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ABSTRACT 

We analyze the reaction K- + P ~ A + 1{ 0 in terms of direct channel 

resonances and background exchange amplitudes, making fits to our 

o experimental angular distributions, A polarizations, and A1C cross sections 

over the center-of-massenergy range 1700 to 1850 MeV. The primary aim 

of the study is to investigate the nature of the background terms, using 

* Kand nucleon crossed-channel exchanges, in the scattering amplitude 

required to fit our data. We confirm previous JP assignments for 

* * * Yl (1660), Yl (1770 ), and Yl (2030), and present branching ratio products 

* ~A:n for these three resonances. A mass and width for Yl (1770) are 

also determined. Our data do not show much sensitivity to the presence 

* of Yl (1910). The assumption of simple background exchange terms alone 

does not seem to be sufficient to fit the data. Modifications to these 

terms are 'made, producing reasonable fits. Effects due to the assumptions 
I 

of the absorption model are also considered. 
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1. INTRODUCTION 

-. This thesis is part of a general study of K meson-nucleon interactions 

for incident K- laboratory momenta between 820 and 1120 MeV/c, corresponding 

to KN center-of-mass energies in the range 1700 to 1850 MeV. The original 

motivation for the study was the discoveryl of the "Kerth bump", a broad, 

asymmetric rise in the K-p total cross section near 1 BeV/c. By comparing 

the total K p andK-n cross sections, the isotopic-spin 1=0 resonance 

* YO (1815) was advanced to explain most of the rise. However, the existence 

of the low momentum tail in the bump indicated a structure more complex 

than a single resonance, and, in studying the K-pmass distribution in 

- - - 2 the reaction K n ~ K 1( p, Barbaro-Galtieriet a1. suggested the presence 

* of the Yl (1765). Their 1=1 assignment came from analyzing interference 

-0 effects in the elastic (K-p) and charge-exchange (K n) angular distributions 

and polarizations from the earlier work of others. 3 

The present paper describes an attempt to understand some of the 

details of what takes place in a specific interaction in this energy 

region, K o 
+p~A+1(. We found a total of some 21 000 events 

consisting of a beam track which disappeared with an associated charged 

decay of a neutral particle. After applying various criteria and 

kinematic analysis, there remained 7735 KO events (K
I

O ~ 1(- + 1(+) and 

o 
6266 weighted €vents representing K + P ~ A + 1(, A ~ 1( + p. 

Because the JldO final state has 1=1, any intermediate resonant 

state must have this same quantum number, restricting possible candidates 

*, to Yl s. In a partial-wave analysis.in the same energy region of the 

related reaction K- + n ~ A + 1(-, which has pure 1=1 in both initial 

and final states, smart
4 

found that three Yl*'s and four constant 

background amplitudes gave a fit to his data of order 2%. By allowing 

a moderate energy dependence for the background, the probability of fit 
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increased to 8%. 

The angular distribution of rcO in the K p center-of-mass for 

o K- + p ~ A + rc shows peaking in both the forward and backward directions 

suggesting possible contributions from particle exchanges in the crossed 

(t- and u-) channels. We have parameterized our background amplitudes 

* by such processes, along with direct channel Yl resonances. The validity 

of such a parameterization will be tested by comparing its predictions 

with our experimental data. 

In Section II we discuss briefly general experimental procedures, 

including the properties of the beam, and the scanning and measuring 

of' events. Section III considers the treatment of the data in selecting 

out the reaction of interest. We present the mathematical structure of 

our model in Section IV, and the comparison with the experimental data 

is contained in Section V. Section VI discusses the various solutions 

and implications of the results. 
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II. PRELIMINARY PROCEDURES 

In this section we discuss how the K- + p collision is effected, 

what events were looked for and how they were measured, the beam 

normalization, contamination, and attenuation. 

A. Beam 

A new beam using two stages of electromagnetic separation for K­

mesons was built and operated at the Lawrence Radiation Laboratory's 

Bevatron and directed into the 25-inch bubble chamber filled with 

hydrogen. Fig. 1 is a schematic of the beam line. The external proton 

beam impinges upon a copper target T, producing the K- flux used in 

this experiment. Having a target external to the accelerator allows 

the selection of positive or negative particles within a wide range of 

momenta, since the beam is independent of the Bevatron's magnetic field. 

The beam was designed so that the K- mesons are produced at 0°, the 

acceptance solid angle is relatively large, and a short target-to-

chamber distance reduces the number of K- lost due to decays. The beam 

line components, consisting of nine quadrupole magnets QJ.-Q9, four 

bending magnets Ml-M4, two mass-separation slits and a uranium collimator 

in addition to the two parallel plate velocity spectrometers Sl and S2, 

reduced the cmntamination (see Section D below) of non-K- particles at 

the chamber to about 5% at the seven beam momenta below 1020 MeV/c, and 

to 9% at the two highest momenta. The magnets act as focusing elements, 

and the other components filter out non-K- particles. The total momentum 

bite was 2%, and the horizontal width of the beam matched the entrance 

window at the bubble chamber, with the beam tracks entering parallel to. 

each other. A more complete description of the beam is reported elsewhere. 5 

The nine incident laboratory (lab) momenta had nominal values between 
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850 and 1150 MeV/c, representing center-of-mass (c.m.) energies between 

1700 and 1850 MeV. The actual average values of the momenta, the first 

entry in Table I, were determined by measuring beam tracks. 

B. Scanning, Measuring, and Data Reduction 

The ~opology scanned for in this experiment, as seen in the bubble 

chamber, appears as a vanishing beam track with a V-like decay pointing 

back to the production vertex (O-prong+V) (Fig. 2). There were 144 

rolls exposed for 233 000 3-view stereo pictures for the nine energies, 

with all of the film being scanned twice. No scanner re-examined the 

same roll. The initial scan had a mean efficiency of 92.9%, the second, 

95.2%. Discrepancies between the two scans were resolved and new events 

were measured. The mean efficiency for the combined scans was over 99%. 

Events found were measured on either the "FSD" (Flying Spot 

Digitizer) or on a "Franckenstein" machine.6 After finding an event 

on the FSD scan table, a "road" is made along each track associated 

with the event by marking the coordinates of a point near the beginning, 

middle and end of each track, putting this information on magnetic tape. 

The film is later mounted on the FSD automatic measuring machine; 

information on the tape restricts the FSD to the appropriate tracks to 

be measured. The Franckenstein is a motor-driven, semi-automatic 

centering and projection microscope; measurement is accomplished by 

determining the coordinates of a series of points along each track 

associated with an event. 

After measurement, the events were processed through the system 

of computer programs FOG-CLODDY-FAIR written by the data handling group 

headed by H .. S. White. 7 The events are reconstructed in three-dimensional 

space by FOG, finding the dip and azimuthal angles of each track as well 
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Table I. Summary of the beam. 

1. Beam momentum 821 878 888 923 946 975 1019 1057 1112 
(MeV/c) 

2. Number of good frames 8.62 18.23 12.83 41.46 10.27 47.40 42.76 26.41 22·58 
(x 103) 

3· corrected number of 
beam tracks (x 104) 

9.16 20.49 11.49 61.54 10.17 65.81 72.19 30.58 25·51 

4. Contamination (%) 4·9 5·0 6·3 6.0 6.6 6.0 5·3 9·3 9·2 
~ 
I 

5· - (4) Number of K x 10 8·71 19.46 10.76 57.85 9·50 61.86 68.36 27·77 23.16 

6. K- path length (x 106 ) 2.74 6.13 3·39 18.19 2·99 19.45 21.45 8·72 7·30 
(em) 

7· Cross section/event 9·97 4.46 8.06 1.50 9.14 1.40 1.27 3.13 3·74 
(~b ) ±0·50 0.22 0.40 0.08 0.46 0.07 0.06 0.16 0.19 

/ 

c. ~ ~. t_ 
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as the momentum. The errors on these quantities are calculated in 

CLOUDY. The reconstructed event is kinematically constrained to different 

hypotheses, and a X2 goodness-of-fit is calculated. FAIR provides the 

results of the computations in various forms, including page output, 

histograms, and scatter plots. Most of the analysis was made using 

data tapes put out by FAIR. 

C. Beam Normalization 

Path lengths are commonly determined by counting all ~ decays 

(K- ~ ~- ~- ~+) within a certain fiducial volume, using the known 

branching ratio into this mode. Conversely, one can calculate this 

branching ratio if the numbers of ~IS and K- mesons are known. Early 

in the experiment, approximately 800 ~IS were counted in addition to 

beam tracks in about 20 rolls of film, and the branching ratio turned 

out to be too low by about three standard deviations. A check of the 

scanning procedure showed that a consistent fiducial volume for counting 

~IS was not used, and the instructions as to the topology to record were 

not completely clear. The results of the ~-scan were therefore difficult 

to interpret meaningfully8 in terms of a beam normalization, so a careful 

beam count scan was initiated. 

The cross section ~ for a certain type of event is proportional to 

the ratio N IN., where Ne is the number of these events and N is the 
e c c 

number of incoming beam tracks. The percentage error in ~ may be expressed 

..L~ 
= Fe -.j ---Y--f-
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'" 

where N 
c 

f N and assuming Poisson distributions for the finding of 
e 

the events and the counting of the tracks. Since N is of the order 
c 

of one hundred times N , the major error comes from N. In order not 
e e 

to count an unduly number of beam tracks but still keep the contribution 

of N to the error small, we can require 
c 

so that f ~ 4; i.e., 

~l +f f. ~ ._ 1.1 or 1. 2, 

for a typical roll, N ~ 200, so one should count e 

about 800 beam tracks per roll. Since there are ten to fifteen tracks 

per picture, about 65 frames per roll were counted for beam tracks, or 

every 25th frame. To establish criteria for acceptance of tracks to be 

counted, beam momentum templates were constructed to take account of the 

four different scan table magnifications and of the five different bubble 

chamber magnetic fields. The magnetic field adjustments were slight, 

and permitted a better centering of the beam in the chamber. The 

acceptable angular spread corresponds to a spread at the chamber entrance 

window of ±2° from the central value, which includes all but 2.0 to 3.6% 

of the total number of beam interactions. An average trajectory for each 

representative roll was calculated, and the deviations of the beam tracks 

from this average were plotted at a reference line 24 cm downstream from 

the chamber window. As an example, Fig. 3 displays the deviation, t:;y, for 

108 tracks from three frames (A) near the beginning and three frames (B) 

toward the end of roll 2201, which was taken at a nominal momentum of 

1 BeV/c. Tracks falling within t:;y = ± 1.2 cm were accepted to be counted. 

This region contains 94% of the total number of tracks reaching the 

reference line. The internal region t:;y = ± 0.6 cm contains 99% of all 

of the acceptable tracks, which implies that during the scanning, it 

was not necessary to make frequent decisions about marginal beam tracks. 
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Of the 233 785 triads in the experiment, 1.6% represent "bad" pictures; 

i. e., they are completely dark, missing, blank, or of otherwise defective 

quality, and not considered further. Four per cent of the remainder, the 

second entry in Table I, were counted for beam tracks. Two of the rolls 

were checked for scanner efficiency, which was 99.2%. A particular effort 

was made to detect superimposed tracks. On the higher flux film, six 

pairs of such tracks were found, out of a total of some 800 tracks counted 

on the roll. The correction for beam counting efficiency constitutes a 

factor of 1.01 by which to multiply the number of tracks counted,· and 

the result appears in Table I as the third entry. 

