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FOUR-BODY STRANGE PARTICLE PRODUCTION IN pp COLLISIONS AT 6 Bev/c 

Stanley Lewis Klein 

Lawrence Radiation Laboratory 
. University of California 

Berkeley, California 

ABSTRACT 

An exposure of the LRL 72-in. liquid-hydrogen bubble chamber to 

6 BeV/c protons has yielded some 3000 examples of production of strange 

particles in four-body final states. Cross sections for the reactions 

pp ~ AKop~+, pp ~ AK+p~o, and pp ~ AK+n~+ are 64 ± 6 ~b, 39 ± 6 ~b, and 

43 ± 4 ~b, respectively. The resonances K*(890), N*(1236 ), and Y*(1385) 

are produced with cross sections 

0' (pAK*+) = 9 ± 3 ~b 

0' (AKoN*++ ) = 23 ± 3 ~b 

0' (AK+N*+) = 4 ± 2 ~b 

0' (pKOy*+) = 11 ± 2 ~b 

+ a(pK y*O) = 7 ± 1 ~b 

0' (nK+Y*+) = 15 ± 2 ~b 

In addition, the quasi-two-body reaction pp ~ NN*(1950) , N* ~ Y*K is 

obser'ved. Except for the low K~ effective mass region, the data are 

found to be in good agreement with a pion exchange model. 
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I. INTRODUCTION 

The inelastic proton-proton interaction has been studied most exten-

1-20 sively in zero-strangeness reactions. Those results indicate that 

resonance production is dominant and that the reactions can often be inter-

preted as examples of pseudo-two-body production. Variations of single 

pion exchange models have been generally successful in interpreting these 

data. Until recently, the strange particle data have been too sparse for 

any detailed analysis. The three-body strange particle final states have 

been investigated and the reported results indicate that pion exchange is 

probably an important mechanism in their production.ll,2l~26 The four-

body strange states have been only incompletely or qualitatively studied~l} 

21,23,26, It . h t is interesting, therefore, to exam~ne t ese sates in more 

detail and determine to what extent the production mechanisms are like 

those of the non-strange and the strange three-body reactions. 

We present results for the reactions 

pp ~ ApKo~+ (a) 

ApK+~o (b) 

1\nK+~+ (c) 

We find Y*(1385) resonance production in all three final states and 

N*(1236) and K*(890) in (a) and (b). A low mass enhancement in the Y*K 

system is observed in all reactions and has been interpreted as N*(1950) 

production proceeding via pion exchange. In Section II we discuss the 

experimental techniques we have employed with emphasis on the difficul-

ties presented by reactions with an unobserved neutral particle. In 

Section III the method of determining the cross sections is given. 
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section IV contains a discussion of the general features of the final 

states and the method of fitting used to determine resonance cross sec-

tions. A more detailed discussion of the properties of the Y*K enhance-

ment is presented. In Section V we examine the agreement of the data 

with a pion-exchange model and in Section VI a simple test of SU
3 

is 

applied to check the consistency of our interpretation of the Y*K 

enhancement as N*(1950). 

,-, 
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II. Experimental Techniques 

A. Beam 

The results presented in this thesis are from the analysis of some 

550,000 pictures taken during an exposure of the Alvarez 72" liquid LJ 

hydrogen bubble chamber to 6 BeV/c protons. These protons were produced 

in a target 3/8 in. high, 1/4 in. wide, 1/2 in. long oriented at 7
0 

wi.th 

respect to the external proton beam of the Bevatron and were transported 

to the chamber using the arrangement shown in Fig. 1. The focal proper

ties of the beam at the front of the uranium collimator were .determined 

by the IIC" and "H" bending magnets and the first quadrupole doublet. 

The "C" magnet required considerable shimming in order to reduce spatial 

variation of the field to less than 0.2i. The bending magnets achieved 

a momentum dispersion of 1 in.· per li 6P/p, and the quadrupole yielded 

vertical and horizontal magnifications of about 0.5 and 1, respectively. 

A slit, of dimensions 1/2 in. vertically and 1/4 in. horizontally, 

through the 12 in. thick uranium collimator.resulted then in a momentum 

definition of ± 0.12i. The other quadrupole doublet was rUn with both 

sections defocus sing horizontally to produce a more diffuse beam in the 

chamber. The two "H" magnets after the slit were both needed for proper 

steerage of the beam through the fringe field into the chamber. In the 

first running period, during which about half the pictures were taken, a 

polyethylene target was fixed in position in the beam. This target was 

valuable in the tuning since elastically scattered protons were easily 

identified with counters located directly in front of the slit. During 

the remainder of the run a copper target was fixed at a distance 3/4 in. 

from the normal eXternal beam position and the beam deflected onto it 
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by a magnet pul::le'd on for '" 500 I-Lsec'. Thus, independent intensity con-

trol was achieved with the remainder of the beam available for other 

experimenters. Beam intensities of '" lOll protons per pulse and'" 5XlOlO 

protons per pulse were required for the first and second targeting 

schemes respectively. Although the average number of particles in the 

main channel varied from 20 to 40 per pulse, the number entering the 

bubble chamber was held nearly fixed at 11 with a fluctuation of about 

2. This stability was obtained with the, use of a pulsed parallel plate 

electromagnetic separator operated with a 4-in. gap and a 150 kVbetween 

the plates. When the requir~d number of tracks were registered by 

counters in front of the chamber, a spark gap in parallel with the plates 

was discharged in about 2 I-Lsec. The spectrometer's magnetic field then 

deflected the remair:i~ng particles 3;1+ in. vertically off the:slit into 

the uranium collimator. Contamination from single pion production is 

expected to be small and estimated to be less than 0.1%. This value was 

the result of a measurem.ent made in a similar beam using a Cerenkov 

counter to distin'guish pions from protons. Heavy particle contamination 

is expected to be even smaller and these contaminations were neglected 

as a source of background in the analysis. 
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B. Scanning and Processing of Events 

All of the film was scanned once and approximately three-fourths 

of it was re-scanned. The only topologies which were used in the analy-

sis were all two-pronged events with either one or two neutral V's visible. 

