r ( . + ~ o )  rs/rs 
VALUE EVT5 DOCUMENT ID TECN CH._._GG COMMENT 
0.08194-0.0~Q0 OUR FIT Error includes scale factor of 1.2. 
0.081 - I - 0 ~  574 19 LUCAS 736 HBC Dalltz pairs only 

19LUCAS 73B gives N(x2x 0) = 574 + 5.9%, N(27r) = 3564 4- 3.1%. We quote 
0.SN(lr2~0)/N(21r) where 0.5 Is because only Dafltz pair ~r0's were used. 

r ( . + , ~ , # ) I r ( . + . + . - )  rulr4 
VALUE E ~ S  DOCUMENT ID TEC.JV CHG COMMENT 
0.3104"0.(X)7 OUR FIT Error Includes scale factor of 1.2. 
0.q044-0,009 OUR AVERAGE 
0.303-;-0.009 2027 BISI 65 BC + HBC+HLBC 
0.3934-0.099 17 YOUNG 65 EMUL -F 

r( ,~+v.) /r~ r6/r 
VALUE (units 10 -2) EVT$ DOCUMENT ID TECN CHG COMMENT 

a.lll4-0.0e OUR FIT Error includes scale factor of 1.5. 
3JI3-1-0.16 2345 CHIANG 72 OSPK + 1.84 GeV/c K + 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2.8 4-0.4 20TAYLOR 59 EMUL + 
5.9 4-1.3 20ALEXANDER 57 EMUL + 
2.8 4-1.0 20BIRGE 56 EMUL + 

20 Earlier experiments not averaged. 

r(,r ~  r6/r~ 
VALUE EVTS DOCUMENT IO TECN CHG 
0.08014"0.0013 OUR FIT Error Includes scale factor of 1.5. 
0JNI84-0JXl26 OUR A ~ I A G E  
0.054 4-0.009 240 ZELLER 69 ASPK + 
0.04804-0.0037 424 21GARLAND 68 OSPK 4- 
0.04864-0.0040 307 22AUERBACH 67 OSPK + 

21GARLAND 68 changed from 0.055 + 0.004 In agreement with/=-spectrum calculation 
of GAILLARD 70 appendix B. L.G.Pondrom, (private communication 73). 

22 AUERBACH 67 changed from 0.0602 4- 0.0046 by erratum which brings the/=-spectrum 
calculation Into agreement with GAILLARD 70 appendix B. 

r( .~ rur4 
VALUE E V T S  DOCVM~NT ID TECN CHG CQMM~/~T 
0.5694"0.014 OUR FIT Error Includes scale factor of 1.5. 
0J6174-0.032 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below. 
0.5034-0.019 1505 23 HAIDT 71 HLBC + 
0.63 4-0.07 2845 24 BISI 656 BC + HBC+HLBC 
0.90 4-0.16 38 YOUNG 65 EMUL + 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.5104-0.017 1505 23 EICHTEN 68 HLBC + 
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23HAIDT 71 Is a reanalysls of EICHTEN 68. r ( .%+, ,e ) i r ( .+ .o )  r z l r ,  
24 Error enlarged for background problems. See GAILLARD 70. VALU E Eyr S DOCUMENT ID TECN CHG COMMENT 

0.22804-0.0(~8 OUR FIT Error includes scale factor Of 1.3. 
WEIGHTED AVERAGE 0.221 4-0.012 786 33 LUCAS 738 HBC - Datitz pairs only 
0.5171-0.032 (Error scaled by 1.8) 

~/ 33LUCAS 73B gives N(Ke3 ) = 786 4- 3.1%. N(2~r) = 3564 4- 3.1%. We divide. 

I Values above of weighted average, error. r?/r4 and scale factor are based upon the data in 
this Ideogram only. They ere not neces- 
sarily the same as our 'best' values, 
obtained from a least-squares constrained fit 
utilizing measurements of other (related) 
quantities as additional information. 

~2 

" ' i '  : ; : : : : ; : ; : ; ; ; .  BIsIHAID~ 7~55B BcHL~C 2.505 
i �9 YOUNG ~ E.U, 5.7 

8,9 
(Confidence Level = 0.012) 

0.4 0.6 0.8 1 1.2 1.4 

r( .~ -) 

r(~%+,, . ) /r (@ e+,,.) 
VALUE ~VT~ DOCUMENT IO TE~: N 
0.M=O4"0.OtB OUR FIT Error includes scale factor of 1.5. 
0.W04-0.01.1 OUR AVERAGE 
0.7054-0.063 554 25 LUCAS 738 HBC 

rg/r7 
CHG COMMENT 

- Dalitz pairs only 
0.6984,0.025 3480 26 CHIANG 72 OSPK + 1.84 GeV/c K + 
0.667-;-0.017 5601 BOTTERILL 685 ASPK + 
0.7034-0.056 1509 27 CALLAHAN 668 HLBC 
�9 �9 �9 We do not use the following data for averages, fits. timits, etc. �9 �9 �9 

0.6704-0.014 28 HEINTZE 77 SPEC + 
0.57 4-0.12 WEISSENBE... 76 SPEC + 
0.6084-0.014 1585 29 BRAUN 75 HLBC + 
0.596+0.025 30 HAIDT 71 HLBC + 
0.6044-0.022 1398 30 EICHTEN 68 HLBC 

25 LUCAS 735 gives N(K.p..3) = 554 4- 7.6%. N(Ke3 ) = 786 4- 3.1%. We divide. 
26CHIANG 72 r0r0 /~+u~) / r0 r0e+Ue)  Is statistically Independent of EHIANG 72 

r 0 r % , + u . ) / r t o t a  I and r0 r~  
27 From CALLAHAN 66a we use only the Kp.3/Ke3 ratio and do not Include In the fit the 

ratios Kp3/0r l r+ l r0  ) and Ke3 / (~+~r0 ) ,  since they show large disagreements with 
28the rest of the data. 

HEINTZE 77 value from fit to 10. Assumes p-e universality. 
29 BRAUN 75 value Is from form factor fit. Assumes/~-e universality. 
30HAIDT 71 Is a reanalysls of EICHTEN 68. Only Individual ratios Included In fit (see 

r (.o,+.,)/r ( .+.+.- )  and r(.O e+.e)/r (.+.+.-)). 

[r ( .+  ~ )  + r (~o ~,+,,.)] ir=t,. ' ( r~+rd l r  
we combine these two modes TOr experiments measuring them In xenon bubble cham- 
ber because of difficulties of separating them there. 

VALUE (units 10 -2) E V T S  DOCUMENT ID TECN CHG 
24L~14-k0.15 OUR FIT Error Includes scale factor of 1.2. 
24L6 4-1.0 OUR AVERAGE Error Includes scale factor of 1.4. 
25.4 :t:0.9 886 SHAKLEE 64 HLBC + 
~3.4 4-1.1 ROE 61 .~BC + 
r(~~ e+,,o)/r~= r~/r 
VALUE (units 10 -2) E V T S  DOCUMENT ID TECN CHG COMMENT 
4kll~'l'B.0~ OUR FIT Error includes scale factor of 1.3. 
4.1i84-0.0S OUR AVERAGE 
4.864-0.10 3516 CHIANG 72 OSPK + 1.84 GeV/c K + 
4.7 4-0.3 429 SHAKLEE 64 HLBC + 

r (@e+ ,e ) / r ( .+ .+ . - )  
VALUE ~VT5 DOCUMENT I~ TECN CHG 
0.Jl624-0.011 OUR FIT Error Includes scale factor of 1.3. 
0.8~4-0.014 OUR AVERAGE 
0.867+0.027 2768 BARMIN 87 XEBC + 
0.8564-0.040 2827 BRAUN 75 HLBC + 
0.850~:0.019 4385 34 HAID'r 71 HLBC + 
0.94 4,0.09 854 BELLOTTI 67B HLBC 
0.90 4-0.06 230 BORREANI 64 HBC + 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

0.846:E0.021 4385 34EICHTEN 68 HLBC + 
0.90 :t:0.16 37 YOUNG 65 EMUL + 

34 HAIDT 71 Is a reanalysls of EICHTEN 68. 

r(,,o e+,,4/[rO, +,,.) + r( .+,#)]  r./(r~+r=) 
VALUE (units 10 -2 ) E V T S  DOCUMENT ID TECN CHG 
S.1P0"I'0.08 OUR FIT Error includes scale factor of 1.4. 
g,014-0.16 OUR AVERAGE 
5.924-0.65 35WEISSENBE... 76 SPEC + 
6.164-0.22 5110 ESCHSTRUTH 68 OSPK + 
5.89• 1679 CESTER 66 OSPK + 

35Value calculated from WEISSENBERG 76 (~r 0 eu). (l~u). and (lr~r O) values to eliminate 
dependence on our 1974 (lr 21r 0) and (Tr ~r + l r - )  fractions. 

r (~ox~ e+ ve)/r (fo e+ re) rg/r~ 
VALUE (units 10 -4) CL% EVT$ DOCUMENT ID TECN CHG 

"+-~:I Ou" nT 
4.1+_o1: ~ o u . , v E ~ e  
4 ~+1"0 25 BOLOTOV 865 CALO - ' - - 0 . 9  
3 8 +5.0 ' --1.2 2 LJUNG 73 HLBC + 

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

<37.0 90 0 ROMANO 71 HLBC + 

r( ,P~e+,,o) Ir=~ r . l r  
VALUE (u,ltS 10 -5) E V T S  DOCUMENT ID TECN CHG 
2.1 =bOA OUR FIT 
u ~ o . .  lO BAR.,N 88s .LBC + 

r ( . + . -  P , e ) / r ( . + . + . - )  rg/r4 
VALUE (units lU -4) E V T S  DOCUMENT ID TECN CHG 
6.N4"0JI0 OUR AVERAGE Error Includes scale factor of 1.2. 
7.21:J:0.32 30k ROSSELET 77 5PEC + 
7.36~0.65 500 BOURQUIN 71 A5PK 
7.0 4-0.9 106 SCHWEINB... 71 HLBC + 
5.83• 269 ELY 69 HLBC + 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

6,7 4,1.5 69 BIRGE 65 FBC + 

r(,r+,r-~,+ v. ) / r~. l  r= I r  
VALUE (units 10 -s ) E V T S  DOCUMENT 10 TECN CHG 

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

0 77+0"- 54 1 CLINE 65 FBC + ' -u.~u 

r ( . + . - , +  v,) /r  ( ,+ ~+ , - )  
5.0 4,0.5 ROE 61 HLBC + 
�9 �9 �9 We de not use the following data for averages, fits, limits, etc. �9 �9 �9 

5.1 4-1.3 31ALEXANDER 57 EMUL + 
3.2 4,1.3 31 BIRGE 56 EMUL + 

31 Earlier experiments not averaged. 

r(,@.+,,e)/r(.*,, .)  
VALUE ~yT~ DOCUMENT ID T~CN CHG 
0.0"nm4-0.0011 OUR FIT Error includes scale factor of 1.4. 
0.071~4-0.00~4 OUR AVERAGE 
0.069 4,0.006 350 ZELLER 69 ASPK + 
0.0775:E0.0033 960 BOTTERILL 68C ASPK + 
0.069 4-0.006 561 GARLAND 65 OSPK + 
0.07914-0.0054 295 32AUERBACH 67 OSPK + 

rT/r~ 

VALUE (units 10 -4) E V T S  DOCUMENT ID TECN CHG 

2Jr/"l- 1 rJI 7 BISI 67 DBC + 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

N 2.5 1 GREINER 64 EMUL + 

r(~O,#,,%+,,e)/r=, 
VALUE (units 10 -6) CL~ E V T S  DOCUMENT ID . TECN CHG 

<3.g 90 0 BOLOTOV 88 SPEC - 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

<9 90 0 BARMIN 92 XEBC + 

32AUERBACH 67 changed from 0.0797 4- 0.0054. See comment with ratio r(.~ v,)/ 
r(/~+vp.). The value 0.0785 4- 0.0025 given In AUERBACH 67 is an average of 

AUERBACH 67 r0r~ and CESTER 66 r(.~ + 

r(~+,,o)]. 

r~/r4 

r~dr  
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r ( . + ~ ) / r = . ,  r= / r  
All values given here assume a phase space plon energy spectrum. 

VALUE(units 10 -7) CL_~ E V T S  DOCUMENT ID TECN CHG COMMENT 

11 4- 3 4"1 31 36KITCHING 97 B787 | 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 10 90 0 ATIYA gob B787 T~r 117-127 MeV 
< 84 90 0 ASANO 82 CNTR + T~r 117-127 MeV 

- 4 2 0  4-520 0 ABRAMS 77 SPEC + T~r < 9 2 M e V  
< 350 90 0 LJUNG 73 HLBC. + 6-102, 114-127 

MeV 
< 500 90 0 KLEMS 71 OSPK + T~r <117 MeV 

- 1 0 0  :1:600 CHEN 68 OSPK + T ~ 6 0 - g o M e V  

36KITCHING 97 is extrapolated from their model-independent branching fraction (6,0 4- I 
1.5 4- 0.7) x 1 0 - 7  for 100 MeV/c<P r + < 180 MeV/cusing Chlral Perturbation Theocy. I 

r ( .+~) / r=t= r . / r  
Values given here assume a phase space plon energy spectrum. 

VALUE (unlts 10 -4) CL._.~% DOCUMENT ID TECN CHG COMMENT 

<1.0 90 ASANO 82 CNTR + "F(~r) 117-127 
MeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<3.0 90 KLEM5 71 OSPK + T(~r) >117 MeV 

r (~+~) / r~ ,  rldr 
VALUE (units 10 -6) CL._..~._~ EVTS DOCUMENT IO TECN CHG 

<5.0 go 0 37 PANG 73 CNTR + 

37pANG 73 aSsumes/~ spectrum from u-u Interaction of BARDIN 70. 

r(e*,,..p) Ir(e+,,o) r,.ir= 
VALUE ~ ~V'T~ ~)QCUMENT IO TECN CH.~G 

<3,8 go 0 HEINTZE 79 SPEC + 

r0, +,,.e+ e-)/r(,+,r- e+.,.) rl.lr, 
VALUE(units 10 -3) E V T S  DOCUMENT/D TECN CH.__G_G COMMENT 

5,34-0.9 14 38 DIAMANT-... 76 SPEC + me+ e _ >140 
MeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 

27. 4-3. 14 38 DIAMANT- . .  76 SPEC + Extrapolated BR 

38 DIAMANT-BERGER 76 gives this result times our 1975 ~r + x -  eu BR ratio. The second 
DIAMANT-BERGER 76 value Is the first value extrapolated to 0 to include low mass 
e + e -  pairs. More recent calculations (BIJNENS 93) of this extrapolation disagree with 
those of DIAMANT-BERGER 76. 

r (e + ~, e + e-)/r  ( . + . -  e+ ~,) r~dr9 
VALUE (units 10 -3) EVTS DOCUMENT ID TECN CHG COMMENT 

O.~*I'0.T~ 39 | --0.38 4 DIAMANT-... 76 SPEC + me+ e -  >140 
MeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

5.4 +5.4 4 39DIAMANT-. . .  76 SPEC + Extrapolated BR - 2 . 7  

39 DIAMANT-BERGER 76 gives this result times our 1975 ~r + ~r- eu BR ratio. The second 
DIAMANT-BERGER 76 value Is the first value extrapolated to 0 to Include low mass 
�9 + e -  pairs. More recent calculations (BIJNENS 93) of this extrapolation disagree with 
those of DIAMANT-BERGER 76. 

r0, +,,.~,+~,-)Ir~,, r . I r  
VALUE (units 10 -7 ) CL.~_~_~ DOCUMENT ID TECN CHG 

<4.1 90 ATIYA 89 B787 + 

r(~+~,~.~)/r~, rl,/r 
VALUE (units 10 -3) EVTS DOCUMENT ID TECN CHG COMMENT 
6~0-1-0.25 OUR AVERAGE 
6.6 4-1.5 40,41 DEMIDOV 90 XEBC P(p) <231.5 

MeV/c  
BARMIN 88 HLBC + P(/~) <231.5 

MeV/c 
42 AKIBA 85 SPEC P(p) <231.5 

MeV/c  

6.0 4-0.9 

5.4 4-0.3 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3.5 4-0.8 41,43 DEMIDOV 90 XEBC E('7) > 20 MeV 
3.2 4-0.5 57 44 BARMIN 88 HLBC + E(3,) >20 MeV 
5.8 4-3.5 12 WEISSENBE... 74 STRC + E(-~) >9 MeV 

40 p(p) cut given In DEMIDOV gO paper. 235.1 MeV/c. Is a misprint according to authors 
(private communication). 

41 DEMIDOV 90 quotes only Inner bremsstrahlung (IB) part, 
42Assumes p-e universality and uses constraints from K ~ eu% 
43 Not Independent of above DEMIDOV gO value. Cuts differ. 
44 Not Independent of above BARMIN 88 value. Cuts differ. 

r ( .+ .%) /r~=,  r=o/r 
VALUE (units 10 -4 ) CL~ EVT5 DOCUMENT ID TECN CHG COMMENT 

2.75"1-0.15 OUR AVERAGE 
2.714-0.45 140 BOLOTOV 87 WIRE - T~r-  55-90 MeV 
2.874-0.32 2461 SMITH 76 WIRE 4- T~r + 55-90 MeV 
2.714-0.19 2100 ABRAMS 72 ASPK 4- TTr + 55-90 MeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

1.5 +1.1 45 LJUNG 73 HLBC + TTr + 55-80 MeV 
- 0 . 6  

2.6 +1.5 45 LJUNG 73 HLBC + T~r + 55-90 MeV -1 .1  

6.8 +3.7 17 45 LJUNG 73 HLBC + T~r + 55"102 MeV -2 .1  
2.4 4-0.8 24 EDWARDS 72 OSPK T~r + 58-90 MeV 

<1.0 0 46 MALTSEV 70 HLBC + T~r + <55 MeV 
<1.9 90 0 EMMERSON 69 OSPK T~r + 55-80 MeV 

2.2 +0.7 18 CLINE 64 FBC + T~r + 55-80 MeV 

45 The LJUNG 73 values are not Independent. 
46 MALTSEV 70 selects low ~r + energy to enhance direct emission contrlbuUon. 

r0r+~-r(DE))/rte=0 
Direct emission part of r (Tr + 7r 0-y)/r tota I. 

VALUE (units 10 -5 ) 
1-8 -I-0.4 OUR AVERAGE 

2 n ~ - n  a~+ 0"39 
. . . . . . .  -0 .23 

2.3 4-3.2 
1.564-0.354-0.5 

r(,,+~+.-.O/r~l 
VALUE (units lO -4 )  EVT5 
1.04-1-0.51 OUR AVERAGE 
1.104-0.48 7 
1.0 4-0.4 

r (~+,~ ~ 
VALUE (units 10 -4 ) 

43+- =.2 - �9 --A.# 

VALUE (units 10 -s ) CL% EVTS 

<0.1 90 0 

r(~e+J,,-01r(~e+v, ) 
VALUE (units 10 -2 ) EVT5 

DOCUMENTID 

r21/r 

TECN CHG COMMENT 

BOLOTOV 87 WIRE - T ~ -  55-90 MeV 

SMITH 76 WIRE + Tlr4- 55-90 MeV 
ABRAMS 72 ASPK 4- Tlr4- 55-90 MeV 

r . , I r  
DOCUMENT ID TECN CHG COMMENT 

BARMIN 89 XEBC E('y) > 5 MeV 
STAMER 65 EMUL + E(~') >11 MeV 

r..Ir5 
DOCUMENT ID TECN CHG COMMENT 

BOLOTOV 85 SPEC - E(~) > 10 MeV 

ri4/r 
DOCUMENT ID TECN CHG COMMENT 

LJUNG 73 HLBC + E(~) >30 MeV 

r=/r7 
DOCUMENT ID TECN CHG COMMENT 

0.544-0.04 OUR AVERAGE Error Includes scale factor of 1.1. 
0.464-0.08 82 47 BARMIN 91 XEBC E('~) > 10 

MeV, 0.6 < 
cos~ e -f < 
0.9 

0.564-0.04 192 48 BOLOTOV 86B CALO - E(~) >10 MeV 
0.76:t:0.28 13 49 ROMANO 71 HLBC E(*y) >10 MeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.514-0.25 82 47 BARMIN 91 XEBC E('y) > 10 MeV, 
cos8 e ~ < 
0.98 

0,484-0.20 16 50 LJUNG 73 HLBC + E('~) >30 MeV 

0 22 +0"15 50 LJUNG 73 HLBC + E(3') >30 MEV " -0 .10  
0.534-0.22 49 ROMANO 71 HLBC + E(~) >30 MeV 
1.2 4-0.8 BELLOTTI 67 HLBC + E(~() >30 MeV 

47 BARMIN 91 quotes branching ratio F(K -~ eTr0 u,7)/l'al I, The measured normalization 

is [F(K --~ eTrOu) + I ' (K ~ 7r+~r+ l r - ) ] .  For comparison with other experiments we 
used F(K - *  elr0u)/l 'al I = 0.0482 to calculate the values quoted here, 

48co38(e,~) between 0.6 and 0.9. 
49Both ROMANO 71 values are for cos8(e-r) between 0.6 and 0.9. Second value Is for 

comparison with second LJUNG 73 value. We use lowest E(3') cut for Summary Table 
value. See ROMANO 71 for E 3, dependence. 

50FIrst LJUNG 73 value Is for cusS(e3,) <0.9. second value Is for cor between 0.6  
and 0.9 for comparison with ROMANO 71. 

r(~~ 
Structure-dependent part. 

VALUE (units 10 -5 ) CL.~.~_~ DOCUMENT 10 

<5.5 gO BOLOTOV 

r (.~ .%+ ,,o .y) I r ~  
VALUE (units 10 -6 ) CL__~ E V T S  DOCUMENT ID 

<5 90 0 BARMIN 

r (~+ ~+ e- v=)/rt=., 
Test of Z~5 = &Q rule. 

VALUE(units 10 -7) CL% EVT$ DOCUMENT ID 

r~ / r  

TECN CHG 

86B CALO - 

r~/r 
TECN CHG COMMENT 

92 XEBC + 

TECN CHG 

E.y > 10 MeV 

r=e/r 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 9.0 95 0 SCHWEINB.. 71 HLBC + 
< 6.9 95 0 ELY 69 HLBC + 
<20. 95 BIRGE 65 FBC + 
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r(.+.+ e-vo)/r(.+.- e+,,o) r=/r9 
Test o f  A S  = Z~Q rule. 

VALUE (units lO -4  ) CL__~ EVTS DOCUMENT ID TECN 

< 3 90 3 51 BLOCH 76 SPEC 
�9 �9 �9 We.do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

<130.  95 0 BOURQUIN 71 ASPK 

51 BLOCH 76 quotes 3.6 x 10 - 4  at CL = 95%, we convert. 

r(.+,~+l,-v.)/r~= rnlr 
Test o f  Z15 = ZIQ rule. 

VALUE(units 10 -6 ) CL ~ EVTS OOCUMENT ID TECN CHG 

< 3 . 0  95 0 BIRGE 65 FBC + 

r(,~+ e+ e-)/r~,, r=/r 
Test for Z15 = 1 weak neutral current. Allowed by combined first-order weak and 
electromagnetic interactions. 

VALUE (units lO -7 }  CL% E Y E S  DOCUMENT ID TECN CHG COMMENT 

2.744"8.23 OUR AVERAGE 
2.75:EO.23:EO.13 500 52ALL IEGRO 92 SPEC + 
2.7 :E0,5 41 53 BLOCH 75 SPEC + 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< 17 90 CENCE 74 ASPK + Three track 
evts 

< 2.7 90 CENCE 74 ASPK + Two track 
events 

<320  9O BEIER 72 OSPK • 
< 44 90 BISI 67 DBC + 
< 5.8 90 CLINE 67B FBC + 
< 24.5 90 1 CAMERINI  64 FBC + 

52ALLIEGRO 92 assumes a vector Interaction with a form factor given by .~ = 0.105 :E , 
0.035 + 0.015 and a correlation coefficient o f  - 0 .82 .  

53 BLOCH 75 assumes a vector interaction. 

r(.+~,+~,-)Ir~,l rs~Ir 
Test for A S  = 1 weak neutral current. Allowed by higher-order electroweak Interac- 
tions. 

VALUE(units 10 -8 ) CL.~_%_% DOCUMENT IO TECN CHG 

6.04"0.44"0.9 54 ADLER 97c B787 | 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< 23 90 ATIYA 89 B787 + 
<240  90 BISI 67 DBC + 
<300  90 CAMERINI  65 FBC + 

5 4 A D L E R  97c gives systematic error 0.7 x 10 - 8  and theoretical uncertainty 0.6 x 10 - 8 ,  | 
which we combine in quadrature to  obtain our second error. I 

r(,r+~,p)Irta r=/r 
Test for ~ S  = 1 weak neutral current. Allowed by higher-order electroweak Interac- 
tions. 

VALUE (units lO - s )  CL% EVT5 DOCUMENT ID TECN CHG COMMENT 

r(.+.+e-)/r==, r . . / r  
Test o f  lepton family number conservation. 

VALUE (units tO -10 ) CL% E V T S  DOCUMENT ID TECN CHG COMMENT 

< 2.1 90 0 LEE 90 SPEC + 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<11 90 0 CAMPAGNARI  88 SPEC + In LEE 90 
<48 90 0 D~AMANT .... 76 SPEC + 
r(.+~- e+)/r~l r~/r 

Test o f  lepton family number conservation. 
VALUE (units 10 -9  ) CL% E V T S  DOCUMENT ID TECN CHG 

< 7 90 0 60 DIAMANT- . . .  76 SPEC + 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<28  90 60 BEIER 72 OSPK + 

60 Measurement actually applies to the sum of  the lr + / ~ - e  + and * r - / ~ +  e + modes. 

r ( , r  j,+ e+ ) I r~ , ,  r ~ I r  
Test o f  total lepton number conservation. 

VALUE (units 10 -9  ) CL~ EVT5 DOCUMENT ID TECN CHG 

< 7 90 0 61 DIAMANT- , , ,  76 SPEC + 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<28  90 61 BEIER 72 OSPK =E 

61 Measurement actually applies to  the sum of  the lr + / ~ -  e + and l r - / ~ +  e + modes. 

r(.+~- e+)/r~,, r=/r 
VALUE(units 10 -8 )  CL.~_~ DOCUMENT ID TECN CHG 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

<14 90 BE,ER 72 osPK , 
r(,~- e+ e+)/rt~l r=/r 

Test o f  total lepton number conservation. 
VALUE (units 10 -s  ) DOCUMENT ID TECN CHG 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<1.5  CHANG 68 HBC -- 

r( . -  e+ e+)/r ( . + . -  e+ ~.) r=/r,  
Test o f  total lepton number conservation. 

VALUE (units 10 -4)  CL~ EVTS DOCUMENT ID TECN CHG 

<2.6  90 0 62 DIAMANT- . . .  76 SPEC 4" 

62 D IAMANT-BERGER 76 quotes this result t imes our 1975 BR ratio. 

r(,r-l,+~,+)/r~ r N / r  
Forbidden by total lepton number conservation. 

VALUE (units 10 -4  ) CL.~%_% DOCUMENT ID TECN 

<1.6  90 63 L ITTENBERG 92 HBC 

O 42 +0.97 | �9 _ O . K  1 ADLER 97 B787 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< 2.4 90 ADLER 96 B787 
< 7.5 90 AT IYA 93 B787 + T(~r) 115-127 

MeV 
< 5.2 90 55 AT IYA 93 8787 + 
< 17 90 0 AT IYA 93B B787 + T(~r) 60-100 MeV 
< 34 90 AT IYA 90 B787 + 
< 140 90 ASANO 81B CNTR -I- T(~r) 116-127 

MeV 
< 940 90 56 CABLE 73 CNTR + T ( x )  60-105 MeV 
< 560 90 56 CABLE 73 CNTR + T(~r) 60-127 MeV 
<57000  90 0 57LJUNG 73 HLBC + 
< 1400 90 56 KLEMS 71 OSPK + T(•) 117-127 

MeV 

63 L ITTENBERG 92 is from retroactive data analysis of  CHANG 68 bubble chamber data, 

r0,+Vo) Ir=~ r4olr  
Forbidden by total lepton number conservation. 

VALUE(units 10 -3 ) CL_~_~ DOCUMENT ID TECN COMMENT 

<3.3  90 64 COOPER 82 HLBC Wideband ~ beam 

64COOPER 82 l imit  on Pe observation is here interpreted as a l imit  on lepton number I 
violation in the absence of  mixing. 

r(~Oe+vo) Ir~., r411r 
Forbidden by total lepton number conservation. 

VALUE CL % DOCUMENT ID TECN COMMENT 

<0.003 90 65 COOPER 82 HLBC Wideband v beam 

65COOPER 82 l imit on Ve observation is here interpreted as a l imit  on lepton number | 
violation in the absence of  mixing. 

55 Combining ATIYA 93 and ATIYA 936 results. Superseded by ADLER 96. 
5 6 K L E M S  71 and CABLE 73 assume *r spectrum same as Ke3 decay. Second CABLE 73 

l imit  combloes CABLE 73 and KLEMS 71 data for vector Interaction. 
57 LJUNG 73 assumes vector interaction. 

r(~- re+ e+)/r(.+.- e+v.) r=/r, 
Test of  lepton family number conservation. 

VALUE (units 10 -3 )  CL~ EVTS DOCUMENT ID TECN CHG 

<:0 Ir 90 0 5 0 D I A M A N T - . . .  76 SPEC + 

58 D IAMANT-BERGER 76 quotes this result t imes our 1975 ~r + l r -  e v  BR ratio. 

r0,+,,.)Ir~., r~Ir 
Forbidden by lepton family number conservation. 

VALUE CL~ EVT$ DOCUMENT ID T~E(;N CHG COMMENT 

<0 .004  90 0 59 LYONS 81 HLBC 0 200 GeV K + nar- 
row band u 
beam 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0,012 90 59 COOPER 82 HLBC Wldeband v beam 

59COOPER 82 and LYONS 81 l imits on v e observation are here Interpreted as limits on | 
lepton family number violation in the absence of  mixing. 

r(,r+.Y)Ir~. 
Violates angular momentum conservation. Not listed In Summary Table. 

VALUE (u,tts 10- 6 } C L ~ ;  DOCUMENT ID TECN CHG 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<1.4  9O ASANO 82 CNTR + 
<4.0  90 66 KLEMS 71 OSPK + 

66Test o f  model o f  Selled, Nuovo Clmento 6OA 291 (1969). 

rulr 
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K + LONGITUDINAL POLARIZATION OF EMITTED p+ 

VAI, U~ CL~ DOCUMENT ID TECN CHG COMMENT 
<--0.990 90 67 AOKI 94 SPEC + 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<--0.990 90 tMAZATO 92 SPEC + Repl. by AOKI 94 
-0.9704-0.047 68yAMANAKA 86 SPEC + 
-1 .0  +0.1  68CUTTS 69 SPRK + 
-0 .96 4-0.12 68 COOMBES 57 CNT.R + 

67AOKI 94 measures/~P/~ =-0.9996 4- 0.0030 4- 0.0048. The above limit is obtained by 
summing the statistical and systematic errors in quadrature, normalizing to the physically 
significant region (l~P~l < 1) and assuming that ~=1. its maximum value. 

68 Assumes ~=1. 

D A L I T Z  P L O T  P A R A M E T E R S  F O R  
K ---* 3~r D E C A Y S  

Revised 1994 by T.G. Trippe (LBNL). 

The  Dalitz plot distribution for K • --~ ~r=~r• =F, K • 

I t ~  4-, and K ~ --~ r+Tr-~r ~ can be parameterized by a series 

expansion such as tha t  introduced by Weinberg [1]. We use the 

form 

§ g/s3-s0  §  I 2 

IM r 1 am~+ L m + j 

+j + kL j + ' "  ' (1) 

where m2+ has been introduced to make the coefficients g, h, 

j ,  and k dimensionless, and 

s i  = ( P K  -- Pi) 2 = ( m g  -- mi) 2 -- 2 m K T i  , i = 1,2,3, 

1 -l(m  + m, + + m]) 
s 0 = ~  . s i =  3 

Here the Pi are four-vectors, mi and ~ are the mass and kinetic 

energy of the i th pion, and the index 3 is used for the odd pion. 

The coefficient g is a measure of the slope in the variable s3 

(or T3) of the Dalitz plot, while h and k measure the quadratic 

dependence on s3 and (s2 - sz), respectively. The coefficient j 

is related to the asymmetry of the plot and must be zero if C P  

invariance holds. Note also tha t  if C P  is good, g, h, and k must 

be the same for K + --* 7r+Tr+r- as for K -  --* 7r ~r ~r +. 

Since different experiments use different forms for M 2, in 

order to compare the experiments we have converted to g, h, 

j ,  and k whatever coefficients have been measured. Where such 

conversions have been done, the measured coefficient ay,  a t ,  au,  

or av is given in the  comment at  the right. For definitions of 

these coefficients, details of thi  s conversion, and discussion of 

the data,  see the April 1982 version of this note [2]. 

R e f e r e n c e s  

1. S. Weinberg, Phys. Rev. Lett. 4, 87 (1960). 

2. Particle Data  Group, Phys. Lett. l l l B ,  69 (1982). 

449 

M e s o n  P a r t i c l e  L i s t i n g s  

K �9 

ENERGY DEPENDENCE OF K ~ DALITZ PLOT 

Imatrlx elementl2 = 1 + gu + hu 2 + kv 2 

where u = (s 3 - SO) / m 2 and v = (s I - s2) / m 2 

LINEAR COEFFICIENT g~r+ FOR K + --* ~r+~r+~r - 
Some experiments use Dalltz variables x and y. In the comments we give ay = 
coefficient of y term. See note above on "Dalltz Plot Parameters for K - *  3x 
Decays." For discussion of the conversion of ay to g, see the earlier version of the 

same note in the Review published in Physics Letters 111B 70 (1982). 
VALU E EVT5 DOCUMENT ID TECN CHG COMMENT 
-0.21r=4-1-0-00~6 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram 

below. 
-0.22214-0.0065 225k DEVAUX 77 SPEC + ay=.2814 + .0082 
-0.21574-0.0028 750k FORD 72 ASPK + ay=.2734 4- .0035 
-0.200 4-0.009 39819 69 HOFFMASTER72 HLBC + 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0,196 4-0.012 17898 70GRAUMAN 70 HLBC + ay=0.228 :E 0.030 
-0,218 4-0,016 9994 71 BUTLER 68 HBC + ay=0.277 4- 0.020 
-0.22 +0.024 5428 71,72 ZINCHENKO 67 HBC + ay=0.28 4- 0.03 

69 HOFFMASTER 72 includes GRAUMAN 70 data. 
70 Emulsion data added - -  all events Included by HOFFMASTER 72. 
71 Experiments with large errors not Included In average. 
72 Also includes DBC events. 

WEIGHTED AVERAGE 
-0215410.0035 (Error scaled by 1.4) 

* 

i!iii i!iii!!ii iiiiiiil z 2 
. . . . . . . . . . .  DEV,UX ,,SPEC ,0 

/ ; - - P - - ~  . . . . . . . . . . .  FORD 72 ASPK 0.0 
J _ : ~ I > HOFFMASTER72 HLBC 2.9 

nflclence Level = 04iO5) 

-0.23 -0.22 -0.21 -0.2 -0.19 -0.18 

Linear energy dependence for K + - *  ~r+ l r+ l r  - 

QUADRATIC COEFFICIENT h FOR K + --* l r + l r + f  - 
VALUE E V T S  DOCUM~ :NT I~ Tf~ejN CHG 

0.012 -I-0-001 OUR AVERAGE Error Includes scale factor of 1.4. See the ideogram 
below. 

-0.0006• 225k DEVAUY, 77 SPEC + 
0.01874-0.0062 750k FORD 72 ASPK + 

-0.009 4-0.014 39819 HOFFMASTER72 HLBC + 

WEIGHTED AVERAGE 
0.012_+0.008 (Error scaled by 1.4) 

�9 ' DEVAUX 77 
�9 FORD 72 
�9 HOFFMASTER 72 

k (Confider 
I 

-0.04 =0.02 0 0.02 0.04 0.06 

Quadratic coefficient h for K + - *  7r+Tr+~ - 

X 2 
SPEC 0.8 
ASPK 1.1 
HLBC 2.3 

42. 
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QUADRATIC COEFFICIENT k FOR K + --* ~+~r+~r - 
VALUE EVT$ DOCUMENT ID TECN CHG 
-O.010~-t-O.00S4 OUR AVERAGE Error Includes scale factor of 2.1. See the Ideogram 

below. 
-0.0205:E0.0039 225k DEVAUX 77 SPEC + 
--0.0075• 750k FORD 72 ASPK 
-0.0105:E0.0045 39019 HOFFMASTER72 HLBC -I- 

WEIGHTED AVERAGE 
-0.010110.0034 (Error scaled by 2.1) 

I 
,./ ~ x 2 

, ' ' ' /1DEVAUX . BPEO 
] ~ . ~ .  FORD 72 ASPK 1.8 

I �9 \ HOFFMASTER 72 HLBC 0.0 
9.0 

nfidence Level - 0.011) 

-0,03 -0.0212 -0.0125 -0.0037 0.005 

Quadratic coefficient k fo r  K + - ,  ~ r + T r + T r  - 

LINEAR COEFFICIENT/[, FOR K -  -~ tr-lr-Tr + 
Some experiments use ~alltz variables x and y. In the comments we give ay = 
coefficient of y term. See note above on "Dalitz Plot Parameters for K ~ 3~ 
Decays." For discussion of the conversion of ay to g. see the earlier version of the 
same note In the Review published In Physics Letters t l l B  70 (1982). 

VALUE ~VT~ pOCUMENT ID T~CN CHG COMMENT 
--0,217 "l-0.O0? OUR AVERAGE Error includes scale factor of 2.5. 
-0.2186• 750k FORD 72 ASPK - ay=.2770 + .0035 

-0 .193  ~0.010 50919 MAST 69 HBC - ay=0.244 • 0.013 

�9 * �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

-0 .199  • 81k 73 LUCAS 73 HBE - ay=0.252 • 0.011 

-0 .190  ~:0.023 5778 74.75 MOSCOSO 68 HBC - ay~0.242 :i: 0.029 

-0 .220  • 1347 76 FERRO-LUZZI 61 HBC - ay=0.28 :i: 0.045 

73 Quadratic required by K~_ experiments. For comparison we average only dependence Is 

those K • experiments which quote quadratic fit values. 
74 Experiments with large errors not Included In average. 
75 Also includes DBC events. 
76 No radiative corrections Included. 

QUADRATIC COEFRCIENT h FOR K -  ~ l r - l r - l r  + 
VALUE EVT$ DOCUMENT ID TEEN CH_G_G 

0 . 0 1 0 : 1 : 0 . 0 ~  O U R  AVERAGE 
0.0125:E0.0062 750k FORD 72 ASPK - 

-0 .001 +0.012 50919 MAST 69 HBC - 

QUADRATIC COEFFICIENT k FOR K -  ~ x - t r - l r  + 
VA~UE E V T S  DOCUMENT ID TECN CH.~G 
- 0.0084::E0.0019 OUR AVERAGE 
--0.0083• 750k FORD 72 ASPK - 
-0 .014 ~0.012 50919 MAST 69 HBC - 

(IT+ - - / r r - )  / (/rT+ + gr- )  FOR K -~ --* lr=%r+~r - 
A nonzero value for this quantity Indicates CP violation. 

VALUE {%} EVT5 DOCUMENT ID TEEN 

--0.TQ4-O.E3 3.2M FORD 70 ASPK 

LINEAR COEFFICIENT/r FOR K :1: ~ x*~r~ ~ 
Unless otherwise stated, all experiments Include terms quadratic 
In (s 3 - SO) / rn 2 See mini-review above. 

lr+" 
VALUE EVT5 DOCUMENT ID TEEN CHG COMMENT 
0.BI4:1:0.01~1 OUR AVERAGE Error includes scale factor of 1.3. See the Ideogram below. 
0.582+0.021 43k BOLOTOV 86 CALO - 
0.670:1:0.054 3263 bRAUN 76B HLBC + 
0.630• 5635 SHEAFF 75 HLBC + 
0.510• 27k SMITH 75 WIRE + 
0.67 4-0.06 1365 AUBERT 72 HLBC -F 
0.544• 4048 DAVISON 69 HLBC § Also emulsion 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.806~:0.220 4639 77 BERTRAND 76 EMUL + 
0,484+0.084 574 78 LUCAS 73B HBC - Dalltz pairs only 
0.527• 198 77 PANDOULAS 70 EMUL -I- 
0.586:t:0.098 1874 78 BISI 65 HLBC + Also HBC 
0.48 •  1792 78 KALMUS 64 HLBC + 

77 Experiments with large errors not Included In average. 

78Authors give linear fit only. 

WEIGHTED AVERAGE 
0.594tO.019 (Error scaled by 1.3) 

' bRAUN 76B HLBC 2.0 
�9 SHEAFF 75 HLBC 0.9 
�9 SMITH 75 WIRE 2.0 
�9 AUBERT 72 HLBC 1.6 

J l  ," . . . .  DAVISON 69  HLBC 1.1 

..... ~ , (c I .... I )nfidence Level = 0.164) 

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Linear energy dependence for K + ---* ~4"~'~ 

QUADRATIC COEFFICIENT h FOR K • -~ x*tr~ ~ 
See mini-review above. 

VAL UE ~VTS DOCUMENT ID TEE N CHG COMMEN T 
O . O ~ : : l : O . O l 5  O U R  AVERAGE 
0.037• 43k BOLOTOV 86 CALO - 
0.152• 3263 BRAUN 76B HLBC + 
0.041• 5635 SHEAFF 75 HLBC + 
0.009+0.040 27k SMITH 75 WIRE + 

-0 .01 ~0.08 1365 AUBERT 72 HLBC -t- 
0.026• 4048 DAVISON 69 HLBC + Also emulsion 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.164+0.121 4639 79 BERTRAND 76 EMUL + 
0.0184-0.124 198 79pANDOULAS 70 EMUL + 

79 Experiments with large errors not Included in average. 

K~a AND K~3 FORM FACTORS 

Written by T.G. Trippe (LBNL). 

Assuming that only the vector current contributes to K --~ 

7rgv decays, we write the matrix element as 

M oc f+(t) [(PK + P~)#~TI~(1 + 75)v] 

+ f_(t)  [mtt(1 + 3'5)v] , (1) 

where PK and P~ are the four-momenta of the K and 7r mesons, 

rn ! is the lepton mass, and f+ and f_ are dimensionless fo~m 
factors which can depend only on t = (PK -- p~)2, the square 

of the four-momentum transfer to the leptons. If time-reversal 

invariance holds, f+ and f_ are relatively real. Kt~ 3 experiments 

measure f+ and f_, while Kea experiments are sensitive only 

to f+ because the small electron mass makes the f_ term 
negligible. 

(a)K~3 experiments. Analyses of K~3 data frequently as- 

sume a linear dependence of f+ and f_ on t, i.e., 

S~(0 =/ , (0)  [1 + ~,(t/m~)] (2) 

Most K~3 data are adequately described by Eq. (2) for f+ 
and a constant f_  (i.e., I_  = 0). There are two equivalent 
parametrizations commonly used in these analyses: 

(1) 1+, ~(0) parametrization. Analyses of K~3 data often 
introduce the ratio of the two form factors 

~(0 - - / - ( t ) / r + ( t )  �9 
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The Ku3 decay distribution is then described by the two 
parameters A+ and ~(0) (assuming time reversal invariance and 

A_ = 0). These parameters can be determined by three different 
methods: 

Method A. By studying the Dalitz plot or the pion spectrum 

of K~3 decay. The Daiitz plot density is (see, e.g., Chounet 

and fo which are associated with vector and scalar exchange, 
respectively, to the lepton pair. fo is related to f+ and f_ by 

to(t)  = f+( t )  + [t/(m2g - m2)] f _ ( t )  . 

Here f0(0) must equal f+(0) unless f _ ( t )  diverges at t = 0. 

The earlier assumption that f+ is linear in t and f_ is constant 
et ~t. [1l): 

p(E~,Eu) oc f~_(t) [A + B~(t) + C~(t) 2] , 

where 

(3 E, ) A = m K  ( 2 E u E ~ -  m K E ~ )  + m u ~, 4 7r -  Eu , 

( 2 E ~ -  B = m u 2 " ]  ' 

c :  
4 

max 2 _ m 2) ~2inK -- E ,  . E "  = - = + m .  

leads to f0 linear in t: 

fo( t )  = f0(0) [1 + , \o( t /m2)]  . 

With the assumption that fo(0) = f+(0), the two parametriza- 
tions, (A+,~(0)) and (A+, A0) are equivalent as long as corre- 

lation information is retained. (A+, A0) correlations tend to be 

less strong than (A+, ~(0)) correlations. 

The experimental results for ~(0) and its correlation with 

A+ are listed in the K + and K ~ sections of the Particle Listings 

in section ~A, ~B, or ~e depending on whether method A, B, 

or C discussed above was used. The corresponding values of A+ 

are also listed. 

Here E~, Eu, and Ev are, respectively, the pion, muon, and 
neutrino energies in the kaon center of mass. The density p is 

fit to the data to determine the values of A+,~(0), and their 

correlation. 

Method B. By measuring the K u 3 / K e  3 branching ratio 

and comparing it with the theoretical ratio (see, e.g., Fearing 

et al. [2]) as given in terms of A+ and ~(0), assuming #-e 

universality: 

~: + r(g;3)/r(g;~) = o.6457 + 1.4n5~+ + 0.1264e(0) 

+ 0.0192~(0) 2 + 0.0080A+~(0) , 

r(g~176 = 0.6452 + 1.3162~+ + 0.~264e(0) 

+ 0.0186~(0) 2 + 0.0064A+~(0). 

This cannot determine A+ and ~(0) simultaneously but simply 
fixes a relationship between them. 

Method  C. By measuring the muon polarization in Ku3 

decay. In the rest frame of the K, the # is expected to be 
polarized in the direction A with P = A /  A I, where A is 

4 

given (Cabibbo and Maksymowicz [3]) by 
I 

A = al(~)p~ 

+ ~KIm~(t)(p~ • p . ) .  

If time-reversal invariance holds, ( is real, and thus there is no 

polarization perpendicular to the K-decay plane. Polarization 
experiments measure the weighted average of ((t) over the t 

range of the experiment, where the weighting accounts for the 

variation with t of the sensitivity to ((t). 

(2) A+, A0 parametrizat ion.  Most of the more recent K~3 

analyses have parameterized in terms of the form factors f+ 

Because recent experiments tend to use the (A+,Ao) 
parametrization, we include a subsection for A0 results. Wher- 

ever possible we have converted ~(0) results into Ao results and 
vice versa. 

See the 1982 version of this note [4] for additional discussion 

of the K% parameters, correlations, and conversion between 

parametrizations, and also for a comparison of the experimental 

results. 

(b) Ke3 experiments. Analysis of Ke3 data is simpler than 

that of Ku3 because the second term of the matrix element 

assuming a pure vector current [Eq. (1) above] can be neglected. 

Here f+ is usually assumed to be linear in t, and the linear 
coefficient A+ of Eq. (2) is determined. 

If we remove the assumption of a pure vector current, then 

the matrix element for the decay, in addition to the terms in 

Eq. (2), would contain 

+2mK f s  g(1 + 75)u 

+ ( 2 f T / m K ) ( P K ) ~ ( P ~ ) , g a ~ , ( 1  + 75)u,  

where f s  is the scalar form factor, and f T  is the tensor form 

factor. In the case of the Kea decays where the f_ term can 

be neglected, experiments have yielded limits on I f s / f + l  and 

I fT / f+[ .  
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/ ~  FORM FACTORS 
In the form factor comments, the following symbols are used. 

f+ and f are form factors for the vector matflx element. 

f5 and fT refer to the scalar and tensor term. 

fo = f4 4 f._t/(m2 K - m2). 

`X.4' ,X . and `X0 are the linear expansion coefficients of f4 '  f - '  and f0' 

refers to the K~3 value except in the Ke:t:3 sections. 
i 

`X+ 

d~(O)/d`x+ is the correlation between ~(0) and `X+ in K4- /=3" 

d~o/ d`x . is the correlation between `X0 and ,X+ In K~3. 
/ 

t = momentum transfer to the ~r in units of m 2. 

DP = Dalltz plot analysis. 

PI = ~r spectrum analysis. 
MU =/= spectrum analysis: 
POL=/~ polarization analysis. 

BR = K~3/KCe3 branching ratio analysis. 
B ~ 

E = positron or electron spectrum analysis. 
RC = radiative corrections. 

X+ (LINEAR ENERGY DEPENDENCE OF f+ IN K'~e ~ DECAY) 
For radiative correction of Ker 3 Dalltz plot. see GINSBERG 67 and BECHERRAWY 70. 

/ 

VALUE EVT5 DOCUMENT ID TEEN CHG (;OMMENT 
O.0~I~=I:OJD0~ OUR AVERAGE 
0.02844-0.0027+0.0020 32k 80 AKIMENKO 91 SPEC PI. no RC 
0.029 4-0.004 62k 81BOLOTOV 88 5PEC Ph no RC 
0.027 :E0.008 82 BRAUN 738 HLBC + DP, no RC 
0.029 :E0.Oll 4017 CHIANG 72 OSPK 4 DP. RC neglig- 

ble 
0.027 4-0.010 2707 STEINER 71 HLBC 4 DP. uses RC 
0.045 4-0.015 1458 BOTTERILL 70 OSPK PI. uses RC 
0.08 4-0.04 960 BOTTERILL 68(: ASPK + e + ,  uses RC 

-0 .02 +0.08 90 EISLER 68 HLBC + PI. uses RC -0.12 
0.045 40.017 -0.018 854 BELLO'TTI 678 FBC + DP. uses RC 

40.016 4-0.016 1393 IMLAY 67 OSPK 4 DP. no RC 

+0.028 40.013 515 KALMUS 67 FBC + e +,  PI. no RC -0.014 
-0.O4 4-0.05 230 BORREANI 64 HBC + e +,  no RC 
-0.010 4-0.029 407 JENSEN 64 XEBC + PI. no RC 
+0.036 • 217 BROWN 628 XEBC 4 PI. no RC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.025 4-0.007 83 BRAUN 74 HLBC + KI~3/Ke3 vs. t 

80AKIMENKO 91 state that radiative corrections would raise `x-t- by 0.0013. 

81 BOLOTOV 88 state radiative corrections of GINSBERG 67 would raise `X+ by 0.002. 

82 BRAUN 738 states that radiative �9 corrections of GINSBERG 67 would lower ;~-t- by 0,002 

but that radiative corrections of BECHERRAWY 70 dlssgrees and would raise ,~_ by 
0.005. 

83 BRAUN 74 Is a combined Kp3-Ke3 result. It Is not independent of BRAUN 73c (K/~3) 
and BRAUN 73B (Ke3) form factor results. 

The parameter ~ Is redundant with `X0 below and Is not put into the Meson Summary 
Table. 

VALUE ~(o;/d% EVTS 
--0.L~:1:O.14 OUR EVALUATION 

DOCUMENT ID TECN CHG COMMENT 
Error includes scale factor of 1.6. Correlation is 

d~.(O)/d`x+=--14. From a fit discussed in note on 
Kt3 form factors in 1982 edition. PL 111B (April 
1982). 

--0.274-0.25 --17 3973 WHITMAN 80 SPEC 4 DP 
--0�9 4-0.8 - 2 0  490 84 ARNOLD 74 HLBC 4 DP 
-0.574-0.24 - 9  6527 85 MERLAN 74 ASPK + DP 
-0.364-0.40 - 1 9  1897 86BRAUN 73C HLBC 4 DP 
-0.624-0.28 - 1 2  4025 87ANKENBRA.. 72 ASPK + PI 
40.45• - 1 5  3480 88CHIANG 72 OSPK + DP 
-1 .1  4-0.56 - 2 9  3240 89 HAIDT 71 HLBC 4 DP 
-0 .5  4-0.8 - 2 6  2041 90KIJEWSKI 69 OSPK + PI 
40.724-0.93 - 1 7  444 CALLAHAN 66B FBC 4 PI 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

--0.5 4-0.9 none 78 EISLER 68 HLBC 4 PI. `x.i.=0 

0.0 +1.1 2648 91 CALLAHAN 668 FBC + #. ~4=0  -0 .9  
+0.7 4-0.5 87 GIACOMELLI 64 EMUL + MU+BR.`X4=0 
-0.084-0.7 92JENSEN 64 XEBC 4 DP+BR 
+1.8 4-0.6 76 BROWN 628 XEBC + DP4BR. 

`X+=0 

84ARNOLD 74 figure 4 was used to obtain ~A and d~(O)/d,~+. 
85 MERLAN 74 figure 5 was used to obtain d~(O)/d`x+. 
86 BRAUN 73c gives ~(t) = -0.34 4- 0.20. d~(t)/d,~+ = - 1 4  for `X+ = 0.027. t = 6.6. 

We calculate above ~(0) and d[.(O)/d`x 4 for their `X+ = 0.025 4- 0.017. 

87ANKENBRANDT 72 figure 3 was used to obtain d~(O)/d`x+. 

88CHIANG 72 figure 10 was used to obtain d~(O)/d,~+. Fit had `X_ ---- ,X+ but would not 
change for `X_ = 0. LPondrom. (private communication 74). 

89 HAI DT 71 table 8 (Dalltz plot analysis) gives d~(O)/d~+ = ( - 1 . 1 +  0.5)/(0.050-0.029) 
= -29.  error raised from 0.50 to agree with d~(0) = 0.20 for fixed `X+. 

90KIJEWSKI 69 figure 17 was used to obtain d~(O)/d`x 4 and errors. 
91 CALLAHAN 66 table 1 (~r analysis) gives d~(O)/d,X+ = (0.72-0.05)/(0-O.04) = -17.  

error raised from 0.80 to agree with d~(0) = 0.37 for fixed ,X 4 .  tunknown. 

92jENSEN 64 gives , ~  = `X~_ = -0.020 4- 0.027. d~(o)/d`x+ unknown, includes SHAK- 

LEE 64 E.B(Kp3/Ke3 ). 

r = f-/f+ (d~. . l~d from ~ / K * d )  
The K~3/K~e3 branching ratio fixes a relationship between ~(0) and `X+. We quote the 

author's ~(0) and associated `X+ but do not average because the `X4 values differ. The 
fit result and scale factor given below are not obtained from these ~B values, instead 

they are obtained directly from the fitted K~3/K~e3 ratio F(~OiJ4up)/F(~rOe4ue), 
with the exception of HEINTZE 77. The parameter ~ is redundant with `X0 below and 
is not put into the Meson Summary Table. 

VALUE EVT$ DOCUMENT ID TEEN CHG COMMENT 
--0.334"0.14 OUR EVALUATION Error Includes scale factor of 1.6. Correlation is 

d~,(O)/d,~+=-14. From a fit discussed in note on 
Kt3 form factors in 1982 edition, PL 111B (April 
1982). 

-0.12:E0.12 55k 93HEINTZE 77 CNTR 4 ,X+=0.029 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

0.0 • 5825 CHIANG 72 OSPK + ,X+=0.03. flg.10 
-0.814-0.27 1505 94 HAIDT 71 HLBC + `X+=0.028. fig,8 
-0.354-0.22 95 BOTTERILL 70 OSPK 4 ,X+=0.0454-0,015 
+0.914-0.82 ZELLER 69 ASPK + `X+=0.023 
-0.08• 5601 95 BOTTERILL 68B ASPK 4 `X+=O.0234-0,008 
-0.604-0.20 1398 94 EICHTEN 68 HLBC + See note 
+1.0 4-0.6 986 GARLAND 68 OSPK 4 `X+=0 
40.754-0.50 306 AUERBACH 67 OSPK + `X+=O 
+0,4 :E0.4 636 CALLAHAN 668 FBC + `X+=0 
+0,6 4-0.5 BISI 658 HBC + `X+=0 
+0,8 4-0.6 500 CUTTS 65 OSPK + `X+=O 

-01740 .75  SHAKLEE 64 XEBC 4 ,X4=0 �9 " -0 .99  

93Calculated by us from )~0 and `X+ given below. 
94EICHTEN 68 has ,X 4 = 0.023 4- 0.008. t = 4. Independent of `X_. Replaced by 

HAIDT 71. 
95 BOTTERILL 70 is re-evaluation of BOTTERILL 688 with different `X+. 

~,C = f - / f +  (detemllned from p polarization I n / ~ )  
The/~ polarization Is a measure of ~(t). No assumptionson `X+_ necessary, t (weighted 
by sensitivity to ~(t)) should be specified. In ,X+, ~(0) parametrlzation this is ~(0) 

for .X+=O. d~,/d`x = [,t. For radiative correction to muon polarization In 4- K/~3, see 
GINSBERG 71. The parameter ~ Is redundant with ~0 below and is not put into the 
Meson Summary Table. 

VALUE EVT5 pOCUMENT ID TEEN CHG COMMENT 
--0.334"0.14 OUR EV/M.UATION Error includes scale factor of 1.6. Correlation is 

dE.(O)/d`x+=-14. From a fit discussed In note on 
Kt3 form factors in 1982 edition. PL U I B  (April 
1982). 

--0.25• 1585 96 BRAUN 75 HLBC 4 POL, t=4.2 
-0.95~-0.3 3133 97CUTTS 69 OSPK 4 Total pol. t=4.0 
- 1.0 4-0.3 6000 98 BETTELS 68 HLBC + Total pol. t=-4.~J 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0.644-0.27 40k 99 MERLAN 74 ASPK + POL, d~C,(O)/d`x 4 
= 41.7 

- 1.4 ~:1.8 397 100 CALLAHAN 66B FBC + Total pol. 

-0 .7  40.9 2950 100CALLAHAN 668 FBC 4 Long�9 pol. -3 .3  

+1.2 +2.4 2100 100 BORREANI 65 HLBC 4 Polarization - 1 .8  
-4 .0  to +1.7 500 100 CUTTS 65 OSPK + Long. pol. 

96 BRAUN 75 d~.(O)/d`x+ = ~t = -0.25x4.2 = -1.0.  
97 CUTTS 69 t = 4.0 was calculated from figure 8. d~(O)/d`x+ = ~t = -0 .95x4  = -3.8.  
98BETTELS 68 d~(O)/d`x+ = E.t = -1 .0x4.9  = -4.9.  
99MERLAN 74 polarization result (figure 5) not possible. See discussion of polarization 

experiments in note on "Kt3 Form Factors" In the 1982 edition of this Review [Physics 
Letters 111B (1982)]. 

100 t value not given. 

Im(() In ~ DECAY (from tran~me # pol.) 
Test of T reversal Invariance. 

VALU E EVTS DOCUMENT ID TEEN CHG COMMENT 
-0.017=i:0.0~ OUR AVERAGE 
-0.0164-0.025 20M CAMPBELL 81 CNTR 4 Pol. 

--0.3 +0.3 -0 .4  3133 CUTTS 69 OSPK 4 Total pol. fig,7 

-0 .1  4-0.3 6000 BETTELS 68 HLBC + Total poL 
0.0 ~1.0 2648 CALLAHAN 66B FBC 4 MU 

41.6 4-1.3 397 CALLAHAN 668 FBC 4 Total pol. 

0.5 +1.4 2950 CALLAHAN 66B FBC 4 Long. pol. -0 .5  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 
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-0 .0104-0 .019  32M 101 BLATT  83 CNTR Polarization 

101Combined result o f  MORSE 80 ( K 0 3 )  and CAMPBELL  81 (K/~3!. 

A+ (LINEAR ENERGY DEPENDENCE OF f+ I N / ~  DECAY) " 
See also the corresponding entries and footnotes in sections ~A, ~C, and "~0- For 

radiative correction of  K~3  Dalitz plot, see GINSBERG 70 and BECHERRAWY 70, 

VALUE EVTS DOCUMENT ID T{:(: N CHG COMMENT 
0,(1~124-0.008 OUR EVALUATION Error includes scale factor o f  1.6. From a f i t  dis- 

cussed In note on Kt3  forfft factors 
PL U l B  (Apri l  1982). 

0.0294-0.024 3000 A R T E M O V  97 SPEC - DP 
40.0504-0.013 3973 W H I T M A N  80 SPEC + DP 

0.0254-0.030 490 ARNOLD 74 HLBC + DP 
0.0274-0.019 6527 MERLAN 74 ASPK + DP 
0.0254-0.017 1897 BRAUN 73c HLBC + DP 
0.0244-0.019 4025 102 ANKENBRA. . .  72 ASPK + PI 

- 0 . 0 0 6 •  3480 CHIANG 72 OSPK + DP 
0.0504-0.018 3240 H A I D T  71 HLBC + DP 
0.OO94-O.O26 2041 KIJEWSKI 69 OSPK + PI 
0.0 4-0.05 444 CALLAHAN 66B FBC + PI 

In 1982 edition, 

1 0 2 A N K E N B R A N D T  72 ,X+ from figure 3 to match d~(O)/d,~+. Text gives 0.024 4- 0.022. 

~0 (LINEAR ENERGY DEPENDENCE OF f0 I N / ~  DECAY) 
Wherever possible, we have converted the above values of  ~(0) Into values of A 0 using 

the associated ,~_ and d~/d,~ 

VALUE d),o/d~ t. EVTS 
0.0064-0.007 OUR ~ALUAI"ION 

DOCUMENT ID TECN CHG COMMENT 
Error includes scale factor o f  1.6. Correlation Is 

d,~o/d,X+=-0.16.  From a f i t  discussed In 
note on K~3 form factors in 1982 edition, PL 
111B (Apri l  1982). 

+ 0 . 0 6 2 ~ 0 . 0 2 4  0.0 3000 103 A R T E M O V  97 SPEC - DP 
+0.029:E0.011 - 0 . 3 7  3973 W H I T M A N  80 SPEC + DP 
+0.0194-0.010 +0 .03  55k 104 HEINTZE 77 SPEC + BR 
+0.0084-0.097 +0 �9  1585 105 BRAUN 75 HLBC + POL 
-0 .0404-0 .040  - 0 . 6 2  490 ARNOLD 74 HLBC + DP 
-0 .0194-0 .015 40 .27  6527 106 MERLAN 74 ASPK + DP 
- 0 . 0 0 8 •  - 0 . 5 3  1897 107 BRAUN 73E HLBC + DP 
-0 .026:E0.013 40 .03  4025 108ANKENBRA. . .  72 ASPK + PI 
40 .0304-0 .014 - 0 , 2 1  3480 108 CHIANG 72 OSPK + DP 
-0 .0394-0 .029  - 1 . 3 4  3240 108 H A I D T  71 HLBC + DP 
-0 .0564-0 .024  40 .69  3133 1 0 5 C U T T S  69 OSPK + P O L "  
-0 .031: [ :0 .045 - 1 . 1 0  2041 108KIJEWSKI  69 OSPK + PI 
-0 .0634-0 .024  40 .60  6000 105 BETTELS 68 HLBC + POL 
+ 0 . 0 5 8 + 0 . 0 3 6  - 0 . 3 7  444 108 CALLAHAN 668 FBC + PI 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

-0 .017: [ :0 .011 109BRAUN 74 HLBC + KI~3/Ke3 
vs. t 

1 0 3 A R T E M O V  97 does not give d,~o/d~.i . so we take it to be zero�9 

104HEINTZE 77 uses ,X+ = 0.029 -F 0.003. d,~o/dA + estimated by us. 

105,~ 0 value is for ,~+ = 0.03 calculated by us from/~(0) and d~(O)/d)L+, 

106MERLAN 74 A 0 and d,Xo/dA + were calculated by us from ~A, " ~ ,  and d~(O)/d,X+. 
Their  figure 6 gives A 0 = - 0 . 0 2 5  4- 0.012 and no d~o/d,~ + .  

107This value and error are taken from BRAUN 75 but correspond to the BRAUN 73c ,X~. 

result, d,Xo/dA.. F Is from BRAUN 73C d~(O)/dX+ in ~A above. 

108~ 0 calculated by us f rom ~(0), A~ ,  and d~(O)/d,X+. 

109BRAUN 74 is a combined KI~3+Ke3 result. I t  is not independent o f  BRAUN 73C (K/z3) 
and BRAUN 738 (Ke3)  form factor results. 

rs/r+l FOR K ~  DECAY 
Ratio o f  scalar to  f+  coup ngs. 

VALUE CL~ E V T S  DOCUMENT ID TECN CHG COMMENT 
0.01144-0.0| O U R  AVERAGE Error includes scale factor of  1�9149 
0.070~:0.016-L-0.016 32k A K I M E N K O  91 SPEC A+ ,  '~S' fT,  

f i t  
0.00 •  2827 BRAUN 75 HLBC + 

0�9 4 0 . 0 3  2707 STEINER 71 HLBC + ~+ ,  fs, fT ,  
- 0.04 #fR 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0�9 90 4017 CHIANG 72 OSPK + 
<0.23 90 BOTTERILL  68c ASPK 
<0.18 90 BELLOTTI  67B HLBC 
<0.30 95 KALMUS 67 HLBC + 

Ir~/r+l FOR ~ DECAY 
Ratio o f  tensor to  f+  couplings. 

VALUE CL~ Ev'r5 DOCUMENT ID TECN CHG COMMENT 
0.,~814-0.11 OUR AVERAGE Error Includes scale factor o f  1.1. 

0 5 ~'+O 09~_ . . 0110~0.10 32k A K I M E N K O  91 SPEC ,X+, fS, fT,  
fit 

0.07:1:0.37 2827 BRAUN 75 HLBC + 

0 2 a + 0 ' 1 6  2707 STEINER 71 HLBC + ,X+, f$, fT" 
�9 ~ - 0 . 1 4  fit 
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�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.75 90 4017 CHIANG 72 OSPK + 
<0.58 90 BOTTERILL  68(: ASPK 
<0.58 90 BELLOTTI  67B HLBC 
<1.1 95 KALMUS 67 HLBC + 

fTIr+ FOR ~ DECAY 
Ratio o f  tensor to  f+  couplings. 

VALUE EVT$  DOCUMENT ID TEEN 
0.024-0.12 1585 BRAUN 75 HLBC 

DECAY FORM FACTORS FOR K ~ ~ tr+lr-e-~ue 
Given In ROSSELET 77, BEIER 73, and BASILE 71c. 

DECAY FORM FACTOR FOR/C ~ ~ ~r~176 
Given In BOLOTOV 86B and B A R M I N  88B. 

/C ~ - *  E~v~f FORM FACTORS 

For definitions of  the axial-vector F A and vector F V form factor, see the 

"Note on 4 *  -~ t- l -v. i  and K4- --~ t ' i ' v~ /  Form Factors" in the 7r • 
section. In the kaon literature, often different definitions a K = FA/m K 
and v K = F v / m  K are used. 

FA + FV. SUM OF AXIAL-VECTOR AND VECTOR FORM FACTOR FOR 
K --* eue'y 
VALUE Ev'rs pOCUMENT ID T#:CN COMMENT 
0.148-t-0.010 OUR AVERAGE 
0.147:E0.011 51 110 HEINTZE 79 SPEC K ~ eu~  

0 15 n+0"018  56 111 HEARD 75 SPEC K ~ e~-y 
" " -  0.023 

110 HEINTZE 79 quotes absolute value of  JF A + FvI sine c. We use sin8 c = Vus = 0.2205. 

111 HEARD 75 quotes absolute value o f  IFA + FVI sin9 c. We use sine c = Vus = 0.2205. 

FA + FV. SUM OF AXIAL-VECTOR AND VECTOR FORM FACTOR FOR 
K --* pu~'y 
VALU E CL~ DOCUMENT ID TECN (:QMMENT 
< 0.23 90 1 1 2 A K I B A  85 SPEC K- -+  /~u'y 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

- 1 . 2  to 1.1 90 D E M I D O V  90 XEBC K ~ /~u-y 

112AK IBA  85 quotes absolute value. 

,cA -- FV. DIFFERENCE OF AXIAL-VECTOR AND VECTOR FORM FAC- 
TOR FOR K --* eJ,e7 
VALUE Ev'rs DOCUMENT ID T~(:N COMMENT 
, (0.40 90 113 HEINTZE 79 SPEC K ~ eu ' /  

113HEINTZE 79 quotes IFA - FVI < V~ IFA + FVI. 
FA -- FV, DIFFERENCE OF AXIAL-VECTOR AND VECTOR FORM FAC- 
TOR FOR K --~ # u ~  
VAt.U~ CL~ DOCUMENT ID TEEN COMMENT 
-2.2 tO 0.3 OUR EVALUATION 
- 2 . 2 t o 0 . 6  90 D E M I D O V  90 XEBC K ~  /zu'~ 
- - 2 . 5 t 0 0 . 3  90 A K I B A  85 SPEC K ~  /~v~, 

ADLER 97 
ADLER 97C 
ARTEMOV 97 

KITCHING 97 
ADLER 96 
KOPTEV 95 

AOKI 94 
ATIYA 93 

Also 93C 
ATIYA 931] 
BIJNENS 93 
ALLIEGRO 02 
BARMIN 92 

IMAZATO 92 
IVANOV 92 
LITTENBERG 92 
USHER 92 
AKIMENKO 91 
BARMIN 91 

DENISOV 91 

Also 92 
ATIYA 90 
ATIYA 908 
DEMIDOV 90 

LEE 90 
ATIYA 89 
BARMIN 89 

BARMIN 88 

BARMIN 88B 

80LOTOV 88 
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PR D30 69 +Yamazaki, Imazato, Ka~rashima+ (INUS, KEK, TOKMS) 
PRL 70 2521 +Chiang, Frank, Haggerty, Ito+ (BNL 787 Collab.) 
PRL 71 305 {erratum) Atlya, Cklang, Frank, Haggerty, Ito+ (BNL 787 Coilab.) 
PR D48 R1 +Ckiang, Frank, Hauerty, Ito+ (BNL 787 CoJlab.) 
NP B396 81 +Ecker, Gasser (CERN, BERN) 
PRL 68 378 +Campagnad+ (BNL, FNAL, PSI, WASH, YALE) 
SJNP 53 547 +Barn/toy, Cheraukha, Da~denko+ (ITEP) * 
Translated from YAF 55 976. 
PRL 69 877 +Ka~l~lmao Tanatca+ (KEK, INUS, TOKY, TOKM5) 
THESIS (PNPI ) 
PRL 68 443 +Shrock (BNL, STON) 
PR D45 3%1 +Fern. Gee, Graf, Manddker,, Sckultz, Schultz (UCI) 
PL B259 225 +Beloufaiov+ {5ERP, JINR, TBIL, CMNS, SOFU, KO51) 
SJNP 83 606 +Baylov, Da~denlm, Demldov+ (ITEP ) 
Trandated from YAF 53 081. 
JETPL 54 558 +Zkdamkov, Ivanov, Laldna, Lev~kenko, Malakhov+ (PNPI) 
Tramdated fTom ZETFP 54 ~7. 
THESIS IvUov (PNPI) 
PRL 64 21 +Chian|, Frank, Haggerty. Ito. Kycla+ (BNL 787 CoHab.) 
PRL 65 1188 +Chiang, Frank, Hal~erty, Ito, Kycia+ (BNL 787 Conab.) 
SJNP 32 1 0 0 6  +Dobrokhotov, Lyublev, Nikirenko+ (ITEP) 
Translated from YAF 52 1595. 
PRL 64 165 +AlltelFO , Campagnari+ (BNL, FNAL, VILL, WASH, YALE) 
PRL 63 2177 +Chlanl[, Frank, Hauerty, Ito, Kycia+ (BNL 787 Collab.) 
SJNP 50 421 +Bam/Iov, Davidenko, Dem;dov, Dolgolenko+ (ITEP) 
Translated from YAF 50 679. 
SJNP 47 643 +Brjlov, Davldenko, Demidov, Dolgolenko+ (ITEP) 
Translated from YAF 47 1011. 
SJNP 48 1032 +Bam/Io% Davidenko, Demidov, Dolgolenko+ (ITEP) 
Translated from YAF 48 1719. 
JETPL 47 7 +Gnlnenko. Dzhilkibaev, Isakov, Klubakov+ (ASCI) 
Trandated from ZETFP 47 8. 
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Meson Particle Listings 
K �9 

CAMPAGNARI 88 
GALL 88 
BARMIN 57 

BOLOTOV 87 

BOLOTOV 86 

BOLOTOV 86B 

YAMANAKA 86 
AlSO 84 

AKIBA 85 
BOLOTOV 85 

BLATT 83 
ASANO 82 
COOPER 82 
PDG 82 
PDG 82B 
ASANO 81B 
CAMPBELL 61 

Also 83 
LUM 61 
LYONS 81 
MORSE 80 
WHITMAN 80 
BARKOV 79 
HEINTZE 79 
ABRAMS 77 
DEVAUX 77 
HEINTZE 77 
ROSSELET 77 
BERTRAND 76 
BLOCH 76 
BRAUN 76B 
DIAMANT~... 76 
HEINTZE 76 
SMITH 76 
WEISSENBE,.. 7b 
BLOCH 75 
BRAUN 75 
CHENG 75 
HEARD 75 
HEARD 75B 
SHEAFF 75 
SMITH 75 
ARNOLD 74 
BRAUN 74 
CENCE 74 

AlSO 73 
KUNSELMAN 74 
MERLAN 74 
WEISSENBE_. 74 
ABRAMS 73B 
BACKENSTO,.. 73 
BEIER 73 
BRAUN 73B 

Also 75 
BRAUN 73C 

Also 75 
CABLE 73 
LJUNG 73 

AlSO 72 
Atso 72 
Also 69 

LUCAS 73 
LUCAS 73B 
PANG 73 

Also 72 
SMITH 73 
ABRAMS 72 
ANKENBRA... 72 
AUBERT 72 
BEIER 72 
CHIANG 72 
CLARK 72 
EDWARDS 72 
FORD 72 
HOFFMASTER 72 
BASILE 71C 
BOURQUIN 71 
GINSBERG 71 
HAlDT 71 

AlSO 6~ 
KLEMS 71 

Also 70 
Also 70B 

OTT 71 
ROMANO 71 
SCHWEINB.. 71 
STEINER 71 
BARDIN 70 
BECH ERRAWY 70 
BOTTERILL 70 
FORD 70 
GAILLARD 70 
GINSBERG 70 
GRAUMAN 70 

AlSO 69 
MALTSEV 70 

PANDOULAS 70 
CUTTS 

A~O 
DAVISON 
ELY 
EMMERSON 
HERZO 
KUEWSKI 
LOBKOWlCZ 

AlSO 
MACEK 
MAST 
SELLERI 
ZELLER 
BETTELS 

Also 
BOTq'ERILL 
BOTTERILL 

69 
65 
59 
69 
69 
69 
69 
63 
66 
69 
69 
69 
69 
68 
71 
688 PRL 21 766 
68C PR 174 1661 

PRL 61 2062 +AIIlegro. Chaioupka+ (BNL. FNAL, PSI. WASH, YALE) 
PRL 60 186 +Austin+ (BOST. MIT. WILL. CIT. CMU. WYOM) 
SJNP 48 62 +Ba~ylov. Oavidenko. Oemidov+ (ITEP) 
Translated from YAF 45 97. 
SJNP 45 1 0 2 3  +Gninenko. Ozhilkibaev. Isakov. Klubakov+ (INRM) 
Trandated from YAF 45 1652. 
SJNP 44 73 +Gninenko. Dzbilkibaev. Isakov+ (INRM) 
Translated from YAF 44 117. 
SJNP 44 68 +Gninenko. Ozhilkibaev. Isakov+ (INRM) 
Trandated from YAF 44 108. 
PR D34 55 +Hayano. Tanlguchi. Ishikawa+ (KEK. TOKY) 
PRL 52 329 Hayano. Yamanaka. Taniguchi+ (TOKY. KEK) 
PR D32 2911 +lshikawa. lwasaki+ (TOKY, TINT, TSUK. KEK) 
JETPL 42 481 +Gninenko. Dzhilkibaev. Isakov+ (INRM) 
Translated from ZETFP 42 390. 
PR D27 1056 +Adair. Black. Campbell+ (YALE. BNL) 
PL 1138 195 ~4(fkutanE, Kurokawa. Miyachi+(KEK. TOKY. INUS. 05AK) 
PL 112B 97 +Guy. Micbette. Tyndet. Venus (RL) 
PL 111B RoDs. potter. Aguilat-Benitez+ (HELS. EIT. CERN) 
PL t11B 70 RODS. porter. ABuilar-Benitez+ (HEL5, CIT, CERN) 
PL 107B 159 JrKikutanl. Kurokawa. Miyachi+(KEK. TOKY. INUS. OSAK) 
PRL 47 L032 +Black. Blatt. Kasha. Sckmidt+ (YALE. BNL) 
PR D27 1056 Blatt, Adaff, Black, Campbell+ (YALE, BNL) 
PR D23 2522 +Wiepnd, Kessler. Deslattes. Scki+ (LBL. NBS+) 
ZPHY C10 215 +Alpajar. Myatt (OXF) 
PR D21 1750 +Leil~ner , Larsen. Schmidt. Blair+ (BNL. YALE) 
PR D21 652 +Abrams. Carroll. Kycia. Li+ (ILLC. BNL. iLL) 
NP B148 53 +Vasserman. Zoiotorev. Krupin+ (NOVO. KIAE) 
NP B149 365 +Hdezelmann. Igo-Kemenes+ (HEIDP. CERN) 
PR DL5 22 +Carroll. Kycla. Li. Michael. Mockett+ (BNL) 
NP B126 11 +Block. Diamant-Berger. Maillard+ (SACL. GEVA) 
PL 708 482 +Heinzelmann. Igo-Kemenes+ (HEIDP. CERN) 
PR D15 574 +Extermann. F~scher. Gu~san+ (GEVA. SACL) 
NP 8114 387 +Sacton+ (BRUX. KIDR. DUUC. LOUC. WARS) 
PL 60B 393 +Bunce. Devaux. Diamant-BerBer+ (GEVA. SACL) 
LNC 17 521 +Martyn, Erriquez+ (AACH3. BARI, BELG. CERN) 
PL 62B 485 Diamant-Berger. Bioch. Devaux+ (SACL. GEVA) 
PL 60B 302 +Heinzelmann. Igo-Kemenes. Mundhenke+ (HEIDP) 
NP B109 173 +BoOth. Renshall. Jones+ (GLAS. LIVP. OXF. RHEL) 
NP B115 55 Welssenberg. F~omv, Minervina+ (ITEP. LEBD) 
PL 56B 201 +Brehin. Bunce. Devaux+ (SACL. GEVA) 
NP B89 210 +Corneisse~+ (AACH3. BAR1. BRUX. CERN) 
NP A254 381 +Asano. Chert, Dugan. Hu. Wu+ (COLU. YALE) 
PL 55B 324 +Heintze. Heinzeimann+ (CERN. HEIDH) 
PL 55B 327 +Heintze, Heinzetmann+ (CERN, HEIDH) 
PR D12 2570 (WlSC) 
NP 891 45 +Booth. Renshall. Jones+ (GLAS. LIVP. OXF. RHEL) 
PR D9 1221 +Roe. Sinclair (MIEH) 
PL 51B 393 +Cornelssen. Martyn+ (AACH3. BARI. BRUX. CERN) 
PR D10 776 +Harris. Jones. Morgado+ (HAWA. LBL. WISE) 
Thesis unpub. Clarke (WISC) 
PR C9 2469 (WYOM) 
PR D9 107 +Kasha, Wanderer, Adair+ (YALE, BNL, LASL) 
PL 48B 474 Welssenberg, Egorov, M~nervfna+ (tTEP, LEBD) 
PRL 30 500 +Carroll, Kycia, Li, Mene~, Michael+ (BNL) 
PL 43B 43]. Backenstoss+ (CERN, KARLK, KARLE, HELD, STOH) 
PRL 30 399 +Buckholz. Mann, Parker, Roberts (PENN) 
PL 47B 185 +Corndssen (AACH3. BARI. BRUX, CERN) 
NP B89 210 Braun. Corneissen+ (AACH3, BARI, BRUX, CERN) 
PL 47B 182 +Cornelssen (AACH3. BARI. BRUX. CERN) 
NP B89 210 Braun. Cornelssen+ (AACH3, BARI. BRUX. CERN) 
PR D8 3 8 0 7  +Hildebrand. Ping. SUening (EFI. LBL) 
PR D8 3307 +Cline (WISC) 
PRL 28 523 tjung (WISC) 
PRL 28 1287 ClJne. Ljung (WISE) 
PRL 23 326 Cameril~i. Ljun K. Sheaff. Cfine (WISC) 
PR D8 719 +Taft. Willis (YALE) 
PR D8 727 +Taft. Willis (YALE) 
PR D8 1 9 8 9  +Hildebrand. Cable. SUnning (EFI. ARIZ. LBL) 
PL 40B 699 Cable. Hildebrand. Pang. SBening (EFI. LBL) 
NP 860 411 +Booth. Ren~all. Jones+ (GLAS. LIVP. OXF. RHEL) 
PRL 29 1118 +Carroll. Kyda. Li. Menes. Michael+ (BNL) 
PRL 28 ld72 Ankenbrandt. Larsen+ (BNL. LASL. FNAL. YALE) 
NC 12A 309 +Heusse. P~r~aud. Vialle+ (ORSAY. BRUX. EPOL) 
PRL 29 678 +Buchhclz. Ma~n. Parker (PENN) 
PR D6 1254 +Rosen. Shapiro. Handler. Olsen+ (ROCH. WlSC) 
PRL 29 1274 +Cork. Elioft. Kerth. McReynolds. Newton+ (LBL) 
PR D5 2720 +Beier. Bertram. Her=o. Koester+ (ILL) 
PL 38B 335 +Piroue. Remmel. Smith. Souder (PRIN) 
NP B36 1 +Koller. Taylor+ (STEV. SETO. LEHI) 
PL 36B 619 +Brehin, Diamant-Berger. Kunz+ (SACL. GEVA) 
PL 36B 615 +Boymond. Extermann. Marasco+ (GEVA. SACL) 
PR D4 2893 (MIT) 
PR D3 10 (AACH. BARI. CERN. EPOL. NIJM+) 
PL 29B 691 Haidt+ (AACH. BARI. CERN. EPOL. NIJM. ORSAY+) 
PR D4 66 +Hildebrand. StUnning (CHIC. LRL) 
PRL 24 1086 Klems. Hildebrand. Stlening (LRL. CHIC) 
PRL 25 473 Klems. Hildebrand. SUnning (LRL. CHIC) 
PR D3 52 +Pdtchard (LOQM) 
PL 36B 525 +Renton. Aubert. Burban-Lutz (BARI. CERN. ORSAY) 
PL 36B 246 Sclw~nberger (AACH. BELG. CERN. NIJM+) 
PL 36B 521 (AACH. BARk CERN. EPOL. ORSAY. NIJM. PADO+) 
PL 32B 121 +Bilenky. ponte~o~vo (JINR) 
PR D1 1452 (ROCH) 
PL 31B 325 +Brown. Clegg. CorbeL1. Culffgan+ (OXF) 
PRL 25 1370 +Piroue. Remmei. Smith. Souder (PRIN) 
CERN 70-14 +Chounet (CERN. ORSAY) 
PR D1 229 (HALF) 
PR Ol 1277 +Koller. Taylor. Pandoulas+ (STEV. SETO. LEHI) 
PRL 23 737 Grauman, Koller, Taylor+ (STEV, SETO, LEHI) 
SJNP 10 678 +Pestova, Soiodovnikova, Fedeev+ (JINR) 
Translated from YAF 10 1195. 
PR D2 1205 +Taylor. Kollef. Grauman+ (STEV. SETO) 
PR 184 1380 +SBening. Wlepnd. Deotsch (LRL. MIT) 
PRL 20 955 Cutts, Stlening, W]egand, Deutsch (LRL, MIT) 
PR 180 1 3 3 3  +Bacastow.  Bark]s, Evans, Fung, Porter+ (UCR) 
PR 180 1319 +Gidal. Hagopian. Kalmus+ (LOUC. WISE. LRL) 
PRL 23 393 +Quirk (OXF) 
PR 186 1403 +Banner, Beier. Bertram. Edwards+ (ILL) 
Thesis UCRL 18433 (LBL) 
PR 185 1 6 7 6  +MeBssinos. Nagashima. TewbsbunJ+ (ROCH. BNL) 
PRL 17 545 Lobkowicz. Melirainos. Nagashima+ (ROCH. BNL ) 
PRL 22 32 +Mann. McFadane. Roberts+ (PENN. TEMP) 
PR 183 1200 +Gershwin, Alston*Garnjost. Bangerter+ (LRL) 
NC 60A 291 
PR 182 1420 +Haddock. Hel[and. Pahl+ (UCLA. LRL) 
NC 56A 1106 (AACH. BARI. BERG. CERN. EPOL. NIJM. ORSAY+) 
PR D3 l0 Haidt (AACH, BARI, CERN, EPOL, NUM+) 

+Brown, Clel~; Corbett+ (OXF) 
+Brown, CleF~, Corbott+ (OXF) 

BUTLER 68 UCRL 18420 
CHANG 68 PRL 20 510 
CHEN 68 PRL 20 73 
EICHTEN 68 PL 27B 586 
EISLER 68 PR 169 1090 
ESCHSTRUTH 66 PR 165 1487 
GARLAND 68 PR 167 1225 
MOSCOSO 68 Thesis 
AUERBACH 67 PR 155 1505 

AlSO 74 PR D9 3216 
Erratum. 

BELLOTTI 67 Heldeiberg Conf. 
BELLOTTI 678 NC 52A 1287 

Also 66B PL 20 690 
BISI 67 PL 25B 572 
BOTTERILL 67 PRL 19 882 

AlSO 68 PR 171 L402 
BOWEN 678 PR 154 1314 

+Bland, Goldhaber Goldbebcr, Hirata+ (LRL) 
+Yodh, Ehrlk:~, Pier, o+ (UMD, RUTG) 
+Cutts, KlJeMkl, Stlen[n|+ (LRL, MIT) 

(AACH, BARI, CERN, EPOL, ORSAY, PADO, VALE) 
+FunK, Marateck, M~er, Piano (RUTG) 
+Fraoldln, Hughes+ (PRIN, PENN) 
+Tdpb. Devons, Rosen+ (COLU, RUTG. WISE) 

(ORSAY) 
+Dobbs, Mann+ (PENN, PRIN) 

Auerback 

+PulSe (MILA) 
+Flmiol. Pullia (MILA) 

Bdlotti. F~dnl. Pullla+ (MILA) 
+tester. Chicle. Vigone (TORI) 
+Brown. Corbett. Culligan+ (OXF) 

Botterill, Brow., Clegg. Corbett+ (OXF) 
+Mann. McFadane. Hughes+ (PPA) 

CLiNE 67B Herceg Nova Tbf. 4 
Proc, International School on Elementapj Partlde physics. 

FLETCHER 67 PRL 19 98 
FORD 67 PRL 18 1214 
GINSBERG 67 PR 162 1570 
IMLAY 67 PR 160 1203 
KALMUS 67 PR 159 1187 
ZINCHENKO 67 Thesis Rutgers 
CALLAHAN 66 NC 44A 90 
CALLAHAN 668 PR 150 1153 
CESTER 66 PL 21 343 

See footnote 1 in AUERBACH 67. 
Also 67 PR 155 1505 

BlRGE 65 PR 139B 1600 
BISI 65 NC 35 755 
BISI r~SB PR 139B 1068 
BORREANI 65 PR 1408 1686 
CALLAHAN 65 PRL 15 129 
CAMERINI 65 NC 37 1795 
CLINE 65 PL 15 293 
CUTTS 65 PR 138B %9 
DEMARCO 65 PR 140B 1430 
FITCH 658 PR 14OB 1068 
GREINER 65 ARNS 15 67 
STAMER 65 PR 135B 440 
TRILLING 658 UCRL 16473 

+Baler. Edwards+ 
+Lemonlck, Nauenber K. Piroue 

+Eschstmth, Franklin+ 
+Kernan 

+Camerini+ 
+Esdtstruth. One~ll+ 

Auerbach. Dobbs, Mann+ 
+Ely, Gidal, Camednl. Cline+ 
+Bccreanf, Cester, Ferraro+ 
+Borreanl, Marzari-Chiesa. Ri, audo+ 
+Gidal. Rinaudo. CarOtiD+ 
+Cline 
+Clioe. G~dal. Kalmus. Kernan 
+Fry 
+Elioff, SUenin| 
+Gror, so, Rinaudo 
+Quades, Wilkins 

+Huetter, Koller, Taylor, Grauman 

Updated from 1%5 Argonne Coflference. page 5. 
YOUNG 65 Thesis UCRL 16362 

Also 67 PR 156 1464 
BORREANI 64 PL 12 123 
CALLAHAN 64 PR 136B 1463 
CAMERINI 64 PRL 13 318 
CLINE 64 PRL 13 101 
GIACOMELLI 64 NC 34 1134 
GREINER 64 PRL 13 284 
JENSEN 64 PR 136B 1431 
KALMUS 64 PRL 13 99 
SHAKLEE 64 PR 136B 1423 
BARKAS 63 PRL 11 26 
BOYARSKI 62 PR 128 2398 
BROWN 62B PRL 8 450 
BARKAS 61 PR 124 1209 
BHOWMIK 61 NC 20 857 
FERRO-LUZZl 61 NC 22 1087 
NORDIN 51 PR 123 2166 
ROE 61 PRL 7 346 
FREDEN 60B PR 118 564 
BURROWES 59 PRL 2 117 
TAYLOR 59 PR 114 359 
EISENBERG 58 NC 8 663 
ALEXANDER 57 NC 6 478 
COHEN 57 Fund. Cons. Phys. 
COOMBES 87 PR 108 1348 
BiRGE 56 NC 4 834 
ILOFF 56 PR 102 927 

Young. Osborne. Barkas 
+Rinaudo. WerMouck 
+March. Stark 
+Cline. Fry. Po~dl 
+Fry 
+ Montl. Quareni+ 
+Osborne, Ba/kas 
+Shaklee, Roe, Sindalf 
+Kernaa, Pu, Powdl, Do~d 
+Jensen, Roe, Siodalr 
+Dyer, Heckman 
+Loll, Niemela, Rit:son 
+Kadyk, Trilling, Roe+ 
+Dyer, MaSon, Norris, Nickols, Smit 
+Join, Mathur 
+Miller. Murray. Ro~nfeid+ 

+Sfnclalr. Bmw~. Glaser+ 
+Gilbert. White 
+Caldwell. Fd~-~h. Hill+ 
+Harris. Orear, Lee, Baumel 
+Koch, Lohrmann, Nikolic+ 
+Johnston, OceallaiKh 
+Crowe. Oumond 
+Cork. Galbralth. Lambertson. Wenzel 
+Perkins, Peterson. Stork, Whitehead 
+Gc4dhaber. LannutU. Gilbert+ 

OTHER RELATED PAPERS 

(ILL) 
(PRIN) 

(MASS) 
(PRIN) 
(LRL) 

(RUTG) 
(wlsc) 

(WlSC. LRL. UCR. BARI) 
(PPA) 

(PENN. PRIN) 
(LRL. W1SC) 

(TORI) 
(TORI) 

(BARI. TORI) 
(wise) 

(WISE. LRL) 
(WISC) 

(LRL) 
(TORI, CERN) 

(PRIN. MTHO) 
(LRL) 

(STEV) 
(LRL) 

I LRL) 
LRL) 

(TORI) 
(wlsc) 

(WISE. LRL) 
(~sc) 

(BGNA. MUNI) 
(LRL) 

{MICH) 
(LRL, WlSC) 

(MICH) 
(LRL) 
(MIT) 

(LRL. MICH) 
(LRL) 

(DELH) 
(LRL) 
(LRL) 

(MICH. LRL) 

ICOLU) 
BERN) 

(DUUC) 
(NAAS. LRL. CIT) 

(LBL) 
(LRL) 
(LRL) 

LITTENBERG 93 ARNPS 43 729 +Valenda (BNL, FNAL) 
Rare and Radiative Kaon Decays 

RITCHIE 93 RMP 65 1149 +WoJcicki 
"Rare K Decays" 

BATTISTON 92 PRPL 214 293 +Cocolicchic. Fogli. Paver (PGIA. CERN. TRSTT) 
Status and Perspectives of K Decay Physics 

BRYMAN 89 UMP A4 79 (TRIU) 
~Rare Kac~ Decays ~ 

CHOUNET 72 PRPL 4C 199 +Gaigard, GaiBard (ORSAY, CERN) 
FEARING 70 PR D2 542 +Fischbach, Smith (STON, BOHR) 
HAIDT 69B PL 29B 6% + (AACH. BARI. CERN. EPOL. NIJM. ORSAY+) 
CRONIN 68B Vienna Conf. 241 (PRIN) 

Rapporteur talk. 
WILLIS 67 Heidelberg Conf. 273 (YALE) 

Rapporteur talk. 
CABIBBO 66 Berkeley Conf. 33 (CERN) 
ADAIR 64 PL 12 67 +Leipaner (YALE. BNL) 
CABIBBO 64 PL 9 352 +MakSym~vJcz (CERN) 

Also 648 PL 11 360 Cab~bbo. Maksymow~cz ( )CERN 
Also 65 PL 14 72 Ctblbbo. Makc/mo~cz (CERN) 

BIRGE 63 PRL 11 35 +Ely. Gidal. Camerini+ (LRL. WISC. BARI) 
BLOCK 62B CERN Conf. 371 +Lendioara. Monad (NWES. BGNA) 
BRENE 61 NP 22 553 +Egardt. Qv~st (NORD) 



See key on page 213 

r ~  i(J P) = �89 

K o MASS 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
4~'.6"/2-1-0.0~11 OUR FIT 
4~.672-1-0.0~11 OUR AVERAGE 
497.661:J:0.033 3713 BARKOV 87B CMD ~ -  e -  ~ K0 r K0 r 
497,742+0.085 780 BARKOV 858 CMD e + e -  ~ K 0 K I~ L S 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

497.44 :E0.50 FITCH 67 OSPK 
498.9 :J:0,5 4500 BALTAY 66 HBC K 0 from ~p 
497.44 •  2223 KIM 658 HBC K 0 from ~p 
498.1 :1:0.4 CHRISTENS... 64 OSPK 

m/<o - mK~ 

VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT 
3,99~4-0.034 OUR FIT Error includes scale factor of 1,1. 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

3,95 • 417 HILL 888 DBC + K + d ~ K O p p  
3,90 +0.25 9 BURNSTEIN 65 HBC - 
3,71 ~0.35 7 KIM 658 HBC - K - p  ~ n K  - ' 0  
5,4 4-1.1 CRAWFORD 59 HBC + 
3.9 ::1::0.6 ROSENFELD 59 HBC - 

ImKo - m-~J / mawqp 
A test of CPT invarlance. 

VA~U~ DOCUMENTID 

<10 - ~  OUR EVALUATION 

K ~ REFERENCES 

BARKOV 87B SJNP 46 630 +Va~erman, Vorobev, Ivanov+ (NOVO) 
Translated from YAF 46 1088. 

BARKOV 858 JETPL 42 138 +Blinov, Vasserman+ (NOVO) 
Translated from ZETFP 42 113. 

HILL 6aB PR 168 1534 +Robinson, Sakitt, Canter (BNL, CMU) 
FITCH 67 PR 164 1711 +Roth, Russ, Vernon (PRIN) 
BALTAY 66 PR 142 932 +Sand~eiss, Sto~ehill+ (YALE, BNL) 
BURNSTEIN 65 PR 1388 895 +Rubin (UMD) 
KIM 6SB PR 140B 1334 +Kitsch, Miller (COLU) 
CHRISTENS.,. 64 PRL 13 138 Christenson, Cronin, Fitch, Teda r (PRIN) 
CRAWFORD 59 PRL 2 112 +Cresti, Good, Stevenson. Ticho (LRL) 
ROSENFELD 59 PRL 2 110 +Solmitz, Tripp (LRL) 

r ~  i(J P) = �89 

MEAN LIFE 

For earlier measurements, beginning with BOLDT 58B, see our our 1986 
edition, Physics Letters 170B 130 (1986). 

OUR FIT is described in the note on "Fits for K 0 CP-VlolaUon Parame- 

ters" in the K O Particle Listings. 

VALUE (10 -10 ~) EVTS DOCUMENT ID TECN COMMENT 
0.89344-0.0000 OUR FIT 
0.0940:t:0.0009 OUR AVERAGE 
0.8971:J: 0.0021 BERTANZA 97 NA31 
0.8941q-0.0014:E0.0009 SCHWINGEN...95 E773 A m  free, ~ + - = ~ S W  
0.8929 :E 0.0016 GIBBONS 93 E731 
0.8920-1-0,0044 214k GROSSMAN 87 SPEC 
0.881 :EO.009 26k ARONSON 76 SPEC 
0.8924i0.0032 1 CAR ITHER5 75 SPEC 
0.8937• 6M GEWENIGER 748 ASPK 
0.8958::E0.0045 50k 2 SKJEGGEST... 72 HBC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.905 =EO.O07 3 ARONSON 82B SPEC 
0.867:1:0.024 2173 4 FACKLER 73 OSPK 
0.856 :J:0.008 19994 5 DONALD 688 HBC 
0,872 •  20000 5,6 HILL 68 DBC 
0.866 :E0.016 5 ALFF-,,. 668 OSPK 
0,843 ~0.013 5000 5 KIRSCH 66 HBC 

1CARITHERS 75 value is for m 0 - m 0 Zlm = 0.5301-+-0,0013. The Am dependence 
K L K s 

of the total decay rate (inverse mean life) Is F(K~)  = [(1,122 :E 0.004)+0.16(Zlm - 

0.5348) /Am]1010/S ,  or, in terms of meanllfe I- s = 0.8913 4- 0.0032 --0.238(Am -- 

0.5348) where Zlm and ~'s are In units of 1010~s-1 and 10-10s respectively. 

2HILL 68 has been changed by the authors from the published value (0.865 • 0.009) 
because of a correction in the shift due to r /+_ ,  SKJEGGESTAD 72 and HiLL 68 give 
detailed discussions of systematlcs encountered in this type of experiment. 
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3ARONSON 82 find that K O mean life may depend on the kaon energy. 

4 FACKLER 73 does not Include systematic errors. 
5 Pre-1971 experiments are excluded from the average because of disagreement with later 

more precise experiments. 
6HILL 68 has been changed by the authors from the published value (0.865 ~ 0.009) 

because of a correction in the shift due to T/+_. SKJEGGESTAD 72 and HILL 68 give 
detailed discussions of systematics encountered in this type of experiment. 

/~s DECAY MODES 

Scale factor/ 
Mode Fraction ( r l / r )  Confidence level 

r l  

r2 
r3 
F4 

r5 

r6 
F7 
r8 

F9 
Flo 

r l l  

" ; r  
7r 0 / t  o 

/ r+  ~ - / r  0 

3~r o 

7r• e::F V 

/~+ /~-  

e + e -  
l r O e + e  - 

(68.61 • 0,28) % S :  1.2 

(3139•  % S=1.2 

[a,b] (1 ,78 •  • 10 - 3  

( 2.4 •  ) x  10 - 6  

( 3.4 +1.1 --0.9 ) x 10 - 7  

< 3.7 x 10 - 5  CL=90% 

[c] (6 .70 •  x 10 - 4  5=1.1 

[c] (4 .69•  x 10 - 4  S=1.1 

ZIS = 1 weak neutral current (51) modes 
$1 < 3.2 x 10 - 7  CL=90% 

51 < 1.4 x 10 - 7  CL=90% 

$1 < 1.1 • 10 - 6  CL :90% 

[a] See the Particle Listings below for the energy limits used in this measure- 
ment. 

[b] Most of this radiative mode, the low-momentum ~ part, is also included 
in the parent mode listed without -y's. 

[c] Calculated from K ~ semileptonic rates and the K ~ lifetime assuming AS 
= AQ. 

CONSTRAINED FIT INFORMATION 

An overall fit to 3 branching ratios uses 17 measurements and one 

constraint to determine 2 parameters. The overall f i t  has a x 2 = 
16.5 for 16 degrees of  freedom. 

The following of f -d iagonal  array elements are the corretation coefficients 

( 6 x i b x j ) / ( ~ x ~ . ~ x j ) ,  in percent, from the fit to the branching fractions, x~ _= 

F j F t o t a  I. The f i t  constrains the x~ whose labels appear in this array to sum to 
one, 

x 2 [ - 1 0 0  

Xl 

/~s DECAY RATES 

r(.*,~,) r, 
VALUE (IO 6 s -1 ) DOCUMENT I0 TECN COMMENT 

"f,S04"0,08 OUR EVALUATION Error includes scale factor of 1,1. From K 0 measure- 

ments, assuming that D,S = h.q in K 0 decay so that 
r(K~ ~ .:~ �9 ~F ~) = r(K ~ ~ .-~ eT ~e)- 

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

seen BURGUN 72 HBC K + p  ~ KOpTr + 
9.3 4-2.5 AUBERT 65 HLBC Z~S=LIQ, CPcons. not 

assumed 

r(.*.~.) rg 
VALUE (IO 6 s -1)  DOCUMENT ID 

w EVALUATION Error includes scale factor of 1.1. From K 0 measure- 

ments, assuming that AS = ZIQ In K 0 decay so that 
r(@ s _ . . ~ ) =  r(K o -~ .~ .T~) .  

BRANCHING RATIOS 

r(.+.-)/r~.. 
VALUE E V E S  DOCUMENT ID TECN 
0.61~14"0.0(~8 OUR FIT Error Includes scale factor of 1.2, 
O~T1 4440010 OUR AVERAGE 
0.870 -I-0,010 3447 7 DOYLE 69 HBC 
0.70 4-0.08 COLUMBIA 608 HBC 
0.68 =t:0.04 CRAWFORD 598 HBC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.740 :E0,024 7ANDERSON 62B HBC 

7Anderson result not published, events added to Doyle sample. 

CQMMENT 

I r - - p ~  A K  0 

r~/r 
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r ( . + . - ) / r ( .O .  ~ 
VALUE ~ V T ~  DOCUMENT ID TECN 
2.tgG4"0.02B OUR FIT Error includes scale factor of 1.2. 
2.1~7-1-0.0~ OUR AVERAGE 
2.11 4-0.09 1315 EVERHART 
2.1694-0.094 16k COWELL 
2.16 +0.08 4799 HILL 
2.22 :E0.10 3068 8 ALITTI  

COMMENT 

76 WIRE ~ r - p ~  AK 0 
74 OSPK ~ r - p ~  AK  0 
73 DBC K + d ~  KOpp 
72 HBC K + p  --* ~r+pK 0 
72B DBC K'+ n ~ KO p 
72 HLBC K'+ n ~ KO p 
71 HBC K p  ~ KOneutrals 
70 OSPK K'+ n ~ KO p 

2.22 4-0.08 6380 MORSE 
2.10 4-0.11 701 9 NAGY 
2.22 4.0.095 6150 10 BALTAY 
2.282 4-0.043 7944 11 MOFFETT 
2.10 4.0.06 3700 MORFIN 69 HLBC K + n  ~ KOp 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2.12 •  267 9 BOZOKI 69 HLBC 
2.2854-0.055 3016 11GOBBI 69 OSPK K + n  ~ KOp 

8The directly measured quantity is K O ~ l r + l r - / a l l  K 0 = 0.345 4- 0.005. 

9 NAGY 72 is a final result which includes BOZOKI 69. 
10The directly measured quantity is K~  - *  ~+~ r - / a l l  ~'0 = 0.345 • 0.005. 

11 MOFFETT 70 Is a final result which Includes GOBBI 69. 

r(~) /r~ ,  
VALUE EV' rS DOCUMENT ID TECN 
0 . 3 1 ~ t i P 4 - ~  OUR FIT Error includes scale factor of 1.2, 
0.~.~ 4-0.014 OUR AVERAGE Error includes scale factor of 1.3. See the Ideogram 

below. 
0.335 4-0.014 1066 BROWN 63 HLBC 
0.288 4-0.021 198 CHRETIEN 63 HLBC 
0.30 4-0.035 BROWN 61 HLBC 
0.26 ::t:0.06 BAGLIN 60 HLBC 
0.27 4-0.11 CRAWFORD 59B HBC 

r11r2 

0.1 0.2 0.3 

r ( ~ r ~  

r ( . + . - ~ ) / r ( . + . - )  
VALUE (units 10 -3 ) EVTS 
2.60:1:0.0l OUR AVERAGE 
2.864-0.09 1286 

2.684-0.15 

2.8 4-0.6 

3.3 4-1.2 10 

no ratio given 27 

Values above of weighted average, error, 
and scale factor are based upon the data in 
this Ideogram only. They are not neces. 
sadly the same as our 'best" values, 
obtained from a least-squares constrained fit 
utilizing measurements of other (related) 
quantities as additional information. 

~2  

. . . . . . .  BROWN 63 HLBC 1.8 

. . . . . . .  CHRETIEN 63 HLBC 1.8 

. . . . . . .  BROWN 61 HLBC 0.2 

. . . . . . .  BAGLIN 60 HLBC 0.9 

. . . . . . .  CRAWFORD 59B HBC 0.2 
4.9 

(Confidence Level = 0.300) 

0.4 0.5 0.6 

r=/r 

DOCUMENT ID TECN 

WEIGHTED AVERAGE 
0.316tO.014 (Error scaled by 1.3) 

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

2.24-1.1 16 16 BARR 958 NA31 
< 13 90 BALATS 89 SPEC 

2.44-1.2 19 BURKHARDT 87 NA31 
< 133 90 BARMIN 86B XEBC 
< 200 90 VASSERMAN 86 CALO q~ --~ K 0 K 0 

S L 
< 400 90 0 BARMIN 73B HLBC 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

7.104-0.22 3723 RAMBERG 93 E731 p.y >20 MeV/c 

3.0 +0.6  29 14 BOBISUT 74 HLBC P3' >40 MeV/c 

12 TAUREG 76 find direct emission contribution <0.06, CL = 90%. 
13BURGUN 73 estimates that direct emission contribution is 0 3  4- 0.6. 
14BOBISUT 74 not Included in average because p~ cut differs. Estimates direct emission 

contribution to be 0.5 or less, CL = 95%. 

r (-t.y) I r t . ~  r d r  
VALUE (u,its 10 -6) CL~ E V T 5  DOCUMENT ID TECN COMMENT 

2A:EO.9 35 15 BARR 95B NA31 

RAMBERG 93 E731 p~, >50 MeV/c 

12TAUREG 76 SPEC p,y >50 MeV/c 

13 BURGUN 73 HBC p,y >50 MeV/c 

WEBBER 70 HBC p~ >50 MeV/c 

BELLOTTI 66 HBC p~, >50 MeV/c 

rescallng BURKHARDT 87 to use same branching ratios and lifetimes as BARR 95u. 
16BARR 95B result Is calculated using B(K L ~ ~,~) = (5.86 4- 0.17) x 10 - 4 .  

17These limits are for maximum Interference In KOs-KO L to 2~f's. 

r(,r+,r-~~ r d r  
VALUE (,nits 10 -7 ) CL~ E V T S  DOCUMENT ID TECN COMMENT 

3.4_+~:, I our AW~.E 
2 ~+1.3+0.5  500k 18 ADLER 97B CPLR | 

" - 1 . 0 - 0 . 6  

1+2 .5+0 .5  19 ADLER 96E CPLR | 
" - 1 . 9 - 0 . 6  

I 4.8+~:~4-1.1 20zou 96 E621 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

o+5 .4+0 .9  21THOMSON 94 E621 Sup. by ZOU 96 
" - - 1 . 8 - 0 . 7  

<490 90 22 BARMIN 85 HLBC 
<850 90 METCALF 72 ASPK 

18ADLER 97B find the CP-conserving parameters Re(h) = (28 4- 7 4- 3) x 10 - 3 ,  Im(~) | 
= ( - 1 0  4- 8 4- 2) x 10 - 3 ,  They estimate B(K O ~ l r 4~ r - l r  0) from Re(h) and the | 

K 0 decay parameters. 
19 r 4 0  002 ADLER 96E iS f om the measured quantities Re(.~) = 0.036 4- 0.010_01003 and Im(.~) I 

consistent with zero. Note that the quantity .~ Is the same as P + - 0  used In other B 
footnotes. 

20ZOU 96 Is from the the measured quantities IP+-o I  = 003=+0"009' " - 0 . 0 0 6  ~ ~ 0.005 and ~p | 

= ( - 9  4- 18) ~ I 
21THOMSON 94 calculates this branching ratio from their measurements Ip+-ol = 

0.035_+ 0:o]~ 4- 0.004 and ~p = ( -  59 4- 48) ~ where I P+-OI  el~p = A ( K  0 ---, . 4  • -  ~r0, 

I = 2 ) /A(K~ --* 7r '+~-lrO). 

22BARMIN 85 assumes that CP-allowed and CP-vlolatlng amplitudes are equally sup- 
pressed. 

r (~~  r6/r . 
VALUE (units 10 -4 ) CL % DOCUMENT ID TECN 

<0.$7 90 BARMIN 83 HLBC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<4.3 90 BARMIN 73 HLBC 

r0 ,+ , - ) I r=~  rg l r  
Test for L15 = I weak neutral current. Allowed by first-order weak Interaction combined 
with electromagnetic Interaction. 

VALUE (units 10 -5 ) CL.~.~ DOCUMENT ID TECN 

< 0.032 90 GJESDAL 73 ASPK 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<14 90 BOHM 69 OSPK 
< 0.7 90 HYAMS 69B OSPK 
<22 90 23 STUTZKE 69 OSPK 
< 7 90 BOTT-._ 67 OSPK 

23Vaioe calculated by us, using 2.3 instead of I event, 90% CL. 

r(e+ e-)/rt=., r~0/r 
Test for Z15 = I weak neutral current. Allowed by first-order weak Interaction combined 
with electromagnetic Interaction. 

VALUE(units 10 -7 ) CL~ E V T 5  DOCUMENT ID TECN COMMENT 

< 1A  90 ANGELOPO... 97 CPLR | 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 28 90 0 BLICK 94 CNTR Hyperonfaclllty 
< loo 9o BARM.N 86 XEBC 
<1100 90 BITSADZE 86 CALO 
<3400 90 BOHM 69 OSPK 

r(~ ~ e+ e- ) / r~, ,  r~ / r  
Test for AS = 1 weak neutral current, Allowed by first-order weak Interaction combined 
wlth electromagnetic Interaction. 

VALUE (units 10 ~6 ) CL.~_~ E V T S  DOCUMENT IO TECN 

< 1.1 90 0 BARR 93B NA31 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

<45 90 GIBBONS 88 E731 

r,/r~ 
COMMENT 

< 710 90 0 17 BANNER 72B OSPK 
< 2000 90 0 MORSE 72B DBC 
< 2200 90 0 17 REPELLIN 71 OSPK 
<21000 90 0 17 BANNER 69 OSPK 

15BARR 95B quotes this as the combined BARR 95B + BURKHARDT 87 result after 



See key on page 213 

C P  V I O L A T I O N  I N  K s  ---+ 3~r 

Writ ten  1996 by T. Nakada (Paul Scherrer Inst i tute)  and 
L. Wolfenstein (Carnegie-Mellon University).  

The  possible final s ta tes  for the  decay K ~ --+ ~r+~r-r ~ have 

isospin I = 0, 1, 2, and 3. The  I = 0 and I = 2 s ta tes  have 

C P  = +1 and K s  can decay into them without  violating C P  

symmetry ,  but  they  are expected to be strongly suppressed by 

centrifugal barrier  effects. The  I -- 1 and I = 3 states ,  which 

have no centrifugal barrier,  have C P  = - 1  so tha t  the  K s  

decay to these requires C P  violation. 

In order  to see C P  violation in K s  --* ~r+~r-~r ~ it is 

necessary to observe the interference between K s  and KL 

decay, which de termines  the ampl i tude  ratio 

A( K s -+ ~r+ r-~r ~ 
~+-o = A(KL  --, ~r+~r-~r ~ ' 

If ~/+-0 is obta ined from an integrat ion over the whole Dalitz 

plot, there  is no contr ibut ion from the  I = 0 and I -- 2 final 

s ta tes  and a nonzero value of ~/+-0 is entirely due to C P  

v i o l a t i o n .  

Only I = 1 and  I = 3 states ,  which are C P  = - 1 ,  are 

allowed for K ~ --+ ~r~176 ~ decays and the  decay of K S  into 3 r  ~ 

is an unambiguous  sign of C P  violation. Similarly to ~/+-0, 77ooo 

is defined as 
A( K s  -+ ~r%r% ~ 

~1000 = A( KL -'-+ ~r~ O) " 

If one assumes tha t  C P T  invariance holds and tha t  there  

are no t ransi t ions  to I = 3 (or to nonsymmetr ic  I = 1 states) ,  

it can be shown tha t  

77+-0 = ~/O00 

. Im al  
= E + Z~'~" O,1 

W i t h  the  Wu-Yang phase convention, al  is the weak decay 

ampl i tude  for K ~ into I -- 1 final states; e is de termined from 

C P  violation in K L ~ 2~r decays. The  real par ts  of ~/+-0 and 

~/0oo are equal to Re(e). Since current ly-known upper  limits 

on J~/+-ol and [r/ooo] are much larger than  Jeh they  can be 

in terpre ted  as upper  l imits on Im(r/+_o) and Im(r/ooo) and so as 

limits on the  CP-v io l a t i ng  phase of the  decay ampl i tude a~. 

CP-VIOLATION PARAMETERS IN /~s  DECAY 

im(~+_o)~ = r(~s _ . . + . - . o ,  C ~ . n ~ )  / r ( ~  - .  -+,,-,r ~ 
CPT assumed valid (i.e. Re(, ' /+_0) --~ 0). 

VALUE CL~ E V T S  DOCUMENT IO T~CN CQMM~NT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, llrnlts, etc. * �9 �9 

<0.23 gO 601 24 BARMIN 85 HLBC 
<1.2 gO 192 BALDO-... 75 HLBC 
<0.71 90 148 MALLARY 73 OSPK Re(A)=-O.05 q- 0.17 
<0.66 90 180 JAMES 72 HBC 
<1.2 90 99 JONES 72 OSPK 
<0.12 90 384 METCALF 72 ASPK 
<1.2 90 99 CHO 71 DBC 
<1.0 go 98 JAMES 71 HBC Incl. In JAMES 72 
<1.2 95 50 25 MEISNER 71 HBC CL=go% not avail. 
<0.8 go 71 WEBBER 70 HBC 
<0.45 gO BEHR 66 HLBC 
<3.8 90 18 ANDERSON 65 HBC Incl. In WEBBER 70 

24 BARMIN 85 find Re(q+_0)  = (0.05 + 0.17) and Im(~t+_0)  = (0.15 4- 0.33). Includes 
events of BALDO-CEOLIN 75. 

25These authors find Re(A) = 2.75 + 0.65, above value at Re(A) = 0. 
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Im(~.l._O) = Im(A(/~$ --* sr+sr-~r O, CP-vlolatlni) / A(K~L --* ~r+x-~)) 
VAtU~ EVTS DOCUMENT IO T[(; N 
- -O.O(~-t-O.00~ O U R  AVERAGE 

0 p.n~ 4. r y e +  0 002 26 | -- . ~ . _ 0 . . ~ . _ 0 1 0 0 1  500k ADLER 97B CPLR 

-0 .002+0.018~0.003  137k 27 ADLER 960 CPLR | 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

-0.015+0.0174-0.025 272k 28ZOU 94 SPEC 
~nT+O. 004 26ADLER g7B also find Re(e/+_0) = -0 .002 4- . . . . .  -0 .001"  | 

27The ADLER 96D fit also yields Re(~+_0)  = 0.006 :i: 0.013 + 0.001 wi th a correlation | 

+0.66 between real and Imaginary parts. Their results correspond to I,§ < 0.037 I with 90% CL. 
28 ZOU 94 use theoretical constraint Re(~/+_0) = Re(e) = 0.0016. Wi thout  this constraint 

they find I m ( ~ + _ 0 )  = 0.019 4- 0.061 and Re(~/+_0) = 0.019 • 0.027. 

Imlqm0) 2 = r ( ~  - .  3.o) / r ( ~  --. ~.o) 
CPT assumed valid (Le. Re(~/000) -~ 0). This l imi t  determines branching ratio 

r (3=0 ) / l ' t o ta  I above. 
VALUE Ct % E V T S  DO~VMENT ID TECN COMMENT 

<O.1 90 632 29 BARMIN 83 HLBC 
�9 �9 * We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.28 90 30 GJESDAL 74B SPEC Indirect meas. 
<1.2 90 22 BARMIN 73 HLBC 

29 BARMIN 83 find Re(~;OOO) = ( -  0.08 + 0.18) and Im ('~000) = ( -  0.05 4- 0.27). Assuming 
CPT Invarlance they obtain the l imi t  quoted above. 

30GJESDAL 74B uses K2~r, K/~ 3, and Ke3 decay results, unltarhy, and CPT. Calculates 

I(~/000)1 = 0.26 q- 0.20. We convert to upper nmit.  

ADtER 97B PL B407 193 
ANGELOPO... 97 PL B413 232 
BERTANZA t7 ZPHY C73 629 
ADLER 96D PL B370 1S7 
ADLER %E PL B374 313 
ZOU % PL B3~9 362 
BARR 95B PL B351 579 
SCHWlNGEN... % PRL 74 4376 
BLICK 94 PL B334 234 
THOMSON o.4 PL B337 411 
ZOU 94 PL B329 519 
BARR 93B PL B304 381 
GIBBONS 93 PRL 70 1199 

Also 97 PR D55 E~2S 
RAMBERG 93 
5ALATS 89 

GIBBONS 88 
BURKHARDT B7 
GROSSMAN S7 
BARMIN B6 

BARMIN 86B 
BITSADZE 86 
PDG �9 85B 
VASSERMAN B6 

BARMIN g5 
Also gs5 

BARMIN 83 
Also 84 

ARONSON 82 PSL 48 10713 
ARONSON 112B PRL 48 1306 

S2B PL 116B 73 
Abo B3 PR D2B 476 
Also 83B PR D2B 4% 

ARONSON 76 NC 32A 236 
EVERHART 76 PR D14 E61 
TAUREG 76 PL 655 92 
BALDO-... 75 NC 25A 6~8 
CARITHER5 75 PRL 34 1244 
BOSISUT 74 LNC 11 646 
COWELL 74 PR D10 20~3 
GEWENIGER 74B PL 4gB 487 
GJESDAL 748 PL 52B 11t 
BARMIN 73 PL 46B 46S 
BARMIN 73B PL 47B 463 
BURGUN 73 PL 468 481 
FACKLER 73 PRL 31 847 
GJESOAL 73 PL 44B 217 
HILL 73 PR DID 12~1r 
MALLARY 73 PR D7 1953 
ALITTI "/2 PL 59B ~dl 
BANNER 72B PRL 29 237 
BURGUN 72 NP BSO 194 
JAMES 72 NP B49 1 
JONES 72 NC 9A 151 
METCALF 72 PL 40~ 703 
MORSE 72B PRL 28 388 
NAGY 72 NP B47 94 

A~o 69 PL 30B 4 ~  
SKJEGGEST... 72 NP B48 343 
BALTAY 71 PRL 27 1678 

Also 71 Theds Nevis 187 
CHO 71 PR 03 1557 
JAMES 71 PL 35B 26S 
MEISNER 71 PR D3 S9 
REPELLIN 71 PL 36B 603 
MOFFETT 70 BAPS 15 512 
WEBBER 70 PR D1 1967 

Also 69 Thetis UCRL 19226 
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+Kraus. Lande, LonE, Lowensteln+ (PENN) 
+Zech, Oydak, Nav~rle+ (HEIDH. CERN, DORT) 

B.lk~o-Ceciln, Boblsut. Calimani+ (pADO. WlSC) 
+Modis, NTl~en, Pun+ (COLU, NYU) 
+Huzita, Marlin. PuKllertn (PADS) 
+Lc~-Franzini, Orcutt, Franzl~d ~- (STON, COLU) 
+Gjeed ,J. Presmer+ (CERN, HEIDH) 
+ P r ~ t ,  Steflen+ (CERN, HEIOH) 
+Bacylov, Oa~lenl~, Demidov+ (ITEP) 
+ B a t ~ .  Da~denko, Demidov+ (ITEP) 
+Sertranet, Lesquoy, MuileL Pauli+ (SACL. CERN) 
4-Frisch. M ~ n .  Smoot. Sompayrac (MIT) 
+Presser, St~4Ten, Stetnbecllei'+ (CENN, HEIOH) 
+5akit~ Sami~, Burris. EaEler+ (BNL, CMU) 
+B~nte. Gal!~rJn, Goma, Peck, Sdufli+ (CIT) 
+Lesquoy, Muller (SACL) 
+Cr(~n, Hoffman, K.apR, Shocl~t (PRIN) 
+Lesquoy. Muller, Padi+ (SACL, CERN, OSLO) 
+Montan~t. Paul, Saetre+ (CERN, SACL, O51.O) 
+Abm~an, G~aham, Mamtsch, Orr, Smith+ (ILL ) 
4Neuhofer, Nleberlpdl+ (CERN, IPN, WIEN) 
+Na~mberl~ Blerma~, Sqpee+ (COEO, pRIN, UMD) 
+T,  b~ll. V.ergombl IBUOA I 

Bozo~i, Fesyves, Gombod, NajD,+ BUDA 
S k J e ~ ,  James+ (OSLO, CERN, SACL) 

+Bridgewater, Cooper, Gershv~n, Hab~b~+ (COLU) 
C~per (COLU) 

* Drill�9 Canter, En|k'r, Fi|k+ (CMU, 8NL, CASE) 
+Montanet. Paul. Pauli+ (CERN. SACL, OSLO) 
+Mann, Hertzbach. Kofler~ (MASA. BNL, YALE) 
+Wo4ff. Ch~leh G~llard, Jane~ (ORSAY. CERN) 
t-C-d~b~, Green, Hakel, Rosen (ROCH 
+5olmltz, Crawford, Alston-G~nk>st (LRL 

Webl~r (LRL) 
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BANNER 69 PR 188 2033 +Cronin, Liu. Pilcher (PRIN) 
BOHM 69 Thesis (AACH) 
BOZOKI 69 PL 308 498 +Fenyves, Gombosi, Nagy+ (BUDA) 
DOYLE 69 Thesis UCRL 18139 (LRL) 
GOBBI 69 PRL 22 682 +Green, Hakel. Moffett, Rosen+ (ROCH) 
HYAMS 69B PL 29B 521 +Koch, Potter, VollLindem, Lorenz+ (CERN, MPIM) 
MORFIN 69 PRL 23 560 +Sinclair (MICH) 
STUTZKE 69 PR 177 2009 +Abashian, Jones, Mantsch, err, Smith (ILL) 
DONALD SSB PL 27B 58 +Edwards, Nisar+ (LIVP, CERN, IPNP, CDEF) 
HILL 68 PR 171 1418 +Robinson, Saldtt+ (BNL, CMU) 
BOTT-... 67 PL 24B 194 Bott-Bodenhausen, DeBouard, Cassel+ (CERN) 
ALFF-... 66B PL 21 595 Alff-Steinberger, Heuer, Klelnknecht+ (CERN) 
BEHR 66 PL 22 540 +Brisson, Petiau+ (EPOL, MILA, PADO, ORSAY) 
BELLOTTI 66 NC 45A 737 +Pullia, Baldo-Ceolin+ (MILA, PADO) 
KIRSCH 66 PR 147 939 +Schmidt (COLU) 
ANDERSON 65 PRL 14 475 +Crawford, Golden. Stern, BInford+ (LRL, WI$C) 
AUBERT 65 PL 17 59 +Behr, Canavan. Chounet+ (EPOL. ORSAY) 
BROWN 63 PR 130 769 +Kadyk, Trilling, Roe+ (LRL, MICH) 
CHRETIEN 63 PR 131 2208 + (BRAN, BROW, HARV, MIT) 
ANDERSON 62B CERN Conf. 536 +Crawford+ (LRL) 
BROWN 61 NC 19 1155 +Bryant, Burnstein. Glaser. Kedyk+ (MICH) 
BAGLIN 60 NC 18 1043 +BIoch, Brisson, Hennessy+ (EPOL) 
COLUMBIA 60B Rochester Conf. 727 SchwarLz+ (COLU) 
CRAWFORD 59B PRL 2 266 +Cresti, Douglass, Good, Ticho+ (LRL) 
BOLDT SSB PRL 1 150 +Calriwell, Pal (MIT) 

OTHER RELATED PAPERS 
LITTENBERG 93 ARNPS 43 729 +Valencia (BNL, FNAL) 

Rare and Radiative Kaon Decays 
BATTISTON 92 PRPL 214 293 +Cocollcchio, Fogli Paver (PGIA, CERN, TRSTT) 

Stares and Perspectives of K Decay Physics 
TRILLING 65B UCRL 16473 (LRL) 

Updated from 1965 Argonne Conference, page 115. 
CRAWPORD 62 CERN Conf. 827 (LRL) 
PITCH 61 NC 22 1160 +Piroue, Perkins (PRIN, LASL) 
GOOD 61 PR 124 1223 +Matsen, Muller, Picdoni+ (LRL) 
BINGE 60 Rochester Conf. 601 +Ely+ (LRL, WlSC) 
MULLER 60 PRL 4 418 +Birge, Fowler, Good, Picdoni+ (LRL, BNL) 

l (J  P) = �89  

m~ - =7 
For earlier measurements, beginning with GOOD 61 and FITCH 61, see 
our 1986 edition, Physics Letters I?0B 132 (1986). 

OUR FIT is described in the note on =Fits for K 0 CP-Vlolation Parameters" in the 

K~ Particle Listings. 

VALUE (1010 h s- 1) DOCUMENT ID TECN COMMENT 
o.r~o1::J:O,,OO14 OUR FIT 
0.E311-1"0.00'19 OUR AVERAGE Error includes scale factor of 1.2. 
0.52744-0.0029 • 1ADLER 95 CPLR 
0.52974-0.0030 4-0.0022 2 SCHWINGEN...95 E773 20-160 GeV K beams 
0.52574-0.0049 4-0.0021 2 GIBBONS 93c E731 20-160 GeV K beams 
0.53404-0.002554-0.0015 3 GEWENIGER 74C SPEC Gap method 
0.53344-0.0040 4-0.0015 3 GJESDAL 74 SPEC Charge asymmetry in K03 
0.542 4-0.006 CULLEN 70 CNTR 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 
0.53074-0.0013 4 ADLER 96c RVUE | 
0.52864-0.0028 5 GIBBONS 93 E731 20-160 GeV K beams 
0.482 4-0.014 6 ARONSON 82B SPEC E=30-110 GeV 
0.534 ~0.o07 7 CARNEGIE 71 ASPK Gap method 
0.542 4-0.006 7 ARONSON 70 ASPK Gap method 

0 r 1ADLER 95 uses K~e3 and Ke3 st angeness tagging at production and decay. | 
2 Fits Am and ~ + _  simultaneously. GIBBONS 93c systematic error is from B. Wlnsteln 

via private communtlcatlon. 
3These two experiments have a common systematic error due to the uncertainty in the 

momentum scale, as pointed out in WAHL 89. 
4ADLER 96C is the result of a fit which includes nearly the same data as entered into the | 

"OUR FIT" value above. I 
SGIBBONS 93 value assume ~6+_ = ~00 = ~SW = (43.7 4- 0.2) ~ 
6ARONSON 82 find that Am may depend on the kaon energy. 

a 0 7ARONSON 70 nd CARNEGIE 71 use K$ mean life = (0.862 4- 0.006) x 10 -10  s. We 

have not attempted to adjust these values for the subsequent change in the K 0 mean 
life or In ~'/+_. 

K~L M E A N  LIFE 

VALUE (10 -8 $) EVTS DOCUMENT ID TECN 
6.17 4"0.04 OUR FIT Error Includes scale factor of 1.1. 
IS.IS =EO.04 OUR AVERAGE 
5.154~0.044 0.4M VOSBURGH 72 CNTR 
5.15 4-0.14 DEVLIN 67 CNTR 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

5,0 4-0.5 8 LOWYS 67 HLBC 

6.1 +1.5 -1 .2  1700 ASTBURY 65C CNTR 

5.3 4-0.6 FUJII 64 OSPK 
5.1 +2.4 - 1.3 15 DARMON 62 FBC 

8.1 +3.2  -2 .4  34 BARDON 58 CNTR 

8Sum of partial decay rates. 

Mode 

K~L DECAY MODES 

Fraction (FI/F) 
Scale factor/ 

Confidence level 

[-1 
F2 

F4 

Fs 

I- 6 

F7 
F5 

['9 
['1o 
I"11 

F12 
F13 

F14 

F15 
F16 

37r 0 
~.+ ~.- ~0 

7r4-/~::F v 

Called K ~  . 

~ - # +  z,i, 

~4- e :F Ue 
Called K~ . 

~ -  e+ ~,e 
l r+  e - ~ e  

2'7 
37 
~o 27 
~01r4- e :F ~, 

( ~ / ~ a t o m ) v  

7r4- eT ZSe- Y 

lr+Ir-~ 
/to ~0,,/ 

[a] 

(21.12 4-0.27 ) %  
(12.56 i0 .20  ) %  
(27.17 :t:0.25 ) %  

[a] (38.78 4-0.27 ) %  

( 5.92 • ) x 10 - 4  

< 2.4 x 10 - 7  
[b] ( 1.70 4-0.20 ) x 10 - 6  
[a] ( 5.18 4-0.29 ) x 10 - 5  

( 1.06 4-0.11 ) x  10 - 7  

[a,b,c] ( 3.62 +0.26 ) x  10 - 3  
-0.21 

[b.c] ( 4.61 4-0.14 ) x 10 - 5  
< 5.6 x 10 - 6  

5=1.1 
S=1.7 
S=1.1 

S=1.1 

CL=90% 

Charge c o n | u p t i o n  x ParRy (CP, C P V )  or Lepton Family number  ( L F )  
v lo la t lq  modes, or A S  = I weak neutral current ( $ I )  modes 

[-17 ,n -+ 7r- cPv (2.0674-0.035) x 10 - 3  5=1.1 
['18 7T07r0 CPV ( 9.36 4-0.20 ) x 10 - 4  

F19 /z+/~ - $1 ( 7.2 4-0.5 ) x 10 - 9  s=1.4 
F20 }~+ /z - ' y  $1 ( 3.25 ~0.28 ) x  10 - 7  
['21 e + e -  51 < 4.1 x 10 -11  CL=90% 

['22 e + e - ' 7  51 ( 9.1 4-0.5 ) x 10 - 6  
['23 e+e-'Y'Y 51 [b] (6 .5  4-1.2 ) x l 0  - 7  
['24 7 r + ~ r - e + e -  51 [b] < 4.6 x 10 - 7  CL=90% 

F25 # + p - e + e  - s f  (2 .9  +6.7 ) x 1 0 - 9  -2 .4  
[-26 e + e -  e + e -  51 ( 4.1 +0.8 ) x 10 - 8  s=1.2 
[-27 ~r~ CP,$1 [d] < 5.1 x 10 - 9  CL=90% 
['28 7 r ~  CP,51 [ol < 4.3 x l o  - 9  CL=90% 

F29 ~r~ CP,$1 [el < 5.8 x 10 - 5  CL=90% 
[-30 e• LF [a] < 3.3 x 10 -11  CL=90% 
[-31 e4-e4-#:F# :~ LF [a] < 6.1 x 10 - 9  CL=90% 

[a] The value is for the sum o f  the charge states of  part ic le/ant ipart ic le states 

indicated. 

[b] See the Particle Listings below for the energy l imits used in this measure- 
ment. 

[c] Most o f  this radiative mode, the low-momentum 3, part, is also included 
in the parent mode listed wi thout  -y's. 

[d] Allowed by higher-order electroweak interactions. 

[e] Violates CP in leading order. Test o f  direct CP violat ion since the in--  
direct CP-violat ing and CP-conserving contr ibut ions are expected to be 
suppressed. 



See key on page 213 

CONSTRAINED FIT INFORMATION 

An overall f i t  to  the mean life, 4 decay rate, and 12 branching 
ratios uses 46 measurements and one constraint to  determine 8 
parameters. The overall f i t  has a X 2 = 41.2 for 39 degrees of 
freedom. 

The following off-diagonal  array elements are the correlation coefficients 

~ p ~ p 3 ~ / ( ~ p s  in percent, from the fit to parameters pi, including the branch- 

ing fractions, x~ -- F i /Ftota I. The f i t  constrains the x~ whose labels appear in this 
array to  sum to one. 

x2 
x3 
x6 
x9 

x17 
x15 

F 

--19 

--37 --28 

--49 - 2 8  --36 

--8 22 --6 

--12 35 --8 

--10 27 --7 

0 0 0 

--5 

--8 64 

- 6  84 77 

0 0 0 

Xl X2 x3 x6 x9 X17 

Mode 

x18 

Rate (108 s - 1 )  Scale factor 

r I 3~r 0 0.0408 4-0.0006 
r2 .+  ~r-  ~.0 0.02434-0.0004 

F3 ~4-#:F u ~ [a] 0.05254-0.0007 
Cabled K~3. 

r6 ~r4- e :F ur [a] 0.07504-0.0008 
Called K~3. 

r9 2"f (1.144 4-0.031 ) X 10 - 4  

r17 ~r+~r - (4.00 4-0.07 ) x 10 - 4  
F18 ~rO~ "0 (1.81 4-0,04 ) x 10 - 4  

1.5 

1.1 

1.1 

1.1 

K~L DECAY RATES 

rO~ ~ 
VALUE(loS s - l )  E V T S  DOCUMENT ID TECN COMMENT 
4 . 0 8 4 " 0 . 0 6  OUR R T  

I IJ l~ ' l ' l " -  ~1- 54 BEHR 66 HLBC Assumes CP 

r(.+.-.o) 
VALUE (IO 6 s -1  ) EVTS DOCUMENT ID TECN COMMENT 
2A3"~0,04 OUR FIT Error Includes scale factor of 1.5. 
2 . , q S : l : 0 . 0 S  OUR AVERAGE 

2 3 ~+0"13 192 BALDO-... 75 HLBC Assumes CP 
�9 " - 0 . 1 5  

2,354-0.20 180 9 JAMES 72 HBC Assumes CP 
2.714-0.28 99 CHO 71 DBC Assumes CP 
2.124-0.33 50 MEISNER 71 HBC Assumes CP 
2.204-0.35 53 WEBBER 70 HBC Assumes CP 

2 6 ~+0"28 �9 " - 0 � 9  136 BEHR 66 HLBC Assumes CP 

rz 

F= 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2.5 4-0.3 98 9 JAMES 71 HBC Assumes CP 
3.264-0.77 18 ANDERSON 65 HBC 
1.4 4-0.4 14 FRANZINI 65 HBC 

In the fit this rate is well determined by the mean life and the branching ratio 
r ( . + , ~ - , ~ o ) / [ r ( . + , , - ~  O) + F(.4-~.~-F,,) + r ( , ,4-eT, ,e)  ]. For this reaSOn the 

discrepancy between the I-(='i" ~-~o) measurements does not affect the scale factor 
of the overall fit. 

9 jAMES 72 Is a final measurement and includes JAMES 71. 

r(~l,~:,,) rs 
VALUE (106 s-- 1 ) E V T S  DOCUMENT 10 TECN 
6~g'1-0,07 OUR FIT Error Includes scale factor of 1.1. 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

ca+  1.24 19 LOWYS 67 HLBC 
" ~  - -  1 . 0 8  

r ( ~ , . o )  r6 
VALUE(I,0 s s -1  ) EVT5 DOCUMENT IO TECN COMMENT 
7.504-O.05 OUR FIT Error Includes scale factor of 1.1. 
7 . 7  4-0.6 OUR AVERAGE 
7.81• 620 CHAN 71 HBC 

7 5 ~+0"85 AUBERT 65 HLBC L~S=AQ, CP assumed 
" " -  0.72 

r ( .+ . -  ~o) + r (r~,~. )  + r(.~ ~ . . )  (r=+r~+r6) 
K 0 - *  charged. 

VALUE (lO 6 s- 1 ) E V T S  DOCUMENT ID TECN 
15.184-0.14 OUR FIT Error includes scale factor of 1.1. 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

15.1 4-1.9 98 AUERBACH 66B OSPK 
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r ( ~  #h,) + r ( ~  e~=,,~) (rs+r6) 
VALUE(Z06 s -1  ) E V T S  DOCUMENT ID TECN COMMENT 
19.~114"0.~ OUR FIT Error includes scale factor of 1.1, 
11.9 4-0.6 OUR AVERAGE Error includes scale factor of 1,2�9 
12.4 4-0.7 410 10 BURGUN 72 HBC K + p  ~ KOplr  + 
13.1 4-1.3 252 IOwEBBER 71 HBC K - p ~  n K  - 0  
11,6 4-0.9 393 10,11CHO 70 DBC K ' + n ~  KOp 

9 85 +1'15 109 10 FRANZINI 65 HBC 
" - 1 . 0 5  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

5,474-1.69 126 10 MANN 72 HBC K -  p ~ nK  0 
10,3 4-0,8 335 11HILL 67 DBC K + n ~  KOp 

10 Assumes LIS = AQ rule. 
11 CHO 70 includes events of HILL 67. 

/~L BRANCHING RATIOS 

r(~O)/r~., rdr  
VALUE EVT5 DOCUMENT ID TECN 
0~112"1"0,00~ OUR FIT Error includes scale factor of 1.1. 
0.21U-4-0.00~1 38k 12 KREUTZ 95 NA31 

12 KREUTZ 95 measure 3~ 0 x + w -  ~0 and w ev  e modes. They assume PDG 1992 values 
for lr/~u/~, 2~, and 2-~ modes, 

r(~.o)/r(,+.-~~ rl/r2 
VALUE EVT$ DOCUMENT ID TECN COMMENT 
1.611 4"0.04 OUR FIT Error Includes scale factor of 1.3, 
1.06 4-0,06 OUR AVERAGE Error includes scale factor of 1.4. 
1.6114-0,0144-0,034 38k 13 KREUTZ 95 NA31 
1.80 4-0,13 1010 BUDAGOV 68 HLBC 
2.0 4-0.6 188 ALEKSANYAN 64B FBC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.65 4-0.07 883 BARMIN 72B HLBC Error statistical only 

13 KREUTZ 95 excluded from fit because It Is not independent of their F(37r0)/I-tota I 
measurement, which Is In the fit. 

r(3.O)Ir(. -* e~,,o) rdr6 
VALU~ EVT5 DOCUMENT ID TECN 
o.r~w4-0,009 OUR FIT Error includes scale factor of 1.1. 
0..K4t4-0.004-1-0.009 38k 14 KREUTZ 95 NA31 

14KREUTZ 95 measurement excluded from fit because it is not independent of their 
F(3xO)/Ftotal measurement, which Is in the fit. 

r(~o)l [ r ( .+ , r .  0) + r(,~,~,,) + r(.+ e=F,,o)] ql(r=+r3+r6) 
VALUE EVT5 DOCUMENT ID TEC N COMMENT 
0.2694-0.004 OUR FIT Error includes scale factor of 1.1. 
0.2064-0.011 OUR AVERAGE 
0.2514-0.014 549 BUDAGOV 68 HLBC ORSAY measur. 
0.2774-0.021 444 BUDAGOV 68 HLBC Ecole polytec.meas 

0.31 +0.07 29 KULYUKINA 68 CC 
- 0 . 0 6  

0.24 4-0.08 24 ANIKINA 64 CC 

r(.+.-.o)/qml r=/r 
VALUE DOCUMENT ID 
0.12064"0.0~0 OUR FIT Error Includes scale factor of 1,7, 

r(.+.-,~O)l[r(.+,r-~) + r(.4"#~,,) + r(.4" e=h,o)] r=l(r=+rg+r6) 
VALUE E V T S  DOCUMENT ID TECN COMMENT 
0.10604"0.0026 OUR FIT Error includes scale factor of 1.7. 
0.10684"0.0024 OUR AVERAGE Error includes scale factor of 1,4. See the Ideogram 

below. 
0.163 4-0.003 6499 CHO 77 HBC 
0.16054-0.0038 1590 ALEXANDER 73B HBC 
0.146 4-0.004 3200 BRANDENB... 73 HBC 
0.159 i0 .010  558 EVANS 73 HLBC 
0.167 4-0.016 1402 KULYUKINA 68 CC 
0.161 4-0.005 HOPKINS 67 HBC 
0.162 4-0,015 126 HAWKINS 66 HBC 
0,159 4-0.015 326 ASTBURY 65B CC 
0,178 4-0,017 566 GUIDONI 65 HBC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.15 +0,03 66 ASTBURY 65 CC 
- 0 . 0 4  

0.144 4-0.004 1729 HOPKINS 65 HBC See HOPKINS 67 
0.151 ~-0.020 79 ADAIR 64 HBC 

0,157 +0.03 75 LUERS 64 HBC 
- 0.04 

0.185 4-0.038 59 ASTIER 61 CC 
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WEIGHTED AVERAGE 
0.1588t"O.0024 (Error scaled by 1.4) 

+ 

i i+ t 

0.12 0.14 0.16 0.18 0.2 0.22 

r ( .+ . - .~  o) + r(.+.:~.) + r(. • e~ve)] 

r(,~+.-,~)/r(~ ~ ~  
VA~.I~I~ ~VTS DOCUMENT ID TECN 
0.324=1:0.006 OUR FIT Error includes scale factor of 1.6. 
0.336~ 0.0I~OJB07 28k KREUTZ 95 NA31 

r ( ~  ~,~=,,) Ir  (,r~" ~ ,,o) 
VAleU~ ~VT~ DOCUMENT IO TECN COMMENT 
0.701:1:0.009 OUR FIT 
0X#Y/'-I-0.Ol0 OUR AVERAGE 
0.702+0.011 33k CHO 80 HBC 
0.6624-0.037 10k WILLIAMS 74 ASPK 
0.741:1:0.044 6700 BRANDENB... 73 HBC 
0.662:1:0.030 1309 EVANS 73 HLBC 
0.71 4-0.05 770 BUDAGOV 68 HLBC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.68 •  3548 BASILE 70 OSPK 
0.71 4-0.04 569 15 BEILLIERE 69 HLBC 

Values above of weighted average, error, 
and scale factor are based upon the data in 
this ideogram only. They are not neces- 
sarily the same as our 'bast' values, 
obtained from a laast-squaraa constrained fit 
utilizing measurements of other (related) 
quantities as additional information. 

�9 L . . . . . .  CHO 77 HBC 2,0 
. . . . . . . .  ALEXANDER 73B HBC 0,2 
. . . . . . . .  BRANDENB,., 73 HBC 10.2 
. . . . . . . .  EVANS 73 HLBC 0~0 

. . . . .  KULYUKINA 68 CC 0.3 
. . . . . . . .  HOPKINS 67 HBC 0.2 

i i i i "  HAWKINS 66 HBC 0.1 

~---t------> " ASTBURY 65B CC 0.0 
- GUIDONI 65 HBC 1.3 

14.2 
(Confidence Level = 0,077) 

r=/r+ 

r=/r= 

0.648~0.030 1309 EVANS 69 HLBC Repl. by EVANS 73 
0.67 +0.13 16 KULYUKINA 68 CC 
0.82 •  DEBOUARD 67 OSPK 
0.7 •  273 HAWKINS 67 HBC 
0.81 4-0.08 HOPKINS 67 HBC 
0.81 4-0.19 ADAIR 64 HBC 

15 BEILLIERE 69 Is a scanning experiment using same exposure as BUDAGOV 68. 
16KULYUKINA 68 r ( x • 1 7 7  Is not measured Independently from 

r(+,+--,,~176 + r (x •  + r(Tr:l:e~:Ve) ] and F(~'• / 

[ r ( .+. - .  ~ + r(.~-.:%) + r(.:%:F~e) ]. 

r( .~+. , ) / [rO,+. -~  ) + r ( ~ + . , )  + r ( ~ . , o ) ]  rs/(r=+r~+rg) 
VALU E E V T S  DOCUMENT ID TECN 
0.34&1"1"0.01~0 OUR FIT Error Includes scale factor of 1.1. 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.335 4-0.055 330 17 KULYUKINA 68 CC 

0.39 +0.08 17 --0.10 172 ASTBURY 65 CC 

0.356 •  251 17 LUERS 64 HBC 

17This mode not measured Independently from F (~ r+~ r - x0 ) / [ r (~ r+~ r -~  0) + 

r ( ~ •  + r(. '=-e=F.e) ] and r ( . ~ ' e : F ~ e ) / [ r ( . + . - . ~  ) + r ( + + ~ : F v )  + 

r(. • e:~ ~e)]" 

r ( , ~ o ) / [ r ( + + . - .  ~ + r(+*~,+~) + r(~.+~o)] rd(r=+h+rg) 
VALU~ EVT$ DOCUMENT ID TECN 
B.4RRI~'I'0.O0~O OUR FIT Error includes scale factor of 1.1. 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.498 • 500 KULYUKINA 68 CC 

0.46 +0.08 -0 .10  202 ASTBURY 65 CC 

0.487 • 153 LUERS 64 HBC 
0.46 4"0.11 24 NYAGU 61 CC 

r(,,~ #,,.))[r(,r*+,~=,,) + r(.-* ~, , . ) ]  rs/(r=+r,) 
VALIJ~ ~VTS DOCUMENT IO T~CN 
0 _ ~ - I - 0 . 0 0 ~ 1  OUR FIT 
�9 �9 �9 We do not use, the following data for averages, fits, limits, etc. �9 �9 �9 

0.415 4-0.120 320 ASTIER 61 CC 

[r ( ~  ~+ ~) + r (,-*,+ ~o)]/r=~ (r=+r+l/r 
V,~LV~ DOCUMENT IO 
0 . 1 1 ~ 1 ~ 4 - ~  OUR FIT Error Includes scale factor of 1.2. 

r (~ ) I r~ . i  r, l r  
VALUE (,nits 10 -4 ) E V T S  DOCUMENT ID TECN COMMENT 
SJY2~0.1S OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

4,54:1:0.84 18 BANNER 72B OSPK 
4,5 •  23 ENSTROM 71 OSPK K 0 1.5-9 GeV/c 
5.0 •  19 REPELLIN 71 OSPK 
5.5:1:1.1 90 KUNZ 68 OSPK Norm.to31r(C+N) 
7.4 :t:1.6 33 20CRONIN 67 OSPK 
6.7 +2.2 32 TODOROFF 67 OSPK Repl. CRIEGEE 66 
1.3 •  21 CRIEGEE 66 OSPK 

18 This value uses (~OO/r;+_)2 = 1.05 • 0.14. In general, F (23,)/rtota I = [(4.32 4- 0.55) x 

lO-4] [(~ool~+-)2]- 
19Assumes regeneration amplitude In copper at 2 GeV Is 22 mb. To evaluate for a given 

regeneration amplitude and error, multiply by (regeneration amplltude/22mb) 2. 
20CRONIN 67 replaced by KUNZ 68. 
21CRIEGEE 66 replaced by TODOROFF 67. 

r(2~)IrO~ ~ rglr~ 
VALUE(units 10 -3 ) E V T S  DOCUMENT ID TECN COMMENT 
2.1104"0.~ OUR FIT Error Includes scale factor of 1.1. 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2.13~:0.43 28 BARMIN 71 HLBC 
2.24:E0.28 115 BANNER 69 OSPK 
2.5 4-0.7 16 ARNOLD 68B HLBC Vacuum decay 

r(2~)Ir(~% ~ r , l r .  
VALUE E V T S  DOCUMENT I D TECN 
0.6,124-0.009 OUR FIT 
0.~'1"0-004"1"0.0~1 110k BURKHARDT 87 NA31 

r (~) I r~ , ,  rlolr 
V~,U~ CL~ DOCUMENT IO T~C N 

<2.4 X 10 -1 '  90 22 BARR 95C NA31 

22 Assumes a phase-space decay distribution. 

r ( ~ ) / r ~ ,  ru/r 
VALUE (units 10 -6) CL% E V T S  DOCUMENT IO TECN COMMENT 

1.7 =1:0.2 "1"0.2 63 23 BARR 92 SPEC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.864-0.604-0.60 60 PAPADIMITR...91 E731 m.y.y > 280 MeV 

< 5.1 90 PAPADIMITR...91 E731 rn3,3, < 264 MeV 

2.1 •  14 24 BARR 90c NA31 m3,3, > 280 MeV 

< 2.7 90 PApADIMITR...89 E731 In PAPADI...91 
<230 90 0 BANNER 69 OSPK 

23BARR 92 find that r(x023,, ms,3, <240 MeV)/r(~r023,)< 0.09 (90% CL). 

24 BARR 90C superseded by BARR 92. 

r ( . ~ . , ) / r ~  r../r 
VALUE (.nits 10 -s) CL% E V T S  DOCUMENT ID TECN 

6.18=1:0.29 OUR AVERAGE 
5.16• 0.22 729 MAKOFF 93 E731 
6.2 ::1:2.0 16 CARROLL 80C 5PEC 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<220 90 25 DONALDSON 74 SPEC 

25DONALDSON 74 uses KO L ~ x + l r - T r O  / (a l l  KOL ) decays = 0.126. 

r ( ( . j , =~ l , , ) I r (~  ~,~=,,) r . l r=  
VALUE (units 10 -? ) E V T S  DOCUMENT IO TECN 

3.90-1-0.$9 155 26 ARONSON 86 SPEC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

seen 18 COOMBES 76 WIRE 

26ARONSON 86 quote theoretical value of (4.31 4- 0.08) x 10 - 7 .  

r(~* # , , = ) / r ( ~  ~ , )  r14/r+ 
VALUE(units 10 -2 ) E V T S  DOCUMENT ID TECN COMMENT 

0 .9~14" t ' 0J~6~0~  1384 LEBER 96 NA31 ~ > 30 MeV, 

0" > 20 ~ e3,--  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3.3 •  10 PEACH 71 HLBC 3' KE >15 MeV 

rO,+.-.y)/r~ ru/r 
For earlier limits see our 1992 edition Physical Review D48, 1 June, Part II (1992). 

VALUE (units ]0 -s ) E V T S  DOCUMENT ID TECN COMMENT 
4.614-0.14 OUR/IVERAGE 
4.664-0.15 3136 27 RAMBERG 93 E731 ES, >20 MeV 

4.414-0.32 1062 28 CARROLL 80B SPEC E~, >20 MeV 



See k e y  on p a g e  2 1 3  

�9 e �9 We do not use the following data for averages, fits, limits, etc. �9 * �9 

1.524-0.16 516 29 CARROLL 80B SPEC E.~ >20 MeV 

2.894-0,28 546 30 CARROLL 80f3 SPEC 
6.2 4-2.1 24 31 DONALDSON 74c SPEC 

27 RAMBERG 93 finds that fraction of Direct Emission (DE) decays with E3. >20 MeV is 
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Ko 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1,21 4-0.30 150 38 REY 76 OSPK r/00=3.8 4- 0.5 
0.90 4-0.30 172 39 FAISSNER 70 OSPK ~/00=3.2 4- 0.5 
1,31 4-0.31 133 38 CENCE 69 OSPK ~/00=3.7 4- 0.5 
1.89 4-0.31 109 40 CRONIN 67 OSPK ~/00=4.9 4- 0.5 
1.36 4-0.18 40 CRONIN 67B OSPK ~/00=3.92 4- 0.3 

0.685 4- 0.041. 
28 Both comp . . . .  ts. Uses K 0 ~ ~r + ~r-~r0/(all K [ )  decays = 0.1239. 

29internal Bremsstrahlung component only. 
30 Direct 3' emission component only. 
31Uses K O ~ ~r + x - ~ ' 0 / ( a l i  K 0) decays = 0.126. 

r ( , ~  
VALUE (units 10 -s) CL~ EVTS DOCUMENT ID TEEN 

< w BARR 94 NA31 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<230 90 0 ROBERTS 94 E799 

r(~+.-)/rt=.,  
Violates CP conservation. 

VALUE (units 10 -3 ) DOCUMENT 10 

2.0~7:EO.O3B OUR FIT Error Includes scale factor of 1,1. 
2.1074- fi.nxl; 32 ETAFIT 98 

r . / r  

rz~/r 

8CENCE 69 events are Included 11;I, REY 76. 
7FAISSNER 70 contains same 2x v events as GAILLARD 69 F(~r0~r0)/Ftota I. 

40CRONIN 67B is further analysis of CRONIN 67, now both withdrawn. 

r( .0.O)/r( .+. - )  rui/r17 
Violates CP conservation. 

VALUE DOCUMENT ID 
0.453 4-0,006 OUR FIT 
0.4~3~ 4- 0.00r 41 ETAFIT 98 

41This ETAFIT value is computed from fitted values of If/00 / r /S_ I and the r ( K  ~ -~ 

~r+~r - )  / r ( K  O ---* ~rO~r O) branching fraction. See the discussion in the note "Fits for 

K 0 CP-Vlolatlon Parameters." 

r (~+~- ) / [ r ( .+ . - .  0) + r ( ~ + ~ )  + r ( .4"~o)]  r. /(r,+r~+r+) 
Test for &S = I weak neutral current. Allowed by higher-ori]er electroweak Interaction. 

VALUE (units 10 -6 ) CL~_~ DOCUMENT ID TEEN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

32Thls ETAFIT value is computed from fitted val . . . .  f l ' + - l ,  the K 0 and K O llfetlmes, 

and the K O - *  ~ + l r -  branching fraction. See the discussion In the note "Fits for K 0 
CP-Violatlon Parameters." 

r ( . + . - ) I r ( . + . -  .fi) r171r= 
Violates CP conservation. 

VALUE(units 10 -2 ) E V T S  DOCUMENT ID TEEN COMMENT 

I.ME'+'O.030 OUR FIT Error includes scale factor of 1.1. 
1.64 "kO.04 4200 MESSNER 73 ASPK 7/+_ = 2.23 

r ( . + . - ) / [ r ( . ~ . + . )  + r(.4" ~ . ) ]  rlT/(r3+r6) 
Violates CP conservation. 

VALUE (units 10 -3 } EVTS DOCUMENT ID TEEN COMMENT 

3.]~4-0.0G OUR FIT Error Includes scale factor of 1.1. 
3.0e4"0.10 OUR AVERAGE 
3.134-0.14 1687 COUPAL 85 SPEC 7 / + = 2 . 2 8  4- 0.06 

3.044-0.14 2703 DEVOE 77 SPEC Tt+_=2.25 4- 0.05 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

2.514-0.23 309 33 DEBOUARD 67 OSPK r /S_=2.00 4- 0.09 

2.354-0.19 525 33 FITCH 67 OSPK r/4-_=1.94 4- 0.08 

33 Old experiments excluded from fit. See subsection on r /S_ in section on "PARAMETERS 

FOR K 0 ~ 2w DECAY" below for average 7/+_ of these experiments and for note on 
discrepancy. 

r ( .+ . - ) / [ r (~+ . - .o )  + r( .~.+~) + r ( . * ~ . ) ]  rlT/(r=+rs+r6) 
Violates CP conservation. 

VALUE (units 10 -3) E V T S  DOCUMENT ID TEEN COMMENT 
2.63 =1:0.04 OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2.60 4-0.07 4200 34 MESSNER 73 ASPK r/S_ = 2.23 4- 0.05 
1.93 4-0.26 35 BASILE 66 OSPK r/S_ = 1.92 4- 0.13 
1.9934-0.080 35 BOTT-... 66 OSPK r/S_ = 1.95 4- 0.04 
2.08 4-0.35 54 35 GALBRAITH 65 OSPK r/S_ = 1.99 4- 0.16 
2.0 4-0.4 45 35CHRISTENS... 64 OSPK r/S_ = 1.95 4-0.20 

34From same data as F 0 r + ~ r - ) / r ( l r + T r -  ~rO ) MESSNER 73. but with different normal- 
Ization. 

35 I O d experiments excluded from fit. See subsection on ~/+_ In section on "PARAMETERS 

FOR K 0 ~ 27r DECAY" below for average ~/+_. 

< 2.0 90 BOTT-... 67 OSPK 
< 35.0 90 FITCH 67 OSPK 
<250.0 90 ALFF-... 66B OSPK 
<100.0 ANIKINA 65 CC 

( a - ) / r ( . + . - )  r. /r17 
r-/4"FTest'for.~5 = l ~ e a k  neutral . . . . . .  t. All(wed by higher-order electroweaklnteractlon. 

VALUE (units lO -6  ) CL~ E V T S  DOCUMENT ID TECN COMMENT 
$.504"0.21 OUR AVERAGE Error includes scale factor of 1.4. 
3.874-0.30 179 42 AKAGI 95 SPEC 
3.384-0.17 707 HEINSON 95 B791 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3.9 +0.3 4-0.1 178 43 AKAGI 91B SPEC In AKAGI 95 
3.454-0.184-0.13 368 44 HEINSON 91 SPEC In HEINSON 95 
4.1 4-0.5 54.  INAGAKI 89 SPEC In AKAGI 91B 
2.8 4-0.3 4-0.2 87 MATHIAZHA...89B SPEC In HEINSON 91 

4.0 +1.4 -0 .9  15 SHOCHET 79 SPEC 

4.2 +5.1 - 2 . 6  3 45 FUKUSHIMA 76 SPEC 

5.8 +2.3 -1 .5  9 46 CARITHERS 73 SPEC 

< 1.53 90 0 47 CLARK 71 SPEC 
< 18. 90 0 DARRIULAT 70 SPEC 
<140. 90 0 FOETH 69 SPEC 

42AKAGI 95 gives this number multiplied by the PDG 1992 average for F(K O 

~r+ ~r-) / r ( tota l ) .  
43AKAGI 91B give this number multiplied by the 1990 PDG average for F(K 0 

~r+ ~r-) / r ( tota l ) .  
44HEINSON 91 give r ( K  0 ~sed~. #) / r to ta l  . We divide out the r ( K ~  ~ 7 r + l r - ) / r t o t a  I 

PDG average which they 
45 FUKUSHIMA 76 errors are at CL = 90%. 
46CARITHER5 73 errors are at EL = 68%, W.Carlthers. (private communication 79). 
47CLARK 71 limit raised from 1.2 x 10 - 6  by FIELD 74 reanalysls. Not in agreement with 

subsequent experiments. So not averaged. 

- .  (~+ ~ - ~ ) l ~ , ,  . . r2olr 
Test for AS = 1 weak neutra current. Allowed by higher-order electroweak Interaction. 

VALUE(units 10 -7) CL% E V T S  DOCUMENT ID TEEN 
3.2S4"0.28 OUR AVERAGE 
3.4 4-0.6 4-0.4 45 FANTI 97 HA48 
3.234-0.234-0.19 197 SPENCER 95 E799 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

r(.O.O)/rto=, r . / r  
Violates CP conservation. 

VALUE(units 10 -3 ) EVT$ DOCUMENT ID TEEN COMMENT 

0.~:l:0.O~0 OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2.5 4-0.8 189 36 GAILLARD 69 OSPK T/00=3.6 4- 0.6 

1.2 +1.5 7 37CRIEGEE 66 OSPK 
- 1 . 2  

36Latest result of this experiment given by FAISSNER 70 F(lrO~rO)/r(3~r0). 

37 CRIEGEE 66 experiment not designed to measure 21r 0 decay mode. 

r( .~176 ~ r . / r l  
Violates CP conservation. 

VALUE (units 10 -2 } EVTS DOCUMENT ID TEEN COMMENT 

0.4434"0.022 OUR FIT Error includes scale factor of 1.1. 
0-39 4"O.OG OUR AVERAGE 
0.37 4-0.08 29 BARMIN 70 HLBC r/00=2.02 4- 0.23 
0.32 4-0.15 30 BUDAGOV 70 HLBC r/00=1.9 4- 0.5 
0.46 4-0.11 57 BANNER 69 OSPK T/00=2.2 4- 0.3 
not seen BARTLETT 68 OSPK See rt00 below 

2.8 +2.8 1 48 CARROLL 9OD SPEC 
<78.1 90 49 DONALDSON 74 SPEC 

48 uses Ko ~ ,~+ ~-,,o/(a, go) decays = 0.1239. 
49uses K~ .+.-.0/(a, K0) decays = 0.126. 

r ( . + , - ) / r ~ ,  r= / r  
Test for Z~5 = 1 weak neutral current. Allowed by higher-order electroweak interaction. 

VALUE (units lO -10) CL~ EVT5 OOCUMENT ID TECN COMMENT 

< 0.41 90 0 50 ARISAKA 93B B791 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1 AKAGI 95 SPEC < 1.6 90 
< 1.6 90 1 AKAGI 91 SPEC Sup. by AKAGI 95 
< 5.6 90 INAGAKI 89 SPEC In AKAGI 91 
< 3.2 90 MATHIAZHA...89 SPEC In ARISAKA 93B 
< 110 90 COUSINS 88 SPEC 
< 45 90 GREENLEE 88 SPEC Repl. by JASTRZEMB- 

SKI 88 
< 12 90 JASTRZEM.. 88 SPEC 
< 15.7 90 51 CLARK 71 ASPK 
<1500 9O 0 FOETH 69 ASPK 

50ARISAKA 938 includes all events with <6 MeV radiated energy. 
51 Possible (but unknown) systematic errors. See note on CLARK 71 r ( ,  + #- ) / r (x  + ~-) 

entry. 
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r (e+ , - )  / [r(,+ , - ,o)  + r ( , * ,~  ~) + r(~* # Vo)] r./(r=+rs+r,) 
Test for & 5  = 1 weak neutral current. Allowed by hlgher-or~ler electroweak Interaction, 

VALUE (units 10 -6 ) CL.~.~ DOCUMENT IO TECN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 23.0 90 BOTT-... 67 OSPK 
< 200.0 90 ALFF-... 66B OSPK 
<1000.0 ANIKINA 65 CC 

r(e+.-~)ir~.,  r.. Ir 
Test for & 5  = I weak neutral current. Allowed by higher-order electroweak Interaction. 

VALUE (units 10 -6) CL~ EVTS DOCUMENT ID TECN 
9 . 1 . 0 =  OUR AVERAGE 
9.24-0.54-0.5 1053 BARR 90B NA31 

9.1:1:0.4_+016 919 OHL 908 B845 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

17.44-8.7 4 52 CARROLL 80D SPEC 
<27 90 0 53 BARMIN 72 HLBC 

52 us .  ~ -~ ~+~-~O/(a,  KO) d~ay, = o.1239. 
S3Uses K~ ~ 3~0/total = 0.214. 

r (e+ e- ~ ) / r ~  r, , /r 
Test for AS = I weak neutral current. Allowed by higher-order electroweak Interaction. 

VALUE (units 10 -7 ) EVT5 DOCUMENT ID TECN COMMENT 
6Ji-1-1.2 OUR AVERAGE 
6.54-1.2~0.6 58 NAKAYA 94 E799 E. 7 > 5 MeV 

6.6~:3.2 MORSE 92 B845 E 3, > 5 MeV 

r ( . + . -  a+ e - ) I r t~  r~Ir  
Test for ZIS = I weak neutral current. Allowed by higher-order el�9149 Interaction. 

VALUE (units 10 -7) CL% EVTS DOCUMENT ID TECN COMMENT 

< 4.6 90 NOMURA 97 SPEC m e � 9  > 4 MeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 25 90 0 BALATS 83 SPEC 
< 88.1 90 54 DONALDSON 76 SPEC 
<300 ANIKINA 73 STRC 

54usos K~ ~ ~%-.O/(a, KO) deca~ = o.126. 

r (~+ ~,- e+ e-)/r~.,  r, , /r 
Test for AS = 1 weak neutral current. Allowed by higher-order electroweak interaction, 

VALUE(unit�9 - 9 )  CL% EVTS DOCUMENT ID TECN 

�9 --2.4 1 GU 96 E799 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<4900 90 BALATS 83 SPEC 

r(e+ e-  ~+ e-) /r~ r~/r 
Test for Z IS= 1 weak neutral current. Allowed by higher-order electroweak Interaction. 

VALUE (units 10 -8) CL~ E V T S  DOCUMENT ID TECN COMMENT 
4,1 * 0 J I  OUR AVERAGE Error includes scale factor of 1.2. 
6 4-2 4-1 18 55 AKAGI 95 SPEC mee  >470 MeV 

10.4 :t:3.7 4-1.1 8 56BARR 95 NA31 
3.964-0.784-0.32 27 GU 94 E799 
3.074-1.254-0.26 6 VAGINS 93 B845 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

7 4-3 4-2 6 55 AKAGI 95 SPEC m e � 9  >470 MeV 
6 4-2 4-1 18 AKAGI 93 CNTR Sup. by AKAGI 95 
4 4-3 2 BARR 91 NA31 Sup. by BARR 95 

<260 90 BALATS 83 SPEC 

55 Values are for the total branching fraction, acceptance-corrected for the me�9 cuts shown. 
56 Distribution of angles between two e + e -  pair planes favors C P = -  1 for K O. 

r (~%+.- ) / r~ . ,  r~/r  
Violates CP in leading order. Test for Z~5 = 1 weak neutral current. Allowed by 
higher-order electroweak Interaction. 

VALUE (unlts lO -9 )  CL % EVTS DOCUMENT ID TECN 

< 5.1 90 0 HARRIS 93 E799 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 1200 90 0 57 CARROLL 80D SPEC 
<56600 90 58 DONALDSON 74 SPEC 

57 Uses K 0 
58Uses K~ L ~r+~r- ~rO/(all K~)  decays = 0.1239. 

~r + ~r--~rO/(ail K~) decays = 0,126. 

r(,~.+ ~-)/r~ r=/r 
Violates CP In leading order. Direct and indirect CP-vlolatlng contributions are ex- 
pected to be comparable and to dominate the CP-conserving part. Test for AS = 1 
weak neutral current. Allowed by higher-order electroweak interaction. 

VALUE (~nlts 10 -9) CL % EVI~ DOCUMENT ID TECN 

< @5 90 0 HARRIS 93B E799 
< 7.5 9O 0 BARKER 90 E731 
< 5.5 90 0 OHL 90 B545 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 40 90 BARR 88 NA31 
< 320 90 JASTRZEM,.. 88 SPEC 
<2300 90 0 59 CARROLL 800 SPEC 

59 us .  ~o ~ . + . - . O / ( a ,  KO) decays = o 123~. 

r(~%v) Ir~.,  r~Ir  
Vlolates CP In leadlng o*'der. Test of dlrect CP vlolatlon slnce the Indlrect CP-vlolatlng 
and CP-conservlng contributions are expected to be suppressed. Test of A5  = 1 weak 
neutral current. 

VALUE(units 10 -5) CL% E V T S  DOCUMENT IO TECN 

< IL8 90 0 WEAVER 94 E799 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 22 90 0 GRAHAM 92 CNTR 
<760 90 60 LITTENBERG 89 RVUE 

60 LITTENBERG 89 is from retroactive data analysis of CRONIN 67. 

r ( e * ~ ) I r ~  r=/r  
Test of lepton family number conservation, 

VALUE (units 10 -11 ) CL% E V T S  DOCUMENT ID TECN COMMENT 

< 5 1 90 0 61 ARISAKA 93 8791 
�9 �9 �9 We do not use the following data for averages, fits, limits, e tc .  �9 �9 �9 

< 9.4 90 0 AKAGI 95 SPEC 
< 3.9 90 0 ARISAKA 93 8791 
< 9.4 90 0 AKAGI 91 SPEC Sup. by AKAGI 95 
< 43 90 INAGAKI 89 SPEC In AKAGI 91 
< 22 90 MATHIAZHA...89 SPEC 
< 190 90 SCHAFFNER 89 SPEC 
<1100 90 COUSINS 88 SPEC 
< 670 90 GREENLEE 88 SPEC Repl. by 

SCHAFFNER 89 
< 157 90 62 CLARK 71 ASPK 

61This Is the combined result of ARISAKA 93 and MATHIAZHAGAN 89. 
62 Possible (but unknown) systematic errors. See note on CLARK 71 F (/~+/~- ) /F  (~r + 7r- ) 

entry. 

r ( ~ e * ~ ) / r ~  r~/r 
Test of lepton family number conservation. 

VALUE (units 10 -9 ) CL~ E V T S  DOCUMENT IO TECN 

<S,1 90 0 63 GU 96 E799 | 

63Assuming uniform phase space distribution. I 

r ( ~ ) / [ r ( , + , - ~  ~ + r ( , * , ~ . )  + r ( , *  ~ ~,)1 
Test of/epton family number conservation. 

VALUE (units 10 -4 ) CL ~ DOCUMENT ID TEEN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 0.1 90 8OTT-... 67 OSPK 
< 0.08 90 FITCH 67 OSPK 
< 1.0 90 CARPENTER 66 OSPK 
< 1 0 . 0  ANIKINA 65 CC 

r301(r=+r3+r,) 

ENERGY DEPENDENCE OF K~L DALITZ PLOT 

For discussion, see note on Dalltz plot parameters in the K :k section of 
the Particle Listings above. For definitions of av,  a t ,  au, and ay,  see 
the earlier version of the same note in the 1982 edition of this Review 
published In Physics Letters 111B 70 (1982). 

Imatrix elementl 2 = 1 -t- Eu + hu 2 + j v  + kv  2 

where u = (,93 - SO) / m 2 and v = (s I - s2) / m 2 

LINEAR COEFFICIENT lr FOR K~L --~ lr+w-lr 0 
VALUE ~) (T~;  ~)OCUMENT ID TEEN COMMENT 
0.fi704"0.014 OUR AVERAGE Error Includes scale factor of 1.6. See the ideogram below, 
0.6814-@024 6499 CHO 77 HBC 
0.620:t:0.023 4709 PEACH 77 HBC 
0.6774-0.010 509k MESSNER 74 ASPK ay = -0 .917 4- 0.013 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.69 4-0.07 192 64 BALD�9 75 HLBC 
0.59O4-0.022 56k 64 BUCHANAN 75 SPEC a u = -0 .277 • 0.010 
0.6194-0.027 20k 64,65 BISI 74 ASPK a t = -0 .282 4- 0.011 
0.6124-0.032 64ALEXANDER 73B HBC 
0.73 +0.04 3200 64 8RANDENB... 73 HBC 
0.50 +0.11 180 64 JAMES 72 HBC 
0.6O84-0.043 1486 64 KRENZ 72 HLBC a t = -0 .277 4- 0.018 
0.688:E0.074 384 64 METCALF 72 ASPK a t = -0 .31  + 0.03 
0.650+0.012 29k 64ALBROW 70 ASPK ay = -0 .858 • 0.015 

0.5934-0.022 36k 64,66 BUCHANAN 70 SPEC a u = -0 .278 4- 0.010 
0.664:1:0.086 4400 64 SMITH 70 OSPK a t = -0 .306 4- 0.024 
0.400+0.045 2446 64 BASILE 68B OSPK a t = -0 .188 4- 0.020 
0.649:E0.044 1350 64 HOPKINS 67 HBC a t = -0 .294 4- 0.018 
0.4284-0.055 1198 64 NEFKENS 67 OSPK a u = -0 .204 4- 0.025 

= - 8  ~+0-9 0.64 4"0.17 280 64 ANIKINA 66 CC a v " - - 1 . 3  

0.70 :t:0.12 126 64 HAWKINS 66 HBC a v = - 8 . 6  4- 0.7 
0.32 4-1:0.13 66 64 ASTBURY 65 CC a v = - 5 . 5  4- 1.5 

- 7 ~+0.6 0.51 ~:0.09 310 64 ASTBURY 65B CC av - -  - " ' - 0 . 8  

0.55 4-0.23 79 64ADAIR 64 HBC a v = - 7 . 6  4- 1.7 
0.51 :t:0.20 77 64 LUERS 64 HBC a v = - 7 . 3  4- 1.6 

64Quadratic dependence required by some experiments. (See sections on "QUADRATIC 
COEFFiCiENT /7" and "QUADRATIC COEFFICIENT k" below.) Correlations prevent 
us from averaging results of fits not including 8", h, and k terms. 
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65 BISI 74 value comes from quadratic fit with quad. term consistent with zero. g error is 
thus larger than If linear fit w~re used. 

66BUCHANAN 70 result revised by BUCHANAN 75 to include radiative correlations and 
to use more reliable K~ momentum spectrum of second experiment (had same beam). 

/~L FORM FACTORS 

For discussion, see note on form factors in the K • section of the Particle 
Listings above. 

WEIGHTED AVERAGE 
0.67OTO.014 (Error scaled by 1.6) 

2 

. . . . . .  CHO 77 HBC 0.2 
. . . .  PEACH 77 HBC 4.7 
. . . .  MESSNER 74 ASPK 0.6 

5.4 
( C o n ~  Leve~ = 0.066) 

0.55 0.6 0.65 0.7 0.75 0.8 

Linear coeff, g for K 0 ~ ~r + ~ r -~0  matr ix element squared 

QUADRATIC COEFRCIENT h FOR K~L --* ~r+x-~r 0 
~ /A~  ~ DOCUMENT ID TEC N 

0.01~=1=0.007 OUR AVERAGE 
0.095• 6499 CHO 77 HBC 
0.0484-0.036 4709 PEACH 77 HBC 
0.079 :E 0,007 509k MESSNER 74 ASPK 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0 .011•  29k 67 ALBROW 70 ASPK 
0.043:t:0.052 4400 67 SMITH 70 OSPK 

In the form factor comments, the following symbols are used, 

f+ and f_ ire form factors for the vector matrix element. 

f$ and fT  refer to the scalar and tensor term. 

fO = f+ 4- f _ t / ( m  2 - m2).  

,~+. ,~_. and "~0 are the linear expansion coefficients of f_,_. f_. and f0" 

I +  refers to the K 0 value except In the K0 3 sections. ~3 
d~(o)/d~+ is the correlation between ~[(0) and ,~+ In KO 3. 

d,~o/d,~ + Is the correlation bet~en X 0 and ,~+ in KO 3. 

t = momentum transfer to the x in units of m 2. 

DP = Dalitz plot analysis. 

PI = x spectrum analyds. 

MU = t~ spectrum analysis. 

POL= t~ poladzatlon analysis. 

BR = KOp3/KO 3 branching ratio analysis. 

E = podtron Or electron spectrum analysis. 

RC = radiative corrections. 

X+ (LINEAR ENERGY DEPENDENCE OF f+ IN K~ DECAY) 
For radiative correction of K03_ DP. see GINSBERG 67 and BECHERRAWY 70. 

VAt UE ~V'T~. pOCUMENT ID T~(~ N ~'QMM~-NT 
0.0~00"l'0.00t6 OUR AVERAGE Error Includes scale factor of 1.2. 
0.0306~:0.0034 74k BIRULEV 81 SPEC DP 
0.025 ~:0.005 12k 69 ENGLER 78B HBC DP 
0.0348~0.0044 18k HILL 78 STRC DP 
0.0312:E0.0025 500k GJESDAL 76 SPEC DP 
0.0270~0.0028 2Sk BLUMENTHAL75 SPEC DP 
0.044 :E0.006 24k BUCHANAN 75 SPEC DP 
0.040 :1:0.012 2171 WANG 74 OSPK DP 
0.045 :J:O.014 5600 ALBROW 73 ASPK DP 
0.019 :J:0.013 1871 BRANDENB... 73 HBC PI transv. 

See notes In section "LINEAR COEFFICIENT g FOR K~L ~ ~ r+x -Tr  0 IMATRIX 

ELEMENTI 2" above. 

67Quadratic coefficients h and k required by some experiments. (See section on 
"QUADRATIC COEFFICIENT k" below.) Correlations prevent us from averaging re- 
suits of fits not Including g. h, and k terms. 

QUADRATIC COEFFICIENT k FOR K~L --* l r+x- l r  ~ 
V,~L~I~ ~YT~ DOCUMENT ID T~N 

O.OOM=I=OJO0111 OUR AVERAGE 
0.024 +0.010 6499 CHO 77 HBC 

-0.008 +0.012 4709 PEACH 77 HBC 
0.0097 • 509k MESSNER 74 ASPK 

LINEAR COEFFICIENT] FOR/~L --* x+x-~r~ (CP-VIOLATING TERM) 
Listed in CP-violatlon section below. 

QUADRATIC COEFFICIENT h FOR K~r --, x~176176 
VALUE (units 10 -3 } EVTS OOCUMENT ID TEEN 

--~k34"1.1:l=O.lr 5M 68 SOMALWAR 92 E731 

68SOMALWAR 92 chose rex+ as normalization to make it compatible with the Particle 

Data Group K 0 ~ ~r + 7 r - x  0 definitions. 

0.022 4-0.014 1910 NEUHOFER 72 ASPK PI 
0.023 :E0.005 42k BISI 71 ASPK DP 
0.05 ~0.01 16k CHIEN 71 ASPK DP. no RC 
0.02 :t:0.013 1000 ARONSON 68 OSPK PI 

+0.023 4-0.012 4800 BASILE 68 OSPK DP, no RC 
-0 .01 :t:0.02 762 FIRESTONE 67 HBC DP. no RC 
+0.01 -4-0.015 531 KADYK 67 HBC e,PI, no RC 

+0.08 +0.10 240 LOWYS 67 FBC PI -0 .08  
+0.15 d:0.08 577 FISHER 65 OSPK DP, no RC 
+0.07 4-0.06 153 LUERS 64 HBC DP, no RC 
�9 �9 �9 We do not use the following data f ix averages, fits, limits, etc. �9 �9 �9 

0.029 • 19k 69 CHO 80 HBC DP 
0.0286:~0.0049 26k BIRULEV 79 SPEC Repl. by BIRULEV 81 
0.032 :i:0.0042 48k BIRULEV 76 SPEC Repl. by BIRULEV 81 

69ENGLER 78B uses an unique Ke3 subset of CHO 80 events and Is less subject to sys- 
tematic effects. 

r = f_/v+ (dc~rml~ ~o. K~ =~=,=) 
The parameter ~ Is redundant with X 0 below and is not put into the Meson Summary 
Table. 

VALUE d~ (O)/d~ + E V T $  DOCUMENT 10 TEEN COMMENT 
--0.11-t-0.09 OUR EV/bJ.UATION Error Includes scale factor of 2.3. Correlation Is 

d~,(O) /d ,~+=-14.  From a fit discussed in 
note on KE3 form factors in 1982 edition. PL 
111B (April 1982). 

-0.10~:0.09 - 1 2  150k 70 BIRULEV 81 SPEC DP 
+0.26+0.16 - 1 3  14k 71 CHO 80 HBC DP 
+0.13+0.23 - 2 0  16k 71HILL 79 STRC DP 
- 0 . 2 5 i 0 . 2 2  -5 .9  32k 72 BUCHANAN 75 SPEC DP 
-0.11:i:0.07 - 1 7  1.6M 73 DONALDSON 74B SPEC DP 
-1 .00•  - 2 0  1385 74pEACH 73 HLBC DP 
- 1 . 5  +0.7 - 2 8  9086 75 ALBROW 72 ASPK DP 
+1.2 4.0.8 - 1 8  1341 76CARPENTER 66 OSPK DP 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

+0.50• unknown 16k 77 DALLY 72 ASPK DP 
- 3 . 9  •  3140 78 BAStLE 70 OSPK DP, Indep of,~+ 

n ~a+0.12 - 2 6  16k 77 CHIEN 70 ASPK DP - v . w _ 0 . 2 0  

70BIRULEV 81 error, d~(0)/d.~_ calculated by us from ~0' ~+" d~o/d'~-.- ~ 0 used. 

71 HILL 79 and CHO 80 calculated by us from ~0. "~+. and d~o/d,~ ~ .  

72BUCHANAN 75 is calculated by us from X O, ~+ and dXo/d.~ + because their appendix 
A value -0 .20 • 22 assumes ~(t) constant. I.e. ,~_ = ,~+. 

73DONALDSON 74B gives ~ = -0 .11 -t- 0.02 not including systematlcs. Above error and 
d~(O)/d.~+ ~ere calculated by us from ~0 and "~I- errors (which include systematlcs) 
and d,~o/d~ +.  

74pEACH 73 gives ~(0) = -0 .95 + 0.45 for ,~+ = ~_  = 0.025 . The above value is for 
.~_ = 0. K.Peach, pclvate communication (1974). 
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_ = - .Ln 1r  0,17 7SALBROW 72 fit has `X free. gets `X_ -0 .030 4- 0.060 or A - _ . . . .  -0.11" 

76CARPENTER 66 ~(0) is for `X+ = 0. d~(o)/d`x+ is from figure 9. 

77CHIEN 70 errors are statistical only. d~(O)/d`x+ from figure 4. DALLY 72 is a reanalysls 
of CHIEN 70. The DALLY 72 result is not compatible with assumption `X_ = 0 so not 
included in our fit. The nonzero `X_ value and the relatively large `X+ value found by 
DALLY 72 come mainly from a single low t bin (figures 1.2). The (f+.~) correlation was 
ignored. We estimate from figure 2 that fixing `X_ = 0 would give ~(0) = -1 .4  4- 0.3 

and would add 10 to X 2. d[.(O)/d`x+ is not given. 

78 BASILE 70 Is incompatible with all other results. Authors suggest that efficiency esti- 
mates might be responsible. 

~b = V-If+ (detmrmnned from ~, , , /~s)  
The KO3/KOe3 branching ratio fixes a relationship between ~(0) and `X+. We quote 

the author's ~(0) and associated ,X_ t_ but do not average because the ,X+ values differ. 
The fit result and scale factor given below are not obtained from these ~b values. 

instead they are obtained directly from the authors KO3/KO 3 branching ratio via the 

fitted K 0 / K  0 ratio (r(,4- p=~v)/r(.+ eT~e)), The parameter ~ is redundant /z3 ~ e3 
with X̀O below and is not put into the Meson Summary Table�9 

VALUE EVT5 DOCUMENT IO TECN COMMENT 
--0.11J,'O.0~1 OUR EVALUATION Error includes scale factor of 2.3. Correlation is 

d[/ , (O)/d`x+=-14. From a fit discussed in note on 
Kl3 form factors in 1982 edition, PL 111B (April 
1982). 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.5 +0.4 6700 BRANDENB... 73 HBC BR, `X+=0.019-1- 0.013 
-0 .08+0 .25  1309 79 EVANS 73 HLBC BR, `X+=O.02 

- 0 . 5  4-0.5 3548 BASILE 70 OSPK BR,`X+=0.02 
+0.454-0.28 569 BEILLIERE 69 HLBC BR. `X+=0 
-0.22:t:0.30 1309 79 EVANS 69 HLBC 

+0.2  +0.8 KULYUKINA 68 CC BR. `X+=O - 1 . 2  
+1.1 4-1.1 389 ADAIR 64 HBC BR. `X+=0 

+ 0  6 K+0'9 �9 " - 1 . 3  LUERS 64 HBC BR. `X+=0 

79 EVANS 73 replaces EVANS 69. 

r = f_/r+ (determined from p polarization In K~ 
The/~ polarization Isa measureof~(t). No assumptlonson `X+_ necessary, t (weighted 
by sensitivity to ~(t)) should be specified. In `X+, ~(0) parametrizatlon this is ~(0) 

for `X+ = O. d~/d`x = ~t. For radiative correction to /~ polarization in K 0 see /J3' 
GINSBERG 73. The parameter ~ is redundant with `X0 below and is not put into the 
Meson Summary Table. 

VALU~ EVT5 OOCUMENT IO TECN COMMENT 
-0 .11  4-0.09 OUR EVALUATION Error includes scale factor of 2.3. Correlation Is 

d~,(O)/d`x+=-14~ From a fit discussed in note on 
Kt3 form factors in 1982 edition, PL 111B (April 
19821 . 

+0.1784-0.105 207k 80 CLARK 77 SPEC POL. 
d~(O)/d`x+=+ 0.68 

--0.385+0.105 2.2M 815ANDWEISS 73 CNTR POL, d~(O)/d,X+=-6 

-1 .81  TO.SO 82 LONGO 69 CNTR POL, t=3.3 
-0 .26  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

- 1 . 6  4-0.5 638 83 ABRAMS 688 OSPK Polarization 
- 1 . 2  4-0.5 2608 83 AUERBACH 66B OSPK Polarization 

80CLARK 77 t = +3.80. d~.(O)/d,X+ = ~.(t)t = 0.178• = +0.68. 

815ANDWEISS 73 is for `X+ = 0 and t = 0. 

82 LONGO 69 t = 3.3 calculated from d~.(O)/d`x+ ~ - 6.0 (table 1) divided by ~ = - 1.81. 

83 t value not given. 

Im({) In K~ DECAY (from transverse/~ pol.) 
Test of T reversal invariance. 

VALUE EVTS DOCUMENT ID TECN C~)~4MENT 
--0JO0"/=i:O.0~ OUR AVERAGE 

0.0094-0.030 12M MORSE 80 CNTR Polarization 
0.35 +0.30 207k 84 CLARK 77 SPEC POL. t=0 

-0 .085+0.064 2.2M 855ANDWEISS 73 CNTR POL. t=-0 
-0 .02  •  LONGO 69 CNTR POL. t=3.3 
- 0 . 2  :i:0.6 ABRAMS 68B OSPK Polarization 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

0.0124-0.026 SCHMIDT 79 CNTR Repl. by MORSE 80 

84CLARK 77 value has additional ~(0) dependence +0.21Rely(o)]. 

85SANDWEISS 73 value corrected from value quoted In their paper due to new value of 
Re(~). See footnote 4 of SCHMIDT 79, 

X+ (LINEAR ENERGY DEPENDENCE OF f+ IN K~ DECAY) 
See also the corresponding entries and notes in section "~A = f - - / f + "  above and 

section ",X 0 (LINEAR ENERGY DEPENDENCE OF f0 IN KO 3 DECAY)" below. For 

radiative correction of KO 3 Dalltz plot see GINSBERG 70 and BECHERRAWY 70. 
l 

VALUE EVT$ DOCUMENT ID TECN COMMENT 
0.034 "l'0.0(J OUR EVALUATION From a fit discussed in note on Kt3 form factors in 

1982 edition. PL 111B (April 1982). 

0.04274-0.0044 150k BIRULEV 81 SPEC DP 
0.028 4-0.010 14k CHO 80 HBC DP 
0.028 4-0.011 16k HILL 79 STRC DP 
0.046 4-0.030 32k BUCHANAN 75 SPEC DP 
0.030 4-0.003 1.6M DONALDSON 74B SPEC DP 
0.085 4-0.015 9086 ALBROW 72 ASPK DP 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

O.O337• 129k DZHORD... 77 SPEC Repl. by BIRULEV 81 
0.046 4-0�9 82k ALBRECHT 74 WIRE Repl. by BIRULEV 81 
0.11 4-0.04 16k DALLY 72 ASPK DP 
0.07 4-0.02 16k CHIEN 70 ASPK Repl. by DALLY 72 

,Xo (LINEAR ENERGY DEPENDENCE OF fo IN K~ DECAY) 
Wherever possible, we have converted the above values of ~(0) into values of `X0 using 

the associated `X~_ and d~(O)/d`x+. 

VALUE d~o/d~ + EVTS 
0.025 +0.006 OUR EVALUATION 

DOCUMENT ID TECN COMMENT 
Error includes scale factor of 2.3. Correlation Is 

d`xo/d`x+=-0.16.  From a fit discussed in 
note on Kf3 form factors in 1982 edition. PL 
l U B  (April 1982). 

0.03414-0.0067 unknown 150k 86 BIRULEV 81 SPEC DP 
+0.050 +0.008 -0 .11 14k CHO 80 HBC DP 
+0.039 4-0.010 -0 .67 16k HILL 79 STRC DP 
+0.047 4-0.009 1.06 207k 87 CLARK 77 SPEC POL 
+0.025 4-0.019 +0.5 32k 88 BUCHANAN 75 SPEC DP 
+0.019 4-0.004 -0 .47 1.6M 89 DONALDSON 74B SPEC DP 
-0.060 :I:0.038 -0 .71 1385 90 PEACH 73 HLBC DP 
-0.018 4-4-0.009 +0.49 2.2M 87SANDWEISS 73 CNTR POL 
-0 .043 4-0.052 -1 .39  9086 91 ALBROW 72 ASPK DP 

-0 .140 +0.043 87 LONGO 69 CNTR POL -0 .022 +0.49 

+0.08 4-0.07 -0 .54  1371 87CARPENTER 66 OSPK DP 
�9 �9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.041 4-0.008 14k 92 CHO 80 HBC BR, `X+=0.028 

+0.04854-0.0076 47k DZHORD... 77 SPEC in BIRULEV 81 
+0.024 -~0.011 82k ALBRECHT 74 WIRE In BIRULEV 81 
+0.06 4-0.03 6700 93 BRANDENB.. 73 HBC BR. 

`X+=O.019 4- 
0.013 

-0 .067 • unknown 16k 94 DALLY 72 ASPK DP 
-0 .333 4-0.034 +1.  3140 95 BASILE 70 OSPK DP 

86BIRULEV 81 gives d,Xo/d`x + = -1 .5 ,  giving an unreasonably narrow error ellipse which 
dominates all other results�9 We use d`xo/d`x + = O. 

87A 0 value is for `X+ = 0,03 calculated by us from ~(0) and d~,(O)/d,~,+. 
88BUCHANAN 75 value is from their appendix A and uses only K/~ 3 data. d`xo/d`x + was 

obtained by private communication, C.Buchanan, 1976. 
89 DONALDSON 74B d`xo/d`x + obtained from figure 18. 

90 PEACH 73 assumes `X+ = 0.025. Calculated by us from ~(0) and d~(O)/d`x+. 
91ALBROW 72 `X0 is calculated by us from ~A. ,X+ and d~.(O)/d`x+. They give `X0= 

-0 .043 4- 0.039 for `X_ = 0. We use our larger calculated error. 

92 CHO 80 BR result not independent of their Dalitz plot result. 
93 Fit for `X0 does not include this value but instead includes the KI~3/Ke3 result from this 

experiment. 
94 DALLY 72 gives f0 = 1.20 4- 0.35. `X0 = -0 .080 4- 0.272. `XO r = -0 .006 4- 0.045. but 

with a different definition of `X0" Our quoted `X0 is his ,X0/f 0. We cannot calculate true 
`X0 error without his (,X0.f0) correlations. See also note on DALLY 72 in section ~A" 

95 BASILE 70 `X0 is for `X+ = 0. Calculated by us from ~A with d[.(O)/d`x+ = 0. BASILE 70 
is incompatible with all other results. Authors suggest that efficiency estimates might be 
responsible. 

Ir,/f+l FOR xo, DECAY 
Ratio of scalar to f+ couplings. 

VALUE CL~ E V T S  DOCUMENT It) TECN COMMENT 
<0.04 68 25k BLUMENTHAL75 SPEC 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

<:0.095 95 18k HILL 78 STRC 
<0.07 68 48k BIRULEV 76 SPEC See also BIRULEV 81 
<0.19 95 5600 ALBROW 73 ASPK 
<0.15 68 KULYUKINA 67 CC 

IfT/f+l FOR Ko, DECAY 
Ratio of tensor to f§  couplings. 

VALUE CL~ E V T S  DQ~UMENT ID TE~CN CQMMENT 
<0.23 68 25k BLUMENTHAL75 SPEC 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

<0.40 95 18k HILL 78 STRC 
<0.34 68 48k BIRULEV 76 SPEC See also BIRULEV 81 
<1.0 95 5600 ALBROW 73 ASPK 
<1.0 68 KULYUKINA 67 CC 
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Ir~/r+l FOR K~ DECAY 
Ratio of tensor to f-t- couplings. 

VALUE DOCUMENT ID 

0.124"0,12 BIRULEV 
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TECN 

81 SPEC 

a K. DECAY FORM FACTOR FOR K/. --+ e+e-7  
C~K, is the constant in the model of BERGSTROM 83 which measures the relative 

strength of the vector-vector transition K L ~ K * 7  with K* ~ p.w. ~b ~ ,y* and 

the pseudoscalar-p~eudoscalar transition K L ~ Ir, rl, ,Or , ~  7 ,y* .  

• GIBBONS 93C [ ]  CAROSI 90 
[ ]  ADLER 95 [ ]  GEWENIGER 74B 

[ ]  SCHWINGENHEUER 95 [ ]  ADLER 95B 

[ ]  GJESDAL 74 [ ]  CARITHERS 75 

[ ]  GEWENIGER 74C [ ]  GIBBONS 93 

[ ]  CULLEN 70 --  - ~ (superweak)  
VALUE DOCUMENT ID TEEN 
--0.28 =k0.0e OUR AVERAGE 
-0.28 • BARR 90B NA31 

- 0  2 nn+0"099 OHL 90B B845 
�9 . - - _ _  0.090 

DECAY FORM FACTORS FOR ~ ~ x•176 e 
Given in MAKOFF 93. 
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F I T S  F O R  K ~ C P - V I O L A T I O N  P A R A M E T E R S  

Revised April 1998 by T.G. Trippe (LBNL). 

In recent years, K ~ CP-violation experiments have im- 

proved our knowledge of CP-violation parameters and their 

consistency with the expectations of C P T  invariance and uni- 

tarity. For definitions of K ~ CP-violatioa parameters and a 

brief discussion of the theory, see the article " C P  Violation" by 

L. Wolfenstein in Section 12 of this Review. 

This note describes our two fits for the CP-violation pa- 

rameters in K~ -~ 7r+Tr - and "K% ~ decay, one for the phases 

r and r and another for the amplitudes [7}+_ [ and [z/00[. 

F i t  t o  4~+_, ~oo,  Adz ,  A m ,  a n d  r s da ta:  We perform a joint 

fit to the data on C+-,  Coo, the phase difference AC = Coo - C+-,  

the K ~ - K ~  mass difference Am, and the K~ mean life Ts, 

including the effects of correlations. Measurements of C+- and 

r are highly correlated with Am and T s. Some measurements 

of v s are correlated with Am. The correlations are given in the 

footnotes of the r and r sections of the K ~ Particle Listings 

and the ~'s section of the K~ Particle listings. In editions of the 

Review prior to 1996, we adjusted the experimental values of 

r and r to account for correlations with Am and ~'s but did 

not include the effects of these correlations when evaluating Am 

I 

+ 

48 

46 

44 

42 i.. / 

38 
0.52 0.525 

O F i t  resu l t  

, \ \ \ \ \ ~ \ \ \ v ~  

0.53 0.535 0.54 0.545 

mKL- mKs(1010 h s "1) 

F i g u r e  1: C+- vs Am. Am measurements ap- 
pear as vertical bands spanning A m  • l a ,  some 
of which are cut near the top to aid the 
eye. The C+- measurements appear as diago- 
nal bands spanning C+- 4- ar The dashed line 
shows C(superweak). The ellipse shows the l a  
contour of the fit result. See Table 1 for data 
references. 

.-L= 
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and v s. When a joint fit including these correlations is done, 

the r measurements have a strong influence on the fitted 

value of Am. This is because the CERN NA31 vacuum regener- 

ation experiments (CAROSI 90 [1] and GEWENIGER 74B [2]), 

the Fermilab E773/E731 regenerator experiments (SCHWIN- 

GENHEUER 95 [3] and GIBBONS 93 [4]), and the CPLEAR 

K ~  -~ asymmetry experiment (ADLER 95B [5]) have very 

different dependences of r on Am, as can be seen from their 

diagonal bands in Fig. 1. The region where the r bands from 

these experiments cross gives a powerful measurement of Am 

which decreases the fitted A m  relative to our pre-1996 aver- 

age A m  and earlier measurements such as CULLEN 70 [6], 

GEWENIGER 74C [7], and GJESDAL 74 [8]. This decrease 

brings the Am-dependent C+- measurements into good agree- 

ment with each other and with r where 

r = tan -1 --- tan -1 \ h ( r  L_Ts) ] . (1) 

similar manner, as can be seen in Fig. 2. The influence of 

the r experiments is not as great on T s as it is on Am 

because the indirect measurements of r s derived from the 

diagonal crossing bands in Fig. 2 are not as precise as the direct 

measurements of T s from E773 (SCHWINGENHEUER 95 [3]), 

E731 (GIBBONS 93 [4]), and NA31 (BERTANZA 97 [9]). 

In Fig. 1 [Fig. 2] the slope of the diagonal r bands shows 

the Am [Ts] dependence; the unseen r s [Am] dependent term 

is evaluated using the fitted r s [Am]. The vertical half-width 

a~ of each band is the r error for fixed Am [rs] and includes 

the systematic error due to the error in the fitted r s [Am]. 

Table 2 gives the resulting fit values for the parameters and 

Table 3 gives the correlation matrix. The resulting r is in 

good agreement with r -- 43.50 4-0.08 ~ obtained 

from Eq. (1) using Am and r s from Table 2. 

The X 2 is 15.4 for 18 degrees of freedom, indicating good 

agreement of the .input data. Nevertheless, there has been 

criticism that Fermilab E773 (SCHWINGENHEUER 95 [3]) 

and E731 (GIBBONS 93 [4]) measure C + - - C /  and calculate 

The (r correlations influence the T s fit result in a 
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Table  1: References and location of input data 
for Fig. 1 and Fig. 2. Unless otherwise indicated 
by a footnote, a cheek ( J )  indicates that the 
data can be found in the r or A m  sections of 
the KL Particle Listings, or the ~'s section of the 
Ks Particle Listings, according to the column 
headers. 

Location of input data 

Fig. 1 Fig. 2 

r Am r ~'s PDG Document ID Ref. 

J 

J 

J 

J 

J 

J 

J*  J J*  CAROSI 90 [1] 

J t J GEWENIGER 74B [2] 

J ADLER 95B [5] 

J ~ J t J CARITHERS 75 [10] 

r ,/ J SCHWINGENHEUER 95 [3] 

,/ J GIBBONS 93 [4] 

J GIBBONS 93C [11] 

J ADLER 95 [12] 

J GJESDAL 74 [8] 

J GEWENIGER 74C [7] 

J CULLEN 70 [6] 

J ARONSON 76 [13] 

J GROSSMAN 87 [14] 

J SKJEGGESTAD 72 [15] 

J BERTANZA 97 [9] 

* from r ~'s) in r Particle Listings. 

t from r (Am) in r Particle Listings. 

t from r s ( A m  ) in ~'s Particle Listings. 

the regeneration phase r  from the power law momentum 

dependence of the regeneration amplitnde using analyticity and 

dispersion relations. In the E731 result, a systematic error of 

4-0.5 degrees for departures from a pure power-law is included. 

For the E773 result, they modeled a variety of effects that 

do distort the amplitude from a pure power law and ascribed 

a :k0.35 ~ systematic error from uncertainties in these effects. 

Even so, the E731 result remains valid within its quoted errors. 

KLEINKNECHT 94 [16] and KLEINKNECHT 95 [17] argue 

that these systematic errors should be around 3 ~ primarily 

because of the absence of data on the momentum dependence of 

the regeneration amplitude above 160 GeV/c. BRIERE 95 [18] 

and BRIERE 95C [19] reply that the current understanding 

of regeneration is sufficient to allow a precise and reliable 

correction for the region above 160 GeV/c. The question is one 

of judgement about the reliability of the assumptions used. In 

the absence of any contradictory evidence, we choose to accept 

the judgement of the E731]E773 experimenters in setting their 

systematic errors. 

[ ]  ARONSON 76 

[ ]  GROSSMAN 87 

[ ~  CARITHERS 75 

[ ]  GEWENIGER 74B 

SKJEGGESTAD 72 

~ ' ~  GIBBONS 93 

54 

[ ]  SCHWINGENHEUER 95 

[ ]  BERTANZA 97 

[ ~  ADLER 95B 

[ ]  CAROSI 90 

- - -  ~ ( s u p e r w e a k )  

~) Fi t  r esu l t  

52 

50 

--- 48 t~ 

46 

~ 44 

42 

40 

38 
0.87 0.88 0.89 0.9 0.91 

~Ks(10"l~ 

F i g u r e  2: r vs 7" s. v s measurements appear 
as vertical bands spanning ~'s :t: la ,  some of 
which are cut near the top to aid the eye. 
The r measurements appear as diagonal 
bands spanning r162 The dashed line shows 
r The ellipse shows the fit result's 
l a  contour. See Table 1 for data references. 

Table  2: Results of the fit for r  r r - 
r  Am, and v s . The fit has X 2 = 15.4 for 
18 degrees of freedom (22 measurements - 5  
parameters +1 constraint). 

Quantity Fit Result 

r 43.5 4- 0.6 ~ 

Am (0.5301-4- 0.0014) x 101~ s -1 

r s (0.8934 -4- 0.0008) x 10-1~ 

r 43.4 • 1.0 ~ 

Ar  -0.1 4- 0.8 ~ 

A similar analysis has been done by the CPLEAR Collabo- 

ration [20]. The small differences between their results and ours 

are due primarily to different treatments of v s . Their fit con- 

strains v s to the PDG 1994 value, while our fit includes the more 

recent SCHWINGENHEUER 95 [3] and BERTANZA 97 [9] r s 

measurements. 
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Table  3: Correlation matrix for the fitted pa- 
rameters. 

r Am T s r Ar 

r 1.00 0.72 -0.35 0.60 -0.02 

Am 0.72 1.00 -0.22 0.48 0.04 

T s --0.35 --0.22 1.00 --().18 0.04 

r 0.60 0.48 --0.18 1.00 0.79 

Ar --0.02 0.04 0.04 0.79 1.00 

F i t  for e'/E, In§  Inool, a n d  B(K/ :  --+ rc~r) 

We list measurements of Ir/+_[, 17001, I~oo/~+-I and e'/e. 
Independent information on 17§ and Ir/ool can be obtained 

from measurements of the K ~ and K~ lifetimes (~'L' rS) and 
branching ratios (B) to 7rTr, using the relations 

I~+-I = [ B(K~ --+ re+r-)  ~-s ] (2a) 
B(K  ' 

1/2 
I~o01 = rLS(KO rs "j . (2b) 

~'L B(K~ ~ r % r  ~ 

For historical reasons the branching ratio fits and the C P -  

violation fits are done separately, but we want to include the 

influence of I~/+_h ]r/0ol, [~/o0#/+-h and e'/e measurements 
on B(K ~ --* 7r+r - )  and B(K ~ --* 7r%r ~ and vice versa. We 

approximate a global fit to all of these measurements by first 

performing two independent fits: 1) BRFIT, a fit to the KL ~ 
branching ratios, rates, and mean life, and 2) ETAFIT, a fit to 

the 177+_1, 17/ool, [7/+-/~001, and e ' /e  measurements. The results 
from fit 1, along with the K ~ values from this edition are used 

to compute values of I~/+_l and Ir/ool which are included as 
measurements in the I~/ool and I~/+_ I sections with a document 

ID of BRFIT 98. Thus the fit values of IT/+_ I and Ir/ool given 

in this edition include both the direct measurements and the 
results from the branching ratio fit. 

The process is reversed in order to include the direct 

I~/I measurements in the branching ratio fit. The results from 

fit 2 above (before including BRFIT 98 values) are used 

along with the K ~ and K ~ mean lives and the K ~ --, r r  
branching fractions to compute the K ~ branching ratios 

r ( g  ~ - .  ~+~- ) / r ( t o t a l )  and F(K ~ -~ r~176 ~ --+ 7r+~-). 

These branching ratio values are included as measurements in 

the branching ratio section with a document ID of ETAFIT 98. 

Thus the KL ~ branching ratio fit values in this edition include 

the results of direct measurements of I~?+_l, I~/0ol, I~/00#1+_1, 
and er/e. A more detailed discussion of these fits is given in the 

1990 edition of this Rev iew  [21]. 
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CPLVIOLATION PARAMETERS IN K~L DECAYS 

CHARGE ASYMMETRY I N / ~  DECAYS " -  

Such asymmetry violates CP. It Is related to Re(e). 

6 = weighted average of 6(p) and 6(e) 
VALUE(%) E V T S  DOCUMENT ID TECN COMMENT 

0.3274"0.012 OUR AVERAGE Includes data from the 2 datablocks that follow this one. 
0.3334-0.050 33M WILLIAMS 73 ASPK K#3 + Ke3 

60,)  = [r(--~+v~) - r(~+~-v~,)]/SUM 
Only the combined value below Is put Into the Meson Summary Table. 

VALUE {%) EVT$ DOCUMENT IO TECN 
The data in this block is included in the average printed for a previous datablock. 

0.304-t-0.025 OUR AVERAGE 
0.3134-0.029 15M GEWENIGER 74 ASPK 
0.278• 7.7M PICCIONI 72 ASPK 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

0.60 -L-0.14 4.1M MCCARTHY 73 CNTR 
0.57 • 1M 96 PACIOTTI 69 OSPK 
0.4034-0.134 1M 96 DORFAN 67 OSPK 

96 PACIOTTI 69 Is a reanalysis of DORFAN 67 and is corrected for ,u -I-/~- range difference 
In MCCARTHY 72. 

a(e) = [ r ( . -  e+ ~=) - r ( . +  e -Pc ) i /SUM 
Only the combined value below is put into the Meson Summary Table. 

VALUE (%) EVT$ DOCUMENT ID TECN 
The data in this block Is included In the average printed for a previous datablock. 

0.3.1B:i:0.014 OUR AVERAGE 
0.3414-0.018 34M GEWENIGER 74 ASPK 
0.3184-0.038 40M FITCH 73 ASPK 
0.3464-0.033 tOM MARX 70 CNTR 
0.2464-0.059 10M 97 SAAL 69 CNTR 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

0.36 4-0.18 600k ASHFORD 72 ASPK 
0.2244-0.036 10M 97 BENNETT 67 CNTR 

97 SAAL 69 Is a reanalysis of BENNETT 67. 

PARAMETERS FOR K~L ~ 21r DECAY 

~+_ = A(K o -~ . + . - )  / A(K~ ~ . + . - )  
~/00 = A( KO - *  lr07r0) / A( KO "-' lr0~rO) 

The fitted values of ]1/_t__ I and I;700] given below are the results of a fit 

to [ r /+_l .  Ir/O01 ' Ir/00/T/-t - - I '  and Re(~r/e). Independent information on 

I , + - I  and I.ool can be obtained from the fitted values of the K 0 

7r, and K O --* ~'~ branching ratios and the K 0 and K~ lifetl . . . .  This 

Information Is Included as data in the ] , §  and Iwool sections with a 

Document ID "BRFIT." See the note "Fits for K O CP-Vlolatlon Parame- 
ters" above for details. 
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I~1 = I A ( ~  -~ 2~~ / A(~s -~ 2~~ 
VALUE {units 10 -3) EV73 DOCUMENT ID TECN COMMENT 
2.275"4-0.019 OUR FIT Error Includes scale factor of 1.1. 
2.30 -1-0.14 OUR AVERAGE 
2.25 4-0.22 98 BRFIT 98 
2~33 4-0.18 CHRISTENS... 79 ASPK 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

2.49 4-0.40 99 ADLER 968 CPLR | 
2.71 4-0.37 56 100WOLFF 71 OSPK Cu reg., 4-/'s 
2.95 4-0.63 100 CHOLLET 70 OSPK Cu reg., 43"s 

98This BRFIT value is computed from fitted values of the K 0 and K O lifetimes and 

branching fractions to ~rlr. See the discussion in the note "Fits for K 0 CP-Vlolation 
Parameters." 

99ADLER 96e identified Initial neutral kaon individually as being a K 0 or a ~-'0. Error is | 
statistical only. 

1OOcHOLLET 70 gives Jr/001 = (1.23 4- 0.24)• amplitude, 2 GeV/c 
Cu)/10000mb. WOLFF 71 gives IT/001 = (1.13 4- o.12)x(regeeeratlon amplitude, 2 
GeV/c Cu)/10000mb. We compute both It/001 values for (regeneration amplitude. 2 
GeV/c Cu) = 24 4- 2mb. This regeneration amplitude results from averaging over 
FAISSNER 69, extrapolated using optical-model calculations of Bohm et al., Physics 
Letters 278 594 (1968) and the data of BALAT5 71. (From H. Falssner, private com- 
munication). 

I +-I = IA(K~L -~ t r * l r - )  / A ( /~  s ~ lr+lr-) l  
VALUE (unitS 10-3) EVT5 DOCUMENT ID TECN COMMENT 
2.2B5=1:0.01~) OUR FIT 
2.2844-0s OUR AVERAGE 
2.271:E 0.024 101 BRFIT 98 | 
2.3104-0.043-4-0.031 102ADLER 95e CPLR KO-K O asymmetry 
2.32 4-0.14 4-0.03 105 ADLER 92B SPEC K0-~l~ 0 asymm. 
2.27 4-0.12 CHRISTENS... 798 ASPK 
2.30 4-0.035 GEWENIGER 748 ASPK 
�9 �9 �9 We do not use the following data for averages, fits. limits, e tc . �9  �9 �9 

2.28 4-0.06 1687 103 COUPAL 85 SPEC P(K)=70 GeV/c 
2.09 4-0.02 104 ARONSON 828 SPEC E=30-110 GeV 

101This BRFIT value is computed from fitted values of the K 0 and K O lifetimes and 

branching fractions to ~r~. See the discussion In the note "Fits for K 0 CP-Violation 
Parameters." 

102 1 Am 0 3 ADLER958report(2.3124-0.0434-0.030- [ - .5274]+9.1[~-s-0.5926])x10- . 
We evaluate for our 1996 best values Am =(0.5304 4- 0.0014) x 10 -10  T=s - 1  and ~'s 
= (0.8927 -L- 0.0009) x 10-10 s. 

103 COUPAL 85 concludes: no energy dependence of I t /+_ J. because their value is consistent 
with above values which occur at lower energies. Not independent of COUPAL 85 
r(.+.-)/ t ' ( . tv) measurement. Enters I .+-I via BRFIT value. In editions prior to 
1990. this measurement WaS erroneously also included in our I t /+_ I average and fit. We 
thank H.Wahl (WAHL 89) for Informing us. 

104ARONSON 82B find that I~/+_1 may depend on the kaon energy. 

1~/,7+-I 
VAI~U(E EVT$ DOCUMENT ID T~CN 
0.99.~4"0.0023 OUR FIT Error includes scale factor of 1.8. 
0.99304-0.0020 OUR AVERAGE 
0.99314-0.0020 105,106 BARR 93D NA31 
0.99044-0.0084:E0.0036 107 WOODS 88 E731 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

0.99394-0.00134-0.0015 1M 105 BARR 93D NA31 
0.9899-I-0.0020:1:0.0025 105 BURKHARDT 88 NA31 
1.014 4-0.016 4-0.007 3152 BERNSTEIN 85B SPEC 
0.995 :t:0.025 1122 BLACK 85 SPEC 
1.00 4-0.09 108 CHRISTENS... 79 ASPK 
1.03 4-0.07 124 BANNER 72 OSPK 
1.00 4-0.06 167 HOLDER 72 ASPK 

105This ls the square root of the ratio R given by BURKHARDT 88 and BARR 93D. 
106This is the combined results from BARR 93D and BURKHARDT 88, taking Into account 

a common systematic uncertainty of 0.0014. 
107We calculate I ~ o o / . + - I  = 1-3(~,/~) from WOODS 88 (~1/~) value. 

108 Not independent of I~/+_ I and I~001 values which are included in fit. 

~ / E  ~ ~ , ( ~ / e ) =  O - - I ~ / q + _ l ) / 3  
VALUE {unitS 10 -3 ) E V T S  DOCUMENT ID TECN COMMENT 

1-15 4"0.8 OUR FIT Error Includes scale factor of 1.8. 
31.J~ 4-0.8 OUR AVERAGE Error Includes scale factor of 1.8. See the Ideogram below. 
2.3 4-0.65 109,110 BARR 93D NA31 
0.744-0.524-0.29 >5E5 GIBBONS 938 E731 
3.2 4-2.8 4-1.2 109WOODS 88 E731 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

2.0 4-0.7 1M 111 BARN 93D NA31 
-0 .4  4-1.4 4-0.6 PATTERSON 90 E731 In GIBBONS 93B 

3.3 4-1.1 111 BURKHARDT 88 NA31 

109 These values are derived from l~00/:9+--I measurements. They enter the average In this 
�9 section but enter the fit via the I~00/r~+_ l section only. 

110Thls Is the combined results from BARN 93D and BURKHARDT 88, taking Into account 
their common systematic uncertainty. 

111These values are derived from Ir/00/r/+_ I measurements. 

I 

WEIGHTED AVERAGE 
1,510,8 (Error scaled by 1.8) 

Values above of weighted average, error, 
and scale lictor are based upon the data in 
this ideogram only. They are not neces- 
sarily the same as our 'best' values, 
obtained from a least-squares constrained fit 
utilizing measurements of other (related) 
quantities as additional information. 

43.824- 0.63 
42.3 :E 4.4 4-1.4 
47.7 4- 2.0 :4-'0.9 
35.3 4- 3.9 
41.7 :l: 3.5 
36,2 4- 6.1 
37 :E12 " 
40 :E 4 
34 4-10 
44 4-12 
45 :E 7 
51 :t:11 
70 :1:21 
25 4-35 
30 4-45 
45 :E 50 

~2 

Cu regenerator 
125 BALATS 71 OSPK Cu regenerator 
126 JENSEN 70 ASPK Vacuum regen. 
127 BENNETT 69 CNTR Cu regenerator 
128 BOHM 69e OSPK Vacuum regen. 
129 FAI55NER 69 ASPK Cu regenerator 
130 BENNETT 688 CNTR Cu reg. uses 
131 BOTT*... 678 OSPK C regenerator 

Cu regenerator 131 MISCHKE 67 OSPK 
131 FIRESTONE 66 HBC 
131 FITCH 65 OSPK Be regenerator 

112ADLER 958 report 42.7 ~ 4- 0.9 o 4- 0.6 ~ +316[Am-- 0.5274] ~ +30[~- s -- 0.8926] o. 
113SCHWINGENHEUER 95 reports ~-t-- = 43.53 4- 0.76 -P 173[Am- 0.5282] -275[~" s - 

0.8926]. 
114These experiments measure ~)+ - ~ f  and calculate the regeneration phase from the 

pOwer law momentum dependence of the regeneration amplitude using analytlclty and 
dispersion relations. SCHWINGENHEUER 95 ]GIBBONS 93] Includes a systematic error 
of 0.35 ~ [0.5 ~ ] for uncertainties in their modeling of the regeneration amplitude. See 
the discussion of these systematic errors, including criticism that they could be underes- 
timated, In the note on "C violation In K 0 decay." 

115 GIBBON5 93 measures q~+-q~f and calculates the regeneration phase ~ f  from the power 
law momentum dependence of the regeneration amplitude using analytlclty. An error of 
0.6 ~ is Included for possible uncertainties in the regeneration phase. They find ~b+_ = 
42.21 4- 0,9 +189 [Am - 0,5257] -460 [~'s - 0"8922] ~ as given in SCHWlNGEN- 
HEUER 95, footnote8. GIBBONS 93 reports ~b+_ (42.2 4- 1,4) ~ 

116CAROSI 90 ~ + _  = 46.9 4- 1.4 4- 0.7 +579 [ZXm - 0.5351] +303 [~'s - 0'8922] ~ 

117CARITHERS 75 ~-F- = (45.5 4- 2.8)+224JAm - 0.53481 ~ q~f = -40.9 4- 2.6 ~ 
118GEWENIGER 748 ~ + _  = (49.4 4- 1.0)+565[Am-- 0.540J ~ 

119ADLER 96C fit gives (43.82 4- 0.41) ~ +339(Am - 0.5307) ~ -252(~ s - 0.8922) ~ | 
120ADLER 96c Is the result of a fit which includes nearly the same data as entered into the I "OUR FIT" value above. 
121ADLER 928 quote separately two systematic errors: 4-0.4 from their experiment and 

4-1.0 degrees due to the uncertainty In the value of Am. 
122 KARLSSON 90 systematic error does not include regeneration phase uncertainty. 
123ARONSON 82 find that ~ + _  may depend on the kaon energy. 

124CARNEGIE 72 ~+_  is insensitive to Am. r  = -56.2 4- 5.2 ~ 

125 BALATS 71%b+_ = (39.0 4- 12.0)-4-198[Am - 0.544] ~ ~ f  = -43.0 4- 4.0 o. 
126jENSEN 70 ~+_  = (42.4 4- 4.0)-F576[Am - 0.538] ~ 

~' . . . . . . . . .  BARN 93D NA31 1,6 
/ --'F-- . . . .  ~ . . . . . . .  GIBBONS 93B E731 1.6 

I / ~  WOODS o8 E731 03 

nfldenca Level - 0.178) 

-2 0 2 4 6 8 lo 

C'/E m Re(~ ' /E)= (1--1T/00/r/+_l)/3 

~+_, PHASE of t/+_ 
The dependence of the phase on Am and r S is given for each experiment In the 
comments below, where Am Is the KO-K 0 mass difference In units 1010 T=s- 1 and 

"r s ls the K 5 mean Ilfe in units 10 -10  s. For the "used" data, we have evaluated these 
maesdependences using our 1996 values, Am = 0.53044-0.0014, I- s = 0.89274-0.0009 
to obtain the values quoted below. We also give the regeneration phase ~ f  in the 
comments below. 

OUR FIT is described in the note on "Fits for K~ CP-Violatlon Parameters" In the 

K O Particle Listings. 

VALUE{ ~ ) E V T S  DOCUMENT ID TEEN COMMENT 
43.g :1:0.6 OUR FIT 
43.6 4- 1.2 112 ADLER 95e CPLR K0-7( "9 asymmetry 
43.9 ~: 0.8 113,114 SCHWINGEN...g5 E773 CH1.1 regenerator 
42.9 :~ 1.0 114,115 GIBBONS 93 E731 BdC regenerator 
44.3 4- 1.8 116 CAROSI 90 NA31 Vacuum regen. 
44.5 :E 2.8 117 CARITHERS 75 SPEC C regenerator 
44.0 4- 1.3 118 GEWENIGER 748 ASPK Vacuum regen. 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

119,120 ADLER 96c RVUE 
105 121ADLER 928 SPEC K0-'K "0 asymm. 

114,122 KARLSSON 90 E731 
123 ARON$ON 828 SPEC 

CHRISTENS... 798 ASPK 
124 CARNEGIE 72 ASPK 
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127 BENNETT 69 uses measurement of ( r  of ALFF-STEINBERGER 668. BEN- 

NETT 69 ~ + _  = (34.9 + 10.0)+69JAm - 0.548] ~ Cf = -49 .9 :5  5.4 ~ 

128BOHM 69B ~b+_ = (41.0:5 12.0)+479(Am - 0.526) ~ 

129 FAISSNER 69 error enlarged to include error in regenerator phase. FAISSNER 69 ~ + _  

= (49.3:5 7.4)+205[Zlm - 0.555] ~ ~ f  = -42 .7 :5  5.0 ~ 
130BENNETT 69 is a re-evaluation of BENNETT 68B. 
131Oid experiments with large errors not included In average. 

~ 0 ,  PHASE OF ~0o 
See comment in ~ + _  header above for treatment of Llm and ~'s dependence. 

OUR FIT Is described in the note on "Fits for K~ CP-Violation Parameters" in the 

469 
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K 0 Particle Listings. 

VALUE (o } Ev'r5 DOCUMENT I0 TECN COMMENT 
4&4-1- 1.0 OUR FIT 
44.5:5 2.5 132 CARDS1 90 NA31 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

50.8=I= 7.1:51.7 133ADLER 96B CPLR 
47.44- 1.4+0.9 134 KARLSSON 90 E731 
55.7:5 5.8 CHRISTENS... 79 ASPK 
38.0~25.0 56 135WOLFF 71 OSPK Cu reg., 43"s 
51,0d:30.0 136 CHOLLET 70 OSPK Cu rag., 43"s 
first quadrant preferred GOBBI 69B OSPK 

r 
- *  

VAI~UE CL% E V T 5  DOCUMENT ID TECN 
<0.3 90 3671 142 RAMBERG 93B E731 

142 RAMBERG 93B limit on ]e~ I/~ assumes than any difference between r /+_ and 7/+_.;, 
+ - 3 '  

is due to direct CP violation. 

~ S  = A Q  I N  K ~ D E C A Y S  

The relative amount of /kS ~ /kQ component present is 
measured by the parameter x, defined as 

132CAROSI 90 q~00 = 47.1 :E 2.1:5 1.0 +579 [Z~m - 0.5351] +252 [~'s - 0'8922]~ 

133ADLER 96B identified initial neutral kaon individually as being a K 0 or a ~ 0  The | 
systematic uncertainty Is -I-1.5 ~ combined in quadrature with :50.8 ~ due to Zlm. I 

134KARLSSON 90 systematic error does not include regeneration phase uncertainty. 
135WOLFF 71 uses regenerator phase Cf  = - 4 8 . 2 : 5  3.5 ~ 

136CHOLLET 70 uses regenerator phase Cf = - 4 6 . 5 : 5  4.4 ~ 

PHASE DIFFERENCE ~oo - ~+-  
Test of CPT. 

OUR FIT Is described In the note on "Fits for K 0 CP-VIolatlon Parameters" in the 

K 0 Particle Listings. 

VALUE (o) DOCUMENT ID TECN COMMENT 
-- 0.1 4- 0. l  OUR FIT 
- 0.3 :E 0.8' OUR AVERAGE 
- 0.30:t: 0.88 1378CHWINGEN...95 Combined E731, E773 

0 . 2 : 5  2.6 +1.2 138CAROSI 90 NA31 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.62-4- 0.71• SCHWINGEN..95 E773 
- 1 .6 :5  1.2 139 GIBBONS 93 E731 
- 0.3 :E 2 .4 :51.2  KARLSSON 90 E731 

12.6 :t: 6.2 140 CHRISTENS... 79 ASPK 
7.6:518.0 141BARBIELLINI 73 ASPK 

x = A ( K  ~ ~ ~ r - i + ~ , ) / A ( K  ~ ---, I r - s  . 

We list Re{x} and Im{x} for Ke3 and K#3 combined. 

x = A ( P  - ,  . - t + . ) / A ( K  ~ -~ . - t + , )  = A ( & S = - & O ) / A ( A S = & O )  

REAL PART OF x 
VALUE EVT5 DOCUMENT IO TECN COMMENT 

0.0064"0,018 OUR AVER/~E Error Includes scale factor of 1.3. See the Ideogram 

137This SCHWINGENHEUER 95 values is the combined result of SCHWINGENHEUER 95 
and GIBBONS 93, accounting for correlated systematic errors. 

138CAROSI 90 is excluded from the fit because it it is not Independent of ~ + _  and ~00 
values. 

139 GIBBONS 93 give detailed dependence of systematic error on lifetime (see the section 

on the K~ . . . .  life) and mass difference (see the sectl . . . . .  KO L - mKos). 

140 Not independent of ~ + _  and ~00 values. 

141 Independent of regene~'ator mechanism, Z~m, and lifetimes. 

- -  CHARGE ASYMMETRY IN lr+~r-lr  0 DECAYS 

CHARGE ASYMMETRY]  FOR K~L --* x + ~ r - x  0 
Defined at beginning of section "LINEAR COEFFICIENT g FOR K~ ~ l r+~ r - l r  0 

below. 

0.10 +0.18 79 SMITH 75B WIRE ~r -p  ~ K0A 
--0.19 

0.04:50.03 4724 NIEBERGALL 74 ASPK K + p  ~ KOplr + 
-0.008:50.044 1757 FACKLER 73 OSPK Ke3 from K 0 
-0 .03  :E0.07 1367 HART 73 OSPK Ke3 from K0A 
-0.070:50.036 1079 MALLARY 73 OSPK Ke3 from KOAx  

0.03:50.06 410 143 BURGUN 72 HBC K + p  ~ KOp~ "+ 
- 0 . 05 :50 .09  442 144GRAHAM 72 OSPK 7 r - p ~  K0A 

0.26 +0.10 126 MANN 72 HBC K - p  ~ n-'K "0 
-0 .14  

0.25 +0.07 252 WEBBER 71 HBC K - p - ' - '  n-'K "0 
-0 .09  

0.12:50.09 215 145 CHO 70 DBC K + d  -.-, KOpp 
-0.020:50.025 146 BENNETT 69 CNTR Charge asym+ Cu regen. 

0.09 +0.14 686 LITTENBERG 69 OSPK K + n  ~ KOp 
-0 .16  

0.09 +0.07 121 JAMES 68 HBC ~p 
-0 ,09  

0,17 +0.16 116 FELDMAN 67B OSPK ~r -p  --* K0A 
-0 .35 

0 n~+0"11  196 AUBERT 65 HLBC K + charge exchange 
.... --0.13 

0.06 +0.18 152 147 BALDO-... 65 HLBC K + charge exchange 
- 0.44 

-0.08 +0.16 109 148 FRANZINI 65 HBC ~Sp 
-0 .28 

above. Such asymmetry violates CP. See also note on Daltitz plot parameters in K :E 
section and note on CP violation in K 0 decay above. 

VALUE EV'i'S DOCUMENT ID TEC N 
0.0011=1::0.00~ OUR AVERAGE 
0.001:50.011 6499 CHO 77 

-0 .001 :5 0.003 4709 PEACH 77 
0.0013:50.0009 3M SCRIBANO 70 
0.0 :~ 0.017 4400 SMITH 70 OSPK 
0.001 :E 0.004 238k BLANPIED 68 

- -  PARAMETERS for K~L --~ f+~r- ,y  DECAY 

= I A ( ~  - ~  CPvi~ " *  
VALUE (units 10 -3) EVT$ DOCUMENT ID TECN 
2 . ~  4"0.07 OUR AVERAGE 
2.359• 9045 MATTHEW5 95 E773 
2.15 :J:0.26:50.20 3671 RAMBERG 93B E731 

~+._~ = phase of . + - w  
VALUE (o) EVT$ DOCUMENT ID TECN 
4 4 : 1 : 4  OUR AVERAGE 
43.8::5 3.5:5 1.9 9045 MATTHEWS 95 E773 
72 •  :517 3671 RAMBERG 93B E731 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.04 -0.13+0'10 100 144 GRAHAM 72 OSPK K/~ 3 from KO/t 

-0 .13  +0.11 342 144 MANTSCH 72 OSPK Ke3 from KOA 

0.04 +0.07 222 143 BURGUN 71 HBC K + p  --~ KOp~r + 
- 0.08 

0.03 -}-0.03 146 BENNETT 68 CNTR 
0.17:50.10 335 145 HILL 67 DBC K + d  ~ KOpp 

143BURGUN 72 Is a final result which includes BURGUN 71. 
144 First GRAHAM 72 value is second GRAHAM 72 value combined with MANTSCH 72. 
145CHO 70 is analysis of unambiguous events in new data and HILL 67. 
146BENNETT 69 is a reanalysis of BENNETT 68. 
147 BALOO-CEOLIN 65 gives x and e converted by us to Re(x) and Ira(x). 
148 FRANZINI 65 Elves xand 8 for Re(x) and Im(x). See SCHMIDT 67. 

WEIGHTED AVERAGE 
0.006tO.018 (Error scaled by 1.3) 

Z2 
; I �9 SMITH 75B WIRE 0.3 

. . . . . . . .  NIEBERGALL 74 ASPK 1.3 
. . . . . . . . .  FACKLER 73 OSPK 0.1 
. . . . . . . . .  HART 73 OSPK 0.3 

. . . . . . . . . .  MALLARY 73 OSPK 4.4 
. . . . . . . . .  BURGUN 72 HBC 0,2 

. . . . . . . . .  GRAHAM 72 OSPK 0.4 
~ I :> MANN 72 HBC 3.3 
~ I �9 WEBBER 71 HBC 7.4 

~ - ~ 1 ~  . . . .  CHO 70 DBC 1.6 
I -P" "~ . . . . . . .  BENNETT 69 CNTR 1.1 
/ - -  ~ . . . .  LITTENBERG 69 OSPK 0,3 
/ -- ~ . . . . . .  JAMES 68 HBC 0.9 

/ ~ I . FELDMAN 67B OSPK 0.3 
/ - -  ~ - -  . . . . . .  AUBERT 65 HLBC 0.1 

~ \ �9 �9 �9 BALDO-.., 65 HLBC 
/ I " ~  . . . . .  FRANZINI 65 HBC 0,2 

, i ICon.danco'ove,=o,07  
-0.4 -0.2 0 0.2 0.4 0.6 

Re(x) (ZIS = - Z l O  amplitude) 
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Ko 

IMAGINARY PART OF x 
Assumes mKo - mKo positive. See Listings above. 

VA~-UE EVTS DOCUMENT ID "FECAl COMMENT 
--O.O0~'I'O.0~6 OUR AVERAGE Error Includes scale factor of 1.2. 

79 SMITH 75B WIRE l r - p  ~ KOA 

4 7 2 4  NIEBERGALL 74 ASPK K + p ~  KOp* + 

- 0 . 1 0  +O.16 
--0.19 

--0.06 -~- 0.05 
-- 0.017:E0.060 

0.09 :E 0.07 

0 107 +0.092 
' -O.074 

0,07 +0.06 
- 0 . 0 7  

0.05 :E 0.13 

0.21 +0.15 
- 0 . 1 2  

0.0 :1:0.08 
- 0 . 0 8  :E 0.07 

-0 .11  +0 .10  
- 0 . 1 1  

+0.22 +0 .37  
--0.29 

0.0 :~ 0.25 

--O.21 +0.11 
- 0 . 1 5  

- 0 . 4 4  +0.32 
- 0 . 1 9  

+0.24 +0.40 
- 0 . 3 0  

1757 FACKLER 73 OSPK Ke3 from K 0 
1367 HART 73 OSPK Ke3 from KOA 

1079 MALLARY 73 OSPK Ke3 from KOAx 

410 149 BURGUN 72 HBC K+p ~ KOplr + 

442 150GRAHAM 72 OSPK ~ r - p ~  KOA 

126 MANN 72 HBC K - p  ~ nK 0 

252 WEBBER 71 HBC K - p  ~ n-~ 0 
215 151 CHO 70 DBC K + d ~ KO pp 

686 LITTENBERG 69 OSPK K+n ~ KOp 

121 JAMES 68 HBC ~ p  

116 FELDMAN 670 OSPK ~r-p ~ KOA 

196 AUBERT 65 HLBC K + charge exchange 

152 152 BALDO-... 65 HLBC K + charge exchange 

109 153 FRANZINI 65 HBC ~ p  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.12 +0.17_0.16 100 150GRAHAM 72 OSPK K/~ 3 from K 0 A  

-0.O4 •  342 150 MANTSCH 72 OSPK Ke3 from KOA 

0.12 +0.08 222 149 BURGUN 71 HBC K+p ~ KOplr + -- 0.09 
- 0 . 2 0  ~c0.10 335 151 HILL 67 DBC K + d ~ KOpp 

149 BURGUN 72 is a final result which includes BURGUN 71. 
150 First GRAHAM 72 value Is second GRAHAM 72 value combined with MANTSCH 72. 
151 Footnote 10 of HILL 67 should read +0.58,  not - 0 . 5 8  (private communication) CHO 70 

Is analysis of unambiguous events in new data and HILL 67. 
152 A B LDO-CEOLIN 65 gives x a n d  0 converted by us to Re(x) and Ira(x). 
153FRANZINI 65 gives x and 0 for Re(x) and Im(x). See SCHMIDT 67. 

CPT-VIOLATION PARAMETERS IN K O DECAY 

I f  CP-vlolatlng interactions include a Tconservlng part then 

IKs) = [IK1)+(~ + A ) I K 2 ) ] / ~  

IKL) = [ IK2 )+ (c  - & ) ] K z ) ] / ~  

where 

IK1) = [IK ~ + IK--O)]/V~ 
IK2) = [I Ko) -i~o)]/~ 

and 
IR O) = CPIKO ). 

The parameter Zl specifies the CPT-vlolatlng part. 

Estimates of Ll are given below. See also THOMSON 95 for a test of CPT- 
symmetry conservation in K 0 decays using the Bell-Stelnberger relation. 

REAL PART OF Zl 
A nonzero value violates CPT Invarlance. 

Y4LV[ FVT'::-:J DOCUMENT ID COMMENT 
O-O184"0.0~0 6481 154 DEMIDOV 95 K l3  reanalysis 

154DEMIDOV 95 reanalyzes data from HART 73 and NIEBERGALL 74. 

IMAGINARY PART OF A 
A nonzero value violates CPTinvariance. 

VALUE ~VTS pOCUMENT ID COMMENT 
O.021"kfiJU7 6481 155 DEMIDOV 95 Kt3 reanalysis 

155 DEMIDOV 95 reanalyzes data from HART 73 and NIEBERGALL 74. 
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+Auerbach. Axelrod, Belz, Biery+ (BNL E791 Collab.) 
+Auerl~ch, Axelrod, Belz, Bie~j+ (BNL E791 CoSab.) 
+Buchho~z+ (CERN, EDIN, MANZ, LALO, PISA, SIEG) 
+Barker, Bdere, Makoff+ (FNAL E731 Collab.) 

L.K. Gibbons+ (FNAL E731 Collab.) 
+Barker, Briere, Makeff+ (FNAL E731 Collab.) 

(CHIC) 
L.K. Gibbo~s+ (FNAL E731 Collab.) 

+ (EFh UCLA, COLD, ELMT, FNAL, ILL, OSAK, RUTG) 
+ (EFI, UCLA, COLD, ELMT, FNAL, ILL. OSAK, RUTG) 
+Barker, Bdere, Gibbons+ (FNAL E731 Collab.) 
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Also 73B 
EVANS 73 

Also 69 
FACKLER 73 
FITCH 73 

Also 72 
GINSBERG 73 
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Also 70 
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Also 72 
Also 71 
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Meson Particle Listings 
K o 

PL 48B 487 +GJeedal, Presser+ (CERN, HEIOH) LITTENBERG 
PL 52B 119 Gjeedal, presser, Steffen+ (CERN, HEIDH) LONGO 
PL 52B 108 +Gjeedki. Presser+ (CERN, HEIDH) PACIOTTI 
PL 52B 113 +Pre~.ser, Kamae, Steffen+ ' (CERN, HEIDH) SAAL 
PRL 33 1458 +Franklin, Morse+ (COLD, SLAC, DCSC) ABRAMS 
PL 49B 103 +Regler, 5Uer+ (CERN, ORSAY, VIEN) ARNOLD 
PR D9 540 +Smith, WhatJey, Zorn, Hornbostel (UMD, BNL) ARONSON 
PRL 33 240 +Larsen. Lelpuner, Sapp, Sustains+ (BNL, YALE) Also 
NP BS8 22 +Aston, Barber, Bird, EIlison+ (MCH5, DARE) BARTLETT 
NP B65 301 +Benary, Borowitz, Lande+ (TELA, HELD) BASILE 
JINR P1 7 5 3 9  +Ralashov, Bannik+ (JINR) BASILE 
PL 43B 529 +Darriulat, Faioherg+ (CERN) BENNETT 
PR D8 1978 Brandenburg, Johnson, Leith, L| (SLAC) BENNETT 
PRL 31 1025 +Nygren, Gordon+ (COLU, BNL, CERN) BLANPIED 
PRL 30 1336 Cadthers, Modls, Nygren+ (COLU, CERN, NYU) BOHM 
PR D7 36 +Muir, Peach, Budagov+ , (EOIN, CERN) BUDAGOV 
PRL 23 427 Evans, Golden, Muir, Peach+ (EDIN, CERN) Also 
PRL 31 847 +Ptisch, Martin, Smoot, Sompayrac (MIT) JAMES 
PRL 31 1524 +Hepp, Jensen, Strov~nk, Webb (PRIN) Also 
Thesis COO-3072-13 Webb (PRIN) KULYUKINA 

69 PRL 22 654 
69 PR 181 1808 
69 Thesis UCRL 19446 
69 Thesis 
68B PR 176 1603 
68B PL 28B 56 
68 PRL 20 287 
69 PR 175 1700 
68 PRL 21 558 
68 PL 26B 542 
688 PL 28B 58 
68 PL 278 244 

+Field, Plccionl, Mehlhop+ (UCSD) 
+Young, Helland (MICH, UCLA) 

(LRL) 
(COLU) 

+Abashian, Mifchke, Nefl=ens, Smith+ (ILL) 
+Budagov, Cundy, Aubert+ (CERN, ORSAY) 
+then (PRIN) 

Aronson, Chen (PRIN) 
+Carnegie, Fitch+ (PRIN) 
+Cronin, Thevenet, Tuday+ (SACL) 
+Cronin, Thevenet, Tuday, Zylberajch+ (SACL) 
+Nygren, Steinberger+ (COLU, CERN) 

(COLU, CERN) 68B PL 27B 248 +Nygren, Stelnberger+ 
68 PRL 21 1650 +Levit, Engets+ 
68B PL 27B 594 + 
68 NC 57A 182 +Burmeister, Cundy+ 
68B PL 28B 215 Budagov, Cundy, Mystt+ 
68 NP B8 365 +Briand 
68 PRL 21 257 Helland, Longo, Young 
68 JETP 26 20 +Mestvirishvili, Nyago+ 

Translated from ZETF 53 29. 

(CASE, HARV, MCGI) 

(CERN, ORSAY, IPNP) 
(CERN, ORSAY. EPOL) 

PR D8 3667 +Smith (MIT, STON 
NP B66 317 +Hutton, Field, SharD, Blackmore+ CAVE, RHEL KUNZ 68 Thesis PU-68-46 
PR D7 1953 +Binnie, GallTvan, Gomez, Peck, Sciulli+ (CIT) BENNETT 67 PRL 19 993 
PRL 25 1214 Sdolli, Galllvan, Binnle, Gomez+ (CIT) BOTT-... 67 PL 24B 194 
PR 07 687 +Brewer, Budnitz, Entis, Graven, Miller+ (LBL) BOTT-... 67B PL 24B 438 
PL 42B 291 McCarthy, Brewer, Budnitz, Entis, Graven+ (LBL) Also 66B PL 20 212 
TheSis LBL-550 McCarthy (LBL) Also 66 PL 23 277 
PRL 30 876 +Morse, Nauenberg. Hitiin+ (COLD, SLAC. UCSC) CRONIN 67 PRL 18 25 
PL 43B 441 +Evans, Muir, Hopkins, Krenz (EDIN, CERN, AACH) Also 68 Thesis unpub. 
PRL 30 1 0 0 2  +Sunderland, Turner. Willis, Keller (YALE, ANL) CRONIN 67B Princeton 11/67 
PRL 31 1521 +Larsen, Lelpuner, Sapp, Sessoms+ (BNL, YALE) DEBOUARD 67 NC 52A 662 
NP B44 1 +Aston. Barber. Bird, Elllson+ (MCHS, DARE) Also 65 PL 15 58 
PL 38B 47 +Brown, Masek, Mauns, Miller, Raderman+ (UCSD) DEVLIN 67 PRL 18 54 
PRL 28 1597 +Cronin, Hoffman, Knopp, Shochet (PRIN) Also 68 PR 169 1045 

BANNER 72B PRL 29 237 +Crobin, Hoffman, Knapp, Shochet (PRIN) DORFAN 
BARMIN 72 SJNP 15 636 +Davidenko, Demidov, Dolgolenko+ (ITEP) FELDMAN 

Translated from YAF 15 1149. FIRESTONE 
BARMAN 72B SJNP 15 680 +Rar/Iov, Dav;denko. Demidov+ (ITEP) FITCH 

Translated from YAF 15 1152. GINSBERG 
BURGUN 72 NP BSO 194 +Lesquoy, Muller, Pauli+ (SACL, CERN, OSLO) HAWKINS 
CARNEGIE 72 PR 06 2335 +Custer, Fitch, Strovink, Sulak (PRiNt HILL 
DALLY 72 PL 41B 647 +lnnocensl, Soppl+ (SLAC, JHU, UCLA) HOPKINS 

Also 70 PL 33B 627 Chien, Cox, Estlingor+ (JHU, SLAC, UCLA) KADYK 
Also 71 PL 35B 261 Chlen. CCAX, Ettlingor+ (JHU, SLAC, UCLA) KULYUKINA 

GRAHAM 72 NC 9A 166 +Abashian, Jones, Mantsch, Orr+ (ILL. NEAS) LOWYS 
HOLDER 72 PL 40B 141 +Radermar Staude+ (AACH, CERN, TORI) MISCHKE 
JAMES 72 NP B49 1 +Montanet, Paul, Saetre+ (CERN, SACL, OSLO) NEFKENS 
KRENZ 72 LNC 4 213 +Hopkins, Evans, Muir, peach (AACH, CERN, EDIN) SCHMIDT 
MANN 72 PR D6 137 +Kofler. Meisner, Hertzbach+ (MASA, BNL, YALE) TODOROFF 
MANTSCH 72 NC 9A 160 +Abashian, Graham, Jones, Off+ (iLL, NEAS) ALFF-... 
MCCARTHY 72 PL 42B 291 +Brewer, Budnitz, Entis, Graven+ (LBL) ANIKINA 
METCALF 72 PL 40B 703 +Neuhofer, Niebergoll+ (CERN, IPN, WIEN) 
NEUHOFER 72 PL 41B 642 +Niohergall, Regler, Stier+ (CERN, ORSAY, VIEN) AUERBACH 

+Nygren, Saal, Stelnberger+ 
Bost-Bodenhausen, DeBouard. Camel+ 
Bott-Bodenhausen, Debouard, Dekkers+ 
Bott-Bodenhausen. Debouard, Cassel+ 
Bott-Bodenhau~n. DeBouard, Cassel+ 

+Kunz, Risk, Wheeler 
Whecder 

+Kunz, Risk, Wheeler 
+Dekke~, Jordan, Mermod+ 

DeBouard, Dekkers, Scharff+ 
+Solomon, Shepard, Beall+ 

Sayer, Beall, Oevlin, Shephard+ 
67 PRL 19 987 +Enstrom, Raymond, Schwartz+ 
67B PR 155 1611 +Frankel, Highland, Sloan 
67 PRL 18 176 +Kim, Lach, Sandweiss+ 
67 PR 164 1711 +Roth, Russ, Vernon 
67 PR 162 1570 
67 PR 156 1444 
67 PRL 19 668 +Luers, Robinson, Sakitt+ 
67 PRL 19 185 +Bacon, Easier 
67 PRL 19 597 +Chan, Dtijard, Oren, Sheldon 
67 Preptint + Mestvirishvili, Nyago+ 
67 PL 24B 75 +Aubert, Chounet, Pascaud+ 
67 PRL 18 138 +Abasbian, Abrams+ 
67 PR 157 1233 +Abashian. Abrams, Carpenter, Fisher+ 
67 Thesis Nevls 160 
67 TheSis 
66B PL 21 595 AlffoSteinberger. Heuer. Klelnknecht+ 
66 SJNP 2 339 +Vardenga, Zhuravleva+ 

Translated from YAF 2 471. 
66B PRL 17 980 +Mann, McFariane, Sciudl 

(IPNP, CERN) 
(UCLA, MICH) 

(JtNR) 

(PRIN) 
(COLU) 
(CERN) 
(CERN) 
(CERN) 
(CERN) 
(PRIN) 
(PRIN) 
(PRIN) 

(CERN) 
(CERN, ORSAY, MPIM) 

(PRIN, UMD) 
(UMD, PPA, PRIN) 

(SLAC, LRL) 
(PENN) 

(YALE, BNL) 
(PRIN) 

(MASB) 
(YALE) 

(BNL, CMU) 
(BNL) 
(LRL) 

(JINR) 
ORSAY (EPOL, (ILL I 

(ILL) 
(COLU) 

(ILL) 
(CERN) 
(JINR) 

PICCIONI 72 PRL 29 1412 +Coombes, Donaldson, Dorfan, Fe/berier+ (SLAC) BASILE 
Also 74 PR D9 2939 Piccioni, Donaldson+ (SLAC, UCSC, COLO) BEHR 

VOSBURGH 72 PR D6 1834 +Devlin, Esterling, Goz, Bryman+ (RUTG, MASA) BOTT-.,, 
Also 71 PRL 26 856 Voohurgh, Devlin, Esterlinf~ Goz+ (RUTG, MASh,) CARPENTER 

BALATS 71 SJNP 13 53 +Berezin, Vishnevsky, Galanina+ (ITEP) CRIEGEE 
Translated from YAF 13 93. FIRESTONE 

BARMIN 71 PL 35B 604 +Barylov. Veselovsky. Davidenko+ (ITEP) HAWKINS 
BISI 71 PL 36B 533 +Dardulat, Ferrero, Rubbla+ (AACH, CERN, TORI) Also 
BURGUN 71 LNC 2 1169 +Lesquoy, Muller, Pauli+ (SACL, CERN, OSLO) ANDERSON 
CARNEGIE 71 PR D4 1 +Custer, Fitch, Strovink, Sulak (PRIN) ANIKINA 
CHAN 71 Thesis LBL-350 (LBL) ASTBURY 
CHIEN 71 PL 35B 261 +Coo(, Ettllnger+ (JHU, SLAC, UCLA) Also 

Also 72 PL 4LB 647 Dally, Innocenti, Seppl+ (SLAC, JHU, UCLA) ASTBURY 
CHO 71 PR D3 1557 +Dratle, Canter, Engler, Fisk+ (CMD, BNL, CASE) ASTBURY 
CLARK 71 PRL 26 1667 +FJioff, Field, Frlsch, Johnson, Kerth+ (LRL) AUBERT 

Also 70 Thesis UCRL 19709 Johnson (LRL) Also 
Also 71 Thesis UCRL 20264 Pdsch (LRL) BALDO-... 
Also 74 SLAC-PUB~1498 unpub. Field (SLAC) FISHER 

(PENN) 
66 Balaton Conf. +Cronin, Thevenet+ (SACL) 
66 PL 22 540 +8risson, petJau+ (EPOL, MILA, PADO, ORSAY) 
66 PL 23 277 Bott-Bodenhausen, DeBouard, Camel+ (CERN) 
66 PR 142 871 +Abashian, Abrams, Fisher (ILL) 
66 PRL 17 150 +Fox, Frauenfelder, Hanson, Moscat+ (ILL) 
66 PRL 16 556 +Kim, Lach, Sandwelss+ (YALE, BNL) 
66 PL 21 238 (YALE) 
67 PR 156 1444 Hawkins (YALE) 
65 PRL 14 475 +Crawford, Golden, Stern, Binford+ (LRL, WISC) 
65 JINR P 2488 +Vardengo. Zhuravleva, KotJya+ (JiNR) 
65 PL 16 80 +Finocckiaro, Beu~:h+ (CERN, ZURI) 
65 HPA 39 523 Pepin 
65B PL 18 175 +Michellni, Beuseh+ (CERN, ZURI) 
65C PL 18 178 +Michelini, Beusch+ (CERN, ZURI) 
65 PL 17 59 +Behr, Canavan, Chounet+ (EPOL. ORSAY) 
67 PL 24B 75 Lowys, Aubert, Chounet, Pascaud+ (EPOL, ORSAY) 
65 NC 38 684 Baldo-Ceolin. Calimanl, CiampolilLo+ (PADO) 
65 ANL 7130 83 +Abashian, Abrams, Carpenter+ (ILL) 

ENSTROM 71 PR D4 2629 +Akavla, Coombes, Dorfan+ (SLAC, STAN) 
Also 70 Thesis SLAC-0125 Enstrom (STAN) 

JAMES 71 PL 35B 265 +Montanet, Paul, Pauli+ (CERN, SACL, OSLO) 
MEISNER 71 PR D3 59 +Mann, Hertzbach, Kofler+ (MASA, BNL, YALE I 
PEACH 71 PL 35B 351 +Evans, Muir, Budagov, Hopkins+ (EDIN, CERN) 
REPELLIN 71 PL 36B 603 +Wolff, Choliet, Galliard, Jane+ (ORSAY, CERN) 
WEBBER 71 PR D3 64 +Solmitz, Crawford, Alston-Garnjost (LRL) 

Also 68 PRL 21 498 Webber, Solmitz, Crawford, Alston-Garnjost (LRL) 
Also 65 Thuds UCRL 19226 Webbet (LRL) 

WOLFF 71 PL 36B 517 +Chollet, Repellin, Gainard+ (ORSAY, CERN) 
ALBROW 70 PL 33B 516 +Aston, Barber, Bird, Ellison+ (MCHS, DARE) 
ARONSON 70 PRL 25 1057 +Ehrlich, Hofer, Jensen+ (EFI, ILLC, SLAC) 
BARMIN 70 PL 33B 377 +Barytov, Borlsov, Bysheva+ (ITEP, JINR) 
BASILE 70 PR D2 78 +Cronin, There.t, Tuday, Zylberajch+ (SACL) 
BECHERRAWY 70 PR DI 1452 (ROCH) 
BUCHANAN 70 PL 33B 623 +Ddckey, Radnick, Shepard+ (SLAC, JHU, UCLA) 

Also 71 private Comm. Coo( 
BUDAGOV 70 PR D2 815 +Cundy, Myatt, Nezrick+ (CERN, ORSAY, EPOL) 

Also 68B PL 28B 215 Budagov, Cundy, Myatt+ (CERN. ORSAY, EPOL) 
CHIEN 70 PL 33B 627 +Coax, Ettllnger+ (JHU, SLAC. UCLA ) 

Also 71 Private Comm. C~x 
CHO 70 PR D1 3031 +Dralle, Canter. Engler, Fisk+ (CMU, BNL, CASE) 

Also 67 PRL 19 668 Hill, Luers, Robinson, Sakitt+ (BNL, CMU) 
CHOLLET 70 PL 31B 658 +Galliard, Jane, Ratciiffe, Repellin+ (CERN) 
CULLEN 70 PL 32B 523 +Darfiulat, Deutsch, Foeth+ (AACH. CERN, TORI) 
DARRIULAT 70 PL 33B 249 +Ferrero, Gro~o. Holder+ (AACH, CERN, TORI) 
FAISSNER 70 NC 70A 57 +RaJthler, Thome, Galliard+ (AACH3, CERN, RHEL) 
GINSBERG 70 PR D1 229 (HALF) 
JENSEN 70 Thesis (EFI) 

Aim 69 PRL 23 615 Jensen. Aronson, Ehrllch, Fryberger+ (EFI, ILL) 
MARX 70 PL 32B 219 +Nygren, Peoples+ (COLU, HARV, CERN) 

Also 70B Thesis Nevts 179 Marx (COLU) 
SCRIBANO 70 PL 32B 224 +Manne01, Pierazzini. Marx+ (PISA. COLU, HARV) 
SMITH 70 PL 32B 133 +Wang, Whatley, Zorn, Hornbostel (UMD, BNL) 
WEBBER 70 PR D1 1967 +5olmitz, Crawfocd, Alston-Garnj~t (LRL) 

Also 69 Thesis UCRL 19226 Wohber (LRL) 
BANNER 69 PR 188 2033 +Cronin, Liu, Pilcher (PRIN) 

Also 68 PRL 21 1103 Banner, Cronin, Liu, Piicher (PRIN) 
Also 68 PRL 21 1107 Cronin, Liu, Pilcher (PRIN) 

BEILLIERE 69 PL 30B 202 +Boutang, Limon (EPOL) 
BENNETT 69 PL 29B 317 +Nygren, Saal, Stelnberger+ (COLU, BNL) 
BOHM 69B NP B9 605 +Dartiulat. Grosso. Kaffanov+ (CERN) 

Also 68 PL 27B 321 Bohm, Dardulat, Grosso, Kaftanov (CERN) 
CENCE 69 PRL 22 1210 +Jones, Peterson, Stenger+ (HAWA, LRL) 
EVANS 69 PRL 23 427 +Golden. Muir, Peach+ (EDIN, CERN) 
FAlSSNER 69 PL 30B 204 +Poeth, Staude, Tittel+ (AACH3, CERN, TORI) 
FOETH 69 PL 30B 282 +Holder, Radermacher+ (AACH, CERN, TORI) 
GAlLLARD 69 NC 59A 453 +Galbraith, Hussrl, Jane+ (CERN, RHEL, AACH) 

Also 67 PRL 18 20 Galliard, Kdenen, Galbraith+ (CERN, RHEL, AACH) 
GOBBI 69B PRL 22 685 +Green, Hakel, Moffett, Rosen. G o z +  (ROCH, RUTG) 

FITCH 65 PRL 15 73 +Roth, Russ. Vernon (PRIN) 
FRANZINI 65 PR 140B 127 +Kitsch, Piano+ (COLD, RUTG) 
GALBRAITH 65 PRL 14 383 +Manning, Jones+ (AERE. BRIS, RHEL) 
GUIDONI 63 Argonne Conf. 49 +Barnes, Foelsche, Ferbel, Firestone+ (BNL, YALE) 
HOPKINS 65 Argonne Conf. 67 +Bacon. Easier (VAND, RUTG) 
ADAIR 64 PL 12 67 +Lelpuner (YALE. BNL) 
ALEKSANYAN 64B Dubna Conf. 2 102 +Alikhanyan, Vartazaryan+ (YERE) 

Also 64 JETP 19 1 0 1 9  Aleksanyan+ (LEBO, MPEI, YERE) 
Translated from ZETF 46 1504. 

ANIKINA 64 JETP 19 42 +Zhuravleva+ (GEOR, JINR) 
Translated from ZETF 46 59. 

CHRISTENS... 64 PRL 13 138 Christenson, Cronin, Fitch, Tuday (PRIN) 
FUJII 64 Dubna Conf. 2 146 +Jovanovich, Terkot+ (BNL. UMD, MIT) 
LUERS 64 PR 133B 1276 +Mittra, Willis, Yamamoto (BNL) 
DARMON 62 PL 3 57 +Rousset, Six (EPOL) 
ASTIER 61 Alx Conf. 1 227 +Blaskovic, Rivet, 5iaud+ (EPOL) 
FITCH 61 NC 22 1160 +Piroue, Perkins (PRIN. LASL} 
GOOD 61 PR 124 1223 +Matsen, Muller, Piccioni+ (LRL) 
NYAGU 61 PRL 6 552 +Okonov, Petrov. Rosanova, Rusakov (JINR) 

Also 61B JETP 13 1138 Nyagu, Okonov, Petrov, Rozanova+ (JINR) 
Translated from ZETF 40 1618. 

BAROON 58 ANP S 156 +Lande, Lederman (COLU, BNL) 

OTHER RELATED PAPERS 

HAYAKAWA 93 PR D48 1150 +Sanda (NAGO) 
"Searching for T. CP. CPT. AS = AQ Rule Violations in the Neutral K Meson System: A Guide" 

LITTENBERG 93 ARNPS 43 729 +Valencia (BNL, FNAL) 
Rare and Radiative Kaon Decays 

RITCHIE 93 RMP 65 1149 +Wojcicki 
"Rare K Decays" 

WINSTEIN 93 RMP 65 1 1 1 3  +Wolfensteln 
"The Search for Direct CP Violation" 

BATTISTON 92 PRPL 214 293 +Cocolicchio, Fogli, Paver (PGIA, CERN, TRSTT) 
Status and Perspectives of K Decay Physics 

DIB 92 PR D46 2265 +Peccel (UCLA) 
Tests of CPT conservation in the neutral kaon ~3~tem. 

KLEINKNECHT92 CNPP 20 281 (MANZ) 
New Results on CP Violation in Decays of Neutral K Mesons. 

KLEINKNECHT 90 ZPHY C46 S57 (MANZ) 
PEACH 90 JPG 16 131 (EDIN) 
BRYMAN 89 IJMP A4 79 (TRIU) 

"Rare Kaon Decays" 
KLEINKNECHT 76 ARNS 26 I (DORT) 
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Meson Particle Listings 
K~ K*(892) 
GINSBERG 73 PR D8 3887 +Smith (MIT, STON) 
GINSBERG 70 PR D1 229 (HALF) 
HEUSSE 70 LNC 3 449 +Aubert, Pascaud. Vialie (ORSAY) 
CRONIN 68C Vienna Conf. 281 (PRIN) 
RUBBIA 67 PL 24B 531 +Steinberger (CERN, COLU) 

Also 66C PL 23 167 Rubbla, Ste~nberger (CERN, COLU) 
Also 66C PL 20 207 Alff-Steinberger, Heuer, Kleinknecht+ (CERN) 
Also 668 PL 21 ~9S Alff-Stelnberger. Heuer, Kleinknecht+ (CERN) 

AUERBACH 66 PR 149 1052 +Dobbs, Lande, Mann, Sciuifi+ (PENN) 
Also 65 PRL 14 192 Auerbach, Lande, Mann, Sciulli, Uto+ (PENN) 

FIRESTONE 668 PRL 17 116 +Kim, Lach, Sandweiss+ (YALE, BNL) 
BEHR 65 Argonne Conf. 59 +Brisson, Bellotti+ (EPOL, MILA, PADO) 
MESTVIRISH... 65 JINR P 2449 Mestvirishvili, Nyagu, Petro% Rusakov+ (JINR) 
TRILLING 658 UCRL 16473 (LRL) 

Updated from 1965 Argol~ne Conference, page 115. 
JOVANOV... 63 8NL Conf. 42 Jovanovich, Fischer, Burrls+ (BNL UMD) 

I K'(892) 1 : 
K*(892) MASS 

DOCUMENT ID TECN CHG COMMENT 
CHARGED ONLY 
VALUE (MeV) EVTS 
891.664"0.26 OUR AVERAGE 
892.6 •  5840 

888 • 3 
891 •  

891.7 :1:2.1 3700 
891 + 1  4100 
892.8 • 
890.7 :EO.9 1800 

886.6 •  1225 
891.7 •  6706 
891.9 :EO.7 9000 

892.2 •  4404 

891 •  1000 

890 •  720 

889 • 3.0 600 

891 •  620 
891.0 •  1700 

BAUBILLIER 848 HBC 

NAPIER 84 SPEC 

NAPIER 84 SPEC 

BARTH 83 HBC 
TOAFF 81 HBC 
AJINENKO 80 HBC 
AGUILAR-... 788 HBC 

BALAND 78 HBC 
COOPER 78 HBC 

I PALER 75 HBC 

AGUILAR-. .  71B HBC 

CRENNELL 69D DBC 

BARLOW 67 HBC 

BARLOW 67 HBC 

2 DEBAERE 678 HBC 
3 WOJCICKI 64 HBC 

�9 �9 �9 We do not use the following data for averages, fits, 

890.4 •  ~:0.5 79709• 4BIRD 89 LASS 
801 

890.0 :E2.3 800 2,3 CLELAND 82 SPEC 

896.0 :t:1.1 3200 2,3 CLELAND 82 SPEC 

893 •  3600 2,3 CLELAND 82 SPEC 

896.0 •  380 DELFOSSE 81 SPEC 
886.0 +2 .3  187 DELFOSSE 81 SPEC 
894.2 •  765 2 CLARK 73 HBC 

894.3 •  1150 2,3 CLARK 73 HBC 
892.0 •  341 2 SCHWEING... 68 HBC 

898.4 •  1700 2 BUCHNER 72 DBC 0 4.6 K + n  --~ K+~r - p 
897.9 • 1.1 2934 2 AGUILAR-... 718 HBC 0 3.9.4.6 K -  p 

K - ~ r +  n 
898.0 •  5362 2 AGUILAR-... 71B HBC 0 3.9,4.6 K -  p 

K ~ + ~ r - p  
895 •  4300 3 HABER 70 DBC 0 3 K -  N ~ K - ~ r + X  
893.7 •  1Ok DAVIS 69 HBC 0 12 K + p  

K- t -~-~t+ p 
894.7 4-1.4 1040 2 DAUBER 678 HBC 0 2.0 K - p  --~ 

K ~ . + ~ r - p  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

900.7 •  5900 BARTH 83 HBC 0 70 K + p  ~ K + ~ r - X  

NEUTRAL ONLY 

- 8.25 K -  p 
Ro~-p 

+ 200 lr-- p ~ 2K O X 

- 200 ~ r - p  ~ 2 K ~ X  

+ 7 0 K + p ~  K 0 ~ §  
- 6 . S K - p ~  K O l r - p  
+ 3 2 K + p ~  K07r~ X 
• 0.76 ~ p  --* 

K:F K O 7r~ 

• 12 ~ p  ~ ( K l r ) •  X 
• 0.76 ~ p  ~ ( K l r ) •  X 
- 14.3 K -  p - *  ( K l r ) -  

X 
- 3.9,4.6 K -  p 

( K l r ) - p  

- 3.9KK0"~N ~-* 

• 1.2 ~p 
( K  07r) • K:F 

:E 1.2 ~ p  
(K0~r) • K~r 

-F 3.5 K + p  ~ KO~+P 
-- 1.7 K - p  ~ KO~r -  p 

l imits, etc. �9 �9 �9 

- 1 1 K - p ~  -KO~r-p  

-F 30 K + p  ~ KO~r-Fp 

+ 50 K +  p --~ K~Tr+p 

- 5 0 K + p ~  K~-p~ 
+ 50 K ~ p ~ K ~- ~r 0 p 
- 8 0 K •  K• 
-- 3.13 K - p  ~ 

RO~-p 
- 3 .3K--p--~ -KO~r-p 
- 5 . S K - p - *  KO~r-p 

VALUE (MeV) EVTS 
N6,10:EO.28 OUR AVERAGE 
895.9 •  •  
894.52• 25k 
894.63• 20k 
897 • 1 28k 

898.4 •  1180 

894.9 +1 .6  

897.6 +0 .9  

895.5 •  3600 

897.1 •  22k 

896.0 :E0.6 ]~0k 
896.0 •  
896 •  
896 •  3186 

894.0 •  

DOCUMENT ID TECN CHG COMMENT 
Error includes scale factor of 1.4. See the ideogram below. 

ASTON 88 LASS 0 11 K -  p ~ K -  ~r + n 
1ATKINSON 86 OMEG 20-70 "yp 
1 ATKINSON 86 OMEG 20-70 -yp 

EVANGELISTA 80 OMEG 0 10 ~ r - p  
K + ~r- ( A ,  2 : )  

AGUILAR-... 78B HBC 0 0.76 ~ p  
K:F K O ~ •  

WICKLUND 78 ASPK 0 3,4,6 K • N -~ 
(KTr)ON 

BOWLER 77 DBC 0 5.4 K + d 
K + T r - p p  

MCCUBBIN 75 HBC 0 3.6 K - p ~  K-Tr-f-n 
1 PALER 75 HBC 0 14.3 K - p  ~ ( K l r )  0 

X 
FOX 74 RVUE 0 2 K -  p - *  K -  lr + n 
FOX 74 RVUE 0 2 K §  -*  K + ~ r - p  

SMATISON 74 HBC 0 1 2 K + p ~  K - i ' l r -Z~  
LEWIS 73 HBC 0 2.1-2.7 K + p  

K1r~rp 
S LINGLIN 73 HBC 0 2-13 K + p  

K "t" lr - Tr + p 

WEIGHTED AVERAGE 
896.1OTO.28 (Error scaled by 1.4) 

. . . . . . . . . . . . .  ASTON 88 LASS 0.1 
- I -  "~ . . . . . . . . . . . . .  ATKINSON 86 OMEG 6.3 
--I-- �9 . . . . . . . . . . . . .  ATKINSON 86 OMEG 3.8 

I . . . . . . . . . .  EVANGELISTA 80 OMEG 0.8 
I . . . . . . . .  AGUILAR-... 78B HBC 2.7 

. . . . . . . . . . . . . .  WlCKLUND 78 ASPK 0.6 
--F-- . . . . . . . . . .  BOWLER 77 DBC 2.8 

. . . . . . . . . . . .  MCCUBBIN 75 HBC 0.4 

. . . . . . . . . . . .  PALER 75 HBG 2.0 

. . . . . . . . . . . .  FOX 74 RVUE 0.0 

. . . . . . . . . . . .  FOX 74 RVUE 
. . . . . . . . . .  MATISON 74 HBC 0.0 

. . . . . . . . . . .  LEWIS 73 HBC 0.0 

. . . . . . . . . . .  LINGLIN 73 HBC 2.6 
. . . . . . . . .  BUCHNER 72 DBC 3.1 

0.0 

. . . . . . . . .  AGUILAR-... 71B HBC 2.7 

. . . . . . . . .  AGUILAR-... 71B HBC 7.3 

. . . . . . . . .  HABER 70 DBC 1.2 

. . . . . . . . .  DAVIS 69 HBC 1.4 

. . . . . . . . .  DAUBER 67B HBC 1=0 
38.9 

(Confidence Level = 0.005) 

890 895 900 905 910 

K * ( 8 9 2 )  0 mass ( M e V )  

1 Inclusive reaction. Complicated background and phase-space effects. 
2 Mass errors enlarged by us to F/,v/N. See note. 
3 Number of events in peak reevaluated by us. 
4 From a partial wave ampl i tude analysis. 
5 From pole extrapolation. 

K*(892)  M A S S E S  A N D  M A S S  D I F F E R E N C E S  

Unrealistically small errors have been reported by some 

experiments. We use simple "realistic" tests for the minimum 

errors on the determination of a mass and width from a sample 

of N events: 

F F 

We consistently increase unrealistic errors before averaging. For 

a detailed discussion, see the 1971 edition of this Note. 

VALUE (MeV) EVTS 
6.74"1.2 OUR AVERAGE 
7.7 • 1.7 2980 

mK.(m)o - mK*(m)* 

DOCUMENT JD TECN 

AGUILAR-... 788 HBC 

5.7•  7338 AGUILAR-... 71B HBC 
6.3:E4.1 283 6 BARASH 678 HBC 

6 Number of events In peak reevaluated by us. 

_ _  CHG COMMENT 

•  0.76 ~ p  
K:F K O , r i  

- 0  3.9,4.6 K -  p 
0.o ~p 

K*(892) RANGE PARAMETER 
All  from partial wave ampl i tude analyses. 

VALUE (GeV -1 ) DOCUMENT ID TEC.~N CH.~G_G COMMENT 

3.4+0.7 ASTON 88 LASS 0 11 K - - p ~  K - l r + n  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

12.1• BIRD 89 LASS - 11 K - p  .-~ ~;~'O~-p 



See key on page 213 

K*(892) WIDTH 

CHARGED O N L Y  
VALUE (MeV) EVT$ DOCUMENT IO TECN CHG COMMENT 
BI),fi'l'O,g OUR FIT 
50.8-1-0.9 OUR AVERAGE 
49 •  5840 BAUBILLIER 84B HBC - 8.25 K - p  ~-%-p 
56 4-4 NAPIER 84 SPEC - 2 0 0 ~ r - p ~  2KOx 

51 •  4100 TOAFF 81 HBC -" 6 . 5 K - p ~  -K'O~r-p 
50.5• AJINENKO 80 HBC ~ + 3 2 K + p - *  KO~r4-X 
45.8• 1800 AGUILAR-.,. 78B HBC • 0.76 ~p 

K :F K~ ~r • 

52.0• 6706 7COOPER 78 HBC • 0.76~p ~ (K~r) • X 
52.1• 9000 8 PALER 75 HBC - 14.3 K--p  ~ (K~r)- 

X 
46.3• 765 7 CLARK 73 HBC - 3.13 K - p  

~ -O~-p  

48.2• 1150 7,9 CLARK 73 HBC - 3.3 K - p  ~ K--'Ox-p 
54.3• 4404 7 AGUILAR-... 71B HBC - 3.9,4.6 K - p  

(K~ ' ) - p  
46 4-5 1700 7,9WOJCICKI 64 HBC - 1.7K-p- . * - 'K 'O~r -p  
�9 * = We do not use the following data for averages, fits, limits, etc. = �9 = 

45.2• •  797094- IOBIRD 89 LASS - 11 K - p ~  -K'O~r-p 
801 

42.8+7.1 3700 BARTH 83 HBC + 70 K + p - *  K0~r4-X 
64.0• 800 7,9 CLELAND 82 SPEC + 30 K + p  ~ KO~r+p 
62.O• 3200 7,9 CLELAND 82 SPEC + 50 K4-p KO~r+p 
55 •  3600 7,gCLELAND 82 5PEC - 50 K' l 'p  K~J~r-p 
62.6+3.8 380 DELFOSSE 81 SPEC + 50 K + p - +  K ~ r O p  
50.5• 187 DELFOSSE 81 SPEC - 50 K •  ~ K4-~rOp 

N E U T R A L  O N L Y  
VALUE (MeV) EVTS DOCUMENT ID TECN CHG 
60,!i-I-0,9 OUR FIT Error Includes scale factor of 1.1. 
SOJi-1-0.6 OUR AVERAGE Error Includes scale factor of 1.1. 
50.8• ASTON 88 LASS 0 
46.5+4.3 8900 BARTH 83 HBC 0 
54 +2 28k EVANGELISTA80 OMEG 0 
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K * ( 8 9 2 )  

45.9+ 4.8 1180 AGUILAR-,.. 78B HBC 0 

51.2• WICKLUND 78 ASPK 0 

48.9+2.5 BOWLER 77 DBC 0 

48 4-3 3600 MCCUBBIN 75 HBC 0 - 2  
50.6• 22k 8 PALER 75 HBC 0 

47 •  10k FOX 74 RVUE 0 
51 •  FOX 74 RVUE 0 
46.0+3.3 3186 7 LEWIS 73 HBC 0 

51.4• 1700 7 BUCHNER 72 DBC 0 

55 n4-4"2 2934 7 AGUILAR-... 71B HBC 0 '~-3 .4  

48.5• 5362 AGUILAR-... 71B HBC 0 

54.0• 4300 7,9 HABER 70 DBC 0 
53.2• 10k 7 DAVIS 69 HBC 0 

44 +5.5 1040 7 DAUBER 67B HBC 0 

C O N S T R A I N E D  F I T  I N F O R M A T I O N  

An overall f i t to the total width and a partial width uses 13 mea- 
surements and one constraint to determine 3 parameters. The 
overall fit has a X2 = 7.8 for 11 degrees of freedom. 

The following off-diagonal array elements are the correlation coefficients 

~apiap#~/(ap~.ap~), in percent, from the fit to parameters Pi, including the branch- 

ing fractions, x i = Fi/Ftota I. The fit constrains the x i whose labels appear in this 
array to sum to one. 

xs l --100 
r I 19 - 1 9  

x2 xs 

Mode Rate (MeV) 

r 2 ( K l r )  -~ 60.7 +0,9 
r5 K • o.o5o• o,oo8 

C O N S T R A I N E D  F I T  I N F O R M A T I O N  

An overall f i t to the total width and a partial width uses 18 mea- 
surements and one constraint to determine 3 parameters. The 
overall fit has a X 2 = 18.4 for 16 degrees of freedom. 

COMMENT 

1 1 K - p ~  K - l r + n  
70 K + p  -~ K + ~ - X  
10 "~'- p ~ 

K + l r -  (A ,s  
0.76 ~p 

K:F K O lr 4" 

3,4,6 K • N 

The following off-diagonal array elements are the correlation coefficients 

(bp ibp i ) / (~p i .~p i ) ,  in percent, from the fit to parameters Pi, including the branch- 

lng fractions, x i -= r i /F to ta  I. The fit constrains the x i whose labels appear in this 
array to sum to one. 

x 4 [ - 100  

r 14 - 1 4  

( K ~r)O N 
5.4 K + d 

K + l r - p p  
3 . 6 K - p ~  K - I r4 -n  

14.3 K - p ~  (KTr) 0 
X 

2 K - p ~  K- - I r+n  
2 K + n ~  K + l r - p  
2.1-2.7 K+ p -.-* 

KlrTrp 
4.6 K4- n ~ K + ~ r - p  

3.9,4.6 K -  p 
K-~ r+  n 

3.9,4.6 K -  p 
K - T r + l r - p  

3 K - N - - ,  K - l r + X  
12 K4- p 

K + Tr - ~r 4- p 
2.0 K - p ~  

K - l r + ~ r - p  
7Width errors enlarged by us to 4 x r /v rN;  see note. 
8inclusive reaction. Complicated background and phase-space effects. 
9 Number of events In peak reevaluated by us. 

10 From a partial wave amplitude analysis. 

/(I(892) DECAY MODES 

Mode Fraction ( r l / r )  Confidence level 

KTr ~ 100 % El 
r2 
F3 

r4 
rs 
r6 

x3 X4 

Mode Rate (MeV) Scale factor 

F3 ( K T r )  ~ 50.4 +0.6 1.1 
1- 4 K~ o.117• 

K ' ( 8 9 2 )  PARTIAL  W I D T H S  

r(K%) r4 
VALUE (keV) EVTS DOCUMENT ID TECN CHG COMMENT 
116:1:10 OUR FiT 
U6Jii-I- 9,9 584 CARLSMITH 86 SPEC 0 KOA ~ KO~r0A 

r(K*-y) rs 
VALUE (keV) DOCUMENT ID TECN CHG COMMENT 
!i04- !i OUR FIT 
SO=I: S OUR AVERAGE 
48+11 BERG 83 SPEC - 156 K - A  ~ K l rA  
51+ 5 CHANDLEE 83 SPEC + 200 K + A  ~ K~rA 

K*(892) BRANCHING RATIOS 

r(K%)Ir~,i  
VALUE (,nits 10 -3) DOCUMENT ID TECN CHG COMMENT 
2.304-0.20 OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.5 +0.7 CARITHERS 75B CNTR 0 g-16K"OA 

r(K*-1) I r ~  
VALUE (units 10 -3 ) CL~.% DOCUMENT IO TECN CHG COMMENT 

0-99"1"0,0g OUR RT  
�9 �9 �9 We do riot use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.6 95 BEMPORAD 73 CNTR 4- 10-16 K4-A 

r(K..)lr(lK,)*) 
VALUE CL~ DOCUMENT ID T~C N CH__.G.G COMMENT 

r41r 

rslr 

( K T r )  • ( SS.901+0 oos) % 
( K T r )  ~ (99.770• ~ 

K ~  ( 2.30 • ) x 10 - 3  
K i ' y  ( 9.9 +0.9 ) x 10 - 4  
K~I"~ < 7 x 10 - 4  95% 

rg/r2 

<0,0007 95 JONGEJANS 78 HBC 4 K -  p --* p~;O 21: 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.002 WOJCICKI 64 HBC - 1.7 K - p  ~ K--O1r-p 
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K*(892) ,  K~ (1270) 

K*(892) REFERENCES 

BIRD S9 SLAC-332 (SLAC) 
ASTON 88 NP B296 493 +Aw~j(, Bienz, Bird+ (SLAC, NAGO, CINC, INUS 
ATKINSON 86 ZPHY C3O 521 + (BONN, CERN, GLAS, LANC, MCHS, CURIN+ 
CARLSMITH 86 PRL 56 18 +Bernstein, Pey~ud, Turlay (EFI, SACk) 
BAUBILLIER EAB ZPHY C26 37 + (BIRM. CERN, GLAS, MICH, CURIN 
NAPIER 84 PL 149B 514 +Chen+ (TUFTS, ARIZ. FNAL, FLOR, NDAM+ 
BARTH 83 NP B223 296 +Drevermann+ (BRUX, CERN, GENO, MONS+ 
BERG 83 Thesis UMI 83-21652 (ROCH 

PRODUCED BY K- ,  BACKWARD SCATTERING, HYPERON EXCHANGE 
VALUE (MeV) E V T S  DOCUMENT ID TECN CH.~_G COMMENT 
The data In this block is included in the average printed for a previous datablock. 

754-15 700 GAVILLET 78 HBC + 4.2 K - p  
E -  K~r~r 

PRODUCED BY K BEAMS 
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

CHANDLEE 83 PRL 51 168 +Berg, Cihangir, Collick+ (ROCH, FNAL. MINN 
CLELAND 82 NP B208 189 , +Delfosse, Dor~z, Glocr (DURH, GEVA, LAUS. PITT 
DELFOSSE 81 NP B183 349 +Gulsan, Martin. Muhlemann, Weill+ {GEVA, LAUS 
TOAFF 81 PR D23 1 5 0 0  +Musgrave. Ammar. Davis, Ecklund+ (ANL, KANS) 
AJINENKO B0 ZPHY CS ]37 +Barth, Dujardin+ (SERP. BRUX, MONS, SACL 
EVANGELISTA 80 NP B165 883 + (BARI, BONN, CERN, DARE. GLA5. LIVP+) 
AGUILAR-... 78B NP B141 101 A~uilar-Benitez+ (MADR, TATA, CERN+ 
BALAND 78 NP B140 220 +Grard+ (MONS, BELG, CERN, LOIC. LALO) 
COOPER 78 NP B136 365 +G~rtu+ (TATA, CERN, CDEF+ 
JONGEJANS 78 NP B139 383 +Cerrada+ (ZEEM. CERN, NIJM, OXF) 
WICKLUND 78 PR D17 1197 +Ayres, Diebold, Greene, Kramer, Pawl~cki (ANL 
BOWLER 77 NP B126 31 +Da[nton, Drake, Williams (OXF 
CARITHERS 75B PRL 35 349 +Muhlemann, Underwood+ (ROCH, MCGI) 
MCCUBBIN 7S NP B86 13 +Lyons (OXF 
PALER 75 NP B96 1 +Tovey. Shah, Spiro+ (RHEL, SAEL, EPOL 
FOX 74 NP Bg0 403 +Griss (CIT) 
MATISON 74 PR D9 1872 +Galtieri, Alston*Garnjost, Flatte, Friedman+ (LBL) 
BEMPORAD 73 NP B51 1 +Beusch, Freudenreich+ (CERN, ETH, LDIC) 
CLARK 73 NP B54 432 +Lyons, Radojiclc (OXF) 
LEWIS 73 NP B60 283 +A,en, Jacobs+ (LOWC, LOIC, CDEF) 
UNGLIN 73 NP BSS 408 (CERN) 
BUCHNER 72 NP B4S 333 +Dehm, Charrlere, Cornet+ (MPIM, CERN, BRUX) 
AGUILAR-.. 71B PR D4 2 5 8 3  Aguiiar-Benitez, Eisner, Kinson (BNL) 
HABER 70 NP B17 289 +Shapira, Alexander+ (REHO, SACL, BGNA. EPOL) 
CRENNELL 69[3 PRL 22 487 +Karshon, Lal, O'Neall. Scarr (BNL) 
DAVIS 69 PRL 23 1071 +Derenzo. Flatte, Garnjost, Lynch, Solmitz (LRL) 
SCHWEING... 68 PR 166 1 3 1 7  Schweingreber, Derrick, Fields+ (ANL, NWES) 
BARASH 67B PR 156 1399 +Kitsch, Miller, Tan (CDLU) 
BARLOW 67 NE 50A 701 +Lille~tol, Montanet+ (EERN, CDEF, IRAD, LIVP) 
DAUBER 67B PR lS3 1403 +Schlei., Slat�9 Ticho (UCLA) 
DEBAERE 67B NC 51A 401 +Goldschmidt-Clermont, Henri+ (BRUX, CERN) 
WOJCICKI 64 PR 135B 484 (LRL) 

OTHER RELATED PAPERS 
KAMAL 92 PL B284 421 +Xu (ALBE) 
NAPIER 84 PL 148B 514 +Chen+ (TUFTS, ARIZ, FNAL, FLOR, NDAM+) 
CLELAND 82 NP 8208 189 +Delfcsse, Dorsaz, Glom (DURH, GEVA, LAUS, PITT) 
ALEXANDER 62 PRL 8 447 +Kalbfleisch, MiBer. Smith (LRL) 
ALSTON 61 PRL 6 300 +Alvarez, Eberhard, Good+ (LRL) 

I K (1270)1 : 
K,(1270) MASS 

VALUE (MeV) DOCUMENT ID 
12734-7 OUR AVERAGE Includes data from the 2 datablocks that  fol low this one. 

PRODUCED BY K- ,  BACKWARD SCA'R'ERING, HYPERON EXCHANGE 
VALUE (MeV) EVT5 DOCUMENT ID TEEN CHG COMMENT 
The data in this block is Included in the average printed for a previous datablock. 

127w 700 GAVILLET 78 HBC + 4.2 K - p  
E -  ( K l r  ~r)+ 

PRODUCED BY K BEAMS 
VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 
The data in this block is Included in the average pdnted for a previous datablock. 

12704-10 DAUM 81C CNTR - 63 K - p  ~ K - 2 1 r p  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1276 1TORNQVIST 82B RVUE 
1300 VERGEEST 79 HBC - 
1289•  2 CARNEGIE 77 ASPK 4- 
1300 BRANDENB... 76 ASPK + 
1270 OTTER 76 HBC - 

1260 DAVIS 72 HBC + 
1234:E 12 FIRESTONE 72B DBC + 

1From a unltadzed quark-model calculation. 

4.2 K -  p ~  (R~r=r ) -  p 
13 K4- p ~ (K=r=r)4- p 
13 K +  p ~ ( K l r = r ) ~ p  
10,14,16 K - p  ..-, 

( K ~ ) - -  p 
12 K + p 
12 K § d 

2 From a model-dependent f i t  wi th Gausslan background to BRANDENBURG 76 data, 

PRODUCED BY BEAMS OTHER THAN K MESONS 
VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1294• 310 RODEBACK 81 HBC 4 l r - p  ~ AK2~r 
1300 40 CRENNELL 72 HBC 0 4.5 ~r-  p ~ AK21r 

1242+_19 3 ASTIER 69 HBC 0 Pp 
1300 45 CRENNELL 67 HBC 0 6 l r -  p ~ AK2~r 

3This was called the C meson. 

/(1(1270) WIDTH 

VALUE (MeV) DOCUMENT ID 
g04-20 OUR ESTIMATE This is only an educated guess; the error given is larger than 

the error on the average of the published values. 
8"/'-I- 7 OUR AVERAGE Includes data from the 2 datablocks that  follow this one. 

The data in this block is included in the average printed for a previous datablock. 

904- , DAUM 81c CNTR - 6 3 K - p - - ,  K - 2 1 r p  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

150 VERGEEST 79 HBC 4.2 K - p  ~ ( -K~r~r) -p  
150:E71 4 CARNEGIE 77 ASPK 4- 13 K ~ p  ~ (KTr=r) ~ p 

~ 2 0 0  BRANDENB. . .76  ASPK ~: 1 3 K ~ p ~  ( K l r ~ r ) •  
120 DAVIS 72 HBC + 12 K + p  
188:E21 FIRESTONE 72B DBC + 12 K + d 

4 From a model-dependent f i t  wi th Gausslan background to BRANDENBURG 76 data. 

PRODUCED BY BEAMS OTHER THAN K MESONS 
VALUE (MeV) EVTS DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits. l imits, etc. �9 �9 �9 

664-15 310 RODEBACK 81 HBC 4 = r - p  ~ AK21r  
60 40 CRENNELL 72 HBC 0 4 . 5 ~ r - p - *  AK2 : r  

127+_27 ASTIER 69 HBC 0 Pp 
60 45 CRENNELL 67 HBC 0 6 7 r - p  ~ AK2~r  

Mode 

/(1(1270) DECAY MODES 

Fraction (F I /F )  

F 1 Kp (42 +6 )% 
I- 2 K~(1430)Tr (28 • )% 
F 3 K*(892)Ir (16 • )% 
1-4 K~ (11.0• % 
F 5 K fo(1370) (3.0:h2.0) % 

/(1(1270) PARTIAL WIDTHS 

r(Kp) r, 
VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

57-4-5 MAZZUCATO 79 HBC + 4.2 K -  p - *  --=- (K~=r)  + 
754-6 CARNEGIE 77B ASPK 4- 13 K : s  ~ (KTrlr) :J:p 

r(K~0(1430). ) r= 
VALUE (MeV) DOCUMENT ID" TEEN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

264-6 CARNEGIE 77B ASPK • 13 K 4 - p  ~ ( K l r l r ) ~ p  

F(K'(8~Z).) r, 
VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1 4 : E l l  MAZZUCATO 79 HBC + 4.2 K - p  ~ E - ( K l r l r )  + 
24- 2 CARNEGIE 77BASPK 4- 1 3 K •  - ,  ( K l r l r ) ~ : p  

r(K~) r,  
VALU~ (MeV) DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

4 •  MAZZUCATO 79 HBC + 4.2 K -  p ~ --=- (K:r~r) + 
244-3 CARNEGIE 77BASPK 4- 1 3 K •  (K~r~ r )~p  

F(K f0(1370)) rs 
VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

224-5 CARNEGIE 77B ASPK -I- 13 K:J:p ~ (K~r~r) '~p 

K1(1270 ) BRANCHING RATIOS 

r(Kp)/r~,, rdr 
VAI~UE ~IOCUMENT ID TEEN COMMENT 

0.424.0.06 5 DAUM 81C CNTR 63 K - p  ~ K - 2 : r p  
�9 �9 �9 We do not use the fol lowlnfi data for averages, fits, l imits, etc. �9 �9 �9 

dominant RODEBACK 81 HBC 4 ~ r - p  ~ AK2=r  

r(~o(1430).)/r~., r=/r 
VALUE DOCUMENT ID TEEN COMMENT 

0.284-0.04 5 D A U M  81C CNTR 6 3 K - p ~  K - 2 1 r p  
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r(K'(Se2]x)/rt==, 
VALUE DOCUMENT ID TEEN COMMENT 

0.164-0.06 5 DAUM 81C CNTR 63 K -  p ~ K -  2~rp 

r(K=)/r==l 
VALUE DOCUMENT ID TEEN COMMENT 

0.11 ~0 .02  5 DAUM 81C CNTR 63 K - p  ~ K - 2 ~ p  

r=/r 

r4/r  

r4 /r l  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 * �9 

200 VERGEEST 79 HBC 4.2 K -  p ~ (K~r~r)-  p 
~ 1 6 0  BRANDENB... 76 ASPK • 1 3 K •  (K~r~r)• 

80 DAVIS 72 HBC + 12 K -Fp 
241•  FIRESTONE 728 DBC + 12 K + d  

4 From partial-wave analysis of K 0 ~r + ~r- system. 
5 From a model-dependent fit wi th Gausslan background to BRANDENBURG 76 data. 

r(~=)/r(K~) 
VALUE CL~ DOCUMENT ID TEEN EO~4MENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

<o.3o 95 RODEBACK 81 HBC 4 ~r-- p ~ A K 2 ~  

r(K fo(137o))/rtot=, 
VALUE DOCUMENT 10 T~CN COMMENT 

0.0~ 4-0.02 5 DAUM 81C CNTR 63 K - - p  ~ K - 2 ~ r p  

D - w ~ / S - ~  RATIO FOR/(1(1270 ) --* Ke(892):r 
VALU E DOCUMENT ID T,~CN COMMENT 

1.0..i.0.7 5 DAUM 81C CNTR 63 K - p  ~ K -2~ rp  

5 Average from low and high t data. 

r~/r 

/(1(1270) REFERENCES 

TORNQVIST 828 NP 8203 268 (HELS) 
DAUM 81C NP B187 1 +Her tzberger+ (AMST, CERN, CRAC, MPIM, OXF+) 
RODEBACK 81 ZPHY C9 9 +Sjogren+ (EERN, CDEF, MADR, STOH) 
MAZZUCATO 79 NP 8156 532 +Pennington+ (CERN, ZEEM, NIJM, OXF) 
VERGEEST 79 NP B158 265 +Jongejans, Dionisi+ (NIJM, AMST, CERN, OXF) 
GAV~LLET 78 PL 76B 517 +Oiaz, Dionisi+ (AMST, CERN, NIJM, OXF)JP 
CARNEGIE 77 NP B127 509 +Cashmore, Davier, Dunwoodie, Lasinski+ (SLAC) 
CARNEGIE 77B PL 68B 287 +Cashmore, Dunwoodie, Lasinski+ (SLAC) 
BRANDENB... 76 PRL 26 703 Brandenborg, Carnegie, Cashmoce+ (SLAC) JP 
OTTER 76 NP 8106 77 + (AACH3, BERL, CERN, LOlC, VIEN, EPOL+)JP 
CRENNELL 72 PR D6 1220 +Gordon, Lai, Scarf (BNL) 
DAVIS 72 PR DS 2 6 8 8  +Alston-Garnjost, Barbaro, Flatte, Friedman, Lynch+ (LBL) 
FIRESTONE 728 PR DS 505 +Goldhaber, Ussauer, Trilling (LBL) 
ASTIER 69 NP 810 65 +Marechat, Montanet+ (CDEF, CERN, IPNP, LIVP)IJP 
CRENNELL 67 PRL 19 44 +Kalbfleisch, Lal, Scarr. Schumann (BNL) I 

OTHER RELATED PAPERS 
SUZUKI 93 PR [347 1252 (LBL) 
8AUBILLIER 82B NP B202 21 + (BIRM. CERN, GLAS, MSU, CURIN) 
FERNANDEZ 82 ZPHY C16 95 +Aguilar-Benitez+ (MADR, CERN, CDEF, STOH)JP 
GAVILLET 82 ZPHY C16 119 +Armentero~+ (CERN, CDEF, PADO, ROMA) 
SHEN 66 PRL 17 726 +Butterworth, Fu, Goldhaber, Trilling (LRL) 

Also 66 Private Comm. Goldhaber (LRL) 
ALMEIDA 65 PL 16 184 +Atherton, Byer. Dornan, Forson+ (CAVE) 
ARMENTEROS 64 PL 9 207 +Edwards, O'Andlau+ (CERN, CDEF) 

Also 66 PR 145 1095 Barasll, Kirsch. Miller, Tan (COLU) 

I- 1 
r2  

r 3  

1.4 
rs 

WEIGHTED AVERAGE 
174:1:13 (Error scaled by 1.6) 

0 100 

~C 2 

ASTON 87 LASS 0.0 
I �9 �9 BAUBILLIER 82B HBC 2.5 

. . . . . . . . . .  DAUM 81C CNTR 0.7 
' ' ' ' ' ' ' ' ' ' "  ETKIN 80 MPS 0.4 

. . . . . . . . . .  CARNEGIE 77 ASPK 3.9 

I (C~nfidence Level = 0.1"~'~) 

200 300 400 500 

K1(1400 ) w id th  (MeV)  

Mode 

/(1(1400) DECAY MODES 

Fraction ( l i / r )  

K * ( 8 9 2 ) T r  

K p  

K f0(1370)  

K~ 
K;(1430)~ 

(94 ~ 6  ) %  

(3.0• % 
(2.0• % 
( 1.o• 1.o) % 
not seen 

K1(1400) PARTIAL WIDTHS 

I K ( 4oo) l : 
/(1(1400 ) MASS 

VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 
140~4- 7 OUR AVERAGE 
1373•177  1ASTON 87 LASS 0 1 1 K - p ~  K O ~ + T r - n  
1392+18 BAUBILLIER 828 HBC 0 8.25 K - p  ~ KOTr+~r - n 

1410• DAUM 81C CNTR - 63 K - p  ~ K - 2 1 r p  
1415• ETKIN 80 MPS 0 6 K - p  ~ -KOlr+Tr-n 
1404• 2CARNEGIE 77 ASPK • 1 3 K •  (KTrE) •  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1350 3 TORNQVIST 828 RVUE 
1400 VERGEEST 79 HBC - 4.2 K - p  ~ ( -K~r~)-p 

~ 1 4 0 0  BRANDENB. . .76  ASPK • 1 3 K •  ( K l r l r ) •  
1420 DAVIS 72 HBC + 12 K + p  
1368• FIRESTONE 728 DBC + 12 K + d  

1 From partial-wave analysis of K 0 l r +  l r -  system. 
2 From a model-dependent f i t  wi th Gausslan background to BRANDENBURG 76 data. 
3 From a unltarized quark-model calculation. 

/(I(1'100) WIDTH 

VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 
1744"13 OUR AVERAGE Error includes scale factor of 1.6. See the Ideogram below. 

1 8 8 • 1 7 7  4ASTON 87 LASS 0 11 K - p  ~ - K O E + E - n  
276•  BAUBILLIER 828 HBC 0 8.25 K - p  ~ K O ~ + T r - n  

195•  DAUM 81c CNTR - 63 K - p  ~ K - 2 E p  
180•  ETKIN 80 MPS 0 6 K - p  ~ K O l r + ~ -  n 
142•  5 CARNEGIE 77 ASPK • 13 K •  ~ ( K ~ l r ) •  

r(K*(~).) 
VALUE (MeV) 

1174-10 

r(Kp) 
VALUE (MeV) 

2 4-1 

r(K.~) 
VALUE (MeV) 

234- t2  

DOCUMENT ID 

CARNEGIE 77 

TEEN CH__~G COMMENT 

ASPK • 13 K •  ~ ( K ~ ) •  

DOCUMENT ID TEEN CHG COMMENT 

CARNEGIE 77 ASPK • 1 3 K •  (K~ r~ ) •  

DOCUMENTID 

CARNEGIE 77 

TEEN CHG COMMENT 

ASPK • 1 3 K •  (KETr ) •  

K1(1400) BRANCHING RATIOS 

r(K*(S92).)/r==, 
VALUe: DOCUMENT ID TEEN COMMENT 

0,944-0.06 6 DAUM 81C CNTR 63 K - p  ~ K - 2 1 r p  

r(Kp)/r~., 
VALUE DOCUMENT I D TEEN COMMENT 

0-03-i-O.O~l 6DAUM 81C CNTR 63 K - p - ~  K - 2 ~ p  

r (K fo(lSZ0))/rt~, 
VALU E DOCUMENT 10 TEEN COMMI~NT 

0.0~I 4-0.0~ 6DAUM 81CCNTR 6 3 K - p - *  K - 2 ~ p  

r(K=)/r=., 
VALUE DOCUMENT ID TEEN COMMENT 

0.01 4"0.01 6DAUM 81C CNTR 63 K - p  ~ K - 2 1 r p  

r(~(1~),r)/r~,, 
VALUE DOCUMENT ID TEEN COMMENT 

not seen 6 DAUM 81c CNTR 63 K -  p ~ K -  27rp 

D~w/S-,,aw RATIO FOR K1(1400) --~ K*(892)lr 
VALUE DOCUMENT ID TEEN COMMENT 

0.04 4-0.01 6 DAUM 81C CNTR 63 K - p  ~ K - 2 ~ r p  

6Average from low and high t data. 

r l  

r2 

r4 

rdr 

r2/r 

r : / r  

r4/r 

rg/r 
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Meson Particle Listings 
K~(1400), K*(1410), K~(1430) 

/(1(1400) REFERENCES 

ASTON 87 NP B292 693 +Awaji, D'Amore+ (SLAC, NAGO, CINC, INUS) 
BAUBILLIER 82B NP B202 21 + (BIRM, CERN, GLAS, MSU, CURIN) 
TORNQVIST B2B NP B203 268 (HELS) 
DAUM 81C NP B187 1 +Her tzberger+  (AMST, CERN, CRAC, MPIM, OXF+) 
ETKIN 80 PR D22 42 +Fo~ey, Undenbaem, Kramer+ (BNL, CUNY)JP 
VERGEEST 79 NP 8158 265 +Jongejans, Dfonis~+ (NIJM, AMST, CERN, OXF) 
CARNEGIE 77 NP B127 509 +Cashmore, Davier, Dunwoodie. Laslnski+ (SLAC) 
BRANDENB... 76 PRL 26 703 Brandenb~qL Carne~e, Cashmore+ (SLAC) JP 
DAVIS 72 PR DS 2 6 8 8  +AIston-Garnjost, Barbaro, Flatte, Friedman, Lynch+ (LBL) 
FIRESTONE 72B PR DS SOS +Goldhaber, Lis~auer, Trilling (LBL) 

- -  OTHER RELATED PAPERS 

SUZUKI 93 PR D47 1252 (LBL) 
FERNANDEZ 82 ZPHY C16 95 +Aguilar-Benitez+ (MADR, CERN, CDEF, STOH) 
SHEN 66 PRL 17 726 +Butterworth, Fu, Goldhaber, Trilling (LRL) 

Also 66 Private Comm. Goldhaber (LRL) 
ALMEIDA 65 PL 16 184 +Atherton, Byer, Dornan, Fofson+ (CAVE) 
ARMENTEROS 64 PL 9 207 +Edwards, D'Andlau+ (CERN, CDEF) 

Also 66 PR 145 1095 Barash, Kitsch, Miller, Tan (COLU) 

] K*(1410) [ ,(~P) : �89 

K*(1410) MASS 

VALUE (MeV) DOCUMENT ID TEEN EHG COMMENT 
14144"16 OUR AVERAGE Error includes scale factor of 1.3. 

1380:E21+19 ASTON 88 LASS 0 11 K - p  ~ K - l r + n  
1420:E 7:E10 ASTON 87 LASS 0 11 K - p  ~ -K"O~r+* -n  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1367•  BIRD 89 LASS 11 K - p  ~ K--'O~r-p 
1474:E25 BAUBILLIER 82B HBC 0 8.25 K - p  ~ -KO21rn 
1500:[:30 ETKIN 80 MPS 0 6 K - p  ~ "k'O1r§ - n 

K*(1410) WIDTH 

VALUE (MeV) DOCUMENT IO TECN CHG COMMENT 
2~124- 21 OUR AVERAGE Error includes scale factor of 1.1. 
176:E 52:1:22 ASTON 88 LASS 0 11 K - p  --, K - l r + n  
240:E 18~12  ASTON 87 LASS 0 11 K - p  --* -K"Olr-} ' I r-n 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

114:E101 BiRD 89 LASS - 11 K - p  ~ K"O1r -p  
275:J: 65 BAUBILLIER 82B HBC 0 8.25 K - p  ~ -'KO21rn 
500+100 ETKIN 80 MPS 0 6 K - p  ~ -KO1r+ l r -  n 

K'(1410) DECAY MODES 

Mode Fraction (F I /F )  Confidence level 

F 1 K * ( 8 9 2 )  ~r > 40 % 95% 

F 2 KTr  ( 6 . 6 •  

F 3 K p  < 7 % 95% 

K*(1410) BRANCHING RATIOS 

r(Kp) lr(K'(~2).) r , / r l  
VA~.U~ CL% DOCUMENT ID TEEN CHG (~QMMENT 

<0.17 95 ASTON 84 LASS 0 11 K - p  ~ K--'O21rn 

r(K.)lr(K'(892).) r=/rl 
VALUE CL~ DOCUMENT ID T~CN CHG COMMENT 

<0.16 95 ASTON 84 LASS 0 11 K - p  ~ K-O27rn 

r(K,,)/rt== r=/r 
VALUE DOCUMENT ID TECN CHG COMMENT 

0.0r ASTON 88 LASS 0 11 K - p  ~ K - ~ r + n  

K*(1410) REFERENCES 
BIRD B9 SLAC-332 (SLAC) 
ASTON 88 NP B296 493 +Awaii, Bienz, Bird+ (SLAC, NAGO, CINC, INUS) 
ASTON 87 NP B292 693 +Awaji, D'Amore+ (SLAC, NAGO, CINC, INUS ) 
ASTON 84 PL 149B 258 +Carnegie, Dunwoodie+ (SLAC, CARL, OTTA)JP 
BAUBILLIER 82B NP B202 21 + (BIRM. CERN, GLAS, MSU, CURIN) 
ETKIN 80 PR D22 42 +Foley, Ulrdenbaum, Kramer+ (BNL, CUNY)JP 

I K~(1430) I '(JP) = �89 
See our minireview in the 1994 edition and in this edition under the 
f0(1370). 

/ .  K~o(1430 ) MASS 

VALUE (MeV} DOCUMENT ID TECN CHG COMMENT 

1429 4- 44-5 1ASTON 88 LASS 0 11 K -  p ~ K -  lr + n 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1415 :E25 2ANISOVICH 97C RVUE 11 K - p ~  K - l r + n  | 
..~ 1450 3 TORNQVIST 96 RVUE l r l r  - *  7rTr, K K ,  K~r 

1430 BAUBILLIER 84B HBC - 8.25 K - p  ~ -KOTr-p  
1425 4,5 ESTABROOKS 78 ASPK 13 K :E p ~ K • lr 4- (n ,  A )  

1450.0 MARTIN 78 5PEC 10 K •  ~ K O l r p  

1 Uses a model for the background, wi thout  this background they get a mass 1340 MeV, 
where the phase shift passes 90 ~ . 

2 T-matr ix pole. Reanalysls of ASTON 88 data. i 
3 T-matr ix  pole. 
4 Mass defined by pole position. 
5 From elastic K~r partial-wave analysis. 

K~o(1430 ) WIDTH 

VALUE (MeV) DOCUMENT ID "FECAl CH_.~G COMMENT 

2117-t-104-r ASTON 88 LASS 0 11 K -  p ~ K -  7r + n 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

330+50 6ANISOVICH 97c RVUE 11 K - p - . - ,  K - * §  
320 7 TORNQVIST 96 RVUE l r l r  --* l r . ,  K K ,  K~r 
200 BAUBILLIER 84B HBC 8.25 K - p  ~ K--'Olr-p 
200 to 300 8 ESTABROOKS78 ASPK 13 K •  --, K •  

ST-matr ix  pole. Reanalysls of ASTON 88 data. 
7 T-matr ix pole. 
8 From elastic K ~r partial-wave analysis. 

K~o(1430 ) DECAY MODES 

Mode Fraction ( l ' i / f " )  

F 1 K~r (93:E 10) % 

K~(1430) BRANCHING RATIOS 

r(K,r)/r=,,, 
VALUE QQCUMENT ID TECN CH~ COMMENT 

0.9~l'4"0.04"4"0,0g ASTON 88 LASS 0 11 K -  p --* K -  7r + n 

rdr 

K~(1430) REFERENCES 

ANISOViCH 97C PL B413 137 
TORNQVIST o~ PRL 76 1575 +Roos (HELS) 
ASTON 88 NP B296 493 +A'/~ji, Bienz, Bird+ (SLAC, NAGO, CINC, INUS) 
BAUBILLIER 84B ZPHY C26 37 + (BIRM, CERN, GLAS, MICH, CURIN) 
ESTABROOKS 7B NP B133 490 +Carnegie+ (MCGI, CARL, DURH, SLAC) 
MARTIN 78 NP B134 392 +SMmada. Batdi, Bohdnger+ (DURH, GEVA ) 

OTHER RELATED PAPERS 

TORNQVIST 82 PRL 49 624 (HELS) 
GOLDBERG 69 PL 30B 434 +Huffer, Laloum+ (SABRE Co,lab,) 
TRIPPE 68 PL 2BB 203 +Chien, Malamud, Mellema, Schleln+ (UCLA) 



See key on page 213 

I K;(1430) I '(~P) = �89 
W e  consider t ha t  phase-shif t  analyses provide more reliable determi-  
nat ions o f  the mass and width .  

K~2(1430 ) MASS 

CHARGED ONLY, WITH FINAL STATE Klr 
VALUE (MeV) EVT5 DOCUMENT ID . TECN CI4G COMMENT 
1425.64- 1.5 OUR AVERAGE Error Includes scale factor of  1.1. 
1420 ~: 4 1587 BAUBILLIER 84B HBC - 8.25 K - p  

NO~-p 
1436 • 5.5 400 1 ,2CLELAND 82 SPEC + 3 0 K + p ~  KOlr-}'p 
1430 • 3.2 1500 1,2 CLELAND 82 SPEC + 50 K + p  ~ K ~ l r + p  
1430 • 3.2 1200 1 ,2CLELAND 82 SPEC - 50 K + p  ~ K ~ - P ' s  
1423 • 5 935 TOAFF  81 HBC - 6 . S K - p ~  K--~O~r-p 
1428.0•  4.6 3 M A R T I N  78 SPEC + 10 K •  ~ KO~lrp 
1423.8•  4.6 3 M A R T I N  78 SPEC - 10 K •  KU51r p 
1420.0•  3.1 1400 AGUILAR-.. .  71B HBC - 3.9,4.6 K - p  
1425 • 8.0 225 1,2 B A R N H A M  71C HBC + K + p  ~ KOlr+p 
1416 4.10 220 CRENNELL 69D DBC -- 3 . 9 . ~ - - N - * .  

1 4 1 4 : 5 1 3 . 0  60 1 LIND 69 HBC + 9 K + p  ~ KO~r+p 
1427 •  63 1SCHWEING.. .  68 HBC - 5.5 K -  p ~ K ~ r N  
1423 •  39 1 BASSANO 67 HBC - 4.6-5.0 K - p  

K--%-p 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1423.4•  2 •  2 4 8 0 9 •  4 B I R D  89 LASS - 11 K - p  ~ K~Olr-p 
82O 

NEUTRAL ONLY 
VALUE (MeV) EVT5 DOCUMENT ID TECN CHG COMMENT 
1432.44- 1.3 OUR AVERAGE 
1431.2•  1.84. 0.7 5 A S T O N  88 LASS 0 11 K - p  ~ K - ~ r + n  
1434 4. 4 4- 6 5 ASTON 87 LASS 0 11 K - p  

K 0 1 r +  l r - / 1  
1433 • 6 •  5 A S T O N  84B LASS 0 11 K - p  ~ KO2~rn 
1471 •  5 BAUBILLIER 82B HBC 0 8.25 K - p  

N KO ~r ~r 
5 A S T O N  81C LASS 0 11 K - p  ~ K - ~ r + n  

1434 • 2 5 E S T A B R O O K S 7 8  ASPK 0 1 3 K •  pK~r 
1440 •  5 BOWLER 77 DBC 0 5.5 K + d  ~ K~rpp 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1420 • 7 300 HENDRICK 76 DBC 8.25 K § N 
K+~rN 

1421.6•  4.2 800 MCCUBBIN 75 HBC 0 3,6 K - p  ~ K - ~ r + n  
1420.1•  4.3 6 LINGLIN 73 HBC 0 2-13 K + p  

K + ~ - X  
1419.1•  3.7 1800 AGUILAR-._ 71B HBC 0 3.9,4.6 K - p  
1416 • 6 600 CORDS 71 DBC 0 9 K + n ~  K + ~ r - p  
1 4 2 1 1 •  2.6 2200 DAVIS 69 HBC 0 12 K + p  ~ K + ~ r - X  

1 Errors enlarged by us to' F / v 'N ;  see the note with the K* (892)  mass. 
2 Number of  events in peak re-evaluated by us. 
3Systematic error added by us. 
4From a partial wave amplitude analysis. 
S From phase shift or partial-wave analysis. 
6 From pole extrapolation, using world K + p  data summary tape. 

1428 "i" 3 

K~(1430) WIDTH 

CHARGED ONLY, WITH FINAL STATE Klr 
VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT 
r 2.7 OUR FIT  Error includes scale factor of  1.1. 
9gJJ4- 2.9 OUR AVERAGE Error includes scale factor o f  1.1. 

109 -+-22 400 7,8 CLELAND 82 SPEC + 30 K + p  ~ KO~r+p 
124 :512.8 1500 7 ,gCLELAND 82 SPEC + S O K + p ~  KOTr+p 
113 4-12.8 1200 7,8 CLELAND 82 SPEC - 50 K+P  ~ K~vr-P's 

85 + 1 6  935 TOAFF  81 HBC -- 6.5 K--p  ~ K--O~r-p 
96.54- 3.8 M A R T I N  78 SPEC + 10 K4.p ~ KO~lrp 
97.7•  4.0 M A R T I N  78 SPEC - 10 K •  ~ KU57r p 

94.7_+~5:= 1 1400 AGUILAR .... 71B HBC - 3.9,4.6 K - p  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

98 4. 4 •  248094- 9 B I R D  89 LASS - 1 1 K - p ~  K O l r - p  
82O 
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Meson Particle Listings 
K;(1.3O) 

NEUTRAL ONLY 
VALUE (MeV) EVT$ DOCUMENT ID TECN CHG COMMENT 
109 4- 8 OUR AVERAGE Error includes scale factor o f  1.9. See the ideogram below. 

116.54- 3.64. 1.7 1 0 A S T O N  88 LASS 0 11 K - p  ~ K - l r -Fn  
129 + 1 5  4.15 1 0 A S T O N  87 LASS 0 11 K - p  

K--0~+~- 
131 4-24 4-20 1 0 A S T O N  84B LASS 0 11 ~ 0  27r p 
143 •  10 BAUBILLIER 82B HBC 0 8.25 K - p  

N KO lr lr 
98 4. 8 I O A S T O N  81C LASS 0 11 K - p  ~ K - T r + n  

140 :530 1 0 E T K I N  80 SPEC 0 6 K - p ~  

98 • 5 10 ESTABROOKS 78 ASPK 0 13 K4.p ~ pKTr 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

125 4.29 300 7 HENDRICK 76 DBC 8.25 K § N 
K+  ~r N 

116 •  800 MCCUBBIN 75 HBC 0 3.6 K - p  ~ K - I r + n  
61 4-14 11 LINGLIN 73 HBC 0 2-13 K + p  

K + ~ - X  
1166  +10"3  1800 AGUILAR-.. .  718 HBC 0 3.9,4.6 K - p  

' --15.5 
144 4.24.0 600 7CORDS 71 DBC 0 9 K + n  ~ K + ~ r - p  
101 •  2200 DAVIS 69 HBC 0 12 K + p 

K+~r-Tr+ p 

WEIGHTED AVERAGE 
109~5 (Error scaled by 1.9) 

t-, 

I 

5O 100 

~ 2  

. . . . . . . . . . . .  ASTON 88 LASS 3.6 
"~ - ASTON 87 LASS 0.9 

. . . . . .  ASTON 84B LASS 0.5 
I . . . BAUBILLIER 82B HBC 1.0 

. . . . . . . . . . .  ASTON 81C LASS 1.9 
[ . . . .  ETKIN 80 SPEC 1.1 

. . . . . . . . . . .  ESTABROOKS 78 ASPK 4.8 
13.7 

(Confidence Level = 0.033) 
I 

150 200 250 

K ~ ( 1 4 3 0 )  0 w id th  ( M e V )  

7 Errors enlarged by us to 4F /v 'N ;  see the note with the K* (892 )  mass. 
8 Number of events In peak re-evaluated by us. 
9 From a partial wave amplitude analysis. 

10 From phase shift or partial-wave analysis. 
11 From pole extrapolation, using world K + p data summary tape. 

Mode 

K~2(1430) DECAY MODE5 

Fraction ( I ' / /F )  
Scale factor /  

Confidence level 

F 1 K ~  (49.94-1.2) % 

F 2 K * ( 8 9 2 ) T r  (24.74-1.5) % 

F3 K * ( 8 9 2 ) T r  ~ (13.44-2.2) % 

F 4 Kp ( 8 . 7 4 - 0 . 8 )  % 

I-5 K~d ( 2 . 9 •  % 

F6 K+7 ( 2 . 4 •  x 10 - 3  

F7 K~ ( 1.s_+~io 4)• lO-3 
F 8 K ~ / r  < 7.2 x 10 - 4  

[-9 K0"7  < 9 x 10 - 4  

S=1.2  

S=1.1  

S=1.3  

CL=9S% 

C L = 9 0 %  
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Meson Particle Listings 
K~(1430)  

CONSTRAINED FIT INFORMATION 
An overall f i t to the total width, a partial width, and 10 branching 
ratios uses 31 measurements and one constraint to determine 8 
parameters. The overall fit has a X 2 = 20.2 for 24 degrees of 
freedom. 

The following off-diaEonal array elements are the correlation coefficients 

Iap i~p31/ (ap~.~p j ) ,  in percent, from the fit to parameters pi, including the branch- 

in K fractions, x~ =- r J l ' t o ta  I. The fit constrains the x~ whose labels appear in this 
array to sum to one. 

x 2 - 9  

x 3 - 4 0  - 7 3  

x 4 - 8  36 - 5 2  

x 5 - 1 1  - 3  - 2 6  - 7  

x 6 - 1  - 1  - 1  - 1  0 

x 7 - 4  - 7  - 5  - 5  - 2  0 

r 0 0 0 0 0 - 1 3  0 

X 1 X2 X3 X4 X5 xe x7 

Mode Rate (MeV) Scale factor 

I- 1 K ~  49.1 4-1.8 
r2 K*(892)~r  24.3 4-1.6 
r 3 K * ( 8 9 2 ) ~ r  13.2 4-2.2 

r4 Kp 8.5 • 112 
r 5 K ~  2.9 4-0.8 
I" 6 K + " /  0.24• 1.1 

1"7 K g  0 1 ;+0 '33 1.3 ' - - 0 , 1 0  

K~(1430) PARTIAL WIDTHS 

r(K+~) r, 
VALUE (keV) DOCUMENT ID TECN CHG COMMENT 
241"1"E0 OUR FIT Error includes scale factor of 1.1. 
240-I-48 CIHANGIR 82 SPEC + 200 K + Z  ~ Z K + ~  O, 

z KO ~r + 

r(K%) r~ 
VALUE (keV) CL.__%_~ DOCUMENT ID TECN CHG COMMENT 

<84 90 CARLSMITH 87 SPEC 0 60-200 KOA --+ 
KO~0A 

K.~(1430) BRANCHING RATIOS 

r(K.)/rto~, 
VALUE DOCUMENT ID TE(N CH.~G COMMENT 
0A99~-0~12 OUR FIT 
0.4118~0.014 OUR AVERAGE 
0.4854-0.006• 12ASTON 88 LASS 0 11 K - p  ~ K - ~ + n  
0.49 4-0.02 12 ESTABROOKS 78 ASPK • 13 K4-p ~ pK~: 

r l /r  

r(K'(e92).)/r(K.) r2/rl 
VALUE D(~CUMENT ID TECN CHG COMMENT 
o.4Hle-I-o.oa4 OUR FIT 
0.47 :t:0.04 OUR AVERAGE 
0.44 ~0.09 ASTON 84B LASS 0 11 K - p  ~ KO2~rn 
0.62 ~-0.19 LAUSCHER 75 HBC 0 10,16 K - p  ~ K - l r + n  
0.54 ~0.16 DEHM 74 DBC 0 4.6 K + N 
0.47 ~0.08 AGUILAR-... 71B HBC 3.9,4.6 K - p  
0.47 • BASSANO 67 HBC - 0  4.6,5,0 K - p  
0.45 4-0.13 BADIER 65C HBC - 3 K - p  

r(K,)lr(K,) ro/rl 
VALUE DOCUMENT ID T~C N CHG COMMENT 
0.089-1-0D17 OUR FIT 
0.0704-0.0~i OUR AVERAGE 
0.05 4-0.04 AGUILAR-.., 71B HBC 3.9,4.6 K - p  
0.13 4-0.07 BASSOMPIE... 69 HBC 0 5 K + p  

r(Kp) lr(KTr) r4/rl 
VALUE DOCUMENT ID TECN CHG COMMENT 
0.174"1"0JB17 OUR FIT Error includes scale factor of 1.2. 

0 150 "t'O'0g9 '~*'= AVERAGE " - 0 D 1 7  ~ "  

0,18 4-0.05 ASTON 84B LASS 0 11 K - p  ~ K--O2~n 

0.02 +0.10 -0.02 DEHM 74 DBC 0 4.6 K + N 

0.16 4-0.05 AGUILAR-... 71B HBC 3.9,4.6 K - p  
0.14 +0.10 BASSANO 67 HBC - 0  4.6,5.0 K - p  
0.14 -:-0.07 BADIER 65C HBC - 3 K - p  

r(Kp)/r(K*(~).) r4/r2 
VALU E DOCUMENT ID TECN CHG ~OM~f~NT 
O.~)O-kOJ~l OUR FIT Error includes scale factor of 1.4. 
0.14-1-0.0~ OUR AVERAGE Error includes scale factor of 1.4. See the Ideogram below. 
0.293+0.0324-0.020 ASTON 87 LASS 0 11 K - p  --~ ~ - 0 ~ + . -  n 
0.38 • BAUBILLIER 82B HBC 0 8.25 K - p  --~ NKOs1rlr 

l 

0.39 • DAUM 81C CNTR 63 K - p  ~ K - 2 ~ p  

r(K~)/r(x'(m).) r~/r~ 
VALUE DOCUMENT ID TECN CH__.~G COMMENT 
0.1111:1:0.W4 OUR FIT 
0.10 ::]:0.O4 FIELD 67 HBC - 3.8 K - p  

r(K~)/r(K'(S92),) rT/r= 
VALUE DOCUMENT I0 TECN CHG COMMENT 

0.006+00:~)~ OUR FIT Error Includes scale factor of 1.2. 

0.07 ::i::0.04 FIELD 67 HBC - 3.8 K - p  

r(K~)lr(K,) rT/rl 
VALUE CL~ DOCUMENT ID TECN CHG COMMENT 

0 . 0 ~ 0 ~ 0  OUR FIT Error Includes scale factor of 1.3. 

0 -1-0.0~ 13ASTON 88B LASS - 11 K - p - - ~  K - ~ l p  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.O4 95 AGUILAR-... 71B HBC 3.9,4.6 K - p  
<0.065 14 BASSOMPIE... 69 HBC 5.0 K + p  
<0.02 BISHOP 

r(K'lm)..)/r~., 
VALUE DOCUMENT ID 
0 . 1 5 4 : 1 : 0 ~  OUR FIT 
O.12 -I-0.O4 15 GOLDBERG 

r(K.(m). .) / r(K.)  
VALUE DOCUMENT ID 
0.27"1"0~ OUR FIT 

69 HBC 3.5 K +  p 

rs/r 

0.21.k0.08 14,15 JONGEJANS 78 HBC - 4 K -  p ~ p K - - ' O ~  

r(K~.)/r~.l r,/r 
VALUE (units 10 -3) CL~ E V T 5  DOCUMENT ID TECN COMMENT 

<0,72 95 0 JONGEJANS 78 HBC 4 K - p  ~ pK  - '04~ 

12 From phase shift analysis. 
13 ASTON 88B quote < 0.0092 at CL=95%. We convert this to a central value and 1sigma 

error In order to be abe to use It In our constrained fit. 
14 Restated by us. 
15 Assuming x ~  system has Isospln 1, which Is supported by the data. 

T~N CHG COMMENT 

76 HBC - 3 K - p - - ~  p ~ O ~  

rs/r~ 
TECN CHG COMMENT 
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BIRD 89 
ASTON 88 
ASTON 5aB 
ASTON 87 
CARLSMITH 87 
ASTON 84B 
BAUBILUER 84B 
BAUBILUER 82B 
CIHANGIR 82 
CLELAND 82 
ASTON 81C 
DAUM 81C 
TOAFF 81 
ETKIN 80 
ESTABROOKS 78 

AlSO 78B 
JONGEJANS 78 
MARTIN 78 
BOWLER 77 
GOLDBERG 76 
HENDRICK 76 
LAUSCHER 75 
MCCUBBIN 75 
DEHM 74 
LINGLIN 73 
AGUILAR-... 7LB 
BARNHAM 71C 
CORDS 71 
BASSOMPIE.. 69 
BISHOP 69 
CRENNELL 69D 
DAVIS 69 
LIND 69 
SCHWEING.. 68 

AlSO 67 
BASSANO 67 
FIELD 67 
BADIER 65C 

ATKINSON 86 
BAUBILLIER 52B 
CHUNG 65 
FOCARDI 65 
HAQUE 65 
HARDY 65 

K;(1430) REFERENCES 

SLAC-332 (SLAC) 
NP B296 493 +Awaji, Bienz, Bird+ (SLAC, NAGO. CINC, INUS) 
PL 8201 169 +Awaji, Bienz+ (SLAC, NAGO, CINC, INUS) 
NP B292 693 +A~j i ,  D'Amore+ (SLAC, NAGO, CINC, INUS) 
PR D36 3502 +Bemstein, Book, Coupal, Peyaud, Tuday+ (EFI, SACL) 
NP B247 261 +Carnegie, Dun~odie+ (SLAC, CARL, OTTA) 
ZPHY C26 37 + (BIRM, CERN. GLAS, MICH, CURIN) 
NP B202 21 + (BIRM, CERN, GLAS, MSU, CURIN) 
PL 117B 123 +Berg, Bier, Chandlee+ (FNAL, MINN, ROCH) 
NP B208 189 +Delfmse, Dolsaz, GIoor (DURH, GEVA, LAUS, PITT) 
PL 106B 235 +Carnegie, Dunwoodie+ " (SLAC, CARL, OTTA)JP 
NP B187 1 +Her tzberger+  (AMST. CERN, CRAC, MPIM, OXF+) 
PR D23 1 5 0 0  +Musgrave, Ammar, Day(s, Ecklund+ (ANL. KANS) 
PR D22 42 +Foley, Lindenbaum, Ktamer+ (8NL, CUNY)JP 
NP B133 490 +Carnegie+ (MCGh CARL, DURH, SLAC) 
PR D17 658 Estabrooks, Carnegie+ (MCGI, CARL, DURH+) 
NP B139 383 +Cerrada+ (ZEEM, CERN, NIJM, OXF) 
NP B134 392 +Shimada, Baldl, Bohrlnger+ (DURH, GEVA) 
NP B126 31 +Oainton, Drake, Williams (OXF) 
LNC 17 253 (HALF) 
NP Bl12 189 +Vignaud, Budaud+ (MONS, SACL. PARIS, BELG) 
NP B86 189 +Otter, Wieczotek+ (ABCLV Collab.) JP 
NP B86 13 +Lyons (OXF) 
NP B75 47 +Gocbel, Wittek+ (MPIM, BRUX, MONS. CERN) 
NP B55 408 (CERN) 
PR D4 2 5 8 3  Aguilar-Benitez. Eisner, K[nson (BNL) 
NP B28 171 +Colley. Jobes, Griffiths, Hughes+ (BIRM, GLA5) 
PR D4 1974 +Carmony, EnNin, Melere+ (PURD, UCD, IUPU) 
NP B13 189 Bassompierre+ (CERN, BRUX)JP 
NP B9 403 +Goshaw. Erwin, Walker (WISE) 
PRL 22 487 +Karshon, Lai. O'Neall, Scan (BNL) 
PRL 23 1071 +Derenzo, Flatte, Garnjost, Lynch, Solmitz (LRL) 
NP B14 1 +Alexander, Firestone, Fu, Go~dhaber (LRL)JP 
PR 166 1 3 1 7  SchwHngruber, Derrick, Fields+ (ANL, NWES) 
Thesis Schweingruber (NWES, NWES) 
PRL 19 968 +Go~dberg, Coz, Barnes, Leather+ (BNL, SYRA) 
PL 24B 638 +Henddcks, Piccioni, Yaser (UCSD) 
PL 19 612 +Demoulln, Goldberg+ (EPOL, SACL, AMST) 

OTHER RELATED PAPERS 
ZPHY C30 521 + (BONN. CERN, GLAS. LANE, MCHS, CURIN+) 
NP B202 21 + (BIRM. CERN, GLAS, MSU, CURIN) 
PRL 15 325 +Dahl, Hardy, Hess, Jacobs, Kirz (LRL) 
PL 16 351 +Ranzi, Serra+ (BGNA, SACL) 
PL 14 338 Hague+ 
PRL 14 401 +Chung, Dahl, Hess, Kirz, Miller (LRL) 

I K(146o)1 : 
OMITTED FROM SUMMARY TABLE 

Observed in K1r~r part ia l -wave analysis. 

K(1460) MASS 

VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1460 DAUM 81c CNTR - 63 K - p  ~ K - 2 ~ p  
1400 1 BRANDENB...  76B ASPK -i- 13 K~:p  ~ K + 2 ~ p  

1Coupled mainly to K f0(1370). Decay into K* (892)~  seen. 

K(1460) WIDTH 

VALUE (MeV) DOCUMENT ID "FECAl CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

260 DAUM 01c CNTR - 63 K -  p --* K -  2~p 
~ 2 5 0  2BRANDENB. . .  76BASPK • 1 3 K •  K+21rp  

2Coupled mainly to K f0(1370 ). Decay Into K* (892 )~  seen. 

K(1460) DECAY MODES 

Mode Fraction (rl/r) 

rz K*(892)~ seen 
r 2 Kp seen 
r 3 K~(1430)~t seen 

479 

Meson Particle Listings 
K;(1430), K(1460), K2(1580) 

K(1460) PARTIAL WIDTHS 

r(K*(gS2)lr) r l  
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, I|mits, etc. �9 �9 �9 

109 DAUM 81c CNTR 63 K - p  ~ K - 2 ~ p  

r(Kp) r= 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

~ 3 4  DAUM 81c CNTR 63 K - p ~  K - 2 ~ p  

r(~o(Z~o).) r~ 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

117 DAUM 81C CNTR 63 K - p  ~ K - 2 1 r p  

K(1460) REFERENCES 

DAUM 81C NP B187 1 +Her tzberser+ (AMST, CERN, CRAC, MPIM, OXF+) 
BRANDENB... 76B PRL 36 1239 Brandenburg. Carnegie, Cashmo~e+ (SLAC) JP 

OTHER RELATED PAPERS 
BARNES 82 PL Bl16 365 +Close (RHEL) 
TANIMOTO 82 PL 116B 198 (BIEL) 
VERGEEST 79 NP B158 265 +Jongejans, Dionisi+ (NIJM. AMST. CERN, OXF) 

OMITTED FROM SUMMARY TABLE 
Seen in partial-wave analysis of the K-  Ir + 7r- system. Needs con- 
firmation. 

K2(ZSeO) MASS 
VALUE (MeV} DOCUMENT ID CHG COMMENT 

�9 �9 �9 We do not Use the following data for averages, fits, l imits, etc, �9 �9 �9 

1580 OTTER 79 - 10,14,16 K - p  

K2(lrdl0) WIDTH 

VALUE (MeV} DOCUMENT ID CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

110 OTTER 79 - 10,14.16 K - p  

K2(1580) DECAY MODES 

Mode Fraction ( l ' l / r )  

r I K * ( 8 9 2 ) T r  seen 

r2  K~(1430)T r  p o . l b l y  seen 

K=(I~I0) BRANCHING RATIOS 

r(K.(m),r) /r~,  
VALUE DOCUMENT ID TEEN CHG COMMENT 

OTTER 79 HBC - 10,14,16 K - p  

r(K~=(143O) lr)/rtml 
VALUE DOCUMENT ID TEEN CHG COMMENT 

p(mllbly i ron OTTER 79 HBC - 10,14,16 K -  p 

r l / r  

rz/r  

OTTER 

K2(lrtO) REFERENCES 

79 NP B147 1 +Rudolph+ (AACH3, BERL, CERN, LOIC, WIEN) JP 
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Meson Particle Listings 
K (16so), K*(168o), K2(17TO) 

OMITTED FROM SUMMARY TABLE 
This entry contains various peaks in strange meson systems ( K  + r 
K ~ r )  reported in partial-wave analysis in the 1600-1900 mass re- 
gion. 

/(i(1650) MASS 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

lU0::EB0 FRAME 86 OMEG + 13 K + p  ~ ~ K + p  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1840 ARMSTRONG 83 OMEG - 18.5 K - p  ~ 3Kp 
1800 DAUM 81c CNTR - 63 K - p  ~ K - 2 1 r p  

/(1(1650) WIDTH 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

150:1:$0 FRAME 86 OMEG + 1 3 K + p - - *  (~K+p 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

250 DAUM 81c CNTR - 63 K - p  ~ K -  21rp 

K~(1650) DECAY MODES 

Mode 

F 1 K ~ r ~  

F 2 K r  

FRAME 86 NP B276 667 
ARMSTRONG 83 NP B221 1 
OAUM 81C NP BlS7 1 

Kt(1650) REFERENCES 

+Hushes, Lynch, Minto, McFadzean+ (GLAS) 
+ (BARI, BIRM, CERN, MILA, CURIN+) 
+Hertzberger+ (AMST, CERN, CRAC, MPIM, OXF+) 

I K*(1680) I ,(.P) = �89 
K'(16e0) MASS 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 
1"n7-1-27 OUR AVERAGE Error includes scale factor of 1.4. 
16774.104.32 ASTON 88 LASS 0 11 K - p  ~ K - ~ r + n  
1735• ASTON 87 LASS 0 11 K - p  ~ -K-O1r+lr-n 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

16784.64 BIRD 89 LASS - 11 K - p  ~ K'Q~r-p 
18004.70 ETKIN 80 MPS 0 6 K - p  ~ KO~r+ l r -  n 
1650 ESTABROOKS 78 ASPK 0 13 K4.p ~ K4.1r • n 

K'(1680) WIDTH 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 
322-1-110 OUR AVERAGE Error includes scale factor of 4.2. 
205 4. 164.34 ASTON 88 LASS 0 11 K - p  ~ K - ~ r + n  
4234. 184.30 ASTON 87 LASS 0 11 K - p ~  K--'O~t+Ir-n 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

4544.270 BIRD 89 LASS - 11 K - p  --, K--Olr-p 
1704. 30 ETKIN 80 MPS 0 6 K - p ~  K--'O~r't'~r-n 
250to300  ESTABROOKS78 ASPK 0 1 3 K 4 . p ~  K4.1r4.n 

.Je 

CONSTRAINED FIT INFORMATION 
An overall f i t  to  4 branching ratios uses 4 measurements and one 

constraint to determine 3 parameters. The overall f i t  has a X 2 = 
2.9 for 2 degrees of freedom. 

"The following off-diagonal array elements are the correlation coe#lclents 

---.(~x~6xJ~/(6x~'6xJ)i in percent, from the f i t  to the branching fractions, 

r j l ' t o t a  I, The f i t  constrains the x~ whose labels appear in this array to sum to 
one. 

x2 I - 3 6  
x 3 - 3 9  - 7 2  

X 1 x 2 

K'(1680) BRANCHING RATIOS 

r(K.) / r to=,,  r l / r  
VALUE DOCUMENT ID TECN CHG COMMENT 
0.387'-1-0.0~6 O U R  F IT  

0_~gS:l:0.014::E0.1022 ASTON 88 LASS 0 11 K - p  ~ K - ~ r + n  

r ( K . )  / r  ( K'(SS2)x) r l / r s  
VALUE p..QCUMENT ID TECN CHG COMMENT 

1 30+0".2~. OUR F IT  �9 --OJ.4 

2.8 4-1.1 ASTON 84 LASS 0 11 K - p  -.~ -K"O2~n 

r (Kp) /r (K.)  r=/rl 
VALUE DOCUMENT ID TECN CHG COMMENT 

o .+o:~  our F,T 
1.2 4-0.4 ASTON 84 LASS 0 11 K - p  ~ -KO21rn 

r (Kp)/r (K" (8921 x) r=/rs 
VALUE DOCUMENT ID TECN CHG COMMENT 

1 05+0"-2"~- OUR F IT  �9 --0.AL 

0.97:1:0.09"1"00.1"~0 ASTON 87 LASS 0 11 K-p 'R'0.A.+, - n 

K*(1680) DECAY MODES 

Mode Fraction ( r / / r )  

F 1 K~ (38.7 + 2,5) % 
r 2 K p  (31 a+4"7~ % 

'~ -2 ,1 /  

r 3 K*(892)~" (2g.9_+2: 2) % 

K*(1680) REFERENCES 

T H E  K 2 ( 1 7 7 0 )  A N D  T H E  K~(1820)  

A partial-wave analysis of the K - w  system based on about  

100,000 K - p  ~ K-wp  events (ASTON 93) gives evidence for 

two qq D-wave states near 1.8 GeV. A previous analysis based 

on about  200,000 diffractively produced K - p  ~ K-Tr+Tr-p 

events (DAUM 81) gave evidence for two JP = 2-  states in this 

region, with masses ~ 1780 MeV and ~ 1840 MeV and widths 

,,, 200 MeV, in good agreement with the results of ASTON 93. 

In contrast, the masses obtained using a single resonance do not 

agree well: ASTON 93 obtains 1728 =E 7 MeV, while DAUM 

81 estimates ,,~ 1820 MeV. We conclude tha t  there ave indeed 

two K2 resonances here. 

We list under the K2(1770) other measurements tha t  do 

not resolve the two-resonance structure of the enhancement.  

BIRD 89 SLAC-332 (SLAC) 
ASTON 88 NP B296 493 +Awaji. Bienz. Bird+ (SLAC. NAGO. CINC. INUS) 
ASTON 87 NP B292 693 +AwaJi, D'Amore+ (SLAC, NAGO, CINC, INUS) 
ASTON 84 PL 149B 258 +Carflegie. Dunwoodie+ (SLAC. CARt. OTTA)JP 
ETKIN 80 PR D22 42 +Foley, Lindenbaum, Kramer+ (BNL, CUNY) JP 
ESTABROOKS ?S NP 8133 490 +Carnegie+ (MCGI, CARL, DURH, SLAC)JP 
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K=(1770) MASS 

VALUE {MeV} EVTS DOCUMENT ID TECN CHG COMMENT 

17734- 8 1ASTON 93 LASS 1 1 K - p ~  K-o~p 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

18104-20 FRAME 86 OMEG + 13 K + p  ~ ~pK+p 
1730 ARMSTRONG 83 OMEG - 18.5 K -  p ~ 3Kp 
1780 2 DAUM 81C CNTR - 63 K -  P ~ K -  2~rp 
1710:E15 60 CHUNG 74 HBC ~ 7.3 K - p  ~ K - ~ p  
1767• 6 BUEDEN 72 MMS - 11-16 K - p  
17304-20 306 3 FIRESTONE 72B DBC ' + 12 K + d 
17654-40 4COLLEY 71 HBC "+ 10 K + p  ~ K2~rN 
1740 DENEGRI 71 DBC - 12.6 K - d  ~ -K2~rd 
17454-20 AGUILAR-... 70C HBC - 4.6 K - p  
17804-15 BARTSCH 70C HBC - 10.1 K - p  
1760:E15 LUDLAM 70 HBC - 12.6 K -  p 

1 From a partial wave analysis of the K -  ~ system. 
2 From a partial wave analysis of the K -  2~r system, 
3 Produced In conjunction wi th excited deuteron. 
4Systematic errors added cocrespond to spread of different fits. 

/(2(1770) WIDTH 

VALUE (MeV) EVT$ DOCUMENT ID TECN CHG COMMENT 

186"1-14 5ASTON 93 LASS 1 1 K - p ~  K - ~ p  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1404-40 FRAME 86 OMEG + 13 K + p  ~ ~ K + p  
220 ARMSTRONG 83 OMEG - 18.5 K -  p ~ 3Kp 
210 6 DAUM 81C CNTR - 63 K - p  -*  K-2~rp 
1104-50 60 CHUNG 74 HBC - 7.3 K - p  ~ K-o~p 
1004-26 BUEDEN 72 MMS - 11-16 K - p  
210:J:30 306 7 FIRESTONE 72B DBC + 12 K + d  

904-70 8 COLLEY 71 HBC + 10 K + p  ~ K2~rN 
130 DENEGRI 71 DBC - 12,6 K - d  ~ -K2~rd 
1004-50 AGUILAR-... 70C HBC - 4.6 K- -p  
138•  BARTSCH 70C HBC - 10.1 K - p  

50 + 4 0  LUDLAM 70 HBC - 12.6 K - p  i ~ U  

5 From a.partlal wave analysis of the K - ~  system. 
6 From a partial wave analysis of the K - 2 ~ r  system, 
7 Produced In conjunction wi th excited deuteron. 
8 Systematic errors added correspond to spread of different fits, 

K~(1770) DECAY MODES 

Mode Fraction ( r l / r )  

r I K~r~r 
r 2 K~(1430)~r dominant 
r 3 K*(892)~r seen 
r4 K f2(1270) seen 
r s K ~ seen 
r 6 Kcd seen 

K2{1770) BRANCHING RATIOS 

r ( K ~ ( 1 4 3 0 ) . ) / r ( K . . )  
(K~(1430)- -*  K~r) 

VA~.~]~ DOCUMENT ID TECN CHG CQMM~I~T 
�9 �9 �9 We do not use the followln S data for averages, fits, l imits, etc. �9 �9 �9 

0.03 DAUM 81C CNTR 63 K - p  -+ K-21rp 
1.0 9 FIRESTONE 72B DBC + 12 K + d 

<1,0 COLLEY 71 HBC 10 K + p  
0.2 4-0.2 AGUILAR-... 70C HBC - 4.6 K - p  

<1.0 BARTSCH 70C HBE - 10.1 K - p  
1.0 BARBARO-... 69 HBC + 12.0 K + p  

9 Produced in conjunction wi th excited deuteron. 

I ' (K*(892) f r ) / r (K~ rx )  
VALUE DOCUMENT ID TEEN COMMENT 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

~ 0 . 2 3  DAUM 81C CNTR 63 K - p  --~ K-21rp 

r(xr=0=70))/r(K..) 
( f2(1270)--~ ~r~) 

VALUE DOCUMENT ID TEEN COMMENT 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

~ 0 . 7 4  DAUM 81c CNTR 63 K - p  ...* K-27rp 

r (K~) / r tm l  
VALUE DOCUMENT ID TEEN CHG COMMENT 

r=/r~ 

rs/rl 

r4 / r l  

rs / r  

ARMSTRONG 83 OMEG - ~ 8 . S K - p ~  K - ( b N  

M eso n 
481 

Particle Listings 
K2(1770), K;(1780) 

r(K~)/r==, rg/r 
VALUE DOCUMENT ID T~C N CHG COMMENT 
seen OTTER 81 HBC 4- 8.25.10,16 K4-p  

seer CHUNG 74 HBC - 7 . 3 K - p ~  K - ~ p  

K2(1770) REFERENCES 

ASTON 93 PL B308 186 +Bienz, Bird+ (SLAC, NAGO, CINC, INUS) 
FRAME 86 NP B276 667 +Hughes, Lynch, Minto, McFadzean+ .- (GLAS) 
ARMSTRONG 83 NP B221 1 + (BARI, BIRM, CERN, MILA, CURIN+) 
DAUM 81C NP B187 1 +Her tzberger+  (AMST, CERN, CRAC, MPIM, OXF+) 
OTTER 81 NP B181 1 (AACH3. BERL, LOiC, VIEN, BIRM, BELG, CERN+) 
CHUNG 74 PL 51B 413 +Eisner, Protopopescu, Samios, Strand (BNL) 
BLIEDEN 72 PL 39B 668 +Finocchiaro, Bowen, Eades+ (STON, NEAS) 
FIRESTONE 72B PR D5 505 +Goldhaber, Lissauer. Trilling (LBL) 
COLLEY 71 NP B26 71 +Jobes, Kenyon, Pathak, Hughes+ (BIRM, GLAS) 
DENEGRI 71 NP B28 13 +Antich, Callahan, Carson, Chlen, Cox+ (JHU) JP 
AGUILAR-... 70C PRL 25 54 Agu~lar-Benitez, Barnes, Bassano, ChunK+ (BNL) 
BARTSCH 70C PL 33B 186 +Deutschmann+ (AACH, BERL, CERN, LOIC, VIEN) 
LUDLAM 70 PR D2 1234 +Sandweiss, Slaughter (YALE) 
BARBARO-.. 69 PRL 22 1 2 0 7  Barbaro-Gaitieri, Davis, Flatte+ (LRL) 

OTHER RELATED PAPERS 
BERLINGHIERI 67 PRL 18 1087 +Farber, Ferbel, Forman (ROCH)I 
CARMONY 67 PRL 18 615 +Hendficks, Lander (UCSD) 
JOBES 67 PL 26B 49 +Bassompierre, DeBaere+ (BIRM, CERN, BRUX) 
BARTSCH 66 PL 22 357 +Deutschmann+ (AACH, BERL, CERN+) 

I K;(1780) I ,c, = �89 

K~(1780) MASS 

VALUE (MeV) EVT5 DOCUMENT ID TEEN CHG COMMENT 
1778:1:7 OUR AVERAGE Error includes scale factor of 1.1. 

17814- 84- 4 1ASTON 88 LASS 0 11 K - p  ~ K-w- t -n  
1740• 1ASTON 87 LASS 0 11 K - p - - ~  

~-0 lr-}- l r -  n 
1779:E11 2 BALDI 76 SPEC + 10 K + p  ~ I~O~r+p 
17764-26 3 BRANDENB...  76D ASPK 0 13 K4"p -~ K4-1rq:N 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

17204-104-15 6111 4BIRD 89 LASS - 
17494-10 ASTON 88B LASS - 
17804- 9 300 BAUBILLIER 84B HBC - 

17904-15 BAUBILLIER 82B HBC 0 

17844- 9 2060 CLELAND 82 SPEC 4- 

17864-15 5ASTON 81D LASS 0 
17624- 9 190 TOAFF 81 HBC - 
18504-50 ETKIN 80 MPS 0 
1812:1:28 BEUSCH 78 OMEG 

17864- 8 (;HUNG 78 MPS 0 

1 1 K - p  ~ -KOlr-p 
1 1 K - p - *  K - r i p  
8.25 K -  p 

~ '0 / t - -  p 

8.25 K -  p 
KO 21r N 

50 K + p  ~ KO~r+ p 

1 1 K - p ~  K - l r + n  
6.5 K - p  ~ -K"O1r-p 
6 K - p ~ -K"O Tr § Tr - 
10 K - p - - ,  

6 K - p ~  K - ~ r + n  

1 From energy-independent partial-wave analysis. 
2From a f i t  to Y62 moment. JP = 3 -  found. 

3 Confirmed by phase shlfl: analysis of ESTABROOKS 78, yields JP = 3 - .  
4 From a partial wave amplitude analysis. 
5 From a'f i t  to the y 0  moment. 

K~(1780) WIDTH 

VALUE {MeV) EVT5 DOCUMENT ID TEEN CHG COMMENT 
1B94"21 OUR AVERAG E Error includes scale factor of 1.3. See the Ideogram below. 

203+304- 8 6ASTON 88 LASS 0 11 K - p  ~ K - l r + n  
1714-424-20 6 ASTON 87 LASS 0 11 K -  p --* 

~ '0~r+ ~r- n 
1354-22 7 BALDI 76 SPEC + 10 K + p  ~ KO1r+p 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

187:E314-20 6111 8 BIRD 59 LASS - 11 K - p  --* ~701r-p 

193+ 51 ASTON 88B LASS - 11 K - p  ~ K - r i p  

99•  300 BAUBILLIER 84B HBC - 8.25 K - p  --~ 
~ 0 x -  p 

130 BAUBILLIER 82B HBC 0 8.25 K - p  
KO 21r N 

191:E24 2060 CLELAND 82 SPEC ~- 50 K + p  --. KOsIr4" p 

225"+'60 9ASTON 81D LASS 0 11 K - p  ~ K - I r + n  
80 190 TOAFF 81 HBC 6 . 5 K - p - *  "[('01r-p 

2404-50 ETKIN 80 MPS 0 6 K - p  ~ "[~'0~+~- 
181•  10 BEUSCH 78 OMEG 1 O K - p - - ,  

-k-O ~ + ~r- n 
96"1"31 CHUNG 78 MPS 0 6 K - p  ~ K - ~ r + n  

2704-70 11 BRANDENB.,.  76D ASPK 0 13 K •  ~ K'I'Ir~FN 

6 From energy-independent parfial-wave analysis. 
7 From a fit to y 2  moment. JP = 3 -  found, 
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K;(1780), K~(1820) 

8From a partial wave ampli tude analysis. 
9 From a f i t  to y 0  moment.  

10 Errors enlarged by us to 41" /v~ ;  see the note wi th the K*(892)  mass. 
11ESTABROOKS 78 find that BRANDENBURG 76D data are consistent wi th 175 MeV 

width.  Not averaged. 

K~(1780) DECAY MODES 

Mode Fraction ( r l / r )  Confidence level 

F 1 K p  (31 4 - 9  ) %  

F 2 K * ( 8 9 2 ) ~ r  (20 4 - s  ) %  

r3 K~r (zs.s:l: 1.o)% 
F4 K~/ (30:1:13 )% 
F 5 K~(1430)~r < 16 % 95% 

CONSTRAINED FIT INFORMATION 

An overall fit to 3 branching ratios uses 4 measurements and one 
constraint to determine 4 parameters. The overall fit has a X 2 = 
0.0 for 1 degrees of freedom. 

The following off-diagonal array, elements are the correlation coefficients 
I#xi#xjl/(#xi.#x~), in percent, from the fit to the branching fractions, x i = 
Fi/Ftota I. The fit constrains the x~ whose labels appear in this array to sum to 

one. 

x 2 85 
x 3 18 21 
x 4 - 9 8  - 9 4  - 2 7  

x~ x 2 x 3 

K;(1780)  BRANCHING RATIOS 

r(Kp)/r(K*(U2)lr) r~Ir= 
VALUE DOCUMENT ID TECN CHG COMMENT 
~[JD-I-O,n OUR FIT 
1JIg:t:0.ZL=b0.10 ASTON 87 LASS 0 11 K - p  --~ - K O l r + l r - n  

r(K'(IB2I~r)IF(K.) rdrs 
VALUE DOCUMENT IO TECN CHG ~QM~fENT 
1.09=1=0.26 OUR FIT 
1.09J,'0.26 ASTON 84B LASS 0 11 K -  p -~ "K 0 2 .  n 

r(Klr)/rtml rdr 
VALUE DOCUMENT ID TECN CHG COMMENT 
0.~II-I-0.010 OUR FIT 
0.188-1-0.010 OUR AVERAGE 
O.1874-0.008+0.008 �9 ASTON 88 LASS 0 11 K - p ~  K - ~ r + n  
O.19 +0.02 ESTABROOKS 78 ASPK 0 13 K4"p  --* K~rN 

r(K~)/r(K~r) r4/rs 
VALUE DOCUMENT ID T~(~ly CHG COMMENT 
1.6 4-0.7 OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.41-1-0.050 12 BiRD 89 LASS - 11 K - p  ~ -KOTr-p 
0.504-0.18 ASTON 88B LASS - 11 K - p  ~ K - l i p  

12This result supersedes ASTON 88B. 

r(~(l~0).)/r(K'(~J2).) 
VALUE ; ~ DOCUMENT ID 

<0,78 95 ASTON 

TECN CHG COMMENT 

87 LASS 0 11 K - p  
R o ~ + . -  n 

rslr= 

K;(1780)  REFERENCES 

BIRD 89 5LAC-332 (SLAC) 
ASTON 88 NP B296 493 +Avail, Bienz, Bird+ (SLAC, NAGO, CINC, INUS) 
ASTON 88B PL B201 169 +Awaji, Bienz+ (SLAG. NAGO, CINC, INUS)JP 
ASTON 87 NP B292 693 +Awaji, D'Amore+ (SLAC, NAGO, CINC, INUS) 
ASTON INB NP B247 261 +Carnellie, Dunwoodle+ (SLAC, CARL, OTTA) 
BAUBILLIER 84B ZPHY C26 37 + (BIRM, CERN, GLAS, MICH, CURIN) 
BAUBILLIER 82B NP B202 21 + (BIRM, CERN, GLAS, MSU, CURIN) 
CLELAND 82 NP 8208 189 +D~fosse, Dor~z, GIo~ (DURH, GevA, LAUS, PITT) 
ASTON 81D PL 99B 502 +Dun~odie. D.+'kln, Fietuth+ (SLAG, CARL, OTTA)JP 
TOAFF 81 PR D23 1SO0 +Mussrave, Arnmar, Davis, Ecklund+ (ANL. KANS) 
ETKIN 80 PR D22 42 +Foley. Lindenbaum, Kramer+ (BNL, CUNY)JP 
BEUSCH 78 PL 74B 282 +Birman, Konigs, Otter+ (CERN, AACH3, ETH)JP 
CHUNG 78 PBL 40 355 +Etkin+ (BNL, BRAN, CUNY, MASA, PENN) JP 
ESTABROOKS 78 NP B133 490 +Carneaie+ (MCGI, CARL, DURH, SLAG)JP 

AlSo 78B PR D17 aSS EstaMooks. Carnegie+ (MCGI, CARL, DURH+) 
BALDI 76 PL 63B 344 +Boehrinser, Dolsaz, Hunserbuhler+ (GEVA) JP 
BRANDENB... 76D PL 60B 478 Brandenburl[ , Carnel[le, Cashmore+ (SLAC) JP 

- -  OTHER RELATED PAPERS 

AGUILAR-.. 73 PRL 30 672 /+gullar-Benitez, Chun s, Eisner+ (BNL) 
WALUCH 73 PR D8 2837 +Flatte, Friedman (LBL) 
CARMONY 71 PRL 27 1160 +Cords. Clopp, Erwln, Meiere+ (PURD, UCD, IUPU) 
FIRESTONE 7t PL 36B 513 +Goldhaber, Lissauer, Trilllnl~ (LBL) 

I K (1820) I -- 
Observed by ASTON 93 from a partial wave analysis of the K - w  
system. See min i - rev iew under K2(1770 ). 

/(=(1820) MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

111164"13 1ASTON 93 LASS 1 1 K - p - ' *  K - o J p  
~ ] J i 4 0  2 D A U M  81C CNTR 63 K - p ' - *  K - 2 ~ p  

1 Fron a partial wave analysis of the K -~a  system. 
2 From a partial wave analysis of the K - 2 1 r  system. 

K2(1820 ) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

~ / 6 4 . ' S  3ASTON 93 LASS 1 1 K - p ~  K - w p  
230 4 DAUM 81C CNTR 63 K -  p --~ K -  21rp 

3 Fron a partial wave analysis of the K - ~  system. 
4From a partial wave analysis of the K - 2 1 r  system. 

Mode 

K2(1820) DECAY MODES 

Fraction (r l / r )  

F1 KTrTr 
F 2 K~(1430)lr seen 
F 3 K*(892)Tr seen 
r 4 K f2(1270 ) seen 
r s K ~,, seen 

K2(1820) BRANCHING RATIOS 

r(~(14.~o),)/r(K,7) rdr~ 
VALUE DOCUMENT ID TECN COMMENT 

�9 * �9 We do not use the fol lowing data for averages, fits, l imits, etc. * �9 * 

~ 0 . 7 7  DAUM 81C CNTR 6 3 K - p  ~ "R21rp 

r(K*(mli) /r(K.,)  rdrl 
VALUE DOCUMENT ID TECN COMMENT 

�9 * �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 * 

~ 0 . 0 5  DAUM 81c CNTR 6 3 K - p  --+ ~21rp  

F(K f2(1270)) /F(K x~r ) F4/Fz 
VAI.I,I~ DOCUMENT ID TECN (~OMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 * �9 

0.18 DAUM 81c CNTR 6 3 K - p  ~ K27rp 

ASTON 93 PL B308 186 
DAUM SIC NP B187 1 

K2(1820) REFERENCES 

+Bienz. Bird+ (SLAG, NAGO. CINC, INUS) 
+Hert/beraer+ (AMST. CERN, CRAG, MPIM, OXF+) 



See key on page 213 

IK( 83o) I = 
OMITTED FROM SUMMARY TABLE 

Seen in partial-wave analysis o f  K -  ~ system. Needs confirmation. 

K(1830) MASS 

VALUE (MeV) DOCUMENT ID TECN CH_~G COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, Ilmit~, etc. �9 �9 �9 

1830 ARMSTRONG 83 OMEG ~ 18.5 K - p  ~ 3Kp 

K(1830) WIDTH 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

250 ARMSTRONG 83 OMEG - 18.5 K - p  ~ 3Kp  

K(1830) DECAY MODES 

Mode 

r l  K~ 

K(Zg30) REFERENCES 

ARMSTRONG 83 NP 8221 I + (BARI. BIRM, CERN, MILA, CURIN+)JP 

I K; (1950)  I '(JP) = �89 
OMITTED FROM SUMMARY TABLE 

Seen in partial-wave analysis o f  the K - ~ r  + system. Needs confir- 
mation. 

K~O(19S0 ) MASS 

VALUE {MeV) DOCUMENT 10 TECN CHG COMMENT 

19484"10"1"20 1ASTON 88 LASS 0 11 K - p ~  K - l r + n  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1820:E40 2ANISOVICH 97C RVUE 11 K - p  ~ K - l r + n  

1We take the central value of the two solutions and the larger error given. 
2T-matr ix pole. Reanalysis of ASTON 88 data. 

K~(19S0) WIDTH 

VALUE (MeV} DOCUMENT IO TECN CHG COMMENT 

201-1- 34-1-'/g 3ASTON 88 LASS 0 1 1 K - p ~  K - ~ r + n  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2504-100 4ANISOVICH 97c RVUE 11 K - p  ~ K - ~ r + n  

3We take the central value of the two solutions and the larger error given. 
4T-matr ix pole. Reanalysls of ASTON 88 data. 

K~(19S0) DECAY MODES 

Mode Fraction (rl/r) 

r l  K ~  (524-14) % 

K~(ZgSO) BRANCHING RATIOS 

r(K.)/r=~, 
VALUE DOCUMENT ID TECN CHG t~OMMEN T 

fi.S24"O.08-1-0.1~ 5ASTON 88 LASS 0 11 K - p  --~ K - I r + n  

5We take the central value of the two solutions and the larger error given. 

r t / r  

K~(1950) REFERENCES 

ANISOVICH 97C PL B413 137 
ASTON 88 NP 8296 493 +AwaJi, BIenz, Bird+ (SLAC, NAGO, CINC, INUS) 
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K(1830),  K~(1950), K~(1980), K~(2045) 

I K;(1980)1 ,(Jp) : �89 
OMITTED FROM SUMMARY TABLE 

Needs confirmation. 

K~(1MI0) MASS 

VALUE (MeV) EVT5  DOCUMENT ID TECN CHG COMMENT 

1973 "k fi=E2g ASTON 87 LASS 0 11 K - p  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

19784-40 2414- BIRD 89 LASS - 11 K - p  ~ K---OTr-p 
47 

K~2(1980 ) WIDTH 

VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT 

~ll~J'l'~14-go ASTON 87 LASS 0 11 K -  p 
~o~+.-  n 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3984-47 2414- BIRD 89 LASS -- 11 K - p  ~ K--"Olr-p 
47 

K~2(lgS0 ) DECAY MODES 

Mode 

r l  K*(892)lr 
r2 Kp 

K~2(1980 ) BRANCHING RATIOS 

r(Kp)/r(K.(m).) r=/rl 
VALt!~ DOCUMENT ID TECN �9 CHG COMMENT 

1.494"0.24"1"0JB9 ASTON 87 LASS 0 11 K - p  ~ -~ '01r+ l r -n  

K~=(1980) REFERENCES 
BIRD 89 SLAC-332 (SLAC) 
ASTON 87 NP 8292 693 +Awaji, D'Amore+ (SLAC, NAGO, CINC, INUS) 

I 
I K;,(2045~ I '(JP) : �89 I I "1 

K~4(204S ) MASS 

VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT 
20484" 9 OUR AVERAGE Error includes scale factor of 1.1. 

20624- 144-13 1ASTON 86 LASS 0 1 1 K - p ~  K - T r + n  
20394- 10 400 2,3 CLELAND 82 SPEC 4- 50 K + p  ~ K~ i r4 -p  

2070_+1~ 4ASTON 81C LASS 0 11 K - p  ~ K - ~ r + n  

�9 �9 �9 We do not use the following data for averages, fits, Ilmlts, etc. �9 �9 �9 

20794- 7 431 TORRES 86 MPSF 400 pA ~ 4 K X  
20884- 20 650 BAUBILLIER 82 HBC - 8.25 K - p  

K~-p 
21154- 46 488 CARMONY 77 HBC 0 9 K + d  ~ K+~r's X 

1From a fit to all moments. 
2 From a fit to 8 moments. 
3 u N mber of events evaluated by us. 
4 From energy-independent partial-wave analysis. 

K~(2045) WIDTH 

VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT 
1N~-  S0 OUR A~dPJUBE 

221~: 48+27 5ASTON 86 LASS 0 11 K - p - - ,  K - I r + n  
189~ 35 400 6,7CLELAND 82 SPEC 4- 5 0 K + p . ~  KOlr4-p 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

614- 58 431 TORRES 86 MPSF 400 pA --~ 4KX  

17 n+100 650 BAUBILLIER 82 HBC - 8.25 K - p  v 50 K~'--p 
24 n+500 8ASTON 81C LASS 0 11 K - p  ~ K - l r + n  " - 1 0 0  
3004-200 CARMONY 77 HBC 0 9 K + d - *  K §  X 

5 From a fit to all moments. 
6From a fit to 8 moments. 
7 Number of events evaluated by us. 
8 From energy-independent partial-wave analysis. 
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K;, (2045) , / (2(2250) ,  K~(2320) 

K;(2045) DECAY MODES 

Mode Fraction (ri/r) 

r I K l r  (9 .9•  % 

r 2 K* (892 )T rT r  (9 :I:5 ) %  

r 3 K * ( 8 9 2 ) T r l r ~  (7 •  ) %  

r 4 pK~r  (5 .7•  % 

r s ~) K ~  (5.0•  % 

r 6 ~ K ~ r  (2.8•  % 

r7 ~K*(892) ( 1 . 4 + 0 . 7 )  % 

K2(2250 ) WIDTH 

VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT 
1OO'I-:S0 OUR AVERAGE Error includes scale factor of 1.4. 

150:t:30 2 ARMSTRONG 83c OMEG - 18 K - p  ~ A-pX 
210•  2 CLELAND 81 SPEC • 50 K + p  ~ / rpx  
�9 �9 We do not use the folk}wing data for averages, fits, l imits, etc. �9 �9 �9 

~ "  ~ 200 : 2BAUBtLLIER 81 HBC - 8 K - p  ~ A~X 
40 37 CHLIAPNiK...  79 HBC + 32 K + p  ~ "ApX 
80•  20 LISSAUER 70 HBC 9 K + p  

2 j P  = 2 -  from moments analysis. 

r(K.)Ir==, 
VALUE DOCUMENT ID TECN 

0.099::E 0.012 ASTON 88 LASS 

r(K*(~l,~.)lr(K .) 
VALU E DOCUMENT ID TECN 
0-894"0.53 BAUBILLIER 82 HBC 

r(K'(892)~..)/r(K~) 
VALUE DOCUMENT ID TECN 

0.1~:EO.4RI BAUBILLIER 82 HBC 

r(pKlr)/r(Kx) 
VALUE DOCUMENT ID TECN CHG COMMENT 
0.684.0.32 BAUBILLIER 82 HBC 

r(~K.)/r(K.) 
VALUE DOCUMENT ID TECN CHG ~OMMENT 

0.E04.0.30 BAUBILLIER 82 HBC 

r ( §  
VALV~ DOCUMENT ID TECN COMMENT 
0.0{211.1.0.014 9 TORRES 86 MPSF 400 p A  ~ 4 K X  

r(~K*(892))/rto~j 
VALUE DOCUMENT ID TECN COMMENT 
0.014"I-0.007 9TORRES 86 MPSF 4 0 O p A ~  4 K X  

9 Error determination is model dependent. 

K~(2045) BRANCHING RATIOS 

r~/r 
CH.__G_G COMMENT 

0 1 1 K - p ~  K - ~ + n  

r=/r~ 
CHG COMMENT 
-- 8 . 2 5 K - p ~  pK03~ 

rs/r~ 
CHG COMMENT 

- 8.25 K -  p --~ pK~3~ 

r,/r~ 

- 8.25 K -  p ~ p K~  3~ 

rs/r= 
- 8.25 K - p  ~ pK~3~ 

r,/r 

rT/r 

K~(2045) REFERENCES 
ASTON 88 NP 8296 493 +Awaji, Bienz, Bird+ (SLAE, NAGO, CINC, INUS) 
ASTON 86 PL B180 308 +Awaji, D'Amore+ (SLAC, NAGO, CINC. INUS) 
TORRES 86 PR 34 707 +Lai+ (VPI, ARIZ, FNAL, FSU, NDAM, TUFTS+) 
BAUBILLIER 82 PL 118B 447 +Burns+ (BIRM. CERN, GLAS, MSU. CURIN) 
CLELAND 82 NP B208 189 +Delfo~se, Dorsaz, Gloor (DURH, GEVA, LAUS. PITT) 
ASTON 81C PL 106B 235 +Carnegie, Dunwoodie+ (SLAC, CARL, OTTA)JP 
CARMONY 77 PR D16 1251 +Clopp, Lander, Meiere, Yen+ (PURD, UCD, IUPU) 

OTHER RELATED PAPERS 
ASTON 87 NP B292 693 +Awaji. D'Amore+ (SLAC, NAGO, EINC, INU5) 
BROMBERG 80 PR D22 1513 +HaKKer~, Abrams, Dzierba (CIT, FNAL, II-LC, IND) 
CARMONY 71 PRL 27 1160 +Cords, Clopp, Erwin, Meiere+ (PURD, UCD, IUPU) 

I K2(2250)1 = 
OMITTED FROM SUMMARY TABLE 

Th is  entry  contains various peaks in strange meson systems reported 
in the  2150-2260 MeV region, as wel l  as enhancements seen in the  

ant ihyperon-nuc leon system, either in the  mass spectra Dr in the  JP 
= 2 -  wave. 

K2(2250) DECAY MODES 

Mode 

r 1 K ~  
I" 2 p A  

K2 (2250) REFERENCES 
ARMSTRONG 83C NP e227:365 + (BARI, BIRM. CERN, MILA, CURIN+) 
BAUBILLIER 81 NP B183 I + (BIRM. CERN, GLAS, MSU, CURIN) JP 
CLELAND 81 NP B184 I +Nef, Martin+ (PITT, GEVA, LAUS, DURH)JP 
CHLIAPNIK... 79 NP BlS8 253 Chliapnikov, Gerdyukov+ (CERN, BELG, MONS) 
LISSAUER 70 NP B18 491 +Alexander, Firestone, Goldhaber (LBL) 

OTHER RELATED PAPERS 

ALEXANDER 68B PRL 20 755 +Firestone, Goldhaber, Shen (LRL) 

I K (2320) 1 = �89 
OMITTED FROM SUMMARY TABLE 

Seen in the JP = 3 + wave of  the  ant ihyperon-nucleon system. 
Needs conf i rmat ion.  

Ks(2S20) MASS 

VALUE (MeV) DOCUMENT ID TECN CHG 
2 3 2 4 4 - 2 4  O U R  A V E R A G E  

2330• 1ARMSTRONG 83(: OMEG - 
2320•  1 CLELAND 81 SPEC • 

1 j P  = 3 + from moments analysis. 

COMMENT 

18 K -  p ~ A ~ X  

50 K+ p ~ A~X 

K3(2320) WIDTH 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

lrl0.1.30 2 ARMSTRONG 83(: OMEG - 18 K -  p ~ A ~ X  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

250 2 CLELAND 81 SPEC • 50 K + p  ~ A~X 

2 j P  = 3 + from moments analysis. 

Ks(2320) DECAY MODES 

Mode 

r l  pA 

K3(2320) REFERENCES 
ARMSTRONG 83C NP B227 365 + (BARI. BIRM, CERN, MILA, CURIN+) 
CLELAND 61 NP B184 1 +Nef, Martin+ (PITT, GEVA, LAUS, DURH) 

K2(22SO) MASS 

VALUE (MeV I EVT5 DOCUMENT ID TECN CHG COMMENT 
2 2 4 7 4 - 1 7  O U R  A V E R A G E  

2200•  1 ARMSTRONG 83C OMEG - 18 K - p  ~ A~X 
2235+50 1 BAUBILLIER 81 HBC - 8 K -  p ~ A ~ X  
2260•  1CLELAND 81 SPEC • 50 K + p ~  A~X 
�9 �9 �9 We do not use the following data for averages, fits. l imits, etc. �9 �9 �9 

2147:t: 4 37 CHLIAPNIK...  79 HBC + 32 K + p  ~ -ApX 
2240•  20 LISSAUER 70 HBC 9 K + p  

1 j P  = 2 -  from moments analysis. 