D. Beam Contamination and Attenuation 

The contamination of the beam due to the presence of pions and muons 

was estimated by counting delta rays, which result from elastic collisions 

between incident particles and atomic electrons. For example, the maximum 

kinetic energy that a 1 BeV/c K- meson can transfer to an electron is 

4 MeV, so all delta rays of a higher energy are due to less massive 

incident particles. This energy cut off was calculated for each momentum, 

and was translated into a delta ray cut off diameter for the given chamber 

magnetic field and for each scan table. The cross section for delta ray 

production by a pion or a muon was taken from ROSSi,9 and the hydrogen 

density in the chamber waslO 0.0608 gm/cc. Using these quantities, the 

mean free path for a delta ray to be produced could be calculated. The 

total non-K- meson path length is the mean free path times the number of 

delta rays greater than the cut off diameter, and the number of pions 

or muons in the beam is then the total path length divided by one track 

length. The exposure of film at a particular momentum usually took 

place during intervals of time separated by days or weeks. As far as 
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possible, the rolls scanned for delta rays were selected from each of 

these intervals, so that the approximately 20% of the total film scanned 

should be representative of the entire experiment. The templates used 

for beam track counting were also used for delta ray counting. More 

than one delta rayon a track was noted, as well as interactions on 

those tracks for which the delta ray diameter was greater than the cut 

off. A total of 17 interactions was found for all of the momenta. Based 

on an estimated to.tal pion-proton cross section of 35 mb in this region, 

one expects 15% of the total of 2303 delta rays counted to be due to 

pions, with the rest due to muons. The total non-K- contamination was 

about 5% at the seven lowest momenta and 9% at the two highest. The con­

tamination and the actual number of K- in the beam appear in Table I. 

The beam count includes tracks which show an interaction (a collision 

or a decay) before reaching the reference line, as long as the angular 

spread criterion is met. A correction due to these depletion processes 

was made, and this. reduction turned out to be approximately 5% over 

the momentum range. The corrected total K- path length L appears in 

Table I, along with the cross section for one interaction, cr = l/NAPL, 

where NAP is the number ofprotons/cc in the bubble chamber. The total 

cross section for a particular reaction is deteI'IlJ.ined by multiplying this 

cr by the number of events found. The quoted normalization error in cr 

is discussed below. 

E. Normalization Errors 

The errors in the calculation of the cross sections and mean free· 

paths for delta ray production are small compared to other errors present 

in the beam normalization. The percentage errors in the calculation of 

the number of beam tracks, based on the number counted at each momentum, 

v 
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vary from 0.5-1.5%. The errors in the calculation of the contamination 

arise primarily from the uncertaintY'in finding the number of non-K 

mesons presentj i.e., from counting delta rays. 'These errbrs are in 

the range 5-13%. The standard deviations in finding the average 

contamination at each momentum are higher, with a maximum of about 30%. 

However, 'these are percentages of small quantitiesj the,contamiriation 

itself is in the 5-1°% range. Hence the combined errOr in finding the 

number of K " in the beam is at the 2% level, and when we take account 

of the errors in the attenuation and beamcourit efficiency calculations, 

both in the 1-2% range, the normalization error is about 3%. However, 

we use an error of 5% in Table I to try to account as well for additional 

uncertainties stich as the actual ratio of pions to muons in the 

contamination and the actual hydrogen density~ 

When properly done, it is less tedious to find the beam normalization 

by counting 'r' s, using the known branching ratio for this decay. A 'r­

count was later undertaken,S yielding some three hundred 'r's at each 

of the various momenta. If one were to normalize using 'r's, the 

percentage errors would be at the 5-6% level, compared to an estimated 

maxiinum of 5% by, dOing a beam count. Hence the beam count scan, while 

lengthier , give s more accurate re suIt s . 
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III. DATA ANALYSIS 

Here we discuss the identification of the reactions, kinematic and 

fiducial selection criteria to eliminate biases, and weighting for events 

missed or unmeasured to obtain our final sample of events. 

A. Kinematic Fitting 

The O-prong+V topology can be the result of any of the reactions 

- ° (a) K + P ~ A+ :n: 

° (b) ~ A+ (c:n: ), c > 1 

~ A+ 11 A ~ :n: + p (c) 

2:.0 ° lEO"" A + J 
(d) (1) ~ + :n: 

2:.0 + ° (e) ~ (c:n: ), c > 1 

-0 (f) ~ K + n 

1-0 + 
-0 ° 

K ~ :n: + :n: 
~ K + n + (c:n: ), c 2: 1 (g) 

The four equations representing conservation of energy and momentum 

provide the constraints at any vertex. The V, or decay vertex, was tried 

sucessively as iP (K 0) and then as A. The kinematics are such that 
1 

° the Kl can be produced at all lab angles relative to the incident K , 

including the backward direction, whereas the maximum angle for A 

production is approximately 60° at these energies. Fig. 4A is a 

kinematic ellipse plot for A:n:
0 production, and Fig. 4B is the corresponding 

plot for KIOn, both drawn for an incident K- momentum of 1019 MeV/C. Lab 

momenta and angles can be read off directly for various c.m. production 

angle cosines. 

Assuming that the decaying neutral comes from a given O-prong, or 

production vertex, the only unknown quantity for either hypothesis is 

the magnitude of the momentum of the neutral, so the event is subject 

to three constraints (a 113C-fit"). The hypothesis which made a better 
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3C-fit was assumed to be correct, as the first step in the event 

differentiation. On occasion, in a single picture, more than one O-prong 

and/or V are present. For example, if two O-prongs and one V are seen, 

the V is assumed to come from either O-prong, and two events are measured 

for that frame. The extra, or duplicate, events are filtered out by 

rejecting the one which makes a poorer 3C-fit for either K1
0 or A 

hypothesis. About 15%, or 3659 events, of the total number of O-prong+V's 

measured are duplicates. 

B. Ambiguities 

o . 
Some 500 of the events which fit the Kl hypothesis also fit the A 

hypothesis. This confusion can arise when the lab momenta of the decay 

products and the decay opening angle for the two cases are identical. 

The kinematics for the two decays are such that for any opening angle, 

the positively charged particle will have about ten times the momentum 

of the negatively charged particle at these points of confusion. Fig. 5A 

displays curves of constant decay opening angle between the decay products 

o for Kl and A; the lab momentum of the negatively charged decay product 

is plotted against that of the positively charged product. The region 

near an intersection of two curves for the same angle produces the 

si tuation described. It is possible to resolve the ambiguity by observlng' 

that, at these pOints,the 1{- in the K1
0 c.m. always falls near the backward 

o direction when referred to the Kl lab momentum. Since the expected 1{ 

distribution in the K1
0 c.m. is isotropic, the extra events from confusing 

A decays show up clearly in the backward angles; Fig. 5B is a histogram 

of this 1{ distribution. All of the events for which -1 S cos (1{-,K
1

0 ) 

o 
$; -0.8, in the Kl c.m., were examined on the scan table and identified 

by means of ionization estimates (density of tracks). Of 1020 events 

,( 

'" 
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surviving the fiducial and length criteria (see Section C below), 523 

were identified as K10 decays and 485 as A, with 12 as neither. These 

latter 12 events are elastic scatters, from non-beam tracks, or otherwise 

misidentified, and therefore rejected. After the resolution of this 

ambiguity, there were 13 577 A events and 7735 K10 events. Further 

analysis involves primarily these A events, the subject of this paper. 

C. Fiducial Volume Criteria 

Near the edges of the chamber, because of poorer illumination, lower 

scanner efficiency, less accurate measurement of tracks, and a high 

probability of the A decaying outside the chamber and hence being 

unineasurable, two fiducial volumes were imposed. Beam tracks not 

interacting in the first 38 cm of the chamber were rejected, and accept­

able events had to have the K travelling at least 5 cm into the chamber. 

Because of the slight curvature of the beam tracks in the magnetic field, 

we actually used a value of 33.1 cm rather thanJ3 cm for the total K­

track length determination in Table I. Also, the decay vertex had to 

be located within a cylinder of radius 21.5 cm and height 15 cm and 

centered 24.5 cm from the entrance window, which allowed about 6 cm for 

the measurement of the decay· products. Fig. 6A shows the positions of 

the production vertex along the chamber, where x==29 cm is the position 

5 cm into the chamber. Fig. 6B is a plot of the lateral position of 

the decay vertices along the beam; the cylinder described above is 

. located at (x,y)==(48.5,50) cm. These two criteria eliminated 12% of 

the Als. 