All events were measured with either Franckenstein or Vanguard measuring 

machines and fitted using the PANAL-PACKAGE analysis programs. A small 

sub-sample of events was also processed with the TVGP-SQUAW system to 

check for possible biases in the fitting procedure. The identification 

of events in the two cases was almost invariably the same. 

We have chosen to study events which were identified as examples of 

reactions: 

a) 

b) 

c) 

o + pp ... 11K p:rr 

+ 0 pp ... 11K p:rr 

+ + pp ... 11K n:rr 

Examples of the reaction pp ... ZOKop:rr+ were not included in the analysis 

due to the small number of events and rather serious biases. A fit to 

either b) or c) was accepted if the VO fitted the 3c A hypothesis and 

if the lc fit for the production hypothesis had a X2 less than 5.0. For 

reaction a), events with two visible VO decays were accepted if the 

corresponding 4c fit to the production hypothesis had a confidence 

level greater than 1/2%. In all cases, the predicted bubble densities 

for the two charged tracks at the production vertex were required to 

be compatible with those observed. Even after repeated remeasurements 

some events failed ,to fit any production hypothesis consistent with 

the observed bubble densities. For approximately half of the film, a 

.' 
" 
, . 

.. 
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detailed study was carried out to understand these events. For the sub-

set of this sample where unambiguous identification of the tracks was 

possible, we always found the corresponding missing mass to be in agree-

ment with the production of two neutral particles. For the remaining 

events, where no unique identification of the charged tracks was possible, 

we invariably found at least one assignment for the tracks consistent 

with the observed bubble densities and with the production of two neutrals. 

Therefore, we have assigned events which failed to fit to the category of 

two or more unobserved neutrals. Further evidence for the validity of 

this procedure is given below. 

Besides those events with no fits, some were found to be ambiguous 

between two hypotheses. Except for a negligible number, all ambiguities 

were between different production hypotheses involving the same observed 

neutral. Except for ambiguities between the 4c fit .AK0 p1t+ and the 2c 

fit ZOK
o
p1t+, cases of ambiguity between different constraint classes 

were assigned to the hypothesis of higher constraint. When the hypothesis 

of higher constraint was a 4c fit, this procedure was probably correct; 

howe~er, for those events ambiguous between the 2c fit, ~opK+, and the 

lc fit, ApK+1t°, the chance for misassignment was very much more likely. 

Fortunately, this type of ambiguity only occurs for the "1t°":final state. 

In Table I we give the observed number of events for each of the various 

categories we have discussed. 

Before describing the way in which the ambiguous sample was includ-

ed in the analysis, the obvious kind of correction to the data should be 

discussed. We find the proper lifetime distributions for both A's and 
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Table I. Event totals and cross sections for pp four-body reactions 

containing a Aat 6 GeV/c 

category 

APK°3{+ 

ZOpK°3{+ 

APK+3{° 

.1\nK+3{+ 

° + ° + ApK 3{ -ZpK 3{ 

° + + ° ApK 3{ -ApK 3{ 

A KO + .1\nK+ + ;p 3{ - 3{ 

+·0 + ° ApK 3{ -fK P3{ 

i\nK+3{+-J\n3{+K+ 

A + 2 prong + two or 
more missing neutrals 

Observed No. 
of events 

959 

160 

492 

554 

59 

71 

41 

20 

50 

1148 

A 
Corrected No. Cross section 

of events (~b) 

990 64 ± 6 

164 11 ± 2 

531 39 ± 6 

614 43 ± 4 

42 

71 

36 

19 

55 

1275 

A. These are the corrected numbers of events after minimum length 

and projected opening angle cuts and corresponding weightings 

have been applied to the data. 

.. 
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KO,s to be depleted in the region * < 0.2. These depletions are assumed 

to be J result of the inability ito detect V
O decays occurring close to 

the production vertex. A minimum length cutoff of 1.2 cm and a corres-.. , 

'. U , ponding weighting were applied to the sample to correct for thlS eff~ct. 

The corrected number of events then agreed with that expected. The 

details of this and also a projected opening angle correction are given 

in Appendix A. Evidence for the bias against A's with small projected 

opening angle was found in the doubly differential solid angle distribu-

tion of the lambda decay proton. 
,.. 