See key on page 213 

I K;(2380) I -- 
OMITTED FROM SUMMARY TABLE 

Needs conf i rmat ion .  

K~s(2380 ) MASS 

VALUE (MeV) DOCUMENT ID ' ' TECN CHG COMMENT 

2~11~'t'14"1"19 1 A S T O N  86 LASS 0 11 K - p ~  K - w + n  

1From a f i t  to all the moments. 

K~s(2380 ) WIDTH 

VALUE (MeV) DOCUMENT ID TECN . CHG COMMENT 

11P8"1"$7"1"32 2 ASTON 86 LASS 0 11 K -  p ~ K -  ~'+ n 

2 From a f i t  to  all the moments. 

K.*(2380) DECAY MODES 

Mode Fraction (F i /F )  

r I K~r (6.1:1:1.2) % 

K~s(2380 ) BRANCHING RATIOS 

r(K.)/r==, 
.VALUE DOCUMENT ID TECN CHG COMMEN T 

0.0~1:1:0,012 ASTON 88 LASS 0 11 K -  p ~ K -  ~r + n 

r l / r  

K~(2380) REFERENCES 

ASTON 88 NP B296 493 +Awaji, Bienz, Bird+ (SLAC, NAGO, CINC, INUS) 
ASTON 86 PL B180 308 +Awaji, D'Amo~e+ (SLAC, NAGO, CINC, INUS) 

I K (25oo) 1 : 
OMITTED FROM SUMMARY TABLE 

Needs con f i rmat ion .  

1(4(2500) MASS 

VALUE {MeV) DOCUMENT ID TECN CHG 

24410::1:20 1 C L E L A N D  81 SPEC :1: 

1 j P  = 4 -  from moments analysis. 

COMMENT 

50 K +  p ~ A i f  

K4(2500) WIDTH 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

250 2 CLELAND 81 SPEC :1: 50 K + p  ~ A ~  

2 j P  = 4 -  f rom moments analysis. 

/(4(2500) DECAY MODES 

Mode 

F1 p A  

K4(2500) REFERENCES 

CLELAND 81 NP B184 1 +Nef, Martin+ (PITT, GEVA, LAUS, DURH) 

i K(3zoo) I : 7:(:::) 
OMITTED FROM SUMMARY TABLE 

Narrow peak observed in several (A~ + pions) and (Ap + pions) 
states in E -  Be reactions Needs confirmation, by BOURQUIN 86 
and in n p  and n A  react ions by A L E E V  93. No t  seen by B O E H N -  
LEIN 91. I f  due to  s t rong decays, th is state has exot ic quantum num- 

bers ( B = 0 , Q = - - F 1 , 5 = - I  fo r  A ~ r + ~ r  + and I >_ 3 /2  for  A ~ r - ) .  
Needs con f i rmat ion .  
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K;(2380), K~(2500), K(3100) 

K(3100) MASS 

VALUE (MeV) DOCUMENT It) 
3100 OUR ESTIMATE 

3-BODY DECAYS 
VALUE (MeV) DOCUMENT ID TECN COMMENT 
3084"4-11 OUR AVERAGE 
3060:1:7:1:20 1 ALEEV 93 BIS2 K(3100)  ~ A~Ir + 
3056:1:7:1:20 1 ALEEV 93 BIS2 K(3100)  ~ A p w -  
3055:h 8:1:20 1 A L E E V  93 BIS2 K(3100)  ~ A ~ -  
3045:1:8:1:20 1 ALEEV 93 BIS2 K(3100)  ~ A p f f §  

4-BODY DECAYS 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

ao~J:J: 11 OUR AVERAGE 
30674- 6 / : 20  1 ALEEV 93 BIS2 K(3100)  ~ A ~ r + ~  + 

3 0 6 0 : 1 : 8 + 2 0  1 A L E E V  93 BIS2 K(3100)  ~ A ~ + ~ r  - 

3055:1:7:1:20 1 ALEEV 93 BIS2 K(3100)  - *  A p ~  
3052:s 8 / : 20  1 A L E E V  93 BIS2 K(3100)  - *  A p ~ - ~ r  + 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

3105:1:30 BOURQUIN 86 SPEC K(3100)  ~ A~'F~ + 
3 1 1 5 •  BOURQUIN 86 SPEC K(3100)  ~ A ~ + x  - 

5-BODY DECAYS 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

3095:1:30 BOURQUIN 86 SPEC K(3100)  
A ~ +  ~r + ~ -  

1Supersedes ALEEV 90. 

K(3100) WIDTH 

3-BODY DECAYS 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

4 2 + 1 6  2 ALEEV 93 BIS2 K(3100)  ~ A ~  + 
36:1:15 2 ALEEV 93 BIS2 K(3100)  --* A p ~ r -  
50:t:18 2 ALEEV 93 BIS2 K(3100)  ~ A p ~ -  
30:1:15 2 ALEEV 93 BIS2 K(3100)  ~ Ap~r + 

4-BODY DECAYS 
VALUE (MeV) CL~.~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2 2 •  8 2 ALEEV 93 BIS2 K(3100)  ~ A ~  + , r  
28:1:12 2 ALEEV 93 BIS2 K(3100)  --~ A ~ + ~  - 
32 / :15  2 ALEEV 93 BIS2 K(3100)  ~ A p l r - ~ -  
30:1:15 2 A L E E V  93 BIS2 K ( 3 1 0 0 ) ~  ~ p ~ - w 4 -  

<30  90 BOURQUIN 86 SPEC K(3100)  --* A~'.,r+'=,r + 
<80  90 BOURQUIN 86 SPEC K(3100)  ~ A p ~ + ~  - 

S-BODY DECAYS 
VAL UE (MeV) C L . ~  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<30  90 BOURQUIN 86 SPEC K(3100)  - *  
A p . + l r + ~ - -  

2 Supersedes ALEEV 90. 

K(3100) DECAY MODES 

Mode 

rl K(3100) 0 "~ Ap~r + 
F2 K(3100)-- -~ ApTr- 
F 3 K(3100)- --* Aplr+Ir - 
F 4 K(3100) + -~ A~Ir+Ir + 
re K(3100) 0 --* Aplr +~r+~r- 
FB K(3100) ~  E(1385)+P 

r(z(l~)+~)/r(A~.+) r~/rl 
VAt.U~ ~ DOCUMENT ID TECN COMMENT 

<0.04 90 ALEEV 93 BIS2 K(3100)  0 --~ 
r ( 1 3 8 5 ) + p  

K(3100) REFERENCES 

ALEEV 93 PAN 56 1 3 5 8  +Balandin+ (BIS-2 Collab.) 
Tran~ated from YAF 56 100. 

BOEHNLEIN 91 NP B21 174 (suppl) H-ChunK+ (FLOR, BNL, IND, RICE, MASD} 
ALEEV 90 ZPHY C47 533 +Areflev, Balandin+ (BI5-2 Cc41ab.) 
BOURQUIN 86 PL B172 113 +Br~vn+ (GEVA, RAL, HEIDP, LAUS, BRIS, CERN) 
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D MESONS, D ~ 

II C HARMEOM SONS II (C = =t=l) 
D + = cd,  D O = c~, ~ o  = ~u ,  D -  = ~d,  similarly for D* 's  

N O T E  ON D M E S O N S  

D I ( J  P)  -= � 8 9  

D • MASS 

The fit Includes D •  D 0, D~.  D * •  D *0, and D * •  mass and mass 
difference measurements. 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
1869-3 J," o.g OUR FIT Error includes scale factor of 1.1. 

Written March 1998 by P.R. Burchat (Stanford University). 

The new experimental results on charm meson decays re- 

ported in this edition are mostly from CLEO II at the e+e - 

storage ring CESR and from the Fermilab fixed-target experi- 

ments E687 and E791. A number of searches have been made 

for rare decays that are potentially sensitive to new physics, such 

as D ~  ~ mixing (AITALA 96C and AITALA 98), CP-violating 

asymmetries in decay rates (AITALA 97B and AITALA 98C), 

and decays that would signal flavor-changing neutral currents 

(ADAMOVICH 97 and ALEXOPOULOS 97) or lepton-family 

number or lepton number violation (FRABETTI 97B). None of 

the searches has yielded evidence for new physics. 

Significant progress has been made in the area of semilep- 

tonic charm decays. Five new results on rates for Cabibbo- 

suppressed semileptonic decays appear in this edition: D + --~ 

ps from E687 (FRABETTI 97) and E791 (AITALA 97), 

D O ---, ~r-~+v~ from E687 (FRABETTI 96B), and D + --, ~r~ 

and qe+u~ from CLEO (BARTELT 97). Our knowledge of the 

inclusive semileptonic decay rate for the D o is greatly improved 

by new results from ARGUS (ALBRECHT 96C) and CLEO 

(KUBOTA 96B). The precision of the measurement of the form- 

factor ratios in the decay D + --* K*%+~,~ has been improved by 

about a factor of two in a new analysis by E791 (AITALA 98B). 

Many new studies of hadronic final states have been 

made, including measurements of singly and doubly Cabibbo- 

suppressed D O and D + decay rates and studies of resonant 

substructure. 

New measurements of the D + decay constant have been 

made by the L3 collaboration (ACCIARRI 97F) and the E653 

collaboration (KODAMA 96). However, the statistical and 

systematic uncertainties are still on the order of (10-20)% each. 

Other new measurements on the D + front include two inclusive 

branching fractions by BES (BAI 97 and BAI 98), and the first 

observation of D + -* wr  + by CLEO (BALEST 97). 

18~3A:b 0.g OUR AVERAGE 
1870.0• 0.5• 317 BARLAG 90C ACCM ~r- Cu 230 GeV 
1863 • 4 DERRICK 84 HRS e + e -  29 GeV 
1869.4• 0.6 1TRILLING 81 RVUE e + e -  3.77 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1875 • 9 ADAMOVICH 87 EMUL Photoproductlon 
1860 • 6 ADAMOVICH 84 EMUL Photoproduction 
1868.4• 0.5 1SCHINDLER 81 MRK2 e-I'e - 3.77 GeV 
1874 • 5 GOLDHABER 77 MRK1 D 0, D -F recoil spectra 
1868.3• 0.9 1 PERUZZI 77 MRK1 e+e - 3.77 GeV 
1874 • PICCOLO 77 MRK1 �9 + e -  4.03, 4.41 GeV 
1876 • 50 PERUZZI 76 MRK1 K:F~r• • 

1pERUZZI 77 and SCHINDLER 81 errors do not include the 0.13% uncertainty In the 
absolute SPEAR energy calibration. TRILLING 81 uses the high precision J/'~(15) and 
,~(25) measurements of ZHOLENTZ 80 to determine this uncertainty and combines the 
PERUZZI 77 and SCHINDLER 81 results to obtain the value quoted. 

D • MEAN LIFE 

Measurements with an error > 0.1 • 10-12 s are omRted from the average, 
and those with an error > 0.2 • 10-12s have been omitted from the 
Listings. 

VALUE (10 -12 s) EVTS 
1.01rt:EO.Olg OUR AVERAGE 
1.048•177 9k 
1.075•177 2455 

1.03 • • 200 

1.05 +0.077 317 
- 0.072 

1.05 • • 363 
1.090• 0.025 2992 

DOCUMENT ID TECN COMMENT 

FRABETTI 94D E687 D + ~ K - ~ + l r  "i" 
FRABETTI 91 E687 "y Be, D + 

K -  lr+ 7r + 
ALVAREZ 90 NA14 % D + ~ K - l r + l r  "i" 

BARLAG 90(: ACCM ~r- Cu 230 GeV 

ALBRECHT 881 ARG �9 + e -  10 GeV 
RAAB 88 E691 Photoproductlon 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.12 +0.14 149 AGUILAR-... 87D HYBR l r - p  and pp --0.11 
1.09 +0.19 -0.15 59 BARLAG 87B ACCM K -  and 7r- 200 GeV 

1.14 • • 247 CSORNA 87 CLEO e-Fe - 10 GeV 
1.09 • 74 3 PALKA 87B SILl lr Be 200 GeV 

0.86 r +0.07 -0.03 48 ABE 86 HYBR "~p 20 GeV 

2 BARLAG 90c estimates the systematic error to be negligible. 
3 PALKA 87B observes this in D + ~ ~*(892)eu. 

D + DECAY MODES 

D -  modes are charge conjugates of the modes below. 

Mode Fraction (FI /F)  
Scale factor/ 

Confidence level 

Includve modes 
1"1 e+anything (17.2 • )% 
1"2 K -  anything (24,2 • ) % 
F 3 K~ + K~ (59 •  ) % 
1"4 K+anything ( s,8 • )% 
I- 5 r/ anything [a] < 13 % 
F 6 /~+ anything 

Leptonlc and semlleptonlc modes 
I" 7 /~.i. V/j < 7.2 x 10 - 4  

1" 8 K"0~'i'/.? z [b] ( 6.8 •  ) %  

F 9 ~ ~  ( 6.7 • ) %  

1"10 K~ ( 7.0 +3.0_2.0 ) %  

Fzz K - x + e + V e  ( 4.1 +0.9 )% -0 .7  

1"12 K * ( 8 9 2 ) ~  ( 3.2 •  
x B(R *~ -~ K - ~  +) 

1"13 K -  w + e + v e nonresonant < 7 x 10 - 3  
1"14 K - ~ r + # + v ~  ( 32 • )% 

.In the fit as ~F26 + 1"16, where {I-26 = 1-15. 

S=1.4 

CL=90% 

CL=90% 

CL=90% 
S=1.1 
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1"15 

['16 
r17 
r15 
1-19 
['20 
F21 
['22 
r23 

1"24 
r25 
r26 
r27 
1-28 
r29 
r3o 
1-31 
1-32 

R*(892)0/~+~# 2.9 • ) % 
x B(K *0-~ K-IT + ) 

K-IT+#+v,= nonresonant 2.7 4-1.1 ) x !0 -3  

~~ IT- e+ Ve 
K-~+iTO e+ ve 
(R*(892) IT)0 e+ pe < 1.2 % CL=90% 
(-I~iTiT)~ < 9 x 10 -3  CL=90% 
K-lr+iTOp,+Ul ~ ., < 1.4 x 10 -3  CL=90% 
ITOt+vt [c] ( 3.1 •  ):<10 -3 
IT+ ,if- e + U e 

Fractions of some of the following modes with resonances have already 
appeared above as submodes of particular charged-particle modes. 

K * ( 8 9 2 ) ~  [b] ( 4.7 4-0.4 )% 
K*(892)~ ( 4,5 4-o.5 )% 
K * ( 8 9 2 ) ~  ( 4.4 • )% 5=1.1 

pOe+ue ( 2.2 4-0.8 ) x 10 -3 
p0p,+/j/= ( 2.7 4-0.7 ):<10 -3  

r  < 2.09 % CL=90% 
(~/~+ v# < 3.72 % CL=90% 
~l~+vt < 5 x l 0  -3 CL=90% 
'r/'(958)/J, + v/~ < 9 x 10 -3  EL=90% 

Hadronlc modes with a "~ or "J~K~" 
(2.89• % S=1,1 

[d} ( 9.0 4-0.6 )% 
(1.27• % 

1-33 ~ o  lr + 
1-34 K -  IT+ IT+ 
I"35 K* (892)  OIT+ 

x B ( ~  *~ -~ K - I T  +)  
r3s K~(1430)~ IT + 

x B ( K * ( 1 4 3 0 ) 0 - ~  K - I T  + )  
r37 K*(1680)~ IT + 

x B(K*(1680)  0 -~ K-IT +) 
r35 K -  IT+ IT+ nonresonant 
r39 ~0  IT+ IT0 [01 
1"40 ~ P+ 
F41 K*(892)~ + 

x B(K *0 -~ ~0ITO) 
r42 ~---o IT+ ITo nonresonant 
1-43 K -  IT+ IT+'/1"~ [d] 
1-44 K*(892)~ +total 

x B(K * 0 ~  K-IT + ) 
r45 K1(1400)~ IT + 

x B(Kl (1400)0- -~  K-Tr+IT ~ 
r46 K -  p+ IT+ total 
[.47 K -  p+ ~+  3-body 
r48 K *  (892) 0 IT+ 7t ~ total 

x B ( K  * 0 - ~  K - IT  + ) 
1-49 -K* (892) 0 IT+ lr 03- body 

x B ( K  * 0 - ~  K-IT + ) 
rso K* (892 ) -  IT+ IT+ 3-body 

x B ( K * -  -~ K - IT  O) 
1"51 K -  IT+ IT+ ITo nonresonant [el 
r5 2 ~-o IT+ IT+ IT- [d] 
['53 K-O a1(1260)+ 

x B(a1(1260) + -~ IT+IT+IT-) 
r54 K1(14oo)~ IT + 

x B(Kl(1400)~ ~ K-~ 
F55 K* (892 ) -  IT+ IT+ 3-body 

x B ( K * -  - *  ~OIT-)  
1"56 K~ 0~r+total 
1"57 K~176 IT+ 3-body 
1"58 ~o IT+ IT+ IT- nonresonant 
F59 K -  IT+ IT+ IT+ ~'-  [d] 
r~o K* (892)~  IT+ IT+ ~ - -  

x B ( K  *~ -~ K - I T + )  

r61 K* (892)~  p~ + 
x B (K  *0 --* K-IT + ) 

r62 K*(892)0  IT + IT+ IT- no- p 
x B (K  * ~  K - I T  + ) 

1-63 K -  p0 IT+ IT+ 
re4 K -  IT+ IT+ IT+ IT- nonresonant 
r65 K -  ~r + IT+ ITo ITo 

2.3 • )% 

) x 10 -3  3.7 • 

8.5 • )% 
9.7 4-3.0 ) % 
6.6 4-2.5 )% 
6.3 •  ) x 10 -3  

1.3 -t-1.1 )% 
6.4 4-1.1 )% 
1.4 4-0.9 )% 

2.2 • ) % 

3.1 • )% 
1,1 4-0.4 ) % 
4.5 •  )% 

i 8  4-0.9 ) % 

7 • ) x 10 -3 

1.2 • ) % 
7.0 • ) % 
4.0 • )% 

2.2 4-0.6 ) % 

( 1.4 • )% 

( 4.2 4-0.9 )% 
( 5 +5 ) x 10 -3  
( 8 •  ) x 1o -3 
( 7,2 • ) x 10 -3 
( 5.4 4-2.3 ) x 10 -3  

( 1.9 +1.1 -1,0 ) x 10 -3  

( 2,9 • ) x  10 -3  

( 3.1 • ) x 10 -3 
< 2.3 x 10 -3  

( 2.2 +5.0 -o.9 )% 

S=1.1 

CL=~% 

4 8 7  

Meson Particle Listings 
D �9 

F6 6 ~0IT+IT+IT-ITO ( 5.4 +3.0 -1 .4 )% 
r67 ~--'OIT+IT+IT+IT /r ( 8 •  ) x l 0  -4  
r68 K-IT+IT+IT+IT-IT 0 ( 2,0 • ) x l o  -3  
r69 -~O~OK + ( 1.8 •  ) %  

Fractions of some of the following modes with resonances have already 
appeared above as submodes of particular charged-particle modes. 

1"70 ~'Op+ 
1-71 K0 a1(1260)+ 
1"72 K-~ a2(1320)+ 
1"73 K*(892) OIT+ 
1"74 K*(892)~ P +total  [e] 
r7s K *  (592) 0 p+ S-wave [e] 
1"76 K*(892)0p + P-wave 
1-77 ~ *  (892) o p+ D-wave 
1"78 K*(892) 0 p+ D-wave longitudi- 

nal 
r79 Kl(1270)~ + 
1-80 K1(1400) 0~r+ 
1-81 K*(1410) OIT+ 
rs2 K;(1430)~ + 
1-83 K*(1680) OIT+ 
r84 K*  (892)~ IT+ IT~ 
r85 ~ ,  (892)0 IT+ ITo 3-body 
F86 K*(892)- iT+iT+total  
r87 K*(892)- IT+ IT+ 3-body 
1-58 K - p + T r  +total 
1-89 K -  p+ Ir + 3-body 
Fgo K-~ total 
1-91 K-~ P~ IT+ 3-body 
r92 K'0 f0(980) IT+ < 
r93 K*(892)~ IT+ IT+ IT - 

r94 K*(892)0 p~ + 

1-95 K*(892)%r+ IT+ IT- no'p 
r96 K-p~ + 

Plonic modes 
r97 IT+ 71.o 
1-98 IT+ IT+ IT- 

r99 p0 IT+ 
r loo IT+ ~r+ IT - nonresonant 

r 101 IT+ IT+ IT- ITO 

1-102 T/IT + x B(q -~ I r+ l r - l r  O) 
1-103 wit + x B(~J -~ 7r+IT-IT 0) 
1"104 IT+IT+IT+IT-IT- 

r io  s IT+ ~r+ IT+ IT- IT- IT ~ 

( 6.6 •  ) %  
( 8.0 • 1.7 ) %  

< 3 x 10 -3  
(1.904-0.19) % 

( 2.1 • )% 
( 1.6 • )% 

< 1 x 10 -3  
(10 •  ) x 10 -3  

< 7 x 10 -3  

< 7 x 10 -3  
4.9 • )% 

< 7 x 10 -3  
3,7 :EO.4 )% 
1.43• % 
6.7 • 1.4 ) % 

[el 4.2 •  )".4 

2.0 • )% 
3.1 •  ) %  
1.1 •  ) % 
4.2 •  ) % 
5 •  ) x 10 - 3  
5 x 10 - 3  
8.1 •  ) x 10 -3  

_+];~ ) x 10-3 2.9 

4.3 •  ) x 10 - 3  
3.1 •  ) x 10 - 3  

2.5 • ) x 10 -3  
3.6 •  ) x 10 -3  
1.05• x 10 -3  
2.2 • x 10 -3  

1.7 • x 10 -3  
< 6 X 10 -3  

( 2,1 :hO.4 x 10 -3  

( 29 +~:~ x10-3 

Fractions of some of the following modes with resonances have already 
appeared above as submodes of particular charged-particle modes. 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 
S=1.7 

5=1.8 

CL=90% 

r io  6 r/iT -I- ( 7.5 • ) • 10 -3  
F107 p0iT+ (1.05+0.31) x 10 -3  
1"108 wiT + < 7 x 10 -3  
[.109 T/P + < 1.2 % 
rno  q'(958)iT + < 9 x l0 -3 
Fl l  I q'(958)p + < 1.5 % 

Hadronlc modes with a K ~  pair 
rll 2 K + K  -0 ( 7.4 -I-1.0 ) x  10 -3  
r l l  3 K+K- IT  + [d] ( 8,8 • ) x l o  -3  
1-114 @IT+ x B(@ --* K + K - )  ( 3.0 • ) x 10 -3  
[.119 K+K* (892 )  ~ ( 2.s :1:0.4 ) x 10 -3  

x B (K  * 0 - ~  K - l r  +)  
1-116 K + K -  IT+ nonresonant ( 4.s • ) x lO -3  
['117 KOK"~ ~t+ 
r n 8  K* (S92)+K TM ( 2.1 :El.0 )%~ 

x B(K *+ -~ K~ +) 
r l l  9 K+K-IT+IT ~ 
r12o r x B(r K + K  - )  ( 1.1 • )% 

CL=90% 
CL=90% 
CL=90% 
CL=90% 
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r121 ~ p + x  B ( ~ - ~  K+K - )  < 7 x l0  -3 CL=90% 
r122 K+K-~r+~r~162 ( 1.5 +0.7 )% -0.6 
1"123 K+-K-~ - < 2 % CL=90% 
['124 K ~  ( 1.o • )% 
1"125 K * ( 8 9 2 ) + K * ( 8 9 2 )  0 ( 1.2 • )% 

• B 2 ( K  *+  .-, K%r  + )  

1"126 K~ *+-~*0 < 7.9 x 10 - 3  CL~90% 
1"127 K+ K-~r+~r+~r- 
1"125 ~ ~r+*r+~r- < 1 x 10 - 3  CL=90% 

x B ( ~ - *  K+K - )  
r129 K+ K -  ~r+ ~r+ ~r- nonresonant < 3 % CL=90% 

Fractions of the following modes with resonances have already appeared 
above as submodes of particular charged-particle modes. 

1-130 ~ ~r+ ( 6.1 • ) x 10 - 3  
F131 ~'+l r  0 ( 2.3 • )% 

F132 ~ p +  < 1.4 % 
F133 ~ + I r + ~ r  - < 2 x l0 - 3  
F134 K + K * ( 8 9 2 )  0 ( 4.2 • ) x 10 - 3  
1-135 K* (892)  + ~ 0  ( 3.2 +1.5 )% 
F136 K * ( 8 9 2 ) + K * ( 8 9 2 )  ~ ( 2.6 • )% 

Doubly Cablbbo suppremed (DC) modes, 
A C =  I weak neutral current (CI) mode=, or 

Lepton Family number (LF) or Lepton number (L) violating mode= 

CL=90% 
CL=90% 

1"137 K+~r+~r - DC ( 6.8:1:1.5 ) x 10 - 4  
r138 K+p ~ DC ( 2.5:1:1,2 ) X 10 - 4  
['139 K*(892)0~r + DC ( 3.6 • ) x 10 - 4  
1"14o K+~r+*r-  nonresonant DC ( 2.4 +1.2 ) x  10 - 4  
r141 K +K + K -  DC < 1.4 x 10 - 4  CL=90% 
1"142 OaK + DC < 1.3 x 10 - 4  CL=90% 
r143 lr + e  + e -  c1 < 6.6 x 10 - 5  CL=90% 
1-144 7r+/~+/~-  C1 < 1.8 x lO - 5  CL=90% 
1-145 P + / ~ + / ~ -  Cl < 5.6 x l0 - 4  EL=90% 
1-146 K + e  + e -  [f] < 2.0 x 10 - 4  CL=90% 
1-147 K+/~+ /~  - I f ]  < 9.7 x lO - 5  CL=90% 
r148 /r + e + / ~ -  LF < 1.1 x 10 - 4  CL=90% 
F149 ~r + e - / ~ +  LF < 1.3 x 10 - 4  CL=90% 
F15o K+e+l~- LF < 1.3 x l0 - 4  CL=90% 
r151 K + e -  iJ + LF < 1.2 x 10 - 4  CL=90% 
r152 7r- e + e  + L < 1,1 x 10 - 4  CL=90% 
r153 / l - # + / J  + L < 8.7 x lO - 5  CL=90% 
r154 / r - e + / J  + L < 1.1 x 10 - 4  CL=90%' 
r155 p-p+p+ L < 5.6 x l0 - 4  CL=90% 
1-156 K -  e + e + L < 1.2 x 10 - 4  CL=90% 
r157 K - p + #  + L < 1.2 x lO - 4  CL=90% 
rise K-e+lJ  + L < 1.3 x l 0  - 4  CL=90% 
r ls9 K*(892)-/J+/~ + L < 8.5 x lO -4 r 

F160 A dummy mode used by the fit. (33 • ) % 

[a] This is a weighted average of D • (44%) and D O (56%) branching frac- 
tions. See "D+andD 0 -~ (r/anything) / (total D + and Do) '' under 
"D + Branching Ratios" in these Particle Listings. 

[b] This value averages the �9 + and/J+ branching fractions, after making a 
small phase-space adjustment to the/J+ fraction to be able to use it as 
an e + fraction; hence our l + here is really an e +. 

[c] An t indicates an e or a/~ mode, not a sum over these modes. 
[d] The branching fraction for this mode may differ from the sum of the 

submodes that contribute to it, due to interference effects. See the 
relevant papers. 

[el The two experiments measuring this fraction are in serious disagreement. 
See the Particle Listings. 

[f] This mode is not a useful test for a A C = I  weak neutral current because 
both quarks must change flavor in this decay. 

CONSTRAINED FIT INFORMATION 

An overall f it to 32 branching ratios uses 54 measurements and 
one constraint to determine 20 parameters. The overall f it has a 
X 2 = 20.8 for 35 degrees of freedom. 

The following off-diagonal array elements are the correlation coefficients 
I~x~xj l / (6x~.~x~),  in percent, from the fit to the branching fractions, x~ = 

I-i/I-tota I. The fit constrains the x/ whose labels appear in this array to sum to 
one. 

X l l  

x16 
x25 
x26 
x33 
x34 
x39 
x43 
x52 

x59 
x73 

X5o 
x87 

x93 
x94 
x95 

XlOO 
Xl12 

X160 

5 

4 2 

18 29 8 

14 7 31 25 

38 9 8 31 25 

32 16 14 56 45 55 

0 0 0 0 0 0 0 

7 4 3 13 10 12 23 

9 5 4 17 14 16 30 

15 8 7 28 22 27 49 

21 11 9 37 29 36 65 

5 3 2 9 7 8 16 

3 1 1 5 4 5 9 

5 2 2 9 7 8 15 

3 2 1 6 5 6 11 

19 10 9 35 28 33 61 

11 5 5 19 15 18 34 

22 7 6 23 18 53 41 

- 3 5  - 2 6  - 1 2  - 4 1  - 3 4  - 3 8  - 5 5  

0 

0 18 

0 11 15 

0 15 20 

0 31 37 

0 29 13 

0 3 5 

0 2 3 

0 14 18 

0 8 10 

0 9 12 

- 5 8  --46 - 4 5  

x73 

X5o 
x87 
x93 
x94 

x98 
xloo 
Xl12 

X160 

x9 Xll x16 x2s x26 x33 x34 x39 x43 xs2 

32 

8 10 

4 6 12 

29 10 2 1 

8 7 2 1 15 

30 40 10 5 9 7 

16 22 5 3 5 4 43 

20 26 6 4 6 4 25 14 

- 3 0  - 3 8  - 4 6  - 3 2  - 1 6  - 1 0  - 3 5  - 1 9  - 2 7  

x59 x73 x80 x87 x93 ~x94 x9 8 Xl00 x112 

D + BRANCHING RATIOS 

See the "Note on D Mesons" above. Some now-obsolete measurements 
have been omitted from these Listings. 

Indu~ve modes 

r(e+ a~dllng) Ir~,i i'11r 
VALUE EVTS DOCUMENT I~) TECN COMMENT 
0.1/2:1:0.019 OUR AVERAGE 
0.20 +0.09 -0.07 AGUILAR-... 87E HYBR ~rp, pp 360, 400 GeV 

0.170• 158 BALTRUSAIT..J~5B MRK3 e+e - 3.77 GeV 
0.168• 23 SCHINDLER 81 MRK2 e+e - 3.771 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 220 +0"044 BACINO 80 DLCO e + e -  3,77 GeV �9 -0 .022 

D+andD ~ -.* (e+anytbing) / (total D + and D ~ 
If measured at the ~(3770), this quantity Is a weighted average of D + (44%) and D O 
(56%) branching fractions. Only experiments at Ecm = 3.77 GeV are included In the 
average here. We don't put this result In the Meson Summary Table. 

VALUE EVTS DOCUMENT IP TECN COMMENT 
0.1104"0.011 OUR AVERAGE Error includes scale factor of 1.1. 
0.117• 295 BALTRUSAIT..35B MRK3 e+e - 3,77 GeV 
0.10 • 4 SCHINDLER 81 MRK2 e + e -  3.771 GeV 
0.072• FELLER 78 MRK1 e+e - 3,772 GeV 



See key on page 213 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0964-0.oo44-0.011 2207 5ALBRECHT 96C ARG e4-e" ~. 10 GeV 
0.1344-0.0154-0.010 6ABE 93E VNS e4"e - 58 GeV 

0.0984-0.009+0:006 240 7ALBRECHT 92F ARG e+'e - ~ 10 GeV 

0.0964-0.0074-0.015 80NG 88 MRK2 e + e -  29 GeV 

0 ~ + 0 . 0 1 1  8 PAL 86 DLCO e + e -  29 GeV . . . .  -0.009 
0.0914-0.0094-0.013 8 AIHARA 85 TPC e'l'e - 29 GeV 
0.0924-0.0224-0.040 8 ALTHOFF . 84J TAS$ e + e -  34.6 GeV 
0.0914-0.013 8 KOOP 84 DLCC~ See PAL 86 
0.08 4-0.015 9 BAClNO 79 DI'Co e "Fe- 3.772 GeV 

4Isolates D + and D O --* e4"X and weights for relatlve'preductlon (44%-56%). 
5ALBRECHT 96C uses e -  in the hemisphere opposite to D .4" ~ D01r4" events. 
6ABE 93E also measures forward-backward asymmetries and fragmentation functions for 

c and b quarks. 
7ALBRECHT 92F uses the excess of right-sign over wrong-sign leptons in a sample of 

events tagged by fully reconstructed D*(2010)+ --~ D0~r+ decays. 
8Average BR for charm ~ e4"X. Unlike at Ecm = 3.77 GeV, the admixture of charmed 

mesons Is unknown. 
9Not Independent of BACINO 80 measurements of F(e4"anythlng)/rtota I for the D 4" 

and D O separately. 

r(K- anythlng)/rt=.l r=/r 
yALUE ~VT..~ DOCUMENT ID TECN COMMENT 
0.242"1"0.(~8 OUR AVERAGE Error includes scale factor of 1.4. See the Ideogram below. 

0 ~a,+0.036 10 BARLAG 92C ACCM *r -  Cu 230 GeV . . . .  -0.031 
0.2714-0.0234-0.024 COFFMAN 91 MRK3 e-t'e - 3.77 GeV 
0.17 4-0.07 AGUILAR-... 87E HYBR ~rp, pp 360. 400 GeV 
0.19 4-0.05 26 5CHINDLER 81 MRK2 e+e - 3.771 GeV 
0.10 4-0.07 3 VUILLEMIN 78 MRK1 e'l-e - 3.772 GeV 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

0.16 4.0.08 AGUILAR-... 86B HYBR SeeAGUILAR- -0 .07 
BENITEZ 87E 

10 BARLAG 92C computes the branching fraction using topological normalization. 

WEIGHTED AVERAGE 
0.242_+0.028 (Error scaled by 1.4) 

�9 �9 BARLAG 92C ACCM "~"  
~ I" - COFFMAN 91 MRK3 0.8 

/ '  ' l  : : : I : ; G U l L A R E ~  8;E HYBK~R 11:0 

�9 - -  '\" VUILLEMIN 78 MRK1 4.1 

- - . ~ 1  I I ~ U  (C~ Level = 08"()19) 

"0.1 0 0.1 0.2 0.3 0.4 0.5 

F ( K -  ariything)/rtotai 
[r('g~ + r(K%nythlng)]/r~, r=/r 
VALUE E V T S  DOCUMENT I0 TECN COMMENT 
0J~ :EO.07 OUR AVERAGE 
0.6124-0.0654-0.043 COFFMAN 91 MRK3 e4-e- 3.77 GeV 
0.52 4-0.18 15 SCHINE)LER 81 MRK2 e4"e - 3.771 GeV 
0.39 4-0.29 3 VUILLEMIN 78 MRK1 e 4"e-  3.772 GeV 

F(K+ anythlnll)/r=r r4/r 
VALUE EVT$ DOCUMENT ID T~(:N COMMENT 
0.~rA=E0.014 OUR AVERAGE 
0.0554-0.0134-0.009 COFFMAN 91 MRK3 e + e -  3.77 GeV 

0.08 4-0.06 AGUILAR-... 87E HYBR ~tp, pp  360, 400 GeV -0.05 
0.06 4-0.04 12 SCHINDLER 81 MRK2 e4-e- 3.771 GeV 
0.06 -t-0.06 2 VUILLEMIN 78 MRK1 e-l'e - 3.772 GeV 

D+andD 0 ..-* (~ anything) / (total D "l" and D 0) 
If measured at the V)(3770), this quantity is a weighted average of D + (44%) and D O 
(56%) branching fractions. Only the experiment at Ecm = 3.77 GeV Is used. 

VA~ U~ DOCUMENT ID TECN COMMENT 

<0,1~ PARTRIDGE 81 CBAL e+e - 3.77GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.02 11 BRANDELIK 79 DASP e4"e - 4.03 GeV 

11The BRANDELIK 79 result is based on the absence of an r/signal at Ecm = 4.03 GeV. 
PARTRIDGE 81 observes a substantially higher r/cross section at 4.03 GeV. 
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r(c/~--, i=+,nything)/r(c/~-* anything) 
This Is the average branching ratio for charm ~ p4"X. The mixture of charmed 
particles Is unknown and may actually contain states other than D mesons. We don't 
put this result In the Meson Summary Table. 

VAI.IJ~ I~VT5 DOCUMENT ID TEC N COMMENT 

0 081+0~--~ 0 OUR AVERAGE �9 -uJguy 

0.0864"0.017+-0:~ 8 69 12ALBRECHT 92F ARG e'l'e - ~ 10GeV 

0.0784-0.009• ONG 88 MRK2 e + e -  29 GeV 
0.0784-0.0154-0.02 BARTEL 87 JADE e4-e-  34.6 GeV 

0.0824-0.012__+00:02 ALTHOFF 84G TASS e -t- e -  34.5 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0894-0.0184-0.025 BARTEL 85J JADE See BARTEL 87 

12ALBRECHT 92F uses the excess of right-sign over wrong-sign leptons In a sample of 
events tagged by fully reconstructed D*(2010) 4" ~ D0~r + decays. 

Leptonlc and mmlleptonlc modes 

r(~+..)Ir~.= rTlr 
See the "Note on Pseudoscalar-Meson Decay Constants" In the Ir :E LlstlnKs for the 
llmlt Inferred on the D + decay constant from the llmlt here on I'(/~ "l" u/j)/Ftota I. 

VALU~ CL% EVT5 DOCUMENT ID TEE N COMMENT 

<0.0007"2 90 ADLER 88B MRK3 e 4" e -  3.77 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.02 90 0 13 AUBERT 83 SPEC /J+Fe, 250 GeV 

13 AUBERT 83 obtains an upper limit 0.014 assuming the final state contains equal amounts 
of ( D 4 " , D - ) ,  (D+,DO). ( D - , D O ) ,  and (DO,DO). We quote the limit they get under 
more general assumptions. 

r(P~+ ~t) Irt=.l rdr  
We average our K - ' 0 e + u  e and K---0/=+=*/= branching fractions, after multiplying the 

latter by a phase-space factor of 1.03 to be able to use it with the K - '0  e4- v e fraction. 
Hence our t "l" here Is really an e 4". 

VALUE DOCUMENT ID COMMENT 
O.OU::i:O.O06 OUR AVERAGE 
0.067+0.009 PDG 98 Our r (K  -0e -F=,e)/rtotal 

0.072 4"0"031_ 0.020 PDG 98 1.03 x our I'('RO/J 4" =,/=)/l'tota I 

r(P.+~o)Ir== r,lr 
VALUE E V T S  DOCUMENT ID TECN COMMENT 
0.067"1"0.00g OUR FIT 

+ 0 . 0 ~  a.n r~w 0.06 --0.013 . . . . .  13 BAI 91 MRK3 e 4" e -  ..~ 3.77 GeV 

r (P  e+~.)Ir('g~ r, l r ,  
VALUE E V T S  ~)~UMENT ID TECN COMMENT 
2.32:E0,31 OUR FIT 
2-604"0.31;4"0.26 186 14 BEAN 93C CLE2 �9 + e -  ~. T(45) 

14BEAN 93C uses K0#4"v# as well as T("0 e '+ .  e events and makes a small phase-space 

adjustment to the number of the/~+ events to use them as e + events. 

r(Pe+~o)Ir(K-.+.+) rglr~ 
VALUE DOCUMENT ID TECN COMMENT 
0.74"1"0.10 OUR FIT 
0.66-1-0.094-0.14 ANJOS 91C E691 *( Be 80-240 GeV 

rl--~+~,~)/r~ rlo/r 
VALUE EVT$ DOCUMENT ID TECN COMMENT 

0.07 +O'O~Ba-O012 _0.016~ . 14 BAI 91 MRK3 e-t'e - ~ 3.77 GeV 

r('~l, +~)/r0,+a.~l.g) rio/r6 
VALUE EV'I'$ DOCUMENT ID COMMENT 

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

0264-0.06 84 15 AOKI 88 ~r- emulsion 

15 From topological branching ratios in emulsion with an identified muon. 

r(K- ~+ e + ,o)/r=,, r l l / r  
VALUE CL% ~VT~ DOCUMENT ID TECN COMMENT 

our 
O.0~S+ 0"0~ 4"0.004 14 16BAI 91 MRK3 e4"e-  ~ 3.77 

GeV 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

<0.057 90 17 AGUILAR-... 87F HYBR ~p,  pp  360, 400 
GeV 

16BAI 91 finds that a fraction 0 79 4-0'15+0'09 of combined D + and D O decays to ' - 0 ,17-0.03 
�9 4- - I (~re+u e (24events) are ~ (892)e ='e' 

17 AGUILAR-BENITEZ 87F computes the branching fraction using topological normaliza- 
tion. 
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r('P(m)oP,,~)Ir~,, r~/r 
We average our ~ * 0  e L Ue and ~ * 0  p+  ~/~ Ixanchlng fractions, after multiplying the 

latter by a phase-space factor of 1.05 to be able to use It with the ~ * 0  e+ Ve fraction, 

Hence our ~+ here Is really an e + .  
VA~U~ DOCUMENT ID COMMENT 
0.047:1:0~14 OUR AVERAGE 
0.048• PDG 98 Our F(K *Oe §  I I 
0.046• PDG 98 ].05 • our F(K*0/~+u/~)/'Ftotal I 
r ~ ' ( m )  o.+~.)/r(K-~+ e+~.) r . v r .  

Unseen decay modes of the K*(892)  0 are included. 
VALUE E V T S  DOCUMENT ID TECN COMMENT 

11~+0"~ OUR FIT �9 - -O.~  
1.0 +0 .3  35 ADAMOVICH 91 OMEG ~ -  340 GeV 

r(X.(~2)oe+ ve)/r(K- =+,r+) r../r~ 
Unseen decay modes of the K*(892)  0 are Included. 

VALUE EVT5 DOCUMENT ID TECN COMMENT 
0JB'I'0.0~ OUR FIT 
0.S4=bO.~8 OUR AVERAGE 
0.67:J:0.09~0.07 710 18 BEAN 93C CLE2 e + e -  ~. T(4S) 
0.62~:0.15+0.09 35 ADAMOVICH 91 OMEG ~ -  340 GeV 
0.55•177 880 ALBRECHT 91 ARG e § e -  ~= 10.4 GeV 
0.49 • 0.04~:0.05 ANJOS 89B E691 Photoproduction 

18 BEAN 93C uses ~ *0 /~+  u/= as well as ~ * 0  e + Ue events and makes a small phase-space 

adjustment to the number of the/~+ events to use them as e + events. 

r(K-x+e+~ e no~rmnant)/rt~,, r,./r 
yA~-(J~ CL~ DOCUMENT IO TECN COMMENT 

90 19 ANJOS 89B E691 Photoproductlon 

lgANJOS 89B assumes a r(D+ - ,  K - ~ r + ~ t + ) / F t o t a  I = 9.1 • 1.3 L 0.4%. 

r(K- .+~,+ ~) / r~= r~4/r = (rz~+|r~l/r 
VALUE DOCUMENT ID 
0J~2"1"0.004 OUR FIT Error includes scale factor of 1.1. 

r(-k'.(~)o~+ ~) /r~. ,  r~Ir 
Unseen decay modes of the K* (892)  0 are included. 

~/A~V ~ EVT5 DOCUMENT ID TItaN COMMON T 
0.044 4"0.00~ OUR FIT Error includes scale factor of 1.1. 
O.032SJ"0.00TI4"0.0078 224 20 KODAMA 92C E653 ~-- emulsion 600 GeV 

20 KODAMA 92C measures I ' (D + ~ ~ *0 /~+  u p ) / r ( D  0 ~ K -  ~,+ u#) = 0.43 • 0.09 L 

0.09 and then uses F(D 0 ~ K - / ~ + ~ p )  = (7.0 • 0.7) x 1010s - 1  to get the quoted 
branching fraction. See also the footnote to KODAMA 92c In the next data block. 

r (R-(~j2)%+ ~) / r  (K- ~+ .+) r~/r~ 
Unseen decay modes of the K*(892)  0 are included. 

V~lr~J~ " ~VT~ DOCUMENT ID TECN COMMENT 
OAS:l:O.fii OUR FIT 
0.r~-I-0.0i OUR AVERAGE 
0.56:E0.04• 875 FRABETTI 93E E687 ";,Be E,~ ~, 200 GeV 

0.46• 224 21 KODAMA 92c E653 ~ -  emulsion 600 GeV 

21KODAMA 92C uses the same -K*O/~§ events normalizing Instead with D O 

K - / ~ +  u/~ events, as reported In the preceding data block. 

F(K-~r+l~+~,rmresonarrt)/r(K-x+l~+=~,) r ~ u r .  = rzu(r~=+|r~) 
VAI.!,J~ DOCUMENT I 0 T~C N COMMENT 
0.013=l:0.~S OUR FIT 
0.013=l=0.02S FRABETTI 93E E687 < 0.12 (90% CL) 

r(X ~ ~+ ~o)/rt~, ru/r  
VALUE ~v'r~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 0 ")~+0"047 ~-~ ^^" " ' ' - - 0 . 006  ~ . w . ~  1 22 AGUILAR-... 87F HYBR ~p,  p p  360, 400 GeV 

22AGUILAR-BENITEZ 87F computes the branching fraction using topological normaliza- 
tion. 

r(K- ,r+ ,P e+ ~,~ r~,/r 
VA~.U~ E V T S  DOCUMENT It) TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 04 ~+0"052 ~-~ ~ �9 ~ _ 0 . 0 1 3 ~ . w .  2 23 AGUILAR-... 87F HYBR ~rp, pp  360, 400 GeV 

23AGUILAR-BENITEZ 87F computes the branching fraction using topological normaliza- 
tion. 

r ((~(s~2).)o e+ ~o)/rt==, r~,/r 
Unseen decay modes of the ~'=(892) are Included. 

VALUE CL~ DOCUMENT/O TECN COMMENT 

<0.0 ~') 90 ANJOS 92 E691 Photoproductlon 

r( (X. . )oe+.o,~-~(~)) /r~, ,  r=Ir 
VA~.U~ r CL~ DOCUMENT ID TECN COMMENT 

<O.009 90 ANJOS 92 E691 Photoproductlon 

r ( K - , + f ~  +/~+=v/=) r=dr.  = r=t/lr.+|r==) 
VALUE CL~ DOCUMENT IO TECN COMMENT 
<0.042 90 FRABETTI 93E E687 ~/Be E~ ~ 200 GeV 

p 

r(.~ ~,)/r(P.'+M~) r../r, 
VA~t,I~ ~VTS DOCUMENT It) TECN COMMENT 

0.04G:1:0,0144-0.017 100 24 BARTELT 97 CLE2 e L e -  ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0,085• 53 25 ALAM 93 CLE2 See BARTELT 97 

24BARTELT 97 thus directly measures the product of ratios s~uared of CKM matrix el�9 i 
ments and form fact . . . .  t q2=0: IVcd/V'csJ 2 - If~.(o)/f~_(o)l 2 = 0.046 • 0,014 • | 
0.017�9 

25ALAM 93 thus directly measures the product of ratios squared of CKM matrix elements 
and form factors at q2=O: IVcd/Vcsl 2 �9 I f ~+ (O) / fK (o ) l  2 = 0.085 • 0.027 • 0.014. 

r(~+~- e+ vo)/r~, rn/r  
VALUE/ CL% pO~UMENT IO TECN COMMENT 

�9 �9 �9 We do not use the foliowlng data for averages, fits, llmlts, etc. �9 �9 �9 

<:0.057 90 26 AGUILAR-... 87F HYBR ~rp, pp  360, 400 GeV 

26AGUILAR-BENITEZ 87F computes the branching fraction using topological normallza- 
tlon. 

r(~e+,,o)Ir==i r=Ir 
VALUE CL~ DOCUMENT ID TECN COMMEN T 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.0037 90 BAI 91 MRK3 e + e -  ~ 3.77 GeV 

r(p0e+vo)/r(~'le~2) ~ r~/r.~ 
VALU E E V T S  DOCUMENT ID T~CN COMMENT 

0.O48:1:0.014"1"0.009 49 27 AITALA 97 E791 ~ -  nucleus, 500 GeV l 

27 AITALA 97 explicitly subtracts D -F ~ TIt e -F ~'e and other backgrounds to get this result, i 

r (p%+ v~,) ir ('go(~2)%+,,~) rnlr~ 
VAI,~I~ E V T S  DOCUMENT ID TECN COMMENT 
O.ord. 4'-0.014 OUR AVERAGE 
0.051•177 54 28 AITALA 97 E791 ~ -  nucleus, 500 GeV i 
0.0794-0.019:t:0.013 39 29 FRABETTI 97 E687 ~ Be, E.~ ~ 220 GeV I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 0 aA L0.031 j_~ ~ , .  . ~_O.025~u.uL.*  4 30 KODAMA 93C E653 f emulsion 600 GeV 

28AITALA 97 explicitly subtracts D § ~ f l l l~+Ut~ and other backgrounds to get this | 
result. 

29Because the reconstruction efficiency for photons is low, this FRABETTI 97 result also | 
Includes any D + .~  r l l l~LUl j  --* "ypO#+vl~ events in the numerator. I 

30 This KODAMA 93C result Is based on a final signal of 4.0_+ 218 • 1.3 events; the estimates 
of backgrounds that affect this number are somewhat model dependent. 

r(§ rnlr 
Decay modes of the r not Included In the search are corrected for. 

VA~U~ CL~ DOCUMENT ID TECN ~:OMM~NT 

<0.0209 90 BAI 91 MRK3 e L � 9  - ~. 3.77GeV " 

r(§ r=/r 
Decay modes of the q~ not included In the search are corrected for. 

VA~ U~ CL~ ~)OCUMENT ID TECN COMMENT 

<:0.0372 90 BAI 91 MRK3 e + e  - ~ 3.77 GeV 

r(nt+.t) I r (~ - .~ )  r . l r . .  
V~I_~ CL~ DOCUMENT ID TECN ~:OMMENT 

<1.11 90 BARTELT 97 CLE2 e + e - ~  T(45)  I 

r(r ~ rs=/r=6 
Decay modes of the r/r(958) not Included In the search are corrected for. 

VALUE CLK DOCUMENT ID TECN COMMENT 

<0.20 90 KODAMA 93B E653 ~ -  emulsion 600 GeV 

Hadronlc model with a ~'  or ~ K ~ '  

r('/P.+)/r~,, r=/r 
VAliSE E V T S  DOCUMENT ID TECN COMMENT 
0.02~JH-0,,0026 OUR FIT Error Includes scale factor of 1.1. 
0.0a2 =1:0.004 OUR AVERAGE 
0.032 • • 161 ADLER 88c MRK3 e + e  - 3.77 GeV 
0.033 • 36 31SCHINDLER 81 MRK2 e §  3.771 GeV 
0.033 • 17 32 PERUZZI 77 MRK1 e + e  - 3.77 GeV 

31SCHINDLER 81 (MARK-2)measures ~ (e+e  - ~ r x branching fraction to 
be 0.14 • 0.03 nb. We use the MARK-3 (ADLER 08c) value of cr = 4.2 • 0.6 • 0.3 nb. 

32pERUZZl 77 (MARK- l )  measures e ( e + e  - --* r x branching fraction to be 
0,14 • 0.05 nb. We use the MARK-3 (ADLER 88C) value of ~ = 4.2 L 0.6 4- 0.3 nb. 
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Listings 
D �9 

r('g%+)/r(K-.+.+) r=/r,~ 
It is generally assumed for modes such as D + ~ K0~r+ that 

r(D+ K0~r+)  = 2 r (D  + ~ KUrd+);^ 
i t  is the latter r that Is actually measured. BIGI 95 points out that Interference between 
Cabibbo-allowed and doubly Cablbbo-suppressed amplitudes, where both occur, could 
invalidate this assumption by a few percent. 

VALUE E V T S  DOCUMENT ID TECN COMMENT 
0.3214-0.025 OUR FIT Error includes scale factor of 1.1. 
0..112:1:0.04 OUR AVERAGE Error Inclode~ rscale factor of 1.4. 
0.348• 473 33 BISHAI 97 CLE2 "e  + e -  ~ T(4S) 

r('P(.2)o.+)/r(-g~176 r,,/r~ 
Unseen decay modes of the K*(892)  0 are included�9 

VAL UE DOCUMENT ID TECN COMMENT 
0.204-0.06 OUR FIT 
0.574-0.184-0.18 ADLER 87 MRK3 e + e -  3.77 GeV 

r (R%+,  ~ nonresonant)/r('R%r+~r ~ r~ I r .  
VALUE DOCUMENT ID TECN COMMENT 

0.1.14-0.074-0J011 ADLER 87 MRK3 e'l 'e - 3.77 GeV 

r ( K -  ~r + x + x O)/rt=,,  r~,/r 
0.274•177 264 ANJOS 90C E69'1 Photoproductlon 

33See BISHAI 97 for an Isospin analysis of D + ~ K~r an~plitudes. 

r(K-x+x+)/rt~l 
V A ~  E V T S  DOCUMENT ID TECN COMMENT 
0.0904-0.006 OUR FIT 
0.091=1:0,007 OUR AVERAGE 
0.093•177 1502 34 BALEST 94 CLE2 e + e -  ~ T(4S) 
0.0914-0.0134-0.004 1164 ADLER 88C MRK3 e'l 'e - 3.77 GeV 
0.091• 239 355CHINDLER 81 MRK2 e+e  - 3.771 GeV 
0.086• 85 36 PERUZZI 77 MRK1 e + e -  3.77 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 0 ~ + 0 . 0 1 5  37 BARLAG 92c ACCM ~r- Cu 230 GeV 
"~-0 .014  

+ 0  028 0.063_01014• 8 37 AGUlLAR-,.. 87F HYBR ~'p, pp 360, 400 GeM 

r~/r 

VALUE E V T S  DOCUMENT ID TECN COMMENT 
0.0M-I-0.011 OUR FIT 
0.0S84-0.012-1-0.012 142 COFFMAN 92B MRK3 e + e -  3.77 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 0 ~ ' l '0 "056 39 BARLAG 92E ACCM ~r-- Cu 230 GeV 
�9 ~ - - 0 .070  

0 + 0  047 .022_01006+0.004 1 39 AGUILAR-... 87F HYBR ~rp, pp  360, 400 GeV 

0 +0014  .063_0:0134-0.012 175 BALTRUSAIT.~6E MRK3 See COFFMAN 92B 

39AGUILAR-BENITEZ 87F and BARLAG 92c compute the branching fraction by topolog- 
Ical normalization. 

r (K- ,+ ~t + '~) / r  (K- .+ ~r +) r~,/r.~ 
VALUE E V T 5  DOCUMENT ID TECN COMMENT 
0.714"0.12 OUR FIT 

34 BALEST 94 measures the ratio of D + ~ K -  ;r + Ir + and D O ~ K -  ~r + branching 
fractions to be 2.35 :E 0.16 • 0.16 and uses their absolute measurement of the D O 
K - ~ r  "l" fraction (AKERIB 93). 

355CHINDLER 81 (MARK-2) measures r  - --~ r x branching fraction to 
be 0.38 • 0.05 nb. We use the MARK-3 (ADLER 88c) value of # = 4.2 • 0.6 4- 0.3 nb. 

36pERUZZl 77 (MARK- l )  measures r - ~ ~(3770)) x branching fraction to be 
0.36 • 0.06 nb. We use the MARK-3 (ADLER 88c) value of ~ = 4.2 • 0.6 4- 0.3 nb. 

37AGUILAR-BENITEZ 87F and BARLAG 92c compute the branching fraction by topolog- 
ical normalization. 

r~.(gs2)O,r+)/r(K - ~+~+) rz , / r= 
Unseen decay modes of the K*(892)  0 are Included�9 

VA~,~I E CL ~ (~OCUMENT ID TECN COMMENT 
0.2124-0.016 OUR FIT 
0.210=t:0.01S OUR AVERAGE 
0.2064-0.0094-0.014 FRABETTI 94G E687 "(Be, E.y ~ 220 GeV 

0.255•177 ANJOS 93 E691 -fBe 90-260 GeV 
0.21 4-0.06 4-0.06 ALVAREZ 91B NA14 Photoproductlon 
0.20 •  4-0.11 ADLER 87 MRK3 e'l 'e - 3.77 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.053 90 SCHINDLER 81 MRK2 e + e -  3.771 GeV 

r(~o(t~o)o.+)/r(K-.+.+) r,~/r,~ 
Unseen decay modes of the "~(1430)  0 are included. 

VALUE DOCUMENTID TE(;N COMMENT 
0.41 4-0.04 OUR RVERAGE 
0.4584-0.035• FRABETTI 94G E687 ~Be, E.y ~= 220 GeV 

0.4004-0.0314-0.027 ANJOS 93 E691 "(Be 90-260 GeV 

r ('R'(1680) ~  x + ~r +) r . / r .  
Unseen decay modes of the K*(1680) 0 are Included. 

~//11_~1~ DOCUMENT ID TECN COMMENT 
0.110-1-0.1~D OUR AVERAGE Error includes scale factor of 1.1. 
0.1824-0.0234-0.028 FRABETTI 94G E687 ~(Be,~.y ~= 220 GeV 

0.1134-0,015• ANJOS 93 E691 "yBe 90-260 GeV 

r ( K - . + .  + ,o.relona,t)/r(K-.+. +) r . /r=4 
VALUE DOCUMENT ID TECN COMMENT 

0 .M =1:0.07 OUR AVERAGE 
0.998+0.0374-0.072 FRABETTI 94G E687 ~(Be, "~.y ~= 220 GeV 

0,838•177 ANJOS 93 E691 ~Be 90-260 GeV 
0.79 4-0.07 4-0.15 ADLER 87 MRK3 e+e  - 3.77 GeV 

rOP.+.~)Ir~., r . l r  
VALUE E V T 5  DOCUMENT ID TECN COMMENT 
0.0974-0~30 OUR FIT Error Includes scale factor of 1.1. 
0.1074-0,029 OUR AVERAGE 
0.1024-0.025• 159 ADLER 88c MRK3 e + e  - 3�9 GeV 
0�9 4-0�9 10 38 SCHINDLER 81 MRK2 e + e -  3.771 GeV 

38SCHINDLER 81 (MARK-2) measures a ( e + e  - ~ r x branching fraction to 
be 0.78 • 0.48 nb. We use the MARK-3 (ADLER 88c) value of # = 4.2 4- 0.6 • 0.3 nb. 

r('g%+)ir('/P,r+, o) r~olr. 
VA~UE DOCUMENT ID TECN COMMENT 

0.684-0.084-0.12 ADLER 87 MRK3 e+e  - 3.77 GeV 

0.764-0,114-0.12 91 ANJOS 92c E691 -f Be 90-260 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0,694-0,104-0.16 ANJOS 89E E691 See ANJO5 92C 

0 57 -F0"65 1 AGUILAR-.. 83B HYBR ~r-p, 360 GeV 
" -0 .17  

r('g'("2)~176 r74/r. 
(& Unseen decay modes of the K*(892)  0 are Included. 

VAL UE DOCUMENT ID TECN COMMENT 

0.334-0,1184-0.12 40 ANJOS 92c E691 "yBe 90-260 GeV 

40See, however, the next entry, where the two experiments disagree completely. 

r('/P("2) op+ ~w.,) /r(K-.+.+,P) r,, /r4. 
U nseen decay modes of the K *  4892) 0 are Included, The two experiments here disagree 
completely. 

VALUE DOCUMENT ID TECN ~OMMENT 
o.2g 4"0.211 OUR AVERAGE Error Includes scale factor of 3.1. 
0.15 4-0.075• ANJOS 92C E691 3'Be 90-260 GeV 
0.833•177 COFFMAN 92B MRK3 e'l 'e - 3.77 GeV 

r(P("2)op+ P-w.~)Ir~= r~Ir 
Unseen decay modes of the K*(892)  0 are Included�9 

VAL UE CL~ DOCUMENT ID TECN COMMENT 

<0.001 90 ANJOS 92c E691 ~Be 90-260 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0�9 90 COFFMAN 92B MRK3 e + e -  3.77 GeV 

r ('P("2)o p+ ~wav,)/r (K-,r+ ,r+. ~ ) r . / r4 ,  
Unseen decay modes of the K �9  0 are Included. 

VA~I,I~ DOCUMENT ID TECN COMMENT 

0.16"k0,09"l-0.04g ANJOS 92C E691 ~Be 90-260 GeV 

r(R'(l~)0p+ ~wav, Ionlltudlnal)/r~l r~/r 
* 0 Unseen decay modes of the ~' (892) are Included. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.00"t 90 COFFMAN 92B MRK3 e + e  - 3,77 GeV 

r ('/i'i (1r ~ -+) Ir (K- lr + Ir + lr O) r=Ir.~ 
Unseen decay modes of the "~1(1400) 0 are Included. 

VAL U E DOCUMENT ID TECN COMMENT 
0.1"! 4-0.20 OUR FIT 
0.SO't4-0.21114-0.1110 COFFMAN 92B MRK3 �9 + e -  3�9 GeV 

r (K- p+ lr + total) / r (K- ~r + Ir + lr O) r,, /r~, 
This includes "R*(892) 0 p+ ,  etc. The next entry gives the specifically 3-body fraction. 

VALUE DOCUMENT ID 

0.48 ~0.13-I-0,09 ANJOS 

r (K- p+ ~r + 3-body)/r (K- lr + •+ Ir O) 
VALUE DOCUMENT ID 
0,17 4-0.06 OUR AVERAGE 
0.18 • 4-0.04 ANJOS 
0.159 =h 0.0654- 0.060 COFFMAN 

r (W" (89210 .+ .o tot=)/r ( K -  lr + x + lr ~ 

TECN ~OMMENT 

92C E691 "~ Be 90-260 GeV 

rB/ru 
TECN COMMENT 

92c E691 "yBe 90-260 GeV 
928 MRK3 e-Fe - 3.77GeV 

r . l r ~  
This includes K*(892)0p +,  etc. The next two entries give the specifically 3-body 
fraction. Unseen decay modes of the K*(892)  0 are Included. 

VALUE DOCUMENT ID TECN COMMENT 

1.064-0.11+0.06 ANJOS 92C E691 -~Be 90-260 GeV 
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r(X"(892) ~176 r~Ir 
Unseen decay modes of the K*(892)  0 are Included. 

yALU~ CL~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.008 90 41 COFFMAN 92B MRK3 e + e -  3.77 GeV 

41See, however, the next entry: ANJO5 92c sees a large signal In this channel. 

r (A'.(~)o.+.o 3-boey)/r(K- ~+ x+ ~ o ) r . / ru  
Unseen decay modes of the K+(892) 0 are Included, 

Vt~U~ DOCUMENT ID TECN COMMENT 

0.66-1-0.094-0.17 ANJOS 92(: E691 ~ Be 90-260 GeV 

r(x'(~)-.*.+3-body)/r(K-~r +x +~r ~ r~/r~ 
Unseen decay modes of the K * ( 8 9 2 ) -  are included. 

VALUE DOCUMENT ID TEC N COMMENT 
0.324-0.14 OUR FIT Error Includes scale factor of 1.1. 
0.244"0.124"0.09 ANJOS 92c E691 -yBe 90-260 GeV 

r(K-:+x+~o nonresonant)/rmt~! r . / r  
VALU E CL~ DOCUMENT ID T~Cly COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.002 90 42 ANJOS 92C E691 3'Be 90-260 GeV 

42Whereas ANJOS 92C finds no signal here, COFFMAN 92B finds a fairly large one; see 
the next entry. 

r (K-x+x+~ ~ nonresonant)/r (K- ~r+ .+  x~ r . / r .  

rr~/r 

VALU~ DOCUMENT ID TE(;N COMMENT 

0.1844-0.0704-0.01J0 COFFMAN 92B MRK3 e + e -  3.77 GeV 

r0C%+~+.-)/r~ 
w~u~ ~ OOCU,,ENT ,D TECN COMMENT 
0.070=i:0.009 OUR FIT 
0.0T24-0.01~ OUR AVERAGE 
0.066:1:0.0154-0.005 168 ADLER 88(: MRK3 e + e -  3.77 GeV 
0.12 4-0.05 21 43 SCHINDLER 81 MRK2 �9 + e -  3.771 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0na.~+0.019 44 BARLAG 92C ACCM x -  Cu 230 GeV 
. . . .  -0 .017 

+ 0  064 0.243_010414-0.041 11 44 AGUILAR-... 87F HYBR ~p ,  p p  360, 400 GeV 

435CHINDLER 81 (MARK-2) measures ~ (e+e  - ~+ ,~(3770)) x branching fraction to 
be 0.51 4- 0.08 rib. We use the MARK-3 (ADLER 88(:) value of cr = 4.2 4- 0.6 4- 0.3 nb. 

44AGUILAR-BENITEZ 87F and BARLAG 92(: compute the branching fraction by topolog- 
Ical normalization. 

r (Ro.+.+.-)/r  (K-.+.+) r = / r .  
VALUE ~ [ r s  DOCUMENT ID TECN COMMENT 
0.'/114-0.10 OUR FIT 
0.'r/4-0.074-0.11 229 ANJOS 92C E691 "y Be 9C-260 GeV 

r (P  al112eo)+)/r (g%+ .+ lr -) rTdr. 
Unseen decay modes of the a1(1260)+ are Included. 

VALU~ DOCUMENT ID TECN ':;QMM~NT 
1.16:1:0.19 OUR AVERAGE Error Includes scale factor of 1.1. 
1.66 4-0.28 4-0.40 ANJOS 92c E691 ";,Be 90-260 GeV 
1.0784-0.1144-0.140 COFFMAN 92B MRK3 e -Fe-  3.77 GeV 

r0P.~(m0)+)/r~,, r~/r 
Unseen decay modes of the a2(1320)+ are Included. 

VALUE CL ~ DOCUMENT ID T~:  N COMMENT 

<:0.00~ 90 ANJOS 92C E691 "yBe 90-260 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.008 90 COFFMAN 928 MRK3 e'l 'e - 3.77 GeV 

r ('~1(1270) 0 ~r + ) / r ~ =  r~,/r 
Unseen decay modes of the K1(1270) 0 are Included. 

VA~.UI~ CL % D~)CUMENT ID TECN (;OMMENT 

<0.007 90 ANJOS 92C E691 3'Be 90-260 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

<0.011 90 COFFMAN 92B MRK3 e + e -  3.77 GeV 

r(A'l(~400) ~ r=/r 
Unseen decay modes of the "~'1(1400)0 are included. 

VALUE CL~ @OCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

<0.009 90 45 ANJOS 92r E691 -;,Be 90-260 GeV 

45ANJOS 92(: sees no evidence for ~1~1(1400)0~+ in either the ~ ' 0 x ' t ' ~ + ~ -  or 

K - ~ + ~ ' l ' x  0 channels, whereas COFFMAN 92B finds the ~1~1(1400)0~+ branching 
fraction to be large; see the next entry. 

r(X'l(14oo1 ~ r=/r~ 
Unseen decay modes of the "~'1(1400)0 are included. 

VALUE DOCUMENT ID TECN COMMENT 
0.70 4-0.17 OUR FIT 
0.1:~14-0.10~4-0.180 COFFMAN 92B MRK3 e + e  - 3,77 GeV 

I'('R* (1410)~ f+)/rto~,, r=/r  
Unseen decay modes of the K*(1410) 0 are included�9 

VAt. ~1~ CL~ DOCUMENT ID TECN COMMENT 

<0.007 90 COFFMAN 92B MRK3 e + e -  3.77 GeV 

r(x'(8921--+~+~o-l)/r0P-+-+--) r./rg= 
Unseen decay modes of the K * (892 ) -  are Included. 

VALU E EVT5 DOCUMENT ID T~CN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.41+0.14 14 ALEEV 94 BIS2 n N  20-70 GeV 

r ( K ' ( ~ l - . + . + ~ y ) l r ~ =  r,~/r 
Unseen decay modes of the K* (892)  0 are Included, 

VAt.U~ CL~ DOCUMENT ID TECN COMMgINT 
0.0204-0.009 OUR FIT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.013 90 COFFMAN 92B MRK3 e-t'e - 3.77 GeV 

r(K'(892)-,+,+~body)/r(g~ r~/rg= 
Unseen decay modes of the K * (892 ) -  are Included. 

VAt.U~ DOCUMENT ID TECN COMMENT 
0~1-l-0,13 OUR FIT Error includes scale factor of 1.1. 
0.td)-1-0.094-0.21 ANJOS 92c E691 ~'Be 90-260 GeV 

r (Pp~ .+ total)/r (/P . + . + .  - ) r,o/rs= 
This Includes Kl)a1(1260)+. The next two entries give the specifically 3-body reac- 
tion. 

VA{,I,I~ CL~ DOCUMENT ID TECN COMMENT 

0.60-1-0.10-1-0.17 90 ANJOS 92c E691 ~'Be 90-260 GeV 

r ( P p ~  r . / r  
VALUE CL~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.004 90 COFFMAN 92B MRK3 e + e  - 3.77 GeV 

r (/Peo.+ ~body)/r(P++.+. - ) rgl/r= 
VALUE DOCUMENT ID TECN COMMENT 

0.07"1"0.044"0.06 ANJOS 92C E691 ";,Be 90-260 GeV 

r (P  ~(~o).+)Ir~= r,:Ir 
VALU~ ~ DOCUMENT 10 TE(:N COMMENT 

<O.(XW 90 ANJOS 92c E691 3'Be 90-260 GeV 

r( ' IP.+.+.-  .onmo...t)/r('/P,+,+, -) r=/r= 
VALUE DOCUMENT ID T~C;I~ COMMENT 
0.12=1:0.06 OUR AVERAGE 
0.104-0.04 4-0.06 ANJOS 92(: E691 "yBe 90-260 GeV 
0.174-0.0564-0.100 COFFMAN 92B MRK3 e-l-e - 3.77GeV 

r(K-x+~+~+f)/rtm, r . / r  
Vr4{,U~. DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 00~7+0.0012 46 BARLAG 92(: ACCM * -  Cu 230 GeV 
�9 " -  0 . 0 0 1 0  

46 BARLAG 92C computes the branching fraction using topological normalization. 

r(K- x +lr +~-+lr-)/r(K-x +.-+) rH / r .  
VALUE ~yT~ DOCUMENT ID TECN COMMENT 
o.oeo=l:o.o09 OUR FIT 
0.0a=k0.009 OUR AVERAGE 

FRABETTI 97c E687 ~,Be. "~,y ~ 200 GeV | 
m 

0.0774-0.0084-0.010 239 

0.09 4-0.01 4-0.01 113 ANJOS 900 E691 Photoproductlon 

r(X'(892) ~ +It +x + . - )  r. /rs,  
Unseen decay modes of the K+(892) 0 are Included. 

VALUE pOCUMENT ID TECN COMMENT 
1.1 4-0.4 OUR FIT Error Includes scale factor of 1.8. 
1.2l'4"0.124-0.Zl ANJOS 900 E691 Photoproductlon 

r(TP(m)0eo.+)/r(K - .+ .+)  r . / r .  
Unseen decay modes of the ~* (892 )  0 are Included. 

VALUE DOCUMENT ID TECN COMMENT 

0 0 ~  +0J~lg OUR FIT Error Includes scale factor of 1.8. �9 -0.017 
FRABETTI 97(: E687 -yBe, "E.y ~ 200 GeV | 0.02S4-0.0104-0.006 

r(X'(89210e~176 r . / r .  
VALUE DOCUMENT ID TECN COMMENT 

0 36 "t"0'24 OUR FIT Error Includes scale factor of 1.8. �9 - 0 ~ 0  
0.?|4-0.174-0.19 ANJOS 900 E691 Photoprod uctlon 
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r(~.(89~) ~  + , + )  r . / r .  
Unseen decay modes of the K*(892)  0 are Included. 

VALUE DOCUMENT ID TEEN COMM~,IVT 

0.O48-1-O.O15-t-0.O11 FRABETTI 97C E687 "T Be. E.~ ~ 200 GeV 

r (K-  pO.+ ~r + ) / r  ( K - , +  ~r +) r . / r .  
VAI~UE DOCUMENT ID TEEN COMMENT 

0.034"4"0.009-I'OJX~ FRABETTI 97(: E687 -;.Be, E.~ ~ 200 GeV 

I ' ( K - x + x + . + x  - nonr~onant)/r(K-.+~r +) r~ / r .  
VALUE ~ DOCUMENT ID ,TEE N ' COMMENT 

<0.026 90 FRABETTI 97c E6~7 "},Be, E~f .~ 200 GeV I 

r (K-  ~r + x + x ~ ~r ~ r ~ / r  
VALUE EVTS ~)~CUMENT ID TEEN COMMENT 

0.022+O~ '1"0 -004  1 47AGUILAR .... 87F HYBR ~rp. p p 3 6 0 , 4 0 0 G e V  

�9 �9 �9 We do not use the following data for averages, fits. limits, e t c . � 9  �9 �9 

<0.015 47 BARLAG 92C ACCM ~r- Cu 230 GeV 

47AGUILAR-BENITEZ 87F and BARLAG 92(: compute the branching fraction by topolog- 
ical normalization. 

r (g%+,,+.-.~ re~/r 
VALUE EVT5 DOCUMENT ID TEEN COMMENT 

o u ,  AVERAG  

0 0 ~~ 48 BARLAG 92C ACCM ~r- Cu 230 GeV 
" " - 0 . 0 7 0  

0 0 a~+0"052 ~n  ~ �9 ~ _ O . 0 1 3 ~ . u ~ r  2 48 AGUILAR-... 87F HYBR ~rp. p p  360, 400 GeV 

48AGUILAR-BENITEZ 87F and BARLAG 92C compute the branching fraction by topolog- 
ical normalization. 

r (P,~+,~+,r+,r-,r-)/r~,.i r,z/r 
VALUE DOCUMENT ID TEEN CQMM~NT 

O.0008:EO.O~07 49 BARLAG 92(: ACCM ~ -  CU 230 GeV 

49 BARLAG 92c computes the b~anching fraction using topological normalization. 

r (K-  ~r + ~r + z + ~r- ~ o ) / r ~ ,  r . / r  
VALUE DOCUMENT ID TE~CN COMMENT 

0.0(~04.0.0018 50 BARLAG 92C ACCM ~r- Cu 230 GeV 

50 BARLAG 92c computes the branching fraction using topological normalization. 

r('g~176 K+)/r(K-.+ ,r+) r ~ / r ~  
VALUE Ev'rs DOCUMENT ID TE(~N COMMENT 
0.20d:O.O~ OUR AVERAGE Error includes scale factor of 2.4�9 
0.14 :t: 0.04 :I: 0.02 
0.34 :i: 0.07 

r( .* .0)/r(K-.+.+) 
VAI, UE EVTS 

0.0~8 J" O.O06"k 0.00~ 34 

r( .+.+.- ) /r (K-.§247 
VALUE EVTS 
0.04es--I-0.0034 OUR FIT 
0.O4~::EO.OOaS OUR AVERAGE 
0.043 :CO.003 ~:0.003 236 
0.032 :E0.011 ::EO.O03 20 
0.035 :EO.O07 -I-0.003 
0.042 ::}:0.016 =I:0.010 57 

r ( /P,+) / r (~r+x+x - )  
VALUE 

0.21~'I 'O.OM'I 'O.O~I 

39 ALBRECHT 941 ARG e + e - ~  10 GeV 
70 AMMAR 91 CLEO �9 + e -  ~ 10.5 GeV 

Plonlc modes 

rw/r~ 
DOCUMENT ID TEEN COMMENT 

SELEN 93 CLE2 e + e -  ~ T(4S) 

r~/r~ 
~)OEUMENT ID TEEN COMMENT 

FRABETTI 97D E687 "y Be ~ 200 GeV 
ADAMOVICH 93 WA82 ~r -340  GeV 
ANJOS 89 E691 Photoproductlon 
BALTRUSAIT..,~5E MRK3 e + e  - 3.77 GeV 

r~/res 
DOCUMENT ID TEEN COMMENT 

51 FRABETTI 97D E687 3' Be ~ 200 GeV 

51FRABETTI 97D also includes f2(1270)~r+ and f0(980)~r+ modes In the fit, but the | 
resulting decay fractions are not statistically significant�9 I 

r~.+)/r(K-~r +x +) r . / r .  
VALUE ELK DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.015 90 ANJOS 09 E691 Photoproductlon 

r ( ,+~r+ .  - nonr~onant)/r(~r+~r+x - )  r3,| 
V,l~tl.J~ DOCUMENT ID TEEN COMMENT 
0.62 =EO.U OUR FIT 
0.111~.k0.10~.k0.0~ 1 52 FRABETTI 97D E687 "y Be ~ 200 GeV | 

52FRABETTI 97D also Includes f2(1270)x+ and f0(980)~+ modes in the fit, but the | 
resulting decay fractions are not statistically sll[nlficant. I 

r(~r+,+,- nonmofiant)/r(K-,+ ~+) r3,oo/r~ 
VtI~L I~I~ DOCUMENT ID TEEN COMMENT 
O,~lhEO~Ol OUR FIT 
0 , 0 ~  + 0,007=1:0,002 ANJOS 89 E691 Photoproductlon 

r ( .+ .+ . -  =0)/r~.~ 
VALUE 
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r~odr 
DOCUMENT ID T~.~N COMMENT 

0.019~0-~12 53 BARLAG 92C ACCM ~r- Cu 230 GeV 

53 BARLAG 92C computes the branchlog fraction using topological normalization. 

r(x+ ~+.- =~ ~+~+) r l0dr .  
VALUE CL~ ~OCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.4 90 ANJOS 89E E691 Photoproductlon 

r(~.+)/r(K-.+.+) r3,es/r. 
Unseen decay modes of the *7 are Included. 

VAI.U~ CL ~ EV1~ DOCUMENT ID T~C N COMMENT 

0.0e3-1-0.0~1-1-0.014 99 DAOUDI 92 CLE2 e + e - ~ .  10.5 
GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.12 90 ANJOS 89E E691 Photoproductlon 

r(. .+)/r(K- It +~'1") rl0,/r~ 
Unseen decay modes of the ~ are Included. 

VALUE CL~ OQCUMf.NT Ip TEEN COMMENT 

<O.0e 90 ANJOS 89E E691 Photoproductlon 

r ( .+~+ .+ . - . - ) / r~ ,  rlo4r 
VALUE DOCUMENT ID TE(C N COMMENT 

�9 �9 �9 We do not use the followlog data for averages, fits. limits, etc. �9 �9 �9 

0 001 n+O'OO08 54 BARLAG 92(: ACCM ~r- Cu 230 GeV 
�9 - -0 .0007  

54 BARLAG 92c computes the branching fraction using topological normalization. 

r (.+ ~+ .+ . -  . - ) / r  (K-  ~r + x +) r~ / r~  
VALUE~ EL% E V T S  DOCUMENT ID TEEN COMMENT 

0.0~1"k0.004+0.002 58 FRABETTI 97C E687 "7Be, E./ ~ 200 I 
GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<:0.019 90 ANJOS 89 E691 Photopmductlon 

r(,le+)lr(K- ~+~+) rles/r~ 
Unseen decay modes of the r/are included. 

VALUE CL~ DOCUMENT ID T~.CN COMMENT 

<0.13 90 DAOUDI 92 CLE2 e + e -  ~ 10.5 GeV 

r ( .+ .+ .+ . - . - .~  r3,es/r 
VALUE DOCUMENT IO TEE N COMMENT 

0.00~1-1-0.0029 55 BARLAG 92C ACCM l r -  Cu 230 GeV --O.0020 

55 BARLAG 92C computes the branching fraction using topological normalization. 

r(r (K-  lr + lr +) r13,o/r~ 
Unseen decay modes of the r//(958) are included. 

VAI.UE/ CL~ DOCUMENT IO T~CN COMMENT 

<0.3. 90 DAOUDI 92 CLE2 e + e -  -~ 10.5 GeV 
<0.3, 90 ALVAREZ 91 NA14 Photoproduction 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.13 90 ANJOS 91B E691 -),Be, E7  ~ 145 GeV 

r(r , + , + )  r3,~3,/r. 
Unseen decay modes of the r/(958) are included. 

VALUE CL~ DOCUMENT ID TEEN COMMEN T 

<0.17 90 DAOUDI 92 CLE2 e + e -  ~. 10.5 GeV 

Hadronlc modes with a K~' pair 

r(K+~P)/r('g%+) rl12/r. 
It IS generally assumed for modes such as D + ~ -/~0 ~+  that 

F(D+ --, "ROf+) = 2 r ( D  + --, K O,r 
It Is the latter r that is actually measured. BIGI 9~J points out that Interference between 
Cablbbo-allowed and doubly Cablbbo-suplxessed amplitudes, where both occur, could 
Invalidate this assumption by a few percent. 

VALUE EVI "S  DOCUMENT ID TEEN COMMENT 
O~IS '~O.O~ OUR FIT 
O ~ I ~ : I : O ~ M  OUR/WERAGE 
0.25 -I-0.04:1:0,02 129 FRABETTI 95 E687 7Be "E 7 ~ 200 GeV 

0.271:E0.065-~-0.039 69 ANJOS 90C E691 7Be 
0.3174-0.086:1:0.048 31 BALTRUSAIT..35E MRK3 e + e  - 3.77 GeV 
0.25 :E0.15 6 SCHINDLER 81 MRK2 e + e -  3.771GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.222• 70 56BISHAI 97 CLE2 e + e  - ~ T(4S) I 

56This BISHAI 97 result Is redundant with results elsewhere In the Listings. I 
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r(K+ iP)Ir(K-.+ .+) r1121r~ 
VA~ V~ E V T S  DOCUMENT ID TECN COMMENT 
0.082-1-0.010 OUR FIT 
0,O'tT-k0.0144"0.007 70 57 BISHAI 97 CLE2 e + e -  ~. T(4S) I 

575ee BISHAI 97 for an Isospln analysis of D + ~ K-K amplitudes. | 

r(K + K-~r + ) / r (x - .+ .+ )  r l , / r =  
VAI~I~ DOCUMENT ID TEEN COMMENT 

0-0~'~:E0-0042-1"0.004~ FRABETTI 95B E687 Dalltz plot analysis 

r (§  +) r=olr~ 
Unseen decay modes of the ~ are Included. 

VALUE E V T S  DOCUMENT 10 TEEN COMMENT 
0.0M:I:0.008 OUR AVERAGE 
0.058-t'0.0064-0.006 FRABETTI 95B E687 Dalltz plot analysis 
0.0624-0.0174-0.006 19 ADAMOVICH 93 WA82 ~ r -340GeV 
0.077:E0.Ol14-0.005 128 DAOUDI 92 CLE2 e't 'e - ~ 10.5 GeV 
0.0984-0.0324-0.014 12 ALVAREZ 90c NA14 Photoproduction 
0.0714-0.0084-0.007 84 ANJOS 88 E691 Photoproduction 
0.0844-0.0214-0.011 21 BALTRUSAIT..35E MRK3 e -I- e -  3.77 GeV 

r (K + ~'* (892) ~ (X- ~r + ~r+) r ~ . I r .  
Unseen decay modes of the K*(892)  0 are Included. 

VALUE E V T S  DOCUMENT ID TECN COMMENT 
0-047+0,00~ OUR AVERAGE Error includes scale factor of 1.2. 
0.044_t.0.0034_0.004 58 FRABETTI 95B E687 Dalltz plot analysis 
0.058 4- 0.009 "i- 0.006 73 ANJOS 88 E691 Photoproduction 
0.0484-0.0214-0.011 14 BALTRUSAIT..a5E MRK3 e + e  - 3.77 GeV 

585ee FRABETTI 95~ for evidence also of K~(1430) 0 K + in the D + ~ K -l- K -~ r  4" 
Dalltz ploL 

F(K+K-- + nommonant)/r(K--+- +) rll~/r~ 
VALUE E V T S  DOCUMENT ID TEEN COMMENT 
0.080=1:0.00~ OUR AVERAGE 
0.0494- 0.0084- 0.006 95 ANJO5 88 E691 Photoproductlon 
0.0594-0.026:1:0.009 37 BALTRUSAIT.~5E MRK3 e + e  - 3.77 GeV 

r (K*(~J2)+~~ (-g~ .+) r~=/r= 
Unseen decay modes of the K*(892) + are Included. 

VALUE ~VT~;  DOCUMENT ID TECN COMMENT 

1,1"1"O.$'1"0.4 67 FRABETTI 95 E687 3,Be E.y ~. 200 GeV 

r (§ + ~r ~  r ~ l / r  
Unseen decay modes of the r are included, 

VALUE DOCUMENTID TEEN COMMENT 

0.0~1=E0-010 59 BARLAG 92C ACCM ~r- Cu 230 GeV 

59 BARLAG 92C computes the branching fraction using topological normalization. 

r (§ .O)/r (K -  ~r + ~r +) r=. / r~ 
Unseen decay modes of the r are Included. 

VALUE CL~ DOCUMENT I~ TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.58 90 ALVAREZ 90c NA14 Photoproductlon 
<0.28 gO ANJOS 89E E691 Photoproduction 

r(§ r ~ / r ~  
Unseen decay modes of the ~ are Included. 

VALUE CL~ DOCUMENT IO TEEN COMMENT 

<0.1(i 90 DAOUDI 92 CLE2 �9 + e -  ~= 10.5 GeV 

F(K + K- ~r+~ non-~)/rtum rl==/r 
VALUE DOCUMENT I~) TEEN ~:~)MMENT 

o~u~+O~. - - 0 . ~  60 BARLAG 92C ACCM ~ -  Cu 230 GeV 

60 BARLAG 92C computes the branching fraction using topological normalization. 

r(K + K- , + ~  nore~)/r(K- .%r +) rt==/r~ 
VALUE CL~ DOCUMENT lP TEEN CQMMCNT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.25 90 ANJO5 89E E691 Photoproductlon 

r (K+P.+ . - ) / r t==  r ~ / r  
VALUE CL~ DOCUMENT ID TEEN COMMENT 

<0J~! 90 ALBRECHT 92B ARG �9 + e -  ~ 10.4 GeV 

r (K ~ K-  ~r + ~r + ) / r t m ,  r,,dr 
VALUE DOCUMENT ID TEEN COMMENT 

0.01 -I-O.(X)S-t-0JO03 ALBRECHT 92B ARG e + e-- ----- 10.4 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0,003 61 BARLAG 92c ACCM ~ -  Cu 230 GeV 

61 BARLAG 92c computes the branching fraction using topological normalization. 

r(K*(~J2)+ ~P(~)~ r1~Ir 
Unseen ~lecay modes of the K*(892)'s are Included. 

VALUE DOCUMENT ID TEEN COMMENT 

0.0"2~'I'0.008-1-0.007 ALBRECHT 92B ARG e § e -  --~ 10.4 GeV 

F(K ~176  r l~ / r  
VALU E CL~ DOCUMENT ID TECN COMMENT 

<0.00"~ 90 ALBRECHT 92B ARG e + e -  - 10.4 GeV 

r(§ rm/r 
Unseen decay modes of the ~ are Included. 

VALUE EL% E V T ~  DOCUMENT ID TEEN COMMENT 

<0.002 90 0 ANJOS 88 E691 Photoprod uction 

r (§  +lr +) r l= / r~  
Unseen decay modes of the ~ are included. 

VALUE CL~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.031 90 ALVAREZ 90c NA14 Photoproduction 

r (§  r1=Ir~o 
VALUE . EL% DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.6 90 FRABETTI 92 E687 3,Be 

F(K + K- lr+ x+x - nonresonant)/Floral r1=91r 
VALUE . EL% E V T ~  DOCUMENT ID TECN COMMENT 

<0.03 90 12 ANJOS 88 E691 Photoproductlon 

Rare or forbidden modes 

r(K +~+ . - ) / r (K - .+ .+ )  r~7/r~ 
VALUE E V T $  DOCUMENT ID TEEN COMMENT 
0.00"~-1-0.0016 OUR AVERAGE 
0.00774-0.0017-I-0.0008 59 AITALA 97C E791 l r -  nucleus, 500 GeV 
0.00724-0.00234-0.0017 21 FRABETTI 95E E687 ";,Be, E3,= 220 GeV 

r(K +po)/r(K + . + . - )  r l= / r l~  
VAIJ/~ DOCUMENT ID T~CN COMMENT 

0-374"0.144"0.07 AITALA 97C E791 l r -  nucleus, 500 GeV 

r (K + pO)/r (K- x + ~r +) r l = / r .  
VALUE CL~ DOCUMENT ID TECN COMMENT 

I �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

<0.0067 90 FRABETTI 95E E687 ~(Be, E,y= 220 GeV 

r(K'(~J2)~ (K+ ~+ �9 - ) r l . / r . 7  
Unseen decay modes of the K*(892) 0 are included. 

VALUE DOCUMENT I~ TEEN COMMENT 

OJiS'I'0.21"I'0,02 AITALA 97C E791 I t -  nucleus, 500 GeV 

r (K' ( l~ l%+) / r  (K- .+ .+ )  r l . / r ~  
Unseen decay modes of the K*(892) 0 are Included. 

VALUE CL~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, ,mRs, etc. �9 �9 �9 . 
<0,0021 90 FRABETTI 95E E687 "r Be, "E3,= 220 GeV 

r(K +,+tr-  nonrmonant)/r(K + , + , - )  ruo/rm 
VfILUE DOCUMENT I~) TEEN COMMENT 

0.36"1"0.14"l'0-0"t AITALA 97C E791 l r -  nucleus, 500 GeV 

r(K + K + K-) / r (K-  lr+x +) r141/r~ 
A doubly Cablbbo-suppressed decay with no simple spectator process possible. 

VALUE CJu~L E V T $  DOCUMENT ID TECN r~OMMENT 

<O,001g 90 62 FRABETTI 95F E687 "y Be, E'r ~ 220 
GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.057 +0.0204-0.007 13 ADAMOVICH 93 WA82 ~ - 3 4 0 G e V  

62 Using the ~lr  4" mode to normalize, FRABETTI 95F gets F(K + K + K - ) / r ( ~ l r + ) <  
0.025. 

r(§ r ~ / r ~  
A doubly Cablbbo-suppressed decay with no simple spectator process possible. 

VALUE ~ ~VT"S DOCUMENT ID TEE N COMMENT 

<0.021 90 FRABETTI 95F E687 ~Be, E.~ ~ 220 
GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

058 + 0.032 ~ ~ ~ = . _0.026 ~ . ~ u ~  4 63 ANJOS 92D E691 -yBe, ~'~ 145 
GeV 

63 The evlde . . . .  f ANJOS 920 I . . . . .  II . . . . .  f . . . .  ts (4.5 _+ 214 ). 
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r(.+~+e-)ir~ r~Ir  
A test for the Z~C = 1 weak neutral current. Allowed by hlKher-order electroweak 
Interactions. 

VALUE CL~ EVT5 DOCUMENT ID TEEN COMMENT 

X 10 - w  90 AITALA 96 E791 ~r- N 500 GeV 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<1.1 x 10 - 4  90 FRABETTI  978 E687 3 Be, "E.f ~ 220 GeV 

<2.5 x 10 - 3  90 WEIR 9OB MRK2 �9 + e -  29 GeV 
<2.6 x 10 - 3  90 39 HAAS " 68 CLEO �9 + e -  10 GeV 

r(.+~+~-)/r~, rl~Ir 
A test for the ZIC = 1 weak neutral current. AItowed by higher-order e lect ro~ak 
Interactions. 

VALUE CL ~ Ev'rs DOCUMENT ID TEEN COMMENT 

<~LII X ]D - I I  90 AITALA 96 E791 x -  N 500 GeV 
�9 �9 �9 We do not use the foliowing data for averages, fits, IImRs, etc. �9 �9 �9 

<8.9 x 10 - 5  90 FRABETTI 975 E687 -f BE, ~. f  ~ 220 GeV 

<2.2 x 10 - 4  90 0 KODAMA 95 E653 x -  emulsion 600 GeV 
<5,9 x 10 - 3  90 WEIR 905 MRK2 e + e -  29 GeV 
<2.9 x 10 - 3  90 36 HAAS 88 CLEO e + e -  10 GeV 

r(~+~,+~,-)/q~,~ rl~/r 
A test for the ZIC = 1 weak neutral current. Allowed by higher-order electroweak 
interactions. 

VALUE CL~ E V T S  #QCUMENT IO T~r COMMENT 

<g.6  X 10--4 90 0 KODAMA 95 E653 ~r- emulsion 600 GeV 

r(K*~+.-)/r~ rl~/r 
y~LIJ~ CL~ DOCUMENT 10 TEEN ~rQMMENT 

<:2.0 X IO - 4  90 FRABETTI 975 E687 "r BE. ~ - / ' ~  220 GeV 

�9 * �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 * * 

<4.8 x 10 - 3  90 WEIR 9OB MRK2 e + e  - 29 GeV 

r(K+/~+/~-)/r~ r.~/r 
VALUE CL~ EVT~ DOCUMENT IO TEEN ~Q~4M~NT 

<t~.7 x IO - |  90 FRABETTI 97B E687 "t BE, E.f ~ 220 GeV 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l lmtts, etc. �9 �9 �9 

<3.2 x 10 - 4  90 0 KODAMA 95 E653 ~r- emulsion 600 GeV 
<9.2 x 10 - 3  90 WEIR 905 MRK2 �9 4- e -  29 GeV 

rO,+~§ r~/r 
A test of lepton-family-number conservation. 

VALU~ CL~ DOCUMENT IO TECN COMMENT 

< 1 1  x 10 - 4  90 FRABETTI 97B E687 "y BE, ~. /  ~ 220 GeV 

�9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<3.3 x 10 - 3  90 WEIR �9 MRK2 e + e  - 29 GeV 

r(~+~-~+)/r=~ r~/r  
A test of lepton-family-number consewation. 

VALUE CL~ ~)Q~rUMENT IO TECN coMMoN T 

<1.~ x 1 0 - 4  90 FRABETTI 97B E687 "f Be' E ' r  ~ 220 GeV 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<3.3 x 10 - 3  90 WEIR 9OB MRK2 e + e  - 29 GeV 

r(K+ e+ l~-)lr~ r~olr 
A test o f  lepton-family-number conservation. 

V~;L ~/~ . ~ L  DOCUMENT It) TEEN COMMENT 

<1.3 X 1 0 - 4  90 FRABETTI 975 E687 -f Be, ~ ' t  ~ 220 GeV 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 * * 

<3.4 x 10 - 3  90 WEiR 905 MRK2 e + e  - 29 GeV 

r(K+ e-~+)/r~ r,.1/r 
A test o f  lepton-family-number conservation, 

VALUE CL~ DOCUMENT IO T ~ N  ~Q~4~NT 

<1.2 x 30--4 90 FRABETTI 97B E687 "~ BE, ~. f  ~ 220 GeV 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<3,4 x 10 - 3  90 WEIR 908 MRK2 e + e  - 29 GeV 

r(f- e+e*)/r~,, r~/r 
A test of lepton-number conservation. 

V~tL I~  CL ~ DOCUMENT ID TECN COMMENT 

<1.1  X 1 0 - 4  90 FRABETTI 97B E687 3, Be, "E.~ ~ 220 GeV 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 * 

<4.8 x 10 - 3  90 WEIR 908 MRK2 e' i 'e  - 29 GeV 

r(,,-~+~§ r.-/r 
A test of lepton-number conservation. 

VALUE CL~ EVT$ DOCUMENT ID TEEN COMMENT 

~1.7 X 10 - |  90 FRABETTI 97B E687 "~ Be' "~'7 ~ 220 GeV 

�9 * * We do not use the fol iowing data for averages, fits, l imits, etc. * �9 * 

<2.2 x 10 - 4  90 0 KODAMA 95 E6S3 ~r-- emulsion 600 GeV 
<6.8 x 10 - 3  90 WEIR 90B MRK2 e + e -  29 GeV 

r(.- e+.+)ir=~ r~Ir  
A test of lepton-number conservation. 

VALU~ . ~  DOCUMENT/O TEEN COMMENT 

<1.1 x 10 - 4  90 FRABETTI 978 E687 .y Be, ~.~ .~ 220 GeV 

�9 �9 �9 We do not use the following data for averages, fits, flmlts, etc. �9 �9 �9 

<3.7 x 10 - 3  90 WEIR ~ MRK2 e + e  - 29 GeV 

r(p-~+~+)Ir=~ r, . Ir  
A test of lepton-number conservation. 

VA~I,I~ CL~ E V T S  DOCUMENT 10 T~(~N (~OMM~NT 

<IL6 X 1 0 - 4  90 0 KODAMA 95 E653 ~r- emulsion 600 GeV 

r(K- e+e+)/r=~ r~Ir  
A test of lepton-number conservation. 

y~t~/~ CL~ DOCUMENT IO T~CN COMMI~NT 

<1.2 X 1 0 - 4  90 FRABETTI 975 E687 "t Be, E.~ ~ 220 GeV 

�9 �9 �9 We do not use the foliowing data for averages, fits, l imits, etc. �9 * �9 

<9.1 x 10 - 3  90 WEIR ~ MRK2 e + e  - 29 GeV 

r(K-~+~+)/r~, r. . /r 
A test of lepton-number conservation. 

VAI~ U c ~ EVT5 OOCUME/NT ID T~:N ~OMM~NT 

<1.2 X IO - 4  90 FRABETTI 97B E687 "y Be, ~!r ~ 220 GeV 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. Q �9 �9 

<3.2 x 10 - 4  90 0 KODAMA 95 E653 7r- emulsion 600 GeV 
<4.3 x 10 - 3  90 WEIR 90~ MRK2 �9 + e -  29 GeV 

r(K- e+/~+)/r~, r~,/r 
A test of lepton-number conservation. 

VALI,/~ CL~ DOCUMENT ID TEEN COMMENT 

<1.3 X 1 0 - 4  90 FRABETTI 97B E687 "y Be. E.~ ~ 220 GeV 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 * �9 

<4.0 x 10 - 3  90 WEIR 90B MRK2 e + e  - 29 GeV 

r(K,(m)-i,+~,+)/r~,~ r~ / r  
A test of lepton-number conservation. 

VALUE ELK E V T S  DOCUMENT 10 T~CN COMMENT 

<llJ5 X 10 - 4  90 0 KODAMA 95 E653 * r -  emulsion 600 GeV 

D :1: CP-VIOLATING DECAY-RATE ASYMMETRIES 

Acp(K+ K - ' r  4-) In D -4= --* K+ K -  It ~: 
This Is the difference between D + and D -  partial widths for these modes divided by 
the sum of the widths. 

VAt UE DOCUMENT ID TEEN ~)MM~NT 
- 0 . 0 1 7 : k 0 . 0 2 7  OUR AWERAGE 
-0.0144-0.029 64 AITALA 975 E791 -0 .062 < A c p  < +0.034 (90% CL) I 
-0.0314-0.068 64 FRABETTI 94i E687 -0 .14  < A c p  < +0.081 (90% EL) 

64FRABETTI  941 and AITALA 97B measure IV(D + ~ K - K + T r + ) / N ( D  + 
K -  lr + ~r'+), the ratio of numbers of events observed, and similarly for the D - .  

Acp(K'~K*O) In D+-- ,  K+'l~OandD-.-~ K-K*O 
This is the difference between D + and D -  partial widths for these modes divided by 
the sum of the widths. 

~/ALUE~ #Qr ID TEEN CQ~4~NT 
- 0 . ~  4"0 M OUR JlWERAGE 
-0 .010+0 .050  65 AITALA 978 E791 -0 .092 < A c p  < +0.072 (90% CL) I 
- 0 . 12  +0.13 65 FRABETTI 94i E687 - 0 , 3 3  < A c p  < +0.094 (90% CL) 

65FRABETTI  941 and AITALA 975 measure N(D + ~ K+-K* (892)O) /N(D  + 

K -  lr + ~r+), the ratio of numbers of events observed, and similarly for the D - .  

A c p ( ~ r  "1=) In D -'1= --* §  =1= 
This is the difference between D + and D -  partial widths for these modes divided by 
the sum of the widths. 

VALUE pQCUMENT ID TEE N COMMENT 
-O .0~4 : I : 0 .0M OUR RVBItAGE 
-0.0284-0.036 66 AITALA 97B E791 -0 .087  < A c p  < +0.031 (90% CL) | 
+0.0664-0.086 66 FRABE'FI'I 941 E687 -0 .075  < A c p  < .+0.21 (90% CL) 

66FRABETTI  941 and AITALA 97B measure IV(D + ~ r  + ~ K - l r + f t + ) ,  
the ratio of numbers of events observed, and similarly for the D - .  

ACp(lr+~-ld I=) In D "~ --* l r + l r - ~  I= 
This is the difference between D + and D -  partial widths for these modes divided by 
the sum of the widths. 

VALUE DOCUMENT ID TEEN COMMENT 

--0.017+0.O42 67 AITALA 975 E791 -0 .086 < A c p  < -0 .052  (90% CL) I 

67AITALA 975 measure IV(D + ~ x §  + ~ K - ~ r §  the ratio of 
numbers of events observed, and dml lar ly  for the D - .  
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D -'l: PRODUCTION CROSS SECTION AT #(3Tt0) 

A c o m  pllatlon of the cross sections for the direct production of D • mesons 
at or near the ~(3770) peak In e + e -  production. 

VALUE {nanoUarns) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

4.2 •  •  68ADLER 88c MRK3 e + e  - 3.768 GeV 
5.5 •  69pARTRIDGE 84 CBAL e + e  - 3.771 GeV 
6 .00•177 70SCHINDLER 80 MRK2 e §  - 3.771 GeV 
9.1 •  71pERUZZI  77 MRK1 e + e  - 3.774GEV 

68This measurement compares events wi th  one detected D to those wi th two detected D 
mesons, to determine the the absolute cross section. ADLER 88C measure the ratio of 
cross sections (neutral to  charged) to be 1.36 • 0.23 • 0.14. This measurement does 
not include the decays of the r not associated wi th charmed particle production. 

69This measurement comes from a scan of the r resonance and a f i t  to the cross 
section. PARTRIDGE 84 measures 6.4 • 1.15 nb for the cross section. We take the 
phase space division of neutral and charged D mesons in ~b(3770) decay to be 1.33, 
and we assume that  the ~(3770) is an Isoslnglet to evaluate the cross sections. The 
noncharm decays (e.g. radiative) of  the ~(3770) are included In this measurement and 
may amount to a few percent correction. 

70This measurement comes from ~a scan of the r resonance and a f i t  to the cross 
section. SCHINDLER 80 assume the phase space division of neutral and charged D 
mesons in V~(3770) decay to be 1.33. and that  the r Is an Isoslnglet. The noncharm 
decays (e.g. radiative) of the ~(3770) are included in this measurement and may amount 
to a few percent correction. 

71This measurement comes from a scan of the r resonance and a f i t  to the cross 
section. The phase space division of neutral and charged D mesons in r decay 
Is taken to be 1.33, and r Is assumed to be an Isoslnglet. The noncharm decays 
(e.g. radiative) of the r are included In this measurement and may amount to 
a few percent correction. We exclude this measurement from the average because of 
uncertainties in the contamination from ~" lepton pairs�9 Also see RAPIDIS 77. 

D + -., "J~(892)ot+ut FORM FACTORS 

r2 -= , ~ ( o ) / & ( o )  In o +  - ,  ~' . (m)opj , t  
VAI~U E E V T S  DOCUMENT ID TECN COMMENT 
0.72::b0.O9 OUR AVERAGE 
0�9177177 3000 72 AITALA 98B E791 x -  nucleus, 500 GeV 
0.78~-0.18• 874 73 FRABETTI 93E E687 ~Be. 220 GeV 

0 8 ~+0"22 ~-n " '  �9 " - 0 . 2 3 ~ v ' = ~  305 73 KODAMA 92 E653 l r -  N, 600 GeV 

0.0 •  •  183 72 ANJOS 90E E691 3'Be, 90-260 GeV 

72AITALA 988 and ANJOS 90E use D + ~ "K*(892)O e+  u e decays. 

73FRABETTI  93E and KODAMA 92 use D + --* K * (892 )Op+u /z  decays. 

r v  - vt0)/&(o) In D+ -* ~(~J2)~ 
VA~.Uf~ Ev'r5 DOCUMENT ID TEEN COMMENT 
1.m=1:0.12 OUR AVERAGE 
1.84•177 3000 74AITALA 98B E791 ~ ' -  nucleus, 500 GeV 
1.74-1-0.27• 874 75 FRABETTI 93E E687 -;,Be, 220 GeV 

2 O0 +0"34~-n ~L 75 �9 --0.32 . . . .  u 305 KODAMA 92 E653 x -  N, 600 GeV 

2.0 •  •  183 74ANJOS 90E E691 -/Be, 90-260 GeV 

74AITALA 98B and ANJOS (JOE use D + ~ K * ( 8 9 2 ) 0 e +  Ue decays. 

75 FRABETTI 93E and KODAMA 92 use D + ~ "K*(892)0/z+u/z decays. 

r, /rr  In D+ -~ ~ " ( m ) ~  
VALU ~ E V T S  pOCUMENT ID TEEN COMMENT 
1.234-0.13 OUR AVERAGE 
1.20• 874 76 FRABETTI 93E E687 -yBe, 220 GeV 
1 .18•177 305 76 KODAMA 92 E653 l r -  N, 600 GeV 

18  +~ •  183 77 A m O S  9OE E691 ~Be, 9O-26O GeV 

76FRABETTI  93E and KODAMA 92 use D + ~ "/~*(892)O/z+u/z decays. I ' L i f T  is 
evaluated for a lepton mass of zero. 

77ANJOS 90E uses D + --~ K* (892)0e+~,  e decays. 

r+/r_ In D + --* "kx*(892)~ 
VALUE E V T S  DOCUMENT ID TECN COMMENT 
0.164-0.04 OUR AVERAGE 
0.16•  305 78 KODAMA 92 E653 ' r  N, 600 GeV 

0 1 ~+O'07 .a -~  ~ �9 ~_0 .O5~V.va  103 79ANJOS 9OE E691 "yBe, 90-260 GeV 

78KODAMA 92 uses D + --* K*(892)0/J+u/a  decays, r + / r _  Is evaluated for a lepton 
mass of zero. 

7BANJOS 90E uses D + --~ K * (892 )0e+Ue  decays. 

AITALA 98B 
PDG 98 
AITALA 97 
AITALA 97B 
AITALA 97C 
BARTELT 97 
'BISHAI 97 
FRABETTI 97 
FRABETTI 97B 
FRABETTI 97E 
FRABETTI 97D 
AITALA 96 
ALBRECHT %C 
BIGI 98 
FRABETTI 95 
FRABETTI 98B 
FRABETTI 9SE 
FRABETTI 9SF 
KODAMA 95 
ALBRECHT 941 
ALEEV 94 

BALEST 94 
FRABETTI 94D 
FRABETTI 94G 
FRABETTI 941 
ABE 93E 
ADAMOVICH 93 
AKERIB 93 
ALAM 93 
ANJOS 93 
BEAN 93C 
FRABETTI 93E 
KODAMA 93B 
KODAMA 93C 
SELEN 93 
ALBRECHT 92B 
ALBRECHT 92F 
ANJOS 92 
ANJOS 92C 
ANJOS 92D 
BARLAG 92C 

Also r 
COFFMAN 92B 
DAOUDI 92 
FRABETTI 92 
KODAMA 92 
KODAMA 92C 
ADAMOVICH 91 
ALBRECHT 91 
ALVAREZ 91 
ALVAREZ 91B 
AMMAR 91 
ANJOS 91B 
ANJOS 91C 
BAl 91 
COFFMAN 91 
FRABETTI 91 
ALVAREZ 90 
ALVAREZ 90C 
ANJOS 90C 
ANJOS 90D 
ANJOS 9OE 
BARLAG 90C 
WEIR 90B 
ANJOS 89 
ANJOS 89B 
ANJOS 89E 
ADLER 88B 
ADLER 88C 
ALBRECHT 881 
ANJOS 88 
AOKI 88 
HAAS 88 
ONG 88 
RAAB 88 
ADAMOVICH 87 
ADLER 87 
AGUILAR*.. 87D 

Also 88B 
AGUILAR-... 87E 

Also 88B 
AGUILAR-.. 87F 

Also 88 
BARLAG 87B 
BARTEL 87 
CSORNA 87 
PALKA 87B 
ABE 86 
AGUILAR--. 86B 
BALTRUSAIT-. 86E 
PAL 86 
AIHARA 85 
BALTRUSAIT... SSB 
BALTRUSAIT... 8SE 
BARTEL 85J 
ADAMOVICH 84 
ALTHOFF 848 
ALTHOFF 84J 
DERRICK 84 
KOOP 84 
PARTRIDGE 84 
AGUILAR-.., 83B 
AUBERT 83 
PARTRIDGE 81 
SCHINDLER 81 
TRILLING 81 
BACINO 80 
SCHINOLER 80 
ZHOLENTZ 80 

Also 81 

D :b REFERENCES 

PRL 80 1393 +Amato, Anjos, Appel+ (FNAL E791 Collab.) 
EPJ C3 1 C. Caso+ 
PL B397 325 +Amato, Anjos, Appei+ (FNAL E791 Collab.) 
PL B403 377 +Amato, Anjos, Appel+ (FNAL E791 Collab.) 
PL B404 187 +Amato, Anjos, Appel+ (FNAL E791 Collab.) 
PL B405 373 +Csoma, Jaln, Marka+ (CLEO Cohab.} 
PRL 78 3261 +Fast, Gerndt, Hin~n+ (CLEO CoHab.) 
PL B391 235 +Cheung. Cumalat+ (FNAL E687 Cohab.) 
PL B390 239 +Cheun K, Cumalat+ (FNAL E687 Collab.) 
PL EN01 131 +Cheung, Cumalat+ (FNAL E687 Collab. ) 
PL B407 79 +Ckeun 8, Cumalat+ (FNAL E687 Collab.) 
PRL 76 364 +Amato, Anjos+ (FNAL E791 Collab.) 
PL B374 249 +Hamacher, Hofmann+ (ARGUS Cotlab.) 
PL B349 363 +Yamamoto (NDAM, HARV) 
PL B346 199 +Cheung, Cumalat+ (FNAL E687 Cohab.) 
PL B351 391 +Cheung. Cumalat+ (FNAL E687 Collab.) 
PL B359 403 +Cheung, Cumalat+ (FNAL E687 Collab.) 
PL B363 289 +Ckeun 8, Cumalat+ (FNAL E687 Collab.) 
PL B345 85 +Ushida, Mohhtarani+ (FNAL E653 Collab.) 
ZPHY C64 375 +Hamacher, Hofmann+ (ARGUS Collab.) 
PAN 57 1 3 7 0  +Batandin+ (Serpukhov BIS-2 Collab.) 
Translated from YF $7 1443. 
PRL 72 2328 +Cho, Daoudi. Ford+ (CLEO Collab.) 
PL B323 459 +Cheung, Cumalat+ (FNAL E687 Coliab.) 
PL B331 217 +CheunK, Cumalat+ (FNAL E~8? Collab.) 
PR DS0 R2953 +Cheun K, Cumalat+ (FNAL ESS7 Collab.) 
PL B313 288 +Amako. Arai, Arima, Asano+ (VENUS Collab.) 
PL B305 177 +Alexandrov, Antinod+ (CERN WAS2 Collab.) 
PRL 71 3070 +Barlsh, Chadha, ChaR+ (CLEO Co8oh.) 
PRL 71 1311 +Kim, Nemati, O'Neill+ (CLEO Collab.) 
PR D48 56 +Appel, Bean, Bracker+ (FNAL ESSl Co0ab.) 
PL B317 647 +Gronberg, Kut.schke, Menary+ (CLEO Cohab.) 
PL B307 262 +Grim, Paolone, Yager+ (FNAL E687 Collab.) 
PL B313 260 +Ushida, Mokhtarani+ (FNAL E653 Collab.) 
PL B316 455 +Ushida, Mokhtarani+ (FNAL E653 Collab.) 
PRL 71 1973 +Sadoff, Ammar, Bail+ (CLEO Collab.) 
ZPHY C53 361 +EhdJchmann, Hamacher, Krueger+ (ARGUS Collab.) 
PL 8278 202 +Ehdichmann, Hamacher+ (ARGUS CoBab.) 
PR D45 R2177 +Appel, Bean, Bracket+ (FNAL E691 Collab.) 
PR D46 1941 +Appei, Bean, Bracket+ (FNAL E691 Collab. ) 
PRL 69 2892 +Appel, Bean, Bediaga+ (FNAL E69L Collab.) 
ZPHY CSS 383 +Becket, Bozek, Boehringer+ (ACCMOR Conab.) 
ZPHY C48 29 BarlaB, Becket, Boehr~nger, Bosman+ (ACCMOR Collab.) 
PR D45 2196 +DeJongh, Dubo[s, Eigen+ (Mark In Collab.) 
PR D48 3965 +Ford, Johnson, Unl[ei+ (CLEO Collab.) 
PL 8281 167 +Bogart, Cheung, Culy+ (FNAL E687 CoBab.) 
PL B274 246 +Ushida, Mohhtarani+ (FNAL E653 CoBab. ) 
PL B286 187 +Ushlda, Mohhtaran;+ (FNAL E853 Collab.) 
PL B268 142 +Alexandrov, Ant~nori, Barbeds+ (WAS2 Collab.) 
PL B255 634 +Ehdichmann, Hamacher, Krueger+ (ARGUS Collab.) 
PL B255 639 +Barate, Block, Bonamy+ (CERN NA14/2 Collab. ) 
ZPHY C50 11 +Barata, Block, Bonamy+ (CERN NA14/2 Collab.) 
PR D44 3383 +Baringer, Coppage, Davis+ (CLEO Collab.) 
PR D43 R2063 +Appel, Bean, Bracket+ (FNAL ESSl Collab.) 
PRL 67 1507 +Appei, Bean, Bracket+ (FNAL-TPS Collab.) 
PRL 66 1011 +Bolton, Brown, Bunneil+ (Mark 10 Collab.) 
PL B263 135 +DeJongh, Dubois, Eigen, Hitlin+ (Mark Ill Collab.) 
PL B263 584 +Bogart, CheunK, Culy+ (FNAL E687 Co,ab.) 
ZPHY C47 339 +Barate, BIoch, Bonamy+ (CERN NA14/2 Co,oh. ) 
PL B246 261 +Barate, Block, Bonamy+ (CERN NA14/2 Coilab.) 
PR D41 2705 +Appel, Bean+ (FNAL E691 Cohab.) 
PR D42 2414 +Appei, Bean, Bracker+ (FNAL E691 Coliab.) 
PRL 65 2630 +Appei, Bean, Bracker+ (FNAL B691 Cohab.) 
ZPHY C46 563 +Becket, Boehringer, Bosman+ (ACCMOR Collab.) 
PR D41 1384 +Klein, Abrams, Adolphsen. Akerlof+ (Mark II Collab.) 
PRL 62 125 +Appel, Bean, Bracker+ (FNAL E691 Collab.) 
PRL 62 722 +Appel, Bean, Bracket+ (FNAL E691 Co8ab.) 
PL B223 267 +Appel, Bean, Bracker+ (FNAL E691 Co,lab.) 
PRL 60 1375 +Becket, Blaylock+ (Mark III Collab.) 
PRL 60 89 +Becker, Blaylock+ (Mark III CoBab.) 
PL B210 267 +Boeckmanri, Glaeser+ (ARGUS Cohab.) 
PRL 60 897 +Appel+ (FNAL E691 Cohab.) 
PL B209 113 +Arnold, Baroni+ (WA75 Collab.) 
PRL 60 1 6 L 4  +Hempsteed, Jensen+ (CLEO Collab.) 
PRL 60 2887 +Weir, Abrams, Amidei+ (Mark II Collab.) 
PR D37 2391 +Anjos, Appel, Bracker+ (FNAL E691 Collab.) 
EPL 4 887 +Alexandrov, Bolta+ (Pkoton Emulsion Collab.) 
PL B196 107 +Becket, Blaylock, Bolton+ (Mark nl Collab.) 
PL B193 140 AguBar-Benitez, Allison+ (LEBC-EHS Collab.) 
ZPHY C40 321 Aguilar-Benitez, Allison, Bailly+ (LEBC-EHS Collab.) ~ 
ZPHY C36 551 AguilaroBenitez, Allison+ (LEBC-EHS CoBab.) 
ZPHY C40 321 Aguilar-Benitez, Allison, Bailly+ (LEBC-EHS Collab.) 
ZPHY C36 559 Al[uitar-Benitez, Allison+ (LEBC-EHS Collab.) 
ZPHY C38 520 erratum 
ZPHY C37 17 +Becker, Boehrinzer, Bosman+ (ACCMOR Cohab.) 
ZPHY C33 339 +Becker, Eelst, Haidt+ (JADE Collab.) 
PL B191 318 +Mestayer, Panvinl, Word+ (CLEO Collab.) 
ZPHY C35 151 +Bailey, Becket+ (ACCMOR Collab.) 
PR D33 1 + (SLAC Hybrid Facility Photon Collab.) 
ZPHY C31 491 Agullar-Benitez, Allison+ (LEBC-EHS Collab.) 
PRL 56 2140 Boltrusaitis, Becker, Blayiock, Brown+ (Mark In Collab.) 
PR D33 2708 +Atwood, Barish, Bonneaud+ (DELCO Collab.) 
ZPHY C27 39 +Alston-Garnjo~t, Bedrke, Bakken+ (TPC Collab.) 
PRL 54 1976 BanrusaiBs, Becket, Blaylock, Brown+ (Mark Ill Collab.) 
PRL 55 180 BaltrusaiBs, Becket. Blaylock. Brown+ (Mark III Cohab.) 
PL 163B 277 +Becker, Cords, Felst+ (JADE Collab.) 
PL 140B 119 +Alexaedrov, Bolta, Bravo+ (CERN WAS8 Collab.) 
ZPHY C22 219 +Braunschweig, Kirschflnk+ (TASSO Collab.) 
PL 146B 443 +Branschweig, Kirschfink+ (TASSO Collab.) 
PRL 53 1 9 7 1  +Fernandez, FHes, Hyman+ (HRS Collab.) 
PRL 52 970 +Sakuda, Atwood, Baillon+ (DELCO Collab.) 
Thesls CALT-SS-1150 (Crystal Ball Collab.) 
PL 123B 98 Aguilar-Benitez, Allison+ (LEBC-EHS Collab.) 
NP B213 31 +Bacsompierre, Becks, Best+ (EMC Cotlab.) 
PRL 47 760 +Peck, Porter, Gu+ (Crystal Ball Co8ab.) 
PR D24 78 +Alam, Boyarskl, Breidenbach+ (Mark II Collab.) 
PRPL 75 57 (LBL, UCB)J 
PRL 45 329 +FerKuson+ (DELCO Cohab.) 
PR D21 2716 +Siegrist, Alam, Boyarskl+ (Mark II Cohab.) 
PL %B 214 +Kurdedze, Lelchuk, Mishnev+ (NOVO) 
SJNP 34 814 Zkolentz, Kurdadze, Lelchuk+ (NOVO) 
Translated from YAF 34 1471. 
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BACINO 
5RANDELIK 
FELLER 
VUILLEMIN 
GO~.DIIABER 
PERUZZI 
FtCCOLO 
RAPIDIS 
PERUZZI 

RICHMAN 
ROSNER 

79 PRL 43 1073 ~-Fer|uson, Nodulman+ (D4ELCO CoEab.) 
79 PL gO8 412 +Braunschwei(. Mart)n, Sander+ (DASP Cogab.) 
78 PRL 40 274 +LiLke. Madaras. Ronan+ (Mark I Cogab.) 
7S PRL 41 1149 +Feldman, Fdker+ (Mark I Co41ab.) 
77 PL S9B 503 +Wi~, Abrams, Alam+ (Mark I Cotlab.) 
77 PRL 39 1301 +Piccolo, Fefdman+ (Mark I Cogab.) 
77 PL 708 260 +Peruzzi. Luth. Ngu)-en, Wigs, Abrams+ (Mark I CoHab.) 
77 PRL 39 526 +C.ob~, Luke, Ba~bazo-Galtled+ (Mark I Cotlab.) 
76 PRL 37 S~9 +Piccolo, J:el~man, N~uyen, W~ss+ (Mark I Cogab.) 

- -  OTHER RELATED PAPERS 

95 RMP 67 893 +Burchat (UCSB. STAN) 
9S CNPP 21 369 (CHIC) 

D I(J P) = �89 

DO MASS 

The fit Includes D •  D 0, Ds~, D *-~, D *0,  and D s +  mass and mass 
difference measurements. 

VALUE (MeVJ EVT$ DOCUMENT 10 TECN COMMENT 
11164.64" O I  OUR F IT  Error Indudes scale factor o f  1.1. 
1164.1-1- 1.0 OUR AVERAGE 

1864.6+- 0 , 3 •  641 BARLAG 90c ACCM x - C u  230 GeV 
1852 + 7 16 A D A M O V I C H  87 EMUL Photoproduction 
1861 + 4 DERRICK 84 HRS e + e -  29 GeV 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

22 A D A M O V I C H  848 EMUL Photoproduction 

238 
143 

35 
94 
64 

1856 4-36 
1847 4- 7 
1863.84- 0.5 
1864,7+- 0.6 
1863.0+- 2,5 
1860 +- 2 
1869 -F 4 
1854 +- 6 
1850 -F15 
1863 d: 3 
1863.3•  0.9 
1868 •  
1865 -t- 15 

1 FIORINO 81 EMUL -yN ~ ~ 0  + 
1SCHINDLER 81 MRK2 e + e  - 3 .77GeV 
1TRILL ING 81 RVUE e + e  - 3,77 GeV 

ASTON 80E OMEG "~p ~ ~ 0  
2 A V E R Y  80 SPEC " T N ~  D * +  
2 A V E R Y  80 SPEC " y N ~  D * +  
2 A T I Y A  79 SPEC " T N ~  D 0 ~  0 

BALTAY 78C HBC u N ~ KO x x 
GOLDHABER 77 MRK1 D 0, D + recoil spectra 

1 PERUZZI 77 MRK1 e + e -  3.77 GeV 
PICCOLO 77 MRK1 e + e  - 4.03, 4.41 GeV 

K x  and K 3 x  234 GOLDHABER 76 MRK1 

1pERUZZI  77 and SCHINDLER 81 errors do not include the 0.13% uncertainty in the 
absolute SPEAR energy calll~atlon. TRILLING 81 uses the high precision J/,~(1S) and 
~ (2S)  measurements of  ZHOLENTZ 80 to determine this uncertainty and combines the 
PERUZZI 77 and SCHINDLER 81 results to obtain the value quoted. TRILLING 81 
enters the f i t in the D • mass, and PERUZZI 77 and SCHINDLER 81 enter In the 
roD• - .DO, below. 

2 Error does not include possJble systematic mass scale shift, estimated to be less than 5 
MeV. 

too, - roD0 

~: D * + ,  D "0,  and Ds+- mass and mass The f i t  includes D +, D 0, D s , 
difference measurements. 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
4.76:J1:0.10 OUR F IT  Error Includes scale factor of  1.1. 
4.744-0.28 OUR AVERAGE 
4,7 -F0.3 3SCHINDLER 81 MRK2 e + e  - 3 .77GeV 
5,0 +-0.8 3pERUZZ I  77 MRK1 e + e  - 3 .77GeV 

3Sen the footnote on TRILLING 81 in the D O and D • sections on the mass. 

DO MEAN LIFE 

Measurements with an error > 0.05 x 10 - 1 2  s are omitted from the aver- 
age, and those with an error > 0.1 x 10 - 1 2  s or that have been superseded 
by later results have been removed from the Listings. 

VALUE (10 -12 s) EVT$ DOCUMENT ID TECN COMMENT 
0.411S-~OJ004 OUR/NEP.AGE 
0 .413•  16k FRABETTI  94D E687 K - w  "t', K - t r + ~ : + x -  
0.424• 5118 FRABETTI  91 E687 K - x  + ,  K - x + x + x  - 
0.417r 890 ALVAREZ 90 NA14 K - w  + ,  K - x + x + x -  

0 ~nn+0 '023  641 4 BARLAG 90C ACCM l r - C u  230 GeV 
. . . .  - 0 . 0 2 1  

0,48 +0 .04  i 0 . 0 3  776 ALBRECHT 881 ARG e-t 'e - 10 GeV 
0 ,422+0 .008+0 .010  4212 RAAB 88 E691 Photopeoduction 
0.42 +0 .05  90 BARLAG 87B ACCM K -  and x -  200 GeV 
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0.34 +0 .06  •  58 A M E N D O L I A  88 SPEC Photoproduction - 0 . 0 5  

0,46 +0 .06  145 AGUILAR-.. .  870 HYBR x -  p and pp - 0 , 0 5  
0.50 •  +0 .04  317 CSORNA 87 CLEO e + e  - 10 GeV 
0.61 +0 .09  +0 .03  50 ABE 86 HYBR "yp 20 GeV 

0.47 +0 .09  - 0 . 0 8  :t:0.08 74 GLADNEY 86 MRK2 e + e  - 2 9 G e V  

0.43 +0.07 +0.01 58 USHIDA 86B EMUL v wk:leband - 0 . 0 5  - 0 . 0 2  

0.37 +0 .10  - 0 . 0 7  26 BAILEY 85 SILl ~r-  Be 200 GeV 

4 BARLAG 9Oc estimate systematic error to  be negllglble, 

Imp, - m~l 
The D O and D O are the mass elgenstates of  the D O meson. To calculate 

the following limits, we use L lm = [2r/(1-r)]1/21V4.18 x 10 - 1 3  s, where 
�9 Is the experimental D0-~50 mixing ratio. 

VALUE (1010 ~ s- 1) CL~ DOCUMENT ID TECN COMMENT 

< 2 4  90 5 A I T A L A  96C E791 x -  nucleus, 500 GeV l 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<32  90 6,7 A I T A L A  98 E791 ~r-  nucleus, 500 C-eV I 
<21  9O 7,8 ANJOS 88C E691 Photop~oduction 

5Th is  l imit is inferred from the D 0 - ~  0 mixing rat io r ( K + t - P t ( v l a  Z~ ~  ) / r ( K - t + v t )  J 
given near the end of the D O Listings. I 6 A I T A L A  98 allows interference between the doubly Cabibbo-suppressed and mixing am- 
plltudes, and also allows CP violation In this term. 

7Th is  l imit Is Inferred from the D 0 - ~  0 mixing ratio r ( K + x - o r  K + l r - ~ r + l r - ( v l a  
~ 0 ) ) / r ( K - x + o r  K - x + x + ~ r  - )  near the end of the D O Listings. Decay-time In- 

formation is used to distinguish doubly Cab]bbo-suplxessnd decays from D0-'D O mixing. 
8ANJOS 88C assumes no Interference between doubly Cablbbo-suppressed and mixing 

amplitudes. When interference Is allowed, the l imit  degrades by about a factor of  two. 

I r~  - r~l /%0 MEAN LIFE DIFFERENCE/AVERAGE 

The D O and D~2 are the mass elgenstates of the D O meson. To calcu- 

late the following limits, we use z~r/I- = [8r/(1+r)]1/2, where r Is the 
experimental D0-75 "O mixing ratio. 

VALUE CL~ DOCUMENT ID T~(;N CQMM~NT 
<0.20  90 9 A I T A L A  96(: E791 x -  nucleus, 500 GeV I 

�9 �9 �9 We do not use the following data for averages, fits, Ilmlts, etc. �9 �9 �9 

<0,26 90 10,11 A I T A L A  98 E791 x -  nucleus, 500 GeV J 
<0,17 90 11,12 ANJOS 88c E691 Photoproduction 

9This  l imit is inferred from the D 0 - ~  O mixing ratio r ( K + t - P t  (via ~ 0 )  ) / r ( K - t + v t  ) j 
given near the end of the D O Listings. I 10A ITALA  98 allows Interference between the doubly Cablbbo-supwessed and mixing am- 
plitudes, and also allows CP violation In this term. 

11This Ilmlt Is Inferred from the D0-'D 0 mixing rat io I ' ( K + x - o r  K + x - x + x - ( v l a  
"b 'O)) / r (K-x+or K - x + x + x - )  near the end of  the D O Listings. Decay-time In- 

formation is used to distinguish doubly Cabibbo-suppressod decays f rom D 0 - ~  0 mixing. 
12ANJOS 88c assumes no Interference between doubly Cablbbo-suppreseed and mixing 

amplitudes. When Interference Is allowed, the limR degrades by about a factor of  two, 

D O DECAY MODES 

~ 0  modes are charge conjugates of the modes below. 

Mode Fraction ( l ' l / r )  
Scale factor/ 

Confidence level 

Induslve modes 
F 1 e + anything (6.75+0.29) % 
F2 /~+anything ( 6.6 +o.a )% 
F 3 K-anything (53 +4 )% 
F 4 ~"~ + K~ (42 ~:s ) % 

I" S K+anything ( 3.4 +0.6 -0 .4 )% 
F 6 'r/ anything [a] < 13 % 

5=1.3  

CL=90% 

�9 �9 �9 We do not use the following data for averages, fits, nmlts, etc. �9 �9 �9 
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r 7 K-t+ut 
1"8 K -  e + u e 
1"9 K-#+u#  

1"1o K-~r~ e+ ve 

1"11 -K'~ x -  e+ ue 

r12 K* (892 ) -  e + u e 
x B(K*-  -~ ~ o ~ - )  

r13 K*(892)-~+u t 
1"14 K*(892)~ e+ Ue 
1"15 K-~r+~r-#+vp 
r16 (K* (892)~ ) -#+  up 
1-17 ~-e+Z~e 

1"18 

Semlleptonic modes 
[b] 3.504-0.17) % 

3.664-0.18) % 
3.234-0.17) % 

1.6 +1.3 )% 
--0.5 

2.8 +1.7 )% -0.9 
1.354-0.22) % 

D 

< 1.2 • 10 -3 
< 1.4 x 10 -3 

( 3.7 4-0.6 ) x 10 -3 

A fraction of the following resonance mode has already appeared above as 
a submode of a charged-particle mode. 

K*(892)- e+r,e ( 2 .024 -0 .33 )  % 

Hadronlc modes with a ~ or ~ K ~  
1"19 K -  9 + 
1"20 K~176 
r21 K~ ~ -  
r22 ~%o 
1"23 ~0 f0(980) 

X B ( f  0 --* ~r+lT - )  
r24 ~~ f2(1270) 

X B ( f  2 --* ~r+~ " - )  
r25 ~o ro(1~7o) 

x B(f0-~ ~r+~ - )  
1"26 K*  (892)-  ~r + 

x B ( K * -  - *  K~  
1"27 K~(1430)-  ~+ 

x B(K~(1430)-  -~ ~ o ~ - )  
r28 K~ ~r- nonresonant 
1"29 K -  ~r+~r~ 
r3o K- p+ 
1"31 K*(892) -~r+  

X B ( K * -  -+ K-~r  O) 
1-32 K*(S92)~ ~ 

x B ( K  * ~  K-~r  +)  
1-33 K -  ~r + ~r ~ nonresonant 
1-34 ~0~0~0 
1-35 K*(892)  O~rO 

x B ( K * ~  ~o~o)  

1"36 ~r~ ~r ~ nonresonant 
1"37 K-~+~+'rr- [c] 
1"35 K -  ~r + po total 
1"39 K -  ~r + pO 3-body 
1"~o K*(892)Op 0 

x B(K *0-~ K-~+ )  

1"41 K -  a1(1260) + 
x B(a1(1260) + -~ ~+~r+~r - )  

1"42 K *  (892)0~ + ~r- total 
x B(K *0~ K-~r +) 

1"43 K*(892)  0 ~r + ~ -  3-body 
x B(K *0 - *  K-~r +) 

1"44 K1(1270) -~r+ [d] 
x .B(K1(1270) -  -~ K-~r+~ -) 

r4s K -  ~r + ~r + ~r- nonresonant 
r46 KO-~-+ ~r- ~-~ 
r47 K-'~ x B(r/--* ~ + / r - l r  0) 
1"45 ~u x B(~ - *  ~ + ~ r - ~ r  0 )  

r49 K*  (892)-  p+ 
x B ( K * -  -~ ~'-) 

1"5o K'*(892}0P O 
�9 X B(K*0--* ~0~0) 

1-51 K1(1270)- ~+ [d] 
X B(K1(1270)- -~ ~ 0 ~ - ~ 0 )  

1-52 K*(892)0~+ ~r- 3-body 
x B(~ *~  ~%o) 

+ 0 I"53 K ~ ~r-~r nonresonant 
1"54 K -  ~+~r~176 

(3.85• % 
(2.124-0.21) % 

[c] ( 5.4 4-0.4 )% 
(1.214-0.17) % 
( 3.0 4-0.8 ) x  10 -3 

( 2.4 4-0.9 ) x 10 -3 

( 4.3 4-1.3 ) x 10 -3 

( 3.4 4-0.3 )% 

( 6.4 4-1.6 ) x  10 -3 

(1.474-0.24) % 
[c] (13.9 4-0.9 ) 04 

(10.8 4-1.0 )% 
1.7 • )% 

2.1 4-0.3 ) % 

6,9 4-2.5 ) x 10 -3 

1.1 4-0.2 ) % 

7.9 4-2.1 ) x 10 -3 
7.6 4-0.4 ) % 
6.3 4-0.4 ) % 
4.8 4-2.1 ) x 10 -3 
9.8 4-2.2 ) x 10 -3 

3.6 4-0.6 )% 

1.5 4-0.4 ) % 

9.5 4-2.1 ) x 10 -3 

3.6 4-1.0 ) x 10 -3 

1.764-0.25) % 
[c] (10.0 4-1.2 )% 

1.6 4-0.3 ) x 10 -3 
1.9 4-0.4 ) % 
4.1 4-1.6 )% 

4.9 4-1.1 ) x 10 - 3  

5.1 4-1.4 ) x 10 - 3  

4.8 4-1.1 ) x 10 - 3  

2.1 4-2.1 )% 
(15 4-5 )% 

S=1.3 

CL=90% 
CL=90% 

S=1.1 
S=1.2 

S=1.3 

S=1.1 

~- r58 
rs9 

r55 K - / r+ / r+ / r -~T  O ( 4.1 4-0.4 )% 
FS6 K*(892)~ 0 ( 1.2 4-0.6 )% 

x B(K *0 --* K - ~ + )  
F57 K*(892)~ ( 2.9 4-0.8 ) x  10 -3 

x B(K * 0 ~  K-Tr +) 
x B(~-~ ~+~-~o) 

K- l r+w x B(~ -~ Ir+Ir-~r O) ( 2.7 4-0.5 )% 
K*(892)~ ( 7 4-3 )x lO -3 

x B(K *0-~ K - ~  +) 
X B(~ -~ ~.+~.-~.0) 

r6o ~~ ~T ( 5.8 4-1.6 ) x 10 -3  

r61 K'%r+~r-~r~176 ~ (10.6 +7.3 )% -3.0 
{'62 -K'~ - ( 9,4 +1.0 ) x l 0  -3  

in the fit as �89 -F F64, where �89 = 1"63- 
1"63 K ~  B(q~-~ K+K -) (4.3 4-o .s)x10 -3  
1"64 K ~  K-non-~ b ( 5.1 4-o.8 ) x l o  -3  

k-o ~(0 k-o 1"65 "'5"5--5 ( 8.4 4-1.5 ) x  10 -4  
1"66 K+K-K-~r+ ( 2.1 •  -4 
F67 K + K  --~~176 ( 7.2 +4.8 --3.5 ) x 10 -3 

Fractions of many of the following modes with resonances have already 
appeared above as submodes of particular charged-particle modes, (Modes 
for which there are only upper limits and K (892)p sabmodes only appear 
below.) 

1-68 K-% 
1-69 ~0  pO 
r7o K -  p+ 
r71 ~'o~ 
r72 K%'(958) 
['73 K~ fo(980) 
r74 ~0@ 
175 K -  a1(1260) + 
1-76 K~  a1(1260)~ 
[-77 K ~  f2(1270) 
[-78 K -  a2(1320) + 
r79 K-~ fo(1370) 
[-80 K * ( 8 9 2 ) - ~ +  
FSl K*(892)~ ~ ~ 
Fe2 K*(892) ~  total 
['83 K*(892) ~ ~+ I t -  3-body 
Fe4 K -  7r+ p~ 
['85 K -  ~+ po 3- body 
['86 ~ *  (892)0 p0 
re7 K*(892)~ p~ 
['85 K*(892)~ 0 5-wave 
['89 ~ *  (892)0 p0 S-wave long. 
r9o K*(892)~ ~ P-wave 
['91 ~*(892)0 p0 D-wave 
['92 K* (892 ) -P  + 
['93 K*(892)- p+ longitudinal 
[-94 K* (892) - p+ transverse 
F95 K*(892)- p+ P-wave 
r96 K - / r  + f0(980) 
r97 K *  (892) 0 fo(980) 
F98 K1(1270)- ~r + 
['99 K1(1400) -Tr+ 
['100 K1(1400) 0~r0 
1"101 K*(1410) -  Ir + 
r lo  2 K~(1430)- ~r + 
rlo3 K~z(1430)- ~+ 
1"1o 4 __.~(1430)~ ~r 0 
[-lO5 K*(892) ~  
rlO6 K*(892)~ 
[-107 K -  ~r+u: 
['100 K*(892) 0~ 
rlo9 K -  ~r+ ~f(958) 
['11o K*(892)%f(958)  

( 7.1 • ) x 10 -3  
(1.214-0.17) % 
(10.8 • )% 

2.1 4-0.4 ) % 
1.724-0.26) % 
5.7 4-1.6 ) x 10 -3  
8.6 4-1.0 ) x 10 -3  
7.3 4-1.1 )% 
1.9 % 
4.2 4-1.5 ) x 10 -3  
2 x 10 -3  
7.0 4-2.1 ) x 10 -3  
5.1 • ) % 
3.2 4-0.4 ) % 
2.3 4-0.5 )% 
1.434-0.32) % 
6.3 4-0.4 ) % 
4.8 4-2.1 ) x 10 -3  
1.47• % 
15 4-0.5 ) % 
2.e • ) % 
3 x 10 -3  
3 x 10 -3  
1.9 +0.6  )% 
6.1 4-2.4 ) % 
2.9 4-1.2 )% 
3.2 4-1.8 )% 
1.5 % 
lml % 
7 • 10 -3  

[d] 1.06+0.29) % 
1.2 % 
3.7 % 
1.2 % 
1.04 4- 01 "~16) % 

8 x 10 -3  
4 X 10 - 3  

1.8 + 0 . 9  ) % 
1.94-o.5 )% 
3.0 4-0.6 )% 
1.14-0.5 ) % 
7.0 ~ lm8 ) X 10 - 3  
1.1 x 10 -3  

5=1.2 

CL=90% 

CL=90% 

S=1.2 

CL=90% 
CL=90% 

CL=90% 
CL=90% 
CL=90% 

CL=90% 
CL=90% 
CL=90% 

CL=90% 
CL=90% 

CL=90% 



See key on page 213 

Plonic modes 
1-111 ~+,,n-- 1.53• • lO -3 
1-112 ~r0~0 8,5 4-2.2 ) x,10 -4 
1-113 ?r+/r-~To 1.6 • )% 
Fl14 ~ +~'r+~ 'a" 7.4 • ) x l 0  -3 
['115 ~'§ 1.9 4-0,4 )% 
1-116 ?r+~+~'+Tt ~" ~r 4.0 4-3.0 ) x l 0  -4 

Hadronlc modes w i tha  K ~  palr 

r117 K + K -  
1-1is K ~ 1 7 6  
1-119 KOK-~r+ 
1-120 K*  (892) 0 K~ 

x B(K *0 -~  K-~r  +)  

1-121 K* (892) + K -  
x B(K *+ --* K~ +) 

r122 K 0 K -  ~r + nonresonant 
r123 ~O K + ~r- 
1-124 K*(892) ~ 1 7 6  

x B(K *0 -~  K+~r - )  

F12s K*(892)-  K + 
x B ( K * -  --* K~  

1-126 ~-0 K + ~ -  nonresonant 

1-127 K+  K - / r  0 
~0 ~0 ~0 

1-128 " S " S "  
1-129 K+  K -  ~ + ~ -  
1-13o ~ + ~ -  x B ( r  K + K  - )  
1-131 q~pO X B ( ~ - +  K + K  - )  
F132 K + K -  pO 3-body 
1-133 K* (892) 0 K -  ~r + +c.c. 

x B(K *0 -~ K+:'r - )  
1-134 K*(892)~ (892) ~ 

x B2(K *0 -~ K + ~  - )  
1-135 K+ K -  ~r+ ~r- non-~ 
r136 K + K -  ~r + ~r- nonresonant 
r13 ~ KOK-~ ~r+ ~r - 
1-138 K +  K -  ~+ ~ -  ~o 

S=2.7 

(4.27c~0.16) x 10 -3 
(r6.~ ~1.8 ) x l 0  -4  S:1.2 
( 6.4 •  ) x 10 -3 S~1.1 

< L1 x 10 -3 CL=90% 

( 2.3 4-0.5 ) x  10 -3 

( 2.3 • ) x ]0 -3 
( s.o 4-1.o ) x lO -3 

< 5 x 10 -4 

( 1.2 • ) x 10 -3 

( 3.9 42.3 --1.9 ) x 10 -3 

( 1.3 • ) x 10 -3 
< 5.9 x 10 -4 

[e] (2.52• X 10 -3 
( 5.3 • ) x 10 -4 
( 3.0 • x 10 -4 
( 9.1 •  x 10 -4 

[f] < 5 x 10 -4 

( 6 • x 10 -4 

I 
< 8 x 10 -4 

( 6.9 •  x 10 -3 
( 3,1 • x 10 -3 

CL=90% 

CL=90% 

Fractions of most of the following modes with resonances have already 
appeared above as submodes of particular charged-particle modes. 

1-139 K*(892) ~ 1 7 6  < 1.6 x lo -3 CL=90% 
1-140 K*(892) + K -  ( 3.5 4-0.8 ) x 10 -3 
1-141 K*(892) ~176 < 8 x lO - 4  CL=90% 
1-142 K*(892)-  K + ( 1.8 • ) x 10 -3 
1-143 ~/r0 < 1.4 x 10 -3 CL=90% 
1-144 ~r/  < 2.8 x l0 -3 CL=90% 
1"145 q~d < 2.1 x 10 - 3  CL=90% 
F146 ~ r  (1.08• x 10 -3 
1-147 ~, 00 ( 6 • ) • 10 -4 
1-148 ~lr+lr-3-body ( 7 • ) x 10 -4 
1-149 K * ( 8 9 2 ) 0 K - ~ + +  C.C. [f] < 8 x 10 -4 CL=90% 
F]S 0 K*(892)~ K -  ~ + 
1-181 K*(892) ~  
1-182 K*(892)0K*(892) 0 ( 1.4 • ) x  lO -3 
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Doubly Cabibbo suppressed (DE) modes, 
~ C  = 2 forbidden via mlxlng (C2M) modes, 
A C =  1 weak neutral current ( C I )  modes, or 
Lepton Famlly number ( LF) violating modes 

F1s3 K+t -~(v ia  ~o) C2M < 1.7 x 10 - 4  CL=90% 
1-154 K+ ~T- or C2M < 1.0 x 10 -3  CL=90% 

K + ~ -  ~+ 7r - (via ~o)  
1"155 K+7: - DC ( 2.8 • ) x10  -4 
1"186 K + ~ - ( v i a  ~-0) < 1,9 x 10 -4  CL=eO% 
J-157 K+Tr-~+~r - DC ( 1.9 • ) x 10 -4  
FlS8 K + ~ - ~ + ~ - ( v i a D  0) < 4 x lO -4 CL=90% 
1"159 p - a n y t h i n g  (via ~-o) < 4 x 10 -4  CL=90% 
1-160 e + e -  C1 < 1.3 x 10 -5 CL=90% 
1-161 /~+/~- C1 < 4.1 x 10 -6 CL=90% 
1"162 ~Oe + e -  C1 < 4.5 x 10 -5 CL=90% 
1-163 7r0#+/~- C1 < 1.8 x 10 -4  CL=90% 
1-164 ~ e+  e -  C1 < 1.1 x 10 -4 CL=90% 
r16 s T/p+# - r  < 5.3 x l0 -4  CL=90% 
r166 poe + e -  c1 < 1.0 x 10 -4  CL=90% 
1-167 po/~+/~- C1 < 2,3 x lO -4 CL=90% 
J-168 ~Je + e -  C1 < 1.8 x 10 -4 CL=90% 
1-169 ~/~+/~- C1 < 8.3 x 10 -4  CL=90% 
1"170 ~e+e  - Cl < s.2 x lO - s  CL=e0% 
1-171 ~ /~+#-  C1 < 4.1 x l0 -4  CL=90% 
1-172 ~-0 e + e -  [g] < 1.1 x 10 -4  CL=90% 
1-173 ~ 0 / ~ + # -  [8"] < 2.6 x l0 -4  CL=90% 
1-174 K*(892) 0 e + e -  [g] < 1,4 x 10 -4 CL=90% 
1-178 K * ( 8 9 2 ) ~  - [g] < 1.18 x 10 -3  CL=90% 
1-176 I r+~-~r0#+/~-  C1 < 8.1 • -4 CL=90% 
1-177 / J• LF [h] < 1,9 x 10 -5 CL=90% 
1-178 ~ ~ 1 7 7  :F LF [17] < 8.6 x l0 -5 CL=90% 
1-179 ~/ei/~:F LF [h] < 1.0 x l0 -4 CL=90% 
1-180 pOe• :~: LF [h) < 4.9 x 10 -5 CL=90% 
1-181 we•  ":~: LF [hi < 1.2 x l0 -4 CL=90% 
1-182 ~e• LF [h] < 3.4 x l0 -5 CL=90% 
1"183 K~177  LF [h] < 1,0 x 10 -4 CL=90% 
1"184 K* (892)~177  ~ LF [hi < 1.0 x 10 -4 CL=90% 

F185 A dummy mode used by the fit. (16.9 • ) % s=1.1 

[a] This is a weighted average of D • (44%) and D O (56%) branching frac- 
tions. See "D+andD ~ -~ (rt anything) / (total D + and DO) '' under 
"D + Branching Ratios" in these Particle Listings. 

[b] This value averages the e + and #+ branching fractions, after making a 
small phase-space adjustment to the #+ fraction to be able to use it as 
an e + fraction; hence our t + here is really an e +. 

[c] The branching fraction for this mode may differ from the sum of the 
submodes that contribute to it, due to interference effects, See the 
relevant papers. 

The two experiments measuring this fraction are in serious disagreement. 
See the Particle Listings. 

The experiments on the division of this charge mode amongst its sub- 
modes disagree, and the submode branching fractions here add up to 
considerably more than the charged-mode fraction. 

[f] However, these upper Emits are in serious disagreement with values ob- 
tained in another experiment. 

[g] This mode is not a useful test for a A C = I  weak neutral current because 
both quarks must change flavor in this decay. 

[hi The value is for the sum of the charge states of particle/antiparticle states 
indicated. 

[d] 

[el 
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C O N S T R A I N E D  R T  I N F O R M A T I O N  

An overall fit to 51 branching ratios uses 122 measurements and 
one constraint to determine 28 parameters. The overall fit has a 
X 2 = 64.8 for 95 degrees of freedom. 

The following of f -d iagonal  array elements are the correlation coefficients 
( 6x~6x ;~ / (bx i . 6x~ ) ,  in percent, from the fit to the branching fractioos, x i , _= 

rl/rtotal. 
one, 

X8 

X9 

X17 

Xze 

x19 

X2o 

x21 

x29 

137 

x4s 

Xss 

x64 

X60 

X71 

174 

X80 

X81 

X83 

x87 

1106 

X117 

x118 

X119 

X123 

x140 

X180 

The fit constrains the x i whose labels appear in this array to sum to 

6 

32. 19 

1 24 5 

1 8 3 2 

13 46 42 11 6 

1 5 3 1 24 8 

1 6 4 2 36 10 66 

3 11 10 3 7 23 16 18 

3 12 11 3 2 26 3 3 6 

1 3 2 1 18 5 33 51 9 3 

2 8 7 2 1 17 1 2 4 32 

1 3 2 1 16 5 30 46 8 2 

1 3 2 1 17 5 58 47 11 2 

1 2 2 1 13 4 24 37 7 2 

1 4 2 1 21 6 39 60 10 2 

1 6 4 1 30 9 56 84 18 3 

1 5 4 1 7 10 24 18 43 3 

1 3 2 1 0 5 1 1 1 21 

0 2 1 0 2 3 3 5 1 11 

0 2 1 0 7 3 13 20 4 3 

1 3 3 1 2 6 4 4 23 2 

8 28 26 7 4 61 5 6 14 16 

0 2 1 0 9 2 17 25 4 1 

1 4 3 1 14 6 26 39 7 2 

1 3 2 1 11 6 20 30 6 2 

0 2 1 0 11 3 20 30 5 1 

--28 - 2 0  - 2 3  --7 --34 - 3 1  --53 --70 --50 - 2 6  

X 2 x8 x9 x17 x18 x19 120 121 X29 X37 

D o BRANCHING RATIOS 

see the "NOte on D Mesons" In the D • Listings, 

Some older new obsolete results have been omitted from these Listings. 

- -  Indudve modes - -  

r(e+ anythlng)/r~,  rslr 
VALUE ~ DOCUMENT ID T ~  N COMMENT 
0.0676-1-0~039 OUR AVERAGE 
0.069 +0.003 • 1670 ALBRECHT 96C ARG �9 + e -  ~ 10 GeV | 
0.0664+0,0018-;-0,0029 4609 13 KUBOTA 96B CLE2 �9 + e -  T(4S) I 
0.075 :E0.011 +0.004 137 BALTRUSAIT..35B MRK3 e+e - 3.77 GeV 
�9 �9 �9 We do not use the following data for averages, fits, IImRs, etc. �9 �9 �9 

0.15 • AGUILAR-... 87E HYBR 7rp, p p  360, 400 
GeV 

0.055 • 12 SCHINDLER 81 MRK2 e§ - 3.771 GeV 

13KUBOTA 96B uses D *+  ~ D0~r + (and charge conjugate) events In which the D O | 
subsequently decays to X �9 -F u e. i 

rO.+=.~t~)Ir~,.,  r=Ir 
VAI, t,l~ ~T~, DOCUMENT I~ TECN COMMENT 
O,Ol6 ~ O,O01 OUR FIT 
0.060"I'0.007"I'0.0[2 310 ALBRECHT 96<: ARG �9 + e -  ~ 10 GeV | 

r ( K -  anythtnl) /r=~ rs/r 
VAleUE EVTS DOCUMENT I~) TECN COMMENT 
0.63 :EO.04 OUR AVEJlCJI~IE Error includes scale factor of 1.3. See the Ideogram below. 

0 ~L~+0.039 14 BARLAG 92c ACCM ~r- Cu 230 GeV " ~ - 0 . 0 3 8  
0.609•177 COFFMAN 91 MRK3 �9 -F e -  3.77 GeV 
0.42 • AGUILAR-... 87E HYBR ~p,  pp  360, 400 GeV 
0.55 • 121 SCHINDLER 81 MRK2 e+e - 3.771 GeV 
0.35 • 19 VUILLEMIN 70 MRK1 e+e - 3.772 GeV 

14 BARLAG 92c computes the branching fraction using topological normalization. 

x55 

~o4 
x~ 
x71 

x74 

x80 

Xel 

xe3 

Xs7 

Xge 

x106 

Xl17 

x118 

x119 

x123 

1140 

x185 

x106 

X117 

X110 

X119 

X123 

X140 

xZSS 

1 

23 1 

24 1 21 

43 1 17 17 

30 1 7 28 22 

43 2 38 40 31 50 

9 2 8 14 7 11 

1 7 0 0 0 0 

9 4 2 2 4 3 

40 1 9 9 17 12 

2 1 2 2 2 2 

3 10 3 3 2 4 

13 0 11 12 9 15 

20 1 18 18 14 23 

15 1 14 14 11 18 

15 1 14 14 11 18 

- 6 8  - 2 1  - 3 3  - 3 8  - 4 5  - 4 3  

17 

1 1 

4 1 2 

17 4 1 4 

4 10 0 0 

6 6 3 2 

21 5 0 1 

33 7 0 2 

25 6 0 2 

25 6 0 1 

- 6 4  - 3 8  - 1 4  - 2 3  

x46 Xss x64 x ~  x71 174 x80 

1 

2 4 

5 1 2 

8 2 4 10 

6 1 3 8 12 

6 1 2 8 12 9 

- 3 4  - 2 5  - 1 9  - 1 8  - 3 0  - 2 4  - 2 3  

Xez x83 xe7 

X98 X106  X117 Xl18 Xl19 X123  X140 

[ r ( / P = . ~ )  + r(K%.,~l.=)]/r== 
VAIV~ ~"T~ DOCUMENT I0 
0.42 i ~  OUR AVERAGE 
0.455•177 COFFMAN 
0,29 +0,11 13 5CHINDLER 
0.57 +0,26 6 VUILLEMIN 

r(K+aWthlnl)/r~ 
VAL I, I~ Ev'rs OOCUM[NT IO 

0.034 +_00~ OUR AVERAGE 

0 0 ~J + 0"007 
" ~ -  0.005 

0,028•177 

0.03 +0,05 
-0.02 

0.08 • 25 " 

T~I~ ~OMM~T 

91 MRK3 e't'e - 3.77 GeV 
81 MRK2 e+e - 3.771 GeV 
78 MRK1 e-Fe - 3.772 GeV 

15 BARLAG 92C ACCM x -  CU 230 GeV 

COFFMAN 91 MRK3 e-Fe - 3.77 GeV 

AGUILAR-... 87E HYBR ~p,  p p  360, 400 GeV 

SCHINDLER 01 MRK2 e+e - 3.771 GeV 

r41r 

r=/r 

15 BARLAG 92C computes the branching fraction udng topological normalization. 
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Semlleptoelc modes 

r ( K - t + ~ ) / r ~  r~/r 
We average our K -  e + u  e and K - i ~ + e p  branching fractions, after multiplying the 

latter by a phase-space factor of 1.03 to he able to use it with the K -  e + ~e fraction. 

Hence our t + here Is really an e 4-. 
V.VA~.LI~ DOCUMENT JD ~QMM~NT 
0.0~50-t-0.0017 OUR AVERAGE Error lucludes scale factor of 1.3. 

0.03664-0.0018 PDG "98 Our F (K -e+~ .e ) / r t o ta  I I 
98 1.03.x our r ( K -  #+  u#) / r to ta I I 0.0333 4- 0,0018 PDG 

r(K- e+,,e)/r,~ ' " rfi/r 
VALUE ~ClfT..~ DOCUMENT ID TECN (~OMM~I~T 
0.0~ t4 -0 .0Ol l  O~IR FIT 
0.034 4-0.0(~ -t-0,004 55 ADLER 89 MRK3 e+e  - 3.77 GeV 

r(K- e + ~,,)/r(K-.+) rg / r .  
VALUE ~yTS .DOCUMENT ID TECN COMMENT 
0.gB +0.04 OUR FIT 
0 .~  4-0.O4 OUR AVERAGE 
0.9784-0.0274-0.044 2510 16 BEAN 93C CLE2 e + e -  ~ T(4S) 
0.90 =0.06 4-0.06 584 17 CRAWFORD 918 CLEO e + e -  ~ 10.5 GeV 
0.91 4-0.07 4-0.11 250 1BANJOS 89F E691 Photoproductlon 

16 BEAN 93C uses K -  t *+ u/~ as well as K -  e + Ue events and makes a small phase-space 

adjustment to the number of the # +  events to use them as e + events. A pole mass of 
2.00 4- 0.12 4- 0.18 GeV/c 2 Is obtained from the q2 dependence of the decay rate. 

17 CRAWFORD 91B uses K -  e + Ve and K - / ~ +  ~# candidates to measure a pole mass of 

2~ +0.4 +0.3 GeV/c2 from the q2 dependence of the decay rate. 
"" - 0 . 2 - 0 . 2  

18ANJOS 891: . . . . . . . . .  pol . . . . .  f 2.1"t"014 + 0.2 GeV/( 2 from the q2 depend . . . .  

of the decay rate. 

r(K-,+...)Ir(K-.+) 
VALUE EVTS 
OJI4 +0,04 OUR FIT 
OJI4 4-0.04 OUR AVERAGE 
0.852 4- 0.034~: 0.028 1897 

0.82 4-0.13 4-0.13 338 

0.79 +0.08 4-0.09 231 

DOCUMENT 10 T~CN CQMM~NT 
r, l r .  

19 FRABETTI 95G E687 "~Be ~.~= 220 GeV 

20 FRABETTI 931 E687 "7 Be E.~= 221 GeV 

21 CRAWFORD 918 CLEO e + e -  ~. 10.5 GeV 

1 ~+3.6 4- 0.6. and 19 FRABETTI 95(; extracts the ratio of form factors f (O)/f+(O) = - " ' - 3 . 4  
+ 0  11 -t-0 07 measures a pole mass of 1.87_ 0108 - 0106 GeV/c 2 from the q2 dependence of the decay 

rate. 
nole m;  f ~ ~+O.7-FO 7 20 FRABETTI 931 measures a ~ _ss o ~.. - 0 .3  -013 GeV/c?" from the q2 dependence 

of the decay rate. 
21CRAWFORD 918 measures a pole mass of 2.00 4- 0.12 4- 0.18 GeV/c 2 from the q2 

dependence of the decay rate. 

r(K-/~+u~)IrO, + anythlfi|) r, lr= 
VALUE E V T 5  DOCUMENT IO TECN COMM~'N T 
0.49 :t:0.0~ OUR FIT 
0A72-t-0.nlll-l-O.040 232 KODAMA 94 E653 ~ -  emulsion 600 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.32 4-0.05 4-0.05 124 KODAMA 91 EMUL pA 800 GeV 

r(K-~Oe+~e)/r~., r= / r  
VALU~ ~VTS ~)OCUM~N T I~) T~N COMMENT 

o 01g+~176 hen �9 - - u . u l ~ - - - ~  4 22BAI 91 MRK3 e+e  - ~ 3.77GeV 

22BAI 91 finds that a fraction 0 ~=+0.15+0.09 of combined D + and D O decays to " " - 0 . 1 7  -0 .03 
K~r e + ee (24 events) are K *  (892)e + Ue" BAI 91 uses 56 K - e + v  e events to measure 

a pole mass of 1.8 4- 0.3 4- 0.2 GeV/c 2 from the q2 dependence of the decay rate. 

r (P  ~- e+ ~.) Ir~,,  ru l r  
VALVe- [VT~ OOCUM~/NT Ip ~ COMMENT 

O�9 0.017 ,a. n ~ 23 _ 0 . 0 ( ~ . ~  6 BAI 91 MRK3 e + e -  ~= 3.77 GeV 

23BA, 91 finds that a fraction 0.794-_00:~5__.0:09 of combined D + and D O decays to 

-K~re + u e (24 events) are R*(892)e  + v e. 

r(K'(SS2)- e + v.)/r(K- �9 + v,) r , , / r ,  
Unseen decay modes of the K * (892 ) -  are included. 

VALUE DOCUMENT ID T~f~l~ COMMENT 
O u~:o.orJ OUR FIT 

OJil:t:0.11:t:O.0~ CRAWFORD 91B CLEO e + e -  .~ 10.5 GeV 

r(K*(~.~)- e+ ~.)Ir C/P.+. - )  r . / r , ,  
Unseen decay modes of the K * ( 8 9 2 ) -  are Included. 

VALUE ~yT~ ~)OCUMENT ID Tr CQ~M~NT 
OXl'I-O.O& OUR FIT 
0.m-t-O.0~-t-0.(~ 152 24 BEAN 93C CLE2 e + e -  ~ T(45)  

24 BEAN 93c uses K * - / ~ +  u/~ as well as K ~'- �9 + u e events and makes a small phase-space 

adjustment to the number of the/~+ events to use them as �9 + events. 
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r (K' (~) - . '+  . , ) / r0P~+. - )  r,.Ir=1 
This an average of the K * ( 8 9 2 ) - e + u  e and K* (892 ) - / J+  u/~ ratios. Unseen decay 

modes of the K* (892 ) -  are Induded. 
~/ALUE EVT$  DOCUMENT ID TECN COMM~pIT 
�9 �9 �9 We do not use the following data for averages, fits, Ilmlts, etc. �9 �9 �9 

0.24+0.074-0.06 137 25 ALEXANDER (JOB CLEO �9 + e -  10.5-1! GeV 

25ALEXANDER 90B cannot exclude extra ~r0's in the final state. See nearby data I~ocks 
for more detailed results. 

r 0 r  e + . . ) /F (K ' (~ ) -  e+ ~.) r14/r. 
Unseen decay modes of the ~" (892)  0 are Included. 

VALUE CL~ DOCUMENT ID T ~  N COMMENT 

�9 �9 �9 We do not use the foliowlng data for averages, fits. limits, etc. �9 �9 �9 

<0.64 90 26 CRAWFORD 918 CLEO e + e -  ~ 10.5 GeV 

26The limit on ( '~*(892)~r)- /J+v# below b much stronger. 

r(K- =+ f -  ~+ v~)/r(K- ~+ J,~,) r , . / r ,  
VALUE CL~ DOCUMENT ID T~(~ N COMMENT 

<0.0~1' 90 KODAMA 93B E653 7r- emulsion 600 GeV 

r( l~(S~).) -~+. . ) /r (K-/J+up) r . / r ,  
VALUE CL~ DOCUMENT ID T~C.N ~:OMMENT 

<0.043 90 27 KODAMA 938 E653 x -  emulsion 600 GeV 

27 KODAMA 938 searched in K - ~r + lr - # +  v/~. but the limit Includes other ( K *  (892) 7r) - 
charge states. 

r ( . -  e+..)Ir~o~ r171r 
VALUE EVTS ~)Q'~UMENT ID TECN COMMENT 
~ 4"~O0~& OUR FIT 

O . D O ~ ' t ' o O ~ O J ~ O g  7 28ADLER 89 MRK3 e + e  - 3.77 C-eV 

V pr(o) 2 . . . . . .  -0 .015  ~ 0.005. 28This result of ADLER 89 gives 1~7~ ' ~ 1  . . . . .  +0.038 

r ( . -  e+ M.)/r (K- e%,,) r~Irfi 
VALUE EVTS .DOCUMENT IO TE~N ~QMM~.NT 
0J~2 + 0.0~ 7 OUR FTT 
0.101-I-0.O18 OUR/I/ERAGE 
0.1014-0.0204-0.003 91 29 FRABETTI 968 E687 "~ Be. E~f ~ 200 GeV I 
0.1034-0.039+0.013 87 30 BUTLER 95 CLE2 < 0.156 (90% CL) 

29 FRABETTI 968 uses both e and/J events, and makes a small correction to the # events to I 

makethem effectively e events. Thls result gives I ' ~ ' ~  12 = 0.0504-0.011 4-0.002. 
�9 cs ,'~- tu; I 

V f ~ ( 0 )  = 0.052 4- 30BUTLER 95 has 87 4- 33 ~r- e+~  e events. The result gives I -~Lc.  - - ~ 1 2  f:(0)' 
0.020 4- 0.007. 

Hadror mod~ with a ~ or ~ K ~ '  

r ( K - . + ) / r ~  
yA~,t~ EVT5 DOCUMENT ID 
O.OSm~.9___tg~q_ OUR FIT 
0.g~m-l-n____ng~q_ OUR AVERAGE 
0.03814-0.0015+0.0016 31 ARTUSO 
0.0390+0.00094-O.0012 5392 31 BARATE 
0.045 4-0.005 4-0.004 32 ALBRECHT 
0.03414-0.00124-0.0028 1173 31 ALBRECHT 
0.03954-0.00084-0.0017 4208 31,33 AKERIB 
0.0362 4- 0.0034 + 0.0044 31 DECAMP 
0.045 4-0.008 4-0.005 56 31 ABACHI 
0.042 4-0.004 4-0.004 930 ADLER 
0.041 4-0.006 263 34 SCHINDLER 
0.043 +0.010 130 35 PERUZZI 

r1,1r 
T~'N COMMI~NT 

98 CLE2 e + e  - ~ T(4S) 
97C ALEP From Z decays 
94 ARG �9 + e -  ~ T (45)  
94F ARG e + e -  ~ T(4S) 
93 CLE2 e + e -  ~ T(4S) 
91J ALEP From Z decays 
88 HRS e -t" e -  29 GeV 
88c MRK3 e + e -  3.77 GeV 
81 MRK2 e + e -  3.771 C-eV 
77 MRK1 e + e -  3.77 GeV 

31ABACHI 88. DECAMP 91J. AKERIB 93. ALBRECHT 94F. BARATE 97c. and AR- 
TUSO 98 use D'(2010) + -~ DOx + decays. The x + Is both slow and of low PT wRh 

respect to the event thrust axis or nearest Jet ( ~  D " §  direction). The e~cess number 
of such ~r+'s o ~ r  background gives the number of D*(2010) + --, DO~r + events, and 
the fraction with D O ~ K -  •r "t" gives the D O --* K -  lr § branching fraction. 

32ALBRECHT 94 uses D O mesons from ~O ~ D , + t - p t  decays. Thb Is a different set 
of events than used by ALBRECHT 94F. 

33 This AKERIB 93 value Includes radiative corrections; without them the value Is 0.0391 4- 
0.0008 4- 0.0017. 

34SCHINDLER 81 (MARK-2)measures ~ (e+e  - ~ ~(3770)) x branching fraction to 
be 0.24 4- 0.02 nb. We use the MARK-3 (ADLER 88c) value of ~ = 5.8 + 0.5 4- 0.6 nb. 

35pERUZZI 77 (MARK- l )  measures o ( e + e  - ~ r x branching fraction to be 
0.25 4- 0.05 nb. We use the MARK-3 (ADLER 88<:) value of ~ = 5.8 + 0.5 4- 0.6 nb. 

r(P@)/r(K- = +) r = / r .  
VA~I.I~ ~ V T ~  DOCUMENT ~D TECN CQI~M~NT 
OJi114"0.06 O(IR FIT Error Includes scale factor of 1.1. 
1.164-O.234-0.22 119 ANJOS 928 E691 "7 Be 80-240 GeV 
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r0P.~ -) r~olr,, 
VALUE kcyTS DOCUMENT Ip T~.CN r 
0 J l ~ ' O ~ L  OUR FIT 
OJl'/ll-t-OJ~3 OUR AVERAGE 
0.44 +0.02 +0.08 1942 PROCARIO 93B CLE2 �9 + e -  10,36--10,7 GeV 
0.34 +0,04 +0,02 92 36 ALBRECHT 92P ARG �9 + e -  ~ 10 GeV 
0.36 +0.04 +0.08 104 KINOSHITA 91 CLEO �9 + e -  ~ 10.7 GeV 

36TMs value is calculated from numbers in Table I of ALBRECHT 92P. 

rOi~,r+~,-)/r~ r,,/r 
VALUE EVT~ DOCUMENT IO TECN COMMENT 
0.084 4"0.004 OUR FIT Error Includes scale factor of 1.2. 
0.OU 4-n~__ OUR AVERAGE 
0,0503+0,0039+0,0049 284 37ALBRECHT 94F ARG e + e  - ~ T(4S) 
0,064 4-0.005 +0.010 ADLER 87 MRK3 e + e -  3,77 GeV , 
0,052 ~0.016 32 38SCHINDLER 81 MRK2 e + e  - 3,771 GeV 
0,079 --0,023 28 39 PERUZZI 77 MRK1 e + e -  3.77 GeV 

37See the footnote on the ALBRECHT 04F measurement of r ( K - ~ r + ) / l ' t o t a  I for the 
method used. 

38SCHINDLER 81 (MARK-2) measures ~ (e+e  - ~ #(3770)) x branching fraction to 
be 0.30 + 0.08 nb. We use the MARK~3 (ADLER 88c) value of ~ = 5,8 �9 0.5 + 0,6 nb, 

39pERUZZI 77 (MARK- l )  measures ~r(e+e - ~ ~(3770)) x bi'anchinK fraction to be 
0.46 + 0.12 nb. We use,the MARK-3 (ADLER 88c) value of ~ = 5.8 d: 0.5 • 0,6 nb. 

r(P.+--)/r(K--+) r~l/r3, 
VALUE EVT5 DOCUMENT 10 TECN C~)~M~NT 
1.414"0.10 OUR FIT Error Indudes scale factor of 1.2, 
1.U4"0.17 OUR AVERAGE 
1,61+0.10+0.15 886 FRABETTI 94J E687 "~Be ~ = 2 2 0  C-eV 

1.7 4-0.8 35 AVERY 80 SPEC "yN ~ D " +  
2.8 +1.0 116 PICCOLO 77 MRK1 e + e  - 4,03. 4.41 GeV 

rOP~~ r../r= 
~IA~.U~ DOCUMENT 10 TECN COMMENT 
0.2234"0.f~7 OUR ~ R A G E  Error Includes scale factor of 1.2. 
0.350+0,028+0,067 FRABETTI 94G E687 

0,227+0.032+0,009 ALBRECHT 93D ARG 
0.215+0.051+0,037 ANJOS 93 E691 
0.20 +0,06 +0,03 FRABETTI 92B E687 

0.12 +0.01 4-0,07 ADLER 87 MRK3 

r (P ~o(~o)) Ir ('~,r+,r-) 
Unseen decay modes of the f0(980) are Included. 

VALUE DOCUMENT ID T~.C~I 
0.1084"0.021 OUR AVERAGE 
0.131+0.031:t:0.034 FRABETTI 94G E687 

0.088+0,035+0.012 ALBRECHT 93D ARG 

r (X" ~(;2~01)/r(X%+.-) 
Unseen decay modes of the f2(1270) are Included, 

VAL~[ DOCUMENT ID TECN 
0.0714"0~1 OUR AVERAGE 
0.065+0,025+0,030 FRABETTI 94G E687 

0.088--0,037+O.014 ALBRECHT 93D ARG 

r0P fo(1370))/r(R%r+,r-) 
Unseen decay modes of the f0(1370) are Included. 

VALUE pO(;UM~NT I~) T~(;# 
0.13 4-0.O4 OUR AVERAGE 
0.123+0.038+0.049 FRABETTI 94G E687 

0.131+0,045 d: 0.021 ALBRECHT 93D ARG 

r(/ell~)-.+)/r (]~,+,-) 
Unseen decay modes of the K * (892 ) -  are Included. 

VALUE ~VTS DOCUMENT I~) T ~  N 
O.g3 4"0.04 OUR FIT Error Indudes scale factor of 1.1. 
0.96 4"0.04 OUR AVERAGE 
0.938:1:0,054 + 0.038 FRABETTI 94G E687 

1,08 +0,063+0.045 ALBRECHT 93D ARG 
0,720+0.145• ANJOS 93 E691 
0,96 +0,12 4-0.078 FRABETTI 928 E687 

0,84 • +0.08 ADLER 87 MRK3 e + e  - 3.77 GeV 
1,05 +0.23 +O.07 -0 ,26  -0 .09  25 SCHINDLER 81 MRK2 e + e  - 3,771 GeV 

"~Be, "~,~ ~ 220 GeV 

�9 + e - ~  10 GeV 
-yBe 90-260 GeV 
~Be E.~= 221 GeV 

�9 + e -  3.77 GeV 

rn/r., 
C~;MMENT 

Be, "~,~ ~ 220 GeV 

�9 + e - ~  10 GeV 

rnlr . ,  
COMMENT 

"~ Be, ~,~ ~ 220 GeV 

�9 + e -  ~ 10 GeV 

r . / r~ 
COMMENT 

"~Be, ~ ~ 220 GeV 

�9 + e -  ~ 10 GeV 

r,o/r., 

COMMENT 

Be, "~,~ ~ 220 GeV 

�9 + e -  ~ 10 GeV 
"yBe 90-260 GeV 
-~Be "E,~= 221 GeV 

r(~(l~o)-.+)/r(P.+.-)  r,~/r= 
Unseen decay modes of the K~(1430) -  are Included. 

Vr~L ~l~ DOCUMENT ID T~(~,~ (~QMM~NT 
0.19 -t-O.OS OUR AVERAGE 
0.176+0.044+0.047 FRABETTI 94G E687 "yBe, "E~ ~ 220 GeV 

0,208+0,055+0.034 ALBRECHT 93D ARG e+ e--,~ 10 GeV 

r (K~(1430)- ~r +) / r  (P .+ .-) r~/r= 
Unseen decay modes of the K~(1430) -  are included. 

VAL LIE ~ DOCUMENT t@ T~(;N COMMENT 

<O,111 90 ALBRECHT 93D ARG �9 + e - ~  10 GeV 

r (P.+; -  m~omt)/r(X%+.-) r,,Irn 
yA~V~ DOCUMENT I~ TECN COMMENT 
0.27 -l.O.Ot OUR ~MERAGE 
0,263+0,024+0.041 ANJOS 93 E691 ,yBe 90-260 GeV 
0,26 +0,08 4-0,05 FRABETTI 92B E687 ,yBe'~,y= 221 GeV 

0.33 +0,08 +0,10 ADLER 87 MRK3 e-f-e - 3,77 GeV 

r ( K - . + , ~ ) / r ~  r2,/r 
Vr~t(,l~ E V T S  DOCUMENT I~ TECN COMMENT 
0.1314-0JBOg OUR FIT Error Includes scale factor of 1.3. 
0J314-0.O18 OUR ,q/IgtAGE 

0.133+0.012+0,013 931 ADLER 88c MRK3 e + e  - 3.77 GeV 
0.117+0.043 37 40SCHINDLER 81 MRK2 e + e  - 3.771 GeV 

40SCHINOLER 81 (MARK-2)measures ~ ( e + e  - ~ V~(3770)) • branching fraction to 
be 0.68 + 0,23 nb, We use the MARK-3 (ADLER 88c) value of # = 5.8 + 0.5 + 0,6 nb, 

r (K- tr + Ir 0)/r (K- tr +) r : , / r l ,  
yA~,I,)~ E V T S  DOCUMENT ID TECN COMMENT 
3.624-0.23 OIJR FIT Error Includes scale factor of 1.4. 
~L47:t:0 wl  OUR .4I~EIRA~E Error Includes scale factor of 1.5, See the Ideogram below. 

3.81+0.07+0.26 ZOk BARISH 96 CLE2 e + e  - ~ T(4$) 
3.044-0,164"0,34 931 41 ALBRECHT 92P ARG �9 + e -  ~ 10 GeV 
4,0 --0,9 "t-1,0 69 ALVAREZ 918 NA14 Photoproductlon 
2.8 +0,14--0.52 1050 KINOSHITA 91 CLEO �9 + e -  ~ 10,7 GeV 
4,2 +1,4 41 SUMMERS 84 E691 Photol~oductlon 

41This value b calculated from numbers In Table I of ALBRECHT 92P. 

r(K-p+)Ir(K-,~+~ r - I ra 
V~/, V[ EVT$ DOCUMENT ID TECN ~()MM[~T 
0.711:1:0.08 OUR ~IMERAGE 
0.765:t:0.041+0.054 FRABETTI 94G E687 "yBe, "E.y ~ 220 GeV 

0.647•177 ANJOS 93 E691 -tBe 90-260 GeV . 
0.81 +0.03 +0.06 ADLER 87 MRK3 e + e  - 3.77 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.31 +0.20 13 SUMMERS 84 E691 Photopfoductlon -0 .14 

0.85 +0.11 +0.09 31 SCHINDLER 81 MRK2 e + e  - 3.771 GeV 
-0.18 -0 .10 

r(K*lml-.+)/r(K-.+~0) r-/r2, 
Unseen decay modes of the K�9 - are Included. 

y~l~V, cm DOCUMENT I~; TECN (;QMu 
O.,~3-t-0.1~15 OUR FIT Error Includes scale factor of 1.3. 
O.28 4-0.04 OUR R/IDIAGE 
0.444+0.084+0.147 FRABETTI 94G E687 ~Be, ~',y ~ 220 GeV 

0.252+0.033+0.035 ANJOS 93 E691 -yBe 90-260 GeV 
0.36 -t-0.06 +0.09 ADLER 87 MRK3 e + e  - 3.77 GeV 

r(X'1892) ~176 f+  fo) r./r~, 
* 0 Unseen decay modes of the ~' (892) are Included. 

VALUE DOCUMENT 10 T~,C N ~.QMM~NT 
0.2274-0.1~7 OUR FIT 
0.221-1-0.r OUR .WERAGE 
0,248+0,047+0,023 FRABETTI 94G E687 ,yBe, "~,y ~ 220 GeV 

0.213+0.027+0.035 ANJO5 93 E691 "yBe 90-260 GeV 
0,20 +0,03 +0,05 ADLER 87 MRK3 e §  - 3.77 GeV 
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r ( K -  x + ~r 0 n o n r e s o n a R t ) / r  ( K -  ~r + x 0) r . / r = ~  
VAL(,I~ ~yTS ~)OCUMENT ID T~.~N ~QMMENT 
0.0494-0JBIII OUR AVERAGE Error includes scale factor of 1.1. 
0,101:c0.033~0.040 FRABETTI 94G E687 "~Be, ~'7 22O C-eV 
0.036~0.0044-0.018 ANJOS 93 E691 "~Be 90-260 GeV 
0.09 4-0.02 4-0.04 ADLER 87 MRK3 e+e  - 3.77 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

r(K-~r +/#total) Ir(K-,~+,~+--) r . I r , ,  
Thls Includes K-=11(1260)+, K'*(892)0p 0, etc. The next entry glves the sper 
3-body fraction. We rely on the MARK III and E691 full amplitude analyses of the 
K -  =+  ~r + ~r- channel for values of the resonant substructure. 

VAL U~ DOCUMENT ID TECN ~QMM~NT 
o.m4-o.o3s OUR 
0.80 4-0.03 4-0.05 ANJOS 92c E691 "~Be 90-260 GeV 
0.8554-0.032+0.030 COFFMAN 92B MRK3 e + e  - 3.77 GeV 

0.51 4-0.22 21 SUMMERS 84 E691 Photoproduction 

r~'(s~2)~176176 r.lr=o 
Unseen decay modes of the K*(892)  0 are included. 

yALUE ~VTS DOCUMENT ID ~ COMMENT 
1.4~4-0J~1 OUR FIT Error includes scale factor of 1.1. 

I g ~ + 0 . ~ . .  �9 _ 0 . $ 1 ~ v ~  122 PROCARIO 93B CLE2 K0~r0x0 Dalitz plot 

r (~=(x~o)%~ ~ ) riot/r= 
Unseen decay modes of the K~(1430) 0 and K ' (892)  0 are Included. 

yALU[ CL~ DOCUMENT I 0 T ~  N COMMI~NT 

<0.1~ 90 PROCARIO 93B CLE2 K---0~r0*r 0 Dalltz plot 

rOP.o, o .onnm~ant)IrOPx ~ r=/r= 
yA~,Uu r ~VT~; DOCUMENT ID T~.CN COMMENT 

0.374-0.014-0.04 76 PROCARIO 93B CLE2 ~0~rO~rO Dalitz plot 

r(K-x+x+x-)/r~ r=~/r 
V~,~JE ~ DOCUMENT ID TECN CqMM~NT 
0.076 4-0.~O4 OUR FIT Error includes scale factor of 1.1. 
0.07~ -t-0.00~ OUR AVERAGE Error includes scale factor of 1.3. See the ideogram 

below. 
0.079 • +0.009 42ALBRECHT 94 ARG e + e  - ~ T(4S) 
0.06804-0.0027• 1430 43ALBRECHT 94F ARG e + e  - ~ T(4S) 
0.091 +0.008 4-0.008 992 ADLER 88c MRK3 e + e  - 3.77 GeV 
0.117 4-0.025 185 445CHINDLER 81 MRK2 e + e  - 3.771 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0,98 +0.12 +0.10 ALVAREZ 91B NA14 Photopfoduction 

I'(K- ~r+ p~ ~r+ x-) r~/r,z 
We rely on the MARKII I  and E691 full amplitude analyses of the K - x + ~ r + ~ r  - 
channel for values of the resonant substructure. 

~A~, ~ ~VT"~ DOC;~JMENT IO T~(~N COMMI~N T 
0.0634-0.020 OUR AVERAGE 
0.05 =:0.03 +0.02 ANJOS 92C E691 *fee 90-260 C-eV 
0.0844-0.022+0.04 COFFMAN 92B MRK3 e + e  - 3.77 GeV 
�9 �9 * We do not use the fl011owtng data for averages, fits, limits, etc. �9 �9 �9 

0,77 ~0.06 4-0.06 46ALVAREZ 91B NA14 Photopfoduction 

0.85 +0.11 180 PICCOLO 77 MRK1 e + e  - 4.03, 4,41 GeV -0.22 

46This value Is for p0 (K-~r+)-nonresonant. ALVAREZ 91B cannot determine what frac- 
tion of this is K-a1(1260)+ .  

r(~P(892)op~ ~r +~r +x - )  ru/r=z 
Unseen decay modes of the K'*(892) 0 are Included. We rely on the MARK III and 
E691 full amplitude analyses of the K -  ~r + x +  ~r- channel for values of the resonant 
substructure. 

VALU~ . . ~  ~CUMENT ID T~r GQMM~NT 

0.11E4-0,0~4-0.03 ANJOS 92c E691 -~Be 90-260 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.34 4-0.094-0.09 ALVAREZ 91B NA14 Photoproduction 
0.75 4-0.3 5 BAILEY 83B SPEC ~rBe ~ D O 

0.062 4-0.019 44 45 PERUZZI 77 MRK1 e + e -  3.77 GeV 

42ALBRECHT 94 uses D O mesons from ~O ~ D * + t - ' #  t decays. This Is a different set 
of events than used by ALBRECHT 94F. 

43See the footnote on the ALBRECHT 94F measurement of I ' ( K - 7 r + ) / r t o t a  I f(~ the 
method used. 

445CHINDLER 81 (MARK-2) measures ~(e-Fe - ~ r x Ixanchlng fraction to 
be 0.68 + 0.11 nb. We use the MARK-3 (ADLER 88c) value of <r = 5.8 + 0.5 4- 0.6 nb. 

45pERUZZI 77 (MARK- l )  measures r + e -  ~ ~(3770)) x branching fraction to be 
0.36 + 0.10 nb. We use the MARK-3 (ADLER 88E) value o f ~  = 5.8 :E 0.5 • 0.6 rib. 

WEIGHTED AVERAGE 
0.075• (Error scaled by 1.3) 

Values above of weighted average, error, 
and scale factor are based upofl the data in 
this ideogram only. They are not neces- 
sarily the same as our "best' values, 
obtained from a least-squares constrained fit 
uUfizing measurements of other (related) 
quantities as additional information. 

. . . . . . . . . . .  ALBRECHT 94 ARG 0.1 
~ -~  �9 \ . . . . . . . . . . .  ALBRECHT 94F ARG 1.2 

~ . . . . . . . . .  ADLER 88C MRK3 2.0 
I ~ . . . .  SCHINDLER 81 MRK2 2.8 

- - ~  . -  ~ . . . . . . . .  PERUZZI 77 MRK1 0.5 

nfidence Level = 0.160) 

0 0.05 0.1 0.15 0.2 0,25 

F ( K -  , +  ~r+ ~T--)/r total  

r ( K -  11'+ ~r + ~r- ) / r  ( K -  ~r + )  r=~/r. 
V~l,~ru ~ DOCUMENT tO TECN COMMENT 
1.g~4-0.0~ OUR FIT 
2014-0.13 OUR AVERAGE 
1.7 •  •  1745 ANJOS 92C E691 "~Be 90-260 GeV 
1.90•177 337 ALVAREZ 91e NA14 Photolxoduction 
2.124-0.164-0.09 BORTOLETTO88 CLEO e4-e - 10.55 GeV 
2.0 +0.9 48 BAILEY 86 ACCM ~r- Be fixed target 
2.17+0.28r ALBRECHT 85F ARG e+e  - 10 GeV 
2.0 =:1.0 10 BAILEY 83BSPEC ~ r - B e ~  D O 
2.2 +0.8 214 PICCOLO 77 MRK1 e~'e - 4.03, 4.41 GeV 

0.15 +0.16 20 PICCOLO 77 MRK1 e + e  - 4.03, 4.41 GeV -0 .15 

r(X'(m) op~ r=dr. 
Unseen decay modes of the K*(892)  0 are included. 

VAI=I,I~ ~OCUMENT I(p TEEN ~OMM[N T 
O.2O q-O.~rl OUR FIT 
0.2~4-0,~4-t-0.07S COFFMAN 928 MRK3 �9 + e -  3.77 GeV 

r(X"(m) 0po.~) / r (K- .+ .+ , - )  r , / r ,  
Unseen decay modes of the K* (892)  0 are included. 

VAL~ ~)OCUMENT ID TECN ~QMMENT 
0.3"/'S::I:O.O,W4-OJ[J~ ANJOS 92c E691 "/Be 90-260 GeV 

r(x'(m) ~ 1 7 6  IonE.)/r==, r , / r  
�9 0 Unseen decay modes of the K (892) are included. 

VA~.U~. ~ ~K)~UMENT ID T~CN COMMON r 

<O,0G~ 90 COFFMAN 926 MRK3 e + e -  3.77 GeV 

r 0r P-wa~)Ir== r~olr 
Unseen decay modes of the K*(892)  0 are Included. 

VALUE CL~ DOCUMENT IO T~CN ~OMM~.NT 

<0.003 90 COFFMAN 92B MRK3 �9 + e -  3.77 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

<0.009 90 ANJOS 92c E691 ~Be 90-260 GeV 

r~'(8921 ~ p~ O-wa~) Ir(K-1"+ Ir+ r-) r . l r~  
Unseen decay modes of the ~'*(892) 0 are included. 

VALUE DOCUMENT ID TEEN COMMENT 
0,21164-0.048-t-0,06 ANJOS 92c E691 -rBe 90-260 GeV 

r(K-.+ 6(~0))/rtml r . l r  
VALUE ~ DOCUMENT IO TEEN (;OMMENT 

<0.011 90 ANJOS 92C E691 "r Be 90-260 GeV 

r(TP(~)~ fol~Ol) Ir~= rwlr 
0 Unseen decay modes of the R (892) and f0(980) are Indoded. 

VALUe. CL~ ~,~OCUMENT IO TECN r 

~ , 0 0 7  90 ANJOS 92C E691 ,y Be 90-260 GeV 

r(K-.~(lczso)+)lr(K-.+.+.-) r~/r~ 
Unseen decay modes of the al(1260)'r  are included. 

VA~, (J~ DOCUMENT ID TE(~N COMMENT 
0,~)7 4-0.14 OUR AVERAGE 
0.94 4-0.13 4-0.20 ANJO5 92C E691 ~Be 90-260 GeV 
0.9844-0.048~.0.16 COFFMAN 92B MRK3 e + e -  3.77 GeV 
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Meson 
D O 

Particle Listings 

r(K- ,=(~0)+)/r== r~,/r 
Unseen decay modes of the a2(1320)+ are Included. 

VALUE CL~ O0~UMENT 10 TECN COMMENT 

90 ANJOS 92C E691 */Be 90-260 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 * 

<0.006 90 COFFMAN 928 MRK3 �9 + e -  3.77 GeV 

r(K~(127o)-~+)lr (K- .+ ~+ ~-) r~/r~ 
Unseen decay modes of the K1(1270 ) -  are included. The MARK3 and E691 experi- 
ments disagree considerably here. 

YPI,(I~ Q J L  O0~UMENT ID TECN ~OMM~NT 
0.14 4"0.04 OUR FIT 

0JLS44"0J~m64"0.018 COFFMAN 928 MRK3 e + e -  3.77 GeV 
�9 * �9 We do not use the following data for averages, fits, limits, etc. * * * 

<0.013 90 ANJOS 92c E691 "/Be 90--260 GeV 

r (K~(14OO)- ~r + ) / r t ~  r , / r  
VALUE CL~ DOCUMENT ID TECN COMMENT 

90 COFFMAN 928 MRK3 e + e -  3.77 GeV 

r(/~(1410)-.+)/r~ r,.11r 
VALUE CL~ OOCUMENT ID TECN ~.~)M~NT 

%'0.0]2 90 COFFMAN 92B MRK3 e'Fe - 3.77 GeV 

r (R'(~J2)%+.- to~)/r(K-,r+.+.-) r../r=z 
This Includes "~'�9 0" etc. The next entry gives the specifically 3-body fraction. 
Unseen decay modes of the ]~*(892) 0 are Included. 

VALUE DOCUMENT/@ TECN ~ r ~ N T  

0.~104-0.064-0J00 ANJOS 92C E691 "rBe 90-260 GeV 

r(R'(892) =,+. -  ~-bo~y)/r(K- ~r +~r +~r-) r=/r=z 
Unseen decay modes of the K*(892)  0 are Included. 

VALUE DOCUMENT ID TECN COMMENT 
0.1~ 4-0.04 OUR FIT 
0.18 4"O.O4 OUR 
0.165+0.03 :E0.045 ANJOS 92c E691 .~Be 90-260 GeV 
0.2104-0.027+0.06 COFFMAN 928 MRK3 e + e -  3.77 GeV 

r(K-.+ .+ f-r~re~mnt) /r(K-.+ .+ . - )  r~/r~ 
VII~L~ DOCUMENT 10 TECN COMMENT 
0 . 1 1 4 " 0 ~  OUR IMERAGE 
0.23 i 0 . 0 2  i 0 . 0 3  ANJOS 92C E691 */Be 90-260 GeV 
0.242• COFFMAN 92s MRK3 e + e -  3.77 GeV 

r ( ]P ,+ . -~~  r~/r 
VALUE E V T S  DOCUMENT ID TECN COMMENT 
0.1004"0,.012 OUR RT 
OJLO~4"O~4"O.I~S 140 COFFMAN 92B MRK3 e -F e-- 3.77 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 * * 

0 ~ j + 0 . 0 3 2  47 BARLAG 92C ACCM ?r- Cu 230 GeV " *~- -0 .033 

47 BARLAG 92C computes the branching fraction using topological normalization. 

r( 'R~ -) r~/r., 
y~t, l~ ~/7~ DOCUMENT ID TECN COMMEN T 
1A4:1:0.20 OUR FIT 
L1~4"023 OUR AVERAGE 

1.80:1:0.20+0.21 190 48 ALBRECHT 92P ARG �9 + e -  ~ 10 GeV 
2.8 +0.8 +0.8 46 ANJOS 92C E691 "~Be 90-260 GeV 
1.85•177 158 KINOSHITA 91 CLEO �9 + e -  ~ 10.7 GeV 

48This value is calculated from numbers in Table I of ALBRECHT 92P. 

r(Pv)/r(K-.+) ru/rl, 
Unseen decay modes of the 17 are Included. 

VALUE CL ~ OOCUMENT ~0 T==CN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

<0.64 90 ALBRECHT 89D ARG e + e -  10 GeV 

rO~,O/rO~,O) r-/r~. 
Unseen decay modes of the r/are Included. 

VALUE ~VT~ DOCUMENT ID TECN COMMEN T 
0-,~1~:t:0.04 OUR FIT 
0J1~!4-0.044"0.~ 225 PROCARIO 938 CLE2 ~ ~ "~3' 

r0P~)/r (P.+. - )  r../r=~ 
Unseen decay modes of the ~ are Included. 

VALUE EVT$ DOCUMENT ID TECN COMMENT 
0.1304-0.017 OUR FIT 

0.14 4-OJ~ 4-0.02 80 PROCARIO 93B CLE2 r t ~ 1r + ~r- ~r 0 

rCR%)/r(K--+) rn/r .  
Unseen decay modes of the ~ are Included. 

VALUE DOCUMENT ID TECN ~ (~ I~ I~T  
0.M4"0.01 OUR FIT 

LOOJ"o..q~4"O.~O ALBRECHT 890 ARG �9 + e -  10 GeV 

r (P~) / r (P .+ . - )  rn/r=l 
Unseen,decay modes of the w are included. 

VALUE EVT~ DOCUMENT ID T~(~I~ ~)MM~IVT 
0..1"1.0.01' OUR FIT 
0..~34-0.0g OUR AVERAGE Error Includes scale factor of 1.1, 
0.29+0.08d:0.05 16 49ALBRECHT 92P ARG e + e  . ~ 10GeV 

�9 0.54+0.14+0.16 40 KINOSHITA 91 CLEO e + e  - ~ 10.7 GeV 

49ThLs value Is calculated from numbersln Table I of ALBRECHT 92P. 

r(X%,)/r('P.+.r ~) rn/r~ 
Unseen decay modes of the ~ are included. 

V~ ~1~ DOCUMENT ID T ~  N COMMEN T 
022  4-O.O4 OUR FIT 

0.220-I-0.04114-0.0116 COFFMAN 920 MRK3 e + e -  3.77 GeV 

r(Pr rn/r=l 
Unseen decay modes of the ~;(958) are Induded. 

VAL LIE [~i'~; DOCUMENT/0 TECN COMMgNT 
0.32+0.04 OUR AVERAGE 

0.31:1:0.02-1-0.O4 594 PROCARIO 93B CLE2 T// ~ ~/lr+~r - ,  p0~f 
0.37+0.13+0.06 18 50ALBRECHT 92P ARG e't-e - ~ 10 GeV 

50This value IS calculated from numbers in TaMe I of ALBRECHT 92P. 

r(K-lm)- p+)/r(XO.+. -.o) r . / r~  
Unseen decay modes of the K * (892 ) -  are Induded. 

vALUE DOCUMENT Ip T~:~f~ COMMENT 

o.go6" l '0JLI IS~0.~ COFFMAN 92B MRK3 e + e-- 3.77 GeV 

r(K'(~z)- p+lonlltudlnal ) / r ( P . + , - = ~ )  r , / r~  
Unseen decay modesof the K* (892 ) -  are Included. 

VAL~JE DOCUMENT 10 TECN (~(~fHM~NT 

0 . 2 N 4 - 0 . U l  COFFMAN 92B MRK3 e + e -  3.77 GeV 

r(K'(~z)- p+transvem)/r0P.+.-~~ r./r~, 
Unseen decay modes of the K* (892 ) -  are Included. 

VALUE DOCUMENT ID TECN ~OM~NT 

0.~3~4-0.110 COFFMAN 928 MRK3 �9 + e-- 3.77 GeV 

r(K'(~l-p+ P-.a~)/r=~ r . / r  
Unseen decay modes of the K * (892 ) -  are Included. 

VAI~ U~ . ~  DOCUMENT ID T[CN ~QMf~N T 

< 0 . 0 t l  90 51 COFFMAN 928 MRK3 �9 + e -  3.77 GeV 

51Obtained using other K*(892)pP-wave limits and isospin relations. 

r (R' (~J~l%~ ( P . + . - .  ~ ) r~Ir~ 
Unseen decay modes of the ~'*(892) 0 are Induded. 

yAJ, Q~ DOCUMENT 113 T~:  N COMMENT 
0.11S :t:0.06 OUR F IT  

0.12~=1:0.Ul COFFMAN 928 MRK3 e + e  - 3.77 GeV 

r0P~0z~o)~ r~/r 
Unseen decay modes of the a1(1260)0 are Included. 

VALU~ CL~ DOCUMENT 10 T ~  ~ ) ~ N T  

<0.01~1 90 COFFMAN 92B MRK3 �9 + e -  3.77 GeV 

r(xl(~2zo)-.+)/rOP.+.-.o) r./r~, 
Unseen decay modes of the K1(1270 ) -  are included. 

VA~ I,/~ DOCUMENT 10 T ~ N  COMMENT 
0 . 1 0 8 : t : ~  OUR FIT 
0.10 4-0.05 COFFMAN 92S MRK3 �9 + e -  3.77 GeV 

VAI~Vg CL~ DOCUMENT IO T '~  N COMMgNT 

< 0 . ~  90 COFFMAN 928 MRK3 �9 + e -  3.77 GeV 

r(]P(892) ~  ~o) r - / r~  
* 0 Unseen decay modes of the K (892) are included. 

VALUE DOCUMENT 10 TECN COMMENT 
0.14 J-'0.04 OUR FIT Error Includes scale factor of 1.1. 

0.1914-0.106 COFFMAN 92B MRK3 �9 + e -  3.77 GeV 

r(P.+,~-~.onmo.a.t)/r(X ~176 r . / r~  
VALUE (~OCUMENT JD T~: N (~#MI~NT 

0.2104-OJ.47"I'0JUIO COFFMAN 928 MRK3 �9 + e -  3.77 GeV 

r(K-.+~.~ rM/r 
y4LV~ EVT$ DOCUMENT 10 rg(;N (;OMu 

0.14414-0.0574-0.030 24 52 ADLER 88C MRK3 �9 "t" e -  3.77 GeV 
�9 �9 �9 We do not use the following data for averalces, fits, limits, etc. �9 �9 �9 

0.177+0.029 53 BARLAG 92c ACCM ~r- Cu 230 GeV 

0 2 no +0"074 .Ln ^,~ . v . _ O . 0 4 3 ~ v . w L  9 53 AGUILAR-... 87F HYBR xp ,  pp  360, 400 GeV 

52 ADLER 88c uses an absolute normalization method finding this decay channel opposite 
a detected "DO ~ K + ~r- in pure D ~  events. 

53AGUILAR-BENITEZ 87F and BARLAG 92C compute the branching fraction using topo- 
logical normalization. They do not distinguish the presence of a third lr 0, and thus are 
not Included in the average. 



See key on page 213 

r (K- .+ .+ . - .~  r . / r ; ,  
VALUE EV'I'5 DOCUMENT ID TEEN COMMENT 
1.064"0.10 OUR R T  
0.g~'1"O.11"1"O.11 225 54 ALBRECHT 92P ARG e + e -  ~ 10 GeV 

54This value is calculated from numbers in Table I of ALBRECHT 92P. 

r (K- .+ .+. - .O) / r (K-r  + , * ~ r - )  rrm/r~ 
VALUE EVTS DOCUMENT ID TEEN COMMENT 
0.M,.-I-O.0~ OUR FIT ' ' 
0.S6-1-0.07 OUR AVERAGE 

0.55:5 0.07_0:12 167 KINOSHITA 

0.57:50.06• 180 ANJOS 

r ( iP(~)o.+ . -  ~O)/r (K - .+ .+ . -  ~o) 

91 CLEO e + e -  ~ 10.7 GeV 

90D E691 Photoproduction 

Unseen decay modes of the K*(892)  0 are Included. 
VAI~UE DOCUMENT ID ,TEEN 

0.484"0.11;4"O.15 ANJOS ' 900 E691 

r ('R'(892)%)/r (K- .+) 
Unseen decay modes of the K* (892)  0 and r/are included. 

r~=Ir. 

COMMENT 

Photop~oductlon 

r~odr. 

VALUE EVT5 DOCUMENT IO TEEN COMMENT 
0Ag:l:O.12 OUR FIT 

0.rdl-ko.19~o0:~ 46 KINOSHITA 91 CLEO e + e -  ~ 10.7 GeV 

rCg'(892) ~ ~+x  0) r;06/r=9 
Unseen decay modes of the "~*(892) 0 and ~/are Included. 

VALUE ~VT$ DOCUMENT 10 TE~ N COMMENT 
0.134:b0.034 OUR FIT 
0.1g "1"0.~ 4"0.03 214 PROCARIO 93B CLE2 ~*0~/ __, K - ~ r + / 7  7 

r(K-~+ ~)/r(K-z+) r~odr. 
Unseen decay modes of the r are included. 

VA~U~ EV'I'~ DOCUMENT Ip T~CN COMMENT 

0.78-1"0.124"0.10 99 55 ALBRECHT 92P ARG �9 + e -  ~ 10 GeV 

55This value is calculated from numbers in Table I of ALBRECHT 92P. 

r(lC*(~)o=)/r(K-x +) r=0,/r. 
Unseen decay modes of the K*(892)  0 and ~ are included. 

VALU E EV7"S DOCUMENT ID TECN COMMENT 

0.28"1"O.11"1"0.O4 17 56 ALBRECHT 92P ARG e + e -  ~ 10 GeV 

56This value is calculated from numbers in Table I of ALBRECHT 92P. 

r 0r ~ =)/r (K -  P ~r + :r- ~r ~ r~m/r= 
Unseen decay modes of the K* (892)  0 and ~ are included. 

VALUE CL~ DOCUMENTID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

<0.44 90 57 ANJOS 90D E691 Photoproductlon 

57Recovered from the published limit, r (K* (892)o~) / r to ta l  , in order to make our nor- 
mallzatlon consistent. 

Meson Particle 

r ( K - l r  + ~ ( 9 5 8 ) ) / r ( K - l r  + l r  + ~ r - )  r ~ / r s 7  

unseen decay modes of the r/1(958) are included. 
VAIrVE EVT~ DOCUMENT ID TEEN COMMENT 

0.1n3-1-O.O14"1"0.019 286 PROCARIO 93B CLE2 r/I _. r/~r+lr - ,  pO? 

r ('g" (892)o ~(9s8))/r (K - ,+if(~i8)) r~o/r~o0 
Unseen decay modes of the K*(892)  0 are included. 

VALUE C L ~  DQ~UMENT ID TECN 

<0. ~K 90 PROCARIO 93B CLE2 

r ( P . + . + . - . - ) / r ( ~ . + . - )  r,o/r=~ 
VALU~ EVT5 DOCUMENT ID TEEN COMMENT 

505 

Listings 
D o 

0.10"t-I-O.O~ OUR AVERAGE Error includes scale factor of 1.8. See the Ideogram below. 

0.07 • •  11 58 ALBRECHT 92P ARG e+e  - ~ 10 GeV 
0.149:50.026 56 AMMAR 91 CLEO e + e -  -,~ 10.5 GeV 
0.18 •  •  6 ANJOS 90D E691 Photoproductlon 

58This value is calculated from numbers In Table I of ALBRECHT 92P. 

r(K+ K-~%O)/rt=r 
VA~U ~ DOCUMENT I~) TEEN COMMENT 

0 0072+~ 60 BARLAG 92c ACCM 7r- Cu 230 GeV �9 --0.uu,~ 

60 BARLAG 92c computes the branching fraction using topological normalization. 

r~/r=l 
COMMENT 

~Be ~ / =  221 GeV 

e + e -  10 GeV 

ru/r21 
TEEN COMMENT 

96B CLE2 �9 + e -  m= T(4S) 
94J E687 ~ Be E~=220 

GeV 
CLEO e + e -  ~ 10.5 

GeV 
90c ARG e-Fe - ~ 10 GeV 

ru/rs7 
TEEN COMMENT 

95C E687 ~ B e . ~ /  ~ 200 
GeV 

r6dr 

r (P  K+ X-,o,-§ 
VALUE EVT$ DOCUMENT ID TEEN 
0.0r OUR FIT 
0.0M'1"0.O19 OUR AVERAGE 
0.11 4"0.04 • 20 FRABETTI 92B E687 

0.084• ALBRECHT 87E ARG 

r ( ~ ) / r ( P . + . - )  
VALUE E V T S  DOCUMENT ID 
O.Olr=4=l:o.o(]2s OUR AVERAGE 
0.01394-0.00194-0.0024 61 ASNER 
0.035 • • 10 FRABETTI 

0.016 • 22 AMMAR 91 

0.017:50.007:50.005 5 ALBRECHT 

r (K+K-K- .+) / r (K- .+ .+ . - )  
VAI.Ur E V T S  DOCUMENT ID 

0o0028 -I- 0.000"r -I- 0.0001 20 FRABETTI 

r('m.+.-.o.o(.o))/r==, r . / r  
VALUE EVT$ DOCUMENT ID TEEN COMMENT 

0.106+O~'1"O.006 4 59 AGUILAR .... 87F HYBR l rp .  p p  360. 400 GeV 

59AGUILAR-BENITEZ 87F computes the branching fraction using topological normaliza- 
tion. and does not distinguish the presence of a third ~r O. 

I" C/P K+ K-)/l'(R%r+ x -)  r../r== = (r=,+�89 
V#ILUE E V T S  DOCUMENT ID T~(~N COMMENT 
0.172=E0.014 OUR FIT 
0.178-1-0.019 OUR AVERAGE 
0.20 :50 .05 :50 .04  47 FRABETTI 92B E687 3'Be E3,= 221 GeV 

0.170• 136 AMMAR 91 CLEO e + e -  m: 10.5 GeV 
0.24 • BEBEK 86 CLEO e't 'e - near T(4S) 
0.185• 52 ALBRECHT 85B ARG e + e -  10 GeV 

rC/P§ rT,/r=l 
Unseen decay modes of the ~ are Included. 

VALUE EVTS DOCUMENT IO TECN COMMENT 
0.1rdi-1-0.016 OUR FIT 
0.1r=~=E0.017 OUR AVERAGE 
0.13 :50 .06 :50 .02  13 FRABETTI 92B E687 ~/Be E3,= 221 GeV 

0.163• 63 AMMAR 91 CLEO e'l 'e - ~, 10.5 GeV 
0.155:50.033 56 ALBRECHT 87E ARG e + e  - 10 GeV 
0.14 4-0.05 29 BEBEK 86 CLEO e + e  - near T (4$)  
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

0.186• 26 ALBRECHT 85B ARG See ALBRECHT 87E 
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Meson Particle Listings 
D O 

Plonlc modes 

r( .+. - ) I r (K-.+)  r111Irl, 
VALUE EVT5 DOCUMENT ID TECN COMMENT 
0.0~Y7:1:0.0021 OUR AVERAGE 
0.040 4-0.002 4-0.003 2043 AITALA 98C E791 ~r- nucleus, 500 

Ge_V 
0.043 4-0.007 4-0,003 177 FRABETTI 94C E687 -/Be E~= 220 

GeV 
0.03484-0.00304-0,0023 227 SELEN 93 CLE2 e4-e -  ~ T(4$)  
0.048 4-0.013 4"0,008 51 ADAMOVICH 92 OMEG ~r- 340 GeV 
0,055 4-0,000 4-0.005 120 ANJOS 91D E691 Photoproductlon 
0.040 4-0.007 4-0,006 57 ALBRECHT 90C ARG e4-e -  ~ 10 GeV 
0.050 4-0,007 4-0,005 110 ALEXANDER 90 CLEO e + e  - 10.5-11 

GeV 
0.033 4-0,010 4-0,006 39 BALTRUSAIT,.35E MRK3 e-l-e - 3,77 GeV 
0.033 4-0,015 ABRAMS 79D MRK2 e + e  - 3.77 GeV 

r(~%~ +) rll=/r19 
VALUE EV'r~ DOCUMENT ID T~CN COMMENT 

O.022=EO.OO4:I:O.(X)4 40 SELEN 93 CLE2 e + e-- ~ T(4S) 

r(~r+,-- ~O)/r~= r l ldr  
VALUE EVT5 DOCUMENT ID TEC N COMMENT 

r(K~ r~16/r=l 
VALUE E V T S  DOCUMENT ID TECN COMMENT 
0,01204"0.0033 OUR FIT Error Includes scale factor of 1.3. 
0.01174"0.0033 OUR AVERAGE Error Includes scale factor of 1.3. See the Ideogram 

below. 
0.01014-0.00224-0.0016 26 ASNER 96B CLE2 e4 -e -  ~ T (45)  
i).039 4-0.013 4-0.013 20 FRABETTI 94J E687 "~Be E,~=220 GeV 

0.021 4-0,011 -0 .008 4-0.002 5 ALEXANDER 90 CLEO e + e  - 10.5-11GeV 

0,016 -I-0.011 OUR AVERAGE Error Includes scale factor of 2,7. 
0 n~Qn+O,0100 . . . . .  --0.0095 61 BARLAG 92C ACCM l r -  Cu 230 GeV 

0.011 4-0.004 4-0,002 10 62 BALTRUSAIT..~5E MRK3 �9 -F e -  3.77 GeV 

61 BARLAG 92c computes the branching fraction using topological normalization. Possible 
contamination by extra ~r0's may partly explain the unexpectedly large value. 

62AII the BALTRUSAITIS 85E events are consistent with pOlr0. 

r (,r+~+.- ~-)/r (K- ~+~+.-) r114/r~ 
VALUE EVT,~ DOCUMENT ID T~C N C~M~f~/~T 
0.0M4-0~06 OUR tN1ERAGE 
0,0954-0.0074-0.002 814 FRABETTI 95C E687 "y Be, E'3' ~ 200 GeV 

0.1154-0.0234"0.016 64 ADAMOVICH 92 OMEG ~r--340GeV 
0.1084-0,0244-0.008 79 FRABETTI 92 E687 -~Be 
0.1024-0.013 345 63 AMMAR 91 CLEO e4 -e -  ~ 10.5 GeV 
0,0964-0,0184-0.007 66 ANJOS 91 E691 ~Be 80-240 GeV 

63AMMAR 91 finds 1,25 4- 0.25 4- 0.25 p0's per ~r-t- ~r4- ~r- ~r - decay, but can't untangle 
the resonant substructure (pO pO, a~ ~r:F pO ~r+ ~r- ) .  

r(,r+.+,r-,r-~~ r.slr 
VALUE DOCUMENT ID TECN COMMENT 

o mm+o~_lz �9 --0.uucm 64 BARLAG 92C ACCM ~-- CU 230 GeV 

64 BARLAG 92c computes the branching fraction using topological normalization. 

r(.+.+r162 r l . / r  
VALUE DOCUMENT ID TECN COMMENT 

O.OO04::bO.OG~ 65 BARLAG 92C ACCM ~r- Cu 230 GeV 

65 BARLAG 92c computes the branching fraction using topological normalization. 

Hadronlr modm with a K~' pair 

r(K+ K-)/r(K-x+) r l l d r l ,  
VALUE EVT$ DOCUMENT ID TECN COMMENT 
0.1109:::I:0.00~1 OUR FiT 
0.11094-0.00~1 OUR AVERAGE 
0.109 4-0.003 4-0.003 3317 AITALA 98C E791 ~r- nucleus, 500 | 

GeV 
"0.116 4-0.007 4-0.007 1102 ASNER 96B CLE2 e + e  - ~ T(45)  | 
0.109 4-0.007:1:0.009 581 FRABETTI 94C E687 "yBe E ~ =  220 

GeV 
0.107 4-0.029 4-0,015 103 ADAMOVICH 92 OMEG ~r- 340 GeV 
0,138 4-0,027 4-0.010 155 FRABETTI 92 E687 "yBe 
0.16 4-0.05 34 ALVAREZ 91B NA14 Photoproduction 
0.107 4"0.010 4-0.009 193 ANJOS 91D E691 Photoproduction 
0,10 4-0.02 4-0.01 131 ALBRECHT 90c ARG e4-e -  ~ 10 GeV 
0.117 4-0.010 4-0.007 249 ALEXANDER 90 CLEO e4-e -  10.5-11 

GeV 
0.122 4-0.018 4-0.012 118 BALTRUSAIT..JB5E MRK3 e-t'e - 3.77 GeV 
0,113 4-0,030 ABRAMS 79D MRK2 e4-e -  3,77 GeV 

r(K+ K-) lr( .+ . -)  r . d r l .  
The unused results here are redundant with r ( K  + K - ) / F ( K - T r  + )  and 

F(lr4- 7 r - ) / F ( K - l r + )  measurements by the same experiments. 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

2.754-0.154-0.16 AITALA 98C E791 l r -  nucleus, 500 GeV 
2.53-1-0,464-0.19 FRABETTI 94C E687 -yBe E,7= 220 GeV 

2.234-0,814-0.46 ADAMOVICH 92 OMEG ~r- 340 GeV 
1.954-0.344-0.22 ANJOS 91D E691 Photoproductlon 
2.5 4-0.7 ALBRECHT 90C ARG e4-e -  ~ 10 GeV 
2.354"0.374-0.28 ALEXANDER 90 CLEO e4-e -  10.5-11 GeV 

r(K~ + X-) rlle/rllT 
VALUE E V T S  DOCUMENT IO TECN COMMENT 
0.154"0.04 OUR FIT Error Includes scale factor of 1.2. 
0.244-0.16 4 66 CUMALAT 88 SPEC nN 0-800 GeV 

66 Includes a correction communicated to us by the authors of CUMALAT 88. 

r (K ~ K- Ir + ) / r  (K- ~r +) r l . / r l ,  
VALUE DOC~JM~NT ID T~CN COMMENT 
0,167-1-0-1~6 OUR FIT Error includes scale factor of 1.1. 
0.16 4-0.06 67 ANJO5 91 E691 ~Be 80-240 GeV 

67 The factor 100 at the top of column 2 of Table I of ANJOS 91 should be omitted. 

r(K ~  rl./r=l 
VALUE E V T S  DOCUMENT ID TECN COMMENT 
0.11114-0.018 OUR FIT Error Includes scale factor of 1,1. 
0.119-1-0.l~1 OUR AVERAGE Error includes scale factor of  1.3. 

0.1084-0.019 61 AMMAR 91 CLEO e + e -  ~ 10.5 GeV 
0.16 4-0.03 • 39 ALBRECHT 90C ARG e + e -  ~ 10 GeV 

r('g*(m)o K~ + ) r~ / r l ,  
Unseen decay modes of the K*(892)  0 are included. 

VAI~UE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, nmlts, etc. �9 �9 �9 

0 00 4-0"03 68 ANJOS 91 E691 "/Be 80-240 GeV �9 -0 .00  

68 The factor 100 at the top of column 2 of Table I of ANJOS 91 should be omitted. 

r(-P(892)o K o) /r (P.+. - )  r~/r=l 
Unseen decay modes of the K*(892)  0 are included, 

VALUE CL~ DOCUMENT IO TECN COMMENT 

<0.(~19 90 AMMAR 91 CLEO e 4 - e - ~  10.5GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

<0.03 90 ALBRECHT 90c ARG e-t-e - ~, 10 GeV 

r(K*(892)+ K- ) / r (K - .+ )  r14~/rl, 
Unseen decay modes of the K*(892)4- are Included. 

VALUE DOCUMENT ID TECN COMMENT 
O.Og04-O.O~O OUR FIT 

0.16 -I-0.08 --0.06 69ANJOS 91  E691 ,},Be 80-240 GeV 

69 The factor 100 at the top of column 2 of Table I of ANJOS 91 should be omitted. 

r(K'(~2)+ K-) /r(-P.+.-)  r.olr=l 
Unseen decay modes of the K*(892) + are included. 

VALUE EVT5 DOCUMENT ID TECN (~)MM[I~T 
0.0644"0.014 OUR FIT Error includes scale factor of 1,1. 
0.0~4-0.014 OUR AVERAGE 
0,0644-0.018 23 AMMAR 91 CLEO e4 -e -  ~ 10.5 GeV 
0.05 4-0.02 4-0.01 15 ALBRECHT 90c ARG e- I ' e -  ~ 10 GeV 



See key on page 213 Meson Particle 

r(K ~ K-.+,~.,~o.a~)/r(K-.+) r~Ir~, 
V~U~ ~)OCUMENT ID ~ COMMENT 

r(§ 
Unseen decay modes of the ~ are Included. 

5o7 

Listings 
D O 

r~/r~, 

0.0~4.0-0~ 70 ANJOS 91 E691 "7 Be 80-240 GeV 

70 The factor 100 at the top of column 2 of Table I of ANJOS 91 should be omitted. 

r OP K + ~r-) Ir (K-.+) - rmlr, ,  
VALUE DOCUMENT ID T C ~  COMMENT 
0 .L~4 "0 -0~  OUR FIT 
0.10 -'kO-0~ 71 ANJOS' ' "91 E691 -3'Be 80-240 GeV 

71The factor 100 at the top of column 2 of Table I of ANJOS 91 should be omitted. 

r(R~ K + . - ) / r ( R % + .  - ) ' r~/r=~ 
VALUE EVT~ DOCUMENT IP TEEN COMMENT 
0.0~1::E0.018 OUR FIT 
0.0r 55 AMMAR 91 CLEO e + e - ~  10,5GeV 

r (K ' l~2 l~176  +) r.~Ir~, 
Unseen decay modes of the K*(892) 0 are included. 

VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

0n+0.04 �9 ~--0.00 72 ANJO5 91 E691 "TBe 80-240 GeV 

72The factor 100 at the top of column 2 of Table I of ANJOS 91 should be omitted. 

r(K'(S~2lOP)/r(P~+. -) r,~/r=, 
Unseen decay modes of the K*(892) 0 are Included. 

VALU ~ CL~ DOCUMENT ID TEEN COMMENT 

<O.O~ 90 AMMAR 91 CLEO e+e  - ~ 10.5 GeV 

r (K*(~2)- K+)/r(K-~r +) r,4~/r~, 
Unseen decay modes of the K * (892 ) -  are Included, 

VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

nn+O.03 "=~--0.00 73 ANJOS 91 E691 "TBe 80-240 GeV 

73 The factor 100 at the top of column 2 of Table I of ANJOS 91 should be omitted. 

r(K'(~2) - K+)/r (-R%%r-) r,~=/r=~ 
Unseen decay modes of the K * (892 ) -  are included. 

VALUE EVTS DOCUMENT ID T~N COMMENT 

O.0~14J"0.O19 12 AMMAR 91 CLEO e + e - ~  IO.SGeV 

rEX ~ X+. -  ~onr~onant) Ir(K-,r+) r~ I r , ,  
VALUE DOCUMENT ID TEEN COMMENT 

0 10 +0"0~ �9 -0 .0~  74 ANJOS 91 E691 '7 Be 80-240 GeV 

74The factor 100 at the top of column 2 of Table I of ANJOS 91 should be omitted. 

r (K + K-  ~ ) / r  (K- ~r + lr ~ r~ / r=9 
VALUE ~VTS DOCUMENT ID TEEN COMMENT 

0-0096"~0.00~6 151 ASNER 96B CLE2 e+e  - ~ T(4S) I 

r ( ~  ~s.~ r ~ / r  
VALUE DOCUMENT ID TECN COMMENT 

<O-0QO~ ASNER 96B CLE2 e+e  - ~ T(4S) I 

r(§ r,u/r 
VALUE ~ DOCUMENT iD TEEN COMMEN T 

<0.0014 90 ALBRECHT 941 ARG e + e - ~ .  10 GeV 

r(§ Ir~., rl~/r 
VALUE CL~ DOCUMENT ID TEE N COMMENT 

<0.0028 90 ALBRECHT 94l ARG �9 + e - ~  10 GeV 

r(§ r,ulr 
VALUE CL~ DOCUMENT ID TEE N ~OMMENT 

<0.0021 90 ALBRECHT 941 ARG e + e - ~  10 GeV 

r(K +K-lr + l r - ) / r ( K - . + . + . - )  r~/rs~ 
VALUE EVT~ DOCUMENT ID T~CN COMMENT 
0.0~4:1:0.0028 OUR AVERAGE 
0,0313:E0.0037~0.0036 136 AITALA 98D E791 l r -  nucleus, 500 I 

GeV 
0.035 :E0.004 • 244 FRABETTI 95C E687 "7Be, E'7 ~ 200 

GeV 
0.041 :t:0.007 4-0.005 114 ALBRECHT 941 ARG e + e - ~  10 GeV 
0,0314~:0.010 89 AMMAR 91 CLE0 e + e  - ~ 10.5 

GeV 
0.028 +0.008 ANJOS 91 E691 "/Be 80-240 -- 0.007 

GeV 

VALUE EVT5 DOCUMENT ID TEEN CQMMENT 
0.0*4 4-0.004 OUR AVER/~E Error Includes scale factor of 1.5. See the ideogram 

below. 
0.011 +0.003 FRABETTI 95(: E687 3,Be, ~.y ~ 200 GeV 

0.020:1:0,006 • 28 ALBRECHT 941 ARG e - F e - ~  10 GeV 
0,024 4-0.006 34 75 AMMAR 91 CLEO e -F e -  ~. 10.5 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0076 +0"0066 3 ANJOS 91 E691 3'Be 80-240 GeV - u.uu4~ 

75AMMAR 91 measures ~p0, but notes that ~pO dominates ~lr+~r - ,  We put the mea- 
surement here to keep from having more ~p0 than ~lr + l r - .  

r(§ -) r , . / r .  
Unseen decay modes of the ~ are included. 

VALUE EVTS DOCUMENT ID TECN COMMENT 
O.00e-1-O.004 OUR AVERAGE Error includes scale factor of 1.5. See the ideogram below. 

0,02 4-0.0094-0.008 AITALA 98D E791 7r- nucleus, 500 GeV 
0.005• FRABETTI 95(: E687 "TBe, E~ ~ 200 GeV 

0.020:s 28 ALBRECHT 941 ARG �9 + e - ~  10 GeV 

r ( §  r,u/rsT 
Unseen decay modes of the ~ are Included. 

VALU~ ~ DOCUMENT ID TEEN COMMENT 

O-00g-l-0.004J.-0.008 AITALA 980 E791 ~r- nucleus, 500 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0,006 90 FRABETTI 95(: E687 "7Be. E'7 ~ 200 GeV 

r ( K +  K - p ~  + ~ - + l r - )  r~=/rsT 
VALUE DOCUMENT ID TEEN COMMENT 

0 - 0 2  -I-0.00~1 FRABETTI 95C E687 '7 Be, E3' ~ 200 GeV 
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M e s o n  P a r t i c l e  L is t ings  
D o 

r(K'(892)~ K- .+  + c .= ) / r (K- ,+ ,+ , - )  rs , / r=  
Unseen decay modes of the K*(892) 0 are Included. 

yALI.I~ CL% DOCUMENT ID TECN COMMENT 

90 76 AITALA 98D E791 x -  nucleus, 500 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.017 90 76 FRABETTI 95c E687 7 Be. "~.y ~ 200 GeV 

+0.016 0.010_0.010 ANJOS 91 E691 "~Be 80-240 GeV " 

76These upper limits are In conflict with values in the next two data blocks. 

r ( K "  1892) ~ K -  ~r + ) / r  ( K -  I " +  . +  t r - )  r m / r .  

The K "0 K -  ~r + and ~ * 0  K + x -  modes are distinguished by the charge of the plon 
In D*(2010)4- ~ D0~r 4- decays. Unseen decay modesofthe K*(892)Oare Included. 

VAI~V~ ~ DOCUMENT IO T ~ N  COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0434-0.014• 55 77 ALBRECHT 941 ARG �9 + e - ~  10 GeV 

77This ALBRECHT 941 value Is In conflict with upper limes given above, | 

rCIP(~2)O K + ~r-)lr( K-,r+ ~r+ . - )  r , .dr~  
The K *0 K -  ~r + and ~ * 0  K + ~r- modes are distinguished by the charge of the plon 

�9 4- 0 ~ * v in D (2010) ~ D x decays. Unseen decay modesofthe K (892) arelncluded. 
VALUE Ev'rs ~OCUMENT ID TECN t~Q~M~,NT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.023• 30 78 ALBRECHT 941 ARG �9 + e - ~  10 GeV 

78 This ALBRECHT 941 value Is In conflict with upper limits given above, n 

r (K" (8921 o ~ (m) 0)/r (K- ~r + ~r + ~r-) rm/r~ 
Unseen decay modes of the K*(892) 0 and "R'=(892) 0 are Included. 

VALUE ~ E V T S  pOCUM~NT 10 T~CN COMM~t~T 
0.01114"0.(307 O U R  AVERAGE Error Includes scale factor of 1.2. 
0.0164-0.O06 FRABETTI 95c E687 -/Be, "Eq ~ 200 GeV 

+ 0.020 0,036_0.016 11 ANJOS 91 E691 "~Be 80-240 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

<0.02 90 AITALA 98D E791 ~r- nucleus, 500 GeV I 
<0.033 90 79 AMMAR 91 CLEO e + e -  ~ 10.5 GeV 

79A corrected value (G. Moneti, private communication). 

r(K+ K - , + r  no.-~)/r=~ rudr  
VALUE DOCUMENT I~ TECN ~Q~M~NT 

�9 �9 �9 We do not use the following data for averages, fits, limes, etc. �9 �9 �9 

0.00174-0.0005 80 BARLAG 92c ACCM x -  Cu 230 GeV 

80 BARLAG 92c computes the branching fraction urJng topological normalization. 

I '(K + K -  ~r+~r - no, remtant) / r (K-  ~r+ ~r%r-) r ~ / r .  
VALUE CL~ ~ DOCUMENT ID TECN ~QMu 

<0.011 90 FRABETTI 95C E687 7Be, E~ ~ 200 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 n ~ + 0 . O l l  ANJOS 91 E691 7Be 80-240 GeV " "  - 0.001 

r ( K ~  -) r~, /r . ,  
~/A(,V~ E V T S  DOCUMENT ID TECN COMMENT 

O-12~=l:0.ON't'0.0~O 25 ALBRECHT 941 ARG �9 + e - ~  10 GeV 

r(K+ K -  ~r+~r - , O ) / r = =  r u , / r  
v.~,u~ DOCUMENT ID T ~ N  COMMENT 

0 . 1 ~ 3 1 4 " ~  81 BARLAG 92C ACCM ~r- Cu 230 GeV 

81 BARLAG 92C computes the branching fraction udng topological normalization, 

- -  Ra~ or for~dd~ modes - -  

r (K + E" IF= (vla ~) )  I r (K- P .,) r , . I r ,  
This Is a D0-D 0 mlxlng llmlt wlthout the compllcatlons of posslble doubly-Cablbbo- 
suppressed decays that occur when using hadronlc modes. For the llmlts on Im~ - 

1 

mDo I and IrOo - rool/roo that come from the best mixing limE, see near the 
1 

beginning of these D O Listings. 
VA~t,l~ CL~ DOCUMENT I0 TECN (;@M~ENT 

< O J ~  90 82 AITALA 96(: E791 ~r- nucleus, 500 GeV I 
82AITALA 96(; uses O * +  ~ D 0 x  + (and charge conjugate) decays to identify the charm I 

at production and D 0 ~ K -  t +  u~ (and charge conjugate) decays to Identify the charm I 
at decay, 

r ( K + x - o r  K+~r-,r+.-(vla'l~))/r(K-.+or K - - + - + -  - )  r~/ro 
Is 0 ~--O This a O -O mixnnglimlt. For the Zlm]ts on Im~ - m~l and I r~-r~l /ro0 

that come from the best mixing limE, see near the beginning of these D O Listings. 
VALUE CL~ DOCUMENT ID T~(;N COMMENT 

<O.0018 90 83 AITALA 98 E791 ~r- nucleus, 500 GeV m 
83 AITALA 98 uses decay-time Information to distinguish doubly Cablbbo-suppressed decays I 

from DO-~ -0 mixing. The fit allows Interference between the two amplitudes,̂ ~, and also I 
allows CP ~lolatlon in this* . . . .  The central value obtained Is 0.0039 + u . u ~  + 0.0016. I 
When Interference Is disallowed, the result becomes 0.0021 4- O.O009-:Euw~Z'o.o002. I 

r(K+ ,C)/r(K-,~+ ) 
The D O ~ K + x  - mode Is doubly Cablbbo suppressed. 

VALUE CL~ ~VT~ DOCUMENT ID 
I 0.0072:E0.0~S OUR AVERAGE 

0 006 n+0"0034 ~ n  ~ , ~_  0.0033 ~ . ~ r  84 AITALA 98 

0.0077 4- 0.0025 4- 0.0025 19 85 CINABRO 94 

�9 �9 �9 We do not use the following data for averages, fits, ,mRs, 

<0.011 

<0.015 

<0.014 
<0.04 
<0.07 

<0.11 
<0.081 
<0.23 

<0.11 

<0.16 
<0.18 

90 85 AMMAR 91 

90 1 4- 6 86 ANJOS 88c 

90 87 ALBRECHT 87K 
90 87 ABACHI 86D 
90 0 88 BAILEY 86 

90 2 87 ALBRECHT 85F 
90 87,89 YAMAMOTO 85 
90 87,89 ALTHOFF 84B 

90 87,89 AVERY 80 

90 87,89 FELDMAN 77B 
90 87,89 GOLDHABER 77 

r , ~ / r .  

T~/~ COMMENT 

E791 x -  nucleus, I 
50O GeV 

CLE2 �9 + e -  
T(4S) 

etc. �9 �9 �9 

CLEO �9 + e -  ~. 10.5 
GeV 

E691 Photoproduc- 
tion 

ARG e + e  - 10 GeV 
HRS e + e -  29 GeV 
ACCM l r -  Be fixed 

target 
ARG �9 + e -  10 GeV 
DLCO �9 + e -  29 GeV 
TASS e + e -  34.4 

GeV 
SPEC 7 N  ~ D * +  
MRK1 e + e  - 4GeV 
MRK1 e + e  - 4 GeV 

84 AITALA 98 uses the charge of the pion In D * +  ~ (D O or "15 O) x + to tell whether a D O I 
n---o 0 ~--0 +O 0120 o r a D  wasborn. Th is resuEassumesnoD-D mlxlng;ItbecomesO.0OgO 0"0109"" I 

0.0044 when mixing Is allowed and decay-time Information Is used to distinguish doubly I 
Cablbbo-suppressed decays from mixing. 

85These experiments cannot distinguish between doubly Cablbbo-suppressed decay and 
D0-750 mixing. 

86 ANJOS 88C uses decay-time information to distinguish doubly Cablbbo-suppressed (DCS) 
decays from DO-7~ 0 mixing. However, the result assumes no interference between the 
DCS and mixing amplitudes. When interference IS allowed, the limit d~rades to 0.049. 

871n * +  0 x + ] red these measurements, the charge of the plon In D ~ (D or D v) s u to 
tell whether a D O or a ~ 0  was born. None of the measurements can distinguish between 
donble Cablbbo suppression and mixing for the decay. 

88 BAILEY 86 searches for events with an oppodtely charged e K pair. The lime IS actually 
f o r r ( D  O ~  K + x - o r  K + x - ~ r + ~ r - ) / r ( D  O ~ K - ~ r + o r  K - x + x + ~ - ) .  

89The results are given as r ( K + l r - ) / [ F ( K - l r + ) + r ( K + x - ) ]  but do not change signif- 
Icantly for our denominator. 

r (K+, - (~ l~ l ) / r (K-~ ,+)  r ~ / r .  
This IS a D0-D 0 mixing limE. For the limits on ImD~ 1 - mD~=l and IrD0 -r~l/rDo 
that come from the best mixing limit, see near the beginning of these D O Listings. 

VALUE CL~ ~VT~ DOCUMENT IO T~h /  ~OMM{I~T 

90 1 + 4 90 ANJOS 88(: E691 Photoproduction 

90 ANJOS 88c uses decay-time Information to distinguish doubly Cabibbo-suppressed (DCS) 
decays from DO-D 0 mixing. However, the result assumes no Interference between the 
DCS and mixing amplitudes. When Interference is allowed, the lime degrades to 0.019. 
Combined with results on K + ~r:F ~r + ~r-,  the limit is, assuming no Interference, 0.0037. 

r ( K + , - , + , - ) / r ( K - , + , + ,  - ) ruz/r=z 
Doubly Cablbt)o suppressed. 

yA~I.I~ CL~ EVT5 DOCUMENT ID TECN COMMENT 

I 91AITALA 98 E79, 
5O0 GeV 

�9 �9 �9 We do not use the following data for averages, fits, nmRs, etc. �9 �9 �9 

<0.018 90 92 AMMAR 91 CLEO �9 + e -  ~ 10.5 
GeV"  

<0.018 90 5 4- 93 ANJOS 88c E691 Photopmduc- 
12 tlon 

91 =4- 0 4- 0 AITALA98usesthechargeof thep ion lnD ~ (D or~'O) Tr to tell whether a ^ . . .  I 
or a ~ 0  was born. This result assumes no D0-D 0 mixing; it bec . . . .  0 . 0 0 2 0 ~ : ~ ) ~  4- I 
0.0035 when mixing Is allowed and decay-time Information Is used to dIstinguish doubly | 
Cablbbo-suppressed decays from mixing. 

92AMMAR 91 cannot distinguish between doubly Cablbbo-suppressed decay and DO-'~ 1) 
mixing. 

93 ANJOS 88c uses decay-time Information to distinguish doubly Cabibbo-suppressed (DCS) 
decays from DO-D 0 mixing. However, the result assumes no interference between the 
DCS and mixing amplitudes. When Interference Is allowed, the limit degrades to 0.033. 

r (K + l r -  t r  + I f -  (v ia  ~ o ) ) / r ( K -  l r  + l r  + t r - )  r . . / r .  

This iS a DO-D O mixing limit. For the limits on Im~ - m~l and I rDo - r ~  I/run 
that come from the best mixing lime, see near the beginning of these D O Listings. 

VALUE CL~ EVT5 DOCUMENT IO TECN COMMENT 

<O.0aE 90 0 4- 4 94 ANJOS 88C E691 Photoproductlon 

94 ANJOS 88c uses decay-time information to distinguish doubly Ca blbbo-suppressed (DCS) 
decays from DO-7~ 0 mixing. However, the result assumes no Interference between the 
OCS and mixing amplitudes. When interference is allowed, the limR degrades to 0.007. 
Combined with results on K4- lr :F, the lime Is, assuming no Interference, 0.0037. 

r(,.- =~hl.=l~=~l)/r(,+aRtthl.|) r~ / r=  
This is a D0-7~ 1) mixing gmlt. See the somewhat better limits above. 

VAL U~ CL~ DOCUMENT IO T~CI~ ~ O M ~ N  T 

<o.0ordl 90 LOUIS 86 SPEC 7r- W 225 C-eV 
�9 �9 �9 We do not use the fbllowlng data for averages, fits, Ilmlts, etc. �9 �9 �9 

<0.012 90 BENVENUTI 85 CNTR /=C, 200 GeV 
<0.044 90 BODEK 82 SPEC l r - ,  pFe ~ D O 
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r(e+e-)/r~ rl~/r 
A test for the Z~C = 1 weak neutral current. Allowed by first-order weak Interaction 
combined with electromagnetic interaction. 

VALUE ~ ~VTS ~OCUMENT 10 TECN ~(~M'M[.NT 

<1.3 x 10 - g  90 0 FREYBERGER 96 CLE2 e + e -  --~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.3 x 10 - 4  90 ADLER 88 MRK3 e + e -  3.77 GeV 
<1.7 x 10 - 4  90 7 ALBRECHT 88G ARG e + e -  10 GeV 
<2 .2  x 10 - 4  90 8 HAA5 - 88 CLEOo e+e  - 10 GeV 

r(~+~-)/r== r,,l/r 
A test for the ZIC = 1 weak neutral current. Al'lowed by first-order weak Interaction 
combined wffh electromagnetic Interaction. 

VALUE ~ EVT5 ~OCUMENT ID TECN COMMENT 

< 4 . 1 x  10 - g  90 ADAMOVICH 97 BEAT ~r- Cu, W 350 GeV 
�9 * �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

<4.2 x 10 - 6  90 ALEXOPOU... 96 E771 p SI, 800 G~V 
<3 .4  x 10 - 5  90 1 FREYBERGER 96 CLE2 e + e -  ,~ T(4S) 
<7.6 x 10 - 6  90 0 ADAMOVICH 95 BEAT See ADAMOVICH 97 
<4.4 x 10 - 5  90 0 KODAMA 95 E653 ~r- emulsion 600 GeV 
<3.1 • 10 - 5  90 95 MISHRA 94 E789 -4 .1  :E 4.8 events 
<7 .0  x 10 - 5  90 3 ALBRECHT 88G ARG e + e -  10 GeV 
<1.1 x 10 - 5  90 LOUIS 86 SPEC ~r -W 225 GeV 
< 3 , 4  x 10 - 4  90 AUBERT 85 EMC Deep inelast. # -  N 

95 Here MI5HRA 94 uses "the statistical approach advocated by the PDG." For an alternate 
approach, glvbig a limit of 9 x 10 - 6  at 90% confidence level, see the paper. 

r(. o e+ e-) /r~, r~,,/r 
A test for the Z~C = 1 weak neutral current. Allowed by higher-order electroweak 
Interactions. 

VALUE CL~ E V ' T S  DOCUMENT ID TECN COMMENT 

< 4 . 3 X 1 0  - S  90 0 FREYBERGER96 CLE2 e + e - ~  T(45)  

r(.~.+~-)/rtw= r lu/r 
A test for the ~ C = 1  weak neutral current. Allowed by higher-order electro~eak inter- 
actions. 

VALUE CL~ EVT5 DOCUMENT ID TECN r 

<1,8 X 10 - 4  90 2 KODAMA 95 E653 ~r- emulsion 600 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 5 . 4  x 10 - 4  90 3 FREYBERGER 96 CLE2 e+e  - ~ T(4S) 

r(ee + e-)/r== r l . / r  
A test for the AC  = 1 weak neutral current. Allowed by higher-order electroweak 
Interactions. 

VALUE CL~ E V T S  DOCUMENT 10 T ~  N COMMENT 

< l , l x I O - 4  90 0 FREYBERGER 96 CLE2 e+e  - ~, T(4S) 

r (~+, - ) / r=~ r3u/r 
A test for the &C  = I weak neutral current. Allowed by higher-order etectro~eak 
Interactions. 

VALUE CL~ EVTS DOCUMENT ID T ~  N COMMENT 

<IL3 x 1 0 - 4  90 0 FREYBERGER 96 CLE2 e + e -  ~ T(45)  

r(p e+ e - ) / r ~  rl~/r 
A test for the &C  = 1 weak neutral current. Allowed by higher-order electroweak 
interactions. 

VALUE CL~ EVTS ~.QCUMENT ID TECN ~Qp.fM~I~ T 

< I . O x I O  - 4  90 2 96 FREYBERGER 96 CLE2 e + e - ~  T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<4.5 x 10 - 4  90 2 HAAS 88 CLEO �9 + e -  10 GeV 

96This FREYBERGER 96 limit Is obtained using a phase-space model. The limit changes 
to < 1.8 x 10 - 4  using a photon pole amplitude model. 

r(~0~+~-)/r==, rlgdr 
A test for the ZIC = 1 weak neutral current. Allowed by higher-order electroweak 
Interactions. 

VALUE CL~ E V T S  DOCUMENT ID TECN ~Q~4~4r 

<2.3 X 10--4 90 0 KODAMA 95 E653 ~r- emulsion 600 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 4 . 9  x 10 - 4  90 1 97 FREYBERGER 96 CLE2 �9 + e -  ~. T(4S) 
<8.1 x 10 - 4  90 5 HAA5 88 CLEO e + e -  10 GeV 

97 This FREYBERGER 96 limit Is obtained using a phase-space model. The limit changes 
to < 4.5 x 10 - 4  using a photon pole amplitude model. 

r(~e+ e-)/r=~ r lu/r 
A test for the ~ C  = 1 weak neutral current. Allowed by higher-order electroweak 
Interactions, 

VALUE CL% EVT5 DOCUMENT ID T ~ N  COMMENT 

<1.11 X 10 - 4  90 1 98 FREYBERGER 96 CLE2 e + e -  ~ T(4S) 

98This FREYBERGER 96 limit Is obtained using a phase-space model. The limit changes 
to < 2.7 x 10 - 4  using a photon pole amplitude model. 

r(..,%-)/r,== r l . / r  
A test for the ZIC = 1 w~ak neutral current, Allowed by higher-order electroweak 
Interactions. 

VALUE CL~ E V T S  DOCUMENT ID T ~ N  ~QMMENT 

< I L 3 x l O  - 4  90 0 99 FREYBERGER 96 CLE2 e + e - ~  T(4S) 

99This FREYBERGER 96 gmlt Is obtained udng a phase-space model. The 8mit changes 
to < 6.5 X 10 - 4  using a photon pale amplitude model.. 

r(~,+e-)/r,~ rlm/r 
A test for the ZIC = 1 v~ak neutral current. Allowed by higher-order electroweak 
Interactions. 

VA~-U~ CL~ _ ~  DOCUMENT ID TECN COMMENT 

< g . 2 x l O  - g  90 2 IOOFREYBERGER 96 CLE2 e + e  - ~ T(4S) 

lOOThls FREYBERGER 96 limit Is obtained using a phase-space model. The gmit changes 
to < 7.6 x 10 - 5  using a photon pole amplitude model. 

r(§ r ln/r 
A test for the ~ C  = 1 weak neutral current. AWowed by bigher-order electro~.ak 
Interactions, 

VALUE Ct~ . . ~  DOCUMENT ID TECN COMMENT 

<4,1 x 10 - 4  90 0 101 FREYBERGER 96 CLE2 �9 + e -  ~ T ( 4 5 )  

101This FREYBERGER 96 limit Is obtained using a phase-space model. The limit changes 
to < 2.4 x 10 - 4  using a photon po~e amlditude model. 

r(/Pe+e-)/r=~ rm/r 
Allowed by first-order weak Interaction combined with electromagnetic Interaction, 

VAL l ie CL~ EVT5 DOCUMENT I~ TECN COMMENT 

< 1 . 1 X  10 -4  90 0 FREYBERGER 96 CLE2 �9 + e -  ~ T(45)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 1 . 7  x 10 - 3  90 ADLER 89c MRK3 e + e  - 3.77 GeV 

rO~+~-)/r~ rm/r 
Allowed by first-order weak Interaction combined with electromagnetic InteracfJon. 

VALUE CLS E V T S  DOCUMENT IO 7~C. N COMMENT 

X 10 -4  90 2 KODAMA 95 E653 x -  emulsion 600 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 6 . 7  x 10 - 4  90 1 FREYBERGER 96 CLE2 �9 + e -  ~ T(4S) 

r(g'(m)~ P e-)lr=,,~ r174/r 
Allowed by first-order weak Interaction combined with electromagnetic interaction. 

VALUE CL~ E V ' F S  DOCUMENT ID TECN COMMENT 

< I A X  10"4  90 1 102 FREYBERGER 96 CLE2 �9 + e -  ~= T(4S) 

102This FREYBERGER 96 IImR Is obtained using a phase-space model. The limit changes 
to < 2.0 x 10 - 4  using a photon pole amplitude modal. 

r(R'(~z)%+l,-)/rt~ rm/r 
Allowed by first-order weak Interaction combined with electromagnetic Interaction. 

VAL LIE CL~ E V ' T 5  DOCUMENT t~ TECN COMMENT 

<1.18 x 10 - $  90 1 103 FREYBERGER 96 CLE2 �9 + e -  ~ T(4S) 

103 This FREYBERGER 96 limit is obtained USing a phase-space model. The limit changes 
to < 1.0 x 10 - 3  using a photon pole amplitude model. 

r(~+.-f%+~-)/r,~w r~ / r  
A test for the Z~C=I weak neutral current. Allowed by higher-order electroweak Inter- 
actions. 

VALUE CL~ EVT5 DOCUMENT ID TECN COMMENT 

<1.1 X 10 - 4  90 1 KODAMA 95 E653 7r- emulsion 600 GeV 

r(~• rln/r 
A test of lepton family number conservation. 

VALUE CL~ s DOCUMEN T ~ TECN COMMENT 

< l . g x l 0  - S  90 2 104FREYBERGER 96 CLE2 e + e  - ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 1.0 x 10 - 4  90 4 ALBRECHT 88G ARG �9 + e -  10 GeV 
< 2.7 x 10 - 4  90 9 HAAS 88 CLEO �9 + e -  10 GeV 
< 1.2 x 10 - 4  90 BECKER 87c MRK3 e "t" e -  3.77 GeV 
< 9 x 10 - 4  90 PALKA 87 SILl 200 GeV Irp 
<21 x 10 - 4  90 0 105 RILES 87 MRK2 e + e -  29 GeV 

104This Is the corrected result given In the erratum to FREYBERGER 96. 
105RILES 87 assumes B(D ~ K x )  = 3.0% and has production model dependency. 

r ( ~ ) / G , ~  rm/r 
A test of lepton family number conservation. The value Is for the sum of the two 
charge states. 

V.A~ UE CL~ E V ' T S  DOCUMENT I~ T~CN COMMENT 

<8.$ x lO--fi 90 2 FREYBERGER 96 CLE2 e + e -  ~ T(4S) 

r(,l~ ~:F)/r~,~ rm/r 
A test of lepton family number conservation. The value IS for the sum of the two 
charge states. 

VALUE CL~ ~ DOCUMENT I~ T ~ N  CQMM~NT 

<1.0 X 10 - 4  90 0 FREYBERGER 96 CLE2 �9 + e -  ~ T(4S) 
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r ~ ) / r ~ o ~  r.o/r 
A test of lepton family number conse~aUon. The value Is for the sum of the two 
charge states. 

VALUE CL~ E V T S  DOCUMENT ID TECN ~QMMENT 

< 4 . 9 x 1 0  - I i  90 0 106FREYBERGER 96 CLE2 e + e  - ~ T(4S) 

106This FREYBERGER 96 l ime is obtained udng a phase-space model. The l ime changes 
to < 5.0 x 10 - 5  using a photon pole ampli tude model. 

r ( ~ * , ~ ) I r ~  r , ,d r  
A test of lepton family number conservation. The value is for the sum of the two 
charge states. 

VA~V ~ CL~ E V T S  DOCUMENT 10 TECN ~QMM~IVT 

< 1 . 2 x l o  - 4  90 0 107FREYBERGER 96 CLE2 e + e  - ~ T(4S) 

107This FREYBERGER 96 l imi t  is obtained using a phase-space model. The same l ime is 
obtained using a photon pole ampl i tude model. 

r ( §  r,,,/r 
A test of lepton family number conservation. The value is for the sum of the two 
charge states. 

V,~I(.UE CL~ EVT$ DOCUMENT ID TECN COMMENT 

< 3 A x I O  - |  90 0 108FREYBERGER 96 CLE2 e + e  - ~ T(4S) 

108This FREYBERGER 96 l ime Is obtained using a phase-space model. The l imi t  changes 
to < 3.3 x 10 - 5  using a photon po~e ampli tude model. 

r O ~ ) / r ~ , ~  rm/r 
A test of lepton family number conservation. The value Is for the sum of the two 
charge states. 

VALUE CL~ E V T S  DOCUMENT 10 T ~  N COMMENT 

< 1 . O x  10 ' -4  90 0 FREYBERGER 96 CLE2 �9 + e -  .~ T(4S) 

r O ~ ( ~ l o ~ ) / r ~  r:~/r 
A test of lepton family number conservation. The value Is for the sum of the two 
charge states. 

VALUE CL~ EVT5 DOCUMENT ID T~,r COMMENT 

< ~ L O x I O  "-4 gO 0 109FREYBERGER 96 CLE2 e + e  - ~ T(4S) 

109This FREYBERGER 96 l ime Is obtained using a phase-space model. The same l ime Is 
obtained using a photon pole ampl i tude model. 

DO CP-VIOLATING DECAY-RATE ASYMMETRIES 

Acp(K+ K - )  In D~ ~ ~ --* K +  K - 
Thk Is the difference between D O and ~ 0  partial widths for these modes divided by 
the sum of the widths. The D O and -~0 are distinguIshed by the charge of the parent 
D ' :  D * +  ~ DOx + and D * -  ~ D0~r - .  

VALUE E V T S  DOCUMENT ID TECN COMMENT 
0.~: t :O.~ i  OUR .qVERAGE 

-0 .010•  609 110 AITALA 98C E791 -0 .093  < A c p  < +0.073 | 
(90% CL) 

+0 .080+0.061 BARTELT 95 CLE2 -0 ,022  < A c p  < +0.18 
(90%CL) 

+0,0244-0.084 110FRABETTI  94i E687 -0 .11  < A c p  < +0.16 
(9o% CL) 

110AITALA 98c and FRABETTI 941 measure IV(D 0 ~ K + K - ) / N ( D  0 ~ K - x + ) ,  the 

ratio of numbers of events observed, and dml lar ly  for the ~ 0 ,  

A~(,r+,r-) In DO, ~0 _. ,r+,r- 
This is the difference between D 0 and "DO partial widths for these modes divided by 
the sum of the widths. The D O and 750 are distinguished by the charge of the parent 
D*: D * +  ~ DOx + and D * -  ~ DO~r - .  

V~L~I~ E V T S  DOCUMENT ID TECN ~QM~I~I~T 
--0.04~4-0.0"/114-0.0~0 343 111AITALA 98C E791 -0 .186  < A c p  < | 

+0.088 (90% CL) 

111AITALA 98C measures N(D 0 ~ x +  ~c-) / IV(D 0 ~ H - ~ + ) ,  the ratio of numbers of | 

events observed, and slmllady for the ~ 0 .  I 

This Is the difference between D O and -~0 partial widths for these modes divided by 
the sum of the widths. The D O and ~ o  are distinguished by the charge of the parent 
D* :  D * +  ~ DOw + and D � 9  ~ DO~r - .  

VALUE DOCUMENT 10 TECN (;QMM~NT 

-_n___n~_:EO.ON BARTELT 95 CLE2 -0 .182 < A c p  < +0,126 (90%CL) 

Ac;,(/~s~r O) In D~ "~o .., /~sXO 
This is the difference between D O and ~ partial widths for these modes divided by 
the sum of the widths. The D O and ~ 0  are distinguished by the charge of the parent 
D*: D * +  ~ DOx + and D * -  ~ D 0 x  - .  

VALUE DOCUMENT ID T ~  N COMMENT 

--O.O~II:t:OJB~O BARTELT 95 CLE2 -0 .067  < A c p  < +0.031 (90%CL) 

D ~ PRODUCTION CROSS SECTION AT M(3770) 

A compilation of the cross sections for the direct production of D 0 mesons 
at or near the r peak in e + e -  I:Xoductlon. 

�9 VALUE (nan~bam~;) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol iowlng data for averages, fits, Ilmits, etc. �9 �9 �9 

5.8 •  +0 .6  112ADLER 88c MRK3 e + e  - 3,768 GeV 
7.3 +1 .3  113 PARTRIDGE 84 CBAL e + e  - 3.771 GeV 
8.00+0.95~1.21 114 SCHINDLER 80 MRK2 e + e  - 3.771 GeV 

11.5 ~2 .5  115pERUZZl  77 MRK1 e + e  - 3.774C-eV 

112This measurement compares events wi th one detected D to those wEh two detected D 
mesons, to determine the the absolute cross section. ADLER 88c find the ratio of cross 
sections (neutral to charged) to be 1.36 ~ 0.23 4. 0.14. 

113This measurement comes from a scan of the r resonance and a fit to the cross 
section. PARTRIDGE 84 measures 6.4 4- 1.15 nb for the cross section. We take the 
phase space division of neutral and charged D mesons in V~(37703 decay to be 1.33, 
and ~ assume that the ~(3770) Is an Isosinglet to evaluate the cross sections. The 
noncharm decays (e.g. radiative) of the ~(3770) are Included In this measurement and 
may amount to a few percent correction. 

114This measurement comes from a scan of the V~(37703 resonance and a f i t  to the cross 
section. SCHINDLER 80 assume the phase space dlvisJon of neutral and charged D 
mesons in r decay to be 1.33, and that the r is an boslnglet. The noncharm 
decays (e.g. radiative) of the .~(3770) are included In this measurement and may amount 
to a few percent correction, 

115This measurement comes from a scan of the r resonance and a f i t  to the cross 
section. The phase space division of neutral and charged D mesons in r decay 
is taken to be 1.33, and r is assumed to be an isosinglet. The noncharm decays 
(e.g. radiative) of the r are included in this measurement and may amount to 
a few percent correction. We exclude this measurement from the average because of 
uncertainties In the contamination from ~- lepton pairs. Also see RAPIDIS 77. 

D ~ REFERENCES 
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PDG 98 EPJ C3 i C. Cam~- 
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ALEXOPOU... % PRL 77 2380 A l e x o ~ ,  Antordazzl+ (FNAL E771 Co4bb.) 
ASNER %B PR D54 4211 +Atkanas, BIb~, B r ~ ' +  (CLEO CoUab. ) 
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BEAN 93C PL B317 647 +Gconi~rl~ KutSchke, Menaly+ (CLEO Co/~ab. ) 
FRABETTI 931 PL B315 203 ~ Be8art, Cheunl. Culy+ (FNAL E~87 Collab.) 
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COFFMAN 91 PL 82f~3 135 +DeJonlh , Dubob. Ei|en. HiUin+ (Mark III Cot!ab.) 
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ALEXANDER 908 PRL S5 1531 +Artuso. Bebek, Berkdman+ (CLEO Co#ab.) 
ALVAREZ 90 ZPHY C47 539 +Ba'ate, 81or Beeamy+ (CERN NA14/2 Collab.) 
ANJOS ~ PR D42 2414 +Apl~d, Bean, Bracket+ (FNAL E691 Confab.) 
BARLAG ~OC ZPHY C4~ 5~5 +B~c]~t". B~'h/~xleT , Bo~111fl+ (ACCMOR Collab.) 
ADLER 69 PRL S2 1821 +Becket, Blaylock. BoltonF (Mark lU C(~lab.) 
ADLER ~9C PR D4O 906 +Bad, Becket, Blaylock, Be~on+ (Mark lU COIlab.) 
ALBRECHT SgD ZPHY C43 181 -~Boeckmlnn. Glaeser, Harder+ (ARGUS Collab.) 
ANJOS 89F PRL 62 1587 +ApI~ Bean. Bracket, Browder+ (FNAL E691 Collab.) 



See key on page 213 

ABACHI 88 
ADLER 98 
ADLER 88C 
ALBRECHT 88G 
ALBRECHT 881 
AMENDOLIA 88 
ANJOS BBC 
BORTDLETTO 88 

Also 89D 
CUMALAT 88 
HAAS 88 
RAAB 88 
ADAMOVICH 87 
ADLER 87 
AGUILAR-.. 87D 

AlSO 88B 
AGUILAR-... 87E 

Also 88B 
AGUILAR-.. 87F 

AlSo 88 
ALBRECHT 87E 
ALBRECHT 87K 
BARLAG 87B 
BECKER 87C 

AlSO 87D 
CSORNA 87 
PALKA 87 
RILES 87 
ABACHI 86D 
ABE 86 
BAILEY 86 
BEBEK 86 
GLADNEY 86 
LOUIS 86 
USHIDA 86B 
ALBRECHT 85B 
ALBRECHT 85F 
AUBERT 85 
BAILEY 83 
BALTRUSAIT,. 85B 
BALTRUSAIT... 85E 
BENVENUTI 85 
YAMAMOTO 85 
ADAMOVICH 84B 
ALTHOFF 84B 
DERRICK 84 
PARTRIDGE 94 
SUMMERS 84 
BAILEY 83B 
BODEK 82 
FIORINO 81 
5CHINDLER 81 
TRILLING 81 
ASTON 80E 
AVERY 80 
SCHINDLER S0 
ZHOLENTZ 80 

Also 81 

ABRAMS 79D 
ATIYA 79 
BALTAY 78C 
VUILLEMIN 78 
FELDMAN 77B 
GOLDHABER 77 
PERUZZl 77 
PICCOLO 77 
RAPIDIS 77 
GOLOHABER 76 

RICHMAN 95 
ROSNER 95 

Meson 
511 

Particle Listings 
D ~ D*(2007) ~ 

PL B205 411 +Akenof. Baringer+ (HRS Collab.) 
PR D37 2023 +Becker. Blaylock+ (Mark III Collab.) 
PRL 60 89 +Becket. Blaylock+ (Mark III Collab.) 
PL B209 380 +Bo~kmann, Glaeser+ (ARGUS Collab.) 
PL B210 267 +Boeckmann, Glaeser+ (ARGUS Collab.) 
EPL 5 407 +BagllesL Batignani+ (NA1 Collab.) 
PBL 60 1239 +Appel+ (FNAt E691 Collab.) 
PR D37 1719 +Goldberg, Horwitz. Mestayer, Monet• (CLEO Collab.) 
PR D39 1471 erratum 

D*(2007) ~ WIDTH 

VALUE (MeV) CL_%% DOCUMENT ID TECN COMMENT 

<2.1  90 3ABACHI  88B HRS D * 0  ~ D +  ~r - 

3Assuming m D .  0 = 2007.2 • 2.1 M e V / c  2, 

D*(2007) ~ DECAY MODES 

9 * ( 2 0 0 7 )  0 modes are charge conjugates of modes below. 

Mode Fraction ( I - i / r )  

F 1 D%r ~ ( 61 .9 •  % 

I- 2 D ~  , ( 38 .1 •  % 

PL B210 253 +Shipbaugh, Binkley+ (E-400 Collab.) 
PRL 60 1 6 1 4  +Hempstead Jensen+ (CLEO Collab.) 
PR D37 2391 +Ahj~. AppJd, Bracker+ (I~NAL E691 Collab.) 
EPL 4 887 +Alexandrov. BoRn+ �9 (Photon Emulsion Coliab.) 
PL B1% 107 +Becker. Blaylock..Bolton+ (Mark III Collab.) 
PL B193 140 AguiJar-Benitez. Allison'{ - (LEBC-EHS Collab,) 
ZPHY C40 321 Aguilar~Benitez.' A l l i~ ,  Bailly+ (LEBC-EHS Collab.) 
ZPHY C36 551 Aguilar-Benitez, Allison+' (LEBC-EHS Collab.) 
ZPHY C40 321 Aguilar-Benitez , Allison. Bailly+ (LEBC-EHS Collab,) 
ZPHY C36 359 Asuilar-Benitez, Allison+ (LEBC-EHS Collab.) 
ZPHY C38 520 erratum 
ZPHY C33 359 +Binder, Boeckmann, Glaser+ (ARGUS Collab.) 
PL B199 447 +Andam, Binder, Boeckmann+ (ARGUS Collab.) 
ZPHY C37 17 +Becker, BoehHnger, Bosman+  (ACCMOR Collab.) 
PL B193 147 +Blaylqck, Bolton, Brown+ (Mark tll Collab.) 
PL B198 590 erratum Becker, Blaylock, Bolton+ (Mark Ill Collab.) 
PL B191 319 +Mestayer, Panvini, Word+ (CLEO Collab.) 
PL B189 238 +Bailey, Becker, Belau+ (ACCMOR Collab.) 

CONSTRAINED FIT INFORMATION 

An overall fit to a branching ratio uses 3 measurements and one 
constraint to determine 2 parameters. The overall fit has a X 2 = PR D3S 2914 +Dorfan, Abrams, Am•177 (Mark II Collab.) 

PL Bt82 101 +Akerlof, Baringer, Ballam+ (HRS Collab.) 
PR D33 1 + (SLAC Hybrid Facility Photon Collab.) 
ZPHY C3O 81 +Belau, Boehringer, Bosman+ (ACCMOR Collab.) 
PRL 56 1 8 9 3  +Berkelman, Blucher, Cassel+ (CLEO Collab.) 
PR D34 2601 +Jaros, On s, Barklow+ (Mark II Co41ab.) 
PRL 56 1 0 2 7  +Adolphsen, Alexander+ (PRIN. CHIC, ISU) 
PRL 56 1771 +Kondo+ (AICH. FNAL, KOBE. SEOU, MCGI+) 
PL lSBB 525 +Binder, Harder, Phllipp+ (ARGUS Collab.) 
PL 150B 238 +Binder. Harder. Philipp+ (ARGUS Collab.) 
PL 155B 461 +Bassompierre. Becks, Benchouk+ (EMC Coliab.) 
ZPHY C28 357 +Belau. Boehringer. Bosman+ (ABCCMR Collab.) 
PRL 54 1976 Baltrusaitis. Becket, Blaylock. Brown+ (Mark nl Collab.) 
PRL 55 150 Baltrusaltis, Becket, Biaylock, Brown+ (Mark Ill Collab.) 
PL 158B 531 +Bollini, Brun;, Camporesi+ (BCDMS Collab.) 
PRL 54 522 +Yamamoto, Atwood, Baillon+ (DELCO Collab.) 
PL 140B 123 +Alexandrov. Bravo+ (CERN WAS8 Collab.) 
PL 138B 317 +Braunschweig, Kirschfink+ (TASSO Collab.) 
PRL 53 1 9 7 1  +Fernandez, Fries, Hyman+ (HRS Collab.) 
Thesis CALT-hB-1150 (Crystal Ba~l Collab.) 
PRL 32 410 + (UCSB, CARL, COLO, FNAL, TNTO, OKLA, CNRC) 
PL 132B 237 +Bardsley, Becket, Blanar+ (ACCMOR Collab.) 
PL 113B 82 +Breedon+ (ROCH. CIT, CHIC. FNAL, STAN) 
LNC 30 166 + (Photon-Emulsion and Omega-Photon Collab.) 
PR D24 78 +Alam, Boyarski, Breidenbach+ (Mark n Collab.) 
PRPL 75 57 (LBL. UCB)J 
PL 94B 113 + (BONN, CERN, EPOL, GLAS, LANE, MCHS+) 
PRL 44 1309 +Wiss, Butler, Gladdlng+ (ILL, FNAL, CDLU) 
PR D21 2716 +Siegrist, Alam, Boyarski+ (Mark II Collab.) 
PL 96B 214 +Kurdadze, Lelchuk, Mishnev+ (NOVO) 
SJNP 34 814 Zholentz, Kurdadze, Lelchuk+ (NOVO) 
Translated from YAF 34 1471. 
PRL 43 481 +Alam, Blocker, Boyarski+ (Mark II Collab.) 
PRL 43 414 +Holmes, Knapp, Lee+ (COLU. ILL. FNAL) 
PRL 41 73 +Caroumbalis, French, Hibbs, Hylton+ (CDLU, BNL) 
PRL 41 1199 +Feldman. Feller+ (Mark I Collab.) 
PRL 38 1313 +Peruzzi, Piccolo, Abrams, Alam+ (Mark I Collab.) 
PL 69B 503 +Wiss, Abrams, Alam+ (Mark I Collab.) 
PRL 39 1301 +Piccolo, Feldman+ (Mark I Collab.) 
PL 7riB 260 +Peruzzi, Luth, Nguyen, Wiss, Abrams+ (Mark I Collab.) 
PRL 39 826 +Gobbi, Luke, Barbaro-Galtieri+ (Mark I Collab.) 
PRL 37 255 +Pierre, Abrams, Alam+ (Mark I Collab.) 

OTHER RELATED PAPERS 

RMP 67 893 +Burchat (UCSB. STAN) 
CNPP 21 369 (CHIC) 

I I I(JP) = � 89  D*(2007)~ I, J, P need confirmation. 

J consistent with 1, value 0 ruled out (NGUYEN 77), 

D ' (2007)  ~ MASS 

• D *:E, D *O, and D s •  mass and mass The f i t  includes D E ,  D O, D s . 

difference measurements. 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

2006.7:E0.5 OUR F IT  Error includes scale factor of 1.1. 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, e t c . � 9  �9 �9 

2006 ~ 1 . 5  1 G O L D H A B E R  77 MRK1 e + e  - 

1 From simultaneous f i t  to D* (2010)  + ,  D*(2OO7) O, D + ,  and D 0. 

mD,(2007)o -- mDo 

The fit Includes D •  D 0, Ds ~ ,  D * •  D *0,  and D s •  mass and mass 
difference measurements. 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 

142.124-0.07 OUR FIT 
142.124-0.07 OUR AVERAGE 
142.2 •  :gO.2 145 ALBRECHT 95F ARG e + e  - ~ hadrons 

142.12• 1176 BORTOLETTO92B CLE2 e + e  - ~ hadrons 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

142.2 :E2.0 SADROZINSKI 80 CBAL D *0  ~ DOTr 0 

142.7 •  2 G O L D H A B E R  77 MRK1 e + e  - 

2 From simultaneous f i t  to  D* (2010)  -}-, D*(2OO7) O, D + ,  and D O. 

0.5 for 2 degrees of freedom. 

The following off-diagonal array elements are the correlation coefficients 
~xi~xj~/(~x~.~xj), in percent, from the fit to the branching fractions, x~ _= 
~ f 

r i / l ' tota I. The fit constrains the x i whose labels appear in this array to sum to 
one. 

x2 L - 1 0 0  

Xl 

D*(2007) ~ BRANCHING RATIOS 

r(D%o)/r~= rdr 
VALUE EVTS DOCUMENT ID TECN COMMENT 

0.619"1-0.~g OUR FIT 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits,  etc. �9 �9 �9 

0 .596+0 .035 •  858 ALBRECHT 95F ARG e + e  - ~ hadrons 

0.636•  1097 4 BUTLER 92 CLE2 �9 + e -  ~ hadrons 

r(o%)/r=,, r=/r 
VALUE EVT5 DOCUMENT ID TECN COMMENT 

0.N1:1:0.029 OUR FIT 
0.381:i:0.029 OUR AVERAGE 
0 .404 •177  456 ALBRECHT 95F ARG e + e -  ~ hadrons 

0.364• 621 4 BUTLER 92 CLE2 e -I" e -  ~ hadrons 

0.37 •  •  ADLER 88D MRK3 e + e  - 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits,  etc. �9 �9 �9 

0.47 •  LOW 87 HRS 29 GeV e •  - 

0.53 •  BARTEL 85G JADE e + e  - ,  hadrons 

0.47 ~0 .12  COLES 82 MRK2 e + e  - 

0.45 •  GOLDHABER 77 MRK1 e + e  - 

4The  BUTLER 92 branching ratios are not Independent, they have been constrained by 
the authors to sum to 100%. 

D*(2007) ~ REFERENCES 

ALBRECHT 95F ZPHY C66 63 
BORTOLETTO 92B PRL 69 2046 
BUTLER 92 PRL 69 2041 
ABACHI 88B PL B212 533 
ADLER 88D PL B208 152 
LOW 87 
BARTEL 8SG PL 161B 197 
COLES 82 
SADROZINSKI 80 
GDLDHABER 77 
NGUYEN 77 

KAMAL 92 
TRILLING 81 
GOLDHABER 76 

+Ehdichmann+ (ARGUS Collab.) 
+Brown, Domlnick+ (CLEO Collab.) 
+Fu, Kalbfleish+ (CLEO Collab.) 
+Akerlof+ (ANL, IND, MICH, PURD, LBL) 
+Becker+ (Mark Ill Collab.) 

PL B183 232 +Abachi. Akerlof, Baringer+ (HRS Collab.) 
+Dietrich, Ambrus+ (JADE Collab.) 

PR D2b 2190 +Abrams, Blocker, BIondel+ (LBL, SLAC) 
Madison Conf. 681 + (PRIN, CIT, HARV, SLAC, STAN) 
PL 69B 503 +Wlss, Abrams, Atam+ (Mark I Collab.) 
PRL 39 262 +Wiss. Abrams, Alam, Boyarski+ (LBL. SLAC) J 

OTHER RELATED PAPERS 

PL B284 421 +Xu (ALBE) 
PRPL 75 57 (LBL, UCB) 
PRL 37 253 +Pierre, Abrams, Alam+ (Mark I Collab.) 



5 1 2  

Meson Particle Listings 
D * ( 2 0 1 0 )  + 

ID'(2OZO)* I l(J P) = �89 
I, J, P need confirmation. 

o'p0;0p MASS 
The fit Includes D •  D 0, Ds• D * •  D *0, and D s •  mass and mass 
difference measurements. 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 
2010.O4"01r OUR FIT Error Includes scale factor of 1.1. 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2008 •  1GOLDHABER 77 MRK1 + e + e  - 
2008.6• 2 PERUZZI 77 MRK1 • e -P e -  

1From simultaneous f i t  to D*(2010) + ,  D*(2OO7) 0, D + ,  and DO: not independent of 
FELDMAN 77s mass difference below. 

2pERUZZI  77 mass not Independent of FELDMAN 77B mass difference below and PE- 
RUZZI 77 D O mass value. 

mD.(=o;o)+ - mD+ 

The f i t  Indudes D + ,  D O, D ~ ,  D *• D *0, and D~ • mass and mass 
difference measurements. 

VALUE (MeV) EVT5 DOCUMENT IO TECN 

1410,644"0.10 OUR FIT Error includes scale factor of 1.1. 
14K).~4-t- OJ~-t- 0.0~ 620 BORTOLETTO92B CLE2 

COMMENT 

�9 "t" e -  ~ hadrons 

mcp(2o:o)+ - mDo 

• D * •  D *0, and D s •  mass and mass The f i t  Includes D •  D 0, D s , 
difference measurements. 

VALUE (MeV) EVTS 
MIIJR/4-O.r OUR FIT 
148J~t :J :O, (~O O U R  A V E R A G E  

145.5 •  103 
145.44 +0.08 152 

145.42 •  199 

145.4 • 48 
145.39 •  •  
145.5 •  115 
145.30 •  

145.40 •  •  
145.46 •  •  
145.5 •  28 
145.5 •  60 

145.3 --0.5 30 
�9 �9 �9 We do not use the fol lowing 

145.44 •  122 

145.8 •  16 
145.1 •  12 
145.1 •  14 
145.5 •  14 

145.5 
145.2 •  2 

3Systematic error not evaluated. 

DOCUMENT ID TECN COMMENT 

3ADLOFF 97B H1 D *:J: ~ D0~r + 
3BREITWEG 97 ZEUS D * •  ~ D0~r •  

0 - IT 
3 BREITWEG 97 ZEUS D * ~  ~ D / ~ . ~ ,  

0 - + 

3 DERRICK 95 ZEUS D " ~  - ~  D/~r :~ 
BARLAG 92B ACCM x -  230 GeV 

3ALEXANDER g lB  OPAL D * •  ~ DO~r + 
3 DECAMP 91J ALEP D � 9  ~ DO~r • 

ABACHI 88B HRS D * •  ~ DO~r • 
ALBRECHT 85F ARG D * •  ~ OO~r + 
BAILEY 83 SPEC D * +  ~ D0~  + 
FITCH 81 SPEC w - A  
FELDMAN 77B MRK1 D * +  ~ D0~r + 

data for averages, fits, l imits, etc. �9 �9 �9 

3 BREITWEG 97B ZEUS D * •  ~ D 0 x  •  
D O ~ K - ~ r  + 

AHLEN 83 HRS D * +  ~ DO~r + 
BAILEY 83 SPEC D * •  ~ DO~r • 
BAILEY 83 SPEC D * +  ~ D0~r • 
YELTON 82 MRK2 29e-Fe - 

K- -  x + 
AVERY 80 SPEC "~A 
BLIETSCHAU 79 BEBC u p  

mD,(2mo)+ - mD.(20oTp 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2 .6•  4pERUZZI  77 MRK1 e-t-�9 - 

4Not  Independent of FELDMAN 77B mass difference above, PERUZZI 77 D O mass, and 
GOLDHABER 77 D*(2007) 0 mass. 

D*(2010)  + WIDTH 

VALUE (MeV) CL ~. E V T S  DOCUMENT ID TECN COMMENT 

< 0 1 3 1  90 110 BARLAG 92B ACCM ~ -  230 GeV 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<1.1 90 ABACHI 88B HRS D * •  ~ DO~r • 
<2.2 YELTON 82 MRK2 e + e - ~  K - x + x  - 
<2.0 90 30 FELDMAN 77B MRK1 D * +  ~ DO~r + 

s :1: DECAY MODES 

D*(2010) -  modes are charge conJugates of the modes below. 

Mode Fraction ( r l / r )  

I- 1 D 0 / t  + (68 .3 •  

r 2 D + ~  ~ (30.6~2.5) % 

r3 D+~ ( 11+o2:~)'/. 

C O N S T R A I N E D  FIT I N F O R M A T I O N  

An overall fit to 2 branching ratios uses 3 measurements and one 
constraint to determine 3 parameters. The overall fit has a X 2 = 
0.0 for 1 degrees of freedom. 

The following off-diagonal array dements are the correlation coefficients 
/~x~6xj//(6x~.6xi), In percent, from the fit to (;he branching fractions, x~ _= 

I'i/l'tota I, The fit constrains the x~ whose labels appear in this array to sum to 
one. 

X2 I --5S 
x 3 0 - 8 3  

Xl x2 

/7 ' (2010)  + BRANCHING RATIOS 

r(e%+)/r~,~ rdr  
VALU~ ~OCUMENT IO TECN COMME'NT 
O~IB:J=0~I .4  O U R  FIT 
0.gig:J:0.014 OUR AVERAGE 
0.6884-0.024• ALBRECHT 95F ARG e + e  - ~ hadrons 
0.681• 5 BUTLER 92 CLE2 e + e  - ~ hadrons 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.57 •  •  ADLER 88D MRK3 e + e  - 
I 0.44 :EO.10 COLES 82 MRK2 e + e  - 

0.6 •  6GOLDHABER 77 MRK1 e + e  - 

I r (o+f~  r=/r 
VALUE, E V T S  DOCUMENT IO TECN ~QMM~NT 
OJ~-O.O2S OUR FIT 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.312+0.011• 1404 ALBRECHT 95F ARG e + e  - ~ hadrons 
0.308•177 410 5 BUTLER 92 CLE2 e + e -  ~ hadrons 

0.26 •  +0.02 ADLER 88D MRK3 e + e  - 
0.34 •  COLES 82 MRK2 e + e  - 

r (o+-y ) / r~  rslr 
Vt~L(~ CL~ EVT5 DOCUMENT ID TECN COMMENT 

I ~o11_+~ ou. m" 
O.Ol1+0.O144"0.O16 12 5 BUTLER 92 CLE2 �9 + e -  

hadrons 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0,052 90 ALBRECHT 95F ARG e + e  - ~ " 
hadrons 

0.17 •  •  ADLER 880 MRK3 e + e  - 
0.22 •  7COLES 82 MRK2 e + e  - 

5The BUTLER 92 branching ratios are not Independent, they have been constrained by 
the authors to sum to 100%. 

6Assuming that Isospln Is conserved in the decay. 

7 Not Independent of r ( D o x + ) / r t o t a  I and r ( D +  ~r0)/r tota I measurement. 

ADLOFF 97B 
BREITWEG 97 
BRIErrWEG 97B 
ALBRECHT 95F 
DERRICK 95 
BARLAG 92B 
BORTOLETTO 92B 
BUTLER 92 
ALEXANDER 91B 
DECAMP 91J 
ABACHI BSB 
ADLER I~D 
ALBRECHT ~F 
AHLEN 
BAILEY 83 
COLES 82 
YELTON 82 
FITCH 81 
AVERY 80 
BLIETSCHAU 79 
FELDMAN 77B 
GOLDHABER 77 
PERUZZI 77 

D ' ( 2 9 1 0 ~  REFERENCES 

ZPHY C72 593 +Aid, Andefsofl+ (H1 Collab.) 
PL B401 192 +Derrick, Krakauer+ (ZEUS Collab.) 
PL B407 402 J. 8reffw~+ (ZEUS Coliab.) 
ZPHY C~ 6] +Ehrlichmann+ (ARGUS Colklb. ) 
PL B]49 22S +Krakauer+ (ZEUS Cdlab.) 
PL B278 4~0 +Becker, Bozek+ (ACCMOR Collab.) 
PRL 69 2046 +Brim, Dominick+ (CLEO CoBab.) 
PRL 69 2041 +Fu, Kall~dsk~ (CLEO CoBab,) 
PL B262 341 +AEkon, AillXXt. Anderlo~. Arcelli+ (OPAL CeBab. ) 
PL B266 218 +Deschlzeaux. Go/. Lees+ (ALEPH CoCab.) 
PL B212 533 +klu~or247 (ANL, IND. MICH, PURD, LBL) 
PL B20B 152 +Becket+ (Mark III Cod~ab.) 
PL 150B 235 +Binder, Harder. PhiUppF (ARGUS ColJlab.) 
PRL 51 1147 +Akedo(+ (ANL, INO, LBL, SUCH, PURD, SLAC) 
PL 132B 2:]0 ~ Batddey+ (AMST, 8RIS. CERN, CRAC, MPIM+) 
PR D26 21~0 +Aixams, Blocker, Bloedel+ (LBL. SLAC ) 
PRL 49 430 +Feidman. Go4dhabef+ (~.AC, LBL, UCB. HARV) 
PRL 46 761 4 Devaux, Caval~ta. May+ (PRIN, SACL, TORI. BNL) 
PRL 44 1109 +Wila, Butler. C4addlng+ (ILL, FNAL. COLU) 
PL ~B 108 + (AACH3. BONN, CERN, MP1M, OXF) 
PRL 38 1313 +Peruzzi, P;r Abrams, N lm+ (Ma~k I Coaab.) 
PL 69B 503 +Wlu, Abrams, Aiam+ (Mark I Colab.) 
PRL 39 1301 +Pir162 Ft4dm|n+ (Ma~k I Collab.} 



See key on page 213 

OTHER RELATED PAPERS 
KAMAL 92 PL B284 421 +Xu (ALBE) 
ALTHOFF 83C PL 12~B 493 +Fischer. Burkhaedt+ (TASSO C~lab.) 
8EBEK 82 PRL 49 610 + (HARV, OSU, ROCH, RUTG, SYRA. VAND+) 
TRILLING 81 PRPL 75 57 (LBL. UCB) 
PERUZZI 76 PRL 37 5&9 ;-Pk:colo, Feldman, Nluyen, W'rs~+ (Mark I Collab.) 

J D~(2420)~ I '(:P) = �89247 
I, J, P need conf i rmat ion.  

Seen in D* (2010)  + x - .  J P  = 1 + according to ALBRECHT 89H. 

~(~ao) o MASS 

VALUE (MeV) E V E S  DOCUMENT ID TEEN COMMENT 

24122,24-1.8 OUR/ I I~RAGE Error Includes scale factor of 1.2. 

2421 4_1 ~2  286 AVERY 94r CLE2 e+e  - ~ D * + l r - X  

2422 •  •  51 FRABETTI 948 E687 ~Be ~ D * + x - X  
2428 ~ 3  •  279 AVERY 90 CLEO e + e - ~  D * + x - X  
2414 ~ 2  +5  171 ALBRECHT 89H ARG e+e  - ~ D * + T r - X  
2428 + 8  :1:5 171 ANJOS 89C TPS "~N ~ D * + ~ r - X  

VALUE (MW) EVTS 

llLg "I" ~ OUR AVERAGE 

20 + ~ ~ 3 286 AVERY 

15 + 8 4- 4 51 FRABETTI 

23 + 8 +1o  279 AVERY 
- - 6  - 3  

13 • 6 +10  171 ALBRECHT - 5 

/ )1 (2420)  ~ W 1 D T H  

DOCUMENT 10 TEEN COMMENT 

94C CLE2 �9 + e -  --* D * + x - x  

94BE687 ,y Be ~ D " +  ~ -  X 

90 CLEO e+e  - ~ D " + t r - X  

89H ARG �9 + e -  ~ D * +  x -  X 

�9 �9 �9 We do not use the foliowtng data for averages, fits, limits, etc. �9 �9 �9 

58 4-14 +10  171 ANJOS 89CTPS 7 N ~  D * + x - X  

/ )1 (2420)  ~ D E C A Y  M O D E S  

"~1(2420)0 modes are charge conjugates of modes below. 

Mode Fraction ( r l / r )  

r l  D~ + ~r- seen 
r 2 D + : r  not seen 

D1(2420 )  e B R A N C H I N G  R A T I O S  

r (D" (2o10) + lr-)/r.~ rdr 
VA~U~ D(~CUMENT ID TECN COMMENT 

AVERY 90 CLEO e + e - ~  O * + x - X  
m ALBRECHT 89H ARG e+e  - ~ D ' l r - X  
l i r a  ANJOS 89C TPS "IN ~ D * + I r - X  

r (D+ ~r- ) / r  (D'(2010)%r - ) r=/r~ 
VALUE EL% DOCUMENT ID TEEN (~QMI~ICNT 

<0.24 90 AVERY 90 CLEO e+e  - ~ D + ~ r - X  

s ~ REFERENCES 

AVERY 94(: PL B331 236 -~Fre~rler, Roddguez+ 
FRA~L-TTI 94B PRL 72 324 +Cheung, Cumalat+ 
AVERY 90 PR D41 774 +B~soe 
ALBRECHT IRH PL 8232 ~ +Cd~e~. Harder+ 
ANJOS ~ PRL 62 1717 +Al>pel+ 

(CLEO Collab. 
(FNAL E~7 Collab. 

(CLEO Collab.) 
(ARGUS Colab.) JP 

(FNAL E691 Colab.) 
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D*(2010) • Dz(2420) ~ Dz(2420) + 

D~(2420)4- MASS 
VALUE (MeV) EVT$ DOCUMENT ID TECN COMMENT 

2427-t-S OUR AVERAGE Error includes scale factor of 2.0. 
2425:E2• 146 BERGFELD 94B CLE2 e + e  - ~ D � 9  
2443+7 •  190 ANJOS 89C TPS ~N  ~ D O x + x  O 

VALUE (M,V) 
4tl:l:s 

mD~x(2420 ~ - mD;x(242o)o 

DOCU,~NT,O ~CN COMMENT 

BERGFELD 94B CLE2 e + e  - ~ hadrons 

D~(2420)  '''~ W I D T H  

VAL UE (MeV) E V T S  DOCUMENT IO TECN COMMENT 

214- I O U R ~  

26_ + 8 + 4  146 BERGFELD 948 CLE2 e + e  - ~ D*0~r+X 

4 1 + 1 9 + 8  190 ANJOS 89<: TPS "yN ~ D O ~ + x  0 

D1(2420)4. DECAY MODES 

D~(2420)-  modes are charge conjugates of modes below. 

Mode Fraction ( r l / r )  

F 1 D* (2007)07r  + seen 

r 2 o 0 ~r + not seen 

s • BRANCHING RATIOS 

r(D-120oz)%+)/r~w rl/r 
VALUE DOCUMENT 10 TECN COMMENT 

ANJOS 89C TPS "~ N ~ DO x +  x 0 

r (D~ (D'(2007)~ + ) r2/rl 
VALIJE EL% DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, ,mRs, etc. �9 �9 �9 

<0.18 90 BERGFELD 948 CLE2 e + e  - ~ hadrons 

Ol (2420)4. REFERENCES 

BERGFELD ~t4B PL B340 194 +Eilcms~n. C-dlin+ (CLEO CoLIb.) 
ANJOS 89(2 PRL 62 1717 +Apgd+ (FNAL E6% CoBab.) 

i Dz(2420)• I '(:P) : �89 
I needs con f i rmat ion .  

O M I T T E D  F R O M  S U M M A R Y  T A B L E  
Seen In D*(2007)0~r + .  J P  = 0 + ruled out. 
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D~(2420) +, D;(2460) ~ D~(2460) + 

I D;(2460)~ I ,(jP) = �89 
JP  = 2 + assignment strongly favored (ALBRECHT 89B). 

D~z(2460)0 MASS 

VALUE (MeV) EVTS DOCUMENT IO TECN COMMENT 
2488.94"2.0 OUR AVERAGE Error Includes scale factor of 1.2. 
2465 4-3 4-3 486 AVERY 94C CLE2 e+e - - *  D + 7 : - X  

2453 4-3 :t:2 128 FRABETTI 948 E687 3,Be ~ D + T r - X  
2461 4-3 4-1 440 AVERY 90 CLEO e + e - - - ~  D * + ~ r - X  
2455 4-3 ~:5 337 ALBRECHT 89BARG e + e - ~  D + ~ r - X  
2459 + 3  ~:2 153 ANJOS 89C TPS "IN ~ D + 1 r - X  
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

2466 4-7 1 ASRATYAN 95 BEBC 53,40 u(~) ~ p + X, 
d + X  

D~2(24fd))~ WIDTH 

VALUE (MeV) EVTS 
234" g OUR AVERAGE 

28 + 84- 6 486 AVERY 

254-104- 5 128 FRABETTI 

n +  9 +  9 440 AVERY 
~ - 1 2 - 1 0  

1 ~ + 1 3 +  5 337 ALBRECHT 
~- -10- -10 

204-104- 5 153 ANJO5 

DOCUMENT ID TECN COMMENT 

94C CLE2 e+e - --~ D + ~ r - X  

94B E687 "yBe ~ D + T r - X  

90 CLEO e + e - ~  D * + T r - X  

89B ARG e § e -  ~ D § l r -  X 

59C TPS ~ N  ~ D + x - X  

D~2(2460) ~ DECAY MODES 

D~(2460) 0 modes are charge conjugates of modes below. 

Mode Fraction ( r l / r )  

r 1 D + ~  - seen 

r2 D * ( 2 0 1 0 )  + ~ -  seen 

D~2(2460)~ BRANCHING RATIOS 

r(D+.-)/r=,, r l / r  
VA~.U~ EVTS DOCUMENT IO TECN COMMENT 

337 ALBRECHT 89B ARG e+ e - --* D+1r -  X 
ANJO5 89C TPS "IN --~ D + I r - X  

r(o'(2OlOl+,-)/rt== r,/r 
VALU~ DOCUMENT ID TECN COMMENT 

SSm AVERY 90 CLEO e+e - - - ,  D * + ~ r - X  
==ell ALBRECHT 89H ARG e + e  - ~ D * ~ r - X  

r(o+,-)/r(o'(2oto)+,r-) r=/r= 
~/~LUE DOCUMENT 10 TECN COMMENT 
2-34"0.0 OUR AVERAGE 
2.2-1-0.74-0.6 AVERY 94c CLE2 e + e  - ~ D* - t - l r -X  
2.34-0.8 AVERY 90 CLEO e + e  - 
3.04-1.14-1.5 ALBRECHT 89H ARG e + e  - ~ D * l r - X  

D~2(2460) ~ REFERENCES 

ASRATYAN 95 ZPHY C68 43 + (BIRM. BELG, CERN, SERP, ITEP. MPIM, RAL) 
AVERY 94(: PL B331 236 +Freyberger, Roddguez+ (CLEO Collab.) 
FRABETTI 94B PRL 72 324 +Cheuns. Cumalat+ (FNAL E687 Collab.) 
AVERY 90 PR D41 774 +Besson (CLEO Collab.) 
ALBRECHT 89B PL B221 422 +Boeckmann+ (ARGUS Cotlab.)JP 
ALBRECHT 89H PL B232 3r +Glaser, Harder+ (ARGUS Collab.)JP 
ANJOS 89(: PRL 62 1717 +Appel+ (FNAL E691 Collab.) 

I 

I O;(2460)+ I l(J P) = ~(2 +) 

D.~2(24r MASS 

VALUE (MeV) EVT5 DOCUMENT ID TECN COMMENT 
241~)4"4 OUR AVERAGE Error Includes scale factor of 1.7. See the Ideogram below. 

2463+34-3 310 BERGFELD 94B CLE2 e + e  - --* D O x + x  
24534-3• 185 FRABETTI 94B E687 -fBe--* DOx ' I 'X  
2469• ALBRECHT 89F ARG e + e  - --~ D 0 x + X  

mD;(24r, o ~ - mD;(=460)o 

VAL. UE (MeV} DOCUMENT ID TECN COMMENT 
0.94"3.3 OUR AVERAGE Error Includes scale factor of 1.1. 

- 2 •  •  BERGFELD 94B CLE2 e't-e - --~ hadrons 
0 i 4  FRABETTI 94B E687 ";,Be ~ D l r X  

14 4-5 -+-8 ALBRECHT 89F ARG e + e  - --~ D 0 x + X  

D;2(2460)*WIDTH 

VALUE (MeV) EV'rS DOCUMENT tO TECN COMMENT 

,=_+ ' our ~ G s  
27+_11• 310 BERGFELD 94B CLE2 e + e  - ~ D01r+X 

23-~ 94-5 185 FRABETTI 94B E687 ")'Be ~ D O x + x  

D;2(24~)4- DECAY MODES 

D~(2460)-  modes are charge conjugates of modes below. 

Mode Fraction ( r l / r )  

r I D O ~r + seen 
r2 D *~ ~r + seen 

D~2(2460)• BRANCHING RATIOS 

r(o%+)/rt~, r d r  
VALUE ~OCUMENT IQ TECN COMMENT 

mint ALBRECHT 89F ARG e + e  - ~ D 0 ~ + X  

r(o%+)/r(m~ rur= 
yA~.U~ DOCUMENT ID T~.CN ~OMMENT 

1.94"1.1"1-0-3 BERGFELD 94B CLE2 e + e -  --* hadrons 

D~2(2460)• REFERENCES 

BERGFELD 94B PL B340 194 +E/senstein, GolUn+ (CLEO Collab.) 
FRABETTI 94B PRL 72 324 +Cheun|, Cumalat+ (FNAL E687 Co,lab.) 
ALBRECHT 89F PL B231 208 +Glaeser+ (ARGUS Collab. ) 
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I I CHARMED, STRANGE MESONS 

I o :  = C~, D~- = ~s, similarly for Os'S 

-t- p ID5 I I ( J  ) = 0 ( 0 - )  

I was F ~ I  
The angular distributions of the decays of the ~ and ~'*(892) 0 in 

the ~bx + and K + K * ( 8 9 2 )  ~ modes strongly indicate that the spin 
is zero. The parity given is that expected of a c ]  ground state. 

D~= MASS 

:5 D*:5, D *0, and Ds + mass and mass The fit Includes D + ,  D 0, O s , 

difference measurements. Measurements of the D • mass with an error s 
greater than 10 MeV are omitted from the fit and average. A number of 
early measurements have been omitted altogether. 

VALUE (Mev) EVTS DOCUMENT ID TECN COMMENT 
lg~l,JJ J," 0.6 OUR FIT Error Includes scale factor of 1.1. 
1W##,O J,- 1A OUR AVER/~ le Error includes scale factor of 1.5. See the Ideogram beJow. 

1967.0• 1.0• 1.0 54 BARLAG 9Oc ACCM ~r-Cu 230 GeV 
1969.3+ 1.4:1:1.4 ALBRECHT 88 ARG e+e - 9.4-10.6 

GeV 
1972.7• 1.5:5 1.0 21 BECKER 87B SILl 200 GeV ~ ,K .p  
1972.4:5 3.7• 3.7 27 BLAYLOCK 87 MRK3 e+e - 4.14 GeV 
1963 • 3 • 3 30 DERRICK 88B HRS �9 + e -  29 GeV 
1970 + 5 : 5  5 104 CHEN 83c CLEO �9 + e -  10.8 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, e tc . �9  �9 �9 

1968.3• 0.7:5 0.7 290 1ANJOS 88 E691 Photoproductlon 
1980 +15 6 U5HIDA 86 EMUL u wldeband 
1973.6:5 2.6:5 3.0 163 ALBRECHT 850 ARG �9 + e -  10 GeV 
1948 +28 •  65 AIHARA 84D TPC e+e - 29 GeV 
1975 :5 9 :510 49 ALTHOFF 84 TA55 e+e - 14-25 GeV 
1978 • 4 3 BAILEY 84 ACCM hadron+Be~ 

@~+X 
IANJOS 88 enters the fit via m D ~  s - m D •  (see below). 

WEIGHTED AVERAGE 
1969.0~1.4 (Error scaled by 1.5) 

Values above of w~ghtad average, e~or, 
and scale factor are based upon the data in 
this ideogram only. They are not neces- 
sadly the same as our l~est values, 
obtained from a least-squares constrained fit 
utiflzing measurements of other (related) 
quan6ties as additional information. 

. . . . . . . . .  BARLAG 
. . . . . . . .   B.EC  

I " ~  . . . . . . . .  BECKER 
I ~ . . . . . .  BLAYLOCK 

. . ' '  ~ . . . . . . . .  DERRICK 
. . . . . .  CHEN 

(C< 

1950 1960 1970 

Os r mass (MeV) 

~2 

90(; ACCM 2.0 
88 ARG 0.0 
87B SILl 4.2 
87 MRK3 0.4 
85B HRS 2.0 
83C CLEO 0.0 

8.7 
(Confidence Level = 0.123) 

1980 1990 2000 

mD.~m - -  m D ,  

• D *•  D $0, and Ds + mass and mass The fit includes D •  D 0, D s , 
difference measurements. 

VAL UE (MeV) EVT$ DOCUMENT ,D TECN COMMENT 
9g.2J,'0.E OUR FIT Error Includes scale factor of 1.1. 
99.2~0.S OUR AVERAGE 
99.5•177 BROWN 94 CLE2 e+e - ~ T(4S) 
98.5• 555 CHEN 89 CLEO e+e - 10.5 GeV 
99.0+0.8 290 ANJOS 88 E691 PhotolXoductlon 

5 1 5  

Meson Particle Listings 

M E A N  LIFE 

Measurements with an error greater than 0.2 x 10 -12  s are omitted from 
the average. 

VALUE {]0-12 s) E V T S  DOCUMENT 'D TECN COMMENT 
0.467~0.017 OUR AVERAGE 

0.475:50.020• 900 FRABETTI 93F E687 "yBe, Ds+ ~ ~ r +  

0.33 +0.12_0.08 • 15 ALVAREZ 90 NA14 % Ds-t" ~ @Tr + 

0 A~Q+0-102 54 2 BARLAG 90C ACCM ~r- Cu 230 GeV . . . .  -0.086 
0.50:50.06 • 104 FRABETTI 90 E687 9Be, ~ r  + 
0.56 +0.13 -0 .12:50.08 144 ALBRECHT 881 ARG e+e - 10GeV 

0.47 4-0.04 +0.02 228 RAAB 88 E691 Photoproductlon 

0.33 +0.10 21 3 BECKER 87B SILl 200 GeV x ,K ,p  -0.06 

0.26 +0.16 6 USHIDA 86 EMUL v wldeband -0.09 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0,31 +0.24 • 18 AVERILL 89 HRS e+e - 29 GeV -0.20 

0.48 +0.06 • 99 ANJOS 87B E691 See RAAB 88 - 0.05 

0.57 +0.36 -0.26 • 9 BRAUNSCH... 87 TAS5 e+e - 35-44 GeV 

0.47 4-0.22 • 141 CSORNA 87 CLEO e+e - 10 GeV 

0.38 +0.24 -0.18 +0.09 17 JUNG 86 HR5 See AVERILL 89 

0.32 +0.30 -0.13 3 BAILEY 84 ACCM hadron+Be ~ # l r+X  

0.19 +0.13 -0.07 4 USHIDA 83 EMUL See USHIDA 86 

2 BARLAG 9Oc estimates the systematic error to be negligible. 
3 BECKER 87B estimates the systematic error to be negllgllde. 

D + DECAY MODES 

Branching fractions for modes with a resonance In the final state Include 
all the decay modes of the resonance. Ds- modes are charge conjugates 
of the modes below. 

Scale factor/ 
Mode Fraction ( r l / r )  Confidence level 

I ndudve  modes 

1.1 K - a n y t h i n g  (13 +14 ) % - 1 2  
1.2 K-~ + K~  (39 +28 ) % 

1-3 K +any th ing  (20 +18 ) %  - 14 
r4 n o n - K K a n y t h i n g  (64 •  ) % 

1-5 e +any th ing  ( 8  + 6 ) %  

1-6 ~ anything (18 +18 ) %  - lO 

Leptonlc and leml leptonlc modes 

r 7 p + , ,  

F8 r + v~ 
1"9 ~ l + v t  [a] 

F lo  ~ l + v t  + r / ( 9 5 8 ) t + v t  [a] 

F l l  rl l +  u t 
1-12 ~ ' ( 958 ) t+  v t  

Hadrm lc  modes wi th  a K ~  pair 

1-13 K + ~ 0  

r14 K + K - l r  + [b] 

1-18 ~-+ [c] 
1-16 K + K * ( 8 9 2 )  ~ [c] 

1-17 f0(980) ~+  I t ]  
F18 K + K ~ ( 1 4 3 0 )  0 [c] 

1"19 f' j(1710)~r + --* K + K - ~  + [d] 

1-20 K + K -  ~r + nonresonant 

r21 K ~  + 
1.22 K* (892)  + ~ ' ~  [c] 
1.23 K +  K - ~ r +  l r~  
r24 ~b~.+ ~.0 [c] 

4.0 + 2.2 ) x  10 - 3  
-- 2.0 

7 •  ) %  
2.0 • 0.5 ) %  

3.4 • 1.0 ) %  

2.5 • 0.7 ) %  
8.8 • 3.4 ) x 10 - 3  

r.duenl from a § 
316 • 1.1 ) %  

4.4 • 1.2 ) %  

36  + 0.9 ) %  

3.3 • 0.9 ) %  

1.8 • 0.8 ) %  
7 • 4 ) x l O  - 3  

1.5 • 1.9 ) x 10 - 3  
9 • 4 ) x l o  - 3  

4.3 • 1.4 ) %  

9 i s  ) %  

5=1.4 

5=1.1 

$=1.3 
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r25 Cp+ 
1"26 r  ~0 3-body 
r27 K + K -  ~'+ ~r 0 non-~ 
r2e K + -K"~ ~r + ~r - 
r 2 s  K ~  + 

r3o K * ( 8 9 2 ) + K ' ( 8 9 2 )  0 
r31 K 0 K -  ~r + ~r + non- K * +  ~ * 0  

{'32 K+K-~r+~r+~r- 
r 3 3  ~ +  ;r + ~r- 

r34 

[c] ( 6.7 4- 2.3 )% 
[c] < 2.6 % CL=90% 

< 9 % CL=90% 
< 2.8 % CL=90% 
( 4.3 • 1.5 )'4 

[c] ( 5.s 4- 2.5 ) ' / ,  
< 2.9 % CL=90% 

( 8.3 ~: 3.3 ) x  10 -3  
[c] ( Z.la4- o.35)% 

K-~ K - ~ r + ~ r + ~ r - n o n - r  (3 ,0  + 3.0 - 2.0 

I tadmnlc  modes wi thout  K ' s  
r35 ~ r + ~ + ~  - ( 1.0 • 0.4 )% s=1.2 
r36 p~ < S x 10 - 4  CL=90% 
r37 f0(980)~ + [c] ( 1.8 + 0.8 )% 5=1.7 
r3g f2(1270)~ "+ [c] ( 2.3 + 1.3 ) x 10 - 3  
r39 f0(1500)~ -+ --, ~ + ~ , - w +  [el ( 2.8 + 1.6 ) x l O  - 3  
r40 ~r + ~-~ ~r- nonresonant < 2.8 x 10 - 3  EL=90% 
r41 ~ + w + ~ r - ~  ~ < 12 % CL=9O% 
r42 ~/~r + [c] ( 2.0 4- 0.6 )% 
r43 c~r + [c] ( 3.1 4- 1.4 ) x 10 - 3  
r44 ~I -+ ~-+/r + fl" ~" ( 6.9 4- 3.0 ) x 10 -3 
F45 ~T + ~T+ ~T- ~0 ~r0 
r4~ ~/p+ [c] (lO.3 • 3.2 )%  
f'47 q~+~~ [c] < 3.0 % CL=90% 
r48 / r + ~ 1 " + / r + ~ ' - ~ ' - ~  "0 " ( 4.9 4- 3.2 )%  
r49 qr(958)~r+ [c] ( 4.9 • 1.8 )% 
1-50 ~T+ ~r+ ~r+ :r ~r-- ~0 ~T 0 
r51 qr(958)p+ [c] (12 :i: 4 )%  
r52 f i~(958)~r+E~ [cJ < 3.1 % EL=~0% 

Mode= w i th  one or ~ m e  K ' s  
r53 K O~r+ < 8 x 10 - 3  C L = 9 0 %  

1"54 K+~r+~T-  ( 1,0 4- 0.4 )%  
rss K + pO < 2.9 x 10 - 3  CL=90% 
rse K * ( 8 9 2 ) 0 ~  + [c] ( 6.5 -F 2.8 ) x  10 - 3  
F57 K + K + K -  < 6 x 10 - 4  C L = 9 0 %  

r58 ~bK + [c] < 5 x 10 - 4  CL=90% 

) x 10 - 3  

A C =  Imk neutral current (CJ) modes, or 
Lepton number  (L)  violat ing mode l  

1"59 /r + f l + / J -  If} < 4.3 x 10 - 4  CL=90% 
1"60 K + I ~ + I  ~ -  C1 < 5.9 x 10 - 4  CL=90% 
r61 K * ( 8 9 2 ) + / i ~ #  - c~ < 1.4 x 10 - 3  CL=SO% 
r62 ~ r - # + #  + L < 4.3 x 10 - 4  CL=90% 
1"63 K -  # +  # +  L < 5.9 x 10 - 4  CL=90% 
r64 K * ( 8 9 2 ) - # + #  + L < 1.4 x 10 - 3  CL=90% 

1"65 A dummy mode used by the fit. (80 • 5 )% 

[a] For now, we average together measurements of  the X e + ue and X # +  ~# 
branching fractions. This is the average,  not the s u m .  

[b] The branching fraction for this mode may dif fer f rom the sum of the 
submodes that  contr ibute to it, due to interference effects. See the 
relevant papers. 

[c] This branching fraction includes all the decay modes of  the final-state 
resonance. 

[d] This value includes only K + K -  decays of  the fJ(1710),  because branch- 
ing fractions o f  this resonance are not known. 

[e] This value includes only lr + ~r- decays of  the fo(1500), because branching 
fractions of  this resonance are not known. 

[ f ]  This mode is not a useful test for a LIC--1 weak neutral current because 
both quarks must  change f lavor in this decay. 

CONSTRAINED FIT INFORMATION 

An overall f i t  to 15 branching ratios uses 24 measurements and 
one constraint to determine 10 parameters. The overall f i t  has a 
;(2 = 17.8 for 15 degrees of freedom. 

The following of f -d iagonal  array elements are the correlation coefficients 
( 6 x i S x j > / ( ~ x i . 6 x j ) ,  in percent, from the fit to the branching fractions, 
r J l ' t o ta  I. The fit constrains the x i whose labels appear in this array to sum to 

one, 

XS 

Zll 

x12 

x14 

xlS 

XlS 
x35 

X3Z 
x65 

45 

39 86 

29 65 56 

39 85 73 55 
43 92 79 60 

40 86 74 56 

35 76 65 49 

22 48 42 31 

- 4 6  - 93  - 84  - 6 4  

92 

92 93 

84 82 81 

51 52 50 54 

- 94  --96 - 9 4  --86 --64 

x7 x9 X l l  x12 x14 x15 x16 x35 x37 

D + BRANCHING RATIOS 

A few older, now obsolete results have been omitted. They may be found 
In earlier editions, 

Inclusive modes 

r (K- a.ythlng)/rwt.i r l / r  
y ~  l,l~, ~ . U M E N T  ID T ~ N  COMMENT 

0.15+~,!1~'1"0. n~ COFFMAN 91 MRK3 e + e -  4.14 GeV 

[r ( P  anymq 0 + r (K ~ , . ~ l n S ) ] / r ~  r=/r 
VALUE DOCUMENT 10 T~C., N COMMENT 

0.$g'1"~7"1"0.O4 COFFMAN 91 MRK3 e + e ~  4.14 GeV 

r(K+a,ythln~)F~al l'=/r 
V,~LU~ OOCUMENT 10 T~r N COMMENT 

0-20"t'00:~-1-0.04 COFFMAN 91 MRK3 �9 + e -  4.14 GeV 

r (.o.- K~anythlng)/r~ r, /r  
yt~tUl~ DOCUMENT IO TECN ~Qp4~NT 

0,844.0.17.t.0J ~ 4 COFFMAN 91 MRK3 �9 + e -  4.14 GeV 

4 COFFMAN 91 uses the direct measurements of the kaon content to determine this non- 
K ~  fraction. This number Implies that a large fraction of D~ decays Involve ~, r/r, 
and/or non-spectator decays. 

r(e+ anytklnl)/rt== rs/r 
VAI.Ucm CL~ DOCUMENT ID TECN COMMENT 

0 nTr+0~67 +0.024 . .  _O.O43__n_n_~_l__ BAI 97 BES �9 + e -  ~ De+ D~" 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.20 90 5 BAI 90 MRK3 �9 + e -  4.14 GeV 

5 F.xpfessed as a value, the BAI 90 res4JIt is r (e + anythlng)/rtota I = 0.05 :E 0,05 + 0.02. 

r(~ amsthinr r, /r 
yt4{.UE EVTS DOCUMENT 10 TECN COMMENT 

O178+O'151+0"008" --0.O12--0.063 3 BAI 98 BES e + e  - ~ D + D  s 

Leptonlc and m m l l e ~ I c  modes 

r (~+v, ) / r ,~  rT/r 
See the "Note on Pseudoscalar-Meson Decay Constants" In the Listings for the x4-. 

VA~,I,I~ , EVTS DOCUMENT 10 TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

o o15+ooz~3 + o o o 3  ~ o+o; - u .uu~ -0 ,002  3 6BAI 95 BES e+e - 

0 ~ + 0 . 0 0 1 8  +0.O020 ' ~ - 0 . 0 0 1 4 - 0 . 0 0 1 9  8 7AOKI 93 WA75 ~ emulsion 350 GeV 

<0,03 0 8 AUBERT 03 SPEC p+Fe, 250 GeV 

6 BAI 95 uses one actual De+ ~ #+  v/~ event together with two Ds+ ~ ~-+ ~,~. events 

and assumes #-~- universality. This value of r(/~ + v~)/r tota I gives a pseudoscalar decay 

constant or (430~3~  0 ~ 40) MeV. 
7 r AOKI 93 assumes the ratio of production c oss sections of the D$ + and D O is 0.27. The 

value of I'(/~+v/~)/l'tota I gives a pseudoscalar decay constant fDs = (232 :E 45 + 52) 
MeV. 

8AUBERT 83 assume that the Ds4- production rate Is 20% of total charm production rate. 
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r(p+~.)/r(§ r,/r,~ 
See the "Note on Pseudosoalar-Mesoo Decay Constants" in the Listings for the ~r :l:. 

VALUE ~yT~ ~)CUMENT I0 TECN COMMENT 
0.11 4-0.06 OUR FIT Error Includes scale factor of 1.6. 
0.,~1~4-0.~-1-0J~4 39 9 ACOSTA 94 CLE2 e + e -  ~ 7"(45) 

9ACOSTA 94 obtains fDs = (344 + 37 + 52 + 42) MeV from this measurement, usJn8 

r(Ds+ ~ @x+) / r ( to ta l )  = 0.037 • 0.O09. 

r(~+.~)/r(~r~.~) rdr~ 
See the "Note on Pseudoscalar-Meson Decay Constants" In the Listings for the x +. 

r(§ r=/r 
We now have model-Independent measurements of this branching fraction, and so we 
no ionlj[er use the earlier, model-dependent results. See the "Note on D Mesons" in 
the D ~- Listings for a discussion. 

VALUE CL~ EVT5 [~CUMENT ID T~(~N COMMENT 
0~0~ +O.00S OUR FIT 
0.035 4-0.009 OUR AVERAGE 
0.0359• 21ARTUSO 96 CLE2 �9 + e -  at T(45)  

0.039 40.051 +0.018 -0 .019 -0.011 22BAI 95c BE5 e + e  - 4.03 GeV 

�9 �9 �9 We do not use the following data for averages, fits. limits, e t c . � 9  �9 �9 

VAk(JE [~1~ DOCUMENT ID T~CN COMMENT 
0.204-O.10 OUR FIT Error Includes scale factor of 1,6, 
0.1~4.0.0G4.0J)~ 23 10 KODAMA 96 E653 ~r- emulsion. 600 GeV | 

10KODAMA 96 obtains fDs = (194 :J: 35 4- 20 • 14) MeV from this measurement, using | 

I'(Ds+ ~ ~bt + ~)/Ftota I = 0.0188 • 0.0029. The third error is from the uncertainly on | 

~bE + u t branching fraction. | 

r(~+,,.)Ir~x~ r,lr 
See the "Note on Pseudoscalar-Meson Decay Constants" In the Listings for the x •  

VA~,V~ Ev'r'5 DOCUMENT ID T~(/N ~QMMENT 

0.0744-0.0284-0,024 16 11ACCIARRI 97F L3 D's+ ~ "TD+ s I 

0,051 ~0.004 • 23BUTLER 94 CLE2 e + e - ~  T(45)  
<0.048 90 MUHEIM 94 

0.046 +0.015 24 MUHEIM 94 
0,031 • 24 MUHEIM 94 
0.031 =:0.009 • 23 FRABETTI 93G E687 "7 Be "E"7= 220 GeV 

0.024 • 23ALBRECHT 91 ARG e + e  - ~ 10.4 GeV 
<0.041 90 0 22ADLER 90B MRK3. e + e  - 4.14 GeV 

0.031 +0.006 +0.011 23ALEXANDER 90B CLEO e + e  - 10.5-11 GeV -0.009 
0.048 :i:0.017 • 25ALVAREZ 90<: NA14 Photoproductlon 

>0.034 90 23ANJO5 90B E691 "TBe.'c~"7 ~ 145 
GeV 

0.02 4-0.01 405 26 CHEN 89 CLEO e + e  - 10 GeV 

11The second ACCIARRI 97F error here combines In quadrature systematic (0.016) and 
normalization (0.018) errors. The branching fraction gives fDs = (309 + 58 + 33 + 38) 

MeV. 

r(~t+vt)/r(~.+) r , /r , .  
For now. we average together measurements of the r ( ~ e + U e ) / l ' ( ~ r + )  and 

r(~.+ u#)/r(~,+) ratios. See the end of the Ds-t" Listings for measurements of 

D + ~ r -t" u l form-factor ratios. s 
~/~L~I~ EVT~ OOCUMENT ID T~r COMME~I~IT 
0J~+O.0B OUR FIT 
0 J r 4 4 . o ~  OUR AVERAGE 
0.54• 367 12 BUTLER 94 CLE2 e + e -  ~ T(45)  
0.58=t:0.17+0.07 97 13 FRABETTI 93G E687 "TBe'E~f= 220 GeV 

0.57+0.15:t:0.15 104 14 ALBRECHT 91 ARG �9 + e -  ~ 10.4 GeV 

0.49:b0.10"t'0:~ 0 54 15 ALEXANDER 90B CLEO e + e  - 10.5-11 GeV 

12 BUTLER 94 uses both be + u e and ~/~+ up events, and makesa phase-space adjustment 

to the latter to use them as @e+~. e events. 
13 FRABETTi 93G measures the F(q~p + up) / I - (~ r  + )  ratio. 

14 ALBRECHT 91 measures the r ( r  + Ue) / r (@x+)  ratio. 
15ALEXAN- 

DER (JOB measures an average of the r ( ~ e + ~ e ) / r ( ~ +  ) and r (~p+~p) / r (~ .+ )  
ratios. 

r(,~t+,,~)Ir(§ r . l r ,  
Unseen decay modes of the ~ and the q~ are included. 

VAL UE w~lTS DOCUMENT I0 TECN COMMENT 
1.27"1-0.19 OUR F IT  
1.2441-0.124-0.111 440 16BRANDENB... 95 CLE2 e+e  - ~ T(4S) 

16 BRANDENBURG 95 uses both �9 + and p+  events and makes a phase-space adjustment 
to use the/~+ events as e + events. 

r (r247 r,.Ir, 
Unseen decay modes of the resonances am Included. 

VALUE CL~ ~VTS DOCUMENT ID TECN (~OMMENT 
0.44=1:~13 OUR FIT 
0.434-0.11=1:0.07 29 17 BRANDENB... 95 CLE2 e + e -  -~. T(45)  

�9 �9 �9 We do not use the fotiowlng data for averages, fits. limits, etc. �9 �9 �9 

<1.6 90 18 KODAMA 936 E653 ~r- emulsion 600 
GeV 

17 BRANDENBURG 95 uses both e + and p+  events and makes a phase-space adjustment 
to use the/~4- events as e + events. 

18KODAMA 93B uses/~+ events. 

[r(nt+ M~) + r ( r  ~z)]/r(~t+ ~.) r~0/r~ = (r.+r, . l /r~ 
Unseen decay modes of the resonances are Included. 

VALUE EV7~ DOCUMENT ID T ~ N  CQyM~NT 
1.72 ~0.2~ OUR FIT  
$.~1 -I- lJ i  13 19 KODAMA 93 E653 ~r- emulsion 600 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.67:1:0.17+0.17 20BRANDENB... 95 CLE2 e+e  - ~ T(4S) 

19 KODAMA 93 uses/~+ events. 
20This BRANDENBURG 95 data Is redundant with data In previous blocks. 

- -  Hadro~ lc  modes w i th  a K ~  pair. 

r(K+~~247 r~ / ru  
VALUE ~VTS D~UMENT ID TEeN C'QI~I~r 
1.014.0.16 OUR AVERAGE 
1,15+0,314-0.19 68 ANJOS 90C E691 "7 Be 
0,92:]:0.32:t:0.20 ADLER 89B MRK3 e+e  - 4.14 GeV 
0.994-0.174-0.10 CHEN 89 CLEO e + e -  10 GeV 

0.033 4"0.016 • 9 26 BRAUNSCH,.. 87 TASS e + e -  35-44 GeV 
0.033 4-0.011 30 26 DERRICK 85B HRS e + e -  29 GeV 

21ARTUSO 96 uses partially reconstructed ~0  ~ D * + D  s -  decays to get a model- 

Independent value for F(D-~ ~ ~ b ~ - ) / r (  D 0 ~ K - 7 r  + )  of 0.92 4- 0.20 :l: 0.11. 

22 BAI 95(: uses e + e -  ~ Ds+ D s events in which one or both of the DS:E are observed to 

+ ~lr + branching fraction. obtain the first model-Independent measurement of the D s 

without assumptions about # ( D ~ ) .  However. with only two =doubly-taued" events, the 
statistical error is too large for the result to be competitive with Indirect measurements. 
ADLER 90B used the same method to set a limit. 

23BUTLER 94. FRABETTI 93(;. ALBRECHT 91. ALEXANDER 90B. and ANJOS 90B 
measure the ratio r (D  + ~ ~ l + v t ) / r ( D +  s ~ @ * + ) .  where t = �9 and/or /~. and 

then use a theoretical calculation of the ratio of widths r ( D ~  ~ ~ t + u t ) / F ( D +  
i 

K J 0 t + u ) .  NOt everyone uses the same value for this ratio. 
24The two MUHEIM 94 values here are model-dependent calculations based on distinct 

data sets. The first uses measurements of the D~(2460) 0 and D$1(2536)+. the second 

uses B-decay factorlzatlou and F(D~ ~ /~+ vp)/ r (D + ~ Ct + vt). A third calculation 

using the semlleptonlc wkJth of D ~  ~ ~ t  + u t is not Independent of other results Ilsted 

here. Note also the upper limit, based on the sum of established Ds+ branching ratios. 

25 ALVAREZ 9oc relies on the Lu nd model to estlm ate the ratio of D + to D + cross sections. 
+ 

26Values based on crude estimates of the D s production level. DERRICK 85B errors are 
statistical only. 

r(#~r+)/r(K + K -  lr +)  r - / r l ,  
Unseen decay modes of the ~ are Included. 

V~L(/~ DOCUMENT 10 TENON COMkf~NT 
0JCZ 4-0.08 OUR FIT 
0JIO74-0J~1674-0.1~6 FRABETTI 95B E687 Dalltz plot analysJs 

r(K+~(892)~ rl,/r14 
Unseen decay modes of the K*(892)  0 are Included. 

VALVE DOCUMENT ID T~(~N COMMENT 
0.7S :~0.07 OUR FIT 
0.7174.0.0~Jl'1"0.1060 FRABETTI 95B E687 Dalltz plot analysis 

r(K+TPl~J2)0)/r(~.+) r . / r .  
Unseen decay modes of the resonances are included. 

VALUE EVT5 DOCUMENT ID TECN ~:Q~!~4~IVT 
0 .92~0 .0g  OUR FIT 
0.B4-0.10 OUR AVERAGE 
0.854-0.34+0.20 9 ALVAREZ 90C NA14 Photoproductlon 
0.84• ADLER 89B MRK3 e "t" e -  4.14 GeV 
1.05+0.17:1:0.12 CHEN 89 CLEO e+e  - 10GeV 
0.874"0.13+0.05 117 ANJOS 88 E691 Photo~od uction 
1.44• 87 ALBRECHT 87F ARG e'Fe - 10 GeV 

r ( f o (980 ) l r  + ) / 1 "  ( K  + K - , + )  r ~ / r ,  
Unseen decay modes of the f0(980) are Induded. 

VA~ U~ DOCUMENT I0 TEeN ~QMM~NT 
0.404-0.16 OUR l i T  Error Indudes scale factor of 2.3. 
1.100-1-0..tl24-0.,14 FRABETT! 95B E687 Dalltz plot analysJs 

r (rj(1710)~r+ - - ,  K + K -  ,+)/r (K+ K -  lr + )  r i g / r 1 ,  

This includes only K + K -  decays of the fJ(1710), because branching fractions of this 
resonance are not known. 

y~J.(/~ DOCUMENT I0 TE(: N ~(~MMENT 
O.0344.0,r174 I_ FRABETTI 95B E687 Dalltz plot analysis 

r(K+'~o(1430)~ + K- lr +) r~/r14 
Unseen decay modes of the "~(1430)  0 are included. 

~/A~ ~1~ DOCUME/NT ~D TEeN COMMENT 
0.11104"0.06:!4"0.062 FRABETTI 95B E687 Dalltz plot analysis 
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r(K+ K- ~r+r~moM.t)/r(§ +) r~o/r,. 
y4LV~ ~ QQ~UMENT IQ TECN COMMENT 

0-214-0,074- O,al  48 ANJOS 88 E691 Photoproductlon 

r(K.(~)+RO)Ir(§ r../r,~ 
Unseen decay modes of the resonances are Included. 

VA~l~ DOCUMENT 10 T~CN COMMENT 

1~n4"0.214"0.13 CHEN 89 CLEO e - - e -  10 GeV 

r(K'I~J2I+X~ r= /ru 
Unseen decay modes of the K=(892) + are Included. 

VAL V~ CL ~ DOCUMENT ID T~(~N (~QMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

r(.+.+.-)/r(§ 
VAI,~ E V T S  DOCUMENT ID 
0.214"0.0~ OUR FIT Error Indudes scale factor of 1.3. 
0.~4"0.08 OUR AVERAGE 

<0.9 90 FRABETTI 95 E687 ~Be E.~ ~ 200 GeV 

r (§247 r=4/r,. 
VALUE CL~ EVT$ ~)OCUMENT ID T~t~t~ COMMENT 

2-44"1.04"0 I; 11 ANJOS 89E E691 Photoproductlon 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imes, etc. �9 �9 �9 

<2.6 90 ALVAREZ 90c NA14 Photoproductlon 

0.33 4- 0.10+ 0.04 29 
0.44 4- 0.10 4- 0.04 

rO,%+)/r(,r+.+,r - )  

r (~ .+ ) / r ( , .+ )  
V4Wg 

TECN 

ADAMOVICH 93 WA82 
ANJOS 89 E691 

DOCUMENT ID TEEN 

FRABETTI 97D E687 

r~/r,, 
02u 

r(~p+)/r(§ r. . /r , .  
VALUE Ev'rs DOCUMENT 10 TEEN COMMENT 

11;~-}-0.25+0"2~-- 253 AVERY 92 CLE2 e + e -  _~ 10.5 C-eV - u . q ~  

r ( §  r~/r,~ 
VALUE EL% DOCUMENT IO TEEN COMMENT 

<0.71 90 DAOUDI 92 CLE2 e + e  - ~ 10.5 GeV 

r (K + K- ~r + ~t ~ rm~l~)/r  (§ rzHr,~ 
VALUE EL% DOCUMENT ID TEEN COMMENT 

<:2.4 90 27 ANJOS 89E E691 Photoproduction 

27Total  minus 4~ component. 

r(K+~.+.-) /r(§  r~/r,. 
VA~U~ ~ DOCUMENT ID TEEN COMMENT 

<0.?'F 90 ALBRECHT 928 ARG e + e -  -~ 10.4 GeV 

r (K ~ K- x + ~r +) Ir  (§ r=~Ir,. 
y~Lt.l~ DOCUMENT ID T~CN COMMENT 

1.2 4"0.2 4"0.2 ALBRECHT 928 ARG e + e  - ~ 10.4 GeV 

r(K'(892)+~(892) ~247 r~/r,. 
Unseen decay modes of the resonances are Included. 

VA~ ~ DOCUMENT IO TEEN CQMM~NT 

1.64"0.44"0.4 ALBRECHT 928 ARG e + e -  ~_ 10.4 GeV 

r ( #  K- f +  ~r + non-K *+ ]~.O)/r (§ r , / r . .  
~/~L~I~ EL% DOCUMENT ID T~,CN COMMENT 

<01;0 90 ALBRECHT 92B ARG �9 + e -  --~ 10.4 GeV 

r (K + K -  ~r + ~r + ~ r - ) / r  (K + K -  ~r +) r - / r .  
VALUE EVT~ DOCUMENT ID T~CN COMM~.NT 

0JLgl4 .0nt~-F0.040 75 FRABETTI 97C E687 "~Be, ~.~ ~ 200 GeV 

r (§247  r. . /r . .  
VAI~I~ ~ E V T S  DOCUMENT ID TECN ~QMM~NT 

O Sm-l-O.O~ OUR IMBRAGE 
0.28+0.064-0.01 40 FRABETTI 97c E687 -~Be, ~'.y ~ 200 GeV 

0.584-0.214-0.10 21 FRABETTI 92 E687 -~Be 
0.424-0.13-;-0.07 19 ANJOS 88 E691 Photoproductlon 
1.11:t:0.374-0.28 62 ALBRECHT 85D ARG �9 + e -  10 GeV 

�9 �9 �9 We do not use the fol lowing data for averages, fits. l imits, etc. �9 �9 �9 

<0.24 90 ALVAREZ 90C NA14 Photoproductlon 

r(K + K- ~+~+~- n~- O) /r~  
VALUE ~9~:~JMENT ID TEEN COMMENT 

0.003 + 0 J ~  BARLAG 92C ACCM ~r- 230 GeV - - 0 . 0 ~  

r(K+ K -  ~r+~r + ~r- m-§247 
VALUE CJ_% EVTS ~Q(;~MENT ID TEEN "~QMM~NT 

�9 �9 �9 We do not use the fol iowlng data for averages, fits. l imes, etc. �9 �9 �9 

<0.32 90 10 ANJOS 88 E691 Photoproduction 

Hadroelc modes without K's 

r (,r+,r+,r-)/r (K+ K-~r +) 
VALUE EVT~ DOCUMENT ID T~(;N (;QMM~NT 
0JB 4-0.04 O4UR FIT Error Indudes scale factor of 1.2. 
0.2r 4. 0.041 -t- 01;~1[ 98 FRABETTI 97D E687 

r~/r  

r . / r , .  

r=/r~4 

Be ~ 200 GeM 

DOCUMENT ID T~C N 

l r -  340 GeV 
Photoproductlon 

r~ / ru  
COMMENT 

"y Be ~ 200 GeV 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.08 90 ANJOS 89 E691 Photopcoductlon 
<0.22 90 ALBRECHT 87G ARG e-t-e - 10 GeV 

r(ro(~O) f+)/r(~+~+~-) rzz/r.. 
Unseen decay modes of the f0(960) are Included. 

yA~V ~ DOCUMENT ID T~C.~I CQMM~NT 
1.7 dl:0.6 OUR FIT Error Includes scale factor of 2.4. 
2,08-i-0.:ff4-0JN FRABETTI 970 E687 .y Be ~ 200 GeV I 

r(fo(~o),r+)Ir(§ r~ / r~  
Unseen decay modes of the resonances are Included. 

VALUE DOCUMENT IO T~(~N ~OMM~I~T 
0A94-0. ~n OUR FIT Error includes scale factor of 2.6. 
0.284-0.104"0.03 ANJOS 89 E691 Photoprod uctlon 

r (6( l iT0) .+) / r ( .+ .+. - )  r - / r ,  
Unseen decay modes of the f2(1270) are Included. 

V~.(/~ DOCUMENT ID T~ :  N COMMENT 

0.224"0.104"0JB FRABETTI 97D E687 "r Be ~ 200 GeV | 

r(6(zs0o),+ -~ , + , - , + ) / r ( , + , + , - )  r ~ / r -  
This Includes only lr + ~r- decays of the f0(1500), because branching fraotlons of this 
resonance are not known. 

V~L ~ DOCUMENT 10 TEEN COMMENT 

0.274:J:0.1144-0.O19 28 FRABETTI 97D E687 "7 Be ~ 200 GeV I 
28 FRABETTI 97D calis this m~ 5(1475) l r + '  but flods the mass and width ~  this 5(1475) I 

to be In excellent agreement wi th those of the f0(1500). 

r( .+~+.- .o.~owt)/r( ,r+,r+,r-)  r4o/ru 
VAL V~ ~ DOCUMENT ID TECN C~MMENT 

90 29 FRABETTI 97D E687 -y Be ~ 200 GeV I 
29We rather arbitrarily use this FRABETTI 979 l imi t  instead of the much large ANJOS 89 | 

value given In the next entry, See, however. FRABETTI 97D on the diff iculty of dlsten- I gangling the f0(1500)f-F and nonresonant modes. 

r ( . + .+ . - .on .=wt ) / r (~ .+ )  r4o/r. 
VA~{J~: DOCUMENT ID TEEN COmMeNT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.294-0.09:1:0.03 ANJOS 89 E691 Photoproductlon 

r ( .+ .+ . - f~247  r ~ / r .  
y~LI~ EL% ~QCUMENT 10 TEEN COMMENT 

<~L3 90 ANJOS 8~ E691 PhotolXoductlon 

r(,.r+)Ir(§ r~/r , .  
unseen decay modes of the resonances are Induded. 

VALUE CL~ E V T S  ~OCUMENT IO T~.CN COMMON T 

0.E44-0JN4-0JN 165 ALEXANDER 92 CLE2 r / ~  ~'y. 
~r+ x -  =r 0 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<1.5 90 ANJOS 89E E691 Photoproductlon 

r(~.+)/r(~.+) ru/r,. 
Unseen decay modes of the resonances are Included. 

�9 VA~ ~1~ CL~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, IlmEs, etc. �9 �9 �9 

<0.5 90 ANJOS 89E E691 Photoproductlon 

r(~.+)/r(~.+) r,.=Ir,.= 
y~LV~ DOCUMENT ID T~(;N COMMENT 

0.164-0.044"0JU BALEST 97 CLE2 e + e -  ~ T (45 )  

r ( . * . + . * . - . - ) / r ( x + X - . + )  r ~ / r .  
~/Ai, t,I ~ E V T S  DOCUMENT ID TECN COMMEN~ 

0.1E14-0J0424-0.0~l 37 FRABETTI 97c E687 -/Be, "~-r ~ 200 GeV 

r(,r+,r+,r+,r-.-)/r(§ r~/r , .  
VALUE ELK DOCUMENT ID TEEN ~QMMENT 

�9 �9 * We do not use the following data for averages, fits, l imes, etc. �9 �9 �9 

<0.29 90 ANJOS 89 E691 Photoproduction 

r~/r,, 
COMMENT 
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r (~/p+)/r (§ +) r . / r .  
Unseen decay modes of the resonances are included. 

V~I.~I~ ~ DOCUMENT ID TECN COMMENT 

=~-o.._+g:~ 217 AVERY 92 CLE2 r / ~  -/-/, �9 r  ~T- ~ 0 

r(rm+~~ +) r4~/r. 
Unseen decay modes of the resonances are Included. 

VA~. VE C L ~  DOCUMENT ID TECN COMMENT 

<0.82 90 DAOUDI 92 CLE2 e+e - ~ 10.5 GeV 

r (~r+ x+ ~r+ ~r- x- ~0)/rtor r~ i / r  
VAlr~ E DOCUMENT ID TEC N COMMENT 

f io49" l '~  I~  BARLAG 92C ACCM ~ -  230 GeV �9 -- u.u.lu 

r(r247 r~ / r , .  
Unseen decay modes of the resonances are included. 

VALUE CL~ E V T S  DOCUMENT ID TECN COMMENT 
1.4 4"0A O U R  AVERAGE Error Includes scale factor of 2.1. See the ideogram below. 
1.204-0.154-0.11 281 ALEXANDER 92 CLE2 r /  ~ r/~r+~ - ,  

pO-/ 

2.5 4-1.0 +1.5 --0.4 22 ALVAREZ 91 NA14 Photoproductlon 

2.5 4-0.5 4-0.3 215 ALBRECHT 90D ARG e + e -  ~. 10.4 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

<1 .3  90 ANJOS 91B E691 "/Be, E"/ ~ 145 
GeV 

WEIGHTED AVERAGE 
1.4r (Error scaled by 2.1) 
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/ 
I ~ ! . . . . . . . . . . . . . .  ALEXANDER 92 CLE2 - ~  
/ ~!i ~!i I �9 ALVAREZ 91 NA14 1.1 
/ iiill ~i I . . . . . . .  ALBRECHT 90D ARG 3.9 

27 

1 2 3 4 5 6 

r(K + K + K-)/r(§ r E / r .  
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.011i 90 FRABETTI 95F E687 -),Be, E ' - /~ 220 GeV 

r(@K +)/r(~.+) r . / r .  
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.01~1 90 FRABETTI 95F E687 3'Be, E - / ~  220 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.071 90 ANJOS 92D E691 -/Be, E-/ = 145 GeV 

Rare or fudddden modes 

r(~r+~+~-)/r~,, r n / r  
This mode Is not a useful test for a AC= I  weak neutral current because both quarks 
must change flavor in this decay. 

VALUE CL~ EVTS DOCUMENT ID TEC N COMMENT 

<4.$ X 10 --4 90 0 KODAMA 95 E653 l r -  emutslon 600 GeV 

r(K+/J+p-)/r t~l  r,o/r 
A test for the AC= I  weak neutral current. Allowed by higher-order electroweak inter- 
actions. 

VALUE CL~ EVT$ DOCUMENT ID TE(~N COMMENT 

< 5 . 9  X 10 - 4  90 0 KODAMA 95 E653 ~ -  em ulslon 600 GeV 

r ( ~ ( ~ ) + ~ + o - ) / r = = ~  , rra/r 
A test for the AC= I  weak neutral current. Allowed by higher-order electroweak inter- 
actions. 

VALUE CL~ E V T S  DOCUMENT ID TEC N COMMENT 

< 1 . 4  X 10 - $  90 0 KODAMA 95 E653 ~ -  emulsion 600 GeV 

r(~-~+~+)/r~,,  r . . / r  
A test of lepton-number conservation. 

VALUE CL ~ Ev'r$ DOCUMENT ID TECN COMMENT ' 

<4.3 X 10-4 90 0 KODAMA 95 E653 f r -  emulsion 600 GeV 

r(K-#+/~+)/rt=a r~ / r  
A test of lepton-number conservation. 

VALUE CL~ EVT$ DOCUMENT I0 TECN COMMENT 

< 5 . g  X 10 - 4  90 0 KODAMA 95 E653 ~:- emulsion 600 GeV 

r(~(e~2)-~+~§ r . / r  
A test of lepton-number conservation. 

VALUE CL~ EVT$ DOCUMENT ID TECN COMMENT 

< 1 , 4  X 10 - 3  90 0 KODAMA 95 E653 ~r- emulsion 600 GeV 

r ( d (gs8 ) .+ ) / r (+ .  +) 

r(d(g~)p+)Ir(~,r +) r . l r , .  
Unseen decay modes of the resonances are Included. 

VALUE E ~  DOCUMENT,D TECN COMMENT 
3.444"0 .=+g:=  68 AVERY 92 CLE2 r/r - -  ~ / . +%-  

r (~(958) Ir+ ~ 3-body)/r (~r + ) rsi/rui 
Unseen decay modes of the resonances are Included. 

VAI~(J~ CL ~ DOCUMENT ID TECN COMMENT 

<O.M 90 DAOUDI 92 CLE2 e+e - ~ 10.5 GeV 

- -  Modes with one or three K's 

r (KO .+) / r  (§ r . l r .  
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.21 90 ADLER 89B MRK3 e•  - 4.14 GeV 

r(K%+)/r(K+R~ r . / r =  
VALUE CL~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.53 90 FRABETTI 95 E687 -/Be "E-/~ 200 GeV 

r (K+.+ . - ) / r (~ .+ )  r . / r ~  
VALUE ~VT$ DOCUMENT ID TE~N COMMENT 

0.284"O.0G'l'fi.06 85 FRABETTI 95E E687 "},Be, E3,= 220 GeV 

r(K+p~247 +) r . / r =  
VALU~ CL~ DOCUMENT ID TECN COMMENT 

<0.011 90 FRABETTI 95E E687 3'Be, E-/= 220 GeV 

r (K" (892) 0 lr + ) / r  (§ r~ / r , .  
Unseen decay modes of the resonances are Included. 

VALUE E ~ $  DOCUMENT ID TEC N COMMENT 

0.1B4"O.06-1-0.04 25 FRABETTI 95E E687 -/Be, E- /=  220 GeV 

D~ --* @tl 'vt FORM FACTORS 

r2 - ~(0)/A~(0) ifi D + -~ §  
VALUE EYT~ DOCUMENT ID TI~:N (:O~MENT 
1.64-0A OUR AVERAGE 
1.4• 308 30 AVERY 948 CLE2 e + e -  10 GeV 
1.1•177 90 31 FRABETTI 94F E687 "},Be,'E-/= 220 GeV 

2.1_4-0:6• 19 31 KODAMA 93 E653 600 GeV x -  N 

30AVERY 94B uses Ds+ - *  @e+u e decays. 

31FRABETTI 94F and KODAMA 93 use Ds+ ~ @/~• decays. 

r, = V(O)/AI(O) If• O + - .  § 
VALUE E V T S  DOCUMENT ID TECN COMMENT 
1.S4-0.5 OUR AVERAGE 
0.9•177 308 32 AVERY 94B CLE2 �9 + e -  10 GeV 
1.8•177 90 33 FRABETTI 94F E687 -/Be. E- /=  220 GeV 

2,3_~1:1• 19 33 KODAMA 93 E653 600 GeV ~r- N 

32AVERY 94B uses Ds~ ~ q~e+u e decays. 

33FRABETTI 94F and KODAMA 93 use D~ --, ~p+v / j  decays. 

rdrT In D + ~ #t'l'vt 
VALUE ~ :VT$  pOCUMENT ID TECN COMMEiNT 
0.72"t"0.111 OUR AVERAGE 
1.0 4-0.3 4-0.2 308 34 AVERY 94B CLE2 e+e - 10 GeV 
1.0 4-03 4-0.1 90 35 FRABETTI 94F E687 -/Be,'B.f= 220 GeV 

0.54• 19 35 KODAMA 93 E653 600 GeV ~r- N 

34AVERY 94B uses D +  s ~ @e+ u e decays. 

35 FRABETTI 94F and KODAMA 93 use Ds+ ~ @#+ ~.# decays. F L / F T  is evaluated for 
a lepton mass of zero. 
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BAI 98 PR 057 28 
ACCIARRI 97F PL 83% 327 
BAI 97 PR D56 3779 
BALEST 97 PRL 79 1436 
FRABETTI STC PL 13401 131 
FRABETTI 97D PL B407 79 
ARTUSO 96 PL 8378 364 
KODAMA 96 PL B382 299 
BAI 95 PRL 74 4599 
BAI 9SC PR D52 3781 
BRANDENB.. 95 PRL 75 3804 
FRABETTI 95 PL B346 199 
FRABETTI 95B PL B351 591 
FRABETTI 95E PL 8359 403 
FRABETTI 95F PL B363 259 
KODAMA 95 PL 8345 85 
ACOSTA 94 PR 049 5690 
AVERY 94B PL B337 405 
BROWN 94 PR 050 1884 
BUTLER 94 PL 8324 255 
FRABETTI 94F PL B328 187 
MUHEIM 94 PR D4S 3767 
ADAMOVICH 93 PL B3C5 177 
AOKI 93 PTP S9 131 
FRABETTI 93F PRL 71 827 
FRABETTI 936 PL 8313 253 
RODAMA 93 PL 8309 483 
KODAMA 93B PL B313 260 
ALBRECHT 928 ZPHY C53 361 
ALEXANDER 92 PRL 65 1275 
ANJOS 92D PRL 69 2892 
AVERY 92 PRL 68 1279 
BARLAG 92C ZPHY C55 383 

AlSO 900 ZPHY C48 29 
DAOUOI 92 PR 045 3%5 
FRABETTI 92 PL fl281 167 
ALBRECHT 91 PL 8255 6:34 
ALVAREZ 91 PL 8255 639 

REFERENCES 

+Bardon, Blum+ (BEPC BES Collab.) 
M. Acclarri+ (L3 Collab. 

+Bardon. Bian, Slum+ (BEPC BES Collab. 
+Behrens, Cho. Ford+ (CLEO Collab.) 
+Cheun s, Cumalat+ (FNAL E687 Coliab. 
+Cheung, Cumalat+ (FNAL E687 Collab. 
+Efimov, GaD, Goldberg+ (CLEO Collab.) 
+Torikol, Ushida+ (FNAL E653 Collab, 
+Bardon, Blum, Break.crone+ (BES Collab, 
+Bardon, Slum, Breakstone+ (BES Collab. 

Brandenburg, Cinabro, Liu+ (CLEO Collab. 
+Cheung, Cumolat+ (FNAL E687 Collab. 
+Cheung, Cumalat+ (FNAL E657 Collab. 
+Cheung, Cumalat+ (FNAL E687 Collab. 
+Cheung, Cumalat+ (FNAL E687 Collab. 
+Ushida, Mokhtaraol+ (FNAL E653 Co8ab. 
+Athanas, Masek, Paar+ (CLEO Collab. 
+Freyberger, Rodrisuez+ (CLEO Collab.) 
+Fast, Mdlwaln. Miao+ (CLEO Collab. 
+Fu, Kolbflolsch. Ross+ (CLEO Collab.} 
+Cheun 8, Comalat+ (FNAL E687 Collab. 
+Stone (SYRA) 
+Alexandrov, Ant]nod+ (CERN WAd2 CoBab, 
+Baroni, Bid, Bredin+ (CERN WA75 Collab. 
+CheunB, Cumalat, Dallapiccola+ (FNAL E687 Collab. 
+Cheung. Cumalat+ (FNAL E6B7 Collab. 
+Ushtda, Mokhtarani+ (FNAL E653 Collab. 
+Ushlda, Mokhtarani+ (FNAL E653 Collab. 
+Ehrlichmann~ Hamacher, Krueger+ (ARGUS Collab. 
+Bebek, Berke~man, Besson+ (CLEO Collab. 
+Appel, Bean, Bediaga+ (FNAL E691 Collab. 
+Freyberger, Rodriguez, Yelton+ (CLEO Collab. 
+Becker, Bozek, Boehrlnger+ (ACCMOR 

Badag, Becker, Boehringer, Bosman+ (ACCMOR 
+Ford, Johnson, Linsel+ (CLEO 
+Bogart, Ckeun[. Culy+ (FNAL E687 
+Ehrlichmann, Hamacher, Krueller+ (ARGUS 
+Barate, Bloch. Bonamy+ (CERN NA14/2 

ANJOS 918 PR D43 R2063 +Appel, Bean. B~'acker+ 
COFFMAN 91 PL 8263 135 +DeJongh, Dubois, Eigen, Hitlin+ 
ADLER goB PRL 64 169 +Bai, Bla)4ock, Bolton+ 
ALBRECHT goD PL 8245 315 +Ehrlichmann, Glaeser, Harder+ 
ALEXANDER 90B PRL 65 1531 +Artuso, Bebek, Berkdman+ 
ALVAREZ 90 ZPHY C47 539 +Barate, Bloch, Bonamy+ 
ALVAREZ 80C PL B246 261 +Barate, Bloch, Bonamy+ 
ANJOS 908 PRL 64 2885 +Appel, Bean, Bracker+ 
ANJOS 90C PR D41 2705 +Apdel. Bean+ 
BAI 90 PRL 65 686 +Blaylock, 8olton, Brlent+ 
BARLAG 90C ZPHY C46 563 +Seeker, Boehd.ger, Bosman+ 
FRABETTI 90 PL 8251 639 +Boprt, Cheung, Coteus+ 
ADLER 898 PRL 63 1211 +Bai, BeckeT, Blaytock, Bolt(m+ 

Also 890 PRL 63 2858 erratum 
ANJOS 89 PRL 62 125 +Appel, Bean, BrackeT+ 
ANJOS 89E PL 8223 267 +Appel, Bean, Bracket+ 
AVERILL 89 PR 039 123 +BSockus, Brabson+ 
CHEN 89 PL B226 192 +Mcllwfn, Miller. NIl. Shibata+ 
ALBRECHT 88 PL 8207 349 +Binder, Boeckmann+ 
ALBRECHT 881 PL fl210 267 +Boeckmann, Glaeser+ 
ANJOS 88 PRL 60 897 +Appel+ 
RAAB 88 PR D37 2391 +Anjos, Appel, BrackeT+ 
ALBRECHT 87F PL 8179 398 +Binder. Boeckmann, Glleser+ 
ALBRECHT 87G PL B195 102 +Andam, Binder, Boeckmann+ 
ANJOS 87B PRL 58 1818 +Appel, Bracker, Browder+ 
BECKER 87B PL B184 277 +Boehringer, Bosman+ 
BLAYLOCR 87 PRL 58 2171 +Bolton, Brown, Bunne#l+ 
BRAUNSCH... 87 ZPHY C35 317 Braunsckweig, Gerhards+ 
CSORNA 87 PL B191 318 +Mestayer, Panv{al, W<xd+ 
JUNG 86 PRL 56 1775 +Abachi+ 
USHIDA 86 PRL 56 1767 +Kondo, Tasaka, Park+ 
ALBRECHT 85D PL 1538 343 +Drescher, Binder, Drews+ 
DERRICK 858 PRL 54 2 5 6 8  +Fernandez, Fdes, Hyman+ 
AIHARA 840 PRL 53 2 4 6 5  +Alston-Garnjost. Bad~ke. Bakkefl+ 
ALTHOFF 84 PL 1368 130 +Braunschweig, Kirschfink+ 
BAILEY 84 PL 1398 320 +Belau. Bohringer, Bosman+ 
AUBERT 83 NP B213 31 +Bas~mplerre, Becks. Best+ 
CHEN 83C PRL 51 634 +Alam, Giles, Kal[an+ 
USHIDA 83 PRL 51 2362 +Kondo, Fujioka, Fukushima+ 

OTHER RELATED PAPERS - -  

RICHMAN 95 RMP 67 893 +Burchat 

(FNAL E691 
(Mark 81 
(Mark III 
(ARGUS 

(CLEO 
(CERN NA14/2 
(CERN NA14/2 

(FNAL E691 
(FNAL E691 

(Mark lU 
(ACCMOR 

(FNAL E687 
(Mark Ul 

(FNAL E691 
(FNAL E691 

(HRS 
(CLIO 

(ARGUS 
(ARGUS 

FNAL E691 
FNAL E691 

(ARGUS 
(ARGUS 

(FNAL E691 
(NA11 and NA32 

(Mark III 
(TASSO 

(CLEO 
(HRS 

(FNAL E531 
(ARGUS 

(HRS 
(TPC 

(TAS50 
(ACCMOR 

(EMC 
(CLEO 

(FNAL E653 

Collab.) 
Collab. 
COllab, I 
Coltab.) 
ColTab.) 
Collab.) 
C~tab.) 
Collab. 
Collab. I 
Collab.) 
Collab.) 
Collab.) 
Collab. 
Collab, I 
Collab.) 
C.~lab.) 
Collab.) 
Collab.) 
Collab.) 

Collab.) 
Collab.) 
Collab.) 
Co]lab.) 
Collabo) 
Collab.) 
Collab.) 
Collab.) 
Collab.) 
Collab. ! 
Collab. 
Collab. 
Collab.) 
Collab.) 
Collab,) 
Collab. 
Collab, I 
Collab, 
C~lab, I 
Collab.) 
Collab. 
Co]Iab. / 
Collab.) 
Collab.) 
Collab.) 

(UCSB, STAN) 

~ i(JP) = 0(? ?) 

JP is natural, width and decay modes consistent with 1- .  

D ;  "J: MASS 

The f i t  includes D4-, D 0, D ~ ,  D*4-, D *0, and DS-F mass and mass 
difference measurements. 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
2112.4"1"0.7 OUR FIT Error Includes scale factor of 1.1. 

1BLAYLOCK 87 MRS3 e + e - ~  D ~ T X  2106.6+ 2.1~ 2.7 

1Assuming O ~  mass = 1968.7 4- 0.9 MeV. 

=~  - m ~  

The f i t  includes D4-, D 0, D~s, D * •  D *0, and Ds4- mass and mass 
difference measurements. 

VALUE (MeV) EVTS DOCUMENT IO TEEN COMMENT 
143.11 4- 0.4 OUR FIT 
143.9 -I- 0.4 OUR AVERAGE 
143.764- 0.394-0.40 GRONBERG 95 CLE2 �9 §  
144.224- 0.474-0.37 BROWN 94 CLE2 e + e  - 

142.5 4- 0.8 4-1.5 2ALBRECHT 88 ARG e + e  - ~ D ~ X  

139.5 4- 8.3 4-9.7 60 AIHARA 84D TPC e + e  - ~ hadrons 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

143.0 4-18.0 8 ASRATYAN 85 HLBC FNAL 15-fl, v-2H 

110 4-46 BRANDELIK 79 DASP e-l 'e - ~ D ~ - y X  

2 Result includes data of  ALBRECHT E4B. 

Ds ~ :  WIDTH 

VALUE(MeV) CL~_~ DOCUMENT ID TEEN COMMENT 

< 1.9 90 GRONBERG 95 CLE2 e + e  - 

< 4.5 90 ALBRECHT 88 ARG E c ~  = 10.2 GeV 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

< 4.9 90 BROWN 94 CLE2 �9 + e -  

90 BLAYLOCK 87 MRK3 e + e - ~  D-4-TX <22 

D ;  + DECAY MODES 

D s -  modes are charge conjugates of the modes below. 

Mode Fraction (F I /F )  

F 1 D ~ '  7 (94.24-2.5) % 

F2 + o D s 7r (5 .84-2 .5 )  % 

CONSTRAINED FIT INFORMATION 

An overall fit to a branching ratio uses 1 measurements and one 
constraint to determine 2 parameters. The overall fit has a X 2 = 
0.0 for 0 degrees of freedom. 

The following off-diagonal array elements are the correlation coefficients 
(ExiExjl/(Exi.Exj), in percent, from the fit to the branching fractions, x i 
Fi/Ftota I. The fit constrains the x i whose labels appear in this array to sum to 

one. 

x2 I - 100 

xl 

D ;  + BRANCHING RATIOS 

r(D+-t)/r=.i  
VA(.V~ DOCUMENT ID TEEN COMMENT 
0.942=1:0.0~ OUR FIT 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

seen 

seen 

seen 
seen 
seen 

r(o,+,~ 
VALUE 
0.0624"0.(129 OUR FIT 
0.062 +0-020 J. n n~,J 

--0.018 ~ ' ~  

rdr 

ASRATYAN 91 HLBC P# Ne 

ALBRECHT 88 ARG e + e  - ~ D ~ T X  

AIHARA 84D 
ALBRECHT 848 
BRANDELIK 79 

rdr~ 
DOCUMENT,D TEEN COMMENT 

GRONBERG 95 CLE2 e + e  - 

D ~ I  REFERENCES 

GRONBERG 95 RBL 75 3232 +Korte, Kutschke+ (CLEO Collab.) 
BROWN 94 PR DSO 1884 +Fast, Mcllwain, Miao+ (CLEO Collab.) 
ASRATYAN 91 PL B257 52S +Marage+(ITEP, BELG, SACL, SERP, CRAC, BARI, CERN) 
ALBRECHT 88 PL B207 349 +Binder, Boeckmann+ (ARGUS coaab.) 
BLAYLOCK 87 PRL 5S 2171 +~ton, Brown, Bu,n~l+ (Mark III Cc4[ab.) 
ASRATYAN 85 PL 1568 441 +Fedotov, Ammosov, Bu~to.~oy+ (ITEP, SERP) 
AIHARA 84D PRL 53 2 4 6 5  +Alstoe-Gamjost, Badtke, Bakken+ (TPC Collab.) 
ALBRECHT 84B PL 146B 111 +Drescher, Holle~+ (ARGUS Collab.) 
BRANDELIK 79 PL goB 412 +Braunschwetg, Martyn, Sa,der+ (DASP Collab.) 

OTHER RELATED PAPERS 

KAMAL 92 PL B284 421 +Xu (ALBE) 
BRANDELIK 78C PL 76B 361 +Cords+ (DASP CoBab.) 
BRANDELIK 77B PL 708 132 +Braunschwoll[, Martyn, Sander+ (DASP Collab.) 



See key on page 213 

I(J P) = 0(14-) 
J, P need confirmation. 

Seen in D*(2010)+ K ~ Not seen in D+K ~ or D~ +. JP = 1 + 
assignment strongly favored. 

D,~(Z.~)-* MASS 
VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
2M4.~:J: 0.~4:b0J OUR EVALUATION 
I~LSS-i- 0.$4 OUR RVERAGE 

2534.2 4- 1.2 9 ASRATYAN 94 BEBC uN":'-'~KOX, D * O K 4 - X u  

2535 • 0.6 11 75 FRABETTI 94B E687 ")'Be ~ De+KOx ,  
D *0 K + X 

2535.3 :E 0.2 •  134 ALEXANDER 93 CLE2 e+e - ~  D * O K + x  
2534.8 + 0.6 +0,6 44 ALEXANDER 93 CLE2 e + e - ~  D * + K O x  
2535.2 4- 0.5 4-1.5 28 ALBRECHT 92R ARG 10.4 e + e  - 

D�9 K4- X 
2536,6 4- 0,7 +0,4 AVERY 90 CLEO e+e  - ~  D * + K O x  

* ~ D*(2OIO)K O 2535,9 4- 0.6 4-2.0 ALBRECHT 89E ARG Dsl  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2535 4-28 1ASRATYAN 88 HLBC vN ~ Ds'Y3X 

1Not seen In D �9 K. 

m D ~ ( ~  ~ - m~(m.ll  ) 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

4=14J.'2l ASRATYAN 88 HLBC Ds4--f 

Det (2S~) :1: WIDTH 

VALUE (MIV) CLS E V T S  DOCUMENT ID TECN COMMENT 

90 ALEXANDER 93 CLEO e + e - ~  D * O K + x  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<3.2 90 75 FRABETTI 94B E687 ";,Be ~ D * +  KOx, 
D * O K + x  

<3.9 90 ALBRECHT 92R ARG 10.4 �9 + e -  
D * O K + x  

<5.44 90 AVERY 90 CLEO e+e  - ~ D * + K O x  
<4.6 90 ALBRECHT 89E ARG D~I ~ D*(2OIO)K O 

D~(2536) + DECAY MODES 

DS1(2536 ) -  modes are charge conjugates of the modes below. 

Mode Fraction ( r l / r )  

r l  

i- 2 
1-3 
r4 
Fs 

D*(2010) + K 0 seen 
D * ( 2 0 0 7 )  0 K + seen 

D + K ~ not seen 

D O K + not seen 
D s +  "7 possibly seen 

Dn(2S36) + BRANCHING RATIOS 

r(o+ Ko)ir(D*(Zm0)+ Ko) 
VALUE . ~  

<0"#0 90 
<0.43 90 

r ( o~ ) / r~  
YAL V[ 
pomv,~ m= 

r(~K+)/r(~' (~cr0oK +) 
VALUE CLf6 

<0.12 90 

rdr~ 
DOCUMENT ID TECN COMMENT 

ALEXANDER 93 CLEO e + e - - - *  D * + K O x  
* ~ D*(2010)K 0 ALBRECHT 89E ARG D$1 

rslr 
DOCUMENT ID TECN (~QMM~AIT 

ASRATYAN 88 HLBC uN ~ Ds'r'yX 

r4r, 
DOCUMENT ID TECN ~:OMMENT 

ALEXANDER 93 CLEO e + e - ~  D * O K + x  
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D~z(2536) +, Ds j (2573 )  + 

r (D;+, ~)/r (D*(~07)~ K+) rg/r= 
yA~V ~ CL~ DOCUMENT ID TEEN COMMENT 

<0,42 90 ALEXANDER 93 CLEO e + e  - ~ D * O K + x  

r(o-(m0z)o K+)/r(D*(20z0)+ K ~ r=/r~ 
y,~LIJ~ DOCUMENT 10 TECN ~QM~EN T 
1.224-0.23 OUR AVERAGE 

1.1 4-0.3 ALEXANDER 93 CLEO e + e - ~  
D*O K + x , D * +  KOx 

1.4 •  •  2 ALBRECHT 92R ARG 10.4 �9 + e -  
D *0 K + X, D * +  KOx 

2 Evaluated by us from published Inclusive trots-sections. 

Det (2F~6) • REFERENCES 

ASRATYAN ~ ZPHY C 61 563 +Adefhdz+ (BIRM, BELG, CERN, SERP, ITEP, RAL} 
FRABETTI 94B PRL 72 324 +Che~n|, Cumalat+ (FNAL E687 Cogab, ) 
ALEXANDER 93 PL B303 377 +Bebek+ (CLEO Co#lab.) 
ALBRECHT 92R PL B297 425 +Ekdichmann+ (ARGUS Collab,) 
AVERY 90 PR D41 774 TBeB~ (CLEO Collab.) 
ALBRECHT ~ PL B230 162 +Glasef. Harder+ (ARGUS Cogab,) 
ASRATYAN Igl ZPHY C40 4~13 +Fedoto~+ (ITEP, SERP) 

I D8:(2573)+ I I(F) = 0(7;) 
JP  is natural, width and decay modes consistent with 2 + ,  

o.(=sn)* MASS 
VALUE (MeV) E V T $  DOCUMENT ID TECN CHG COMMENT 
~ 4 - 1 . 7  OUR AVERAGE 
2574.5+3.34-1.6 ALBRECHT 96 ARG e + e  - ~ D O K + x  

2573.2+1"7+0.9 217 KUBOTA 94 CLE2 + e + e - ~  10.5 GeV 

D~/(2b'73) + WIDTH 

VALUE ~MeV} EVTS DOCUMENT 10 TECN CHG COMMENT 

15 _+4 S OUR AVERAGE 

10.4+0.34-3.0 ALBRECHT 96 ARG e + e  - ~ D O K + x  

16 +_45 +3  217 KUBOTA 94 CLE2 + e + e - ~  10.5 GeV 

D=/(2573) + DECAY MODES 

Dmj(2573 ) -  modes are charge conjugates of the modes below. 

Mode Fraction ( r l / l ' )  

rz D O K + seen 
F 2 D * ( 2 0 0 7 )  0 K § not seen 

D~r(2b'73) + BRANCHING RATIOS 

r(o ~ K+)Irt== r, lr 
VA(,UE~ [yT~ DOCUMENT IO T[CN CHG COMMENT 

217 KUBOTA 94 CLE2 4- e + e - ~  10.5 GeV 

r(l~(~o7)~ K+)/r(l~lO " ) r=/rl 
VA!~UE CL~ DOCUMENT ID Tg(~N CHG COMMENT 

<0.33 90 KUBOTA 94 CLE2 + e + e - ~  10,5 GeV 

D~(2573) -'E REFERENCES 

ALBRECHT li~ ZPHY C69 405 +Hiimaclm,, Hofmaan+ (ARGUS Collab.) 
KUBOTA ~4 PRL 72 1972 +LaUery, Ndson, Patton+ {CLEO Coaab.) 
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B Meson Production and Decay, b-flavored hadrons 

II BOTTOMMESO,S  : ,, II 
B + = ub, B ~ = db, ~o  = d b ,  B -  = ~b,  similarly for B* 's  

I B-particle organization I 
Many measurements of B decays involve admixtures of B hadrons. 
Previously we arbitrarily included such admixtures in the B-'  section, 
but because of their importance we have created two new sections: 
"B• 0 Admixture" for ?'(45) results and "B• 
Admixture" for results at higher energies. Most inclusive decay 
branching fractions are found in the Admixture sections. B~  0 
mixing data are found in the B 0 section, while Bs0-~s mixing data 
and B-B mixing data for a BO/BO s admixture are found in the B 0 

section. CP-violation data are found in the B 0 section, b-baryons 
are found near the end of the Baryon section. 

The organization of the B sections is now as follows, where bullets 
indicate particle sections and brackets indicate reviews. 

[Production and Decay of b-flavored Hadrons] 

[Semileptonic Decays of B Mesons] 

e B  = 
mass, mean life 
branching fractions 

�9 B 0 

mass, mean life 
branching fractions 
polarization in B 0 decay 
B0-B 0 mixing 

[B0-B 0 Mixing and CP Violation in B Decay] 

CP violation 
�9 B + B 0 Admixture 

branching fractions 
�9 B +/B~176 Admixture 

mean life 
production fractions 
branching fractions 

mass 
�9 e3(sr32) 

mass, width 

mass, mean life 
branching fractions 
polarizaton in Bs 0 decay 

B0-~s mixing 

B-B mixing (admixture of B 0, B 0) 

�9 B; 
mass 

�9 e*a(s850) 
mass, width 

mass, mean life 
branching fractions 

At end of Baryon Listings: 

�9 A b 
mass, mean life 
branching fractions 

mean life 
�9 b-baryon Admixture 

mean life 
branching fractions 

P R O D U C T I O N  A N D  D E C A Y  O F  b - F L A V O R E D  
H A D R O N S  

Written March 1998 by K. Honschcid (Ohio State University, 
Columbus). 

In 1997 we celebrated the 20th anniversary of the discovery 

of the b quark. Wha t  s tar ted out as a bump in the dimuon in- 

variant mass spectrum has turned into the exciting field of heavy 

flavor physics. Weak decays of heavy quarks provide access to 

fundanu~ntal parameters of the Standard Model, in particular 

the weak mixing angles of the Cabibbo-Kobayashi-Maskawa 

matrix. There is great hope tha t  experiments with B mesons 

may lead to the first precise determination of the fourth CKM 

parameter,  the complex phase. While the underlying decay of 

the heavy quark is governed by the weak interaction, it is the 

strong force that  is responsible for the formation of the hadrons 

tha t  are observed by experimenters. Although this complicates 

the extraction of the Standard Model parameters from the ex- 

perimental data  it also means that  decays of B mesons provide 

an important  laboratory to test our understanding of the strong 

interaction. 

New results tha t  were added to this edition fall into two 

categories. Arguably the most exciting development since the 

last. edition of this review is the progress in b-quark decays 

beyond the tree level. Gluonic penguin decays such as B 

K-Tr + have been measured for the first time providing us with 

new opportunities to search for physics beyond the Standard 

Model and/or  to probe the phase structure of the CKM matrix. 

At tree level, i.e. for b ~ e transitions, the CLEO collabo- 

ration used a sample of more than 6 million B decays to update 

branching fractions for many exchtsive hattronic decay chan- 

nels. New results on semileptonie decays have been reported 

by CLEO and the LEP collaborations. Lifetime measurements 

improved steadily and now have reached a precision of a few 

percent. 

Heavy flavor physics is a very dynamic field and in this brief 

review it is impossible to do justice to all recent theoretical and 

experimental developments. I will highlight a few new results 

but  otherwise refer the interested reader to several excellent 

reviews [1-4]. 

Production and spectroscopy: Elementary particles are 

characterized by their masses, lifetimes and internal quantum 

numbers. The bound states with a b quark and a ~ or d anti- 

quark are referred to as the Ba (B ~ and the B,, ( B - )  mesons, 

respectively. The first excitation is called the B* meson. B** is 

the generic name for the four orbitally excited (L = 1) B-meson 

stales tha t  correspond to the P-wave mesons in the charm 

system, D**. Mesons containing an s or a c quark are denoted 

B~ and B~, respectively. 

Experimental studicm of b decay are performed at the T(4S) 

resonance near production threshold as well as at  higher en- 

ergies in proton-antiproton collisions and Z decays. Most new 

results from CLEO are based on a sample of ~ 3.1 x 106 B B  

events. At the Tevatron, CDF and DO have collected 100 
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pb -I  of data. Operating at the Z resonance each of the four 

LEP collaborations recorded slightly under a million bb events 

while the SLD experiment collected about 0.2 million hadronic 

in the nfixing section below. An average of the two estimates of 

fB,, taking the correlated systematic effects into account, yields 

f m  ~ (10.5-~ I:,8-) % and hence the fractious of Tabte 1. 

Z decays. 

For quanti tat ive studies of B decays the initial composi- 

tion of the data  sample must be known. The T(4S) resonance 

decays only to B ~  -~ and B + B  - pairs, while at  high-energy 

eollider experiments heavier states snch as Ba or Bc mesons 

and b-flavored baryons are produced as well. The current, exper- 

imental linfit for n o n - B B  decays of the T(4S) is less than 4% 

at. the 95% confidence level [5]. CLEO has measured the ratio 

of charged to neutral  T(4S) decays using semileptonic B decays 

Tab le  1: Fractions of weakly decaying b-hadron 
species in Z ~ bb decay. 

b hadron Pr~t.ion [%] 

B -  + 1 . 8  39.7_z2 
/~0 �9 +1.8 39.7_2..2 

~,,.o_1. 7 
b baryons 10 1 +3.0 

�9 - 3 . 1  

and found [6] 

f4~ = /3(T(4S) ---, B ~ B - )  _~ 1.13 + 0.14 + 0.13 + 0.06 (1) 
Yo B(T(4S) --* B~ ~ 

where the last error is due to the uncertainties in the ratio of B ~ 

and B + lifetimes. Assunfing isospin sylnmetry an independent 

value can be obtained from B ( B -  ---+ J/r  ) and B(B  ~ 

J/eKe ")~ [7]: 
ft- 
- -  = I . i i  • 0 . 1 7  . ( 2 )  
/0 

This is consistent with equal production of B+B - and B ~  ~ 

pairs and unless explicitly stated otherwise wc will assume 

f+/ fo  = 1. This assumption is further supportcd by the near 

equality of the B + and B ~ masses. 

At high-energy collidcr experiments b quarks hadronize 

as /)o, B - ,  /).0, and B c mesons or aa baryons containing 

b quarks. The b-ha(iron sample composition is not. very precisely 

known although over the last fcw years significant improvements 

have been achicvcd, in particular thanks to B ~ oscillation 

measurements. The fractions fB o, fB+, .fB,, and lab of B ~ B +, 

B ~ and b baryons in an unbiased sample of weakly decaying 

b hadrons produced at the Z resonance are shown in Table 1. 

They have bcen estimated by the LEP B oscillations working 

group [8] using the assumptions ft~o = fB+ and fB o + fB+ + 
lB, + lab = 1 (the B~ fraction is neglected). The procedure is 

summarized below. 