D. Weighting for Length Cuts 

Events were rejected because of certain kinematic criteria, and 

were compensated for by appropriate weighting. Some of theAls are 
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missed because the decay takes place (a) outside the chamber or very 

near to its walls, or (b) very close to the production vertex. There is 

then an interval [Lo,LpJ in which the decay length has to be in order 

that the decay can be recognized and measured. Lo is the cut off length 

and L is the potential length, defined as the distance between the 
p 

point of production and the surface of the cylinder used for the 

fiducial volume of the decay vertex, described above in Section C. The 

A's decay exponentially, so the probability that the decay is measurable 

is given by 

PL. (L < L < L ) = exp (-L jd) - exp (-L jd). o pop 

If 7 is the mean life of the A, its mean length d is given by d=c7pAfm
A

, 

where the constant C7 is taken to be 7.61 cm, based onll 7=(2.52 ± 0.04) 

x 10-
10 

sec. mil. is the mass of the A in BeV, and its momentum PA is in 

BeVjc.The actual number of A's is then found by multiplying each event 

with a decay length in the interval [Lo,LpJ by its weight W
L

, defined 

to be the inverse of the probability that the event is measurable; i.e., 

WL=ljPL. Fig. 7A is a histogram of the length of the A for intervals 

of 0.2 cm. The cut off length L was taken to be 0.8 cm and eliminated 
o 

13% of the events remaining after the fiducial criteria were met and 

before weighting. A histogram of W
L 

is shown in Fig. 7B for events 

meeting fiducial and length criteria and satisfying the selection in 

the square of the missing mass (see below). 

final AIr. 
0 

sample was 1.33. 

The average WL for the 

To insure that L was large enough so that steep, low energy A's o 

were not missed, the following test was made. Define lab polar coordinates 

such that the beam direction is along the z-axis with e the polar angle 

bet\veen the A produced and the beam direction. Let cp be the azimuthal 

.. 
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angle, with ~=90° (270 0
) for ~ in the plane defined by the beam direction 

and the camera axis and moving away (toward) the camera. The azimuthal 

distribution of events should be isotropic, and events lost for steep 

A's would occur near ~=90° and 270°. Fig. BA is a plot of this distribution 

for production c.m. cosines between -1 and -o.B (high A momenta), and 

Fig. BB is for the cosines between +o.B and +1 (low A momenta). The 

latter distribution would be most sensitive to the effect. 

As a further check to see that we did not miss low energy A's, we 

calculated the value of the A lifetime using the Bartlettmethod12 for 

a sample of events satisfying fiducial, length, missing-mass-squared 

and X2 (lC) less-than-ten criteria. The missing-mass-squared and lC-fit 

criteria are discussed in Section E below. For this determination we 

computed the distance travelled by the A by using the FSD-measured decay 

vertex and a corrected production vertex. This latter position was 

located by extending the beam track and A momentum directions and finding 

the point of closest approach. 13 For 3950 events, our value found was 

~=(2.51 ± 0.05) x 10-10 sec in excellent agreement with the world averagell 

noted above. 

E. Selection of the Reaction K o +p-7A+rt 

Because of the difficulty in determining the actual location of the 

end of the O_prong,13 the 3C~fit was used only to eliminate the duplicate 

events and to resolve the ambiguity in the K1
0 and A decay kinematics. 

Further analysis used kinematic qu'antities calculated from a lC-fit, for 

which the information on the direction of the A from its point of production 

was disregarded. The three unknowns--the magnitude of the A momentum as 

well as its dip and azimuthal angles--reduce the number of constraints 

to one. 

, 
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The final state An° is identified by examining the distribution of 

2 the square of the invariant mass, m , of the system of undetected neutral 

particles recoiling against the A. Fig. 9 shows the sum of the distributions 

for all of the momenta. 
o 2 The n peak is prominent near 0.02 BeV , and the 

1) peak can be seen at 
2 

of the kind - 2:,0 + 0 
0.3 BeV . Reactions K + p--7 n 

followed by the rapid 0 + rand then A simulate the decay 2:, --7 A --7 n + p 

- 0 
kinematics of, and contaminate, the reaction K +p--7 A+n , A --7 n + p. 

To extract a relatively pure sample, we considered the following. A 

simple minimum requirement for X
2 

was insufficient, since an event which 

220 had a value of m far from m 0 , the square of the n mass, would be 
n 

acceptable if its error in m2 was large as well. This would admit 

A+(multiple nO) states also. O th th h d .. 2 t b n e 0 er an, requlrlng moe 

2 0 
within a certain range of m 0 alone would eliminate legitimate An 

n 
2 events when the error in m happened to be large. It can be shown that 

the error in m
2 

is large for large values of the A momentum, and such a 

restriction in m2 would deplete the angular distributions in the regions 

of large P.L\; i.e., in the backward c.m. production cosines (see Fig. 4A). 

To avoid this bias while making a selection in m
2

, we weighted each event 

which passed by W =l/P , where P is the probability which m2 has of 
m m m 

falling within an interval ~2 from m 02 . Assuming Gaussian distributed 
n 

measurements, 

2 
= 

..[iC 

2 
m 0 +6 

"J exp )-

2 
m 0 -6 
n 

2 
exp (-y ) dy, 

, 
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22222 
where e is the error in m and y =(m -m ° )/2e. The latter form was 

n 

used for convenience in programming. We set 6=0.05 BeV
2

, since just 

° above this point, a missing mass equal to that of two n becomes 

kinematically possible. The angular distribution for this selection 

in m2, before and after weighting by W , is shown in Fig. lOA. It is 
m 

apparent that the weighting restores AnO events in the backward directions. 

The average weight was W =1.16, and for our final selection of events, m 

we also required X
2 < 10 for the le-fit (see Fig. lOB). Each event 

which passed all of the selection criteria was weighted by W=WLWm, 

where W
L 

is defined in Section D. 

The theoretical m2 spectrum for the ~OnO final state (A+(nO,)) is 

2 2 
flat because the ~ has spin~; this spectrum ranges from m ~.m ° up 

n 

to a value dependent upon the c.m. energy. For example, for a 1 BeV/c 

incident K- lab momentum, m 2 ~ 0.27 BeV2 . From an examination of 
max 

the deviation from symmetry at the m 02 position, there still remains, 
n 

after all selection criteria have been met, an estimated 5% contamination 

° ° from ~ n. A summary of the various selection criteria is given in 

Table II. 

, 
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Table II. Results of selection criteria and weighting. 

Beam momentum 821 

Number of A I s 308 

after (a) 289 

after (a), (b) 283 

after (a)-(c) 244 

after (a)-Cd) 232 

after (a)-(c),(e) 117 

after (a) - ( e ) 113 

Weighted number of A's 

after (a)-(d) 346 

after (a)-(e) 169 

(a) production vertex selection 
(b) decay vertex selection 
(c) neutrallength selection 
(d) X2 (lC) selection 
(e) missing-mass-squared selection 

.. .... 

878 

798 

729 

709 

629 

591 

305 

297 

868 

444 

888 923 946 975 1019 

453 2755 512 3169 3383 

415 2549 482 2924 3119 

405 2471 465 2822 3007 

344 2160 385 2463 2635 

326 2043 370 2330 2438 

174 951 172 956 905 

171 941 171 937 875 

516 3147 593 3590 3723 

272 1471 263 1468 1352 

1057 1112 

1300 899 

1189 835 

1151 804 

991 695 

940 647 
I 
f\) 

351 211 CJ:) 
I 

334 207 

1445 981 

515 312 

"-
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IV. THEORETICAL BASIS AND MODEL 

o We analyze the reaction K- + P ~ A + n by considering direct-

channel resonances and crossed-channel exchanges for the background. 

There exist earlier studies using a similar approach for both nN and 

KN reactions. Several workers have considered the associated production 

reactions 

(2 ) 

and 
+ + + n +P~L: +K 

in terms of models consisting of direct channel Nand [::, resonances and 

background exchange terms. HOff14 studied (2) for incident pion momenta 

around 1 BeV/c, obtaining good fits to the angular distributions and 

* polarization data by assuming a K -exchange along with a Pi and a narrow 

F5 resonance. This was an improvement over a model by Kanazawa,15 who 

found reasonable fits using a nucleon pole and L:-exchange along with 

* Pi or P3 resonant amplitudes. At the time the K was undiscovered. For 

the same beam momentum region, Evans and Knight16 proposed a model 

* consisting of hyperon-and K -exchanges as well as P3 and F7 resonances 

to correctly give the qualitative trends for (3). For the same reaction, 

with more experimental data available, HOlladay17 constructed several 

* models, including one using the P3 and F7 resonances with K - and 

A-exchange amplitudes. Fair agreement was obtained with the total and 

differential cross section data. The L:+ polarization prediction improved 

through the introduction of a parameter OJ because of other channels 

being open, Holladay multiplied the exchange contributions by e io In 

addition, the energy dependence of the resonant width was parame"Wrized 

differently from that of Evans and Knight. 
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- 18 For KN reactions, stevenson allowed D3, D5, and F7 or G7 resonances 

with crossed channel exchanges to obtain a x2/data point of 2.66 for the 

reaction K + P ~ A + nO between 620 and 1700 MeV/c. This eleven 

parameter model was designed to differentiate between F7 and G7 for the 

then proposed Yl * near 2050 MeV. More recently, Minami19 considered two 

* * YO and four Yl resonances with a p-exchange amplitude to describe the 

-0 6 charge exchange K + P ~ K + n near 1. BeV /c. A prediction for the 

polarization of the recoil nucleon is given, but experimental data were 

unavailable for comparison. 

As noted in the introduction, the c.m. production angular distributions 

show peaking in both the forward and backward directions for K- + P ~ 

A + nO in our energy reg'ion, suggesting t- and u-channel exchange 

amplitudes. The intermediate valley moves slowly from the forward to 

the backward region as the energy increases, and the forward peak begins 

to turn over at the highest momenta. The backward peak, however, persists. 

Our approach, with precedents noted above, consists in constructing a 

* model using known Yl resonances in and near our energy region along 

with background crossed channel exchanges. The resonant partial waves 

are characterized by the Breit-Wigner fo~m (Section B below) and we 

* consider K -exchange in the t-channel and nucleon-exchange in the u-channel 

(Section C). We have also allowed phase factors e3.cp for these exchange 

amplitudes, although strictly speaking, these terms should be real. 

Methods of analysis of two-body colJisions are generally well-known, 20 

and in this section we outline the mathematical framework for our model 

with which to compare the experimental angular distributions, polarizations, 

and total f\.:JT.0 cross sections. We express our equations in rather full 

detail, since conventions and notations in the literature show some 

, 
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degree of latitude. We follow in general the conventions of Bjorken 

20 
and Drell. 