We define z, the polar axis, along the 

direction of the A, and measure the azimuthal angle <I> of the decay proton 

A A "A-

from the plane, containing z a~d G, where G is a fixed vector in the bubble 
! 

chamber which points along the magnetic field toward the top glass. After 

A 
Lorentz transformation along z into the rest frame of the lambda, we ex-

pectthe solid angle distribution of the decay proton to be isotropic, 
I 

i.e. , I 

d
2

N 
d cos e d<l> = constant , 

since we have effectively averaged over all azimuthal production configu-

rations and since there can be no component of polarization along the 

lambda momentum. The experimental distribution in fact shows depletions 

exactly where they would be expected if a bias against small projected 

opening angle existed. The <I> projection of this distribution for all 

A's wi:j:;h length greater than 1.2 cm is shown in Fig. 2. We have found 
! 

a 30
minimum projected opening angle cut with the corresponding weighting 

adequate to correct for the depletions. The final weight for an event 

is then the product of the two weights we have discussed. The corrected 
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numbers of events for each of the categories mentioned above are also 
, 
I 

given in Table I. The average weights for the length and projected 
I 

opening angle corrections are 1.11 and 1.23 respectively. The distribu-. 

tion of final weights for the A's is found to be narrower than either 

distribution of the two individual weights. The reason for this is that 

the two efficiences behave oppositely as a function of momentum. We have 

also studied the K
O 

decay distribution, although there are few events 

compared to the number of A's. The polar decay angle distribution was 

found deficient in the region cos e~90o, indicating that decays of very 

slow KO,s were probably missed by the scanners. The expected branching 

ratios of 1/4/2 for (A)Kop3t+/A(Ko)p3t+/AKop3t+ also indicated this bias. 

A careful examination of about 40% of t~e events fitted as examples of 

pp ~ A(Ko)P3t+ with KO momentum less than 500 MeV/c confirmed our suspi-

cion.. The branching ratios for these events after the discovery of the 

missed KO decay then was in good agreement with that expected. No 

further attempt was made to correct for this bias since only about 30 

events were completely missing from the total sample of about 1000 events 

and no differential bias was indicated • 
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C. SOURCES OF CONTAMINATION 

The unique center-of-mass reflection symmetry of proton-proton 

collisions may be exploited to determine evidences for possible biases 

in the data. Since the rea'ctions we analyze are peripheral, angular 

correlations involving the final state baryons are expected to be the 

most sensitive to this test. Before examining the final states used 

in the analysis, we present evidence in Fig. 3 that our criteria for 

the assignment of events to the category of two missing neutrals dis-

cussed above was correct. We plot the distribution of the cosine of 

the production angle for the lambda in the overall center of mass using 

weighted events. The reference direction is defined by the beam proton. 

The events in the plot consist of about half of the entire sample of 

events in the missing neutrals category. The normalized curve is a 

simple hand-drawn fit to the data and is included only to indicate 

the agreement with the center-of-mass symmetry. We now consider in 

Fig. 4'the production angular distribution for the lambdas in all of 

the other categories of Table I. The asymmetry between the backward 

and forward hemispheres is probably not statistical, but is the result 

of either an exclusion of good events or an inclusion of faked events. 

Since we have already argued that the former is not the case, we conclude 
\ 

that some faked fits are included in the sample. If this is true, we 

expect that they are from five-body events having special configurations 

that fit the' four-body hypotheses. The only three-body reaction, 

pp ~ ApK+, is not expected to be a SOL~ce of contamination since it is 

easily identified and the fit is highly constrained.22 
The final state 

+ + 
AK rr n appears to be the most seriolffily contaminated state judging from 
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the asymmetric lambda production arigLJ~r distribl~ion shown in Fig. 5. 

In that figure we do not include the events ambiguous with the Aprr+Ko 

final state although they have the same asymmetric character as the 

unambiguous ones. Further more, we find the contamination to 'be almdst 

exclusively confined to a quadrant in the center of mass defined by 

cos e A < 0 and cos en < O. Here as above the angles of the lambda and 

neutron are measured relative to the beam proton. The population of 

60 events for the reflection symmetric quadrant where both baryons are 

in the forward direction is about half that of the contaminated quadrant. 

The other two quadrants contain almost equal populations of 360 and 370 
i 

events. The only five-body state which is likely to simulate AK+rr+(n) 

and be compatible with the observed bubble densities if Aprr+(Ko~o). 
I 

Fortunately, about 150 examples of this reaction have been fitted where 

both the KO and A decays are observed. We have reprocessed all of these 

known five-body events after removing the KO entirely. The fraction of 

these events which then fitted the A[+rr+(n) hypothesis and were consis-

tent with the bubble densities indicated that the contamination could be 

solely accounted for by this effect. Furthermore, except for 3 out of 

27 events, this fake sample populated only that quadrant in the center 

of mass which initially revealed the contamination. These pseudo events 

showed no other significant "differential bias," i.e., they were rather 

Uniformly distributed in all of the effective mass and arigular distribu

tions. Therefore, for the A[+rr+n final state, only the cross section 

needs to be corrected. In addition to those five-body events which 

after removal of the KO fitted the A[+rr+n hypothesi~, a smaller number 

fitted theA[+prro hypothesis. This sample was statisically insufficient 
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for studying the differential biases. Besides this source and the three

body L:°"ambiguitymentioned in Section lIB, we expect the .AI(+p1t'0 and the 
+ +. . 

.AI( n1t' events to be contaminated by true L:0 events. Unfor1;unately, we do 

not know the L:
0 

cross sections for these two states and hence cannot kno,,, 

the magnitude of this effect. However, an upper limit can be estimated. 

If it is assumed that the relative production rate o~ L:0 and A for each of 

these two four-body K+ states is the same as in the final states L:°Kop1t'+ 

and .AI(0p1t'+ and that their production mechanisms are similar, then the L:0 

contamination in these K+ states is expected to be less than 8%. This 

number is based on the assumption that all of the ambiguities between 

o + 0 0 + .AI( p1t' and L: K p1t' belong to the latter category, and is hence likely 

to be an over-estimate. In fact, judging from the center of mass 

production angular distribution, it is more probable that most of those 

events are truly A events since the A production angular distribution 

o for the K state is depleted in the backward hemisphere and the ambig-

uousevents would help to correct this asymmetry. However, from our 

study of the n final state, we expect the five-body reaction 

pp ~ ApK+(1t'°1t'°) to be a source of contamination in the hp1t'+(Ko) events. 