An estimate of fB, is obtained from the measurements 

of the product branching fraction fB, x B(B~ ~ D~g § 
Under the assumption of equal semileptonic partial widths for 

b-flavored hadrons, results from the T(4S) experiments and the 

b-haxlron lifetimes (Table 2) are combiued to obtain an estimate 

for B(B., ~ D.~gveX). Together these are used to extract lB, = 

(12.02~:])%. A similar procedure is followed to obtain L% = 

10 1+3"9~% from measurements of f& x B(Ab A+g-VeX). 
�9 - 3 . 1 ]  

A statistically independent estimate fB, = (10.1r176 is then 

derived from measurements of B ~ oscillations. This is done 

fusing measuremcnts of the mixing parameters Xd = ( I / 2 ) .  

x2/(I  + X2d), in which Xd = Amdrt~o, and ~ = f m  �9 + fB oXd" 
Here f~,  and f~o are the fractions of B 0 and B 0 mesons 

among semileptonic b decays. The dependence on the lifetimes 

is taken into account and X.~ = 1/2 is assumed. This estimation 

is performed simultaneously with the &rod averaging described 

To date, tile existence of four b-flavored mesons ( B - ,  ~ ,  

tt*, B.~) as well as the Ab baryon has been established. Using 

exclusive hadronic decays such ms B. ~ - ,  J / r 1 6 2  and Ab --, J/~L,A 

the masses of these states are now known with a precision of a 

few MeV. The current world averages of the B.~ and the Ab mass 

are 5369.6 + 2.4 MeV/c 2 and 5624 4- 9 MeV/c  2, respectively�9 

The B~ is the last weakly decaying bet.tom meson to be 

observed. Potential models predict its mass in the range 6.2 6.3 

GeV/c  2. At. the 1998 La Thuile conference CDF presented an 

analysis providing (:lear evidence for semileptonic 13,: --~ J/~pgX 
decays with 20 A+6"2 observed events [13]. CDF reconstructs '~-5.5 
a B~ mass of 6.4 :k 0.39-t- 0.13 McV/c 2 and a Be lifetime of 
0 AR+0.18 :~ 0.03 ps, 

"au-0.16 
First. indications of E:b and .=--b production have been pre- 

sented by the LEP collaborations [1,1 I. DELPHI has measured 

the L'~ - L'b hyperfine splitting to 56 + 16 MeV [15!. 

Excited B-mesons states have been observed by CLEO, 

CUSB, and LEP. Evidence for B** production has been pre- 

sented by ALEPIt,  OPAL, and DELPHI [3]. Inclusively recon- 

structing a bottom hadron eamtidate conabined with a charged 

pion from the primary vertex Ihey see the B*" as broad 

resonance in the M(BTr) M(13) mass distribution. The LEP 

experiments have also provided preliminary evidence for excited 

/3.~'* states and DELPHI [161 has reported a possible obser- 

vation of the B', the first radial excitation in the B uleson 

system. 

L i f e t i m e s :  In tile naive spectator model the heavy quark can 

decay only via the external spectator nmchanism and thus the 

lifetimes of all mesons and baryons containing b quarks would 

be equal. Nonspectator etl'ccts such as the interference between 

contributing amplitudes modify this simple picture and give rise 

to a lifetime hierarchy for b-tlavored hadrons similar to the one 

in the charm sector�9 ttowever, since the lifetime differences are 

expected to scale as 1/m~, where mq is the mass of the heavy 

quark, the variation in the b system should be significantly 

smaller, of order 10% or less '17 2. For the b system we expect 

T(B- )  >_ r ( B  -~ ~ r(B.,) > r ( A ~  (a) 

Measurements of lifetimes for the various b-flavored hadrons 

thus provide a means to determine the importance of non- 

spectator mechanisms in the b sector. Precise lifetimes are 
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important for the determination of Vcb. They also enter in B B  

mixing measurements. 

Over the past years the field has matured and advanced 

algorithms based on impact parameter or decay length measure- 

ments exploit the potential of silicon vertex detectors. However, 

in order to reach the precision necessary to test theoretical 

predictions, the results from different experiments need to 

be averaged. This is a challenging task that requires detailed 

knowledge of common systematic uncertainties and correlations 

between the results from different experiments. The average 

lifetimes for b-flavored hadrons given in this edition have been 

determined by the LEP B Lifetimes Working Group [19]. The 

papers used in this calculation are listed in the appropriate 

sections. A detailed description of the procedures and the treat- 

ment of correlated and uncorrelated errors can be found in [20]. 

The new world average b-hadron lifetimes are summarized in Ta- 

ble 2. Lifetime measurements have reached a precision that the 

average b-hadron lifetime result becomes sensitive to the compo- 

sition of the data sample. The result listed in Table 2 takes into 

account correlations between different experiments and analysis 

techniques but does not correct for differences due to different 

admixtures of b-flavored hadrons. In order to estimate the size 

of this effect the available results have been divided into three 

sets. LEP measurements based on the identification of a lepton 

from the b decay yield Tb hadron = 1.537 + 0.020 ps -1 [21-23]. 

The average b-hadron lifetime based on inclusive secondary 

vertex techniques is "rb h a & o n  = 1.576 4- 0.016 ps -1 [24-29]. Fi- 

nally, CDF [30] used r mesons to tag the b vertex resulting in 
Tb hadron = 1.533 -4- 0 01~+0.035 ps-1. 

. . . .  v _ 0 , 0 3 1  

Table  2: Summary of inclusive and exclusive 
b-ha&on lifetime measurement. 

theoretically [31-33]. This apparent breakdown of the heavy- 

quark expansion for inclusive, non-leptonic B decays could be 

caused by violations of local quark-hadron duality. Neubert, 

however, argues that this conclusion is premature because a 

reliable field-theoretical calculation is still lacking. Exploring a 

reasonable parameter space for the unknown hadronic matrix 

elements he demonstrated that within the experimental errors 

theory can accommodate the measured lifetime ratios [1]. 

B B  m i x i n g :  In production processes involving the strong or 

the electromagnetic interaction neutral B and B mesons can 

be produced. These flavor eigenstates are not eigenstates of 

the weak interaction which is responsible for the decay of 

neutral mesons containing b quarks. This feature and the small 

difference between the masses and/or lifetimes of the weak 

interaction eigenstates give rise to the phenomenon of B - B  

mixing. The formalism which describes B-meson mixing closely 

follows that used to describe K ~  -~ mixing, although the time 

scale characteristic of B ~  -~ oscillations is much shorter [34]. 

The ALEPH, DELPHI, L3, OPAL, SLD, and CDF experi- 

ments have performed explicit measurements of Prob(B ~ --* ~-0) 

as a function of proper time to extract the oscillation parameter 

A m d  = XdFd [3]. The flavor of the final state b quark is tagged 

using the charge of a lepton, a fully or partially reconstructed 

charmed meson, or a charged kaon, from b --~ s  b --* c or 

b ~ c --* s decays respectively. For fully inclusive analyses, 

final state tagging techniques include jet charge and charge 

dipole methods. The initial state flavor is either tagged directly 

(same-side tag) or indirectly by tagging the flavor of the other 

b hadron produced in the event (opposite-side tag). Same-side 

tagging can be performed with a charged hadron produced in 

association with the B meson (possibly through a B** state), 

Particle Lifetime [PSI 

B ~ 1.56 • 0.04 
B + 1.65 • 0.04 
B8 1.54 -4- 0.07 
b baryon 1.22 • 0.05 

b hadron 1.564 q- 0.014 

and opposite-side tagging can be performed with a lepton or 

a kaon from the decay of the other b hadron. Jet charge tech- 

niques have also been used on both sides. If the B meson is 

produced with polarized beams, its polar angle with respect to 

the incoming beam axis can also be used to construct an initial 

state tag. 

The LEP B oscillations working group has combined all 

published measurements of A m  d to obtain an average of 

For comparison with theory lifetime ratios are preferred. 

Experimentally we find [19] 

rB._~+ = 1.04+0.04, rB_._.s = 0.99+0.05, rA--k = 0.79-4-0.06 (4) 
rBo rBo rBo 

while theory makes the following predictions [1] 

( /B ~ 2 TB. "lAb 
rB+ ----1+0.05 - - = 1 •  - - = 0 . 9  . 
rBo \200 MeV]  ' rBo ' rBO 

(5) 
In conclusion, the pattern of measured B-mesons lifetimes fol- 

lows the theoretical expectations and non-spectator effects are 

observed to be small. However, the Ab-baryon lifetime is unex- 

pectedly short. As has been noted by several authors, the ob- 

served value of the Ab lifetime is quite difficult to accommodate 

0.470 + 0.019 ps -1 [8]. The averaging procedure takes into 

account all correlated uncertainties as well as the latest knowl- 

edge on the b-hadron production fractions (Table 1), lifetimes 

(Table 2) and time-integrated parameters. Including the data 

from the time-integrated measurements performed by ARGUS 

and CLEO at the T(4S) resonance yields a combined result of 

Ainu = 0.464 + 0.018 ps -1. Averaging time-dependent results 

from LEP and CDF and time-integrated measurements from 

CLEO and ARGUS the time-integrated mixing parameter Xd 

is determined to 0.172 =k 0.010. As stated earlier, Arnd and the 

b-hadron fractions are determined simultaneously, providing a 

self-consistent set of results. 

The measurement of the oscillation parameter Am~ ---- x~F~ 

for the B ~ meson combined with the results from the B ~  ~ 
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oscillations allows the determination of the ratio of the CKM 

matrix elements [Vtdl2/IVt~l 2 with significantly reduced theo- 

retical uncertainties. For large values, as expected for the B ~ 

meson, time-integrated measurements of B ~ mixing become 

insensitive to Am8 and one must make time-dependent mea- 

surements in order to extract this parameter. The observation 

A few new results on exclusive semileptonic B decays have 

been reported. The current world averages are listed in Table 3. 

It is interesting to compare the inclusive semileptonic branching 

fraction to the sum of branching fractions for exclusive modes. 

At the 2-3 a level the exclusive modes saturate the inclusive 

rate leaving little room for extra contributions. 

of the rapid oscillation rate of the Bs ~ meson is an experimental 

challenge that is still to be met. The ALEPH, DELPHI, and 

OPAL experiments have provided lower limits on Arn~ [3]. The 

most sensitive analyses use inclusive leptons or fully recon- 

structed D~- mesons. All published data have been combined 

by the LEP B oscillations working group to yield the limit 

Table  3: Inclusive and exclusive semileptonic branch- 
ing fractions of B mesons. B(B ~ Xut--~e) = 
0.15 4- 0.1% has been included in the sum of the 
exclusive branching fractions. 

Branching 
Mode fraction [%] 

B ---* XI-Ve(T(4S)) 10.18 4- 0.39 
b --* Xs 10.95 4- 0.32 

Am~ > 9.1 ps -1 at 95% C.L. [8]. 

For the Bs meson, the quantity AF may be large enough 

to be observable [18]. Parton model calculations [9] and calcu- 

lations with exclusive final states [10] suggest that the width 

difference may be 10-20%. This lifetime difference could be 

determined experimentally by using decays to final states with 

different CP. For example, a measurement of a difference in 

the lifetimes between ~ --4 J / r  and ~ ~ D~-s would 

yield A F / F  2. It has also been suggested that such measure- 

ments could be used to constrain [Vts/Vtd[ 2 if parton model 

calculations are reliable [11]. 

Semileptonic B decays: Measurements of semileptonic B de- 

cays are important to determine the weak couplings [Vcbl and 

[Vub[. In addition, these decays can be used to probe the dynam- 

ics of heavy quark decay. The leptonic current can be calculated 

exactly while corrections due to the strong interaction are re- 

stricted to the b --~ c and b ~ u vertices, respectively. 

Experimentally, semileptonic decays have the advantage of 

large branching ratios and the characteristic signature of the 

energetic charged lepton. The neutrino, however, escapes un- 

detected so a full reconstruction of the decaying B meson is 

impossible. Various techniques which take advantage of produc- 

tion at threshold or the hermiticity of the detector have been 

developed by the ARGUS, CLEO, and LEP experiments to 

overcome this difficulty. 

Three different approaches have been used to measure the 

inclusive semileptonic rate B --* Xgv~. These are measurements 

of the inclusive single lepton momentum spectrum, measure- 

ments of dilepton events using charge and angular correlations, 

and measurements of the separate B -  and ~0 branching ra- 

tios by using events which contain a lepton and a reconstructed 

B meson. The dilepton method has the least model-dependency 

and the current averages based on this method are listed in 

Table 3 [2]. Differences in Bst measured at the T(4S) and the 

Z are expected due to the different admixture of b-flavored 

hadrons. Given the short Ab lifetime, however, the LEP value 

should be lower than the T(4S) result. While the experimental 

errors are still too large to draw any conclusions a potential 

systematic effect in the LEP results has been pointed out by 

Dunietz [12]. He noted that the LEP analyses have not yet been 

corrected for the recently observed production of D mesons in 

B decay. 

B --* Dg-~ t  1.95 4- 0.27 
B --~ D*~-Pt 5.05 4- 0.25 

--* D(*)r~-Pe 2.3 4- 0.44 
with B ~ D~ 0.65 4- 0.11 

--* D~~ < 0.8 90% CL 

~V'~exclusiv e 9.45 + 0.58 

Dynamics  of  semileptonic B decay: Since leptons are not 

sensitive to the strong interaction, the amplitude for a semilep- 

tonic B decay can be factorized into two parts, a leptonic and a 

hadronic current. The leptonic factor can be calculated exactly 

while the hadronic part is parameterized by form factors. A 

simple example is the transition B --~ Deve. The differential 

decay rate in this case is given by 

dF G~ 2 3 2 2 
~q2 = 2471.3 IVdblPDfr ) (6) 

where q2 is the mass of the virtual W (t~t) and f+(q2) is 

the single vector form factor which gives the probability that 

the final state quarks will form a D meson. Since the leptons 

are very light the corresponding f_(q2) form factor can be 

neglected. For B -~ D * ~ t  decays there are three form factors 

which correspond to the three possible partial waves of the B -~ 

D*W system (here W is the virtual W boson which becomes 

the lepton-antineutrino pair). Currently, form factors cannot be 

predicted by theory and need to be determined experimentally. 

Over the last years, however, it has been appreciated that there 

is a symmetry of QCD that is useful in understanding systems 

containing one heavy quark. This symmetry arises when the 

quark becomes sufficiently heavy to make its mass irrelevant to 

the nonperturbative dynamics of the light quarks. This allows 

the heavy quark degrees of freedom to be treated in isolation 

from the the light quark degrees of freedom. This is analogous 

to the canonical treatment of hydrogenic atoms, in which the 

spin and other properties of the nucleus can be neglected. The 

behavior and electronic structure of the atom are determined 

by the light electronic degrees of freedom. Heavy quark effective 

theory (HQET) was created by Isgur and Wise [35] who define 
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a single universal form factor, r  v'), known as the Isgur- 

Wise function. In this function v and v' are the four velocities 

of the initial and final state heavy mesons. The Isgur-Wise 

function cannot be calculated from first principles but unlike 

the hadronic form factors mentioned above it is universal. In the 

heavy quark limit it is the same for all heavy meson to heavy 

meson transitions and the four form factors parameter• 

B --* D * l v t  and B --* D~vt  decays can be related to this single 

function ~. 

In this framework the differential semileptonic decay rates 
2 as function of w = VB " VD(,) ---- (m2B + roD(, ) -- q2) /2mBmD(, )  

are given by [1] 

d r ( ~ - ,  n*t~t) 2 5 _VFU~r3rl _ r , ) 2 r  _ 1 ( ~  + 1) 2 
d w  - 4 - - - ~ - ~  s *'  

4 ~  1 - 2 ~ r ,  + ~,2] IV~12.r2(~) 
x l + w +  1 ( l _ r , )  2 j 

2 5 dr(~--,  D ~ )  _aFM~3(  1 
d w  - 4---g~3 + r)2Cw 2 - 1)Sl21V.blUG2(w) (7) 

where r(.) = M D ( , ) / M  B and q2 is the invariant momentum 

transfer. For mQ --* cr the two form factors 9r(w) and g(w) 

perfect and the form factor is absolutely normalized, r = 1. 

In principle, all that experimentalists have to do to extract 

a model-independent value for IVcbl is to measure dF(B 

D(*)gut ) /dw for w --* 1. However, in the real world the b and 

c quarks are not infinitely heavy so corrections to the limiting 

case have to be calculated. After much theoretical effort, the 

current results are [1]: 

~-(1) =0.924 -4- 0.027, 

~(1) =1.00 4- 0.07. (8) 

Furthermore, the shape of the form factor has to be parameter- 

ized because at zero recoil the differential decay rate actually 

vanishes. Experimentally, the decay rate is measured as function 

of w and then extrapolated to zero recoil using an expansion of 

form 

~'(w) --- ~'(1) (1 - ~ ( w  - 1)) . (9) 

The slope ~2 of the form factor and IVebl are correlated. 

The current world averages for IVcbl and ~ as extracted from 

exclusive semileptonic B decays have been compiled by Drell [2]. 

This value of [Vcbl is in good agreement with independent 

determinations of IV~bl from inclusive B decays. 
coincide with the Isgur-Wise function r 

Both CLEO [36] and ALEPH [37] have measured the 

differential decay rate distributions and extracted the ratio 

g ( w ) / 2 r ( w )  which is expected to be close to unity. As can be 

seen from the ALEPH result shown in Fig. 1, the data are 

compatible with a universal form factor r 

Table  4: Current world averages. 

Mode IV~bl ~2 

B -~ D*e--~t 0.0387 + 0.0031 0.71 4- 0.11 
B --* D i - ' ~ t  0.0394 + 0.0050 0.66 4- 0.19 

21 I Aleph 
g l.5 

. . . . . . . . . . . . . . .  . . . .  . . . .  , . . .  

~ ii iiiiii/i//ii 
I " 1.1 1.2 1.3 1.4 1.5 

W 

F i g u r e  1: Ratio of the two form factors ~(w) 
and ~'(w) in semileptonic B decay [37]. 

CLEO has also performed a direct measurement of the 

three form factors that are used to parameterize B -* D* tv t  

decays [38]. These are usually expressed in terms of form factor 

ratios R1 and R2 [39]. At zero recoil, i.e. w = 1, CLEO finds 

RI -- 1.24 -4- 0.26.• 0.12 and R2 -- 0.72 • 0.18 -4- 0.07. While the 

errors are still large, this is in good agreement with a theoretical 

prediction of R1 = 1.3 -4- 0.1 and R2 -- 0.8 -4- 0.2 [1]. 

E z t r a c t i o n  o f [ V ~ [ :  The universal form factor ~(w) describes 

the overlap of wavefunctions of the light degrees of freedom 

in the initial and final heavy meson. At zero recoil, i.e. when 

the two mesons move with the same velocity, the overlap is 

H a d r o n i c  B d e c a y s :  In hadronic decays of B mesons the 

underlying weak transition of the b quark is overshadowed by 

strong interaction effects caused by the surrounding cloud of 

light quarks and gluons. While this complicates the extraction 

of CKM matrix elements from experimental results it also turns 

the B meson into an ideal laboratory to study our understanding 

of perturbative and non-perturbative QCD, of hadronization, 

and of Final State Interaction (FSI) effects. 
The precision of the experimental data has steadily im- 

proved over the past years. In 1997 CLEO updated most branch- 

ing fractions for exclusive B --* (nlr)-D(*) and B --* J / r  

transitions. New, tighter limits on color suppressed decays such 

as B -~ D %  ~ have been presented [41] and a new measurement 

of the polarization in B --* J / r  resolved an outstanding 

discrepancy between theory and experiment [40]. Progress has 

been made in experimental techniques. Last summer CLEO pre- 

sented several analyses based on partial reconstruction [48,49]. 

In this method, D* mesons are not fully reconstructed but 

rather tagged by the presence of the characteristic slow pion 

from the D* -~ D %  decay. This results in substantially in- 

creased event yields, e.g., 281 • 56 D**(2420) candidates have 

been reconstructed. The preliminary results are 

B('B ~ ~ D*+~r - )  = (2.81 • 0.11 • 0.21 4- 0.05) x 10 -3 

B(B- --~ D * % - )  = (4.81 • 0.42 • 0.40 • 0.21) x 10 -3 

B(B- - ,  Dl(2420)Tr-) = (1.17 • 0.24 -4- 0.16 4- 0.03) x 10 -3 

B ( B -  ~ D~(2460)~r-) -- (2.1 • 0.8 • 0.3 • 0.05) x 10 -3. (10) 
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The second systematic error reflects the uncertainty in the D* 

branching fractions. 

Gronau and Wyler [50] first suggested that decays of the 

type B ---* D K  can be used to extract the angle 7 of the 

CKM unitarity triangle, 7 ~ arg (Vub). The first example of 

such a Cabibbo suppressed mode has recently been observed by 

CLEO [51]: 

B(B- --+ Dog -) 
13(B- ---~ D~ -) =0.0554-0.0144-0.005. (Ii) 

Measurements of exclusive hadronic B decays have reached 

sufficient precision to challenge our understanding of the dy- 

namics of these decays. It has been suggested that in analogy 

to semileptonic decays, two-body hadronic decays of B mesons 

can be expressed as the product of two independent hadronic 

currents, one describing the formation of a charm meson and the 

other the haclronization of the remaining ~d (or Es) system from 

the virtual W-. Qualitatively, for a B decay with a large energy 

release, the ~d pair, which is produced as a color singlet, travels 

fast enough to leavethe interaction region without influencing 

the second hadron formed from the c quark and the spectator 

antiquark. The assumption that the amplitude can be expressed 

as the product of two hadronic currents is called "factorization" 

in this paper. By comparing exclusive hadronic B decays to the 

corresponding semileptonic modes the factorization hypothesis 

has been experimentally confirmed for decays with large energy 

release [40]. Note that it is possible that factorization will be 

a poorer approximation for decays with smaller energy release 

or larger q2. For internal spectator decays the validity of the 

factorization hypothesis is also questionable and requires ex- 

perimental verification. The naive color transparency argument 

used in the previous sections is not applicable to decays such 

as B --~ J / r  and there is no corresponding semileptonic 

decay to compare to. For internal spectator decays one can 

only compare experimental observables to quantities predicted 

by models based on factorization. Two such quantities are the 

production ratio 

Ts = B(B ---* J / r  (12) 
B(B ---+ J / r  

and the amount of longitudinal polarization FL/F in B 

J / r  decays. Previous experimental results, 7~ = 1.68 4- 0.33 

and FL/F = 0.78 + 0.04, were inconsistent with all model 

predictions. The theory had difficulties in simultaneously ac- 

commodating a large longitudinal polarization and a large 

vector-to-pseudoscalar production ratio. Non-factorizable con- 

tributions that reduce the transverse amplitude were proposed 

to remedy the situation. New experimental results, however, 

make this apparent breakdown of the factorization hypothe- 

sis less likely. The CLEO collaboration published new data on 

B --* charmonium transitions [7]. Their values, 

7Z = 1.45 + 0.20 4- 0.17, FL/F = 0.52 4- 0.07 4- 0.04, (13) 

are now consistent with factorization-based models. 
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In the decays of charm mesons, the effect of color suppres- 

sion is obscured by the effects of FSI or reduced by nonfactoriz- 

able effects. Because of the larger mass of the b quark, a more 

consistent pattern of color-suppression is expected in the B sys- 

tem, and current experimental results seem to support that 

color-suppression is operative in hadronic decays of B mesons. 

Besides B --* charmonium transitions no other color-suppressed 

decay has been observed experimentally [41]. The current upper 

limit on B(B ~ --+ D %  ~ is 0.012% at 90% C.L. 

By comparing hadronic B -  and ~-o decays, the relative con- 

tributions from external and internal spectator decays have been 

disentangled. For all decay modes studied the B -  branching ra- 
_-=o 

tio was found to be larger than the corresponding B branching 

ratio indicating constructive interference between the external 

and internal spectator amplitudes. In the BSW model [42] the 

two amplitudes are proportional to effective coefficients, al and 

a2, respectively. A least squares fit using the latest branching 

ratio measurements and a model by Neubert et al. [43] gives 

a2/al = 0.22 + 0.04 4- 0.06, (14) 

where we have ignored uncertainties in the theoretical pre- 

dictions. The second error is due to the uncertainty in the 

B-meson production fractions (f+, f0) and lifetimes (T+, TO) 

that enter into the determination of al/a2 in the combination 

(f+T+/fOrO). As this ratio increases, the value of a2/al de- 

creases. Varying (f+~'+/foTo) in the allowed experimental range 

(+20%) excludes a negative value of a2/al. Other uncertainties 

in the magnitude of the decay constants fD and fD* as well as 

in the hadronic form factors can change the magnitude of a2/al 

but not its sign. 

The magnitude of a 2 determined from this fit to the ratio 

of B -  and ~-o branching fractions is consistent with the value 

of ]a2] determined from the fit to the B --* J / r  decay modes 

which only via the color suppressed amplitude. The coefficient 

al also shows little or no process dependency. 

The observation that the coefficients al  and a2 have the 

same relative sign in B -  decay came as a surprise, since 

destructive interference was observed in hadronic charm decay. 

The sign of a2 disagrees with the theoretical extrapolation from 

the fit to charm meson decays using the BSW model. It also 

disagrees with the expectation from the 1~No rule [44]. The 

result may be consistent with the expectation of perturbative 

QCD [45]. B. Stech proposed that the observed interference 

pattern in charged B and D decay can be understood in terms 

of the running strong coupling constant as  [46]. A solution 

based on PQCD factorization theorems has been suggested by 

B. Tseng and H.N. Li [47]. 

Although constructive interference has been observed in all 

the B -  modes studied so far, these comprise only a small 

fraction of the total hadronic rate. It is conceivable that higher 

multiplicity B -  decays demonstrate a very different behaviour. 

It is intriguing that lal[ determined from B --* D(*)Tr, D(*)p 

modes agrees well with the value of al extracted from B ---* DDs 

decays. The observation of color-suppressed decays such as 



528 

Meson Particle Listings 
b-flavored hadrons 

~ o  --, D %  0 would give another measure of [a2[ complementary 

to tha t  obtained from B --* charmonium decays. 

In summary, experimental results on exclusive B decay 

match very nicely with theoretical expectations. Unlike charm 

c-~s ---* DDXs .  The two mechanisms can be distinguished by 

the different final states they produce. In the first case the final 

state includes only D mesons whereas in the second case two D 

mesons can be produced, one of which has to be a D. 

the b quark appears to be heavy enough so tha t  corrections 

due to the strong interaction are small. Factorization and color- 

suppression are at  work. An intriguing pat tern  of constructive 

interference in charged B decays has been observed. 

Inc lu s i ve  hadron ic  decays: Over the last years inclusive 

B decays have become an area of intensive studies, experimen- 

tally as well as theoretically. Since the hadronization process 

to specific final state mesons is not involved in inclusive cal- 

culations the theoretical results and predictions are generally 

believed to be more reliable. 

CLEO and the LEP collaborations presented new mea- 

surements of inclusive b --* c transitions tha t  can be used to 

extract  n~, the number of charm quarks produced per b decay. 

Naively we expect nc = 115% with the additional 15% coming 

from the decay of the W boson to ~s. This expectation can be 

T a b l e  6: CLEO results on B --* D D K  decays 
(preliminary). 

Mode Branching fraction [%] 

B(-~ ~ __~ D*+-~~ K - )  

I3(B- ~ D*~176  - )  

B ( ~  ~ ---, D*+-~*~ K - ) 

B( B -  ---* D*~176 K - ) 

0 A~+0.25 4- 0.08% 
. ~ v - 0 . 1 9  

r 'A+0"33 4-  0.12% 
* v ~ - 0 . 2 4  

1 ~0+0.61 4- 0.27% "~v-0.47 
1 A~+0.TS 4- 0.36% 

" ~ v - 0 . 5 8  

Two routes to search for this addition to F(b ~ c~s) 

have been pursued experimentally. In an exclusive search for 

B ---* D D K  decays CLEO required the final s tate  to include a D 

and a D meson. Statistically significant signals are observed for 

several D(*)D(*) combinations. The preliminary CLEO results 

verified experimentally by adding all inclusive b --* c branching 

fractions. Using CLEO and LEP results we can perform the 

calculation shown in Table 5. Modes with 2 charm quarks in 

the final state are counted twice. For the unobserved B --* r/cX 

decay we take the experimental upper limit. Bs mesons and b 

baryons produced at the Z but  not at  the T(4S)  cause the 

increase in D,  and Ac production rates seen by LEP. To first 

order, however, this should not affect the charm yield and it 

should be compensated by reduced branching fractions for D 

mesons. This is not reflected in the current data  but  the errors 

are still large. In addition, there are significant uncertainties in 

the D~ and Ac absolute branching fractions. 

T a b l e  5: Charm yield per B decay. 

Channel Branching fraction [%] 
T(4S) [40] LEP [2] 

B ~ D ~  
+ B ~ D + X  
+ B --~ D + X  
+ B --~ A + X  

+ B ---* ~+ '~  

+ 2• B ~ J/r  
-b 2x B --~ r 
+ 2x B - * X c l X  
+ 2x B-'-~Xc2X 
+ 2x B - - ~ c X  
+ 2x b ~ ( c E ) X  

63.6 5= 3.0 
23.5 5= 2.7 

12.1 4- 1.7 
2.9 4- 2.0 

2.0 4- 1.0 
0.8 5= 0.08 

0.35 4- 0.05 
0.37 4- 0.07 
0.25 4- 0.i 

< 0.9 (90%C.L.) 

57.6 + 2.6 
22.4 -4- 1.9 
19.1 5= 5.0 
11.4 5= 2.0 

6.34-2.1 

3.4 4- 1.2 

nc 110 4" 5 120 4- 7 

Inc lu s i ve  b -.-* c-ds t rans i t ions :  It was previously assumed 

tha t  the conventional b ~ c~d --* D X  and b ---* c~s ~ DDaX 

mechanisms account for all D meson production in B decay. 

Buchalla et al. [57] suggested tha t  a significant fraction of 

D mesons could also arise from b ~ c2s transitions with 

light quark pair production at the upper vertex, i.e. b 

are listed in Table 6 [52]. While the observation of these decays 

proves the existence of D-meson production at the  upper vertex, 

a more inclusive measurement is needed to est imate the overall 

magnitude of this effect. A recent CLEO analysis exploits the 

fact tha t  the flavor of the final state D-meson tags the decay 

mechanism. A high momentum lepton (Pt > 1.4 GeV/c)  from 

the second B meson is used to classify the flavor of the decaying 

B meson, b --* c~d transitions lead to D l  + combinations while 

the observation of Ds identifies the new b ~ c-5s mechanism. 

Angular correlations axe used to remove combinations with bo th  

particles coming from the same B meson. CLEO finds [53] 

F ( B  _ --* D X )  _- 0.100 4- 0.026 4- 0.016, (15) 
r ( s  --, DX) 

which implies 

B ( B  --* D X )  = 0.079 4- 0.022. (16) 

b ---* D-DX decays have also been observed at LEP. ALEPH [54] 

finds 

B(B  ~ D ~ 1 7 6  + D~  n ave+ 0.02 +0.017+0.005 (17) 
= v . v o v  0 . 0 1 8 _ 0 . 0 1 5 _ 0 . 0 0 4  , 

where the last error reflects the uncertainty in D meson branch- 

ing fractions. DELPHI reports the observation of D*+D *- 

production [55] 

fl(-B --* D*+D*-X)  = 0.01 4- 0.002 :E 0.003. (18) 

These results are still preliminary. We can now calculate nee = 

B(b ~ c~s). Using the data  listed in Table 5 and the new result, 

B(B  --* D X )  = 0.079 4- 0.022, we find 

nee = 23.9 • 3 .0%. (19) 

The contribution from B -* ~ ~  was reduced by 1/3 

to take into account the fraction that  is not produced by the 

b -* c~s suhprocess but  by b --* c~d + s~ quark pair production. 
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This result is consistent with theoretical predictions, B(b -~ 

c~s) = 22 4" 6% [31,56]. nee is related to no, the number of 

charm quarks produced per b decay. We expect nc = 1 + ncc - 

nB~nocharm which is consistent with the LEP result reported 

above. If the smaller value of nc observed by CLEO is confirmed 

it could indicate a problem with F(b --* c~d) or a very large 

B(b -~ sg), 
C h a r m  c o u n t i n g  a n d  the  s e m i l e p t o n i c  b r a n c h i n g  f r a c -  

t i o n :  The charm yield per B-meson decay is related to an 

intriguing puzzle in B physics: the experimental value for the 

semileptonic branching ratio of B mesons, B ( B  -* Xgve) = 

10.18 =E 0.39% (T(4S)), is significantly below the theoretical 

lower bound B > 12.5% from QCD calculations within the 

parton model [58]. Since the semileptonic and hadronic widths 

are connected via 

I/T = r = r s e m i l e p t o n i c  q - F h a d r o n i  c ( 2 0 )  

an enhanced hadronic rate is necessary to accommodate the 

low semileptonic braliching fraction. The hadronic width can 

be expressed as 

l'hadronic = F(b --* cZs) + F(b --* c~d) + F(b --* s9 + nocharm).  
(21) 

Several explanations of this nc/Bsl discrepancy have been pro- 

Enhancement of b --~ c~s due to large QCD correc- 

tions or a breakdown of local duality; 
2. Enhancement of b ---, c~d due to non-perturbative 

effects; 
3. Enhancement of b -~ sg and/or b - ,  dg due to new 

physics; 
4. Systematic problem in the experimental results; 

or the problem could be caused by some combination of 

the above. Arguably the most intriguing solution to this puzzle 

would be an enhanced b --* s9 rate but as we will see in the next 

section, new results from CLEO and LEP show no indication 

for new physics and place tight limits on this process. 
B(b --, c~d) has been calculated to next-to-leading order. 

Pagan et al. [59] find: 

B(b --* c~d) 
rud ----- B(b --, c2ur -- 4.0 4" 0.4 --~ B(b ~ ~ d ) t h e o r y  ------ 41 4" 4%. 

(22) 
Experimentally, we can extract this quantity in the way shown 

in Table 7. 

T a b l e  7: Experimental extraction of B(b --* 
~ d ) .  

posed: 

1. 

B(b --* c~d)exp. -- B(B --* (D + D ) X )  87.1 4"4.0% 
+ B ( B  --* D,X)lower vertex 1.8 4" 0.9% 
+ B ( B  --* baryonsX) 4.6 4" 2.1% 
- -  2 X B ( B  - ' ~  " D X ) u p p e r  v e r t ex  2 X (7.9 4" 2.2%) 
- B ( B  --.* D a X )  12.1 4" 1.7% 
- 2.25 x B(b ~ clvt)  22.9 4" 0.9% 

43 :i= 6% 
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Here upper vertex refers to the W decay while lower vertex refers 

to the b -~ c transition. For the total semileptonic branching 

fraction we assumed B(b --* crvr)  = 0.25 • B(b ~ ceve). There 

is good agreement between theory and experiment but the 

errors are still too large to completely rule out an enhanced 

b --~ c~d rate. 

The theoretically preferred solution calls for an enhance- 

ment of the b --, c~s channel [31,59]. Increasing the b --~ c~s 

component, however, would increase the average number of c 

quarks produced per b-quark decay as well as no:, the number 

of b decays with 2 charm quarks in the final state. Figure 2 

taken from Ref. 1 shows the theoretical range together with 

experimental values from LEP and CLEO/ARGUS.  

1.4 

1.3 

1.2 

1.1 

1 
8 

0.25 I't/mb 0.25     I't/mb 
0"25 

m c / m  b 

.33 

LEP 

CLEO/ARGUS 

l l a l l  . . . .  I . . . . . . . .  t . . . .  I . . . .  

9 10 11 12 13 14 

BSL (%)  

F i g u r e  2: Charm yield (no) versus semileptouic 
branching fraction. 

While the experimental value of nec is consistent with this 

scenario, the value of nc measured at the T(4S) appears to 

be too low at the few a-level. Systematic problems with D 

meson branching fractions have been pointed out as a potential 

solution [12] but new results from ALEPH [60] and CLEO [61] 

on B(D ~ --~ K-Tr +) make this less likely. 

After years of experimental and theoretical efforts the miss- 

ing charm/Bst problem has begun to fade away. There is still 

a discrepancy between the charm yield measured by CLEO 

and the theoretical prediction. More data axe needed to either 

resolve this issue or to demonstrate that the problem persists. 

Rare B decays: All B-meson decays that do not occur through 

the usual b --* c transition are known as rare B decays. These 

include semileptonie and hadronic b -* u decays that--al though 

at tree level--are suppressed by the small CKM matrix element 

Vub as well as higher order processes such as electromagnetic 

and gluonic penguin decays. Branching fractions are typically 

around 10 -5 for exclusive channels and sophisticated back- 

ground suppression techniques are essential for these analyses. 
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Arguably the most exciting new experimental results since 

the last edition of this review are in the field of rare B de- 

cays. For many charmless B-decay modes the addition of new 

da ta  and the refinement of analysis techniques allowed CLEO 

to observe signals where previously there have been upper 

limits. For other channels new tighter upper limits have been 

published [62]. 

3 e m i l e p t o n i e  b --* u t r a n s i t i o n s :  The simplest diagram for 

a rare B decay is  obtained by replacing the b -~ c spectator 

diagram a CKM suppressed b --~ u transition. These decays 

probe the small CKM matr ix  element Vub, the magnitude of 

which sets bounds on the combination p2 +r/2 in the Wolfenstein 

parameterization of the CKM matrix. Measurements of the 

magnitude of V~b have been obtained from both  inclusive and 

exclusive semileptonic B decays [63,65]. Inclusive analyses at  

the T(4S)  focus on leptons in the endpoint region of the single 

lepton spectrum which are kinematically incompatible with 

coming from a b ~ c transition. Models are used to extrapolate 

to the full spectrum from which tV~bl = (3.7 • 0.6) x 10 -3 is 

extracted [64]. The error is dominated by uncertainties in the 

models. 

Exclusive semileptonic b -+ u transitions have been observed 

by the CLEO Collaboration [63]. Using their large data  sample 

and employing the excellent hermiticity of the CLEO II detector 

they were able to measure I3(B ~ ~ 7r-~+v~) = (1.85=0.45=0.35= 

0.2) x 10 -4 and B ( B  ~ --+ p-~+ve)  = (2.55=0.4+~ 5 5=0.5) x 1 0  - 4  

which can be used to extract IV, b l = (3.3 4-0.2+~ 5= 0.7) x 10 -3. 

The last error in these results reflects the model-dependence. 

While the consistency of the two methods is encouraging, 

the errors, in particular the theoreticM uncertainties, are still 

large. 

H a d r o n i c  b --+ u t r a n s i t i o n s :  Exclusive hadronic b --+ u 

transitions stiff await experimental discovery. Using 3.3 x 106 

B B  decays CLEO searched for exclusive charmless final states 

such as Ir+vr - and p+vr-. No significant excess has been ob- 

served and some of the new upper limits are listed in Ta- 

ble 8 [66]. The mode B ~ --+ r + r  - is of particular interest 

for CP-violat ion studies in the B-meson system. The branch- 

ing fraction is smaller than  initial expectations and extracting 

sin(2a),  i.e. one of the angles in the unitarity triangle, will be- 

come increasingly more difficult. Assuming factorization we can 

use CLEO's measurement of B ~ -+ 7r-g+ve and the ISGW II 

form factors [67] to predict B ( B  ~ -+ rr+vr - )  = (1.25=0.4) x 10 -5 

and 13(B + --~ 7r+Ir ~ = (0.6 5= 0.2) x 10 -5. 

E l e c t r o m a g n e t i c  p e n g u i n  d e c a y s :  The observation of the 

decay B --~ K*(892)7, reported in 1993 by the CLEO II 

experiment, provided first evidence for the one-loop penguin 

diagram [69]. Using a larger data  sample the analysis was 

re-done in 1996 yielding [69] 

B ( B  ~ K * 7 )  = (4.2  5= 0 .8  + 0 .6)  x 10 - 5  . (23)  

The observed branching fractions were used to constrain a large 

class of Standard Model extensions [72]. However, due to the 

Tab le  8: Summary of new CLEO results on B --* 7rvr, Kvr 
and K K  branching fractions. The branching fractions and the 
90% C.L. upper limits are given in units of 10 -5. Using the 
notat ion of Gronan et al. [68] the last column indicates the 
dominant amplitudes for each decay (T, C, P, E denote tree, 
color suppressed, penguin, and exchange amplitudes and the 
unprimed (primed) amplitudes refer to b -+ ~ u d  (b --+ ~u-g) 
transitions, respectively.) 

Mode Theoretical 
(B ---+) B Amplitude expectation 

rr%r- < 1.5 - (T  + P) 0.8-2.6 
Ir+~r 0 < 2.0 -(T + C ) / V ~  .0.4-2.0 
~%o < 0.93 - ( c  - P ) / x / - ~  0.006-0.1 

K+Tr - 1 ~+0.5 4- 0.1 4- 0.1 _(T I + pi) 0.7-2.4 --v_0. 4 
K+rr ~ < 1.6 - (T '  + C' + P ' ) / V ~  0.3-1.3 
K % -  2.3+~:ao 4- 0.3 4- 0.2 P' 0.8-1.5 
K~ ~ < 4.1 - (C'  - P ' ) / ~ / ~  0.3-0.8 

K + K  - < 0.43 E - -  
K + K  ~ < 2.1 P 0.07-0.13 
K ~  ~ < 1.7 P 0.07-0.12 

1 6 +~ + 0.3 4- 0.2 - -  - -  (g  + or rr+)~r ~ �9 -0.5 

uncertainties in the hadronization, only the inclusive b -+ s7 

rate can be reliably compared with theoretical calculations. 

This rate can be measured from the endpoint  of the inclusive 

photon spectrum in B decay. CLEO [70] found 

13(5 -+ s~) = (2.32 5= 0.57 -4- 0.35) x 10 -4 (CLEO) . (24) 

ALEPH used a lifetime tagged sample of Z --~ bb events to 

search for high-energy photons in the hemisphere opposite to 

the tag. This allows them to measure the photon spectrum from 

B decays which ultimately leads to [71] 

13(b --+ sT) = (3.11 5= 0.80 5= 0.72) x 10 -4 (ALEPH) .  (25) 

Our theoretical understanding of inclusive b -+ s7 transit ions 

has been significantly enhanced by two new calculations tha t  

now include all terms to next-to-leading order [73]. The  ex- 

pected Standard Model rate, while slightly larger now, is still 

consistent with bo th  the CLEO and ALEPH results. The sub- 

stantially reduced uncertainties result in t ighter constraints on 

new physics such as double Higgs models [2]. 

G l u o n i c  p e n g u i n  d e c a y s :  A larger total  rate is expected for 

gluonic penguins, the counterpart  of b --+ s7 with the photon 

replaced by a gluon. 

Experimentally, it is a major challenge to measure the 

inclusive b --+ sg rate. The virtual gluon hadronizes as a q~ 

pair without leaving a characteristic signature in  the detector. 

CLEO extended D -  t correlation measurements described 

in the section on hadronic B decays to obtain the flavor 

specific decay rate F (B  --+ DX)lower v e r t e x / F t o t a l  �9 This quanti ty 

should be 1 minus corrections for charmonium production, 

b --+ u transitions, B --~ baryons, and D~ production at the 

lower vertex. Most importantly, the b --+ sg rate must also be 

subtracted. To remove uncertainties due to B(D ~ -+ K - r  +) 
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CLEO normalizes to F(B -* DXlv~) /F(-B --~ Xl~,t). Their 

preliminary result is 

F(B -* DX)lower vertex/Ftotal 
r ( ~  --, DX~=,t)/r(-~ --* X~=,t) = 0.901 4- 0.034 4- 0.014 (26) 

whereas 0.903 4- 0.018 - B(b ---* sg) was expected. This corre- 

sponds to an upper limit of B(b ~ sg) < 6.8% [53]. DEL- 

PHI [55] studied the the PT spectrum of charged kaons in 

B decays and found a model-dependent limit B(b ---* sg) < 5% 

(95% C.L.). These results agree well with the Standard Model 

prediction of B(B  -* nocharm) = (1.6 4- 0.8)% [74] and there 

is little experimental support for new physics and an enhanced 

b ---* sg rate [75]. However, experimental uncertainties are still 

large and it is too early to draw final conclusions. Last summer, 

the SLD collaboration reported an excess in the kaon spectrum 

at high PT [76]. 
Exclusive decays such as B ~ --, K+~r - axe strongly sup- 

pressed to first order and are expected to proceed via loop 
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F i g u r e  3: Beam-constrained mass for 
(a) B + --* ffh + with h + = K + or 7r + and 
(b) B ~ -* y ' K  ~ A likelihood analysis shows 
that the B + --* ~/'h + channel is dominated by 
y ' K  +. (CLEO) 

processes. CLEO studied these decay modes and last summer 

reported the first observation of B ~ ---* K + r  - and B + ---* K %  + 

decays. The results are listed in Table 8. B(B + --* K %  +) is 

of particular interest since it directly measures the strength 

of the gluonic penguin amplitude (Table 8). The smaller rate 

measured for B ~ --* K+lr  - could indicate that the two ampli- 

tudes contributing to this channel interfere destructively. This 

observation has been extended by Fleischer and Mannel [77] to 

place some constraints on % the phase of Vub. 

CLEO extended their search of charmless B decay to modes 

including light meson resonances such as p, K*, w, T/, and 

~/' [78]. Statistically significant signals have been seen in several 

channels; the results are summarized in Table 9. 

Tab le  9: Summary of new CLEO results on 
rare B decays involving light meson resonances. 

Branching 
Mode fraction ( x 10 -5) 

B ---* w K  + 1 5 +0.7 + 0.3 
B --~ 7/ 'g + 7'1 u 4- 0.9 
B --* y ' K  ~ 5"3 u 4- 1.2 �9 -2.2 
B --* ~/'Xs 62 4- 16 + 13 

(2.0 < p~, < 2.7 GeV/c) 

A surprisingly large signal has been observed for B -* f f K  

(see Fig. 3) while no evidence for ~?K or ~7'K* final states has 

been found [79]. 

The interpretation of these results is subject of an ongoing 

discussion. It has been suggested that interference between dif- 

ferent penguin amplitudes causes B(B --* ~/'K) to be larger than 

B(B -* ~/K) [80,81]. Other proposals try to explain the large 

f fK  rate by the anomalous coupling of the ~?' to glue [82,83], 

a cZ component in the ~?t [84] or by an enhanced b ---* sg rate 

due to some new physics [85]. Additional experimental input to 

this puzzle comes from a CLEO measurement of inclusive y' 

production. At high momenta the 7/' spectrum is dominated by 

B --* ~/'X8 decays and a study of the system recoiling against 

the ~7' shows that large masses m(Xa)  are preferred [86]. 

In summary, gluonic penguin decays have been established. 

Many decay modes have been observed for the first time and 

the emerging pattern is full of surprises. The observed penguin 

effects are large and while old favorites such as B ~ --* 7r+~r - 

might be less useful for CP-violation studies there is hope that 

new opportunities will open up. 

Out look:  With the next Fermilab collider run still years away 

and LEP running at higher energies it is not likely that the 

B-meson lifetimes presented in this edition will change substan- 

tially over the next two years. Nor should we expect many new 

results on b-hadron spectroscopy. In the short term, CLEO is 

still taking data and so is SLD. The SLD collaboration expects 

to collect half a million hadronic Z events. Combining this with 

the excellent resolution of the SLD vertex detector could push 

the sensitivity on Bs mixing up to Am8 -- 15 ps -1. We have 

just began to observe rare B decays and already now we see 

many intriguing patterns: Why is B --* f f K  so large? Where 

are the B ~ --* lr+~r - events? The size of the CLEO data sample 

will soon reach the 10 fb -1 mark and many results, answers 

and new questions should be expected. 

In the long term, which is actually only a year away, the 

next generation of B experiments will come on hne: BaBac, 

BELLE, CLEO III, as well as HERA-B. So there is hope that  in 

two years when the next edition of this Review will be written 

we have reached another milestone in our understanding of 

B mesons and b baryons. 
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r ~  i(J P) = �89 
Quantum numbers not measured�9 Values shown are quark-model 
predictions. 

See also the B •  0 A D M I X T U R E  and B• AD-  
M IXTURE sections. 

B • MASS 

The fit uses roB+, (mBo - mB+ ), m BsO, and (mBo - (roB+ § mBo)/2 ) 
to determine roB+, mBo, mBo s, and the mass differences. 

VALUE (MeV) EVT$ DOCUMENT ID TECN COMMENT 
5278.9-1-1.8 OUR FIT 
B27m.$=l:1.B OUR AVERAGE 
5279.1• •  147 1ABE 96B CDF 
5278.8•177 362 2 ALAM 94 CLE2 
5278.3• •  2 BORTOLETTO92 CLEO 
5280.5• •  2,3ALBRECHT 90J ARG 
5278.6• •  2 BEBEK 87 CLEO 
�9 �9 �9 We do not use the following data for averages, fits, limits, 

5275.8• •  32 ALBRECHT 87c ARG 
5278.2• •  12 4 ALBRECHT 87D ARG 

1Excluded from fit because it is not independent of ABE 96B 
difference. 

2These experiments all report a common systematic error 2.0 MeV. We have artificially 
increased the systematic error to allow the experiments to be treated as Independent 
measurements in our average. See "Treatment of Errors" section of the Introductory 
Text. These experiments actually measure the difference between half of Ecm and the 
B mass. 

3ALBRECHT 90J assumes 10580 for T(4S) mass. Supersedes ALBRECHT 87c and 
ALBRECHT 87D. 

4 Found using fully reconstructed decays with J/r ALBRECHT 87D assume m T(4S) 
= 10577 MeV. 

p~ at 1.8 TeV 
e + e -  ~ T (45)  
e -i- e -  ~ T(4S) 

e + e -  ~ T (45)  
�9 + e -  ~ T(4S) 
etc. �9 �9 �9 

e + e  - ~ T (45)  
e + e  - ~ T(45)  

B 0 mass and BO-B mass 

5 Measured mean life using fully reconstructed decays. 
6 Data analyzed using charge of secondary vertex. 
7Data analyzed using D / D * t X  event vertices. 
8ABREU 95Q assumes B(B 0 ~ D * * - t + u t )  = 3.2 • 1.7%. 
9 Data analyzed using vertex-charge technique to tag B charge. 

10 Combined result of D/D* tX analysis and fully reconstructed B analysis. 
11Combined ABREU 95Q and ADAM 95 result. 

B • MEAN LIFE 

See Bi/BO/BO/b-baryon ADMIXTURE section for data on B-hadron 
mean life averaged over species of bottom particles. 

"OUR EVALUATION" Is an average of the data listed below performed by the LEP 
B Lifetimes Working Group as described in our review "Production and Decay of b- 
flavored Hadrons" In the B • Section of the Listings. The averaging procedure takes 
into account correlations between the measurements and asymmetric lifetime errors. 

VALUE (1O -12 s) EVTS DOCUMENT ID TECN COMMENT 
1.Ud:0.04 OUR EVALUATION 
1.68•177 5 ABE 98B CDF pp at 1.8 TeV 
1.66•177 6ABE 97J SLD e + e  - ~ Z 
1.56•177 7 ABE 96r CDF p~ at 1.8 TeV 
1.58•177 7 BUSKULIC 96J ALEP e + e  - ~ Z 

88+0,21+0.04 5 �9 --0.18--0.03 94 BUSKULIC 96J ALEP e + e  - --~ Z 

1.61•177 7,8ABREU 95Q DLPH e-be - ~ Z 
1.72•177 9 A D A M  95 DLPH e + e  - ~ Z 
1.52•163 7AKERS 95T OPAL e §  - ~ Z 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.58•177 10 BUSKULIC 96J ALEP e + e  - ~ Z 
1.70• 11ADAM 95 DLPH e + e  - ~ Z 
1.61•177 148 5 ABE 94D CDF Repl. by ABE 98B 

1 30 +0"33~^  "" �9 _0.29~v.~o 92 7 ABREU 93D DLPH Sup. by ABREU 95Q 

1.56•177 134 9 ABREU 93G DLPH Sup. by ADAM 95 

1 51 §247  89 7 ACTON 93C OPAL Sup. by AKERS 98T �9 --0.28 --0.14 

47§247 77 7 BUSKULIC 93D ALEP Sup. by BUSKULIC 96J �9 " - 0 . 1 9 - 0 . 1 4  
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B + DECAY MODES 

B -  modes are charge conjugates of the modes below. Modes which do not 
Identify the charge state of the B are listed in the B•  0 ADMIXTURE 
section. 

The branching fractions listed below assume 50% B0B 0 and 50% B + B-  
production at the T(45). We have attempted to bring older measurements 
up to date by rescaling their assumed T(45) production ratio to 50:50 
and their assumed D, D s, D*, and ~ branching ratios to current values 
whenever this would affect our averages and best limits significantly. 

Indentation is used to Indicate a subchannel of a previous reaction, All 
resonant subchannels have been corrected for resonance branching frac- 
tions to the final state so the sum of the subchannel branching fractions 
can exceed that of the final state. 

Mode Fraction ( r l / r )  

5emileptonlc and leptonic modes 
r l  t+z / tany th ing  [4 (10.3 • )% 
r 2 D~ t [a] ( 1.86• 
r 3 5 " ( 2 o o 7 ) ~ 1 6 3  [a] ( 5.3 • )% 
r4 ~r~ e+ ~e < 2.2 X 10 - 3  
r5 ~#+/J t  [a] < 2.1 x 10 - 4  

r6 w # + ~ #  
r7 p o t + ~  [a] < 2,1 x 1o - 4  
r8 e+Ve < 1.5 X 10 - 5  
r9 # + u #  < 2.1 x 10 - 5  

r10 r+~ < 5.7 x 10 - 4  
r n e+~e' )  �9 < 2.0 x lO - 4  
1-12 # + ~ p 7  < 5.2 x lO - 5  

D,  D* ,  or D ,  modes 

r13 O~ 
1-14 ~Op+ 
r15 D~ ~+ ~r- 
F16 5 ~  ~r+ ~r+ 7r- nonresonant 
1-17 5 0  ~+  p0 

rlB D ~  a1(1260) + 
1-19 D*(2010)  -~T+~r+ 

r20 D -  ~r + =+  
r21 5" (2007)~  + 
1-22 D*(2010) +~r~ 
1-23 D* (2007)0p  + 
1-24 D*(2007)  0~r+ 7r+ 7r- 
r25 9 * ( 2 0 0 7 )  0 a1(1260) + 
r26 D * ( 2 0 1 0 ) -  7r+~r+ 7r 0 
r27 D * ( 2 0 1 0 ) -  ~r+ 7r+ ~r+ ~r - 
1-28 D~ (2420) ~ 

1-29 5~ (2420)~  + 

r30 5~ (2460)~  7r + 

1-31 5~ (2460 )~  + 

r32 D 0 O +  

1-33 50 D*s + 
r34 D* (2007)~  D + 

1-35 D* (2007)~  D ;  + 
+ o ['36 D s 7r 

1-37 Ds+ ~o 

1-38 D +  ~/ 

1-39 D ; + ~ /  
+ o r4o D s P 

r41 O;+~ ~ 
F42 D + w  

['43 D*s + ~ 
1-44 D +  a1(1260) 0 

F45 Ds+ a 1(1260) 0 

r4~ o+~ 
1-47 D~++?o 
r48 D s K 

r49 D~+K ~ 
r5o D+K'*(892) 0 
r51 D ; + K * ( 8 9 2 )  0 

5.3 •  ) x 10 - 3  

1.34• % 
1.1 •  ) % 
5 •  ) x 10 - 3  
4.2 • ) x 10 - 3  
5 •  ) x 10 - 3  
2.1 • ) • 10 - 3  

< 1.4 x 10 - 3  
( 4.6 •  ) x  10 - 3  

< 1.7 x lO - 4  

(1 .55•  % 
( 9.4 •  ) •  10 - 3  

(1 .9  •  
( 1.5 • )% 

< 1 % 
( 1.5 •  ) • 10 -3 

< 1.4 x 10 - 3  

< 1.3 x 10 - 3  

< 4.7 x 10 - 3  

( 1.3 •  ) %  
( 9 •  ) x 10 - 3  

( 1.2 • )% 

( 2.7 • )% 

< 2.0 x lO - 4  

< 3.3 x lO - 4  

< 5 x 10 - 4  

< 8 x 10 - 4  

< 4 x 10 - 4  

< 5 x 10 - 4  

< 5 x 10 - 4  

< 7 x 10 - 4  

< 2.2 x 10 - 3  

< 1.6 x 10 - 3  

< 3.2 • 10 - 4  

< 4 x 10 - 4  

< 1.1 x 10 - 3  

< 1.1 x 10 - 3  

< 5 x 10 - 4  

< 4 x 10 - 4  

Scale factor/ 
Confidence level 

CL=90% 
CL=90% 

CL=90% 
CL=90% 
CL-90% 

CL=90% 
CL=90% 
CL=90% 

CL=90% 

CL=90% 

CL=90% 
S=1.3 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL:90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

1-52 

1-53 

1-54 
1-55 

D s lr + K + < 8 x 10 - 4  

D ; -  7r + K + < 1.2 x 10 - 3  

D s T r + K * ( 8 9 2 ) +  < 6 x10  - 3  

D ; - T r + K * ( 8 9 2 )  + < 8 x10  - 3  

Charmofi lum mode= 
r56 J/~(15)K + ( 9.9 •  ) X  10 - 4  
r57 J /~ (1S )K+~+Tr  - ( 1.4 • ) x  10 - 3  
r55 J/~,(1S) K*(892) + (1.47• x 10 - 3  
r59 J/~b(1S)~r + ( 5.0 • ) x  lO - 5  
1-60 J/t~(1S)p + < 7.7 x lO - 4  
1-61 J/~(15)a1(1260) + < 1.2 x 10 - 3  
['62 ~ (25 )  K +  ( 6.9 • ) x l o  - 4  
1-63 ~ (25 )  K*(892)  + < 3.0 x 10 - 3  
re4 ~ ( 2 5 ) K + ~ + ~  - ( 1.9 • ) x l o  - 3  
1-65 XcI(1P) K+  ( 1.0 • ) x l 0  - 3  
1-66 Xc1(1P)K*(892) + < 2.1 x 10 - 3  

K or K *  m o d u  
1-67 K ~  ( 2.3 • ) x l 0  - 5  
1-68 K +  ~T0 < 1.6 x 10 - 5  
["69 ~7 ' K +  ( 6.5 •  ) x 10 - 5  
r70 T /K* (892)  + < 1.3 x 10 - 4  
1-71 r /K + < 1.4 x 10 - 5  
1-72 r /K* (892)  + . < 3.0 x 10 - 5  
1-73 K* (892)~  + < 4.1 x 10 - 5  
F74 K* (892 )+~  "0 < 9.9 x 10 - 5  
1-75 K + ~r- 7r + nonresonant < 2.8 x 10 - 5  
1-76 K - ~ r  +~r +nonresonant  < 5.0 x 10 - 5  
1-77 K1(1400)~ + < 2.6 x 10 - 3  
r75 K~(1430)~ + < 6.8 x 10 - 4  

1-79 K + P  ~ < 1.9 x 10 - 5  
1-80 KOp + < 4.8 x 10 - 5  
1-81 K* (892)  +Tr+~r-  < 1.1 x ]O - 3  
1-52 K*(892)+P 0 < 9.0 x 10 - 4  
1-53 K1(1400)+p 0 < 7.8 x 10 - 4  
1-84 K~(1430)+P 0 < 13 x 10 - 3  

1-85 K + K ~  < 2.1 x 10 - 5  
1-86 K + K-Tr  +nonresonant < 7.5 x 10 - 5  
1-87 K + K -  K + < 2.0 • 10 - 4  
1-88 K + ~  < 1.2 ,x 10 - 5  
1-09 K + K -  K + nonresonant < 3.8 x 10 - 5  
1-9o K*(892) + K + K -  < 1.6 x 10 - 3  
1-91 K* (892)  +q~ < 7.0 x 10 - 5  
1-92 K1(1400)+~  < 1.1 x 10 - 3  
1-93 K~ (1430 )+~  < 3.4 x 10 - 3  

1-94 K + f0(980) < 8 x 10 - 5  
1-95 K*(892)+"/  ( 5.7 • ) x  10 - 5  
1-96 K1(1270)+~ < 7.3 x 10 - 3  
1-97 K1(1400)+~ < 2.2 x 10 - 3  
1"90 K~(1430)+'~ < 1.4 x 10 - 3  

1-99 K * ( 1 6 8 0 ) + 7  < 1.9 x 10 - 3  
1-100 K~(1780)+'~ < 5.5 x l0 - 3  

r i o  I K,~(2045)+"/ < 9.9 x Z0 - 3  

Light unflavored meson modes 
['102 /r+TT0 < 2.0 • 10 - 5  
r i o  3 ~r+~r+~r - < 1.3 x 10 - 4  
r i o  4 p~ < 4.3 x 10 - 5  
1-105 ~r + f0(980) < 1.4 x 10 -4 
1-106 7r + f2(1270) < 2.4 x 10 - 4  
1-107 ~T + ~r- 7r + nonresonant < 4.1 x 10 - 5  
r i o  8 7 r+~~  0 < 8.9 x 10 - 4  
1-109 p+Tr 0 < 7.7 x 10 - 5  
r l l  0 ~+~-Tr+Ir 0 < 4.0 x 10 -3 
r111 p+pO < 1.0 x 10 -3 
Fn2 a1(1260) +;'r0 < 1.7 x i0 -3 
Fl13 a1(1260) ~ < 9.0 x 10 -4 
F l l  4 ~J~r + < 4.0 x lO -4 
1-115 //';'It+ < 1.5 x 10 - 5  
1-116 T//~'+ < 3.1 x 10 -5 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 
CL=90% 

S=1,3 
CL=90% 

CL=90% 

CL=90% 

CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 

CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 

CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 

CL=90% 

CL=90% 
CL=90% 
CL=90% 

CL:90~ 
CL-90% 

CL=90% 

CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 



See key on page 213 

r l l  7 "rl~p + < 4.7 x 10 - 5  CL=90% 

r l l  8 71p+ < 3.2 x 10 - 5  CL=90% 

r l l  9 ~ + ~ r + ~ r + ~ r - ~ r  - < 8.6 x 10 - 4  CL=90% 

r12 o p ~  < 6.2 x lO - 4  CL=SO% 

r121 p~ < 7.2 x 10 - 4  CL:90% 
r122 ~r+~r+~T+~r -~r -~r  0 < 6.3 x 10 - 3  EL=90% 

['123 a l  ( 1 2 6 0 ) +  a1(1260)  0 < 1.3 % CL=9O% 

Baryon modes 
r124 p'ptT + < 1.6 x 10 - 4  CL=90% 

r125 p'p~+nonresonant < 5.3 x 10 - 5  CL=90% 

['126 PP ~ T + w + ~ -  < 5.2 x l0 - 4  CL=90% 
['127 p_pK +nonresonan t  < 8.9 x lO - 5  CL=90% 

r128 pA < 6 x lO - 5  CL=90% 

r129 pA.l.( + ~T- < 2.0 x 10 ~4 CL=90% 

[-130 ~ 0 p  < 3.8 x 10 - 4  CL=90% 

r131 A + + ~  < 1.5 x l0 - 4  CL=90% 

[-132 AcP~r+  ( 6.2 •  ) x l O  - 4  

[-133 A c P~r+~r~ < 3.12 x 10 - 3  CL=90% 

[-134 A ; P  ~r+~r+~r- < 1.46 x 10 - 3  CL=90% 

[-135 AcP~r+~r+~r -~ r~  < 1.34 % CL=90% 
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Assuming a value of Vcb, they measure V, A 1, and A 2, the three form factors for the 
D* t~, I decay, where results are slightly dependent on model assumptions. 

18Assumes equal production of BOB 0 and B + B -  at the T(45) .  Uncorrected for D and 
D* branching ratio assumptions. 

19 ANTREASYAN 90B is average over B and D*  (2010) charge states. 

r(~~ r41r 
VALUE CL% DOCUMENT ID TECN COMMENT 

<O.0(~E2 90 ANTREASYAN 'OB CBAL e + e -  ~ T(45)  

r (~.'+.~)Irt== rdr  
= �9 or/~, not sum over �9 and # modes. 

VALUE . CL~ DOCUMENT ID TECN COMMENT 
<:2.1X 10 - 4  90 20 BEAN 93B CLE2 e + e -  ~ T(45)  

20 BEAN 93B limit set using ISGW Model. Using isospln and the quark model to combine 
r (pOt+u t )  and r ( p - t + ~ )  with this result, they obtain a limit <(1.6-2.7) x 10 - 4  at 

90% CL for B + ~ ~ +  u t .  The range corresponds to the ISGW, WSB, and KS models. 
An upper limit on I Vub/Vcbl < 0 e-o ~3 at 90% CL Is derived as well. 

r(=,,+ =,,)Irw,,~ rdr 
VALU~ DOCUMENT ID TECN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

21 ALBRECHT 91c ARG 

Lepton Family number (LF) or Lepton number (L) violating modes, or 
A B =  1 weak neutral current (BI) modes 

F136 ~r + e + e -  B1 < 3.9 x 10 - 3  

rz37 ~ + # + # -  B1 < 9.1 x l0  - 3  

r138 K + e + e -  B1 < 6 x 10 - 5  

1"139 K + I~ + t~- B1 < 1.0 x 10 - 5  

r14o K * ( 8 9 2 ) + e + e  - B1 < 6.9 x lO - 4  

['141 K * ( 8 9 2 ) + # + #  - B1 < 1.2 x lO - 3  

['142 ~T+e+/-~- LF < 6.4 x l O  - 3  

r143 R + e - #  + LF < 6.4 x 10 - 3  

r144 K + e + #  - LF < 6.4 x l O  - 3  

r145 K + e -  # +  LF < 6.4 x 10 - 3  

r146 ~r e + e + L < 3.9 x 10 - 3  

F147 9 r - M + #  + L < 9.1 x 10 - 3  

r148 / r -  e + / ~ +  LF < 6.4 x 10 - 3  

[149 K -  e + e + L < 3.9 x 10 - 3  

F150 K - F + #  + L < 9.1 x 10 - 3  

[-151 K-e+# + LF < 6.4 x l 0  - 3  

CL:90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL:90% 

CL=90% 

CL=90% 

CL:90% 

CL=90% 

CL:90% 

CL:90% 

CL=90% 

[a] An  t indicates an e or a # mode,  not  a sum over  these modes. 

B + BRANCHING RATIOS 

r (t +=,tanythlng)/rtot=, r l / r  
VALU~ DOCUMENT ID TECN COMMENT 
0.10254"0.0057:E0.0065 12ARTUSO 97 CLE2 e + e - ~  T(45)  I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.101 • • ATHANAS 94 CLE2 Sup. by ARTUSO 97 

12ARTUSO 97 uses partial reconstruction of B ~ D ' t o t  and inclusive semileptonic I 
branching ratio from BARISH 96B (0.1049 ~ 0.0017 �9 0.0043). I 

r (-D~ ~)Irtot= r=Ir  
t ~ e or #, not sum over e and # modes. 

VALUE DOCUMENT/D TECN COMMENT 
0.0186-1-0.0033 OUR AVERAGE 
0.0194•177 13ATHANAS 97 CLE2 e+e-~ T(4S) | 
0.016 • • 14 FULTON 91 CLEO e + e -  ~ T(45)  

13ATHANAS 97 uses missing energy and missing momentum to reconstruct neutrino. 
14 FULTON 91 assuh~es equal production of BOB 0 and B + B -  at the T(4$).  

r(-~(2oo7) 0L ~'ut) /r==, r31r 
t = �9 or #, not sum over e and # modes. 

VALUE EVT5 DOCUMENT ID TECN COMMENT 
0.0~i3 :l:o.o0g OUR AVERAGE 
0.0513•177 302 15 BARISH 95 CLE2 e+e  - ~ T(45)  
0.066 +0.016 • 16ALBRECHT 92C ARG e+e  - ~ T(45)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

seen 398 17SANGHERA 93 CLE2 e + e - - ~  T(4$)  

0.041 J;0.O08 +0.008 18FULTON 91 CLEO e+e  - -~ T(4$)  
-0 .009 

19 0.070 :I:0.018 • ANTREASYAN 90B CBAL e+e  - - *  T(4S) 

15BARISH 95 use B(D 0 ~ K - x  + )  = (3.91 :l: 0.08 • 0.17)% and B(D *0 ~ DO~r 0) 
= (63.6 • 2.3 • 3.3)%. 

16ALBRECHT 92C reports 0.058 • • We rescale using the method described in 
STONE 94 but with the updated PDG 94 B(D 0 ~ K -~ r+ ) .  Assumes equal production 
of B 0 B  0 and B + B -  at the T(45).  

17Combining D * 0 t + ~  t and -D* -~ •  t SANGHERA 93 test V - A  structure and fit the 

decay angular distributions to obtain AFB = 3 / 4 , ( r -  - r + ) / r  = 0.14 • 0.06 4- 0.03. 

seen 

21in ALBRECHT 91C, one event Is fully reconstructed providing evidence for the b ~ u 
transition. 

r(p~ rT/r 
t = e or #, not sum over e and hr modes. 

VALU E CL~ DOCUMENT I D TECN COMMENT 
<2,1 X 10 .-4 90 22 BEAN 93s CLE2 �9 + e -  ~ T(45) 

22 BEAN 93B limit set using ISGW Model. Using Isospln and the quark model to combine 
r (~0s and r ( p - t + v t )  with this result, they obtain a limit <(1.6-2.7) x 10 - 4  

at 90% CL for B + ~ pOt+v t ,  The range corresponds to the ISGW, WSB, and KS 
models. An upper limit on I Vub/Vcbl < 0.8-O.13 at 90% CL Is derived as well. 

r(e+vo)ir~= rdr 
VALUE CL~ DOCUMENT IO TECN COMMENT 

<1.5 x 10 - 5  90 ARTUSO 95 CLE2 e + e -  ~ T(45)  

r(,+v,)Irt=,i rdr 
VALUE ~ DOCUM~ENT ID TECN COMMENT 

<2.1 X 10 - 5  90 ARTUSO 95 CLE2 e + e -  ~ T(45)  

r(.+~.)ir~,, rzo/r 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<!i.7 X 10 - 4  90 23 ACCIARRI 97F L3 �9 + e -  ~ Z I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.04 x 10 - 2  90 24 ALBRECHT 95D ARG e + e -  ~ T(45)  
<2.2 x 10 - 3  90 ARTUSO - 95 CLE2 e + e  - ~ T(4S) 
<1.8 x 10 - 3  90 25 BUSKULIC 95 ALEP e + e -  ~ Z 

23ACCIARRI 97F uses missing-energy technique and f (b  ~ B - )  = (38.2 • 2.5)%. I 
24ALBRECHT 95D use full reconstruction of one B decay as tag. 
25BUSKULIC 95 uses same missing-energy technique as In b ~ r + v r X ,  but analysis Is 

restricted to endpolnt region of missing-energy distribution. 

r(e+~o~)/r~t= rzl/r 
VALUE CL~ DQCVMENT ID TECN COMMENT 

< 2 . 0 X 1 0  - 4  90 26BROWDER 97 CLE2 e + e - ~  T(4S) I 

26BROWDER 97 uses the hermiUclty of the CLEOII detector to reconstruct the neutrino | 
energy and momentum. 

r@+~,~)Ir~,i r~21r 
VALUE ~ DOCUMENT ID TECN COMMENT 

< t . 2 X 1 0  - w  90 27BROWDER 97 CLE2 e + e - ~  T(4S) I 

27 BROWDER 97 uses the hermitlclty of the CLEO II detector to reconstruct the neutrino I 
energy and momentum. 

r(1~.+)ir~,, r . l r  
VALUE ~FT~ DOCUMENT ID TECN COM.MENT 
O.00H~-O.00~ OUR AVERAGE 
0.0055• 304 28ALAM 94 CLE2 e + e  - ~ T(45)  
0.0050:E0.0007• 54 29 BORTOLETTO92 CLEO e + e -  ~ T(45)  

00054+0'9018+0'0012 14 30BEBEK 87 CLEO e + e - - - *  T(45)  
' -- u.uul~ - u.uw~ 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0020• 12 29ALBRECHT 90J ARG e + e  - ~ T(4S) 
0.0019:b0.0010r 7 31ALBRECHT 88K ARG e + e -  ~ T(45)  

28ALAM 94 assume equal production of B + and B 0 at the T(45)  and use the CLEO II 
absolute B(D 0 ~ K -  ~r + )  and the PDG 1992 B(D 0 ~ K -  ~r + l r0 ) /B(D 0 ~ K -  7r + )  
and B(D 0 ~ K - ~ + T r + T r - ) / B ( D  0 ~ K -~ r+ ) .  

29 Assumes equal production of B + and B 0 at the T(4S) and uses the Mark Ill branching 
fractions for the D. 

30BEBEK 87 value has been updated In BERKELMAN 91 to use same assumptions as 
noted for BORTOLETTO 92. 

31 ALBRECHT 88K assumes BO'BO:B + B -  ratio is 45:55. Superseded by ALBRECHT 90J. 
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r(-~+)/rt~,  r~4/r 
VALUE EVT~ DOCUMENT I~ TECN COMMENT 
0.0134-1-0.0018 OUR AVERAGE 
0.0135•177 212 32ALAM 94 CLE2 e + e - ~  T(4S) 
0.013 -;-0.004 :~0.004 19 33ALBRECHT 90J ARG e+e - --~ T(45) 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

0.021 +0.008 :E0.009 10 34ALBRECHT 88K ARG e+e - ~ T(45) 

32ALAM 94 assume equal production of B + and B 0 at the T(4S) and use the CLEO II 
absolute B(D 0 ~ K -  ~r + )  and the PDG 1992 B(D 0 ~ K -  ~r+ ~r0)/B(D 0 ~ K -  ~r "§ 
and B(D 0 ~ K - ~ r + x + ~ r - ) / B ( D  0 ~ K-~r+) .  

33Assumes equal production of B + and B 0 at the T(45) and uses the Mark III branching 
fractions for the D. 

34ALBRECHT 88K assumes BOBO:B § B -  ratio Is 45:85. 

r('~.+,r+,r-)/r=,, r=/r 
VALUE DOCUMENT ID TECN COMMENT 

0.011E~0.0(]~H-0.~021 35 BORTOLETTO92 CLEO e+e - --~ T(45) 

35 BORTOLETTO 92 assumes equal production of B § and B 0 at the T(45) and uses 
Mark III branching fractions for the D. 

r (P.+,r+. -  nonreso.ant)/rt~al r;~Ir 
VALUE DOCUMENT ID T~CN (;QMMENT 
0.~14.0.0034.1.0.0023 36 BORTOLETTO92 CLEO �9 § e -  --~ T(45) 

36BORTOLETTO 92 assumes equal production of B + and B 0 at the T(4S) and uses 
Mark III branching fractions for the D. 

r(~,~+~O)/rt=,, r~/r 
VALUE DOCUMENT Ip TECN COMMENT 
0.004~4.0.00~14.0._nt~__ 37 BORTOLETTO92 CLEO e§ - ~ T(4S) 

37BORTOLETTO 92 assumes equal production of B + and B 0 at the T(4S) and uses 
Mark III branching fractions for the D. 

r('~l~f,o)+)Ir~t,, r~=/r 
VALUE DOCUMENT IO T~C N COMMENT 
0.00484-0.0019=1:0.0031 38BORTOLETTO92 CLEO e + e - ~  T(45) 

38BORTOLETTO 92 assumes equal production of B § and B 0 at the T(45) and uses 
Marklll branching fractions for the D. 

r(D*(20~0)-.+.+)/r~., 
VAI~I,/~. CL~ EVT$ 

0.0021:t:0.--n~-- OUR ~VERAGE 
0.0019 -t" 0.0007 ~: 0.0003 14 

0.0026 + 0.0014 :E 0.0007 11 

0 0024 +0"0017+0"0010 3 
�9 -- 0.0016 -- 0.0006 

r(D'(x~7)o.+)/r~= 
VALUE ~yT5 
0.0046 :EO.0004 OUR AVERAGE 
0.00434 :E 0.00047 ~: 0.00018 
0.0052 :E0.0007 -I-0.0007 71 

r~/r 
DOCUMENT ID TECN COMMENT 

39ALAM 94' CLE2 e§ - 
T(4S) 

40 ALBRECHT 90J ARG e'i'e - 
T(4S) 

41BEBEK 87 CLEO �9 §  
T(45) 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.004 90 42 BORTOLETTO92 CLEO e §  --* 
T(4S) 

0.005 :E0.002 • 7 43ALBRECHT 87C ARG e§ - 
T(4S) 

39ALAM 94 assume equal production of B § and B 0 at the T(4$) and use the CLEO II 
B(D*(2010) + ~ D0x §  and absolute B(D 0 ~ K - x  + )  and the PDG 1992 B(D 0 --* 
K - x +  ~rO)/B(DO ~ K - x  + )  and B(D 0 --~ K-~r' i" ~r'i" ~r-)/B(DO ~ K-~r+) .  

40Assumes equal production of B + and B 0 at the T(45) and uses the Mark III branching 
fractions for the D. 

41BEBEK 87 value has been updated In BERKELMAN 91 to use same assumptions as 
noted for BORTOLETTO 92. 

42 BORTOLETTO 92 assumes equal production of B + and B 0 at the T(4S) and uses 
Mark III branching fractions for the D and D*(2010). The authors also find the product 

fract,o. ,nto O**,, ~o , lo~ by D'* ~ ~, '(2010). to be 0.0014_+~:~0~0~" • branching 

0.0003 where D** represents all orbltally excited D mesons. 
43ALBRECHT 87c use PDG 86 branching ratios for D and D*(2010) and assume 

B(T(4$)  ~ B + B  - )  = 55% and B(T(4$) ~ B0B 0) = 45%. Superseded by AL- 
BRECHT 90J. 

r(D-,r+,r+)/rt=t,, r=/r 
V A ~  CL~ E V T S  DOCUMENT ID TECN COMMENT 
<0.0014 90 44 ALAM 94 CLE2 �9 § e -  --* 

T(45) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.007 90 45 BORTOLETTO92 CLEO e'i'e - *-~ 
T(45) 

0 ~ § 2 4 7  1 46BEBEK 87 CLEO e+e - 
. . . . .  - 0.0023 - 0.0008 

T(4S) 

44ALAM 94 assume equal production of B + and B 0 at the T(45) and use the Marklll 
B(D + --, K-x-P 'x .§  

45 BORTOLETTO 92 assumes equal production of B + and B 0 at the T(45) and uses 
Mark Ill branching fractions for the D. The product branching fraction into D~(2340)x 

followed by D~(2340) --* D~r Is < 0.005 at SO%CL and Into D~(2460) followed by 

D~(2460) ~ D~r Is < 0,004 at 90%CL. 

46BEBEK 87 assume the T(45) decays 43% to B0B 0. B ( D -  ~ K + x - x  - )  = (9.1 + 
1.3 :i: 0.4)% Is assumed. 

DOCUMENT ID T~: N 

47 BRANDENB... 98 CLE2 
48 ALAM 94 CLE2 
49 BORTOLETTO92 CLEO 
49 ALBRECHT 90J ARG 

r=/r 
COMMENT 

e§  - ~ T(45) 
e § e -  ~ T(45)  
e §  ~ T(45)  
e § e -  ~ T(4S) 

0.0072 :E0.0018 :i:O.g016 
0.0040 J~0.0014 • 9 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0027 :E0.0044 50BEBEK 87 CLEO e+e - ~ T(4S) 

47 BRANDENBURG 98 assume equal production of B + and B 0 at T(4S) and use the D* I 
reconstruction technique. The first error is their experiment's error and the second error I Is the systematic error from the PDG 96 value of B(D* ~ Dx).  

48ALAM 94 assume equal production of B + and B 0 at the T(4S) and use the CLEO II 
B(D*(2007) 0 --~ D07r 0) and absolute B(D 0 ~ K - x  + )  and the PDG 1992 B(D 0 
K-Tr+~rO)/B(DO ~ K - x  + )  and B(D 0 --~ K - l r + ; r + ~ r - ) / B ( D  0 ~ K -~ r+ ) .  

49Assumes equal production of B § and B 0 at the T(45)  and uses Marklll branching 
fractions for the D and D*(2010). 

50This Is a derived branching ratio, using the Inclusive plon spectrum and other two-body 
B decays. BEBEK 87 assume the T(45) decays 43% to B0B 0. 

r(~'(=ol0)+.~ r../r 
VALUE CL~ DOCUMENT ID TECN COMMENT 
<0.00017 90 51 BRANDENB... 98 CLE2 e+e - --* T(4S) i 

51 R r + 0 use | BRANDENBU G 98 assume equal p oductlon of B and B at T(45) and the 
D* partial reconstruction technique. The first error is their experiment's error and the I second error Is the systematic error from the PDG 96 value of B(D* ~ Dx).  

r(U-(20oT)Op+)/rt=., r../r 
VALUE ~VT 5 DOCUMENT ID TECN COMMENT 
O.01U-I-0.(X]31 OUR AVERAGE 
0.0168• 86 52ALAM 94 CLE2 e + e - ~  T(4S) 
0.010 +0.006 :E0.004 7 53ALBRECHT 90J ARG e+e - ~ T(45) 

52ALAM 94 assume equal production of B § and B 0 at the T(45)  and use the CLEOII 
B(D*(2007) 0 --~ D01r 0) and absolute B(D 0 ~ K - x  + )  and the PDG 1992 B(D 0 --~ 
K - ~ ' +  ~rO)/B(D 0 --, K - x  §  and B(D 0 ~ K - ~ r §  Tr§ l r - ) / B ( D  0 .-, K - x + ) .  The 
nonresonant lr + lr 0 contribution under the p§ Is negligible. 

53Assomes equal production of B -F and B 0 at the T(45) and uses Marklll branching 
fractions for the D and D*(2010). 

r(D'(20oT)~ .+ ~+ . - ) / r t~  r=4/r 
VALUE EVT$ DOCUMENT ID T~:N COMMENT 
0.00944"0.0020-1-0.0017 48 54,55ALAM 94 CLE2 e+e - .-~ T(4S) 

54ALAM 94 assume equal production of B + and B 0 at the T(45) and use the CLEOII 
B(D*(2007) 0 --~ D0x O) and absolute B(D 0 --~ K - x  + )  and the PDG 1992 B(D 0 
K-~r+1rO)/B(D 0 - *  K - l r  + )  and B(D 0 -*  K - T r + x + I r - ) / B ( D  0 --~ K - I t §  

55The three plon mass is required to be between 1,0 and 1.6 GeV consistent with an a 1 

meson. (I f  this channel is dominated by al+, the branching ratio for D*0a~  is twice 

that for ~ *0  ~r + x + l r - . )  

r ('O'(=007)o ~(1260)+)/rt=.l r=dr 
V~f~,V~ pQCUMENT IO TECN COMMENT 
0.0MB'I'0.0040-1"0.0034 56,57ALAM 94 CLE2 e + e - ~  T(4S) 

86ALAM 94 value is twice their F(~*(2007)0~§247 value based on their 
observation that the three pious are dominantly in the a1(1260 ) mass range 1.0 to 1.6 
GeV. 

57ALAM 94 assume equal production of B + and B 0 at the T(45) and use the (:'LEO II 
B(D*(2007) 0 --* D01r 0) and absolute B(D 0 ~ K - l r  "§ and the PDG 1992 B(D 0 
K - x ' §  0 ~ K - x  + )  and B(D 0 --~ K - ~ + I r + ~ r - ) / B ( D  0 --~ K -~ r+ ) .  

r (D'(20t0)-.+.+~~ rN/r 
VALUE EVT$ DOCUMENT ID T~:N COMMENT 
0.01504"0.0070=1:0_--r~-- 26 58 ALBRECHT 90J ARG �9 § e -  ~ T(4$) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.043 • :E0.026 24 89ALBRECHT 87(: ARG e+e - ~ T(45) 

58 ALBRECHT 90J reports 0.018 • 0.007 • 0.005 for B(D*(2010) § ~ D O x §  = 0.=;7 + 
0.06. We rescale to our best value B(D*(2010) § --~ D01r + )  = (68.3 • 1.4) x 10 - 2 .  
Our first error Is their experiment's error and our second error Is the systematic error 
from using our best value. Assumes equal productlon of B § and B 0 at the T(45) and 
uses Mark III branching fractions for the D. 

89ALBRECHT 87C use PDG 86 branching ratios for D and D*(2010) and assume 
B(T(4S) ~ B §  - )  = 55% and B(T(4$) ~ B 0 ~  0) = 45%. Superseded by AL- 
BRECHT 90J. 

r(D'(2010)- ~r+,r+,r+.-)/rt== r=~/r 
VALUE CL~ ~)QCUMENT ID TECN COMMENT 

<0.01 90 60ALBRECHT 90J ARG e + e -  --* T(45)  

60Assumes equal production of B § and B 0 at the T(45) and uses Mark Ill branching 
fractions for the D and D*(2010). 



See key on page 213 Meson 

r(Zr~(242o) o,~+)/r=,= r= / r  
.~A~,UE ~ V T 5  DOCUMENT ID TECN COMMENT 
0.O01B-I-0"000~ OUR AVERAGE Error Includes scale factor of 1.3. 
0.0Ol14-0"00054-0.0002 8 61ALAM 94 CLE2 e + e - - ~  T(4S) 
0.00254-0.00074-0.0006 62 ALBRECHT 94D ARG e + e -  ~ T(45) 
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r(IP(~0o~) ~ D+)/rtw= r=dr 
VALUE DOCUMENT ID T~N COMMENT 
0"012-1-0"00~ OUR AVERAGE 
0.014";'0.0054-0.003 74GIBAUT 96 CLE2 e + e - ~  T(4S) 
0.0104-0.0074-0.002 75 ALBRECHT 92G ARC �9 + e -  ~ T(4S) 

61ALAM 94 assume equal production of B + and B 0 at the T(4S) and use the CLEOII 
B(D*(2010) + ~ D0w + )  and absolute B(D 0 ~ K -  ~r+) and the PDG 1992 B(D 0 
K -  w+~r0)/B(D 0 ~ K-~ r  + )  and assuming B(D1(2420)0 ~ D*(2010)+ ~r-) = 67%. 

62ALBRECHT 94D assume equal production of B + and B 0 at the T(45) and use the 
CLEOII B(D*(2010) + --* DOlt + )  assuming B(Dl(2420)0 ~ D*(2010)+~r - )  = 
67%. 

r~(242o) Op+)/rt~,= r~ / r  
V41,q~ CL~ DOCUMENT IO T ~  N COMMENT 

<:0.10014 90 63ALAM 94 CLE2 e + e - ~  T(4S) 

63ALAM 94 assume equal production of B + and B 0 at the T(45) and use the CLEOll 
B(D*(2010) + ~ DO* + )  assuming B(D1(2420)0 ~ D*(2010)+v - )  = 67%. 

r (~= (24~0)~  : + ) / r t = =  r = = / r  
y~LUE CL~ DOCUMENT I~) TE~N COMMENT 

<0.0013 90 64ALAM 94 CLE2 e + e - ~  T(45) 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

<0.0028 90 65ALAM 94 CLE2 e+e - ~ T(45) 
<0.0023 90 66 ALBRECHT 94D ARC e + e -  ~ T(4S) 

64ALAM 94 assume equal production of B + and B 0 at the T(45) and use the Marklll 
B(D + ~ K-~ r+w  + )  and B(D~(2460) 0 ~ D+w - )  = 30%. 

65ALAM 94 assume equal production of B + and B O at the T(45) and use the Mark Ill 
B(D + ~ K - w + ~ r + ) ,  the CLEO U B(D*(2010) + ~ O0r + )  and B(D~(2460) 0 --~ 

D*(2010) + w - )  = 20%. 
66ALBRECHT 94D assume equal production of B + and B O at the T(45)  and use the 

CLEO!I B(D*(2010) + --~ D0w + )  and B(D~(2460) 0 ~ D*(2010)+w - )  = 30%. 

r(~(24~o)~ r= / r  
VALUE ~ ~. QCUMENT D T ~  N COMMENT 

<0.0047 90 67 ALAM 94 CLE2 e + e -  ~ T(4S) 
<0.005 90 68ALAM 94 CLE2 e + e - ~  T(45) 

67ALAM 94 assume equal production of B + and B 0 at the T(4S) and use the Marklll 
B(D -F ~ K - ~ + ~ r  + )  and B(D~(2460) 0 ~ D+~r - )  = 30%. 

68ALAM 94 assume equal production of B + and B 0 at the T(45) and use the Marklll 
B(D + ~ K - w + w + ) ,  the CLEOII B(D*(20)0) + ~ DOx+)  and B(D~(2460) 0 --~ 

D* (2010) + w - )  = 20%. 

r ( l ~ , + ) / r t ~  
VALUE ..~VTS 
0"o, , 0 " ~  ou.,v~.~;~ 
o.o,224-o.oo32_+o:~ 
o.o1~ • ~o.oo4 
o.o16 ~o.oo7 4-0.004 5 

DOCUMENT ID T~CN COMMENT 

69GIBAUT 96 CLE2 e + e - ~  T(4S) 

70 ALBRECHT 92G ARC �9 + e -  --* T(45) 
71BORTOLETTOg0 CLEO e + e - ~  T(4S) 

r,~/r 

f + 69GIBAUT 96 reports 0.0126 4- 0.0022 4- 0.0025 or B(D s ~ r + )  = 0.035. We rescale I 

to our best value B(D~ --+ @~r + )  = (3.6 4- 0.9) x 10 -2 .  Our first error Is their 
experiment's error and our second error Is the systematic error from using our best value. 

70ALBRECHT 92G reports 0.024 4- 0.012 • 0.004 for B(Ds-t" ~ @it+) = 0.027. We 

rescale to our best value B(Ds+ --* @~+) = (3.6 4- 0.9) x 10 -2 .  Our first error Is their 
experiment's error and our second error Is the systematic error from using our best value. 
Assumes PDG 1990 O 0 branching ratios, e.g., B(D 0 ~ K - ~  + )  = 3.71 + 0.25%, 

71 BORTOLETTO 90 reports 0.029 -J- 0.013 for B(D~ ~ ~,~r+) = 0.02. We rescale to our 

best value B(D~ ~ @w + )  = (3.6 4- 0.9) x 10 -2 .  Our first error Is their experiment's 
error and our second error Is the systematic error from using our best value. 

r( i~~ r . / r  
VALUE DO~IM~NT It) T~f~ COMMENT 
0.oog -I-0"004 OUR AVERAGE 

0 0084-I-n 00~ +0"0020 72 GIBAUT 96 CLE2 e + e -  ~ T(4S) I . . . . .  --0.0021 
0.012:1:0.009 4-0.003 73ALBRECHT 92G ARC e + e -  ---~ T(45) 

72 GIBAUT 96 reports 0.0087 4- 0.0027 4- 0.0017 for B(Ds+ --~ @w + ) -- 0.035. We rescale I 

to our best value B(Ds+ ~ @~r + )  = (3.6 4- 0.97 x 10 -2 .  Our first error Is their 
experiment's error and our second error Is the systematic error from using our best value. 

73ALBRECHT 92G reports 0.016 4- 0.012 4- 0.003 for B(Ds+ -*  @w "F) = 0.027. We 

rescale to our best value B(D~ ~ ~w + )  = (3.6 4- 0.9) x 10 -2 .  Our first error Is their 
experiment's error and our second error Is the systematic error from using our best value. 
Assumes PDG 1990 D O branching ratios, e.g., B(D 0 ~ K - w  + )  = 3.71 4- 0.25%. 

74GIBAUT 96 reports 0.0140 :E 0.0043 4- 0.0035 for B(Ds+ ~ @w "]-) = 0.035. We rescale | 

to our best value B(Ds+ ~ @w + )  = (3.6 4- 0.9) x lO - 2 .  Our first error Is their 
experiment's error and our second error Is the systematic error from using our best value. 

75ALBRECHT 92G reports 0.013 4- 0.009 4- 0.002 for B (D~  ~ @~r + )  = 0.027. We 

rescale to our best value B(D + - *  @:r = (3 6 4- 0 9) X 10 - 2  Our first error Is their $ �9 . . 
experiment's error and our second error Is the systematic error from using our best value. 
Assumes PDG 1990 D O and D*(2007) 0 branching ratios, e.g., 8(D 0 ~ K - w  "t-) = 
3.71 4- 0.25% and B(D*(2007) 0 --~ DOw 0) = 55 + 6%. 

r (IP(~oo7) 0 o ; , + ) / r = =  r , / r  

VALUE DOCUMENT I0 TECN COMMENT 
0.0274"0.010 OUR AVERAGE 
0.030+0.0114-0.007 76GIBAUT 96 CLE2 e + e - - - ~  T(4S) | 
0.0234-O.0134-0.006 77ALBRECHT 920 ARC e+e - --~ T(4S) 

76 GIBAUT 96 reports 0.0310 4- 0.0088 4- 0.0065 for B(Ds + ~ @x "t') = 0.035. We rescale I 

to our best value B(Ds+ ~ @w + )  = (3.6 4- 0.9) x 10 - 2 .  Our first error Is their 
experiment's error and our second error Is the systematic error from using our best value. 

77ALBRECHT 92G reports 0.031 4- 0.016 :E 0.005 for B(D~ ~ @w + )  = 0.027. We 

rescale to our best value B(Ds+ ~ @w + ) = (3.6 4- 0.9) x 10 - 2 .  Opr first error Is their 
experiment's error and our second error is the systematic error from using our best value. 
Assumes PDG 1990 O 0 and D*(2007) 0 bcanchlng ratios, e.g., B(D 0 ~ K - w  + )  = 
3.71 4- 0.25% and B(D*(2007) 0 ~ DOx O) = 55 4- 6%. 

r (o+.~ r~ / r  
VACt~ CL~ DOCUMENT ~O TE~ N _ COMMENT 

<0"00020 90 78 ALEXANDER 938 CLE2 �9 + e -  ~ T(4S) 

78ALEXANDER 93B reports < 2.0 x 10 - 4  for B(Ds+ ~ @~r+) = 0.037. We rescale to 

our best value B(D~ ~ @w + )  = 0.036. 

[r (D~. x ~ + r (o; +. ~o)]/r=., (r~+r=d/r 
VALUE. ~ DOCUMENT ID TECN COMMENT 

<0"0ml7 90 79 ALBRECHT 93E ARC �9 + e -  --~ T(4S) 

79ALBRECHT 93E reports < 0.9 x 10 - 3  for B(Ds+ --~ @~r + )  = 0.027. We rescale to our' 

best value B(Ds+ ~ @~r + )  = 0.036. 

r(D;+. -~ r=Hr 
yALU E CL~ DOCUMENT tD T~CN CQMM~NT 

<0":~-;~. 90 80 ALEXANDER 93B CLE2 e + e -  --~ T(45) 

00ALEXANDER 93B reports < 3.2 x 10 - 4  for B(Ds+ ~ @x+) = 0.037. We rescale to 

our best value B(Ds+ ~ @lr + )  = 0.036. 

r(o+n)/r=w r=/r 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0"0O0E 90 81ALEXANDER 938 CLE2 �9 + e -  --~ T(4S) 

81ALEXANDER 93B reports < 4.6 x 10 - 4  for B(Ds+ ~ @lr+) = 0.037. We rescale to 

our best value B(Ds-I" --~ @w + )  = 0.036. 

r(o~+..)/r~., rN/r 
VA~U~ CL~ OOCUMENT ID Tr ~OMMENT 

<0"0W8 90 82ALEXANDER 93B CLE2 e+e - ~ T(4$) 

82ALEXANDER 93B reports < 7.5 X 10 - 4  for B(D~ ~ @x+) = 0.037. We rescale to 

our best value B(D~ ~ @w + )  = 0.036. 

r(o+e~ r4o/r 
VALU E CL~ DOCUMENT ID TECN COMMENT 

<0,0004 90 83ALEXANDER 938 CLE2 e+e - --~ T(45) 

83ALEXANDER 93B reports < 3.7 x 10 - 4  for B(D~ ~ @x + )  = 0.037. We rescale to 

our best value B(D + ~ #w + )  = 0.036. 

[r(D+e o) + r(o+~(m)0)]/r== (r4o+reo)/r 
VALUE CL~ DOCUMENT ID T~CN COMMENT 

<0.(X]25 90 84 ALBRECHT 93E ARG �9 + e -  --~ 7"(48) 

84ALBRECHT 93E reports < 3.4 x 10 - 3  for B(D~ ~ @~r + )  = 0.027. We rescale to our 

best value B(Ds-I" ~ @x+) = 0.036. 

r(D.*+/~)/rtm, r41/r 
VALUE CL~ DOCUMENT ID ~ ~Q~t~MENT 

~ID.(X~E 90 85 ALEXANDER 93S CLE2 e + e -  ~ T(4$)  

85ALEXANDER 938 reports < 4.8 x 10 - 4  for B(Ds+ ~ @~r+) = 0.037. We rescale to 

our best value B(Ds-I" --* @~r + )  = 0.036. 
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[r(o~, ~) + r(D~..(~)o)]/r~.,  (r.t+r,l)/r 
VALUE CL% DOCUMENT ~) TE~C N COMMENT 

<O.O01B 90 86 ALBRECHT 93E ARG e + e-- - *  T (4S)  

86 ALBRECHT 93E reports < 2.0 x 10 - 3  for B(Ds+ ~ r 2 4 7  = 0.027. We rescale to  our 

best value B(Ds§ --* ~b* + )  = 0.036. 

r (o+=) / r~ r=/r 
VALU~ C_.t, JL  DOCUMEN T I~ ~ COMMENT 

<0.0006 90 87 A L E X A N D E R  93B CLE2 e + e  - ~ T (4S)  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.0025 90 88 ALBRECHT 93E ARG �9 + e -  ~ T (4S)  

8 7 A L E X A N D E R  93B reports < 4.8 x 10 - 4  for B(Ds+ ~ ~b~ + )  = 0.037. We rescale to  

our best value B(Ds+ --~ q~, i , )  = 0.036. 

8 g A L B R E C H T  93E reports < 3.4 x 10 - 3  for B ( D ~  ~ ~b~+) = 0.027. We rescale to  our 

best value B(Ds-I" - *  q~r + )  = 0.036. 

r(~+~)/r~., r~/r 
VA~iJE CL~ DOCUMENT ID TECN COMMENT 

<OJD007 90 8 9 A L E X A N D E R  938 CLE2 �9 - F e -  ~ T (4S)  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.0014 90 90 ALBRECHT 93E ARG �9 + e -  ~ T ( 4 5 )  

8 9 A L E X A N D E R  93B reports < 6.8 x 10 - 4  for B(Ds+ --~ ~ . i . )  = 0.037. We rescale to 

our best value B(Ds§ ~ ~ r  + )  = 0.036. 

9OALBRECHT 93E reports < 1.9 x 10 - 3  for B(Ds+ --* (.b~r "§ = 0.027. We rescale to our 

best value B(Os-I" ~ ~ r + !  = 0.036. 

r (o + ~ (1260) ~ Ir~,~ l ' r . l r  
VALU~ ~ DOCUMENT IO TECN (;QMM~CNT 
<OJD0~ 90 9 1 A L B R E C H T  93E ARG e + e  - ~ T (4S)  

9 1 A L B R E C H T  93E reports < 3.0 x 10 - 3  for B ( D ~  --~ ~b~r+) = 0.027. We rescale to  our 

best value B(Os+ ~ 4 , r  "§ = 0.036. 

r(o. "+~O~0)~ r~/r 
VALUE CL% DOCUMENT ID T~CN COMMENT 

<0.001~ 90 92 ALBRECHT 93E ARG �9 §  --* T (4S)  

9 2 A L B R E C H T  93E reports < 2.2 x 10 - 3  for B(Ds§ ~ q~r + )  = 0.027. We rescale to our 

best value B(Os§ ~ ~ r  "§ = 0.036. 

r(o,+§ r~Ir 
VALUe. CL~ DOCUMEN T I D TEC N COMMENT 

<0.___eel'S__ 90 9 3 A L E X A N D E R  938 CLE2 e ' i ' e  - ~ T ( 4 5 )  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.0013 90 94 ALBRECHT 93E ARG e + e -  ~ T ( 4 5 )  

9 3 A L E X A N D E R  93B reports .( 3.1 x 10 - 4  for B(Ds+ ~ ~b~ "i ') = 0.037. We rescale to  

our best value B(Ds+ ~ r + )  = 0.036. 

9 4 A L B R E C H T  93E reports < 1.7 x 10 - 3  for B(Ds+ --* 4)~ + )  = 0.027. We rescale to our 

best value B(Ds§ ~ q~r "§ = 0.036. 

r(o;+§ r4~/r 
VALU E CL~ DOCUMENT ID TgCN ~:QMM~NT 

<0.0004 90 95 A L E X A N D E R  93B CLE2 e § e -  ~ T (4S)  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.0016 90 96 ALBRECHT 93E ARG �9 § e -  ~ T ( 4 5 )  

9SALEXANDER 93B reports < 4.2 x 10 - 4  f ~  B(Ds§ ~ <b~r + )  = 0.037. We rescale to  

our best value B(Ds-I" ~ 4~, "i ') = 0.036. 

9 6 A L B R E C H T  93E reports < 2.1 x 10 - 3  for B(Ds+ ~ q~r -I-) = 0.027. We rescale to  our 

best value B(Ds+ ~ ~ r  "i') = 0.036. 

r(o+R~ r~/r 
VALUE CL% DOCUMENT lp TECN COMMENT 

<0.00111 90 97 A L E X A N D E R  93B CLE2 e § e -  --* T (4S)  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.0019 90 98 ALBRECHT 93E ARG e + e -  ~ T(4S)  

9 7 A L E X A N D E R  93B reports < 10.3 x 10 - 4  for B ( D ~  ~ q~r + )  = 0.037. We rescale to 

our best value B(Ds§ ~ ~ x ' §  = 0.036. 

98 3 for ALBRECHT 93E reports < 2.5 x 10-- B(Ds+ ~ q ~ + )  = 0.027. We rescale to our 

best value B(Ds+ --* 4 )~+)  = 0.036. 

r(D;+. 7P)ir~., 
VALUE 

<0.0011 
CL ~ DOCUMENT ID T~C N 

90 99 ALEXANDER 93B CLE2 

r~/r 
COMMENT 
�9 § e -  ~ T (4S )  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.0023 90 100 ALBRECHT 93E ARG e § e -  ~ T ( 4 5 )  

9 9 A L E X A N D E R  93B reports < 10.9 x 10 - 4  for B(Ds+ ~ ~b*r -F) = 0.037. We rescale to  

our best value B(Ds+ -~ ~ x  + )  = 0.036. 

100ALBRECHT 93E reports < 3.1 x 10 - 3  for B(Ds+ --~ ~ - F )  = 0.027. We rescale to  our 

best value B(Ds+ --, ~b~'§ = 0.036. 

r(o.+~'(~)~ rgo/r 
VALUE CL% DO. .C..UMENT ID TECN CQMMENT 

<0.0006 90 1 0 1 A L E X A N D E R  93B CLE2 e' i -e - ~ T ( 4 5 )  

101ALEXANDER 93B reports < 4.4 x 10 - 4  for B(Ds+ ~ ~b~ + )  = 0.037. We rescale to  

our best value B(Ds+ ~ ~b~ "i ') = 0.036. 

r(D;+~'*(egJ)~ r . / r  
VALUE CL% DOCUMENT ID TECN COMMENT 

<0.0004 90 1 0 2 A L E X A N D E R  93B CLE2 e + e  - - *  T (4S )  

102ALEXANDER 93B reports < 4.3 x 10 - 4  for B(Ds+ - *  4)7r'§ = 0.037. We rescale to  

our best value B(Ds§ --, q~+.i.) = 0.036. 

r(D;  f + K + ) / r ~  r=/r 
VALUE CL% DOCUMENT ID TECN ~:.OMMENT 

<0.0000 90 103 ALBRECHT 93E ARG e + e -  ~ T (4S )  

103ALBRECHT 93E reports < 1.1 x 10 - 3  for B ( D ~  -~ ~ . i . )  = 0.027. We rescale to  our 

best value B(Ds+ ~ 4~w "i') = 0.036. 

r(o;-.+K +)/r~, ,  r=/r 
VALU~ CL~ DOCUMENT ID T~(;N CQMM~NT 
<0,0012 90 104ALBRECHT 93E ARG e + e  - ~ T (4S)  

104ALBRECHT 93E reports < 1.6 x 10 - 3  for B ( D ~  ~ q~*r -I-) = 0.027. We rescale to  our 

best value B(Ds+ ~ ~ + )  = 0.036. 

r ( D; ~+ K'(FJ2)+ ) lrto~ r . / r  
VALUE CL% DOCUMENT ID TECN COMMENT 

<0.006 90 105 ALBRECHT 93E ARG e § e -  -+ T (4S)  

105ALBRECHT 93E reports < 8.6 x 10 - 3  for B(Ds+ ~ q ~ + )  = 0.027. We rescale to  our 

best value B(Ds+ ~ ~ - F )  = 0.036. 

r ( o ; - ,  + K * ( ~ ) + ) / r ~ ,  r , / r  

VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.000 90 106ALBRECHT 93E ARG e + e  - ~ T (4S)  

106ALBRECHT 93E reports < 1.1 x 10 - 2  for B ( D ~  ~ ~ + ' §  = 0.027. We rescale to  our 

best value B(Ds+ ~ r  = 0.036. 

r(J/,I,(ls) K+)/rto~, ru / r  
VALUE (units 10 -4)  E V T S  DOCUMENT ID TECN COMMENT 
9.9 4" 1.0 OUR AVERAGE 

10.2 4" 0.8 4-0.7 107JESSOP 97 CLE2 e + e  - ~ T ( 4 5 )  
9 .164-3 .014-0 .30  108BORTOLETTO92  CLEO e ' i ' e - ~  T (4S )  
8.0 • 3.5 4-0.3 6 109ALBRECHT 90J ARG e-F �9  - --~ T (4S )  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

11.0 4- 1.5 4-0.9 59 110 A L A M  94 CLE2 Repl. by JE$SOP 97 
22 :1:10 4-2 BUSKULIC 92G ALEP e + e  - ~ Z 

7 4- 4 3 111ALBRECHT 87DARG e-Fe - ~ T (4S)  
10 4- 7 4-2 3 112BEBEK 87 CLEO e + e - ~  T ( 4 5 )  

9 4- 5 3 1 1 3 A L A M  86 CLEO e + e - ~  T ( 4 5 )  

107Assumes equal production of  B § and B 0 at the 7"(45). 
108 BORTOLETTO 92 reports 8 4- 2 4- 2 for B ( J / r  ~ e § e - )  = 0.069 4- 0.009. We 

rescale to our best value B(J/V~(1S) ~ e + e  - )  = (6.02 4- 0.19) x 10 - 2 ,  Our f irst 
error is their experiment's error and our second error is the systematic error from using 
our best value. Assumes equal production of B § and B 0 at the T (4S) .  

109ALBRECHT 90J reports 7 4- 3 4- 1 for B ( J / r  ~ e ' i ' e  - )  = 0.069 4- 0.009. We 
rescale to  our best value B(J/V,(1S) ~ e ' i 'e  - )  = (6.02 • 0.19) x 10 - 2 .  Our f irst 
error is their experiment's error and our second error Is the systematic error from using 
our best value. Assumes equal production of  B + and B 0 at the T (45 ) .  

110Assumes equal production of  B + and B 0 at the T (45 ) .  
111 ALBRECHT 87D assume B + B - / B O B  0 ratio is 55/45. Superseded by A L B R E C H T  90J. 
112BEBEK 87 value has been updated In BERKELMAN 91 to use same assumptions as 

noted for B O R T O L E T T O  92. 
1 1 3 A L A M  86 assumes B'~ /B  0 ratio is 60/40. 
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r (alV, Os) K + lr + l r - ) / r~ , l  rfiT/r 
VAI.UC~ CL~ E V T S  DOCUMENT ID TECN COMMENT 

0.0814 ~-0.08~ OUR AVERAGE 
0.001374-0,000814-0.00004 114 BORTOLETTO92 CLEO e § e -  

T(4S) 
0.001374-0.GOO904-0.00004 6 115 ALBRECHT 87D ARG e + e -  

T(4$)  
�9 �9 �9 We do not use the followlng data for averages, fits, limits, etc. �9 �9 �9 

<0.0018 90 116 ALBRECHT 90J ARG e + e -  
T(4S) 

114BORTOLETTO 92 reports 0.0012 4- 0.0006 • 0.0004 for B(J/~(1$)  ~ e + e  - )  = 

0.069 4- 0.009. We rescale to our best value B(J/~,b(1S) ~ e+e  - )  = (6.02 4- 0.19) x 
10 - 2  . Our first error is their experiment's error and our second error is the systematic 
error from using our best value. Assumes equal production of B + and B 0 at the T(45), 

115ALBRECHT 87D reports 0,0012 4- 0.0008 for B(J/ r  ~ e + e - )  = 0.069 4- 0.009, 
We rescale to our best value B(J /~(15)  ~ e + e - )  = (6,02 ~ 0.19) x 10 - 2 .  Our first 
error is their experiment's error and our second error is the systematic error from using 
our best value. They actually report 0.0011 4- 0,0007 assuming B + B - / B O ~  ratio Is 
58/45. We rescale to 80/50, Analysis explicitly removes B + ~ ~ (2S)K +.  

116ALBRECHT 90J reports < 0.0016 for B(J/~,(15) ~ e' i 'e - )  = 0.069. We rescale to 
our best value B(.I /~(1S) ~ e' i 'e - )  = 0.0602, Assumes equal production of B § and 
B 0 at the T(45).  

r ( J/q~(lS) K*le92)+ ) lrt=.~ r=Ir  
For polarization Information see the Listings at the end of the "B 0 Branching Ratios" 
section, 

VALUE EVTS DOCUMENT ID TECN COMMENT 
0.081474.0.000~' OUR AVERAGE 
0.00141:J:0.000234-0.00024 117JESSOP 97 CLE2 e §  - --* T(45)  I 
0.001584-0.00047-~0.00027 118 ABE 96H CDF p~ at 1.8 TeV I 
0.00149:J:0.001074-0.00008 119BORTOLETTO92 CLEO e ' i ' e - - - *  T(4S) 
0.0018 4-0.0013 4-0.0001 2 120ALBRECHT 90J ARG e + e  - ~ T(45)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.001784-0.000514-0.00023 13 121ALAM 94 CLE2 Sup. by JESSOP 97 

117Aseumes equal production of B + and B 0 at the T(45).  
118ABE 96H assumes that B(B + ~ J / r  §  = (1.02 4- 0.14) x 10 -3 ,  I 
119BORTOLETTO 92 reports 0.0013 4- 0.0009 4- 0.0003 for B(J/t//(1S) --* e §  - )  = 

0.069 4- 0.009. We rescale to our best value B(J/~b(15) ~ e + e  - )  = (6.02 4- 0.19) x 
10 - 2  . Our first error is their experiment's error and our second error Is the systematic 
error from using our best value. Assumes equal production of B + and B 0 at the T(45). 

120 ALBRECHT 90J reports 0.0016 4- 0.0011 4- 0.0003 for B(J/V.~(1$) ~ e -t- e - )  = 0.069 4- 
0.009. We rescale to our best value B ( J / 9 ( I $ )  ~ e' i 'e - )  = (6.02 4- 0.19) x 10 - 2 .  
Our first error Is their experiment's error and our second error Is the systematic error 
from using our best value. Assumes equal production of B § and B 0 at the T(45).  

121Assumes equal production of B + and B 0 at the T(45).  

r(J/,/,(zs) K'(892)+)/r(J/#OS) K+) r . / r ~  
VALUE DOCUMENT ID TECN COMMENT 
1,524"0.24 OUR AVERAGE 
1.454-0.204-0.17 122JESSOP 97 CLE2 e+e  - ~ T(45)  I 
1.924-0.604-0.17 ABE 96Q CDF p~ I 
122JESSOP 97 assumes equal production of B + and B 0 at the T(4S). The measurement I 

Is actually measured as an average over kaon charged and neutral states. I 
r ( J / , ~ ( 1 s )  ~r + )  I r  ( J / r  K + ) r 0 8 / r ~  
VA~,~ EVT~  DOCUMENT IO TECN COMMENT 
0.0814-0.014 OUR AVERAGE 

0.05 +0.019 ~ _ n _  0.017 ~ ~.001 ABE 96R CDF p~ 1.8 TeV I 
0.0524-0.024 BISHAI 96 CLE2 e ' §  T(45)  I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

0.0434-0.023, 5 123ALEXANDER 95 CLE2 Sup. by BISHAI 96 
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r(~(2s) K.(892)+)/rtmt r. . /r  
VALUE CL% DOCUMENT ID TECN COMMENT 

<fi.0030 90 126 ALAM 94 CLE2 e + e -  ~ T(45)  
�9 �9 �9 We do not use the follOWing data for averages, fits, Ilmlts, etc. �9 �9 �9 

<0,0035 90 126BORTOLETTO92 CLEO e + e - ~  T(45)  
<0.0049 90 126ALBRECHT 90J ARG e't 'e - ~ T(45)  

126Assumes equal production of B + and B 0 at the T(4S). 

r(~(2S) K+.+. - ) / r==,  r~ / r  
VALUE EVT5 DOCUMENT IO T~CN COMMENT 

0.0019-1-0.00114-fi.0004 3 127ALBRECHT 90J ARG �9 + e -  ~ T(4S) 

127Assumes equal production of B § and B 0 at the T(45). 

r(xct(1P) K+)/r t~,  r08/r 
VAI_UI~ EVTS DOCUMENT ID Tc~CN COMMENT 
0.0810 .4,-0.0004 OUR AVERAGE 
0.000974-0.000404-0.00009 6 128ALAM 94 CLE2 e + e  - ~ T ( 4 S )  
0.0019 4-0.0013 +0.0006 129ALBRECHT 92E ARG e + e  - ~ T (45)  

128Assumes equal production of B + and B 0 at the T(45).  
129ALBRECHT 92E assumes no Xc2(1P ) production and B(T(4S)  ~ B + B  - )  = 50%. 

r(xct(1P) K*(~J2)+)/rtm. r~ / r  
VALUE CL~ DOCUMENT I~O TEC N COMMENT 

<0.0021 90 130ALAM 94 CLE2 e + e -  ~ T(45)  

130Assumes equal production of B + and B 0 at the T(45). 

r(K~ r671r 
VALUE {units 10 -5 ) CLf~ DOCUMENT IO TECN COMMENT 

2.3• GODANG 98"CLE2 e+e  - - -  T(45)  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

< 4,8 90 ASNER 96 CLE2 Repl. by GODANG 98 
<19 90 ALBRECHT 918 ARG e + e  - ~ T(4$)  
<10 90 131 AVERY 89B CLEO e + e -  ~ T(4S) 
<68 90 AVERY 87 CLEO e + e - ~  T(45)  

131AVERY 89B reports < 9 x 10 - 5  assuming the T(4$)  decays 43% to B 0 B  O. We rescale 
to 50%. 

r (K+.~ r08/r 
VALUE ~ DOCUMENT .fD TECN COMMENT 

<1.6 x 10 - g  90 GODANG 98 CLE2 �9 §  ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.4 x 10 - 5  90 ASNER 96 CLE2 RepL by GODANG 98 

[r(K+xO) + r ( .+ .o) ] / r t~  (ru+rl0=)/r 
VA~.(.I~. DOCUMENT ID T~:N ~:QMM~NT 

(1.6_.00:Kg-k0.~lg) X 10--5 GODANG 98 CLE2 e+e- -~ T(4s) I 

r(~'K+)/rtml r08/r 
VALUE DOCUMENT ID TECN COMMENT 

( t . g ~ } ~ ' l ' O . u  - w  BEHRENS 98 CLE2 e + e - ~  T(45)  | 

r(~'K'(S92)+)/rt~l rTo/r 
VAI.U-~ CL~ DOCUMENT ID TEC~I,, COMMENT 

< 1 . 3 X 1 0  - 4  90 BEHRENS 98 CLE2 e + e - - *  T(4S) I 

r(eK+)/r t~ r n / r  
VALUE CL~ DOCUMENT ID T~CN COMMENT 

< 1 . 4 X 1 0  - g  90 BEHRENS 98 CLE2 e + e - ~  T(4S) I 

r(~K'(~J2)+)/rt~l r~z/r 
VA~.U~ CL~ DOCUMENT ID TECN COMMF~NT 

<.~1.0 x 10 - B  90 BEHRENS 98 CLE2 e + e -  ~ T(45)  | 

r(K'(892) 0.+)/r=t', r n / r  
VALU~ CL~ DOCUMENT ID TECN COMMENT 

< 4 . 1 X 1 0  - 6  90 ASNER 96 CLE2 e+e- - - -~  T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

<3.9 x 10 - 4  90 132 ADAM 96D DLPH e + e -  --* Z | 
<4.8 x 10 - 4  90 133 ABREU 95N DLPH Sup. by ADAM 96D 

123Assumesequal production of B + B  - and B 0 B  0 on T(45).  

r(Jlr p+)/r=== r08/r 
VALUE CL% DOCUMENT ID TECN COMMEN T 

<7 .7X  10 - 4  90 BISHAI 96 CLE2 e + e -  ~ T(4S) 

r ( a l ~OS) == O26o)+ ) /r==l r61/r 
VAI~U~ CL~ DOCUMENT ID TECN COMMENT 

<1.2 X 10 - 3  90 BISHAI 96 CLE2 �9 + e -  --* T(4S) 

r (~(2s) K +) I r~, ,  rulr  
VALUE (units 10 -4) CL~ E V T S  DOCUMENT ID TECN COMMENT 

6.9-k 3.1 OUR AVERAGE Error Includes scale factor of 1.3. 
6.14- 2.34-0.9 7 124ALAM 94 CLE2 e + e  - 

T(45)  
18 4- 8 4-4 5 124ALBRECHT 90J ARG e + e  - 

T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 5 90 124 BORTOLETTO92 CLEO e § e -  
T(4S) 

22 §  3 125ALBRECHT 87D ARG e + e  - 
r ( 4 s )  

124Assumes equal production of B + and B 0 at the T(45).  
128ALBRECHT 87D assume B + B- /BO"B "0 ratio is 55/45, Superseded by ALBRECHT 90J. 

<1.7 x 10 - 4  90 ALBRECHT 918 ARG �9 + e -  --* T(4S) 
<1.5 x 10 - 4  90 134 AVERY 898 CLEO e + e  - ~ T(4S) 
<2.6 x 10 - 4  90 AVERY 87 CLEO e + e - ~  T(45)  

132ADAM 96D assumes fBa = fB -  = 0.39 and fB, = 0.12. 

133Assumss a B 0, B -  production fraction of 0.39 and a B s production fraction of 0.12. 
134AVERY 89B reports < 1.3 x 10 - 4  assuming the T(45)  decays 43% to B 0 ~  O. We 

rescale to 50%. 

r(K'(~2)+.~ r741r 
V~L~ CL~ DOCUMENT ID TECN COMMENT 

<9.9 X 10 - 6  90 ASNER 96 CLE2 e + e -  ~ T(4S) 
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r (K+=- =+ nom=.aRt)/r==l r~/r 
V~I~{]I~ CL~ DOCUMENT ID TEEN COMMENT 

<2.0 X 10 - w  90 BERGFELD 968 CLE2 e + e -  ~ T(4S) I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<3,3 x 10 - 4  90 135 ADAM 96D DLPH e + e-- ~ Z I 
<4.0 x 10 - 4  90 136 ABREU 95N DLPH Sup. by ADAM 960 
<3.3 x 10 - 4  90 ALBRECHT 91E ARG e + e -  ~ T(4S) 
<1.9 x 10 - 4  90 137 AVERY 89B CLEO e + e -  ~ T(45) 

135ADAM 96D assumes fBo = f B -  = 0.39 and fBs = 0.12. I 

136Assumes a B 0, B -  production fraction of 0.39 and a B s production fraction of 0.12. 

137AVERY 898 reports < 1.7 x 10 - 4  assuming the T(45)  decays 43% to B0B - 0 .  We 
rescale to 50%. 

F(K-~+~+ nonmo~nt)/r~, r~/r 
~/AI.~I~ CL~ DOCUMENT ID TEEN COMMENT 

<1t.6 X 10 - 5  90 BERGFELD 968 CLE2 e + e -  ~ T(45)  

r (K 1(1400) 0 ~r + ) / r== ,  rn/r 
VA~U ~ CL~ DOCUMENT ID T ~ N  COMMENT 

<2.6 X tO - $  90 ALBRECHT 918 ARG e + e-- - *  T{4S) 

r(~(~430)o=+)/rt=., r~/r 
VAI.UE CL~ DOCUMENT It) T~(;N COMMENT 

<6.1 x 1 0 - 4  90 ALBRECHT 91B ARG e + e -  ~ T(45)  

r(K+p~ r~/r 
VALUE CL~ DOC~IMENT I D TEE N COMMENT 

< l J I x  10 - 5  90 ASNER 96 CLE2 e + e -  ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.2 x 10 - 4  90 138 ADAM 96D DLPH e + e -  ~ Z I 
<1,9 x 10 - 4  90 139 ABREU 95N DLPH Sup. by ADAM 96D 
<1.8 X 10 - 4  90 ALBRECHT 918 ARG e + e -  ~ T(45)  
<8 x 10 - 5  90 140 AVERY 89B CLEO �9 + e -  ~ T(4$)  
<2.6 x 10 - 4  90 AVERY 87 CLEO e + e  - ~ T(45)  

138ADAM 96D assumes fBO = f B -  = 0.39 and fBs = 0.12. I 

139Assumes a B 0' B-- production fraction of 0.39 and a B s production fraction of 0.12, 

140AVERY 898 reports < 7 x 10 - 5  assuming the T(45)  decays 43% to BOB - 0 .  We rescale 
to 50%. 

r(K~ r=/r 
VALUE EL% DOCUMENT IO TECN COMMENT 

< 4 J I x I O  - E  90 ASNER 96 CLE2 e + e  - --* T(45)  

r(K.(Ss2)%r+~-)/r~,, rallr 
VALUE EL% DOCUMENT Ip TEE N COMMENT . 

<1.1 X 10 - 3  90 ALBRECHT 91E ARC e + e -  ~ T(45)  

r(K'(Im)+p~ rm/r 
VALUE CL~ DOCUMENT ID TEE N COMMENT 

<9.0 X 10 - 4  90 ALBRECHT 918 ARG �9 + e -  ~ T(4S) 

r(K~(14o0)+p~ re=/r 
VALUE EL% DOCUMENT ID TEC N CQMMENT 

~7.11X : [0 -4  90 ALBRECHT 918 ARG e + e -  ~ T(4S) 

r(K~(z43o)+p~ rNlr 
VALU E ,, CL~ DOCUMENT ID TEE N ~OMMENT 

< t i c  X 10 - 3  90 ALBRECHT 918 ARG e + e -  ~ T(4$)  

r(K+~~ ru/r 
VP~l.(JC. ~ DOCUMENT ID TEE N COMMENT 

<2.1 X 10 --6 90 GODANG 98 CLE2 �9 + e-- ~ T(4S) 

r(K+ K-  ~+.o..mo.m)/r~,. r . / r  
yAI.UE CL~ DQ~;UMENT ID TEEN COMMENT 

<? . l iX  10 - I  90 BERGFELD 96B CLE2 e + e -  ~ T(4$)  

r(K+ K- K+)ir~,, r~/r 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

< ~ l . 0 x l 0  - 4  90 141ADAM 960 DLPH e + e  - --~ Z 
�9 * * We do not use the following data for averages, fits, limits, e t c . .  s �9 

<3.1 x 10 - 4  90 142 ABREU 9SN DLPH Sup. by ADAM 96D 
<3,5 x 10 - 4  90 ALBRECHT 91E ARC �9 + e -  -~ T(45)  

141ADAM 96D assumes fBo = f B -  = 0,39 and fBs = 0,12. 

142Assumss a B 0, B -  production fraction of 0.39 and a B s production fraction of 0.12, 

r(K+~)/r==, r=/r 
VAI~I.I~. ~ DOCUMENT tO TEEN COMMENT 

< 1 . 2 X 1 0  - 6  90 ASNER 96 CLE2 e + e - ~  T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

<2.8 x 10 - 4  90 143 ADAM 960 DLPH e + e -  ~ Z I 
<4.4 x 10 - 4  90 144 ABREU 95N DLPH Sup. by ADAM 96D 
<1.8 x 10 - 4  90 ALBRECHT 918 ARG �9 + e-- ~ T (45)  
<9 x 10 - 5  90 145 AVERY 898 CLEO e + e -  ~ T(4$)  
<2.1 x 10 - 4  90 AVERY 87 CLEO e + e -  ~ T(45)  

143ADAM 96D a . . . .  eS fBO = f B -  = 0.39 and fBs = 0.12, I 

144Assumes a B 0, B -  production fraction of 0.39 and a B s production fraction of 0.12. 

145 AVERY 898 reports < 8 x 10 - 5  assuming the T(4S) decays 43% to B 0 B  O. We rescale 
to 50%. 

F(K + K-  K + nonrelonant)/From rm/r 
VALUE CL~ DOCUMENT 113 TE~. N COMMENT 

<3.8 X 10 - w  90 BERGFELD 968 CLE2 e + e -  --* T(4S) 

F(K*(892) + K + K-)/rtetal r~o/r 
VALUE C L ~  DOCUMENT ID T{CN COMMENT 

<1.6 X 10 - 3  90 ALBRECHT 91E ARG e + e -  ~ T (45)  

r(K'(m)+§ rgur 
VALUE EL% DOCUMENT ID TEEN COMMENT 

<:7.0 X 10 - 5  90 ASNER 96 CLE2 e + e -  ~ T(4S) 
�9 �9 �9 We do not use the followlng data for averages, fits, limits, etc. i �9 �9 

<1.3 x 10 - 3  90 ALBRECHT 918 ARG e + e -  ~ T (45)  

r(Kl(14o0)+§ rg=/r 
V~I-I.I~ CL~ DOCUMENT ID TE(;N COMMENT 

<1,1 X 10 - $  90 ALBRECHT 918 ARG e + e -  --* T(4S) 

r(~(143o)+~)/rt== ru/r 
V.A~U{ CL~ DOCUMENT It) T{CN COMMENT 

<3.4 X 10 - 3  90 ALBRECHT 91B ARG e + e -  ~ T (45)  

r(K + fo(geo])/r=ul rN/ r  
VALUE ~ DOCUMENT ID TECN COMMENT 

< l l l x l 0  - 5  90 146AVERY 89B CLEO e + e  - - *  T ( 4 5 )  

146AVERY 898 reports < 7 x 10 - 5  assuming the T(4$)  decays 43% to B0B  - 0 .  We rescale 
to 50%. 

r(K'(e92)+~)/rt=.~ ru/r 
~'A(-UE CL~ ~VTS DOC(JM~NT ID T~CN COMMENT 

(!i.7:1:3.1=i:1.1) X10  - g  5 147AMMAR 93 CLE2 e + e  - 
T(4S) 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 8.5 x 10 - 4  90 148 ALBRECHT 89G ARG e + e -  
7"(45) 

< 5.5 x 10 - 4  90 149AVERY 898 CLEO e + e  - 
T(4S) 

< 1.8 x 10 - 3  90 AVERY 87 CLEO e + e -  
T (45)  

147AMMAR 93 observed 4.1 :E 2.3 events above background. 
148Assumes the T(4S) decays 45% to BOB O. 
149Assumes the T(4S) decays 43% to B 0 B  0. 

r(Kl(1270)+~)/r~.l r~/r 
VALUE EL% DOCUMENT ID TEEN COMMENT 

<O.OOT$ 90 150 ALBRECHT 39G ARG e + e -  ~ T (45)  

150ALBRECHT 89G reports < 0.0066 assuming the T(45)  decays 45% to B 0 ~  0. We 
rescale to 50%. 

r(Kl(140o)+7)/r=r r~/r 
VAIt(J ~ CL~ DOCUMENT ID TECN COMMENT 

<0"0OZ! 90 151 ALBRECHT 89G ARG e + e -  --~ T(45)  

151ALBRECHT 89G reports < 0,0020 assuming the T(4S) decays 45% to B0"B "0. We 
rescale to 50%. 

r(R(143o)+1)/r~0 r . / r  
VALUE CL~ DOCUMENT ID TEEN COMMENT 

<0,0014 90 152 ALBRECHT 89G ARG e + e -  --* T (45)  

182ALBRECHT 89G reports < 0,0013 assuming the T(45)  decays 45% to B0"B 0. We 
rescale to S0%. 

r(K.(tea0)+~)/r=r rw/r 
VALUE CLS DOCUMENT ID TEEN COMMENT 

<0.0019 90 153 ALBRECHT 89G ARG e+ e -  --* T ( 4 $ )  

183ALBRECHT 89G reports < 0,0017 assuming the T(4S) decays 45% to B 0 ~  0, We 
rescale to 50%. 
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r ( ~ ( z ~ o ) + ~ ) I r ~  h = I r  
Y~V~ CL~ ~)OCUMENT Ip T ~  N COMMENT 

<0___N~m_ 90 1S4ALBRECHT 89G ARG e+e  - ~ ?'(4S) 

154ALBRECHT 89G reports < 0.005 assuming the ?'(45) decays 45% to BO~ O. We rescale 
to 50%. 

r ( ~ ( 2 o ~ ] + ~ ) / r ~  hod r  
VALUE ~ DOCUMENT IQ ~ COMMENT 

<OJ~O~) 90 155ALBRECHT 89G ARG e+e  - ~ ?'(45) 

155ALBRECHT 89G reports < 0.0090 assuming the ?'(45) decays 45% to B0B  O. We 
rescale to 50%, 

r ( ,+ ,o ) / r~ ,  r~=/r 
yALUE C _ ~  DOCUMENT (~ T~r N COMMENT 

<2.0 x 10 - 5  90 GODANG 98 CLE2 e + e -  ~ ?'(4S) | 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

<1.7 x 10 - 5  90 ASNER 96 CLE2 Repl. by GODANG 98 
<2.4 x 10 - 4  90 156 ALBRECHT 9QB ARC �9 + e -  ~ T(45)  
< 2 . 3 x 1 0  - 3  90 157BEBEK 87 CLEO e + e - ~  T(4S) 

156ALBRECHT 90B limit assumes equal production of BOB 0 and B + B -  at T(4S). 
157BEBEK 07 assume the T(4S) decays 43% to B 0 ~  0. 

r ( ~ + . + . - ) / r ~  r ~ / r  
VALUE Ct~ DOCUMENT I~ TECN COMMC~NT 

<1.3 X 1 0 - 4  90 158 ADAM 96D DLPH e + e -  ~ Z | 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<2.2 x 10 - 4  90 159 ABREU 95N DLPH Sup, by ADAM 96D 
<4,5 x 10 - 4  90 160ALBRECHT 90B ARC e+e  - ~ T(45)  
<1.9 x 10 - 4  90 161BORTOLETTO89 CLEO �9 + e ~  ~ T(45)  

158ADAM ~oa .... . .  'eo = ~- = 0.3, a.d ~, = o.12. I 
159 Assumes a B 0' B -  production fraction of 0.39 and a B s production fraction of 0.12. 

160ALBRECHT 90B limit assumes equal production of B0B 0 and B + B -  at ?'(4S). 
161BORTOLETTO 89 reports < 1.7 x 10 - 4  assuming the ?'(45) decays 43% to B 0 ~  O. 

We rescale to 50%. 

r ( ~ . + ) / r ~  r ~ / r  
VALUE CL~ jEyTS OOCUM~NT 10 TECN COMMENT 

< 4 ` 3 X 1 0  - S  90 ASNER 96 CLE2 e + e - ~  T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

< 1 . 6 x 1 0  - 4  90 162ADAM 96DDLPH e + e - ~  Z | 
<2,6 x 10 - 4  90 163 ABREU 95N DLPH Sup. by ADAM 95D 
<1,5 X 10 - 4  90 164 ALBRECHT 9OB ARC e + e -  ~ ?'(45) 
<1.7 x 10 - 4  90 165 BORTOLETTO89 CLEO e+e  ~ ~ T(4S) 
<2.3 x 10 - 4  9(3 165 BEBEK 87 CLEO e + e -  ~ ?'(45) 
<6 x 10 - 4  90 0 GILES 84 CLEO Repl. by BEBIEK 87 

162ADAM ,~D . . . . . .  ~Bo : ~B- = 0.3~ and ~B, = o.12. I 
163Assumes a B 0" B -  production fraction of 0.39 and a B s production fraction of 0.12. 

164ALBRECHT ~OB limit assumes equal production of B0~  0 and B + B -  at ?'(45). 
165 Papers assume the ?'(4S) decays 43% to BOB O. We rescale to 50%. 

[r(K'(S~2)%+) + r(~,,+)] ir~=.~ (r~s+r~)Ir 
VA(.UE ~)OCUMENT I(3 TECN COMMENT 

(17 ~ J"2) x l O  - 5  166ADAM 96DDLPH e+e--- z I 

166ADAM 96D . . . . .  fBO = r B _  = 0 . 3 '  and rB, = 0.12. I 

r(.+ ~o(~o))/r~= r ~ / r  
VA~,U~ c ~ QOCUMENT IQ TECN COMMENT 

< 1 . 4 X 1 0  "-4 90 167BORTOLETTO89 CLEO e + e - ~  ?'(45) 

167BORTOLETTO 89 reports < 1.2 x 10 - 4  assumlnK the ?'(4S) decays 43% to B O ~ .  
We rescale to 50%. 

r(=+ 6(~270])/r~ r ~ / r  
VALUE CL~ DOCUMENT ID TECN COMMENT 

< 2 A  x 1 0 - 4  90 168 BORTOLETTOB9 CLEO e + e -  .--* ?'(45) 

168BORTOLETTO 89 reports < 2.1 x 10 - 4  a.~umlni the T(45)  decays 43% to BO'~ O. 
We rescale to 50%. 

r(p+~)/r=,~ r~o~/r 
Vr~,~t ~ CL~ DOCUMENT Ip TECN COMMENT 

<7.7 X 10 - |  90 ASNER 96 CLE2 �9 + e -  ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<::5.5 x 10 - 4  90 170 ALBRECHT 908 ARC e + e -  ~ T(4S) 

170ALBRECHT 9OB limit assumes equal )roductlon of BOB 0 and B + B -  at T(4S). 

r ( . + . - . + . ~  r .o /r  
VALUE CLN DOCUMENT ID TECN COMMENT 

<4.0 X 10 - 3  90 171 ALBRECHT 9Oe ARG �9 + e -  ~ "/'(45) 

171ALBRECHT 90B limit assumes equal xQduction of B 0 ~  0 and B + B -  at T(4S). 

r(p+p~ r m / r  
VALUE CL~ DOCUMENT ID TECN COMMENT 

<1.0 x 10 - $  90 172 ALBRECHT 909 ARG e + e -  ~ T(4S) 

172ALBRECHT ~ limit assumes equal xoduction of B 0 ~  0 and B + B -  at ?`(45). 

r ( .~O~o)+ ." ) I r~  rl , . /r  
VALUE CL~ DOCUMENT I(~ TECN COMMENT 

< 1 . 7 X 1 0  - $  90 173ALBRECHT 906 ARG e ' - e -  ~ T(4S) 

173ALBRECHT (JOB limit assumes equal )roduction of B 0 ~  0 and B + B -  at ?'(4S). 

r (~ (~s0)o .+ ) / r~  r, , . /r  
VA{.UE CLN DOCUMENT ID TECN COMMENT 

<9.0 x 10 - 4  90 174 ALBRECHT 90B ARC �9 + e -  --~ ?'(45) 

174 ALBRECHT 00B limit assumes equal ~rorluctlon of B0~  "O and B + B -  at ?'(4S),  

r(,.,~+)Ir~.i r1.1r 
VALU~ C ~  DOCUMENT IO TECN COMMENT 

<4.0 X 10--4 90 175 ALBRECHT 90B ARC e + e -  ~ ?'(45) 

175ALBRECHT 90B limit assumes equal ~roduction of B0B - 0  and B + B -  at ?'(4.;). 

r(,7-+)Ir~,j h ~ I r  
VALUE CLN DOCUMENT IO TECN COMMENT 

< I . S x I O  - !  90 BEHRENS 98 CLE2 e + e - ~  ?'(45) 
�9 �9 �9 We do not use the foflu~'lng data for averages, fits, limits, etc. �9 �9 �9 

<7,0 x 10 - 4  90 176 ALBRECHT 90B ARG e + e -  ~ T(4S) 

176ALBRECHT 9~B limit assumes equal production of BO~ 0 and B "t" B -  at ?'(4S). 

r(~,~+)Ir ,~ r~. I r  
VALUE CLN DOCUMENT ID TECN COMMENT 

< 3 . 1 X 1 0  - I  90 BEHRENS 98 CLE2 e + e - ~  ?'(45) 

r ( r  r . , I r  
VALUE CL~ DOCUMENT IO TECN COMMENT 

< 4 ` ? X 1 0  - 8  90 BEHRENS 98 CLE2 e + e - ~  ?'(45) 

r(,ip+)Ir~., h . l r  
VALUE Ct% DOCUMENT ID TECN COMMENT 

<$.2 x 10 - |  90 BEHRENS 98 CLE2 �9 + e -  ~ ?'(45) 

r ( ,~+-+-+ , r - , r - ) I r~  rmlr  
VALUE ~ DOCUMENT IO TECN (~qMMfNT 

< I L 6 x I O - 4  90 177ALBRECHT 90B ARG e + e  - ~ ?'(45) 

177ALBRECHT 90B limit assumes equal production of BO~ "0 and B + B -  at ?'(45). 

r(~.L(126o)+)/r~ r~o/r 
VALUE CLN DOCUMENT ID TECN COMMENT 

<6.2 X 1 0 - 4  90 178 BORTOLETTO09 CLEO e + e -  ~ ?'(45) 
�9 �9 �9 We do not use the fo,o~ng data for averages, fits, limits, etc. �9 �9 �9 

<6.0 x 10 - 4  90 179 ALBRECHT 905 ARG �9 + e -  --+ T(45)  
<3.2 x 10 - 3  90 178 BEBEK 87 CLEO e + e -  ~ ?'(45) 

178BORTOLETTO 89 reports < S.4 x 10 - 4  assumtn| the T (45 )  decays 43% to B o ~  O. 
We rescale to 50%, 

17eALBRECHT 90E llmlt aseJmes equal production of BO~ 0 and B + B -  at ?'(45). 

r (~ .~ (z~o]+) / r~  r , - / r  
r ( . , + , ~ - , r + ~ r m . m ) / r w  r = / r  
VALUE CLN DOCUMENT IO TECN COMMEN T 

<4.1 x 10 - I I  90 BERGFELD DAB CLE2 e + , -  - T ( . )  I 

r ( . + . o . O ) / r ~  r . , / r  
VALUE CLN DOCUMENT ID TECN COMMENT 

< L 9  x 10 - 4  90 169 ALBRECHT 00B ARG e + e -  ~ T(4$)  

169ALBRECHT 90B limit a ~ m e s  equal production of B0"B O and B + B -  at T(4S). 

VALUE CLN DOCUMENT ID TECN COMMENT 

<7.1 X IO--4 gO 1110 BORTOLETTO89 CLEO �9 "~ e -  -.t T (45)  
�9 �9 �9 We do not use the foUowln| data for averaires, fitl. limits, etc. �9 �9 �9 

< 2 . 6 x 1 0  - 3  90 18tBEBEK 87 CLEO e + e - ~  T(4S) 

150BORTOLETTO 89 reports < 6.3 x 10 - 4  auumlnli the T (45)  decays 43% to B 0 ~  O, 
We rescale to 50%. 

181 BEBEK 57repor~ < 2.3 x 10 - 3  assumin| the T(4$)  decays 43% to B 0 ~  0. We rescale 
to SO%, 

r(,r§247 .§ ,r .- ~~ /r== r,-/r 
VALUE CL~ DOCUMENT IO TECN COMMENT 

<6.3 x 10 - $  90 182 ALBRECHT 00B ARG �9 + e -  ~ T(4$)  

182ALBRECHT 908 limit assumes equal production of B 0 ~  1~ and B + B -  at "/'(45). 
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r (~.(12~0)+ ~0260)o) I r~ ,  r ~ I r  
VALUE CL~ DOCUMENT 10 T~CN CQMMENT 

<1.3 x 10 - 2  90 183 ALBRECHT 90B ARG �9 + e-- ~ T(45)  

183ALBRECHT 908 limit assumes equal production of B 0 B  0 and B + B -  at T(4S). 

r(ppx+)/r~., r ~ I r  
VALUE CL~ DOCUMENT ID TEEN COMMENT 

< 1.5 X 10 --4 90 184 BEBEK 89 CLEO �9 + e -  ~ T(4S) 
�9 �9 �9 We do not use the following data fo~'averages, fits, limits, e t c . � 9  �9 �9 

< 5 . 0  x 10 - 4  90 185 ABREU 95N DLPH Sup. by ADAM 96D 
(5.7-kl.5• x 10 - 4  186ALBRECHT 88F ARG e + e  - ~ T(4S) 

184 BEBEK 89 reports < 1.4 x 10 - 4  assuming the T(4S) decays 43% to B0B O. We rescale 
to 50%. 

185Assumes a B 0, B -  production fraction of 0,39 and a B s production fraction of 0.12. 

186ALBRECHT 88F reports (5.2 • 1.4 4- 1.9) x 10 - 4  assuming the T(4S) decays 45% to 
BOB ~0.  We rescale to 50%. 

r (p]~r + nonmonant)/r~,i r~i /r  
VALUE ~ DOCUMENT I 0 TECN COMMENT 

<w X 10 - w  90 BERGFELD 96B CLE2 e + e -  ~ T(4S) 

r(pp.r+x+x-)/r~., r ~ / r  
VALUE ~ DOCUMENT I0 TECI~ COMMENT 

< 6 . 2 x 1 0  - 4  90 187ALBRECHT 88F ARG e + e  - ~ T(4S) 

187ALBRECHT 88F reports < 4.7 X 10 - 4  assuming the T(4S) decays 45% to B0B  O. We 
rescale to 50%. 

r (p]~K + nonrmonant)/rtml r ~ / r  
VALUE CL% DOCUMENT 'D TECN ~OMMENT 

< 8 . 9  x 10 - w  90 BERGFELD 968 CLE2 e + e -  ~ T(4S) 

r(p~/r~., r ~ / r  
VALUE CL~ DOCUMENT ID TEEN COMMENT 

<6  x 10 - 5  90 188AVERY 89B CLEO e + e -  ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 9 . 3  x 10 - 5  90 189 ALBRECHT 88F ARG e + e -  ~ T(45)  

188AVERY 898 reports < 5 x 10 - 5  assuming the T(4S) decays 43% to B0B  0. We rescale 
to 50%. 

189ALBRECHT 88F reports < 8.5 x 10 - 5  assuming the T(45)  decays 45% to BOB 0. We 
rescale to 50%. 

r(p~i.+.-)Ir~., r ~ I r  
VALUE EL% DOCUMENT It) TEEN COMMENT 

<2.0 X 10 - 4  90 190 ALBRECHT 88F ARG e + e -  ~ T(4S) 

19OALBRECHT 88F reports < 1,8 • 10 - 4  assuming the T(45)  decays 45% to B 0 B  0. We 
rescale to 50%. 

r (~~ r.o/r 
VALUE ~ DOCUMENT ID TECN COMMENT 

<3.6 X 10 .-4 90 191 BORTOLETTO89 CLEO e + e -  ~ T(4S) 

191BORTOLETTO 89 reports < 3,3 • 10 - 4  assuming the T(45)  decays 43% to B0B O. 
We rescale to 50%. 

r(A++p)/r~, r131/r 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

, ~ I JSx lO  - '4  90 192BORTOLETTO89 CLEO e + e - ~  T(4S) 

192BORTOLETTO 89 reports < 1.3 x 10 - 4  assuming the T(45)  decays 43% to B 0 B  0. 
We rescale to 50%. 

r(A~'pP)/r~l rm/r  
VALUE (unit~ 10 -4 ) DOCUMENT ID TEEN COMMENT 

6.24"~."~.1~04"1.6 193FU 97 CLE2 e + e  - --* T(45)  

193 FU 97 uses PDG 96 values of A c branching fraction. 

r (/lc p,r+x~ r l . / r  
VALUE CL~ DOCUMENT IO T~GN COMMENT 

< 2 . 1 2 X 1 0  - 3  90 . 194FU 97 CLE2 e + e - - ~  T(4S) 

194FU 97 uses PDG 96 values of A c branching ratio. 

r (a;pPx +lr-)/rt=~ r ~ / r  
VAI~U~ CL~ DOCUMENT ID TEE N COMMENT 

<1.48 X 10 - 3  90 195 FU 97 CLE2 �9 + e -  --* T(4S) 

195FU 97 uses PDG 96 values of A c branching ratio. 

r(A; p.+,r+x-.~ r ~ / r  
VALUE CL~ ~)OCUMENT IQ TEEN COMMENT 

< l J I 4 X  10 - 2  90 196 FU 97 CLE2 �9 + e -  ~ T(4$)  

196FU 97 uses PDG 96 values of A c branching ratio. 

r(~+ e+ e-)Ir~,i r l~Ir 
Test for LIB = 1 weak neutral current. Allowed by higher-order electroweak interac- 
tions, 

VALUE ~ DOCUMENT 10 TECN COMMENT 

<0.00~1 90 197 WEIR 908 MRK2 e -F e -  29 GeV 

197WEIR 90B assumes B + production cross section from LUND. 

r(.+,,.+~-)/r~., r137/r 
Test for ZIB = 1 weak neutral current. Allowed by higher-order electroweak interac- 
tions. 

VALUE EL% DOCUMENT ID TEEN COMMENT 

<0.0091 90 198 WEIR 908 MRK2 e + e -  29 GeV 

198WEIR 90B assumes B + production cross section from LUND. 

r(K + e+ e-)/r~., r l~/r 
Test for AB  = 1 weak neutral current. Allowed by higher-order electroweak interac- 
tions. 

VALUE CL~ DOCUMENT ID TEEN COMMENT 

<6 X 10 - 5  90 199 AVERY 898 CLEO e + e -  ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<9.9 x 10 - 5  90 200 ALBRECHT 91E ARG e + e  - ~ T(4S) 
<6.8 x 10 - 3  90 201 WEIR 90B MRK2 e + e -  29 GeV 
<2.5 x 10 - 4  90 202 AVERY 87 CLEO e §  ~ T(4S) 

199AVERY 898 reports < 5 x 10 - 5  assuming the T(45) decays 43% to B 0 B  O, We rescale 
to 50%. 

200ALBRECHT 91E reports < 9.0 x 10 - 5  assuming the T(4S) decays 45% to B 0 B  0. We 
rescale to 50%, 

201WEIR 908 assumes B § production cross section from LUND. 
202 AVERY 87 reports < 2,1 x 10 - 4  assuming the T(4S) decays 40% to B 0 B  0, We rescale 

to 50%. 

r (K +/~+/~-)/r~., r l ~ / r  
Test for ZIB = 1 weak neutral current. Allowed by higher-order electroweak interac- 
tions, 

VALUE EL% DOCUMENT IO TEEN COMMENT 

< 1 . 0  X 10 - 5  90 203 ABE 96L CDF p~ at 1.8 TeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<2.4 x 10 - 4  90 204 ALBRECHT 91E ARG e + e -  ~ T(4S) 
< 6 . 4  x 10 - 3  90 205 WEIR 908 MRK2 e + e -  29 GeV 
<1.7 x 10 - 4  90 206 AVERY 89B CLEO e + e -  ~ T (45)  
<3.8 x 10 - 4  90 207AVERY 87 CLEO e- t 'e -  ~ T(45)  

203ABE 96L measured relative to B 0 ~ J /V : (1S )K  -F using PDG 94 branching ratios. 
204ALBRECHT 91E reports < 2.2 x 10 - 4  assuming the T(45)  decays 45% to B 0 ~  0, We 

rescale to 50%. 
205WEIR 908 assumes B + production cross section from LUND. 
206AVERY 898 reports < 1.5 x 10 - 4  assuming the T(4S) decays 43% to B O B  O, We 

rescale to 50%. 
207 AVERY 87 reports < 3,2 x 10 - 4  assuming the T(45)  decays 40% to B 0 B  0. We rescale 

to 50%. 

r(K'(~)+ e+ e - ) I r ~  rl~olr 
Test for AB  = 1 weak neutral current. Allowed by higher-order electroweak Interac- 
tions. 

VALUE CL_~/L DOCUMENT ID TEEN COMMENT 

< 6 . 9 X 1 0  - 4  90 208ALBRECHT 91E ARG e + e  - ~ T(4S) 

208ALBRECHT 91E reports < 6.3 x 10 - 4  assuming the T(4S) decays 45% to BOB O, We 
rescale to 50%. 

r(K*(~2)+~+i,-)Ir~,i r1411r 
Test for ZIB = 1 weak neutral current. Allowed by hlgher-order electroweak IMterac- 
tlons. 

VALUE EL% DOCUMENT ID TEE N COMMENT 

<1.2 X 10 - 3  90 209 ALBRECHT 91E ARG e + e -  ~ T (45 )  

209ALBRECHT 91E reports < 1.1 x 10 -3  assuming the T(4S) decays 45% to BOB O, We 
rescale to 50%. 

r(.+ e+~-)ir~,, Flair 
Test of lepton famlly number conservatlon. 

VALUE EL% DOCUMENT ID TEEN COMMENT 

<0.0064 90 210WEIR 900 MRK2 e+e - 29 GeV 

210WEIR 90B assumes B § production cross section from LUND. 

r(f+ e -  ~+) I r~  r ~ / r  
Test of lepton family number conservation. 

VAI, V~ CL~ DOCUMENT 10 TEE N COMMENT 

<0.0064 90 211WEIR 900 MRK2 e + e -  29 GeV 

211WEIR 908 assumes B + production cross section from LUND. 

r(K + e+~-)/r~.t r l~/r 
Test of lepton family number conservation. 

VALUE EL% DOCUMENT ID TEEN ~OMMENT 

<0.0064 90 212 WEIR 90B MRK2 e + e -  29 GeV 

212WEIR 908 assumes B + production cross section from LUND. 

F(K + e-/J+) I r ~ ,  r lu l r  
Test of lepton famlly number conservatlon, 

VAtU~ CL~ DOCUMENT IO TEEN , COMMENT 

<0.0014 90 213 WEIR 908 MRK2 e -F e -  29 GeV 

213WEIR 908 assumes B + production cross section from LUND. 



See key on page 213 

r(~- e+ e+)/r=t,i r l . / r  
Test of total  lepton number conservation. 

VAL IIJ ~ ~ DOCUMENT iD TECN COMMENT 
<0.0(~9 90 214WEIR 90B MRK2 e + e -  29 GeV 

214WEIR 90B assumes B + production' cross section from LUND. 

r(.-,+,+)/r==, r.71r 
Test of total  lepton number conservation. 

VALUE ~ DOCUMENT ID TECN COMMENT 
<O.0Ol~ 90 215WEIR gOB MRK2 e§  - 29 GeV 

215WEIR 90B assumes B + production cross section from LUND. 

r(.- e+~+)/r~=, rl~/r 
Test of total  lepton number conservation. 

VALUE ~ DOCUMENT ID TECN COMMENT 
<0.0064 90 216WEIR 90B MRK2 e + e  - 29 GeV 

216WEIR 9OB assumes B + production cross section from LUND. 

F ( K -  �9 + �9 + ) / r = = i  r i + , / r  
Test of total  lepton number conservation. 

VALUE ~ DOCUMENT ID TECI~ COMMENT 
<0:00~9 90 217 WEIR 90B MRK2 e + e -  29 GeV 

217WEIR 90B assumes B + production cross section from LUND, 

r(K-/~+/++)/r~,, r,5o/r 
Test of total lepton number conservation. 

VALUE ~ DOCUMENT ID TECN COMMENT 
<0,0091 90 21BWEIR gOB MRK2 e + e  - 29 GeV 

218WEIR 908 assumes B + production cross section from LUND. 

r(K- e+ i~+)/r=~l r z s l / r  
Test of  total  lepton number conservation. 

VALU~ ~ DOCUMENT tO TECN COMMENT 
<0.0064 90 219WEIR 90B MRK2 e + e  - 29 GeV 

219WEIR 908 assumes B + production cross section from LUND. 
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r ~  1(p) = �89 
Quantum numbers not measured. Values shown are quark-model 
predictions. 

See also the B •  0 A D M I X T U R E  and B•176  AD-  

M I X T U R E  sections. 

See the Notes "Exper imenta l  High l ights  o f  B Meson Product ion and 
Decay" and "Semi leptonic Decays of  B Mesons" at  the  beginn ing 

of  the B • Particle Listings and the Note on " B O - B  0 M ix ing  and CP 

Vio lat ion in B Decay" near the  end of  the  B 0 Part icle List ings. 

B o MASS 

The fit uses mB+, (mBO - roB+ ), mBo, and (mBo s - (roB+ + roB0) /2 ) 

to determine roB+, mBo, mBos, and the mass differences, mBo data are 

excluded from the fit because they are not independent. 

VALUE (MeV) EVTS DOCUMENT IO TECN COMMENT 
5279.24-1.8 OUR FIT 
5279.8:1:1.6 OUR AVERAGE 
5281.3• •  51 1 ABE 96B CDF p ~  at 1.8 TeV 
5279.2•  340 2 ALAM 94 CLE2 e + e -  ~ T(4S) 
5278.0+0.4 •  2 BORTOLETTO92 CLEO e + e -  ~ T(45)  
5279.6• •  40 2,3ALBRECHT 90J ARG e + e  - ~ T(45)  
5280.6• •  2BEBEK 87 CLEO e §  T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

5278.2• •  40 ALBRECHT 87C ARG e-Fe - ~ T(4S) 
5279.5• •  7 4 ALBRECHT 87D ARC e + e -  ~ T(4S I 

1 Excluded from fit because it  is not independent of ABE 96B B 0 mass and BO-B mass 
difference. 

2These experiments all report a common systematic error 2.0 MeV. We have artificially 
increased the systematic error to allow the experiments to be treated as independent 
measurements in our average. See "Treatment of Errors" section of the Introductory 
Text. These experiments actually measure the difference between half of Ecru and the 
B mass. 

3ALBRECHT 9oJ assumes 10580 for T(45)  mass. Supersedes ALBRECHT B7C and 
ALBRECHT 87D. 

4 Found using fully reconstructed decays with J/~. ALBRECHT 87D assume m T(4S)  = 

10577 MeV. 

mBo -- roB+ 

The mass difference measurements are not Independent of the B • and 
B 0 mass measurement by the same experimenters. The fit uses roB+, 

(mBo - roB+ ), mBo s, and (mBo s - (roB+ + mBo)/2 ) to determine 

mB+, mBo, mBo, and the mass differences. 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
0.35+0.29 OUR FIT Error includes scale factor of 1.1. 
0.344"0..112 OUR AVERAGE Error Includes scale factor of 1.2. 

0 .41•177 ALAM 94 CLE2 e + e  - - +  T(45)  
- 0 . 4  •  •  BORTOLETTO92 CLEO e + e - ~  T(4S) 
- 0 . 9  •  •  ALBRECHT 902 ARC e + e  - --* T (45)  

2.0 •  •  5BEBEK 87 CLEO e + e - ~  T(45)  

5BEBEK 87 actually measure the dlfference between half of Ecru and the B • or B 0 
mass, so the mBo - mB• is more accurate. Assume mT(45 ) = 10580 MeV. 

ml~ H - m ~  

See the B0-B  0 MIXING PARAMETERS section near the end of these B 0 
Listings. 
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B e M E A N  LIFE 

See B4-/BO/BOs/bbaryon ADMIXTURE section for data on B-hadron 
mean life averaged over spedes of bottom partlclss. 

"OUR EVALUATION" is an average of the data listed below performed by the LEP 
B Lifetimes Working Group as described in our review =Production and Decay of b- 
flavored Hadrons" In the B4- Section of the Listings. The averaging procedure takes 
into account correlations between the measurements and asymmetric lifetime errors. 

VALUE (10-12 s) E_~_~ DOCUMENT ID TECN COMMENT 
1.B~ =gO.04 OUR EVALUATION 
1.58 4-0,09 4-0.02 6 ABE 98B CDF p~ at 1,g TeV 
1,64 4-0.08 4-0.08 7ABE 97J SLD e+e - ~ Z 
1,5324-0,0414-0,040 8ABREU 97F DLPH e+e - - *  Z 
1.54 4-0.08 4-0,06 9 ABE 96c CDF pp at 1.8 TeV 
1.61 4-0,07 4-0.04 9BUSKULIC 96J ALEP e+e - ~ Z 

1,25 +0,15 4-0.05 121 6BUSKULIC 96J ALEP e'l'e - ~ Z -0.13 

1.49 +0.17 +0.08 10BUSKULIC 96J ALEP e+e - ~ Z -0.15 -0.06 

1.61 +0.14 4-0.08 9,11ABREU 95Q DLPH e+e - ~ Z -0,13 
1.63 4-0.14 4-0.13 12ADAM 95 DLPH e+e - ~ Z 
1.53 4-0.12 4-0,08 9,13AKERS 95T OPAL e + e - ~  Z 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1,55 4-0.06 4-0.03 14BUSKULIC 96J ALEP e+e - --* Z 
1.62 4-0.12 1SADAM 95 DLPH e + e - - - ~  Z 
1.57 4-0.18 4-0.08 121 6 ABE 94D CDF Repl. by ABE 9gB 

1.17 +0.29 4-0.16 96 9 ABREU 93D DLPH Sup. by ABREU 95Q -0.23 
1.55 4-0,25 4-0.18 76 12 ABREU 93G DLPH Sup. by ADAM 95 
1.51 +0.24 +0.12 -0.23 -0.14 78 9 ACTON 93C OPAL Sup, by AKERS 95T 

1.52 +0,20 +0,07 --0,18 --O,13 77 9 BUSKULIC 93D ALEP 5up. by BUSKULIC 96J 

1.20 +0.52 +0.16 -0.36 -0.14 15 16WAGNER gO MRK2 Ec~m = 29 GeV 

+0.57 4-0,27 17 AVERILL 89 HRS Ec~m= 29 GeV 0.82 -0 .37 

6Measured mean life using fully reconstructed decays. 
7 Data analyzed using charge of secondary vertex. 
8 Data analyzed using Inclusive D/D*~X, 
9 Data analyzed using D/D* tX  event vertices, 

10Measured mean life using partially reconstructed D * - ~ r + X  vertices. 
11 0 _+ ** t ' +v  1 �9 ABREU 95Q assumes B(B D - t )  = 3,2 4- ,7~. 
12 Data analyzed using vertex-charge technique to tag B charge. 
13AKERS 95T assumes B(B 0 -*  D s ( * )DO(* ) )  = 5,0 4- 0.9% to find B+/B 0 yield. 
14 Combined result of D/D* t x  analysis, fully reconstructed B analysis, and partially recon- 

struced D * -  x + X analysis. 
15 Combined ABREU 95Q and ADAM 95 result. 
16WAGNER 90 tagged B 0 mesons by their decays Into D* -e+u  and D*-p'+u where 

the D * -  is tagged by Its decay Into ~-~-0 .  
17 0 0 AVERILL 89 is an estimate of the B mean lifetime assuming that B ~ D * +  + X 

always, 

MEAN LIFE R A T I O  ~'e+/~'~e 

~'B+/~'B~ (avera M o f  direct and Inferred) 
VALUE~ DOCUMENT ID 
1.~:~:0o04 OUR AVERAGE Includes data from the 2 datablocks that follow this One. 

~ B + / ~ B o  (direct  measurements) 
"OUR EVALUATION" is an average of the data listed below performed by the LEP 
B Lifetimes Working Group as bescrlbed In our review "Production and Decay of b- 
flavored Hadrons" in the 84- Section of the Listings. The averaging procedure takes 
Into account correlations between the measurements and asymmetric lifetime errors. 

VAI~ (Jg ~v'r5 DOCUMENT ID TECN (;@MMENT 
The data in this block is included In the average printed for a previous datablock, 

1.04::1:fi.04 OUR EVALUATION 
1.O64-0.07+0.02 18ABE 988 CDF p]~ at 1.8 TeV 
1.014-0,074-0.06 19ABE 97J SLD e+e - ~ Z 
1,014-0.114-0.02 20ABE 96C CDF p ~ a t  1.8 TeV 
0.984-0.og4-0.03 20BUSKULIC 96J ALEP e+e - ~ Z 

1~7 +0"23+0"03 15 BUSKULIC 96J ALEP e+e - ~ Z "~ -0 .19 -0 .02  
1 nn+0'17 ~n ~n " ~ - 0 . 1 5  ~ . ~  20,21ABREU 95Q DLPH e+e - ~ Z 

1 0 ~'+0"13 J-^ "~ . . _ 0 . 1 0 ~ . A ~  22ADAM 95 DLPH e + e - ~  Z 

0 994-0 14 +0.05 20,23 AKERS 95T OPAL �9 + e -  ~ Z �9 " -0,04 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

1.034-0.084-0.02 24 BUSKULIC 96J ALEP e+e - ~ Z 
1.024-0.164-0.05 269 18 ABE 94D CDF Repl. by ABE 988 

1.11_+0:5314-0.11 188 20ABREU 93DDLPH Sup. byABREU95Q 

1 01 +0"29 J-^ "~ " ~--0.22~v'A~ 253 22 ABREU 93G DLPH Sup. by ADAM 95 

1.0 +0.33~.n n~ -0.25 . . . . .  130 ACTON 93C OPAL Sup, by AKERS 95T 

0 0~+0"19 +O'18 "'~--0,15--0,12 154 20 BUSKULIC 93D ALEP Sup, by 8USKULIC 96J 

18 Measured using fully reconstructed decays. 
19 Data analyzed using charge of secondary vertex. I 
20 Data analyzed using D / D *  I X  verUces. 
21ABREU 95Q assumes B(B 0 ~ D * * - t + ~ , t )  = 3.2 4- 1.7~ 
22 Data analyzed using vertex-charge technique to tag B charge. 
23AKERS 95T assumes B(B 0 ~ DS(*)DO(*)) = 5.0 4- 0.9% to find B+/B 0 yield. 
24Combined result of D/D*tX analysis and fully reconstructed B analysis. 

~ R ~ / ~  (Inferred f rom branching fract ions) 
- -  Tl~sse measurements are Inferred from the branching fractions for sem'lleptonlc decay 

or other spectator-dominated decays by assuming that the rates for such decays are 
equal for B 0 and 8 +.  We do not use measurements which assume equal production 
of B 0 and B + because of the large uncertainty In the production ratio. 

VALUE CL~ EVT~ DOCUMENT ID T~CN ~:QMMENT 
The data tn thls block is included in the average printed for a prevlous datablock. 

o.u_+o:o~,o.o, 25ARTUSO 97 CLE2 ~.i.e- - T(4s) I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1,154-0.17 4-0,06 26JESSOP 97 CLE2 e + e - - - ~  T(45) | 
0.934-0.18 4-0.12 27ATHANA5 94 CLE2 Sup. by AR- 

TUSO 97 
0.914-0,27 4-0.21 28ALBRECHT 92C ARG e+e - ~ 7"(45) 
1.0 4-0.4 29 28,29ALBRECHT 92G ARG e+e - ~ T(4S) 
0.894-0.19 4-0,13 2gFULTON 91 CLEO e + e - - - *  7"(45) 
1.004-0.23 4-0,14 28ALBRECHT 89L ARG e+e - ~ T(45) 
0,49 to 2.3 90 30 BEAN 87B CLEO �9 + e -  ~ T(45) 

25ARTUSO 97 uses partial reconstruction of B ~ D*tv t and independent of B 0 and | 

B + production fraction. 
26Assumes equal production of B + and B 0 at the T(45), 
27ATHANAS 94 uses events tagged by fully reconstructed B -  decays and partially or fully 

reconstructed B 0 decays. 
2gAssumes equal production of B 0 and B +.  
29ALBRECHT 92G data analyzed using B ~ Ds D, D s-*D , D s'-D, D s*-*o events. 
30BEAN 878 assume the fraction of B07~ O events at the 7"(45) Is 0.41, 

Be DECAY MODES 

B - 0  modes are charge conjugates of the modes below. Reactions Indicate 
the weak decay vertex and do not include mixing. Modes which do not 
identify the charge state of the B are listed in the B4-/B 0 ADMIXTURE 
section. 

The branching fractions listed below assume 50% B0B 0 and 50% B + B -  
production at the T(45). We have attempted to bring older measurements 
up to date by rescaling their assumed T(4S) production ratio to 50:50 
and their assumed D, D s, D*, and q~ branching ratios to current values 
whenever this would affect our averages and best limits significantly. 

indentation Is used to indicate a subchannel of a previous reaction. All 
resonant subchannels have been corrected for resonance branching frac- 
tions to the final state so the sum of the subchannel branching fractions 
can exceed that of the final state, 

Scale factor/ 
Mode Fraction ( r l / I - )  Confidence level 

F 1 t + v t a n y t h i n g  [a] (10.5 4- 0.8 ) %  
F 2 D - t + v t  [a] ( 2.004- 0.25)% 
F3 D*(2OlO) - t+u t  [a] ( 4.604- 0.27)% 

F 4 p - l ' l ' v t  [a] ( 2.5 + 0.8 ) x  10 - 4  - 1.0 
['5 " I t - t +v l  ( 1.8 4- 0.6 ) x  10 - 4  

I n d u C e  modes 
I- 6 ~r- # +  v~ 
I- 7 K + anything (78 • 80 

D,  D ' ,  or D= modes 

I- 8 D - l r  + ( 3.0 -4- 0.4 
1-9 D - p +  ( 7.9 :E 1.4 
['10 D ~  < 1.6 
r11 D*(2010)  - T r +  ( 2.764- 0.21 

1-12 D-'~T'+~';+~- ( 8.0 4- 2.5 
1-13 ( D - I r + ~ + w  - )  nonresonant ( 3.9 4- 1,9 

1-14 D-~r+P ~ ( 1.1 4- 1.0 
F15 D - a 1 ( 1 2 6 0 )  + ( 6.0 4- 3.3 
1"16 D * ( 2 0 1 0 ) - * r + ~ r  ~ ( 1.s 4- 0.5 
F17 D * ( 2 0 1 0 ) - p  + ( 6.7 4- 3.3 
1-10 D*(2010)  - l r + I r + ~ r -  ( 7.6 4- 1.7 
1"19 ( D * ( 2 0 1 0 ) - I r + ~ ' + l r  - )  non- ( 0.0 4- 2.5 

resonant 
1"20 D * ( 2 0 1 0 ) -  ~r+ p 0 

1 - 2 1  D * ( 2 0 1 0 ) -  a1(1260) + 
F22 D * ( 2 0 1 0 ) - ~ r + T r + ~ r - ~ ~  
1-23 D~(2460)  - l r +  

F24 D ~ ( 2 4 6 0 ) -  p + 

x 10 - 3  
x 10 - 3  
x 10 - 3  
x 10 - 3  
x 10 - 3  
x 10 - 3  
x 10 - 3  
x 10 - 3  
% 

x 10 - 3  
x 10 - 3  
x 10 - 3  

( 5.7 4- 3.1 ) x  10 - 3  

( 1.30• 0.27)% 
( 3.4 • 1.8 ) %  

< 2.2 • 10 - 3  

< 4,9 x 10 - 3  

CL=90% 

S=1.3 

CL=90% 

CL=90% 



See key on page 213 

F25 D - D s  + ( 8.0 • 3.0 ) x  10 - 3  
1-26 D * ( 2 0 1 0 ) - D  + ( 9.6 • 3.4 ) x ] O  - 3  

1-27 D - D  *+  (1 .o  • o . 5 ) %  
1-28 D * ( 2 0 1 0 ) - D s +  ( 2.0 • 0.7 )% 
1"29 D ~ / r -  < 2.8 x 10 - 4  CL=90% 

1-3o D.  * + / r -  < 5 x 10 - 4  CL=90% 

r31 D+p - < 7 x 10 - 4  CL=90% 

r32 D ~ p -  < 8 x 10 - 4  CL=90% 

1-33 D s 01(1260 ) -  < 2.6 x 10 - 3  CL=90% 

F34 Ds+01(1260  ) -  < 2.2 x 10 - 3  CL=90% 

1"35 D~- K + < 2.4 x 10 - 4  CL=90% 

1-36 D s K + < 1.7 x 10 - 4  CL=90% 

]'37 D s K* (892)  + < 9.9 x 10 - 4  CL=90% 

1-38 D s -  K* (892)  + < 1.1 x 10 - 3  CL:90% 
1-39 D s / r +  K0 < 5 x 10 - 3  CL=90% 

1-40 D s - / r +  K0 < 3.1 x 10 - 3  CL=90% 

1-41 D s - / r + K * ( 8 9 2 )  ~ < 4 X 10 - 3  CL=90% 
D * - / r + K * ( 8 9 2 )  ~ < 2.0 x 10 - 3  CL=90% 

1-42 ~ / r 0  
[.43 < 1.2 x 10 ~4 CL=90% 
F4 4 ~ 0 p 0  < 3.9 x 10 - 4  CL=90% 
['45 D ~  < 1.3 x 10 - 4  CL=90% 
['46 '~0~/," < 9.4 x 10 - 4  CL=90% 
['47 De)~ < 5.1 x 10 - 4  CL=90% 
1"48 D* (2007)  %r~ < 4.4 x 10 - 4  CL=~% 
['49 D * ( 2 0 0 7 ) ~  0 < 5.6 x 10 - 4  CL=90% 
['50 D* (2007 )~  < 2.6 x 10 - 4  CL=90% 
1"51 D* (2007)~  < 1.4 x 10 - 3  CL=90% 
['52 D * ( 2 0 0 7 ) % ;  < 7.4 x 10 - 4  CL=90% 
['53. D* (2010)  + D * ( 2 0 1 0 ) -  < 2.2 x 10 - 3  CL=90% 
['54 D*(2010)  + D -  < 1,5 x 10 - 3  CL=90% 
r55 D + D * ( 2 0 1 0 ) -  < 1.2 x 10 - 3  CL=~% 

Charmonlum modes 
F56 J / ~ ( 1 S ) K  0 ( 8.9 • 1.2 ) x  10 - 4  
rs7 J/~(15)K +/r- ( 1.1 • 0.6 ) x l 0  - 3  
1-5o J/~(ZS) K* (892 )  0 ( 1.35• 0.10) x 10 - 3  
r59 j /~(15)/r 0 < 5.8 x 10 - 5  CL=90% 
1-6o J/~b(1S)~7 < 1.2 x 10 . 3  CL=90% 
r61 J/~(1S)P 0 < 2.5 x 10 - 4  CL=90% 
r62 J/~(15)~ < 2.7 x 10 - 4  CL=90~ 
r63 O ( 2 S ) K  0 < e x 10 - 4  CL=90% 
re4 ~ ( 2 S ) K + / r  - < 1 x 10 - 3  CL=90% 
1-65 ~ ( 2 S ) K * ( 8 9 2 )  0 ( 1.4 • 0.9 ) x  10 - 3  
Fee X c l ( 1 P ) K  ~ < 2.7 x 10 - 3  CL=90% 
1"67 Xc1(1P)K*(892) 0 < 2.1 x 10 - 3  EL=SO% 

K or K *  modes 

1"68 K+/r-  ( 1.5 + 0.5 ) x  10 - 5  - 0.4 
r69 K ~  0 < 4.1 x 10 - 5  CL=90% 

1"70 ~r K 0 ( 4.7 + 2.8 - 2.2 ) x 10 - 5  

1"71 r /~K*(892) ~ < 3.9 x 10 - 5  CL=90% 
['72 r /K * (892 )  0 < 3.0 x 10 - 5  CL=90% 
1"73 r /K  0 < 3.3 x 10 - 5  CL=90% 
['74 K + K -  < 4.3 x 10 - 6  CL=90% 
['75 K O K 0  < 1.7 x 10 - 5  CL=90% 
1"76 K+P - < 3.5 x lO - 5  CL=90% 
['77 K 0 / r + / r -  
['78 KOp 0 < 3.9 x 10 - 5  EL=90% 
r79 K ~  < 3.6 x 10 - 4  EL=90% 
['50 K* (892)  + / r -  < 7,2 x 10 - 5  CL=90% 
i-81 K*(892)~ 0 < 2.8 x 10 - 5  CL=90% 
['82 K~(1430)  + / r -  < 2.6 x 10 - 3  CL=90% 
r03 K ~ + K -  < 1.3 x lO - 3  CL=90% 
1-84 K ~  ~ < 8.8 x 10 - 5  CL=90% 
r85 K - / r + / r + / r  - [b] < 2.3 x l 0  - 4  CL=90% 
1"o6 K* (892)  0 / r + / r -  < 1.4 x 10 - 3  CL=eO% 
['87 K * ( 8 9 2 ) ~  ~ < 4.6 x 10 - 4  CL=e0% 
1 " 8 8  K* (892)  0 f0(980) < 1.7 X 10 - 4  CL=90% 
1 - 5 9  K1(1400) + / r -  < 1.1 x l0 - 3 ~  CL=90% 
1 - 9 0  K - a 1 ( 1 2 6 0 )  + [b] < 2.3 • 10 - 4  CL=e0% 

545 

Meson Particle Listings 
B o 

1"91 K*(892) ~  < 6.1 • lO - 4  CL=90% 
1"92 K * ( 8 9 2 ) ~  < 4.3 x 10 - 5  CL=9O% 
1-93 K1(1400)0p 0 < 3.0 x 10 - 3  CL=9O% 
1-94 K1(1400)0~ < 5.0 x 10 - 3  CL=90% 
FeB K~(1430)0p  ~ < 1.1 x 10 - 3  CL=90% 
i-S6 K~(1430)0q~ < 1.4 x 10 - 3  CL=90% 
1"97 K* (892 )0~  ( 4.0 + 1.9 ) • 10 - 5  
1-90 K1(1270)0"Y < 7.0 x 10 - 3  CL=90% 
1"99 K1(1400)07 < 4.3 x 10 - 3  CL=90% 
1-100 K~(1430)0"Y < 4,0 x 10 - 4  CL=90% 

[.101 K* (1680 )07  < 2.0 x 10 - 3  CL=90% 
['102 K~(1780)0"7 < 1.0 % CL=90% 
['103 K~(2045)~  < 4.3 x lO - 3  CL=90% 
1"104 q~q~ < 3.9 x 10 - 5  CL=90% 

Light unflavored meson modes 
['105 / r + / r -  < 1.5 x 10 - 5  CL=90% 
['106 /r0/r0 < 9,3 x 10 - 6  CL=90% 
['107 17/r0 < 8 x 10 - 6  CL=90% 
['108 r/~ < 1.8 x 10 - 5  CL=90% 
1-109 17 l /r0 < 1.1 x 10 - 5  CL=90% 
1-110 ~l~Tt < 4.7 x 10 - 5  .CL=90% 
1"111 /1117 < 2,7 x 10 - 5  CL=90% 
1"112 r / P  0 < 2,3 x 10 - 5  CL=90% 
1"113 t/P 0 < 1,3 x 10 - 5  CL=90% 
1"114 / r + / r - / r 0  < 7.2 x l0 - 4  CL=90% 
1"115 p0~.0 < 2,4 x 10 - 5  CL=90% 
1"116 P :F/r4- [c] < 8.8 x 10 - 5  CL=90% 
1"117 / r - F / r - / r + / r -  < 2,3 x 10 - 4  CL=90% 
1"118 pOpO < 2.8 x 10 - 4  CL=90% 
r119 a1(1260)~:/r+ [c] < 4.9 x 10 - 4  CL=90% 
r120 02(1320) ~:/r• [c] < 3,0 • 10 - 4  CL=SO% 
r121 / r -F/ r - / r0 / r0 < 3.1 x 10 - 3  CL=90% 
r122 p+p- < 2.2 " x 10 - 3  CL=90% 
r123 01(1260)~ ~ < 1.1 x 10 - 3  CL=90% 
r124 ~/ ro  < 4,6 x 10 - 4  CL=90% 
r125 / r - i - / r + / r - / r - / r  0 < 9.0 x 10 - 3  CL=90% 
r126 a1(1260)+p - < 3.4 x 10 - 3  eL=90% 
1"127 01(1260)~ ~ < 2.4 • 10 - 3  CL=90% 
1"128 / r ' t ' / r + / r + / r - / r - / r -  < 3.0 x 10 - 3  CL=90% 
['129 a1(1260)+a1(1260) - < 2.8 x 10 - 3  CL=90% 
['130 /r § /r + /r + /r - /r -- /r -- /r 0 < 1.1 % CL=90% 

Barjon modes 
1"131 PP  < 1.8 x 10 - 5  CL=90% 
['132 P ~ / r + / r -  < 2.5 x l0 - 4  CL=00% 
1"133 p A / r -  < 1,8 x 10 - 4  CL=90% 
1"134 Z~~176  < 1.5 x 10 - 3  CL=90% 
r135 z~++z~ - -  < 1.1 x 10 - 4  CL=90% 
1"136 " ~ c -  Z~+'F < 1.0 x 10 - 3  CL=90% 

r137 AcP/r+/r- ( 1.3 • 0.6 ) x 10 - 3  

1-138 AcP < 2.1 x 10 - 4  CL=90% 
1-139 AcP/r~ < 5.9 x lo - 4  CL=90% 

1-140 A c P / r + / r - / r ~  < 5.07 x lO - 3  CL=90% 

1-141 A c P / r + / r - / r + / r -  < 2.74 x l0 - 3  CL=90% 

Lepton Family number  (LF) violat ing modes, or 

A B =  I weak neutral current (B1) modes 

1-142 ~'~ BI < 3.9 x 10 - 5  CL=90% 
['143 e + e -  BI < 5.9 x 10 - 6  CL=90% 
['144 /s'+/~- 51 < 6.8 x l0  - 7  CL=90% 
['145 KO e4" e -  B1 < 3.0 x 10 - 4  CL=90% 
['146 K~162 B1 <: 3.6 x lO - 4  CL=90% 
['147 K*(892) ~ B1 < 2.9 x l0 - 4  CL=90% 
1"148 K * ( 8 9 2 ) 0 # + #  - B1 < 2.3 x l0 - 5  CL=90% 
I"149 K * ( 8 9 2 ) 0 v ~  51 < 1.0 x l0  - 3  CL=90% 
['150 e• LF [c] < 5,9 x 10 - 6  CL=90% 
1"151 e • r :F LF [c] < 5.3 • 10 - 4  CL=90% 
1"152 / z •  ~: LF [c] < 8.3 x l0 - 4  CL=90% 

[a] An t indicates an e or a # mode, not a sum over these modes. 

[ b ] B  ~ and Bs ~ contributions not separated. L imi t  is on weighted average of  
the two decay rates. 

[c] The value is for the sum of  the charge states of  part ic le/ant ipart ic le states 
indicated. 
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B 0 B R A N C H I N G  RATIOS 

For branching ratios in which the charge of the decaying B is not deter- 
mined, see the B • section. 

r ( t  -I- ul .anyth lng) / r to ta  I r l / r  
VALUE DOCUMENT IO TECN COMMENT 
0.1011 4"0.008 OUR AVERAGE 
O.1078•177 31 ARTUSO 97 CLE2 e + e -  ~ T(4S)  | 
0.093 •  •  ALBRECHT 94 ARC e + e  - ~ T ( 4 5 )  
0.099 •  •  HENDERSON 92 CLEO e + e  - ~ T (4S)  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.109 •  •  A T H A N A S  94 CLE2 Sup. by ARTUSO 97 

31ARTUSO 97 uses partial reconstruction of  B ~ D * t v ~  and inclusive semileptonic I 
branching ratio from BARISH 968 (0.1049 • 0.0017 • 0.0043). I 

r(D-t+M,)/r~=, r=Ir 
t denotes e or i L, not the sum. 

VALUE OOCUMENT ID TEEN COMMENT 
0.0200:E0.0025 OUR AVERAGE 
0.0187•177  3 2 A T H A N A S  97 CLE2 e+  e - ~ T(4S)  
0 .0235•177  33 BUSKULIC 97 ALEP e • e -  ~ Z 
0,018 •  •  34 FULTON 91 CLEO e + e -  ~ T (4S)  
0.020 •  •  35 ALBRECHT 89J ARG e + e -  ~ T (4S)  

3 2 A T H A N A S  97 uses missing energy and missing momentum to reconstruct neutrino. 
33BUSKULIC 97 assumes fraction (B  + )  = fraction (B  O) = (37.8 • 2.27% and PDG 96 | 

values for B lifetime and branching ratio o f  D *  and D decays. I 
34 FULTON 91 assumes assuming equal production of B 0 and B + at the T445 ) and uses 

Mark III D and D*  branching ratios. 
3 5 A L B R E C H T  89J reports 0.018 • 0.006 • 0.005. We rescale using the method described 

in STONE 94 but with the updated PDG 94 B( DO ~ K - ~ + ) .  

r ( D o ( 2 0 t 0 )  - t +  ~ l )  I r ~ , ,  r 3 1 r  
VALUE EVT5 DOCUMENT ID TEEN COMMENT 
0.04604-0.1X)27 OUR AVERAGE 
0 .0508•177  36ACKERSTAFF 97G OPAL e + e  - ~ Z 
0 .0553•177  37 BUSKULIC 97 ALEP e + e -  ~ Z 
0.0552:J:0.0017• 3 8 A B R E U  96P DLPH e + e  - ~ Z 
0 .0449•177  376 39 BARISH 95 CLE2 e • e -  ~ T4457 
0.045 •  •  4 0 A L B R E C H T  94 ARG e + e  - ~ T(4S)  
0.047 •  i 0 . 0 0 5  235 4 1 A L B R E C H T  93 ARG e-Fe - ~ T44S ) 
0.040 •  •  42 BORTOLETTO898  CLEO e • e -  - ,  T ( 4 5 )  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.0518~:0.0030• 410 43 BUSKULIC 95N ALEP Sup. by 
BUSKULIC 97 

seen 398 44SANGHERA 93 CLE2 e + e  - ~ T (4S)  
0.070 •  •  45 ANTREASYAN 900 CBAL e + e -  ~ T (4S)  

4 6 A L B R E C H T  89C ARG e +  e - ~ T (4S 7 
0.060 •  ~0 .014  4 7 A L B R E C H T  89J ARG e + e  - ~ T44S 7 
0.070 •  •  47 4 8 A L B R E C H T  87J ARG e-t-e - ~ T (4S 7 

36ACKERSTAFF 97G assumes fraction ( B + )  ~ fraction (B  O) ~ ( 37 .8 •  and PDG 96 | 
values for B l i fe t ime and branching ratio of  D + and D decays. 

I 37 + 0 o BUSKULIC 97 assumes fraction ( B ) = traction ( B )  = (37.8 :5  2.2)Yo and PDG 96 
values for B lifetime and D*  and D branching fractions. 

38 p I * ABREU 96 result is the average of  two methods using exclusive and part'al D recon- 
struction. 

39BARISH 95 use B (D  0 ~ K - ~  + )  = 43.91 • 0.08 • 0.17)% and B (D  * •  ~ D 0 ~  •  
= (68.1 • 1.0 • 1,3)%. 

4 0 A L B R E C H T  94 assumes B (D  * §  ~ D 0 ~  + )  = 68.1 • 1.0 • 13%.  Uses partial recon- 
struction of  D * +  and is independent of  D O branching ratios. 

4 1 A L B R E C H T  93 reports 0.052 • 0.005 • 0.006. We rescale using the method described 
in STONE 94 but with the updated PDG 94 B4D 0 ~ K - T r + ) .  We have taken their 
average e and /L value. They also obtain ,~= 2.1"0/(I  - -  + 1 - + ) - 1  = 1.1 • 0.4 • 0.2, 

A A F  = 3 / 4 , ( r -  - r + ) / r  - 0.2 • 0.08 • 0.06 and a value of IVcbl = 0.036-0.045 
depending on model assumptions. 

42We have taken average of the the B O R T O L E T T O  89B values for electrons and muons, 
0.046 • 0.005 • 0.007. We rescale using the method described In STONE 94 but with 
the updated PDG 94 B( D0 ~ K - ~ + ) .  The measurement suggests a D*  polarization 
parameter value ~x = 0.65 • 0.66 • 0.25. 

43 BUSKULIC 95N assumes fraction (B  + )  = fraction (B  0) = 38.2 • 1.3 • 2.2% and TBO 

= 1.58 • 0.06 ps. r ( D * -  t + ut)/total = [5.18 - 0.13(fraction(BO)-38.2) - 1.54~'B0 - 
1.58)]%. 

44Combining D * 0 t + v E  and D * - t + v  I SANGHERA 93 test V - A  structure and fit the 

decay angular distributions to obtain AFB = 3 /4 , (1 " -  - 1-+)/1- = 0.14 • 0.06 • 0.03. 
Assuming a value of Vcb, they measure V, A 1, and A 2, the three form factors for the 

D * t  v t decay, where results are slightly dependent on model assumptions. 

45 ANTREASYAN 90B is average over B and D *  42010) charge states. 
46The measurement o f  ALBRECHT 89c suggests a D*  polarization ~L/ -JT of 0.85 • 0.45. 

or ~ = 0.7 • 0.9. 
4 7 A L B R E C H T  89J Is ALBRECHT 87J value rescaled using B ( D * ( 2 0 1 0 ) -  ~ DOTr - )  = 

0.57 • 0.04 • 0.04. Superseded by ALBRECHT 93. 
4 8 A L B R E C H T  87J assume #-e universality, the B ( T ( 4 S )  ~ BO~ -0) = 0.45. the B4 D0 

K ~  =r + )  = (0.042 • 0.004 • 0.004), and the B4D* (20107-  ~ D O 7 r - )  = 0,49 • 0.08. 
Superseded by ALBRECHT 89J. 

r ( f t+ . t ) I r~=  r41r 
~ e or #,  not sum over e and # modes. 

VALUE(units 10 4) CL_~_% DOCUMENT ID TEEN COMMENT 

2.5:1:0.4"1"0:7 49 ALEXANDER 96T CLE2 e + e -  ~ T (4S)  I 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<4.1 90 50 BEAN 938 CLE2 e + e-- ~ T445 ) 

4 9 A L E X A N D E R  96T gives systematic errors +00"5 • 0,5 where the second error reflects I 
the estimated model dependence. We combine these in quadrature. Assumes Isospln I 
s y m m e t r y : r ( B 0 ~  P - s 1 6 3  ~ P O s  2 x r ( B + ~  ~ s  I 

50BEAN 93B l imit set using ISGW Model. Using Isospin and the quark model to  combine 
r ( p O t + v l )  and r ( ~ t : + v t 7  with this result, they obtain a l imit  < (1 .6-2 .7)  x 10 - 4  at 

90% CL for B + ~ (~or  p O ) t + v  t .  The range corresponds to the ISGW, WSB, and 
KS models. An upper l imit  on IVub /Vcb l  < 0.08-0.13 at 90% CL is derived as well. 

r ( . - t+ . , ) I r~= rglr 
VALUE(units 10 4) DOCUMENT ID TEEN COMMENT 

1.84-0.44-0.4 51 ALEXANDER 96T CLE2 e + e -  ~ T4457 | 

51ALEXANDER 96T gives systematic errors ~0.3 • 0.2 where the second error reflects I 
the estimated model dependence. We combine these in quadrature. Assumes isospin I 
symmetry: F(B ~ ~ = - t + v t )  = 2 x r(B + ~ ~0s163 I 

r ( . -~+. . ) / r~= r+/r 
VALUE DOCUMENT ID TEEN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

seen 52 ALBRECHT 91c ARC 

521n ALBRECHT 91c, one event is fully reconstructed providing evidence for the b ~ u 
transition. 

r(K+ anything)/r~ r T l r  
VALUE DOCUMENT ID TECN COMMENT 

0.784-0.8 5 3 A L B R E C H T  96D ARG e + e  - ~ T (4S )  I 

53 Average multiplicity. | 

r(D-.+)Irt~,, relr 
VALUE EVT$ DOCUMENT 10 TEEN COMMENT 
0.0030 -l-0.0004 OUR AVERAGE 
0.0029•177  81 54 A L A M  94 CLE2 e + e -  ~ T44S ) 
0 .0027•177  55 BORTOLETTO92 CLEO e + e -  ~ T44S ) 
0 .0048•177 22 5 6 A L B R E C H T  90J ARC e + e  - ~ T (4S  7 
o nn~ �9 + 0.0028 + 0.0013 57 T (  4S ) . . . . .  - 0 . 0 0 2 5 - 0 . 0 0 1 2  4 BEBEK 87 CLEO e + e -  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0 .0031•177  7 56 ALBRECHT 88K ARG e % e -  ~ T (4S  7 

5 4 A L A M  94 reports [B(B 0 ~ D - ~ r  + )  x B(D + ~ K - = r + l r + ) ]  = 0.000265 • 
0.000032 • 0.000023. We divide by our best value B ( D +  ~ K - l r + = r  + )  = 
49.0 • 0.6) x 10 - 2 .  Our first error is their experiment's error and our second error 
is the systematic error from using our best value. Assumes equal production of  B + and 
B 0 at the T (45 ) .  

5 5 B O R T O L E T T O  92 assumes equal production of B + and B 0 at the T (4S)  and uses 
Mark l l l  branching fractions for the D. 

5 6 A L B R E C H T  88K assumes BOBO:B + B -  production ratio is 45:55. Superseded by AL- 
BRECHT 90J which assumes 50'.50. 

57BEBEK 87 value has been updated in BERKELMAN 91 to use same assumptions as 
noted for BORTOLETTO 92. 

r (o-p+) Ir~,  rd r  
VALUE EVTS DOCUMENT ID TECN COMMENT 
0.0079-1-0.0014 OUR AVERAGE 
0.007810.0013•  79 5 8 A L A M  94 CLE2 e + e  - ~ T (4S)  
0.009 •  +0 .003 9 5 9 A L B R E C H T  90J ARG e + e  - ~ T (4S)  
�9 �9 �9 We do not use the following data for averages, fits. l imits, etc. �9 �9 �9 

0.022 •  •  6 5 9 A L B R E C H T  88K ARC e + e  - ~ T (4S)  

5 8 A L A M  94 reports [B(B 0 ~ D - p  + )  x B(D + ~ K - I r + ~ r + ) ]  = 0.000704 • 

0,000096 • 0.000070. We divide by our best value B (D  + ~ K - I r + T r  + )  = 
49.0 • 0.6) x 10 - 2 .  Our first error is their experiment's error and our second error 
is the systematic error from using our best value, Assumes equal production of B + and 
B 0 at the T(45) .  

5 9 A L B R E C H T  88K assumes BOBO:B • B -  production ratio is 45:58, Superseded by AL- 
BRECHT 90J which assumes 50:50. 

r( -~.++-) Ir~. i  ri01r 
VALUE ~ ~VTS DO~UtffENT ID T~CN COMMENT 

<0.0016 90 6 0 A L A M  94 CLE2 e + e - ~  T ( 4 5 )  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.007 90 61 BORTOLETTO92 CLEO e + e - ~  T(457 
<0,034 90 6 2 B E B E K  87 CLEO e + e  - ~ T ( 4 5 )  

0,07 •  5 63 BEHRENDS 83 CLEO �9 + e -  ~ T ( 4 5 )  

60Assomes equal production of B + and B 0 at the T(4S ), 
6 1 B O R T O L E T T O  92 assumes equal production of B + and B 0 at the T (4S  ) and uses 

Mark Ill branching fractions for the D. The product branching fraction into D~(2340)Tr 



See key on page 213 

followed by D~(2340) ~ DO~ is < O.O00l at 90% CL and into D~(2460) followed by 

D~42460 ) ~ D0~r is < 0.0004 at 90% EL. 
62BEBEK 87 assume the T (4S)  decays 43% to BOB 0. We rescale to 50%. B(D 0 

K - w  + )  = (4.2 4- 0.4 :E 0.4)% and B (D  0 ~ K - T r + ~ + ~  - )  = (9.1 4- 0.8 4- 0.8)% 
were used. 

63Corrected by us using assumptions: B ( D  0 ~ K - ~ r  + )  = (0.042 • 0.006) 
and B (T445  ) ~ BOB 0) = 50%. The product branching ratio is B(B  0 
D O T r + ~ r - ) B 4 ~  ~ K+Tr  - )  = (0.39 4- 0.26) • 10 - 2 .  

r(D'(2010)-.+)/r~., r~t/r 
VALUE EVT5 DOCUMENT IO TEEN COMMENT 
0.002764"0.00021 OUR AVERAGE 
0.002814-0.00024• 64BRANDENB. . .  98 CLE2 e + e  - ~ T ( 4 5 )  
0.0026 •  4-0.0004 82 6 5 A L A M  94 CLE2 e + e -  ~ T (4S)  
0.0033 •  4-0.0001 66 BORTOLETTO92  CLEO e + e -  -~ T (4S)  
0.00234:k0.000874-0.00005 12 67 ALBRECHT 90J ARG e + e -  ~ T(4S)  

0 + 0  00148 T(4S ) 0. 0234_0100109 :EO.O0005 5 68 BEBEK 87 CLEO e + e -  

�9 ~ �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.010 4-0.004 :k0.001 8 69AKERS 94J OPAL e + e  - -~ Z 
0.0027 :t-0.0014 4-0.0010 5 7 0 A L B R E C H T  87C ARG e + e  - ~ T (4S)  
0.0035 10 .002  4-0.002 71 ALBRECHT 86F ARG e + e -  ~ T (4S)  
0.017 •  ~:0.005 41 72 GILES 84 CLEO e + e -  ~ T (4S)  

64 BRANDENBURG 98 assume equal production of B + and B 0 at T(4S)  and use the D*  
reconstruction technique. The first error is their experiment's error and the second error 
is the systematic error from the PDG 96 value of B (D*  -~ O~r). 

6 5 A L A M  94 assume equal production of B -t- and B 0 at the T (4S ) and use the CLEO II 
B(D*42010)  + ~ D0~r + )  and absolute B (D  0 ~ K - ~ r  + )  and the PDG 1992 B (D  0 
K - : , r + ~ O ) / B 4 D  0 ~ K - ~  + )  and B (D  0 ~ K - ~ r + ~ r + ~ - ) / B ( O  0 ~ K - ~ r + ) .  

6 6 B O R T O L E T T O  92 reports 0.0040 • 0.0010 4- 0.0007 for B(D* (2010)  + ~ DO~r 4") = 
0.57 4- 0.06. We rescale to  our best value B(D*42010)+  ~ D0~r + )  = (68.3 4- 1.4) x 
10 - 2  . Our first error is their experiment's error and our second error is the systematic 
error from using our best value. Assumes equal production of B + and B 0 at the T (4S)  
and uses Mark III branching fractions for the D. 

6 7 A L B R E C H T  90J reports 0.0028 4- 0.0009 • 0.0006 for B(D*(2010)  + ~ DO~r + )  
0.57 4- 0.06. We rescale to  our best value B(D*42010)  + ~ D0~r + )  = (68.3 4- 1.4) • 
10 - 2  . Our first error is their experiment's error and our second error is the systematic 
error from using our best value. Assumes equal production of B + and B 0 at the T445 ) 
and uses Mark III branching fractions for the D. 

68BEBEK 87 reports 0.0028 :F0"0015§ for B(D* (2010)  + DO~r + )  = 0.57 4- 
- 0 . 0 0 1 2  - .0006 

0.06. We rescale to  our best value B(D* (2010)  + ~ D 0 ~  + )  = (68.3 ~. 1.4) • 10 - 2 .  
Our f irst error is their experiment's error and our second error is the systematic error 
from using our best value. Updated In BERKELMAN 91 to  use same assumptions as 
noted for B O R T O L ~ T T O  92 and ALBRECHT 90J. 

9Assumes B (Z  ~ bb)  = 0.217 and 38% B d production fraction. 
7 0 A L B R E C H T  87c use PDG 86 branching ratios for D and D*(2010)  and assume 

B ( T ( 4 S )  ~ B + B  - )  ~ 55% and B ( T ( 4 S )  ~ BOB TM) = 45%. Superseded by AL- 
BRECHT 90J. 

7 1 A L B R E C H T  86F uses pseudomass that  is independent of  D O and D + branching ratios. 
72 * + 0 + - t -008 AS m 0 ~ 0  Assumes B (D  42010) ~ D ~ ) =  0.60_0115, su es B ( T ( 4 5 ) ~  B B ) =  

0.40 :E 0.02 Does not depend on D branching ratios. 

r(o-.-+.+.-) /r~, ,  r,./r 
VALUE DOCUMENT ID TEEN COMMENT 

0,00804"0.00214"0.0014 73 BORTOLETTO92  CLEO e + e -  ~ T ( 4 5 )  

7 3 B O R T O L E T T O  92 assumes equal production of B + and B 0 at the T445 ) and uses 
Mark III branching fractions for the D. 

F (( D -  ~r + ~r + :r-  ) nonresonant)/r~ot.i Flair 
VALUE DOCUMENT IO TECN COMMENT 

0.003~4"0.00144.0.0013 74 BORTOLETTO92  CLEO e + e  - ~ T (4S)  

7 4 B O R T O L E T T O  92 assumes equal production of  B + and B 0 at the T (4S)  and uses 
Mark Ill branching fractions for the D. 

r(o-~+~O)/rt~ r~/r 
VALUE DOCUMENT ID TECN COMMENT 

0.0011.4.0.000~4"0.0004 75 BORTOLETTO92  CLEO e + e  - ~ T (4S)  

M eso n 
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P a r t i c l e  L is t ings  
B o 

r (D* (2010)- p+)/rt==,  r iT/r 
VALUE EVT5 DOCUMENT ID TECN , COMMENT 
0.0067-1-0.0033 OUR AVERAGE 
0.0159•177  79 BORTOLETTO92  CLEO e § e -  ~ T (4S)  
0 .0058•177 19 8 0 A L B R E C H T  90J ARG e + e  - ~ T ( 4 5 )  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0 .0074•177 76 81,82 A L A M  94 CLE2 Sup. by JESSOP 97 

0.081 •  +0 .059 19 83 CHEN 85 CLEO e + e -  ~ T445 ) 
- 0 . 0 2 4  

7 9 B O R T O L E T T O  92 reports 0.019 • 0.008 • 0.011 for B (D* (2010 )  + ~ DO~r + )  = 
0.57 • 0.06. We rescale to our best value B4D* (2010)+  ~ D01r + )  = (68.3 • 1.4) x 
10 - 2  . Our first error is their experiment's error and our second error is the systematic 
error from using our best value. Assumes equal production of  B + and B 0 at the T ( 4 5 )  
and uses Mark III branching fractions for the D. 

8 0 A L B R E C H T  90J reports 0.007 • 0.003 • 0.003 for B4D*42010)+ ~ DO Jr i-) = 0.57 • 
0.06. We rescale 1o our best value B(D*42010)  + ~ DO~r + )  = (68.3 • 1.4) x 10 - 2 .  
Our first error is their experiment's error and our second error is the systematic error 
from using our best value. Assumes equal production of B -F and B 0 at the T ( 4 5 )  and 
uses Mark III branching fractions for the D. 

8 1 A L A M  94 assume equal production of B + and B 0 at the T (4S )  and use the CLEOI I  
B ( D * ( 2 0 1 0 ) +  ~ D07r + )  and absolute B (D  0 ~ K - T r  + )  and the PDG 1992 B ( D  0 
K--Tr+,~O)/B(DO ~ K - T r •  B ( D 0 ~  K - ~ r +  ~ +  l r - ) / B ( D O  ~ K - ' ~ r + ) .  

82This  decay is nearly completely longitudinally polarized, FD/F  = (93 • 5 4- 5)%, as 

expected from the factorizatlon hypothesis (ROSNER 90). The nonresonant ~ + l r  0 
contribution under the p +  is less than 9% at 90% eL. 

83 Uses B (D*  ~ D O ~r -i-) = 0.6 • 0.15 and B ( T ( 4 S )  ~ B 0 B  O) = 0.4. Does not depend 
on D branching ratios. 

r (/7"(2010)- ~r +~r + l r - ) / r t "= ,  r~91r 
VALUE ~ EVT5 DOCUMENT ID TECN COMMENT 

0.00"/64"0.0017 OUR AVERAGE Error includes scale factor o f  1.3. See the ideogram 
below. 

0 .0063•177 49 8 4 , 8 5 A L A M  94 CLE2 e + e  - 
T44S) 

0.0133•177  86 BORTOLETTO92  ( L E O  e + e -  
r ( 4 s )  

0.0100• 26 87 ALBRECHT 90J ARG e-t-e - 
T (4S)  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.033 •  •  27 88 ALBRECHT 87C ARG e + e -  
T (4S)  

<0.042 90 89 BEBEK 87 CLEO e + e -  
T44S) 

8 4 A L A M  94 assume equal production of  B + and B 0 at the T ( 4 5 )  and use the CLEO I1 
B(D* (2010)  + ~ DO~ + )  and absolute B (D  0 ~ K -  ~r + )  and the PDG 1992 B (D  0 
K - ~ r +  crO)/B(DO ~ K - ~ r + ) a n d  B ( D O ~  K - ~ r + ~ r +  T r - ) / B ( D O  ~ K - ~ r + ) .  

85The three pion mass is required to  be between 1.0 and 1.6 GeV consistent with an a 1 

this channel is dominated by a~ ,  the branching rat io for D * -  al  + is twice meson. 0f 
that for D * -  ~+7r4- ~T-.) 

86 BORTOLETTO 92 reports 0.0159 • 0.0028 :k 0.0037 for B (D* (2010 )  + ~ DOTr + )  = 
0.57 • 0.06. We rescale to our best value B (D* (2010)  + ~ DOTr + )  = (68.3 • 1.4) x 
10 - 2 .  Our first error is their experiment's error and our second error Is the systematic 
error from using our best value. Assumes equal production of  B -t- and B 0 at the T (4S)  
and uses Mark III branching fractions for the D. 

87 ALBRECHT 90J reports 0.012 • 0.003 4- 0.004 for B (D* (2010 )  + ~ D O ~-F) = 0.57 
0,06. We rescale to our best value B (D* (2010)  + ~ DO~ + )  ~ 468.3 • 1.4) x 10 - 2 ,  
Our first error is their experiment's error and our second error is the systematic error 
from using our best value. Assumes equal production of B + and B 0 at the T (4S )  and 
uses Mark Ill branching fractions for the D. 

8 8 A L B R E C H T  87C use PDG 86 branching ratios for O and O*(2010)  and assume 
B ( T ( 4 S )  ~ B-FB - )  = 55% and B4T(4S ) ~ BOB O) = 45%. Superseded by AL- 
BRECHT 90J. 

89BEBEK 87 value has been updated in BERKELMAN 91 to  use same assumptions as 
noted for BORTOLETTO 92. 

WEIGHTED AVERAGE 
0.0076:L0.0017 (Error scaled by 1.3) 

' 7 5 B O R T O L E T T O  92 assumes equal production of B -F and B 0 at the T (4S)  and uses 
Mark Ifi branching fractions for the D. 

r(D- ~(lZ~0)+)/r~l r~/r 
VALUE DOCUMENT ID TECN COMMENT 

0.0060-k0.0022-1-0.0024 7 6 B O R T O L E T T O 9 2  CLEO e + e - ~  T ( 4 5 )  

7 6 B O R T O L E T T O  92 assumes equal production of B + and B 0 at the T (4S)  and uses 
Mark III branching fractions for the D. 

r (D" (2010)- ~r + lr 0)/rtot=, rlur 
VALUE EVTS DOCUMENT ID TECN COMMENT 

0.01504-0,00614-0.0003 51 77 ALBRECHT 90j ARG e + e -  ~ T (4S)  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.015 4-0.008 i 0 . 0 0 8  8 7 8 A L B R E C H T  87C ARG e + e  - ~ T ( 4 5 )  

7 7 A L B R E C H T  90J reports 0.018 + 0.004 4- 0.005 for B(D* (2010)  + ~ D0~r + )  = 0.57 • 
0.06. We rescale to  our best value B(O*42010)+  ~ DO~r + )  ~ (65.3 • 1.4) • 10 - 2 .  
Our first error is their experiment's error and our second error is the systematic error 
from using our best value. Assumes equal production of B + and B 0 at the T ( 4 5 )  and 
uses Mark HI branching fractions for the D. 

7 8 A L B R E C H T  87C use PDG 86 branching ratios for D and D '42010 ) and assume 
B ( T ( 4 S )  ~ B + B  - )  = 55% and B4T(4S  ) ~ B 0 B  0)  - 45%. Superseded by AL- 
BRECHT 90J. 

l 

Z 2 
. . . . . . . . . .  ALAM 94 CLE2 0.7 

~ \  . . . . . .  BORTOLETTO 92 CLEO 2,5 
1 ~ . . . . .  ALBRECHT 90J ARG 0,4 

, , " h - - - ,  
1.005 0.01 0.015 0.02 0.025 0.03 

r ( D * ( 2 0 1 0 ) -  . +  . +  . - ) / r t o t a  i 
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r((D*(2010)-.+.+.-) nonresonant)/r~, r . / r  
VALU E DOCUMENT ID TEC N COMMENT 

OJOOOO.~.O.OO~9,.i.OJO0].~ 90 BORTOLETTO92 CLEO e + e -  ~ T(4S) 

90BORTOLETTO 92 assumes equal production of B + and B 0 at the 7`(45) and uses 
Marklll branching fractions for the D and D*(2010). 

r(o*(201o)-.+eO)/r~ r~/r 
VALUE DOCt~M~NT I~ TEC N COMMENT 

0.00674-0,00314-0.0001 91BORTOLETTO92 CLEO e + e - ~  T(45) 

91BORTOLETTO 92 reports 0.0068 4- 0.0032 4- 0.0021 for B(D*(2010)+ ~ D0~r+) = 
0,57 4- 0,06. We rescale to our best value B(D*(2010) -1- ~ D0~ + )  = (68.3 4- 1.4) x 
10 -2 .  Our first error Is their experiment's error and our second error is the systematic 
error from using our best value. Assumes equal production of B -t" and B 0 at the T(4S) 
and uses Mark III branching fractions for the D, 

r(o*(~mo)- a1(12~o)+)/r~o ~ r=dr 
~/A~U~E DOCUMENT ID TE~.N COMMENT 
0.0130-1-0.0fi2"1 OUR AVERAGE 
0.0126-t-0.00204-0.0022 92,93ALAM 94 CLE2 e + e  - ~ 7"(45) 
0.0150:E0.00694-0.0003 94 BORTOLETTO92 CLEO e+e - ~ T(45) 

92ALAM 94 value is twice their r (o*(2010)-~r- t '~r+~r-) / f tota I value based on their 
observation that the three pions are dominantly in the a1(1260 ) mass range 1,0 to 1.6 
GeV, 

93ALAM 94 assume equal production of B + and B 0 at the T(4S) and use the CLEOII 
B(D*(2010) + ~ D0x + )  and absolute B(D 0 ~ K-~r  + )  and the PDG 1992 B(D 0 
K - w + ~ r O ) / B ( D O  ~ K - w + ) a n d  B(DO-*  K - ~ r +  ~r+ ~ r - ) /B (DO --, K - ~ r + ) .  

94BORTOLETTO 92 reports 0.018 4- 0,006 4- 0.006 for B(D*(2010) + --* D0~r + )  = 
0.57 d: 0.06. We rescale to our best value B(D*(2010) + ~ D0~ + )  = (68,3 4- 1.4) x 
10 - 2  . Our first error is their experiment's error and our second error Is the systematic 
error from using our best value. Assumes equal production of B + and B 0 at the 7`(45) 
and uses Mark III branching fractions for the D. 

r(o*(2ol0)-.+.+.-.O)/r~o~ r=/r 
VALU E EVTS DOCUMENT ID T ~ N  COMMENT 

0,0~4-1"O.O1BJ,'O.O01 28 95 ALBRECHT 9OJ ARG �9 + e-- ~ 7`(45) 

95ALBRECHT 90J reports 0,041 4- 0,015 4- O.016 for B(D*(2010) + ~ D0~r -}') = 0.57 4- 
0.06. We rescale to our best value B(D*(2010) § ~ DO~r + )  = (68,3 4- 1.4) x 10 -2 .  
Our first error is their experiment's error and our second error Is the systematic error 
from using our best value, Assumes equal production of B + and B 0 at the 7`(4S) and 
uses Mark Ill branching fractions for the D. 

r(~(~4~o)-~+)/r~ r../r 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0,0022 90 96 ALAM 94 CLE2 �9 -t- e -  ~ T(4S) 

96ALAM 94 assumes equal production of B + and B 0 at the 7`(45) and use the CLEO II 
absolute B(D 0 ~ K-~r  + )  and B(D~(2460) + ~ D0~r + )  = 30%. 

r ( ~ ( 2 4 ~ 0 ) -  ~ + ) / r ~ ,  r ~ / r  
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0,004~ 90 97ALAM 94 CLE2 e + e -  ~ T(45) 

97ALAM 94 assumesequal production of B4- and B 0 at the T(4S) and use the CLEOII 
absolute B(D 0 -~ K - ~  + )  and B(D~(2460) + -+ DO~ + )  = 30%. 

r ( o -  D + ) / r , o ~ ,  r , , / r  
VALU~ EVTS DOCUMENT IO TECN C. OMMENT 
0.00~04"0.00~0 OUR AVERAGE 

0.00844-0.0030+--0:0020 98GIBAUT 96 CLE2 e+e - - - *  7`(45) 

0,013 4-0.0U ~:0.003 99 ALBRECHT 92G ARG e + e -  ---* 7`(4.$ / 
0,007 4-0.004 4-0.002 100BORTOLETTO92 CLEO e + e - - - *  7`(45) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.012 4-0,007 3 101BORTOLETTOg0 CLEO e-Fe---~ 7"(45) 

98 GIBAUT 96 reports 0.0087 4- 0.0024 :I: 0.0020 for B(Ds+ ~ q~x+) = 0,035. We rescale 

to our best value B(Ds+ -~ ~ r + )  = (3.6 4- 0.9) x 10 - 2 .  Our first error Is their 
experiment's error and our second error is the systematic error from using our best value. 

99ALBRECHT 92G reports 0.017 4- 0.013 4- 0,006 for B(Ds+ ~ q~r + )  = 0,027. We 

rescale to our best value B(Ds-F --~ q~r + )  = (3,6 4- 0.9) x 10 - 2 .  Our first error is their 
experiment's error and our second error is the systematic error from using our best value. 
Assumes PDG 1990 D + branching ratios, e.g., B(D + ~ K-~r+~r + )  = 7.7 4- 1.0%. 

100 BORTOLETTO 92 reports 0.0080 4- 0,0045 4- 0.0030 for B(D  s+ ~ q~r + )  = 0,030 4- 

0,011. We rescale to our best value B(Ds-F ~ ~ r  + )  = (3.6 4- 0.9) x 10 -2 .  Our first 
error is their experiment's error and our second error is the systematic error from using 
our best value. Assumes equal production of B + and B 0 at the 7"(45) and uses Mark III 
branching fractions for the D. 

101BORTOLETTO 90 assume B ( D  s - *  ~ x + )  = 2%. Superseded by BORTOLETTO 92. 

r(o,(2mo), o+)/r~, r~/r 
VALUE EV7"S DOCUMENT /0 TgCN COMMENT 
O.O0~-kO.(X)S4 OUR AVERAGE 
0.00904-0.00274-0.0022 102 GIBAUT 96 CLE2 e + e -  ~ T(4S) | 
0.010 4-0,008 4-0,003 103 ALBRECHT 92G ARG e -t" e -  --~ 7`(45) 
0,013 4-0,008 4-0.003 104BORTOLETTO92 CLEO e ' F e - - +  T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.024-+-0,014 3 Z05BORTOLETTOg0 CLEO e + e - - - +  7`(45) 

102 GIBAUT 96 reports 0.0093 4- O.0023 4- 0.0016 for B(Ds+ ~ ~b~ "F) = 0,035. We rescale | 

to our best value B(Ds+ ~ q~lr + )  = (3,6 ~: 0,9) x 10 - 2 .  Our first error is their 
experiment's error and our second error Is the systematic error from using our best value. 

103ALBRECHT 92G reports 0,014 4- 0,010 4- 0.003 for B(Ds-I- ~ ~ + )  = 0,027. We 

rescale to our best value B(Ds+ ~ ~blr -{-) = (3,6 :E 0.9 / x 10 - 2 .  Our first error Is their 
experiment's error and our second error Is the systematic error from using our best value. 
Assumes PDG 1990 D + and D*(2010) + branching ratios, e.g., B(D 0 ~ K - x  + )  = 
3.71 4- 0.25%, B(D + ~ K-~r+Tr + )  = 7.1 4- 1,0%, and B(D*(2010) + ~ D0x + )  
= 55 4- 4%. 

104BORTOLETTO 92 reports 0,016 4- 0.009 4- 0,006 for B(D~ --~ r + )  = 0.0304-0,011. 

We rescale to our best value B(D~ ~ ~b~r + )  = (3.6 4- 0.9) x 10 -2 .  Our first error 
is their experiment's error and our second error is the systematic error from using our 
best value. Assumes equal production of B + and B 0 at the T(45)  and uses Mark III 
branching fractions for the D and s 

105 BORTOLETTO 90 assume B ( D  s ~ ~lr + )  = 2%. Superseded by BORTOLETTO 92. 

r(o- D;+)/rtor,, r~/r 
VAI, U~ DOCUMENT ID TECN COMMON T 
0.010:i:0.0~ OUR AVERAGE 
0.0104-0,004:E0,002 106GIBAUT 96 CLE2 e+e-~ 7`(4S) | 
0.0204-0.0144-0.005 107 ALBRECHT 92G ARG e + e -  --* 7"(45) 

106GIBAUT 96 reports 0.0100 4- 0.0035 4- 0.0022 for B(Ds+ ~ q~r + )  = 0,035. We rescale | 

t o o  + __, + 2 ur best value B ( D  s ~b~r ) = (3,6 4- 0.9) x 10-  . Our first error is their 
experiment's error and our second error Is the systematic error from using our best value. 

107ALBRECHT 92G reports 0,027 4- 0,017 4- 0.009 for B(Ds+ ~ q~r+) = 0,027. We 

rescale to our best value B(Ds+ ~ ~blr + )  = (3.6 4- 0.9) • 10 - 2 .  Our first error Is their 
experiment's error and our second error is the systematic error from using our best value. 
Assumes PDG 1990 D "t" branching ratios, e.g., B(D + ~ K - l r + ~  + )  = 7.7 4- 1.0%. 

[r (D'(2010)- D +) + r(o'(2010)- O;+)]/r~or,, ( rs+r~)/ r  
VALUE (units 10 -2 ) EVTS DOCUMENT ID TECN COMMENT 

4.1S'1.11~0:~2 22 108BORTOLETTO90 CLEO e + e - ~  "/'(45) 

108, BORTOLETTO 90 reports 7.5 4- 2.0 for B(Ds+ -+ ~ r + )  = 0.02, We rescale to our 

best value B(D~ ~ q~r + )  = (3.6 4- 0.9) x 10 -2 .  Our first error Is their experiment's 
error and our second error Is the systematic error from using our best value. 

r(o.(2m0)- D~)/r~,., rn/r 
VAI-I}~ DOCUMENT ID T~(I:N COMMENT 
0.020-t-0.007 OUR AVERAGE 
0.0204-0.0064-0,005 109GIBAUT 96 CLE2 e + e - ~  7`(4S) | 
0.019• 110ALBRECHT 92G ARG e+e - ~ 7`(45) 

0 + 109GIBAUT 96 reports 0. 203 4- 0.0050 4- 0.0036 for B(D  s ~ q~x+) = 0.035, We rescale | 

to our best value B(Ds+ ~ ~61r+) = (3.6 4- 0.9) x 10 - 2 .  Our first error Is their 
experiment's error and our second error is the systematic error from using our best value. 

110ALBRECHT 92G reports 0;026 4- 0,014 4- 0,006 for B(Ds-F - *  ~lr "F) = 0.0'27. We 

rescale to our best value B(Ds-I" -*  ~b~ + )  = (3.6 4- 0.9) • 10 - 2 .  Our first error is their 
experiment's error and our second error Is the systematic error from using our best value. 
Assumes PDG 1990 D + and D*(2010) + branching ratios, e.g., B(D 0 -+ K - l r  + )  = 
3,71 4- 0.25%, B(D + ~ K - ~ r + ~  + )  = 7,1 4- 1,0%, and B(D*(2010) § ~ D07r + )  
= 55 4- 4%, 

r(o.+.-) /r~l r~/r 
VALUE CL~ DOCUMENT ID T~.(~N COMMENT 

<0,000~1 90 111ALEXANDER 93B CLE2 e + e -  --~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.0013 90 112BORTOLETTOgO CLEO e + e - - +  T(4S) 

111ALEXANDER 93B reports < 2,7 x 10 - 4  for B(Ds4- ~ ~lr + )  = 0,037. We rescale to 

our best value B(Ds+ ~ r + )  = 0,036. 
112BORTOLETTO 90 assume B(D  s ~ ~ x  + )  = 2%. 

r(e.'%-)/r~., r=/r 
VA~,~I~ CL~ DOCUMENT ID TECN COMMENT 

<O.O0~ 90 113ALEXANDER 93B CLE2 e+e - ~ 7`(45) 

113ALEXANDER 93B reports < 4.4 • 10 - 4  for B(Ds+ ~ ~b~ + )  = 0.037. We rescale to 

our best value B(Ds+ ~ q~+ )  = 0,036. 

[r(e+. -) + r(D;- K+)]/rtm~ (r~+ru)/r 
VA~.UE CL~ DOCUMENT ID TECN COMMENT 

<0,0013 90 114 ALBRECHT 93E ARG e + e-- ~ T(4S) 

114ALBRECHT 93E reports < 1,7 x 10 - 3  for B(Ds+ ~ ~ + )  = 0,027. We rescale to our 

best value B(Ds+ ~ ~b~r + )  = 0.036. 



See key on page 213 

[r(o;+. -) + r(D;-K+)]/r~.. (r=+r=d/r 
VALUE CL~ DOCUMENT ID T~CN COMMENT 

<0.0009 90 115ALBRECHT 93E ARG e+e  - ~ T(45)  
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r(o;-.+ Ko)/r== r~/r  
VALUE CL~ DOCUMENT ID TEEN (:DMM~-NT 

<0.0r 90 129 ALBRECHT 93E ARG �9 + e -  ~ T(4S) 

129ALBRECHT 93E reports < 7.3 x 10 - 3  for B(Ds-F ~ 4~r+) = 0.027. We rescale to our 

best value B(Ds-I" ~ 4~r+) = 0.036. 

r(o;- .+K~ r~o/r 
VALUE CL~ DOCUMENT ID TECN (;OMM~NT 

<0.00~1 90 130 ALBRECHT 93E ARG e + e -  ~ T(4S) 

130ALBRECHT 93E reports < 4.2 x 10 - 3  for B(Ds+ ~ 4,~r + )  = 0.027. We rescale to our 

best value B(Ds+ --~ r + )  = 0.036. 

r(D;" .+ K'(m)O)/r== r~dr 
VA~UE CL~ DOCUMENT ID TECN COMMENT 

<0.004 90 131ALBRECHT 93E ARG e + e -  --* T(45)  

131ALBRECHT 93E reports < 5.0 x 10 - 3  for B(Ds+ ~ 4~r "F) = 0.027. We rescale to our 

best value B(D + --~ 4.r + )  = 0.036. 

r(o;-.+ K'(m)O)/r== r~=/r 
VALUE CL~ pQEUMENT ID TEEN COMMENT 

< 0 . 0 ~ 0  90 132 ALBRECHT 93E ARG e + e -  ~ T(45) 

132ALBRECHT 93E reports < 2.7 x 10 - 3  for B(D + ~ 4~x+) = 0,027. We rescale to our 

best value B(D + ~ ~bw + )  = 0.036. 

r(D0.O)/r=,., r.,/r 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0 .~012  90 133NEMATI 98 CLE2 e + e  - - - *  T (45)  | 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.00048 90 134 ALAM 94 CLE2 Repi. by NEMATI 98 

133 NEMATI 98 assumes equal production of B + and B 0 at the T (45)  and use the PDG 96 | 
0 ~*0  values for D , ~ , r/, ~//, and ~ branching fractions. I 

134ALAM 94 assume equal production of B + and B 0 at the T (45)  and use the CLEO li 
absolute B(D 0 ~ K -  x + )  and the PDG 1992 B(D 0 ~ K -  x + ~rO)/B(D 0 - *  K -  ~r + )  
and B(D 0 -~ K - ~ r + ~ r + ~ r - ) / S ( O  0 ~ K - ~ r + ) .  

r f D % O ) / r = =  r 4 4 / r  

VALUE CL~ ~yr.~ DOCUMENT ID T~C N ~:OMMENT 

<0 .00~9  90 135 NEMATI 98 CLE2 e + e -  ~ T(4S) | 
�9 �9 �9 We do not use the following data for averages, fits, limRs, etc. �9 �9 �9 

<0.00055 90 136 ALAM 94 CLE2 Repl. by NEMATI 98 
<0.0006 90 137 BORTOLETTO92 CLEO e + e  - ~ T(45)  
<0.0027 90 4 138ALBRECHT 88K ARG �9 "Fe -  ~ T(45)  

135 NEMATI 98 assumes equal production of B + and B 0 at the T(4S) and use the PDG 96 | 
0 *0 r values for D , D , r/, r / ,  and ~ branching fractions, I 

136ALAM 94 assume equal production of B + and B 0 at the T (45)  and use the CLEO II 
absolute B(D 0 --* K -  ~r + )  and the PDG 1992 B(D 0 --~ K -  ~r + ~r0)/B(D 0 ~ K -  ~r + )  
and B(D 0 --* K - x + ~ r + x - ) / B ( D  0 --* K - ~ r + ) .  

137BORTOLETTO 92 assumes equal production of B "t- and B 0 at the T(45)  and uses 
Mark il l branching fractions for the D. 

138ALBRECHT 88K reports < 0.003 assuming BO~O:B + B -  production ratio Is 45:55. 
We rescale to 50%. 

r(lP~)/r=., r=/r  
VA!rU ~ CL~ DOCUMENT ID TECN COMMENT 

<0 ,000~  90 139 NEMATi 98 CLE2 �9 + e -  ~ T(4S) I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.00068 90 140 ALAM 94 CLE2 Repl. by NEMATi 98 

139 NEMATi 98 assumes equal production of B + and B 0 at the T (45)  and use the PDG 96 | 
values f ix  D 0, D �9 r/, 7//, and ~ branching fractions. I 

14OALAM 94 assume equal production of B + and B 0 at the T (45)  and use the CLEO II 
absolute B(D 0 --~ K -  ~r + )  and the PDG 1992 B(D 0 ~ K -  ~r + ~r0)/B(D 0 --~ K -  x + )  
and B(D 0 --~ K - ~ r + ~ r + ~ r - ) / B ( D  0 ~ K - x + ) .  

rCtP#)/r== r=/r  
VALUE CL~ DOCUMENT ID T~;N COMMENT 

<B.0~OB4 90 141 NEMATI 98 CLE2 e + e  - ~ T (45)  I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.00086 90 142 ALAM 94 CLE2 Repl. by NEMATI 98 

141NEMATI 98 assumes equal production of B + and B 0 at the T(4S) and use the PDG 96 | 
values for D 0, D *0, r/, r I 7/, and ~ branching fractions, 

142ALAM 94 assume equal production of B + and B 0 at the T (45)  and use the CLEO I] 
absolute B(D 0 --* K--  ~r + )  and the PDG 1992 B(D 0 -+ K -  ~r + ~r0)/B(D 0 --* K -  ~r + )  
and B ( D 0 ~  K - ~ r + ~ r + ~ r - ) / B ( D  0 ~ K - ~ r + ) .  

115ALBRECHT 93E reports < 1.2 x 10 - 3  for B(Ds+ ~ ~b~ + )  = 0,027. We rescale to our 

best value B (D~  ~ ~ + )  = 0,036. 

r(o.+p-)/r=,., r . / r  
VALUE CL~ DOCUMENT ID TEEN COMMENT 

<:0.0007 90 116ALEXANDER 93B CLE2 e+e  - ~ T(45)  
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

<0.0016 90 117ALBRECHT 93E ARG e+e  - ~ T(45)  

116ALEXANDER 93B reports < 6.6 x 10 - 4  for B(Ds-I" ~ 4,w + )  = 0.037. We rescale to 

our best value B(Ds+ ~ q~lr + )  = 0.036. 

117ALBRECHT 93E reports < 2.2 x 10 - 3  for B(Ds+ ~ 4,1r + )  = 0.027. We rescale to our 

best value B(Ds-I" ~ ~ r  + )  = 0.036. 

r(D;+p-)/r=.l r../r 
VAL(Jf~ CL~ DOCUMENT ID TEEN (;QMMENT 

<00008 90 118 ALEXANDER 93B CLE2 �9 + e -  ~ T(45)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.0019 90 119 ALBRECHT 93E ARG e + e -  ~ T(45)  

118ALEXANDER 93B reports < 7,4 x 10 - 4  for B(D + ~ 4)7r+) = 0.037. We rescale to 

our best value B(Ds+ ~ 4)~r+) = 0.036. 

119ALBRECHT 93E reports < 2.5 x 10 - 3  for B(D + - *  q~lr + )  = 0,027. We rescale to our 

best value B(D + --~ ~ x  + )  = 0.036. 

r(D.+a,(lmo)-)/r=., r=/r  
VALVE CL~ DOCUMENT ID TECN COMMENT 

<0.00~6 90 120 ALBRECHT 93E ARG e + e -  ~ T(45)  

120ALBRECHT 93E reports < 3.5 X 10 - 3  for B(D + ~ ~b~r + )  = 0.027. We rescale to our 

best value B(D + ~ q~r + )  = 0.036, 

r (o;+ ~, (1260)-)/rt=., r . / r  
VAL~(E CL~4 DOCUMENT ID TEEN COMMENT 

<0.00~B 90 121ALBRECHT 93E ARG e + e -  --b T(45)  

121ALBRECHT 93E reports < 2.9 x 10 - 3  for B(Ds+ --* ~lr + )  = 0.027. We rescale to our 

best value B(D + ~ 4,7r + )  = 0.036. 

I'(D; K+)/r==, r~,/r 
VALUE CL~ DOCUMENT ID T~CI~ COMMENT 

<0.00G~4 90 122 ALEXANDER 93B CLE2 �9 + e -  ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, IImRs, etc. �9 �9 �9 

<0.0013 90 123BORTOLETTOg0 CLEO e + e - - - ~  T(45)  

122ALEXANDER 93B reports < 2.3 x 10 - 4  for B(Ds+ ~ 4,1r + )  = 0.037. We rescale to 

our best value B(Ds+ -+ q~lr + )  = 0.036. 

123BORTOLETTO 90 assume B(D s ~ q~lr + )  = 2%. 

F(D;- K+)/rtm, r,,/r 
VALUE CL~ DOCUMENT ID T~C N COMMENT 

<0,00017 90 124ALEXANDER 93B CLE2 e+e  - ~ T(4S) 

124ALEXANDER 93B reports < 1.7 x 10 - 4  for B(D + ~ 4)~r+) = 0,037. We rescale to 

our best value B(D + ~ 4,1r + )  = 0,036. 

r(D;- K'(m=)+)/r==, r../r 
VALU~ CL~ DOCUMENT ID T~C; N COMMENT 

<00010 90 125 ALEXANDER 93B CLE2 e + e -  --~ T(45) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.0034 90 126 ALBRECHT 93E ARG �9 + e -  --~ T(45) 

125ALEXANDER 93B reports < 9.7 x 10 - 4  for B(D + ~ 4,1r + )  = 0.037. We rescale to 

our best value B(D + - *  4,~r + )  = 0.036. 

126ALBRECHT 93E reports < 4.6 x 10 - 3  for B(Ds+ ~ ~ r  + )  = 0.027. We rescale to our 

best value B(D + ~ 4,x + )  = 0.036. 

F(D:- K*(892)+)/l'tom r~=/r 
VAI, U~. CL~ DOCUMENT ID TEEN COMMENT 

<0JD011 90 127ALEXANDER 93B CLE2 e+e  - ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

<0.004 90 128ALBRECHT 93E ARG e+e  - --* T(45)  

127ALEXANDER 93B reports < 11.0 X 10 - 4  for B(D + ~ 4 ~r+)  = 0.037. We rescale to 

our best value B(D + ~ 4,1r + )  = 0.036. 

128ALBRECHT 93E reports < 5.8 X 10 - 3  for B(Ds+ ~ ~b~r 4") = 0,027. We rescale to our 

best value B(D + ~ q~Tr + )  = 0,036. 



Meson 
B o 

Particle Listings 

r ( O % ) I r ~  r471r 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<:0.00G61 90 143 NEMATI 98 CLE2 e ~- e -  ~ T(4S) I 
�9 �9 �9 We do not use the following data for averages, fits. limits, e t c . � 9  �9 �9 

<0.00063 90 144 ALAM 94 CLE2 Repl. by NEMATI 98 

143NEMATI 98 assumesequal production of B { and B 0 at the T(4S) and use the PDG 96 | 
values for O 0, D *0, TI. ~1, and ~ branching fractions. I 

144ALAM 94 assume equal production of B + and B 0 at the T(45)  and use the CLEOll 
absolute B(D 0 ~ K -  7r "~) and the PDG 1992 B(D 0 . K -  ~+  ~0) /B(D0 ~ K~  ~r + )  
and B(D 0 ~ K - ~ : ~ - ~ + s ' - ) / B ( D  0 - .  K - ~ ' + ) .  

r ( 'O" ( ~ m T ) o , # ) / r t = =  r ~ / r  

Vt~LUE ~ DOC~)M~N. T ID TEEN COMMENT 

<0.0~0414 90 145NEMATI 9~ CLE2 e i - e - ~  T(45) I 
�9 �9 �9 We do not uSe the following data for averages, fits. limits, etc. �9 �9 �9 

<0.00097 90 146 ALAM 94 CLE2 Repl. by NEMATI 98 

145NEMATI 98 assumesequal production of B + and B 0 at the T(45)  and use the PDG 96 I 
values for D 0, D *0, ~, ~t, and o~ branching fractions. I 

146ALAM 94 assume equal production of B + and B 0 at the T(45)  and use the CLEOH 
B(D'(2007) 0 ~ D0~ 0) and absolute B(D 0 ~ K -  ~r + ) and the PDG 1992 B(D 0 
K - . ~ . + ~ O ) / B ( D O  ~ K - ~ - + ) a n d  B ( D 0 ~  K-.r,- ~ .~+ .x - - ) /B (DO ~ K - ~ ) .  

r ( 'D"  (2007)  ~ ~ o ) / r t ~ , l  r ~ / r  
VAI UE , CL~ DOCUMENT If) TECN (~OMMENT 

<O___nr 90 147 NEMATI 98 CLE2 e + e -  ~ T(4S) I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.00117 90 148 ALAM 94 CLE2 Repl. by NEMAT] 98 

147NEMATI 98 assumesequal production of B + and B 0 at the T(45)  and use the PDG 96 | 
values for D 0, D *0, q. ~/~, and ~ branching fractions. I 

148ALAM 94 assume equal production of B + and B 0 at the T(45) and use the CLEOII 
B(D*(2007) 0 ~ DO~r O) and absolute B(D 0 ~ K -  ~r + )  and the PDG 1992 B(D 0 
K - ~ r + = r O ) / B ( D  0 ~ K - = r  + )  and B(D 0 ~ K - : r + : r + : r - ) / B ( D  0 ~ K - : r + ) .  

r ( ' ~ * ( 2 0 o 7 ) % )  I r = ~  r . o / r  
VAL(I~ ~ DOCUMENT ID FECN COMMENT 

<O.0O(~ 90 149 NEMATI 98 CLE2 e + e -  ~ T(4S) I 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

<0.00069 90 150 ALAM 94 CLE2 Repl. by NEMATI 98 

149NEMATI 98 assumes equal production of B + and B 0 at the T(45)  and use the PDG 96 I 
vaJues for D 0, D *0, r/, ~1, and ~ branching fractions. I 

150ALAM 94 assume equal production of B ~ and B 0 at the T(45)  and use the CLEO II 
B(D*(2007) 0 ~ D0vr O) and absolute B(D 0 ~ K -  ~ + )  and the PDG 1992 B(D 0 
K - = +  ~rO)/B(DO ~ K - ~ + ) a n d  B ( D 0 ~  K - ~ - { ' ~ +  ~ - ) / B ( D O  ~ K -~J , - ) .  

r ( ~  ( z~o7 )~  , f )  I r ~ ,  r . l r  
VAI UF . CL~ DQ~MENT IO 1-ECN ~OMMENT 

<0.0014 90 BRANDENB... 98 CLE2 e~-e - ~ T(4S) | 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

<0.0019 90 151NEMATI 98 CLE2 e+e  - ~ T(4S) I 
<0,0027 90 152 ALAM 94 CLE2 Repl. by NEMATI 98 

151 NEMATI 98 assumes equal production of B-- and B 0 at the T(4S) and use the PDG 96 | 
values for D 0, D *0, r/, r/~, and =) branching fractions. I 

152ALAM 94 assume equal production of B"  and B 0 at the T(4S) and use the CLEO II 
B(D*(20OT) 0 ~ O0~ 0) and absolute B(D 0 -* K - ~  <'-) and the PDG 1992 B(D 0 
K - = r - F ~ r  K - x + ) a n d  B ( D 0 ~  K - ~ r ~ - w ~ - v - ) / B ( D O ~  K - ; r ~ ' ) .  

r(~P(20oz)~ r=Ir 
VAt UE C L f ~  DOCUMENT ID TECN (~)MMENT 

<0.0~1~4 90 153 NEMATI 98 CLE2 e ~ e -  ~ T(45) I 
�9 �9 �9 We do not use the following data for averages, fit~, limits, etc. �9 �9 �9 

<0.0021 90 154ALAM 94 CLE2 Repl. by NEMATI 98 

1S3 NEMATI 98 assumes equal production of B ~ and B 0 at the T(4S) and use the PDG 96 | 
values for D 0, D *0, ~/, r//, and ~ branching fractions. I 

154ALAM 94 assume equal production of B ~ and B 0 at the T(45)  and use the CLEO II 
B(D*(2007) 0 ~ DO:r 0) and absolute B(D 0 ~ K -  ~r ~-) and the PDG 1992 B(D 0 
K - ~ : + x O ) / B ( D O  ~ K - ~ )  and B(O 0 - ,  K - ~ ' + ~ r ~ : r - ) / B ( D O  ~ K - ~ r " - ) .  

r ( o ' ( ~ o l o )  + D ' ( = 0 1 0 ) - ) / r = = ,  r . I r  
VA,I U[  EL% ~)OCUMENT ID TEEN COMMENT 

<2~1X10 - 3  90 155ASNER 97 CLE2 e + e - ~  T(4S) I 

1SSASNER 97 at CLEO observes 1 event with an expected background of 0.022 • 0.011. I 
This correcsponds to a branching ratio of (5 3t-7"- ] :~ 1,0) • 10 -4 ,  �9 _~.{  | 

r(D'(Z0]0)+ D-) / r=~ rM/r 
VAI U~ ~ DOCUMENT ID T~CN COMMENT 

< | . 8 X 1 0  - $  90 ASNER 97 CLE2 e + e - ~  T(4S) I 

r(o + O'(2010)-)/rtmal rss/r 
VA{UE CL% OOCUMEN7 I0 TECN COMMENT 

<1.2 x 10 - 3  90 ASNER 97 CLE2 e 4 e -  ~ T(4S) I 

r(J/.~(lS) K~ r , , I r  
VALUE, {units 10 4) EL% EVT5 DOCUMENT ID TEEN COMMENT 

8.9 4-:1.2 OUR AVERAGE 

8.5 ~_~:4 4-0.6 1S6JES$OP 97 CLE2 e + e - ~  T(4S) 

l t  S J:2,3 +1,7 157ABE 96HCDF p ~ a t l . g T e V  
6,87~:4,03• lS8BORTOLETTO92 CLEO e + e - ~  T(4S) 
9.2 ~7.1 ~0,3 2 159ALBRECHT 90j ARG e + c  - ~ T(4S) 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

7,5:1:2.4 +0,8 10 158ALAM 94 CLE2 Sup. by JESSOP 97 
<50 90 ALAM 86 CLEO e + e - ~  T(4S) 

156Assumes equal production of B + and B 0 at the T(4S). 
157ABE 96H assume~ that B(B ~- ~ J / . ~ K  -t-) = (1,02 + 0.14) x 10 -3 .  
158BOR1-OLETTO 92 reports 6 ~: 3 ~: 2 for B(J/t [ , (1S) ~ e F e - )  = 0.069 • 0.009. We 

rescale to our best value B ( J / ~ ( 1 S )  ~ e + e  - )  = (6,02 + 0.19) x 10 - 2 .  Our first 
error is their experiment's error and our second error IS the systematic error from using 
our best value. Assumes equal production of B + and B 0 at the T(45) ,  

159ALBRECHT 90J reports 8 + 6 4- 2 for B(J/V)(1S) ~ e t e - )  = 0.069 + 0.009. We 
rescale to our best value B ( J / ~ ( 1 S )  ~ e+e  - )  = (6.02 :J: 0.19) x 10 -2 .  Our first 
error is theft experiment's error and our second error Is the systematic error from using 
our best value. Assumes equal production of B + and B 0 at the T(4S). 

r(J/,/,(lS) K+ x - ) / r t ~  r~ / r  
VAL UE EL% EVT5 DOCUMENT ID T~CN COMMENT 

O NtlZ$:t:o._no~__R:t:O.0OiXN 160 BORTOLETTO92 CLEO �9 + e -  
T(4S) 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.0013 90 161 ALBRECHT B7D ARG e + e -  --4 
T(4S) 

<0.0063 90 2 GILES 84 CLEO e + e -  
T(45)  

160BORTOLETTO 92 reports 0.0010 4- 0.0004 4- 0.0003 for B ( J / r  --.* e + e  - )  = 

0,069 = 0.009. We rescale to our best value B ( J / r  - .  e + e  - )  = (6.02 • 0.19) x 
10 -2 .  Our first error Is their experiment's error and our second error is the systematic 
err<x from using our best value. Assumes equal production of B + and B 0 at the T(45).  

161ALBRECHT 87D assume B + B - / B O B  - 0  ratio IS 55/45. K~r system Is specifically se- 
letted as nonresonant. 

r(Jl~llSlK'(~2)o)lr~= rm/r 
VALVE ~V7"5  DOCUMENT ID 7ECN COMMENT 
OJX)13S-t-O,O0011 OUR AVERAGE 
000132 ~0.00017• 162 JESSOP 97 CLE2 e + e -  ~ T(45)  
0.00136 i: 0.000274-0.00022 163 ABE 96H CDF p~ at 1,8 TeV 
0.00126~0.00065• 164BORTOLETTO92 CLEO e + e - ~  T(4S) 
0,00126~:0,0r 6 165ALBRECHT 9Oj ARG e + e  - ~ T(4S) 
0,0040 ~0.0018 i0.0001 5 166BEBEK 87 CLEO e + e  - ~ T (45)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.00169 t:0.00~314-0.00018 29 167 ALAM 94 CLE2 Sup. by JESSOP 97 
168ALBRECHT 94G ARG e + e  - ~ T(45)  

0.0040 ~0.0030 169 ALBAJAR 91E UAI  EcP~= 630 GeV 

0.0033 .E0.0018 5 170 ALBRECHT 87D ARG �9 + e -  ~ T(4S) 
0.0041 4-0.0018 5 171 ALAM 86 CLEO RepL by BEBEK 87 

]62Assumes equal production of B -F and B 0 at the T(45) .  
163ABE 96H assumes that B(B t- ~ J / t ~ K  "f') = (1.02 + 0.14) x 10 -3 .  | 
164BORTOLETTO 92 reports 0.0011 4- 0.0005 -~ 0.0003 for B ( J / r  ~ e + e  - )  = 

0.069 + 0,009. We rescale to our best value B(J/g, (1S)  ~ e 4 - e - )  = (6.02 • x 
10 -2 .  Our first error Is their experiment's error and our second error Is the systematic 
error from using our best value. Assumes equal production of B + and B O at the T(45),  

165 ALBRECHT 9OJ reports 0.0Oll + 0.0005 :J: 0.0002 for B(J / r  ~ �9 + e - )  = 0.06g 4- 
0.009. We rescale to our best value B ( J / r  ~ �9 "l" e - )  = (6.02 i 0.19) x 10 - 2 .  
Our first error Is their experiment's error and our second error Is the systematic error 
from using our best value. Assumes equal production of B + and B 0 at the T(4S). 

166 BEBEK 87 reports 0.0035 + 0.0016 + 0.0003 for B ( J / ~ ( 1 S )  ~ e + e -  ) --" 0,069 + 0.009. 
We rescale to our best value B ( J / • ( 1 5 )  ~ e "~ e - )  ~ (6.02 + 0.19) x 10 -2 .  Our first 
error Is their experiment's error and our second errm Is the systematic error from using 
our best value. Updated in BORTOLETTO 92 to uSe the same assumptions. 

167The neutral and charged B events together are predominantly longitudinally polarized, 
r L / r  =0.080 ~: 0.08 + 0.05. This can be compared wtth a p~edlctlon using HQET, 0.73 

(KRAMER 92). This polarization indicates that the B ~ t K *  decay is dominated by 
the CP = - 1  CP elgenstate. Assumes equal production of B + and B 0 at the T(45).  

168 ALBRECHT 94G measures the polarization In the vector-vector decay to be predomlnanUy 
longitudinal, F T / r  = 0.03 • 0.16 • 0.15 making the neutral decay a CP eJgenstate when 
the K *0 decays through KO:r 0. 

169ALBAJAR 91E assumes B O production fraction of 36%. 

170ALBRECHT 87D assume B + B - / B O B  0 ratio Is 55/45. Superseded by ALBRECHT 90J. 
171ALAM 86 assumes B •  0 ratio Is 60/40. The observation of the decay B + 

J / t ~K* (892 )  -t" (HAAS 85) has been retracted in this paper. 

r(Jl~(~s) K'C~2)~ K ~ rm/rr, 
VALUE DOCUMENT ID TEEN COMMENT 

1.$9• ABE 96q CDF p~ | 



See key on page 213 

r (J l~ ( i s ) ,P ) l r t~  rr~Ir 
yALUE CL~ EVT5 DOCUMENT ID T[~N ~QMMENT 

<5.B X 10 - g  90 BISHAI 96 CLE2 e ~- e -  ~ T(45)  I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<3.2 x 10 - 4  90 172 ACCIARRI 97c L3 I 
<6.9 x 10 - 3  90 1 173 ALEXANDER 95 CLE2 Sup. by BISHAI 96 

172ACCIARRI 97(; assumes B 0 production fraction (39.5 + 4.0%) and B s (12.0 4- 3.0%). | 

173A~sumes equal production of B + B -  and B 0 B  0 on T(45). 

r(Jl~(l$)q)lrto= r=/r  
V.~,I, JE ~ DOCUMENT ID TE~I~ 

<1.2 x 10 - $  90 174 ACCIARRI 97(; L3 I 
174ACCIARRI 97C assumes B 0 production fraction (39.5 i 4.0%) and B s 412.0 :J: 3.0%). I 

r ( J l.~( lS) ~~ l r  = . ,  r . l r  
V~L~ ~ DOCUMENT ID T ~  CQMMENT 

< 2 . B x l 0  - 4  90 BISHAI 96 CLE2 e + e - ~  T(4S) I 

r ( J / , l , ( Z s ) , ~ ) / r t = = ,  r . . / r  
VAL~ CL% DO(;UM~N~T I~) TECN ~QMM~/~T 

< Z T X 1 0  - 4  90 BISHAI 96 CLE2 e ~ - e - - ~  T(4S) I 

r(,~(2s) K~ r. . Ir  
VALUE CL% DOCUMENT I~) TECN CQMI~NT 

<0,0000 90 175ALAM 94 CLE2 e + e - ~  T(45)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.0015 90 175 BORTOLETTO92 CLEO e + e -  ~ T(4S) 
<0.0028 90 175ALBRECHT 90J ARG e+e  - ~ T(45) 

175Assumes equal production of B r and B 0 at the T(4S) .  

r(~(2S) K+x-)/r==~ r,4/r 
VALUE C L ~  DOCUMENT ID TECN ~:OMMENT 

<0.001 90 176ALBRECHT 90J ARG e+e  - ~ T(4S) 

176Assumes equal production of B + and B 0 at the T(45).  

r(~(2S) K'(892) o)/r=~ r= I r  
VALV~ CL~ O0(;UM~NT Ip TECN COMMENT 

0.00144-0.ewnm-4-O.fi004 177BORTOLETTO92 CLEO e + e - ~  T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.0019 90 177 ALAM 94 CLE2 �9 + e -  ~ T(45)  
<0.0023 90 177 ALBRECHT 90J ARG e + e -  ~ T(4S) 

177Assumesequal production of B + and B 0 at the T(45).  

r (x=~ (1 P) K ~ r=,/r 
VALUE CLPe O0(;UMENT ID T~:(~N COMMENT 

<0.0C~7 90 178ALAM 94 CLE2 e r e - ~  T(4S) 

178BORTOLETTO 92 assumes equal production of B + and B 0 at the T(4S). 

r (x=l ( 1 P) K* (892) ~ / r==  r67/r 
VAL I, J~ CL % DOCUMENT IO TECN COI~M~NT 

<0.OO~L 90 179 ALAM 94 CLE2 e + e -  ~ T(4S) 

17g BORTOLETTO 92 assumes equal production of B ~- and B 0 at the T(45).  

r(K+.-) /r==,  r - / r  
VALUE (units 10 -5 ) CL.~.~ DOCUMENT ID TECN COMMENT 

I 1.11+O'~4"0.14 GODANG 98 CLE2 e + e - ~  T(4S) 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2 . 4 ~ : 7 •  180ADAM 96D DLPH e+e  - ~ Z I 

< 1.7 90 ASNER 96 CLE2 Sup. by ADAM 96D 
< 3.0 90 181BUSKULIC 96vALEP e+e  - ~ Z | 
< 9 90 182 ABREU 95N DLPH Sup. by ADAM 96D 
< 8.1 90 183AKER5 94L OPAL e r e  - ~ Z 
< 2.6 90 184BATTLE 93 CLE2 e ' r e - ~  T(45)  
<18 90 ALBRECHT 91B ARG e r e  - ~ T(4S) 
< 9 90 185AVERY 89B CLEO e r e  - ~ T(4S) 
<32 90 AVERY 87 CLEO e ' r e - ~  T(4S) 

le0ADAM 96D assumes fBO = f B -  = 0.39 and fBs = 0,12. Contributions from B 0 and I 
B s decays cannot be separated. Limits are given for the weighted average of the decay I 
rates for the two neutral B mesons. 

181BUSKULIC 96v assumes PDG 96 production fractions for B O, B + ,  B s, b baryons. I 
182Assumes a B 0, B -  production fraction of 0.39 and a B s production fraction of 0.12. 

Contributions from B 0 and B 0 decays cannot be separated. Limits are given for the 
weighted average of the decay rates for the two neutral B mesons. 

0 0 �9 183Assumes B(Z ~ bb) = 0.217 and B d (Bs)  fraction 39.5~ (12%). 

184BATTLE 93 assumes equal production of B 0 ~  0 and B + B -  at T(4S). 
185Assumes the T(4S) decays 43% to B 0 ~  0. 
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r ( ~ w ~  rulr  
V,~,l,J~ CL~ DOCUMENT ID TECN COMMENT 

<4 .1X  10 - g  90 GODANG 98 CLE2 �9 + e -  ~ T(4S) 
�9 �9 * We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<4.0 x 10 - 5  90 ASNER 96 CLE2 Rep. by GODANG 98 

r(r176162 rTo/r 
V~V~ DOCUMENT ID TECN COMMENT 

(4.7+~'~:J=0.9) x 1 0  - |  BEHRENS 98 CLE2 e r e - ~  T(45)  I 

r(,f K ' (m)O) / r~  rn / r  
V~LV[ CL~ DOCUMENT 10 T~.~J~ ~OMMENT 

< ~ L g x l 0  - S  90 BEHRENS 98 CLE2 e + e - ~  T(45)  I 
r(~K'(m)O)/r== r=I r  
VAL{,I~ CL~ DOCUMENT ID TECN COMMENT 

<~l .0XlO - |  90 BEHRENS 98 CLE2 e + e - ~  T(45)  I 

r ( , ~ ) I r ~  r~ I r  
V4LVC CL~ DOCUMENT ID TE(;N (~OMM[NT 

< $ . 3 X 1 0  - 5  90 BEHRENS 98 CLE2 e r e - ~  T(4S) I 

[r(K+.-)  + r ( .+ . - ) ] i r , ,~  (ru+r1-) Ir  
V~LV~ E V T S  DOCUMENT ID T~C..N COMMENT 

(1.9:1:0.6 ) x 10 - g  OUR AVERAGE 

(28_+I:o%2o) x lO-5 I~ADAM 96O DLPH e-r,- -- Z I 
1 a+0.6+0.3~ x 10 - 5  17.2 ASNER 96 CLE2 e + e  - ~ T(45)  
- - v _ 0 . 5 _  0.4; 

�9 �9 �9 We do not use the fofiowlng data for averages, fits, ,mRs, etc. �9 �9 �9 

(2.4~00187• X 1 0 - 5  187BATTLE 93 CLE2 e r e - ~  T (45)  

186ADAM 96D assumes fBo = f B -  ~ 0.39 and fBs = 0.12. Contdbutions from B 0 and I 
B s decays cannot be separated. Limits are given for the weighted average of the decay J 
rates for the two neutral B mesons. 

187BATTLE 93 assumes equal production of BO~ 0 and B + B -  at T(4S). 

F(K + K - ) / r t ~  rTdr 
V.~LV~ CL~ DOCUMENT ID TECN ~QM~NT 

< 4 . 3 x 1 0  - '6 90 GODANG 98 CLE2 e r e - ~  T (45)  | 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

<4.6 x 10 - 5  188 ADAM 96D DLPH �9 r e -  ~ Z | 
<0.4 x 10 - 5  90 ASNER 96 CLE2 Reid. by GODANG 98 
< 1 . 8 x 1 0  - 5  90 189BUSKULIC 96vALEP e'i-e - ~ Z | 
<1.2 x 10 - 4  90 190 ABREU 95N DLPH Sup. by ADAM 96D 
<0.7 x 10 - 5  90 191 BATTLE 93 CLE2 e + e -  ~ T (45)  

188ADAM 960 assumes fBO = fB " = 0.39 and fBs ~ 0.12. Contributions from B 0 and I 
B s decays cannot be separated. Limits are given for the weighted average of the decay I 
rates for the t~ )  neutral B mesons. 

189BUSKULIC 96v assumes PDG 96 production fractions for B O, B r ,  B s, b baryons. I 
190Assumes a B 0' B -  production fraction of 0.39 and a B s production fraction of 0.12. 

Contributions from B 0 and B 0 decays cannot be separated. LIm|ts are given for the 
weighted average of the decay rates for the two neutral B mesons. 

191BATTLE 93 assumes equal production of B 0 ~  0 and B + B  - at T(45).  

r(K~ rn / r  
V~LI,/~ CL~ DOCUMENT IO TECN r T 

< 1 . 7 X 1 0  - I i  90 GODANG 98 CLE2 e + e - ~  T(45)  I 

r(K+p-) /r== r~ / r  
~/A~.I,I~ CL~ DOCUMENT ID TECN COMMENT 

~'tJ.ExlO - B  90 ASNER 96 CLE2 e r e - ~  T(45)  

r ( K ~  rnlr 
VA(.UE CL~ ~)QCUMENT ID T~CN COMMENT 

�9 �9 �9 We do not use the folJowlng data for averages, fits, limits, etc. �9 �9 �9 

<4.4  x 10 - 4  90 ALBRECHT 91E ARG e + e -  ~ T(4S) 

r(Koe0)/r== r~,/r 
yr~LV~ CL~ DOCUMENT ID TECN COMMENT 

<~L9 x lO - 'B 90 ASNER 96 CLE2 e + e - ~  T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, flmlts, etc. �9 �9 �9 

<3.2 x 10 - 4  90 ALBRECHT 91B ARG �9 + e -  --4 T(4S) 
<5,0 x 10 - 4  90 192 AVERY 89B CLEO �9 "t" e -  ~ T(45)  
<0.064 90 193AVERY 87 CLEO e + e - ~  T(4S) 

192AVERY 89B repocts < 5.8 x 10 - 4  assuming the T(4S) decays 43% to B0B  O. We 
rescale to 50%. 

193AVERY 87 reports < 0.08 assuming the T(45)  decays 40% to B O ~  O, We rescale to 
50=/=. 
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r(K%(~o))Ir=~ r~Ir 
VALUE CL~ DOCUMENT ID TECN COMMENT 

r(K-.~(t2~0)+)/r~, 
VALUE (L~ pQCUMENT ID TECN COMMENT 

<3.~ X 10 - 4  90 194 AVERY 89B CLEO �9 + e -  ~ T(4S) 

194AVERY 89B reports < 4.2 x 10 - 4  assuming the T(45)  decays 43% to BOB O, We 
rescale to 50%. 

r (K' (~2)+. - ) / r~  r| 
VALUE CL~ DOCUMENT I 0 TECN COMMENT 

< ? , 2 X 1 0  - 3  90 ASNER 96 CLE2 e + e  - ~ T(4S) 
< 3 . 0 x 1 0 - 4  90 195AVERY 893 CLEO e + e  - --* T(45)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<6.2 x 10 - 4  90 ALBRECHT 913 ARG e § e -  ~ T(4S) 
<5.6 x 10 - 4  90 196AVERY 87 CLEO e + e -  ~ T(4S) 

195AVERY 898 reports < 4.4 • 10 - 4  assuming the T(4S) decays 43% to BOB O. We 
rescale to 50%. 

196AVERY 87 reports < 7 x 10 - 4  assuming the T(45)  decays 40% to B 0 ~  1). We rescale 
to 50%. 

r(K*(0g2)~ rol/r 
VALUE CL~ DOCUMENT ID T~(~N (~QMM~NT 

< 2 . 8 x 1 0  - w  90 ASNER 96 CLE2 e + e - ~  T(4S) 

r(~(14ao)+,r)ir~,, r . , / r  
VALUE CL~ DOCUMENT ID T ~  N COMMENT 

<2.6 X 10 - 3  90 ALBRECHT 918 ARG e + e -  ~ T(4S) 

F(K~ K+ K-)/F=r r=/r 
VALUE CL~ DOCUMENT Ip TECN COMMENT 

< 1 . 3 x 1 0  - 3  90 ALBRECHT 91E ARG e + e  - --* T(45)  

r(K%)/r== r~/r 
VAI~U ~ CL~ DOCUMENT IQ T ~ N  COMMENT 

< 8 . 8 X 1 0  - 3  90 ASNER 96 CLE2 e + e  - ~ T(4S) 
�9 * * We do not use the following data for averages, fits, limits, etc. �9 * �9 

<7.2 x 10 - 4  90 ALBRECHT 913 ARG e + e -  ~ T(4S) 
<4.2 x 10 - 4  90 197AVERY $93 CLEO e + e -  ~ T(4S) 
<1.0 x 10 - 3  90 198AVERY 87 CLEO e + e -  - *  T(45)  

197AVERY 893 reports < 4.9 x 10 - 4  assuming the T(45)  decays 43% to BOB O, We 
rescale to 50%. 

198 AVERY 87 reports < 1.3 x 10 - 3  assuming the 7"(45) decays 40% to B0B  O, We rescale 
to 50%. 

r(K-,r+=+,r-)/r~, ru/r 
VALUE CL~ DOCUMENT ID TECN COMMENT 

X 1 0 - 4  90 199 ADAM 96D DLPH e + e -  ~ Z I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<2.1 x 10 - 4  90 200 ABREU 95N DLPH Sup. by ADAM 96D 

199ADAM 96D assumes fBo = f B -  = 0.39 and fBs = 0.12. Contributions from B 0 and I 
B s decays cannot be separated. Limits are given for the weighted average of the decay I 
rates for the two neutral B mesons. 

200Assumes a B 0, B -  production fraction of 0.39 and a B s production fraction of 0.12. 

Contrlbutlons from B 0 and B0 s decays cannot be separated, Ltmlts are given for the 
weighted average of the decay rates for the two neutral B mesons. 

r(K'(S~)%+.-)/rt=,, rulr 
VALUE CLK DOCUMENT I0 Tf/(;N , COMMENT 

< I A  X 10 - 3  90 ALBRECHT 91E ARG �9 + e -  ~ T(4S) 

r(K*(s~)op~ r~/r 
VALUE CL~ DOCUMENT Ip T ~ N  COMMENT 

<4.6 X 10 - 4  90 ALBRECHT 918 ARG �9 + e -  ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<5.8 x 10 - 4  90 201 AVERY 89B CLEO e + e -  ~ T(4S) 
<9,6 x 10 - 4  90 202 AVERY 87 CLEO �9 + e -  ~ T(4S) 

201AVERY 093 reports < 6.7 x 10 - 4  assuming the T(4S) decays 43% to BOB O. We 
rescale to 50%. 

202 AVERY 87 reports < 1.2 x 10 - 3  assuming the T(45)  decays 40% to B 0 ~ 0  We rescale 
to 50%. 

r(K'(m)0 fo(~O))/r==, r . / r  
VALUE CLK DOCUMENT 10 TE~ N COMMENT 

<1.7 X 10 - 4  90 203 AVERY 893 CLEO e + e -  ~ T(45)  

203AVERY 893 reports < 2.0 X 10 - 4  assuming the T(4S) decays 43% to B 0 B  0. We 
rescale to 50%. 

r(Kl(1400) + x-) Ir~,, r . l r  
VALUE CL~ DOCUMENT Ip T~CI~ COMMENT 

< 1 . 1 x  10 - 3  90 ALBRECHT 91B ARG e + e -  ~ T(4S) 

r,olr 

I 

to 50%. 

r(Kl(Z4OOl~176 
VALUE 

<3.0 x 10 - 3  90 

r(Kl(Z4oo]O§ 
VALUE 

<6.0 x 10 - 3  90 

r(~11430)~ 
VALUE CL ~ 

<1.1 x 10 - 3  90 

r(~ll~O)~247 
VA~U~ C3JL 
<1.4 x 10 - 3  90 

r(K*(m)%)/rt=., 

rwlr 
DOCUMENT ID TECN COMMENT 

ALBRECHT 91B ARG e + e -  --* T (45)  

r~/r 
DOCUMENT ID TECN COMMENT 

ALBRECHT 913 ARG e + e  - ~ T(4S) 

ru/r 
COMMENT 

�9 + e-- ~ T(4S) 

r~ / r  
COMMENT 

DOCUMENT ID TECN 

ALBRECHT 913 ARG 

DOCUMENT Ip TE~:Iy 

ALBRECHT 91B ARG e ' F e -  ~ T (45 )  

rw/r 
VALUE (units 10 -5) CL% E V T S  DOCUMENT ID TEEN COMMENT 

4.0"1"1.7=E0.11 8 208AMMAR 93 CLE2 e + e  - -~ 
T(45)  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 21 90 209 ADAM 96D DLPH e + e -  ~ Z 
< 42 90 ALBRECHT 89G ARG �9 § e -  

T(4S) 
< 24 90 210 AVERY 893 CLEO e + e -  - *  

T(4S) 
<210 90 AVERY 87 CLEO e + e -  --* 

T(4s) 
208AMMAR 93 observed 6.6 4- 2.8 events above background. 
209ADAM 960 assumes fBo = f B -  = 0.39 and fBs = 0.12. 

210AVERY 89B reports < 2.8 x 10 - 4  assuming the T(4S) decays 43% to B 0 ~  0` We 
rescale to 50%, 

I'(Kl(1270)%)/rtm, ru/r 
yA~_U~ L ~  DOCUMENT ID TECN COMMENT 

<0.00T0 90 211ALBRECHT 89G ARG �9 + e -  ~ T(4S)  

211ALBRECHT 89G reports < 0.0078 assuming the T(45)  decays 45% to B0B  - 0 .  We 
rescale to 50%. 

r(Kl(Z4o0)o-r)/r~=, r~/r 
VALU E CL~ DOCUMENT ID TECN COMMENT 

<0,0043 90 212 ALBRECHT 89G ARG �9 -}" e-- ~ T(4S) 

212ALBRECHT 89G reports < 0.0048 assuming the T(45)  decays 45% to B 0 ~  0. We 
rescale to 50%. 

r(~(l~Ol%)Ir~,, rloolr 
VA!~VE CL~ DOCUMENT IO T~'C N COMMENT 

<4.O X 10 - 4  90 213 ALBRECHT EgG ARG e + e -  ~ T(4S) 

213ALBRECHT B9G reports < 4.4 x 10 - 4  assuming the T(4S) decays 45% to B 0 ~  O. We 
rescale to 50%. 

r(K*(lC~Ol%)/rt=,l rlol/r 
VAr CL~ DOCUMENT I D T_g_C_N._ (~QMM[NT 

<0.0(]20 90 214ALBRECHT 89G ARG e + e  - ~ T(4S) 

214ALBRECHT 89G reports < 0.0022 assuming the T(45)  decays 45% to B0B  - 0 .  We 
rescale to 50%. 

<2.3 X 10 - 4  90 204 ADAM 96D DLPH e § e -  ~ Z 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<3.9 • 10 - 4  90 205 ABREU 95N DLPH Sup. by ADAM 96D 

204ADAM 96D assumes f~n = f = 0 39 and f~z = 0.12. Contributions from B 0 and I 
o-  B -  " ~s 

B s decays cannot be separated. Limits are given for the weighted average of the decay I rates for the two neutral B mesons. 
205Assumes a B 0. B -  production fraction of 0.39 and a B s production fraction of 0.12. 

Contributions from B 0 and Bs0 decays cannot be separated. Limits are given for the 
weighted average of the decay rates for the two neutral B mesons. 

r(K.(Sg2)0 K+ K-) lrt,=l rgl/r 
VA~_V~ CL~ DOCUMENT ID TECN l COMMENT 

< L 1  X 10 - 4  90 ALBRECHT 91E ARG e + e -  ~ T(4S) 

r(K'(S~)~ r~z/r 
VALU~ CL~ DOCUMENT ID TECN... COMMENT 

<4.3 x 10 - 5  90 ASNER 96 CLE2 e + e -  ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<3.2 x 10 - 4  90 ALBRECHT 91B ARG e + e  - ~ T(45)  
<3.8 x 10 - 4  90 206 AVERY 893 CLEO e + e -  ~ T(4S) 
<3.8 x 10 - 4  90 207AVERY 87 CLEO e + e -  ~ T(45)  

206AVERY 89B reports < 4.4 x 10 - 4  assuming the T(45)  decays 43% to B 0 B  0. We 
rescale to 50%. 

207 AVERY 87 reports < 4.7 x 10 - 4  assuming the T(45)  decays 40% to BOB -0. We rescale 
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r(K~(ZZ~O)%)Ir~., r~o~Ir 
VAI, I,I~ CL~ DOCUMENT ID T~I~ COMMENT 

<0.010 90 215 ALBRECHT 89G ARC e + e -  ~ T(4S) 

215ALBRECHT 89G reports < 0.011 assumlngthe T(4S) decays 45% to B 0 ~ .  We rescale 
to 50%. 

r(~(~4s)%)/r~w.e rxo~/r 
VALUE CL% DOCUMENT ID TE[CN COMMENT 

<0.0043 90 216 ALBRECHT 89G ARC e + e-- ~ T(4S) 

216ALBRECHT 89G reports < 0.0048 assuming the T(45)  decays 45% to BO~ 0. We 

r(-+.--~ r l . / r  
VA~.I,I~ CL~ DOCUMENT ID TECN COMMENT 

~7.2 X 1 0 - 4  90 227 ALBRECHT 90B ARG �9 + e -  ~ T (45)  

227ALBRECHT 90B limit assumes equal production of BOB - 0  and B + B  - at 7"(45), 

r ~ ~  rx,,/r 
VALUE CL~ DOCUMENT ID TI~CN COMMEN'F 

< 2 A x I O  - g  90 ASNER 96 CLE2 e + e - - - *  T (45)  
�9 �9 �9 We do not use the foliowlng data for averages, fits, limits, etc. �9 �9 �9 

<4.0 x 10 - 4  90 228 ALBRECHT 90B ARC e + e -  ~ T (4$)  
rescale to 50%. 

r(§247 rlo41r 
VAL(/~ CL% DOCUMENT IP TECN COMMENT 

<.~1.9X10 - w  90 ASNER 96 CLE2 e + e - ~  T(4S) 

r(~+.-)ir~., rlodr 
VA(.U~ CL~ EVTS DOCUMENT ID TECN COMMENT 

< l J i  X 10 - g  90 GODANG 98 CLE2 e + e -  ~ T(45)  | 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<4.5 x 10 - 5  90 217 ADAM 96D DLPH �9 + e -  ~ Z | 

228ALBRECHT 90B limit assumes equal production of BO~ -0 and B + B -  at 7"(4S). 

r ( ~ ) I r ~ . e  rl~/r 
VA~V~: CL% DOCUMENT ID TECN COMMENT 

< :8 .8x10  - g  90 ASNER 96 CLE2 e + e  - --, T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<5.2 x 10 - 4  90 229 ALBRECHT 90B ARC �9 -I" e -  --* T(4S) 
<5.2 x 10 - 3  90 230 BEBEK 87 CLEO �9 + e -  --* T (4$)  

229ALBRECHT 90B limit assumes equal production of B 0 B  O and B + B -  at T(45) .  
230 BEBEK 87 reports < 6.1 x 10 - 3  assuming the T(4S) decays 43% to B 0 ~  "0. We rescale 

<2.0 x 10 . 5  90 ASNER 96 CLE2 Repl. by GODANG 98 
< 4 . 1 x 1 0  - 5  90 218BUSKULIC 96vALEP e + e - ~  Z 
<5.5 x 10 - 5  90 219 ABREU 95N DLPH Sup. by ADAM 96D 
<4.7 x 10 - 5  90 220 AKERS 94L OPAL e + e -  ~ Z 
< 2 . 9 x 1 0  - 5  90 221BATTLE 93 CLE2 e + e - ~  T(45)  
<1.3 x 10 - 4  90 221 ALBRECHT 90B ARG e + e -  --~ 7"(45) 
<7.7 x 10 - 5  90 222 BORTOLETTO89 CLEO e + e -  ~ T(45)  
<2.6 x 10 - 4  90 222 BEBEK 87 CLEO e §  ~ T(4S) 
<5 • 10 - 4  90 4 GILES 84 CLEO e+e  - - ,  T(4S) 

to 50%. 

r ( .+ . - .+ . - ) / r~ . ,  r.T/r 
VALUE CL% DOCUMENT ID TECN COMMENT 

< 2 . $ X 1 0 - 4  90 231ADAM 96DDLPH e + e  - ~ Z | 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

<2.8 • 10 - 4  90 232 ABREU 95N DLPH Sup. by ADAM 960 
<6.7 x 10 - 4  90 233 ALBRECHT 908 ARC e + e -  -+ T(4S) 

231ADAM 96D . . . . . .  fB 0 = f B -  = 0.39 and fBs = 0.12. I 

232Assumes a B 0, B -  production fraction of 0.39 and a B s production fraction of 0.12. 

233ALBRECHT 90B limit assumes equal production of BO~ 13 and B + B -  at T(45) .  

r(p%~ rllelr 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<2.8 X 1 0 - 4  90 234 ALBRECHT 90B ARG �9 + e -  ~ T(4S) 
�9 �9 �9 We do not use the foliowlng data for averages, fits, limits, etc. �9 �9 �9 

<2.9 x 10 - 4  90 235 BORTOLETTO89 CLEO �9 + e -  ~ T (45)  
< 4 . 3 x 1 0  - 4  90 235BEBEK 87 CLEO e - F e - ~  T(45)  

234ALBRECHT 90B limit assumes equal production of B 0 B  0 and B + B -  at T(45) .  
235 Paper assumes the T(4S) decays 43% to B 0 B  O. We rescale to 50%. 

r (~( l~O)~) I r~ . i  r,l,/r 
VALUE CL~ DOCUMENT ID TECN C;qMM~NT 

< 4 . g x 1 0 - 4  90 236BORTOLETTO89 CLEO e + e - - - ~  T (45)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<6.3 x 10 - 4  90 237 ALBRECHT 908 ARG �9 + e -  --* T (4$)  
<1.0 x 10 - 3  90 236 BEBEK 87 CLEO �9 + e -  --~ 7"(4S) 

236 Paper assumes the T(45)  decays 43% to B 0 B  0. We rescale to 50%. 
237ALBRECHT 90B limit assumes equal production of B 0 B  0 and B + B -  at T(4S). 

r(.,(l~0)~.*)/r~,~ r,../r 
VALUE CL~ DOCUMENT ID TECN COMMENT 

< : 3 . 0 X 1 0 - 4  90 238BORTOLETTO89 CLEO e + e  - - - ,  T (4$)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.4 x 10 - 3  90 238 BEBEK 87 CLE0 �9 " t ' e -  -.-, T (4$)  

238 Paper assumes the T(45)  decays 43% to B 0 ~  O. We rescale to 50%. 

r(.+.-.0.O)/r~.~ r ~ / r  
VAI, UE CL~ DOCUMENT ID TECN COMMENT 

<3.1 X 10 - 3  90 239 ALBRECHT 9OB ARC �9 + e -  --* T (4$)  

217ADAM 96D assumes t'Bo = f B -  = 0.39 and fBs = 0.12. I 
218BUSKULIC 96V assumes PDG 96 production fractions for B O, B + ,  B s, b baryons. I 
219Assumes a B 0' B -  production fraction of 0.39 and a B s production fraction of 0.12. 

220Assumes B(Z ~ bb) = 0,217 and B O (Bs0) fraction 39.5% (12%). 

221Assumes equal production of B0B  0 and B + B -  at T(4S). 
222 Paper assumes the T(45)  decays 43% to BOB 0, We rescale to 50%. 

r(~%~ rlo61r 
VALUE CL% DOCUMENT ID TECN CQMMC~NT 

<9.3 X 10 - 6  90 GODANG 98 CLE2 e + e -  ~ "/'(45) | 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.91 x 10 - 5  90 ASNER 96 CLE2 Repl. by GODANG 98 
<6.0 x 10 - 5  90 223ACCIARRI 95H L3 e + e -  ~ Z 

223ACCIARRI 95H assumes fBo = 39.5 4- 4.0 and fBs = 12.0 4- 3.0%. 

r(~.~ rl07/r 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<8 x l O  - g  90 BEHRENS 98 CLE2 e + e - ~  T(4S) | 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<2.5 x 10 - 4  90 224 ACCIARRI 95H L3 �9 + e -  --* Z 
<1.8 x 10 - 3  90 225 ALBRECHT 90B /~RG e -F e -  ~ T(45)  

224ACCIARRI 95H assumes fBo = 39.5 4- 4.0 and fBs = 12.0 4- 3.0%. 

225ALBRECHT 90B limit assumes equal production of B 0 B  0 and B + B -  at T(4S). 

r(n,7)/r~,., rl~/r 
VALUE ~ DOCUMENT ID TEf~N (:QMMENT 

<1.8 X 10 - 6  90 BEHREN5 98 CLE2 �9 + e -  - *  T(4S) | 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<4.1 x 10 - 4  90 226ACCIARRI 95H L3 e-F�9 - ~ Z 

226ACCIARRI 95H assumes fBo = 39.5 4- 4.0 and fBs = 12.0 4- 3.0%, 

r(~,.O)ir~., r ~ I r  
VALUE CL~ DOCUMENT ID TECN COMMENT 

<1.1 X 10 - 0  90 BEHRENS 98 CLE2 e + e -  ~ T(4S) 

r(~'~')Ir~., r11olr 
~ L U  E C L f 4  DOCUMENT ID TECN ~:OMM~fVT 

<4.7 X 10 - 5  90 BEHREN5 98 CLE2 e + e -  ~ T(4$)  

r(.l~)Ir~., r1111r 
VALUCP CLK DOCUMENT IO TECN COMMENT 

<2.7 X 10 - 6  90 BEHRENS 98 CLE2 e + e -  ~ T(45)  

r(,fp~ r1~Ir 
VAI.U E CL~ DOCUMENT IO TECN COMMENT 

< 2 . 3 X 1 0  - 5  90 BEHREN5 98 CLE2 e + e - ~  T(4S) 

r(~p~ rl, slr 
VALUE CL~ DOCUMENT ID TECN COMMENT 

< l J x l 0  - g  90 BEHREN5 98 CLE2 e + e - ~  T(4S) 

239ALBRECHT 908 limit assumes equal production of B 0 B  0 and B + B -  at T(45) .  

r(p+ p-)lr~l r~ / r  
VALUE CL~ DOCUMENT ID TECN COMMENT 

<2 .2X  10 - !  90 240ALBRECHT 90B ARG e + e  - ~ T(4S) 

240ALBRECHT 90B limit assumes equal production of B 0 B  0 and B + B -  at T(4$) .  

r(~(L~o)0.~ r ~ / r  
VA~,UE. CL~ DOCUMENT ID TECN COMMENT 

<1.1 X 10 - 3  90 241 ALBRECHT 90B ARC e + e -  ~ T(4S) 

241ALBRECHT 90B limit assumes equal production of B 0 ~  0 and B + B -  at T(45 ) ,  

r(~.~ r ~ / r  
VA~,~" CL~ DOCUMENT ID TE~:~ ~OMMENT 

<4.6 X 10 - 4  90 242 ALBRECHT 90B ARC �9 + e -  --* T(4$)  

242ALBRECHT 90B limit assumes equal production of B 0 ~  "0 and B + B -  at T(4S).  
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r (~r+~r+~r- Jr- ~) /ru=l r ~ / r  
VALU E CL~ DOCUMENT IO TECN COMMENT 

< 9 . 0 x 1 0  - $  90 243ALBRECHT 908 ARG e+e - ~ T(4S) 

243ALBRECHT 90B limit assumes equal production of B0B 0 and B + B  - at T(45). 

r(~(126o)+p-)/rt~,l r ~ / r  
VALUE EL% DOCUMENT ID TI~C N COMMENT 

< $ A  X 10 - $  90 244 ALBRECHT 908 ARG �9 + e -  ~ T(4S) 

244ALBRECHT 908 limit assumes equal production of BOB 0 and B + B -  at T(4S). 

r(,~(l~o) ~176 r , . / r  
VALUE ~ DOCUMENT ID TECN COMMENT 

< 2 . 4 x 1 0  - 3  90 245ALBRECHT 908 ARG e+e - --* T(4S) 

245ALBRECHT 908 limit assumes equal production of B0B - 0  and B + B -  at T ( 4 S ) .  

r(lr+lr+tr +~r-~r-~r-)/rt~l r,,fi/r 
VALUE CL~ DOCUMENT ID T~CN COMMENT 

<$.0 X 10 - 3  90 246 ALBRECHT 90B ARC e + e -  ~ T(45) 

246ALBRECHT 908 limit assumes equal production of BO'B 0 and B + B -  at T(45). 

I'(a~(1260) + ~(126o)-)Irm~,i r=~Ir 
VALUE CL% DOCUMENT IO TECN COMMENT 

<2.8 x 10 - 3  90 247 BORTOLETTO89 CLEO �9 + e -  ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<6.0 • 10 - 3  90 248 ALBRECHT 90B ARG e + e -  ~ T(45) 

247BORTOLETTO 89 reports < 3.2 x 10 - 3  assuming the T(45)  decays 43% to B0B 0. 
We rescale to 50%. 

248ALBRECHT 908 limit assumes equal production of B0B 0 and B + B -  at T(4S). 

r (~+ ~+ ~+ ~- ~- ~- =0)/r=u, rl=0/r 
VALUE CL~ DOCUMENT ID TECN COMMENT 

< 1 . 1 X  10 - 2  90 249ALBRECHT 908 ARG e+e - ~ T(4S) 

249ALBRECHT 90B limit assumes equal production of B0B 0 and B + B -  at T(4S). 

r (pill)/r~,l r, , i /r  
VA~,V~ CL~ DOCUMENT ID TECN COMMENT 

<1.0 X 10 - 5  90 250 BUSKULIC 96v ALEP e + e -  - z I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 3 . 5  • 10 - 4  90 251 ABREU 95N DLPH Sup. by ADAM 96D 
<3.4X10 - 5  90 252BORTOLETTO89 CLEO e + e - ~  T(4S) 
< 1 . 2  x 10 - 4  90 253 ALBRECHT 88F ARG e + e~ ~ T(4S) 
< 1 , 7  x 10 - 4  90 252 BEBEK 87 CLEO �9 -}- e -  ~ T(4$) 

250BUSKULIC 96v assumes PDG 96 production fractions for B O, B + ,  B s, b baryons. . I 
251Aseumes a B 0' B -  production fraction of 0.39 and a B s production fraction of 0.12. 
252paper assumes the T(45) decays 43% to B0B 0. We rescale to 50%. 
253ALBRECHT 881: reports < 1.3 x 10 - 4  assuming the T(45) decays 45% to B0B -0. We 

rescale to 50%. 

r (p~r+ , - ) i r~=  r ~ / r  
VALUE (units 10 -4 ) CL__~_~ DOCUMENT Ig TECN COMMENT 

<2.S 90" 254 BEBEK 89 CLEO e + e ~  ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<9.5 90 255ABREU 95N DLPH Sup. by ADAM 96D 
5.44-1.84-2.0 256ALBRECHT 88F ARG e+e - ~ T(45) 

254 BEBEK 89 reports < 2.9 x 10 - 4  assuming the T(45) decays 43% to B0B 0. We rescale 
to 50%. 

255Assumes a B 0, B -  production fraction of 0.39 and a B s production fraction of 0.12. 
256ALBRECHT 88F reports 6.0 • 2.0 + 2.2 assuming the T(4S) decays 45% to B0B 0. 

We rescale to 50%. 

r ( p 3 . - ) I r ~ i  rm/r 
VA~UI~ CJ=~_ DOCUMENT /D TECN COMMENT 

< 1 . 8  X 10 .-4 90 257 ALBRECHT 88F ARG e + e~ ~ T(45) 

r (~- -  z~++)Ir~, 
VALUE 

257ALBRECHT 88F reports < 2.0 x 10 - 4  assuming the T(4S) decays 45% to B0B - 0 .  We 
rescale to 50%. 

r(A~ rl~Ir 
VALUE CL~ DOCUMENT ID T ~ N  COMMENT 

<0.00111 90 258BORTOLETTO89 CLEO e + e - ~  T(4S) 

258 BORTOLETTO 89 reports < 0.0018 aseumlng T(45) decays 43% to B0B 0, We rescale 
to 50%. 

r(zi++a--)ir~,, r ~ I r  
VALUE CJ~ L DOCUMENT ID T~:N COMMENT 

<1.1 X 10 - 4  90 259 BORTOLETTO89 CLEO �9 + e -  - *  T(4S) 

259BORTOLETTO 89 reports < 1.3 x 10 - 4  assuming T(4S) decays 43% to B0~ "O. We 
rescale to 50%. 

<0.0010 
CL~ DOCUMENT ID TEC N 

90 260 PROCARIO 94 CLE2 

r l~ / r  
COMMENT 

�9 -}" e - -  ~ T ( 4 S )  

271ABE 98 assumes production of =(B 0) = ~(B + )  and cr(Bs)/o(BO ) = 1/3. They nor- 
malize to their measured cr (BO,pT(B)> 6,1y I < 1.o) = 2.39 4- 0.32 4- 0.44#b. 

272ACCIARRI 978 assume PDG 96 Woduction fractions for B +,  B 0, B s, and A b. 
273ABE 96L assumes equal B 0 and B + production. They normalize to their measured 

o(B  §  P T ( B ) >  6 GeV/c, I~ < 1) = 2.39 • 0.54/Jb. 
274B0 and B 0 are not separated. 

275Obtained from unseparated B 0 and B 0 measurement by assuming a BO:BO s ratio 2:1. 

< 4 . 0  x 10 - 5  90 ABBOTT 988 DO p~ 1.8 TeV 
<1.0 x 10 - 5  90 272 ACCIARRI 97n L3 e - I ' e -  --* Z 
< 1 . 6  x 10 - 6  90 273 ABE 96L CDF Repl. by ABE 98 
<5.9 x 10 - 6  90 AMMAR 94 CLE2 e + e -  ~ T(4$) 
< 8 , 3  x 10 - 6  90 274 ALBAJAR 91c UA1 E p ~ -  630 GeV cm-  
<1.2 x 10 - 5  90 275 ALBAJAR 91C UA1 EP~m = 630 GeV 

< 4 . 3  x 10 - 5  90 276AVERY 898 CLEO �9 + e -  ~ T(45) 
< 4 . 5  x 10 - 5  90 277 ALBRECHT 87D ARG �9 + e -  ~ T(45)  
<7.7 x 10 - 5  90 278AVERY 87 CLEO �9 + e -  --* T(4S) 
<2 x 10 - 4  90 GILES 84 CLEO Repl. by AVERY 87 

260pROCARIO 94 reports < 0.0012 for B(Ac+ ~ p K - T r  + )  = 0,043. We rescale to our 

best value B(A~ ~ p K - ~ r  -F) = 0.050. 

r (A;p.+ . - ) / r~ ,  r.~/r 
VALUE (units 10 -3 ) DOCUMENT ID TECN COMMENT 

1.~_+00:~.,.0.~ 261Fu 97 CLE2 e+~-~ ",'(4s) I 
261 FU 97 uses PDG 96 values of A c branching fraction. I 

r(A~p)/r~,i r . , / r  
VALUE ~ DOCUMENT ID TECN COMMENT 

< : L I x I O  - 4  90 262FU 97 CLE2 e + e - - - *  T(4S) | 

262FU 97 uses PDG 96 values of A c branching ratio. | 

r(A;p~~ r l . / r  
VALUE CL~ DOCUMENT IO TECN COMMENT 

<B.gX10 - '4 90 263FU 97 CLE2 e+e- - - - *  T(4S) | 

263FU 97 uses PDG 96 values of A c branching ratio. I 

r(A; p .+ . -  .o)/rt==, r14o/r 
VALUE CL% DOCUMENT ID TEC N COMMENT 

<w x 10 - 5  90 264 FU 97 CLE2 e + e -  ~ T(4S) I 

264 FU 97 uses PDG 96 values of A c branching ratio. | 

F(A~- p ~ + l r - . + x - ) / r ~  r141/r 
VALUE CL~ DOCUMENT ID TECN (~OMMENT 

<2 .74x10  - 3  90 265FU 97 CLE2 e + e - ~  T(4S) | 

265 FU 97 uses PDG 96 values of A c branching ratio. I 

r(~) Ir~, ,  r1~Ir 
Test for '~B = 1 weak neutral current. Allowed by higher-order electroweak Interac- 
tions. 

VALUE CL~ DOCUMENT ID T~C.N COMMEN T 

<3.9 X 10 - 5  90 266 ACCIARRI 951 L3 �9 + e - -  ~ Z 

266ACCIARRI 951 assumes fBo = 39.5 + 4.0 and fBs = 12.0 :E 3.0%. 

r(e+e-)Ir~= r l u l r  
Test for AB = 1 weak neutral current. Allowed by higher-order electroweak Interac- 
tions. 

VALU ~ CL~ DOCUMENT ID TECN COMMENT 

<0.9 x 10 - 6  90 AMMAR 94 CLE2 e + e-- ~ T(45) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.4 x 10 - 5  90 267 ACCIARRI 978 L3 e + , -  ~ Z I 
<2.6 x 10 - 5  90 268 AVERY 89B CLEO e + e -  ~ T(4S) 
< 7 . 6  • 10 - 5  90 269 ALBRECHT 87D ARG �9 "t- e -  ~ T(4S) 
<6.4 x 10 - 5  90 270 AVERY 87 CLEO e -t- e -  --~ T(4S) 
<3 x 10 - 4  90 GILES 84 CLEO Repl. by AVERY 87 

267ACCIARRI 978 assume PDG 96 production fractions for B +, B 0` B s, and A b. I 
ca o 0~---0 268AVERY 89B reports < 3 x 10 - 5  assuming the T(4S) de ys 43~ to B B . We rescale 

to 50%. 
269ALBRECHT 87D reports < 8.5 x 10 - 5  assuming the T(45 )  decays 45% to B0B O. We 

rescale to 50%. 
270AVERY 87 reports < 8 x 10 - 5  assuming the T(45) decays 40% to B0B O. We rescale 

to 50%. 

r (~+~- ) i r~  r l~ I r  
Test for AB = 1 weak neutral current. Allowed by higher-order electroweak Interac- 
tions. 

VAL UE ~ DOCUMENT ID Tg~N COMMENT 

<6.g x 10 - 7  90 271 ABE 98 CDF p~ at 1.8 TeV I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 
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276AVERY 89B reports < 5 x 10 - 3  assuming the T(4S) decays 43% to B 0 B  0. We rescale 
to 50%. 

277ALBRECHT 87D reports < 5 x 10 - 5  assuming the T(45)  decays 45% to BOB 0. We 
rescale to 50%. 

278AVERY 87 reports < 9 x 10 - 5  assuming the 7"(45) decays 40% to BOB 0. We rescale 
to 50%. 

r(~e+ e - ) / r ~  r ~ / r  
Test for A B  = 1 weak neutral current. Allowed by higher-order electroweak Interac- 
tions. 

yAA~UE ~ DOCUMENT ID TEf~N .c..OMMENT 

< : ' 4 . 0x ]0 -4  90 ALBRECHT 91E ARG e+e  - ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<5.2 x 10 - 4  90 279AVERY 87 CLEO e + e - ~  T(45)  

279 AVERY 87 reports < 6.5 x 10 - 4  assuming the T(45)  decays 40% to B0B  - 0 .  We rescale 
to 50%. 

r ( l O ~ + ~ - ) / r ~  rl~/r 
Test for LIB = 1 weak neutral current. Allowed by higher-order electroweak Interac- 
tions. 

V VALVI~ ~ DOCUMENT ID TECN COMMENT 

<'4.6 X 10 - 4  90 280AVERY 87 CLEO e + e -  ~ T(45)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<5.2 x 10 - 4  90 ALBRECHT 91E ARG e-l'e - ~ T(4S) 

280AVERY 87 reports < 4.5 x 10 - 4  assuming the T(45)  decays 40% to B 0 B  O. We rescale 
to 50%. 

r(K'(~J2l~ e-)/r~,, 
Test for A B  = 1 weak neutral current. 

~'ALUE CL~ DOCUMENT ID 

<z, ~ lo-4 ,o ALBREC"T 

r(K'(~j2)op+~-)/r~, 
Test for ZkB = 1 weak neutral current. 

VALUE C L ~  DOCUMENT ID 

<2.3 X 10--5 90 281 ALBAJAR 
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r147/r 
TECN COMMENT 

91E ARG e+e  - ~ T(45)  

r l ~ / r  

TECN COMMENT 

91C UA1 E p- f i -  630 GeV cm-- 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<2.5 x 10 - 5  90 282 ABE 96L CDF p~ at 1.8 TeV | 
<3.4 x 10 - 4  90 ALBRECHT 91E ARG e-Fe - ~ T(45)  

281ALBAJAR 91c assumes 36% of bquarks give B 0 mesons. 
282ABE 96L measured relative to B 0 ~ J / r  0 using PDG 94 branching ratios. | 

POLARIZATION IN B ~ DECAY 

r d r  E. B ~ -~ JI,I,(lS)K'(~)o 
rL/r = 11o] would indicate that B 0 ~ J/ , ,b(1S)K*(892) 0 followed by K*(892) 0 --. 

K O ~r 0 Is a pure CP elgenstate with CP = - 1[+ 1]. 

VALUE E V T S  DOCUMENT ID TECN COMMENT 
o.go-1-O.09 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below. 
0.524-0.074-0.04 288JESSOP 97 CLE2 e + e - ~  T(45)  | 
0.654-0.104-0.04 65 ABE 95Z CDF pp at 1.8 TeV 
0.974-0.164-0.15 13 289ALBRECHT 94G ARG e + e  - ~ T(45)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.804-0.084-0.O5 42 289 ALAM 94 CLE2 Sup. by JESSOP 97 

288jESSOP 97 Is the average over a mixture of B 0 and B + decays. The P-wave fraction | 
is found to be 0.16 4- 0,08 4- 0.04. I 

289Averaged over an admixture of B 0 and B + decays. 

r,/r In B ~ ---* D * - p  + 
r(K*(892)%p)ir~,, 

Test for A B  = 1 weak neutral current. 
VALUE CL~ DOCUMENT ID TECN COMMENT 

< I . 0 X  10 - '4 90 283ADAM 96D DLPH e'l-e - ~ Z 

283ADAM 96D assumes fBo = f B -  = 0.39 and fBs = 0.12. 

Test of lepton family number conservation. 
VALUE CL~ DOCUMENT IO T~C N COMMENT 

<g.g X 10 - 6  90 AMMAR 94 CLE2 e + e -  ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.6 x 10 - 5  90 284 ACCIARRI 97B L3 �9 + e -  ~ Z 
<3.4 x 10 - 5  90 285 AVERY 89B CLEO �9 + e -  ~ T(45)  
<4.5 x 10 - 5  90 286 ALBRECHT 87D ARG e + e -  ~ T(4S) 
<7.7 x 10 - 5  90 287AVERY 87 CLEO e + e - ~  T(45)  
<3 x 10 - 4  9O GILES 84 CLEO Repl. by AVERY 87 

284ACCIARRI 97B assume PDG 96 production fractions for B + ,  B O, B s, and A b. 

285 Paper assumes the T(45)  decays 43% to BOB 0- We rescale to 50%. 

r l~/r  VALUE E V T S  DOCUMENT ID TECN COMMENT 

O-9$'I*O.0E'I'O.IU 76 ALAM 94 CLE2 e + e - ~  T(45)  

r.o/r 

B ~  ~ M I X I N G  

Revised December 1997 by H. Quinn (SLAC) 

There are two neutral B meson systems which are like the 

neutral kaon system, in that two CP-conjugate states exist: 
the states B ~ = bd, and ~ 0  = db, which we will call the Bd 
system; and the states B ~ = bs, and ~ = ~b, which we call the 
B8 system. For early work on UP violation in the B systems, 
chiefly the Bd system, see Ref. 1. In both these systems the 

mass eigenstates are not CP eigenstates, but are mixtures of the 

286ALBRECHT 87D reports < 5 x 10 - 5  assuming the T(45)  decays 45% to B 0 B  O. We 
rescale to 50%. 

287AVERY 87 reports < 9 x 10 - 5  assuming the T(45)  decays 40% to B 0 B  O. We rescale 
to 50%. 

r(~r~)/r~,l  r . l / r  
Test of lepton family num ber conservation. 

VALUE ~ DOCUMENT ID TECN COMMENT 

<:'4~ X 10 - 4  90 AMMAR 94 CLE2 

r (p* ,~ ) / r~ , l  
Test of lepton family number conservation, 

VALUE CL% DOCUMENT ID TECN 

<11.3 X 1 0 - 4  90 AMMAR 94 CLE2 

e + e-- ---* T(4S) 

ru2/r 

COMMENT 

e+ e-  ~ ?'(4S) 

two CP-conjugate quark states. The fact that the mixing, due 

to box diagrams, shown in Fig. 1, produces non-UP eigenstates 

means that there is a CP-violating phase that enters in the 

amplitude for these diagrams. The two mass eigenstates can be 
written, for example for the Bd system, 

IBL/= PlB~ ql~~ , 

IBH> = pIB ~ - qlB-~ �9 (I) 

Here H and L stand for Heavy and Light, respectively. 
The complex coefficients p and q obey the normalization 

condition 
lql 2 -I-Ipl 2 = i. (2) 
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F i g u r e  1:  Mixing Diagrams. 

We define the mass difference A M  and width difference AF 

between the neutral B mesons: 

A M  = MH -- ML , 

A F  ~- F H - F L , (3 )  

For Bs there is currently only a lower bound on the value 

of Xs. Theoretical expectation is that it may be as large as 20 

or more, which makes it quite difficult to measure. A significant 

difference in widths is possible, due to the fact that a number 

of the simplest two-body channels contribute only to a single 

C P  (like the two-pion state which dominates K-decays and is 

the source of the large width difference in that system). The 

difference in widths could be as much as 20% of the total width 

in the Bs system [3]. Note that this still gives a small ratio, of 

order a few percent, for A F / A M .  
The proper time evolution of an initially (t = 0) pure B ~ or 

~0 is given by 

IB~ = g+(t)[B ~ + (q/p)g-( t ) lB ~ , 

[~pphy,(t)) = (p/q)g_(t)lB ~ + g+(t)[B ~ . (8) 

w h e r e  

g• = �89 exp ( -F t /2 )  e x p ( - i M t )  

x • (9) 

so that A M  is positive by definition. Finding the eigenvalues of 
The rate at which an initial Bq ~ (~0) decays as a ~q0 (B o) 

is thus 
the mass-mixing matrix, one gets 

(AM) 2 - I (AF)2  = 4([M12[ 2 - 11r1212 ) 

and 

(4) 

Rq(t) = q/p (or p/q)Flg- (t)l ~ . (10) 

The quantity Xq measures the total probability that a created 

B ~ decays as a ~0; it is given by 

Ra(t)d t = i 2 x2 - Yiq14 
~ l q / p l  . . . . . . . . . . . .  M * , A M A F  = 4Re( 12F12 ) (5) 

where the off-diagonal term of the mixing matrix is written 

as M12 + iF12. Note that both M12 and F12 may be complex 

quantities; the separation is defined by the fact that F12 is given 

by the absorbtive part of the diagrams (cut contributions). The 

ratio q/p is given by 

q = _ A M -  �89 2(M~2 - ' * ~rl2) 
- -  (6) 

P 2(M12 ~ �89 - -  ~F12) A M  - 

W h e r e a s  in the kaon case the lifetimes of the two eigenstates 

are significantly different and the difference in masses between 

them is small, in the Bd system it is the mass differences that 

dominate the physics, and the two states have nearly equal 

predicted widths (and thus lifetimes). We define, for q = d, s 

xq---- AMq AFq 
Fq ' Yq = rq (7) 

The value of Xd is about 0.7, not very different from the similar 

quantity for the K ~ which is 0.48. The difference between 

the widths of the two Bd eigenstates is produced by the 

contributions from channels to which both B ~ and ~0 can 

decay. These have branching ratios of O(10 -3) [2]. Furthermore 

there are contributions of both signs to the difference, so there 

is no reason that the net effect should be much larger than 

the individual terms. Conservatively, one expects Yd --< 10-2and 

thus also lq/Pld equal to 1 to a very good approximation. 

Experimentally no effect of a difference in lifetimes has been 

observed. 

L oo I 2 (11) 
Xq = Rq(t)dt ~lq/pl (1 + x2)(1 - y2/4) 

Time-dependent mixing measurements are now being done 

for the Bd system; earlier experiments measured only the time- 

integrated mixing, which is parameterized by a parameter Xd. 
In this case to a good approximation we can set Iq/Pl = 1 and 

o 

lYdl << Xd < 1 so that the simpler form Xd ---- l l - ~ i  " applies, and 
+ d  

a measurement of Xd implies a value of Xd �9 
In the B ~  ~ mixing section of the B ~ Particle Listings, 

we list the Xd measurements, most of which come from T(4S) 

data, and the AraB0 measurements, which come from Z data. 

We average these sections separately, but then include the 

results from both sections in "OUR EVALUATION" of Xs and 

AMBo. We convert both of these sets of measurements and list 

them in the Xd section. The Xd values obtained from AraB0 

measurements have a common systematic error due to the error 

on rB0. The averaging takes this common systematic error into 

account. 

Because of the large value of x, the quantity Xs will be close 

to its upper limit of 0.5. This means that one cannot determine 

xa accurately by measuring X,. It will require excellent time 

resolution to resolve the time-dependent mixing of the B ~ 

system, and thereby determine AMBo. 
In the 0 --0 B s - B ,  mixing section of the B ~ Particle Listings, 

we give measurements of XB, the mixing parameter for a 

high-energy admixture of b-hadrons 

Bd Bs 
XB : fd ~ X d  q'- fs "7-~'CXs . (12) 

tD] 
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Here fd and ]'8 axe the fractions of b hadrons that axe produced 
as B ~ and B ~ mesons respectively, and Bd, Bs, and (13) axe 
branching fractions for Bd, Bs, and the b-hadron admixture 

respectively decaying to the observed mode. If we assume that 

X~ = 0.5 and Bed(B) = B~/(B) = 1, EQ. (12) can be used to 

determine f~ as discussed in the note on "Production and Decay 
of b-Flavored Hadrons." 
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Xd 

B ~  ) MIXING PARAMETERS 

For a discussion of B0-B 0 mixing see the note on "BO-B 0 Mixing" in the 
B 0 Particle Listings above. 

X d is a measure of the time-integrated B0-~ O mixing probability that a 
produced BO(B O) decays as a ~"O(BO). Mixing violates AB ~ 2 rule. 

x 2 
X d = ~  

• = ~ = (mBo - tuba) rBO, 
re0 H " L 

where H, L stand for heavy and light states of two B 0 CP elgenstates and 
1 

�9 B0 = 0.5(F_ 0 +r~o) "  
u H u L 

This BO-B 0 mlxln~ parameter is the the probability (integrated over time) that a 
produced B 0 (or B u) decays as a ~0 (or S0), e.g. for Inclusive lepton decays 

X d = r ( e  0 --~ t - X  (via BO))/ i ' (e0 ~ 14"X) 

= r ( ~  ~ ~ t + X  (via B ~  ~ ~ t~-x)  
Where experiments have measured the parameter r = X/ (1-X) ,  we have converted to 
X. Mixing violates the AB ~: 2 rule. 

Note that the measurement of X at energies higher than the 7"(45) have not separated 
X d from X s where the subscripts indicate BO(bd) or BO('bs). They are listed in the 

B 0 - ~  s MIXING section. 

The experiments at T(45)  make an assumption about the B0B 0 fraction and about 
the ratio of the B4- and B 0 semlleptonlc branching ratios (usually that It equals one). 

OUR EVALUATION, provided by the LEP B Oscillation Working Group, Includes X d 
calculated from LimBo and TB0. 

VALUE CL% DOCUMENT ID T~CN COMMENT 
0.1724-0.010 OUR EVALUATION 
0 . 1 1 ~ - ~ 0 J ~ 4  O U R  AVERAGE 
0.16 4-0.04 4-0.04 290ALBRECHT 94 ARG e+e - ~ T(45) 
0.1494-0.0234-0.022 291BARTELT 93 CLE2 e + e - - ~  7"(4S) 
0.1714-0.040 292ALBRECHT 92L ARG e+e - --~ 7"(4S) 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.20 • 4-0.12 293ALBRECHT 96DARG e + e - - - *  T(45) I 
0.19 4-0.07 4-0.09 294ALBRECHT 96DARG e + e - ~  T(45) I 
0.24 4-0.12 295ELSEN 90 JADE e+e - 35-44GeV 

01 ~R+0"052 ARTUSO 89 CLEO e + e - - - *  T(45) 
" " ~ - 0 . 0 5 9  

0,17 4-0.05 296ALBRECHT 871 ARG e+e - --b 7"(4S) 
<0.19 90 297BEAN 878 CLEO e+e - --~ T(45) 
<0.27 90 298AVERY 84 CLEO e ' + e - ~  T(45) 

290ALBRECHT 94 reports ~--0.194 4- 0.062 4- 0.054. We convert to X for comparison. Uses ~" 
tagged events (lepton ,1. pion from D*). 

291BARTELT 93 analysis performed using tagged events (lepton+plon from D*). Using 
dllept . . . . . .  ts they obtain 0.157 :J: 0.016+010383. 

292 ALBRECHT 92L iS a combined measurement employing several lepton-based techniques. 
it uses all prevk)us ARGUS data In addition to new data and therefore supersedes AL- 
BRECHT 871. A value of r = 20.6 4- 7.0% is directly measured. The value can be used 
to measure x : AM/F = 0.72 4- 0.15 for the B d meson. Assumes f+ - / fO  = 1.0 4- 0.05 
and uses I.B~/~-BO = (0.95 4- 0.14) ( f+ - / fo ) "  

293 Uses D *+  K4- correlations. 
294Usos ( D*+ t - )  K4- correlations. 
295These expedments see a combination of B s and B d mesons. 
296 ALBRECHT 871 is Inclusive measurement with like-sign dlleptons, with tagged B decays 

plus leptons, and one fully reconstructed event. Measures r=0.21 4- 0.08. We convert 
to X for comparison. Superseded by ALBRECHT 92L. 

297BEAN 87B measured r < 0.24; we converted to X. 
298Same-sign dllepton events. Limit assumes semlleptonlc BR for B + and B 0 equal. If 

BO/B 4- ratio <0.58, no limit exists. The limit was corrected in BEAN 87B from r 
< 0.30 to r < 0.37. We converted this limit to X. 

AmBe = m l ~  H - m i ~  L 

Am 0 is a measure of 21: times the B~ 0 oscillation frequency in time-dependent 
B s 

mixing experiments. 

The second =OUR EVALUATION" (0.470 4- 0.019) is an average of the data listed 
below performed by the LEP B Oscillation Working Group as described In our review 
"Production and Decays of B-flavored Hadrons" In the B4- Section of these Listings. 
The averaging procedure takes into account correlations between the measurements. 

The first "OUR EVALUATION" (0.464 4- 0.018), also provided by the LEP B Oscil- 
lation Working Group, includes Z~m d calculated from X d measured at T(45). 

VALUE (lO 12 h s -1) EVTS DOCUMENT ID TECN COMMENT 
0.4644-0.0111 OUR EVALUATION 
OATO=bO.019 OUR EVALUATION 

0 471 +0"078+0"033 299 ABE 9SC CDF pp at 1.8 TeV 
�9 - -  u . u b o  - -  U.U..14 

0.4584-0.0464-0.032 300ACCIARRI 98D L3 e+e - ~ Z 
0.4374-0.0434-0.044 301 ACCIARRI 98D L3 �9 -I" e-- --~ Z 
0.4724-0.0494-0.053 302 ACCIARRI 980 L3 �9 §  - *  Z 
0.5234-0.0724-0.043 303 ABREU 97N DLPH e+e - --~ Z 
0.4934-0.0424-0.027 301ABREU 97N DLPH �9 + e -  ---* Z 
0.4994-0.0534-0.015 304ABREU 97N DLPH e+e - ~ Z 
0.4804-0.0404-0.051 300ABREU 97N DLPH e+e - --* Z 

04.~0029_+0:07 301ACKERSTAFF 97u OPAL e+ e- - z 
04304-00 a~+0"028 300ACKERSTAFF 97V OPAL e+e - --* Z 

. . . . .  -0.030 
0.4824-0.0444-0.024 305 BUSKULIC 97D ALEP e+e - ~ Z 
0.4044-0.0454-0.027 301 BUSKULIC 97D ALEP �9 + e -  ~ Z 
0.4524-0.0394-0.044 300 BUSKULIC 97D ALEP e+e - --~ Z 
0.5394-0.0604-0.024 306 ALEXANDER 96v OPAL e + e -  --~ Z 

o.5674-o.o89_+o:o~ 307ALEXANDER ,~v OPAL e+e- -~ z 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 s �9 

308 ACCIARRI 98D L3 
309 ABREU 97N DLPH 

310 ACKERSTAFF 97v OPAL 

311 BUSKULIC 97D ALEP 

312 ABREU 96Q DLPH 

300 ACCIARRI 96E L3 

313ALEXANDER 96V OPAL 

314 AKERS 95J OPAL 

300 AKERS 95J OPAL 

303 ABREU 94M DLPH 
306 AKERS 94C OPAL 

153 307 AKERS 94H OPAL 

' 300 BUSKULIC 94B ALEP 

307 BUSKULIC 93K ALEP 

299 Uses x-B in the same side. 
300 Uses l -L  
301 Uses t-Ohe m- 
302 Uses t - t  with impact parameters. 
303 Uses D*4--Qhe m. 

304 Uses XS4- l-Ohe m. 

30S Uses D*4--t/Qhe m. 
306 Uses D*4- t-Qhe m. 
307 Uses D*4--t. 
308ACCIARRI 98D combines results from &t, t-Qhe m, and t-g with impact parameters. 

309ABREU 97N combines results from D*4--Qhe m, t-Qhe m, Xs4- t-Qhe m, and t-t .  

31OACKERSTAFF 97v combines results from t-t, t-Qhe m, D*-t, and D*4--Qhe m. 
311 BUSKULIC 97D combines results from D*4--t/Qhe m, t-Qhe m, and t-t .  
312ABREU 96Q analysis performed using lepton, kaon, and Jet-charge tags. 
313ALEXANDER 96v combines results from D*5;-t and D*4-l-Qhe m. 

*4- 314AKERS 95J combines results fromt charge measurement. D t-Qhe m and t-t. 

0.4444-0.0284-0.028 
0.497 -l- 0.035 

04,7~0022_+o:oI; 
0.4464-0.032 
0 531,1.1.0.050.L^ n,o 

�9 _ 0.046 ~u.v~o 

0 496 +0.055-Ln n,~ 
�9 _ 0.051~u.~o 

�9 + 0 023 0.548 4-0.050 -- 01019 

0.4964-0.046 

0 a ~  ,1. 0.040 -t- 0.052 
. . . .  --0.053 --0.035 

0.50 4-0.12 4-0 .06 

0.508 4- 0.075 4- 0.025 

0.57 4-0.11 4-0.02 

0.50 ,1.0.07 ,1.0.11 
- 0 . 0 6  -0.10 

0.52 ,1.0.10 ,1.0.04 
-0.11 -0.03 

e+ e -  --~ Z I 
e'+ e-- --~ Z 

e + e -  - *  Z 

e + e -  - *  Z I 
Sup. by ABREU 97N 

Repl. by ACCIARRI 980 I 
e + e - ~  Z I 
Repl. by ACKER- 

STAFF 97V 
Repl. by ACKER- 

STAFF 97V 
Sup. by ABREU 97N 
Repl. by ALEXAN- 

DER 96v 
Repl. by ALEXAN- 

DER 96v 
Sup, by BUSKULIC 97D 

Sup. by BUSKULIC 97D 

I 
I 
I ! 
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= gmso/r ~ 
The second "OUR EVALUATION" (0.734 4- 0.035) Is an average of the data listed 
In AmBo section performed by the LEP B Oscillation Working Group as described 

In our review "Production and Decays of B-flavored Hadrons" In the B 4- Section of 
these Listings. The averaging procedure takes Into account correlations between the 
measurements. 

The first "OUR EVALUATION" (0.723 4- 0.032), also provided by the LEP B Oscil- 
lation Working Group, Includes X d measured at T(4S). 

VA~-~ DOCUMENT ID 
0.7234-0.032 OUR EVALUATION 
0.734:b0.(]3E OUR EVALUATION 

C P  V I O L A T I O N  IN  B D E C A Y  - S T A N D A R D  
M O D E L  P R E D I C T I O N S  

Revised February 1998 by H. Quinn (SLAC). 

The study of C P  violation in B decays [1] offers an oppor- 

tu'nity to test whether the Standard Model mechanism for C P  

violation, due to the phase structure of the CKM matrix, is the 

only source of such effects [2]. The known CP-violation effects 

in K decays can be accommodated by this mechanism, but do 

not provide a critical test of it. 

The Unitarity conditions (see our Section on "The Cabibbo- 

Kobayashi-Maskawa mixing matrix") 

VuqV~b .4- V cqV~b -4- VtqVt* b ~- 0 , (1) 

with q = s or q = d where V/j is an element of the CKM matrix 

can be represented as triangles in the complex plane. The three 

The phases in decay amplitudes which arise because of the 

phase in the CKM matrix, are called weak phases; the phases 

which arise from final state rescattering effects are referred to as 

strong phases. When one compares the amplitude for decay to 

a C P  eigenstate to that for the related CP-conjugate process, 

the weak phase r of each contribution changes sign, while the 

strong phase 6i is unchanged: 

A = ~ i A i  ei(~+r , "-~ = ~ i A i e  i(tSi-r �9 (4) 

Direct U P  violation is a difference in the direct decay rate 

between B + f and B ~ f without any contribution from 

mixing effects. This requires IAI ~ IA[, which occurs only if 

there is more than one term in the sum Eq. (4), and then only 

if the two terms have both different weak phases and different 

strong phases. A nonzero result for R e ( d / e )  in K decay is a 

direct UP-violation effect. Direct U P  violation can occur both 

in charged channels and in neutral channels in B decays [4]. 

In the Standard Model direct U P  violation occurs because 

there are two major classes of diagrams that contribute to 

weak decays, tree diagrams, and penguin diagrams, examples 

of which are shown in Fig. 1. Tree diagrams are those in which 

the W does not reconnect to the quark line from which it was 

emitted. Penguin diagrams are loop diagrams in which the W is 

re absorbed on the same quark line, producing a net change of 
interior angles of the q = d triangle are labeled 

a = arg --~-7-'7~Tr* /3 = arg \ v~,av:,b) ' \ vtavt; ) 

7 = ar t  ( - VadV:b 
\ v ~ v 2 /  �9 

( 2 )  

flavor, and a gluon (for a strong penguin) or a photon or Z (for 

an electroweak penguin) is emitted from the loop. There may 

be several different tree diagrams for a given process, namely W 

emission and decay, W decay, W exchange between the initial 

valence quarks, and/or valence quark-antiquark annihilation to 

In terms of the Wolfenstein parameters [3] we can also write 

t a n a  = ~ tanfl  - rl , 
v ~ - p ( 1  - p)  ' 1 - p 

t a n ~  = -~ (3 )  
P 

Notice that the sign as well the magnitude of these angles is" 

meaningful and can be measured. 

A major aim of UP-violation studies of B decays is to make 

enough independent measurements of the sides and angles that 

the Unitarity triangle is overdetermined and thereby to check 

the validity of the Standard Model predictions that relate 

various measurements to aspects of this triangle. Constraints 

can be made on the basis of present data on the B-meson masses 

and lifetimes, on the ratio of charmless decays to decays with 

charm (Vub/Vcb), and on e [4] in K decays. These constraints 

have been discussed in many places in the literature; for a recent 

summary see Ref. 5. The range of allowed values depends 

on matrix element estimates, these are difficult to calculate 

hadronic physics effects. Improved methods to calculate such 

quantities, and understand the uncertainties in them, are needed 

to further sharpen tests of the Standard Model. Because of the 

uncertainties in these quantities, any given "Standard Model 

allowed range," for example for (p, ~1), cannot be interpreted as 

a statistically-based error range. 

produce the W. However all such contributions which enter 

a given transition do so with the same CKM (weak) phase. 

Direct U P  violation occurs because of interference between 

tree diagrams and those penguin diagrams which have different 

weak phases than the trees. In channels where there are no 

tree contributions, direct C P  violation can arise because of 

interference between different penguin contributions. 

To calculate the size of expected UP-violation effects one 

begins from the relevant quark decay diagrams. We divide the 

amplitudes into two factors: a CKM factor given by the CKM- 

matrix elements that enter at each W vertex, and a Feynman 

amplitude from evaluating the remainder of the diagram. The 

Feynman amplitude of the penguin diagram is suppressed rel- 

ative to tree diagrams by a factor of order a s ( m b ) / 4 r .  Firm 

predictions based on this argument for the strength of the 

CP-violating effects in particular exclusive charged B-decay 

channels are not possible because the relationship between 

the free-quark decay diagrams and the exclusive meson-decay 

amplitudes depends on operator matrix elements and thus es- 

timates are model dependent. Furthermore one cannot reliably 

predict the strong phases that contribute to the asymmetry. 

There is one interesting exception to this last statement that 

gives a possible way to find large direct CP-vio la t ion  effects with 

known strong phase differences. This is any situation where two 

or more resonance channels contribute to the same final state 
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(a) 

(b) 

gluon 

/ 

W 

F i g u r e  1: Quark level processes for b -~ c~s: 
(a) Tree diagram; (b) Penguin diagram. In the 
case of electroweak penguin contributions, the 
gluon is replaced by a Z or a 7. 

set of particles in overlapping kinematic regions. The dominant 

contributions to the strong phases are then the resonant decay 

phases, which are known from measurements that determine 

the resonance mass and width. These give a known strong 

phase contribution which varies with the kinematics of the final 

particles and overlays the fixed strong phase of the resonance- 

production process. If two such resonant channels interfere, then 

there is a large and kinematically-varying known contribution 

to the strong phase difference between the contributions of the 

two channels. Examples include the interference of the different 

p-Tr charge combinations in the three pion final states [6] or 

interference between different K*Tr combinations in KTrlr states. 

Detailed exploration of possible applications of these ideas can 

be found in Ref. 7. 

A second type of CP violation, referred to as indirect CP 
violation, or CP violation in the mixing, would arise from any 

difference in the widths AF of the two mass eigenstates, or 

more precisely from complex mixing effects Arg(F12M~2 ) ~ 0, 

that would give [q/p[ ~ 1 and also give a nonvanishing lifetime 

difference for the two B mass eigenstates [8]. Indirect CP 
violation in the K system is responsible for Re e # 0, which 

give CP-violating asymmetries in leptonic decay rates. Such 

effects are expected to be tiny in the Bd system, where both 

[q/p[ - 1 and the difference of lifetimes A F / F  are expected to be 

of order 10 -2 [8]. For B8 a difference in the widths is possible, 

due to the fact that a number of the simplest two-body channels 

contribute only to a single CP. The difference in widths could 

be as much as 20% of t h e  total width in the B~ system [9]. 

However the quantity Iq/Pl - 1 is expected to be even smaller 

in the Bs system than in the Bd system. An indirect CP- 
violating asymmetry would be seen as an charge asymmetry 

in the same-sign dilepton events produced via mixing from 
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an incoherent state that initially contains a B ~  ~ pair. This 

asymmetry vanishes with AF; it is expected to be no larger 

than 1% in Bd decays [10]. 

There are additional CP-violating effects in neutral B 

decays which arise from interference between the two paths to 

a given final state f 

B---~ f or S ~ - B - *  f (5) 

This effect, an interference between decay with and without 

mixing, is seen also in K decays where it contributes to the 

parameter Im e. This interference can produce rate differences 

between B decay to a CP-eigenstate and the CP-conjugate B 

decay. Such asymmetries can be directly related to the CKM 

phases, provided there is no direct CP violation in addition to 

this effect. In channels where there is also direct CP violation, 

the relationship between the measured asymmetry and the 

CKM parameters is more complicated. 

A simple way to distinguish the three types of CP violation 

is to note that direct CP violation occurs when [N/J[[ # 1 while 

indirect CP violation requires [q/p] # 1 (see the review on B ~  

~0 Mixing). CP violation due to the interference between direct 

decay and decay after mixing can occur when both quantities 

have unit absolute value; it requires only that their product 

have a nonzero weak phase [11]. 

Neutral  B decays to C P  eigenstates: The decays of neutral 

B mesons into CP eigenstates are of particular interest because 

many of these decays allow clean theoretical interpretation 

in terms of the parameters of the Standard Model [12]. We 

denote such a state by foP, for example f c p =  J / r  or 

f C P  = 7rTr, and define the amplitudes 

AZc~ - (IcpIB~ ~-Sc~ ~ (ScPi~> . (6) 

For convenience let us introduce the quantity A$c p 

Ale v - q Alcv 
P AIcp . (7) 

In the limit of no CP violation, Alc P = t : l ,  where the sign is 

given by the CP eigenvalue of the particular state fcP. 
When the small difference in width of the two B d states is 

ignored we can write 

(q/P)Ba (VtiVtd) = e -2i~M (8) 
(V~bV~) 

where 2r denotes the CKM phase of the B - B  mixing diagram 

(see the review on B ~  ~ Mixing). The time-dependent decay 

width for an initial B~  ~ state to decay to a state f is then 

given by 

r(B~ --* fcP)= 

[A/cviee_rt [1 + [A/cPI~2 ~- 1 - -  [,~fcp[ 2 2  

X cos(AMt) -- Im A/c p s in(AMt)] ,  
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1~4:~" I%-r+ I "1 + I*X:o"l~2 1 - I,X:~. 72 

x cos(AMt)  + Im Xycp s in (AMt) l  . (9) 

The t ime-dependent C P  asymmetry is thus 

a:~+,(t) - r(B%y~(t) ___ f o P )  _ _ _ _ -  F(B~ --+ f e P )  

r(B~ ~ f c P ) +  r(Bp~ --+ feB)  

= (1 - [A/cp[ 2) cos(AMt)  - 2Im (AlcP) s in (AMt)  . (10) 

Further, when there is no direct C P  violation in a channel, 

tha t  is when all amplitudes tha t  contribute have the same CKM 

decay-phase, CD, then I A l c p / A / c e [  = 1. In tha t  case Aye P 

depends on CKM-matrix parameters only, without hadronic 

uncertainties, and can be writ ten A/c P = 4-6 - 2 i ( r 1 6 2  Then 

Eq. (10) simplifies to 

a / c p ( t  ) ~- =FIm (A:vp) s in (AMt)  

---- :t= sin(2(r + CD))s in(AMt)  . (11) 

where the overall sign is given by the C P  eigenvalue, +1, 

of the final s tate  f o p .  The mixing phase CM and the decay 

phase CD are each convention dependent, tha t  is their value 

can be changed by redefining the phases of some of the quark 

fields. However Im AIr p depends on convention-independent 

combinations of CKM parameters only. From Eq. (11) one can 

directly relate the measured CP-violat ing asymmetry to the 

phase of particulax combination of CKM-matrix elements in the 

Standard Model. 

E z t r a c t i n g  C K M  p a r a m e t e r s  f r o m  m e a s u r e d  a s y m m e -  

t r i e s :  In order make this relationship one looks at the CKM 

elements tha t  appear in the relevant decay amplitudes and in 

the mixing diagrams. If the final state of the decay includes a 

Ks ,  an additional contribution from the K-mixing phase must 

be included in relating the measured asymmetry to the CKM 

parameters. 

T a b l e  1: B -o q~s decay modes 

Whenever a penguin amplitude can contribute there are 

three separate diagrams, corresponding to the three flavors of 

up-type quarks in the loop. Each of these has a different CKM 

coefficient. We use the Unitari ty condition Eq. (1) to express 

one coefficient as minus the sum of the other two. This regroups 

the three terms as a sum of two terms each of which involves a 

difference of two penguin diagrams (and thus is an ultra-violet 

finite quantity). As we will see below, the most convenient 

regrouping is different for b --* q~s decays and for b -~ q~d 

decays. 

When there is a tree diagram one of the two penguin 

terms will have the same CKM coefficient (and hence the 

same weak phase) as the tree diagram. Terms with the same 

weak phase can always be treated as a single contribution, 

from the perspective of looking for C P  violations, al though 

one must be sure to include all the relevant operators when 

estimating the expected size of such a term. In what follows we 

use the term "tree-dominated contribution" to describe a tree 

contribution plus any penguin contribution with the same weak 

phase. We label the second penguin term, which has a different 

CKM coefficient from the tree diagram as a "pure penguin 

contribution." Where no tree diagrams contribute there are two 

pure penguin terms. Wi th  this convention there are at  most 

two terms with different weak decay phases tha t  contribute for 

any decay in the Standard Model. It is instructive to note tha t  

any beyond-Standard-Model contribution, whatever its weak 

phase, can always be written as a sum of two terms with the 

weak phases of the two Standard Model terms, thus it is the 

pat tern  of relative strengths, and isospin structure, of the two 

terms tha t  is peculiar to the Standard Model. (Care should be 

taken when comparing the terms defined by this grouping with 

s tatements  in the li terature about  the sizes of terms made using 

definitions tha t  do not include this regrouping.) 

Table 1 gives the CKM factors for the various b --+ q~s-  

quark decay channels. Here we choose to group penguin terms 

by eliminating the coefficient Vt~Vt~. Note tha t  the two penguin 

terms in this arrangement are each the difference between a top 

quark contribution and a lighter (c or u) quark contribution, so 

they differ only by the mass dependent factors in this second 

Quark Sample B d Sample Bs 
process Leading term Secondary term B d modes angle Bs modes angle 

b ---+ c-~s VcbV* = AA 2 VubV* s = AA4(p - iTl) J /r  K S ~ ~b~ 0 
tree + penguin(c - t) penguin only(u - t) DsDs 

b -+ s-~s VcbV ~ = AA 2 VubV~s = AA4(p - i~) ~bKs ~ r ~ 0 
penguin only(c - t) penguin only(u - t) 

b --+ u~s YcbYc* s = AA 2 VubV*s = AA4(p - i7/) 7r ~ K S competing r 0 competing 
b ---* dds penguin only(c - t) tree + penguin(u - t) p K S terms Ks-Ks terms 
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contribution and by their overall sign and the CKM factors. 

One is suppressed by the CKM factor A 2 ( p  _ i~}) compared to 

the other. 

The columns labeled "Sample Bd Modes" and "Sample B8 

Modes" list some of the simplest CP-study modes for each 

case. (These are either C P  eigenstates, or modes from which 

CP-eigenstate contributions can be isolated, for example by 

angular analysis.) The columns labeled"Angle" show the angle 

of the unitarity triangle measured by ~bM + CD where CM is the 

weak phase due to mixing, and CD that of the dominant decay 

amplitude (only the sum of these quantities is convention in- 

dependent). Any Cabibbo-suppressed pure-penguin terms gives 

a negligible correction to this result. For the decay b --~ s'~s 

there is no tree contribution so the angle given is that due to 

the dominant penguin term, ignoring the Cabibbo-suppressed 

penguin term. 

The quark decays to u~s and dds contribute to the same 

set of final state hadrons and so must be combined. Here the 

tree diagram contributes to the Cabibbo-suppressed amplitude, 

so that the net result is that the two terms are expected to 

give comparable contributions with different CKM phases. For 

these decays, as with other direct CP-violating processes, there 

is no simple relationship between the measured asymmetry and 

a CKM phase, and thus no entry in the "Angle" columns in 

Table 1. 

In addition to the neutral CP-eigenstate methods to deter- 

mine the angles of the unitarity triangle listed in the tables, 

there are a number of other methods that involve decays that 

self-tag B-flavor, such as DK*(892) in either neutral [13] or 

charged [14] B decays. Further methods to measure 7 in charged 

B --* D K  or B --* D~r have been suggested [15], which use inter- 

ferences between a suppressed B decay followed by an allowed 

D decay and an allowed B decay followed by a suppressed D 

decay. However the relationship between the decay asymmetry 

and the angle is not as simple as Eq. (11) in this case. These 

methods require accurate measurements of several branching 

ratios, including a number that are quite small. 

Tab le  2: B --~ q~d decay modes 

In Table 2 we list decays b ~ qi~d decays. Here we choose 

to eliminate whichever of the two terms V ~ V *  b or Y~dYc~ is not 

present in the tree diagrams, so that the two penguin terms are 

one with the same weak phase as the tree and a second with 

CKM coefficient V~dVt~ which has the opposite weak phase as 

the dominant mixing term in the Standard Model and hence a 

known value, zero, for CM + CD. 
Here the competition between the tree-dominated and pure- 

penguin amplitudes is stronger because there is no Cabibbo 

suppression of the latter. The pure-penguin contributions are 

expected to be somewhat smaller because of the ol(mb)/~r sup- 

pression factor. Table 2 lists the angle CM + q~D, using CD for 

the tree-dominated terms as the angle measured. However the 

measured angle may be significantly shifted from this value if 

the pure-penguin terms turn out to be large. In certain cases 

one still may be able to extract a measurement of an angle, for 

example of sin(2~) from the r % r -  asymmetry by measuring 

the rates in several isospin-related channels and using a mul- 

tiparameter fit to separate a tree-only contribution [16]. The 

impact of electroweak penguins, which will not be removed by 

this analysis [17] is quite small in this channel [18]. This isospin 

analysis requires measuring the decay rate for channel lr% ~ 

which will be a challenge. For the pvr decays the restrictions due 

to isospin can again be used to make a multiparameter fit to the 

p-regious of the Dalitz plot for ~r%r-Tr ~ distribution [6]. The 

interference between different p-charge channels is significant 

and may provide sufficient information to allow the separation 

of tree-dominated and pure-penguin effects and thus extraction 

of the parameter a. Isospin analyses at the very least can be 

used to test whether the penguin contributions are indeed small 

enough to be neglected in the determination of a. 

In the case b --* s-$d there are no tree graph contributions. 

The phase of the dominant penguin contribution is such that, 

combined with mixing effects, it gives a zero asymmetry for 

Bd decays and an asymmetry proportional to/9 for B8 decays. 

However, Gdrard and Hou [19] have pointed out that inter- 

ference with the sub-dominant penguin terms, proportional to 

Quark Sample Bd Sample B~ 
process Leading term Secondary term B d modes angle Bs modes angle 

b ~ cM VcbV~, l = -AA 3 VtbVt~ = AA3(i - p + iT) D+D - *13 r K s  "13~ 
tree + penguin(c - u) penguin only(t - u) 

b --* s~d VtbVt~ = AA3(1 - p + iy) VcbVc~ = AA 3 ~b~r competing r K s competing 
penguin only(t - u) penguin only(c - u) Ks -Ks  terms terms 

b --* u~d VubV*ud = AA3(p - iy) VtbVt~ = AA3(1 - p + i~l) ~r~r; Irp *a r ~  competing 
b -* ddd tree + penguin(u - c) penguin only(t - c) Ir al p~  s terms 

b --* c~d VcbV~d = AA 2 0 D~ ~ D~ ~ 13 D ~  0 

[ ) L  C P  eigenstate L C P  eigenstate 

*Leading terms only. 
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V~bV~ can give significant direct CP-violation asymmetries for 
such channels. Fleischer [20] has estimated that this asymmetry 
is possibly as large as 50%. While the sub-dominant term in 

this case would vanish if the ma.sses of the up quark and the 
charm quark were equal, these estimates, which are based on 

the actual quark mass values and extreme values of operator 

matrix elements estimated using models, cannot be excluded. 

Thus, contrary to some comments in the literature, observation 
of CP-violating asymmetries in channels such as Bd ---* r 

or K ~  ~ would not necessarily require beyond-Standard-Model 

effects to explain them. 
The entry for b ---* c~d where the D O decays to a CP 

cigenstate ignores the small effect of doubly-Cabibbo-suppressed 

D-decays [21]. In contrast, the last entry indicates that one can 
select modes reached only by doubly-Cabibbo-suppressed decays 

from D~ and observe their interference with unsuppressed 

decays to the same channel from D~ states, and thereby 

obtain a measurement of gamma [22]. 
There are some decay channels which are common to the 

B ~ and ~0 but which axe not CP eigenstates. For example 

the channel J/r where the K*(892) ~ KsTr ~ the 

final state is not a CP eigenstate because both even and 

odd relative angular momenta between the J/r  and the 

K*(892) are allowed. One can use angular analysis to separate 
the different CP final states and measure the asymmetry in 

each [23]. The method applies in many quasi-two-body decays, 
such as other vector-vector channels, or those with higher-spin 

particles in final states. The branching ratio to these channels 
may be significantly larger than the CP-eigenstate (vector- 

scalar or scalar-scalar) channels with the same quark content. 
Such angular analyses may therefore be important in achieving 

accurate values for the parameters a and ~. 

Additional ways to extract CKM parameters by relation- 
ships between rates for channels such as lr~r, 7rK that can 

be extracted using SU(3) invariance have received considerable 

attention in the literature [24]. While these relationships will be 
interesting to investigate, the uncertainties introduced by SU(3) 

corrections may be significant. The review by Buras [5] gives a 

good summary of these ideas. 
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CP VIOLATION PARAMETERS 

CP Impurity In B 0 s/stem. It is obtained from a l l ,  the charge asymmetry In Ilke-sll[n 
dilepton events at the 7"(45). 

Re(eB0) ~ t a r t  = i N ( t + l + ) - N ( t - l - )  
N ( t +  t + ) . l . N ( t -  t - )  - 

~ ~1~ DOCUMENT ID TECN COMMENT 

O.0mJ . . 0 j~ t~Oem~ 315 ACKERSTAFF 97u OPAL �9 + e -  ~ Z | 
�9 �9 �9 We do not use the followln t data for averages, fits, l imits, etc. �9 �9 �9 

<0.045 316 BARTELT 93 CLE2 e + e -  ~ 7"(45) 

315 ACKERSTAFF 97u assumes CPT and is based on measuring the charge asymmetry in a I 
sami te o f  B 0 decays defined by lepton and Ohem taKs' If CPT Is not Invoked, Re(eB) = I - 0 , 0 0 6  + 0,010 + 0.006 is found. The Indirect CPTviolatlon parameter is determined 
to Im(~B)  = - 0 . 0 2 0  4- 0 .0 ]6  + 0,006. 

316BARTELT 93 finds ate = 0.031 4- 0.096 4- 0.032 which corresponds to I,ul < 0 x s ,  
which yields the above Re(eB0 ). 



See key on page 213 

B o . . ,  / y , - r l - u ,  FORM FACTORS 

See the review "Semlleptonlc decays of B mesons" for the definition of 
these parameters. 

R 1 (form factor ratio ~ V/A1) 
VALUE DOCUMENT ID TECN ~QMMENT 

1.184"0.304"0.12 DUBOSCQ 96 CLE2 e + e - ~  T (4S)  I 
R 2 (form factor ratio ~ A2/A1) 

VALUE DOCUMENT ID T~(~N COMMENT 

O.714"O.224"0.OT DUBOSCQ 96 CLE2 e + e - ~  T (4S)  I 
"~1 (form factor slope) 

VALUE DOCUMENT ID T~CN COMMENT 

0.~14"0.1g;-t-0.0~ DUBOSCQ 96 CLE2 e + e - ~  T (4S)  I 
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I B /B ~ ADMIXTURE I 
B DECAY MODES 

The branching fraction measurements are for an admix ture  of B mesons at 
the T(4S) .  The values quoted assume that  B ( T ( 4 S )  ~ B E )  = 100%. 

For Inclusive branching fractions, e.g., B ~ D i a n y t h l n g .  the t reatment  
of mul t ip le D's In the final state must  be defined. One possJbllty would be 
to count  the number of events w i th  one-or-more D's and divide by the tota l  
number  of B's. Another possibility would be to count  the tota l  number  of 
D's and divide by the tota l  nu m ber of B's, which is the definit ion of average 
m u Itipilclty. The two definit ions are identical when only one of the specified 
particles is allowed In the f inal state. Even though the "one-or-more" 
definit ion seems sensib;e, for i~actlcal reasons inclusive branching fractions 
are almost always measured using the mulUp;Icl ty definit ion. For heavy 
final state particles, authors call their  results Inclusive branching fractions 
while for l ight particles some authors call their  results mult ip l lc i t lds.  In the 
B sections, we list a ,  results as Inclusive branching fractions, adopt ing a 
mult lp; Ic l ty definlt ldn. This means tha t  inclusive branching fractions can 
exceed 100% and that  inclusive partial widths can exceed to ta l  widths, 
Just as inclusive cross sections can exceed total  c ro~  sections. 

modes are charge conjugates of the modes below. Reactions indicate 
the weak decay vertex and do not include mixing. 

Scale factor /  
Mode Fraction ( F I / F )  Confidence level 

Semlleptonlr and kq~onlc 
F1 B -~ e+veanything [a] ( 10.41+0.29)% s=1.2 
I 2 B --* ~e+ueanything < 1.6 x 10 - 3  CL=90% 
F 3 B -~ #+vpanything [a] ( 10.3 +0.5 ) % 
I- 4 B -~ t+utanything [a,b] (10.45• % 
rs B ~ D- t+utanyth ing [b] ( 2.7 • ) %  
F 6 B --~ D ~  [b] ( 7.0 • ) %  
F 7 B --~ D ~  
F8 B ~ D * ~  
['9 B --* -D** t+  vt [b.c] ( 2 . 7 •  
FlO B ~ D 1 ( 2 4 2 0 ) / + v t a n y -  ( 7.4 • ) x 10 - 3  

thing 
F l l  B - *  D ~ t + e t a n y t h i n g +  ( 2.3 • ) %  

D*  Ir t + e t anything 
F12 B --* D~ , (2460) t+v tany  - < 6.5 x 10 - 3  CL=95% 

thing 
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r52 B --~ 
1.53 B --+ 
1"54 B -~ 
['55 B --, 
1-56 B --* 

[-13 B - ,  D * - ~ + t + ~ t a n y -  ( 1.00• 
thing 

1.14 B -~ Dst+vtanything [H < 9 x 1o -3 
FIS B .--* D-~ t+ ~/ K+ anything [b] < 6 x lo -3 
1.16 B -~ Dst+vtK~ [b] < 9 x 10 -3 
r17 B -~ l+ulnoncharmed [b] 
Fl0 B - ~  K+ t+ utanything [b] ( 60 • )% 
r19 B ~  K - l + u t a n y t h i n g  [b] ( 10 •  ) x l 0  - 3  
1.20 B --+ K ~ 1 7 6  [b] ( 4.4 • ) % 

D, D*,  or D s modes 
1-21 B --* D• ' ( 24.1 4-1.9 )% 
1-22 B ~ D~176  ( 63,1 4-2.9 )% 
r23 B --, D*(2010)• ( 22.7 • ) % 
1.24 B -+ D*(2007)~ ( 26.0 • ) % 
1.25 B --+ D~anything [d] ( 10.0 4-2.5 )% 
F26 b --~ c 'cs ( 22 4-4 ) % 

['27 B -~ DsD, D~D, DsD*, or [d] ( 4.9 • )% 
D;  D* 

1.28 B -~ D*(2010)~, < 1,1 x 10 -3 
r29 B "-~ O+slr - ,  O*s+Tr - , O : p - ,  [01 < 5 x 10 - 4  

o;+p-, O~O, o;+.o, 
D.+~, O;+~, D+,O, 
O;+po, O.+., D;+., 

1.3o B --~ Dsl(2536)+anything < 9.8 X 10 -3 

Charmonlum modes 
r31 B -~ J/~ClS)anything ( 1.13• 
1.32 B -~ J/~(15)(direct) any- ( 8.0 • ) x 10 -3 

thing 
r33 B -~ V;(25)anything ( 3.s 4-0.5 ) x 10 -3 
F34 B -~ Xcl(1P)anything ( 4.2 • ) x 10 -3 
r35 B - ~  Xcl(1P)(direct) any- ( 3.7 • ) x l 0  - 3  

thing 
1.36 B -~ Xc2(1P)anything < 3.8 x 10 -3  
r37 B -~ ~/c(1S)anything < 9 x 10 -3 

K or K '  modes 
1.38 B --* K•  [d] 78.9 • )% 
F39 B -~ K+anyth ing 66 • )% 
F40 B -~ K-any th ing  13 • )% 
1.41 B -~ K~176 [d] 64 • ) % 
r42 B -~ K*(892)• 18 • )% 
r43 B -~ K* (892)~176 [d] 14.6 • )% 

thing 
1.44 B -~ K*(892)'y 
1"45 B --~ K1(1400)-T < 4.1 x 10 . 4  
r4~ B -~ K~(1430)'y < 8.3 x 10 -4  
r47 B --, K2(1770)- ), < 1.2 x 10 -3 
1.48 B -~ K;(1780)-~ < 3.o x 10 -3 
1.49 B --~ K~C2045)'T < 1.0 x 10 -3  
r50 B ~ b .-~ s'7 ( 2.3 -i-0.7 ) x 10 -4  
r51 B --~ b--+ ~gluon < 6.8 % 

Light unflavored meson modes 
~•  anything 
~/anything 
po anything 

anything 
q~ anything 

1.57 B ~ A~anything 
1"58 B ~ Ac+anything 
1.59 B --* A~- anything 
1"60 B ~ Ace+anyth ing 

1.61 B -~ Acpanyth ing 

1.62 B -~ A c p e + ue 
1.63 B -~ ~ c - a n y t h i n g  
r~. e -~ _;anything 
1-68 B ~ ~__~anything 
1.66 B ~U N(N = p or n) 
1.67 B --~ --~ 

x B(~-~ ..=-,.,-+) 

[d,e] (359 •  ) % 
( 17.6 • ) %  
( 21 • )% 

< 81 % 
3.8 • )%  

Baryon modes 
6.4 • )% 

< 3.2 x 10 - 3  

3.6 • )%  

< 1.5 x 10 - 3  

( 4.2 • ) x 10 - 3  

< 9.6 x 10 - 3  

( 4.6 • ) x 10 - 3  

< 1.5 x 10 - 3  

( 1.4 • ) x 10 - 4  

CL=~% 

CL=90% 

CL=90% 

S=1.1 

CL=90% 
CL=90% 

CL=90% 

CL=90% 
CL=~% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=~% 
S=1.8 

CL=~% 

CL=90% 

CL=90% 

CL=90% 

1.68 

1-69 
1"70 
1.71 
1.72 
1"73 
1.74 
1-75 
1-76 
1-77 
1.78 

r79 
FSO 
r81 

B -~ -+any th ing  4,5 +1.3 -1.2 ) x 10 - 4  

x B ( -  =+ ~ . .=- I r+Ir  +)  
B -~ p /panyth ing [01 6.o • ) % 
B ~ p/~(di rect)  anything [01 5.5 • ) % 
B -~ A/Aanyth ing [ol 4.0 • )% 
B -+ Aanything 
B ~ Aanything 
B --* - - - / ~ + a n y t h i n g  [d] 2.7 • ) x 10 - 3  
B -~ baryons anything 6.8 • ) % 
B --, p~an_ything 2.47• % 
B -~ A-#/Apanything [01 2.5 • ) % 
B -~ AAanything < 5 x 10 -3  

Lepton Family number (LF) vlolaUni modes or 
A B  = I weak neutral current (BJ) modes 

B -~  e + e -  s B1 < 5.7 x 10 - 5  
B --* # +  # -  s BI  < 5.8 x 10 - 5  
B -~  e•  LF < 2.2 x 10 -S  

CL=90% 

CL=90% 
CL=90% 
CL=90% 

[a] These values are model dependent. See 'Note on Semileptonic Decays' 
in the B + Particle Listings. 

[b] An t indicates an e or a # mode, not a sum over these modes. 

[c] D** stands for the sum of the D(1 1p1), D(1 3Po), D(1 3P1), D(1 3P2), 
D(2 1S0), and D(2 151) resonances. 

[d] The value is for the sum of the charge states of particle/antiparticle states 
indicated. 

[el Inclusive branching fractions have a multiplicity definition and can be 
greater than 100%. 

B+/B 0 ADMIXTURE BRANCHING RATIOS 

r (E I" vt anything)/rtolal r4/r  
These branching fraction values are model dependent. See the note on "Semlleptonlc 
Decays of B Mesons at the beginning of the B + Particle Listings. 

VALUE DOCUMENT ID T~N COMMENT 
0.104g'1"0.00~1 OUR AVERAGE Includes data from the 2 datablocks that follow this 

one .  

0.108 • +0.0056 1 HENDERSON 92 CLEO e + e - ~  T(4S) 

1 HENDERSON 92 measurement employs e and/~. The systematic error contains 0.004 In 
quadrature from model dependence. The authors average a variation of the Isgur, Scora, 
Gdnstein, and Wise model with that of the AltarellI-Cablbbo-Corbb-MalanI-Martlnelll 
model for semlleptonlc decays to correct the acceptance. 

r (e + Ve anyth ln i ) / r to t i l  r l / r  
These branching fraction values are model dependent. See the note on "SemUeptonic 
Decays of B Mesons at the beginning of the B + Particle Listings. 

VALUE DOCUMENT ID T~(; N COMMENT 
The data in this block Is Included in the average printed for a previous datablock. 

0.1041-1-0.00~9 OUR AVERAGE Error Includes scale factor of 1.2. 
0.10494-0.0017• 2 BARISH 96B CLE2 e+e - --* T(4S) | 
0.097 • • 3ALBRECHT 93H ARG e+e - --~ T(4S) 
0.100 • • 4yANAGISAWA 91 CSB2 e+e - ~ T(4S) - 
0.103 • • 5ALBRECHT 90H ARG e+e - ~ T(4S) 
0.117 • • 6WACHS 89 CBAL Direct �9 at T(4S) 
0.120 • • CHEN 84 CLEO Direct e at T(45)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.132 • • 7 KLOPFEN_. 83B CUSB Direct e at T(4S) 

2 BARISH 96B analysis performed using tagged semlleptonlc decays of the B. Thb tech- I 
nique is almost model independent for the lepton branching ratio. I 

3ALBRECHT 93H analysis performed using tagged semlleptonlc decays of the B. This 
technique is almost model Independent for the leptoD branching ratio. 

4yANAGISAWA 91 also measures an average semlleptonlc branching ratio at the T(SS) 
of 9.6-10.5% depending on assumptions about the relative production of different B 
meson species. 

5 ALBRECHT 90H uses the model of ALTARELLI 82 to correct over all lepton momenta. 
0.099 • 0.006 is obtained using ISGUR 89B. 

6Using data above p(e) = 2.4 GeV, WACHS 89 determine e(B ~ euup) /o(B - *  
eucharm) < 0.065 at 90% CL. 

7Ratio o(b ~ evup) /o (b -~  eucharm) <0.055 at CL = 90%. 

r(p+..anythlng)/r t~l  rs / r  
These branching fraction values are model dependent. See the note on "Semlleptonlc 
Decays of B Mesons at the beginning of the B + Particle Listings. 

VALUE DOCUMENT ID TEf;N (~QMMENT 
The data In this block Is included in the average printed for a previous datablock. 

0.10~l:l:0.00g OUR AVERAGE 
0.100• 8ALBRECHT 90H ARG e+e - ~ T(4S) 
0.108•177 CHEN 84 CLEO Direct # at T(45) 
0.112•177 LEVMAN 84 CUSB Direct/~ at T(4S) 

8 ALBRECHT 90H uses the model of ALTARELLI 82 to correct over all lepton momenta. 
0.097 • 0.006 is obtained using ISGUR 89B. 



See key on page 213 

r (~+.oa.y~ln~) / r~ r~/r 
VALUE CL~ ~OCUMENT IO TECN COMMENT 

<0.O01~ go ALBRECHT goH ARC �9 + e -  ~ T(4S) 

r(D- t + vt.nythlni)/r(t + ~,t anythln|) rs/r4 
t = e o r p .  

V~I~V~ DOCUMENT ID TEEN ~;C)MMENT 

0.264-0.074"0.04 9FULTON 91 CLEO e + e - ~  T(4S) 

9 FULTON 91 uses B(D + ~ K -  x + x + ) = (9.1 �9 1.3 4- 0.4)% as measured by MARK IlL 

r (~ t+  v~a~Fhlng)/r (t+ vt anythlnl) rur~ 
t = eor/~. 

y~,~,l~ DOCUMENT ID TECN ~MM~NT 

0.67J,-O.O~J,-O.lO 10FULTON 91 CLEO e + e - ~  T(4S) 

10FULTON 91 uses B(D 0 ~ K - x  + )  = (4.2 -t- 0.4 • 0.4)% as measured by MARKII I .  

r (o ' - t+ ~a~Mq0/rt== r~/r 
VALUE (units 10 -2) DOCUMENT 10 TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limes, etc. �9 �9 �9 

0.64-0.3• 11BARISH 95 CLE2 e + e - ~  T(45)  

11 BARISH 95 use B(D 0 ~ K - ~ r + )  = (3.91 • 0.08 • 0.17)% and B(D * +  ~ D0~r + )  
= (68 .1  4- 1.0 + 1 .3 )%.  

r(c~o.,+,,ae~m.~)/r~ r,lr 
VALUE (units 10 ~2) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 .6+0.6~0.1 12BARISH 95 CLE2 e + e - ~  T(4S) 

12BARISH 95 use B(D 0 ~ K - x  + )  = (3.91 4- 0.08 4- 0.17)%, B(D � 9  ~ DOx + )  = 
(68.1 -4- 1.0 • 1.3)%. B(D *0 ~ D0~r 0) = (63.6 + 2.3 • 3.3)%. 

r ( P ' - , + , , ) / r ~  r, /r 
D**  standS for the sum of the D(11P1), D(13P0), D(13Pl),  D(13P2), D(21S0), 
and D(2 151) resonances, t = e o r p ,  not sum over e and p modes. 

y~LU~ CL ~ ~ 'VTS OOCUMENT ID TECN COMMENT 

O~7:t:OJ~6+OJO06 63 13ALBRECHT 93 ARC �9 + e -  
T(4S) 

�9 �9 �9 We do not use the following data for averages, fits, limes, etc. �9 �9 �9 

<0.028 95 14 BARISH 95 CLE2 �9 " t-e- 
T(4S) 

13 ALBRECHT g3 assumes the GISW model to correct for unseen modes. Using the BHKT 
model, the result becomes 0,023 • 0.006 • 0,004. Assumes B(D * +  ~ DO~r + )  = 
68.1%, B(D 0 ~ K - x  + )  = 3.65%, B(D 0 ~ K - ~ r + ~ r - x  + )  = 7.5%. We have 
taken their average e and/~ value. 

14BARISH 95 use B ( D  0 ~ K - x  + )  = (3.91 4- 0.08 • 0.17)%, assume all nonresonant 
channels are zero, and use GISW model for relative abundances of D * �9  states. 

r ~g(2420) t+ ~, =~/thlng)/rim= r~olr 
VALUE DOCUMENT ID T~(~Iy f~OMM~NT 

0.0074=I:0.001~ 15 BUSKULIC 978 ALEP �9 + e -  ~ Z | 
�9 �9 �9 We do not use the following data for averages, fits. limits, e t c . � 9  �9 �9 

seen 16 BUSKULIC 950 ALEP Repl. by BUSKULIC 970 

15BUSKULIC 97B assumes B(D1(2420 ) ~ D%r) = 1. B(D1(2420 ) ~ D*~r4-) = 2/3, | 
and B(b ~ B) = 0.378 4- 0.022. I 

16BUSKULIC 950 reports fB x B(B ~ D1(2420)0t+u~anythlng) x B(D1(2420)0 

"~*(2010)--w + )  = (2.04 • 0.58 • 0.34)10 - 3 ,  where fB IS the producUon fraction for 
a single B charge state. 

[r(D.t+ .,anythlnll ) + r (~ ' . t+  ~,, . ~ n = ) ]  Ir , t~ rulr 
VALUE DOCUMENT ID TECN COMMENT 

0.1~2~::EO.O~::EOJ~I 17 BUSKULIC 978 ALEP �9 + e -  ~ Z I 

17BUSKULIC 978 assumes B(b ~ B) = 0.378 • 0.022 and uses Isosldn Invadance by I 
assuming that all observed D0~r + ,  D*0~r + ,  D + x  - ,  and D*+~r - are from D* *  states. I 
A correction has been applied to account for the production of B 0 and A O. I 

r (~=(24~o) t+.~ a~lnl l ) / r t== r , , I r  
VALUE CL~ DOCUMENT ID TECN COMMENT 

< 0 . 1 0 ~  95 18 BUSKULIC 978 ALEP �9 + e -  - -  Z I 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

not seen 19 BUSKULIC 950 ALEP e + e -  ~ Z 
�9 �9 • 

18A revised number based on BUSKULIC 970 which assumes B(D2(2460 ) ~ D ~r ) = | 
0.20 and B(b ~ B )  = 0 .378 4- 0.022. I 

lgBUSKULIC 950 reports fB x B(B ~ D~(2460)0t+~,tanythlng ) x B ( ~ ( 2 4 6 0 )  0 

D � 9  ~r + )  _< 0.81 x 10 - 3  at CL=95%, where fB Is the production fraction for a 
single B charge state. 

r (D'-,r+t+ ~=~ln l i ) / r t=~  ru / r  
Includes resonant and nonresonant contdbuUons. 

VALUE (units 10 -3} DOCUMENT ID TECN COMMENT 

10.04-2.74-:1.1 20 BUSKULIC 950 ALEP �9 + e -  ~ Z 

20BUSKULIC 950 reports fB x B(B ~ "~ * (2010 ) - *+ t+u tany th lng  ) = (3.7 4- 1.0 • 

0.7)10 - 3 .  Above value assumes fB = 0.37 • 0.03. 

565 

Meson Particle Listings 
B+ / B ~ A D M I X T U R E  

r(D;-~ ~t,n~l,c)/rt.~ r , / r  
vALV ~ CL% DOCUMENT ID TECN ~OMM~NT 

~"O.0~l 90 21ALBRECHT 93E ARG e + e -  ~ T(4S) 

21ALBRECHT 93E reports < 0.012 for B(D~ ~ ~ + )  = 0.027. We rescale to our best 

value B(D$ + ~ ~ r  + )  = 0.036. 

r (D;" El" ul K + amjthln|)/r~ r , , / r  
VALUE CL~ DOCUMENT ID T ~  N COMMENT 

~'10.O06 90 22 ALBRECHT 93E ARC �9 + e -  ~ T(45)  

22ALBRECHT 93E reports < 0.008 fo~ B(Ds-t" ~ ~ r  + )  = 0.027. We rescale to our best 

value B(Ds+ ~ ~w +)  = 0.036. 

r(D;'t + u IK ~ ) I r t ~  r~61r 
y~LUE ~.JJL DOCUMENT ID TECN COMMENT 

,~-'O.0OD 90 23 ALBRECHT 93E ARC �9 + e -  ~ T(45)  

23ALBRECHT 9:~E reports < 0.012 for B(Ds-F ~ ~lr + )  = 0.027. We rescale to our best 

value B(D$ + ~ r + )  = 0.036. 

r(r-vt md.m-d) I r ( t *  vtanythln|) rulr4 
l denotes e or #, not the sum. These experiments measure this ratio In very limited 
momentum Intervals. 

VAL UE CL~ E V T $  DOCUMENT ID TECN (;~)MM~NT 

24ALBRECHT 94C ARC e't 'e - ~ T(4S) 
107 25 BARTELT 930 CLE2 �9 + e -  ~ T(45)  
77 26 ALBRECHT 91C ARC �9 + e -  ~ T(4S) 
76 27 FULTON 90 CLEO e + e -  ~ T(4S) 

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

41 28ALBRECHT 90 ARC e + e - ~  T(4S) 
<0.04 90 29BEHREND5 87 CLEO e + e - ~  T(4S) 
<0.04 90 CHEN 84 CLEO Direct �9 at T(45)  
<0.055 gO KLOPFEN... 83B CUSB Direct e at T(4S) 

24ALBRECHT 94c find F(b ~ c ) / r ( b  ~ all) = 0.99 4- 0.02 • 0.04. 
25BARTELT 930 (CLEO II) measures an excess of 107 • 15 -t- 11 leptons In the lepton 

momentum interval 2.3-2.6 GeV/c which is attributed to b ~ u tu  t .  This corresponds to 

a model-dependent partial branching ratio ABub  between (1.15 + 0.16 + 0.15) x 10 -4 ,  

as evaluated using the KS model (KOERNER 88), and (1.54 4- 0.22 -E- 0.20) x 10 - 4  
using the ACCMM model (ARTUSO 93). The corresponding values of IVubl/I Vcb I are 
0.056 4- 0.006 and 0.076 4- 0.008, respectively. 

26ALBRECHT 91c result supersedes ALBRECHT 90. Two events are fully reconstructed 
providing evidence for the b ~ u transition. Using the model of ALTARELLI 82. they 
obtain I Vu b /Vc bl = 0.11 • 0.012 from 77 leptons in the 2.3-2.6 GeV momentum range. 

27 FULTON go observe 76 -F 20 excess e and /~ (lepton) events in the momentum interval 
p = 2.4-2.6 GeV signaling the presence of the b ~ u transition. The average b~anchin 8 
ratio, (1.8 • 0.4 4- 0.3) x 10 - 4 ,  corresponds to a model-dependent measurement of 
app~owImately IVub/Vcbl = 0.1 ugng B(b ~ cL~,) = 10.2 :J: 0.2 • 0.7%. 

28ALBRECHT 90 observes 41 + 10 excess �9 and /= (lepton) events in the momentum 
Interval p = 2.3-2.6 GeV signaling the presence of the b ~ u transition. The events 
correspond to a model-dependent measurement of IVub/Vc~l = 0.10 • 0.01. 

29The quoted po~lble limes range from 0.018 to 0.04 for the ratio, depending on which 
model or momentum range is chosen. We select the most conservative lime they have 
calculated. This corresponds to a lime on IVubl/IVcbl < 0.20. While the endpolnt 
technique employed is mo~e robust than their previous results in CHEN 84. these results 
do not provide a numerical improvement In the limE. 

r(K+.'+,,.ny~W.l) Ir(.'+,L..ythm) r,.Ir4 
t denotes e or/~, not the sum. 

VALUE ~OCUMENT 10 TECN CQ~I~I~NT 
O.M :kO.Oi OUR IO/ERAGE 
0.594+0.021• ALBRECHT 94c ARC e-t-�9 - ~ T(4S) 
0.54 -F0.07 -t-0.06 3OALAM 870 CLEO e + e  - ~ T(45)  

30 ALAM 870 measurement relies on lepton-kaon correlations. 

r (K- t+ vg aWthl.i0/r (t+ =,t anytmnlt) r~,/r4 
t denotes �9 or/~. not the sum. 

~/A~U~ DOCUMENT ID TECN COM~C~NT 
0 ~ i 2 : J : 0 . a N i  O U R  AVERAGE 

0.086• ALBRECHT 94c ARG e + e  - ~ T(4S) 
0.10 :i:0.05 +0.02 31ALAM 87BCLEO e + e - ~  T(4S) 

31ALAM 878 measurement relies on ioptorvkaon correlations. 

r(K~ /Pt+ v~a~il~l~)/r(t+ ~tanythl.|) r=/r4 
t denotes e or/~. not the sum. Sum over K 0 and "R O states. 

VAL(JE DOCUMENT ID TECN COMMENT 
0.4~ 4-r OUR AVERAGE 
0.4524-0.0384-0.056 32 ALBRECHT 94C ARG e + e -  ~ T(4S) 
0.39 4-0.06 -}-0.04 33ALAM 870 CLEO e + e  - ~ T(4S) 

32 ALBRECHT 94C assume a K 0 / ~  ~O mulUpllclty twice that of K O. 

33 ALAM 878 measurement relies on lepton-kaon correlations. 
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B + / B  ~ A D M I X T U R E  

~/A(,~[ DOCUMENT IO TECN (~4M~NT 

1,~1.t .0,(~ 34 GIBBONS 97B CLE2 e + e -  ~ T ( 4 5 )  I 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etr �9 �9 �9 

0 . 9 8 + 0 . 1 6 •  3 5 A L A M  878 CLEO e + e  - ~ T (4S)  

34 GIBBONS 978 from charm counting using B ( D ~  ~ ~ r )  = 0.036 • 0.009 and B ( A ~  ~ | 

p K - x  + )  = 0.044 • 0.006. 
35From the difference between K -  and K + widths. A L A M  87~ measurement relies on 

lepton-kaon correlations. It does not consider the possibility o f  B '~  mixing. We have 
thus removed it from the average. 

r(D~anythlas)/rmt= r=Ir  
yAi,~JF= ~VT:~ DOCUMENT /O TECN COMMENT 
0.~41:1=0.019 OUR AVERAGE 

0 2 4 0 4 - 0 0  ~=+0 '015 36GIBBONS 97B CLE2 e + e  - ~ T ( 4 5 )  I 
. . . . .  - -0.016 

0.25 •  •  37 BORTOLETTO92  CLEO e + e  - ~ T (4S)  

0.23 •  +0 .01 38 ALBRECHT 91H ARG e + e -  ~ T ( 4 5 )  
- 0 . 0 2  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.21 +0 .05  •  20k 39 BORTOLETTO87  CLEO Sup. by BORTO- 
LETTO 92 

36GIBBONS 978 reports [B(B ~ D+any th lng)  x B(D + ~ K - ~ r + x + ) ]  = 0.0216 • I 
0.0008 + 0.00082. We dlvlde by our best value B(D + ~ K -  ~ r+x  + )  = (9.0 i 0,6) x 
10 - 2 .  Our first error is their experiment's error and our second error is the systematic 
error from using our best value. 

37 B O R T O L E T T O  92 reports [B(B ~ D i anything) x B (D  + ~ K -  x +  ~r+)] = 0 .0226•  
0.0030 • 0.0018. We divide by our best value B (D  + ~ K -  x + ~r + )  = (9.0 • 0.6) x 
10 - 2 .  Our first error Is their expedment's error and our second error Is the systematic 
error from using our pest value. 

3 8 A L B R E C H T  91H reports [B(B ~ D + anything) x B (D  + ~ K -  x + ~r+)] = 0.0209 • 
0.0027 • 0.0040. We divide by our best value B(D + ~ K - ~ r + x + )  = (9.0 • 0.6) x 
10 - 2 .  Our f irst error Is their expedment's error and our second error Is the systematic 
error from using our best value. 

39 B O R T O L E T T O  87 reports [B(B ~ D :E anything) x B (D  + ~ K -  x +  x + ) ]  = 0.019 
0,004 • 0.002. We dMde by our best value B (D  + ~ K -  x + ~r + )  = (9.0 + 0.6) x 10 - 2 .  
Our first error Is their experiment's error and our second error Is the systematic error from 
using our best value. 

I" (Do/Do ,nythln|)/l'tot=l r=/r  
VALUE {VI~ pQCUMENT IO T[C N COMMEN T 
O. f~14 "O .~ l  OUR ~/ IERAGE Error includes scale factor o f  1.1. 
0 .651+0 .025•  40GIBBONS 97B CLE2 e + e  - ~ T ( 4 5 )  I 
0.60 •  •  41 BORTOLETTO92  CLEO e + e  - ~ T (4S)  
0.$0 •  :E0.01 4 2 A L B R E C H T  91H ARG e + e - ~  T(4S)  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.55 +0 .07  •  21k 43 BORTOLETTO87  CLEO e + e -  ~ T ( 4 5 )  
0.62 •  •  44 GREEN 83 CLEO Repl. by BORTO- 

LETTO 87 
40 B O ~--0 x O + O 0251 GIBBONS 978 reports [B( ~ D / D  anything) B ( D  ~ K - ~ r  )] = . :l: J 

0,000~ •  We divide by our best value B (D  0 ~ K -  ~r + )  = (3,85 • 2 1 5  - 2 .  
Our first error Is their experiment's error and our second error Is the systematic error from 
using our best value. 

41 BORTOLE'T-FO 92 reports [B(B ~ D0/ '~0any th lng)  x B ( D  0 ~ K -  ~r+)] = 0 .0233+ 
0 .0012+0.0014.  We dlvlcle by our best value B (D  0 ~ K - x  + )  = (3 .85+  0 . 0 9 ) x l 0  - 2 .  
Our first error Is their experiment's error and our second error IS the,systematic error from 
using our best value. 

42 ALBRECHT 91H reports [B(B ~ D O / ~ 0  anything) x B (D  O ~ K -  ~r + ) ]  = 0.0194 • 
0 .0015+0.0025.  We divide by our best value B (D  0 ~ K - ~ r  + )  ~ (3.85 + 0.09) x 10 - 2 .  
Our first error Is their experiment's error and our second error Is the systematic error from 
using our best value. 

43 B O R T O L E T T O  87 reports [B (B  ~ DO, /~0  anything) x B ( D  0 ~ K -  ~r + ) ]  = 0 .0210•  
O.OO15 :i: 0.O021. We divide by our best value B( D O ~ K -  ~r + )  = (3.85 • 0.09) x 10 - 2 .  
Our first error Is their experiment's error and our second error Is the systematic error from 
using our best value. 

44 GREEN 83 reports [B (B  ~ D 0 / ~  anything) x B(D O ~ K -  ~r + ) ]  = 0.024 + 0,006 • 
0.004. We divide by our best value B(D 0 ~ K - x  + )  = (3.85 • 0.09) x 10 - 2 .  Our 
first error Is their experiment's error and our second error is the systematic error from 
udng our best value. 

r (D*(Z010)* anything)/rim= r,,Ir 
VA~ ~I~ ~VTS DOCUMENT IO TECN COMMENT 
0,227 ~0.016 OUR AVERAGE 
0 .247•  45GIBBONS 97B CLE2 e + e  - ~ T (4S)  I 
0.205:J:0.019+0.007 46 ALBRECHT 96D ARG e + e -  ~ T(45)  I 0.230 i0 .028 :E0 .009  4 7 B O R T O L E T T O 9 2  CLEO e + e - ~  T ( 4 5 )  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

0.28 : t :0.05:1:0.01 48 ALBRECHT 91H ARG Sup. by AL- 
BRECHT 960 

0.22 •  +0 .07  5200 49 BORTOLETTO87  CLEO e + e -  ~ T (4S)  - 0 , 0 4  

0.27 •  +0 .08  510 50 CSORNA 85 CLEO Repl. by BORTO- - 0 , 0 6  
LETTO 87 

45 GIBBONS 978 reports B(B  ~ D* (2010)  + anything) = 0.239 i 0.015 • 0.014 -F 0.009 | 
using CLEO measured D and D = branchln K fractions. We rescale to our PDG 96 values 

I of D and D *  branching ratios. Our first error Is their experiment's error and our second 
error Is the systematic error f rom using our best value. 

4 6 A L B R E C H T  96D reports B (B  ~ D*(2010)+anyth lng)  0 .1% • 0.019 using CLEO 
measured B(D* (2010)  + ~ D O x  + )  = O.681 • 0.01 + 0.013, B ( D  0 ~ K - x  + )  = 
0.o401 :J: 0.0014, B (D  0 ~ K- -  e +  lr + x - )  = 0.081 i 0.005., We rescale to our PDG 96 
values of D and D*  pranching ratios. Our first error Is their experiment's error and our 
second error Is the s3,stematic error from using onr best value. 

4 7 B O R T O L E T T O  92 repocLs B (B  ~ D* (2010 )+  anything) = 0.25 • 0.03 + 0.04 using 
M A R K I I  B (D* (2010)  + - -  DOjr + )  = 0.57 + 0.06 and B (D  0 ~ K - x  + )  = 0.042 + 
0.008. We rescale to our PDG 96 values of D and D*  Ixanchlng ratios. Our f irst error Is 
their experiment's error and our second error is the systematic error from using our best 
value. 