A. Kinematic Considerations 

The reaction K + P ~ A + nO is an example of a meson of spin zero 

scattering on a baryon of spin h . In terms of the Dirac matrices f and 
J.l 

the spinors up and u
A 

for the proton and A, the Feynman amplitude may be 

written, in general, 

(4) 

where kl (k2 ) and Pl (P2) are the four-momenta of the initial (final) 

meson and baryon, and A and B are functions of the total c.m. energy w 

:-7 
and the cosine of the production angle e between the c.m. momenta kl 

:-7 
and k2 . The production amplitude Tfi may be expressed in terms of Pauli 

spinors and matrices, 

where the amplitudes g and h are related to A and B by 

g =: C+ [A + ~ 
2 (2 w - m -1 m2)] (5a ) 

and 

h =: C tA+ ~ C2 w + "'1+ m2)] (5b ) 

with 

~~Ir C± 
1 

[CEI ± ml ) (E2 ± m2)] y, :::: -- . 
IItll Snw 

Here ml (m,,) 
c.. 

and El (E,., ) 
(.. .. 

are the mass and c.m. energy of the proton (A). 



-32-

We can rewrite the operator 

J.°b-? -? e = a - ~ . n sin 

where 

a g + h cos e (6a) 

b == h (6b) 

-? (~ ,..-7)/ 1 ~ ~ 1 and the normal to the scattering plane is defined as n== klxk2 kl xk2 . 

In terms of the non-spin-flip and spin-flip amplitudes a and b, the 

differential cross section I and polarization P
A 

of the A's in the ~ 

direction are 

d~ 2 Ib l
2 

sin
2e I dn lal + 

and 

* IPA = -2 sin e Im(ab ) . (8) 

The contributions to a and b in this model arise from the resonant and 

exchange terms discussed below. The resonant terms ~ and bR are 

calculated directly. For the exchange terms, the amplitude is first 

calculated in the form of (4) to find A and B, and then equations (5) 

and (6) are used to find ~X and bEX ' 

B. Resonant Terms 

For the resonant contributions to a and b we write ~ and bR in 

+ 
terms of partial-wave amplitudes T1-, each having orbital angular momentum 

1, parity (_1)1, and spin J=L±h: 

+ 1) T + 
1 

(9a) 
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dPL(cos e) 

dcos e 
(9b ) 

The energy dependence of ~ and bR are contained in the TL and the angular 

dependence, in the Legendre polynomials of the first kind PL (cos e) and 

their first derivatives. Table III displays ~ and bR for various L 

values along with TL in spectroscopic and .r notations. The final state 

parity P is found from P=(-l)~MtB= _(_l)L for a pseudoscalar meson M 

and even-parity baryon B. The energy dependence of the partial-wave 

amplitudes is not known in general, but for a resonant state, we 

approximate the amplitude TL by the well-known Breit-Wigner form 

where r is the full width of the resonance, r i and r f are the partial 

widths in the entrance (elastic) and final (reaction) channels, and 

ER is its energy. 

of the resonance. 

The full width r is summed over all decay channels 

21 There have been several attempts to approximate 

the energy dependence of the partial widths to take account of angular 

momentum barrier and phase space effects. The parameterization in this 

22 analysis, due to Glashow and Rosenfeld, is 

where qk and Lk are the c.m. momentum and orbital angular momentum of 

the kth decay channel products of the resonance, and X is a mass 

characterizing the radius of interaction. In a fit to partial widths 

of baryon resonances, Glashow and Rosenfeld22 found X=350 MeV. When 
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Table III. Non-spin-flip and spin-flip amplitudes ~ and b
R 

for various 

partial waves in their common notations. Here x=cos Gcm and k=I~I. 

+ T -
L 

L 2J JP 
~ bR 

T + 81 1 1 T + 0 
0 2" k 0 

Pl 
1+ 1 - 1 

Tl 2" k x Tl k Tl 

T + P3 
3+ 1 + 1 T + 
2" k 2x Tl - k 1 1 

3 12- 1 -
T2 D3 2" - (3x - 1) T k 3x T2 k 2 

T + D5 5 ~ 1 (3x2 - 1) T + 1 + 
2" - - 3x T 2 k 2 2 k 2 

F5 
5+ 133 - 132 -

T3 2" - - (5x - 3x) T - - (5x - 1) T 
k 2 3 k 2 3 

T + 7+ 1 3 + 132 + 
F7 2" k 2 (5x - 3x) T3 - - - (5x - 1) T 

3 k 2 . 3 

7 1142- 1 5 (3 )-
T4 G7 2" k 2" (35x - 30x + 3) T4 - - 7x - 3x T4 k 2 

T + G9 9 1 5 4 2 + 1 5 ·3+ 
2" k g (35x - 30x + 3) T4 - - (7x - 3x) T4 4 k 2 

, r· 

" 

I 
w 
+:-
I 
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X is small (large) compared to qk' the radius of interaction is large 

(small) . Fi ts to the present data show an improvement for X=175 MeV, 

but this was too slight to point definitely to a preferred value for X. 

All results reported herein keep X fixed at 350 MeV. For 'a single 

resonant state reaction channel, we may write 

~ 
E - i 

where Xi = (ri/r) = 1 - xf andE=(ER - w)/~ r. This describes a circle 

centered at (O,i/4) and of diameter 0.5, the unitary limit for resonant 

partial-wave amplitudes. Fig. 11 shows the complex T plane with the 

unitary bounds for a resonant state. The circle centered at the origin 

with radius 0.5 is the limit for partial-wave amplitudes in a reaction 

channel. There are two possible trajectories for a resonance, depending 

on the sign of the numerator in TL. There is in addition an overall 

phase degeneracy, since I and IPA are unchanged by making the replacement 

TL -7 TL e iCP . We take this into account by defining the phase of one of 

the partial-wave amplitudes; all other resonant amplitudes then have 

phases relative to this fixed phase. 

c. Exchange Terms 

We assume that the exchange contributions to a and bcome from the 

* terms representing K -exchange in the t-channel and to nucleon exchange 

in the u-channel. The contribution due to the L: pole in the s-channel 

was considered as well, but the comparison between the theory and data 

was insensitive to its presence. Pseudoscalar exchange (i'=o-) such as 

a pion is forbidden by selection rules at the strong interaction vertices 

of the diagrams; e.g., conservation of strangeness, angular momentum, 

parity, and baryon number. The exchange calculations are standard. 20 
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* 1. For the exchange of a vector meson K with mass M, the invariant 

amplitude can be constructed from the meson vertex factor 

the baryon vertex factor 

and the vector meson propagator 

where g is the coupling constant at the meson vertex and G
V 

(G
T

) is the 

vector (tensor) coupling constant at the baryon vertex. The metric is 

g =(1,-1,-1,-1), q is the 4-momentum transfer, and e is the unit 
~v ~ ~ 

* polarization vector of the K. The amplitude can be cast in the form of 

equation (4) by making the identities 

and 

Here 

1 
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. and 

+rl 

The quantities ~l (~2) and klO (k20 ) are the mass and c.m. energy of 

the initial (final) meson. The contributions at and bt to a and b can 

now be obtained by means of equations (5) and (6). 

2. The invariant amplitude for nucleon exchange in the u-channel is 

where 

F 

Q = p - k = P - k 2 112 

which, when written in the form of (4), yields 

and 

where 

and 

c 
u 

z = u 

1 

2k E 2 2+rn.,2 
10 2 - m2 - ~l .L 

Here gl (g2) is the coupling at the KN~ (NN~) vertex. As in the previous 

case, the contributions a and b to a and b can be found using equations 
u u 

(5) and (6). 

.. 
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To compare the resonant amplitudes with the exchange terms, we 

first write the latter in the form (cf. equation (9)): 

and 

. 1 
where P

L 
(cos e) is the first associated Legendre function of the first 

kind, and then project out the exchange partial wave amplitudes in the 

direct channel by means of relations such as23 

and 

+1 
_1

2

1 PL(COS e) 
dcos e 

Zt - cos e 
-1 

+1 

-( -Zt-:::2,.-1 __ -l-)A"""" 2 1 Zt 

-1 

sin e 1 
_ cos e PL (cos e) dcos e , 

where ~(Zt) is the Lth degree Legendre polynomial of the second kind 

1 
and ~ (Zt) is thefirst associated Legendre function of the second kind. 

1 The ~ may be expressed in terms of the ~, which in turn may be written 

in terms of lOgarithms. 24 We can then compare directly the resonant 

partial-wave amplitudes with the first few exchange partial-wave 

amplitudes in the complex T-plane. 
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v . EXPERIMENTAL RESULTS 

In this section we discuss the experimental angular distributions, 

A polarizations, and total cross sections. 

A. An° Cross Sections 
( 

During the early stages of the experiment, the topologies scanned 

for included both O-prong+V and 2-p~ong+V events. This latter topology 

consists of a beam track branching into two visible tracks with an associated 

V-like decay. Since all of the film was completely rescanned, the numbers of 

0- and 2-prong+V events was very accurately determined. These numbers are 2% 

larger than the numbers of events which successfully passed some hypothesis. 

This loss of events is attributed to bookkeeping errors, and the 5% error in 

the c(t'nss section for a single event (Table I) includes this factor. 

The cross section, ~TOT' for 0- and 2-prong+V events is calculated by 

multiplying the number, NTOT ' of these events, corrected for scanning efficiency, 

by the cross section for a single event (Table I). The cross section, ~O+V' 

for O-prong+V events is then calculated by multiplying ~TOT by the ratio 

NO+V/(NO+V+N2+V)' where NO+V and N2+V are the numbers of O-prong+V and 2-

prong+V events found. There is approximately a 1% discrepancy between NTOT 

and (No+v+N2+
V

) because of a number of ambiguous events which could not be 

identified definitely as either topology. 

From Sections III D and E, the average weight, WAn' can be found at each 

energy for those events which satisfy the fiducial volume, length, X2(lC), and 

m2 criteria. The weighted number of An° events, NAn(w), may then be calculated 

from 
NAn(w) = WAnNAn(U) 

where NAn(U) is the unweighted number of An0 events. Since the visible decay 

- 11 A ~rt + p represents 65.3% of the possible decay modes, the corrected number 

of lur.0 events, NAn(C), is determined by multiplying NAn(w) by 1/0.653. 