This would affect the symmetry of the production angular distributions 

and hence we feel we are unable to reliably assign ambiguous events 

using only the symmetry criterion. Other methods of investigating the 

ambiguous events," such as studying the scatter plot of missing mass for 

one hypothesis vs. missing mass for the other hypothesis, have failed to 

indicate any preference for assigning them. For these reasons, we have 

decided that the most reasonable procedure to follow is to include an 

ambiguous event in both categories with a weighting factor of 1/2, 



-18-

although no significant changes are observed if we vary the factor from 

o to 1. Besides estimating the size of the five-body contamination, we 

have also included the ambiguous event weighting procedure as a source 

of error in the cross section calculations. The biases we have discussed 

are all relatively small compared to the total numbers and we estimate 

the ApK+~o final state to be the most seriously affected and place an 

upper limit of 15% on this undesirable background. 
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III. CROSS SECTION DETERMINATION 

From the definition of cross section, the number of interactions 

into channel i, Ni , taking place in a length dx is given by: 

where N(x) is the number of beam particles at x, D is the number density 

of targets per cm), and Ci· 
i 

particular! process. Since 

it follows that , 

and 

, 

is the corresponding cross section for the 

I dNi = - dN 

i 

= 

N(x) = N(x = 0) 
-DCirrfC 

e 

where CiT is the total cross section. Hence, the total number of inter-
\ 

actions over a length L into channel i is given by 

-DCi~ 
N(x = 0) (1 - e ) 

Experimentally we do not measure N(x = 0) but rather N(x = L), the 

number of beam tracks which enter and leave the fiducial volume without 
, 

interacting. Therefore, 

1 
= 

DCii' 
(e - 1) 

In practice,some tracks counted as beam tracks have elastically scattered 

somewhere in the fiducial volume with small momentum transfer to the 
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target. 
ORS Let NS be the number of interactions of this type, and N 

be the number actually counted, then 

But NS is given by 
as DO"of' 

NS = N(x = L) (e - 1) 
O"T 

so 

NOBS = [ as Dcr~ ] N(x = L) 1 + O"T (e - 1) 

Solving this equation for N(x = L) and substituting into the equation· 

above for O"i we obtain: 

[ 
1 O"s ] 

. DO"~· + O"T • 
(e - 1) 

We estimate that recoil protons with momentum < 100 MeV/c are not 

observed and we use 27 
O"s = 1.6 mb. 

We have counted tracks in about 1,000 frames evenly spaced 

throughout the film and find 

NOBS = 5,090,000 ± 150,000 • 

The uncertainty given is not the statistical error but rather the average 

deviation of several measurements of NORS • 

Using a fiducial length L = 125 cm., and O"T 

D = (0.361 ± 0.007) 1023/cm3 we obtain 

O"i = Ni (.0401 ± .0014) ~b/event • 

= 40.6 mb
28 

and 

The number Ni is the sum of the weights for the events in channel 

i. From Poisson statistics, the uncertainty in Ni is 

-VI 
j 

2 w. 
J 

" 

) 

, .. 
",-
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where w. is the weight for the jth event. In all of our histograms with 
J 

error bars, the same method of ca~culating the uncertainty is used. 

The cross sections ,are also corrected ~or the scanning efficiency. 

In two independent scans, we found efficiencies"of 0.80 ± 0.03 and 

0.82 ± 0.03 resulting in a combined efficiency of 0.96 ± 0.02 • 
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IV. RESONANCE PRODUCTION 

A. General Features 

o + + 0 + + Since the three final states AK p~ , AK p~ , and AK n~ each contain 

the same hadrons differing only in their charges, we expect the dynamical 

mechanisms of their production to be related. With few exceptions, we 

indeed find the same general behavior in the data for each state. There-

fore, we discuss the three final states simultaneously. 

All of the expected pionic resonances, namely Y*(1385) , K*(890), 

and N*(1236) are observed. We also find evidence in all channels for 

peripheral production of N~/2(1950) and subsequent decay into Y*K. Our 

analysis of this pseudo-two-body state is somewhat lengthy and is given 

separately in Section B. We also observe low mass enhancements in each 

AK mass spectrum. These enhancements could be associated with any of 

three I=1/2 resonances, but since our data are insufficient for an adequate 

study we account for these enhancements only in a phenomenological way in 

Section V using a pion exchange model. 

In order to estimate amounts of the pionic resonances produced, we 

have fitted the data for each final state to a sum of pure phase space 

plus resonant phase spaces. Although certain features of the data are 

certainly in disagreement with the simplifying assumptions of isotropic 

production and decay of the resonances, we nevertheless are able to 

reliably estimte the amounts of N*, K*, and Y* production. These amounts 

obtained by fitting to our phase space model are in excellent agreement 

with the corresponding calculation done for a pion-exchange model where 

the overall agreement with the data is quite good. 