48 ALBRECHT 91H reports 0.348 i 0.060 • 0.035 for B ( D ' ( 2 0 1 0 )  + ~ D0~r + )  = 0.55 + 
0.04. We rescale to our best value B(D* (2010)  + ~ D 0 x  + )  = (68.3 • 1.4) x 10 - 2 .  
Our first error Is their experiment's error and our second error is the systematic error 
f rom using our best value. Uses the PDG 90 B (D  0 ~ K -  lr + }  =O.0371 ~: 0.0025, 

4 9 B O R T O L E T T O  87 uses old M A R K  III (BALTRUSAITIS 86E) branching ratios B (D  0 
K - I t  + )  = 0,056 4- 0.004 4- 0,003 and also assumes B (D* (2010 )  + ~ D 0 x  + )  = 

0.60+00: 08. The product Ixanchlng ratio for B (B  ~ D* (2010)  + )  B (D* (2010 )  + 

D0~r + )  Is 0.13 • 0.02 • 0,012. Superseded by B O R T O L E T T O  92. 
50 V - A  momentum spectrum used to extrapolate below p = I GeV. We correct the value 

assumln g B (D  0 ~ K -  lr + )  = 0.042 + 0,006 and B (D  * +  ~ DOTr +~ - n ~ + 0 . 0 8  The s . . . .  - 0 . 1 5 '  
product bcanchlng fraction Is B(B ~ D * + X ) , B ( D  *+ ~ x § D 0 ) B ( D  0 ~ K - ~ ' + )  
= (68 -F 15 • 9) x 10 - 4 .  

r (D'12007)~ =nythi~)/r=~ r~Ir  
VA~,UF~ DOCUMENT IO TECN r 

O,2GO-I -O.G~O.~S 51 GIBBONS 97B CLE2 �9 + e-- ~ T ( 4 5 )  | 

51GIBBONS 978 reports B (B  ~ D*(2oo7)0anyth lng)  0.247 4- 0.012 :E 0.018 -F 0.018 | 
using CLEO measured D and D*  branching fractions. We rescale to  our PDG 96 values 

I of D and D*  bcanchlng ratios. Our first error Is their experiment's error and our second 
error Is the systematic error from using our best value. 

r (o-~:, .ny~Ing)Ir~, rs / r  
yALU~- EVTS DOCUMENT IO TECN ~:QMM~NT 
0.1004-O.Img OUR AVERAGE 

I 0 , 1 1 7 •  5 2 G I B A U T  96 CLE2 e + e - ~  T (4S)  

0.081:J:0.014+0;00~ 5 3 A L B R E C H T  92G ARG e + e  - - -  T ( 4 S )  

0 0 8 5 + 0 0 1 3  +0.020 257 5 4 B O R T O L E T T O g 0  CLEO e + e - ~  T ( 4 5 )  " " -u .u21  

0 .105•  5 5 H A A S  86 CLEO e + e  - - -  T (4S )  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0 . 1 1 6 i 0 . 0 3 0 + 0 . 0 2 8  5 6 A L B R E C H T  87H ARG e + e  - ~ T ( 4 5 )  

52 GIBAUT 96 reports 0.1211 • 0.0039 • 0.0088 for B(Ds+ ~ ~ r  + )  ~ 0.035. We rescale | 

to our best value B(Ds  + ~ ~ x  + )  = (3.6 • 0.9) x 10 - 2 .  Our first error is their 
expedment's error and our second error is the systematic error from using our best value. 

5 3 A L B R E C H T  reports [B(B ~ O~anyth ing)  x B ( D ~  ~ ~ r + ) ]  = 
l 

92G 0.00292 • 

0.(X)O39 ~: 0.00031. We dMde by our best value B{Ds+ ~ ~Jr + ) = (3.6 :E 0.9) x 10 - 2 ,  
Our fir'~t error is their experiment's error and our second error is the c inemat i c  error 
from using our best value. 

5 4 B O R T O L E T T O  90 reports [B(B ~ D~anyth ing)  x B(Ds+ ~ ~ x + ) ]  = 0.00306 • 

0.00047. We divide by our best value B(Ds+ ~ ~Tr + )  = (3.6 • 0.9) x 10 - 2 .  Our first 
error is their experiment's error and our second error Is the systematic error from using 
our best value. 

55 HAAS reports [B(B - -  D~any th ing)  x B(Ds+ ~ ~ l r + ) ]  = 0.0038 + 86 0.0010. We 

divide by our best value B ( D ~  ~ ~ x  + )  ~ (3.6 • 0.9) x 10 - 2 .  Our first error Is their 
experiment's error and our second error Is the systematic error from using our best value. 
64 + 22% decays are 2-body. 

5 6 A L B R E C H T  repocts [B (B  ~ DsCanything ) -  x B(Ds+ ~ q~Tr+)] = 87H O.OO42 + 

0.0009 • 0.0006. We divide by our best value B(Ds+ ~ ~ r  + ) = (3.6 :E O.9) x 10 - 2 .  
Our first error is their experiment's error and our second error Is the systematic error 
from using our best value. 46 • 16% of B ~ DsX decays are 2-body. Superseded by 
ALBRECHT 92G. 

r(c~s)/r~ r . / r  
VALU{ ~)CUMENT ID TECN CQ~MENT 

0.219.1.0jB~ 57 COAN 98 CLE2 �9 + e-- ~ T (4S)  I 

57 COAN 98 uses D-E correlation. I 

r ( O. D, ~ O, De O* , or ~ o*)/r(o~ =.ythl.=) r~/rs 
Sum over modes. 

yAI r ~ :  ~OCUMENT ID TECN ~:OMM~T 
0,48 :J:O.04 OUR AVERAGE 

0 .457•  GIBAUT 95 CLE2 e + e - ~  T ( 4 5 )  
0.58 i 0 . 0 7  :E0.09 ALBRECHT 92G ARG e + e  - ~ T ( 4 5 )  
0.56 +0.10 BORTOLETTOgO CLEO e + e - ~  T ( 4 5 )  

r(~(~to),~)/r~ r=/r 
YN, W .O,#L ~OCUMENT It) T{CI ~ CQMI~gNT 

<1,1  X 10 - 3  90 58 LESIAK 92 CBAL �9 + e -  ~ T (4S )  

58LESIAK 92 set a llmR on the inclusive process B(b ~ s'y) < 2.8 x 10 - 3  at 90% CL 
for the range of  masses of 892-2045 MeV, independent of  assumptions about s-quark 
hadronlzatlon. 



See key on page 213  

r (D.~(~)+ ,~hl.I)/r=,,d r=/r 
Ds1(2536)+ Is the narrow P.wave Os+ meson with JP = 1 + .  

V~LI, Icu Ct% DOCUMENT ID T~E~N ~QMM~NT 
< O . 0 0 ~  90 59BISHAI 98 CLE2 e + e - ~  T(4S) I 

59 Assuming factorlzatlon, the decay constant fDs 1~ is at least a factor of 2.5 times smaller I 

than f D : "  

D ~ , D ~  ~ , D ~ ,  r ( o + . - ,  D : + . - ,  D + . p - D ; . . I . p -  + ,H- 0 + 0;+71,  D+spO, 

D;+ ~,  D*. ~, ~+~)/r~ r~/r 
Sum over modes, 

VALUE CLK ~CUMENT 10 TECN ~QMMENT 
< 0 . 0 0 ~  90 60 ALEXANDER 93B CLE2 e + e -  ~ T(4S) 

60ALEXANDER 93B reports < 4.8 x 10 - 4  for B(D~- ~ ~ x  + )  = 0.037. We rescale 

to our best value B ( D ~  ~ ~ r  + )  = 0.036. This branching ratio l imi t  provides a 

model-dependent upper l imi t  IVubl/IV~bl < 0.16 at CL=90%. 

r ( J / V~O s).n~a~) /r~= r=/r 
VALUE (units 10 -2 ) EVTS DOCUMENT IO TECN COMMENT 
1.13:t:0.0~ OUR AVERAGE 
1,11+0,05•  1489 61 BALEST 95B CLE2 e + e  - ~ T(4S) 
1 .28+0.44+0.04 27 62 MASCHMANN 90 CBAL e + e -  ~ T(4S) 
1 .23+0.27+0.04 120 63 ALBRECHT 87D ARG e + e -  ~ T(4S) 
1.34+0,24d:0.04 52 64ALAM 86 CLEO e + e  - ~  T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

1,4 +0 .6  7 6SALBRECHT 85H ARG e + e  - ~ T(45)  
- 0 , 5  

1,1 ~0.214-0,23 46 66 HAAS 85 CLEO Repl. by ALAM 86 

61 BALEST 95B reports 1.12 + 0.04 :i: 0.06 for B(J /~ (1S)  ~ e + e - )  = 0.0599 + 0,0025. 
We rescale to our best value B(J / r  ~ e + e  - )  = (6.02 + 0,19) x 10 - 2 .  Our 
first error is their experiment's error and o~r second error is the systematic error from 
using our best value.. They measure J/V)(1S) ~ e -F e -  and # + / ~ -  and use PDG 1994 
values for the branchiog fractions. The rescaUng Is the same for either mode so we use 
�9 -t- e - .  

62 MASCHMANN 90 reports 1,12• 0.33 •  for B(J / r  ~ e + e - )  = 0.o69-t-0.009. 
We r e ~ l e  to our best value B (J / r  ~ e + e - )  = (6.02 + 0,19) x 10 - 2 .  Our first 
error Is their experiment's error and our second error is the systematic error from using 
our best value. 

63 ALBRECHT 87D reports 1,07 :t: 0.16 ~ 0.22 for B (J / r  ~ �9 + e - )  = 0.069 + 0,009, 
We rescale to our best value B(J/V~(1S) ~ �9 + e - )  = (6,02 -t- 0,19) x 10 - 2 .  Our first 
error is their experiment's error and our second error Is the systematic error from using 
our best value. ALBRECHT 87D find the branching ratio for J/VJ not from ~(25)  to be 
0,0081 + 0,0023. 

64ALAM 86 reports 1,09 • 0,16 + 0,21 for B(J / r  ~ / ~ + # - )  = 0.074 • 0.012. We 
rescale to our best value B(J/V)(1S) ~ /~+ /~ - )  = (6.01 • 0,19) x 10 - 2 .  Our first 
error Is their experiment's error and our second error is the systematic error from using 
our best value, 

65Statlstlcal and systematic errors were added in quadrature. ALBRECHT 85H also report 
a CL = 90% l imi t  of 0.007 fo~ B ~ J / r  X where m X <1 GeV. 

66 Dlmuon and dlelectron events used. 

r(J/#~(l$) (direct) anythlnl01r~,, r=/r 
VALUe, {~OCUMENT ID TECN CQMMENT 
0.00~OJ, .0 .0~ 67 BALEST 95B CLE2 �9 + e -  ~ T(4S) 

67 BALEST 95B assume PDG 1994 values for sub mode branchlng ratios. J/V~(15) mesons 

are reconstructed In J/VJ(15) ~ e + e -  and J / r  ~ ,u. + I ~ - .  The B ~ J / r  
branching ratio contains J / ~ ( 1 5 )  mesons directly from B decays and also from feeddown 
through r  ~ J/V)(15), Xc l ( 1P  ) ~ J/VJ(1S), or Xc2(1P ) ~ J/q~(1S). Using 
the measured inclusive rates, BALEST 95B corrects for the feeddown and finds the B 
J/ r  X branching ratio. 

r(~(2S).nythlnK)/r~,~ r . / r  
V~t (/~ EVES DOCUMENT ID T~(~N COMMENT 
OJDOU-;-OJDOOB OUR AVERAGE 
0.0034+0.0004+0.0003 240 68 BALEST 95B CLE2 �9 + e -  ~ T(45)  
0.00464-0.0017-t-0.0011 8 ALBRECHT 87D ARG �9 + e -  ~ T(4S) 

68 BALEST 95B assume PDG 1994 values for sub mode I~anchlng ratios. They find B(B 
VJ(2S)X, V~(2S) ~ t ' i ' t  - )  = 0.30 • 0.05 :t: 0.04 and B(B ~ ~(2S)X,  r  

J / r  + x - )  = 0,37~0.05 •  Weighted average is quoted for B(B ~ V~(2S)X). 

r (x=~(1P) anything)/r,=~ r~/r 
VA(.I/r EVTS DOCUMENT ~0 Tr (;qMM#NT 
0.00r OUR AVERAGE 
0.O040• 112 69 BALEST 95B CLE2 e + e -  ~ T(4S) 
0,0105+0,0035-i-0.O025 70ALBRECHT 92E ARG e + e  - ~ T(4S) 

69BALEST 95B assume B ( X c l ( 1 P  ) ~ J/t~(1S)*f) = (27,3 + 1.6) x 10 - 2 ,  the PDG 1994 
value. Fit to VJ-photon Invarlant mass distribution allows for a X c l ( 1 P  ) and a Xc2(1P ) 
component. 

70ALBRECHT 92E a~umes no Xc2(1P ) production. 

r(xcz(1P) (direct) anythlng)/rt~ r , . / r  
V~L~I~ ~)OCUMENT ID TI~CN ~QMM~NT 
0.0~7-1-0.1~O~ 71 BALEST 95B CLE2 �9 + e -  ~ T(4S) 

71 BALEST 95B assume PDG 1994 values, J/qJ(1S) mesons are reconstructed in the e + e -  

and # + p -  modes. The B ~ X c l ( 1 P ) X  branching ratio contains Xc l (1P  ) mesons 
directly from B decay~ and also from feeddown through ~(25)  ~ Xc l (1P)3 ,  Using 
the measured Inclusive rates, BALEST 95B corrects for the fneddown andf lnds the B 
Xcl (1P)(d l rect  ) X branching ratio. 
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B •  ~ A D M I X T U R E  

r(x.,(1P) anythlnlO/r=~ r . / r  
VALUE CL~ EVT$ DOCUMENT 10 T~N COIr 
<O.O0ml 90 35 72 BALEST 95B CLE2 �9 + e-- ~ T(4S) 

72 BALEST 95B assume B(Xc2(1P ) ~ J/VJ(1S)~) = (13.5 + 1.1) x 10 - 2 ,  the PDG 1994 

value. J / 0 ( 1 5 )  mesons are reconstructed In the e ' i 'e  - and p ' + / ~ -  modes, and PDG 
1994 bcanching fractions are used. If  Interpreted as signal, the 35 + 13 events correspond 
to B(B ~ XC2(IP)X ) =(0,25 + 0,10 + 0.03) x 10 - 2 ,  

r (~(lS)..ythlni)/r~., r~/r 
V~[ IJ~ CL K ()OCUMENT IO TECN COMMENT 
<O.001 90 73 BALEST 95B CLE2 �9 + e -  ~ T(4S) 

73 BALEST 95o assume PDG 1994 values for sub mode pranchlng ratios, J/qJ(1S) mesons 

are reconstructed In J/V~(1S) ~ e + e  - and J / r  ~ / ~ + / J - ,  Search region 2960 

<m%(1S ) <3010 MeV/c  2. 

r(K*.~.hlnl)/r~, rx/r 
yA~qg DOCUMENT ID TECN ~Q~MENT 
O.'Yllg"~O.0211 OUR AVERAGE 
0.82 i 0 . 0 1  +0.05 ALBRECHT 94C ARG e + e  - ~ T (45 )  
0.775• 74ALBRECHT 93~ ARG e + e  - ~ T(45)  
0,85 :i:0.07 +0,09 ALAM 87B CLEO e + e  - ~ T(4S)  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

seen 75 BRODY 82 CLEO e + e -  ~ T(4S) 
seen 76GIANNINI 82 CUSB e ' + e - ~  T(4$)  

74ALBRECHT 93~ value Is not independent of the sum of B ~ K + a n y t h l n g  and B 

K -  anything ALBRECHT 94C values. 
75 Assuming T(4S) ~ B E ,  a total of 3.38 + 0,34 + 0,65 kaons per T (45)  decay is found 

(the second error is ~ ' temat ic ) .  In the context of the standard B-decay mode], this 
leads to a value for (b-quark ~ c-quark)/(b-quark ~ all) of 1.09 i 0.33:1: 0.13, 

76GIANNINI 82 at CESR-CUSB observed 1,58 + 0.35 K 0 per hadronlc event much higher 
than 0,82 + 0,10 below threshold. Consistent with predominant b ~ cX decay. 

r(K+amtthlnl)/r=~ r ~ I r  
VALUE DOCUMENT ID TECN ~QMMENT 
0,66 a,'0. t ~  77 ALBRECHT 94C ARG �9 + e -  ~ T(4S)  
�9 �9 �9 We do not use the following data for averages, fits, nmRs, etc. �9 �9 �9 

0.620+0.013• 78ALBRECHT 94c ARG e + e  - ~ T(4S) 
0.66 ~0.05 +0,07 78ALAM 87B CLEO e + e  - ~ T(4S) 

77 Measurement relies on lepton-kaon correlations, i t  is for the weak decay vertex and does 
not Include mixing of the neutral B meson. Mixing effects were corrected for by assuming 
a mixing parameter �9 of (18.1 -4- 4,3)%. 

78Measurement relies on lepton-kaon correlations, It includes production through mixing 
of the neutral B meson. 

r (K -  anythlfii)/r~, r4o/r 
VA~I~ ~CUMENT ID TECN (~Q~4MENT 
0.13 ~0.04 79 ALBRECHT 94C ARG �9 + e -  ~ T (45 )  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0,165+0,011+0,036 80ALBRECHT 94c ARG e ' i 'e  - ~ T (4$)  
0.19 +0.05 •  9OALAM 87B CLEO e ' i 'e  - ~ T (45)  

79 Measurement relies on lepton-kaon correlations. It Is for the weak decay vertex and does 
not include mixing of the neutral B meson, Mixing effects were corrected for by assuming 
a mixing parameter r o f  (18.1 + 4,3)%. 

80 Measurement relies on lepton-kaon correlations. It  Includes production through mixing 
of the neutral B meson. 

r(K~ Ir~= 
VALUE DOCUMENT ID TECN 
0.64 -t-0.04 OUR AVERAGE 
0.642• 81 ALBRECHT 94C ARG 

0.63 :E0.06 +0,06 ALAM 87B CLEO 

81ALBRECHT 94C assume a KO/'[~ 0 mul t lp l l d ty  twice that  of 

r ( ~ ( ~ a ~ ) / r ~  
VA~,IJ~ DOCUMENT ID TECN 

0 . l I B  -t- 0J~4-1- 0J~4  ALBRECHT 94J ARG 

r(K'lm) o/TPlm) o,~l.~)/r=~ 
VALUE DOCUMENT ID T~ECN 
0J.46 -i- OGJL6-1- OJ~O ALBRECHT 94J ARG 

y~L~/~ CL~ DOCUMENT IO TECN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, 

<1,5 x 10 - 3  90 82 LESIAK 92 CBAL 
<2.4 x 10 - 4  9O ALBRECHT 88H ARG 

82LESIAK 92 set a l imi t  on the Inclusive process B(b ~ s-f) < 2.8 x 10 - 3  at 90% CL 
for the range of masses of 892-2045 MeV, independent of assumptions about s-quark 
hadronization. 

r4dr 
CQMMENT 

e+e- ~ T(4S) 
e+ e - ~ T(4S) 

K~ s. 

r~/r 
COMMf.NT 

e+e- ~ T(4S) 

ra/r 
COMMENT 
e + e -  ~ T(4S) 

r64/r 
COMMENT 

etc. �9 �9 �9 

e ' i 'e  - ~ T(4S) 

e + e -  ~ T(4S)  
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B• / B~ ADMIXTURE 

r(K,(~4oo)~)/r~ r~/r 
VALUE CL~ DOCUMENT ~ TECN COMMENT 

<4.1 x 10 -.4 90 ALBRECHT 88H ARG �9 + e -  ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

<1.6 x 10 - 3  90 83 LESIAK 92 CBAL e + e -  ~ T(4S) 

83LESIAK 92 set a limit on the Inclusive process Bib ~ s'~) < 2.8 x 10 - 3  at 90% CL 
for the range of masses of 892-2045 MeV. Independent of assumptions about s-quark 
hadronlzation. 

r(K;(Z~o]-~)/r~l r~/r 
VAI, UE~ CL~ DOCUMENT tO T~CN COMMENT 

<11.3 x 10 - 4  90 ALBRECHT 88H ARG e + e -  ~ T(4S) 

r (K=(;n0) ~)/r== r~z/r 
VALUE CLN DOCUMENT 10 T~C N COMM~f~T 

<1.2 X 10 - S  90 84 LESIAK 92 CBAL e + e-- ~ T(4S) 

84LESIAK 92 set a limit on the Inclusive process Bib ~ s'r) < 2.8 x 10 - 3  at 90% CL 
for the range of masses of 892-2045 MeV. Independent of assumptions about s-quark 
hadronization. 

r (K;(1780)~)/l'tml r~ / r  
VALUE CL~ DOCUMENT I~ T~CN COMMENT 

<~L0 X 10 - 3  90 ALBRECHT 88H ARG e + e -  ~ T(4S) 

r(K;(2o4s]~)/r~., r~/r 
VALUE CL% DOCUMENT ~) T~N COMMENT 

< 1 . 0 x 1 0  - S  90 85LESIAK 92 CBAL e + e - ~  T(4S) 

85LESIAK 92 set a limit on the Inclusive process Bib ~ s'r) < 2.8 x 10 - 3  at 90% CL 
for the range of masses of 892-2045 MeV. Independent of assumptions about s-quark 
hadronlzation. 

r(~-~ ~ ) / r=~  r=/r 
VALUE DOCUMENT IO T~r COMMENT 

(2..~l'kOJ~/'=bO-~,)xlO "-4 ALAM 95 CLE2 e + e - ~  T(4S) 

r(~-~ ~lr r . / r  
VALUE CL~ Ev'r~ DOCUMENT ID TECN COMMENT 

<0.1~dl 90 86COAN 98 CLE2 e + e - ~  T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.08 2 87 ALBRECHT 95D ARG �9 + e -  ~ T(4S) 

86 COAN 98 uses D-f  correlation. 
87ALBRECHT 95D use full reconstruction of one B decay as tag. T~o candidate events 

for charmless B decay can he Interpreted as either b ~ sgluon or b ~ u transition. 
If Interpreted as b ~ sgluon they find a b~anchlng ratio of ~ 0.026 or the upper limit 
quoted above. Result is highly model dependent. 

r(~ am/thing)/rtml r./r 
VALUE DOCUMENT IO TECN COMMENT 

SJ I8~0 .0~4"0 .010  88ALBRECHT 931 ARG e + e  - ~ T(4S) 

88ALBRECHT 93 e~cludes ~r4- from K O and A decays, if included, they find 4.105 + 
0.025 4- 0.080. 

r(,~ a ~ , ~ ) / r ~ ,  r. /r 
VALUE ~)OCUMENT Ip T~r N COMMENT 

0.1"~'t-0.Ol1:1:0.012 KUBOTA 96 CLE2 e + e - - ~  T(4S) 

r(~" =.ythi.=)/r~ r . / r  
VALUE DOCUMENT I 0 T~IV COMMENT 

0.~014-0.042"1"0.1~2 ALBRECHT 94J ARG e + e-- ~ T(4S) 

r(~ =.y~.=)/r=t. r . / r  
VALUE CL~ DOCUMENT IO T[CN COMMENT 

<0.81 90 ALBRECHT 94J ARG e + e  - ~ T(4S) 

r(§ a~fthlnll)/r~l r~/r 
VALUE DOCUMENT 10 T ~  N ~OMM~NT 

4"0.007 OUR AVER/~E Error Includes scale factor of 1.8. 
0.03904-0.0030• ALBRECHT 94J ARG e+e  - ~ T(4S) 
0.023 4-0.006 • BORTOLETTO86 CLEO e + e - ~  T(4S) 

r (A-~ amithlni)/r=ial rn / r  
VA~UE CL~ DOCUMENT ID T~CN COMMENT 

O-O~44-Ont~4"O.OOB 89CRAWFORD 92 CLEO e + e - ~  T(4S) 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

0.14 •  90ALBRECHT 88E ARG e + e  - ~ T(4S) 
<0.112 90 91ALAM 87 CLEO e + e - ~  T(4S) 

89CRAWFORD 92 result derived from lepton baryon correlations. Assumes all charmed 
baryons in 80 and B + decay are A c. 

90ALBRECHT 88E measured B iB ~ Ac+ X).B(A + ~ p K -  x + )  = (0.30 4- 0.12 :l: 0.06)% 

and used B(Ac+ ~ p K -  x + )  = (2.2 4-1.0)% from ABRAMS 80 to obtain above number. 

91Assuming all baryons result from charmed baryons. ALAM 86 conclude the pranchlng 
fraction is 7.4 • 2.9%. The limit given above is model independent. 

r(~ +a~.~)/r( ,~; ..~.~) r . / r .  
VALUE DOCUMENT IO TECN ~MM~NT 

0.19.1.0.1~..I.0j~4 92 AMMAR 97 CLE2 �9 + e -  ~ T(4S) 

92AMMAR 97 uses a high-momentum lepton tag (Pt > 1.4 GeV/c2). 

r ( ~  Pa~/t~lnl)/r(/l~:~ am/thl~) r~o/rn 
VALUE CL~ DOCUMENT ID TECN ~QI~M~I~T 

<0.06 90 93BONVICINI 98 CLE2 e + e - ~  T(4S) 

93 BONVICINI 98 uses the electron with momentum above 0.6 GeV/c. 

r(a; p=~/thl~)/r(Ac* =~/l~l.I) r=/r=7 
VALUE DOCUMENT IO TECN eQMM[N T 

OJ~'l '0.(~:l:OJ~ BONVICINI 98 CLE2 e + e - ~  T(4S) 

r(A~-pe+,,o)/r(A; p a ~ )  r . /r~  
yALUE CL~ DOCUMENT IO TECN ~OMMENT 

<0.04 90 94 BONVICINI 98 CLE2 e + e -  ~ T(4S) 

94 BONVICINI 98 uses the electron with momentum above 0.6 GeV/c. 

I" 0L~" c - anythlnlD/r~ ru / r  
VA(,U~ . . ~  pOCUMENT 10 T~CN ~QMI~I~T 

0.004~-I'0.0~1d:0,0011 77 95 PROCARIO 94 CLE2 e + e -  --~ T(4S) 

95pROCARIO 94 reports [B(B ~ ~ 'c -anytb ing)  x B(Ac+ ~ p K - x + ) ]  = 0.00021 -L- 

0.00008 4- 0.00007. We dNIde by our best value B(Ac+ ~ p K - f t  + )  = (5.0 :E 1.3) x 

10 - 2  . Our first error Is their experiment's error and our second error Is the systematic 
error from using our best value. 

r ('J[~; =~1~)Irt~,l r~Ir 
VA~U~, ~ DOCUMENT tD TECN COMMEN T 

<0,010 90 96 PROCARiO 94 CLE2 �9 + e -  ~ T(4S) 

%PROCARIO 94 reports [B(B ~ ]~-anythlng) x B(A + ~ p K - x + ) ]  = < 0.00048. 

We divide by our best value B(Ac+ ~ p K - ~ r  §  = 0.050. 

r OL'~ =.ythi.I)/r~., ru/r 
VALUE EVTS pOCUMENT I~ TECN ~QMMEN T 

O.O0~:J:OJ~21"lkO.O012 76 97 PROCARIO 94 CLE2 e + e -  ~ T(4S) 

9?PROCARIO 94 reports [B(B ~ ~canything) x B(A + ~ p K - ~ r + ) ]  = 0.00023 + 

0.00008 + 0.00007. We divide by our best value B(Ac+ ~ p K - I r  + )  = (5.0 4- 1.3) x 

10 - 2  . Our first error is their experiment's error and our second error Is the systematic 
error from using our best va(ue. 

r(Z~= N(N = por,))/r==, ru/r 
VALUE ~ ~)OCUMEN T I~) TECN COMMENT 

<0.0015 90 98 PROCARIO 94 CLE2 e + e - ~  T(45)  

q8pROCARIO 94 reports < 0.0017 for B(Ac+ ~ p K - l r  + )  = 0.043. We rescale to our 

best value B(Ac+ ~ p K - x  + )  = 0.050. 

r ( ~ a n y ~ , =  x B ( ~ - ,  . . = - , + ) ) / r t =  = r , d r  

VALUE {units 10 -3) DOCUMENT 10 TECN COMMENT 

0.14144.0.04141.k0.e~1 99 BARISH 97 CLE2 e + e -  ~ T(4S) 

99 BARISH 97 find 79 4- 27 ~ events. 

r(---~ .,ythl.= x B(---~-~ -=-.+.+))/r== r . / r  
VALUE{units 10 -3} DOCUMENT IO TECN. COMMENT 

0.4S3:t:0.096~000~ 100 BARISH 97 CLE2 e + e -  - -  T(4S) 

100BARISH 97 find 125 4- 28 --c + events. 

r (p l TJawthlng) l r  ~ r . / r  
Includes p and ~ from A and ~ decay. 

VALUE EVT5  DOCUMENT ID TECN COMMENT 
O.MO4-O.IDO41. OUR AVERAGE 

0.0804-0.0054-0.005 ALBRECHT 93~ ARG e + e  - ~ T(4S) 
0.080:E0.0054-0.003 CRAWFORD 92 CLEO e + e - ~  T(4S) 

0082 4-nrmr 2163 101ALBRECHT 89KARG e + e - ~  T(4S) 
. . . . . . .  -0 .010 

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

>0.021 102 ALAM 83B CLEO e + e -  ~ T(4S) 

101ALBRECHT 89K include direct and nondlrec't protons. 
102ALAM 83B reported their result as > 0.036 4- 0.006 + 0.009. Data are consistent with 

equal yields of p and ~. Using assumed yields below cut. B iB ~ p +  X) = 0.03 not 
Including protons from A decays. 

r(p/p(dlrect) = ~ u ~ ) / r ~ , ,  r~olr 
VALUE ~ V T $  DOCUMENT IO T~r CqMM~NT 
0 .0U: i :0 .~6  OUR AVERAGE 
0.055+0.0054-0.0035 ALBRECHT 93t ARG e + e  - ~ T(4S) 
0.0564-0.006:i:0.005 CRAWFORD 92 CLEO e + e - ~  T(4S) 
0.0554-0.016 1220 103ALBRECHT 89K ARG e + e  - ~ T(4S) 

103ALBRECHT 89K subtract contribution of A decay from the Inclusive I~oton yield. 
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B• / B ~ A D M I X T U R E  

r(A/~anythlnS)/rtm= rn/r 
VA~_UE E V T S  DOCUMENT ID TECN COMMENT 

0.040::EO.O0~ OUR AVERAGE 
0.038•177 2998 CRAWFORD 92 CLEO e + e - ~  T(4S) 
0.042+0,005+0.006 943 ALBRECHT 89K ARG e + e  - ~ T(45) 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.0224-0,003:E0.O022 104ACKERSTAFF 97N OPAL e + e  - ~ Z I 
>0,011 105 ALAM 83B CLEO e + e -  ~ T(45)  

104ACKERSTAFF 97N assues B(b ~ B) = 0,868 • 0,041, Le., an admixture of B O, B :j:, I 
and B s. 

105ALAM 83B reported their result as > 0.022 d: 0.007 :E (7.004. Values are for 
( B ( A X ) + B ( A X ) ) / 2 .  Data are consistent wi th equal yields of p and ~. Using assumed 
yields below cut, B(B ~ AX) = 0.03, 

r (aanything)/r (Aanything) r ~ / r .  
VALUE DOCUMENT ID TECN C O M M I T  

0,434"0,094"0.07 106AMMAR 97 CLE2 e + e - ~  T(45)  I 

106AMMAR 97 uses a high-momentum lepton tag (P~ > 1.4 GeV/c2). | 

r(_:-/-~-+anything)/r~,~ r~4/r 
VALUE E V T S  DOCUMENT ID TECN (:OMMENT 
0.002~:t:0.00~ OUR AVERAGE 
0.0027• 147 CRAWFORD 92 CLEO e + e -  ~ T(45)  
0.0028+O,OO14 54 ALBRECHT 89K ARG �9 + e -  -+ T(45)  

r(baryons anythln|)/r~= r~/r  
VA~U E DOCUMENT ID TECN COMMENT 

O.O@l~O.Oli 'kOJB~l 107 ALBRECHT 920 ARG e + e -  ~ T(4S) 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.076:1:0.O14 108 ALBRECHT 89K ARG �9 + e -  - *  T (45)  

107 ALBRECHT 920 result Is from simultaneous analysis of p and A yields, p ~  and Ap  corre- 
lations, and various lepton-bar.~n and lepton-baryon-antibaryon correlations. Supersedes 
ALBRECHT 89K. 

108ALBRECHT 89H obtain this result by adding their their measurements (5.5 4- 1.6)% for 
direct protons and (4.2 ~ 0.5 ~ 0.6)% for inclusive A production. They then assume 
(5.5 ~ 1.67% for neutron production and add i t  In also. Since each B decay has two 
baryons, they divide by 2 to obtain (7.6 :J: 1.4)%. 

r (ppanythlng)/rt~l r~/r  
Includes p and ~ from A and A decay. 

VAI, U~ EVT5 DOCUMENT ID T~C N COMMENT 
0.02474"0.0023 OUR AVERAGE 
0,024 :J:O,O01 :E0.OO4 CRAWFORD 92 CLEO e + e - ~  T(4S) 
0.025 :E0.002 •  918 ALBRECHT 89K ARG e §  - ~ T(45)  

r (p-~anythlng) /F(p /-~anything) r ~ / r , ,  
Includes p and ~ from A and A decay. 

" VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0 .30•177 109CRAWFORD 92 CLEO e + e - ~  T(45)  

109CRAWFORD 92 value is not independent of their I ' (p~anyth lng) / r to ta  I value. 

F (AT/~panythlng)/r~=, rn / r  
Includes p and p from A and ~ decay. 

VALUE EVT5 DOCUMENT ID TECN COMMEN T 
0.02S=E0.004 OUR AVERAGE 
O.029-F0.005:E0.OO5 CRAWFORD 92 CLEO e + e  - ~ T(45)  
O.023=1:O.004:E0.OO3 165 ALBRECHT 89H ARG e + e  - ~ T(4S) 

r (A-PlT~panything)/r (A/~an_ythlng) rnlrn 
Includes p and ~ from A and A decay. 

VALUE DOCUMENT/D TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.76:~0.11~:0.08 110CRAWFORD 92 CLEO e §  - ~ T(45)  

110 CRAWFORD 92 value is not independent of their 
[F (A~any th ing)+F( -Apany th lng) ] /F to ta  I value. 

r(A~anythlng)/rt~ r~/r  
VALUE CL~ EVTS DOCUMENT ID TECN COMMENT 

<0.006 90 CRAWFORD 92 CLEO e + e - ~  T(45)  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.0088 90 12 ALBRECHT 89K ARG e + e  - ~ T(45)  

r (AAanything)/r (AIAanyth|ng) rz./rn 
VALUE CL~ DOCUMENT ID TECN ~:OMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.13 90 111 CRAWFORD 92 CLEO e + e -  ~ T(4S) 

111CRAWFORD 92 value is not independent of their I ' (AAanyth lng) / l ' to ta  I value. 

r(e+ e- s) I r~=  rmlr 
Test for Z~B = 1 weak neutral current. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

<S.7 X t 0  - 5  90 GLENN 98 CLEO e + e - - - *  T(4S) 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.05 90 BEBEK 81 CLEO e + e - - *  T (45)  

r ( .+ . -d / r t= . ,  r= /r  
Test for A B  = 1 weak neutral current. 

VAL LIE CL~ DOCUMENT ID TEC N COMMENT 

<S.8 x l O  - 5  90 GLENN 98 CLEO e + e - ~  T(45)  
�9 �9 �9 We do not use the following data for averages, fits, l imits, e t c . � 9  �9 �9 

<0.017 90 CHADWICK 81 CLEO e + e - ~  T(45)  

[r (e+ e- s) + r (.+.- s)]/r~,, ( r~+r=) /r  
Test for A B  = 1 weak neutral current. 

VAI, tie CL~ DOCUMENT ID TECN (;QM~fENT 

<4.2  x l O  - S  90 GLENN 98 CLEO e + e - ~  T(45)  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

<0.0024 90 112 BEAN 87 CLEO Repl. by GLENN 98 
<0.0062 90 113 AVERY 84 CLEO Repl. by BEAN 87 

112 BEAN 87 reports [ ( / ~+ /~ - )+ (e  + e - ) ] / 2  and we converted it. 

113 Determine ratio of B + to B 0 semlleptonlc decays to be In the range 0.25-2.9. 

r(O:~s)/r~ rm/r 
Test for lepton family number conservation. 

VALU E CL~ DOCUMENT ID TECN COMMENT 

< : 2 ~ X 1 0  - g  90 GLENN 98 CLEO e + e - ~  T(4S) 

BISHAI 98 
BONVICINI 98 

CLNS 87/]519 
COAN 98 
GLENN 98 
ACKERSTAFF 97N 
AMMAR 87 
BARISH 97 
BUSKULIC 978 
GIBBONS 878 
ALBRECHT %D 
BARISH %B 
GIBAUT % 
KUBOTA % 
PDG % 
ALAM 95 
ALBRECHT 95D 
BALEST 95B 
BARISH 95 
BUSKULIC 95B 
ALBRECHT 94C 
ALBRECHT 94J 
PROCARIO 94 
ALBRECHT 93 
ALBRECHT 93E 
ALBRECHT 93H 
ALBRECHT 931 
ALEXANDER 93B 
ARTUSO 93 
BARTELT 93B 
ALBRECHT 92E 
ALBRECHT 92G 
ALBRECHT 920 
BORTOLETTO 92 
CRAWFORD 92 
HENDERSON 92 
LESIAK 92 
ALBRECHT 91C 
ALBRECHT 91H 
FULTON 81 
YANAGISAWA 91 
ALBRECHT 90 
ALBRECHT 90H 
BORTOLETTO 90 

Also 92 
FULTON 90 
MASCHMANN 90 
PDG 90 
ALBRECHT 89K 
ISGUH 89B 
WACHS 89 
ALBRECHT 88E 
ALBRECHT 88H 
KOERNER 88 
ALAM 87 
ALAM 87B 
ALBRECHT 87D 
ALBRECHT 87H 
BEAN 87 
BEHRENDS 87 
BORTOLETTO 87 
ALAM 86 
BALTRUSAIT.. 86E 
BORTOLETTO 86 
HAAS 86 
ALBRECHT 85H 
CSORNA 85 
HAAS 85 
AVERY 84 
CHEN 84 
LEVMAN 84 
ALAM 83B 
GREEN 83 
KLOPFBN... 83B 
ALTARELLI 82 
BROOY 82 
GIANNINI 82 
BEBEK 81 
CHADWICK 81 
ABRAMS 80 

B• ~ ADMIXTURE REFERENCES 

PR D57 3847 M. Bishai+ (CLEO Collab.) 
PR D (to be pebL) G. Bonvio]o]+ (CLEO Co]lab.) 

PRL 80 1150 T.E. Coan+ (CLEO Co]lab.) 
PRL 80 2289 S. Glenn+ (CLEO Co]lab.) 
ZPHY C74 423 K. Ackerstaff+ (OPAL Co]lab.) 
PR D58 13 R. Ammar+ (CLEO Co]lab.) 
PRL 79 3599 B. Barish+ (CLEO Co]lab.) 
ZPHY C73 601 D. Buskuiic+ (ALEPH Co,lab.) 
PR D56 3783 L. Gibbons+ (CLEO Co]lab.) 
PL 8374 256 +Hamacher, Hofmann. Kirchhoff+ (ARGUS Co,lab.) 
PRL 76 1570 +Chadha, Chan, Eigen+ (CLEO Collab.) 
PR DS3 4 7 3 4  +Kinoshita, Pomlanowsk[, Barish+ (CLEO Co]lab.) 
PR D53 6033 +Lattery, MomayezL No]son+ (CLEO Co]lab.) 
PR DS4 1 
PRL 74 2885 +Kim, Linll, Mahmood+ (CLEO Co]lab.) 
PL B353 554 +Hamacher, Hofmann, Kirchoff+ (ARGUS Co]lab.) 
PR D52 2661 +Cho, Ford, Johnson+ (CLEO CoBab.) 
PR DS1 1014 +Chadha, Chan, Cow�9 (CLEO Co]lab.) 
PL B345 103 +Casper, De Boo]s, Decamp+ (ALEPH CoBab.) 
ZPHY C82 371 +Ehdichmann, Hamacher, Hofmann+ (ARGUS CoBab.) 
ZPHY C61 1 +Ehdlchmann. Hamacher, Hofmann+ (ARGUS Collab.) 
PRL 73 1306 +Balest, Cho, Daoudi, Fold+ (CLEO CoBab.) 
ZPHY C57 533 +Ehrlichrnann, Hamacher, Hofmann+ (ARGUS Co8ab.) 
ZPHY C60 11 +Ehdichmann, Hamacher, Hofmann+ (ARGUS CoBab.) 
PL 8318 397 +Ehdichmann, Hamacher, Hofmann+ (ARGUS Collab.) 
ZPHY CS8 191 +Cronstroem, Ehd~chrnann, Hamacher+ (ARGUS Coliab.) 
PL B319 365 +Bebek, Berkelman. Bloom, Browder+ (CLEO Co]lab.) 
PL B311 307 (SYRA) 
PRL 71 4111 +Csorna, El~d, Jain, Akerib+ (CLEO Collab.) 
PL B277 209 +Ehdichmann, Hamacher, Krueger, Nau+ (ARGUS CoBab. 
ZPHY CS4 1 +Ehrlichmann, Harnacher, Krueger, Nau+ (ARGUS Co ab. 
ZPHY C56 1 +Cronstroem, Ehdichrnann+ (ARGUS Co]lab.) 
PR D45 21 +Brown, Domio]ck, Mcllwain+ (CLEO Co]lab.) 
PR D45 752 +Fulton, Jensen, Johnson+ (CLEO CoBab.) 
PR D45 2 2 1 2  +Kinoshita, Pipkin, ProcarFo+ (CLEO Coilab.) 
ZPHY CSS 33 +Antreasyan, Barrels, Be~et, Bieler+ (Crystal Ball Co]lab.) 
PL 8255 297 +Ehflichmann, Glaeser, Harder. Krueger+ (ARGUS Co]lab.) 
ZPHY C52 353 +Ehdlchmann, Harnacher, Harder+ (ARGUS Co]lab.) 
PR D43 651 +Jensen, Johnson. Xagan, Kass+ (CLEO Co]lab.) 
PRL 66 2436 +He~ntz, Lee-Franzio]. Lovelock, Narain+ (CUSB II Co]lab.) 
PL B234 409 +Glaeser, Harder, Krueger+ (ARGUS Co]lab.) 
PL B249 389 +Ehrlichmann, Glaeser, Harder, Krueger+ (Argus Co]lab.) 
PRL 64 2117 +Gc~dber[, Hofwitz, Jain, Mestayer+ (CLEO CoBab.) 
PR D45 21 Borto]etto, Brown, Domio]ck, Mcllwain+ (CLEO Co]lab.) 
PRL 64 16 +Hempste~d. Jonsen, Johnson+ (CLEO Co]lab.) 
ZPHY C46 555 +Antreasyan, Bartels, Bess�9 (Crystal Ball Co]lab.) 
PL B239 Hernandez, Stone, porter+ (IFIC, BOST, CIT+) 
ZPHY C42 819 +Boeckmann, Glaeser, Harder+ (ARGUS Co]lab.) 
PR D39 799 +Scora, Gdnstein, Wise (TNTO, CIT) 
ZPHY C42 33 +Antreasyan, Bartels. Bieler+ (Crystal Ball Co]lab.) 
PL 8210 263 +Boeckmann, Glaeser+ (ARGUS Co]lab.) 
PL B210 258 +Boeckmann, Glaeser+ (ARGUS Co]lab.) 
ZPHY C38 511 +Schuler (MANZ, DESY) 
PRL s9 22 +Kitukama, Kim, Li+ (CLEO Co]lab.) 
PRL 58 1 8 1 4  +Hatayama, Kirn, Sun+ (CLEO Co]lab.) 
PL B199 451 +Andam. Binder, Boeckmann+ (ARGUS Co]lab.) 
PL B187 425 +Binder, Boeckmann, Glaser+ (ARGUS Co]lab.) 
PR D3S 3533 +Bobbink, Brock, Engler+ (CLEO Co]lab.) 
PRL 59 407 +Morrow, Guida, Guida+ (CLEO Co]lab.) 
PR D3S 19 +Chert, Garren, Goldberg+ (CLEO Co]lab.} 
PR D34 3 2 7 9  +Katayama, Kim, Sun+ (CLEO Collab.) 
PRL 86 2140 BaltrusaiUs, Beck�9 Blaylock, Brown+ (Mark III Co]lab.) 
PRL $6 800 +Chen, Garren, Goldberg+ (CLEO Co]lab.) 
PRL $6 2 7 8 1  +Hempstead, Jensen, Kagan+ (CLEO Co]lab.) 
PL 162B 395 +Binder, Harder+ (ARGUS Co]lab.) 
PRL 54 1894 +Garren, Mestayer, Panvini+ (CLEO Co]lab.) 
PRL S5 1 2 4 8  +Hempstead, Jensen, Kagan+ (CLEO Co]lab.) 
PRL 53 1309 +Bebek, Berkelman, Cassel+ (CLEO Collab.) 
PRL 82 1084 +Go~dberg, Hocwitz, Jawahery+ (CLEO Collab.) 
PL 141B 271 +Sreedhar, Han, Imlay+ (EUSB Co]lab.) 
PRL 51 1143 +Csorna, Garren, Mestayer+ (CLEO Collab.) 
PRL 81 347 +Hicks, Sannes, Skublc+ (CLEO Collab.) 
PL 130B 444 Klopfenstein, Horstkotte+ (CUSB CoIJab.) 
NP B208 365 +Cabibbo, Corbo, Main/, Martinel8 (ROMA, INFN, FRAS) 
PRL 48 1070 +Chen, Go4dberg, Hoewitz+ (CLEO C~lab.) 
NP B206 1 +Finoccbiam, Frando]+ (CUSB Collab.) 
PRL 46 84 +Halgierty, izen, Longuemare+ (CLEO Coliab,) 
PRL 46 88 +Gand, Hagar, Kass+ (CLEO Coliab.) 
PRL 44 10 +Alam, Blocker, Boyarski+ (SLAC, LBL) 
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I B•176176176 ADMIXTUREI 

B•176 ADMIXTURE MEAN LIFE 

Each measurement of the B mean life Is an aver;ige over an admixture 
of various bottom mesons and baryons which decay weakly. Different 
techniques emphasize different admixtures of produced particles, which 
could result in a different B mean life. 

"OUR EVALUATION" is an average of the data listed below performed by the LEP 
B Lifetime Working Group as described in our review "Production and Decay of b- 
flavored Hadrons" in the B • Section of these Listings. The averaging procedure takes 
into account correlations between the measurements and asymmetric lifetime errors, 
but Ignores the small differences due to different techniques. 

VALUE (IO -12 S) EVTS DOCUMENT ID TECN COMMENT 
1.5644-04114 OUR EVALUATION 

1K33~_n n1r 1 ABE 988 CDF p~ at 1.8 TeV 
. . . . . . . .  -0 .031 

1.549•177 2 ACCIARRI 98 L3 e + e -  ~ Z 
1.611•177 3ACKERSTAFF 97F OPAL e-Fe - ~ Z 
1.582•177 3ABREU 96E DLPH e + e  - ~ Z 
1.533•177 19.8k 4 BUSKULIC 96F ALEP e-t-e - ~ Z 
1.564•177 5 ABE.K 958 SLD e + e  - ~ Z 
1.542:E0.021:EO.045 6 ABREU 94L DLPH �9 -F e -  --~ Z 
1.523•177 5372 7ACTON 93L OPAL e + e  - ~ Z 
1.535•177 7357 7ADRIANI 93K L3 e + e  - ~ Z 
1.511•177 8 BUSKULIC 930 ALEP e + e -  ~ Z 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

1.575•177 9ABREU 96E DLPH e + e  - ~ Z 

1.50 +0.24 -0 .21 +0.03 IOABREU 94P DLPH e + e  - ~ Z 

1.46 • •  5344 11 ABE 93J CDF Repl. by ABE 988 

1.23 +0.14 • 188 12 ABREU 93D DLPH Sup. by ABREU 94L --0.13 
1.49 • •  253 13 ABREU 93G DLPH Sup. by ABREU 94L 

1.51 +0.16 • 130 14 ACTON 93E OPAL e + e -  ~ Z -0 .14  
1.28 •  15 ABREU 92 DLPH Sup. by ABREU 94L 
1.37 • +0.06 1354 16 ACTON 92 OPAL Sup. by ACTON 93L 
1.49 +0.03 • 17 BUSKULIC 92F ALEP Sup. by BUSKULIC 96F 

1.35 +0.19 •  18 BUSKULIC 92G ALEP e4"e -  ~ z -o .17  
1.32 •  -4-0.09 1386 19ADEVA 91H L3 Sup. by ADRIANI 93K 

1.32 4.0.31 ~0.15 37 20ALEXANDER 91G OPAL e + e  - ~ Z -0 .25  
1.29 • •  2973 21 DECAMP 91C ALEP Sup. by BUSKULIC 92F 

1.36 4.0.25 22 HAGEMANN 90 JADE Ec~ - 35 GeV -0 .23  
1.13 • 23 LYONS 90 RVUE 
1.35 • 4"0.24 BRAUNSCH... 898 TASS Eceem= 35 GeV 

0.98 • •  ONG 89 MRK2 Eceem= 29 GeV 

1.17 4-0.27 +0.17 KLEM 88 DLCO E~m= 29 GeV 
-0 .22 -0 .16  

1.29 •  • 24 ASH 87 MAC E c ~ =  29 GeV 

1.02 +0.42 25 Eceem= 29 GeV -0 .39  301 BROM 87 HRS 

1Measured using inclusive J/ ' r  ~ p + I L -  vertex. | 
2ACCIARRI 98 uses Inclusively reconstructed secondary vertex and lepton impact param- I 

eter. 
3 ACKERSTAFF 97F uses inclusively reconstructed secondary vertices. 
4 BUSKULIC 96F analyzed using 3D impact parameter. 
5 ABE,K 958 uses an inclusive topological technique. 
6ABREU 94L uses charged particle impact parameters. Their result from inclusively re- 

constructed secondary vertices is superseded by ABREU 96E. 
7ACTON 93L and ADRIANI 93K analyzed using lepton (e and/~) Impact parameter at Z. 
8 BUSKULIC 930 analyzed using dipole method. 
9 Combines ABREU 96E secondary vertex result with ABREU 94L impact parameter result. 

10 From proper t ime distribution of b ~ J/.,~(15)anything. 
11ABE 93J analyzed using J/,,b(1S) ~ /J.i ~ vertices. 
12 ABREU 93D data analyzed using D / D *  tanything event vertices. 
13ABREU 93G data analyzed using charged and neutral vertices. 
14ACTON 93C analysed using D / D * E a n y t h i n g  event vertices. 
15ABREU 92 is combined result of muon and hadron Impact parameter analyses. Hadron 

tracks gave (12.7 • 0.4 • 1.2) x 10 - 1 3  s for an admixture of B species weighted by pro- 
duction fraction and mean charge multiplicity, while muon tracks gave (13.0 • 1 .0•  0.8)x 
10 -13s  for an admixture weighted by production fraction and semileptonic branching 
fraction. 

16ACTON 92 is combined result of muon and electron impact parameter analyses. 
17 BUSKULIC 92F uses the lepton impact parameter distribution for data from the 1991 

run. 
18 BUSKULIC 92G use J/ '~(1S)  tags to measure the average b lifetime. This is comparable 

to other methods only if the J/',.~(1S) branching fractions of the different b-flavored 
hadrons are in the same ratio. 

19 Using Z --~ e + X or/~+ X. ADEVA 91H determined the average lifetime for an admixture 
of B hadrons from the impact parameter distribution of the lepton. 

20Using Z ~ J/V~(15)X, J / t~(1S) ~ t +  t - ,  ALEXANDER 91(; determined the average 
lifetime for an admixture of B hadrons from the decay point of the J/~ j (1S).  

21 Using Z ~ eX or/~X, DECAMP 91E determines the average lifetime for an admixture 
of B hadrons from the signed impact parameter distribution of the lepton. 

22 HAGEMANN 90 uses electrons and muons in an impact parameter analysis. 
23LYONS 90 combine the results of the B lifetime measuresments of ONG 89, BRAUN- 

SCHWEIG 898. KLEM 88. and ASH 87, and JADE data by private communication. 
They use statistical techniques which include variation of the error with the mean life, 
and possible co*'relatlons between the systematic errors. This result is not independent 
of the measured results used In our average. 

24We have combined an overall scale error of 15% in quadrature with the systematic error 
of •  to obtain •  systematic error. 

25 Statistical and systematic errors were combined by BROM 87. 

CHARGED b-HADRON ADMIXTURE MEAN LIFE 

VALUE (10 t2 s) DOCUMENT ID TECN COMMENT 

1.724-0.0g-t-0.06 26ADAM 95 DLPH e + e  - ~ Z 

26 ADAM 95 data analyzed using vertex-charge technique to tag b-hadron charge. 

NEUTRAL b-HADRON ADMIXTURE MEAN LIFE 

VALUE (10 -12 s) DOCUMENT ID TECN COMMENT 

1jgl4.0.114.0.09 27 ADAM 95 DLPH e + e -  ~ Z 

27ADAM 95 data analyzed using vertex-charge technique to tag b-hadron charge. 

MEAN LIFE RATIO rchaq~l b-hadron/rneetral a-hMmn 

VALUE DOCUMENT ID TECN COMMENT 

1 09 +0'11~-^ M �9 _0.10~v.u= 28ADAM 95 DLPH e + e  - ~ Z 

28ADAM 95 data analyzed using vertex-charge technique to tag b-hadron charge. 

PRODUCTION FRACTIONS AND DECAY MODES 

The branching fraction measurements are for an admixture of B mesons 
and baryons at energies above the T(4S). Only the highest energy results 
(LEP, Tevatron, SpaS) are used in the branching fraction averages. The 
production fractions give our best current estimate of the admixture at 
LEP. 

For inclusive branching fractions, e.g., B ~ D• the treatment 
of multiple D's In the final state must be defined. One possibllty would be 
to count the hum ber of events with one-or-more D's and divide by the total 
number of B's. Another possibility would be to count the total number of 
D's and divide by the total hum ber of B's. which is the definition of average 
m ultiplicity. The two definitions are identical when only one of the specified 
particles Is allowed in the final state. Even though the "one-or-more" 
definition seems sensible, for practical reasons inclusive branching fractions 
are almost always measured using the multiplicity definition. For heavy 
final state particles, authors call their results inclusive branching fractions 
while for light particles some authors call their results multiplicities. In the 
B sections, we list all results as Inclusive branching fractions, adopting a 
multiplicity definition. This means that inclusive branching fractions can 
exceed 100% and that Inclusive partial widths can exceed total widths, 
just as inclusive cross sections can exceed total cross sections. 

The modes below are listed for a b Initial state, b modes are their charge 
conjugates. Reactions Indicate the weak decay vertex and do not include 
mixing. 

Mode Fraction (FI /F)  Confidence level 

El  

I- 2 

F3 

r4 

r5 

PRODUCTION FRACTIONS 

The production fractions for weakly decaying b-hadrons at the Z have 
been calculated from the best values of mean lives, mixing parameters, and 
branching fractions in this edition by the LEP B Oscillation Working Group 
as described in the note "Production and Decay of b-Flavored Hadrons" 
in the B i Particle Listings. Values assume 

B ( b ~  B + )  = B ( b ~  B 0) 

B(b ~ B + )  + B(b --~ B O) +B(b  ~ B O) 4, B(b --~ Ab)  = 100 %. 

The notation for production fractions varies in the literature (fBO. f ( b  

B~0), Br(b ~ ~0)) .  We use our own branching fraction notation here, 
B(b -~ B0). 

B + 

B o 

80 
Ab 

Bc 

( 39.7 4- 1.8 ) %  
-- 2.2 

( 39.7 +_ 1:~ )% 

( 10.5 _+ i:~ )% 

( 10.1 _+ ]:~ )% 



See key on page 213 

DECAY MODES 

Semlleptonlc and leptonlc modes 
r 6 vanything 
r7 s + vt anything [a,b] 
r 8 e+ Ve anything [a] 
r 8 /~+ up anything [a] 
rio D -  t + ~'! anything [b] 
r l l  D ~  vt anything [b] 
r12 D * -  ! + et anything [b] 
r13 -Dy t + u t anything [b.c] 
r14 Dj- ~+ ut anything [b.c] 
r18 -D~(2460)e t+ utanything 
F16 D ~ ( 2 4 6 0 ) -  t +  u tanyth ing 

r17 ~-+ u~ anything 
r18 ~ - ,  ~-~tanything [b] 

23.1 4. 1.s )% 
10.99• 0.23) % 
lo.9 4, 05)% 
10.8 • 0.5 )% 

2.024- 0.29) % 
6.8 4, o.6)% 

2.76• 0.29) ~ 
seen 

seen 

seen 

seen 

( 2.6 4. 0.4 )% 
( 7.8 4. 0.6 )% 
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B• / B~ B~ b-baryon ADMIXTURE 

r19 
r2o 
r21 
r22 
r23 

r24 
r2s 
r26 

r27 
r28 
r29 

r3o 

r31 

31ABREU 95D give systematic errors • (model) and 0.O012 (Re). We combine 
these in quadrature. 

32 BUSKULIC 94G uses e and /~ events. This value is from a global fit to the lepton p and 
P T (relative to jet) spectra which also determines the b and c production fractions, the 

Charmed meson and baryon modes 
D~ ( 60.1 • 3.2 )% 
D-anything ( 23.7 4, 2.3 ) %  
Dsany th ing  ( 18 • s ) %  
Acanything ( 9.7 4. 2.9 ) %  
~/canything [d] (117 4. 4 ) %  

Charmonlum modes 
J / ~ ( 1 S ) a n y t h i n g  ( 1.164, 0.10) % 
~(25)anything ( 4.8 4. 24 ) x 10 -3 
Xcl(1P)anything ( 1.8 • O,S )% 

K or K* modes 
S'y < 5.4 x 10 . 4  

K4"anyth ing ( 88 • ) %  
K ~  ( 29.0 • 29 ) %  

Plon modes 
~~ [d] (278 4-60 ) % 

Baryon modes 
p/panything ( 14 + 6 )% 

Other modes 
charged anything [d] (497 • 7 ) % 

hadron + hadron- 

charmless 

90% 

fragmentation functions, and the forward-backward asymmetries. This branching ratio 
depends primarily on the ratio of dileptons to single leptons at high PT, but the lower 
PT portion of the lepton spectrum is included in the global fit to reduce the model 
dependence. The model dependence is • and Is Included In the systematic error. 

33AKERS 938 analysis performed using single and dilepton events. | 

r (e + Ue anything)/rtot=l r l l / r  
These branching fraction values are model dependent. See the note on "Semlleptonlc 
Decays of D and B Mesons, Part II" at the beginning of the B + Particle Listings. 

VALUE ~VTS DOCUMENT lU TEEN COMMENT 
The data in this block is Included in the average printed for a previous datablock. 

0,109 4-0,006 OUR AVERAGE 
0.1089•177 34,35ACCIARRI 96c L3 e+ e - ~ Z m 
0.107 • • 260 36ABREU 93C DLPH e+e - -~ Z 

r32 

r33 ( 1.7 +_ o1: ~ )x lO-8 
1-34 ( 7 •  ) x 10 - 3  

Baryon modes 
r3s A/Aanything ( 8,9 4. 06 )% 

A B  = I weak neutral current (81) modes 
r36 e +e-anything 
r37 # + # - a n y t h i n g  81 < 3.2 x 10 - 4  90% 

r38 ePanything 

[a] These values are model dependent. See 'Note on Semileptonic Decays' 
in the B + Particle Listings. 

[b] An s indicates an e or a # mode, not a sum over these modes. 
[c] Dj represents an unresolved mixture of pseudoscalar and tensor D** (P- 

wave) states. 
[d] Inclusive branching fractions have a multiplicity definition and can be 

greater than 100%. 

0.109 

0.138 
� 9  

0.086 
0.111 

0.150 

0.112 

0.149 

0.110 

0.111 
0.146 
0.116 

+0.014 -0.013 4-0.0055 2719 37AKERS 938 OPAL e+e - ~ Z 

4-0.032 • 38ADEVA 91C L3 e-Fe - ~ Z 
We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

e e _  4-0.027 • 39 ABE 93E VNS Ecru- 58 GeV 

~0.028 :L0.026 BEHREND 90D CELL Ecee= 43 GeV 

4,0.Oll 4,0.022 BEHREND 90D CELL E~m= 35 GeV 
• 4,0.011 ONG 88 MRK2 Ec~=  29 GeV 

+0.022 PAL 86 DLCO Ec~=  29 GeV 
-0.019 
4,0.018 • AIHARA 85 TPC Ec~=  29 GeV 

e e _  • • ALTHOFF 84J TASS Ecru-  34.6 GeV 
• KOOP 84 DLCO Repl. by PAL 86 
• • NELSON 83 MRK2 Ec~= 29 GeV 

34ACCIARRI 96C result obtained by a fit to the single lepton spectrum. 
35 Assumes Standard Model value for R B. 
36ABREU 93c event count Includes ee events. Combining ee, /~/A, and e/~ events, they 

obtain 0.100 4, 0.007 4, 0.007. 
37 AKERS 938 analys~s performed using single and dIlepton events. 
38ADEVA 91c measure the average B(b ~ eX) branching ratio using single and double 

tagged b enhanced Z events. Combining e and /~ results, they obtain 0.113 4, 0,010 4- 
0.006. Constraining the initial number of b quarks by the Standard Model prediction 
(378 -4- 3 MeV) for the decay of the Z into bb, the electron result gives 0,112 4, 0,004 4, 
0.008. They obtain 0,119 4- 0.003 4, 0,006 when e and p results are combined. Used to 
measure the bb width Itself, this electron result gives 370 • 12 • 24 MeV and combined 
with the muon result gives 385 4. 7 • 22 MeV. 

39ABE 93E experiment also measures forward-backward asymmetries and fragmentation 
functions for b and c. 

B'~lB~ ADMIXTURE BRANCHING RATIOS 

r (m, anythin~)/rtot., r u r  
VA~.I/~ DOCUMENT IU TEC~ N ([:OMMENT 
0.230eJ,.O.OO'tT.l.O,0124 29,30 ACClARRI 96C L3 e + e -  ~ Z I 

29ACCIARRI 96C assumes relative b semlleptonlc decay eates e:#:~- of 1:1:0.25. Based on I 
missing-energy spectrum. 

30Assumes Standard Model value for R B. I 

r (E I" uL anything)/Ftotal rT/r 
These Ixanchlng fraction values are model dependent. See the note on "Semlleptonlc 
Decays of D and B Mesons, Part I f '  at the beginning of the B + Particle Listings. 

VA~.V~ ~)OCUMENT ID TEeN COMMENT 
0,10~1=1:0.00~1 OUR AVERAGE Includes data from the 2 datablocks that follow this 

one. 
0.11064.0.0039• 31 ABREU 95D DLPH e+e - ~ Z 
0.114 • 4,0.004 32 BUSKULIC 94G ALEP e + e -  ~ Z 
0.105 • 4-0.008 33AKERS 93~ OPAL e + e - ~  Z | 

F (/J+ ~p anything)/Ft~i! rt/r 
These branching fraction values are model dependent. See the note on "Semlleptonic 
Decays of D and B Mesons, Part I1" at the beginning of the B + Particle Listings. 

VAI. (JE EVT5 DOCUMENT ID TEE N COMMENT 
The data in this block is included in the average printed for a previous datablock. 

0.106 -I-O.001i OUR AVERAGE 
0.1082• 40,41 ACCIARRI 96c L3 e + e -  ~ Z | 
0.110 :t:0.012 • 686 42ABREU 93C DLPH e+e - ~ Z 

0.101 +0.010 • 4248 43AKERS 938 OPAL e+e - ~ Z - 0.009 
0.113 4.0.012 4-0.006 44ADEVA 91C L3 e+e - ~ Z 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.122 • +0.007 41 UENO 96 AMY e+e - at 57.9 GeV | 
O.104 J-0.O23 4.0.016 BEHREND 9OD CELL E~m= 43 GeV 

0.148 4,0.010 4,0.016 BEHREND 90D CELL Ec~=  35 GeV 

0.118 4,0.012 4,0.010 ONG 88 MRK2 Ecr 29 GeV 

0.117 4,0.016 4,0.015 BARTEL 87 JADE Ec~=  34.6 GeV 
0.114 • +0.025 BARTEL 85J JADE Repl. by BARTEL 87 
0.117 4,0.028 • ALTHOFF 84G TASS Ec~= 34.5 GeV 
0.105 • :I:0.013 ADEVA 83B MRKJ Ece~= 33-38.5 GeV 

0.155 -}-0.054 FERNANDEZ 830 MAC Ec~=  29 GeV - 0.029 

40ACCIARRI 96c result obtained by a fit to the single lepton spectrum. I 
41Assumes Standard Model value for R B. I 
42ABREU 93C event count Includes/=/= events. Combining ee, #/J, and e~u events, they 

obtain O,100 4, 0,007 4, 0.oo7, 
43 AKER5 938 analysis performed using single and dllepton events. 
44ADEVA 91C measure the average B(b ~ eX) branching ratio using single and double 

tagged b enhanced Z events. Combining e and # results, they obtain 0,113 • 0,010 • 
0,006. Constraining the Initial number of b quarks by the Standard Model prediction 
(378 4, 3 MeV) for the decay of the Z into bb, the m uon result gives O.123 • :E 0,006. 
They obtain 0,119 • 0.003 + 0,006 when e and # results are combined. Used to measure 
the bb width Itself, this muon result Elves 394 4, 9 ~ 22 MeV and combined with the 
electron result gives 385 • 7 4, 22 MeV. 
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B+/B~176 A D M  I X T U  R E  

r (D- t + uZ anything) Ir~,,, r~olr 
VAt.UE DOCUMENT ID TECN COMMENT 

0jOQC~.I.0.00Q~J..0.0013 45 AKERS 95Q OPAL e § e -  --* Z 

45 AKERS 95Q reports [B(5 ~ D -  ~ ~.~anything) x B(D + ~ K -  ; r + * + ) ]  = (1.82 4- 
0.20• - 3 .  Wedlvlde byour best value B(D + ~ K-~ 'F ; r -F)  = (9.0•  
10 -2 .  Our first error is their experiment's error and our second error is the systematic 
error from using our best value. 

r('~t+ vzanythlng)/r~mt r11/r 
VALU E DOCUMENT ID TEEN COMMENT 

0.068=1:0.00~=1=0.001 46 AKERS 95Q OPAL e+e - --~ Z 

46AKERS 95Q reports [B(b ~ D--0E+ vt  anything) x B(D 0 --~ K - ; r + ) ]  = (2.52 4-0.144- 
0.17) x 10 -3 .  We divide by our best value B(D 0 ~ K -  ~+)  = (3.85 4- 0.09) • 10 -2 .  
Our first error is their experiment's error and our second error Is the systematic error 
from using our best value. 

F ( D * -  t + utanything) /Ftota, ra/r 
VALUE DOCUMENT ID TEEN COMMENT 

0.02"~:~:O.(X]QT"I-0.0011 47 AKERS 95Q OPAL e + e -  --~ Z 

47AKERS 95Q reports [B(b ~ D * t + u t X )  x B(D *+  ~ D0*  + )  x B(D 0 ~ K - ~ + ) ]  
= ((7.53 ~ 0,47 4- 0.56) x 10 - 4 )  and uses B(D *+  ~ D0~r + )  = 0.681 4- 0.013 and 
B(D 0 ~ K -  ;r + )  = 0.0401 + 0.0014 to obtain the above result. The first error is the 
experiments error and the second error Is the systematic error from the D *+  and D O 
branching ratios. 

r(Z~ ~+ v/anythlng)/rtml r . / r  
Dj represents an unresolved mixture of pseudoscalar and tensor D**  (P-wave) states. 

VALU E DOCUMENT Ip TEEN COMMENT 

48 AKERS 95Q OPAL e -Fe -  ~ Z 

48 AKERS 95Q quotes the product branching ratio B(b ~ ~ j j  E ~" uZ X) B( D--'~ . O *+  ~r- ) 

= ((6.1 • 1.3 • 1.3) x 10--3). 

r ( DT t+ .,anythlnK) lr~.,  r . / r  
Dj represents an unresolved mixture of pseudoscalar and tensor D**  (P-wave) states. 

V.~{.V~ DOCUMENT ID TEEN COMMENT 

49AKERS 95~OPAL e + e "  ---* Z 

49AKERS 95Q quotes the product branching ratio B(b ~ D l-~+utanythlng) B(D 7 

DO. - )  = ((7.0 • 1 ~+1 2. "~--113) x 10--3). 

F ~ ( 2 4 6 0 )  0 t ~ v t  any th ing) / r~o  m F ~ / r  
VAI.U~ DOCUMENT I D TEEN COMMENT 

I N n  50 AKERS 95Q OPAL �9 + e -  --~ Z 

50AKERS 95Q quotes the product branching ratio B(b ~ D~(2460)0t+u~anythlng) 

B(D~(2460) 0 ~ D+; r  - )  = (1.6 • 0.7 • 0.3) x 10 -3 ,  

r(D;(24eo)-~+ ~=nyth=n;)/r~.~ r==/r 
VALUE DOCUMENT ID TEEN (;OMMENT 

mm 51AKERS 95QOPAL e+e - ~ Z 

51AKERS 95Q quotes the product branching ratio B(b ~ D~(2460)t+utanythlng) 

B(0~(2460) + O0~ - )  = 4.2 • 1 3+9 .7 

r(1"+ u~anythlfig)/rw~l r,~/r 
VALUE{units 10 -2) EVTS DOCUMENT ID TECN COMMENT 
2.~ -I-0.4 OUR AVERAGE 
1.7 • • 52,53ACCIARRI 96C L3 e + e - ~  Z 
2.75•177 405 84 BUSKULIC 95 ALEP e+e - --~ Z 
2.4 • • 1032 55ACCIARRI 94r L3 e + e - ~  Z 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

4.08•177 BUSKULIC 93B ALEP Repl. by BUSKULIC 95 

52ACCIARRI 96c result obtained from missing energy spectrum. 
53Assumes Standard Model value for R B. 

54 BUSKULIC 95 uses missing-energy technique. 
55This Is a direct result using tagged bb events at the Z, but species are not separated. 

r(~ - .  �9 - ,  s rx~Ir 
VA~.U~ DOCUMENT IO T~CN COMMENT 
0.078 =1=0.006 OUR AVERAGE 
0.0770~0.00974-0.0046 56 ABREU 95D DLPH e + e -  --* Z 
0.082 4-0.003 • 57 BUSKULIC 94G ALEP e ' l ' e -  ~ Z 
0.077 4-0.004 • 58AKERS 93B OPAL e + e - ~  Z 

56ABREU 95D give systematic errors • (model) and 0.0032 (Rc). We combine 
these In quadrature. This result Is from the same global fit as tbalr F(b ~ t + u t X  ) 
data. 

57BUSKULIC 94G uses �9 and /~ events. This value is from the same global fit as their 
r (~ ~ t+utanyth lng) /Ftota I data, 

58AKERS 93B analysis performed using single and dllepton events, 

r(l~anythlng)/r~, r . / r  
VAILU~ DOCUMENT ID TEEN COMMENT 

0.r 59 BUSKULIC 96Y ALEP e + e -  --~ Z | 

59BUSKULIC 96Y reports 0.605 • 0.024 + 0.016 for B(D 0 -~ K - ~  + )  = 0.0383. We | 
rescale to our best value B(D 0 ~ K -  ; r+)  = (3.85 • 0.09) x 10 - 2 .  Our first error is 
their experiment's error and our second error Is the systematic error from using our best 
value. 

r (D- anything)/Floral r= / r  
VAI.~I~ ~)OCUMENT ID TEEN COMMENT 

~: i :0.O17.1.0.01B 60 BUSKUUC 95Y ALEP �9 § e -  -+ Z | 

60 BUSKULIC 96Y reports 0.234 • 0.013 • 0.010 for B(D + ~ K -  lr " t ' *+ )  = 0.091. We | 
rescale to our best value B(D + ~ K - ~ + ; r  + )  = (9.0 • 0.6) x 10 - 2 .  Our first error 
is their experiment's error and our second error Is the systematic error from using our 
best value. 

I" (~, anythlns)/l'total r2ur 
VALUE DOCUMENT ID TEEN COMMENT 

0.18.k0.0~!4.0.04 61 BUSKULIC 96Y ALEP e + e -  ~ Z | 

61BUSKULIC 96Y reports 0.183 4- 0.019 • 0.009 for B(Ds+ ~ ~ + )  = 0.036. We | 

rescale to our best value B(Ds+ ~ q~*+) = (3.6 • 0.9) x 10 - 2 .  Our first error Is their 
experiment's error and our second error Is the systematic error from using our best value. 

r(b --, ~a.ythlng)/rtml r . . / r  
V~I.(J~ DOCUMENT ID TEEN COMMENT 

0.0~:J:0.015:1:0.0211 62 BUSKULIC 96Y ALEP e + e -  ~ Z | 

62BUSKULIC 96Y reports 0.110 4- 0.014 • 0.006 for B(Ac+ ~ p K - ; r  + )  = 0.044. We | 

rescale to our best value B(Ac+ ~ p K = l r  + )  = (5.0 • 1.3) x 10 - 2 .  Our first error is 
their experiment's error and our second error is the systematic error from using our best 
value. 

rCe/canythlng)/r~l r . / r  
VA~.U~ ~OCUMENT ID TEEN COMMENT 
1.17 :J:0.04 OUR AVERAGE 
1.1474-0.041 63ABREU 98D DLPH e+e - --~ Z I 
1.230• 64 BUSKULIC 96Y ALEP �9 "l" e -  --* Z I 
63ABREU 98D resuits are extracted from a fit to the b-tagging probabllllty distribution | 

based on the impact parameter. 

i 64BUSKULIC 96Y assumes PDG 96 production fractions for B O, B + ,  B s, b baryons, and 
PDG 96 branching ratios for charm decays. This Is sum of their inclusive ~0,  D - ,  U s, 
and A c branching ratios, corrected to Include inclusive -=c and charmonium. 

r(Jl,~(lS) a.~ln~)/r~l r~/r 
VALUE (units 10 -2 ) EL% E V T 5  DOCUMENT ID TEEN COMMENT 

1.1g:t:0.10 OUR AVERAGE 
1.124-0.124-0.10 65ABREU 94P DLPH e+e - ~ Z 
1.16+0.164-0,14 121 66ADRIANI 93J L3 e+e - --b Z 
1,21• BUSKULIC 920 ALEP e't'e - --~ Z 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.3 4-0.2 • 67ADRIANI 92 L3 e + e - ~  Z 
<4.9 90 MATTEUZZI 83 MRK2 Ec~=  29 GeV 

65ABREU 94P is an Inclusive measurement from b decays at the Z. Uses J /~ (15 )  .-, 
e+e - and # + p -  channels. Assumes I ' (Z --~ bb)/Fhadron=0,22. 

66ADRIANI 93J is an Inclusive measurement from b decays at the Z. Uses J /~ (15 )  
# + # -  and J /~ (15)  ~ e+ e - channels. 

67ADRIANI 92 measurement is an inclusive result for B(Z --~ J/O(1S)X) = (4.1 • 0,7 4- 
0.3) x 10 - 3  which Is used to extract the b-hadron contribution to J/~b(l$) production. 

r(,(~).~tns)/r~,.~ ru/r 
VN.V~ DOCUMENT ID TEEN COMMENT 

0.004114.0.0~2:i:0.0010 68 ABREU 94P DLPH e+e - --* Z 

68ABREU 94P is an Inclusive measurement from b decays at the Z. Uses ~b(25) ---* 
J/ ,J, (1S);r+l r - ,  J/,~(1S) ~ p + # -  channels. Assumes F(Z ~ b~)/Fbadron=0.22, 

r(x~(1P) anythlng)/r~ r~/r 
VALUE EVT$  DOCUMENT ID TEEN COMMENT 
0.0111=E0.00B OUR AVERAGE 

o01,~0006• ~9 A ~  94~ OLP, e+e- -- Z 
0.0244-0.009"+'0.002 19 70ADRIANI 93J L3 e+e - ~ Z 

69ABREU 94P Is an inclusive measurement from b decays at the Z. Uses Xcl (1P ) 

J /~ (15)7 ,  J/ r  ~ p + # -  channels. Assumes no Xc2(1P ) and F(Z --~ 

bb)/l'hadron=0.22. 
70ADRIANI 93J is an Inclusive measurement and assumes Xcl  come from b decays at Z. 

Uses J/~,( lS) ~ # +  # -  channel. 

r(x~(1P) anythlng)/r(Jl~(lS)anythins) rNlr24 
VA~I~r ~ V T ~  DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.92• 121 71ADRIANI 93J L3 e+e - ~ Z 

71ADRIANI 93J Is a ratio of Inclusive measurements from b decays at the Z using only the 
J/q~(1S) -~ p + # -  channel since some systematlcs cancel. 
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r(7~)Ir~,, rz, l r  
VALU~ CL% DOCUMENT ID T~C N COMMENT 

< l i A  x 10 - 4  90 72 ADAM 96D DLPH e + e -  ~ Z 
�9 �9 �9 We do not use the fol lowing data for averages, fits, nmlts, etc. �9 �9 �9 

<0.0012 90 73ADRIANI 93L L3 e + e  - ~ Z 

72ADAM 96D assumes fBo = f B -  = 0.39 and fBs = 0.12. 

73ADRIANI 93L result is for b ~ ]3 '  is performed inclusively. 

r(Ic ~afiythin|)/r,~si r~,/r 
VALUE pOCUMENT ID TECN COMMENT 

O~lg-1-O.06"l'0.1B ABREU 95C DLPH e + e  - ~ Z 

r (~s anything)/r==, r~/r 
VA~I~ DOCUMENT ID TECN COMMENT 

0.2904"0.0114"0.027 ABREU 95C DLPH e + e -  ~ Z 

r(~~ r=0/r 
VAL(J~ DOCUMENT ID TECN COMMENT 

2.'~I:EO,1E4"O.~O 7 4 A D A M  96 DLPH e + e - ~  Z 
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e+/e~176 A D M I X T U R E ,  B* 

74ADAM 96 measurement obtained from a f i t  to the rapidity dlstrlbtulon of lr 0ts In Z ~ | 
b b events. 

r(p/p.nythVq)/r==, r . l r  
VALUE DOCUMENT ID TECN COMMENT 

0 . 1 4 1 ~ 0 ~ l B : t : 0 J ~ 6  ABREU 95C DLPH e + e  - ~ Z 

r (charpU anything)/rt~=l r=/r 
v~UE DOCUMENT ID TECN COMMENT 

4.1~4"0.0~4"0.06 78ABREU 98H DLPH e + e  - ~ Z | 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

5.84-4-0.044-0.38 ABREU 95c DLPH Repl. by ABREU 98H 

75 ABREU 98H measurement excludes the contribution from K 0 and A decay. | 

r(hadron + h a d r o n - ) / r t m l  r=/r 
VALUE (units 10 -5 ) DOCUMENT ID TECN COMMENT 

I 1.7__+1:0.0,2 76,77BUSKULIC 96vALEP e+e - - - -~  Z 

76 BUSKULIC 96V assumes PDG 96 production fractions for B O, B + ,  B s, b baryons. | 

77Average branching fraction of weakly decaying B hadrons into two long-lived charged I hadrons, weighted by their production cross section and lifetimes. 

r ( charmlm) / r tou ,  r ~ / r  
VALU~ DOCUMENT ID TECN COMMENT 

OJBOT::EO.021 78 ABREU 98D DLPH e + e -  ~ Z I 

78ABREU 98D results are extracted from a f i t  to the b-tagging probabll l l ty distribution 
based on the lmpact parameter, Theexpectedhlddencharmcontr lbut lonof0.026: l :0.004 I 
has been subtracted. 

r (A/3am/thini)/rt=,~ 
VALU~ DOCUMENT ID TECN COMMENT 
0.059 :1:0.006 OUR AVERAGE 
0.05874"0.00464"0.0048 ACKERSTAFF 97N OPAL e + e  - ~ Z 
0.059 4"0.007 4"0.009 ABREU 95C DLPH e + e  - --* Z 

r (p  + # -  anything)/F=r 

r , , I r  

rsT/r 
Test for Z~B = 1 weak neutral current. 

VALUE CL% DOCUMENT ID TECN COMMENT 

<3,2 x 10 - 4  90 A B B O T T  98B DO p p  1.8 TeV I 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l lmlts, etc, �9 �9 �9 

<5.0 x 10 - 5  90 79 ALBAJAR 91C UA1 E p ~ -  630 GeV c m -  
<0.02 95 ALTHOFF 84G TASS Eceem= 34.5 GeV 

<0.007 95 ADEVA 83 MRKJ E~m= 30-38 GeV 

<0.007 95 BARTEL 83B JADE E c ~ =  33-37 GeV 

79Both A B B O T T  98B and GLENN 98 claim that  the efficiency quoted in ALBAJAR 91c I 
was overestimated by a large factor. I 

[r(e + e -  anythlnK) + r (#+.-  any th i ng ) ] / r ~ , ,  (r~+r~)/r 
Test for & B  = 1 weak neutral current. 

VALUE CL% DOCUMENT ID T~(~N COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0,008 80 MATTEUZZI  83 MRK2 E c ~ =  29 GeV 

r ( vPany th lnS) / r== l  r = / r  
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing dat a for averages, fits, l imits, etc. �9 �9 �9 

<3.9 x 10 - 4  80 GROSBMAN 96 RVUE �9 + e -  - ,  Z 

80GROSSMAN 96 l imi t  is derived from the ALEPH BUSKULIC 98 l imi t  B(B § ~ ~-+%.) 

< 1.8 x 10 - 3  at CL=90% using conservative simplifying assumptions. 

ABBOTT 
ABE 
ABREU 
ABREU 
ACCIARRI 
GLENN 
ACKERSTAFF 
ACKERSTAFF 
ABREU 
ACCIARRI 
ADAM 
ADAM 
BUSKUUC 
BUSKULIC 
BUSKULIC 
GROSSMAN 

AlSO 
PDG 
UENO 
ABE,K 
ABREU 
ABREU 
ADAM 
AKERS 
BUSKULIC 
ABREU 
ABREU 
ACCIARRI 
BUSKULIC 
ABE 
ABE 
ABREU 
ABREU 
ABREU 
ACTON 
ACTON 
ADRIANI 
ADRIANI 
ADRIANI 
AKERS 
BUSKULIC 
BUSKULIC 
ABREU 
ACTON 
ADRIANI 
BUSKULIC 
BUSKULIC 
ADEVA 
ADEVA 
ALBAJAR 
ALEXANDER 
DECAMP 
BEHRENO 
HAGEMANN 
LYONS 
BRAUNSCH.,, 
ONG 
KLEM 
ONG 
ASH 
BARTEL 
BROM 
PAL 
AIHARA 
BARTEL 
ALTHOFF 
ALTHOFF 
KOOP 
ADEVA 
ADEVA 
BARTEL 
FERNANDEZ 
MATTEUZZl 
NELSON 

B~:/B~ ADMIXTURE REFERENCES 

98B PL B423 419 B. Abbott+ (DO Co}lab.) 
98B PB D57 5382 F. Abe+ (CDF Co}lab.) 
98D PL B426 193 P. AMeu+ (DELPHI Collab.) 
98H PL B625 399 P. Abreu+ (DELPHI Co}lab.) 
98 PL B416 220 M. Acciarri+ (L3 Co}lab.} 
98 PRL 80 2289 S. Glenn+ (CLEO Co}lab.} 
97F ZPHY C73 307 +Alexander, Allison, Ametewee+ (OPAL Co}lab. ) 
97N ZPHY C74 423 K. Ackerstaff+ (OPAL Co}lab.) 
96E PL B377 195 +Adam, Adye, Agad+ (DELPHI Co}lab.) 
96C ZPHY C71 379 +Adam, Addani, Aguilar-Benitez+ (L3 Co}lab.) 
96 ZPHY C69 561 +Ady~, AKasi, Aj[nenko+ (DELPHI Co}lab.) 
96D ZPHY C72 207 W. Adam+ (DELPHI Collab.) 
%F PL B369 151 +Casper, De Bonis, Decamp+ (ALEPH Co}lab.) 
%V PL B384 471 +De Bonis, Decamp, Ghez+ (ALEPH Co}lab.) 
%Y PL B388 648 +De Boni$, Decamp, Ghez+ (ALEPH Co}lab.) 
% NP B465 369 +LiEeti, Nardi (REHO, CIT) 
96B NP B480 753 (erratum) 
% PR D54 1 
~B PL B351 365 +Kanda, Dis�9 Kirk+ (AMY Co}lab.) 

PBL 75 3624 Abe, Abr, Ahn, Akal~+ ($LD Co}lab.) 
93C PL B347 447 +Adam, Adye, Apd+ (DELPHI Co}lab.} 
95D ZPHY C66 323 +Adam, Adye, Aiad+ (DELPHI Collab.) 
95 ZPHY C68 363 +Adye, AKasi, Ajlnenko+ (DELPHI Co}lab.) 
95Q ZPHY C67 57 +Alexander, Allison, Ametewee+ (OPAL Co}lab.) 
95 PL B343 444 +Casper, De Bonis, Decamp, Ghez, Goy+ (ALEPH Co}lab.) 
94L ZPHY C63 3 +Adam, Adye, AKad, Alek~n+ (DELPHI Co}lab.) 
94P PL B341 109 +Adam, Adye. AKaE4, Ajlnenko+ (DELPHI Co}lab.) 
o.4c PL 8332 201 +Adam, Adrlani, Aguilar-Benitez, Ahlen+ (L3 Co}lab.) 
94G ZPHY C62 179 +Casper, De Bonis, Decamp, Ghez+ (ALEPH Co}lab.) 
93E PL B313 288 +Amako, Arai, Adma, Asano+ (VENUS Co}lab.) 
93J PRL 71 3421 +Albrow, Amidei, Anway-Wiese+ (CDF Co}lab. 
93C PL B30L 145 +Adam, Adye, Agasi, Aleksan+ (DELPHI Co}lab. 
93D ZPHY C57 181 +Adam, Adye, AKasi, Alekseev+ (DELPHI Co}lab.) 
93G PL B312 253 +Adam, Adye, Agasi, Ajinenko+ (DELPHI Co}lab.) 
93C PL B307 247 +Alexander, Allison, AIIport. Anderson+ (OPAL Collab.) 
93L ZPHY C60 217 +Akers, Alexander, Allison, Anderson+ (OPAL Co}lab.) 
93J PL B317 467 +Aguilar-Benitez. AMen, Alcaraz+ (L3 Collab. ) 
93K PL B317 474 +AKuilar-Benitez, AMen, Alcarez+ (L3 Co}lab.) 
93L PL B317 637 +AKuilar-Benitez. Ahlen, Alcaraz+ (L3 Co}lab. ) 
93B ZPHY C60 199 +Alexander, Allison, Anderson, Arc�9 (OPAL Co}lab.) 
93B PL B298 479 +Decamp, Goy, Lees, Minard+ (ALEPH Collab.) 
930 PL B314 459 +De Bonis, Decamp, Ghez, Coy+ (ALEPH Co}lab.) 
92 ZPHY C53 567 +Adam, Adami, Adye+ (DELPHI Co}lab.) 
92 PL B274 513 +Alexander, Allison, AllpoR, Anderson+ (OPAL Co}lab.) 
92 PL B288 412 +AKuilar-Benltez, Ahlen, Akbad+ (L3 Collab.) 
02F PL BLR5 174 +Decamp, Goy, Lees. Minard+ (ALEPH Collab.) 
92G PL B295 396 +Decamp, Goy, Lees, Minard+ (ALEPH Co}lab.) 
qlC PL B281 177 +Adr[anl, Aguitar-Benitez, Akbari+ (L3 Co}lab.) 
91H PL B270 111 +Adrani. Asuilar-Benitez, Akbad, Alcaraz+ (L3 Co}lab.) 
91C PL B262 163 +Albrow, AIIkofer, Ankoviak, Ap~mon+ (UA1 Conab.) 
01G PL B266 485 +A,ison, AIIport+ (OPAL Co}lab.) 
91C PL B257 492 +Deschizeaux, Coy, Lees, Minard+ (ALEPH Co}lab.) 
~OD ZPHY C47 333 +Criegee, Field, Frank�9 JunK+ (CELLO Collab.) 
90 ZPHY C48 401 +Ramcke, Allison, Ambrus, Barl~w+ (JADE Co}lab. ) 
90 PR D41 982 +Martin, Saxon (OXF, BRIS, RAL) 
89B ZPHY C44 1 Braunschweig, Gerhards, Kirschfink+ (TASSO Co}lab.) 
89 PRL 62 1236 +Jar=, Abrams, Amldel, Baden+ (Mark II Co}lab.) 
88 PR D37 41 +Atwood, Barish+ (DELCO Co}lab.) 
88 PBL 60 2587 +Weir, Abrams, Amldel+ (Mark II Co}lab.) 
B7 PRL 58 640 +Band, Bloom, Bosman+ (MAC Co}lab.} 
B7 ZPHY C33 339 +Beck�9 Felst, Haklt+ (JADE Co}lab.) 
87 PL BlP5 301 +Abachi, Akedof, Baring�9 (HRS Co}lab.) 
86 PR D33 2708 +Atwood, Barish. Bonneaud+ (DELCO Co}lab.) 
85 ZPHY C27 30 +Alston-G~rnjost, Badtke, Bakken+ (TPC Collab.) 
85J PL 163B 277 +Beck�9 Cords, Felst+ (JADE Co}lab. ) 
84G ZPHY C22 219 +Braunschv~g. Kirschfink+ (TASSO Co}lab.) 
84J PL 146B 443 +Bransch~eig, Kirschflnk+ (TASSO Co}lab.) 
84 PRL 32 970 +Sakuda, Atwood, Banlon+ (DELCO Co}lab.) 
83 PRL 50 799 +Barber, Becket, Berdugo+ (Mark-J Co}lab.) 
83B PRL 51 443 +Barber, Beck�9 BerduBo+ (Mark-J Collab. ) 
83B PL 132B 241 +Becket, Bowderj, Cords+ (JADE Conab.) 
83D PRL 50 2054 +Ford, Bead, Smith+ (MAC Co}lab.) 
83 PL 129B 141 +Abrams, Amid�9 Blocker+ (Mark il Collab. ) 
83 PRL 50 1542 +Blondel, TriilinK. Abrams+ (Mark II Co}lab.) 

r ~  I(J P) = �89 

I, J, P need confirmation. Quantum numbers shown are quark- 
model predictions. 

B" MASS 

From mass difference below and the average of our B masses 

( m B •  

VALUE (MeV) DOCUMENT ID 
U24.9:I: lJ OUR FIT 

VALUE (MeV) EVT$ 
411.'/11-l-0,21i OUR FIT 
48.'/11i 0 . 1  OUR AVERAGE 
46.2 4"0,3 4"0.8 
45.3 4-0.35 :J: 0.87 4227 

45,5 4-0.3 4-0.8 

46.3 4"1.9 1378 

46.4 4"0.3 4-0.8 
45.6 4-0.8 
45.4 4-1.0 

m r - m B 

DOCUMENT ID TECN COMMENT 

1ACKERSTAFF 97M OPAL e + e -  --~ Z 
1 BUSKULIC 960 ALEP Eceem= 88-94 GeV 

1ABREU 9SR DLPH E c ~ =  88-94 GeV 

1 ACCIARRI 95B L3 E c ~ =  88-94 GeV 

2AKERIB  91 CLE2 e + e  - ~ ~ X  
2 W U  91 CSB2 e + e  - --~ "yX, 3 ' tX  
3LEE-FRANZINI90 CSB2 e + e  - ~ T (55 )  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

52 4-2 4-4 1400 4 HAN 85 CUSB e + e  - ~ -yeX 

I u, d, s flavor averaged. 
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B * ,  B ; ( 5 7 3 2 )  

2These papers report E.y in the B*  center of mass. The roB.  - m B is 0.2 MeV higher. 

Ecm = 10.61-10.7 GeV. Admixture of B 0 and B + mesons, but not B s. 

3 LEE-FRANZINI 90 value Is for an admixture of B 0 and B + .  They measure 46.7 • 0.4 • 
0.2 MeV for an admixture of B O, B -F, and B s, and use the shape of the photon line to 
separate the above value. 

4HAN 85 is for Ecm = 10.6-11.2 GeV, giving an admixture of B O, B +,  and B s. 

I(me~+ - ms+ ) - (mB~ - me~) I 
VALUE (MeV) CL.~_% DOCUMENT ID TECN COMMENT 

< 6  95 ABREU 95R DLPH Eceem= 88-94 GeV 

B* DECAY MODES 

Mode Fraction ( r i / r )  

I"1 B. ' I  dominant 

B* REFERENCES 

ACKERSTAFF 97M ZPHY C74 413 K. Ackerstaff+ (OPAL Collab.) 
BUSKULIC 96D ZPHY C69 393 +Casper, De Bonis, Decamp+ (ALEPH Conab.) 
ABREU 95R ZPHY C68 353 madam. Adye, AKasJ+ (DELPHI Collab.) 
ACCIARRI 958 PL B345 589 +Adam. Adrlanl, Aguilar-Benitez+ (L3 Collab.) 
AKERIB 91 PRL 67 1692 +Barish, Cown, Eige., Stroynowski+ (CLEO Collab. 
WU 91 PL B273 177 +Franzini, Kanekal, Tuts+ (CUSB Co ab. 
LEE-FRANZINI 90 PRL 65 2947 +Heintz, Lovelock, Narain, Schamberger+(CUSB II Collab.) 
HAN 85 PRL 55 36 +Klopfenstein, Mageras+ (COLU. LSU, MPIM. STON) 

I(J P) = ?(??) 
i, J, P need confirmation, 

B~(5732) WIDTH 

VALUE {MeV) E V T S  DOCUMENT ID TECN COMMENT 

12114-18 OUR AVERAGE 
145• 2157 ABREU 95B DLPH EC~= 88-94 GeV 

1164-24 1738 AKERS 95E OPAL E c ~ =  88-94 GeV 

O M I T T E D  F R O M  S U M M A R Y  T A B L E  
Signal can be interpreted as stemming from several narrow and broad 
resonances. Needs confirmation. 

B~(s?32) MASS 

VALUE (MeV) E V T $  DOCUMENT ID TECN COMMENT 

rJc~JO-l-12 OUR AVERAGE Error includes scale factor of 1.6. See the Ideogram below. 

5 7 0 4 i  4:t:10 1944 1BUSKULIC 96D ALEP Eceem= 88-94 GeV 

5732-t- 5-4-20 2157 ABREU 95B DLPH E~m= 88-94 GeV 

5681:1:11 1738 AKERS 95E OPAL E~m= 88-94 GeV 

1Using m B T r - m  B = 424 i 4 + 10 MeV. 

B~(5732) DECAY MODES 

Mode Fraction ( l ' i / r )  

F I B*~r  ~ B l r  dominant 

fPj(5732) REFERENCES 

BUSKULIC %D ZPHY C69 393 +Casper, De Bonls, Decamp+ 
ABREU 95B PL n345 598 + 
AKERS 95E ZPHY C66 19 +Alexander, Allison+ 

(ALEPH C~lab.) 
(DELPHI C~lab.) 

(OPAL Collab.) 



See key on page 213 Meson Particle 

II BOTTOM, STRANGE MESONS IJ 
( B  = --1-1, S = :1:1) 

Bs ~ = sb, ~o = ~b, similarly for B~'s 

r ~ l  I(J P) = 0(0-)  

I, J, P need confirmation. Quantum numbers shown are quark- 
model predictions. 

B~= MASS 

Thefl t  uses m B + ,  (mBo - m B +  ), mBo. and (mB~ s - ( roB+ + mBo) /2  ) 

m 0, and the mass differences. to determine m B +, m Bo, B s 

VALUE (MeV) EVT5 DOCUMENT ID TECN COMMENT 
5369.34- 2.0 OUR FIT  
5369.6:E 2.4 OUR AVERAGE 
5369.9* 2 .3 .1 .3  32 1 ABE 960 CDF p~ at 1.8 TeV 
5374 . 1 6  * 2  3 ABREU 94DDLPH e + e - ~  Z 
5359 . 1 9  :J:7 1 1AKERS 94J OPAL e'i 'e - ~ Z 
5368.6+ 5.6:E1.5 2 BUSKULIC 93G ALEP e+e  - ~ Z 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

5370 * 4 0  6 2AKERS 94J OPAL e + e  - ~ Z 
5383.3* 4 .5*5 .0  14 ABE 93F CDF Repl by ABE 96B 

1From the decay B s -~ J/~(1S)@. 

2 From the decay B s ~ D s ~r "i'. 

mB~ s -- mB 

m B is the average of our B masses ( m B ~ + m  BO)/2. The fits uses roB+.  

( m Bo - m B§ ), m Bo, and m Bo s - m B to determine m B+,  m Bo, m Bo, 

and the mass differences. 

VALUE (MeV) CL_~_% DOCUMENT ID TECN COMMENT 
90.2-1-2.2 OUR FIT 
89.7-1-2.7:E1.2 ABE 96B CDF p~ at 1.8 TeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

80 to130  68 LEE-FRANZINI90 CSB2 e + e - ~  T(5$)  

See the B~ MIXING section near the end of these Bs0 Listings. 

B~s MEAN LIFE 

"OUR EVALUATION" is an average of the data listed below performed by the LEP 
B Lifetimes Working Group as described in our review "Production and Decay of b- 
flavored Hadrons" in the B *  Section of the Listings. The averaging procedure takes 
into account correlations between the measurements and asymmetric lifetime errors. 

VALUE (IO -12 s) E V T S  DOCUMENT ID TECN COMMENT 
l,g4=E0.07 OUR EVALUATION 

1 34 +0 '23 ~'n n= I ' - 0 . 1 9 ~ ' ~  3 ABE 98e CDF p~ at 1.8 TeV 

172 +0"20+0 '18 4ACKERSTAFF 98F OPAL e'i 'e - ~ Z I 
' --0.19--0.17 

1.50_+0:]56~-0.04 5 ACKERSTAFF 98G OPAL e+e  - ~ Z I 
1.47:1:0.14,0.08 6 BARATE | 

1 ~ + 0 . 2 9 + 0 . 0 8  5 ABREU 
" ' -  0 .26-0.07 

1 65 + 0 ' 3 4 ~  ~" 6 ABREU 
. _0 .31r162  

1 76 ~-n on+0.15 7 ABREU 
. . . . . .  -0 .10  

1.60,0.26+8:13 8 ABREU 

1.54+8:]4,0.04 5 BUSKUL,C I 

1.42_+%,,O.ll 7~ 5 A ~  
s * �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

1.51.0.11 9 BARATE 98C ALEP e+e  - ~ Z I 

98C ALEP e+e  - ~ Z 

96F DLPH e + e -  --* Z 

96F DLPH e + e -  ~ Z 

96F DLPH e'l 'e - ~ Z 

96F DLPH e ' e -  --* Z 

96MALEP e+e  - -+ Z 

95R CDF pp at 1.8 TeV 
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B o 

3 Measured using fully reconstructed B s ~ J / r 1 6 2  decay. I 

4ACKERSTAFF 98F use fully reconstructed D s ~ ~)~-  and D s ~ K * 0 K  - in the I 

Inclusive Bs0 decay. 

5 Measured using D s I § vertices. 

6 Measured using P s hadron vertices. 
7 Measured uslng @I vertices. 
8 Measured using inclusive D s vertices. 

9Combined results from D s t +  and D s hadron. I 

10ABE 96N uses 58 + 12 exclusive B s ~ J/V)(1S)~ events�9 I 
11Combined result for the four ABREU 96F methods. 
12Exclusive reconstruction of B s ~ r162 

13ABREU 94E uses the flight-distance distribution of D s vertices, ~-Iepton vertices, and 
D s i z vertices. 

/~s DECAY MODES 

These branching fractions all scale with B(b --* Bs0 ), the LEP Bs0 pro- 

duction fraction. The first four were evaluated using B(b ~ Bs0 ) = 

(10.5_+1178)% and the rest assume B(b ~ B 0) = 12%. 

The branching fraction B(B 0 ~ D s t + v t a n y t h l n g  ) Is not a pure mea- 

surement since the measured product branching fraction B(b ~ B 0) x 

B(BsO ~ D~-t*~,tanythlng ) was used to determine B(b ~ Bs0 ), as 
described In the note on "Production and Decay of b-Flavored Hadrons." 

Mode Fraction ( r l / r )  Confidence level 

Fz D sanything (92 *33 ) % 
F 2 D s e + u t a n y t h i n g  [a] ( 8 . 1  + 2.5)% 

F3 D ;  ~r + < 13 % 
r 4 J / r 1 6 2  ( 9.3 * 3.3) x 10 . 4  

r5  J/~(1S)~  0 < 1.2 x 10 - 3  90% 

FB J/O(15)r/  < 3.8 x 10 - 3  90% 

F7 V;(2S) ~ seen 
r 8 /i-+/i- - < 1.7 x 10 - 4  90% 
['9 ~I"0~T0 < 2.1 x 10 - 4  90% 

['10 /I /r0 < 1.0 x 10 - 3  90% 

['11 f i r /  < 1.5 x 10 - 3  90% 
['12 ~r "i" K -  < 2.1 x 10 - 4  90% 

['13 K + K -  < 5.9 x 10 -5  90% 
r14 p ~  < 5.9 x 10 - 5  90% 

F15 "Y~ < 1.48 x 10 - 4  90% 

['16 ~'Y < 7 x 10 - 4  90% 

Lepton Family number (LF) violating mode= or 
A B  = 1 weak neutral current ( B I )  model 

['17 / J ' + # -  01 < 2.0 x 10 - 6  

1"18 e + e -  B1 < 5.4 x 10 - S  

[-19 e * #  :F LF [b] < 4.1 x 10 - 5  

[-20 ~uU 01 < 5.4 x 10 -3 

90% 
90% 
90% 
90% 

[a] Not a pure measurement. See note at head of Bs ~ Decay Modes. 
[b] The value is for the sum of the charge states of particle/antiparticle states 

indicated. 

1 3 a + 0  23 ~_ �9 ~_0119~0.05 10 ABE 96N CDF Repl. by ABE 98B 

1.67+0.14 11ABREU 96F DLPH e + e  - ~ Z 

161+0.30+0.18  90 6 BUSKULIC 96E ALEP Repl. by BARATE 98c " " - 0 . 2 9 - 0 . 1 6  

1 74 + 1'08-~ . _0.69~0.07 8 12 ABE 95R CDF Sup. by ABE 96N 

1 5 a + 0 ' 2 5 - ~  ' ~- -0.21~v 'uv 79 5 AKERS 95G OPAL RepL by ACKER- 
STAFF 98G 

1 5 Q+0.17~-n no . . _0 .15~v .u~  134 5 BUSKULIC 950 ALEP Sup. by BUSKULIC 96M 

0.96*0.37 41 13ABREU 94E DLPH Sup. by ABREU 96F 

1 92 + 0  45 . _0135• 31 5 BUSKULIC 94C ALEP Sup. by BUSKULIC 950 

113~0:~,009 22 5ACTON 93, OPAL Sup by AKERS 95~ 
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Bo 

B~s BRANCHING RATIOS 

r(D;" anything)/l'total rdr 
VALUE EV7"S DOCUMENT ID TECN ~:OMMENT 
OJl~:i:O.U OUR AVERAGE 
0.814.0.244:0.24 90 14 BUSKULIC 96E ALEP e+e - --~ Z 
1.964.0.984.0.47 147 15ACTON 92N OPAL e'Fe - --* Z 

14 BUSKULIC 96E separate c~ and bb sources of Ds+ mesons using a lifetime tag, subtract 

generlcS--~ W'~--~ Ds+ events, and obtain B(5-~ B 0) x B(B 0 --~ Dsanything ) 

= 0.088 :h 0.020 4- 0.020 assuming B(D s ~ ~ r )  = (3.5 4. 0.4) x 10 - 2  and PDG 1994 
values for the relative partial widths to other D s channels. We evaluate using our current 
values B(b --* BsO ) = +0  018 0,105_01017 and B(D s --~ ~ r )  -- 0.036 4. 0.009. Our first error 

Is their experiment's and our second error is that due to B(b --* Bs0 ) and B(D s ~ ~ ) .  

15ACTON 92N assume that excess of 147 4- 48 D O events over that expected from B 0' 

B +,  and c;~ Is all from Bs0 decay. The product branching fraction is measured to be 

B(5 ~ B0)B(B 0 --* Dsanythlng)xB(D s --~ ~ - )  = (5.9 4. 1.9 4. 1.1) x 10 -3 .  

We evaluate using our current values B(b ~ Bs0 ) . . . .  - 0 I nr and B(D s ~ ~ r )  
= 0.036 ~ 0.009. Our first error Is their experiment's and our second error is that due 
to B(b --~ B 0) and B(D s --~ ~:,r). 

r(o2t~M~anythlni~)/r~= rdr 
The values and averages In this section serve only to show what values result If one 
assumes our B(5 ~ B0). They cannot be thought of as measurements since the 

underlying product branching fractions were also used to determlnlne B(b -*  B 0) as 
described In the note on "Production and Decay of b-Flavored Hadrons." 

VALUE ~Q'~ DOCUMENT ID TECN COMMENT 
0.081-1-0.0~S OUR AVERAGE 
0.076:h0.0124.0.022 134 16 BUSKULIC 980 ALEP e "Fe-  ~ Z 
0.107-k0.0434-0.032 17ABREU 92M DLPH e+e - ~ Z 
0.1034.0.0364.0.031 19 18ACTON 92N OPAL e+e - ~ Z 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.13 -I-0.04 4.0.04 27 19 BUSKULIC 92E ALEP e §  Z 

16 BUSKULIC 950 use Dst  correlations. The measured product branching ratio Is B(b --~ 

BS) x B(B s --, Dst+u~anythlng ) = (0.92 • 0.09+0:]43)% assuming B(D s -.-, r 

= (3.5 4. 0.4) x 10 - 2  and PDG 1994 values for the relative partial widths to the six 
other D s channels used In this analysis. Combined with results from 7"(45) experiments 

thls can be used to extra= B(b ~ Bs) = (11.0 4- 1.2+22:65)%. We evaluate using our 

current values B(b --* Bs0 ) +0  019 = 0.109_01017 and B(D s --~ r  = 0.036 4. 0.009. Our 

first error Is their experiment's and our second error is that due to B(b --~ B 0) and 
B(D s --, r 

17ABREU 92M measured muons only and obtained product branching ratio B(Z --* bor 
5) x B(5--~ Bs) X B(Bs.-,  Dsl~+Ul~anythlng ) x B(Ds --~ ~ )  = (184.8)x10 -9 .  

We evaluate using our current values B(b ~ B 0) +0  018 = 0.109_01017 and B(D s --~ ~ r )  
= 0.036 4. 0.009. Our first error Is their experiment's and our second error Is that due 
to B(5 --* B O) and B(D s --~ ~x). We use B(Z ~ bor 5) = 2B(Z ---* bb) = 
2x(0.2212 4. 0.0019). 

19ACTON 92N is measured using D s --, r  and K*(892)0K -}" events. The product 

branching fraction measured Is measured to be B(b --~ BO)B(BsO --~ D~ t + ul.anytblng) 

xB(D s --~ ~ x - )  = (3.9 4. 1.1 4. 0.9) x 10 - 4 .  We evaluate using our current values 

B(5 "-~ BS0 ) -- 0.109:0:0118 and B(D s - *  Yp~r) = 0.036 4. 0.009. Our first error Is 

their experiment's and our second error is that due to B(5 --~ Bs0 ) and B(D s - *  #~r). 

19BUSKULIC 92E is measured using D s - *  #~r + and K*(892)0K + events. They use 
2.7 4. 0.7% for the #~r + branching fraction. The average product branching fraction is 
measured to be B(5 --* B0)B(Bs0 - *  Dst+vtanyth lng ) =0.020 4. 0.0058_+0:0~. 

We evaluate using our current values B(5 ... Os ~0~ _- 0.10 "+0'019a_0.017 ano . . . .  ~ tu  s ~ ~x)  
= 0.096 4. 0.009. Our first error Is their experiment's and our second error Is that due 
to B(5 --* B 0) and B(D s - -  Cx). Superseded by 8USKULIC 980. 

r(o;-P)/r~., r$/r 
VALUE EVTS ~)@CUMENT ID TECN COMMENT 

<:0,~1 6 20AKERS 94J OPAL e+e - --* Z 
�9 �9 �9 We do not use the following data for averages, fits, limits, e tc . �9  �9 �9 

seen 1 BUSKULIC 93G ALEP e+e - --, Z 

20AKERS 94J sees _< 6 events and measures the limit on the product branching fraction 
f (5  ~ B0).B(B 0 --* D~'w + )  < 1.3% at CL = 90%. We divide by our current value 

B ( 5 - -  Bs0 ) = 0.105. 

r(J/~(zs)~)/r~= rdr 
VALUE (onltl 1o -3 ) EVTS DOCUMENT ID TECN COMMENT 

OjB4.0.;18=E0.1 T 21 ABE 96q CDF p~ 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<6 1 22AKERS 94J OPAL e+e - ~ Z 
seen 14 23 ABE 93F CDF p~ at 1.8 TeV 
seen 1 24 ACTON 92N OPAL Sup. by AKERS 94J 

21ABE 96q assumes fu = fd and fs/fu = 0.40 4. 0.06. Uses B ~ J/V~(1S)K and B --~ I 
J / r  K* branching fractions from PDG 94. They quote two systematic errors, -I-0.10 I and :E0.14 where the latter is the uncertainty in fs' We combine In quadrature. 

22AKERS 94J sees one event and measures the limit on the product branching fraction 
f (b  ~ B0).B(B 0 --* J/V~(15)~) < 7 x 10 - 4  at CL = 90%. We divide by our current 

value B(b --~ B O) = 0.112. 

23ABE 93F measured using J /~(15)  ~ ~ + # -  and ~ -*  K + K - .  
241n ACTON 92N a limit on the product branching fraction Is measured to be 

f (5  --~ BO)-B(B 0 ~ J/'~(15)~) <_ 0.22 x 10 -2 .  

r(J/,~(zs)~~ rdr 
VALUE CL~ DOCUMENT ID T~C N 
<1.2 X 10 - 3  90 25 ACCIARRI 97C L3 I 

25ACCIARRI 97C assumes B 0 production fraction (39.9 4. 4.0%) and B s (12.0 -4- 3.0%). J 

r(J/,~(zs),l)/r~j rg/r 
VAL{J~ CL~ DOCUMENT ID TECN 
<3.8 x 10 - 3  90 26 ACCIARRI 97C L3 | 

26ACCIARRI 97C assumes B 0 production fraction (39.5 4. 4.0%) and B$ (12.0 4. 3.0%). I 

r(~(2s)~)/r~..l rT/r 
VALUE EV'I'$ (;~CUMENT ID TECN COMMENT 

1 BUSKULIC 93G ALEP e+e - ~ Z 

r( .+.-) /r~. ,  r0/r 
VALU~ CL~ DOCUMENT ID TECN COMMENT 

<1.7 X 10 .-4 90 27 BUSKULIC 96V ALEP �9 + e-- --, Z | 

27 BUSKULIC 96V assumes PDG 96 production fractions for B O, B +,  B s, b baryons. I 

r(~O,~)Ir~= r�Ir 
VA~U~ CL~ DOCUMENT ID TECN COMMENT 

<2`1X10 "-4 90 28ACCIARRI 95H L3 e+e - ~ Z 

28ACCIARRI 98H assumes fBO = 39.5 4. 4.0 and fBs = 12.0 4- 3.0%. 

r(.~O)/r~ r~o/r 
V~(.UE CL~ ~OCUMENT ID TECN t~MMENT 

<1,0 X 10 - $  90 29 ACCIARRI 95H L3 e + e -  --* Z 

29ACCIARRI 95H assumes fBo = 39.5 4. 4.0 and fBs = 12.0 4. 3.0%. 

r(,7,7) I r~ ,  r~dr 
VAI~I~ . CLN O~)CUMENT IO TECN COMMENT 

< l , g  X 10 - 3  90 30 ACCIARRI 99H L3 �9 + e -  --* Z 

30ACCIARRI 95H assumes fBO = 39.5 4. 4.0 and fBs = 12.0 + 3.0%. 

r(r+ K-)/r=t~ r../r 
VA~IfI~ CL~ ~OCUMENT ID TECN COMMENT 

<2,1 X 10 - 4  90 31 BUSKULIC 96V ALEP �9 + e -  ---* Z | 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<2.6 x 10 - 4  90 32 AKERS 94L OPAL �9 + e -  --* Z 

31 BUSKULIC 96v assumes PDG 96 production fractions for B O, B +,  B s, b baryons. I 
32Assumes B(Z ~ bb) = 0.217 and B O (e O) fraction 39.5% (12%). 

r(K+ K-)/r~,= ru / r  
VALUE CL~ DOCUMENT IO TECN COMMENT 

<3.g X 10 - B  90 33 BUSKULIC 96V ALEP �9 + e -  --~ Z I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.4 x 10 - 4  90 34AKERS 94!. OPAL �9 + e -  --~ Z 

33 BUSKULIC 96v assumes PDG 96 production fractions for B O, B +,  B s, b baryons, I 
34Assumes B(Z --* bS) = 0.217 and e O (B0$) fraction 39.5% (12%). 

r(p~)/r~= r~/r 
VALUE CL~ DOCUMENT ID TECN ~)MMENT 

<ll.g X 10 - |  90 35 BUSKULIC 96V ALEP e + e -  ~ Z | 

95BUSKULIC 96v assumes PDG 96 production fractions for B O, B +, B s, b baryons. I 

r(~)/rt~, ru/r 
VALUE CLK DOCUMENT ID TECN COMMENT 

<14,gx10  - $  90 36ACCIARRI 951 L3 e + e - - - *  Z 

36ACCIARRI 951 assumes fBO = 39.5 4. 4.0 and fBs = 12.0 4. 9.0%. 

r(§ rlg/r 
VALUE CL~ DOCUMENT ID TECN COMMENT 

< ' t X l 0 - 4  90 37ADAM 96DDLPH e + e - - - *  Z | 

37ADAM 96D assumes fBo = fB-  = 0.39 and fB, = 0.12. I 



See key on page 213 

r( .+~-) ir~. ,  r~.Ir 
Test for &B  = 1 weak neutral current. 

VA~,(J ~ CL~ DOCUMENT ID TEEN ~:QMMENT 
<2,0 X 10 - 6  90 38 ABE 98 CDF p~ at 1+8 TeV I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<3.8 X 10 - 5  90 39 ACCIARRI 978 L3 �9 + e -  ~ Z I 
<8.4 x 10 - 6  90 40 ABE 96L CDF Repl. by ABE 98 I 
38ABE 98 assumes production of ~(B O) = ~(B + )  and #(Bs)/cr(BO ) = 1/3. They nor- I 

manze to their measured ~(BO,pT(B)> 6,1y I < 1.0) = 2.39 4. 0.32 4- 0.44/~b. i 
39ACCIARRI 97B assume PDG 96 production fractions for B +,  B O, B s, and A b. I 
40ABE 96L assumes B + / B  s production ratio 3/1. They normalize to their measured | 

#(B +,  PT(B)> 6 GeV/c. lY~ < 1) = 2.39 4- 0.54/~b. i 
r(e+ e-)/r~,,  rx.lr 

Test for LIB = 1 weak neutral current. 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

<gA X 10 - 6  90 41 ACCIARRI 978 L3 e + e -  - *  Z I 

41ACCIARRI 97B assume PDG 96 production fractions for B +,  B O, B s, and A b. I 

r ( ~ . ~ ) I r ~ =  r . l r  
test of lepton family number conservation. 

VA~UE EL% DOCUMENT ID TEEN COMMENT 

<4.1X10 - B  90 42ACCIARRI 978 L3 e+e - ~ z I 
42 ACCIARRI 978 assume PDG 96 production fractions for B +, B O, B s, and A b. I 

r(§ r=/r  
Test for ZIB = 1 weak neutral current. 

VA~UE~ CL% DOCUMENT ID T~CN COMMENT 
<5.4 x 10 - 3  90 43 ADAM 96D DLPH e + e -  --~ Z I 

43ADAM 96D assumes fBo = fB-  = 0.39 and fBs = 0.12. I 

POLARIZATION IN B~s DECAY 

r d r  in ~ -~ J/,I, OS)§ 
VA~.~ EVTS DOCUMENT ID T~C N COMMENT 

0.M'I'0.21_+8:(~ 19 ABE 95Z CDF p]0 at 1.8 TeV 

B~-~ MIXING 

For a discussion of B0-B--~S mixing see the note on "B0-~ "0 Mixing" In the 

B 0 Particle Listings above. 

X s Is a measure of the time-Integrated B 0 - ~  s mixing probability that 

produced BsO(~s) decays as a B~s(B0 ). Mixing violates ~B  ~ 2  rule. 

x 2 
X s = ~  

Am BO 

XS = . ~ &  = rE: (me~ meo L)'eO' 

where H, L stand for heavy and light states of two BO s CP elgenstates and 

~-Bs o - J, -- 0.5(FB 0 +F -o  J' 
sH tJsL 

XB at high enerw 
This Is a B--B mixing measurement for an admixture of B 0 and Bs0 at high energy. 

X B = fldX d + flax s 
where f~ and f l  are the branching ratio times production fractions of B O and B 0 
mesons relative ~o all b-flavored hadrons which decay weakly. Mixing violates &B 
2 rule. 

VALUE CL~ E V T $  DOCUMENT ID TEEN COMMENT 
0.118 =l:O.OOQ OUR AVERAGE 
0.131 :E0.020 4-0.016 44 ABE 971 CDF pin 1.8 TeV 
0.11074-0.00624.0.0055 45ALEXANDER 96 OPAL e+e - - - ,  Z 
0.121 4.0.016 4-0.006 46ABREU 94J DLPH e+e - --, Z 
0.123 • :b0.008 ACCIARRI 94D L3 e + e -  --* Z 
0.114 4.0.014 4.0.008 47 BUSKULIC 94G ALEP e "} 'e-  --, Z 
0.129 4.0.022 48 BUSKULIC 928 ALEP e + e -  --~ Z 
0.176 4.0.031 4.0.032 1112 49 ABE 91G CDF pp 1.8 TeV 
0.148 4-0.029 4.0.017 50 ALBAJAR 910 UA1 p~ 630 GeV 
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Particle Listings 
e 0 

�9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 

0.136 4-0.037 • 51 UENO 96 AMY 

O.144 +0.014 +0.017 52ABRE U -0.011 

0.131 4-0.014 53 ABREU 
0.157 4-0.020 4-0.032 54ALBAJAR 

0.121 +0.044 55 - 0.040 4-0.017 1665 ABREU 

0.143 +0.022 4-0.007 56AKERS 
-0.021 

0.145 +0.041 :i:0.018 57ACTON 
-0.035 

0.121 4-0.017 4.0.006 58ADEVA 

0.132 4-0.22 +0.015 823 59 DECAMP -0.012 

0.178 +0.049 • 60ADEVA -0.040 

0.17 +0.15 61,62 WEIR 
-0.08 

0.21 +0.29 61 BAND 
-0.15 

>0.02 90 61 BAND 
0.121 • 61,63 ALBAJAR 

<0.12 

e + e -  at 57.9 I 
GeV 

94F DLPH Sup. by 
ABREU 94J 

94J DLPH �9 + e -  -~ Z 
94 UA1 v~  = 630 GeV 

93c DLPH Sup. by 
ABREU 94J 

938 OPAL Sup. by 
ALEXAN- 
DER 96 

92(: OPAL e'i'e - --~ Z 

92c L3 Sup. by AC- 
CIARRI 94D 

91 ALEP e + e -  ~ Z 

90P L3 �9 -}" e -  ~ Z 

90 MRK2 e§ - 29 GeV 

88 MAC Eceem= 29 GeV 

88 MAC Ecr 29 GeV 
87(: UA1 Repl. by AL- 

BAJAR 91D 
90 61,64SCHAAD 85 MRK2 E~m= 29 GeV 

44 Uses dl-muon events. | 
45ALEXANDER 96 uses a maximum likelihood fit to simultaneously extract X as well as I the forward-backward asymmetries In e+e - ---* Z ~ bb and c~. 
46This ABREU 94J result Is from 5182 t t  and 279 At  events. The systematic error Includes 

0.004 for model dependence. 
47BUSKULIC 94G data analyzed using ee, e/~, and/z/z events. 
48 BUSKULIC 92B uses a Jet charge technique combined with electrons and muons. 
49ABE 91G measurement of X is done with e/z and ee events. 
50ALBAJAR 91D measurement of X Is done with dlmuons. 
51 UENO 96 extracted X from the energy dependence of the forward-backward asymmetry. I 
52ABREU 94F uses the average electric charge sum of the Jets recoiling against a b-quark 

Jet tagged by a high PT muon. The result is for ~ = fdXd+O.gfsX s, 
53This ABREU 94J result combines t t ,  At, and jet-charge t (ABREU 94F) analyses. It Is 

for X = fdXd +0.96fax s. 
54ALBAJAR 94 uses dlmuon events. Not Independent of ALBAJAR 91D. 
55ABREU 93c data analyzed using ee, e/~, and/J/J events. 
56 AKERS 93B analysis performed using dllepton events. 
57ACTON 92c uses electrons and muons. Superseded by AKERS 938. 
58ADEVA 92c uses electrons and muons. 
59 DECAMP 91 done with opposite and like-sign dlleptons. Superseded by BUSKULIC 928. 
60ADEVA 90P measurement uses ee, /~p, and e# events from 118k events at the Z. 

Superseded by ADEVA 92C. 
61These experiments are not In the average because the combination of B s and B d mesons 

which they see could differ from those at higher energy. 
62 The WEIR 90 measurement supersedes the limit obtained In SCHAAD 85. The 90% CL 

are 0.06 and 0.38. 
63ALBAJAR 87C measured X = (B - 0  ~ B 0 -~ /~+X) divided by the average production 

weighted semlleptonlc branching fraction for B hadrons at 546 and 630 GeV. 
64 Limit Is average probability for hadron containing B quark to produce a positive lepton. 

Amgo s is a measure of 2~ times the BO-~ss oscillation frequency In time-dependent 

mixing experiments. 

"OUR EVALUATION" Is an average of the data listed below performed by the LEP 
B Oscillation Working Group as described in our review "Production and Decays of 
B-flavored Hadrons" in the B4- Section of these Listings. The averaging procedure 
takes Into account correlations between the measurements, 

VALUE(lO 12 11 $-1) CL~ DOCUMENT ID TEEN COMMENT 
>9.1  (EL : U % )  OUR EVALUATION 
>7.9 95 65 BARATE 98C ALEP �9 + e -  ~ Z | 
>3.1 95 66ACKERSTAFF 97U OPAL e+e - --~ Z I >6.5 95 67ADAM 97 DLPH e + e - - - ~  Z 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>2.2 95 68 ACKERSTAFF 97V OPAL e + e -  ~ Z I 
>6.6 95 69 BUSKULIC 96M ALEP Repl. by BARATE 98C I 
>2.2 95 68 AKERS 95J OPAL Sup. by ACKER- 

STAFF 97v 
>5.7 95 70BUSKULIC 95J ALEP e+e - --* Z I 
>1.8 95 68 BUSKULIC 94B ALEP e + e -  ~ Z 

65BARATE 98C combines results from Dsh-t/Qhe m, Dsh-K in the same side. Dsl- 
t/Qhe m and Dst-K In the same side, 

66 Uses t-Ohe m. 
67ADAM 97 combines results from Dst-Qhe m, t-Qhe m, and t -L  
68 Uses t -L 
69BUSKULIC 96M uses D s lepton correlations and lepton, kaon, and Jet charge tags. 
70BUSKULIC 95J uses t-Qhe m. They find Zlrn s > 5.6 [> 6.1] for fs=10% [12%]. We 

Interpolate to our central value fs=10.5%. 
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B ~ B~, B ' j ( 5 8 5 0 )  

x, = &m~/r~, 
This Is derived from "OUR EVALUATION" of AmBso measurements and ~-B0 = 

1.54 ps, our central value, 

V,~-UE~ CL~ DOCUMENT IO 
>14.0 (CL : g6%) OUR EVALUATION 

Xs  
This BsO-~ s integrated mixing parameter is derived from x s above. 

V A ~  CL% DOCUMENT ID 
>0.4975 (CL = g6%) OUR EVALUATION 

B~s REFERENCES 

ABE 98 PR D57 R3811 F. Abe+ (CDF Collab.) 
ABE 98B PR D57 5382 F. Abe+ (CDF Collab.) 
ACKERSTAFF 98F EPJ C2 407 K, Ackerstaff+ (OPAL Collab.) 
ACKERSTAFF 98G PL B426 16] K, Ackerstaff+ (OPAL Collab.) 
BARATE 95C EPJ C (to be publ.) R. Barate+ (ALEPH Collab.) 

CERN-PPE/87-L57 
ABE 971 PR D55 2546 F. Abe+ (CDF Collab.) 
ACCIARRI 975 PL B391 474 M. Acciarri+ (L3 Collab.) 
ACCIARRI 97C PL B391 481 M. Acciarri+ (L3 Collab.) 
ACKERSTAFF 97U ZPHY C76 401 K. Acker~taff+ (OPAL Collab.) 
ACKERSTAFF 97V ZPHY C75 417 K. Ackerstaff+ (OPAL Collab.) 
ADAM 97 PL B414 382 W. Adam+ (DELPHI Collab.) 
ABE 965 PR D53 3496 +Albrc~v. Amendolia, Amidei+ (CDF Collab.) 
ABE 96L PRL 76 4675 +Akimoto, Akopian, Albrow+ (CDF Collab.) 
ABE 96N PRL 77 1945 +Akimoto, Akoplan, Albrow+ (CDF Collab.) 
ABE 96Q PR D54 6596 +Akimoto, Akopian, AIbrow+ (CDF Collab.) 
ABREU 96F ZPHY C71 11 +Adam, Adye, Agasi+ (DELPHI Collab.) 
ADAM 96D ZPHY C72 207 W. Adam+ (DELPHI Collab.) 
ALEXANDER 96 ZPHY C70 357 +Allison, Altekamp+ (OPAL Collab.) 
BUSKULIC 96E ZPHY C69 585 +Casper, De Bonis, Decamp+ (ALEPH Collab.) 
BUSKULIC 96M PL B577 205 +De Bonis. Decamp, Ghez+ (ALEPH Collab.) 
BUSKULIC 96V PL B384 471 +De Bonis, Decamp, Ghez+ (ALEPH Collab.) 
PDG 96 PR D54 1 
UENO 96 PL B381 365 +Kanda, Olsen, Kirk+ (AMY Collab.) 
ABE 95R PRL 74 4988 +Albrow, Amendolia, Amidei+ (CDF Collab.) 
ABE 95Z PRL 75 3068 +Albrow, Amendolia, Amldei+ (CDF Collab.) 
ACCIARRI 95H PL B363 127 +Adam, Adriarii, Aguilar-Benitez+ (L3 Collab.) 
ACCIARRI 951 PL B363 137 +Adam, Adrlan~, Aguilar-Benitez+ (L3 Collab.) 
AKERS 95G PL B3SO 273 +Alexander. AI,son, Ametewee+ (OPAL Collab. ) 
AKERS 95J ZPHY C66 555 +AIc<ander, All;son, Ametewee+ (OPAL Collab.) 
BUSKULIC 95J PL B356 409 +Casper, De 8onis, Decamp+ (ALEPH Co8ab.) 
BUSKULIC 950 PL 5361 221 +Casper, De Bonis, Decamp+ (ALEPH Collab.) 
ABREU 94D PL 8324 500 +Adam, Adye, Agad, Aleksan+ (DELPHI Collab.) 
ABREU 94E ZPHY C61 407 +Adam, Adye, A~ad, Aleksan+ (DELPHI Collab.) 

Also 92M PL 5289 199 Abreu, Adam, Adye, AKasi, A]ekseev+ (DELPHI Collab.) 
ABREU 94F PL B322 459 +Adam. Adye, Agas~, Ajlnenko+ (DELPHI Collab.) 
ABREU 94J PL B332 488 +Adam, Adye. Ai[as~, Ajinenko+ (DELPHI Collab.) 
ACCIARRI 94D PL B335 542 +Adam, Adriani, Aguilar-Benitez, AMen+ (L3 Co,lab.) 
AKERS 94J PL B337 1% +Alexander, ABison, Anderson, ArceBi+ (OPAL Coqab.) 
AKERS 94L PL B337 393 +Alexander, Altison, Anderson, Arcelli+ (OPAL Collab.) 
ALBAJAR 94 ZPHY C61 41 +Ankoviak, Bartha, Bezaguet. Boehrer+ (UAI Collab.) 
BUSKULIC 945 PL 5322 441 +De Bonis, Decamp. Ghez, Goy, Lees+ (ALEPH Collab.) 
BUSKULIC 84C PL B322 275 +De Bonis, Decamp, Ghez, Goy, Lees+ (ALEPH Collab.) 
BUSKUUC 94G ZPHY C62 179 +Casper, De 8onis, Decamp, Ghez+ (ALEPH Collab.) 
PDG 94 PR D50 1173 Montanet+ (CERN, LBL, BOST, IFIC+) 
ABE 93F PRL 71 1685 +Albrow, Amidei, Anway-Wiese+ (CDF Collab.) 
ABREU 93C PL B301 145 +Adam, Adye, AKasi. Aleksan+ (DELPHI Collab.) 
ACTON 93H PL 5312 501 +Akers, Alexander, Allison. Anderson+ (OPAL Collab.) 
AKERS 93n ZPHY ChO 199 +Alexander, Allison, Anderson, Arcelli+ (OPAL Collab.) 
BUSKULIC 93G PL 5311 425 +De Bonis, Decamp, Ghez, Coy, Lees+ (ALEPH Co, lab.) 
ABREU 92M PL B289 199 +Adam, Adye, Aga~, Alekseev+ (DELPHI Collab.) 
ACTON 92C PL 5276 379 +Alexander, Allison, AIJport, Anderson+ (OPAL Collab.) 
ACTON 92N PL B295 357 +Alexander, Allison, AIIport, Anderson+ (OPAL Coilab.) 
ADEVA 92C PL B288 395 +Adriani, Aguilar-Benltez, AMen+ {L3 Collab.) 
BUSKULIC 82B PL B284 177 +Decamp, Coy, Lees, Minard+ (ALEPH Collab.) 
BUSKULIC 92E PL B294 145 +Decamp, Goy, Lees, Minard+ (ALEPH Coliab.) 
ABE 9LG PRL 67 3351 +Amidei, Apo~Jinar(. Atac, Auchincloss+ (CDF Col]ab.) 
ALBAJAR 8LD PL 5262 171 +Albrow, AIIkofer, Ankoviak, ApsJmon+ ; (UAt Collab.) 
DECAMP 91 PL B258 236 +Deschlzeaux, Goy, Lees, Minard+ (ALEPH CoBab.) 
ADEVA 90P PL B252 703 +Adriafl[, AKuilar-Benirez, Akbarl, Alcaraz+ (L3 Collab.) 
LEEoFRANZINI 90 PRL 65 2947 +Heintz, Lovelock, Narain, Schamberl~er+(CUSB II Collab.) 
WEIR 90 PL 5240 289 +Abrams, Adolphse~, AJexander, Alvarez+ (Mark II Collab.) 
BAND 85 PL 5200 221 +Camporesi, Chadwick+ (MAC Collab.) 
ALBAJAR 87C PL B186 247 +Albrow, AIIkofer, Arnison+ (UA1 Collab.) 
$CHAAD 85 PL 160B 188 +Nelson, Abrams, Amidei+ (Mark II Col~ab.) 

r=~  i(J P) = 0(1_) 

OMITTED FROM SUMMARY TABLE 
I ,  J ,  P need conf i rmat ion.  Quan tum numbers shown are quark-  
model  predictions. 

B; MASS 

From mass difference below and the BsO ma~.  

VALUE (MeV) DOCUMENT ID 
r~416;3-1-3.3 OUR RT 

mr, - ms, 
VALUE (MeV) DOCUMENT ID TECN COMMENT 
47.0::1:2.6 OUR FIT 
47.0:E2.6 1 LEE-FRANZINI90 CSB2 �9 + e -  ~ T(5S) 

1LEE-FRANZINI 90 measure 46.7 :*: 0.4 • 0.2 MeV for an admixture of B 0, B -t-, and 
B s. They use the shape of the photon line to separate the above value for B s. 

](m~ - mSs ) - ( m  s .  - roB) I 

VALUE (MeV) " CL. ~...~ DOCUMENT ID TECN COMMENT 

< 6  95 ABREU 95R DLPH E C ~ =  88-94 GeV 

B~ DECAY MODES 

Mode Fraction ( r / / r )  

F 1 Bs .  7 dominant 

ABREU 95R ZPHY C68 353 
LEE*FRANZINI 90 PRL 65 2947 

B; REFERENCES 

+Adam, Adye, Agasi+ (DELPHI Co,lab.) 
+Heintz, Lovelock. Narain, Schamberger+(CUSB II Collab.) 

I I I(JP) = ?(:?) B~j(5850) I, J, P need confirmation. 

OMITTED FROM SUMMARY TABLE 
Signal can be interpreted as coming from bs states. Needs confir- 
mation. 

B:](mo) MASS 
VALUE (MeV) EVT5 DOCUMENT ID TECN COMMENT 

rd l s ) - k lw  141 AKERS 95E OPAL Eceem= 88-94 GeV 

B'.](5850) WIDTH 

VAL UE (MeV) E V T S  DOCUMENT ID TECN COMMENT 

47-1-22 141 AKERS 95E OPAL E c ~ =  88-94 GeV 

B'.j(5850) REFERENCES 

AKERS 95E ZPHY Ch6 19 +Alexander, Allison+ (OPAL Collab.) 
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I, BOTTOM CHA"MED MESON' II I (B = C =  +1) 
I e :  = cb, B c = "~b, similarly for Bt's 

r ~  i(J P) = 0(0- )  

O M I T T E D  F R O M  S U M M A R Y  T A B L E  
I, J, P need conf i rmat ion .  Quan tum numbers shown are quark- 
model  predict ions. 
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B + DECAY MODES 

B c modes are charge conjugates of  the modes below. 

Mode 

rl J/@(1S)t+ vtanything 
r2 J/~b(1S)~r + 
r3 J/~b(1S)lr+ lr+ ~r - 

BRANCHING RATIOS 

r(Jl,~(lS)~-.,,aejthn.i)lr~.~ x BCB--~ ec) r l / r  x B 
VALUE CL~ DOCUMENT ID TECN COMMENT 
< 1 . 2  X 10 - 4  90 1 BARATE 97H ALEP �9 + e -  --* Z I 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< 1 . 9  x 10 - 4  90 2 ABREU 97E DLPH e + e  - ~ Z I 

1 B A R A T E  97H reports B (Z  - *  BcX)/B(Z --* qq).B(B c ~ J/~b(lS)tut) < 5.2 x 10 - 5  | 

atgO%CL. W e r e s c a l e t o o u r P D G 9 6 v a l u e s o f 1 3 ( Z ~  b'~). A B +  c ~ J/~b(1S)p+v, I 

candidate event Is found, compared to all the known background sources 2 x 10 - ~ ,  I 
which gives mBc - 5 9 ~+0"28 - " " - 0 . 1 9  GeV and ~'Bc = 1.77 • 0.17ps. | 

2 ABREU 97E value listed Is for an assumed ~-Bc --- 0.4 ps and improves to 1,6 x 10 - 4  for | 

~-Bc = 1.4 ps. 

r(Jl#(lS),+)lr~ x B~--*  Be) r=/r  x B 
VALUE CL~ DOCUMENT IO TEEN COMMENT 
<ILL2 X 10 - 5  90 3 BARATE 97H ALEP e + e -  ~ Z I 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< 3 . 4  x 10 - 4  90 4 ABREU 97E DLPH e + e -  ~ Z | 
<2.0  x 10 - 5  95 5 ABE 96R CDF p ~  1.B TeV I 

3 B A R A T E  97H reports B (Z  ~ BcX)/B(Z -~ qq).B(B c ~ J/V~(l$)Tr) < 3.6 x 10 - 5  I 
at 90%CL. We rescale to our PDG 96 values of  B ( Z  ~ bb).  I 

4ABREU 97E value listed is for an assumed ~"Bc = 0.4 ps and Improves to  2.7 x 10 - 4  for | 

~Bc = 1.4 ps. 

5 A B E  96R reports B(b ~ BcX)/B(b ~ B + X ) . B ( B c +  ~ J/r + ~ I 
J/~(1S)K +)  < 0.053 at 95%CL for ~-Bc = o.gps. It changes from 0.15 to  0.04 for I 
0.17 ps< TBc < 1.6 ps. We rescale to  our PDG 96 values of  B(b ~ B + ) = 0.378 • 0.022 I 

and B (B  + ~ J/r  +)  = 0.00101 :E 0.00014. I 
r(Jl~( ls) .+.+.- ) lr~ x BCB-~ Be) r , / r  x B 
VA~UE CL~ DOCUMENT ID TECN ~QMMENT 
< 5 . 7 X 1 0 - 4  90 6 A B R E U  97E DLPH e + e  - - -  Z I 

6ABREU 97E value listed Is Independent o f  0.4 ps< rBc < 1,4 ps. I 

B~ REFERENCES 

ABREU 97E PL B398 207 P. Alxeu+ (DELPHI Collab.) 
BARATE 97H PL B402 213 R. Barate+ (ALEPH Cdlab.) 
ABE %R PRL 77 5176 +Akirnoto, Akoplan, Albrow+ (CDF CoUab.) 
PDG 96 PR D54 1 
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Charmon ium,  ~ / : ( l S )  

II MESONS II 
IG(j PC) = 0+(0- +) 

nc(lS) MASS 
VALUE (MeV) EVT5 DOCUMENT ID TECN COMMENT 
29"/~.8 -I" 2.1 O U R  AVERAGE Error Includes scale factor of 2.1. See the ideogram below. 

2988.3 + 3.3 ARMSTRONG 95F E760 PP ~ 77  - 3.1 
2974.44- 1.9 1 BISELLO 91 DM2 J/VJ ~ r io7 
2969 4- 4 4- 4 80 BAI 908 MRK3 J / r  

7 K + K - K + K  - 

2982.6+ 2.7 12 BAGLIN 87B SPEC pp ~ ~ - 2.3 
2980.24- 1.6 1BALTRUSAIT..36 MRK3 J/V; ~ ~c7 
2984 �9 2.34- 4.0 GAISER 86 CBAL J/V) ~ 7X, r  

7 X  
2982 4- 8 18 2 HIMEL 808 MRK2 e + e -  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2956 -}-12 4-12 BAI 908 MRK3 J/~b 
7 K+ K -  KO KO L 

2976 4- 8 3 BALTRUSAIT..34 MRK3 J/r --* 2q~7 
2980 4- 9 2 PARTRIDGE 808 CBAL e + e  - 

1Average of several decay modes. 
2 Mass adjusted by us to correspond to J/VJ(1S) mass = 3097 MeV. 
3f/c ~ r  

WEIGHTED AVERAGE 
2979.8:L2.1 (Error scaled by 2.1) 

2950 2960 2970 

r /c(15 ) mass (MeV)  

298O 

�9 �9 ARMSTRONG 95F E760 
" " BISELLO 91 DM2 
�9 �9 BAI 90B MRK3 
�9 �9 BAGLIN 878 SPEC 
�9 �9 BALTRUSAIT... 86 MRK3 
�9 �9 GAISER 86 CBAL 

' HIMEL 80B MRK2 

2990 3000 3010 

~2  

7.6 
8.0 
3.6 
1.5 
0.1 
0.8 
0.1 

21.7 
0.001) 

~/r WIDTH 

VAL UE (MeV) CL.__~.~ EVES DOCUMENT tD TECN COMMENT 

=2+_ l:| ou. AVERAGE 
23 Q+12.6 ARMSTRONG 95F E760 PP ~ 7 7  " ' - -  7.1 

7.0 + 7.5 12 BAGLIN 878 SPEC ~p ~ 77  - 7.0 
In 1+33.0 " " -  8.2 23 4 BALTRUSAIT..36 MRK3 J / ~  ..~ 7P-P 

11.54- 4.5 GAISER 86 CBAL J/~b -~ 7X,  ~b(2S) -~ 
7X  

�9 ,, �9 We do not use the following data for averages, fits, limits, etc. �9 �9 * 

<40 90 18 HIMEL 80B MRK2 e + e  - 
<20 90 PARTRIDGE 808 CBAL �9 + e -  

4 Positive and negative errors correspond to 90% confidence level. 

~/c(1S) DECAY MODES 

Mode Fraction ( l ' l / F )  Confidence level 

Decays invoMng hadronlc resonances 
r l  ~'(958) 44 
F2 p p  
F 3 K * ( 8 9 2 ) ~  K -  4 +  + c.c. 

r 4 K * ( 8 9 2 ) K *  (892)  

r5 ~b 
r6 ao(98o)4 
1"7 a2(1320)4 
r8 K'(892)~+ r162 
1- 9 f2(1270) T/ 
r io ~ 

r l l  K K 4  
r12 q~r~r 
F13 4 + 4 - K  + K -  
F14 2(K+ K -)  
r15 2(~ + 4 - )  
F16 PP 
F17 K K ~ /  

F18 4 + 4 - p ~  
1"19 A A  

r20 -y-y 

(4.1 • 
(2.6 4-0.9) % 
(2.0 -~0.7) % 
(8.5 4-3.1) x 10 - 3  

(7.1 4-2.8) x 10 - 3  

< 2 % 90% 

< 2 % 90% 

< 1.28 % 90% 

< 1.1 % 90% 

< 3.1 x 10 - 3  90% 

Decays Into stable Iwdrons 
(5.5 4-1.7) % 

(4.9 4-1.8) % 

(2.0 +0.7~ oz 
--0.6; /g 

(2.1 4-1.2) % 

(1.2 4-0.4) % 

(1.2 4-0.4) x 10 - 3  

< 3.1 % 90% 

< 1.2 % 90% 

< 2 x 10 - 3  90% 

(3.0 4-1.2) x 10 - 4  

THE CHARMONIUM SYSTEM 

hadrons 7 /  

qc (1S) / ~  

hadrons 

V(2S) 
? 

1 ~ ~ ~ ~ 1 ~  ~ = ~ . . . .  - Zc2(1P) 

i 
hadrons Y* radiative 

,]PC = 0-+ I-- 0 ++ 1 ++ 2 ++ 

The current state of knowledge of the charmonium system and transitions, as interpreted by the charmonium 
model. Uncertain states and transitions are indicated by dashed lines. The notation 7" refers to decay processes 
involving intermediate virtual photons, including decays to e+e - and #+#- .  
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r (~)  
VALUE (keV) EVTS 

~-+ l:~ ou. AVe~e 
2 4  

6.7 + 117• 
11.3•  4.2 

8 . 0 •  2 .3 •  17 
_21 

5.9 + 115•  

6.4 + 5.0 
-- 3.4 

28 • 15 

~/c(15) PARTIAL WIDTHS 

DOCUMENT ID TECN COMMENT 

ARMSTRONG 9SF E760 pp  ~ ~'~, 

ALBRECHT 94H ARG 3"7 
ADRIANI  93N L3 e+ e - ~ e+  e -~ l c  

CHEN 90B CLEO e + e  - ~ e + e - ~ l c  

A I H A R A  88D TPC e + e  - ~ e + e - X  

5 BERGER 86 PLUT "73' ~ K K ~  

5 Re-evaluated by A I H A R A  88D. 

F~o 

n=(zS) r(i)r(~)ir(total) 
r(KY=) x r(~-~)/r~, r . r = I r  
VALUE (keY) CL% E V T S  DOCUMENT ID TECN COMMENT 

0.94:b0.18 OUR AVERAGE 
0.84•  6 A L B R E C H T  94H ARG "7"7 ~ K • KO ~r~: 

L 0 6 • 1 7 7  11 BRAUNSCH...  89 TASS "~'y--~ KK~r  

1.5 +0.60u_̂ ~_0.45~u. ~ 7 6BERGER 86 PLUT 3"7 --~ KK~r  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.63 95 6 BEHREND 89 CELL ~/~, ~ KOs__K• 

<4.4  95 ALTHOFF 85B TASS " ~ " / ~  KK~"  

6 K • KO~:F corrected to  K ' K ~  by factor 3. 

~/c(lS) BRANCHING RATIOS 

HADRONIC DECAYS 

r(~'(9~e)..)/r==, ru r  
VALUE E V T S  DOCUMENT ID TECN COMMENT 

0.0414-0.017 14 7 BALTRUSAIT . .36  MRK3 J / ~  ~ ~c~ 

r(~p)/rt~, r=/r 
VALUE (units 10 -3 )  CL% E V T S  DOCUMENT ID TECN COMMENT 

26 4" 9 OUR EVALUATION (Treating systematlcerrors as correlated.) 
26 4- II OUR AVERAGE 
26 .0 •  2 .4~8 .8  113 7 BISELLO 91 DM2 j / ~  ~ ^/pOpO 
2 3 . 6 + 1 0 . 6 •  32 7 BISELLO 91 DM2 J/q~ ~ " y p + p -  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<140  90 7 BALTRUSAIT. .36  MRK3 J/V~ ~ ~/c'Y 

r (K �9 0 K -  x + + c.c.) /r~, ,  
V~U~ EV'FS DOCUMENT ID TECN COMMENT 

0.0~ =b0.007 63 7 BALTRUSAIT . .36  MRK3 J / ~  ~ ~lc"/ 

r (K" (892)~* (892))/rtm| 
VALUE (units 10 -4  ) EVT5 DOCUMENT ID TECN COMMENT 
I~:1:$1 OUR AVERAGE 
8 2 • 1 7 7  14 

9 0 •  9 

F(K'(.2)Y+ c.c.)/r~=,, 

<0.01~1 90 

<0.0132 90 

r (§247  
VALUE (u~its 10 -4 )  EVT$ 
714"28 OUR EVALUATION (Treating systematic errors as correlated.) 
71-4-22 OUR AVERAGE 
7 4 • 1 7 7  80 7 BAI 90B MRK3 J/V~ 

,~ K +  K -  K +  K - 
6 7 • 1 7 7  7 BAI 90B MRK3 J / ~  -~, 

,y K +  K -  KOs KO L 

�9 �9 �9 We do not use the following data for averages, fits. l imits, etc. �9 �9 �9 

314- 7~-10 19 7 BISELLO 91 DM2 J/V) 

r~/r 

r~/r 

7 BISELLO 91 DM2 e + e-- --~ 
*f K +  K -  ~r+ ~r - 

7 BALTRUSAIT . .36  MRK3 J / #  ~ "qc~ 

r. l r  
DOCUMENT ID TECN COMMENT 

BISELLO 91 DM2 J/ ' r  ~ ~ K O K ~ r  ~: 

7 BISELLO 91 DM2 J/ '~ ~ , K : ~ K - ~ r  0 

rg/r 
DOCUMENT ID TECN COMMENT 

, 7 K + K - K + K  - 

3o_+])-~1o 5 7B,SELLO 91 DM2 :/~- 

r(,o(sm),,)/r~,, r~/r 
VALU E ~ DOCUMENT ID TECN COMMENT 

<0.02 90 7,8 BALTRUSAIT. .~6  MRK3 J / ~  ~ ~lC~/ 

r (~(1320) w) / r~ , ,  r~/r 
VALUE ~ DOCUMENT ID TECN COMMENT 

<0.02 90 7 BALTRUSAIT . .~6  MRK3 J / r  ~ ~lc~ 
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<0.107 90 7 PARTRIDGE 80B CBAL J/V~ ~ "qc ~ 

r (~. . ) / r~. ,  r, . /r 
VALUE E V T S  DOCUMENT ID TECN COMMENT 
0.04~:b0,0111 OUR EVALUATION 
0.0474-0.015 OUR AVERAGE 
0.054•  75 
0.037 ~0.013 ~ 0.020 18 

r(.+,r- K + K - ) / r ~ , ,  
VALUE EVT 5 

o~_+~:N ou. ~ . e  
0.021• 110 
0 0 ~a+0"022 

" "~-0 .009  

r(2( .+.- ) ) /r~= 
VALUE EVTS 
0.012 ::1::0.004 OUR EVALUATION 
0.0120:E0.00~1 OUR AVERAGE 
0.0105 :J: 0.0017 + 0.0034 137 

0.013 •  25 

0.020 +0 .015  
- 0 , 0 1 0  

r(2lK+K-l)/rtm, 
VALUE 

0.021:b 0.010-1- 0.00~ 

r(~p)/r~, 
VALUE (units 10 -4)  EVTS 
124- 4 OUR AVERAGE 
10:~ 3 •  15 
11:b 6 23 

2Q+29 
" - -  15 

r(K~'~)/rtm. 
VN-u~ 
<0.031 90 

r (~+ ~- pp)/r~,, 
V~Wr .GJL 
<0.012 90 

r ( ~ / r ~ . ,  

<O.OO2 9O 

7 BALTRUSAIT . .36  MRK3  J / ' r  ~ ~lc'~ 

7 PARTRIDGE 808 CBAL J / r  ~ ~ l x + ~ r - ' ~  

r,. /r 
DOCUMENT ID TECN COMMENT 

7 BALTRUSAIT..J~6 MRK3  J / ~  ~ ~lc~ 

10 HIMEL 80B MRK2 V~(2S) ~ ~/C~ 

DOCUMENT ID TECN COMMENT 
r,~/r 

7 BISELLO 91 DM2 J / r  

*f 2w + 2~ - 
7 BALTRUSAIT . .36  MRK3 J / r  -.', r lc ' f  

10 HIMEL 80B MRK2 ~ ( 2 5 )  ---* r/c~f 

r . / r  
DOCUMENT ID TECN COMMENT 

ALBRECHT 94H ARG "y~ ~ K + K -  K + K -  

r . / r  
DOCUMENT ID TECN COMMENT 

7 BISELLO 91 DM2 J/V~ ~ "~p]5 
7 BALTRUSAIT . .36  MRK3  J/~b ~ tic"( 

10 H iMEL  80B MRK2 0 ( 2 5 )  ~ ~c'~ 

DOCUMENT ID TECN COMMENT 

7 BALTRUSAtT . .86  MRK3  J / ~  ~ TIc'y 

~)QCUMENT IO TECN COMMENT 

HIMEL 00B MRK2 ~ ( 2 5 )  --~ r/c'y 

DOCUMENT ID TECN COMMENT 

7BISELLO 91 DM2 e + e - - - ~  ~A~ 

rlT/r 

r . / r  

r . / r  

rF,/r?~ =n p~-~ T/,.(1$) ~ ~ l ' i s r s / l  "a 
VALUE (uniti 10 -5 ) DOCUMENT ID TECN COMMENT 

4 0 + ~  BAGUN 89 SPEC ~ p - ' *  K + K - K + K  - �9 --5,z 

7The quoted branching ratios use B ( J / r  ~ - f~/c( lS))  = 0.0127 • 0.0036. Where 
relevant, the error in this branching ratio Is treated as a common systematic in computing 
averages. 

5We are assuming B(a0(980 ) -~ r/~r) >0.5. 

9Average from K + K - l r  0 and K :E K 0 ' s~  :F decay channels. 
10 Estimated using B ( r  --~ "yr/c(1S)) = 0.0028 • 0.0006. 

r(~(;27o) ,1) /rt~  r , / r  
VALUE CL% DOCUMENT IO T~(~I~ COMMENT 

<0.011 90 7 BALTRUSAIT..JB6 MRK3  J / r  --' ~c'Y 

r(~w)/r~, rl0/r 
VALUE CL% ~OCUMENT ID TECN COMMENT 

<0.0031 90 7 BALTRUSAIT. .36  MRK3  J / r  ~ TIc~, 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.0063 7 BISELLO 91 DM2 J / ~  - *  ~ f ~  

r(K~.) /r t~,  ru/r  
VAloUr. CL~ E V T S  DOCUMENT ID TECN COMMENT 

O.O~d~ "k0.017 OUR EVALUATION (Treating systematic errors as correlated.) 
O. nrJ; :1:0.008 OUR AVERAGE 
0.0690•177  33 7 BISELLO 91 DM2 J/VJ 

,,/ K + K -  Ir 0 
0.0543•177  68 7 BISELLO 91 DM2 J/ '~  

,,/ K i  ~ F  K 0 

0.048 •  95 7,9 BALTRUSAIT..JB6 MRK3  J / ~  ~ r/c'y 

0.161 +0 .092  10 HIMEL 80B MRK2 V~(25) --~ T/C~f 
- 0.073 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 
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~l:(1S),J/~b(1S) 

- -  RADIATIVE DECAYS - -  

DOCUMENT ID TECN COMMENT 

r(~.~)/r== 
VALUE (units 10 -4 ) CL.~%_% 

3.0 4-1.2 OUR AVERAGE 

8 n+0"67~-' ~ ARMSTRONG 95F E760 PP ~ 77 
. - _ 0 . 5 8 ~  . . ~  

6 +_4 4-4 BAGLIN 87BSPEC p p - - '  "~'y 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 9 90 7 BISELLO 91 DM2 J / ~  ~ 7~(~ 
<18 90 11 BLOOM 83 CBAL J / ~  ~ ~lc'r 

11 Using B(J/V~(15) ~ ~rtc(1S)) = 0.0127 4- 0.0036. 

r i r f / r  ~ in p p . - ~  ,r/c(1S) ,-~ "T"/ 

VALUE (units 10 -6) E V T S  DOCUMENT ID TECN COMMENT 

0,~6 -I-O.0l OUR AVERAGE Error includes scale factor of 1.1. - - 0 . 0 7  

0 3 ~+O'0g0 ARMSTRONG 95F E760 ]Sp ~ 3'~ �9 " ~ -  0.070 

0.68 +0,42 12 BAGLIN 87B SPEC ~p --~ 77 -0,31 

r~o/r 

rzgr~o/r ~ 

~/c(1$) REFERENCES 

ARMSTRONG 95F PR D52 4839 +Bettoni+ (FNAL. FERR. GENO. UCI. NWES+) 
ALBRECHT 94H PL B338 390 +Hamacher, Hofmann+ (ARGUS Collab.) 
ADRIANI 93N PL B318 575 +Aguilar-Be.;tez, Ahlen+ (L3 Collab.) 
BISELLO 91 NP B350 1 +Busetto+ (DM2 Collab,) 
BAI 90B PRL 65 1309  +Blaylock+ (Mark III Collab,} 
CHEN 9OB PL B243 169 +Mdlwain+ (CLEO Collab,) 
BAGUN 89 PL B231 357 +Baird, Bassompierre (R704 Collab,) 
BEHREND 89 ZPHY C42 367 +Criegee+ (CELLO Cdlab.) 
BRAUNSCH... 89 ZPHY C41 533 Braunschweig, Book+ (TASSO Collab.) 
AIHARA 880 PRL 60 2355  +Alston-Gamjost+ (TPC Collab.) 
BAGUN 87B PL B187 191 +Baird, Bassornp~erre, Bocreani+ (R704 Collab.) 
BALTRUSAIT... 86 PR D33 629 Baltrusaitis, Coffman, Hauser+ (Mark fll Collab. ) 
BERGER 86 PL 167B 120 +Genzel, Lackas, Pielorz+ (PLUTO Collab.) 
GAISER 86 PR D34 711 +Bloom, Bulos, Godfrey+ (Crystal Ball Collab.) 
ALTHOFF 85B ZPHY C29 189 +Braunschweig, Kirschfink+ (TASSO Coliab.) 
BALTRUSAIT... 84 PRL 52 2126 Baltrusaitls+ (ClT, UCSC, ILL, SLAC, WASH)JP 
BLOOM 83 ARNS 33 143 +Peck (SLAC, CIT) 
HIMEL 8OB PRL 45 1146 +Trilling, Abrams, Alam+ (SLAC, LBL, UCB) 
PARTRIDGE 80B PRL 45 1150 +Peck+ (CIT, HARV, PRIN, STAN, SLAC) 

- -  OTHER RELATED PAPERS - -  
ARMSTRONG 89 PL B221 216 +Benayoun+(CERN, CDEF, BIRM, BARI, ATHU, CURIN+) 

IG(J PC) = 0 - ( 1 - - )  

J/~(lS) MASS 

VALUE (MeV) EVT5 DOCUMENT ID TECN COMMENT 
30~Jm'l '0.04 OUR AVERAGE 
3096.874-0.034-0.03 ARMSTRONG 93B E760 ~p ~ e+e - 
3096.954-0,1 +.0.3 193 BAGLIN 87 SPEC ~p ~ e + e - X  
3096.93+.0.09 502 ZHOLENTZ 80 REDE e + e -  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3097.5 +.0,3 GRIBUSHIN 96 FMPS 515 ~r- Be ~ 2pX 
3098.4 +.2,0 38k LEMOIGNE 82 GOLI 190 ~r- Be ~ 2/~ 
3097.0 4-1 1 BRANDELIK 79C DASP e+e - 

1From a simultaneous fit to e+e - ,  /~+/~- and hadronlc channels assuming r (e+e  - )  
= r ( p +  p - ) .  

J/~(1$)  WIDTH 

VALUE (keV I DOCUMENT ID TECN COMMENT 
81' 4- B O U R  AVERAGE 
84,44- 8.9 BAI 95B BES e+e - 
99 4-12 +.6 ARMSTRONG 93B E760 ~p ~ e + e -  

85.5--+ 611 2 HSUEH 92 RVUE See T mini-review 

2 Using data from COFFMAN 92, BALDINI-CELIO 75, BOYARSKI 75, ESPOSITO 75B, 
BRANDELIK 79c. 

J/V~(lS) DECAY MODES 
Scale factor/ 

Mode Fraction ( r l / r )  Confidence level 

1-1 hadrons (87.7 4-0.5 ) %  
1-2 virtual-~ -~  hadrons (17.0 4-2.0 ) % 
1-3 e + e -  ( 6.02 +o.19) % 
1"4 # + P , -  (6.01+.0.19) % 

Decays Involving hadronk: resonances 
1"5 P~ 
i- 6 pO ~0 

r7 a2(1320)p 
I" 8 ~ + l r + w  

r 9 uJlr+ lr  - 
1-10 ~ f2(1270) 
1"11 K*(892)~176 c.c. 
1"12 ~ K * ( 8 9 2 ) K +  c.c, 
r13 K + K * ( 8 9 2 ) - +  c.c. 
r14 K~176 c,c. 
r15 r176 ~ 
rz5 b1(1235)4- ~r:F 

r17 ~ K + .  K~ T 

1-15 b1(1235) 01r0 

1-19 ~ K * ( 8 9 2 ) K +  c.c. 

1"20 ~ K 
1"21 ~ f j ( 1 7 1 0 )  -+ ~ K K  
r22 ~2(Tr+Tr - )  
r23 A (1232 )++~T r  - 

r24 ~ r /  
1"25 ~ K K  
1"26 ~ f j ( 1 7 1 0 )  --* ~ K K  

1"27 P P ~  
1"28 A(1232)++ Z(1232) - -  
r29 ~ ' ( 1385 ) -  ~ ( 1 3 8 5 ) +  (or C.C.) 

r3o p ~ / ' ( 9 5 8 )  
r31 r f~(152S) 

1-32 ~ : r  
r33 ~K "l'KO~r:F 
r34 ~ fl(Z420) 
r35 $~ 
r36 - - (1530) -~  + 
r37 pK-~ (1385 )  ~ 
r38 ~ r  ~ 
1-39 @~/'(958) 
1-4o r 
1"41 - - (1530)  0 ~  

1"42 Z ( 1 3 8 5 ) - ~ + ( o r  c.c.) 

1"43 ~ f l ( 1 2 8 5 )  

r44 p 9  
1"4S ~'(958) 
1"46 ~ fo (980)  
1"47 PT/~(958) 

1"48 PP~ 
r49 a2(1320)4- ~r:F 

r5o K K ~ ( 1 4 3 0 ) +  c.c. 

1-51 K~(1430)OK~(1430)  O 

r52 K * ( 8 9 2 ) 0 K * ( 8 9 2 )  0 

r53 ~60270) 
1-54 P-# P 
1-55 ~ ( 1 4 4 0 )  -~ ~T/~r~ 

r55 ~ f~(zs2~) 
r57 ~ ' (1385)~  
r55 A(1232)+P 
rs, ~o~ 
rso ~ o  

[a] 
[a] 

[4 

[a] 

[a] 

[a] < 

< 

< 

< 

< 

< 

< 

< 

< 

< 1 

< 9 . 

< 6.8 

Decay= Into stable hadrons 
r61 2(~+~-)~ ~ 
1-62 3 ( = + ~ - ) ~  ~ 
1-63 i f+  l r - / r  O 
1"64 /r + ~T--/r 0 K + K - 

1-65 4(1r+ ~ - )  ~r0 
1-66 7r + ~r- K + K -  
r67 KKIr  
1"68 p ~ l r  + ~ r -  

r 6 9  2(~ r + T r - )  

r7o 3(~+~ -)  
1-71 nn~r+ Tr- 
1-72 E ~176 
1-73 2(Ir+~r-) K + K -  
1"74 p - ~ r  + Tr-  Tr ~ 

r75 PP 

[b] 

1.27+0.09) % 
4.2 20.5 ) x 10 - 3  
1.094-0.22) % 
8,5 4-3.4 ~ x 10 - 3  
7,2 4-1,0 i x 10 - 3  
4.3 + 0 , 6  i x 10 - 3  
6.7 4-2.6 i x 10 - 3  

5.3 • x 10 - 3  

5.0 • I x 10 - 3  
4.2 +.t:0.4 x 10 - 3  

3.4 4-0.8 x 10 - 3  
3.0 4-0.5 x 10 - 3  
3.0 :E0.7 x 10 - 3  

2.3 +0.6 x 10 - 3  

2.04• x 10 - 3  
1.9 4-0.4 ) x 10 - 3  

( 4.8 4-1.1 ) x 10 - 4  
1,604-O.32) x 10 - 3  
1.6 +.0.5 ) x 10 - 3  

1.584-0.16) x 10 - 3  
1.48+0.22) x 10 - 3  
3.6 4-0.6 ) x 10 - 4  

1.304-0.25) x 10 - 3  

1.104-0.29) x 10 - 3  
1.034-0.13) x 10 - 3  
9 4-4 • 10 - 4  
8 4-4 • 10 - 4  

8,0 +-1,2 x 10 - 4  
7.2 +.0,9 x 10 - 4  

6.8 +.2.4 x 10 - 4  
6.5 4-0.7 x 10 - 4  
5.9 +.1.5 x 10 - 4  
5.1 +.3.2 x 10 - 4  
4.2 4-0,6 x 10 - 4  
3,3 4-0,4 x 10 - 4  
3.2 4-0.9 x 10 - 4  

3.2 4-1.4 x 10 - 4  
3.1 +.0.5 x 10 - 4  
2,6 +.0.5 x 10 - 4  

1.934-0.23) x 10 - 4  
1,67+.0.25) x 10 - 4  
1.4 +.0.5 ) x 10 - 4  

1.05+.0.18) x 10 - 4  
4.5 +.1.5 ) x 10 - 5  
4.3 x 10 - 3  
4.0 x 10 - 3  

2.9 x 10 - 3  

5 x 10 - 4  

3,7 x 10 - 4  
3.1 x 10 - 4  
2.5 x 10 - 4  

2.2 x 10 - 4  

2 x 10 - 4  
X 10 - 4  

x 10 - 5  
x 10 - 6  

3.37-/-0.26) % 
2.9 +0.6 )% 
z.50• % 
1.20• % 
9.0 +.3.0 ) x 10 - 3  

7.2 +.2.3 ) x 10 - 3  
6.1 4-1,0 ) x 10 - 3  
6.0 +.0.5 ) x 10 - 3  
4.0 4-1.0 ) x 10 - 3  
4,0 + 2 . 0  ) x 10 - 3  
4 +4  ) x 10 - 3  

1.27+.0.17) x 10 - 3  
3.1 +1.3 ) x 10 - 3  
2.3 +0,9 ) x 10 - 3  
2.144-0.10) x 10 - 3  

S=1.3 

S=1.7 
S=2.7 

S=1.4 

S=1.9 

S=1.1 

CL=90% 

CL=90% 

CL=90% 

CL=90% 
CL=90% 
CL=90% 
CL=90% 

CL=90% 

CL=90% 
CL=90% 

CL=90% 
CL=90% 

S=1.3 

S=1.9 



See key on page 213 

F76 PP~/ 

r77 p ~ r -  
rz8 n~ 
F79 ----~" 

r8o A~ 
r81 pp~O 
r82 A ~ - ~ + ( o r  c.c.) 
r83 pK--A 
1-84 2(K+K - )  
r 8s P K - -Z=~ 
r86 K + K -  
FaT AAs, r ~ 
F88 ~r + ~r- 

o o 
F89 Ks__KL 

r~o A E  + c.c. 
o o 1"91 K s K s 

r92 3'qc(15) 
r93 -y~-+ ~r- 21r ~ 
r94 3'r/IF lr 
1"gs "y~(1440) - *  ~ K ~ r  
r ~  -~(1440) -~ .y.~po 
r97 3'7/(1440) --~ .yT/~r+~r - 
r98 "Ypp 
F99 3"7/ ' (958) 

FlOO ~'2~r+ 27r - 
rlOl -r f4(2050) 
r i o  2 -y oJ uJ 

Flo3 "rnO440)-~ .ypopo 
rlo4 "r f2(1270) 
FlOS -rfj(1710)-~ -yKK 

F106 -)'~/ 
F107 "7f1(1420)--~ 3'KK~r 
r108 "/f1(1285) 
I-lo 9 "/f~(1525) 
FllO "7@@ 
Fll l  ")'pp 
Fl12 "7'r/(2225) 
ru3 -~/(1760)--+ ,),p0p0 
r l l  4 ~,~r 0 

r116 "7-)' 
r117 ~/AA 
Fll 8 3"7 
r119 ~/f0(2200) 
F12 o "y fj(2220) 
r121 -t' fo(1500) 
E12 2 -) ,e+ e - 

[a] 

< 

< 

Radiative deca~ 

[c] 

2.094-0.18) x 10 - 3  

2.004-0.10) x 10 - 3  

1.9 4-0.5 ) x 10 - 3  

1.8 4-0.4 ) • 10 - 3  

1.354-0.147 x 10 - 3  

1.094-0.09) x 10 - 3  

1�9 x 10 - 3  

8.9 4-1.6 ) x 10 - 4  

7.0 4-3.0 ) x 10 - 4  

2.9 4-0.8 ) x 10 - 4  

2.374-0.317 X 10 - 4  

2.2 4-0.7 ) X 10 - 4  

1.474-0.237 x 10 - 4  

1.084-0.14) x 10 - 4  

1.5 x 10 - 4  

5.2 x 10 - 6  

1.3 4-0.4 ) % 

8.3 4-3.1 x 10 - 3  

6.1 4-1.0 x 10 - 3  

9.1 4-1.8 x 10 - 4  

6.4 4-1.4 x 10 - 5  

3.4 4-0.7 x 10 - 4  

4.5 4-0.8 x 10 - 3  

4.314-0.3C x 10 - 3  

2.8 4-0.5 • 10 - 3  

2.7 4-0.7 x 10 - 3  

1.594-0.33) x 10 - 3  

1.7 4-0.4 ) x 10 - 3  

1.384-0.14) x 10 - 3  

8.5 _+~:~ ) x lO-4 
8.6 4-0.8 ) x 10 - 4  

8.3 4-1.5 ) x 10 - 4  

6.5 4-1.0 ) x 10 - 4  

4.7 -+0% ) • lO-4 
4.0 4-1.2 ) x 10 - 4  

3.8 4-1.0 ) x 10 - 4  

2.9:1:0.6 ) x 10 - 4  

1.3 4-0.9 ) x 10 - 4  

3.9 4-1.3 ) x 10 - 5  

7.9 x 10 - 4  

5 x 10 - 4  

1.3 x 10 - 4  

5.5 x 10 - 5  

> 2.50 x 10 - 3  

( 5.7 4-0.8 ) x 10 - 4  

( 8.8 4-1.4 ) x 10 - 3  

S=1.8 

S=1.2 

CL=90% 

CL=90% 

S=1.9 

S=1.3 

S=1.2 

S=2.1 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=99.9% 

[a] The value is for the sum of the charge states of particle/antiparticle states 
indicated. 

[b] Includes p~Tr+ ~r-'y and excludes PP~I, ppu;. ppTi r. 

[c] See the "Note on the T/(1440)" in the T/(1440) Particle Listings. 

J /~ (15)  PARTIAL WIDTHS 

r(hadrons) 
VALUE (keV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

74.14- 8.1 BAI 95B BES e + e  - 
59 4-24 BALDINI-...  75 FRAG e + e  - 
59 4-14 BOYARSKI 75 MRK1 e + e  - 
80 4-25 Ec;POSITO 75B FRAM e §  - 

r(vlrtual~-,  hadrons) 
VALUE (keV) DOCUMENT ID TECN COMMENT 

12 4-2 3BOYARSKI 75 MRK1 e + e  - 

3 Included in r (hadrons). 

Fz 

F= 
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Meson Particle Listings 
J/V;(zs) 

r (e+ , - )  rs 
VALUE(.,) DOCUMENT,D TECN COMMENT 
m;.26-(-0.37 O U R  E V A L U A T I O N  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

5.144-0.39 BAI 958 BES e §  - 

5 3 ~+0"29 4 HSUEH 92 RVUE See T mini-review �9 - -  0.28 
4.724-0.35 ALEXANDER 89 RVUE See T minl-revlew 
4.4 4-0.6 4 BRANDELIK 79(: DASP e-Fe - 
4.6 4-0.8 5 BALDINI-...  75 FRAG e §  
4.8 4-0.6 BOYARSKI 75 MRK1 e §  - 
4.6 4-1.0 ESPOSITO 75B FRAM e + e  - 

4 From a simultaneous f i t  to e + e--,/~-t- p - ,  and hadronlc channels assuming r(e+ e-) 
= r0,%,-). 

5Assuming equal partial widths for e + e  - a n d / J + / ~ - .  

rO,+ .  - )  r ,  
VALUE (keV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

5.134-0.52 BAI 95B BES �9 + e -  
4.8 4-0.6 BOYARSKI 75 MRK1 e + e  - 
5 4-1 ESPOSITO 75B FRAM e + e  - 

r(-rr) r l .  
VAL UE (eV) CL._.~ DOCUMENT ID TECN COMMENT 

<5.4  90 BRANDELIK 79C DASP e + e  - 

J/,/,(ls) r(l)r(e+ e-)/r(tota0 
This combination of a partial width wi th the partial width Into e + e  - 
and wi th the total width Is obtained from the integrated cross section Into 
channel I in the e + e -  annihilation. 

I'(hadrons) x r(e+e-)ir~= r ~ r d r  
VALUE (keY) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

4 4-0.8 6 BALDINI-... 78 FRAG e + e -  
3.94-0.8 6 ESPOSITO 75B FRAM �9 §  

r(e+e.) x r(e§ rsrdr 
VALUE (keY) DOCUMENT IO TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.354-0.02 BRANDELIK 79(: DASP e + e  - 
0.324-0.07 6 BALDINI-... 75 FRAG �9 + e -  
0.344-0.09 6 ESPOSITO 75B FRAM e + e -  
0.364-0.10 6 FORD 75 SPEC �9 + e -  

r0,+~,- ) x r (e+e-) i r~,~ r4rdr  
VALUE (keV) DOCUMENT It) TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.514-0.09 DASP 75 DASP e §  - 
0.384-0.05 6 ESPOSITO 758 FRAM e + e  - 

r (p~  x r (e+e- ) i r~ , ,  r ~ r d r  
VALUE (eV) DOCUMENT ID TECN COMMENT 

9.74-1.7 7 ARMSTRONG 938 E760 ~ p  --* �9 + e -  

6Data redundant with branching ratios or partial widths above. 
7 Using Ftota I = 85.5_+6:1 MeV. 

J / r  BRANCHING RATIOS 

For the first four branching ratios, see also the partial widths, and (partial 

widths) x r (e  + e - ) / r t o t a  I above. 

r (h~ro~) I r~ , i  r d r  
VALUE DOCUMENT ID TECN CQMM~I~T 
0 .8774 -0 .005  O U R  AVERAGE 

0,878 •  BAI 95B BES e + e  - 

0 .86 •  BOYARSKI 75 MRK1 e + e  - 

r(vlrtual~-,  ~drons)/rt=,= r=/r 
VALU~ DOCUMENT ID TECN COMMENT 

0.17 4-0.02 8BOYARSKI 75 MRK1 e + e  - 

8 Included In r (hadrons) / r to ta  I. 

r (e+e-) I r==i  r=/r 
VALU E DOCUMENT ID TECN COMMENT 
0 . 0 ~ ] 2 4 - 0 . 0 0 1 g  O U R  AVERAGE 

0.06094-0.0033 BAI 95B BES e + e  - 
0.05924-0.00154-0.0020 COFFMAN 92 MRK3 ~ ( 2 5 ) ~  J / ~ r + x  - 

0.069 4-0.009 BOYARSKI 78 MRK1 e + e -  
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Meson Particle Listings 
J/ (1S) 
r0.+~.-)irtm, r4r 
VAIrU E DOCUMENT ID TEEN COMMENT 
0.0~01:b0.10Olg OUR AVERAGE 
0.06084-0.0033 BAI 95B BES e + e  - 
0.05904-0.00154-0.0019 COFFMAN 92 MRK3 ~b(2S)-+ J / V ~ + ~  - 

0.069 4-0.009 BOYARSKI 75 MRK1 e + e  - 

r(e+ e-)/r(~,%,-) rg/r4 
VA~U~ OOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.004-0.07 BAI 95B BES e + e  - 
1.004-0.05 BOYARSKI 75 MRK1 e + e  - 
0.914-0,15 ESPOSITO 758 FRAM e + e  - 
0.934-0.10 FORD 75 5PEC e + e -  

HADRONIC DECAYS 

r(~-)/rtml 
VALUE EVT$ 
O.0127d:o.OOOS OUR AVERAGE 
0.0121 4- 0.0020 
0.0142 4- 0.00014- 0.0019 
0.013 4-0.003 150 
0.016 4- 0.004 183 
0.01334-0.0021 
0.010 4- 0.002 543 
0.013 4-0.003 153 

r(~~176 
VA~Ue 

0 . ~ i l 4 " 0 ~ 0 5 4 " 0 ~ 2 7  

DOCUMENT ID TEEN 

BAI 96D BES 
COFFMAN 88 MRK3 e + e -  
FRANKLIN 83 MRK2 e + e -  
ALEXANDER 78 PLUT e + e  - 
BRANDELIK 78s DASP e + e  - 
BARTEL 76 CNTR e + e  - 
JEAN-MARIE 76 MRK1 e + e  - 

DOCUMENT ID TECN COMMENT 

COFFMAN 88 MRK3 e-t'e - 

COMMENT 

e + e - - ~  pE 

rg/r 

r~/rg 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.35 4-0.08 ALEXANDER 78 PLUT e + e  - 
0.32 4-0.08 BRANDELIK 78B DASP e + e  - 
0.39 4-0.11 BARTEL 76 CNTR e + e  - 
0.37 4-0.09 JEAN-MARIE 76 MRK1 e + e  - 

r(~(l~2O) e)/r~= r~/r 
VALUE (units 10 -3) EVTS DOCUMENT ID TECN COMMENT 

10.94"2.2 OUR AVERAGE 
11.74-0.74-2.5 7584 AUGUSTIN 89 DM2 J / ~  ~ pOp4-~r~: 

8.44-4.5 36 VANNUCCI 77 MRK1 e - t - e - - *  2 ( ~ + ~ - ) ~  0 

r(...+x+.-.-)/r=~, re/r 
VALUE (units 10 -4) E V T S  DOCUMENT ID TEEN COMMENT 

M4"34  140 VANNUCCI 77 MRK1 e + e  - ~ 3(~r+~-)~r 0 

r(..r+,r) Irtm, rdr 
VALUE (units 10 -3 ) EVT5 DOCUMENT IO TEEN COMMENT 

7.2=1=1.0 OUR AVERAGE 
7.0+1.6 18058 AUGUSTIN 89 DM2 J / r  ~ 2(w+~- )~ t0  
7.84-1.6 215 BURMESTER 77D PLUT e + e  - 
6,84-1.9 348 VANNUCCl 77 MRK1 e + e  - ~ 2 ( ~ + ~ - ) ~  0 

r ( . . + . - ) / r  (=0r + . - )~~ r,/r,z 
VALUE DOCUMENT ID TEEN COMMENT 

�9 = = We do not use the following data for averages, fits, limits, etc. = = �9 

0.3 9JEAN-MARIE 76 MRKI  e + e  - 

9 Final state (~+~ r - ) ; t  0 under the assumption that w~ Is Isospln O. 

r (K*(892)~ ~ + c.c.)/r~= r ldr  
VALUE (units 10 -4) EVTS DOCUMENT ID TECN COMMENT 

61'4-26 40 VANNUCCI 77 MRK1 e+e  - 
~ +  ~ r -  K +  K - 

r (~ K*(s92)R'+ c.c.)/rt~:l r , . I r  
VALUE (units 10 -4) E V T S  DOCUMENT ID TEEN COMMENT 

~ 4-14"1"14 5304- BECKER 87 MRK3 e + e - - - ~  hadrons 
140 

r(~r~(12~o))/rt~i r~o/r 
VALUE (units 10 -3 } E V T S  DOCUMENT ID TEEN COMMENT 

4,3:t:0.~ OUR AVERAGE 
4.34-0.24-0.6 5860 AUGUSTIN 89 DM2 e+e  - 
4.04-1.6 70 BURMESTER 77D PLUT e-F�9 - 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.94-0.8 81 VANNUCCI 77 MRK1 e + e - ~  2 ( w + ~ r - ) x  0 

r (K+~ ' (m)  - + r162 
VALUE (units 10 -3) EVT5 DOCUMENT ID TEEN 
ILO :EOA OUR AVERAGE 
4.574-0.174-0.70 2285 JOUSSET 90 DM2 
5.264-0.134-0.53 COFFMAN 88 MRK3 

�9 �9 �9 We do not use the following data for averages, fits, limits, 

2.6 4-0.6 24 FRANKLIN 83 MRK2 
3.2 4-0.6 48 VANNUCCI 77 MRK1 

4.1 4-1.2 39 BRAUNSCH... 76 DASP 

r (K~ .189210 + c.c.)/rt~ 
VALUE (units 10 -3 ) EVTS DOCUMENT ID TEEN 
4.2 4"0.4 OUR AVERAGE 
3.964-0.154-0.60 1192 JOUSSET 
4.334-0.124-0.45 COFFMAN 

r ~ / r  
COMMENT 

J / '~  ~ hadrons 

K +  K - 1 r  0 
etc, �9 �9 �9 

J/@ ~ K + K - ; r  0 

J / ~  ~ K4" KOsIr~ 

J / ' b  "-~ K ' I ' X  

r14/r 
COMMENT 

90 DM2 J/V) ~ hadmns 
88 MRK3 J / ~  ~ K 4 - K O w  :~: 

�9 * * We do not use the following data for averages, fits, limits, etc. * �9 �9 

2.7 4-0.6 45 VANNUCCI 77 MRK1 J/V) ~ K 4- KO 5 7 r T  

r (Ko~',(m)o + r162 + c.r r14/rl= 
VAloUr. DOCUMENT ID TEEN COMMENT 

0.824-0.rm4"0.Og COFFMAN 88 MRK3 J / O  --+ 

K "K*(892)-Fc.c. 

r O o ~ ) / r  ~ ,  ru/r 
VALUE (units 10 -3 ) EVT5 DOCUMENT ID TEEN COMMENT 

3.4:1:0.34"0.7 509 AUGUSTIN 89 DM2 J/VJ ~ ~ + ~ - 3 7 r  0 

r(~(~sl4",r=F)ir~,, r~/r 
VALUE (units 10 -4) E V T S  DOCUMENT ID TEEN COMMENT 
304"11 OUR AVERAGE 
314-6 4600 AUGUSTIN 89 DM2 J / ~  -~ 2 ( ~ + ~ - ) ; r  0 
294-7 87 BURMESTER 77D PLUT e + e  - 

r(~,K* ~s'r~)Irt~ ru l r  
VALUE (units 10 -4 ) EVTS DOCUMENT ID TEEN COMMENT 

29.B4"1.4"l'7.8 8794- BECKER 87 MRK3 e + e - - - *  hadrons 
41 

r(~(~)o.~)ir~= r . l r  
VALUE (units 10 -4 ) EVT5 DOCUMENT It:) TEEN COMMENT 

234-34"5 229 AUGUSTIN 89 DM2 e + e  - 

r (§ c.c.)/rtml r~,Ir 
VALUE (units 10 -4 ) EVT$ DOCUMENT ID TEEN COMMENT 
20.44"2.8 OUR AVERAGE 
20.74-2.44-3.0 FALVARD 88 DM2 J / ~  ~ hadrons 
20 4-3 4-3 1554- BECKER 87 MRK3 e + e  - - - *  hadrons 

20 

r(~ KR)/rtm, r=o/r 
VALUE(units 10 -4) EVTS DOCUMENT ID TECN COMMENT 
19 4" 4 OUR IiVERAGE 
19.84- 2.14-3.9 10 FALVARD 88 DM2 J / ~  --~ hadrons 
16 4-10 22 FELDMAN 77 MRK1 e + e  - 

10 Addition of ~ K + K -  and ~. K 0 ~-0 branching ratios. 

r ( .  fJ(1710) ~ ~ K'g)/r~mi 
VALUE(units 10 -4) DOCUMENT ID TEEN COMMENT 

4.114.1.14.0.3 11,12 FALVARD 88 DM2 J / ~  ~ ha~lrons 

11Includes unknown branching fraction fJ(1710) ~ K~:. 
12Addition of fJ(1710) --~ K + K -  and fJ(1710) --~ K 0 K  "0 branching ratios. 

r~a/r 

r(§ r - / r  
VALUE(units 10 -4) DOCUMENT ID TEEN COMMENT 

llL0=E1.0-1-3.0 FALVARD 88 DM2 J / ~  ~ hadrons 

r(A(lZ~)++~,.-)Ir=,, r..Ir 
VALUE (units 10 -3 ) EVTS DOCUMENT ID TECN COMMENT 

1.584"0.23-1-0.40 332 EATON 84 MRK2 e + e  - 

r(~,7)Irt.t,, r~Ir 
VALUE(units 10 -3) EVTS DOCUMENT ID TEEN COMMENT 
1Ji84"0.1S OUR AVERAGE 
1.434-0.104-0.21 378 JOUSSET 90 OM2 J / ~  --~ hadrons 
1.714-0.08+0.20 COFFMAN 88 MRK3 e + e  - ~ . 3 ~ f l  

r(~x~/r~tj rs/r 
VALUE {unlts 10 -4) EVT$ DOCUMENT ID TEEN COMMENT 
14.g=i:2.2 OUR AVERAGE 
14.64-0.84-2.1 13 FALVARD 88 DM2 J/~b ~ hadrons 
18 + 8  14 FELDMAN 77 MRK1 e + e  - 

+ K 0 13Addition of ~ K  K -  and ~ ~ branching ratios. 
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r(,o(zn0)-~ § 
VALUE (units 10 -4) DOCUMENT ID TECN COMMENT 

gJr~4.0.24-0.6 14,15 FALVARD 88 OM2 J/V) ~ hadrons 

14Including Interference with f~(1525). 

181ncludes unknown branching fraction fJ(1710) ~ KK.  

r(p~)/r~,, 
VALUE (units 10 -3 ) Ev'rs DOCUMENT ID TECN COMMENT 
1.104-0.211 OUR AVERAGE Error Includes scale factor of 1.3. 
1.104-0.174-0.18 486 EATON 84 MRK2 e+e - 
1.6 4-0.3 77 PERUZZI 78 MRK1 e+e - 

r (a02~2)++3(~)--)/r~. 
VALUE(units 10 -3) EVTS DOCUMENT ID TECN COMMENT 

1.104"0.094"0.28 233 EATON 84 MRK2 e + e -  

r(z0~s)-1"(um)+(or r.c.))/rt=,, 

r~/r 

r~/r 

r,./r 

rm/r 
VALUE (units 10 -3) EVTS DOCUMENT IO TECN COMMENT 
1J~4.O.13 OUR AVERAGE 
1.00-;-0.044-0.21 6314- HENRARD 87 DM2 e+e - -*  E * -  

25 
1.19• 7544- HENRARD 87 DM2 e + e -  - *  E * +  

27 
0.86+0.184-0.22 56 EATON 84 MRK2 e 4 e - ~  ~ * -  
1.034-0,24• 68 EATON 84 MRK2 e + e - ~  s  

r (pPd(~))/r~., r=/r 
10 -3 ) EVTS DOCUMENT ID TECN COMMENT VALUE (units 

0.9 4.0,4 OUR AVERAGE Error includes scale factor of 1.7. 
0.684-0,234-0.17 19 EATON 84 MRK2 e4e - 
1.8 •  19 PERUZZI 78 MRK1 e + e  - 

r (§ 
VALUE (units 10 -4 ) EVTS DOCUMENT ID TECN COMMENT 
g 4.4 OUR AVERAGE Error Includes scale factor of 2.7. 

12.3• 16.17 FALVARD 88 DM2 J / #  ~ hadrons 
4.8-;-1,8 46 16GIDAL 81 MRK2 J /V) - - *  

K + K - K + K  - 

16Re-evaluated using B(f~(1525) ~ K K )  ---- 0.713. 

17including interference with fJ(1710). 

r . / r  

r(§ r~/r 
VALUE(units 10 -3) EVTS DOCUMENT ID TECN COMMENT 

0.804-O,12 OUR AVERAGE 
0.78• FALVARD 88 DM2 J/V) -~ hadrons 
2.1 4-0.9 23 FELDMAN 77 MRK1 e+e - 

r(§ ~ ) I r ~ . ,  r..Ir 
VALUE (units 10 -4 ) EVTS DOCUMENT ID TECN COMMENT 
?.2-1"0.9 OUR ,III/ERAGE 
7.44-0.9-;-1.1 FALVARD 88 DM2 J/V) "-~ hadrons 
7 4-0.64-1.0 1634- BECKER 87 MRK3 e + e - - - ~  hadmns 

15 

r(~r~(t42o))/rto== r~Ir 
VALUE (units 10 -4 ) EVT~ DOCUMENT ID TECN COMMENT 

U--'ae~': 4. '1"7. 111431--Z{~ BECKER 87 MRK3 e4e--  --* had . . . .  

r(§ ru/r 
yALUE {unlts 10 -3 ) EVTS DOCUMENT ID TECN COMMENT 

0.r 4.0.07 OUR AVERAGE 
0.64 4-0.04 4-0.11 346 JOUSSET 90 DM2 J/V) "-~ hadrons 
0.661+0.0454-0.078 COFFMAN 88 MRK3 e + e - . - ~  K + K - r /  

r(-llS~O)-_-~+)/r~ r=/r 
VALUE (U~Its 10 -3 ) EVT~ DOCUMENT ID TECN COMMENT 

0.B4.0.0~4.0.12 75 4- HENRARD 87 DM2 e+e - 
11 

r (p K-  ~(l~ls)o) /r~=, r~/r  
VALUE (u~its 10 -3 ) E V T S  DOCUMENT ID TECN COMMENT 

0.111::1=0.284-0.111 89 EATON 84 MRK2 e + e  - 

r(,.,,~)Ir~= r=/r 
VALUE (ulIIts 10 -3) EVTS DOCUMENT ID TECN COMMENT 

042 :l:O.o4 OUR AVERAGE Error Includes scale factor of 1.4. 
0.3604-0.0284-0.054 222 JOUSSET 90 DM2 J/V) "~ hadrons 
0.482-;-0.0194-0.064 COFFMAN 88 MRK3 e + e - ~  ~r0~r+~r-~r 0 
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bution at 1297 Mev. 

r(p,~)Ir~, 
VALUE (units 10 -3 ) EV'I'S 

0.183=1:0.023 OUR AVERAGE 
0.194 +0.017• 299 
0.1934.0.013+0.029 

r (~,l(gSlll) Ir~,~ 
VALUE (ualts 10 -3 ) EVT$ 

0.11ff=l=0J~g OUR AVERAGE 
0.18 40.10 -0.08 :t:0.03 6 

0.1664-0.0174-0.019 

r (~ lml) / r~= 
VALUE (units 10 -4 ) 

1A1-kO.27-~OA7 

DOCUMENT ID TECN COMMENT 

r~Ir 

JOUSSET 90 DM2 J/V) ~ hadrons 
COFFMAN 88 MRK3 e + e - ~  ~r4~r--~/ 

re/r 
DOCUMENT ID TECN COMMENT 

JOUSSET 90 DM2 J/V) "-~ hadrons 

COFFMAN 88 MRK3 e + e - - - ~  3~rr/t 

DOCUMENT ID TECN COMMENT 

r~Ir 

20AUGUSTIN 89 DM2 J/V) --b 2 ( l r + R - ) ~  0 

20Asssmlng B(f0(980 ) - *  ~lr) = 0.78. 

r(H(9.~))Ir~.~ 
VALUE (units 10 -3 ) EVTS 

0.10B:b0~l.8 OUR AVERAGE 
0.083:1:0.0304-0.012 19 
0,1144-0.0144-0.016 

r(pil~)Ir~,, 
VALUE (units 10 -4 ) 

r(~(mo)*.~)/r== 
VALUE (units 10 -4 ) CL~.~ 

<48 9O 

r (K~(1~ )+  r162 
VALUE (u.lts 10 -4) CL.~ 

<40 90 

DOCUMENT ID TECN COMMENT 

r4dr 

JOUSSET 90 DM2 J/V) ~ hadrons 
COFFMAN 88 MRK3 J/V)- -~ ~ + ~ - T 1  t 

ra/r 
DOCUMENT ID TEEN COMMENT 

FALVARD 88 DM2 J/V) "- '  hadrons 

r~Ir 
DOCUMENT ID TECN COMMENT 

BRAUNSCH... 76 DASP e + e  - 

rsolr 
DOCUMENT ID TECN COMMENT 

VANNUCCI 77 MRK1 e + e - - - ~  K0~'~ 0 "  

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

<66 90 BRAUNSCH... 76 DASP e + e - - - *  K4.~2:F 

r(~(~))Ir~ rmlr 
VALUE (units 10 -3) CL~ EVTS DOCUMENT IO TECN COMMENT 

0.,13 "1"0.04 OUR AVERAGE 
0.41 • 4-0.08 167 JOUSSET 90 DM2 J / V ) - *  

hadrons 
0.3084-0.0344-0.036 COFFMAN 88 MRK3 e+e - 

K + K -  T/I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.3 90 VANNUCCI 77 MRK1 e+e - 

r(~(~o))/r== r~o/r 
VALUE (units 10 -4 ) EV'I'5 DOCUMENT ID TECN COMMENT 

3.24"0.9 OUR AVERAGE Error Includes scale factor of 1.9. 
4.64-0.4+0.8 18 FALVARD 88 DM2 J/V) ~ hadrons 
2.6• 50 18 GIDAL 81 MRK2 J/V) " *  

K + K - K + K  - 

18Assumln8 B(f0(980 ) --* lr~r) = 0.78. 

r(-(~.~o)o~)ir== r~Ir 
VALUE(units 10 -3 ) E V T S  DOCUMENT ID TECN COMMENT 

0.82=1:0.12-l-0.07 24 • HENRARD 87 DM2 �9 4 e -  
9 

r (z (1~)-  I"+ (or c.r r~Ir 
VALUE(units 10 -3) E V T S  DOCUMENT ID TECN COMMENT 

0,31=1=0.0S OUR AVERAGE 
0.304-0.03• 74 4. HENRARD 87 DM2 �9 + e -  ~ E � 9  

8 
0.344--0.044-0.07 77 4- HENRARD 87 DM2 e+e - --~ ,E . 4  

9 
0.294-0.114-0.10 26 EATON 84 MRK2 e + e - - - ~  E * -  
0.314-0.11+0.11 28 EATON 84 MRK2 e 4 e - ~  E . 4  

r(§ r,dr 
VALUE(units 10 -4 ) E V T S  DOCUMENT ID TECN COMMENT 

2.8"1"0Ji OUR AVERAGE Error Includes scale factor of 1.1. 
3.24-0.64"0.4 JOUSSET 90 DM2 J/V) ~ ~20r+Tr - )  
2.14-0.5+0.4 25 19 JOUSSET 90 DM2 J/V) --. ~ r p r + ; r  - 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.64-0,2• 16 • BECKER 87 MRK3 J/V) ~ < b K ' ~ r  
6 

19We attrrlbute to the f1(1285) the signal observed In the ~'41r- T/Invadant mass dlstrl- 
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F (K~=(1430)~176 r . / r  
VALUE (units 10 -4) CL~_% DOCUMENT ID TECN COMMENT 

<29 90 VANNUCCI 77 MRK1 e + e  - 
~r+ ~ r -  K +  K - 

r(K*(892) ~ ~ re/r 
VALUE (units 10 -4 ) CL~_% DOCUMENT ID TECN COMMENT 

<g 90 VANNUCCl 77 MRK1 e + e  - 
~r+ ~ r -  K +  K - 

r(§ r=Ir 
VALUE (unlts 10 -4 ) CL_~_% DOCUMENT ID TECN COMMENT 

<3.7/' 90 VANNUCCl 77 MRK1 e + e  - - *  
~r+ ~r- K +  K - 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<4,5 90 FALVARD 88 DM2 J/V) --' hadrons 

r(pp~)Ir~., rr~Ir 
VALUE (units 10 -3 ) CL._~_% DOCUMENT ID TECN COMMENT 

<0.31 90 EATON 84 MRK2 e + e - ~  hadrons'7 

r(§ ~rt..)/rt== r=/r 
VALUE (units 10 -4) CL_~_% DOCUMENT ID TECN COMMENT 

<2J~ 90 21 FALVARD 88 DM2 J/t~ --~ hadrons 

21Includes unknown branching fraction r/(1440) ~ ~/~r~r. 

r(,.q(zs~))Ir~,, rt~Ir 
VALUE (units 10 -4) CL~_% DOCUMENT ID TECN COMMENT 

r(K~x)/rtm= 
VALUE (units 10 -4 ) EVTS 
Sl  4-10 O U R  ~ = R A G E  

<2.2 90 22VANNUCCI 77 MRK1 e + e  - 
~ + ~ - ~ O K +  K -  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<2.8 90 22 FALVARD 88 DM2 J/ .~ ~ hadrons 

22Re-evaluated assuming B(f~(1525) ~ K K )  = 0.713. 

DOCUMENT ID TEEN COMMENT 

HENRARD 57 DM2 e + e -  

DOCUMENT ID TECN COMMENT 

HENRARD 87 DM2 e + e  - 

DOCUMENT ID TECN COMMENT 

HENRARD 87 DM2 e + e  - 

DOCUMENT IO TECN COMMENT 

rn/r 

r=/r 

rr~/r 

rto/r 

COFFMAN 88 MRK3 e + e - - ~  K + K - - x  0 

r61/r 
DOCUMENT ID T~-(; N COMMENT 

AUGUSTIN 89 DM2 J / r  ~ 2(x' i '~r-)~r 0 
FRANKLIN 83 MRK2 e + e - ~  hadrons 
BURMESTER 77D PLUT e + e  - 
JEAN-MARIE 76 MRK1 e + e  - 

rl=/r 
DOCUMENT ID TECN COMMENT 

FRANKLIN 83 MRK2 e + e - ~  hadmns 
JEAN-MARIE 76 MRK1 e + e  - 

DOCUMENT ID TECN COMMENT 

FRANKLIN 83 MRK2 e + e  - 

DOCUMENT ID TECN COMMENT 

VANNUCCI 77 MRK1 e + e  - 

DOCUMENT ID TECN COMMENT 

JEAN-MARIE 76 MRK1 e + e  - 

DOCUMENT ID TECN COMMENT 

VANNUCCI 77 MRK1 e + e  - 

ru/r 

rM/r 

ru/r 

ru/r 

DOCUMENT ID TECN COMMENT 

r67/r 

55.2:t:12.0 25 FRANKLIN 
78.0:E21.0 126 VANNUCCI 77 MRK1 e + e - ~  KOsK~:x~: 

r(p~.+.-)/r=,,  
VALUE (units 10 -3 ) EVT$ DOCUMENT IO TECN COMMENT 
E.O 4"0.3 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below. 

6.46-;-0.174-0.43 1435 EATON 84 MRK2 e + e  - 
3.8 :E1.6 48 BESCH 81 BONA e + e  - 
5.5 4-0.6 533 PERUZZI 78 MRK1 e + e  - 

83 MRK2 e + e - ~  K + K - x  0 

ru/r 

23 Assuming angular distribution (1+cos28). 

r(z(l~s)~ 
VALUE (units 10 -3 ) CL~ 

<0.2 9O 

VALUE (units 10 -3 ) CL.~.~ 

<0.1 90 

VALUE (units 10 -4 ) CL.__~ 

<0.9 90 

r (~) / r~  
VALUE (units 10 .4  ) CL~_% 

<O.0rdl 90 

r(2(.r+.-)x~ 
v4/,V~ gVTS 
0.03374-0.0026 O U R  AVERAGE 
0.0325 • 0.0049 46055 
0.0317 :E 0.0042 147 
0.0364 :J: 0.0052 1500 
0.04 :1:0.01 675 

r(sl.+.-)~~ 
VALUE EVTS 
0.O294"0.OO4 O U R  ,M/ERAGE 
0.028::E 0.009 11 
0.0294-0.007 181 

r(.+.-.O)/r~= 
VN.V~ EVTS 

O.01B 4-0.002 168 

r (.+ . -  ~o K+ K-)/l'tot,, 

0.012 4- 0.003 309 

r(~,,+,-),~)/r~ 
VALUE (,nits 10 -4) EVTS 

904-30 13 

r(.+ . -  K+ X - ) / r ~  
VALUE (,nits 10 -4) EVTS 

724-22 205 

3,36 + 0,65:1:0.28 364 
1.6 :t: 0.6 39 

r(p~)/r~,, 
VALUE(units 10 -3 ) Ev'r$ 
2.14=1=0.10 O U R  AVERAGE 
2.0:1:0.3 48 
1.91:E 0.04 4- 0.30 
2,16 ::E 0.07 :E 0.15 1420 
2,5 :E0.4 133 
2.0 :t: 0.5 
2.2 :t:0.2 331 

ANTONELLI 93 SPEC �9 + e -  
PALLIN 57 DM2 e + e  - 
EATON 54 MRK2 e + e  - 
BRANDELIK 79c DASP e + e  - 
BESCH 78 BONA e + e  - 

23pERUZZI 75 MRK1 e + e  - 

EATON 84 MRK2 e + e -  
PERUZZI 75 MRK1 e + e -  

r . / r  
DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2.4 4-2.6 3 BESCH 81 BONA e + e  - --~ E - F ' ~  - 

r(2(x+,r,) K+ K-)lr== rn/r 
VALUE[units 10 -4) EVT$ DOCUMENT ID TECN COMMENT 

$14"13 30 VANNUCCI 77 MRK1 e + e  - 

r(p~.+.- .~ r74/r 
Including p ~ r  + l r -~ ,  and excluding ~, r/, r/I 

VALUE (units 10 -3 ) E V T S  DOCUMENT It) TECN COMMENT 
2.3 "1"0.9 OUR AVERAGE Error includes scale factor of 1.9. 

r(2(.§ r . / r  
VALUE E V T S  DOCUMENT tD TECN COMMENT 

0.004 ,4-0.001 76 JEAN-MARIE 76 MRK1 e + e  - 

r(s(.+.-))/r~., rTo/r 
VALUE (units 10 -4 ) . ,EVTS DOCUMENT ID TECN COMMENT 

404-20 32 JEAN-MARIE 76 MRK1 e't 'e - 

r ( .w.+. - ) / r~ ,  r~/r 
VALUE(units 10 -3) E V T S  DOCUMENT ID TECN COMMENT 

~LI1-1-$.3 5 BESCH 81 BONA e + e -  

r(~l'~ rr~/r 
VALUE (units 10 -3) E V T S  DOCUMENT ID TECN COMMENT 
1.274-0.17 OUR AVERAGE 
1.06:E0.O4:E0.23 884-1" PALLIN 87 DM2 e + e  - --* LrO~ O 

30 
1.58-~0,16:1:0.25 90 EATON 84 MRK2 e + e - - - *  E 0 L  P0 
1.3 •  52 PERUZZI 78 MRK1 e + e  - --~ ~ '0 rO  
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r(pp,~)Ir~mn 
VALUE (units 10 -3)  EVT5 DOCUMENT 10 TECN COMMENT 
2.1~-1-0.18 OUR AVERAGE 
2.034-0.134-0.15 826 EATON 84 MRK2 e + e  - 
2.5 •  BRANDELIK  79C DASP e + e  - 
2.3 4-0.4 " 197 PERUZZI 78 MRK1 e §  - 

r(pwx-)Ir~,= 
VALUE (units 10 -3  ) E V T S  DOCUMENT ID TECN COMMENT 
2.004.0.10 OUR AVERAGE 
2.02•  1288 EATON 84 MRK2 e + e - - - *  p~r -  
1.934-0.074-0.16 1191 EATON 84 MRK2 e §  - - - ~  ~ r  "l" 
1.7 4-0.7 32 BESCH 81 BONA e §  p~r -  
1.6 4-1.2 5 BESCH 81 BONA e ' §  ~ r  "l" 
2.164-0.29 194 PERUZZI 78 MRK1 e ' §  p~r -  
2.044-0.27 204 PERUZZI 78 MRK1 e §  - ~ ~ r  "l" 

r(-_--=)/rt=., 
VALUE (units 10 -3 )  E V T S  DOCUMENT ID TECN COMMENT 

r~/r 

rnlr 

r~/r 

1.8 4"OA OUR AVERAGE Error Includes scale factor of  1.8. See the Ideogram below. 

1.404-0.124-0.24 1324. HENRARD 87 DM2 e ' l 'e  - ~ --=----~--§ 
11 

2.284.0.164.0.40 194 EATON 84 MRK2 e §  - - ~ +  
3.2 4.0.8 71 PERUZZI 78 MRK1 e §  - 

r(.~O/r~= 
VALUE(units 10 -2 ) EVT5 DOCUMENT ID TECN COMMENT 
0.19 4"0.(]6 OUR AVERAGE 
0.1904-0.055 40 ANTONELL I  93 SPEC e §  - 
0 .18:1:0.09 BESCH 78 BONA e §  - 

r(~;~/rt=., 
VALUE (units 10 -3)  EV7~ DOCUMENT ID TECN COMMENT 

r~/r 

r=Ir 

1.384-0.14 OUR AVERAGE 
1.384- 0.054- 0.20 1847 
1.584.0.084.0.19 365 
2.6 4-1.6 5 
1.1 4-0.2 196 

r(pp=r~ 
VALUE (units 10 -3  ) EV7"S 
1.094-0.0~ OUR AVERAGE 
1.134- 0.094- 0.09 685 
1.4 4-0.4 
1.004-0.15 109 

r(~'-.+(or c.c.))Ir~,, 
VALUE (units 10 -3 )  EVTS 
1.064-0.12 OUR AVERAGE 
0.904-0.064.0.16 2254. 

15 
1.114.0.064.0.20 3 4 2 •  

18 
1.534-0.174-0.38 135 
1.384-0.214-0.35 118 

r(pK-~/rt=,, 
VALUE (units 10 -3  ) EVTS 

0,894-O.074-0.14 307 

Error Includes scale factor of  1.2. 
PALLIN 87 DM2 e "F e -  
EATON 84 MRK2 �9 + e -  
BESCH 81 BONA �9 §  
PERUZZI 78 MRK1 e §  - 

DOCUMENT ID TECN COMMENT 

EATON 84 MRK2 e §  - 
BRANDELIK 79C DASP e + e  - 
PERUZZI 78 MRK1 e §  - 

DOCUMENT ID TECN COMMENT 

r . / r  

r,,Ir 

HENRARD 87 DM2 e + e  - --~ A ~ + ~ r  - 

HENRARD 87 DM2 e + e  - ~ A ~ - ~ r  + 

EATON 84 MRK2 e ' l 'e  - ~ A'~'§ - 
EATON 84 MRK2 �9 §  ~ A ' ~ - ~ r  § 

r=/r 
DOCUMENT IO TECN COMMENT 

EATON 84 MRK2 e + e  - 
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J/ b(15) 
r(2(K+ K-))/r=r 
VALUE(units to 4) 

7 4.3 

r(pK- i"~ lrtmn 
VALUE (units 10 -3  ) EVTS 

0.294.0.064.0.08 90 

r(K+ K-)/r=..i 
VALUE(units 10 -4 ) EVTS 
2.37'+0.31 OUR AVERAGE 
2.394-0.24:t:0.22 107 
2.2 4-0.9 6 

VALUE (units 10 -3  ) EVTS 

0.22 "k 0.06 J," 0.06 19 4- 
4 

r(.+,r-)Ir=t., 
VALUE (units 10 -4  ) EVTS 
1.474-0.23 OUR AVERAGE 
1.584-0.20•  84 
1.0 •  5 
1.6 •  1 

r ( ~ ) I r ~ , , ,  
VALUE (units 10 -4  ) EVTS 
1.084.O.14 OUR AVERAGE 
1.184-0.124-0.18 
1.014-0.16•  74 

r(Ai'+ ~.~.)Ir~, 
VALUE (u;lits 10 -3  ) CL.~ 

<0.18 90 

r ( ~ ) I r ~ , ~  
VALUE (units 10 -4  ) CL_._~ 

r~/r 
DOCUMENT ID TECN COMMENT 

VANNUCCI  77 MRK1  e §  - 

r - / r  
DOCUMENT IO TECN COMMENT 

EATON 84 MRK2  �9 + e -  

rm/r 
DOCUMENT ID TECN COMMENT 

BALTRUSAIT. .35D MRK3 �9 + e -  
BRANDELIK 79C DASP �9 §  

r~/r 
DOCUMENT ID TECN COMMENT 

HENRARD 87 DM2 e + e  - 

r=/r 
DOCUMENT ID TECN COMMENT 

BALTRUSAIT. .~SD M R K 3  �9 §  
BRANDELIK  788 DASP e + e  - 
VANNUCCt 77 MRK1 e + e  - 

r=./r 
DOCUMENT IO TECN COMMENT 

JOUSSET 90 D M 2  J/V) "-~ hadrons 
BALTRUSAIT. .35D MRK3 �9 - F e -  

rgo/r 
DOCUMENT ID TECN COMMENT 

PERUZZI 78 MRK1 e + e -  ~ / iX  

r~/r 
DOCUMENT IO TECN COMMENT 

<0.062 90 24 BALTRUSAIT . .35c  MRK3  e §  

24 Forbidden by CP. 

- -  R A D I A T I V E  D E C A Y S  

r ( ~ c ( l S ) ) / r ~ =  r y = / r  
VALUE EVT5 DOCUMENT ID TECN COMMENT 

0.0L~'7-1-0.00~6 GAISER 86 CBAL J / V ) ~  3,X 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

seen 16 BALTRUSAIT.. ,B4 MRK3  J / V ) - ~  2~'y 

r(~+~-2~O)/rt== ru/r 
VALUE (unlts 10 -3)  DOCUMENT ID TECN COMMENT 

8.3J,.0.24.3.1 25 BALTRUSAIT..JB6B MRK3 J/V) -.-* 4~r'r 

2 5 4 x  mass less than 2.0 GeV. 

r(7,7,.01r~t,, r941r 
VALUE (units 10 -3 )  DOCUMENT ID TECN COMMENT 
6.1 4.1.0 OUR AVERAGE 
5.854.0.34.1.05 26 EDWARDS 838 CBAL J/V) ~ tlTr+Tr - 
7.8 4 -1 .2•  26 EDWARDS 838 CBAL J/V) ~ r/2~r 0 

26 Broad enhancement at 1700 MeV. 

r(~,~(144o)-~ ~KR',r)/rtm, r•/r 
VALUE(units 10 -3)  DOCUMENT ID TECN COMMENT 
0,914.0.11 OUR AVERAGE 
0.83+0.134-0.18 27 ,28AUGUSTIN 92 DM2 J/V) ~ -fK-K1r 

1 0 3  +0 "21+0 "26  27,29 BAI 90r MRK3  J/V) --* ~ K O K 4 . x  :F 
" - 0.L8--0.19 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1 .78•  27,30 AUGUSTIN 92 D M 2  J/V) --~ ~/K-Kx 
3.8 4.0.3 •  27AUGUSTIN  90 DM2 J/V)..-~ ~ fK ' [~ r  

0 ~ + 0 . 1 7 + 0 . 2 4  27,31 BAI 9Oc MRK3 J/V) -'* "y KO S K + ~:F 
�9 v v -  0 . 1 6 -  0.15 

4.0 4-0,7 4-1.0 27EDWARDS 82E CBAL J/V)--~ K 'FK -1 rO ' y  
4.3 +1 .7  27,32SCHARRE 80 MRK2  e + e  - 

27Includes unknown branching fraction 7/(1440) ~ KK I r  
28 From f i t  to  the K * ( 8 9 2 ) K  0 - + partial wave. 
29 From K* (890 )  K final state. 
30From fit to the ao(980)lr  0 - + partial wave. 

31From ao(980) lr final state. 
32 Corrected for spin-zero hypothesis for rt(1440). 
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r(~n(144o)--, ~ ~  r . / r  
VALUE (units 10 -5 ) DOCUMENT ID TECN COMMENT 

~.4.1.1.~.1.0,'/ 33 COFFMAN 90 MRK3 J/V) ~ ~ x + x  - 

33Includes unknown branching fraction r/(1440) --~ `TpO. 

r(~n(~o)-~ ~n.+.-)/r=., r~/r 
VALUE (units 10 -4 ) EVTS DOCUMENT ID TECN COMMENT 

$~8:1:0.3321:0.1N 34 BOLTON 926 MRK3 J/V) ~ `7~ t  + ~:-- 
�9 �9 �9 We do not use the following data for averages, fits, I]mlts, etc. �9 �9 �9 

7.0 ~:O.6 .=.1.1 261 3SAUGUSTIN 90 DM2 J/~,--~ `Trpr+~ - . 

34Vla a0(980) ~r 

35 Includes unknown branching fraction to r/~r -I" x - .  

r(~,)/r=t,, r~/r 
VALUE(units 10 -3) CL_..~ DOCUMENT ID TECN COMMENT 

43  -kOJI OUR AVERAGE 
4.7 :t:0.3 -=-0;9 36 BALTRUSAIT..368 MRK3 J / ~ - - ,  4~r`7 
3.75,=,1.05,=,1.20 37 BURKE 82 MRK2 J / r  ~ 4~r`7 

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

<0.09 90 38 BISELLO 89B J/V) ~ 4~r'~ 

364x mass less than 2.0 GeV. 
374~r mass less than 2.0 GeV, 2p 0 corrected to 2p by factor of 3. 
384~r mass in the range 2.0-25 GeV. 

r(~r r~/r 
VALUE {tm~t~ 10-3~t EV7"$ DOCUMENT ID TECN COMMENT 
4.31=l:O.80 OUR AVERAGE 
4.50,=,0.14:50.53 BOLTON 928 MRK3 J/V) --~ `7~+ ~r--~h rl --~ 

"r`7 
4.30,=,0.31,=,0.71 BOLTON 926 MRK3 J/V) .-~ `7~r+ ~ r - rh  ~l --~ 

x+~r--~r 0 
4.04• 622 AUGUSTIN 90 DM2 J/V) .-, `7r lx+~r - 
4.39:50.09-=-0.66 2420 AUGUSTIN 90 DM2 J/V) - *  `7`7~r+~r - 
4.1 ~0.3 -=-0.6 BLOOM 83 CBAL e + e - ~  3"7+ 

hadrons"7 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

2.9 ,=,1.1 6 BRANDELIK 79C DASP e+e - ~ 3"7 
2.4 -=-0.7 57 BARTEL 76 CNTR e ' l ' e - - *  2"7p 

r(.~z.+2.-)/r=,, r=oo/r 
VALUE (units 10 .3 ) DOCUMENT ID TECN COMMENT 

4,32i0,14:t: 0.73 
2.O8:EO.13• 40 BISELLO 890 DM2 J/V) ~ 4~`7 
3.05• 4OBALTRUSAIT..,868 MRK3 J/ '~  ~ 4~`7 
4.85•177 41 BURKE 82 MRK2 e+e - 

394~ mass less than 3.0 GeV. 
404~r mass less than 2.0 GeV. 
414~r mass less than 2.5 GeV. 

r ( -~ . . ) / r~= 
VAL. UE (unit3 10 -3 ) EVTS DOCUMENT ID 

r~=/r 
TECN COMMENT 

5.0:1:0.8+1:84 47,48 BAI 96(: BES J/V) "~ ` T K + K  - 

9.2+1.4"='1.4 48AUGUSTIN 88 DM2 J/V)--~ ` T K + K  - 
10.4"='1.2"='1.6 48 AUGUSTIN 88 DM2 J / V ) "  `7K SO KsO 

9.6• 48 BALTRUSAIT..JB7 MRK3 J/V) " *  ` 7 K +  K - 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.6• 48'49 BAI 96C BES J / '~ - '~  `7K+K - 

< 0.B 90 50 BISELLO 896 J/ '~  -'* 4~r`7 
1.6•177 51BALTRUSAIT..37 MRK3 J / ~  .-, `7~r+ ~r - 
3.8+1.6 52 EDWARDS 82D CBAL �9 + e -  ~ r/~/`7 

r(~(~=o))/r~., r.~/r 
VALUE (units 10 -3 ) DOCUMENT ID TECN COMMENT 

l,f.k0,B-I-0. | 42 BALTRUSAIT..J~7 MRK3 J/V) --~ `7~r+x - 

42Aesumlng branching fraction f4(2050) ~ x x / t o t a l  = 0.167. 

= 2+ for 0(171o). 
48 Includes unknown branching fraction to K + K -  or K 0 K O. We have multiplied K + K -  

measurement by :2, and K SO KS0 by 4 to obtain K ~  result. 

49Assuming JP - 0  + for 0(1710). 
50 includes unknown branching fraction to p0 p0. 
51 Includes unknown branching fraction to ~+ ~ - .  
52 Includes unknown branching fraction to r/~t. 

r(~n)/r~= r l0dr  
VALUE{unit3 10 -3) EVTS DOCUMENT ID TECN COMMENT 
0.N-1-0.0e OUR AVERAGE 
0.88•177 BLOOM 83 CBAL e+e - 
0.82:50.10 BRANDELIK 79(: DASP e+e - 
1.3 -=-0.4 21 BARTEL 77 CNTR e + e  - 

r (7 r~(142o) -., .y K'R'x)/r~= r~oT/r 
V.~LUE (units 10 -3 ) DOCUMENT ID TECN COMMENT 
O.IB=E0.1J; OUR AVERAGE 
0,76:50.15:50.:21 53,54 AUGUSTIN 9:2 DM2 J/VJ -?  `TK'RTr 

o.87.=.o.~4+o~ ~ '~ BAI 9o: .RK3 : /~- .  ~K~K~,~ 
S3included unknown branching fraction f1(1420) ~ K'/~x. 
64 From fit to the K'4892 ) K 1 + + partial wave. 

r(~6(lm))/r~ r=u/r  
VALUE (unlU 10 -3) DOCUMENT ID TECN COMMENT 
O.U =1:0.10 OUR AVERA6E 
0.6284.0.083:50.103 55 BOLTON 92 MRK3 J/V~ "~ 'Yf141285) 
0.70 -=-0.08 --0.16 56 BOLTON 92B MRK3 J / r  ~ . ~ r l ~ r + x -  

55 Obtained summing the sequential decay channels 
B(J/V) .-~ ~f1(1286),f1(1286 ) --~ ~x~rx)  : 41.44 • 0.39:5 0.27) x 10-42 
B(J/V) ~ `7fl(1266),f1(1285) --~ 6~r,6 - *  rHr) = (3.90 • 0.42 • 0.67) x 10-42 
B(J/V) --~ ")'f1(1285), f1(1265 ) .--* 6x,6  --~ K~  ~) : 40.66 • 0.26 4. 0.29) x 10-42 
B(j / t l~ __ ./fl(1283),f1(1285) ..~ `Tp0) = (0.25 4. 0.07 • 0.037 x 10 - 4 .  

S6Uslng B(f1(1266 ) --~ a0(990)~r ) = 0.37, and including unknown Ixanchlng ratio for 
a0(980) - *  n~, 

2.1 -k0J OUR AVERAGE Error Includes scale factor of 1.9. See the ideogram below. 
39 BISELLO 696 DM2 J/V) ~ 4~r`7 47Assuming JP  

45 Estimated using B(f2(1270 ) --* ~ ) = 0 . 8 4 3 : 5  0.012. The errors do not contain the 
uncertainty in the f2(1270) decay, 

46 Restated by us to take account of spread of E1. M2. E3 transitions. 

!'("/fJ(1710) ~ "l K X) / r~=l  r~=/r 
VALUE (units 10 -4) CL~ DOCUMENT ID TECN COMMENT 

II.S +1"2 OUR AVERAGE Error Includes scale factor of 1.2. --0.g 

r(~ f=(l~0))/r== r l = / r  
VALUE (units 10 -3) EVTS DOCUMENT ID TECN CHG COMMENT 
1.38-1"0.14 OUR AVERAGE 
1.33• 45AUGUSTIN 87 DM2 J/V) ~ "Y I t + I t -  
1.36:50.09• 45 BALTRUSAIT..37 MRK3 J/V) ~ `71r+ x - 
1.48,=,0.25,=,0.30 178 EDWARDS 826 CBAL e+e - - *  2~r0`7 
2.0 -=-0.7 35 ALEXANDER 78 PLUT 0 e+e - 
1.2 -=-0.6 30 46BRANDELlK 78B DASP e+e - --* 

x+~r- `7  

1J~:J:0.3$ OUR AVERAGE 
1.41+0.2 :t:0.42 120q- BISELLO 87 SPEC e+e - ,  hadrons,~ 

17 
1.76• BALTRUSAIT..,85C MRK3 e+e - --~ hadrons`7 

r(..7(1,~o)--, ~,po~)/rtml r2=/r  
VALUE (units 10 -3) DOCUMENT IO TECN COMMENT 
17 =bOA OUR AVERAGE Error includes scale factor of 1.3. 
2.1 -=-0.4 BUGG 95 MRK3 J/ t~ ~ `71r 'F1r-~-t ' I :  - 
1.36• 43,44 BISELLO 896 DM2 J/V) ~ 4~`7 

43 Estimated by us from various fits. 
44 Includes unknown branching fraction to pO p0 



See key on page 213 

r( -~G(~)) /r~.  
VALUE (units 10 -3) CLN 

0 A T + ~  OUR AVF.RAGE --O.tm 

§  14 0.36• 

0.56 • 0.14 • 

0.45 •177 

0.68:E0.16• 

EVTS DOCUMENT ID 

r~,/r 
TECN COMMENT 

57 BAI 96C BES J/tJ, ~ I .  
3' K "F K -  

57 AUGUSTIN 88 DM2 J/ t~ ~ I 
- r K +  K - 

57AUGUSTIN 88 DM2 J / r  ~ I 

57 BALTRUSAIT..JB7 MRK3 J / r  ~ I 
.,I K +  K - 

�9 �9 �9 We do not use the ~lovang data for averages, fits, limits, etc, �9 �9 �9 

<0.34 90 4 58 BRANDELIK 79c DASP e + e  - 

<0.23 90 3 ALEXANDER 78 PLUT e + e -  
K +  K - , . I  

57Us|ng B(f~(1525) - -  K ~ )  = o.ee8. 

58Assuming Isotmplc production and decay of the f~(1525) and L~s~ln. 

r (~ , ) / r== ruo/r 
VALUE (unlt~ 10 -4) E V T ~  DOCUMENT ID TECN COMMENT 
4.04"1.2 OUR AVERAGE Error Includes scale factor of 2.1. See the Ideogram bdow. 
7.54"0.6• 166 BAI 908 MRK3 J / #  ~ " r4K 
3.4• 33 • 59 BISELLO 90 DM2 J/~b 

3.1•177 59 BISELLO 86B DM2 J/',~ 

,T K + K -  K + K -  
5 9 ~  mass less than 2.9 GeV, r/c excluded. 

r(~) /r~ ru,/r 
VALUE (unft~ 10 -3} CL~ EVTS DOCUMENT ID TECN COMMENT 

0.114"0.0]'4"0.07 49 EATON 84 MRK2 e + e  - 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.11 90 PERUZZI 78 MRK1 �9 + e -  

r ( ~ ( ~ ) ) / r ~  r~,,/r 
VALUE (units 10 -3) DOCUMENT 10 TECN COMMENT 
0.21~.0.~ OUR AVERSE 
0 . 3 3 + 0 . 0 8 •  60 BAI 90B MRK3 J / ~  

.r K +  K -  K +  K - 
0.27•177 60 BAI 90B MRK3 J / r  

0 o. - I -0 ,15 6t~62 BISELLO B9B DM2 J / ~  ~ 4~r~/ 
" ' - O , l O  

60Includes unknown branching fraction to #~. 
61 Eltlmated by us from various flta. 
62 Includes unknown brinchlnll: fraction to pOpO. 

r(-~(~7~o)-. ~%o)/rt== r=./r 
VALUe. (u~ts 10 -3) DOCUMENT ID TECN COMMENT 

OdUl4-O.O~ 63,64 BISELLO 89B DM2 JJ~  .-~ 4~r,y 

63 Estimated by us from variou| fits. 
64 Includes unknown branchlng fraction to pO pO. 

r ( ~ ) / r ~  r~./r 
VA~UE (ull=l 10 -3 ) EVT$ DOCUMENT 10 T'~.N COMMENT 
oJ~la-o.oll OUR 
0,036•177 BLOOM 113 CBAL a §  - 
0,073• 10 BRANDELIK 79C DASP e'f 'e - 
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J/ (zs) 

r(~pp.+.-)/rt== 
VALUE {uld~ 10 -3) CL..___~_~ DOCUMENT ID TECN COMMENT 

<IB.1RI 90 EATON 84 MRK2 e + e -  

r ( ~ ) / r ~  
VALUE {units 10 -$ ) CL__~_~ DOCUMENT ID TECN COMMENT 

<O.8 90 BARTEL 77 CNTR e + e  ~ 

VALUE (melts 10 -3 ) CL_~ L DOCUMENT ID T'E....CN COMMENT 

<O.13 90 HENRARD 87 DM2 e + e  - 

r(~)/r== 
VALUE (units lO -3 ) CL.~.~_~ D~UMENT lid TECN COMMENT 

<O.OBi 90 PARTRIDGE 80 CBAL e't-e - 

r(~ fo(2z0o))/r== 

r;,./r 

r;~l/r 

r;~/r 

r;udr 

r,z~/r 

ARMSTRONG N PR D54 7 0 ~ 7  ~Bettoel+(FNAL, FERR. GENO, UO, NEAS, PENN, TORI) 

BAI ~DC PRL 77 3 ~  J.Z. B~d+ 
BAI ~D PR DS4 1221 J.Z. Bal, Bacdee+ Colab. 
GRIBUSHIN 96 PR 053 4723 +Ab-Jmlov, Antlpov+ (E672 Co~ab., E70~ Collb.) 
HASAN e~ PL B3811 376 +Bqig (BRUN, LOC)M ) 
.A. . .  PL . - ~  3,, *Oh.. C . +  ( .  o~. . ,  
BUGG gS PL B353 370 +Scott, Z~+ (LOQM, PNIq, 
ANTONELLI ~3 PL 8301 3t7 +btd/~l+ (FENICE 
ARMSTRONG ~klB PR 047 772 +Bettor ~radv~J+ (FNAL E7~O C~llb~) 
BARNES 93 PL E3~ 4~ +B;~m, Bm~0ch (PSII~ C~lb 
AUGUSTIN ~12 PR O4~ 1~)$1 +C~ml (DM~ ~ .  
BOLTON ~r2 PL ET/I 4~ +B.'tm~. rain.all+ (Mid~ III r.~e~k 
BOLTON ~B PRL 0~1 13~ + ~ ,  B . ~ +  ( ~  III CJllb~. 
COFFMAN ~ PRL M 2IR +DeJo~, Dubob. HJtlln+ (Mark IH Cdllb 
HSUEH 92 PR D4S I ~ 1 1 1  +Pa~tlnl (FNAL, TOR 
AUGUSTIN 10 PR I)42 10 +CMms+ (DM2 C.A4~, 
BAI ~B PRL ts 1 3 0 9  + 1 ~ +  (Mlck III 
BAI ~0C PRL 65 ~07 +lllaylo~+ {Mark III 
815ELLO ~ PL E241 $17 +butte+ (OM2 
r gO PR I)41 1410 +D~ Jor (Mad( Ill Ce4k~ 
JOUSSET ~0 PR I)41 1 3 1 ~  +Na~t~nl+ (DM2 
ALEXANDER . NP B320 40 +Bee~4dnl, Dr~l, r-m~ Lurk (LBL, MICH, SL/~ 
AUGUSTIN . NP B~20 1 +C~me t D D ~ 2 c ~  
BISELLO . B  PR D,, 701 Bu~tt~- 
AUGUSTIN 01 PRL 60 2 2 3 1  +Cl~r~tlrrl+ (DM2 
COFFMAN III I~R O311 2MIS +Dvb~l, Biln , Ha~mr+ (MI~ III C..~klb 
FALVARD IB PR D31 2 7 0 6  + A ~ I +  (CLER, FRAS, LALO, PAD(: 
AUGUSTIN r/  ZPHY C~ ~ +C~lml+ (LALO, CLER, FRAS, PAD~ 
BAGLIN 17 NP B28t | ~  + ~ I ~ ( L A P P '  CERN, GENO, LYON, OS~.O, ~MA4 
BALTRUSAIT... 17 PR D3.~ 2077 C~ffmln, DMbob+ {Ma~ III CMlab 
BECKEN 17 PRL S~ 11~ + B ~  B~lto~, ~ +  (Mark II1 C~I~b 
BISELLO 17 PL B1~,2 23~ +AJ~tm~d, Baldlni+ (pAl)O, CLER, FR/~, LALC 
HENRARO 17 NP B2t2 t~0 +AJa~ounl+ (CLER, FR/~, LALO, PA[X 
PALLIN 17 NP r~12 ~ +/~]altoufll+ (CLER, FRAS, LALO, pAD( 
BALTRUSAIT.,.NB PR 03,1 1~2"~ B ~  C~ma~, Hauler+ (M~k III C~lab 
BALTRU~IT... I~0 PRL ~ ~07 Baltr~ltb (CIT, UC.~, ILL, SLAC, WASk 

J/,k(L~) REFERENCES 

VALUE (units 10 -4) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averaKes , fits, flmRs, etc. �9 �9 �9 

1.5 6SAUGUSTIN 88 DM2 J / # ~  "TKOsKO 5 

65 Includes unknown branching fraction to K 0 ~ ,  

r(~0(2~o))/r~ ru~/r 
VALUE (units 10 -5) CL~ EVT~ DOCUMENT 10 TECN COMMENT 

>210 99.9 66HASAN 96 SPEC ~ p - ~  r + l r  - | 
�9 �9 �9 We do not use the fo~iowlng data for averages, fits, limits, etc. �9 �9 �9 

>300 67 BAI 968 BES e + e  - ~ | 
7~p, K~' 

< 2.3 95 UAUGUSTIN B8 DM2 J / r  
�9 ~ K + K  - 

< 1.6 95 68 AUGUSTIN 88 DM2 J / ~  "-~ 

12.4_+6:4• 23 66 BALTRUSAIT..Zl60 MRK3 J ig '  . 

64+_~:~• 93 68~ALTRUSAm.=6OMRK3 J/~ 
~I K §  K - 

66 U,Jng BAI 96B. I 
67 Udng BARNES 93. | 
68 Includes unknown branching fraction to K + K -  or /~S/~$ '  

r(~ fo(~oo))/r~ ru./r 
VALUE (r 10 ~1 ) DOCUMENT ID TEEN COMMENT 

1,7"HMI 69,70 BUGG 95 MRK3 J / r  ~ - r x + x - ~ r + ~  - 

691ncludlng unknown branchln& ratio for f0(1500) --~ l r + ~ r - x + ~ r  - .  

70A l lumln i  that f0(1560) decays only to two .r dlpions. | 

r ( ~ , + r ) / r t ~  r , , , / r  
VALUE (uldtS 10 .3 ) DOCUMENT 10 TECN COMMENT 

U : k L $ 4 " O A  71ARMSTRONG 96 E760 ] ~ P ~  e + e - ' f  I 

71 For E.y > 100 MeV. I 
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J/~(1S), X~o(1P) 

BF~ELLO 868 PL B179 294 ~.Busett~, C~'tto, Limentani+ (DM2 Coqab.) 
GAISER S6 PR D34 711 4BIoo~. Bulos. Godfrey+ (Cry~t~d BaB Cdl~b.) 
BALTRUSAIT...SSC PRL 55 1723 BattrL~altls+ (CIT, UCSC, ILL, SLAC, WASH) 
BALTRUSAIT...850 PR D32 566 Baltrus~Us, Coffman+ (CIT, UCSC, ILL, SLAC, WASH) 
BALTRUSAIT...S4 PRL 52 2126 BaltrusaitJs+ (CIT, UCSC, ILL, SLAC. WASIt) 
EATON 14 PR D29 se4 +G~dhaber. Abrams, Alam, Boyar~ki4- (LBL, SLAC) 
BLOOM 13 ARNS 33 143 +Peck (SLAC, ClT) 
EDWAROS ='3B PRL $1 859 +plrtrid|e, Peck+ (CIT, HARV, PRIN, STAN, 5LAC) 
FRANKLIN B3 PRL 51 963 +F~nldin. Feldman, Abrams. /dam+ (LBL, SLAC) 
BURKE S2 PRL 49 S32 +TriLling. Abraml, Alam, Blocker+ (LBL. 5LAC) 
EDWARDS 82B PR D2S 3065 4-Partfid&e, Peck+ (CIT, HARV, PRIN. STAN. SLAC) 
EDWARDS B21D PRL 48 458 +Pattddle , Peck+ (CIT. HARV. PRIN, STAN, SLAC) 

AP.O 83 ARNS 33 143 Bloom, Peck (5LAC, CIT) 
EDWARDS ~ PRL 49 259 ~Pltt~lie. Peckt (CIT, HARV. PRIN, STAN, SLAC) 
LEM(~GN~ 82 PL 113B 509 +Barite, Asthma/+ (SACL. LO~C. SHMP, JND) 
BE~CH 81 ZPHY CS 1 +Elsetmanfl, Lohr. K~.*~lsld+ (BONN, DESY. MANZ) 
GIDAL =.1 PL 107B 153 +G~dh~ber, Guy, M~llikan, Abrams~ (SLAC. LBL) 
PARTRIDGE ao PRL 44 712 +Peck+ (CIT, HARV, PRIN, SLAC, 5TAN) 
S~HARRE SO PL q7B 329 +TriLlinlb Abrams, Alam, Blocker+ (SLAC. LBt) 
ZHOLENTZ ~ PL %B 214 fKurdadze, Le~chuk, Mishnev+ (NOVO) 

AI~O 81 SJNP 34 814 Zh~entz, Kurdadze, Le[chukf (NOVO) 
Tranllated from YAF 34 1471. 

BRANDELIK 79(: ZPHY C1 233 + Cords+ (DASP C~l~b.) 
ALEXANDER 78 PL 728 493 +Cde~ee+ (DESY, HAMB, SIEG. WUPP) 
BESCH 78 PL 78B 347 +EJsermann, Ko~alskl, Ey~- (BONN, DESY, MANZ) 
BRANOELIK 7SB PL 74B 292 +Cords+ (DASP Collab.) 
PERUZZI 7=. PR D17 2901 +Piccolo, Alam, Boyar~ki, C,,ddhaber+ (SLAC, LBL) 
BARTEL 77 PL ~B  489 +D~inker. Olssoe, Heintze+ (DESY, HEIDP) 
BURMESTER 771D PL 72B 135 +Cdqee+ (DESY. HAMB. SIEG, WUPP) 
FELDMAN 77 PRPL 53C 285 + Ped (LBL, SLAC) 
VAN~UCCI 77 PR D15 1=.14 +Abrams, Alam. Boy~Ju+ (SLAC, LBL) 
BARTEL 76 PL 648 483 +DL~nker, Oislon. steeen, He{ntze+ (DESY, HEIDP) 
BRAUNSCH... 76 PL 63B 487 BriunsclwRil+ (DASP Collab.) 
JEAN-MARIE 76 PRL 36 291 +Alxams, Boya~kl, Brddenb~ch+ (SLAC. LBL) IG 
BALDINI-... 75 PL 58B 471 BakJini-CeNo, Bozzo, Capon+ (FRAS, ROMA) 
BOYARSKI 75 PRL 34 1 3 5 7  fBrtideebach. Bulos, Feldmln+ (StAC. LBL) JPC 
DASP 75 PL 5~B 491 Braum~_hvRijb Koni|~+ (DASP Collab.) 
ESPOSITO 758 LNC 14 73 +Bitto~, Bb~llo+ (FRAS, NAPL, PADO, ROMA) 
FORO 75 PRL 34 604 +Benin. HiileJ. Horst.adter+ (SLAC, PENN) 

OTHER RELATED PAPERS - -  

HOU 97 PIR O55 6952 Wei-Shu Hou 
BARATE 83 PL 121B 449 + Bareyte, Bo~my+ (SACL, LOIC, SHMP, IND) 
ABRAMS 74 PRL 33 1453 +Bril~, Aulusfin, Boyarski+ (LBL, SLAC) 
ASH 74 LNC 11 705 +Zocn. Barto~i+ (FRAS, UMD, NAPL, PADO. ROMA) 
AUBERT 74 PRL 33 1404 +Bed~r, BiSSS, Bur|e~. CheJq, E~rh~rt (MIT, BNL) 
AUGUSTIN 74 PRL 33 1406 +Boyarskl, Abrams, 8~85+ (SLAC. LBL) 
BA~CI 74 PRL 33 14~ +Bar.i .  Barbarino. Bacb~dLll~+ (FRAS) 

Also 748 PRL 33 1649 Bicd 
BALDINI-._ 74 LNC 11 711 Baldini-CeBo, Bacci+ (FRAS, ROMA) 
~JRBIELLINI 74 LNC 11 718 +BemF~ad+ (FRA5, NAPL, PISA, ROMA) 
BRAUNSCH... 74 PL S38 393 B~aunschwei|+ (DASP Cdlda.) 
CHRISTENS... 70 PRL 25 152:] Chrktenson. I-Llc~, Led~'man+ (COLU, BNL, CERN) 
ii 

Xco(1P) PARTIAL WIDTHS ~ 

r(!r~) r .  
VALUE (ktV) CL$~ DOCUMENT 10 TEEN COMMENT 

< 6.2 95 CHEN 9OB CLEO e + e  - -~ e + e - X c o  

4~:1:2JI LEE 85 CBAL V~ I ~ photons 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<17 95 AIHARA 880 TPC e + e  - ~ e + e - X  

XCO(1P) BRANCHING RATIOS 

HADRONIC DECAYS 

IG(J PC) = 0+(0++) 

x~oOP) MASS 

VALUE (M~V) DOCUMENT ~O TECN COMMENT 
JI417.$:!: ~ ~ / M E R A G E  
3417.8+. 0.4:t:4 1 GAISER 86 CBAL ~ b ( 2 S ) ~  7X  
3422 +.10 2 BARTEL 78e CNTR �9 + e -  ~ J / 0 2 ~  

3416 +. 3 +.4 2TANENBAUM 78 MRK1 e + e  - 

3415 +. 9 2 BIDDICK 77 CNTR e + B-- ~ 7X  

1Udng  miss of 0 (25 )  = 3686.0 MeV. 
2Mass value shifted by us by amount appropriate for ~(2S) mass = 3686 MeV and 

J / ~ ( 1 5 )  mass = 3097 MeV. 

r (2 ( .+ . - ) ) i r~  rdr  
VALUE DOCUMENT ID TEEN COMMENT 

0.O$7"0.007 3TANENBAUM 78 MRK1 0 ( 2 5 ) -  ~Xc0 

r (.+ . -  K+ K - ) / r ~  rdr 
VALUE ~OCUMENT tp TgCN COMt4[NT 

0,.0~)'I-0.007 3TANENBAUM 78 MRK1 ~ ( 2 5 ) ~  7XC0 

r(p%+x-)/rmta r~/r 
VALUE DOCUMENT 10 T~(~N CQMMI~NT 

O.011d:O.O06 3TANENBAUM 78 MRK1 @(25) ~ 7XcO 

r (~ ( .+ . - ) ) / r~  r~/r 
VAJ.V ~ DOCUMENT ID TEEN (~OMM~NT 

O.01l:t:O.O0~ 3 TANENBAUM 78 MRK1 " .~ (25 )~  7XCO 

I ' ( K + ~ ( I R 2 ) ~  - + ~c.) I r~  rmlr 
VAI~U[ DOCUMENT ID TECN (~)MM[~T 

0.012:E0.004 3TANENBAUM 78 MRK1 0 ( 2 5 ) ~  7Xc0 

r (=+. - ) / r~ ,  r=/r 
VAL UE (unit~ 10 -4 } DOCUMENT ID TECN COMMENT 
75+21 OUR AVERAGE 
70+.30 3 BRANDELIK 79B DASP V~(25) ~ 7XcO 
80+.30 3TANENBAUM 78 MRKZ ~ b ( 2 S ) ~  7XcO 

Xco(1P) WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

l~Lll ' i '~L3J-'4.2 GAISER 86 CBAL 0(25)  ~ "rX, 7~rOx 0 

Xco(1P) DECAY MODES 

Mode Fraction ( r l / r )  Confidence level 

r I 2(x+~ -) 
r 2 ~ r + ~ r - K + K  - 

r3 po=+=- 
r 4 3(~'+ Ir - ) 
rs K+K ' (8?2 )%r  - + c.c. 
r 6 lr + ~r- 
r7 K + K -  
re x + ~ - p ~  
r 9  x o  ~o  

r i o  r / q  

rll pP 

r(K+ K-)Ir~,~ r,lr 
VALUE (units 10 -4 ) DOCUMENT ID TEEN COMMENT 
TJ.:b24 OUR R/ERAGE 
60+.30 3 BRANDELIK 79B DASP O(25) ~ 7XcO 
90+.40 3TANENBAUM 78 MRK1 0(25)  ~ 7XcO 

r(~+=-pp)/r~,l rm/r 
VALUE DOCUMENT IO TEEN ( ~ Q M I ~ T  

O.O0l :t:O.0G~ 3 TANENBAUM 78 MRK1 VJ (2S)~  7Xc0 

r(=0.O)/r~ r,/r 
VALUE (uniLI 10 -3) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits. "mRs, etc. �9 �9 �9 

3 .1+0 .4+0 .5  4 LEE 85 CBAL O s ~ photons 

r( , , ) /r=~ r=/r 
VALUE(unlts 10 -3) DOCUMENT I0 TEEN COMMENT 

�9 a �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2.5+.0.8+.0.8 4 LEE 85 CBAL ~b I ~ photons 

r(p~)Ir=u, r . l r  

r12 7J/~(zs) 
r13 7 7  

Hadmic  decay~ 
(3.7+.0.7) % 
(3 .0+0.7)  % 

(1 6+.o.s % 
(1 s+.o.s % 
(1.2+.0.4 % 

(7.5+2.1 x 10 - 3  

(7.1+.2.4 x 10 - 3  

(5.0+.2.0 x 10 - 3  

< 9.0 x 10 - 4  

Radt~nJve 
(6.6+. 1.8) x 10 - 3  

< 5 x 10 - 4  

90% 

9S% 

VALUE (units 10 -4) C L f ~  DOCUMENT ID TECN COMMENT 

<9.0  90 3 BRANDELIK 79B DASP 0 ( 2 5 )  ~ 7XcO 

3Calculated usln i B(0(25)  ~ ~Xc0(1P))  = 0.094; the errors do not contain the uncer- 
talnb/ in the ~b(25) decay. 

4 Calculated using B(O(23) ~ "YXco(1P)) = 0.093 + 0.008. 

RADIATIVE DECAYS 

r(TJl~(lS])/r~ r,,Ir 
VALUE {units 10 .4 ) DOCUMENT ID TECN COMMENT 

U:J: 11 OUR AVERAGE 
60+  18 GAISER 86 CBAL ~ b ( 2 5 ) ~  7Xco 

3204-210 5 BRANDELIK 79B DASP ~b(2$) ~ "YXcO 
150+-100 5 BARTEL 78B CNTR 0(25)  ~ "YXco 
21o+.21o 5T*NE.B~U. 7, .~1  o(2s)- , ~ o  

r ( - m ) / r ~  r - / r  
VALUE (unIII 10- 4} DOCUMENT 10 TECN COMMENT 

�9 �9 �9 We do not use the folk~vlng data for averages, fits, l imits, etc. �9 �9 �9 

4.Or 4 LEE 8S CBAL O t ~ photons 

5Calculated udng B(.p(25) ~ ~Xco(1P))  = 0.094; the errocs do not cootaln the uncer- 
tainty In the ~(25)  decay, 



See key on page 213 

Xr REFERENCES 

CHEN 90B PL B243 169 +Mel lon+ (CLEO Colab.) 
AIHARA SaD PRL 60 2 3 5 5  +A~noe-GarRJost+ (TPC CoIlab.) 
GAISER I~ PR D34 711 +Bloom, Bulos, Godfrey+ (Crystal B-JI Colab.) 
LEE S5 SLAC 282 (SLAC) 
BRANDELIK 79B NP BIEO 426 § (DASP Collab.) 
BARTEL 78B PL 79B 492 +Dittmznn. Duinker, O ~ ,  O'Ne;IJ+ (DESY. HEIDP) 
TANENBAUM 7S PR D17 1731 +Alam. Boyan~t+ (SLAC. LBL) 

Also 82 Private Comm. THI~I~ (LBL. UCB} 
BIDI~CK 77 PRL 38 1324 +Bumett+ (UCSD. UMD. PAVI, PRIN, SLAC. STAN) 

OTHER RELATED PAPERS 

OREGLIA 82 PR D25 2 2 S 9  +Pi~dd|e+ (SLAC, CIT, HARV. PRIN. STAN) 
FELDMAN 758 PRL 35 821 +Jean-Made, Sadoulel Vannucci+ (LBL. SLAC) 

Nso 75C PRL 35 1189 Fddman 
Erfatum, 

TANENBAUM 75 PRL 35 1323 +Whltalulr, A~ams+ (LBL. SLAC) 

Iz.(zP)l 
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Meson Particle Listings 
X ~ o ( 1 P ) ,  Xc~(1P) 

~G(jPC) = o+0 + +) 

X~(1P) MASS 

DOCUMENT ID TECN COMMENT 

ARMSTRONG 92 E760 ~ p  ~ �9 + e -  
3511.3 4- 0.4 ~0 .4  BAGLIN 86B SPEC ~ p  ~ e + e - X  
3512.3 • 0.3 :t:4.0 1GAISER 86 CBAL # ( 2 S ) ~  "~X 
3507.4 • 1.7 2 LEMOIGNE 82 GOLI 190 ~r- Be ~ "y2# 
3510.4 4- 0.6 OREGLIA 82 CBAL e ' t ' e - ~  J/r 
3510.1 4- 1.1 3H IMEL  80 MRK2 e + e - ~  J/#2"y 

3509 : E l l  BRANDELIK 79B DASP e + e  - ~ J/#2-~ 
3507 4- 3 3 BARTEL 78B CNTR e + e -  ~ J/r 
3505.0 4- 4 ~ 4  3,4TANENBAUM 78 MRK1 e + e  - 
3513 4- 7 367 3 BIDDICK 77 CNTR Vs(2S) ~ '7X 
�9 �9 �9 We do not use the fol lowing data for averages, fits. l imits, etc. �9 �9 �9 

3500 •  40 TANENBAUM 75 MRK1 Hadrons-y 

1 Using mass of Vs(2$) = 3686.0 MeV, 
2 J/VJ(1S) mass constrained to 3097 MeV. 
3Mass value shifted by us by amount appropriate for ~s(2S) mass = 3686 MeV and 

J / ~ ( 1 5 )  mass = 3097 MeV. 
4 From a dmultaneous f i t  to radiative and hadronlc decay channels. 

VALUE (MeV) EVTS 
~1810Jia:J: 0.12 O U R  AVERAGE 
3510.53• 0.04+0.12 513 

30 

91 

254 
21 

Xcz(1P) WIDTH 

VALUE (MeV) CL~ E V T S  DOCUMENT ID TECN COMMENT 

0Jm' l '0.11"t '0.01 513 ARMSTRONG 92 E760 ~ p  ~ e + e - - f  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<1.3 95 BAGLIN 86B SPEC ~ p  ~ e + e - X  
<3.8 90 GAISER 86 CBAL Vs (2S)~  'TX 

Xcl(1P) BRANCHING RATIOS 

HADRONIC DECAYS 

r (~(~r%r-))/r~.. r~/r 
VALUE DOCUMENT ID TECN COMMENT 

O J ~ 2 . , i . O ~  6 TANENBAUM 78 MRK1 Vs(2S) ~ ~Xcl 

r ( 2 ( ~ r + ~ r - ) ) / r ~  r d r  
VALUE DOCUMENT I~) T~r~N COMMENT 

0.016::E0.0C8 6TANENBAUM 78 MRK1 r  ~ - fXc l  

r (~r%r- K + K-)/r~ r: / r  
VALUE (units 10 -4 ) DOCUMENT ID TECN COMMENT 

IIO-I-41~ 6TANENBAUM 78 MRK1 V~(2S)~  "~Xcl 

r ( ~ , r + . - ) I r t ~  r4/r 
VALUE (units 10 -4 } DOCUMENT ID TECN COMMENT 

~I~-I-U; 6TANENBAUM 78 MRK1 .['(25) ~ " /Xc l  

F ( K + ' / P ( I ~ ) %  - + c . c . ) / r ~  r i l / r  
VALUE (units 10 -4 ) DOCUMENT ID TECN COMMENT 

~1~:t:21 6TANENBAUM 78 MRK1 ~(2S) ~ "~Xcl 

r( .+ ,~- p~)ir==, ru r  
VALUE(units 10 -4 ) DOCUMENT ID TECN COMMENT 

14=1=g 6TANENBAUM 78 MRK1 ~(25)  ~ "~Xcl 

r(p~)Ir== rd r  
VALUE (u,itS 10 -4 ) CL% E V T S  DOCUMENT ID TECN COMMENT 

0.864"0,12 513 7 ARMSTRONG 92 E760 ~ p  ~ e + e -  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

> 0.54 95 BAGLIN 86B SPEC ~ p  ~ e + e - x  
<12.0 90 6 BRANDELIK 79B DASP ./s(2S) ~ - /Xc l  

[ r ( . + . - )  + r(K + K - ) ] / r ~  rg/r 
VALUE(units 10 -4 ) CL.~_~ DOCUMENT ID TECN COMMENT 

<21 6 FELDMAN 77 MRK1 r  ~ ~ 'Xc l  
�9 �9 �9 We do not use the fol lowlni l  data for averages, fits. l imits, etc. �9 �9 �9 

<38 90 6 BRANDELIK 79B DASP ~s(2S) ~ ,?Xcl  

6Estimated uslnil B(.,~,(25) ~ " fXc l (1P) )  = 0.087. The errors do not contain the 
uncertainty In the VJ(2S) decay. 

7Restated by us using B (Xc l (1P  ) ~ J / r 1 6 2  ~ e + e  - )  = 0.0171 • 
0.O011. 

RADIATIVE DECAYS 

r(~Jl.~(~S))lr~ r~/r 
y ~ l ~  E V T S  pO~UMENT I~) T~CN COMMENT 
0.213~-0.016 OUR AVERAGE 
0.284+0.021 GAISER 86 CBAL ~(25)  ~ -yX 

Xcz(1P ) DECAY MODES 

Mode Fraction ( r l / r )  

I-ladronlc decays 
rl 3(~+~ -)  
r2 2 ( ~ + .  - )  
r3 7: + ~ -  K + K -  
r 4 p~ 
r s K+K*(892)~ - + c.c. 
r 6 ~r + ~ -  p~ 
r7 PP 
r 8 ~r + ~r- + K + K -  

r9 ,~J/,~(zs) 
r io ~? 

2.2 :J:O.8) % 

1.6+0.5) % 
9 + 4  ) x 10 - 3  

3 .8- -3 .5)  x 10 - 3  

3 . 2 •  x 10 - 3  

1 .4 •  x 10 - 3  

8 . 6 •  x 10 - 5  

< 2.1 x 10 - 3  

P.acnat~ d~ep 
(27.3• 1,6) % 

Xcl(1P ) PARTIAL WIDTHS 

r(p~) , r.  
VALUE (eV) E V T S  DOCUMENT ID TECN COMMENT 

0.2744-0.046 943 8OREGLIA 82 CBAL # ( 2 5 ) ~  ~ X c l  
0.28 +0.07 8 HIMEL 80 MRK2 #(25)  ~ -YXcl 
0.19 •  8 BRANDELIK 79B DASP V~(2S) ~ -TXcl 
0.29 +0.05 8 BARTEL 78B CNTR #(25)  ~ "YXcl 
0.28 +0.09 8TANENBAUM 78 MRK1 ~ ( 2 5 ) ~  -YXcl 
�9 �9 �9 We do not use the fol lowlnil data for averailes, fits, l imits, etc. �9 �9 �9 

0.57 +o.17 8 BIDOICK 77 CNTR #(2S) ~ -yX 

r(-y~)/r~., rl0/r 
VALUE CL~ D~CUMENT ID TECN ~QMM~IT 
�9 �9 �9 We do not use the following data for averailes, fits, l imits, etc. �9 �9 �9 

<0.0015 90 8 y A M A D A  77 DASP e + e -  ~ 3-~ 

8Estimated us]nil B(V~(25) ~ ~ X c l ( 1 P ) )  = 0.087. The errors do not contain the 
uncertainty In the VJ(25) decay. 

Xcz(1P ) REFERENCES 

74~- 11 OUR/ IVBI tAGE 

76: t :10•  513 5ARMSTRONG 92 E760 ~ p ~  e + e - ~  

68+_]'36.J. 4 5 BAGLIN 86B SPEC ~ p  - -  e + e - X  

5Restated by us using B ( X c l ( 1 P  ) ~ d/Vs(1S)'y)B(J/r ~ e + e  - )  = 0.0171 • 
0.0011. 

ARMSTRONG 92 NP B373 35 +Bettoni~- (FNAL, FERR, GENO, UCI, NWES+) 
Also g2B PRL 65 1468 Armmonl, Bettonl+(FNAL, FERR, GENO, UCI, NWES+) 

BAGLIN B6B PL B173 455 (LAPP, CERN, GENO, LYON, OSLO, ROMAn) 
GAISER 16 PR D34 711 +Bloom, Bulos, Godfrey+ (Crystal BZI~ Collab.) 
LEMOIGNE l i  PL 113B 509 ~-Batate, Astl~rT§ (SACL, LOIC, SHMP, IND ) 
OREGLIA 112 PR D25 2 2 5 9  +Partrldp+ (SLAC, CiT, HAl:IV, PRIN, STAN) 

Allo l i b  Private Comm. Orqll[a (EFI 
HIMEL 80 PRL 44 920 +Abrams. Alarn, BloCker+ (LBL, SLAC 

Also 12 Private Comm. Trl,inll (LBL, UCB) 
BRANOELIK 79B NP B160 426 +Cmds+ (DASP Co, lab. 
BARTEL 711B PL 79B 492 *D[ttmann, Dulnker, Oluon. O'NeIIP. (DESY, HEOP 
TANENBAUM 7S PR D17 1731 +Alam, Bo/ar~i+ (SLAC, LBL) 

Ahlo 12 Pdvltl Comm. Tdllln S (LBL, UCB) 
BIDD4CK 77 PRL 3| 1324 +Burnett+ (UCSO, UMD, PAVI, PRIN, SLAC, STAN) 
FELDMAN 77 PRPL 33C 285 +Pld (LBL, SLAC ) 
YAMAOA 77 Hamburll Conf. 69 (DASP Coilab.) 
TANENBAUM 7S PRL 33 1S23 +VWtltakl% Abrlltll+ (LBL. SLAC) 

OTHER RELATED PAPERS - -  
BARATE 13 PL 121B 449 +Baeyre, Bonamy+ (SACL, LOIC, SHMP, IND) 
BRAUNSCH.., 7SB PL S7B 407 Bri~nlchwelS, Konlp+ (DASP C~lab.) 
SIMPSON 73 PRL 33 S~) +Beron, Ford, Hiller, Hofstadter+ (STAN, PENN) 
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Meson Particle Listings 

IG(J PC) = ?7(???) 

OMITTED FROM SUMMARY TABLE 
Needs confirmation. 

VALUE (MeV) EVTS 
~ 1 4 4 - 0 . , 1 4  OUR ~IVERAGE 

hc(1P) MASS 

DOCUMENT ID TEEN COMMENT 

3526.20:1:0.15:1:0.20 59 ARMSTRONG 92D E760 pp ~ j / ~ O  
3525.4 :1:0.8 :1:0.4 5 BAGLIN 86 SPEC pp ~ J/OX 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3527 ~5  42 ANTONIAZZI 94 E70S 300 ~r •  pLI 
J/v~xOx 

Mode 

r l  2(~+= -) 
r2 ~ r + ~ r - K + K  - 
r3 3(-+ ~r - ) 
r4 po ~r + ~ -  

Xc2(1P) DECAY MODES 

Fraction (C i / l ")  

Hadronlc decm~ 

*.0P) WIDTH 
VALUE(M=V) CL~ EVTS DOCUMENT ID TECN COMMENT 

<1.1 90 59 ARMSTRONG 920 E760 "~p ~ J / ~ x  0 

hc(1P) DECAY MODES 

Mode Fraction ( l ' l / r )  

r I J / ~ ( 1 5 ) ~  0 seen 

r= J/~(;s).,~ not ,~. 
r3 pP 

rs K+K'*(892)~ - + C.C. 
r 6 ~ + ~ - p ~  
r7 * + ~ -  
r5 K + K -  
r9 pP 
r l  0 ~r 0 ~0 

r l l  ~/r/ 
r12 J/V)(1S)~r+ ~ - ~  0 

r (J/.~(lS) x~r)lr(Jl~zS)~) r=/r~ 
VALUE CL~ DOCUMENT tP TECN COMMENT 
<0.18 90 ARMSTRONG 92D E760 pp ~ J/'.,bx 0 

ANTONIAZZl g4 PR DS0 4258 
ARMSTRONG 92D PRL M} 2337 
BAGLIN 116 PL B171 135 

Ixo 0P)l 

hc(1P) REFERENCES 

+Aren~oe + (E70G Co,lab.) 
+BettOr+ (FNAL, FERR, GENO. UCI, PENN, TORI) 
+BaJnJ+ (LAPP, CERN, TORI, STRB, OSLO, ROMA+) 

IG(j PC) = 0+(2+ +) 

x,..(zP) MASS 

VALUE (MeV} EVT$ DOCUMENT ID TECN COMMENT 
$B~.174- 0.13 OUR AVERAGE 
3556.154- 0.07:1:0.12 585 ARMSTRONG 92 E760 ~p ~ e + e - . ~  
3556.9 + 0.4:1:0.5 50 BAGLIN 86B SPEC ~p ~ e + e - X  
3557.0 :J: 0.2 + 4  1 GAISER 86 CBAL ~b(2S)~ ~,X 
3553.4 + 2.2 66 2 LEMOIGNE 82 GOLI 190 ~r- Be ~ "y2# 
3555.9 -t- 0.7 3OREGLIA 52 CBAL e+e - ~ J/#2"~ 
3557 + 1.5 69 4HIMEL 80 MRK2 e + e - ~  J/~2"~ 
3551 :1:11 15 BRANDELIK 79B DASP e+e - ~ J/~2"l 
3553 :t: 4 4 BARTEL 78B CNTR e + e -  ~ J/q~2~ 
3553 :I: 4 + 4  4,5TANENBAUM 78 MRK1 e+e  - 
3563 + 7 360 4BIDDICK 77 CNTR e + e - ~  -yX 
�9 �9 �9 We do not use the foliowtng data for averages, fits, limits, etc. �9 �9 �9 

3543 4-10 4 WHITAKER 76 MRK1 e + e - ~  J/~b2"T 

1 Using mass of ~(2S) = 36~ .0  MeV. 
2J/~(1S) maslconstralned to 3097 MeV. 
3AssumlnE ~(2S) mass = 3686 MeV and J/tb(lS) mass = 3097 MeV. 
4 M a ~  value shifted by us by amount aplxolxlate for ~(25)  mass = 3686 MeV and 

J/',~(lS) mass = 3097 MeV. 
5 From a dmultaneous fit to radiative and hadronlc decay channels. 

X~I(1P) WIDTH 

VALUE (MeV} ~ DOCUMENT ID TECN COMMENT 
~LO0"I'0.1I OUR AVERAGE 

1.98+0.17+0,07 585 ARMSTRONG 92 E760 ~ p ~  e + e - - r  

2,6 +1.4  - 1 . 0  50 BAGLIN 56B SPEC ~p ~ e + e - X  

2.5 +2.1 6GAISER 86 CBAL ~b(2S)~ ~X - 2 . 0  

6 Errces cOrreSpond to 90% confidence lewd; authors &Iv�9 only width ran@. 

2.2 +0.5) % 

1.9:1:o.5) % 
1.2:1:o.5) % 
7 :1:4 ) x 10 - 3  

4.8:1:2.8) x 10 - 3  

3.3:1:1.3) x 10 - 3  

1.9+1.0) x 10 - 3  

1.5+1.1) x 10 - 3  

[0.0+ 1.0) x 10 - 5  

< 1.5 % 

R a a l ~  ~cayi 
r13 "yJ/'~(1S) (13.5:1:1.1) % 
r14 -y-y (1.6+0.5) x 10 -4 

Confidence level 

9o% 

r ( z ( ,+ , - ) ) / r~ ,  r . / r  
VALUE 
0.0~4-0 .0~ 

r(,r+,r- K+ K-) /r=~ r=/r 
VALUE 
o.o114.o,ooi 

VALUE 

r(~,,+.-)/r~ r4/r 
VALUE (units 10 -4 ) 

U4.40 

r(~-l~'(~) o,r- + ~ . ) / r ~  rdr 
VA!.UE (ur, lts 10 -4 ) �9 DOCUMENT ID TECN COMMENT 

414.m 9TANENBAUM 78 MRK1 ~ ( 2 S ) ~  "YXc2 

Xc2(1P) BRANCHING RATIOS 

HADRONIC DECAYS 

DOCUMENT ID TECN ~QI~III~ENT 
9TANENBAUM 78 MRK1 r  ~ ~XC2 

DOCUMENT ID TECN COMMENT 

9TANENBAUM 78 MRK1 r  ~ ~Xc2 

OOCUMENT ID TECN COMMENT 
9TANENBAUM 78 MRK1 ~(25)  ~ "~Xc2 

DOCUMENT ID TECN COMMENT 

9TANENBAUM 78 MRK1 ~b(2S)~ ?Xc2 

Xo(1P)  PARTIAL WIDTHS 

r(pP) r, 
VALUE (eV) EVTS DOCUMENT ID TECN COMMENT 
106"4"n OUR AVERAGE 

197+18+16 585 7ARMSTRONG 92 E760 ~ p ~  e + e - ' y  

252+_455+21 7 BAGLIN 868 SPEC ]~p - -  e + e - X  

7Restated by us using B(Xc2(1P ) . JI~(1S)~)B(JI~(1S) - -  e + e  - )  = 0,0085 4- 
0.0007. 

r ( ~ )  r .  
VALUE(keV) CL~ DOCUMENT ID TECN COMMENT 

0-37 4-0.1"/ OUR AVERAGE Error Indudes scale factor of 1.9. 

1.08 +0.30 +0.26 DOMINICK 94 CLE2 e + e - ~  e + e - X c 2  
0.321+0.078• 8 ARMSTRONG 93 E760 ]Pp ~ -f-y 
3.4 +1.7 +0,9 BAUER 93 TPC e+e - ~ e + e - X c 2  

2.9 +1.3 +1,7 BAGLIN 875 SPEC ~p ~ "r~ -1 .0  
�9 �9 �9 We do not use the folk)winK data for averages, fits, limits, etc. �9 �9 �9 

<4.2 95 UEHARA 91 VNS e+e - ~ e + e - X c 2  
<1.0 95 CHEN 9OB CLEO e+e - - *  e + e - X c 2  
<4,2 95 AIHARA 880 TPC �9 + e -  --* e + e -  X 

8 Using B(Xc2(1P ) ~ pp) = (1.00 + 0.23) x 10 - 4  and I'tota I = 2.00:1:0.18 MeV. 
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X:~(1P),~Ic(2S) 

r(.+.-~)/r== 
_VALUE ~un~ts 10 -4) DOCUMENT ID TECN COMMENT 

t t - t-J.~ 9TANENBAUM 78 MRK1 t~(2S) ~ "~XC2 

r(~+=-)/r== 
VALUE (units 1O -3 ) E V T S  DOCUMENT ID TECN COMMENT 

~L94"~LO 4 9 BRANDELIK 79(; DASP r  ~ "~XC2 

[ r ( . * . - )  + F(K+ K-)]/rt=,, 

rur 

rz/r 

(rz+r,)/r 

rdr 

DOMINtCK 94 
ARMSTRONG 93 
BAUER 93 
ARMSTRONG 92 

~2B 
UEHARA Sl 
CHEN 
AIHARA MD 
BAGLIN 678 
BAGLIN I~B 
GAISER I~ 
LEE SS 

Xc~(1P) REFERENCES 

PR DS0 4 2 5 5  +San|hera+ (CLEO C~lab.) 
PRL 70 2958 +Bettoei, 8harad~lJ+ {FNAL E760 Col/b.) 
PL 8302 345 +Bek:in~i+ (TPC Colllb.) 
NP B373 ~ +BeLLini+ (FNAL, FERR, GENO, UCI, NWES+) 
PRL 68 14611 Armstrof~, Bettonl+(FNAL, FERR. GENO, UCI, NWES+) 
PI. B2~S l l~  +Abe+ (VENUS Co'lab.) 
PL 8243 159 +Mclw~n+ (CLEO C~l~b.) 
PRL 60 2355 ~ Al~ton-Ga~njost+ (TPC Coilab.) 
PL B187 191 +Baird. Blmml~erre. ~ocreanl+ (R704 Call|0.) 
PL B172 455 (LAPP, CERN, GENO, LYON, OSLO, ROMA+) 
PR D]4 711 +Bloom, Bulor~ Godfrey+ (Cry~tal Badl CMab.) 
SLAC 282 (SLAC) 

VALUE (Uld~ 10 -4) DOCUMENT ID TECN COMMENT 

;)44"10 9TANENBAUM 78 MRK1 V s ( 2 s ) ~  *~Xc2 

I'(K + K-)/I'=r 
VALUE (units 10 -3 ) E V T S  DOCUMENT ID TECN COMMENT 

1.84"1.1 2 9 BRANDELIK 79C DASP ~(25)  ~ "YXc2 

r(e~)/r=~ 
VALUE ~unlts 10 -4) CL~ E V T S  DOCUMENT ID TECN COMMENT 

1.OO:L-O.lO OUR AVERAGE 
1.00:E0.11 686 10 ARMSTRONG 92 E760 ~ p  ~ �9 + e - ' 7  

0 .97_+0 :~•  BAGLIN 86B SPEC ~ p  ~ e + e - X  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<9.6 90 9 BRANDELIK 79B DASP ~(25)  ~ "rXc2 

r~/r 

LEMOIGNE 82 
OREGLIA 82 

AlSO r 
BARATE al 
HIMEL 80 

Alto 
BRANDELIK 79B 
BRAND~LIK 
8ARTEL 70B 
TANENBAUM 78 

BIDDICK 
WHITAKER 15 

BARATE 83 
FELDMAN 75B 

75C 
Erratum. 

TANENBAUM ?S 

PL 113B ~d)9 +Bxate. A~tbeq~+ (SACL, LOIC, SHMP, IND) 
PR D25 2259 +Partrldie F (SLAC, ClT. HARV, PRIN. STAN) 
Private Comm. C~qllia (ER) 
PR D24 2994 +Atlb~y+ (SACL. LOIC, SHMP, CERN, IND) 
PRL 44 920 +Abrams, A;am. Blocker+ (LBL, SLAC) 
Pflvat~ Comm. Tr~l[nl[ {LBL, UCB) 
NP B160 426 +Cords+ (DASp COH~b.) 
ZPHY Ct 233 ~Cccds+ (DASP CoSab.) 
PL 7SB 492 +Dittmann, Dui~ker, Oluo~, O'Neill+ (DESY, HEIDP) 
PR O17 1731 +Alam. Boya~ki+ (SLAC, LBL) 
Pdwte C.omm. Tr~n| (LBL, UC8) 
PRL 38 1324 +Bumett+ (UCSD, UMD, pAVI. PRIN. SLAC, STAN) 
PRL 37 1 5 9 ~  +Tanenbaum, At~amr~ Alam+ (SLAC, LBL ) 

OTHER RELATED PAPERS 

PL 121B 449 +B~reym, Bo~amy+ (SACL, LOIC, SHMP, IND~ 
PRL 35 821 +Jean-Macie, Sadoelet, Vam~ucci+ (LBL. SLAC) 
PRL 35 1199 Fddrr~n 

PR1. 35 1323 +Wkitaker, Alxam$+ (LBL, SLAC) 

r~rr/r2~=j In pp.--* Xc=(1P) --* "Y7 r,rx,/r= 
VALUE (unit~ 10 -7 ) EVT.~S DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imes, e t c . � 9  �9 �9 

0.160•177 ARMSTRONG 93 E760 ~ p  ~ "~-~ 

0.99 +0.46 6 11 BAGLtN 87B SPEC "pp ~ ~,-~ - 0 . 3 5  

r(r r~/r 
VALUE (unit~ 10 -3) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1 .1 •  12LEE 85 CBAL C t ~  photons 

r(,m)/r~ r~/r 
VALUE (uNt~ 10 -4) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imes, etc. �9 �9 �9 

7.9+4.1:E2.4 12 LEE 88 CBAL r ~ photons 

r(Jl~(lS),~+ ,~- ,P)/rt~ r,, /r 

IG(J PC) = ??(??+) 

OMITTED FROM SUMMARY TABLE 
Needs confirmation. 

,~(~) MASS 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

~rdl4-t-w 1 EDWARDS 82C CBAL �9 + e -  ~ "yX 

1 Assuming mass of ~'(25) = 3686 MeV. 

qc(2S) WIDTH 

VALUE(MeV) CL~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits. IlmEs, etc. �9 �9 �9 

<8.0 95 EDWARDS 82C CBAL e + e  - ~ "fX 

V,~zVF. CL~ DOCUMENT ID TECN COMMENT 

<O.O~S 90 BARATE 81 SPEC 190 GeV ~r- Be 
2x 2/= 

9 Estimated usln K B(~(2S)  --* "~Xc2(1P)) = 0.076; the errors do not contain the uncer- 
ta inty In the VJ(25) decay. 

10Restated by us using B(Xc2(1P ) ~ J / V J ( I S ) ' r ) B ( J / r  ~ e + e  - )  = 0.0085 • 
0.0007. 

11Assuming Isotroplc Xc2(1P ) ~ "y.y distribution. 

12LEE 86 resuE Is calculated udng B( r  ~ qXc2(1P) )  = 0.078 -t- 0.008, 

RADIATIVE DECAYS 

r(.rJ/r162 
VALUE EV'P3 DOCUMENT ID TECN COMMEN T 
0.1M-i-0.011 OUR 
0.124• GAISER 86 CBAL ~ ( 2 S ) ~  "/X 
0.162:E0.028 479 13OREGLIA 82 CBAL ~ ( 2 S ) ~  ~Xc2 
0.14 +0.04 13 HIMEL 80 MRK2 V)(2S) ~ -/Xc2 
0.18 •  13 BRANDELIK 798 DASP r  ~Xc2 
0.13 :EO.03 13 BARTEL 788 CNTR r  ~ *fXc2 
0.13 •  13TANENBAUM 78 MRK1 r  4 ~Xc2 

ru/r  

�9 �9 �9 We do not use the following data for averages, fits, l imes, etc. �9 �9 �9 

0.28 +0.13 13 BIDDICK 77 CNTR t~(2S) ~ "yX 

13 Estimated using B(~(2S) ~ ~Xc2(1P))  = 0.078; the errors do not contain the uncer- 
ta|nty In the ~ (25 )  decay. 

r(~-r)/r=.= r . / r  
VALUE (unlts 10 -4) DOCUMENT 10 TECN COMMENT 

IJI04"0JP)' l '0*23 14ARMSTRONG 93 E760 ~ S p ~  -f~ 

14Usln|  B(Xc2(1P ) ~ p~)  = (1.00 :b 0.23) x 10 - 4 ,  

~(2S) DECAY MODES 

Mode Fraction ( r l / r )  

r I had rons  seen 

F2 "7"7 

T/c(2S ) BRANCHING RATIOS 

r(h,d~s)/r== 
y~L~l~ DOCUMENT ID TECN ~QMMENT 

EDWARDS 82C CBAL e + e  - ~ '7X 

r(7~)/r~= 
VALUE CL~ DOCUMENT ID TECN ~MMENT 

�9 �9 �9 We do not use the following data fo~ averaBes, fits, l imes, etc. �9 �9 �9 

<0.01 90 LEE 65 CBAL ~ , l  photons 

rdr 

r=/r 

LEE 
EDWARDS 

OREGLIA 
PORTER 
8ARTEL 

qc(2S) REFERENCES 

05 SLAC 252 (SLAC) 
02C PRL 48 70 +Parttldie, Pick+ (CIT, HARV, PRIN, 5TAN, SLAC) 

OTHER RELATED PAPERS 

7~ PR D25 2 2 5 9  +PaRr;die+ (5LAC. CIT, HARV, PRIN, STAN) 
SLAC S~mm~ Inst. 3S~EdwaNs+ (CIT, HARV, PRIN, STAN, SLAC) 

8 PI. 71)8 492 +D~ttman., Dulnket, O~r O~NI~+ (DESY. HEIOP) 
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r  

1 (2s)l IG(J PC) = 0 - ( 1 - - )  

~ ( 2 5 )  MASS 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
~dK~OO:I:O.OS OUR AVERAGE 
3686 .02+0 .09~0 .27  ARMSTRONG 93B E760 ~ p  ~ e + e  - 
3686.00+0.10 413 ZHOLENTZ 80 OLYA e + e  - 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

3684 + 2  GRIBUSHIN 96 FMPS 5 1 5 ~ r - B e ~  2 p X  
3683 + 5  77 A N T O N I A Z Z I  94 E705 300 ~r -i-, pLI 

J / r  "e + ~r - X 

m ~ 2 s ]  - m j l ~ l S )  

VALUE (MeV) DOCUMENT ID TECN 
m.0"1.1-0.13 OUR AVERAGE 
589.7 4.1.2 LEMOIGNE 82 GOLI 
589.07+0.13 1 ZHOLENTZ 80 OLYA 
588.7 +0 .8  LUTH 75 MRK1 

1 Redundant with data in mass above. 

COMMENT 

190 x -  Be ~ 2p 
�9 + e -  

~,(2S) WIDTH 

VALUE (keY) DOCUMENT IO TECN COMMENT 

2"rt.l-~l~l O U R  AVF.RAGE Error includes scale factor o f  1.1. 
306-t-36-t"16 ARMSTRONG 93B E760 ~ p  ~ e + e  - 
2 4 3 + 4 3  2 PDG 92 RVUE 

2 Uses r ( e e )  from ALEXANDER 89 and B(ee)  = (88 :J: 13) x 10 - 4  from FELDMAN 77. 

~b(2S) DECAY MODES 

Scale factor /  
Mode Fraction ( r l / r )  Confidence level 

r l  hadrons  (98 .10+0.30)  % 

r 2 virtual~, ~ hadrons ( 2.9 + 0 . 4  ) % 

F 3 e + e  - ( 8.5 + 0 . 7  ) x l 0  -3  
r 4 /~+/z- ( 7.7 + 1.7 )x  10 - 3  

Decays ,nlm J i b ( I S ) a n d  anything 
1-s J/~(1S)anything (s4.2 +3.o ) % 
I- 6 J/~(1S) neutrals ) % 
1-7 J/'~(1S) ~r+:r- )% 
r8 J/~( lS)~%r ~ ) % 
r~ J/~Os)~ )',~ 
r io J/eOs),~ ~ ) x 10 -4 
r 11  J / 1 , ~ ( l S ) p + / ~  - ) x lO - 3  

r12 3(~+~-)~ ~ 
r 13  2(~+lr-)~r ~ 
r14 ~r + ~ -  K + K -  
r ls  7r + ~r- pp  
F16 K + K * ( 8 9 2 ) ~  - + c.c. 
r17 2(~+7r - )  
r18 p%+~- 
F19 Pp 
r2o 3(~+~ -) 
r21 Pp~r ~ 
r22 K + K -  
r23 ~t + T r - ~ ~  
r24 p~T 
F25 ~r + ~r- 
r26 AA 
r27 E -  _~+ 
r28 K + K - ~ r  ~ 
r2~ K + K * ( 8 9 2 )  - + c.c. 

(22.8 + 1.7 

(30.2 +1 .9  

(17.9 +1.8 
( 2.7 4.0.4 

( 9.7 4-2.1 

(10.0 4-3.3 

Hadronlc decay= 
3.5 :t:1.6 
3.0 4-0.8 
1,6 +O.4 

8.0 ~:2.0 

6.7 •  

4.5 :kl .O 

4.2 +1 .5  

1.9 4.0.5 

1.5 : k l .0  

1.4 + 0 . 5  

1.0 4.0.7 

9 + 5  

< 8.3 

( 8  + 5  

< 4 

< 2 

< 2 .% 

< 5.4 

x 10 - 3  

x 10 - 3  

x 10 - 3  

x 10 - 4  

x 10 - 4  

x 10 - 4  

x 10 - 4  

x 10 - 4  

x 10 - 4  

x 10 - 4  

x 10 - 4  

x 10 - 5  

x 10 - 5  

) x 10 - 5  

x 10 - 4  

x 10 - 4  

x 10 - 5  

x 10 - 5  

S=1.7 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

Raa,~lve Uec~ 
1-3o ~ X c o ( 1 P )  ( 9.s •  )'/, 
F31 "~Xcl(1P ) ( 8.7 +0.8 )% 
F32 " Y X c 2 ( 1 P  ) ( 7.8 + 0 . 8  ) %  
1-33 3 'T /c (1S)  ( 2.8 + 0 . 6  ) x 10 - 3  

r ~  ~ c ( 2 S )  
F3 s ,},;TO 

I"36 ~ / f ( 9 5 8 )  < 1,1 x 10 - 3  

1-37 ' ~ /  
['38 "~"~' < 1.6 x 10 - 4  

| 1"39 ~r/(1440) -*  ~/KKTr < 1,2 x 10 - 4  

Mode needed for flttln~ puqxmes 
F40 1, - other fit modes (22,4 • ) % 

CL=90% 

CL=90% 

CL=90% 

CONSTRAINED FIT INFORMATION 

An  overal l  f i t  t o  9 branching rat ios uses 17 measurements  and one 

constra int  to  determine 8 parameters.  The  overal l  f i t  has a x 2 = 
8.9 for  10 deKrees o f  f reedom. 

The  fo l lowin 8 o f f - d i a g o n a l  array elements are the corre lat ion coeff ic ients 

I 6 x ~ 6 x j > / ( ~ x i . ~ x j ) ,  in percent, f rom the f i t  to  the branchin K f ract ions,  x i =- 

F i /F to ta  I. The  f i t  constrains the x i whose labels appear in th is array t o  sum to  
one. 

xs 
x9 

X l l  

x30 

x31 
x32 
X4o 

25 

2 - 8  

19 5 0 

0 0 0 

2 - 5  - 1  

1 - 2  0 

- 7 5  - 6 6  - 1 0  

0 

0 0 

0 0 0 

- 2 4  - 2 6  - 2 2  - 2 3  

x7 x8 x9 Xll Xso x31 x32 

~ ( 2 5 )  PARTIAL WIDTHS 

r(hadro.=) r l  
VAL UE (keV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2 2 4 + 5 6  LUTH 75 MRK1 e + e  - 

r(e + e-) rs 
VALUEI.V~ ~OCUMENT,O TECN COMMENT 

2.144"0.21 ALEXANDER 89 RVUE See T mlnl-revlew 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2.0 + 0 . 3  BRANDELIK 79<: DASP e + e  - 
2.1 i O , 3  3 L U T H  75 MRK1 e + e  - 

3 From a simultaneous f i t  to e + e - ,  # +  p - ,  and hadronlc channels assuming I ' (e + e - )  

= r ( . +  # - ) .  

r(7~) rN 
VAL UE (eV) CL.~.~_~ DOCUMENT ID TECN COMMENT 

<413 90 BRANDELIK 79C DASP e - F e -  

,~(~) r(or(# r)Ir(~) 
This combination of  a partial width with the partial width Into e + e -  
and with the total width Is obtained from the integrated cross section Into 
channel I In the e + e  - annihilation. We list only data that have not been 
used to determine the partial width I '(I) or the branching ratio r ( I ) / to ta l .  

r(Mdro~) x r ( e + e - ) / r ~  r l r s / r  
VALUE {keV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2 .2+0 .4  ABRAMS 75 MRK1 e + e  - 



See key on page 213 

e ( 2 S )  B R A N C H I N G  RATIOS 

r (hadrons)/rto=, r t / r  
Vr4LUE DOCUMENT ID TECN COMMENT 

0.gel 4"0.003 4LUTH 75 MRK1 e+e - 

r(~=at~--, hadrons)/rtmi r=/r 
VA~,IJ.~ DOCUMENT ID T ~ N  COMMENT 

O.CQ�::EO.O04 5 LUTH 75 MRK1 e + e -  

r ( e + e - ) / r ~ =  rs/r  
VALUE{units 10 -4) DOCUMENT ID TECN COMMENT 
86:1:7 OUR AVERAGE 
834- 54-7 6ARMSTRONG 97 E760 p p ~  r 
884-13 7FELDMAN 77 RVUE e + e  - 

r(~§ r4/r 
VALUE (units 10 -4) DOCUMENT ID TECN COMMENT 

774"17 8HILGER 75 SPEC e+e ~ 

r(,+ ,-)lr(,+ ,-) r4/r= 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.894-0.16 BOYARSKI 75c MRK1 e+e - 

4 Includes cascade decay into J /~ (15 ) .  

5included in r(hadrons)/rtota I. 
6Using B ( J / ~  --~ e+e - )  = 0.0599+-0.0025 and B(r ~ J/~(1S)anyth ing)  = I 

0.04. 
7From an overall fit assuming equal partial widths for e+e - and /~+# - .  For a mea- 

surement of the ratio see the entry r ( /~+ /~- ) / l ' (e+e  - )  below. Includes LUTH 75, 
HILGER 75, BURMESTER 77. 

8Restated by us using B(,~(2S) ~ J/V~(JS)anythlng) = 0.55. 

- -  DECAYS INTO J/ �9 ANYTHING 

r(Jle(lS)anythlnlO/rt~=,, r~/r = (rT+r.+r~+o.zr~rs~+O.l~sr,,]/r 
VALUE DOCUMENT ID T~CN COMMENT 
0.542:1:0.l~10 OUR FIT 
0 r,x :t=O.07 OUR AVERAGE 
0.51 :E0.12 
0.57 4-0.08 
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~ ( 2 5 )  

BRANDELIK 79C DASP e+e - ~ # + / ~ - X  
ABRAMS 75B MRK1 e+e - ~ # + # - X  

r(Jle(IS).e.trals)Ir~,d 
r u r  = (0.9761re+0.Ttsr�+0.273r3t+0.t3sr~,)/r 

VALU~ DOCUMENT I~) 
0.228:1:0.017 OUR FIT 

r ( J / e ( l S )  n e u t r a l s ) / r  ( J / e ( 1 s )  anyth ing)  r d r s  = (0 .9761 r8+  
0 . 7 1 5 r ~ + 0 ~ 7 3 r 3 1  -i-0.1351-~2 ) / (  r T + r s +  r~+0 .2 " /3 r s l  - i -0 .135r . . )  
VA~U~ DOCUMENT ID TI~CN COMMENT 
0,421d:0.0~1 OUR FIT 
�9 �9 - We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

OA4 4-0.03 9ABRAMS 75B MRK1 e + e  - ~ J/,,DX 

r ( J l e ( 1 S )  n e u t r a l s ) l r ( J / e ( 1 S ) ~ r  §  
r ~ / r 7  = ( 0 . 9 7 6 1 r s + o . 7 1 s r ~ + o . 2 7 3 r ~ z + o . t 3 5 r ~ ) / r ~  

VA~U~ DOCUMENT ID TEEN COMMENT 
0.764"0.07 OUR R T  
0.734.0.09 9TANENBAUM 76 MRK1 e+e - 

r ( J / e ( 1 S )  ~r + x - ) / r t = r  r T / r  
VAI~U~ E V T S  =oOCUMENT ID T~CN COMMENT 
0JI024"0.Olg OUR F IT  
0 . 2 N 4 " 0 J ~ I  OUR AVERAGE 
0.2834:0.0214-0.020 363 
0.32 4-0.04 

r(Jlel lS),P,P)lr~ 
V.A~E EVTS 
0.17'J:4.0.018 OUR FIT 
0.1844"0.O194.0.013 157 

10ARMSTRONG 97 E760 pp ~ r I 
ABRAMS 75B MRK1 e+ e - ~ J / , ~ l r +  I r  - 

rs/r 
DOCUMENT ID TECN COMMENT 

10 ARMSTRONG 97 E760 ~p --* ~(2S)X I 

r (J/ellS) t r~  l r ~  ~t+ x - )  r , / r 7  
VAI-U[~ DQCOMENT ID TECN COMMENT 
OJ~4-0,06 OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.534-0.06 11TANENBAUM 76 MRK1 e+e - 
0.64:1:0.15 12 HILGER 75 SPEC e + e -  

r(Jle(zs)~ + ~-)lr(Jle(Zs)~+ ~ -)  1"711"11 
VALUE DOCUMENT ID T~CN COMMENT 
3O 4"10 OUR FIT 
3O.'J4" 7.14"6.8 13GRIBUSHIN 96 FMPS 5 1 5 x - B e ~  2/~X | 

r(ale(ls)~)lr=., r./r 
VALUE E V T $  ~)QCUMENT ID TECN COMMENT 
0.027 4"0.004 OUR FIT Error includes scale factor of 1.7. 
0.027 :EO.O04 OUR AVERAGE Error includes scale factor of 1.6. See the ideogram 

below. 
0.025 4-0.006 166 HIMEL 80 MRK2 e+e - 
0.0218:E0.0014+0,0035 386 OREGLIA 80 CBAL e + e -  - *  

J /~2 - /  
0.036 4-0.005 164 BARTEL 78B CNTR e+e - 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.032 4-0,010 4"0.002 36 14ARMSTRONG 97 E760 ~p ~ V~(25)X 
0.035 4-0.009 17 14BRANDELIK 79B DASP e+e - 

J/,~2-y 
44 14TANENBAUM 76 MRK1 e+e - 0.043 • 

r(Jle(ls).O)lr==~ r~olr 
VALUE (uniu 10 -4 ) E V T S  DOCUMENT ID TECN COMMENT 
9.74"2.1 OUR AVERAGE 

15 •  7 HIMEL 80 MRK2 e+e - 
9 •  i l  23 OREGLIA 80 CBAL ~(25~,,-~~ 

~/.r .- t 
9The ABRAMS 758 measurement of t-6/i" 5 and the TANENBAUM 76 result for r6/ , r  7 

are not Independent, The TANENBAUM 76 result Is used in the fit because It includes 
more accurate corrections for angular distributions. 

10Using B(J/t~ ~ e+e - )  = 0.0599+-0,0025. 
11 Not independent of the TANENBAUM 76 result for 1"6//1" 7. 
12ignoring the J/~b(1S)r/ and J/~(1S) 'y~/  decays. 
13Uslng B(J/ '~(15)  ~ /~+/~--) = O.O597 ~: 0.0025. 
14 Low statistics data removed from average. 

HADRONIC DECAYS 

r (3 (x+~- )~~  
VALUE (units 10 -4 ) E V T S  DOCUMENT ID TECN COMMENT 

384-16 6 

r(2(.+~-).~ 
VALUE (units 10 -4) E V T S  DOCUMENT ID TECN COMMENT 

310ill 42 FRANKLIN 83 MRK2 e'Fe - 

r ( ~ + , -  K + K-)/r~=,, 
VALUE (units 10 -4 ) DOCUMENT ID TECN COMMENT 

164"4 15TANENBAUM 78 MRK1 e + e  - 

VALUE (units 10 -4) DOCUMENT ID TECN COMMENT 

8 4"2 15TANENBAUM 78 MRK1 e + e  - 

r (K+~"IFJ2)% - + r-c.)/rtml 
VALUE(.nns 10 -4 ) DOCUMENT ID TECN COMMENT 

6.74"2.5 TANENBAUM 78 MRK1 e + e  - 

r (2( , r+ , - ) ) / r=t=  
VALUE (units 10 4) DOCUMENT ID TECN COMMENT 

4JJ4"1.0 TANENBAUM 78 MRK1 e + e  - 

r(p%+,-)/r=~ 
VALUE{units 10 -4 ) DOCUMENT ID TECN COMMENT 

4.2:E1.S TANENBAUM 78 MRK1 e + e  - 

r,,/r 

FRANKLIN 83 MRK2 e + e - ~  hadrons 

r . / r  

r ldr  

r, v r  

r . / r  

r~/r 

r . / r  
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Meson Particle 
~b(2S)  

r(;~)/r~., 
VALUE (units 10 -4  ) EVTS 
1,94.0.B OUR AVERAGE 
1.4:E0.8 4 
2.3 ~:0.7 

r(~l.+.-))/rtml 
VALUE (units 10 -4  ) 

1 J H ' I , 0  

r ( p p . f i ) / r ~ ,  

VALUE (unlb110 -4) EVTS 

1.4"1" O,.B 9 

F(K+ K-)II'~=,, 
VALUE (urdts 10 -4 ) CL% 

1.04-0.7 

Listings 

DOCUMENT ID TEEN COMMENT 

BRANDELIK 79C DASP e + e ~ 
FELDMAN 77 MRK1 e + e  - 

DOCUMENT ID TEEN COMMENT 

rz,/r 

r~o/r 

r=z/r 
15TANENBAUM 78 MRK1 e + e  - 

DOCUMENT ~D TEEN COMMENT 

FRANKLIN 83 MRK2 e + e  - 

DOCUMENT ID TEEN COMMENT 

r,,/r 

BRANDELIK 79C DASP e §  

r(~.=(zs))/r~., r=/r 
VALUE(units 10 -2) DOCUMENT ID TEEN COMMENT 

0.211::EO,O~ GAISER 86 CBAL e + e - ~  ~ X  

r(~(~)) /r~. ,  r , / r  
VALUE(units 10-~. 2) , CL___~_~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.2 to 1.3 95 EDWARDS 82E CBAL e + e -  --~ ~'X 

r(~.o)/r~ r=/r 
VALUE (units 10 -4 ) CL,_.~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

< 54 95 21 LIBERMAN 75 SPEC �9 + e -  

<100 90 WIIK 75 DASP e + e  - 

r(~r r~lr 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.5 90 FELDMAN 77 MRK1 e §  

rC.+.-)/r~= 
VALUE(units 10 -4) C L . ~  DOCUMENT ID TEEN COMMENT 

0.11~OJ~ BRANDELIK 79c DASP e + e  - 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0,5 90 

r(~+~-~~ 
VALUE (units I0 -4  ) EVT~ 

0.~-1"0.4~ 4 

r(~3)/r~ 
VALUE (unlts 7.0 -4) CL.~_~ 

<4  90 

r(_=._-~'+)/r~., 
VALUE(units 10 -4  ) CL~_~ 

<2 9O 

r(p.)/r~., 
VALUE(unlts 10 -4) CL__.~ EVT5 

< 0.83 90 1 

r../r 

FELDMAN 77 MRK1 e + e  - 

r . / r  
DOCUMENT ID TEEN COMMENT 

FRANKLIN 83 MRK2 e + e - - ~  hadrons 

r~/r 
DOCUMENT ID TEEN COMMENT 

FELDMAN 77 MRK1 �9 ~ e -  

r~/r 
DOCUMENT ID TEEN COMMENT 

FELDMAN 77 MRK1 e + e  - 

r~/r 
DOCUMENT IO TEEN COMMENT 

FRANKLIN 83 MRK2 e + e  - 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<10 90 BARTEL 76 CNTR e + e  - 
<10 90 16ABRAMS 75 MRK1 e + e  - 

r (K + K-  x O)/rt=,, r a / r  
VALUE(units 10 -5) CL~ E V T S  DOCUMENT/O TEEN COMMENT 

<2.~16 90 1 FRANKLIN 83 MRK2 e + e - ~  hadrons 

F(K+R'(8~2), + cc . ) / r~ i  r ~ / r  
VALUE (u~its 10 -5) CL.~_~ DOCUMENT ID TECN COMMENT 

< S A  90 FRANKLIN 83 MRK2 e + e - - ~  hadrons 

15 Assuming entirely strong decay. 
16 Final state p0 ~0. 

r=/r 

r,,/r 

r - / r  

RADIATIVE DECAYS 

r(~x~o(1P))lG~,, 
VALUE (units 10 -2 ) DOCUMENT ID TECN COMMENT 

9 . ~ 0 . 0  OUR FIT 
g~:l:0.11 OUR AVERAGE 
9.9:E0.5~0.8 17GAISER 86 CBAL e + e  - ~ 3'X 
7.2.:E2.3 17BIDDICK 77 CNTR e + e - - - ~  ~ X  
7.5~:2.6 17 WHITAKER 76 MRK1 �9 + e -  

r(.rx~(zP))/r~= 
VALUE (units 10 -2  ) DOCUMENT IO TEEN COMMENT 
8.T4.0.g OUR FIT 
IL7J,'0.g OUR AVERAGE 
9.0~0.5:E0.7 18GAiSER 86 CBAL e + e  - ~ ~X  
7.1~1.9 19BIDDICK 77 CNTR e + e  - ~ ~,X 

r(.~x~llP))lr~,, 
VALUE (u~its ]0 -2  ) DOCUMENT 10 TEEN COMMENT 
7.8=1:0.1 OUR FIT 
7.84-0.8 OUR AVERAGE 
8 . 0 ~ 0 . 5 •  20GAISER 86 CBAL e + e  - --* 3'X 
7 .0~2.0  19BIDDICK 77 CNTR e + e - ~  ~,X 

VALUE(units 10 -2 ) 

<0.11 
�9 �9 �9 We do not 

<0.6 

r(~.)/r=, 
VALUE (units 10 -2 ) 

�9 �9 �9 We do not 

<0,02 

r(~n(1440) -~ 
VALUE (units 10 -3 ) 

<0.12 

CL~_~ DOCUMENT IO TEEN COMMENT 

90 22BARTEL 76 CNTR e + e  - 
use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

90 23 BRAUNSCH... 77 DASP e + e  - 

CL~ DOCUMENT ID TEEN COMMENT 

USe the following data for averages, fits, l imits, etc, �9 �9 �9 

90 YAMADA 77 DASP e + e -  ~ 3"~ 

.~KR=)Ir~ 
CL.~ DOCUMENT ID 

90 24 SCHARRE 

TEEN COMMENT 

80 MRK1 e. + e -  

17Angular distribution (1+cos28) assumed. 
18Angular distribution (1-0.189 cos20) assumed. 

19 Valid for isotroplc distribution of the photon. 
20Angular distribution (1--0,052 cos28) assumed. 
21Restated by us using B(~(25)  --~ / ~ + p - )  = 0.0077. 

22The value is normalized to the branching ratio for F(J/qJ(1S)~)/Ftota I. 

23 Restated by us using total  decay width 228 keV. 
24Includes unknown branching fraction i/(1440) --~ KK~r .  

r~,/r 

rag/r 

ARMSTRONG 97 
GRIBUSHIN o~ 
ANTONIAZZI 94 
ARMSTRONG 93B 
PDG 92 
ALEXANDER B9 
GAISER 86 
FRANKLIN 83 
EDWARDS 02C 
LEMOIGNE 02 
HIMEL 60 
OREGLIA 80 
SCHARRE 80 
ZHOLENTZ 80 

Also 81 

BRANDELIK 79B 
BRANDELIK 79C 
BARTEL 7BB 
TANENBAUM 76 
BIODICK 77 
BRAUNSCH.. 7/ 
BURMESTER 77 
FELDMAN 77 
YAMADA 77 
B/~TEL 76 
TANENBAUM 75 
WHITAKFR 76 
ABRAMS 75 
ABRAMS 75B 
BOYARSKI 75C 
HILGER 75 
LIBERMAN 75 
LUTH 75 
WUK 75 

HOU 
BARATE 
AUBERT 
BRAUNSCH... 
CAMERINI 
FELDMAN 
GREED 
JACKSON 
SIMPSON 
ABRAMS 

97 
03 
75B 
75B 
75 
75B 
75 
75 
75 
74 

~(2S) REFERENCES 

PR D55 1153 +Bettonl, BharedwaJ+ (E760 Cotlab.) 
PR D53 4?23 +Abramov, AnUpov+ (E672 Co0ab,. E70~ Collab.) 
PR DS0 4 2 5 0  +Arenton+ (ETOS CoBab.) 
PR D47 772 +Button], Bhared~)+ (FNAL E?aO Coltab.) 
PR D45, 1 June, part II H;k~ia, Barnett, Stone+ (KEK, LBL, BOST+) 
NP B320 45 +Bonvldnl0 Oral. F;ey. Luth (LBL, MICH, SLAC) 
PR D34 711 +Bloom, Buk:~, Go<lf~y+ (Crystal Ball Collab.) 
PRL 51%3 +Franklin, Feldman, AMams, Alam+ (LBL, SLAC) 
PRL 40 70 +Partridge. Peck+ (CIT. HARV, PRIN. STAN, SLAC) 
PL 113B 509 +Barate, A.~tbury+ (SACL, LOIE, SHMP, IND ) 
PRL 44 920 +Abrams, Alam, Blocker+ (LBL. SLAC) 
PRL 45 959 +Partridge+ (SLAC, CIT, HARV, PRIN, STAN) 
PL 97B 320 +Tr00ng, Abrams, Aiam, Blocker§ (SLAG, LBL) 
PL %B 214 +Kurdadze, LeJchuk. MJshnev+ (NOVO) 
SJNP 34 314 Zho~entz, Kurdadze, Lelchuk+ (NOVO) 
Trandated from YAF 34 1471. 
NP B160 426 +Cords+ (DASP Cdlab.) 
ZPHY C1 233 +Cords+ (DASP Eo0ab.) 
PL 79B 4~  +Dittmann, DuJnker, Olszonp O'Neill+ (DESY. HEIDP) 
PR D17 1731 +Nam, Boyarski+ (SLAC, LBL) 
PRL 38 1324 +Burnett+ (UCSD, UMD. PAVI, PRIN, SLAG, STAN) 
PL 67B 249 Bcaun~:hwdg+ (DASp Cogab.) 
PL 66B 385 +Criegee+ (DESY. HAMB, SIEG, WUPP) 
PRPL 33C 285 +Purl (LBL. SLAt) 
Hamburg Conf. 69 (DASP Co)lab.) 
PL 64B 403 +Du~nker, O;sson. Staffen. He/ntze§ ~DESY. HEIDP) 
PRL 36 402 +Atxams, Boyarsld, Bulos+ (SLAC, LBL)IG 
PRL 37 1 5 9 6  +.Tanenbaum, Abrams, Alam+ (SLAC, LBL) 
Stanford Syrup. 25 (LBL) 
PRL 34 1181 +Brigge, Chinowsky. Fdedberg+ (LBL. SLAG) 
Palermo Cone 54 +Br~genbach, Bulos, Abrams, Bdggs+ (SLAG, LBL) 
PRL 35 625 +~ron. Ford. Hof~adter, Howe/l+ (STAN. PENN) 
Stanford Syrup. 55 (STAN) 
PRL 35 1124 +8~yar~, Lynch, Breidenbach+ (SLAG, LBL)JPC 
Stanford Symp. 69 (DESY) 

OTHER RELATED PAPERS 
PR D55 6952 Wd-Shu HOU 
PL 121B 449 +gareyre, BoAamy+ (SACL, LOIC. SHMP, IND) 
PRL 33 1524 +B(cker, Blggs, Burger, Glenn+ (MIT, BNL ) 
PL 57B 407 Braunsch~g, Kon/ge+ (DASP Co0ab.) 
PRL 35 483 +Learned, Prepost, Ash. Anderson+ (WISC, SLAC) 
PRL 35 821 +Jean-Marie. Sadoulet. Vamlucd+ (LBL. SLAC) 
PL 56B 367 +PancherkSrJvastava, Sdvastava (FRAS) 
NIM 128 13 +Scharre (LBL) 
PRL 35 699 +Beron, F~d. Hilger, Hofstadtar+ (STAN, PENN) 
PRL 33 1453 +Brigge, Augustin, Boyarski+ (LBL, SLAC) 

ill 



See key on page 213 

IV.,(377o) I ~G(jPC) = ??0--) 

r MASS 

VALUE (MeV) DOCUMENT It) TECN COMMENT 
~l'/H.g-l-2Ji OUR EVALUATION Error Includes scale factor of 1.8. From rn~(25 ) and 

mass difference below. 
�9 * �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3764 4-5 1SCHINDLER 80 MRK2 e+e  - 
3770:1 :6  1BACINO 78 DLCO e+e  - 
3772 -;-6 1RAPIDIS 77 MRK1 e + e  - 

1 Errors Include systematic common to all experiments. 

mr - m~=s) 

VALUE (MeV} DOCUMENT ID TECN COMMENT 
n.94""L4 O U R  AVERAGE Error Includes scale factor of 1.8. See the Ideogram below. 

80 -!-2 SCHINDLER 80 MRK2 Et 'e - 
86 -k2 2BACINO 78 DLCO e+e  - 
88 •  RAPIDIS 77 MRK1 e+e  - 

2SPEAR ~(25)  mass subtracted (nee SCHINDLER 80). 

r WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
23,64"2.1 ' OUR FIT Error includes scale factor of 1.1. 
2L$4-2.9 O U R  AVERAGE 

24 •  SCHINDLER 80 MRK2 e+e  - 
24 -I-5 BACINO 78 DLCO e+e  - 
28 •  RAPIDIS 77 MRK1 e + e  - 

r DECAY MODES 

Mode Fraction ( r l / r )  Scale factor 

I" 1 D D  dominant 

1"2 e + e -  (1.12• • 10 - 5  1.2 

r PARTIAL WIDTHS 

r(,*,-) 
VALUE (keV) DOCUMENT ID TEEN COMMENT 

0.26 -1,004 OUR FIT Error Includes scale factor of 1.2. 
024  4-0.06 OUR AVERAGE Error includes scale factor of 1.2. 

0.276• SCHINDLER 80 MRK2 e + e  - 
0.18 •  BACINO 78 DLCO e+e  - 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

0.37 •  3 RAPIDIS 77 MRK1 e + e -  

3See also I ' (e+ e - ) / r t o t a  I below. 

r2 
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Meson Particle Listings 
~(3770) ,  ~ (4040)  

r BRANCHING RATIOS 

r(o~)/r== rdr 
V~LUE ~CUMENT ID TECN COMMENT 

domhtard: PERUZZI 77 MRK1 e + e - - - P  D D  

r(e+e-)Ir~,, r=/r 
VALUE (u,lts 10 -5 ) DOCUMENT ID TECN COMMENT 

1.124-0.17 OUR FIT Error Includes scale factor of 1.2. 
1.3 -1,O.2 RAPIDIS 77 MRK1 �9 + e -  

r REFERENCES 

SCHINDLER 80 PR D21 2716 § Alam, Boyarski+ (Mark II Colklb,) 
BACINO 78 PRL 40 671 +Baumprten, Blrkwood+ (SLAt, UELA, UCI) 
PERUZZI 77 PRL 39 1301 +Piccolo, Feldman+ {Mark I Collab.) 
RAPIDIS 77 PRL 39 526 +Gobbt, Luke, Barbaro-Galtled+ (Mark I Collab.) 

IG(J PC) = ?? (1 - - )  J (4o4o)J 
r MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

4040"1-10 BRANDELIK 78C DASP e + e  - 

r WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

!124-10 BRANDELIK 78c DASP e- I 'e  - 

r DECAY MODES 

Mode Fraction (r;/r) 

1.1 e + e -  (1.4• x zo -s  
r2 D ~  ~ seen 
I" 3 D*(2007)~176 + c.c. seen 
I- 4 D*(2007)o~*(2007) ~ seen 
F s J/.r 
r6 #+ p-  

r PARTIAL WIDTHS 

DOCUMENT 10 TECN COMMENT 

BRANDEUK 78C DASP e + e  - 

r(,*,-) 
VALUE(keV) 
0.1114-0.111 

~(4040) BRANCHING RATIOS 

r (e+  e-)/rt=r 
VALUE(units 10 -5) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 = 

1.o FELDMAN 77 MRK1 �9 " F e -  

r(o~176176 + c.c.) 
VALUE DOCUMENT ID T ~ N  COMM~-NT 

0.011 4"0.03 1GOLDHABER 77 MRKI  e + e  - 

r (O*(2007)~176 (D*(2007)~176 + c.r-) 
VA~UE ~ DOCUMENT 10 TECN COMMENT 

32.0.1.12.0 1GOLDHABER 77 MRK1 e + e  - 

1 Phase-space factor (p3) explicitly removed. 

~(4040) REFERENCES 

BRANDELIK 78C PL 76B 361 +Cords+ (DASP Collab.) 
Nso 79C ZPHY C1 233 Brand�9 Cords+ (DASP Collab.) 

FELDM/~, 77 PRPL 33C 285 +Perl (LBL, SLAC~ 
GOLDHABER 77 PL 69B S03 4-W;u. Abrams, Alam+ (Mark ! Col]ab.) 

OTHER RELATED PAPERS 
HEIKKILA 84 PR D29 110 +Tocn(Ivist, Ono (HELS, AACHT) 
ONO B4 ZPHY C26 307 (ORSAy) 
SIEGRIST 82 PR D26 969 +Schwltters, Alam, ChlnOwSky+ (SLAC, LBL) 
AUGUSTIN 75 PRL 34 764 +Boyardd, Abrams, Bd[~s+ (SLAC, LBL) 
BACCI 7S PL 56B 481 +Biddi, Penso, Stella+ (ROMA, FRAS) 
BOYARSKI 75B PRL 34 762 +Brddent~ch, Abrams, Br (SLAC, LBL) 
ESPOSITO 75 PL 581] 478 +Felicetti, PeruzzJ+ (FRAS, NAPL, PADO, ROMA} 

r l  

rdr 

rdrs 

r4/rg 



598 
Meson Particle Listings 
~(4160) ,  %b(4415) 

IG(J PC) = 7 ? ( 1 - - )  1 (44zs)l IG(j PC) = ? ? ( 1 - - )  

VALUE (MeV) 

4 1 6 9 4 - 2 0  

~(41eo) MASS 

DOCUMENT ID TEEN COMMENT 

BRANDELIK 78c DASP e + e -  

~b(4160) WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

T84-20 BRANDELIK 78C DASP e + e  - 

,~,(4160) DECAY MODES 

Mode Fraction (ri/r) 
F 1 e + e -  (lO4-4) x 10 - 6  

~b(4415) MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

4411i:E 6 OUR AVERAGE 
44174-10 BRANDELIK 78c DASP e + e  - 
44144- 7 SIEGRIST 76 MRK1 e - I ' e  - 

~(4415) WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

4B-I-lm O U R  A V E R A G E  Error includes scale factor of 1.8. 

66+15 BRANDELIK 78C DASP e + e  - 
33-t-10 SIEGRIST 76 MRK1 e + e  - 

r(e+e-) 
VALUE (",V) 
O.TT:EO.23 

!b(4160) PARTIAL WIDTHS 

DOCUMENT ID TEEN COMMENT 

BRANDELIK 78C DASP e §  - 

r l  

#(4415) DECAY MODES 

Mode Fraction ( r l / r )  

I" 1 hadrons dominant 

F 2 e + e -  (1.1+0.4) x 10 - 5  

~(4415) PARTIAL WIDTHS 

~b(4160) REFERENCES 

BRANDELIK 78C PL 76B 361 +Cords+ (DASP Collab, 

OTHER RELATED PAPERS 

ONO 84 ZPHY C26 307 (ORSAY) 
BURMESTER 77 PL 66B 395 +CdeKee+ (DF.SY, HAMB. SIEG, WUPP) 

r(e+e-) 
VALUE {keV) DOCUMENT ID TEEN COMMENT 

OAT=i:O.10 OUR AVERAGE 
0,494-0,13 BRANDELIK 78C DASP e + e  - 
0.44:E0.14 SIEGRIST 76 MRK1 �9 + e -  

if,(4415) BRANCHING RATIOS 

r(~dron$)Ir==i 
VALUE DOCUMENT ID TECN COMMENT 

domlalnt SIEGRIST 76 MRK1 e + e -  

F= 

M(4415) REFERENCES 

BRANDELIK 78C PL 76B 361 +Cords+ (DASP Collab.) 
SIEGRIST 76 PRL 36 700 +Abrams, Boyarskl, Breidenbach+ (LBL, SLAC) 

- -  OTHER RELATED PAPERS 

BURMESTER 77 PL 66B 395 +Criegee+ (DESY, HAMB, SIEG, WUPP) 
LUTH 77 PL 70B 120 +Pierre, A~-ams, Alam, BoyarskJ+ (LBL, SLAC) 

rdr  



See key on page 213 
5 9 9  

Meson Particle Listings 
Bottomonium 

W I D T H  D E T E R M I N A T I O N S  O F  
T H E  T S T A T E S  

As is the case for the J/r  and r  the full widths 

of the bb states T(1S),  T(2S),  and T(3S) are not directly 

measurable, since they are much narrower than the energy 

resolution of the e+e - storage rings where these states are 

produced. The common indirect method to determine F starts 

from 

r = r l l / B l t ,  (1) 

where Ftt is one leptonic partial width and Btt is the cor- 

responding branching fraction (t  -- e, #, or v). One then 

assumes e-#-~- universality and uses 

l~ t s  = t e e  

B t t =  average of Bee , Bttl~ , and Br~ . (2) 

The electronic partial width Fee is also not directly measur- 

able at e+e - storage rings, only in the combination Fe~Fhad/F, 

where Fhad is the hadronic partial  width and 

r h ~  + 3re~ = r .  (3) 

This combination is obtained experimentally from the energy- 

integrated hadronic cross section 

f a(e+e - --~ T ---) hadrons)dE 

r e s o n a n c e  

6% ~ 6%2 r(~ C(0) - r~erh~ c~ - - (4) 
M 2 F M 2 F ' 

where M is the T mass, and Cr and C! ~ are radiative correction 

factors. CT is used for obtaining Fee as defined in Eq. (1), and 

contains corrections from all orders of QED for describing 

(bb) ~ e+e - .  The lowest order QED value -ee r(~ relevant for 

comparison with potential-model calculations, is defined by the 

lowest order QED graph (Born term) alone, and is about  7% 

lower than Fee. 

T H E  B O T T O M O N I U M S Y S T E M  

T(11020) 

T(10860) 

T (4S) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -_ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

BB threshold 

~b(3S) 

h a d r o n s  

l l b ( 2 S )  

T (38) ~ Xbl(2P ) Xb2(2P) 

"" "~b ' (~"  -" T (1S) 

jPC = 0-+ 1-~ 1 +- 0 ++ 1 ++ 2 ++ 

The level scheme of the bb states showing experimentally established states with solid lines. Singlet states are 
called ~b and hb, triplet states T and Xbj. In parentheses it is sufficient to give the radial quantum number  and 
the orbital  angular momentum to specify the states with all their quantum numbers. E.g., hb(2P) means 21Pl 
with n = 2, L = 1, S = 0, J = 1, PC = + - .  If found, D-wave states would be called yb(nD) and Tj(nD), 
with J = 1,2,3 and n = 1 ,2 ,3 ,4 , . . . .  For the Xb states, the spins of only the Xb2(1P) and Xbl(1P) have been 
experimentally established. The spins of the other Xb are given as the preferred values, based on the quarkonium 
models. The figure also shows the observed hadronic and radiative transitions. 
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Meson Particle Listings 
Bottomonium, T(1S) 

The Listings give experimental results on Bee, B~,~,, Brr, 
and FeeFhaa/F. The entries of the last quantity have been 
re-evaluated consistently using the correction procedure of 
KURAEV 85.The partial width Fee is obtained from the average 

values for FeeFh~l/F and Bit using 

FeeFh~ 
ree = r 0  _ 3Sit) ' (5) 

The total width F is then obtained from Eq. (1). We do not 
l ist l%e and F values of individual experiments. The F~e values 
in the Meson Summary Table are also those defined in Eq. (1). 

o - ( 1 - - )  
i - - ~  / i  

TOs) MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 
~liiOJr~=EOJ~. OUR RVERAGE Error includes scale factor of 2.7. See the Ideogram 

below, 
9460.604-0.094-0.05 1BARU 92B REDE e+e - -*  hadrons 
9460.6 4-0.4 2ARTAMONOV 84 REDE e't'e - --* hadrons 
9459.974-0.114-0.07 MACKAY 84 REDE e + e - - *  hadrons 
�9 �9 �9 We do not use the following data for averages, fits. IImRs, etc. �9 �9 �9 

9460.594-0.12 BARU 86 REDE e + e - ~  hadrons 

1Superseding BARU 86. 
2Value includes data of ARTAMONOV 82. 

T(tS) WIDTH 

VALUE (keY) DOCUMENT ID 
52114"1.8 OUR EVALUATION See the Note on Width Determinations of the T states 

T(ZS) DECAY MODES 
Scale factor/ 

Mode Fraction (FI/F) Confidence level 

r l  ~+T- (2 6 v+O'14~ o/ 
�9 " "--0.16" " 

1-2 e + e -  (2.524-0.17) % 
r 3 /J+ /~-  (2.48+0.07) % S=1.1 

Hadronlc decays 
1-4 J/~(1S)anything (1.1 4-0.4 ) x 10 - 3  
1-5 p~r < 2 x 10 - 4  CL=90% 

1-6 ~r+~r- < 5 x 10 - 4  EL=90% 
I" 7 K + K -  < 5 x lO - 4  CL=90% 

re p~ < 5 x 10 - 4  CL=90% 
F9 D*(2010)4- anything 

R a d ~  dcay= 
Fzo "y2h+2h - (7.0 4-1.5 ) x 10 - 4  
r n 73h+3h - (5.4 4-2.0 ) x l 0  - 4  
1"12 "~4h+4h - (7.4 4-3.5 ) x 10 - 4  

1"13 7 7r+~r-K+K-  (2,9 4-0.9 ) x l O  - 4  
1"14 "72~r+2~r- (2.5 4-0.9 ) x lO - 4  
1"1s 7 3~r+3~r- (2.5 4-1.2 ) x 10 - 4  
1"16 "Y 2 ~ r + 2 7 r - K + K -  (2.4 4-1.2 ) x l 0  - 4  
r17 "y~r+~r-pp (1.5 4-0.6 ) x 10 - 4  
1"18 "y27r+27r-pp (4 4-6 ) x l 0  -s 
1"19 "72K+2K- (2.0 4-2.O ) x 10 -s 
1"20 7~/ (958)  < 1.3 x 10 - 3  EL=90% 
1"21 "Tr/ < 3.5 X 10 - 4  CL=CX)% 
1"22 "yf~(1525) < 1.4 x 10 - 4  CL=90% 

1"23 7f2(1270) < 1.3 X 10 - 4  CL=90% 

1"24 "7~/(1440) < 8.2 x 10 -S  EL=g0% 

r2s ~f j (1710) -+ 7KK < 2.6 x 10 - 4  EL=90% 
I"26 "7 f0(2200) --* "y K + K -  < 2 x 10 - 4  EL=90% 

[-27 7 fJ (2220)  -~ 7 K + K  - < 1.5 x 10 - s  EL=90% 
r2s */r /(2225) --, 7~b~b < 3 x lO - 3  EL=O,0% 

F29 ")'X < 3 x 10 - 5  EL=90% 
X = pseudoscalar with m< 7.2 GeV) 

r30 ~ . X X  < 1 x 10 - 3  CL=90% 
X X  = vectors wi th m <  3.1 GeV) 

TOS) r0)r(,+ e-)/r(tm,) 
r(e+e - )  x r 0 , + . - ) / r t = =  r=r=/r 
VALUE(W) OOCUMENT 10 TECN COMMENT 

~l,2"l'1.6J,'l.'t KOBEL 92 CBAL e + e - - - ~  ,u+/~ - 

r(~dn==) x r(e+e-)/r~=, ror=/r 
VALUE(kW) DOCUMENT ID ~..CN COMMENT 
1.2~=1:0J~7 OUR AVERAGE 
1.1874-0.0234-0.031 3 BARU 92B MD1 �9 + e -  ~ hadrons 
1.23 4-0.02 4-0.05 3jAKUBOWSKI 88 CBAL e + e - ~  hadrons 
1.37 4-0.06 4-0.09 4GILES 84B CLEO e+e - --~ hadrons 
1.23 4-0.08 4-0.04 4ALBRECHT 82 DASP e+e - --* hadrons 
1.13 4-0.07 4-0.11 4NICZYPORUK 82 LENA e + e - - - *  hadrons 
1.09 4-0.25 4 BOCK 80 CNTR e+e - ~ hadrons 
1.35 4-0.14 5BERGER 79 PLUT e + e - - - *  hadrons 

3 Radiative corrections evaluated following KURAEV 85. 
4 Radiative corrections reevaluated by BUCHMUELLER 85 following KURAEV 85. 
5 Radiative corrections reevaluated by ALEXANDER 89 using B(p/J) = 0.026. 

T( tS )  PARTIAL WIDTHS 

r(e+e - )  
VALUE (keY) DOCUMENT ID TEEN 

1.324.0.04=1:0jm 6 ALBRECHT 95E ARG 

6Applying the formula of Kuraev and Fadln. 

COMMENT 

�9 + e -  ~ hadrons 

F= 

T(1S) BRANCHING RATIOS 

r(~+,-) ir== 
VALUE ~yT 5 DOCUMENT ~p TEEN. 

0 . 0 ~ 7 + _ 0 ~  OUR AVERAGE 

0 02614-n rtnl~+0'0009 . . . . . . . .  --0.0013 25k CINABRO 94B CLE2 

0.027 4-0.004 4-0.002 7 ALBRECHT 85C ARG 

0.034 4-0.004 4-0.004 GILES 83 CLEO 

r,/r 
COMMENT 

e+e--  .-+ ~ + ~ -  

T.(2 S ) -* 
~+~-~+~- 

e+e - __. ~.§ 

r(~+.-) ir== 
VAr ~ y T S  DOCUMENT/O T.ECN .. COMMENT 
O.0~I~:E0.000T OUR AVERAGE Error Includes scale factor of 1.1. 

7Using B ( T ( I $ )  --* ee) = B ( T ( I $ )  ~ ##)  = 0.0256; not used for width evaluations. 

r d r  

0,02124-0.0020• 8 BARU 92 MD1 e + e -  
# §  

0.02314-0.00124-0.0010 8 KOBEL 92 CBAL e + e -  -~ 
# + / ~ -  

0.02524-0.00074-0.0007 CHEN 89B CLEO e+e - 
p + # -  

0.02614-0.0009+0.0011 KAARSBERG 89 CSB2 e-I'e - 
~+ ~ -  

0.02304-0.00254-0.0013 86 ALBRECHT 87 ARG T(2S) 

0,029 4-0.003 4-0,002 864 BESSON 84 CLEO 7"(25) 
~-i- l r - / j + / ~ -  



See key on page 213 

0.027 4-0.003 4.0.603 ANDREWS 83 CLEO e + e  - ~  
#+/~-- 

0,032 4-0.013 4-0.003 ALBRECHT 82 DASP e + e -  
.u+/~- 

0.038 4-0.015 4-0,002 NICZYPORUK 82 LENA e + e  - --~ 
/~+/~- 

0.014 +0.034 BOCK 80 CNTR e + e  - ---* 
- 0.014 /~+/~- 

0.022 4-0.020 BERGER 79 PLUT e + e  - 
/ ~ + # -  

8 Taking Into account interference between the resonance and continuum. 

r(e+e-)/rt=,~ r=/r 
VA~.U~ ~VT~ DOCUMENT ID T~C N COMMENT 
o_n~F_~:t:O.O01? OUR AVERAGE 
0.0242:1:0.0014 4- 0.0014 307 ALBRECHT 87 ARG T(25)  

x + ~ r - - e + e - -  
0.028 :E0.003 4-0.002 826 BESSON 84 CLEO T(2S) 

~ + , x -  e+ e - 
0.051 4-0.030 BERGER 80<: PLUT e + e  - 

e + e  - 

r(J/r r4/r 
VALUE (u.its 10 -3 ) CL~II DOCUMENT ID TECN COMMENT 

< 0.68 90 ALBRECHT 92J ARC e + e -  ~ e + e -  X, 
e + e  - ~ /~+ /~ -X  

1.1 a-OA:b0.2 9FULTON 89 CLEO e + e - ~  # + / ~ - X  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 1.7 90 MASCHMANN 90 CBAL e+e  - --* hadrons 
<20 90 NICZYPORUK 83 LENA 

9Using B((J/V)) ~ # + / ~ - )  = (6.9 4- 0.9)%. 

r(~r+x-)/r~l rg/r 
VALUE (units 10 -4 ) CL.~.~ DOCUMENT ID TECN COMMENT 

<g 90 BARU 92 MD1 T(1S) --~ ~ + ~ -  

r(K + K-)/r~, rdr 
VALUE (units 10 -4 ) CL_.~ DOCUMENT ID TECN COMMENT 

<g 90 BARU 92 MD1 T(1S) ~ K + K -  

r(p~)/r~., rdr 
VALUE (u~its 10 -4 } CL_~.~ DOCUMENT ID TECN COMMENT 

<5 90 10 BARU 96 MD1 T(1S) ~ p~ 

10Supersedes BARU 92 In this node. 

r(Tx)/r~., r~/r 
(X  = pseudoscalar with m< 7.2 GeV) 

VALUE (units 10 -5 ) CL.~% DOCUMENT ID TECN COMMENT 

<S 90 11 BALEST 95 CLEO e+e  - ~ 3' + X 

11 For a nonlnteracting pseudoscalar X with mass < 7.2 GeV. 

r(-~x~/r~., r=/r 
(XX" = vectors with m< 3,1 GeV) 

VALUE(units 10 -3 ) CL..~_~ DOCUMENT ID TECN COMMENT 

<1 90 12BALEST 95 CLEO e + e - ~  ~ +  X X  

12For a nonlnteractlng vector X with mass < 3.1 GeV. 

r(72.+~-) /r~. ,  r . l r  
VALUE (units 10 -4 ) E V T S  DOCUMENT ID TECN COMMENT 

2=;4"0.74"0=; 26 4- FULTON 90B CLEO e+e  - --* hadrons 
7 

r (7. + . -  K + K-)/r~., r . / r  
VALUE (units 10 -4 ) EVTS DOCUMENT ID TECN COMMENT 

2=;4"0.74-0=; 29 4- FULTON 90B CLEO e+e  - --* hadrons 
8 

r(7.+~-p~)/rm, r~dr 
VALUE (units 10 -4 ) E V T S  DOCUMENT ID TECN COMMENT 

1=;4-0=;4-0.3 22 -I- FULTON 90B CLEO e + e  - ~ hadrons 
6 

r (72K+ 2K-) /r~., r../r 
VALUE (units 10 -4) E V T S  DOCUMENT ID TECN COMMENT 

0-2 4"0.2 2 + 2 FULTON 90B CLEO e + e -  ~ hadrons 

r (7~+~- ) / r~ . ,  r,,/r 
VALUE (units 10 -4) EVT5 DOCUMENT ID TECN COMMENT 

2=;-1"0.9::b0.8 17 4. FULTON 90B CLEO �9 + e -  --* hadrons 
5 

r(72~r+2x- K + K - ) / r t ~ a i  r . / r  

,VALUE (units 10 -4) EVT5 DOCUMENT ID TECN COMMENT 

2A'I'0.9"1-0.8 18 4- FULTON 90B CLEO �9 + e-- ~ hadrons 
7 
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r(is) 

r(7~.+2.-p~)/r~., r . / r  
VALUE (units 10 -4 ) E V T S  DOCUMENT ID TECN COMMENT 

OA4"O.4"I'0A 7 • 6 FULTON 90B CLEO e + e -  ~ hadrons 

r(72.+2h-)/r~, r . / r  
VALUE(units 10 -4) E V T S  DOCUMENT ID TECN COMMENT 

"L0"1"1.1"1"1.0 80 4- FULTON 90B CLEO e + e -  --~ hadrons 
12 

r(73/Pgh-)Ir~,, r~Ir 
VALUE (units 10 -4) E V T S  DOCUMENT ID TECN , COMMENT 

g.4"l'1.E'l'1.3 39 4- FULTON 90B CLEO e + e -  --~ hadrons 
11 

r(74~-4h-)Ir~= r,.Ir 
VALUE(units 10 -4) EV'FS DOCUMENT ID TECN COMMENT 

7.44"2=;4"2=; 36 • FULTON 90B CLEO e + e  - --~ hadrons 
12 

r(p,r)/rt~ r=/r 
VALUE (uI~Its 10 -4) CL_~ DOCUMENT ID TECN COMMENT 

< 2 90 FULTON 90B T(1S) ~ p0~r0 
�9 �9 * We do not use the following data for averages, fits, limits, etc. * * * 

<10 90 BLINOV 90 MD1 T(15)  --* pOxO 
<21 90 NICZYPORUK 83 LENA T(15)  --* p0~rO 

r(D'(2010) ~" a~thlniD/r~, rg/r 
VALUE(units 10 -3) CL~_~ DOCUMENT ID TECN COMMENT 

<19 90 13ALBRECHT 92J ARG e + e  - -~ D0~ ' I 'X  

13 For xp > 0.2. 

r(7~(144o))/r~., r~/r 
VALUE(units 10 -5) CL...~ DOCUMENT ID TECN COMMENT 

<8.2 90 14FULTON (JOB CLEO T(1S) ~ "yK+Tr:FKO S 

141ndudes unknown branching ratio of  r/(1440) --~ K •  S. 

r(7r r=/r 
VALUE(units 10 -3) CL% DOCUMENT ID TECN COMMENT 

<1.$ 90 SCHMITT 88 CBAL T(1S) --~ ~fX 

r(7,1)/r=,, r,,/r 
VALUE (units 10 -4 ) CL~_~ DOCUMENT ID TECN COMMENT 

<3=; 90 SCHMITT 88 CBAL T(1S) ~ 3'X 

r (7 ~=(1525))/r~= r../r 
VALUE(units 10 -s ) CL.~  DOCUMENT ID TECN COMMENT 

<34 90 15 FULTON 908 CLEO T(15)  "-~ 3'K + K -  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<19.4 90 15ALBRECHT 89 ARG T ( 1 S ) ~  3 , K + K  - 

18Aseumlng B(f~(1525) ~ K K )  = 0.71. 

r ( T f j ( 1 7 1 0 ) - - ~  7 K ~ 7 ) / r t o t a l  r , , / r  

VALUE(units 10 -4) CL.~_~ DOCUMENT ID TECN COMMENT 

< 2=; 90 16ALBRECHT 89 ARG T(1S)  ~ ~ f K + K  - 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 6,3 90 16 FULTON 90B CLEO T(15)  --~ 3'K + K -  
<19 90 16 FULTON 90B CLEO T(1S) ~ ~ K  0 v 0  

" S ' S  
< 8 90 17 ALBRECHT 89 ARC T(1S)  --* ~ x  + 1 r -  
<24 90 18 SCHMITT 88 CBAL T(1S)  ~ ".IX 

16Assuming B(f j(1710) ~ K K )  = 0.38. 

17Assuming B(f j(1710) ~ ~lr) = 0,04. 
18Aseumlng B(f j(1710) -~ r/r/) = 0.18. 

r ( 7  ~ ( z 2 7 0 ) ) / r ~  r = / r  

VALUE (u.lts 10 -5 ) CL~_~ DOCUMENT ID TECN COMMENT 

<13 90 19 ALBRECHT 89 ARC T (15 )  --* "yTr+~ - 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<21 90 19 FULTON 9OB CLEO T(1S) ~ " y ~ + ~ -  
<81 90 SCHMITT 88 CBAL T(15)  ~ *fX 

19Using B(f2(1270 ) ~ ~r~) = 0.84. 

r ( 7  0 ( 2 2 2 0 )  " ~  7 K + K - ) / F t ~ J  r ~ / r  

VALUE(units 10 -5) C L f ~  DOCUMENT ID TECN COMMENT 

< 1 =; 90 20FULTON 90B CLEO T(1S) ~ ~ K + K  - 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 2.9 90 20ALBRECHT 89 ARC T(1S)  -~ 3 K + K  - 
<20 90 20BARU 89 MD1 T ( 1 S ) ~  " y K + K  - 

20Including unknown branching ratio of fJ(2220) ~ K + K  - .  
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T ( 1 5 ) ,  Xbo(1P),  Xb~(1P) 

r (,yt/(_~F) --~ , ~ ) / r~=  
VA(,I~ CL~ DOCUMENT ID 

< :0 ,0~  90 21 BARU 

21Assuming that  the ~/(2225) decays only Into ~r  

r (-~ ~p~oo)-~ .~K+ x-)/r~ 
VAL(J[ CL~ DOCUMENT 10 

<0.00(~ 90 22 BARU 

rB/r  
T~CN COMMENT 

MD1 T(15 )  

. f K + K - K +  K -  

r~/r 
T~:CN COMMENT 

89 MD1 T(15)  ~ " f K + K  - 

22 Assuming that  the f0(2200) decays only Into K + K - .  

T(IS) REFERENCES 

BARU 96 PRPL 267 71 +Bllnov, BlinOv, Bondar+ (NOVO) 
ALBRECHT 95E ZPHY C65 619 +Hamacher+ (ARGUS Collab.) 
BALEST 95 PR D51 2053 +Clio, Ford, Johnson+ (CLEO COllab.) 
CINABRO 94B PL B340 129 +Liu, Saulnier, Wilson+ (CLEO Collab. ) 
ALBRECHT 92J ZPHY ES5 25 +Ehdichmann, Hamacher+ (ARGUS COllab.) 
8ARU 92 ZPHY C54 229 +Begin, 8llnov+ (NOVO) 
BARU 92B ZPHY C56 547 +Blinov, Bllnov, Bondar+ (NOVO) 
KOBEL 92 ZPHY C53 193 +Antreasyan, Barrels, Besset+ (Crystal Ball Collab.) 
BLINOV 90 PL B245 311 +Bondar+ (NOVO ) 
FULTON (JOB PR D4L 1 4 0 1  +Hempstead+ (CLEO Collab.) 
MASCHMANN 90 ZPHY C46 555 +Antreasyan. Barters, Besset+ (Crystal Ball Collab.) 
ALBRECHT 89 ZPHY C42 349 +Boeckmann, Glaeser, Harder+ (ARGUS Coltab.) 
ALEXANDER 89 NP B320 45 +Bonvicini, Drell, Frey, Lurh (LBL, MICH. SLAC) 
BARU 89 ZPHY C42 505 +Beilin, Blinov, Blinov+ (NOVO) 
CHEN 89B PR D39 3528 +Mcllwain, Miller+ (CLEO Collab.) 
FULTON 89 PL B224 44ll +Haas. Hempstead+ (CLEO Collab.) 
KAARSBERG 89 PRL 62 2077 +Helntz+ (CUSB Collab.) 
BUCHMUEL.. 88 HE e+e - phydcs 412 Buchmueller, Cooper (HANN, DESY, MIT) 

Editon~: A. All and P. Soediag, World Scientific, Sinppore 
JAKUBOWSKI 88 ZPHY C40 49 +Antreasyan, 8artels+ (Crystal Ball Collab.) IGJPC 
SCHMITT 88 ZPHY C40 199 +Antreasyan+ (Crystal Ball Collab.) 
ALBRECHT 87 ZPHY C3ll 283 +Binder, Boeckmann, Glaeser+ (ARGUS Coltab.) 
BARU 86 ZPHY C30 5S1 +Blinov, Bondar, Bukin+ (NOVO) 
ALBRECHT 85C PL 154B 452 +Drescber, Heller+ (ARGUS Collab.) 
KURAEV 85 SJNP 41 466 +Fadln (NOVO) 

Trandated from YAF 41 733. 
ARTAMONOV 84 PL 137B 272 +Baru, Blinov, Bondar+ (NOVO) 
BESSON 84 PR D30 1433 +Green, Hicks, Namjoshi, Saner+ (CLEO Collab.) 
GILES 84B PR D29 1285 +Hacsard, Hempstead, Kinosllita+ (CLEO Collab.) 
MACKAY 84 PR D29 2483 +Hasard, Giles, Hempstead+ (CUSB Collab.) 
ANDREWS 83 PRL 50 807 +Avery, Barkelman, Cassel+ (CLEO Collab.) 
GILES 83 PRL 50 977 + (HARV, OSU, ROCH. RUTG, SYRA, VAND+) 
NICZYPORUK 83 ZPHY C17 197 +Jakubowski, Zeludziewicz+ (LENA Collab.) 
ALBRECHT 82 PL 116B 383 +Hofmann+ (DESY, DORT, HEIDH, LUND, ITEP) 
ARTAMONOV 82 PL 118B 225 +Baru, Blinov, Bondar, Bukln, Groshev+ (NOVO) 
NICZYPORUK 82 ZPHY C1S 299 +Folger, Bienlein+ (LENA Collab.) 
BERGER 80C PL 93B 497 +lackas, Baupach+ (PLUTO Cogab.) 
BOCK 80 ZPHY C6 125 +Blanar, Blum+ (HEIDP, MPIM, DESY, HAMB) 
BERGER 79 ZPHY C1 343 +Alexander+ (PLUTO Collab.) 

OTHER RELATED PAPERS 

KOENIGS... 86 DESY 8 6 / 1 3 6  Koenigsmann (DESY) 
ALBRECHT 84 PL 134B 137 +Drescber, Heller+ (ARGUS Collab.) 
ARTAMONOV 84 PL 137B 272 +Baru, Blinov, Bondar+ (NOVO) 
ARTAMONOV B2 PL 118B 225 +Baru, Blinov, Bondar, Bukin, Gro~hev+ (NOVO) 
BERGER 78 PL 7SB 243 +Alexander, Daum+ (PLUTO C~lab.) 
BIENLEIN 78 PL 78B 360 +Glawe, Book, Blanar+ (DESY, HAMB, HEIDP, MPIM) 
DARDEN 78 PL 76B 246 +Hofmann, Schubert+ (DESY, DORT, HBDH, LUND) 
GARELICK 78 PR O18 945 +Gauthier, Hicks, Oliver+ (NEAS, WASH, TUFTS) 
KAPLAN 78 PRL 40 435 +Apbel, Herb, Horn+ (STON, FNAL COLU) 
YOH 78 PRL 41 684 +Herb, Horn, Lederman+ (COLU, FNAL, STON) 
COBB 77 PL 72B 273 +lwata, Fabian+ (BNL, CERN, SYRA, YALE) 
HERB 77 PRL 39 252 +Horn, Lederman, Appel, Ito+ (COLU, FNAL, STON) 
INNES 77 PRL 39 1240 +Apbel, Brown, Herb, Horn+ (COLU, FNAL, STON) 

I I IG(jPC) = 0 + ( 0 +  +)  
XbolP_( ) J needs confirmation. 

Observed in radiat ive decay of  the  T ( 2 S ) ,  therefore C =  + .  Branch- 
ing rat io requires E1 t ransi t ion,  M1 is s t rongly disfavored, therefore 
P = + .  

Xbo(1P) DECAY MODES 

Mode Fraction (F I /F )  Confidence level 

r I -y T ( 1 S )  <6  % 90% 

Xlm(1P) BRANCHING RATIOS 

r(7 T(lS))/rmm 
VALUE CL~ DOCUMENT ID T~CN ~OA~MENT 

<0.06 90 WALK 86 CBAL T(2S)  --* " y ~ t + l  - 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.11 90 PAUSS 83 (:USB T (2$ )  --~ ~,~t+t  - 

Xb0(1P) REFERENCES 

WALK 86 PR D34 2 6 1 1  +Zschor~h+ (Crystal Ball Collab.) 
ALBRECHT 85E PL 160B 331 +Drescber, Helter+ (ARGUS Collab.) 
NERNST 85 PRL 54 2 1 9 5  +Antreasyan, Ascbman+ (Cr/stal Ball Collab.) 
HAAS 84 PRL 52 799 +Jensen, Kapn, Kass, Behrends+ (CLEO Collab.) 
KLOPFEN... 83 PRL 51 160 Klopfenstein, Horstkotte+ (CUSB Co,lab.) 
PAUSS 83 PL 130B 439 +D~etl, Eigen+ (MPIM, COLU, CORN, LSU, STON) 

Observed in radiative decay of the T(25), therefore C = +. Branch- 
ing ratio requires E1 transition, M1 is strongly disfavored, therefore 
P = + .  J = 1 f rom SKWARNICK I  87. 

IG(j PC) = 0 + ( 1 +  +)  
J needs confirmation. 

T(2S)  --* ~ t +  t - 
T(2S)  ~ conv.-yX 
T(2S)  ~ ~ X  
T(2S) ~ conv.-yX 
T(2S)  ~ "yX 
T(2S)  ~ " y * f t + l  - 

VALUE (MW) 
glSg.B::b 1..3 OUR AVERAGE 
9860.0• 
9858.3 4-1.6 4- 2.7 
9864.14-7 4-1 

Xbo(1P) MASS 

DOCUMENT ID TECN COMMENT 

I ALBRECHT 85E ARG T(25)  ~ conv.~X 
1NERNST 85 CBAL T(2S) --~ 3"X 
1 HAAS 84 (:LEO T(2S)  --* conv..yX 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

9872.84-0.7• 1 KLOPFEN... 83 (:USB T(2S) ~ -yX 

1 From "y energy below, assuming T (25 )  mass = 10023.4 MeV. 

"y ENERGY IN T'(2$) DECAY 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
1li2.$-I- 1.~ OUR AVERAGE 
162.1•177 ALBRECHT 85E ARG T(2S) ~ conv..yX 
163.8• NERNST 85 ( :BA t  T (25)  ~ ~,X 
158.O• 4-1 HAAS 84 (:LEO T ( 2 5 ) ~  conv.-fX 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

149.44-0.74-5.0 KLOPFEN... 83 CUSB T(25)  ~ -fX 

X~(1P) MASS 

VAt UE (MeV) DOCUMENT It) TECN COMMENT 
~Jf~J..9:bO.7 OUR AVERAGE 
9890.8•177 1 WALK 86 CBAL 
9890.8•177 1 ALBRECHT 85E ARG 
9892.0+0.8•  1 NERNST 85 ( :BA t  
9893.6•177 1 HAAS 84 CLEO 
9894.4:E0.4• 1 KLOPFEN... 83 (:USB 
9892 ~:3 1pAUSS 83 CUSB 

1 From "~ energy below, assuming T(2S) mass = 10023.4 MeV. 

-f ENERGY IN T(2S) DECAY 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

130.6:E0.7 OUR AVERAGE 
131.7+0.9•  WALK 86 (:BAL T (25 )  ~ ~ f l + t  - 
131.74-0.3• ALBRECHT 85E ARG T(25 )  ~ conv.-yX 
130.6•177 NERNST 85 ( :BA t  T (25 )  --+ "yX 
129 •  HAAS 84 (:LEO T(25) - -~  conv.~,X 
128.1•177 KLOPFEN... 83 CUSB T(25 )  ~ " /X 
130.6~3.O PAUSS 83 (:USB T (25 )  ~ ~f'yl+t - 

X~_(1P) DECAY MODES 

Mode Fraction (F I /F )  

J- 1 "y T ( 1 S )  (35:E8) % 

X~( IP )  BRANCHING RATIOS 

r(7 r(lSl)lr~,, 
VALUE DOCUMENT ID TECN COMMENT 
0.N~0.0I OUR AVERAGE 
0.32•177 WALK 86 CBAL T(25)  --~ - r ' y t + t  - 
0.47• KLOPFEN... 83 (:USB T(2S) --~ ~ ' y t + t  - 

Xbl(1P) REFERENCES 

SKWARNICKI 87 PRL 58 972 +AntreamJan, Besset+ (Crystal Ball Co,lab.)J 
WALK 86 PR D34 2 6 1 1  +Zschorsch+ (Crystal Ball Collab. ) 
ALBRECHT SSE PL 160B 331 +Drescher, Heller+ (ARGUS Collab.) 
NERNST 85 PRL 54 2 1 9 5  +Antreasyan, Aschman+ (Crystal Ball Collab.) 
HAAS 84 PRL $2 799 +Jensen, Kapn, Kass, Bahrends+ (CLEO Collab.) 
KLOPFEN.. 83 PRL 51 160 Klopfenstein, Horstkotte+ (CUSB Cobab.) 
PAUSS 83 PL 13OB 439 +Dietl, Eigen+ (MPIM, COLU, CORN, LSU, STON) 

f u r  

ru r  
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i ( e )  I : Xb2 1 J needs confirmation. 
Observed in radiative decay of the 7"(25), therefore C =  + .  Branch- 
InK ratio requires E1 transition, M1 is strongly disfavo~ed, therefore 
P --  + .  J = 2 from SKWARNICKI  87. 

X~(ZP) MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
~J1.3.2::I:0.6 OUR AVERAGE 
9915.8:1:1.1:1:1.3 1WALK 86 CBAL T(2S) ~ ~ t + ~  - 
9912.2• 1 ALBRECHT 85E ARG T(25)  --~ conv.~X 
9912.4•177 1NERNST 85 CBAL T(2S) ~ "~.X 
9913.3:E0.7• 1HAAS 84 CLEO T(2S) -~ conv.-~X 
9914.6~:0.3~:2.0 1 KLOPFEN... 83 CUSB T(25)  -~ ~X 
9914 :b4 1 PAUSS 83 CUSB T(2S) --~ ~ '~ l '+ t -  

1 From ~. energy below, assuming T(2S) mass = 10023.4 MeV. 

-/ENERGY IN 7"(25) DECAY 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
lO~.6=I:OA OUR AVERAGE 

107.0• WALK 86 CBAL T(25)  -~ "~ 'yt '+t-  
110.6:E0.3+0.9 ALBRECHT 85E ARG T(25)  ~ conv.'yX 
110.4• NERNST 85 CBAL T(2S) --~ '~X 
109.5~0,7• HAAS 84 CLEO 7"(25) ~ conv.'~X 
108.2--~0.3• KLOPFEN.,, 83 CUSB T(25)  ~ ~'X 
108.8• PAUSS 83 CUSB T(25)  ~ "f~'t '+t- 

XN(1P) DECAY MODES 

Mode Fraction ( I ' I /F) 

r z  ~ T ( 1 S )  (22•  % 

X~(1P) BRANCHING RATIOS 

r(,~ 7`Os))/r~, r~/r 
VALUE DOCUMENT ID TECN COMMENT 
0.22-1-0.04 OUR AVERAGE 
0.27~0.06:bO.06 WALK 86 CBAL T(2S) ~ ~ * l t + t  - 

0.20:1:0.05 KLOPFEN... 83 CUSB 7"(25) ~ ~/~t+t  - 

Xie(1P) REFERENCES 

SKWARNICKI 87 PRL 58 972 +Antrea~yan, Besset+ (Crystal Bail Collab.)J 
WALK 86 PR D34 2 6 1 1  +Zschorsch+ (Crystal Ball CoHab.) 
ALBRECHT 85E PL 160B 331 +Orescher, Heller+ (ARGUS Cotlab.) 
NERNST 85 PRL 54 2 1 9 5  +Antreasyan. Aschman+ (Crystal Ball Co, lab.) 
HAAS 84 PRL 52 799 +Jensen. Kaga,, Kass, Behrends+ (CLEO Collab. i 
KLOPFEN... 83 PRL 51 160 Klopfenstein. Horstkotte+ (CUSB Collab.) 
PAUSS 83 PL 130B 439 +Diet.). Eigen+ (MPIM. COLU. CORN. LSU. STUN) 

I T(2s) I : 

7`(25) MASS 

VALUE (GeV) DOCUMENT ID TECN. COMMENT 
lO.---~t~m-- ~ 0 - 0 ~ a l  OUR AVERAGE 
10.0236 :E0.0005 1 BARU 86B REDE e'i 'e - ~ hadrons 
10.0231 • BARBER 84 REDE e + e - - - ~  hadrons 

1 �9 R analysis of ARTAMONOV 84. 

T(25) WIDTH 

VALUE (keV) DOCUMENT ID 

444-7 OUR EVAJLUATION See the Note on Width Determinations of the T states 

T(2S) DECAY MODES 

Mode Fraction ( r l / r )  Confidence level 

rz T (1S)~+  Ir - 
r2 T(lS)~r~ ~ 
r 3 ~-+ ~.- 
r4 #+ # -  
r5 e + e- 
r 6 T(lS)~r ~ 
I" 7 T(1S)~/ 
r8 J/~J(15)anything 

(18.5 • ) % 
( 8.8 •  )% 
( 1.7 •  ) %  

(1.31• % 
(1 .18•  % 

< 8 x 10 - 3  90% 

< 2 x 10 - 3  90% 

< 6 x 10 - 3  90% 

6O3 

Meson Particle Listings 
X o 2 ( 1 P ) ,  7 " ( 2 5 )  

Radiative decays 
r9 "iXbl(1P) ( 6.7 • )% 
1-10 " T X b 2 ( 1 P  ) ( 6.6 •  ) %  

F11 "YXb0(1P) ( 4.3 •  ) %  

r12 . y f j ( 1710 )  < 5.9 x 10 - 4  90% 

r13 " ) ' f~(1525)  < 5.3 x 10 - 4  90% 

r14  ~ f 2 ( 1 2 7 0 )  < 2.41 x 10 - 4  90% 

rzs -~ rj(2220) 

7`(25) r(i)r(e+ e-)/r(tmn) 
r(e+e -)  x r ( .+ . - ) / r~ . ,  r.r4/r 
VALUE (eV) DOCUMENT ID TECN COMMENT 

6JS'klJi4"l .0 KOBEL 92 CBAL e + e - - - ~  # + # -  

r(had~g) x r(e+e-)/r~., r0rdr 
VALUE (keV) DOCUMENT ID TECN COMMENT 

O.U3:I:O.0~ OUR AVERAGE 
0.552:E0.031~0.017 2 BARU 96 MD1 e + e  - --~ hadrons 
0.54 :E0.04 • 2 jAKUBOWSKI88  CBAL e + e - - - ~  hadrons 
0.58 ~:0.03 • 3GILES 84B CLEO e + e - ~  hadrons 
0.60 ~0.12 :E0.07 3ALBRECHT 82 DASP e + e  - --* hadrons 

0.54 +0.07 +0.09 3 NICZYPORUK 81c LENA e + e  - ~ hadrons -0 .05 
0.41 :E0.18 3 BUCK 80 CNTR e-Fe - ~ hadroes 

2 Radiative corrections evaluated following KURAEV 85. 
3 Radiative corrections reevaluated by BUCHMUELLER 88 following KURAEV 85. 

T(25) PARTIAL WIDTHS 

r(e+.-) 
VALUE (keV) DOCUMENT ID TECN 

B.S2 -I-O.0~ 4-0.01 4 ALBRECHT 95E ARG 

4 Applying the formula of Kuraev and Fadin. 

COMMENT 

�9 + e -  ~ hadrorls 

rs 

T(25) BRANCHING RATIOS 

r(Jl~OS) anythlnE)Irt~,i rslr 
VALUe: CL~ " ~)OCUMENT ID TEEN COMMC~NT 

<0.006 90 MASCHMANN 90 CBAL �9 -Fe -  --~ hadrons 

r ( r ( l s ) .+ . - ) / r=~  r11r 
VALUE EVTS DOCUMENT ID TECN COMMEN T 
O.lU=E0.008 OUR AVERAGE 
0.181:E0.005+0.010 11.6k ALBRECHT 87 ARG e + e  - --~ 

e + ~ _ ~  " -  MM 
0.169• GELPHMAN 85 CBAL 

e+ e - l r + ~  - 
0.191:E0.012• BESSON 84 CLEO x + l r  - MM 
0.189• FONSECA 84 CUSB e + e -  

t + t - x +  ~ -  
0.21 i 0 . 0 7  7 NICZYPORUK 81B LENA e + e  - 

t +  t -  ~.+ %- 

r(T(lS),~,O)/r~u r2/r 
VA~U~ E V T S  DOCUMENT ID TEC N COMMENT 
0.0M:b0.0'J.1 OUR AVERAGE 
0.095• 25 ALBRECHT 87 ARG e + e  - --* ~ O ~ O t ' + t -  

0.080• GELPHMAN 85 CBAL e +  e - -~ t +  t -  ~O x 0 

0.103~0.023 FONSECA 84 CUSB e' i 'e - ~ t + l - ~ 0 ~  0 

r(~+,- ) i r~, ,  r~Ir 
VALUE DOCUMENT ID "FECAl ~OMMENT 

0.017::b0.011i=t:0.006 HAAS 848 CLEO e + e  - --* 7"+7" - 

r ( ~ + ~ - ) / r ~  r41r 
VALUE CL% DOCUMENT ID TEC N COMMENT 

0.01.~L::EO.0O21 OUR AVERAGE 
0.0122~0.0028:1:0.0019 5 KOBEL 92 CBAL e + e -  -~ # + p -  
0.0138:~0.0025:E0.0015 KAARSBERG 89 CSB2 e + e  - - *  /~ '+#-  
0.009 :E0.006 +0.006 6ALBRECHT 85 ARG e + e  - ~ # + / ~ -  
0.018 • • HAAS 84B CLEO e + e  - ~ /~ '+#- 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.038 90 NICZYPORUK 81c LENA e + e  - ~ # + / ~ -  

STaking into account interference between the resonance and continuum. 
6Re-evaluated using B(T(15)  ~ # + / ~ - )  = 0.026. 

r(r(lSl~)Ir~,i ru r  
VAIJJE CL% DOCUMENT ID TECN COMMENT 

<0.0Ge 90 LURZ 87 CBAL e + e  - - *  t + t - ~ /  



Meson Particle 
7"(25) ,  Xbo(2P) 

Listings 

r(r(zs).)/r~,, 
~ U ~  CL~ pOqUMENT IO TECN CQMMENT 

<0JB02 90 FONSECA 84 CUSB 
�9 �9 �9 We do not u ~  the ~l lowlng data for averages, fits, l imits, ~c .  �9 �9 �9 

r?/r 

<0.005 90 ALBRECHT 87 ARG e + e-- 
w + x - - t + ~ - -  M M  

<0.007 90 LURZ 87 CBAL e + e  - ~  t + ~ - ( ' ; ' ~  ' ,  
3~ O) 

<0.010 90 BESSON 84 CLEO 

r(-~x~(zP))/r~., r~/r 
VALU~ DOCUMENT ID TECN ~QI~IMENT 
0,0~T-I-0.0ge OUR AVERAGE 
0.0914-O.018:1:0.022 ALBRECHT 85E ARG e + e  - ~ ~conv. X 
0 .065+0 .007 •  NERNST 85 CBAL e + e  - ~ -),X 
0.080:1:0.017:1:0.016 HAAS 84 CLEO e + e  - ~ "yconv. X 
0.0594-0.014 KLOPFEN.. .  83 CUSB e §  

r(~x~OP))/r~,, r~0/r 
VAI~(/~ DOCUMENT ID TECN COMMENT 
0.066=1:0.009 OUR AVERAGE 
0.098:1:0.021:1:0.024 ALBRECHT 85E ARG e + e-- ~ -~conv. X 
0.058:t:0.0074-0.010 NERNST 85 CBAL e + e  - ~ -~X 
0.102:1:0.018:1:0.021 HAAS 84 CLEO e + e -  ~ -~conv. X 
0.061:1:0.014 KLOPFEN.. .  83 CUSB e + e  - ~ - /X 

r(~x~OP))/r~ ru/ r  
VA~I E DOCUMENT IO TECN COMMENT 
0.043:t:0~10 OUR AVERAGE 
0.064• ALBRECHT 85E ARG e + e  - ~ -loony. X 
0 .0364-0.008•  NERNST 85 CBAL e-Fe - ~ ~,X 
0.044:E0.0234-0.009 HAAS 84 CLEO e 'Fe - ~ -rconv. X 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 * �9 

0.0354-0.014 KLOPFEN.. .  83 CUSB e + e  - ~  "TX 

r (? 0(zno))/rt== r,,/r 
VALUE (units 10 -S ) CL._~ DOCUMENT ID TECN COMMENT 

< ~  90 7 A L B R E C H T  89 ARG T ( 2 S )  ~ * r  - 
�9 �9 �9 We do not use the following dat~ for averages, fits, l imits, etc. �9 �9 �9 

< 5.9 90 8 A L B R E C H T  89 ARG T ( 2 S ) - *  - y ~ + ~ -  

7Re-evaluated assuming B( f j (1710)  ~ K + K  - )  = 0.19. 

8Includes unknown branching rat io o f  fJ(1710) --~ ~ r+x  - .  

r(~qOs2s))/r~., r . / r  
VALUE (units 10 -s  ) CL~.~ DOCUMENT ID TECN COMMENT 

<IRI 90 9 A L B R E C H T  89 ARG T ( 2 5 )  ~ ~ / K + K  - 

9Re-evaluated assuming B( f~ (1525)  ~ K K )  = 0.71. 

r ( ~  ~ ( 1 2 ~ 0 ) ) / r = ~  r . / r  

VALUE (units 10 -5)  CL__.~ DOCUMENT ID TECN COMMENT 

<24.1  90 ZOALBRECHT 89 ARG T ( 2 5 )  ~ ~'~r+~ - 

lOus ing B(f2(1270 ) ~ x~r) = 0.84. 

r ( - r  f ~ ( ~ 2 0 ) ) / r ~ t . ,  r , ~ / r  

VALUE(unlts 10 -5 )  CL_~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<6.8  90 11 ALBRECHT 89 ARG T ( 2 S )  ~ "~K + K -  

11includes unknown branching rat io of  fJ(2220) ~ K + K - .  

7"(25) REFERENCES 

BARU 96 PRPL 267 71 +81i.ov, Blinov, 8ondar+ (NOVO) 
ALBRECHT 95E ZPHY C65 619 +Hamacker+ (ARGUS Collab.) 
KOBEL 92 ZPHY C53 193 +Antreas~jan, Barrels. Be;Bet+ {C~stal Ball Cogab.) 
MASCHMANN 90 ZPHY C46 555 +An~Jea~an, BarteZs, Besset+ (Crystal Ball Collab.) 
ALBRECHT 89 ZPHY C42 349 +Boeckmann, GIwJer, Harder+ (ARGUS Collab.) 
KAARSBERG 89 PRL 62 2077 +Hetnts+ (CUSB Collab.) 
BUCHMUEL... 88 HE e+e - PhysEcs 412 B=chmueJler, Cooper (HANN, DESY, MIT) 

Editors: A. Aft and P. Bat.dins. World ScienUfc. Sinppofe 
JAKUBOWSKI 88 ZPHY C40 49 +Antreasyalt. Barrels+ (Crystal Ball Collab.) IGJPC 
ALBRECHT 87 ZPHY C35 283 +Binber, Boeckmann, Glaeser+ (ARGUS Collab.) 
LURZ 87 ZPHY C.% 383 +Antreasyan. Basset+ (CP/stal Ball Collab.) 
BARU 868 ZPHY C32 622 +Blinov, Bol~dar, Bakln+ (NOVO) 
ALBRECHT 85 ZPHY C28 45 +Dreschell, Holler+ (ARGUS Collab.) 
ALBRECHT 05E PL 160B 331 +Dre~bet, Heller+ (ARGUS Cogab.) 
GELPHMAN 85 PR Dl l  2893 +Lurz, AntRasyan+ (CryStal Ball Colhrb.) 
KURAEV 05 SJNP 41 466 +Fadin (NOVO) 

Trandated from YAF 41 733. 
NERNST 85 pRL 54 2 1 9 5  +Alrtreasyan, Ascbman+ (Cejstal Ball Cotlab.) 
ARTAMONOV 84 PL 137B 272 +Barn, Blinov, Bondar+ (NOVO) 
BARBER 84 PL 135B 498 + (DESY, ARGUS Collab., Crystal Ball Collab.) 
BESSON 84 PR D30 1433 +Green, Hicks, NamJoshi, Sannes+ (CLEO Collab.) 
FONSECA 84 NP B242 31 +Mageras, Son, DieU, Eigen+ (CUSB Cogab.) 
GILES 84B PR D29 1285 + H ~ r d ,  Hempstead. Kinoshita+ (CLEO Collab.) 
HAAS B4 PRL S2 799 +Jensen, Kagan, Kay, Behrends+ (CLEO Collab.) 
HAAS 84B PR D30 19% +Jens~n, Kagan. Kass. Behrends+ (CLEO Collab.) 
KLOPFEN... 83 PRL 51 160 KIo~fenstein, HoestkoIRe+ (CUSB Collab.) 
ALBRECHT 82 PL 116B 383 +Hofmann+ (DESY, DORT, HEIDH, LUND, ITEP) 
NICZYPORUK 81B PL 100B 95 +Cben, FolKer, Lur~+ (LENA Collab. ) 
NICZYPORUK 81C PL 99B 169 +Chert, Vogel. WeEener+ (LENA Collab.) 
BOCK 80 ZPHY C6 125 +Blana, 81urn+ (HEIDP, MPIM, DESY, HAMB) 

OTHER RELATED PAPERS 

ALEXANDER 89 NP 8320 4S +B~vidni, Drell, Frey, Luth (LBL, MICH. SLAG) 
WALK 86 PR DM 2 5 1 1  +Zschom:h+ (Crystal Ball Collab.) 
ALBRECHT 84 PL 134B 137 +Drtscber, Hellet+ (ARGUS Collab.) 
ARTAMONOV 84 PL 137B 272 +Ba~u, BIIncv. Bo~lat+ (NOVO) 
ANDREWS 83 PRL 50 807 +Avery. Barkelman, Casse{+ (CLEO Collab.) 
GREEN 82 PRL 49 617 +Slanes. Skubic. Snyder+ (CLEO Collab.) 
BIENLEIN 78 PL 79B 360 +GtavR. Back. Blinar+ (DESY. HAMB. HEIDP. MPIM) 
DARDEN 78 PL 76B 246 +Hofman,. Schubert+ (DESY. DORT. HEIDH. LUND) 
KAPLAN 78 PRL 40 435 +Appel, Herb, Horn+ (STON, FNAL, COLU) 
YOH 78 PRL 41 684 +Herb, Horn, Lederman+ (COLU, FNAL, STON) 
COBB 77 PL 72B 273 +lv,~ta, Fabian+ (BNL, CERN, SYRA. YALE) 
HER8 77 PRL 39 252 +Horn, Lederman, Appel, Ito+ (COLU, FNAL, STON) 
INNES 77 PRL 39 1240 +Appe~, growth, Herb, Horn+ (COLU. FNAL, STON) 

I I IG(jPC) = 0+(0+ +) Xbo_2P( ) : needs confirmation. 
Observed In radiative decay of the T(3S), therefore C= +. Branch- 
ing ratio requires E1 transition, M]. is strongly disfavored, therefore 
P = + .  

Xbo(2P) MASS 

VALUE (GeV) DOCUMENT fD TECN COMMENT 
10.23:!1-t"O.O006 OUR AVERAGE 
10.2312:1:0.0008:1:0.0012 1 H E I N T Z  92 CSB2 e + e  - ~ ~ X , t + t - ~ " y  
10.2323:1:0.0007 2MORRISON 91 CLE2 e + e  - ~ ~,X 

1 From the average photon energy for Inclusive and exclusive events and assuming T435 ) 
mass = 10355.3:1:0.5 MeV. Supersedes HEINTZ 91 and NARAIN 91. 

2 From ~ energy below assuming T (3S )  mass = 10355.3 :~ 0.5 MeV. The error on the 
T ( 3 5 )  mass is not Included in the Individual measurements. It Is included In the final 
average. 

~f ENERGY IN "/'(3S) DECAY 

VALUE (MeV) E V T S  DOCUMENT /D TECN COMMENT 
122.11"1"0Ji OUR AVERAGE Error Includes scale factor o f  1.1. 
123.04-0.8 4959 3 HEINTZ 92 CSB2 e-I 'e - --* - fX  
124.6:1:1.4 17 4 HEINTZ 92 CSB2 e' l-e - -~ t + t - ~ l  
122,34-0.34-0.6 9903 MORRISON 91 CLE2 e-Fe - ~ ~ X  

3 A  systematic uncertainty on the energy scale of  0.9% not included. Supersedes 
NARAIN 91. 

4 A  systematic uncertainty on the energy scale of 0.9% not Included. Supersedes 
HEINTZ 91. 

Xbo(2P) DECAY MODES 

Mode Fraction ( l ' l / F )  

r l  .7 T ( 2 S )  (4.64-2.1) % 

r 2  ' 7 T ( 1 S )  ( 9 : 1 : 6  ) x 10 - 3  

Xjo(2P) BRANCHING RATIOS 

r(~ r(25))/r~, rd r  
VALUE CL~ DOCUMENT ID TECN COMMENT 

<O.0~) 90 5CRAWFORD 92B CLE2 e + e  - ~ l + t - ~ ' 3  , 
0.046::1:0.G~0-1-O.O0"/ 6 H E I N T Z  92 CSB2 e + e  - ~ t + l - - t ~  , 

5Using B 4 T ( 2 5 )  ~ / ~ + / ~ - )  = 41.374- 0.26)%, B ( T ( 3 S )  ~ -y.y T ( 2 S ) ) x 2  B(T42S ) 
/ ~ + # - )  < 1.19 x 10 - 4 ,  and B ( T ( 3 S )  --~ Xbo(2P) 'y  ) = 0.049. 

6Using B ( T ( 2 S  ) ~ p + / ~ - )  = 41.44:1: 0.10)%, B ( T ( 3 S )  --~ " ; 'Xbo(2P)) = 46.0 4- 
0.4 + 0.6)% and assuming ep  universality. Supersedes HEINTZ 91. 

r(7 r(ls))/r~,, rd r  
VALUE CL~ DOCUMEN T ID TE~;N COMMENT 

<O.o2g 90 7CRAWFORD 92B CLE2 e + e  - ~ t - I - l - ' ) " y  
O.00g.l.O.000.i.0.00.JL 8 HEINTZ 92 CSB2 e + e  - ~ t + t - - f ~  

7Using B ( r ( l S )  --~ p + ~ - )  = (2.57 4- 0.07)%, B ( T ( 3 S )  ~ ~ T ( Z S ) ) x 2  B ( T ( l S )  
# + p - )  < 0.63 x 10 - 4 ,  and B ( T ( 3 S )  --~ Xbo(2P) 'y  ) = 0.049. 

8Using B ( T ( 1 5 )  ~ p §  = (2.57 • 0.07)%, B ( T ( 3 5 )  ~ -YXbo(2P)) = 46.0:1:- 
0.4 • 0,6)% and assuming e/~ universality. Supersedes H E I N T Z  91, 

Xbo(2P) REFERENCES 

CRAWFORD 92B PL B294 139 +Fulton (CLEO Co, lab.) 
HEINTZ 92 PR D4& 1928 +Lee, Fmnzini+ (CUSB n Collab.) 
HEINTZ 91 PRL 66 1 5 6 3  +Kaarsberg+ (CUSB Collab.) 
MORRISON 91 PRL 67 16% +Scbmidt+ (CLEO Collab.) 
NARAIN 91 PRL (~ 3 1 1 3  +LOvelock+ (CUSS Co, lab.) 

OTHER RELATED PAPERS 
EIGEN B2 PRL 49 1 6 1 6  +8ohdnger, Herb+ (CUSB Collab.) 
HAN 82 PRL 49 1 6 1 2  +Ho~stkotte, Imlay+ (CUSB Cdlab.) 
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Particle Listings 
Xbl(2P),  Xb~(2P) 

I I IG(jPC) = 0+(1 + +) 
Xu, 2P( ) : needs confirmation. 

Observed in radiative decay of the T(35) ,  therefore C =  +. Branch- 
ing ratio requires E1 transition, M1 is strongly disfavored, therefore 
P - -  -I-. 

x~,(=P) MASS 
VALUE (GeV) DOCUMENT ID TECN COMMENT 
10-2SS2:J:O.0005 OUR AVERAGE 
10.25474-0.0004• 1 HEINTZ 92 CSB2 e+e - ~ -~X, t+ t -3 '~  
10.25534-0.0005 2 MORRISON 91 CLE2 e+e - ~ ~,X 

1 From the average photon energy for inclusive and exclusive events and assuming T(3S) 
mass = 10355.3 4- 0.5 MeV. Supersedes HEINTZ 91 and NARAIN 91. 

2From ~ energy below assuming T(3S) mass = 10355.3 • 0.5 MeV. The error on the 
T(35)  mass is not included in the Individual measurements. It is included In the final 
evaluation. 

mx~.(2p ) - mx,,,(2e) 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

23.54-0.7+0.7 3 HEINTZ 92 CSB2 e+e - --) " ~ X , s  

3From the average photon energy for inclusive and exclusive events. Supersedes 
NARAIN 91. 

�9 ~ ENERGY IN T(3S) DECAY 

VALUE (MeV) EVT5 DOCUMENT ID TECN COMMENT 
~.SO=EO.2~ OUR AVERAGE 
99 4-1 169 CRAWFORD 92B CLE2 e+e - --~ t-1"s 

100.1 4-0.4 11147 4 HEINTZ 92 CSB2 e - F e - ~  3,X 
100.2 4-0.5 223 5HEINTZ 92 CSB2 e-I'e - ~ ~+~-~"Y 
99.5 4-0.1 4-0.5 25759 MORRISON 91 CLE2 e•  - ~ ~X 

4A systematic uncertainty on the energy scale of 0.9% not included. Supersedes 
NARAIN 91. 