The lur.0 cross section, rrlur.' is then determined by multiplying ~O+V 
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by the ratio NL\Jr(C)/NO+
V. See Tables II and IV for a summary. The 

statistical errors noted range from 4-11%. The ~L\Jr cross sections for 

this experiment are plotted in Fig. 12 along with the data points of 

Armenteros et al. 25 
A t f h d 1 · 26 repor 0 our ~L\Jr . as appeareear ler. 

B. Angular Distributions 

The amounts of film exposed at the various momenta were not constant, 

o as Table I shows, so that the number of L\Jr ranges from 113 (unweighted). 

at the lowest momentum up to about eightoand-one-half times this at the 

lengthiest exposure (Table II). At each momentum we first divided the 

events into twenty intervals in the c.m. production cosine. If the 

number of events in anyone interval was less than ten, we combined 

intervals until this minimum was met. The statistical error for each 

of the intervals was then calculated as the ratio of the number of 

weighted events to the square root of the number of unweighted events. 

The angular distributions are displayed in Fig. 13 and listed in 

Table V. 

c. A Polarization 

We calculated the A polarization P
A 

by first di~iding the c.m. 

production cosine into intervals, each having a minimum of about 40 

events. This would produce a maximum error of roughly 0.4 unit, compared 

to the totalPA range of 2 units. The polarization was then determined 

according to 

N 
3 u 

PA = 
aANw L W.' X. 

1 1 

i=l 

where W. is the weight for the ith event and x. is the cosine of the 
1 1 

angle of the decay proton with respect to the production normal ~ defined 



Table IV. Cross sections. 

Beam momentum 821 878 888 923 946 975 1019 1057 1112 

Number of 

0- and 2-prong+V 810 1821 1116 6385 1179 7313 8620 3555 2660 

O-prong+V 506 1167 703 4145 795 4699 5431 2233 1623 

corrected Arr. 
0 276 737 406 2330 419 2274 2078 778 495 

Cross sections (mb) I 
..J:="" 
f\) 

~TOT(O- and 2-prong+V) 8.07 8.12 9·00 9.59 10.78 10.27 10·97 11.13 9·95 
I 

~O+V 5·09 5·26 5.69 6.34 7·31 6.69 7·05 7·07 6.16 

~Arr. 2.84 3·13 3.42 3·53 3.62 3·19 2·72 2.40 1.89 
±0·32 ±0.22 ±0.31 ±0.14 ±0·33 ±0.12 ±0.10 ±0.14 ±0.14 
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Table V. Angular distributions for K - 0 +p-7 A+l1. Asterisks denote the 
upper limits of the widened intervals in the c.m. production cosines. 

Momentum (MeV/c) 
cos e 821 878 888 923 9l.k) 975 1019 1057 1112 

-1.0 -0.9 25·9±6·3 49.4±8.6 l.k). 3±10.1 187 .4±17.6 26.6±6.6 135· 0±15· 7 142.6±17.2 36.6±8.2 43. 7±9. 3 

-0.9 -0.8 * 49.0±8.5 34.7±7.6 117.3±14.2 30.7±7.4 109.l±13.6 98. 5±13· 3 36.7±8.7 * 
-0.8 -0.7 25.4±6.0 35. 5±7·0 14. 3±4. 5 102.l±13.3 22·0±5· 9 116. 5±14. 5 60.0±10·3 24.2±6.5 18·2±5· 5 

-0.7 -0.6 * 32·7±6.8 20·2±5·2 82. 5±11. 7 17.8±5.4 67.8±11.1 83·8±11. 7 28.9±7.2 * 
-0.6 -0.5 25·3±6·3 19·1±5·1 28. 9±6.8 77·2±11.1 25. 5±6. 0 68.5±10.8 70.9±10.8 27·2±7·0 15· 9±5.0 

-0.5 -0.4 * 17·l±5·2 * 59·l±9·5 * 52. 3±9. 2 40.4±7.9 * * I 
+:-

-0.4 "';0.3 21.0±5.4 18.0±5.2 15.4±4.6 63·7±9.6 13.9±4.2 55.0±9.0 33.8±7·0 36.6±8.9 20. 9±6. 3 \.Jl 
I 

-0.3 -0.2 * 16.2±4·7 * 40. 7±7.6 * 38.4±7·5 52.8±8.8 * * 
-0.2 -0.1 * 16 .4±4. 7 22.l±5.4 50.5±8.4 13.4±4.2 54.2±8.7 33·2±6.8 19.6±5.7 * 

.. 

-0.1 0.0 * * * 48.7±8.1 * 38.0±7.1 39.5±8.1 * * 
0.0 0.1 13·3±4.2 16.3±4.5 * 25· 5±5. 9 14·7±4.4 43.8±7·7 36. 7±7 . 3 17·9±5.0 24.3±6.3 

0.1 0.2 * * * 25·6±5·9 * 
, 45. 2±8. 0 31.4±6.4 20.4±5.3 * 

0.2 0·3 * 18.9±5·1 13.l±4.1 27 .0±6.0 14. 3±4. 3 42.l±7·7 48.0±8.0 24. 2±5. 7 18.9±5.1 

0.3 0.4 * * * 24.4±5.8 * 49·5±8·3 36 .l±6.9 26.9±5.9 * 
0.4 0·5 * * * 16.9±4.9 26 .9±6.0 l.k). 7±7.8 54.4±8.5 24.l±5.5 18.2±4.9 

0.5 0.6 * * * 33·6±6.6 * 52.3±8.3 73·0±9.8 26.l±5.8 22.9±5.4 

0.6 0·7 18.2± 5.0 14.5±4.4 24.5±5·8 62.5±9·2 * 56.0±8.5 77·l±10.0 44.2±7.6 19·6±5.2 

0·7 0.8 * 30.7±6.5 * 53·4±8.6 * 83.9±10.7 79.5±10.4 35.8±6·9 42.0±7.4 

0.8 0·9 21. 5±5.7 34.4±7.2 24.7±6.2 152.l±15·0 20. 4± 5 . 5 120. 4± 13.2 118 .6±13. 0 l.k). 5±8.1 37·3±7·2 

0·9 1.0 18. 3± 5.8 75.8±12·3 27 . 7±7 . 4 221.0±20. 4 37.l±8.7 192.8±19.3 141.4±15.7 39.l±8·3 30. 2±6. 9 
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in Section IV A. Our value for the asymmetry parameter is a
A

=O.66 27 

and N (N) is the number of events (weighted events) in each interval. 
u w 

28 The error in the polarization was calculated from 

C -N~aAPA)2) 1 
= 

The P
A 

distributions are presented in Table VI and displayed in Fig. 14. 



'. 

cos e 821 

-l.0 -0.8 0.67± .034 

-0.8 -0.6 * 
-0.6 -0.4 -0.34±0.43 

-0.4 -0.2 * 
-0.2 0.0 -0.4l±0.39 

0.0 0.2 * 
0.2 0.4 * 
0.4 0.6 * 
0.6 0.8 * 
0.8 l.0 -0.20±O.39 

Table VI. Lambda polarizations forK + p ~ A + nO. Asterisks denote the 
upper limits of the widened c.m. production cosine intervals. 

Momentum (MeV/c) 

878 888 923 946 975 1019 1057 1112 

-0.04±0.25 0.24±0.29 0.19±0.15 -0. 2l±0. 34 o .1l±0 .16 -0.04±0.16 -0.10±0.30 0.67±.038 

-0.4l±0.31 -0.29±0.32 o .15±0 .19 -0. 02±0. 32 0.09±0.19 -0.02±0.22 0.34±0.35 -1.06±0.33 

0.25±0·30 * 0.04±0.22 * -0.16±0.23 -0. 02±0 .24 0.1l±0.31 * 
* 0.14±0.36 0.6l±0.24 0.26±0.39 0.43±0.27 -0 .1l±0 .28 * * 

-0. 54±0. 35 * 0.86±0.25 * o. 5l±0. 26 0·53±0.29 0.40±0.34 o. 56±0. 35 

* * 0·73±0.34 * l.2l±0.24 O. 77±0. 30 * * 
* * 0.2l±0.36 -0. 05±0. 40 o.60±0.26 0.94±0.26 l.05±0.33 * 
* * -0.62±0.35 * -0.36±0.25 -0·53±0.22 -0.57±0·35 0.37±0.40 

-0.36±0.38 -0.25±0.29 -0.S6±0.22 * -0·9l±O.20 -0 .40±0. 20 -0.38±0.28 -0.25±0.33 

-0.42±0.24 * -0.74±0.13 -0. 45±0. 34 -0.55±0.14 -0.94±0.15 -0. 55±0. 27 -0. 83±0. 29 

I 
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VI. DISCUSSION OF RESULTS 

A x2-minimizing program is used to compare the experimental data 

presented in Section V with the theoretical functions in Section IV. 

The various solutions reached represent the presence or absence of 

particular background exchange terms and the resonant amplitudes. The 

primary aim of this study is to investigate the nature of the background 

terms in the scattering amplitude required to fit our data. Modifications 

to the analysis, if the assumptions of the absorption model are introduced, 

are considered. Other goals of the analysis are to confirm previous 

* spin-parity assignments of the Y
I 

resonances considered, ascertain the 

relative importance of the terms in the total amplitude, and determine 

the best-solution parameters. 

A. Fitting Procedure 

The possible free parameters in this analysis are the amplitude 

(xro.~xA1r ~ , ER' r, and cp for each resonance, and the coupling constant 

products and arbitrary phases for the exchanges. If these quantities 

are known, then the resonant and exchange contributions to a and b may 

be found and the differential cross sections and A polarizations 

(equations (7) and (8)) may be calculated. We first compute the areas 

under I and IPA for intervals in the production angle cosines corresponding 

to the experimental angular distributions and A polarizations. The 

theoretical PA's are the average polarizations IPA/I over particular 

intervals in cos B. The areas under I and the theoretical PA's are 

then compared with the experimental data. The number of degrees of 

freedom, ~, is n-m-9 for a particular fit, where n is the number of 

data points, m is the number of parameters allowed to vary, and there are 

an additional nine fewer degrees of freedom because the calculated angular 
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distributions (i.e., differential cross sections) are normalized to the 

number of events at each of the energies. 