" 

)' 

'. -,. 
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In the model for four-body production where no correlation of the 

final state with the initial state is included, five independent vari-

ables are necessary to specifY the final state. For each final state we 

have fitted the experimental density in this five-dimension space to an 

incoherent sum of N-l different resonant processes and one pure phase 

space process. 
N 

f(O:,x) = I O:j IMj(X) 12p(x) 

j=l 

Here the 0:. are the relative intensities of the different processes being 
J 

fitted, x denotes the set of five independent variables, the IM.1 2 are 
J 

the corresponding Lorentz invariant matrix elements squared, and p(x) is 

the phase space density. So that the 0:. corresponds to relative inten-J . 

sities, we reqUire: 

and 
N-l 

~ = 1 - I O:j 
j=l 

These conditions also insure the normalization of the distribution func-

tion: 

J f(O:,x)dx = 1 • 

The likelihood function is then given by 

wherei enumerates the events andw. is the weight for the ith event. 
. 1 

The function which we actually maximize is the log of the likelihood 

function: 
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H{a) = In L = w. In a.IM.{xJ.) I L.,........, L . 2 
J. J J 

i j 

Notice we have dropped the term Iln 

the a.. This results in an extre~ely 
J 

, i 
p{x ) • wi which is independent of 

important simplification, since in 

the most general case this term contains over 100 factors if the five 

29 
variables are all chosen to be effective masses and it would be very 

time consuming to evaluate all of these factors for every event. Al-

though the normalization integrals also involve p, each can be easily 

evaluated numerically by transforming to an appropriate set of variables 

in which the expression for p becomes trivial. 

The forms of the IM.1 2 we use are 
J 

for the pUre phase space process 1~12 = const 

for N*(1236), K*(890), and Y*(1385) resonances 

2 
IM.1 2 = const .!L r{m) 

J p (m2_m2)2 + m2 r2{m) 
o 0 

where m is the invariant mass of the resonant pair of particles and p is 

the momentum of either one in the rest frame of m. We use the same width 

in the denominator as in the numerator since all of the resonances are 

nearly 100% elastic. The constants are determined by the normalization 

conditions above. For N*(1236) and Y*(1385) we use: 

where EB is the energy of the baryon in the resonance rest system, ~ 

o is the mass of the baryon and Po and EB are the values of p and EB at the 

; 

.' 

. .. 
" 

.. . 
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nominal resonance mass, mo. For K* (890) we use 

Before giving the results of our fits, we briefly describe an 

independent method of fitting to the same model which was done as a 

check. Instead of fitting all resonances simultaneously, we have made 

fits to the individual resonant effective~~ For example, to deter-

mine the relative intensity of N* we fit to 

Each normalized $ was calculated by numerical integration of the appro-

priate resonance cross section and is the background contribution for 

that process in the N~ mass distribution. The parameters a2
iand a

3 
are 

held fixed at some reasonable value and ~ is determined from the likeli

hood fit to theN~ mass distribution. Once ~ is found, we fit the ~ 

mass distribution and vary onlya2, holding ~ fixed at the value deter

mined in the fit to the N~ mass and a
3 

fixed at some reasonable value. 

The K~ mass distribution is then fitted in the same way and the whole 

process is then repeated. After one iteration, the values for the a. 
J 

converged on exactly the same values obtained from the simultaneous fit 

to the overall density! The actual mechanics of this second method of 
I 

fitting are far easier than the first and require considerably less 

programming effort. We have chosen this latter method for fitting the 

various pion exchange processes which we describe below in Section V. 

We give in Table II the results of our fits for the resonance 

relative intensities and the corresponding cross sections. The errors 

given for the relative intensity do not strictly correspond to one stan-
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Table II. Resonance cross sections for pp -+ ANKn: at 6 BeV/c. 

Y*{1385) 

1l:pKon:+ 

Relative Fraction 0.18±0.02 

Cross section (~b) 11±2 

1l:pK+n:o 

Relative Fraction 0.19±0.03 

Cross section (~b) 7±1 

Relative Fraction 0.34±0.02 

Cross section (~b) /15±2 . 

N*~1236) 

0.36±0.04 

23±3 

0.10±0.04 

4±2 

0.0 ±0.03 

O±l 

K*(890) 

0.10±0.03 

6±2, 

0.04±0.02 

2±1 

Background 

0.36±0.04 

23±3 

0.67±0.04 

26±4 

·0.66±0.03 

29±3 

;' 

; 

., 
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dard deviation since the parameters are correlated, but only indicate the 

degree of precision with which we determine the various relative intensities. 

Since the initial p-p state is pure I=l, we obtain a prediction for 

the branching ratios of N*(12)6). Isotopic spin invariance also predicts 

a ratio of 2/1 fo! K*+(890) decay into KO~+/k+~o although no similar 

relations for Y*(1385) exist. The resonance cross sections are seen to 

be in reasonable agreement with the predicted ratios of 9/2/1 for 

AK°N*++(p~+)/AK+N*+(p~o)/AK+N*+(n~+) and 2/1 for K~1Ko~+)/K*+(K+~o). 

In Figs. 6 through 14 we display the various N~, Nt, and K~ 

mass squared spectra used in the fitting.' (We include the K+~+ 

mass2 distribution for completeness.) . The curves are the phase space model 

o + predictions using t~e amounts determined in our fits. Except for the K ~ 
I 

and K+ ~o mass2 "distributions, the agreement is. reasonable. The enhance-

ments ~eenin the low (K~)+ mass region correspond to a mass of about 

725 MeV/c2 and a width of about 70 Mev/c2 • There have been similar 

enhancements observed in different experiments, but interpretation of 

them as evidence for a bonafide resonance has been generally unaccepted 

since the enhancement is often not seen where it would be expected and 

the width seems to vary considerably. 3
4
The possibility that the effects 

we see are dynamically correlated with N*(1236) or Y*(1385) production 

is difficult to test since phase space alone simultaneously favors low 

" 29 
N~, low Nt, and low K~ masses. However, the lack of any enhancement in 

"the K+~+ mass2 distribution for the AK+~+n state where Y*(1385) produc

tion is strongest tends to rule out Y*(1385) as a cause. It may be 

important that the K~ enhancement is largest in the state where N*(1236) 