5A systematic uncertainty on the energy scale of 0.9% not Included. Supersedes 
HEINTZ 91. 

xaz(2P ) DECAY MODES 

Mode Fraction U ' i / r )  Scale factor 

F1 "7 T(2S) (21 4-4 ) % 1.5 
F 2 "7 T ( 1 S )  (8.54-1.3) % 1.3 

X~(2P) BRANCHING RATIOS 

r(~ r(2Sl)/r~,, r d r  
VA~,U~ ~)~C, UMENT ID T ~  COMMENT 
0.21 4-0.04 OUR AVERAGE Error includes scale factor of 1.5. 
0.3564-0.0424-0.092 6CRAWFORD 92B CLE2 e + e  - ~ f . + t - 7 ~  
0.1994-0.020• 7HEINTZ 92 CSB2 e+e - --* l + ! - 3 , 3  ' 

6Using B(T(2S) ~ #-t-/~-) = (1.374- 0.26)%. B(T(35) ~ ~3, T(25) )x2  B(T(25) --* 
. + ~ - )  = (10.23• 4- i.~6)• and B(T(3S)~ ~b1(2P)) = 0.105+ 0~ 4- 
0,013. 

7Using B(T(2$) --, ,u+/~ - )  = (1.44 4- 0.10)%, B(T(3S) ~ ~ X b l ( 2 P ) )  = (11.5 4- 
0.5 4- 0.5)% and assuming e/~ universality. Supersedes HEINTZ 91. 

r(~ r(zS))lrt=,~ r=/r 
VALUE DOCUMENT ID TECN COMMENT 
OJB~:l:O.013 OUR AVERAGE Error includes scale factor of 1.3. 
0.1204-0.0214-0.021 8 CRAWFORD 92B CLE2 e+e - --~ t - F t - ~ /  
0.0804-0.009• 9 HEINTZ 92 C5B2 e+e - ~ ! + l - 3 ' 3 '  

8 Using B(T(1S) --* /~+/~-) = (2.57 4- 0.07)%, B(T(3S) -~ ~TT(1S) )x2  B(T(15) 
/K +/.r = (6.47 4-1.12 4- 0,82) x 10 - 4  and B(T(3S) ~ 3"Xbl(2P)) = 0.I05~00:0~03 • 
0.013. 

9 Using B(T(1S) --~ /a§ + 0.07)%. B(T(35) - *  " , /Xbl(2P)) = (11.54-0.54- 
0.5)% and assuming e/~ universality. Supersedes HEINTZ 91. 

X~(2P)  REFERENCES 

CRAWFORD 92B PL B294 139 +Fulton 
HEINTZ 92 PR D46 1928 +Lee. Franzini+ 
HEINTZ 91 PRL 66 1563  +Kaai~ber6+ 
MORRISON 91 PRL 67 1696 +Schmidt+ 
NARAIN 91 PRL 66 3113  +Lovelock+ 

OTHER RELATED PAPERS ~ 

EIGEN 82 PRL 49 1616  +Bohringer. Herb+ 
HAN 82 PRL 49 1612  +Horstkotte. Irnlay+ 

i 

(CLEO Collab,) 
(CUSB II Collab.) 

(CUSB Collab.) 
(CLEO Collab.) 
(CUSB Collab.) 

CUSB Collab.) 
CUSB Co'lab.) 

I i IG(jPC) = 0+(2 + +) 
Xb2_2P_( ) : needs confirmation. 

Observed in radiative decay of the T (35) ,  therefore C = +.  Branch- 
ing ratio requires E1 transition, M1 is strongly disfavored, therefore 
P = -t-. 

x~(2P) MASS 
VALUE (GeV) DOCUMENT ID TECN COMMENT 
10.26854-0.0004 OUR AVERAGE 
10.2681• 1 HEINTZ 92 CSB2 e+e - ~ "yX , t+ l - * / - r  
10.26854-0.0004 2 MORRISON 91 CLE2 e + e -  ~ *fX 

1 From the average photon energy for inclusive and exclusive events and assuming T(35) 
mass = 10355.3 4- 0.5 MeV. Supersedes HEINTZ 91 and NARAIN 91. 

2From ~ energy below, assuming T(3$) mass = 10355.3 4- 0.5 MeV. The error on the 
T(35) mass Is not Included in the individual measurements. It Is Included In the final 
average. 

mxe~(2p ) - mx~(2p) 
VALUE (MeV} DOCUMENT IO TECN COMMENT 

13.54.0.4.1.0. 6 3 HEINTZ 92 CSB2 e-i 'e - -~  * ( X , l + t - 3 , 7  

3From the average photon energy for inclusive and exclusive events. Supersedes 
NARAIN 91. 

i 

~/ENERGY IN T(3S) DECAY 

VALUE (MeV) E V T S  DOCUMENT ID TECN COMMENT 
N.E4:EO,~ OUR AVERAGE 
86 +1 101 CRAWFORD 92B CLE2 e+e - ~ l -h l - - ' f 'T 
86.7 4-0.4 10319 4HEINTZ 92 CSB2 e + e - - ~  3'X 
86.9 • 157 5 HEINTZ 92 CSB2 e + e - ~  l + t - 3 ' ~  
86.4 • 4-0.4 30741 MORRISON 91 CLE2 e+e - - - 4  7X 

4A systematic uncertainty on the energy scale of 0.9% not Included. Supersedes 
NARAIN 91. 

5A systematic uncertainty on the energy scale of 0.9% not included. Supersedes 
HEINTZ 91. 

X~(2P) DECAY MODES 

Mode Fraction (F I l l " )  

I" 1 "7 7"(25)  (16.24-2.4) % 
F2 "7 T ( 1 S )  (7.14-1.0) % 

X~=(2P) BRANCHING RATIOS 

r(.y r(2sl)/r~, r , / r  
VALU E DOCUMENT ID TECN ~QMMENT 
0.1624-0.024 OUR AVERAGE 
0.1354-0.0254-0.035 6CRAWFORD 92B CLE2 e+e - ~ s 
0.1734-0.0214-0.019 7 HE]NTZ 92 CSB2 e-t-e - ~ t + t - ' y ~  

6 Using B(T(25) ~ p + # - )  = (1.37 4-0.26)%, B(T(35) --+ 73' T (25) )x2  B(T(2S) --* 
#-I- p - )  = (4.98i0.94 • 0.62)x 10 -4 ,  and B(T(35) ~ "TXb2(2P)) = 0.1354-0.0034- 
0.017. 

7Using B(T(25) ~ /J+/~-) = (1.44 -I- 0.10)%, B(T(35)  ~ ~Xb2(2P))  = (11.1 4- 
0.5 4- 0.4)% and assuming e/~ universality. Supersedes HEINTZ 91. 

r(~ r(lsl)/rt== r=/r 
VALUE DOCUMENT ID T ~  N COMMENT 
O.0T1 4-0.010 OUR AVERAGE 
0.072:E0.014• 8CRAWFORD 92B CLE2 e + e  - ~ l + l - ~ ' Y  
0.0704-0.010+0.006 9 HEINTZ 92 C5B2 e+e - ~ l + l - 3 , ' y  

8Using B(T(15) ~ /~+/~-) = (2.57• B(T(35) ~ 73, T (25 ) )x2  B(T(15) -*  
# + / J - )  = (5.03 • 0.944- 0.63)x 10 -4 ,  and B(T(35) ~ ~Xb2(2P) )  = 0.135 4-0.0034- 
0.017. 

9Using B(T(15) ~ /~+/~-) = (2.57 4- 0.07)%, B(T(35)  ~ ~Xb2(2P))  = (11.1 4- 
0.5 • 0.4)% and assuming e/~ universality. Supersedes HEINTZ 91. 

x~(2P)  REFERENCES 

CRAWFORD 92B PL B294 139 +Fulton (CLEO Collab.) 
HEINTZ 92 PR D46 1928 +Lee. Franzini+ (CUSB II Collab.} 
HEINTZ 91 PRL 66 1563  +Kaarsberg+ (CUSB Coliab.) 
MORReSON 91 PRL 67 1696  +Schmidt+ (CLEO Collab.) 
NARAIN 91 PRL 66 3113  +Lovek)ck+ (CUSB Co,lab.) 

- -  OTHER RELATED PAPERS - -  
EIGEN 82 PRL 49 1616  +Bohdnger. Herb+ (CUSB Collab.) 
HAN 82 PRL 49 1612  +Ho~tkotte. Imlay+ (CUSB Cotlab.) 
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T( s) 

I (ss)l ~G(jPc) = o - 0 -  - )  

T(~s) MASS 
VALUE (GeV) DOCUMENT ID "FECAl COMMENT 

10..~1~)3-1"0.00(~ 1BARU 86B REDE e + e  - ~ hadrons 

1 Reanalysls of ARTAMONOV 84. 

T(3S) WIDTH 

VALUE (keY) DOCUMENT ID 
2~.3-1-$.w OUR EVALUATION See the Note on Width Determinations of the T states 

?'(3S) DECAY MODES 

Scale factor/ 
Mode Fraction ( l ' l / r )  Confidence level 

r I T(2S)anything (10.6 4-0.8 )% 
r 2 T ( 2 S ) ~ r + ~  - ( 2.8 4-0.6 ) %  s=2.2 

r 3 T(2S)~~ 0 (2.004-0.32) % 

r4 T(2S)77 ( 5.o 4-0.7 )% 
r5 T(1S)~r + ' It-- (4 .484-0.21)  

r6 T( lS)~%r ~ (2.064-0.28) % 

r7 T(1S)~/ < 2.2 x 10 - 3  CL=90% 

r 8 /~+/z-- (1 .81•  % 

r 9 e + e -  seen 

Radiative decays 
r i o  7 X b 2 ( 2 P )  (11.4 4-0.8 ) %  S=1.3 

r l l  7 X b l ( 2 P )  (11.3 4-0.6 ) % 

r12 "~Xbo(2P) ( 5.4 4-0.6 )% S=1.1 

r(~) ro)r(e+,-)IrO=t,O 
r(hadrons) x r(e+ e-)/r~.~, ror,/r 
VALUE (keV) DOCUMENT ID TEEN COMMENT 

OAS.kO.034.0,0~ 2 GILES 84B CLEO �9 + e -  --~ hadrons 

2 Radiative corrections reevaluated by BUCHMUELLER 88 following KURAEV 55. 

T(35) BRANCHING RATIOS 

r(T(~s)..yth~.~)/r~., r, lr 
VALUE E V T S  DOCUMENT ID TECN COMMENT 
0.106 -1-0.008 OUR AVERAGE 
0.10234-0.0105 4625 3,4,5 BUTLER 94B CLE2 e + e  - ~ t + t - X  
0.111 +0.012 4891 4,5,6 BROCK 91 CLEO e + e -  ~ ~ + ~ -  X, 

~ r + ~ - l + l -  

r(T(2S),r+.-)Ir~,, ralr 
VALUE E V T S  DOCUMENT ID TECN COMMENT 
0,028 4"0-006 OUR AVERAGE Error includ~ scale factor of  2.2. See the ideogram 

below. 
0.03124-0.0049 980 3,7 BUTLER 94B CLE2 e % e -  

~ + ~ - t + ~ -  
0.04824-0.0065• 138 6WU 93 CUSB T(35)  

~ + ~ r - l + t -  
0.0213:1:0.0038 974 6 BROCK 91 CLEO �9 + e -  

~r+ ~r- X, 
~ + ~ r - / + s  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.031 4-0.020 5 MAGERA5 82 CUSB T (3S) -~  
~+~r- l+t-  

r(T(~),r~176 r. lr  
VAI~)~ E V T S  DOCUMENT ~ TECN ~OMM~NT 
0.02004-0.0032 OUR AVERAGE 
0,0216• 7,8 BUTLER 94B CLE2 e + e -  ~ t + l  - ~ 0 ~ 0  
0.017 4-0.005 • 10 9HEINTZ 92 CSB2 e + e  - ~ l + t - ~ O ~  0 

r(r(~).y~)Ir~,, r4r  
VA~UE DOCUMENT ID T~CN COMMEiNT 

0.0r ~ 7 BUTLER 94B CLE2 e + e  - ~ t + t - 2 7  

r( rOSl.+ . - )  l r ~ l  rslr 
VAI, U~ E V T S  DOCUMENT ID T~CN COMMENT 
0.0448-1-0,(1021 OUR AVERAGE 

0.0452• 11830 4BUTLER 94B CLE2 e + e  - --* 
~ + ~ - X ,  
~ + ~ - t + t -  

0.0446•177 451 4WU 93 CUSB T(35)  
x + ~ - l + t -  

0.04464-0.0030 11221 4 BROCK 91 CLEO e + e -  --~ 
~ + ~ - X ,  
t + t - t + t -  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.049 4-0.010 22 GREEN 82 CLEO T(35)  

0.039 4-0.013 26 MAGERAS 82 CUSB T(35)  
7r+ ~ -  l+  l -  

r ( rl;S).O.~ lr~. ,  r. /r  
VALU~ EVT$ DOCUMENT ID TECN ~OMMENT 
0.02~=E0.0028 OUR AVERAGE 
0.0199• 56 4 BUTLER 94B CLE2 e-i 'e - ~ t + t - ~ O ~  0 
0.022 • • 33 IOHEINTZ 92 CSB2 e-l-e - -~ t + t - ~ O x  0 

r ( r ( l s ) . ) l r~ ,  rdr 
VALUE . CL~ pOCUMENT ID TECN COMMENT 

<:O.0~2 90 BROCK 91 CLEO e + e - ~  
~ + ~ - x o t + t -  

rO,+f,-)/r~,, r , /r  
VALUE EVT$ DOCUMENT ID T~CN COMMENT 
0,01111 -I-O,O01T OUR AVERAGE 
0.0202+0.00194-0.0033 CHEN 89B CLEO e + e  - 

/j-i- # -  

0.01734-0.0015• KAARSBERG 89 CSB2 e + e -  
# + # -  

0.033 4-0.013 4-0.007 1096 ANDREWS 83 CLEO e + e  - 
#+/~-- 

r(~x~(2P))lr~, 
VALUE EVT5 DOCUMENT ID 
0.114-1"O.008 OUR AVERAGE Error Includes scale factor of 1.3. 
0.111i0.005 • 10319 11 HEINTZ 
0.135 4-0.003• 30741 MORRISON 

r(~lXb,(2P))/r~ot.i 
VA~UE E V T S  DOCUMENT ID 
0.113-L-0.006 OUR AVERAGE 
0.115 4-0.0054- 0,005 11147 11 HEINTZ 

+ 0 003 
0.105_01002• 25759 MORRISON 

rl0/r 
TECN COMMENT 

92 CSB2 e + e -  ~ 
91 CLE2 e + e  - --* ~X 

r**Ir 
TECN COMMENT 

92 CSB2 e + e  - ~ "y 

91 CLE2 e + e  - --~ ~X 



See key o n  p a g e  2 1 3  

r ('~ xbo(2P) ) lrt=,l 
VALUE EVT 5 DOCUMENT ID TEEN 
0.064:E0.006 O U R  A V E R A G E  Error includes scale factor of  1.1. 

COMMENT 
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r(4s) 

r , , / r  

0.0604-0.0044-0.o06 4959 11 HEINTZ 92 C582 e + e -  ~ 3' 

0.049+0):0000~34-0.006 9903 MORRISON 91 CLE2 e + e - ~  3"X 

3Using B ( T ( 2 5 )  ~ T(1S)3"3") = (0.038 4- 0.007)%~ and B ( T ( 2 S )  ~ T(1S)~rOx O) = 

( 1 / 2 ) B ( T ( 2 5 ) ~  T(1S)~ r+  x - ) .  
4 Using B ( T ( 1 5 )  ~ / J + , u - )  = (2.48 4- 0.06)%. With the assumption of  e/J universality. 

5Uslng B ( T ( 2 S )  ~ T (1S)~ r+* r  - )  = (18.5 4- 0.8)%. 
6 Using B ( T ( 2 5 )  ~ / ~ + / ~ - )  = (1.31 4-0.21)%, B ( T ( 2 S )  ~ T(1S)3"3")x2B(T(15)  

# + / * - )  = (0.188 4- 0.035)%, and B ( T ( 2 S )  ~ T(1S)TrOlrO)• ~ IJ-FI * - )  
= (0 ,436 4- 0.056)%. With the assumption of  e/* universality. 

7 From the exclusive mode. 
8 B ( T ( 2 S )  ~ / J + # - )  -- (1.31 4- 0.21)% and assuming e/~ universality. 
9 B ( T ( 2 S )  ~ / *+ /~- - )  = (1.44 4- 0.10)% and assuming e/~ universality. Supersedes 

HE INTZ  91. 
10 Using B ( T ( 1 S )  ~ / J + / ~ - )  = (2.57 4- 0.07)% and assuming e/~ universality. Supersedes 

HE INTZ  91. 
11Supersedes NARAIN 91. 

T(4S) PARTIAL WIDTHS 

r(e+e - )  r= 
VAL UE (keV) DOCUMENT It) TECN COMMENT 
0`248+0`031 O U R  AVERAGE Error includes scale factor o f  1.3. See the ideogram below. 

0.28 4-0.05 / :0.01 4 A L B R E C H T  95E ARG e - i - e -  ~ hadrons 
0.1924-0.0074-0.038 BESSON 85 CLEO e + e  - ~ hadrons 
0.2834-0.037 LOVELOCK 85 CUSB e + e  - - *  hadrons 

4 Using LEYAOUANC 77 parametrizatlon of  F(s). 

?'(35) REFERENCES 

BUTLER 94B PR DI9 40 +Fu, Kalbfle~sch, LambRcht+ (CLEO Cogab.) 
WU 95 PL B301 307 +Franzini, Kanekal+ (CUSB CoUab. ) 
HEINTZ 92 PR D46 1928 +Lee, Franzini+ (CUSB II Collab.) 
BROCK 91 PR D43 1 4 4 8  +Fe~uson+ (CLEO Collab.) 
HEINTZ 91 PRL 66 1 5 6 3  +Kaarsber8+ (CUSB Collab.) 
MORRISON 91 PRL 67 1696 +Schmidt+ (CLEO Collab.) 
NARAIN 91 PRL 66 3 1 1 3  +Lovelock+ (CUSB CoUab.) 
CHEN 89B PR D39 3528 +Mcll~in, Miller+ (CLEO Collab.) 
KAARSBERG 89 PRL 62 2077 +Heintz+ (CUSB Collab.) 
BOCHMUEL.. 88 HE e + e Physics 412 Buchmuellef, Cooper (HANN, DESY, MIT) 

Editors: A. All and P. So�9 S. World Scientific. SinppoR 
BARU 868 ZPHY C32 622 +Blinov, Boadar, Bukin+ (NOVO) 
KURAEV 85 SJNP 41 466 +Fadin (NOVO) 

Translated from YAF 41 733. 
ARTAMONOV 84 PL 1378 272 +Baru. Bli.ov, Bondar+ (NOVO) 
GILES 84B PR D29 1285 +Hassard, Hempstead. Kinoshita+ (CLEO Collab.) 
ANDREWS 83 PRL 50 807 +Avery. Berkelman, Cassel+ (CLEO Collab.) 
GREEN 
MAGERAS 

ALEXANDER 
ARTAMONOV 
GILES 
HAN 
PETERSON 
KAPLAN 
YOH 
COBB 
HERB 
INNES 

82 PRL 49 617 +Sannes, Skubic, Snyder+ (CLEO Collab.) 
82 PL 118B 453 +Herb, Imlay+ (COLU, CORN, LSU, MPIM, STON) 

OTHER RELATED PAPERS - -  
89 NP B320 45 +Bonvidni. Dre8. Frey, Luth (LBL, MICH. SLAC) 
84 PL 137B 272 +Baru, Blinov, Bondar+ (NOVO) 
848 PR D29 1285 +Has~ard, Hempste~d, Ktnoshita+ (CLEO Collab.) 
82 PRL 49 1 6 1 2  +Hocstkotte, Imlay+ (CDSB Collab.) 
82 PL 114B 277 +Giaanlni, Lee-Fraazlni+ (CUSB Collab.) 
78 PRL 40 43S +Anpel, Herb, Horn+ (STON, FNAL, COLU) 
78 PRL 41 684 +Herb, Horn, Lederman+ (COLU, FNAL. STON) 
77 PL 72B 273 +lwata, Fabian+ (BNL. CERN. SYRA, YALE) 
77 PRL 39 252 +Horn, Lederman, Appel, Ito+ (COLU, FNAL, STON) 
77 PRL 39 1240 +Appel, Brown, Herb, Hom+ (COLU, FNAL, STON) 

I 'T(4S) I 
or T(10580) 1 

IG(J PC) = ? ? ( 1 - - )  

T(45) MASS 

VALUE (GeV) DOCUMENT IO TECN COMMENT 

lo.rdloo4-0`O~lS 1 BEBEK 87 CLEO e + e -  ~ hadrons 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

10.57744-0.0010 2 LOVELOCK 85 CUSB e + e  - --, hadrons 

1 Reanalysls o f  BESSON 85. 
2 No systematic error given. 

T(4S) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

10.04-2.84-2.7 3 ALBRECHT 95E ARG e + e -  ~ hadrons 
�9 * * We do not use the following data for averages, fits, l imits, etc. * * �9 

20 4-2 4-4 BESSON 85 CLEO e + e - - - *  hadrons 
25 4-2.5 LOVELOCK 85 CUSB e + e  - - *  hadrons 

3 Using LEYAOUANC 77 parametdzatlon of  F(s). 

T(45) DECAY MODES 

Mode Fraction ( I ' I /F )  Confidence level 

BB > 96 % 95% 

non- BB < 4 % 95% 

e + e--  ( 2 .84 -0 .7 )  x 10 - 5  

J/~(3097)anything ( 2 . 2 4 - 0 . 7 )  x 10 - 3  

D*+anything + c.c. < 7,4 % 90% 

~anything < 2.3 x 10 - 3  90% 

T(1S)anything < 4 x 10 - 3  90% 

El 
i- 2 
r3 
r4 
r5 
r6 
I" 7 

WEIGHTED AVERAGE 
0.248iO.031 (Error scaled by 1.3) 

,l / .  . . . . .  ALBRECHT 95E ARG 0 ~  
t �9 " \  . . . . .  BESSON 85 CLEO 2.1 

I ;' ;;i \ . . . .  LOVELOCK 85 CUSB 0.9 

~ C o n f l d e n c e  - 0.184) Level 

0 0, 02 03 o4 05 08 

r(e+ e-) (keV) 

CL~ DOCUMENT IO TECN COMMENT 

6 A L E X A N D E R  9OC CLEO e + e  - 

rB/r 
DOCUMENT ID TECN COMMENT 

? A L E X A N D E R  9OC CLEO e + e  - 

OOCUMENT ID TECN COMMENT 

A L E X A N D E R  9OCCLEO e + e  - 

DOCUMENT ID T~CN COMMENT 

BARISH 96B CLEO e + e -  

r# r  

r=/r 

T(4S) REFERENCES 

BARISH %B PRL 76 1570 +Chadha, Chan, E[gen+ (CLEO Co8ab.} 
ALBRECHT 55E ZPHY C65 619 +Hamacher+ (ARGUS Coliab.) 
ALEXANDER ~ PRL 64 2226 +Artuso+ (CLEO Collab.) 
BEBEK 87 PR D36 1 2 8 9  +Berkelman. Blucher, Cassel+ (CLEO Collab.) 
BESSON 85 PRL 54 381 +Green, Namjoshi, Sannes+ (CLEO Collab.) 
LOVELOCK 85 PRL 54 377 +Horstkotte. Klopfenstein+ (CUSB Collab.) 
LEYAOUANC 77 PL B71 397 +Oliver, Pen�9 Raynal (ORSAY) 

OTHER RELATED PAPERS - -  
HENDERSON 92 PR D4S 2 2 1 2  +Kinoshita, Pipkin, Procarlo+ (CLEO Collab.) 
ANDREWS 80B PRL 45 219 +Berkelman. Cabenda, Cassel+ (CLEO Coliab.) 
FINOCCHI.. Bo PRL 45 222 Finocchiaro, Giannini. LemFranz[ni+ (CUSB Collab.) 

<0.0023 90 

7 For x > 0.52. 

r ( rllSl=,,ythlni) l r~, ,  

<0.0O4 90 

r(noa-B~)/r tm, 
VALUE CL~ 

<0,04 95 

VALU~ 

<0.074 90 

6 For x > 0.473. 

r (§ 
VALUE CL_LYL 

T(4S) BRANCHING RATIOS 

r (e+e- ) / r~ ,  r s / r  
VALUE(units 10 -5 )  DOCUMENT ID TEEN COMMENT 

2.774"0.504"0.49 5 ALBRECHT 95E ARG" �9 + e -  ~ hadrons 

5 Using LEYAOUANC 77 parametrlzatlon of  F(s). 

r ( J /,I,( 3OW ) anymlns) / r t== r4/r  
VALUE DOCUMENT ID TEEN COMMENT 

0`~22-1-0 ,00~ '4 -0J~04 A L E X A N D E R  90c CLEO e + e  - 

[r(o-+=,~i,~) + r(c.c.)]/r~,, r g / r  
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"r(lO86O), "r(11o2o) 

I r( o86o) I IG(J PC) = ?? (1 - - )  [ r(11o2o) I IG(j PC) = ?? (1 - - )  

T(10860) MASS 

VALUE (GeV) DOCUMENT ID TECN COMMENT 

lO.86S-l-0.0(U OUR AVERAGE Error Includes scale factor of 1.1. 

10.8684-0.006:1:0.005 BESSON 85 CLEO e-t-e - ~ hadrons 
10.8454-0.020 LOVELOCK 85 CUSB e §  - ~ hadrons 

T(1,020) MASS 
VALUE (GeV) DOCUMENT ID TECN COMMENT 

U.01g:E0.008 OUR AVERAGE 

11.019~0.0054-0.007 BESSON 85 CLEO e §  - ~ hadrons 
11.020• LOVELOCK 85 CUSB e'Fe - ~ hadrons 

T(10860) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
110:1:13 OUR AVERAGE 
1124"174-23 BESSON 85 CLEO e §  - -~ hadrons 
1104-15 LOVELOCK 85 CUSB e + e  - ~ hadrons 

T(11020) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
79:J:16 OUR AVERAGE 
6 1 • 1 7 7  BESSON 85 CLEO e' t 'e - ~ hadrons 
904--20 LOVELOCK 85 CUSB e' t 'e - - *  hadrons 

T(10860) DECAY MODES 

Mode Fraction (l'i/F) 

I" 1 e + e -  (2.84-0.7) x 10 - 6  

T(10860) PARTIAL WIDTHS 

r@+o-) 
VALUE (keV) DOCUMENT ID TECN COMMENT 
0.~11. 4"0.0? OUR AVERAGE Error Includes scale factor of 1.3. 

T(11020) DECAY MODES 

Mode Fraction (r,,/r) 
F 1 e + e -  (1.64-0.5) x 10 - 6  

F1 

7"(11020) PARTIAL WIDTHS 

r(,+e-) 
VALUE (keV) DOCUMENT ID TECN 

0.130=t:0.030 OUR AVERAGE 
COMMENT 

0.22 •  ~:0.07 BESSON 85 CLEO e-Fe - ~ hadrons 
0.3654-0.070 LOVELOCK 85 CUSB e + e  - -.-, hadrons 

T(10860) REFERENCES 

BESSON 85 PRL 54 381 +Green, Namjoshi, Sannes+ (CLEO Collab.) 
LOVELOCK 85 PRL 54 377 +Ho~stkJ~tte, Klopfenstelti+ (CUSB Collab.) 

0.0954-0.03:1:0.035 BESSON 
0.156• LOVELOCK 

85 CLEO e + e  - --~ hadrons 
85 CUSB e + e - ~  hadrons 

F1 

T(11020) REFERENCES 

BESSON 85 PRL 54 381 +Green, Nam]osffi, 5annes+ 
LOVELOCK 85 PRL 54 377 +Horstkotte, Klopfenstein+ 

(CLEO Collab.) 
(CUSB Collab.) 
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NON-q  CANDIDATES ]{ 
We include here mini-reviews and reference lists on gluonium and 
other non-q~ candidates. See also NN(l100-3600) for possible 
bound states. 

N O N - q ~  MESONS 
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Non-q~ Candidates 

Written March 1998 by R. Landua (CERN). 

The constituent quark model describes the observed meson 

spectrum as bound q~ states grouped into SU(3) flavour nonets. 
The existence of gluon self-coupling in QCD suggests that 

additional bound states of gluons (glueballs g9, ggg) or hybrids 

(q~g) might exist. Another possible kind of non-q~ mesons is 
multiquark states (qq~, or q~-q~ ). 

A glueball has no place in a q~ nonet, it is a flavour-singlet, 
produced mainly in gluon-rich channels (radiative J/r  de- 
cays, antiproton-proton annihilation), and has a small gamma: 

gamma coupling. However, mixing with q~ mesons of the same 
quantum numbers will modify the expected glueball signatures, 

such as flavour-blind decay modes. If the mixing is large, only 

the finding of more states than predicted by the quark model re- 

mains a clear signal for a non-q~ state. Theoretical calculations 

based on lattice gauge theory and QCD sum rules agree that 
the lightest glueball should be a scalar resonance (jPC __ 0++) 
with a mass of 1600 4-150 MeV (BALI 93, SEXTON 95), 

followed by a tensor (2 ++) and a pseudoscalar (0 -+)  gluebail 

in the 2000-2500 MeV mass region (SZCZEPANIAK 96). 

Hybrid mesons are q~ states combined with a gluonic 

excitation, allowing exotic (non-q~) quantum numbers such 

Resonances  with ezotic quantum numbers 
The first direct evidence for a non-q~ state is the exotic 

jPC = 1-+ isovector resonance /~(1405). It has been clearly 

observed in ~d annihilation at rest (ABELE 98B), corroborating 
earlier evidence from 7rp scattering experiments (ALDE 88B, 

THOMPSON 97). The/~(1405) is observed as a resonant (~pr-) 

P-wave with a width of 200-300 MeV. There is weaker evidence 

for a j p c  _ 1-+ state around 1900 MeV (LEE 94). 

The mass of the /~(1405) is lower than expected by the 

flux tube model and lattice gauge theories for a hybrid meson, 

and its decay into two S-wave mesons does not correspond 

to the expected hybrid decay pattern. A 1 - +  hybrid around 

1400 MeV is, however, predicted by the bag model (BARNES 
83). Whatever the correct interpretation will be (hybrid or 
four-quark state), it is expected to be part of a multiplet in the 

same mass region, and its identification will be an important 

goal for future experiments. 

A resonance-like structure has been observed in 77 collisions 
near the pp threshold, decaying into pOpO and p+p-, and with 

a dominating 2 ++ partial wave. The small relative branching 
ratio p+p-/pOpO (1:4) (ALBRECHT 91F) requires both I = 0 

and I = 2 for the pp system, which might be due to the presence 

of a qq~ resonance with I = 2 (ACHASOV 90). 

Scalar glueball 
Four isoscalar resonances with j P c  = 0++ are considered as 

well-established: the a or f0(400-1200), a very broad structure 

with a width of 600-1000 MeV, the f0(980), the f0(1370), and 

the f0(1500). Another isoscalar, the fj(1710), may have spin 

as j e v  ___ 1-+). Hybrids span flavour nonets. In flux tube 

models, they are predicted to have characteristic decay modes 

into a pair of S-( l  = O) and P- ( l  = 1) wave mesons (ISGUR 

85, CLOSE 95). The lightest hybrid nonets are expected in 
the 1500--2000 MeV mass range in the flux tube model and 

the ground state around 2000 MeV in lattice gauge theories 
(LACOCK 97). Charm hybrids (c2.g) are expected in the 4000- 

4400 MeV mass range and are attractive experimentally since 
they may appear as supernumerary states in the predictable 

charmonium spectrum. 
Multiquark states might exist as a colour-singlet configura- 

tion of four or more quarks. A fou~-quark state can be either 
baglike (qq~) or like a meson-meson bound state (q~-q~). 
Several well-established non-q~ candidates have masses close to 

meson-meson thresholds. Examples include the .f0(980) (close 

to the K K  threshold), the f1(1420) (KK*), the f2(1565) 

and fo(15OO)(ww and pp), the f j(1710) (K 'K*) ,  and the 

r (0*9*) .  
The following discussion is restricted to well-established 

resonances which are difficult to interpret as conventional q~ 

states. We do not see it as our task to discuss theoretical 

interpretations of the candidates, but merely to summarize the 

observations of possible relevance. See also the corresponding 

Note in the 1996 issue of Review of Particle Physics. 

J - - 0 o r  2. 
In the quark model, one expects two scalar nonets (1 3P0 

and 2 3P0) below 2000 MeV. However, the spectrum of scalar q~ 

resonances may be strongly distorted by the opening of inelastic 
thresholds (TORNQVIST 96). For a detailed discussion, see 

the Note on scalar mesons under the f0(1370). 
Several models interpret the f0(1500) as a supernumerary 

scalar state due to a glueball mixed with q~ states in the same 

mass region (see for example AMSLER 96). This is based on 

the observation that both the f0(1370) and the f0(1500) have 
similar decay properties (mainly to light quarks), while the 

quark model expects the heavier resonance to couple strongly 

to strange quarks. The f0(1500) has been observed in 47r 
(ABELE 96), 27r (AMSLER 95B, BERTIN 98), 7/7/ (AMSLER 

95C), ~?~'(958) (AMSLER 94E), and--weakly-- in K K  decays 
(ABELE 96B). The f0(1500) is observed in gluon-rich reactions, 

such as central production (ALDE 88, BARBERIS 97B), and in 

radiative J/r decay, while it is not seen in gamma-gamma 

fusion (ACCIARRI 95J). 
The 3 key issue is the identification of the P0 (s~)-like state in 

the 1600-2000 MeV mass region. This might be the f j(1710), 
if spin 0 is confirmed. In radiative J/r  decays, both spin 

0 and spin 2 components are found in the f1(1710) mass region, 

while the resonance observed in central production has spin 2. 
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An f0(1710) has also been suggested for the ground state scalar 

glueball (SEXTON 95). See the Note on f j(1710). 

T e n s o r  glueball 
The two1 3p2 q~ states are very likely the f2(1270) and 

f9~(1525). In the 1800-2400 MeV mass range, one expects three 
more tensor nonets: the 2 3p2 and 3 3p2 radial excitations, 

and the 1 3F4 nonet, i.e. six isoscalar 2 ++ resonances. They 

are all expected to have widths above 100 MeV. There is indeed 

evidence for several broad resonances in the 1800-2400 MeV 

region, but the experimental information is too sparse to make 

a meaningful assignment to q~ nonets. There is at present no 

compelling reason to assume that any of these states is a non-q~ 
state. 

Two states below 2000 MeV, the f2(1565) and the f j(1710), 
are hard to accommodate in the quark model, because their 

masses are too close to the 1 3P2 ground state to be members 

of the 2 3p2 nonet. The f2(1565) has only been observed in 

p~ annihilation, decaying to lrTr (MAY 90, BERTIN 98). The 

proximity of the pp and ww thresholds suggest a possible in- 

terpretation as a meson-meson bound state. The fj(1710) has 

a well-established 2 ++ component. It is prominently observed 

in radiative J/r decays, and in central production. It is 
observed to decay into K K  (BAI 96C, LONGACRE 86), and its 

proximity to the K'K-* threshold suggests again a meson-meson 
bound state. 

The narrow f2(2220) still needs confirmation. There are 
also still doubts whether it has spin 2 or spin 4. The ex- 

perimental evidence from J/r radiative decays, Irp and 
Kp scattering is inconclusive. It has not been observed in p~ 

annihilation (BARNES 93). If it exists, it couples mainly to 

strange quark final states, and if spin 2 is confirmed, its promi- 
nence in radiative J/r decays and its small width would 

make it a good glueball candidate. 

P s e u d o s c a l a r  m e s o n s  

Four pseudoscalar I = 0 resonances are well established 
below 1500 MeV: 7/, ~7~(958), r/(1295), and ~7(1440). It would 

be natural to identify the latter two with the u~ + d d  and s~ 
first radial excitations and s~ of the xS0 ground states. Since 

the ~r(1300) and the 7(1295) have nearly the same masses, 
the r/(1295) can be assigned to the (u~ + d d )  2 1S0 state. 

The crucial issue is the identification of the (s~) 2 1S0 state. 

An assignment to the ~7(1440) is not evident. The r1(1440) is 
prominently produced in radiative J/r decays and hence 

expected to have some glueball admixture, and it is mainly 
produced in s~ depleted reactions, such as 7rp scattering , p/~ 

annihilation, or radiative J / r  decaysl There is--albeit 
weak---evidence that the r/(1440) is made of two resonances 

with only about 50-100 MeV difference in mass, and with 

similar widths, the lower mass state decaying to a0(980)lr and 

rpr~r, the higher mass state to K*K. It is therefore conceivable 
that the higher mass state is the sW member of the 2 1S0 nonet 

(see the Note on 7/(1440)). 

The lr(1800) is surprisingly narrow (if interpreted as the 

second radial excitation of the lr). It decays frequently via a 

pair of S- and P-wave mesons (AMELIN 95B, 96B), which is a 
signature expected for a hybrid meson. 

A zial- vector mesons 
The f1(1285) and f1(1420) are the two well-established 

axial-vector resonances. The f1(1510) still needs confirmation 

(see the Note on the fl(1510) under the t7(1440)). The f1(1285) 
has the expected properties of the isoscalar u~ + dd member of 

a ground state 3p1 nonet. The f1(1420) has a dominant KK* 
coupling, as expected for the corresponding s3 member. In 

rrp scattering,/rff annihilation at rest from P waves (BERTIN 

97) and radiative J/r decays, the f1(1420) is produced 

together with the ~(1440), which gave rise to the former 

E #  puzzle. In central production, only the f1(1420) state is 
produced (BARBERIS 97C). 

Presently, there is no strong evidence for an exotic axial- 

vector state. However, if the f1(1510) state is corroborated, the 
proximity of the f1(1420) mass to the KK* threshold suggests 
a KK* meson-bound state or a threshold enhancement. 
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I Non-q~ Candidates I 
O M I T T E D  FROM S U M M A R Y  TABLE 

NON-q~  CANDIDATES REFERENCES 

ABELE 98B PL B423 175 A. Abele, Adomelt, Amsler+ (Crystal Barrel Collab.) 
BERTIN 98 PR D57 55 A. Bertin, Bruschi, Capponi+ (OBELIX Collab.) 
ACHASOV 97C PR D56 4084 N.N. AchascP~+ 
ACHASOV 97D PR D56 203 N.N. Achasov+ 
ANISOVICH 97B ZPHY A357 123 A.V. Anisovich+ (PNPI) 
ANISOVICH 97C PL 6413 137 
ANISOVICH 975 PAN 60 1892 A.V. Anisov~ck+ (PNPI) 

Translated from YAF 60 2065. 
BARBERIS 97 PL B397 339 D. Barbeds+ (WA102 Collab.) 
BARBERIS 97B PL B413 217 D. Barberis+ (WA102 Collab.) 
BARBERIS 97C PL B413 225 D. Barbeds+ (WA102 Collab.) 
BERTIN 97 PL B400 226 +Bruschi, Capponi+ (OBELIX Collab.) 
BOGLIONE 97 PRL 79 1998 M. Boglione+ 
BUGG 97 PL B3% 295 D.V. BuKg+ 
CLOSE 97 PL B397 333 F. Close+ (RAL, BIRM) 
CLOSE 97B PR D55 5749 F. Close+ (RAL, RUTG, BEIJT) 
GERASYUTA 97 ZPHY C74 325 S.M. Gerasyuta+ 
HOU 97 PR DSS 6952 Wel-Shu Hob 
KISSLINGER 97 PL B410 1 L.S. Ki~linger+ 
LACOCK 97 PL B401 308 P. Lacock+ (EDIN, LIVP) 
PAGE 97 PL B402 183 P.R. Page 
PAGE 976 NPB 495 268 P.R. Page 
PAGE 97C PL B415 205 P.R. Page (CEBAF) 
THOMPSON 97 PRL 79 1630 +Adams+ (E852 Cotlab.) 
YAN 97 JP G23 L33 Y. Yah+ 
ABELE % PL B380 453 +Adomeit, Amsler+ (Crystal Barrel CoHab.) 
AMELIN %B PAN $9 975 +Berdnikov, Bityukov+ (SERP, TBIL) 

Translated from YAF 59 1021. 
AMSLER 96 PR D53 295 +Close (ZURI, RAL) 
BAI 96C PRL 77 3959 J.Z. Bai+ (BES Collab.) 
BAJC 96 ZPHY A356 187 B. Bajc+ 
CLOSE 96 PL B366 323 +Page (RAL) 
SZCZEPANIAK 96 PRL 76 2011 A. Szczepaniak+ (NCARO) 
TORNQVIST 96 PRL 76 1575 +Roos (HELS) 
AMELIN 95B PL B556 595 +Berdnikov, Bityukov+ (SERP, TBIL) 
AMSLER 9SB PL 6342 433 +Armstrong, Brose+ (Crystal Barrel Collab.) 
AMSLER 95C PL B353 571 +Armstrong, Hackman+ (Crystal Barrel Collab.) 
AMSLER 95D PL 6355 425 +Armstrong, Spanier+ (Crystal Barrel Co~lab.) 
AMSLER 95E PL B353 385 +Close (ZURI, RAL ) 
AMSLER 95F PL B358 389 +ArmstronB, Urner+ (Crystal Barrel Collab.) 
BERTIN 95 PL B361 187 +Bruschi+ (OBELIX CoSab.) 
BUGG 9O PL 6353 378 +Scott, Zoli+ (LOQM, PNPI, WASH) 
CLOSE 95 NP 6443 233 +Page (RAL) 
PROKOSHKIN 95B PAN $8 606 +Sadovski (SERP) 

Translated from YAF 58 562. 
PROKOSHKIN 95C PAN 58 853 +Sadowki {SERP) 

Translated from YAF $8 921. 
SEXTON 95 PRL 75 4 5 6 3  +Vaccarino, Weingarten+ (IBM) 
ALBRECHT 94Z PL B332 451 +Ehdichmann+ (ARGUS CoSab.) 
AMSLER 94D PL B333 277 +Anisovich, Spanier+ (Crystal Barrel Collab. ) 
ANISOVICH 94 PL B323 233 +Armstrong+ (Crystal Barrel Collab.) 
BERDNIKOV 94 PL B337 219 +Bit-jukov+ (SERP, TBIL) 

LEE 94 
TORNQVIST 94 
ALEEV 93 

AOYAGI 93 
BALI 93 
BARNES 93 
DONNACHIE 93 
ERICSON 93 
MANOHAR 93 
AMSLER 92 
BARNES 92 
DOOLEY 92 
ALBRECHT 91F 
DOVER 91 
FUKUI 91 
TORNQVIST 91 
ACHASOV 90 
BREAKSTONE 9O 
BURNETT 90 
LONGACRE 90 
MAY 90 
WEINSTEIN 90 
ALDE 89 
ARMSTRONG 89B 
ARMSTRONG 89D 
MAY 89 
ACHASOV 88 
AIHARA 88 
ALDE 88 
ALDE 88B 
ASTON 88D 
BERGER 88B 
BIRMAN 88 
CLEGG 88 
ETKIN 88 
IDDIR 88 
ACHASOV 87 
ASTON 87 
BITYUKOV 87 
CLOSE 87 
ANDO 86 
BOURQUIN 86 
LONGACRE 86 
CHUNG 85 
ISGUR 85 
LEYAOUANC 85 
BEHREND 84E 
BARNES 83 
BINON 83 
WEINSTEIN 83B 
AIHARA 82 
ALTHOFF 82 
BARNES 82 
BURKE 81 
BRANDEUK 80B 
GUTBROD 79 
JAFFE 77 
VOLOSHIN 76 

BAILLON 67 
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PL B323 227 +Chun8, Kirk+ (BNL, IND, KYUN, MASD, RICE) 
ZPHY C61 525 Tornquist (HELS) 
PAN 56 1 3 5 8  +Ralandln+ (BIS-2 Coliab.) 
Translated from YAF 56 100. 
PL B314 246 +Fukut, Hasegawa+ (BKEI Collab.) 
PL 6309 378 +Schilling, Hulsebo, Irving, Michael+ (LWP) 
PL B309 469 +Biden, Breunlich (PS165 Co,lab.) 
ZP C60 187 +Kalasknikova, Clel~ (BNL) 
PL B309 425 +Kad (CERN) 
NP B39O 17 +Wise (MIT) 
PL 6291 347 +Au|ustin, Baker+ (Crystal Barrel CoUab.) 
PR D46 131 +Swanson (ORNL) 
PL B275 479 +Swanson, Barnes (ORNL) 
ZPHY C50 I +Appuan, Paulinl, Funk+ (ARGUS Collab.) 
PR C43 379 +Gutsche, Faessler (8NL) 
PL B257 241 +Hodkawa+ (SUGI, NAGO, KEK. KYOT, MWA) 
PRL 57 556 (HELS) 
TF 20 (178) +Shestakov (NOVM) 
ZPHY C48 569 + (ISU, BGNA, CERN, DORT, HEIDH, WARS) 
ARNPS 46 332 +Sharpe (RAL ) 
PR D42 874 (8NL) 
ZPHY C46 203 +Duck, Heel+ (ASTERIX Collab.) 
PR D41 2236 +lsgur (TNTO) 
PL B216 447 +Binon, Bricman, Donskov+ (SERP, BELG, LANL, LAPP) 
PL B221 221 +Benayoun+(CERN, CDEF, BIRM, BARI, ATHU, CURIN+) 
PL B227 186 +Benayoun (ATHU, BARI, BIRM, CERN, CDEF) 
PL 6225 450 +Ouch, Heel+ (ASTERIX Collab.) 
PL B207 199 +Kozhevnik.ov (NOVM) 
PR D37 28 +Alston, Avery, Barbaro-Galtieri+ (TPC-2~ Collab.) 
PL B201 160 +Bellazzini. Binon+ {SERP. 8ELG, LANL, LAPP. PISA) 
PL B205 597 +Binon, Boutemeur+ (SERP, BELG, LANL, LAPP) 
NP 6301 525 +AMji, Bienz+ (SLAC, NAGO, CINC, INUS) 
ZPHY C38 521 +Klovning, Burger+ (PLUTO CoSab.) 
PRL 61 1557 +Chung, Peaslee+ (BNL, FSU, IND, MASD) 
ZPHY C40 313 +Donnachie (MCHS, LANC) 
PL B201 568 +Foley, Lindenbaum+ (BNL, CUNY) 
PL B205 564 +Le Yaouanc, Om~+ (ORSAY, TOKY) 
ZPHY C36 161 +Kamakov, Shestakov (NOVM) 
NP B292 693 +Awaji, D'Amoce+ (SLAC, NAGO, CINC, INUS) 
PL B188 383 +Dzhelyadin, D(xofeev. Gotovld.+ (SERP) 
RPP 5! 833 {RHEL) 
PRL 57 12% +lmai+ (KEK, KYOT, NIRS, SAGA, INUS, TSUK+) 
PL 6172 113 +Brown+ (GEVA, RAL, HEIDP, LAUS, BRIS, CERN) 
PL B177 223 +Etkln+ (BNL, BRAN. CUNY, DUKE, NDAM) 
PRL 55 779 +Fernow. Boehnk~n+ (BNL, FLOR, IND, MASD) 
PRL 54 869 +Koko~sld, Patou (TNTO ) 
ZPHY C28 309 +Olivek, Pene, Raynel, OP~ (ORSAY) 
ZPHY C21 205 +Achenber K, Deboer+ (CELLO Collab.) 
NP B224 241 T. Barnes+ (RAL, LOUV) 
NC 78A 313 +Donskov, Dutetl+ (BELG, LAPP, SERP, CERN ) 
PR D27 585 +Hl[ur (TNTO) 
PR D37 28 +Nston, Avery, Barbaro-GaltJeri+ (TPC Collab.) 
ZPHY CIS 13 +Boerner, Burkhardt+ (TASSO Collab.) 
PL B116 365 +Close (RHEL) 
PL B103 1S3 +Abrams. Alam, BLocker+ (Mark II Collab.) 
PL 897 448 +Boerner, Burkhard+ (TASSO Collab.) 
ZP C1 391 +Kramer, Rumpf (DESY ) 
PR D15 267,281 (MIT) 
JETPL 23 333 +Okun (ITEP) 
Translated from ZETFP 23 369. 
NC SOA 393 +Edwards. D'Aedlau, Astier+ (CERN, CDEF, IRAD) 
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N BAR, oNs II ( 5  = O, I =  1 /2 )  
p, N + = uud; n, N ~ = udd  

i 

r ~ l  I(JP) = �89189 Status: * ~c, ~c 

p MASS 

The mass Is known much more precisely in u (atomic mass units) than 
in MeV; see the footnote. The conversion from u to MeV, 1 u = 
931.494324-0.00028 MeV, Involves the relatively poorly known electronic 
charge. 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

geg.2T2~lL.I. 0 ~_=_-._-[_-.~_- 1 COHEN 87 RVUE 1986 CODATA value 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

938.2796 4-0.0027 COHEN 78 RVUE 1978 CODATA value 

1The mass Is known much more precisely In u: In = 1.007276470 4- 0.000000012 u. 

MASS 
See, however, the next entry In the Listings, which establishes the ~ mass 
much more precisely. 

VALUE {MeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

938.30 4-0.13 ROBERTS 78 CNTR 
938.2294-0.049 ROBERSON 77 CNTR 
938.179~:0.058 HU 75 CNTR Exot]c atoms 
938.3 4-0.5 BAMBERGER 70 CNTR 

~/p CHARGE-TO-MASS RATIO. I~1/r 
A test of CPT Invarlance. Listed here are measurements Involving the 
Inertial masses. For a discussion of what may be Inferred about the ratio 
of ~ and p gravfi;atlonal masses, see ERICSON 90; they obtain an upper 
bound of 10 -6 -10  - 7  for violation of the equivalence principle for ~'s. 

~,~1~ DOCUMENT ID TECN COMMENT 

I_._-=_-._-._-=-.-.-.-.]JS4.O.~.-..~.-.Z~11 2 GABRIELSE 95 TRAP Penning trap 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.000000023 4-0.000000042 3 GABRIELSE 90 TRAP Penning trap 

2Equation (2) of GABRIELSE 95 should read M(~) /M(p )  ~ 0.9999999985(11) 
(G. Gabdelse, private communication). 

3GABRIELSE 90 also measures m~ /m e_ = 1836.152660 4- 0.000088 and m p / m  e_ 
= 1836.182680 4- 0.000088. Both are completely consistent with the 1986 CODATA 
(COHEN 87) value for mp /m e-  of 1836.152701 4- 0.000037. We use the CODATA 
values of the masses (they come from an overall f i t  to a variety of data on the fundamental 
constants) and don't try to take into account more recent measurements Involving the 
masses. 

(1~1--~.',)/I.~1.=,~ 
A test of CPT Invarlance. Taken from the ~ l p  charge-to-mass ratio. 
above. 

VALUE " DOCUMENT ID 

(1JiJ,-l.1) x 10 - 9  OUR EVALUATION 

Iq, + ~,1/, 
A test of CPTinvarlance. Note that the ~p/p charge-to-mass ratio, given 
above. Is much better determined. See also a similar test Involving the 
electron. 

VALUE DOCUMENT ID TECN 

<:2 X 10 - 5  4 HUGHES 92 RVUE 

4 HUGHES 92 uses recent measurements of Rydberg-energy and cyclotron-frequency ra- 
tios. 

lq,+q, ll* 
See DYLLA 73 for a summary of experiments on the neutrality of matter. 
See also "n CHARGE" In the neutron Listings. 

VAI, U~ DOCUMENT ID COMMENT 

<1.0 X 10 - 2 1  5 DYLLA 73 Neutrality of SF 6 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.8 x 10 - 2 1  MARINELLI 84 Magnetic levitation 

5Assumes that qn = qp-t-qe' 
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p MAGNETIC MOMENT 

See the "Note on Baryon Magnetic Moments" In the A Listings. 

VALUE IPNI DOCUMENT ID TECN COMMENT 

2.'/II~84"/M6"I'0.GOG@':-"3@~--- ~ COHEN 87 RVUE 1986 CODATA value 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

2.7928456 4-0.0000011 COHEN 73 RVUE 1978 CODATA value 

MAGNETIC MOMENT 

A few early results have been omitted. 

VALUE IIJN) DOCUMENT ID TECN COMMENT 
--2.800 =l:0.00e OUR AVERAGE 
-2.80054-0,0090 KREISSL 88 CNTR ~ 208pb 1 1 4  10 X-ray 
-2 .817 4-0.048 ROBERTS 78 CNTR 
-2.791 4-0.021 HU 75 CNTR Exotic atoms 

0,. + .7) / 1.1~-~ 
A test of CPTinvarlance. Calculated from the p and ~ magnetic moments, 
above. 

VA~- UE DOCUMENT ID 

(--2.6-k2.9) X 10 - 3  OUR EVALUATION 

p ELECTRIC DIPOLE MOMENT 

A nonzero value is forbidden by both T invarlance and P invarlance, 

VALUE (10 -23 ecru) E V T $  DOCUMENT ID TECN COMMENT 

-- $.7"1" 6.3 CHO 89 NMR TI F molecules 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

< 400 DZUBA 85 THEO Uses 129Xe moment 
180 4- 200 6WILKENING 84 
900 4-1400 7WILKENING 84 
700 4- 900 1G HARRISON 69 MBR Molecular beam 

6This WlLKENING 84 value includes a finite-size effect and a magnetic effect. 
7This WILKENING 84 value is more cautious than the other and'excludes the finite-size 

effect, which relies on uncertain nuclear Integrals. 

p ELECTRIC POLARIZABILITY Ep 

VALUE (lO -4 fm 3) DOCUMENT ID TECN COMMENT 

12.1 4"0.8 -t-0.5 8 MACGIBBON 95 RVUE global average 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

12,5 4-0.6 4-0.9 MACGIBBON 95 CNTR -yp Compton scattering 
9,8 4-0.4 4-1.1 HALLIN 93 CNTR -/p Compton scattering 

10 62+_~:,~L+,':%' ZlEGER 92 C.TR -T p Compton scattering 
i l i f  l e a f  

10.9 4-2.2 4-1.3 9 FEDERSPIEL 91 CNTR ~'p Compton scattering 

8 MACGIBBON 95 combine the results of ZIEGER 92, FEDERSPIEL 91, and their own 
experiment to get a "global average" in which model errors and systematic errors are 
treated In a consistent way. See MACGIBBON 95 for a discussion. 

9 FEDERSPIEL 91 obtains for the (static) electric polarlzabllty CZp, defined in terms of the 

induced electric dipole moment by D = 41r~OC~pE, the value (7.0 4- 2.2 4-1.3) x 10 - 4  fm 3. 

MAGNETIC POLARIZABILITY ~p P 
The electric and magnetic polarlzabllltles are subject to a dispersion sum- 
r 4 8 ule constraint ~ + ~ = (14.2 4- 0.5) x 10 -  fm . Errors here are 
antlcorrelated with those on ~p  due to this constraint. 

VALUE (10 4 fm 3) DOCUMENT ID TECN COMMENT 

2.1 -kO.8 4"0.11 10 MACGIBBON 95 RVUE global average 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.7 4-0.6 4-0.9 MACGIBBON 95 CNTR ~p Compton scattering 
4.4 4-0.4 +1.1 HALLIN 93 CNTR .~,p Compton scattering 

3 ~8 +1"19+1"03 ZIEGER 92 CNTR -yp Compton scattering 
' "  - 1.25 - 1.07 

83  4-2.2 4-1.8 FEDERSPIEL 91 CNTR ~/p Compton scattering 

IOMACGIBBON 95 combine the results of ZIEGER 92, FEDERSPIEL 91, and their own 
experiment to get a "global average" In which model errors and systematic errors are 
treated In a consistent way. See MACGIBBON 95 for a discussion. 
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p MEAN LIFE 

A test of baryon conservation. See the "p Partial Mean Lives" section below for limits 
that depend on decay modes, p = proton, n = bound neutron. 

LIMIT 
(~ears) PARTICLE DOCUMENT ID TECN 

> l .g  X 102~ p, n 11,12 EVANS 77 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>3 x 1023 p 12 DIX 70 CNTR 
>3 x 1023 p, n 12,13 FLEROV 58 

11 Mean lifetime of nucleons in 130Te nuclei. 
12 Converted to mean life by dividing half-life by In(2) : 0.693. 
13 Mean lifetime of nucleons in 232Th nuclei. 

Lepton + m u o n i  

1-3s p ~  e - ~ ' + ~ - +  >30  
1-36 n - ~  e - ~ ' + ~  "0 >29  

1-37 p,.-~ /~- 'Tr+/r + >17  
1-38 /'? ~ ~ -  'r:+ 'K0 > 34 
"r39 p ---~ e -  ~r + K + > 20 

1-4o p - ~  / ~ - w + K  + > s  

Ant l lepton + photon(s) 

1-41 p ~ e+,.y > 460 

1-42 p --~ /~+"7 > 380 
1-43 n --~ u-)' > 24 
1-44 p -.+ e+,'7,7 > loo 

Th in  (or more) 
1-45 P "-~ e+ e+ e -  > 51o 
1-46 P ~ e-t- / z+ P -  > Sl 

1-47 p --~ e + u u  > 11 
1-48 n- -~ e + e - u  >74  
1-49 n -.z, /z + e -  u > 47 
1-50 n -+  /z +/~-- U > 42 

1-51 P -'~ P+ e+ e -  > 91 
1-52 p --.* /~+ p +  p -  > 190 

1-53 p - ~  p + u u  >21 
1"54 p ~ e - / ~ +  p +  > 8 
1-55 n --~ 3u > o.o0o5 

1-56 n -~  5u 

]~ MEAN LIFE 

The best limit by far, that of GOLDEN 79, relies, however, on a number of 
astrophysical assumptions. The other limits come from direct ohsewatlons 
of stored antiprotons. See also "~ Partlal Mean Lives" after "p Partial 
Mean Dyes," below, 

LIMIT 
(~ars) CL % E V T 5  DOCUMENT IO TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>0,28 GABRIELSE 90 TRAP Pennlngtrap 
>0.08 90 1 BELL 79 CNTR Storage ring 
>1 x 107 GOLDEN 79 SPEC ~/p, cosmic rays 
>3,7 x 10 - 3  BREGMAN 78 CNTR Storage ring 

p DECAY MODES 

Below, for N decays, p and n distinguish proton and neutron partial Ilfe~ 
times. See also the "Note on Nucleon Decay" in our 1994 edition (Phys. 
Rev. Dgo, 1673) for a short review. 

The "partial mean life" limits tabulated here are the limits on ~'/B I. where 
r Is the total mean life and B I is the branching fraction for the mode In 
question. 

Partial mean life 
Mode (1030 years) Confidence level 

Antllepton + meson 
1-1 N -~ e + ~ > 13o (n), > sso (p) 90% 
1-2 N ~ /~+ w > 100 (n), > 270 (p) 90% 
1-3 N --~ U~T > 100 (n), > 25 (p) 90% 

1-4 p --~ e+T/ > 140 90% 
p --~ /~+ T/ > 69 90% 

1-6 n --~ u f /  > 54 9o% 
N ~  e + p  > 58 (n), > 75 (p) 90% 

1-8 N - ~  p + p  > 23 (n), > 110 (p) 90% 
1-9 N --~ u p  > 19 (n), > 27 (p) 90% 

1-1o p ~ e + ~  >45 9o% 
?-11 p - - *  / ~§  >57  90% 
1-12 n --~ //o., > 43 90% 
1-13 N-+  e +K >13(n),>zSO(p) 9o% 
1-14 p ~ e + K 0 > 75 90% 

1-1s p --,  e + K ~  > 44 9o% 

1-18 N -~  /~+ K > 11 (n), > 120 (p) 9o% 
1-17 p -+  p +  K ~ > 64 90% 

1-18 p -~  /~+ K ~  > 44 9o% 

1-19 N --* u K  > 86 (n), > Zoo (p) 9o% 

1-20 p -~  e + K * ( 8 9 2 )  ~ > 52 9o% 
1-21 N -~  u K * ( 8 9 2 )  >22  (n), >20  ~p) 90% 

Antllepton + mesons 
1-22 p --~ e+~r+ / r  - > 21 90% 
1-23 p --* e+~r0~r ~ > 38 90% 
1-24 n --~ e+ ~ -  ~0 > 32 90% 

1-25 p --~ /~+~'+~'-- > 17 90% 
1-26 p ---~ /J+Tr0~T 0 > 33 90% 

1-27 n --> /~+ ' I t -  '/i "0 > 33 90% 

1-28 n-,--* e + K ~  - >18 90% 

Lepton + m~on 
"/'29 ~ "-~ e-- ~1 "+ > 65 90% 
"/'30 n --+ /~-  ?r + > 49 90% 
"r31 n ~ e -  p+  > 62 90% 
1"32 n --~ /~-  p+  > 7 90% 
1-33 n ~ e -  K + > 32 90% 
1-34 n -~  # -  K + > 57 90% 

IndmCve mode= 
1-s7 N -~ e + anything > 0.6 (n. p) 
1-S8 N -~  /~+anything > 12 (n, p) 
~ 9  N - ~  uanyth ing 
1-60 N -~  e + ~ ~  > 0.6 (n, p) 
1-61 N -~ 2 bodies, u-free 

AB = 2 dlnudeon modes 

The following are lifetime limits per iron nucleus, 

90% 
90% 

90% 
90% 
90% 

9O% 

90% 

90% 
90% 
90% 

9O% 
90% 

9O% 
90% 
90% 

9O% 
90% 
90% 
9O% 
9O% 
90% 

90% 
90% 

9O% 

"r62 p p  .-,  ~+~r  + > 0.7 90% 
r63 p n . - ,  ~r+~r 0 > 2  90% 

1"64 n n . - ~  ~ + i r -  >0.7 90% 
1-6s nn  --* li'~ 0 > 3.4 90% 

1-66 p p . _ ,  e + e  + >8.8 90% 
1-67 p p - - *  e + p  + >3.6 90% 

1-88 p p  --~ i~+ I ~+ > 1.7 90% 
1-69 p n . - ~  e+-# >2.8 90% 
~ 0  p n  --~ /~-I-~ > 1.8 90% 

~ t  nn  --~ Ue~" e > 0.000012 90% 
1-72 n n --, up'#p > O.O0000S 90% 

DECAY MODES 

Partial mean life 
Mode (years) Confidence level 

1-73 p --~ e - ' y  > 1848 95% 
1-74 p -~  e -  ~0 > 554 95% 

"/75 ~ --+ e -  r/ > 171 95% 
e -  K ~ > 29 95% T78 P 

-~ e- K~ > 9 95% ~77 P 

p PARTIAL MEAN LIVES 

The "partial mean life" limits tabulated here are the IImRs on 1"/Bl~ where 
~" is the total mean life for the proton and B! is the bqanching fraction for 
the mode in question. 

Decaying particle: p = proton, n = bound neutron. The same event may 
appear under more than one partial decay mode. Background estimates 
may be accurate to a factor of two. 

, ( N - .  o + , )  
LIMIT 
(1030 ~zrs) PARTICLE 

>MO p 
>130 n 

CL% EVTS BKGD EST DOCUMENT fO TECN 
gO 0 O.'l' 14 BECKER-SZ... 90 IMB3 
gO 0 <0.2 HIRATA 89C KAMI 



See key on page 213 
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�9 �9 �9 We do not use the following data for . . . . .  ges, fits, limits, etc . . . .  ' r ( p - -~  /~'t" f l )  

> 70 p 90 0 0.5 BERGER 91 FREJ LIMIT 
41030 ~ars) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

> 70 n 90 0 < 0.1 BERGER 91 FREJ 
>260 p 90 0 <0.04 HIRATA 89C KAMI >69 p 90 1 <O.01 HIRATA 89C KAMI 
>310 p 90 0 0.6 SEIDEL 88 IMB �9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>100 n 90 0 1.6 SEIDEL 88 IMB >26 p 90 1 0.8 BERGER 91 FREJ 
> 1.3 n 90 0 BARTELT 87 SOUD > 1.3 p 90 0 0.7 PHILLIPS 89 HPW 
> 1.3 p 90 0 BARTELT 87 SOUD >34 p 90 1 1.5 SEIDEL 88 IMB 
>250 p 90 0 0.3 HAINES 86 IMB >46 p 90 7 6 HAINES 86 IMB 
> 31 n 90 8 9 HAINES 86 IMB >26 p 90 1 <0.fl ARISAKA 85 KAMI 
> 64 p 90 0 <0.4 ARISAKA 85 KAMI >17 p (free) 90 6 6 BLEWITT 85 IMB 
> 26 n 90 0 <0.7 ARISAKA 85 KAMI >46 p 90 7 8 BLEWlTT 85 IMB 
> 82 p (free) 90 0 0.2 BLEWlTT 85 IMB 
>250 p 90 0 0.2 BLEWITT 85 IMB "r ( t l - -~ Jpl~) ,r 6 
> 25 n 90 4 4 PARK 85 IMB LIMIT 
> 15 p, n 90 0 BATTISTONI 84 NUSX (lO 30 ~ars) PARTICLE CL% EVT5 BKGD EST DOCUMENT IO TECN 

> 0.5 p 90 1 0.3 15BARTELT 83 SOUD >84 n gO 2 0,9 HIRATA 89C KAMI 
> 0.5 n 90 1 0.3 15 BARTELT 83 SOUD 
> 5.8 p 90 2 16 KRISHNA... 82 KOLR 
> 5.8 n 90 2 16 KRISHNA... 82 KOLR 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>29 n 90 0 0.9 BERGER 89 FREJ 

> 0.1 n 90 17 GURR 67 CNTR >16 n 90 3 2.1 SEIDEL 88 IMR 
>28 n 90 7 6 HAINES 86 IMB 

14This BECKER-SZENDY 90 result Includes data from SEIDEL 88. >30 n 90 0 0.4 KAJITA 86 KAMI 
15Limit based on zero events. >18 n 90 4 3 PARK 85 IMB 
16We have calculated 90% CL limit from 1 confined event. 
17We have converted half-life to 90% CL mean life. > 0.6 n 90 2 22 CHERRY 81 HOME 

22We have converted 2 possible events to 90% CL limit. 

L,MIT "(N-" e+p) . 
41030 ~R.ars) PARTICLE CL% EVTS BKGD EST DOCUMENT IO TECN LIMIT 
>100 n 90 0 <0,2 HIRATA 89C KAMI 41o 30 years) PARTICLE CL% EVTS BKGD EST DOCUMENT tO TECN 

>270 p gO 0 0 J J  SEIOEL 88 IMB >'ns p go 2 2,7 HIRATA 89c KAMI 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 > B I  tl g0 0 1,9 HIRATA 89C KAMI 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 
p 90 0 0.2 BERGER 91 FREJ 
n 90 1 1.0 BERGER 91 FREJ >29 p 90 0 2.2 BERGER 91 FREJ 
p 90 0 <0.07 HIRATA 89C KAMI >41 n 90 0 1.4 BERGER 91 FREJ 
n 90 0 0.5 SEIDEL 88 IMB >38 n 90 2 4.1 SEIDEL 88 IMB 
p 90 2 1 HAINES 86 IMB > 1.2 p 90 0 BARTELT 87 SOUD 
n 90 8 7 HAINES 86 IMB > 1.5 n 90 0 BARTELT 87 SOUD 
p 90 0 <0.7 ARISAKA 85 KAMI >17 p 90 7 7 HAINES 86 IMB 
n 90 0 <0.4 ARISAKA 85 KAMI >14 n 90 9 4 HAINES 86 IMB 
p (free) 90 0 0.2 BLEWITT 85 IMB >12 p 90 0 <1.2 ARISAKA 85 KAMI 
p 90 1 0.4 BLEWITT 88 IMB > 6 n 90 2 <1 ARISAKA 85 KAMI 
n 90 1 4 PARK 85 IMB > 6.7 p(free) 90 6 6 BLEWITT 85 IMB 
p, n 90 0 BATTISTONI 84 NUSX >17 p 90 7 7 BLEWlTT 85 IMB 
p, n 90 0 ALEKSEEV 81 BAgS > ] 2  n 90 4 2 PARK 88 IMB 

> 0.6 n 90 1 0.3 23 BARTELT 83 SOUD 
1~ > 0.5 p 90 1 0.3 23BARTELT 83 SOUD 

> 9.8 p 90 1 24 KRISHNA... 82 KOLR 
CL% EVTS BKGD EST DOCUMENT ID TECN > 0.8 p 90 2 25 CHERRY 81 HOME 

23 Limit based on zero events. go e~ ~1~,11 HIRATA 89C KAMI 
gO I $ HIRATA 89C KAMI 

> 81 
> 35 
>230 
> 63 
> 76 
> 23 
> 4 6  
> 20 
> 59 
>100 
> 38 
> 10 
> 1.3 

I r ( N - ~  u l r )  
LIMIT 
(1030 Tears) PARTICLE 

> 2 B  p 
>100 n 
�9 �9 �9 We do not use the foSowing data for averages, fits, limits, etc. �9 �9 * 

> 13 n 90 1 1.2 BERGER 89 FREJ 
> 10 p 90 11 14 BERGER 89 FREJ 
> 6 n 90 73 60 HAINES 86 IMB 
> 2 p 90 16 13 KAJITA 86 KAMI 
> 40 n 90 0 1 KAJITA 86 KAMI 
> 7 n 90 28 19 PARK 85 IMB 
> 7 n 90 0 BATTISTONI 84 NUSX 
> 2 p 90 < 3 BATTISTONI 84 NUSX 
> 5.8 p 90 1 18 KRISHNA._ 82 KOLR 
> 0.3 p 90 2 19 CHERRY 81 HOME 
> 0.1 p 90 20 GURR 67 CNTR 

18We have calculated 90% CL limit from 1 confined event. 
19We have converted 2 possible events to 90% CL limit. 
20We have converted hair*life to 90% CL mean life. 

/" (p  --~ , + q )  Ir 4 
LIMIT 
(1030 )~.ars} PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

>140 p gO 0 <0,04 HIRATA 89C KAMI 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

> 44 p 90 0 O.1 BERGER 91 FREJ 
>100 p 90 0 0.6 SEIDEL 88 IMB 
>200 p 90 5 3.3 HAINES 86 IMB 
> 64 p 90 0 <0.8 ARISAKA 85 KAMI 
> 64 p (free) 90 5 6.5 BLEWlTT 85 IMB 
>200 p 90 5 4.7 BLEWlTT 85 IMB 
> 1.2 p 90 2 21CHERRY 81 HOME 

21We have converted 2 possible events to 90% CL limit. 

24We have calculated 90% CL limit from 0 confined events. 
25We have converted 2 possible events to 90% CL limit. 

LIMIT 
(1030 ~ars) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

>110 p 90 0 1,7 HIRATA 89c KAMI 
:> 221 n 80 I 1,11 HIRATA 89c KAMI 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

> 12 p 90 0 0.5 BERGER 91 FREJ 
> 22 n 90 0 1.1 BERGER 91 FREJ 
> 4.3 p 90 0 0.7 PHILLIPS 89 HPW 
> 30 p 90 .0 0.5 SEIDEL 88 IMB 
> 11 n 90 I 1,1 SEIDEL 88 IMB 
> 18 p 90 4 4.5 HAINES 86 IMB 
> 7 n 90 6 5 HAINES 86 IMB 
> 12 p 90 0 <0.7 ARISAKA 85 KAMI 
> 5 n 90 1 <1.2 ARISAKA 85 KAMI 
> 5.5 p (free) 90 4 S BLEWlTT 85 IMB 
> 16 p 90 4 5 BLEWlTT 85 IMB 
> 9 n 90 1 2 PARK 85 IMB 
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,-(Jr-, ,.,.) ,,, 
LIMIT 
(1030 years) PARTICLE CL% EVTS BKGO EST DOCUMENT ID TECN 

>27 p go w 1.S HIRATA 89C KAMI 
:>1 c) n go 0 0.3 SEIDEL 88 IMB 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

> 9 n 90 4 2.4 BERGER 89 FREJ 
>24 p 90 0 0.9 BERGER 89 FREJ 
>13 n 90 4 3.6 HIRATA 89c KAMI 
>13 p 90 1 1.1 SEIDEL 88 IMB 
> 8 p 90 6 5 HAINES 86 IMB 
> 2 n 90 15 10 HAINES 86 IMB 
>11 p 90 2 1 KAJITA 86 KAMI 
> 4 n 90 2 2 KAJITA 86 KAMI 
> 4.1 p (free) 90 6 7 BLEWlTT 85 IMB 
> 8.4 p 90 6 5 BLEWITT 85 IMB 
> 2 n 90 7 3 PARK 85 IMB 
> 0.9 p 90 2 26 CHERRY 81 HOME 
> 0.6 n 90 2 26 CHERRY 81 HOME 

26We have converted 2 possible events to 90% CL limit, 

,-(p.-. e+,.,) 
LIMIT 
(1630 ~lrs) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

>4B p gO 2 1.48 HIRATA 89c KAMI 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>17 p 90 0 1.1 BERGER 91 FREJ 
>26 p 90 1 1.0 SEIDEL 88 IMB 
> 1.5 p 90 0 BARTELT 87 SOUD 
>37 p 90 6 5.3 HAINES 86 IMB 
>25 p 90 1 <1.4 ARISAKA 85 KAMI 
>12 p (free) 90 6 7.5 BLEWlTT 85 IMB 
>37 p 90 6 5.7 BLEWlTT 85 IMB 
> 0.6 p 90 1 0.3 27 BARTELT 83 SOUD 
> 9.8 p 90 1 28 KRISHNA... 82 KOLR 
> 2.8 p 90 2 29 CHERRY 81 HOME 

27 Limit based on zero events. 
28We have calculated 90% CL limit from 0 confined events. 
29We have converted 2 possible events to 90% CL limit. 

,'(p - '  .+,,') ~1 
LIMIT 
(1030 years) PARTICLE CL% EVTS BKGD EST DOCUMENT IO TECN 

>57 p gO 2 1.9 HIRATA 89C KAMI 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>11 p 90 0 1,0 BERGER 91 FREJ 
> 4.4 p 90 0 0.7 PHILLIPS 89 HPW 
>10 p 90 2 1.3 SEIDEL 88 IMB 
>23 p 90 2 1 HAINES 86 IMB 
> 6,5 p (free) 90 9 8.7 BLEWlTT 85 IMB 
>23 p 90 8 7 BLEWITT 85 IMB 

'r (n , -~  ipt~) ,r]l 2 
LIMIT 
(1030 years) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

>43 n gO 3 2.7 HIRATA 89c KAMI 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. * * * 

>17 n 
> 6 n 
>12 n 
>18 n 
>16 n 
> 2.0 n 

30We have converted 2 

.(N-., , *  K) 
LIMIT 
(1030 years) PARTICLE 

>150 p 

> 1.3 n 

90 1 0.7 BERGER 89 FREJ 
90 2 1.3 SEIDEL 88 IMB 
90 6 6 HAINES 86 IMB 
90 2 2 KAJITA 86 KAMI 
90 I 2 PARK 85 IMB 
90 2 30 CHERRY 81 HOME 

possible events to 90% CL limit. 

CL% EVTS BKGD EST DOCUMENT ID TECN 

gO 0 <0.27 HIRATA 89c KAMI 
gO 0 ALEKSEEV 81 BAKS 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

> 60 p 90 0 BERGER 91 FREJ 
> 70 p 90 0 1.8 SEIDEL 88 IMB 
> 77 p 90 5 4.5 HAINES 86 IMB 
> 38 p 90 0 <0,8 ARISAKA 85 KAMI 
> 24 p (free) 90 7 8.5 BLEWITT 85 IMB 
> 77 p 90 5 4 BLEWITT 85 IMB 
> 1.3 p 90 O ALEKSEEV 81 BAKS 

, '(p-,, o + ~ )  ~4 
LIMIT 
{t030 years) PARTICLE CL% EVT5 BKGD EST DOCUMENT ID TECN 

:>11~ p go 0 0.5 BERGER 91 FREJ 

LIMIT 
(1030 years) PARTICLE CL% EVT~ BKGD EST DOCUMENT ID TECN 

>44 p gO 0 __.0.1 BERGER 91 FREJ 

~'(N --~/=+ K) n6 
LIMIT 
(1030 years) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

>120 p gO 1 0.4 HIRATA 89c KAMI 
> 1.1 n 90 0 BARTELT 87 SOUD 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

> 54 p 90 0 BERGER 91 FREJ 
> 3,0 p 90 0 0.7 PHILLIPS 89 HPW 
> 19 p 90 3 2,5 SEIDEL 88 IMB 
> 1,5 p 90 0 31 BARTELT 87 SOUD 
> 40 p 90 7 6 HAINES 86 IMB 
> 19 p 90 1 <1.1 ARISAKA 85 KAMI 
> 6.7 p (free) 90 11 13 BLEWITT 85 IMB 
> 40 p 90 7 8 BLEWlTT 85 IMB 
> 6 p 90 1 BATTISTONI 84 NUSX 
> 0.6 p 90 0 32 BARTELT 83 SOUD 
> 0.4 n 90 0 32 BARTELT 83 SOUD 
> 5.8 p 90 2 33 KRISHNA... 82 KOLR 
> 2.0 p 90 0 CHERRY 81 HOME 
> 0.2 n 90 34 GURR 67 CNTR 

31 BARTELT 87 limit applies to p --* p +  K O. 

32Limit based on zero events. 
33We have calculated 90% CL limit from I confined event. 
34We have converted half-life to 90% CL mean life. 

,-(p-, ~+ ~ )  ,~  
LIMIT 
(1030 years) PARTICLE CL~  EVTS BKGD EST DOCUMENT ID TECN 

>.  p go o 12  BERGER ,1 ~RE' 

,'(p-, . *  ~ )  , u  

LIMIT 
(1030 ~ears) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

>44 p gO 0 _0 .1  BERGER 91 FREJ 

~(N --~ vK) ne 
LIMIT 
(1030 years) PARTICLE CL% EVT"S BKGD EST DOCUMENT ID TECN 

> 1 0 0  p gO 9 7.3 HIRATA 89c KAMI 
> 86 n gO 0 2A HIRATA 89c KAMI 

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

> 15 n 90 1 1.8 BERGER 89 FREJ 
> 15 
> 0.28 
> 0.3 
> 0.75 
> 10 
> 15 
> 28 
> 32 
> 1.8 
> 9.6 
> 10 
> 5 
> 2 
> 0.3 
> 0.1 
> 5.8 
> 0.3 

p 90 1 1.8 BERGER 89 FREJ 
p 90 0 0.7 PHILLIPS 89 HPW 
p 90 0 BARTELT 87 SOUD 
n 90 0 35 BARTELT 87 SOUD 
p 90 6 5 HAINES 88 IMB 
n 90 3 5 HAINES 86 IMB 
p 90 3 3 KAJITA 86 KAMI 
n 90 0 1.4 KAJITA 86 KAMI 
p (free) 90 6 11 BLEWITT 85 IMB 
p 90 6 5 BLEWITT 85 IMB 
n 90 2 2 PARK 85 IMB 
n 90 0 BATTISTONI 84 NUSX 
p 90 0 BATTISTONI 84 NUSX 
n 90 0 36 BARTELT 83 SOUD 
p 90 0 36 BARTELT 83 SOUD 
p 90 1 37 KRISHNA... 82 KOLR 
n 90 2 38 CHERRY 81 HOME 

35 BARTELT 87 limit applies to n ~ v K  O, 

36 Limit based on zero events. 
37We have calculated 90% CL limit from 1 confined event. 
38We have converted 2 possible events to 90% CL limit. 

,-(p--. e+ ~ ( m ) o )  
LIMIT 
(1030 years) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

>B2 p gCI 2 1 Im HIRATA 89c KAMI 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>10 p 90 0 0.8 BERGER 91 FREJ 
>1o p ,o 1 <1 AR,SAKA 8S KAMI 

,-(N--, , , K * ( ~ ) )  .=1 
LIMIT 
(1030 years) PARTICLE CL% EVT5 BKGD EST DOCUMENT ID TECN 

> ' ~  R gO 0 2.1 BERGER 89 FREJ 
>20 p gO S 2.1 HIRATA 89C KAMI 
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�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

>17  p 90 0 2.4 BERGER 89 FREJ 
>21  n 90 4 2.4 HIRATA 89C KAMI  
>10  p 90 7 6 HAINES 86 IMB 
> 5 n 90 8 7 HAINES 86 IMB 
> 8 p 90 3 2 KAJITA 86 K A M I  
> 6 n 90 2 1.6 KAJITA 86 K A M I  
> 5.8 p (free) 90 10 16 BLEWlTT  85 IMB 
> 9.6 p 90 7 6 BLEWlTT  85 IMB 
> 7 n 90 1 4 PARK 85 IMB 

39 BATTISTONI  82 NUSX 

88 IMB 

>33  n 90 0 1.40 BERGER 918 FREJ 
> 2.7 n 90 0 0.7 PHILLIPS 89 HPW 
>25 n 90 7 6 HAINES 86 IMB 
>27  n 90 2 3 PARK 85 IMB 

, ( , - ~  O - - p + )  , =  
LIMIT 
(1030 years) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

/I gO 2 4.1 SEIDEL 88 IMB 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

>12  n 90 13 6 HAINES 86 IMB 
>12  n 9O S 3 PARK 85 IMB 

.(,,--, ~ -p * )  , =  
LIMIT 
(1030 years) PARTICLE CL% EVT5 BKGD EST DOCUMENT 10 TECN 

> 7  n gO 1 1.1 SEIDEL 88 IMB 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

>2.6  n 90 0 0.7 PHILLIPS 89 HPW 
>9  n 90 7 5 HAINES 86 IMB 
> 9  n 90 2 2 PARK 85 IMB 

> 2.1 p 9O 1 

39We have converted 1 possible event to  90% CL limit. 

�9 ,-(~.-. e + . + ~ - )  
LIMIT 
(t030 years) PARTICLE CL% EVT$ BKGD EST DOCUMENT ID TEEN 

>=1 p ,o o =.= 8ERGER 91 rREJ 

, (p_~ e+,, .o~) m 
LIMIT 
(1630 ~ars) PARTICLE CL% EVTS 8KGD EST DOCUMENT ID TECN 

> $ 8  p gO I O.S BERGER 91 FREJ 

. ( n - *  e + , - ~ o )  . ~  
LIMIT 
(1030 ]tears) PARTICLE .CL% EVT$ BKGD EST DOCUMENT ID TECN 

> $ 2  n gO I 0.8 BERGER 91 FREJ 

, ' ( p  - - ,  ~ + . * . - )  , ~  

LIMIT 
(1030 years) PARTICLE CL% EVT5 BKGD EST DOCUMENT ID TECN 

> 1 7  p gO 1 2.6 BERGER 91 FREJ 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

> 33 p 90 o o7 PH,LL,PS 8. HPW 
,.(p ._, #+,..o~) ,,~ 
LIMIT 
(1030 years) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

>!"4 p go 1 0.9 BERGER 91 FREJ 

, ( n - *  ~ + , - , o )  ,2, 
LIMIT 
(1030 )~'.ars) PARTICLE CL% EVT5 BKGD EST DOCUMENT ID TECN 

> 3 3  n gO 0 1.1 BERGER 91 FREJ 

, ( . - ~  e+X%- )  .-~ 
LIMIT 
(1030 ~ears) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

> 1 8  n go 1 0,2 BERGER 91 FREJ 

. ( . - ,  e - . + )  ,.~ 
LIMIT 
(1030 ~ears) PARTICLE CL% EVT5 BKGD EST DOCUMENT ID TECN 

> M  /I gO 0 1.6 SEIDEL 88 IMB 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

>55  n 90 0 1.09 BERGER 918 FREJ 
>16  n 9O 9 7 HAINES 86 IMB 
>25  n 90 2 4 PARK 85 IMB 

~(,-~ l , - , r+ )  
LIMIT 
(1030 ~tears) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

n gO 0 0.5 SEIDEL 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 
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Baryon Particle Listings 
P 

,.(.-, e-K+) ,~ 
LIMIT 
(1030 years) PARTICLE .CL% EVTS BKGD EST DOCUMENT ID TECN 

> 3 2  n 90 $ 2.go BERGER 91B FREJ 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

> 0.23 n 90 0 0.7 PHILLIPS 89 HPW 

T(n --~ p -  K +) 
LIMIT 
(1030 ~ears) PARTICLE CL% EVT$ BKGD EST DOCUMENT ID TECN 

>ST n go 0 2.18 BERGER 91B FREJ 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

> 4.7 n 90 0 0.7 PHILLIPS 89 HPW 

,-(p.-, e - , , + , + )  .,~ 
LIMIT 
(1030 ]fears) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

:>110 p gO 1 2.BO BERGER 918 FREJ 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

>2.o p . o 0.7 PH,,,iPS . HPW 

,-( ._, e - .+ .0 )  . ~  
LIMIT 
{1030 ~ears} PARTICLE CL% EVTS BKGO EST DOCUMENT IO TECN 

> 2 9  n gO I O.?B BERGER 91B FREJ 

�9 r(p-..-* p- l r+lr  +)  m 
LIMIT 
(1030 years) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

> 1 7  p gO I 1.72 BERGER 91B FREJ 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

> 7.8 p 90 0 0 2  PHILLIPS 89 H P W  

, ( , _ ,  ~ - , + , o )  ~ .  
LIMIT 
(1030 years) PARTICLE CL% Evrs BKGD EST DOCUMENT ID TECN 

> 3 4  n gO 0 0.78 BERGER 91B FREJ 

1"(p--~ e- lr+ K +) 
LIMIT 
(1030 ~ars) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

> 2 0  p 90 3 2.SO BERGER 918 FREJ 

r(p -'* p-  Ir + K +) r 
LIMIT 
(1030 years) PARTICLE CL% EVT$ BKGD EST DOCUMENT I0 TECN 

> w  p gO 2 0.78 BERGER 918 FREJ 

, ,-(p-, e+~) ,-~ 
LIMIT 
(1030 ~.ars} PARTICLE CL% EVTS BKGD EST DOCUMENT tD TECN 

>460  p gO 0 0.6 SEIDEL 88 IMB 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

>133 p 90 0 0.3 BERGER 91 FREJ 
>360  p 90 0 0.3 HAINES 86 IMB 
> 87 p (free) 90 0 0.2 B L E W I T T  85 IMB 
>360  p 90 0 0.2 B L E W l T T  85 IMB 
> 0.1 p 90 40 GURR 67 CNTR 

40We have converted half*life to 90% CL mean life. 

LIMIT 
(1030 ~ears) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

>~180 p gO 0 0.6 SEIDEL 88 IMB 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

>155 p 90 0 0.1 BERGER 91 FREJ 
> 97 p 90 3 2 HAINES 86 IMB 
> 61 p (free) 90 0 0.2 B L E W t T T  85 I M B  
>280  p 90 0 0.6 B L E W l T T  85 I M B  
> 0.3 p 90 41GURR 67 CNTR 

41We have converted half-life to  90% CL mean life. 

T ( I I  --~ i ' 7 )  I"43 
LIMIT 
(1030 years) PARTICLE CL% EVT5 BKGD EST DOCUMENT ID TECN 

> 2 4  n gO 10 6,86 BERGER 91B FREJ 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

> 9 n 90 73 60 HAINES 86 IMB 
>11  n 90 28 19 PARK 85 IMB 

,-(p--, e+77) ,',. 
LIMIT 
(1030 years) PARTICLE CL% EVTS BKGO .EST DOCUMENT 10 TECN 

>100 p 90 1 0.8 BERGER 91 FREJ 
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Baryon Particle Listings 
P 

"(P'-* e+e+e - )  ,,m 
LIMIT 
(1030 ~.ars) PARTICLE CL% EVES BKGD EST DOCUMENT ID TECN 

7510 p gO 0 0.$ HAINES 86 IMB 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>147 p 90 0 0.1 BERGER 91 FREJ 
> 59 p (free) 90 0 0.5 BLEWITT 85 IMB 
>510 p 90 0 0.7 BLEWITT 85 IMB 

~(p.-, e+~,+f,-) ~-,~ 
UMIT 
(1030 years} PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

>81 p g0 0 0.16 BERGER 91 FREJ 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

> 5.0 p 90 0 0.7 PHILLIPS 89 HPW 

, (p-~ e+M,,) , ' , .  
LIMIT 
(1030 years) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

>11 p 90 11 6.08 BERGER 91B FREJ 

=- (n ---~ e+ e- p) ,48 
LIMIT 
{1O 30 ~emrs) PARTICLE CL% EVT$ BKGD EST DOCUMENT ID TECN 

>74 el 90 0 < 0.1 BERGER 91B FREJ 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>45 n 90 5 5 HAINES 86 IMB 
>26 n 90 4 3 PARK 85 IMB 

~" (n --~ /~+ e -  ~,) ~r49 
LIMIT 
(1030 ~ear~) PARTICLE CL% EVT5 BKGD EST DOCUMENT ID TECN 

>47 n 90 0 < 0.1 BERGER 91B FREJ 

~'(n--, #+#-~) ~o 
LIMIT 
(10, 30 years) PARTICLE CL% EVT5 BKGD EST DOCUMENT ID TECN 

�9 >~2�9 n 90 0 1,4 BERGER 91B FREJ 
We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

> 5.1 n 90 0 0.7 PHILLIPS 89 HPW 
>16 n 90 14 7 HAINES 86 IMB 
>19 n 90 4 7 PARK 85 IMB 

~(p - ~ / , +  e+ e-) ~1 
LIMIT 
(1030 },ears} PARTICLE CL% EVT$ BKGD EST DOCUMENT/O TECN 

>91 p gO 0 ~ 0 . 1  BERGER 91 FREJ 

LIMIT 
(1030 ~ars) PARTICLE CL% EVTS BKGD E5T DOCUMENT ID TECN 

>190 p gO 1 0.1 HAINES 86 IMB 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>119 p 90 0 0.2 BERGER 91 FREJ 
> 10,5 p 90 0 0.7 PHILLIPS 89 HPW 
> 44 p (free) 90 1 0,7 BLEWITT 85 IMB 
>190 p 90 1 0,9 BLEWITT 85 IMB 
> 2.1 p 90 1 42 BATTISTONI 82 NUSX 

42We have converted 1 possible event to 90% CL Umlt. 

LIMIT 
(1030 years) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

�9 (p--, 0-~,+~,+) 
LIMIT 
(10 so yea~ I PARTICLE CL% EVT5 BKGD EST DOCUMENT ID TECN 

> , ~  ~ 90 o o.~ PH,LL,~S , HPW 

�9 (n-- ,  3,) 
LIMIT 
(1030 years} PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

:>0.00049 el 90 2 2 43 SUZUKI 93B KAMI 
�9 �9 �9 We do not Use the following data for averages, fits, limits, etc, �9 �9 �9 

>0,0023 n 90 44 GLICENSTEIN 97 KAMI I 
>0.00003 n 90 11 6.1 45 BERGER 91B FREJ 
>0.00012 n 90 7 11.2 45 BERGER 91B FREJ 
>0.0005 n 90 0 LEARNED 79 RVUE 

43The SUZUKI 93B limit applies to any of VeUe~ e. v p v p ' ~ p ,  or V.rV~ ~. 

44GLICENSTEIN 97 uses Kamloka data and the Idea that the disappearance of the neu- I 
tron's magnetic moment should produce radiation. 

4SThe first BERGER 91B limit Is fo r  n ~ UeUe~ e, the second Is for  n ~ vp uI~P p.  

�9 ( , -~ 3") , u  
LIMIT 
(1630 )~ars) PARTICLE CL% EVT5 BKGD EST DOCUMENT ID TECN 

�9 �9 �9 We do not use the following data for averages, fits, ,mRs, etc. �9 �9 �9 

>0.0017 n 90 46 GLICENSTEIN 97 KAMI | 

46GLICENSTEIN 97 uses Kamioka data and the Idea that the disappearance of the neu- | 
tron's magnetic moment should Ixoduce radiation. 

�9 (N --* e+ anythiniD ~7 
LIMIT 
(1030 yeaP~) PARTICLE CL% EVT$ BKGD EST DOCUMENT ID TECN 

>0.6 p, el go 47 LEARNED 79 RVUE 

47The electron may be Ixlmary or secondary. 

~'(N--*/~+ a~/thJnl) 
LIMIT 
(1030 years] PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

>12 p, R 90 2 48,49 CHERRY 81 HOME 
�9 �9 �9 We do not use the following data for averages, fits, ,mRs, etc. �9 �9 �9 

> 1.8 p, n 90 49 COWSIK 80 CNTR 
> 6 p, n 90 49 LEARNED 79 RVUE 

48We have converted 2 possible events to 90% CL limit. 
49The muon may be pdmary or secondary. 

T ( N ~  vanyt:hln|) 
Anything = ~r, p, K, etc. 

LIMIT 
(1030 ~/~ars) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

�9 * * We do not use the following data for averages, fits, limes, etc. �9 �9 �9 

>0.0002 p, n 90 0 LEARNED 79 RVUE 

�9 (N~ �9176 
LIMIT 
(1030 years) PARTICLE CL% EV7~ BKGD EST DOCUMENT ID TECN 

>o.. p.,  go o LEARNED ~9 Rvu~ 

I"(N--~ 2 bodlm, ~-free) 
LIMIT 
(1030 years) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>1.3 p, n 90 0 ALEKSEEV 81 BAKS 

LIMIT 
{1030 years) CL% EVTS BKGD EST DOCUMENT ID TECN COMMENT 

>O.? 90 4 ;I.34 BERGER 91B FREJ ~" per |ton nucleus 

, ( p , ~  ,+ ,0 )  ,,3 
LIMIT 
(1030 ~ear~) CL% EVT$ BKGD EST DOCUMENT ID TECN COMMENT 

>"L0 90 0 0.,11 BERGER 91U FREJ ~ per Iron nucleus 

. ( t i n  - ~  . + . - )  ~g4 
LIMIT 
[1030 ~ears) CL% EVTS BKGD EST DOCUMENT ID TECN COMMENT 

>O.7 90 4 2.10 BERGER 91B FREJ ~" per Iron nucleus 

.(ha--, .~176 ,1 .  
LIMIT 
(1030 ~'ars} CL% EVTS BKGD EST DOCUMENT ID TECN COMMENT 

73.4 90 0 0.70 BERGER 91B FREJ T per Iron nucleus 

~(pp-~ e+e+) 
~M3oTyears~ CL% EVT$ 8KGO EST DOCUMENT lO TECN COMMENT 

7 l . I I  gO 0 <0.1 BERGER 91B FREJ ~r per iron nucleus 

"(PP'-* e+ P +) ~67 
LIMIT 
(10 ~0 years) CL% EVT$ BKGD EST DOCUMENT ID TECN COMMENT 

75.6 gO 0 <0.1 BERGER 91U FREJ r per iron nucleus 

�9 r(pp.-* p+p+) ~ia 

~)T~ea~) CL% EVT5 BKGD EST DOCUMENT ID TECN COMMENT 

71.7 90 0 0.62 BERGER 91B FREJ 'r per iron nucleus 

. ( p . - ,  e+v) 
LIMIT 
(1030 years) CL% EVTS BKGD EST DOCUMENT ID TECN COMMENT 

>:).8 90 5 9.8"t BERGER 91B FREJ ~" per Iron nucleus 

" ( P " ' - "  ~ ' + ~ )  " , 0  
LIMIT 
(1030 years} CL% EV~3 BKGD EST DOCUMENT ID TECN COMMENT 

>l,g 90 4 4.TJ' BERGER 91B FREJ "r per iron nucleus 
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: (nn- *  uePe) 
LIMIT 
(1030 ~ears) CL% EVTS BKGD EST 

>O.O000~b~ gO S 9.7 

I " ( / / / I  ~ I~/~]Fp) 

LIMIT 
(1030 ~ears) CL% EVT$ BKGD EST 

>O,___tJl~,___ 90 4 4.4 

DOCUMENT ID 

171 

"TECN COMMENT 

BERGER 91n FREJ ~ per Iron nucleus 

~ra 

DOCUMENT ID TECN COMMENT 

BERGER 915 FREJ ~" per Iron nucleus 

]~ PARTIAL MEAN LIVES 

The "partial mean life" limits tabulated here are the limits on ~'/B I ,  where 
Is the total mean fife for the antlpmton and B I Is the branching fraction 

for the mode In question. 

e-.y) ,'a 
VALUE (~r~ars) CL.~.~ DOCUMENT ID TECN COMMENT 

>1848 95 GEER 94 CALO 8.9 GeV/c~  beam 

,'(~-" e-,, "~ ,',4 
VALUE (years) C L . ~  DOCUMENT ID TECN COMMENT 

>g84 95 GEER 94 CALO 8.9 GeV/c75 beam. 

1"0 l ' - '  0- '7)  I"/11 
VALUE (years) CL.~_~ DOCUMENT ID TECN COMMENT 

>171 95 GEER 94 CALO 8.9 GeV/c~  beam 

. ( ~ - ~  ~  ~ )  ' ~  

VALUE (:(ears) C L . ~  DOCUMENT ID TECN COMMENT 

>29 95 GEER 94 CALO 8.9 GeV/c~  beam 

VALUE (years) CL.~.~ DOCUMENT ID TECN COMMENT 

>9  95 GEER 94 CALO 8.9 GeV/c~  beam 

GLICENSTEIN 97 
GABRIELSE 95 
MACGIBBON 95 
GEER 94 
HALLIN 93 
SUZUKI 93B 
HUGHES 92 
ZIEGER 92 

Nso 92B 
BERGER 91 
BERGER 91B 
FEDERSPIEL 91 
BECKER-$Z... 90 
ERICSON 90 
GABRIELSE 90 
BERGER 89 
CHO 89 
HIRATA 89(: 
PHILLIPS 89 
KREISSL 88 
SEIOEL 88 
BARTELT 87 

AlSo 89 
COHEN 87 
HAINES 86 
KAJITA 86 
ARISAKA 85 
BLEWlTT 85 
DZUBA 85 
PARK 85 
BATTISTONI 84 
MARINELLI 84 
WILKENING 64 
BARTELT 83 
BATTISTONI 82 
KRISHNA... 82 
ALEKSEEV 81 

CHERRY 81 
COWSIK 80 
BELL 79 
GOLDEN 79 
LEARNED 79 
BREGMAN 78 
ROBERTS 73 
EVANS 77 
ROBERSON 77 
HU 75 
COHEN 73 
OYLLA 73 
BAMBERGER 70 
DIX 70 
HARRISON 69 
GURR 67 
FLEROV 55 

p REFERENCES 

PL 5411 325 J.F. Glicensteln (SACL) 
PRL 74 3544 +Phillips, Quint+ (HARV, MANZ, SEOUL) 
PR C52 2097 +Girlr Lucas, Nathan+ (ILL, SASK, INRM) 
PRL 72 1596 +Mardner, Ray+ (FNAL, UCLA, PSU) 
PR C48 1497 +Amendt, Berlptrom+ (SASK, BOST, ILL) 
PL B311 357 +Fukuda, Hlrata, Inoue+ (KAMIOKANDE Collab.) 
PRL 69 375 +Deutch (LANL, AARH) 
PL 6278 34 +Van de Vyver, Chdstmann, DeGraeve+ (MPCM) 
PL 5281 417 (erratum) Zieger, ..., Van den Abede, Ziegler ( )MPCM 
ZPHY CS0 385 +Froehlich, Moench, Ntslul+ (FREJUS Collab.) 
PL B269 227 +Froehlich, Moench, Nisius+ (FREJUS Collab.) 
PRL 67 1 5 1 1  +EIsenKdn, Lucas, MacGibbon+ (IlaLL / 
PR D42 2 9 7 4  Becker-SzeMy, Bratton, Cady, Casper+ (IMB-3 
EPL 11 295 +Richter (CERN, DARM) 
PRL 55 1317 +Fel, Orozco, TJoelker+ (HARV, MANZ, WASH, 185) 
NP 5313 509 +Froehiich, Moench+ (FREJUS Collab.) 
PRL 63 2559 +Sangster, Hinds (YALE) 
PL B220 308 +KaJtta, Kifune, Klhara+ (KamloMnde Collab.) 
PL 5224 348 +Matthews, Aprlle, CllBe+ (HPW Collab.) 
ZPHY C37 537 +Hancock, KOCh, Koehlet, Pork+ (CERN P5175 Collab. 
PRL 61 2522 +BIonta, Blewltt, Bratton+ (IMB Collab. 
PR D36 1990 +Courant, Huller+ ISoudan Cogab. I 
PR D40 1701 erratum Bartelt, Courant, He]let+ Soudan Collab. 
RMP 59 1121 +Tay]or (RISC, NBS) 
PRL 57 1986 +BIonta, BlUrt, Brattoq, Caspet+ (IMB Coflab.) 
JPSJ 55 711 +Ad~ka, Koshlba, Nakahata+ (Kamiokands Coqab.) 
JPSJ 54 3213 +Kajita, Koshiba, Nakahata+ (Kamlokande CoSab.) 
PRL 55 2114 +LoSecco, Blonta, Bratton+ (IMB Collab. ) 
PL 1545 93 +Flanlbaum, Sllvestrov (NOVO) 
PRL 54 22 +Blewitt, Cortez, Foster+ (IMB Collab.) 
PL 133B 454 +BellOtU, Bologna, C.~m~na+ (NUSEX Cogab.) 
PL 137B 439 +Morpurgo (GENO) 
PR A29 425 +Ramsey, Larson {HARV, VIRG) 
PRL 50 651 +Courant, Huller, Joyce, Marshak+ (MINN, ANL) 
PL 118B 461 +BegOtti, Bologna, Campana+ (NUSEX Collab.) 
PL 1155 349 Krlshnaswamy, Marion+ (TATA, OSKC, INUS) 
JETPL 33 651 +Bakatanov, Butkevich, Voevodskli+ (PNPI) 
Translated from ZETFP 33 664. 
PRL 47 1507 +Deakyne, Lande, Lee, Stelnbers+ (PENN, BNL) 
PR D22 2~4 +Nar~slmhan (TATA) 
PL 86B 215 +Calvetti, Carron, Chaney, Cltto8n+ (CERN) 
PRL 43 1196 +Hman, Mauief, Badkw~r, Lacy+ (NASA, PSLL) 
PRL 43 907 +Relnes, Sonl (UCI) 
PL 75B 174 +CalvetU, Carton, CittO~in, Hauer, Herr+ (CI:RN) 
PR O17 358 (WILL, RHEL) 
Science 197 989 +Steinberg (BNL, PENN) 
PR C16 1945 +King, Kunselman+ (WYOM, CIT, CMU, VPI, WILL) 
NP A254 403 +Asano, Chen, Chang, Dugan+ (COLU, YALE) 
JPCRD 2 653 +Taylo( (RI$C, NBS) 
PR A7 1224 +King (MIT) 
PL 335 233 +Lynen, Piekarz+ (MPIH, CERN, KARL) 
Thetis Case (CASE) 
PRL 22 1263 +Sandars, Wright (OXF) 
PR 158 1321 +Kropp, Rein(s, Meyer (CASE, WITW) 
DOKL 3 79 +KIOChkOv, Skobkin. Terentev (ASCI) 
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r•l i ( jP) = 111-~-~ Status: ~ < ~ <  2~'2 i 

We have omitted some results that have been superseded by later 
experiments. See our earlier editions. 

n MASS 

The mass Is known much more precisely In u (atomic mass units) than 
in MeV; see the footnotes. The conversion from u to MeV, 1 u = 
931.49432:E0,00028 MeV, Involves the relatively poorly known electronic 
charge. The DIFILIPPO 94 value, In u, Is by far the best, but when con- 
verted to MeV differs only negligibly from the 1986 CODATA value, which, 
for consistency, we suck with. 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

9M~r.~__m~_$4-0.000~ I COHEN 87 RVUE 1986 CODATA value 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

939.565654-0.00028 2,3 DIFILIPPO 94 TRAP Penning trap 
939.56564+0,00028 3,4 GREENE 86 SPEC np .~  d7  
939,5731 4-0.0027 3 COHEN 73 RVUE 1973 CODATA value 

1The mass Is known much more precisely In u: m = 1.008664904 4- 0.000000014 u, 
2The mass is known much more precisely In u: m = 1.0086649235 4- 0.0000000023 u, 

We use the conversion factor given above to get the mass In MeV. 
3These determinations are not Independent of the m n - m p  measurements below. 

4The mass Is known much more precisely In u: m = 1.008664919 4- 0,000000014 u. 

MASS 

VALUE (MeV) E V T S  DOCUMENT ID TECN COMMENT 

gMAU:I:O,0S1 59 5 CRESTI 86 HBC ~p --* ?in 

5This Is a corrected result (see the erratum). The error Is statistical. The maximum 
systematic error Is 0,029 MeV. 

(ran - ma) / mever~p 
A test of CPT Invarlance. Calculated from the n and 7'/masses, above. 

VALU~ ~OCUMENT ID 

(9:ES) x 10 - s  OUR EVALUATION 

m n  - m p  

VALUE (MeV) DOCUMENT ID TECN ,COMMENT 

1.,~J1~1111 4 - 0 , ~  6 COHEN 87 RVUE 1986 CODATA value 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.29333284-0.0000072 GREENE 86 SPEC np --* d7 
1,293429:1:0.000036 COHEN 73 RVUE 1973 CODATA value 

6Caiculated by us from the COHEN 87 ratio m n / m  p = 1.001378404 4- 0.000000009. In 
u, m n - mp = 0.001388434 :t: O.O(X)O00009 u, 

n MEAN LIFE 

We now compile only direct measurements of the lifetime, not those in- 
ferred from decay correlation measurements. (Limits on lifetimes for bound 
neutrons are given in the section "p PARTIAL MEAN LIVES.") 

For a review, see EROZOLIMSKII 89 and papers that follow it in an 
Issue of NIM devoted to the "Proceedings of the international Workshop 
on Fundamental Physics with Slow Neutrons" (Grenoble 1989). For later 
reviews and/or commentary, see FREEDMAN 90, SCHRECKENBACH 92, 
and PENDLEBURY 93. 

VALUE (s) DOCUMENT ID TECN COMMENT 
gMh7 4" l .g OUR AVERAGE Error Includes scale factor of 1.2. 
889.24- 3.04- 3.8 BYRNE 96 CNTR Penning trap 
882.64- 2.7 7 MAMPE 93 CNTR Gravitational trap 
888.44- 3.14- 1.1 NESVIZHEV.,. 92 CNTR Gravitational trap 
878 4-27 4-14 KOSSAKOW... 89 TPC Pulsed beam 
887.6~- 3.0 MAMPE 89 CNTR Gravitational trap 
877 4-10 PAUL 89 CNTR Storage rlng 
876 4-10 +19  LAST 88 SPEC Pulsed beam 
891 4- 9 SPIVAK 88 CNTR Beam 
903 4-13 KOSVINTSEV 86 CNTR Gravitatlonaltrap 
939 4 - } - 1 4  CHRISTENSEN72 CNTR 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

888.44- 2.9 ALFIMENKOV gO CNTR See NESVIZHEVSKII 92 
893.64- 3.84- 3.7 BYRNE 90 CNTR See BYRNE 96 
937 4-18 8BYRNE 80 CNTR 
875 4-95 KOSVINTSEV 80 CNTR 
881 4- 8 BONDAREN_. 78 CNTR See SPIVAK 88 

71GNATOVICH 95 calls Into question some of the corrections and averaging procedures 
used by MAMPE 93. The response, BONDARENKO 96, denies the validity of the 
criticisms. 

8 This measurement has been withdrawn (J. Byrne, private communication, 1990). 
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n MAGNETIC MOMENT 

VALUE {#N) DOCUMENT ID TECN COMMENT 

--1.913042"/~4-0.0000G048 COHEN 87 RVUE 1986 CODATA value 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t r 1 4 9  �9 �9 

-1.91304277• 9 GREENE 82 MRS 

9GREENE 82 measures the moment to be (1.04187564 • 0.00000026) x 10 - 3  Bohr 
magnetons. The value above Is obtained by multiplying this by m p / m  e = 1836.152701 • 
0.000037 (the 1986 CODATA value from COHEN 87). 

n ELECTRIC DIPOLE MOMENT 

A nonzero value Is forbidden by both T invarlance and P Invadance. 
A number of early results have been omitted. See RAMSEY 90 and 
GOLUB 94 for reviews. 

VALUE (10 -25 ecm) EL% DOCUMENT ID TECN 

<: 0.137 90 ALTAREV 96 MRS 
�9 �9 �9 We do not use the following data for averages, fits, 

< 1.1 9S ALTAREV 92 MRS 
< 1.2 95 SMITH 90 MRS 
< 2.6 9S ALTAREV 86 MRS 

0.3 •  PENDLEBURY84 MRS 
< 6 90 ALTAREV 81 MRS 
<16 90 ALTAREV 79 MRS 

COMMENT 

(+0.26 • 0.40 • 0.16) x 10 -25  | 
limits, etc. �9 �9 �9 

See ALTAREV 96 
d =  ( - 0 . 3  • 0.5) x 10 - 2 5  
d =  ( - 1 . 4  4- 0.6) x 10 - 2 5  
Ultracold neutrons 
d = (2.1 • 2.4) x 10 - 2 5  
d = (4.0 :E 7.5) x 10 - 2 s  

n ELECTRIC POLARIZABILITY On 

Following Is the electric polarizability (~n defined in terms of the Induced 
electric dipole moment by D = 4~e0~nE. For a review, see SCHMIED- 
MAYER 89. 

VALUE (IO -3 fm 3) DOCUMENT ID TECN COMMENT 

0 =m+0.19 "~- -0 .23  OUR AVER/~E Error Includes scale factor of 1.1. 

0.0 •  10 KOESTER 95 CNTR n Pb, n BI transmission 
1.20+0.1S• SCHMIEDM... 91 CNTR n Pb transmission 

1.07+10:033 ROSE 90B CNTR " y d ~  7r ip  

0.8 •  KOESTER 88 CNTR n Pb, n BI transmission 
1.2 •  5CHMIEDM... 88 CNTR n Pb, n C transmission 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

1.17+014) ROSE 90 CNTR See ROSE 90B 

10 KOESTER 95 uses natural Pb and the Isotopes 208, 207, and 206. See this paper for a 
discussion of methods used by various groups to extract ~n from data. 

n CHARGE 

See also " lqp + qe l /e "  in the proton Listings. 

VAL UE (10 -21 e) DOCUMENT ID TECN COMMENT 

-- 0.44- 1.1 11 BAUMANN 88 Cold n deflection 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

- 1 5  •  12 GAEHLER 82 CNTR Reactor neutrons 

11The BAUMANN 88 error • 1.1 gives the 68% CL limits about the the value -0 .4 .  
12 The GAEHLER 82 error + 22 gives the 90% CL limits about the the value - l S .  

LIMIT ON nW OSCILLATIONS 

Mean Time for nW TrandtJon in Vacuum 
A test of A B = 2  baryon number nonconservation. MOHAPATRA 80 and MOHAPA- 
TRA 89 discuss the theoretical motivations for looking for n~ oscUlations. DOVER 83 
and DOVER 85 give phenomenologlcal analyses. The best limits come from look- 
Ing for the decay of neutrons bound in nuclei. However, these analyses require 
model-dependent corrections for nuclear effects. See KABIR 83, DOVER 89, and 
ALBERICO 91 for discussions. Direct searches for n -~ "fi transitions using reactor 
neutrons are cleaner but give somewhat pcorer limits. We include limits for both free 
and bound neutrons in the Summary Table. 

VALUE(s) CL.~.~ DOCUMENT ID TECN COMMENT 

>1.2 X $08 90 BERGER 90 FREJ n bound in Iron 
>1.2 x 108 90 TAKITA 86 CNTR Kamlokande 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>8.6 x 107 90 BALDO-... 94 CNTR Reactor neutrons 
>1 x 107 90 BALDO-... 90 CNTR See BALDO-CEOLIN 94 
>4.9 x 10 s 90 BRESSI 90 CNTR Reactor neutrons 
>4.7 x 105 90 BRESSI 89 CNTR See BRESSI 90 
>1 x 106 90 FIDECARO 8S CNTR Reactor neutrons 
>8.8 x 107 90 PARK 85B CNTR 
>3  • 107 BATTISTONI 84 NUSX 
> 2.7 x 107-1.1 x 108 JONES 84 CNTR 
>2 • 107 CHERRY 83 CNTR 

Mode 

n DECAY MODES 

Fraction (r l / r )  Confidence level 

F 1 p e - ~  e 10o% 

r2  hydrogen-atom ~e 

Charge consenmtion (Q) violating mode 
r3 pVe-#e O < 8 x 10 - 2 7  6S% 

n BRANCHING RATIOS 

r ( ~ . ~ . - = t ~ v , ) / r = =  r=/r 
VA~-UE ~ DOCUMENT ID TECN 

�9 �9 * We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<3 x 10 - 2  95 13 GREEN 90 RVUE 

13 GREEN 90 infers that ~-(hydrogee-atOmPe) > 3 x 104 s by comparing neutron lifetime 
measurements made In storage expedments with those made In /3-decay experiments. 
However, the result depends sensitively on the lifetime measurements, and does not of 
course take into account more recent measurements of same. 

r(p~,,p,)/r~, rdr 
Forbidden by charge conservation. 

VAt UE CL% DOCUMENT ID TECN COMMENT 

<8 X 10 - 2 7  68 14 NORMAN 96 RVUE 71Ga - *  71Ge neutrals | 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<9.7 x 10 - 1 8  90 ROY 83 CNTR 113Cd ~ 113mlnneut. 
<7,9 x 10 -21  VAIDYA 83 CNTR 87Rb ~ 87mSrneut. 
<9 x 10 - 2 4  90 BARABANOV 80 CNTR 71Ga --~ 71GeX 
<3 x 10 - 1 9  NORMAN 79 CNTR 87Rb ~ 87mSrneut, 

14 NORMAN 96 gets this limit by attdbutlng SAGE and GALLEX counting rates to the I 
charge-nonconservlng transition 71Ca ~ 71Ge+neutrals rather than to solar-neutrino J 
reactions. 

NOTE ON B A R Y O N  DECAY P A R A M E T E R S  

Written 1996 by E.D. Commins (University of California, Berke- 
ley). 

B a r y o n  s e m i l e p t o n i c  decays  

The typical spin-l/2 baryon semileptonic decay is described 
by a matrix element, the ha(ironic part of which may be written 
as:  

~!  [ /1(q2)~ + i f2(q2)a~q ~ + gl(q2)"/.v'/5 + g3(q2)%q~ ] Bi . 

Here Bi and B/  are spinors describing the initial and final 
baryons, and q --pi - p y ,  while the terms in f l ,  f2, gl, and g3 
account for vector, induced tensor ("weak magnetism"), axial 
vector, and induced pseudoscalar contributions [1]. Second-class 
current contributions are ignored here. In the limit of zero mo- 
mentum transfer, f l  reduces to the vector coupling constant gv, 
and gl reduces to the axial-vector coupling constant gA. The 
latter coefficients are related by Cabibbo's theory [2], general- 
ized to six quarks (and three mixing angles) by Kobaya.shi and 
Maskawa [3]. The g3 term is negligible for transitions in which 
an e • is emitted, and gives a very small correction, which can 
be estimated by PCAC [4], for #• modes. Recoil effects include 
weak magnetism, and are taken into account adequately by 
considering terms of first order in 

6 = mi - m.f 
mi + my 

where mi and m/are  the masses of the initial and final baryons. 
The experimental quantities of interest are the total decay 

rate, the lepton-neutrino angular correlation, the asymmetry 
coefficients in the decay of a polarized initial baryon, and the 
polarization of the decay baryon in its own rest frame for an 
unpolarized initial baryon. Formulae for these quantities are 
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derived by standard means [5] and are analogous to formulae 
for nuclear beta decay [6]. We use the notation of Ref. 6 in the 

Listings for neutron beta decay. For comparison with experi- 
ments at higher q2, it is necessary to modify the form factors 
at q2 = 0 by a "dipole" q2 dependence, and for high-precision 

comparisons to apply appropriate radiative corrections [7]. 

The ratio gA/gY may be written as 

gA/gV = I gAlgV l e ~ "  �9 

The presence of a "triple correlation" term in the transition 

probability, proportional to Im(gA/gV) and of the form 
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o'i'(pt x Pv) 

for initial baryon polarization or 

a f ' ( p  ! X Pv) 

for final baryon polarization, would indicate failure of time- 

reversal invariance. The phase angle r has been measured 
precisely only in neutron decay (and in 19Ne nuclear beta 

decay), and the results are consistent with T invariance. 

Hyperon nonleptonic decays 

The amplitude for a spin-l /2 hyperon decaying into a 
spin-l /2 baryon and a spin-0 meson may be written in the form 

M = GF m 2" -BI (A - B75) B i ,  

where A and B are constants [1]. The transition rate is propor- 

tional to 

R = 1 + 7 ~  1 . ~ i  + (1 - 7)(O I �9 f i ) (~i . f i )  

+ a ( O f .  fi + O~. fi) + Bfi. (~ l  x ~ ) ,  

where fi is a unit vector in the direction of the final baryon 
momentum, and ~ i  and ~ / a r e  unit vectors in the directions of 

the initial and final baryon spins. (The sign of the last term in 
the above equation was incorrect in our 1988 and 1990 editions.) 

The parameters a, B, and 7 are defined as 

a = 2Re(s*p) l ( Is l  2 + Ipl"), 
[3 = 2ImCs*p)/(ls 12 + Ip12) ,  

Here PB is defined in the rest system of the baryon, obtained 

by a Lorentz transformation along fi from the hyperon rest 
frame, in which fi and P y  are defined. 

An additional useful parameter r is defined by 

fl = (1 - 0~2) 1/2 s inr  

In the Listings, we compile a and r for each decay, since 

these quantities are most closely related to experiment and are 
essentially uncorrelated. When necessary, we have changed the 

signs of reported values to agree with our sign conventions. 

In the Baryon Summary Table, we give a,  r and A (defined 

below) with errors, and also give the value of 7 without error. 
Time-reversal invariance requires, in the absence of final- 

state interactions, that s and p be relatively real, and therefore 

that /3  = 0. However, for the decays discussed here, the final- 
state interaction is strong. Thus 

s = I s I e i~" and p = I v l  e ~ '  , 

where 68 and 6p are the pion-baryon s- and p-wave strong 

interaction phase shifts. We then have 

-21 s I I pl sin(6s - 6p). 
= ] ; i a T  Ivl 2 

One also defines A = -- tan-i(f~/a) .  If T invariance holds, 

A = 68 -- 6 w For A ~ p n -  decay, the value of A may be 

compared with the s- and p-wave phase shifts in low-energy 

~r-p scattering, and the results are consistent with T invariance. 

Radiative hyperon decays 

For the radiative decay of a polarized spin-l /2 hyperon, 

Bi - ,  BI% the angular distribution of the direction ~ of the 
final spin-l /2 baryon in the hyperon rest frame is 

dF7 P7 
d---~" = ~ (1 + 87~. Pi)  , 

where Pi  is the hyperon polarization and the asymmetry pa- 

rameter 87 is 
2Re [g~(0)/b(0)] 

~ = igi(o)l 2 + t/M(O)I 2 �9 

(mi - m t)  
Here ]M = (,n~ + m f )  [(m~ + m f ) ] ~  - f l ] ,  where ] l(q2),  

/~(q2), and g i @ )  are the AQ = 0 analogs of the pXQI = 1 

form factors defined above. 
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n --~ p e - v  DECAY PARAMETERS 

See the above "Note on Baryon Decay Parameters." For dlscu~dons of 
recent results, see the references cited at the beginning of the section on 
the neutron mean life. For discussions of the values of the weak cou- 
pling constants irA and EV obtained using the neutron lifetime and asYm- 
metry parameterA, compedsons with other methods of obtslnln& these 
constants, and Implications for particle physics and for astrophysics, see 
DUBBERS 91 and WOOLCOCK 91. For tests of the V - A  theory of 
neutron decay, see EROZOLIMSKII 918 and MOSTOVOI 96. 

IA ~Iv 
Vt~L~ DOCUMENT ID TECN COMMENT 
- 1 . 2 6 7 0 = b ~  OUR .~tERAGE Error Includes scale factor of 1.9. See the ideogram 

below. 
-1 .274 4-0.003 ABELE 97D SPEC cold n, poladzed J 
-1 .266 4-0.004 LIAUD 97 TPC �9 mom-n spin corr, I -1,2594-1-0,0038 15yEROZLIM.,. 97 CNTR �9 mom-n spin corr, 
-1 .262 4-0,005 BOPP 86 SPEC �9 mom-nspin corr. 
�9 �9 �9 We do not Use the following data for averages, fits, limits, etc. �9 �9 �9 

-1 .266 4-0.004 SCHRECK,. 95 TPC See LIAUD 97 
-1.25444-0.0036 EROZOLIM... 91 CNTR SeaYEROZOLIM- 

5KY 97 
-1 ,226 4-0.042 MOSTOVOY 83 RVUE 
-1.261 4-0.012 16EROZOLIM... 79 CNTR �9 mom-nsptn corr. 
- 1.259 4-0.017 16 STRATOWA 78 CNTR proton recoil spectrum 
-1 .263 4-0.015 EROZOLIM.., 77 CNTR 5eeEROZOLIMSKII 79 
- 1.250 4-0.036 16 DOBROZE... 75 CNTR See STRATOWA 78 
-1 .258 4-0.015 17 KROHN 75 CNTR �9 mom-n spln corr. 
-1 .263 4-0.016 18 KROPF 74 RVUE n decay alone 
-1 .250 4-0.009 18 KROPF 74 RVUE n decay + nuclear ft 

15yEROZOLIMSKY 97 makes a correction to the EROZOLIMSKII 91 value. | 
16These r measure the absolute value of i r A / i r V  only. 
17KROHN 75 includes events of CHRISTENSEN 70. 
18KROPF 74 reviews all data through 1972. 

gA / ev 

,8 ASYMMETRY PARAMETER A 
This Is the neutron-spin eleetron-momentum correlation coefficient. Unle~ otherwise 
noted, the values are corrected for radiative effects and weak magnetism. 

y~L{/~ DOCUMENT 10 TECN COMMENT 
-O.Ulig:J=O.O01.q OUR AVERAGE Error Includes scale factor of 1.8, See the Ideogram 

below, 
-0.11894-0.0012 ABELE 970 SPEC cold n, polarized 
-0.1160=1:0.00094-0.0012 LIAUD 97 TPC �9 mom-n spin corr. 
-0.113S• 19yEROZLIM... 97 CNTR e mom-nspln corr. 
-0.11464-0,0019 BOPP 86 SPEC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

P ASYMMETRY PARAMETER B 
This Is the neutron-spin antlneotrlno-momentum correlation coefficient. 

VA~.I~ DOCUMENT ID TECN COMMENT 
o.mm 4.o.ool  OUR AVERAGE 
0.9894-t-0.0083 KUZNETSOV 95 CNTR Cold polarized neutrons 
0.995 4-0.034 CHRISTENSEN70 CNTR 
1.00 4-0.05 EROZOLIM... 70c CNTR 

e-P ANGULAR CORRELATION COEFFICIENT a 
VALUE DOCUMENT ID TECN COMMENT 
- -O. ln~ -I-n__e~__ OUR AVERAGE 
-0.10174-0.0051 STRATOWA 78 CNTR Proton recoil spectrum 
-0.091 4-0.039 GRIGOREV 68 SPEC Proton recoil spectrum 

~Av, PHASE OF 8"A RELATNE TO I v  
Time reversal Invarlance reciulres this to be 0 or 180 ~ 

VALUE (o) DOCUMENT ID TECN COMMENT 
1110.O7-1-O.111 OUR EVALUATION Using the average value for quantity D given In the 

next data block and .~ --= i r A / i r V  In slnq~AV = 
D( 1-+-3.~2 )/2.~. 

I I IO.OI:EO.1B OUR AVERAGE 
179.714-0.39 EROZOLIM... 78 CNTR Polarized neutrons 
180.354-0.43 EROZOLIM... 74 CNTR Polarized neutrons 
180.144-0.22 STEINBERG 74 CNTR Polarized neutrons 
�9 �9 �9 We do not use the following data for averages, fits, IImRs, e t c . � 9  �9 �9 

181.1 4-1.3 21KROPF 74 RVUE n decay 

21 KROPF 74 reviews all data through 1972. 

TRIPLE CORRELATION COEFFICIENT D 
These are measurements of the component of n spin perpendicular to the decay plane 
In/~ decay. Should be zero If Tlnvadance Is not violated. 

VALUE DOCUMENT ID TECN COMMEN T 

(-o.s ~-IA ) x lo - s  OUR ~IVERAGE 
+0.00224-0.0030 EROZOLIM... 78 CNTR Polarized neutrons 
- 0.00274-0.0050 22 EROZOLIM.. 74 CNTR Polarized neutrons 
- 0.00114-0.0017 STEINBERG 74 CNTR Polarized neutrons 

22EROZOLIMSKII 78 says asymmetric proton losses and nonuniform beam polarization 
may give a systematic error up to 0.003, thus Increasing the EROZOLIMSKII 74 error 
to 0.005. STEINBERG 74 and STEINBERG 76 estimate these systematic errors to be 
insignificant In their experlmeat. 

n REFERENCES 

We have omitted some papers that have been superseded by later r 
ments. See our earlier editions. 

ABELE 97D PL 8407 212 H. Ab~4e+ (HEIDP, ILLG) 
+SchNckenbach, Koaakomld+ (ILLG, LAPP) 

YEROZLIM... 97 PL B412 240 Yemzollmsky, Kuznetlov, Mostovoy+ (HARV, PNPI, KIAE) 
(PNPi) 

-0.11604-0.0009::i:0.0Oll SCHRECK... 9S TPC See LIAUD 97 
-0.11164-0.0014 EROZOLIM.,. 91 CNTR See YEROZOLIM- 

SKY 97 
-0 .114 4-0.005 20EROZOLIM... 79 CNTR 
-0.113 4-0.006 20 KROHN 75 CNTR 

19yEROZOLIMSKY 97 makes a correction to the EROZOLIMSKII 91 value. 
20These resultsare not corrected for radiative effects and weak magnetism, but the cor- 

rections are small compared to the errors. 

LIAUD 97 

ALTAREV 96 

BONDAREN,.. eA 

EYRNE 96 
MOSTOVOI 96 

NORMAN 96 
IGNATOVICH 95 

KOESTER 95 
KUZNETSOV 95 
SCHRECK... 95 
BALOO-... 94 
DIFILIPPO 94 

Also 93 
GOLUB 94 
MAMPE 

PENDLEBURY 93 
ALTAREV 92 
NESVIZHEV,., 92 

NP A612 SS 

PAN 59 1152 +Bodsov, Bomvikova+ 
TraMlated frill1 YAF 59 1204. 
JETPL a4 416 B~ld~enko, Mmozov, Panin, Fomln+ {KIAE) 
TranMated from ZETFP 64 382. 
EPL 33 187 +Dawb~, Hilbeck, Smldt+ (SUSS, ILLG) 
PAN S9 ~ (KIAE) 
TraaUated from YAF S9 1013. 
PR DSS 40BG +Bahcan, Goldhaber {LBL, IAS, BNL) 
JETPL 62 1 (JINR) 
Translated from ZETFP 62 3. 
PR C51 3 3 6 3  +Waschkowsld, Mltsyna+ (MUNT, JINR, LATV) 
PRL 7S 794 +Serebeov, Stepancmko+ (PNPI, KIAE, HARV, NtST) 
PL B349 427 Schreckcmbach, Llaud+ (MUNT, ILLG, LAPP) 
ZPHY C63 409 Ba~do-Ceolln, Benettl+ (HELD, ILLG, pAl)O, PAVI) 
PRL 73 1481 +Natafajan, 8oF.e, Pdtchard (MIT) 
PRL 71 1998 Natarajan, Boyce, OiFiSppo, Pdtchard (MIT) 
PRPL 237C 1 +Lamoreaux (HAHN, WASH) 
JETPL 57 82 +Boedarelko, Moroz~+ (KIAE) 
Translated from ZETFP S7 77. 
ARNPS 43 687 (ILLG) 
PL B276 242 +Borlsov, Bomvlkovao Ivanov+ (PNPI) 
JETP 7S 405 Ne~izlwnldl, 5erelxov, Tal'daev+ (PNPI, JINR) 
Translated from ZETF 102 740. 
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5CHRECK . . . .  92 
ALBERICO 91 
DUBBERS 91 

AlSo 90 
EROZOLIM... 91 

AlSo 90 

EROZOLIM,.. 91B 

SCHMIEDM... 91 
WOOLCOCK 91 
ALBMENKOV 90 

BALDO-.,. 90 
BERGER 90 
BRESSI 90 
BYRNE 90 
FREEDMAN 90 
GREEN 9O 
RAMSEY 90 
ROSE 90 
ROSE 9OB 
SMITH 90 
BRESSI 89 
DOVER 89 
EROZOLIM... 39 
KOSSAKOW... 89 
MAMPE 89 
MOHAPATRA 89 
PAUL 89 
SCHMIEDM... 89 
BAUMANN 88 
KOESTER 66 
LAST 88 
SCHMIEDM.. 88 

Also 88B 
SPIVAK 83 

COHEN 87 
ALTAREV 36 

BOPP 86 
Also 

CRESTI 86 
Also 88 

GREENE 86 
KOSVINTSEV 36 

TAKITA 86 
DOVER 35 
FIDECARO 85 
PARK 8SB 
BATTISTONI 84 
JONES 84 
PENDLEBURY 84 
CHERRY 83 
DOVER 83 
KABIR 53 
MOSTOVOY 33 

ROY 83 
VAIDYA 83 
GAEHLER 82 
GREENE 82 
ALTAREV 61 
BARABANOV 80 

BYRNE 80 
KOSViNTSEV 80 

MOHAPATRA 80 
ALTAREV 79 

EROZOLIM.. 79 

NORMAN 79 
BONOAREN.. 73 

Also 82 
EROZOLIM... 78 

STRATOWA 73 
EROZOLiM.. 77 

STEINBERG 76 
OOBROZE... 75 
KROHN 76 
EROZOLIM... 74 

KROPF 74 
AlSo 70 

STEINBERG 74 
COHEN 73 
CHRISTENSEN 72 
CHRISTENSEN 70 
EROZOLIM., 10C 
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JPG 15 1 Schreckenbach, Mampr (ILLG) 
NP A523 488 +de Pace, Plgnone (TORI) 
NP AS2? 23~ (ILLG) 
EPL 11193 Dubbers, Mampe, Doehner (ILLG, HELD) 
PL 526333 Erozollmskll, Kuznetsov, Stepanenko, Kulda+ (PNPI, KIAE) 
SJNP 62969 Erozolimskll, Kuzrmtlov, Stepanenko, Ku[da+ (PNPh KIAE ) 
Translated from YAF 321553. 
SJNP 53260 Erozollmskll, Mo~tovo~ (KIAE) 
Translated from YAF 33418. 
PRL 6 6 1 0 1 5  Schmledmayer, Rlehl, H;mtey, Hill (TUW, ORNL) 
MPL A6 2579 (CANB) 
JETPL 52373 +Vadamo% VISlI'r Gudkov+ (PNPI, JINR) 
Translated from ZETFp 52964. 
PL B23695 Baldo-Ceolin, Benettl, Bitter+ (PADO, PAVI, HEIDP, ILLG) 
PL B240237 +Froehllch, Moench, Nldu|+ (FREJUS Collab,) 
NC 10~A 731 +Callliadch, Camblaghl+ (PAVh ROMA, MILA) 
PRL 66289 +Dlwber, Spain, Williams+ (SUSS, NBS, SCOT, CBNM) 
CNPP 19209 (ANL) 
JPG 16 L75 +Thompson (RAL) 
ARNPS 40 1 (HARV) 
PL 5234 460 +Zurmuehl, RullhuRn, Ludwis+ (GOET. MPCM. MANZ) 
NP A314621 +Zurmuehl, Rullhusen, Ludwfg+ (GOET, MPCM) 
PL B234191 +Crampln+ (SUSS, RAL, HARV, WASH, ILLG, MUNT) 
ZPHY C43 175 +Calllgndch, Camblaghi+ (INFN, MILA, PAVI, ROMA) 
NIM A284 13 +Gal, Richard (BNL, HEBR, ISNG) 
NIM A284 89 Erozolimskil (PNPI ) 
NP A503 473 Kossakowsld, Gdvot+ (LAPP, SAVO, ISNG, ILLG) 
PRL 63593 +Agnmn, Bates, peedlebury, SiLted (ILLG, RISL, SUSS, URI) 
NIM A2841 (UMD) 
ZPHY C45 25 +Aaron, Paul, Paul, Mampe (BONN, WUPP, MPIH, ILLG) 
NIM A284 137 5r Rauch, Ricks (WIEN) 
PR D373107 +Gaehler, Kalus, Mampe (BAYR. MUNI, ILLG) 
ZPHY A329 229 +Waschkowskl, Meier (MUNI, MUNT) 
PRL 60 995 +Arnold, Doehner, Dubbers+ (HEIDP, ILLG, ANL) 
PRL 6 1 1 0 6 5  Schmiedmayer, Rauch, RIChs (TUW) 

TUW JETpPRL 616725091735err~tum Schmledmayer, Rauch, Richs (){KIAE) 

Translated from ZETF 94 1. 
RMP 59 1121 +Taylor (RISC, NBS) 
JETPL 44460 +B~isov, Botovikova, Brandin. Egnrov+ (PNPI) 
Traflda~(I from ZETFP 44 360. 
PRL 56 919 +Dubbers, HornlS, Klemt, Last+ {HEIDP, ANL, ILLG) 
ZPHY C37 179 Klemt, Bopp, Ho~ni|, Last+ (HEIOP, ANL, ILLG) 
PL B177 206 +pasquali, Peruzzo, Pinod, Sat2ori (PADO) 
PL B29O 587 erratum Crestt, PaS(luali, Peruzzo, Pinoll, Sartod (PAOO) 
PRL 56 819 +Kessler. Deslattes, Boerner (NBS, ILLG) 
JETPL 44 371 +Mofozov, Terekhov {KIAE) 
7Yanslated from ZETFp 44 444. 
PR D34 902 +Adsaka, Kajlta, Kifune+ (KEK, TOKY+) 
PR C31 1423 +Gal, Richard (BNL) 
PL 1568 122 +Lanced+ (CERN, ILLG, PADO, RAL, SUSS) 
NP 5252 261 +Blewitt, Cortez, Foster+ (IMB Collab.) 
PL 1335 454 +Benotti, Bologna, Campana+ (NUSEX Collab.) 
PRL 52 720 +Bionta, Blevdtt, Bratto~+ (IMB Collab.) 
PL 1365327 +Smith, Golub, Byme+ (SUSS, HARV, RAL, ILLG) 
PRL 501354 +Lande, Lee, Steinbers, Cleveland (PENN, BNL) 
PR O271090 +Gal, Richards (BNL) 
PRL 51 231 (HARV) 
JETPL 37 196 (KIAE) 
Translated from ZETFP 37 162. 
PR D28 1770 +Vaidya, Ephraim, Datar, Bhatkl+ (TATA) 
PR 1:)27 486 +Roy, Ephraim, Datar, Bhattacher]ee {TATA) 
PR D2S 2887 +Kalus, Mambe (BAYR, ILLG) 
Metrok)Kla 1593 + (YALE, HARV, ILLG, SUSS, ORNL, CENG) 
PL 102B 13 +Bodsov, Borovikova, Brandin, Egnrov+ (PNPI ) 
JETPL 32 359 +Vetetenkln, Gavdn+ (PNPI) 

NOTE ON N A N D  A R E S O N A N C E S  

Written December 1997 by R.L. Workman (Virginia Polytechnic 
Institute and State University). 

I. Introduction 

The excited states of the nucleon have been studied in a 

large number of formation and production experiments. The 

conventional (Breit-Wigner) masses, pole positions, widths, and 
elasticities of the N and Zi resonances in the Baryon Summary 

Table come almost entirely from partial-wave analyses of 7rN 

total, elastic, and charge-exchange scattering data. Partial-wave 

analyses have also been performed on much smaller data sets 
to get Nr/, AK, and 27K branching fractions. Other branching 

fractions come from isobar-model analyses of lrN --* N~rTr data. 

Finally, many N7 branching fractions have been determined 
from photoproduction experiments. 

Table 1 lists all the N and Zi entries in the Baryon Listings 

and gives our evaluation of the status of each, both overall and 

channel by channel. Only the "established" resonances (overall 
status 3 or 4 stars) appear in the Baryon Summary Table. We 

consider a resonance to be established only if it has been seen 
in at least two independent analyses of elastic scattering and if 

the relevant partial-wave amplitudes do not behave erratically 
or have large errors. 

Two changes have been made in the Baryon Summary Ta- 

ble: The A(1900) Snl state has been downgraded from three 

stars to two due to its weak signal in speed plots, and thus 
has been dropped from the Table. More importantly, pole pa- 

rameters have been added to the Table, as these tend to be 
Translated from ZETFP 32 384. 
PL 92B 274 +Mmle, Smith, Shatkh, Green, Greene (SUSS, RL) 
JETPL 31236 +Kusholr, Morozov, Terekhov (JINR) 
Translated from ZETFP 31 257. 
PRL 441316 +Marshak (CUNY, VPI) 
JETPL 29730 +Br Brandtn, Eh~OV, Ezbev, Ivanov+ (PNPI) 
Translated from ZETFp 29 794. 
SJNP 30336 Erozolimskii, Frank, Mostovoy+ (KIAE) 
Translated from YAF 30692. 
PRL 43 1226 +Seamster (WASH) 
JETPL 28 303 Bondarenko, KurEuzov, Prokofev+ (KIAE) 
Translated from ZETFP 28 323. 
Smolenice C o n f .  Bondarenko (KIAE) 
SJNP 2848 Erozolimskli, M o ~ ,  Fedunln, Frank+ (KIAE) 
Translated from YAF 2696. 
PR DI33970 +Oobrozemsky, Weinzled (SEIB) 
JETPL 23663 Erozolimak;i, Frank, Mostovoy+ (KIAE) 
Translated from ZETFP 23720, 
PR D132469 +Llaud. Vlgnon, Hushes (YALE, ISNG) 
PR Oi l  510 Do~ozemsky, Kem:hbaum, Moraw, Paul+ (5EIB) 
PL 555173 +RinKo (ANL) 
JETPL 20343 Erozollmskll, M o ~ ,  Fedunln, Frank+ 
Translated from ZETFP 20745. 
ZPHY 267 129 +Paul (LINZ) 
NP A154 160 Paul (VIEN) 
PRL 3341 +Uaud, Vlgnon, HuhheS (YALE, ISNG) 
JPCRD 2663 +Ta~or (RISC, NBS) 
PR OS 16211 +NIIIsoe, Bahnlen, Brown+ (RISO) 
PR C11693 +Krohn, Rin|o (ANL) 
PL 33B 351 Erozollmskll, Bo.darenko, Mostovoy, Oblnyakov+ (KIAE) 
SJNP 6 239 Gdsor'ev, Gdshln, Vledlmlrsky, Nikolaevikll+ ( )ITEP 
Translated from YAF 6 329. 

less model dependent than parameters found in fits using gen- 
eralized Breit-Wigner formulas. This point is the subject of the 
next section. 

No new elastic partial-wave analyses have been published 
since our last Review, although some preliminary results were 
reported at MENU 97 [1], which also contains recent studies of 
the 7rN a term, scattering lengths, and possible isospin-breaking 
effects. 

Several inelastic scattering analyses are now underway [2-5]. 
Most of them use 7rN --. N~ data, together with IrN ~ ~rN 
data, in order to obtain improved values of the properties of the 
N(1535) Sll. The Pittsburgh-ANL [2] and Giessen [3] coupled- 
channel analyses are similar in scope to that of Manley and 
Saleski [6], but they differ in theoretical approach and in also 
using electromagnetic channels. 

The interested reader will find further discussions in the 
proceedings of two recent conferences [7,1], and in two older 
reviews [8,9]. 
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Table 1. The status of the N and -4 resonances. Only those with an 
overall status of *** or **** are included in the main Baryon Summary 
Table. 

Status as seen in - -  
Overall 

Particle L21.2J status NTr N7 I AK .UK ,4~ Np N 7 

N ( 9 3 9 )  P U  * * * *  

N(1440) Pll **** **** * 
N(1520) D13 **** **** * 
N(1535) 5'11 **** **** **** 
N(1650) Sll **** **** * 
N(1675) D15 **** **** * 
N(1680) F15 **** **** 
N(1700) D13 *** *** * 
N(1710) PI1 *** *** ** 
N(1720) P13 **** **** * 
N(1900) P13 ** ** 
N(1990) F17 ** ** * 
N(2000) F15 ** ** * 
N(2080) D13 ** ** * 
N(2090) Sll * * 
N(2100) Pll * * * 
N(2190) G1T **** **** * 
N(2200) D15 ** ** * 
N(2220) / '/19 **** **** * 
N(2250) G19 **** **** * 
N(2600) /111 *** *** 
N(2700) Kl13 ** ** 

* * *  * *  

6. D.M. Manley and E.M. Saleski, Phys.  Rev. D45 ,  4002 
(1992); a new analysis including electromagnet ic  channels 
is nearing complet ion (M.M. Niboh and D.M. Manley, 
unpublished).  

/1(1232) P33 **** **** F 
A(1600) P33 *** *** o 
A(1620) $31 **** **** r 
-4(1700) Dan **** **** b * 
A(1750) P31 * * i 
,4(1900) $31 ** ** d * 
-4(1905) F35 **** **** d * 
-4(1910) Pal **** **** e * 
A(1920) P33 *** *** n * 
-4(1930) D35 *** *** * 
-4(1940) D33 * * F 
-4(1950) F37 * * * *  **** o * 
-4(2000) F35 ** r 
-4(2150) $31 * * b 
-4(2200) G37 * * i 
-4(2300) /-/39 ** ** d 
A(2350) D35 * * d 
A(2390) F37 * * e 
-4(2400) G39 ** ** n 
/1(2420) H311 **** **** 
,4(2750) I313 ** ** 
,4(2950) K315 ** ** 

* * *  * * * *  

* * * *  * * * *  * * * *  

* * *  * * *  

* * *  * *  * * *  

* * * *  * * * * *  

* * * *  * * * *  * * * *  

* *  * * *  

* *  * * * *  

* * *  * *  

* * *  * * *  

* * * *  * * * *  * * *  

* * *  * *  * * *  

* *  * *  * * *  

* * * * *  

**** Existence is certain, and properties are at least fairly well explored. 
*** Existence ranges from very likely to certain, but further confir- 

mation is desirable and/or quantum numbers, branching fractions, 
etc. are not well determined. 

** Evidence of existence is only fair. 
* Evidence of existence is poor. 

7. Proceedings of the 4th CEBAF//INT Workshop on N* 
Physics, ed. by T.-S.H. Lee and W. Rober t s  (World Scien- 
tific, Singapore,  1997), p. 296. 

8. G. HShler, Pion-Nucleon Scattering, Landol t -BSrns te in  
Vol. I /b2  (1983), ed. U. Schopper (Springer Verlag). 

9. A.J.G. Hey and R.L. Kelly, Phys.  Repor ts  96, 71 (1983). 

I I .  A g a i n s t  B r e i t - W i g n e r  p a r a m e t e r s  - -  a p o l e - e m i c  

Wri t ten  December  1997 by G. HShler (University of Karlsruhe).  

(1) All theoret ical  approaches to the  resonance phenomenon  

have in common tha t  the  variation of a part ial-wave ampl i tude  

T(W), where W is the  total  c.m. energy, is re la ted to a nearly 

bound s ta te  of the  project i le- target  sys tem (see e.g., Refs. [1- 

5]). In 7rN scat ter ing,  this s ta te  is an exci ted s ta te  of the  

nucleon (=  isobar). The  nearly bound s ta te  is descr ibed in the  

framework of S-matr ix  theory by a pole of the  S-matr ix  element  

at  Wp = M - iF~2 in the  lower half of the  complex W-plane ,  

close to the  real axis; M and F are called the  mass  and wid th  

of the  resonance. The  location of the resonance pole is the  same 

for all reactions to which the  resonance couples. 

In the inelastic region, a resonance is associated with a 

cluster of poles on different Riemann sheets.  If one of these  

poles is located near  the  real axis and sufficiently far from 

branch points,  it will be  strongly dominant .  If one of the  final- 

s ta te  particles i tself has a s t rong decay, one also has to consider 

branch points  in the  lower half plane tha t  belong to thresholds  

for two-particle final s ta tes  (see e.g., Refs. [6,7]). 

(2) If the  format ion of an unstable in termedia te  particle 

occurs in a scat ter ing process, one expects  a time-delay between 

the arrival of the incident wave packet and its departure from the 

collision region. Goldberger and Watson [8], s ta r t ing  from earlier 

work by Wigner,  derived for elastic scat ter ing the  t ime-delay Q. 

Expressed in te rms of the  ampl i tude  T(W), it is Q = 2 Sp(W), 

References for Section I 

1. Proceedings of the 7th International Symposium on Meson- 
Nucleon Physics and the Structure of the Nucleon (MENU 
97), (Vancouver, July 1997), 7rN Newslet ter  No. 13 (1997). 

2. S. Dy tman ,  T. Vrana,  and T.-S.H. Lee, Proceedings of the 
4th CEBAF/INT Workshop on N* Physics, ed. by T.-S.H. 
Lee and W. Rober ts  (World Scientific, Singapore,  1997), 
p. 286. 

T. Feuster  and U. Mosel, Nucl. Phys.  A 6 1 2 ,  375 (1997). 

C. Deutsch-Sauermann,  B. Friman,  and W. NSrenberg, 
Phys.  Lett .  B409 ,  51 (1997). 

5. A.M. Green and S. Wycech,  Phys.  Rev. C55 ,  R2167 (1997). 

3 .  

4. 

where Sp(W) = IdT/dWI is the  speed with which the  complex 

vector T traverses the  Argand diagram. If the  background can 

be neglected, a resonance pole leads to a peak of Sp(W) at 

W -- M (see the  cited books and Refs. [9-11]). 

(3) It is an old t radi t ion tha t  authors  of part ial-wave 

analyses determine  conventional resonance parameters from fits 

to generalized Brei t -Wigner  formulas. Each  group has its own 

prescr ipt ion for the  t r ea tmen t  of analyticity, the  choice of the  

background, and other  details,  so the  model -dependence  is much 

larger t han  in the  de te rmina t ion  of pole parameters .  A serious 

shor tcoming is the  poor or missing informat ion on inelastic 

channels. The  conventional  parameters  are t he  "mass" m,  the  

"width" F (W)  at  W -- m,  and the  branching ratios. Following 

are some problems wi th  these parametr izat ions .  

(a) The conventional  A(1232) parameters  come from a fit 

to the  P33 part ial  wave. It is well known from the  Chew- 

Low plot and dispersion relations [12] t ha t  this par t ia l  wave 
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has a large background from the nucleon pole term. The pole 
position, 1210- 50 i MeV, belongs to the A-resonance, whereas 

the conventional parameters, m -- 1232 MeV and F(m) = 120 
MeV, belong to the /1 together with the large background in 
r N  scattering. 

(b) The N(1535) SH is the only $-star resonance that does 

not show a signal in the speed plot. The signal is probably part 

of the large peak due to the threshold for ~/ production [13]. 

In this case, poles in other Riemann sheets are expected to 

give contributions of comparable magnitude. One of these poles 
produces the threshold cusp [6]. In the 1960's, this problem was 

treated in many papers (see Ref. 13). In calculations that rely 

on the conventional mass of 1535 MeV, one cannot see that 

one has to study a combined resonance plus threshold-cusp 

phenomenon. 

A similar situation of poles in different sheets arises in 7rTr 
scattering near the K/~ threshold. See remarks in footnotes to 

our f0(980) Listing. 

(c) Around 1440 MeV, the VPI group found two poles in 

the Pll amplitude in different Riemann sheets [14]. This was 
interpreted, by other authors, as evidence for the existence 

of two nearly degenerate Pll resonances, in conflict with the 
constituent quark model. Cutkosky pointed out that the branch 

point for A~r decay is located near the poles, so the poles 

belong to the same resonance. This was confirmed by a new 
calculation [15], which also led to conventional parameters of 

rn = 1471 MeV and F(m) = 545 MeV, which are much different 
from the pole parameters, 1370 - 114i and 1360- 120i MeV. 

The speed plot confirms that the formation of the unstable 

particle N(1440) Pll occurs at a considerably lower energy 

than expected from the conventional parameters. 

Conclusion: In contrast to the conventional parameters, 

the pole positions and speed plots have a well-defined relation 

to S-matrix theory. They also give more information on the 
resonances and thresholds and can be used for predictions on 
other reactions that couple to the excited states. 

References for Section II  

1. R.J. Eden, P.V. Landshoff, D.I. Olive, J.C. Polkinghorne, 
The Analytic S-Matrix (Cambridge Univ. Press, 1966). 

2. R.G. Newton, Scattering Theory of Waves and Particles 
(McGraw Hill, 1966). 

3. A.D. Martin, T.D. Spearman, Elementary Particle Theory 
(North Holland, 1970). 

4. J.R. Taylor, Scattering Theory (John Wiley, 1972). 
5. B.H. Bransden, R.G. Moorhouse, The Pion-Nucleon Sys- 

tem (Princeton Univ. Press, 1973). 

6. W.R. Frazer, A.W. Hendry, Phys. Rev. 134, B1307 (1964). 
7. R.E. Cutkosky, Phys. Rev. D20, 2839 (1979). 
8. M.L. Goldberger, K.M. Watson, Collision Theory (John 

Wiley, 1964). 
9. R.H. Dalitz, R.G. Moorhonse, Proc. Roy. Soc. London 

A318 279 (1970). 
10. A. Bohm, Quantum Mechanics, 3rd ed. (Springer Verlag, 

1993). 

11. G. HShler, lrN Newsletter 9, 1 (1993). 

12. J. Hamilton, Pion-Nucleon Scattering in High Energy 
Physics, Vol. I, p. 193, ed. E. Burhop, (Academic Press, 
1967). 

13. G. H6hler, contribution to the 4th Workshop on N* 
Physics, held at George Washington University, Oct. 30 - 
Nov. 1 (1997), to appear in 7rN Newsletter 14 (1998). 

14. R.A. Arndt et al., Phys. Rev. D43, 2131 (1991); C52, 
2120 (1995). 

15. R.E. Cutkosky, S. Wang, Phys. Rev. D42, 235 (1990). 

III.  Electromagnetic interactions 

Revised December 1997 by R.L. Crawford (University of Glas- 
gow) and R.L. Workman (Virginia Polytechnic Institute and 
State University). 

Nearly all the entries in the Listings concerning electro- 

magnetic properties of the N and A resonances are N~f 
couplings. These couplings, the helicity amplitudes A1/2 and 

A3/2, have been obtained in partial-wave analyses of single-pion 

photoproduction, y photoproduction, and Compton scattering. 

Most photol~roduction analyses take the existence, masses, and 

widths of the resonances from the lrN --* r N  analyses, and only 

determine the N~f couplings. A brief description of the various 
methods of analysis of photoproduetion data may be found in 
our 1992 edition [1]. 

Our Listings omit a number of analyses that are now ob- 

solete. Most of the older results may be found in our 1982 

edition [2]. The errors quoted for the couplings in the List- 
ings are calculated in different ways in different analyses and 

therefore should be used with care. In general, the systematic 

differences between the analyses caused by using different pa- 

rameterization schemes are probably more indicative of the true 

uncertainties than axe the quoted errors. 
Probably the most reliable analyses, for most resonances, 

are ARAI 80, CRAWFORD 80, AWAJI 81, FUJII 81, CRAW- 
FORD 83, and ARNDT 96. The A(1232) and N(1535) are 

special cases, discussed separately below. The errors we give are 
a combination of the stated statistical errors on the analyses 

and the systematic differences between them. The analyses are 
given equal weight, except ARNDT 96 is weighted, rather arbi- 

trarily, by a factor of two because its data set is at least 50% 

larger than those of the other analyses.and contains many new 

high-quality measurements. Again, the /1(1232) and N(1535) 

are discussed separately below. 
The Baryon Summary Table gives N~, branching fractions 

for those resonances whose couplings are considered to be 

reasonably well established. The N7 partial width F~ is given 

in terms of the helicity amplitudes A1/2 and A3/2 by 

k 2 2MN 
F7 = ~ ( 2 J - ~ M R  [IA1/212 + [A3/2[2]  ' (1) 

Here MN and MR are the nucleon and resonance masses, J is 
the resonance spin, and k is the photon c.m. decay momentum. 

N e w  results f o r  .4(1232) ---, /rT: Recent measurements of 

7P ~ NTr and 7P ~ 7P have fueled a number of new analyses 
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across the first resonance region [3-7]. A central focus has been 

the E2/M1 ratio, evaluated at the K-matrix and T-matrix 
poles. The electric quadrupole (E2) and magnetic dipole (M1) 

amplitudes are related to our helicity amplitudes by 

AI/2 = -I(MI+3E2) and A3/2 = - - ~ ( M I - E 2 )  . (2) 

Most recent estimates of the E2/M1 ratio, evaluated at the 

K-matrix pole, are considerably larger (in magnitude) than the 
average, -1.5 4- 0.4% quoted in our 1996 Review. This quantity 

is quite sensitive to the database being fitted. Fits that exclude 

a few of the older Bonn measurements [8] tend to fall in the 
range -2.5 4- 0.5%. (Some analyses of the recent Mainz and 

BNL measurements suggest a central value closer to -3% [3,7].) 

The E2/M1 ratio appears to be relatively stable when evaluated 
at the T-matrix pole [9]. This ratio of pole residues has been 

added to the Full Listings [10]. 

Values of A1/2 and A3/2 from the RPI [3] and VPI [4] 

analyses are in reasonable agreement. However, the BNL [7] 

results are quite different, due to their larger cross sections 
for lr~ photoproduction. Previous estimates of the E2 and M1 

amplitudes, at the K- and T-matrix poles, should be considered 

obsolete. Pole parameters given for the A+(1232) in our 1996 

Review are also obsolete (see Ref. [11]). 

N e w  results f o r  N(1535) --* PT: Properties of the N(1535) 
are difficult to extract from 7rN ~ ~rN and "yN ~ ~rN due 

to the nearby r/N threshold (see Sec. III). As a result, a 

number of recent analyses have been based on data from 

rr-p --* r/n and 7p --* r/p. These studies, and those based on 
coupled-channel analyses including pion photoproduction data, 

generally find results [12-15] for A1/2 that are significantly 
different from those based on pion photoproduction alone. In 

particular~ A1/2 is sensitive to the N(1535) mass and width, 

and to its interference with the N(1650) [15]. 
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IV. Outlook 

Revised November 1997 by D.M. Manley (Kent State Univer- 
sity). 

In May 1997, a new program in baryon spectroscopy was 

initiated at the Brookhaven National Laboratory AGS with 
the Crystal Ball Spectrometer [1]. AGS Expt. E913 measures 

over most of a 41r solid angle the reactions ~r-p --. 7n, It~ 

r/n, and rr~176 at 12 momenta between 285 and 750 MeV/e. 

These measurements will be completed in 1998, and then AGS 

Expt. E914 will begin a study of hyperon resonances using the 

reactions K - p  ---* neutrals. 

Most of the new generation of experiments to study baryon 

spectroscopy will use electromagnetic probes. Commissioning 

experiments were carried out for the CEBAF Large Acceptance 

Spectrometer, CLAS, during mid 1997, using electron beams 

with energies of 1.6, 2.4, and 4.0 GeV. The first physics run 
began in December 1997. Initial measurements of ep ---* eX will 

be performed with 1.6- and 2.4-GeV electrons. Measurements 

with 4.0-GeV electrons are scheduled for early 1998. Runs with 

tagged photons are scheduled for early Spring and Summer, 

1998. A number of experiments at CEBAF to study baryon 

resonances have already been completed, including studies of 
the (e, elK +) reactions on hydrogen and deuterium targets [2], 

and studies of the e-p ---* e-po reaction [3]. The E2/M1 ratio 

is being investigated using new measurements of the p (e, elp)lr ~ 
reaction near the A(1232) resonance, and new measurements of 
p(e, e~/~)r ~ at the MIT-Bates Lab [4]. 

Much work is also underway in European facilities. For 
example, in 1996, studies of r / and K photoproduction com- 

menced at GRAAL in Grenoble [5]. This lab currently provides 

photon beams with energies up to 1.5 GeV, and may later 

upgrade to 1.8 GeV. Several reactions are under study there, 
including "rP --~ ~/P, r/p, ~r~ lr+n, and 7r~176 New meson pho- 

toproduction data are also being produced from experiments 

using the 855-MeV CW electron accelerator MAMI at Mainz, 
which produces photon beams with energies up to 800 MeV [6]. 

For example, new experiments of pion photoproduction with 

linearly polarized photons having energies up to 500 MeV are 
providing data on the E2/M1 ratio for the A(1232) resonance. 

Space does not permit a full discussion of the large amount 
of experimental work now underway at the J labs already men- 

tioned, or at other labs such as Bonn. The new experiments 

have also inspired many new theoretical and phenomenological 
efforts to understand this particular aspect of nonperturba- 

tive QCD. These efforts include techniques such as lattice gauge 
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theory, phenomenological Lagrangians, constituent quark-model 
calculations, and various unitary multichannel approaches. 
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a characteristic of hybrid electroproduction at high Q2. If the 

N(1440) is a hybrid, its transverse form factor is expected to 
fall asymptotically O(1/Q 2) faster than for a pure qqq state. 

However, mixing between qqq and qqqg states will make this 
identification difficult. 

A number Of recent experiments have searched for pen- 

taquark (qqqq(l) resonances and H dibaryons (uuddss states). 

Narrow structures found in proton-nucleus scattering [12] have 

been attributed to qqqs~ states, but these need confirms- 

N* Physics, to be published in 7rN Newsletter. 

4. See, for example, C. Vellidis et al., OOPS-FPP Collabora- 
tion, Bull. Am. Phys. Soc. 42, 1630 (1997); 
Also see the article by C. Vellidis in Proceedings of the 
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6. See, for example, R. Beck, Bull. Am. Phys. Soc. 42, 1617 
(1997); 
Also see articles by H. Strhher and L. Tiator in Proceed- 
ings of the GW/TJNAF Workshop on N* Physics, to be 
published in r N  Newsletter. 

V. Non-qqq baryon candidates 

The standard quark-model assignments for baryons are 

outlined in Sec. 13.3, "Baryons: qqq states." Just as with mesons 
(see the "Note on Non-q~ mesons" ), there have been suggestions 

that non-qqq baryons might exist, such as hybrid (qqqg) baryons 
and unstable meson-nucleon bound states [1] (see the "Note on 

the A(1405)"). 
If non-qqq states exist, they will be more difficult to iden- 

tify than hybrid mesons: They will not have the clean signa- 

ture of exotic quantum numbers, and they should also mix 
with ordinary qqq states. Their identification will depend upon 

(a) characteristics of their formation and decay, and (b) an 

over-population of expected qqq states. 
Most investigations have focused on the properties of the 

lightest predicted hybrids. If the first hybrid state lies below 

2 GeV, as is suggested by bag-model calculations [2,3,4], it 

may already exist in our Listings. (However, some estimates 
put the lightest state well above 2 GeV [5].) At present, there 

are actually not enough known resonances to fill the known 

multiplets. If an existing resonance is identified as a hybrid, yet 

another ordinary qqq state must be found. 
The Roper resonance, the N(1440)Pll, has been a hybrid 

candidate based upon its quantum numbers [2] and difficulties 

with its mass and electromagnetic couplings. If it were a hybrid, 

our interpretation of the low-lying Pll, P13, P3h and P33 
resonances would change [2,6]. In Ref. 6, both the N(1440) PII 
and A(1600)P33 axe hybrid candidates, and N(1540)P13 and 

A(1550) P31 states are predicted. One-star P13 and P31 states 
were listed in our 1990 Review [7] but were then removed. 

Both photoproduction [6,8,9] and electroproduction [9,10] 

have been considered in the search for a unique hybrid sig- 
nature. In Ref. 11, QCD counting rules were used to reveal 

tion. The H-dibaryon experiments, while finding possible can- 

didates [13], have generally quoted upper limits [14] for exotic 

resonance production. Searches for narrow dibaryons in the 

nucleon-nucleon interaction are also continuing [15]. 
Finally, there has been a report [16] of resonances lying 

below the A(1232). A very weak signal was found using the 

reaction pp --, 7r+pX ~ An earlier search [17] for isospin-3/2 

states, using pp --* nX  ++, found a null result in the mass range 

between MN and MN + M~. At present, there appears to be no 

evidence for such low-mass states from other reactions. 
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I N044~ P'I = 2'21'1+'] Status: ~k**X< 

Most o f  the  results publ ished before 1975 are now obsolete and have 
been om i t t ed .  They may  be found in our 1982 edi t ion,  Physics 

Letters 1 1 1 8  (1982). 

PHASE e 
VALUE( ~ ) DOCUMENT IO TECN COMMENT 

--101 4 A R N D T  95 DPWA ~ r N ~  N~r 
- 84 CUTKOSKY 90 IPWA ~rN ~ ~rN 
-1004-35  CUTKOSKY 80 IPWA ~ N  ~ ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 93 

N(1440) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT It) TECN COMMENT 
to 1470 (r 1440) OUR ESTIMATE 

14624-10 MANLEY 92 IPWA ~rN ~ ~rN & N~r~r 
14404-30 CUTKOSKY 80 IPWA ~rN ~ ~rN 
14104-12 HOEHLER 79 IPWA ~rN --~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

14634- 7 ARNDT 96 IPWA "TN ~ ~ N  
1467 ARNDT 85 DPWA ~ N  ~ N~r 
14214-18 BATINIC 95 DPWA ~rN ~ N~r, Nr/ 
1465 LI 93 IPWA 3'N - *  ~rN 
1471 CUTKOSKY 90 IPWA ~rN ~ ~rN 
1411 CRAWFORD 80 DPWA *fN ~ ~rN 
1472 1 BAKER 79 DPWA x - p  ~ nr/ 
1417 BARBOUR 78 DPWA 3'N ~ ~rN 
1460 BERENDS 77 IPWA ~fN ~ ~rN 
1380 2 LONGACRE 77 IPWA ~rN ~ N~r~r 
1390 3 LONGACRE 78 IPWA ~rN - *  N~r~r 

N(1440) BREIToWlGNER 

VALUE (MeV) DOCUMENT ID 
~ 0  to  480 (~U ~ 0 )  OUR ESTIMATE 

WIDTH 

TECN COMMENT 

6 A R N D T  91 DPWA ~ N ~  ~rNSolnSM�O 

N(1440) DECAY MODES 

The following branching fractions are our estimates, not fits or averages. 

Mode Fraction (l ' l/r) 

F 1 N~r 60-70 % 

F 2 Nr/ 
F3 N ~ c  3o-40% 

F 4 Z~ ~r 20-30 % 

F s 11(1232)~r ,  P -wave  

F 6 N p  <8  % 

F 7 N p ,  S = 1 / 2 ,  P -wave  

F 8 N p ,  S = 3 / 2 ,  P -wave  

r9 N(~)~-~ ~-1o~ 
Fzo P'~ 0.038-0.04s % 
r l l  p'7, helicity=l/2 0.038-0.o4s % 
r12 n-~ 0,009-0,032 % 

r13 n,y, helicity--1/2 o,009-o,o32 % 

N(1440) BRANCHING RATIOS 

3914- 34 MANLEY 92 IPWA ~rN ~ ~rN & N~r~r 
5454-170 CUTKOSKY 90 IPWA ~rN ~ ~ N  
3404- 70 CUTKOSKY 80 IPWA ~rN ~ ~rN 
1354- 10 HOEHLER 79 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

360-1- 20 ARNDT 96 IPWA 3'N ~ ~rN 
440 ARNDT 95 DPWA ~rN ~ N~r 
2504- 63 BATINIC 95 DPWA ~rN -~ N~r, Nr/ 
315 LI 93 IPWA "~ N ~ ~r N 
334 CRAWFORD 80 DPWA "yN ~ ~ N  
113 1 BAKER 79 DPWA ~r- p --* nr/ 
331 BARBOUR 78 DPWA "~N ~ ~rN 
279 BERENDS 77 IPWA "TN ~ ~rN 
200 2 LONGACRE 77 IPWA ~rN ~ N ~ r  
200 3 LONGACRE 75 IPWA ~rN ~ N ~ r  

N(1440) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT IO TECN COMMENT 

to ~ (~  1.~dl) OUR ESTIMATE 
1346 4 ARNDT 95 DPWA ~rN ~ N~r 
1385 5 HOEHLER 93 SPED ~rN ~ ~rN 
1370 CUTKOSKY 90 IPWA ~rN ~ ~rN 
1375• CUTKOSKY 80 IPWA ~rN --* ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 . �9 

1360 6 ARNDT 91 DPWA ~r N ~ ~ N  Soln SM�0 
1381 or 1379 7 LONGACRE 78 IPWA ~rN --~ N~r~r 
1360or1333 2LONGACRE 77 IPWA ~ r N ~  N~r~r 

- 2x IMAGINARY PART 
VALUE (MeV] DOCUMENT ID TECN COMMENT 

1110 to ~ 0  ( ~  210) OUR ESTIMATE 
176 4 A R N D T  98 DPWA ~rN --~ N~  
164 5 HOEHLER 93 SPED ~rN ~ ~rN 
228 CUTKOSKY 90 IPWA ~rN ~ ~ N  
1804-40 CUTKOSKY 80 IPWA ~rN --~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

252 6 A R N D T  91 DPWA ~rN --* ~rN Soln SM�0 
209 or 210 7 LONGACRE 78 IPWA ~rN --~ N~r~r 
167or234 2LONGACRE 77 IPWA w N ~  N~rx 

N(1440) ELASTIC POLE RESIDUE 

MODULUS Irl 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

42 4 A R N D T  95 DPWA ~ r N ~  N~" 
40 HOEHLER 93 SPED ~ N  ~ ~ N  
74 CUTKOSKY 90 IPWA ~ N  ~ ~ N  
524-5 CUTKOSKY 80 IPWA ~rN ~ ~rN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

109 6 ARNDT 91 DPWA ~rN ~ ~rN Soln SM90 

r(N.)/r~.,  r l / r  
VALUE pOCUM~NT I() T~CN COMM~.N T 
0.g to 0.7 OUR ESTIMATE 
0,694-0.03 MANLEY 92 IPWA ~rN ~ ~rN & N w ~  
0.68:1:0.04 CUTKOSKY 80 IPWA l r N  ~ ~rN 
0.514-0.05 HOEHLER 79 IPWA ~rN ~ ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0,68 ARNDT 95 DPWA ~rN ~ NTr 
O.56~0.08 BATINIC 95 DPWA ~ N  --* N i t ,  Nr/  

(r,rr)~/r== ~n N.-~ N0~40) -~ N~ (rlr=)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

seen 1BAKER 79 DPWA ~r -p - -~  nr/ 
+0.328 8 FELTESSE 75 DPWA 1488-1745 MeV 

Note: Signs of couplings from l rN  ~ N ~ x  analyses were changed in the 
1986 edition to agree wi th the baryon-first convention; the overall phase 
ambiguity is resolved by choosing a negative sign for the ,A(1620) 531 
coupling to Z1(1232)~. 

(r, rr)~/r=., ifi N.  ~ N(1440)-* a(z~2)., P~.ve (rzrs)~/r 
VALUE DOCUMENT ID TECN C(~MMCv~T 
+0J I7  to  +0.41 OUR ESTIMATE 
+0 .39 •  MANLEY 92 IPWA l r N  --* l r N  & N~rlr 
+0.41 2,9 LONGACRE 77 IPWA l r N  ~ Nlr~r 
+0.37 3 LONGACRE 75 IPWA 7rN ~ NTrTr 

(rlrr)~/r=,, in Nlr --~ N(1440) --~ Np, .T=1/2, P-wave (rlrz)~&/r 
VALUE DOCUMENT ID TECN COMMENT 

:E0.07 to 4-0. ~s OUR ESTIMATE 
--0,11 2'9LONGACRE 77 IPWA x N ~  N ~ l r  
+0.23 3 LONGACRE 75 IPWA ~rN ~ N~r~r 

(r,rr)~/r~,, In Nx --* N(1440) --, Np, S=3/2, P-wave (rlra)~/r 
VALU~ c DOCUMENT ID "rEC N COMMENT 

+0.18 2,9 LONGACRE 77 IPWA ~rN ~ N~r~r 

(r,re)V'/r=~ tn N~-~ N(1440)-. N ( , ~ ) ~ . .  (rlr.)~/r 
VALUE DOCUMENT ID 7"~N CQ~M~IyT 

4-0.17 to  :1 :0 .~ OUR ESTIMATE 
+0.24d:0.03 MANLEY 92 IPWA I rN  ~ I rN  & N ~ x  
- 0 . 1 8  2,9 LONGACRE 77 IPWA ~ N  ~ N ~  
- 0 . 2 3  3LONGACRE 75 IPWA x N ~  N l r w  
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N ( 1 4 4 0 )  P H O T O N  D E C A Y  A M P L I T U D E S  

N ( 1 4 4 0 )  ~ p ~ ,  h e l i d ~ l / 2  ampl i tude  A ; / 2  

VALUE (GeV -1/2 ) DOCUMENT ID TEEN COMMENT 

--O.l~di =1:0,004 OUR ESTIMATE 
-0.063 4-0.005 ARNDT 96 IPWA 3'N ~ x N  
-0 .069 4-0.018 CRAWFORD 83 IPWA ~N ~ ~rN 
-0 .063 4-0.008 AWAJI 81 DPWA 3'N ~ ~rN 
-0 .069 4-0.004 ARAI 80 DPWA "yN --* ~rN (fit 1) 
-0 .066 4-0.004 ARAI 80 DPWA "~N ~ ~rN (fit 2) 
-0 .079 4-0.009 BRATASHEV...80 DPWA ~N--~ ~rN 
-0 .068 4-0.015 CRAWFORD 80 DPWA "fN--~ ~rN 
-0.05844-0.0148 15HII 80 DPWA Compton scattering 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 
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CRAWFORD 80 Toronto Conf. 107 (GLAS) 
CUTKOSKY 80 Toronto Conf. 19 +Forsyt~, Babcock, Kelly, Hendrich (CMU, LBL)IJP 

Also 79 PR D20 2839 Cutkosky, F(xcyth, Henddck, Kelly (CMU, LBL)IJP 
ISHII 80 NP 8165 189 +El[av~l, Kato, Miyachi+ (KYOT, INUS) 
TAKEDA 80 NP 8168 17 +Aral, FuJR, Ikeda, Iwasaki+ (TOKY, INUS ) 
BAKER 79 NP B156 93 +Brown, Cla~k, Davies, Depagter. Evans+ (RHEL) IJP 
HOEHLER 79 PDAT 12-1 +Kaiser, Koch, Pletadncm (KAlRLT) IJP 

Also ao Toronto Conf. 3 Koch (KARLT) IJP 
BARBOUR 78 NP B141 253 +Crawford, Parsons (GLAS) 
LONGACRE 78 PR D17 1795 +Ladndd, Rc~enfdd, SmadJa+ (LBL, 5LAC) 
NOELLE 78 PTP 60 778 (NAGO) 
BEREND$ 77 NP B136 317 +Oonnachle (LEID, MCHS) IJP 
LONGACRE 77 NP B122 493 +Dolbeau (SACL) IJP 

AlSO 76 NP Blse 365 DolIP-.au, Tdant;s, Neveu, Cadiet (SACL) IJP 
FELLER 76 NP B104 219 +Fukushlma, Hodkae~, Kajikawa+ (NAGO, OSAK) IJP 
FELTESSE 75 NP 093 242 +Ayed, Bareyre. Bofl[eaud, David+ (SACL) IJP 
LONGACRE 75 PL 550 415 +Rosenfdd, Ladndd, Smadja+ (LBL, 5LAC) IJP 

-0 .085 4-0.003 LI 93 IPWA " T N ~  wN 
-0.129 IOWADA 84 DPWA Compton scattering 
-0 .075 :J:0.015 BARBOUR 78 DPWA "~N ~ ~rN 
-0 .125 11 NOELLE 78 -yN ~ ~rN 
-0 .076 BERENDS 77 IPWA 3 ' N ~  ~rN 
-0 .087 ~0.006 FELLER 76 DPWA 3'N ~ ~rN 

N ( 1 4 4 0 )  .-+ n - f ,  h e l l d t y - 1 / 2  amp l i tude  AI~ 
VALUE (GeV -1/2 ) DOCUMENT ID TECN COMMENT 

+0.O40=1:O.O10 OUR ESTIMATE 
0.0454-0.015 ARNDT 96 IPWA 3, N ~ x N  

0.0374-0.010 AWAJI 81 DPWA "~N ~ x N  
0.0304-0.003 FUJII 81 DPWA "TN ~ x N  
0.0234-0.009 ARAI 80 DPWA "TN ~ x N  (fit 1) 
0.O19:t:0.012 ARAI 80 OPWA "~N ~ ~rN (fit 2) 
0,0564-0.015 CRAWFORD 80 DPWA 3'N ~ ~rN 

-0.0294-0.035 TAKEDA 80 DPWA "rN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, ,mRs, etc. �9 �9 �9 

0.0854-0.006 LI 93 IPWA ~N ~ ~rN 
+0.O594-0.016 BARBOUR 78 DPWA *rN --~ ~rN 

0.062 11NOELLE 78 "~N ~ ~rN 

N ( 1 4 4 0 )  F O O T N O T E S  

1 BAKER 79 finds a coupling of the N(1440) to the Nr/channel near (but slightly below) 
threshold. 

2 LONGACRE 77 pole positions are from a search for poles In the unltarlzed T-matrix; the 
first (second) value uses, in addition to ~rN ~ N~c~r data, elastic amplitudes from a 
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball 
fits with Brelt-Wigner circles to the T-matrix amplitudes. 

3 From method II of LONGACRE 75: eyeball fits with Breit-Wlgner circles to the T-matrix 
amplitudes. 

4ARNDT 95 also finds a second-sheet pole wRh real part = 1383MeVI -2xlmaglnary 
part = 210 MeV, and residue with modulus 92 MeV and phase = - 5 4  ~ 

5See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 
of N and Zl resonances as determined from Argand diagrams of ~rN elastic partial-wave 
amplRudes and from plots of the speeds wRh which the am plRudes traverse the diagrams. 

6ARNDT 91 (SolnSMgO) also finds a second-sheet pole with real part = 1413MeV, 
- 2  x Imaginary part = 256 MeV, and residue = (78-153/) MeV. 

7 LONGACRE 78 values are from a search for poles in the unltarized T-matrix. The first 
(second) value uses, in addRion to ~rN --~ N~rx data, elastic amplitudes from a 5aclay 
(CERN) partial-wave analysis. 

8An alternative which cannot be distinguished from this Is to have a P13 resonance with 
M = 1530 MeV, r = 79 MeV, and elasticity = +0.271. 

9 LONGACRE 77 considers this coupling to be welt determined. 
IOWADA 84 is inconsistent with other analyses; see the Note on N and ~ Resonances. 
11Converted to our conventions using M = 1486 MeV, I" = 613 MeV from NOELLE 78. 

IN(1520) D 31 I(JP) = � 8 9  Status:  * + * *  

Most of  the results published before 1975 are now obsolete and have 
been omitted. They may be found in our 1982 edition, Physics 

Letters 1110 (1982). 

N(1520) BREIT-WIGNER M A S S  

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

111111 to 10$0 ( ~  1020) OUR ESTIMATE 
15244- 4 MANLEY 92 IPWA ~rN ~ x N  It, N~r~r 

15254-10 CUTKOSKY 80 IPWA x N  --~ ;r 

1519+ 4 HOEHLER 79 IPWA x N - - ~  ~rN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

15164-10 ARNDT 96 IPWA 3'N --~ x N  
1515 ARNDT 95 DPWA ~rN --~ N x  
15264-18 BATINIC 95 DPWA ~rN ~ N~r, Nr/ 
1510 LI 93 IPWA "~N --~ ~r 
1504 CRAWFORD 80 DPWA ";,N ~ ~rN 
1503 BARBOUR 78 DPWA "yN --* ~rN 
1510 BERENDS 77 IPWA " ~ N ~  ~rN 
1510 1LONGACRE 77 iPWA ~rN --~ N~r~r 
1520 2 LONGACRE 75 IPWA x N  --* N ~ r  

N ( 1 5 2 0 )  B R E I T - W l G N E R  WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

110 to 138 ( ~  120) OUR ESTIMATE 

1244- 8 MANLEY 92 IPWA x N  --~ x N  & N1rx 

1204-15 CUTKOSKY 80 IPWA l rN--~ l rN 
1144- 7 HOEHLER 79 IPWA x N - - ~  l rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

106-1- 4 ARNDT 96 IPWA " T N ~  x N  

106 ARNDT 95 DPWA :oN ~ N x  
1434-32 BATINIC 95 DPWA ~rN ~ N~r, Nq 
120 LI 93 IPWA "yN - *  ~rN 
124 CRAWFORD 80 DPWA *fN ~ ~rN 
183 BAKER 79 DPWA 1 r -p - - *  nT/ 
135 BARBOUR 78 DPWA "yN - *  l rN  
105 BERENDS 77 IPWA " T N ~  l rN 
110 1LONGACRE 77 IPWA l rN --~ N x x  
150 2 LONGACRE 75 IPWA x N  ~ Nlr l r  

N(1520) POLE POSITION 
N(14,10) REFERENCES 

For eady references, see Physics Letters 1110 70 (1982). 

ARNDT ~5 
ARNDT 
BATINIC 95 
HOEHLER 93 
LI 93 
MANLEY 92 

Also 84 
ARNDT 91 
CUTKOSKY 90 
WADA 84 
CRAWFORD 83 
PDG 82 
AWAJI 81 

AlSO 82 
FUJII 81 
ARAI 80 

Also 82 
BRATASHEV,,. 80 

PR C53 430 +Strakovsky, Wockman (VPI) 
PR C52 2 1 2 0  +Strakovsky, Workman, Pavan (VPh BRCO) 
PR C51 2310 +Slaus, 5varc, Nefkens (BOSK, UCLA) 
lrN Newsletter 9 1 (KARL) 
PR C47 2759 +Amdt, Roper, Workman (VPI) 
PR D4S 4002 +Saleski (KENT) IJP 
PR D30 904 Manley, Arndt, Goradia, Teplitz (VPI) 
PR D43 2131 +Li, Roper, Workman, Ford (VPI, TELE) IJP 
PR I)42 235 +Wanl[ (CMU) 
NP B247 313 +E~avda, Imanishi. Ishii, Kato. Ukai+ (INUS) 
NP B211 1 +Morton (GLAS) 
PL 1118 Roos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN) 
Bonn Conf. 352 +Kajikawa (NAGO) 
NP B197 363 Fujii, Hayashii, Iwata, Kajikawa+ (NAGO) 
NP 0187 53 +H~jashii. Iwata, K~jikawa+ (NAGO, OSAK) 
Toronto Conf. 93 (INUS) 
NP 0194 251 Arai, Fujii (INUS) 
NP 0166 523 Brat~hevskij, Go~benko, Derebchinskij+ (KFTI) 

REAL PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

l l l n  to 1BlS (=U la10) OUR ESTIMATE 

1515 ARNDT 95 DPWA l rN - - *  Nlr 
1510 3 HOEHLER 93 ARGD ~r x N  
1510+5 CUTKOSKY 80 IPWA l rN ~ x N  
�9 �9 �9 We do not use the following data for averages, fits, ,mRs, etc. �9 �9 �9 

1511 ARNDT 91 DPWA x N  --* ~rN Soln SMgO 
1514 or 1511 4 LONGACRE 78 
1508 or 1505 1 LONGACRE 77 

-2xlMAGINARY PART 
VALUE r (MeV) DOCUMENT IO TEEN 

110 to 120 (se 113) OUR ESTIMATE 

110 ARNDT 95 DPWA 
120 3 HOEHLER 93 ARGD 
1 1 4 i 1 0  CUTKOSKY 80 IPWA 
�9 �9 �9 We do not use the following data for averages, fits, limits, 

108 ARNDT 91 DPWA 
146 or 137 4 LONGACRE 78 IPWA 
109 of 107 1 LONGACRE 77 IPWA 

IPWA I r N  --.* N x l r  

IPWA ~rN ~ N~r~r 

COMMENT 

~rN --* Nlr 
l rN ~ l rN 
f N  --~ x N  

e tC.  �9 �9 �9 

f N  ~ I ' N  Sob SM90 
~rN ~ N x x  
l rN  --* N~rx 
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N ( 1 5 2 0 )  

N(1520) ELASTIC POLE RESIDUE 

MODULUS lr l  
VALUE (MeV} DOCUMENT IO TECN COMMENT 

34 ARNDT 95 DPWA ~N --* N~ 
32 HOEHLER 93 ARGO ~N--~ x N  
354-2 CUTKOSKY 80 IPWA ~ N ~  ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

33 ARNDT 91 DPWA ~N ~ wN Soln SMgO 

PHASE # 
VALUE (o) DOCUMENT ID TECN COMMENT 

7 ARNDT 95 DPWA ~rN ~ N~ 
- 8 HOEHLER 93 ARGD * N  ~ * N  
-124-5 CUTKOSKY 80 IPWA x N - - ~  ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

- 1 0  ARNDT 91 DPWA ~rN ~ x N  Soln $M90 

N(1520) DECAY MODES 
The following branching fractions are our estimates, not fits or averages, 

Mode Fraction (FI/F) 

/'1 N~r 5o-60 % 

F 2 N~/ 
F3 N ~ ~r 4o-50 % 

F 4 Z~r 15-25 % 
r5  Zl(1232)~r,  5-wave 5-12 o/o 
r 6 A(1232)~r ,  D-wave 10-14 % 

I" 7 N p 15-25 % 
F8 N p ,  5 = 1 / 2 ,  /')-wave 
1-9 N p ,  5 = 3 / 2 ,  S-wave 

Fie N p ,  S = 3 / 2 ,  D-wave 
r l l  N(~r~) /~,0 v <S~ -wa e 
F12 P'Y 0.46-0.56 % 
F13 p-y, helicity=l/2 0.001--0.034 % 
F14 p-'/, heUcity---3/2 0.44-0.s3 % 
r15 .~ o.30-o.u0~ 
1-16 n-y. hel idbj=l/2 o,04-0.10 % 
1"17 n-y, helidty=3/2 o,25-0.4s % 

N(1520) BRANCHING RATIOS 

r(N~,)Ir~ rslr 
VALUE DOCUMENT ID TECN ~OMMENT , 
O.5 to O.6 OUR ESTIMATE 
0.594-0,03 MANLEY 92 IPWA ~rN ~ ~ N  & N ~ x  
0.584-0.03 CUTKOSKY 80 IPWA ~rN ~ x N  
0,544-0.03 HOEHLER 79 IPWA x N  --~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.61 ARNOT 95 DPWA ~rN --* Nx  
0.464-0.06 BATINIC 95 DPWA x N  --~ N~r, N~/ 

r(N~)/rt== r=/r 
y~ll.l,l~ DOCUMENT IO T~:N COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

0.0014-0.002 BATINIC 95 DPWA ~rN --~ Nx,  N~/ 

(r~rr)~,irto. =, N~r-~ N(1520) --~ Nt/ (rtr=)V, ir 
y~,~l~ DOCUMENT ID TECN COMMENT 

�9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 = 

0,02 BAKER 79 DPWA w - p  ~ n~/ 
+0.011 FELTESSE 75 DPWA Soln A; see BAKER 79 

Note: Signs of couplings from ~N --* N ~  analyses were changed In the 
1986 edition to agree with the baryon-first convention; the overall phase 
ambiguity Is resolved by choosing a negative sign for the A(1620) 531 
coupling to ,~(1232)~r. 

(r~rr)Y~/rto~,0~n Nx-~ N(1520)-~ A(1232)x,S-wave (r;rs)~/r 
~lAlel~ DOCUMENT ID TECN COMMENT 
- 0 ~  tO -0 .20  OUR ESTIMATE 
-0.184-0.05 MANLEY 92 IPWA ~ ' N ~  ~ rN&N~r~r  
-0.26 1,5 LONGACRE 77 IPWA ~N ~ N ~ *  
-0.24 2LONGACRE 75 IPWA ~rN-~ N ~  

(r,r~)Y'/rto= u. N~r ~ N(1620) ~ ~.(1232)~r. D-v~e (r~r~)~,/r 
VALUE DOCUMENT ID TI~(: N (~QMM~N T 
- 0 J B  to -0 -24  OUR ESTIMATE 
-0.29:]:0.03 MANLEY 92 IPWA ~rN--~ x N & N ~ r ~ r  
-0.21 1,5 LONGACRE 77 iPWA ~N --+ N~rx 
-0.30 2 LONGACRE 75 IPWA ~rN -~ N~r~ 

( r ; r f ] ~ I r ~ , ,  I .  N~r ~ N(1S20) .-~ Np, S=3/2, , ~  (r~r,)'l, lr 
VALUE DOCUMENT f~ . T ~  COMMENT 
- 0 . ~  tO -0~1 OUR ESTIMATE 
-0.35:b0.03 MANLEY 92 IPWA ~rN .-~ ~rN & N~rx 
-0.35 1,5 LONGACRE 77 IPWA ~rN --* N~r~ 
-0.24 2 LONGACRE 75 IPWA ~rN ~ N~r~ 

(Dr~)~/r~.~ ~n N~r --~ N11520) --* N l ~ n r ) ~  (r;r;=l~/r 
yAL U~ DOCUMENT ID TECN ~QMM~NT 
-0J I2  to -0 .06 OUR ESTIMATE 
-0.13 1,5 LONGACRE 77 IPWA x N  .-, Nx~:  
-0.17 2LONGACRE 75 IPWA ~ r N ~  N~r~r 

N(1520) PHOTON DECAY AMPLITUDES 

N(1520) --~ p-~. heUdty-1/2 amplitude A~/2 
VALUE (GeV -1/2) DOCUMENT ID TECN COMMENT 
--0.024 :l:O.00g OUR I~TIMA'rE 
-0,020 4-0.007 ARNDT 96 IPWA "yN --~ x N  
-0.028 4-0.014 CRAWFORD 83 IPWA ~fN---* x N  
-0.007 +0.004 AWAJI 01 DPWA "fN ~ ~rN 
-0.032 • ARAI 80 DPWA "yN - *  ~N (fit 1) 
-0.032 4-0.004 ARAI 80 DPWA "yN ~ x N  (fit 2) 
-0.031 4-0.009 BRATASHEV,..80 DPWA ~N ~ ~N 
-0.019 4-0.007 CRAWFORD 80 DPWA , yN- - ,  x N  
-0.0430~:0.0063 iSHII 80 DPWA Compton scattering 
�9 �9 * We do not use the following data for averages, fits, Ilrnlts, etc. �9 �9 �9 

-0.020 4-0.C02 LI 93 IPWA ' T N - *  x N  
-0.012 WADA 84 DPWA Compton scattering 
-0.016:1:0.006 BARBOUR 78 DPWA "yN ~ ~rN 
-0.008 6 NOELLE 78 ~N --* x N  
-0.021 BEREND$ 77 IPWA ~ / N ~  ~rN 
-0.005 4-0.005 FELLER 76 DPWA "/N ~ ~N 

N(1520) --~ p'y, hdldty-3/2 amplitude A l l  = 
VALUE (GeV-1/2) DOCUMENT ID TECN COMMENT 
-I-0.166 4"0.006 OUR ESTIMATE 

o.167 4-0.005 ARNDT 96 IPWA -yN ~ ~rN 
0,156 4-0.022 CRAWFORD 83 IPWA "yN ~ ~N 
0.168 :b0.013 AWAJI 81 DPWA 3'N "*  wN 
0.178 4-0.003 ARAI 80 DPWA "yN ~ wN (fit 1) 
0.162:1:0,003 ARAI 30 DPWA ~'N --, x N  (fit 2) 
0.166 4"0.005 BRATASHEV...80 DPWA *IN--~ ~'N 
0.t67 4-0.010 CRAWFORD 80 DPWA ~ / N - ,  ~rN 
0.16954-0.0014 ISHil 80 DPWA Compton scattering 

�9 * �9 We do not use the following data for averages, fits, Bruits, e tc . �9  . �9 

0.167 ~:0.002 LI 93 IPWA "yN-~ l rN 
0.168 WADA 84 DPWA Compton scattering 

+0.157 4-0.007 BARBOUR 78 OPWA "yN--~ ~N 
0.206 6 NOELLE 78 ~ N --* ~ N 

-t-0.075 BERENDS 77 IPWA ' I 'N"-~ x N  
-t-0.164 4-0.008 FELLER 76 DPWA ~ N - ~  l rN 

N(1520)  --~ n,y, he l ld ty -1 /2  ampl i tude A1/2 

VALUE (GeV -1/2) DOCUMENT ID TECN COMMENT 
-ooor~4-0.00g OUR B T I M A T E  
-0,0484-0.008 ARNDT 96 IPWA - / N ~  ~N 
-0.0664-0.013 AWAJi 81 DPWA ~,N -~ 7rN 
-0.0674-0.004 FUJll 81 DPWA "yN -~ ~rN 
-0.076-1"0.006 ARAI 80 DPWA ~N ~ x N  (fit 1) 
-0.0714-0.011 ARAI 50 DPWA ~N ~ ~rN (fit 2) 
-0.056+0.011 CRAWFORD 80 DPWA "~N --* l rN 
-0.050• TAKEDA 80 DPWA "yN --~ ~N 
�9 �9 �9 We do not use the following data for averages, fits, limits, 

--0,058*0.003 LI 93 IPWA 
- 0.0S54-0.014 BARBOUR 78 DPWA 
-0.060 6 NOELLE 78 

N(1520)  -+  n 'y,  hel ic l ty-3/2 ampl i tude A l J l  

VALUE (GeV -1/2) , DOCUMENT ID TECN COMMENT 
--0.13gd:0.011 OUR ESTIMATE 
- 0.140~0.010 ARNDT 96 IPWA 
- 0.1244-0.009 AWAJi 81 DPWA 
- 0.158 d:0.003 FUJll 81 DPWA 
-0.147:t:0,005 ARAI 80 DPWA 
- 0.1484- 0.009 ARAI 80 DPWA 
-0.1444-0,015 CRAWFORD 80 DPWA 
- 0.118 ~0,011 TAKEDA 80 DPWA 
�9 �9 �9 We do not use the following data for averages, fits, limits, 

-0.1314- 0.003 LI 93 IPWA 
-0.1414-0.015 BARBOUR 78 DPWA 
-0.127 6 NOELLE 78 

etc. �9 Q �9 

~N ~ ~N 

~N ~ ~'N 

-/N - *  ~N 
~fN --~ ~N 
,yN --~ ~N 
-~N --, =N (fit 1) 
"yN ~ ~rN (fit 2) 
~,N -~ l rN 
~,N ~ l rN 
etc, �9 �9 e 

�9 ~N ~ ~'N 
~N ~ x N  
"/N ~ x N  



See key on page 213 

N(lS20) FOOTNOTES 
1 LONGAGRE 77 pole positions are from a search for poles In the unitarlzed T-matrix; the 

first (second) value uses, in addition to x N  ~ N~r~r data, elastic amplitudes from a 
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball 
fits with Brelt-Wlgner circles to the T-matrix amplitudes. 

2 From method II of LONGACRE 75: eyeball fits with Brelt-Wigner circles to the T-matrix 
amplitudes. 

3See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 
of N and A resonances as determined from Argend diagrams of ~N elastic partial-wave 
a mplltudes and from plots of  the speeds with which the amplitudes traverse the diagrams. 

4LONGACRE 78 values are from a search for poles in the unltadzed T-matrix. The first 
(second) value uses, in addition to ~rN ~ Nx~r data, elastic amplitudes from a Saclay 
(CERN) partial-wave analysis. 

5 LONGACRE 77 considers this coupling to be wall determined. 
6Converted to our conventions using M = 1528 MeV, I" = 187 MeV from NOELLE 78. 
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Baryon Particle Listings 
N(1520), N(1535) 

N(lrQO) REFERENCES 
For early references, see Physics Letters 111B 70 (1982). For very early 
references, see Reviews of Modern Physics 37 633 (1965). 

ARNDT 96 PR C53 430 +Strako~ky, Workman (VPI) 
ARNDT 95 PR C52 2 1 2 0  +Str|kovsky, Workman, Pavan (VPI, BRCO) 
BATINIC 95 PR CSl 2310 +Slaus, Svarc, Nefkefls (BOSK, UCLA) 
HOEHLER 93 x N Newsletter 9 1 (KARL) 
LI 93 PR C47 2759 +Arndt, Roper, Workman (VPI) 
MANLEY 92 PR D45 4002 +Sale~Id (KENT) IJP 

Also 94 PR 030 ~04 Manley, Arndt, Goradla, Toplitz (VPI) 
ARNDT 91 PR I}43 2131 +LI, Roper, Workman, Ford (VPI, TELE) IJP 
WADA 84 NP B247 313 +Epwa, Imanlshi, I|hli, Kato, Ukai+ (INUS) 
CRAWFORD ~3 NP B211 I +Motto. (GLAS) 
PDG 52 PL 111B Roos. Po~ter, A|ulla~-Benltez+ (HELS, ClT, CERN) 
AWAJI 81 Bonn Coal 352 +Ka~,kawa (NAGO) 

Also 92 NP B197 3SS F~il, Haya|hil, ;wata, KaJikawa+ ( )NAGO 
FUJII 81 NP B187 53 +H~ashli, I~mta, K~ikawa+ (NAGO, OSAK) 
ARAI B0 Toroato COnf. SS IINUSI 

AlSO 82 NP B194 251 Aral, FuJil INUS 
BRATASHEV,,, S0 NP Blss 525 Bratashe~kiJ, Gorbe~ko, Defebchln|ldJ+ (KFTI) 
CRAWFORD h0 Toronto Conf. 107 (GLA5) 
CUTKOSKY IS0 Toronto Conf. 19 +ForSyth, Babcock, Kelly, Hendrlch (CMU, LBL)iJP 

AlSO 79 PR D20 2839 Cutkosky, Forsyt h, He~lrick, Kelly (CMU, LBL) IJP 
ISHll S0 NP B1SS 189 +Esawa, Kato, Miyachl+ (KYOT, INUS) 
TAKEDA 80 NP B168 17 +Aral, FUJlI, Ikeda, Iwa~ld+ (TOKY, INUS ) 
BAKER 79 NP B1SS 93 +Brown, Clark, Davies, Depaster, Evans+ (RHEL) IJP 
HOEHLER 79 PDAT 12-1 +Kai~r, Koch, Pletarine, (KARLT) IJP 

Also 80 Toronto Conf, 3 KOCh (KARLT) IJP 
BARBOUR rs NP B141 253 +Crawford, Parsons (GLAS) 
LONGACRE 78 PR D17 1795 +Laelnskl, Rosenfeld, Smadja+ (LBL, SLAG) 
NOELLE 78 PTP 60 778 (NAGO) 
BERENOS 77 NP B136 317 +Donnachle (LEID, MCHS) IJP 
LONGACRE 77 NP B122 493 +D~beau (SACL) IJP 

AlSO 76 NP B106 365 D(dbeau, Trianfls, Neveu, Cadlet ( )SACL IJP 
FELLER 76 NP B104 219 +Fukushlma, Hodkawa, KaJikiw~+ (NAGO, OSAK) IJP 
FELTESSE 75 NP B93 242 PAyed, Bareyre, Bor|eau(I, David+ (SACL) IJP 
LONGACRE 75 PL ~B 415 +Rosonfeld, Lasinski, Smadja+ (LBL, SLAC) IJP 

i 

I I , ( ,  ) Status: * * * *  N(1535) S~1 ~(:P) = 1 1 -  

Mo~'t o f  the results published before 1975 are now obsolete and have 
been omit ted. They may be found in our 1982 edition, Physics 
Letters 111B (1982). 

N(1535) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
~r,=o to ~ (~= ~,~=) OUR ESTIMATE 
1534<- 7 MANLEY 92 IPWA ~ r N ~  ~ rN&N~r~r  
1580<-40 CUTKOSKY 80 IPWA ~rN --~ ~rN 
1526:t: 7 HOEHLER 79 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1549<- 2 ABAEV 96 DPWA ~r -p - - *  r/n 
1525<-10 ARNDT 96 IPWA 3 ' N ~  x N  
1535 ARNDT 95 DPWA ~rN --* N~r 
1542-i- 6 BATINIC 95 DPWA ~rN ~ N~r, Nr/ 
1537 BATINIC 95B DPWA x N  ~ N~r, N~/ 
1544"1-13 KRUSCHE 95 DPWA 3'P ~ pr/ 
1518 LI 93 IPWA "TN'-~ x N  
1513 CRAWFORD 80 DPWA "/N ~ ~rN 
1511 BARBOUR 78 DPWA "~N --~ ~ N  
1500 BERENDS 77 IPWA ~ N ~  x N  
1547<- 6 BHANDARI 77 DPWA Uses Nr/cusp 
1520 1LONGACRE 77 IPWA ~rN ~ Nx~r 
1510 2 LONGACRE 75 IPWA ~rN ~ N x ~  

N(1535) BREIT-WlGNER WIDTH 

V..ALUE (MeV) DOCUMENT ID TECN COMMENT 
100 to  210 ( ~  UO) OUR ESTIMATE 

145.2<- 8.1 GREEN 97 DPWA ~rN ~ ~'N, ~N 
181 :1:27 MANLEY 92 IPWA ~ r N ~  ~ r N & N ; r ~ r  
240 4-80 CUTKOSKY 80 IPWA xN- -~  ~rN 
120 <-20 HOEHLER 79 IPWA * N ~  x N  

�9 �9 * We do not use the following date for averages, fits, limits, etc. �9 * �9 

212 -I-20 3 KRUSCHE 97 DPWA -/N ~ ~N 
169 --12 ABAEV 96 DPWA 7 r -p - - *  r/n 
103 <- 5 ARNDT 96 IPWA "fN ~ l rN 
66 ARNDT 95 DPWA ~ N  ~ Nlr 

150 <-15 BATINIC 95 DPWA ~rN ~ NTr, Nr/ 
145 BATINIC 958 DPWA ~rN - *  N~, Nr/ 
200:1 :40  KRUSCHE 95 DPWA "7P "-~ P~ 
84 LI 93 IPWA "~N -.* x N  

136 CRAWFORD 80 DPWA "yN ~ ~N  
180 BAKER 79 DPWA ~r- p --* nrt 
132 BARBOUR 78 DPWA "~N - *  ~rN 

57 BERENDS 77 IPWA "~N ~ x N  
139 <-33 BHANDARI 77 DPWA Uses Nr/cusp 
135 1 LONGACRE 77 IPWA ~N  --~ N~r~r 
100 2 LONGACRE 75 IPWA ~:N ~ N ~ r  

N(1835) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 
14116 to 111111 ( ~  l r~8)  OUR ESTIMATE 

1501 ARNDT 95 DPWA ~ N  --~ Nlr 
1487 4HOEHLER 93 SPED x N ~  x N  
1510-+-50 CUTKOSKY 80 IPWA ~rN --~ x N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1499 ARNDT 91 DPWA x N  --+ e N  Soln SMSO 
1496or1499 5LONGACRE 75 IPWA xN- -~  N x x  
1519<- 4 BHANDARI 77 DPWA Uses Nn cusp 
1525 or 1527 1 LONGACRE 77 IPWA ~ N  ~ N~ l r  

-2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 
go to uo (w uo) OUR ESTIMATE 

124 ARNDT 95 DPWA ~ N  --* N x  
250- '50 CUTKOSKY 80 IPWA ~ N - - *  x N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

110 ARNDT 91 DPWA ~ N  --* l rN Soln SMS0 
103or105 5LONGACRE 75 IPWA x N - - *  N x ~  
140--32 BHANDARI 77 DPWA Uses Nq cusp 
135 or 123 1 LONGACRE 77 IPWA l rN ~ N~rlr 

N(1535) ELASTIC POLE RESIDUE 

MODULUS Irl 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

31 ARNDT 95 DPWA ~ N  -~ Nlr 
120•  CUTKOSKY 80 IPWA l rN ~ x N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

23 ARNDT 91 DPWA x N  - *  ~-N Soln SMSO 

PHASE # 
VALUE( ~ ) DOCUMENT ID TECN COMMENT 

--12 ARNDT 95 DPWA x N  .-b N x  
+15-=-45 CUTKOSKY 80 IPWA ~rN ~ T N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

- 1 3  ARNDT 91 DPWA l rN ~ ~N  Soln SMSO 

N(lr~5) DECAY MODES 
The following branching fractions are our estimates, not fits or averages. 

Mode Fraction (FI /F)  

I" 1 N ~r 35-55 % 

1"2 N ~  30-55 % 

['3 N~'~r 1 -10% 

['4 ZI / r  < 1 %  
1-5 L1(1232) l r ,  D-wave 

F 6 N p  <4 % 

F 7 N p ,  S = 1 / 2 ,  S-wave 

1-8 N p ,  5 = 3 / 2 ,  D-wave 
r9 I=0 N (lr~r)S-waw <3 % 
F10 N(1440)lr <7% 
Fll P'Y 0.15-0.35 % 
F12 p?, helicity=l/2 0.15-0.35 % 
1-13 n'~ 0.004-0.29 % 

F14 n'y, helicity=l/2 0.o040.29 % 
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N(1535 )  

N ( 1 5 3 5 )  B R A N C H I N G  R A T I O S  

r(N.r)/rt=., rdr 
VALUE DOCUMENT IO TECN CQMMENT 
O JIB to  O rJ; OUR ESTIMATE 
0.3944-0.009 GREEN 97 DPWA ~rN ~ ~rN. f N  
0.51 4-0.05 M A N L E Y  92 IPWA ~rN ~ * N  & Nx~r 
O.50 4-0.10 CUTKOSKY 80 IPWA ~rN ~ ~rN 
0.38 4-0.04 HOEHLER 79 IPWA ~rN ~ ~rN 
p �9 �9 We do not use the following data for averages, fits. l imits, etc. �9 �9 �9 

0.31 A R N D T  95 DPWA ~rN ~ N~r 
0.34 4-0.09 BATINIC 95 DPWA ~rN -~ N~r. N f  
0.2974-0.026 BHANDARI  77 DPWA Uses Nr /cusp 

r(N,~)/rtm~ r=/r 
VALUE DO~:UMENT ID TECN COMMENT 
+0 .30  to  0 rJ; OUR ESTIMATE 
�9 �9 �9 We do not use the following data for averages, fits. l imits, etc. �9 �9 �9 

0.$684-0.Ol l  GREEN 97 DPWA x N  ~ ~rN. r /N 
0.59 4-0.02 A B A E V  96 DPWA ~ r - p ~  f in 
0.63 •  BATINIC 95 DPWA ~rN ~ N~r. N f  

(r,rr)~/r~,l l ,  N~ r  - -*  N ( 1 5 3 5 )  - -*  N r /  (rlr=)~/r 
V~-U~ (30~:UM~NT ID TECN COMMENT 
+0 .44  tO +0.EO OUR ESTIMATE 
+0.474-0.02 M A N L E Y  92 IPWA ~rN ~ ~rN & N~r~r 
�9 �9 �9 We do not use the following data for averages, fits. l imits, etc. �9 �9 �9 

+0 .33  BAKER 79 DPWA ~r-  p ~ n f  
+0 .48  FELTESSE 75 DPWA 1488-1748 MeV 

Note: Signs of couplings from ~ N  --* N~r~r analyses were changed in the 
1986 edition to agree with the baryon-first convention; the overall phase 
ambiguity Is resolved by choosing a negative sign for the /~-(1620) 531 
coupling to  A(1232)~r. 

(r~rr)Y'/rt=.l In N~r --~ N(1535) ~ a (1232)x ,  D-wave (hrg)Y,/r 
VALUE DOCUMENT IO TECN ~ O I ~ N T  
- 0 . 0 4  tO + 0 . 0 6  OUR ESTIMATE 
+0.004-0.04 M A N L E Y  92 IPWA ~ N  ~ ~ N  & N~r~ 

0.00 1 LONGACRE 77 IPWA ~'N ~ N ~ r  
+0 .06  2 LONGACRE 75 IPWA ~rN ~ N~r~r 

N(1,T~IS) ,-,-, n ' / ,  h e l l d t y - l / 2  a m p U t u d e  A 1 / ,  a 

VALUE (GeV -1/2)  DOCUMENT IO 

-0.046:1:0.027 OUR ESTIMATE 
- 0.0204-0.035 A R N D T  

TECN COMMENT 

0.0354-0.014 AWAJI 
- 0.062 4- 0.003 FUJII 
- 0.075 4- 0.019 ARAI  
- 0.075 4- 0.018 ARAI  
- 0.098 4- 0.026 CRAWFOR D 
- 0.011 4- 0.017 T A K E D A  
�9 �9 �9 We do not use the following data fo~ averages, fits, l imits, etc. �9 �9 �9 

-0 .1004-0 .030  KRUSCHE 95C IPWA ~ d  ~ t I N ( N )  
-0 .0464-0 .005 LI 93 IPWA ' , IN .-~ x N  
-0 .1124-0 .034 BARBOUR 78 DPWA "yN ~ ~rN 
- 0 . 0 4 8  7 NOELLE 78 "y N --* ~rN 

N ( 1 5 3 5 )  --~ N ' 7 ,  r a t i o / ~ / : e / A ~ / ~  

VALUE (GeV-1/2 ) DOCUMENT ID TECN 

�9 �9 �9 We do not use the following data for averages, fits. l imits, etc. �9 �9 �9 

-0 .844-0 .15  MUKHOPAD. . .  95B IPWA 

(rlrt)~/r~= In N t r  --~ N ( 1 5 3 5 )  --~ N p ,  S:=1/2, S-w~,e (rlrT)~/r 
VALUE DOCUMENT ID TECN COMMENT 
- 0 . 1 4  tO - -0 .06 OUR ESTIMATE 
-0 .104-0 .03  M A N L E Y  92 IPWA ~rN - *  ~rN & N~r~r 
- 0 . 1 0  1 LONGACRE 77 IPWA ~rN --* N~r~r 
- 0 . 0 9  2 LONGACRE 75 IPWA ~rN - *  N~r~r 

(r~rr)~/rm, In N x  --~ N ( 1 5 3 5 )  --~ N ( ~ r ) / ~ . ~ z ~  (rlr~lq~/r 
VA~,UI~ DOCUMENT ID T ~ N  ~OMM~ENT 
+0 .03  tO + 0 . 1 3  OUR ESTIMATE 
+0.074-0.04 M A N L E Y  92 IPWA ~rN ~ ~rN & N~r~r 
+0 .08  1 LONGACRE 77 IPWA ~rN ~ N~r~r 
+0 .09  2 LONGACRE 75 IPWA ~rN --* N~r~r 

(r~r~)~/r.~ In N~ r  - -*  N ( 1 5 3 5 )  --~ N ( t 4 4 0 ) ~ r  (hrzo)~/r 
VALUE DOCUMENT ID TECN COMMENT 

+0.104-0.05 M A N L E Y  92 IPWA ~ r N ~  ~ 'N ,e ,N ; r~ r  

96 IPWA "yN--* * N  
81 DPWA "yN ~ l r N  
81 DPWA "yN -~ 7rN 
80 DPWA ~ N ~  ~ r N ( f i t l )  
80 DPWA "yN--~ l r N ( f l t 2 )  
80 DPWA "yN ~ ~rN 
80 DPWA "yN ~ ~ N  

N ( 1 5 3 5 )  P H O T O N  D E C A Y  A M P L I T U D E S  

N ( 1 5 3 5 )  --~ P '7 ,  k e l l c l t y - Z / 2  a m p l i t u d e  A l / 2  

VALUE (GeV-1/2 ) DOCUMENT ID TECN COMMENT 
+0 .090  :l:O.000 OUR ESTIMATE 

0.120 4-0.011 4-0.015 3KRUSCHE 97 DPWA " y N ~  f N  
0.060 4-0.015 A R N D T  96 IPWA ~,N ~ I rN  
0.097 4"0.006 BENMERROU..95 DPWA "yN ~ N f  
0.095 4-0.011 6 BENMERROU-91  "TP ~ P f  
0.053 4-0.015 CRAWFORD 83 IPWA ~ N  ~ x N  
0.077 4-0.021 AWAJI 81 DPWA "yN ~ 7rN 
0.083 4-0.007 ARAI  80 DPWA "yN ~ ~ N  (f i t  1) 
0.080 4-0.007 ARAI  80 DPWA "yN ~ ~rN (f i t  2) 
0.029 4-0.007 BRATASHEV.. .80 DPWA " y N ~  x N  
0.065 d:0.016 CRAWFORD 80 DPWA "yN ~ x N  
0.07044-0.0091 ISHII 80 DPWA Compton scattering 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.110 to  0.140 KRUSCHE 95 DPWA ~'p ~ p f  
0.125 4"0.025 KRUSCHE 95C IPWA "yd ~ f N ( N )  
0.061 :EO.003 LI 93 IPWA "~N ~ l rN  
0,055 W A D A  84 DPWA Compton scattering 

+0 .082  4-0.019 BARBOUR 78 DPWA ~ N  ~ 7rN 
0.046 7 N O E L L E  78 "yN ~ ~ N  

+0 .034  BERENDS 77 IPWA .yN ~ ~ N  
+0 .070  4-0.004 FELLER 76 DPWA -yN ~ l rN  

PR C55 R2167 +Wycec8 (HELS, WINR) 
PL B397 171 +Mukhopadhyay, Zhan|+ (GIES, RPI, SASK) 
PR C53 385 +Net~ens (UCLA) 
PR C53 430 +Strakovsky, Workman (VPI) 
PR C52 2 1 2 0  +Strakovsky, Workman, Pavan (VPI, BRCO) 
PR C51 2310 +Sinus, Svarc, Net!ke~ (BOSK, UCLA) 
PR CS2 2188 +Sinus, Svarc (BOSK) 
PR D51 3 2 3 7  Benmertouche. Mukhopadhyay, Zhang (RPI, SASK) 
PRL 74 3736 +Ahrens, Anton+ IGIES, MANZ, GLAS, BONN, OARMi 
PL B358 40 +Ahren~+ GIES, MANZ, GLAS, BONN, DARM 
PL B364 1 Mukhopadhyay, zaanE. Bonmermuche (RPI, SASK 

N Newdettet 9 1 (KARL) 
PR C47 2759 +Amdt, Roper, Workman (VPI) 
PR D45 4002 +Salesld (KENT) IJP 
PR D30 904 Manley, Arndt, Goradla, Teplitz (VPI) 
PR D43 2131 +LI. Roper, Workman, Food (VPI, TELE) UP 
PRL 67 1 0 7 0  Benmerroucke, Mukhopadhyay (RPI) 
NP B247 313 +Egawt, Imanishi, IshU, Kato, Ukal+ (I NU8) 
NP B211 1 +Morton (GLAS) 
PL 111B RODS, Porter, Alultar-Benltez+ (HELS. CIT, CERN) 
Bonn Conf. 352 +Kajlkavva (NAGO) 
NP B197 365 Fujii, Hay~hli, Iwata, Kajikawa+ (NAGO) 
NP BIB7 53 +Hayashli, Iwata, KaJikawa+ (NAGO, OSAK) 
Toronto Conf. 93 (INUS) 
NP B194 251 Aral, FuJll (INUS) 
NP B166 525 Bratashevskij, Gorbenko, Defebchinskij+ (KFTI) 
Toronto Conf. 107 (GLAS) 
Toronto Conf. 19 +Forsyth, Babcock, KeJly, Hendrick (CMU, LBL) IJP 
PR D20 2B39 Cutkosky, Forsyth, Hendfick, Kelly (CMU, LBL) IJP 
NP B165 189 +F.gawa, Kato, Miyachi+ (KYOT, INUS) 
NP B168 17 +Arai, Fujii, Ikeda, I~sakl+ (TOKY, INUS) 
NP 8156 93 +Brown, Clark, Davies, Depagter, Evans+ (RHEL) IJP 
PDAT 12-1 +Kaiser, Koch, Pietoriflen (KARLT) IJP 
Toronto Conf, 3 Koch ( )KARLT IJP 
NP B141 253 +Crawford, Parsons (GLAS) 
PR D17 1795 +Ladnski, Rosenfeld, Smadja+ (LBL, SLAC) 
PTP 60 778 (NAGO) 
NP B136 317 +Donnachle (LEID, MCHS) IJP 
PR D15 192 +Chad (CMU) IJP 
NP B122 493 +Dolbeau (SACL) IJP 
NP B10(I 365 Delbeau, Trlantis, Neveu, Cadiet (SACL) I JR 
NP B104 219 +Fukushlma, Hcdkawa, KaJikawa+ (NAGO, OSAK) IJP 
NP B93 242 +Ayed, B~reyre, Boqieaud, David+ (SACL) IJP 
PL 55B 415 +Rosenfeld, Ladnski, Smad]a+ (LBL, SLAC) IJP 

ii 

GREEN 97 
KRUSCHE 97 
ABAEV 96 
ARNDT % 
ARNDT 95 
BATINIC 95 
BATINIC 95B 
BENMERROU..95 
KRUSCHE 95 
KRUSCHE 95C 
MUKHOPAD... 95B 
HOEHLER 93 
LI 93 
MANLEY 92 

Also 84 
ARNDT 91 
BENMERROU...91 
WADA 84 
CRAWFORD 83 
PDG 82 
AWAJI 81 

Also 82 
FUJU 81 
ARAI 8O 

Also 82 
BRATASHEV... 80 
CRAWFORD ss 
CUTKOSKY KI 

Abo 79 
ISHII 80 
TAKEDA B0 
BAKER 79 
HOEHLER 79 

Also 80 
BARBOUR 78 
LONGACRE 78 
NOELLE 78 
BERENDS 77 
BHANOARI T/ 
LONGACRE 77 

Also 78 
FELLER 76 
FELTESSE 75 
LONGACRE 75 

N ( 1 5 3 5 )  REFERENCES 

For early references, see Physics Letters l U B  70 (1982). 

N (1 .~15 )  F O O T N O T E S  

1 LONGACRE 77 pole positions are from a search for poles In the unltarlzed T-matr ix ;  the 
f irst (second) value uses, In addition to l rN  --* N~r~ data, elastic amplitudes f rom a 
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are f rom eyeball 
f i ts with Brelt-Wigner circles to  the T-mat r ix  amplitudes. 

2 From method II o f  LONGACRE 75: eyeball fits with Breit-Wlgner circles to  the T -matdx  
amplitudes. 

3 KRUSCHE 97 fits with the mass fixed at 1544 MeV. 
4See HOEHLER 93 for a detailed discussion of  the evidence for and the pole parameters 

o f  N and ~1 resonances as determined from Argand diagrams of  ~ N elastic partial-wave 
am plltudes and from plots of  the speeds with which the am plitudes traverse the diagrams. 

5 LONGACRE 78 values are from a search for poles in the unltadzed T-matr ix .  The first 
(second) value uses, In addition to l r N  ~ N x ~  data, elastic amplitudes f rom a Saclay 
(CERN) partial-wave analysis. 

6 BENMERROUCHE 91 uses an effeetlve Lagranglan approach to  analyze f photoproduc. 
t lon data. 

7Converted to our conventions using M = 1848 MeV, r = 73 MeV from NOELLE 78. 
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Baryon Particle Listings 
N ( 1 6 5 0 )  

I I '2('2 ) Status: ~c ~ ~< N ( 1 6 5 0 )  S z z  I ( j P )  = l 1 -  

Most of the results published before 1975 are now obsolete and have 
been omitted. They may be found in our 1982 edition, Physics 
Letters 111B (1982). 

N(1650) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
~40 to z u o  (~, z u o )  OUR ECnMATE 
16594- 9 MANLEY 92 IPWA ~rN--* ~ N & N ~ m r  
1650:E30 CUTKOSKY 80 IPWA ~N ~ ~N 
16704- 8 HOEHLER 79 IPWA ~N ~ ~N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1677-;- 8 ARNDT 96 IPWA "~N--~ ~rN 
1667 ARNDT 95 DPWA * N  ~ N *  
1712 1ARNDT 95 DPWA ~N ~ N x  
16694-17 BATINIC 95 DPWA x N  ~ N x ,  N'q 
17134-27 2 BATINIC 95 DPWA ~rN --~ Nx,  N~/ 
1674 LI 93 IPWA "~N ~ ~N 
1688 CRAWFORD 80 DPWA ~N ~ ~N 
1672 MUSETTE 80 IPWA ~ - p ~  A K  0 
1680 SAXON 
1680 BAKER 
1694 BARBOUR 
1700:): 5 3 BAKER 
1680 3 BAKER 
1700 4 LONGACRE 
1675 KNASEL 
1660 5 LONGACRE 

N(1650)  ELASTIC  POLE RESIDUE 

M O D U L U S  I r l  
VALUE (MeV) DOCUMENT ID TECN COMMENT 

22 ARNDT 95 DPWA ~rN -~ N x  
72 1ARNDT 95 DPWA ~rN--~ N~r 
39 HOEHLER 93 ARGD x N - - ,  x N  
60+10 CUTKOSKY 80 IPWA ~ r N ~  x N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

54 ARNDT 91 DPWA x N  --, xN 5o111 SMgO 

PHASE e 
VALUE( ~ ) DOCUMENT ID TECN COMMENT 

29 ARNDT 95 DPWA ~rN ~ N~r 
- 8 5  1ARNDT 95 DPWA ~ r N ~  N*r 
- 3 7  HOEHLER 93 ARGD * N  ~ x N  
- 7 5 + 2 5  CUTKOSKY 80 IPWA ~N --~ x N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

- 3 8  ARNDT 91 DPWA x N  --, ~N Soln SMgO 

N(1C~50) DECAY MODES 

The following branching fractions are our estimates, not fits or averages. 

80 DPWA ~r- p ~ A K  0 
78 DPWA ~r-p ~ AK 0 Mode Fraction ( r l / r )  

78 DPWA "~N--* ~N I" 1 N ~  55-90% 
77 IPWA * - p ~  A K  0 I" 2 N ~  I 3-10% 
77 DPWA ~r -p- -~  A K  0 
77 IPWA x N ~  N x ~  1"3 A K  3-11% 
75 DPWA ~ - p ~  AK 0 I" 4 E K  
75 IPWA x N ~  N x x  1-5 N * *  10-20% 

['6 Z~ ';,r 1-7 % 
1-7 ZI(1232)*T, D-wave 
I" 8 N p 4-12 % 
F9 N p ,  S=1 /2 ,  S-wave 

Fzo N p ,  5 = 3 / 2 ,  D-wave 
I=O I r11 N ( ~ ) S _ w a v e  < 4 %  

x N  & Nx~r 1"12 N(1440 )~  <5 % 
1-13 P'Y 0.04--0.18 % 
F14 p') ', h e l i d t y = l / 2  0.04-0.10 % 
1"15 n'7 0.003-0.17 % 
I'1~ n-~, he l i c i t y= l / 2  0.003-0.17 % 

N(1650)  BREIT -WIGNER W I D T H  

VALUE (MeV) DOCUMENT ID TECN COMMENT 

148 to lg0 ( ~  1~0) OUR ESTIMATE 
167.9• 9.4 GREEN 97 DPWA ~rN--~ x N , ~ I N  
173 -1"12 MANLEY 92 IPWA ~N--*  
150 :1:40 CUTKOSKY 80 IPWA ~N--~ ~N 
180 4"20 HOEHLER 79 IPWA ~rN--~ ~N 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

160 •  ARNDT 96 IPWA " T N ~  x N  
90 ARNDT 95 DPWA ~N ~ N~ 

184 1ARNDT 95 DPWA ~N --, N~ 
215 ~32 BATINIC 95 DPWA ~N - *  Ne, Nr/ 
279 ~-54 2BATINIC 95 DPWA ~ N ~  N~, N~/ 

N(1650) BRANCHING RATIOS 

225 LI 93 IPWA 
183 CRAWFORD 80 DPWA 
179 MUSETTE 80 iPWA 
120 SAXON 80 DPWA 
90 BAKER 78 DPWA 

193 BARBOUR 78 DPWA 
130 4-10 3BAKER 77 IPWA 
90 3 BAKER 77 DPWA 

170 4 LONGACRE 77 IPWA 
170 KNASEL 75 DPWA 
130 5 LONGACRE 75 IPWA 

~N ~ ~rN 
"yN ~ ~rN 
~ - p ~  A K  0 
w - p ~  A K  0 
x - p ~  A K  0 

*f N --, ~r N 
~ r - p  ~ A K  0 
~ r - p  ~ A K  0 
~rN ~ N ~ r  
~ r -p - - *  A K  0 
~rN ~ N x ~  

COMMENT 

~ N  ~ N ~  
; rN ~ N *  
~ r N ~  ~ N  
~ N  ~ ~ N  
etc. �9 �9 �9 

N(1650)  POLE POSIT ION 

REAL PART 
VALUE (MeV) DOCUMENT IO TECN 
1640 to lrdl0 ( ~  l r~o)  OUR ESTIMATE 
1673 ARNDT 95 DPWA 
1689 1 ARNDT 95 DPWA 
1670 6 HOEHLER 93 ARGD 
16404-20 CUTKOSKY 80 IPWA 
�9 �9 �9 We do not use the following data for averages, fits, limits, 

r(N.)/r~., rdr  
VALUE DOCUMENT tD TECN COMMENT 
OJB tO 030 OUR ESTIMATE 
0.735:E0.011 GREEN 97 DPWA ~rN --, xN ,  T/N 
0.89 • MANLEY 92 IPWA lrN ~ x N  & N~r~ 
0.65 ~0.10 CUTKOSKY 80 IPWA x N - - ~  x N  
0.61 ~0.04 HOEHLER 79 IPWA x N - - ~  x N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.99 ARNDT 95 DPWA x N  -~ N x  
0.27 1ARNDT 95 DPWA ~ N - ~  N x  
0.94 4-0.07 BATINIC 95 DPWA l rN  -.~ N x ,  Nrl  
0.49 +0.21 2 BATINIC 95 DPWA ~N ~ N~, NT/ 

r(N~)/rt~., r=/r 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.06• BATINIC 95 DPWA x N  --* Nlr, Nf/ 
0.024_0.03 2 BATINIC 95 DPWA x N  --~ N,r, NT/ 

(rFr)~/r~.l I. N.-~ N(16501 --~ N I l  (rzr2l~/r 
VALUE DOCUMENT t~) TECN COMMENT 

1657 ARNDT 91 DPWA ~N ~ ~rN Soln SMgO 
1648 or 1651 7 LONGACRE 78 IPWA ~rN --~ N~rw 
1699or1698 4LONGACRE 77 IPWA x N ~  N x ~  

- 2 x l M A G I N A R Y  PART 
VALUE {MeV) DOCUMENT ID TECN COMMENT 
150 tO ZTO ( ~  160) OUR ESTIMATE 
82 ARNDT 95 DPWA x N  ~ N~ 

192 1ARNDT 95 DPWA ~ N ~  N~ 
163 6HOEHLER 93 ARGD xN--+ ~N  
150:1:30 CUTKOSKY 80 IPWA ~ N ~  x N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

160 ARNDT 91 DPWA x N  ~ x N  Soln SMg0 
117 or 119 7 LONGACRE 78 IPWA x N  ~ N l r x  
174 or 173 4 LONGACRE 77 IPWA ~N ~ N ~ x  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

-0 .09 8 BAKER 79 DPWA x - p  ~ nrl 

(rlrr)~/r~= l. N~-~ N(;~O)-* AK (rlrs)~/r 
VALUE DOCUMENT ID TECN COMMENT 
--0.27 to -0.17 OUR ESTIMATE 
-0.22 BELL 83 DPWA ~ - p - - ~  AK 0 
-0.22 SAXON 80 DPWA x - p - - +  AK 0 
�9 �9 �9 We do not use the following data for averages, fits, IImRs, etc. �9 �9 �9 

-0.25 9 BAKER 78 DPWA See SAXON 80 
-0,234-0.01 3BAKER 77 IPWA ~ - p - - ~  AK 0 
-0.25 3 BAKER 77 DPWA ~r -p  ~ AK 0 

0.12 KNASEL 75 DPWA ~ ' -p- -+ AK 0 
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N ( 1 6 5 0 )  

(r~rt)~/r~.~ In N~r ~ N(1650) ~ Z'K 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0 .254 LIVANOS 80 DPWA ~p --~ Z 'K 
0.066 to 0.137 10 DEANS 75 DPWA ~ N  --~ E K  
0.20 KNASEL 75 DPWA 

(rlr4)~/r N(1660) *rP ~ , IK + AMPLITUDES 

V,~.~ DOCUMENT ID TECN COMMENT 
+0.15 tO 0.23 OUR ESTIMATE 
+0.12•  MANLEY 92 IPWA ~rN- - ,  ~ r N & N ~ r *  
+0.29 4,11LONGACRE 77 IPWA ~N--~ N ~ r  
+0.15 5 LONGACRE 75 IPWA ~tN --* N ~  

(r,r~)~/r~.) In N~r --* N(1650) --* Np, S=1/2, S-wave (rlrs)V'/r 
VA~ I,I ~ DOCUMENT ID TECN COMMENT 

-I-O.03 tO -I-O.19 OUR ESTIMATE 
-0 .01+0 .09  MANLEY 92 IPWA ~ N  --* x N  & N~r~r 
+0.17 4,11LONGACRE 77 IPWA ~ N  --* N~r~r 
-0 .16  5 LONGACRE 75 IPWA ~ N  -~ N~r~r 

(r, rr)V~/r~.i in N~r - *  N(1650) --+ Np, S=3/2,/)-wave (rlrlO)~/r 
V~.I,I~ DOCUMENT ID TECN COMMENT 
+0.17 tO +0.29 OUR ESTIMATE 
+O.16• MANLEY 92 IPWA ~rN -+ x N  & N x ~  
+0,29 4,11 LONGACRE 77 IPWA ~rN --~ N ~ x  

(r,rr)~/r~., Un N . - - *  N(1650) --~ N ( x x ) ~  (rlrll)~/r 
VALUE DOCUMENT ID TECN "COMMENT 
+ 0 0 4  to  +0.18 OUR ESTIMATE 
+0.12•  MANLEY 92 IPWA ~N  ~ ~'N & N~'~" 

0.00 4,11 LONGACRE 77 IPWA ~ N  --~ N~'~r 

N(1650) FOOTNOTES 
1 ARNDT 95 finds two distinct states. 
2 BATINIC 95 finds two distinct states. This second resonance was associated with the 

N(2090) $11. 
3 The two BAKER 77 entries are from an IPWA using the Barrelet-zero method and from 

a conventional energy-dependent analysis. 
4 LONGACRE 77 pole positions are from a search for poles In the unitarlzed Tomatrix; the 

first (second) value uses, In addition to ~rN --~ N~rx data, elastic amplitudes from a 
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball 
fits with Breit-Wlgner circles to the T-matrix amplitudes. 

5 From method II of LONGACRE 75: eyeball fits with Brelt-Wlgner circles to the T-matrix 
amplitudes. 

6See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 
of N and ~ resonances as determined from Argand diagrams of ~r N elastic partial-wave 
am plltudes and from plots of the speeds with which the am plltudes traverse the diagrams. 

7LONGACRE 78 values are from a search for poles In the unRarlzed T-matrix. The first 
(second) value uses, in addition to ~ N  ~ Nx~r data, elastic amplitudes from a Saclay 
(CERN) partial-wave analysis. 

8 BAKER 79 fixed this coupling during fitting, but the negative sign relative to the N(1535) 
is well determined. 

9The overall phase of BAKER 78 couplings has been changed to agree with Ixevious 
conventions. Superseded by SAXON 80. 

lOThe range given for DEANS 75 is from the four best solutions. 
11 LONGACRE 77 considers this coupling to be well determined. 

+0.25 5 LONGACRE 75 IPWA wN ~ N~r~ 

(rlrr)~/r~., :n N~-. N(Z~0)-~ N(Z~O): (rlr..)~/r 
VALUE DOCUMENT ID T~:N CQMM~NT 

+0.11•  MANLEY 92 IPWA ~ N  - *  ~rN & N ~ r  

N(1650) REFERENCES 

For early references, see Physics Letters l U B  70 (1982). 

GREEN 97 PR C55 R2167 +W~ech (HELS, WlNR) 
ARNDT % PR C53 430 +Strakovsky, Workman (VPI) 
ARNOT 95 PR CS2 2 1 2 0  +Strakovsky, Workmall, Pavan (VPI, BRCO) 
BATINIC SS PR C.$1 2310 +SJaus, Svarc, Nef~ens (BOSK, UCLA) 
HOEHLER 93 x N Newdetter 9 1 (KARL) 
LI 93 PR C47 2759 +Arndt, Roper, Workman (VPI) 
MANLEY 92 PR D45 4002 +Saleski (KENT) IJP 

Also 84 PR DS0 904 Manley, Arndt, Gor~dla, Teplltz {VPI) 
ARNDT 91 PR D43 2131 +U, Roper, Workman, Ford (VPI, TELE) IJP 
WORKMAN YO PR C42 701 (VPI) 
TANABE 89 PR C39 741 +Kohno, Bennhold (MANZ) 

Also 89 NC 102A 193 Kohno, T;mabc, Bennhold (MANZ) 
WADA 84 NP B247 313 +Egawa, Imanls~l, Ishii, Kato, Ukal+ (INUS) 
BELL 83 NP B222 389 +Blbsett, Broome, Daley, Hart, Lintern+ (RL) IJP 
CRAWFORD 83 NP B211 1 +Moron (GLAS) 
PDG 82 PL 111B RODS, Potter, Apllar-Benttez+ (HELS, CIT, CERN) 
AWAJI 81 Bonn Conf. 352 +KaJlkavm (NAGO 3 Also 82 NP B197 365 FuJil, Hayashll, I~to, KaJlkawa+ (NAGO 
FUJII 61 NP B187 53 +Hayashii, Iwato, Kajlkawa+ (NAGO, OSAK) 
ARAl 80 To(onto Cone 93 (INUS) 

Also 82 NP B194 291 Arai, FuJit "(INU5) 
CRAWFORD SO Toronto Cone 107 {GLAS) 
CUTKOSKY SO Toronto Conf. 19 +Forlyth, Babcock, Kelly, Hendrlch (CMU, LBL)IJP 

Also 79 PR D20 2839 Cutkosky, Forsyt h, Henddck, Kelly (CMU, LBL) IJP 
LIVANOS SO Toronto Conf. 35 +BarD., Coutures, Kochowskl, Neveu (SACL) IJP 
MUSETTE 80 NC STA 37 (BRUX) IJP 
SAXON SO NP B162 522 +Baker, Bell, BIIsutt, Bloodworth+ (RHEL, BRIS) IJP 
TAKEDA 80 NP B168 17 +Aral, F~ll, Ikeda, Iv~sakl+ (TOKY, INUS) 
BAKER 7g NP BlS6 83 +Brown, Clark, Davlel, DepalFer, Evans+ (RHEL) IJP 
HOEHLER 79 PDAT 12-1 +Kalur, Koch, Pletad~so (KARLT) IJP 

Also SO Toronto Conf. 3 Koch (KARLT) IJP 
BAKER 78 NP B141 29 +BIInett, Bloodworth, Broome+ (RL, CAVE) IJP 
BARBOUR 78 NP B141 253 +Crawford, Parsons (GLAS) 
LONGACRE 78 PR D17 1795 +Ladnlkl, Rolenfeld, SmadJa+ (LBL, SLAC) 
BAKER 77 NP B126 365 +BIIBett, Blcod~rth, Broome, Haft+ (RHEL) IJP 
LONGACRE Tt NP B122 493 I I +Oolbeau SACL IJP 

Also 76 NP B103 363 Oolbeau, Trlantb, Neveu, Cadlet SACL IJP 
FELLER 7~ NP B104 219 +Fukulhlma, Hodkawa, KaJlkawa+ (NAGO, OSAK) IJP 
DEANS 75 NP B~ ~o +Mitchell, MOntgomery+ (SFLA, ALAH) IJP 
KNASEL 75 PR Oll 1 +Llndqulst, Nelson+ (CHIC, WUSL, OSU, ANL) IJP 
LONGACRE 78 PL SSB 418 +Rcsenfeld, Ladnlld, SmadJa+ (LBL, SLAC) IJP 

N(16S0) PHOTON DECAY AMPLITUDES 

N(1650) --~ p,,/, helidty-1/2 amplitude A1/2 
VALUE (GeV -1/2) DOCUMENT ID TECN COMMENT 
+O.a83-1-O.016 OUR ESTIMATE 

0,069• ARNDT 96 IPWA 3'N --~ ~rN 
0.033• CRAWFORD 83 IPWA " y N ~  x N  
0,050• AWAJI 81 DPWA ",IN --~ x N  
0,065• ARAI 80 DPWA 3'N --~ ~ N  (fit 1) 
0,061:1:0,005 ARAI 80 DPWA ~fN ~ x N  (fit 2) 
0,031:E0.017 CRAWFORD 80 DPWA 3'N --~ x N  

�9 �9 �9 We do not use the following data for averages, fits, limits, ~c. �9 �9 �9 

0.068• LI 93 IPWA "yN ~ x N  
0.091 WADA 84 DPWA Compton scattering 

+0,048• BARBOUR 78 DPWA *fN --* ~N  
+0.068• FELLER 76 DPWA ~N  ~ ~N  

N(lfdS0) ,-* n'y, hellcity-1/2 amplitude A1/2 
VALUE (GeV -1 /2 )  DOCUMENT ID TECN COMMENT 

-0.0111:1=0.031 OUR ESTIMATE 
-0 ,018•  ARNDT 96 IPWA "yN ~ ~N  
-0 ,008•  AWAJI 81 DPWA *yN --* ~N  

0,004• FUJII 81 DPWA ~N  ~ l rN 
0,010• ARAI 80 DPWA "/N -~ l rN (fit 1) 
0,008• ARAI 80 DPWA "/N -~ ~N  (fit 2) 

-0 ,068•  CRAWFORD 80 DPWA ~'N ~ ~N  
-0 ,011•  TAKEDA 80 DPWA "yN ~ ~N  
�9 �9 �9 We do ROt use the following data for averages, fits, limits, etc. �9 �9 �9 

-0 ,002•  LI 93 IPWA . / N ~  l rN 
-0 ,045•  BARBOUR 78 DPWA ~N  - *  ~N  

Note: Signs of couplings from ~ N  --~ N ~  analyses were changed In the 
1986 edition to agree with the baryon-first convention; the overall phase 
ambiguity Is resolved by choosing a negative sign for the A(1620) 531 
coupling to ~1(1232)1r. 

(rlrt)V,/r~.t :n N~-* N(I~0)-~ A(12~)~, ~ . ~ ,  (rlrT)~/r 

(r~rt)~/r~.~ i. p~ -, N(I~O) -~ AK+ (co+ amplitude) 
VALUE (units 10 -3) DOCUMENT IO TECN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

7,5 •  WORKMAN 90 DPWA 
8.13 TANABE 89 DPWA 

p'y --~ N(1650) ~ AK + phase angle e (Eo+ amplitude) 
VALUE (deErees) DOCUMENT ID TECN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

- 1 0 7  •  WORKMAN 90 DPWA 
-107.8 TANABE 89 DPWA 



See key on page 213 

I 
I ] ( ]  ) Status: * * ~ <  N ( 1 6 7 5 )  D15 I(JP) = 1 s-  

Most of  the  results publ ished before 1975 are now obsolete and have 
been om i t t ed .  They  may  be found in our 1982 edit ion, Physics 
Letters 111B (1982).  

N(1~75) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
1670 to 1(lib (~u 1~7S) OUR ESTIMATE 
1676~ 2 MANLEY 92 IPWA ~rN ~ ~rN & N~r~r 
16754-10 CUTKOSKY 80 IPWA ~rN --* ~rN 
1679";" 8 HOEHLER 79 IPWA ~ r N ~  ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1673:5 5 ARNDT 96 IPWA "~N ~ ~ N  
1673 ARNDT 95 DPWA ~rN ~ N ~  
16834-19 BATINIC 95 DPWA ~N- -~  N~r, Nr/ 
1666 LI 93 IPWA *fN--~ ~rN 
1685 CRAWFORD B0 DPWA 3 ' N ~  ~rN 
1670 SAXON 80 DPWA ~ r - p  ~ A K  0 
1680 BARBOUR 78 DPWA *~N -~ ~rN 
1650 1 LONGACRE 77 IPWA ~ N  --* N~r~r 
1660 2 LONGACRE 75 IPWA ~rN ~ N~r~r 

N(1675) BREIT-WIGNER WIDTH 

VALUE ~MeV} DOCUMENT IO TECN COMMENT 

140 t o  1go ( ~  lEO) OUR ESTIMATE 
1594- 7 MANLEY 92 IPWA ; r N ~  ~ N & N w ~ r  
1604-20 CUTKOSKY 80 IPWA ~rN --* ~rN 
1204-15 HOEHLER 79 IPWA ~rN --* ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1544- 7 ARNDT 96 IPWA *~N ~ ~rN 
154 ARNDT 95 DPWA ~rN --* N~r 
1424-23 BATINIC 95 DPWA ~rN --* N x ,  N~/ 
136 LI 93 IPWA 3'N -~ ~rN 
191 CRAWFORD 80 DPWA ~ N  ~ ~rN 
40 SAXON 80 DPWA ~ r - p  ~ A K  0 

88 BAKER 79 DPWA ~ r - p  ~ n~/ 
192 BARBOUR 78 DPWA ~ N  ~ ~rN 
130 1LONGACRE 77 IPWA ~rN --~ N~r~r 
150 2 LONGACRE 75 IPWA ~rN --* N ~ t  

N(167w POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

to t~t~ (w ~ o )  OUR ESTIMATE 
1663 ARNDT 95 DPWA ~rN ~ N ~  
1656 3HOEHLER 93 ARGD ~rN--~ ~rN 
16604-10 CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1655 ARNDT 91 DPWA ~rN--~ ~rN Soln SMgO 
1663 or 1668 4 LONGACRE 78 IPWA ~ N  ~ N~r~ 
1649 or 1650 1 LONGACRE 77 IPWA ~ N  ~ N ~ r  

-2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

to ~ (~  140) OUR ESTIMATE 
152 ARNDT 95 OPWA ~rN --~ N~r 
126 3 HOEHLER 93 ARGD x N  ~ ~rN 
1404-10 CUTKOSKY 80 IPWA ~rN --~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

124 ARNDT 91 DPWA x N  - *  x N  5oln SMg0 
146 or 171 4 LONGACRE 78 IPWA ~ N  --* N~r~ 
127 or 127 1LONGACRE 77 IPWA ~rN ~ N~rs 

N(1675) ELASTIC POLE RESIDUE 

MODULUS Irl 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

29 ARNDT 95 DPWA ~rN --* N~r 
23 HOEHLER 93 ARGD ~ N ~  ~rN 
314-5 CUTKOSKY 80 IPWA ~ N  --~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

28 ARNDT 91 DPWA x N  ~ ~ N  

PHASE # 
VALUE (o) DOCUMENT IO TECN COMMENT 

-- 6 ARNDT 95 DPWA ~rN ~ N ~  
- 2 2  HOEHLER 93 ARGD ~ r N ~  x N  
-304 -10  CUTKOSKY 80 IPWA ~ N  ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, nmits, etc. �9 �9 �9 

- 1 7  ARNDT 91 DPWA ~rN ~ ~rN 

5oln SMgO 

5oln 5M90 
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Baryon Particle Listings 
N ( 1 6 7 5 )  

r I NTr 40-50 % 
F 2 Nr/ 
F 3 AK <1% 
F 4 ~ ' K  
F 5 N~r~r 5o-6o % 
r6 A~ 5o~o% 
F7 Zl(1232)~r, D-wave 
r8 Zl(1232)~r, G-wave 
r9 Np < 1-3 % 
Flo Np, 5=1/2, D-wave 
rll Np, 5=3/2, D-wave 
r12 Np, 5=3/2, Gwave 

I = 0  r13 N(~r=)S_w=v e 
rz4 p3' 0.o04-0.025 % 
1-15 p-~, helicity--1/2 0.0-0.015 % 
1"16 P'7, helicity---3/2 0.0-0.011% 
rz7 n'7 0.02-0.12 % 

F15 n3', helicity-1/2 0.o06-o.046 % 
I-t9 n3', helicity--3/2 0.01-0.08 % 

N(1675) BRANCHING RATIOS 

r (N. ) / r= . ,  rd r  
VALUE DOCUMENT ID TI~C N COMMENT 
OA to 0.5 OUR ESTIMATE 
0.47:50.02 MANLEY 92 IPWA l r N  ~ x N  & N ~  
0.38• CUTKOSKY 80 IPWA l r N  ~ l rN  
0.38:50.03 HOEHLER 79 IPWA l rN  ~ l rN  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.38 ARNDT 95 DPWA ~rN - *  N l r  
0.31-[-0.06 BATINIC 95 DPWA l rN  --* NTr, Nr/ 

r(N~)/r~= r=/r 
VALUE DOCUMENT ID T~.CN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.0014-0.001 BATINIC 95 DPWA ~rN -~ N~,  Nr/ 

(r~rr)Y,/rt=,, In Nlr - *  N(1675) --* Nr/ (r,r=)~/r 
VALU~ DOCUMENT ID T~(;I~ COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

- 0 . 0 7  BAKER 79 IDPWA ~ r - p  --~ nr/ 
+0.009 FELTESSE 75 DPWA Soln A; see BAKER 79 

(r~rr)~Ir~= In N . - .  N(16"/51 --~ A K (rlr=lY'/r 
VALUE DOCUMENT ID TECN COMMENT 

4"0,04 to  ::i:0,0e OUR ESTIMATE 
-0 .01  BELL 83 DPWA ~ - p - - ~  A K  0 
--0,036 5 SAXON 80 DPWA ~ r - p - - ~  A K  0 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

-0.0344-0.006 DEVENISH 74B Flxed-t dispersion rel, 

(rlrr)~/r== I. Nlr ~ N(1675) ~ E K  (r, r4)~/r 
V~4~,~I~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. e �9 �9 

<0.003 6DEANS 75 DPWA ~rN ~ E K  

Note: Signs of couplings from ~r N - *  N x  lr analyses were changed In the 
1986 edition to agree with the baryon-first convention; the overall phase 
ambiguity Is resolved by choosing a negative sign for the 4(1820)  .$31 
coupling to 4(1232)1r. 

(FIFf)~/Ftmal In Nx --* N(1675) --~ A(1232)lr, D-wave (F1FT)~/F 
VALUE DOCUMENT IO TECN COMMENT 
+0A41 to +0J0  OUR ESTIMATE 
+0.496:50.003 MANLEY 92 IPWA x N  --~ l rN  & Nx~r 
+0.4f i  1,7 LONGACRE 77 IPWA ~ N  ~ N ~  
+0 .50  2 LONGACRE 75 IPWA ~ N - - ~  NTrTr 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

+0 .5  8 NOVOSELLER 78 IPWA l r N  --* N~rlr 

(r lrf)~/r=. ,  In N . - *  N(Z67S) -~ Np, S=1/2. r~wave (rlrlo)~/r 
VALUE DOCUMENT ID TECN COMMENT 

+0.04-1-0.02 MANLEY 92 IPWA l r N  --* ~rN & N l r l r  

N(167B) DECAY MODES 
The following branching fractions are our estimates, not fits or averages. 

Mode Fraction (r l /r)  
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Baryon Particle Listings 
N(1675), N(1680) 
( r F f ) V = / r t ~  IR N:r --~ N(1675) --~ Np, $=-3/2, D-v~ve ( r l r tz )~/ r  
VA~/~, DOCUMENT tD TEEN COMMENT 
--0.12 to  --0.0~ OUR EEI ' IMATE 
-0.03:E0.02 MANLEY 92 IPWA ~ N  ~ ~rN & N ~ r  
- 0 .15  1,7 LONGACRE 77 IPWA ~ N  - *  N~r~r 

(rlrt)~li/rtotal In N.--~ N(16751--~ N(f~r)/s~.~a~ (rlr,,l~/r 
VALUE DOCUMENT It) TEEN COMMENT 

+0.03 1,7 LONGACRE 77 IPWA x N  ~ N x x  

N(1675) PHOTON DECAY AMPLITUDES 

N(1675) ~ P'Y, hdldty-1/2 amplitude Alp 
VALUE (GeV -1/2 ) DOCUMENT ID TEEN COMMENT 
+0~Blg:l:O.001 OUR ESTIMATE 

0.0154-0.010 ARNDT 96 IPWA ~'N -~ E N  
0.0214-0.011 CRAWFORD 83 iPWA "yN ~ x N  
0.0344-0.005 AWAJI 81 DPWA "yN --~ x N  
O.006+O.OOS ARAI 80 DPWA "~N --* ~ N  (f i t  1) 
O.0064-O.004 ARAI 80 DPWA ~/N ~ "KN (f i t  2) 
0.0234-0.015 CRAWFORD 80 DPWA ~,N ~ ~ N  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.0124-0.002 LI 93 IPWA "),N - *  E N  
+0.O22• BARBOUR 78 DPWA " fN ~ ~rN 
+0,0344-O.004 FELLER 76 DPWA * fN ~ ~ N  

N(1675) - *  p'/, helidty-3/2 amplitude A=/2 
VALUE (GeV -1/2 ) DOCUMENT ID TEEN COMMENT 
+0.01114"0.00~ OUR ESTIMATE 

O.0104-O.007 ARNDT 96 IPWA " fN ~ ~ N  
O.0154-O.009 CRAWFORD 83 IPWA " fN ~ ~ N  
O.O244-O.008 AWAJI 81 DPWA "yN ~ ~rN 
0.0304-0.004 ARAI 80 DPWA ~ N  --~ ~rN (f i t  1) 

N(1675) REFERENCES 
For early references, see Physics Letters I ~ t B  70 (1982). 

ARNDT 96 PR (:53430 +Strako~ky. Workman (VPI) 
ARNDT 95 PR (:52 2 1 2 0  +Strakovsky, Workman, Pavan (VPI. BRED) 
BATINI(: 95 PR C51 2310 +Staus, Sva~c, Nefkens (BOSK, U(:LA) 
HOEHLER 93 w N Newsletter 9 1 (KARL) 
LI 93 PR C47 2759 +Arndt, Roper, Workman (VPI) 
MANLEY 92 PR D45 4062 +Saleski (KENT) IJP 

Also 84 PR D30 904 Manley. Arndt. Ge~dta, Teldltr ~/PI) 
ARNDT 91 PR D43 2131 +Li, Roper, Workman, Ford (VPI, TELE) IJP 
BELL 83 NP B222 389 +B0ssett, Broom�9 Daley. Hart, Lintern+ (RL) IJP 
(RAWFORD s3 NP B2U 1 +Morton (GLA$) 
PDG 82 PL U lB RODS, Porter,/~uilar-Benitez+ (HEL5, CIT, (:ERN) 
AWAJI 81 Bonn Conf. 352 +Kajlkawa (NAGO) 

Also 82 NP B197 365 Fujii, Hayashti, Iwata, Kajika~a+ (NAGO) 
FUJII 01 NP BlS7 53 +Hay~shii, Iwata. Kajikawa+ (NAGO, OSAK) 
ARAI 80 T~onto Conf. 93 ONUS} 

Also 82 NP B194 251 Aral, F~j}i (INU5) 
(:RAWFORD 80 Toronto Cone 107 (GLAS) 
(:UTKOEKY 80 To,onto (:one 19 +Forsyth, Babcock, Kelly, Hendrir ((:MU, LBL) IJP 

Also 79 PR D20 2839 (:utko~ky, F0i~yth, Henddck, Kelly (CMU, LBL) IJP 
SAXON 80 NP B162 522 +Baker, Bell, Bllssett, Bloodwotth+ (RHEL, BRIS) IJP 
TAKEDA 60 NP B168 17 +Arai, Fujii, Ikeda, Iwa.ki+ (TOKY, INUS) 
BAKER 79 NP BIS6 93 +Brown, (:lark, Davies, DepaKter, Evans+ (RHEL) IJP 
HOEHLER 79 PDAT 12-1 +Kaiser, Koch, pietarinen (KARLT) IJP 

Also 80 To, onto Conf. 3 Koch (KARLT) IJP 
BARBOUR 7B NP B141 253 +Crawford, pirsons (GLAS) 
LONGACRE 7S PR D17 1795 +Lasinski, Rosenf~ld, Smadja+ (LBL, SIN:) 
NOVOSELLER 70 NP B13~ 509 (CIT) IJP 

Also 70B NP B137 445 No~oseller {(:IT) IJP 
LONGACRE 77 NP B122 493 +Dolbeau (SA(:L) IJP 

Also 76 NP BlO8 365 Oolbeau. Triantis, Neveu, Cadiet ( )SA(:L IJP 
WlNNIK 77 NP B120 66 +Toaff, Revel, Goldb~rg, Berny (HALF) I 
FELLER 76 NP B104 219 +Fukuskima, Horlki~ca. Kajikawa+ (NAGO, OSAK) IJP 
DEANS 75 NP B% gO +Mitchell, Moatlomery+ (SFLA. ALAH) IJP 
FELTESSE 7S NP B93 242 +Ayed, Bareyre, Bo~geaud, David+ (SACL) IJP 
HERNDON 75 PR D l l  3183 +Lonlir Miller, Ro~enfeld+ (LBL, SLAC) 
LONGA(:RE 75 PL 55B 415 +Rosenfeld, Lasinski, Smadja+ (LBL, SLAC) IJP 
DEVENISH 74B NP B01 330 +Ftosptt. Martin (DESY, NORD, LOU(:) 

i N068~ i(jP~ = 1~5+~ Status: , >g ~<* 

0.0294-0.004 ARAI 80 DPWA "rN ~ ~ N  (fit 2) 
0.003-1-0.012 CRAWFORD 80 DPWA "yN --* x N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

O.0214-O.002 LI 93 IPWA ~/N --* ~ N  
+0.0154-O.006 BARBOUR 78 DPWA "~N ~ ;oN 
+0.0194-0.009 FELLER 76 DPWA "~N ~ ~rN 

N(1675) --~ n-f, helldty-1/2 amplitude At/= 
VALUE (GeV -1/2 ) DOCUMENT ID TEEN COMMENT 
-0.04~-1-0.012 OUR ESTIMATE 
-0.O494-O.010 ARNOT 96 iPWA ~ t N - ~  ~ N  
-O.0574-O.024 AWAJI 81 DPWA ~ N  ~ ~ N  
--0.0334-0,004 FUJII 81 OPWA "xN ~ ~rN 
-0.0394-0.017 ARAI 80 DPWA " /N  ~ l rN  (fit 1) 
-0.O254-0.027 ARAI 80 DPWA 3'N "-* ~ N  (fit 2) 
-0.O594-0.015 CRAWFORD 80 DPWA ~ N  ~ ~ N  
-0.021:1:0.011 TAKEOA 80 DPWA I ' N  "-~ x N  
�9 �9 �9 We do not use the fol lowing data for averages, fits. l imits, etc. �9 �9 �9 

-0.0604-0.003 LI 93 IPWA * rN "-~ x N  
--0.0664-0.020 BARBOUR 78 DPWA "yN --~ ~rN 

N(1675) --~ n-/, helldty-3/2 amplitude A~I/2 
VALUE(GeV-1/2 ) DOCUMENT ~D TECN COMMENT 
--0.(OEIl=l:O.013 OUR ESTIMATE 
-0.0514-0.010 ARNDT 96 IPWA -yN --* ~rN 
-0.0774-0.018 AWAJI 81 DPWA "yN ~ ~rN 
-0.0694-0.004 FUJII 81 DPWA ~'N --* ~ N  
-0.0664-0.026 ARAI 80 DPWA ~,N ~ : rN  (f i t  1) 
-0.0714-0.022 ARAI 80 DPWA "~N ~ x N  (f i t  2) 
--0.0594-0.020 CRAWFORO 80 DPWA ~N- -~  ~ N  
-0.O304-0.012 TAKEDA 80 DPWA I ' N  ~ x N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

-0.0744-0.003 LI 93 IPWA 3 ' N - ~  ~rN 
-0,0734-0.014 BARBOUR 78 DPWA "~N ~ x N  

N(1675) FOOTNOTES 
1 LONGACRE 77 pole positions are from a search for poles in the unitarlzed T-matrix; the 

first (second) value uses, In addition to l r N  ~ Nlr~r data, elastic amplitudes from a 
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball 
fits wi th Breit-W1gner circles to the T-matr ix  amplitudes. 

2 From method II of LONGACRE 75: eyeball f its with Brelt-Wlgner circles to the T-matr ix  
amplitudes. 

3See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 
of N and / .  resonances as determined from Argand diagrams of ~ N  elastic partial-wave 
amplitudes and from plots of the speeds wi th which the amplitudes traverse the diagrams. 

4LONGACRE 78 values are from a search for poles In the unltarlzed T-matr ix.  The first 
(second) value uses, In addition to ~rN ~ N * ~  data, elastic amplitudes from a Saday 
(CERN) partial-wave analysis. 

5 SAXON 80 finds the coupling phase is near 90 ~ 
6The range given is from the four best solutions. DEANS 75 disagrees with * + p  --* 

+ + K data of WINNIK 77 around 1920 MeV. 
7 LONGACRE 77 considers this coupling to be wall determined. 
8 A  Brelt-Wlgner f i t  to the HERNDON 75 IPWA. 

Most  of  the  results publ ished before 1975 are now obsolete and have 
been Omit ted.  They may  be found in our  1982 edi t ion,  Physics 
Letters 111B (1982).  

N(1680) BREIT-WlGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

lS ' t l i  tO 1640 (m 1r OUR ESTIMATE 
16844- 4 MANLEY 92 IPWA l r N  -~ l r N  & N l r l r  
16804-10 CUTKOSKY 80 iPWA ~rN ~ l r N  
16844- 3 HOEHLER 79 IPWA w N  ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

16794- 5 ARNDT 96 IPWA ~ N  "-~ ~ N  
1678 ARNDT 95 DPWA x N  ~ N x  
16744-12 BATINIC 95 DPWA x N  ~ N x ,  Nr/  
1682 CRAWFORD 80 DPWA " / N ~  ~rN 
1680 BARBOUR 78 DPWA ~fN --* x N  
1660 1LONGACRE 77 IPWA x N  ~ N x ~  
1685 KNASEL 75 DPWA ~ r - p  --~ / I K  0 
1670 2 LONGACRE 75 IPWA ~rN ~ N ~  

N(1680) BREIT-WlGNER WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

120 tO 140 ( w  110) OUR ESTIMATE 

1394- 8 MANLEY 92 IPWA l r N  --~ ~ N  & N x x  
120+10 CUTKOSKY 80 IPWA ~rN ~ ~ N  
1284- 8 HOEHLER 79 IPWA 7rN ~ ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1244- 4 ARNDT 96 IPWA "yN --* l r N  
126 ARNDT 95 DPWA ~ N  --~ N ~  
1264.20 BATINIC 95 DPWA w N  --~ N~ ,  Nr/ 
121 CRAWFORD 80 DPWA 3'N ~ :oN 
119 BARBOUR 78 DPWA " fN  ~ x N  
150 1LONGACRE 77 IPWA ~ N  ~ N ~  
155 KNASEL 75 DPWA I r -  p --~ A K  0 
130 2 LONGACRE 75 IPWA l rN  ~ N ~  

N(1MIO) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

l U 8  tO 167B (SE li70) OUR ESTIMATE 
1670 ARNDT 95 DPWA ~ N  --* N ~  
1673 3HOEHLER 93 ARGO ~ N ~  ~ N  
1667-I-5 CUTKOSKY 80 iPWA ~rN ~ ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1670 ARNDT 91 DPWA ~ N  ~ ~ N  Soln SMgO 
1668 or 1674 4 LONGACRE 78 IPWA ~rN ~ N x ~  
1656 or 1653 1 LONGACRE 77 IPWA w N  ~ N w w  
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N ( 1 6 8 0 )  

-2xlMAGINARY PART 
VALUE (MeV) DOCUMENT It) .T.E. CN COMMENT 

~N ~ z,~ (~ z~0) OUR ES"flMATE 
120 ARNDT 95 DPWA x N  ~ N~r 
135 3HOEHLER 93 ARGD x N ~  ~ N  
110•  CUTKOSKY 80 IPWA x N  ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

116 ARNDT 91 DPWA ~ N  ~ x N S o l n  SMg0 
132or137 4LONGACRE 78 IPWA x N - - *  N~r~r 
145 or 143 1LONGACRE 77 IPWA x N  ~ N~rx 

N(ltllO) ELASTIC POLE RESIDUE 

MODULUS I'1 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

40 ARNDT 95 DPWA ~rN ~ N~r 
44 HOEHLER 93 ARGD ~ r N ~  ~rN 
3 4 •  CUTKOSKY 80 iPWA ~ rN-+  ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

37 ARNDT 91 DPWA "rN ~ w N  Soln SMg0 

PHASE e 
VALUE (o) DOCUMENT ID TECN COMMENT 

+ 1 ARNDT 95 DPWA ~rN ~ N x  
- 1 7  HOEHLER 93 ARGD ~ r N ~  ~rN 
- 2 5 •  CUTKOSKY 80 IPWA ~rN--* w N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 1 4  ARNDT 91 DPWA ~rN -~ ~ N  Soln SMg0 

r(N,~)/r(Nf) r=/rl 
VALUE DOCUMENT ID T~(;N COMMENT 

�9 �9 �9 We do not use the follow)rig data for averages, fits, l imits, etc. �9 �9 �9 

<0.027 HEUSEH 66 RVUE *r 0, r /photoproduct lon 

(r~r~)V~/r~ in N~-~ N(I~0) -~ AK (rlr=)~/r 
Coupling to A K  not required In the analyses of BAKER 77, SAXON 80, or BELL 83. 

VALUE DO(~.VMEit~T IO TECN (;~MMENT 

�9 �9 �9 We do not use the following data fo~ averages, fits, l imits, etc. �9 �9 �9 

0.01 KNASEL 75 DPWA ~r -  p ~ A K  0 

-0 .009•  DEVENISH 74B Fixed- t dispersion tel. 

(r~r~)~/r~ Jn N= ~ N(Z~0)-~ EK (rlr~]~/r 
VALUE DOCUMENT ID TECN COMMI~NT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0,001 6 DEANS 75 DPWA ~rN ~ ~ ' K  

Note: Signs of couplings from ~r N --~ N x  ~r analyses were changed In the 
1986 edition to agree wi th  the baPjon-first convention; the overall phase 
ambiguity Is resolved by chooslng a negative sign f(x the ~3(1620) 531 
coupling to A(1232)~r. 

(r~r~)~/rt== in N~r--+ N(1MI0) --* A(1232)~r, P-wave (rlr~)~/r 
VAI~U~ DOCUMEN T I p  TECN ~:QMMENT 
--O.$1 tO --0.21 OUR ESTIMATE 
- 0 . 2 6 •  MANLEY 92 IPWA ~rN ~ ~rN & Nx~r  
- 0 . 2 7  1,7 LONGACRE 77 IPWA ~rN--~ N~rx 
- 0 . 2 5  2 LONGACRE 75 IPWA ~rN --~ N~rx 

N(1680) DECAY MODES 

The fol lowing branching fractions are our estimates, not fits or averages. 

Mode Fraction ( r l / F )  

r~ N*r 60-70 % 
F 2 Nr/ 
F 3 A K  

I" 4 E K  
1.5 N~r~r 30-40 % 
I" s A ~r s-15 % 
1" 7 A(1232)~r, P-wave 6-14 % 
r 5 A(1232)~r, F-wave <2 % 
i" 9 N p 3-15 % 
1"10 Np, 5=1/2, F-wave 
I"11 Np, S=3/2, P-wave <12 % 
1"12 Np, 5=3/2, F-wave 1-5 % 

I = 0  r13 N (~r~r)s_wave 5 -20% 

1.14 P~'  0.21-0.32 % 

I'15 p-~, helicity=l/2 0.001-0.01z % 
1"16 p~, helicity=3/2 0.2o-0.32 % 
1"17 t/')" 0.021-0.046 % 

rze n% helicity=l/2 0.004-0.029 % 
F19 n'~, helicity=3/2 0.01-0.024 % 

N(1MIO) BRANCHING RATIOS 

r(N~)/rm, 
VALUE DOCUMENT ID T~f~N COMMENT 
0.~ 1~ 0.7 OUR ESTIMATE 
0.70• MANLEY 92 IPWA x N ~  ~ r N & N ~ r  
0.62• CUTKOSKY 80 IPWA ~rN ~ ~rN 
0.65• HOEHLER 79 IPWA ~rN--~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.68 ARNDT 95 DPWA x N  ~ N ~  
0.69~0.04 BATINIC 95 DPWA z N  ~ N~r, Nr/ 

rt/r 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

- 0 . 3 8  8 NOVOSELLER 78 IPWA *rN ~ N~rlr 

(rlrrl~/rmj In Nit --~ N ( I~0 )  --* A(1232)Ir, F-1~'e (rlrl)~/r 
VALUE DOCUMENT I~) TECN COMMENT 
+0 .1~  tO +0 .11  OUR ESTIMATE 
+0 .07•  MANLEY 92 IPWA x N  ~ x N  & N x ~  
+0.07 1,7 LONGACRE 77 IPWA ~rN ~ N ~ l r  
+0.08 2 LONGACRE 75 IPWA 7rN ~ N~rlr 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

+0,05 8 NOVOSELLER 78 IPWA l rN  --~ N l r x  

(r~rr)~/r~,~ tn N f  --~ N(leB0) .-* Np, S=3/2, P-.vmve (rlrl l l~/r 
YAt,~ DOCUMENT tO TECN f;@MMENT 
-0 .30 tO -0.10 OUR ESTIMATE 
- 0 . 2 0 •  MANLEY 92 IPWA l rN- -~  x N  & N l r x  
- 0 . 2 3  1,7 LONGACRE 77 IPWA ~rN ~ N ~ x  
- 0 . 3 0  2 LONGACRE 75 IPWA x N  --* N~rx 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

--0.34 8 NOVOSELLER 78 IPWA ~rN ~ N x x  

( l ' l r r )~ / r~ , l  In N~r --~ N(1680) -~ NO, S13/2, F - I r e  (l 'xrz=)~/r 
VALUE DOCUMENT ID T~.~I COMMENT 
--0.18 t~  --0.10 OUR ESTIMATE 
- 0 . 1 3 •  MANLEY 92 IPWA x N ~ - *  ~ r N & N ~ r  
- 0 . 1 5  1,7 LONGACRE 77 IPWA ~ N  --~ N~r~r 

[r~rrl~/r~,t J. N~r --~ N(1680) --~ N ( ~ r l ~ m ~  (r l r . )~/r  
VALUE DOCUMENT ID TECN ~OMMENT 
+0 .26  tO +0 .38  OUR ESTIMATE 
+0 .29 •  MANLEY 92 IPWA ~rN ~ ~rN & N~r~r 
+0.31 1,7 LONGACRE 77 IPWA * rN- - *  N ~ r  
+0.30 2 LONGACRE 75 IPWA *rN --~ N~rx 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

+0.42 5 NOVOSELLER 78 IPWA ~rN ~ N~rx 

N(lrdl0) PHOTON DECAY AMPLITUDES 

(r~rr)~/rtot= In N f - - *  N(lrdlO)--~ Nq 
y,~l,l,l~ DOCUMENT ID TE(; N COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

not seen BAKER 79 DPWA x -  p --~ nr/ 

r(N,O/r~ 
VALUE DOCUMENT IO T g ~  COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.01 •  BATINIC 95 DPWA ~ N  --~ N,r ,  Nr/ 
0.0005 or 0.001 5 CARRERAS 
0.0OO4 S BOTKE 
0.003 •  5 DEANS 

(rlr=)~/r 

rdr 

70 MPWA t pole + resonance 
69 MPWA t pole + resonance 
69 MPWA t pole + resonance 

N(1680) --~ p'y, helldty-1/2 amplitude A l l  2 
VALUE(GeV-1/2 ) DOCUMENT IO TECN COMMENT 

--0.01g'1-0.008 OUR ESTIMATE 
-0 .010•  ARNDT 96 IPWA " IN ~ l r N  
-0 .017 •  CRAWFORD 83 IPWA "~N ~ ~ N  
-0 .009•  AWAJI 51 DPWA "yN ~ l r N  
-0 .028•  ARAI 80 DPWA "yN -'* ~rN (f i t  1) 
-0 .025•  ARAI 80 DPWA ~'N --, l r N  (f i t  2) 
-0 .015•  CRAWFORD 80 DPWA ~,N ~ 7rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

-0 .006•  Ll 93 IPWA " rN  ~ x N  
-0 .005•  BARBOUR 78 DPWA " fN ~ x N  
-0 ,009•  FELLER 76 DPWA ~'N ~ ~rN 
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N(1680), N(1700) 
N(1M0) ~ P'I', hendty-3/2 amplitude A=/:! 
VALUE (GeV -1/2 ) DOCUMENT ID TECN COMMENT 
+0.1334"O.012 OUR ESTIMATE 

0.145:E0.005 ARNDT 96 IPWA 3 ' N ~  ~rN 
0.1324-0.010 CRAWFORD 83 IPWA 3'N ~ ~rN 
0.1154-0.008 AWAJI 81 DPWA *fN -~ ~rN 
O.1154-O.003 ARAI 80 DPWA "rN --~ ~N  (fit 1) 
O.1224-O.003 ARAI 80 DPWA ~N  ~ ~rN (fit 2) 
0.1414-0.014 CRAWFORD 80 DPWA "rN ~ ~rN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.1544-0.002 LI 93 IPWA -~N ~ ~rN 
+0.1384-0.021 BARBOUR 78 DPWA ~/N --* ~rN 
+0.1214-0.010 FELLER 76 DPWA "~N -~ ~N  

N(Z~0) - .  n~, hVldty-U2 amplRude Az/= 
VALUE (GeV -1/2) DOCUMENT ID TECN COMMENT 
+O~O0-1-O~LO OUR ESTIMATE 

0.030:1:0,005 ARNDT 96 IPWA 3'N ~ ~rN 
0.017:E0.014 AWAJI 81 DPWA *fN ~ ~rN 
0.0324.0,003 FUJII 81 DPWA ~N  --* ~rN 
0.0264.0,008 ARAI 60 DPWA ~N  --* ~rN (fit 1) 
0.0284.0,014 ARAI 80 DPWA "~N --* ~rN (fit 2) 
0,0444-0.012 CRAWFORD 80 DPWA ~N  ~ wN 
0.0254-0.010 TAKEDA 80 DPWA "~N ~ ~rN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0,0224-0.002 LI 93 IPWA ~N ~ ~rN 
+0,0374-0.010 BARBOUR 76 DPWA -rN --* ~N  

N(1MI0) ~ n-/, hdldty-3/2 amplitude A3/= 
VALUE (GeV -1/2) DOCUMENT IO TECN COMMENT 
--0.0511=1:0.0OII OUR ESTIMATE 
-0 .040•  ARNDT 96 IPWA ~ N - - *  ~rN 
-0.0334-0.013 AWAJI 81 DPWA "rN ~ x N  
-0.023~O.005 FUJII 81 DPWA "~N ~ ~rN 
-0.024--0.009 ARAI 80 DPWA "yN --~ ~rN (fit 1) 
-0.0294-0.017 ARAI 80 DPWA ~N  -~ ~rN (fit 2) 
-0.0334-0,016 CRAWFORD 80 DPWA .yN --* x N  
-0.0354-0.012 TAKEDA 80 DPWA -fN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

-0,0484-0.002 LI 93 IPWA ~ , N ~  x N  
-0.0384-0.018 BARBOUR 78 DPWA ~,N ~ wN 

N(1680) FOOTNOTES 
1 LONGACRE 77 pole positions are from a search for poles In the unltarlzed T-matrix; the 

first (second) value uses, in addition to ~rN ~ N~r~r data, elastic amplitudes from a 
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball 
fits with Brelt-Wlgner circles to the T-matrix amplitudes, 

2 From method I! of  LONGACRE 75: eyeball fits with Brelt-Wlgner circles to the T-matrix 
amplitudes. 

3See HOEHLER 93 for a detailed dlecusslon of the evidence for and the pole parameters 
of  N and A resonances as determined from Argand diagrams of ~ N elastic partial-wave 
amplitudes and from IdOts of the speeds with which the amplitudes traverse the diagrams. 

4LONGACRE 78 values are from a search for poles In the unltadzed T-matrix. The first 
(second) value uses, In addition to ~rN --* N~r~r data, elastic amplitudes from a Saclay 
(r partial-wave analysis. 

5The parametrlzatlon used may be double counting. 
6The range given Is from 3 of 4 best solutions; not present In solution 1. DEANS 75 

disagrees with ~r -I" p --* ~-I- K + data of WlNNIK 77 around 1920 MeV. 
7 LONGACRE 77 considers this COUl~ing to be well determined. 
8A Breit-Wlgner fit to the HERNDON 75 IPWA. 

N(lfdl0) REFERENCES 
For esdy references, see Physics Letters l U B  70 (1982). For very early 
references, see Reviews of Modern Physics 37 633 (1965). 

ARNDT 96 PR C53 430 +Sttakovsky, Workman (VPI) 
ARNDT 95 PR C32 2 1 2 0  +Strakovsky, Workman, Pavan (VPI, BRCD) 
BATJNIC 95 PR C51 2310 +Slou$, Sva(c, Nefkens (BOSK. UCLA) 
HOEHLER 93 x N Newsletter 9 1 (KARL) 
LI 93 PR C47 2759 +Arndt, Roper, Workman (VPI) 
MANLEY 92 PR 1345 4002 +5aleski (KENT) IJP 

Also B4 PR D30 904 Manley. Arndt, G(xadla, Teldltz (VPI) 
ARNDT 91 PR 043 2131 +U, Roper, Workman, Fo(d (VPI. TELE) IJP 
BELL 83 NP B222 389 +Basse~, Broome, Da~ey, Hart, Llntern+ (RL) IJP 
CRAWFORD 83 NP B211 1 +Morton (GLA5) 
PDG 82 PL 111B Roo~, Porter, Aauilar-Benitez+ (HELS, CIT, CERN) 
AWAJI 81 Bonn Conf. 352 +Kajikawa (NAGO) 

Also 82 NP B197 365 Fujil, Hayashli, Iwata, KaJikewa+ (NAGO) 
FUJII 81 NP B187 53 +Hayashli, Iwata, Kajikawa+ (NAGO, OSAK) 
ARAI 80 Toronto Conf. 93 SINUS) 

Also 82 NP B194 251 Arai, Fujii SINUS) 
CRAWFORD 80 Toronto Conf. 107 (GLAS) 
CUTKOSKY 80 Toronto Conf. 19 +Fo~syth, Babcock, Kelly, Hendrick (CMU, LBL) IJP 

Also 79 PR D20 2838 Cutkosky, Fo~yth, Henddck, Kelly (CMU, LBL) IJP 
SAXON 80 NP B162 522 +Baker, Bell, BUssett, Bloodworth+ (RHEL, BRIS) IJP 
TAKEDA 80 NP B168 17 +Arai, Fujit, Ikeda, Iwasaki+ (TOKY, INUS) 
BAKER 79 NP BlS6 93 +Brown, Clark, Davies, OepalFer, Evans+ (RHEL) IJP 

HOEHLER 79 PDAT 12-1 +Kaiser, Koch, Pietadnen (KARLT) IJP 
Also 80 Toronto Conf. 3 Koch (KARLT) IJP 

BARBOUR 78 NP B141 353 +Crawford, Parsons (GLAS) 
LONGACRE 78 PR D17 1795 +La$inski, Rosenfeld, SmadJa+ (LBL SLAC) 
NOVOSELLER 78 NP B137 309 (CIT) IJP 

Also 78B NP B137 445 Novo~ler (CIT) IJP 
BAKER 77 NP B128 365 +81ilsett, Bloodworth, Broome, Hart+ (RHEL) IJP 
LONGACRE 77 NP B122 493 +Dolbeau (SACL) IJP 

Also 76 NP 8108 365 D~bea~, Trlantls, Neveu, Cadiet (SACL) IJP 
WlNNIK 77 NP B128 66 +Toaff, Revel. Goldber8, Berny (HAlf) I 
FELLER 76 NP B104 219 +Fukushima, Hodkewa, KaJikewa+ (NAGO, OSAK) IJP 
DEANS 75 NP B% 90 +Mitchell, Mon~omery+ (SFLA, ALAH) IJP 
HERNDON 75 PR Oll 3183 +Longacre. Miller, Rosenfeld+ (LBL, SLAC) 
KNASEL 75 PR Oll 1 +Lindqvist, Nelson+ (CHIC, WUSL, OSU, ANL) IJP 
LONGACRE 75 PL 53B 418 +Rosenfeld, La.Jn$1.J, Smadja+ (LBL, SLAC) IJP 
OEVENISH 74B NP B81 330 +Froaptt , Martin (DESY, NORD, LOUC) 
CARRERAS 70 NP B16 35 +Donnachie (DARE, MCHS) 
BOTKE 69 PR 180 1417 (UCSB) 
DEANS 69 PR 185 1797 +Woolen (SFLA) 
HEUSCH 66 PRL 17 1018 +Prescott, Dashen (CIT) 

I N(1700) D131 I(J P) = �89 Status: ~<:k* 

Most o f  the results published before 1975 are now obsolete and have 
been omitted. They may be found In our 1982 edltlon, Physics 
Letters 111B (1982). 

The various partial-wave analyses do not agree very well. 

N(1700) BREIT-WlGNER MASS 

VALUE(MeV) DOCUMENT ID TECN COMMENT 
1MO to 1?SO ( ~  11'00) OUR ESTIMATE 

17374-44 MANLEY 92 IPWA ~rN--~ ~ rN&N~r~ r  
1675-;-25 CUTKOSKY 80 IPWA ~rN --~ ~rN 
17314-15 HOEHLER 79 IPWA ~rN - *  ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

17914-46 BATINIC 95 DPWA x N  --~ N~, Nr/ 
1709 CRAWFORD 80 DPWA ~N  --~ ~rN 
1650 SAXON 80 DPWA x - p - - *  AK  0 
1690 to 1710 BAKER 78 DPWA l r - p  ~ AK  0 
1719 BARBOUR 78 DPWA "TN ~ ~rN 
16704-10 1BAKER 77 IPWA l r - p . - ,  A K  0 
1690 1 BAKER 77 DPWA I r - p  ~ A K  0 
1660 2 LONGACRE 77 IPWA l rN ~ Nlr~r 
1710 3LONGACRE 75 IPWA x N ~  Nlr~r 

N(1700) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT IO TECN COMMENT 
SO to 110 (~ 100) OUR ESTIMATE 

250:::E220 MANLEY 92 IPWA ~N  --~ '~'N & N'e"a" 
90•  40 CUTKOSKY 80 IPWA ~r l rN 

1104. 30 HOEHLER 79 IPWA x N  ~ l rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

215-- 60 BATINIC 95 DPWA ~rN ~ NIt, Nr/ 
166 CRAWFORD 80 DPWA "yN --* x N  
70 SAXON 80 DPWA ~r -p . . . *  A K  0 
70 to 100 BAKER 78 DPWA ~ r - p  --~ A K  0 

126 �9 BARBOUR 78 DPWA */N --* l rN . 
90-;- 25 1BAKER 77 IPWA I t - p - - ,  A K  0 

100 1BAKER 77 DPWA 7 r - p ~  A K  0 
600 2 LONGACRE 77 IPWA ~rN --~ N x *  
300 3 LONGACRE 75 IPWA ~rN ~ N l r x  

N(1700) POLE POSITION 

REAL PART 
VALUE (MeV I DOCUMENT ID TECN COMMENT 
1630 to 1130 (~  16110) OUR ESTIMATE 

1700 4HOEHLER 93 SPED x N - - *  l rN 
16604.30 CUTKOSKY 80 IPWA ~ N  ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

not seen ARNDT 91 DPWA l rN ~ l rN Soln SM90 
1710 or 1678 5 LONGACRE 78 IPWA l rN ~ N l r~  
1616 or 1613 2 LONGACRE 77 IPWA l rN --~ N~r~r 

- 2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 
so to zso (~ 10o) OUR ESTIMATE 

120 4HOEHLER 93 SPED ~ N ~  x N  
904.40 CUTKOSKY 80 IPWA l rN ~ l rN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

not seen ARNDT 91 DPWA ~ N  ~ l rN Soln SM�O 
607or567 5LONGACRE 78 IPWA ~ r N ~  N x l r  
577 or 575 2 LONGACRE 77 IPWA l rN ~ N x l r  
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N ( 1 7 0 0 )  

N(1700) ELASTIC POLE RESIDUE 

MODULUS Irl 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

5 HOEHLER 93 SPED ~ r N ~  ~rN 
64-3 CUTKOSKY 80 IPWA ~rN ~ x N  

PHASE # 
VALUE (o) DOCUMENT ID TECN COMMENT 

0•  CUTKOSKY 80 IPWA ~rN ~ ~rN 

N(1700) DECAY MODES 

The following branching fractions are our estimates, not fits or averages. 

(r;rr]~=/rt== In N~" --.* N(I"/O0] -.~ 4(1232)~r, D-~ve (rzr.p/r 
VALU~ ~)@~UMENT ID TECN COMMENT 

4-0.04 to  4-0.20 OUR ESTIMATE 
+0.104-0.09 MANLEY 92 IPWA ~rN ~ ~ N  & N~r~r 
-0 .12  2 LONGACRE 77 IPWA ~rN ~ N~r~r 
40.14 3 LONGACRE 75 IPWA ~rN ~ N~r~r 

(rF~)~/rt== I. N~r --* N(1700) ~ Np, $=3/2, S-wave (r;r;z)~/r 
VA~,UE DOCUMENT ID T~CN COMMENT 

4-001 to  :t:0.13 OUR ESTIMATE 
-0.044-0.06 MANLEY 92 IPWA ~rN - *  ~rN & N x x  
-0 .07  2 LONGACRE 77 IPWA ~rN ~ N~rx 
+0.07 3 LONGACRE 75 IPWA ~rN -~ N~:~r 

Mode Fraction ( r l / r )  

r I N~r 5-15 % 
r 2 N~/ 
r 3 AK <3% 
r 4 Z'K 
r8 N~r~r 85-~s % 
r6 A~ 
r7 A(1232)~r, S-wave 
r 8 A(1232)~r, D-wave 
r 9 N p  <38 % 

rio Np, S=1/2, D-wave 
rzz Np, 5=3/2, .,,C-wave 
r12 Np, 5=3/2. D-wave 

I =0  
r 1~ N ( ~ ) S-wave 
r14 p~/ 0.01-0.05 % 

1-15 p--(, h e l i c i t y = l / 2  0.0-0.024 % 

Fie p~,, h e l i c i t y = 3 / 2  0.002-0.026 % 

rz7 n ~  0.01-0.13 % 

r18 n'7, h e l i c i t y = l / 2  0.0-0.09 % 

rl~ n ~ ,  h e l i c i t y = 3 / 2  O.Ol-0.o5 % 

N(1700) BRANCHING RATIOS 

r(N.)/rt== 
VA~,V~ DOCUMENT ID TECN 
0.0~ to 0.15 OUR ESTIMATE 
0.014-0.02 MANLEY 92 IPWA 
0.11• CUTKOSKY 80 IPWA 
0,08• HOEHLER 79 IPWA 
�9 �9 �9 We do not use the following data for averages, fits, limits, 

0,04 4- 0.05 BATINIC 95 DPWA 

r(N~)Irtot., 
~/A~.UE DOCUMENT ID TECN 

�9 �9 �9 We do not use the following data for averages, fits, limits, 

0.10• BATINIC 95 DPWA 

(rF~)~/r~t= In N~r --~ N(17001 --~ AK 
VALU E DOCUMENT ID TECN 
-0.06 to +0.04 OUR ESTI~IATE 

rz/r 
r 

~ r N ~  ~ ' N & N x ~  
~r N -.~ ~r N 
~rN ~ ~rN 
etc. �9 �9 �9 

~N ~ N x ,  N~/ 

r=Ir 
COMMENT 

etc. �9 �9 �9 

~rN --~ N~, N~ 

(r:r=)~i/r 
COMMENT 

( rFr )~ / r t~  in N.-~ N(~O) -.  N(~)~_~=. (r ,r , . )~tr 
VALUE DOCUMENT ID TEC N COMMENT 

4 - 0 ~  to 4-0,28 OUR ESTIMATE 
+0,024-0.02 MANLEY 92 IPWA x N  ~ ~N  & N ~  

0.00 2 LONGACRE 77 IPWA ~rN ~ N~r~r 
40,2  3 LONGACRE 75 IPWA x N  ~ N~r~r 

N(1700) PHOTON DECAY AMPLITUDES 

N(1700) --~ p-f, hellclty-1/2 amplitude Az/~ 
VALUE (GeV~I/2 ) DOCUMENT ID TECN COMMENT 
--0.018:1:0.013 OUR ESTIMATE 
-0 .016•  CRAWFORD 83 IPWA 3'N - *  ~rN 
-0.0024-0.013 AWAJI 81 DPWA "fN ~ ~rN 
-0.0284-0.007 ARAI 80 DPWA 3'N --~ ~rN (fit 1) 
-0.0294-0.006 ARAI 80 DPWA 3'N ~ x N  (fit 2) 
-0.0244-0.019 CRAWFORD 80 DPWA ~N  ~ ~N  
�9 �9 �9 We do not use the following data for averages, fits, Ilmits, etc. �9 �9 �9 

-0 .033•  BARBOUR 78 DPWA 3,N--~ ~rN 
-0 .014•  FELLER 76 DPWA 3'N ~ ~rN 

N(1700) --~ p~f, he~lclty-3/2 amplitude Aa/2 
VALUE(GeV-1/2 ) DOCUMENT ID TECN COMMENT 
- 0 ~ = i : 0 . ~ 4  OUR ESTIMATE 
-0.0094-0.012 CRAWFORD 83 IPWA ~'N -~ ~ N  

0.0294-0.014 AWAJI 81 DPWA "yN --~ ~rN 
-0.0024-0.005 ARAI 80 DPWA "7N ~ ~rN (fit 1) 

0.0144"0.005 ARAI 80 DPWA " IN ~ x N  (fit 2) 
-0.0174"0.014 CRAWFORD 80 DPWA *fN --~ = N  
�9 �9 �9 We do not use the following data for averages, fits, ,mRs, etc. �9 �9 �9 

-0.0144-0.025 BARBOUR 78 DPWA "yN - *  x N  
0,0 4-0.014 FELLER 76 DPWA "yN --* 7rN 

N(1700} --~ n~r, helldty-1/2 amplitude Al l  = 
VALUE IG,V-~/2~ DOCUMENT ~o TEeN COM~eV~ 

0~o.~o~o ou~ ESTIMATE 
0.0064-0.024 AWAJI 81 DPWA "yN ~ ~rN 

-0 .002•  FUJII * 81 DPWA " fN- - *  x N  
-0.0524-0.030 ARAI 80 DPWA ~N  --* ~rN (fit 1) 
-0.0584-0.030 ARAI 80 DPWA 3'N ~ ~rN (fit 2) 

0.0524-0,035 CRAWFORD 80 DPWA 3'N - *  ~ N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

+0.050• BARBOUR 78 DPWA 3'N --~ ~rN 

-0.012 BELL 83 DPWA l r - p  --~ AK  0 
-0 .012 SAXON 80 DPWA ~ - p ~  A K  0 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0 .04  6 BAKER 78 DPWA See SAXON 80 
-0 .03 4-0.004 1BAKER 77 IPWA ~ - p ~  A K  0 
-0 ,03 1 BAKER 77 DPWA l r - p  ~ A K  0 
+0.0264-0.019 DEVENISH 748 Flxed-t dispersion rel. 

(rFr)Y=Irt== I. N. -~ N(1700) - *  EK (r:r4)~/r 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

not seen LIVANOS 80 DPWA lrp --~ Z 'K 
<0.017 7 DEANS 75 DPWA l rN ~ ,EK 

Note: Signs of couplings from ~rN ~ Nlr~r analyses were changed in the 
1986 edition to agree with the baryon-first convention; the overall phase 
ambiguity Is resolved by choosing a negative sign for the A(1620) 531 
coupling to A(1232)lr. 

(rlrr)V=/rtot=l In Nlr--~ N(1700) --* A(1232)lr, S-wave (FzFz)V=/F 
VALUE DOCUMENT ID TEC N CQMM~NT 

0.00 to 4-0.08 OUR ESTIMATE 
+0.024-0.03 MANLEY 92 IPWA ~rN ~ x N  & N x x  

0,00 2 LONGACRE 77 IPWA l rN ~ Nx~r 
-0 .16  3 LONGACRE 75 IPWA 7rN ~ N~r~r 

N(1700) --* n'y. helldty-3/2 amplitude As/2 
VALUE (GeV-I/2 ) DOCUMENT ID TECN 
--0JB064-0.044 OUR ESTIMATE 
- 0.033i0.017 AWAJI 81 DPWA 

0.018• FUJII 81 DPWA 
-0.0374-0.036 ARAI 80 DPWA 
-0.0354-0.024 ARAI 80 DPWA 

0.0414-0.030 CRAWFORD 80 DPWA 
�9 �9 �9 We do not use the following data for averages, fitsj limits, 

+0.035-l-0.030 BARBOUR 78 DPWA 

COMMENT 

-yN - *  l rN 
? N  ~ x N  
~ N ~  =N (fit 1) 
"yN --~ l rN (fit 2) 
- fN -~ ~N  
etc. �9 �9 �9 

"yN ~ x N  

N(1700) ,yp --, A K  + AMPLITUDES 

(l'lFf)~/rtotal In p~f ~ N(1700) -~ AK + (E 2_ amplitude) 
VALUE (units 10 -3} DOCUMENT ID TECN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

4.09 TANABE 89 DPWA 

(fll'f)~/P~t=l In p~ /~  N(1700) --~ AK + (M2- amplitude) 
VALUE (units 10 -3 ) DOCUMENT ID TECN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-7 .09  TANABE 89 DPWA 
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N ( 1 7 0 0 ) ,  N ( 1 7 1 0 )  

p'y --~ N(1700) --* AK + phase anBle t) (E, 4_ amplitude) 
VALUE (degrees) DOCUMENT ID TECN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 3 5 . 9  TANABE 89 DPWA 

N(1700) FOOTNOTES 
1The two BAKER 77 entries are from an IPWA using the Barrel�9 method and from 

a conventional energy-dependent analysis. 

N(1710) BREIT-WIGNER WIDTH 

2 LONGACRE 77 pole positions are from a search for poles in the unitarized T-matr ix;  the 
first (second) value uses, In addition to  ~ N  ~ N~r~r data, elastic amplitudes from a 
Saclay (CERN) parUal-wave analysis. The other LONGACRE 77 values are from eyeball 
fits wi th Breit-Wlgner circles to the T-matr ix  amplitudes. 

3 From method II of LONGACRE 75: eyeball fits wi th Brett-Wigner circles to the T-matr ix 
amplitudes. 

4See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 
of N and ~ resonances as determined from Argand diagrams of ~rN elastic partial-wave 
amplitudes and from plots of  the speeds wi th which the amplitudes traverse the diagrams. 

S LONGACRE 78 values are from a search for poles In the unltarlzed T-matrix. The first 
(second) value uses. in addition to ~ N  ~ N ~  data, elastic amplitudes from a Saclay 
(CERN) partlal-wave analysis, 

6The overall phase of BAKER 78 couplings has been changed to agree wi th previous 
conventions. 

7The range given Is from the four best solutions. 

105•  10 ARNDT 96 IPWA ~ ' N ~  x N  
185-t- 61 BATINIC 95 DPWA ~rN ~ N x ,  Nr l  
540 BELL 83 DPWA x - p ~  A K  0 

200 CRAWFORD 80 DPWA ~fN ~ ~rN 
550 SAXON 80 DPWA * - p  ~ A K  0 

97 BAKER 79 DPWA ~r- p --~ nr/ 
90 to 150 BAKER 78 DPWA ~ r - p  ~ A K  0 

167 BARBOUR 78 DPWA ~,N ~ ~rN 
160:E 6 2 BAKER 77 IPWA x - p  ~ A K  0 

95 2BAKER 77 DPWA ~ r - p ~  A K  "0 
120 3 LONGACRE 77 IPWA ~rN-- ,  N~r~ 
174 KNASEL 75 DPWA ~ r - p  ~ A K  0 

N(1700) REFERENCES 

For early references, see Physics Letters I U B  70 (1982). 

BATINIC 9S PR CS12310 +Siaus. Svarc, Nef~ns (I]OSK, UCLA) 
HOEHLER 93 x N Newsletter 91 (KARL) 
MANLEY 92 PR D454002 +Sal~sld (KENT) IJP 

Also 84 PR D30904 MaRl�9 Arndt. Goradia. Tep~itz (VPI) 
ARNDT 91 PR I)432131 +Li, Roper, Workman, Ford (VPI. TEl.E) IJP 
TANABE 89 PR C39741 +Kohno. Bennhold (MANZ) 

Also 89 NC 102A 183 Koh.o. Tanabe. Bennhold (MANZ) 
BELL 83 NP 8222389 +Bliss�9 Broom�9 Daley, Hart, Lint�9 (RL) IJP 
CRAWFORD 83 NP B2111 +Morton (GLAS) 
PDG 82 PL 1118 Ro~, Porter, Aguilar-Banitez+ (HELS, CIT. CERN) 
AWAJI ' 81 ~onn Conf. 352 +Kajika~va (NAGO) 

AlSO 82 NP 8197 365 Fujii, Hayashii. Iwata, Kajikawa+ (NAGO) 
FUJII 81 NP B187 53 +Hayashii. Iwata, Kajikawa+ (NAGO, OSAK) 
ARAI 80 Toronto Conf. 93 (tNUS) 

Also 82 NP 8194251 Amt. FuJii (INUS) 
CRAWFORD 80 Toronto Conf. 107 (GLAS) 
CUTKOSKY 80 Toronto ConL 19 +Forsyth. Babcock, Kelly, Henddck (CMU, LBL) IJP 

Also 79 PR D202839 Cutkosky, Focsyth, Hendrick, Kelly (CMU, LBL) IJP 
LIVANOS 80 Toronto Conf. 35 +Baton, Coutures, Kochowski, Neveu (SAEL) IJP 
SAXON 80 NP 8162522 +Baker, Bell, Bliss�9 Bloodworth+ (RHEL, BRIS) IJP 
HOEHLER 79 PDAT 12-1 +Kaiser, Koch. Pietarinen (KARLT) IJP 

Also 80 Toronto Conf. 3 Kock (KARLT) IJP 
BAKER 78 NP B14129 +Blisse~, Bloodworth. Broom�9 (RL, CAVE) IJP 
I]ARBOUR 78 NP B141253 +Crawford, Parsons (GLAS) 
LONGACRE 78 PR O171795 +Ladnski. Rosenfeld. Smadja+ (El]L, SLAC) 
flAKER 77 NP B126 365 +Bliss�9 Btoodworth, Broom�9 Hart+ (RHEL) IJP 
LONGACRE 77 NP l]122 493 +Dolbeau ($AEL) IJP 

Also 76 NP 8108365 Dolbeau, TrianUs. Neveu, Cadlet (SACL) UP 
FELLER 76 NP B104219 +Fukushima, Horlkawa, Kajikawa+ (NAGO, OSAK) IJP 
DEANS 75 NP B% 90 +Mitchell, Montgomery+ (SFLA, ALAH) IJP 
LONGACRE 75 PL 55B 415 +Ros~nfeld, Ladnski, Smadja+ (LBL, SLAC) IJP 

75 4 LONGACRE 75 IPWA ~rN ~ N~r~r 

N(1710) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1670 to  1170 ( ~  17"20) OUR ESTIMATE 
1770 ARNDT 95 DPWA ~rN ~ N x  
1690 5 HOEHLER 93 SPED ~rN --* x N  
1698 CUTKOSKY 90 IPWA l r N  ~ *rN 
1690• CUTKOSKY 80 IPWA ~ N  ~ 7rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1636 ARNDT 91 DPWA ~ rN -+  ~ N  Soln SMSO 
1708 or 1712 6 LONGACRE 78 IPWA l r N  ~ N~r~r 
1720 or 1711 3 LONGACRE 77 IPWA ~ N  ~ N ~ r  

-2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

so to M0 (~ 23o) OUR EImMATE 
378 ARNDT 95 DPWA ~rN ~ N~r 
200 5HOEHLER 93 SPED ~ r N ~  x N  

88 CUTKOSKY 90 IPWA ~ r N ~  ~ N  
80-)-20 CUTKOSKY 80 IPWA * N  ~ x N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

544 ARNDT 91 DPWA x N  ~ ~ N  Soln SMSO 
17 or 22 6 LONGACRE 78 IPWA x N  ~ N~r~ 

123 or 115 3 LONGACRE 77 IPWA ~ N  ~ N~r~r 

DEVENISH 748 NP B81330 +Fmigatt, Martin (DESY, NORD, LOUC) 

I N(171~ P'I = ='21'1+'/ S ta tus :  * ~ < ~ <  

Most  o f  t h e  results publ ished before 1975 are now obsolete and have 
beer omi t ted .  They  may  be found in our  1982 edit ion, Physics 
Letters 111B (1982).  

The various part ia l-wave analyses do no t  agree very wel l .  

N(1710) BREIT-WIGNER MASS 

VALUE (MeV} DOCUMENT IO TEEN COMMENT 

lUO tO 1740 (=. 1710) OUR ESTIMATE 
1717• MANLEY 92 IPWA ~rN ~ l r N  & N~r~r 
1700-1-50 CUTKOSKY 80 IPWA ~rN ~ ~rN 
1723-1- 9 HOEHLER 79 IPWA l rN  ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1720:1:10 ARNDT 96 IPWA "yN ~ *rN 
1766• 1 BATINIC 95 DPWA w N  ~ Nl r ,  Nr/ 
1706 EUTKOSKY 90 IPWA l r N  ~ ~rN 
1692 CRAWFORD 80 DPWA ~ N  ~ ~ N  
1730 SAXON 80 DPWA w - p ~  A K  0 

1690 BAKER 79 DPWA . - p  ~ n n  

1650 to 1680 BAKER 78 DPWA ~r- p A K  0 
1721 BARBOUR 78 DPWA "TN ~ *rN 
1625• 2 BAKER 77 IPWA 7 r - p  ~ A K  0 
1650 2 BAKER 77 DPWA ~r-p ~ A K  0 
1720 3 LONGACRE 77 IPWA *rN ~ N~rlr 
1670 KNASEL 75 DPWA l r -  p ~ A K  0 
1710 4 LONGACRE 75 IPWA ~ N  ~ N~r~ 

N(1710) ELASTIC POLE RESIDUE 
MODULUS Irl 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

37 ARNDT 95 DPWA ~ N  ~ N:r 
15 HOEHLER 93 SPED * r N ~  ~ N  

9 CUTKOSKY 90 IPWA l r N - *  ~ N  
8 •  CUTKOSKY 80 IPWA ~rN ~ ~ N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, limRs, etc. �9 �9 �9 

149 ARNDT 91 DPWA l r N  ~ ~ N  Coin 5M90 

PHASE # 
VALUE (o) DOCUMENT ID TEEN COMMENT 

--167 ARNDT 95 DPWA ~ N  ~ N ~  
- 1 6 7  CUTKOSKY 90 IPWA x N  ~ ~ N  

175~:35 EUTKOSKY 80 IPWA x N  ~ ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

149 ARNDT 91 DPWA l r N  --* ~ N  Soln SMS0 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
so to =so (~ 1oo) OUR ESTIMATE 

480+230 MANLEY 92 IPWA l rN  ~ x N  & NlrTr 
93:1:30 CUTKOSKY 90 IPWA ~rN ~ l r N  
90:E 30 CUTKOSKY 80 IPWA f N  ~ t rN  

120:1:15 HOEHLER 79 IPWA l r N  ~ l r N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 



See key on page 213 

N(1710)  DECAY MODES 

The following branching fractions are our estimates, not fits or averages. 

Mode Fraction ( r / / r )  

I" 1 N =  lO-2O % 

r2 Nr /  
F 3 A K s--2s % 
F 4 E K  

F5 N~r~r 40-~o % 
r6 z ~ r  15-4o % 
F 7 A(1232)~r ,  P-wave 

F 8 N p  5-25 % 
F 9 N p ,  S 1 1 / 2 ,  P-wave 

FlO N p ,  5 = 3 / 2 ,  P-wave 
I=O 

rzz N( *r)s_wave lO-4o% 

r12 P'7 0.002-0.05% 
r13 p,),, h e l i c i t y = l / 2  0.0o2-0.05% 

['14 ng' 0:0-o.02% 
r15 n~,, h e l i c i t y = l / 2  0.0~.02% 

N(1710)  B R A N C H I N G  RATIOS 

r(N,r)/rm, r l / r  
VA~,VE/ DOCUMENT ID TECN COMMENT 
0.10 to 0.20 OUR I.:S'I1MATE 
0.09:s MANLEY 92 iPWA ~N ~ ~ N & Nx~r 
0.20:s CUTKOSKY 80 IPWA x N  ~ ~rN 
0.121s HOEHLER 79 IPWA x N  ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.081s BATINIC 95 DPWA ~rN ~ N x ,  Nrl 

r (N,O/r~ rd r  
VALUE DOCUMENT ID TE/CN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.161s BATINIC 95 DPWA ~rN --~ N~, N,/ 

(rF~l~ir~= ~. N,r--, N(17101 --~ Nq (rzr=)~Ir 
VAIrUE/ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.22 BAKER 79 DPWA x -  p ~ nr/ 
+0.383 FELTESSE 75 DPWA Soln A; see BAKER 79 

(r,r,)~/r m,  ~. N~r---~ N(1710)  --~ A K  (rlr~)~4/r 
VALUE DOCUMENT ID TE/CN (;OMMENT 
+0.12 to +0.18 OUR ESTIMATE 
+0.16 BELL 83 DPWA ~ r - p  ~ A K  0 
+0.14 SAXON 80 DPWA ~ - p ~  AK 0 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0.12 7 BAKER 78 DPWA See SAXON 80 
-0.05:s 2 BAKER 77 IPWA ~ r - p - - ,  A K  0 
-0.10 2 BAKER 77 DPWA ~r -p - -~  A K  0 

0.10 KNASEL 75 DPWA ~r -p - -~  A K  0 

(rFr)~/rto~ in N~r --~ N(1710)  --~ ~ K  (rzr4)~/r 
VALUE DOCUMENT ID TECN COMM~I~T 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0.034 LIVANOS 80 DPWA xp  --~ ~ 'K 
0.075 to 0.203 8 DEANS 75 DPWA x N  ~ E K  

Note: Signs of couplings from ~rN ~ N~r'~ analyses were changed In the 
1986 edition to agree with the baryon-first convention; the overall phase 
ambiguity Is resolved by choosing a negative sign for the A(1620) 531 
coupling to ,~(1232)~r. 

(rFr)~/rt~.l In N:r --~ N(1710)  - *  ZI(1232)~r, P -~ve  (rlr~)~,/r 
VALUE ~gQ~UMENT ID TEC N COMMENT 

4-0.16 to =l:0J12 OUR ESTIMATE 
-0.214-0.04 MANLEY 92 IPWA x N ~  ~ r N & N x ~ r  
-0.17 3 LONGACRE 77 IPWA ~rN ~ N~rx 
+0.20 4LONGACRE 75 IPWA ~ r N ~  N~r~r 

(r,r,)~'/r,~ in N~r --* N (1710)  ~ Np, $=1/2,  P - ~ e  (rlr,)~/r 
VAI, UE DOCUMENT ID TECN COMMENT 

4-0.09 to :E0.1~ OUR ESTIMATE 
+0.05:s MANLEY 92 IPWA ~rN ~ ~ N  & N~rx 
+0.19 3 LONGACRE 77 IPWA ~rN ~ N~rx 
-0.20 4 LONGACRE 75 IPWA ~rN ~ N~rx 

Baryon 
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N ( 1 7 1 0 )  

IL t /  
(rFr)7'/r~,j In N x  --,  N(1710)  -- ,  Np, $=3/2 ,  P-IIIve (rzrzo)~,/r 
VA~-U~ DOCUMENT IO TECN COMME/NT 

+0.31 3 LONGACRE 77 IPWA x N  ~ NxTr 

(rFrl~/r~.v In N . - .  N(17101--~ N ( 1 . r l ~ . m  ~ ( r l r l l l~ / r  
VALUE / DOCUMENT ID TECIV . COMMENT 

4-0.14 to -I-0.22 OUR ESTIMATE 
+0.04:s MANLEY 92 IPWA lrN ~ x N  & Nlr l r  
-0.26 3 LONGACRE 77 IPWA x N  ~ Nx l r  
-0.28 4 LONGACRE 75 IPWA x N  --* N~rlr 

N(1710)  P H O T O N  DECAY A M P L I T U D E S  

N(17Z0) -, P'r, I~k~y-Z/2 amplitude A;/2 
VALUE(GeV-1/2 ) DOCUMENT ID TECN COMMENT 
+O.009-1-0.O22 OUR ESTIMATE 

0.0071s ARNDT 96 ]PWA "yN --~ ~N 
0.0061s CRAWFORD 83 IPWA "yN-~ lrN 
0.028:s AWAJI 81 DPWA ~,N ~ ~N 

-0.009:s ARAI 80 DPWA "yN ~ ~rN (fit 1) 
-0.0124-0.005 ARAI 80 DPWA ~,N ~ lrN (fit 2) 

0.0154-0.025 CRAWFORD 80 DPWA "yN ~ x N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0.0374-0.002 LI 93 IPWA "yN ~ ~rN 
+0.0011s BARBOUR 78 DPWA ~'N ~ 7rN 
+0.0531s FELLER 76 DPWA "yN --+ ~rN 

N(1710)  --~ n" f ,  hetldlL~-l/2 ampl i tude Az /2  

VALUE (GeV-1/2) DOCUMENT tD TECN COMMENT 
--0.00~-1-0.014 OUR ESTIMATE 
-0.0024-0.015 ARNDT 96 IPWA ~IN ~ x N  

0.0001s AWAJI 81 DPWA " IN  --' x N  
-0.0011s FUJII 81 DPWA ~N --~ lrN 

0.0054-0.013 ARAI 80 DPWA ~N ~ x N  (fit 1) 
0.0111s ARAI 80 DPWA ~/N ~ x N  (fit 2) 

-0.0171s CRAWFORD 80 DPWA "yN --~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0524-0.003 LI 93 IPWA -yN ~ ~rN 
-0.0284-0.045 BARBOUR 78 DPWA "yN -~ x N  

N(1710)  "1P - - '  A K  + A M P L I T U D E S  

(rFrlY'/rtot,, In p ' / - - *  N(1710)  --* A K  + ( M  1_ ampl i tude) 
VALUE (units 10 -3 ) DOCUMENT ID TECN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-10.6 • WORKMAN 90 DPWA 
- 7.21 TANABE 89 DPWA 

p 'y  --* N(1710)  --~ A K  + phase angle O ( M 1 -  ampl i tude) 
VALUE (del~ees) DOCUMENT ID TECN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

218 :E3 WORKMAN 90 DPWA 
176.3 TANABE 89 DPWA 

N(1710)  F O O T N O T E S  

1 BATINIC 95 finds a second state with a 6 MeV mass difference. 
2The two BAKER 77 entries are from an IPWA using the Barrel�9 method and from 

a conventional enerl~'-dependent analysis. 
3 LONGACRE 77 pole positions are from a search for poles In the unitarlzed T-matrix; the 

first (second) value uses, in addition to l rN --* N x x  data, elastic amplitudes from a 
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball 
fits with Brelt-Wlgner circles to the "l'-matdx amplitudes. 

4 From method I[ of LONGACRE 75: eyeball fits with Brelt-WIgner circles to the T-matrix 
amplitudes. 

5See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 
of N and ,~ resonances as determined from Argand diagrams of l rN elastic partial-wave 
amplitudes and from plots of the speeds with which the am plltudes traverse the diagrams. 

6 LONGACRE 78 values are from a search for poles In the unitarlzed T-matrix, The first 
(second) value uses, in addition to ~rN --, NxTr data, elastic amplitudes from a Saday 
(CERN) partial-wave analysis. 

7The overall phase of BAKER 78 couplings has been changed to agree with previous 
conventions. 

8 The range given for DEANS 75 is from the four best solutions. 
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N(1710) REFERENCES 
For early references, see Physics Letters 111B 70 (1982). 

ARNDT 96 PR C53 430 +Strakovsky. Workman (VPI) 
ARNDT 95 PR C52 2 1 2 0  +Strakovsky, Workman, Pavan (VPI, BRCO) 
BATINIC 95 PR C51 2310 +Slaus, 5varc, Nefkens (BOSK, UCLA) 
HOEHLER 93 x N Newsletter 9 1 (KARL) 
LI 93 PR C47 2759 +Arndt, Roper. Workman (VPI) 
MANLEY 92 PR D45 4002 +Seleski (KENT) IJP 

Also 84 PR D30 904 MaRie/, Arndt, Go~adia, Tepiitz (VPI) 
ARNDT 91 PR D43 2131 +Li, Roper. Workman, Ford (VPI, TELE) IJP 
CUTKOSKY 90 PR D42 233 +Wang (CMU) 
WORKMAN 90 PR C42 781 (VPI) 
TANABE 89 PR C39 741 +Kohno, Bennllold (MANZ) 

Also 89 NC 102A 193 Kohno, Tanabe, Bennhoid (MANZ) 
BELL 83 NP B222 389 +Blissett, Broome, Dale/, Hart, Lintern+ (RL) IJP 
CRAWFORD 83 NP B211 1 +Morton (GLAS) 
PDG 82 PL 111B BOos. porter, AKuilar-Benitez+ (HELS, CIT, CERN) 
AWAJI 81 Bonn Cone 352 +Kajikawa (NAGO) 

Also 82 NP B197 355 Fujii, Hayashil, Iwata, Kajikawa+ (NAGO) 
FUJII 81 NP B187 53 +He/ashli, Iwata, Kajikawa+ (NAGO, OSAK) 
ARAl 80 Toronto Conf. 93 (INUS) 

Also 82 NP B194 251 Aral, Fujii (INUS) 
CRAWFORD 80 Toronto Conf. 107 (GLAS) 
CUTKOSKY 80 Toronto Cone 19 +Forsyth, Babcock, Kelly, Hendrick (CMU, LBL) IJP 

Also 79 PR D20 2839 Cutkosky. Forsyth, Hendrlck, Kelly (CMU, LBL) IJP 
LWANOS 80 Toronto Conf. 33 +Baton, Coutures, Kochowski, Neveu (SACL) IJP 
SAXON 80 NP B162 322 +Baker, Bell, Blissett, Bloodw0rth+ (RHEL, BRIS) IJP 
BAKER 79 NP B156 93 +Brown, Clark, Davies, Depa~ter, Evans+ (RHEL) IJP 
HOEHLER 79 PDAT 12-1 +Kaiser, Koch, Pietarinen {KARLT) IJP 

Also 80 Toronto Conf. 3 Koch (KARLT) IJP 
BAKER 78 NP e141 29 +Blissett, eloodworth, Broome+ (RL, CAVE) IJP 
BARBOUR 78 NP B141 233 +Crawford, Parsons (GLAS) 
LONGACRE 78 PR D17 1795 +Lasinsld, Rosenfeld, Smadja+ (LBL, SLAC) 
BAKER 77 NP B126 363 +Blissett, Bloodworth, Broome, Hart+ (RHEL) IJP 
LONGACRE 77 NP B122 493 +Dolbeau (SACL) IJP 

Also 76 NP B108 365 D~beau, Trlantis, Neveu, Codlet (SACL) IJP 
FELLER 76 NP B104 219 +Fukushima, Ho~ikawa, Kajikawa+ (NAGO, OSAK) IJP 
DEANS 75 NP B% 90 +Mitchell, Montgomery+ (SFLA, ALAH) IJP 
FELTESSE 75 NP B93 242 +Aye(I. Bare/R, Borgeaud, David+ (SACL) IJP 
KNASEL 75 PR Dl l  1 +Lindquist, Nelson+ (CHIC, WUSL, OSU, ANL) IJP 
LONGACRE 75 PL 5SB 413 +Rosenfeld, Ladnski, Sm;KlJa+ (LBL, SLAC) IJP 

I N(172~ = ]"~1'3+" S ta tus :  * * * *  

Most  o f  the  results publ ished before 1975 are now obsolete and have 
been omi t ted .  They  may  be found in our  1982 edi t ion,  Physics 

Letters 1111B (1982). 

N(1720) BREIT-WlGNER MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

IUO to l"rllO (~u l"r~o) OUR ESTIMATE 
1717• MANLEY 92 IPWA ~rN ~ ~rN & N~r~ 
1700• CUTKOSKY 80 IPWA ~rN ~ ~rN 
1710~20 HOEHLER 79 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1715• ARNDT 96 IPWA ~'N - *  ~rN 
1820 ARNDT 95 DPWA ~ N  ~ N~  
1711• BATINIC 95 DPWA ~ N  --~ N~r, N~/ 
1720 LI 93 IPWA " y N ~  ~rN 
1785 CRAWFORD 80 DPWA "~N ~ ~rN 
1690 SAXON 80 DPWA ~ r - p ~  A K  0 

1710 to 1790 BAKER 78 DPWA ~r- p ~ A K  0 
1809 BARBOUR 78 DPWA ~'N ~ ~rN 
1640~10 1 BAKER 77 IPWA ; r - p - - ~  A K  0 

1710 1 BAKER 77 DPWA ~ r - p  ~ A K  0 
1750 2 LONGACRE 77 IPWA * N  ~ N~r~r 
!850 KNASEL 75 DPWA ~ r - p - *  A K  0 
1720 3 LONGACRE 75 IPWA ~rN ~ N~r~r 

N(1720) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

100 tO 200 ( ~  150) OUR r162  

380•  MANLEY 92 IPWA ~ N  ~ ~ N  & N x ~  
125•  70 CUTKOSKY 80 IPWA ~rN ~ ~rN 
190•  30 HOEHLER 79 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

153•  15 ARNDT 96 IPWA ~'N ~ x N  
354 ARNDT 95 DPWA ~rN --~ N~r 
235•  51 BATINIC 95 DPWA ~rN ~ N x ,  Nr/ 
200 LI 93 IPWA " ~ N ~  x N  
308 CRAWFORD 80 DPWA * /N --* ~rN 
120 SAXON 80 DPWA ~ r - p  ~ A K  O 
447 BAKER 79 DPWA ~ r - p  ~ nr/ 
300 to400  BAKER 78 DPWA ~ r - p ~  AKO 
285 BARBOUR 78 DPWA ~ N  ~ ~rN 
200•  50 1 BAKER 77 IPWA ~ r - p  ~ A K  0 

500 1BAKER 77 DPWA ~r- -p-~,  A K  0 

130 2 LONGACRE 77 IPWA ~rN ~ N~r~ 
327 KNASEL 75 DPWA ~ - p  ~ A K  0 
150 3 LONGACRE 75 IPWA ~rN ~ N ~ r  

N(1720) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

1650 to 1T=O (m 1700) OUR I=~-'TIMATE 
1717 ARNDT 95 DPWA 7rN ~ N l r  
1686 4HOEHLER 93 SPED ~ r N ~  7rN 
1680• CUTKOSKY 80 IPWA ~rN --* l r N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1675 ARNDT 91 DPWA ~rN --, x N  Soln SMgO 
1716 or 1716 5 LONGACRE 78 IPWA 7rN ~ N1r~ 
1745 or 1748 2 LONGACRE 77 tPWA l rN  ~ N l r l r  

- 2x lMAGINARY PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

110 to  Sg0 ( ~  250) OUR ESTIMATE 

388 ARNDT 95 DPWA l rN  ~ N l r  
187 4 HOEHLER 93 SPED l rN  ~ x N  
120• CUTKOSKY 80 IPWA ~ r N ~  l r N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

114 ARNDT 91 DPWA l rN  --~ x N  Soln SMg0 
124or126 5LDNGACRE 78 IPWA ~ N ~  N~r~r 
135 or 123 2 LONGACRE 77 IPWA ~ N  ~ N~r~r 

N(1720) ELASTIC POLE RESIDUE 

MODULUS Irl 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

39 ARNDT 95 DPWA l r N  ~ N l r  
15 HOEHLER 93 SPED l r N  ~ l r N  

8 •  CUTKOSKY 80 IPWA ~rN ~ l r N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

11 ARNDT 91 DPWA x N  ~ ~rN Soln SMgO 

PHASE e 
VALUE( ~ ) DOCUMENT ID TECN COMMENT 

-- 70 ARNDT 95 DPWA ~rN ~ N~r 
- 1 6 0 •  CUTKOSKY 80 IPWA l r N  --~ l r N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 1 3 0  ARNDT 91 DPWA l r N  ~ l r N  Soln SMgO 

N(1"/20) DECAY MODES 
The following branching fractions are our estimates, not fits or averages. 

Mode Fraction ( r l / r )  

I" 1 NTr 10-20 % 
1"2 Nr/ 
1"3 A K 1-15 % 
1"4 E K  
1"5 N~r~r >70% 
1"6 ~Tr 
r7 A(1232)lr, P-wave 
1"8 Np 70-85 % 
r9 N p, 5=1/2,  P-wave 
1"1o Np, S=3/2, P-wave 
rll N(--)~-~ 
r12 p~  0.003-0.10 % 
r13 p-y, helicity=l/2 0.oo3-o.o8 % 
1-14 p-y, helicity=3/2 o.o01-o.03 % 
1-15 n~ 0.002-0.39 % 
1"16 n~,, helicity=l/2 o.0-o.oo2 % 
r17 n3,,  h e l i c i t y = 3 / 2  0.001-0.39 % 

N(1720) BRANCHING RATIOS 

r(N.)/r==l 
VALUE DOCUMENT It) Tr 
0.10 to 0.20 OUR ESTIMATE 
0.13• MANLEY 92 IPWA 
0.104-0.04 CUTKOSKY 80 IPWA 
O.14• HOEHLER 79 IPWA 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits. 

0.16 ARNDT 95 DPWA 
0.184-0.04 BATINIC 95 DPWA 

r(N,Olrt~,, 
VALU E DOCUMENT ID TECN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, 

0.002 •  BATINIC 95 DPWA 

rdr 
~OMM~.NT 

l r N  - *  ~ N  & N ~  
l r N  ~ 7rN 
~rN ~ l r N  

etc. �9 �9 �9 

�9 "N ~ N~" 
�9 "N ~ Nl r ,  N r  t 

r=/r 
COMMENT 

etc. �9 �9 �9 

l r N  ~ N~ .  N~/ 



See key on page 213 

(r~rf)~/r~,l in N:r ~ N(1720) --+ Nr/ 
VALUE ~)OCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 
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N(1720) 

(rlr=)~/r 

- 0 . 08  BAKER 79 DPWA : r - p ~  nr/ 

(r~rr)~/r~.~ In N : r - *  N(1720) --~ AK (rlrs)~/r 
VAI~U~ O0~ME~NT ID TECN COMMENT 
- 0 . 1 4  to  --0.06 OUR ESTIMATE 
- 0 . 0 9  BELL 83 DPWA x - p  ~ A K  0 

--0.11 SAXON 80 DPWA x - p  ~ A K  0 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 0 . 0 9  6 BAKER 78 DPWA See SAXON 80 
-0.064-0,02 1 BAKER 77 IPWA ~ - p  -~ A K  0 

- 0 . 0 9  1 BAKER 77 DPWA ~ - p  -~ A K  0 

(r~r~)~/r~., in N:r --~ N(1720) --* EK (rzr4)Y'/r 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.051 to  0.087 7 DEANS 75 DPWA ~r N -~  ~ K 

Note: Signs of couplings from ,r N ~ N~r~r analyses were changed in the 
1986 edition to agree wi th the baryon-first convention; the overall phase 
amblgeity Is resolved by choosing a negative sign for the Z1(1620) 531 
coupling to Z)(1232)~r. 

(r~r~)~/rto~ lit N~r ---* N11720) ~ ~(1232):r, P-wave (rlr~)~/r 
VA~J~ DOCUMENT ID T~C N COMMENT 

�9 .kO.2"t to 4-0.37 OUR ESTIMATE 
- 0 . 17  2 LONGACRE 77 IPWA ~rN ~ N~r:r 

(rtrr)~/r~.~ In N=r-~ N(1720) -+ NO, S==1/2, P-wave (rlr~)~/r 
VALUE DOCUMENT ID TECN CQ~M~,~T 

+0.344-0.05 MANLEY 92 IPWA ~ N  - *  ~rN & N~r~r 
- 0 .26  2 LONGACRE 77 IPWA ~rN ~ N~r~r 
+0.40 3LONGACRE 75 IPWA ~ N ~  N ~  

(rlFf)#n/Ftotal in N=r--~ N(1720) --~ NO, S=3/2, P-wave (F i r~0)~ / r  
VALUE DOCUMENT ID TECN COMMENT 

+0.15 2 LONGACRE 77 IPWA ~rN ~ N~r~r 

(r~r,)~/r~.~ In N=r --~ N(1720) --~ N(~nr)/~.~we (rlr.)~/r 
VAL(J~ DOCUMENT ID TECN COMMENT 

--0.19 2 LONGACRE 77 IPWA : rN --~ N x x  

N(1'120) PHOTON DECAY AMPLITUDES 

N(1720) .-,, p,',/, helldty-1/2 amplitude A l l  2 
VALUE (GeV -1/2 ) DOCUMENT ID TECN COMMENT 
+0.O18-1-0.0~0 OUR ESTIMATE 
-0.0154-0.015 ARNDT 96 IPWA *yN --* ~ N  

0.0444-0.066 CRAWFORD 83 IPWA ~,N ~ ~ N  
-0 .004•  AWAJI 81 DPWA ~,N ~ x N  

0.0514-0.009 ARAI 80 DPWA "),N --* l r N  (f i t  1) 
0.0714-0.010 ARAI 80 DPWA "yN ~ l rN  (f i t  2) 

N(1720) .-,, n"f, helldty-3/2 amplitude As~ 
VALUE (GeV ~1/2 ) DOCUMENT ID TECN COMMENT 

-0.0294.0~1 OUR ESTIMATE 
-0 .005•  ARNDT 96 IPWA " fN --* : rN 
-0.0154.0.019 AWAJI 81 DPWA ~,N ~ l rN  
-0.139:E0.039 ARAI 80 DPWA " /N --* : rN (f i t  1) 
-0 .134•  ARAI 80 DPWA "yN ~ l rN  (f i t  2) 

0.018+0.028 CRAWFORD 80 DPWA ~ N  --* x N  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

-0 .017•  LI 93 IPWA ~/N -+  : rN  
+0.051=E0.051 BARBOUR 78 DPWA "yN ~ x N  

N(1720) -fp --~ AK  + AMPLITUDES 

(rlrrlY,/r~,~ =fi p~ -~ N117201 ~ A K  + (El+ amplitude) 
VALUE(units 10 -5 ) DOCUMENT ID TECN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

10.2 :]:0.2 WORKMAN 90 DPWA 
9.52 TANABE 89 DPWA 

p'y .-,, N(1720) ~ AK + phase angle e (E-l+ ampllbide) 
VALUE (desrees) DOCUMENT ID TECN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

- 1 2 4  4.2 WORKMAN 90 DPWA 
- 103.4 TANABE 89 DPWA 

(rtl'flVz/r~tal in p~/-~ N(1720) --* AK + (/t41+ amplitude) 
VALUE (units 10 -3) DOCUMENT ID TECN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

- 4 . 5  •  WORKMAN 90 DPWA 
3.18 TANABE 89 DPWA 

N(1720) FOOTNOTES 
1 The two BAKER 77 entdes are from an IPWA using the Barrelef-zero method and from 

a conventional energy-dependent analysis. 
2 LONGACRE 77 pole positions are from a search for poles in the unltarlzed T-matr ix;  the 

first (second) value uses, in addition to x N  ~ N x l r  data, elastic amplitudes from a 
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball 
fits with Breit-Wigeer circles to the T-matr ix  amplitudes. 

3 From method II of LONGACRE 75: eyeball fits wi th Breit-Wlgeer circles to the T -ma tdx  
am plltudes. 

4 See HOEHLER 93 for a detailed discussion of  the evidence for and the pole parameters 
of N and 51 resonances as determined from Argand diagrams of =r N elastic partial-wave 
am plltudes and from plots of the speeds wi th which the am plltudes traverse the diagrams. 

5 LONGACRE 78 values are from a search for poles in the unitadzed T-matr ix.  The first 
(second) value uses, in addition to =rN - *  N : r l r  data, elastic amplitudes from a Saday 
(CERN) partial-wave analysis. 

6The overall phase of BAKER 78 copullngs has been changed to agree wi th previous 
conventions. 

7The range given Is from the four best solutions. DEANS 75 disagrees wi th ~ r+p  --~ 
~ + K  + data of WlNNIK 77 around 1920 MeV. 

N(1720) REFERENCES 

For early references, see Physics Letters l U B  70 (1982), 
0.0384.0.050 CRAWFORD 80 DPWA ";'N ~ l rN  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. * * * 

0.0124.0,003 LI 93 IPWA ~,N --* l rN  
+0.111•  BARBOUR 78 DPWA "yN --* l rN  

N(1720) --~ p-},, helidb]-3/2 amplitude As/2 
VALUE (GeV -1/2 ) DOCUMENT IO TECN COMMENT 
-0.019-1-0.(D0 OUR ESTIMATE 

0.0074.0.010 ARNDT 96 IPWA "yN --* l r N  
-0 .024•  CRAWFORD 83 IPWA "rN ~ ~rN 
-0.0404.0.016 AWAJI 81 DPWA ~ N  --* : rN  
-0.0584.0.010 ARAI 80 DPWA "yN --* : rN  (f i t  1) 
-0.011:E0.011 ARAI 80 DPWA ~/N ~ =rN (fit 2) 
-0 .014+0 .040  CRAWFORD 80 DPWA "~N ~ : rN  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

-0.0224.0.003 LI 93 IPWA ~ N  ~ x N  
-0.063:E0.032 BARBOUR 78 DPWA "TN ~ ~rN 

N(1720) --~ n% helldty-1/2 amplitude A;/2 
VALUE (GeV -1/2 ) DOCUMENT ID TECN COMMENT 

+0.001"1-0.01S OUR ESTIMATE 
0.0074.0.015 ARNDT 96 IPWA " fN ~ x N  
0.0024.0.005 AWAJI 81 DPWA ~ N  ~ 7rN 

-0,019"4"0.033 ARAI 80 DPWA ~'N ~ ~rN (f i t  1) 
0.001+0.088 ARAI 80 DPWA ~'N ~ x N  (f i t  2) 

- 0 .003 •  CRAWFORD 80 DPWA "yN ~ 7rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.050• LI 93 IPWA ~ N  ~ ~ N  
+0 .007•  BARBOUR 78 DPWA ~,N ~ x N  

ARNDT 
ARNDT 
BATINIC 
HOEHLER 
LI 
MANLEY 

Also 
ARNDT 
WORKMAN 
TANABE 

Also 
BELL 
CRAWFORD 
PDG 
AWAJI 

Also 
ARAI 

Also 
CRAWFORD 
CUTKOSKY 

Also 
SAXON 
BAKER 
HOEHLER 

Nso 
BAKER 
RARBOUR 
LONGACRE 
BAKER 
LONGACRE 

NSo 
WlNNIK 
DEANS 
KNASEL 
LONGACRE 

% PR C53 430 +Strakovsky, Workman (VPI) 
95 PR C52 2 1 2 0  +Strakovsky, W(xkman, Pavan (VPI, 8RCO) 
95 PR C51 2310 +Slaus, Svarc, Neflcms (BOSK, UCLA) 
93 �9 N Newsletter 9 1 {KARL) 
93 PR C47 2759 +Amdt, Roper, Wmkman (VPI) 
92 PR D45 4002 +Salesld (KENT) UP 
84 PR D30 904 Manley, Amdt, Goradia. Teplitz (VPI) 
91 PR D43 2131 +U, Roper, Workman, FoN (VPI, TELE) IJP 
90 PR C42 781 (VPI) 
89 PR C,39 741 +Kohno, Rennhold (MANZ) 
89 NC 102A 193 Kohno, Tanabe, Bennhold { )MANZ 
85 NP B222 389 +Blissett, Broome, Dale-J, Hart, LinteJn+ (RL) UP 
83 NP R211 1 +Morton (GLAS) 
82 PL 1118 Rooi, Portet, Alpdlar-Renttez+ (HEL5, CIT, CERN) 
81 Bonn Conf. 352 +Ka]ikawa IN~G~I 
82 NP B197 365 FuJii, Hwashll, Iwata, KaJikawa+ 
80 Toronto Conf. 95 (INUS) 
82 NP B194 251 Arai, Fuili (INU$) 
80 Toronto Conf. 107 {GLAS) 
80 Toronto Conf. 19 +Forsyth, Babcock, Kelly, Hel~drick (CMU, LBL)UP 
79 PR D20 2859 CuLkOSky, Forsyth, Henddck, Kelly (CMU, LBL) IJP 
80 NP B102 522 +Baker, Bell, Blissett, B ~ +  (RHEL, BRIB) IJP 
79 NP B155 93 +Brow~, Clark, Davies, Depalper, Evans+ {RHEL) IJP 
79 PDAT 12-1 +Kaiser, Koch, pietadnen (KARLT) IJP 
80 Toronto Conf. 3 Koch ( )KARLT Up 
78 NP B141 29 +Blbsett, Bloodworth, Broome+ (RL, CAVE) IJP 
78 NP B141 253 +Crawford, Parso~ (GLAS) 
78 PR D17 1795 +Ladnsld, Rasenfeld, Smadja+ {LBL, SLAC) 
77 NP B126 365 +BIb~tt, Bloodworth, 8mome. Haet+ (RHEL) IJP 
77 NP B122 493 +Dolbeau {SACL) IJP 
76 NP 8106 365 Dolbe.au, THai.Us, Neveu. Cadiet (SACL) UP 
77 NP B128 66 +ToMf, Revel, Goldbe~, Rerny {HALF) I 
75 NP 8% 90 +Mitchdl, Montl[omely+ (SFLA, ALAH) IJP 
75 PR D l l  1 +LIndquist. Ndso.+ {CHIC, WUSL, OSU, ANL) IJP 
75 PL 55B 415 +Rosenfdd, Ladnsld, Smad~a+ (LBL, SLAC) IJP 



Baryon Particle Listings 
N(1900), N(1990) 

I I ] ( ]  ) Status: �9 N(1900) Pz3 I(JP) = 1 s +  

OMITTED FROM SUMMARY TABLE 

N(1900) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TECN 
1~00 OUR ESTIMATE 
18794-17 MANLEY 92 IPWA 

COMMENT 

~rN ~ I rN  & N~r~r 

N(1900) BREIT-WlGNER WIDTH 

VALUE(MeV) DOCUMENT ID TECN COMMENT 

4984"78 MANLEY 92 IPWA x N  ~ x N  & N x x  

N(I~00) DECAY MODES 

Mode 

F 1 N~r 
1"2 N~'~r 
r 3 Np, S = 1/2, P-wave 

N(1900) BRANCHING RATIOS 

r (Nx ) / r t ~ , ,  r d r  
VALUE DOCUMENT ID T~CN COMMENT 

0.264.0.06 MANLEY 92 IPWA x N ' - '  ~ rN&N:~rTr  

( r F ~ ) ~ / r ~  ~fi N,r-. N ( ~ )  --. N~. S= U~. P ' ~  (r~rl)~i/r 
VALUE DOCUMENT ID T ~  N COMMENT 

--0.344.0.03 MANLEY 92 IPWA ~rN --~ ~rN & Nx~r 

N(1900) REFERENCES 

MANLEY 92 PR D4S 4002 +Salesld (KENT) 
Also 84 PR D30 904 Manley, Arndt, Goradla, Teplitz (VPI) 

I I '~(~ ) Status: �9 >Y N(1990) F17 I ( j P )  = 1 ~ +  

OMITTED FROM SUMMARY TABLE 
Most of the results published before 1975 are now obsolete and have 
been omitted. They may be found in our 1982 edition, Physics 
Letters 111B (1982). 

The various analyses do not agree very well w i th  one another. 

MODULUS Irl 
VALUE (M,V) 
94-3 

PHASE 0 
VALUE (o) 

- - 6 0 + 3 0  

N(1990) ELASTIC POLE RESIDUE 

DOCUMENT ID TECN COMMENT 

CUTKOSKY 80 IPWA x N  ~ ~rN 

DOCUMENT ID TECN COMMENT 

CUTKOSKY 80 IPWA ~rN ~ x N  

N(1990) DECAY MODES 

Mode 

I" 1 N~r 
r 2 N~/ 
r 3 AK 
r4 EK 
r s N~r~r 
r 6 p'~, helicity=l/2 
r7 p-~, helicity=3/2 
re n-~, helicity=l/2 
r9 n-y, helicity=3/2 

N(1990) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
r 1990 OUR ESTIMATE 

2086~ 28 MANLEY 92 IPWA ~rN ~ x N  & N~rx 
2018 CRAWFORD 80 DPWA 7N ~ ~N 
19704. 50 CUTKOSKY 80 IPWA ~rN-~ ~rN 
2005:blS0 HOEHLER 79 IPWA ~N ~ ~rN 
1999 BARBOUR 78 DPWA "IN ~ x N  

N(1990) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

5354-120 MANLEY 92 IPWA l rN ~ ~rN & N x x  
295 CRAWFORD 80 DPWA 7N ~ x N  
3504-120 CUTKOSKY 80 IPWA ~rN ~ ~rN 
350• HOEHLER 79 IPWA ~rN ~ ~N 
216 BARBOUR 78 DPWA 7N ~ x N  

N(1990) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT IU TECN COMMENT 

19004-30 CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

not seen ARNDT 91 DPWA ~rN--~ ~rN Soln SM90 

-2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

2604-60 CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the followlmz data for averages, fits, limits, etc. �9 �9 �9 

not seen ARNDT 91 DPWA x N ~ ~r N 5oln SMgO 

N(1990) BRANCHING RATIOS 

r(N. ) /r~ l  r l / r  
VALUE DOCUMENT ID TECN COMMENT 

0.064.0.02 MANLEY 92 IPWA l rN--*  ~N  & N x ~  
0.06• CUTKOSKY 80 IPWA ~N --* ~N  
0.044-0.02 HOEHLER 79 IPWA ~N--~ x N  , 

(rlrr)~/r~ In Nx--P N(1990)--+ Nr/ (r=r=)~/r 
VALUE DOCUMENT ID TF~C N COMMEN T 

--0,043 BAKER 79 DPWA ~ - p  -~ nt/ 

(rFr)~/r~ Ifi N~r - ,  N(19901 --* A K  ,(rzr=)~/r 
VALUE DOCUMENT ID TECN COMMENT 

+0.01 BELL 83 DPWA l r - p ~  AK 0 
notseen SAXON 80 DPWA l r - p - - ~  A K  0 

- 0.021+0.033 DEVENISH 74a Flxed-t dlsperdon rel. 

(rF4~/r~ Efi Nlr --, N(19(J0) --, E K  (rzr4~/r 
VALUE DOCUMENT ID TECN COMMEN T 

0.010 to 0.023 1DEANS 75 DPWA ~N "-~ E K  
0.06 LANGBEIN 73 IPWA ~N --~ E K  (sol. 1) 

(rFf)Y,/r~= Ifi Ntr --~ N(19g0) --~ Nlrlr (r=rll~/r 
VALUE DOCUMENT IO TI~C N COMMENT 

not seen LONGACRE 75 IPWA ~N -~ N~rx 

N(1990) PHOTON DECAY AMPLITUDES 

N(1990) --~ PT, helldty-1/2 amplitude AI/2 
VALUE(GeV -1 /2  ) DOCUMENT ID TECN COMMENT 

0.0304-0.029 AWAJI 81 DPWA 7N ~ x N  
0.001+0.040 CRAWFORD 80 DPWA 7 N ~  x N  
�9 �9 �9 We do not use the foil�9 data for averages, fits, limits, etc. �9 �9 �9 

0.040 BARBOUR 78 DPWA 7N ~ ~N 

N(t~J0) -~ p~, ~lcRy-3/= =inVade ~/= 
VALUE (G~v -1/2 ) DOCUMENT ID TECN COMMENT 

0.086:E0.060 AWAJI 81 DPWA 7N ~ ~N 
0.004:1:0.025 CRAWFORD 80 DPWA 7N -*  ~N  

�9 �9 �9 We do not use the followln i data for averages, fits, IImRs, etc. �9 �9 �9 

+0.004 BARBOUR 78 OPWA 7N --* x N  

N(1990) --* nT, hdldty-1/2 amldltude At/2 r 

VALUE (GeV -1 /2  ) DOCUMENT ID TECN COMMENT 

--0.001 AWAJI 81 DPWA 7N ~ ~rN 
-0.078:E0.030 CRAWFORD 80 DPWA 7N -'* ~N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0.069 BARBOUR 78 DPWA 7N' -~  x N  

N(19g0) --~ nT, helldty-3/2 ampUtude/~J/2 
VALUE (Gev-1/2) DOCUMENT ID TECN COMMENT 

--0.178 AWAJI 81 DPWA 7N --* IrN 
-0.116+0.045 CRAWFORD 80 DPWA "yN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0.072 BARBOUR 78 DPWA 7N --* ~rN 



See key on page 213 

N(1990) FOOTNOTES 
1The range given for DEANS 75 is from the four best SOlutions. 

N(1990) REFERENCES 

For early references, see Physics Letters 111B 70 (1982). 

MANLEY 92 PR D45 4002 +Saleski (KENT) IJP 
AlSO 84 PR D30 904 Manley, Arndt, Goradia, Teplitz (VPI) 

ARNDT 91 PR D43 2131 +U, Roper. Workman, Ford (VPI, TELE) IJP 
BELL 83 NP B222 389 +Blissett, Broome, Daley, Hart, Lintern+ (RL) IJP 
PDG 82 PL 111B RODS, Porter, Aguilar-Benitez+ (HEL5, (:IT, CERN) 
AWAJI 81 Bonn Conf. 352 +Kajikawa (NAGO) 

Also 82 NP B197 365 Fujii, Hayashli, Iwata. Kajlkawa+ {NAGO) 
(:RAWFORD 80 Toronto Conf. 107 (GLA5) 
CUTKOSKY 80 Toronto Conf. 19 +Eorsyth, Babcock, Kdly, Hendrick (CMU, LBL) IJP 

Also 79 PR D20 2839 Cutkosky, Forsyth, Hendrick, Kelly (CMU, LBL) IJP 
SAXON 80 NP B162 522 +Baker, Bell, Bgssett, Bloodv~th+ (RHEL, BRIS) IJP 
BAKER 79 NP B156 93 +Brown, Clark, Davies, Depagter, Evans+ {RHEL) IJP 
HOEHLER 79 PDAT 12-1 +Kaiser, Koch, Pietarlnen (KARLT) IJP 

Also 80 Toronto Conf. 3 Koch (KARLT) IJP 
BARBOUR 78 NP B141 253 +Crawford, Parsons (GLAS) 
DEANS 7S NP B96 90 +Mitchell, Montgomerj+ (SFLA, ALAH) IJP 
LONGA(:RE 75 PL 55U 415 +Rosenfeld, Lasinski, Smadja+ (LBL, SLAC) IJP 
DEVENISH 74B NP B81 330 +Froggatt, Martin (DESY, NORD, LOUC) 
LANGBEIN 73 NP B53 251 +Wagner (MUNI) IJP 

I(J P) = �89 Status: * *  

O M I T T E D  F R O M  S U M M A R Y  T A B L E  
Older  results have been retained s imp ly  because there Is l i t t le  infor- 

mat ion  at  al l  abou t  this possible state. 

N(2000) BREIT-WIGNER MASS 

VALUE (MeV) 
2000 OUR ESTIMATE 
19034-87 MANLEY 
1882 4-10 HOEH LER 
2O25 AYED 
1970 1 LANGBEIN 
2175 ALMEHED 
1930 DEANS 

DOCUMENT ID TECN COMMENT 

92 IPWA * N  ~ ~rN & N~r~r 
79 IPWA ~rN ~ ~rN 
76 IPWA ~rN --* ~rN 
73 IPWA ~rN --~ E K  (sol. 2) 
72 IPWA ~ r N ~  x N  
72 MPWA ",Ip -~ A K  (sol. D) 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1814 ARNDT 95 DPWA x N  ~ N x  

N(2000) BREIT-WlGNER WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

490~310 MANLEY 92 IPWA ~ N  - *  ~rN & Nx~r 
95~  20 HOEHLER 79 IPWA ~N- -~  ~rN 

157 AYED 76 IPWA x N  ~ ~rN 
170 1LANGBEIN 73 IPWA x N - - ~  E K ( s o l .  2) 
150 ALMEHED 72 IPWA ~rN ~ ~ N  
112 DEANS 72 MPWA " /p  ~ A K  (sol. D) 

64,5 

Baryon Particle Listings 
N(1990),  N(2000),  N(2080) 

( r ~ r r F ' / r t , ~  in N~r ~ N(2000) --* A K  (r:r~)~./r 
VA(.(.I~ DOCUMENT IO T~:N COMMENT 

not seen SAXON 80 DPWA ~ r - p  ~ A K  0 

(r?rr)~/r~,~ In N~r ~ N(2000) ~ E K (r,r,)~/r 
VALUE DOCUMENT ID TECN COMMENT 

0.022 2DEANS 75 DPWA ~rN---* E K  
0.05 I LANGBEIN 73 IPWA ~rN ~ E K  (sol. 2) 

(r~r~)~/r~,, In N~r --~ N(2000) --~ Zl(1232)~r, ~ (r~rd~/r 
VALUE DOCUMENT ID TECN COMMENT 

+0.10"4-0.06 MANLEY 92 IPWA ~rN --~ ~rN & N~r~ 

(r~rr)~/r~ In Nfr ~ N(20001 ~ Np, $=3/2, P-~ve (rxr~)~/r 
VAI~I~ DOCUMENT ID T ~ N  COMMENT 

-0.22:E0.08 MANLEY 92 IPWA ~rN "-~ x N  & N~r~r 

(r~rr)~/r~.. in N~r ~ N(2000)..-) Np, $=3/2, F.v,~ve (r~r,)~/r 
VA~U~ DOCUMENT ID TECN COMMENT 

+0.114"0.06 MANLEY 92 IPWA ~ N  --~ ~r & N'r 

( r / r t ) ~ / r ~ l  In P~I --~ N(2000) --) AK (r,r~)~/r 
VA~I.I ~ DOCUMENT ID T ~ N  COMMENT 

0.0022 DEANS 72 MPWA ~IP "-* A K  (sol. D) 

N(2000) FOOTNOTES 
1 Not seen In solution 1 of LANGBEIN 73. 
2Value given is from solution 1 of DEANS 75; not present in solutions 2, 3, or 4. 

N(2000) REFERENCES 

ARNDT 95 PR CS2 2 1 2 0  +Strakovsky, Workman, F~van (VPI, BR(:O) 
MANLEY 92 PR 045 4(X}2 +Saleski (KENT) IJP 

Also 84 PR D30 904 Manley, Arndt, Goradia. Teplitz (VPI) 
SAXON 80 NP B162 522 +Baker, Bell, Btissett, Bloodw0rth+ (RHEL, BRIS)IJP 
BAKER 79 NP B156 93 +Brown, Clark, Davies, Depagter, Evans+ (RHEL) IJP 
HOEHLER 79 PDAT 12-1 +Kaiser. Koch, Pietadnen (KARLT) IJP 

Also 80 Toronto Conf. 3 Koch (KARLT) UP 
AYED 76 Thesis CEA-N-1921 (SACL) IJP 
DEANS 75 NP B96 90 +Mitchell, Montgomely+ (5FLA, ALAH)IJP 
LANGBEIN 73 NP B33 251 +Wagner (MUNI) IJP 
ALMEHED 72 NP B40 157 +Lovelace (LUND, RUTG) IJP 
DEANS 72 PR D6 1~A36 +Jacobs, Lyons, Montgomery (SFLA) IJP 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

176 ARNDT 95 DPWA l rN  --* N ~  

N(2000) DECAY MODES 

Mode VALUE (MeV) 

F 1 N~ ~ 208o OUR ESTIMATE 
I" 2 NT/ 18o44_ ss 
1"3 AK 192o 

18804_100 
1"4 E K  206o+ 80 
1"5 N / r  ~1" 1900 
1"6 A ( 1 2 3 2 ) ~ ,  P -wave  2081:1:20 

F 7 N p ,  5 = 3 / 2 ,  P -wave  �9 �9 �9 We do not use the following 

1"8 Np, 5=3/2 ,  F-wave 19864_ 75 
1"9 P~' 188o 

i I ~(~ ) Status: * *  N(2080) O13 I(JP) = 13- 

OMITTED FROM SUMMARY TABLE 
There is some evidence for two resonances in this wave between 
1800 and 2200 MeV (see CUTKOSKY 80). However, the solution 
of HOEHLER 79 is quite different. 

Most of the results published before 1975 are now obsolete and have 
been omitted, They may be found in our 1982 edition, Physics 
Letters 111B (1982). 

N(2(X)0) BRANCHING RATIOS N(20e0) 

r(N.)/r~,, r l / r  VALUE(MeV) 
VALUE DOCUMENT ID TECN COMMENT 4504_185 

0.08+0.05 MANLEY 92 IPWA 7rN ~ 7rN & N f x  320 
0.04-;-0.02 HOEHLER 79 IPWA x N  ~ 7rN 1804- 60 
0.08 AYED 76 IPWA l rN  ~ f N  300+100 
0.25 ALMEHED 72 IPWA x N  ~ l r N  240 
�9 �9 �9 We do not use the fol lowing data for averages, fits, Umits, etc. �9 �9 �9 265:1:40 

0,10 ARNDT 95 DPWA l r N - - *  N~r �9 �9 �9 W e d o  not use the following 

1050• (rlrr)~/r~.: In Ntr--* N(20001 ~ Nq (rlr2)~/r 87 
VA~.~I~ DOCUMENT ID TECN ~:~MM~NT 

+0.03 BAKER 79 DPWA x - p  ~ nT/ 

N(2080) BREIT-WIGNER MASS 

DOCUMENT ID TECN COMMENT 

MANLEY 92 IPWA ~ N  "-~ ~ N  & N * ~  
BELL 83 DPWA 1 r - p - - *  A K  0 

1CUTKOSKY 80 IPWA ~rN ~ * N  
1CUTKOSKY 80 IPWA ~ r N ~  x N  

SAXON 80 DPWA I r - p - . ~  A K  0 
HOEHLER 79 IPWA l r N  ~ ~rN 

data for averages, fits, l imits, etc. �9 �9 �9 

BATINIC 95 DPWA l r N  ~ N~r, N q  
BAKER 79 DPWA l r - p  --* nr/ 

BREIT-WlGNER WIDTH 

DOCUMENT IO TECN COMMENT 

MANLEY 92 IPWA ~rN --~ l rN  & N * x  
BELL 83 DPWA l r - p ~  A K  0 

1CUTKOSKY 80 IPWA ~ ' N ~  l r N ( I o w e r m )  
1CUTKOSKY 80 IPWA ~rN ~ l r N  (higher m) 

SAXON 80 DPWA ~r--p--~ A K  0 
HOEHLER 79 IPWA ~'N ,.~ * N  

data for averages, fits, l imits, etc. �9 �9 �9 

BATINIC 95 DPWA l r N  --* N~r. Nr/  

BAKER 79 DPWA ~ - p - - *  nTt 



Baryon 
N ( 2 0 8 0 )  

Particle Listings 

N(2080) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

18804-100 1CUTKOSKY 80 IPWA ~ r N ~  ~ rN( Iowerm)  
20504- 70 1CUTKOSKY 80 IPWA ~rN -~ ~rN (higher m) 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

not seen ARNDT 91 DPWA ~rN --* ~rN Soln SMg0 

-2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

1604-80 1 CUTKOSKY 80 IPWA ~rN - *  ~rN (lower m) 
2004-80 1CUTKOSKY 80 IPWA ~rN ~ ~rN (higher m) 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

not seen ARNDT 91 DPWA ~rN --, ~rN Soln SM90 

N(2080) ELASTIC POLE RESIDUE 

MODULUS IrJ 
VALUE (MeV) 

IO:E 5 
304-20 

PHASE 
VALUE( ~ ) 

1004- 80 
04-100 

DOCUMENT ID TECN COMMENT 

1CUTKOSKY 80 IPWA ~ N ~  ~rN( Iowerm)  
1CUTKOSKY 80 IPWA ~rN--* ~ rN (h lghe rm)  

DOCUMENT ID TECN COMMENT 

1CUTKOSKY 80 IPWA ~rN--* ~ rN( Iowerm)  
1CUTKOSKY 80 IPWA ~ r N ~  ~ rN(h lghe rm)  

N(2080) DECAY MODES 

Mode 

r I N*r 
r2 N~/ 
r 3 A K  

r4 EK 
rs N~r~r 
r6 ~(1232),r, S-wave 
r7 A(1232)~r, D-wave 
re Np, 5=3/2,  S-wave 
r9 N(*~)~~ 
FlO p~, helicity=l/2 
rzz p-y, heliclty=3/2 
rz2 n-7, helicity=l/2 
r13 n'y, helicity=3/2 
F14 p~/  

N(20g0) BRANCHING RATIOS 

r(N,) /rt~ rdr 
V~I,I,I~ DOCUMENT ID TECN ~QMMENT 

0.234-0.03 MANLEY 92 IPWA ~rN ~ ~rN & N~r~r 
0.104-0.04 1CUTKOSKY 80 IPWA ~rN ~ ~rN (lower m) 
0.144-0.07 1CUTKOSKY 80 IPWA ~ N  --* ~rN (higher m) 
0.064-0.02 HOEHLER 79 IPWA ~rN -~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.094-0.02 BATINIC 95 DPWA * N  ~ N~r, N~/ 

r(Ne)/rtm~ r=/r 
VALUE DOCUMENT ID T ~ N  COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.074-0.04 BATINIC 95 DPWA ~rN ~ N~r, Nr/ 

(rF~)~/rt=.~ In N~-~ N(20S0) -, N~ (r,r=)~/r 
VA~,I,I~ DOCUMENT IO TECN COMMENT 

0.065 BAKER 79 DPWA ~r -p - -~  nr/ 

(rFf)~/rt=.~ :n N .  --, N(20~O) --, A K  (r~r,)~/r 
VALU~ DOCUMENT ID TECN COMMENT 

+0.04 BELL 83 DPWA ~ r - p - +  A K  0 

+0.03 SAXON 80 DPWA x - p - - ~  A K  0 

(rFdV=/rt=,, In N~r --~ N(2080) -,. E K  (r~r~)~/r 
vALUE DOCUMENT 10 TECN COMMC~NT 

0.014 to 0.037 2 DEANS 75 DPWA ~rN ~ [ K  

(rFr)~/rtor In N~r --* N(2080) --* Zl(1232)~r, S-wave (r;r~)~/r 
Vr4LUE DOCUMENT ID TECN (~OMM~NT 

--0.094-0.09 MANLEY 92 IPWA ~rN ~ ~rN & N~r~r 

(rFf)~6/r~,, In N~  --~ N(20g0) --* 4(1232)sr, D-wive (rlrT)~/r 
VA~U ~ DOCUMENT IO T ~ N  COMMENT 

+0.22•  MANLEY 92 IPWA ~rN --, l rN  & N~r~ 

(rFrl%/rt=,, In Nit  ~ N(20801 ~ Np, S:=3/2, S-wave (rlrelY=/r 
VA~U ~ DOCUMENT ID TECN COMMENT 

- -0.24• MANLEY 92 IPWA x N  "~ l r N  & N~r~r 

(rFfl~&/r==l In N~r --~ N(20m)) --~ N ( ~ r ) / ~ . ~  (rlrg)~/r 
VALUE DOCUMENT ID TECN COMMENT 

+0.254-0.06 MANLEY 92 IPWA l rN  --* l r N  & N l r l r  

(rFf)~/r~=, In p~f ~ N(2080) ~ Nq (r~4r=)~/r 
VALUE DOCUMENT ID TECN COMMEN T 

0.0037 HICKS 73 MPWA "yp --~ pr/ 

N(2080) PHOTON DECAY AMPLITUDES 

N(2080) ~ p %  helldty-1/2 amplitude Az] 2 
VALUE(GeV-1/2 ) OOCUMENT ID TECN COMMENT 

--0.020+0.008 AWAJI 81 DPWA ~ N  ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0,0264-0.052 DEVENISH 74 DPWA ~ N  --* l r N  

N(2080) - *  p,y, helldty-3/2 amplRude Az/= 
VALUE(GeV -1 /2  ) DOCUMENT ID TECN COMMENT 

0.0174-0.011 AWAJI 81 DPWA "yN -~ 7rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.1284"0.057 DEVENISH 74 DPWA 3'N -+ ~rN 

N(2080) --~ n% helldty-1/2 amplitude Az/2 
VALUE(GeV -1 /2  ) DOCUMENT ID TECN COMMENT 

0.0074-0.013 AWAJI 81 DPWA ~/N --~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.0534-0.083 DEVENISH 74 DPWA "yN ~ l r N  

N(2080) ~ n'y, helldty-3/2 amplitude As/:! 
VALUE (GeV -1/2) DOCUMENT ID TECN COMMENT 

--0.0534-0.034 AWAJI 81 DPWA ~fN --+ w N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, nmlts, etc. �9 �9 �9 

0.1004"0.141 DEVENISH 74 DPWA ~fN --* ~rN 

N(2080) -fp ~ AK + AMPLITUDES 

(rFd~/rt=.~ In p? --* N(20e0) --* AK + (E=_ amplitude) 
VALUE (units 10 -3 ) DOCUMENT ID TECN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

5.5 4"0.3 WORKMAN 90 DPWA 
4.09 TANABE 89 DPWA 

p~f ~ N(2080) --~ A K  + phase angle O (E2- amplitude) 
VALUE (delrees) DOCUMENT IO TECN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

- 4 8  4"5 WORKMAN 90 DPWA 
-35 .9  TANABE 89 DPWA 

(rFrl~/rt~,~ In p,y --~ N(20801 - *  AK + (M2_ amplitude) 
VALUE (uniu 10 -3 ) DOCUMENT ID TECN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 6 . 7  4"0.2 WORKMAN 90 DPWA 
- 4 . 0 9  TANABE 89 DPWA 

N(2080) FOOTNOTES 
1 CUTKOSKY 80 finds a lower mass D13 resonance, as well as one in this region, Both 

are listed here. 
2 The range given for DEANS 75 is from the four best solutions. Disagrees wi th ~r+p --~ 

E + K + data of WINNIK 77 around 1920 MeV. 
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N(2080) REFERENCES 

For early references, see Physics Letters 111B 70 (1982). 

BATINIC 95 PR C51 2310 +Slau$, Svafc, NefWens (BOSK, UCLA) 
MANLEY 92 PR I)45 4002 +Saleshi (KENT) IJP 

Also 84 PR D30 904 Ma~ley, Arndt, Goradia, Teplitz (VPI) 
ARNDT 91 PR 043 2131 +Li, Roper, Workman, Ford (VPI, TELE) IJP 
WORKMAN 90 PR C42 781 (VPI) 
TANABE 09 PR C3S 741 +Kohno, Bennhold (MANZ) 

AlSO 89 NC 102A 193 Kohno, Tanabe, Bennhotd (MANZ) 
BELL 83 NP B222 389 +Bllsr~rR, Broome, Dale,/, Hart, Lintern+ (RL) IJP 
PDG B2 PL 111B RODS, Porter, Agullar-Benitez+ (HELS, CIT, CERN) 
AWAJI 01 Bonn Conf. 352 +Kajlkawa (NAGO) 

Also 82 NP B197 365 FuJii, Hayashi;, Iwata, Kajikawa+ (NAGO) 
CUTKOSKY 80 Toronto Conf. 19 +For~]tth, Babcock, Kelly, Henddck (CMU, LBL) IJP 

Also 79 PR D20 2839 Cutk~ky, For~yth, Hendrick, Kelly (CMU, LBL) IJP 
SAXON 00 NP B162 $22 +Baker, Bell, BIb~ett, Bloodwofth+ (RHEL, BRI$) IJP 
BAKER 79 NP B15~ 93 +Brown, Clark, Davies, Depa~ter, Evans+ (RHEL) IJP 
HOEHLER 79 PDAT 12-1 +Kaiser, Koch, pietadnen (KARLT) IJP 

Also 80 Tolonto Conf. S Koch (KARLT) IJP 
WlNNIK 77 NP B128 66 +Toaff, Revel, Goldber|, Berny (HALF) I 
DEANS 75 NP B~ 90 +Mitchell, MontKomery+ (SFLA, ALAH) IJP 
DEVENISH 74 PL S2B 227 +Lyth, Rlnkin (DESY, LANE, BONN) IJP 
HICKS 73 PR 07 2614 +Dean~, Jacobs, Lyons+ (CMU, ORNL, SFLA) IJP 

OMITTED FROM SUMMARY TABLE 
Any structure In the 511 wave above 1800 MeV is listed here. A 
few early results t h a t  are now obsolete have been omi t ted .  

N(2090) BREIT-WlGNER MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
20=)0 OUR ESTIMATE 
19284-59 MANLEY 92 IPWA ~rN --~ x N  & N~r~r 

21804"80 CUTKOSKY 80 IPWA ~rN--* ~rN 
18804-20 HOEHLER 79 IPWA ~ r N - *  ~rN 

N(2090) BREIT-WlGNER WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

4144-157 MANLEY 92 IPWA ~ N  --* ~rN & N~r~r 
3504-100 CUTKOSKY 80 IPWA ~rN --* ~ 'N 

954- 30 HOEHLER 79 IPWA ~ N - - *  ~rN 

N(2OgO) POLE POSITION 

REAL PART 
VALUE (MeV) 

21504-70 
1937 or 1949 

-2xlMAGINARY PART 
VALUE (MeV) 

3504-100 
139 or 131 

DOCUMENT ID TEEN COMMENT 

CUTKOSKY 80 IPWA ~ N ~  ~rN 
1 LONGACRE 78 IPWA ~rN ~ N~r~r 

DOCUMENT ID TECN COMMENT 

CUTKOSKY 80 IPWA ~rN--* x N  
1 LONGACRE 78 IPWA ~rN --* N~r~r 

MODULUS Irl 
VALUE (MeV) 

40:1:20 

PHASE # 
VALUE( ~ ) 

0 •  

N(2090) ELASTIC POLE RESIDUE 

DOCUMENT IO TEEN COMMENT 

CUTKOSKY 80 IPWA ~ r N ~  ~rN 

DOCUMENT ID TECN COMMENT 

CUTKOSKY 80 IPWA ~ r N - *  ~rN 

Mode 

I"1 N~r 
r 2 A K  
r3 N ~  

N[2090) DECAY MODES 

N(2090) BRANCHING RATIOS 

r(N,r) I r ~ , ,  r11r 
VALUE DOCUMENT ID T~CN COMMENT 

0.10• MANLEY 92 IPWA x N  ~ ~rN & NxTr 
0.18• CUTKO5KY 80 IPWA ~rN ~ x N  
0.09• HOEHLER 79 IPWA l rN  ~ l rN  

(r,rr)~/rt=,j In ~.-4  N(2090) --~ AK (rlr=)~=/r 
VALUE DOCUMENT ID TEEN COMMENT 

not seen SAXON 80 DPWA ~ r - p  ~ A K  0 
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Baryon Particle Listings 
N(2080) ,  N(2090) ,  N(2100)  

N(20g0) FOOTNOTES 
1 LONGACRE 78 values are from a search for poles in the unltarized T-matr ix.  The first 

(second) value uses, In addition to l r N  ~ N~rlr data, elastic amplitudes from a Saclay 
(CERN) partial-wave analysis. 

N(2OgO) REFERENCES 

MANLEY 92 PR D43 4002 +Saleski (KENT) IJP 
Also 84 PR DSO 904 Manley, Arndt, Goradla, Teplltz (VPI) 

CUTKOSKY 80 T~onto Conf. 19 +Fo~yth, Babcock, Kelly, Henddck (CMU, LBL)IJP 
Also 79 PR D20 2839 Cutkosky, Fom/tk, Henddck, Kelly (CMU, LBL) 

SAXON 80 NP B162 522 +Baker, Bell, Bllssett, Bloodworth+ (RHEL, BRIS)IJP 
HOEHLER 79 PDAT 12-1 +Kaiser, Koch, Pietarinen (KARLT) IJP 

Also 80 Toronto Conf. 3 Koch (KARLT) IJP 
LONGACRE 78 PR D17 1795 +Lasinsld. Rosenfeld, SmadJa+ (LBL, SLAC) 

I N(2 oo) P,, I ,(..) _- .,.,.,+,, s,.,,,,: �9 
OMITTED FROM SUMMARY TABLE 

N(2100) BREIT-WlGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

r 21OO OUR ESTIMATE 
1885:}:30 MANLEY 92 IPWA ~ N  --~ l rN  & N~rTr 
2125:J:75 CUTKOSKY 80 |PWA ~ N  --* l rN  
2050:i:20 HOEHLER 79 IPWA x N  --* x N  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2203• BATINIC 95 DPWA l r N  ~ Nlr ,  Nr/  

N(2100) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

113:1:44 MANLEY 92 IPWA ~ ' N - *  l rN  & N x x  
2604.100 CUTKOSKY 80 IPWA x N  - *  l rN  
200•  30 HOEHLER 79 IPWA I rN ~ l r N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

4184.171 BATINIC 95 DPWA ~rN ~ N x ,  N~  

N(2100) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT IO TEEN COMMENT 

2120+40 CUTKOSKY 80 IPWA x N  --* ~rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

not seen ARNDT 91 DPWA l rN  --* ~rN Soln SMSO 

-2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

240+80 CUTKOSKY 80 IPWA ~rN ~ w N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

not seen ARNDT 91 DPWA x N  ~ ~rN $oln 5M90 

N(2100) ELASTIC POLE RESIDUE 
MODULUS Irl 
VALUE(MeV) DOCUMENT ID TEEN COMMENT 

144-7 CUTKOSKY 80 IPWA ~rN ~ l rN  

PHASE e 
VALUE(~ DOCUMENT ID TEEN COMMENT 

354.25 CUTKOSKY 80 IPWA ~ N  ~ l rN  

Mode 

N(2100) DECAY MODES 

F I N~r 
F 2 Nr/ 
r3 N1rlr 
r 4 A(1232) ~r, P-wave 

N(2100) BRANCHING RATIOS 

r(N.)/rt=,, r l / r  
VALUE DOCUMENT ID TEEN (~OMMENT 

O,154.0.06 MANLEY 92 IPWA x N  - *  ~rN & N l r x  
0.12• CUTKOSKY 80 IPWA 7rN ~ ~rN 
0.10:1:0.O4 HOEHLER 79 IPWA l rN  ~ x N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.11• BATINIC 95 DPWA x N  --* N l r ,  Nr/  
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Baryon Particle Listings 
N(2100),  N(2190) 

r(Nq)/r~ r=/r 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.864-0.07 BATINIC 95 DPWA ~rN ~ N~r, Nr/ 

(rF,)~/rtm= In N~r --* N(2100) --* a(1232)~r, PLY, lYe (r~r4)~/r 
V~l.(/~ DOCUMENT ID T~f;N COMMENT 

--0.194-0.08 MANLEY 92 IPWA ~rN --* ~rN & N ~ r  

N(2100) REFERENCES 

BATINIC 95 PR CSl 2310 +51au~, Svarc, Nef~ens (BOSK, UCLA) 
MANLEY 92 PR D45 4002 +Saleski (KENT) UP 

NSO 84 PR D30 904 Manley, Amdt, Goradia, Teplitz (VPI) 
ARNDT 91 PR D43 2131 +LI, Roper, Workman, Ford (VPI, TELE)IJP 
CUTKOSKY 80 Toronto Conf. 19 +For~Jth, Babcock, Kelly, Hendrick (CMU, LBL)IJP 

Also 77 PR D20 2839 Cutkosky, Focsyth. Henddck, Kelly (CMU, LBL) 
HOEHLER 79 PDAT 12-1 +Kaiser, Koch, Pietadnen (KARLT) IJP 

APe 80 Toronto Conf. 3 Koch (KARLT) IJP 

I I ] ( ]  ) Status: �9 �9 �9 N(2190) G17 ,(~P) : l  T-- 
Most  o f  the  results publ ished before 1975 are now obsolete and have 
been omi t ted .  They may  be found in our  1982 edi t ion,  Physics 
Letters 111B (1982). 

N(21g0) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT IO TECN COMMENT 

2100 to 3200 (m 2190) OUR ESTIMATE 
21274- 9 MANLEY 92 IPWA ~rN ~ ~rN & N~r~r 
22004-70 CUTKOSKY 80 IPWA ~rN ~ ~rN 
21404-12 HOEHLER 79 IPWA ~rN--* x N  
21404-40 HENDRY 78 MPWA ~rN ~ ~rN 
�9 �9 �9 We do not  use the following data for averages, fits, l imits, etc. �9 �9 �9 

2131 ARNDT 95 DPWA ~rN-~  N~r 
21984-68 BATINIC 95 DPWA ~rN ~ N~r, Nr/ 
2098 CRAWFORD 80 DPWA - / N  ~ ~rN 
2180 SAXON 80 DPWA ~r -  p ~ A K  0 

2140 BAKER 79 DPWA ~ r - p  ~ nr/ 
2117 BARBOUR 75 DPWA "~N ~ ~rN 

N(21g0) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT IO TECN COMMENT 

~ 0  t~ ~ (~  480) OUR ESTIMATE 
5504- 50 MANLEY 92 IPWA ~rN ~ ~rN & N~r~r 
5004-150 CUTKOSKY 80 IPWA ~rN--~ ~rN 
3904- 30 HOEHLER 79 IPWA ~'N ~ ~rN 
2704- 50 HENDRY 78 MPWA ~rN --~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

476 ARNDT 95 DPWA x N  --* N~r 
8054-140 BATINIC 95 DPWA ~rN --~ N~r, Nr/ 
238 CRAWFORD 80 DPWA "rN ~ ~rN 

80 SAXON 80 DPWA x - p ~  A K  0 

319 BAKER 79 DPWA ~ - p  ~ nr/ 
220 BARBOUR 78 DPWA "~N --, ~rN 

N(2190) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT IO TECN COMMENT 

1 ~ 0  to  2150 ( ~  2060) OUR ESTIMATE 
2030 ARNDT 95 DPWA ~rN ~ N~r 
2042 1HOEHLER 93 SPED ~ r N ~  x N  
21004-50 CUTKOSKY 80 IPWA ~rN ~ x N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2060 ARNDT 91 DPWA ~rN ~ x N  Soln SMgO 

-2x lMAGINARY PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

t o  rdiO ( ~  480) OUR ESTIMATE 
460 ARNDT 95 DPWA x N  ~ ,  N x  
482 1 HOEHLER 93 SPED x N  ~ x N  
4004-160 CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

464 ARNDT 91 DPWA ~'N ~ ~'N Soln SM90 

N(2190) ELASTIC POLE RESIDUE 

MODULUS Irl 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

46 ARNDT 95 DPWA ~ N  ~ N l r  
45 HOEHLER 93 SPED ~ N - - *  l r N  
254-10 CUTKOSKY 80 IPWA *rN--~ ~rN 
�9 �9 �9 We do not Use the following data for averages, fits, l imits, etc. �9 �9 �9 

54 ARNDT 91 DPWA f r N  -~ x N  Soln SM90 

PHASE # 
VALUE C ~ ) DOCUMENT ID TECN COMMENT 

--23 ARNDT 95 DPWA l r N  ~ N l r  
-304 -50  CUTKOSKY 80 IPWA ~rN --, x N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 4 4  ARNDT 91 DPWA ~rN --+ x N  Soln 5M90 

N(2190) DECAY MODES 

The following Ixanchlng fractions are our estimates, not fits or averages. 