A reasonable guess for the starting values of the parameters which 

characterize each hypothesis enables the calculation of the angular 

distributions, polarizations, and cross sections. A X
2 

was determined 

by comparing these calculated quantities with the experimental data 

points and their errors. We used 135 angular distribution points, 63 

polarization values, and nine cross sections for a total of 207 data 

points for the fits. X2 was minimized using the program VARMIT,29 which 

requires the calculation of the first derivatives of X2 with respect to 

each of the parameters in order to determine the local minimum by means 

of an iterative variable metric method. 30 

The m-dimensional x2
-surface undoubtedly has many "valleys", and 

VARMIT is capable of determining only a local minimum representing a 

set of parameters closest to the starting values. To face this problem 

of the uniqueness of a solution, the starting values were changed from 

a particular set of minimum values, and the minimizing routine was 

repeated to see if the same solution was reached. Our confidence in the 

solution is thus increased, but there always remains the possibility of 

other solutions. 

The fits of the various hypotheses to the experimental data can 

2 be compared by examining the lowest X reached in each case, and in 

calculating the confidence level, given by 

C.L. ,.., 1 J ~ exp( -y, x2
) dx '" --

{2; 
y 

where 

y =,; 2x
2 

- j2nD - 1 
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2 This is the probability that a X larger than the experimental value 

would have been obtained, or alternatively, that another experiment 

would give a poorer fit. The equation is approximately valid for nn>30. 

B. Selected Solutions 

* The resonant energy of the Yl (1770) is well-centered in our c.m. 

* energy region from 1700 to 1850 MeV. Other Yl resonances outside this 

range but which may affect the angular distributions and polarizations 

to some degree are (masses and widths from reference 11): 

1. Y
l
*(1660), r=50 MeV. This resonance is consistent with ~=3/2-. 

Published values of the branching ratios XXN and x~ conflict with each 

other. H ~ 0 01 4,31 owever, XXNx~"" . . 

2. Yl*(1690), r=120 MeV. The JP for this enhancement is not known, 

* and we have not attempted to probe this Yl . 

* 3. Yl (1910), r=6o MeV. This effect, still not completely 

established, has ~=5/2+, XXNZ 0.1,32,33 and XXNx~ ~ 0.01. 4,27 

* P / + 4. Yl (2030), r=120 MeV. For this resonance, J =7 2 , x:RN=0.25, 

and X~=0.16.34 The partial-wave analysis of Smart et al. 4 gives 

XXNx~ ==0.14. 

In performing the analysis, we start out with fairly simple 

assumptions and then gradually increase the number of amplitudes contributing 

to the reaction K- + p ~ A + :n? We allow (XXNxAn)h , ER, and r of the 

* Yl (1770) to vary, but only permit the amplitudes and the relative phases 

of the other resonant terms to change. As a convention, we fix Cj'l=O° for 

* Yl (1770). The background parameters are discussed more explicitly later. 

Initially, we sought a solution using a D5 resonant amplitude, repre-

. * 
senting Yl (1770), along with real t- and u-channel exchange terms; for 

a second trial, D5 was replaced by an F5 resonant amplitude. Although 
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neither hypothesis was adequate to fit the data, as is obvious from the 

C.L.'s for solution 1 in Table VII A, the relative confidence level is 

R(D5/F5) -
C.L. (D5) 
C.L.(F5) 

* The data clearly prefer D5, and in subsequent cases we assume Yl (1770 ) 

is present and characterize it as ;/=5/2- (D5). 

* As confirmation of the parity of Yl (2030), solutions 2-5 were 

constructed to test both ;/=7/2+ and 7/2- (F7 and G7) possibilities. 

Real background exchanges were used by fixing the phases of these terms 
-)(-

at 0° and lBoo. Resonant F5 and D3 amplitudes, representing Y
l 

(1910) 

* and Yl (1660), were added one at a time. The relative C .L.'s for these 

solutions favor F7 over G7 in every case, with R(F7/G7)=107, loB, 105, 

and 10
2

. Hence ;/=7/2+ is confirmed for Yl*(2030), in agreement with 

the original analysis of Wohl et al. 34 

We next tested the parity of Yl *(1660) as ;/=3/2- and 3/2+ (D3 and P3) 

in solutions 5-7 with real background terms and resonant F5 and F7 

amplitudes present. The relative C.LJs are R(D3/P3)=10, 10, and 6. 

Although the discrimination is weaker than for the previous trials, in 

each case D3 is favored over P3. Thus ;/=3/2- is confirmed for Yl *(1660), 

in agreement with the assignment originally proposed by Alvarez et al. 31 

The resonant partial waves and the partial-wave projections of the 

exchange terms are plotted in Fig. 15A for solution 5a. Even for this 

solution, the best so far, the probability of fit is still very low 

-B) (C.L.~lO . The 81-, Pl-, and P3-wave contributions arise solely from 

the exchange terms, which are realj we fixed cp""oO(lBoO) for the t- (u-) 

channel exchange term. To keep these lower partial waves real is to say 

that no other processes are taking place; the low probability of fit 
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Table VII. Amplitudes and terms used to fit the experimental 
angular distributions, A polarizations, and.L\rt:0 
cross sections. The number of degrees of freedom 
is given by nD=n-m-9, where n=207 data points and 
m=number of free parameters. 

A. Solutions for real background exchange terms. 

Resonant amplitudes Exchange 2 
C.L. X m n

D terms 

D5 t u 418 6 192 10-21 

F5 t u 662 6 192 10-63 

D5 F7 t 370 7 191 10-14 

D5 G7 t 422 7 191 10-21 

D5 F7 t u 359 8 190 10-13 

D5 G7 t u 417 8 190 2xlO-21 

D5 F5 F7 t u 338 10 188 3XIO-11 

D5 F5 G7 t u 377 10 188 3xl0 -16 

D5 F5 F7 D3 t u 315 12 186 5Xl0-9 

D5 F5 D3 G7 t u 329 12 186 10-11 

D5 F5 F7 P3 t u 322 12 186 8xlO-10 

D5 F7 D3 t 339 9 189 3xlO-l1 

D5 F7 P3 t 344 9 189 3xl0-12 

D5 F7 D3 t u 331 10 188 10-10 . 

D5 F7 P3 t u 340 10 188 10-11 

D5 F5 F7 D3 t 321 11 187 2xl0-9 



Table VII. (continued) 

B. Solutions for background exchange terms multiplied by 
. icp 

phenomenological factors e . 

Fit Resonant amplitudes Exchange 2 C.L. X m nD terms 

9 D5 F7 t 266 8 190 10-4 

10 D5 D3 t 271 8 190 6xlO -5 

11 D5 F5 F7 t 248 10 188 0.002 

12 D5 F5 D3 t 264 10 188 10-4 

13 D5 F7 D3 t 244 10 188 0.003 

14 D5 F5 F7 D3 t 229 12 186 0.018 

15 D5 F7 D3 t u 227 12 186 0.022 

16 D5 F5 F7 D3 t u 219 14 184 0.038 

17 F5 F7 D3 t u 564 12 186 10-46 

18 D5 F5 s}'7 D3 PI t u 217 16 182 0.035 
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implies that simple exchanges are insufficient to describe the background. 

To ease this restriction, we may simply multiply one or both exchange 

terms by phenomenological factors, e iCP . We have done this, and Table 

VII B displays the results. A comparison of like resonant and exchange 

term contributions between the solutions in Tables VII A and B shows a 

vast improvement in the fits, with relative confidence levels between 

107 and 1010 • 

A study of solutions 9-16 in Table VII B reveals the relative importance 

* of the Yl resonances outside our energy range. Relative confidence 

levels for solutions with and without the F7, D3, and F5 amplitudes are 

approximately 100, 20, and l~respectively. The addition of any of 

these resonances improves the probability of fit, but we can conclude 

* * that the F7 is the most important Yl ' other than Yl (1770), affecting 

the angular distributions and polarizations in our energy region. The 

addition of the u-channel contribution increases C.L. between 2 to 7 

times. 

Finally, solution 17 demonstrates that the data really prefer D5 

* ) -46 over F5, as the assignment for Yl (1770), since C.L.(F5 ==10 and 

C.L.(D5)==0.022 for solution 15. This gives us added confidence that 

Yl*(1770) indeed has ~=5/2-. 

There has recently35 been some indication for the existence of a 

~=1/2+ Yl * resonance with (E
R

,r)=(1882,222) MeV. We added a Pl resonant 

amplitude to solution 16, fixing ER and r at the suggested values, and 

found a solution with C.L.==0.035. Since the fit is only slightly better 

without the assumption of this term, we conclude that if it is present, 

its signal is not strong enough to be distinguished in our data. 

The three best solutions in this second series of fits have 

confidence levels in the range 2-410; solutions 14 and 16 are plotted 
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in Figs. 15B and C, and solution 15 is shown in Fig. 16. We expect the 

resonant amplitude, T, to be purely imaginary at the resonant energy 

w=E
R

; i. e., the resonant phase angle cp should be 0 0 or lSO° relative to 

cp=Oo for D5. From these plots and Table VIII, we see that when the 

* F5 amplitude, Yl (1910), is absent, the relative phases for both F7 and 

D3 are lSO° within errors (solution 15). The inclusion of F5, while 

slightly improving the probability of fit, yields solutions for which 

the relative phase requirement is violated by either or both F5 and F7. 

The conclusion is that the F5 resonant amplitude is not necessary for 

our data. We do, however, require the u-channel exchange contribution 

to the background. 

C. Comparison With Other Analyses 

Table VIII also shows the other resonant parameters which were 

allowed to vary; they are consistent within errors for these three best 

solutions. In the last column are the resonant parameter averages for 

the solutions. The errors presented in this column are simply the average 

of the erram for the three solutions. The experimental data for the 

hypotheses are exactly the same, and the errors would be underestimated if 

the three solutions were to be regarded as independent determinations of 

the parameters. 

* . n The Yl (1770) mass of 1776±4 MeV is consistent with the current average. 