production is dominant and is absent in the state where no N*(1236) is 

observed, although these facts may rather be only a consequence of the 
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Fig. 6. Effective mass squared distributionbf p:rr+1'or the reaction 

pp -+ ApKo:rr + (1170 events). The curve is for a phase space 

model described in the text. 
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Effective mass squared distribution of p~o for examples of 

the reaction pp ~ PPK+~o (7oBevents). The curve is for a 

phase space model described in the text. 
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of the reaction pp ~ ApKo~+ (1170 events). The curve is for 

a phase space model described in the text. 
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Effective mass squared distribution of ~+ for examples 

of the reaction pp ~ ApKo~+ (1170 events). The curve is 

for a phase space model described in the text. 



-32-

130----------------------~--------~--------~ 

120 

110 

100 

U) 

~ 
Z 
W 
> 
W 

90 

80 

70 

60 

50 

40 

30 

20 

10 

~.OO 2.00 3.00 4.00 5.00 

XBL 688-1473 
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Fig. 11. Effective mass squared distribution Of~+ for examples 

of the reaction pp ... i\n.K+'r + (791 events). The curve is 

for a phase space model described in the text. 
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Fig. 12. E:ffective mass squared distribution of K0 1r+ for examples 

of the reaction pp ~ ApK°1r+ (1170 events). The curve is 

for a phase space model described in the text. 
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Effective mass squared distribution of K+~o for examples 

of the reaction pp ~ ApK+~o (708 events). The curve is 

for a phase space model described in the text. 



(f) 