Mode Fraction ( l ' l / r )  

r I N*r 
I" 2 NT/ 
F 3 AK 
F4 E K  
F5 NTrlr 
F 6 Np 
F 7 Np, S=3/2, D-wave 
I" 5 p?, helicity=l/2 
F9 p.y, helicity=3/2 
F10 n~,, helicity=l/2 
Fll n-y, helicity=3/2 

10-20 % 

N(2190) BRANCHING RATIOS 

r(N,)/rtm, rdr 
VALU E DOCUMENT ID TECN COMMENT 
0.1 tO 0.2 OUR ESTIMATE 
0.22-;'0.01 MANLEY 92 IPWA ~rN -..+ 7rN & NTrx  
0.12"4"0.06 CUTKOSKY 80 iPWA ~ N  ~ x N  
0.14• HOEHLER 79 IPWA ~ N  ~ l r N  
0.16• HENDRY 78 MPWA ~ N  ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.23 ARNDT 95 DPWA l r N - - ~  N x  
0.19-;-0.05 BATINIC 95 DPWA ~rN --~ Nlr ,  Nr/  

r(N,i)/rt=,, r=/r 
VALUE DOCUMENT ID T~.CN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, nmlts, etc. �9 �9 �9 

0.0014-0.003 BATINIC 95 DPWA l rN- -~  Nl r ,  Nr/  

(rF,lY~/r~= In Nlr --~ N(21(J0) --* Nq (r,r=)~/r 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

+0,052 BAKER 79 DPWA ~ r - p  ~ or/ 

(rFrl~/r~,~ I .  Nlr --. N(2190) --~ AK (rlrs)VVr 
VALUE DOCUMENT ID TECN COMMENT 

--0.02 BELL 83 DPWA 1 r - p - - ,  A K  O 
-0 .02  SAXON 80 DPWA ~ -  p ~ A K  0 

(rFf)~/r~,, i .  N:r --~ N(21g0) --~ E K  (rlr4)~/r 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.014 to 0.019 2 DEANS 75 DPWA x N  .-~ E K  

(rFr)~/r~,, i .  Nlr --~ N(21gO) --~ NO, S=3/2, D-wave (rxr7)~/r 
VALUe. DOCUMENT 10 TECN COMMENT 

- -0.25+0.03 MANLEY 92 IPWA x N  --* ~ N  & N l r l r  

N(2190) PHOTON DECAY AMPLITUDES 

N(2190) --* p-f, hellclty-1/2 amplitude A1/2 
VALUE(GeY -1 /2  ) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, ,mRs, etc. �9 �9 �9 

-0 .055  CRAWFORD 80 DPWA ~ N  ~ ~rN 
-0 .030  BARBOUR 78 DPWA "yN --, ~rN 
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N(2190) --~ p'/, hdldty-3/2 amldltude A,1/= 
VALUE (GeV-I/2 ) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

O.081 CRAWFORD 80 DPWA "yN --* x N  
+0.180 BARBOUR 78 DPWA 3,N ~ ~ N  

N(2190) --~ n'/, helldty-1/2 amplitude A~/~ 
VALUE (GeV -1/2) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

-0 .042  CRAWFORD 80 DPWA "~N ~ ~rN 
-0 .085  BARBOUR 78 DPWA ~ N  ~ ~rN 

N(2190) --* n-f, helldty.-3/2 amplitude A3/2 
VALUE (GeV -1/2 ) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

-0 .126  CRAWFORD 80 DPWA -fN ~ ~rN 
+0.007 BARBOUR 78 DPWA "~N ~ x N  

N(21gO) "yp --* A K  + AMPLITUDES 

(rFr)~/r.~. I .  ~ -~ N(~I~0) ~ ~K+ (E4- amplRude) 
VALUE (units 10 -3) DOCUMENT ID TECN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2.5 •  WORKMAN 90 OPWA 
2.04 TANABE 89 DPWA 

p-~ --, N(21gO) --, AK + ph=e anlle e (F4_ amplitude) 
VALUE (dqrees) DOCUMENT ID TEEN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- - 4  :E9 WORKMAN 90 DPWA 
-27 .5  TANABE 89 DPWA 

(rFt)~/r~= In p-~ - .  N(21g0) -.-, A K  + (M 4_ amplitude) 
VALUE (unRz 10 -3  ) DOCUMENT ID TEEN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 7 . 0  •  WORKMAN 90 DPWA 
- 5 . 7 8  TANABE 89 DPWA 

N(2190) FOOTNOTES 
1See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 

of  N and ~ resonances as determined from Argand diagrams of x N elastic partial-wave 
amplitudes and from plots of the speeds wi th which the am plltudes traverse the diagrams, 

2The range given for DEANS 75 is from the four best solutions. Disagrees with x + p  
~ ' ] - K  + data of WINNIK 77 around 1920 MeV. 

N(2190) REFERENCES 

For eady references, see Physics Letters 111B 70 (1982). 

ARNDT 95 PR CS2 2 1 2 0  +Strakovsky, Workman, Pavan (VPI, BRCO) 
BATINIC 9S PR C81 2310 +Slaus, Svarc, Nef~ns {BOSK. UCLA) 
HOEHLER 93 trN Newsletter 9 1 {KARL) 
MANLEY 92 PR D45 4002 +Saleski (KENT) IJP 

Also 84 PR D30 904 Manley, Arndt, Gotadia, Teplitz (VPI) 
ARNDT 91 PR D43 2131 +Li, Roper, Workman. Ford (VPI, TELE) UP 
WORKMAN 90 PR C42 781 (VPI) 
TANABE 89 PR C39 741 +Kohno, Bennhold {MANZ) 

AJso 89 NC 102A 193 Kohno, Tanabe, Bennhold (MANZ) 
BELL 83 NP B222 389 +Blissett, Broom�9 Daley. Hart, Lintern+ (RL) IJP 
POG 82 PL 111B Roo~, Porter, AKuilar-Benitez+ (HELS, CIT. CERN) 
CRAWFORD 80 Toronto Conf. 107 (GLAS) 
CUTKOSKY 80 T~l'onto Conf. 19 +Forsyth, Babcock, Kelly, Hendrick {CMU, LBL) liP 

Also 79 PR D20 2839 Cutkosky, Forsyth, Hendrick, Kelly (CMU, LBL) IJP 
SAXON 80 NP R1~2 522 +Baker, Bell, Blist~ett, Blcodwe,-th+ (RHEL, BRIS) IJP 
BAKER 79 NP B I ~  93 +Brown, Clark, Davies, Depart�9 Evans+ {RHEL) IJP 
HOEHLER 79 PDAT 12-1 +Kaiser, Koch, Pietarinen (KARLT) IJP 

Also 80 Toronto Conf. 3 KOCh (KARLT) IJP 
BARBOUR 78 NP B141 253 +Crawford, Parsons (GLAS) 
HENDRY 78 PRL 41 222 (IND, LBL) IJP 

Also El ANP 136 1 Hendry (IND) 
W]NNIK Y? NP B128 66 +Toafl, Revel, Goldberg, Berny {HALF) I 
DEANS 75 NP Bg~ 90 +Mitchell, Montgomery+ (SFLA, ALAH) IJP 
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Baryon Particle Listings 
N ( 2 1 9 0 ) ,  N ( 2 2 0 0 )  

I I ~(~ ) Status: ~< N ( 2 2 0 0 )  Dz5 ,(jp) __ 1 S- 

OMITTED FROM SUMMARY TABLE 
The mass is not  wel l  determined.  A few early results have been 

omi t ted .  

N(2200) BREIT-WlGNER MASS 

VALUE {MeV) DOCUMENT ID TECN COMMENT 

2200 OUR ESTIMATE 
1900 BELL 83 DPWA I r - p  ~ A K  0 
2180• CUTKOSKY 80 IPWA x N  -~ l rN  
1920 SAXON 80 DPWA l r - p ~  A K  0 

2228• HOEHLER 79 IPWA l rN  ~ ~ N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2240• BATINIC 95 DPWA ~tN --* N~,  Nrt  

N(2200) BREIT-WIGNER WIDTH 

VALUE {MeV) DOCUMENT ID TEEN COMMENT 

130 BELL 83 DPWA w - p - - *  A K  0 

400•  CUTKOSKY 80 IPWA x N ~  ~ N  
220 SAXON 80 DPWA 7 r - p  -~ A K  0 

310•  50 HOEHLER 79 IPWA l t N  ~ 7rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

761•  BATINIC 95 DPWA ~ N  L~ N~,  Nr/  

N(2200) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

2100• CUTKOSKY 80 IPWA ~ N  --~ ~rN 

-2xlMAGINARY PART 
VALUE(M~V) OOCUMENT ~0 TEEN COMMENT 

360•  CUTKOSKY 80 IPWA x N  ~ ~ N  

N(2200} ELASTIC POLE RESIDUE 

MODULUS I'1 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

20 •  CUTKOSKY 80 IPWA ~ N  --~ ~rN 

PHASE e 
VALUE (o) DOCUMENT ID TEEN COMMENT 

- - 90 •  CUTKOSKY 80 IPWA x N  ~ ~ N  

Mode 

rz N~r 
r 2 N~/ 
r 3 A K  

N(2200) DECAY MODES 

N(2200) BRANCHING RATIOS 

r(N.)/r~= r d r  
VALUE DOCUME~NT ID T~.CN COMMENT 

0.10• CUTKOSKY 80 IPWA ~rN ~ ~ N  
0.07• HOEHLER 79 IPWA w N  ~ ~ N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.08• BATINIC 95 DPWA ~ N  ~ N~,  Nr/  

r (N~) / r~  r=/r 
VALUE DOCUMENT /D TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.001-3-0.01 BATINIC 95 DPWA l rN  --~ N~r, Ny/ 

(rlrr)~/rt==l In N~r --~ N(22001 --~ NT/ (rzr2)~/r 
VALUE DOCUMENT I~) T~C N COMMENT 

0.066 BAKER 79 DPWA ~ - p  ~ n~/ 

(rFr)~/r~= In Nlr ~ N(2200) ~ AK (rzrs)~/r 
VALU~ DOCUMENT ID TEEN COMMENT 

--0.03 BELL 83 DPWA ~ - p  ~ AKO 
- 0 . 0 5  SAXON 80 DPWA l r - p  ~ AKO 
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N(2200), N(2220), N(2250) 

N(2200) REFERENCES 

BATINIC 95 PR C51 2310 +Sla~, SvI~c, Nefe, en5 (BOSK, UCLA) 
BELL 13 NP B222 3119 +BibLe�9 Broom~, O~ey, Hart, Linte~n+ (RL) I.~ o 
CUTKOSKY 80 Toronto COef. 1~ + ~ ,  Baboock, Kd~/, He=drld~ (CMU. LE~)IJP 

Also 79 PR 020 2~3q Cutkmky. Foep/th. Henddck. Kelly (CMU. LBL) 
SAXON BO NP B162 522 +Baker, Bell, Bllsse~t. Bkx~worth+ (RHEL. BRIS)IJP 
BAKER 79 NP B156 q3 +B~own, Clark, D~es, Oepa~ter. Evans+ (RHEL) IJP 
HOEHLER ~) PDAT 12-1 +Kaiser, Koch, P~t~rin~ (KARt.T) IJP 

Abo ao Tolo~tn CoM. 3 Koch (KARLT) IJP 

I N(2220) Hz~ I '(:~) --- ~,21"+', st=t= * , ,  * 
Most of the results published before 1975 are now obsolete and have 
been omitted. They may be found in ou~ 1982 edition, Physics 
Letters U l B  (1982), 

N(2220) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT 10 TECN COMMENT 

2Me to 2~o (~ :i22o) OUR 1-311MATE 
2230-I- 80 CUTKOSKY 80 IPWA ~ r N - *  ~rN 
2205+ 10 HOEHLER 79 IPWA ~rN ~ x N  
23004-100 HENDRY 78 MPWA ~rN ~ x N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 * �9 

2258 ARNDT 95 DPWA ~rN ~ N~r 
2050 BAKER 79 DPWA x - p  ~ n~ 

N(2~'O) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT It) TECN COMMENT 

n o  to I ~  (~ 4oo) OUR BTIMATE 
500:1:150 CUTKOSKY BO IPWA . x N  ~ I rN 
3654- 30 HOEHLER 79 IPWA ~rN ~ ~rN 
4504-150 HENDRY 78 MPWA w N  ~ x N  
�9 �9 * We do not use the following data for averages, fits, l imits, etC. �9 * �9 

334 ARNDT 95 DPWA ~rN ~ N=r 

N(2220) POLE POSITION 

REAL PART 
VALUE {MeV} DOCUMENT ID TECN COMMENT 

to ~40 (.111/0) OUR ESTIMATE 
2203 ARNDT 95 DPWA x N  ~ N~r 
2135 1 HOEHLER 93 ARGD ~rN ~ ~rN 
21604-80 CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol io~lng data for awrages, fits, l imits, etc. �9 �9 * 

2253 ARNDT 91 DPWA x N ~ ~r N 5oln SMgO 

- 2xlMAGINARY PART 
VALUE (MeV) DOCUMENT It) TECN COMMENT 

3"/0 to b'/0 (w 4/0) OUR ESTIMATE 

536 ARNDT 95 DFWVA ~rN ~ N~r 
400 1 HOEHLER 93 ARGD ~ N  ~ ~ N  
4804-100 CUTKOSKY 80 IPWA w N  ~ x N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 * 

640 ARNDT 91 DPWA ~ r N ~  ~rNSolnSMgO 

N(2220) ELASTIC POLE RESIDUE 

MODULUS Irl 
VALUE (MeV) ... .  OOCUMENT ID TECN COMMENT 

68 ARNDT 95 DPWA x N  ~ N x  
40 HOEHLER 93 ARGD z N ~  ~rN 
454-t-20 CUTKOSKY 80 IPWA ~ N  ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, t im id ,  etc. * * * 

85 ARNDT 91 DPWA x N ~  ~rNSolnSMgO 

PHASE 
VALUE (o) DOCUMENT ID TECN COMMENT 

--43 ARNDT 95 DPWA ~rN ~ N x  

- 5 0  HOEHLER 93 ARGD ~ r N ~  ~rN 
- 4 5 4 - 2 5  CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 * * We do not use the foliowing data for averages, flL% limits, etc. �9 �9 * 

- 6 2  ARNDT 91 DPWA ~ r N ~  x N S o l n S M ~ O  

N(2~O) DECAY MODES 

The fo l lo~ng  branching fractions are our estimates, not fits or averages. 

Mode Fraction ( r l / r )  

r l  N~r 10-20 % 
r 2 Nr/ 
r 3 AK 

N(2220) BRANCHING RATIOS 

r ( N , r ) / l ' ~  r l / r  
VALUE DOCUMENT ID TECN COMMENT 
0.1 to  0.2 OUR ESTIMATE 
0.154-0.03 CUTKOSKY 80 IPWA x N  ~ w N  
0.184-0.015 HOEHLER 79 IPWA ~rN ~ x N  
0.12+0.04 HENDRY 78 MPWA w N  ~ x N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, Emits, etc. �9 �9 �9 

0.26 ARNDT 95 DPWA x N  ~ N x  

(rFr)~6/r~ in N~r .-~ N(2220) ~ N~/ (rsr=)~6/r 
VALUE DOCUMEI~IT I~ TECN COMMENT 

�9 * * We do not use the fol lowing data for averages, fits, Ilmlt~, etc. * ,~ �9 

0.034 BAKER 79 DPWA ~ ' -  p ~ nr/ 

(rzr,l~Ir~ tfi N~r --* N(22201 --* AK (rsrsl~/r 
VALUE DOCUMENT I D TECN COMMENT 

not required BELL 83 DPWA x - p  ~ A K  0 
nots�9 SAXON 80 DPWA ~ r - p ~  A K  0 

N(2220) FOOTNOTES 
1See HOEHLER 93 for a detailed discus.don of the evtdence for and the pole parameters 

of N and A resonances as determined from A r p n d  diagrams of x N elastic partial-wave 
am pJRudes and from idots of the speeds wi th which the aml~tudes traverse the diagrams. 

N(2220) REFERENCES 

For early references, see Physics Letters 111B 70 (1982). 

ARNDT % PR C52 2120 
HOEHLER ~3 lr N NewrJmter 9 1 
ARNDT 91 PR I)43 2131 
BELL 83 NP B222 389 
pDG 82 PL 1118 
CUTKOSKY B0 Tmonto COM. 19 

Abo 79 PR 020 2839 
SAXON 10 NP B162 522 
BAKER 7~ NP B154~ q3 
HOEHLER 79 P1DAT 12-1 

MSO 80 To~u~Io Co~If. 3 
HENDRY 78 PRL 41 222 

|1  ANp 136 I 

+Stral~v~y, Workman, Pavan (VPI. BRCO) 
(KARL) 

+LI, Roper. Wmkman, Fc~d (VPI, TELE) UP 
+Bizxtt, B ~ e ,  Dad�9 Hart, Llnt~wn+ (RL) UP 

Rool, P~ te r . /~ -Bemi t~+  (HELS, CIT, CIERN) 
+Fo~yth, Babr Kdly. Hendrlck (CMU, L ~ )  IJP 

Cutk~sky. Forsyth. Itcq~rick, Kdy (CMU, LBL) IJP 
+B~u~, Belt, E41ssett. Bloodw(xth+ (RHEL, BRIS)IJP 
+Brovm, Clack. DiVes, De,liter , Evans+ (RHEL) UP 
+Kaiser, Koch, Piet.ldn~n KARLT UP 

Koch IKARLTI UP 
(lIND, LBt) UP 

H~M,~ (~O) 

I N(225~ I ( j P )  = I 9 -  2('} ) Status: * * ~ *  

N(2210) BREIT-WIGNER MASS 

VALUE {M.eV) DOCUMENT 10 TECN COMMENT 

2170 to 2110 (,. 121o} OUR ESTIMATE 
22504- 80 CUTKOSKY 80 IPWA x N  ~ l r N  

22684- 15 HOEHLER 79 IPWA l rN  ~ l r N  
22004-100 HENDRY 78 MPWA l rN  ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits. l imits, etc. �9 �9 �9 

2291 ARNDT =35 DPWA l r N  ~ N l r  

N(2250) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT IO TECN COMMENT 

2w to 47o (~  4oo) OUR ES'nMATE 
4 8 0 i 1 2 0  CUTKOSKY 80 IPWA x N  ~ ~rN 
3004- 40 HOEHLER 79 IPWA 1r ~ l r N  
3504-100 HENDRY 78 MPWA ~rN .-* x N  
�9 �9 �9 We do not use the foitowlng data for averages, fits, Emits, etc. �9 �9 �9 

772 ARNDT 95 DPWA l rN  ~ N~r 

N(2250) POLE POSITION 

REAL PART 
VAL UE (MeV) DOCUMENT 10 TECN COMMENT 

a m  m 22oo (~ 214o) OUR Es'n~,TE 
2087 ARNDT 95 DPWA x N  ~ Nw 
2187 1 HOEHLER 93 SPED l r N  ~ l r N  
21504-50 CUTKOSKY 80 IPWA x N  ~ r N  
�9 �9 �9 We do not use the following data for averages, fits. l imits, etc. �9 �9 �9 

2243 ARNDT 91 DPWA 7rN --~ l r N  Soln SMgO 

- 2 x IMAGINARY PART 
VALUE (MeV) DOCUMENT It) TECN COMMENT 

to ~ (m 410} OUR ESTIMATE 
680 ARNDT 95 DPWA x N  ~ N~r 
388 I HOEHLER 93 SPED x N  ~ l r N  
3604-100 CUTKOSKY 80 IPWA x N  ~ ~rN 
�9 �9 �9 We do not use the foflowtng data for averages, fits. l imits, etc. �9 �9 �9 

650 ARNDT 91 DPWA l r N  --~ ~rN Scdn SMgO 
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N(22rd)) ELASTIC POLE RESIDUE 

MODULUS Id 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

24 ARNDT 95 DPWA ~rN ~ N~r 
21 HOEHLER 93 SPED ~ r N ~  ~rN 
204-6 CUTKOSKY 80 IPWA ~ r N ~  ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

47 ARNDT 91 DPWA ~rN --* x N  Soln SMg0 

PHASE e 
VALUE( ~ ) DOCUMENT ID TECN COMMENT 

--44 ARNDT 95 DPWA ~rN ~ N~r 
- 5 0 4 - 2 0  CUTKOSKY 80 IPWA * N  ~ w N  
�9 �9 �9 We do not use the fol lowing dat~a for averages, fits, l imits, etc. �9 �9 �9 

- 3 7  ARNDT 91 DPWA ~rN - *  ~rN Soln SMgO 

N(2250) DECAY MODES 

The fol lowing branching fractions are our estimates, not fits or averages. 

Mode Fraction (rl/r) 

F 1 N , r  5-15 % 

F 2 N~/  

r 3 A K  

N(2250) BRANCHING RATIOS 

r(N~)/rm= rl/r 
VA~,~IE DOCUMENT ID T~(;N COMMENT 
0 ~  tO 0.111 OUR ESTIMATE 
0.104-0.O2 CUTKOSKY 80 IPWA ~rN ~ ~rN 
0.104-0.O2 HOEHLER 79 IPWA ~rN ~ x N  
0.094-0.02 HENDRY 78 MPWA x N  ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.10 ARNDT 95 DPWA ~rN --* NTr 

(r,rr)V=/r=t,i In Ntr--* N(2250) --~ Nq (rlr=)V2/r 
VAI.r.IE DOCUMENT ID T~C N COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, e t c . � 9  �9 �9 

-0 .043  BAKER 79 DPWA l r - p ~  nr/ 

(rlrrl~/rto,~ In N,r ~ N(2250) . - )  AK (rlr~)V=/r 
VA~.UE DOCUMENT ID T~C N (;OMM~NT 

--0.02 BELL 83 DPWA ~r-  p ~ A K  0 

notseen SAXON 80 DPWA ~ r - p ~  A K  0 

N(2250) FOOTNOTES 
1See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 

of  N and z l  resonances as determined from Argand diagrams of x N  elastic partial-wave 
ampli tudes and from plots of the speeds wi th which the amplitudes traverse the diagrams. 

N(2250) REFERENCES 
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N(2250), N(2600), N(2700) 

I N(2600) I1,111 I(J P) = �89 * * ~ <  

N(2600) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

2550 to 2750 (~  2600) OUR ESTIMATE 
25774- 50 HOEHLER 79 IPWA ~rN--~ l rN  
2700• HENDRY 78 MPWA x N - - *  l rN  

N(2600) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

SOD to Im (~u uo) OUR ESTIMATE 
400•  HOEHLER 79 iPWA ~ N  --, l rN  
900~'100 HENDRY 78 MPWA ~rN ~ x N  

N(2G00) DECAY MODES 

Mode Fraction ( r l / r )  

F 1 N~r 5-1o% 

N(2600) BRANCHING RATIOS 

r(N,r)/rtot., 
yA~q~ ~)QCUMENT tP TECN COMMENT 
O.06 to 0.1 OUR ESTIMATE 
0.05-[-0.01 HOEHLER 79 IPWA 7rN --~ x N  
0.08+0.02 HENDRY 78 MPWA x N  --~ x N  

rdr  

N(2600) REFERENCES 

HOEHLER 79 PDAT 12-1 +Kaiser, Koch, Pietadne. (KARLT) IJP 
Also 80 Toronto Conf. 3 Koch (KARLT) IJP 

HENORY 78 PRL 41 222 (IND, LBL) IJP 
Also 81 ANP 136 1 Hendr/ (IND) 

IN(2700) K1,131 ,(JP) = �89165 **  
OMITTED FROM SUMMARY TABLE 

N(2700) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
2700 OUR ESTIMATE 
26124- 45 HOEHLER 79 IPWA l r N  --~ l rN  
30OO• HENDRY 78 MPWA 7rN ---, x N  

N(2700) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

350-1- 50 HOEHLER 79 IPWA l r N - - ,  7rN 
9004-150 HENDRY 78 MPWA l r N  --~ l rN  

ARNDT 95 PR C52 2 1 2 0  +Strakovsky. Workman, Pavan (VPI. BRCO) 
HOEHLEB 93 ~N Newsletter 9 1 (KARL) 
ARNDT 91 PR D43 2131 +Li, Roper, Workman, Ford (VPI, TELE)UP N(2700) DECAY MODES 
BELL 83 NP B222 389 +Blissett, Broome, Oaley, Hart, Lintern+ (RL) IJP 
CUTKOSKY 80 Toronto Conf. 19 +Forsyth, Babcock, Kelly, Hendrick (CMU, LBL)UP 

Also 79 PR D20 2839 Cutkosky, Forsyth, Hendrick. Kelly (CMU, LBL) IJP Mode 
SAXON 80 NP B162 522 +Baker, Bell, Blissett, Bloodworth+ (RHEL, BRIS)IJP 
BAKER 79 NP B156 93 +Brown. Clark, Davies, DepqFer, Evans+ (RHEL) IJP F 1 N~T 
HOEHLER 79 PDAT 12-1 +Kaiser, Koch, PW(arinen (KARLT) IJP 

Also 80 Toronto Conf. 3 Koch (KARLT) IJP 
HENORY 78 PRL 41 222 (INO, LBL)IJP N(2700) BRANCHING RATIOS 

Also 81 ANP 136 1 HendPJ (IND) 

r(N.)Ir~, 
VA~.V~ DOCUMENT ID TECN COMMENT 

0.O44-0.01 HOEHLER 79 IPWA ~rN ~ ~rN 
0.074-0.02 HENDRY 78 MPWA l r N  ~ l rN  

rdr  

N(2700) REFERENCES 

HOEHLER 79 PDAT 12-1 +Kaiser, Koch, Pletadnen 
Also 80 Toronto Conf. 3 Koch 

HENORY 78 PRL 41 222 
Also 81 ANP 136 I Hendry 

(KARLT) IJP 
(KARLT) UP 

(IND, LBL) UP 
(IND) 
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N(~ 3000) 

I N(~ 3000 Region) I 
Partial-Wave Analyses I 

OMITTED FROM SUMMARY TABLE 
We list here miscellaneous high-mass candidates for isospin-1/2 res- 
onances found in partial-wave analyses. 

Our 1982 edition had an N(3245), an N(3690), and an N(3755), 
each a narrow peak seen in a production experiment. Since nothing 
has been heard from them since the 1960's, we declare them to be 
dead. There was also an N(3030), deduced from total cross-section 
and 180 ~ elastic cross-section measurements; it is the KOCH 80 
L1,15 state below. 

N(~ 3000) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

r ~ 0 0  OUR 13TIMATIE 
2600 KOCH 80 IPWA lrN ~ lrN D]3 
3100 KOCH 80 IPWA lrN ~ x N  L1,15 wave 
3500 KOCH 80 IPWA ~rN ~ ~rN M1,17 wave 
3500 to 4000 KOCH 80 IPWA ~rN ~ ~r N N1,19 wave 

3500:J:200 HENDRY 78 MPWA lrN ~ ~N L1,15 wave 
3800:E200 HENDRY 78 MPWA lrN ~ l rN M1,17 wave 
4100:E200 HENDRY 78 MPWA lrN ~ x N  N1,19 wave 

~LUE (MeV) 
13~•  HENDRY 

1600~200 HENDRY 
19~•  HENDRY 

N(,~ 3000) BREIT-WlGNER WIDTH 

DOCUMENT ID TECN COMMENT 

78 MPWA ~ N  ~ x N  L1,15 wave 

78 MPWA ~rN ~ x N  M1,17 wave 
78 MPWA lrN ~ ~rN N1,19 wave 

N(,~ 3000) DECAY MODES 

Mode 

I- 1 NTr 

N(~- --'~(~--) BRANCHING RATIOS 

r(N.) /r~, ,  
VA~UE DOCUMENT ID 

0.055 :E 0.02 H E N DRY 
0.040 ~ 0.015 HENDRY 

0.030 :E 0.015 HENDRY 

rz/r 

N(,,, 3000) REFERENCES 

KOCH 80 Toronto Conf. 3 
HENDRY 78 PRL 41 222 

Also 81 ANP 136 I Hendry 

(KARLT) IJP 
(IND, LBL) IJP 

(IND) IJP 

TECN COMMEN T 

78 MPWA lrN -~ ~rN L1,15 wave 
78 MPWA ~rN ~ l rN M1,17 wave 
78 MPWA ~rN ~ ~rN N1,19 wave 
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II BARYONS (S= O, I =  3/2) 
A + +  : u u u ,  A + = u u d ,  A ~ = udd ,  ~ -  = d d d  

J z (1232) : * * * *  

Most o f  the  results publ ished before 1977 are now obsolete and have 
been omi t ted .  They  may  be found in our 1982 edit ion, Physics 
Letters 111B (1982).  

A(1232) BREIT-WIGNER MASSES 

MIXED CHARGES 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1230 to  1234 (~U 1232) OUR ESTIMATE 
1231• MANLEY 92 IPWA ~rN ~ ~rN & N~r~r 
1232•  CUTKOSKY 80 IPWA ~rN ~ ~rN 
1233•  HOEHLER 79 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

1233 ARNDT 95 DPWA ~rN ~ N~r 

~i(1232) +'1" MASS 
VALUE {MeV~ DOCUMENT ID TECN COMMENT 

1230.54.0,2 ABAEV 95 IPWA ~rN ~ ~rN 
1230.9• KOCH 808 IPWA ~rN ~ ~rN 
1231.1• PEDRONI 78 ~rN ~ ~rN 70-370 

MeV 

,e,(,=~.)+ MASS 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1231.6 
1234.9 4-1.4 
1231.2 
1231.8 

A11232) 0 MASS 
VALUE (MeV) 
1233.1• 
1233.64.0.5 
1233.84.0.2 

CRAWFORD 80 DPWA ~ N  ~ ~rN 
MIROSHNIC... 79 Fit photoproduction 
BARBOUR 78 DPWA *~N ~ ~rN 
BERENDS 75 IPWA -~p ~ ~rN 

DOCUMENT ID TEEN COMMENT 

ABAEV 95 IPWA ~ N  ~ ".,rN 
KOCH 808 1PWA w N  ~ ~ N  
PEDRONI 78 "= N ~ ~r N 70-370 

MeV 

mad - mA.. H- 

VALUE (MeV} DOCUMENT IO TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2,254.0.68 BERNICHA 96 Fit to PEDRONI 78 
2 . 6  ~:0.4 ABAEV 95 IPWA ~ r N ~  ~rN 
2.7 4.0.3 1 PEDRONI 78 See the masses 

//(1232) BREIT-WIGNER WIDTHS 

MIXED CHARGES 
VALUE (MeV} DOCUMENT ID TEEN COMMENT 

115 to  125 (=U 120) OUR ESTIMATE 

118•  MANLEY 92 IPWA ~rN ~ l r N  & N~rlr 
1204.5 CUTKOSKY 80 IPWA 7rN ~ 7rN 
1164.5 HOEHLER 79 IPWA ~rN ~ r rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits. l imits, etc. �9 �9 �9 

114 ARNOT 95 DPWA ~rN ~ NTr 

A(1232) +§ WIDTH 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

111.0• KOCH 80B IPWA ~ N  ~ l r N  
111.3• PEDRONI 78 ~ N  ~ ~rN 70-370 

MeV 

A(1232) + WIDTH 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

111.2 CRAWFORD 80 DPWA "yN ~ ~rN 
131.1• MIROSHNIC-. 79 Fit photoproduction 
111.0 BARBOUR 78 DPWA 3'N ~ ~rN 

A11232) ~ WIDTH 
VALUE (MeV~ DOCUMENT JD TEEN COMMENT 

113.O4.1.5 KOCH 8OB IPWA ~rN ~ ~rN 
117.9• PEDRONI 78 ~N ~ l r N  70-370 

MeV 
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Baryon Particle Listings 
Z~(1232) 

D U-A++ WIDTH DIFFERENCE 

VALUE (MeV) DOCUMENT ID TE, EN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

8.454.1.11 BERNICHA 96 Fit to PEDRONI 78 
5~1 •  ABAEV 95 IPWA I rN ~ ~rN 
6,6 • 1.0 PEDRONI 78 See the widths 

A(1232) POLE POSITIONS 

REAL PART, MIXED CHARGES 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

120g tO 1211 (r 1210) OUR ESTIMATE 
1211 ARNDT 95 OPWA ~rN ~ Nl r  
1209 2 HOEHLER 93 ARGD ~rN --~ l rN  
1210:E1 CUTKOSKY 80 IPWA ~rN ~ ~ N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1210 ARNDT 91 DPWA l r N  ~ i N  Soln SMg0 

-2xlMAGINARY PART, MIXED CHARGES 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

to 10~ (~  100) OUR ESTIMATE 
100 ARNDT 95 DPWA ~ N  -~ N ~  
100 2 HOEHLER 93 ARGD ~rN ~ l rN  
100•  CUTKOSKY 80 IPWA l r N  --+ 7rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

100 ARNDT 91 DPWA 7rN ~ l rN  Soln SMg0 

REAL PART, A(1232) ++ 
VALUE (MeV} DOCUMENT ID COMMENT 

1209.6 i0 .5  3 VASAN 76B Fit to CARTER 73 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1210,5 to 1210.8 4 VASAN 76B Fit to CARTER 73 

-2xlMAGINARY PART, A(1232) ++ 
VALUE (MeV} DOCUMENT ID COMMENT 

100.8 4-1.0 3 VASAN 76B Fit to CARTER 73 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

99.8 to 100 4 VASAN 76B Fit to CARTER 73 

REAL PART, Jt(1232.) + 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1208.0~: 2.0 CAMPBELL 76 Fit photoproduction 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1211 •  to 1212 • 1 HANSTEIN 96 DPWA " i N  ~ ~rN 
1206.9• to 1210,5 • 1.8 MIROSHNIC... 79 Fit photoproduction 

-2xlMAGINARY PART, A(1232) + 
VALUE (MeV I DOCUMENT ID TEEN COMMENT 

106 4"4 CAMPBELL 76 Fit photoproductlon 
�9 �9 �9 We do not USe the following data for averages, fits, l imits, etc. �9 �9 �9 

102 •  to 99 • 2 HANSTEIN 96 DPWA 7 N  ~ l rN  
111.2• to 116.6 • 2.2 MIROSHNIC... 79 Fit photoproductlon 

REAL PART, A(1232) ~ 
VALUE (MeV) DOCUMENT ID COMMENT 

1210.75• 3 VASAN 76B Fit to CARTER 73 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1210.2 4 VASAN 76B Fit to CARTER 73 

-2xlMAGINARY PART, A(1232) ~ 
VALUE (MeV) DOCUMENT ID COMMENT 

105.6• 3 VASAN 76B Fit to  CARTER 73 
�9 �9 �9 We do not use the following data for averages, fits, l imits, e t r 1 4 9  �9 �9 

105.8 to 106.2 4 VASAN 768 Fit to CARTER 73 

4(1232) ELASTIC POLE RESIDUES 

ABSOLUTE VALUE, MIXED CHARGES 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

38 ARNDT 95 DPWA "a'N ~ N x  
50 HOEHLER 93 ARGD ~ r N ~  ~rN 
5 3 •  CUTKOSKY 80 IPWA x N  ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

52 ARNOT 91 DPWA w N  ~ w N  Soln SMgO 

PHASE, MIXED CHARGES 
VALUE (o) DOCUMENT ID TEEN COMMENT 

--22 ARNDT 95 DPWA w N  ~ N~r 
- 4 8  HOEHLER 93 ARGD ~ N ~  ~rN 
- 4 7 •  CUTKOSKY 80 IPWA ~ r N ~  ~rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

- 3 1  ARNDT 91 DPWA l r N  ~ 7rN Soln SMgO 
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ABSOLUTE VALUE, A(1232) ++ 
VALUE (MeV) DOCUMENT ID COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

52,4 to 53.2 3 VASAN 76B Fit to CARTER 73 
52.1 to 52.4 4 VASAN 76B FR to CARTER 73 

PHASE, A(1232) ++ 
VALUE (r~} DOCUMENT ID COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

-0 .822  to - 0 .833  3 VASAN 76B Fit to  CARTER 73 
-0 .823  to - 0 .830  4 VASAN 76B FR to  CARTER 73 

ABSOLUTE VALUE, A(1232) 0 
VALUE (MeV 1 DOCUMENT ID COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fitsl l imits, etc. �9 �9 �9 

54.8 to 55.0 3 VASAN 76B Fit to CARTER 73 
55.2 to 55,3 4 VASAN 76B Fit to CARTER 73 

PHASE, ~,(1232) 0 
VALUE (rad) DOCUMENT It) COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 0 . 8 4 0  to -0 .847  3 VASAN 76B Fit to CARTER 73 
-0 .848  to -0 .856  4 VASAN 76B Fit to CARTER 73 

a(1232) DECAY MODES 
The fol lowing branching fractions are our estimates, not fits or averages. 

Mode Fraction ( l ' l / l " )  

I- 1 N~r >99 % 
I" 2 N-~ 0.52-o.6o % 
F 3 N ' ~ ,  h e l i c i t y = l / 2  0.11--0.13 % 

F 4 N~ f ,  h e i i c i t y = 3 / 2  0.41-o.47 % 

A(1232) BRANCHING RATIOS 

r(N.)/rm, 
VALU E DOCUMENT ID TECN 
0 . ~  to 0 .gN OUR ESTIMATE 

COMMENT 

A(1232) -~ N% E-~/M~ ratio 
VA~-UE DOCUMENT ID TI~CN COMMENT 
- -0 .0~ i  :1:0.008 OUR ESTIMATE 
-0 .015  +-0.005 6 A R N D T  97 IPWA "yN ~ ~rN 
--0.025 +-0.002 +-0.002 BECK 97 IPWA ~ N  "-' x N  
-0 .030  4-0.003 •  BLANPIED 97 DPWA ' y N ~  ~ r N , ~ N  
-0.O3194-0.0024 DAVIDSON 97 DPWA " i N  ~ ; r N  
-0 .025  +-0,001 TIATOR 97 DPWA " i N  ~ x N  
-0 .015  4-0.005 WORKMAN 92 IPWA ~ N - - *  x N  
-0.0157~:0.0072 DAVIDSON 91B FIT -~N --~ x N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, Ilm~ts, etc. �9 �9 �9 

-0 .027  +-0.003 +-0,001 KHANDAKER 95 DPWA "rN ~ ~rN 
-0,01074-0.0037 DAVIDSON 90 FIT "~N ~ ~ N  
-0 .015  ~0.002 DAVIDSON 86 FIT ~ , N - ~  ~ N  
+0.037 4-0.004 TANABE 85 FIT "~N--~ ~ N  

&(1232) --~ N% al~olute value of E~/M~ ratio at pole 
VALUe. DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

-0.065+-0.007 ARNDT 97 DPWA " /N  ~ ~ N  
-0 .058  HANSTEIN 96 DPWA "yN ~ ~rN 

a(1232) --* N'/, phue of E~/M1 ratio at pole 
VALUE ()O~.UMENT It) TE~N ~MMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 1 2 2  ~ 5  ARNDT 97 DPWA " ~ N ~  x N  
-127 .2  HANSTEIN 96 DPWA q 'N ~ ~rN 

rz/r 

A(1232) ++ MAGNETIC MOMENT 

The values are extracted from UCLA and SIN data on ~r+ p bremsstrahlung 
using a variety of different theoretical appl'oxlmatlons and methods. Our 
estimate is only a rough guess of the range we expect the moment to lie 
within. 

VALUE (f~N) DOCUMENT ID COMMENT 

3.7 ~ 7.S OUR ESTIMATE 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

4,52+-0.504-0.45 BOSSHARD 91 ~r+p ~ ~-Fp. f  (SIN data) 

1.0 MANLEY 92 IPWA ~r N ~ ~ N & N~r x 
1.0 CUTKOSKY 80 IPWA ~ N  ~ w N  
1.0 HOEHLER 79 IPWA ; rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

1.0 ARNDT 95 DPWA ~rN ~ N~r 

A(1232) PHOTON DECAY AMPLITUDES 
A(1232) ~ N~f, helldty-1/2 amplitude A~/= 
VALUE (GeV -1/2 ) DOCUMENT ID TECN COMMENT 
- - 0 . 1 ~  :1:0.006 OUR ESTIMATE 
-0 ,135  +-0.005 ARNDT 97 IPWA "~N ~ ~rN 
-0.1278+-0.0012 DAVIDSON 97 OPWA "yN --~ ~rN 
-0 .132  +-0.002 TIATOR 97 DPWA "yN ~ ~ N  
-0 .141  +-0.005 ARNDT 96 IPWA "yN ~ ~ N  
-0 .135  +-0,016 DAVIDSON 91B FIT ~,N ~ ~ N  
--0.145 +-0,015 CRAWFORD 83 IPWA ~,N ~ ~ N  
-0 .138  +-0,004 AWAJI 81 DPWA ~ N  ~ ~ N  
-0 .147  ~0.001 ARAI 80 DPWA ~ N  ~ x N  (f i t  1) 
-0 .145  +-0.001 ARAI 80 DPWA "~N ~ ~rN (f i t  2) 
-0 .136  +-0.006 CRAWFORD 80 DPWA "~N--~ ~ N  
�9 �9 �9 We do not Use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

--0.143 +-0.004 LI 93 IPWA ~ N - *  ~ N  
-0 .140  •  DAVIDSON 90 FIT See DAVIDSON 918 
-0 .142  ~0.007 BARBOUR 78 DPWA ~ N  ~ ~ N  
-0 .140  5 NOELLE 78 ~ N  ~ ~rN 
-0 .141 +0.004 FELLER 76 DPWA q'N ~ ~ N  

~ ( 1 ~ )  --, N~f, heildty-3/2 amplitude AS/2 
VALUE {CRV-1/2 ) DOCUMENT ID TECN COMMENT 
--0.,Ydi -I-OJBOJ OUR ESTIMATE 
-0 .250  +0.008 ARNDT 97 IPWA ~'N ~ ; rN 
-0.2524+-0.0013 DAVIDSON 97 DPWA ~'N ~ ~rN 
-0 .253  +-0.003 TIATOR 97 OPWA ~ N  ~ ~ N  
--0.261 +-0.005 ARNDT 96 IPWA "yN ~ ~ N  
--0.251 +-0.033 DAVIDSON 91B FIT ~fN ~ l rN  
-0 .263  +-0.026 " CRAWFORD 83 IPWA "yN ~ l rN  
-0 .259  +-0.006 AWAJI 81 DPWA "yN ~ ~rN 
-0 .264  +-0.002 ARAI 80 DPWA *fN ~ ~ N  (f i t  1) 
-0 .261 +-0,002 ARAI 80 DPWA "yN ~ ~rN (f i t  2) 
-0 .247  +-0.010 CRAWFORD 80 DPWA "yN ~ ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

-0 .262  :E0.004 LI 93 IPWA ~ N  ~ x N  
--0.254 +0.011 DAVIDSON 90 FIT See DAVIDSON 91B 
--0.271 +0.010 BARBOUR 78 DPWA - r N ~  ~ N  
--0.247 5 NOELLE 78 "~N ~ ~ N  " 
-0 .256  +-0.003 FELLER 75 DPWA "yN ~ ~ N  

3,7 to 4.2 LIN 
4.6 to 4.9 LIN 
5.6 to 7.5 W l T T M A N  
6.9 to 9,8 HELLER 
4.7 to 6.7 NEFKENS 

91B ~r ~ ~ ' + p ~  (from UCLA data) 
91B ~ + p  ~ ~ + p ~  (from SIN data) 
88 ~ + p  ~ x + p ~  (from UCLA data) 
87 ; r + p  ~ x + p ' y  (from UCLA data) 
78 x + p  --* x + p ~  , (UCLA data) 

I 

,~(1232) FOOTNOTES 
1Using ~ + d  as well, PEDRONI 78 determine ( M -  - M + + )  + (M 0 - M + ) / 3  = 

4.6 + 0.2 MeV. 
2See HOEHLER 93 for a detailed discussion of the evidence for arid the pole parameters 

of N and 11 resonances as determined from Argand diagrams of ~ N elastic partial-wave 
amplitudes and from plots of the speeds wi th which the amplitudes traverse the diagrams. 

3This VASAN 76B value is from fits to the coulomb-barrier-corrected CARTER 73 phase 
shift. 

4This VASAN 75B value Is from fits to the CARTER 73 nuclear phase shift w i thout  
coulomb barrier corrections. 

5Converted to our conventions using M = 1232 MeV, r = 110 MeV from NOELLE 78, 
6This ARNOT 97 value Is very sensitive to the database being fitted. The result Is from a | 

f i t  to the ful l  plon photoproductlon database, apart from the BLANPIED 97 cross-section I 
measurements. 

ARNDT 
BECK 

Also 
Also 
Also 

BLANPIEO 
DAVIDSON 
TIATOR 
ARNDT 
BERNICHA % 
HANSTEIN 96 
ABAEV 95 
ARNDT g5 
KHANDAKER 9S 
HOEHLER 93 
LI 93 
MANLEY 92 

Also 
WORKMAN 
ARNDT 
BOSSHARD 

Also 
DAVIDSON 
LIN 

Also 
DAVIDSON 
WITTMAN 

A(1232) REFERENCES 
For early references, see Physics Letters 111B 70 (1982). 

9T PR C56 577 +Strakovsky. Workman (VPI) 
97 PRL 78 506 +Krahn+ (MANZ, SACL. PAV|. GLAS~ 
97B PRL 79 4810 Beck, Krahn (MANZ) 
97C PRL 79 4512 Beck, K~hn (MANZ) 
970 PRL 79 4515 (erratum) Beck, Krahn+ (MANZ, 5ACL, PAVh GLAS) 
97 PRL 79 4337 +Blecher, Caracappa+ (LEGS cogab. ) 
97 PRL 79 4 5 0 9  +Mukhopadhyay (RPI) 
97 x N NewsJetter 13,127 (MANZ) 
% PR C53 430 +Strako~ky, Workman (VPI) 

NP A597 623 +Lopez Castro, Pestieau (LOUV, CINV) 
PL B385 45 +Orechseh Tiatm (MANZ) 
ZPHY A352 85 +Kruglov (PNPI) 
PR C52 2 1 2 0  +Strako~ky, Workman, Pavan (VPI, BRCO) 
PR D51 3966 +Sandorfl (BNL, VPI) 
xN  Newsletter 9 1 (KARL) 
PR C47 2759 +Arndt, Roper, Workman (VPI) 
PR D45 4002 +Saleski (KENT) IJP 

84 PR D30 e~4 Manley, Amdt, Goradia, Teplitz (VPI) 
92 PR C46 1548 +Amdt, U (VPI) 
91 PR D43 2131 +U, Roper, Workman. Ford (VPh TELE) IJP 
91 PR D44 1962 +Amsler+ (ZURI, LBL, VILL, LAUS, UCLA, CATH) 
90 PRL 64 2619 Bosshard+ (CATH, LAUS, LBL, VILL, UCLA, ZURI) 
91B PR D43 71 +Mukhopadh~my, Wittman (RPI) 
91B PR C44 1819 +Liou, Dinlr (CUNY, CSOK) 
91 PR C43 R930 Lin, Lk)u (CUNY) 
90 PR D42 20 +Mukhopedhy~y (RPI) 
S8 PR C37 2075 (TRIU) 
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HELLER 87 PR C3S 718 +Kumano, Martinez, Moniz (LANL. MIT. ILL) 
DAVIDSON 86 PRL 56 804 +Mukhopadhyay. Wittman (RPI} 
TANABE 85 PR C31 1876 +Ohta (KOMAB} 
CRA~NFORD 83 NP B211 1 +Morton (GLAS) 
PDG 82 PL 111B ROOS, Porter. Aguilar-Benitez+ (HELS, CIT, CERN) 
AWAJI 81 Bonn Conf. 352 +Kajikawa (NAGO) 

AlSO 82 NP B197 365 Fujii, Hayashil, Iwata, Kajikawa+ (NAGO) 
ARAl SO Toronto Conf. 93 (INUS) 

Also 82 NP 8194 251 Arai, Fujii (INUS) 
CRAWFORD 80 Toronto Conf. 107 (GLAS) 
CUTKOSKY 80 Toronto Conf. 19 +Fo~syth. Babcock, Kelly, Hendr[ck (CMU. LBL) IJP 

Also 79 PR D20 2839 Cutkosky, Forsytk, Hendrick, Kelly (CMU, LBL) 
KOCH ,80B NP A336 331 +Pietadnen (KARLT) IJP 
HOEHLER 79 PDAT 12-I +Kaiser, Koch, Pietafinen (KARLT) IJP 

Also 80 Toronto Conf. 3 Koch (KARLT) IJP 
MIROSHNIC.,, 79 SJNP 29 94 Miroshnichenko, Nii6forov, 5anln+ (KFTI) IJP 

Translated from YAF 29 188. 
BARBOUR 78 NP B141 253 +Crawford, Parsons (GLAS) 
NEFKENS 78 PR D18 3911 +Arman, 8allagh, Glodls, Haddock+ (UCLA, CATH) IJP 
NOELLE 78 PTP 60 778 (NAGO) 
PEDRONI 78 NP A300 321 +Gabathuler, Domingo, Hirt+ (SIN, ISNG, KARLE+) IJP 
CAMPBELL 76 PR D14 2431 +Shaw, Bail (BOIS, UCI, UTAH) IJP 
FELLER 76 NP Blot 219 +Fukushima, Horikawa, Kajlkawa+ (NAGO, OSAK) IJP 
VASAN 76B NP BI06 535 (CMU) IJP 

Also 76 NP B106 526 Vasa. (CMU) IJP 
BERENDS 75 NP B84 342 +Donnach~e (LEID, MCH5) 
CARTER 73 NP B58 378 +Bugg, Carter (CAVE, LOQM) IJP 

Jm06oo) e,,J ,(,P) = 2':[3'3+'/ Status: * : ~ *  

Most o f  the  results publ ished before 1975 are now obsolete and have 
been omi t ted .  They  may  be found in our 1982 edit ion, Physics 
Letters 111B (1982). 

The various analyses are no t  in good agreement, 

,'/(1600) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

lsso to 17oo (~ 16oo) OUR ESTIMATE 
1706:1:10 MANLEY 92 IPWA ~rN ~ ~rN & N'K~ 
1600/:50 CUTKOSKY 80 IPWA ~rN ~ ~rN 
1522/:13 HOEHLER 79 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

16724-15 ARNDT 96 IPWA "yN ~ ~rN 
1706 LI 93 IPWA 3,N ~ x N  
1690 BARNHAM 80 IPWA ~rN --* N~r~r 
1560 1 LONGACRE 77 IPWA ~rN ~ N~r~r 
1640 2 LONGACRE 75 IPWA ~rN --* N~r~r 

Z1(1600) BREIT-WIGNER WIDTH 

VALUE (MeV} DOCUMENT ID TECN COMMENT 

2SO to 4SO ( ~  3~0) OUR ESTIMATE 
430/ :  73 MANLEY 92 IPWA '~-N ~ "~'N & N ~  
300:1:1OO CUTKOSKY 80 IPWA ~rN ~ ~rN 
2204- 40 HOEHLER 79 IPWA ~rN--* ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

315:1:20 ARNDT 96 IPWA ~ N  ~ ~ N  
215 U 93 IPWA "yN ~ ~rN 
250 BARNHAM 80 IPWA ~rN --~ N ~ x  

180 1 LONGACRE 77 IPWA ~rN --* N~rx 
300 2 LONGACRE 75 IPWA ~rN -+ N~r~r 

A(1600) POLE POSITION 

REAL PART 
VALUE ~'MeV) DOCUMENT ID TECN COMMENT 

1500 to  1700 (~U 1600) OUR ESTIMATE 

1675 ARNDT 95 DPWA ~ r N ~  N'~ 
1550 3HOEHLER 93 SPED ~ r N ~  ~rN 
1550• CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1612 ARNDT 91 DPWA ~rN --* ~rN Soln SMgO 
1609 or 1610 4 LONGACRE 78 IPWA ~rN ~ N~r~r 
1541 or 1542 1 LONGACRE 77 IPWA ~rN ~ N~r~ 

- 2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

200 to 4~0 (r ! )0 )  OUR ESTIMATE 
386 ARNDT 95 DPWA ~rN --* N~r 
2004-60 CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

230 ARNDT 91 DPWA ~rN ~ ~rN Soln SMgO 
323 or 325 4 LONGACRE 78 IPWA ~rN ~ N~r~r 
178 or 178 1 LONGACRE 77 IPWA ~rN ~ N~r~r 
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Z1(1232) ,  Z%(1600) 

zlCZr ELASTIC POLE RESIDUE 

MODULUS 1,t 
VALUE (MeV} DOCUMENT tD TECN COMMENT 

52 ARNDT 95 DPWA ~rN ~ N~r 
1 7 •  CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

16 ARNDT 91 DPWA ~ N  ~ ~tN Soln SMgO 

PHASE e 
VALUE( ~ ) DOCUMENT ID TECN COMMENT 

+ 14 ARNDT 95 DPWA ~rN ~ N~r 
- 1 5 0 •  CUTKOSKY 80 IPWA ~rN ~ ~r 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 

- 73 ARNDT 91 DPWA ~rN ~ ~rN Soln SM99 

A(1600) DECAY MODES 

The following bcanchlng fractions are our estimates, not fits or averages. 

Mode Fraction (F I / I ' )  

F1 NTr 10-25 % 
r2 E K  
I- 3 N~r~r 75-90 % 

r4 Zl~r 40-70 % 

r s z1(1232) ~r, P-wave 
r 6 A(1232)~r, F-wave 
F 7 Np <25 % 
F 8 Np, $=1/2, P-wave 
F 9 Np, 5=3/2, P-wave 
FlO Np, 5=3/2, F-wave 
F l l  N ( ] 4 4 0 ) ~ r  10-35 % 

F12 N (1440 )~ r ,  P -wave  

F13 N-~ 0.001-0.02 % 

F14 N ' ~ ,  h e l i c i t y = l / 2  0.o-0.o2 % 

F15 N-~,  h e l i c i t y = 3 / 2  0.001-0.005 % 

A(le00) BRANCHING RATIOS 

r(N.)/rt=., r l / r  
VALUE DOCUMENT ID TECN COMMENT 
0.10 to 0.2S OUR ESTIMATE 
0.12• MANLEY 92 IPWA I r N  ~ l rN  & N x x  
0.18• CUTKOSKY 80 IPWA x N  --* ~rN 
0.21• HOEHLER 79 IPWA ~rN ~ ~rN 

(rlrr)V=/rt=. in Nlr --* D(1600) --* ~ K  (rlr=)~/r 
VALUE pOCUM~NT I~ T~CN COMMENT 
--0.36 to  - - 0 ~  OUR ESTIMATE 
�9 �9 �9 We do not use the foilowing data for averages, fits, l imits, etc. �9 �9 �9 

0.006 to 0.042 S DEANS 75 DPWA l rN  ~ ~ K  

Note: Signs of couplings from ~r N ~ N~r~r analyses were changed In the 
1986 edlUon to agree wi th the baryon-first convention; the overall phase 
ambiguity is resolved by choosing a negative sign for the A(1620) $31 
coupling to A(1232)~. , 

(r,r,l~/r,~., t. N, --, ~(le00)-, A(i2.~21,~. P-wave (rlr8l~lr 
VALUE DOCUMENT ID TECN COMMENT 
+0.27  to  +0 .33  OUR ESTIMATE 
+0.29•  MANLEY 92 IPWA l rN  --* x N  & N l r l t  
+0 .24 / :0 .05  BARNHAM 80 IPWA 7rN ~ NTrx 
+0.34 1,6 LONGACRE 77 IPWA 7rN ~ N~rx 
+0.30 2 LONGACRE 75 IPWA l r N  ~ N x l r  

(rlrflV=/r=.. In Nlr --* A(1600) --* 4(123211r, F-wave (rlrd%/r 
VALUE DOCUMENT ID TECN COMMENT 
--0.15 to  --0.00 OUR ESTIMATE 
- 0 . 0 7  1,6LONGACRE 77 IPWA x N ~  N l r l r  

(r,r,)~/r~,. Ifi Nlr--* A(1600) - *  Np, S=1/2, P-wave (rlre)~/r 
VALUE DOCUMENT ID TECN COMMENT 

+0.10 1,6 LONGACRE 77 IPWA l r N  ~ N l r l r  

( r ~ r f ) ~ / r ~  ifi N,,--. A(16~) --. Np. S=3/2. P-wave  (rlr,)Yi/r 
VALUE DOCUMENT ID TECN COMMENT 

+0.10 1,6 LONGACRE 77 IPWA l rN  --* N~rw 
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A(1600), A(1620) 

( r ; r r ) ~ / r ~ l  In Nx ~ A(1600) --~ N(14-40)~r, P-wave 
VALU~ pOCUMENT ID TEEN (;OMM~N T 
+0.13 to +0.23 OUR ESTIMATE 
+0.16`+0.02 MANLEY 92 IPWA ~rN ~ x N  & N~r~r 
+O.23`+0.04 BARNHAM 80 IPWA ~rN --~ N x x  

(r lr,,)~/r l 062o) I I(J P) = ~(~-)  Status: * * : # : *  

-0.O13• CRAWFORD 83 IPWA ~'N --* x N  
O.025`+0.031 AWAJI 81 DPWA 3 N  ~ ~rN 

-0.009`+0.020 CRAWFORD 80 DPWA ";'N ~ x N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-O.016`+0.002 LI 93 IPWA ~N  -~ ~rN 
0.023 WADA 84 DPWA Compton scattering 
0.000• BARBOUR 78 DPWA "~N ~ x N  
0.0 `+0.015 FELLER 76 DPWA "~N ~ ~N  

~(zeO0) FOOTNOTES 
1 LONGACRE 77 pole positions are from a search for poles in the unltadzed T-matrix; the 

first (second) value uses, in addition to x N  --* N~rx data, elastic amplitudes from a 
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball 
fits with Breit-Wlgner circles to the T-matrix amplitudes, 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 
~o to am (se ~o) OUR B'nMATE 
154 `+37 MANLEY 92 IPWA ~rN--~ x N & N ~ r ~ r  
140 `+20 CUTKOSKY 80 IPWA ~ N ~  ~N  
139 `+18 HOEHLER 79 IPWA ~ ' N ~  x N  
�9 s �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

147 -4- 8 ARNOT 96 IPWA .~N--~ x N  
108 ARNDT 95 DPWA x N  --~ Nx  
184 LI 93 IPWA *fN --* ~rN 
120 BARNHAM 80 IPWA x N  ~ N x x  
228.3`+18.0 1CHEW 80 BPWA x + p  ~ x + p  (lower 

mass) 

&(lfQ0) BREIT-WlGNER WIDTH 

2 From method II of LONGACRE 75: eyeball fits with Brelt-Wlgner circles to the T-matrix 
amplitudes. 

3 See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 
of N and -'~ resonances as determined from Argand diagrams of x N  elastic partial-wave 
amplitudes and from plots of the speeds wRh which the amplitudes traverse the diagrams. 

4LONGACRE 78 values are from a search for POles In the unltadzed T-matrix. The first 
(second) value uses, In addition to ~rN ~ N x ~  data, elastic amplitudes from a Saday 
(CERN) partial-wave analysts. 

5The range given Is from the four best solutions. DEAN5 75 disagrees with x + p  --* 
_~+ K + data of WINNIK 77 around 1920 MeV. 

6 LONGACRE 77 considers this coupling to be well determined. 
7WADA 84 is Inconsistent with other analyses - -  see the Note on N and /~ Resonances. 

A(1600) REFERENCES 

For early references, see Physics Letters 111B 70 (1982). 

ARNDT 96 
ARNDT 95 
HOEHLER 93 
Li 93 
MANLEY 92 

Also 84 
ARNDT 91 
WADA 84 
CRAWFORD 83 
PDG 82 
AWAJI 81 

ALSO 82 
BARNHAM 80 
CRAWFORD 80 
CUTKOSKY 80 

Also 79 
HOEHLER 79 

Also 8O 
BARBOUR 78 
LONGACRE 78 
LONGACRE 77 

ALSO 76 
WINNIK 77 
FELLER 76 
DEANS 75 
LONGACRE 75 

PR CS3 430 +Strako~ky. Workman (VPI) 
PR C52 2 1 2 0  +Strakovsky, ~kxkman, Pavan (VPI, BRCO) 
xN Newsletter 9 1 (KARL) 
PR C47 2759 +Am(It. Roper. Wo(kman (VPi) 
PR D4S 4002 +Sel~ski (KENT) IJP 
PR D30 904 Manley, Arndt,'Gorad~a, Teplitz (VPI) 
PR D43 2131 +Li, Roper, Workman, Ford (VPI. TELE) IJP 
NP 8247 313 +F-g;w.~, Imaniski, Ishii, Kato, Ukai+ (INUS) 
NP B221 1 +/vl~a)n (GLAS) 
PL 111B Roo~, POrter, Aguilar-Bonitez+ (HELS, CIT, CERN) 
Bonn Conf. 352 +KaJikawa (NAGO) 
NP 5197 355 Fujii, Hayashii, Iwata, KaJikawa+ (NAGO) 
NP 8168 243 +Glickman, Mier-Jedrzejowlcz+ (LOIC) 
Toronto Conf. 107 (GLAS) 
Toronto Conf. 19 +Forsyth, Babcock, Kelly, Hendrick (CMU, LEL)IJP 
PR D20 2839 Cutk0sky, Fors~]~, Hendrick, Kelly (CMU, LgL) IJP 
PDAT 12-1 +Kaiser, Koch, Pietaril~en (KARLT) IJP 
To~onto Conf. 3 Koch (KARLT) iJP 
NP B141 253 +Crawford, Parsons (GLAS) 
PR D17 1795 +Ladnski, RoSenfeld, SmadJa+ (LBL. SLAC) 
NP B122 493 +Oolbeau (SACL) IJP 
NP 810~ 365 D~beau, Trlantis, Neveu, Cadlet (SACL) IJP 
NP B12S 66 +Toaff. Revel, Goldber s, Borny (HALF) I 
NP 8104 219 +Fukushirna, Horlkaw~, Kajlkawa+ (NAGO, OSAK) IJP 
NP R96 90 +Mitchell, Montgomery+ (SFLA. ALAH)IJP 
PL SSB 415 +Ro~enfeld. Lasinskl, Smadja+ (LBL, SLAC)IJP 

30.0 ̀+ 6.4 

161 
180 
120 
150 

1 CHEW 80 BPWA x + p  --* ~r+p (higher 
mass) 

CRAWFORD 80 DPWA .yN--~ ~ N  
BARBOUR 78 DPWA .yN ~ x N  

2LONGACRE 77 IPWA ~ N ~  N x ~  
3LONGACRE 75 IPWA ~N-.-~ N x x  

&(I(Q0) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

to ~ (J./~o) OUR BTIMATE 
1585 ARNDT 95 DPWA x N  --~ N~r 
1608 4 HOEHLER 93 SPED l rN ~ l rN 
1600`+15 CUTKOSKY 80 IPWA xN--~ x N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1587 ARNDT 91 DPWA xN--~ x N  Soln SM90 
1583or1583 5LONGACRE 78 IPWA x N ~  N x x  
1575 or 1572 2 LONGACRE 77 IPWA x N  ~ NTrx 

-2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 
zoo to 1~ (~ US) OUR ESTIMATE 
104 ARNDT 95 DPWA x N  ~ N f  
116 4 HOEHLER g3 SPED ~rN --~ ~rN 
120`+20 CUTKOSKY 60 IPWA ~ r N ~  ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

120 ARNOT 91 DPWA x N  ~ x N  Soln SMgO 
143or149 5LONGACRE 78 IPWA xN--~ N x x  
119 or 128 2 LONGACRE 77 )PWA ~rN ~ N ~ r  

A(lrQ0) ELASTIC POLE RESIDUE 

.OOULUS t'l 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

14 ARNDT 95 DPWA x N  ~ N~r 
19 HOEHLER 93 SPED ~ N ~  ~'N 
15'+2 CUTKOSKY 50 IPWA 'x'N --* 'n'N 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

15 ARNDT 91 DPWA x N  --~ x N  Sotn SMgO 

A(1600) PHOTON DECAY AMPLITUDES 

A(1600) -,. N-/, hellclty.1/2 amplitude AI~ 
VALUE {GeV -1/2) DOCUMENT ID TEEN COMMENT 
- - O ~ ' l ' O , 0 2 0  OUR ESTIMATE 
-0.O18• ARNDT 96 IPWA ";'N -~ wN 
-0.039`+0.030 CRAWFORD 83 IPWA ~N  ~ ~N  
-0 .046+0.013 AWAJI 81 DPWA " iN ~ x N  

0.005`+0.020 CRAWFORD 80 DPWA ~'N ~ x N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0 .026+0.002 LI 93 IPWA "yN--* l rN 
-0 .200  7 WADA 84 DPWA Compton scattering 

0.O00~:0.030 BARBOUR 78 DPWA ~N  -~ ~rN 
0.0 +0.020 FELLER 76 DPWA "yN ~ I rN 

4(z60o) -~ N~, ~ld~S/2 .m~itude ~/~ 
VALUE {GeV-1/2 ) DOCUMENT ID TEEN COMMENT 
--0.009:1:0.021 OUR ESTIMATE 
-0.025`+0.015 ARNDT 96 IPWA ~N--~  ~rN 

A ( l f Q 0 )  B R E I T - W l G N E R  M A S S  

VALUE (MeV) DOCUMENT IO TEEN COMMENT 
lr, d.s to zs~ (~ zr,~) OUR eSllMATE 
1672 + 7 MANLEY 92 IPWA x N ~  x N & N x x  
1620 :b20 CUTKOSKY 80 IPWA ~ 'N -~  l rN 
1610 4" 7 HOEHLER 79 IPWA xN--~ x N  
�9 �9 �9 We do not use the followiog data for averages, fits, limits, etc. �9 �9 �9 

1672 -4- 5 ARNDT 96 IPWA ~IN---~ x N  
1617 ARNDT 95 DPWA l rN --~ Nlr 
1669 LI 93 IPWA "yN--~ x N  
1620 BARNHAM 80 IPWA x N ~  N x x  
1712.8`+ 6.0 1CHEW 50 BPWA x + p - ' ~  w + p  
1786.7`+ 2.0 1CHEW 80 BPWA l r+p- -~  x + p  
1657 CRAWFORD 80 DPWA "yN ~ f N  
1662 BARBOUR 78 DPWA "IN ~ x N  
1580 2 LONGACRE 77 IPWA x N  ..-, N ~ x  
1600 3LONGACRE 75 IPWA lrN--~ N x x  

Most of  the results pubBshed before 1975 are now obsolete and have 
been omitted. They may be found in our 1982 edition, Physics 
Letters U l B  (1982). 



See key on page 213 

PHASE e 
VALUE (o) DOCUMENT ID TECN COMMENT 

--121 ARNDT 95 DPWA ~rN -+ N~r 
- 95 HOEHLER 93 SPED ~rN ~ x N  
- 1 1 0 •  CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 1 2 5  ARNDT 91 DPWA ~rN ~ w N  Soln SMSO 

A(1620) DECAY MODES 

The following branching fractions are our estimates, not fits or averages. 
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Z~(1620), z3(1700) 

�9 �9 �9 We do not use the following data fo~ averages, fits, l imits, etc. �9 �9 

0.042• LI 93 IPWA "yN ~ ~rN 
0.066 WADA 84 DPWA Compton scattering 

+0.0344-0.028 BARBOUR 78 DPWA "yN ~ ~rN 
-0.0054-0.016 FELLER 76 DPWA 3'N ~ ~rN 

A(1620) FOOTNOTES 
1 CHEW 80 reports two 531 resonances at somewhat higher masses than other analyses. 

Problems wi th this analysis are discussed in section 2.1.11 of HOEHLER 83. 
2 LONGACRE 77 pole positions are from a search for poles in the unltarizad T-matr|x;  the 

first (second) value uses, in addiUon to ~rN ~ N ~ r  data, elastic amplitudes from a 

Mode Fraction (r l /r) 

F 1 N~r 20-30 % 
F 2 N~r~r 70-80 % 
F 3 ~ r  30-60 % 
I" 4 Zl(1232)~r, D-wave 
r6 Np 7-25 % 

r 6 Np,  S=1/2, S-wave 
F7 Np, 5--3/2, D-wave 
F 8 N(1440)~r 
r9 N-), 0,004-0,044 % 
F10 N3', helicity=l/2 0.004-0.044 % 

a(1r BRANCHING RATIOS 

Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball 
fits with Breit-Wigner circles to the T-matr ix amplitudes. 

3 From method II of LONGACRE 75: eyeball fits wi th Breit-Wlgner circles to the T-matr ix  
amplitudes. 

4See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 
of N and ~3 resonances as determined from Argand diagrams of ~rN elastic partial-wave 
am plitudes and from plots of the speeds with which the am plitudes traverse the diagrams. 

5 LONGACRE 78 values are from a search for poles in the unitarlzed T-matrix. The first 
(second) value uses, in addition to ~rN --~ N~rx  data, elastic amplitudes from a Saclay 
(CERN) partial-wave analysis. 

6 LONGACRE 77 considers this coupling to be well determined. 

ARNDT 
ARNDT 

~ ( 1 ~ )  REFERENCES 

For early references, see Physics Letters U l B  70 (1982). 

9~ PR C53 430 +Strako~ky, Workman 
95 PR C52 2 1 2 0  +StrakovSky, Workman, Pavan 

r(N.)/rt=,, rdr 
VALUE DO(~VMENT ID "FECAl C.@MMENT 
0.2 to 0.3 OUR ESTIMATE 
0.094-0.02 MANLEY 92 IPWA ~rN ~ ~rN & N~r~ 
0.254-0.03 CUTKOSKY 80 IPWA ~rN-~  ~rN 
0.354-0.06 HOEHLER 79 IPWA x N ~  ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.29 ARNDT 95 DPWA ~rN --* N*r 
0.60 1CHEW 80 BPWA ~r+p ~ ~r+p (lower 

mass) 
0.36 1CHEW 80 BPWA ~ r+p - - ,  ~r+p (higher 

mass) 

Note: Signs of couplings from x N  ~ N ~  analyses were changed in the 
1986 edition to agree wi th the baryon-first convention; the overall phase 
ambiguity is resolved by choosing a negative sign for the z1(1620) 531 
coupling to A(1232)x.  

( r t r r ) ~ / r t ~ l  In Nw -~ A(1620) -~ A(1232)w, D - I r e  ( r l r 4 ) ~ / r  

HOEHLER 93 
LI 93 
MANLEY 92 

Also 84 
ARNDT 91 
WADA 84 
CRAWFORD 83 
HOEHLER 83 
PDG 82 
AWAJI 81 

NSO 82 
ARAI 80 

Also 82 
BARNHAM 80 
CHEW 80 
CRAWFORD 80 
CUTKOSKY 80 

AlSO 79 
TAKEDA 80 
HOEHLER ?9 

AlsO 80 
BARROUR 78 
LONGACRE 78 
LONGACRE ?7 

Also 76 
FELLER 76 
LONGACRE 75 

xN Newsletter 9 1 
PR C47 2759 +Amdt, Roper, Workman 
PR D45 4002 +Saledd 
PR D30 904 Manley, Arndt, Goradia, Teplitz 
PR D43 2131 +Li, Roper, Wockman, Ford 
NP 8247 313 +EKawa, Imanishi, Ishii, Kato, U~ai+ 
NP 8211 1 +Morton 
Landolt- Boer nsteln 1/982 
PL U lB Roos. PoRer, Aguilar-Benitez+ 
Bonn Conf. 35:2 +Kajikav~ 
NP B197 365 Fujii, Hayashii, Iwata, Kajikawa+ 
Toronto Cone 93 
NP B194 251 Arai, Fujii 
NP B168 243 +Gtickman, Mier-Jedrzejowicz+ 
Toronto Cone 123 
Toronto Cone 107 
Toronto Cone 19 +Forsyth. Babcock, Kelly, He.ddck 
PR D20 2839 Cutkosky, Forsyth, HendHck, Kelly 
NP B168 17 +Arai, Fujii, Ikeda, Iwasaki+ 
PDAT 12-1 +Kaiser, Koch, Pietar(ne~ 
Toronto Cone 3 KOCh 
NP 8141 253 +Crawford, Parsons 
PR D17 1795 +Lasinski, Ro~nfeld. Smadja+ 
NP 8122 495 +Dolbcau 
NP B108 365 Do~beau~ Triantls, Neveu. Cadiet 
NP 8104 219 +Fukushima, Hodkawa, Kajika~a+ 
PL 5SB 415 +Rosenfeld, Lasinski, Smadja+ 

VALUE 
-0,3~ to -0.28 OUR ESTIMATE 
- 0.24:~0.03 
--0.334-0.06 

DOCUMENT ID TECN COMMENT 

MANLEY 92 IPWA ~rN --* x N  & N~r~ 
BARNHAM = 80 IPWA ~rN - *  N * x  

I ZI(1700) D~ I 

(VPI) 
(VPI, BRCO) 

(KARL) 
(vPD 

(KENT) IJP 
(VPI) 

(VPI. TELE) IJP 
ONUS) 
(GLAS) 

(KARLT) 
(HELS, CIT, CERN) 

(NAGO) 
(NAGO) 
(INUS) 
ONUS) 
(LO,C) 
(LBL) UP 

(GLAS) 
(CMU. LBL)UP 
(CMU, LBL) UP 

(TOKY, INU5) 
(KARLT) IJP 
(KARLT) IJP 

(GLAS) 
(LBL, SLAC) 

(SACL) IJP 
(SACL) IJP 

(NAGO, OSAK) IJP 
(LBL. SLAC) IJP 

I ( j P )  = 3 3 -  ~(:~ ) Status: ~ 

- 0 . 3 9  2,6 LO~IGACRE 77 IPWA x N  --, Nx l r  
- 0 . 40  3 LONGACRE 75 IPWA I rN  ~ Nx~r  

(rlr,)~/r~,,w. N~-~ A(Z620)-~ Np,S=l/2,...c-wave (rlr6)~/r 
VALUE DOCUMENT ID TECN COMMENT 
+0.12 to +0.22 OUR ESTIMATE 
+0.154-0.02 MANLEY 92 IPWA 7rN ~ x N  & N1rlr  
+0.40:E0.10 BARNHAM 80 IPWA l r N - *  N l r l r  
+0.08 2,6 LONGACRE 77 IPWA x N  ~ N~rlr 
+0.28 3LONGACRE 75 IPWA ~ r N ~  N x x  

(rlrt)~/r,~= ,n Nw --* A(1620) --~ Np. P---~I~, D-wave (r~r7)~/r 
VALUE DOCUMENT IO T ~  N COMMENT 
--O.lS to --~03 OUR ESTIMATE 
-0.06:E0.02 MANLEY 92 IPWA x N  ~ ~rN & N~r~r 
- 0 .13  2,6 LONGACRE 77 IPWA ~rN - *  N~r~r 

(r~r,)~/r~,, =. N w - ,  A(16201 --~ N(1440)x (r;r8)~/r 
VALUE DOCUMENT ID T~:~:I~ COMMENT 

0.114-0.08 8AI~NHAM 80 IPWA ~rN - *  N~r~r 

A(lfQ0) PHOTON DECAY AMPLITUDES 

&(lf~0) --* N'-f, helldty-l/2 amplitude Az] z 
VALUE (GeV -1/2 ) DOCUMENT ID TECN COMMENT 

+0.0~'-~0.011 OUR I~TIMATE 
0.0354-0.020 ARNDT 96 IPWA 3'N ~ x N  
0.0354-0.010 CRAWFORD 83 IPWA *fN ~ x N  
0.010:E0.015 AWAJI 81 DPWA 3'N ~ x N  

-0.0224-0.007 ARAI 80 DPWA ~ N  - *  7rN (fit 1) 
-0.0264-0.008 ARAI 80 DPWA ~/N ~ x N  (fit 2) 

0.0214-0.020 CRAWFORD 80 DPWA "rN ~ l r N  
0.1264-0,021 TAKEDA 80 DPWA 3'N ~ ~rN 

Most  o f  the  results publ ished before 1975 are now obsolete and have 
been omi t ted .  They may  be found in our  1982 edi t ion,  Physics 
Letters 1118 (1982). 

A(1700) BREIT-WlGNER MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

1670 to 1770 ( ~  1700) OUR ESTIMATE 
1762 •  MANLEY 92 IPWA ~rN ~ 7rN & N ~ r  
1710 4-30 CUTKOSKY 80 IPWA I rN  --~ l rN  
1680 4-70 HOEHLER 79 IPWA l r N  ~ l rN  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1690 :t:15 ARNDT 96 IPWA 3,N ~ l rN  
1680 ARNDT 95 DPWA l r N  ~ N~r 
1655 LI 93 IPWA 3'N ~ l r N  
1650 BARNHAM 80 IPWA l rN  ~ NlrTr 

71n a +13"1 1 CHEW 80 BPWA I r + p  ~ x + p  
. . . .  - 1 3 . 0  

1622 CRAWFORD 80 DPWA "yN ~ ~rN 
1629 BARBOUR 78 DPWA "~N ~ l r N  
1600 2 LONGACRE 77 IPWA 7rN ~ N l r l r  
1680 3 LONGACRE 75 IPWA ~rN ~ N~r*r 

A(1700) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

~o to 40o (~ soo) OUR EImMATE 
600 4-250 MANLEY 92 IPWA ~ N  ~ l rN  & NTr~r 
280 4- 80 CUTKOSKY 80 IPWA l rN  ~ l r N  
230 + 80 HOEHLER 79 IPWA 7rN ~ x N  
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 ( 700) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

285 4- 20 ARNDT 96 IPWA 3'N ~ ~rN 
272 ARNDT 95 DPWA ~rN ~ N~r 
348 LI 93 iPWA 3'N --~ ~rN 
160 BARNHAM 80 IPWA ~rN ~ N~r~r 
193.3• 26.0 1CHEW 80 BPWA ~ r + p ~  ~r+p 
209 CRAWFORD 80 DPWA "~N ~ ~rN 
216 BARBOUR 78 DPWA "IN ~ ~rN 
200 2 LONGACRE 77 IPWA ~rN ~ N~r~r 
240 3 LONGACRE 75 IPWA ~rN - *  Nw~r 

,6(1700) POLE POSIT ION 

REAL PART 
VALUE {MeV) DOCUMENT ID TEEN COMMENT 
1620 to 1~0  ( ~  1660) OUR ESTIMATE 
1655 ARNDT 95 DPWA ~rN ~ N~r 
1651 4HOEHLER 93 SPED ~rN-*  ~rN 
16754-25 CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1646 ARNDT 91 DPWA ~rN --~ ~rN Soln SMg0 
1681or 1672 5 LONGACRE 78 IPWA ~rN ~ N~r~r 
1600 or 1594 2 LONGACRE 77 IPWA ~rN --~ N~r~r 

- -  2 X IMAGINARY PART 
VALUE(MeV} DOCUMENT ID TEEN COMMENT 
150 to 250 (~  200) OUR ESTIMATE 
242 ARNDT 95 DPWA ~rN ~ N x  
159 4 HOEHLER 93 SPED ~rN ~ ~rN 
2204-40 CUTKOSKY 80 IPWA wN --~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

208 ARNDT 91 DPWA ~rN -~ x N  Soln SMgO 
245 or 241 5 LONGACRE 78 IPWA ~rN --~ N~r~r 
208 or 201 2 LONGACRE 77 IPWA ~rN ~ N~r~r 

,6(1700) ELASTIC POLE RESIDUE 

M O D U L U S  I r l  
VALUE (MeV) DOCUMENT IO TEEN COMMENT 

16 ARNDT 95 DPWA wN - *  N~r 
10 HOEHLER 93 SPED ~ r N ~  ~rN 
134-3 CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

13 ARNDT 91 DPWA wN ~ ~N Soln SMg0 

PHASE 
VALUE( ~ } DOCUMENT ID TEEN COMMENT 

--12 ARNDT 95 DPWA ~rN - *  N~r 
-204-25 CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

- 2 2  ARNDT 91 DPWA ~rN ~ ~rN Soln SM90 

,6(1700)  DECAY MODES 

The following branching fractions are our estimates, not fits or averages. 

Mode Fraction ( l l / r )  
FZ N~r 10-20 % 

[-2 ~ K  
F 3 N ~r ~r 8o-90 % 
['4 z~/r 30-60 % 
['5 Z~(1232)~r, S-wave 25-50 % 
r 6 / t (1232)~r ,  D-wave 1-7 % 
F 7 N p  30-55 % 
['8 N p ,  S = 1 / 2 ,  D-wave 
r 9 N p ,  S = 3 / 2 ,  S-wave 5-20 % 

[ '1o N p ,  $ = 3 / 2 ,  D-wave 
['zz N-y 0.12-0.26 % 
F12 N'~, he l i c i t y= l / 2  0.08-0.16 % 
1-13 N-~, he l ic i ty=3/2  0.025-0.12 % 

,6(1700) BRANCHING RATIOS 

r(N,)/r==, rl /r 
VALUE DOCUMENT ID TEEN ~OMMENT 
0.10 to 0.20 OUR ESTIMATE 
0.144-0.06 MANLEY 92 IPWA ~rN ~ ~rN & Nx~r 
0.12• CUTKOSKY 80 IPWA ~rN ~ ~rN 
0.20~0.03 HOEHLER 79 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. e �9 �9 

0.16 ARNDT 95 DPWA ~rN ~ N~r 
0,16 1CHEW 80 BPWA ~ r + p ~  x + p  

~L 1L 
( r ~ r ~ ) ~ , / r t = = ,  In N~r --~ ,6(1700) .-.,, ~ K  ( r l r = ) ~ , / r  
VALUE DOCUMENT ID T~CN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.002 LIVANOS 80 DPWA ~rp ~ Z'K 
0.001to0.011 6DEANS 75 DPWA ~ r N ~  ~ K  

Note: Signs of couplings from 7rN ~ N1rx analyses were changed In the 
1986 edition to agree with the baryon-first convention; the overall phase 
ambiguity is resolved by choosing a negative sign for the 11(1620) 531 
coupling to A(1232)~. 

(rlrr)Y~/F~l In N'ir --~ ,6(1700) -4  ,6(1232)1r, S-wave (rzrfi)~/r 
VALUE DOCUMENT I D T~.~N COMMENT 
-I-0,21 to +0,213 OUR ESTIMATE 
+0.324-0.06 MANLEY 92 IPWA x N  -+ ~N & N l rx  
+0,184-0.04 BARNHAM 80 IPWA ~N ~ N ~  
+0.30 2,7 LONGACRE 77 IPWA lrN ~ N~rlr 
+0.24 3 LONGACRE 75 IPWA ~r N ~ Nlr lr  

( F i F r ) ~ / F t o t a l  In N~r .-~ ,6(1700) ~ ,6(1232)1r,  D-wave ( F I F s ) ~ / F  
VALUE DOCUMENT I 0 TEEN COMMENT 
+0.06 to +0.11 OUR ESTIMATE 
+0.084-0.03 MANLEY 92 IPWA lrN --* ~rN & N~r~r 

0.144-0,04 BARNHAM 80 IPWA IrN - *  N~r~r 
+0.05 2,7 LONGACRE 77 IPWA ~rN ---* N~rx 
+0,10 3LONGACRE 75 IPWA ~ r N ~  N~r~r 

(rlrr)~/r==, ifi N x  --~ ,6(1700) --~ Np, 5 = 1 / 2 ,  D-wave (rlrg)~,/r 
VALUE DOCUMENT ID TECN CQMMENT 

+0.17:E0.05 BARNHAM 80 IPWA ~rN --* N~r~r 

(rlrr)~/rt==, In N~r -~  A (1700)  --* N p ,  ,~---3/2, S-wave (rlr,)~/r 
VALUE DOCUMENT ID TEEN (~OMMENT 

=b0.11 to :b0,19 OUR ESTIMATE 
+0.104-0.03 MANLEY 92 IPWA ~rN --~ x N  & N x x  
+0.04 2,7 LONGACRE 77 IPWA ~rN ~ N x x  
-0.30 3 LONGACRE 75 IPWA ~rN ~ N~r~r 

(r~r~)~/rt=,: In N~r -~  ,6(1700) --~ N p ,  $ = 3 / 2 ,  D - ~ v e  (r, rl0)~=/r 
VALUE DOCUMENT ID TECN COMMENT 

0.184-0.07 BARNHAM 80 IPWA ~rN --~ N~r~r 

,6(1700) P H O T O N  DECAY A M P L I T U D E S  

,6(1700) .-~ N'7,  helk: l ty-1/2 ampl i tude Az/2 

VALUE(GeV-1/2 ) DOCUMENT ID TEEN COMMENT 
+0.Z04:E0.OlS OUR ESTIMATE 

0.090+0.025 ARNDT 96 IPWA 3'N --* l rN 
0.111• CRAWFORD 83 IPWA "yN --* l rN 
0.0894-0.033 AWAJI 81 DPWA 3'N ~ ~rN 
0.1124-0.006 ARAI 80 DPWA "yN --* 7rN (fit 1) 
0,130• ARAI 80 DPWA */N ~ ~N (fit 2) 
0.123• CRAWFORD 80 DPWA 3'N --* l rN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.121• LI 93 IPWA -yN - *  l rN 
+0.1304-0.037 BARBOUR 78 DPWA 3'N ~ l rN 
+0.0724-0.033 FELLER 76 DPWA "yN ~ ~rN 

,6(1700) --~ N 'y ,  he l ld ty -3 /2  ampl i tude A l l  = 

VALUE(GeV-1/2 ) DOCUMENT ID TEEN COMMENT 
+0.00~t-t-0.0~2 OUR ESTIMATE 

0.0974-0.020 ARNDT 96 IPWA ~fN ~ x N  
0.1074-0.015 CRAWFORD 83 IPWA "yN ~ x N  
0.0604-0.015 AWAJI 81 DPWA "~N ~ lrN 
0.0474-0.007 ARAI 80 DPWA "yN - *  l rN (fit 1) 
0.0504-0.007 ARAI 80 DPWA 3'N ~ x N  (fit 2) 
0.1024-0.015 CRAWFORD 80 DPWA "yN ~ 7rN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.1154-0.004 LI 93 IPWA ~N --* l rN 
+0.098• BARBOUR 78 DPWA "TN -~ l rN 
+0.0874-0.023 FELLER 76 DPWA ~,N --* x N  

,6(1700) F O O T N O T E S  

1 Problems with CHEW 80 are discussed in section 2.1.11 of HOEHLER 83. 
2 LONGACRE 77 pole positions are from a search for poles in the unltarlzed T-matrix; the 

first (second) value uses, In addition to IrN ~ Nlrlr data, elastic amplitudes from a 
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball 
fits with Breit-Wlgner circles to the T-matrix amplitudes. 

3 From method II of LONGACRE 75: eyeball fits with Brelt-Wlgner drcles to the T-matrix 
amplitudes. 

4See HOEHLER 93 for a detailed discussion of the evldeece for and the pole parameters 
of N and /* resonances as determined from Argand diagrams of lr N elastic partial-wave 
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams. 
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5LONGACRE 78 values are from a search for poles in the unitarlz~d T-matr ix.  The first 
(second) value uses, in addition to ~rN ~ N~r~ data, elastic amplitudes from a Sa~:lay 
(CERN) partial-wave analysis, 

6The range given is from the four best solutions. DEANS 75 disagrees with ~r-Fp 
~-t- K +  data of WlNNIK 77 around 1920 MeV. 

7 LONGACRE 77 considers this coupling to be well determined. 
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Baryon Part ic le Listings 
ZI(1700), ZI(1750), ZI(1900) 

/1(1700) REFERENCES 

For early references, see Physics Letters 111B 70 (1982). 

ARNDT 96 PR C53 430 +Strak~vsky, Wolkman (VPI) 
ARNDT 95 PR C52 2 1 2 0  +Strakovsky, Workman, Pavan (VPI, BRCO) 
HOEHLER 93 x N Newsletter 9 1 (KARL) 
LI 93 PR C47 2759 +Arndt, Roper, Workman (VPI) 
MANLEY 92 PR D45 4002 +Saleski (KENT) IJP 

AlSo 84 PR D30 904 Manley, Arndt. Goradia, Teplitz (VPI) 
ARNDT 91 PR D43 2131 +Li. Roper, Workman, Ford (VPh TELE)IJP 
CRAWFORD 83 NP B2U I +Morton (GLAS) 
HOEHLER 83 LandoR-Boernsteln 1/9B2 (KARLT) 
PDG 82 PL 111B Roo~, Po~:er. Aguilar-Benitez+ (HELS. CIT, CERN) 
AWAJI 81 Bonn Conf. 352 +Kajikawa (NAGO) 

Also 82 NP B187 365 Fujli. Hayashii. Iwata, Kajikawa+ (NAGO) 
ARAI 80 Toronto Conf. 93 (INUS) 

Also 82 NP B194 281 Aral, Fujil (INUS) 
BARNHAM 80 NP B108 243 +Glickman, Mier-Jedrzejowicz+ (LOIC) 
CHEW 80 Toronto Conf. 123 (LBL) UP 
CRAWFORD 80 Toronto Conf. 107 (GLAS) 
CUTKOSKY 80 Toronto Conf. 19 +Fo(syth, Babcock, Kdly, Hendrick (CMU, LBL) IJP 

Also 79 PR D20 2839 Cutkosky, Forsyth, Henddck, Kelly (CMU, LBL) IJP 
LIVANOS 80 Toronto Conf, 35 +Baton, Coutures, Kochowski. Neveu (SACL) IJP 
HOEHLER 79 PDAT 12-1 +Kaiser, Koch, Pietarinen (KARLT) IJP 

Also 80 Toronto Conf. 3 Koch (KARLT) IJP 
BARBOUR 78 NP B141 253 +Crawford, Parsons (GLAS) 
LONGACRE 78 PR D17 1795 +Lasinski, Rosenfeld, Smadja+ (LBL, SLAC) 
LONGACRE 77 NP B122 493 +Ddbeau (SACL) UP 

Also 76 NP B108 365 Ddbeau, TriantJs, Ne~eu. Cadiet (SACL) IJP 
WINNIK 77 NP B128 66 +Toaff, Revel, Goldberg, Berny (HALF) I 
FELLER 76 NP B104 219 +Fukushima, Horikawa, Kajikawa+ (NAGO. OSAK) IJP 
DEANS 75 NP B% 90 +Mitchell, Montiome~y+ (SFLA, ALAH) IJP 
LONGACRE 75 PL 55B 415 +Rosenfeld, Laslnski, SmadJa+ (LBL. SLAC) IJP 

I 
I ~(2 ) Status: ~< ~< z$(19oo) ,(:.) = 31- 

OMITTED FROM SUMMARY TABLE 

/1(1900) BREIT-WlGNER MASS 

VALUE (MeV) DOCUMENT IO TECN COMMENT 

lUl0 to lg~0 (~u 1900) OUR ESTIMATE 
1920 •  MANLEY 92 IPWA "e'N ~ ~,'N & N'.,r'~ 
1890 •  CUTKOSKY 80 IPWA ~rN ~ ~rN 
1908 •  HOEHLER 79 IPWA ~ r N ~  ~rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1918.5• CHEW 80 BPWA x + p  ~ ~r+p 
1803 CRAWFORD 80 DPWA "yN --~ ~rN 

/1(1900) BREIT-WlGNER WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

140 to 240 (ill 200) OUR ESTIMATE 
263 •  MANLEY 92 IPWA ~'N ~ ~rN & N~r~- 
170 •  CUTKOSKY 80 IPWA ~rN--* ~ N  
140 •  HOEHLER 79 IPWA ~ r N - *  ~rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

OMITTED FROM SUMMARY TABLE 

A(1750) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
r162 17g0 OUR ESTIMATE 

1744 •  MANLEY 92 IPWA ~rN - *  ~rN & Nx~r 
�9 �9 ,, We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1715.2• 1CHEW 80 BPWA ~ r - F p ~  ~r+p 
1778.4• 9.0 1CHEW 80 BPWA ~ r + p ~  ~r+p 

A(1750) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT 10 "TECN COMMENT 

300 :E120 MANLEY 92 IPWA 7 r N ~  ~ r N & N ~ r ~ r  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

93.3•  55.0 1CHEW 80 BPWA ~r+p  "-', x + p  

23.0•  29.0 1CHEW 80 BPWA ~r+p- - *  ~r+p 

/1(1750) DECAY MODES 

Mode 

rl N~r 
['2 N~'~" 
r3 N(1440)= 

r(N.)Ir~,,  r~Ir 
VALUE/ DOCUMENT ID TE/CN COMMENT 

0.08• MANLEY 92 IPWA x N  ~ x N  & N~rlr 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.18 1CHEW 80 BPWA 7r-Fp--* 7r+p 
0.20 1 CHEW 80 BPWA 7r + p ~ ~r + p 

(rFr)~/r~,, In N~r --~/1(1700) --* N(1440)lr (r lrg)~/r 
VALUE/ DOCUMENT ID TECI V COMMENT 

+0 .15•  MANLEY 92 IPWA ~rN ~ w N  & N~r~r 

/1(1750) FOOTNOTES 
1CHEW 80 reports four resonances in the t~ wave - -  see also the /1(1910). Problems 

wi th  this analysis are discussed in section 2.1.11 of HOEHLER 83. 

/1(1750) REFERENCES 

MANLEY 92 PR D43 4002 +Saleskl (KENT) 
Also 84 PR D30 904 Manley, Arndt, Gofadia, Teplitz (VPI) 

HOEHLER 83 Lando~t-Boernstein 1/9B2 (KARLT) 
CHEW 80 Toronto Cone 123 (LBL) 

93.5• 
137 

CHEW 80 BPWA l r + p - - *  l r + p  
CRAWFORD 80 DPWA ~,N - *  l rN  

A(1900) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

1780 1 HOEHLER 93 SPED l r N  --~ ~rN 
18704-40 CUTKOSKY 80 IPWA 7rN ~ ~r 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

not seen ARNDT 91 DPWA ~rN ~ ~rN Soln SM�O 
2029 or 2025 2 LONGACRE 78 IPWA x N  ~ N~r~r 

- 2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

180•  CUTKOSKY 80 IPWA l r N - ~  l rN  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

not seen ARNDT 91 DPWA l r N  --* l rN  Soln SM�0 
164 or 163 2 LONGACRE 78 IPWA 7r N ~ NTr~ 

A(lg00) ELASTIC POLE RESIDUE 

MODULUS Id 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

1 0 •  CUTKOSKY 80 IPWA l r N  ~ l rN  

PHASE e 
VALUE( ~ ) DOCUMENT ID TECN COMMENT 

+204"40 CUTKOSKY 80 IPWA l r N  ~ l rN  

/1(1900) DECAY MODES 

The following branching fractions are our estimates, not fits or averages. 

Mode Fraction (rl/r) 

I" 1 NTr 

r2 Z K  
F 3 N~rTr 

r4 Z~r 
r 5 A(1232) ~r, D-wave 
1"6 N p 
F 7 Np, S=1/2, S-wave 
F8 Np, 5=3/2, D-wave 
F9 N(1440) 7r, S-wave 
F10 N-y, helicity--1/2 

10-30 % 

A(1900) BRANCHING RATIOS 

r(N.)/r,~,j r l / r  
VAloUr: DOCUMENT ID TECN COMMENT 
0.1 to 0.3 OUR ESTIMATE 
0.41• MANLEY 92 IPWA l r N  ~ l rN  & N~rlr 
0.10• CUTKOSKY 80 IPWA x N  ~ l rN  
0.08• HOEHLER 79 IPWA x N  ~ ~rN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.28 CHEW 80 BPWA l r + p  ~ ~r+p 
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I/- 1L 
( r ~ r , ) " / r t = , ,  in N~r --~ ~l(lcJ00) --~ EK ( r~r=) , ' / r  
VALUE DOCUMENT ID TECN COMMENT 

<0.03 CANDLIN 84 DPWA E + p  ~ ~ ' + K  + 

I A(190S) F~] I(J P) = ] ( } + )  Status: * * * *  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.076 3DEANS 75 DPWA ~ r N ~  ~ K  
0.11 LANGBEIN 73 IPWA ~rN ~ ~ K  (sol. 1) 
0.12 LANGBEIN 73 IPWA E N  ~ ~ K  (sol. 2) 

(rlrf)q~/rto~l In N x  ~ Z1(1900) ~ ,A(1232)x, D-wave (rzrg)~/r 
VALUE DOCUMENT ID TECN COMMENT 

+0-254-0.07 MANLEY 92 IPWA ~rN --~ ~rN ~ N E w  

(r~rr)Y=/r=t,, In N~r--~ A(1900) --* Np, S=1/2, S-wave (rzr~)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

--0.144-0.11 MANLEY 92 IPWA E N  ~ E N  & N~rE 

(r~rr)~/r=r In Nx--) ~(1900) --~ Np, $=3/2,  D-wave (r, rg)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

--0.374-0.07 MANLEY 92 IPWA ~rN ~ E N  & NEw 

(r~rr)VUr=~,l in N~r ~ ,~(1900) ---* N(1440)~', S-wave (r;r,)~/r 
VALUE DOCUMENT IO TcpCN COMMENT 

--0.164-0.11 MANLEY 92 IPWA E N  ~ ~rN & NEw 

,~(1900) PHOTON DECAY AMPLITUDES 

Z1(1900) --* N %  hellclty-1/2 amplRude Az/2 
VALUE (GeV -1/2 ) DOCUMENT IO TEEN COMMENT 

--0.0044-0.016 CRAWFORD 83 IPWA ~'N ~ E N  
0.0294-0.008 AWAJI 81 DPWA ~ N  ~ x N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

-0 .006  to -0 .025  CRAWFORD 80 DPWA ~fN ~ ~ N  

z1(1900) FOOTNOTES 
1See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 

of N and A resonances as determined from Argand diagrams of 7r N elastic partial-wave 
amplitudes and from plots of the speeds wi th which the amplitudes traverse the diagrams. 

2 LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first 
(second) value uses. in addition to E N ~ NTrE data, elastic amplitudes from a 5aclay 
(CERN) partial-wave analysis. 

3The value given is from solution 1; the resonance is not present in solutions 2, 3, or 4. 

Zl(lgO0) REFERENCES 

For early references, see Physics Letters 111B 70 (1982). 

HOEHLER 93 IrN Newsletter 9 1 (KARL) 
MANLEY 92 PR D45 4002 +Saleski (KENT) IJP 

Also 84 PR D30 904 Manley, Arndt, G~adia, Teplitz (VPI) 
ARNDT 91 PR 043 2131 +Li, Roper, Workman, Ford (VP|, TELE) UP 
CANDLIN 84 NP B238 477 +Lowe, Peach. Scogand+ (EDIN, RAL, LOWC) 
CRAWFORD 83 NP B211 1 +Morton (GLAS) 
AWAJI 81 Bonn Conf. 352 +Kajikawa (NAGO) 

Also 82 NP 8197 365 Fujii, Hayashii, Iwata, Kaj~kawa+ (NAGO) 
CHEW 80 Toronto Conf. 123 (LBL) IJP 
CRAWFORD 80 Toronto Conf. 107 (GLAS) 
CUTKOSKY 80 Toromto Conf. 19 +Forsyth, Babcock, Kelly; Hendrlck (CMU, LBL) IJP 

Most  of  the results publ ished before 1975 are now obsolete and have 
been omi t ted .  They may be found in our 1982 edi t ion,  Physics 
Letters 111B (1982).  

,~(1905) BREIT-WlGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN 

1MO to l'J~O ( ~  1908) OUR ESTIMATE 
1881 4-18 MANLEY 92 IPWA 
1910 4-30 CUTKOSKY 80 IPWA 
1905 4-20 HOEHLER 79 IPWA 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, 

1895 4- 8 ARNDT 96 IPWA 
1850 ARNDT 95 DPWA 
1960 4-40 CANDLIN 84 DPWA 

1787.0 + 6.0 CHEW 80 BPWA - 5.7 
1880 CRAWFORD 80 DPWA 
1892 BARBOUR 78 DPWA 
1830 1 LONGACRE 75 IPWA 

COMMENT 

E N  ~ x N  & N l r l r  
�9 rN ~ ~ N  
~rN ~ l rN  

etc. �9 �9 �9 

~ N  --* ~ N  
E N  ~ NE 
~r+p ~ ~ +  K § 

E + p ~  E + p  

~/N ~ ~rN 
"yN ~ E N  
~rN --* N E E  

&(1gO5) BREIT-WlGNER 

VALUE (MeV) DOCUMENT ID TEEN 

2so to 44o (~ 3so) OUR ESTIMATE 
327 4- 51 MANLEY 92 IPWA 
400 4-100 CUTKOSKY 80 IPWA 
260 • 20 HOEHLER 79 IPWA 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, 

354 4- 10 ARNDT 96 IPWA 
294 ARNDT 95 DPWA 
270 4- 40 CANDLIN 84 DPWA 

66.0 + 24.0 - 16.0 CHEW 80 BPWA 

193 CRAWFORD 80 DPWA 
159 BARBOUR 78 DPWA 
220 1 LONGACRE 75 IPWA 

WIDTH 

COMMENT 

I r N  ~ EN,e ,  NE1r 
E N  --* l r N  
E N  ~ E N  

etc. �9 �9 �9 

"IN ~ l r N  
l rN  ~ NE 
E + p ~  E - t ' K +  

* + p  ~ E + p  

~ 'N  ~ E N  
E N  ~ N E ~  

ZI(1905) POLE POSITION 

REAL PART 
VALUE {MeV} DOCUMENT ID TECN COMMENT 
111o0 to ~ (~ 1ram) OUR ESTIMATE 
1832 ARNDT 95 DPWA I rN --* NE 
1829 2HOEHLER 93 SPED E N ~  E N  
1830:t:40 CUTKOSKY 80 IPWA E N  --~ x N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1794 ARNDT 91 DPWA E N  --~ E N  Soln SM90 
1813 or 1808 3 LONGACRE 78 IPWA E N  ~ N E E  

-2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

to 330 (r 280) OUR ESTIMATE 
Also 79 PR D20 2839 Cutkosky, Forsyth, Hendrick, KeJly (CMU, LBL) IJP 

HOEHLER 79 PDAT 12-1 +Kaiser, Koch, Pietarinen (KARLT) IJP 
Also 80 Toronto Conf. 3 Koch (KARLT) IJP 

LONGACRE 78 PR D17 17% +Las~nskl, Rosenfeld, Smadja+ (LBL, 5LAC) 
DEANS 75 NP 896 90 +Mitchell, MontgomeP/+ (SFLA, ALAH) IJP 
LANGBEIN 73 NP B53 251 +Wagner (MUNI) IJP 

254 ARNDT 95 DPWA l rN  ~ NE 
303 2HOEHLER 93 SPED E N ~  E N  
2804-60 CUTKOSKY 80 IPWA E N  ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

230 ARNDT 91 DPWA E N  ~ E N  Soln SMg0 
193or187 3LONGACRE 78 IPWA ~ rN-~  N~rE 

~(1906) ELASTIC POLE RESIDUE 

MODULUS Irl 
VALUE [MeV) DOCUMENT IO TEEN COMMENT 

12 ARNDT 95 DPWA E N  ~ N =  
25 HOEHLER 93 SPED ~ r N ~  E N  
254-8 CUTKOSKY 80 IPWA E N  ~ E N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

14 ARNDT 91 DPWA 7rN ~ l r N  Soln SMg0 

PHASE e 
VALUE (01 DOCUMENT ID TEEN COMMENT 

-- 4 ARNDT 95 DPWA 7rN ~ N l r  
- 5 0 + 2 0  CUTKOSKY 80 IPWA E N  ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, Etc. �9 �9 �9 

--40 ARNDT 91 DPWA ~rN - *  E N  Soln SMg0 
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A(1905) DECAY MODES 

The fol lowing branching tractions are our estimates, not fits or averages. 

Mode Fraction (rl/r) 

r 1 N~r 5-15 % 

F2 Z'K 
r 3 N~r~r 8s-es % 
['4 A ~  <25 % 
r 5 z~(1232)~r, P-wave 
r 6 Zl(1232)~r, F-wave 
F 7 Np >60 % 
r8 Np, 5=3/2, P-wave 
r9 N p, S=3/2, F-wave 
rio Np, 5=1/2, F-wave 
rz; N-~ 0.01-0.03 % 
1"12 N-~, helicity=l/2 0.0-0.1% 
i-13 N-;,, helicity=3/2 0.0o4-o.o3 % 

A(1905) BRANCHING RATIOS 

r(N,Olrw,., rur 
VAL~E DOCUMENT ID TECN COMMENT 
0.08 to  0.16 OUR ESTIMATE 
0.12:1:0.03 MANLEY 92 IPWA ~rN-..* x N & N ~ r ~ r  
0.08:1:0.03 CUTKOSKY 80 IPWA x N  ~ x N  
0.15:1:0.02 HOEHLER 79 IPWA x N ~  x N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.12 ARNDT 95 DPWA x N  -~ N~r 

0.11 CHEW 80 BPWA ~ r + p ~  x + p  

( r l r f ) ~ / r t m l  In N~r-* A(1905) --. ~ K  (rzr=)~/r 
~/A~.(J E DOCUMENT ID TECN COMMENT 

--0.015:1:0.003 CANDLIN 84 DPWA ~r+p ~ E + K + 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

-0 .013  LIVANOS 80 DPWA ~rp ~ E K  
0.021 to 0.054 4 DEANS 75 DPWA x N  --~ E K  

Note: Signs of couplings from ~rN --~ N x x  analyses were changed in the 
1986 edition to agree wi th the baryon-first convention; the overall phase 
ambiguity Is resolved by choosing a negative sign for the Z1(1620) 531 
coupling to /,(1232)~r. 

(r~rr)~/r~= In N~r--~ A(1905) --~ ~i(l~12)~r, P -wave  (rzrs)~/r 
VA~.U~ DOCUMENT IO TECN COMMENT 

--0.04:1:0.05 MANLEY 92 IPWA ~ r N ~  ~ r N & N ~ r x  

(r;r~)V=/rt~ln N,r--, A(1905).--* A(1232)~r, F..wave (r:rd~/r 
VALUE DOCUMENT ID TECN COMMENT 

+0.02:1:0.03 MANLEY 92 IPWA ~rN --~ x N  & N~rx 
+0.20 1 LONGACRE 75 IPWA x N  ~ N~r~r 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

+0.17 5 NOVOSELLER 78 IPWA ~rN - *  N~r~r 
+0.06 6 NOVOSELLER 78 IPWA x N  ~ N~r~r 

( r l r t )~/r~ In N~r --~ ~i(1905) --~ Np, $=3/2, P-wave (rzrl)Y~/r 
VA~.UE DOCUMENT ID TECN COMMENT 
+O.OaO to  +0 .16  OUR ESTIMATE 
+0.33 4,0.03 MANLEY 92 IPWA ~rN ~ * N  & N x x  
+0.33 1LONGACRE 75 IPWA x N  ~ N x x  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

+0.26 5 NOVOSELLER 78 IPWA ~rN --* N~r~r 
+0.11 to +0.33 7NOVOSELLER 78 IPWA x N  ~ N~rx 

Zi(190~) PHOTON DECAY AMPLITUDES 

Zi(I(J05) --~ NT, helidty-1/2 amplitude Ax/2 
VALUE (GeV -1/2 ) DOCUMENT ID TECN COMMENT 
+0.0264"O.Ol l  OUR ESTIMATE 

0,022:1:0.005 ARNDT 96 IPWA "~N ~ x N  
0.021:E0.010 CRAWFORD 83 IPWA *fN ~ x N  
0.043:1:0.020 AWAJI 81 DPWA ~'N ~ x N  
0.0224,0,010 ARAI 80 DPWA 7 N  --~ x N  (f i t  1) 
0,031:E0.009 ARAI 80 DPWA 3'N --~ ~rN (f i t  2) 
0.024:b0.014 CRAWFORD 80 DPWA 7 N  ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.055:1:0.O04 LI 93 IPWA 7 N - - *  x N  
+0,033:1:0.018 BARBOUR 78 DPWA 7 N  --* x N  
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A(lg06) --~ NT, helldty-3/2 amplitude As/= 
VALUE(GeV-1/2 ) DOCUMENT ID TECN COMMENT 
--0.048:1:0J~0 OUR ESTIMATE 
-0.0454,0.005 ARNDT 96 IPWA "yN ~ ~rN 
-0.0564,0.028 CRAWFORD 83 IPWA "yN ~ x N  
-0.025:1:0.023 AWAJI 81 DPWA "yN --~ l rN  
-0.0294,0.007 ARAI 80 DPWA 7 N  ~ x N  (f i t  1) 
-0.0454,0.(X)6 ARAI 80 DPWA ~'N ~ ~rN (f i t  2) 
-0.072:1:0.035 CRAWFORD 80 DPWA 7 N  -~ x N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.002:1:0.003 LI 93 IPWA 7 N  ~ ~rN 
-0 ,055•  BARBOUR 78 DPWA 7 N  "~ ~rN 

A(1905) FOOTNOTES 
1 From method 11 of LONGACRE 75: eyeball fits with Breit-W1gner circles to the T-matdx  

amplitudes. 
2See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 

of N and ,'. resonances as determined from Argand diagrams of 7rN elastic partial-wave 
amplitudes and from plots of the speeds wi th which the am plitudes traverse the diagrams. 

3 LONGACRE 78 values are from a search for poles in the uoltarlzed T-matr ix.  The first 
(second) value uses. In addition to  7rN ~ N~rx data. elastic amplitudes from a Saclay 
(CERN) partial-wave analysis. 

4The range given for DEANS 75 Is from the four best solutions. 
5 A  Breit-Wlgner f i t  to the HERNDON 75 IPWA. 
6 A  Brelt-Wlgner f i t  to the NOVOSELLER 78B IPWA. 
7A  Brelt-Wlgner f i t  to the NOVOSELLER 78B IPWA; the phase is near 90 ~  

A(190F,) REFERENCES 

For early references, see Physics Letters l z Z B  70 (1982). 

ARNDT % PR C53 430 +Strakovsky, Workman (VPI) 
ARNDT 95 PR C52 2 1 2 0  +Strzkovsky, Workman, Pavan (VPI, BRCO) 
HOEHLER 93 ar N NewcJetter 9 1 (KARL) 
LI 93 PR C47 2759 +Arndt, Roper, Workman (VPI) 
MANLEY 92 PR D45 4002 +Saleski (KENT) IJP 

Also 84 PR 030 ~O4 Manley, Arndt, G(xadla, Tepiitz (VPI) 
ARNOT 91 PR 043 2131 +Li, Roper, Workman. Ford (VPI, TELE) IJP 
CANDLIN 84 NP B238 477 +Lowe, Peach, ScoUand+ {EDIN, RAL, LOWC) 
CRAWFORD 83 NP B211 1 +Morton (GLAS) 
POG 82 PL 111B Roos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN) 
AWAJI 91 Bonn Conf. 392 +Kajikawa (NAGO) 

Also 82 NP B197 365 Fujii. Hayashii, Iwata, Kajikawa+ (NAGO) 
ARAI Bo Tc~onto Conf. 93 (INUS) 

Also 82 NP B194 251 Arai, Fu]Ii (INUS) 
CHEW 80 Toronto Conf. 123 (LBL) IJP 
CRAWFORD 90 Toronto Conf. 107 (GLAS) 
CUTKOSKY 80 Toronto Conf. 19 +Forsyth, Babcock, Kelly, Hendrick (CMU, LBL) IJP 

NSO 79 PR D20 2839 Cutkosky, Forsyth, Hendrick, Kelly (CMU, LBL) IJP 
LIVANOS 80 TOrOQtO Conf. 35 +Baton, Coutures, Kochowski, Neveu (SACL) IJP 
HOEHLER 79 PDAT 12-1 +Kaiser, Koch, Pietarlnen (KARLT) IJP 

Also 80 Toronto Conf. 3 Koch (KARLT) IJP 
BARBOUR 78 NP B141 253 +Crawford, Parsons (GLAS) 
LONGACRE 7B PR D17 1795 +Laelnski, Rosenfeld, Smadja+ (LBL, SLAC) 
NOVOSELLER 70 NP B137 509 (CIT) IJP 
NOVOSELLER 788 NP B137 445 (CIT) IJP 
DEANS 75 NP B% 90 +Mitchell, Mon~omery+ (SFLA, ALAH) IJP 
HERNDON 75 PR D l l  3183 +Longacre, Miller, Rosenfeld+ (LBL, SLAC) 
LONGACRE 75 PL 55B 415 +Rosenfeld, Lasinski, Smadja+ (LBL, SLAC) UP 

I Z1 (1910 )  P311 i(jP) = 3,1+, Status: * * * *  
Most of  the  results publ ished before 1975 are now obsolete and have 
been omi t ted .  They may  be found in our  1982 edi t ion,  Physics 
Letters 111B (1982). 

A(1910) BREIT-WlGNER MASS 

VALUE(MeV) DOCUMENT ID TECN COMMENT 

1870 to  l g 2 0  ( ~  1910) OUR EST'IMATE 

1882 :1:10 MANLEY 92 IPWA l r N  .-* x N  & N1rlr  
1910 :1:40 CUTKOSKY 80 IPWA l r N  --~ ~rN 
1888 :1:20 HOEHLER 79 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2152 ARNDT 95 DPWA l r N  - *  N x  
1960.14,21.0 1CHEW 80 BPWA l r + p  --* l r + p  

2121 a+13"0 1 CHEW 80 BPWA ~r+p ~ 7r+p 
�9 ~ -  14.3 

1921 CRAWFORD 80 DPWA "yN ~ 7rN 
1899 BARBOUR 78 DPWA 7 N  ~ ~rN 
1790 2 LONGACRE 77 IPWA l r N  - *  N~rlr 

A(1910) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

1go to =7o (~ =5o) OUR ESTIMATE 
239 4,25 MANLEY 92 IPWA ~rN --~ ~rN & N l r *  
225 :1:50 CUTKOSKY 80 IPWA ~rN --* l rN  
280 :1:50 HOEHLER 79 IPWA ~ N  --~ ~ N  
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�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 * 

760 ARNDT 95 DPWA ~rN ~ N~r 
152.9• 1 CHEW 80 BPWA ~r + p  ~ ~r+p 
172.2• 1CHEW 80 BPWA ~ + p - - ~  ~r+p 
351 CRAWFORD 80 DPWA "yN ~ ~rN 
230 BARBOUR 78 DPWA " IN  ~ x N  
170 2LONGACRE 77 IPWA x N ~  Nx~r 

A(1910) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

1180 to lm0 (~ 1flU) OUR ESTIMATE 
1810 ARNDT 95 DPWA x N  ~ N~r 
1874 3 HOEHLER 93 SPED ~rN - *  ~rN 
1880• CUTKOSKY 80 IPWA x N  ~ x N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1950 ARNDT 91 DPWA x N  ~ ~ N  Soln SMgO 
1792 or 1801 2 LONGACRE 77 IPWA x N  ~ Nx~r 

- 2xIMAGINARY PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

200 to ~ ( ~  toO) OUR ESTIMATE 
494 ARNDT 95 DPWA ~ N  ~ N~r 
283 3 HOEHLER 93 SPED ~ N  ~ ~rN 
200•  CUTKOSKY 80 IPWA x N  ~ ~'N 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

398 ARNDT 91 DPWA ~ N  ~ ~rN Soln SMg0 
172 or 165 2 LONGACRE 77 IPWA ~rN -+ Nx~r 

A(1910) ELASTIC POLE RESIDUE 

MODULUS Ir I 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

53 ARNDT 95 DPWA x N  ~ N~r 
38 HOEHLER 93 SPED x N  ~ x N  
2 0 •  CUTKOSKY 80 IPWA ~ N  --~ x N  
�9 �9 * We do not use the following data for averages, fits, l imits, etc. * �9 �9 

37 ARNDT 91 DPWA x N  ~ ~r N Soln SMDO 

PHASE e 
VALUE (o) DOCUMENT ID TECN COMMENT 

--176 ARNDT 95 DPWA x N  ~ N~r 
- 90 •  CUTKOSKY 80 IPWA x N  ~ x N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 91 ARNDT 91 DPWA x N  --* ~rN Soln SMDO 

A(1910) DECAY MODES 

The fol lowing branching fractions are our estimates, not fits or averages. 

Mode Fraction (F I /F )  

1-1 N~r 15-30 % 

I- 2 ~ K  
1-3 N ~ r  

1-4 ,Z~'rr 

1-5 Zl(1232)~r, P-wave 
r 6 Np 
1-7 Np, S=3/2, P-wave 
1-e N(1440)~r 
1-9 N(1440) ~r, P-wave 
Fzo N-~ 0.o-o.2 % 
1-11 N"y, helicity----1/2 0.0-0.2 % 

A(1910) BRANCHING RATIOS 

r(N.)/r~,, rs/r 
VALUE ~)OCUMENT IO TC~CN COMMENT 
o.111 to o.~ OUR ESTIMATE 
0.23~0.08 MANLEY 92 IPWA ~ N  "-' x N  & N~r~ 
0.19• CUTKOSKY 80 IPWA ~rN ~ ~rN 
0.24• HOEHLER 79 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, e t c . � 9  �9 �9 

0.26 ARNDT 95 DPWA ~rN ~ N~r 
0.17 1CHEW 80 BPWA ~ r + p ~  ~r+p 
0.40 1CHEW 80 BPWA ~ r + p ~  ~r+p 

(r~r~)~/r~,~ t. N~r --~ Zi(1910) --~ s  (rlr=)~/r 
VALUE ~00CUMENT ID TECN COMMENT 

< 0.03 CANDLIN 84 DPWA ~ r + p ~  E + K  + 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

-0 .019  LIVANOS 80 DPWA ~rp -~ E K  
0.082 to 0.184 4 DEANS 75 DPWA ~rN -~ E K  

Note: Signs of couplings from ~rN ~ NTrx analyses were changed in the 
1986 edition to agree wi th the baryon-first convention; the overall phase 
ambiguity is resolved by choosing a negative sign for the 11(1620) 531 
coupling to A(1232) 7r. 

(r,rr)~/r~, In N~r --~ A(1910) --* A(1232)lr, P-wave (rsrg)~/r 
VALUE DOCUMENT ID T~(;A I COMMEN T 

+0.06 2 LONGACRE 77 IPWA ~'N ~ N x l r  

(rlrr)~/r~,, In Nlr --~ A(1910) --~ N O, S==3/2, P-wave " (rsrT)%/r 
VALUE DOCUMENT ID TECN COMMENT 

+0.29 2 LONGACRE 77 IPWA l r N  ~ N l r l r  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

+0.17 5 NOVOSELLER 78 IPWA ~rN ~ NTr~r 

(rlrr)~/r~,, in Nlr --* ~1(1910) --~ N(1440)f, P-wave (rsr,)~/r 
VALUE DOCUMENT ID TECN COMMENT 

- -0.39+0.04 MANLEY 92 IPWA ~rN ~ x N  & N x x  

A(1910) PHOTON DECAY AMPLITUDES 

Zi(1910) --p N'y, helidty-1/2 amplitude A1/2 
VALUE (GeV -1/2) DOCUMENT ID TECN COMMENT 

+0,0~:1:0,014 OUR ESTIMATE 
-0 .002+0 .008  ARNDT 96 IPWA " fN -~ l r N  

0.O14• CRAWFORD 83 IPWA " y N ~  x N  
O.02S• AWAJI 81 DPWA "yN -.* x N  

-0.0124"O.005 ARAI 80 DPWA "rN "~ ~rN (f i t  1) 
-0.031:1:0.004 ARAI 80 DPWA "yN --* l r N  (f i t  2) 
-0 .005•  CRAWFORD 80 DPWA "yN -~ x N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0,032• LI 93 IPWA * tN ~ x N  
-0.O354-0.O21 BARBOUR 78 DPWA - fN --* ~ 'N 

A(ZgZ0) FOOTNOTES 
1CHEW 80 reports four resonances In the P31 wave - -  see also the /,(1750). Problems 

wi th this analysis are discussed In section 2.1.11 of HOEHLER 83. 
2 LONGACRE 77 pole positions are from a search for poles In the unitarlzed T-matr ix;  the 

first (second) value uses, In addition to l rN  - *  N l r l r  data, elastic amplitudes from a 
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball 
fits wi th Brelt-Wlgner circles to the T-matr ix  amplitudes. 

3See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 
of N and z l  resonances as determined from Argand diagrams of lr N elastic partial-wave 
am ptltudes and from plots of the speeds wi th which the am pl l t  udes traverse the diagrams. 

4The range given for DEANS 75 is from the four best solutions. 
5Evidence for this coupling is weak; see NOVOSELLER 78. This coupling assumes the 

mass is near 1820 MeV. 

A(1910) REFERENCES 

For early references, see Physics Letters 111B 70 (1982). 

ARNDT % PR CS3 430 +Strakovsky. WOrkman (VPI) 
ARNDT 95 PR C52 2 1 2 0  +Strakovsky, WOrkman, Pavan (VPI, BRCO) 
HOEHLER 93 xN  Newsletter 9 1 (KARL) 
LI 93 PR C47 2759 +Arndt, Roper, Workman (VPI) 
MANLEY 92 PR D45 4002 +Saleski (KENT) UP 

Also 84 PR D30 904 Manley, Arnclt, Go~adia. Teplitz (VPI) 
ARNDT 91 PR 043 2131 +Li, Roper, Workman, Ford (VPI, TELE) IJP 
CANDLIN 84 NP B238 477 +Low�9 Peach, Scotland+ (EDIN, RAL, LOWC) 
CRAWFORD 83 NP B211 1 +M0rtoe (GLAS ) 
HOEHLER 83 Landolt-Boernsteln 1/982 (KARLT) 
PDG 82 PL lUB RODS, Porte~, AKuilar-Benitez+ (HELS, CIT, CERN) 
AWAJI 81 Bonn Conf. 352 +Kajikawa (NAGO) 

Also 82 NP e197 365 Fujii, Hwashii, Iwata, K/jikawa+ (NAGO) 
ARAI 80 Toronto Conf. 93 (INUS) 

Also 82 NP B194 251 Arai, Fujli (INUS) 
CHEW 80 Toronto Conf. 123 (LBL) IJP 
CRAWFORD 80 Toronto Conf. 107 (GLAS) 
CUTKOSKY 80 Toronto Conf. 19 +Forsyth, Babcock, Kelly, Hendrick (CMU, LBL) IJP 

Also 79 PR D20 2839 Cutkosky, For~th, Henddch, Kelly (CMU, LBL) IJP 
LIVANOS 80 Toronto CoM. 35 +Baton. Coutures, Kochowsld, Neveu (SACL) IJP 
HOEHLER 79 PDAT 12-1 +Kaber, Koch, Pietadnen (KARLT) IJP 

Also 80 Toronto Conf. 3 Koch (KARLT) IJP 
BARBOUR 78 NP 8141 253 +Crawfo~d, Parso.s (GLAS) 
NOVOSELLER 78 NP 8137 509 (ClT) IJP 

NSO 788 NP 8137 445 Novoseller (CIT) IJP 
LONGACRE 77 NP 8122 493 +Dolbeau (SACL) IJP 

Also 76 NP B108 365 Dolbeau, Triantis, Neveu, Cadiet (SACL) ]JP 
DEANS 75 NP B% 90 +Mitchell, Mo~tgome~+ (SFLA, ALAH) IJP 
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A(1920), A(1930) 

I A(192~ ,(,P) . ~'~3'3+" Status: * * *  

Most  o f  the  results publ ished before 1975 are now obsolete and have 
been om i t t ed .  They  may  be found in our 1982 edit ion, Physics 
Letters 111B (1982).  

A(1r BREIT-WiGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 
111~0 to t~n'O (m 1~0)  OUR ESTIMATE 
2014 4-16 MANLEY 92 IPWA fr N ~ ~r N & N~r x 
1920 4-80 CUTKOSKY 80 IPWA * N  ~ ~rN 
1868 4"10 HOEHLER 79 IPWA ~rN ~ * N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1840 4-40 CANDLIN 84 DPWA ~ + p ~  E + K 4 .  
1955.O4-13.0 1 CHEW 80 BPWA x + p  ~ ~ + p  

2065n+13"6"~--12.9 1CHEW 80 BPWA ~ r + p ~  x + p  

~(1920) BREIT-WlGNER WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 
MiO to 300 (m 200) OUR ESTIMATE 

152 ::b 55 MANLEY 92 IPWA x N - - ,  ~ rN&N~r~ r  
300 4-100 CUTKOSKY 80 IPWA ~ N ~  x N  
220 + 80 HOEHLER 79 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

200 4- 40 CANDLIN 84 DPWA ~r+p- - *  E + K  + 
88.34- 35.0 1 CHEW 80 BPWA ~r+p --~ ~4-p 
62.0•  44.0 1 CHEW 80 BPWA ~ + p  ~ ~r+p 

A(1920) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 
11150 to  1 ~ 0  (m 1 ~ 0 )  OUR ESTIMATE 

1900 2HOEHLER 93 SPED x N ~  ~rN 
19004-80 CUTKOSKY 80 IPWA ~ N  ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

not seen ARNDT 91 DPWA ~r N ~ ~ N Soln SMgO 

(rFf)q~/r=~ In N~r ~ &(1920) --~ ~ K  (rlr=)'~/r 
VALUE DOCUMENT ID TECN COMMENT 

-O.O52• CANDLIN 84 DPWA ~ + p  ~ s  K -F 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 . �9 

-0~049 LIVANOS 80 DPWA ~ p  ~ s  
O.O48toO.120 3DEANS 75 DPWA ~ r N ~  E K  

(rF~)~/r~,~ln N~r--* A(19201 -+ A(1232)~r, P-wave (rlrd~/r 
VAI~UE DOCUMENT ID TECN COMMENT 

--0.134-0.04 MANLEY 92 IPWA ~'N ~ x N  & N~r~r 
0.3 4 NOVOSELLER 78 IPWA ~rN --* N~r~r 
0.27 5 NOVOSELLER 78 IPWA ~rN ~ N~rx 

(rF~)~/r~ l .  N~r --* A(1920) --~ N(1440)~r, P-wave (rlr.)~/r 
VALU~ DOCUMENT IQ T~CN COMMENT 

+0.064"0.07 MANLEY 92 IPWA x N  ~ ~ N  & N~rx 

A(1920) PHOTON DECAY AMPLITUDES 

A(1920) --~ N'I', helldty-1/2 amplitude A1/2 
VALUE(GeV -1/2 ) DOCUMENT ID TECN COMMENT 

0.040• AWAJI 81 DPWA "yN --* l rN  

A(1920) --* N'y, helldty-3/2 amplitude As/2 
VALUE(GeV-1/2 ) DOCUMENT ID TEEN COMMENT 

O.023• AWAJI 81 DPWA "yN --~ x N  

A(1920) FOOTNOTES 
ZCHEW 80 reports two P33 resonances in this mass region. Problems wl th this analysis 

are discussed in section 2.1.11 of HOEHLER 83. 
2 See HOEHLER 93 for a detailed discussion of  the evidence for and the pole parameters 

of N and A resonances as determined from Argand diagrams of ~r N elastic partial-wave 
am plltudes and from plots of the speeds wi th  which the am plltudes traverse the diagrams. 

3The range given for DEANS 75 is from the four best solutions. 
4A  Brelt-Wigner f i t  to the HERNDON 75 IPWA; the phase is near - 9 0  ~ 
5A  Breit-Wigner f i t  to the NOVOSELLER 78B IPWA; the phase is near - 9 0  ~  

A(1920) REFERENCES 

For early references, see Physics Letters 111B 70 (1982). 

-2x IMAGINARY PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 
200 to 400 (m 100) OUR ESTIMATE 
3004"100 CUTKOSKY 80 IPWA 7rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

not seen ARNDT 91 DPWA l rN  ~ x N  Soln SM90 

HOEHLER 93 x. N Newsletter 9 1 (KARL) 
MANLEY 92 PR D45 4002 +Saleskl (KENT) IJP 

Also 84 PR D30 904 Manley, Arndt, Goradia. Teplitz (VPI) 
ARNDT 91 PR D43 2131 +Li, Roper. Workman, Fo~d (VPI, TELE) IJP 
CANDLIN 84 NP B238 477 +Low�9 Peach, ScoUand+ (EDIN, RAt, LOWC) 
HOEHLER 83 Landolt-Boernstein 1/9B2 (KARLT) 
PDG 82 PL 111B RODS, porter, Aguilar-Benitez+ (HELS, CIT, CERN) 
AWAJI 81 Bonn Cone 352 +Kajikawa (NAGO) 

Also 82 NP B197 365 Fuji• Hayashii, Iwata, Kajikawa+ (NAGO) 
CHEW 80 Toconto Conf. 123 (LBL) IJP 
CUTKOSKY 80 Toronto Conf. 19 +Fot~yth. Babcock, Kelly, Hendrick (CMU, LBL) IJP 

Also 79 PR D20 2839 Cutkosky, Forsyth, Hendrick, Kelly (CMU, LBL) IJP 
UVANOS 80 Toconto Conf. 35 +Baton, Coutures, Kochowskl, Neveu (SACL) IJP 
HOEHLER 79 PDAT 12~1 +Kaiser, Koch, Pietarinen (KARLT) IJP 

Also 80 TOronto Cone 3 Koch (KARLT) IJP 
NOVOSELLER 78 NP B137 509 (CIT) 
NOVOSELLER 78B NP R137 445 (CIT) 
DEANS 75 NP B% 90 +Mitchell, Montgomery+ (SFLA, ALAH) IJP 
HERNDON 75 PR D l l  3183 +Longacre, Miller, Rosenfeld+ (LBL, SLAC) 

A(1920) ELASTIC POLE RESIDUE 

MODULUS I'1 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

244-4 CUTKOSKY 80 IPWA l rN  -.-, x N  

PHASE # 
VALUE ( ~ ) DOCUMENT ID TEEN COMMENT 

- -150•  CUTKOSKY 80 IPWA ~rN ~ 7rN 

A(1920) DECAY MODES 

The fol lowing branching fractions are our estimates, not fits or averages. 

Mode Fraction (F i /F )  

F 1 N~r 
F 2 ,EK 
F 3 N ~  
r 4 L~(1232) ~r, P-wave 
F 5 N(1440) 7r, P-wave 
F s N-y, helicity=l/2 
F 7 N-~, helicity=3/2 

5-20 % 

A(1920) BRANCHING RATIOS 

r(N.)/r~., r l /r 
VALUE DOCUMENT ID TEEN COMMENT 
0.0E to  0.2 OUR ESTIMATE 
0.024"0.02 MANLEY 92 IPWA x N  ~ x N  & N x ~  
0.204"0.05 CUTKOSKY 80 IPWA x N  ~ 7rN 
0.144"0.04 HOEHLER 79 IPWA x N  ~ x N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.24 1CHEW 80 BPWA ~ 4 " p ~  x4"p 
0.18 1CHEW 80 BPWA x + p ~  x + p  

I ~ ~(~ ) Status: �9 �9 Z~(1930) /935 i(:p) = 35- 

Most of the results published before 1975 are now obsolete and have 
been omitted. They may be found in our 1982 edition, Physics 
Letters U l B  (1982). 

The various analyses are not in good agreement. 

A(1930) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 
1920 to 1970 (~ 1930) OUR ESTIMATE 

1956 •  MANLEY 92 IPWA 7rN ~ x N  & N ~ x  
1940 4-30 CUTKOSKY 80 IPWA l rN  --* ~ N  
1901 ~:15 HOEHLER 79 IPWA l rN  ~ l r N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1955 •  ARNDT 96 IPWA "yN --~ ~rN 
2056 ARNDT 95 DPWA ~ N  --+ N 7  
1963 LI 93 iPWA 3'N ~ l rN  

1910.._17.2n-F15"O CHEW 80 BPWA ~r+p ~ x + p  

2000 CRAWFORD 80 DPWA "yN ~ l rN  
2024 BARBOUR 78 DPWA "yN ~ ~ N  
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Z1(1930) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
250 to  480 (r 350) OUR ESTIMATE 
530 •  MANLEY 92 IPWA ~ N  ~ ~rN & N ~  
320 • 60 CUTKOSKY 80 IPWA ~ N  ~ ~ N  
195 • 60 HOEHLER 79 IPWA ~ N  ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

350 • 20 ARNDT 96 IPWA -~N ~ ~ N  
590 ARNDT 95 DPWA ~ N  ~ N~r 
260 LI 93 IPWA "~N ~ ~rN 

74.8 + 17.0 CHEW 80 BPWA ~ r •  ~r •  -- 16.0 
442 CRAWFORD 80 DPWA ~'N ~ ~ N  
462 BARBOUR 78 DPWA "~N ~ ~ N  

ZI(1930) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

1840 to  1940 ( ~  1M0) OUR ESTIMATE 
1913 ARNDT 95 DPWA ~ N  ~ N ~  
1850 1 HOEHLER 93 SPED ~ N  ~ ~ N  
1890• CUTKOSKY 80 IPWA ~ N  ~ ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2018 ARNDT 91 DPWA ~ N  ~ ~ N  Soln SMgO 

-2x lMAGINARY PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

200 to 300 (r 2S0) OUR ESTIMATE 
246 ARNDT 95 DPWA ~ N  ~ N ~  
180 1 HOEHLER 93 SPED ~ N  ~ ~ N  
260•  CUTKOSKY 80 IPWA ~ N  ~ ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

398 ARNDT 91 DPWA ~ N  ~ x N  Soln SMgO 

,(1(1930) ELASTIC POLE RESIDUE 

MODULUS Irl 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

8 ARNDT 95 DPWA ~ N  ~ N~  
20 HOEHLER 93 SPED ~N- -~  ~ N  
1 8 •  CUTKOSKY 80 IPWA ~ N  ~ ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

15 ARNDT 91 DPWA ~rN ~ ~ N  Soln SMgO 

PHASE e 
VALUE (01 DOCUMENT ID TECN COMMENT 

--47 ARNDT 95 DPWA ~ N  ~ N~  
- 2 0 •  CUTKOSKY 80 IPWA ~ N  ~ ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 2 4  ARNDT 91 DPWA E N  ~ E N  Soln SMgO 

~(1930) DECAY MODES 

The following branching fractions are our estimates, not fits or averages. 

Mode Fraction (rl/r) 

F 1 N~r 10-20 % 

F 2 Z ' K  

F 3 N~'~r  

F 4 N-~ o.o-o.o2 % 

r5 N ' 7 ,  h e l i c i t y = l / 2  o.0-O.Ol % 

r e  N 3 ' ,  h e l i c i t y = 3 / 2  o.o-o.o l  % 

~1(1930) BRANCHING RATIOS 

r(N.)/r=., rdr 
VALUE DOCUMENT IO TECN COMMENT 
o.1 to o.2 OUR ESTIMATE 
0.18• MANLEY 92 IPWA ~ N  ~ ~ N  & N ~  
0.14• CUTKOSKY 80 IPWA ~ N  ~ ~ N  
0.04• HOEHLER 79 IPWA ~ N  ~ ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.11 ARNDT 95 DPWA ~rN ~ N~  
0.11 CHEW 80 BPWA ~r+p  ~ ~r+p 

(rF~)~/r~ In N .  --* 4(1930) -*  ~ K  (r;r=)~/r 
VALUE DOCUMENT ID TECN COMMENT 

< 0.015 CANDLIN 84 DPWA ~ + p ~  -~-+K + 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

-0 .031 LIVANOS 80 DPWA ~ p  ~ ~ K  
0 ,018to0.035 2DEANS 75 DPWA ~ N ~  ~ K  

(rFr)V'Ir~,, I .  N~  --~ 4(1930) --* N~lr  (qr3)~ir 
VALUE DOCUMENT ID TECN COMMENT 

not seen LONGACRE 75 IPWA ~ N  ~ N x x  

Z1(1930) PHOTON DECAY AMPLITUDES 

A(1930) "* N'7, helldty-1/2 amplitude Az/2 
VALUE (GeV -I/2 ) DOCUMENT ID TECN COMMENT 

- - 0 . 0 0 g ~ O ~  OUR ESTIMATE 
-0 .007•  ARNDT 96 IPWA ~'N --, ~rN 

0.009+0.009 AWAJI 81 DPW A ~,N ~ ~ N  
-0 .030•  CRAWFORD 80 DPWA "yN ~ ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

-0 .019•  LI 93 IPWA ~ N - - *  x N  
-0 .062•  BARBOUR 78 DPWA - /N  ~ w N  

A(1930) --~ N')', helldty-3/2 amplitude As/2 
VALUE(GeV -1 /2  ) DOCUMENT ID TECN COMMENT 

-O.0111:EO.0~8 OUR ESTIMATE 
0.005• ARNDT 96 IPWA "yN ~ ~ N  

-0 .025•  AWAJI 81 DPWA "yN ~ ~ N  
-0 ,033•  CRAWFORD 80 DPWA "yN --* ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.009• LI 93 IPWA "yN ~ ~ N  
+0,019•  BARBOUR 78 DPWA ~ N  ~ ~ N  

Z1(1930) FOOTNOTES 
1See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 

of N and A resonances as determined from Argand diagrams of ~ N  elastic partial-wave 
am plitudes and from plots of the speeds wi th which the am pUtudes traverse the diagrams. 

2The range given for DEANS 75 is from the four best solutions, 

Z1(1930) REFERENCES 
For early references, see Physics Letters l U B  70 (1982), 

ARNDT % PR C53 430 +Strakovsky, Workman (VPI) 
ARNDT 95 PR C52 2 1 2 0  +Strakovsky, Workman, Pavan (VPI, BRCO) 
HOEHLER 93 xN  Newsletter 9 1 (KARL) 
LI 93 PR (:47 2759 +Arndt, Roper, Workman (VPI) 
MANLEY 92 PR D45 4002 +Saleski (KENT) IJP 

Also 84 PR D30 904 Manley, Arnd4 Gocadia, Toplitz (VPI) 
ARNDT 91 PR D43 2131 +Li, Roper, Workman, Ford (VPI, TELE) IJP 
CANDLIN 84 NP B238 477 +Low�9 Peach, Scotland+ (EDIN, R/U., LOWC) 
PDG 82 PL 1118 Roo~, Porter, AKuilar-Benitez+ (HELS, CIT, CERN) 
AWAJI 81 Bonn Conf. 352 +Kajikawa (NAGO) 

Also 82 NP B197 365 Fujii, H;~ashU, Iwata, KaJika~+ {NAGO) 
CHEW 80 Tuonto Conf. 123 (LBL) IJP 

, CRAWFORD 80 Toronto Conf. 107 (GLAS) 
CUTKOSKY B0 Toronto Conf. 19 +Fo~yth, Babcock, Kelly, Hendrick (CMU, LBL) IJP 

Also 79 PR D2O 2839 Cutkosky, Forc/th, Hendrick, Kelly (CMU, LBL) IJP 
LIVANOS 80 Toronto Conf. 35 +Baton, Coutures, Kochoweld, Neveu (SACL) IJP 
HOEHLER 79 PDAT 12-1 +Kaiser, Koch, Pietarinen (KARLT) IJP 

Also B0 Toronto Conf. 3 Koch (KARLT) IJP 
BARBOUR 78 NP B141 253 +Crawford, Parsons (GLAS) 
DEANS 75 NP B96 90 +Mitchell, Montgomery+ (SFLA, ALAH) IJP 
LONGACRE 75 PL 55B 415 +Rosenfeld, Ladnski, Smadja+ (LBL, SLAC) IJP 

1940 Da3 l(:P) = 3 3- 

OMITTED FROM SUMMARY TABLE 

4(lO.40) SREIT-WlGNER MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
m 1940 OUR ESTIMATE 

2057 i 1 1 0  MANLEY 92 IPWA x N  ~ ~ N  & N~rlr 
2058,1• 34.5 CHEW 80 BPWA ~ r + p - ,  ~ + p  
1940 i 1 0 0  CUTKOSKY 80 IPWA ~ N  - *  ~ N  

A(1940) BREIT-WlGNER WIDTH 

VALUE(MeV) DOCUMENT ID TECN COMMENT 

460 •  MANLEY 92 IPWA ~ N  ~ x N  & Nx~r 
198A•  45.5 CHEW 80 BPWA ~ + p - - *  x + p  
200 •  CUTKOSKY 80 IPWA ~ N ~  x N  

A(1940) POLE POSITION 

REAL PART 
VALUE ( MeV ) 

1900-+-100 
1915 or 1926 

-2xlMAGINARY PART 
VALUE (MeV) 
200:1:60 
190 or 186 

DOCUMENT ID TECN COMMENT 

CUTKOSKY 80 IPWA w N  -~ ~ N  
1 LONGACRE 78 IPWA ~ N  ~ N ~  

DOCUMENT ID TECN COMMENT 

CUTKOSKY 80 IPWA ~ N  ~ ~ N  
1 LONGACRE 78 IPWA ~ N  ~ N ~  



See key on page 213 

4(1940) ELASTIC POLE RESIDUE 

MODULUS Irl 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

84.3 CUTKOSKY 80 IPWA ~rN ~ ~ N  

PHASE 0 
VALUE ( ~ ) DOCUMENT ID TEEN COMMENT 

135:~45 CUTKOSKY 80 IPWA ~ N  ~ ~rN 

4(1940) DECAY MODES 

Mode 

I" 1 N~r 
1"2 E K  
1"3 N~r~ 
r 4 Z~(1232)~r, S-wave 
r5 A(1232)~r, D-wave 
r6 Np, 5=3/2, S-wave 
r7 N"/, helicity=l/2 
r8 N-;,, helicity=3/2 

4(1940) BRANCHING RATIOS 

r(N.)Ir~,, r11r 
VALUE DOCUMENT ID TEEN COMMENT 
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11(1940), 11(1950) 

0.184.0.12 MANLEY 92 IPWA ~rN ~ ~ N  & N ~ r  
0.18 CHEW 80 BPWA ~r+p--~ ~r+p 
0.05~:0.02 CUTKOSKY 80 IPWA ~rN ~ ~rN 

(rFf)%/rto~, in N~r --~ ~(1940) -~ E K  (rlr=)~/r 
VALUE DOCUMENT 10 TECN COMMENT 

<0.015 CANDLIN 84 DPWA ~ +  p ~ E +  K + 

(rFf)Y~/r~,, in N .  --* 4(1940) --~ 4(1232)~r, $-v, lve (rlr4)~/r 
~/AI~V~;" DOCUMENT ID TECN ~OMMENT 

+0.114.0.10 MANLEY 92 IPWA ~'N --' ~rN & NE~" 

(rFf)Y~/r~,~ ~n N~r --~ 4(1940) -~ a(1232)~r, D-~lve (rlrg)~/r 
VA~.~E DOCUMENT ID T{.CN COMMENT 

+0,274.0.16 MANLEY 92 IPWA ~rN--., ~ r N & N * ~ "  

(rFrlY~/r~= In N~r--~ ~{1940) --~ Np, ..r .r (rlrgl~/r 
~/~,~1~ ~OCUMENT ID TECN COMMENT 

-}-0.25~:0.10 MANLEY 92 IPWA ~'N --~ ~'N & N ~ "  

I A(1950) I ,U") : 
Most of  the  results publ ished before 1975 are 
been omi t ted .  They may be found in our  
Letters 111B (1982). 

] ( ~ + )  Status: ~< >k >~ ~< 

now obsolete and have 
1982 edit ion, Physics 

A(1950) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 
1940 to lg~O (~  I~BO) OUR Eb"IIMATE 
1945 + 2 MANLEY 92 IPWA ~rN ~ ~rN & N ~  
1950 4.15 CUTKOSKY 80 IPWA ~ N  ~ ~ N  
1913 • 8 HOEHLER 79 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1947 + 9 ARNDT 96 IPWA "~N ~ ~ N  
1921 ARNDT 95 DPWA ~rN ~ N ~  
1940 LI 93 IPWA ~ N  ~ ~ N  
1925 4.20 CANDLIN 84 DPWA ~ r + p ~  . E + K  + 

1855.0+_11:0 CHEW 80 BPWA . + p ~  . + p  

1902 CRAWFORD 80 DPWA ~'N ~ ~ N  
1912 BARBOUR 78 DPWA "~N ~ ~ N  
1925 1LONGACRE 75 IPWA ~rN -+ N~r~ 

A(1940) PHOTON DECAY AMPLITUDES 

~(1940) --~ N-/, helidty-1/2 amplitude A1/2 
VALUE (GeV-1/2 } "DOCUMENT ID TEEN COMMENT 

--0.0364.0.058 AWAJI 81 DPWA ~ N  ~ ~ N  

4(1940) --~ N% hellcity-3/2 amplitude A3/2 
VALUE (GeV -~/2 ) DOCUMENT ID TECN COMMENT 

- 0 .031 •  AWAJI 81 DPWA ~ N  -~ ~rN 

4(1950) BREIT-WIGNER WIDTH 

A(1940) FOOTNOTES 
1LONGACRE 78 values are from a search for poles in the unltarized T-matrix, The first 

(second) value uses, in addition t o / r N  ~ N~r~r data, elastic amplitudes from a Saclay 
(CERN) partial-wave analysis, 

~(lg40) REFERENCES 

MANLEY 92 PR D4S 4002 +Saleskl (KENT) IJP 
Also 84 PR [:)30 904 Manley, Arndt, Goradia, Teplitz (VPI) 

CANDLIN 84 NP B23a 477 +Lowe, Peach, Scotland+ (EDIN, RAL, LOWC) 
AWAJI 81 Bonn ConL 352 +Ka~ikawa (NAGO) 

Also 82 NP B197 365 Fujii, Hayashli, Iwata, Kajlkawa+ (NAGO) 
CHEW 80 Toronto Conf. 123 (LBL) IJP 
CUTKOSKY 80 Toronto Conf. 19 +Forsyth, Babcock, Kelly, Hendrick (CMU, LBL) IJP 

AlSo 7 {} PR D20 2839 Cutkosky, Forsyth, He~ddck, Kelly (CMU, LBL) 
LONGACRE 78 PR D17 1795 +Laslnski, R~enfeld, Sm~ja+ (LBL, SLAC) 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 
to  350 ( ~  300) OUR ESTIMATE 

300 4. 7 MANLEY 92 IPWA ~ N  ~ ~ N  & N ~  
340 4-50 CUTKOSKY 80 IPWA ~ N  ~ ~rN 
224 4.10 HOEHLER 79 IPWA ~ N  ~ ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

302 4. 9 ARNDT 96 IPWA 3'N ~ ~ N  
232 ARNDT 95 DPWA l r N  ~ N~  
306 LI 93 IPWA ~ N  ~ ~ N  
330 4.40 CANDLIN 84 DPWA ~ + p - - ~  E + K  + 

157 2 + 22.0 ~+ p �9 --19.0 CHEW 80 BPWA ~ + p  

225 CRAWFORD 80 DPWA ~'N ~ l rN  
198 BARBOUR 78 DPWA ? N  ~ ~rN 
240 1 LONGACRE 75 IPWA w N  ~ N ~  

4(1950) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 
1880 to llPJO (~r 188S) OUR ESTIMATE 
1880 ARNDT 95 DPWA 7rN ~ N ~  
1878 2 HOEHLER 93 ARGO ~rN ~ 7rN 
18904.15 CUTKOSKY 80 IPWA ~ N  ~ ~ N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1884 ARNDT 91 DPWA ~ N  ~ l r N  Soln SM90 
1924 or 1924 3 LONGACRE 78 IPWA l r N  --~ N ~  

- 2xIMAGINARY PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

210 to 270 (~ 240) OUR ESTIMATE 
236 ARNDT 95 DPWA 7rN --~ N ~  
230 2 HOEHLER 93 ARGO ~rN ~ ~rN 
2604.40 CUTKOSKY 80 IPWA l r N  ~ ~ N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

238 ARNDT 91 DPWA ~ N  ~ ~ N  Soln SMg0 
258 or 258 3 LONGACRE 78 IPWA ~ N  ~ N~r~ 

A0-o) E TJC POLE RESIDUE 
MODULUS Irl 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

54 ARNDT 95 DPWA ~rN ~ N ~  
47 HOEHLER 93 ARGO ~ N - - *  ~ N  
5 0 •  CUTKOSKY 80 IPWA l rN  ~ E N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

61 ARNDT 91 DPWA E N ~  ~ N S o l n S M g 0  

PHASE 6 
VALUE( ~ ) DOCUMENT ID TEEN COMMENT 

--17 ARNDT 95 DPWA I rN ~ N~  
- 3 2  HOEHLER 93 ARGD ~ N ~  ~ N  
- 3 3 4 . 8  CUTKOSKY 80 IPWA ~ N  ~ ~ N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

- 2 3  ARNDT 91 DPWA ~ N ~  ~ rNSo lnSMg0  
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4(1950) DECAY MODES 

The following branching fractions are our estimates, not fits or averages. 

Mode Fraction ( r l / r )  

r l  N ~r 35-40 % 
F 2 ~ K  

r 3 N ~ r  
r 4 A .  20-30 % 
r 5 Zl(1232)~r, F-wave 
r 6 Z1(1232) ~r, /-/-wave 
r 7 Np <zo % 
r e Np, 5=1/2,  F-wave 
r9 N p, 5=3/2, F-wave 
rzo N~f O.08--O.13 % 
I"11 N'y, helicity=l/2 0.o3-0.055 % 
1-12 N~,  helicity=3/2 0.05-0.075 % 

4(1950) BRANCHING RATIOS 

r(N.)/rto=, rd r  
VALUE DOCUMENT, I O T~(~N COMMENT 
0.36 to 0.4 OUR ESTIMATE 
0.38•  MANLEY 92 IPWA ~,N ~ i r N  & N x ~  
0.39•  CUTKOSKY 80 IPWA ~ N  ~ x N  
0.384-0.02 HOEHLER 79 IPWA ~rN ~ ~ N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.49 ARNDT 95 DPWA ~rN ~ N x  

0.44 CHEW 80 BPWA w + p ~  ~r+p 

(rFr)Y'/r,ot,~ In N~r --~ 4(1950) --* E K  (r:r=)'/,/r 
VA~(J~ DOCUMENT ID TEEN COMMENT 

--0,053~-0,005 CANDLIN 84 DPWA ~r + p  ~ ~ '+  K + 
�9 �9 �9 We do not USe the following data for averages, fits, l imits, etc. �9 �9 �9 

0 .022to0.040 4DEANS 75 DPWA ~ r N ~  ~ K  

Note: Signs of couplings from ~rN ~ N ~ E  analyses were changed in the 
1986 edition to agree wi th the baryon-first convention; the overall phase 
ambiguity Is resolved by choosing a negative sign for the /*(1620) 531 
coupling to /*(1232)~. 

(rFr)~/r~= In N~r --* 4(1950) --~ 4(1232)~r, F-wave (r~rg)~/r 
VALU E DOCUMENT IO TECN, COMMENT 
+0~11 tO +OJl~ OUR F.CI1MATE 
+0 .27 •  MANLEY 92 IPWA ~rN ~ ~ N  & N ~  
+0.32 1 LONGACRE 75 IPWA ~ N  ~ N~r~ 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.21 5 NOVOSELLER 78 IPWA = N  ~ N x ~  
0.38 6 NOVOSELLER 78 IPWA ~rN ~ N ~  

(rFr)VUr~,~ in N~r --* 4(1950) --~ Np, 5=3/2,  F-~we (r~r,)~/r 
VALU~E DOCUMENT ID ,T. ECN COMMENT 

+0.24  1 LONGACRE 75 IPWA ~ N  ~ N x x  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

0.24 7NOVOSELLER78 tPWA ~ r N ~  N ~  
0.43 8 NOVOSELLER 75 IPWA w N  ~ N~r~r 

4(1950) PHOTON DECAY AMPLITUDES 

4(1950) --, N-y, hdicity-1/2 amplitude A1/2 
VALUE (GeV-1/2 ) DOCUMENT ID TECN COMMENT 
--0.076-1-0,012 OUR ESTIMATE 
--0.079• ARNDT 96 IPWA ~ N  ~ x N  
-0 .068+0 .007  AWAJI 81 DPWA ~fN ~ ~ N  
-0.091:E0.005 ARAI 80 DPWA "yN ~ wN (fit 1) 
-0 .083•  ARAI 80 DPWA ~ N  ~ ~rN (f i t  2) 
- 0 .067 •  CRAWFORD 80 DPWA "yN --* ~rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

-0 .102 •  LI 93 IPWA ~(N ~ ~ N  
-0.058:E0.013 BARBOUR 78 DPWA 3 N  ~ ~ N  

4(1950) -+ N'/,. hellcity-3/2 amplitude As/2 
VALUE(GeV -1 /2  ) DOCUMENT ID TECN COMMENT 
--0.097:E0.010 OUR ESTIMATE 
-0 .103•  ARNDT 96 IPWA " /N ~ ~ N  
-0.094:E0.016 AWAJI 81 DPWA "yN ~ ~ N  
-0 .101 •  ARAI 80 DPWA "yN ~ ~ N  (f i t  1) 
-0 .100•  ARAI 80 DPWA ")'N ~ ~ N  (fit 2) 
-0 .082•  CRAWFORD 80 DPWA ~ N  ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

-0.115:E0.003 LI 93 IPWA "yN ~ ~ N  
-0 .075•  BARBOUR 78 DPWA "yN ~ 7rN 

4(1950) FOOTNOTES 
1 From method II of LONGACRE 75: eyeball fits wi th Brelt-Wigner circles to the T*matdx  

amplitudes. 
2 See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 

of N and A resonances as determined from Argand diagrams of 7rN elastic partial-wave 
am plitudes and from plots of the speeds wi th which the amplitudes traverse the diagrams. 

3LONGACRE 78 values are from a search for poles In the unltadzed T-matr ix.  The first 
(second) value uses, in addition to 7rN ~ N x x  data, elastic amplitudes from a Saclay 
(CERN) partial-wave analysis. 

4The range given is from the four best solutions. DEANS 75 disagrees wi th ~r+p 
E + K + data of WINNIK 77 around 1920 MeV. 

5A  Breit-Wigner f i t  to the HERNDON 75 IPWA; the phase is near - 6 0  ~  
6A  Breit-Wlgner f i t  to the NOVOSELLER 78B IPWA; the phase is near - 6 0 0 .  
7A Breit-Wlgner fit to the HERNDON 75 IPWA; the phase is near 120 ~  
8A  Breit-Wigner f i t  to the NOVOSELLER 78B IPWA; the phase is near 120 ~  

4(1950) REFERENCES 

ARNDT 96 PR C33 430 +Strakow*ky. Workman (VPI) 
ARNDT 95 PR CS2 2 1 2 0  +Strakovsky, Workman, Pavan (VPh BRCO) 
HOEHLER 93 ~rN Newsletter 9 1 (KARL) 
LI 93 PR C47 2759 +Arndt. Roper, WodKman (VPI) 
MANLEY 92 PR I)45 4002 +Saleski (KENT) IJP 

Also 84 PR D30 ~ Manley, Arndt. Gocndia, Teplitz (VPI) 
ARNDT 91 PR D4S 2131 +Li, Roper, Workman, Ford (VPI, TELE)IJP 
CANDLIN 84 NP B238 477 + to~ .  Peach, Scotland+ (EDIN, RAL. LOWC) 
PDG 82 PL 111B RODS, Porter, Aguilar-Benltez+ (HELS, CIT, CERN) 
AWAJI 81 Bonn Colff. 392 +Kajikaw~ (NAGO) 

Also 82 NP 8197 365 Fujii, Haycshii, l~ta,  Kajiluma+ (NAGO) 
ARAI 80 Toronto Conf. 93 (INUS) 

Also 82 NP B194 251 Aral, Fujii (INUS) 
CHEW 80 Toronto Conf. ]23 (LBL) IJP 
CRAWFORD gO Toroeto Conf. 107 (GLAS) 
CUTKOSKY 80 Toronto Conf. 19 +Forsyth, Babcock, Kelly, Hendrlck (CMU, LBL) IJP 

Also 79 PR D20 2839 Cutkosky, Forsyth. Hendrick, Kelly (CMU, LBL)IJP 
HOEHLER 79 PDAT 12-1 +Kaiser. Koch, pietadnen (KARLT) IJP 

Also 80 Toronto COM. 3 Koch (KARLT)IJP 
BARBOUR 78 NP B141 253 +Crawford, Parsons (GLAS) 
LONGACRE 78 PR D17 1795 +Ladnski, Rosenfeld, Smndja+ (LBL, SLAC) 
NOVOSELLER 78 NP B137 509 (CtT)IJP 
NOVOSELLER 78B NP B137 445 (CIT)IJP 
WlNNIK 77 NP B128 66 +Toaff, Rwel, Goldberg, Berny (HALF)| 
DEANS 75 NP B95 90 +Mitchell, Moe~ome;y+ (SFLA. ALAH)IJP 
HERNDDN 75 PR OIL 3183 +Loagacre, Miller, Roselffeld+ (LBL, SLAC) 
LONGACRE 75 PL SSB 415 +Roseafeld. La~nski, Smadja+ (LBL, SLAC)IJP 

l (2ooo) F,, I ,(,.) = ~t'}ar5+', Status: * *  

OMITTED FROM SUMMARY TABLE 

4(2000) BREIT-WlGNER MASS 

VALUE (MeV) DOCUMENT IO TEEN COMMENT 
~ 2000 0UR ESTIMATE 

1752• 32 MANLEY 92 IPWA ~'N ~ "~'N .t, N x x  
22004-125 CUTKOSKY 80 IPWA l r N  ~ x N  

4(2000) BREIT-WlGNER WIDTH 

VALUE {MeV) DOCUMENT 10 TECN COMMENT 

251-L- 93 MANLEY 92 IPWA x N  ~ l r N  & NTrx  

400• CUTKOSKY 80 IPWA l r N  ~ l r N  

4(2000) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

2150:E100 CUTKOSKY 80 IPWA '~'N -'~ 'n'N 

- 2 x IMAGINARY PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

350:5100 CUTKOSKY 80 iPWA ~rN ~ ~rN 

4(2000) ELASTIC POLE RESIDUE 

MODULUS I ' l  
VALUE (MeV) DOCUMENT ID TECN COMMENT 

1 6 •  CUTKOSKY 80 IPWA ~ N ~  x N  

PHASE # 
VA~UE (o} DOCUMENT ID TECN COMMENT 

150•  CUTKOSKY 80 IPWA x N  ~ l r N  

Mode 

4(2000) DECAY MODES 

rl N~ 
['2 N~Ir 
r 3 A(1232) 7r, P-wave 
F 4 A(1232)~, F-wave 
F s Np, 5=3/2,  P-wave 



See key on page 213 

A(2000) BRANCHING RATIOS 
r(~.)/r~., rdr 
VALUE~ DOCUMENT ID TEEN COMMENT 

0.024-0.01 MANLEY 92 IPWA ~rN ~ ~rN & N~r~r 
0.074-0.04 CUTKOSKY 80 IPWA ~rN ~ ~rN 

(r,r,)~/r== In N x  --~ A(~N]O0) --~ ~1(1232)*, P-v~/e [r=r=)~/r 
VALUE DOCUMENT/D TECN COMMENT 

+0.074-0.03 MANLEY 92 IPWA ~rN ~ ~rN & Nxx 

(r,r,)~/r~= =. N x  --~ a(2000) --~ a (1232)x ,  F-v~ve (r~r~)~/r 
VALUE ~Q~UMENT ID TEEN COMMENT 

+0.09:k0.04 MANLEY 92 IPWA ~rN ~ ~rN & N~r~ 

(rFr)~tr~= ~. N~r--~ ~-(2000) .-, N p ,  $=3/2 ,  P - ~ v e  (r,r,)~/r 
VALUE DOCUMENT ID TI~(:.:~ CQ~,M~T 

-0.064-0.01 MANLEY 92 IPWA ~rN ~ ~rN & N~r~r 

667 

Baryon Particle Listings 
z~(2000), z~(2150), z~(2200) 

a(2000) REFERENCES 

MANLEY 92 PR D45 4002 +Saleski (KENT} IJP 
Also 84 PR 030 904 Manley, Arndt, Goradla, Teplitz (VPI) 

CUTKOSKY 80 Toronto Cone 19 +Forsyth, BabcOCk, Kelly, Hendrick (CMU, LBL) 
Also 79 PR 020 2839 Cutk0sky, Focsyth, Hendrick, Kelly (CMU, LBL) 

I (2 5o) I ( j P )  = 3 1 -  ~(~ ) Status: * 

&(2150) FOOTNOTES 

1CHEW 80 reports two 531 resonances in this mass region. Problems with this analysis 
are discussed in section 2.1.11 of HOEHLER 83. 

A(2150) REFERENCES 

CANDLIN 84 NP B238 477 +Lowe, Peach, Scotland+ 
HOEHLER 83 Landott-Boern~teln 1/982 
CHEW 80 Toronto Coflf. 123 
CUTKOSKY eO Toronto Coal 19 +Fo~yth, Babcock, Kelly, Hendrick 

Also 79 PR D20 2839 Cutkosky, Focs'/th, HelKIHck, Kelly 

(EDIN, (KARLT} RAL, LOWC 

(LBL) UP 
(CMU, LBL) IJP 
(CMU, LRL) 

I I ~(2 ) Status: A ( 2 2 0 0 )  G~7 ' ( J e )  = ~ 7 -  

OMITTED FROM SUMMARY TABLE 
The various anatyse~ are not in good agreement, 

~(2200) BREIT-WlGNER MASS 

VALUE (MeV) DOCUMENT IO TECN COMMENT 
~u 2200 OUR ESTIMATE 

2200~80 (2UTKOSKY 80 IPWA ~rN ~ xN 
22154-60 HOEHLER 79 IPWA ~rN --* ~rN 
22804-80 HENDRY 78 MPWA ~rN --* ~rN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc.�9 �9 �9 

22804-40 (2ANDLIN 84 DPWA *+p---, ~ + K  + 

A(2200) BREIT-WlGNER WIDTH 
OMITTED FROM SUMMARY TABLE 

A(2150) BREITmWlGNER 

VALUE {MeV) DOCUMENT ID 
~u =lr=o OUR ESTIMATE 

2047,44- 27.0 1 CHEW 80 
2203,24- 8.4 1 CHEW 80 
2150 4-100 CUTKOSKY 80 

MASS 

TECN COMMENT 

BPWA ~r+p~ ~r+p 
BPWA ~r+p ~ ~r+p 
IPWA ~'N ~ ~rN 

'~(2150) BREIT-WlGNER WIDTH 

VALUE {MeV) DOCUMENT ID TECN COMMENT 

121.64- 62.0 1CHEW 80 BPWA l r + p ~  ~4-p 

]20.5• 45,0 1 CHEW 80 BPWA Tr+p ~ lr+p 
200 • CUTKOSKY 80 IPWA 1:N ~ 7rN 

A(2150) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

21404-80 (2UTKOSKY 80 IPWA ~rN -~ lrN 

-2xlMAGINARY PART 
VALUE {MeV) DOCUMENT ID TEEN COMMENT 

2004-80 (2UTKOSKY 80 IPWA lrN-L~ lrN 

MODULUS Ir l  
VALUE (MeV) 

7:k2 

PHASE # 
VALUE (o) 

- 6 0 : E 9 0  

A(2150) ELASTIC POLE RESIDUE 

DOCUMENT ID TECN COMMENT 

(2UTKOSKY 80 IPWA ~rN ~ *N  

DOCUMENT 10 TEEN COMMENT 

(2UTKOSKY 80 iPWA r ~ ~rN 

Mode 

F z N~ 
F 2 Z K  

4(2150) DECAY MODES 

&(2150) BRANCHING RATIOS 

r(N.)/r== 
VALUE DOCUMENT/D TEEN COMMENT 

0.41 1(2HEW 80 BPWA lr+p ~ ~r+p 
0.37 1(2HEW 80 BPWA ~'+p~ ~'+p 
0,08:k0.02 CUTKOSKY 80 IPWA x N  ~ 7rN 

(rlr,)V,/r==i In N~r --~ A(2150) -.~ E K  
VALUE DOCUMENT ID 

<0.03 (2ANDLIN 

rdr 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

4504-]00 CUTKOSKY 80 IPWA lrN ~ ~rN 
4004-100 HOEHLER 79 IPWA ~rN ~ ~N 
4004-150 HENDRY 78 MPWA lrN ~ lrN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

4004- 50 CANDLIN 84 DPWA I r + p  ~ E + K  + 
i 

A(2200) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

2100:k50 CUTKOSKY 80 IPWA *N --+ xN 

- 2 x l M A G I N A R Y  PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

340:k80 CUTKOSKY 80 IPWA lrN ~ *N 

Z1(2200) ELASTIC POLE RESIDUE 

MODULUS Irl  
VAL UE (MeV) DOCUMENT ID TEEN COMMENT 

8• CUTKOSKY 80 IPWA *N---* lrN 

PHASE e 
VALUE (o) DOCUMENT ID TEEN COMMENT 

-704-40 CUTKOSKY 80 IPWA ~rN -* 7rN 

~(2200) DECAY MODES 

Mode 

F 1 NTr 
F 2 ~ K  

Z1(2200) BRANCHING RATIOS 

r(N.)/r=., rdr 
VALUE DOCUMENT ID TEEN ~:OM/~ENT 

0.064-0.02 CUTKOSKY 80 IPWA lrN --* ~rN 
0.054-0.02 HOEHLER 79 IPWA l rN --~ x N  
0.09• HENDRY 78 MPWA lrN ~ lrN 

( r F f ) ~ / r t m ,  In N~r --* ~1(2200) --* E K  ( r l r = )~ / r  
VALU~ DOCUMENT ID TECN (;OMME~NT 

--0.O144-O.O05 CANDLIN 84 DPWA Ir + p ~ E + K + 

,',(2200) REFERENCES 
CANDLIN 84 NP B238 477 +Loeb. Peach. Scotland+ 
CUTKOSKy 80 Toronto Conf. 19 +Forsyth. Babcock. Kelly. Hendrick 

) " / r  ~ A,. ,9 PR o~o 283, :u~,~y. ~.~h, .~.~h. K~ly 
HOEHLER 79 PDAT 12-1 +Kair~r. Koch. pietadnen 

r _  1 r _  9 Nso 80 T~onto Conf. 3 Koch 
TEEN ,COMM~.NT HENDRY 78 PRL 41 222 

84 DPWA ~-t- p ~ E +  K + Also 81 ANP 136 1 Hendry 

(EOIN. RAL, LOWC ) 
(CMU, LBL) IJP 
(CMU, LSL) UP 

(KARLT) IJP 
{KARLT) IJP 

(IND, LBL) IJP 
(INO) 
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Baryon Part ic le  List ings 
Z1(2300), Z1(2350) 

I z (2300) H ,I ,(,.) _- S,a,us: **  
OMITTED FROM SUMMARY TABLE 

A(2300) BREIT-WlGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 
2300 OUR ESTIMATE 
2204.54- 3.4 CHEW 80 BPWA ~ + p - - *  x + p  
2400 4-125 CUTKOSKY 80 IPWA w N  --~ ~ N  
2217 4- 80 HOEHLER 79 IPWA ~ N - - *  ~ N  
2450 4-100 HENDRY 78 MPWA ~rN ~ x N  

�9 * * We do not use the following data for averages, fits, l imits, etc. �9 �9 = 

2400 CANDLIN 84 DPWA ~ r + p ~  E + K  + 

A(2300) BREIT-WlGNER WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

32.34- 1.0 CHEW 80 BPWA x + p ~  x + p  
425 4-150 CUTKOSKY 80 IPWA x N  --~ x N  
300 4-100 HOEHLER 79 IPWA ~ N  ~ ~ N  
500 4-200 HENDRY 78 MPWA ~ N  ~ ~ N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

200 CANDLIN 84 DPWA x + p ~ E + K + 

A(2300) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

23704-80 CUTKOSKY 80 IPWA ~ N  ~ x N  

-2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

4204-160 CUTKOSKY 80 IPWA x N  ~ ~ N  

MODULUS Irl 
VALUE (MeV) 

104-4 

PHASE e 
VALUE( ~ ) 

--204-30 

A(2300) ELASTIC POLE RESIDUE 

I I ~(2 ) Status: A(2350) D3s '(JP) = ~ s- 

OMITTED FRoM SUMMARY TABLE 

A(2350) BRBT-WlGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 
ml 2MO OUR ESTIMATE 

2171:b 18 MANLEY 92 IPWA x N  ~ x N  & N ~ x  
24004-125 CUTKOSKY 80 IPWA ~ N  --~ x N  
23054- 26 HOEHLER 79 IPWA x N - - ~  x N  

VALUE (MeV) 

2644- 51 
400 • 150 
3004- 70 

A(2350) BREIT-WIGNER WIDTH 

DOCUMENT ID TEEN COMMENT 

MANLEY 92 IPWA x N  ~ x N  & N x x  
CUTKOSKY 80 IPWA ~rN ~ ~ N  
HOEHLER 79 IPWA ~ N  ~ ~ N  

4(23S0) POLE POSITION 

DOCUMENT ID TECN COMMENT 

CUTKOSKY 80 IPWA ~ N  ~ ~'N 

DOCUMENT ID TECN COMMENT 

CUTKOSKY 80 IPWA ~ N  ~ x N  

REAL PART 
VALUE(MeV) DOCUMENT ID TEEN COMMENT 

24004-125 CUTKOSKY 80 IPWA ~ N  --~ x N  

-2xlMAGINARY PART 
VALUE (MeV) DOCUMENT IO TEEN COMMENT 

4004-150 CUTKOSKY 80 IPWA x N ~  x N  

A(2300) DECAY MODES 

Mode 

rl Nx 
r2 E K  

A(2300) BRANCHING RATIOS 

r(N.)/r~, rs/r 
VALUE DOCUMENT ID TEEN COMMENT 

A(2350) ELASTIC POLE RESIDUE 

0.05 CHEW 80 BPWA x + p  --, ~ + p  
0.064-0.02 CUTKOSKY B0 IPWA ~ N  --* x N  
0.034-0.02 HOEHLER 79 IPWA ~rN -~ ~ N  
0.084-0.02 HENDRY 78 MPWA ~ N  --~ ~ N  

(rFr)Y'/r=~ In Nlr--* 4(2300) --~ s  (rtr=)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

--0.017 CANDLIN 84 DPWA ~ + p ~  E + K +  

4(2300) REFERENCES 

CANDLIN 84 NP B23B 477 +Lowe, peach, Scotland+ (COIN, PAL, LOWC) 
CHEW 80 Toronto Coflf. 123 (LBL) IJP 
CUTKOSKY 80 Toronto Conf. 19 +Forsyth, Balxock, Kelly, Herldrick (CMU, LBL)IJP 

Also 79 PR D20 283g Cutkosky, For~tth, Henddck, Kelly (CMU, LBL) 
HOEHLER 79 PDAT 12-1 +Kaiser, Koch, Pietarinen (KARLT) IJP 

Also 80 Toronto Conf. 3 Koch (KARLT) IJP 
HENDRY 78 PRL 41 222 (IND, LBL) IJP 

Also 81 ANP 136 1 Hendrt (IND) 

MODULUS I'1 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

15-1-8 CUTKOSKY 80 IPWA x N  ~ I r N  

PHASE e 
VALUE ( ~ ) DOCUMENT ID TEEN COMMENT 

--704-70 CUTKOSKY 80 IPWA ~ N  "-~ ~ N  

A(2350) DECAY MODES 

A(2350) REFERENCES 

MANLEY 92 PR D45 4002 +5aleski (KENT) IJP 
Also 84 PR D30 904 Minley. Amdt, C.~-~lli. TepUtz (VPI) 

CANDLIN B4 NP B238 477 +Lowe, Peach, Scotland+ (EDIN, RAL, LOW(:) 
CUTKOSKY 80 Tolonto Co.f. 19 +Fol~yth, Babcock, Kelly, Henddck (CMU, LBL)IJP 

Also 79 PR D20 2839 Cutkosky, FomJth, HelKIdck, Kelly (CMU, LBL) 
HOEHLER 79 PDAT 12-1 +Kaiser, Koch, Pietadn~ (KARLT) IJP 

Also 80 Tmonto Eo.f. 3 Koch ( )KARLT IJP 

<0.015 CANDLIN 84 DPWA x + p  -.~ s  + 

r(N,r)/r=, rs/r 
VA~.~I ~ DOCUMENT IO TEEN (;Q~fM~N T 

0.020+0.003 MANLEY 92 IPWA x N  ~ x N  & NxTr  

0.20 4-0.10 CUTKOSKY 80 IPWA ~'N --, ~rN 
0.04 4-0.02 HOEHLER 79 IPWA l r N  ~ x N  

(rFf)~/r~ In N~r .-* 4(2,t,50) -.-* s  (rsr=l~/r 
V,~.I.I~ DOCUMENT ID TEEN COMMEN T 

Mode 

I" I N~r 
r 2 Z'K 

Zi(23S0) BRANCHING RATIOS 
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Jz (239o) n,l , , , ,  = "~.'~3'7+'] Status: ~k' 

OMITTED FROM SUMMARY TABLE 

Zl(23g0) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

2390 OUR ESTIMATE 
2350/:100 CUTKOSKY 80 IPWA ~ N  --~ ~ N  
2425/:  60 HOEHLER 79 IPWA ~rN ~ x N  

~(2390) BREIT-WlGNER WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

300/:100 CUTKOSKY 80 IPWA ~ N  ~ ~rN 
300/ :  80 HOEHLER 79 IPWA ~ N  ~ ~rN 

REAL PART 
VALUE (MeV) 

2350 4-100 

-2x lMAGINARY PART 
VALUE {MeV) 

260 4-100 

ZI(2390) POLE POSITION 

DOCUMENT ID TECN COMMENT 

CUTKOSKY 80 IPWA ~ N  "~ l rN  

DOCUMENT ID TECN COMMENT 

CUTKOSKY 80 IPWA ~ N  ~ x N  

ZI(2390) ELASTIC POLE RESIDUE 
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B a r y o n  P a r t i c l e  L is t ings  

z i (2390) ,  z~(2400) 

MODULUS I'1 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

12 / :6  CUTKOSKY 80 IPWA ~rN --, ~ 'N 

PHASE e 
VALUE( ~ ) DOCUMENT ID TECN COMMENT 

- -90 / :60  CUTKOSKY 80 IPWA ~ N  ~ ~rN 

Mode 

I 1 N~r 
r 2 E K  

Z1(2390) DECAY MODES 

A(23~ )  BRANCHING RATIOS 

r(N.)/r~., r,/r 
VALUE DOCUMENT ID TECN COMMENT 

0.08/:0.04 CUTKOSKY 80 IPWA ~'N ~ 'oN 
0.07/:0.04 HOEHLER 79 IPWA "~'N .--w ~'N 

(r, rr)V=/rt=~,~ in N ~  --* A(2390) --~ Z K  (r=r=l~/r 
VALUE DOCUMENT ID TECN CQMM~NT 

<0.015 CANDLIN 84 DPWA l r + p  --* s  + 

A(23g0) REFERENCES 

CANDLIN 84 NP B238 477 +Lowe, Peach, Scotland+ 
CUTKOSKY 80 Toronto Conf. 19 +Forsyth, Babcock, Kelly, Hendrick 

Also 79 PR D2O 2839 Cutkosky, Forsyth, Henddck, Kelly 
HOEHLER 79 PDAT 12-1 +Kaiser, Koch, Pietarlnen 

Also 80 Toronto Conf. 3 Koch 

I I ~ ( '  ) Status: >Y >~ ,4 (2400)  G39 ,(.p) = 3 , -  

OMITTED FROM SUMMARY TABLE 

ZI(2400) BREIT-WlGNER MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

2400 OUR ESTIMATE 
2300+100 CUTKOSKY 80 IPWA ~ N  ~ ~ N  
2468/: 50 HOEHLER 79 IPWA w N  ~ ~ N  
2200/:100 HENDRY 78 MPWA ~ N  ~ ~ N  

ZI(2400) BREIT-WlGNER WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

330:t:100 CUTKOSKY 80 IPWA x N  ~ ~ N  
480/:100 HOEHLER 79 IPWA ~ N  ~ ~ N  
450/:200 HENDRY 78 MPWA ~ N  ~ ~ N  

REAL PART 
VALUE (MeV) 

2260 + 60 

- 2xIMAGINARY PART 
VALUE(MeV) 

320 4-160 

z~(2400) POLE POSITION 

DOCUMENT ID TECN COMMENT 

CUTKOSKY 80 IPWA * N  ~ ~ N  

DOCUMENT ID TECN COMMENT 

CUTKOSKY 80 IPWA * N  ~ ~ N  

A(2400) ELASTIC POLE RESIDUE 

(EDIN, RAL, LOWC) 
~c.o,~c"u' ~1 "P 

(KARLT) IJP 
(KARLT) UP 

MODULUS Irl 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

8 / : 4  CUTKOSKY 80 IPWA ~rN--~ ~ N  

PHASE e 
VALUE( ~ ) DOCUMENT ID TECN COMMENT 

- -25 / :15  CUTKOSKY 80 IPWA 1:N ~ ~ N  

A(2400) DECAY MODES 

~(2400) REFERENCES 

CANDLIN 84 NP B238 477 +Love, Peach, Scotland+ (EDIN, RAL, LOWC) 
CUTKOSKY 80 Toronto Conf. 19 +Forsyth, Babcock, Kelly, Hendrick (CMU, LBL) IJP 

Also 79 PR D20 2839 Cutkosky, Focsyth, Hendrick, Kelly (CMU, LBL) 
HOEHLER 79 PDAT 12-1 +Kaiser, Koch, Pietarinen (KARLT) IJP 

Also 80 Toronto Conf. 3 Koch (KARLT) IJP 
HENDRY 78 PRL 41 222 (IND, LBL)IJP 

Also 81 ANP 136 1 Hendry (IND) 

r(N.)/r~., rl/r 
VALUE DOCUMENT ID TECN COMMENT 

0.05+0.02 CUTKOSKY 80 IPWA ~ N  --* ~ N  
0.06/:0.03 HOEHLER 79 IPWA ~ N  ~ ~ N  
0,104"0.03 HENDRY 78 MPWA l r N  ~ ~ N  

(rlrr)~/r~,l I. N.-~ •(2400) --* s  - (rlr=l~/r 
VA4.UE DOCUMENT ID T~CN COMMENT 

<0,015 CANDLIN 84 DPWA lr + p  --~ ~ +  K + 

Mode 

r l  NTr 
r 2 E K  

A(2400) BRANCHING RATIOS 
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Baryon Particle Listings 
A(2420), A(2750), A(2950) 

IA(2420) H~4zl '(Je) = }(~}+)Status: >~>~<* 
Most  o f  t he  results publ ished before 1975 are now obsolete and have 
been omi t ted .  They  may be found in our  1982 edi t ion,  Physics 
Letters 111B (1982). 

`4(2420) BREIT-WlGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

2300 to 2r~o (m 2420) OUR ESTIMATE 
2400 <-125 CUTKOSKY 80 IPWA ~ N  ~ ~rN 
2416 <- 17 HOEHLER 79 IPWA x N  ~ ~rN 
2400 <- 60 HENDRY 78 MPWA x N  ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2400 CANDLIN 84 DPWA w + p  ~ ~ +  K + 
2358.0<- 9.0 CHEW 80 BPWA ~ - t - p ~  ~r+p 

`4(2420) REFERENCES 

HOEHLER 93 ~rN Newsletter 9 I (KARL) 
CANDLIN 84 NP B238 477 +Lo~e, Peach, Scotland+ (EDIN, RAL, LOWC) 
PDG 82 PL 111B Roo~, Porter, Asuilar-Benitez+ (HELS, CIT, CERN) 
CHEW 80 Toronto Conf, 123 (LBL) UP 
CUTKOSKY 80 Tmonto Conf. 19 +Fonyth, Babcock, Kelly, Henddck (CMU, LBL)IJP 

Also 79 PR D20 2839 Cutkosky, Forsyth, Henddck, Kelly (CMU, LBL) 
HOEHLER 79 PDAT 12-1 +Kaiser, Koch, Pietafinen (KARLT) IJP 

Also 80 Toronto Conf. 3 Koch (KARLT) UP 
HENDRY 78 PRL 41 222 (IND, LBL) IJP 

Also 81 ANP 136 I Hendry (IND) 

OMITTED FROM SUMMARY TABLE 

I(J P) = ~(],2~-)Status: ~<>Y 

`4(2420) BREIT-WIGNER WIDTH 

VALUE(MeV) DOCUMENT ID TEEN COMMENT 

300 to S00 (~ 400) OUR ESTIMATE 
450 <-150 ~" CUTKOSKY 80 IPWA ?rN ~ ?rN 
340 <- 28 HOEHLER 79 IPWA ~rN--~ ~rN 
460 <-ZOO HENDRY 70 MPWA ~ N  --~ ~rN 
�9 * �9 We do not use the fol lowing data for averages, fits, l imits, etc. * �9 = 

400 CANDLIN 84 DPWA x + p  ~ s  + 
202.2<- 45.0 CHEW 80 BPWA x - F p ~  x + p  

VALUE (MeV) DOCUMENT ID TEEN COMMENT 
2750 OUR ESTIMATE 
2794<- 80 HOEHLER 79 IPWA ~rN--* ~rN 
2650<-100 HENDRY 78 MPWA ?rN -~ ?rN 

`4(2750) BREIT-WlGNER WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

350-4-100 HOEHLER 79 IPWA l r N  ~ ~rN 
500+1OO HENDRY 78 MPWA ?rN --~ ~ N  

`4(2"f50) DECAY MODES 

Mode 

r z N~ 

`4(2750) BRANCHING RATIOS 

'4(2420) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

2~0 to 2400 (m 2~0) OUR ESTIMATE 
2300 1 HOEHLER 93 ARGD l r N  ~ l rN  
2360<-100 CUTKOSKY 80 IPWA ~rN -~ l r N  

- 2xlMAGINARY PART 
VALUE [MeV) DOCUMENT ID TEEN COMMENT 

350 to "/30 (~ MO) OUR ESTIMATE 
620 1 HOEHLER 93 ARGD x N  --~ ~rN 
420<-100 CUTKOSKY 80 IPWA l r N  ~ x N  

A(2420) ELASTIC POLE RESIDUE 

MODULUS Irl 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

39 HOEHLER 93 ARGD l rN  ~ l r N  
1 8 + 6  CUTKOSKY 80 IPWA ~rN ~ ~rN 

PHASE e 
VALUE (o) DOCUMENT IO TEEN COMMENT 

--60 HOEHLER 93 ARGD l rN  --* x N  
-30< -40  CUTKOSKY 80 IPWA l rN  -+ * N  

`4(2420) DECAY MODES 

The following branching fractions are our estimates, not fits or averages. 

Mode Fraction ( r l / r )  

rl N* s-z6 % 
r2 ~ 'K 

r(N,r) Irt~,, 
VAIrUE DOCUMENT ID TEEN COMMENT 

0.04<-0.015 HOEHLER 79 IPWA x N  ~ l r N  
0.05<-0.01 HENDRY 78 MPWA x N  ~ ?rN 

`4(2750) REFERENCES 

HOEHLER 79 PDAT 12-1 +Kaiser, Koch, PietaHnen (KARLT) IJP 
Also 80 Tcront~ Conf. 3 Koch (KARLT) IJP 

HENDRY 78 PRL 41 222 (IND, LBL)IJP 
Also 81 ANP 136 1 Hendry (IND) 

I A(2950) K3,zs I '(~P) = ~(~2~+)Status: * * 

OMITTED FROM SUMMARY TABLE 

A(2950) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
2 B 0  OUR ESTIMATE 
2990<-100 HOEHLER 79 IPWA I rN  --~ ?rN 

`4{2420) BRANCHING RATIOS 

r (N, ) / r to t , ,  r l / r  
VALUE DOCUMENT ID TEEN COMMENT 
O.OS tO 0.15 OUR ESTIMATE 
0.08<-0.03 CUTKOSKY 80 IPWA x N  ~ l rN  
0.08<-0.015 HOEHLER 79 IPWA 7rN ~ ?rN 
0.11<-0.02 HENDRY 78 MPWA x N  ~ ?rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.22 CHEW 80 BPWA x+p-.-~ Ir+p 

(rFrl~/rto=, in NIt --~ a(2420) .-~ s  (rlr=)~/r 
VALUE DOCUMENT I~0 T~C N (;OMM~:N T 

-0 .016  CANDLIN 84 DPWA x + p ~  s 

`4(2420) FOOTNOTES 
1See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 

of N and / t  resonances as determined from Argand diagrams of lr N elastic partial-wave 
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams. 

2850<-100 HENDRY 70 MPWA ~ N  --+ x N  

A(2950) BREIT-WlGNER WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

330<-100 HOEHLER 79 IPWA ?rN ~ ~rN 
700<-200 HENDRY 78 MPWA I rN  --~ l r N  

4(2950) DECAY MODES 

Mode 

I" 1 Nlr 

4(2950) BRANCHING RATIOS 

r(N.)/r~, 
VA~-~J~ DOCUMENT I{) 

0.04<-0.02 HOEHLER 
0.03<-0.01 HENDRY 

T~CN EOMMENT 

79 IPWA x N  ~ 7rN 
78 MPWA ~ N  -~ l r N  

r,/r 

A(2950) REFERENCES 

HOEHLER 79 PDAT 12-1 +Kaiser, Koch, Pietarinen 
Also 80 Toronto Conf. 3 Koch 

HENDRY 78 PRL 41 222 
Also 81 ANP 136 1 Hend~ 

(KARLT)IJP 
{KARLT)IJP 

(IND, LBL)IJP 
(IND) 

rl/r 

A(2750) BREIT-WlGNER MASS 



See key on page 213 

IA(,-,, 3000 Region) I 
Partial-Wave Analyses I 

OMITTED FROM SUMMARY TABLE 
We list here miscellaneous high-mass candidates for isospin-3/2 res- 
onances found in partial-wave analyses. 

Our 1982 edition also had a Z1(2850) and a Z1(3230). The evidence 
for them was deduced from total cross-section and 180 ~ elastic cross- 
section measurements. The A(2850) has been resolved into the 
A(2750) /3,13 and A(2950) /(3,18. The A(3230) is perhaps related 
to the }(3,13 of HENDRY 78 and to the L3,17 of KOCH 80. 

A(~ 3000) BREIT-WIGNER MASS 

WL UE (MW) 
3000 OUR ESTIMATE 
3300 
3500 

2880-1-150 
3200 "4- 200 

3300 • 200 
3700 4- 200 

41004-300 

DOCUMENT ID TEC__~N COMMENT 

1 KOCH 80 IPWA ~N ~ ~N L3,17 wave 

1 KOCH 80 IPWA ~N ~ ~rN M3,19 wave 

HENDRY 78 MPWA IrN --* ~rN 13,11 wave 

H'ENORY 78 MPWA ~N ~ ~N K3,13 wave 
HENDRY 78 MPWA 7rN ~ ~N L3,17 wave 
HENDRY 78 MPWA ~N ~ ~N M3,19 wave 
HENDRY 78 MPWA ~N ~ ~N N3,21 wave 

VALUE(MeV) 

7004-200 

1000~- 300 

1100+300 
13004-400 

16C0 4-500 

a(~ 3oo0) BREIT-WlGNER WIDTH 

DOCUMENT ID TECN COMMENT 

HENDRY 78 MPWA ~N ---* ~N 13,11 wave 
HENDRY 78 MPWA ~N --~ ~N K3,13 wave 

HENDRY 78 MPWA ~N ~ wN L3,17 wave 

HENDRY 78 MPWA ~N -~ ~N M3,19 wave 
HENDRY 78 MPWA ~N ~ ~N N3,21 wave 

Mode 

I" 1 NTr 
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r(N,)/r~,, r l / r  
VA~-iI~ DOCUMENT tD TEeN COMMENT 

0.06 :t:0.02 HENDRY 78 MPWA ~N -*  ~N 13,11 wave 
0.045+0.02 HENDRY 78 MPWA IrN --+ lrN/(3,13 wave 
0.03 ~0.01 HENDRY 78 MPWA x N  ~ ~ N  L3,17 wave 

0.028• HENDRY 78 MPWA I rN  ~ x N  M3,19 wave 
0.018:t:0.01 HENDRY 78 MPWA ~N ~ ~N N3,21 wave 

A(,,, 3000) BRANCHING RATIOS 

4(,~ 3000) FOOTNOTES 
1 In addition, KOCH 80 reports some evidence for an $31 A(2700) and a P33 z1(2800). 

A(~ 3000) REFERENCES 
KOCH 80 Tc~onto Conf. 3 (KARLT) IJP 
HENDRY 78 PRL 41 222 . (INO, LBL)UP 

Also 81 ANP 136 1 Hendry (IND) 

A(-,, 3000) DECAY MODES 
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II A BAR ONS II (s- - -z ,  0) 
A ~ = uds 

I(JP) = 0(�89 +)  Status: * * * *  

We have omit ted some results that  have been superseded by later 
experiments. See our earlier editions. 

A MASS 

The fit uses A, ,~+, ~0.  Z ' -  mass and mass-difference measurements. 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
1115.68a'~0.006 OUR FIT 
1115.683+0.006 OUR AVERAGE 
1115.678~:0.006:L0.006 20k HARTOUNI 94 SPEC pp 27.5 GeV/c 
1115.690+0.008~:0.006 18k 1HARTOUNI 94 SPEC pp 27.5 GeV/c 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1115.59 ~0.08 935 HYMAN 72 HEBC 
1115.39 ~-0.12 195 MAYEUR 67 EMUL 
1115.6 ~:0.4 LONDON 66 HBC 
1115.65 9:0.07 488 2 SCHMIDT 65 HBC 
1115.44:1:0.12 3 BHOWMIK 63 RVUE 

1We assume CPT invariance: this Is the A mass as measured by HARTOUNI 94. See 
below for the fractional mass difference, testing CPT. 

2The SCHMIDT 65 masses have been reevaluated using our April 1973 proton and K • 
and w•  masses. P. Schmidt, private communication (1974). 

3The mass has been raised 35 keV to take into account a 46 keV increase in the proton 
mass and an 11 keV decrease In the w • mass (note added Reviews of Modern Physics 

1 (1967)). 

( ~  - , ~ )  / - ,  

A test of CPTInvarlance. 

VALUE (unffs 10 5) DOCUMENT ID TECN COMMENT 
-- 1.0 ~" 0.9 OUR AVERAGE 
- 1.08~ 0.90 HARTOUNI 94 SPEC pp 27.5 GeV/c 
- 2 6  •  BADIER 67 HBC 2.4 GeV/c ~p 

4.5 ~ 5.4 CHIEN 66 HBC 6.9 GeV/c ~p 

A MEAN LIFE 

Measurements with an error > 0.1 x 10 - 1 0  s have been omitted alto- 
gether, and only the latest high-statistics measurements are used for the 
average, 

VALUE {10 -1o s) EVT5 DOCUMENT ID TECN COMMENT 
2.632:t:0.020 OUR AVERAGE Error Includes scale factor of 1.6. See the ideogram below. 

2.69 ~0.03 53k ZECH 77 SPEC Neutral hyPeron beam 
2.611~:0.020 34k CLAYTON 75 HBC 0.96-1.4 GeV/c K - p  
2.626d:0.020 36k POULARD 73 HBC 0.4-2.3 GeV/c K - p  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

~+  n --~ AK + 
K -  p at rest 

2.69 ~0.05 6582 ALTHOFF 73B OSPK 
2.54 ~0.04 4572 BALTAY 71B HBC 
2.535~0.035 8342 GRIMM 68 HBC 
2.47 -I-0.08 2600 HEPP 68 HBC 
2.35 • 916 BURAN 66 HLBC 

2 452 ̀ 4-0'056 2213 ENGELMANN 66 HBC ' -0 .054 
2.59 :i:0.09 794 HUBBARD 64 HBC 
2.59 -4-0.07 1378 SCHWARTZ 64 HBC 
2.36 ~0.06 2239 BLOCK 63 HEBC 

(rA - fx)  / ~ M , ~  

A test of CPTInvarlanee. 

VALUE DOCUMENT IO TECN COMMEI~T 

0.044'-I-0J~8 BADIER 67 HBC 2.4 GeV/c ~p  

B A R Y O N  M A G N E T I C  M O M E N T S  

Written 1994 by C.G. Wohl (LBNL). 

The figure shows the measured magnetic moments of the 

stable baryons. It also shows the  predictions of the simplest 

quark model, using the measured p, n, and A moments as 

input. In this model, the moments are [1] 

~p = ( 4 ~  - ~ ) / 3  ~ = ( 4 ~  - ~ ) / 3  

I~x'+ = (41zu --  D a ) / 3  lUs = (4/Zd - - / z s ) / 3  
#Zo = (4#s - / ~ u ) / 3  /z~- = (4#s - # d ) / 3  

/ZA = # ,  #~0 = (2g~ + 2/~d - - / z s ) / 3  

# / t -  = 3/~s 

and  the  ,~0 ~ A t rans i t ion  m o m e n t  is 

~ , ~ o a  = (~'d - ~ ' ~ ) / ~  �9 

~J 

3 - -  

2 - -  

1 -- 

0 -- 

- - 1  - -  

- - 2  - -  

E ~ e ~ -  Simple 
ment model 

input ~ + 

/- ~- 

input 

";''" input 

Z ~ 

A 

=0 
- - z 0 _ ~ A  

/ 2 -  
n 



See key on page 213 

The quark moments that result from this model are 

/z, = +1.852/~N, /~d = --0.972/JN, and /~a = --0.613/~N. The 
corresponding effective quark masses, taking the quarks to be 
Dirac point particles, where/~ = qh/2m, are 338, 322, and 510 
MeV. As the figure shows, the model gives a good first approx- 

imation to the experimental moments. For efforts to make a 
better model, we refer to the literature [2]. 

References 

1. See, for example, D.H. Perkins, Introduction to High Energy 
Physics (Addison-Wesley, Reading, MA, 1987), or D. Grif- 
fiths, Introduction to Elementary Particles (Harper & Row, 
New York, 1987). 

2. See, for example, J. Franklin, Phys. Rev. D29, 2648 (1984); 
H.J. Lipkin, Nucl. Phys. B241, 477 (1984); 
K. Suzuki, H. Kumagai, and Y. Tanaka, Europhys. Lett. 2~ 
109 (1986);  
S.K. Gupta and S.B. Khadkikar, Phys. Rev. D36, 307 
(1987);  
M.I. Krivoruchenko, Sov. J. Nucl. Phys. 45, 109 (1987); 
L. Brekke and J.L. Rosner, Comm. Nucl. Part. Phys. 18, 
83 (1988); 
K.-T. Chao, Phys. l:tev. D41, 920 (1990) and references 
cited therein Also, see references cited in discussions of 
results in the experimental papers.. 

A MAGNETIC MOMENT 

See the =Note on Baryon Magnetk: Moments" above. Measurementswith 
an error > 0.15/~N have been omitted. 

VALUE (FN) Ev'rs DOCUMENT ID TECN COMMENT 
-0 .613  4.0.004 OUR RVERAGE 
-0.606:1:0.015 200k COX 81 SPEC 
-0,6138:E0.0047 3M 5CHACHIN... 78 SPEC 
-0.59 :t:0.07 35Ok  HELLER 77 SPEC 
-0.57 :t:0.05 1.2M BUNCE 76 SPEC 
-0.66 :1:0.07 1300 DAHL-JENSEN71 EMUL 200 kG field 

A ELECTRIC DIPOLE MOMENT 

A nonzero value Is forbldden by both Tlnvadance and P Invarlanee. 

VALUE (10 -16 ecru) CL,__~ DOCUMENT ID TECN 
< I J i  95 4pONDROM 81 SPEC 
�9 �9 �9 We do not uSe the following data for averages, fits, limits, etc. �9 �9 �9 

<100 95 5 BARONI 71 EMUL 
<500 95 GIBSON 66 EMUL 

4pONDROM 81 measures ( -3 .0  + 7.4) x 10 -17  e-cm. 
5 BARONI 71 measures ( -5 .9  :t: 2.9) x 10 -15  e-cm. 

A DECAY MODES 

Mode Fraction ( l ' l / r )  

['1 P~ ' -  (63.9 4-0.5 )% 
[.2 n~0 (35.8 4-0.5 ) % 
[.3 n'y (1.75:1=0.15) x 10 - 3  

[.4 Pw-'Y [a]( 8.4 +1.4 ) x 10 - 4  
r 5 p e - P  e (8.324-0.14) x 10 - 4  
[.6 p/J--u'-~ (1.674-0.35) x 10 - 4  

[a] See the Particle Listings below for the pion momentum range used in this 

m easu rement. 
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C O N S T R A I N E D  F I T  I N F O R M A T I O N  

An overall f i t to 5 branching ratios uses 20 measurements and one 
constraint to determine 5 parameters. The overall fit has a X 2 = 
10.5 for 16 degrees of freedom, 

The following off-diagonal array elements are the correlation coefficients 

16xiax j l / (6x i .6x j ) ,  in percent, from the fit to the branching fractions, x i = 

I ' j r t o t a  I. The fit constrains the x i whose labels appear in this array to sum to 
one. 

x 2 - 1oo 
x 3 - 2  - 1  

x 5 46 - 4 6  - 1  

x s 0 0 0 0 

Xl x2 X3 X5 

A BRANCHING RATIOS 

r(p.-)/r(N.) ra/(rz+r=) 
VALU~ EVTS DOCUMENT ID TECN COMMENT 
O.MI=I=0A~ OUR FIT 
O~IO=I:0~S OUR/IVERAGE 
0.646:t:0.006 4572 BALTAY 718 HBC K - p  at rest 
0.635+0.007 6736 DOYLE 69 HBC ~r -p  ~ AK 0 
0,643-t-0,016 903 HUMPHREY 62 HBC 
0.624-t-0.030 CRAWFORD 5% HBC ~ - p - - *  AK O 

r(n~O)/r(Nr r,/(rl+r=) 
VALUE EVT5 DOCUMENT ID TECN 
~ 4 . 0 . 0 0 l  OUR FIT 
0.~104"0.028 OUR RIERAGE 
0.35 • BROWN 63 HLBC 
0.2914-0.034 75 CHRETIEN 63 HLBC 

r(.~)/rtm, r=/r 
VALUE (units 10 -3 ) EVTS DOCUMENT ID TECN COMMENT 
1.71hl:0.Ui OUR FIT 
1.?84-0.35 1816 LARSON 93 SPEC K -  p at rest 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.78"F0.24~00:11~ 287 NOBLE 92 SPEC See LARSON 93 

r(,.y)/r(,~) rs/r2 
VALUE (.nlts 10 -3) Ev'rs DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not uSe the following data for averages, fits, limits, etc. �9 �9 �9 

2.86• 24 BIAGI 86 SPEC SPS hyperon beam 

r(p.-~)/r(p.-) r4/r~ 
VALUE(units 10 -3 ) EVTS DOCUMENT ID TECN COMMENT 

1.324"0.22 72 BAGGETT 72c HBC x -  < 95 MeV/c 

r(pe-p,)/r(p.-) r=/rl 
VALUE (units 10 -3 ) EVTS DOCUMENT ID TECN COMMENT 
1.~014"0A19 OUR f i t  
1JIO14"O.Olg OUR RVERAGE 
1.335:E0.056 7111 BOURQUIN 83 SPEC SP5 hyperon beam 
1.313:t=0.024 10k WISE 80 SPEC 
1.23 ~0.11 544 LINDQUIST 77 SPEC ~r-p--~ KOA 
1.27 :EO.07 1089 KATZ 73 HBC 
1.31 4"0.06 1078 ALTHOFF 71 OSPK 
1.17 • 86 6 CANTER 71 HBC K -  p at rest 
1,20 4-0,12 143 7 MALONEY 69 HBC 
1.17:1:0,18 120 7 BAGLIN 64 FBC K -  freon 1.45 GeV/c 
1.23 :EO.20 150 7 ELY 63 FBC 
�9 �9 �9 We do not USe the following data for averages, fits, limits, etc. �9 �9 �9 

1.32 • 218 6 LINDQUIST 71 OSPK See LINDQUIST 77 

6Changed by us from r ( pe -Pe ) / r (N1 r  ) assuming the authors uSed F ( p x - ) / r t o t a  I = 
2/3. 

7 Changed by us from F(pe-  Pc)/F (Nx) becauSe F(pe-  v ) / r ( p x - )  Is the directly mea- 
sured quantity. 

r(e~-v~)/r(N.) rs/lra+r2) 
VALUE {u.itS 10 -4 ) EVTS DOCUMENT ID TECN COMMENT 
1~'74.0.U OUR R T  
IJST-kO.8 OUR NIERAGE 
1.4 4-0.5 14 BAGGETT 72B HBC K -  p at rest 
2.4 4-0.8 9 CANTER 71B HBC K -  p at rest 
1.3 4-0.7 3 LIND 64 RVUE 
1.5 • 2 RONNE 64 FBC 
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A DECAY PARAMETERS 
See the "Note on Baryon Decay Parameters" in the neutron Listings. Some 
early results have been omitted. 

A REFERENCES 

We have omit ted some papers that have been superseded by later experi- 
ments. See our earlier editions. 

�9 "_FORA--~ p:r-- 
VALUE EVTS DOCUMENT ID TECN COMMENT 
0.M2-1-0.0)3 OUR AVERAGE 
0.584• 8500 ASTBURY 75 SPEC 
0.649• 10325 CLELAND 72 OSPK 
0.67 ~:0.06 3520 DAUBER 69 HBC From E decay 
0.645• 10130 OVERSETH 67 OSPK A from ~r- p 
0.62 •  1156 CRONIN 63 CNTR /1 from ~ r - p  

ANGLE FOR A - *  p:r- (tan~ = /~  / ,y) 
VALUE (o) EVT5 DOCUMENT ID TECN COMMENT 
- 6.5-1- 3.5 OUR AVERAGE 
- 7.0~: 4,5 10325 CLELAND 72 OSPK / 1 f r o m x - p  
- 8 .0 •  6.0 10130 OVERSETH 67 OSPK /1 from x - p  

13.0• 1156 CRONIN 63 OSPK /1 from ~ - p  

aO / =_ = a(A --* ns "0) / ,,(.1 --* p=r-) 
VA~,~J~ E V T S  DOCUMENT ID TECN CQMM~NT 
1.O1 :t:O.07 OUR AVERAGE 
1.000:1:0.068 4760 8OLSEN 70 OSPK x + n ~  A K  + 
1.10 ~0.27 CORK 60 CNTR 

8OLSEN 70 compares proton and neutron distributions from A decay. 

[-_(A) + , .+~1 / [a_(a) - 68+~] 
Zero If CP Is conserved. 

VALUE ~rVTS DOCUMENT I D T ~ N  COMMENT 
--0.03J,'0.06 OUR AVERAGE 
+0 .01•  770 TIXIER 88 DM2 J/V: ~ AA 
- 0 . 0 7 •  4063 BARNES 87 CNTR ~ p  ~ AA LEAR 
- 0 . 0 2 •  1Ok 9 CHAUVAT 85 CNTR pp, -pp  15R 

9CHAUVAT 85 actually gives e+(-A)/c~_(A) = -1.O4 • 0.29. Assumes polarization ts 

same in ~p ~ AX and pp  ~ AX.  Tests of this assumption, based on C-invarlance and 
fragmentation, are satisfied by the data. 

gA / gv  FOR A--~ pe- '~  e 
Measurements wi th fewer than 500 events have been omitted. Where necessary, signs 
have been changed to agree with our conventions, which are given in the "Note on 
Baryon Decay Parameters" in the neutron Listings. The measurements all assume that 
the form factor 8"2 = 0. See also the footnote on DWORKIN 90. 

VALUE E V T S  DOCUMENT ID TECN COMMENT 
--0.7111:l:O.fiJ~ OUR AVERAGE 
-0 .719~0 .016~0 .012  37k 10 DWORKIN 90 SPEC ev angular corr. 
--0.70 4-0,03 7111 BOURQUIN 83 SPEC E ~ A~r-  
-0.734:E0,031 1Ok 11WISE 81 SPEC ev angular correl. 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

--0.63 :EO.06 817 ALTHOFF 73 OSPK Polarized/1 

10The tabulated result assumes the weak-magnetism coupling w =-- gw(O)/gv(O) to be 
0.97, as given by the CVC hypothesis and as assumed by the other listed measurements. 
However, DWORKIN 90 measures w t o  be 0.15 • 0.30, and then 8 A / g V  = -0 .731 • 
0.016. 

11This experiment measures only the absolute value of E A / g V .  

HARTOUNI 
Also 

LARSON 
NOBLE 
DWORKIN 
TIXIER 
BARNES 
BIAGI 
CHAUVAT 
BOURQUIN 
COX 
PONDROM 
WISE 
WISE 
SCHACHIN.. 
HELLER 
LINDQUIST 

NSO 
ZECH 
BUNCE 
ASTBURY 
CLAYTON 
ALTHOFF 
ALTHOFF 
KATZ 
POULARD 
BAGGETT 
BAGGETT 
CLELAND 
HYMAN 
ALTHOFF 
BALTAY 
BARONI 
CANTER 
CANTER 
DAHL-JENSEN 71 
LIND~UIST 71 
OLSEN 70 
DAUBER 69 
DOYLE 69 
MALONEY 69 
GRIMM 68 
HEPP 68 
BADIER 67 
MAYEUR 67 
OVERSETH 67 
PDG 67 
BURAN 66 
CHIEN 66 
ENGELMANN 66 
GIBSON 66 
LONDON 66 
SCHMIDT 65 
BAGLIN 64 
HUBBARD 64 
LIND 64 
RONNE 64 
SCHWARTZ 64 
BHOWMIK 63 
BLOCK 63 
BROWN 63 
CHRETIEN 63 
CRONIN 63 
ELY 63 
HUMPHREY 62 
CORK 60 
CRAWFORO 59B 

94 PRL 72 1322 +Jensen, Kreisler+ (BNL E766 Colleb.) 
94B PRL 72 2821 (erratum) Hartonni, Jen~n+ (BNL E766 Colleb.) 
93 PR D47 799 +Noble, Bassalleck+ (BNL-811 Colleb.) 
92 PRL 69 414 + (BIRM, BOST, BRCO, BNL, CASE, BUOA, LANL+) 
90 PR D41 780 +Cox, DukeS, Overseth+ (MICH. WISC, RUTG, MINN) 
88 PL 8212 523 +Ajattouni, Falvard, Jousset+ (DM2 Colleb.) 
87 PL B199 147 + (CMU, SACL, LANL, VIEN, FREIB, ILL, UPPS+) 
86 ZPHY C3O 201 + (BRIS, CERN. GEVA, HEIDP, LAUS, LOQM, RAL) 
85 PL 163B 273 +Erhan, Hayes+ (CERN, CLER, UCLA, SACL) 
83 ZPHY C21 1 +Brown+ (BRIS, GEVA, HEIDP, LALO, RL, STRB) 
81 PRL 46 877 +Dworkin+ (MICH, WlSC, RUTG, MINN, BNL) 
81 PR D23 814 +Handler, Sheaff, Cox+ (WISC, MICH, RUTG, MINN) 
81 PL 98B 123 +Jensen, Kreisler, Lomanno, Poster+ (MASA, BNL) 
80 PL 91B 165 +Jensen, Kreider, Lomanno, Poster+ (MASA, BNL) 
78 PRL 41 1348 Schachinger, Bunce. Cox+ (MICH, RUTG, WlSC) 
77 PL 688 480 +Overseth, Bunce, Dydak+ (MICH, WlSC, HEIDH) 
77 PR D16 2104 +Swallow, Sumner+ (EFI, OSU, ANL) 
76 JPG 2 L211 Lindquist, Swallow+ (EFI, WUSL, OSU, ANL) 
77 NP B124 413 +Dydak, Navarria+ (SIEG, CERN, DORT, HEIDH) 
76 PRL 36 1113 +Handler, March, Martin+ (WISC, MICH, RUTG) 
75 NP B99 30 +Gallivan, Jafar+ (LOIC, CERN, ETH, SACL) 
75 NP B9S 130 +Bacon, Butterworth, Waters+ (LOIC, RHEL) 
73 PL 438 237 +Brown, Freytag. Heard, Heintze+ (CERN, HELD) 
73B NP B66 29 +Brown, Freytag, Heard, Heintze+ (CERN, HELD) 
73 Thesis MODP-TR-74-04,1 (UMD) 
73 PL 46B 135 +Givernaud, Borg (SACL) 
72B ZPHY 252 362 +Ba68ett, Eisele, Filthuth, Frehse+ (HELD) 
72C PL 428 379 +Ba68ett, Elsele, Filthuth, Frehse, Hepp+ (HELD) 
72 NP 840 221 +CoMorto, Eaton, Gerber+ (CERN, GEVA, LUND) 
72 PR D5 1063 +Bunnoll, Derrick, Fields, Katz+ (ANL, CMU) 
71 PL 37B 531 +Brown, Freytag, Heard, Helntze+ (CERN, HELD) 
718 PR D4 670 +Brldgev.~ter, Cooper, Habibt+ (COLU, BING) 
71 LNC 2 1256 +Petrera, Romano (ROMA) 
71 PRL 26 868 +Cole, Lee-Franzinl, LoNeless+ (5TON, COLU) 
718 PRL 27 89 +Cole, Lee-Franzini, Loveless+ (STON, COLU) 

NC 3A 1 + (CERN, ANKA, LAUS, MPIM, ROMA) 
PRL 27 612 +Sumner+ (EFI, WUSL, OSU, ANL) 
PRL 24 843 +Pondrom, Handler, Limon, Smith+ (WlSC, MICH) 
PR 179 1262 +Beige, Hubbard, Merrill, Miller (LRL) 
Thesis UCRL 18139 (LRL) 

UMD NcPRL 2342554A 187 +Sechi-Zocn IHEIDI 

ZPHY 21471 +Schleirh (HELD) 
PL 25R 152 +Bonnet, Bdandet, Sadoulet (EPOL) 
U.Lilx.Brux.Bul, 32 +Tompa, Wickens (BELG, LOUC) 
PRL 19 391 +Roth (MICH, PRIN) 
RMP 39 1 Rosenfeld, Barbaro-Galtled, Podolsky+ (LRL, CERN, YALE) 
PL 20 318 +Elvindson, Skje68estad, Torte+ (OSLO) 
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A A N D  27 R E S O N A N C E S  

I n t r o d u c t i o n :  There are no new results at all on A and 

~7 resonances. The field remains at a standstill and will only be 
revived if a kaon factory is built. What follows is a much abbre- 

viated version of the note on A and ~7 Resonances from our 1990 

edition. In particular, see that edition for some representative 
Argand plots from partial-wave analyses. 

Table 1 is an attempt to evaluate the status, both overall 

and channel by channel, of each A and ,U resonance in the 

Particle Listings. The evaluations are of course partly subjec- 
tive. A blank indicates there is no evidence at all: either the 

relevant couplings are small or the resonance does not really 

exist. The main Baryon Summary Table includes only the es- 

tablished resonances (overall status 3 or 4 stars). A number of 

the 1- and 2-star entries may eventually disappear, but there 

are certainly many resonances yet to be discovered underlying 

the established ones. 

S i g n  c o n v e n t i o n s  f o r  r e s o n a n c e  c o u p l i n g s :  In terms of 

the isospin-0 and -1 elastic scattering amplitudes A0 and A:, the 

amplitude for K - p  -~ -K~ scattering is +(A:  - A0)/2, where 

the sign depends on conventions used in conjunction with the 

Clebsch-Gordan coefficients (such as, is the baryon or the meson 

the "first" particle). If this reaction is partial-wave analyzed 

and if the overall phase is chosen so that, say, the ~U(1775)D15 
amplitude at resonance points along the positive imaginary axis 

(points "up" ), then any ~U at resonance will point "up" and any 
A at resonance will point "down" (along the negative imaginary 

axis). Thus the phase at resonance determines the isospin. The 
above ignores background amplitudes in the resonating partial 

waves .  

That is the basic idea. In a similar but somewhat more 
complicated way, the phases of the K N  --* ATr and K N  --* ,F, lr 

amplitudes for a resonating wave help determine the SU(3) 

multiplet to which the resonance belongs. Again, a convention 

has to be adopted for some overall arbitrary phases: which 

way is "up"? Our convention is that of Levi-Setti [1] and is 

shown in Fig. 1, which also compares experimental results with 

theoretical predictions for the signs of several resonances. In the 

Listings, a + or - sign in front of a measurement of an inelastic 
resonance coupling indicates the sign (the absence of a sign 

means that the sign is not determined, not  that it is positive). 

For more details, see Appendix II of our 1982 edition [2]. 

Baryon Particle Listings 
A's and X's 

Table 1. The status of the A and ,U resonances. Only those with an 
overall status of *** or **** are included in the main Baryon Summary 
Table. 

Status asseen  i n - -  
Overali 

Particle LI.2 j  status N K  A~ ,Ulr Other channels 

A(1116) P01 **** F NTr(weakly) 
A(1405) Sol **** **** o **** 

A(1520) Do3 **** **** r b **** Alr~r, A7 
A(1600) POl *** *** ** 
A(1670) Sol **** **** i **** At/ 
A(1690) D03 **** **** d **** Alrlr, 27~rrr 

A(lS00)  SOl *** *** d ** N K * ,  27(1385)lr 

A(1810) POl *** *** e ** NK-* 
A(1820) Fo5 **** **** n **** 27(1385)~ 
A(1830) DOS **** *** F **** 27(1385)Ir 

A(1890) Po3 . . . .  **** o ** NK*,  ~(1385)r  
A(2000) * * Aw, N K *  

A(2020) Fo7 * * b * 

A(2100) G07 **** **** i *** Aw, N-K* 
A(2110) F05 *** ** d * Aw,N-K* 
A(2325) /)03 * * d Aw 
A(2350) *** *** e * 
A(2585) ** ** n 

27(1193) P l l  **** N l r  (weakly)  
27(1385) P13 **** **** **** 
27(1480) * * * * 
27(1560) ** ** ** 
s  D l a  ** * * 
27(1620) $11 ** ** * * 
,U(1660) P l l  *** *** * ** 
27(1670) D i s  **** **** **** **** several others 
27(1690) ** * ** * A~rlr 
27(1750) ,-,r *** *** ** * 27T/ 
27(177o) P n  * 
27(1775) D15 **** **** **** *** several others 
27(1840) P13 * * ** * 

27(1880) Pll ** ** ** N K *  
27(1915) F15 . . . . . . . .  * . . . . .  ,~(1385)~ 
27(1940) D13 *** * *** ** quasi-2-body 

27(2000) $11 * * N K * ,  A(1520)Tr 
27(2030) F17 **** **** **** ** several others 
,U(2070) F15 * * * 
27(2080) P13 ** ** 
27(2100) G17 * * * 
27(2250) *** *** * * 
27(2455) ** * 
,U(2620) ** * 
27(3000) * * * 
/Y(3170) * multi-body 

�9 *** Existence is certain, and properties axe at least fairly well explored. 
�9 ** Existence ranges from very likely to certain, but further confir- 

mation is desirable and/or quantum numbers, branching fractious, 
etc. axe not well determined. 

�9 * Evidence of existence is only fair. 
�9 Evidence of existence is poor. 

E r r o r s  o n  m a s s e s  a n d  w i d t h s :  The errors quoted on 

resonance parameters from partial-wave analyses are often only 
statistical, and the parameters can change by more than these 

errors when a different parametrization of the waves is used. 
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Furthermore, the different analyses use more or less the 

same data, so it is not really appropriate to treat the different 

determinations of the resonance parameters as independent or 

to average them together. In any case, the spread of the masses, 

widths, and branching fractions from the different analyses is 

certainly a better indication of the uncertainties than are the 

quoted errors. In the Baryon Summary Table, we usually give a 

range reflecting the spread of the values rather than a particular 

value with error. 

For three states, the A(1520), the A(1820), and the S(1775), 

there is enough information to make an overall fit to the various 

branching fractions. It is then necessary to use the quoted 

errors, but the errors obtained from the fit should not be taken 

seriously. 

Production experiments:  Partial-wave analyses of 

course separate partial waves, whereas a peak in a cross section 

or an invaxiant mass distribution usually cannot be disentangled 

from background and analyzed for its quantum numbers; and 

more than one resonance may be contributing to the peak. 

Results from partial-wave analyses and from production ex- 

periments axe generally kept separate in the Listings, and in 

the Baryon Summary Table results from production experi- 

ments are used only for the low-mass states. The 57(1385) and 

A(1405) of course lie below the K N  threshold and nearly every- 

thing about them is learned from production experiments; and 

production and formation experiments agree quite well in the 

case of A(1520) and results have been combined. There is some 

disagreement between production and formation experiments in 

the 1600-1700 MeV region: see the note on the S(1670). 

Re fe rences  

1. R. Levi-Setti, in Proceedings of the Lund International 
Conference on Elementary Particles (Lund, 1969), p. 339. 

2. Particle Data Group, Phys. Lett. l l l B  (1982). 

I A(1405) 5ol I ' (:P) = o( �89 Status: * * * a k  

N O T E  ON T H E  A(1405) 

Revised March 1998 by R.H. Dalitz (Oxford University). 

It is generally accepted that the A(1405) is a well-established 

jR  = 1/2-  resonance. It is assigned to the lowest L -- 1 

supermultiplet of the 3-quark system and paired with the 

jR  = 3 /2-  A(1520). Lying about 30 MeV below the N K  

threshold, the A(1405) can be observed directly only as a 

resonance bump in the (S~r) ~ subsystem in final states of 

production experiments. It was first reported by ALSTON 61B 

in the reaction K - p  --* S~rr~r at 1.15 GeV/c  and has since been 

seen in at least eight other experiments. However, only two of 

them had enough events for a detailed analysis: THOMAS 73, 

with about 400 S• =F events from ~r-p ~ K~ ~ at 1.69 

GeV/c; and HEMINGWAY 85, with 766 S+~r - and 1106 

Z - r  + events from K - p  ~ (S~r~r)+~r - at 4.2 GeV/c, after 

the selections 1600 < M(Sr~r)  + < 1720 MeV and momentum 

transfer < 1.0 (GeV/c) 2 to purify the A(1405) --~ (S~r) ~ sample. 

These experiments agree on a mass of about 1395-14(}0 MeV 

and a width of about 60 MeV. (Hemingway's mass of 1391 :t= 1 

MeV is from his best, but unacceptably poor, Breit-Wigner fit.) 

The Byers-Fenster tests on these data allow any spin and 

either parity: neither J nor P has yet been determined directly. 

The early indications for jR  = 1/2-  came from finding Re Al=o 

to be large and negative in a constant-scattering-length analysis 

of low-energy N K  reaction data (see KIM 65, SAKITT 65, and 

earlier references cited therein). The first multichannel energy- 

dependent K-matrix analysis (KIM 67) strengthened the case 

for a resonance around 1400-1420 MeV strongly coupled to the 

I = 0 S-wave N K  system. 

- ~ Z ~  

{10} {8} {8} {8} {8} {10} {1} 
2:(1385) A(1670) A(1690) A(1820) A(1830) 2:(2030) A(2100) 

P13 801 D03 F05 D05 F17 G07 
�9 X X X X 

,,r ,.,, ,,,, ,,,,r ,,,, ,',,,~ ,',,,~ ,',,r ,, 

S01 Do3 D~a 
A(1405) A(1520) 2:(1670) 

{1} D} {s} 

�9 X 

,,"-f", ,,"T", 

P13 D13 
~r(1385) 2:(1670) 
{lo} {q 

X X 
811 D15 

Z(1750) ~(1775) 
{st {8} 

{s} {s} 
2:(1750) 2:(,775) 

Sll D15 

'..b':"..b: 
X X 

X X X X 
F15 

z0915) 
{s} 

{8} D0} 
X(1915) X(2030) 
FI5 FIT 

X 

..i...L' 
• 

Figure 1. The signs of the imaginary parts of resonating amplitudes in the K N  --* ATr and ,UTr channels. The signs of the 57(1385) 
and A(1405), marked with a o, are set by convention, and then the others are determined relative to them. The signs required by the 
SU(3) assignments of the resonances are shown with an arrow, and the experimentally determined signs are shown with an x. 
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THOMAS 73 and HEMINGWAY 85 both found the A(1405) 
bump to be asymmetric and not well fitted by a Breit-Wigner 

resonance function with constant parameters. The asymmetry 
involves a rapid fall in intensity as the N K  threshold energy is 

approached from below. This is readily understood as due to 

a strong coupling of the A(1405) to the S-wave N K  channel 
(see DALITZ 81). This striking S-shaped cusp behavior at a 

new threshold is characteristic of S-wave coupling; the other 

below-threshold hyperon, the 22(1385), has no such threshold 

distortion because its N K  coupling is P-wave. For the A(1405), 

this asymmetry is the sole direct evidence that jR  = 1/2-.  

Following the early work cited above, a considerable litera- 

ture has developed on proper procedures for phenomenological 
extrapolation below the N K  threshold, partly in order to 

strengthen the evidence for the spin-parity of the A(1405), and 

partly to provide an estimate for the amplitude f(N-K) in 
the unphysical domain below the N K  threshold; the latter is 

needed for the evaluation of the dispersion relation for N K  
and N K  forward scattering amplitudes. For recent reviews, 

see MILLER 84 and BARRETT 89. In most recent work, the 

(22r) ~ production spectrum is included in the data fitted (see, 

e.g., CHAO 73, MARTIN 81). 

It is now accepted that the data can be fitted only with an 

S-wave pole in the reaction amplitudes below N K  threshold 
(see, however, FINK 90), but there is still controversy about 

the physical origin of this pole (for a review, see DALITZ 81 

and DALITZ 82). Two extreme possibilities are: (a) an L = 1 
SU(3)-singlet uds state Coupled with the S-wave meson-baryon 

systems; or (b) an unstable N K  bound state, analogous to 

the (stable) deuteron in the N N  system. The problem with 

(a) is that the A(1405) mass is so much lower than that of 
its partner, the A(1520). This requires, in the QCD-inspired 

quark model, rather large spin-orbit couplings, whether or 

not one uses relativistic kinetic energies. CAPSTICK 86 and 

CAPSTICK 89 conclude that a proper QCD calculation leads 
only to small energy splittings, whereas LEINWEBER 90, using 

QCD sum rules, obtains a good fit to this splitting. 

On the other hand, the problem with (b) is that then 
another jR  = 1/2-A is needed to replace the A(1405) in the L = 

1 supermultiplet, and it would have to lie close to the A(1520), 

a region already well explored by N K  experiments without 

result. Intermediate structures are possible; for example, the 

cloudy bag model allows the configurations (a) and (b) to mix 

and finds the intensity of (a) in the A(1405) to be only 14% 

(VEIT 84, VEIT 85, JENNINGS 86). Such models naturally 
predict a second 1/2-  A close to the A(1520). 

The determination of the mass and width of the resonance 
from (~UTr) ~ data is usually based on the "Watson approxima- 

tion," which states that the production rate R(22~r) of the (E~r) ~ 
state has a mass dependence proportional to (sin26,~)/q; q be- 

ing the 22~r c.m. momentum, in a 22~r mass range where 6,~ is 

not far from 7r/2 and only the E~r channel is open, i.e., between 
the 227r and the N K  thresholds. Then qR(227r) is proportional 
to sin26,~, and the mass M may be defined as the energy at 

which sin26E~ -- i. The width F may be determined from the 

rate at which 5E~ goes through ~r/2, or from the FWHM; this 

is a matter of convention. 

This determination of M and r from the data suffers from 

the following defects: 

(i) The determination of sin26E~ requires that R(E~r) be 

scaled to give sin26E~ -- 1 at the peak for the best fit to the 

data; i.e., the bump must be assumed to arise from a resonance. 
However, this assumption is supported by the analysis of the 

low-energy NK data and its extrapolation below threshold. 

(ii) Owing to the nearby NK threshold, the shape of the 

best fit to the M(22~) bump is uncertain. For energies below 

this threshold at EN-~, the general form for 6E~ is 

l + ~ a  
q cot 6~, = . (1) 

7 + ~(a7 - 82) 

Here a, 8, and 7 are the (generally energy-dependent) NN, 
N22, and 2222 elements of the I = 0 S-wave K-matrix for the 

(ETr, NK) system, and ~ is the magnitude of the (imaginary) 
c.m. momentum kK for the NK system below threshold. The 

elements c~, fl, 7 are real functions of E; they have no branch 

cuts at the 221r and NK thresholds, but they are permitted 

to have poles in E along the real E axis. The resonance 

asymmetry arises from the effect of s on 6E=. We note that 

6.~, = 7r/2 when n = -1 /a .  
Accepting this close connection of 6 ~  with the low-energy 

N K  data, it is natural to analyze the two sets of data together 
(e.g., MARTIN 81), and there is now a large body of accurate 

N K  data for laboratory momenta between 100 and 300 MeV/e 

(see MILLER 84). The two sets of data span c.m. energies 

from 1370 MeV to 1490 MeV, and the K-matrix elements will 

not be energy independent over such a broad range. For the I = 
0 channels, a linear energy dependence for K -1 has been adopted 

routinely ever since the work of KIM 67, and it is essential when 

fitting the q R(22~r) and N K  data together. However, q R(~U~r) 

is not always well fitted in this procedure; the value obtained 

for the A(1405) mass M varies a good deal with the type of 
fit, not a surprising result when the 22~r mass spectrum below 

the p K -  threshold contributes only nine data points in a total 
of about 200. The value of M obtained from an overall fit 
is not necessarily much better than from one using only the 

q R(227r) data; and M may be a function of the representation-- 

K-matrix, K-l-matrix,  relativistic-separable or nonseparable 

potentials, etc.-- used in fitting over the full energy range. 

DALITZ 91 fitted the qR(22+Tr - )  Hemingway data with each 

of the first three representations just mentioned, Constrained 
to the I -- 0 N K  threshold scattering length from low-energy 

N K  data. The (nonseparable) meson-exchange potentials of 

MULLER-GROELING 90, fitted to the low-energy N K  (and 

N K )  data, predicted an unstable N K  bound state with mass 
and width compatible with the A(1405). 

From the measurement of 2p --* ls  x rays from kaonic* 
hydrogen, the energy-level shift A E  and width r of its is 

state can give us two further constraints on the (22~r, N K )  
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system, at an energy roughly midway between those from the 
low-energy hydrogen bubble chamber studies and those from 
q R(,U1r) observations below the pK- threshold. IWASAKI 97 
have reported the first convincing observation of this x ray, with 

a good initial estimate: 

A E  -- i F ~ 2  = ( -323 4- 63 4- 11) - i(204 4- 104 4- 50) eV .  (2) 

The errors here encompass about half of the predictions made 
following the various analyses and/or models for the in-flight 
K-p and sub-threshold q R(Er) data. Better measurements 
will be needed to discriminate between the analyses and pre- 

dictions. Now that AE is known with some certainty, we'can 
anticipate much-improved data on kaonic-hydrogen, perhaps 
from the DACNE storage ring at Frascati, information vital for 
our quantitative understanding of the (,UTr, NK) system in this 
region. This will lead to better knowledge of kaonic coupling 
strengths and to more reliable dispersion-theoretic arguments 
concerning strange-particle processes. 

The present status of the A(1405) thus depends heavily 
on theoretical arguments, a somewhat unsatisfactory basis for 

a four-star rating. Nevertheless, there is no known reason to 
doubt its existence or quantum numbers. The 3-quark model 
for baryons has been broadly successful in accounting for all of 
the L P = 1- excited baryonic states (CAPSTICK 89), apart 
from the relatively large mass separation between the A(1405) 
and A(1520). Quark model builders have no reservations about 
accepting the A(1405) as a 3-quark state. However, calculations 
with broken-chiral-symmetric models, which combine internal 
3-quark configurations with external meson-baryon states (e.g., 
VEIT 85, KAISER 95) end up with descriptions of the A(1405) 
dominated by the meson-baryon terms in the wavefunctions. 

Models using meson-baryon potentials readily fit its mass, and 
give AE negative, as is found empirically. The problem is 
not so much one of "either (a) or (b)," but rather how to 
achieve "both (a) and (b)." Theoreticians have not yet been 
able to deal with the full coupled-channels system, with qqq and 
qqqq~ configurations (at the least) being treated on the same 
footing. On the experimental side, better statistics are needed, 
both above and below the pK- threshold. To disentangle the 
physics, the I = 1 channels also need more attention. For 

example, low-energy PK~ interactions have not been studied at 
all in the last 25 years. 

a(z4os) MASS 
PRODUCTION EXPERIMENTS 
VALUE (MeV) EVTS DOCUMENT IO TECN COMMENT 

1410~E4" 4,0 1 DALITZ 91 M-matrix fit 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1391 + 1 700 1HEMINGWAY 85 HBC K - p 4 . 2 G e V / c  
1405 400 2 THOMAS 73 HBC ~ -  p 1.69 GeV/c  
1405 120 BARBARO-... 68B DBC K - d  2.1-2,7 GeV/c 
1400 + 5 67 BIRMINGHAM 66 HBC K - p  3.5 GeV/c 
1382 + 8 ENGLER 65 HDBC ~ -  p, lr + d 1.68 GeV/c 
1400 +24 MUSGRAVE 65 HBC ~p  3-4 GeV/c 
1410 ALEXANDER 62 HBC l r - p  2,1 GeV/c 
1405 ALSTON 62 HBC K - p  1.2-0.5 GeV/c 
1405 ALSTON 61B HBC K - p  1.15 GeV/c 

EXTRAPOLATIONS BELOW N'~ THRESHOLD 
VALUE (MeV~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1411 3 MARTIN 81 K-matrix fit 
1406 4 CHAD 73 DPWA 0-range fit (sol. B) 
1421 MARTIN 70 RVUE Constant K-matrix 
1416 +4  MARTIN 69 HBC Constant K-matrix 
1403 +3  KIM 67 HBC K-matr lxf l t  
1407.5+1.2 5 KITTEL 66 HBC 0-effective-range fit 
1410,7+1.0 KIM 65 HBC O-effective-range fit 
1409.64-1.7 5 SAKITT 65 HBC 0-effective-range fit 

/1(1405) WIDTH 

PRODUCTION EXPERIMENTS 
VALUE (MeV) EV'I'S DOCUMENT ID TECN COMMENT 

EO 4- 2 1 DALITZ 91 M-matrix fit 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

32 + 1 700 1 HEMINGWAY 85 HBC 
45 to 55 400 2THOMAS 73 HBC 
35 120 BARBARO-.. 68B DBC 
50 +10 67 BIRMINGHAM66 HBC 
89 :t=20 ENGLER 65 HDBC 
60 +20 MUSGRAVE 65 HBC 
35 + 5 ALEXANDER 62 HBC 
50 ALSTON 62 HBC 
20 ALSTON 61B HBC 

EXTRAPOLATIONS BELOW N'~ THRESHOLD 
VALUE (MeV) DOCUMENT IO TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

30 3 MARTIN 81 K-matrix fit 
55 4,6 CHAD 73 DPWA O-range fit (sol. B) 
20 MARTIN 70 RVUE Constant K-matdx 
29 •  MARTIN 69 HBC Constant K-matrlx 
50 +5  KIM 67 HBC K-matr lxf l t  
34.1+4,1 S KITTEL 66 HBC 
37.0-1-3.2 KIM 65 HBC 
28.2+4.1 S 5AKITT 65 HBC 

K - p 4 . 2 G ~ / c  
~ - p 1 . 6 9 G e V / c  
K - d 2 . 1 ~ . T G ~ / c  
K - p 3 . S G ~ / c  

Mode 

A(1405) DECAY MODES 

Fraction ( r l / r )  

rl ' s 
I" 2 A-~ 
F3 Z'~ 
r4 NK 

lOO % 

/1(1405) PARTIAL WIDTHS 

r(~) 
VALUE (keV) DOCUMENT ID COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

27+8 BURKHARDT 91 Isobar model fit 

r(~) 
VALUE (keY) DOCUMENT ID COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

10 4- 4 or 23 • 7 BURKHARDT 91 ISobar model fit 

F2 

Fs 

A(1405) BRANCHING RATIOS 

r(NX)/r(s 
VALUE CL% DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, IImRs, etc, �9 �9 �9 

<3 95 HEMINGWAY 85 HBC K - p 4 . 2 G e V / c  

r41ri 

A(1405) FOOTNOTES 
1 DALITZ 91 fits the HEMINGWAY 85 data. 
2THOMAS 73 data is fit by CHAD 73 (see next section). 
3 The MARTIN 81 fit includes the K+p forward scattering amplitudes and the dispersion 

relations they must satlslfy. 
4 See also the accompanying paper of THOMAS 73. 
S Data of SAKITT 65 are used in the fit by KITTEL 66. 
6An asymmetric shape, with F/2 = 41 MeV below resonance, 14 MeV above. 
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BURKHARDT 91 PR C44 607 
DALITZ 91 JPG 17 289 
HEMINGWAY 85 NP B253 742 
MARTIN 81 NP 8179 33 
CHAD 73 NP BS6 46 
THOMAS 73 NP 856 15 
MARTIN 70 NP 816 479 
MARTIN 69 PR 183 1352 

AlSO 698 PR 183 1345 
BARBARO~... SBB PRL 21 573 
KIM 67 PRL 19 1074 

A(1405) REFERENCES 

+Lowe 
+Deloff 

+Kraemer, Thomas, Martin 
+Engler, Fisk, Kraemer 
+Ross 
+Saldtt 

Martin, Sakitt 
Barbalo-Galtleri, Chadwick+ 
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BIRMINGHAM h6 
KITTEL 66 
ENGLER 65 
KIM 65 
MUSGRAVE 65 
SAKITT 65 
ALEXANDER 62 
ALSTON 62 
ALSTON 61B 

IWASAKI 97 
FINK 90 
LEINWEBER 90 
MUELLER*GR..,9O 
BARRETT 89 
BATTY 89 
CAPSTICK 89 
LOWE 89" 
WHITEHOUSE 89 
SIEGEL 88 
WORKMAN 88 
SCHNICK 87 
CAPSTICK 86 
JENNINGS 86 
MALTMAN 86 
ZHONG 86 
BURKHARDT 85 
DAREWYCH 85 
VEIT 85 
KIANG 84 

PR 152 1148 (BIRM, GLAS, LOIC, OXF, RHEL) 
PL 21 349 +Otter, Wacek (VIEN) 
PRL 15 224 +Fisk, Kraemer. Meltzer, Westtard+ (CMU, BNL)IJ 
PRL 14 29 (COLU) 
NC 35 735 +Petmezas+ (BIRM, CERN, EPOL, LOIC, SACL) 
PR 139B 719 +Day, Glasser, Seeman, Friedman+ (UMD, LRL) 
PRL 8 447 +Kalbfleisch, Miller. Smith (LRL) I 
CERN Conf. 311 +Alvarez, Ferro-Luzzi+ (LRL)I 
PRL 6 698 +AlvaRz, Eberhard, Good+ (LRL)I 

OTHER RELATED PAPERS 

PRL 78 3067 +Hayano, Ito, Nakamura+ (KEK-228 Collab.) 
PR C41 2720 +He, Landau, Schn~ck (IBMY, ORST, ANSM) 
ANP 198 203 (MCMS) 
NP A513 557 Mueller~Groeling, Holinde, Speth (JULI) 
NC 102A 179 (SURR) 
NC 102A 255 +Gel (RAL, HEBR) 
Excited Baryons '88, p. 32 (GUEL) 
NC 102A 167 (BIRM) 

/1(1520) DECAY MODES 

(NOTT. UNM. BIRM) 
(OXFTP, WINR) Mode Fraction ( r l / r )  

(CERN) J 
(DURH) r l  N K  45 + 1% 

(RHEL, CMU, LOUC) r 2 ~ ' / r  42 • 1% 
(CMU) J 

(DURH) 1.3 A:r?r lO • 1% 
(LOUC, BNL) 
(LOUt. RNL) F 4 E(1385)lr 
(LRL. SLAt) I" 5 ~(1385)~r( - ,  A~r~r) 

(YALE) 1"6 A (~ r l r )s -wave  

1"7 E~r~r 0.9 • o.1% 
re A~ o.5 `+ 0.2% 
r9 E ~ 

PRL 63 1352 + (BIRM, BOST, BRED, BNL, CASE, BUDA, TRIU) 
PR C38 2221 " +Weise (REGE) 
PR D37 3117 +Fearing (TRIU) 
PRL 58 1719 +Landau (ORST) 
PR D34 280g +lsgur (TNTO) 
PL B176 229 (TRIU) 
PR D34 1372 +lsgur (LANL, TNTO) 
PL 8171 471 +Thomas, Jennlngs, Barrett (ADLD, TRIU, SURR) 
NP A440 653 +Lowe, Rosenthal (NOTT. BIRM, WMIU) 
PR D32 1765 +Koniuk, Isgur (YORKC, TNTO) 
PR D31 1033 +Jennin~s, Thomas. Barrett (TRIU, ADLD, SURR) 

MCMS PR C30 1638 +Kumar, Nogami, VanDijk (DALH, (LOUC)) 
MILLER 84 

Conf. Intersections between Part[de and Nuclear Physics, p. 783 
VANDIJK 84 PR D30 937 (MCMS) 
VEIT 84 PL 137B 415 +Jennlngs, Barrett, Thomas (TRIU, SURR, CERN) 
DALITZ 82 +McGinley, Belyea, Anthony (OXFTP) 

Heidelberg Conf. p. 201 
DALITZ 81 

Energy Kaon-Nucleo~MpC~, p.381 LOW and Intermediate (OXFTP) 
d ~  

MARTIN 81B Low and Intermediate Energy Kaon-Nucleon Phys., p. 97 (DURH) 
OADES 77 NC 42A 462 +Rasche (AARH, ZURI) 
SHAW 73 Purdue Conf. 417 (UCI) 
BARBARO-.. 72 LBL*5S5 8arbaro-Galtieri (LBL) 
DOBSON 72 PR D6 3256 +McEIhaney (HAWA) 
RAJASEKA... 72 PR D5 510 Ra asekaran (TATA) 

Eadter papers also cited in RAJASEKARAN 7~. 
CLINE 71 PRL 26 1194 +Laumann, Mapp (WISC) 
MARTIN 71 PL 358 62 +Martin, Ro~s (DURH, LOUC, RHEL) 
DALITZ 67 PR 153 1617 +Wong, Rajasekaran (OXFTP, BOMB) 
DONALD 66 PL 22 711 +Edwards, Lys, Nbar, Moore (LIVP) 
KADYK 66 PRL 17 599 +Oren, Goldhahor, Goldhaber, Trilling (LRL) 
ABRAMS 65 PR 139B 454 +5echkZorn (UMD) 

r 

IA0520) I , t a t .  * * *  

Discovered by FERRO-LUZZI 62; the elaboration in WATSON 63 
is the classic paper on the Breit-Wigner analysis of a multichannel 
resonance. 

The measurements of the mass, width, and elasticity published be- 
fore 1975 are now obsolete and have been omitted. They were last 
listed in our 1982 edition Physics Letters 111B (1982). 

Production and formation experiments agree quite well, so they are 
listed together here. 

/1(1520) MASS 

VALUE(MeV) EVTS DOCUMENT ID TECN. COMMENT 
11119JJ 4.1.0 OUR ESTIMATE 
1S19.604.0.1e OUR AVERAGE 
1517.3 `+1.5 300 BARBER 800 SPEC ~ p  ~ A(1520)K + 
1519 -I-1 GOPAL 80 DPWA K N  ~ K N  
1517.8 `+1.2 5k BARLAG 79 HBC K - p  4.2 GeV/c 
1520.0 •  ALSTON-... 78 DPWA K N  ~ ~ N  
1519.7:1:0.3 4k CAMERON 77 HBC K - p  0.96-1.36 GeV/c 
1519 `+1 GOPAL 77 DPWA K N  muRIchannel 
1519.4 •  2000 CORDEN 75 DBC K - d  1.4-1.8 GeV/c 

A(1520) WIDTH 

VALUE (MeV) EVTS DOCUMENT ID TEEN COMMENT 
lS.6 4-1.0 OUR ESTIMATE 
16.59-1-0.27 OUR AVERAGE 
16.3 `+3.3 300 BARBER 800 SPEC "yp ~ A(1S20)K + 
16 `+1 GOPAL 80 DPWA K N  ~ K N  
14 `+3 677 1 BARLAG 79 HBC K - p  4.2 GeV/c 
15.4 `+0.5 ALSTON-.., 78 DPWA K N  ~ K N  
16.3 `+0.5 4k CAMERON 77 HBC K -  p 0.96-1.36 GeV/c 
15.0 `+0.5 GOPAL 77 DPWA K N  muRichannel 
15.5 `+1.6 2000 CORDEN 75 DBC K -  d 1.4-1.8 GeV/c 

CONSTRAINED FIT INFORMATION 

An overall fit to 9 branching ratios uses 24 measurements and one 
constraint to determine 6 parameters. The overall fit has a X 2 = 
16.5 for 19 degrees of freedom. 

The following off-diagonal array elements are the correlation coefficients 
J k (~sxs)l(a~Sxj), in percent, from the fit to the branching fractions, x i __=_ 
1.i/l'total. The fit constrains the x i whose labels appear in this array to sum to 

one. 

X2 
Xa 

x7 

- 6 3  

- 32  -33  
- 4  - 3  - 1  

- 9  . - 8  - 4  
- 2 4  -21  -10  

0 

-1  -2  

Xl x2 x3 x7 x8 

~ l S 2 0 )  BRANCHING RATIOS 

See "Sign conventions for resonance couplings" In the Note on A and E 
Resonances. 

r(N~)/r== r2/r 
VALUE DOCUMENT ID T~N, COMMENT 
0.41 4-0.01 OUR ESTIMATE 
0A484-O.007 OUR FlIT Error includes scale factor of 1.2. 
0.4M4-0.011 OUR AVERAGE 
0.47 •  GOPAL 80 DPWA K N  ~ K N  
0.45 •  ALSTON-...  78 DPWA K N  ~ K N  
0.445+0.014 CORDEN 75 DBC K -  d 1.4-1.8 GeV/c 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.47 +0.01 GOPAL 77 DPWA See GOPAL 80 
0.42 MAST 76 HBC K-p-. . .*  K--On 

r(r.)/r== r=/r 
VA~UE DOCUMENT ID TEEN COMMEN T 
0.42 4-0.01 OUR ESTIMATE 
0,4214"0.007 OUR FIT Error Includes scale factor of 1.2. 
OAIB=I:0.011 OUR AVERAGE 
0.426`+0.014 CORDEN 75 DBC K -  d 1.4-1.8 GeV/c  
0.418`+0.017 BARBARO-... 698 HBC K -  p 0.28-O.45 GeV/c 
�9 �9 �9 We do not use the following data for averages, fits. l imits, etc. �9 �9 �9 

0.46 KIM 71 DPWA K-matr ix analysis 

r(r,)/r(NR) r=/rl 
VALUE DOCUMENT ID TEEN COMMENT 
0.9404.0.826 OUR FIT Error Includes scale factor of 1.3, 
0.96 4-0.04 OUR AVERAGE Error includes scale factor of  1.7. See the Ideogram below. 

0.98 `+0.03 2 GOPAL 77 DPWA K N  multk:hannel 
0.82 `+0.08 BURKHARDT 69 HBC K - p  0.8-1.2 GeV/c  
1.08 `+0.14 SCHEUER 58 DBC K - N  3 GeV/c 
0.96 `+0.20 DAHL 67 HBC ~ r - p  1.6-4 GeV/c  
0.73 `+0.11 DAUBER 87 HBC K -  p 2 GeV/c 
�9 �9 * We do not use the following data for averages, fits, l imits, etc. * �9 �9 

1.06 '+0.12 BERTHON 74 HBC Quasl-2-body <r 
1.72 `+0.78 MUSGRAVE 65 HBC 
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Baryon Particle Listings 
A(1520),A(1600) 

r(~%)Ir~ 
~ L ~  
O~lg84"0.n0~4OURFIT 
0.02 4"~0Mfi 

r(A,~.)/r~,, rdr  
VALUE ~)OCUMENT I O TE~N COMMgN T 
0.10 4-0.01 OUR ESTIMATE 
0.0g~4-0.00~ OUR FIT Error Includes scale factor of 1.2. 
0~-1-0 .00~ OUR AVERAGE Error includes scale factor of 1.6. 
0.091+0.006 CORDEN 75 DBC K - d  1.4-1.8 GeV/c 
0.11 4-0.01 3 MAST 730 IPWA K -  p ~ A x x  

r(~..)/r(NR) r=/r~ 
V~.l~ , DOCUMENT ID TEEN COMMENT 
0.2154"0.O12 OUR FIT Error Includes scale factor of 1.2. 
02024"0.0~.1 OUR ~/ERAGE 
0.22 4-0.03 BURKHARDT 69 HBC K - p  0.8-1.2 GeV/c 
O.19 4-0.04 SCHEUER 68 DBC K -  N 3 GeV/c 
0.17 • DAHL 67 HBC x - p  1.6-4 GeV/c 
0.21 4-0.18 DAUBER 67 HBC K - p  2 GeV/c 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.27 4-0.13 BERTHON 74 HBC Quasl-2-body 
0.2 KIM 71 DPWA K-matdx analysis 

r(z,~)/r(A..) r=/r~ 

DOCUMENT ID TEEN ~QMM~NT 
rdr  

PDG 82 PL 111B Ro~s, Porter, Aguiiat-Benltez+ (HELS, CIT, CERN) 
BARBER 80D ZPHY C7 17 +Dainton, Lee, Marshall+ (DARE, LANE, SHEF) 
GOPAL 80 Toronto Conf. 159 (RHEL) IJP 
BARLAG 79 NP B149 220 +Blokzijt, J~lgeja~s+ (AMST. CERN, NIJM, OXF) 
ALSTON-... 78 PR D18 182 Alston-Garnjost. Kenney+ (LBL, MTHO. CERN)IJP 

Also 77 PRL 38 1 0 0 7  Alston*Garsjost, Kenney+ (LgL, MTHO, CERN)IJP 
CAMERON 77 NP B131 399 +Franek, Gopal, Kalm~, McPherson+ (RHEL, LOlC)IJP 
GOPAL 77 NP B119 362 +RO~, VanHorfl, McPherson+ (LOIC, RHEL)IJP 
MAST 76 PR DI4 13 +AUtoreGarnjost, BanK�9 (LgL) 
CORDEN 75 NP BiN 306 +COx, Dartnell. Kenyo.. O'Neale+ (BIRM) 
BERTHON 74 NC 21A 146 +Tristram+ (CDEF, RHEL, SACL. STRB) 
MAST 73 PR D7 3212 +Bangerter, Alstofl-Gamiost+ (LBL) IJP 
MAST 738 PR D7 S +Bang�9 Alsto~-Gamjost+ (LBL) IJP 
CHAN 72 PRL 2S 256 +Butto~Shafer, Hertzbach. Kofler+ (MASA, YALE) 
8URKHARDT 71 NP 827 64 +Fnthuth, Kluge+ (HELD, CERN, SACL) 
KIM 71 PRL 27 3~6 (HARV) IJP 

Also 70 Duke Conf, 161 Kim (HARV) IJP 
BARBARO-... 69B Lurid Conf. 352 Barbafo-Galtied, gang�9 Mast, Tdpp (LRL) 

Also 70 Duke Co,f. 95 Tdpp ( )LRL 
8URKHARDT 69 NP 014 106 +Filthuth, KluKe+ (HELD, EFI, CERN, SACL) 
MAST 680 PRL 21 1715  +Alsto~Ga~nJost, BanK�9 Galtieri+ (LRL) 
SCHEUER 68 NP BS 503 +Memll, Vergtas, DeWitt+ (SA8RE Collab.) 
DAHL 67 PR 163 1377 +Hardy, He~, Kirz, Miller (LRL) 
DAUBER 67 PL 248 525 +Malamud, Schlein, Slat�9 Stock (UCLA) 
UHLIG 67 PR 1SS 1448 +Chadton, Condon, Glamer, Yodh+ (UMD, NRL) 
BIRMINGHAM 66 PR 152 1148 {BIRM, GLAS, LOIC, OXF, RHEL) 
ARMENTEROS ssC PL 19 338 +Ferro-Luzzi+ (CERN, HELD, SACL) 
MUSGRAVE 65 NC 35 735 +Pstmeza$+ (BIRM, CERN. EPOL, LOIC, SACL) 
WATSON 63 PR 131 2 2 4 8  +Ferro-Luzzi, Tdpp (LRL) IJP 
FERRO-LUZZI 62 PRL 8 28 +Tripp, Watson (LRL) IJP 

I : * * *  
VALUE DOCUMENT tO TEEN 
4.42"k0.25 OUR FIT Error Includes scale factor of 1.2. 
a.g 4-o~ OUR AVERAGE 
3.9 +I.0 UHLIG 67 HBC 
3.3 :El.1 BIRMINGHAM 66 HBC 
4.5 • 1.0 ARMENTEROS65C HBC 

r(z(1~ml,01r~,, 
VALUE DOCUMENT ID T~.C N 
0.0414-0.00~ CHAN 72 HBC 

r(z(l~).(-~ A,,))/r(A=f) 
The A~lr mode is largely due to E(1385)lr. Only the values of (~(1385)1r) / (A2x) 
given by MAST 73B and CORDEN 75 are based on real 3-body partial-wave analyses. 
The discrepancy between the two results is essentially due to the different hypotheses 
made concerning the shape of the (~rlr)S_wave state. 

VALUE DOCUMENT ID TE~CN (;OMMEjNT 
0.58+0.22 CORDEN 75 DBC K -  d 1.4-1.8 GeV/c 
0,82+0.10 4 MAST 73B IPWA K - p  -~ Ax~ 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

~;QMMENT 

K -  p 0.9-1.0 GeV/c 
K - p  3.S GeV/c 

r 4 / r  
~:OMMENT 
K - p - - *  Awx 

rdrg 

See also the A(1810) POl. There are quite possibly two Poz states 
in this region. 

A(leoo) MASS 
VALUE (MeV} DOCUMENT ID TEEN COMMENT 
1EgO to 1700 ( ~  1600) OUR ESTIMATE 
15684- 20 GOPAL 80 DPWA KN--~  ~ N  
17034-100 ALSTON-.,, 78 DPWA "~N --~ "~'N 
1573:E 25 GOPAL 77 DPWA K N  multlchannel 
15964- 6 KANE 74 DPWA K - p  - *  ~Tr 
1620-I-10 LANGBEIN 72 IPWA KNmultlchanhel 
�9 �9 �9 We do not use th~ following data for averages, fits, limits, etc. �9 �9 �9 

1572 or 1617 1MARTIN 77 DPWA K N  muRichannel 
16464- 7 2CARROLL 76 DPWA Isospln-0totalo 
1570 KIM 71 DPWA K-matdx analysis 

A(160O) WIDTH 

0.394-0.10 

r(A(..)s~,,)/r(A..) 
v4~ue 
0,204-0.08 

r ( z . - ) / r t = = ,  
VALUE 
0.O0e ~-O.001 OUR ESTIMATE 
O.O0e64-O.00M OUR FIT 
O.00Q6-1-O__ _~J6~__ OUR ,4NERAGE 
0.007 4-0.002 
0.0085 4- 0.O006 
0.010 4-0.0015 

r(A~)/r~=, 
WL~ EVTS 
0.00B -I-0.00~ OUR ESTIMATE 
0JB0"/Y4-0.0014 OUR FIT 
0.00804-0.0014 238 

5BURKHARDT 71 HBC K - p - ~  (AxIr)Ir  

rdr~ 
DOCUMENT ID TEE N ~:OMMENT 
CORDEN 75 DBC K - d  1.4-1.8 GeV/c 

rz/r 
DOCUMENT 1~3 T~(;N COMMENT 

6 CORDEN 75 DBC K -  d 1.4-1.8 GeV/c 
7MAST 73 MPWA K - p - *  ~x~r 

BARBARO~... 698 HBC K - p  0.28-0.45 GeV/c 

r./r 
DOCUMENT ID TEEN COMMENT 

MAST 68B HBC Using r(NK---)/rtota I .  __ 
0.45 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 
rm to 2=0 (e= lw )  OUR ESTIMATE 

1164- 20 GOPAL 80 DPWA K N - - *  ~ N  
5934-200 ALSTON-... 78 DPWA ~ N  ---* K N  
1474- 50 GOPAL 77 DPWA K'N multlchannel 
1754- 20 KANE 74 DPWA K - p - - *  ~ x  
60-I-10 LANGBEIN 72 IPWA KNmuRIchannel 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

247 or 271 1 MARTIN 77 DPWA K N  multlchannel 
20 2 CARROLL 76 DPWA Isospln-O total er 
50 KIM 71 DPWA K-matrix analysis 

A(1600) DECAY MODES 

Mode Fraction ( r l / r )  
F 1 N K  lS-3o % 
F2 E~r lO-6O% 

The above branching fractions are our estimates, not fits or averages. 

A(1520) REFERENCES 

A(1520) FOOTNOTES 
1 From the best-resolution sample of Axlr  events only. 
2The K N  ~ r x  amplitude at resonance Is +0.46 • 0.01. 
:]Assumes F(N-K)/Ftota I = 0.46 • 0.02. 
4 Both r(138S)~r DS03 and E (x l r )  DP03 contribute. 
5The central bin (1514-1524 MeV) gives 0.74 4- 0.10; other bins are lower by 2-to-5 

standard deviations. 
6 Much of the ~ l r x  decay proceeds via ~(1385)1r. 
7Assumes r(NK--)/rtota I = 0.46. 
8 Calculated from r(A~)/Ftota I, assuming SU(3). Needed to constrain the sum of all the 

branching ratios to be unity, 

8 MAST 680 HBC Not measured; see note 



See key on page 213 

A(1600) BRANCHING RATIOS 

See "Sign conventions for resonance couplings" in the Note on A and 
Resonances, 

r(N~Ir~,, 
VA~UE DOCUMENT ID T~CN COMMENT 
0.15 to 0.30 OUR ESTIMATE 
0.23• GOPAL 80 DPWA "KN ~ K N  
0.144-0.05 ALSTON-... 78 DPWA K N  ~ K N  
0.25• LANGBEIN 72 IPWA K N  multichannel 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

r z / r  

0.244-0.04 GOPAL 77 DPWA See GOPAL 80 
0.30 or 0.29 1 MARTIN 77 DPWA K N  mult lchannel 

(rFr)~/rt=,, in NK--~ A(1600) .-.-,, ~'~" (qr=)'~/r 
VALUE DOCUMENT ID T~C/N COMME/NT 

--O.164-0.O4 GOPAL 77 DPWA K N  multichannel 
-0.334-0.11 KANE 74 DPWA K - p - - *  E~r 

0.284-0.09 LANGBEIN 72 IPWA K N  multichannel 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 0 .39  or --0.39 1 MARTIN 77 DPWA K N  muItlchannel 
not seen HEPP 76B DPWA K - N  ~ ~ r  

/1(1600) FOOTNOTES 
1The two MARTIN 77 Values are from a T-matr ix  pole and from a Breit-Wigner fit. 
2 A total  cross-section bump wi th (J-F1/2) rel / r tota I = 0.04. 

/1(1600) REFERENCES 

GOPAL 80 Toronto Conf. 159 (RHEL) IJP 
ALSTON-,.. 78 PR D18 182 Alston-Gamjost, Kenney+ (LBL, MTHO, CERN)IJP 

AlSo 77 PRL 38 1 0 0 7  Alston-Garnjost, Kenney+ (LBL, MTHO, CERN)IJP 
GOPAL 77 NP Bl19 362 +Ross. VanHorn, McPherSon+ (LOIC, BHEL)UP 
MARTIN 77 NP B127 349 +Pidcock, Mocxhouse (LOUC, GLAS)IJP 

Also 77B NP B126 266 Martin, Pidcock (LOUC) 
Also 77C NP B126 285 Martin. Pidcock (LOUC) IJP 

CARROLL 76 PRL 37 806 +Chiang, Kycia. U, Mazur, Michael+ (BNL) I 
HEPP 76B PL 65B 487 +Braun. Grimm, Strobe~e+ (CERN, HEIDH. MPIM)IJP 
KANE 74 LBL-2452 (LBL) IJP 
LANGBEIN 72 NP B47 477 +Wagner (MPIM) IJP 
KIM 71 PRL 27 356 (HARV) IJP 

IA(1670) S0zJ ,u P) = o(�89 * * * *  

The measurements of  the mass, w id th ,  and elasticity published be- 
fore 1974 are now obsolete and have been omi t ted .  They were last 
l isted in our  1982 edi t ion Physics Letters 111B (1982). 

A(1670) MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

l U 0  to  16110 ( ~  1670) OUR ESTIMATE 

1670.84-1.7 KOISO 85 DPWA K - p  ~ , ~ r  
1667 •  GOPAL 80 DPWA K N  --* K N  
1671 4-3 ALSTON-... 78 DPWA K N  --* K N  
1670 •  GOPAL 77 DPWA K N  mult lchannel 
1675 4-2 HEPP 76B DPWA K -  N ~ Z%r 
1679 4-1 KANE 74 DPWA K - p  ~ ,~Tr 

1665 4-5 PREVOST 74 DPWA K -  N ~ -r(1385)~r 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1669 4-2 ABAEV 96 DPWA l r - p ~  r/n 
1664 1 MARTIN 77 DPWA K N  multichannel 

A(1670)WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

25 to E0 (~  'U) OUR ESTIMATE 
34.14- 3,7 KOISO 85 DPWA K - p - *  r .  Tr 

29 • 5 GOPAL 80 DPWA K N  ~ K N  
29 • 5 ALSTON-.,. 78 DPWA K N  ~ K N  
45 4-10 GOPAL 77 DPWA K N  multichannel 
46 4- 5 HEPP 76B DPWA K - N ~  ~ r  

40 4- 3 KANE 74 DPWA K - p  "-, .~Tr 

19 4- 5 PREVOST 74 DPWA K -  N --* .~(1385)1r 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

21 4" 4 ABAEV 96 DPWA ~ r - p ~  r /n 
12 1MARTIN  77 DPWA K N  multlchannel 
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Baryon Particle Listings 
A(1600)rA(1670) 

Mode 

A(1670) DECAY MODES 

Fraction (r / /r)  

F 1 NK 15-25 % 
F 2 Z'x 20-60 % 
["3 Aft 15-35 % 

I- 4 Z ' ( 1 3 8 5 ) ~  

T h e  above  b ranch ing  f rac t ions  are ou r  es t ima tes ,  n o t  f i ts  or  averages. 

//(1670) BRANCHING RATIOS 

See "Sign conventions for resonance couplings" In the Note on A and .E 
Resonances. 

r(N~)Ir~,, 
VALUE DOCUMENT ID TECN COMMENT 
0.1S to  0~.S OUR ESTIMATE 
0.18• GOPAL 80 DPWA K N  --* K N  
0.17• ALSTON-. . .  78 DPWA K N  ~ K N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

rz/r 

0.20• GOPAL 77 DPWA See GOPAL 80 
0.15 1 MARTIN 77 DPWA K N  mult lchannel 

(rlr,l~/rt=,~ In NK--~ A(1670) --* El f  (rlr=)~/r 
VALUE DOCUMENT ID TECN COMMENT 

- -0.26• KOISO 85 DPWA K - p  ~ Z'~r 
- 0 . 3 1 •  GOPAL 77 DPWA K N  multichannel 
- 0 . 2 9 •  HEPP 76B DPWA K - N  --, E x  

- 0 . 2 3 •  LONDON 75 HLBC K - p  ~ EO~r 0 
- 0 . 2 7 i 0 . 0 2  KANE 74 DPWA K - p ~  ~Tr 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

- 0 . 1 3  1 MARTIN 77 DPWA K N  mult lchannel 

(rlrf)~/rtmil in NK--~ A(1670) --~/17/ (rzr3)~/r  
VALUE DOCUMENT ID TECN COMMENT 

+0.20•  BAXTER 73 DPWA K - p  ~ neutrals 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.06 ABAEV 96 DPWA ~r- p --~ t i n  
0.24 KIM 71 DPWA K-matr ix analysis 
0.26 ARMENTEROS69C HBC 
0.20 or 0.23 BERLEY 65 HBC 

(rFr)q=/rt=,l In NK--~/1(1670) --~ E(1385)x (rzr4)%/r 
VALUE DOCUMENT ID TECN COMMENT 

--0.18:1:0.05 PREVOST 74 DPWA K -  N - *  ~(1385)~r 

A(1670) FOOTNOTES 
1MARTIN 77 obtains identical resonance parameters from a T-matr ix pole and from a 

Breit-Wlgner fit. 

A(1670) REFERENCES 

ABAEV 96 PR C53 385 +Nefkens (UCLA) 
KOISO 85 NP A433 619 +Sai, Yamamoro, Kofler (TOKY. MASA) 
PDG 82 PL 111B Roos, Porter, AguBar-Benltez+ (HELS, CIT, CERN) 
GOPAL 80 Toronto Conf. 159 (RHEL) IJP 
ALSTON-... 78 PR D18 182 AJston-Garnjost, Kenney+ (LBL, MTHO, CERN)IJP 

Also 77 PRL 38 1 0 0 7  Alston-Garn~ost, Kenney+ (LBL, MTHO, CERN)IJP 
GOPAL 77 NP Bl19 362 +Ross, VanHorn, McPherson+ (LOIC, RHEL) IJP 
MARTIN 77 NP B127 349 +Pidcock, Moorhouse (LOUC, GLAS)IJp 

Also 77B NP B126 266 Martin, Pidcock (LOUC) 
AlSO 77C NP B126 285 Martin, Pidcock (LOUC) IJP 

HEPP 76B PL 65B 487 +Braun, Grimm, Srrobele+ (CERN, HEIDH, MPIM)UP 
LONDON 75 NP B85 289 +Yu, Boyd+ (8NL, CERN, EPOL, ORSAY, TORI) 
KANE 74 LBL-2452 (LBL) IJP 
PREVOST 74 NP B69 246 +Barloutaud+ (SACL, CERN, HELD) 
BAXTER 73 NP B67 125 +Buckingham, Corbett, Dunn+ (OXF)IJP 
KIM 71 PRL 27 356 (HARV) IJP 

Also 70 Duke Conf. 161 Kim (HARV) IJP 
ARMENTEROS 69C Lund Paper 229 +Balllon+ (CERN, HELD, SACL) UP 

Values are quoted in LEVI-SETTI 69. 
BERLEY 65 PRL 15 641 +Connolly, Hart, Rahm, 5tonehlll+ (BNL) UP 
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Baryon Particle Listings 
A(1690), A(1800) 

IA0 69~ I(J P) = 0(~-) Status: * * * *  (rtrf)~/r~tal In N ~  A(16g0] ~ A~'~r 
VALU~ DOCUMENT ID TE~ N COMMENT 

The measurements of the mass, width, and elasticity published be- 
fore 1974 are now obsolete and have been omitted. They were last 
listed in our 1982 edition Physics Letters 111B (1982). 

A(1690) MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
1MIS to  l~J~ ( ~  1r~lo) OUR ESTIMATE 

1695.74-2.6 KOISO 88 DPWA K - p  ~ [ ~  
1690 4-5 GOPAL 80 DPWA ~ N ~  "~N 
1692 4-5 ALSTON-... 78 DPWA K N  ~ "KN 
1690 4-5 GOPAL 77 DPWA K N  multlchannel 
1690 4-3 HEPP 768 DPWA K - N - - ~  "~r 
1689 4-1 KANE 74 DPWA K - p " - ~  [ ~  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1687 or 1689 1 MARTIN 77 DPWA K N  multlchannel 
1692 4-4 CARROLL 76 DPWA Isospln-O total cr 

A(1690) WIDTH 

VALUE (MeV) DOCUMENT ID "FECAl COMMENT 
50 to 70 (~  60) OUR ESTIMATE 
67.24- 5.6 KOISO 85 DPWA K - p - - ~  ~ r  
61 • 5 GOPAL 80 DPWA K N  ~ K N  
64 4-10 ALSTON-... 78 DPWA K N  ~ K'N 
60 • 5 GOPAL 77 DPWA K'N multlchannel 
82 4- 8 HEPP 76B DPWA K -  N ~ , ~  
60 4- 4 KANE 74 DPWA K - p ~  ~ r  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

62 or 62 1 MARTIN 77 DPWA K N  mnltichannel 
38 CARROLL 76 DPWA Isospln-0 total o 

A(1690) DECAY MODES 

Mode Fraction (r/Jr) 

1-1 N K  20-30 % 
1-2 E ~  2o-40 % 
r 3 A . ~  ~ 2s % 
r4 E = ~  ~20% 
rs A~ 
r6 E(1385)~, S-wave 

The above branching fractions are our estimates, not fits or averages, 

A(1690) BRANCHING RATIOS 

The sum of all the quoted branching ratios is more than 1.0. The two- 
body ratios are from partial-wave analyses, and thus probably are more 
reliable than the three-body ratios, which are determined from bumps in 
cross sections. Of the latter, the ~ x ~  bump looks more significant. {The 
error given for the A ~  ratio looks unreasonably smalL) Hardly any of 
the ~ decay can be via ,~(1385), for then seven times as much A ~ r  
decay would be required. See "Sign conventions for resonance couplings" 
in the Note on A and ~ Resonances. 

r(N~)/r~.~ 
VALUE DOCUMENT ID TECN COMM~.NT 
0.2 to  0.~ OUR ESTIMATE 
0.23• GOPAL 80 DPWA K N  ~ K N  
0.22~0.03 ALSTON-... 78 DPWA K N  ~ K'N 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.24• GOPAL 77 DPWA See GOPAL 80 

rl/r 

0.28 or 0.26 1 MARTIN 77 DPWA K N  multichannel 

(r,rr)~/r~,, Wn N~-~ A(169o)-~ z .  (r~r=)~,Ir 
VALUE .DOCUMENT Ip TEC~ COMMENT 

--0.344-0.02 KOISO 85 DPWA K - p  ~ ~ r  
-0.254-0.03 GOPAL 77 DPWA K N  multichannel 
-0.294-0.03 HEPP 768 DPWA K - N  ~ ~ r  
-0.284-0.03 LONDON 75 HLBC K - p  ~ -~O~rO 
--0.284-0.02 KANE 74 DPWA K -  p ~ ~ r  
�9 * �9 We do not use the following data for averages, fits, limits, etc. �9 * * 

--0.30 or --0.28 1 MARTIN 77 DPWA "KN multlchannel 

(rFr)~=Ir=~ in NK--~ A(1690) --~ A~ (r~rg)~'Ir 
VALU~ .DOCUMENT iO TECN COMMENT 

0.00• BAXTER 73 DPWA K - p  ~ neutrals 

(r~rs)~/r 

A(1690) FOOTNOTES 
1The two MARTIN 77 values are from a T-matrlx pole and from a Brelt.Wlgner fit, 

Another DO3 A at 1966 MeV is also suggested by MARTIN 77, but is very uncertain. 

2BARTLEY 68 uses only cross-secUon data. The enhancement is not seen by PRE- 
VOST 71. 

A(1690) REFERENCES 

KOISO iS NP A4SS 619 +Sai. Yamamoro, Ko~ter (TOKY, MASA) 
PDG 82 PL 1118 Roos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN) 
GOPAL 80 Toronto Conf. 159 (RHEL) IJP 
ALSTON-... 78 PR D18 182 AIston-GarnJost, Kenney+ (LBL, MTHO, CERN)IJP 

Also 77 PRL 38 1 0 0 7  Anton-Garnjost, Kenney+ (LBL, MTHO, CERN) IJP 
GOPAL 77 NP 8119 362 +Ross, VanHorn, McPherson+ (LOIC, RHEL)IJP 
MARTIN 77 NP 8127 349 +Pidcock, Moorhouse (LOUC. GLAS)IJP 

Also T/B NP 8126 266 Martin, Pidcock (LOUC) 
Also 77C NP B126 285 Martin, Pidcock (LOUC) IJP 

CARROLL 76 PRL 37 806 +Chian s, Kycia, Li, Mazur, Michael+ (BNL) I 
HEPP 76B PL 65B 487 +Braun, Grimm, Strobele+ (CERN, HEIDH, MPIM)IJP 
LONDON 75 NP BBS 289 +Yu, Boyd+ (BNL, CERN, EPOL, ORSAY, TORI) 
KANE 74 L8L-2452 (LBL) IJP 
PREVOST 74 NP BSS 246 +Badoutaud+ (SACL, CERN, HELD) 
BAXTER 73 NP 867 125 +Buckingham, Corbett, Ounn+ (OXF) IJP 
PREVOST 71 Amsterdam Conf. (CERN, HELD, SACL) 
ARMENTEROS 68C NP B8 216 +BaiUon+ (CERN, HELD, SACL) I 
BARTLEY 68 PRL 21 1111 +Chu, Dowd, Greene+ (TUFTS, FSU, BRAN)I 

I A(1800) 5Ol I ,(:P) = o(�89 Status: * * *  

This is the second resonance in the 501 wave, the first being the 
A(1670). 

A(zsoo) MASS 
VALUE (MeV) DOCUMENT It) TECN COMMENT 
1720 to ~ (~  11100) OUR ESTIMATE 

18414-10 GOPAL 80 DPWA ~ N  ~ K N  
1725+20 ALSTON-... 78 DPWA K N  "~ K N  
1825~20 GOPAL 77 DPWA K N  muRIchannel 
18304-20 LANGBEIN 72 IPWA ~ 'N  multlchannel 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

1767 or 1842 1 MARTIN 77 DPWA K N  multIchannel 
1780 KIM 71 DPWA K-matrix analysis 
18724-10 BRICMAN 70B DPWA K N  ~ ~*N 

A(1800) WIDTH 

VALUE (MeV) DOCUMENT IO TECN COMMENT 
200 to 400 (m 300) OUR ESTIMATE 

2284_20 GOPAL 80 DPWA K N  ~ K N  
1854_20 ALSTON-.. 78 DPWA K N  ~ ~ N  
230-}'20 GOPAL 77 DPWA K N  multlchannel 

70+15 LANGBEIN 72 iPWA K N  mulUchannel 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

435 or 473 1 MARTIN 77 DPWA K N  multichannel 
40 KIM 71 DPWA K-matrix analysis 

1004-20 BRICMAN 70R DPWA K N  ~ K N  

A(1800) DECAY MODES 

Mode Fraction (FI /F) 

I" 1 NK 28-4o % 
I" 2 ~ ' I r  seen 

1"3 Z(1385)~ seen 
r 4 N K* (892) seen 
1-8 NK*(892),  5=1/2,  S-wave 
F 6 NK*(892),  5=3/2,  D-wave 

The above branching fractions are our estimates, not fits or averages. 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 i �9 

0.254_0.02 2 BARTLEY 68 HDBC K - p  --* ATtar 

(r~rf l~/r~ I. N~'~ A(1690)-~ Zxx (rlr4)~/r 
VAL~I~, DOCUMENT ID T ~  N COMMENT 

0.21 ARMENTEROS68C HDBC K -  N ~ E * l r  

(r, rd~/r~.~ in N~'-~ A(1690) -~ Z ( I ~ ) . ,  ~wve (rlrs)~/r 
VALUE DOCUMENT IO TECN COMMENT 

+0.274_0.04 PREVOST 74 DPWA K -  N --~ E(1385)x 
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Baryon Particle Listings 
A(IBO0), A(1810) 

A(1800) BRANCHING RATIOS A(1810) WIDTH 

See "Sign conventions for resonance couplings" In the Note on A and E VALUE{MeV) DOCUMENT ID TECN COMMENT 

Resonances. iO to 260 (m 150) OUR ESTIMATE 

r ( N ~ / r ~ =  rl /r 1644-20 GOPAL 80 DPWA ~N-~ ~N 
904-20 CAMERON 7813 DPWA K - p  ~ N K *  

VALUE DOCUMENT Ip TECN COMMENT 
0 r tO 0.40 OUR E~FIMATE 1664-20 GOPAL 77 DPWA K N  multlchannel 
0.364-0.04 GOPAL 80 DPWA K N  ~ K N  464-20 PREVOST 74 DPWA K -  N ~ E(1385)~r 
0,284-0.05 ALSTON-... 78 DPWA K N  --* ~ N  1204-10 LANGBEIN 72 IPWA K N  multichannel 
0,354-0.15 LANGBEIN 72 IPWA K N  multlchannel �9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 535 or 585 1 MARTIN 77 DPWA K N  multlchannel 

0.374-0,05 GOPAL 77 DPWA See GOPAL 80 28 CARROLL 76 DPWA Isospin-O total 
1.21or 0,70 1 MARTIN 77 DPWA K N  multlchannel 35 KIM 71 DPWA K-matrix analysis 
0.80 KIM 71 DPWA K-matrix analysis 30 ARMENTEROS70 HBC K N  --* K N  
0,184-0.02 BRICMAN 70B DPWA K N  ~ K N  70 ARMENTEROS70 HBC K N  --~ Z~ 

22 BARBARO-... 70 HBC ~ N  ~ ~ r  
) % /  ) % /  300 BAILEY 69 DPWA K N  ~ K N  (r,r, r ~ . ,  In N~'--* A(1800) --~ E~r (r=r= r 147 ARMENTEROS68B HBC 

VALUE DOCUMENT IO TECN r  T 

--0.084-0.05 GOPAL 77 DPWA K N  multlchannel A(1810) D E C A Y  M O D E S  
�9 �9 �9 we  do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0 .74  or -0 .43  1 MARTIN 77 DPWA K N  multlchannel Mode Fraction ( r l / r )  
0,24 KIM 71 DPWA K-matrix analysis 

rl N K 20-50 % 
(F iFf )~ / r tow In NK-- ,  A(1800) ~ ~'(13~)~r (rzr~)%/F r2 ~~ lO-4O % 
VALUE DOCUMENT ID TECN COMMENT r 3 E(138s) 71- seen 

+0.0554-0.028 ' 2 CAMERON 78 DPWA K - p  ~ E(138S)~r r 4 NK*(892) 3o-6o % 

F 5 N K * ( 8 9 2 ) ,  5 = 1 / 2 ,  P-wave 

(r,r,)~/r=.l in N R - ~  A(18(X)) -~ N~*(892), S=1/2, S-v~ve (r~rs)%/r r6 NK*(892), 5=3/2, P-wave 
VALUE DOCUMENT ID TECN COMMENT The above branching fractions are our estimates, not fits or averages. 
-0,174-0.03 2 CAMERON 788 DPWA K - p  .-,  N K *  

(r,rf)%/rt~,, i. N~l~--* A(1800) --~ N'/~(892), $=3/2, D i v e  (r~r~)%/r A(1810) BRANCHING RATIOS 
VALUE DOCUMENT ID TECN COMMENT See "Sign conventions for resonance couplings" in the Note on ,4 and -~ 

-0.134-0.04 CAMERON 780 DPWA K - p  --* N K *  Resonances. 

A(1800) FOOTNOTES 
1The two MARTIN 77 values are from a T-matrix pole and from a Brelt-Wlgner fit. 
2The published sign has been changed to be in accord with the baryon-first convention. 

A(1800) REFERENCES 

r(NiOlr~,, 
y A ~  DOCUMENT Ip TECN 
0.2 tO 0Ji OUR ESTIMATE 
0.244-0.04 GOPAL 80 DPWA 
0.364-0.05 LANGBEIN 72 IPWA 
�9 �9 �9 We do not use the following data for averages, fits, limits, 

0.214-0.04 GOPAL 77 DPWA 
0.52 or 0.49 1 MARTIN 77 DPWA 
0.30 KIM 71 DPWA 
0.15 ARMENTEROS70 DPWA 
0.55 BAILEY 69 DPWA 
0.4 ARMENTEROS68B DPWA 

(r ,rr l%/rto=. In N~'--* A(1810) -~ El f  
VALUE DOCUMENT I D T~CN 

GOPAL 80 Toronto Conf. lSS (RHEL) IJP 
ALSTON-... 78 PR DIa 182 Alstoe-Gamjost, Kenney+ (LBL, MTHO, CERN)IJP 

Also 77 PRL 38 1 0 0 7  Alsto~Gamjost, Kenney+ (LBL, MTHO, CERN)IJP 
CAMERON 78 NP 0143 189 +Franek, Gopal, Bacon, Butterworth+ (RHEL, LOIC)IJP 
CAMERON 78B NP 0146 327 +Franek, Gopal, Kalmus, McPherson+ (RHEL, LOIC)IJP 
GOPAL 77 NP 8119 362 +Ross, VanHorn, McPherson+ (LOIC, RHEL) IJP 
MARTIN 77 NP 0127 349 +Pidcock, Moorhouse (LOUC, GLAS)IJP 

Also 77B NP 8126 266 Martin, Pidcock (LOUC) 
Also 77C NP 8126 265 Martin, Pidcock (LOUC) IJP 

LANGBEIN 72 NP 047 477 +Wagner (MPIM) IJP 
KIM 71 PRL 27 356 (HARV) IJP 

Also 70 Duke Conf. 161 Kim (HARV) IJP 
BRICMAN 70B PL 33B 511 +Ferro-Luzzi, La|.aux (CERN)IJP 

I : * * *  
Almost all the recent analyses contain a P01 state, and sometimes 
two of  them, but the masses, widths, and branching ratios vary 
greatly. See also the/1(1600) P01. 

A(zezo) MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

zTso to zuo (~ xszo) OUR ECnMATE 
18414-20 GOPAL 80 DPWA K N  ~ K N  
18534-20 GOPAL 77 DPWA K N  multlchannel 
17354- 5 CARROLL 76 DPWA Isospln-O total 
17464-10 PREVOST 74 DPWA K - N  ~ ~(1385)~r 
17804-20 LANGBEIN 72 IPWA K N  muRichannel 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

1861 or 1953 1 MARTIN 77 DPWA ~ N  multlchannel 
1755 KIM 71 DPWA K-matrix analysis 
1800 ARMENTEROS70 HBC K N  ~ ~ N  
1750 ARMENTEROS70 HBC ~ N  ~ Z'~r 
16904-10 BARBARO-... 70 HBC K N ~  E~r 
1740 BAILEY 69 DPWA ~ N  ~ K N  
1745 ARMENTEROS68B HBC K N  ~ K N  

rz/r 
COMMENT 

-KN ~ -KN 
K N  multlchannel 
etc. �9 �9 �9 

See GOPAL 80 
K N  multlchannel 
K-matrix analysis 
K N  --~ "KN 
K N  --* K N  
K N  ~ K N  

(r~r=l%ir 
COMMENT 

-0.244-0.04 GOPAL 77 DPWA K N  multlchannel 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

+0.25 or +0.23 1 MARTIN 77 
< 0.01 LANGBEIN 72 

0,17 KIM 71 
+0.20 2 ARMENTEROS70 
- 0.13:E 0.03 BARBARO-... 70 

(r, rf)%/r~,. In N~'--~ A(1810) --, E(1385)lr 
VAL~ DOCUMENT ID 

+0,184-0.10 PREVOST 74 

DPWA K N  multlchannel 
IPWA K N  multichannel 
DPWA K-matrix analysis 
DPWA K N  --, ETr 
DPWA K N  ~ E l f  

(rlrs)%/r 
TECN COMMENT 

DPWA K - N  -- '  E(Z385)Tr 

(r, r f )%/r~,  wfi N ~  A(zezo)-~ NTP(e92), S=Z/2, FLwave (rzrs)%/r 
VAIrlJ~ DOCUMENT ID TECN COMMENT 

--0.14~:0.03 2CAMERON 780 DPWA K - p ~  N-K* 

(r,rrl%/r~. i, NR-. A(zez0) ~ N~'(892), 5=3/2, P-wave ( r l ra )%/r  
VALUE DOCUMENT ID TECN COMMENT 

+0.35:1:0.06 CAMERON 788 DPWA K - p  --* N K *  

A(1810) FOOTNOTES 
1The two MARTIN 77 values are from a T-matrix pole and from a Breit-Wigner fit. 
2The published sign has been changed to be in accord with the baryon-first convention, 
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Baryon Particle Listings 
A(1810), A(1820), A(1830) 

/1(1810) REFERENCES 

GOPAL 80 Toronto Conf. 159 (RHEL) IJP 
CAMERON 781] NP B146 327 +Franek, Gopat, Kalmus, McPherson+ (RHEL, LOIC)IJP 
GOPAL 77 NP 5119 362 +Ross, VanHorn. McPherson+ (LOIC, RHEL) IJP 
MARTIN 77 NP B127 349 +Pidcock. Moorhouse (LOUC, GLAS)IJP 

Also 775 NP 5126 266 Martin, Pidcock (LOUC) 
Nso 77C NP 8126 255 Martin, Pidcock (LOUC) IJP 

CARROLL 76 PRL 37 806 +Chians, Kyda, Li, Mazur, Michael+ (BNL) I 
PREVOST 74 NP 569 246 +Badoutaud+ (SACL, CERN, HELD) 
LANGBEIN 72 NP 547 477 +Wagner (MPIM) IJP 
KIM 71 PRL 27 356 (HARV) IJP 

Also 70 Duke Conf. 161 Kim (HARV) IJP 
ARMENTEROS 70 Duke Conf. 123 +Baillon+ (CERN, HELD, SACL)IJP 
BARBARO-... 70 Duke Cone 173 Barbaro-Galtier; (LRL) IJP 
BAILEY 69 Thesis UCRL 50617 (LLL) IJP 
ARMENTEROS 688 NP 58 195 +Bai,on+ (CERN, HELD, SACL) IJP 

i 

JA( .2o) F0,J = ,,atus: * * * *  

This resonance is the cornerstone for all partial-wave analyses in this 
region. Most  of  the results published before 1973 are now obsolete 
and have been omitted. They may be found in our 1982 edition 
Physics Letters 111B (1982). 

Most o f  the quoted errors are statisticsi only; the systematic errors 
due to  the particular parametrizations used in the partial-wave anal- 
yses are not included. For this reason we do not calculate weighted 
averages for the mass and width. 

A(1820) MASS 

VALUE (MeV) DOCUMENT IO TECN COMMENT 
11118 to ~ ( ~  1820) OUR ESTIMATE 

1823• GOPAL 80 DPWA K N  --* K-N 
1819• ALSTON-... 78 DPWA K N  ~ ~ N  
18224-2 GOPAL 77 DPWA K N  multlchannel 
18214-2 KANE 74 DPWA K - p ~  E~r 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1830 DECLAIS 77 DPWA K N  ~ K N  
1817 or 1819 1 MARTIN 77 DPWA K N  muttlchannel 

/1(1820) WIDTH 

VALUE (MeV} DOCUMENT ID TECN COMMENT 
"tO to  !10 (~u I10) OUR ESTIMATE 

77:J:5 GOPAL 80 OPWA ~ N  ~ K N  
724-5 ALSTON-... 78 DPWA K N  ~ K N  
814"5 GOPAL 77 DPWA "KN multlchannel 
874-3 KANE 74 DPWA K - p ~  ~ x  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

82 DECLAIS 77 DPWA K N  ~ K N  
76 or 76 1 MARTIN 77 DPWA "KN multichannel 

~(1820) DECAY MODES 

Mode Fraction (F//F) 

F 1 N K  55-~5 % 
F 2 E ~  8-14 % 
F 3 E(1385) ~r 5-1o % 
F~. .~(1385)~r, P-wave 
F 5 ~(1385)~r, F-wave 
F6 A~/ 
r7 E ~  

The above branching fractions are our estimates, not fits or averages. 

A(1820) BRANCHING RATIOS 

Errors quoted do not include uncertainties in the parametdzatlons used in 
the partial-wave analyses and are thus too small. See also =Sign conven- 
tions for resonance couplings" In the Note on A and E Resonances. 

r(N]~')/rt~, 
VALU~ - -  pOCUMENT ID TECN. ~QMMENT 
O ra~ 1~ OXdi OUR ESTIMATE 
0.584-0.02 GOPAL 80 DPWA K N  --* K N  
0.604-0.03 ALSTON-.., 78 DPWA K N  --* K N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.51 DECLAIS 77 DPWA K N  ~ K N  
0.574-0.02 GOPAL 77 DPWA See GOPAL 80 
0.59 or 0.58 1 MARTIN 77 DPWA K N  mulUchannel 

rz/r 

(r~rr)�89 in N ~ - ~  A(1820) ~ Z x  (r~r2)~/r 
VALU E DOCUMENT IO T~C.,N , COMMENT 

--0,28• GOPAL 77 DPWA K-N multichannel 
-0 .28•  KANE 74 DPWA K - p  ~ E ~  
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

-0 .25  or -0 .25  1 MARTIN 77 DPWA "KN multichannel 

(r?rr)~/r~= In N~'-~ A(1820)--+ A~ (rlrg)~/r 
VAI, U~ DOCUMENT ID TEC N 

0 096 +0`040 RADER 73 MPWA - ' --0,020 

r(z. . ) / r~. ,  rT/r 
VALUE DOCUMENT Ip TECN COMMENT 

no clear signal 2 ARMENTEROS68c HDBC K -  N ~ E~r,r 

(r~rr)~/r==~ In N~- -~  A(1820) ~ Z(1385)x,  P-wave (r~r4)~/r 
VALU~ DOCUMENT ID TECN COMMENT 

--0.1674-0.054 3 CAMERON 78 DPWA K - p  ~ ~(1385)7r 
+0.27 4-0.03 PREVOST 74 DPWA K -  N ~ E(1385)~r 

(r~rr)~/rto,, In NK-- , /1(1820)  .-~ E(1385)w, F ~ v e  (r;rs)~/r 
VALUE DOCUMENT ID TECN COMMENT 

+0.0654-0.029 3CAMERON 78 DPWA K - p - - ~  -r(1385)~r 

A(1820) FOOTNOTES 
1The two MARTIN 77 values are from a T-matrix pole and from a Breit-WIgner fit. 
2There Is a suggestion of a bump, enough to be consistent with what is expected from 

E(1385) ~ E ~  decay. 
3The published sign has been changed to be in accord with the bawon-first convention. 

A(1820) REFERENCES 

PDG 82 PL 1116 RODS, Porter. AKuilar-Benitez+ (HELS, CIT, CERN) 
GOPAL 80 Toronto Co~ff. 159 (RHEL) IJP 
ALSTON-... 78 PR D18 182 Atston-Garnjost, Kenney+ (LBL. MTHO, CERN)UP 

Also 77 PRL 38 1 0 0 7  Alston-Garn]ost, Kenney+ (LBL, MTHO, CERN)UP 
CAMERON 78 NP B143 189 +Fra.ek. Gopal, Bacon, Butrerworth+ (RHEL. LOIC) IJP 
DECLAIS 77 CERN 77-16 +Duchon, Louvel, Patty, Seguinot+ (CAEN, CERN)IJP 
GOPAL 77 NP BU9 362 +Ross, VanHorn, McPherson+ (LOIC, RHEL)IJP 
MARTIN 77 NP B127 349 +Pidcock, Moorhouse (LOUC, GLAS)UP 

Also 775 NP B126 266 Ma~n, Pidcock (LOUC) 
Also 77C NP B125 285 Martin, Pidcock (LOUC) IJP 

RANE 74 LBL-2452 (LBL) IJP 
PREVOST 74 NP B69 246 +Barloutaud+ (SACL, CERN, HELD) 
RADER 73 NC 16A 178 +Badoutaud+ (SACL, HELD, CERN, RHEL, CDEF) 
ARMENTEROS 68C NP B8 216 +Bailton+ (CERN, HELD, SACL) I 

I A(1830) ,Do51 ,(JP) = o(,~-) Status: * * * *  
For results published before 1973 (they are now obsolete), see our 
1982 edition Physics Letters 1115 (1982). 

The best evidence for this resonance is in the E~r channel, 

Ap~0) MASS 
VALUE (MeV) DOCUMENT ID TECN COMMENT 
1810 to 1830 (r162 1RM}) OUR ESTIMATE 
18314-10 GOPAL 80 DPWA K N  ~ K N  
18254-10 GOPAL 77 DPWA R N  multichannel 
18254- 1 KANE 74 DPWA K - p - - *  E ~  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1817 or 1818 1 MARTIN 77 DPWA ~ 'N  multlchannel 

A(IlD0) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
6O to 110 (~ 95) OUR ESTIMATE 

1004-10 GOPAL 80 DPWA K N  ~ ~ N  
944-10 GOPAL 77 DPWA K N  multlchannel 

1194- 3 KANE 74 DPWA K - p ~  ~ 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

56 or 56 1 MARTIN 77 DPWA K N  multichannel 

A(1830) DECAY MODES 

Mode Fraction ( l ' i /F)  

Fz N K  ~ 3-1o % 
('2 ~"tr 35-75 % 

I-3 ~(1385)~r >15 % 
I 4 E(1385)~, D-wave 
F5 At/ 

The above branching fractions are our estimates, not fits or averages. 
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A(1830) BRANCHING RATIOS 

See "Sign conventions for resonance couplings" in the Note on A and Z" 
Resonances. 

r(NA')Ir~,, r11r 
yA~.U~ DOCUMENT IO TEEN COMM{NT 
0.03 to 0.10 OUR ESTIMATE 
0.08:1:0.03 GOPAL 80 DPWA K N  ~ K N  
0.02:1:0.02 ALSTON-...  78 DPWA "KN --, K N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.04:t:0.03 GOPAL 77 DPWA See GOPAL 80 
0.04 or 0.04 1 MARTIN 77 OPWA K N  mult lchannel 

(rFr)V=/rtoul in N)i'-~/I(1830) .-~ Z'~" (rlr=)V=/r 
VALU~ DOCUMENT ID T~C N COMMENT 

--0.17:t:0.03 GOPAL 77 DPWA K N  multichannel 
- 0 . 1 5 •  KANE 74 DPWA K - p - - ~  E~" 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. e �9 �9 

- 0 . 1 7  or - 0 .17  1 MARTIN 77 DPWA K N  multichannel 

( r F f ) ~ / r ~ , ,  In N~'~/1(18301 ~ AT/ (r;rg)~/r 
VA~.I,I~E DOCUMENT ID TEEN 

- -0,044• RADER 73 MPWA 

(rFr)'~/r~,~ in N~- -~  A(1830) --~ Z'(1385)~r (r:rs)~/r 
VA(-UE DOCUMEN T ID TEEN COMMENT 

+0.141~-0.014 2 CAMERON 78 DPWA K - p  ~ E(1385)~ 
+0.13 4-0.03 PREVOST 74 DPWA K -  N -~ Z~(1385)~ 

A(1830) FOOTNOTES 
1The two MARTIN 77 values are from a T-matr ix  pole and from a Brelt-Wlgner fit. 
2The CAMERON 78 upper l imi t  on G-wave decay is 0.03. The published sign has been 

changed to be in accord wi th the baryon-first convention. 

A(1830) REFERENCES 

PDG 82 PL 111B RODS, Porter, Alluilar-Benitez+ (HELS, CIT, CERN) 
GOPAL 80 Toronto Conf. 159 (RHEL) IJP 
ALSTON-... 78 PR DIg 182 Alsto~Gamjost, Kenney+ (LBL, MTHO, CERN} IJP 

Also 77 PRL 38 1 0 0 7  Alston-Gamjost, Keaney+ (LBL, MTHO, CERN)IJP 
CAMERON 78 NP B143 189 +Franek, Gopal, Bacon, Butter~orth+ (RHEL, LOIC) IJP 
GOPAL 77 NP BU9 362 +Ro~, VanHorn, McPherson+ (LOIC, RHEL)IJP 
MARTIN 77 NP B127 349 +Pidcock, Moorhouse (LOUC, GLAS)IJP 

Also 77B NP B126 266 Martin, Pidcock {LOUC) 
Also 77C NP B126 285 Martin, P;dcOCk (LOUC) IJP 

KANE 74 LBL-2452 (LBL) IJP 
PREVOST 74 NP B69 246 +Badoutaud+ (SACL, CERN, HELD) 
RADER 73 NC 16A 178 . +Badoutaud+ (SACL, HELD, CERN, RHEL, CDEF) 

I A(1890) Po31 ' (JP)  = 0 ( } + )  Status: * * *  >~ 

For results published before 1974 (they are now obsolete), see our 
1982 edition Physics Letters 111B (1982). 

The JP = 3/2 + assignment is consistent with all available data 
(including polarization) and recent partial-wave analyses. The dom- 
inant inelastic modes remain unknown. 

A(1890) MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

lIB0 to 11r,.0 (~ llNo) OUR ESTIMATE 
1897• 5 GOPAL 80  DPWA K N - ~  K N  
1908• ALSTON-... 78 DPWA K N  ~ K N  
1900:b 5 GOPAL 77 DPWA K N  mult lchannel 
1894:~10 HEMINGWAY 75 DPWA K - p  ~ "KN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1856 or 1868 1 MARTIN 77 DPWA K N  multichannel 
1900 2NAKKASYAN 75 DPWA K - p - ' - ,  Aw 

A(1890) WIDTH 

VALUE (MeV) ' DOCUMENT 10 TEEN COMMENT 

6o to 2o0 (w 10o) OUR ESTIMATE 
74 •  . GOPAL 80 DPWA K N ~  K N  

119• ALSTON-...  78 DPWA K N  ~ K N  
72•  GOPAL 77 DPWA K N  multichannel 

107•  HEMINGWAY 75 DPWA K - p  ~ -KN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

191 or 193 1 MARTIN 77 OPWA K N  multichannel 
100 2 NAKKASYAN 75 DPWA K - p  ~ A ~  
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Mode 

A(1890) DECAY MODES 

Fraction (r l /r) 

F 1 N K  20-35 % 
I- 2 Err 3-10 % 
1-3 E(1385)~ seen 
1-4 E(1385)~, P-wave 
Fs E(1385)~, F-wave 
1-6 NK*_((892) seen 
1-7 NK*(892),  5=1/2, P-wave 
r8 A~ 

The above branching fractions are our estimates, not fits or averages. 

/1(1890) BRANCHING RATIOS 

See "Sign conventions for resonance couplings" in the Note on A and Z" 
Resonances. 

r(NK--)Ir~,, r l l r  
VALUE DOCUMENT ID TEEN COMMENT 
0.20 to  0 . ~  OUR ESTIMATE 
0.204-0.02 GOPAL 80 DPWA ~ N  ~ K N  
0.34• ALSTON-... 78 DPWA "KN ~ K N  
0.24• HEMINGWAY 75 DPWA K - p  ~ -KN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.18• GOPAL 77 DPWA See GOPAL 80 
0.36 or 0.34 1 MARTIN 77 DPWA K N  multichannel 

(rF4Y~/r~.l In N~' ~ A(1890) --~ E .  (rlr2l~/r 
VALUE DOCUMENT ID TEEN COMMENT 

- -0.09• GOPAL 77 DPWA K N  multichannel 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

+0.15 or +0.14 1 MARTIN 77 DPWA "KN multichannel 

(rFr)~/r~,l in N~- -~  A(18gO) --~ A~ (rlrs)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

seen BACCARI 77 IPWA K -  p ~ A~J 
0.032 2 NAKKASYAN 75 DPWA K -  p --~ A~  

(rFr)V'/r~,, In NR--~ A(1890) --~ E(1385)~, P-wave (r:r4l~/r 
VALUE DOCUMENT ID TEEN COMMENT 

<0.03 CAMERON 78 DPWA K - p  ~ E(1385)~ 

(rlrr)~/r~,: In N~- -~  A(1890) --* E(1385) f ,  F-wave (r:rg)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

--0.126~0.055 3CAMERON 78 DPWA K - p ~  E(1385)~ 

(rFrl~/r~l In NK--~ A(18cJ0) ~ N~*(8921 (r;rg)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

- -0.07• 3 '4CAMERON 78 R DPWA K - p ~  N K *  

A(1890) FOOTNOTES 
1The two MARTIN 77 values are from a T-matr ix  pole and from a Breit-Wlgner fit. 
2 Found In one of two best solutions. 
3The published sign has been changed to be in accord wi th the baryon-first convention. 
4Upper l imits on the P3 and F 3 waves are each 0.03. 

A(1890) REFERENCES 

PDG 82 PL 111B 
GOPAL 80 Toronto Cone 159 
ALSTON-... 78 PR D18 182 

Also 77 PRL 38 1007 
CAMERON 78 NP B143 189 
CAMERON 78B NP B146 327 
BACCARI 77 NC 41A 96 
GOPAL 77 NP B119 362 
MARTIN 77 NP B127 349 

AlSO 77B NP B126 266 
AlSO 77C NP B126 285 

HEMINGWAY 75 NP B91 12 
NAKKASYAN 75 NP B93 85 

Roos, porter, Aguilar-Benitez+ (HELS, CIT, CERN) 
(RHEL) UP 

Alston-Garnjost, Kenney+ {LBL, MTHO, CERN)IJP 
Alston-Garn]ost. Kenney+ (LBL, MTHO, CERN)IJP 

+Franek, Gopal, Bacon, Butterworth+ (RHEL, LOIC)IJP 
+Franek, Gopal, Kalmus, McPherson+ (RHEL, LOIC)IJP 
+Podard, Revel, Tallini+ ($ACL, CDEF)IJP 
+Ross, VanHom, McPherson+ (LOIC, RHEL) IJP 
+Pidcock, Moorhouse (LOUC, GLAS)IJP 

Martin, Pidcock (LOUC) 
MartEn, Pidcock (LOUC) IJP 

HEIDH, MPIM IJP +Eades, Harmsen+ (CERN, (CERN)) 
IJP 
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A(2000), A(2020) 

1 (2oo0)1 : o(::) ,,.,.,. �9 
OMITTED FROM SUMMARY TABLE 

We list here all the ambiguous resonance possibilities with a mass 
around 2 GeV. The proposed quantum numbers are D 3 (BARBARO- 
GALTIER170 in ~ ) ,  D 3 + F  ~, P3+D 5, or Pz+D 3 (BRANDSTET- 
TER 72 in A~),  and S 1 (CAMERON 78B in N~R'*). The first two 
of the above analyses should now be considered obsolete. See also 
NAKKASYAN 75. 

VALUE (MW) 
~ OUR ESTIMATE 
2030 :E 30 
1935 to 1971 
1951 to 2034 
2010:/:30 

a(~ooo) MASS 
DOCUMENT ID TECN COMMENT 

CAMERON 78B DPWA K -  p --* N~*  
1 BRANDSTET..72 DPWA K -  p -*  A~ 
1BRANDSTET...72 DPWA K - p ~  A~ 

BARBARO-.. 70 DPWA K - p ~  E~r 

VALUE (MW) 
125:~25 
180 to 240 
73 to 154 

130~:50 

~(~oo) WroTH 

DOCUMENT ID TECN COMMENT 

CAMERON 78B DPWA K - p  ~ NK* 
1 BRANOSTET...72 DPWA (iDler mass) 
1 BRANDSTET...72 DPWA (higher mas~) 

BARBARO-_. 70 DPWA K - p ~  ~ x  

A(2000) DECAY MODES 

Mode 

1"1 NK 
1"2 s 
1"3 A ~  
1"4 NK*(892), S=1/2, S-wave 
1"s NK*(892), $23/2, D-wave 

A(2000) BRANCHING RATIOS 

See "Sign conventions for resonance couplings" in the Note on A and 
Resonances. 

(rFr)~/r~ ~. N'R-~ A(2000) ~ Ex (rtr=l~/r 
y/~.U~ DOCUMENT ID TECN COMMENT 

--0.20:1:0.04 BARBARO-.. 70 DPWA K-p. - -~  ~ x  

(rFr)~/r== ~. N ~ - ~  A(2000)~ A~ (r=r=)~/r 
V,%Vr OOCUMENT IP TECN .~:OMMENT 
0,17 to 0.25 Z BRANDSTET...72 DPWA (lower mass) 
0.04 to 0,15 1 BRANDSTET...72 DPWA (higher ma~s) 

(rFr)~/r== m. N ~  A(2000) -~ N~*(Sg2), $=1/2, $.twve (r~r4)~/r 
VA~J~). ~ DOCUMENT tO TECN COMMENT 

-0,12:b0.03 2CAMERON 78B DPWA K - p - ~  N ~ *  

(rFt)~,/r== in N'R'--~ A(20001 --~ N'R~1892), S=23/2, D i v e  (rlrsl~/r 
VALUE DOCUMENT ID TECN COMMENT 

+0.09J~0.03 CAMERON 780 DPWA K -  p --* N ~ *  

A(2000) FOOTNOTES 
1The parameters quoted here are ranges from the three best fits; the lower state pcobably 

has J < 3/2, and the higher one probably has J <_ 5/2, 
2The published sign has been changed to be In accord with the baryon-first convention. 

A(2000) REFERENCES 

CAMERON 78B NP B146 327 +Franek, GOp~I, Kalmus, McPkerson+ (RHEL, LOE)IJP 
NAKKASYAN 75 NP B93 85 (CERN) IJP 
BRANDSTET,,. 72 NP B39 13 Bralld~.tteh B ~ +  (RHEL, C~F, SACL) 
BAR~ARO-... 70 Duke Conf. 173 Barbar~C, altied (LRL)|JP 
m �9 m m i 

I IA(2o2o) F0,1 , l ~ )  = 0(�89 + )  Status: * 

OMITTED FROM SUMMARY TABLE 
in LITCHFIELD 71, need for the state rests solely on a possibly 
inconsistent potarization measurement at 1.784 GeV/c. HEMING- 
WAY 75 does not require this state. GOPAL 77 does not need i t  
in either N ' ~ o r , ~ .  With new K - n  angular distributions included, 
DECLAIS 77 sees it. However, this and other new data are included 
in GOPAL 80 and the state is not required. BACCARI 77 v~akly 
supports it. 

VALUE iM~V) 
~ OUR ESTIMATE 
2140 BACCARI 77 
2117 DECLAIS 77 
2100~30 LITCHFIELD 71 
2020~: 20 BARBARO~.. 70 

A(2o2o) MASS 
DOCUMENT ID TECN COMMENT 

bPWA K -  p ~ Aw 
DPWA "~N ~ ~ N  
DPWA K -  p ~ -K N 
DPWA K -  p - ~  ,..~Tr 

VALUE (MtV) 
128 BACCARI 77 
167 DECLAIS 77 
120+30 UTCHFIELD 71 
160• BARBARO-... 70 

A(2020) WIDTH 

DOCUMENT ID TECN COMMENT 

DPWA K~ p ~ Aw 
DPWA K N  ~ ~ N  
DPWA K -  p ~ -'K N 
DPWA K - p ~  ~ l r  

,t(2020) DECAY MODES 

Mode 

1-1 NK 

1"3 A~ 

A(2020) BRANCHING RATIOS 

See "Sign conventions for resonance couplings" in the Note on A and 
Resonances. 

r ( N T O I r ~ , j l  rz/r 
VALUE DOCUMENT I{~ TEC~, C.~MMENT 

0.05 DECLAIS 77 DPWA K'N ~ K N  
0.05• LITCHFIELD 71 DPWA K - p - ~  "~N 

(r,rr)~/r~.~ I .  N'I~--~ A(20201 -~ Ex  (rtr2)~/r 
VALUE DOCUMENT ID TECN CpMM~NT 

--0.15:1:0.02 BARBARO-... 70 DPWA K - p  ~ E x  

(rFr)~/r~. N~--* A(2~)20) ~ A~ (rzrsl~/r 
V~I.U~ DOCUMENT ID TEC..N COMMENT 

<0.05 BACCARI 77 DPWA K - p  ~ A~ 

A(2020) REFERENCES 

GOPAL JO Toronto Conf. 159 (RHEL) 
BACCARI 77 NC 41A 96 +Poulard, Revel, Tallini+ (SACL, COEF)IJP 
OECLAIS 77 CERN 77-16 +Duchon, Louvel. Patty, Seguinot+ (CAEN, CERN)IJP 
GOPAL 77 NP Bl19 362 +Ross, VanHorn, McPhelson+ (LOIC, RHEL) 
HEMINGWAu 75 NP B91 12 +Eades, Harmsen+ (CERN, HEIDH, MPIM)IJP 
LITCHFIELD 71 NP B30 12S +.,., Lesquoy+ (RHEL CHEF. SACL)IJP 
BARBARO-., 70 Duke Conf. 173 Ba~bam-(;altieri (LRL) IJP 

I | , | m 
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IA(2100) OOTI ,(:") = 0 ( � 8 9  Status: ~ < * * ~ <  

Discovered by COOL 66 and by WOHL 66, Most of  the results 
published before 1973 are now obsolete and have been omitted. They 
may be found in our 1982 edition Physics Letters 111B (1982). 

This entry only includes results from partial-wave analyses. Param- 
eters of  peaks seen in cross sections and in invariant-mass distribu- 
tions around 2100 MeV used to  be listed in a separate entry immedi- 
ately following. I t  may be found in our 1986 edition Physics Letters 
17OB (1986). 

A(2100) MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 
~090 tO 2110 (~U 2 ~ 0 )  OUR ESTIMATE 

2104+10 GOPAL 80 DPWA K N  ~ K N  
2106+30 DEBELLEFON 78 DPWA K N  ~ K N  
2110+10 GOPAL 77 DPWA K N  multichannel 
2105+10 HEMINGWAY 75 DPWA K - p  ~ K N  
2115+10 KANE 74 DPWA K - p  ~ ~ 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2094 BACCARI 77 DPWA K - p  ~ A~  
2094 DECLAIS 77 DPWA K N  ~ K N  
2110or2089 1NAKKASYAN 75 DPWA K - p ~  A~  

A ( 2 1 0 0 )  W I D T H  

VALUE (MeV) DOCUMENT ID TEEN COMMENT 
1001~ 250 (~ 200) OUR ESTIMATE 
157+40 DEBELLEFON 78 OPWA K N  ~ K N  
250+30 GOPAL 77 DPWA K N  multichannel 
241+30 HEMINGWAY 75 DPWA K - p  ~ -KN 
152+15 KANE 74 DPWA K - p  ~ ~ x  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

98 BACCARI 77 DPWA K - p - *  A~ 
250 DECLAIS 77 DPWA K N  ~ K N  
244 or 302 1 NAKKASYAN 75 DPWA K -  p ~ A~  

A(2100) DECAY MODES 

Mode Fraction (FI/F) 

F; N K 25-35 % 

F 2 ,~ / r  ~ 5% 

I" 3 A~/ <3 % 
r 4 _=K <3% 
F s A ~  <8 % 

F 6 N K * ( 8 9 2 )  lO-2O % 

F 7 N K * ( 8 9 2 ) ,  S = 1 / 2 ,  G-wave 

F s N K * ( 8 9 2 ) ,  S = 3 / 2 ,  D-wave 

The  above branching f ract ions are our  est imates, not f i ts or averages. 

A ( 2 1 0 0 )  B R A N C H I N G  R A T I O S  

see "Sign conventions for resonance couplings" in the Note on A and -~ 
Resonances. 

r(NR)/r=r 
VALUE DOCUMENT I(~ T~CN COMMENT 
0.2S to  0.311 OUR ESTIMATE 
0.34+0.03 GOPAL 80 DPWA K N  ~ K N  
0.24+0.06 DEBELLEFON 78 DPWA ~ N  ~ K N  
0.31+0.03 HEMINGWAY 75 DPWA K - p  ~ K N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

r~/r 

0.29 DECLAIS 77 DPWA K N  ~ K N  
0.30+0.03 GOPAL 77 DPWA See GOPAL 80 

(r~rr)~/r== ~n N ~ - - ,  A(2100) --, ~ r  (r:r=l~/r 
VALUE DOCUMENT ID TEEN COMMENT 

+0.12+0.04 GOPAL 77 DPWA K N  multichannel 
+0.11+0.01 KANE 74 DPWA K - p ~  ~ 

(r,r,)~/r==,n N~- -~  A(2100) --~ Aq (rlr~)~/r 
V~ALUE DOCUMENT ID TECN COMMENT 

--0.050+0.020 RADER 73 MPWA K - p  "-* Art 
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(rlrr)~/r~,, In N K - - ,  A(2100) --* - - K  (rtrd~/r 
VALUE DOCUMENT IO TEEN COMMENT 

0.035• LITCHFIELD 71 DPWA K - p  ~ - - K  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.003 MULLER 69B DPWA K - p  ~ - - K  
0.05 TRIPP 67 RVUE K - p  ~ -~K 

(rlrf)�89 in N ~  --* A(2100) --* AoJ (rzr,)~/r 
VALUE DOCUMENT ID T~CN COMMENT 

--0.070 2 BACCARI 77 DPWA GO37 wave 
+0.011 2 BACCARI 77 DPWA GG17 wave 
+0.008 2 BACCARI 77 DPWA GG37 wave 

0.122 or 0.154 1 NAKKASYAN 75 DPWA K - p  ~ / l ~  

(r~rr)~/r~=, In NX~ A(2z00)-~ NX'(~), S=3p. ~wa~ (rzra)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

+0.21•  CAMERON 78B OPWA K - p  -~ N K *  

(r~rr)Y'/r~=, I. N~-~ A(2z00)-~ NX'(~2), S=t/2. C~.=ve (rtrT)~/r 
VALUE DOCUMENT IO TEEN COMMENT 

--0.04• 3 CAMERON 78B DPWA K -  p --~ N K *  

A ( 2 1 0 0 )  F O O T N O T E S  

1The NAKKASYAN 75 values are from the two best solutions found. Each has the 
A(2100) and one additional resonance (t~ or FS). 

2 Note that the three for BACCARI 77 entries are for three differel~t waves. 
3The published sign has been changed to be in accord with the baryon-first convention. 

The upper limit on the G 3 wave is 0.03. 

A ( 2 1 0 0 )  REFERENCES 

PDG 86 PL 170B Aguilar-Benitez, Porter+ (CERN, CIT+) 
PDG 82 PL 111B Roos, Porter, Aguilar-Benitez+ (HELS, CIT, CERN) 
GOPAL 80 Toronto Conf. 159 (RHEL}IJP 
CAMERON 78B NP B146 327 +Franek, Gopal, Kalmus, McPherson+ (RHEL, LOIC)IJP 
DEBELLEFON 78 NC 42A 403 De BeUefon. Berthon, Billoir+ (CDEF, SACL)UP 
BACCARI 77 NC 41A 96 +Poufard, Revel, Ta,ini+ (SAEL, EDEF)IJP 
OECLAIS 77 CERN 77-16 +Duchon, Louvel, Patty, Sel[u~not+ (CAEN, CERN)IJP 
GOPAL 77 NP Bl19 362 +Ross, VanHorn, McPherson+ (tOIC, RHEL)IJP 
HEMINGWAY 75 NP B91 12 +Eades, Harmsen+ (CERN, HEIDH, MPIM) IJP 
NAKKASYAN 75 NP B93 85 (CERN)IJP 
KANE 74 LBL-2452 (LBL) I JR 
RADER 73 NC 16A 178 +Barloutaud+ (SACL, HELD, CERN. RHEL. CDEF) 
LITCHFIELD 71 NP e30 125 +..., Lesquoy+ (RHEL, CDEF, SACL)IJP 
MULLER 69B Thesis UCRL 19372 (LRL) 
TRIPP 67 NP B3 10 +Leith+ (LRL, SLAC, CERN, HELD, SACL) 
COOL 66 PRL 16 1 2 2 8  +Giacomelll, Kycia, Leontic, Lundby+ (BNL) 
WOHL 66 PRL 17 107 +Solmitz, Stevenson (LRL)IJP 

I ( J  P )  = 0 ( ~  + )  Status:  * * *  

For results published before 1974 (they are now obsolete), see our 
1982 edition Physics Letters 111B (1982). All the references have 
been retained. 

This resonance is in the Baryon Summary Table, but the evidence 
for i t  could be better. 

A ( 2 1 1 0 )  M A S S  

VAtUE(MeV) DOCUMENT ID TEEN COMMENT 
2090 to 2140 (~U 2110) OUR ESTIMATE 
2092+25 GOPAL 80 DPWA K N  ~ K N  
2125• CAMERON 78B DPWA K - p  ~ N-K* 
2106+50 DEBELLEFON 78 DPWA "KN--*  K N  
2140• DEBELLEFON 77 DPWA K - p  ~ E w  
2100+50 GOPAL 77 DPWA K N  multlchannel 
2112+ 7 KANE 74 DPWA K - p - *  ~ 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2137 BACCARI 77 DPWA K - p  ~ A~  
2103 1 NAKKASYAN 75 DPWA K -  p ~ A~ 

A ( 2 1 1 0 )  W I D T H  

VALUE(MeV) DOCUMENT ID TEEN COMMENT 
150 to 250 (~ 200) OUR ESTIMATE 
245•  GOPAL 80 DPWA K N  ~ K 'N 
160• CAMERON 78B DPWA K - p  ~ N-K* 
251•  DEBELLEFON 78 DPWA K N  ~ K N  
140+20 DEBELLEFON 77 DPWA K - p  ~ r_w 
200+50 GOPAL 77 DPWA K N  multlchannel 
1 9 0 i 3 0  KANE 74 DPWA K - p ~  ~ 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

132 BACCARI 77 DPWA K - p  ~ A~ 
391 1NAKKASYAN 75 DPWA K - p ~  Aw 
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A(2110), A(2325), A(2350) 

Mode 

,4(2110) DECAY MODES 

Fraction ( r l / r )  

rz NK s-2s % 
r 2 ~ lo-4o % 
r 3 A~ seen 
i- 4 Z'(1385) 7r seen 
rs E(1385)~r, P-wave 
r s NK*(892) ~o-oo % 
r 7 NK*(892),  5=1/2, F-wave 

The above branching fractions are our estimates, not fits or averages. 

A(2110) BRANCHING RATIOS 

See "Sign conventions for resonance couplings" in the Note on A and 
Resonances. 

r (NR) / r tom r d r  
VALUE DOC/~MENT ID TEEN COMMENT 
0.08 to 0.26 OUR ESTIMATE 
0.07:i:0.03 GOPAL 80 DPWA K N  ~ K N  
0.274-0.06 2 DEBELLEFON 78 DPWA K N  ~ K N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.074-0.03 GOPAL 77 DPWA See GOPAL 80 

(rFr)~/rtoc=, In N~'--~ 4(2110) ~ Z'x (r, r2l~/r 
VALUE DOCUMENT ID TEC N COMMENT 

+0.144-0.01 DEBELLEFON 77 DPWA K - p  ~ ,E=r 
+0.204-0.03 KANE 74 DPWA K - p  - ,  E l f  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

+0.104-0.03 GOPAL 77 DPWA "KN multlchannel 

(rFflY=/rto=, in NX---* 4(21101 --~ A~ (rlrs)V=/r 
VALU~ DOCUMENT ID TECN COMMENT 

<0.05 BACCARI 77 DPWA K - p  ~ A~ 
0.112 1 NAKKASYAN 75 DPWA K - p  ~ A~ 

(rFr)Y=/rt== in N K - *  A(2110) --~ ~(1385) .  (r,r4)%/r 
V A ~  DOCUMENT ID TECN COMMENT 

+0.0714-0.025 3 CAMERON 78 DPWA K - p  ~ E(1385)~r 

(rlrr)~/rw=l In N ~  A(2110)~  N'k~(892) ( r l r s ) ~ / r  
VALUE DOCUMENT ID TE(:N COMMENT 

--0.174-0.04 4 CAMERON 78B DPWA K -  p ~ NK*  

A(2110) FOOTNOTES 
1 Found In one of two best solutions. 
2The published error of 0.6 was a misprint. 
3 The CAMERON 78 upper limit on F-wave decay is 0.03. The sign here has been changed 

to be In accord with the baryon-first convention. 
4The published sign has been changed to be In accord with the baryon-first convention. 

The CAMERON 78B upper limbs on the />3 and F 3 waves are each 0.03. 

A(2110) REFERENCES 

PDG 82 PL 111U Rooei, Porter, Aguilar-Ben~rez+ (HELS, CIT, CERN) 
GOPAL 80 Toronto Conf. 159 (RHEL) IJP 
CAMERON 78 NP B143 189 +Franek, (;opal, Bacon, Butrerv.~'th+ (RHEL, LOIC)IJP 
CAMERON 7BB NP B146 327 +Franek, Gopal, Kalmus, McPherson+ (RHEL LOIC) IJP 
DEBELLEFON 78 NC 42A 403 De Bellefon, 8erthon, 8illo~r+ (CDEF, SACL)IJP 
BACCARI 77 NC 41A 96 +Poulard, Revel, Tallini+ (SACL, CDEF)IJP 
OEBELLEFON 77 NC 37A 175 De Bellefon, Berthon, BIIIoir+ (CDEF, SACL)IJP 
GOPAL 77 NP Bl19 362 +Ross, VanHorn, McPhers~t+ (LOIC, RHEL)IJP 
NAKKASYAN 75 NP B93 85 (CERN) IJP 
KANE 74 LBL-2452 (LBL) IJP 

lA(2325 ) Doll ,(p) = 0( ,~-)Status:  * 

OMITTED FROM SUMMARY TABLE 
BACCARI 77 finds this state with either JP  = 3 / 2 -  or 3 /2 + in a 

energy-dependent partial-wave analyses of K - p  - *  Aw from 2070 
to 2436 MeV. A subsequent semi-energy-independent analysis from 
threshold to 2436 MeV selects 3 / 2 - .  DEBELLEFON 78 (same 
group) also sees this state in an energy-dependent partial-wave anal- 

ysis of K - p  .-~ -KN data, and finds JP  = 3 / 2 -  or 3 /2 + .  They 

again prefer JP  = 3 / 2 - ,  but only on the basis of model-dependent 
considerations. 

A(2325) MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 
~ OUR ESTIMATE 
23424-30 DEBELLEFON 78 DPWA K N  ~ ~ N  
23274-20 BACCARI 77 DPWA K - p . - ~  A~ 

,4(2325) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

1774-40 DEBELLEFON 78 DPWA K'N ~ K N  
1604-40 BACCARI 77 IPWA K - p  ~ A~ 

/1(2325) DECAY MODES 

Mode 

r l  NK 
F2 A~: 

A(2325) BRANCHING RATIOS 

r(N~/r==, rdr 
VALUE DOCUMENT ID TEEN COMMENT 
0.194-0.06 DEBELLEFON 78 DPWA K N  "-, "KN 

(rlrf)~/rt~ In NR-~ A(~23)-~ A~ (rlr=l'/'/r 
VALUE OOCUMENT I p TECN EDMMENT 

0.064-0.02 1 BACCARI 77 IPWA D533 wave 
0.054-0.02 1 BACCARI 77 DPWA DD13 wave 
0.084-0.03 I BACCARI 77 DPWA DD33 wave 

A(232_K) FOOTNOTES 
1 Note that the three BACCARI 77 entries are for three different waves. 

A(2325) REFERENCES 

DEBELLEFON 78 NC 42A 403 De Bellefon, Berthon, Billolr+ ICDEF, SACL)IJP 
BACCARI 77 NC 41A 96 +Poulard, Revel, Talllni+ SACL, CDEF)IJP 

1A(235o) Ho, I ,(JP) = o( +)sta,us * * *  

DAUM 68 favors JP  = 7 / 2 -  or 9 /2 + .  BRICMAN 70 favors 9/2 + .  
LASINSKI 71 suggests three states in this region using a Pomeron 
+ resonances model. There are now also three formation experi- 
ments from the College de France-Saclay group, DEBELLEFON 77, 
BACCARI 77, and DEBELLEFON 78, which find 9 /2  + in energy- 
dependent partial-wave analyses o f K N  -~ ETr, AM, and N ~ .  

A(2350) MASS 
VALUE (MeV) DOCUMENT ID TECN COMMENT 
2340 to 2370 (~u 2=5o) OUR =r 
2370• DEBELLEFON 78 DPWA ~ N  --* K N  
23654-20 DEBEL/EFON 77 DPWA K - p - *  ,s 
23584- 6 BRICMAN 70 CNTR Total, charge exchange 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2372 BACCARI 77 DPWA K -  p ~ A~ 
2344:?:15 COOL 70 CNTR K - p ,  K - d  total 
2360• LU 70 CNTR "rP ~ K + Y* 
23404- 7 BUGG 68 CNTR K - p ,  K - d t o t a l  
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A(2350), A(2585) Bumps 

~2350) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

100 to 250 (~ 150) OUR I~TIMATE 
204:550 DEBELLEFON 78 DPWA K N  --* K N  
110:520 DEBELLEFON 77 DPWA K -  p --* , ~ r  
324:530 BRICMAN 70 CNTR Total, charge exchange 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

257 BACCARI 77 DPWA K - p  ~ A~  
190 COOL 70 CNTR K - p ,  K - d  total  

I A(2585) Bumps I , ( :P)  = 0(? ?) Status: ~<* 

OMITTED FROM SUMMARY TABLE 

A(2~s) MASS 
(BUMPS) 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 
~ OUR ESTIMATE 

55 LU 70 CNTR */p ~ K + Y *  
140:520 BUGG 68 CNTR K - p ,  K - d t o t a l  

Mode 

A(2360) DECAY MODES 

Fraction 0 - l /F )  

F 1 N K  ~ 12 % 
F 2 ~'~r ~1o% 
F 3 A~ 

The above branching fractions are our estimates, not fits or averages. 

A(23~) BRANCHING RATIOS 

See "Sign conventions for resonance couplings" in the Note on A and E 
Resonances. 

r(N~)/rt~, rur 
VALU~ DOCUM~.NT I D TECN COMMENT 

0.12 OUR ESTIMATE 
0.12:50.04 DEBELLEFON 78 DPWA K N  ~ K N  

(rFf)V=/rt=,, I .  N~--~ A(2350) ~ E ,  (r=r=)V=/r 
VA~-U~ DOCUMENT ID TECN ~QMMI~NT 

--0.11:E0.02 DEBELLEFON 77 DPWA K - p  -.4 E l f  

(rFr)~/r~,, w. N ~ - ,  A(2350) --, A~ (r, rs)~/r 
VALUE DOCUMENT ID TECN COMMENT 

<0.05 BACCARI 77 DPWA K - p  ~ AuJ 

/1(2350) REFERENCES 

DEBELLEFON 78 NC 42A 403 De Bellefon, Bertho~, Binoir+ (CDEF, SACL) IJP 
BACCARI 77 NC 41A 96 +Poulard, Revel Tallini+ (SACL, CDEF)IJP 
DEBELLEFON 77 NC 37A 175 De Betlefon, Berthon, BIIIolr+ (CDEF, SACL)IJP 
LASINSKI 71 NP B29 125 (EFI) IJP 
BRICMAN 70 PL 31B 152 +Ferro-Luzzf, Perreau+ (CERN, CAEN, 5ACL) 
COOL 70 PR Ol 1 8 8 7  +Giacomelli, Kycia, Leontic, Li+ (BNL) I 

Also 66 PRL 16 I228 Cool, Giacomelli, Kycia. Leontic. Lundby+ (BNL) I 
LU 70 PR D2 1846 +Greenberg, Hughes, Minehart, Mod+ (YALE) 
BUGG 68 PR 168 1466 +Gilmor Knight+ (RHEL, BIRM, CAVE)I 
DAUM 68 NP B7 19 +Erne, LaKnaux, Sees, Steuer, Udo (CERN) JP 

2585:1:45 ABRAMS 70 CNTR K - p ,  K -  d tota l  
2530:525 LU 70 CNTR 3'P ~ K § Y *  

A(2F~) WIDTH 
(BUMPS) 

VALUE{MeV) DOCUMENT ID TECN COMMENT 

300 ABRAMS 70 CNTR K - p ,  K - d  total  
150 LU 70 CNTR 3'P "-~ K + Y *  

A(2585) DECAY MODES 
(BUMPS) 

Mode 

F 1 N K  

A(2585) BRANCHING RATIOS 
(BUMPS) 

(J+�89 rl/r 
J Is not known, so only (J+�89 x r(NK-)/rtota I can be given. 

VALUE DOCUMENT ID TECN. COMMENT 

1 ABRAMS 70 CNTR K - p ,  K - d  total  
0 .12 i0 .12  1 BRICMAN 70 CNTR Total, charge exchange 

A(2585) FOOTNOTES 
(BUMPS) 

1 The resonance is at the end of the region analyzed - -  no clear signal. 

ABRAMS 70 PR D1 1917 
Also 66 PRL 16 1228 

BRICMAN 70 PL 31B 152 
LU 70 PR D2 1846 

,1(2585) REFERENCES 
(BUMPS) 

+Cool, Giacomelti. Kyda, Leontic, LI+ (BNL) I 
Cool, Giacomelli. Kycia, Leontic, Lundby+ (BNL)I 

+Ferrc-Luzz~, Perreau+ (CERN, CAEN, SACL) 
+Greenbef|, Hughes, Minehart, Mod+ (YALE) 
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E ,  

( s  = - z ,  i = 1 )  

E + = uus, E ~  E -  = d d s  

r ~  i (J  P) = l ( �89  + )  Status: >~>~< 

We have omitted some results that have been superseded by later 
experiments. See our earlier editions. 

E + MASS 

The fit uses E § E 0' E--, and A mass and mass-difference measurements. 

VAL UE (MeV) EVTS DOCUMENT IO TECN COMMENT 
11B9.$7-1"0.07 OUR FIT Error includes scale factor of 2.2, 
1189.374-0,06 OUR AVERAGE Error includes scale factor of 1,8. See the ideogram 

below, 
1189,334,0,04 607 1 BOHM 72 EMUL 
1189.164,0.12 HYMAN 67 HEBC 
1189.614,0,08 4205 SCHMIDT 65 HBC See note with A mass 
1189.484,0.22 58 2 BHOWMIK 64 EMUL 
1189.384-0.15 144 2 BARKAS 63 EMUL 

1BOHM 72 is updated with our 1973 K - ,  l r - ,  and ?r 0 masses (Reviews of Modern 
Physics 4B No. 2 Pt. II (1973)). 

2These masses have been raised 30 keV to take Into account a 46 keV increase in the 
proton mass and a 21 keV decrease in the ~r 0 mass (note added 1967 edition, Reviews 
of Modern Physics 3eJ 1 (1967)). 

i 

~1-  M A G N E T I C  M O M E N T  

see the "Note on Baryon Magnetic Moments" in the A Listings, Measure- 
mentswith an error > 0.1/~N have been omitted. 

VALUE (I~N) EVT5 DOCUMENT ID TECN COMMENT 
2.4rJ 4-0.010 OUR AVERAGE Error includes scale factor of 2.1. See the ideogram 

below, 
2.4613• 25Ok  MORELOS 93 SPEC pCu 800 GeV 
2.428 4-0.036 4-0.007 12k 4 MORELOS 93 SPEC pCu 800 GeV 
2.479 4,0.012 4-0,022 137k WILKINSON 87 SPEC pBe 400 GeV 
2.40404,0.0198 44k 5 ANKENBRA... 83 CNTR pCu 400 GeV 

4We assume CPTinvariance: this is (minus) the ~ -  magnetic moment as measured by 
MORELOS 93. See below for the moment difference testing CPT. 

5ANKENBRANDT 83 gives the value 2.38 4- 0.02PN, MORELOS 93 uses the same 
hyperon magnet and channel and claims to determine the field integral better, leading 
to the revised value given here. 

E + M E A N  LIFE 

Measurements with an error _~ 0.1 • 10 -10  s have been omitted. 

VALUE(tO -10 s) EVTS DOCUMENT ID TECN COMMENT 
0.7994"0.004 OUR AVERAGE 
0.7984-0.005 30k MARRAFFINO 80 HBC K - p  0.42-0.5 GeV/c 
0.8074,0.013 5719 CONFORTO 76 HBC K - p  1-1.4 GeV/c 
0.83 4-0,04 526 BAKKER 71 DBC K - n ~  E+Tr lr 
0.7954,0,010 20k EISELE 70 HBC K - p  at rest 
0,8034,0.008 10664 BARLOUTAUD69 HBC K - p  0.4-1,2 GeV/c 
0.83 • 1300 3 CHANG 66 HBC 
0.80 4-0,07 381 COOK 66 OSPK 
0.84 4-0.09 181 BALTAY 65 HBC 
0,76 4-0.03 900 CARAYAN.., 65 HBC 

0 749+0'956 192 GRARD 62 HBC �9 -- u.u~z 
0.765• 456 HUMPHREY 62 HBC 

3We have Increa'sed the CHANG 66 error of 0.018; see our 1970 edition, Reviews of 
Modern Physics 42 No. 1 (1970), 

b,r+ + .r-) 
A test of CPT invariance. 

VALUE DOCUMENT ID , TECN COMMENT 
0.014.1.0.01w 6 MORELOS 93 SPEC pCu 800 GeV 

6This is our calculation from the MORELOS 93 measurements of the ~-h and ~ -  
magnetic moments given above. The statistical error On/J~_ dominates the error here. 

~1 -  DECAY MODES 

Mode Fraction ( l ' i /F)  Confidence level 

F 1 p~r ~ (51.57 • % 
F 2 n'rr + (48.314,0.30) % 
F 3 p ~  (1.234,0.05) x 10 - 3  
F 4 nTrH-~ [a] ( 4.5 4-0.5 ) x 10 - 4  

F 5 Ae+~e ( 2.0 4-0.5 ) x l o  - s  

AS = ~ Q  (SO) vlolatlni modes or 
A S =  I weak neutral current ($1) modes 

F 6 ne+ve 50 < 5 x 10 - 6  
F 7 nl~+Up 50  < 3.0 x l o  - S  

I- 8 p e + e  - 51 < 7 x 10 - 6  

90% 

90% 

[a] See the Particle Listings below for the pion momentum range used in this 
measurement. 

C O N S T R A I N E D  F I T  I N F O R M A T I O N  

An overall fit to 2 branching ratios uses 14 measurements and one 
constraint to determine 3 parameters. The overall fit has a X 2 = 
7.7 for 12 degrees of freedom. 

The following off-diagonal array elements are the correlation coefficients 
I~xi~xj l /(~xi.~xj),  in percent, from the fit to the branching fractions, x i -~ 

F jF to ta  I. The fit constrains the x i whose labels appear in this array to sum to 
one. 

x2 I - l o o  
x 3 12 - 1 4  

x I x2 
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s  BRANCHING RATIOS 

r ( . . + ) / r ( N . )  r=/( r t+r2)  
VALUE EVT5 DOCUMENT ID TE~N COMMENT 
0.463~-1-0.0030 OUR FIT 
0.483~:E0.0(m0 OUR AVERAGE 
0.4828-~:0.0036 10k 7 MARRAFFINO 80 HBC K - p  0.42-0.5 GeV/c 
0.488 :I:0.008 1861 NOWAK 78 HBC 
0.484 • 537 TOVEE 71 EMUL 
0.488 • 1331 BARLOUTAUD69 HBC K - p  0.4-1.2 GeV/c 
0.46 • 534 CHANG 66 HBC 
0.490 -;-0.024 308 HUMPHREY 62 HBC 

7 MARRAFFINO 80 actually gives r (pxO)/r ( tota l )  = 0.5172 • 0.0036. 

r(r~)/r(p~) r=/r~ 
VALUE (units 10 -3 ) EVTS DOCUMENT ID TECN COMMENT 
2.M-1-0.20 OUR FIT 
2.384-0.10 OUR AVERAGE 
2.32 • 32k TIMM 
2 1~ ~o+0 21 .8 ~0.~.  0143 408 HESSEY 

2.52";'0.28 190 8 KOBAYASHI 

2 ~r 155 BIAGI 
'~ ' -0 .35  

2.11• 46 MANZ 
2.1 4-0.3 45 ANG 
2.76 ::E 0.51 31 GERSHWlN 
3.7 • 24 BAZlN 

5 KOBAYASHI 87 actually gives I ' (p~)/r( total)  = (1.30 :E 0.15) x 10 - 3 .  

r ( . ~ + ~ ) / r ( , ~ + )  r4/r= 
The ~r + momentum cuts differ, so we do not average the results but simply use the 
latest value In the Summary Table. 

VALUE(units 10 -3) EV'F3 DOCUMENT ID TECN COMMENT 

0.9~'k0,10 180 EBENHOH 73 HBC ~r + < 150 MeV/c 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

95 E761 E + 375 GeV 

89 CNTR K - p ~  Z-+~r -a t  
re~t 

87 CNTR ~ ,1 ,p~  Z-+K + 

85 CNTR CERN hyperon beam 

80 HBC K - p  ~ Z-+~r-- 
698 HBC K - p  at rest 
698 HBC K - p ~  Z-.1. ~ -  
65 HBC K - p  at rest 

0.27+0.05 29 ANG 698 HBC ~r + < 110 MeV/c 
1.8 BAZIN 658 HBC x + < 116 MeV/c 

r(~te+~o)Ir=t= r~/r  
VALUE (units 10 -5 ) EV'P3 DOCUMENT ID TECN COMMENT 
2.0-k0J~ OUR AVERAGE 
1.6~0.7 5 BALTAY 69 HBC K - p  at rest 
2.9:E1.0 10 EISELE 69 HBC K - p  at rest 
2.0:b0.8 6 BARASH 67 HBC K - p  at rest 

r ( . e+~o ) / r ( . r  r . / r= 
Test of ZIS = AO rule. Experiments with an effective denominator less than 100,000 
have been omitted. 

EFFECTIVE DENOM. E V T ~  DOCUMENT ID TECN COMMENT 
< 1.1 X 10 - 6  OUR LIMIT Our 90% CL limit -- (2.3 events)/(effectlve denominator 

sum). [Number of events Increased to 2.3 for a 90% 
confidence level.] 

111000 0 9 EBENHOH 74 HBC K - p  at rest 
105000 0 9SECHI-ZORN 73 HBC K - p  at rest 

9 Effective denominator calculated by us. 

r(..+j.) lr(A.+~rule r,/r, 
EFFECTIVE DENOM. E V T 5  DOCUMENT I O TECN 
< 6.2 X 10 - 6  OUR LIMIT Our 90% CL limit = (6.7 events)/(effectlve denominator 

sum). [Number of events increased to 6.7 for a 90% 
confidence level,] 

33800 0 BAGGETT 69B HBC 
62000 2 10 EISELE 698 HBC 
10150 0 11 COURANT 64 HBC 
1710 0 11 NAUENBERG 64 HBC 

120 1 GALTIERI 62 EMUL 

10 Effective denominator calculated by us. 
11Effective denominator taken from EISELE 67. 

r (pe+ e-) l r~ ,=  r~/r  
VALUE (units 10 -6 ) OOCUMENT ID TECN COMMENT 

<7 12 ANG 698 HBC K -  p at rest 

12ANG 69B found three p e + e -  events In agreement with "r ~ e + e -  conversion from 
Z-.1. _~ PT. The limit given here is for neutral currents. 

r(z+-. , ,+ . .~  ,e-yo) 
VAI, UE CL~ EVTS DOCUMENT ID T~CN COMMENT 
<0.009 OUR LIMIT Our 90% CL limit, using F(ne+ve) /F(n~+ ) above. 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.019 90 0 EBENHOH 74 HBC K - p  at rest 
<0.018 90 0 SECHI-ZORN 73 HBC K - p  at rest 
<0.12 95 0 COLE 71 HBC K - p  at rest 
<0.03 90 0 EISELE 69n HBC See EBENHOH 74 
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E+ 

r(~-. ,~+,,)/r(z--~ ,~-e,) 
VA~U~/ EVTS DOCUMENT ID TECN ~OMMENT 
<0,12 OUR UMIT Our 90% CL nmlt, using I'(nl~+vl~)/r(n~r'l" ) above. 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 06+0'-0~- 5 2 EISELE 598 HBC K -  p at rest �9 -- o.u.1 

r(~-~ .~+,)/r(~ ~ .t-v) 
Test of A5 = AQ rule. 

v A ~ e  E~'S DOCUMENT ,o ~c~ 
<0 .0~  OUR u M r r  Our 90% CL limit, usln| [r(ne+~e) + r(n.+up)]/r(n~r+). 

�9 �9 �9 We do not use the followinl[ data for averages, fits, limits, etc. �9 �9 �9 

<0,08 1 NORTON 69 HBC 
<0,034 0 BAGGETT 67 HBC 

s  DECAY PARAMETERS 

See the "Note on Ba~on Decay Parameters" In the neutron Listings. A 
few early results have been omitted. 

ao FOR s  ~ plr 0 
VAI, I~I~ EVT$ DOCUMENT ID "FECAl COMMENT 

-~, .+o~ 7 OUR .'r 

-~,.+_~o~,~ ~ OuA ~ =  
0945 "1"0"055 1259 13LIPMAN 73 OSPK 7+p- -~  Z-+ - " - 0.042 

-0.940:1:0.045 16k BELLAMY 72 ASPK r ' 1 " p ~  Z-'1"K+ 

-0.98 +0.05 1335 14HARRIS 70 OSPK x + p  -.-, Z -+K + -0.02 
-0.999=b0.022 32k BANGERTER 69 HBC K - p  0.4 GeV/r 

13 Decay protons scattered off aluminum. 
14 Decay protons scattered off carbon. 

ANGLE FOR ~ ~ p~r ~ (tango : P/'T) 
VALUE (o) b'VT$ OOCUMENT ID TECN COMMENT 

4 . N  OUR INERAGE 

38 1"1"35"7 1259 15LIPMAN 73 OSPK ~r+p--~ E + K  + " ' -  37.1 
22 :bgO 16HARRIS 70 OSPK lr+p--~ Z-+K "t" 

15 Decay proton scattered off aluminum. 
16 Decay protons scattered off carbon. 

a ~ . / a o  
Older results have been omitted. 

VALUE EVTS DOCUMENT It) TECN ~.QMM~N T 
--0,0~4.0.013 OUR FIT 
-O,O'r~4-0JR1 23k MARRAFFINO 80 HBC K -  p 0.42-0.5 GeV/c 

~ .  FOR s  --, mr + 
VALUE EVTS DOCUMENT IO TECN COMMENT 
0.~8+0.m13 OUR FiT 
O.OMJ,'OJ~6 OUR AVERAGE 
0.037 :E 0,049 4101 BERLEY 708 HBC 
0.069:E0.017 35k BANGERTER 69 HBC K - p  0.4 GeV/c 

#+ ANGLE FOR ~ --P mr + (tan#+ = p/.y) 
VALUE (o) EVT$ DOCUMENT ID TECN COMMENT 
1674":10 OUR ~ Error Indudes scale factor of 1.1. 
184:E24 1054 17 BERLEY 70B HBC 
143:1:29 560 BANGERTER 698 HBC K - p  0.4 GeV/c 

17Changed from 176 to 184 ~ to agree with our sign convention. 

a,v FOR s  ..~ p'y 
VA~U{~ EVTS DOCUMENT ID TECN COMMENT 
--0.Tt 4-0.O8 OUR 
-0.7204.0.086::E0.04S 35k 18 FOUCHER 92 5PEC E + 375 GeV 
-0.86:1:0.13 -1-0.04 190 KOBAYASHI 87 CNTR ~r+p--~ Z - + K  "1" 

- 0 , 5 3  .1.0.38 -0.36 46 MANZ 80 HBC K - p - ~  Z- '+ l r -  

-1 .03 ,1,1,0,52 61 GERSHWIN 698 HBC K - p  --~ Z-+~-  
- 0 . 4 2  

18See TIMM 95 for a detailed description of the analysis. 
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Baryon Particle Listings 
E + , E ~ 

REFERENCES 
We have omitted some papers that  have been superseded by later experi- 
ments. See our earlier editions�9 

TIMM 95 PR D51 4 6 3 8  +Albuquerque, Bondar+ (FNAL E761 Collab.) 
MORELOS 93 PRL 71 3 4 1 7  +Albuquerque, Bondar, Carrigan+ (FNAL E761 Collab.) 
FOUCHER 92 PRL 68 3 0 0 4  +Albuquerque. Bondar+ (FNAL E761 Collab.) 
HESSEY 89 ZPHY C42 175 +Booth, Ficklnger, Gall+ (BNL-811 Collab.) 
KOBAYASHI 87 PRL 59 868 +Haba, Homrna, Kawai, Miyake+ (KYOT 
WILKINSON 87 PRL 58 855 +Handler+ (WISC, MICH, RUTG, MINN 
BtAGI 85 ZPHY C28 495 +Bourquin+ (CERN WAg2 Col~ab, 
ANKENBRA... 83 PRL 51 863 Ankenbrandt, Berge+ (FNAL, IOWA. ISU. YALE 
MANZ 80 PL 96B 217 +Reucroft, Settles, Woff+ (MPIM, VAND 
MARRAFFINO 80 PR D21 2501 +Reucroft, RODS, Waters+ (VAND, MPIM 
NOWAK 78 NP B139 61 +Armstrong, Davis+ (LOUC, BELG, DURH, WARS 
CONFORTO 76 NP B105 189 +Gopal. Kalmus. Litchfield, Ross+ (RHEL. LOIC) 
EBENHOH 74 ZPHY 266 387 +Eisele, Engdmann, Filthurh, Hepp+ (HEIDT 
EBENHOH 73 ZPHY 264 413 +Eisele, Filthuth, Hepp, Leitner. Thouw+ (HEIDT) 
LIPMAN 73 PL 45B 89 +Uto, Walker, Montgomery+ (RHEL, SUSS, LOWC 
PDG 73 RMP 45 No. 2 Pt. II Lasinskl, Barbarc-Galtied, Kelly+ (LBL, BRAN, CERN+ 
SECHI-ZORN 73 PR D8 12 +Snow (UMD) 
BELLAMY 72 PL 398 299 +Anderson, Crawfofd+ (LOWC, RHEL, SUSS 
BOHM 72 NP B48 1 + (BERL, KIDR, BRUX, IASD. DUUC. LOUC+) 

Also 73 IIHE-?3.2 Nov Bohm (BERL. KIDR, BRUX, IASD. DUDE, LOUC+ 
BAKKER 71 LNC 1 37 +Hoogland, Klup/er, Massard+ (SABRE CoUab.) 
COLE 71 PR D4 831 +Lee-Franzlnl, Loveless, Banay+ (STON, COLU 
TOVEE 71 NP B33 493 + (LOUC, KIDR, BERL, BRUX, DUUC, WARS 
BERLEY 7OB PR D1 2015 +Yamin. Hertzbach, Kofler+ (BNL. MASA. YALE) 
EISELE 70 ZPHY 238 372 +Filthuth. Hepp, Presser, Zech (HELD 
HARRIS 70 PRL 24 165 +Overseth, Pondrom, Dettmann (MICH, WISC) 
PDG 70 RMP 42 No. 1 Barbaro-Galtieri, Derenzo. Price+ (LRL, BRAN, CERN+ 
ANG 6qB ZPHY 228 151 +Ebenhoh. Eisele, Engelmann, Filthuth+ (HELD) 
BAGGETT 69B Thesis MDDP-TR-975 (UMO 
BALTAY 69 PRL 22 615 +Franzin[, Newman, Norton+ (COLU, STON) 
BANGERTER 69 Thesis UCRL 19244 (LRL) 
BANGERTER 89B PR 187 1 8 2 1  +Alston-Garnjost. Ganieri, Gershwin+ (LRL) 
BARLOUTAUD 69 NP B14 153 +DeBellefon, Granet+ (SACL, CERN. HELD) 
EISELE 69 ZPHY 221 1 +Engelmann. Filthuth. Fohlisch, Hepp+ (HELD) 

Also 64 PRL 13 291 Willis, Courant+ (BNL, CERN, HELD, UMD) 
EISELE 69B ZPHY 221 401 +Engelmann, Filthuth, Fohlisch, Hepp+ (HELD) 
GERSHWIN 69B PR 188 2 0 7 7  +Alston-Garnjost, Bangerter+ (LRL) 

Also 69 Thesis UCRL 19248 Gershwln (LRL) 
NORTON 69 Thesis Nevis 175 (COLU) 
BAGGETT 67 PRL 19 1458 +Day, Glasser, Kehoe, Knop+ (UMD) 

Also 68 Vienna Abs. 374 BaKgett, Kehoe (UMD) 
Also 68B Private Comm. Ba~ett (UMD) 

BARASH 67 PRL 19 181 +Day, Glasser, Kehoe, Knop+ (UMD) 
EISELE 67 ZPHY 205 409 +Engelmann, Filthuth, Folish, Hepp+ (HELD) 
HYMAN 67 PL 25B 376 +Loken, Pewitt, McKenzie+ (ANL, CMU, NWF_S) 
PDG 67 RMP 39 1 Rosenfeld, Barbaro-Galt[eri, Podolsky+ (LRL, CERN, YALE) 
CHANG 66 PR 151 1081 (COLU) 

Also 65 Thesis Nevis 145 Chang (COLU) 
COOK 66 PRL 17 223 +Ewart, Masek, Orr, Plainer (WASH) 
BALTAY 65 PR 140B 1 0 2 7  +Sand~Riss, Culwick, Kopp+ (YALE. BNL) 
BAZlN 65 PRL 14 154 +Blumenfeld, Nauenberg+ (PRIN, COLU) 
BAZIN 6SB PR 140B 1358 +Piano, Schmidt+ (PRIN. RUTG. COLU) 
CARAYAN... 65 PR 138B 433 Carayannopoulos. Tautfest. Willmann (PURD) 
SCHMIDT 65 PR 14OB 1328 (COLU) 
BHOWMIK 64 NP 53 22 +Jain, Mathur, Lakshmi (DELHI 
COURANT 64 PR 136B 1791 +Filthuth+ (CERN, HELD. UMD, NRL, BNL) 
NAUENBERG 64 PRL 12 879 +Marateck+ (COLU, RUTG, PRIN) 
BARKAS 63 PRL 11 26 +D~r, Heckman (LRL) 

Also 61 Thesis UCRL 9450 Dyer (LRL) 
GALTIERI 62 PRL q 26 +Barkas, Heckman, Patrick, Smith (LRL) 
GRARD 62 PR 127 607 +Smith (LRL) 
HUMPHREY 62 PR 127 1305 +Ross (LRL) 

I (J P) = 1(�89 + ) Status: *~<~<~< 

E o MASS 

The f i t  uses ~ +  0 , ,~ , E - ,  and A mass and mass-difference measurements. 

VALUE (MeV) E V T S  DOCUMENT ID TECN COMMENT 
1192.642+0.02J, OUR FIT 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1192.65 :E0.020• 3327 1WANG 97 SPEC E 0 ~ A'y ~ | 

( p ~ - ) ( e +  e - )  

1This WANG 97 result is redundant with the E0-A mass-difference measurement below. | 

m E_ - m ~  

VALUE (MeV) EVT5 DOCUMENT ID TECN COMMENT 

4.go'/ ' l '0.o~g OUR FIT Error Includes scale factor of 1.1. 
4.86 -I-O.OR OUR AVERAGE Error includes scale factor of 1,2. 
4.87 :CO.12 37 DOSCH 65 HBC 
5.01 •  12 SCHMIDT 65 HBC See note with d mass 
4.75 4-0.1 18 BURNSTEIN 64 HBC 

mjL-O - mA 

VALUE (MeV) E V T S  DOCUMENT ID TECN COMMENT 
76.9S9-1-0.0~3 OUR FIT 
76.gf~4"O.0~O'kO.013 3327 WANG 97 SPEC ~ 0  ~ A'y 

( p T r - ) ( e +  e - )  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

76.23 •  109 COLAS 75 HLBC E O ~  A~ 
76.63 •  208 SCHMIDT 65 HBC See note with A mass 

E ~ MEAN LIFE 

These lifetimes are deduced from measurements of the cross sections for 
the Pdmakoff process A -~ Z "O In nuclear Coulomb fields. An alterna- 
tive expression of the same Information Is the EO-A transition maj~netlc 
moment given In the fol lowing section. The relation Is ( I ~EA /P .N )  '~ 1" = 

1.92951 x 10 - 1 9  s (see DEVLIN 86). 

VALUE (10 -20 s) DOCUMENT ID TECN COMMENT 

7A'1"0.7 OUR EVALUATION Using P E A  (see the above note). 

6 ~+1 .7  2 DEVUN 86 SPEC Pdmakoffeffect " ' -  1.1 
7.6+0.54-0.7 3 PETERSEN 86 SPEC Pdmakoffeffect 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

5 .8~1.3  2 DYDAK 77 SPEC See DEVLIN 86 

2 DEVLIN 86 is a recalculation of the results of DYDAK 77 removing a numerical approx- 
Imation made In that  work. 

3 An additional uncertainty of the Pdmakoff formalism Is estimated to be < 5%. 

I ~L  r~ ~ A)I TRANSITION MAGNETIC MOMENT 

See the note In the E 0 mean-life section above. Also, see the "Note on 
Baryon Magnetic Moments" in the A Listings. 

VALUE (P'N) DOCUMENT ID TECN COMMENT 

1.614-0.08 OUR AVERAGE 

17  ~+0"17 4 DEVLIN 86 SPEC Prlmakoffeffect �9 ~  
1.59:EO.O5:EO.07 5 PETERSEN 86 SPEC Prlmakoffeffect 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

182+0:~ 40YOAK 77 SPEC see DEVL,. 86 

4 DEVLIN 86 Is a recalculation of the results of DYDAK 77 removing a numerical approx- 
Imation made In that  work. 

SAn additional uncertainty of the Pdmakoff formalism Is estimated to be < 2.5%. 

E e DECAY MODES 

Mode Fraction (rl/r) Confidence level 

r l  A ~  100 % 

r 2  A-y,y < 3 % 

r3 A e + e -  [a] 5 • 10 - 3  

90% 

[a] A theoretical value using QED. 

r (A-rv)  I r ~ , ,  
VALUE 

<O.03 

r(•,+e-)/rt== 
VALUE 

O.OOM~ 

BRANCHING RATIOS 

r=/r 
CL~ DOCUMENT ID TECN 

90 COLAS 75 HLBC 

r=/r 
DOCUMENT ID COMMENT 

FEINBERG 58 Theoretical QED calculation 

WANG 
DEVLIN 
PETERSEN 
DYDAK 
COLAS 
DOSCH 
SCHMIDT 
BURNSTEIN 
FEINBERG 

REFERENCES 
97 PR D56 2544 +Hartouni, Kreisler+ (BNL-E766 Cdlab,) 
86 PR D34 1626 +Petelsen, Beretvas (RUTG) 
86 PRL 57 949 +Beretvas, Devlln, Luk+ (RUTG, WISC, MICH, MINN) 
77 NP Bl18 1 +Navarda, Overseth, Steffen+ (CERN. DORT. HBDH) 
75 NP B91 253 +Farv~lh Ferret. Six (ORSAY ) 
65 PL 14 239 +Engeimann, Filthuth, Hepp, Kluge+ (HELD) 
65 PR 140B 1328 (COLU) 
64 PRL 13 66 +Day, Kehoe, Zorn, Snow (UMD) 
58 PR 109 1019 (BNL) 



See key on page 213 

r ~  i ( j  P )  : 1(�89 + )  status: ~< ,~<~k  

We have omitted some results that have been superseded by later 
experiments. See our earlier editions. 

E -  MASS 

The fit uses Z-+, Z "0, ~'--, and A mass and mass-difference measurements. 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
1197.4494"0.030 OUR FIT Error includes scale factor of 1.2. 
1197.48 4-0.04 OUR AVERAGE Error includes scale factor of 1.2. 
1197.4174-0.040 GUREV 93 SPEC E -  C atom,crystal diff. 
1197.5324-0.057 GALL 88 CNTR s  Pb, E - W  atoms 
1197.43 4-0.08 3000 SCHMIDT 65 HBC See rlote with A mass 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1197.24 4-0.15 1 DUGAN 75 CNTR Exotic atoms 

1GALL 88 concludes that the DUGAN 75 mass needs to be reevaluated. 

m E_ - m E +  

VALUE {MeV) EVTS DOCUMENT ID TECN 
e.oe-l-o.ol OUR R T  Error includes scale factor of 1.9. 
8.094-O.16 OUR AVERAGE 
7.91/::0.23 86 BOHM 72 EMUL 
8.254-0.25 2500 DOSCH 65 HBC 
8.254-0.40 87 BARKAS 63 EMUL 

m E _  - i n  A 

VALUE (MeV) EVT5 DOCUMENT ID TECN 
81.7664"0.030 OUR FIT Error includes scale factor of 1.2. 
I I l .t~ -1-0.O7 OUR AVERAGE 
81.64 4-0.09 2279 HEPP 68 HBC 
81.80 4-0.13 85 SCHMIDT 65 HBC 
81.70 4-0.19 BURNSTEIN 64 HBC 

COMMENT 

See note with A mass 

E -  M E A N  LIFE 

Measurements with an error > 0.2 x 10 -10  s have been omitted, 

VALUE (10 -10 s) EVTS 
1.4794-0.Oll OUR AVERAGE Error Includes scale factor of 1.3. 
1.4804-0.014 16k MARRAFFINO 80 HBC 
1.49 4-0.03 8437 CONFORTO 76 HBC 
1.463/:0.039 2400 ROBERTSON 72 HBC 
1.42 4-0.05 1383 BAKKER 71 DBC 

4-0.09 TOVEE 71 EMUL 1.41 -0.08 

1.4854-0.022 lOOk EISELE 70 HBC 
1.4724-0.016 10k BARLOUTAUD69 HBC 
1.38 4-0.07 506 WHITESIDE 68 HBC 
1.6664-0.075 3267 2 CHANG 66 HBC 
1.58 4-0.06 1208 HUMPHREY 62 HBC 

DOCUMENT ID TECN COMMENT 

2We have Increased the CHANG 66 error of 0,018; 
Modern Physics 42 No. 1 (1970). 

See the Ideogram below. 
K -  p 0.42-0.5 GeV/c 
K -  p 1-1.4 GeV/c 
K -  p 0.25 GeV/c 
K - N ~  Z - - x l r  

K -  p at rest 
K - p  0.4-1.2 GeV/c 
K -  p at rest 
K -  p at rest 
K -  p at rest 

see our 1970 edition, Reviews of 
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E -  

E -  DECAY MODES 

Mode Fraction (FI/F) 

I"1 n~ r -  (99.848/:0.005) % 
I" 2 n~r- -y  [a ] (4 .6 •  ) x l O  - 4  
r 3 17e-D e (1.0174-0.034) x 10 - 3  
r 4 n /~ -~ / j  ( 4.5 4-0.4 ) x 10 - 4  

F 5 A e - ~  e ( 5.73 4-0.27 ) x 10 - 5  

[a] See the Particle Listings below for the pion momentum range used in this 
measurement. 

C O N S T R A I N E D  F I T  I N F O R M A T I O N  

An overall f i t to 3 branching ratios uses 16 measurements and one 

constraint to determine 4 parameters. The overall f i t has a X 2 -- 
8.7 for 13 degrees of freedom. 

The following off-diagonal array elements are the correlation coefficients 

I&xi&x.jl/(&xi.,~xj), in percent, from the fit to the branching fractions, x i = 

r j r t o t a  I. The fit constrains the x i whose labels appear in this array to sum to 
one. 

x 3 - 6 4  

x 4 - 7 7  0 

x s - 5  0 0 

Xl x3 x4 

E -  B R A N C H I N G  RATIOS 

r(..-~)/r(..-) rdrl 
The x + momentum cuts differ, so we do not average the results but simply use the 
latest value for the Summary Table. 

VAt UE (units 10 -3 ) EVT$ DOCUMENT ID TECN COMMENT 

0.46:1:0.06 292 EBENHOH 73 HBC ~r + < 150 MeV/c 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

0.104-0.02 23 ANG 69B HBC l r -  <~ 110 MeV/c 
1.1 BAZIN 650 HBC ~r- < 166 MeV/c 

s  M A G N E T I C  M O M E N T  

See the "Note on Baryon Magnetic Moments" in the/1 Listings. Measure- 
ments with an error > 0.3/JN have been omitted. 

VALUE (PN) EVT$ DOCUMENT IO TECN COMMENT 
-- 1,1g0"l'O.l~JS OUR AI/BIIAGE Error includes scale factor of 1.7. See the ideogram 

below. 
-1.105+0.0294-0.010 HERTZOG 88 CNTR E - P b ,  E - W  

atoms 
-1.1664-0.014+0.010 671k ZAPALAC 86 SPEC n e - v ,  n ~ -  de- 

cays 
-1.23 4-0.03 4-0.03 WAH 85 CNTR pCu--* s  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0.89 4-0.14 516k DECK 83 5PEC pBe ~ E - X  
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Baryon 
E- 

Particle Listings 

r( . , -~,) /r( . . -)  
Measurements with an error _> 0.2 x 10 - 3  have been omitted, 

VALUE(units 10 -3 ) EVTS DOCUMENT ID TECN COMMENT 
1.019::i::0.034 OUR FIT 

rg/r~ 

1 019 +0.03J" OUR AVERAGE 
�9 - 0 , 0 ~  

0.96 4"0.05 2847 BOURQUIN 83C SPEC SPS hyperon beam 

1.09 +0.06 601 3 EBENHOH 74 HBC K - p  at rest - 0,08 

1.05 +0.07 455 3 SECHI-ZORN 73 HBC K - p  at rest -0 ,13  
0.97 4"0.15 57 COLE 71 HBC K - p  at rest 
1.11 4"0.09 180 BIERMAN 68 HBC 

3 An additional negative systematic error is included for internal radiative corrections and 
latest form factors; see BOURQUIN 83c. 

r(n~-~)/r(. .-)  r4/r~ 
VALUE(units 10 -3) EVTS DOCUMENT ID TECN COMMENT 
0.45-k0.04 OUR FIT 
0.484-0.04 OUR AVERAGE 
0.38• 13 COLE 71 HBC K - p  at rest 
0.434"0.06 72 ANG 69 HBC K - p  at rest 
0.434"0.09 56 BAGGETT 69 HBC K - p  at rest 
0.564"0.20 11 BAZIN 658 HBC K - p  at rest 
0.66• 22 COURANT 64 HBC 

r(ae-p~ rg/r~ 
VALUE (units 10 -4) EVTS DOCUMENT IO TECN COMMENT 
0Ji744-0.0~7 OUR FIT 
0,S744-0.027 OUR AVERAGE 
0.561• 1620 4 BOURQUIN 82 SPEC SPS hyperon beam 
0.63 -~0.11 114 THOMPSON 80 ASPK Hyperon beam 
0.52 • 31 BALTAY 69 HBC K - p  at rest 
0.69 • 31 EISELE 69 HBC K -  p at rest 
0.64 +0.12 35 BARASH 67 HBC K - p  at rest 
0.75 4"0.28 11 COURANT 64 HBC K - p  at rest 

4The value is from BOURQUIN 838, and includes radiation corrections and new accep- 
tance. 

E -  DECAY PARAMETERS 

See the "Note on Baryon Decay Parameters" in the 
Older, outdated results have been omitted. 

neutron Listings. 

a _ F O R E - - *  n~-  
VALUE EVES DOCUMENT ID TECN COMMENT 
--0.1~84-0.008 OUR AVERAGE 
--0.0624"0.024 28k HANSL 78 HBC K - p  ~ s  + 
-0.0674"0.011 60k BOGERT 70 HBC K - p  0.4 GeV/c 
-O.071~O.012 51k BANGERTER 69 HBC K -  p 0.4 GeV/c 

ANGLE FOR E -  ~ mr -  (tan§ --/~ / -y) 
VALUE (o) EVTS DOCUMENT ID TECN COMMENT 

10"I-lS OUR AVERAGE 
+ 5 •  1092 5 BERLEY 70B HBC n re_scattering 

144"19 1385 BANGERTER 698 HBC K -  p 0.4 GeV/c 

5 BERLEY 708 changed from --5 to + 5 ~ to agree with our sign convention. 

gA/gV FOR E -  ~ ne-Pe 

TRIPLE CORRELATION COEFFICIENT D for E -  .-~ ne-P e 
The coefficient D of the term D P.(~eX~u) In the s  ~ n e - ~  decay angular 
distribution. A nonzero value would indicate a violation of time-reversal Invarlance. 

VALU~ EVTS DOCUMENT ID TE, CN COMMENT 

0.114-0.10 5Ok HSUEH 88 SPEC E -  250 GeV 

gV/IA FOR E -  --* Ae-Ve 
For the sign convention, see the "Note on Baryon Decay Parameters" in the neutron 
Listings. The value is predicted to be zero by conserved vector current theory. The 
values averaged assume CVC-SU(3) weak magnetism term. 

VA~_UE EVT5  DOCUMENT ID TECN COMMENT 
0,01 4"0.10 OUR AVERAG I= Error Includes Scale factor of 1.5. See the ideogram 

below, 
-0 .034•  1620 9 BOURQUIN 82 SPEC SPS hyperon beam 
-0 .29 4"0,29 114 THOMPSON 80 ASPK BNL hyperon beam 
-0 .17 4-0,35 55 TANENBAUM 758 SPEC BNL hyperon beam 
+0.45 • 186 9,10 FRANZINI 72 HBC 

9The sign has been changed to agree with our convention. 
10The FRANZINI 72 value includes the events of earlier papers, 

IW~ / IA  FOR E -  --* ,~e -p ,  
The values quoted assume the CVC prediction g v  = O. 

VALUE ~VTS DOCUMENT tO TECN COt~MENT 
2A =1:1.7 OUR AVERAGE 
1.754-3.5 114 THOMPSON 80 ASPK BNL hyperon beam 
3.5 4-4.5 55 TANENBAUM 758 SPEC BNL hyperon beam 
2.4 4-2.1 186 FRANZINI 72 HBC 

GUREV 

E -  REFERENCES 

We have omitted some papers that have been superseded by later experi- 
ments. See our earlier editions. 

93 JETPL 57 400 Gur'ev. Denisov, Zkelamkov, Ivanov+ (PNPI) 
Translated from ZETFP 57 389. 

Measurements with fewer than 500 events have been omitted. Where necessary, signs 
have been changed to agree with our conventions, which are given in the "Note on 
Baryon Decay Parameters" in the neutron Listings. What is actually listed is I g l / f l  - 
O.23792/fl l . This reduces to g A / g V  =- gl(O)/f l (O) on maklngthe usual assumption 
that g2 = 0. See also the note on HSUEH 88. 