Uhe width of 152±9 MeV is quite a bit higher, but entirely consistent with 

the analyses of Smart et a1. 4 and of Davies et a1. 33 The branching ratio 

product ~~ for D5 of 0.222±0.011 is twice that of references 4 and 27; 

* .' 
if Yl (1910) is present,~x~=0.02S±0.01S, consistent with these references. 

* . For Yl (2030), we find ~x~=0.143±O.069. This value agrees well with that 

of Smart et a1. 4 but is higher than that found by Wohl et a1. 34 Finally, 

* for Yl (1660), -'1aijx~=0.05S±0.023. While the published branching ratios 
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Table VIII. Resonant parameters from three of 
the best solutions. 

Solution 14 Solution 15 Solution 16 

Relative phase 
amplitude 

D3 1750 ± 140 1700 ± 12 1790 ± 150 

D5 0 0 0 

F5 610 ± 290 600 ± 240 

F7 216 0 :± 15 0 1720 ± 9
0 1930 ± 16 0 

~Art 

D3 0.057 ± 0.024 0.059 ± 0.022 0.058 ± 0.024 

D5 0.228 ± 0.011 0.221 ± 0.011 0.218 ± 0.013 

F5 0.032 ± 0.017 0 0.025 ± 0.018 

F7 0.162 ± 0.060 0.092 ± 0.058 0.176 ± 0.090 

Resonant energy 

D5 1776 ± 4 1777 ± 5 1776 ± 5 

Resonant width 

D5 145 ± 8 158 ± 10 152 ± 9 

Average 

0.058 ± 0.023 

0.222 ± 0.011 

0.028 ± 0.018 

0.143 ± 0.069 

1776 ± 4 

152 ± 9 

* * * The masses and widths (ER,r) of Yl (1660), Y1 (1910), and Y1 (2030 ) were 

kept fixed at (1660,50), (1910,60), and (2030,120), respectively. The 

branching ratio products shown, ~Art' are related to those from the 

,Ii ,~ 2 
fits, (X1CpXArt y2, by ~xArt =2 [(:X1CpXArt r 2] . 



xRN and x~ show inconsistencies, as noted in Section B above, our value 

for the branching ratio product agrees with that of London et al. 31 and 

is somewhat higher than that of Alvarez et al. 31 

Solutions 15 and 16 show that, within errors, the resonant amplitude 

* * " * Yl (1770) is lSO° out of phase with Yl (2030) and with Yl (1660) at 

resonance, in agreement with the findings of Smart et al.
4 The solution 

"* " * 16 phase of 60 0 ±24° for Yl (1910) relative to Yl (1770) is two-and-one-

* half standard deviations away from 0°; reference 4 found that Yl (1770) 

* was in phase with Y
l 

(1910) at resonance. As noted earlier, our data 

* seem not to be particularly sensitive to the presence of Yl (1910). 

As indicated in the Introduction, Smart4 studied the reaction 

* K + n ~ A + ~- in the c.m. energy region 1660-1900 MeV, assuming Yl 

resonances in the direct channel and four complex background amplitudes 

which were either constant or mildly energy-dependent. It is significant 

that the projections of the first few partial-waves of the exchange-

channel terms in our model agree with the general orientation and 

magnitude of the background partial waves of this reference. The 

implication is that the actual background amplitudes in the complex 

T-plane for the general reaction KN ~" ~ are independent of any 

particular parameterization. As a final point of comparison, Smart used 

15 parameters to achieve C.L.=1.7% when his background terms were 

constant; when these terms were energy-dependent, C.L.=S.3% for 23 

parameters. In our model, solution "15, for example, uses 12 parameters 

and C.L.=2.2%. The numbers of data points in both analyses are 

comparable. 

D. Background Amplitudes 

The partial-wave projections of the exchange-channel amplitudes are 



-60-

consistent among the solutions in Table VII B as to orientation and 

energy dependence. Moreover) the t-channel exchange parameters for 

solutions 14-16 are the same within errors) and the u-channel exchange 

parameters for solutions 15 and 16 also agree. (No u-channel exchange 

was allowed for solution 14). This indicates a lack of sensitivity of 

the t-channel parameters as to (1) the presence of F5 and absence of 

u-channel exchangej (2) the absence of F5 and presence of u-channel 

exchangej and (3) the presence of both. This is not surprising) since 

* the primary contribution to the reaction is Yl (1770) and all other 

contributions are small compared to it. We now proceed to a discussion 

of the exchange-channel parameters within the context of Table IX. 

From the full width of the K* of f=49.2 Mev)ll we can estimate the 

* coupling constant at the K Kn vertex from 

* where p is the momentum of the decay products in the K c.m.) M is the 

* ~ + 0 K mass) and the 1/3 comes from the partial width of K ~ K + n being 

* 2 one-third of the total K width f. Then g /4n=0.81. The average of 

the absolute values of gGV and gG
T

) from solutions 14-16) are 4.42±0.83 

and 30.70±3.36) respectivelYj these errors are the average of the errors 

for the solutions) for the reason given in Section C. Using the above 

value for g2/4n) we find from our analysis) 

G 2 
V 

4n 

G 2 
T 

4n 

0.15 ± 0.04 

7 ·34 ± 1.14 
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Table IX. Exchange channel parameters. 

Parameter Solution 14 Solution 15 Solution 16 

gGV -6.37 ± 0.67 -2.85 ± 0·73 -4.05 ± 1.09 

gGT -29· 56 ± 3·08 -31.19 ± 3.42 -31.34 ± 3·57 

CPt 29°± 5° 27° ± 5° 31° ± 9° 

glg2 0 8.64 ± 1.43 6.29 ± 2·51 

CPu 221° ± 10° 208° ± 16° 
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and 

=: 6.94 ± 2.14 

HOff,14 in the study of n + p ~ A + KO with the assumption of 

* K -exchange, two direct-channel resonances, and no tensor coupling term, 

finds the product of the square of coupling constants (gGy!4n)2=:o.155. 

If we use the above value for g2/ 4n , then Hoff would find Gv
2/4n=O.19. 

Our value is consistent with this. 

* The vector coupling constant for the K ~ vertex can be related to 

that for pNN by SU(3):36 

=: ~ (1 + 2f)2 
3 

where f=:F/F+D = l/l+R is the symmetric-antisymmetric octet mixing parameter, 

and R is the D/F ratio. From a study of nucleon-nucleon forces, Scotti 

and Wong37 estimate (Gv
2
/4n)PNN=:1.27. If the vector coupling of the 

vector-meson octet to the baryon octet is of the pure F type,38 R=O and 

f=l, and (G
V 
2/4n)K*~=3.8. Our value is about one order of magnitude 

less. A lower value implies a higher D/F ratio, but even for pure D 

coupling, with f=O, one would find (Gv2/4n)K*~=O.4, still somewhat above 

our determination. 

For the tensor coupling constant, a similar form holds: 

C:
2 

), 
K Ni\ 

G 2 

~ (1 + 2f)2 ( 4
T 

) 
1, PNN 

The ~)C0tti and Wong37 estimate (GT
2/4n)PNN=11.4 implies a range for f 
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from about zero up to f=0.28. This is within the range 0.15 < f < 0.56 

suggested by Martin and Wali39 on the basis of a model using single-

baryon exchange. Moreover, if the tensor coupling of the vector-meson 

octet to the baryon octet is primarily of the n type, with the Sakurai40 

value R=3.5, then (GT
2
/4n)K*NA=7.9, consistent with our value. 

From studying the electromagnetic baryonic structure,41 one has the 

estimate (G~Gv) =3.7. Using 
. PNN 

(~~ ) * 
1 + 2fT (~) = 
1 + 2fV 

KNA PNN 

and RT=3.5 as before, we find a region -0.23 < f < 0.18, suggesting a 

range from n/F ~ 5 up to a pure n type vector coupling of the vector-

meson octet to the baryon octet. If one were to assume a pure F type 

vector coupling, then (G~Gv) * ~ 2. Our higher GT/GVratio implies 
K NA 

(1) a smaller n/F ratio for the tensor coupling, (2) a larger D/F ratio 

for the vector coupling, or (3) both. For example, if RT=O and ~=3/2, 

then G~Gv ~ 6.2. 

For the u-channel exchange, the pertinent vertices are KNA and nNN. 

The nNN coupling constant is fairly well-known, g22/4n=15. Then from 

our analysis, for the KNA vertex, 

= 0-.024 ± 0.009 

Warnock and Frye,42 in a study of low-energy KN scattering, find two 

best fits to the data, both consistent with g12/4n=Q. Our value is 

also consistent with zero. en the other hand, from suU) invariance, 
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= 1 (1 + 2f)2 

The above Martin and Wali39 range for f implies 8.5 < g12/4n < 22.5, and 

using modified dispersion relations, Chan and Meiere
42 

predict g12/4n=13±3, 

compatible with su(3) invariance. Our value is at least two orders of 

magnitude below these predictions. 

To summarize, the background parameter values from our analysis, 

G
V 

2/ 4n for the K*NA vertex and g12/ 4n for the KNA vertex, are consistent 

with other experimental fits but low compared to theoretical predictions. 

2 * Both G'I' /4n and G~Gv for the K NA vertex agree with theoretical predj.ctions. 

We also take note here of the various contributions to the angular 

* cistributin~ The resonant contribution is due primarily to Yl (177 0 ) (D5) .. 

The interference between the resonant states and the t-channel is mainly 

a D5-Pl partial-wave interaction, giving rise to constructive (destructive) 

interference in the forward (backward) direction. The resonant-u-channel 

interference comes from principally D5 and Sl partial waves interacting, 

producing constructive interference in both forward and backward directions. 

The small t-channel and u-channel interference arises from an Sl-Pl term, 

giving constructive (destructive) interference in the forward (backward) 

direction. It should be noted that the resonant term comprises 70-80% 

of the total amplitude. Table X shovls the qualitative contributions of 

the various terms to regions of the angula'r distributions and A 

polarizations. The background exchange terms, although small in them-

selves, interfere with the primary (resonant) interaction to produce more 

pronounced peaking in both forward and backward directions in the angular 

distributions. 
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Table X. Qualitative contributions of various terms to 
regions of the angular distributions and. A 
polarizations. R, t, and u denote resonant, 
t-channel, and u-channel contributions. 