r-
Z 
W· 
> 
w 

-36-

aO~-------------------------------------------1 

70 

60 

so 

40 , 
30 1 

\ 

20 r 

t\ 

10 
~~~~ 

i~'L 
IJ.~n:II" ~ 

S.~----~--.S-0------1--.0-0------1--.S-0----~2~.0~0~~---J2.S0 

XBL 688-1476 
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I=1/2 K~ interaction. The corresponding pion exchange predictions for 
. 0 + ! + 0 I 
the K ~ and K ~ mass distributions (displayed in Figs. 30' and 44, 

respectively) also fail to indicate any peaking in the low ~ mass 

region. 
I 

Although the K~, N~, and Air. effective mass distributions are in 

rather good agreement with our simple phase space model, there are other 

distributions which are not. Besides the angular distributions, which 

are hardly expected to agree, the AN effective mass distributions seem 

to be the worst. In Fig. 15 we display the Ap effective mass for the 

ApKo 
1C + final state as an example. The normalized curve is again the 

prediction of the phase space model. This lack of agreement is an itidica-

tion that we need a more sophisticated model in which the angular correla-

tions of the final state particles are included. In Section Vwe describe 

such a model and find that pion exchange is successful in describing 

almost all aspects of our data. 
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B. Y*K Decay o~ N*(1950) 
. 2 

An erihancementin the AK~ mass spectrum at about 2040 MeV/c is 

seen in each o~ the three channels we analyze, although the e~~ect is 

largest 
I + + 

in the AnK ~ ~inal state. Since we interpret this ,enhancement 
i 

as an I=3/2 re~onance, the ~+K+ system is best suited ~or ~urther study. 

This system has Iz=3/2 and there is no background ~rom K*(890) production 
! 

and essentially none ~rom N*(1236). 
I 

There~ore, the subsequent discussion 

+ + 30 will be restricted to the An[ ~ channel. The AK+~+ mass distribution 

is given in the unshaded histogram o~ Fig. 16 along with a background 
! 

curve which i~ I calculated as a mixture o~ 82 percent non-resonant phase 
I I 

space and 18' pJrcent nY*W resonant background. The normalization :for 
I . 

this curve and the ~raction o~ y* are determined ~rom the events with 

+ + !., 2 
M(~ K ) > 2.3 BeV,c. To provide a more pure sample, eXplOiting the 

I 

peripheral cha~acter o~ the pro~uction o~ the resonance, we select events 

with Icos e I > 0.9, where e is the angle between the neutron and the 
n - n 

beam proton in the overall center o~mass. + + The consequent ~ K mass 

spectrum~or these events is presented in the .shaded histogram o~ Fig. 16; 
. 2 . 

the peak at 2040 MeV/c is clearly enhanced. 

The corresponding ~+ e~~ectivemass spectra ~or the sample be~ore 

anda~er the neutron angle selection are shown in the unshaded and shaded 

histograms o~ Fig. 17 ,respectively. We see that in the region o~ Y*(1385) 

there is particularly little background a~er the neutron angle selection. 

Hence, bY.imposing the additional requirements that the ~+ mass be within 

the Y*(1385) region, M(~+) = 1385 ± 35 Mev/c2, we obtain a nearly pure 
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peripheral isample of pp ~·nY*~+. The Y*+K+ mass spectrum obtained in 

this way is given in Fig. 18. The two selections we have imposed have 

yielded a sample quite free of background, yet the magnitude of the peak 

has decreased very little. 

We have indicated above that the enhancement we observe is peripheral-

ly produced. Of course, another way to see this is in the distribution 

of the four-momentum transfer to the Y*K system. This 62 distribution , 

shown in Fig. 19, is for the sample of events with only the selection on 

M(~+) mentioned above. In order to see if the peripheral nature of y* 

production alone could produce an enhancement in the Y*K system, we have 

parameterized the cross section according to 

6
2 

.J2 e _ab.
2 

(62+ri)2 m 
1( 

where 62 = four-momentum transfer to the Y*K system, 

m = effective mass of Y*K, 

p = momentum of theY* in Y*K center of mass. 

The value of a needed to fit the 62 distribution is 0.5 ± 0.5 (BeV/c)-2. 

Events were then generated by a Monte Carlo method and the same two 

selections were imposed on them as on the data. The resultant reflection 

of this "peripheral phase space"in the Y*K mass spectrum is shown as the 

smooth curve of Fig. 18. The agreement is very poor and we conclude that 

a non-resonant phase space which successfully fits the production angular 

distribution of Y*K is insufficient to account for the enhancement in the 

Y*K mass spectrum. 

" 

.. .. 
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i.n the text. 
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We have fitted the Y*K mass spectrum toa sum of resonance and 
I ., 

peripheral phase space. For the resonant cross section, we f.eplace the 

phase space factor~ in the above equation by 
m 

mr(m) 
22222 

(m -m) + m rt(m) o 0 

where mo nominal resonance mass, 

rem) = energy-dependent partial width for Y*K decay, 

rt(m) - rel(m) + rin(m) is the total energy-dependent :width, .the 

s~ of the elastic and total inelastic widths. 
I 

We parameterize the energy dependence of the widths by a form first pub-

, ! 31 
lished by Glashowand Rosenfeld 

where p = momentum of y* in the resonance center of mass 

£ = decay angular momentum. The parameter b is a measure of the 

inverse of the interaction radius. 

Because of the large number of free parameters and the rather small 

number of events, we are unable to give a precise determination of the 

resonance parameters. We describe the variation of X2 for a fit to the 

experimental.Y*K mass histogram of Fig. 18. We vary the amount of 

resonancej.the nominal resonance mask m , the total width at resonance, o 

rt(mo)' the decay angular momentum £, and the inverse of the interaction 

radius b. Except for the case £=3, where we obtain a satisfactory fit 

uGir~n mnss and width consistent with N*(1950), we assume that rt(m) 

is dominated by the one decay mode N-lC-(1236)3!. For N*(1950) the elastic-
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ity is known to be about 0.5, so we use half N1f and half N*(1236)1f decay 

in the calculation of rt(m) in that case. Since the region of mass we 

fit is quite far above both N1f and N*1f thresholds, the results are in-

sensitive to the relative amounts of their partial widths. Although the 

best fits are obtained with less than 100% resonance, the fraction of 

resonance required is consistent with the assumption of pure resonance 

decay. A value of 0.85 ± 0.15 for the resonant fraction is typical. In 

Table III we present, for fixed values of £ and b, the best determinations 

2 
for mo and r t (mo) and the corresponding X for the fit. The shifts from 

these best values assuming only resonance decay are neglible compared to 

the uncertainties. Furthermore, the answer for the nominal resonance 

mass does not change if all of the ~2 dependence is removed, although 

slightly narrower widths are obtained as expected. In a maximum likeli

hood fit to a pure resonance model with no ~2 dependence we find, for 

. 2 2 
example, mo = 1994 MeV/c and r = 190 MeV/c for £ = 1 and b = 350 MeV/c 

with uncertainties comparable to those given in Table III. 

There is some question as to the validity of the above resonance 

form and energy dependent partial widths in a region far removed from 

the nominal resonance mass. However, assuming the model is correct, the 