VALUE EVTS DOCUMENT ID TECN COMMENT 
0.3404-0.017 OUR AVERAGE 

+0.327~-0.007• 50k 6 HSUEH 88 SPEC s  250 GeV 
+0.34 +0.05 4456 7 BOURQUIN 83C SPEC SPS hyperon beam 

0.385• 3507 8 TANENBAUM 74 ASPK 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.29 • 25k HSUEH 85 SPEC See HSUEH 88 

0.17 +0.07 519 DECAMP 77 ELEC Hyperon beam - 0.09 

6 The sign Is, with our conventions, unambiguously positive. The value assumes, as usual, 
that g2 = 0. If g2 is Included in the fit, than (with our sign convention) g2 = -0 .56  :l: 
0.37, with a corresponding reduction of g A / g V  to +0.20 i 0.08. 

7BOURQUIN 83c favors the positive sign by at least 2.6 standard deviations. 
8TANENBAUM 74 gives 0.435 4- 0.035, assuming no q2 dependence in gA and gV '  The 

listed result allows q2 dependence, and is taken from HSUEH 88. 

f2(O)/fl(0) FOR E -  ~ ne-V e 
The signs have been changed to be in accord with our conventions, given in the "Note 
on Baryon Decay Parameters" in the neutron Listings. 

VALUE EVTS DOCUMENT ID TECN COMMENT 
0.97=1:0.14 OUR AVERAGE 

+0.96•177 5Ok HSUEH 88 SPEC _T- 250 GeV 
+1.02•  4456 BOURQUIN 83C SPEC SPS hyperon beam 

GALL 88 PRL 60 186 +Austin+ (BOST. MIT, WILL, CIT, CMU, WYOM) 
HERTZOG 88 PR D37 1 1 4 2  +Eckhause+ (WILL, BOST, MIT, CIT, CMU, WYOM) 
HSUEH 88 PR D38 2056 + (CHIC, ELMT, FNAL, IOWA, ISU, PNPI, YALE) 
ZAPALAC 86 PRL 57 1526 + (EFI, ELMT, FNAL. IOWA, ISU, PNPI, YALE) 
HSUEH 85 PRL 54 2399 +Muller+ (CHIC, ELMT, FNAL, ISU, PNPh YALE) 
WAH 85 PRL 55 2551 +Cardello, Cooper, Teig+ (FNAL, IOWA, ISU) 
BOURQUIN 83B ZPHY C21 27 + (BRIS. GEVA, HEIOP, LALO. RL, STRB) 
BOURQUIN 83C ZPHY C21 17 + (BRIS. GEVA. HEIDP, LALO. RL, STRB) 
DECK 83 PR D28 1 +Beretvas, Devlin. Luk+  (RUTG. WISC, MICH, MINN) 
BOURQUIN 82 ZPHY C12 307 +Blown+ (BRIS, GEVA, HEIOP, LALO, RL. STRB) 
MARRAFFINO 80 PR D21 2501 +Reucroft, RODs, Waters+ (VAND, MPIM) 
THOMPSON 80 PR D21 25 +Cletand, Cooper, Dris, Engels+ (PITT, BNL) 
HANSL 78 NP B132 45 +Manz, Matt, Reucroft, Settles+ (MPIM, VAND) 
DECAMP 77 PL 66B 295 +Badler, Bland, Chollet, G~nlard+ (LALO, EPOL) 
CONFORTO 76 NP B105 189 +Gopal, Kalmus, Litchfield, Ross+ (RHEL, LOIC) 
DUGAN 75 NP A254 396 +A~ano, Chert, Cheag, Hu, LIdofsky+ (COLU, YALE) 
TANENBAUM 75B PR D12 1 8 7 1  +Hungerbuhler+ (YALE, FNAL, BNL) 
EBENHOH 74 ZPHY 266 367 +Eisete, EnKdmaan. Filthuth, Hepp+ (HEIDT) 
TANENBAUM 74 PRL 33 175 +Hungerbuhler+ (YALE, FNAL, BNL) 
EBENHOH 73 2PHY 264 413 +Eisele. Filtkuth, Hepp, Lelmer, Thouw+ (HEIDT) 
SECHI-ZORN 73 PR D8 12 +Snow (UMO) 
BOHM 72 NP 848 1 + (BERL, KIDR, BRUX, IASD, DUUC, LOUC+) 
FRANZINI 72 PR D6 2417 + (COLU, HELD, UMD, STON) 
ROBERTSON 72 Thesis UM178-008T/ (liT) 
BAKKER 71 LNC 1 37 +Hoogland, Kluyver, Massard+ (SABRE Collab.) 
COLE 71 PR D4 631 +Lee-Franzin~, Lo~le~s, Baltay+ (STON, COLU) 

Also 69 Thesis Nevis 175 No(ton (COLU) 
TOVEE 71 NP B33 493 + (LOUC, KIDR, BERL, 8RUX, DUUC, WARS) 
BERLEY 70B PR D1 2015 +Yamin, Hertzbach, Kofler+ (BNL. MASA, YALE) 
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BOGERT 70 PR D2 6 +Lucas, Taft, Willis. Beday+ (8NL, MASA, YALE) 
EISELE 70 ZPHY 238 372 +Filthuth, Hepp. Presser, Zech (HELD) 
PDG 70 RMP 42 No. 1 Barbarc-GalUerL Derenzo, Price+ (LRL, BRAN, CERN+) 
ANG 69 ZPHY 223 103 +Eisele. Enselmann, Filthurh+ (HELD) 
ANG 698 ZPHY 228 151 +Ebenhoh, ~sele, Engelmann, Filthuth+ (HELD) 
BAGGETT 69 PRL 23 249 +Kehoe, Snow (UMD) 
BALTAY 69 PRL 22 615 +Franzinl, Newman, Norton+ (COLU, STON) 
BANGERTER 69 Thesis UCRL 19244 (LRL) 
BANGERTER 69B PR 187 1 8 2 1  +AlSton-Garnjost, Galtleri, Gershwin+ (LRL) 
BARLOUTAUD S9 NP 814 153 +DeBellefon. Granet+ (5ACL, CERN, HELD) 
EISELE 69 ZPHY 221 I +Engelmann, Filthuth. Fohlisch, Hepp+ (HELD) 
BIERMAN 68 PRL 20 1459 +Kounosu, Nauenberg+ (PRIN) 
HEPP 68 ZPHY 214 71 +Schle~ch (HELD) 
WHITESIDE 68 NC 54A 537 +Gollub (DEER) 
8ARASH 67 PRL 19 181 +Day. Glasser, Kehoe, Knop+ (UMD) 
CHANG 66 PR 151 1081 (COLU) 
BAZIN 65B PR 140B 1358 +Piano, Schmidt+ (PRIN, RUTG, COLU) 
OOSCH 65 PL 14 239 +Engelmann, Filthuth. Hepp. Kluge+ (HELD} 

Also 66 PR 151 1081 Chang (COLU) 
5CHMIDT 65 PR 140B 1328 (COLU) 
BURNSTEIN 64 PRL 13 66 +Day, Kekoe, Zorn, Snow (UMD) 
COURANT 64 PR 136B 1 7 9 1  +Filthuth+ (CERN, HELD, UMD, NRL, BNL) 
BARKAS 63 PRL 11 26 +Dyer, Heckman (LRL) 
HUMPHREY 62 PR 127 1305 +Ro~s (LRL) 

]-F(1385) P131 '(:P) = I(3+) Status: >Y*~<>Ir 

Discovered by ALSTON 60. Early measurements of the mass and 
width for combined charge states have been omitted. They may be 
found in our 1984 edition Reviews of  Modern Physics 86 No. 2 Pt. 
II (1984). 

We average only the most significant determinations. We do not 
average results from inclusive experiments with large backgrounds 
or results which are not accompanied by some discussion of ex- 
perimental resolution. Nevertheless systematic differences between 
experiments remain. (See the ideograms in the Listings below.) 
These differences could arise from interference effects that  change 
with production mechanism and/or beam momentum. They can 
also be accounted for in part by differences in the parametriza- 
tions employed. (See BORENSTEIN 74 for a discussion on this 
point.) Thus BORENSTEIN 74 uses a Breit-Wigner with energy- 
independent width, since a P-wave was found to give unsatisfactory 
fits. CAMERON 78 uses the same form. On the other hand HOLM-  
GREN 77 obtains a good f i t  to  their ATr spectrum with a P-wave 
Breit-Wigner, but includes the partial width for the I '~r decay mode 
in the parametrization. AGUILAR-BENITEZ 81D gives masses and 
widths for f ive different Breit-Wigner shapes, The results vary con- 
siderably. Only the best-fit 5-wave results are given here. 
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Baryon Particle Listings 
z--, z-(1385) 

Z'(1385) MASSES 

z ( t= . )+  MASS 
VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
].3~LB'kOA OUR AVERAGE Error includes scale factor of 2.0. See the ideogram below. 

1384.1:E0.7 1897 BAUBILLIER 84 HBC K - p  8.25 GeV/c 
1384.5:E0.5 5256 AGUILAR-_. 81D HBC K -  p ~ A~r~r 4.2 

GeV/c 
1383.0• 9361 AGUILAR-... 81D HBC K - p  ~ A31r 4.2 

GeV/c 
1381.9:E0.3 6900 CAMERON 78 HBC K - p  0.96-1.36 GeV/c 
1381 •  6846 BORENSTEIN 74 HBC K - p  2.18 GeV/c 
1383.5• 2300 HABIBI 73 HBC K - p  ~ AlrTr 
1382 •  400 AGUILAR-... 72e HBC K - p  ~ ATr's 
1384.4:E1.0 1260 SIEGEL 67 HBC K - p  2.1 GeV/c 
1382 :El 750 ARMENTEROS65B HBC K - p  0.9-1.2 GeV/c 
1381.0• 859 HUWE 64 HBC K - p  1.22 GeV/c 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

1385.1• 600 BAKER 80 HYBR x + p  7 GeV/c 
1383.2+1.0 750 BAKER 80 HYBR K - p  7 GeV/c 
1381 + 2  7k 1BAUBILLIER 798 HBC K - p  8.25 GeV/c 
1391 •  2k CAUTIS 79 HYBR l r + p / K - p  11.5 GeV 
1390 •  100 1 SUGAHARA 798 HBC 7r -p  6 GeV/c 
1385 •  22k 1,2 BARREIRO 77e HBC K - p  4.2 GeV/c 
1385 •  2594 HOLMGREN 77 HBC See AGUILAR 81D 
1380 •  1 BARDADIN-... 75 HBC K - p  14.3 GeV/c 
1382 4-1 3740 3 BERTHON 74 HBC K - p  1263-1843 MeV/c 
1390 :E6 46 AGUILAR-... 70s HBC K - p  ~ s 4 

GeV/c 
1383 ~:8 62 4 BIRMINGHAM 66 HBC K - p  3.5 GeV/c 
1378 •  135 LONDON 66 HBC K - p  2.24 GeV/c 
1384.3:E1.9 250 4SMITH 65 HBC K - p  1.8 GeV/c 
1382.6:t:2.1 250 4 SMITH 65 HBC K - p  1.95 GeV/c 
1375.04-3.9 170 COOPER 64 HBC K - p  1.45 GeV/c 
1376.0:E3.9 154 4 ELY 61 HLBC K - p  1.11 GeV/c 

WEIGHTED AVERAGE 
1382.8t"0.4 (Error scaled by 2.0) 

�9 �9 BAUBILLIER 84 HBC 3.5 
LI / - t -  �9 AGUILAR-... 81D HBC 11.7 
~ J - \ . / C ~ . . .  AOUILAR .... 81D HBC 0.3 

. . v . t ' ' CAMERON 78 HBC 8.8 

. . . .  / �9 �9 BORENBTEIN 74 HBC 3. 2 
- ~ - - -  -/" - HABIBI 73 HBC 0.7 

- - -  "," .AGUILAR .... 728 HBC 0.2 
~ �9 ' SIEGEL 67 HBC 2.6 
. . . .  t �9 . ARMENTEROS65B HBC 0.6 _ _ /  .... \..H0W  

, ~ (?onfidence Level 0.001) 

1375 1380 1385 1390 

Z(1385)  + mass (MeV)  

~(z3cs) o MASS 
VALUE (MeV) EVT$ DOCUMENT ID TECN COMMENT 
1383-7-1"1.0 OUR AVERAGE Error includes scale factor of 1,4. See the ideogram below. 

1384.1i0.8 5722 AGUILAR-... 81D HBC K - p  .~ A3~r 4.2 
GeV/c 

1380 :E2 3100 5BORENSTEIN 74 HBC K - p ~  A37r2.18 
GeV/c 

1385.1+2.5 240 4THOMAS 73 HBC ~ r - p ~  A~r0K 0 
�9 �9 * We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1389 •  500 6 BAUBILLIER 798 HBC K -  p 8.25 GeV/c 

WEIGHTED AVERAGE 
1383.7• (Error scaled by 1.4) 

1375 1380 1385 

~ (1385)  0 mass (MeV)  

rll~m)- MASS 
VAL UE (MeV) EVT5 
1387.24-0.5 OUR AVERAGE 

2 

. . . . . . . . . .  AGUILAR-... 81D HBC 0.3 

. . . . . . . . . .  BORENSTEIN 74 HBC 3.3 
THOMAS 73 HBC 0.3 

4.0 
(Confidence Level = 0.136) 

1390 1395 1400 

DOCUMENT ID TECN COMMENT 
Error Includes scale factor of 2.2. 

1388.3• 620 AGUILAR-... 81D HBC 

1384.9:E 0.8 3346 AGUILAR-.. 81D HBC 

1387.64-0.3 9720 CAMERON 78 HBC 
1383 •  2303 BORENSTEIN 74 HBC 
1390.7• 1900 HABIBI 73 HBC 
1387.1• 630 4 THOMAS 73 HBC 
1390.7~ 2.0 370 SIEGEL 67 HBC 
1384 :El 1380 ARMENTEROS65B HBC 
1385.3• 1086 4 HUWE 64 HBC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

See the ideogram below. 

K - p ~  A ~ r  4.2 
GeV/c 

K - p ~  A3~ 4.2 
GeV/c 

K-- p 0.96-1.36 GeV/c 
K -  p 2.18 GeV/c 
K - p ~  A~r~r 
l r-  p ~ A ' x -  K + 

K -  p 2.1 GeV/c 
K -  p 0.9-1.2 GeV/c 
K - p  1.15-1.30 GeV/c 

1383 • 1 
1380 4-6 
1387 •  
1391 •  
1383 -~2 
1389 :El 
1389 •  
1391.5• 
1399.8• 
1392.0:E6.2 
1382 4-3 
1376.0• 

4.5k 1 BAUBILLIER 79B HBC 
150 1 SUGAHARA 79B HBC 
12k 1,2 BARREIRO 77B HBC 
193 HOLMGREN 77 HBC 

1 BARDADIN-... 75 HBC 
3060 3 BERTHON 74 HBC 

15 LONDON 66 HBC 
120 4 SMITH 65 HBC 
58 4 SMITH 65 HBC 

200 COOPER 64 HBC 
93 DAHL 61 DBC 

224 4 ELY 61 HLBC 

K- p 8.25 GeV/c 
~r- p 6 GeV/c 
K-  p 4.2 GeV/c 
See AGUILAR 81D 
K-p 14.3 GeV/c 
K -  p 1263-1843 MeV/c 
K -  p 2.24 GeV/c 
K - p  1.8 GeV/c 
K- p 1.95 GeV/c 
K -  p 1.45 GeV/c 
K -  d 0.45 GeV/c 
K--p 1,11 GeV/c 
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, (1385) 

WEIGHTED AVERAGE 
1387~2iO,5 (Error scaled by 2.2) 

. . . .  AGUILAR-.., 81D HBC 0.4 
' - I -  . . . . . . .  AGUILAR-... 81D HBC 8.1 

. . . . . . .  CAMERON 78 HBC 1.9 
I ]1  . . . . . . .  BORENSTEIN 74 HBC 4.4 

J l  ~ " " HABIBI 73 HBC 8.6 
- -  ~ . . . . . .  THOMAS 73 HBC 0.0 

J ] t �9 SIEGEL 67 HBC 3.1 
�9 ~" '1 . . . . . . .  ARMENTEROS65B HBC 10.1 

" 't . . . . . . .  HUWE 64 HBC 1.0 

(Confidence Level 0.001) 

1375 1380 1385 1390 1395 1400 

) - (1385)--  mass (MeV)  

ms )- -- m,~(13u)+ 

VALUE (MeV) CL.~.% DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

- 2 to + 6  95 7 BORENSTEIN 74 HBC K - p  2.18 GeV/c 
7.2:51.4 7HABIBI  73 HBC K - p ~  /i~Tr 
6.3:52.0 7 SIEGEL 67 HBC K - p  2.1 GeV/c 

11 :59 7LONDON 66 HBC K - p 2 . 2 4 G e V / c  
9 :56 LONDON 66 HBC A3~r events 
2,0:5 1,5 7 ARMENTEROS65B HBC K -  p 0.9-1.2 GeV/c 
7.2• 7 SMITH 65 HBC K -  p 1.8 GeV/c 

17.2-1-2.0 7 SMITH 65 HBC K -  p 1.95 GeV/c 
17 :57 7 COOPER 64 HBC K - p  1.45 GeV/c 
4.3:52.2 7 HUWE 64 HBC K -  p 1,22 GeV/c 
0.0:54.2 7 ELY 61 HLBC K - p  1.11 GeV/c 

mz~(z.~sp - mz.(zam)+ 

VALUEIMeV ) CL~ DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

- 4  to :54 95 7 BORENSTEIN 74 HBC K -  p 2.18 GeV/c 

ms )- - mjc(tau P 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2.09:2,4 7THOMAS 73 HBC l r - p ~  A ~ : - K  + 

s WIDTHS 

s + WIDTH 
VALUE (MeV) --EVT5 DOCUMENT ID TECN COMMENT 
35.O:E 0.8 OUR AVERAGE 
37.2:5 2.0 1897 BAUBILLIER 84 HBC K -  p 8.25 GeV/c 
35.1:5 1,7 5256 AGUILAR-... 81D HBC K -  p ~ AwTr 4.2 

GeV/c 
37,5:5 2.0 9361 AGUILAR-... 81D HBC K - p  ~ A31r 4.2 

GeV/c 
35.59:1.9 6900 CAMERON 78 HBC K - p  0.96-1.36 GeV/c 
34.0:5 1.6 6846 8 BORENSTEIN 74 HBC K - p  2.18 GeV/c 
38.3:5 3.2 2300 9 HABIBI 73 HBC 
32.5• 6,0 400 AGUILAR-... 72B HBC 
3 6 : 5  4 1260 9 SIEGEL 67 HBC 
32,0:5 4.7 750 9 ARMENTEROS65B HBC 
46,5:5 6.4 859 9 HUWE 64 HBC 
�9 �9 �9 We do not use the following data for averages, fits, limits, 

600 BAKER 80 HYBR 
750 BAKER 80 HYBR 

7k 1 BAUBILLIER 79B HBC 
2k CAUTIS 79 HYBR 

4 0 : 5 3  
37 : 5 2  
37 : 5 2  
3 0 : 5 4  
3 O : 5 6  
43 : 5 5  
3 4 : 5 2  
40.09:3.2 
4 8 9 : 3  
33 :E20 

25 9:32 
30.3:5 7.5 
33.1:5 8.3 
51 9:16 
48 :516 

K - p  ~ A1r~r 
K - p ~  A~r's 
K - p  2.1 GeV/c 

s ~ WIDTH 
VALUE (MeV) EVTS DOCUMENT 10 TECN COMMENT 
36 :l: 6 OUR AVERAGE 
34.89:5,6 5722 AGUILAR-... 81D HBC K - p  ~ A31r 4.2 

GeV/c 
39.3:510.2 240 9THOMAS 73 HBC 7 r - p ~  A~rOK 0 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

53 9 : 8  3100 IOsORENSTEIN 74 HBC K - p ~  A3~r2.18 
GeV/c 

30 • 9 106 CURTIS 63 OSPK ~r -p  1.5 GeV/c 

s WIDTH 
VALUE (MeV) EVTS DOCUMENT IO TECN COMMENT 
35.4:1:2.1 OUR AVERAGE Error includes scale factor of 1.7. See the Ideogram below. 

38,4-t-10.7 620 AGUILAR-.., 81D HBC K - p  ~ A~:Ir 4.2 
GeV/c 

34.69:4.2 3346 AGUILAR-... 81D HBC K - p  ~ A3~r 4.2 
GeV/c 

39.2:5 1.7 9720 CAMERON 78 HBC K - p  0.96-1.36 GeV/c 
35 • 3 2303 8BORENSTEIN 74 HBC K - p 2 . 1 8 G e V / c  
51,9~ 4,8 1900 9HABIBI  73 HBC K - p ~  AlrTr 
48,2:5 7.7 630 9THOMAS 73 HBC ~r-p--~ AT r -K  0 
31.09:6.5 370 9 SIEGEL 67 HBC K -  p 2.1 GeV/c 
38.O:5 4.1 1382 9 ARMENTEROS658 HBC K -  p 0.95-1.20 GeV/c 
62 9 : 7  1086 HUWE 64 HBC K - p  1.16-1.30 GeV/c 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

44 :E 4 4.5k 1BAUBILLIER 79B HBC K - p  8.25 GeV/c 
58 :5 4 150 1SUGAHARA 79B HBC l r - p 6 G e V / c  
45 9 : 5  12k 1,2 BARREIRO 77B HBC K -  p 4.2 GeV/c 
35 9:10 193 HOLMGREN 77 HBC See AGUILAR 81D 
4 7 : 5  6 1BARDADIN-. . .75 HBt~ K - p 1 4 . 3 G e V / c  
4 0 : 5  3 3060 3 BERTHON 74 HBC K -  p 1263-1843 MeV/c  
29,2:510,6 120 9SMITH 65 HBC K - p  1.80 GeV/c 
17.19:8.9 58 9 SMITH 65 HBC K -  p 1.95 GeV/c 
8 8 : 5 2 4  200 9 COOPER 64 HBC K - p  1.45 GeV/c 
40 DAHL 61 DBC K - d  0.45 GeV/c 
66 9:18 224 9 ELY 61 HLBC K - p  1.11 GeV/c 

WEIGHTED AVERAGE 
39,4:tr2,1 (Error scaled by 1.7) 

�9 AGUILAR-... 
- - ~  I . . . . . . . . . . .  AGUILAR .... 

/ ' ~  . . . . . . . . . .  CAMERON 
~" . . . . . . . . . .  BORENSTEIN 74 HBC 2,2 

I ~ "--F-'- . . . . .  HABIBI 73 HBC 6.7 
I ~ . . . . . .  THOMAS 73 HBC 1.3 

~. . . . . . . . .  SIEGEL 67 HBC 1.7 
/ " -F -~  . . . . . . . .  ARMENTEROS65B HBC 0.1 
/ ~ J ""  HUWE 64 HBC 10.4 

nfldenca Level 0,002) 

0 20 40 60 80 1 O0 

~ 2  

81D HBC 0.0 
81D HBC 1.3 
78 HBC 0.0 

~ ( 1 3 8 5 ) -  width (MeV)  

K -  p 0.95-120 GeV/c 
K - p  1.15-1.30 GeV/c 

etc. �9 �9 �9 

~r%p 7 GeV/c 
K -  p 7 GeV/c 
K -  p 8.25 GeV/c 
~r-}" p / K -  p 11.5 GeV 

Z'(1385) POLE POSITIONS 

s + REAL PART 
VALUE DOCUMENT ID COMMENT 
1379-I-1 LICHTENBERG74 Extrapolates HABIBI 73 

L'(131~)+ -IMAGINARY PART 
VALUE DOCUMENT IO COMMENT 
1 7 . 5 i l , 5  LICHTENBERG74 Extrapolates HABIBI 73 

s REAL PART 
100 1 SUGAHARA 79B HBC ~ -  p 6 GeV/c 
22k 1,2 BARREIRO 77B HBC K -  p 4.2 GeV/c 

2594 HOLMGREN 77 HBC See AGUILAR 81D 
1 BARDADIN-... 75 HBC K -  p 14.3 GeV/c 

3740 3 BERTHON 74 HBC K -  p 1263-1843 MeV/c 
46 9 AGUILAR-... 70B HBC K -  p ~ .~r 's  4 

GeV/c 
62 9 BIRMINGHAM 66 HBC K -  p 3.5 GeV/c 

250 9 SMITH 65 HBC K - p  1.8 GeV/c 
250 9 SMITH 65 HBC K -  p 1,95 GeV/c 
170 9 COOPER 64 HBC K -  p 1.45 GeV/c 
154 9 ELY 61 HLBC K - p  1.11 GeV/c 

VALUE DOCUMENT IO COMMENT 

1383:51 LICHTENBERG74 Extrapolates HABIBI 73 

s -IMAGINARY PART 
VA~UE (~OCUMENT ID (~OMMENT 

22,5+1.5 LICHTENBERG74 Extrapolates HABIBI 73 
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Mode 

E(1385) DECAY MODES 

Fraction ( F i / r )  

F1 A= 88• % 
r2 ~~r 12• % 
F3 A"f 
r4 z l '  
F~ NK 

The above branching fractions are our estimates, not fits or averages. 

Z'(1385) BRANCHING RATIOS 

r(z.)/r(~.) r=/r~ 
VALUE DOCUMENT Ip "I'~N CHG COMMENT 

O.13B-J-O~L1 OUR AVERAGE 
0 . 2 0 : 5 0 . 0 6  DIONISI 78B HBC :E K - p  ~ Y * K K  
0 . 1 6 : 5 0 . 0 3  BERTHON 74 HBC + K - p  1.26-1.84 

GeV/c  
0 . 1 1 : 5 0 . 0 2  BERTHON 74 HBC K - p  1.26-1.84 

GeV/c  
0 . 2 1 : 5 0 . 0 5  BORENSTEIN 74 HBC + K - p  

A~r+ . - ,  
Eo=+=- 

0.18 4-0.04 M A S T  73 M P W A  :5 K - p  .-~ 
A~r+ ~ - ,  
Z'O ~. + ~r - 

0.10 :EO.05 T H O M A S  73 HBC - ~ r - p ~  A K x ,  
. E K x  

0 . 1 6 : 5 0 . 0 7  AGUILAR-.. .  728 HBC + K - p  3.9, 4.6 
GeV/c 

0 . 1 3 : 5 0 . 0 4  COLLEY 71B DBC - 0  K -  N 1.5 GeV/c  
O .13 :50 .04  PAN 69 HBC + ~ r + p - *  AK~r, 

E K x  
0 . 0 8 : 5 0 . 0 6  LONDON 66 HBC + K - p  2.24 GeV/c  
0.163:50.041 ARMENTEROS658 HBC • K - p  0.r 

GeV/c 
0.09 4-0.04 HUWE 64 HBC ::E K - p  1.2-1.7 GeV 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.04 ALSTON 62 HBC ~-0 K - p  1.15 GeV/c  
0 . 0 4 : 5 0 . 0 4  BASTIEN 61 HBC • 

r(A.O/r~, rdr 
VALUe' EVTS DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.17:50.17 1 MEISNER 72 HBC 1 event only 

r(A-0/r(A.) r=/rl 
VALU~ CL~ DOCUMENT ID TECN ~'QMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.06 90 COLAS 75 HLBC K - p  875-970 MeV 

r(~>1) Ir(A.) r41r~ 
VALUE CL~ DOCUMENT I o TECI~ COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.05 90 COLAS 75 HLBC K -  p 575-970 MeV 

(rlrr)Y'/r~= In N~'---.  E(I~) --. Air (rmro~/r 
VALUE DOCUMENT ID CHG COMM~.NT 
+0.586:50.319 11 DEVENISH 74B 0 Flxed-t dispersion rel. 

Z'(1385) FOOTNOTES 
1 From f i t  to  Inclusive Air spectrum. 
2 Includes data of  HOLMGREN 77. 
3The  errOrs are statistical only. The resolution Is not unfolded. 
4The  error Is enlarged to  r / v ~ .  See the note on the K* (892 )  mass In the 1984 edition, 
8From a f i t  t o / t w  o with the width fixed at 34 MeV. 
6 From f i t  to  Inclusive A~r 0 spectrum with the width fixed at 40 MeV. 
7 Redundant with data In the mass Listings. 
8 Results from A l r+~r  - and A ~ r + ~ r - l r  0 combined by us. 
9The  error Is enlarged to  4 1 " / ~ .  See the note on the K* (892 )  mass in the 1984 edition. 

10 Consistent with + ,  0, and - widths equal, 
11An extrapolation of  the parametdzed amplitude below threshold. 
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Z(1385), Z(1480) Bumps 

BAUBILLIER 
PDG 
AGUILAR-... 81D 
BAKER 80 
BAUBILLIER 79B 
CAUTIS 79 
6UGAHARA 796 
CAMERON 78 
DIONISI 78B 
BARREIRO 77B 
HOLMGREN 77 
BARDADIN-.. 75 
COLAS 75 
BERTHON 74 
BORENSTEIN 74 
DEVENI6H 74B 
LICHTENBERG 74 

Also 74B 
HABIBI 73 

AlSo 73 
MAST 73 

AlSO 73B 
THOMAS 73 
AGUILAR-,. 72B 
MEtSNER 72 
COLLEY 71B 
AGUILAR-... ?0B 
PAN 69 
SIEGEL 67 
BIRMINGHAM 
LONDON 66 
ARMENTEROS SSB 
SMITH 65 
COOPER 64 
HUWE 64 

Also 69 
CURTIS 63 
ALSTON 62 
BASTIEN 61 
DAHL 61 
ELY 61 
ALSTON 60 

E(1385) REFERENCES 

ZPHY C23 213 + (BIRM, CERN, GLAS, MSU. CURIN 
RMP 56 No. 2 Pt. II Wold, Cahn, Rirtenbers+ (LBL, CIT, CERN 
AFIS A77 144 Aguilar-Baeitez, Salicio (MADR) 
NP BIf~ 207 +Cltima, Do-nan, QbM;, Hall, Miller+ (LOIC 
NP B148 18 + (BIRM, CERN, GLAS, MSU, CURIN 
NP B136 507 +Ballam, Boachct. Carroll, Chadwick+ (SLAC 
NP 8156 237 +Ochixl. Fukul. Cooper+ (KEK. OSKC. KINK 
NP 8143 189 +Franek. Gopal. Bacon. Butterworth+ (RHEL. L1)IC 
PL 78B 154 +Armenteros. Oiaz (CERN. AMST. NUM. OXF) 
NP B126 319 +Berse, Ga.lIuli, BlokzUI+ (CERN, AM6T, NIJM 
NP 8119 261 +Aguilat-Banitez, Kluyver+ (CERN, AMST, NIJM 
NP B98 418 Ba#dadin-Otwin~ka+ (SACL, EPOL. RHEL 
NP BSl 253 +Fatwdl, Ferrer, Six (ORSAY 
NC 21A 146 +Tristram+ (CDEF, RHEL, SACL, STRB 
PR 09 3 0 0 6  +Kalbflelsch, Strand+ (BNL, MICH 
NP B81 330 +Froggast. Martin {DESY, NORD, LOUC 
PR D10 3865 (IND 
Private Com.. Lichtenber6 (IND 
Thesis Nevi$ 199 (COLU) 
Purdue Conf. 387 BaBay, Bridsewater, Cooper+ (COLU, BING) 
PR I)7 3212 +Banserter , Alston-GarnJost+ (LBL) IJP 
PR D7 5 Mast, Bang�9 Alston-Garnjo~t+ (LBL) IJP 
NP BS6 15 +EnKler, Fisk, Kraemer (CMU) JP 
PR D6 2S Al[uila~*Banitez, Chung, Eisner, Samios (BNL) 
NC 12A 62 (UNC, LBL) 
NP B31 31 +Cox, E ~ ,  Fry+ (BIRM, EDIN, GLAS, LOIC) 
PRL 25 58 Aguilar-Benitez, Barnes, Bassano+ (BNL, SYRA) 
PRL 23 808 +For.an (PENN) I 
Thetis UCRL 18041 {LRL) 
PR 152 1148 (BIRM, GLAS, LOIC, OXF, RHEL) 
PR 143 1034 +Rau, Goddber(, Lichtman+ (BNL, SYRA)J 
PL 19 75 + (CERN, HELD, SACL) 
Thed~ UCLA (UCLA) 
PL 8 365 +Filthuth, Frklman, Malamud+ (CERN, AMST) 
Thesis UCRL 11291 (LRL) JP 
PR 180 1824 Huwe (LRL) 
PR 132 1771 +Coffin, Meyer, Terwill/ier (MICH) J 
CERN Conf. 311 +Alvarez, Ferro-Luzzi+ (LRL) 
PRL 6 702 +Ferro-Luz]J, Ro~enfed (LRL) 
PRL 6 142 +Horwitz, Miller, Murray, White ( )LRL 
PRL 7 461 +Fun 6, Gidal, Pan, Powell, White (LRL) J 
PRL 5 520 +Alvarez, Eberh~d, Good, Grazlano+ (LRL) I 

I 

~ Z'(1480) Bumps I ;(:e) = 1(??) Status: * 

O M I T T E D  FROM SUMMARY TABLE 
These are peaks seen in ATr and ETr spectra in the reaction ~r+p -+ 
(Ylr)K + at 1.7 GeV/co Also. the Y polarization oscillate6 in the 
same region. 

MILLER 70 suggests a possible alternate explanation in terms of a 
reflection of N(1675) -~ AK decay. However, such an explanation 
for the (Z'+Tr~ + channel in terms of Z1(1650) --~ Z'K decay 
seems unlikely (see PAN 70). In addition such reflections would also 
have to account for the oscillation of the Y polarization in the 1480 
M e V  region, 

H A N S O N  71, w i th  less data than PAN 70, can nei ther  conf i rm nor 
deny the existence o f  th is state.  M A S T  75 sees no s t ructure in th is 

region in K - p  --~ ATr O. 

ENGELEN 80 perform6 a mul t ichannel  analysis o f  K -  p - *  p K 0  ~ r -  
at  4.2 G e V / c .  They  observe a 3.5 s tandard-deviat ion signal a t  1480 

M e V  in p~-O which cannot  be explained as a ref lect ion o f  any com-  
pet ing channel. 

~:(z4eo) MASS 
(PRODUCTION EXPERIMENTS)  

VALUE (MeV) EVTS DOCUMENT It) TEEN CHG COMMENT 
e~ 1410 OUR E~rlMATE 

1480 120 ENGELEN 80 HBC + K -  p 
(p~O)~-  

1485:510 CLINE 73 M P W A  - K - d  --~ 
(ATr - )p  

14794-10 PAN 70 HBC + ~r+p 
(A~r+)K + 

1465:515 PAN 70 HBC + l r + p  --* 
( I : . ) K  + 

VALUE (MeV) 

80:520 

40:520 

31:515 

304-20 

~(1480)  W I D T H  
(PRODUCTION EXPERIMENTS) 

Ev'rs DOCUMENT ID TEEN CH._GG COMMENT 

120 ENGELEN 80 HBC + K - p  
(p~O)~-  

CLINE 73 M P W A  - K - d  
(A, - )p  

PAN 70 HBC + l r + p  - .  
( A l r + ) K  + 

PAN 70 HBC + l r-Fp 
( ~ ~') K + 
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Baryon Particle Listings 
X(1480) Bumps, X(1560) Bumps, ~T(1580) 

~(1480) DECAY MODES 
(PRODUCTION EXPERIMENTS) 

Mode 

r l  N K  

r 2 A~r 
r3 ~.r 

s BRANCHING RATIOS 
(PRODUCTION EXPERIMENTS) 

r(s 
VALUE DOCUMENT ~ TEEN CHG 

0.824-0.51 PAN 70 HBC + 

r(NA~/r(~.) 
VALUE DOCUMENT ~ T~CN CHG 

0.724-0.50 PAN 70 HBC + 

s BRANCHING RATIOS 
(PRODUCTION EXPERIMENTS) 

r(s + r(s 
VALUE DOCUMENT ID TEEN 

0.35• DIONISI 78B HBC 

r ( ~ . ) I r ~  
VALUE DOCUMENT ID TEEN 

r=/(rl+r=) 
CHG COMMENT 

• K - p - - ,  
(Y~r)K-K 

rl/r 
CHG COMMENT 

LOCKMAN 78 SPEC • pp-.-~ A~r+~r -X 

r~/r~ 

rz/r= 

E(1,,560) FOOTNOTES 
(PRODUCTION EXPERIMENTS) 

1The width observed by LOCKMAN 78 is consistent with experimental resolution. 

s REFERENCES 
(PRODUCTION EXPERIMENTS) 

r ( N ~ I r ~  r~Ir 
VALI,)~ DOCUMENT ID TECN COMMENT 

small CLINE 73 MPWA K - d  ~ (A~r - )p  

~(14g0) REFERENCES 
(PRODUCTION EXPERIMENTS) 

ENGELEN 80 NP B167 61 +Jongejans. Dionid+ (NIJM, AMST, CERN, OXF) 
MAST 75 PR Dll 3078 +Alston-Garnjost. Banlerter+ (LBL) 
CLINE 73 LNC 6 205 +Laumann, Mapp (WlSC) ILP 
HANSON 71 PR D4 12% +Kaimus, Louie (LBL)I 
MILLER 70 Duke Conf. 229 (PURD) 
PAN 70 PR 02 49 +Forman, Ko, Hagopian, suove (PENN) 

Also 69 PRL 23 808 Pail, Forman (PENN) I 
Also 69B PRL 23 806 Pan. Forman (PENN) I 

l (1560) Bumps I = ,(::) S,atus: * *  
OMITTED FROM SUMMARY TABLE 

This entry lists peaks reported in mass spectra around 1560 MeV 
without implying that they are necessarily related. 

DIONISI 78B observes a 6 standard-deviation enhancement at 
1553 MeV in the charged A / E *  mass spectra from K - p  --, 
( A / E ) T r K - K  at 4.2 GeV/c. In a CERN ISR experiment, LOCK- 
MAN 78 reports a narrow 6 standard-deviation enhancement at 1572 
MeV in ATr • from the reaction p p  --~ A 1 r + I r - X .  These enhance- 
ments are unlikely to be associated with the s (which has not 
been confirmed by several recent experiments - see the next entry 
in the Listings). 

CARROLL 76 observes a bump at 1550 MeV (as well as one at 
1580 MeV) in the isospin-1 R N  total cross section, but uncertain- 
ties in cross section measurements outside the mass range of the 
experiment preclude estimating its significance. 

See also MEADOWS 80 for a review of this state. 

s  MASS 
(PRODUCTION EXPERIMENTS) 

VALUE {MeV) EVTS DOCUMENT ID TEEN CHG COMMENT 
m ~ OUR EErlMATE 

1553• 121 DIONISI 78B HBC • K - p  
( Y , ) K - K  

15724-4 40 LOCKMAN 78 SPEC 4- pp - *  A ~ + I r - X  

s WIDTH 
(PRODUCTION EXPERIMENTS) 

VALUE (MeV) EVTS DOCUMENT ID TEEN CHG COMMENT 

79• 121 DIONISI 78B HBC 4- K -  p 
( Y ~ ' ) K K  

154- 6 40 1LOCKMAN 78 SPEC • p p ~  A~ r+ l r -X  

E(1560) DECAY MODES 
(PRODUCTION EXPERIMENTS) 

Mode Fraction ( r t / r )  

r I A~r seen 

r2 ETr 

MEADOWS 80 Teronto Conf. 283 (ClNC) 
DIONISI 78B PL 78B 154 +Armenteros, Diaz (CERN. AMST, NIJM, OXF) I 
LOCKMAN 78 Saclay OPHPE 78-01 +Meyer, Rander, Poster, Schle~n+ (UCLA, SACL) 
CARROLL 76 PRL 37 806 +Chiang, Kycia, Li, Mazur, Michael+ (BNL) I 

JEO58o) o, J , ( ~ )  _ - 1 ( ] - ) S t a t u s :  * *  

OMITTED FROM SUMMARY TABLE 
Seen in the isospin-1 K N  cross section at BNL (L173, CARROLL 76) 
and in a partial-wave analysis of K - p  --, ATr 0 for c.m. energies 

1560-1600 MeV by LITCHFIELD 74. LITCHFIELD 74 finds JP  = 

3/2- .  Not seen by ENGLER 78 or by CAMERON 78C (with larger 
statistics in K ~  p -.-* A~r + and ~O~r+). 

s MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 
ill 11110 OUR ESTIMATE 

15834-4 1 CARROLL 76 DPWA Isospin-1 total 
1582• 2 LITCHFIELD 74 DPWA K - p  ~ ATr 0 

s WIDTH 

VALUE (MeV) DOCUMENT IO "TEEN COMMENT 

15 1 CARROLL 76 DPWA Isospln-1 total <~ 
11• 2 LITCHFIELO 74 DPWA K - p  ~ A~r 0 

s DECAY MODES 

Mode 

F 1 N K  
r2 A~ 
r3 E~ 

s BRANCHING RATIOS 

See "Sign conventions for resonance couplings" In the Note on A and 
Resonances. 

r (N~I r~ . ,  r11r 
VALUE DOCUMENT ID TECN COMMENT 

+0.03• 2 LITCHFIELD 74 DPWA KN multlchannel 

(rFr)~/r~,~ In N'R..-~ s ~ A~ (rlr=)'~/r 
VALUE .DOCUMENT ID T~(/N COMMENT 

not seen CAMERON 78c HBC K Op --* A~r -F 
not seen ENGLER 78 HBC K~ ~p --~ Air + 

-I-0.10• 2 LITCHFIELD 74 DPWA K - p  ~ A~r 0 

(rFr)V=/r==l In N'~--~ s --* s  (r;rs)Y,/r 
VAI.I.I~ DOCUMENT ID T~C N COMMENT 

not seen CAMERON 78c HBC KOp ~ EOlr+ 

not seen ENGLER 78 HBC KULp ~ E01r+ 
+0.03• 2 LITCHFIELD 74 DPWA KN multlchannel 

s FOOTNOTES 
1CARROLL 76 sees a total-cross-section bump with (J+1/2) rel / rtota I = 0.06. 
2The main effect observed by LITCHFIELD 74 is in the A* final state; the KN and 

E~r couplings are estimated from a multichannel fit including total-cross-section data of 
LI 73. 



See key on page 213 
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Baryon Particle Listings 
~(1580),  Z(1620), z(1620) Production Experiments 

Z(1,~O) REFERENCES 

CAMERON 78C NP B132 189 +Cap~luppi+ (BGNA. EDIN, GLAS, PISA, RHEL)I 
ENGLER 78 PR DZS 3061 +KeyeS, Kriemer, Tanaka, Cho+ (CMU, ANL) 
CARROLL 76 PRL 37 806 +Chiang, Kycia, LJ, Mazur, Michael+ (BNL) I 
LITCHFIELD 74 PL SIB 509 (CERN) IJP 
LI 73 Purdue Conf. 283 (BNL) I 

IE0620) I : 1( �89 * *  

OMITTED FROM SUMMARY TABLE 
The 511 state at 1697 MeV reported by VANHORN 75 is tentatively 
listed under the E(1750). CARROLL 76 sees two bumps in the 
isospin-1 total cross section near this mass. 

Productlon experiments are listed separately in the next entry. 

E(1620) MASS 

VALUE {MeV) DOCUMENT ID TEEN COMMENT 
=u 1620 OUR ES'FIMATE 

16004- 6 1 MORRIS 78 DPWA K -  n ~ A i r -  
. 16084- 5 2CARROLL 76 DPWA Isospln- l total~ 

16334-10 3 CARROLL 76 DPWA Isospln-1 total 
1630/:10 LANGBEIN 72 IPWA K N  multichannel 
1620 KIM 71 DPWA K~matrlx analysis 

E(1620) WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

874-19 1MORRIS 78 DPWA K - n ~  ATr- 
15 2 CARROLL 76 DPWA Isospln-1 total ~, 
10 3 CARROLL 76 DPWA Isospln-1 total 
654-20 LANGBEiN 72 IPWA KNmult lchannel 
40 KIM 71 DPWA K-matrix analysis 

Z(1620) DECAY MODES 

Mode 

I- 1 N K  
r2 A~r 
r 3 E ~  

I E(1620) Production Experiments I 
I(J P) = 1(? ?) 

OMITTED FROM SUMMARY TABLE 
Formation experiments are listed separately In the previous entry. 

The results of CRENNELL 69B at 3.9 GeV/c are not confirmed by 
SABRE 70 at 3.0 GeV/c. However, at 4.5 GeV/c, AMMANN 70 
sees a peak at 1642 MeV which on the basis of branching ratios they 
do not associate with the E(1670). See MILLER 70 for a review of 
these conflicts. 

zpr MASS 
(PRODUCTION EXPERIMENTS) 

VALUE (MeV) EVTS DOCUMENT ID TEEN CHG COMMENT 
~. 1620 OUR ESTIMATE 

16424-12 AMMANN 70 DBC K -  N 4.5 GeV/c 
16184- 3 20 BLUMENFELD69 HBC + KOp 

16194- 8 CRENNELL 69B DBC 4- K -  N ~ A~r~r~ 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

16164- 8 CRENNELL 68 DBC 4- See CREN- 
NELL 698 

E(1620) WIDTH 
(PRODUCTION BIPERIMENTS) 

VALUE {MeV) EVTS DOCUMENT ID TEEN CHG COMMENT 

554-24 AMMANN 70 DBC K - N  4.5 GeV/c 
304-10 20 BLUMENFELD 69 HBC + 

2 22 CRENNELL 69B DBC :E 
- 15 

�9 �9 �9 We do not use the following data for averages, fits, ,mRs, etc. �9 �9 �9 

664-16 CRENNELL 68 DBC :~ See CREN- 
NELL 69B 

E(1620) BRANCHING RATIOS 

r(N~Ir~., r11r 
VALU~ DOCUMENT ID TEEN COMMENT 

0.22/:0.02 LANGBEIN 72 IPWA K N  multlchannel 
0.05 KIM 71 DPWA K-matrix analysis 

(rFfl%/r~,i In NR--~ r(16201 --~ A .  (rlr2)%/r 
VALUI~ DOCUMENT Ip TEEN COMMENT 

0.124-0.02 1MORRIS 78 DPWA K - n ~  A~r- 
not seen RAILLON 75 IPWA K N  --~ ATr 
0.15 KIM 71 DPWA K-matrix analysis 

(rFr)~/rt==l In N~' -~  E(1620) --* E l f  (rlr3)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

not  seen HEPP 76B DPWA K -  N ~ Z'Tr 
0.404-0.06 LANGBEIN 72 IPWA -RNmultlchannel 
0.08 KIM 71 DPWA K-matrix analysis 

E(1620) FOOTNOTES 
1MORRIS 78 obtains an equally good fit without Including this resonance. 
2Total cross-section bump with (J+1 /2 )  Fel / I-tota I is 0.06 seen by CARROLL 76. 

3Total cross-section bump with (J+1/2)  re l  / Ftota I Is 0.04 seen by CARROLL 76. 

E(1l~,0) REFERENCES 

MORRIS 78 PR D17 55 +Albrlght, Co~leraine, Kimel, Lannutti (FSU) IJP 
CARROLL 76 PRL 37 806 +Chiang, Kycla, Li, Mazur, Michael+ (BNL) I 
HEPP 7SB PL 65B 487 +Braun, Grimm, Strobele+ (CERN, HEIDH, MPIM) IJP 
BAILLON 75 NP B~ 39 +Litchfield (CERN, RHEL)UP 
VANHORN 75 NP B87 145 (LBL) IJP 

Also 75B NP B87 157 VanHorn (LBL)IJP 
LANGBEIN 72 NP B47 477 +Wagner (MPIM) IJP 
KIM 71 PRL 27 356 (HARV) IJP 

Also 70 Duke Conf. 161 Kim (HARV) IJP 

Mode 

E(1620) DECAY MODES 
(PRODUCTION EXPERIMENTS) 

I-1 N-K 
F 2 A~r 

r3  ~ I r  

F4 A=~r 
r5 ,E(1385) ~r 
F 6 A(1405)~" 

r(A..)Ir(A.) 
VALUE 

~ 2 , 5  

r(NZ)/r(A.) 
VALUE 

0.44-0.4 
0.04-0.1 

r(A-)/rt=,i 
VALUE 

large 

r(E(13eSl.)IrM.) 
VALUE 

<0.3 95 
0.24-0.1 

r(z.)/r(A,) 
VALUE CL~ 

<1.1 95 

r(aO4OSl.)Ir(a.) 
wlu~ 
0.74-0,4 

E(1620) BRANCHING RATIOS 
(PRODUCTION EXPERIMENTS) 

EVES ~OCUMENT ~ T~N CHG 

14 BLUMENFELD69 HBC + 

rdr2 

r=/r= 
DOCUMENT ID TEEN CH.~.G COMMENT 

AMMANN 70 DBC K - p  4.5 GeV/c 
CRENNELL 68 DBC + See CREN- 

NELL 69B 

r=/r 
DOCUMENT ID TECN CHG 

CRENNELL 68 DBC 4- 

rdr= 
DOCUMENT ID T~CN CH.._G.G COMMENT 

AMMANN 70 DBC K - p  4.5 GeV/c 
CRENNELL 68 DBC 4- 

DOCUMENT ID T~:CN COMMENT 

AMMANN . 70 DBC K -  N 4.5 GeV/c 

DOCUMENT ID TEE N COMMENT 

AMMANN 70 DBC K - p  4.5 GeV/c 

rdr= 

r=/r= 
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Baryon Particle Listings 
E(1620) Production Experiments, E(1660), E(1670) 

E(1620) REFERENCES 
(PRODUCTION EXPERIMENTS) 

AMMANN 70 PKL 24 327 +GarSnkel, Carmoey, Gutsy+ (PURD, IND) 
Also 73 PR D7 1345 Amma.n, Carmcmy, Garflnkel+ (PURD, IUPU) 

MILLER 70 Duke Cone 229 (PURD) 
SABRE 70 NP B16 201 (SABRE Collab.) 
BLUMENFELD 69 PL 29B 58 (BNL) I 
CRENNELL 69B Land Paper 183 (BNL, CUNY)I 

Results are quoted in LEVI-SETTI 69C. 
Also 69C Lund Conf. (EFI) 

CRENNELL 68 PRL 21 648 (BNL, CUNY) I 
I 

I -r066~ e' l 
For results published before 1974 (they are now obsolete), see our 
1982 edition Physics Letters 111B (1982). 

Badoutaud. Merdl, Schever+ 
+Kalbfleirch 
+Ka~hon, Lal, O'Neil. Scarr+ 

LevI-SetU 
+Debney, Flaminio, Karshoe+ 

I(J P) = 1(�89 +)  Status: * * *  

E(1660) MASS 

VALUE (MeV} DOCUMENT ID TECN COMMENT 
1630 to lr, RO (~  1660) OUR ESTIMATE 

1665.14.11.2 1 KOISO 85 DPWA K - p  --~ ~ r  
1670 4-10 GOPAL 80 DPWA ~ N ~  "~N 
1679 4-10 ALSTON-... 78 DPWA ~N---~ K N  
1676 •  GOPAL 77 DPWA ~rNmultlchannel 
1668 4-25 VANHORN 75 DPWA K - p  ~ A~r 0 
1670 ~20  KANE 74 DPWA K - p - ~  ~ x  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1565 or 1597 2 MARTIN 77 DPWA ~ N  multlchannel 
1660 4.30 3BAILLON 75 IPWA "KN--*  A~ 
1671 4. 2 4 PONTE 75 DPWA K - p  ~ A~r 0 

E(1660) WIDTH 

VALUE (MeV) DOCUMENT IO TECN COMMENT 
40 to 200 ( ~  100) OUR ESTIMATE 

81.5• 22.2 1 KOI80 85 
152 • 20 GOPAL 
38 4. 10 ALSTON-... 

120 4. 20 GOPAL 

23O +165 - 60 VANHORN 

250 4.110 KANE 74 DPWA K - p ' - ~  ~s 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

202 or 217 2 MARTIN 77 DPWA K N  multlchannel 
80 • 40 3 BAILLON 75 IPWA K'N ~ /hr 
81 4. 10 4pONTE 75 DPWA K - p . - *  A~r 0 

DPWA K - p  ~ ~ l r  
80 DPWA ~ 'N  ~ K N  
75 DPWA K N  ~ K N  
77 DPWA K N  multlchannel 

75 DPWA K - p  .--* A~r 0 

Z"(1660) DECAY MODES 

Mode Fraction ( r l / r )  

r I NK lO-3O % 
I- 2 Air seen 
1"3 ~ "  seen 

E(lfl60) BRANCHING RATIOS 

See ~Slgn conventions for resonance couplings" In the Note on A and 
Resonances. 

r(NX)/r~,l rdr 
VALUE DOCUMENT ID T~(;N COMMENT 

0.1 to 0.3 OUR ESTIMATE 
0.124-0.03 GOPAL , 80 DPWA ~ N  ~ ~ N  
0.104.0.05 ALSTON-... 78 DPWA K N  ~ ~ N  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.04 GOPAL 77 DPWA See GOPAL 80 
0.27 or 0.29 2 MARTIN 77 DPWA R N  muRichannel 

(r~rf)V=/rt=,l In N~--~ ~(1660) .-~ Ax- (r,r=)Y=/r 
VALU E DOCUMENT ID TECN (~OMMENT 

< 0.04 GOPAL 77 DPWA KNmultlchannel 

0 1~+O~12 VANHORN 75 DPWA K - p . - *  Air 0 " ' ~ -0 .04  
�9 �9 �9 We do not use the following data for averages, fits, IImRs. etc. �9 �9 �9 

-0 .10  or -0 .11  2 MARTIN 77 DPWA K N  multichannel 
-0.044.0.02 3 BAILLON 75 IPWA K N  ~ Air 
+0.164-0.01 4 PONTE 75 DPWA K - p  ~ Ax 0 

(r,r,)~=/rtm= In N~---~ E( l~O)  ~ Z'lr (r=r3)~/r 
VALUE DOCUMENT ~ TECN COMMENT 

-0 .13+0 .04  ZKOISO 85 DPWA K - p ~  ~Tr 
-0.164-0.03 GOPAL 77 DPWA K N  multlchannel 
-0.114.0.01 KANE 74 DPWA K - p  --~ ~ l r  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0 .34  or -0 .37  2 MARTIN 77 DPWA K N  muRIchannel 
not seen HEPP 76B DPWA K -  N ~ ~ x  

E'(161rzo) FOOTNOTES 
1 The evidence of KOISO 85 Is weak. 
2The two MARTIN 77 values are from a T-matrix pole and from a Brelt-Wlgner fit. 
3 From solution 1 of BAILLON 75: not present In solution 2. 
4 From solution 2 of PONTE 75; not present In solution 1. 

E( I~O)  REFERENCES 

KOISO 85 NP A433 519 +Sai, Yamamoto, Kofler (TOKY, MASA) 
PDG 82 PL l l lB Roos, porter, A5uilar-BenItez+ (HELS, CIT, CERN) 
GOPAL 80 Toronto Conf. 159 (RHEL) IJp 
ALSTON-.. 78 PR D18 152 Alston-Garnjost, Kenney+ (LBL, MTHO, CERN)IJp 

Also 77 PRL 38 1 0 0 7  Alston-Gan~cst. Kenney+ (LBL, MTHO, CERN)IJP 
GOPAL 77 NP Bl19 362 +Ross, VanHorn, McPherson+ (LOIC, RHEL)IJP 
MARTIN 77 NP B127 349 +Pidcock, Moorhouse (LOUC, GLAS) I JR 

AlSO 77B NP B125 266 Martin. Pidcock (LOUC) 
Also 77C NP B126 285 Martin, Pldcock ( )LOUC UP 

HEPP 76B PL 65B 4~/ +Braun. Grimm, Strobele+ (CERN, HEIOH. MPIM)IJp 
BAILLON 75 NP B94 39 +Litchfleld (CERN, RHEL) IJp 
PONTE 75 PR D12 2 5 9 7  +Hertsbach. Button-Sharer+ (MASA. TENN. UCR) IJP 
VANHORN 75 NP B87 145 (LBL) IJP 

75B NP B87 157 VallHorn (LBL) IJP 
KANE 74 LBL-2452 I ) LBL IJP 

THE ~(1670) REGION 

Production ezperiments:The measured Elr/STr~r 

branching ratio for the ~(1670) produced in the reaction 
K-p--,  7r-E(1670) + is strongly dependent on momentum 

transfer. This was first discovered by EBERHARD 69, who 

suggested that there exist two ~7 resonances with the same 
mass and quantum numbers: one with a large ,UTrlr (mainly 

A(1405)Tr) branching fraction produced peripherally, and the 
other with a large ,Ulr branching fraction produced at 

larger angles. The experimental results have been confirmed 

by AGUILAR-BENITEZ 70, ASPELL 74, ESTES 74, and 
TIMMERMANS 76. If, in fact, there are two resonances, 

the most likely quantum numbers for both the STr and the 

A(1405)Tr states are D13. There is also possibly a third E in 
this region, the E(1690) in the Listings, the main evidence 

for which i s ' a  large A~/E~ branching ratio. These topics 

have been reviewed by EBERHARD 73 and by MILLER 70. 

Formation experiments: Two states are also observed 

near this mass in formation experiments. One of these, the 

E(1670)D13, has the same quantum numbers as those observed 

in production and has a large Srr/2~TrTr bra~tching ratio; it 

may well be the S(1670) produced at larger angles (see TIM- 

MERMANS 76). The other state, the ~U(1660)P11, has different 
quantum numbers, its ETr/2JTrTr branching ratio is unknown, 
and its relation to the produced ~7(1670) states is obscure. 
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I(J P) = 1 ( ~ - )  Status: * * * *  

For most results published before 1974 (they are now obsolete), see 
our 1982 edition Physics Letters 111B (1982). 

Results from production experiments are listed separately in the next 
entry. 

E(1670) MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
1665 to 1MIS (m 1670) OUR ESTIMATE 
1665.1• 4.1 �9 K O I S O  85 DPWA K - p  ~ s 
1682 • 5 GOPAL 80 DPWA "KN ~ K N  
1679 :EIO ALSTON-... 78 DPWA K N  --* K N  
1670 :J: 5 GOPAL 77 DPWA ~ N m u l t l c h a n n e l  
1670 :t: 6 HEPP 76B OPWA K -  N ~ s 
1685 •  BAILLON 75 IPWA K N  ~ A~r 

1659 +12  VANHORN 75 DPWA K - p  ~ A~r 0 
- 5 

1670 :E 2 KANE 74 DPWA K - p - *  ~ r  
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

1667 or 1668 1 MARTIN 77 DPWA K N  multichannel 

1650 DEBELLEFON 76 IPWA K - p  ~ A~r 0 
1671 :E 3 PONTE 75 DPWA K - p ~  A~r0(sol. 1) 
1655 • 2 PONTE 75 DPWA K - p ~  A~rO(sol. 2) 

s WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
40 to 80 (m 60) OUR ESTIMATE 
65.0:E 7.3 KOISO 85 DPWA K - p - - ~  s 
79 •  GOPAL 80 DPWA K N  ~ K N  
56 •  ALSTON- . .  78 DPWA K N  ~ K N  
50 • 5 GOPAL 77 DPWA K N  mult lchannel 

56 =E 3 HEPP 76e DPWA K -  N ~ s 
85 :E25 BAILLON 78 IPWA K N  ~ A~r 
32 :1:11 VANHORN 75 OPWA K - p  ~ A~r 0 
79 + 6 KANE 74 DPWA K - p - +  ~ r  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

46 or 46 1 MARTIN 77 DPWA K N  multichannel 
80 DEBELLEFON 76 IPWA K - p ~  A~r 0 
44 : E l l  PONTE 75 DPWA K - p  ~ Arc 0 (sol. 1) 
76 :E 5 PONTE 75 DPWA K - p  ~ A~r 0 (sol. 2) 

]C(1670) DECAY MODES 

Mode Fraction ( l ' l / F )  

r I NK" 7-13 % 
F 2 A ~r 5-1s % 
F 3 ~" ~ 30-60 % 

F 4 A~r~r 

F 5 ~'~r~r 

F 6 Z ' ( 1 3 8 5 ) x  

F 7 Z'(1385)~r, S-wave 
F 8 A(1405)~r 
F9 A(zs2o)~r 

The above branching fractions are our estimates, not fits or averages. 

Z(1670) BRANCHING RATIOS 

See "Sign conventions for resonance couplings" in the Note on /I and s 
Resonances. 

r(N~Ir~,, 
VALU E DOCUMENT IO TECN 
0.07 to 0.13 OUR ESTIMATE 
0.10•  GOPAL 80 DPWA 
0.11:1:0.03 ALSTON- . ,  78 DPWA 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, 

0.08• GOPAL 77 DPWA 
0.07 or 0.07 1 MARTIN 77 DPWA 

(rzrr)~/r~i In N~'--~ ~C(1670)--~ Ax 
VALUE DOCUMENT ID T~CN 

0.17 :E0.03 2 MORRIS 78 OPWA 
0.13 •  2 MORRIS 78 

+0.10 •  GOPAL 77 
+0.06 ~0.02 BAILLON 75 
+0.09 •  VANHORN 75 
+ 0 . 0 1 8 •  0.060 DEVENISH 74B 

Baryon Particle 
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 (z67o) 

�9 �9 �9 We do not use the following data for averages, fits, l imits, 

+0.08 or +0.08 1 MARTIN 77 DPWA 
+0.05 DEBELLEFON 76 IPWA 

0.08 +0.01 PONTE 75 DPWA 
0.17 •  PONTE 75 DPWA 

(rzrr)~/r~. In N~'--*  s ~ ,Y~r 
VAloUr: DOCUMENT IO TECN 

+0.20:E0.02 KOISO 85 DPWA 
+ 0.21:E0.02 GOPAL 77 DPWA 
+0 .20•  HEPP 76B DPWA 
+ 0.21:J: 0.03 KANE 74 DPWA 
�9 �9 �9 We do not use the following data for averages, fits, l imits, 

+0.18 or +0.17 1 MARTIN 77 DPWA 

r(ar 
VAI~UE ~90(;UMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.11 ARMENTEROS68E HBC K -  p (1"1=0.09) 

etc. �9 �9 o 

K N  mulfichannel 
K- -p  ~ Air O 
K - p  ~ ATr 0 (sol. 1) 
K -p . . . 4  A~r0 (sol. 2) 

(rsr=l~/r 
COMMENT 

K - p - - *  s  
K N  m uitlchannel 
K - N ~  s  
K - p ~  E~r 

etc. �9 �9 �9 

K N  mult lchannel 

r4/r 

(rzrr)~/r~., tn N ~ - ~  s -~ Z'(Z385)w, S-wave (rsr~)~/r 
VALUE DOCUMENT IO TECN ~OMM~NT 

+0.11•  PREVOST 74 DPWA K -  N - ~  Z'(1385)x 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.17:E0.02 3SIMS 68 DBC K - N - *  A1rlr 

r(~:r rdr  
VALUE/ DOCUMENT ID T~: N COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.14 4 ARMENTEROS68E HBC K -  p, K -  d (1"1=0 .09 )  

r (A(14os) w ) / r t ~ i  rdr  
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.06 ARMENTEROS68E HBC K - p ,  K - d  ( r1=0.09)  

rzrr/~==, in N~'--~ s --~ A(1405)lr rsrdr = 
VALUE DOCUMENT ID T~CN COMMENT 

0.007+0.002 5BRUCKER 70 DBC K - N ~  s 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.03 BERLEY 69 HBC K - p  0.6-0.82 GeV/c 

r(A(14osllr)/r(~:0~ss).) r,/r6 
VALUE DOCUMENT ID TECN (:OMM~NT 

0.23• BRUCKER 70 DBC K -  N ~ Z ' x l r  

(r, rr )~/r~ In N~ ' -~  s --~ A(lS20)lr (rsrg)~/r 
VALUE DOCUMENT ID TECN COMMENT .. 

0.081• 6 CAMERON 77 DPWA P-wave decay 

s FOOTNOTES 
1The two MARTIN 77 values are from a T-matr ix  pole and from a Breit-Wigner fit. 
2 Resuits are with and wi thout  an 511 ,.r'(1620) ]n the f i t .  

3SIMS 68 uses only cross-section data. Result used as upper l imi t  only. 
4Ratio only for E27r system in I = 1, which cannot be s 
5 Assuming the A(1405)lr cross-section bump is due only to 3 / 2 -  resonance. 
6The CAMERON 77 upper l imi t  on F-wave decay is 0.03. 

KOISO 85 
PDG 82 
GOPAL 80 
ALSTON-... 78 

Also 77 
rs/r MORRIS 78 

CAMERON 77 
COMMENT GOPAL 77 

MARTIN 77 
K N  ~ K N  Also 77B 

Also T/C 
K N - - ~  K N  �9 DEBELLEFON 76 
etc. �9 �9 �9 HEPP 76B 

BAILLON 75 
See GOPAL 80 PONTE 75 
K N  mult ichannel VANHORN 75 

Also 75B 
DEVENISH 74B (r )~/r KANE 74 zr2 PREVOST 74 

~:QMMENT BRUCKER 70 
BERLEY 69 

K -  n ~ ATr-  ARMENTEROS 68E 
DPWA K -  n ~ A x -  SIMS 68 
DPWA K N  mult lchannel 
IPWA K N  -*  Ax 
DPWA K - p ~  A~r 0 

Fixed-t dispersion rel. 

NP A433 619 
PL 111B 
To~onto Conf. 159 
PR D18 182 
PRL 38 1007 
PR O17 55 
NP B131 399 
NP Bl19 362 
NP B127 349 
NP B126 266 
NP B126 285 
NP B109 129 
PL 65B 487 
NP B94 39 
PR D12 2597 
NP B87 145 
NP Be7 157 
NP BBL 330 
LBL-2452 
NP B69 246 
Duke ConL 155 
PL 3OB 43O 
PL 28B 521 
PRL 21 1413 

E(1670) REFERENCES 

+Sai, Yamamoto, Kofler (TOKY, MASA) 
Roos, porter, Aguilar-Benltez+ (HELS, CIT, CERN) 

(RHEL) UP 
Alston-GarnJost, Kenney+ (LBL, MTHO, CERN)IJP 
Alston-Garnjost. Kenney+ (LBL, MTHO. CERN)IJP 

+Albdght. Colleraine. Kimel, Lannutti (FSU) IJP 
+Franek, Gopal, Kalmus, McPherso~+ (RHEL. LOIC)IJP 
+Ross, VanHorn, McPherson+ (LOIC, RHEL)IJP 
+Pidcock, Mo~house (LOUC, GLAS)IJP 

Martin, Pidccck (LOUC) 
Martin, Pidcock (LOUC) UP 
De Bcq~efon, Bert~n (CDEF) IJP 

+Braun, Grimm, Strobele+ (CERN, HEIDH, MPIM) IJP 
+Litchfletd (CERN. RHEL) IJP 
+Hertzbach, Button-Sharer+ (MASA. TENN, UCR)IJP 

(LBL) IJP 
VanHo(n {LBL) IJP 

LOUC +Froggatt, Martin (DESY, NORD, ( LBL! i 
IJP 

+Badoutaud+ (SAC[., CERN. HELD) 
+Harrison. Sims. Nkeight. Chand~r+ (FSU) I 
+Hart. Rahm. Willis. Yamamoto (BNL) 
+BaIIl~l+ (CERN. HELD. SACL) I 
+Albfight , Bartley, Me�9 (FSU, TUFTS, BRAN) 
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E(1670) Bumps 

Iz(1670) Bumps I = ' (:;) 
O M I T T E D  FROM S U M M A R Y  T A B L E  

Formation experiments are listed separately in the preceding entry. 

Probably there are two states at the same mass with the same quan- 
tum numbers, one decaying to ETr and Air, the other to A(1405)Tr. 
See the note In front of the preceding entry. 

�9 "(1670) MASS 

( P R O D U C T I O N  EXPERIMENTS)  

DOCUMENT ID TEEN CHG COMMENT 

1CARROLL 76 DPWA Isospln-1 total o 
2 HEPP 76 DBC K -  N 1.6-1.75 

GeV/c 
K -  p 2,87 

GeV/c 
0 Quasl-2-body r 

K -  p ~ ~ l r l r  
4 GeV 

K - p ~  E31r 
4 GeV 

-t- K -  p 1.51 
GeV/c 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

16684-10 150 3 FERRERSORIA81 OMEG - ~r -p  9,12 
GeV/c 

1655 to 1677 TIMMERMANS76 HBC + K -  p 4.2 GeV/c 
16654- 5 BUGG 68 CNTR K - p ,  d total 
16614- 9 70 PRIMER 68 HBC + See 

BARNES 69E 
1685 ALEXANDER 62c HBC - 0  ~r-p2-2.2 

GeV/c 

VALUE (MeV) EVTS 
se 1670 OUR ESTIMATE 

16704- 4 
1675 4-10 

16654- 1 

1688:E 2 or 1683 4- 5 1200 
16704- 6 

16684-10 

16604-10 

APSELL 74 HBC 

BERTHON 74 HBC 
AGUILAR--. 70e HBC 

AGUILAR-.. 70B HBC 

ALVAREZ 63 HBC 

Z ( 1 6 7 0 )  W I D T H  
( P R O D U C T I O N  EXPERIMENTS)  

VALUE (MeV) EVT$ DOCUMENT ID TEEN CHG COMMENT 

67.04- 2.4 APSELL 74 HBC K - p  2.87 GeV/c 
110 :E12 AGUILAR-... 70B HBC K - p  ~ ~Trlr 4 

GeV 
135 +40 AGUILAR-... 70B HBC K - p  ~ ~3~r 4 

- 30 GeV 
40 4-10 ALVAREZ 63 HBC + 

�9 �9 �9 We do not use the following; data for averages, fits, limits, etc. �9 �9 �9 

90 4-20 150 3 FERRERSORIA81 OMEG - ~r -p  9.12 GEV/c 
52 1CARROLL 76 DPWA Isospln-1 total 
48 to 63 TIMMERMANS76 HBC + K - p  4.2 GeV/c 
30 4-15 BUGG 66 CNTR 
60 4-20 70 PRIMER 68 HBC + See BARNES 69E 
48 ALEXANDER 62C HBC - 0  

Mode 

rl NK 
r2 A~r 
r3  E~r 
F 4 Alr~" 

F5 E * t ~  
F6 E ( 1 3 8 5 ) ~  
r7 A(1405) l r  

E(16" /0 )  DECAY M O D E S  
( P R O D U C T I O N  EXPERIMENTS)  

~ (167Q)  BRANCHING RATIOS 
( P R O D U C T I O N  EXPERIMENTS)  

r(A,)/r(z.) 
VA~UE EVTS DOCUMENT ID TEEN CHG 

0,764-0.09 ESTES 74 HBC 0 

0,454-0,15 BARNES 69E HBC + 

0,154-0.O7 HUWE 69 HBC + 
0.114-0.06 33 BUTTON-... 68 HBC + 

�9 �9 �9 We do not use the following data for averages, fits, limits, e tc . �9  

< 0.454-0.07 TIMMERMANS76 HBC + 
0.554-0.11 BERTHON 74 HBC 0 
0 0 PRIMER 68 HBC § 

<0.6 LONDON 66 HBC + 
1.2 130 ALVAREZ 63 HBC 
1.2 SMITH 63 HBC 

r(A,r,r)/r(z,r) 
VALUE EVTS ~OCUMENT I o TECN 

<0.6 LONDON 66 HBC 
0.56 9O ALVAREZ 63 HBC 
0.17 SMITH 63 HBC 

r(z.,~)/r(z.) 
VAIJ.t~ EV'I'S DOCUMENT ID TEEN CHG 

largest at small angles ESTES 74 HBC 0 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 

<0.2 2 HEPP 76 DBC - 

0.56 180 ALVAREZ 63 HBC + 

r(~140Sl.)/r(z.) 
VALUf~ EVTS DOCUMEN T tO TEEN CHG 

1.8 ~-0.3 toO.02 4- 3,4TIMMERMAN576 HBC + 
0.07 

largest at small ankles ESTES 74 HBC 

3.0 4-1.6 50 LONDON 66 HBC + 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 

0.58• 

r(z.)lr(z.,O 
�9 VALUE 

varies with prod. angle 
1.394-0.16 
2.5 to 0.24 

<0.4 
0.304-0,15 

r(,404OSl.)/r(z,,) 
VALUE 

0.974-0.08 
1.004-0.02 

on+0.10 
"*v--0.16 

r(AO.4os).)Ir(zo.3ss)r 
VALU E 

<0.8 

r(A.rx)/r(Ex.) 
VALUE 

0.35• 

r(A,r)/r(zxx) 
VALU E 

<0.2 

r(a~)l[r(Af) + r(z.)] 
VALI, I~ 

17 PRIMER 68 HBC + 

r (N~ / r ( z . )  
w w ~  EVT~ 

<0.03 
<0.10 
<0.2 
<0,26 

0.025 
<0.24 0 

<0.6 
<0.19 0 

0.5 • 

DOCUMENT It) 

TIMMERMANS76 HBC + 
BERTHON 74 HBC 0 
AGUILAR-.- 70B HBC 
BARNES 69E HBC + 

BUGG 68 CNTR 0 
PRIMER 68 HBC + 

LONDON 66 HBC + 
ALVAREZ 63 HBC + 
SMITH 63 HBC - 0  

rl/r3 
T~CN CH_.G.G COMMENT 

K - p  4.2 GeV/c 
Quasl-2-body o 

K -  p 3.9-5 
GeV/c 

Assuming J = 3/2 
K -  p 4.6-5 

GeV/c 
K - p  2.28 GeV/c 
K -  p 1.15 GeV/c 

<0.6 

r ( z O ~ l . ) / r ( z . )  
VAt UE 

0 .21•  

VALUE 

JP = 3 /2 -  
JP = 3 / 2 -  
JP = 3/2 + 

pOCUMENT ID TECN CHG 

5 APSELL 74 HBC + 
BERTHON 74 HBC 0 

4 EBERHARD 69 HBC 
BIRMINGHAM 66 HBC + 
LONDON 66 HBC -i- 

pOCUMENT ~ TECN H ~  

TIMMERMANS76 HBC 
APSELL 74 HBC 

EBERHARD 65 HBC + 

DOCUMEN T ID TEEN CHG.G 

EBERHARD 65 HBC + 

DOCUMENT ID TEEN CH.~G 

BIRMINGHAM 66 HBC + 

DOCUMENT ID T~ECN CHG 

BIRMINGHAM 66 HBC + 

DOCUMENT ID TECN 

AGUILAR-... 70B HBC 

r=/r= 
COMMENT 

K -  p 2.1,2.6 
GeV/c 

K -  p 3.9-5 
GeV/c 

K -  p 1.7 GeV/c 

K -  p 4.2 GeV/c 
Quasl-2-body o 
See BARNES 69E 
K -  p 2.25 GeV/c 

+ K -  p 1.15 GeV/c 
- 0  

r4/rs 
CHG COMMENT 

+ K -  p 2.25 GeV/c 
+ K - p  1.15 GeVJc 
- 0  

rg/rs 
COMMENT 

K -  p 2.1,2.6 
GeV/c 

K -  N 1.6-1.75 
GeV/c 

K -  p 1.15 GeV/c 

rT/r3 
COMMENT 

K -  p 4.2 GeV/c 

K -  p 2.1,2.6 
GeV/c 

K -  p 2.25 GeV/r 

See BARNES 69E 

rs/rs 
COMMENT 

K -  p 2.87 GeV/c 
Quasl-2-body 
K -  p 2.6 GeV/E 
K - p  3.5 GeV/c 
K -  p 2.25 GeV/c 

rT/ra 
COMMENT 

K -  p 4.2 GeV/c 
K -  p 2.87 GeV/c 

K -  p 2.45 GeV/c 

rT/r6 
COMMENT 

K -  p 2.45 GeV/c 

r4/r, 
COMMENT 

K -  p 3.5 GeV/c 

r=/rs 
C(~MMENT 

K -  p 3.5 GeV/c 

r=/(r=+rs) 

DOCUMENT ID TEEN COMMENT 

TIMMERMANS76 HBC K - p  4.2 GeV/c 

E ( 1 6 7 0 )  Q U A N T U M  NUMBERS 
( P R O D U C T I O N  EXPERIMENTS)  

EVT~ DOCUMENT ID TEC~N CHG COMMENT 

400 BUTTON-... 68 HBC • EO~r 
EBERHARD 67 HBC + A(14OS)~r 
LEVEQUE 65 HBC A(140S)~r 

rdr= 



See key on page 213 

E(1670) FOOTNOTES 
1Total cross-section bump with (J+1/2)  rel / Ftota I = 0.23. 
2 Enhancements In ~ x  and E ~  cross sections. 
3 Backward production In the A ~ -  K + final state. 
4 Depending on production angle. 
5APSELL 74, ESTES 74, and TIMMERMANS 76 find strong branching ratio dependence 

on production angle, as In earlier production experiments. 

E(1870) REFERENCES 
(PRODUCTION EXPERIMENTS) 

FERRERSORIA 81 NP B178 373 +Trellle, Rivet, Volte+ (CERN, COEF, EPOL, LALO) 
CARROLL 76 PRL 37 806 +Chlan|, Kyda, U, Mazur, Michael+ (BNL) I 
HEPP 76 NP 8115 82 +Braun, Grimm, Stroebele+ (CERN, HELD, MPIM) I 
TIMMERMANS 76 NP BU2 77 +Enselen+ (NIJM, CERN, AMST, OXF)JP 
APSELL 74 PR D10 1419 +Ford, Gourlvltch+ (BRAN, UMD, SYRA, TUFTS) I 
BERTHON 74 NC 21A 146 +Tristram+ (CDEF, RHEL, SACL, STRB) 
ESTES 74 Thesis LBL-3827 (LBL ) 
AGUILAR*... 70B PRL 25 58 A~ullar-Banitez, Bar.es, Bassano+ (BNL, SYRA) 
BARNES 69E BNL 13823 +ChunK, Eisner, Flamiolo+ (BNL, SYRA) 
EBERHARD 69 PRL 22 200 +Friedman, Pd~teln, Ross (LRL) 
HUWE 69 PR 180 1824 (LRL) 
BUGG 66 PR 168 1466 +Gilmore, Knight+ (RHEL, BIRM, CAVE) I 
BUTTON-... 68 PRL 21 1 1 2 3  Button-Sharer (MASA, LRL)JP 
PRIMER 68 PRL 20 610 +Goldberg, Jaeger, Barnes, Do,nan+ (SYRA, BNL) 
EBERHARO 67 PR 163 1446 +Pdpsteln, Shiv~y, Kruse, Swaasoe (LRL, ILL)IJP 
BIRMINGHAM 66 PR 1S2 1148 (BIRM, GLAS, LOIC, OXF, RHEL) 
LONDON 66 PR 143 1034 +Rau, Goldberl, Lichtman+ (BNL, SYRA) IJ 
EB[:RHARD 65 PRL 14 466 +Shlvely, Ross, Siegel, Ficencc+ (LRL, ILL) I 
LEVEQUE 65 PL 18 69 + (SACL, EPOL, GLAS, LOIC, OXF, RHEL) JP 
ALVAREZ 63 PRL 10 184 +Alston, Ferro-Luzzi, Huwe+ (LRL) I 
SMITH 63 Athens Conf. 67 (LRL) 
ALEXANDER 62C CERN Co,f. 320 +Jacob�9 Kalbflelsch, Miller+ (LRL) I 

E(1690) BumpsJ '(:P) = i(::) St*tuB: ** 
OMITTED FROM SUMMARY TABLE 

See the note preceding the ~'(1670) Listings. Seen in production 
experiments only, mainly in A~r. 

E(I~J0) MASS 
(PRODUCTION EXPERIMENTS) 

VALUE (MeV) EV'I'S DOCUMENT ID TECN CHG COMMENT 
m 1fRO OUR ESTIMATE 

16984-20 70 1GODDARD 79 HBC + ~ + p  10.3 GeV/c 
1707• 40 2 GODDARD 79 HBC + ~-Fp 10.3 GeV/c 
16984-20 15 ADERHOLZ 69 HBC + x + p  8 GeV/c 
16824- 2 46 BLUMENFELD69 HBC + KOp 

1700:1:20 MOTT 69 HBC + K - p  5.5 GeV/c 
16944-24 60 3 PRIMER 68 HBC + K - p  4.6-5 

GeV/c 
17004- 6 4SIMS 68 HBC - K - N . - ~  A~rx 
17184-12 30 COLLEY 67 HBC + K - p  6 GeV/c 

VALUE (MeV) 

2404- 60 

130_+1~ 
1424- 40 
254- 10 

1304- 25 
1054- 35 

62~ 14 
1004- 35 

E(Zrd~0) WIDTH 
(PRODUCTION EXPERIMENTS) 

EVTS DOCUMENT ID TECN CHG COMMENT 

70 1GODDARD 79 HBC + l r+p  10.3 GeV/c 

40 2 GODDARD 79 HBC + ~ + p  10.3 GeV/c 

15 ADERHOLZ 69 HBC + ~ §  8 GeV/c 
46 BLUMENFELD 69 HBC + KOp 

MOTT 69 HBC + K - p  5.8 GeV/c 
60 3 PRIMER 68 HBC + K - p  4.6-5 

GeV/c 
4SIMS 68 HBC - K - N - - ~  A~r~r 

30 COLLEY 67 HBC + K - p  6 GeV/c 

Mode 

E(1690) DECAY MODES 
(PRODUCTION EXPERIMENTS) 

F 1 N K  
I- 2 A~ 
r3 Z'~r 
r4 E(1385)~r 
r8 A 7r lr (including E(1385) ~r) 

r(N~Ir(A.) 
VAW~ 

small 
<0.2 

0.44-0.28 

E(lfRO) BRANCHING RATIOS 
(PRODUCTION EXPERIMENTS) 

rdr= 
~'V'I'~ DOCUMENT ID T ~  N CHG COMMENT 

GODDARD 79 HBC + x + p  10.2 GeV/c 
MOTT 69 HBC + K - p  8.8 GeV/c 

18 COLLEY 67 HBC + 6/30 events 

7O3 

Baryon Particle Listings 
E(1670) Bumps, E(1690) Bumps, E(1750) 

r(z,)Ir(A,) r, lr2 
VA~.I.I~ CL~ DOCUMENT ID TECN CHG ~OM~IEN T 

small GODDARD 79 HBC + ~ + p  10.2 GeV/c 
<0.4 90 MOTT 69 HBC + K - p  5.5 GeV/c 

0.34-0.3 COLLEY 67 HBC + 4/30 events 

r(z(1~)-)Ir(A,O I"411"= 
VA~UE DOCUMENT ID T~C N CHG COMMENT 

<O.5 MOTT 69 HBC + K -  p 5.5 GeV/c 

r ( A . ,  ( Indudl~E(13r (A~r) rg/r= 
VALUE DOCUMENT ID TECN CHG COMMENT 

2.04-0.6 BLUMENFELD69 HBC § 31/18 events 
0.54-0.28 COLLEY 67 HBC + 15/30 events 

r(z(l~),,)lr(,t,.rO~udln=ZlZas),O) r4/rg 
VALUE DOCUMENT ID TECN CHG COMMENT 

large SIMS 68 HBC - K -  N ~ A ~ x  

small COLLEY 67 HBC + K - p  6 GeV/c 

E(I~JO) FOOTNOTES 
(PRODUCTION EXPERIMENTS) 

1From 7r+p ~ ( A ~ + ) K  + .  J >1/2 Is not required by the data. 
2From ~ §  -+ ( A x + ) ( K x )  +.  J >1/2 is Indicated, but large background precludes a 

definite conclusion. 
3See the E(1670) Listings. AGUILAR-BENITEZ 708 with three times the data of 

PRIMER 68 find no evidence for the .~(1690). 
4This analysis, which Is difficult and requires several assumptions and shows no unam- 

biguous ~(1690) signal, suggests JP = 5/2 +.  Such a state would lead all previously 
known Y* traJectodes. 

E(1690) REFERENCES 
(PRODUCTION EXPERIMENTS) 

GODDARD 79 PR D19 1350 
AGUILAR-... 70B PRL 25 58 
ADERHOLZ 69 NP 811 239 
BLUMENFELD 69 PL 29B 58 
MOTT 69 PR 177 1966 

Nso 67 PRL 18 266 
PRIMER 68 PRL 20 610 
SIMS 68 PRL 21 1413 
COLLEY 67 PL 248 489 

+Key, Lust�9 Preatlce, yooa, Gcedoo+ (TNTO, BNL)IJ 
Al~llar-Benltez, Barnes, Bas~ano+ (BNL, SYRA) 

+Battsch+ (AACH3, BERL, CERN, JAGL, WARS) I 
+Kalbflelsch (BNL) I 
+Ammar, Davis, Kropac, Slate+ NWES, ANL I 

Derrick, Fields, Loken, Ammar+ IANL, NWESII 
+Goldbers, Jaeger, Barnes, Dornan+ (SYRA, BNL) I 
+AJMiS~ , BartJey, Meet+ (FSU, TUFTS. BRAN) I 

(BIRM, GLAS, LOlC, MUNI, OXF, RHEL) I 

I E(1750) 511 I I(JP) = 1(�89 Status: >~k~k 

For most results published before 1974 (they are now obsolete), see 
our 1982 edition Physics Letters 111B (1982). 

There Is evidence for this state In many partial-wave analyses, but 
with wide variations in the mass, width, and couplings. The latest 
analyses Indicated significant couplings to N~ and Air, as well as 
to Er/whose threshold Is at 1746 MeV (JONES 74). 

z(zTso) MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
1730 to 1100 (~ 1110) OUR ESTIMATE 
17864-10 GOPAL 80 DPWA ~ 'N ~ "~N 
17704-10 ALSTON-... 78 DPWA "~N --~ "~N 
17704-15 GOPAL 77 DPWA K N  multichannel 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1800 or 1813 1 MARTIN 77 DPWA ~ 'N multichannel 
17154-10 2 CARROLL 76 DPWA Isospln-1 total u 
1730 DEBELLEFON 76 IPWA K - p  ~ A~r 0 
17804-30 BAILLON 75 IPWA K N  --* A~r (sol. 1) 
17004-30 BAILLON 75 IPWA K N  --~ Ax  (sol. 2) 

1697_+200 VANHORN 75 DPWA K-p - . .+  A .  0 

1785~-12 CHU 74 DBC F l t s~ (K -n - -~  E - t / )  
17604- 5 3JONES 74 HBC F l t s c . ( K - p ~  z"Or~) 
17394-10 PREVOST 74 DPWA K - N ~  E(1385)~ 

E(1750) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
60 to lW (~ ~0) OUR ESTIMATE 
644-10 GOPAL 80 DPWA K N  ~ K N  

161:1:20 ALSTON-... 78 DPWA K N  --~ K N  
604-10 GOPAL 77 DPWA ~ N  muRIchannel 



7O4 
Baryon Particle Listings 
Z(1750), r(1770) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

117 or 119 1 MARTIN 77 DPWA K N  multlchannel 
10 2 CARROLL 76 DPWA Isospln-1 total o 

110 DEBELLEFON 76 IPWA K - p  --* A~ 0 
1404-30 BAILLON 75 IPWA K N  ~ A~" (sol. I )  
1604-50 BAILLON 75 IPWA ~ N  --+ A~r (sol. 2) 

6 14 VANHORN 75 DPWA K - p ~  A~ 0 
- 1 2  

894-33 CHU 74 DBC F i t s ~ ( K - n - ~  ~ - r / )  
924- 7 3 jONES 74 HBC F i t s ~ ( K - p ~  r 0 r / )  

1084-2o PREVOST 74 DPWA K -  N ~ ~'(1385)~ 

~(1750) DECAY MODES 

Mode Fraction (rl/r) 

rx NK lO-4O % 
F 2 A'n" seen 

r3 E~r <s% 
F 4 E~/ 15-55 % 

F5 E(1385)~r 
r6 A(1520)~r 

The above branching fractions are our estimates, not fits or averages. 

~(1750) BRANCHING RATIOS 

See "Sign convention5 for resonance couplings" in the Note on A and 
Resonances. 

r(NX) I r ~  r d r  
V~4LI, I~ DOCUMENT IO T~CN COMMENT 
0.1 to  0 A  OUR ESTIMATE 
0.14:1:0.03 GOPAL 80 DPWA K N  ~ ~ N  
0.334-0.05 ALSTON-... 78 OPWA K N  ~ K N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.154-0,03 GOPAL 77 DPWA See GOPAL 80 
0.06 or 0.05 1 MARTIN 77 DPWA K N  multlchannel 

(r~rr In N ~  Z(1750) ~ Ax (r~r=l~/r 
VALUE DOCUMENT ID TECN ~OMMErNT 

0.04 4-0.03 GOPAL 77 DPWA K N  multlchannel 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0 .10  or -0 .09  I MARTIN 77 DPWA ~ N  muitlchannel 
-0 .12  DEBELLEFON 76 IPWA K -  p ---* A~r 0 
-O.12 4-0.02 BAILLON 75 IPWA -'KN --* A x  (sol. 1) 
-0 .13  4-0.03 BAILLON 75 IPWA ~ 'N  ~ A *  (sol. 2) 
-0 .13  4-0.04 VANHORN 75 DPWA K - p ~  A~r 0 
-0.1204-0.077 DEVENISH 748 Fixed- t dispersion rel. 

(r~rr)~/r~,l In N ~  Z(1750)--~ Zx (rxr~)~/r 
VA~U~ DOCUMENT ID T~C N COMMENT 

--0.094-0.05 GOPAL 77 DPWA "KN muitlchannel 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

+0.06 or +0.06 1 MARTIN 77 DPWA ~ N  muitichannel 
0.134-0.02 LANGBEIN 72 IPWA KNmuit ichannel 

(rlrr)~/r~,, In N'~ --~ ]C(1750) -~ Z~ (rtr,)~/r 
V~L~Irv DQCUMENT IO TECN COMMENT 

0.234-0.01 3 JONES 74 HBC Fits ~ ( K - p  --* E0r/) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

seen CLINE 69 DBC Threshold bump 

(rlrf)~Ir~=i In N~--~ Z(1750)--~ Z(1385)x (r=rs)~Ir 
yALUE DOCUMENT ID TECN COMMENT 

+0.184-O.15 PREVOST 74 OPWA K -  N - *  ~(1385)~ 

(r,rr)~ir~=~ In N'R~ Z(1750) --*/I(1520). (r=rd~Ir 
VAI.VE . . . . .  DOCUMENT ID TE(~N ,, COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0324-0.021 CAMERON 77 DPWA P-wave decay 

E(1760) FOOTNOTES 
1The two MARTIN 77 values are from a T-matrix pole and from a Brelt-Wlgner fit. 
2A  total cross-section bump with (J+1 /2 )  tel / r'tota I = 0.30. 
3 An S-wave Brelt-Wlgner f i t  to the threshold cross section with no background and errors 

statistical only. 

E(17~) REFERENCES 

PDG 82 PL 111B RoDs, porter, Aiuilar-Benltez+ (HELSo CIT, CERN) 
GOPAL a0 To�9 Conf. 159 (RHEL) IJP 
ALSTON-... 78 PR D15 182 Abton-GaenJost, Keen�9 (LBL, MTHO, CERN)IJP 

Also 77 PRL 38 1 0 0 7  Allton-C.acnjost, Kenney+ (LRL, MTHO, CERN)IJP 
CAMERON 77 NP 8131 399 +Franek, Gopal, Kalmus, McPhers~+ (RHELo LOIC)UP 
GOPAL 77 NP R119 362 +Re~a. VanHocn, McPherson+ (LOIC, RHEL)IJP 
MARTIN 77 NP B127 ~49 +Pldcock. Moorhour~ (LOUC, GLAS)IJP 

Nso T/B NP B126 266 Mactln, Pidcock (LOUC) 
Also 77C NP B126 285 Marti.. Pidcock (LOUC) IJP 

CARROLL 76 PRL 37 806 +Chlanlr, Kyck% Li, Mazur, Michael+ (RNL) I 
DEBELLEFON 75 NP BIOCJ 129 De Bellefo., Bertho. (CDEF)IJP 
BAILLON 75 NP B04 39 +Litchflekl (CERN, RHEL)IJP 
VANHORN 75 NP R87 145 (LRL) IJP 

Also 75B NP B57 157 VanHom (LBL) IJP 
CHU 74 NC 20A 35 +Bartley+ (PLAT, TUFTS, BRAN)IJP 
DEVENISH 74B NP BB1 330 +Fmlgiatt, Martin (OF~Y, NORO, LOUC) 
JONES 74 NP B73 141 (CHIC) IJP 
PREVOST 74 NP B69 246 +Bado*ataud+ (SACL, CERN, HELD) 
LANGBEIN 72 NP B47 477 +Waper (MPIM)IJP 
CLINE 69 LNC 2 407 +Laumann, Ma~p (WlSC) 

I Z ( 1 7 7 0 )  P111 ~(:P) = ~(�89 Stat.5: * 
OMITTED FROM SUMMARY TABLE 

Evidence for thls state now Rsts solely on solution I of  BAILLON 75, 
( s ~  the fDOtnotes) but the A x  partial-wave amplitudes o f  thls solu- 
tion are in disagreement with amplitudes from most other A x  anal- 
yses. 

z(tn0) MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
1TtO OUR ESTIMATE 
17384-10 1GOPAL 77 DPWA ~ N  muitlchannel 
1770:1:20 2 BAILLON 75 IPWA "~'N --* Ax 
1772 3KANE 72 DPWA K - p - - . *  r x  

Z(1T/0) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

724-10 1GOPAL 77 DPWA "~N multlchannel 
804-30 2 BAILLON 75 IPWA ~ N  ~ Ax  
80 3 KANE 72 DPWA K - p  ~ ~ x  

�9 "(1770) DECAY MODES 

Mode 

F1 NK 
r 2 A~r 
r 3 E,t 

E(1T/0) BRANCHING RATIOS 

See "Sign conventions for resonance couplings" in the Note on A and E 
R~nanc~. 

r(NX)/r~x~ r11r 
VALUE DOCUMENT ID TECN COMMENT ~ 

0.14• 1 GOPAL 77 OPWA "~'N multlchannel 

(Drf)~/rt~ I. N'~ --~ E(1T/0) --b Aw (r=r=)~/r 
VA~)E DOCUMENT ID TECN ~Q~4MENT 

< 0.04 GOPAL 77 OPWA "~Nmultlchannel 
-0.084-0.02 2 BAILLON 75 IPWA ~ N  -~ A x  

(r~rf)~/r~= in N'~--~ ~(1770) --* ~ r  (r=r=)~/r 
yAl,~l~ DOCUMENT ID T ~  N COMMENT 

< 0.04 GOPAL 77 DPWA "RNmaitlchannel 
-0 .108 3KANE 72 DPWA K - p - - ~  ~ x  

r(1TtO) FOOTNOTES 
1 Required to f i t  the Isospln-1 total cross section of CARROLL 76 In the ~ N  channel. The 

addition of new K -  p polarization and K -  n dtlfemntlal cross-section data in GOPAL 80 
find it to be more consistent with the ~(1660) Pl1"  

2 From solution 1 of BAILLON 75; not present in solution 2. 
3 Not required In KANE 74, which supersedes KANE 72. 

E(1TtO) REFERENCES 

GOPAL 80 Toronto Conf. 159 (RHEL) P 
GOPAL 77 NP Bl19 362 +Roa. V=nl~n, McPherr, on+ (LOIC, RHEL)IJ 
CARROLL 75 PRL 37 806 +Chlanl, Kycia, U, Mazur, Mich=el+ (BNL)I 
BAILLON 75 NP B94 39 +Litchfleid (CERN, RHEL)IJP 
KANE 74 LBL-2452 (LBL) IJP 
KANE 72 PR DS 1583 {LBL) 



See key on page 213 

lE(1775) o ,J , ( : ~ ,  = I ( ~ - )  Status: * ~ < ~ < *  

Discovered by GALTIERI 63, this resonance plays the same role as 
~cornerstone for isospin-1 analyses in this region as the A(1820) does 
in the isospin-0 channel. 

For most results published before 1974 (they are now obsolete), see 
our 1982 edition Physics Letters 111B (1982). 

E(1775) MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
1770 tO 17110 (r 1TrS) OUR ESTIMATE 
17784- 5 GOPAL 80 DPWA K N  ~ K N  
17774- 5 ALSTON-... 78 DPWA K N  ~ K N  
1774~- 5 GOPAL 77 DPWA K N  multlchannel 
17754-10 BAILLON 75 IPWA K N  ~ A~r 
17744-10 VANHORN 75 DPWA K - p  ~ A~r 0 
1772• 6 KANE 74 DPWA K - p - - ~  s 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1772 or 1777 1 MARTIN 77 DPWA K N  muIUchannel 
1765 DEBELLEFON 76 IPWA K -  p ~ A~r 0 

Z(1775) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
1 M to 13S (m 120) OUR ESTIMATE 

137•  GOPAL 80 DPWA K N  ~ K N  
1164-10 ALSTON-... 78 DPWA K N  --~ K N  
1304-10 GOPAL 77 DPWA K N  multichannel 
1254-15 BAILLON 75 IPWA K N  ~ A~ 
1464-18 VANHORN 75 DPWA K - p - ~ .  A~r 0 
154~10 KANE 74 DPWA K - p  ~ E~r 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

102 or 103 1 MARTIN 77 DPWA K N  multlchannel 
120 DEBELLEFON 76 IPWA K - p  ~ A~r 0 

E(1775) DECAY MODES 

Mode Fraction (FI/F) 

F 1 N K  37-43% 

F 2 A:r 14-20% 

F 3 E ~ 2-5% 

['4 E (1385 )~ r  8-12% 

F s E ( 1 3 8 5 ) ~ r ,  D-wave 

I" 6 A(1520)~r  17-23~ 

['7 ~ ' ~ r  

The above branching fractions are our estimates, not fits or averages. 

CONSTRAINED FIT INFORMATION 
An overall f i t  to  8 branching ratios uses 16 measurements and one 

constraint to determine 5 parameters. The overall f i t  has a X 2 = 
63.9 for 12 degrees of freedom. 

The following off-diagonal  array elements are the correlation coefficients 

~ x ~ x 3 ~ / ( ~ x i . ~ x i ) ,  in percent, from the f i t  to the branching fractions, x~ _= 

r j r t o t a  I. The f i t  constrains the x~ whose labels appear in this array to sum to 
one. 

x 2 - 3 0  

x 3 - 1 7  - 2 1  

x 4 - 3 7  - 4 9  - 1 4  

x 6 - 8 1  6 8 16 

x1 x 2 x3 x4 

E(1775) BRANCHING RATIOS 

See "Sign conventions for resonance couplings" in the Note on A and s 
Resonances. Also, the errors quoted do not Include uncertainties due to 
the parametrlzation used In the partial-wave analyses and are thus too 
small. 

r (NR) / r to~,  
VALUE DOCUMENT ID 7/~CN COMMENT 
0.37 tO 0.43 OUR ESTIMATE 
0.48 4-0.04 OUR FIT Error includes scale factor of 3.1. 
0.3914-0.017 OUR AVERAGE 
0.40 4-0,02 GOPAL 80 DPWA ~ 'N  ~ K N  
0.37 • ALSTON-... 78 DPWA K N - - *  K N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.41 4-0.03 GOPAL 77 DPWA See GOpAL 80 
0,37 or 0.36 1 MARTIN 77 DPWA K N  multichannel 

rz/r  

70S 

Baryon Particle Listings 
 (1775) 

(rlrf)~/r~,, In N ~  --* E(177K) --~ Air (rzr=)%/r 
VALUE DOCUMENT I D T ~ N  COMMENT 

0.306:1:0.018 OUR FIT Error includes scale factor of 2.4. 
- 0.~(Q=l:0.Olg OUR AVERAGE 
--0.28 4-0.03 GOPAL 77 DPWA K N  muitlchannel 
-0 .25  d:0.02 BAILLON 75 IPWA K N  ~ Air 

-0 ,28  +0.04 VANHORN 75 DPWA K - p ~  Air  0 - 0.05 
-0.2594-0.048 DEVENISH 74B Fixed- t dispersion reL 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0 .29  or -0 .28  1MARTIN 77 DPWA K N  muitlchannel 
-0 .30  DEBELLEFON 76 IPWA K - p  ~ A~r 0 

(rlrr)V2/r~,l in N~'--* E(1TT5)-* Elf  (rxrs)~6/r 
V ~ I ~  DOCUMENT ID TECN COMMENT 

0.10E4-0.0~li OUR FIT Error Includes scale factor of 3.1. 
0.0~1e4-0.016 OUR AVERAGE Error Includes scale factor of  1.8. 

+0.13 ~0.02 GOPAL 77 DPWA K N  multlchannel 
0.09 4-0.O1 KANE 74 DPWA K - p . - - ~  s  

�9 �9 �9 We do not use the following data for averages, fits, 8mlts, etc. �9 �9 �9 

+0.08 or +0,08 1MARTIN 77 DPWA K N  multk:hannel 

(r~rr)~Ir,,m~ in N~--* E(1775) -~ A(1520)lr (r~r6)~ir 
VALUE DOCUMENT ID TECN COMMENT 

0.318"1"0.010 OUR FIT Error includes scale factor of  1.5. 
0.3e~14-0.00g OUR AVERAGE Signs on measurements were ignored. 

-0.3054-0.010 2CAMERON 77 DPWA K - p ~  A(1520)~r 0 
0.31 4-0.02 BARLETTA 72 DPWA K - p - ~  A(1520)~r 0 
0.27 4-0.03 ARMENTEROS65C HBC K - p  ~ A(1520)~r 0 

(rlrr)~/rto~ In N ] ~  E(1775) -~ E(131LS)Ir (r;r4)~/r 
VALUE DOCUMENT ID TECN COMMENT 

0.2114-0.022 OUR FIT Error includes scale factor of 2.8. 
0.1N4.0.010 OUR AVERAGE Signs on measurements were Ignored. 

-0.1844-0.011 3CAMERON 78 DPWA K - p ~  ~'(1385)~" 
+0.20 4-0,02 PREVOST 74 DPWA K -  N --* E(1385)~r 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.32 4-0,06 SIMS 68 DBC K -  N .-~ A f r x  

0.24 ~-0.03 ARMENTEROS67c HBC K - p  .-~ A~r~r 

r(A,r) lr(NR) r~/r~ 
VALUE DOCUMENT ID TECN COMMENT 
0.464"0.09 OUR FIT Error includes scale factor of 2.9. 

0.3~4-0.0~ UHLIG 67 HBC K -  p 0.9 GeV/c 

r(z,r,r) Irt~,~ rTlr 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0,12 4ARMENTEROS68C HDBC K -  N ~ Z'~rw 

r (z( l~) . ) / r (Nx)  r4/rx 
VALUE DOCUMENT ID TECN ~QM~4~NT 
O.n4-0.O? OUR FIT Error includes scale factor of 3.6. 
0-254-0.01) UHLIG 67 HBC K - p O . g G e V / c  

r(A(lS20),r) /r(NR) r , l r~  
VALUE DOCUMENT ID T ~  N COMMENT 
0.494440,11 OUR FIT Error includes scale factor of 3.5. 

0.2114440.(~ UHLIG 67 HBC K - p O . 9 G e V / c  

E(1775) FOOTNOTES 
1The two MARTIN 77 values are from a T-matrix pole and from a Brelt-Wigner fit. 
2This rate combines P-wave- and F-wave decays. The CAMERON 77 results for the 

separate P-wave- and F-wave decays are -0 .303 4- 0.010 and -0 .037 4- 0,014. The 
published signs have been changed here to be In accord with the baryon-first convention. 

3The CAMERON 78 upper limit on G-wave decay is 0.03. 
4 For about 3/4 of this, the E~r system has I = 0 and is almost entirely A(1520). For the 

rest, the E ~  has I = 1, which is about what is expected from the known E(1775) 
s  rate, as seen in Ax~r. 

Z(1775) REFERENCES 

PDG 82 PL 1118 
GOPAL 80 Toronto Cone 159 
ALSTON-... 78 PR D18 182 

Also 77 PRL 38 1007 
CAMERON 78 NP 8143 189 
CAMERON 7/ NP B131 399 
GOPAL 77 NP 8119 362 
MARTIN 77 NP B127 349 

Also 77B NP 8126 266 
Also 7/C NP 8126 28S 

OEBELLEFON 76 NP 81(;9 129 
BAILLON 75 NP 894 39 
VANHORN 75 NP BS7 145 

ALso 758 NP B87 157 

Roos. Potter. A~;lar-Benitez+ (HELS. CIT, CERN) 
(RHEL) IJP 

Alston-Garnjost, Kenney+ (LBL, MTHO. CERN)UP 
Alston-Garn~)st. Kenney+ (LBL. MTHO, CERN)UP 

+FrancE, Gopal, Bacon, Buttefworth+ (RHEL, LOIC)IJP 
+Franek, Gopal. Kalmus, McPhersofl+ (RHEL. LOIC)IJP 
+Ross. VanHom, McPherson+ (LOIC, RHEL)IJP 
+Pldcock, Momhouse {LOUC, GLAS)IJP 

Martin. pIdcock (LOUC) 
Martin, Pidcock (LOUC) IJP 
De Bellefon, BerLImn (CDEF) IJP 

RHEL IJP +Litchfleld (CERN, (LBL !.~ 
IJP 

VanHom (LBL) IJP 
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Baryon Particle Listings 
~ ( 1 7 7 5 ) ,  E ( 1 8 4 0 ) ,  Z ' (1880)  

DEVENISH 74B NP B81 330 +Frolglatt , Martin (DESY, NORD, LOUC) 
KANE 74 LBL-2452 (LBL) IJP 
PREVOST 74 NP B69 246 +Badoutaud+ (SACL, CERN, HELD) 
BARLETTA 72 NP 840 45 (EFI) IJP 

AlSO 66 PRL 17 841 Fenster, Gelfand, Harmsen+ (CHIC, ANL, CERN)IJP 
ARMENTEROS 68C NP BE 216 +Baillpn+ (CERN. HELD, SACL) I 
SIMS 68 PRL 21 1413 +Albright, Bartley, Meer+ (FSU, TUFTS. BRAN) 
ARMENTEROS 67C ZPHY 202 486 +Ferro-Luzzi+ (CERN, HELD, SACL) 
UHLIG 6? PR 155 1448 +Chadton, Condon, Glasser, Yodh+ (UMD, NRL) 
ARMENTEROS 6SC PL 19 338 +Ferro-Luzzi+ (CERN, HELD, SACL) IJP 
GALTIERI 63 PL 6 296 +Hussail~, Tripp (LRL) IJ 

I 

1 0 4o) P,,I #(JP) = 1(} +) Status: * 

i i  i 

l ~ ' ( 1 8 ~ 0 )  P i l l  I(.#P) = 1(�89 + ) Status: * *  

OMITTED FROM SUMMARY TABLE 
A P l l  resonance is suggested by several parUal-wave analyses, but 
with wide variations in the mass and other parameters. We list here 
all claims which lie well above the P11 E(1770).  

VALUE (MeV) 
r 1 N 0  O U R  E ~ T I M A T E  

E(1880) MASS 

DOCUMENT ID TECN COMMENT 

O M I T T E D  F R O M  S U M M A R Y  T A B L E  
For the t ime being, we list together here all resonance claims in the 
P13 wave between 1700 and 1900 MeV. 

E(1840) MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
1140 OUR ErrlMATE 
1798 or 1802 1 MARTIN 77 DPWA K N  multichannel 
17204- 30 2 BAILLON 75 IPWA K N  ~ A~ 
19254-200 VANHORN 75 DPWA K - p ~  A~ 0 
18404-10 LANGBEIN 72 IPWA K N  multlchannel 

Z(1e40) WIDTH 

VALUE [MeV) DOCUMENT ID TEEN COMMENT 

93 or 93 1 MARTIN 77 DPWA K N  multlchannel 
1204-30 2BAILLON 75 IPWA KN- -+  A~r 

65 +50  VANHORN 75 DPWA K - p - - ~  A~r 0 - 2 0  
1204-10 LANGBEIN 72 IPWA KNmult ichannel 

E(1840) DECAY MODES 

Mode 

r l  NK 
r2 A~r 
1"3 E~ 

~(1840) BRANCHING RATIOS 

See "Sign conventions for resonance couplings" in the Note on A and 
Resonances. 

r(NR)/r~., rdr 
VAl,(J ~ DOCUMENT ID TEC N COMMENT 

0 or 0 1 MARTIN 77 DPWA K N  multlchannel 
0.374-0.13 LANGBEIN 72 IPWA R N  mulUchannel 

(r~rr)~/rt== in N~'--~ Z(1840) .,~ thr (r~r=)V~/r 
VALUE DoCgMENT ID TECN COMMEN T 
+0.03 or +0.03 1MARTIN 77 DPWA K N  multichannel 
+0.11 4-0.02 2 BAILLON 75 IPWA K N  --* ATr 
+0.06 •  VANHORN 75 DPWA K - p ~  Air 0 
+0.1224-0.078 DEVENISH 748 Flxed-t dispersion rel. 

0.20 •  LANGBEIN 72 IPWA KNmult ichannel 

(r~rr)~/r~,, in N~'--~ E(1840) --* Z~r (r=r~)%/r 
VALUE DOCUMENT ID TECN COMMENT 

--0.04 or --0.04 1 MARTIN 77 DPWA K N  multichannel 
0.154-0.04 LANGBEIN 72 IPWA KNmult ichannel 

E[1840) FOOTNOTES 
1The two MARTIN 77 values are from a T-matdx pole and from a Breit-Wlgner fit. 
2From solution 1 of BAILLON 75; not present in solution 2. 

MARTIN 7"/ NP B127 349 
AlSo 77B NP B126 266 
Also 77C NP B126 285 

BAILLON 75 NP B94 ;39 
VANHORN 75 NP 1387 145 

AlSo 758 NP B87 157 
OEVENISH 748 NP 881 330 
LANGBEIN 72 NP 847 477 

E(1840) REFERENCES 

+Pidcock, Moorhouse (LOUC, GLAS)IJP 
Martin, Ptdcock (LOUC) 
Martin, Pidcock (LOUC) IJP 

+Lttchfield (CERN, RHEL) IJP 
(LBL) UP 

VanHmn (LBL) IJP 
+Fro~zatt, Martin (DESY, NORD, LOUC) 
+Wagner (MPIM) IJP 

I II 

1826• GOPAL 80 DPWA K N  ~ K N  
1870• CAMERON 78B DPWA K - p ' - *  N K *  
1847 or 1863 1 MARTIN 77 DPWA K N  muRichannel 
1960• 2 BAILLON 75 IPWA K N  --~ Air 
1985• VANHORN 75 DPWA K - p - *  A~r 0 
1898 3 LEA 73 DPWA Multlchannel K-matdx 
1850 ARMENTEROS70 IPWA K N  - *  "~N 
1950• BARBARO-... 70 DPWA K - N  .~. Air 
1920• LITCHFIELD 70 DPWA K -  N ~ A~r 
1850 BAILEY 69 DPWA K N  ~ K N  
18824-40 SMART 68 DPWA K - N  -.-, A~r 

E(1880) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

86•  15 GOPAL 80 DPWA K N  - *  K N  
80 •  10 CAMERON 788 DPWA K - p  ~ N-K* 

216 or 220 1 MARTIN 77 DPWA "R'N multichannel 
2604- 40 2 BAILLON 75 IPWA K N  ~ Air 
220• VANHORN 75 DPWA K - p  - *  A~r 0 
2 2 2  3 LEA 73 DPWA Multlchannel K-matrix 

30 ARMENTEROST0 IPWA K N - *  ~ N  
200•  50 BARBARO-.,. 70 DPWA K - N  ~ /tlr 
1704- 40 LITCHFIELD 70 DPWA K - N - - *  Air 
200 BAILEY 69 DPWA K N  - *  K 'N  
222• SMART 68 DPWA K -  N - *  A~r 

Mode 

E(1880) DECAY MODES 

n 
r 1 N K  

r 2 A ~  

I" 3 E .  
r 4 N K * ( 8 9 2 ) ,  5 = 1 / 2 ,  P-wave 

I" 5 N K * ( 8 9 2 ) ,  5 = 3 / 2 ,  P-wave 

E ( 1 8 8 0 )  B R A N C H I N G  R A T I O S  

see "Sign conventions for resonance couplings" in the Note on A and E 
Resonances. 

r(N~Iri=,, 
VALUE , DOCUMENT IO 

0.06 + 0.02 GOPAL 80 
0.27 or 0.27 1 MARTIN 77 
0.31 3 LEA 73 
0.20 ARMENTEROSTO 
0.22 BAILEY 69 

(r,r,)q'/r==. I. N ~ - - *  E ( t 8 8 0 )  --* A x  
VALUE DOCUMENT ID 

--0.24 Or --0.24 1MARTIN 77 
-0 .12  • 2 BAILLON 75 

+0.05 +0.07 VANHORN 75 
- 0.02 

-0 .169•  DEVENISH 748 
- 0.30 3 LEA 73 
-0 .09  • BARBARO-... 70 
-O.14 • LITCHFIELD 70 
-O.11 • SMART 68 

(r~rr)%irt~. i. NR--> Z(lSeO)--+ z= 
VALOE ~OCUMENT ID 

+0,30 or +0.29 1 MARTIN 77 

rdr 
TE(~N COMMEN T 

DPWA K N  - *  ~ N  
DPWA K N  multichannel 
DPWA Multichannel K-matdx 
iPWA ~ N  ~ ~ N  
DPWA K N  - *  ~ N  

(r~r=l~/r 
TE~N CQMMENT 

DPWA K N  multichannel 
IPWA K N  - *  A~t 

DPWA K -  p ~ Air 0 

Fixed-t dispersion rel. 
DPWA Multlchannel K-matrix 
DPWA K - N - - ,  ATr 
DPWA K -  N ~ ATr 
DPWA K -  N --* A~r 

(r~rsl~/r 
T~, CN COMMENT 

DPWA K N  multlchannel 
not seen 3 LEA 73 DPWA Multlchannel K-matrix 

(rarrlV=/rt=.~ In N~-. ZO~O) -* N~*(~), S=1/2, P-wv= (rlr4)~,/r 
VALUE DOCUMENT I~ TECN , COMMENT 

--O.05i0.03 4 CAMERON 788 DPWA K - p  ~ N-K* 



See key on page 213 

i 

(r~rd~/r~=, In N~ ' - - *  ~ (1880)  ~ N~' * (892) ,  S==3/2, Fwave (r;rg)~/r 
VAI.~ DOCUMENT IQ TEEN COMM~ENT 

+ 0 . 1 1 ~ 0 . 0 3  CAMERON 78B DPWA K - p  ~ N"K* 

Z(1880) FOOTNOTES 
1The two M A R T I N  77 values are from a T-mat r ix  pole and from a Brelt-Wlgner fit, 
2 From solution 1 of BAILLON 75; not present In solution 2. 
3Only  unconstrained states from table 1 of  LEA 73 are listed. 
4 T h e  published sign has been changed to be In accord wi th the baryon-first convention. 

~ ( i 8 8 0 )  REFERENCES 

GOPAL 80 Toronto Conf. 159 (RHEL) IJP 
CAMERON 78B NP B106 327 +Franek, Gopal, Kalmus, McPherson+ (RHEL, LOIC) IJP 
MARTIN 77 NP B127 349 +Pidcock, Moorhouse (LOUC, GLAS)IJP 

Also 77B NP B126 266 Martin, Pidcock (LOUC) 
ALso 77C NP B126 285 Martin, Pidcock (LOUC) IJP 

BAILLON 75 NP B94 39 +Litchfleld (CERN, RHEL) IJP 
VANHORN 75 NP B87 145 (LBL)IJP 

Also 75a NP B87 157 VanHorn (LBL)IJP 
DEVENISH 74B NP B81 330 +FroKKatt , Martin (DESY, NORD, LOUC) 
LEA 73 NP 856 77 +Martin, Moorhouse+ (RHEL, LOUC, GLAS, AARH)IJP 
ARMENTEROS 70 Duke Cone 123 +Baillon+ (CERN, HELD, SACL) IJP 
BARBARO-.. 70 Duke Cone 173 Barl~ro-Galtled (LRL) IJP 
LITCHFIELD 70 NP B22 269 (RHEL) IJP 
BAILEY 69 Thesis UCRL 50617 (LLL} IJP 
SMART 68 PR 16~J 1330 (LRL)IJP 

I 

l ~'(1915) F~51 I(J P) = 1(~ + )  Status: * ~ c ~ < *  

Discovered by COOL 66. For results published before 1974 (they are 
now obsolete), see our 1982 edition Physics Letters 111B (1982). 

This entry only includes results from partial-wave analyses. Parame- 
ters of peaks seen in cross sections and invariant-mass distributions 
in this region used to be listed in in a separate entry immediately 
following. They may be found in our 1986 edition Physics Letters 
170B (1986). 

~ (1915)  MASS 

VALUE (MeV} DOCUMENT ID TEEN COMMENT 
z~oo to t m  (=. I~LS) OUR ESTIMATE 
1937~:20 ALSTON-. . .  78 DPWA K N  ~ K N  
1894~: 5 1CORDEN 77C K -  n ~ ~ r  
1909•  5 1CORDEN 77C K - n ~  ~ r  
1920:E10 GOPAL 77 DPWA K N  multlchannel 
1900:E 4 2 C O R D E N  76 DPWA K - n ~  A ~ -  
1920:E30 BAILLON 75 IPWA K N  --, / i x  
19144-10 HEMINGWAY 75 DPWA K - p  ~ "~N 

192n+ 15 ~ - 2 0  VANHORN 75 DPWA K - p  ~ A~r 0 

1920:E 5 KANE 74 DPWA K - p - - ~  E ~  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

not seen DECLAIS 77 DPWA K N  ~ K N  
1925 or 1933 3 M A R T I N  77 DPWA K N  muRIchannel 
1915 DEBELLEFON 76 IPWA K - p  ~ A~r 0 

Z'(1915) WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 
B0 t o  1GO (r162 120) OUR ESTIMATE 

161:1:2o A L S T O N - . .  78 DPWA ~ N  ~ K N  
107:E14 1 CORDEN 77C K -  n ~ ~ x  

85:E 13 1CORDEN 77C K-n- . -~  .~ r  
1304-10 GOPAL 77 DPWA K N  multlchannel 

7 5 •  2CORDEN 76 DPWA K - n ~  A~r- 
70:E20 BAILLON 75 IPWA K N ~  A~r 
85:1:15 HEMINGWAY 75 DPWA K - p ~  -KN 

102:E18 V A N H O R N  75 DPWA K - p  ~ A~r 0 
1 6 2 •  KANE 74 DPWA K - p  --~ E~r 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

171 or 173 3 M A R T I N  77 DPWA K N  multichannel 
60 DEBELLEFON 76 IPWA K - p  ~ A~r 0 

E(1915)  DECAY MODES 

Mode Fraction (F I /F )  

I" 1 N K  5-1s % 
F 2 A~" seen 
F 3 E ~  seen 
F 4 Z'(1385) ~" <s % 
F s ~'(1385)1r, P-wave 
F 6 ~(1385)~r,  F-wave 

The above branching fractions are our estimates, not fits or averages. 
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Z'(1880), Z(1915) 
. r (1915) BRANCHING RATIOS 

See "Sign conventions for resonance couplings" in the Note on A and Z" 
Resonances. 

r(NX)/rt=,j 
VALUE DOCUMENT IO T~CN COMMENT 
0.08 to 0.15 OUR ESTIMATE 
0.03:E0.02 4 GOPAL 80 DPWA ~ N  --* "R'N 
0.14:1:0.05 ALSTON-. . .  78 DPWA ~ N - - *  ~ N  
0.114-0.04 HEMINGWAY 73 DPWA K - p ~  ~ N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

rdr 

0.05+0.03  GOPAL 77 DPWA See GOPAL 80 
0.08 Or 0.08 3 MARTIN  77 DPWA ~ N  multlchannel 

(r~rd~/rt=. In N ~ - - *  ~ (1915)  --D Air  (r=r=)~/r 
VALUE DOCUMENT If) TECN COMMENT 
- -0,09 +0 .03  GOPAL 77 DPWA R ' N  muRIchannel 
- 0 . 1 0  +0 .01  2 C O R D E N  76 DPWA K - n ~  A~r- 
- 0 . 0 6  -I-0,02 BAILLON 75 IPWA ~ N  ~ A~r 
- 0 . 0 9  4-0.02 VANHORN 75 DPWA K-p . - -~  Air 0 
- 0.087:E0.056 DEVENISH 74B Fixed- t dispersion rel. 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

- 0 . 0 9  or - 0 . 0 9  3 M A R T I N  77 DPWA K N  multlchannel 
- 0 . 1 0  DEBELLEFON 76 IPWA K - p - - *  A~ 0 

(r~rtl~/rtm, In N~ ' - - *  Z'(191S) -*  ~ l r  (rzrglYz/r 
VA~U~ DOCUMENT ID TECN t~OMMENT 

--0.17:1:0.01 1COROEN 77C K - n - - ~  .~lr 
-0 .154 .0 .02  1 CORDEN 77C K -  n --~ Z'tr 
-0 .19 :E0 .03  GOPAL 77 OPWA K N  multlchannel 
-0 .164 .0 .03  KANE 74 DPWA K - p  ~ E x  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

--0.05 Or - 0 . 0 3  3 M A R T I N  77 DPWA K N  multlchannel 

(r~r,)~,/r~ In N ~ - - *  E(19ZS) ~ ~(1385)1r,  P-rove (rzrg)Y=/r 
VALUE DOCUMENT ID T~CN ~:OMMENT 

<0.01 CAMERON 78 DPWA K - p - - *  E (1385 )~  

(r~rr)~/r=, In N~'- -~ Z'(1915) --~ Z'(1385)lr ,  F-wave (rlrs)Y,/r 
VALUE DOCUMENT I0 TE~:N COMMENT 

+0.0394.0 .009 S CAMERON 78 DPWA K - p  ~ ~(138S)~r 

~(1915)  FOOTNOTES 
1The two entries for CORDEN 77C are from two different acceptable solutions, 
2preferred solution 3; see CORDEN 76 for other possibilities. 
3The  two MARTIN  77 values are f rom a T-mat r ix  pole and from a Brelt-Wigner f i t .  
4The  mass and width are fixed to the GOPAL 77 values due to  the low elasticity, 
5The  published sign has been changed to be In accord wi th the baryon-fitst convention. 

�9 "(1915) REFERENCES 

PDG 06 PL 1708 AKuilar-BenJtez, Porter+ (CERN, CIT+) 
PDG 82 PL 1118 Roos, Porter, AKuilar-nenit~z+ (HELS, CIT, CERN) 
GOPAL 80 Toronto Conf. 159 (RHEL} IJP 
ALSTON-... 78 PR DIB 182 Alston-Garnjost, Kenncy+ (LBL, MTHO, CERN)IJP 

Nso 77 PRL 38 1 0 0 7  Alston-Gaznjost, Kenney+ (LBL, MTHO, CERN)IJP 
CAMERON 78 NP B143 189 +Franek, Gopal, Bacon, 8uttew,~rth+ (RHEL, LOIC)IJP 
CORDEN 77C NP B125 61 +Cox, Kenyon, O'Neale, Stubbs. Sumo,'ok+ (BIRM) I JR 
DECLAlS 77 CERN 77-16 +Duchon, Louvel, Patty, Segulnot+ (CAEN, CERN)IJP 
GOPAL 77 NP Bllg 362 +Ross, Vanllorn, McPherson+ (LOIC, RHEL)IJP 
MARTIN 77 NP B127 349 +Pidcock, Moorhouse (LOUC, GLAS)IJp 

Also 77B NP B126 266 Martin. Pidcock (LOUC) 
Also 77C NP B126 285 Martin, pidcock (LOUC) IJP 

COROEN 76 NP B104 382 +Cox, Dad:nell, Kenyon, O'Neale+ (BIRM) IJP 
DEBELLEFON 76 NP B109 129 De Belldon, Berthon (CDEF) IJP 
BAILLON 75 NP B94 39 +Utchfleld (CERN, RHEL)IJP 
HEMINGWAY 75 NP B91 12 +Eades, Harmsen+ (CERN, HEIDH, MPIM)I JR 
VANHORN 75 NPBB7145 ILBLI IJP 

Also 75B NP B87 157 VanHorn LBL IJP 
DEVENISH 74B NP BB1 330 +Frouatt , Martin (DESY, NORD, LOUC) 
KANE 74 LBL-2452 {LBL) IJP 
COOL 66 PRL 16 1 2 2 8  +Giacomelll, Kycla, Leontic, Lundby+ (BNL) 
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Z(1940),  ~(2000) 

I Z'(1940) D;31 I(J P) --  1(~-)  Status: : r  (r,r~)~/rm~ Ifi N]~--~ Z(1MO)--* Z~r (rtr=)~/r 
VALUE DOCUMENT ID TEC N COMMENT 

For results published bdore 1974 (they are now obsolete), see our 
1982 edition Physics Letters U l B  (1982). 

Not all analyses require this state. It is not required by the GOYAL 77 
analysis of  K - n  --* (E~ r ) -  nor by the GOPAL 80 analysis of 

K - n . - ,  K - n .  Seealso HEMINGWAY 75. 

E(1940) MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
lgo0 to 1~0 (~u 1~10) OUR ESTIMATE 
19204-50 GOPAL 77 
19504-30 BAILLON 75 

1949+~0 VANHORN 75 

19354-80 KANE 74 
19404-20 LITCHFIELD 74B DPWA K - p  ~ A(1520)~r 0 
19504-20 LITCHFIELD 74C DPWA K - p  ~ Z~(1232)K 
�9 �9 �9 We do not use the following data for averages, fits, nmits, etc. �9 �9 �9 

1886 or 1893 1 MARTIN 77 DPWA K N  multlchannel 
1940 DEBELLEFON 76 IPWA K - p  ~ A~r O, F17 

wave 

DPWA K N  multlchannel 
iPWA K N  ~ A*r 

DPWA K - p  ~ A~r 0 

DPWA K - p ~  E~r 

~(1r WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
uio to 300 (r 22o) OUR ESTIMATE 
1704-25 CAMERON 78B DPWA K - p  ~ N-K* 
3004-80 GOPAL 77 DPWA K N  multlchannel 
1504-75 BAILLON 75 IPWA K N - ~  A~r 
16n+ 70 ~ - 4 0  VANHORN 75 DPWA K - p  ~ A~r 0 

3304-80 KANE 74 DPWA K - p - *  ~ r  
604-20 LITCHFIELD 74B DPWA K - p  ~ A(1520)~r 0 

70_+~ LITCHFIELD 74C DPWA K - p - ~  A(1232)K 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

157 or 159 1MARTIN 77 DPWA K N  multlchannel 

Z(1940) DECAY MODES 

Mode Fraction ( r l / r )  

-0.084-0.04 GOPAL 77 DPWA K N  multlchannel 
-0,144-0.04 KANE 74 DPWA K - p ~  ~ x  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

+0.16 or +0.16 1 MARTIN 77 DPWA K N  multlchannel 

(r~r~)~/r=,~ in N~--~ E(1940) --~ A(1B20)~r, P-~ve (r=r~)~&/r 
VALUE DOCUMENT ID T~:N COMMENT 

< 0.03 CAMERON 77 DPWA K - p - - ,  A(1520)~ 0 
-0.114-0.04 LITCHFIELD 74B DPWA K - p  --~ A(1520)x 0 

(r, rr)~/rto=, l. N~I~.-~ E(1940) .-~ A(lS20)~r, F-trove (rlrd~&/r 
VA~-(J~ DOCUMENT It:) TECN COMMENT 

0.0624-0.021 CAMERON 77 DPWA K - p  ~ A(1520)~r 0 
-0.08 4-0.04 LITCHFIELD 74B DPWA K - p  ~ A(1520)x 0 

(r~rr)~Irw, ,fi N~--~ ~(1940) --~ Zl(l"J~)~l~, S-~ve (hrlo)~/r 
VALUE DOCUMENT ID TECN COMMENT 

--0,154-0.05 LITCHFIELD 74C DPWA K - p ~  ZI(1232)K 

(r,r~)~'/r~. ifi N~I~--~ ~(1940) --~ A(1232)~', D-~mve ( r l r~ l )~ / r  
VALUE DOCUMENT ID TECN ~:qMM~NT 

-0.144-0.05 LITCHFIELD 74C OPWA K - p  ~ Z~(1232)K 

(r,rr)~/rt~ In N~--~ ~(19401 --~ ~(131L~)~r (r~r4)~/r 
VALUE OOCUMENT I o TECN COMMENT 

+0 .066~0 .025  2 CAMERON 78 DPWA K - p  ~ Z'(1388)~r 

(r,rr In N ~ ' ~  E(19401 ~ N~*(892) (r;r,,)~/r 
VALUE DOCUMENT ID TECN COMMENT 

--0.094-0.02 3 CAMERON 78B DPWA K - p  ~ N K *  

r(1940) FOOTNOTES 
1The two MARTIN 77 values are from a T-matrix pole and from a Brelt-Wlgner fit. 
2The published sign has been changed to be In accord with the baryon-first convention. 
3Upper limits on the D 1 and D 3 waves are each 0.03. 

PDG 

E(1940) REFERENCES 

82 PL UlB RO~, Porter, AKuilar-Benitez+ {HELS, CIT, CERN) 

I" 1 NK <20 % 
I" 2 A~r seen 
I- 3 E l f  seen 
1-4 ~ ( 1 3 8 5 )  ~r seen 
I- s E ( 1 3 8 5 ) l r ,  S-wave 

F 6 A(1520) ~" seen 
F 7 A(1520) I r ,  P-wave 
I" 8 A(1520) l r ,  F-wave 
1-9 Z~(1232)K seen 
FIO Z~(1232)K,  S-wave 
F l l  A ( 1 2 3 2 ) K ,  D-wave 
['12 N K * ( 8 9 2 )  seen 
F13 N K * ( 8 9 2 ) ,  S = 3 / 2 ,  S-wave 

E(1940) BRANCHING RATIOS 

See "Sign conventions for resonance couplings" in the Note on A and 
Resonances. 

r(N~)/r==, r=/r 
VALUE DOCUMENT ID TECN COMMENT 
<0.2 OUR ESTIMATE 
<:0.04 GOPAL 77 DPWA K N  multlchannel 

0.14 or 0.13 1 MARTIN 77 DPWA K N  multlchannel 

(r,rf)~'/rtot., In N~'-.-~ ~ ( 1 9 4 0 )  --P Air (rlr=)~/r 
VALUE DOCUMENT ~p TEC N CQMMENT 

-0.06 4-0.03 GOPAL 77 DPWA K N  multlchannel 
-0 .04 4-0.02 BAILLON 75 IPWA R N  ~ Air 
-0.05 +0.03 -0.02 VANHORN 75 DPWA K - p  ~ Air  0 

-0.1534-0.070 DEVENISH 74B Fixed- t dispersion rel. 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0.15 or -0.14 1 MARTIN 77 DPWA K N  multicbannel 

GOPAL 80 Toronto COM, 159 (RHEL) 
CAMERON 78 NP B143 189 +Franek, Gopa~, Bacon, Butten~onh+ (RHEL. LOIC)IJP 
CAMERON 78B NP B146 327 +Franek, Gopal, Kalmus, McPherson+ (RHEL, LOIC)IJP 
CAMERON 77 NP B131 399 +Franek, Gopal, Kalmus, McPherson+ (RHEL, LOIC)IJP 
GOPAL 77 NP e119 362 +Ross, VanHorn, McPherson+ (LOIC, RHEL) IJP 
GOYAL 77 PR D16 2746 +Sodhi (DELHi 
MARTIN 77 NP B127 349 +Pidcock, Moorhour~ (LOUC, GLAS)IJP 

Also 77B NP B126 266 Martin, Pidcock (LOUC) 
AlSO 77C NP B126 285 Martin, Pidcock (LOUC) IJP 

DEBELLEFON 76 NP 8109 129 De Bdlefo~, Berthon (CDEF) UP 
BAILLON 75 NP B94 39 +Litckfield (CERN, RHEL)IJP 
HEMINGWAY 75 NP B91 12 +Fades, Harm~e.+ (CERN, HEIDH, MPIM)UP 
VANHORN 75 NP e87 145 (LBL) IJP 

Also 75B NP B87 157 VanHorn (LBL) UP 
DEVENISH 74B NP B81 330 +Fro~att, Martin (DESY, NORD, LOUC) 
KANE 74 LBL-24S2 (LBL) UP 
LITCHFIELD 74B NP B74 19 +Heminl~by, Bailloe+ {CERN, HEIOH)IJP 
LITCHFIELD 74C NP B74 39 +Heminlp~y, Bailloa+ (CERN, HEIDH)UP 

I(JP) ---- ! ( �89 Status: * 

O M I T T E D  FROM S U M M A R Y  TABLE 
We list here all reported 511 states lying above the E(1750) $11" 

z(z~o) MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
31100 OUR ESTIMATE 
1944:t:18 GOPAL 80 DPWA K N  -~ ~ N  
19554-18 GOPAL 77 DPWA K N  multlchannel 
1755 or 1834 1 MARTIN 77 DPWA K N  multlchannel 
2004• VANHORN 78 DPWA K - p - . - ,  A~r 0 

Z(2000) WIDTH 

VALUE {MeV) DOCUMENT ID TECN COMMENT 

2154-28 GOPAL 80 DPWA K N  ~ K N  
1704-40 GOPAL 77 DPWA K N  multlchannel 
413 or 450 1 MARTIN 77 DPWA K N  multlchannel 
1164-40 VANHORN 75 DPWA K - p  ~ ATr 0 



See key on page 2i3 

Mode 

E(2000)  DECAY MODES 

r I N - K  

r 2 A.rt 

r 3 Z'~r 
r 4 A(1520)~r 
r 5 N K * ( 8 9 2 ) ,  S=1 /2 ,  S-wave 
r 6 N K * ( 8 9 2 ) ,  S=3/2, D-wave 

Z'(2000) BRANCHING RATIOS 

See "Sign conventions for resonance couplings" in the Note o. A and Z" 
Resonances. 

r (N~/r~,  r~/r 
VALUE DO(~UMENT ID TECN COMMENT 

0.51/:0.05 GOPAL SO DPWA K N  ~ K N  
0.44~0.05 GOPAL 77 DPWA See GOPAL 80 
0.62 or 0.57 1 MARTIN 77 DPWA ~ N  multlchannel 

( r , r , ) ~ / r ~ l  in N '~- -~  r ( 2 o o o ) . - ,  , 4 .  (rlr=)~/r 
VALUE . DOCUMENT ID TECN E~)MM~NT 

0.08~:0.03 GOPAL 77 DPWA K N  muJtJchannel 
-0.19 or --0.18 1 MARTIN 77 DPWA ~ N  multichannel 

not seen BAILLON 75 IPWA ~ N  --* A~r 

+ nn~+O'02 VANHORN 75 DPWA K - p ~  A~r 0 . . . .  -0.01 

(r, rr)~/r~,~ ~n N~'-. r(moo)-, r. (rlr,)~/r 
K ~ U ~  l l l D O C U M E N T  I O  T~CN C O M M E N T  

+0.204"0.04 GOPAL 77 DPWA ~ N  multlchannel 
+0.26 or +0.24 1 MARTIN 77 DPWA ~'N multlchannel 

(rFf)~/r~ In N ' ~ - - *  Z (2000 )  ~ Al1520)~r (r, r4)~/r 
VALUE DOCUMENT ID T~CN COMMENT 

+0.081:E0.021 2 CAMERON 77 DPWA P-wave decay 

( r , r f ) ~ / r ~ a l  In N ~  E(~O)-~ N ~ * ( i R 2 ) ,  S=1 /2 ,  , r  ( r l r s ) ~ / r  
VALUE DOCUMENT ID T~CN COMMENT 

+0.104-0.02 2 CAMERON 78B DPWA K -  p ~ NK*  

(r,rf)~'/r~., ~. Ns r(2000)-. NR'(~2), s=~/2. ~ 
(rlr6)~/r 

VAL~ DOCUMENT IO TEC N COMMENT 

--0.07• CAMERON 78B DPWA K - p  ~ N~*  

E(2000) FOOTNOTES 

�9 lThe two MARTIN 77 values are from a T-matrix pole and from a 8relt-WIgner fit. 
2The published sign has been changed to be in accord with the baryon-first convention. 

E ( 2 0 0 0 )  R E F E R E N C E S  

GOPAL S0 Toronto Conf. 159 (RHEL) IJP 
CAMERON 78B NP 8146 327 +Franek. Gopal, Kalmus, McPherson+ (RHEL, LOIC) IJp 
CAMERON 77 NP 8131 399 +Franek, Gopal, Kalmus. McPherson+ (RHEL, LOIC)IJP 
GOPAL 77 NP Bl19 362 +Ro~, VanHora, McPherson+ (LOIC, RHEL)IJP 
MARTIN 77 NP 8127 349 +Pidcock, Mooi'house (LOUC, GLAS)IJP 

Also 77B NP B126 266 Mar~n, Pidcock (LOUC) 
Also 77C NP B126 285 Mar~in, Pidcock (LOUC) IJP 

BAILLON 75 NP B94 39 +Litchfield (CERN, RHEL) UP 
VANHORN 75 NP B87 145 (LRL)IJP 

Also 75B NP 887 157 VanHota (LBL) UP 
i i 

7O9 

Baryon Particle Listings 
~(2000), 1-(2030) 

1 I ' (2030)  F~71 ,(JP) : ~(�89 status: �9 * * *  
Discovered by COOL 66 and by WOHL 66, For most results pub- 
lished before 1974 (they are now obsolete), see our 1982 edition 
Physics Letters 111B (1982). 

This entry only includes results from parUal-wave analyses. Parame- 
ters of peaks seen in cross sections and invariant-mass distributions 
around 2030 MeV may be found in our 1984 edition, Reviews of 
Modern Physics 56 No. 2 Pt. II (1984). 

z(203o) MASS 
VALUE(MeV) DOCUMENT ID TECN COMMENT 

tO 2040 (r162 20~)  OUR ESTIMATE 
2036~: 5 GOPAL 80 DPWA ~ N  ~ ~i~N 
2038 :E 10 CORDEN 77B K - N ~  N-K* 
2040• 5 GOPAL 77 DPWA K N  multichannel 
20304- 3 1CORDEN 76 DPWA K - n ~  A i r -  
2035• BAILLON 75 IPWA ~i~N --+ ,%r 
2038+10 HEMINGWAY 75 DPWA K - p - ' ,  "[~N 
2042-4-1"1 VANHORN 75 DPWA K - p ~  A~ "0 
2020~: 6 KANE 74 DPWA K - p ~  .E~ 
20354:10 LITCHFIELD 74B DPWA K - p - - ~  A(1520)~r 0 
20204-30 LITCHFIELD 74(: DPWA K - p  ~ 4(1232)~" 
2025/:10 LITCHFIELD 74D DPWA K - p - - ~  A(1820)~r 0 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2027 to 2057 GOYAL 77 DPWA K -  N --~ E ~  
2030 DEBELLEFON 76 IPWA K - p  ~ A~ 0 

E(2030)  W I D T H  

VALUE (MeV) DOCUMENT ID TECN COMMENT 
150 tO 200 (m lW) OUR ESTIMATE 
172/:10 GOPAL 80 DPWA "/~N ~ K N  
137=I=40 CORDEN 77B K -  N ~ N ~ *  
190=t:10 GOPAL 77 DPWA K N  multichannel 
201• 9 1CORDEN 76 DPWA K - n ~  A f -  
180+20 BAILLON 75 IPWA K N  --* /br 
172• HEMINGWAY 75 DPWA K-p . - -~  -KN 
178=t:13 VANHORN 75 DPWA K - p ~  A~ 0 
111• 5 KANE 74 DPWA K - p - ' ~  E ~  
160• LITCHFIELD 748 DPWA K - p  ~ A(1520)~r 0 
200• LITCHFIELD 74C DPWA K - p - ' ,  Z](1232)K 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

260 OECLAIS 77 DPWA K N  ~ K N  
126 to 195 GOYAL 77 DPWA K -  N ~ Z'~ 
160 DEBELLEFON 76 IPWA K - p  ~ A~ 0 
70 to 125 LITCHFIELD 74D DPWA K - p  ~ A(1820)~ 0 

E (2030)  DECAY MODES 

Mode Fraction ( r l / r )  

r I N K  17-23 % 
I- 2 A 7r 17-23 % 
I" 3 ~'~r 5-10 % 
F4 - K  <2% 
r 5 E (1385 )~  s-15 % 
r6 Z(1385)~r, F-wave 
r 7 A(1520) ~ lO-20 % 
r 5 A(1520)~r, D-wave 
I- 9 A(1520) l r ,  G-wave 
r i o  A ( 1 2 3 2 ) K  lo-2o % 
r n A(1232)-K,  F-wave 
r12 A ( 1 2 3 2 ) K ,  H-wave 
F13 N-K*(892) <5% 
1"14 N K * ( 8 9 2 ) ,  $ = 1 / 2 ,  F-wave 
r15 N K * ( 8 9 2 ) ,  5 = 3 / 2 ,  F-wave 
[16 A(1820)~,  P-wave 

The above branching fractions are our estimates, not fits or averages. 
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Baryon Particle Listings 
E(2030), Z'(2070) 

E(2030) BRANCHING RATIOS 

See "Sign conventlons for resonance couplings" In the Note on ,4 and 
Resonances. 

r (N~Ir~, ,  
VALUE DOCUMENT I0 T~(~ N COMMENT 
0.1"I m 0.23 OUR ESTIMATE 
0.194-0,03 GOPAL 80 DPWA ~ N  ~ K N  
0.184-0.03 HEMINGWAY 75 DPWA K - p ~  -KN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

rt/r 

0.15 DECLAIS 77 DPWA ~ N  ~ R N  
0.244-0.02 GOPAL 77 DPWA See GOPAL 80 

(rF~)~/r~= In N~'--~ E(2030)--~ A~r (rlr=)~'/r 
VALUE DOCUMENT ID T[CN COMMENT 

+0.18 4-0.02 GOPAL 77 DPWA K N  multlchannel 
+0.20 4-0.01 1CORDEN 76 DPWA K -  n --~ Azr-  
+0.18 4-0.02 BAILLON 75 IPWA K N - ~  / i x  
+0.20 4-0.01 VANHORN 75 DPWA K - p ~  Ax 0 
+0.1954-0.053 DEVENISH 748 Flxed-t dispersion tel. 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0,20 DEBELLEFON 76 IPWA K -  p - ,  A~ 0 " 

(rFr)~'/r~,~ ~, N~--~ E(2030) .-~ Z x  (r;r~)~/r 
VALUE DOCUMENT ID TECN COMMENT 

--0.09 :E0.01 2CORDEN 77C K - n ~  E~r 
-0 .06  4-0.01 2 CORDEN 77<: K -  n ~ E~r 
-0 .15  4-0.03 GOPAL 77 DPWA K N  multlchannel 
-0 .10  4-0.01 KANE 74 DPWA K - p ~  E~r 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0.0854-0.02 3 GOYAL 77 DPWA K -  N ~ ~ x  

(rFr)%/r~= In N ~  E(2030) ~ -K (r~r~)~/r 
VA~UE DOCUMENT ID TE~:N COMMENT 

0.023 MULLER 69B DPWA K - p  "~ E K  
<0.05 BURGUN 60 DPWA K - p ' - ~  E K  
<0.05 TRIPP 67 RVUE K - p ' - '  E K  

(rlrf)%/rtml In N~'--~ Z(2030) --~ A(t820)lr, P-wave (rtrxs)~/r 
VALUE DOCUMENT ID TECN COMMENT 

0.144-0.02 CORDEN 75B DBC K - n - - *  N R x -  
0.184-0.04 LITCHFIELD 74D DPWA K - p  --* A(1820)~r 0 

(rFt)~/rm~ In N•--* Z'(2030) ~ A(1520)lr, D-wave (r, ra)~/r 
VALUE DOCUMENT ID TECN ~:OMMENT 

+0.1144.0.010 4 CAMERON 77 DPWA K - p  ~ A(1520)x 0 
0.14 4-0.03 LITCHFIELD 74R DPWA K - p - - ~  A(1520)x 0 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.10 :b0.03 5 CORDEN 75B DBC K -  n --~ N'~lr- 

(rFr)~,/r.t= =. NR--~ E(2030) --~ A(1520)~r, G-wave (r~r,)~/r 
VALUE DOCUMENT ID T~N COMMENT 

+0.1464-0.010 4 CAMERON 77 DPWA K - p  ~ A(1520)~ 0 
0.02 4-0.02 LITCHFIELD 74B DPWA K - p  ~ A(1520)x 0 

(rFr)~Ir~= tn N~--, Z(20.~0)--, A(U~2)'R', F ~  (r~r.)'l'Ir 
VALUE DOCUMENT ID TECN COMMC~NT 

0.164-0.03 LITCHFIELD 74c DPWA K - p - - ,  ZI(1232)K 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.174-0.03 5 CORDEN 75B DBC K -  n --~ N K . -  

(rFr)~/r~= In N~'--~ E(2030) --~ 4(1232)~', H-wave (r~r,,)V,/r 
VA~U~ pOCI~MENT ID TECN COMMENT 

0.004-0.02 LITCHFIELD 74C OPWA K - p  ~ A(1232)K 

(rF~)~Ir==, ~, N~ ' - .  Z(2030) -+ E(1385)~r (rlrs)~ir 
VALUE DOCUMENT ID TECN COMMENT 

+0.1534-0.026 4CAMERON 78 DPWA K - p ~  E(1385)x 

(rF~)~/r~= i, NX--~ Z(2030) - *  N'~"(892). $==1/2. F-wave 
(rlr.)'~Ir 

VALUE DOCUMENT 10 TEEN COMMENT 

+0.064-0.03 4 CAMERON 78B DPWA K - p  ~ N K *  
-0.024-0.01 CORDEN 77B K - d  "~ NN-K* 

(rFr)'l'Ir~,~ tn NR--* E(2030) -~ N7~'(892), S=a/2, Fwa~ 
(r~r.)~Ir 

VALUE DOCUMENT ID T~CN COMMENT 

+0.044-0.03 6 CAMERON 78B DPWA K -  p ~ N~ ' *  
-0.124-0.02 CORDEN 77R K - d  ~ NN'[~* 

Z(2030) FOOTNOTES 
1 Preferred solution 3; see CORDEN 76 for other possibilities. 
2The two entries for CORDEN 77c are from two different acceptable solutions. 
3This coupling Is extracted from unnormallzed data. 
4The published sign has been changed to be in accord with the baryon-first convention. 
5 An upper limit. 
6The upper limit on the G 3 wave is 0.03, 

Z(2030) REFERENCES 

PDG 84 RMP 56 No. 2 Pt. II Wohl, Cab., Rittenbers+ (LBL, CIT, CERN) 
POG 82 PL UlB RODS, porter, Aguilar-Benitez+ (HELS, CIT, CERN) 
GOPAL 80 Toronto Conf. 159 (RHEL) IJP 
CAMERON 78 NP B143 189 +Franek, Gopal, Bacon, Buttenvorth+ (RHEL, LOIC)IJP 
CAMERON 78B NP B146 327 +Franek, Gopal, Kalmus, McPhersoe+ (RHEL. LOiC)IJP 
CAMERON 77 NP B131 399 +Franek, Gopal, Kalmus, McPherson+ (RHEL, LOIC) IJP 
CORDEN 77B NP R121 365 +Cox, Kenyon, O'l~ale, Stubbs. Sumorok+ (BIRM)IJP 
COROEN 77C NP B125 61 +Cox, Kenyon, O'Neale, Stubbs, Sumomk+ ( )BIRM IJP 
DECLAIS 77 CERN 77-16 +Duchon, Louvel, PatPJ, Segulnot+ (CAEN, CERN)IJP 
GOPAL 77 NP B119 362 +ROSS, VanHorn, McPherson+ (LOIC, RHEL} IJP 
GOYAL 77 PR D16 2746 +Sodhi (OELH) IJP 
COROEN 76 NP B104 382 +Cox, Dartnell, Kenyon, O'Neale+ (BIRM) IJP 
DEBELLEFON 76 NP B109 129 De Beliefo~. Berthon (CDEF) IJP 
BAILLON 75 NP B94 39 +Litchfleld (CERN, RHEL)IJP 
CORDEN 7SB NP B92 365 +Cox, Dartnell, Kenya, O'Neale+ (BIRM) IJP 
HEMINGWAY 7S NP R91 12 +Ended, Harmsen+ (CERN, HEIDH, MPIM) IJP 
VANHORN 75 NP B87 145 (LBL) IJP 

Also 75R NP B87 157 VanHom (LBL)IJP 
DEVENISH 74B NP Bgl 330 +Froggatt, Marti. (DESY, NORD, LOUC) 
KANE 74 LBL-2452 (LRL) IJP 
LITCHFIELD 74B NP B74 19 +Herningway, BailloN+ (CERN, HEIDH) IJP 
LITCHFIELD 74C NP B74 39 +Hemingway, Banlon+ (CERN, HEIDH)IJP 
LITCHFIELD 740 NP B74 12 +Hemingway, Baillo~+ (CERN, HEIDH) IJP 
MULLER S9B Thesis UCRL 19372 (LRL) 
BURGUN 68 NP B8 447 +Meyer, Pauli, Tanlnl+ (SACL, CDEF, RHEL) 
TRIPP 67 NP B3 10 +Leith+ (LRL, SLAC, CERN, HELD, SACL) 
COOL 66 PRL 16 1 2 2 8  +Giacomelll, Kyda, Leontlc, Lundby+ (BNL) 
WOHL 66 PRL 17 107 +Solmltz, SteveMon (LRL) IJP 

I E ( 2 0 7 0 )  Fis I '(:P) = 1(~+) Status: >l< 
OMITTED FROM SUMMARY TABLE 

This state suggested by BERTHON 70B finds support In GOPAL B0 

with new K - p  polarization and K - n  angular distributions, The 
very broad state seen in KANE 72 Is not required In the later 
(KANE 74) analysis o f K N  --~ ETr. 

]:(=o7o) MASS 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

20/0 OUR ESTIMATE 
20514-25 GOPAL 80 DPWA ~'N--~ "~N 
2057 KANE 72 DPWA K - p " ~  E l f  
20704-10 BERTHON 708 DPWA K - p - . *  E x  

E(2070) WIDTH 

VALUE (MeV) DOCUMENT IO TECN COMMENT 

3004-30 GOPAL 80 DPWA 'KN ~ ' ~ N  
906 KANE 72 DPWA K - p  ~ ~ x  
1404-20 BERTHON 70B DPWA K - p - " ~  E*r 

E(2070) DECAY MODES 

Mode 

r l  NK 
r2 E~ 

E(2070) BRANCHING RATIOS 

See "Sign conventions for resonance couplings" In the Note on A and r 
Resonances. 

r(NX)Ir~= r11r 
VALUE DOCUMENT ID TECN COMMENT 

0.084-0.03 GOPAL 80 DPWA K N - ~  ~ N  

(rFf)'~/rt== IR N~'-. z(~lo)-+ Z,r (r~r=)'/,/r 
VALUE DOCUMENT ID T~:N ~:OMM~:NT 

4-0.104 KANE 72 DPWA K - p ~  E x  
+0.12 4-+-0.02 BERTHON 708 DPWA K - - p - +  E x  



See key on page 213 

E(2070) REFERENCES 

GOPAL 80 Toronto Co,f. 159 
KANE 74 LBL-2452 
KANE 72 PR D5 1583 
BERTHON 70B NP B24 417 +Vra.a, Buttelwotth+ 

I z(2~176 P"I 
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Baryon Particle Listings 
E(2070), E(2080), E(2100), E(2250) 

{RHEL) IJP 
{LBL) 
(LBL) 

(CDEF, RHEL, SACL)IJP 

I(J P) = 1(~ +)  Status: * *  

I ,(,.) = 1 ( � 8 9  * 

OMITTED FROM SUMMARY TABLE 

VALUE (MeV) 
2100 OUR ESTIMATE 

z(2~00) MASS 

DOCUMENT ID TECN COMMENT 

OMITTED FROM SUMMARY TABLE 
Suggested by some but not all partial-wave analyses across this re- 
gion. 

z(20eo) MASS 
DOCUMENT ID VALUE (MeV) 

20eO OUR ESTIMATE 
20914- 7 1 CORDEN 76 
2070 to 2120 DEBELLEFON 76 
21204-40 BAILLON 75 
21404-40 BAILLON 75 
20824- 4 COX 70 
20704-30 LITCHFiELD 70 

TECN COMMENT 

DPWA K - - n - *  A x -  
IPWA K - p  ~ ,4~r 0 
IPWA K N  ~ A~r (sol. 1) 
IPWA ~ N  ~ ,4~ (sol. 2) 
DPWA See CORDEN 76 
DPWA K -  N --, A~r 

VALUE (MeV) 

1864-48 1 CORDEN 76 
100 DEBELLEFON 76 
2404-50 BAILLON 75 
2004-50 BAILLON 75 

87 4- 20 COX 70 
2504-40 LITCHFIELD 70 

Z(20e0) WIDTH 

DOCUMENT ID TECN COMMENT 

DPWA K - n - . *  "4fr- 
IPWA K -  p ~ Ax  0 
IPWA K N  ~ A~r (sol. 1) 
IPWA K N  ~ ATr (soL 2) 
DPWA See CORDEN 76 
DPWA K - N ~  "4~r 

s DECAY MODES 

Mode 

I" 1 N K  
r2 /l~r 

E(2080) BRANCHING RATIOS 
See "Sign conventions for resonance couplings" in the Note on ,4 and Z" 
Resonances. 

(qrf)~/rt~,n in N ~ ' - .  E(2~01 --~ Ar  (qr2lV~/r 
VA~-V~ DOCUMENT It) TECN COMMENT 

-0.104-0.03 1CORDEN 76 DPWA K - n ~  ATr- 
-0 .10  DEBELLEFON 76 iPWA K - p  ~ A~ 0 
-0.13:E0.04 BAILLON 75 IPWA K N  -+ ,41r (sol. 1 and 

2) 
-0.164-0.03 COX 70 DPWA See CORDEN 76 
--0,094-0.03 LITCHFIELD 70 DPWA K -  N ~ / i x  

Z(20g0) FOOTNOTES 
1 Preferred solution 3; see CORDEN 76 for other possibilities, Including a D15 at this 

mass. 

E(__~X~__) REFERENCES 

CORDEN 76 NP B104 382 +Co:<, Oartnell, Kenyon, O'Neale+ (fllRM) IJP 
DEBELLEFON 76 NP B109 129 De Bellefon, Berthon (CDEF) IJP 

Also 75 NP B90 I De Bellefon, Berthon, Brunet+ (CDEF, SACL)IJP 
BAILLON 75 NP B94 39 . +Litchfleld (CERN, RHEL) IJP 
COX 70 NP B19 61 +islam, Cogey+ (BIRM, EDIN, GLAS, LOIC)IJP 
LITCHFIELD 70 NP B2~ 269 (RHEL)IJP 

20604-20 
21204-30 

BARBARO-... 70 DPWA K - p ~  Air 0 
BARBARO-... 70 DPWA K - p ~  E l f  

s WIDTH 

DOCUMENT ID TECN COMMENT VALUE (MeV) 

704-30 BARBARO-... 70 DPWA K - p ~  Ax 0 
1354-30 BARBARO-,.. 70 DPWA K - p - ' ~  s 

s DECAY MODES 

Mode 

r~ NK 
r2 ATr 
r3 E~r 

s BRANCHING RATIOS 
See "Sign conventions for resonance couplings" in the Note on A and E 
Resonances, 

(qrr N'~,-~ Z(21001 -~ Air (r, rz)~/r 
VALUE DOCUMENT ID TECN COMMENT 

-0.074-0.02 BARBARO-... 70 DPWA K - p - - +  A x  0 

(r,rr)~/r~., I .  N~'--~ E(2100) --* Z r  (rlrs)q'/r 
VALUE DOCUMENT ID TECN f~IMMENT 

+0,134-0,02 BARBARO-... 70 DPWA K - p ~  E~r 

E(2100) REFERENCES 

BARBARO-... 70 Duke Conf. 173 Barbaro-GaltJed (LRL) IJP 
I 

1 • ( 2 2 5 o )  I = ,(;;) Status: * * *  

Results from partial-wave analyses are too weak to  warrant sep- 
arating them from the production and cross-section experiments. 
LASINSKI 71 in K N  using a Pomeron + resonances model, and 
DEBELLEFON 76, DEBELLEFON 77, and DEBELLEFON 78 in 
energy-dependent partial-wave analyses of  "~N  --* ATr, ~'w, and 
N K ,  respectively, suggest two resonances around this mass. 

E(22S0) MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

2210 tO 2 B 0  (m 2 ~ 0 )  OUR 15TIMATE 

2270:550 DEBELLEFON 78 DPWA D 5 wave 
22104-30 DEBELLEFON 78 DPWA G 9 wave 
2275+20 DEBELLEFON 77 DPWA D 5 wave 
22154-20 DEBELLEFON 77 DPWA G 9 wave 
23004-30 1DEBELLEFON 75B HBC K - p - - ~  --*OKO 

2251+30 VANHORN 75 DPWA K - p  ~ ATr O, F 5 wave 
" - 2 0  

2280:514 AGUILAR-... 70B HBC K - p  3.9, 4.6 GeV/c 
2237-J:11 BRICMAN 70 CNTR Total, charge exchange 
2255+10 COOL 70 CNTR K - p ,  K - d t o t a l  
22504- 7 BUGG 68 CNTR K - p ,  K - d  total 
�9 �9 ~ We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2260 DEBELLEFON 76 IPWA D 5 wave 
2215 DEBELLEFON 76 IPWA G 9 wave 
22504-20 LU 70 CNTR " 7 p ~  K + Y  * 
2245 BLANPIED 65 CNTR "YP'-' K + Y *  
22994- 6 BOCK 65 HBC ~p 5.7 GeV/c 
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Baryon Particle Listings 
Z'(2250),  E (2455 )  Bumps 

Z(2250) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
60 to 1110 (~ lOO) OUR ESTIMATE 

120~40 DEBELLEFON 78 DPWA D 5 wave 
8 0 •  DEBELLEFON 78 DPWA G 9 wave 
70:~20 DEBELLEFON 77 DPWA O 5 wave 
601b20 DEBELLEFON 77 DPWA G 9 wave 

130:J:20 1 DEBELLEFON 75B HBC K -  p ~ - * 0 K 0  
192~30 VANHORN 75 DPWA K -  p ~ ATr O, F 5 wave 
10021-20 AGUILAR-... 70B HBC K - p  3.9.4.6 GeV/c 
164+50 BRICMAN 70 CNTR Total. charge exchange 
230:1:20 BUGG 68 CNTR K - p ,  K - d  total  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

100 DEBELLEFON 76 IPWA D 5 wave 
140 DEBELLEFON 76 IPWA G 9 wave 
170 COOL 70 CNTR K - p ,  K - d t o t a l  

125 LU 70 CNTR "rP --* K + Y *  
150 BLANPIED 65 CNTR -;,p ~ K + Y *  

21 + 1 7  BOCK 65 HBC p p  5.7 GeV/c - 2 1  

E(2250) DECAY MODES 

Mode Fraction ( r i / r )  

E(2250) REFERENCES 

DEBELLEFON 78 NC 42A 403 De Bdlefon, Berthon. Billotr+ (CDEF, SACL) UP 
DEBELLEFON 77 NC 37A 175 De Bellefon. Berthon. Billoir+ (CDEF. SACL) IJP 
DEBELLEFON 76 NP B109 129 De Bellefon. Berthofl (COEF)IJP 

Also 75 NP BgO I De Bellefon, Betthon. Brunet+ (CDEF, SACL)IJP 
DEBELLEFON 7SB NC 28A 289 De Betlefon. Betthon, Billolr+ (CDEF, SACL) 
VANHORN 75 NP B87 145 (LBL)IJP 

Also 7SB NP B87 157 VanHor (LBL)IJP 
LASINSKI 71 NP B29 125 (EFI)IJP 
AGUILAR-... 7OB PRL 25 58 Aluilar-Beldtez, Barnes, Bassano+ (BNL, SYRA) 
BARBARO-... 70 Duke Conf. 173 earbam-Galtled (LRL) UP 
BRICMAN 70 PL 31B 152 +Ferro-Luzzl, Petreau+ (EERN, CAEN, SACL) 
COOL 70 PR D1 1887 +Giacomelli, Kyda, Leontic, Li+ (BNL) I 

Also 66 PRL 16 1228 Cool, Giacomelll, Kycia. Leoetlc. Lundby+ (BNL) I 
LU 70 PR D2 1846 +Greenberl[. Hughes, Minehart, Mod+ (YALE) 
BARNES 69 PRL 22 479 +Ftaminio, Moetanet. Sami0s+ (BNL, SYRA) 
BUGG 68 PR 168 1466 +Gilmore, Knight+ (RHEL. BIRM, CAVE) i 
BLANPIED 65 PRL 14 741 +Greenberg, Hughes, Kitching. Lu+ (YALE. CEA ) 
BOCK 65 PL 17 166 +Cooper. French, Kinson+ (CERN, SACL) 

I E(2455) Bumps I ' ( / )  = 1(?7) Status: ~<~< 

OMITTED FROM SUMMARY TABLE 
There is also some slight evidence for Y* states in this mass region 
from the reaction ,./ p --, K +  X - -  see GREENBERG 68. 

rz NK <1o % 
r 2 Air seen 
r 3 ,E~ seen 
F 4 N R x  
rs ---(1530) K 

The above branching fractions are our estimates, not fits or averages, 

E(2250) BRANCHING RATIOS 

See "Sign conventions for resonance couplings" in the Note on A and 
Resonances. 

r(N~)/rt~, 
VAL(,I~ DOCUMENT ID TECN (~OMMENT 
<0.1 OUR ESTIMATE 

0.08~:0.02 DEBELLEFON 78 DPWA D 5 wave 
0.02~0.01 DEBELLEFON 78 DPWA G 9 wave 

(J+�89 
VALUE ~OCUMENT 10 . T~CN COMMENT 

rd r  

rzlr 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.164-0.12 BRICMAN 70 CNTR Total, charge exchange 
0.42 COOL 70 CNTR K -  p, K -  d total  
0.47 BUGG 68 CNTR 

(rFf)%/r~,, In N~'.-b E(2250) --~ A~r (r~r=)VUr 
VALUE, DOCUME~IT IO T~CN COMMENT 

--0.16:J:0.03 VANHORN 75 DPWA K -  p --* A~ O, F 5 wave 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

+0.11 DEBELLEFON 76 IPWA D 5 wave 

K - p  ~ /tlr O, G9 wave 

(rlrs)~Ir 

K - p  ~ s  Gg wave 

rl lrs 

1 standard dev. l imi t  

r=ir~ 

1 standard dev. l imi t  

(rlrg)~/r 

- 0 . 1 0  DEBELLEFON 76 IPWA G 9 wave 
- 0 . 1 8  BARBARO-... 70 DPWA 

(rFt)V'/rt=,, In N~- - *  E(2250) ,-~ ~'lr 
VALUE DOCUMENT I~ TECN COMMENT 

+0 .06•  DEBELLEFON 77 DPWA D 5 wave 
-0.03:E0.02 DEBELLEFON 77 DPWA G 9 wave 
+0.07 BARBARO-,.. 70 DPWA 

r(N~)/r(E.) 
VA~U~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.18 BARNES 69 HBC 

r(Ax)/r(z.) 
VA~UE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.18 BARNES 69 HBC 

(rFf)~/r~,, In NX- - *  ~'(2Z50) -~ --(1530) K 
VALUE DOE;UMENT ID TECN COMMENT 

0.18-1-0.04 1 DEBELLEFON 75B HBC K -  p --* _--*0 K 0 

E(2250) FOOTNOTES 
1Seen In the (initial and final state) D 5 wave. Isospin not determined. 

z(=e.~) MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
~= 24M OUR ESTIMATE 

2455:E10 ABRAMS 70 CNTR K - p , K - d t o t a l  
2455:1:7 BUGG 68 CNTR K - p .  K - d t o t a l  

~(24,55) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

140 ABRAMS 70 CNTR K -  p, K -  d total  
100220 BUGG 68 CNTR 

E(2455) DECAY MODES 

Mode 

r l  NK 

E(2455) BRANCHING RATIOS 

(J+�89 r11r 
VALUE DOCUMENT IO TECN COMMENT 

0.39 ABRAMS 7fi CNTR K - p ,  K -  d total  
0.0520.05 1 BRICMAN 70 CNTR Total, charge exchange 
0.3 BUGG 68 CNTR 

E(2455) FOOTNOTES 
1 Fit of total  cross section given by BRICMAN 70 Is poor In this region. 

E(2455) REFERENCES 

ABRAMS 70 PR D1 1917 +Cool, Giacomelli, Kyda. Leo.tic. Li+ (BNL) I 
Also 67E PRL 19 678 Abcams, Cool, Glacomelll, Kycla, Leo~tic+ (BNL) 

BRICMAN 70 PL 31B 152 +FeTro-Luzzi, Perreau+ (CERN, CAEN, SACL) 
BUGG 68 PR 168 1466 +Gilmore, Knight+ (RHEL, BIRM, CAVE) I 
GREENBERG 68 PRL 20 221 +Hughes, Lu, Minehart+ (YALE) 
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Z-(2620) Bumps, ~(3000) Bumps, Z(3170) Bumps 

I(J P) = 1(? ? ) Status: * *  

OMITTED FROM SUMMARY TABLE 

s MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
m 2620 OUR ESTIMATE 

25424-22 DIBIANCA 75 DBC K-  N ~ --Klr 
26204-15 ABRAMS 70 CNTR K-p, K-  d total 

s WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

2214-81 DIBIANCA 75 DBC K -  N ~ F . K ~  
175 ABRAMS 70 CNTR K -  p, K -  d total  

s DECAY MODES 

Mode 

r l  N K  

s BRANCHING RATIOS 

(J+�89 rdr 
VALUE DO~:UMENT ~D TECN COMMENT 

0.32 ABRAMS 70 CNTR K - p ,  K - d t o t a l  
0.364:0.12 BRICMAN 70 CNTR Total, charge exchange 

s REFERENCES 

DIBIANCA 75 NP B98 137 +Endod (CMU) 
ABRAMS 70 PR DI 1917 +COol, Giacomelli, Kyda, Leofltlc, Li+ (BNL) I 

Aim 6?E PRL 19 678 Alxams, Cool. Giacomelli, Kycia, Leontic+ (BNL) 
BRICMAN 70 PL 31B 152 +Ferro-Luzzi, Perreau+ (CERN, CAEN SACL) 

I E(3000) Bumps I '(JP) = 1(??) Status: * 

OMITTED FROM SUMMARY TABLE 
Seen as an enhancement in A~ and KN invariant mass spectra and 
in the missing mass of neutrals recoiling against a K 0. 

s MASS 

VALUE (MeV) " DOCUMENT ID TECN CHG COMMENT 
~00 OUR ESTIMATE 
3000 EHRLICH 66 HBC 0 ~-p 7.91 GeV/c 

s DECAY MODES 

Mode 

ri N~ 
['2 ATr 

I ,s Bumps I i(:e) = 1(??) Status: * 

OMITTED FROM SUMMARY TABLE 
Seen by AMIRZADEH 79 as a narrow 6.5-standard-deviation en- 
hancement in the reaction K-p .-, Y*+lr- using data from in- 
dependent high statistics bubble chamber experiments at 8.25 and 
6.5 GeV/c. The dominant decay modes are multibody, multistrange 
final states and the production is via isospin-3/2 baryon exchange. 
Isospin 1 is favored. 

Not seen in a K-p experiment in LASS at 11 GeV/c (ASTON 85B). 

E(3170) MASS 
(PRODUCTION EXPERIMENTS) 

VALUE (MeV) E V T S  DOCUMENT ID TECN COMMENT 
~. 3170 OUR ESTIMATE 

31704-5 35 AMIRZADEH 79 HBC K - p  ~ Y*+~r-  

s WIDTH 
(PRODUCTION EXPERIMENTS) 

VALUE (MeV) Ev'r$ DOCUMENT ID TECN COMMENT 

<20 35 1AMIRZADEH 79 HBC K - p ~  Y * + l r -  

s DECAY MODES 
(PRODUCTION EXPERIMENTS) 

Mode Fraction (FI/F) 

F1 A KKTr 'S seen 
['2 ~ 'KK~ 's  seen 

['3 --K~"s seen 

s BRANCHING RATIOS 
(PRODUCTION EXPERIMENTS) 

r(AK~'.,s)/r~.~ r:/r 
VALU E DOCUMENT ID TECN COMMENT 

AMIRZADEH 79 HBC K - p  ~ y,4-~- 

r(s r2/r 
VALUE DOCUMENT I~ TECN COMMENT 

AMIRZADEH 79 HBC K - p  ~ Y ' +  l r -  

r(-K.'s)/r~== rs/r 
VALUE ~)OCUMENT ~L9 T~C N COMMENT 

AMIRZADEH 79 HBC K - p  --~ Y * + ' ~ ' -  

s REFERENCES 

EHRLICH 66 PR 152 1194 +Selove, Yuta (PENN) I 

E(3170) FOOTNOTES 
(PRODUCTION EXPERIMENTS) 

1Observed width consistent with experimental resolution. 

E(3170) REFERENCES 
(PRODUCTION EXPERIMENTS) 

ASTON 8SB PR D32 2 2 7 0  +Carnegie+ 
AMIRZADEH 79 PL 89B 125 + 

Also 80 Toronto Conf. 263 Kinson+ 

(SLAC, CARL, CNRC, CINC) 
(BIRM, CERN, GLAS, MSU, CURIN, CAVE+)I 

(BIRM, CERN, GLAS, MSU, CUR[N) I 
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- - - - 0  

:BARYONS II ( S =  - 2 ,  I =  1 /2 )  
- - o =  uss, =..- = dss 

r ~ l  i ( J P )  = �89189  status: ~< * * *  

The parity has not actually been measured, but + is of course ex- 
pected. 

---0 = MASS 

The fit uses the =-0, E - ,  and ~ +  mass and mass difference measure- 
ments. 

VALUE (MeV) EVTS DOCUMENT ID TEEN 
I~L4.9:I:0.S OUR FIT 
1~14.8-1-0.11 OUR AVERAGE 
1315.2+0.92 49 WILQUET 72 HLBC 
1313.4:E 1.8 1 PALMER 68 HBC 

m_=- - m:-o 

The fit uses the =0, E - ,  and ~ +  mass and mass difference measure- 
ments. 

VALUE (MeV) EVT$ DOCUMENT ID TEEN COMMENT 
6A'~O.~ OUR FIT 
~.~4-0.7 OUR AVERAGE 
6.9+2.2 29 LONDON 66 HBC 
6.1-1-0.9 88 PJERROU 658 HBC 
6.8:E 1.6 23 JAUNEAU 63 FBC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

6.1-F1.6 45 CARMONY 64B HBC See PJERROU 650 

M E A N  LIFE 

VALUE (10 -10 s) EVT~ DOCUMENT IO TEEN COMMENT 
2.gO:E~0S OUR AVERAGE 
2.83:~0,16 6300 1ZECH 77 SPEC Neutral hyperon beam 

2 8 ~+0"21 652 BALTAY 74 HBC 1.75 GeV/c K -  p 
" "--0.19 

2 90 +0.32 157 2 MAYEUR 72 HLBC 2.1 GeV/c K -  �9 - 0.27 

3 0 ~+0"22 340 DAUBER 69 HBC 
�9 " - 0 .20  

3.0 • 80 PJERROU 650 HBC 
2.5 +0.4 -0 .3  101 HUBBARD 64 HBC 

3,9 +1.4 -0 ,8  24 JAUNEAU 63 FBC 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3,5 +1.0 45 CARMONY 640 HBC See PJERROU 65B --0.8 

1The ZECH 77 result is ~'-0 = [2"77--(TA-2"69)] x 10 -10  s, In which we use ~A = 

2.63 x 10 - 1 0  s. 
2The MAYEUR 72 value Is modified by the erratum. 

__--0 M A G N E T I C  M O M E N T  

See the "Note on Baryon Magnetic Moments" In the A Listings. 

VALUE II~N) EVTS DOCUMENT ID TEEN 
-1JllO:l:O.014 OUR AVERAGE 
- 1,253:i:0.014 270k COX 81 SPEC 
-1.20 :CO.06 ~ 42k BUNCE 79 SPEC 

_----0 DECAY M O D E S  

Mode Fraction ( r l / r )  Confidence level 

r I A~r ~ (99.s4:~0.05) % 
r 2 A~, (1.06~:0.16) x 10 - 3  
['3 ~T-o~ ( 3.5 ~-0.4 ) x 10 - 3  

r 4 E +  e - P � 9  < 1.1 x l O  - 3  
r 5 ~----~+p--Pp < 1.1 x 10 - 3  

90% 
9O% 

& S  = A Q  (SO)  v lo la t lq [  model or 
A S  = 2 forbidden ($2 )  m o d =  

r6 E -  e +ue  SO < 9 x 10 - 4  90% 
r7 s  up SQ < 9 x 10 - 4  90% 

rs p~- 52 < 4 x 10 - 5  90% 
r 9 p e - p  e $2 < 1.3 x 10 - 3  

rio PP-~p S2 < 1.3 x 10 - 3  

C O N S T R A I N E D  F I T  I N F O R M A T I O N  

An overall f i t to 2 branching ratios uses 2 measurements and one 
constraint to determine 3 parameters. The overall f i t has a X 2 = 
0.0 for 0 degrees of freedom. 

The following off-diagonal array elements are the correlation coefficients 
(~x~x j l / ( ~x i . ~x j ) ,  in percent, from the fit to the branching fractions, x i --- 

I ' i / l ' tota I. The fit constrains the x/ whose labels appear in this array to sum to 
one, 

x2 I - 3 5  
x 3 - 9 4  0 

Xl x2 

=-o BRANCHING RATIOS 

r(AT)/r(A,~) r2/rs 
VALUE (units 10 -3 ) EV'rS DOCUMENT ID TEEN COMMENT 
1.06:i:0.~ OUR FIT 
1JN-l-0.12"1"0.11 116 JAMES 90 SPEC FNAL hyperons 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

5 -+-5 1 YEH 74 HBC Effective denom.=200 

r(~-y)Ir(a~) rs / r l  
VALUE (units 10 -3) CL~ E V T S  DOCUMENT It:) TEEN COMMENT 

3.6 -I-OA OUR FIT 
~L1~'1"0.42"1"0.10 85 TEIGE 89 SPEC FNAL hyperons 

�9 t �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< B 90 BENSINGER 88 MPS2 K-- W 6 GeV/c 
<65 90 0-1 YEH 74 HBC Effective de- 

nom.=60 

r(z+e-po)/r(A~ ~ r4/r l  
VALUE (units 10-3) ' CL~ EVTS DOCUMENT ID TEEN COMMENT 

<1.1 90 0 YEH 74 HBC Effective denom.=2100 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.5 DAUBER 69 HBC 
<7 HUBBARD 66 HBC 

r(z+~-v~)/r(,~,~) r=/rl 
VALUE(units 10 -s) CLN EVTS DOCUMENT ID TEEN COMMENT 

<1.1 90 0 YEH 74 HBC Effective denom.=2100 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

<1.5 DAUBER 69 HBC 
<7 HUBBARD 66 HBC 

r(z- e+,,o)Ir(A~ ~ ) r61rl 
Test of .~S = ~ Q  rule. 

VALUE(units 10 -3) CL~ EVTS DOCUMENT ID TEEN COMMENT 

<0.g 90 0 YEH 74 HBC Effective denom.=2500 
�9 * �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.5 DAUBER 69 HBC 
<6 HUBBARD 66 HBC 

r(z-~+.,,.)/r(,~,~) rT/rl 
Test of Z~5 = ~ Q  rule. 

VALUE (units 10 -3 ) CL% E V T $  DOCUMENT ID TEEN COMMENT 

<o.g 90 0 YEH 74 HBC Effective denom.=2500 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.5 DAUBER 69 HBC 
<6 HUBBARD 66 HBC 

r(p,r-)/r(A~ ~ r=/r l  
Z~S=2. Forbidden In first-order weak interaction. 

V.~LUE (units 10 -s) CL~ E V T S  DOCUMENT ID TEEN COMMENT 

< IL6 90 GEWENIGER 75 SPEC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. = �9 �9 

<180 90 0 YEH 74 HBC Effective dehorn.=1300 
< 90 DAUBER 69 HBC 
<500 HUBBARD 66 HBC 
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r(pe-vo) i r (A.o)  r ,  l r ,  
A$=2. Forbldden In first-order weak Interactlon. 

VALUE(units 10 -3 ) CLS EV7"S  DOCUMENT ID TECN COMMENT 

<:1.1 DAUBER 69 HBC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<3.4 90 0 YEH 74 HBC Effective denom.=670 
<6 HUBBARD 66 HBC 

r (p~ -p~) I r (A-  ~ r~o/rl 
Z15=2. Forbidden In first-order weak Interaction. 

VALUE(units 10 -3) CL~; EVTS DOCUMENT ID TECN COMMENT 

<1.3 DAUBER 69 HBC 
�9 �9 �9 We do not use the following data for averages, fits, ,mRs, etc. �9 �9 �9 

<3.5 90 0 YEH 74 HBC Effective denom.=664 
<6 HUBBARD 66 HBC 

r DECAY PARAMETERS 

See the "Note on Baryon Decay Parameters" In the neutron Listings. 

,,(=-'0 ) =--(A) 
wL~,~ E~ DOCUMENT ,D TECN COMMEN~ 
--0.;1644-0.013 OUR AVERAGE Error Includes scale factor of 2.1. See the ideogram 

below. 
-0,260<.0.004<.0.003 300k HANDLER 82 SPEC FNAL hyperons 
-0.317<.0.027 6075 BUNCE 78 SPEC FNAL hyperons 
-0.35 <-0.06 505 BALTAY 74 HBC K - p  1.75 

GeV/c 
-0 .28 ~:0.06 739 DAUBER 69 HBC K - p  1.7-2.6 

GeV/c 

JAMES 90 PRL 64 843 
TEIGE 89 PRL 63 2717 
BENSINGER 88 PL B215 195 
HANDLER 82 PR D25 639 
COX 81 PRL 46 a77 
BUNCE 79 PL 86B 386 
BUNCE 78 PR D18 633 
ZECH 77 NP B124 413 
GEWENIGER 7S PL S7B 193 
BALTAY 74 PR D9 49 
YEH 74 PR DlO 3545 
MAYEUR 72 NP B47 333 

Also 75 NP R53 268 erratum 
WILQUET 72 PL 42B 372 
DAUBER 69 PR 179 1262 
PALMER 68 PL 26B 323 
BERGE 66 PR 147 945 
HUBBARD 66 Thesis UCRL 11510 
LONDON 66 PR 143 1034 
PJERROU 6SB PRL 14 275 

Also 65 Thetis 
CARMONY 64B PRL 12 482 
HUBBARD M PR 135B 183 
JAUNEAU 63 PL 4 49 

Also 63C Siena Conf. 1 1 

D 
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0 = "  - - - _  

__--0 REFERENCES 

+Hener, Border, Ov~orkin+ (MINN, MICH, WISC, RUTG) 
+Beretvas, Caracappa, Devlin+ (RUTG, MICH, MINN) 
+Foftner, Kitsch, Piekarz+ (BRAN, DUKE, NDAM, MASD) 
+Gmb4d, Pondrom+ (WlSC, MICH, MINN, RUTG) 
+Dwoddn+ (MICH, WISC, RUTG, MINN, BNL) 
+Ovetseth, CoK+ (BNL, MICH, RUTG, WlSC) 
+Handler, March, Martin+ (WISC, MICH, RUTG) 
+Dydak, Navarda+ (SIEG, CERN, DORT, HEIDH) 
+GJesdaJ, Pr~ser+ (CERN, HEIDH) 
+Bridl~mter, Cooper, Gershwin+ (COLU, BING)J 
+Galgalas, Smith, Zendle, Baltay+ (BING, COLU) 
+VanBInst. WIIquet+ (BRUX. CERN. TUFTS. LOUC 

May~r 
+Fllasine. Guy+ (BRUX. CERN. TUFTS. LOUC) 
+Berge, Hubba;d, Merrill, Miller (LRL) 
+RadoJidc, Rau, Richardson+ (BNL, SYRA| 
+Eberhard, HuM~rd, Merdll+ (LRL 

( LRL 
+Rau, Goldberg, Uchtman+ (BNL, SYRA) 
+Schleln, Slatsr, Smlffi, Stork, Tlcho (UCLA) 

PJerrou (UCLA) 
+PJerrou, Schlein, Slater, Stork+ (UCLA) 
§ Kall~elsch, Shafer+ (LRL) 

RHEL, BERG + (EPOL, CERN, LOUC, RHEL, BERG ) ) Jauneau+ (EPOL, CERN, LOUC, 

I ( J  P )  = ~ ( � 8 9  Status: * * * *  

The parity has not actually been measured, but + Is of course ex- 
pected, 

We have omitted some results that have been superseded by later 
experiments. See our earner edlUons. 

..=- MASS 

The fit uses the ----, ~-t-, and _-0 mass and mall difference measure- 
ments. It assumes the - - -  and ~ §  masses are the same. 

VALUE (MIV) EV'I'$ DOCUMENT ID TECN COMMENT 
U~Lt~ll:i:r OUR FIT 
1r OUR AVERAGE 
1321.46=b0.34 632 DIBIANCA 75 DBC 4.9 GeV/c K - d  
1321.12<-0.41 268 WILQUET 72 HLBC 
1321.87<.0.31 196 1GOLDWASSERTO HBC S.6 GeV/c K - p  
1321.67=i:0.52 6 CHIEN 66 HBC 6.9 GeV/c ~p  
1321.4 4-1.1 299 LONDON 66 HBC 
1321.3 =1:0.4 149 PJERROU aSS HBC 
1321.1 4-0.3 241 2 BADIER 64 HBC 
1321.4 <.0.4 017 2 JAUNEAU 63D FBC 
1321.1 =E0.6S 62 2 SCHNEIDER 63 HBC 

a FOR ---'~ -~ A ~  
The above average, a(.RO)a_(A) = -0.264 =l: 0.013, where the error Includes a 
scale factor of 2.1, divided by our current average a_(A)  -- 0.642 =l: 0.013, gives the 

following value for a(--O). 
VALUE . DOCUMENTID 
--0.411"t'0.022 OUR EVALUATION Error Includes scale factor of 2.1. 

# ANGLE FOR .--o .~  A~r o ( tan~  = p / , y )  
VALUE (o) EVT$ DOCUMENT It) TECN COMMENT 

21:1:1;I OUR AVERAGE 
164-17 652 BALTAY 74 HBC 1.75 GeV/c K - p  
38<.19 739 3 DAUBER 69 HBC 

- 84"30 146 4 BERGE 66 HBC 

3DAUBER 69 uses (~A = 0.647 <. 0.020. 

4The errors have been multiplied by 1.2 due to appro0<lmatlons used for the -- polarization; 
see DAUBER 69 for a discussion. 

a FOR ---O "-~ A 'y  
VALUE EVT$ DOCUMENT ID TECN COMMENT 

+0.434440.44 87 JAMES 90 SPEC FNAL hyperons 

�9 ,FOR---'~ ~L'% 
VALUE EVTS DOCUMENT ID TECN COMMENT 

�9 t"0.204-0.324-0.0B 85 TEIGE 89 SPEC FNAL hyperons 

1GOLDWASSER 70 uses m A : 1116.08 MeV. 
2Thsse masm have been increased 0.09 MeV bscause the A mall Increased. 

_-"+ MASS 

The fit uses the Z - ,  ~-4- and Z 0 mall and mall difference measure- 
ments. It il lumes the - - -  and Y +  mallei Ire the l ime, 

VALUE (M|V~ EVT$ O0~:UMENT ID TECN COMMENT 
MlalJild:O.ll l OUR FIT 
l lg l~04-O.IB OUR AVERAGE 
1321.6 <.0.8 36 VOTRUBA 72 HBC 10 GeV/c K + p  
1321.2 -I-0,4 34 STONE 70 HBC 
1320.69• 5 CHIEN 66 HBC 6.9 GeV/c~p 

(m._ - n~_) / m n ,  r m  

A test of CPT Invarlance. We calculate it from the a v e r a g e - - -  and ~'~" 
masses above. 

V,l~lal~ DOCUMENT ID 

(1.1:1:;L7) X 10 - 4  OUR EVALUATION 
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..=- MEAN LIFE 

Measurements with an error > 0.2 x 10 - 1 0  s 
not included have been omitted. 

or with systematic errors 

VALUE (10 -10 s) E V T S  DOCUMENT ID TECN COMMENT 
1.639+0.015 OUR AVERAGE 
1.652+-0.051 32k BOURQUIN 84 SPEC Hyperon beam 
1.6654.-0.065 41k BOURQUIN 79 SPEC Hyperon beam 
1.609+0.028 4286 HEMINGWAY 78 HBC 4.2 GeV/c K - p  
1.67 •  DIBIANCA 75 DBC 4.9 GeV/c K - d  
1.63 +-0.03 4303 BALTAY 74 HB C 1.75 GeV/c K - p  

1.73 +0.08 680 MAYEUR 72 HLBC 2.1 GeV/c K -  -0 .07  
1.61 •  2610 DAUBER 69 HBC 
1.80 :t:0.16 299 LONDON 66 HBC 
1.70 +-0.12 246 PJERROU 65B HBC 
1.69 +-0.07 794 HUBBARD 64 HBC 

1.86 +0.15 517 JAUNEAU 63D FBC -0 .14  

~ "  MEAN LIFE 

VALUE (10 -10 s) E V T S  DOCUMENT ID TECN COMMENT 

1.6 4-0.3 34 STONE 70 HBC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

55 0.35 35 3 VOTRUBA 72 HBC 10 GeV/c K + p  
�9 --0.20 

1.9 +0.7 12 3 SHEN 67 HBC -0 .5  
1.514-0.55 5 3 CHIEN 66 HBC 6.9 GeV/c ~p 

3The error Is statistical only. 

0"_=- - ~'_"-+) / = , v ~  
A test of CPT Invarlance. Calculated from the --=- and ~--4- mean 11ves, 
above�9 

VALUE DOCUMENT IO 
0.0~'l'0.1e OUR EVALUATION 

- : -  MAGNETIC MOMENT 

See the "Note on Baryon Magnetic Moments" in the/ I  Listings. 

VALUE (PN) E V T S  DOCUMENT IO TECN COMMENT 
-o.r~oT:EO.O025 OUR AVERAGE 
--0.6505+-0.0025 4.36M DURYEA 92 SPEC 800 GeV p Be 
-0 .661 +-0.036 4-0.036 44k TROST 89 SPEC ---- ~ 250 GeV 
-0 .69  4-0.04 218k RAMEIKA 84 SPEC 400 GeV pBe 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 . . , 

--0.674 +-0.021 +-0.020 122k HO 90 SPEC See DU-RYEA 92. 
-2 .1  +-0.8 2436 COOL 74 OSPK 1.8 GeV/c K - p  
- 0 .1  +-2.1 2724 BINGHAM 70B OSPK 1.8 GeV/c K - p  

MAGNETIC MOMENT 

See the "Note on Baryon Magnetic Moments" in the A Listings. 

VALUE II~NI E V T S  DOCUMENT ID TECN COMMENT 

-I-O.r 70k HO 90 SPEC 800 GeV pBe 

DECAY MODES 

Mode Fraction ( l i / r )  Confidence level 

F 1 A~- 
r2 s  
r3 Ae-~e 

F 4 A / ~ -  ~p  

Fs ~ 0  e- ~e 
r6  Z0 ~ i  ~p 

r7  - = ~  

r8  
r9 
rzo 
Fll 
1-12 

r13 

r14 

nT~- 

n e - D  e 

nt~ v~ 
p ~ ~r 

p T r -  e -  D e 

P# I L 

< 

< 

AS = 2 forbidden (52) 
52 < 

52 < 

52 < 

52 < 

52 < 

L < 

(99,887+0.035) % 

( 1.27 +-0.23 ) x  10 - 4  

( 5.63 +-0.31 ) x  10 - 4  

( 3.5 +3.5 ) x 10 - 4  
--2.2 

( 8.7 +-1.7 ) x 10 - 5  

8 x 10 - 4  90% 

2.3 x 10 - 3  90% 

modes 
1.9 x 10 - 5  90% 

3.2 x 10 - 3  90% 

lm5 % 90% 
4 x 10 - 4  90% 

4 x 10 - 4  90% 

4 x 10 - 4  90% 

4 x 10 - 4  90%" 

CONSTRAINED'FIT INFORMATION 
An overall f i t  to 4 branching ratios uses 5 measurements and one 

constraint to  determine 5 parameters. The overall f i t  has a X 2 = 
1.0 for 1 degrees of freedom. 

The following off-diagonal  array elements are the correlation coefficients 

I ~ x i ~ x j ) / ( ~ x ~ . ~ x j ) ,  in percent, from the fit to the branching fractions, x i = 

I ' j r t o t a  I. The fit constrains the x i whose labels appear in this array to  sum to 
one. 

x 2 - 6  

x 3 - 8  0 

x 4 - 9 9  0 - 1  

x 5 - 5  0 0 0 

Xl x2 x3 x4 

- - -  BRANCHING RATIOS 

A number of early results have been omitted. 

r (r -~) / r (A. - )  r=/rl 
VALUE (units 10 -4) E V T S  DOCUMENT ID TECN COMMENT 
1~7:1:0.24 OUR FIT 
1.27+0.23 OUR AVERAGE 
1.22~-0.23~-0.06 211 4 DUBBS 94 E761 .---- 375 GeV 
2.27• 9 BIAGI 87B SPEC SPS hyperon beam 

4 DUBBS 94 also finds weak evidence that the asymmetry parameter ~.y is positive (~.y 

= 1.0 • 1.3). 

r(Ao-po) Ir(A.-)  rslr~ 
VALUE (units 10 -3) E V T S  DOCUMENT ID TECN COMMENT 
0.5M:1:0.031 OUR FIT 
0.~4:i :0.031 2857 BOURQUIN 83 SPEC SPS hyperon beam 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.30 +-0.13 11 THOMPSON 80 ASPK Hyperon beam 

r(A~-p~)Ir(A.-) r41rl 
VALUE (units 10 -3) CL% E V T S  DOCUMENT ID TECN COMMENT 

0,,35__+1:222 ~ OUR FIT 

0,~18"1"0,38 1 YEH 74 HBC Effective denom.=2859 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 2.3 90 0 THOMPSON 80 ASPK Effective denom.=1017 
< 1.3 DAUBER 69 HBC 
<12 BERGE 66 HBC 

r(~0e-Vo)/r(A.-) rg/rl 
VALUE (units 10 -3 ) E V T S  DOCUMENT It) TECN COMMENT 
0.0~:i:0.017 OUR FiT 
0.0B7:1;0.017 154 BOURQUIN 83 SPEC SPS hyperon beam 

r ( ~ - p . ) I r ( A . - )  r61rl 
VALUE (units 10 -3 ) CL% E V T S  DOCUMENT IO TECN COMMENT 

<0.76 90 0 YEH 74 HBC Effective denom.=3026 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<5 BERGE 66 HBC 

[r(Ae-v,) + r ( #  e-~,)]Ir(A~-) (rs+rs)Ir~ 
VALUE (units 10 -3 ) E V T S  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 * 

0.651+0.031 3011 5 BOURQUIN 83 5PEC SPS hyperon beam 
0.68 +0.22 17 6 DUCLOS 71 OSPK 

5See the separate BOURQUIN 83 values for I ' ( A e - ~ e ) / r ( A l r -  ) and F ( ~ O e - P e ) /  

r ( A l r - )  above. 

6 DUCLOS 71 cannot distinguish EO's from A's. The Cabibbo theory predicts the ~r~ rate 
is about a factor 6 smaller than the A rate. 

r ( ~  e-Vo)/r(A.-) r d r l  
VALUE(unlts 10 -3} CL~ EV'rS DOCUMENT ID TECN COMMENT 

<2.3 90 0 YEH 74 HBC Effective denom.=1000 

r ( . . - ) I r (A. - )  rslr~ 
A5=2.  Forbldden In flr~-order ~ a k  Interactlon. 

VAL UE (units 10 -3 ) CL ~ EVT5 DOCUMENT ID TECN COMMENT 

<0,019 90 BIAGI 82B SPEC SPS hyperon beam 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<3.0 90 0 YEH 74 HBC Effective denom.=760 
<1.1 DAUBER 69 HBC 
<5.0 FERRO-LUZZl 63 HBC 
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r ( .  e- p.) I r  (A,r-) r, Ir= 
AS=2 .  Forbidden In first-order weak Interaction. 

VALUE (ukits 10 -3 )  EL% E V T S  DOCUMENT ID TEEN COMMENT 

< ~1.2 90 0 YEH 74 HBC Effective den im.=715  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 1 0  90 B INGHAM 65 RVUE 

r ( . j , -v . ) I r (A . - )  r~Ir~ 
A S = 2 .  Forbidden in first-order weak Interaction. 

VALUE (units 10-31 CL% EVT5 DOCUMENT ID TEEN COMMENT 

< IJL$  90 0 YEH 74 HBC Effective denom.=150 

r(p,r- . - ) I r (A,r-)  r u l r x  
A S = 2 .  Forbidden In first-order weak Interaction. 

VALUE(units 10 -6 )  CL~ E V T S  DOCUMENT ID TECN COMMENT 

< ~ 7  90 0 YEH 74 HBC Effective denom.=6200 

r(p~r- a-Po) I r (A. - )  r , . I r l  
Z1S=2. Forbidden In first-order weak Interaction. 

VALUE(units 10 -4 )  CL~ EVTS " DOCUMENT ID TECN COMMENT 

<3 .7  90 0 YEH 74 HBC Effective denom.=6200 

r (p,r- ~,- p~,) I r  (A,r-) r . / r~  
A 5 = 2 .  Forbidden In first-order weak Interaction. 

VALUE(units ]0 -4  ) EL% EVT~ OOCUMENT ID TEEN COMMENT 

<3-7  90 0 YEH 74 HBC Effective denom.=6200 

r ( p i , - ~ - ) / r ( A . - )  r ~ d r ,  
A A t . = 2  decay, forbidden by total lepton number conservation. 

VALUE (units 10 -4  ) CL.__~ DOCUMENT ID TEEN COMMENT 

< 3 . 1  90 7 L ITTENBERG 92B HBC Uses YEH 74 data 

7Th is  L ITTENBERG 92B l imit and the Identical YEH 74 limits for the preceding three 
modes all result from nonobservance of  any 3-prong decays of the . ~ - .  One could as 
well apply the l imit  to  the sum of the four modes. 

~.- DECAY PARAMETERS 

See the "Note on Baryon Decay Parameters" In the neutron Listings. 

=(..=-)o_(A) 
VALUE ~ DOCUMENT,O TEEN EOMM~NT 
--0.293J, '0.007 O U R  A V E R A G E  Error Includes scale factor of  1.8. See the Ideogram 

below. 
-0 .303:1 :0 .004~0,004 192k RAMEIKA  86 SPEC 400.GeV pBe 
-0 .2574"0 .020  11k ASTON 88B LASS 11 GeV/c  K - p  
- 0 . 2 6 0 + 0 . 0 1 7  21k BENSINGER 85 MPS 5 GeV/c  K - p  
-0 .2994"0 .007  150k BIAGI 82 5PEC SPS hyperon 

beam 
-0 .3154 .0 .026  9046 CLELAND 80c ASPK BNL hyperon 

beam 
-0 .2394 .0 .021  6599 HEMINGWAY 78 HBC 4.2 GeV/c  K - p  
-0 .243:E0.025 4303 BALTAY 74 HBC 1.75 GeV/c  

K - p  
-0 .2824"0 .032  2436 COOL 74 oSPK 1.8 GeV/c  K -  p 
-0 .2534 .0 .028  2781 DAUBER 69 HBC 

ANGLE FOR _--- --* A i r -  (tan@ : p/,y) 
VALUE (o) EVT5 DOCUMENT IO TEEN COMMENT 

4 :E 4 OUR AVERAGE 
5 4.10 11k ASTON 85B LASS K - p  

14.74"16.0 21k 8 BENSINGER 85 MPS 5 GeV/c  K - p  
11 4" 9 4303 BALTAY 74 HBC 1.75 GeV/c  K - p  

5 4.16 2436 COOL 74 OSPK 1 . 8 G e V / c K - p  
- 2 6  4.30 2724 B INGHAM 70B OSPK 
- 1 4  4.11 2781 DAUBER 69 HBC Uses t~/i = 0 .647+0.020 

0 -I-12 1004 9BERGE 66 HBC 
0 4"20.4 364 9 LONDON 66 HBC Using ~z A = 0.62 

54 4"30 356 9 C A R M O N Y  64B HBC 

8BENSINGER 85 used ~A : 0.642 4. 0.013. 

9The  errors have been muRIplied by 1.2 due to  approximations used for the .-- polarization; 
see DAUBER 69 for a discussion. 

IA / IV  FOR _=- ~ Ae-Pe 
VALUE E V T S  DOCUMENT ID T~CI~ COMMENT 

--0.264"0. rm 1992 10 BOURQUIN 83 SPEC SPS hyperon beam 

10 BOURQUIN 83 assumes that  g2 = 0. Also, the sign has been changed to  agree with our 
conventions, given in the "Note on Baryon Decay Parameters" In the neutron Listings. 

- - - -  REFERENCES 

We have omit ted some papers that  have been superseded by later experi- 
ments. See our earlier editions. 

DUBBS 94 PRL 72 806 
DURYEA 92 PRL 68 768 
LITTENBERG S2B PR DMI6 RB92 
HO 90 PRL 65 1713 

Nso 91 PR D44 3402 
TROST 89 PR D4O 1703 
BIAGI 87B ZPHY C35 143 
RAMEIKA 86 PR D33 3172 
ASTON 85B PR D32 2270 
BENSINGER SS NP B252 561 
BOURQUIN 84 NP B241 1 
RAMEIKA 84 PRL 52 581 
BOURQUIN 83 ZPHY C21 1 
BIAGI 82 PL 112B 265 
BIAGI 82B PL 112B 277 
CLELAND 80C PR D21 12 
THOMPSON 80 PR D21 25 
BOURQUIN 79 PL 87B 297 
HEMINGWAY 78 NP B142 265 
DIBIANCA 75 NP B98 137 
BALTAY 74 PR D9 49 
COOL 74 PR D10 792 

Also 72 PRL 29 1630 
YEH 74 PR D10 3545 
MAYEUR 72 NP B47 333 
VOTRUBA 72 NP B45 77 
WlLQUET 72 PL 42B 372 
DUCLOS 71 NP B32 493 
BINGHAM 708 PR D1 3010 
GOLDWASSER 70 PR D1 1960 
STONE 70 PL 32B 515 
DAUBER 69 PR 179 1262 
SHEN 67 PL 25B 443 
BERGE- 66 PR 147 945 
CttlEN ~ " 66 PR 152 1171 
LONDON - 66 PR 143 1034 
BINGHAM 65 PRSL 205 202 
PJERROU 65B PRL 14 275 

AlSO 65 Thesis 
BADIER 64 Dubna Conf. 1 593 
CARMONY 64B PRL 12 482 
HUBBARD 64 PR 135B 183 
FERRO-LUZZI 63 PR 130 1568 
JAUNEAU 63D Siena Conf. 4 

Also 638 PL 5 261 
SCHNEIDER 63 PL 4 360 

+Albuquerque, 8ondar+ (FNAL E761 Collab.) 
+Gul~idmo, HelM+ (MINN, FNAL, MICH, RUTG 
+Shrock (BNL, STON) 
+LonE'o, NJKeyen, Luk+ (MICH, FNAL, MINN, RUTG 

Ho. Longo, Nguyerl, Luk+ (MICH, FNAL, MINN, RUTG 
+McCJlment, Newsom, Hseuh, Mueller+ (FNAL-715 Collab. 
+ (BRIS, CERN, GEVA, HEIDP, LAUS, LOQM. RAL 
+Beretvas, Deck+ (RUTG. MICH, WISC, MINN 
+Carnegie+ (SLAC, CARL, CNRC, CINC 
+ (CHIC, ELMT, FNAL, ISU, PNPh MASD 
+ (BRIS, GEVA, HEIDP, LALO, RAL, STRB 
+Beretvas, Deck+ (RUTG, MICH, WISC, MINN 
+Brown+ (BRIS, GEVA, HEIDP, LALO, RL, STRB 
+ (BRIS, CAVE, GEVA, HEIDP, LAUS, LOQM, RL 
+ (LOQM, GEVA, RL, HEIDP, CAVE. LAUS, BRLR 
+Cooper, Dds. Engels, Herbert+ (PITT, BNL) 
+Cldand, Cooper, Dds, Engels+ (pITT, BNL 
+ (BRIS, GEVA. HEIDP, ORSAY, RHEL, STRB 
+Atmenteros+ (CERN, ZEEM, NIJM, OXF 
+Endod (CMU) 
+Bridgewater, Cooper, Gershwln+ (COLU, BING) J 
+Giacome0i, Jenkins, Kyda, Leontic, Li+ (BNL) 

Cool, Giacomdli, Jenkins, Kyda. Leontic+ ( )BNL 
+Gaigalas, Smith, Zendle, Baltay+ (BING, COLU) 
+VanBinst, Wikluet+ (BRUX, CERN, TUFTS, LOUC) 
+Safder, Ratcliffe (BIRM, El)IN) 
+~agine, Guy+ (BRUX, CERN, TUFTS, LOUC) 
+FRytag, H*;nt~, Heinzelmann, Jones+ (CERN) 
+Cook, Humphrey, Sander+ (UCSD, WASH) 
+SchuP, z (ILL) 
+Bedinshteri, Bromberg, Cohen, Ferl~d+ (ROCH) 
+Berge. Hubbard, Merrill, Miller (LRL) J 
+Firestone, Gold0aber (UCB, LRL) 
+Eberhard, Hubbard, Merrill+ (LRL) 
+Lack, Sandv,~i~, Taft, Yeh, Oren+ (YALE, BNL) 
+Rau, Go~dbers, Lichtman+ (BNL. SYRA) 

(CERN) 
+Schlein, Slater, Smith, Stork, Ticho (UCLA) 

Pjerrou (UCLA) 
+Demoulin, Banoutaud+ (EPOL, SACL, ZEEM) 
+Pierrou, Schlein, Slater, Stork+ (UCLA) J 
+Be~e, Kalbfleisch. Sharer+ (LRL) 
+Alstom-Garnjost, Rosenfeld, Woicicki (LRL) 

BERG + (EPOL, CERN, LOUC, RHEL, BERG ) ) 
Jeuneau+ (EPOL, CERN, LOUC, RHEL, 

(CERN) 
I 

a FOR ~.-  -P A f -  
T h e  above average, ~ ( ~ . - )  c~_(A) = - 0 . 2 9 3  • 0.007, where the error Includes a 
scale factor o f  1.8, divided by our current average c~_(A) = 0.642 • 0.013, gives the 

following value for ( * ( -= - ) .  
VALUE DOCUMENT IO 
- -OA i~ :E0 .014  OUR EVALUATION Error includes scale factor o f  1.8. 
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R E S O N A N C E S  

The accompanying table gives our evaluation of the present 

status of the S resonances. Not much is known about 

resonances. This is because (1) they can only be produced as a 

part of a final state, and so the analysis is more complicated 

than if direct formation were possible, (2) the production 

cross sections are small (typically a few #b),  and (3) the 

final states are topologically complicated and difficult to study 

with electronic techniques. Thus early information about --  

resonances came entirely from bubble chamber experiments, 

where the numbers of events are small, and only in the 1980's 

did electronic experiments make any significant contributions. 

However, there has not been a single new piece of data on 

resonances since our 1988 edition. 

For a detailed earlier review, see Meadows [1}. 

Table 1. The status of the F. resonances. Only those with an overall 
status of *** or **** are included in the Baryon Summary Table. 

Status  as seen i n - -  
Overall 

Part ic le  L21.2J s ta tus  . ~ r  A K  ,UK F~(1530)~r Other  channels 

~(1318) P l l  * * * *  
~(1530)  P13 **** 
~(z62o) �9 
~(1690)  *** 
~(1820)  1)13 *** 
~(1950)  * * *  

-~(2030) 1 *** 
~(2120) * 
~(2250)  ** 
~(2370)  1 ** 
~(25oo) , 

*** ** 
** *$* ** ** 
** ** * 

Decays weakly 

3-body decays 
3-body decays 
3-body decays 

**** Existence is certain, and  properties are at least fairly well explored. 
*** Existence ranges from very likely to certain, but further confir- 

mation is desirable and/or quantum numbers, branching fractions, 
etc. are not well determined. 

** Evidence  of  existence is only fair. 
* Evidence  of  existence is poor.  

Reference 

I. B.T. Meadows, in Proceedings of" the IV th Interna- 
tional Conference on Baryon Resonances (Toronto, 1980), 
ed. N. Isgur, p. 283. 

I 

l -(Is3~ P"I ,,,,,__ / Status: ~<>Y*~< 

This is the only .:- resonance whose properties are all reasonably well 
known. Spin-parity 3 /2 + is favored by the data. 

We use only those determinations of the mass and width that are 
accompanied by some discussion of systematics and resolution. 

-(zr,3o) MASSES 

-(zr~o) o MASS 
VALUE (MeV) . Ev'r5 OOCUMENT ID TECN COMMENT 
l l~l,llO'kOJI2 OUR ~ - ~ r r o r  Includes seals factor of 1.3. 
11~1.'/,:1:0.14 OUR AVERAGE Error Includes scale factor of 1.4. See the Ideogram 

below. 
1532.2 4-0.7 DEBELLEFON 75B HBC K - p  --b - - - ' ~ f r  
1533 =El ROSS 73S HBC K ~ p  -.b - ' [ ~ x ( l r )  
1531.4 "4-0.8 59 BADIER 72 HBC K - p  3.95 GeV/c 
1532.0 +0.4 1262 BALTAY 72 HBC K - p  1.75 GeV/c 
1531.3 4-0.6 324 BORENSTEIN 72 HBC K - p  2.2 GeV/c 
1532.3 :E0.7 256 KIRSCH 72 HBC K - p 2 . 8 7 G e V / c  
1528.7 4-1.1 76 LONDON 66 HBC K - p  2.24 GeV/c 

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

1532.1 4-0.4 1244 ASTON 85B LASS K - p  11 GeV/c 
1532.1 +0.6 2700 1 BAUBILLIER 81B HBC K -  p 8.25 GeV/c 
1530 4-1 450 BIAGI 81 SPEC SPS hyperon beam 
1527 4-6 80 SIXEL 79 HBC K - p  10 GeV/c 
1535 4-4 100 SIXEL 79 HBC K - p  16 GeV/c 
1533.6 4-1.4 97 BERTHON 74 HBC Quasl-2-body 

-(ass0)- MASS 
VALUE (MeV} EVTS DOCUMENT ID TECN COMMENT 
1im.o~o.a ouk Frr 
1SS.2~0.8 OUR AVERAGE 
1534.5+1.2 DEBELLEFON 758 HBC K - p  ~ E - - ~ x  
1535.34-2.0 ROSS 738 HBC K - p  ~ ..RK~r(fr) 
1536.24-1.6 185 KIRSCH 72 HBC K - p  2.87 GeVJc 
1535.74-3.2 38 LONDON 66 HBC K - p  2.24 GeV/c 
t �9 �9 We do not use the folk:}wln s data for averages, fits, limits, etc. �9 R a 

1540 4-3 48 BERTHON 74 HBC Quasl-2-body~ 
1534.74-1.1 334 BALTAY 72 HBC K - p  1.75 GeV/c 

m-(XlmOp - m.=(ljmo) 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
32=1=0.6 OUR FIT 
2.9+0. ,  OUR AVERAGE 
2.74-1.0 BALTAY 72 HBC K -  p 1.75 GeV/c 
2.04-3.2 MERRILL 66 HBC K - p  1.7-2.7 GeV/c 
5.74-3.0 PJERROU 65B HBC K - p  1.8-1.95 GeV/c 
�9 �9 t We do not USe the following data for averages, fits, limits, etc. �9 �9 �9 

3.94-1.8 2 KIRSCH 72 HBC K -  p 2.87 GeV/c 
7 4-4 2LONDON 66 HBC K - p 2 . 2 4 G e V / c  

..=(1530) 0 WIDTH 
VALUE (MeV) EVTS 
g.l~-0Ji OUR AVERAGE 
9.54-1.2 
9.14-2.4 

11 4-2 
9.04-0.7 
8.44-1.4 

11.04-1.8 
7 4-7 
8.54-3.5 
7 •  

�9 �9 �9 We do not use the following 

12.84-1.0 2700 
19 :E6 50 
14 4-5 100 

- - ( l f~0)-  WIDTH 
VALUE (MeV) 

'.'+1:1 o . R , v e ~  
9,64-2,5 
8.3:E3,6 
7 =+3,5 

" - 7 . 8  
16.24-4.6 

--(1530) WIDTHS 

DOCUMENT ID TECN COMMENT 

DEBELLEFON 75B HBC K -  p ~ =_ - ~ l r  
ROSS 735 HBC K - p  --* ---~Ir( lr) 
BADIER 72 HBC K - p  3.95 GeV/c 
BALTAY 72 HBC K - p  1.75 GeV/c 
BORENSTEIN 72 HBC ..=-~-F 
KIRSCH 72 HBC ~ -  ~-I- 
BERGE 66 HBC K - p  1.5-1.7 GeV/c 
LONDON 66 HBC K - p  2,24 GeV/c 
SCHLEIN 63B HBC K - p  1.8, 1.95 GeV/c 

data for averages, fits, limits, etc. �9 �9 �9 

1 BAUBILLIER 81s HBC K - p  8.25 GeV/c 
3 SIXEL 79 HBC K -  p 10 GeV/c 
3 SIXEL 79 HBC K - p 1 6 G e V / c  

DOCUMENTID TECN COMMENT 

DEBELLEFON 75B HBC K -  p --* - - - ' ~ l r  
ROSS 73B HBC K - p - - *  E R I r ( x )  

BALTAY 72 HBC K - p  1.75 GeV/c 

KIRSCH 72 HBC -= - l r  O, ---'O~r- 
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-=(1530) POLE POSITIONS 

-=(1530) 0 REAL PART 
VALUE DOCUMENT IP ~OMMENT 

1531.6:E0.4 LICHTENBERG74 Using HABIBI 73 

-=(1530) 0 IMAGINARY PART 
Vr~.~l~ DOCUMENT I D COMMENT 

4.45-4-0.35 LICHTENBERG74 Using HABIBI 73 

-=(1530)- REAL PART 
V A ~  DOCUMENT ID COMMENT 

1534.4:E1.1 LICHTENBERG74 Using HABIBI 73 

-=(1530)- IMAGINARY PART 
V~I .~  DOCUMENT l~) COMMENT 

3 = + 1 . 7 5  LICH'fENBERG74 Using HABIBI 73 " * - 3 . 9  

_=(1530) DECAY MODES 

Mode Fraction ( r l / r )  Confidence level 

r z  - ~ -  lOO % 

r2  - 7  <4  % 90% 

719 
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- ( z 5 3 o ) , - ( 1 6 2 O ) r - ( Z 6 9 o )  

I I I(JP) = 3(??) Status: * --(1620) J, P need confirmation. 

OMITTED FROM SUMMARY TABLE 
What little evidence there is consists of weak signals in the _--~r 
channel. A number of other experiments (e.g., BORENSTEIN 72 
and HASSALL 81) have looked for but not seen any effect. 

VAL UE (MeV) EVTS 
1620 OUR ESTIMATE 
1624•  3 31 

_=(z~0) MASS 

DOCUMENT ID TECN COMMENT 

BRIEFEL 77 HBC K - p  2.87 GeV/c  

_=(1530) BRANCHING RATIOS 

r(_=~)/r==, 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.04  90 KALBFLEISCH 75 HBC K -  p 2.18 GeV/c  

1633:E12 34 DEBELLEFON 758 HBC K - p  ~ - = - ' K l r  
1606•  6 29 ROSS 72 HBC K -  p 3.1-3.7 GeV/c  

r a / r  

VALUE (MeV) 

22.5 
40 4-15 
21 •  

_=(1530) FOOTNOTES 
1BAUBILL IER 81B is a f i t  to the Inclusive spectrum, The resolution (S MeV) is not 

unfolded. 
2 Redundant wi th data in the mass Listings. 
3SIXEL 79 doesn't unfold the experimental resolution of 15 MeV. 

---(1530) REFERENCES 

PR D32 2 2 7 0  +Carnegie+ (SLAC, CARL, CNRC, CINC) 
NP B192 I + (BIRM, CERN, GLAS, MSU, CURIN) 
ZPHY C9 305 + (BRIS. CAVE, GEVA. HEIDP. LAUS, LOQM, RHEL) 
NP B155 125 +Bottcher+ (AACH3, BERL, CERN, LOIC. VIEN) 
NC 28A 289 De Bellefon, Berthon. Billoff+ (CDEF, SACL) 
PR Oll  987 +Strand, Chapman (BNL, MICH) 
NC 21A 146 +Tristram+ (CDEF, RHEL, SACL, STRB) 
PR D10 3865 (IND) 
Private Comm. Lichtenberg (IND) 
Thesis Nevis 199 (COLU) 
Purdue Co~qf. 355 +Lloyd, Radojicic (OXF) 
NP B37 429 +Barreiet, Cbadton, Videau (EPOL) 
PL 428 129 +Bridgewater, Cooper, Gershwin+ (COLU, BING) 
PR D6 1559 +Danburg, Kalbfletsch+ (BNL MICH) I 
NP B40 345 +Schmidt, Chang+ (BRAN, UMD, SYRA, TUFTS) I 
PR 147 946 +Eberhard, Hubbard, Merdll+ (LRL) I 
PR 143 1034 +Rau, Goldberg, Uchtman+ (BNL, SYRA)IJ 
Thetis UCRL 16455 (LRL)JP 
PRL 14 276 +Schlein, Slater, Smith, Stork, Ticho (UCLA) 
PRL 11 167 +Carmooy, Pjerrou, Slater, Stork, Ticho (UCLA) IJP 

OTHER RELATED PAPERS - -  

NP 8178 1 +Pennlno+ (AMST, CERN, NIJM, OXF) 
PR O16 2 7 0 6  +Gourevitch, Chang+ (BRAN, UMD, SYRA, TUFTS) 
PR D12 1 8 5 9  +Gourevitch+ (BRAN, UMD. SYRA, TUFTS) 
PR DI0 2 0 5 1  Hungerbuhler, Majka+ (VALE, FNAL, BNL PITT) 
PR 142 883 Button-Sharer, Lindsey, Murray, Smith (LRL) JP 

_=(1620) WIDTH 

EVT$ DOCUMENT ID TECN COMMENT 

31 1 BRIEFEL 77 HBC 
34 DEBELLEFON 758 HBC 
29 ROSS 72 HBC 

--(1620) DECAY MODES 

Mode 

r l  _--Tr 

..=(1620) FOOTNOTES 
1The f i t  Is insensitive to values between 15 and 30 MeV. 

K -  p 2.87 GeV/c  
K - p - *  - - - " K l r  
K - p ~  

- - -  , r+  K*0 (892)  

ASTON 85B 
BAUBILLIER BIB 
BIAGI 81 
SIXEL 79 
DEBELLEFON 75B 
KALBFLEISCH 75 
BERTHON 74 
LICHTENBERG 74 

AlSO 74B 
HABIBI 73 
ROSS 73B 
BADIER 72 
BALTAY 72 
BORENSTEIN 72 
KIRSCH 72 
BERGE 66 
LONDON 66 
MERRILL 66 
PJERROU 65B 
5CHLEIN 63B 

MAZZUCATO 81 
BRIEFEL 77 
BRIEFEL 75 
HUNGERBU... 74 
BUTTON-... 66 

-=(1620) REFERENCES 

HASSALL 81 NP B189 397 +Anr~|e, Carter, Neale+ (CAVE, MSU) 
BRIEFEL 77 PR D16 2 7 0 6  +Gourevltch, Chin&+ (BRAN, UMD, 5YRA, TUFTS) 

Also 70 Duke Conf. 317 Brlefid+ (BRAN, UMD, 5YRA, TUFTS ) 
Also 75 PR D12 1859 Bdefel, Gourevitch+ (BRAN, UMD, SYRA, TUFTS) 

DEBELLEFON 75B NC 28A 259 De Bellefon, Berthon, Billoir+ (CDEF, SACL) 
BORENSTEIN 72 PR D5 1559 +Danburg, Kalbfleisch+ (BNL, MICH)I 
ROSS 72 PL 38B 177 +Buran, Lloyd , Mulvoy, RadoJiclc (OXF) I 

OTHER RELATED PAPERS - -  

HUNGERBU,., 74 PR DIO 2 0 5 1  HunKerbuhler. M~jk=+ (YALE, FNAL, BNL, PITT) 
SCHMIDT 73 Purdue Cord. 363 (BRAN) 
KALBFLBSCH 70 Duke Conf. 331 (BNL) I 
APSELL 65 PRL 23 884 + (BRAN, UMD, SYRA, TUFT5) 
BARTSCH 69 PL 258 439 + (AACH, BERL, CERN. LOIC, VIEN) 

1 - 0 6 9 o ) 1  : * * *  
DIONISl 78 sees a threshold enhancement in both the neutral and 
negatively charged E K  mass spectra in K-p ,-~ (Z-R)K1r at 4.2 
GeV/c. The data from the E~'  channels alone cannot distinguish 
between a resonance and a large scattering length, Weaker evidence 
at  the same mass is seen in the corresponding A K  channels, and a 
coupled-channel analysis yields results consistent  w i th  a new ..=. 

B IAGI  81 sees an enhancement  a t  1700 M e V  in the d i f f ract ive ly  

produced A K -  system. A peak is also observed in the A K  0 mass 
spectrum at  1660 M e V  tha t  is consistent w i th  a 1720 M e V  resonance 

decaying to  E ~  O, w i th  the  "7 f rom the E ~ decay not  detected. 

B IAGI  87 provides fur ther  con f i rmat ion  o f  th is s ta te  in d i f f ract ive dis- 

sociat ion o f  E -  in to A K - .  T h e  signif icance c la imed is 6.7 standard 
deviat ions. 

MIXED CHARGES 
VALUE (MeV) 
l(dlO=blO OUR ESTIMATE 

-(z~o) MASSES 

DOCUMENT ID 
This is only an educated guess: the error given is larger than 

the error on the average of  the published values, 

-=(;69o)O MASS 
VALUE (MeV) E V T S  DOCUMENT ID TECN COMMENT 

1 6 9 9 •  17S 1DIONISI  78 HBC K - p  4.2 GeV/c  
1684:i :5 183 2 DIONISI 78 HBC K -  p 4.2 GeV/c  

- ( I ( R 0 ) -  MASS 
VALUE (MeV) E V T S  DOCUMENT ID TECN COMMENT 

1691.1•  1 .9 •  104 BIAGI 87 SPEC - - - B e  116 GeV 
1700 :El0 150 3 BIAGI 81 SPEC . .= -H 100, 138 GeV 
1694 • 6 45 4DIONISI  78 HBC K - p 4 . 2 G e V / c  



72O 
B a r y o n  P a r t i c l e  L is t ings  

- - ( 1 6 9 0 ) , - - ( 1 8 2 0 )  

.---(Z~0) WIDTHS 
MIXED CHARGES 
VALUE (MeV) DOCUMENT 10 
<B0 OUR e n l M A T E  

E(1690) ~ WIDTH 
VALUE (MeV) EVTS DOCUMENT ID 

444-23 175 1 DIONISI 
204- 4 183 2 DIONISI 

--(1690)- WIDTH 
VALUE (MeV) CL~ E V T S  DOCUMENT ID 

< 8 9O 104 BIAGI 
474-14 150 3 BIAGI 
264- 6 45 4 DIONISi 

TECN COMMENT 

78 HBC K - p  4.2 GeV/c 
78 HBC K - p  4.2 GeV/c 

TEEN COMMENT 

87 SPEC E--  Be 116 GeV 
81 SPEC ~ -  H 100,135 GeV 
78 HBC K - p  4.2 GeV/c 

_=(1690) DECAY MODES 

Mode Fraction (F//F) 

F z A K  seen 
F 2 E K  seen 

r 3 ..=Jr 
['4 --=- ~r+ ~'0 
J-5 . .~- ~ +  7 r -  possibly seen 

I '2(2 ) Status: >k~<~< --(1820) D13 '(JP) = 1 3- 
II 

The dearest evidence is an 8-standard-deviation peak in A K -  seen 
�9 by GAY 76. TEODORO 78 favors J = 3 / 2 ,  but cannot make a par- 

i ty discrimination�9 BIAGI 87C is consistent with J = 3 / 2  and favors 
negative padty for this J value. 

_--(1820) MASS 

We only average the measurementsthat appear to us to be most significant 
and best determined. 

VALUE (MeV) EVT$  DOCUMENT ID TEEN CH_GG C_OMMENT 
11123 :1: S OUR ESTIMATE 
IlI~L4::J: 1.4 OUR AVERAGE 
1819.4:1:3.14-2.0 280 1BIAGI 87 SPEC 0 - - - - - B e ~  

( A K - )  X 
1826 :E 3 :~1 54 BIAGI 87cSPEC 0 . - - - -Be-*  (A'K "0) 

X 
1822 4- 6 JENKINS 83 MPS - K - p ~  K § 

(MM)  
1830 4" 6 300 BIAGI 81 SPEC - SPS hyperon 

beam 
1823 ~ 2 130 GAY 76C HBC -- K - p  4.2 GeV/c 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1797 4-19 74 BRIEFEL 77 HBC 0 K - p  2.87 GeVJc 
1829 4- 9 68 BRIEFEL 77 HBC - 0  Z(1530)lr 
1860 4-14 39 BRIEFEL 77 HBC - s  - 0  
1870 4- 9 44 BRIEFEL 77 HBC 0 AK  "0 
1813 4- 4 57 BRIEFEL 77 HBC - A K -  
1807 4-27 DIBIANCA 75 DBC - 0  --~lr ,  ..=*lr 
1762 4- 8 28 2 BADIER 72 HBC - 0  .---~, -- lr lr ,  Y K 
1838 4- S 38 2BADIER 72 HBC - 0  --~',---~'~', Y K  
1830 4-10 25 3 CRENNELL 708 DBC - 0  3.6, 3.9 GeV/c 
1826 4-12 4 CRENNELL 70B DBC - 0  3.6, 3.9 GeV/c 
1830 4-10 40 ALITTI  69 HBC -- A, Z 'K  
1814 4- 4 30 BADIER 65 HBC 0 A K  0 
1817 4- 7 29 SMITH 65c HBC - 0  A-K "0, A K -  
1770 HALSTEINSLID63 FBC - 0  K - f reon  3.5 

GeV/c 

F 6 E(Z530)w 

--(1690) BRANCHING RATIOS 

r(A /r  
VALUE EVT5 DOCUMENT IO 

leelt 104 BIAGI 

r(z~)/r(a~) 
VAI, Uf ~ DOCUMENT 10 

2.7:E0,9 DIONISI 
3.14-1,4 DIONI51 

r(_=.)/r(~ 
VA~_UE DOCUMENT ID 

<0.09 DIONISI 

r(--.+,,O)Ir(z~ 
~LU~ DQCUMENT K) 

<0.04 DIONISI 

r(----,r+,r-)Ir~,l 
VALU~ ~['r'S DOCUMENT IO 

~ 4 BIAGI 

r ( - - .+ ,~- ) i r (~)  
YALU~ DOCUMENT IO 

<0.03 DIONISI 

r(-(lr~Ol.)/r(E~ 
VA~U~ DOCUMENT IO 

<0.06 DIONISI 

r~/r 
TECN CHG COMMENT 

87 SPEC - _=- Be 116 GeV 

ra/r~ 
TI~C N CHG COMME~NT 

78 HBC 0 K - p 4 . 2 G e V / c  
78 HBC - K -  p 4.2 GeV/c 

rdr= 
T~EN CHG COMMENT 

78 HBC 0 K - p  4.2 GeV/c 

r+/r= 
T~ECN CHG COMMENT 

78 HBC 0 K -  p 4.2 GeV/c 

rdr 
TEEN CHG COMMENT 

87 SPEC - -= -Be  116 GeV 

rg/r= 
T~.CN CHG COMMENT 

78 HBC - K - p  4.2 GeV/c 

r+/r= 
TE~N CHG C~MMENT 

78 HBC - K - p  4.2 GeV/c 

..=(1690) FOOTNOTES 
1From a fit to the .~-F K -  spectrum, 
2 From a coupled-channel analysis of the ~ +  K -  and A K  0 spectra. 
3A  fit to the inclusive spectrum from E -  N ~ A K - X .  
4 From a coupled-channel analysis of the E 0 K -  and A K -  spectra, 

BiAGI 87 ZPHY C34 15 
81AGI 81 ZPHY C9 305 
DIONISi 78 PL BOB 145 
ii 

E(1690) REFERENCES 

+ (BRIS, CERN, GEVA, HEIDP, LAUS, LOQM, RAL)I 
+ (BRIS, CAVE, GEVA, HEIDP, LAUS, LOQM, RHEL) 
+Oiaz, Armenteros+ (CERN, AMST, NIJM, OXF)I 

-(1820) WIDTH 

VALUE {MeV} EV'I '$ DOCUMENT ID TEEN CHG COMMENT 

24 4- 6 OUR AVERAGE Error Includes scale factor of 1,5. See the ideogram 
below, 

24.64- 8.3 280 1 BIAGi 87 SPEC 0 - - -  Be 
( A K - )  X 

12 4-14 4-1.7 54 BIAGI 87CSPEC 0 - - - - B e ~  ( A K  - 0 )  
X 

72 4-20 300 BIAGI 81 SPEC - SPS hyperon 
beam 

21 4. 7 130 GAY 76C HBC K - p  4+2 GeV/c 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

99 4-57 74 BRIEFEL 77 HBC 0 K - p  2.87 GeV/c 
52 4-34 68 BRIEFEL 77 HBC - 0  ~(1530)~r 
72 4-17 39 BRIEFEL 77 HBC ~ - ~ ' 0  
44 4-11 44 BRIEFEL 77 HBC 0 AK  -0 
26 4-11 57 BRIEFEL 77 HBC A K -  
85 4-58 DiBIANCA 75 DBC - 0  ~.Tr~r,-*~r 
51 4-13 2 BADIER 72 HBC - 0  Lower mass 
58 4-13 2 BADIER 72 HBC - 0  Higher mass 

103 +38  3 CRENNELL 708 DBC - 0  3.6, 3.9 GeV/c 
- 2 4  

48 +36 4 CRENNELL 708 DBC - 0  3.6, 3.9 GeV/c - 1 9  

55 +40  ALITTI  69 HBC - A, E ~  - 2 0  
12 4. 4 BADIER 65 HBC 0 A ~  0 
30 4- 7 SMITH 658 HBC -O AK 

< 80 HALSTEINSLID63 FBC - 0  K -  freon 3.5 
GeV/c 



See key on page 213 

WEIGHTED AVERAGE 
2 4 i 6  (Error scaled by 1,5) 

. . . . . . . . . . .  BIAGI 

. . . . . . . . . . .  BIAGI 
I > BIAGI 

. . . . . . . . . . .  GAY 

-20 0 20 40 60 80 100 

- - ( 1 8 2 0 )  w id th  ( M e V )  

~ 2  

87 8PEC 0.0 
87C SPEC 0.8 
81 SPEC 5.7 
76C HBC 0.2 

6.7 
(Confidence Level = 0.083) 

120 

Mode 

E(1820) DECAY MODES 

Fraction (F I /F)  

721 

Baryon Particle Listings 
--(1820),----(1950) 

r(-=--(~t-=(z~0)-))/r(A~) rglr~ 
V,'~.V~ DOCUMENT ID TEEN CHG COMMENT 

0 .30+0 .20  BIAGI 87 SPEC - E -  Be 116 GeV 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.14 7 BADIER 65 HBC 0 1 st. dev. l imit 
>0.1 SMITH 65C HBC - 0  K -  p 2.45-2.7 

GeV/c  

r(_--.(~t_=(z=0).))/r(_=(z.0).) rglr~ 
VA~.U~ DOCUMENT ID TEEN CHG COMMENT 

consistent with zero GAY 76(: HBC - K -  p 4.2 GeV/c  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.3:E0.5 8 APSELL 70 HBC 0 K - p  2.87 GeV/c  

.---(1820) FOOTNOTES 
1 BIAGt 87 also sees weak signals In the In the ----- ~r + ~r -  channel at 1782.6 4- 1.4 MeV 

(F = 6.0 4- 1.5 MeV)  and 1831.9 4- 2.8 MeV  ( r  = 9.6 4- 9.9 MeV) .  
2 BADIER 72 adds all channels and divides the peak Into lower and higher mass regions. 

The data can also be fitted with a single Brelt-Wlgner o f  mass 1800 MeV and width 150 
MeV. 

3From a f i t  to inclusive _--~, - -x~r ,  and A K -  spectra. 
4From a fit to inclusive --~r and --~r~r spectra only. 
5 Including - - x l r .  

6DAUBER 69 uses In part the same data as SMITH 65C. 
7 For the decay mode - - - l r  + x 0 only. This l imit Includes - - (1530)x .  
8Or  less. Upper l imit  for the 3-body decay. 

r l  AK large 
r 2 E K small 
r3 - ~  small 
r4 .-=(1530) Ir small 
r5 --=lr ~r (not --=(1530) ~r) 

BIAGI 57 
BIAGI 87C 
ASTON 85B 
JENKINS 83 
BIAGI 61 
HASSALL 81 

E(1820) BRANCHING RATIOS 
The dominant modes seem to be A K  and (perhaps) _=(1530)1r, but the 
branching fractions are very poorly determined. 

r (a i l ) I r=~ 
VALUE DOCUMENT ID TEEN 

0J10-1-0.11 A L I T T I  59 HBC 

r(_=.)/r=.. 
V A ~  DOCUMENT ID T~'CN 

0.,0-1-0.10 A L I T T I  69 HBC 

r ( - . ) / r M ~  
VALUE CL~ DOCUMENT ID TEEN 

95 GAY 76C HBC 

rz/r 
CHG COMMENT 

K -  p 3.9-5 
GeV/c  

r d r  
CHG COMMENT 

K - p  3.9-5 
GeV/c  

rs/rx 
CHG COMMENT 

-- K -  p 4.2 GeV/c  

TEODORO 75 
BRIEFEL 77 

AlsO 69 
GAY 76 
GAY 76C 
DIBIANCA 75 
BADIER 72 
APSELL 70 
CRENNELL 70B 
ALITTI 69 
DAUBER 69 
TRIPP 57 
BADIER 58 
SMITH 65B 
SMITH 65C 
HALSTEINSLID 63 

TEODORO 78 
BRIEFEL 75 
SCHMIDT 73 
MERRILL 68 
SMITH 64 

..=(1820) REFERENCES 

ZPHY C34 15 + (BRIS, CERN, GEVA, HEIDP, LAUS, LOQM, RAL) 
ZPHY C34 175 + (BrlS, CERN, GEVA, HEIDP, LAUS, LOQM, RAL) JP 
PR D32 2 2 7 0  +Carnegie+ (SLAC, CARL, CNRC, CINC) 
PRL 51 951 +Albdght, Diamond+ (FSU, BRAN, LBL, CINC, MASD) 
ZPHY C9 365 + (BRIS, CAVE, GEVA, HEIDP, LAUS, LOQM, RHEL) 
NP B189 397 +Ansocge, Carter, Neale+ (CAVE, MSU) 
PL T/B 451 +Diaz, Dionld, Blokzijl+ (AMST, CERN, NIJM, OXF)JP 
PR D16 2 7 0 6  +GouRvitch, Chang+ (BRAN, UMD, SYRA, TUFTS) 
PRL 23 884 Apsell+ (BRAN, UMD, SYRA, TUFTS) 
NC 31A 593 +Jeanneret, Bogdanskl+ (NEUC, LAUS, LIVP, CURIN) 
PL 628 477 +Armentem% Berge+ (AMST, CERN, NIJM)U 
NP BSS 137 +Endorf (CMU) 
NP 837 429 +Barrelet, Chadton, Videau (EPOL) 
PRL 24 777 + (BRAN, UMD, SYRA, TUFTS) I 
PR Dt 847 +Karsho., Lal, O'Neall, Scarf, Schumann (8NL) 
PRL 22 79 +Barnes, Flaminio, Metzger+ (BNL, SYRA) I 
PR 179 1262 +Be~e, Hubbaqd, Merrill, Miller (LRL) 
NP B3 10 +Leith+ (LRL, SLAC, CERN, HELD. SACL) 
PL 16 171 +Demoulin, Go~dberg+ (EPOL, SACL, AMST) I 
Athen, c=,. ~51 +L~,~, (LR~) 
PRL 14 25 +Lindsey, Button-Sharer, Murray * ( )LRL IJP 
Siena Cone 1 73 + (BERG, CERN, EPOL, RHEL, LOUC) I 

- -  OTHER RELATED PAPERS 
PL 77B 451 +Diaz. Dionid, Blokzijl+ (AMST, CERN, NIJM, OXF)JP 
PR D12 1 8 5 9  +Gourevttch+ (BRAN, UMD, SYRA, TUFTS) 
Purdue Conf. 363 (BRAN) 
PR 167 1202 +Shafer (LRL) 
PRL 13 61 +Lindsey, Murray, Butto.-Shafer+ (LRL)IJP 

0.20-1-0.20 BADIER 65 HBC 0 K -  p 3 GeV/c  

r ( - . ) / r (_=l t .O) . )  rslr4 
VAI~U~ DocUMEN T I~) TEEN CHG COMMENT 

1.5"t"0"6- APSELL 70 HBC 0 K - p  2.87 GeV/c  
- -0 .4  

r(z'g)/rt=,, r=/r 
y~.( l~ DOCUMENT ID TECN CHG COMMENT 

0J0-1-0.18 A L I T T I  69 HBC - K -  p 3.9-5 
GeV/c  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.02 TRIPP 57 RVUE Use SMITH 65C 

r ( z ' g ) / r ( a~  r=/r, 
VALUE DOCUMENT ID TEEN CHG COMMENT 

0.24J"0.10 �9 GAY 76c HBC - K - p  4.2 GeV/c  

r ( - l Z . O l , ) I r ~  r41r 
VALUE DOCUMENT ID TEEN CHG COMMENT 

0.,1104-0, l lz A L I T T I  69 HBE - K -  p 3.9-5 
GeV/c  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

seen ASTON 858 LASS 
not seen 5 HASSALL 81 HBC 

<0.25 6 DAUBER 69 HBC 

r(. .=lZ.O),)Ir(a~ 
' ,VAI.V ~ DOCUMENT ID T~C N 

0..184"0.27 OUR AVERAGE Error Includes scale factor of  2.3. 

1.0:1:0.3 GAY 76c HBC 
0 .26+0 .13  SMITH 65c HBC 

K - p  11 GeV/c  
K -  p 6.5 GeV/c  
K -  p 2.7 GeV/c  

r 4 r ,  
CHG COMMENT 

- K - p  4.2 GeV/c  
- 0  K -  p 2.45-2.7 

GeV/c  

1-095o)1 = � 89  S ta tus :  * * *  

W e  list here everything reported between 1875 and 2000 M e V .  T h e  
accumulated evidence for  a --- near 1950 M e V  seems st rong enough 
t o  include a - - (1950 )  in the ma in  Baryon Table, but  not  much can 
be said about  i ts propert ies. In fact ,  there may  be more  than one - -  
near this mass. 

--(1950) MASS 

DOCUMENT ID TEEN VALUE (MeV) EV'FS 

1~S0=E18 OUR ESTIMATE 
1944+ 9 129 BIAGI 87 SPEC 

19634- 54-2 63 BIAGI 87C SPEC 
19374- 7 150 BIAGI 81 SPEC 
19614-18 139 BRIEFEL 77 HBC 
1936 •  44 BRIEFEL 77 HBC 
1964:t: 10 56 BRIEFEL 77 HBC 
1 9 0 0 •  D IB IANCA 75 DBC 
1952 4-11 25 ROSS 73C 
19564- 6 29 BADIER 72 HBC 
19554,14 21 GOLDWASSER 70 HBC 
18944-18 66 DAUBER 69 HBC 
19304-1"20 27 A L I T T I  68 HBC 
19334.16 35 BADIER 65 HBC 

COMMENT 

---Be 
(--~+)~-X 

E-Be ~ (AK O) X 
SPS hyperon beam 
2.87 K -  p ~ E- -  l r + X  
2.87 K - p ~  E O ~ - x  
-(153o)~ 

(--~-)- 

--Tr 
- - -  ~ +  
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Baryon Particle Listings 
.._=(1950), _--(2030) 

_=(1930) WIDTH 

VALUE (MeV) E V T S  DOCUMENT ID TECN COMMENT 
604"20 OUR ESTIMATE 

1004-31 129 BIAGI 87 SPEC 

25 4-15 • 1.2 63 BIAGI 87C SPEC 
604- 8 150 BIAGI 81 SPEC 

1594-57 139 BRIEFEL 77 HBC 
874-26 44 BRIEFEL 77 HBC 
60+39 56 BRIEFEL 77 HBC 
63 i78  DIBIANCA 75 DBC 
384-10 ROSS 73C 
354-11 29 BADIER 72 HBC 
564-26 21 GOLDWASSER 70 HBC 
984-23 66 DAUBER 69 HBC 
804-40 27 AUTTI  68 HBC 

1404-35 35 BADIER 65 HBC 

----Be 
(_--- ~ r+ )x -  X 

- - - B e ~  (A~)X 
SPS hyperon beam 
2.87 K - p  ~ - = - ~ + X  
2.87 K - p  "~ -=O~r-X 
.~(1530)~ 

(--,,)-- 

_E~, --~'~r, Y K  
--~r 

---~+ 

Mode 

-(1950) DECAY MODES 

Fraction ( r l / l ' )  

r l  AK seen 
r 2 E~ '  possibly seen 
r 3 _--~. seen 
F4 _--(1530) ~r 
r s ..=Tr 7r (not ~. (1530) It) 

--(19SO) BRANCHING RATIOS 

r(~:X)/r(A~) 
VALUE CL~ EVT$ ' DOCUMENT ID TECN 

<2.3 90 0 BIAGI 87C SPEC 

r(zX)/rw~, 
VALUE EVT$ DOCUMENT ID TECN 

pomlbly ~ 17 HASSALL 81 HBC 

r(-,r) Ir(-(,rm),) 
VALUE DOCUMENT IO TECN 

2 8 +0.7 APSELL 70 HBC �9 -u ,o  

r (-,r,r (.~-(i.O),rl)Ir(_=(,rm).,) 
VALUE DOCUMENT ID TECN 

0.04-0.3 APSELL 70 HBC 

r=/r, 
COMMENT 

----Be 116 GeV 

r=/r 
COMMENT 

K -  p 6.S GeV/c 

rs/r4 

r,/r4 

-(1950) REFERENCES 

BIAGI 81 ZPHY C$4 15 + (BRIG, CERN, OEVA, HEIDP, LAUS, LOQM, RAt 
BIAGI I?C ZPHY C$4 175 + (BRIS, CERN, GEVA, HEIDP, LAUS, LOQM, RAL 
BIAGI 81 ZPHY Cg 305 + (BRIS, CAVE, GEVA, HFJDP, LAUS, LOQM, RHEL 
HASSALL I1 NP BISg 39? +knl~tle , Carter, NIIII+ (CAVE, MSL 
BRIEFEL 71 PR Dlt 2706 +Goarevltch, Chin|+ (BRAN, UMD, SYRA, TUFT| 

AIIo ?0 DuM Co.f, 317 Briefer+ (BRAN, UMD, SYRA, TUFT. ( 
DIBIANCA 75 NP BBI 157 § (CML 
ROSS 7.~1C Purdue Conf. MS +Lloyd, RedoJlclc (OX| 
BADIER 772 NP B377 429 +Berrlllt, Ch|rlton, Vlde|u (EPOL 
APSELL '/0 PRL 24 777 + (BRAN, UMO, SYRA, TUFT! 
GOLDWASSER 70 PR Dl 1960 +Schu;t= OLI 
DAUBER 69 PR 1775 1262 +eerlp, Hubbard, Merrill, Miller (LRL 
ALITTI 68 PRL 21 1119 +Fiemlnlo, Mltqer, RedoJlr162 (BNL, SYRI 
BAOIER 65 PL 16 1771 +Demoulln, Gold~lri+ (EPOL, SACL, AMS1 

I --(2030) I = ,( _> ,,,,.,u.:, * *  
The evidence for this state has been much improved by HEMING- 
WAY 77, who see an eight standard deviation enhancement in Z'~ 
and a weaker coupllng to A'/~. ALITTI 68 and HEMINGWAY 77 
observe no signals in the - - - ~  (or .---(1530)~) channel, In contrast 
to DIBIANCA 75. The decay ( A / E ) ' ~ I r  reported by BARTSCH 69 
Is also not confirmed by HEMINGWAY 77. 

A moments analysls of the HEMINGWAY 77 data indicates at a level 
of three standard devlatlons that J _> 5/2. 

-(2030) MASS 

VALUE (MeV) EVT$ DOCUMENT ID TECN CHG COMMENT 
4- i OUR ES'nMATE 

~wl.14- :1.4 OUR #iW.RdI~E Error Includes scale factor of 1.3. See the Ideogram below. 
2022 4- 7 JENKINS 83 MPS - K - p ~  K + 

MM 
2024 4 - 2  200 HEMINGWAY 77 HBC K - p 4 . 2 G e V / c  
2044 4- 8 DIBIANCA 75 DBC -O - - -~ , - - - *~  
2019 4- 7 15 ROSS 73C HBC - 0  _r~ 
2030 4-10 42 AUTTI  69 HBC K - p  3.9-5 

GeV/c 
2058 4-17 40 BARTSCH 69 HBC - 0  K - p  10 GeV/c 

~.(2030) WIDTH 

VALUE (MeV) EVT5 DOCUMENT ID TECN CHG COMMENT 

=-*I DUN 
:!14- 6 OUR AVERAGE Error Includes Kale factor of 1.3. See the Ideogram below. 
164- S 200 HEMINGWAY 77 HBC - K - p 4 . 2 G e V / c  

60• DIBIANCA 75 DBC - 0  -=~w, - * ~  
33"4-17 13 ROSS 73C HBC - 0  Z"R' 

4S+~4~ ALITTI 69 HBC - K - p  3.9-5 
GeV/c 

574-30 BARTSCH 69 HBC - 0  K - p  10 GeV/c 

--(2030) DECAY MODES 

Mode Fraction ( r l / r )  

rl Ai  ~2o 
r2 z R  ~8o% 
r 3 .--~. small 
['4 --(1530)1r small 
rs _=It ~ (not--(1530)Ir) small 
r6 AKTr small 
r 7 ~ ' K / r  small 

--(2030) BRANCHING RATIOS 

r(_=.)/[r(A~) + r(rX)  + r(_=.) + r(-11s3o)~)] rs/(r,+r=+rs+r4) 
VALUE DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.30 ALITTI 69 HBC - I standard dev. 
limit 

r(_=.)/r(~) rdr= 
y~4~V ~ CL~ DOCUMENT IO TECN CHG COMMENT 

<0.19 95 HEMINGWAY 77 HBC - K - p 4 . 2 G e V / c  
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r(A~)/[r(4~) + r ( z ~  + r(..=.) + r(E(1530)~r)] rd(rl+r2+rg+r4) 
VALUE DOCUMENT I D T~CN CH.....GG COMMENT 

0.25:E0.15 A L I T T I  69 HBC - K -  p 3.9-5 
GeV/c  

r(A~)/r(ZK--) rdr2 
VA~U~ DOCUMENT ~D TECN CH._~G COMMENT 

0.22:E0.09 HEMINGWAY 77 HBC - K - p 4 . 2 G e V / c  

r(zR)/[r(^R) + r(zk-) + r(E.) + r(E(lS30).)] r=/(r,+ri+r3+r~) 
VA~.UE DOCUMENT ID TP~CN CHG COMMENT 

0,75:E0.20 A L I T T I  69 HBC - K - p  3.9-5 
GeV/c  

r(_=(1~o)~)/[r(A~ + r ( z ~  + r(~.)  + r( -o~o),) ]  
r 4 / ( r ~ + r = + r s + r 4 )  

VALUE DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0,15 A L I T T I  69 HBC 1 standard dev. 
l imit 

[r(-(ls3o).) + r(_=..(not-(lS3O).))]ir(~K - )  (r4+rs)/r= 
VALUE CL~ DOCUMENT/D TECN~ CHG COMM~:NT 

<0.11 95 t H E M I N G W A Y  77 HBC - K - p 4 . 2 G e V / c  

r(A~,)/r~= rdr  
VALUE DOCUMENT ID TECN ~OMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

seen BARTSCH 69 HBC K - p  10 GeV 

r(A~'.) /r(z~) rdr= 
VALUE ~ DOCUMENT ID T~N CHG ~OMM~NT 

<0.32 95 HEMINGWAY 77 HBC K - p  4.2 GeV/c  

r(z~' . ) / r~. ,  r~/r 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, nmlts, etc. �9 �9 �9 

seen BARTSCH 69 HBC K - p  10 GeV 

r(ziC.)lr(z'g) r~/r~ 
VALUE CL~ DOCUMENT IO TECN CHG COMMENT 

<0.04 95 2 H E M I N G W A Y  77 HBC - K - p 4 . 2 G e V / c  
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Baryon Particle Listings 
_ = ( 2 0 3 0 ) , - - ( 2 1 2 0 ) , - - ( 2 2 5 0 )  

_=(2030) FOOTNOTES 
1 For the decay mode E -  l r ' t ' l r  - only. 
2 For the decay mode E • K -  lr:F only. 

E(2030) REFERENCES 

JENKINS 83 PRL 51 951 +Albdght, Diamond+ (FSU, BRAN, LBL, CINC, MASD) 
HEMINGWAY 77 PL 68B 197 +Armenteros+ (AMST, CERN, NIJM, OXF)U 

Also 76C PL 62B 477 Gay, Armenteros. Berge+ (AMST, CERN, NIJM) 
DIBIANCA 75 NP B98 137 +Endorf (CMU) 
ROSS 73C Purdue Conf. 345 +Lloyd, RadoJicic (OXF) 
ALITTI 69 PRL 22 79 +Barnes, Flaminio, Metzger+ (BNL, SYRA I 
BARTSCH 69 PL 28B 439 + (AACH, BERL, CERN, LO C, V EN) 
ALITTI 68 PRL 21 1119 +Flaminio, MetzKer, Radojicic+ (BNL, SYRA) 

I .  

I (  )1 / ( J P ) = � 8 9  Status: ~< - -  2 1 2 0  :, P need confirmation. 
OMITTED FROM SUMMARY TABLE 

--=(2120) MASS 

VALUE (MeV) EVTS DOCUMENT ID TEEN COMMENT 
su 2120 OUR ESTIMATE 

2137:E4 18 1CHLIAPNIK. . .  79 HBC K + p  32 GeV/c 
2123:E7 2 GAY 76C HBC K - p  4.2 GeV/c  

E(2120) WIDTH 

VALUE (MeV) E V T $  DOCUMENT ID TECN COMMENT 

<20 18 1CHLIAPNIK. . .  79 HBC K + p 3 2 G e V / c  
2 5 •  2 GAY 76c HBC K - p  4.2 GeV/c  

---(2120) DECAY MODES 

Mode Fraction (rl/O 

F1 AT seen 

E(2120) BRANCHING RATIOS 

r (A~) /r~,  rl /r  
V~U~ DOCUMENT ID ~ COMMENT 

SSeN 1CHLIAPNIK. . .  79 HBC K + p  ~ ('AK + )  X 
2 GAY 76c HBC K - p  4.2 GeV/c  

..=(2120) FOOTNOTES 
1CHLIAPNIKOV 79 does not uniquely identify the K + In the ( A K  + )  X final state. It 

also reports bumps with fewer events at 2240, 2540, and 2830 MeV. 
2GAY 76c sees a 4-standard deviation signal. However, HEMINGWAY 77, with more 

events from the same experiment polnts out that the signal Is greatly reduced I f  a cut is 
made on the 4-momentum u. This suggests an anomalous production mechanism If the 
.-=(2120) IS real. 

E(2120) REFERENCES 

CHLIAPNIK... 79 NP B158 253 Chllapnikov, Gerdyukov+ (CERN, BELG, MONS) 
HEMINGWAY 77 PL 68B 197 +Armeeteros+ (AMST~ CERN, NIJM, OXF) 
GAY 76C PL 62B 477 +Armenteros, Berge+ (AMST, CERN, NIJM) 

I ~-'( ) l  '(JP) = ~(??) Status: * *  
2 2 5 0  ~. P need confirmation. 

OMITTED FROM SUMMARY TABLE 
The evidence for this state is mixed. BARTSCH 69 sees a bump 
of not much statistical significance in AFar, E'KTr, and E~r~r mass 
spectra. GOLDWASSER 70 sees a narrower bump in _--Trlr at a 
higher mass. Not seen by HASSALL 81 with 45 events//~b at 6.5 
GeV/c. Seen by JENKINS 83. Perhaps seen by BIAGI 87. 

_--(225o) MASS 
VALUE (MeV) EVTS DOCUMENT ID TEEN CHG COMMENT 

2260 OUR ESTIMATE 
2189•  7 66 BIAGI 87 SPEC - E -  Be ( E - ~ + ~ - )  

X 
2214~ 5 JENKINS 83 MPS - K - p  ~ K + 

M M  
2 2 9 5 •  18 GOLDWASSER70 HBC - K - p  5.5 GeV/c  
2244::E52 35 BARTSCH 69 HBC K - p  10 GeV/c  

VALUE (MeV) EV'I'S 

46:E27 66 

< 30 
1 3 0 •  

..=(2250) DECAY MODES 

Mode 

r I --~rTr 
r 2 A K ~  
I" 3 EK~r 

E(2250) REFERENCES 

--(2250) WIDTH 

DOCUMENT ID TECN CHG COMMENT 

BIAGI 87 SPEC - E - B e  (z-.+~-) 
x 

GOLDWASSER70 HBC - K - p  5.5 GeV/c  
BARTSCH 69 HBC 

BIAGI 87 ZPHY C34 15 
JENKINS 83 PRL 51 951 
HASSALL 81 NP B189 397 
GOLDWASSERT0 PR D1 1%0 
BARTSCH 69 PL 28B 439 

+ (BRIS, CERN, GEVA, HEIDP, LAUS. LOQM, RAL) 
+Albtight, Diamond+ (FSU, BRAN, LBL. CINC, MASD) 
+Ansorge, Carter, Neale+ (CAVE, MSU) 
+Schultz (ILL) 
+ (AACH, BERL, CERN, LOIC, VII:N) 
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- - ( 2 3 7 0 ) ,  - - ( 2 5 0 0 )  

l - (  ) l  ,cJP  : status: 2370 J, P need confirmation. 

OMITTED FROM SUMMARY TABLE 

~<~ 

---(2370) MASS 

VALUE (MeV) E V T 5  DOCUMENT IO TEEN CHG COMMENT 
2370 OUR ESTIMATE 
2356~10 JENKINS 83 MPS - K - p - - ,  K + 

MM 
2370 50 HASSALL 81 HBC - 0  K - p  6.5 GeV/c 
2373• 8 94 AMIRZADEH 80 HBC - 0  K - p  8.25 GeV/c 
2392• DIBIANCA 75 DBC E.2~ 

E(2370) WIDTH 

VALUE {MeV) E V T S  DOCUMENT ID TEEN CHG COMMENT 

80 SO HASSALL 81 HBC - 0  K - p  6.5 GeV/c 
804-25 94 AMIRZADEH 80 HBC - 0  K -  p 8.25 GeV/c 
75~69 DIBIANCA 75 DBC ---2x 

-=(2370) DECAY MODES 

Mode Fraction ( r l / r )  

F 1 AKTr 
Includes F4 + i-6. 

r 2 EK~r 
Includes F 5 + r,. 

F3 s K 
r4 AK~ 
I" s EK*(892) 
r6 E(138s)~ 

seen 

seer 

--(2370) BRANCHING RATIOS 

r(A~'.)/r~., rdr 
VALUE DOCUMENT ID TE~N C H I  G COMMENT 

AMIRZADFH 80 HBC - 0  K - p E . 2 5 G e V / c  

r(z~' . ) Ir~. ,  r=/r 
VALUE DOCUMENT ID T ECN CHG COMMENT 

AMIRZADEH 80 HBC - 0  K - p  8.25 GeV/c 

[r(A~'.) + r ( z ~ . ) ] / r ~ .  (rl+r=)/r 
VALUE E ~  DOCUMENT ID TECN C H I  G (~OMMENT 

50 HASSALL 81 HBC - 0  K - p  6.5 GeV/c 

r(/t- K)/r~l rs/r 
VAI~UI~. DOCUMENT Ip TEEN CHG COMMENT 

0.09• I KINSON 80 HBC - K - p  8.25 GeV/c 

[r(A~"(~J2)) + r(zRo(~2))]/r~., (r4+rs]/r 
VAL I, I~ DOCUMENT ID TEEN CHG COMMENT 

0.22:t:0.13 1 KINSON 80 HBC - K -  p 8.25 GeV/c 

r ( z ( z ~ ) ~ / r ~ , l  r, /r 
VA~.U~. DOCUMENT ID TEEN CHG COMMENT 

0.124-0.08 1 KINSON 80 HBC - K - p  8.25 GeV/c 

..=(2370) FOOTNOTES 
1 KINSON 80 Is a reanalysls of AMIRZADEH 80 with 50% more events. 

.(23"/0) REFERENCES 

JENKINS 83 PRL 51 9Sl +AIb~iKht, Diamond+ (FSU, BRAN, LBL, CINC, MASD) 
HASSALL 81 NP B189 397 +Ansorge, Carter, Neale+ (CAVE. MSU) 
AMIRZADEH 80 PL 90B 324 + (BIRM, CERN, GLAS, MSU, CURIN) I 
KINSON 80 Toronto Conf. 263 + (BIRM, CERN, GLAS, MSU, CURIN) I 
DIBIANCA 75 NP B98 137 +Endod (CMU) 

I(J P) = �89 Status: ~< 
J, P need confirmation. 

OMITTED FROM SUMMARY TABLE 
The A L I T T I  69 peak might be instead the - - (2370) or might be 
neither the -- (2370) nor the --(2500).  

---(2500) MASS 

VALUE (MeV) E V T S  DOCUMENT ID TEEN CHG COMMENT 
2~00 OUR ESTIMATE 
2505• JENKINS 83 MPS - K - p ~  K + 

MM 
2430:t:20 30 ALITTI  69 HBC - K - p  4.6-5 

GeV/c 
2500:~10 45 BARTSCH 69 HBC - 0  K - p  10 GeV/c 

. (2500) WIDTH 

VALUE (MeV) DOCUMENT ID TEEN CH._.~.G 

150 +60  ALITTI  69 HBC - - 4 0  
59=E27 BARTSCH 69 HBC - 0  

. (2500) DECAY MODES 

Mode Fraction ( r l / r )  

I- 1 _=~ 

I- 2 A K  

r3 E-K 
F4 E~r* seen 
F S --(1530) x 
r 6 A K T r  -F E -K~ r  seen 

"(25(~) BRANCHING RATIOS 

r(.~.)/[r(..=.) + r(AK--) + r(ZK--) + r(_=(z~o).)] rl/(rl+r=+rs+rs) 
VA!~U~. DOCUMENT ID TEEN COmMeNT 

<0.5 ALITTI  69 HBC 1 standard dev. limit 

r(AK-)/[r(..) + rCA~) + r ( z ~  + r(.(z~0).)] rd(rz+r=+rs+rs) 
VALUE DOCUMENT ID T~CN CHG 

0.5~0.2 ALITTI  69 HBC - 

r ( z ~ / [ r ( . . )  + r(AK--) + r(z~) + r ( - ( im) . ) ]  r~/(ri+ri+r3+r,) 
VALUE DOCUMENT IO TEEN CHG 

0.5:t:0.2 ALITTI 69 HBC - 

r(.lzS3o).)l[r(.---.) + r(AK--) + r(z~) + r(- l lrm).)]  
rd(r~+r=+r~+rs) 

VALUE DOCUMENT ID T ~ N  COMMENT 

<0.2 ALITTI  69 HBC i standard dev. limit 

r ( - . . ) / r~ . ,  r41r 
VALUE DOCUMENT ID TEEN CHG 

BARTSCH 69 .HBC - 0  

[r(A~'.) + r (z~ ' . ) ] I r~  rur 
VALUE DOCUMENT ID TE~CN CHG 

melt BARTSCH 69 HBC - 0  

..=(2500) REFERENCES 

JENKINS 83 PRL 51 951 +Albdght, Diamond+ (FSU, BRAN, LBL, ClNC, MASD) 
ALITTI 69 PRL 22 79 +Barnes, Flaminio, Metzl~er+ (BNL, SYRA) I 
BARTSCH 69 PL 28B 439 + (AACH, BERL, CERN, LOIC, VIEN) 
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D BARYONS II 
(s=-3, i=0) 

.~-- = SSS I 

r ~  I ( J  P )  = 0(,] + )  Status: ~< ~< * >~ 

The unambiguous discovery in both production and decay was by 
BARNES 64. The quantum numbers have not actually been mea- 
sured, but follow from the assignment of the particle to the baryon 
decuplet. DEUTSCHMANN 78 and BAUBILLIER 78 rule out J = 
1/2 and find consistency with J = 3/2. 

We have omitted some results that have been superseded by later 
experiments. See our earlier editions. 

Et- MASS 
The fit assumes the [2 -  and Q ~  masses are the same. 

VALUE (MeV) Evr5 
lg72.46-1-0.29 OUR FIT 
1672.43-1-0.:~2 OUR AVERAGE 
1673 •  100 HARTOUNi 85 

1673.0 • 41 BAUBILLIER 78 
1671.7 -4-0.6 27 HEMINGWAY 78 
1673.4 4-1.7 4 1 DIBIANCA 75 
1673.3 4-1.0 3 PALMER 68 
1671.8 4-0.8 3 SCHULTZ 68 
1674.2 4-1.6 5 SCOTTER 68 
1672.1 4-1.0 1 2 FRY 55 

DOCUMENT ID TEEN COMMENT 

SPEC 80-280 GeV K/OC 
i 

HBC 8.25 GeV/c K - p  
HBC 4.2 GeV/c K - p  
DBC 4.9 GeV/c K -  d 
HBC K -  p 4.6, 5 GeV/c 
HBC K - p  5.5 GeV/c 
H BC K -  p 6 GeV/c 
EMUL 

�9 �9 �9 We do not use the following data for averages, fits, limits, e tc . �9  �9 �9 

1671.43• 13 3 DEUTSCH... 73 HBC K - p  10 GeV/c 
1671.9 4-1.2 6 3 SPETH 69 HBC See 

DEUT~CHMANN 73 
1673.0 +8.0 1 ABRAMS 64 HBC ~ ~--1r-  
1670.6 • 1 2 FRY 558 EMUL 
1615 1 4 EISENBERG 54 EMUL 

1 DIBIANCA 75 gives a mass for each event. We quote the average. 
2The FRY 55 and FRY 551] events were identified as J~- by ALVAREZ 73. The masses 

assume decay to A K -  at rest. For FRY 55a, decay from an atomic orbit could Doppler 
shift the K-- energy and the resulting/2- mass by several MeV. This shift is negligible 
for FRY 55 because the ~? decay Is approximately perpendicular to Its orbital velocity, 
as Is known because the A strikes the nucleus (L,Alvarez, private communication 1973). 
We have calculated the error assuming that the orbital n Is 4 or larger. 

3 Excluded from the average; the .q -  lifetimes measured by the experiments differ signif- 
Icantly from other measurements. 

4The EISENBERG 54 mass was calculated for decay in flight. ALVAREZ 73 has shown 
that the/7 Interacted with an Ag nucleus to give K - - - A g .  

~+ MASS 
The fit assumes the ,('2- and ~ +  masses are the same. 

VALUE (MeV) EVTS DOCUMENT ID TEEN COMMENT 
1672.48=1=0.29 OUR FIT 
1672.8 4-0.7 OUR AVERAGE 
1672 4-1 72 HARTOUNI 85 SPEC 80-280 GeV KOc 

1673.1 ~:1.0 1 FIRESTONE 71B HBC 12 GeV/c K + d  

(m n-  - ~ )  / m,,,,,,~ 
A test of CPT Invarlance. Calculated from the average .1"2- and ~ +  
masses, above. 

VA{-VE POCUMENT I~O 

COd:6) x 10 - 4  OUR EVALUATION 

D -  MEAN LIFE 
Messurements with an error > 0.1 x 10 -10  s have been omitted. 

VALUE (10 -10 s) EVT$  DOCUMENT ID TEEN COMMENT 
0.822d:0.012 OUR AVERAGE 
0.811+0.037 1096 LUK 88 SPEC pBe 400 GeV 
0.823~0.013 12k BOURQUIN 84 SPEC SPS hyperon beam 
r �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.822~:0.028 2437 BOURQUIN 79B SPEC See BOURQUIN 84 
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/ 2 -  

D -  MAGNETIC MOMENT 

VALUE(PNI EVT$  DOCUMENT ID TEEN COMMENT 
--2.02 : t :0 .~  OUR AVERAGE 
-2.024+0.056 235k WALLACE 95 SPEC ~ -  300-550 GeV 
-1.94 :E0.17 4-0.14 25k DIEHL 91 SPEC Spin-transfer production 

~ -  DECAY MODES 

Mode Fraction (FI /F)  Confidence level 

I" 1 A K -  (67,820.7) % 
1"2 _=0 ~.-  (23.6+0.7) % 
1":~ = - ~ . 0  ( 8.64-0.4)% 

4 ~+3.4~ 1"4 - - ~ r + ~ -  ( ' - - 1 . 3 / x  10 - 4  

r s z(1530)~ - (6.4+2511) • 10 -4 
1"6 --=~ e-~e (5 .6-~2.8)  x 10 - 3  

F 7 ~ - - ' y  < 4.6 x 10 - 4  

&5 = 2 forlddden ($2) modes 
1"8 A~T- $2 < 1.9 x 10 - 4  

90% 

9o% 

D -  BRANCHING RATIOS 
The BOURQUIN 84 values (which include resuRs of BOURQUIN 79B, a 
separate experiment) are much more accurate than any other results, and 
so the other results have been omitted. 

r (AK- ) / r~=  r d r  
VA~UE EVTS DOCUMENT ID TEEN ~QMMENT 

0.678~:0.007 14k BOURQUIN 84 SPEC SPS hyperon beam 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.6864-0.013 1920 BOURQUIN 79B SPEC See BOURQUIN 84 

r(_-- 'O,r-) Ir~ r=/r 
VALU~E EVTS DOCUMENT ID TEEN COMMENT 

0.23G:EO.O07 1947 BOURQUIN 84 SPEC SPS hyperon beam 
�9 �9 �9 we do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.234~0.013 317 BOURQUIN 79B SPEC See BOURQUIN 84 

r(-=-,~ rdr 
VALUE EVTS DOCUMENT ID T~(:N COMMENT 
0.0a6-1-0.004 759 BOURQUIN 84 SPEC SPS hyperon beam 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.080 • 0.008 145 

r (_= - , r+ . - ) / r~ i  
VALUE (units 10 -4 ) EVTS 

4 3 +3 .4  4 
�9 --1.3 

r(-(lS30)%-)/rto~, 
VAt UE (units 10 -4 ) EVT$ 

64+_po 4 

BOURQUIN 79B SPEC See BOURQUIN 84 

rdr 
DOCUMENT ID TECN COMMENT 

BOURQUIN 84 SPEC SPS hyperon beam 

rg/r 
DOCUMENT ID TECN COMMENT 

5 BOURQUIN 84 SPEC SPS hyperon beam 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

20 1 BOURQUIN 79B SPEC See BOURQUIN 84 

5The same 4 events as in the previous mode, with the Isospln factor to take Into account 
-=(1530) 0 ~ .---01r0 decays Included. 

r ( = - ~  rdr 
VALUE(units 10 -3) EVTS DOCUMENT ID TEEN COMMENT 

g.6=1=2.8 14 BOURQUIN 84 SPEC SPS hyperon beam 
�9 * * We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

10 3 BOURQUIN 79B SPEC See BOURQUIN 84 

r ( - - - -~ ) / r~ , l  rT/r  
VALUE(unitS 10 -4 ) CL~ E V T S  DOCUMENT ID TECN COMMENT 

< 4,6 90 0 ALBUQUERQ...94 E761 D -  375 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<22 90 9 BOURQUIN 84 5PEC SPS hyperon beam 
<31 90 0 BOURQUIN 798 SPEC See BDURQUIN 84 

r(A,r- ) / r t~, l  rg/r 
Z15=2. Forbidden In first-order weak Interaction. 

VALUE {units 10 -4 ) CL ~ E V T $  DOCUMENT ID TEEN COMMENT 

< 1.9 90 0 BOURQUIN 84 SPEC SPS hyperon beam 
�9 �9 �9 We do not use the following data for averages, fits, limits, e tc . �9  �9 �9 

<13 90 0 BOURQUIN 79B SPEC See BOURQUIN 84 
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n - ,  ~ (2250) - ,  $2(2380)-, $2(2470)- 

/ 2 -  DECAY PARAMETERS 

Q FOR D-  --* A K -  
Some early results have been omitted. 

y~LUE EV7"S DOCUMENT ID TECN COMMENT 
--O.OgG-I-O.026 OUR AVERAGE 
-0.034-k0.079 1743 LUK 88 SPEC pBe 400 GeV 
-0.0254-0.028 12k BOURQUIN 84 SPEC SPS hyperon beam 

c, FOR J~- ~ ------'Ox-- 
VALUE " EVTS DOCUMENT ID T~CN COMMON T 

-I-0.0g'l'0.14 1630 . BOURQUIN 84 SPEC SPS hyperon beam 

.', FOR D-  ~ . .=-~ 
VALUE EVTS DOCUMENT ID T ~ N  COMMENT 

-I-OJOS'1"O-21 614 BOURQUIN 84 SPEC SPS hyperon beam ' 

.Q- REFERENCES 

We have omitted some papers that have been superseded by later experi- 
ments. See our earlier editions. 

WALLACE 95 PRL 74 3732 +Border+ (MINN, ARIZ, MICH, FNAL) 
ALBUQUERQ... 94 PR D50 R18 Albuquerque, Bondar, Carrigan+ (FNAL E761 Collab.) 
DIEHL 91 PRL 67 804 +Teige, Thompson, Zou+ (RUTG, FNAL, MICH, MINN) 
LUK 88 PR D38 19 +Beretvas, Deck+ (RUTG, WlSC, MICH, MINN) 
HARTOUNI 85 PRL 54 628 +Atiya, Holmes, Knapp, Lee+ (COLU, ILL, FNAL) 
BOURQUIN 84 NP B241 L + (BRIS, GEVA, HEIDP, LALO, RAL, STRB) 

Also 79 PL 87B 297 Bourquin+ (BRIS, GEVA, HEIDP, ORSAY, RHEL, STRB) 
BOURQUIN 79B PL 88B 192 + (BRIS, GEVA, HEIDP, LALO, RAL) 
BAUBILLIER 78 PL 78B 342 + (BIRM, CERN, GLAS, MSU, CURIN, PARIN) J 
DEUTSCH... 78 PL 73B 96 Deutschmann+ (AACH3, BERL, CERN, INNS, LOIC+) J 
HEMINGWAY 78 NP B142 205 +Armenteros+ (CERN, ZEEM, NIJM, OXF) 
DIBIANCA 75 NP B98 137 +l:ndod (CMU) 
ALVAREZ 73 PR 08 702 (LBL) 
OEUTSCH... 73 NP B61 102 Deut~chmann, Kaufmann, Besllv+ (ABCLV Co,lb.) 
FIRESTONE 71B PRL 26 410 +Goldhaber, Ussauer, Sheldon, Tdlling (LRL) 
5PETH 69 PL 29B 252 + (AACH, BERL, CERN, LOIC, VIEN) 
PALMER 68 PL 26B 323 +Radojicic, Rau, Richardson+ (BNL, SYRA) 
SCHULTZ 68 PR 168 1509 + (ILL, ANL, NWES, WiSC) 
SCOTTER 68 PL 26B 474 + (BiRM, GLAS, LOiC, MUNI, OXF) 
ABRAMS 64 PRL 13 670 +Burnstdn, Glamer+ (UMD, NRL) 
BARNES 64 PRL 12 204 +Co.noSy, CrenneB, Culwick+ (BNL) 
FRY 5S PR 97 1189 +Schneps, Swam~ (WiSC) 
FRY 55B NC 2 346 +Schneps. Swami (WlSC) 
BSENBERG 54 PR 96 541 (CORN) 

1~(2250)- I I(JP) = 0(??) Status: * * *  

D(2250)- MASS 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
22112~- 9 OUR AVERAGE 
22534-13 44 ASTON 87B LASS K -  p 11 GeV/c 
22514- 94-8 78 BIAGI 86B SPEC SPS - - -  beam 

D(2250)- WIDTH 

VALUE (MeV) EVT$ DOCUMENT ID TECN COMMENT 
H:b18 OUR AVERAGE 
814-38 44 ASTON 87B LASS K -  p 11 GeV/c 
484-20 78 BIAGI 86B SPEC SPS _--- beam 

Q(2250)- DECAY MODES 

Mode Fraction ( r l / r )  

r I - = -  ~ +  K -  seen 

r 2 -=(1530)  0 K -  seen 

Q(2250)- BRANCHING RATIOS 

r(..=(ls3o) ~ K - ) / r ( - - - , +  K - )  r l / r l  
VALUE EVT5 . DOCUMENT ~p TECN COMMENT 

1.0 44 ASTON 87B LASS K - p  11 GeV/c 
0.70+0,20 49 BIAGI 86B SPEC - - -  Be 116 GeV/c 

D(2250)- REFERENCES 

ASTON 87B PL B194 579 +AwaJi, Blenz, Bird+ (SLAC, NAGO. ClNC, INUS) 
BIAGI 8SB ZPHY C31 33 + (LOQM, GEVA, RAL, HEIDP, LAUS, BRIS, CERN) 

I,,I2 ( 2380)-  I 
OMITTED FROM SUMMARY TABLE 

Status: 

VALUE (MeV) EVT5 
2N0 OUR ESTIMATE 
23844-94-8 45 

n(~eo)- MASS 
DOCUMENT ID TECN COMMENT 

BIAGI 86B SPEC SPS - - -  beam 

D(2380)- WIDTH 

VALUE (MeV) E V T S  DOCUMENT ID TECN COMMENT 

264-23 45 BIAGI 86B SPEC SPS ---- beam 

D(2380)- DECAY MODES 

Mode 

ri - -~r  + K- 
I" 2 ---(1530) 0 K -  
r 3 - - -K*(892)  0 

D(2380)- BRANCHING RATIOS 

r(-(lS3O) ~ K-)/r(--.+ K-) 
VALUE CL~ EVTS DOCUMENT ID 

<0.44 90 9 BIAGI 

r (---- ~"(~J21o)/r (~.- x+ K- )  
VALUE ~VT S DOCUMENT I D 

0.5• 21 BIAGI 

~<~ 

r2/r~ 

12(2470)- MASS 

VALUE (MeV) E V T S  DOCUMENT ID TECN COMMENT 

2474-kU 59 ASTON 88G LASS K - p  11 GeV/c 

,'2(2470)- WIDTH 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 

72"1-U 59 ASTON 88G LASS K - p  11 GeV/c 

J7(2470)- DECAY MODES 

Mode 

r I ~ -  7r+Tr - 

ASTON 

Q(2470)- REFERENCES 

88G PL B215 799 +Awaji, Bienz, Bird+ (SLAC, NAGO, CINC, INUS) 

Q(2380)- REFERENCES 

BIAGI 86B ZPHY C31 33 + (LOQM, GEVA, RAL, HEIDP, LAUS, BRIS, CERN) 
II 

OMITTED FROM SUMMARY TABLE 
A peak in the D-~r+Tr - mass spectrum with a signal significance 
claimed to be at least 5.5 standard deviations. There Is no reason to 
seriously doubt the existence of this state, but unless the evidence 
is overwhelming we usually wait for confirmation from a second ex- 
periment before elevating peaks to the Summary Table. 

TECN COMMENT 

86B SPEC - - -  Be 116 GeV/c 

rs/r~ 
TEE:N COMMENT 

86B SPEC - - - B e  116 GeV/c 



See key on page 213 

CHARMED (Ca +1) BARYONS II 
usc, 5. O=dsc,  [2 O=ssc  

C H A R M E D  BARYONS 

Figure 1 shows the SU(4) multiplets that have as their 

lowest levels Ca) the SU(3) octet that contains the nucleon, 
and (b) the SU(3) decuplet that contains the/%(1232). All the 
particles in a given SU(4) multiplet have the same spin and 

parity. The only known charmed baryons each contain one 
charmed quark and thus belong to the second level of an SU(4) 
multiplet. Figure 2 shows this level for the SU(4) multiplet of 
Fig. l(a). The level splits apart into two SU(3) multiplets, a 

that contains the Ac(2285) and the ~c(2470), both of which 
decay weakly, and a 6 that contains the ,Uc(2455), which decays 
strongly to Aclr, and the ~%(2710), which decays weakly. A 
second ~c remains to bediscovered to fill out the 6, and a host 
of other baryons with one or more charmed quarks axe needed 

to fill out the full SU(4) multiplets. Furthermore, every N or 
/% baryon resonance "starts" another SU(4) multiplet, so the 

woods are full of charmed baryons, most of which no doubt 
will forever remain undiscovered. The only candidates so far 
to belong to more massive multiplets are the Ac(2593) and the 
Ac(2625), and perhaps a Sc(2645); see the Listings. 
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Charmed Baryons, A~ 

Fig. 1. SU(4) multiplets of baryons made of u, d, s, 
and c quarks. (a) The 20-plet with an SU(3) octet 
on the lowest level. (b) The 20-plet with an SU(3) 
decuplet on the lowest level. 

Fig. 2. The SU(3) multiplets on the second level of the 
SU(4) multiplet of Fig. l(a). The particles in dashed 
circles have yet to be discovered. 

The states of the 3 multiplet in Fig. 2 are antisymmetric 
under interchange of the two light quarks (the u, d, and s 
quarks), whereas the states of the 6 multiplet are symmetric 
under interchange of these quarks. Actually, there may be 

some mixing between the pure 3 and 6 ~c states (they have 
the same I, J, and P quantum numbers) to form the physical 

Sc states. 
It need hardly be said that the flavor symmetries Fig. 1 

displays are very badly broken, but the figure is the simplest 
way to see what charmed baryons should exist. 

For a review of theory and experiment, see Ref. 1. 

References 

1. J.G. KSrner, M. Kr~mer, and D. Pirjol, Prog. in Part. Nucl. 
Phys. 33, 787 (1994). 

r , ~  i(J P) = 0(�89 + )  Status: * * * *  

J has not actually been measured yet. Results of an analy=I= of 
p K- l r  + decays (JEZABEK 92) are consistent with the expected J 
= 1/2. The quark content Is udc. 
We have omitted some results that have been superseded by later 
experiments. The omitted results may be found In eerller editions. 

Ac+ MASS 

Measurements with an error greater thin 5 MeV or that are otherwise 
obsolete have been omitted. 

The fit also Includes ,~c-A~ and A'_+.A + ~  man-difference measurements. 

VALUE (MeV} E V T $  DOCUMENT ID TECN COMMENT 
1214,t-I-0.| OUR FIT 
2284.Yd::0A OUR AVERAGE 
2284.7/:0.64-0.7 1134 AVERY 91 CLEO Slx modes 
2281.7/:2.7/:2.6 29 ALVAREZ 908 NA14 p K - ~  4" 
2285.8/:0.6/:1.2 101 BARLAG 89 NA32 p K - ~ :  "F" 
2284.7/:2.34-0.5 5 AGUILAR-... 88B LEBC pK-~r + 
2283.1/: 1.7/:2.0 628 ALBRECHT 88C ARG pK-T r  + ,  p'R "0, A37r 
2286.2/:1.7/:0.7 97 ANJOS 888 E691 p K - ~ r  + 
2281 / :3  2 JONES 87 HBC p K - ~ r  4" 
2283 / :3  3 BOSETTI 82 HBC p K - ~  + 
2290 / :3  1 CALICCHIO 80 HYBR p K - x  + 

A + MEAN LIFE 

Measurements with an error > 0.1 x 10 - 1 2  s or with fewer than 20 
events have been omitted. 

VALUE (IO -12 s) EVTS 
0.206=1:0.012 OUR AVERAGE 

0.215+0.016/:0.008 1340 

0.18 /:0.03 /:0.03 29 

0.20 /:0.03 /:0.03 90 

0 19 ~'+0"023 �9 "--0.020 101 

0.22 /:0.03 /:0.02 97 

DOCUMENT ID TECN COMMENT 

FRABETTI 93D E687 

ALVAREZ 90 NA14 

FRABETTI 90 E687 

BARLAG 89 NA32 

ANJOS 88B E691 

"yBe, A+ c ~ pK-T r  + 

% A~ c ~ p K - I r  + 

7 Be, Ac~ ~ p K - ~r + 

p K - l r + - i  - c.c. 

p K -  Ir + -t - C.C. 
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A + DECAY MODES 

all branching fractions of the A~ are measured relative to the Nearly 
p K -  ~+ mode, but there are no model-independent measurements of" this 

fraction. We explain how we arrive at our value of B(A~ branching 
p K -  . +  ) In a Note at the beginning of the branching-ratio measurements, 
below, When this branching fraction is eventually well determined, all the 
other branching fractions will slide up or down proportionally as the true 
value differs from the value we use here. 

Mode Fraction (FI/F) 
Scale factor/ 

Confidence level 

Hadronlc modes with a p and one 
F1 p~-O ( 2.5 2 0.7 )% 
F 2 pK-~r + [a] ( s.o 2 1.3 )% 
F 3 pK*(892)  0 [b] ( 1.8 2 0.S )% 
F 4 /%(1232) ++  K -  ( 8 2 S ) x 10 -3  

FS A(1520)~r + [hi ( 4.S + ~:~1 ) x 10 -3 

F 6 pK-~+nonresonant  ( 2.8 2 0.9 )% 
F7 p'~'0,q ( 1.3 2 0.4 )% 
F s pK-%r+~ "- ( 2.4 2 1.1 )% 
r 9 p K -  7:+ ~0 seen 
I-lO p K * ( 8 9 2 ) - ~  + [b] ( 1.1 2 o.6 )% 
Fi t  p(K-~r+)nonresonantTr 0 ( 3.6 2 1.2 )% 
r12 A(1232)K*(892) seen 
F13 pK-r+~r+~r  - ( 1.1 2 o.8 ) x  lO -3 
r14 pK-~+~r~176 ( 8 i 4 ) x l 0  -3 
F15 pK--~T+~T07r0~r 0 ( 5.0 2 3.4 )X 10 -3  

Hadronlc modes with a p and zero or two K's 
r16 p~+~- ( 3.5 2 2.4 ) x 10 -3  
r17 pfo(980) [hi ( 2.8 + 1.9 ) x  10 -3 
r l8  p~+~l"+/~'--~T - ( 1.8 • 1.2 ) x l 0  -3  
F19 p K + K -  .( 2.3 �9 0.9 ) x  10 -3  
1"20 pC [b] ( 1.2 • 4.5 ) x  10 -3 

Hadronlc modes with a hyperon 
F21 ATr + ( 9.0 2 2.8 )• 10 -3 
1-22 A f f+~  0 ( 3.6 2 1.3 )% 
F23 Ap + < S % 
1-24 A~1"+Tr+Tr - ( 3.3 2 1.0 )% 
F2s A~'+'r/ ( 1.7 2 4.6 )% 
F26 Z'(1385)+'r/ [b] ( e.S 2 3.3 )• 10 -3 
1-27 AK+-~ ~ ( 6.0 2 2.1 ) x 10 -3 
F2s Z'~ "+ ( 9.9 4- 3.2 ) x 10 -3  
F29 ~W+Tr0 ( 1.004- 0.34)% 
F3o ~'+ r I ( S.5 2 2.3 ) x 10 -3 
['31 E +Tr+'n'- ( 3.4 :E 1.0 )% 
F32 Z+p 0 < 1.4 % 
F33 ~ ' -  *T + 7r + ( 1.8 + 0.8 ) % 
F34 ~"07r+lrO ( 1.8 2 0.a )% 
F35 ~~ ( 1.1 2 0.4 )% 
F36 ~-+ ~r+ ~-  ~0 
F37 Z§ [hi ( 2,7 2 1.0 )% 

r3, ~+~+~+,~-~- ( 3.0 + ~:~ )x lo-3 
F39 ~-~+ K + K -  ( 3.5 2 1.2 ) x 10 -3 
F4o ~ '+ r  [bl ( 3.5 2 1.7 ) x  10 -3 

F41 Z "+K +~r-  ( 7  + ,~ ) x l 0  -3 

['42 __=0 K + ( 3.9 2 1.4 ) x 10 -3  
r43 - ~ - K + / r  + ( 4.9 2 1.7 ) x l O  -3  
F44 ..=(1530) 0 K + [b] ( 2.0 2 1.0 ) x 10 -3 

Semlleptonlr modes 
F4S AE+vt [c] ( 2.0 2 4.6 )% 
F46 Ae+ve ( 2.1 2 0.6 )% 
['47 A/z+~/~ �9 ( 2.0 2 0.7 )% 
F48 e +anything ( 4.5 2 1.7 )% 
F49 pe+anything ( 1.s 2 0.9 )% 
Fso Ae+ anything 
FSl At* + anything 
FS2 At+ vlanything 

Indusive modes 
Fs3 p anything (so • )% 
1-54 p a n y t h i n g ( n o A )  (12 219 )% 
['ss p hadrons 
F56 n anything (so 216 )% 
FS7 n anything (no A) (29 217 )% 
F5S A anything (35 211 ) % 
Fs9 E2anyth ing id] (10 2 S )% 

S=1.4 

A C =  1 v ~ k  neutral current (C1) modes, or 
lepton number (s v l o ~ n g  modes 

['60 pbr - CI < 3.4 x 10 -4 EL--90% 
['61 ~ ' -  #+ D + L < 7.0 x 10 -4  CL=90% 

[a] See the "Note on Ac+ Branching Fractions" below. 

[b] This branching fraction includes all the decay modes of the final-state 
resonance. 

[c] An E indicates an e or a/~ mode, not a sum over these modes. 

[d] The value is for the sum of the charge states of particle/antiparticle states 
indicated. 

CL=95% 

CL=95% 

N O T E  ON A + B R A N C H I N G  F R A C T I O N S  

Written 1998 by P.R. Buxchat (Stanford University). 

Most A + branching fractions are measured relative to the  

decay mode A + --* p K - r  +. However, there are no model- 

independent measurements of the absolute branching fraction 

for A + --* p K - n  +. Here, we describe the measurements tha t  

have been used to extract  B(A + --* p K - ~ + ) ,  the model- 

dependence of the results, and the method we have used to 

average the results. 

ARGUS (ALBRECHT 88C) and CLEO (CRAWFORD 

92) measure B ( B  --* A + X ) x  B(A + ~ p K - ~  +) to be 

(0.30 + 0.12 • 0.06)% and (0.273 • 0.051 • 0.039)%. Under the 

assumptions tha t  decays of B mesons to baryons are domi- 

nated by B --~ A+X and tha t  A+X final states other than  

A + N X  can be neglected, they also measure B ( B  ~ A+X) to be 

(6.8 • 0.5 + 0.3)% (ALBRECHT 920)  and (6.4 + 0.8 • 0.8)% 

(CRAWFORD 92). Combining these results, we get B(A + --* 

pK-Tr  +) = (4.14-t-0.91)%. However, the assumption tha t  

decay modes to baryons other than  A + N X  are negligible is not 

on solid ground experimentMly or theoretically. Therefore, the 

branching fraction~ for A + --~ pK-Tr + given above may be low 

by some undetermined amount. 

The second type of model-dependent determinat ion of 

B(A + --~ pK-Tr +) is based on measurements by AR- 

GUS (ALBRECHT 91G) and CLEO (BERGFELD 94) of 

a(e+e - --* A+X) .B(A + --* At+vt)  = (4 .15•177 pb and 

(4.77 • 0.25 • 0.66) pb. ARGUS (ALBRECHT 96E) and CLEO 

(AVERY 91) have Mso measured a(e+e - ~ A+X) �9 B(A + --+ 

pK-~r+). The weighted average is (11.2 • 1.3) pb. 

From these measurements, we extract  R - B(A + -+ 

p K - v + ) / B ( A  + --* At+v,)  = 2.40 • 0.43. We estimate the 

A + --~ p K - n  + branching fraction from the equation 

R "F r(D -~ Xt+vt) B(A+-*PK-Tr+)= ! 1 - + 1 ~ ' ~ - ~  "'r(A+)' (i)  

where f = B(A + -~ At+vt)/B(a + -~ Xs~+v,) and 
F = F(A + ~ Xse+v t ) /F (D ~ --* Xst+vt) .  When we use 
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I+IV~a/V~I 2 = 1.05 and the world averages F (D ---* Xt+t,~) = 

(0.163-4-0.006) x 10 -12 s -1 and ~-(A +)  = (0 .206+0.012)  x 10 -~2 s, 

we calculate B(A + --* pK-Tr +) = ( 7 . 7 +  1.5)%. f F .  Theoretical 

est imates for f and F are near 1.0 with  significant uncertainties. 

So, we have two results wi th  significant model-dependence: 

B(A + --, pK-~r +) = (4.14+0.91)% from B decays, and B(A + --+ 

pK-~r +) = (7.7 + 1.5)%. f F  from semileptonic A + decays. If 

we set f F = 1.0 in the second result, and assign an uncertainty 

of 30% to each result to account for the unknown model- 

dependence, we get the consistent results B(A + --* pK-~r +) = 

(4.14 + 0.91 4- 1.24)% and B(A + -* pg-~r +) = (7.7 4- 1.5 4- 

2.3)%. The weighted average of these two results is B(A + --* 

pK-~r +) = (5.0 + 1.3)%, where the uncertainty contains both 

the experimental uncertainty and the 30% estimate of model 

dependence in each result. 

This procedure is clearly rather arbitrary, but so is any other 

procedure until good measurements of the absolute branching 

fraction are made. Therefore, we have assigned the value (5.0 4- 

1.3)% to the A + ~ pK-~r + branching fraction (given as PDG 98 

below). As was noted earlier, most of the other modes are 

measured relative to this mode. 

A + BRANCHING RATIOS 

- -  Hndro.lc modes with a p and one "R 

r(pR~ +) rl/r= 
VALUE ~VT~ DOCUMENT IO TECN COMMENT 
0.49-1,0.07 OUR AVERAGE 
0.444-0.07• 133 AVERY 91 CLEO e+e  - 10.5 GeV 
0.554-0.174-0.14 45 ANJOS 90 E691 "yBe 70-260 GeV 
0.624-0.154-0.03 73 ALBRECHT 88c ARG e-Fe - 10 GeV 

r(pK-x+)/r=t=l rd r  
See the "Note on A~ Branching Fractions" above. 

VALUE DOCUMENT ID TECN (;Q~IMENT 

0.11160=1=0.013 PDG 98 See note at top of ratios | 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0414-0.010 1,2 ALBRECHT 920 ARG e -Fe -  ~ T(4S) 
0.0444-0.012 1,3 CRAWFORD 92 CLEO e + e -  10.5 GeV 

1To extract F ( p K - l r + ) / F t o t a  I, we use B(~  --* A+X)-B(Ac+ -~ p K - ~ r + )  = (0.28 4- I 
0.06)%, which is the average of measurements from ARGUS (ALBRECHT 88c) and | 
CLEO (CRAWFORD 92). 

�9 2ALBRECHT 92o measures B(B ~ A + X ) =  (6.8 4- 0.5 4- 0.3)%. 

3CRAWFORD 92 measures B(B --~ Ac+X ) = (6.4 4- 0.8 4- 0.8)%. 

r ( p X ' ( m )  O ) / r  ( p  K -  ~ '+ )  r d r 2  
�9 o Unseen decay modes of the K (892) are Included. 

VALUE Ev'rs DOCUMENT IO TECN COMMENT 

~_+o:~ ou~ ~ w ~  
0 3 ~ + 0 ' 0 6 - ~  n~ " " - 0 . 0 7  . . . .  o 39 BOZEK 93 NA32 ~ - C u  230 GeV 

12 BASILE 81B CNTR p p  ~ A + ~ e - X  0.424-0.24 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.354-0.11 BARLAG 90D NA32 See BOZEK 93 

r(A(tz~2)++ K-)/r(pK- . + )  1"4/1"= 
VALU~ E V T S  DOCUMENT ID TECN (;QMMENT 
0.164.0.10 OUR AVERAGE Error Includes scale factor of 1.5. 

0.12+0:~0~4-0.05 14 BOZEK 93 NA32 ~r-Cu 230 GeV 

17 BASILE 81B CNTR p p  ~ A+  c e -  X 0.404-0.17 

r(A(~s20).+)lr(pK-.+) rg/r= 
Unseen decay modes of the A(1520) are Included. 

VA~ (J~, ~yT~ DOCUMENT ID TECN ~OMMENT 

0.es+0"044-0.02 12 BOZEK 93 NA32 ~ -  Cu 230 GeV 

r (p K-  . +  non resonant) I r  (p K - . + )  rg Ir2 
VALUe E~, DOCUMENT ,D T~CN COMMENT 
o~+~ 71 BOZEK ,~ NA= . -cu 2~o ~eV 

r (PTPdlr(pK- .+)  rT/r= 
VALUE ~VT~ DOCUMENT ID TECN COMMENT 

0.2154-0.044"0.O4 57 AMMAR 95 CLE2 e + e -  ~ T(4S) 

r(p'R% + . - )  /r(pK- x +) rs/r= 
VALUE EVT~ DOCUMENT ID TE(~ N COMMENT 
0.4194-0.17 OUR AVERAGE Error Includes scale factor of 1.4. 
0.43• 83 AVERY 91 CLEO e + e  - 10.5 GeV 
0.98+0.364-0.08 12 BARLAG 90D NA32 ~r- 230 GeV 

r(pK- ,r+ xo)lrtm, r , / r  
VALUE EV'I'.~ ~Q~UMENT ID TECN COMMENT 

gem 44 AMENDOLIA 87 SPEC *fGe-SI 

r (pK'(892)-.+ ) lr(pX% + . - )  r . l r a  
Unseen decay modes of the K * ( 8 9 2 ) -  are Included. 

VALUE EVT5 DOCUMENT ID T~:N COMMENT 

0.44"1"0.14 17 ALEEV 94 BIS2 n N  20-70 GeV 

r(p(K-lr  +) .eersBmtx0) / r (pK-  lr +) r . / r= 
VALU~ EVT5 DOCUMENT ID TECN COMMENT 

o.'r~4.0.124-0.im 67 BOZEK 93 NA32 l r -  CU 230 GeV 

r(a(l~)l~'(~))/q,~ r=/r 
VALUE EV'I'5 ~)QCUMENT ID TECN COMMENT 

35 AMENDOLIA 87 SPEC *~Ge-SI 

r(pK-~+f%r-) /r(pK-.  +) r=Ir= 
VALUE DOCUMENT ID TECN COMMENT 

0.0224"0.015 BARLAG 90D NA32 lr-- 230 GeV 

r(pK-7+ x%O) /r (pK- ~r + ) r14/r= 
VALUE EVTS DOCUMENT ID TECN ~OMMENT 

0.16-1-1-0.0"t4.0.03 15 BOZEK 93 NA32 I t -  Cu 230 GeV 

r(pK-.+ x ~  +) r . l r=  
VALUE ~VT.~  DOCUMENT ID T~CN COMMENT 

0.104.0.0G4.0.02 8 BOZEK 93 NA32 l r -  Cu 230 GeV 

Hadronlc modes with a p and 0 or 2 K'= - -  

r (p.+ . -  ) / r  (p K -  lr +) r, , /r= 
VALUE DOCUMENT ID TECN COMMENT 

O.0~)-I-O.G~I6 BARLAG 90D NA32 ~r- 230 GeV 

r (p folN0l)/r(p K -  lr +) rlT/r= 
Unseen decay modes of the f0(980) are Included. 

VALUE DOCUMENT ID TECN ~:OMMENT 

0.0584"0.Q36 BARLAG 90D NA32 ~ -  230 GeV 

r(p.+ ,r+ . - , r - ) / r (pK-  ,r+ ) r~/r= 
VALUE DOCUMENT IO TECN COMMENT 

0.0364-0.023 BARLAG 90D NA32 ~r- 230 GeV 

r (p K + K - ) / r  (p K-  lr +) r , , /r= 
VALUE EV'I'5 DOCUMENT ID TECN COMMENT 
0,046"k0,012 OUR AVERAGE Error Includes scale factor of 1.2. 
0.039•177 214 ALEXANDER 96c CLE2 e + e  - ~ T (45)  
0.096• 30 FRABETTI 93H E687 "/Be, E.y 220 GeV 

0.0484-0.027 BARLAG 90D NA32 7r- 230 GeV 

r(p§ ,r+) r=o/r= 
Unseen decay modes of the r are Included. 

VA~,I~ Ev'rs pOCUMENT ID TECN COMMENT 

0.0244.0.00G4"0.003 54 ALEXANDER 96C CLE2 �9 + e -  ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, ,mRs, etc. �9 �9 �9 

0.0404-0.027 BARLAG 90D NA32 ~r- 230 GeV 

r(p§ K -) r = / r l ,  
Unseen decay modes of the ~ are Included. 

VALUE CL~ DOCUMENT ID TEC N COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.58 90 FRABETTI 93H E687 "yBe, E.~ 220 GeV 

t 
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Hadronk: modes with a hyperon 

r(~.+)/r(pK-~+) r=dr= 
VALUE CL% ~ DOCUMENT ID TECN CQMMENT 

0.1110=1:0.0~2 OUR AVERAGE 
0.18 4.0.03 4.0.04 ALBRECHT 92 ARG e + e -  ~ 10.4 GeV 
0.18 4.0.03 ~0.03 87 AVERY 91 CLEO e + e  - 10.BGeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.33 90 ANJOS 90 E691 -~Be 70-260 GeV 
<0.16 90 ALBRECHT 88c ARG �9 + e -  10 GeV 

r (~,+,o) /r (pK-,+)  r../r= 
V_ALUE E V T S  DOCUMENT ID TECN COMMENT 

0.'t34-O.Og"k0.16 464 AVERY 94 CLE2 e+e  - ~ 7`(3S),7"(45) 

r (ap+)/r (p K- x +) r=/r= 
V.A~U E .. CL% DOCUMENT ID TEC~ COMMENT 

<0.95 95 AVERY 94 CLE2 e + e  - ~ T i3S) ,T (4S  ) 

r ( ~ + . + . - ) / r = ~ ,  r=4/r 
VAI~I~E E V T S  DOCUMENT ID TECN ~OMMENT_ 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 * �9 

0.0284.0.0074.0.011 70 4 BOWCOCK 85 CLEO e + e -  10.5 GeV 

4See BOWCOCK 85 for assumptions made on charm production and A c production from 
charm to get this result. 

r(A.+,+.-)/r(pK-,+) r=4/r= 
VALUE EVT5 OOCUMENT ID TECN COMMENT 
0.664-0.11 OUR AVERAGE 
0.65:E0.114.0.12 289 AVERY 91 CLEO e + e -  10.5 GeV 
0.82:J:0.29+0.27 44 ANJOS 90 E691 ~Be 70-260 GeV 
0.944.0.414.0.13 10 BARLAG 900 NA32 ~ -  230 GeV 
0.614.0.164.0.04 105 ALBRECHT 88c ARG e + e  - 10 GeV 

r(p'k '~  r,/r=4 
VALU E E V T S  DOCUMENT ID TECN COMMENT 

�9 ,~ �9 We do not use the following data for aver�9 fits, limits, etc. �9 �9 �9 

2.64.1.2 ALEEV 96 SPEC n nucleus, 50 GeV/c 
4.34-1.2 130 ALEEV 84 BIS2 nC 40-70 GeV 

r(A.+,~)/r(pK-.+) r=~/r~ 
V_.AAIrU ~ C V T S  DOCUMENT ID T~N, COMMENT 

0.38-k0.054-0.06 116 AMMAR 95 CLE2 e + e  - ~ T(4S) 

r(z(Uml+~)ir(pK-.+) r~Ir= 
Unseen decay modes of the ~(1385) + are included. 

r ( ~ . + . + . - ) / r ( p K - . + )  r=/r= 
VALUf~ E V T S  DOCUMENT ID TEC N COMMENT 

0.214-0.08-t-0,05 90 AVERY 94 CLE2 e + e  - ~= T (3S) ,T (4S)  

r(~-~)/r(pK- ,r+) r=dr= 
Unseen decay modes of the ~ are included. 

VALV~ Ev'rs DOCUMENT ID TECN ~.OMMENT 

0J5,1.4-0,134-0.06 107 KUBOTA 93 CLE2 e + e  - ~ T(4S) 

r ( z % + . + . - . - ) / r  (p K- .+)  rm/r= 
VALUE . E V T S  DOCUMENT ID T~CN COMMENT 

0 .06+0  "0~ --0.04 1 BARLAG 92 NA32 l r - C u  230 GeV 

r (z+ K + K-) /r  (p K- x +) r . / r=  
VA(.U~. EV'FS DOCUMENT ID T ~ N  COMMENT 

0.070"t-0.0114-0.011' 59 AVERY 93 CLE2 e + e -  ~ 10.5 GeV 

r (r+ § (p K -  , + )  r~/r= 
Unseen decay modes of the 4) are Included. 

~/~u~ ~ DOCUMENT ID TECN COMMENT 

0.0M)4"0.023=i:0.016 26 AVERY 93 CLE2 �9 + e -  ~ 10.5 GeV 

r(z'* K+. - ) / r (pK- .+)  r4~/r= 
VALU E EVT5 DOCUMENT IO ~ (~OMMENT 

0 15 +0"12 �9 --0.07 2 BARLAG 92 NA32 ~r- Cu 230 GeM 

r (__-o K+)/r (~ K- ~+) r~=/r= 
VALU~ EtlTS pOCUMENT IO 7"~CN COMMENT 

0.0784-0.0134-0.013 56 ' AVERY 93 CLE2 e + e -  ~ 10.5 GeV 

r (.~- K + ~r + ) / r  (p K- ~r +) r4=/r= 
VALUE E V T S  DOCUMENT (~ TECN COMMENT 
O.0984-0JOQ1 OUR AVERAGE Error includes scale factor of 1.3. See the Ideogram below. 

0.14 4.0.03 -h0.02 34 ALBRECHT 95B ARG e + e -  ~ 10.4 GeV 
0.079:E0.0134.0.014 60 AVERY 93 CLE2 e + e -  ~ 10.5 GeV 
0.15 4.0.04 4.0.03 30 AVERY 91 CLEO e + e  - 10.5 GeV 

VALUE EVT. S DOCUMENT. ID ~CN COMMENT 

0,174"0.04"1"0.0~ 54 AMMAR 95 CLE2 e+e  - ~ T(45)  

r (it K + P )  / F (p K-  x +) r=~/r= 
VALUE ~VT$ DOCUMENT ID ~ COMMENT 

0.12 4-0.02 -1"0.02 59 AMMAR 95 CLE2 e + e  - ~ 7"(45) 

r (~o .+) / r  (p K -  x "l-) r=a/r2 
VAI, UE E V ' ~  DOCUMENT ID ~ COMMENT . 
0.20:1:0.04 OUR AVERAGE 

0.214.0.024.0.04 196 AVERY 94 CLE2 e + e  - ~ "t'(3S),T(4S) 
0.174.0.064.0.04 ALBRECHT 92 ARG e + e -  ~ 10.4 GeM 

r (~ -  ~ ) l r (pK-  ,r+) r~/r2 
VALUE E V T 5  DOCUMENT It) TEC.N COMMENT 

).204-0,03-l-0.(]~ 93 KUBOTA 93 CLE2 e + e  - ~ 7`(45) 

r(z+~)/r(pK-~+) r=/r2 
VALUE E V T 5  DOCUMENT ID TEC;N COMMENT 

0.11-'k0.0~4-0.0~ 26 AMMAR 95 CLE2 e+e  - ~ 7"(45) 

r ( z~-,f+ ,r-) lr  (pK- ,r + ) r . / r=  
VALUE EVT~ DOCUMENT ID T~(;N COMMENT 
0.r OUR AVERAGE 
0.744-0.074.0.09 487 KUBOTA 93 CLE2 e + e  - ~ T(4S) 

0 54 +0"18 �9 -0 .15  11 BARLAG 92 NA32 ~ -  CU 230 GeV 

r (~pO)/r (pK- .+)  rn/r= 
VALUE CL~ DOCUMENT tP TECN ~QMMENT 

<0,Tt  95 KUBOTA 93 CLE2 e + e  - ~ T(4S) 

r ( z - . + . + ) / r ( z + . + . - )  r . / r .  
VALUE E V T ~  DOCUMENT ID TECN (;Q~M~N T 

OJ~4-O.ll't'O.O't 56 FRABETTI 94E E687 *fBe, ~.y 220 GeV 

r (~%+,P) / r (pK-  ,r+) r . / r2  
VALUE EVT$ ~)OCUMENT I~ T~I~ CO~M~IVT 

0.36:E0.094-0.10 117 AVERY 94 CLE2 e + e  - '~ 7`(35),7`(45) 

r(.=(t.o)o K+)/r(pK-.+) r~Ir= 
Unseen decay modes of the ---(1530) 0 are Included. 

VALUE EVT5 ~)OCUMENT ID TECN .COMMENT 
0.0824-0.014 OUR AVERAGE 
0.05 -~0.02 • 11 ALBRECHT 95B ARG e + e  - ~10 .4GeV  
0.0534.0.0164.0.010 24 AVERY 93 CLE2 e + e -  ~ 10.5 GeV 

Semlleptonlc mode= 

r (At + vl)/r (p K- ~+) ru/r= 
VALUE DOCUMENT ID COMMENT 
0.41=i=0.08 OUR AVERAGE 
0.42• PDG 98 Our I ' ( . , ' t e+Ve) / l ' ( pK~ l r  + )  
0.3(J:E0.08 PDG 98 Our r ( / t p + v . . ~ l r ( p K - T r + ~  



See key on page 213 

r (A ,+ MO)/r (p K- .+) r,~/r= 
VALU~ , DOCUMENT ID TEEN COMMENT 
0.42=b0.07 OUR AVERAGE 
0.43+0.08 5,6 BERGFELD 94 CLE2 �9 + e -  ~ T(4S) J 
0.384.0.14 6,7 ALBRECHT 91G ARG �9 + e -  ~. 10.4 GeV I 

5BERGFELD 94 m . . . . . . .  ( e + e  - ---* Ac+X).B(Ac + ~ Ae+~,e) = (4.87 + 0.28 4. I 
0.69) pb. 

6T~ r ( A c + -  A e + u e ) l r ( A + -  P K - ~ r - I ' ) ' w e u s e ~  A+X)'BCAc "-~ I 
p K - ~ r  + )  = (11.2 -4- 1,3)pb, which Is the weighted average of measurements from 
ARGUS (ALBRECHT 96E) and CLEO (AVERY 91). 

7ALBRECHT 916 measures ~(e+ e- ~ A + X) B(~ + -- Ae+ ~e) = (4.20 4. 128 4. I 
0.71) pb. 

r (Ap + u~) / r (pK-  x +)  r4?/r= 
VALUE DOCUMENT ID T~CN COMMENT 
0.11=1:0.01 OUR AVERAGE 
0.40• 8,9 BERGFELD 94 CLE2 e + e -  ~ T(4S) I 
0.354.0.20 9,10 ALBRECHT 91G ARG e+e - ~ 10.4 GeV I 

8BERGFELD 94 measu . . . .  ( e + e  - --, Ac+X).B(A+ - -  AF+~t~ ) = (4.43 4- 0.51 4. I 
0.64) pb. 

9Toextract re,% + ~ ~.+~. ) / r (~  + ~ pK-.'+),weuse~Ce'+e--~ A+X).B(~c- I 
p K - ~ - I - )  = (11.2 • 1.3)pb, which Is the weighted average of measurements from 
ARGUS (ALBRECHT 96E) and CLEO (AVERY 91), 

10ALBRECHT 91G mea . . . . .  ( e + e  - ~ Ac+X).B(Ac + ~ A # + u # )  = (3.91 4.62.02 4. I 
0.90) pb. 

r (e+ anything)/rto=l r4e/r 
VAL~/E DOCUMENT IO TEEN ~:QMM~NT 

0.0414"0.017 VELLA 82 MRK2 e + e -  4.5-6.8 GeV 

r(pe+anything)/r~l ro/r 
VALUE DOCUMENT ID TEEN COMMENT 

0.01g.l.O.O09 11VELLA 82 MRK2 e + e -  4.5-6.8 GeV 

11VELLA 82 includes protons from A decay. 

r(ae+anything)/r==~ rso/r 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0114-0.O08 12VELLA 82 MRK2 e+e  - 4.5-6.8 GeV 

12VELLA 82 includes A's from E0 decay. 

- -  Indudve modes - -  

r(p anything)/rtocal r n / r  
V~(.I,J[. DOCUMENT IO TEEN COMMENT 

0JiO.l.O.00.1.0.14 13 CRAWFORD 92 CLEO �9 + e-- 10.5 GeV 

13 This CRAWFORD 92 value includes protons from A decay. The value Is model dependent, 
but account is taken of this in the systematic error. 

r(p anything (no A) ) / r tml  rr~/r  
VALUE DOCUMENT ID TEEN COMMENT 

0.12~:0.10"4-0.16 CRAWFORD 92 CLEO e+e  - 10.SGeV 

r ( .  anythlng)/rtotal r . l r  
yA~(J~ DOCUMENT ID TEEN COMM~IVT 

O.EO:EO.Oe:bO.14 14 CRAWFORD 92 CLEO �9 + e -  10.5 GeV 

14This CRAWFORD 92 value includes neutrons from A decay. The value Is model depen- 
dent, but account is taken of this In the systematic error. 

r(.  anythln| (no Al ) I r~ ,  r . l r  
VALUE DOCUMENT ID TEEN COMMENT 

0.29"1"0.09-1"0.111 CRAWFORD 92 CLEO e+e  - 10.5GeV 

r(p hadrons)/rt=,j r . / r  
VAL~ DOCUMENT ID TEE N COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.41:i:0.24 ADAMOVICH 87 EMUL ~A 20-70 GeV/c 

r(A anythlng)/rt~l r u / r  
VALUE E V E S  DOCUMENT ID TEEN ~OMMENT 
0..~i't 'O.U OUR AVERAGE Error Includes scale factor of 1.4. See the ideogram below. 

0.58=i:0,104.0,12 CRAWFORD 92 CLEO e'l 'e - 10.5GeV 
0.494.0,24 ADAMOVICH 87 EMUL ~,A 20-70 GeV/c 
0.234.0.10 8 15 ABE 86 HYBR 20 GeV'Tp 

15ABE 85 Includes A's from E 0 decay. 

Baryon 
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r ( z ' *  a~/thlnl)/r=~,l rr~/r  
VA~.~JE EVT5 DOCUMENT ID TEEN COMMENT 

0.1 "I '0JU 5 ABE 86 HYBR 20 GeV -),p 

Rare or forbidden modes 

r(p~+~-)/r~,,  r=/r  
A test for the A C = I  weak neutral current. Allowed by higher-order electroweak Inter- 
actions. 

VALUE CL~ E V T S  DOCUMENT ID TEEN COMMENT 

<3.4 X 10 - 4  90 0 KODAMA 95 E653 ~r- emulsion 600 GeV 

r (z-~+~+) / r~= r61/r 
A test of lepton-number conservation. 

VALUE CL~ ~VTS DOCUMENT ID TECN COMMENT 

<7.0 X 1 0 - 4  90 0 KODAMA 95 E653 ~ -  emulsion 600 GeV 

Ac + DECAY PARAMETERS 
See the "Note on Baryon Decay Parameters" In the neutron Llstlngs. 

a FOR A + ,4..+ 
VALUE ~ DOCUMENT ID T~CN COMMENT 
--0.9e'1"0.19 OUR AVERAGE 
-0.944.0.214.0.12 414 16 BISHAI 95 CLE2 e + e  - ~ T(45)  
-0.964.0.42 ALBRECHT 92 ARG e + e -  ~ 10.4 GeV 
- 1 . 1  4.0.4 86 AVERY (JOB CLEO e + e  - ~ 10.6 GeV 

16BISHAI 95 actually gives (~- 0 oA+0.21+O.12 chopping the errors at the physical - -  " ' ~ -  0 .06-0.06 '  
limit -1 .0 .  However, for c~ ~ - 1.0, some experiments should get unphyslcal values 
(~ < -1 .0 ) ,  and for averaging with other measurements such values (or errors that 
extend below - 1.0) should not be chopped. 

a FOR A+ ~ ~ ' r  0 
vA~V~ E V T S  pQCUMENT tD TEeN CQMMENT 

--0.411-1-0.31"1"0.06 89 BISHAI 95 CLE2 e-I'e - ~ T(45)  

a FOR A+ -*  Al+ vl 
The experiments don't cover the complete (or same Incomplete) M ( A t  + )  range, but 
we average them together anyway, 

VALUE . . . ~  DOCUMENT ID TEEN COMMENT 

_o=+_g:~ our ~ J ~  
nR~ +0"09+0"06 700 17CRAWFORD 95 CLE2 e'l 'e - ~ T(45)  

- - ' ~ ' -  0 .06-0.03 
-0.914.0.424.0.25 18 ALBRECHT 94B ARG �9 + e -  ~ 10 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 89 +0~17+0"09 350 19 BERGFELD 94 CLE2 See CRAWFORD 95 
- ' - 0 . 1 1 - 0 . 0 5  

17 CRAWFORD 95 measures the form-factor ratio R ==. f 2 / f l  for Ac+ ~ Ae "i" v e events to 

be -0 .25 + 0.14 :E 0.08 and from this calculates ~, averaged over q2, to be the above. 
18ALBRECHT 94B uses Ae + and A/P t- events In the mass range 1.85 < M ( A t + ) <  2.20 

GeV. 
19 BERGFELD 94 uses Ae + events. 
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Baryon Particle Listings 
A +, Ac(2593) +, Ac(2625) + 

A + REFERENCES 

We have omitted some papers that have been superseded by later exper- 
iments. The omitted papers may be found in our 1992 edition (Physical 
Review D4~, 1 June, Parl: II) or in earlier editions. 

PDG 98 EPJ C3 I C. Caso+ 
ALBRECHT 96E PRPL 276 223 +Andam, Binder, Bockmann+ (ARGUS CoSab.) 
ALEEV 96 JINRRC 3 31 +Balandin+ (Berpukhov EXEHARM Collab.) 
ALEXANDER SSC PR D33 R1013 +Sebek, ~erger+ (CLEO Collab.) 
ALBRECHT 95B PL 5342 397 +Hamacher, Hofmann+ (ARGUS Collab. ) 
AMMAR 95 PRL 74 3334 +Badnger, Bean, Besson+ (CLEO Collab.) 
BISHAI 95 PL 5350 256 +Fast, Gemdt, Hinson+ (CLEO Collab.) 
CRAWFORD 93 PRL 75 624 +Daubenmier, Fulton+ (CLEO Collab.) 
KODAMA 95 PL 5345 55 +Ushlda, Mokhtarani+ (FNAL E653 Coflab.) 
ALBRECHT 945 PL 5326 320 +EhrUchmann, Hamacher+ (ARGUS Collab.) 
ALEEV 94 PAN 57 1 3 7 0  +Balandin+ (Serpukh~' BIB-2 Collab.) 

Translated from YF 57 1443. 
AVERY 94 PL 5325 257 +Freyberser , Rodriguez+ (CLEO Collab.) 
BERGFELD 94 PL 5323 219 +Eisensteln, Gohin, On|+ (CLEO Collab.) 
FRABETTI 94E PL 5328 193 +Cheung, Cumalat+ (FNAL E687 Collab.) 
AVERY 93 PRL 71 2 3 9 1  +Freyber|er, R~Jrlguez§ (CLEO Collab.) 
BOZEK 93 PL B31~ 247 +Bafla s, Becket, Boehringer+ (CERN NA32 Collab.) 
FRABETTI 93D PRL 70 1755 +Cheuns, Cumalat+ (FNAL E687 Cohab.) 
FRABETTI 93H PL 5319 477 +Cheuns, Cumatat+ (FNAL E687 Coflab.) 
KUBOTA 93 PRL 71 3255 +Lattery, Nelson, Patton+ (CLEO Collab.) 
ALBRECHT 92 PL B274 239 +Ehdichmann, Hamacher, Krueger+ (ARGUS Co'lab,) 
ALBRECHT 920 ZPHY CS6 1 +Cro~ttoem, Ehdichmann+ (ARGUS Cohab.) 
BARLAG 92 PL 5283 465 +SeEker, Bozek, Boehri~ser+ (ACCMOR Collab.) 
CRAWFORD 92 PR D45 752 +Fulton, Jensen, Johnson+ (CLEO Collab.) 
JEZABEK 92 PL B286 175 +Ryldcld. Rylko (CRAC) 
ALBRECHT 91G PL B269 234 +Ehdichmann, Hamacher+ (ARGUS Coltab.) 
AVERY 91 PR I)43 3399 +Besson, Garren, Yelton+ (CLEO Collab.) 
ALVAREZ 90 ZPHY C47 539 +Barite, Bloch, Bonamy+ (CERN NA14/2 Collab.) 
ALVAREZ e~OIB PL B246 256 +B/rate, Block, Bonamy+ (CERN NA14/2 Collab.) 
AN JOB 90 PR D41 801 +Appel, Bean+ (FNAL E691 Colloh.) 
AVERY ~0B PRL 63 2842 +Besson, Ga.en, Yelton. Kinoshita+ (CLEO Collab.) 
BARLAG 900 ZPHY C48 29 +Becker, Boehringer. Bosma.+ (ACCMOR Collab.) 
FRABETTI 90 PL 5231 639 +Bogart, Cheung. Coteus+ (FNAL E687 Eo~lab.) 
BARLAG 89 PL 5218 374 +Becket, Boehdnser, Bosma.+ (ACEMOR Collab.) 
AGUILAR-... 3BB ZPHY C40 321 Aguilar-Benitez, Allison, Bainy+ (LEBC-EHS Cohab.) 

Also 57 PL B189 254 Agullar Allison, Be~lly+ (LEBC-EHS Collab.) 
Also BTB PL B199 462 Asuilar-Benitez, Allison, Bail ly+ (LEBC-EHS Collab.) 
Also 58 SJNP 48 833 Beealli , Otter. Schulte, Gensch+ (LEBC-EHS Collab.) 

Translated from YAF 48 1310. 
ALBRECHT 88C PL B207 109 + (ARGUS Collab.) 
ANJOS 8BB PRL 60 1379 +Appel+ (FNAL E691 Colloh.) 
ADAMOVICH 87 EPL 4 887 +Alexandrov. Bolta+ (photon Emulsion Collab.) 

Also 87 BJNP 46 447 Viaggi, GessaroU+ (Photon Emulsio~ Eollab.) 
Trandated from YAF 46 799. 

AMENDOUA 37 ZPHY C36 513 +BaKlled, BaLignani, Beck+ (CERN NA1 Coilab.) 
JONES 87 ZPHY C36 593 +Jones, Kennedy, O'Neale+ (EERN WA21 Collab,) 
ABE 86 PR 033 1 + (SLAC Hybrid Facility Photon Cohab.) 
BOWCOCK 85 PRL 55 923 +Giles, Hassard, Kinoshita+ (ELEO Collab.) 
ALEEV 54 ZPHY C23 333 +Arctics, Balandin, BerdyShev+ (BIB-2 Collab.) 
BOSETTI 82 PL 109B 234 +Graessler+ (AACH3, BONN, CERN, MPIM, OXF) 
VELLA 82 PRL 48 1515 +Trilling, Abrams, Alam+ (SLAC. LBL, UCB) 
BASILE 81B NC 6~A 14 +Romeo+ (CERN, BGNA, PGIA, FRAS) 
CALICCHIO 80 PL 935 521 + (BARI. BIRM, BRUX, CERN, EPOL, RHEL+) 

I Ac(2593) + I '(JP) = 0(�89 Statos: * * *  
| 

Seen in A 2  ~r + ~r- but not in A + lr O, so this is indeed an excited 

A + rather than a Z +. The A + .+ It- mode is ,arKely, and perhaps 
entirely, Z c ~ ,  which is just  at threshold; thus (assuming, as has 

not yet been proven, that  the E c has J P  = 1/2  + )  the J P  here 

is almost certainly 1 / 2 - .  This result is in accord with the theoret- 
ical expectation that  this is the charm counterpart o f  the strange 

A(1405). 

A c ( 2 5 9 3 )  + M A S S  

The mass is obtained from the mac.2593. + ( ]  - mac+ mass-difference mea- 

surements below. 

VALUE (MeV) DOCUMENT ID 
~dl~Lg4-0.11 OUR FIT 

m ,%(mm)+  - m A+ 

VALUE (MeV) EVES DOCUMENT ID TECN COMMENT 
~10a.g4-OJL OUR FIT Error includes scale factor of 1.1. 
~IQLg4-0,6 OUR AVIERAG Iw Error includes scale factor of 1.1. 
309.7:1:0.9-4-0.4 19 ALBRECHT 97 ARG 
309.24.0.74.0.3 14 1 FRABETTI 96 E687 

307.54.0.44.1.0 112 2 EDWARDS 95 CLE2 

1 FRABETTI 96 claims a signal of 13.9 + 4.5 events. 
2 EDWARDS 95 claims a signal of  112.5 4- 16.5 events in A ~ l r +  lr - .  

e + e -  ~ 10 GeV 
3'Be, "~3' ~ 220 GeV 

�9 + e -  ~ 10.5 GeV 

I k - (2593 )  + W I D T H  

VALUE (MeV) EVTS DOCUMENT ID TEEN 

"2N ou. 
o+2 .9+1 .8  " - - 2 . 1 - -  1.4 19 ALBRECHT 97 ARG 

0 +  1.4+2.0 112 EDWARDS 95 CLE2 
" - - 1 . 2 - -  1.0 

COMMENT 

e + e -  ~ 10 GeV 

e + e -  ~ 10.5 GeV 

Ac(2593) + D E C A Y  M O D E S  

A+c~rx and its submode ~c(2455)1r - -  the latter Just barely - -  are the 

only strong decays allowed to an excited A~ having this mass; and the 

Ac+ ~r + l r -  mode seems to be largely via Z ~  + x -  or c O x  + .  

Mode Fraction (rl/F) 

F 1 A~ :r ~- [a] ~ 67 % 
r 2 Zc(2455) ++ ~T-- 24 4. 7 % 

r 3 E c ( 2 4 5 5 )  0 ~T + 24 4. ? % 

F 4 A +  ~r+ ~r-  3 -body  15~: lO% 

r5 A + ~T 0 not seen 

F 6 A + 7  not seen 

[a] Assuming isospin conservat ion,  so t ha t  the other  th i rd  is Ac-,,  + - ~  .-~ 

A c ( 2 5 9 3 )  + B R A N C H I N G  R A T I O S  

r(zc(2485)++.-)/r(A +,+.-)  r=/r, 
VALUE DOCUMENT ID TEEN (~OMMENT 
0.364"0.10 OUR AVERAGE 
0.3?~'0.124.0.13 ALBRECHT 97 ARG e + e -  ~ 10 GeV 
0.36+0.094.0.09 EDWARDS 95 CLE2 e + e -  ~ 10.5 GeV 

r(~d24ss)o.+)/r(A +,+,-)  r=/r, 
VALUE DOCUMENT IO T~CN ~OM~NT 
0~7-1-0.10 OUR AVERAGE 
0.29• ALBRECHT 97 ARG e + e -  ~ 10 GeV 
0.424.0.09• EDWARDS 95 CLE2 e + e  - ~ 10.5 GeV 

[r(~c(24ss)++.-) + r(~=(24551%+)]/r(A+.+. -) (r=+r=)/r, 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 6 ~+0"13~-n n~ �9 _ 0 . 1 6 ~ . ~ .  ALBRECHT 97 ARG e + e  - ~ 10 GeV 

>0.51 90 3FRABETTI 96 E687 - y B e , ~ . / ~  220GeV 

3 The results of FRABETTI 96 are consistent with this ratio being 100%, 

r(A= +~~ +.+.-)  r,/r, 
A~ w0 decay is forbidden by Isospln conservation i f  this state Is In fact a A c. 

VAI, VE ~ CL ~ DOCUMENT ID TE~N COMMENT 

<3.r~ 90 EDWARDS 95 CLE2 e + e -  ~. 10.5 GeV 

r(A+~.y) Ir(A+~.+,~ -) rur,  
VALUI~ CL~ DOCUMENT ID TEEN (~OMM~NT 

< 0 . N  90 EDWARDS 95 CLE2 �9 + e -  ~= 10.5 GeV 

A c ( 2 5 9 3 )  + REFERENCES 

ALBRECHT 97 PL 5402 207 +Hamacher, Hofmann+ (ARGUS Coll|b.) 
FRABETTI 96 PL 5365 461 +Cheung, Cumalat+ (FNAL E687 Collab.) 
EDWARDS 95 PRL 74 3331 +OAK, Belledve, Britton+ (CLEO Collab.) 

lac(2625) I '(JP) = 0(??) Status: * * *  
I 

Seen in Ac + v + ~r- but not in Ac+ 7:0 so this is indeed a .  excited Ac + 

rather than B Ec+. The spin-parity is expected to  be 3 / 2 - ;  this is 
presumably the charm counterpart of  the strange A(1520).  

& ( ~ ) +  MASS 
The mass is obtained from the mac(2625) + - mAc+ mass-difference mea- 

surement below. 

VALUE (MeV) EVTS, DOCUMENT ID TEEN COMMENT 
~=2(J.64"0JI OUR FIT Error Includes scale factor of 1.2. 
�9 �9 �9 We do not use the following data for averages, fits, IImRs, etc. �9 �9 �9 

2626.6-L-0.54.1.5 42 1 ALBRECHT 93F ARG See ALBRECHT 97 

1ALBRECHT 93F claims a signal of 42.4 4. 8.8 events. 
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mA,.(2~s) * - m,~+ 

VALUE (MeV) E V T S  DOCUMENT ID TECN COMMENT 

341.7"1"0.6 OUR FIT Error Includes scale factor of 1.6. 
341.7-t-0.6 OUR AVERAGE Error includes scale factor of 1.6. See the ideogram below. 

342.1• 51 ALBRECHT 97 ARG e + e  - .-~ 10 GeV 
342.2• 245 2 EDWARDS 95 CLE2 e + e -  ~ 10.5 GeV 
340.4• 40 3 FRABETTI 94 E687 "yBe, E.y = 220 GeV 

2 EDWARDS 95 claims a signal of 244.6 • 19.0 events in Ac+ ~r + ~r-.  

3 FRABETTI  94 claims a signal of 39.7 • 8.7 events. 

Ac (2f~7.5) + WIDTH 

VALUE (MeV} CL~ EVT$ DOCUMENT ID TECN COMMENT 

<1,9 90 245 EDWARDS 95 CLE2 e + e  - .-~ 10.5 GeV 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<3.2 90 ALBRECHT 93F ARG e + e  - ~ T(4S) 

Ac(2625) + DECAY MODES 
+ 

A c lr~r and its submode ~(2455)~  are the only strong decays allowed to 

an excited/Ic+ having this mass. 

Mode Fraction ( r i / r )  

r I A + l r + ~  - seen 

r 2 -  ~ c ( 2 4 5 5 ) + +  ~ - small 

1.3 ~ c ( 2 4 5 5 )  0 ~ +  small 

I" 4 Ac+ ~ +  w -  3 - b o d y  large 

r5  Ac  + ~0  not seen 

r 6 A + "/ not seen 

Ac(2625) + BRANCHING RATIOS 

r(~d2~)++.-)/r(A~ + .+ , - )  r=/r~ 
VALUe. CL~ DOCUMENT ID TECN COMMENT 

<0.1R 90 EDWARDS 95 CLE2 e + e  - .~ 10.5 GeV 

r (~d2css)%+)/r (A~%+ . - )  rslr~ 
VALUE; CL~ DOCUMENT ID TECN COMMENT 

<0.07 90 EDWARDS 95 CLE2 e + e -  ~ 10.5 GeV 

[r (s162 - ) + r (Z'r (A+ lr+ x - )  (r2+rs)/rz 
VA(_UE~ CL~ E V ' F S  DOCUM~I~T Ip TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

<0.36 90 FRABETTI 94 E687 *fBe, E~  = 220 GeV 

0.46+0.14 21 ALBRECHT 93F ARG e + e  - ~ T(4S) 

r(A~+.+.- a-~y)/r(A~+.+~-) r,/r, 
V.~,I/~ EVT5 DQCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.54• 16 ALBRECHT 93F ARG e + e  - ~ T(4S) 
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A c ( 2 6 2 5 )  +, ~ c ( 2 4 5 5 )  

r(A~ +.~ + f+ , - )  rs/r l  
A +  ~0 decay is forbidden by Isospln conservation if  this state is In fact a A c.  

VALUE ~ DOCUMENT ID Tf~C N COMMENT 

<0.91 90 EDWARDS 95 ELE2 e + e -  ~ 10.5 GeV 

r(A~+7) Ir(A~+-+- -) r61rl 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.52 90 EDWARDS 95 CLE2 e + e  - ~ 10.5 GeV 

Ac(2625) + REFERENCES 

ALBRECHT 97 PL B402 207 +Hamacher, Hofmann+ (ARGUS Collab.) 
EDWARDS 95 PRL 74 3331 +Ogg, Belledve, Britton+ (CLEO Coqab.) 
FRABETTI 94 PRL 72 961 +Cheung, Cuma~at+ (FNAL ES87 Collab.) 
ALBRECHT 93F PL B317 227 +Ehdichmann, Hamacher+ (ARGUS Collab.) 

l z : ( 2 4 5 5 ) 1  : * * * *  
i i 

J P  is no t  conf irmed. 1 /2  + is the  quark model  predict ion. 

rc(24ss) MASSES 
The masses are obtained from the mass-difference measurements that  fol- 
low. 

�9 "c(2455) ++ MASS 
VAL UE (MeV) DOCUMENT ID 
2482JId:O.8 OUR FIT 

Zc(2455) + MASS 
VALUE (MeV) DOCUMENT ID 
24U.g-I-0.9 OUR FIT 

~:~(24ss) o MASS 
VALUE (MeV) DOCUMENT ID 
2482.2=E0.6 OUR FIT 

m.-t+ - mat 
VALUE (MeV) EVTS 
167.87"1- 0.1g OUR FIT 
167.874" 0.20 OUR AVERAGE 
167.764- 0.294-0.15 122 
167,6 • 0.6 •  56 

168.2 • 0.3 4-0.2 126 
167.8 4- 0.4 •  54 

168.2 • 0,5 •  92 
167.4 4- 0,5 •  46 
167 4- 1 2 
168 4- 3 6 

m,lr..c(24u) - mA+ 

DOCUMENT ID TECN COMMENT 

AITALA 96B E791 7r-  N, 500 GeV 
FRABETTI 96 E687 "y Be. ~.v ~ 220 GeV 

CRAWFORD 93 CLE2 e + e  - ~ T(4S) 
BOWCOCK 89 CLEO e + e -  10 GeV 
ALBRECHT 88D ARG e + e -  10 GeV 
DIESBURG 87 SPEC nA ~ 600 GeV 
JONES 87 HBC u p  in BEBC 
BALTAY 79 HLBC v Ne-H In 15-ft 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

166 • 1 1 BOSETTI 82 HBC See JONES 87 
166 i 1 5  1 CAZZOLI 75 HBC v p  In BNL 7-ft 

VALUE (MeV) E V T S  DOCUMENT ID TECN COMMENT 
168.7-1"0.0 OUR FIT 
l U  4"3 1 CALICCHIO 80 HBC r . p l n  BEBC-TST 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

168.5•177 111 1CRAWFORD 93 CLE2 e + e  - ~ T(4S) 

1This result enters the fit through m E +  - m [ 0  below. 

VALUE (MeV} EVT5 DOCUMENT ID TECN COMMENT 

167.30-',-0.20 OUR FIT 
167,31:1:0.21 OUR AVERAGE 
167.38•177 143 AITALA 96B E791 ~ -  N, 500 GeV 
167.8 :CO.6 •  ALEEV 96 SPEC n nucleus, 50 GeV/c 
166.6 4-0.5 •  69 FRABETTI 96 E687 ")'Be, E.~ ~ 220 GeV 

167.1 •  •  124 CRAWFORD 93 CLE2 e + e  - ~ T(45)  
168.4 •  •  14 ANJOS 89D E691 "yBe 90-260 GeV 
�9 �9 �9 We do not use the following data for averages, fits, l imits, e t c . � 9  �9 �9 

167.9 •  •  48 2 BOWCOCK 89 CLEO e + e -  10 GeV 
167.0 •  •  70 2 ALBRECHT 880 ARG e + e -  10 GeV 
178.2 •  •  85 3 DIESBURG 87 SPEC nA ~ 600 GeV 
163 •  1 AMMAR 86 EMUL v A  

2This result enters the fit through m ++ - m o given below. 
[c [c 

3See the note on DIESBURG 87 in the m ++ - m [ ~  section below. 
E c 
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Zc(2455), ,E':(2520), -c-+ 

~-r MASS DIFFERENCES 

m~.~.= - m ~  
VALUE (MeV) DOCUMENT ID TECN COMMENT 

0.57J,'0,~1 OUR RT 
O.E6"I-0~I) OUR AVERAGE Error Includes scale factor of 1.1. 

+ 0.38•177 AITALA 96B E791 ~ -  N, SO0 GeV 
1.1 •  • CRAWFORD 93 CLE2 e+e - ~ T(4S) 

-- 0.1 • • BOWCOCK 89 CLEO �9 + e -  10 GeV 
+ 1.2 • • ALBRECHT 88DARG e+e - ~ IOGeV 
�9 �9 �9 We do not uSe the following data for averages, fits, limits, etc. �9 �9 �9 

-10.8 • 4 DIESBURG 87 SPEC nA ~ 600 GeV 

4 DIESBURG 87 Is completely incompatible with the other experiments, which Is surprising 
since It agrees with them about my.c(2455)++ - mac+. We go with the majority here. 

m ~  - m~ 
VAL.UE (MeV) DOCUMENT ID TECN COMMENT 
1A:1:0.6 OUR FIT 
1A'l'O.g'l'O.5 CRAWFORD 93 CLE2 �9 + e -  ~ T(4S) 

Zc(2455 ) DECAY MODES 

Ac+~ Is the only strong decay allowed to a E c having this mass, 

Mode Fraction ( r / / r )  

r l A + ~r ~ lOO % 

s162 REFERENCES 

AITALA ~a PL 6379 292 +Amato, Annul+ (FNAL E791 Cotlab,) 
ALEEV SS JINRRC 3 31 +Bitandln+ (Serpukhov EXCHARM C011ab,) 
FRABETTI 96 PL B3aS 461 +Cheuna, Cumalat+ (FNAL E687 Collab.) 
CRAWFORO aS PRL 71 S2a9 +Oaubanmler, Fulton+ (CLEO Co;lab.) 
AN JOE BaD PRL' Sa 1721 +Appel, Bean, Brick�9 Browder+ (FNAL Ed91 Collab.) 
BOWCOCK 89 PRL 02 1240  +KlnolhRa. Plpld., Procarlo, Wilson+ (CLEO CO,lb.) 
ALBRECHT BaD PL 6211 ~9 +BoKkmlnn, GIiiler+ {ARGUS Cotlab.) 
OIESBURG 87 PRL ~ 2711 +Lsdbury, Blnldey+ (FNAL E400 Collab,) 
JONES 87 ZPHY CS6 SS3 +Jonu, Kennedy, O'Neale+ (CERN WA21 Co,lb.) 
AMMAR BE JETPL 43 SIS +Ammolov, 8lklr Blranov, Burnltt+ (ITEP) 

Tmnllated from ZETFP 46 401. 
BOSETTI aa PL ~.00B 234 +GraUliar+ (AACHS, BONN, CERN, MpIM, OXF) 
CALICCHIO 80 PL a3B a21 + (BARI, BIRM, BRUX. CERN, EPOL, RHEL+) 
BALTAY 79 PRL 42 1721  +Csroumbllll, Frlmch, Hibbl+ (COLU. BNL) I 
CAZZOLI "/S PRL ~ 112a +C,opl, Conno~ly, L0utt[t, Mulish+ (BNL) 

I 

Seen In the Ac+~• mass spectrum, The natural assignment Is that 
this Is the J P  = 3/2 + r of the Ec(2455 ), the charm coun- 
terpart of the E(1385). 

~(mo) MASSES 
The m a ~  are obtained from the mac-difference measurements that fol- 
low, 

r=pjm)++ MASS 
VALUE (MaV) EVT$  DOCUMENT ID TECN COMMENT 
2119.4=1=1,1 OUR IRT 
s �9 �9 We do not uSe the following data for averagse, fits, limits, etc. �9 e �9 

2530 :t:6 •  6 1AMMO5OV 93 HLBC vp  ..* # -  Ec(2830)++ 

1 AMMOSOV 93 sees a duster of 6 events and estimates the background to be 1 event. 

z.(~,~o)o MASS 
VALUE (MIV) DOCUMENT ID 
2117Jhl=lA OUR FIT 

s162 MASS DIFFERENCES 

m~.r - m / p  

VALUE (MeV) EVT$  DOCUMENT ID TECN COMMENT 
214.5=i:1A OUR FIT 
2~14.54-1,14-0.g 677 BRANDENB.., 97 CLE2 e+e - ~= T(4S) 

m ~c,{~mo)o - m 4+ 

VALUE {MAY) EVTS 
21~.i:t:1,1 OUR FIT 
~.~-~2~,o.g so4 I 

mT.,(am)++ - mcc(2r~op 
VALUE (MeV) DOCUMENT ID TECN COMMENT 
1.9d:1.9 OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.9~:1,4+1.0 2BRANDENB.,. 97 CLE2 e+e - ~= T(4S) I 

2This BRANDENBURG 97 result Is redundant with measurements In earlier entrl~. | 
m 

DOCUMENT ID TECN COMMENT 

BRANDENB... 97 CLE2 e+e - ~: T(45) 

s WIDTH 
VALUE (MeV} EVT$ 

17.9~]:8 "~ 4.0 677 

s162 ~ WIDTH 
VALUE {MeV) EVT$ 

1,.o,_]:~0,,.0 E~ 

Ec(2520 ) WIDTHS 

DOCUMENT ID TECN COMMENT 

BRANbENB... 97 CLE2 e+e - ~ T(4S) 

DOCUMENT ID TECN COMMENT 

BRANDENB... 97 CLE2 e+e - ~ T(45)  

s REFERENCES 

BRANDENB... 97 PRL 7S 2304 Brandenburg. Bdere, Kim, Liu+ (CLEO Collab,) 
AMMOSOV 93 JETPL sa 247 +Va$il'ev, Ivanilov, Ivanov+ (SERP ) 

Trindated from ZETFP SB 241. 
I I 

r ~  I(jP) = 1,1+~ Status: ~<~<~k 

According to the quark model, the E + (quark content use) and 

_--o form an L~spln doublet, and the Epln-padty ought to be JP = - c  
1/2 + .  None of I, J, or P has actually been measured. 

MASS 

The fit uses the -=c + and ---0 c mass and mase-dlfference measurements. 

VALUE (MaV} EVT..~.S$ DOCUMENT IO TECN COMMENT 
:NI61,6.~- 1.4 OUR FIT 
24UA=b 1.4 OUR AVERAGE 
2467,0• 1.6• 2.0 147 EDWARD5 96 CLE2 e + e - ~  T(4S) 
2464,4• 2.0• 1.4 30 FRABETTI 936 E657 ~Be,'E~= 220 GeV 

2465.1 ~- 3.6• 1.9 30 ALBRECHT 90F ARG e+e - at T(4S) 
2467 4 - 3  4 - 4  23 ALAM 69 CLEO e+e - 10,6 GeV 
2466,8• 2.7-;- 1;2 5 BARLAG 89(: ACCM ~ -  Cu 230 GeV 
e �9 �9 We do not uSe the following data for averages, fits, limits, etc. �9 * �9 

2459 -k S • 66 1COTEUS 87 SPEC nA ~ 600 GeV 
2460 -t'28 82 BIAGI 63 5PEC E - B e  136 GeV 

1Although COTEU5 87 claims to agree well with BiAGI 83 on the mass and width, there 
appears to be a discrepancy between the two experiments, BIAGI 63 Sees a tingle peak 
(stated significance about 6 ~tandard deviations) In the A K - w  + x + m m  spectrum, 
COTEU5 87 ~ two peaks In the same spectrum, one at the ..=~ miss, the other 76 

MeV lower, The latter Is attributed to .~c + ~ E O K - ~ + x  + .-~ ( A ' Y ) K - x + ~  +,  
with the *t unseen, The combined significance of the double peak Is stated to be 6,5 
standard deviations. But the ibsenca of any trace of a lower peak in BiAGI 63 seems to 
us to throw Into question the Interpretation of the lower peak of COTEUS 87, 

VALUE(1O -z= ~} Ev'rs 

0~1+0  Of -0:04 OUR AVERAGE 

4 +0.11 0, 1_0,06 • 30 FRABETTI 

0 ~n+0.11 ..v__O.06 6 BARLAG 

0 40 +0.16"Ln ' ^  , _0.12 ~ , . v  102 COTEU5 

0 al+0.21 +0.20 63 BIAGi 
' ~ ' -  0.16-0,10 

='+ MEAN LIFE - - r  

DOCUMENT I D T~,CN COMMENT 

93B E667 -;,Be, "~.f= 220 GeV 

89C ACCM ~ -  ( K - )  Cu 230 GeV 

S7 5PEC h A =  600GeV 

68c 5PEC s  136 GeV 

Mode 

-"+ DECAY MODES --r  

Fraction (Fi/ l") 

rl AK-~+Ir + 
r2 A~*(8g2)~ + 
r 3 E(1385) + K -  ~r + 
r4 ~ +  K -  ~+ 
rs Z'+K*(892) 0 
r 6 E ~ K -  7r + ~r + 
rz =-%+ 
r a _ = - E + w +  

r 9 ---(1530)~ + 
r l  o __=0 ~+ ~0 
r n ..=o~+ ~+ ~r- 

r12 ~ e  +V e 

seen 

not seen 
not seen 

Seen 
seen 
Seen 
seen 
Seen 
not seen 
Seen 
Seen 
Seen 
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--'+ BRANCHING RATIOS ~ C  

r (AK- .+ . ' l ' ) / r~ . ,  r~/r BERG~E'O 
EDWARDS 

VALUE EVTS DOCUMENT ID TECN COMMEN T ALEXANDER 
melt 56 COTEUS 87 SPEC nA ~ 600 GeV Also 

AVERY 
82 2 BIAGI 83 SPEC E -  Be 135 GeV FRABETTI 

ALBRECHT 
2BIAGI 85B looks for but does not see the -=car in p K - - ~ O ~  + ( r ( p K - - I ( O ~ r  ar) ALAM 

/ F(A K - ~r + ~ar) <0.08 with 90% CL), p2 K -  2~ + ( F ( p 2 K -  2~ + )  / F(A K -  * +  ~+  ) BARLAG COTEUS 
<0.03, 90% CL), D - K + ~ r  + ,  AK*O:,r + ,  and s + K -  ~tar. BIAGI 

BIAGI 

r(AK-,r+,~+)lr(--.+,~+) r~/r, B,AG, 
VA~U E EVTS DOCUMEN T ID TECN COMMENT 

O,,M:Ih:O.1tE:EO.07 61 BERGFELD 96 CLE2 e a r e - ~  T(4S) 

r(AX*(892)o.+)Ir(~K-~r +~r +) r=Ir l  
Unseen decay modes of the K*(892)  0 are included. 

VALUE CL ~ DOCUMENT ID TECN COMMENT 

<0-8 90 BERGFELD 96 CLE2 e + e - ~ .  T(4S) 

r (z (z~s)+  K -  ~r +) / r (a K -  ~r + ~r +) 1 r=/r~ 
Unseen decay modes of the s + are Included. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.7 90 BERGFELD 96 CLE2 e+e - .~ ,  T(4S) 

r(z+ K-~r + ) / r ( - = - . + . + )  r41r~ 
VALUE EVTS DOCUMENT ID TECN COMMENT 

1.18"I'0.2~+0.17 119 BERGFELD 96 CLE2 e + e - ~  T(4S) 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

On=+0.13+0.03 S BARLAG 89c ACCM 2 ~ + K - ~ r  + ,  3 
"~" - 0.06 - 0.02 

- - = r +  ~r+ 

r (z+~* (m)o) I r (_=- .+ .+ )  rd r~  
Unseen decay modes of the K*(892)  0 are Included. 

VALUE EVTS DOCUMENT ID T~CN COMMENT 

0.92-1-O.27-1-O.14 61 BERGFELD 96 CLE2 e + e - ~  T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

seen 59 AVERY 95 CLE2 e'+e-. '~ T(4S) 

r (z  ~  r~Ir~ 
VALUE EVTS DOCUMENT ID TECN COMMENT 

0.844"0.36 47 3 COTEUS 87 SPEC nA ~- 600 GeV 

3See. however, the note on the COTEUS 87 Ec+ mass measurement. 

r ( ~ . + ) / r ( _ = - . + . + )  
VALUE EVTS DOCUMENT ID TECN 

o.n,o.,,,o.og 39 EDWARDS 96 CLE2 

r (_--- ~+ ~+) / r~ . ,  
VALU E ~VT.,~ DOCUMENT I~) T ~  N 

131 BERGFELD 96 CLE2 
Bmt 160 AVERY 95 CLE2 
seer 30 FRABETTI 938 E687 

IBm 30 ALBRECHT 90F ARG 
23 ALAM 89 CLEO 

r(-=053o) ~  
Unseen decay modes of the ..=(1530) 0 are included. 

vAI.~ ~ CL ~ DOCUMENT ID TECN 

<o= ,o BERG~ELD ,6 CLE2 

r ( ~ . + . O ) / r ( _ = - . + . + )  
VALU~ EVTS DOCUMENT ID TECN 

=~,o.n,o.,z 81 EDWARDS 96 CLE2 

r (-( lr~o)o.+)/r (_--o . + .  ~ ) 
VALUE CL~ DOCUMENT I~) TECN 

<0-8 90 EDWARDS 96 CLE2 

r ( ~ . + . + . - ) / r ( - - . + , + )  
VALUE EVT5 DOCUMENT ID TECN 

1.744-0.424-0.2"/ 57 EDWARDS 96 CLE2 

r(_--%+Mo)/r(-- .+.  +) 
VA~UE E V E S  DOCUMENT ID TECN 

=.=,o.,+o~ ,1 ALEXANDER ,BB CLE2 

r?/r ,  
COMMENT 

e+e  - ~ T(4S) 

r ,  l r  
COMMENT 

e + e - - ~  T(4S) 
e + e - ~  T(4S) 
~Be. ~'.y= 220 GeV 

�9 + e -  at T(45)  
e + e -  10.6 GeV 

rs/r8 

COMMENT 

e+ e--~. T(45)  

r~o/re 
COMMENT 

ear e -  ~ T(45)  

rs/r~o 
COMMENT 

ear�9 ~ T(4S) 

r . l r e  
COMMENT 

e ar e-- ~ 7"(45) 

r,. /r0 
r 

ear e - ~  T(45)  
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_--4- _---0 

~ C  I ~ C  

REFERENCES 

% PL B365 431 +Eisenstein, Ernst+ (CLEO Collab.) 
96 PL BS73 26?, +McLean, OU+ (CLEO Collab.) 
9SB PRL 74 3113 +Bebek, Berkelman+ (CLEO Col[ab.) 
9SE PRL 75 4155 (erratum) 
95 PRL ?S 4 3 6 4  +Freybenler, Linsel+ (CLEO Collab.) 
SSB PRL 70 1381 +Cheung. Cumalat+ (FNAL ESS7 Collab.) 
90F PL B247 121 +Ehdichmann, Harder. Kruger. Nau+ (ARGUS Collab.) 
89 PL B226 401 +Katayama. Kim. Li. Lou. Sun+ (CLEO Collab.) 
89C PL B233 522 +Boehringer, Bosman+ (ACCMOR Collab.) 
87 PRL 59 1530 +Binldey+ (FNAL E400 Collab.) 
85B ZPHY C28 175 +Bourquln, Britten+ (CERN WA62 Collab.) 
85C PL 1SOB 230 +Bourquin, Britten+ (CERN WA62 Collab.) 
83 PL 122B 455 +Bourquln. Britten+ (CERN WA62 Collab.) 

I(J P) = �89189 Star.B: * * *  

According to the quark model, the --0 c (quark content dsc )  and _=+ 

form an isospin doublet, and the spin-parity ought to  be J P  = 1/2 + .  
None of  I, J, or P has actually been measured. 

_-o MASS - -C 

The fit uses the -=0 c and -=c + mass and mass-difference measurements. 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
2470.34"1-8 OUR FIT Error Includes scale factor of 1.3. 
~1470A'I'~-0 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below. 
2462.14-3.14-1.4 42 1 FRABETTI 93C E687 -yBe, E.~,= 220 GeV 

2469 4-2 4-3 9 HENDERSON 92B CLEO D - K  + 
2472.14-2.74-1.6 54 ALBRECHT 90F ARG ca re -  at T(4S) 
2473.34-1.9+1.2 4 BARLAG 90 ACCM l r -  ( K - )  Cu 230 GeV 
2472 4-3 :t:4 19 ALAM 89 CLEO e + e  - IO,6GeV 
�9 �9 �9 We do not use the fonowlng data for averages, fits, limits, etc. �9 �9 �9 

2471 4-3 4-4 14 AVERY 89 CLEO See ALAM 89 

1The FRABETTI 93c mass is well below the other measurements�9 

m.-.o - m_-+ --r --r 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
r  OUR FIT Error includes scale factor of 1.2. 
6.34-2.3 OUR AVERAGE 

+7.04-4.54-2.2 ALBRECHT 90F ARG e + e  - at T(45)  
+6.84-3.34-0.5 BARLAG 90 ACCM 7r- ( K - )  Cu 230 GeV 
+ 5  4-4 4-1 ALAM 89 CLEO Eu~-_ E - 1 r + , E ' ~  

i 

E - - ~ + ~ +  

_-o MEAN LIFE - - r  

VALUE (10 -12 s) EVTS DOCUMENT ID TECN COMMENT 

o~,+_g.m~ o u r  ~ E  

0 + 0 025 .101_010174-0.005 42 FRABETTI 93C E687 "~Be, E ~ =  220 GeV 

0 0  R~+0'059 4 BARLAG 90 ACCM ~ -  ( K - )  Cu 230 GeV 
�9 -~ - 0.030 
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_-o --c(2645) 
~ C  ~ 

Mode 

_--o DECAY MODES - - r  

Fraction ( r l / r )  

rz A K  "~ se~.. 
r 2 E -  ~r + seen 
r3 _ = - , r + , + ~ -  s=n 
r4 p K -  K*  (892) 0 seen 
rs Et -  K + seen 
1-6 --=- e+ ~'e seen 
I" 7 E -  ~+ anything seen 

r (aP) / r~  
VALUE ~VT5 

7 

r(=_- ,r+)/r(_---.+ ,+  . - )  
VALUE 

O.)Oa,-O.~:i:O.OS 

r (~ K-  7P (ee,2) ~ Ir~,,~ 
VALUE 

r(~-  x+)/r (_---. +) 
VALUE EVT~ 

0.S0"4-0.214-0.0~ 9 

r ( - -  e+ =,,)/r(--~r + ) 
yA~ q ~  . , ~v ' r s  

3.1:1:1.0+~'~ 54 

BRANCHING RATIOS 

rdr 
DOCUMENT ID T[CN COMMENT 

ALBRECHT 95B ARG e § e -  ~ 10.4 GeV 

r~/r= 
DOCUMENT ID T~CN COMMENT 

ALBRECHT 906 ARG e + e -  at T(4S) 

rdr 
DOCUMENT ID T.EC N COMM~-NT 

BARLAG 90 ACCM ~ -  ( K - )  Cu 230 GeV 

rg/r~ 
DQ(~UM~NT ID TEC N COMMENT 

HENDERSON 92B CLEO �9 + e -  ~ 10.6 GeV 

r+/r= 
DOC(~MEI~T ID TECN COMMENT 

ALEXANDER 95B CLE2 e + e - ~  T(4S) 

r (--=- ~+inythlng)/r(.-=--+) r~ / r2  
The ratio Is for the average (not the sum ) of the ---- e § anything and .----/~+ anything 
modes. 

VALUE ~:VTS DOCUMENT ID TECN CQMM~NT 

O.96=E0.413"4"O.1B 18 ALBRECHT 93B ARG e + e -  ~ 10.4 GeV 

I - c ( 2 6 4 5 ) 1  = ;(::)  t,tus: 
A narrow peak seen in the ~c  ~ mass spectrum. The natural assign- 

ment is that  this is the J P  = 3/2  + excitation of the ---c in the same 
SU(4) multipiet as the ~ (1232) .  

-.~(264S) MASSES 

The masses are obtained from the mass-difference measurements that fol- 
low. 

~(2Ms)+ MASS 
VALUE {MeV) DOCUMENT ID 
2644.64"2.1 OUR FIT Error includes scale factor of 1.2. 

~(~4s)o MASS 
VALUE (MeV) DOCUMENT ID 
2E4~84-1.B OUR FIT 

m=.%(~,i)+ - m=o - r  
VALUE (MeV) EVES 
174~'1.1 OUR FIT 
174.,.q "l'O.li J," 1.0 34 

m ~ ) o  - m ~  
VALUE (MeV) EVTS 
171.2~-1.1 OUR FIT 
178~-~0JJ:1:1.0 55 

m-~.(~,4~) - m-~ 

DOCUMENTIO TECN COMMENT 

AVERY 95 CLE2 �9 + e -  ~ T(4S) 

-~:(264S) + WIDTH 
VALUE (MeV) CL.._.~% 

<3L1 90 

.~(2645) ~ WIDTH 
VALUE (MeV} CL% EVT$ 

~c{2645) WIDTHS 

DOCUMENT ID TECN COMMENT 

GIBBONS 96 CLE2 e + e -  ~ T(4S) 

DOCUMENT ID TECN COMMENT 

r(--t+.ms~wnl)/r(-- .+.+.-]  r~/r= 
The ratio Is for the average (not the sum ) of the - - -  �9 + anything and -=- /J+  anything 
modes. 

V,~LUE EV'P3 DOCUMENT IO TECN COMMENT 

0-29-1"O.~'4-O.04 18 ALBRECHT 93B ARG e + e -  ~ 10.4 GeV 

<ILLS 

_---o REFERENCES - - r  

ALBRECHT 95B PL 13342 397 +Hamacher, Hofmann+ (ARGUS Collab.) 
ALEXANDER 95B PRL 74 3113 +Bebek, Berkelman+ (CLEO Collab.) 

Also SSE PRL 75 4155 (err4tum) 
ALBRECHT 93B PL B303 36S +Cmnstroem, EhrEchmann+ (ARGUS Collab.) 
FRABETTI 93C PRL 70 2058 +Cheunr Cumaiat+ (FNAL ESS7 Collab.) 
HENDERSON 9213 PL 13283 161 +Kinoshit~, Pipkin, Saulnier+ (CLEO CoRab.) 
ALBRECHT 90F PL B247 121 +Ehrllchmann, Harder, Kruger, Nau+ (ARGUS Collab. ) 
13ARLAG 90 PL 13236 495 +Seeker, Boehrinser, Bosman+ (ACCMOR CoUab.) 
ALAM B9 PL B226 401 +Katayama, Kim, Li, Lou, Sun+ (CLEO CoUab.) 
AVERY 89 PRL 62 863 +Bessorl, Garren, Yelton, Bo~.ock+ (CLEO Collab.) 

I i 

I- 1 ~.O c ~r + seen 

I- 2 ~ .~  7c- seen 

90 55 AVERY 95 CLE2 e + e -  ~ T(4S) 

~ ( L ~ l ~ )  DECAY MODES 

--c~r IS the only stron K decay allowed to  a --c resonance having this mass. 

Mode Fraction ( l ' l / r )  

.-=c(2645) REFERENCES 

GIBBONS 96 PRL 77 S10 +Johnson, R~on+ 
AVERY 95 PRL 75 4 3 6 4  +Freyberl[er, Ungki+ 

i 

(CLEO Collab.) 
(CLEO Collab.) 

~c~c~c 

GIBBONS 96 CLE2 e + e  - ~ T (45)  

DOCUMENT ID TECN COMMENT 



See key on page 213 

Mode 

I(J P) = 0(�89 + )  Status: * * > I t  

The quantum numbers have not been measured, but are simply 
assigned in accord with the quark model, in which the /2 0 is the 
ssc ground state. 

VALUE (MeV) EVTS 
2"/04 =1:4 OUR AVERAGE 
2699.94- 1.54-2.5 42 

2705.94- 3.34-2.0 10 

2719.04- 7.04-2.5 11 
2740 :E20 3 

MASS 

DOCUMENT ID TECN COMMENT 
Error includes scale factor of  1.8. See the ideogram below. 

1 FRABETTI  94H E687 "yBe, E=.T= 221 GeV 

2 FRABETTI  93 E687 3Be, E~/= 221 GeV 

3 ALBRECHT 92H ARG e + e -  ~. 10.6 GeV 
BIAGI 85B SPEC ~ -  Be 135 GeV/c 

1 FRABETT I  94H claims a signal o f  42.5 4- 8.8 ~ +  K - K - w +  events. The background 
is about 24 events. 

2 FRABE~I-FI 93 claims a signal of  10.3 4- 3.9 D -  ~r + events above a background of  5.8 
events. 

3 ALBRECHT 92H claims a signal o f  11.5 4- 4.3 E -  K -  ~r § lr + events. The background 
is about 5 events. 
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r l / r  
COMMENT 

3,Be, E .y=  221 GeV 

r=/r 
COMMENT 

e-t" e - - ~  10.6 GeV 
r -  Be 135 GeV/c  

rdr  
COMMENT 

"yBe, "~3,= 221 GeV 

r=/r= 
COMMENT 

~tc ,  �9 �9 �9 

3'Be, --E. r = 221 GeV 

r,/rs 
COMMENT 

DECAY MODES 

Fraction (r l / r)  

F 1 Z "+ K -  K -  7r + seen 
I" 2 ~ . -  K -  ~r + 7r + seen 
I" 3 /2-7r + seen 
1"4 -q -  ~ -  ~r%r+ seen 

/~c BRANCHING RATIOS 

r (~c+ K- K -  x + ) / r t = = ,  
VALUE E V T S  DOCUMENT ID TI~'N 

42 FRABETTI  94H E687 

r (_=- K -  ~'+ w + ) / r ~  
VALUE E V T S  pOCUMENT ID TECN 

11 ALBRECHT 92H ARG 
rout  3 BIAGI 85B SPEC 

r(n-,,+)/r,,,= 
~/AI~U E E V T S  DOCUMENT IO T~:N 

10 FRABETTI  93 E687 

r(_--- K - . * . + ) / r ( ~ - . + )  
VA~.U~ ~ DOCUMENT ID TECN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, 

<2.8  90 FRABETTI  93 E687 

r ( ~ - . - . + . + ) / r ( ~ - . + )  
VALUE CL~ DOCUMENT ID T~'CN 

A D A M O V I C H  9SB WA89 
�9 �9 �9 We do not use the following data for averages, fits, l imits, 

<1.6  90 FRABETTI  93 E687 

~ - -  340 GeV 
etc. o o �9 

~/Be, "E./= 221 GeV 

REFERENCES 

ADAMOVICH 95B PL B358 15t +Albeltion, Alexandrov+ (CERN WAB9 Collab.) 
FRABETTI 95D PL B357 678 +Cheunl[, Cumalat+ (FNAL E687 Collab.) 
FRABETTI 94H PL B338 106 +Cheu.s, Cumalat+ (FNAL E687 Collab.) 
FRABETTI 93 PL B300 190 +Cheung, Cumalat, Dallap~ccola+ (FNAL E687 Collab. ) 
ALBRECHT 92H PL B288 367 +Cronstroem, Ehdichmann, Hamacher+ (ARGUS Co,lab.) 
BIAGI 85B ZPHY C28 175 +Bourquin, Brltten+ (CERN WA62 Collab.) 

~r MEAN LIFE 

VALUE {lO -12 s) E V T S  DOCUMENT ID TECN COMMENT 
0.0t4:1:0.~0 OUR AVERAGE 
Onr 86 A D A M O V I C H  9SBWA89 D-~r - -~r - } ' l r  + ,  

. . . .  -- 0.011 --0.023 - - - -  K - -  lr + ~-}" 

0 + 0  027 0. 86_010204-0.028 25 FRABETTI  95D E687 ~ - F K - K - T r +  
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no 

II BOTTOM BARYONS 
(B = -1)  

AOb : udb,  ~ = usb, - -b = dsb 

r ~  I ( J  P)  = 0(�89 §  Status: * * *  

In the quark model, a A O is an isospin-0 u d b  state. The lowest A O 

ought to have JP = 1/2 + ,  None of I, J, or P have actually been 
measured. 

/ !~ MASS 

VALUE {MeV) EVT5 DOCUMENT ID TECN COMMENT 
IMP44" ~ OUR AVERAGE Error Includes scale factor of 1.8. See the ideogram below. 
5621+ 4 •  3 1ABE 97B CDF p~ at 1.8 TeV | 
56684- 164- 8 4 2ABREU 96N DLPH e + e - ~  Z I 5614-{- 21:t: 4 4 2BUSKULIC 96L ALEP e+e - ~ Z 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

not seen 3 ABE 93B CDF Sup. by ABE 97B 
56404- 504-30 16 4 ALBAJAR 91E UA1 p~ 630 GeV 

5n~n+lO0''~--210 52 BARI 91 SFM AO b -.* pDO~r - 

56~n+ 150 ~ - -200  90 BARI 91 SFM AOb--~ A + ~ r + x - x  - 

1ABE 97B observed 38 events above a background 18 :E 1.6 events in the mass range | 
5.60-5.65 GeV/c 2, a significance of > 3.4 standard deviations. I 2 Uses 4 fully reconstructed A b events. 

3ABE 93B states that, based on the signal claimed by ALBAJAR 91E, CDF should have 
found 30 :l: 23 A 0 ~ J / r  events. Instead, CDF found not more than 2 events. 

4ALBAJAR 91E claims 16 :E 5 events above a background of 9 4- 1 events, a significance 
of about 5 standard deviations. 

WEIGHTED AVERAGE 
5624r (Error scaled by 1.8) 

, ~ ]  . . . . . . . . . . . . .  ABE ,TBCDF ~ 
I ~ i |  I . . . . . .  ABREU 96N DLPH 6.1 

I ~ . . . . . . . . . . . .  ,o~o.,c ,6. ,~EP 0.2 

nfldence Level - 0%~6) 

5550 5600 5650 5700 5750 5800 

/t~ mass (MeV) 

A o MEAN LIFE 

These are actually measurements of the average lifetime of weakly decay- 
Ing b baryons weighted by generally unknown production rates, branching 
fractions, and detection efflclencies. Presumably, the mix is mainly A O, 

with some ~ and - -~.  

See b-baryon Admixture section for data on b-baryon mean life average 
over species of b-baryon particles. 

"OUR EVALUATION" is an average of the data listed below performed by the LEP 
B Lifetimes Working Group as described in our review "Production and Decay of b- 
flavored Hadrons" in the B • Section of the Listings. The averaging procedure takes 
Into account correlations between the measurements and asymmetric lifetime errors. 

VALUE (IO -12 s) EVT5 DOCUMENT ID TECN COMMENT 
1~4"1-0.0e OUR EVALUATION 

1 2  Q+0.24~-n ~ I �9 . _ 0 . 2 2 ~ . v  v 5 ACKERSTAFF 98G OPAL e + e -  ~ Z 

1.214-0.11 5 BARATE 980 ALEP e + e -  ~ Z I 

I 1.32:E0.15+0.07 ABE 96M CDF Excess Act.-,  decay 
lengths 

1 t0+0.21 +0.07 " " - 0 . 1 8 - 0 . 0 8  ABREU 96D DLPH Excess Act.-,  decay 
lengths 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

+0  22 1.14_0119• 69 AKERS 95K OPAL Repl. by ACKER- 
STAFF 98G 

0~+0 23 ~-n r.~ 1. "--0118 . . . .  44 BUSKULIC 9SL ALEP Repl. by BARATE r 

5 Measored using Act.-  and A t + t  - .  

/~ DECAY MODES 
These branching fractions are actually an average over weakly decaying 
b-baryons weighted by their production rates In Z decay (or high-energy 
pp), branching ratios, and detection efilclencles. They scale with the LEP 
A b production fraction B(b ~ Ab) and are evaluated for our value B(b 
% )  = (10.1+319)%. 

The branching fractions B(b-baryon ~ A/-Ptanythlng ) and B(A 0 

A+ct-~tanything ) are not pure measurements because the underlying 
measured products of these with B ( b - *  Ab) were used to determine 
B(b ~ Ab), as described in the note "Production and Decay of b-Flavored 
Hadrons." 

Mode Fraction ( r l / r )  Confidence level 

r l  

r2 
r3 
r4 
rs 
r6 

r7 

rs 
r9 

J / r  (4.74-2.8) x 10 - 4  

p D%r- 
A+c 7r- seen 

A+~r+~r-~r - 
A K ~ 2~ + 2a'- 

(9 n+3.1~ �9 A + t - ~ t a n y t h i n g  [a] "~-3.8 '  " 

pT r -  < 5.o x lO -S  90% 
pK-  < S.0 x 10 - 5  90% 

[a] Not a pure measurement. See note at head of A ~ Decay Modes. 