Angular distributions B. A polarizations 

Backward Forward Backward Central Forward 

+ + 0 

0 + 0 0 0 

+ 0 0 0 0 

+ + 

+ + + 0 

+ 0 0 
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E. Absorption Considerations 

As we have seen, the inclusion of phenomenological factors ei~ for 

the exchange terms to try to account for other processes which may be 

taking place improves the probability of fit by seven-ten orders of 

magnitude. If, instead, we were to take absorption into account, we 

would conventionally multiply the projected partial-wave amplitudes by 

44 
the factors 

C e 
-y _ (X-h)2] h 

where the variable x is the total angular momentum, J O ~ x < 00. When 

C ± =1, this form represents complete absorption for the lowest partial 

wave contributing to amplitudes with Jo=h. The initial (+) channel 

parameters may be taken from elastic scattering data, 

and 

O"TOT 

4:rrA 

where O"TOT is the total cross section, k is the incident c.m. momentum, 

and A is the elastic-scattering slope parameter, obtained from 

dO" 
dt 

At 
e 

for the elastic-scattering differential cross section. From the elastic 

K p data of Gelfand et al. 45 and the total cross section data of Bugg et al. 46 

,ye estimate C+ ::::: 0.4 and 1+ RI 0.2 near 975 Mev/c. (This may be compared 

\~JLlI (C-t-,.y
I
J;...:(C).6h,lLU» at 3 BeV/c,Lf4) ~~ince An scattering data is not 

nvaHable J He consider instead (C,,)=P.765,0.038) for:rr p scattering 

,I 
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at 4 Bev/ cj 47 scaled to our final-state c.m. momentum of 530 MeV/c, we 

very roughly estimate our final-state parameters (C _,)' J ~ (0.8,0.2). 

A comparison with the initial-state absorption parameters shows that this 

choice of(C ,), ) implies a much stronger absorption of the lowest partial 

waves in the final state. 

With these admittedly crude estimates, we find that both 81 and Pl 

partial waves would be,65% absorbed, P3 and D3 would be 52% absorbed, 

and D5 would be 27% absorbed. The exchange-channel partial-wave 

projections are primarily 81,Pl, P3, and D3, with Pl the largest. The 

magnitudes of 81, P3, and D3 relative to Pl are about 50%, 30%, and 15%, 

respectively; the D5 partial wave is 2% of Pl and all higher partial-wave 

projections are less than this. If the lowest partial waves were absorbed 

to some degree, then the coupling constant products would be expected 

to increase to compensate, and g12/4n, for example, would be more in 

line with theoretical predictions. We would also anticipate the t-channel 

contributing somewhat more forward peaking to the angular distribution 

if its higher partial waves became more important. However, the t-channel 

contributes only about 15% to the total An
O 

cross sections, so the effect 

should not be too pronounced. The u-channel contributes even less, 

about 5%. 

The calculated angular distributions already fit well with the 

experimental data without these assumptions of the absorption model. 

However, we would expect the fit to the polarization data to be better 

with the higher background partial waves making relatively larger 

contributions to our reaction. Hence we would expect absorption to 

somewhat improve our overall fit, and this process would not be so 

artificial a method of taking account of other processes taking place. 

At higher energies, as more competing channels become open, 
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undoubtedly absorption would playa more important role. One would expect 

these more complex reactions to be the result of collisions at small 

impact parametersj the existence of these other possible final states 

would reduce the lower partial-wave amplitudes for our own single reaction 

of interest. A problem common to both unmodified and modified (through 

absorption) exchange mechanisms, however, is the well-known high-energy 

violation of unitarity, whether or not one assumes any structure for 

the verticesj i.e., dependence of the coupling "constants" on momentum 

transfer. An amplitude involving a t-channel state of angular momentum 

J is proportional to sJ, where s is the square of the total c.m. energy. 

* Hence for our vector meson K -exchange, there will eventually be a 

violation of unitarity. In our energy range, there is no violation, 

but one can see that the amplitudes do show an increase with energy. 

Presumably, at high energies, an alternate description--for example, 

Regge poles--of the t-channel may be drawn to alleviate this problem. 

We now comment here briefly on the possibility of Regge-pole 

exchange. There is some question about the use of this mechanism in 

our case, in the first place, since our energies are rather lowj in 

addition, a model which uses both resonances in the direct channel and 

Regge-pole exchange involves "double-counting", since it has been shown48 

that projecting the Regge amplitude into the direct channel produces circles 

on the Argand plot corresponding to experimental resonances. More· 

recently, however, it has been argued49 that these Argandplot circles 

should not necessarily be interpreted as resonances. This problem is 

in a momentary state of flux, and we conclude by pointing out that our 

parameterization of the exchange amplitudes is such that partial-wave 

projections of these terms cannot form circles on the Argand plot. 
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VII. SUMMARY 

The reaction K + P --7 A + 1r 0 has been analyzed with the assumption 

of direct channel resonances and background exchange amplitudes. Simulta-

neous fits to the experimental angular distributions, A polarizations, 

and fur. 
0 cross sections have been made over the c .m. energy range 1700-

1850 MeV. 

Our data have shown strong enough discrimination to confirm the 

previous ~ assignments of 3/2 - for Yl *(1660), 5/2 * for Yl (1770), 

* and 7/2 + for Yl (2030). Our determinations of the branching ratio 

* * products ~~ for Yl (1660) and Yl (2030) are 0.058±0.023 and 

0.143±0.069 respectively. Our data are not particularly sensitive to 

* the presence of Y
l 

(1910). To the degree that we can distinguish it, 

* we obtain a value ~x~=0.028±0.018 The Yl (1770) mass, width, and 

~xA1r are determined to be 1776±4 MeV, 152±9 MeV, and 0.223±0.011, 

respectively. 

Only with additional ei~ factors applied to the exchange terms can 

reasonable fits to the data be achieved. We obtained values of the' 

* coupling constant products for both K and nucleon-exchange, but since 

we ignore structure in the vertices, they should not be taken too 

seriously, although there is some agreement with the work of others. 

Taking account of absorption due to competing channels would be a more 

realistic approach, and should increase the values of our coupling 

constants. 

Finally, we have shown that the assumption of direct channel 

resonances and a simple parameterization for the background will produce 

reasonable fits to our experimental data. 
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FIGURE CAPTIONS 

Fig. 1. Schematic of the beam line. 

Fig. 2. Example of a O-prong+V in the chamber. 

Fig. 3. Lateral deviations, 6y, of beam tracks (A) toward the beginning 

and (B) toward the end of Roll 2201. Tracks falling between ±1.2 cm 

were accepted. 

Fig. 4A. A kinematic ellipse plot for K The semi-minor 

axis is the final-state c.m. momentum, and the distance between the 

° A vertex at the left and the n vertex at the right is equal to the 

K lab momentum. Lab momenta and angles for various c.m. cosines 

at the perimeter may be read off directly: A (nO) in the upper 

(lower) half-plane. 

Fig. 4B. -0 
A similar plot for K- + p ~ K + n. Quantities for the n (KO) 

are in the upper (lower) half-plane. 

Fig. 5A. Curves of constant decay opening angle between the decay 

° products for Kl and A. The lab momentum of the (-) decay product 

is plotted against that of the (+) decay product. 

F'ig. 5B. The expected isotropiC distribution of the n 
o 

in the Kl c.m.; 

the A events which simulate K10 show up in the backward angles. The 

lower histogram shows the K10,S separated from the Ars. 

Fig. 6A Positions of the production vertex along the chamber. The 

entrance to the chamber is located at x=24 cm. 

Fig. 6B. Lateral positions of the decay vertices along the beam. Events 

falling outside a radius of 21.5 cm from (x,y)=(48.5,50) cm were 

rejected. 

Fig. 'T1\.. Length of the A before decaying. A cutoff lengtb 1.
0

",0.8 crn 

was used. 

'. 
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Fig. 7B. Histogram of WL' the weight for the I\. length selection assigned 

to events meeting the fiducial, length, and missing-mass-squared 

criteria. The limit near WL=l.l is due to the kinematics of the 

problem and to the non-zero cutoff length. 

Fig. SA. Azimuthal distribution for high momentum I\.'s. 

Fig. SB. The same distribution for low momentum I\.'s. Losses of I\.'s whose 

momenta make small angles with respect to the camera axis would be 

evident near ~=90° and 270°. 

Fig. 9. The combined distribution of the square of the missing mass of 

neutrals recoiling against the I\. for events satisfying the fiducial 

and length criteria. 

Fig. lOA. o 
Angular distribution of the rt at PK=1019 MeV/cfor events 

satisfying fiducial and length criteria (lower histogram). The 

distribution for events weighted by W alone is shown as the upper 
m 

histogram. 

Fig. lOB. 
2 

Distribution of X for the lC-fit for events meeting the fiducial, 

length, and missing-mass-'squared criteria. 

Fig. 11. Complex T-plane with unitary bounds for a resonant state (small 

circles). The circle centered at the origin with radius 0.5 is the 

limit for partial-wave amplitudes in a reaction channel. These limits 

are drawn for partial-wave amplitudes in a state of pure isotopic 

spin. 

Fig. 12. Cross sections for K o +p-? I\.+rt. The solid curve fit to 

the data points in the present experiment are from solution 16. The 

points of Armenteros et al. 27 are also plotted. 

Fig. 13. 
o 0 

Production angular distributions of the rt for K + P -? 4 + rt . 

The solid curves are the fit to our data from solution 16. 
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Fig. 14. The A polarization for our experiment. The solid curves show 

the fit to the data from solution 16. 

Fig. 15A. Plot for solution 5a of the D5, F5, F7, and D3 resonant 

amplitudes with real t- and u-channel exchange projections is a 

fit to the data shown in Figs. 12-14. The (+) symbols denote the 

excursion limits of the amplitudes over our energy range. 

Fig. 15B. Plot for solution 14 of the same resonant amplitudes but with 

a t-channel exchange modified by a phase factor. 

Fig. 15C. Plot for solution 16 of the same resonant amplitudes with 

both t- and u-channel terms modified by phase factors. 

Fig. 16. Plot for solution 15 showing D5, F7, and D3 resonant amplitudes; 

both t- and u-channel terms have been modified by phase factors. 
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