A~ BRANCHING RATIOS 

r(Jl,#Os)A)Ir~ rdr 
VALUE (unltl 10 -4 ) EVES DOCUMENT ID TECN COMMENT 

4,7=1: 2.1"k 1.9 6 ABE 97B CDF p~ at 1.8 TeV I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

17B.2i108.9+C~: 7 16 7ALBAJAR 91E UA1 J/~(1S) ~ /~+#-  

6ABE 97B reports (0.037 4- 0,017(stat):E0,007(sys))% for B(b ~ Ab) = 0.1 and for | 
B(B 0 --* J/,C(1S)K 0) = 0.037%. We rescale to our PDG 97 best value B(b --* Ab) | 

the(l:~xlp+-er~m~;~sa::rrB(~ ( BOd o'~ur 1:(n1:~rKor ~ 'Is t--h~0~Jsq~te:aOc eO~rr~;roOUru$1fl=Lr:b= I 
value. 

7ALBAJAR 91E reports 180 + 110 for B(b ~ Ab) = 0,10, We rescale to our best value 

B(b --* Ab) ~ (10.1+_319) • 10 -2 ,  Our first error is their experiment's error and our 
second error is the systematic error from using our best value. 

r ( p o % - ) / r = =  r=/r  
VA~.I,)I~ ~VT~; DOCUMENT ID T~G~N COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

seen 52 BARI 91 SFM O 0 ~ K - l r  + 
seen BASILE 81 SFM D O ~ K -  ~r + 

r(A+.-)Ir~,, 
VAL U~ ~. VTS DOCUMENT ID 

seen 3 ABREU 

4 BUSKULIC 

r ( A ~ 0 ~ o ) - ) I r ~ , ,  
~ U ~  EVES DOCUMENT ID 

1 ABREU 

r ( ~ + . + . - . - ) / r = =  
VA~U~ EVT$ DOCUMENT ID 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

seen �9 90 BARI 91 SFM A+ c .-* p K - I r  + 

VALUE ~.VTS DOCUMENT ID T~CN (;OMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

seen 4 8ARENTON 86 FMPS AK~21r+2*  - 

8See the footnote to the ARENTON 86 mass value, 

rglr 
T~CN COMMENT 

A + ... | 96N DLPH e P K - x +  
96L ALEP A ~  p K - l r + , p ~  O, I 

A ~ + ~ + x -  

r4/r  
TEC N COMMENT 

96N DLPH A+ c .-.+ p K - l r  +,  | 
a~ -*  pOx-- -'-* 

~r+,r-w- 
rglr 

TE~N COMMENT 

rglr 
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Ao, =o - --b, =b,  b-baryon A D M I X T U R E  (Ab, =b, "~b, Ctb) 

r(A +~-vtanything)/rtml rdr 
The values and averages In this section serve only to show what values result If one 
assumes our B(b --~ Ab). They cannot be thought of as measurements since the 
underlying product branching fractions were also used to determlnine B(b ~ Ab) as 
descdbed In the note on "Production and Decay of b-Flavored Hadrons." 

VALUE Ev'rs ~3Q~UMENT IO T ~  N COMMI~NT 

0 090 +0"~0~-1 OUR AVERAGE �9 --O.~RI 

I 0.085~0.015__.00:026 9 BARATE 98D ALEP �9 + e -  ~ Z 

0.12 +0.04 +0.04 29 10ABREU 95S DLPH e+e - --* Z 
-0 .03 -0.05 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.075• 55 11 BUSKULIC 95L ALEP Rep,. by BARATE 98D 

0.15 4"0.06 +0.05_0.06 21 12 BUSKULIC 92F ALEP A+ c -~ p K - ~  + 

9BARATE 98D reports [B(A 0 --* Ac+t-~tanythlng ) x B(b ~ Ab) ] = 0.00864-0.00074- | 

(10 1 +3 '9 '  x 10 -2 ,  Our first error 0.0014. We divide by our best value B(b ~ Ab) = .  . _3.1 j 
Is their experiment's error and our second error Is the systematic error from using our 
best value. Measured using A c t -  and A t + t - .  | 

10ABREU 953 reports [B(A~ -~ Ac+t-~tanythlng) x B(~ ~ Ab) ] = 0.0116 • 

0009"+0"0031 We divide by our best value B(b -4 Ab) = (10.1-}'3: 9) x 10 -2 .  " " -  0.0021' 
Our first error Is their experiment's error and our second error is the systematic error 
from using our best value. 

11BUSKULIC 95L reports [B(A 0 --~ A~t- IT lanyth lng ) x B(b -+ Ab) ] = 0.00755 4- 

0.0014 4- 0.0012. We divide by our best value B(b ~ Ab) -- (10.1_+3119) x 10 -2 ,  Our 
first error is their experiment's error and our second error Is the systematic error from 
using our best value. 

12BU5KULIC 928 reports [B(A O ~ Ac+t-Uzanythlng ) x B('~ ~ Ab) ] = 0.015 4- 

0.0035 • 0.0045. We divide by our best value B(~ - -  Ab) = (10.1_+319) x 10 -2 .  Our 
first error Is their experiment's error and our second error Is the systematic error from 
using our best value. Superseded by BUSKULIC 95L. 

r(~.-)Ir~,, rglr 
VALUE CL~ DOCUMENT Ip TECN COMMENT 
< I L O x l O  -I~ 90 13BUSKULIC 96vALEP e + e - - - *  Z I 

13 BUSKULIC 96v assumes PDG 96 production fractions for B O, B +, B s, b baryons. I 

I '(pK-)/l 't~l r~/r 
VALUE ~ DOCUMENT ID TECN COMMENT 
<g .OX l0  - g  90 14BUSKULIC g6vALEP e+e - --~ Z I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

<3.6 x 10 - 4  90 15 ADAM 96D DLPH �9 + e -  --~ Z I 

14 BUSKULIC 96v assumes PDG 96 production fractions for B O, B +, B s, b baryons. I 

15ADAM 96D assumes fBo = fB- = 0.39 and fBs : 0.12. I 

A~REFERENCES 
ACKERSTAFF gaG PL B426 161 K. Ackerstaff+ (OPAL Collab.) 
BARATE 98D EPJ C2 197 R, Barate+ (ALEPH Collab.) 
ABE 97B PR D55 1142 +Aklmoto. Akoplan, Albtow+ (CDF Collab.) 
PDG 97 Unofflclil 1997 WWW edition 
ABE %M PRL ?7 1439 +Akimoto, Akop~an, Albmw+ (CDF Cc41ab.) 
ABREU 9~O ZPHY C71 199 +Adam. Adye, Agad+ (DELPHI Collab.) 
ABREU %N PL B374 351 +Adam, Adye, Alga.J+ (DELPHI Collab.) 
ADAM 96D ZPHY C72 207 W. Adam+ (DELPHI Collab.) 
BUSKULIC %L PL B380 442 +De Bonis, Decamp, Ghl~+ (ALEPH Collab.) 
BUSKULIC 96V PL B384 471 +De Bonis, Decamp, Ghez+ (ALEPH Co,lab.) 
PDG % PR D54 1 
ABREU SSS ZPHY C68 375 +Adam, Adye, AgarJ+ (DELPHI Collab.) 
AKERS 95K PL B353 402 +Nexander, Allison. Altekamp+ (OPAL Coltab.) 
BUSKULIC 95L PL B357 685 +Casper, De Bonis, Decamp+ (ALEPH Collab.) 
ABE 93B PR D47 R2639 +Amidel, Anway-Wiese, Apollinad+ (CDF Collab.) 
BUSKULIC 92E PL B294 145 +Decamp, Goy, Lees, Mtnard+ (ALEPH Cotlab.) 
ALBAJAR 91E PL B273 540 +AIb(ow, AIIkofer, Ankovlak+ (UA1 Collab,) 
BARI 91 NC 104A 1787 +BaSile, Brunl, Cara Romeo+ (CERN R422 Collab. ) 
ARENTON 86 NP B274 707 +then, Cormelh Dieterle+ (ARIZ, NDAM, VAND) 
BASILE 8 ! LNC 31 97 +Bonvldn[, Romeo+ (CERN R415 Collab.) 

I ~'0'  ~ ; I  /(JP) = 0(�89 Status: * 

OMITTED FROM SUMMARY TABLE 
ABREU 95V observe an excess of same-s|gn ---~:t ~: events in jets, 
which they interpret as ---b --* ---- l -  ~t  X. They find that the prob- 
ability for these events to come from non-b-baryon decays is less 
than 5 x 10 - 4  and that A b decays can account for less than 10% 
of these events. 

In the quark model, --~ and - -~  are an isodoublet (usb,  dsb )  state; 

the lowest --o and - -~  ought to have JP  = 1/2 + .  None of I, J, or 
P have actually been measured. 

-=~ MEAN LIFE 

This is actually a measurement of the average lifetime of b-baryons that 
decay to a Jet containing a same-rdgn .---~t:F pair. Presumably the mix Is 
mainly =-b, with some A b. 

"OUR EVALUATION" is an average of the data listed below performed by the LEP 
B Lifetimes Working Group as described in our review "Production and Decay of b- 
flavored Hadrons" In the B ~ Section of the Listings. The averaging procedure takes 
Into account correlations between the measurements and asymmetric lifetime errors. 

VALUE (10 -12 s) EVTS DOCUMENT ID TECN COMMENT 

:1.,~19_+00:~ OUR EVALUATION 

1~+0 .37+0 .15  BUSKULIC 96T ALEP Excess E - t - ,  impact " - - -0 .28 -0 .17  parameters 

1.5 +0.7 • 8 ABREU 95v DLPH Excess_---t-, decay -0 .4  lengths 

--'--b DECAY MODES 

Mode Fraction ( r / / r )  

r l  -T- t -  ~t anything seen 

--=l, BRANCHING RATIOS 
r(.=-~-vtanythlng)/r~ r~/r 
V~L~E DOCUMENT ID TECN COMMENT 
seen 1 BUSKULIC 96T ALEP Exce~_~.- l -  over J 

ABREU 95V DLPH E x c ~ _ ~ _ - t -  over 

1 BUSKULIC 96T measures [B(b --~ --=b) x B(_-- b ~ ~ . - l - ~ t  anythlng)] = (5.4 :i: 1.1 • | 
0.8) x 10 - 4  per lepton species, averaged over �9 and #. I 

% REFERENCES 
BUSKULIC %T PL B384 448 +De goals, Decamp, Ghez+ (ALEPH Co,lab.) 
ABREU 95V ZPHY C88 541 +Adam, Adye, Aga~+ (DELPHI C~ab.) 

I b-baryon A D M I X T U R E  (A., =--o, Eb, ~?b) I 

VALUE (lO -12 s) EVTS 
1~O:1:0.07 OUR EVALUATION 
1.20+0.08d:0.06 
i a.+0.22 +0.07 

�9 " v -  0.21-0.09 

1 10+0'19~'n nn 
.- _ 0.17 ~v , v -  

1.164-0.114"0.06 

127_+o:,~• o, 

b-baryon ADMIXTURE MEAN LIFE 

Each measurement of the b-baryon mean life Is an average over an ad- 
mixture of various bbaryons which decay weakly. Different techniques 
emphasize different admixtures of produced particles, which could result 
In a different b-baryon mean life. 

"OUR EVALUATION" Is an average of the data listed below performed by the LEP 
B Lifetimes Working Group as described In our review "Production and Decay of b- 
flavored Hadrons" In the B :~ Section of these Listings. The averaging procedure takes 
Into account correlations between the measurements and asymmetric lifetime errors. 

DOCUMENT ID TECN COMMENT 

1 BARATE 98D ALEP e+e - ~ Z i 
I ABREU 96D DLPH Excess A t - i t  +, decay 

lengths 

ABREU 96D DLPH Excess A/~- Impact pa- | 
rameters 

AKER5 96 OPAL Excess A t - ,  decay I 
lengths and impact 
parameters 

ABREU 95s DLPH Excess p # - ,  decay 
lengths 
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B a r y o n  P a r t i c l e  L i s t i n g s  

b - b a r y o n  A D M I X T U R E  (Au, --b, ~b, ~b) 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1 .25•  2 ABREU 96D DLPH Combined resoIt 

1 0 5  +0"12-~n  ^~ 290 BUSKULIC 95L ALEP Repl. by BARATE 98D | 
�9 _ 0 . 1 1  ~ , v ~  

1.04_+00'.34~4-0.10 11 3 ABREU 93F DLPH E . . . .  A . - .  decay 
lengths 

1 05 + 0 ' 2 3 ~ n  ~~ �9 _ 0 . 2 0 ~ . u o  187 4 AKERS 93 OPAL Excess A t . - ,  decay 
lengths 

1 1 "~+0"32 ~-~ ~ 5 �9 . _ 0 . 2 9 ~ . ~ 0  101 BUSKULIC 921 ALEP Excess At,--, Impact pa- 
rameters 

1 Measured using the excess of At,-, lepton impact parameter, I 
2 Combined result o f  the three ABREU 96D methods and ABREU 958, 
3 A B R E U  93F superseded by ABREU 96D. 
4AKERS 93 superseded by AKERS 96. 
5 BUSKULIC 921 superseded by BUSKULIC 95L. 

b-baryofi ADMIXTURE (Ab,.~t.JEb,~Tb) 
These branching fractions are actually an average over weakly decaying 
b-batyoos weighted by their production rates in Z decay (or high-energy 
p~) ,  branching ratios, and detection efflciencles. They scale with the LEP 
A b production fraction B(b --* Ab) and are evaluated for our value B(b 

The branching fractions B(b-baryon ~ At , -~ t ,anyth lng)  and B(A 0 

Ac+t, -~t ,anything ) are not pure measurements because the underlying 
measured products o f  these with B(b ~ Ab) were used to determine 
B(b ~ Ab), as descflbed in the note "Production and Decay of  b-Flavored 
Hadrons." 

Mode Fraction ( r l / r )  

F 1 p#-Panything ( 4.94- 2.4) % 
- 1 . 0 ~  o /  F 2 At-Pt,anything ( 3"1+ 1.2) ,o 

I- 3 A~r~et, anything 
F4 ganything 
Fs A~c ~- ~t, anything / 
F 6 A / A a n y t h i n g  (38 + 1 2  ) %  

- 1 4  

_ 2 0  - 3  I" 7 . - - - - E - U t , a n y t h i n g  ( 5.5 + 2:4) • 10 

b-baryon ADMIXTURE (A=, --=b, ~b, ~Tb) BRANCHING RATIOS 

r (p~-panyth lns) / r~ , ,  r : / r  
VA~I~ _ _ ~  DOCUMENT ID TECN COMMENT 

o O4') +~176176176 �9 - -0 .o1~- -0 ,019 125 6 A B R E U  95s DLPH e + e  - ~-, Z 

6ABREU 95S reports [B(b-baryon ~ p p - ~ a n y t h i n g )  x B(b - *  .4/~)] = 0.0049 • 

o.oo11_+o:~, we d,v,de by our best va,ue ~(~ .  ~b) : (lO 1-+3:~) x ~0-2. Our 
f irst error is their experiment's error and our second error is the systematic error from 
using our best value�9 

r ( a t - p g a n y t h i n s ) / r ~ ,  r=/r  
The values and averages in this section serve only to  show what values result If one 
assumes our B(b ~ Ab). They cannot be thought o f  as measurements since the 
underlying product branching fractious were also used to determinine B(b ~ Ab) as 
described In the note on "Production and Decay of  b-Flavored Hadrons." 

VALUE EVT5 DOCUMENT ID TECN COMMENT 

0 . 0 3 1  + O J ~ 1 0  " ~ " =  AVERAGE 
- 0 . 0 1 2  ~ "  

0 0 3 2 4 - 0 0 0 4  +0 '010  7 B A R A T E  98DALEP e + e  - ~ Z 
�9 " - 0 . 0 1 2  

0.029:1:0.003_+0:~91 8AKERS 96 OPAL Excess of At , -  over At  + 

0 0304-0 007+0'~0~- 9 �9 " - - u . u U  262 9 ABREU 955 DLPH Excess of A t -  over A t  + 

0.0604-0 012 +0"019 290 10 BUSKULIC 95L ALEP Excess of A ~ -  over A t  + �9 - -  u . u ~  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

seen 157 11 AKERS 93 OPAL Excess of A ~ -  over At. + 

0.0694-0.020 +0"021 101 12 BUSKULIC 921 ALEP Excess of A ~ -  over At. + - -  u . u , c ~  

7 B A R A T E  980 reports [B(b-baryon ~ A t - ~ t a n y t h l n g  ) x B(b ~ Ab) ] = 0.00326 :J: I 

0.00016 4- 0.00039. We dlvlde by our best value B(b ~ Ab) = (10 .1+3 :  9) x 10 - 2 .  
Our first error Is their experlment's error and our second error is the systematlc error 
from using our best value. Measured using the excess of  A t - ,  lepton Impact parameter. I 

8AKERS 96 reports [B(b-bar~on ~ A t - P l a n y t h i n g  ) x B(b ~ Ab) ] = 0.00291 :I: 

0,00023 4- 0,00025, We divide by our best value B(b --* Ab)  = (10.1-+] :  9)  x 10 - 2 .  
Our f irst error is their experiment's error and our second error is the systematic error 
from using our best value�9 

9ABREU 955 reports [B(b-baryon ~ A l - D t a n y t h l n g  ) x B(b ~ Ab) ] = 0.0030 ~- 
o oooe ~ 00004. we divide by our best v=ue B(~ -~ %)  = (10.1-+~i ~) x 10 -2.  Our 
f irst error Is their experiment's error and our second error Is the systematic error from 
using our best value. 

10BUSKULiC 95L reports [B(b-baryon ~ A ~ - P l a n y t h l n g  ) x B(b ~ Ab) ] = 0.0061 4- 

0.0006 :J: 0.0010. We divide by our best value B(b ~ Ab) = (10 .1 -+37 )  • 10 - 2 .  Our 
first error is their experiment's error and oor second error is the systematic error f rom 
using our best value. 

11 AKER5 93 superseded by AKER$ 96. 
12BUSKULiC 921 reports [B(b-baryon ~ A t - -P tany tb lng  ) x B(b ~ Ab )  ] = 0.0070 • 

-- (10 1"t'3"9~ 0.0010 4- 0.0018. We divide by our best value B(b ~ A b ) -  . . _ 3 j / x  1 0 - 2 .  Our 
f irst error is their experiment's error and our second error Is the systemaUc error from 
using our best value. Superseded by BUSKULIC 95L. 

r(At+,,anythlns)/l '(Aanythlng) rg/ l"4 
VALUE~ DOCUMENT Ip TECN COMME~NT 
O.070:E0,012:E0.007 ACKERSTAFF 97N OPAL e + e  - - *  Z l 

r (A /~=ny~J , I ) / r== ,  r g / r  
VALUE ~OCUMENT ID T~CN COMMENT 

0 SS"F0", 12. OUR AVERAGE 
�9 ~U.dLq, 

o3,~oo~• 13 ACKERSTAFF , , .  OPAL e+e-  -- z I 
0 22 + 0 " 1 2 + 0 ' 0 7  14 ABREU 95C DLPH �9 + e -  ~ Z 

�9 - 0 . 0 8 - 0 . 0 9  

13ACKERSTAFF 97N reports [B(b-baryon ~ A /Aany th lng)  x B(b --* Ab) ] = 0.0393 :i: | 

o oo46 ~ 0 oo3~. We divide by our best va~ue B(~ ~ %) = (101+391) • 10 -2. Our 
f irst error Is their experiment's error and our second error Is the systematic error f rom 
using our best value. 

14ABREU 95C reports 0.28-+0:~72 for B(b ~ Ab) = 0.08 4- 0.02. We rescale to  our best 

2 I value B(b ~ Ab) = (10.1-+3: 9) x 1 0 -  . Our first error is the r experiment's error and 
our second error is the systematic error from using our best value. 

r ( ~ -  t -  V t anything)/r== rT/r 
VALUE DOCUMENT ID TECN C. OMME~NT 

0.00=_+o:~ ou. Av~.G. 

0 00 0 001 ~-i-0"0016 15 BUSKULIC 96T ALEP Excess - - - t -  over | �9 534- . "-0.0021 - - _ t +  

0 00584-0 002 ~+0"0018 16 ABREU 95V DLPH Excess ----  ~ -  over | 
�9 ' " - -  0.0023 = - -  t +  

15BUSKULIC 96T reports [B(b-baryon ~ _ - - - t - ~ l a n y t h l n g  ) x B(b  ~ Ab) ] = | 
0.00054 4- 0.00011 :~ 0.00008. We divide by our best value B(b ~ Ab) = 
(10.1-+319) x 10 - 2 ,  Our f irst . . . .  is their experiment's error and our second error 
is the systematic error from using our best value. 

16ABREU 95V reports [B(b-baryon - *  E - t - ~ t a n y t h l n g  ) x B ( b - *  Ab) ] = 0.00059 4- I 

0.00021 4- 0,0001, We divide by our best value B(b -~ Ab) = (10.1_~37)  x 10 - 2 .  Our 
first error Is theft experiment's error and our second error Is the systematic error from 
using our best value. 

b-baryon ADMIXTURE (Ab, --b, ~b,/tb) REFERENCES 

BARATE 980 EPJ C2 19;' R. Barate+ 
ACKERSTAFF 97N ZPHY C74 423 K. Ackerstaff+ 
ABREU 960 ZPHY C71 199 +Adam, Adye, Agasi+ 
AKERS % ZPHY CSS 1% +A~exandet, Allison, Ntekamp+ 
BUSKULIC SST PL B384 449 +De Bonis, Decamp, Ghez+ 
ABREU 9SC PL B347 447 +Adam, Adye, Agasi+ 
ASREU 9~5 ZPHY C68 375 +Adam, Adye, A|asi+ 
ABREU 9SV ZPHY (:68 541 +Adam, Ady~, Agasi+ 
BUSKULIC SSL PL B357 685 +Casper, De Bonis, Decamp+ 
ABREU 93F PL BSll 379 +Adam, Adye, Agasi+ 
AKER5 93 PL B316 435 +Alexander, Allison, Aftderson+ 
BUSKULIC 921 PL 8297 449 +Decamp, Goy, Lees+ 

(ALEPH Collab.) 
(OPAL Collab.) 

(DELPHI Collab.) 
(OPAL Collab.) 

(ALEPH Collab.) 
(DELPHI Collab,) 
(DELPHI Collab.) 
(DELPHI Collab.) 
(ALEPH Collab.) 

(DELPHI Collab.) 
(OPAL Collab.) 

(ALEPH Collab.) 
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II 
SEARCHES FOR 
MONOPOLES, 

SUPERSYMMETRY, 
COMPOSlTENESS, etc. 

I Magnetic Monopole Searches I 
M A G N E T I C  M O N O P O L E  S E A R C H E S  

Revised December 1997 by D.E. Groom (LBNL). 

"At the present time (1975) there is no experimental ev- 
idence for the existence of magnetic charges or monopoles, 
but chiefly because of an early, brilliant theoretical argument 

by Dirac, the search for monopoles is renewed whenever a 
new energy region is opened up in high energy physics or a 
new source of matter, such as rocks from the moon, becomes 
available [1]." Dirac argued that a monopole anywhere in the 
universe results in electric charge quantization e~ferywhere, and 
leads to the prediction of a"least magnetic charge g = e /2a ,  the 
Dirac charge [2]. Recently monopoles have become indispens- 
able in many gauge theories, which endow them with a variety 
of extraordinarily large masses. The discovery by a candidate 
event in a single superconducting loop in 1982 [6] stimulated 
an enormous experimental effort to search for supermassive 
magnetic monopoles [3,4,5]. 

Monopole detectors have predominantly used either induc- 
tion or ionization. Induction experiments measure the mono- 
pole magnetic charge and are independent of monopole electric 
charge, mass, and velocity. Monopole candidate events in single 
semiconductor loops [6,7] have been detected by this method, 

but no two-loop coincidence has been observed. Ionization 
experiments rely on a magnetic charge producing more ioniza- 
tion than an electrical Charge with the same velocity. In the 

case of supermassive monopoles, time-of-flight measurements 
indicating v << c has also been a frequently sought signature. 

Cosmic rays are the most likely source of massive mono- 
poles, since accelerator energies are insufficient to produce 
them. Evidence for such monopoles may also be obtained from 
astrophysical observations. 

Jackson's 1975 assessment remains true. The search is 
somewhat abated by the lack of success in the 1980's and the 
decrease of interest in grand unified gauge theories. 

References  

1. J .D.  Jackson, Classical Electrodynamics, 2nd edition (John 
Wiley & Sons, New York, 1975). 

2. P.A.M. Dirac, Proc. Royal Soc. London A133,  60 (1931). 
3. J. Preskill, Ann. Rev. Nucl. and Part. Sci. 34, 461 (1984).- 
4. G. Giacomelli, La Rivista del Nuovo Cimento 7, N. 12, 1 

(1984). 
5. Phys. Rep. 140, 323 (1986). 
6. B. Cabrera, Phys. Rev. Lett. 48, 1378 (1982) . 
7. A.D. Caplin et al., Nature 321 ,402  (1986) . 
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Magnetic Monopole Searches 

Monopole Production Cross Section I Accelerator Searches 

Monopole ProducUon ~ Other Accelerator Searches 
MASS CHG ENERGY 
(GeV) (6) (GeV) B E A M  DOCUMENT ID TEEN 

>510 88-94 e + e -  5 ACCIARRI 95C L3 

5ACCIARRI 95(:: finds a limit B(Z --~ "y'y~) < 0.8 x 10 - 5  (which is possible via a 
monopole loop) at 95% EL and sets the mass limit via a cross section model. 

Monopole Flux - -  Cosmic Ray Searches 
FLUX MASS CHG COMMENTS 
(crn-2sr-ls-lXGeV) ~ (l~ = v/c) EVTS DOCUMENT IO TECN 

<1E--15 I 1 .1X10--4-0.1 0 6AMBROSIO 97 MCRO 
<4.1E-15 1 (0.18-2.7)E-3 0 7AMBROSIO 97 MCRO 
<1 .0E-15  1 0.0012-0.1 0 8AMBROSIO 97 MCRO 
<0.87E-  15 (0.11-5)E- 3 0 9 AMBROSIO 97 MCRO 
<6 .8E-15  1 4 .0E-5 0 10AMBROSIO 97 MCRO 
<2.8E-15 1 0.1-1 0 11AMBRO$10 97 MERO 
<4 .4E-15  1 0.1-1 0 12AMBROSIO 97 MCRO 
<5 .6E-15  i (0.18-3.0)E-3 0 13 AHLEN 94 MCRO 
<2.7E-15 1 /~ ~ 1 x 10 - 3  0 14 BECKER-SZ... 94 IMB 
<8.7E-15 1 > 2 . E - 3  0 THRON 92 SOUD 
<4 .4E-12  1 all/~ 0 GARDNER 91 INDU 
<7 .2E-13  i all/~ 0 HUBER 91 INDU 
<3.7E-15 >E12 1 f l = l . E - 4  0 15ORITO 91 PLAS 
<3 .2E-16  >E10 1 /~ > 0.05 0 15 ORITO 91 PLAS 
<3 .2E-16  >E10-E12 2,3 O 15ORITO 91 PLAS 
<3 .8E-13  1 all/~ 0 BERMON 90 INDU 
<5 .E -16  1 / 3 < 1 , E - 3  0 14BEZRUKOV 90 CHER 
<1 .8E-14  1 /~>1 .1E-4  0 16BUCKLAND 90 HEPT 
< 1 E - 1 8  3 .E -4  < f l  <1 .5E -3  0 17 GHOSH 90 MICA 
<7 ,2E-13  i all f l  0 HUBER 90 INDU 
<5 .E-12  >E7 1 3 .E -4  < f l  < 5 . E - 3  0 BARISH 87 CNTR 
< I . E -  13 1 ,E-5  < /~  <1 0 14 BARTELT 87 SOUD 
< 1 . E - 1 0  1 all/~ 0 EBISU 87 INDU 
<2 .E-13  1 .E -4  < /~  < 6 . E - 4  0 MASEK 87 HEPT 
<2 .E -14  4 ,E-5  < /3  < 2 . E - 4  0 NAKAMURA 87 PLAS 
< 2 . E - 1 4  1 .E-3  < /9  <1 0 NAKAMURA 87 PLA5 
< 5 . E - 1 4  9 .E -4  < # < 1 , E - 2  0 SHEPKO 87 CNTR 
<2 .E -13  4 .E-4  < /3  <1 0 TSUKAMOTO 87 CNTR 
<5 .E -14  1 all/~ 1 18 CAPLIN 86 INDU 
<5.E-- 12 1 0 CROMAR 86 INDU 
<1 ,E-13  1 7 . E - 4 < f l  0 HARA 86 CNTR 

1HE 97 used a lead target and barium phosphate glass detectors. Cross-section limits are I 
well below those predicted via the DrelI-Yan mechanism. I 

2 Multlphoton events. 
3 Cherenkov ~'adlatlon polarization. 
4 Re-examines CERN neutrino experiments. 

X-SECT MASS CHG ENERGY 
(cm 2) (GeV) (E) (GeV) BEAM EVT5 DOCUMENT I0 TEEN 

<0.65E-33 <3,3 _> 2 11A 197Au 0 1 HE 97 | 
<1.90E-33 <8.1 _> 2 160A 208pb 0 1 HE 97 I 
<3 .E -37  <45,0 1.0 88-94 e + e  - 0 PINFOLD 93 PLAS 
<3 .E -37  <41.6 2.0 88-94 e + e  - 0 PINFOLD 93 PLAS 
<7 .E-35  <44.9 0.2-1,0 89-93 e + e  - 0 KINOSHITA 92 PLAS 
<2 .E -34  <850 > 0.5 1800 p~  0 BERTANI 90 PLAS 
<1 .2E-33  <800 > 1 1800 p~  0 PRICE 90 PLAS 
<1 .E -37  <29 1 50-61 e + e  - 0 KINOSHITA 89 PLAS 
<1 .E-37  <18 2 50-61 e + e  - 0 KINOSHITA 89 PLAS 
<1 ,E -38  <17 <1 35 e + e  - 0 BRAUNSCH.,. 888 CNTR 
<8 .E -37  <24 1 50-52 e + e  - 0 KINOSHITA 88 PLAS 
<1 .3E-35  <22 2 50-52 e + e  - 0 KINOSHITA 88 PLAS 
<9 .E -37  <4  <0,15 10.6 e + e  - 0 GENTILE 87 CLEO 
<3 .E-32  <800 >_ 1 1800 p~ 0 PRICE 87 PLAS 
<3 .E -38  <3 29 e + e  - 0 FRYBERGER 84 PLA5 
<1 .E-31  1,3 540 p~ 0 AUBERT 838 PLAS 
<4 .E -38  <10 <6 34 e + e -  0 MUSSET 83 PLA5 
<8 .E -36  <20 52 p p  0 2 DELL 82 CNTR 
<9 .E -37  <30 <3 29 e + e  - 0 KINOSHITA 82 PLA$ 
<1 .E-37  <20 <24 63 p p  0 CARRIGAN 78 CNTR 
<1 .E -37  <30 <3 56 p p  0 HOFFMANN 78 PLAS 

62 p p  0 2 DELL 76 SPRK 
<4 .E -33  300 p 0 2 STEVENS 768 SPRK 
<1 ,E -40  <5 <2 70 p 0 3ZRELOV 76 CNTR 
<2 ,E -30  300 n 0 2BURKE 75 OSPK 
<1 ,E -38  8 u 0 4 CARRIGAN 75 HLBC 
<5 ,E-43  <12 <10 4 0 0  p 0 EBERHARD 758 INDU 
<2 .E -36  <30 <3 60 p p  0 GIAEOMELLI 75 PLAS 
<5 .E -42  <13 <24 400 p 0 CARRIGAN 74 CNTR 
<6 .E -42  <12 <24 300 p 0 CARRIGAN 73 CNTR 
<2 .E -36  1 0.001 ~/ 0 3 BARTLETT 72 CNTR 
<1 .E-41  <5 70 p 0 GUREVICH 72 EMUL 
<1 .E -40  <3 <2 28 p 0 AMALDI  63 EMUL 
< 2 . E - 4 0  <3 <2 30 p 0 PURCELL 63 CNTR 
<1 .E-35  <3  <4 28 p 0 FIDECARO 61 CNTR 
<2 .E -35  <1 1 6 p 0 BRADNER 59 EMUL 



742 

Searches Particle Listings 
Magnetic Monopole Searches 
< 7 . E -  11 
< 1 . E -  18 
< 5 . E -  12 
< 6 . E -  12 
< 6 . E -  10 
< 3 . E -  15 
< 2 . E - 2 1  
< 3 . E -  15 
<5 .E -12  
< 7 . E -  12 
< 7 . E -  13 
< 2 . E -  12 
< 6 , E -  13 
<~2,E- 14 
< 4 . E -  13 
< 1 . E -  16 
< 1 . E - 1 3  
< 4 . E -  13 

< 4 . E -  13 
< 1 . E -  12 
< 3 . E -  13 
< 3 . E -  12 
< 4 . E -  11 
<S .E-  15 
< 8 . E - 1 5  
<S.E-  12 
< 2 . E -  12 
<3.E--13 
< 2 . E -  12 
6 .E -10  
< 2 . E -  11 
< 2 . E -  15 
< 1 . E - 1 3  
<8 .E -11  
< 2 . E -  11 
1 .E -1  
<2.E-- 13 
< 1 . E -  19 
< 8 . E -  15 
< 2 . E -  11 

>1 
<E17 

>200 

< 1 5  

1 all/3 0 iNCANDELA 86 INDU 
4 .E -4  < /3  < 1 . E - 3  0 17 PRICE 86 MICA 

1 0 BERMON 85 INDU 
1 0 CAPLIN 85 INDU 
1 0 EBISU 85 INDU 

5 .E-5_< /3_<1 .E-3  0 14KAJITA 85 KAMI 
/3 < 1 . E - 3  0 14,19 KA-qTA 85 KAMi 
1 .E-3  < /3  < 1 . E - 1 0  14 PARK 85B CNTR 

1 1 .E-4  < /3  <1 0 BATTISTONI 84 NUSX 
1 0 INCANDELA 04 INDU 
1 3 .E -4  < /3  0 16 KAJINO ~4 CNTR 
1 3 . E - 4 < / ~ < 1 . E - 1  0 KAJINO 840CNTR 
1 5 .E -4  < /3  <1 0 KAWAGOE 84 CNTR 

1.E-3  < /3  0 14 KRISHNA... 84 CNTR 
1 6 . E - 4 < / 3 < 2 . E - - 3  0 USS 84 CNTR 

3 . E - 4 < / 3 < 1 . E - 3  0 17pRICE 84 MICA 
I 1 . E - 4 < J 3  0 PRICE 840 PLAS 
1 6 . E - 4 < / 3 < 2 , E - 3  0 TARLE 84 CNTR 

7 20 ANDERSON 83 EMUL 
1 1 . E - 2 < J ~ < 1 . E - 3  0 BARTELT 83BCNTR 
1 7 .E -3  < /3  <1 0 BARWICK 83 PLAS 
1 1 . E - 3 < / 3 < 4 . E - 1  0 BONARELLI 83 CNTR 

5 . E - 4 < / 3 < 5 . E - 2  0 14BOSETTI 83 CNTR 
1 0 CABRERA 83 INDU 
1 1 . E - 2 < / 3 < 1  0 DOKE 83 PLAS 

1 . E - 4 < J ~ < 1 . E - 1  0 14ERREOE 83 IMB 
1 1 . E - 4 < / 3 < 3 . E - 2  0 GROOM 83 CNTR 

6 .E -4  < /3  <1 0 MASHIMO 83 CNTR 
1 ~3=3.E-3 0 ALEXEYEV 82 CNTR 
1 7 . E - 3 < / 3 < 6 . E - 1 0  BONARELLI 82 CNTR 
1 all/3 1 21CABRERA 82 INDU 

1 . E - 2 < # < 1 . E - 1  0 MASHIMO 82 CNTR 
concentrator 0 BARTLETT 81 PLAS 
1 .E -3  < /~  0 KINOSHITA 818 PLAS 
3 .E -4  < /3  < 1 . E - 3  0 ULLMAN 81 CNTR 
concentrator 0 BARTLETT 78 PLAS 

2 1 22 PRICE 75 PLAS 
>2 0 FLEISCHER 71 PLAS 
>2 obsidian, mica 0 FLEISCHER 69c PLAS 
<3 concentrator 0 CARITHERS 66 ELEC 

<1-3  concentrator 0 MALKUS 51 EMUL 
6 �9 15 4 h AMBROSIO 97 global MACRO 90 ~CL is 0.78 • 10 -  at/3=1.1 x 1 0 -  , goes throug 

a minimum at 0.61 x 10 - 1 5  near /3=(1.1-2.7) x 10 - 3 ,  then rises to 0.84 x 10 - 1 5  
at/3=0.1. The global l imit in this region is below the Parker bound at 10 - 1 5  . Less 
stringent limits are established for 4 x 10 - 5  < /3 < 1. Limits set by various triggers 
in the detector are listed below. All limits assume a catalysis cross section smaller than 
10 mb. 

7AMBROSiO 97 "Scintillator D" (low veloclty~ 90%CL increases from 4.1 x 10 - 1 5  at 
#=2 .7  x 10 - 5  to 14.6 x 10 - 1 5  at/3=0.006. 

8 AM BROSIO 9? "Scintillator B" 90%CL (single mediom-veiocity tdKger with two analysis 
criteria). 

9AMBROSIO 97 streamer tube 90%CL. Tubes contain helium, and hence tdgger is 
sensitive via the atomic induction mechanism, 

IOAMBROSIO 97 CR39 90%CL Improves to 4.3 x 10 - 1 5  at /3=1.0 x 10 - 4 .  CR39 is 
sensitive for 4 x 10 - 5  < /3  < 1 except for a window at 0.25 x 10 - 3  < /9  < 2.1 x 10 - 3 .  
In the middle region other triggers set better limits. 

11AMBROSIO 97 CR39 90%CL falls to 2.7 x 10 - 1 5  at/3---1 and increases at lower veloc- 
ities. Provides better limit than "Scintillator C" for 0.1 < /3  < 1,0. 

12AMBROSIO 97 "Sdntnlator C ~ 90%CL, based on high absolute energy loss in two 
scintillator layers. 

13AHLEN 94 limit for dyons extends down to /3=0 .9E-4  and a limit of 1.3E-14 extends 
to/3 = 0.8E-4.  Also see comment by PRICE 94 and reply of BARISH 94, One loophole 
in the AHLEN 94 result is that In the case of monopoles catalyzing nucleon decay, 
relatMsltlc particles could veto the events. See AMBROSIO 97 for additional results, 

14 Catalysis of nucleon decay; sensitive to assumed catalysis cross section. 
15 ORITO 91 limits are functions of velocity. Lowest limits are given here. 
16 Used DKMPR mechanism and Penning effect. 
17Assumes monopole attaches fermlon nodeus. 
10 Limit from combining data of CAPLIN 86, BERMON 85, iNCANDELA 84. and CABR- 

ERA 83. For a discussion of controversy about CAPLIN 86 observed event, see GUY 87. 
Also see SCHOUTEN 87. 

19 Based on lack of high- energy solar neutrinos from catalysis in the sun. 
2~ long-range a (4He) tracks. 
21 CABRERA 82 candidate event has single DIrac charge within -;-5%. 
22ALVAREZ 75, FLEISCHER 75, and FRIEDLANDER 75 expiaio as fragmenting nucleus. 

EBERHARD 75 and ROSS 76 discuss conflict with other experiments. HAGSTROM 77 
reinterprets as antlnucleus. PRICE 78 reassesses. 

Monopole Rux - -  Asbophy'~ 
FLUX MASS CHG COMMENTS 
c~-2s r - l s -1 )  (GeV) ~ (8 ~ v/c) E V T S  DOCUMENT ID TECN 

< 1 . E -  16 017 1 galactic field 0 23 ADAMS 93 COSM 
< 1 . E - 2 3  Jovian planets 24ARAFUNE 85 COSM 
< 1 . E -  16 E15 solar trapping o BRACCI 850 COSM 
< 1 . E - 1 8  1 0 24 HARVEY 84 COSM 
< 3 . E -  23 neutron stars KOL8 84 COSM 
<7 .E -22  pulsars O 24 FREESE 830 COSM 

<1 .E-18  <018 1 Intergalactic field 0 24 REPHAELI 83 COSM 
<1 .E -23  neutron stars 0 24 DIMOPOUL... 82 COSM 
<5 .E-22  neutron stars 0 24 KOLB 82 COSM 
<5 .E-15  >021 galactic halo SALPETER 82 COSM 
<1 ,E -12  E19 1 /3=3.E-3  0 2STURNER 82 COSM 
<1 .E -16  1 galactic field 0 PARKER 70 COSM 

23ADAMS 93 limit based on %urvlval and growth of a small galactic seed field" is 
10 - 1 6  (m/1017 GeV) c m - 2 s  - 1  sr - 1 .  Above 1017 GeV, limit 10 - 1 6  (1017 GeV/m) 

cm - 2 s -  1 s t -  1 (from requirement that monopole denshy does not overclose the uni- 
verse) is more stringent, 

24 Catalysis of nucleon decay. 
25 Re-evaluates PARKER 70 limit for GUT monopoies. 

Monopole DeMIty - -  Matter Seardta 
CHG 

DENSITY (~) MATERIAL E V T S  DOCUMENT ID TECN 

<6.9E-6/gram >1 /3  Meteorites and other 0 JEON 95 INDU 
<2.E-7/gram >0.6 Fe ore 0 26 EBISU 87 INDU 
<4.6E-6/gram > 0.5 deep schist 0 KOVALIK 86 INDU 
< l . 6E -6 /g ram > 0.5 manganese nodules 0 27 KOVAUK 86 INDU 
< l ,3E-6 /g ram > 0.5 seawater 0 KOVALIK 86 INDU 
>1,E+14/gram >1/3  Iron aerosols >1 MIKHAILOV 83 SPEC 
<6.E-4 /gram air, seawater 0 CARRIGAN 76 CNTR 
< 5 . E - I / g r a m  >0.04 11 materials 0 CABRERA 75 INDU 
<2.E-4/gram >0.05 moon rock 0 ROSS 73 INDU 
<6.E-7 /gram <140 seawater 0 KOLM 71 CNTR 
< l . E - 2 / g r s m  <120 manganese nodules 0 FLEISCHER 69 PLAS 
< l . E - 4 / g r a m  >0 manganese 0 FLEISCHER 69B PLAS 
<2.E-3 /gram <1-3  magnetite, meteor 0 GOTO 63 EMUL 
<2.E-2/gram meteorite 0 PETUKHOV 63 CNTR 

26 Mass 1 x 1014-1 x 1017 GeV. " 
27 KOVALIK 86 examined 498 kK of schist from two sites which exhibited clear mlnearalogic 

evidence of halvng been buried at least 20 km deep and held below the Curie temperature. 

Monopole Dendty - -  Astmphydc= 
CNG 

DENSITY (4) MATERIAL 

< l .E -9 /g ram 1 sun, catalysis 
<6.E-33/nucl  1 moon wake 
< 2 . E -  28/nuci earth heat 
<2 .E-4 /p ro t  42cm absorption 
<2 .E -  13/m 3 moon wake 

28 Catalysis of nucleon decay. 

E V T S  DOCUMENT ID TECN 

0 28 ARAFUNE 83 COSM 
0 SCHATTEN 83 ELEC 
0 CARRIGAN 80 COSM 
0 BRODERICK 79 COSM 
0 SCHATTEN 70 ELEC 

AMSROSIO 97 
HE 97 
ACCIARRI 95C 
JEON 95 

Also % 
AHLEN 94 
gARISH 94 
BECKER-SZ.. 94 
PRICE 94 
ADAMS 95 
PINFOLD 93 
KINOSHITA 92 
THRON 92 
GARDNER 91 
HUBER 91 
ORITO 91 
SERMON 90 
BERTANI r 
BEZRUKOV 90 

BUCKLAND 90 
GHOSH 90 
HUBER 90 
PRICE 90 
K~NOSHITA 
BRAUNSCH_. SSB 
KINOSHITA 88 
gARISH 87 
BARTELT 57 

Also 89 
EBISU 87 

Nso 55 
GENTILE 67 
GUY ~7 
MASEK 87 
NAKAMURA 57 
PRICE 57 
SCHOUTEN 57 
SHEPKO 07 
TSUKAMOTO 87 
CAPLIN 86 

Also 87 
NSO 87 

CROMAR 86 
HARA 86 
INCANDELA 86 
KOVALIK 56 
PRICE 86 
ARAFUNE 95 
BERMON 86 
8RACCI 8,58 

Also 65 
CAPLKN 85 
EBISU 85 
KAJITA 85 
PARK 86B 
BATTISTONI iN 
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I I Supersymmetric Particle Searches I 
S U P E R S Y M M E T R Y  

Written October 1997 by Howard E. Haber (Univ. of California, 
Santa Cruz) Part I, and by M. Schmitt (CERN*) Part H 

This review is divided into two parts: 

Supersymmetry, Part I (Theory) 

1.1. Introduction 
1.2. Structure of the MSSM 
1.3. Parameters of the MSSM 
1.4. The Higgs sector of the MSSM 
1.5. The supersymmetric-particle sector 
1.6. Reducing the MSSM parameter freedom 

1.7. The constrained MSSMs: mSUGRA, GMSB, and SGUTs 
1.8. The MSSM and precision of electroweak data 
1.9. Beyond the MSSM 

Supersymmetry, Part II (Experiment) 

II.1. Introduction 
II.2. Common supersymmetry scenarios 

II.3. Experimental issues 
II.4. Supersymmetry searches in e+e - colliders 
II.5. Supersymmetry searches at proton machines 
II.6. Supersymmetry searches at HERA and fixed-target experimenl 
II.7. Conclusions 

SUPERSYMMETRY,  PART I (THEORY) 
(by H.E. Haber) 

I. 1. I n t r o d u c t i o n :  Supersymmetry (SUSY) is a generaliza- 

tion of the space-time symmetries of quantum field theory that 
transforms fermions into bosons and vice versa. It also provides 
a framework for the unification of particle physics and grav- 
ity [1-3], which is governed by the Planck scale, Me ~ 1019 GeV 
(defined to be the energy scale where the gravitational interac- 
tions of elementary particles become comparable to their gauge 
interactions). If supersymmetry were an exact symmetry of 
nature, then particles and their superpartners (which differ 
in spin by half a unit) would be degenerate in mass. Thus, 
supersymmetry cannot be an exact symmetry of nature, and 
must be broken. In theories of "low-energy" supersymmetry, 
the effective scale of supersymmetry breaking is tied to the 
electroweak scale [4-6], which is characterized by the Standard 
Model Higgs vacuum expectation value v = 246 GeV. It is thus 
possible that supersymmetry will ultimately explain the origin 
of the large hierarchy of energy scales from the W and Z masses 
to the Planck scale. 

At present, there are no unambiguous experimental results 
that require the existence of low-energy supersymmetry. How- 
ever, if experimentation at future colliders uncovers evidence 
for supersymmetry, this would have a profound effect on the 
study of TeV-scale physics and the development of a more fun- 
damental theory of mass and symmetry-breaking phenomena in 
particle physics. 
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L2. Structure of the MSSM: The minimal supersymmetric 
extension of the Standard Model (MSSM) consists of taking the 
Standard Model and adding the corresponding supersymmetric 

partners ]7]. In addition, the MSSM contains two hypercharge 
Y = +1 Higgs doublets, which is the minimal structure for 

the Higgs sector of an anomaly-free supersymmetric extension 

of the Standard Model. The supersymmetric structure of the 

theory also requires (at least) two Higgs doublets to generate 
mass for both "up"-type and "down"-type quarks (and charged 

leptons) [8,9]. All renormalizable supersymmetric interactions 

consistent with (global) B-L  conservation (B =baryon number 

and L =lepton number) are included. Finally, the most general 
soft-supersymmetry-breaking terms are added [10]. 

If supersymmetry is relevant for explaining the scale of elec- 

troweak interactions, then the mass parameters introduced by 

the soft-supersymmetry-breaking terms must be of order 1 TeV 

or below [11]. Some bounds on these parameters exist due to 

the absence of supersymmetric-particle production at current 

accelerators [12]. Additional constraints arise from limits on 
the contributions of virtual supersymmetric particle exchange 

to a variety of Standard Model processes [13,14]. The impact 

of precision electroweak measurements at LEP and SLC on the 

MSSM parameter space is discussed briefly in Section 1.8. 
As a consequence of B-L invariance, the MSSM possesses 

a multiplicative R-parity invariance, where R -- (-1) 3(B-L)+2s 

for a particle of spin S [15]. Note that this formula implies that 

all the ordinary Standard Model particles have even R-parity, 

whereas the corresponding supersymmetric partners have odd 

R-parity. The conservation of R-parity in scattering and decay 

processes has a crucial impact on supersymmetric phenomenol- 

ogy. For example, starting from an initial state involving ordi- 
nary (R-even) particles, it follows that supersymmetric parti- 

cles must be produced in pairs. In general, these particles are 
highly unstable and decay quickly into lighter states. However, 
R-parity invariance also implies that the lightest supersymmet- 

ric particle (LSP) is absolutely stable, and must eventually be 

produced at the end of a decay chain initiated by the decay of 
a heavy unstable supersymmetric particle. 

In order to be consistent with cosmological constraints, 

a stable LSP is almost certainly electrically and color neu- 

tral [16]. Consequently, the LSP in a R-parity-conserving the- 

ory is weakly-interacting in ordinary matter, i.e. it behaves like 
a stable heavy neutrino and will escape detectors without being 

directly observed. Thus, the canonical signature for conven- 

tional R-parity-conserving supersymmetric theories is missing 

(transverse) energy, due to the escape of the LSP. Moreover, the 

LSP is a prime candidate for "cold dark matter", a potentially 

important component of the non-baryonic dark matter that is 

required in cosmologies with a critical mass density [17]. 
In the MSSM, supersymmetry breaking is accomplished by 

including the most general renormalizable soft-supersymmetry- 

breaking terms consistent with the SU(3)xSU(2)xU(1) gauge 
symmetry and R-parity invariance. These terms parameterize 

our ignorance of the fundamental mechanism of supersymmetry 

breaking. If supersymmetry breaking occurs spontaneously, 
then a massless Goldstone fermion called the goldstino (G) 
must exist. The goldstino would then be the LSP and could 
play an important role in supersymmetric phenomenology [18]. 

However, the goldstino is a physical degree of freedom only 

in models of spontaneously broken global supersymmetry. If 

the supersymmetry is a local symmetry, then the theory must 

incorporate gravity; the resulting theory is called supergravity. 

In models of spontaneously broken supergravity, the goldstino is 

"absorbed" by the gravitino (g3/2), the spin-3/2 partner of the 
graviton [19]. By this super-Higgs mechanism, the goldstino is 

removed from the physical spectrum and the gravitino acquires 

a mass (m3/~). 
It is very difficult (perhaps impossible) to construct a model 

of spontaneously-broken low-energy supersymmetry where the 

supersymmetry breaking arises solely as a consequence of the 

interactions of the particles of the MSSM. A more viable scheme 

posits a theory consisting of at least two distinct sectors: 

a "hidden" sector consisting of particles that are completely 

neutral with respect to the Standard Model gauge group, and a 
"visible" sector consisting of the particles of the MSSM. There 

are no renormalizable tree-level interactions between particles 

of the visible and hidden sectors. Supersymmetry breaking is 

assumed to occur in the hidden sector, and then transmitted to 
the MSSM by some mechanism. Two theoretical scenarios have 

been examined in detail: gravity-mediated and gauge-mediated 
supersymmetry breaking. 

All particles feel the gravitational force. In particular, par- 

ticles of the hidden sector and the visible sector can interact 
via the exchange of gravitons. Thus, supergravity models pro- 

vide a natural mechanism for transmitting the supersymmetry 

breaking of the hidden sector to the particle spectrum of the 
MSSM. In models of gravity-mediated supersymmetry breaking, 

gravity is the messenger of supersymmetry breaking [20,21]. In 
this scenario, the gravitino mass is of order the electroweak- 

symmetry-breaking scale, while its couplings are roughly gravi- 

tational in strength [1,22]. Such a gravitino would play no role 

in supersymmetric phenomenology at colliders. 

In gauge-mediated supersymmetry breaking, supersymmetry 

breaking is transmitted to the MSSM via gauge forces. The 

canonical structure of such models involves a hidden sector 

where supersymmetry is broken, a "messenger sector" consist- 

ing of particles (messengers) with SU(3)xSU(2)xU(1) quantum 

numbers, and the visible sector consisting of the fields of the 

MSSM ]23,24]. The direct coupling of the messengers to the 

hidden sector generates a supersymmetry breaking spectrum 

in the messenger sector. Finally, supersymmetry breaking is 

transmitted to the MSSM via the virtual exchange of the 

messengers. If this approach is extended to incorporate grav- 

itational phenomena, then supergravity effects will also con- 

tribute to supersy~metry breaking. However, in models of 

gange-mediated supersymmetry breaking, one usually chooses 
the model parameters in such a way that the virtual exchange 
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of the messengers dominates the effects of the direct gravita- 
tional interactions between the hidden and visible sectors. In 
this scenario, the gravitino mass is typically in the eV to keV 
range, and is therefore the LSP.The helicity +�89 components of 
g3/2 behave approximately like the goldstino; its coupling to the 
particles of the MSSM is significantly stronger than a coupling 
of gravitational strength. 

1.3. P a r a m e t e r s  o f  the M S S M :  The parameters of the 
MSSM are conveniently described by considering separately 
the supersymmetry-conserving sector and the supersymmetry- 
breaking sector. A careful discussion of the conventions used 

in defining the MSSM parameters can be found in Ref. 25. For 
simplicity, consider the case of one generation of quarks, leptons, 
and their scalar superpartners. The parameters of the super- 

symmetry-conserving sector consist of: (i) gauge couplings: 
gs, g, and g~, corresponding to the Standard Model gauge 

group SU(3) xSU(2) xU(1) respectively; (ii) a supersymmetry- 
conserving Higgs mass parameter p; and (iii) Higgs-fermion 
Yukawa coupling constants: Au, Ad, and Ae (corresponding to 
the coupling of one generation of quarks, leptons, and their 
superpartners to the Higgs bosons and higgsinos). 

The supersymmetry-breaking sector contains the following 
set of parameters: (i) gaugino Majorana masses Ma, M2 and 
M1 associated with the SU(3), SU(2), and U(1) subgroups of 
the Standard Model; (ii) five scalar squared-mass parameters 
for the squarks and sleptons, M~, M~, M 2, M~, and M2E 

[corresponding to  the five electroweak gauge multiplets, i.e., 
superpartners of (u, d)L, UCL, dCL, 0/, e-)L, and eL,]; (iii) Higgs- 
squark-squark and Higgs-slepton-slepton trilinear interaction 
terms, with coefficients 44u, Ad, and Ae (these are the so-called 
"A-parameters"); and (iv) three scalar Higgs squared-mass 
parameters--two of which contribute to the diagonal Higgs 
squared-masses, given by - ~  + Ipl 2 and . ~  + I,I ~, and one off- 
diagonal Higgs squared-mass term, m~2 - B# (which defines 
the "B-parameter"). These three squared-mass parameters can 
be re-expressed in terms of the two Higgs vacuum expectation 

values, Vd and vu, and one physical Higgs mass. Here, Vd 
(vu) is the vacuum expectation value of the Higgs field which 
couples exclusively to down-type (up-type) quarks and leptons. 
(Another notation often employed in the literature is vl - Vd 
and v2 -- vu.) Note that v~ + v 2 -- (246 GeV) 2 is fixed by the 

W mass (or equivalently by the Fermi constant GF), while the 

ratio tan fl = vulval (1) 

is a free parameter of the model. 
The total number of degrees of freedom of the MSSM is 

quite large, primarily due to the parameters of the soft-super- 

symmetry-breaking sector. In particular, in the case of three 
generations of quarks, leptons, and their superpartners, M 2, 

M~, M~, M.~, and M~E are hermitian 3 x 3 matrices, and the 
A-parameters are complex 3 x 3 matrices. In addition, M1, M2, 
M3, B and # are in general complex. Finally, as in the Standard 
Model, the Higgs-fermion Yukawa couplings, A/ ( f = u ,  d, and 
e), axe complex 3 x 3 matrices which are related to the quark 
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and lepton mass matrices via: Mf  = ~f~Yf/%~, where ve -- Vd 
(with Vu and Vd as defined above). However, not all these 
parameters are physical. Some of the MSSM parameters can 
be eliminated by expressing interaction eigenstates in terms of 
the mass eigenstates, with an appropriate redefinition of the 
MSSM fields to remove unphysical degrees of freedom. The 
analysis of Ref. 26 shows that the MSSM possesses 124 truly 
independent parameters. Of these, 18 parameters correspond 
to Standard Model parameters (including the QCD vacuum 
angle 0QCD), one corresponds to a Higgs sector parameter (the 
analogue of the Standard Model Higgs mass), and 105 are 
genuinely new parameters of the model. The latter include: 
five real parameters and three CP-violating phases in the 

gaugino/higgsino sector, 21 squark and slepton masses, 36 
new real mixing angles to define the squark and slepton mass 

eigenstates and 40 new CP-violating phases that can appear 
in squark and slepton interactions. The most general R-parity- 
conserving minimal supersymmetric extension of the Standard 
Model (without additional theoretical assumptions) will be 

denoted henceforth as MSSM-124 [27]. 

I. 4. The Higgs sector  o f  the MSSM: Before describing the 
supersymmetric-particle sector, let us consider the Higgs sector 
of the MSSM [8,9,28]. Despite the large number of potential 
CP-violating phases among the MSSM-124 parameters, one can 
show that the tree-level MSSM Higgs sector is automatically 
CP-conserving. That is, unphysical phases can be absorbed 
into the definition of the Higgs fields such that tanfl is a real 
parameter (conventionally chosen to be positive). Moreover, 
the physical neutral Higgs scalars are C P  eigenstates. There 
are five physical Higgs particles in this model: a charged Higgs 
boson pair (H• two CP-even neutral Higgs bosons (denoted 

by H ~ and H ~ where mHo <_ mHo ) and one CP-odd neutral 
Higgs boson (A~ 

The properties of the Higgs sector are determined by the 
Higgs potential which is made up of quadratic terms [whose 
squared-mass coefficients were mentioned above Eq. (1)] and 

quartic interaction terms. The strengths of the interaction 
terms are directly related to the gauge couplings by supersym- 
metry (and are not affected at tree-level by supersymmetry 
breaking). As a result, t an~  [defined in Eq. (1)] and one 
Higgs mass determine the tree-level Higgs-sector parameters. 
These include the Higgs masses, an angle a [which measures 

the component of the original Y = 4-1 Higgs doublet states 
in the physical CP-even neutral scalars], and the Higgs boson 
couplings. 

When one-loop radiative corrections are incorporated, ad- 
ditional parameters of the supersymmetric model enter via 
virtual loops. The impact of these corrections can be signif- 
icant [29,30]. For example, at tree-level, MSSM-124 predicts 
mHo <_ mz] cos 2fl I _< mz [8,9]. If this prediction were accu- 
rate, it would imply that H ~ must be discovered at the LEP-2 
collider (running at its maximum energy and luminosity); other- 
wise MSSM-124 would be ruled out. However, when radiative 
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corrections are included, the light Higgs-mass upper bound may 
be significantly increased. For example, in Ref. 29, the follow- 
ing approximate upper bound was obtained for mH~ (assuming 

mAo > rag) in the limit of m z  << mt << M T ]where top-squark 
('~L-~R) mixing is neglected] 

(2/ 
More refined computations (which include the effects of top- 
squark mixing, renormalization group improvement, and the 

leading two-loop contributions) yield mH~ <~ 125 GeV for mt = 
175 GeV and a to~squark mass of Mi < 1 TeV [31]. Clearly, the 

radiative corrections to the Higgs masses can have a significant 
impact on the search for the Higgs bosons of the MSSM at 

LEP [321. 

1.5. The supersymmeSr ic -par t ic le  sector: Consider the 
sector of supersymmetric particles (sparticles) in the MSSM. 
The supersymmetric partners of the gauge and Higgs bosons 
are fermions, whose names are obtained by appending "ino" at 
the end of the corresponding Standard Model particle name. 
The gluino is the color octet Majorana fermion partner of the 
gluon with mass M~- -  IMal. The supersymmetric partners 
of the electroweak gauge and Higgs bosons (the gauginos and 
higgsinos) can mix. As a result, the physical mass eigenstates 
are model-dependent linear combinations of these states, called 
charginos and neutralinos, which are obtained by diagonalizing 
the corresponding mass matrices. The chargino-mass matrix 

depends on 3,/2, p, tan fl and m w  ]33]. 
The corresponding chargino-mass eigenstates are denoted M~ 

by X 1 and X+, with masses IR 

gaugino or Higgsino state, it may be convenient to use the 
corresponding nomenclature. For example, if M1 and 3//2 are 
small compared to m z  (and I~tl), then the lightest neutralino X~ 

will be nearly a pure photino, ~ (the supersymmetric partner of 
the photon). 

The supersymmetric partners of the quarks and lept0ns are 
spin-zero bosons: the squarks, charged sleptons, and sneutrinos. 

For simplicity, only the one-generation case is illustrated below 
(using first-generation notation). For a given fermion f ,  there 

are two supersymmetric partners fL and fR which are scalar 
partners of the corresponding left and right-handed fermion. 

(There is no ~R in the MSSM.) However, in general, fL and 
f-a are not mass-eigenstates since there is fL- fR mixing which 
is proportional in strength to the corresponding element of the 
scalar squared-mass matrix [34] 

M~ R = { md(Ad -- #tan~) ,  for "down"-type f 
m~(Au - pcot/3), for "up"-type f ,  (4) 

where md (mu) is the mass of the appropriate "down" ("up") 
type quark or lepton. The signs of the A-parameters are also 
convention-dependent; see Ref. 25. Due to the appearance of 
the fermion mass in Eq. (4), one expects MLR to be small 
compared to the diagonal squark and slepton masses, with the 
possible exception of the top-squark, since mt is large, and the 
bottom-squark and tau-slepton if tan fl ~> 1. 

The (diagonal) L- and R-type squark and slepton squared- 
masses are given by [2] 

M} 2 . ~  0 w ) - ~  cos2~, L = M~ + f + (T3] - e I sin s 

S 2 e I sin 20wrn~ cos 2~, = M R + m ] +  (5) 

M_§ ~+ = ~ [,I + IM212 + 2 . ~  
X~ ,X2 

q: ([#[s + [M212 + 2row) _ 4[#[S[M212 

where M 2 = M 2- [M~] for E L and dz [EL and e'L], and 
F Q 

M 2 - M  2 M~ and M~ for uR, dR, and eR, respectively. In 
e _ 2  1 addition, ] - 5 ,  - 5 ,  0, - 1  for f = u ,  d, v, and e, respectively, 

T31 = �89 [-�89 for up-type [down-type] squarks and sleptons, and 

�9 ] 1 / 2 )  

- 4rn~v sin 2 2fl + 8rn~v sin2fl Re(pM2)J ) ,  (3) 

where the states are ordered such that My+ <_ % + .  If CP- 

violating effects are ignored (in which case, M2 and g are real 
parameters), then one can choose a convention where tan fl and 
M2 are positive. (Note that the relative sign of M2 and # is 
meaningful. The sign of p is convention-dependent; the reader 
is warned that both sign conventions appear in the literature.) 

The sign convention for p implicit in Eq. (3) is used by the 
LEP collaborations [12] in their plots of exclusion contours 
in the M2 vs. # plane derived from the non-observation of 

e+e- -~ ~1+~7, 
The neutralino mass matrix depends on M1, M2, #, tanfl, 

m z ,  and the weak mixing angle Ow [33]. The corresponding 
~o 

neutralino eigenstates are usually denoted by Xi (i = 1, . . .  4), 
according to the convention that M~? < M ~  _< M ~  < M ~ .  

If a chargino or neutralino eigenstate approximates a particular 

m I is the corresponding quark or lepton mass. Squark and 
slepton mass eigenstates, generically called f l  and ~ (these are 
linear combinations of f'L and fR) are obtained by diagonalizing 
the corresponding 2 x 2 squared-mass matrices. 

In the case of three generations, the general analysis is 
more complicated. The scalar squared-masses [M 2 and M~R in 

Eq. (5)], the fermion masses m I and the A-parameters are now 
3 x 3 matrices as noted in Section 1.3. Thus, to obtain the 
squark and slepton mass eigenstates, one must diagonalize 6 x 6 

mass matrices. As a result, intergenerational mixing i s possible, 
although there are some constraints from the nonobservation 
of FCNC's [14]. In practice, because off-diagonal scalar mixing 
is appreciable only for the third generation, this additional 
complication can usually be neglected. 

It should be noted that all mass formulae quoted in this 
section are tree-level results. One-loop corrections will modify 
all these results, and eventually must be included in any 
precision study of supersymmetric phenomenology. 
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L6.  Reducing the M S S M  parameter  freedom: Even in 

the absence of a fundamental theory of supersymmetry break- 
ing, one is hard-pressed to regard MSSM-124 as a fundamental 

theory. For example, no fundamental explanation is provided 
for the origin of electroweak symmetry breaking. Moreover, 

MSSM-124 is not a phen0menologically viable theory over most 

of its parameter space. Among the phenomenologically defi- 

ciencies are: (i) no conservation of the separate lepton numbers 

Le, L~, and Lr; (ii) unsuppressed FCNC's; and (iii) new 
sources of CP-violation that are inconsistent with the exper- 

imental bounds. As a result, almost the entire MSSM-124 

parameter space is ruled out! This theory is viable only at very 
special "exceptional" points of the full parameter space. 

MSSM-124 is also theoretically deficient since it provides 

no explanation for the origin of the supersymmetry-breaking 

parameters (and in particular, why these parameters should 

conform to the exceptional points of the parameter space 

mentioned above). Moreover, the MSSM contains many new 

sources of CP violation. For example, some combination of 

the complex phases of the gaugino-mass parameters, the A- 

parameters, and # must be less than of order 10-2-10 -3 (for a 

supersymmetry-breaking scale of 100 GeV) to avoid generating 
electric dipole moments for the neutron, electron, and atoms in 

conflict with observed data [35]. 

There are two general approaches for reducing the param- 

eter freedom of MSSM-124. In the low-energy approach, an 

attempt is made to elucidate the nature of the exceptional 

points in the MSSM-124 parameter space that are phenomeno- 

logically viable. Consider the following two possible choices. 

First, one can assume that MQ, MU, M~, M:~, M2E and the 

matrix A-parameters are generation-independent (horizontal 
universality [5,26,36]). Alternatively, one can simply require 

that all the aforementioned matrices are flavor diagonal in a 
basis where the quark and lepton mass matrices are diagonal 

(flavor alignment [37]). In either case, L~, L~, and Lr are 

symmetry breaking is generated radiatively, and the resulting 

electroweak symmetry-breaking scale is intimately tied to the 
scale of low-energy supersymmetry breaking. 

One of the most common predictions of the high-energy 

approach is the unification of gangino mass parameters at some 
high-energy scale Mx, i.e., 

U l ( U x )  = M2(Mx) =- M3(Mx) = ml/2 . (6) 

This is a common prediction of both grand unified supergravity 
models and gauge-mediated supersymmetry-breaking models. 

Consequently, the effective low-energy gaugino mass parameters 
(at the electroweak scale) are related: 

M3 = (g~/g2)U2 , U l  = (Sg'2 /392 )U2  ~- 0 . 5 M 2  . (7)  

In this case, the chargino and neutralino masses and mixing 

angles depend only on three unknown parameters: the gluino 

mass, ~, and tanfl. However, the assumption of gaugino-mass 

unification could prove false and must eventually be tested 

experimentally. For example, the phenomenology of neutralinos 

in a model with M1 ~ M2 can differ in some interesting ways 

from the standard phenomenology based on Eq. (7), as shown 

in Ref. 38. 

1.7. The constrained MSSMs: mSUGRA, GMSB, and 
SGUTs: One way to guarantee the absence of significant 

FCNC's mediated by virtual supersymmetric-particle exchange 

is to posit that the diagonal soft-supersymmetry-breaking scalar 

squared-masses are universal at some energy scale. In models 

of gauge-mediated supersymmetry breaking, scalar squared- 
masses are expected to be flavor independent since gauge forces 

are flavor-blind. In the minimal supergravity (mSUGRA) 

framework [1,2], the soft-supersymmetry breaking parameters 

at the Planck scale take a particularly simple form in which the 
scalar squared-masses and the A-parameters are flavor diagonal 

and universal [20]: 
separately conserved, while tree-level FCNC's are automati- 

cally absent. In both cases, the number of free parameters 

characterizing the MSSM is substantially less than 124. Both 
scenarios are phenomenologically viable, although there is no 

strong theoretical basis for either scenario. 

In the high-energy approach, one treats the parameters of 

the MSSM as running parameters and imposes a particular 

MQ(Mp) = M2(Mp) = M/~(Mp) -- m21,  

M~(Me) = M2(Me) = m~l ,  

m2(Mp) = m2(Me) = m 2 , 

Au(Mp) = AD(Mp) = AL(Mp) = A01, (8) 
structure on the soft-supersymmetry-breaking terms at a com- 

mon high-energy scale [such as the elanck scale (Up)]. Using 

the renormalization group equations, one can then derive the 

low-energy MSSM parameters. The initial conditions (at the 
appropriate high-energy scale) for the renormalization group 

equations depend on the mechanism by which supersymmetry 

breaking is communicated to the effective low energy theory. 

Examples of this scenario are provided by models of gravity- 

mediated and gauge-mediated supersymmetry breaking (see 
Section 1.2). One bonus of such an approach is that one of the 

diagonal Higgs squared-mass parameters is typically driven neg- 
ative by renormalization group evolution. Thus, electroweak 

where 1 is a 3 x 3 identity matrix in generation space. Renor- 

malization group evolution is then used to derive the values of 

the supersymmetric parameters at the low-energy (electroweak) 
scale. For example, to compute squark and slepton masses, 

one must use the low-energy values for M 2 and M 2 in Eq. (5). 
F R 

Through the renormalization group running with boundary con- 

ditions specified in Eq. (7) and Eq. (8), one can show that the 

low-energy values of M F and M2~R depend primarily on m~ and 

m21/2. A number of useful approximate analytic expressions for 

superpartner masses in terms of the mSUGRA parameters can 
be found in Ref. 39. 
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Clearly, in the mSUGRA approach, the MSSM-124 param- 
eter freedom has been sharply reduced. For example, typical 

mSUGRA models give low-energy values for the scalar mass 

parameters that satisfy MZ ~ M~ < M~ ~ My ~ M~ with 
the squark mass parameters somewhere between a factor of 1-3 

larger than the slepton mass parameters (e.g., see Ref. 39). 

More precisely, the low-energy values of the squark mass pa- 

of Planck-scale soft-supersymmetry-breaking parameters is not 
generic [41]. 

In the minimal gauge-mediated supersymmetry-breaking 
(GMSB) approach, there is one effective mass scale, A, that 

determines all low-energy scalar and gangino mass parameters 
through loop-effects (while the resulting A-parameters are sup- 

pressed). In order that the resulting superpartner masses be 
rameters of the first two generations are roughly degenerate, 

while M~3 and M~a are typically reduced by a factor of 1-3 
from the values of the first and second generation squark mass 

parameters because of renormalization effects due to the heavy 

top quark mass. 

As a result, one typically finds that four flavors of squarks 

(with two squark eigenstates per flavor) and bR are nearly 

mass-degenerate. The bL mass and the diagonal ~L and ~R 

masses are reduced compared to the common squark mass of 
the first two generations. (If tan~ >> 1, then the pattern of 

third generation squark masses is somewhat altered; e.g., see 

Ref. 40.) In addition, there are six flavors of nearly mass- 

degenerate sleptons (with two slepton eigenstates per flavor for 

the charged sleptons and one per flavor for the sneutrinos); the 

sleptons are expected to be somewhat lighter than the mass- 

degenerate squarks. Finally, third generation squark masses 

and tan-slepton masses are sensitive to the strength of the 

respective f L - f R  mixing as discussed below Eq. (4). 
Due to the implicit ml/2  dependence in the low-energy 

values of M~, M~ and M~, there is a tendency for the gluino 

in mSUGRA models to be lighter than the first and second 

of order 1 TeV or less, one must have A ,,, 100 TeV. The 

origin of the ~ and B-parameters is quite model dependent 
and lies somewhat outside the ansatz of gauge-mediated su- 

persymmetry breaking. The simplest models of this type are 

even more restrictive than mSUGRA, with two fewer degrees 
of freedom. However, minimal GMSB is not a fully realized 

model. The sector of supersymmetry-breaking dynamics can 

be very complex, and it is fair to say that no complete model of 

gauge-mediated supersymmetry yet exists that is both simple 
and compelling. 

It was noted in Section 1.2 that the gravitino is the LSP 

in GMSB models. Thus, in such models, the next-to-lightest 

supersymmetric particle (NLSP) plays a crucial role in the phe- 

nomenology of supersymmetric particle production and decay. 

Note that unlike the LSP, the NLSP can be charged. In GMSB 
-0 

models, the most likely candidates for the NLSP are X 1 and 
r~. The NLSP will decay into its superpartner plus a gravitino 

~0 -0 
(e.g., X 1 ---+ "r'g3/2, X1 --* Z'g3/2 or r~ --+ r+~3/2), with lifetimes 
and branching ratios that depend on the model parameters. 

Different choices for the identity of the NLSP and its 

decay rate lead to a variety of distinctive supersymmetric 
generation squarks. Moreover, the LSP is typically the lightest 

-0 
neutralino, X1, which tends to be dominated by its gangino 

components. However, there are some regions of mSUGRA 

parameter space where the above conclusions do not hold. For 

example, one can reject those mSUGRA parameter regimes in 
which the LSP is a chargino. 

One can count the number of independent parameters in 
the mSUGRA framework. In addition to 18 Standard Model 
parameters (excluding the Higgs mass), one must specify m0, 

mz/2, A0, and Planck-scale values for /~ and B-parameters 

(denoted by #o and Bo). In principle, Ao, Bo and #0 can be 
complex, although in the mSUGRA approach, these parameters 

are taken (arbitrarily) to be real. As previously noted, renor- 

malization group evolution is used to compute the low-energy 
values of the mSUGRA parameters, which then fixes all the pa- 

rameters of the low-energy MSSM. In particular, the two Higgs 
vacuum expectation values (or equivalently, m z  and tan~) can 
be expressed as a function of the Planck-scale supergravity 

parameters. The simplest procedure is to remove ~0 and Bo in 

favor of m z  and tan fl (the sign of #o is not fixed in this process). 

In this case, the MSSM spectrum and its interaction strengths 

are determined by five parameters: mo, Ao, ml/2, tanl3, and 
the sign of #o, in addition to the 18 parameters of the Standard 

Model. However, the mSUGRA approach is probably too sim- 
plistic. Theoretical considerations suggest that the universality 

phenomenologies [42]. For example, along-lived X?-NLSP that 

decays outside coUider detectors leads to supersymmetric decay 
chains with missing energy in association with leptons and/or 

hadronic jets (this case is indistinguishable from the canonical 
-0 

phenomenology of the X~-LSP). On the other hand, if X 1 --+ 

793/2 is the dominant decay mode, and the decay occurs inside 
the detector, then nearly all supersymmetric particle decay 
chains would contain a photon. In contrast, the case of a ~ -  

NLSP would lead either to a new long-lived charged particle 

(i.e., the ~ )  or to supersymmetric particle decay chains with 
r-leptons. 

Finally, grand unification can impose additional constraints 

on the MSSM parameters. Perhaps one of the most com- 
pelling hints for low-energy supersymmetry is the unification 

of SU(3)xSU(2)xU(1) gauge couplings predicted by models of 
supersymmetric grand unified theories (SGUTs) [5,43] (with 

the supersymmetry-breaking scale of order 1 TeV or below). 
Gauge coupling unification, which takes place at an energy 
scale of order 1016 GeV, is quite robust (i.e., the unification 

depends weakly on the details of the theory at the unification 

scale). Current low-energy data is in fair agreement with the 

predictions of supersymmetric grand unification as discussed in 

Section 1.8. 

Additional SGUT predictions arise through the unification 
of the Higgs-fermion Yukawa couplings (A/). There is some 
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evidence that A b = A r leads to good tow-energy phenomenol- 

ogy [44], and an intriguing possibility that Ab = Ar = At may 

be phenomenologically viable [45,40] in the parameter regime 

where tanfl  -~ mt/mb. Finally, grand unification imposes con- 

straints on the soft-supersymmetry-breaking parameters. For 

example, gaugino-mass unification leads to the relations given 

in Eq. (7). Diagonal squark and slepton soft-supersymmetry- 

breaking scalar masses may also be unified, which is analogous 

to the unification of Higgs-fermion Yukawa couplings. 

In the absence of a fundamental theory of supersymmetry 

breaking, further progress will require a detailed knowledge of 

the supersymmetric-particle spectrum in order to determine the 

nature of the high-energy parameters. Of course, any of the 

theoretical assumptions described in this section could be wrong 

and must eventually be tested experimentally. 

L8.  The M S S M  and precis ion of  electroweak data: 
The MSSM provides a framework that can be tested by preci- 

sion electroweak data. The level of accuracy of the measured 

Z decay observables at LEP and SLC is sufficient to test 

the structure of the one-loop radiative corrections of the elec- 

troweak model [46]. Thus the precision electroweak data is 

potentially sensitive to the virtual effects of undiscovered par- 

ticles. Combining the most recent LEP and SLC electroweak 

results (including the limits obtained from the direct Higgs 

search at LEP) with the recent top-quark mass measurement 

at the Tevatron, a preference is found [47,48] for a light Higgs 

boson mass of order mz, which is consistent with the MSSM 

Higgs mass upper bound discussed in Section 1.4. [More pre- 

cisely, in Ref. 48, the best fit value for the mass of the Standard 

Model Higgs boson ranges from about 83 to 140 GeV, while 

the 95% CL upper limit ranges from 287 to 361 GeV, de- 

pending on the value used for o~(mz). (Similar results have 

been obtained in Ref. 47). Moreover, for Z decay observables, 

the effects of virtual supersymmetric-particle exchange are sup- 

pressed by a factor of 2 2 mz/M~vsY , and therefore decouple in 

the limit of large supersymmetric-particle masses. It follows 

that for MsusY >> mz (in practice, it is sufficient to have all 

supersymmetric-particle masses above 200 GeV), the MSSM 

yields an equally good fit to the precision electroweak data as 

compared to the Standard Model fit. 

At present, a, global fit of the electroweak data by Erler 

and Langacker (EL) [48] is in excellent agreement with the 

predictions of the Standard Model. If some supersymmetric 

particles are light (say, below 200 GeV but above present 

experimental bounds deduced from direct searches), then it is 

possible that the EL fit could be modified in the MSSM. A 

few years ago, when the rate for Z --* bb was four standard 

deviations above the Standard Model prediction, the possibility 

that the MSSM could improve the global electroweak fit was 

taken quite seriously. However, it is hard to imagine that the 

MSSM could significantly improve the quality of the current 

EL fit (given that the Standard Model fit is already quite 

good, and a global fit in the context of the MSSM would 

necessarily involve more degrees of freedom). On the other 

hand, the MSSM could significantly decrease the goodness of 

the Standard Model fit. This possibility has been explored 

recently in Ref. 49. Their analysis shows that one can slightly 

reduce the allowed region of mSUGRA and GMSB model 

parameter spaces beyond the region already ruled out by the 

non-observation of direct supersymmetric particle production. 

Electroweak observables are also sensitive to the strong 

coupling constant through the QCD radiative corrections. The 

EL global fit extracts a value of as(rag) = 0.1214 4-0.0031, 

which is in good agreement with the world average of as(mz) = 
0.11914-0.0018 [48]. This result has important implications for 

the viability of supersymmetric unification. Given the low- 

energy values of the electroweak couplings g(mg) and g'(mz), 
one can predict as(mz) by using the MSSM renormalization 

group equations to extrapolate to higher energies and imposing 

the unification condition on the three gauge couplings at some 

high-energy scale, Mx. This procedure (which fixes Mx) can 

be successful (i.e., three running couplings will meet at a single 

point) only for a unique value of as(mz) .  The extrapolation 

depends somewhat on the low-energy supersymmetric spectrum 

(so-called low-energy "threshold effects") and on the SGUT 

spectrum (high-energy threshold effects), which can somewhat 

alter the evolution of couplings. For example, allowing for low- 

energy threshold effects but neglecting threshold corrections 

near the unification scale, Ref. 50 finds that SGUT unification 

in the mSUGRA model predicts that (~s(mz) > 0.126, which 

is only in slight disagreement with the results of the EL fit. 

(Similar results have been obtained in Ref. 51.) Taking SGUT 

threshold effects into account could either slightly increase or 

decrease the predicted value of as(mz), depending on the 

details of the model. In contrast, the corresponding result for 

the Standard Model extrapolation, (~(mz) "" 0.073 4-0.002 

[52], is many standard deviations away from the experimentally 

observed result. 

L 9. Beyond  the M S S M :  Non-minimal models of low-energy 

supersymmetry can also be constructed. One approach is to 

add new structure beyond the Standard Model at the TeV 

scale or below. The supersymmetric extension of such a theory 

would be a non-minimal extension of the MSSM. Possible new 

structures include: (i) the supersymmetric generalization of the 

see-saw model of neutrino masses [53,54]; (ii) an enlarged elec- 

troweak gauge group beyond SU(2) x U(1) [55]; (iii) the addition 

of new, possibly exotic, matter multiplets [e.g., a vector-like 

color triplet with electric charge �89 such states sometimes 

occur as low-energy remnants in E6 grand unification mod- 

els]; and/or (iv) the addition of low-energy SU(3)xSU(2)xU(1) 

singlets [56]. A possible theoretical motivation for such new 

structure arises from the study of phenomenologically viable 

string theory ground states [57]. 

A second approach is to retain the minimal particle con- 

tent of the MSSM but remove the assumption of R-parity 

invariance. The most general R-parity-violating (RPV) theory 
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involving the MSSM spectrum introduces many new parameters 
to both the supersymmetry-conserving and the supersymmetry- 
breaking sectors. Each new interaction term violates either B 

* Now at Harvard University. 

References 

or L conservation. For example, consider new scalar-fermion 
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SUPERSYMMETRY, PART II (EXPERIMENT) 
(by M. Schmitt) 

II. 1. Introduction: The theoretical strong points of super- 

symmetry (SUSY) have motivated many searches for supersym- 
metric particles. Most of these have been guided by the MSSM 

and are based on the canonical missing-energy signature caused 

by the escape of the LSP's ('lightest supersymmetric particles'). 

More recently, other scenarios have received considerable atten- 

tion from experimenters, widening the range of topologies in 
which new physics might be found. 

Unfortunately, no convincing evidence for the production of 

supersymmetric particles has been found. The most far reaching 

laboratory searches have been performed at the Tevatron and at 

LEP, and these are the main topic of this review. In addition, 

there are a few special opportunities exploited by HERA and 

certain fixed-target experiments. 

In order to keep this review as current as possible, the most 
recent results have been used, including selected preliminary 

results reported at the High Energy Conference of the European 
Physical Society, held in Jerusalem during August 1997. 

Theoretical aspects of supersymmetry have been covered in 

Part I of this review by H.E. Haber (see also Ref. 1, 2); we use 

his notations and terminology. 

11.2. Common  supersymmetry  scenarios: In the 'canon- 

ical' scenario [1], supersymmetrie particles are pair-produced 

and decay directly or via cascades to the LSP. For most typi- 
cal choices of model parameters, the lightest neutralino is the 

LSP. Conservation of R-parity is assumed, so the LSP's do 
not decay and escape detection, causing an apparent trans- 

verse momentum imbalance, p~i~ (also referred to as missing 
transverse energy, ~T), and missing energy, E miss. There are 

always two LSP's per event. The searches demand significant 
p~iSs as the main discriminant against Standard Model (SM) 

processes; collimated jets, isolated leptons or photons, and ap- 

propriate kinematic cuts provide additional handles to reduce 

backgrounds. 

The conservation of R-parity is not required in super- 

symmetry, however, and in some searches it is assumed that 

supersymmetric particles decay Via interactions which violate 

R-parity (RPV), and hence, lepton and/or baryon number. For 
the most part the production of superpartners is unchanged, but 

in general the missing-energy signature is lost. Depending on 

the choice of the R-parity-breaking interaction, SUSY events 

are characterized by excess leptons or hadronic jets, and in 

many cases it is relatively easy to suppress SM backgrounds [3]. 

In this scenario the pair-production of LSP's, which need not 
~0, 

be X 1 s or ~'s, is a significant SUSY signal. 

In models assuming gauge-mediated supersymmetry break- 
ing (GMSB) [4], the gravitino ga/2 is a weakly-interacting 

fermion with a mass so small that it can be neglected when 

considering the event kinematics. It is the LSP, and the lightest 

neutralino decays to it radiatively, possibly with a very long 

lifetime. For the most part the decays and production of other 
superpartners are the same as in the canonical scenario, so 

~0 
when the X 1 lifetime is not too long, the event topologies are 
augmented by the presence of photons which can be energetic 

and isolated. If the X 1 hfetime is so long that it decays outside 

of the detector, the event topologies are the same as in the 

canonical scenario. In some variants of this theory the right- 

sleptons are lighter than the lightest neutralino, and they decay 

to a lepton and a gravitino. This decay might occur after the 
slepton exits the apparatus, depending on model parameters. 

Finally, in another scenario the gluino ~ is assumed to be 

very light (M~ < 5 GeV/c 2) [5]. It is a color-octet fermion 

which can saturate the decays of charginos and neutralinos. In 

this scenario the decay of the gluino to the lightest neutralino is 
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kinematically suppressed, so long-lived supersymmetric hadrons 

(~ + g bound states called R~ are formed [6]. These will 

produce hadronic showers in the calorimeters, thus spoiling 

the canonical missing-energy signature on which most SUSY 

searches rely. The exclusion of a light gluino is not settled 

(see the Listings), however, given recent experimental and 

theoretical developments, this issue may well be settled in the 

near future. 

II .3.  Emperimental  issues:  Before describing the results of 

the searches, a few words about the issues facing the experi- 

menters are in order. 

Given no signal for supersymmetric particles, experimenters 

are forced to derive limits on their production. The most general 

formulation of supersymmetry is so flexible that few universal 

bounds can be obtained. Often more restricted forms Of the 

theory are evoked for which predictions are more definite--and 

exclusions more constraining. The most popular of these is 

given confidence level N upper is computed from N and b (see 

review of Statistics). The experimental bound is simply 

e- a < Nupper/z:. (1) 

This information is nearly always reported, but some care is 

needed to understand how the acceptance was estimated, since 

it is often sensitive to assumptions about masses and branching 

ratios. Also, in the more complicated analyses, N upper also 

changes as a result of the optimization for a variety of possible 

signals. 

The theoretical parameter space is constrained by comput- 

ing e �9 a of Eq. (1) in terms of the relevant parameters while 

Nupper/• is fixed by experiment. Even after the theoretical sce- 

nario and assumptions have been specified, some choice remains 

about how to present the constraints. The quantity e �9 a may 

depend on three or more parameters, yet in a printed page 

one usually can display limits only in a two-dimensional space. 

minimal supergravity ( 'mSUGRA').  As explained in the Part I Three rather different tactics are employed by experimenters: 

of this review, parameter freedom is drastically reduced by �9 Select "typical" values for the parameters not 
requiring related parameters to be equal at the unification scale. 

Thus, the gaugino masses are equal with value roll2, and the 

slepton, squark, and Higgs masses depend on a common scalar 

mass parameter, m0- In the individual experimental analyses, 

only some of these assumptions are necessary. For example, 

the gluon and squark searches at proton machines constrain 

mainly M3 and a scalar mass parameter m0 for the squark 

masses, while the chargino, neutralino, and slepton searches 

at e+e - colliders constrain M2 and a scalar mass parameter 

m0 for the slepton masses. In addition, results from the Higgs 

searches can be used to constrain ml/2 and m0 as a function 

of tan/Y. (The full analysis involves large radiative corrections 

coming from squark mixing, which is where the dependence on 

ml/2 and m0 enter.) In the mSUGRA framework, all the scalar 

mass parameters m0 are the same and the three gaugino mass 

shown. These may be suggested by theory, or val- 

ues giving more conservative---or more powerful-- 

results may be selected. Although the values are 

usually specified, one sometimes has to work to 

understand the possible 'loopholes.' 

Scan the parameters not shown. The lowest value 

for e .a  is used in Eq. (1), thereby giving the weakest 

limit for the parameters shown. As a consequence, 

the limit applies for all values of the parameters not 

shown. 

Scan parameters to find the lowest acceptance e and 

use it as a constant in Eq. (1). The limits are then 

safe from theoretical uncertainties but may be over- 

conservative, hiding powerful constraints existing in 

more typical cases. 
parameters are proportional to ml/2, so limits from squarks, 

sleptons, charginos, gluinos, and Higgs all can be used to 

constrain the parameter space. 

While the mSUGRA framework is convenient, it is based 

on several theoretical assumptions which are highly specific, so 

limits presented in this framework cannot easily be applied to 

other supersymmetric models. Serious attempts to reduce the 

model dependence of experimental exclusions have been made 

recently. When model-independent results are impossible, the 

underlying assumptions and their consequences are carefully 

delineated. This is easier to achieve at e+e - colliders than at 

proton machines. 

The least model-dependent result from any experiment 

is the upper limit on the cross section. It requires only the 

number N of candidate events , the integrated luminosity s 

the expected backgrounds b, and the acceptance e for a given 

signal. The upper limit on the number of signal events for a 

Judgement is exercised: the second option is the most correct 

but may be impractical or uninteresting; most often representa- 

tive cases are presented. These latter become standard, allowing 

a direct comparison of experiments, and also the opportunity 

to combine results. 

Limits reported here are derived for 95% C.L. unless noted 

otherwise. 

II.,~. Supersyrnmetry  searches in e + e  - eolliders: The 

center-of-mass energy of the large electron-positron collider 

(LEP) at CERN has been raised well above the Z peak 

in recent years. After collecting approximately 150 pb -1 at 

LEP 1, each experiment (ALEPH, DELPHI, L3, OPAL) 

has accumulated the first data at LEP 2: about 5.7 pb -1 at 

v/~ ,,~ 133 GeV (1995) [7], 10 pb -1 at 161 GeV and 11 pb -1 

at 172 GeV (1996). This review emphasizes the most recent 

LEP 2 results. 

At LEP experiments and SLD at SLAC excluded all visible 

supersymmetric particles up to about half the Z mass (see 

the Listings for details). These limits come mainly from the 
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comparison of the measured Z widths to the SM expectations, 

and depend less on the details of the SUSY particle decays than 
do the results of direct searches [8]. The new data taken at 

higher energies allow much stronger limits to be set, although 
the complex interplay of masses, cross sections, and branching 

ratios makes simple general limits impossible to specify. 

The main signals come from SUSY particles with charge, 

weak isospin, or large Yukawa couplings. The gauge fermions 

(charginos and neutralinos) generally are produced with large 

cross sections, while the scalar particles (sleptons and squarks) 

are suppressed near threshold by kinematic factors. 

Charginos are produced via 7", Z*, and ~e exchange. Cross 
sections are in the 1-10 pb range, but can be an order of mag- 

nitude smaller when My, is less than 100 GeV/c 2 due to the 

destructive interference between s- and t-channel amplitudes. 

Under the same circumstances, neutralino production is en- 

hanced, as the t-channel ~ exchange completely dominates the 
s-channel Z* exchange. When Higgsino components dominate 

the field content of charginos and neutralinos, cross sections are 
large and insensitive to slepton masses. 

Sleptons and squarks are produced via 7* and Z* exchange; 

for selectrons there is an important additional contribution from 
t-channel .neutralino exchange which generally increases the 

cross section substantially. Although the Tevatron experiments 

have placed general limits on squark masses far beyond the 

reach of LEP, a light top squark (stop) could still be found 

since the fiavor eigenstates can mix to give a large splitting 
between the mass eigenstates. The coupling of the lightest stop 

to the Z* will vary with the mixing angle, however, and for 

certain values, even vanish, so the limits on squarks from LEP 

depend on the mixing angle assumed. 

The various SUSY particles considered at LEP usually de- 

cay directly to SM particles and LSP's, so signatures commonly 
consist of some combination of jets, leptons, possibly photons, 
and missing energy. Consequently the search criteria are geared 

toward a few distinct topologies. Although they may be opti- 

mized for one specific signal, they are often efficient for others. 

For example, acoplanar jets are expected in both t'l~'l and X1X 2 

production, and acoplanar leptons for both s163 and X+X-. 

The major backgrounds come from three sources. First, 

there ave the so-called 'two-photon interactions,' in which the 

beam electrons emit photons which combine to produce a low 
mass hadronic or leptonic system leaving little visible energy in 

the detector. Since the electrons are seldom deflected through 
large angles, p~iss is low. Second, there is difermion production, 

usually accompanied by a large initial-state radiation induced 
by the Z pole, �9 gives events that are well balanced with 

respect to the beam direction. Finally, there is four-fermion 

production through states with one or two resonating bosons 
( W + W  -, ZZ,  Weu, Ze+e - ,  etc.) which can give events with 
large E miss and p~iSs due to neutrinos and electrons lost down 

the beam pipe. 
In the canonical case, E miss and p~iss are large enough to 

o 

eliminate most of these backgrounds. The e+e - initial state is 

well defined so searches utilize both transverse and longitudinal 

momentum components. It is possible to measure the missing 
mass (Mmiss = {(V ~ - Evis) 2 --p2is}l/2) which is small if p~iss 

is caused by a single neutrino or undetected electron or photon, 
and can be large when there are two massive LSP's. The four- 
fermion processes cannot be entirely eliminated, however, and a 

non-negligible irreducible background is expected. Fortunately, 

the uncertainties for these backgrounds are not large. 
High efficiencies are easily achieved when the mass of the 

LSP is lighter than the parent particle by at least 10 GeV/c 2 

and greater than about 10 GeV/c 2. Difficulties arise when the 

mass difference AM between the produced particle and the LSP 
is smaller than 10 GeV/c 2 as the signal resembles background 

from two-photon interactions. A very light LSP is challenging 

also since, kinematically speaking, it plays a role similar to a 

neutrino, so that, for example, a signal for charginos of mass 

80 GeV/c 2 is difficult to distinguish from the production of 

W + W - pairs. 
Since the start of LEP 2, experimenters have made special 

efforts to cover a wide range of mass differences. Also, since 

virtual superpartners exchanged in decays can heavily influence 

branching ratios to SM particles, care has been taken to ensure 
that the search efficiencies are not strongly dependent on the 

�9 final state. This ability to cover a wide range of topologies 
has driven the push for bounds with a minimum of model 

dependence. 
Charginos have been excluded up to 86 GeV/c 2 [9] except 

in cases of low acceptance (AM = M~• - M ~  ~ 5 GeV/c 2) or 

low cross section (M~ ~< Mw). When I~1 << M2, the Higgsino 

components are large for charginos and neutralinos. In this case 

the associated production of neutralino pairs X1X 2 is large and 

the problem of small mass differences ( M ~  - M ~ )  less severe. 

Experimental sensitivity now extends down to mass differences 
of 4 GeV/c 2, corresponding to M2 well above 1 TeV/c 2. The 

strong variation of the efficiency with AM makes it difficult 

to derive absolute bounds on the masses of charginos and 
neutralinos. The problem of low cross sections will be less 

severe after higher integrated luminosities have been delivered. 
The limits from chargino and neutralino production are 

most often used to constrain. M2 and # for fixed tan ft. An 

example from the OPAL Collaboration is shown in Fig. 1, 

where excluded regions in the (#,M2) plane are shown for 

t an~  = 1.5 and 35 for v ~ = 172 GeV. The case of heavy 
sneutrinos is illustrated by the plots with m0 = 1 TeV/c 2. 

The plots also provide a gluino mass scale, valid assuming 

gangino mass unification, which implies that the mass of gluinos 
hypothetically produced in proton machines is proportional to 

the mass of charginos with a large gaugino component. 
When the sleptons are light, two important effects must 

be considered for charginos: the cross section is significantly 

reduced and the branching ratio to leptons is enhanced, espe- 

cially to r ' s  via ~'s which can have non-negligible mixing. These 

effects are greatest when the chargino has a large gaugino com- 
ponent. The weakest bounds are found for # ... - 70  GeV/c 2 
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F i g u r e  1: Regions in the (#,M2) plane ex- 
cluded by chargino and neutralino searches per- 
formed by the OPAL Collaboration, for two 
values of tan/9 [9]. The light shaded region 
shows the limits derived from the Z width, 
while the dark region shows the additional ex- 
clusion obtained by the direct searches at LEP 2. 
The dashed line shows the kinematic bound for 
charginos; exclusions beyond this come from 
the searches for neutralinos, m0 is the univer- 
sal mass parameter for sleptons and sneutrinos, 
so when m0 = 1 TeV/c 2 the sneutrino is very 
heavy and cross sections are as large as possible. 
The curves labeled 'minimal m0' give an indica- 
tion of how much the exclusions weaken when 
light sneutrinos are considered. The gluino scale 
is shown for comparison to Tevatron results; it 
is valid assuming the unification of gangino 
masses. 

and tanf l  < 2, as the cross section is reduced with respect 

to larger I#[, the impact of ~ mixing can be large, and the 

efficiency is not optimal because A M  is large. The erosion in 

the bounds when sneutrinos are light is illustrated clearly by 

the so-called 'minimal m0' case (Fig. 1). Here m0 is a universal 

mass for sleptons and sneutrinos at the GUT scale; for this 

analysis the smallest value of m0 consistent with OPAL slepton 

limits has been taken. 

If the sneutrino is lighter than the chargino, then two-body 

decays X+ --* s dominate, and in the 'corridor' 0 < M ~  - 

M ~ < 3  GeV/c  2 the acceptance is so low that no exclusion 

is possible [10]. An example of this is shown in Fig. 2, from 

the ALEPH Collaboration. Since the chargino cross-section and 

field content varies with p, two values were tested: in both cases 

the corridor M-~: ~< M~ persists, and strictly speaking the lower 
X 

limit on iV/-, is the one from LEP 1. Searches for charged 
X 

sleptons can be used to cover this corridor, as shown in the 

figure, but this coverage is effective only for low tanfl.  The 
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searches for neutralinos alleviate the problem in some regions 

of parameter space, but they cannot close the corridor. 

tanp = +2 
9 0  " ~ # ~ # ~ ? F - ~  I ] # . . . .  I - - l i E  m~ 

~ so 

7O 

",  f 

60 ~ e , p  55% of original 

50 75 I00 125 150 

Mr~ (GeV/c z) 

Figure 2: Limit on a gaugino-like chargino as a 
function of the sneutrino mass, from the ALEPH 
Collaboration [9]. The open corridor 0 < M - ~ -  

X 
M y < 3  GeV/c 2 i s evident, tanfl  = v ~  is fixed 
and two values of # are shown. The hatched 
region is excluded by slepton searches, but at 
higher tan/9 this exclusion is much weaker. 

The limits on slepton masses [11] are well below the kine- 

matic limit due to a strong p-wave phase space suppression 

near threshold. A variety of limits have been derived, consid- 

ering right-sleptons only (which is conservative), or degenerate 

right/left-sleptons (which is optimistic), or relying on a univer- 

sal slepton mass m0 (which is model-dependent). For individual 

experiments, the limits on selectrons reach 80 GeV/c  2 due to 

contributions from t-channel neutralino exchange; they depend 

slightly on # and tanfl. For the extreme case M-0 ~ 0, 
X1 

the AMY Collaboration at TRISTAN obtained a result which 

reaches 79 GeV/c 2 for degenerate selectrons at 90% CL [12]. 

Limits on smuons reach approximately 60 GeV/c  2, and staus, 

55 GeV/c 2. For selectrons and smuons the dependence on 

A M  = M~--M~lo is weak for A M  > 10 GeV/c  2 unless pa- 

rameters are chosen which lead to a large branching ratio 
for /R -0 --* s possible when M-o is very small. Prelimi- 

X1 
nary results from the combination of the four LEP exper- 

iments have been derived, leading to significantly stronger 

bounds [13]: M-  R > 80 GeV/c  2 and M~R > 74 GeV/c 2 for 

M-o  = 45 GeV/c 2. Bounds on the parameters M2 and m0 also 
X1 

have been derived. 

In some GMSB models, sleptons may decay to g • g3/2 out- 

side the detector, so the experimental signature is a pair of col- 

inear, heavily ionizing tracks. Searches for such events [14] have 

placed mass limits of 66 GeV/c  2 (combined: 68 GeV/c  2 [13]) 

for ~R and ~R. 

Limits on stop and sbottom masses [15], like the slepton 

mass limits, do not extend to the kinematic limit. The stop 
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decay ~x --+ cX ~ proceeds through loops, giving a lifetime 

long enough to allow the top squark to form supersymmetric 
hadrons which provide a pair of jets and missing energy. If 

sneutrinos are light the decay t'l --~ beP dominates, giving two 

leptons in addition to the jets. Access to very small AM is 

possible due to the visibility of the decay products of the c 
and b quarks. Limits vary from 75 GeV/c 2 for an unrealistic 

pure t-L state to 60 GeV/c 2 if the coupling of t'l to the Z 

vanishes. The DELPHI result is shown in Fig. 3 as an example. 

The combination of results from all four experiments, shown in 

Fig. 4, is significantly stronger: for example, M~-> 75 GeV/c 2 

is obtained for AM > 10 GeV/c 2 and any mixing [13]. Limits 

on sbottoms are weaker due to their smaller electric charge. 

DELPHI preliminary 
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= 0  rad 
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Figure 4: Lower bound on the stop mass as a 
function of the mixing angle for two values of 
AM = M T -  M~o, derived from the combined 

results of the LEP experiments. These results 
axe preliminary [13]. 

80 100 
Mstop [GeV/c 2] 

Figure  3: Ranges of excluded stop and neu- 
tralino masses reported by the DELPHI Col- 
laboration [15]. Two values of mixing an- 
gle are shown: 8mix = 0 gives pure tL and 
0 m i  x ---- 0.98 tad gives a stop with no coupling to 
the Z. The range excluded by DO is also shown. 

In canonical SUSY scenarios the lightest neutralino leaves no 

signal in the detector. Nonetheless, the tight correspondences 

among the neutralino and chargino masses allow an indirect 

limit on M-o to be derived [9,10]. The key assumption is 
X1 

that the gangino mass parameters M1 and M2 unify at the 
GUT scale, which leads to a definite relation between them at 
the electroweak scale: M1 = ~ tan 20wM2. Assuming slepton 
masses to be at least 200 GeV/c 2, the bound on M-0 is derived 

Xl 
from the results of chargino and neutralino searches and certain 
bounds from LEP 1, as illustrated in Fig. 5, from DELPHI. The 

various contours change as tanf~ is increased, with the result 
that the lower limit on M-o increases also. 

XI 

When sleptons axe lighter than 80 GeV/c 2, all the effects of 

light sneutrinos on both the production and decay of charginos 

and heavier neutralinos must be taken into account. Although 

the bounds from charginos axe weakened substantially, useful 
additional constraints from the slepton searches rule out the 

possibility of a massless neutralino. The current preliminary 
limit, shown in Fig. 6, is M-0 > 25 GeV/c 2 for tanfl  > 1 and 

X1 
My > 200 GeV/62 (effectively, m0>200 GeV/c2). Allowing 

the universal slepton mass m0 to have any value, the limit 
is M-o > 14 GeV/c 2 [10]. These bounds can be evaded by 

X1 
dropping gaugino mass unification or R-parity conservation, or 

by assuming the gluino is very light. 
If R-parity is not conserved, the lightest neutralino decays 

to SM particles and is visible inside the detector. Searches for 
supersymmetry with R-parity violation [16] usually assume that 

one of three possible interaction terms (LL-E, LQD, U D D) 
dominates. The relevant term can cause R-parity violation 

directly in the decay of the produced particle, or it can be 

manifested indirectly in the decay of the LSP, which need no 
longer be neutral or colorless. Rather exotic topologies can 

occur, such as six-lepton final states in slepton production with 
LLE dominating, or ten-jet final states in chargino production 

with U D D dominating; and, for the most part, entirely new 
search criteria keyed to an excess of leptons and/or jets must 
be devised. Although not all possibilities have been tested 

yet, searches with a wide scope have found no evidence for 
supersymmetry with R-parity violation, and limits are usually 
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F i g u r e  5: Excluded regions in the (/~,M2) 
plane obtained by the DELPHI Collabora- 
tion, for tan fl = 1 and ra0 = 1 TeV/c 2 [9]. 
(This very high value for m0 is tantamount to 
setting all slepton masses to 1 TeV/c2.) The 
combination of LEP 2 ehargino search (dot- 
dash line) and the neutralino search (dashed 
line) with the single-photon limits from LEP 1 
(thick solid line) give the limit on M-0. The 

X1 
thin solid line shows the values of /z and M2 
giving M-o = 24.9 GeV/c  2, and the dotted 

X1 
line gives the kinematic limit for charginos at 
x/~ = 172 GeV. 

as constraining as in the canonical scenario. In fact, the direct 
. ~0~  

exclusion of pair-produced X1 s rules out some parameter space 

not accessible in the canonical case. 

R-parity violation can lead to new production processes, 

such as s-channel sneutrino production, which also are being 

investigated [17]. 

Visible signals from the lightest neutralino axe also realized 

in special cases of GMSB which predict X~ --+ 793/2 with 

a lifetime short enough for the decay to occur inside the 

detector. The most promising topology consists of two energetic 
-0 -o  (In photons and missing energy resulting from e+e - --> X1X  1. 

the canonical scenario, such events also would appear for 
~0--0 ~0 ~0 

e+e - - ~  X 2 X  2 followed by X 2 --~ 7X 1 which can be expected in 

certain regions of parameter space.) The LEP experiments have 

observed no excess over the expected number of background 

events [18], leading to a bound on the neutralino mass of about 

70 GeV/c  2. As an example, the L3 upper limit on the number 

of signal events is plotted as a function of neutralino mass 

50 
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F igu re  6: Lower limit on the mass of the light- 
est neutralino, derived by the ALEPH Collab- 
oration using constraints from chargino, neu- 
tralino, and slepton searches [10]. The values 
500, . . . ,  75 show the bound obtained when fix- 
ing the universal scalar mass and taking slepton 
bounds into account; including also limits from 
Higgs for m0 = 75 GeV/c 2 gives the dashed 
line. Allowing ra0 to vary freely independently 
of tan/~ gives the curve labelled 'any m0.' 

in Fig. 7. When the results are combined [13], the limit is 

M-0 > 75 GeV/c 2. Single-photon production has been used to 
X1 

constrain the process e+e - --* g3/2X1 . 

At the time of this writing, LEP was colliding beams at 

v ~  -- 183 GeV. No signals for supersymmetry were reported in 

conferences; rather, preliminary limits M ~  > 91 GeV/c 2 were 
X 

shown [19]. In coming years the center of mass energy will be 

increased in steps up to a maximum of 200 GeV. 

1 1 . 5 .  S u p e r s y m m e t r y  s e a r c h e s  a t  p r o t o n  m a c h i n e s :  Al- 

though the LEP experiments can investigate a wide range of 

scenarios and cover obscure corners of parameter space, they 

cannot match the mass reach of the Tevatron experiments (CDF 

and DO). Each experiment has logged approximately 110 pb -1 

of data at vfS = 1.8 TeV--ten times the energy of LEP 2. 

Although the full energy is never available for annihilation, the 

cross sections for supersymmetric particle production are large 

due to color factors and the strong coupling. 

The main source of signals for supersymmetry are squarks 

(scalar partners of quarks) and gluinos (fermionic partners 

of gluons), in contradistinction to LEP. Pairs of squarks or 

gluinos are produced in s, t and u-channel processes, which 

decay directly or via cascades to at least two LSP's. The key 

distinction in the experimental signature is whether the gluino 

is heavier or lighter than the squarks, with the latter occurring 

naturally in mSUGRA models. The u, d, s, c, and b squarks are 

assumed to have similar masses; the search results are reported 

in terms of their average mass M-q and the gluino mass M~. 

The classic searches [20] rely on large missing transverse 

energy ~T caused by the escaping neutralinos. Jets with high 
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Figu re  7: Upper limit on the number of acopla- 
nat photon events as a function of the neutralino 
mass, from the L3 Collaboration [18]. The theo- 
retical cross section depends on the field content 
of the neutralino, shown here for pure photinos, 
binos, and Higgsinos. 'LNZ' refers to a particu- 
lar model [4]. 

transverse energy are also required as evidence of a hard inter- 

action; care is taken to distinguish genuine ~T from fluctuations 
in the jet energy measurement. Backgrounds from W, Z and 
top production are reduced by rejecting events with identified 

leptons. Uncertainties in the rates of these processes are mini- 
mized by normalizing related samples, such as events with two 

jets and one or more leptons. The tails of more ordinary hard- 
scattering processes accompanied by multiple gluon emission 

are estimated directly from the data. 

The bounds are displayed in the (M~, M~) plane and have 

steadily improved with the integrated luminosity. The latest 

result from the CDF Collaboration is shown in Fig. 8, which 

also shows a recent result from DO. If the squarks are heavier 

than the gluino, then M~>~ 180 GeV/c 2. If they all have the 

same mass, then that mass is at least 260 GeV/c ~, according 

to the DO analysis. If the squarks are much lighter than the 
gluin (in which case they decay via ~"--* -0  qX1) , the bounds from 
UA1 and UA2 [21] play a role giving My>  300 GeV/c 2. All of 

these bounds assume there is no gluino lighter than 5 GeV/c 2. 

Since these results are expressed in terms of the physi- 

cal masses relevant to the production process and experimental 
signature, the excluded region depends primarily on the assump- 

tion of nearly equal squark masses with only a small dependence 
on other parameters such as # and tan ~. Direct constraints on 
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Figure 8: Excluded ranges of squark and gluino 
masses, derived from the jets+ ~T analysis of 
the CDF Collaboration [20]. Also shown are 
recent results from DO, and much older limits 
from the CERN proton experiments UA1 and 
UA2. 

the theoretical parameters m0 and ml/2 ~-. 0.34 Ma, shown in 

Fig. 9, have been obtained by the D~3 Collaboration assuming 

the mass relations of the mSUGRA model. In particular, mo is 
keyed to the squark mass and ml/2 to the gluino mass, while 
for the LEP results these parameters usually relate to slepton 

and chargino masses. 

Charginos and neutralinos may be produced directly by 
~ q - - - 0  

annihilation (q~ --+ Xi Xj) or in the decays of heavier squarks 

qXj). They decay to energetic leptons (for example, 

X+ ---* lvXz-~ and X2-~ ~ l+l_~ol) and the branching ratio can 

be high for some parameter choices. The presence of energetic 

leptons has been exploited in two ways: the 'trilepton' signature 

and the 'dilepton' signature. 
The search for trileptons is most effective for the associated 

- + - 0  [22]. The requirement of three energetic production of X 1 X 2 
leptons reduces backgrounds to a very small level, but is efficient 

for the signal only in special cases. The results reported to date 
are not competitive with the LEP bounds. 

The dilepton signal is geared more for the production of 

charginos in gluino and squark cascades [23]. Jets are required 

as expected from the rest of the decay chain; the leptons should 
be well separated from the jets in order to avoid backgrounds 

from heavy quark decays. Drell-Yan events are rejected with 

simple cuts on the relative azimuthal angles of the leptons and 
their transverse momentum. In some analyses the Majorana 

nature of the gluino is exploited by requiring two leptons with 
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Figure 9: Bounds in the (too, ml/2) plane ob- 
tained by the DO Collaboration from their 
searches for squarks and gluinos [20]. The dark 
solid line shows the result from the jets+ gT 
selection, and the grey solid line shows the re- 
sult from the dielectron selection. The radial 
contours give the squark mass in this plane, and 
the nearly horizontal lines give the gluino mass. 
Parameter values in the shaded region lead to 
unphysical conditions. 

the same charge, thereby greatly reducing the background. 

In this scenario limits on squarks and gluinos are almost as 

stringent as in the classic je ts+ ~T case. 

It should be noted that the dilepton search complements 

the multijet+ 4~ T search in that the acceptance for the latter 

is reduced when charginos and neutralinos are produced in the 

decay cascades--exactly the situation in which the dilepton 

signature is most effective. 

A loophole in the squark-gluino bounds has recently been 

addressed using dijet mass distributions [24]. If gluinos are 

lighter than about 5 GeV/c 2, ~T is very small and the classic 

jets+ ~T searches are no longer effective. Resonant production 

of squarks would have a large cross section, however, and 

if the squarks are not very heavy, broad peaks in the dijet 

mass distributions are expected. Comparison of the observed 

spectrum with theoretical estimates rules out light gluinos if 

squarks are lighter than about 600 GeV/c 2, 

The top squark is different from the other squarks because 

its SM partner is so massive: large off-diagonal terms in the 

squared-mass matrix lead to large mixing effects and a possible 

light mass eigenstate, M~ << Mq--. Analyses designed to find 
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F i g u r e  10: Comparison of the DO upper lim- 
its on chargino and neutralino cross sections 
with theory in a GMSB scenario, plotted as 
a function of the chargino mass [28]. The ver- 
tical line shows the result obtained from the 
combined chargino and neutralino exclusions. It 
corresponds to M'=.o > 75 GeV/c 2. 

2 s  

light stops have been performed by DO [25]. The first of these 

was based on the jets+ ~T signature expected when the the stop 

is lighter than the chargino. A powerful limit MT> 90 GeV/c  2 

was obtained, provided the neutralino was at least 30 GeV/e  2 

lighter than the stop as depicted in Fig. 3. (These searches are 

sensitive to the cX~ channel which does not apply below the 

dotted line.) More recently a search for the pair-production of 

light stops decaying to bX~ was performed. The presence of two 

energetic electrons was required; backgrounds from W's  were 

greatly reduced. Regrettably this experimental bound does not 

yet improve existing bounds on stop masses. 

An anomalous event observed by the CDF Collabora- 

tion [26] sparked much theoretical speculation [27]. It contains 

two energetic electrons, two energetic photons, large IflT, and 

little else. Since it is difficult to explain this event with SM 

processes, theorists have turned to SUSY. While some models 

are based on canonical MSSM scenarios (without gangino mass 

unification), others are based on GMSB models with selectron 

production followed by ~ -* eX~ and ~0 --~ 3' g3/2. These models 

predict large inclusive signals for p~ ~ 77 + X given kinematic 

constraints derived from the properties of the CDF event. The 

Tevatron experiments have looked for such events, and have 

found none [28], aside from the one anomalous event. These 

results have been translated into the bound MNo > 75 GeV/c  2, 
X1 

as shown in Fig. 10 from the DO Collaboration. This bound is 
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Table 1: Lower limits on supersymmetric particle masses. 'GMSB' refers to models with gauge- 
mediated supersymmetry breaking, and 'RPV' refers to models allowing R-parity violation. 

particle Condition Lower limit (GeV/c 2) Source 

X1 gaugino M v > 200 GeV/c  2 86 LEP 2 

M v :> M~• 67 LEP 2 

any M ;  45 Z width 

Higgsino M2 < 1 TeV/c 2 79 LEP 2 

GMSB 150 DO isolated photons 

RPV LLE worst case 73 LEP 2 

LQ-D m o >  500 GeV/c a 83 LEP 2 

NO 
X1 indirect any tanfl,  M ;  > 200 GeV/c 2 25 LEP 2 

any tan/3, any m0 14 LEP 2 

GMSB 75 DO and LEP 2 

RPV LLE worst case 23 LEP 2 

~R 

tZR, TR 

N0 
eX 1 A M  > 10 GeV/c 2 75 LEP 2 combined 

--0 
/~X1 A M  > 10 GeV/c 2 75 LEP 2 combined 

--0 
"rX 1 M-o < 20 GeV/c  2 53 LEP 2 

XI 
43 Z width 

stable 76 LEP 2 combined 

--0 
cX 1 any 0mix, A M  > 10 GeV/c 2 70 LEP 2 combined 

1 any Ornix, M ~  < ~ M r 86 DO 

bt~ any 0mix, AM > 7 GeV/c 2 64 LEP 2 combined 

any Mq~ 190 DO jets+ST 

180 CDF dileptons 

~" Mq-= M~ 260 DO jets+~T 

230 CDF dileptons ' 

as good as that derived from the combination of the four LEP 

experiments. 

11.6. Supersymmetry searches at H E R A  and f~ed- 

target ezperiments: The electron-proton collider (HERA) 

at DESY runs at v/s = 310 GeV and, due to its unique beam 

types, can be used to probe certain channels more effectively 

than LEP or the Tevatron. 

The first of these is associated selectron-squark produc- 

tion [29] through t-channel neutralino exchange. Assuming the 

conservation of R-parity, the signal consists of an energetic 

isolated electron, a jet, and missing transverse momentum. No 

signal was observed in 20 pb -1 of data and limits were placed 

on the sum I ( M - +  Mq-). They are weaker than the latest ones 

from LEP. 

A more interesting �9 comes in SUSY models 

with R-parity violation, in particular, with a dominant LQD 

interaction [30]. Squarks would be produced directly in the 

s-channel, decaying either directly to a lepton and a quark 

via R-parity violation or to a pair of fermions and a chargino 

or neutralino, with the latter possibly decaying via R-parity 

violation. Less than 3 pb -1 were used to look for a squark 

resonance above SM backgrounds. All possible topologies were 

considered, so model-independent bounds on the R-parity- 

violating parameter A~ll could be derived as a function of the 

squark mass. The special case of a light ~'1 was also considered, 

and limits derived on )~31 as a function of M-? These were 

improved by considering also the pair-production of stops via 

photon-gluon fusion (see the Listings for more information). 

Limits from SUSY searches in fixed-target or beam-dump 

experiments were surpassed long ago by the colliders. An im- 

portant exception is the search for the light gluino, materializing 

as a long-lived supersymmetric hadron called the R ~ [6]. These 

could be produced in fixed-target experiments with hadron 

beams and observed via their decay in flight to a low mass 
hadronic state: R ~ ~ + -0 -0 ~r ~r-X 1 or ~/X 1. The KTeV Collabora- 

tion at Fermilab have searched for R~ in their neutral-kaon 
+ N0 

data and found no evidence for this particle in the 7r lr-X 1 

channel, deriving strong limits on its mass and lifetime [31], as 

shown in Fig. 11. A complementary search for supersymmet- 

ric baryons was performed by the E761 Collaboration with a 

charged hyperon beam [32]. 

II. 7. Conclusions: A huge variety of searches for supersym- 

metry have been carried out at LEP, the Tevatron, and: HERA. 

Despite all the effort, no signal has been found, forcing the 
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Figure 11: Ranges of R ~ mass and lifetime 
excluded at 90% CL by the KTeV Collabora- 

- - 0  

tion [31]. The ratio of the R ~ to the X1 mass 
is r. 

experimenters to derive limits. We have tried to summarize the 
interesting cases in Table 1. At the present time there is little 
room for SUSY particles lighter than Mw. The LEP collabo- 
rations will analyze more data taken at higher energies, and 
the Tevatron collaborations will begin a high luminosity run in 
a couple of years. If still no sign of supersymmetry appears, 
definitive tests will be made at the LHC. 
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MINIMAL SUPERSYMMETRIC 
STANDARD MODEL ASSUMPTIONS 

All results shown below (except where stated otherwise) are based on the 
Minimal Supersymmetric Standard Model (MSSM) as described in the 
Note on Supersymmetry. This inclndes the assumption that R-parRy Is 
conserved. In addition the following assumptions are made in most cases: 

1) The ~0 (or 7) is the Ilghtest supersymmetric particle (LSP). 

2) m~ = m~R where fL and 'fR refer to the scalar part . . . .  of left-and 

right-handed fermions. 

Limits involving different assumptions either are Identified with comments 
or are in the miscellaneous section. 

When needed, specific assure ptions of the elgenstate content of neutrannos 
and charglnos are indicated (use of the notation ~ (photlno), ~/(Hlggsino), 

(w-lno), and Z (z-lno) indicates the approximation of a pure state was 
made). 

(Ughtest Neutralino) MASS LIMIT 
~0 is likely to be the lightest supersymmetric particle (LSP). See also the ~0, ~0 ~0 
section below. 

We have divided the ~0 listings below into three sections: 1) Accelerator limits for 

~0, 2) Bounds on ~0 from dark matter searches, and 3) Other bounds on X~ from 
astrophysics and cosmology. 

Accelerator limits for 
These papers generally exclude regions In the M 2 -/~ parameter plane based on ac- 
celerator experiments. Unless otherwise stated, these papers assume minimal super- 
symmetry and GUT relations (gauglno-mass unification condition). Am 0 = m ~  -- 

m~, 

VALUE (GeV) CL_~._~ DOCUMENT ID TECN COMMENT 

>24.9 95 1 ABREU 98 DLPH | 
>10.9 95 2 ACCIARRI 98F L3 tan/~ >1 

I >13.3 95 3 ACKERSTAFF 98L OPAL tanfl > 1 
>12.5 95 4 ALEXANDER 96L OPAL tan#>  1.5 
>12.8 95 5 BUSKULIC 96A ALEP m~ >200 GeV 
>23 95 6 ACCIARRI 95E L3 tan/~ >3 

�9 �9 �9 We do not use the follc~,'ing data for averages, fits, limits, etc. �9 �9 �9 

>17 95 7 ELLIS 97c RVUE All tan|  | 
8 ABREU 96o DLPH I 9 ACCIARRI 96F L3 

>12.0 95 10 ALEXANDER 96J OPAL 1.5 <tan/~ <35 
> 0 11 FRANKE 94 RVUE ~0 mixed with a singlet 
>20 95 12 DECAMP 92 ALEP tan# >3 

>S 90 13 HEARTY 89 ASP ~; for m~ <55 GeV 

1ABREU 98 bound combines the charglno and neutraUno searches at ~/'s=161, 172 GeV 
with single-photon-production results at LEP-1 from ABREU 97J. The limit is based on 
the same assumptions as ALEXANDER 96J except m0=l  TeV. 

2 ACCIARRI 98F evaluates production cross sections and decay branching ratios within the 
MSSM, and Includes in the analysis the effects of gaugino cascade decays. The limit Is 
obtained for 0 <M 2 < 2000. )/~] < 500, and l<tan/~ < 40, but remains valid outside 
this domain. No dependence on the trlllnear-coupling parameterA Is found. The nmlt 
holds for all values of m 0 consistent with scalar lepton contraints. It Improves to 24.6 
GeV for m~ > 200 GeV. Data taken at ~ = 130--172 GeV. 

3 ACKERSTAFF 98L evaluates production cross sections and decay branching ratios within 
the MSSM, and includes in the analysis the effects of gaugino cascade decays. The bound 
is determined indirectly from the X1 + and ~0 searches within the MSSM. The limit Is 
obtained for 0 <M 2 < 1500, I/l < 500 and tan/:] > 1, but remains valid outside this 
domain, The limit holds for the smallest value of m O consistent with scalar lepton 
constraints (ACKERSTAFF 97H). It Improves to 24.7 GeV for mo=l  TeV. Data taken at 
~/~130-172 GeV. 

4ALEXANDER 96L bound for tan/~=35 Is 26.0 GeV. 
5 BUSKULIC 96A puts a lower limit O n m~l 1 from the negative search for neutralinos, 

~arglnos. The bound holds for m~ > 200 GeV. A small region of (/~,M2) stUl allows 
~rn~_ =0 If sneutrlno is lighter. This analysis combines data from e + e -  collisions at 

1 
v/s=91.2 and at 130-136 GeV. 

6 ACCIARRI 95E limit for tan/~ >2 Is 20 GeV, and the bound disappears If tan/3 N 1. 
7 ELLIS 97C uses constraints on X :t:, X 0' and ~" production obtained by the LEP experi- | 

ments from e + e -  collisions at ~ = 130-172 GeV. It assumes a universal mass m 0 for | 
scalar leptons at the grand unification scale. 

I 8 ABREU 9P=O searches for possible final states of neutral|no pairs produced In �9 + e -  
collisions at ~ -- 130-140 GeV. See their Fig. 3 for excluded regions In the (/~,M2) 
plane. 

9ACCIARRI 96F searches for possible final states of neutral|no pairs produced In e+e - | 
collisions at vrs= 130-140 GeV, See their Fig. 5 for excluded regions in the (/~,M2) plane. I 

10ALEXANDER 96J bound Is determined Indirectly from the X~ and ~2 searches within | 
MSSM. A universal scalar mass m 0 at the grand unification scale Is assumed. The bound I is for the smallest possible val~Je of m 0 allowed by the LEP t, ~ mass limits. Branching 
fractions are calculated using minimal supergravlty. The bound Is for m ~  - m y  >10 I 
GeV. The limit improves to 21.4 GeV for m0~l  TeV. Data taken at v ~ = 130-136 | 
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GeV. ACKERSTAFF 96c, using data from V~ = 161 GeV, improves the limit for m 0 = | 
1 TeV to 30.3 GeV. 

11FRANKE 94 reanalyzed the LEP constraints on the neutraUnos in the MSSM with an 
additional singlet. 

12 DECAMP 92 limit for tan/~ >2 is m>13 GeV, 
13 HEARTY 89 assumed pure ~ eigenstate and m-~L = m-~R. There is no limit for m~ >58 

GeV. Uses e + e -  ~ ~ .  No GUT relation assumptions are made. 

Bounds on ~ from dark matter searches 
These papers generally exclude regions in the M 2-/~ parameter plane assuming that 
~0 is the dominant form of dark matter in the galactic halo. These limits are based 
on the lack of detection In laboratory experiments or by the absence of a signal In 
underground neturlno detectors. The latter signal Is expected If ~0 accumlates In the 

> lOOeV 
none 100e V -  (5-7) 

GeV 
none 100eV- 15 GeV 

none lO0eV-5 GeV 
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ELLIS 90 COSM 
27 GRIEST 90 COSM 
28 GRIFOLS 90 ASTR ~; SN 1987A 

KRAUSS 90 COSM 
26 OLIVE 89 COSM 
29 ELLIS 88B ASTR ~; SN 1987A 

SREDNICKI 88 COSM ~; m~-60 GeV 

SREDNICKI 88 COSM ~; m~=100 GeV 

ELLIS 84 COSM ~; for m~--lO0 GeV 

GOLDBERG 83 COSM 
30 KRAUSS 83 COSM -~ 

VYSOTSKII 83 COSM 
Sun or the Earth and annihilates into high-energy u's. 

VA(-U~ DOCUMENT ID TECN . 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

14 BOTTINO 97 DAMA | 
15 LOSECCO 95 RVUE I 
16 MORI 93 KAMI 
17 BOTTINO 92 COSM 
18 BOTTINO 91 RVUE 
19 GELMINI 91 COSM 
20 KAMIONKOW_91 RVUE 
21 MORI 91B KAMI 

none 4-15 GeV 22 OLIVE 88 COSM 

14BOTTINO 97 points out that the current data from the dark-matter detection experl- | 
ment DAMA are sensitive to neutrallnos In domains of parameter space not excluded by I terrestrial laboratory searches. 

15LOSECCO 95 reanalyzed the IMB data and places lower limit on m~.. of 18 GeV if I 
1 

I the LSP is a photlno and 10 GeV If the LSP Is a higgslno based on LSP annihilation in 
the sun producing hlgh-enery neutrinos and the limits on neutrino fluxes from the IMB 
detector. 

16 MORI 93 excludes some region in M2-/~ parameter space depending on tan/3 and Ilghtest 
scalar Higgs mass for neutralino dark matter m~. 0 >m W, using limits on upgolng muons 
produced by energetic neutrinos from neutralino annihilation in the Sun and the Earth. 

17BOTTINO 92 excludes some region M2-/~ parameter space assuming that the Ughtest 
neutranno is the dark matter, using upgoing muoos at Kamlokande, direct searches by 
Ge detectors, and by LEP experiments. The analysis includes top radiative corrections 
on Higgs parameters and employs two different hypotheses for nucleon-Higgs coupling. 
Effects of rescallng in the local neutralino density according to the neutralino relic abun- 
dance are taken into account. 

18 BOTTINO 91 excluded a region in M2- /z  plane using upgolng muon data from Kamloka 
experiment, assuming that the dark matter surrounding us is composed of neutrannos 
and that the Hlggs boson is not too heavy. 

19GELMINI 91 exclude a region in M 2 - / z  plane using dark matter searches. 
20KAMIONKOWSKI 91 excludes a region in the M2-/z plane using IMB limit on upgolng 

muons Originated by energetic neutrinos from neutralino annihilation in the sun, assuming 
that the dark matter is composed of neutrallnos and that mH01 ~ 50 GeV. See Fig. 8 

in the paper. 
21MORI 91B exclude a part of the region in the M2-/~ plane with m~l ~ 80 GeV using 

a limit on upgolng muons originated by energetic neutrinos from neutranno annihilation 
in the earth, assuming that the dark matter surrounding us is composed of neutral]nos 
and that mH0 ~ 80 GeV. 

22OLIVE 88 result assumes that photinos make up the dark matter in the galactic halo. 
Limit Is based on annihilations in the sun and is due to an absence of high energy 
neutrinos detected in underground experiments. The limit is model dependent. 

Other bounds on ~1 from astrophyr, lcs and COIIl tOtO~ 
Most of these papers generally exclude regions in the M 2-/= parameter plane by 

xO requldng that the - 1  contribution to the overall cosmological density is less than 
some maximal valuelo avoid overdosure of the Universe. Those not based on the 
cosmological density are Indicated. Many of these papers also Include LEP and/or 
other bounds. 

VALUE EL% DOCUMENT I~ T~CI~ COMMENT 

:>40 23 ELLIS 97C RVUE | 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>21.4 95 24 ELLIS 96B RVUE tan/~ > 1.2,/= <0 | 
25 FALK 95 COSM CP-violating phases 

DREES 93 COSM MInimalsupergravlty 
FALK 93 COSM Sfermlon mixing 
KELLEY 93 COSM Minimalsupergravlty 
MIZUTA 93 COSM Co-annihilation 
ELLIS 92F COSM Minimal supergravity 
KAWASAKI 92 COSM Minimal supergravlty, 

too=A=0 
LOPEZ 92 COSM Minimal supergravlty, 

m0=A=0 
MCDONALD 92 COSM 
NOJIRI 91 COSM Minimal supergravity 

26 OLIVE 91 COSM 
ROSZKOWSKI 91 COSM 

23 ELLIS 97c uses In addition to cosmological constraints, data from e + e -  collisions at 
170-172 GeV. It assumes a universal scalar mass for both the HIggs and scalar leptons, 
as well as radiative supersymmetry breaking with universal gaugino masses. ELLIS 97c 
also uses the absence of Higgs detection (with the assumptions listed above) to set a 
limit on tan/~ > 1.7 for/~ < 0 and tan/Y > 1.4 for/~ > 0, This paper updates ELLIS 96B. 

24ELLIS 96B uses, in addition to cosmological constraints, data from BUSKUMC 96K and 
SUGIMOTO 96. It assumes a universal scalar mass m 0 and radiative Supersymmetry 
breaking, with universal gauglno masses. 

25Mass of the bind (=LSP) is limited to m~ ~ 350 GeV for m t = 174 GeV. 

26Mass of the binD (=LSP) is limited to m~ ~ 350 GeV for m t _< 200 GeV. Mass of 

the hlggslno (~LSP) is limited to m~/ ~, 1 TeV for m t <_ 200 GeV, 

27 Mass of the bind (=LSP) ls limited to m~ ~, 550 GeV. Mass of the higgsino (=LSP) 

is limited to m~/ ~, 3,2 TeV. 

28 GRIFOLS 90 argues that SN1987A data exclude a light photino ( ~ 1 MeV) if m~ < 1.1 
TeV, m~ < 0.83 TeV. 

29ELLIS 88B argues that the observed neutrino flux from SN 1987A Is Inconsistent with 
a light photlno If 60 GeV ,~ m~ ~, 2.5 TeV. If m(hlggslno) is O(100 eV) the same 
argument leads to limits on the ratio of the two Higgs v.e.v.'s. LAU 93 discusses possible 
relations of ELLIS 888 bounds, 

30 KRAUSS 83 finds m,~ not 30 eV to 2.5 GeV. KRAUSS 83 takes Into account the gravitino 
decay. Find that limits depend strongly on reheated temperature, For example a new 
allowed region m~ = 4-20 MeV exists If mgravitlno <40 TeV. See figure 2. 

TL~=, ~L~s, ~ (Neutrallnos) MASS LIMITS 
Neutralinos are unknown mixtures of photlnos, z-inos, and neutral hlggslnos (the su- 
persymmetric partners of photons and of Z and Higgs bosons). The limits here apply 
only to ~0, ~0, and X40. xOIs the lightest supersymmetdc particle (LSP); see ~0 
Mass LIm|ts. i t  Is not possible to quote rigorous mass limits because they are ex- 
tremely model dependent; I.e. they depend on branching ratios of various ~0 decay 
modes, on the masses of decay products (~, ~, ~, ~), and on the ~ mass exchanged 

s ~0 In e + e -  ~ I j "  Often limits are given as contour plots in the m~c 0 - m~ plane 
vs other parameters. When specific assumptions are made, e.g, the neutrallno is a 
pure photino (~), pure z-]no (Z), or pure neutral hlggslno (~0), the neutrallnos will 
be labelled as such, 

VALUE (GeV) CL._.~% DOCUMENT ID TECN COMMENT 

> U .3  95 31 ACKERSTAFF 98L OPAL ~ ,  tan/~ > 1 
> 71i.111 95 31 ACKERSTAFF 98L OPAL X~, tan/3 > 1 

>IZ'/' 95 32 ACCIARRI 95E L3 X~, tan/3 >3 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

> 92 95 33 ACCIARRI 98F L3 ~/0 tan/~=l.41, M 2 < 
500 GeV 

34 ABACHI 96 D0 p~ ~ ~ j .  ~0 

35ABE 96K CDF p ~ - -  X~X20 

36 ACCIARRI 96F L3 ~0 

> 86.3 95 37 ACKERSTAFF 96C OPAL ~0 3 
> 45.3 95 38 ALEXANDER 96J OPAL X201.5 <tan/~ <35 

> 33.0 95 39 ALEXANDER 96L OPAL X20' tan/~ > 1.5 

> 68 95 40 BUSKULIC 96K ALEP ~0 

> 52 98 32 ACCIARRI 98E L3 ~0  tan/~ >3 

> 84 95 32 ACCIARRI 95E L3 ~0, tan/3 >3 

> 45 98 41 DECAMP 92 ALEP ~0  tan/~ >3 

42ABREU 90G DLPH Z ~ ~0~0 
43 AKRAWY 90N OPAL Z ~ ~0~0 

> 57 90 44 BAER 90 RVUE ~0; r ( z ) ;  tanfl > 1 
45 BARKLOW 90 MRK2 Z ~ ~0~0, ~0~0 
46 DECAMP 90K ALEP Z ~ X(~X~ 2 2 

> 41 95 47 SAKAI 90 AMY e + e -  ~ ~/0~2 

> 31 95 48 BEHREND 87B CELL e + e -  ~ "~ 

70 GeV 



764 

Searches Particle Listings 
Su persym metric Particle Searches 

> 30 95 49 BEHREND 878 CELL e + e -  ~ ~Z 

> 22 95 51 BEHREND 87e CELL e + e -  ~ 3'~Z 

52AKERLOF 85 FIRS e + e -  ~ ~X 0 

none 1-21 95 53 BARTEL 85L JADE e + e -  H~ H~2, 

54 BEHREND 85 CELL e + e -  --* monoJet X 
> 35 95 55 ADEVA 848 MRKJ e + e -  ~ ~/ 

> 28 95 56 BARTEL 84C JADE e+e - ~ 3'Z 
(3 ~ fT~) 

57 ELLIS 84 COSM 

31ACKERSTAFF 98L is obtained from direct searches in the e "t- e -  ~ ~0~0 production 
I 2,3 

channels, and indirectly from ~'~: and ~0 searches within the MSSM. See footnote to 
ACKERSTAFF 98L in the charge[no Section for further details on the assumptions, Data 
taken at ,/'s=130-172 GeV. 

32 ACCIARRI 95E limits go down to 0 GeV (X20), 60 GeV (NO 3 ), and 90 GeV (~0) for tan~=l. 

33ACCIARRI 98F Is obtained from direct searches in the e+e - ~ xO2x0_ _ production 

channels, and indirectly from N~ and X01 searches within the MSSM. See footone to 
ACCIARRI 98F in the charglno Sectlon for luther details on the assumptions. Data taken 
at ~ = 130-172 GeV. 

34ABACHI 96 searches for 3-lepton final states. Efflciencles are calculated using mass 
relations and branching ratios in the Minimal Supergravity scenario. Results are presented 
as lower boundson ~ (~ f~0 )  x B(X1 ~ ~ ' V t ~ l )  x B(X 0 --* , + , - ~ 0 ) a s  a function 
of m ~ .  Limit . . . .  ge from 3.1 pb (m~9 " = 45 GeV) to 0.6 pb (m~" = 100 GeV). 

$ $ 

35 ABE 96K looked for tripleton events from charglno-neutralino production. They obtained 
lower bounds on m ~  as a function of/~. The lower bounds are in the 45-50 GeV range 

for gauglno-domlnant ~0 with negative/~, if tan/~ <10. See paper for more detans of 
the assumptions. 

36ACCIARRI 96F looked for associated production e-Fe - ~ ~0~0. See the paper for 
upper bounds on the cross section. Data taken at ~ = 130-136 GeV. 

37 ACKERSTAFF 96C is obtained from direct searches in the �9 + e -  ~ ~0~0 production I 2,3 
channel, and indirectly from X~ searches within MSSM. Data from ~ = 130, 136, and 
161 GeV are combined. The same assumptions and constraints of ALEXANDER 96j 
apply. The limit Improves to 94,3 GeV for m 0 = 1 TeV. 

38 ALEXANDER 96J looked for associated e + e -  ~ ~0 ~0 A universal scalar mass m 0 at 1 2" 
the grand unification scale is assumed. The bound is for the smallest possible value of m 0 
alowed by the LEP ~, ~ mass limits, 1.5 <tan/~ <35. Branching fractions are calculated 
using minimal supergravity. The bound is for m ~  - m~l 1 >10 GeV. The limit improves 

to 47.5 GeV for m o i l  TeV. Data taken at vrs = 130-136 GeV. ACKERSTAFF 96C, 
using data from vrs = 161 GeV, improves the limit for m 0 = 1 TeV to 51.9 GeV. 

39ALEXANDER 96L bound for tan~=35 Is 51.5 GeV. 
40BUSKULIC 96K looked for associated e -t- e -  ~ xOxO and assumed the dominance of 

off-shell Z-exchange in the ~0 decay. The bound Is for m ~  - m ~  >9 GeV. Data 

taken at ~ = 130-136 GeV. 
41 For tan/~ >2 the limit is >40 GeV; and it disappears for tan/~ < 1.6. 
42ABREU 90G exclude B(Z -* ~0~0~ > 10-3 and B(Z ~ ~0~0~ > 2 x 10 - 3  1 2 / - 2 2 ~ - 

assuming N 0 ~ ~0 f ' f  via virtual Z. These exclude certain regions in model parameter 
space, see their Fig. 5. 

43AKRAWY 90N exclude B(Z ~ ~0~0) ~ 3-5 x 10 - 4  assuming ~2 ~ ~0 f'~ or ~0.y 
for most accessible masses. These exclude certain regions in model parameter space, ~ee 
their Fig. 7. 

44 BAER 90 IS independent of decay modes, Limit from analysis of superaymmetrlc param- 
eter space restrictions implied by AF(Z) < 120 MeV. These result from decays of Z to 
all combinations of X~ and N 0. Minimal supersymmetry with tan/~ > I Is assumed. 

45 See Figs. 4, 5 in BARKLOW 90 for the excluded regions. 
46DECAMP 90K exclude certain regions in model parameter space, see their figures. 
47SAKAI 90 assume m~l  = 0. The limit Is for m~2. 

48pure ~ and pure Z eigenstates. B(Z ~ q ~ )  = 0,60 and B(~' ~ e + e - ~ )  = 0.13. 
m-~L = m~R < 70 GeV. m~ < 10 GeV, 

49pure ~ and pure Z elgenstates, B(Z ~ q ~ )  = 1. m~L = m-~R < 70 GeV. m~ = 0. 

50 Pure hlggsino. The LSP is the other hlggslno and is taken massless. Limit degraded If 
~O not pure hlggaino or if LSP not massless. 

51 Pure ~. and pure Z. eigenstates. B(Z ~ ~ )  = 1. m-~L = m~R = 26 GeV. m~( = 10 
GeV. No excluded region remains for m~ >30 GeV. 

52AKERLOF 85 is e -t" e-monoJet search motivated by UA1 monojet events. Observed 
only one event consistent with e + e -  ~ .~_}.~0 where ~0 ~ monoJet. Assuming that 
mlsslng-p T is due to ~, and monoJet due to ~0, limits dependent on the mixing and m~ 
are given, see their figure 4, 

53BARTEL 55L ass . . . .  ~ = 0. F(Z - -  ~/~1 ~/0) ~ �89 F(Z ~ VePe). The limit is 

for m~2. 

54BEHREND 85 find no monoJet at Ecru = 40-46 GeV. Consider ~0 pair production via 
Z O. One is assumed as massless and escapes detector. Limit is for the heavier one, 
decaying into a Jet and massiess ~ 0  Both X0's are assumed to be pure hlggsino. For 
these very model-dependent results, BEHREND 85 excludes m ~ 1.5.19.5 GeV. 

55ADEVA 848 observed no events with signature of acoplanar lepton palr with missing 
energy. Above example limit is for m~ <2 GeV and m~ <40 GeV, and assumes 

B(Z ~ # + # -  ~) = B(Z ~ e + e -  ~) = 0.10. BR -- 0.05 gives 33.5 GeV limit. 
56 BARTEL 84c search for e + e -  ~ Z + ~  with Z -~ ~+  e + e - , /~+ /~ - ,  q'~, etc. They 

see no acoplanar events with missing-pT due to two ~'s. Above example limit is for m~ 

= 40 GeV and for light stable ~ with B(Z ~ �9 -F e-'~) = 0.1. 
57ELLIS 84 find if llghtest neutralino is stable, then m ~  not 100 eV - 2 GeV (for m~ = 

40 GeV). The upper limit depends on m~ (similar to the ~ limit) and on nature of ~ 0  
For pure higgsino the higher limit Is 5 GeV. 

Unstable ~zz (Lighter Neutmllno) MASS LIMIT 
Unless stated otherwise, the limits below assu me that the ~ decays either into'7 G (gold- 
stlno) or into-yF/0 (Hlggsino). 

VALUE (GeV) CL.~.% DOCUMENT ID = TEEN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>77 95 58 ABBOTT 98 DO p~ ~ ~'y ~ T + X  | 
59ABREU 98 DLPH e+e - --* ~ .~0 (~. ._ ,  "70) I 
60ACKERSTAFF 98J OPAL e+e - - -  ~X~-X ~ (~X~. ~ "70) | 

62ELLIS 97 THEO e + e -  "'1 1 1 4 "TG J 
63 BUSKULIC 96u ALEP e+ e---~ .~1 N10' | 

(Nl~ v ~ )  
>40 95 648USKULIC 95E ALEP e+e - --~ ~0~O 1 1 (~0 ~ vl~) 

65 BUSKULIC 95E ALEP e+e - ~ ~ 

66ACTON 93G OPAL e+e - ~ ~ 
( - ~  ~• ~t, ) 

67 ABE 89J VNS e -F e -  ~ ~ 
(~ ~ "TG o r ~  0) 

>15 95 68 BEHREND B7B CELL e + e -  ~ ~ 
('~ ~ ~ G or 3, ~/0) 

69 ADEVA 85 MRKJ 
70 BALL 84 CALO Beam dump 
71 BARTEL 848 JADE 
71 BEHREND 83 CELL 
72 CABIBBO 81 COSM 

58ABBOTT 98 studied the charglno and neutralino production, where the light�9 I 
neutralino in their decay products further decays Into '7 G. The limit assumes the gauglno I 
mass unification. 

59ABREU 98 uses data at V'~=161 and 172 GeV. Upper bounds on 3 ' ~  cross section are | 
obtained. Similar limits on 3'~ are also given, relevant for e + e -  ~ ~0 ~ production. | 

60ACKERSTAFF 98J looked for ~3'~ final states at ~/'J=161-172 GeV. They set limits on I 
~(e + e-- ~ ~,0 ~0) In the range 0.22-0.50 pb for m~. in the range 45-86 GeV. Mass 

I 
limits for explicit models from the literature are given ~n Fig. 19 of their paper, Similar I 
limits on "7+missing energy are also given, relevant for ~0 ~ production. I 

61ACCIARRI 97v looked for ~f~/s final states at v~--161 and 172 GeV. They set limits on I 
<7(e + e -  ~ X01XO ) In the range 0,25.0,50 pb for masses In the range 45-85 GeV. The 
lower limits on m~t t vary In the range of 64,8 GeV (pure bind with 90 GeV siepton) to | 

I 75.3 GeV (pure hlggsino). There Is no limit for pure zlno case. 
62 ELLIS 97 reanalyzed the LEP2 (v~=161GeV) limits ~  r 0"2 Pb t~ exclude I 

m~l 1 < 63 GeV if m.'~L=m-~R < 150 GeV and ~0 decays to ~ G inside detector. I 

63BUSKULIC 96u extended the search for e-F�9 - ~ ~ /~0  in BUSKULIC 95E under | 
the same assumptions. See their Fig, 5 for excluded region in the neutrallno-chargino I parameter space. Data taken at ~ = 130-136 GeV. 

64 BUSKULIC 95E looked for e + e -  ~ ~o ~1' where ~0 decays via R-parity violating in- 
teraction Into one neutrino and tw~ opposite-charge leptons. The bound applies provided 
that B(Z --* ~0~0)> 3 x 10-5/~ 3,/~ being the final state ~:O velocity, 

65 BUSKULIC 95E looked for e + e -  ~ ~ ,  where ~ decays via R-parity violating interac- 
tion into one neutrino and two opposite-charge leptons. They extend the domain in the 
(m-~,m~) plane excluded by ACTON 93G to m~ >220 GeV/c 2 (for m~=15 GeV/c 2) 

and to m~ >2 GeV/c 2 (for m~ <220 GeV/c3). 

66ACTON 93G assume R-parity violation and decays ~ --* ~-~:t:F~. t ( t = e  or/J). They 
exclude m~ = 4-43 GeV for m..gL <42 GeV, and m~ = 7-30 GeV for m-~L <100 GeV 

(95% CL). Assumes eR much heavier than eL, and lepton family number violation but 
Le-L p conservation. 

67ABE ggJ exclude m~ = 0.15-25 GeV (95%CL) for d = (100 GeV) 2 and m~ = 40 GeV 

In the case ~ ~ 3,G, and m~ up to 23 GeV for m~ = 40 GeV In the case ~ ~ "7~0 

688EHREND 87B limit is for unstable photlnos only. Assumes B('~ ~ -y(Gor F/0)) =1, 
m~orF/o ~ m~ and pure ~ elgenstate, m-~L = m-~R < 100 GeV. 

69ADEVA 85 is sensitive to ~ decay path <5 cm. Wlth m~ = 50 GeV, limit (CL = 90%) 
Is m~ >20.5 GeV. Assume -~ decays to photon + goldstlno and search for acoplanar 
photons with large missing PT" 

70 BALL 84 is FNAL beam dump experiment. Observed no ~ decay, where ~'s are expected 
to come from ~'s produced at the target. Three possible ~ lifetimes are considered. 
Glulno decay to goldstlno + giuon is also considered. 

7]BEHREND 83 and BARTEL 84B look for 2~ events from ~ pair production, With 
supersymmetrlc breaking parameter d = (100 GeV) 2 and m~ = 40 GeV the excluded 



See key on page 213 

regions at CL = 95% would be m~ = 100 MeV - 13 GeV for BEHREND 83 m~ = 
80 MeV - 18 GeV for BARTEL 84B. Limit is also applicable if the ~ decays radlatlvely 
within the detector. 

72CABIBBO 81 consider ~ ~ .~+ goldstlno. Photino must be either light enough (<30 
eV) to satisfy cosmology bound, or heavy enough (>0.3 MeV) to have disappeared at 
early universe. 

--4- ~:E 
X 1 , X 2 (Chari l lnos) MASS L I M I T S  

Charginos (X• are unknown mixtures of w-inos and charged higgsinos (the su- 
persymmetric partners of W and Higgs bosons). Mass limits are relatively model 
dependent, so assumptions concerning branching ratios need to be specified. When 
specific assumptions are made, e.g. the chargioo is a pure w-• (W) or pure charged 
higgsioo (H•  the charginos will be labelled as such. 

~n the Ust~ng be~ . . . . .  ,~,,,+ = . , ~  - ,,,~, '.n,,. = m~ - ,,,~, or sir.p~y 
Z~m to Indicate that the constraint applies to both Am+ and Am u. 

VAL UE (GeV) CL% DOCUMENT ID TECN COMMENT 

> 67.6 95 73 ABREU 98 DLPH Am> 10 GeV 
> 69.2 95 74 ACCIARRI 98F L3 tan/3 < 1.41 
> U.7  95 75 ACKERSTAFF 98L OPAL Am+ > 3 GeV 
> 56.3 95 76ABREU 96L DLPH e+e - ~ X + X -  
> 64 95 77ACCIARRI 96F L3 e+e - ~ X + X - ,  

m~0 < 43 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. * �9 �9 

>150 95 78 ABBOTT 98 DO p~ ~ -y~ ~ T + X  

> 71.8 

> 62 
> 58.7 
> 63 

7 6 5  

S e a r c h e s  P a r t i c l e  L i s t i n g s  

S u p e r s y m m e t r i c  P a r t i c l e  S e a r c h e s  

> 44.0 
> 45.2 

> 47 

79 ABBOTT 98c DO 

95 80 ABREU 98 DLPH 

81 ACKERSTAFF 98K OPAL 
82 CARENA 97 THEO 

83 KALINOWSKI 97 THEO 

84 ABE 96K CDF 

95 85 ACKERSTAFF 96c OPAL 
95 86 ALEXANDER 96J OPAL 
95 87 BUSKULIC 96K ALEP 

88 BUSKULIC 96u ALEP 

95 89 ADRIANI 93M L3 
95 90 DECAMP 92 ALEP 

95 9O DECAMP 92 ALEP 

> 99 95 91 HIDAKA 91 RVUE 

> 44.5 95 92 ABREU 90G DLPH 

> 45 95 93 AKESSON 90B UA2 

> 45 95 94 AKRAWY 90D OPAL 

> 45 95 95 BARKLOW 90 MRK2 
> 42 95 96 BARKLOW 90 MRK2 
> 44.5 95 97 DECAMP 90c ALEP 

> 25.5 95 98 ADACHI 89 TOPZ 
> 44 95 99 ADEVA 89B L3 

> 45 90 100ANSARI 87D UA2 

;• ~0 
PP ~ "'1 2 
e + e - ~  ~ + ~ -  

~ + ~  t + ~  
~ - 2  
W ~ ; •  
p~ ~ ~ ~0 

e+e - ~ ~ + ~ ' -  
e+e - ~ ~ + ~ -  
e+e - ~ ~ + ~ -  
e+e- ~ ~ + ~ ;  ~ 

parity violation 
Z ~ X+ X - ,  r ( z )  
z ~ ~+ ~-, afi m~ 

z ~  ~+~-,  
m~l <41 GeV 

z ~  ~+~-,  
m~ < 20 GeV 

pp ~ ZX 
( Z ~  W + W - )  

e+e - ~ X + X - ;  
m~ < 20 GeV 

z ~  vg+ i~- 
z-~ ~ + ~ -  
e+e - - +  ~ + ~ - ;  

m~ < 28 GeV 

e+e - ,._., ~ + ~ -  
e+e - ~ ~ + ~ - .  

pp ~ ZX  
( Z - *  ~ '  + ~ ' -  , 
"~• ~ e• 

73ABREU 98 uses data at v~=161 and 172 GeV. The universal scalar mass at the GUT 
scale Is assumed to compute branching fractions and mass spectrum. The limit is for 
41 <m~ < 100 GeV, and tan/~=1-35. The limit Improves to 84.3 GeV for m~ > 300 
GeV. For Am+ below 10 GeV, the limit Is Independent of roD, and Is given by 80.3 GeV 
for Am+ = 5 GeV, and by 52.4 GeV for Am+ = 3 GeV. 

74 ACCIARRI 98F evaluates production cross sections and decay branching ratios within the 
MSSM, and Includes in the analysis the effects of gauglno cascade decays. The limit Is 
obtaioed for 0 < M  2 < 2000, tanj3 < 1.41, and /= = -200GeV, and holds for all values 
of m 0. No dependence on the trlllnear-coupllng parameter A Is found. It improves to 84 
GeV for large sneutrlno mass, at p = - 2 0 0  GeV. See the paper for limits obtained with 
specific assumptions on the gaugioo/hlggsino composition of the state. Data taken at 
v/s = 130-172 GeV. 

75 ACKERSTAFF 98L evaluates pcoduction cross sections and decay branching ratios within 
the MSSM, and includes In the analysis the effects of gaugino cascade decays. The 
limit Is obtained for 0 < M  2 < 1500, I/~1 < SO0 and tan/3 > 1, but remains valid 
outside this domain. The dependence on the trllinear-coupfing parameter A is studied, 
and found negfiblble. The limit holds for the smallest value of m 0 consistent with scalar 
lepton constraints (ACKERSTAFF 97H) and for all values of m 0 where the condition 
~m~ > 2.0 GeV Is satisfied. Am u > 10 GeV if X• --* t ~  t .  The limit improves to 84.5 
GeV for mo=lTeV. Data taken at ~/'s=130-172 GeV. 

76ABREU 96L assumes the dominance of off-shell W-exchange in the chargino decay and 
A(m) >10 GeV. The bound Is for the smallest t, ~ mass allowed by LEP, provided either 
mD >m~• or m~• - m~ >10 GeV. 1<tan/3 <35. For a mostly hig~slno X+ (m~• - 

m~o=5 GeV) the limit is 63.8 GeV, independently of the ~ masses. Data taken at 
= 130-136 GeV. 

77ACCIARRI 96F assume m D >200 GeV and m~t ~ <m~2. See their Fig. 4 for excluded 

regions in the (m~• plane. Data taken at v ~ = 130-136 GeV. 

78ABBOTT 98 studied the charglno and neutrafino production, where the Ilghtest 
neutral• in their decay products further decays into -y G. The limit assumes the gauglno 
mass unification. 

79ABBOTT 98c searches for trfiepton final states (t=e,p). Efflciencles are calculated using 
mass relations and branching ratios in the Minimal Supergravlty scenario. Results are 
presented in Fig, ~ of their paper as lower bounds on #(p~ ~ X4-X0)xB(3I). Limits 
range from 0.66 pb (m-•  GeV) to 0.10 pb (rn-•  GeV). 

x t x 1 
80ABREU 98 uses data at v~=161 and 172 GeV, The universal scalar mass at the GUT 

scale is assumed to compute branching fractions and mass spectrum, and the radiative 
decay of the lightest neutral• into gravitino is assumed. The limit is for Am> 10 
GeV, 41 <mT~ < 100 GeV, and tan/~=1-35. The limit Improves to 84.5 GeV if either 
mTj > 300 GeV, or Am_t_=1 GeV independently of m~. 

81ACKERSTAFF 98K looked for dilepton-l-~T final states at v~=13C-172 GeV. Limits on 

# ( e + e -  ~ X l+x1)xg2( I ) ,w i th  B(t)=B(X + ~ / + u l x 0  ) (B( t )=B(X+ ~ l + ~ t )  ), 
are given in Fig. 16 (Fig. 17). 

82 CARENA 97 studied the constraints on chargioo and sneutrlno masses from muon g -  2. 
The bound can be important for large tan~. 

83 KALINOWSKI 97 studies the constraints on the charglno-neutrallno parameter space 
from limits on F(W ~ ~ 0 )  achievable at LEP2. This Is relevant when X~ is 

"invisible," i.e., if X~ dominantly decays into ~ t l  • wlth little energy for the lepton. 
Small otherwise allowed regions could be excluded. 

84ABE 96K looked for tripleton events from chargioo-neutralioo production. The bound 
on m~:  can reach up to 47 GeV for specific choices of parameters. The limits on the 

combined production cross section times 3-lepton branching ratios range between 1.4 
and 0.4 pb, for 45<m-• (GeV)<IO0. See the paper for more details on the parameter 

X 1 
dependence of the results. 

85 ACKERSTAFF 96c assumes the dominance of off-shell W-exchange in the charglno decay 
and applies for Zlm>lO GeV In the region of parameter space defined by: M 2 <1500 
GeV, I/LI <500 GeV and tan/3 > 1.5. The bound is for the smallest t',D mass allowed by 
LEP, with the efficiency for ~4- ~ 7~. decays set to zero. The limit improves to 78.5 
GeV for m 0 = 1TeV. Data taken at v ~  = 130,136, and 161 GeV. 

86ALEXANDER 96J assumes a universal scalar mass m 0 at the grand unification scale. 
The bound is for the smallest possible value of m 0 alowed by the LEP t,  D mass limits. 
1.5 <tan/3 <35. Branching fractions are calculated using minimal supergravity. The 
bound is for A(m) >10 GeV. The limit Improves to 65.4 GeV for m0= l  TeV. Data 
taken at v ~ = 130-136 GeV. 

87 BUSKULIC 96K assumes the dominance of off-shell W-exchange In the charglno decay 
and applies throughout the (M2,/~) plane for 1.41 <tan/3 <35 provided either m~ >m~• 
and m~• - m ~  >4 GeV, or m~• - m~ >4 GeV. The limit Improves to 67.8 GeV for 

a pure gaugino X• and mD >200 GeV. Data taken at V ~  = 130-136 GeV. 
88 BUSKULIC 96u searched for pair-produced charginos which decay into ~0 with either 

leptons or hadrons, where ~0 further decays leptonlcally via R-parity violating Interac- 
tions. See their Fig. 5 for excluded region in the neutralino-chargioo parameter space. 
Data taken at v ~  = 130-136 GeV. 

89ADRIANI 93M limit from AF(Z)< 35.1 MeV. For pure wino, the limit Is 45.5 GeV. 
90 DECAMP 92 limit is for a general X•  (all contents). 
91 HIDAKA 91 limit obtained from LEP and prellmioary CDF limits on the glulno mass (as 

analyzed in BAER 91). 
92 ABREU 90G limit Is for a general X• They assume charglnos have a three-body decay 

such as l + u ~ .  
93AKESSON 901] assume W ~ e~ with B > 20% and m~ = O, The limit disappears if 

m~ > 30 GeV. 

94 AKRAWY 90D assume charglnos have three-body decay such as t + u~ (i.e. m~ > m~+ ). 

A two-body decay, X+ ~ I~  would have been seen by their search for acoplanar leptons, 
The result Is independent of the hadronic branching ratio. They search for acoplanar 
electromagnetic clusters and quark jets. 

95BARKLOW 90 assume 100% ~ / - *  W'X10, Valid up to m~l 1 ~ [ m ~ - 5  GeV]. 

96BARKLOW 90 . . . . .  100% F / ~  H*X 0, Valid up to m~l 1 ~ [m~/-8 GeV]. 

97DECAMP 90C assume charginos have three-body decay such as t + u ~  (i.e. )n~ > 
m~+), and branching ratio to each lepton is 11%. They search for acoplanar dlmuons, 
dielectrons, and/~e events. Limit valid for m~ < 28 GeV. 

98ADACHI 89 assume only single photon annihilation In the production. The limit applies 
for arbitrary decay branching ratios with B(X ~ ev~) + B(X ~ /zu~) + B(X 
~'u~) + B(X ~ q ~ )  = i (lepton universality is not assumed), The limit is for m~ = 

0 but a very slmfiar limit is obtained for m~ = 10 GeV. For B(X ~ q ~ )  = 1, the limit 
increases to 27.8 GeV. 

99ADEVA 89B assume for t v ~  (t~) mode that B(e) = B(hr = B(~-) = 11% (33%) and 
search for acoplanar dimuons, dlelectrons, and /~e events. Also assume m~ < 20 GeV 
and for tD modethat m~ = 10 GeV. 

100ANSARI 87D looks for high PT e + e -  pair with large missing PT at the CERN p~ 

collider at Ecm = 546-630 GeV. The limit is valid when m~ <~, 20 GeV, B(W --* e~e) 
= 1/3, and B(Z ~ W+ ~1~-) is calculated by assuming pure gauglno elgenstate. See 
their Fig. 3(b) for excluded region in the m ~  - m5 plane. 
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Searches Part icle Listings 
Supersyrnmetric Particle Searches 
Lonl-Ilved ~ (Charglno) MASS LIMITS 

Limits on charginos which leave the detector before decaying. 
VALUE (GeVI CL~, DOCUMENT ID TEeN 
�9 i �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>Bo 95 101 ABREU 97D DLPH I 
>83 95 102 BARATE 97K ALEP I 
>45 95 ABREU 90G DLPH 
>28.2 95 ADACHI 90C TOPZ 

101ABREU 97D bound applies only to masses above 45 GeV. Data collected In e'i-e - I 
collisions at v/'s=130-172 GeV. The limit Improves to 84 GeV for m r > 200 GeV, 

I 102BARATE 97K Uses e-t'e - data collected at ~/s = 130-172 GeV. Limit valid for tan# = 
vr2 and m r 7 100 GeV, The limit improves to 86 GeV for m~ > 250 GeV. 

(Sneutdno) MASS LIMIT 
The limit depends on the number, N(D), of sneutrinos assumed to be degenerate In 
mass. Only r L (not rR )  exist. It is possible that D could be the llghtest supersymmetrlc 
particle (LSP). 

VALUE (GeVi CL~, DOCUMENT IO TEeN COMMENT 
~> 43.1 95 103 ELLIS 968 RVUE F(Z ~ Invisible); N(r )=3 
> 41.8 95 104 ADRIANI 93M L3 F(Z ~ Invisible); A/(r)=3 
> 37.1 95 104 ADRIANI 93M L3 F(Z ~ Invisible); N ( r ) = l  
> 41 95 105 DECAMP 92 ALEP F(Z ~ invisible); N(r)=3 
> 36 95 ABREU 91F DLPH F(Z ~ Invisible); N(D)=I 
> 32 95 106 ABREU 91F DLPH f (Z) ;  N ( r ) = l  
> 31.2 95 107 ALEXANDER 91F OPAL F(Z ~ invisible); N ( r ) = l  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

7~ m z 95 108 ACCIARRI 97u L3 R parity violation 
none 125-180 95 108 ACCIARRI 97u L3 R-parity violation 

109 CARENA 97 THEO ~/~ - 2 

> 46.0 95 110 BUSKULIC 95E ALEP N( r )= l ,  r --* u u ~  r 
none 20-25000 111 BECK 94 COSM Stable r ,  dark matter 
<600 112 FALK 94 COSM D LSP, cosmic abundance 
none 3-90 90 113 SATO 91 KAMI Stable r e or ~/j, 

dark matter 
none 4-90 90 113 SATO 91 KAMI Stable r~., dark matter 
> 31.4 95 114ADEVA 901 L3 F(Z ~ Invisible); N ( r ) = l  
> 39.4 95 114 ADEVA 901 L3 F(Z --* invisible); N(r )=3 

103ELLIS 968 Uses combined LEP data available in the Summer 1995, which constrain the I 
number of neutrino species to Nu=2.991 4- 0.016, I 

104ADRIANI 93M limit from ZlF(Z)(invisible)< 16.2 MeV. 
105 DECAMP 92 limit is from r( invisible)/r(t t) = 5.91 4- 0.15 (N v = 2.97 4- 0.07). 
106ABREU 91F limit 4732 GeV) Is Independent of sneutrino decay mode. 
107 ALEXAN DER 91F limit Is for one species of r and is derived from F(Invlslble, Oew)/F(tt) 

< 0.38. 
108ACCIARRI 97U studied the effect of the s~channel tau-sneutrlno exchange In e + e -  ~ ] 

e+e - at vrS=mz and v'~=130-172 GeV, via the R-parity violating coupling i "~131L1 LI el.. The limits quoted here hold for "~131 > 0.05. Similar limits were studied 
In e+e - ~ #-}'/~-- together with ,X232L2L3e 2 coupling. I 

109CARENA 97 studied the constraints on charglno and sneatrino masses from muon g -2 ,  I The bound can be Important for large tan/Y. 
UOBUSKULIC 95E looked for Z ~ r~,  where r ~ uX 0 and X 0 decays via R-parity 

violating Interactions into two leptons and a neutrino. 
111BECK 94 limit can be Inferred from limit on Dlrac neutrino using ~r(r) = 4<r(u). Also 

private communication with H.V. Klapdor-Klelngrothaus. 
112FALK 94 puts an upper bound on m r when ~ is LSP by requiring Its relic density does 

not overdose the Universe. 
1135ATO 91 search for high-energy neutrinos from the sun produced by annihilation of 

sneutrlnos in the sun. Sneutrlnos are assumed to be stable and to constitute dark matter 
in our galaxy. SATO 91 follow the analysis of NG 87, OLIVE 88, and GAISSER 86. 

114ADEVA 901 limit is from ANe < 0.19. 

(5ekctron) MASS LIMIT 
Limits assume m.~L = m~R unless otherwise stated. When the assumption of a uni- 

versal scalar mass parameter m 0 for eL and eR Is mentioned, the relation between 
m-~R and m-~L can be found in the "Note on Supersymmetry." 

In the Listings below, we use Am = m~  - -  m ~ .  

VALUE (GeV) CL._.~_~ DOCUMENT ID TEeN COMMENT 
> 56 95 115 ACCIARRI 98F L3 Am> 5 GeV, ~ ~ ,  

tan/~ _> 1,41 
> 611.0 95 116 ACKERSTAFF 98K OPAL Aim) > 5 GeV, ~ 

> 55 95 117 ACKERSTAFF 97H OPAL Aim) > 5 GeV, ~ 

3> 58 95 118 BARATE 97N ALEP Ll(m) > 3 GeV, eReR 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

,~" > 35 
> 57 
> 50 
> 53 

> 50 

7 63 

95 119 BARATE 97N RVUE eR. r lnv(Z) I 
95 120 ABREU 960 DLPH A(m) >5 GeV, ~ + e -  

I 95 121 ACCIARRI 96F L3 Aim) >5 GeV, ~ + ~ -  
95 122 AID 96c H1 m~=m~, m ~ = 3 5  GeV 

95 123BUSKULIC 96KALEP A(m) 710GeV, e ~ .  | 
1.1:1 TeV 

90 124 SUGIMOTO 96 AMY my <5 GeV, 3'YY | 

> 77 90 125 SUGIMOTO 96 RVUE m~ <5 GeV, "rYY J 
> 46 90 126 ABE 95A TOPZ m.~ <5 GeV, 3'YY J 

> 45.6 95 127 BUSKULIC 95E ALEP "~ ---* eut~ I 
> 51.9 90 HOSODA 94 VNS my=O; 'yyy  

> 45 95 128 ADRIANI 93M L3 A(m) >5 GeV, ~R+~ 

> 45 95 129 DECAMP 92 ALEP Aim) >4 GeV, ~ 

> 42 95 ABREU 90G DLPH my < 40 GeV; ~ + ~ -  
> 38 95 130 AKESSON 908 UA2 my = O; p~ ~ ZX  

(z ~ ~+~-) 
> 43.4 95 131 AKRAWY 90D OPAL my < 30 GeV; ~-F ~ -  

> 38.1 90 132 BAER 90 RVUE ~L; F(Z); tan/~ > 1 
> 43,5 95 133 DECAMP 90c ALEP my < 36 GeV; ~ + ~ -  

7830 GRIFOLS 90 ASTR my < 1 MeV 

> 29,9 95 SAKAI 90 AMY m~ < 20 GeV; ~+~-- 
> 29 95 TAKETANI 90 VNS my < 25 GeV; ~ + ~ -  
7 60 134 ZHUKOVSKII 90 ASTR m~ = 0 

> 28 95 135 ADACHI 89 TOPZ my ~.,0.85m~; ~4-~- 

7 41 95 136 ADEVA 898 L3 my < 20 GeV; ~-} '~-  

7 32 90 137ALBAJAR 89 UA1 p ~  W4-X 

(W • - ,  ~L r )  
(~L ~ ey) 

7 14 90 138ALBAJAR 89 UA1 Z ~ ~-F~- 
7 53 95 139,140 HEARTY 89 ASP my=0: "~yy 

> 50 95 HEARTY 89 ASP my <S GeV; 3,~/y 

> 35 95 HEARTY 89 ASP my <10 GeV; * /yy  
> 51,5 90 141,142 BEHREND 888 CELL my = 0 GeV; 3'YY 

7 48 90 BEHREND 888 CELL my < 5 GeV; "y~/y 

115ACCIARRI 98F looked for acoplanar dleiectron-l-~T final states at v/'s=130-172 GeV. 
The limit assumes # = - 2 0 0  GeV, and zero efficlecny for decays other than eR ~ e~O" 
See their Fig. 6 for the dependence of the limit on Am. 

116ACKERSTAFF 98K looked for dlelectron+~T final states at V~=130-172 GeV. The 
limit assumes # < - 100 GeV, tan/3=35, and zero efficiency for decays other than eR "~ 
eX 0. The limit improves to 66.5 GeV for tan/~=l.5. 

117ACKERSTAFF 97H searched for acoplanar e "l" e - ,  assuming the MSSM with universal 
scalar mass and tan/~=l.5 but conservatively did not take the possible eL production into 
account, The limit Improves to 68 GeV for the light�9 allowed ~ 0  while It disappears 

for &(m) < 3 GeV. The study includes data from e'Fe - collisions at V's=161 GeV, as 
well as 130-136 GeV {ALEXANDER 97B). 

118BARATE 97N USeS e't-e - data collected at ,~/s=161 and 172 GeV. The limit Is for 
tanb3=2. It improves to 75 GeV If Aim) >35 GeV, 

119BARATE 97N limit from ALCARAZ 96 Ilmlt on Z Invisible-decay wldth and Nu=3, 
Independent of decay mode. Limit Improves to 41 GeV for degenerate right-handed 
sleptons. 

120ABREU 960 bound assumes I#1 7200 GeV. The limit on m~R obtained by assuming a I 

heavy eL reduces to below 48 GeV. Data taken at v~  -- 130-136 GeV. I 
121ACCIARRI 96F searched for acoplanar electron pairs. The limit Is on m= , under I 

CR I the assumption of a universal scalar mass In the range O<m<10OGeV, It assumes 
O<M<2OOGeV, -200 < # <OGeV, tan# = 1.5. The corresponding limit for for rn-~L I 
is 64 GeV. The bound on m.~R (m~L) Improves to 58 GeV (70 GeV) for m~l=O. Data I 

taken at ~ = 130-136 GeV. 
122 AID 96C used electron+jet events with missing energy and momentum to look for eq ~ I 

~ v l a  neutrannoexchangewithdecayslnto(eXO)(q~(O), 5ee the paper for dependences B 
on m~, m~  

123BUSKULIC 96K searched for acoplanar electron pairs. The bound disappears for 
A(m) <10 GeV, while it Improves to 59 GeV for m ~ = o .  If # is small and the LSP 

hlggslnc-domlnated, no bound beyond mz/2  exists. Data taken at vrs = 130-136 GeV. 
1245UGIMOTO 96 looked for single photon production from e+e - annihilation at -vrs= 

57.8 GeV. The lower bound Improves to 65.5 GeV for a massless photlno. 
125SUGIMOTO 96 combined FORD 86, BEHREND 888, HEARTY 89, HOSODA 94, 

ABE 95A, and 5UGIMOTO 96 results. The lower bound Improves to 79.3 GeV for a 
massless photlno. 

126ABE 95A looked for single photon production from e + e -  annihilation at y 's= 58 GeV. 
The lower bound Improves to 47.2 GeV for a massless photlno. 

127BUSKULIC 95E looked for Z -*  ~ where eR ~ eX~l and X 0 decays via R-parity 
violating interactions Into two leprous and a neutrino. 

128ADRIANI 93M used acollnear dklepton events. 
129 DECAMP 92 limit improves for equal masses. They looked for acoplanar electrons. 
130AKESSON 908 assume my = O. Very similar limits hold for my ~ 20 GeV. 

131AKRAWY 90D look for acoplanar electrons, For m~L >> m.~R, limit is 41.5 GeV, for 
my < 30 GeV. 

132 BAER 90 limit from AF(Z) (nonhadronlc) < 53 MeV. Independent of decay modes. 
Minlnal supersymmetry and tan# > 1 assumed. 

133DECAMP 90C look for acoplanar electrons. For m~r >> m-~R limit Is 42 GeV, for 
m~ < 33 GeV. 

134ZHUKOVSKII 90 set limit by saying the luminosity of a magnetized neutron star due to 
massless photlno emission by electrons be small compared with Its neutrino luminosity, 

135ADACHI 89 assume only photon and photlno exchange and m.~L = m-~R, The limit for 
the nondegenerate case Is 26 GeV, 

136ADEVA 898 look for acopianar electrons. 



See key on page 213 

137ALBAJAR 89 limit applies for eL when m-~L = m~, L and my = O. See their Fig. 55 for 

the 90% CL excluded region in the m-~L -- m~L plane. For m~ = m.~ = O, limit is 50 
GeV. 

138ALBAJAR 89 assume my = O. 
139HEARTY 89 assume my = 0. The limit is very sensitive to m.~; no limit can be placed 

for my ~ 13 GeV. 

140The limit is reduced to 43 GeV if only one ~ state is produced (eL or eR very heavy), 
141BEHREND 88B limits assume pure photino elgenstate and m~L = m~R. 

142The 95% CL limit for BEHREND 88B is 47.5 GeV for m.~ = O. The limit for m-~L ~. 
m.~R IS 40 GeV at 90% CL 
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Supersymmetr ic  Part icle Searches 

p (Smuon) MASS LIMIT 
Limits assume m~L = m~. R unless otherwise stated. 

In the Listings below, we use Zl(m)=m~ - m~01. When limits on m~R are quoted, 

It Is understood that limits on m~. t are usuany at least as strong. 

VALUE (GeV) CL~ DOCUMENT ID TECN COMMENT 

>55 95 143 ACCIARRI 98F L3 Z~m> 5 GeV, ~+ ~ I 
>r~.g 95 144ACKERSTAFF 98KOPAL A ( m ) > 4 G e V , ~  | 
>59 95 145 BARATE 97N ALEP A(m) > 10 GeV, j R  + ~  I 
�9 �9 �9 We do not use the folh~vlng data for averages, fits, limits, etc. �9 �9 �9 

95 146ACKERSTAFF 97HOPAL D , ( m ) > S G e V , ~ , ~  I 
95 147 BARATE 97N RVUE ~R, rlnv(Z) J 
95 148 ABREU 960 DLPH Zl(m) >S GeV, ~ + ~ -  I 

>51 
>35 
>51 
>45.6 95 149 BUSKULIC 95E ALEP ~ ~ pvt~ 
>45 95 ADRIANI 93M L3 m ~  <40 GeV, p+ ~ 

>45 95 DECAMP 92 ALEP m~t 1 <41 GeV, ~R+~ 

>36 95 ABREU 90G DLPH m.~ < 33 GeV; ~ + ~ -  

>43 95 150 AKRAWY goD OPAL my < 30 GeV; ~+ ~ -  
>38.1 90 151BAER go RVUE PL; F(Z); tan/3 > 1 
>42.6 95 152 DECAMP goC ALEP my < 34 GeV; ~ + ~ -  

>27 95 SAKAI go AMY m~ < 18 GeV; ~ + ~ -  

>24.5 95 TAKETANI 90 VNS my < 15 GeV; ~ + ~ -  

>24.5 95 153ADACHI 89 TOPZ m~,<~,O.gm~;~+~ - 
>41 95 154 ADEVA ggB L3 m.~ < 20 GeV; ~+ ~ -  

143ACCIARRI 98F looked for dlmuon+~T final states at v'S=130-172 GeV. The limit J 
assumes#=-200 GeV, and zero efflciecny for decays other than ~R ~ /~0 .  See their | 
Fig. 6 for the dependence of the limit on Zlm. 

144ACKERSTAFF 98K looked for dlmuon+~ T final states at V"s=130-172 GeV. The limit I 
assumes/~ < -100 GeV, tan/~=l.5, and zero efficiency for decays other than JR I 
/~0 .  The limit improves to 62.7 GeV for B(~ R ~ /~X0)=I. I 

145BARATE 97N uses e+e - data collected at V~=161 and 172 GeV. The limit assumes I 
B(p -*  #~1) = 1. 

146ACKERSTAFF 97H limit is for m~01 >12 GeV allowed by their chargino, neutralino I 

search, and for tan/~ _~ 1.5 and I#1 > 200 GeV. The study includes data from e + e  - 

I collisions at ~/s=161 GeV, as well as at 130-136 GeV (ALEXANDER 97B). 
147BARATE 97N limit from ALCARAZ 96 limit on Z Invisible-decay width and Nu=3, 

independent of decay mode.~ Limit improves to 41 GeV for degenerate right-handed 
sleptons. 

148Data taken at V~ = 130-136 GeV. J 
149 BUSKULIC 95E looked for Z --* ~ ~ ,  where JR --* /~X0 and X 0 decays via R-parity 

violating interactions Into two leptons and a neutrino. 
150A~KRAWY 90D look for acoplanar muons. For m~t ~. m~R, limit Is 41.0 GeV, for 

my < 30 GeV. 
151BAER go limit from At (Z)  (nonhadronlc) < 53 MeV. Independent of decay modes. 

Mlnlnal supersymmetryand tan/3 > 1 assumed. 
152DECAMP goc look for acoplanar muons. For m~L ~> m~R limit is 40 GeV, for my < 

30 GeV. 
153ADACHI 89 assume only photon exchange, which gives a conservative limit, m~. L = 

m~, R assumed. The limit for nondegenerate case Is 22 GeV, 

154ADEVA 89B look for acoplanar muons. 

(Stau) MASS LIMIT 
Limits assume m,~L = m~R unless otherwise stated. 

In the Listings below, we use Z~(m)=mT - m~l. The limits depend on the potentially 

large mixing angle of the Ilghtest mass elgenstate T1 = "~RslnO~ " § TLsinO~ �9 The 
coupling to the Z vanishes for 0~. = 0.82. 

VALUE (GeV) CL.._.~% DOCUMENT ID TECN COMMENT 
>53 95 155 BARATE 97N ALEP ~(m) > 30 GeV, I 

0r=~r/2 
>47 95 155 BARATE 97N ALEP ~(m) > 30 GeV, | 

e~.=0.82 
>35 95 156 BARATE 97N RVUE -7 R, rlnv(z) | 
>44 95 157 ADRIANI 93M L3 m~-c01 <38 GeV, ~§  

95 158 DECAMP 92 ALEP rn~ <38 GeV, ~ + ~ -  

>43.0 95 159 AKRAWY god OPAL my < 23 GeV; T "t'-7- 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>45.6 95 160 BUSKULIC 95E ALEP ~ ~ ~'vtZ I 
>35 95 ABREU 90G DLPH m~ ( 25 GeV; ~ + T -  
>38.1 90 161 BAER 90 RVUE ~L; F(Z); tan~ > 1 
>40.4 95 162 DECAMP 90c ALEP m~ < 15 GeV; "7 §  

>25 95 SAKAI 90 AMY m.~ < 10 GeV; ~ + ~ -  

>25.5 95 TAKETANI 90 VNS my < 15 GeV; ~ + ~ -  

>21.7 95 163 ADACHI 89 TOPZ my=O; "7 +-7-  

155 BARATE 97N uses e + e-- data collected at v~=161 and 172 GeV. I 
156BARATE 97N nmlt from ALCARAZ 96 limit on Z Invisible-decay width and Nv=3, I Independent of decay mode. Limit improves to 41 GeV for degenerate right-handed 

sleptons. 
157ADRIANI 93M limit Is for m'FL ~" m.'FR. 

158 DECAMP 92 limit Is for m.FL ~ m~R; for equal masses the limit would Improve. They 
looked for acoplanar particles. 

159AKRAWY 90D look for acoplanar partldes, For m~L ~. m~R, limit is 41.0 GeV, for 
my < 23 GeV. 

160BUSKULIC 95E looked for Z --* -7~ ~ ,  where -7 R ~ -rX 0 and X 0 decays via R-parity 
violating Interactions into two leptons and a neutrino. 

161BAER 90 limit from LIr(z)  (nonhadronic) < 53 MeV. Independent of decay modes. 
Mlnlnal supersymmetry and tan/~ > 1 assumed. 

162 DECAMP goC look for acoplanar charged particle pairs. Limit Is for m'~L = m.TR. For 
my < 24 GeV, the limit is 37 GeV. For m.FL ~> m~R and my < 15 GeV, the limit 
is 33 GeV. 

163ADACHI 89 assume only photon exchange, which gives a conservative limit, m.TL = 
m'FR assumed. 

Stable ~ (Slepton) MASS LIMIT 
Limits on scalar leptons which leave detector before decaying. Limits from Z decays 
are independent of lepton flavor. Limits from continuum e+e - annihilation are also 
independent of flavor for smuons and staus. However, selectron limits from continuum 
e+e - annihilation depend on flavor because there is an additional contribution from 
neutrallno exchange that In general yields stronger limits. All limits assume mr. L = 

n~R unless otherwise stated. 

VALUE (GeV) CL....~N DOCUMENT IO TECN COMMENT 
>65 95 164 ABREU 97D DLPH .~r or "~R I 
>67 95 165 BARATE 97K ALEP JR, ~R I 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>40 95 ABREU goG DLPH 
>26.3 95 ADACHI 90C TOPZ ~, 
>38.8 95 AKRAWY 900 OPAL t R 
>27,1 95 166 SAKAI 90 AMY 
>32.6 95 SODERSTROMgO MRK2 
>24.5 95 167 ADACHI 89 TOPZ 

164ABREU 97D bound applies only to masses above 45 GeV. The mass limit improves to I 
68 GeV for PL, ~L' Data collected in e+e - collisions at vrs=130-172 GeV. | 

165 BARATE 97K UseS e + e-- data collected at ~'s = 130-172 GeV. The mass limit improves I to 69 GeV for ~'L and ~L" 
166SAKAI 90 IImR Improves to 30.1 GeV for ~ If my ~ m~. 

167ADACHI 89 assume only photon (and photlno for ~) exchange. The limit for ~ improves 
to 26 GeV for my ~ m~. 

{Squad() MASS LIMIT 
For m~ > 60-70 GeV, it is expected that squarks would undergo a cascade decay 
via a number of neutrallnes and/or charginos rather than undergo a direct decay to 
photlnos as assumed by some papers. Limits obtained when direct decay is assumed 
are usually higher than limits when cascade decays are included. The limits from Z 
decay do not assume GUT relations and are more model independent. 

VALUE (GeV) CL.~.~_~ DOCUMENT ID TECN COMMENT 
> 224 95 168 ABE 96D CDF m~ _< m~; with cas- 

cade decays 
> 176 95 169 ABACHI 95c DO Any m~ <300 GeV; 

with cascade decays 
> 212 95 169 ABACHI 95c DO m~ _< rn~; with cascade 

decays 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

170 :E xO I DATTA 97 THEO ~'s lighter than X1 ' -2 
> 216 95 171 DERRICK 97 ZEUS ep --~ ~, ~ ~ /~J or | 

~-J, R-parity violation 
none 130-573 95 172 HEWETT 97 THEO q~ ~ ~, ~ ~ q~, | 

with a light gluino 
none 190-650 95 173 TEREKHOV 97 THEO qg ~ ~ ,  ~ --* q~, I 

with a light glulno 
> 215 95 174 AID 98 H1 ep ~ ~, R-parity viola- I 

tlon, A=O.3 
> 150 95 174 AID 96 H1 ep ~ ~1, R-parity viola- i 

fion, A=0.1 
> 63 95 175 AID 96c H1 m~=m-~, m.T~ o =35 GeV I 
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none 330-400 95 176 TEREKHOV 96 THEO 

177 ABE 95T CDF 

> 45.3 95 178 BUSKULIC 95E ALEP 
> 239 95 179AHMED 948 H1 

> 135 95 179AHMED 94B HI 

> 35,3 95 180 ADRIANI 93M L3 
> 36.8 95 150 ADRIANI 93M L3 
> 90 90 181ABE 92L CDF 

> 218 90 182 ABE 92L CDF 

> 180 90 181A~E 92L CDF 

> 100 183 ROY 92 RVUE 

184 NOJIRI 91 COSM 
> 45 95 185 ABREU 90F DLPH 

> 43 95 186 ABREU 90F DLPH 

> 42 95 157ABREU 90F DLPH 

> 27.0 95 ADACHI 90C TOPZ 
> 74 9O 185ALITTI 90 UA2 

> 106 90 188 ALITTI 90 UA2 

> 39.2 90 189 BAER 9O RVUE 
> 45 95 190,191 BARKLOW 90 MRK2 
> 40 95 190,192 BARKLOW 90 MRK2 
> 39 95 190,193 BARKLOW 90 MRK2 
>1100 GRIFOLS 90 ASTR 

> 24 95 SAKAI 90 AMY 

> 26 95 SAKAI 90 AMY 

> 26.3 95 194ADACHI 89 TOPZ 

195 NATH 88 THEO 

ug ~ ug, u ~ u~ 
with a light ~iuino 

~ q v ~  
ep ~ ~; R-parity viola- 

tIon, .X.O.30 
ep ~ ~/; R-parity viola- 

tion, _~=0.1 
z ~ ~_ F(Z) 
Z ~ dd, F(Z) 
Any m~ <410 GeV; 

with cascade decay 
m~ ~ m~; with cascade 

decay 
m~ < m~; with cas- 

cade decay 
p~ ~ ~ ;  R-parity vio- 

lating 

z ~  ~ ,  
m~ < 20 GeV 

Z ~  dd, 
m~ < 20 GeV 

Z ~  ~ .  
m~ < 20 GeV 

Stable ~, ~ 
Any m~; 

B(~ ~ q~ror q.~) 
= 1  

~ s(~-~ q~)=z  
dL; r(z) 
z ~  q~ 
Z ~  dd  
Z ~  ~ 
m.~ < 1 MeV 

e + e - ~  d ~  dd~'~; 
m.~ < 10 GeV 

m~, < 10 GeV 

e + e -  - ~ 
qq3'"~ 

~'(p ~ ~'K) In super- 
gravity GUT 

> 45 90 196 ALBAJAR 87D UA1 Any m~ > m~ 

> 75 90 196 ALBAJAR 870 UA1 m~ ~ m~ 

168ABE 96D searched for production of glulnos and five degenerate squarks in final states 
containing a pair of leptons, two jets, and missing E T. The two leptons arise from the 
semileptonic decays of charginos produced in the cascade decays. The limit is derived for 
fixed tan~ = 4.0, /~ = -400 GeV, and mH+ = 500 GeV, and with the cascade decays 
of the squarks and gluinos calculated within the framework of the Minimal Supergravity 
scenario. 

169ABACHI 95c assume five degenerate squark flavors with m~/. = m~R. Sleptons are 
assumed to be heavier than squarks. The limits are derived for fixed tan/~ = 2,0 /~ = 
-250 GeV, and mH+--500 Ge V, and with the cascade decays of the squarks and gluinos 
calculated within the framework of the Minimal Supergravity scenario. The bounds are 
weakly sensitive to the three fixed parameters for a large fraction of parameter space. 
No limit is given for mgluln o >547 GeV. 

170DATTA 97 argues that the squark mass bound by ABACHI 95c can be weakened by 
10-20 GeV if one relaxes the assumption of the universal scalar mass at the GUT-scale 
so that the X~: ~0 In the squark cascade decays have dominant and invisible decays to 1 ' 2  

171DERRICK 97 looked for lepton-number violating final states via R-parity violating cou- 

p rigs ~ ' l j kL iQjdk  . When ~11k~l jk ~ O, the process eu ~ d*k ~ t lUj is possible. 

When ~ l j l A i j k  ~ 0, the process e~ --* i;~ ~ l l"d k Is possible. 100% branching 

fraction ~ ~ ~J Is assumed. The limit quoted here corresponds to t ~ Tq decay, with 
,~r=0.3. For different channels, limits are slightly better. See Table6 in their paper. 

172HEWETT 97 reanalyzed the limits on possilbe resonances In dl-Jet mode (~ ~ q~) 
from ALITTI 93 quoted in * "Limits for Excited q ( q )  from Single Production," ABE 96 
In "SCALE LiMiTS for Contact Interactions: A(qqqq),"  and unpublished CDF, D~ 
bounds. The bound applies to the glulno mass of 5 GeV, and improves for lighter gluino. 
The analysis has glulnos in parton distribution function. 

173TEREKHOV 97 improved the analysis of TEREKHOV 96 by Including di-jet angular 
distributions in the analysis. 

174AID 96 looked for first-generation squarks as s-channel resonances singly produced In ep 
collision via the R-parity violating coupling In the superpotential W=~L 1 Q1 dl" The 
degeneracy of squarks Q1 and dl Is assumed. Eight different channels of possible squark 
decays are considered. 

175 AID 96c used electron+Jet events with missing energy and momentum to look for eq 
~ via neutralino exchange with decays Into (eXO)(qxO). See the paper for dependences 
on m~, m~l. 

176TEREKHOV % reanalyzed the limits on possible resonances in di-Jet mode (~ --~ u~) 
from ABE 95N quoted in "MASS LIMITS for gA (axigluon)." The bound applies only 
to the case with a light glulno. 

177ABE 95T looked for a cascade decay of five degenerate squarks into ~0 which further 

decays into ~0 and a photon. No signal is observed. Limits vary widely depending on 

the choice of parameters. For # = - 4 0  GeV, tan/3 = 1.5, and heavy gluinos, the range 
50<m~ (GeV)<110 is excluded at 90% CL. See the paper for details. 

178BUSKULIC 95E looked for Z ~ ~ ,  where ~ ~ qX 0 and X 0 decays via R-parity 
violating Interactions into two ieptons and a neutrino. 

179AHMED 945 looked for squarks as s-channel resonance in ep collision via R-parity vio- 
lating coupling in the superpotentlaI W = XL 1 q I d 1 . The degeneracy of a8 squarks O 1 
and d I Is assumed. The squarks decay dominantly via the same R-violating coupUng Into 
eq or uq if ,~ ~> 0 2 For smaller ,~ decay into phoUno is assumed which subsequently 
decays into eqq, and the bound depends on m~. See paper for excluded region on 
(m~,A) plane. 

180ADRIANI 93M limit from AF(Z)< 35.1 MeV and assumes m~L ~ m~R. 

181ABE 92L assume five degenerate squark flavors and m~L = m~R. ABE 92L Includes the 
effect of cascade decay, for a particular choice of parameters,/~ = -250 GeV, tan/~ = 
2. Results are weakly sensitive to these parameters over much of parameter space. No 
limit for m~ _< 50 GeV (but other experiments rule out that region). Limits are 10-20 
GeV higher If B(~ ~ q~) = 1. Limit assumes GUT relations between gauglno masses 
and the gauge coupling; In particular that for [Pl not small, m~z ~ m~/6. This last 

relation implies that as m~ Increases, the mass of ~0 will eventually exceed m~ so that 
no decay Is possible. Even before that occurs, the signal will disappear; In particular no 
bounds can be obtained for m~ >410 GeV. mH+=500 GeV. 

182ABE 92L bounds are based on similar assumptions as ABACHI 95C. No limits for 
mglt~ino >410 GeV. 

183ROy 92 reanalyzed CDF limits on di-lepton events to obtain limits on squark production 
In R-parity violating models, The 100% decay ~ ~ qX where X is the LSP, and the 
LSP decays either into t qd  or t t ~  Is assumed. 

lg4NOJiRi 91 argues that a heavy squark should be nearly degenerate with the gluino In 
minimal supergravity not to overciose the universe. 

185 ABREU 90F assume six degenerate squarks and m~L = m~R. m~ < 41 GeV is excluded 

at 95% CL for rnLs p < m~-2  GeV. 

186ABREU 90F exclude m~ < 38 GeV at 95% for mLS P < m ~ - 2  GeV. 

187ABREU ~ exclude m~ < 36 GeV at 95% for mLS P < m ~ - 2  GeV. 

188ALITTI 90 searched for events having >_ 2 jets with E 1 > 25 GeVo E 2 > 15 GeV, 
Iql < 0.85, and A~? < 160 o, with a missing momentum > 40 GeV and no electrons. 
They assume ~ --* q~, (if m~ < m~) or ~ ~ q~ (If m~ > m~) decay and m~ ~, 
20 GeV. Five degenerate squark flavors and m~L ~ m.~e are assumed. Masses below 

50 GeV are not excluded by the analysis. 
1895AER 90 limit from L~.F(Z) < 120 MeV, assuming m~L = m~t " = m.~t = m~,. Inde- 

pendent of decay modes. Minimal supergravity assumed. 
19OBARKLOW9oassume100%~--~ q~. o 
1915ARKLOW 90 assume five degenerate squarks Cleft- and right-handed). Valid up to 

m~ ~ Imp-4 GeV]. 

192BARKLOW 90 result valid up to m ~  ~ Imp-5  GeV]. 

193BARKLOW 90 reseit valid up to m~l 1 ~, Imp-6  GeV], 

194ADACHI 89 assume only photon exchange, which gives a a conservative limit. The limit 
Is only for one flavor of charge 2J3 ~. m~L = m~R and m~ = 0 assumed. The limit 
decreases to 26.1 GeV for rn~ = 15 GeV. The limit for nondegenerate case is 24.4 GeV. 

195 NATH 58 uses Kamioka limit of r(p ~ PK  -F) > 7 x 1031 yrs to constrain squark mass 
m~ > 1000 GeV by assuming that the proton decay proceeds via an exchange of a 

color-triplet Hlggsino of mass < 1016 GeV In the supersymmetrlc SU(5) GUT. The limit 
applies for m~/ =-- (8/3) sln28w~2 > 10 GeV (m2 is the SU(2) geugino mass) and for 
a very conservative value of the three-quark proton wave function, barring cancellation 
between second and third generations. Lower squark mass is allowed If m~ as defined 
above Is smaller. 

196The limits of ALBAJAR B7D are from p~ ~ ~ X  (~ ~ q'~) and assume 5 flavors of 
degenerate mass squarks each wlth m~l L = m~lRO They also assume m~ > m~. These 

limits apply for m~ ~ 20 GeV. 

(Sbottom) MASS LIMIT 
Limits In e + e -  depend on the mixing angle of the mass elgenstate bl = bLC~ + 
bRSln0 b. Coupling to the Z vanishes for 9 b ~ 1.17. In the Listings below, we use 
~m : % - m ~  

VALUE {GeV) CL% DOCUMENT tO TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>69.7 95 197 ACKERSTAFF 970 OPAL b -*  bX 0. 0b-O, I 
A(m). > e GeV 

>73 95 198 BARATE 97Q A L E P b  ~ bX O, #b--O, | 
~(m~ > 10 GeV 

>53 95 199 ABREU 960 DLPH b ~ bX O, 8b--O, | 
~(m) >z0 Gev 

>61,8 95 200 ACKERSTAFF 96 OPAL b --~ bX O, ,gb=O, | 
&Cm) >8 Gev 

197ACKERSTAFF 97Q data taken at V~=130-172 GeV. See paper for dependence on 0 b. | 
No limit for # b ,~ 1,17. 

I 198BARATE 970 uses data at v/'s=161, 170, and 172 GeV. The limit disappears when 
@b ~ 1.17. 

199Data taken at v~ = 130-136 GeV. 



See key on page 213 

200ACKERSTAFF 96 also studied O b dependence when there Is a mixing b I = bLCOSO b + I 
bRsln# b. Data taken at ~/s =130,  136, and 161 GeV. See the paper fo~ dependence I on 8b' No limit for ~b ~ 1.17. 

T (Stop) MASS LIMIT 
Limit depends on decay mode, In �9 + e -  collisions they also depend on the mixing 
angle of the mass eigenstate "{1 = "tLc~ 4- "{Rsingt. Coupling to Z vanishes when 
8 t = 0.98. In the Listings below, we use Am ~ mtl~ -- m~. or Am =_ mr1- -- m~, 

depending on relevant decay mode. See also bounds in "5 (Squark) MASS LIMIT." 

VALUE (CRV) CL__~ DOCUMENT ID TECN COMMENT 

> 73.3 95 201ACKERSTAFF 97Q OPAL t ~ CX 0, 0t=0 , A(m) > 10 | 
GeV_ 

> 65.0 95 201ACKERSTAFF 97Q OPAL t ~ cX O, 9t=0.98, A(m) > | 
_ 10 GeV 

> 67.9 95 201ACKERSTAFF 97q OPAL t ~ bt~, St=0, 'Zl(m) > 10 | 
_ GeV 

> 56.2 95 201ACKERSTAFF 97Q OPAL t ~ bt~, et=0.98, A(m) > I 
_ 10 GeV 

> 66.3 95 201ACKERSTAFF 97Q OPAL t ~ bT~., 0t=O, A(m) > 10 | 
_ GeV 

> 54.4 95 201ACKERSTAFF 97Q OPAL t -~ b~-~r, 0t=0.98, A(m) > | 

> 67 95 202 BARATE 97Q ALEP t --* cX 1, any 0 t, A(m) > 10 | 
GeV 

> 70 95 202 BARATE 97Q ALEP "{ ~ bt~, any e t, A(m) > 10 | 
_ GeV 

> 64 95 202 BARATE 97Q ALEP t --~ b~'~. r, any 0 t, A(m) > I 
10 G e V  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

none 61-91 95 203 ABACHI 96B D0 t ~ cX 0' m~0 <30 GeV 
"1 

> 54 95 -t --, c~ o, 8r=o, ~(m) >s I 
GeV_ 

> 52 95 ~--+ cX O. Or=O, A(m) >8 I 
GeV_ 

> 85.4 95 i -~  cX O, Ot=0, ACre) >10 | 
GeV__ 

> 56.8 95 ~ - .  c~y, o:0.90, I 
A ( m )  >10 GeV 

> 60.6 95 *t ~ bl~, Ot=O, A(m) >10 | 
GeV__ 

none 9-24,4 95 ep ~ i t ,  R-parity violating I 
decays 

>138 95 ep ~ t, R-parity violation, | 
Acor~_~ > 0.03 

> 48 95 t ~ cX 1, Ot=O, A(m) >18 | 

GeV_ 0 
> 57 95 t ~ cX 1. Ot=~/2, A(m) >14 | 

0Gg > 45 B -B and~,0t=0,98, I 
tan# <2 

none 11-41 95 0t=0.98, t ~ cut~ r 
none 6.0-41.2 95 t ~ cX O, Ot=O , A(m) >2 

GeV 
none 5.0-46.0 95 "{ ~ c~(O1, Ot=O , A(m) >5 

GeV~ 
none 11,2-25.5 95 "t ~ cX O, 0t=0.98, A(m) >2 

GeV 
none 7.9-41.2 95 "{ ---, cX 0, 0t=0.98, A(m) >5 

GeV 
none 7.6-28.0 95 "{ ~ cX O, any 0 t, A(m) >10 

GeV 
none 10-20 95 "t --* cXIO, any Or, A(m) > 2.5 

GeV 
201ACKERSTAFF 97Q looked for t" pair production. Data taken at ~/s=130, 136, 161, 170, 

and 172 GeV. Unless the l=~- decay mode is explicitly Indicated, the same branching 
fractions to t=e, i z, and ~" are assumed for bt~ t modes. See Table 7 and Figs. 8-10 for 
other choices of 8 t, A(m), and leptonlc branching ratios. 

202BARATE 97Q uses e't'e - data at v~=161, 170, and 172 GeV, Unless the t=~" decay 
mode is explicitly Indicated, the same branching fractions to t=e, p, and ~- are assumed 
for b t~ t  modes. See their Figs. 4 and 5 for other choices of Or, &(m), and leptonlc 
branching ratios. 

203ABACHI 96~ searches for final states with 2 Jets and missing E T. Limits on m~ are 
given as a function of m~co. See Fig. 4 for details. 

204Data taken at v/s = 130-136 GeV. 
205 ACKERSTAFF 96 looked for t pair woduction. See the paper for Of and A(m) dependece 

of the limits. Data taken at - ~  = 130, 136, and 161 GeV. 
206 AID 96 considers photoproduction of "~" pairs, with 100% R-parRy violating decays of "{ 

to eq, with q=d, s, or b quarks. 
207AID 96 considers production and decay of "t via the R-parity violating coupling in the 

superpotential W=A L 1 Q3 dl" 
208CHO 96 studied the consistency among the B0-B 0 mixing, �9 in KO-K - '0  mixing, and 

the measurements of Vcb, Vub/Vcb. For the range 25.5 GeV<m~l < m z / 2  left by 

AKERS 94K for ~t = 0.98, and within the allowed range in M2-# parameter space from 
charglno, neutrallno searches by ACCIARRI 95E, they found the scalar top contribution 
to BO-B 0 mixing and e to be too large if tan# <2. For more on their assumptions, see 
the paper and their reference 10. 

209 BUSKULIC 95E looked for Z ~ t'~, where "{ ~ cX 0 and X 0 decays via R-parity violating 
Interactions Into two leptons and a neutrino. 

210SHIRAI 94 bound assumes the cross section without the s-channel Z-exchange arid the 
QCD correction, underestimating the cross section up to 20% and 30%, respectively. 
They assume mc=l .5 GeV. 
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204 ABREU 960 DLPH 

204 ACCIARRI 96F L3 

205ACKERSTAFF 96 OPAL 

205 ACKERSTAFF 96 OPAL 

205 ACKERSTAFF 96 OPAL 

206 AID 96 H1 

207 AID 96 H1 

204 BUSKULIC 96K ALEP 

204 BUSKULIC 96K ALEP 

208 CHO 96 RVUE 

209 BUSKULIC 95E ALEP 
AKERS 94K OPAL 

AKERS 94K OPAL 

AKERS 94K OPAL 

AKERS 94K OPAL 

210 SH~RAI 94 VNS 

210 5HIRAI 94 VNS 

Heavy ~ (Glulno) MASS L I M I T  
For m~ > 60-70 GeV, it is expected that glulnos would undergo a cascade decay 
via a number of neutralinos and/or charginos rather than undergo a direct decay to 
photlnos as assumed by some papers. Limits obtained when direct decay Is assumed 
are usually higher than limits when cascade decays are included. 

VALUE (GeV) CL~_~ DOCUMENT ID TECN COMMENT 
>173 95 211 ABE 97K CDF Any m~; with cascade I 

decays 
>216 95 211 ABE 97K CDF m~=m~; with cascade | 

decays 
>224 95 212 ABE 96D CDF m~ = m~; with cascade 

decays 
>154 95 212 ABE 96D CDF m~ <m~; with cascade 

decays 
>212 95 213 ABACHI 95c DO m~ _> m~; with cascade 

decays 
>144 95 213 ABACHI 95C DO Any m~; with cascade 

decays 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

214ABE 95T CDF ~ ._~ ~0 ~ ~0~ 

215 HEBBEKER 93 RVUE e §  Jet analyses 
>218 90 216 ABE 92L CDF m~ < m~; with cas- 

cade decay 
>100 90 216 ABE 92L CDF Any m~; with cascade 

decay 
>100 217 ROY 92 RVUE p~ ~ ~ ;  R-parRy vio- 

lating 
>132 90 218 HIDAKA 91 RVUE 

219 NOJIRI 91 COSM 
> 79 90 220ALITTI 90 UA2 Any m~; 

B(~--* q ~ y ) = l  
>106 90 220 ALITTI 90 UA2 m~ = m~; 

B(~ ~ q~y) = 1 
221NAKAMURA 89 SPEC R-A++ 

none 4-53 90 222 ALBAJAR 87D UA1 Any m~ > m~ 

none 4-75 90 222 ALBAJAR 87D UA1 m~ = m~ 

none 16-58 90 223 ANSARI 87D UA2 m~ ~ 100 GeV 

211ABE 97K searched for production of glulnos and five degenerate squarks in events with | 
three or more jets but no electrons or muons and missing transverse energy ~ T  > 60 

I GeV. The limit for any m~ is for /h=-200 GeV and tan#=2, and that for m~=m~ Is 
for /J=-400 GeV and tan/~=4. Different choices for tan# and/~ lead to changes of the 
order of 4-10 GeV in the limits. See Footnote [16] of the paper for more details on the 
assumptions. 

212ABE 96D searched for production of glulnos and five degenerate squarks in final states 
containing a pair of leptons, two jets, and missing E T. The two leptons arise from the 
semlleptonic decays of charginos produced In the cascade decays. The limits are derived 
for fixed tan# = 4.0, .. = -400 GeV, and mH+ = 500 GeV, and with the cascade decays 
of the squarks and glulnos calculated within the framework of the Minimal Supergravity 
scenario. The bounds are weakly sensitive to the values of the three fixed parameters for 
a large fraction of parameter space. See Fig. 2 for the limits corresponding to different 
parameter choices. 

213ABACHI 95C assume five degenerate squark flavors with with m~L = m~R. Sleptons 
are assumed to be heavier than squarks. The limits are derived for fixed tan# = 2.0/z = 
-250 GeV, and mH+~500 GeV, and with the cascade decays of the Scluarks and gluinos 
calculated within the framework of the Minimal Supergravlty scenario. The bounds are 
weakly sensitive to the three fixed parameters for a large fraction of parameter space. 

214 ABE 95T looked for a cascade decay of glulno into ~0 which further decays into ~0 and a 
photon. No signal is observed. Limits vary widely depending on the choice of parameters. 
For /~ = - 4 0  GeV, tan# = 1.5, and heavy squarks, the range 50<m~ (GeV)<140 is 
excluded at 90% CL, See the paper for details. 

215HEBBEKER 93 combined Jet analyses at various e + e -  colliders. The 4-Jet analyses 
at TRISTAN/LEP and the measured ~s at PEP/PETRA/TRISTAN/LEP are used. A 
constraint on effective number of quarks N=6.3 :k 1.1 is obtained, which Is compared to 
that with a light gluino, N=8. 

216ABE 92L bounds are based on similar assumptions as ABACHI 95C. Not sensitive to 
mgluln o <40 GeV (but other experiments rule out that region). 

217 ROY 92 reanalyzed CDF limits on all-lepton events to obtain limits on glulno production 
In R-parity violating models. The 100% decay ~ ~ q ~  where X Is the LSP, and the 
LSP decays either into t q d  or t t ~  is assumed. 

218HIDAKA 91 limit obtained from LEP and preliminary CDF results within minimal su- 
persymmetry with gauglno-mass unification condition. HIDAKA 91 limit extracted from 
BAER 91 analysis. 

219 NOJIR191 argues that a heavy glulno should be nearly degenerate with squarks in minimal 
supergravlty not to overclose the universe. 

220ALITTI 90 searched for events having _> 2 Jets with E 1 > 25 GeV, E 2 > 15 GeV, 
I~1 < 055, and A~ < 160 ~ with a missing momentum > 40 GeV and no electrons. 

They assume ~r ~ q ~  decay and my ~ 20 GeV. Masses below 50 GeV are not 
excluded by the analysis. 

221 NAKAMURA 89 searched for a long-lived (~- ,~> 10 - 7  s) charge-(-L-2) particle with mass 

1.6 GeV In proton-Pt interactions at 12 GeV and found that the yield Is less than 
10 - 8  times that of the pion. This excludes R-Z~ + +  (a ~uuu  state) lighter than 1.6 
GeV. 

222The limits of ALBAJAR 87D are from p~ ~ ~ X  (~ ~ q ~ )  and assume m~ > 

m~. These limits apply for my ,~ 20 GeV and ~'(~) < 10 -10  s. 

223The limit of ANSARI 87D assumes m~ > m~ and m~ ~ 0. 
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NOTE ON LIGHT GLUINO 

Written March 1998 by H. Murayama (UC Berkeley). 

It is controversial if a light gluino of mass below 5 GeV 
is phenomenologically allowed. Below we list some of the most 

important and least controversial constraints which need to be 

met for a light gluino to be viable. For reviews on the subject, 
see, e.g., Ref. 1. 

1. Either m~<1.5 GeV or m~>3.5 GeV to avoid 
the CAKIR 94 limit. See also Ref. 2 for similar 

quarkonium constraints on lighter masses. 

2. The lifetime of the gluino or the ground state gluino- 
containing hadron (typically, g~) must be > 10 -1~ s 

in order to evade beam-dump and missing energy 
limits [1,2]. 

3. Charged gluino-containing hadrons (e.g. ~ud-) must 

decay into neutral ones (e.g. R~ + or 

([lugz)e-Pe) with a lifetime shorter than about 10 -7 s 

to avoid the AKERS 95R limit. Older limits for 

lower masses and shorter lifetimes are summarized 
in Ref. 1. 

4. The lifetime of R ~ --* p0~, if allowed, must be out- 

side the ADAMS 97B range. The R+(~uud) state, 
which is believed to decay weakly into S~ • 
(FARRAR 96), must be heavier than 2 GeV or have 

lifetime rp~ > 1 ns or v,% ~< 50 ps (e.g. if the strong 
decay into S~ • is allowed), or its production cross 

sections must be at least a factor of 5 smaller than 
those of hyperons, to avoid ALBUQUERQUE 97 
limit. 

5. m0 > 6.8 GeV (95% CL) if the "experimental opti- 
mization" method of fixing the renormalization scale 

is valid and if the hadronization and resummation 

uncertainties are as estimated in BARATE 97L, 

from the D2 event shape observable in Z ~ de- 

cay. The 4-jet angular distribution is less sensi- 
tive to renormalization scale ambiguities and yields 

a 90%CL exclusion of a light gluino (DEGOU- 
VEA 97). A combined LEP analysis based on all 

the Z ~ data and using the recent NLO calcula- 
tions [3] is warranted. 

6. Constraints from the effect of light gluinos on 

the running of as apply independently of the 
gluino lifetime and are insensitive to renormaliza- 

tion scale. They disfavor a light gluino at 70% CL 
(CSIKOR 97), which improves to more than 99% 
with jet analysis. 
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L.ong-Ilved/llir ht i (Glutno) MASS LIMIT 
Limits on light glulnos (m~ < 5 GeV), or gluinos which leave the detector before 

decaying. 
VALUE (GeVJ , CL~ DOCUMENT ID TECN COMMENT 

�9 �9 t We do not use the following data for averages, fits, limits, e tc . �9  �9 �9 

224 ADAMS 97B KTEV pN ~ R 0 ~ pO~ 
225 ALBUQUERQ..,97 E761 R + ( u u d ~ ) ~  

S~ +. 
X-(ssdE)~ 
sO ~r- 

>6.3 95 226 BARATE 97L ALEP Color factors 
>S 99 227 CSIKOR 97 RVUE ~ function, Z ~ jets 
>1.5 90 228 DEGOUVEA 97 THEO Z ~ JJjj 

229 FARRAR 96 RVUE R0 ~ ~0~ 
none 1.9-13.6 95 230 AKERS 95R OPAL Z decay into a long-lived (~q~)4- 
<0.7 231CLAVELLI 95 RVUE quarkonia 
none 1,5-3.5 232 CAKIR 94 RVUE T(1S) ~ ~+ giuinon* 

ium 
not 3-5 233 LOPEZ 93c RVUE LEP 

4 234 CLAVELLI 92 RVUE c~$ running 
235 ANTONIADIS 91 RVUE r running 

>1 236ANTONIADIS 91 RVUE pN ~ mlsslngeneri~ 
>3,8 90 237 ARNOLD 87 EMUL ~ -  (350 GeV). ~ ~ A 1 
>3,2 90 237 ARNOLD 87 EMUL ~r- (350 GeV). a = 

,40.72 
none 0.6-2.2 90 235 TUTS 87 CUSB T(1S) - *  "y+ glulnon- 

lum 
none 1-4,5 90 239 ALBRECHT 86c ARG 1 x 10 -11  ~,~ r 

1 x 10-9S 
none1-4 90 240BADIER 86 BDMP 1 x 10 -10  < ~" < 

1 x 10-7s 
none 3-5 241 BARNETT 86 RVUE p~ ~ glulno gluino 

gluon 
none 242 VOLOSHIN 86 RVUE If (quasi) stable; ~uud  
none 0.5-2 243 COOPER-... 55B BDMP For m~=300 GeV 

none 0t5-4 243 COOPER-... 85s BDMP For m~ <65 GeV 

none 0.5-3 243 COOPER-... 85B BDMP For m~=150 GeV 

none 2-4 244 DAWSON 85 RVUE e > 10 - 7  s 
none 1-2.5 244 DAWSON 55 RVUE For m~=100 GeV 

none 0.5-4.1 90 245 FARRAR 85 RVUE FNAL beam dump 
>1 246 GOLDMAN 85 RVUE Gluononium 
>1-2 247 HABER fl5 RVUE 

248 BALL 54 CALO 
249 BRICK 84 RVUE 
250 FARRAR 84 RVUE 

>2 251 BERGSMA 83C RVUE For m~ <100 GeV 

252CHANOWITZ 83 RVUE ~ud, ~uud  
>2-3 2S3KANE 82 RVUE Beam dump 
>1.5-2 FARRAR 78 RVUE R-badron 

224ADAMS 97B looked for p0 ~ i t + , -  as a signature of RO=(~g) bound states. The 
experiment is sensitive to an R 0 mass range of 1.2-4.5 GeV and to a lifetime range of 

�9 10-10-10-3 sec. Precise limits depend on the assumed value of mRo/m ~. See Fig. 7 
for the excluded mass and lifetime region. 

225ALBUQUERQUE 97 looked for weakly decaying baryon-like states which contain a Ilght 
gtulno, following the suggestlous in FARRAR 96. See their Table1 for nmlts on the 
production fraction. These limits exclude gluino masses In the range 100-600 MeV for 
the predicted lifetimes (FARRAR 96) and production rates, which are assumed to be 
comparable to those of strange or charmed baryons. 

226BARATE 971_ studied the QCD color factors from four-Jet angular correlations and the 
differential two-jet rate In Z decay. Limit obtained from the determination of nf = 
4.24 4- 0.29 4- 1.15. assuming TF/CF=3/5  and CA/CF=9/4. 

227CSIKOR 97 combined the a s from #(e-t-e - --~ ha<Iron), ~" decay, and jet analysis In 
Z decay. They exclude a light gluino below 5 GeV at more than 99.7%CL. 

228 DEGOUVEA 97 reaanalyzed AKERS 95A data on Z decay into four Jets to place con- 
stralnts on a light stable glulno. The mass limit corresponds to the pole mass of 2.8 
GeV. The analysis, however, is limited to the leading-order QCO calculation. 



See key on page 213 

229 FARRAR 96 studied the possible RO:(~g) component in Fermllab E799 experiment and 
used its bound B ( K  O ~ 1rOut)  ~ 5.8 • 10 - 5  to place constraints on the combination 

of R 0 production c ro~  section and its lifetime. 
230AKERS 95R looked for Z decay into q ~ ,  by searching for charged particles with dE/dx 

consistent with ~ fragmentation into a state (~q~)4-  with lifetime ~- > 10 - 7  eec. The 
fragmentation probability into a charged state is assumed to  be 25%. 

231CLAVELLI  95 updates the analysis o f  CLAVELLI 93, based on a comparison of  the 
hadronlc widths of  charmonlum and bottomonlum S-wave states. The analysis Includes 
a parametrizatlon of relativlsltlc corrections. Claims that the presence of  a light glulno 
improves agreement with the data by slowing down the running of cx s. 

232CAKIR 94 reanalyzed TUTS 87 and later unpublished data from CUSB to exclude 
pseudo~scalar gluinonium r / ~ ( ~ )  o f  mass below 7GeV. i t  was argued, however, that  

the perturbatlve QCD calculation of the branching fraction 7" ~ ~/~-~ is unreliable for 

m~/~ < 3 GeV, The glulno mass Is defined by m~=(m~i~q)/2. The l imit  holds for any 

gluino lifetime. 
233 LOPEZ 93c uses combined restraint from the radiative symmetry breaking scenario within 

the minimal supergravlty model, and the LEP bounds on the (M2,/z) plane. Claims that 
the light gluino window is strongly disfavored. 

234CLAVELU 92 claims that  a light gluino mass around 4 GeV should exist to explain the 
discrepancy between c~ s at LEP and at quarkonia ( T ) ,  since a light glulno slows the 
running of the QCD coupling. 

235ANTONIADIS  91 argue that  possible light gluines ( <  5 GeV) contradict the observed 
running of  c~ s between 5 GeV and m Z. The significance is less than 2 s.d. 

236ANTONIADIS  91 intrepret the search for missing energy events In 450 GeV/c  pN colli- 
sions, AKESSON 91, in terms of light glulnos. 

237The limits assume m~  = 100 GeV. See their figure 3 for l imits vs. m~. 

238The glulno mass is defined by half the bound ~ mass. I f  zero glulno mass gives a ~ 
of  mass about 1 GeV as suggested by various glueball mass estimates, then the low-mass 
bound can be replaced by zero. The high-mass bound is obtained by comparing the data 
wi th nonrelatlvlstlc potential-model estimates. 

239ALBRECHT 86c search for secondary decay vertices from X b l ( 1 P  ) ~ ggS" where ~'s 
make long-lived hadrons. See their figure 4 for excluded region in the m ~  - m ~  and 
m ~  - m~ plane. The lower m ~  region below ~ 2 GeV may be sensitive to  fragmentation 

effects. Remark that  the ~-hadron mass is expected to be ~ 1 GeV (glueball mass) In 
the zero ~ mass l imit. 

240BADIER 86 looked for secondary decay vertices from long-lived ~-hadrons produced at 
300 GeV ~ -  beam dump. The quoted bound assumes ~-hadron nucleon total  cross 
section of lOpb. See their figure 7 for excluded region In the m~  - m~  plane for several 
assumed total cross-section values. 

2 4 1 B A R N E T T  56 rule out l ight glulnos (m  = 3-5  GeV) by calculating the monoJct rate 
from glulno glulno gluon events (and from gluino glulno events) and by using UA1 data 
f rom p p  collisions at CERN. 

242 VOLOSHIN 86 rules out stable glulno based on the cosmological argument that  predicts 
too much hydrogen consisting of  the charged stable hadron ~uud. Quasi-stable (~- > 
1. x 1 0 - 7 s )  light gluino of  m~  <:3 GeV Is also ruled out by nonobservatlon of the stable 

charged particles, ~uud, in high energy hadron collisions. 
243COOPER-SARKAR 85R is BEBC beam-dump. Glulnos decaying In dump would yield 

"~'s In the detector giving neutral-current-like Interactions. For m~  >330  GeV, no l imit 
is set. 

244 DAWSON 85 first l imit  from neutral particle search. Second l imit based on FNAL beam 
dump experiment. 

245 FARRAR 85 points out that  BALL 84 analysis applies only i f  the ~'s decay before interact- 
Ing, I.e. m~ < 8 0 m ~  1"5, FARRAR 85 finds m ~  <0.5 not excluded for m~ = 30-1000 
GeV and m ~  <1.0  not excluded for m~ = 100-500 GeV by BALL 84 experiment. 

2 4 6 G O L D M A N  85 use nonobservatlon of a pseudoscalar ~ -~  bound state in radiative 
decay. 

247HABER 85 is based on survey of  all previous searches sensitive to low mass ~'s. Limit  
makes assumptions regarding the l i fetime and electric charge of the tightest supersym- 
metr ic particle. 

248 BALL  84 is FNAL beam dump experiment. Observed no interactions of '~ In the calorime- 
ter, where "~'s are expected to come from pair-produced ~'s. Search for long-lived 
interacting in calorimeter 56m from target. L imi t  is for m~  = 40 GeV and production 

cross section proportional to  A 0"72. BALL 84 find no ~ allowed below 4.1 GeV at CL = 
90%. Their figure 1 shows dependence on m~  and A. See also KANE 82. 

249BRICK 84 reanalyzed FNAL 147 GeV HBC data for R-A(1232)  + +  with r > 1 0 - 9 s  

and Plab >2  GeV. Set CL = 90% upper l imits 6.1, 4.**, and 29 mlcmbarnsln pp, ~r+p, 
K+p collisions respectively. R - A + +  is defined as being ~ and 3 up quarks. I f  mass = 

1.2-1.5 GeV, then limits may be lower than theory predictions. 
250FARRAR 84 argues that  m ~  <100  MeV Is not ruled out If the Ilghtest R-hadrons are 

long-lived. A long lifetime would Occur If R-hadrons are lighter than ~'s or i f  m~  >100 

GeV. 
251BERGSMA 83c is reanalysis o f  CERN-SPS beam-dump data. See their figure 1. 
252 C H A N O W I T Z  83 find in bag-model that  charged s-hadron exists which Is stable agalust 

strong decay i f  m ~  <1  GeV. This is important  since tracks from decay of neutral s- 

hadron cannot be reconstructed to  primary vertex beca use of  missed ~. Charged s-hadron 
leaves track from vertex. 

253 KANE 82 inferred above ~ mass l imit  f rom retroactive analysis of  hadronlc collision and 
beam dump experiments. Limits valid i f  g decays inside detector. 

Supersymmetry Miscellaneous Results 
Results that  do not appear under other headings or that make nonminlmal assum ptlons. 

VALUE DOCUMENT ID T~(: N COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

254 ABACHI  97 DO "y'yX 
255 BARBER 840 RVUE 
2 5 6 H O F F M A N  83 CNTR xp-+ n(e+e - )  
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Searches Particle Listings 
Su persym metric Particle Searches 

254ABACHI  97 searched for p~ ~ "y'y ~T+X as supersymmetry signature. It can be | 
caused by selectron, sneutrino, or neutrallno production wi th a radiative decay of  their I decay products. They placed l imits on cross sections. 

255BARBER 84R consider that ~ and ~ may mix leading to /~  --~ e ~ .  They discuss mass- 
mixing l imits from decay dist asym in LBL-TRIUMF data and e + polarization In SIN 
data. 

2 5 6 H O F F M A N  83 set CL = 90% l imit  d~/dt B ( e + e  - )  < 3.5 x 10 - 3 2  cm2/GeV 2 for 

spin-1 partner of  Goldstone fermlons with 140 < m  <160 MeV decaying --~ e + e -  pair. 

REFERENCES FOR 5upersymmeblc Particle Searches 

ARBOTT 98 PRL 80 442 
ABBOTT 98C PRL 80 1591 
ABREU 98 EPJ C1 1 
ACCIARRI 98F EPJ C (to be publ.) 

CERN-PPE/97-130 
ACKERSTAFF 983 EPJ C (to he publ.) 

CERN-PPE/97-132 
ACKERSTAFF 98K EPJ C (to he publ.) 

CERN-PPE/S7-124 
ACKERSTAFF e~BL EPJ C2 213 
ABACHI 97 PRL 78 2070 
ABE 97K PR D56 R1337 
ABREU 97D PL 83% 315 
ABREU 97J ZPHY C74 577 
ACClARRI 97U PL 5414 373 
ACCIARRI 97"4 PL B415 299 
ACKERSTAFF 97H PL B396 301 
ACKERSTAFF 97Q ZPHY C75 409 
ADAMS F/B PRL 79 40e3 
ALBUQUERQ... 97 PRL 78 3252 
ALEXANDER 978 ZPHY C73 201 
BARATE 97K PL B40S 379 
BARATE 97L ZPHY C76 1 
BARATE 97N PL B407 377 
8ARATE 97Q PL 0413 431 
8OTTINO 97 PL B402 113 
CARENA ~/ PL B396 234 
CSIKOR 97 PRL 78 4335 
DATTA 97 PL B396 54 
DEGOUVEA 97 PL 5400 117 
DERRICK 97 ZPHY C73 613 
ELLIS 97 PL B394 354 
ELLIS 97C PL 0413 355 
HEWETT 97 PR D96 5703 
KALINOWSKi 97 PL 8400 112 
TEREKHOV 97 PL 0412 86 
ARACHI 96 PRL 76 2228 
ABACHI 960 PRL 76 2222 
ABE % PRL 77 438 
ABE %D PRL ?S 2OO6 
ABE %K PRL 76 4307 
ABREU 96L PL B382 323 
ARREU %0 PL B387 651 
ACCIARRI 96F PL B377 289 
ACKERSTAFF 96 PL B389 197 
ACKERSTAFF %C PL B989 616 
AID 96 ZPHY C71 211 
AID 96C PL BSS0 461 
ALCARAZ 96 CERN-PPE/9~183 

5. Abbott+ (DO Collab.) 
B. Abbott+ (DO Coflab.) 
p. Abreu+ (DELPHi Collab.) 
M. Acciarri+ (L3 Collab.) 

K. Ackerstaff+ (OPAL Collab.) 

K. Ackerstaff+ (OPAL Collab,) 

K. Ackersblff+ (OPAL Collab.) 
S. Ahechl+ (DO Collab,) 
F. Abe+ (CDF Collab.) 
P. Abreu+ (DELPHI Collab.) 
p. Abreu+ (DELPHI Collab. 
M. Acclarri+ (L3 Collab. 
M. Acdarri+ (L3 Collab.) 
K. Ackerstaff+ (OPAL Collab.) 
K. Ackerttaff+ (OPAL Collab.) 
J. Adams+ {KTeV Collab.) 
LF. AlbeqBerque+ (FNAL E761 Collab. ) 
G. Alexander+ (OPAL Collab.) 
R. Barate+ (ALEPH Collab. ) 
R. Barate+ (ALEPH Collab.) 
R. Barate+ (ALEPH Collab. ) 
R. Barate+ (ALEPH Collab.) 

+ (TORI, LAPP, GENO, ROMA, ROMA2, INFN) 
M. Carena. G.F. Gludice, C.E.M. Wagner 
F. Cslkor, Z. Fod~( (EOTV, CERN) 
A. Datta, M. G.chait, N. Parua (ICTP, TATA) 
A. de Gouvea, H. Murwama 
M. Derrick+ (ZEUS Collab.) 
J. Ellis, J.L. Lo~z, O.V. Nanopoulos 
J. Ellis, Falk, Olive, Schmitt 
J.L. H ~ t ,  T.G. Rizzo, M.A. Doncheskl 
J. K~lnowski. P. Zer~as 
I. Terekhov (ALAT) 

+Abbott, Abdifls, Acharya+ (DO Co'lab.) 
+Abbott, Abolins, Acher~+ (O0 C(~lab. ) 
+Akimoto, Ako~an, AJMow+ (CDF Col;ab,) 

Collab. +Akimoto, Ako~an, Allxow+ ICDDF Collab.I 
+Aklmoto, Akopian, AIMOW+ 

DELPHI Collab. +Adam, Adye, A~lsl+ IDELPH I Collab.I +Adam, Adye, Apsi+ 
+Adam, Adrlani, AEullat-Benltez+ (I.3 Collab.) 
+AJexander, Allison, Nte~lmp+ (OPAL Co'lab. ) 
+Alexander, Allison, Altekamp+ (OPAL Collab,) 
+Andreev, Andrieu, Appuhn+ (H1 Collab.) 
+Andreev, Andrieu, Appuhn+ (H1 Collab. ) 

J. AJcaraz+ 
The ALEPH, DELPHI, L3, OPAL, and SLD Co~labaratlons and the LEP ElectrovRak Working Group 

ALEXANDER %J PL B377 181 +Allison, ARekamp, Ametewee+ (OPAL Collab.) 
ALEXANDER 96L PL B377 273 +NIIson, Altekamp, Ametewee+ (OPAL Collab.) 
BUSKULIC %A ZPHY C72 549 D. Buskulic+ (ALEPH CoSab.) 
RUSKULIC %K PL B373 246 +De Bonis, Decamp, Ghez+ (ALEPH Collab,) 
RUSKULIC %U PL B984 461 +De Bongs, Decamp, Ghez+ (ALEPH Collab.) 
CHO % PL B372 101 +KIzukuri, Oshimo (TOKAH, OCH) 
ELLIS %R PL R388 97 +Falk, Olive, Schmitt (CERN, MINN) 
FARRAR 96 PRL 76 4111 G.R. F~rar (RUTG) 
5UGIMOTO 96 PL B3G9 86 +Abe, FuJii, Igarashi+ (AMY C98ab.) 
TEREKHOV % PL B385 139 I. Terkhov, L. Clave,I (ALAT) 
ABACHI 96C PRL 73 618 +Abbott, Abolins, Acberya+ (DO Collab.) 
ABE 96A PL B361 199 +Fu]it, Suliyima, Fulimoto+ (TOPAZ Collab.) 
ABE 95N PRL 74 3538 +Albrow, Amendotia, Am;det, Antos+ (CDF Collab. ) 
ABE 96T PRL 75 613 +Albtow, Amidei, Anway-Wiese+ (CDF Co,lab.) 
ACCIARRI 9SE PL B350 1G9 +Adam, Adraianl, Aguilar-Benitez+ (I.3 Collab. 
AKERS 96A ZPHY C65 367 R, Ahers+ (OPAL Collab. 
AKERS 96R ZPHY C67 203 +Alexander, Allison, Amete~ee, Ande~on+ (OPAL Collab. 
BUSKUUC 96E PL B349 238 +Casper, OeBonis, Decamp+ (ALEPH Collab.) 
CLAVELLI 95 PR O51 1117 +Coulter (ALAT ) 
FALK 95 PL R354 99 +OUve, Srednlcki (MINN, UCSB) 
LOSECCO 95 PL B342 392 (NDAM) 
AHMED 94B ZPHY C04 545 +Aid, Andreev, Andrieu, Appuhn, Arpagaus+ {H1 Collab.) 
AKERS 96K PL B337 207 +AJexander, Allison, Anderson+ (OPAL Collab.) 
RECK 94 PL B336 141 +Bensch, Bockholt+ (MPIH, KIAE, SASSO) 
CAKIR 94 PR DS0 3268 M.B. Caldr, G.R. Fa.ar (RUTG) 
FALK 94 PL B339 248 +Olive, Srednickl (UCSB~ MINN) 
FRANKE 94 PL B336 415 +Fraas, Battl (WURZ, WEN) 
HOSOOA 94 PL R331 211 +Abe, Amako, Arai+ (VENUS Collab.) 
SHIRAI 94 PRL 72 3313 +Ohmoto, Abe, Amako+ (VENUS Collab.) 
ACTON 93G PL B313 333 +AkerJ, Ale~toder, Nlison, Anderson+ (OPAL CoJlab,) 
ADRIANI 93M PRPL 236 1 +Aguilar-Benit~, AMen, Alcaraz, Noblo+ (L3 Collab.) 
ALITTI 93 NP 0400 3 +Ambrosinl, An.d, Autiero, Rareyre+ (UA2 Collab.) 
CLAVELLI 93 PR 047 1973 +Coulter, Yuan (ALAT) 
DREES 93 PR D47 376 +NoJIrl (DESY, SLAC) 
FALK 93 PL 5318 354 +Madden, OUve, Srednldd (UCB, UCSB, MINN) 
HERREKER 93 ZPHY CGO 63 (CERN) 
KELLEY 93 PR I)47 2461 +Lopez, Nanopoulo~, Pois, Yuan (TAMU, ALAH) 
LAU 93 PR D47 1987 (HOUS) 
LOPEZ 93C PL 0313 241 +Nanopoulos, Wang (TAMU, HARC, CERN) 
MIZUTA 93 PL B298 120 +Yamagurhi (TOHO) 
MORI 93 PR 048 5505 +(KEK, NIIG, TOKY, TOKA, KOBE, OSAK, TINT, GIFU) 
ARE 92L PRL 69 3439 tAm[d';, Anway-Wlese, Apolllnarl, Afar+ (CDF Cotlab.) 
BOTTINO 92 MPL A7 733 +DeAIfaro, Fo~nengo, MOrales, Pulmedon+ (TORI, ZARA) 

A~o 91 PL B265 S7 BotUno, de Alfaro, Fotnens o, Mignola+ (TORI, INFN) 
CLAVELLI 92 PR D46 2112 (ALAT) 
DECAMP 92 PRPL 216 253 +Deschizeaux, Coy, LeeS, Minard+ (ALEPH Collab.) 
ELLIS 92F PL B283 252 +Roc, d(owsld (CERN) 
KAWASAKI 92 PR 046 1634 +Mizuta (OSU, TOHO) 
LOPEZ 92 NP B370 445 +Nanopoulos, Yuan (TAMU) 
MCDONALD 92 PL R283 80 +Olive, Srednlcki (LISB, MINN, UCSB) 
ROY 92 PL R283 270 (CERN) 
ARREU 91F NP 8367 511 +Adam, Adaml, Adye, Ak~son+ (DELPHI Collab.) 
AKESSON 91 ZPHY C52 21g +Aknehed, Angelis, Athetton, Aubt'/+ {HELIOS Collab.) 
ALEXANDER 91F ZPHY C52 175 +Allison, Airport, AndersoN, Arcelll+ (OPAL Collab.) 
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ANTONIADIS 91 
BAER 91 
BOTTINO 91 
GELMINI 91 
HIDAKA 91 
KAMIONKOW._91 
MORI 91B 
NOJIRI 91 
OLIVE 91 
ROSZKOWSKI 91 
SATO 91 
ABREU 90F 
ABREU 90G 
ADACHI 90C 
ADEVA 901 
AKESSON S0B 
AKRAWY 900 
AKRAWY 90N 
AKRAWY 900 
ALITTI 
BAER ~00 
BARKLOW 90 
DECAMP 90C 
DECAMP 90K 
ELLIS S0 
GRIEST 90 
GRIFOLS 90 
KRAUSS 90 
SAKAI 90 
SODERSTROM 90 
TAKETANI 90 
ZHUKOVSKII 90 

ABE 89J 
ADACHI 89 
ADEVA 89B 
ALBAJAR 89 
HEARTY 89 

AlSO 87 
Also 86 

NAKAMURA 89 
OLIVE 89 
BEHREND 88B 
ELLIS BBB 
NATH 88 
OLIVE 88 
SREDNICKI 88 
ALBAJAR 87D 
ANSARI 87D 
ARNOLD 87 
BEHREND 87B 
NG 87 
TUTS 87 
ALBRECHT 86C 
BADIER 86 
BARNETT 86 
FORD 86 
GAISSER 86 
VOLOSHIN 86 

ADEVA 85 
Also 84C 

AKERLOF 85 
BARTEL 85L 
BEHREND 85 
COOPER-... 85B 
DAWSON 85 
FARRAR 85 
GOLDMAN 85 
HABER 85 
ADEVA 84B 
BALL 84 
BARBER 84B 
BARTEL 84B 
BARTEL 84C 
BRICK 84 
ELLIS 84 
FARRAR 84 
BEHREND 83 
BERGSMA 83C 
CHANOWITZ 83 
GOLDBERG 83 
HOFFMAN 83 
KRAUSS 83 
VYSOTSKII 83 

KANE 82 
CABIBBO 81 
FARRAR 78 

Also 78B 

PL B262 109 
PR D44 207 
PL B265 57 
NP B351 623 
PR 1:)44 927 
PR D44 3021 
PL 8270 89 
PL B261 76 
NP B355 208 
PL B262 59 
PR D44 2220 
PL B247 148 
PL B247 157 
PL B244 352 
PL B249 341 
PL B238442 
PL B240 261 
PL B248211 
PL B2S2290 
PL B235 363 
PR D41 3414 
PRL642984 
PL B236 86 
PL B244541 
PL B245 251 
PR D41 3565 
NP B331 244 
PRL 64 999 
PL B234534 
PRL64 2S80 
PL B234 202 
SJNP 52 931 

+Ellis, Nanopoulos (EPOL. CERN, TAMU, HARC) 
+Tara, Woodside (FSU, HAWA, ISU) 
+de Alfaro, Fo~nengo, Mignola+ (TORI, INFN) 
+Gondolo, Roulet (UCLA, TRST) 

(TGAK) 
Kamionkowsk[ (CHIC, FNAL) 

+Nojid, Oyama, Suzuki+ (Kamiokande Collab.) 
(KBK) 

+Srednicki (MINN, UCSB) 
(CERN) 

+HIrata, Kajita. Kifune, Kihara+ (Kamloka Collab.) 
+Adam, Adami, Adye, Alekseev+ (DELPHI Collab.) 
+Adam, Adami, Adye, Alekseev+ (DELPHI Coliab.) 
+Arhara, Doser, Enomoto+ (TOPAZ COllab.) 
+Adriani, Aguitar-Benitez, Akbari, AIcarez+ (L3 Co41ab.) 
+Alitti, Ansari, Ansorge+ (UA2 Colloh.) 
+Alexander, AIlison, AIIport+ (OPAL Colloh.) 
+Alexander, Allison, AIIport, Anderson+ (OPAL Collab.) 
+Alexander, Allison, AIIport, Anderson+ (OPAL Collab.) 
+Ansari, Ansorge, Bagnaia, Bareyre+ (UA2 Collab.) 
+Drees, "rata (FSU, CERN, HAWA ) 
+Abrams, Adolphsen, Averill, Ballam+ (Mark II Conab.) 
+Deschizeaux, Lees, Minard, Crespo+ (ALEPH Conab.) 
+Deschizeaux, Coy, Lees+ (ALEPH Collab.) 
+Nanopoulos, Roszkowskl, Schramm(CERN, HARC, TAMU) 
+Kamionkowski, Turner (UCB, CHIC. FNAL) 
+Masso (BARC) 

(YALE) 
+Gu, Low, Abe, Fujii+ (AMY Collab.) 
+McKenna, Abrams, Adolphsen, Averill+ (Mark II Co'lab.) 
+Odaka, Abe, Amako+ (VENUS Collab.) 
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1Quark and Lept~ C~176 f o r  

SEARCHES FOR QUARK AND 
L E P T O N  C O M P O S I T E N E S S  

Written 1994 by K. Hagiwara (KEK) and K. Hikasa (Tohoku 
Univ.). 

If quarks and leptons are made of constituents, then at the 
scale of constituent binding energies, there should appear new 
interactions among quarks and leptons. At energies much below 
the compositeness scale (A), these interactions are suppressed 
by inverse powers of A. The dominant effect should come from 

the lowest dimensional interactions with four fermions (contact 
terms), whose most general chirally invariant form reads [1] 

g2 
[~LL ~L "yp eL -~L "f# ~bL + ~RR -~R "7p eR ~R "Y# eR L = ~ - ~  

-F2~LR ~L "Y# r ~R "Y# r " (1) 

Chiral invariance provides a natural explanation why quark and 
lepton masses are much smaller than their inverse size A. We 
may determine the scale A unambiguously by using the above 
form of the effective interactions; the conventional method [1] 
is to fix its scale by setting g2/41r = 92(A)/47r = 1 for the new 

strong interaction coupling and by setting the largest magnitude 
of the coefficients ~/aZ to be unity. In the following, we denote 

A --- ALiL for (7ILL, ~TRR, ~LR) = (-4-1, 0, 0) , 

A = A~n for (~LL' ~RR' ~TLR) = (0, ::i::1, 0) , 

h = h~v  for lOLL' 'TRR, OLR) = (+1, i l ,  + ] ) ,  

A = hA~A for (71LL, ORR' ~?Ln) = ( + l ,  =El, ~:1) , (2) 

as typical examples. Such interactions can arise by constituent 
interchange (when the fermions have common constituents, e.g., 

for ee --* ee) and/or by exchange of the binding quanta (when- 
ever binding quanta couple to constituents of both particles). 

Another typical consequence of compositeness is the appear- 
ance of excited leptons and quarks (t* and q*). Phenomeno- 
logically, an excited lepton is defined to be a heavy lepton 
which shares leptonic quantum number with one of the existing 
leptons (an excited quark is defined similarly). For example, 
an excited electron e* is characterized by a nonzero transition- 
magnetic coupling with electrons. Smallness of the lepton mass 
and the success of QED prediction for 9-2 suggest chirality 

conservation, i.e., an excited lepton should not couple to both 
left- and right-handed components of the corresponding lepton. 

Excited leptons may be classified by SU(2)• quantum 
numbers. Typical examples are: 

1. Sequential type 

L 

v~ is necessary unless v* has a Majorana mass. 

2. Mirror type 

[~1, / ~ ,  r 
R 

3. Homodoublet type 

l* ' i" " L R 

Similar classification can be made for excited quarks. 
Excited fermions can be pair produced via their gauge 

couplings. The couplings of excited leptons with Z are listed 
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Sequential type Mirror type Homodoublet type 

V e* _�89 + 2sin20w _1  + 2sin20w - 1  + 2 sin20w 

: -�89 +�89 0 

+�89 +�89 +1 
a ~'b +�89 -�89 0 
V~'7~ 0 0 - -  
AV~ +1 - 1  - -  

in the following table (for notation see Eq. (1) in "Standard 

Model of Electroweak Interactions"): 

Here u~ (u~4) stands for Dirac (Majorana) excited neutrino. 
The corresponding couplings of excited quarks can be easily 

obtained. Although form factor effects can be present for the 
gauge couplings at q2 # 0, they are.usually neglected. 

In addition, transition magnetic type couplings with a 

gauge boson are expected. These couplings can be generally 

parametrized as follows: 

A(f*) 
s = ~7 e u v,L ~2 + r/nl+----7-2~)fFg u 

A(Y*)e + ~ + 

A(t*)_ 
W__...Y~ -~* t~ulc._TA .,,r 

+ 2mr* e a 2 UVVlw 

" ( : )  l~Ts . I+__~.r W t + AW g ~*O'#U(r/L + r/R 2 )~ #u 
2my, 

+ h.c.,  (3) 

where g = e / s in  Ow, F~v = cO~Av - OvA~ is the photon field 

strength, Z~v = O~Zv - c%Z~, etc. The normalization of the 

coupling is chosen such that 

max@LI, I,RI) = 1. 

Chirality conservation requires 

r/Lr/R = O. (4) 

These couplings can arise from SU(2)xU(1)-invariant 

higher-dimensional interactions. A well-studied model is the 

interaction of homodoublet type g* with the Lagrangian [2,3] 

1 - - ,  : a ' 'YB E=~-~L (gf~-W~+gf  ~) 2 L+h.c., (5) 

where L denotes the lepton doublet (y, g), A is the compositeness 
scale, g, gt are SU(2) and U(1)y gauge couplings, and W ~  

and B~v axe the field strengths for SU(2) and U(1)y gauge 
fields. The same interaction occurs for mirror-type excited 
leptons. For sequential-type excited leptons, the s and g* 
couplings become unrelated, and the couplings receive the extra 
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suppression of (250GeV)/A or mL*/A. In any case, these 

couplings satisfy the relation 

A w = --v~sin2Ow(Az cot Ow + A~) . (6) 

Additional coupling with gluons is possible for excited 

quarks: 

1 - - ,  ~v  A" G a E = ~ Q  a ( g . ~ f ~  # u + g  "r"Wa u~ +9'''YB] uu) ~ 

• ~ q  + h.c., (7) 

where Q denotes a quark doublet, gs is the QCD gauge coupling, 

and G ~  the gluon field strength. 

Some experimental analyses assume the relation r/L = r/R = 
1, which violates chiral symmetry. We encode the results 

of such analyses if the crucial part of the cross section is 

proportional to the factor r/~ + ,/2n and the limits can be 

reinterpreted as those for chirality conserving cases (r/L , r/R) = 

(1, 0)or  (0, 1) after rescaling A. 
Several different conventions are used by LEP experiments 

to express the transition magnetic couplings. To facilitate com- 

paxison, we reexpress these in terms of A Z and A7 using the 
following relations and taking sin20w = 0.23. We assume chiral 

couplings, i.e., [cl = ]d[ in the notation of Ref. 2. 

1. ALEPH (charged lepton and neutrino) 

,~ALEPH ---- 1)~ (1990 papers) (Ha) 5 z  

2c _ Az (for [c] = [dl) (8b) 
A ml.[or inv.] 

2. ALEPH (quark) 

AuALEP H = sinOwcosOw AZ = 1.IIAz (9) 

i ]  _ 2sin20w + 8 4 ~sin Ow 

3. L3 and DELPHI (charged lepton) 

)~L3 ---- ADELPHI = 

4. L3 (neutrino) 

cot Ow - tan Ow 
A z = - I . I O A z  (10) 

5. OPAL (charged lepton) 

fOPAL _ 2 AZ -- 1.56--AZ (12) 
A cot Ow - tan Ow mr* mr* 

6. OPAL (quark) 

f O P A L c  *~Z 
(for Icl = Idl) (13) 

A 2mq* 

7. DELPHI (charged lepton) 

)~DELPHI 1 = - ~  ~ (,4) 

If leptons are made of color triplet and antitriplet con- 

stituents, we may expect their color-octet partners. Transitions 

fL3 = V~AZ (11) 
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between the octet leptons (is) and the ordinary lepton (E) may 

take place via the dimension-five interactions 

1 
L = 

t 

where the summation is over charged leptons and neutrinos. 

The leptonic chiral invariance implies 7/L r/R = 0 as before. 
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14 BARTEL 86C assumed m Z = 93 GeV and sln2ew = 0.217. 
15BERGER 85 assumed m z = 93 GeV and sin20 W = 0.217. 

SCALE LIMITS for Contact Interactive A(ee~r 
Limits are for A~: L only. For other cases, see each reference. 

A+L(TeV) ^-LL(Tev) CL~ DOCUMENT ID TECN COMMENT 

71.9 73.0 95 ACKERSTAFF 97C OPAL Ecru = 130-136. 161 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

SCALE LIMITS for Contact Interactlonr A(eeee) 
Limits are for AL~L only. For other cases, see each reference. 

ALFL (TeV) A-LL (TeV ) CL ~ DOCUMENT ID TEEN COMMENT 

95 ACKERSTAFF 97C OPAL Ecru = 130-136, 161 GeV 
95 1 KROHA 92 RVUE 

use the following data for averages, fits, limits, etc. �9 �9 �9 

Ecm:  57.77 GeV 
Ecru=88.25-94.25 GeV 

>1.4 >2.0 95 16VELISSARIS 94 AMY Ecm=57.8 GeV 
>1.0 >1.5 95 16 BUSKULIC 93(;} ALEP Ecm=88.25-94.25 GeV 
>1.8 >2.3 95 16,17BUSKULIC 93Q RVUE 
>1.9 >1.7 95 HOWELL 92 TOPZ Ecm=52-61.4GeV 
>1,9 >2.9 95 18 KROHA 92 RVUE 
>1.6 >2,3 95 BEHREND 91C CELL Ecm=35-43 GeV 
>1.8 >1.3 95 19 ABE 901 VNS Ecm=50--60.8 GeV 

95 2 ARIMA 97 VNS 
95 3 BUSKULIC 93Q ALEP 
95 3,4 BUSKULIC 93Q RVUE 
95 BUSKULIC 93Q RVUE 
95 1 KROHA 92 RVUE 
95 BEHREND 91C CELL 
95 KIM 89 AMY 
95 5 BRAUNSCH... 88 TASS 
95 6 FERNANDEZ 87B MAC 
95 7 BARTEL 86c JADE 
95 8 DERRICK 86 HRS 
95 

7 2A >2.2 
73,g 

�9 �9 �9 We do not 

>1.7 >2.3 
>1,6 >2,0 
>1.6 

>2,2 
>1,3 
>0.7 >2.8 
>1.3 >1,3 
>1.4 >3.3 
>1.0 >0.7 
>1.1 >1.4 
>1.17 >0.87 
>1.1 >0.76 

Ecru:35 GeV 
Ecm =50-57 GeV 
Ecm ~12-46.8 GeV 
Ecru=29 GeV 
Ecm=12-46.8 GeV 
Ecm=29 GeV 

9 BERGER 85B PLUT Ecm=34.7 GeV 

1KROHA 92 limit Is from fit to BERGER 85B, BARTEL 86(:, DERRICK 86B, FERNAN- 
DEZ 87B, BRAUNSCHWEIG 68, BEHREND 918, and BEHREND 91C. The fit gives 
rl/A2 L = +0.230 4- 0.206 TeV -2 .  

2 Z_Z I mixing is assumed to be zero. 
3 BUSKULtC 93Q uses the following prescription to obtain the limit: when the naive 95%CL 

limit is better than the statistically expected sensitivity for the limit, the latter is adopted 
for the limit. 

4This BUSKULIC 93Q value is from ALEPH data plus PEP/PETRA/TRJSTAN data re- 
analyzed by KROHA 92. 

5 BRAUNSCHWEIG 88 assumed m Z = 92 GeV and sln2Ow = 0.23. 
6FERNANDEZ 87B assumed sin28 W = 0.22. 
7BARTEL 86c assumed m Z = 93 GeV and sin28w = 0.217. 

>2.2 >3.2 95 20 BARTEL 86 JADE Ecm=12-46.8 GeV 

16 BUSKULIC 93Q and VELISSARIS 94 use the following prescription to obtain the limit: 
when the naive 95%CL limit Is better than the statistically expected sensitivity for the 
flmR, the latter Is adopted for the limit. 

17This BUSKULIC 93Q value is from ALEPH data plus PEP/PETRA/TRISTAN data re- 
analyzed by KROHA 92. 

18 KROHA 92 limit is from fit to BARTEL 86(: BEHREND 89B, BRAUNSCHWEIG 89c, 
ABE 901. and BEHREND 91C. The fit gives ~/A2 L = +0.095 ~ 0.120 TeV - 2 .  

19ABE 901 assumed m Z =91.163 GeV and sin20 W = 0.231. 
20BARTEL 86 assumed m Z = 93 GeV and sln28w = 0.217. 

SCALE LIMITS for Contact Interactions: A ( t l t t )  
Lepton universality assumed. Limits are for A~L only. For other cases, see each 
reference. 

A~'L (TeV) AL-L (TeV) CL~ DOCUMENT ID TECN COMMENT 

>2.7 7 3.11 95 ACKERSTAFF 97C OPAL Ecm = 130-136, 161 GeV 
> 3J  >2.8 95 21,22 BUSKULIC 93q RVUE 
�9 �9 �9 We do not usa the following data for averages, fits, limits, e t c . � 9  �9 �9 

>3.0 >2.3 95 22,23 BUSKULIC 93Q ALEP Ecm=88.25-94.25 GeV 
>2.5 >2.2 95 24 HOWELL 92 TOPZ Ecm=52-61.4 GeV 
>3.4 >2.7 95 25 KROHA 92 RVUE 

21This BUSKULIC 93Q value is from ALEPH data plus PEP/PETRA/TRISTAN data re- 
analyzed by KROHA 92. 

22 BUSKULIC 93Q uses the following prescription to obtain the limit: when the naive 95%CL 
IImR Is better than the statistically expected sensitivity for the limit, the latter is adopted 
for the limR. 

23 From e+e - ~ e+e - ,  ,u+/J-,  and r + v  - .  
24HOWELL 92 limit is from e+e - --* #+ /~ -  and ~ '+v - .  
25KROHA 92 limit Is from fit to most PEP/PETRA/TRISTAN data. The fit gives yl/A2L 

= --0.0200 • 0.0666 TeV - 2 .  

8 DERRICK 86 assumed m z = 93 GeV and/~V = ( -1 /2+2sin20w) 2 = 0.004. 

9BERGER 85B assumed m Z = 93 GeV and sin20 W = 0.217. 

SCALE LIMITS for CoMact Interactions: A(eep#) 
Limits are for ^LCL only. For other cases, see each reference. 

A~L(TeV ) A[L(TeV ) CL~ DOCUMENTID TECN COMMENT 

>2.4 7 2.g 
7 2,6 >1.9 
�9 �9 �9 We do not 

>1.7 >2.2 
>1,3 >1.5 
>2.3 >2.0 

>1.7 
>2.5 >1.5 
>1.6 >2.0 

95 ACKERSTAFF 97C OPAL Ecru = 130-136, 161 GeV 
95 10,11 BUSKULIC 93Q RVUE 

use the following data for averages, fits. limits, etc. �9 �9 �9 

95 11VELISSARIS 94 AMY Ecm=57.8 GeV 
95 11 BUSKULIC 93Q ALEP Ecm=88.25-94.25 GeV 
95 HOWELL 92 TOPZ Ecru=52-61.4 GeV 
95 12 KROHA 92 RVUE 
95 BEHREND 91C CELL Ecru=35-43 GeV 
95 13 ABE 901 VNS Ecru=50-60.8 GeV 

SCALE LIMITS for Contact Interactions: A(eeqq) 
Limits are for ALE L only. For other cases, see each reference. 

A~L(TeV) A~L(TeV) CL~ DOCUMENTID TECN COMMENT 

72.5 >3.? 95 26 ABE 9TT CDF (eeqq) (isosinglet) | 
7~L1 72 . t  95 27 ACKERSTAFF 97c OPAL ( �9  I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>2.5 >2.1 95 28 ACKERSTAFF 97C OPAL (eeqq) | 
>7.4 >11.7 95 29 DEANDREA 97 RVUE eeuu, atomic parity viola- I 

tion 
>2.3 >1,0 95 30 AID 95 H1 (eeqq) (u, d quarks) 

1,7 >2.2 95 31 ABE 91o CDF (eeqq) (u, d quarks) 
>1.2 95 32 ADACHI 91 TOPZ (eeqq) 

(fiavor-u niversal) 
>1.6 95 32ADACHI 91 TOPZ (eeqq) 

(flavor-universal) 
>0.6 >1.7 95 33 BEHREND 91C CELL (eeoc) 
>1.1 >1.0 95 33 BEHREND 91c CELL ( �9 
>0.9 95 34 ABE 89L VNS (eeqq) 

(flavor-universal) 
>1.7 95 34 ABE 89L VNS (eeqq) 

(flavor-universal) 
>1.05 >1.61 95 35HAGIWARA 89 RVUE (eeoc) 
>1.21 >0.53 95 36 HAGIWARA 89 RVUE (eebb) 

>1.9 >1.0 95 KtM 89 AMY Ecru=50-57 GeV 
>2.3 >1.3 95. BRAUNSCH... 88D TASS Ecm=30-48.8 GeV 
>4.4 >2.1 95 14 BARTEL 86C JADE Ecm=12-46.8 GeV 
>2.9 >0.86 95 15 BERGER 85 PLUT Ecru=34.7 GeV 

lOThis BUSKULIC 93Q value Is from ALEPH data plus PEP/PETRA/TRISTAN data re- 
analyzed by KROHA 92. 

11BUSKULIC 93Q and VELISSARIS 94 use the following prescription to obtain the limit: 
when the naive 95%CL limit Is better than the statistically expected sensitivity for the 
limit, the latter is adopted for the limit. 

12KROHA 92 limit is from fit to BARTEL 86E, BEHREND 87C, BRAUNSCHWEIG 88D, 
BRAUNSCHWEIG 89(:, ABE 901, and BEHREND 91E. The fit gives rl/A2LL = -0.155 • 

0.095 TeV - 2 .  
13ABE 9OI assumed m Z =91.163 GeV and sin2ew = 0.231. 

26ABE 97T limits are from �9 + e-- mass distribution In ~p -~ e + e - X  at Ecm=l.8 TeV. | 
27ACKERSTAFF 97C limits are R b measurements at Ecm = 133 GeV and 161 GeV. I 28 ACKERSTAFF 97C limits are from e + e -  ~ q~ cross section at Ecm = 130-136 GeV 

and 161 GeV. 
29 DEANDREA 97 limit Is from atomic parity violation of cesium. The limit is eluded if the | 

contact Interactions are parity conserving. 
30AID 95 limits are from the O 2 spectrum measurement of ep ~ eX. 
31 ABE 910 limits are from �9 + e -  mass distribution In pp ~ e + e -  X at Ecm = 1.8 TeV. 
32 ADACHI 91 limits are from differential jet cross section. Universality of A(eeqq) for five 

flavors is assumed. 
33BEHREND 91c is from data at Ecm = 35-43 GeV. 
34ABE 89L limits are from Jet charge asymmetry. Universality of A(eeqq) for five flavors 

is assumed. 
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35 The HAGIWARA 89 limit is derived from forward-backward asymmetry measurements of 
D / D *  mesons by ALTHOFF 83C, BARTEL 84E, and BARINGER 88. 

36The HAGIWARA 89 limit Is derived from forward-backward asymmetry measurement of 
b hadrons by BARTEL 84D, 

SCALE L I M I T S  for  Contact  Interact ioM: h ( l ~ p q q )  

A~-L (TeV) ALL (TeV) CL~ DOCUMENT ID TECN COMMENT 

>2.9 >4.2 95 37 ABE 97T CDF (p.l~qq) (Isosinglet) | 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>1.4 >1,6 95 ABE 928 CDF (l~P.qq) (Isoslnglet) 

37 ABE 97T nmlts are from/~+/~- mass distribution in ~p ~ #+ # -  X at Ecm=l,8 TeV, | 

SCALE L I M I T S  fu r  Co ldact  Interactions: A ( t v ~ v )  
VALUE (TeV) CL.~_~ DOCUMENT IO TECN COMMENT 

>3,10 90 38JODIDIO 86 SPEC A~R(VlzvePe ) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>3.8 39DIAZCRUZ 94 RVUE A+L(~'~,~.e~,e) 

>8,1 39DIAZCRUZ 94 RVUE A~L(~-=,~.eue) 

>4.1 40 DIAZCRUZ 94 RVUE A~'L(~'~,~.#v#) 

>6.5 40DIAZCRUZ 94 RVUE ^~L(~U~pup) 

MASS L I M I T S  for Exdted  �9 ( e * )  

Most e + e -  experiments assume one-photon or Z exchange, The limits 
from some e + e -  experiments which depend on I have assumed transition 
couplings which are chirality violating (r/L = T/R). However they can be 
interpreted as limits for chirallty-conserving Interactions after multiplying 
the coupling value ,~ by ~/'2; see Note. 

Excited leptons have the same quantum numbers as other ortholeptons. 
See also the searches for ortholeptons In the "Searches for Heavy Leptons" 
section, 

L imi ts for  Excited e ( e ' )  f rom Pair Product ion 
These limits are obtained from e + e -  ~ e * +  e * -  and thus rely only on the (elec- 
troweak) charge of e*. Form factor effects are Ignored unless noted. For the case 
of limits from Z decay, the e* coupling is assumed to be of sequential type. Possi- 
ble tchannel contribution from transition magnetic coupling Is neglected. All limits 
assume e* ~ e~, decay except the limits from F(Z). 

For limits prior to 1987, see our 1992 edition (Physical Review 045, 1 June, Part II 
(1992)). 

VAL UE (GeV) CLf~ DOCUMENT IO TECN COMMENT 

>1~.0 95 52 ACKERSTAFF 98C OPAL e + e -  ---* e 'e *  Homodoublet type | 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>79.6 95 53,54ABREU 97B DLPH e + e -  ~ e 'e*  Homodoublet type 
38 JODIDIO 86 limit Is from/~+ ~ ~/~ e + v e. Chirallty Invadant Interactions L = (g2/A2) 

[rlL L (-~u,L-yr~p.L) (~L-faUeL) + rlL R (~l~L,,/e=VeL (~R3,a#R) ] with &,2/4~r = 1 and 

(riLL,riLR) = (O,:E1) are taken, No limits are given for A~L with (riLL,riLR) = (:El,O). 
For more general constraints with right-handed neutrinos and chlrallty nonconservlng 
contact interactions, see their text. 

39DIAZCRUZ 94 limits are from F(~- ~ evu)  and assume flavor-dependent contact in- 
teractions with A(~r v. r e u e) << A(/~u# e Me). 

40DiAZCRUZ 94 limits are from F(-r ~ #~,=,) and assume flavor-dependent contact 
interactions with A(~"v~. pu/~) << A(Uu F eve). 

>77.9 
>79.7 
>79.9 
>62.5 
>64.7 
>66.5 
>65.2 
>45.6 
>45.6 
>29.8 
>26.1 
>46.1 
>33 
>45.0 
>44.9 
>44.6 
>30,2 
>28.3 
>27,9 

SCALE L I M I T S  for  Contact  Interactions: A(qqqq) 
Limits are for ALE L with color-slnglet isoscalar exchanges among UL'S and dL'S only. 
See EICHTEN 84 for details. 

VALUE (TeV) CL.~._~ DOCUMENT ID TECN COMMENT 
41ABE 96 CDF p~ ~ Jets inclusive 

>1.6 95 42 ABE 96s CDF p~ ~ dlJet angl.; AL+ L 

�9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>1.3 95 43 ABE 93G CDF p~ ~ dlJet mass 
>1.4 95 44 ABE 92D CDF p~ ~ jets Inclusive 
>1,0 99 45 ABE 92M CDF p~ ~ dijet angl. 
>0,825 95 46 ALITTI 91B UA2 pp ~ jets inclusive 
>0.700 95 44 ABE 89 CDF p~ ~ Jets Inclusive 
>0,330 95 47 ABE 89H COF p~ ~ dlJet angl. 
>0.400 95 48 ARNISON 86C UA1 p~ ~ jets inclusive 
>0.415 95 49 ARNISO~ 86D UA1 p~ ~ dlJet angL 
>0.370 95 50APPEL 85 UA2 p~ ~ Jets inclusive 
.0,275 95 51 BAGNAIA 84(: UA2 RepL by APPEL 85 

41ABE 96 finds that the inclusive Jet cross section for E T >200 GeV Is significantly higher 
than the O(~s3 ) perturbative QCD prediction. This could be interpreted as the effect of a 
contact Interaction with ALL ~ 1.6 TeV. However, ABE 96 state that uncertainty In the 
parton distribution functions, higher-order QCD corrections, and the detector calibration 
may possibly account for the effect. 

42ABE 96s flmlt Is from dijet angular distribution in p~ collisions at Ecm = 1.8TeV. The I 

limit for A~L Is > 1.4TeV. ABE 96s also obtain limits for flavor symmetric contact | 

interactions among all quark flavors: ALr L > 1.8TeV and ALL > 1.6TeV. | 

95 53,55 ABREU 97B DLPH e + e -  ~ e 'e *  Sequential type 
95 53 ACCIARRI 97G L3 e + e -  ~ e* e* Sequential type 
95 53,56ACKERSTAFF 97 OPAL e+e - ~ e 'e *  Homodoublettype 
95 57ABREU 96K DLPH e+e - --* e 'e *  Homodoublettype 
95 58 ACCIARRI 96D L3 e + e -  ~ e* e* Sequential type 
95 58 ALEXANDER 96Q OPAL e + e -  ~ e* e* Homodoublet type 
95 58 BUSKULIC 96wALEP e + e -  --* e* e* Sequential type 
95 ADRIANI 93M L3 Z --~ e* e* 
95 ABREU 92C DLPH Z ~ e* e* 
95 59BARDADIN-_. 92 RVUE F(Z) 
95 60 DECAMP 92 ALEP Z -~ e* e*; F(Z) 
95 DECAMP 92 ALEP Z ~  e 'e *  
95 60ABREU 91F DLPH Z ~ e* e*; F(Z) 
95 61 ADEVA 90F L3 Z ~ e* e* 
95 AKRAWY 901 OPAL Z ~ e 'e *  
95 62DECAMP 90GALEP e+e - ~ e 'e *  
95 ADACHI 89B TOPZ e§ - ~ e 'e *  
95 KIM 89 AMY e+e - ~ e 'e *  
95 63 ABE 88B VNS e + e -  ~ e* e* 

52 From e + e -  collisions at ~/s~170-172 GeV. ACKERSTAFF 98C also obtain nmlt from | 
e* ~ vW decay mode: me, > 81.3 GeV. | 

53From e+e - collisions at V~= 161 GeV. I 
54ABREU 97B also obtain limit from charged current decay mode e* ~ uW,  me, > 70.9 | 

GeV. 
55 ABREU 97B also obtain limit from charged current decay mode e* ~ ~, W, me. > 44.6 | 

GeV. 
56 ACKERSTAFF 97 also obtain limit from charged current decay mode e* ~ v W, me. - > I c 

77.1 GeV. 
57 From e + e -  collisions at V~= 130-136 GeV. I 
58 From e + e -  collisions at v~=  130-140 GeV. I 
59BARDADIN-OTWINOWSKA 92 limit is independent of decay modes. Based on 

, ' , r (z)<36 MeV. 
60 Limit is independent of e* decay mode. 
61ADEVA 90F is superseded by ADRIANI 93M. 
62Superseded by DECAMP 92. 
63 ABE 88B limits assume e + e ~ ~ e *+  e*-- with one photon exchange only and e* --~ 

e'~ giving ee~-f. 43ABE 93G limit is from dlJet mass distribution in pp collisions at Ecru = 1,8 TeV. The 
4limit is the weakest from several choices of structure functions and renormalization scale. 

4 Limit is from inclusive Jet cross-section data in p~ collisions at Ecru = 1.8 TeV. The 
limit takes into account uncertainties in choice of structure functions and in choice of 
process scale. 

45ABE 92M limit Is from diJet angular distribution for mdlje t >550 GeV In p~ collisions at 
Ecru=l,8 TeV. 

46 ALITTI 91B limit is from inclusive jet cross section Ir~ p~ collisions at Ecru = 630 GeV. 
The limit takes into account uncertainties in choice of structure functions and in choice 
of process scale. 

47ABE 89H limit Is from dlJet angular distribution for mdlje t > 200 GeV at the Fermilab 
Tevatron Collider with Ecru = 1,8 TeV. The QCD prediction is quite insensitive to choice 
of structure functions and choice of process scale. 

48ARNISON 86C limit is from the study of inclusive high-p T Jet distributions at the CERN 
~p colllder (Ecru = 546 and 630 GeV). The QCD prediction renormallzed to the Iow-PT 
region gives a good fit to the data. 

49ARNISON 86D limit is from the study of duet angular distribution In the range 240 < 
m(dijet) < 300 GeV at the CERN ~p collider (Ecru = 630 GeV). QCD prediction using 
EHLQ structure function (EICHTEN 84) with AQC D = 0.2 GeV for the choice of Q2 = 

p T  2 gives the best fit to the data. 
50APPEL 85 limit is from the study of inclusive high-p-/- Jet distributions at the CERN 

~p collider (Ecru = 630 GeV). The QCD prediction renormallzed to the Iow-p T region 
51gives a good description of the data. 

BAGNAIA 84(: limit Is from the study of Jet p T and duet mass distributions at the CERN 
~p collider (Ecru = 540 GeV). The limit suffers from the uncertainties In comparing the 
data with the QCD predletlon. 

Uml ts  for  Exalted �9 ( e ' )  f rom Single Product ion 
These limits are from e't'e - ~ e 'e,  W ~ e ' v ,  or ep ~ e*X and depend on 
transition magnetic coupling between e and e*. All limits assume e* ~ e~ decay 
except as noted. Limits from LEP, UA2, and H1 are for chlral coupling, whereas all 
other limits are for nonchlral coupling, riL = riR = 1. In most papers, the limit is 
expressed in the form of an excluded region in the A - m e ,  plane. See the original 
papers. 

For limits prior to 1987, see our 1992 edition (Physical Review D45, 1 June, Part II 
(1992)). 

VALUE (GeV) CL.~_% DOCUMENT ID TECN COMMENT 

none 30-200 95 64 BREITWEG 97c ZEUS ep ~ e* X 
>89 95 ADRIANI 93M L3 Z ~ ee*, '~Z > 0.5 
>88 95 ABREU 92c DLPH Z ~ ee*, "~Z > 0.5 
>91 95 DECAMP 92 ALEP Z ~ ee*, ~Z >1 
>87 95 AKRAWY 901 OPAL Z --~ ee*, ~Z > 0.5 



776 

Searches Particle Listings 
Quark and Lepton Compositeness 
�9 �9 �9 We do not usothefollowing data for averages, fits, limits, etc. �9 �9 �9 

95 65ACKERSTAFF 98C OPAL e+e - ~ ee* 
66'67ABREU 97B DLPH e+e - ~ ee* 
66'68ACCIARR| 97G L3 e+e - ~ ee* 

69ACKERSTAFF 97 OPAL e+e - ~ ee* 
70 ADLOFF 97 H1 Lepton-flavor violation 
71ABREU 96K DLPH e-t-�9 - ~ ee* 
72 ACCIARRI 96D L3 e + e -  ~ ee* 
73ALEXANDER 96QOPAL e+e - ~ ee* 
74BUSKULIC 96wALEP e+e - ~ ee* 
75DERRICK 95BZEUS e p ~  e*X 
76ABT 93 H1 e p ~  e*X 

>86 95 ADR~ANI 93M L3 ~"r > 0.04 
77 DERRICK 938 ZEUS Superseded by DERRICK 958 

>86 95 ABREU 92c DLPH e+e - ~ ee*, A3' > 0.1 

>88 95 78ADEVA 90F L3 Z ~  ee* ,X Z >0.5 
>86 95 78 ADEVA 9OF L3 Z ~ ee*, "~Z > 0.04 
>81 95 79 DECAMP 900 ALEP Z ~ ee*, "~Z >1 
>50 95 ADACHI 89B TOPZ e-t-e - ~ ee*, ,~./ > 0.04 

>56 95 KIM 89 AMY e + e - ~  ee*,A3,>0.03 

none 23-54 95 80ABE 888 VNS e+e - -~ ee* A.f > 0.04 

>75 95 81 ANSARI 87D UA2 W ~ e* ~; A W > 0.7 
>63 95 81 ANSARI 87D UA2 W ~ e* u; ~W > 0,2 
>40 95 81 ANSARI 87D UA2 W ~ e* u; XW > 0.09 

64 BREITWEG 97C search for single e* production In ep collisions with the decays e* ~ | 
e~, eZ, uW.  f= - f~  is assumed for the e* coupling. See their Fig. 9 for the | 
exclusion plot In the mass*coupling plane. 

65ACKERSTAFF 98C from e + e -  collisions at v"S=170-172 GeV. See their Fig. 11 for the | 
exclusion limit In the mass coupling plane. 

66From e+e - collisions at .,/s~ 161 GeV. J 
67 See Fig. 4a and Fig. 5a of ABREU 978 for the exclusion limit in the mass-coupling plane. I 68See Fig. 2 and Fig. 3 of ACCIARRI 970 for the exclusion limit in the mass*coupling plane. 
69ACKERSTAFF 97 result is from e + e -  collisions at ~/s= 161 GeV, See their Fig. 3 for 

the exclusion limit In the mass-coupling plane. 
70ADLOFF 97 search for single e* production In ep collisions with the decays e* ~ e% | 

eZ, u W. See their Fig. 4 for the rejection limits on the product of the production cross 

I section and the branching ratio Into a specific decay channel. 
71ABREU 96K result Is from e+e - collisions at vrs= 130-136 GeV, See their Fig. 4 for 

the exclusion limit In the mass-coupling plane. 
72 ACCIARRI 96D result Is from e § e-- collisions at v/s= 130-140 GeV. See their Fig. 2 for I 

the exclusion limit in the mass-coupling plane. 
73 ALEXANDER 96Q result Is from e + e -  collisions at v/s= 130-140 GeV. See their Fig. 3a I 

for the exclusion limit in the mass-coupling plane. 
74BUSKULIC %w result Is from e-t'e - collisions at V~= 130-140 GeV. See their Fig. 3 I 

for the exclusion limit in the mass*coupling plane. 
75 DERRICK 95B search for single e* production via e* e~, coupling in ep collisions with 

the decays e* ~ e~/, eZ, ~ W. See their Fig. 13 for the exclusion plot In the m e , - l ~  
plane, 

76~BT 93 search for single e* production via e* e'7 coupling In ep collisions with the 
decays e* ~ e% eZ, uW. See their Fig. 4 for exclusion plot In the me,-,~, / plane. 

77 DERRICK 938 search for single e* production via e* e-y coupling in ep collisions with 
the decays e* ~ e3', eZ, uW. See their Fig. 3 for exclusion plot in the me,-A. ~ plane. 

785uperseded by ADRIANI 93M, 
79Superseded by DECAMP 92. 
80ABE 88t3 limits use e+e - --~ ee* where t-channel photon exchange dominates giving 

e'y(e) (quasi-real compton scattering). 
81ANSARI 87D IS at Ecru = 546-630 GeV. 

L|mits for Exdted e (e �9 from e + e-  --* "~/ 
These limits are * derived from Indirect effects due to e exchange In the tchannel and 
depend on transition magnetic coupling between e and e*. All limits are for A,~ = 1. 
All limits except ABE 89J are for nonchiral coupling with r/L = r/R = 1. 

For limits prior to 1987, see our 1992 edition (Physical Review D41~, 1 June, Part II 
(1992)). 

VALUE {GeV) CL~ DOCUMENT ID TECN COMMENT 

>194 95 ACKERSTAFF 98 OPAL 
�9 �9 �9 We do not use the following data for averages, fits, limits, 

>129 
>147 
>136 
>146 

>127 
>114 
> 9 9  

> I 0 0  
>116 
> 83 
> 82 
> 68 
> 9 0 ~  
> 65 

95 ACCIARRI 96L L3 
95 ALEXANDER 96K OPAL 
95 BUSKULIC 96Z ALEP 
95 ACCIARRI 950 L3 

82 BUSKULIC 93Q ALEP 
95 83 ADRIANI 92B L3 
95 84 BARDADIN-... 92 RVUE 
95 DECAMP 92 ALEP 

855HIMOZAWA 92 TOPZ 
95 ABREU 91E DLPH 
95 AKRAWY 91F OPAL 
95 ADEVA 90K L3 
95 AKRAWY 90F OPAL 
95 86 ABE 89J VNS 
95 ADACHI 898 TOPZ 
95 KIM 89 AMY 

V's=130-172 GeV I 
etc, �9 �9 �9 

�9 ./~=133 GeV I 

�9 ./s=130, 136 GeV 

~/L=I, ~/R=O 

82 BUSKULIC 93Q obtain A § >121 GeV (95%CL) from ALEPH experiment and A + >135 
GeV from combined TRISTAN and ALEPH data. These limits roughly correspond to 
limits on me,. 

83 ADRIANI 92B superseded by ACCIARRI 950. 
84 BARDADIN-OTWINOWSKA 92 limit from fit to the combined data of DECAMP 92, 

ABREU 91E, ADEVA 9OK, AKRAWY 91F. 
85 SHIMOZAWA 92 fit the data to the limiting form of the cross section with me, >> Ecru 

and obtain me. >168 GeV at 95%CL. Use of the full form would reduce this IImR by a 
few GeV. The statistically unexpected large value is due.to fluctuation in the data. 

86 The ABE 89J limit assumes chlral coupling. This corresponds to ~ = 0.7 for nonchlral 
coupling. 

Indirect Limits for Excited e (e*) 
These limits make use of loop effects involving e* and are therefore subject to theo- 
retical uncertainty. 

VAL UE (GeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

87 DORENBOS... 89 CHRM ~/~e ~ ~/~e and 
~ e - ~  ~ e  

88GRIFOLS 86 THEO v/~e-*  v/~e 

89RENARD 82 THEO g - 2  of electron 

87DORENBOSCH 89 obtain the limit ,~2A2ut/m2 < 2.6 (95% CL). where Acu t is the  
~t e* 

cutoff scale, based on the one-loop calculation by GRIFOLS 86. if one assumes that Acu t 
- 1 TeV and ~ = 1, one obtains me, > 620 GeV. However. one generally expects 
,~,~ ~ me,/Acu t in composite models. 

88GRIFOLS 86 uses u/~e ~ u/~e and ~/~e -~ ~/~e data from CHARM Collaboration to 
derive mass limits which depend on the scale of composlteness, 

89RENARD 82 derived from E - 2  data limits on mass and couplings of e* and /~*. See 
figures 2 and 3 of the paper. 

MASS LIMITS for Excited/J (/J*) 

Limits for Exdted p (/~*) from Pair Production 
These limits are obtained from e+e - ~ /z*+/z * -  and thus rely only on the (elec- 
trow~ak) charge of/~*. Form factor effects are Ignored unless noted. For the case of 
[lmits from Z decay, the F* coupling Is assumed to be of sequential type. All limits 
assume/~* ~ /~,y decay except for the limits from F(Z). 

For limits prior to 1987, see our 1992 edition (Physical Review I)416, 1 June, Part II 
(1992)). 

VAL UE (GeV} CL.__~% DOCUMENT ID TECN COMMENT 

,U.3 95 90ACKERSTAFF 98C OPAL e+e - - *  /=*p* Homodoublettype I 
�9 �9 We do not use the following data for averages, fits, limits, etc. �9 e �9 

>79.6 95 91,92ABREU 97B DLPH e-Fe - ~ /~*/J* Homodoublettype 
>78.4 95 91,93 ABREU 978 DLPH e + e -  ~ /~*/~* Sequential type 
.79.9 95 91 ACCIARRI 970 L3 e+e - ~ /J*/~* Sequential type 

>80.0 95 91,94 ACKERSTAFF 97 OPAL e + e -  ~ /~*F* Homodoublet type 
>62.6 95 95 ABREU 96K DLPH e + e -  ~ ~*/~* Homodoublet type 
>64.9 95 96 ACCIARRI 96D L3 �9 + e -  ~ /~*/~* Sequential type 
>66,8 95 96ALEXANDER 96Q OPAL e+e - ~ # *p *  Homodoublettype 
>65.4 95 96 BUSKULIC 96wALEP e -l- e -  ~ /~*/z* Sequential type 
>45.6 95 ADRIANI 93M L3 Z --* /~*/z* 
>45.6 95 ABREU 92C DLPH Z ~ /~*/~* 
>29.8 95 97 BARDADIN-... 92 RVUE r ( z )  
>26.1 95 98 DECAMP 92 ALEP Z --* /~*/~*; F(Z) 
>46,1 95 DECAMP 92 ALEP Z ~ /~/~* 
>33 95 98 ABREU 91F DLPH Z -~ #*~*; r(z) 
>45.3 95 99 ADEVA 90F L3 Z --~ /~* p.* 
>44.9 95 AKRAWY 901 OPAL Z --* /~*/~* 
>44.6 95 100 DECAMP 900 ALEP e ~- e -  ~ ,~" h~* 
>29.9 95 ADACHI 898 TOPZ e + e  - ~ /~*/~* 
>28.3 95 KIM 89 AMY e + e -  ~ /~*/=* 

90 From e + e -  collisions at v~=170-172 GeV. ACKERSTAFF 98C also obtain limit from | 
/~* ~ vW decay mode: m/=, > 81.3 GeV. j 

91 From e -F e -  collisions at ~/'s= 161 GeV. I 
92ABREU 978 also obtain limit from charged current decay mode/~* ~ vW, m/~, > 70.9 J 

GeV. 
93 ABREU 978 also obtain limit from charged current decay mode #* ~ v W, m/j. > 44.6 i 

GeV, 
94ACKERSTAFF 97 also obtain limit from charged current decay mode ~u* - *  uW, | 

m ~ > 77.1 GeV. 

95 From e "t" e -  collisions at V~= 130-136 GeV. 
96 From e + e -  collisions at v ~ =  130-140 GeV. 
97BARDADIN-OTWINOWSKA 92 limit is Independent of decay modes. Based on 

AF(Z)<36 MeV. 
98 Limit is indepencJent of/~* decay mode. 
99Superseded by ADRIANI 93M. 

100Superseded by DECAMP 92. 
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Umlt= for Excited/= (p*) from Single Production 
These limits are from e-he-  ~ /=*/= and depend on transition magnetic coupling 
between/= and/=*. All limits assume/=* ---* /='7 decay. Limits from LEP are for chiral 
coupling, whereas all other limits are for nonchiral coupling, r/L = 7/R = 1, In most 
papers, the limit is expressed In the form of an excluded region in the A-m/=, plane. 

See the original papers. 

For limits prior to 1987, see our 1992 edition (Physical Review D4~, 1 June, Part I[ 
(1992)). 

VALUE {GeV) CL._~_% DOCUMENT ID TECN COMMENT 

>89 95 ADRIANI 93ML3 Z ~  /=/=*,A z >0.5 
>88 95 ABREU 92C DLPH Z ~ /=p.*, A Z > 0.5 
>91  95 DECAMP 92 ALEP Z ~ I~/= * ,  I z >1 
>87 95 AKRAWY 901 OPAL Z ~ /=/=*, A Z >1 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

95 101ACKERSTAFF 98c OPAL e-he- ~ /=/=* 
102,103ABREU 97B DLPH e-he- ~ /=/=* 
102,104ACCIARRI 97G L3 e-he- ~ #/=* 

105ACKERSTAFF 97 OPAL e-he-  ~ /=p* 
106ABREU 96K DLPH e-he- ~ p/=* 
107 ACCIARRI 96D L3 e-h e-- ~ pp* 
108ALEXANDER 96Q OPAL e+e - ~ ,up* 
109 BUSKULIC 96wALEP e-he-- ~ p/=* 

>85 95 110 ADEVA 90F L3 Z ~ /=/~*, A Z > 1 
>75 95 110 ADEVA 90F L3 Z ~ /=/~*, A Z > 0.1 
>80 95 111DECAMP 90G ALEP e + e -  ~ p/=*, A Z = I  
>SO 95 ADACHI 89B TOPZ e+e - ~ /=p*, A'7=0.7 

>46 95 KIM 89 AMY e+e - ~ /=/=*, A'7=0.2 

101ACKERSTAFF 98C from e-h e -  collisions at v's=170-172 GeV. See their Fig. 11 for the I 
exclusion limit in the mass-coupling plane. 

102 From e + e -  collisions at V~= 161 GeV. I 
103 See Fig. 4a and Fig. 5a of ABREU 97B for the exclusion limit in the mass-coupling plane, I 104See Fig. 2 and Fig. 3 of ACCIARRI 97G for the exclusion limit in the mass-coupling plane. 
105ACKERSTAFF 97 result is from e-he-  collisions at ~/s= 161 GeV. See their Fig. 3 for 

the exclusion limit in the mass-coupling plane. 
106ABREU 96K result is from e-he - collisions at V"S= 130-136 GeV. See their Fig. 4 for I 

the exclusion limit In the mass-coupling plane. 
107 ACCIARRI 96D result is from e-h e -  collisions at v/s= 130-140 GeV. See their Fig. 2 for | 

the exclusion limit in the mass-coupling plane. 
108 ALEXANDER 96Q result is from e-h e -  collisions at vrs= 130-140 GeV. See their Fig. 3a | 

for the exclusion limit In the mass-coupling plane. 
109BUSKULIC 96w result is from e-he-  collisions at v~=  130-140 GeV. See their Fig. 3 I 

for the exclusion limit in the mass-coupling plane. 
110Superseded by ADRIANI 93M. 
111 Superseded by DECAMP 92. 

Indirect L Im~ for Exalted p (p' )  
These limits make use of loop effects involving/=* and are therefore subject to thou- 
retical uncertainty. 

VALUE (GeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

112 RENARD 82 THEO g - 2  of muon 

112RENARD 82 derived from g - 2  data limits on mass and couplings of e* and /=*. See 
figures 2 and 3 of the paper. 

MASS LIMITS for Exalted ~- (~") 

Llmlt~ for Exdted ~- ( r ' )  from Pair Production 
These limits are obtained from e-he-  - *  ~'*-h~'*- and thus rely only on the (elec- 
troweak) charge of ~'*. Form factor effects are ignored unless noted, For the case of 
limits from Z decay, the *-* coupling is assumed to be of sequential type. All limits 
assume ~'* ~ *''7 decay except for the limits from F(Z). 

For limits prior to 1987, see our 1992 edition (Physical Review D4~, 1 June, Part II 
(1992)). 

VALUE (GeV} CL.__~_~ DOCUMENT ID TECN COMMENT 

>84.6 
�9 �9 �9 We do 

>79,4 
>77.4 95 114,116 ABREU 97B DLPH 
>79.3 95 114 ACCIARRI 97G L3 
>79.1 95 114,117 ACKERSTAFF 97 OPAL 
>62.2 95 118 ABREU 96K DLPH 
>64.2 95 119 ACCIARRI 96D L3 
>65.3 95 119 ALEXANDER 96Q OPAL 
>64.8 95 119 BUSKULIC 96W ALEP 
>45.6 95 ADRIANI 93M L3 
>45.3 95 ABREU 92C DLPH 
>29.8 95 120 BARDADIN-... 92 RVUE F(Z) 
>26.1 95 121 DECAMP 92 ALEP 
>46.0 95 DECAMP 92 ALEP 
>33 95 121 ABREU 91F DLPH 
>45.5 95 122 ADEVA 90L L3 
>44.9 95 AKRAWY 90~ OPAL 
>41.2 95 123 DECAMP 90G ALEP 
>29.0 95 ADACHI 898 TOPZ 

95 113ACKERSTAFF 98C OPAL e-he-  ~ ~*~'* Homodoublettype I 
not use the following data for averages, fits, limits, etc. �9 �9 �9 

95 114,115 ABREU 97B DLPH �9 + e -  ~ ~'*~'* Homodoublet type 
e-he- ~ ~'*~'* Sequential type 
e+e - ~ ~'*~'* Sequential type 
e-he- ~ ~%'* Homodoublettype 
e-he-  ~ ~'*~'* Homodoublettype 
e-he-  ~ ~-*~'* Sequential type 
e + e -  ~ ~'*~'* Homodoublet type 
e-he- ~ ~'*~'* Sequential type 

Z ~ ~*~*;  F(Z) 

Z ~ ~-%'*; F(Z) 
Z ~ 1"* 1"* 

e-he-- ~ ~r*,r* 
e+e - .-~ ~*~.* 

113From e+e - collisions at v/-;=170-172 GeV. ACKERSTAFF 98c also obtain limit from | 
"r* ~ u W  decay mode: m ,  > 81.3 GeV. I 

114From e-he-  collisions at v/s= 161 GeV. I 
115ABREU 97B also obtain limit from charged current decay mode ~-* --~ v W, my, > 70.9 | 

GeV. 
116ABREU 97B also obtain limit from charged current decay mode ~-* ~ v W, m . ,  > 44.6 | 

GeV, 
117ACKERSTAFF 97 also obtain limit from charged current decay mode ~-* ~ u W ,  | 

mu~ > 77.1 GeV. I 

118 From e-h e -  collisions at V~= 130-136 GeV. I 119 From e + e -  collisions at V's= 130-140 GeV. 
120BARDADIN-OTWINOWSKA 92 limit is independent of decay modes, Based on 

LIF(Z)<36 MeV. 
121 Limit is independent of ~-* decay mode. 
122Superseded by ADRIANI 93M. 
123 Superseded by DECAMP 92. 

Umlts for Excited ~ (~-*) from Slnl~e Production 
These limits are from e-he- --~ ~-** and depend on transition magnetic coupling 
between ~- and ~*. All limits assume ~'* --~ ~''7 decay. Limits from LEP are for chirai 
coupling, whereas all other limits are for nonchiral coupling, rt L = 7/R = 1. In most 
papers, the limit is expressed in the form of an excluded region in the A - m ,  plane. 
See the original papers. 

VALUE (GeV) CL.~%.% DOCUMENT ID TECN COMMENT 

>88 95 ADRIANI 93M L3 Z ~ ~-*'*, A Z > 0.S 
>87 95 ABREU 92C DLPH Z ~ ~'~'*, A Z > 0.5 
>gO 95 DECAMP 92 ALEP Z ~ *'~'*, A Z > 0.18 
>86.5 95 AKRAWY 9OI OPAL Z--~ *-~'*, A Z >1 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

95 124ACKERSTAFF 98C OPAL e-he-  ~ ~'~'* 
125,126ABREU 97B DLPH e-he-  --~ *-~'* 
125,127ACCIARRI 97G L3 e-he-- ~ ~'~'* 

128 ACKERSTAFF 97 OPAL e + e -  -~ ~'~'* 

>88 
>59 
>40 

>41.4 

>40.8 

129ABREU 96K DLPH e-he- ~ ~'~'* 
130ACCIARRI 96D L3 e-he-  ~ *'*'* 
131ALEXANDER 96QOPAL e-he-  --~ r~'* 
132BUSKULIC 96wALEP e-he-  ~ *-~'* 

95 133 ADEVA 90L L3 Z ~ r~'*, A z >1 
95 134 DECAMP 90G ALEP Z ~ *'~'*, A Z = I  
95 135 BARTEL 86 JADE e-he-  ~ ~'~'*, A'7=1 

95 136 BEHREND 86 CELL e-he-  ~ *'~'*, A'7=1 

95 136BEHREND 86 CELL e-he-  - *  *-~'*, A'7=0.7 

124ACKERSTAFF 98C from e + e -  collisions at vrs=170-172 GeV. See their Fig. 11 for the | 
exclusion limit in the mass-coupling plane. 

125 From e-h e -  collisions at v~=  161 GeV. | 
126 See Fig. 4a and Fig. 5a of ABREU 97B for the exclusion limit in the mass-coupling plane. 

I 127 See Fig. 2 and Fig. 3 of ACCIARRI 97G for the exclusion limit in the mass-coupling plane. 
128ACKERSTAFF 97 result is from e-h e -  collisions at v ~ =  161 GeV. See their Fig. 3 for 

the exclusion limit in the mass-coupling plane. 
129ABREU 96K result Is from e-he-- collisions at v ~ =  130-136 GeV. See their Fig.4 for | 

the exclusion limit in the mass-coupling plane. 
130ACCIARRI 96D result is from e-h e-- collisions at ~/'s= 130-140 GeV. See their Fig. 2 for I 

the exclusion limit in the mass-coupling plane. 
131ALEXANDER 96Q result is fr~ e+ e -  collisi~ at ~/'s= 130-140 GeV" See their Fig" 3a I 

for the exclusion limit In the mass-coupling plane. 
132BUSKULIC 96w result Is from e+e - collisions at V~= 130-140 GeV. See their Fig. 3 I 

for the exclusion limit in the mass-coupling plane. 
133Superseded by ADRIANI 93M. 
134Superseded by DECAMP 92. 
135BARTEL 86 Is at Ecm = 30-46.78 GeV. 
136BEHREND 86 limit is at Ecru = 33-46.8 GeV. 

MASS LIMITS for Exalted Neutrino (u*) 

Limit= for Exalted v (v*) from Pair Production 
These limits are obtained from e + e -  ~ v*  v*  and thus rely only on the (electroweak) 
charge of v*. Form factor effects are ignored unless noted, The u* coupling is assumed 
to be of sequential type unless otherwise noted. Limits assume u* ~ u'7 decay except 
for the F(Z) measurement which makes no assumption about decay mode. 

VALUE (GeV} CL_.__~ DOCUMENT ID TECN COMMENT 

>lM.g 95 137ACKERSTAFF 98C OPAL e-he-  ~ u ' u *  Homodoublettype I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>77.6 95 138,139 ABREU 978 DLPH �9 -Fe -  --* u ' v *  Homodoublet type 
>64.4 95 138,140 ABREU 97B DLPH e + e -  ~ u ' u *  Sequential type 
>71.2 95 138,141 ACCIARRI 97G L3 e-h e -  ~ u* v* Sequential type 
>77.8 95 138,142 ACKERSTAFF 97 OPAL e-he-  ~ v ' u *  Homodoubtet type 
>61.4 95 143,144 ACCIARRI 96D L3 e-h e -  --* v*  u* Sequential type 
>65.0 95145,146 ALEXANDER 96QOPAL e+e - ~ ~*u*  Homodoublettype 
>63.6 95 143BUSKULIC 96wALEP e+e - ~ u ' u *  Sequentlaltype 
>43.7 95 147BARDADIN-.. 92 RVUE F(Z) 
>47 95 148 DECAMP 92 ALEP 
>42.6 95 149 DECAMP 92 ALEP F(Z) 
>35.4 95 150,151 DECAMP 90O ALEP F(Z) 
>46 95 151,152 DECAMP 900 ALEP 
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137 From e + e -  collisions at V~=170-172 GeV. ACKERSTAFF 98C also obtain limit from | 
charged decay modes: mz~ e > 84.1 GeV, mv~ > 83.9 GeV, and mv~ " > 79.4 GeV, . | 

138From e+e - collisions at v"s= 161 GeV. I 
139 ABREU 97B also obtain limits from charged current decay modes, mu, > 56.4 GeV. | 

140ABREU 97B also obtain limits from charged current decay modes, me, > 44.9 GeV. | 

141ACCIARRI 97G also obtain limits from charged current decay mode u e ~ e W, my, > | 
64.5 GeV. 

142ACKERSTAFF 97 also obtain limits from charged current decay modes m e  > 78.3 | 

GeV, mv~ > 78.9 GeV, m~. > 76.2 GeV. | 

143 From e -t- e -  collisions at V~= 130-140 GeV. I 
144ACCIARRI 96D also obtain limit from u* ~ eW decay mode: my. > 57.3 GeV. | 

145 From e "t- e -  collisions at v/g= 130-136 GeV. I 
146ALEXANDER 96Q also obtain limits from charged current decay modes: > 66.2 m; I 

GeV, mv~ > 66.5 GeV, m ~  > 64.7 GeV, | 

147 BARDADIN-OTWINOWSKA 92 limit is for Olrac v*.  Based on AF(Z)<36 MeV. The 
limit is 36,4 GeV for Maiorana v*,  45.4 GeV for homodoublet u*, 

148LImlt Is based on B(Z ~ u*U*)xB(u* ~ v-f) 2 < 5 x 10 - 5  (95%CL) assuming 
Diracu*, B(u* ~ u~) = 1. 

149 Limit is for Dirac v*.  The limit is 34.6 GeV for MaJorana v*,  45.4 GeV for homodoublet 
v * . 

150DECAMP 900 limit Is from excess AF(Z)  < 89 MeV, The above value Is for Dlrac v*; 
26,6 GeV for MaJorana u*; 44.8 GeV for homodoublet v*. 

151Superseded by DECAMP 92, 
152DECAMP 900 limit based on B(Z -*  v*u*) .B(u* ~ v-f)  2 < 7 x 10 - 5  (95%CL), 

assuming Dirac u*. B(u* ~ u'y) = 1. 

Limits for Excited v (v*) from Sin&4e Production 
These limits are from Z --* v~,* or ep ~ u*X and depend on transition mag- 
netic coupling between v/e and v *. Assumptions about v* decay mode are given In 
footnotes. 

VALUE (GeV) CI._.~.% DOCUMENT 10 TECN COMMENT 

none 40-96 98 153 BREITWEG 97C ZEUS ep ~ v * X  | 
>91 95 ADRIANI 93M L3 ,X z >1, u* ~ v-f 
>89 95 ADRIANI 93M L3 "~Z >1, ~,~ ~ e W 
>91 95 154 DECAMP 92 ALEP ~Z >1 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

95 155 ACKERSTAFF 98(: OPAL ep ..~ v ' v *  
156,157ABREU 97B DLPH e+e - ~ r e *  

>87 
>74 

>74 
>91 
>83 
>74 
>90 
>74.7 

158ABREU 97| DLPH u* "-* tW,  uZ 
159 ABREU 97J DLPH u* --* v3' 

156'160ACCIARRI ' 97<; L3 e+e - ~ ~'v* 
161ACKERSTAFF 97 OPAL e't'e - ~ vv* 
162 ADLOFF 97 H1 Lepton-flavor violation 
163 ACCIARRI 96D L3 �9 -F e-- "-* uv* 
164ALEXANDER 96QOPAL e+e - ~ uv*  
165BUSKULIC 96WALEP e+e - ~ =,v* 
166 DERRICK 958 ZEUS ep ~ u*X 
167ABT 93 H1 e p ~  u*X 

95 ADRIANI 93M L3 "~Z > 0.1, u* ~ v-f 
95 ADRIANI 93M L3 XZ > 0,1, u* ~ �9 W e 

168 BARDADIN-,. 92 RVUE 
95 154 DECAMP 92 ALEP "~Z > 0.034 
95 169,170 ADEVA 900 L3 "~Z >1 
95 170 ADEVA 900 L3 ~Z > 0.1, u* ~ u-f 

�9 ~ eW 95 170 ADEVA 900 L3 ~Z > 0.1, v e 
95 171,172 DECAMP 900 ALEP A Z >1 
95 171,172 DECAMP 900 ALEP "~Z > 0.06 

153 BREITWEG 97C search for single u* production in ep collisions with the decay v* 
v-f. f = - f / =2A /mu ,  is assumed for the v* coupling. See their Fig. 10 for the exclusion 
plot in the mass-coupling plane. 

154DECAMP 92 limit is based on B(Z ~ v * ~ ) x B ( v *  ~ v3') < 2.7 x 10 - 5  (95%CL) 
assuming Olrac v*,  B(v* ~ u-f) = 1. 

155ACKERSTAFF 98C from e -F e -  collisions at -/s=170-172 GeV. See their Fig. 11 for the 
exclusion limit in the mass-coupling plane. 

156Frorn e-Fe - collisions at ~/s= 161 GeV. 
157See Fig. 4b and Fig. 5b of ABREU 97B for the exclusion limit In the mass-coupling plane. 
158ABREU 971 limit Is from Z ~ uv* .  See their Fig. 12 for the exclusion limit In the 

m ass-coupling plane. 
159ABREU 97J limit is from Z ~ uv* .  See their Fig. S for the excioslon limit In the 

mass-coupling plane. 
160 See Fig. 2 a nd Fig. 3 of ACCIARRI 97G for the exclusion limit In the mass-coupling plane. 
161 ACKERSTAFF 97 result is from e + e -  collisions at v rs -  161 GeV, for homodoublet v*.  

See their Fig. 3 for the exclusion limit In the mass-coupling plane. 
162ADLOFF 97 search for single e* production in ep collisions with the decays e* --~ e3, 

�9 Z, v W. See their Fig. 4 for the rejection limits on the product of the production cross 
section and the branching ratio. 

163ACCIARRI 96D result is from e § e-- collisions at , ~ =  130-140 GeV. See their Fig. 2 for 
the exclusion limit In the mass-coupling plane. 

164ALEXANDER 96Q result is from e+e - collisions at ~ =  130-140 GeV for 
homedoublet v*, See their Fig. 3b and Fig. 3c for the exclusion limit In the mass-coupling 
plane. 

165BUSKULIC 96w result is from e+e - collisions at vrS~ 130-140 GeV. See their Fig. 4 
for the exclusion limit in the mass-coupling plane. 

166 DERRICK 958 search for single v* production via v*e W coupling in ep collisions with 
the decays u* ~ .u-f, vZ, eW. See their Fig. 14 for the exclusion plot In the mu,-,X-f 
plane. 

167ABT 93 search for single u* production via v * e W  coupling In ep collisions with the 
decays v* ~ v% uZ, eW. See their Fig.4 for exclusion plot In the mv,-,~ W plane. 

168See Fig. 5 of BAROADIN-OTWINOWSKA 92 for combined limit of ADEVA 900, DE- 
CAMP 90o, and DECAMP 92. 

169 Limit Is either for v* ~ u-f or v * ~ �9 W, 
170Superseded by ADRIANI 93M. 
171DECAMP 900 limit based on B(Z ~ vu*) .B(v*  ~ v-f) < 6 x 10 - 5  (95%CL), 

assuming B(u* ~ u-f) = 1. 
172Superseded by DECAMP 92. 

MASS LIMITS for Excited q (q*) 

Umlts for Excited q (q*) from Pair Production 
These limits are obtained from eft- e -  ~ q*~* and thus rely only on the (electroweak) 
charge of the q*. Form factor effects are ignored unless noted. Assumptions about 
the q* decay are given in the comments and footnotes. 

VALUE (GeV) CL_.~_~ DOCUMENT ID TECN COMMENT 

>-41J.g 95 173 ADRIANI 93M L3 u or d type, Z - *  q* q~ 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

174ADRIANI 92F L3 Z ~ q ' q *  
>41.7 95 175 BARDADIN-.., 92 RVUE u-type, F(Z) 
>44.7 95 175 BARDADIN-... 92 RVUE d-type, r ( z )  
>40.6 95 176 DECAMP 92 ALEP u-type, F(Z) 
>44.2 95 176 DECAMP 92 ALEP d-type, F(Z) 
>45 95 177 DECAMP 92 ALEP u or d type, 

Z ~ q ' q *  
>45 95 176 ABREU 91F DLPH retype, F(Z) 
>45 95 176ABREU 91F DLPH dtype, F(Z) 
>21.1 95 178 BEHREND 86(: CELL e(q*) = -1 /3 ,  q* --* 

qg 
>22.3 95 178 BEHREND 06(: CELL e(q*) = 2/3, q* --~ qg 
>22.5 95 178 BEHREND 86C CELL e(q*) = -1 /3 ,  q* 

q-f 
>23.2 95 178 BEHREND 86C CELL e(q*) = 2/3, q* ~ q*f 

173ADRIANI 93M limit is valid for B(q* --* qg)>  0.25 (0.17) for up (down) type. 
174ADRIANI 92F search for Z ~ q*~* followed with q* ~ q3' decays and give the limit 

e, Z . B(Z ~ q*~* )  - B2(q * --* q-f) <2pb at 95%CL. Assomlng five flavors of 
degenerate q* of homodoubiet type, B(q* --* q-f) <4% is obtained for mq, <45 GeV. 

175 BARDADiN-OTWINOWSKA 92 limit based on Z~F(Z)<36 MeV. 
176 These limits are independent of decay modes. 
177 LImit ls for B ( q * ~  qg)+B(q* ~ q-f)=1. 
178 BEHREND 86C search for e "f- e -  -4 q*~* for mq, >5 GeV. But m < 5 GeV excluded 

by total hadronlc cross section. The limits are for point-like photon couplings of excited 
quarks. 

Limit= for Exalted q (q*) from Slngle Production 
These limits are from e+e - ~ q*f l  or p~ ~ q*X and depend on transition 
magnetic couplings between q and q*. Assumptions about q* decay mode are given 
In the footnotes and comments. 

VALUE {GeV) CL._. %~._% DOCUMENT IO TECN COMMENT 
>b'70 (CL = 98%) OUR EVALUATION 

none 200-520 and 95 179 ABE 97G CDF p~ ~ q* X, q* ~ 2 | 
580-760 jets 

none 40-169 95 180 BREITWEG 97(: ZEUS ep --~ q*X | 
nolteg0-~70 95 181ABE 95NCDF p ~  q * X , q * ~  qg 

q-f, qW 
>288 90 182ALITTI 93 UA2 p ~ - *  q 'X ,  q* ~ qg 
> I 95 183 DECAMP 92 ALEP Z --~ qq*,  "~Z >1 
> 86 95 183AKRAWY 90J OPAL Z.--* qq* '  *~Z >1.2 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

184 ADLOFF 97 H1 Lepton*flavor viOlation | 
185 DERRICK 958 ZEUS ep ..~ q*X 

none 80-540 95 186 ABE 94 CDF p~ --* q 'X ,  q* --~ q-f, 
q W  

> 79 95 187 ADRIANI 93M L3 ,Xz(L3)> 0.06 
188ABREU 92D DLPH Z - *  qq* 
189ADRIANI 92F L3 Z ~ qq*  

> 75 95 187 DECAMP 92 ALEP Z --~ qq*,  ,X Z >1 
190ALBAJAR 89 UA1 p~--~ q 'X ,  

q* ~ q W  
> 39 95 191 BEHREND 86C CELL e + e -  ~ q*~  (q* 

qg,q-f), ,X-f =1 

179ABE 97G search for new particle decaying to dlJets. | 
180BREITWEG 97c search for single q* production in ep collisions with the decays q* I 

q% q W. re=0, and f = - f l = 2 A / m q ,  Is assumed for the q* coupling. See their Fig. 11 | 
for the exclusion plot in the mass-coupling plane. 

181ABE 95N assume a degenerate u* and d* with f s= f= f /=A /mq , .  See their Fig.4 for 
the excluded region in mq, - f plane. 

182ALITTI 93 search for resonances in the two-Jet Invadant mass. The limit Is for fs = f 
= fs = A/mq,. u* and d* are assumed to be degenerate. I f  not, the limit for u* (d �9  

is 277 (247) GeV if rnd, ~ mu, (mu, ~> rod, ). 



See key on page 213 

183AseumesB(q*  ~ q-f) = 0.1. 

184ADLOFF 97 search for single q*  production in ep collisions with the decay q* ~ q~,. | 
See their Fig. 6 for the rejection l imits on the product o f  the production cross section I and the branching ratio. 

185 DERRICK 95B search for single q*  production via q*  q-y coupling In ep colflslons with 
the decays q* ~ qW, qZ, qg, q',/. See their Fig. 15 for the exclusion plot in the 
m q , - ) v ~  plane. 

186ABE 94 search for resonances in Jet--y and Jet-W invarlant mass in p ~  collisions at Ecm 

= 1.8 TeV. The l imit  is for fs = f = f! = A/mq, and u* and d*  are assumed to be 

degenerate. See their Fig. 4 for the excluded region in mq,- f  plane. 

187Assumes B (q *  -~ q g )  = 1. 

188ABREU 920 give c~(e+e - ~ Z ~ q * ~ o r  q ~ * ) x B ( q *  ~ q~)  <15  pb (95% CL) 
for mq, <80  GeV. 

189ADR]ANI  92F search for Z ~ qq* with q*  ~ q.~ and give the l imit  <7 Z . B (Z  

q q * ) .  B(q*  - *  q~f) < ( 2 - 1 0 ) p b  (95%CL) for mq, = (46-82) GeV. 

190ALBAJAR 89 give e (q *  --* W-F j e t ) / ~ ( W )  < 0.019 (90% CL) for mq ,  > 220 GeV. 

191BEHREND 86C has Ecm = 42.5-46.8 GeV. See their Fig. 3 for excluded region In the 

mq,- (~ .~ /mq, )  2 plane. The l imit  Is for 1.y = 1 with r/L = ~/R = 1. 

MASS LIMITS for Color Sextet Quarks (q6) 
VALUE (GeV) EL__~_~ DOCUMENT ID TECN COMMENT 
:>84 95 192 ABE 89D CDF P]~ ~ q6q6 

192ABE 89D look for pair production of  unit-charged particles which leave the detector 
before decaying. In the above l imi t  the color sextet quark is assumed to  fragment into a 
unit-charged or neutral hadron with equal probability and to have long enough lifetime 
not to decay within the detector. A l imit  o f  121 GeV is obtained for a color decuplet. 

MASS LIMITS for Color Octet Charled Leptons (ts) 
,~ =_ m~e/A 

VALUE (GeV) CL~..% DOCUMENT ID TECN COMMENT 
95 193 ABE 89D CDF Stable t8:  p ~  ~ 1St 8 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1 9 4 A B T  93 H1 eB: e p ~  e8X 
none3.0-30.3 95 19SK IM 90 A M Y  08: e + e - ~  e e +  

Jets 
none3.5-30.3 95 19SKIM 90 A M Y  #8: e + e -  ~ P/J-}" 

Jets 
1 9 6 K I M  90 A M Y  08: e + e -  - *  gS;  R 

>19.8  95 197 BARTEL  878 JADE e 8, P8, ~'8: e + e - ;  R 
none 5-23.2 95 197 BARTEL 87B JADE P8: e §  e -  --* /z/z + 

Jets 
1 9 8 B A R T E L  8SKJADE e 8 : e + e - ~  g g ; R  

193ABE 89D look for pair production of unit-charged particles which leave the detector 
before decaying. In the above l imit  the color octet lepton is assumed to  fragment Into a 
unit-charged or neutral hadron wi th equal probability and to  have long enough lifetime 
not to  decay within the detector. The l imit  Improves to 99 GeV i f  It always fragments 
Into a unit-charged hadron. 

1 9 4 A B T  93 search for �9 8 production via e-gluon fusion in ep collisions with �9 8 ~ eg.  See 
their Fig. 3 for exclusion plot In the mes -A  plane for me8 = 35-220 GeV. 

195 K IM  90 Is at Ecru = 50-60.8 GeV. The same assumptions as in BARTEL 87B are used. 

196K IM  90 result (mesAM) 1/2 > 178.4 GeV (95%CL, (~s = 0.16 used) Is subject to the 
same restriction as for BARTEL 85K. 

197 BARTEL 87B is at Ecru = 46.3-46.78 GeV. The limits assume l 8 pair production cross 
sections to  be eight ~ffnes larger than those of  the corresponding heavy lepton pair 
production. 

1981n BARTEL 85K, R can be affected by e + e  - --* g g  via eq exchange. Their l imit 

mee >173 GeV (CL=95%)  at .X = mes/A M = 1 (r/L = ~/R = 1) is not listed above 
because the cross section is sensitive to  the product TiLrl R, which should be absent in 
Ordinary theory with electronic chlral lnvadance. 

MASS LIMITS for Color Octet Neutrinos (lie) 
=_ mta/A 

VALUE (GeV) CL....~ DOCUMENT ID TECN COMMENT 
>110  90 199 BARGER 89 RVUE v8: p ~  ~ v8P  8 

�9 �9 �9 We do not use the following data for averages, fits, l imits, e t c . � 9  �9 �9 

none 3.8-29.8 95 200 K i M  90 A M Y  v8: �9 + e -  -~. acoplanar 
Jets 

none 9-21.9 95 201 BARTEL 87B JADE v8: �9 + e -  ~ acoplanar 
jets 

199BARGER 89 used ABE 89B l imit  for events with large missing transverse momentum. 
Two-body decay v 8 ~ u 8  is assumed. 

200 K IM  90 Is at Ecm = 50-60.8 GeV. The same assumptions as in BARTEL 07B are used. 

201 BARTEL 87B Is at  Ecm = 46.3-46.78 GeV. The l imit assumes the u8 pair production 
cross section to  be eight t imes larger than that  o f  the corresponding heavy neutrino pair 
production. This assumption is not valid In general for the weak couplings, and the l imit 
can be sensitive to  its S U ( 2 ) L X U ( 1 ) y  quantum numbers. 
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MASS LIMITS for Ws (Color ~ W _R,~__. ) 
VALUE (GeV) DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2 0 2 A L B A J A R  89 UA1 PP~A/~8~/g--o-- 

202ALBAJAR 89 give (x(W 8 ~ W +  je t ) / ( x (W)  < 0.019 (90% CL) for roW8 > 220 GeV. 

Umlts on ZZ-f Coupling 
Limits are for the electric dipole transition form factor for Z ~ ~ Z *  parametrlzed 
as f(s I) = ~(s t /m2-1) ,  where s I is the virtual Z mass. In the Standard Model 

~ 1 0 - 5 .  
VALUE CL% DOCUMENT IO TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.80 95 ADRIANI  92J L3 Z ~ ~ 'v~ 

ACKERSTAFF 98 
ACKERSTAFF 94C 
ABE 97G 
ABE 97T 
ABREU 97B 
ABREU 971 
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ABREU %K 
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ALEXANDER %K 
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DERRICK 95B 
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ZPHY C75 580 erratum Abreu, Adam. Adye, Ajinenko+ 
ZPHY C74 577 P. Abreu+ 

(OPAL Collab.) 
(OPAL Collab.) 

(CDF Collab.) 
Collab. 

(CDF Collab.I (DELPHI 
Collab. (DELPHI Collab./ (DELPHI 

(DELPHI Collab.) 
PL B401 139 
PL B391 197 
PL B391 221 
NP B483 44 
PR D55 19 
ZPHY C7S 631 
PL B409 277 
PRL 77 438 
PRL 77 5336 
PL B380 480 
PL B370 211 
PL B384 323 
PL B377 222 
PL B300 463 
PL B305 445 
PL B384 333 
PRL 74 3538 
PL 8353 136 
PL B353 578 
ZPHY C65 627 
PRL 72 3004 
PR D49 R2149 
PL BSSl 227 
PRL 71 2542 
NP B3% 3 
PRPL 236 1 
NP 8400 3 
ZPHY CS9 215 
PL 8316 207 
PRL 68 1463 
PRL 68 1104 
PRL 09 28% 
ZPHY C53 41 
ZPHY C33 555 
PL B288 4O4 
PL B292 472 
PL B297 469 
ZPHY C55 105 
PRPL 216 253 

+Adriani, Aguilar-Benitez, Ahlen, Alpat+ (L3 Collab.) 
+Alexander, Allison, Altekamp, Ametewee+ (OPAL Collab.) 
+Alexander, Allison, Altekamp, Ametewee+ (OPAL Collab. ) 
+Aid. Anderson, Andreev. Anddeu, Arndt+ (HI Coflab.) 
+Odaka, Ogawa, Shlrai, Tsuboyama+ (VENUS Collab. ) 
+Derrick, Krakauer, Magill+ (ZEUS Collab.) 

(MARS) 
Cotlab. +Akimoto, Akoplan, Albmw+ IcCDDFF Co~lab.I 

+Akimoto, Akopian, Albrow, Amendolia+ 
Collab. +Adam, Adye. AKasi, Ajinenko+ (DELPHI Collab.) ) 

+Adam, Addanl, Aguilar-Benitez, Ahlen+ (L3 
+Adam, Adriani, Aguilar-Benitez+ (13 Collab.) 
+ (OPAL Collab.) 
+Allison, Altekamp, Ametewee+ (OPAL Collab.) 
+De BunKs, Decamp. Ghez, Guy, Lees+ (ALEPH Coflab.) 
+De BunKs. Decamp, Ghez+ (ALEPH Collab.) 

Collab. +}~lbrow, Amendolia, Amidel, Antos+ (CDF Collab) ) 
+Adam, Addanl, Agutiar-Benltez, AMen+ (L3 
+Andreev, Anddeu, Appuhn, Arpagaus+ (H1 Collab.) 
+Krakauer, Maglll, MusKrave, Repond+ (ZEUS Collab.) 
+Albrow, Amidei, AnwapWiese, Apollinad+ (CDF Collab.) 

Oiaz Cruz, Sampayo (ClNV) 
+Lusin, ChunK, Park, Cho, Bodek, Kim+ (AMY Collab.) 
+Albrow, Akimoto, Amidei, An~my-Wiese+ (CDF Collab.) 
+Andreev, Anddeu, Appuhn, Arpagaus+ (H1 Collab.) 
+Aguilar-Benitez, AMen, Alcaraz, Aloislo+ (L3 Collab.) 
+Ambrosini, Ansad, AuBero, Bareyre+ (UA2 Cotlab.) 
+Decamp, Guy, Lees, Minard, Mours+ (ALEPH Collab.) 
+Krakauer. Magill, Musgrave, Repond+ (ZEUS Collab.) 
+Amldei, Apollinad, Atac, Auchindo~+ (CDF Collab.) 
+Amidei, Apo~linad, Atac, Auchincloss+ (CDF Collab.) 
+Amidel, Anway-Wiese, Apollinad, Atac+ (CDF Collab.) 
+Adam, Adami, Adye. Akesson+ (DELPHI Collab.) 
+Adam, Adami, Adye, Akesson, AlekIeev+(DELPHI Collab.) 
+Aguitar-Benitez, Ahlen, Akbad, Alcaraz+ IL3 Collab. I 
+Aguilar-Benltez, Ahlen, Akbari, Alcarez+ L3 Collab. 
+Aguilar-Benitez, AMen, Aicarez. /~oisIo+ (L3 Collab.) 

Bardadin-Otwinowska (CLER) 
+Deschizeaux, Goy, Lees, MInard+ (ALEPH Collab.) 

PL B291 206 +Koltick, Tauchl, Miyarnoto, Kichim;+ (TOPAZ Collab.) 
PR D46 58 (ROCH) 
PR D45, I June, Part II Hikasa, Barnett, Stone+ (KEK, LBL. BOST+) 
PL B284 144 +Fujimoto, Abe, Adachi, Doser+ (TOPAZ Collab.) 
PRL 67 2418 +Amidei, Apo~linad, Atac, Auchlncloss+ (CDF Codab.) 
PL B268 2% +Adam, Adami, Ad~e, Akesson+ (DELPHI Collab.) 
NP B367 511 +Adam, Adami, Adye, Akesson+ (DELPHI Collab.) 
PL B255 613 +Anazawa, Doser, Enomoto+ (TOPAZ Co,lab.) 
PL 8257 531 +Alexander, Afiison, AIIport, Anderson+ (OPAL Collab.) 
PL B257 232 +Ansad, Autiero, Bareyre, Blaylock+ (UA2 Collab. ) 
ZPHY C51 143 +Criegee, Field, Franke, JunK+ (CELLO Coflab.) 
ZPHY C51 149 +Crielee, Field, Franke, JunK, Meyer+ (CELLO Collab.) 
ZPHY C51 143 Behrend, Cdegee, Field, Franke, JunK+ (CELLO Collab.) 
ZPHY C48 13 +Amako, Arai, Asano, Chiba+ (VENUS Collab.) 
PL B247 177 +Addani, Aguilar-Benltez, Ahbad, Alcaraz+ (L3 Co,lab. 
PL B250 199 +Addani, Aguilar-Benitez, Akbad. Alcarez+ (L3 Collab. 
PL 8250 205 +Addani, Aguilar-Benitez, Akbad, Alcaraz+ {L3 Collab.) 
PL 8252 525 +Adrlani, Aguilar*Benitez, Akbad. AIcaraz+ (L3 Collab.) 
PL B241 133 +Alexander, Allison, AIIport+ (OPAL Collab.) 
PL B244 135 +Alexander, Allison, Allport, Anderson+ (OPAL Collab.) 
PL 8246 205 +Alexander, Allison, AIIport, Anderson+ (OPAL Collab. ) 
PL B236 501 +Oeschizeaux, Lees, Mi.ard+ (ALEPH C(~lab.) 
PL B250 172 +Deschizeaux, Guy, Lees+ (ALEPH Co,lab. ) 
PL 8240 243 +8reedon, Ko, Lander, Maeshima, Malchow+(AMY Collab.) 
PRL 62 613 +Amldei, Apollinari, Ascod, Atac+ (CDF Coflab. ) 
PRL 62 1825 +AmideS, Apollinad, Ascoll. Atac+ (CDF Collab.) 
PRL 63 1447 +Amidei, Apollinad, Ascoli, Atac+ (COF Collab.) 
PRL 62 3020 +Amldei, Apolfinad, Ascoli, Atac+ (CDF Collab. 
ZPHY C45 175 +Amak~, Arai, Fukawa+ (VENUS Co,lab. 
PL B232 425 +Amako, Arai, Asano, CMUa+ (VENUS Collab.) 
PL 8228 553 +Aihara, Doser, Enomoto, Fuji;+ (TOPAZ Collab.) 
ZPHY C44 15 +Albrow, AIIkofer, Arn;son, AstburJ+ (UA1 Collab.) 
PL B220 464 +Hagiwara, Han, Zeppenfeld (WlSC, KEK) 
PL 8222 163 +Criegee, Dainton, Field, Franke+ (CELLO Collab.) 
ZPHY C43 549 Braunsch~[, Gerhards, Kirschfink+ (TASSO Collab,) 
ZPHY C41 567 Dorenbo~h, Udo, Allaby, Amaldi+ (CHARM Collab.) 
PL B219 369 +Sakuda, Terunuma (KEK, DURH, HIRO) 
PL 8223 476 +Kim, Kan i .  Lee, Myun K, Bacala (AMY Collab.) 
PL B213 400 +Amako, Arai, Auno, Chiba, Chit}a+ (VENUS Collab.) 
PL B206 551 +Bylsma, De Bonte, Koltick, Low+ (HRS Collab.) 
ZPHY C37 171 Braunschweig, Gerhards+ (TASSO Collab.) 
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Searches Particle Listings 
Quark and Lepton Corn positeness, WIM Ps and Other Particle Searches 

BRAUN$CH... 880 ZPHY C4O 163 
ANSARI 87D PL B195 613 
BARTEL 87B ZPHY C36 15 
BEHREND 87C PL BI?I 209 
FERNANDEZ 87B PR D35 10 
ARNISON 86C PL B172 461 
ARNISON 860 PL BIT/ 244 
BARTEL 86 ZPHY C31 359 
BARTEL 86C ZPHY C30 371 
BEHREND 86 PL lssB 420 
BEHREND 86C PL B181 176 
DERRICK 86 PL 166B 463 

Also 86B PR 034 3286 
DERRICK 86B PR D34 3286 
GRIFOLS 86 PL 168B 264 
JODIDIO 86 PR D34 1%7 

Also 88 PR D37 237 erratum Jodldlo, Balk�9 Carr+ 
APPEL 85 PL 1608 349 +Balinaia, Banner+ 
BARTEL 85K PL 160B 337 +Beck�9 Cords, Eichler+ 
BERGER 85 ZPHY C28 1 +Genzel, Lackas, pieiorz+ 
BERGER 85B ZPHY C27 341 +Deuter, Genzel, Lack�9 Pielorz+ 
BAGNAIA 84C PL 138B 430 +Banner, Battlston+ 
BARTEL 84D PL 146B 437 +Beck�9 Bowdety, Cords+ 
BARTEL 84E PL 146B 121 +Becket, Bowdery, C.ords, Felst+ 
EICHTEN 84 RMP 56 579 +Hi.chlifle, Lane, Qui u 
ALTHOFF . 83C PL 126B 493 +Fischer, Burkhardt+ 
RENARD 82 PL 116B 264 

BraunschweiE, Gerhard$, Kirschflnk+ (TASSO Cotlab.) 
+Bagnaia, Banner+ (UA2 Collab.) < 0.004 90 
+Beck�9 FeJst+ (JADE Collab.) ~ < 0.3 90 
+8uerKer , Criegee, Dalnton+ (CELLO Cogab.) 
+Ford, Qi, Read, Smith, Camporesi+ (MAC CollaU.) < 0.2 95 
+AiM�9 Allkofer+ (UAI Collab.) < 0.015 90 
+Albajar, Albrow+ (UA1 Colli, b.) 
+Beck�9 Felst, Haidt+ (JADE Cogab.) < 0.05 95 
+Beck�9 Cords, Fetst, Haidt+ (JADE Collab.) < 0.1 95 
+Buerier, Criegee, Fenner+ (CELLO Cogab.) <90 90 
+Buerger. Criel~ee. Dainton+ (CELLO Collab.~ 
+Gan, Kooijman, Loos+ (HRS Collab.) < 4 X 103 90 

Derrick, Gun, Kooijman, Loos, Musgrave+ (HRS Collab.) < 0.7 90 
+Gan, Kooijman, Loos, Musgrave+ (HRS Collab.) 
+Peds (BARC) < 0.12 90 
+Balk�9 Cart, Gidal, Shlnsky+ (LBL, NWES, TRIU) < 0.06 95 

(LBL, NWES, TRIU) 
(UA2 Collab.) 

(JADE Cdlab,) 
Collab. (PLUTO Collab.I (PLUTO 

(UA2 CoSab,) 
(JADE Collab.) 
(JADE Collab.) 

(FNAL, LBL, OSU) 
(TASSO Collab.) 

(CERN) 

lWlMPs and Other Particle Searches l 
OMITTED FROM SUMMARY TABLE 
W I M P S  A N D  OT HER PARTICLE SEARCHES 

Revised October 1997 by K. Hikasa (Tohoku University). 

We collect here those searches which do not appear in any 
of the above search categories. These are listed in the following 

order: 

1. Galactic WIMP (weakly-interacting massive parti- 

cle) searches 

2. Concentration of stable particles in matter 

3. Limits on neutral particle production at accelerators 
4. Limits on jet-jet resonance in hadron collisions 

5. Limits on charged particles in e+e - collisions 
6. Limits on charged particles in hadron reactions 
7. Limits on charged particles in cosmic rays 

Note that searches appear in separate sections elsewhere for 

Higgs bosons (and teehnipions), other heavy bosons (including 
WR, W I, Z r, leptoquarks, axigluons), axions (including pseudo- 

Goldstone bosons, Majorons, familons), heavy leptons, heavy 

neutrinos, free quarks, monopoles, supersymmetric particles, 

and compositeness. We include specific WIMP searches in the 

appropriate sections when they yield limits on hypothetical 

particles such as supersymmetric particles, axions, massive 

neutrinos, monopoles, etc. 
We omit papers on CHAMP's, millicharged particles, and 

other exotic particles. We no longer list for limits on ta~hyons 
and centauros. See our 1994 edition for these limits. 

GALACTIC WIMP SEARCHES 
Cross-Section Limits for Dark Matter Partk:les (X ~ on Nuclei 

These limits are for weakly-interacting stable particles that may constitute 
the Invisible mass in the galaxy. Unless otherwise noted, a local mass 
density of 0.3 GeV/cm 3 is assumed; see each paper for velocity distribution 
assumptions. In the papers the limit is given as a function of the X 0 mass. 
Here we list limits only for typical mass values of 20 GeV, 100 GeV, and 1 
TeV. Specific limits on supersymmetrlc dark matter particles may be found 
In the Supersymmetry section. 

For mxo = 20 GeV 
VALUE (rib) CL_,,~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

1 BERNABEi 97 CNTR F 
< 0.8 ALESSAND... 96 CNTR O 
< 6 ALESSAND... 96 CNTR "re 
< 0.02 90 2 BELLI 96 CNTR 129Xe, Inel. 

3 BELLI 96C CNTR 129Xe 

4 BERNABEI 96 CNTR Na 
4 BERNABEI 96 CNTR i 
5 SARSA 96 CNTR Na 
6SMITH 96 CNTR Na 
7 GARCIA 95 CNTR Natural Ge 

QUENBY 95 CNTR Na 
8 SNOWDEN-... 95 MICA 160 
8SNOWDEN-.. 95 MICA 39K 

BACCI 92 CNTR Na 
9 REUSSER 91 CNTR Natural Ge 

CALDWELL 88 CNTR Natural Ge 

1 BERNABEI 97 give ~ < 12 pb (eO%CL) for the spin-dependent xO-proton cross section. 
2BELLI 96 limit for inelastic scattering X 0 129Xe -*  X 0 129Xe�9 keV). 
3BELLI 96(; use background subtraction and obtain ~ < 150pb (<  1.5fb) (?%CL) for 

spin-dependent (Independent) xO-proton cross section. 
4 BERNABEI 96 use pulse shape discrimination to enhance the possible signal. The limit 

here is from R. Bernabei, private communication, September 19, 1997. 
5SARSA 96 search for annual modulation of WIMP signal. See SARSA 97 for details of 

the analysis. The limit here is from M.L. Sarsa, private communication, May 26, 1997. 
6SMITH 96 use poise shape discrimination to enhance the possible signal. A dark matter 

density of 0.4 GeV cm - 3 Is assumed. 
7GARCIA 95 limit Is from the event rate. A weaker limit is obtained from searches for 

diurnal and annual modulation. 
5SNOWDEN-IFFT 95 look for recoil tracks In an ancient mica crystal. Similar limits are 

also given for 27AI and 285L See COLLAR 96 and SNOWDEN-iFFT 96 for discussion | 
on potential backgrounds. 

9REUSSER 91 limit here 13 changed from published (0.04) after reanalysls by authors. 
J.L Vullieumier, private communication, March 29, 1996. 

For rex0 = 100 GeV 
VALUE (nb) CL% DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, 

10 BERNABEI 97 CNTR 

e t C ,  �9 �9 0 

F 

< 4 ALESSAND.., 96 CNTR O 
<25 ALESSAND... 96 CNTR Te 
< 0,006 90 11 BELLI 96 CNTR 129Xe, Incl. 

12 BELLI �9 96C CNTR 129Xe 
< 0.001 90 13BERNABEI 96 CNTR Na 
< 0.3 90 13BERNABEI 96 CNTR I 
< 0,7 95 14SARSA 96 CNTR Na 
< 0.03 90 155MITH 96 CNTR Na 
< 0.8 90 15 SMITH 96 CNTR I 
< 0.35 95 16 GARCIA 95 CNTR Natural Ge 
< 0.6 95 QUENBY 95 CNTR Na 
< 3 95 QUENBY 95 CNTR i 
< 1.5 x 102 90 17 SNOWDEN-... 95 MICA 160 
< 4 • 102 90 17 SNOWDEN-... 95 MICA 39K 
< 0.08 90 18 BECK 94 CNTR 76Ge 
< 2.5 90 BACCI 92 CNTR Na 
< 3 90 BACCl 92 CNTR I 
< 0.9 90 19 REUSSER 91 CNTR Natural Ge 
< 0.7 95 CALDWELL 88 CNTR Natural Ge 

10 BERNABEI 97 give o < 5 pb (90%CL) for the spin-dependent X0-proton cross section. 
11 BELLI 96 limit for inelastic scattering X 0 129Xe --* X 0 129Xe*(39.58 keV). 
12 BELLI 96c use background subtraction and obtain ~ < 0.35 pb (<  0.15 fi)) (?%CL) for 

spin-dependent (independent) xO-proton cross section. 
13 BERNABEI 96 use pulse shape dlscrlmlnetlon to enhance the possible signal. The limit 

here is from R. Bernabel, private communication, September 19, 1997. 
145ARSA 96 search for annual modulation of WlMP signal See SARSA 97 for details of 

the analysis. The limit here is from M.L. Sarss, private communication, May 26, 1997. 
15 SMITH 96 use pulse shape discrimination to enhance the possible signal. A dark matter 

density of 0.4 GeVcm - 3  is assumed. 
16GARCIA 95 limit is from the event rate. A weaker limit Is obtained from searches for 

diurnal and annual modulation. 
17SNOWDEN-IFFT 95 look for recoil tracks in an andeot mica crystal. Similar limits are 

also given for 27AI and 285L See COLLAR 96 and SNOWDEN-IFFT 96 for discussion | 
on potential backgrounds. 

18 BECK 94 uses enriched ?6Ge (86% purity). 
19REUSSER 91 limit here Is changed from published (0.3) after reanalysis by authors. 

J.L. Vullleumler, private communication, March 29, 1996. 

For mx o = 1 TeV 
V.ALUE (nb) CL~  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

20 BERNABEI 97 CNTR F 
< 40 ALESSAND... 96 CNTR O 
<700 ALESSAND... 96 CNTR "re 
< 0.05 90 21 BELLi 96 CNTR 129Xe, inel. 
< 1.5 90 22 BELLI 96 CNTR 129Xe, Incl. 

23 BELLI 96C CNTR 129Xe 
< 0.01 90 24BERNABEI 96 CNTR Na 
< 9 90 24BERNABEI 96 CNTR I 
< 7 95 25SARSA 96 CNTR Na 
< 0.3 90 26SMITH 96 CNTR Na 
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BRAUN$CH... 880 ZPHY C4O 163 
ANSARI 87D PL B195 613 
BARTEL 87B ZPHY C36 15 
BEHREND 87C PL BI?I 209 
FERNANDEZ 87B PR D35 10 
ARNISON 86C PL B172 461 
ARNISON 860 PL BIT/ 244 
BARTEL 86 ZPHY C31 359 
BARTEL 86C ZPHY C30 371 
BEHREND 86 PL lssB 420 
BEHREND 86C PL B181 176 
DERRICK 86 PL 166B 463 

Also 86B PR 034 3286 
DERRICK 86B PR D34 3286 
GRIFOLS 86 PL 168B 264 
JODIDIO 86 PR D34 1%7 

Also 88 PR D37 237 erratum Jodldlo, Balk�9 Carr+ 
APPEL 85 PL 1608 349 +Balinaia, Banner+ 
BARTEL 85K PL 160B 337 +Beck�9 Cords, Eichler+ 
BERGER 85 ZPHY C28 1 +Genzel, Lackas, pieiorz+ 
BERGER 85B ZPHY C27 341 +Deuter, Genzel, Lack�9 Pielorz+ 
BAGNAIA 84C PL 138B 430 +Banner, Battlston+ 
BARTEL 84D PL 146B 437 +Beck�9 Bowdety, Cords+ 
BARTEL 84E PL 146B 121 +Becket, Bowdery, C.ords, Felst+ 
EICHTEN 84 RMP 56 579 +Hi.chlifle, Lane, Qui u 
ALTHOFF . 83C PL 126B 493 +Fischer, Burkhardt+ 
RENARD 82 PL 116B 264 

BraunschweiE, Gerhard$, Kirschflnk+ (TASSO Cotlab.) 
+Bagnaia, Banner+ (UA2 Collab.) < 0.004 90 
+Beck�9 FeJst+ (JADE Collab.) ~ < 0.3 90 
+8uerKer , Criegee, Dalnton+ (CELLO Cogab.) 
+Ford, Qi, Read, Smith, Camporesi+ (MAC CollaU.) < 0.2 95 
+AiM�9 Allkofer+ (UAI Collab.) < 0.015 90 
+Albajar, Albrow+ (UA1 Colli, b.) 
+Beck�9 Felst, Haidt+ (JADE Cogab.) < 0.05 95 
+Beck�9 Cords, Fetst, Haidt+ (JADE Collab.) < 0.1 95 
+Buerier, Criegee, Fenner+ (CELLO Cogab.) <90 90 
+Buerger. Criel~ee. Dainton+ (CELLO Collab.~ 
+Gan, Kooijman, Loos+ (HRS Collab.) < 4 X 103 90 

Derrick, Gun, Kooijman, Loos, Musgrave+ (HRS Collab.) < 0.7 90 
+Gan, Kooijman, Loos, Musgrave+ (HRS Collab.) 
+Peds (BARC) < 0.12 90 
+Balk�9 Cart, Gidal, Shlnsky+ (LBL, NWES, TRIU) < 0.06 95 

(LBL, NWES, TRIU) 
(UA2 Collab.) 

(JADE Cdlab,) 
Collab. (PLUTO Collab.I (PLUTO 

(UA2 CoSab,) 
(JADE Collab.) 
(JADE Collab.) 

(FNAL, LBL, OSU) 
(TASSO Collab.) 

(CERN) 

lWlMPs and Other Particle Searches l 
OMITTED FROM SUMMARY TABLE 
W I M P S  A N D  OTHER PARTICLE SEARCHES 

Revised October 1997 by K. Hikasa (Tohoku University). 

We collect here those searches which do not appear in any 
of the above search categories. These are listed in the following 

order: 

1. Galactic WIMP (weakly-interacting massive parti- 

cle) searches 

2. Concentration of stable particles in matter 

3. Limits on neutral particle production at accelerators 
4. Limits on jet-jet resonance in hadron collisions 

5. Limits on charged particles in e+e - collisions 
6. Limits on charged particles in hadron reactions 
7. Limits on charged particles in cosmic rays 

Note that searches appear in separate sections elsewhere for 

Higgs bosons (and teehnipions), other heavy bosons (including 
WR, W I, Z r, leptoquarks, axigluons), axions (including pseudo- 

Goldstone bosons, Majorons, familons), heavy leptons, heavy 

neutrinos, free quarks, monopoles, supersymmetric particles, 

and compositeness. We include specific WIMP searches in the 

appropriate sections when they yield limits on hypothetical 

particles such as supersymmetric particles, axions, massive 

neutrinos, monopoles, etc. 
We omit papers on CHAMP's, millicharged particles, and 

other exotic particles. We no longer list for limits on ta~hyons 
and centauros. See our 1994 edition for these limits. 

GALACTIC WIMP SEARCHES 
Cross-Section Limits for Dark Matter Partk:les (X ~ on Nuclei 

These limits are for weakly-interacting stable particles that may constitute 
the Invisible mass in the galaxy. Unless otherwise noted, a local mass 
density of 0.3 GeV/cm 3 is assumed; see each paper for velocity distribution 
assumptions. In the papers the limit is given as a function of the X 0 mass. 
Here we list limits only for typical mass values of 20 GeV, 100 GeV, and 1 
TeV. Specific limits on supersymmetrlc dark matter particles may be found 
In the Supersymmetry section. 

For mxo = 20 GeV 
VALUE (rib) CL_,,~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

1 BERNABEi 97 CNTR F 
< 0.8 ALESSAND... 96 CNTR O 
< 6 ALESSAND... 96 CNTR "re 
< 0.02 90 2 BELLI 96 CNTR 129Xe, Inel. 

3 BELLI 96C CNTR 129Xe 

4 BERNABEI 96 CNTR Na 
4 BERNABEI 96 CNTR i 
5 SARSA 96 CNTR Na 
6SMITH 96 CNTR Na 
7 GARCIA 95 CNTR Natural Ge 

QUENBY 95 CNTR Na 
8 SNOWDEN-... 95 MICA 160 
8SNOWDEN-.. 95 MICA 39K 

BACCI 92 CNTR Na 
9 REUSSER 91 CNTR Natural Ge 

CALDWELL 88 CNTR Natural Ge 

1 BERNABEI 97 give ~ < 12 pb (eO%CL) for the spin-dependent xO-proton cross section. 
2BELLI 96 limit for inelastic scattering X 0 129Xe -*  X 0 129Xe�9 keV). 
3BELLI 96(; use background subtraction and obtain ~ < 150pb (<  1.5fb) (?%CL) for 

spin-dependent (Independent) xO-proton cross section. 
4 BERNABEI 96 use pulse shape discrimination to enhance the possible signal. The limit 

here is from R. Bernabei, private communication, September 19, 1997. 
5SARSA 96 search for annual modulation of WIMP signal. See SARSA 97 for details of 

the analysis. The limit here is from M.L. Sarsa, private communication, May 26, 1997. 
6SMITH 96 use poise shape discrimination to enhance the possible signal. A dark matter 

density of 0.4 GeV cm - 3 Is assumed. 
7GARCIA 95 limit Is from the event rate. A weaker limit is obtained from searches for 

diurnal and annual modulation. 
5SNOWDEN-IFFT 95 look for recoil tracks In an ancient mica crystal. Similar limits are 

also given for 27AI and 285L See COLLAR 96 and SNOWDEN-iFFT 96 for discussion | 
on potential backgrounds. 

9REUSSER 91 limit here 13 changed from published (0.04) after reanalysls by authors. 
J.L Vullieumier, private communication, March 29, 1996. 

For rex0 = 100 GeV 
VALUE (nb) CL% DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, 

10 BERNABEI 97 CNTR 

e t C ,  �9 �9 0 

F 

< 4 ALESSAND.., 96 CNTR O 
<25 ALESSAND... 96 CNTR Te 
< 0,006 90 11 BELLI 96 CNTR 129Xe, Incl. 

12 BELLI �9 96C CNTR 129Xe 
< 0.001 90 13BERNABEI 96 CNTR Na 
< 0.3 90 13BERNABEI 96 CNTR I 
< 0,7 95 14SARSA 96 CNTR Na 
< 0.03 90 155MITH 96 CNTR Na 
< 0.8 90 15 SMITH 96 CNTR I 
< 0.35 95 16 GARCIA 95 CNTR Natural Ge 
< 0.6 95 QUENBY 95 CNTR Na 
< 3 95 QUENBY 95 CNTR i 
< 1.5 x 102 90 17 SNOWDEN-... 95 MICA 160 
< 4 • 102 90 17 SNOWDEN-... 95 MICA 39K 
< 0.08 90 18 BECK 94 CNTR 76Ge 
< 2.5 90 BACCI 92 CNTR Na 
< 3 90 BACCl 92 CNTR I 
< 0.9 90 19 REUSSER 91 CNTR Natural Ge 
< 0.7 95 CALDWELL 88 CNTR Natural Ge 

10 BERNABEI 97 give o < 5 pb (90%CL) for the spin-dependent X0-proton cross section. 
11 BELLI 96 limit for inelastic scattering X 0 129Xe --* X 0 129Xe*(39.58 keV). 
12 BELLI 96c use background subtraction and obtain ~ < 0.35 pb (<  0.15 fi)) (?%CL) for 

spin-dependent (independent) xO-proton cross section. 
13 BERNABEI 96 use pulse shape dlscrlmlnetlon to enhance the possible signal. The limit 

here is from R. Bernabel, private communication, September 19, 1997. 
145ARSA 96 search for annual modulation of WlMP signal See SARSA 97 for details of 

the analysis. The limit here is from M.L. Sarss, private communication, May 26, 1997. 
15 SMITH 96 use pulse shape discrimination to enhance the possible signal. A dark matter 

density of 0.4 GeVcm - 3  is assumed. 
16GARCIA 95 limit is from the event rate. A weaker limit Is obtained from searches for 

diurnal and annual modulation. 
17SNOWDEN-IFFT 95 look for recoil tracks in an andeot mica crystal. Similar limits are 

also given for 27AI and 285L See COLLAR 96 and SNOWDEN-IFFT 96 for discussion | 
on potential backgrounds. 

18 BECK 94 uses enriched ?6Ge (86% purity). 
19REUSSER 91 limit here Is changed from published (0.3) after reanalysis by authors. 

J.L. Vullleumler, private communication, March 29, 1996. 

For mx o = 1 TeV 
V.ALUE (nb) CL~  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

20 BERNABEI 97 CNTR F 
< 40 ALESSAND... 96 CNTR O 
<700 ALESSAND... 96 CNTR "re 
< 0.05 90 21 BELLi 96 CNTR 129Xe, inel. 
< 1.5 90 22 BELLI 96 CNTR 129Xe, Incl. 

23 BELLI 96C CNTR 129Xe 
< 0.01 90 24BERNABEI 96 CNTR Na 
< 9 90 24BERNABEI 96 CNTR I 
< 7 95 25SARSA 96 CNTR Na 
< 0.3 90 26SMITH 96 CNTR Na 



78O 

Searches Particle Listings 
Quark and Lepton Corn positeness, WIM Ps and Other Particle Searches 

BRAUN$CH... 880 ZPHY C4O 163 
ANSARI 87D PL B195 613 
BARTEL 87B ZPHY C36 15 
BEHREND 87C PL BI?I 209 
FERNANDEZ 87B PR D35 10 
ARNISON 86C PL B172 461 
ARNISON 860 PL BIT/ 244 
BARTEL 86 ZPHY C31 359 
BARTEL 86C ZPHY C30 371 
BEHREND 86 PL lssB 420 
BEHREND 86C PL B181 176 
DERRICK 86 PL 166B 463 

Also 86B PR 034 3286 
DERRICK 86B PR D34 3286 
GRIFOLS 86 PL 168B 264 
JODIDIO 86 PR D34 1%7 

Also 88 PR D37 237 erratum Jodldlo, Balk�9 Carr+ 
APPEL 85 PL 1608 349 +Balinaia, Banner+ 
BARTEL 85K PL 160B 337 +Beck�9 Cords, Eichler+ 
BERGER 85 ZPHY C28 1 +Genzel, Lackas, pieiorz+ 
BERGER 85B ZPHY C27 341 +Deuter, Genzel, Lack�9 Pielorz+ 
BAGNAIA 84C PL 138B 430 +Banner, Battlston+ 
BARTEL 84D PL 146B 437 +Beck�9 Bowdety, Cords+ 
BARTEL 84E PL 146B 121 +Becket, Bowdery, C.ords, Felst+ 
EICHTEN 84 RMP 56 579 +Hi.chlifle, Lane, Qui u 
ALTHOFF . 83C PL 126B 493 +Fischer, Burkhardt+ 
RENARD 82 PL 116B 264 

BraunschweiE, Gerhard$, Kirschflnk+ (TASSO Cotlab.) 
+Bagnaia, Banner+ (UA2 Collab.) < 0.004 90 
+Beck�9 FeJst+ (JADE Collab.) ~ < 0.3 90 
+8uerKer , Criegee, Dalnton+ (CELLO Cogab.) 
+Ford, Qi, Read, Smith, Camporesi+ (MAC CollaU.) < 0.2 95 
+AiM�9 Allkofer+ (UAI Collab.) < 0.015 90 
+Albajar, Albrow+ (UA1 Colli, b.) 
+Beck�9 Felst, Haidt+ (JADE Cogab.) < 0.05 95 
+Beck�9 Cords, Fetst, Haidt+ (JADE Collab.) < 0.1 95 
+Buerier, Criegee, Fenner+ (CELLO Cogab.) <90 90 
+Buerger. Criel~ee. Dainton+ (CELLO Collab.~ 
+Gan, Kooijman, Loos+ (HRS Collab.) < 4 X 103 90 

Derrick, Gun, Kooijman, Loos, Musgrave+ (HRS Collab.) < 0.7 90 
+Gan, Kooijman, Loos, Musgrave+ (HRS Collab.) 
+Peds (BARC) < 0.12 90 
+Balk�9 Cart, Gidal, Shlnsky+ (LBL, NWES, TRIU) < 0.06 95 

(LBL, NWES, TRIU) 
(UA2 Collab.) 

(JADE Cdlab,) 
Collab. (PLUTO Collab.I (PLUTO 

(UA2 CoSab,) 
(JADE Collab.) 
(JADE Collab.) 

(FNAL, LBL, OSU) 
(TASSO Collab.) 

(CERN) 

lWlMPs and Other Particle Searches l 
OMITTED FROM SUMMARY TABLE 
W I M P S  A N D  OTHER PARTICLE SEARCHES 

Revised October 1997 by K. Hikasa (Tohoku University). 

We collect here those searches which do not appear in any 
of the above search categories. These are listed in the following 

order: 

1. Galactic WIMP (weakly-interacting massive parti- 

cle) searches 

2. Concentration of stable particles in matter 

3. Limits on neutral particle production at accelerators 
4. Limits on jet-jet resonance in hadron collisions 

5. Limits on charged particles in e+e - collisions 
6. Limits on charged particles in hadron reactions 
7. Limits on charged particles in cosmic rays 

Note that searches appear in separate sections elsewhere for 

Higgs bosons (and teehnipions), other heavy bosons (including 
WR, W I, Z r, leptoquarks, axigluons), axions (including pseudo- 

Goldstone bosons, Majorons, familons), heavy leptons, heavy 

neutrinos, free quarks, monopoles, supersymmetric particles, 

and compositeness. We include specific WIMP searches in the 

appropriate sections when they yield limits on hypothetical 

particles such as supersymmetric particles, axions, massive 

neutrinos, monopoles, etc. 
We omit papers on CHAMP's, millicharged particles, and 

other exotic particles. We no longer list for limits on ta~hyons 
and centauros. See our 1994 edition for these limits. 

GALACTIC WIMP SEARCHES 
Cross-Section Limits for Dark Matter Partk:les (X ~ on Nuclei 

These limits are for weakly-interacting stable particles that may constitute 
the Invisible mass in the galaxy. Unless otherwise noted, a local mass 
density of 0.3 GeV/cm 3 is assumed; see each paper for velocity distribution 
assumptions. In the papers the limit is given as a function of the X 0 mass. 
Here we list limits only for typical mass values of 20 GeV, 100 GeV, and 1 
TeV. Specific limits on supersymmetrlc dark matter particles may be found 
In the Supersymmetry section. 

For mxo = 20 GeV 
VALUE (rib) CL_,,~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

1 BERNABEi 97 CNTR F 
< 0.8 ALESSAND... 96 CNTR O 
< 6 ALESSAND... 96 CNTR "re 
< 0.02 90 2 BELLI 96 CNTR 129Xe, Inel. 

3 BELLI 96C CNTR 129Xe 

4 BERNABEI 96 CNTR Na 
4 BERNABEI 96 CNTR i 
5 SARSA 96 CNTR Na 
6SMITH 96 CNTR Na 
7 GARCIA 95 CNTR Natural Ge 

QUENBY 95 CNTR Na 
8 SNOWDEN-... 95 MICA 160 
8SNOWDEN-.. 95 MICA 39K 

BACCI 92 CNTR Na 
9 REUSSER 91 CNTR Natural Ge 

CALDWELL 88 CNTR Natural Ge 

1 BERNABEI 97 give ~ < 12 pb (eO%CL) for the spin-dependent xO-proton cross section. 
2BELLI 96 limit for inelastic scattering X 0 129Xe -*  X 0 129Xe�9 keV). 
3BELLI 96(; use background subtraction and obtain ~ < 150pb (<  1.5fb) (?%CL) for 

spin-dependent (Independent) xO-proton cross section. 
4 BERNABEI 96 use pulse shape discrimination to enhance the possible signal. The limit 

here is from R. Bernabei, private communication, September 19, 1997. 
5SARSA 96 search for annual modulation of WIMP signal. See SARSA 97 for details of 

the analysis. The limit here is from M.L. Sarsa, private communication, May 26, 1997. 
6SMITH 96 use poise shape discrimination to enhance the possible signal. A dark matter 

density of 0.4 GeV cm - 3 Is assumed. 
7GARCIA 95 limit Is from the event rate. A weaker limit is obtained from searches for 

diurnal and annual modulation. 
5SNOWDEN-IFFT 95 look for recoil tracks In an ancient mica crystal. Similar limits are 

also given for 27AI and 285L See COLLAR 96 and SNOWDEN-iFFT 96 for discussion | 
on potential backgrounds. 

9REUSSER 91 limit here 13 changed from published (0.04) after reanalysls by authors. 
J.L Vullieumier, private communication, March 29, 1996. 

For rex0 = 100 GeV 
VALUE (nb) CL% DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, 

10 BERNABEI 97 CNTR 

e t C ,  �9 �9 0 

F 

< 4 ALESSAND.., 96 CNTR O 
<25 ALESSAND... 96 CNTR Te 
< 0,006 90 11 BELLI 96 CNTR 129Xe, Incl. 

12 BELLI �9 96C CNTR 129Xe 
< 0.001 90 13BERNABEI 96 CNTR Na 
< 0.3 90 13BERNABEI 96 CNTR I 
< 0,7 95 14SARSA 96 CNTR Na 
< 0.03 90 155MITH 96 CNTR Na 
< 0.8 90 15 SMITH 96 CNTR I 
< 0.35 95 16 GARCIA 95 CNTR Natural Ge 
< 0.6 95 QUENBY 95 CNTR Na 
< 3 95 QUENBY 95 CNTR i 
< 1.5 x 102 90 17 SNOWDEN-... 95 MICA 160 
< 4 • 102 90 17 SNOWDEN-... 95 MICA 39K 
< 0.08 90 18 BECK 94 CNTR 76Ge 
< 2.5 90 BACCI 92 CNTR Na 
< 3 90 BACCl 92 CNTR I 
< 0.9 90 19 REUSSER 91 CNTR Natural Ge 
< 0.7 95 CALDWELL 88 CNTR Natural Ge 

10 BERNABEI 97 give o < 5 pb (90%CL) for the spin-dependent X0-proton cross section. 
11 BELLI 96 limit for inelastic scattering X 0 129Xe --* X 0 129Xe*(39.58 keV). 
12 BELLI 96c use background subtraction and obtain ~ < 0.35 pb (<  0.15 fi)) (?%CL) for 

spin-dependent (independent) xO-proton cross section. 
13 BERNABEI 96 use pulse shape dlscrlmlnetlon to enhance the possible signal. The limit 

here is from R. Bernabel, private communication, September 19, 1997. 
145ARSA 96 search for annual modulation of WlMP signal See SARSA 97 for details of 

the analysis. The limit here is from M.L. Sarss, private communication, May 26, 1997. 
15 SMITH 96 use pulse shape discrimination to enhance the possible signal. A dark matter 

density of 0.4 GeVcm - 3  is assumed. 
16GARCIA 95 limit is from the event rate. A weaker limit Is obtained from searches for 

diurnal and annual modulation. 
17SNOWDEN-IFFT 95 look for recoil tracks in an andeot mica crystal. Similar limits are 

also given for 27AI and 285L See COLLAR 96 and SNOWDEN-IFFT 96 for discussion | 
on potential backgrounds. 

18 BECK 94 uses enriched ?6Ge (86% purity). 
19REUSSER 91 limit here Is changed from published (0.3) after reanalysis by authors. 

J.L. Vullleumler, private communication, March 29, 1996. 

For mx o = 1 TeV 
V.ALUE (nb) CL~  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

20 BERNABEI 97 CNTR F 
< 40 ALESSAND... 96 CNTR O 
<700 ALESSAND... 96 CNTR "re 
< 0.05 90 21 BELLi 96 CNTR 129Xe, inel. 
< 1.5 90 22 BELLI 96 CNTR 129Xe, Incl. 

23 BELLI 96C CNTR 129Xe 
< 0.01 90 24BERNABEI 96 CNTR Na 
< 9 90 24BERNABEI 96 CNTR I 
< 7 95 25SARSA 96 CNTR Na 
< 0.3 90 26SMITH 96 CNTR Na 



78O 

Searches Particle Listings 
Quark and Lepton Corn positeness, WIM Ps and Other Particle Searches 

BRAUN$CH... 880 ZPHY C4O 163 
ANSARI 87D PL B195 613 
BARTEL 87B ZPHY C36 15 
BEHREND 87C PL BI?I 209 
FERNANDEZ 87B PR D35 10 
ARNISON 86C PL B172 461 
ARNISON 860 PL BIT/ 244 
BARTEL 86 ZPHY C31 359 
BARTEL 86C ZPHY C30 371 
BEHREND 86 PL lssB 420 
BEHREND 86C PL B181 176 
DERRICK 86 PL 166B 463 

Also 86B PR 034 3286 
DERRICK 86B PR D34 3286 
GRIFOLS 86 PL 168B 264 
JODIDIO 86 PR D34 1%7 

Also 88 PR D37 237 erratum Jodldlo, Balk�9 Carr+ 
APPEL 85 PL 1608 349 +Balinaia, Banner+ 
BARTEL 85K PL 160B 337 +Beck�9 Cords, Eichler+ 
BERGER 85 ZPHY C28 1 +Genzel, Lackas, pieiorz+ 
BERGER 85B ZPHY C27 341 +Deuter, Genzel, Lack�9 Pielorz+ 
BAGNAIA 84C PL 138B 430 +Banner, Battlston+ 
BARTEL 84D PL 146B 437 +Beck�9 Bowdety, Cords+ 
BARTEL 84E PL 146B 121 +Becket, Bowdery, C.ords, Felst+ 
EICHTEN 84 RMP 56 579 +Hi.chlifle, Lane, Qui u 
ALTHOFF . 83C PL 126B 493 +Fischer, Burkhardt+ 
RENARD 82 PL 116B 264 

BraunschweiE, Gerhard$, Kirschflnk+ (TASSO Cotlab.) 
+Bagnaia, Banner+ (UA2 Collab.) < 0.004 90 
+Beck�9 FeJst+ (JADE Collab.) ~ < 0.3 90 
+8uerKer , Criegee, Dalnton+ (CELLO Cogab.) 
+Ford, Qi, Read, Smith, Camporesi+ (MAC CollaU.) < 0.2 95 
+AiM�9 Allkofer+ (UAI Collab.) < 0.015 90 
+Albajar, Albrow+ (UA1 Colli, b.) 
+Beck�9 Felst, Haidt+ (JADE Cogab.) < 0.05 95 
+Beck�9 Cords, Fetst, Haidt+ (JADE Collab.) < 0.1 95 
+Buerier, Criegee, Fenner+ (CELLO Cogab.) <90 90 
+Buerger. Criel~ee. Dainton+ (CELLO Collab.~ 
+Gan, Kooijman, Loos+ (HRS Collab.) < 4 X 103 90 

Derrick, Gun, Kooijman, Loos, Musgrave+ (HRS Collab.) < 0.7 90 
+Gan, Kooijman, Loos, Musgrave+ (HRS Collab.) 
+Peds (BARC) < 0.12 90 
+Balk�9 Cart, Gidal, Shlnsky+ (LBL, NWES, TRIU) < 0.06 95 

(LBL, NWES, TRIU) 
(UA2 Collab.) 

(JADE Cdlab,) 
Collab. (PLUTO Collab.I (PLUTO 

(UA2 CoSab,) 
(JADE Collab.) 
(JADE Collab.) 

(FNAL, LBL, OSU) 
(TASSO Collab.) 

(CERN) 

lWlMPs and Other Particle Searches l 
OMITTED FROM SUMMARY TABLE 
W I M P S  A N D  OTHER PARTICLE SEARCHES 

Revised October 1997 by K. Hikasa (Tohoku University). 

We collect here those searches which do not appear in any 
of the above search categories. These are listed in the following 

order: 

1. Galactic WIMP (weakly-interacting massive parti- 

cle) searches 

2. Concentration of stable particles in matter 

3. Limits on neutral particle production at accelerators 
4. Limits on jet-jet resonance in hadron collisions 

5. Limits on charged particles in e+e - collisions 
6. Limits on charged particles in hadron reactions 
7. Limits on charged particles in cosmic rays 

Note that searches appear in separate sections elsewhere for 

Higgs bosons (and teehnipions), other heavy bosons (including 
WR, W I, Z r, leptoquarks, axigluons), axions (including pseudo- 

Goldstone bosons, Majorons, familons), heavy leptons, heavy 

neutrinos, free quarks, monopoles, supersymmetric particles, 

and compositeness. We include specific WIMP searches in the 

appropriate sections when they yield limits on hypothetical 

particles such as supersymmetric particles, axions, massive 

neutrinos, monopoles, etc. 
We omit papers on CHAMP's, millicharged particles, and 

other exotic particles. We no longer list for limits on ta~hyons 
and centauros. See our 1994 edition for these limits. 

GALACTIC WIMP SEARCHES 
Cross-Section Limits for Dark Matter Partk:les (X ~ on Nuclei 

These limits are for weakly-interacting stable particles that may constitute 
the Invisible mass in the galaxy. Unless otherwise noted, a local mass 
density of 0.3 GeV/cm 3 is assumed; see each paper for velocity distribution 
assumptions. In the papers the limit is given as a function of the X 0 mass. 
Here we list limits only for typical mass values of 20 GeV, 100 GeV, and 1 
TeV. Specific limits on supersymmetrlc dark matter particles may be found 
In the Supersymmetry section. 

For mxo = 20 GeV 
VALUE (rib) CL_,,~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

1 BERNABEi 97 CNTR F 
< 0.8 ALESSAND... 96 CNTR O 
< 6 ALESSAND... 96 CNTR "re 
< 0.02 90 2 BELLI 96 CNTR 129Xe, Inel. 

3 BELLI 96C CNTR 129Xe 

4 BERNABEI 96 CNTR Na 
4 BERNABEI 96 CNTR i 
5 SARSA 96 CNTR Na 
6SMITH 96 CNTR Na 
7 GARCIA 95 CNTR Natural Ge 

QUENBY 95 CNTR Na 
8 SNOWDEN-... 95 MICA 160 
8SNOWDEN-.. 95 MICA 39K 

BACCI 92 CNTR Na 
9 REUSSER 91 CNTR Natural Ge 

CALDWELL 88 CNTR Natural Ge 

1 BERNABEI 97 give ~ < 12 pb (eO%CL) for the spin-dependent xO-proton cross section. 
2BELLI 96 limit for inelastic scattering X 0 129Xe -*  X 0 129Xe�9 keV). 
3BELLI 96(; use background subtraction and obtain ~ < 150pb (<  1.5fb) (?%CL) for 

spin-dependent (Independent) xO-proton cross section. 
4 BERNABEI 96 use pulse shape discrimination to enhance the possible signal. The limit 

here is from R. Bernabei, private communication, September 19, 1997. 
5SARSA 96 search for annual modulation of WIMP signal. See SARSA 97 for details of 

the analysis. The limit here is from M.L. Sarsa, private communication, May 26, 1997. 
6SMITH 96 use poise shape discrimination to enhance the possible signal. A dark matter 

density of 0.4 GeV cm - 3 Is assumed. 
7GARCIA 95 limit Is from the event rate. A weaker limit is obtained from searches for 

diurnal and annual modulation. 
5SNOWDEN-IFFT 95 look for recoil tracks In an ancient mica crystal. Similar limits are 

also given for 27AI and 285L See COLLAR 96 and SNOWDEN-iFFT 96 for discussion | 
on potential backgrounds. 

9REUSSER 91 limit here 13 changed from published (0.04) after reanalysls by authors. 
J.L Vullieumier, private communication, March 29, 1996. 

For rex0 = 100 GeV 
VALUE (nb) CL% DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, 

10 BERNABEI 97 CNTR 

e t C ,  �9 �9 0 

F 

< 4 ALESSAND.., 96 CNTR O 
<25 ALESSAND... 96 CNTR Te 
< 0,006 90 11 BELLI 96 CNTR 129Xe, Incl. 

12 BELLI �9 96C CNTR 129Xe 
< 0.001 90 13BERNABEI 96 CNTR Na 
< 0.3 90 13BERNABEI 96 CNTR I 
< 0,7 95 14SARSA 96 CNTR Na 
< 0.03 90 155MITH 96 CNTR Na 
< 0.8 90 15 SMITH 96 CNTR I 
< 0.35 95 16 GARCIA 95 CNTR Natural Ge 
< 0.6 95 QUENBY 95 CNTR Na 
< 3 95 QUENBY 95 CNTR i 
< 1.5 x 102 90 17 SNOWDEN-... 95 MICA 160 
< 4 • 102 90 17 SNOWDEN-... 95 MICA 39K 
< 0.08 90 18 BECK 94 CNTR 76Ge 
< 2.5 90 BACCI 92 CNTR Na 
< 3 90 BACCl 92 CNTR I 
< 0.9 90 19 REUSSER 91 CNTR Natural Ge 
< 0.7 95 CALDWELL 88 CNTR Natural Ge 

10 BERNABEI 97 give o < 5 pb (90%CL) for the spin-dependent X0-proton cross section. 
11 BELLI 96 limit for inelastic scattering X 0 129Xe --* X 0 129Xe*(39.58 keV). 
12 BELLI 96c use background subtraction and obtain ~ < 0.35 pb (<  0.15 fi)) (?%CL) for 

spin-dependent (independent) xO-proton cross section. 
13 BERNABEI 96 use pulse shape dlscrlmlnetlon to enhance the possible signal. The limit 

here is from R. Bernabel, private communication, September 19, 1997. 
145ARSA 96 search for annual modulation of WlMP signal See SARSA 97 for details of 

the analysis. The limit here is from M.L. Sarss, private communication, May 26, 1997. 
15 SMITH 96 use pulse shape discrimination to enhance the possible signal. A dark matter 

density of 0.4 GeVcm - 3  is assumed. 
16GARCIA 95 limit is from the event rate. A weaker limit Is obtained from searches for 

diurnal and annual modulation. 
17SNOWDEN-IFFT 95 look for recoil tracks in an andeot mica crystal. Similar limits are 

also given for 27AI and 285L See COLLAR 96 and SNOWDEN-IFFT 96 for discussion | 
on potential backgrounds. 

18 BECK 94 uses enriched ?6Ge (86% purity). 
19REUSSER 91 limit here Is changed from published (0.3) after reanalysis by authors. 

J.L. Vullleumler, private communication, March 29, 1996. 

For mx o = 1 TeV 
V.ALUE (nb) CL~  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

20 BERNABEI 97 CNTR F 
< 40 ALESSAND... 96 CNTR O 
<700 ALESSAND... 96 CNTR "re 
< 0.05 90 21 BELLi 96 CNTR 129Xe, inel. 
< 1.5 90 22 BELLI 96 CNTR 129Xe, Incl. 

23 BELLI 96C CNTR 129Xe 
< 0.01 90 24BERNABEI 96 CNTR Na 
< 9 90 24BERNABEI 96 CNTR I 
< 7 95 25SARSA 96 CNTR Na 
< 0.3 90 26SMITH 96 CNTR Na 