data are consistent with the values m = 1950 MeV/c2 and rt(m ) = 220 MeV/c2 • o 0 

These are the presently accepted solutions for the resonance parameters of 

N*(1950) observed in the F37 partial wave in pion-nucleon scattering. 32 ,33,34 

Although several other I=3/2 resonances have been reported in this energy 

region,3
2 

N*(1950) is the only firmly established one. The dashed curve 

in Fig. 18 is the prediction of our peripheral model assuming 100% reso

nance decay with I = 3, b = 0.20 BeV/c, mo = 1940 Mev/c
2 

and r t (mo) 



-47-
+ + Table III. Results of fit to y* K mass spect~um • 

.... -_ ...... _--------- 1-- . __ ... _---.--. -1----;· ----.-
Decay Angular b Resonance Mass Total Width X for 4 

Momentum £ m rt(mo) Constraints 
0 -------

I 
c i 

0 ! 2035 ± 20 200 ± 50 ! 0.1 ! 
, i - ,~.- ...... - , 

.20 2010 ± 25 I 240 ± 70 1.1 I , 
1 ; 

·35 1990 ± 25 230 ± 70 2.1 
--I---

, 
....... "" ... - .. --.... ".,--.~< 

.20 1980 ± 35 230 ± 70 2.1 i 
I 

2 i 
i 

.35 1930 ± 35 200 ± 70 3.7 , 
! 

.20 1940 ± 55 190 ± 45 I 3.1 I 
! 

3 ! 

.35 1850 ± 55 70 ±~ ___ ~~_I~ 
- .--... -.-- ..... ~.~-- .. 



-48 .. 

Unlike N*(1236), we do not expect N*(1950) to be cleanly produced, 

i.e. free of overlap an~or interference with other amplitudes. The 

r1950(mo) is about twice as large as r1236(mo) and there is an I=1/2 

resonance at 2190 MeV/c2 which may overlap with the N*(1950). From our 

analysis given in Section V, we believe pion exchange to be an accurate 

description of the production of N*(1950). The corresponding np ~ Y*K 

cross sections used in that calculation are displayed in Figs. 21, 22, 

and 23. These indicate that a single I=3/2 resonant amplitude is 

insufficient fordescribing the 1( p data in the relevant energy range 

although the 1(+P data are in excellent agreement with this assumption. 

It appears that all of the np ~ Y*K data can be fitted by a sum of 

I=3/2 resonant and non-resonant amplitudes and an I= 1/2 background, 

although much more data and a detailed partial wave analysis is needed 

for conclusive proof. For these reasons, we do not attempt to determine 

the "amount" of N*(1950) in the two channels fJ.{0p1(+ and JIK.+P1(o. We 

estimate the cross section for pp ~ N*++(1950), N*++(1950) ~ Y*~+ to 

be 13± 2 ~b. Further discussion of SU
3 

predictions for N*(1950) is 

given in Section VI. 
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V. ONE-PION EXCHANGE 

We have indicated above tmt a simple phas,e space model fails to 

describe certain aspects of the data which are sensitive to both the 

production and decay distributions of the resonances. Although several 

single particle exchange processes can contribute to the amplitudes which 

describe each final state, we make the assumption that only pion exchange 

is present and do not consider other processes such as kaon exchange. 

We now describe our formulation of this model which we find adequate to 

describe almost all features of the data. 

In Figs. mea) and 20(b) we have drawn the two possible single 

pion exchange diagrams which we assume to be the only contributors to the 

amplitude. !Of the two diagr~ms, (a) requires fewest assumptions for the 
I 

calculatiOn\SinCe the 

The N~ cross sections 

fairly well!studied. 
i 

vertices involve only two-body scattering processes. 

are known very we£l and the AK cross section is 

For diagram (b) we separate. the rrp ~ AK~ vertex 

into the two two-body diagrams shown in (c) and (d) and the three-body 

diagram (e),1 assuming that the only resonances produced are K*(890) and 
I 

Y*(1385). This assumption has been made when we unfold the experimental 

i crosssectiops. We discuss this below. The cross section for a final 

state 1s:then calculated as an incoherent sum of squares of the corres-

ponding amplitudes for the four diagrams (a), (c), (d), and (e). Since 

there are two identical Fermions in the initial state there are really 

two sets of diagrams, related by interchange of the two initial state 

protons, which contibute to the cross section. We assume that the cross 

section can be calculated neglecting the interference term in which case 

the cross section is just twice that for the single set of diagrams. 
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Fig. 20. One-pion exchange diagrams used in the calculation. 

These are explained in the text. 
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For the calculation of the diagram 2O(a) we follow Salzman and 

Salz~n~35As in all calculations involving virtual pions, there is some 

arbitrariness as to how to relate the virtual pion cross section to the 

real pion cross section. We make the assumption that both of the virtual 

pion cross sections can be replaced by the real pion cross sections at 

the same total energy. We have calculated the cross section according 

to 

l, 

~ 
! 

~~ and m
AK 

are the effective masses of the pairs of particles. 

t is the four-momentum transfer squared between the initial 

proton and the N~ system. 

is the angle between the initial proton and the final state 

nucleon in the N~ rest system and 

is the corresponding azimuthal angle of the nucleon about 

the initial proton direction. 

eAK and $AK are defined in the same way as eN~ and $N~. 

p and E are the momentum and energy of either initial state proton 

in the overall center of mass. 

dO'N~ dO'AK an-- and an-- are the experimental differential cross sections for 
N~, AK 

~ ~ ~Nand ~ ~ AK respectivelyo 

~~ and kAK are the momenta of real pions in the center of mass for 

the reactions ~ -+ irtN and ~ ~ AK at energies ~~ and mAKo 
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The experimental ~ ~ nN cross sections we use are calculated from 

the phase shifts of Lovelace's analysis. 32 In the energy range needed for 

our four-body states, these cross sections are dominated by N*(1236) 

production. The various ~ ~ AK differential cross sections we use are 

taken from reports listed in reference 36. 

There are seven independent variables needed to describe the most 

general four-body final state for fixed center-of-mass energy and we have 

written all differential cross sections indicating the seven variables we 

use in a Monte Carlo calculation. The details are given in Appendix B. 

For the process describing Y*(1385) production we use the following 

cross section 

where 

w 

k 

t 

1 
yew) 

o + = 15 for ~ exchange, = 30 for ~ exchange. 

= effective mass of AK~ system. 

• y(w) 

= c.m. momentum of a real pion in the initial state for 

~ ~ AK~ at total energy w. 

= four-momentum transfer between initial state proton and 

. final state nucleon. 

e~ and $~ are the angles describing the ~ system defined in the 
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.AKnrest system. 
i I 

are the angles describing the A in the An rest system. 

dO'y*', i 
-an:(w,ey*) = differential cross section for Y*(1385) production at 

total energy w. 
I, 

= momentum of the An system in the .AKn rest system. 

= ~omentum of the A in the An rest system. 

m and r o 0 

The 

= 1.385 Bev/c2 and 0.040 Bev/c2, respectively. 
, -a(t+m2) 

factor e .~ needed to obtain agreement with the four-

momentum transfer distribution in the nY*~+final state and we find 

a = 1.0'(BeV/c)-2 adequate for all th!eee final state~. 
I 

The momentum dependence for the y* decay we have used may not be 

the best, but since the y* is narrow it does not matter. As indicated 

in .the cross section, we assume a uniform decay angular distribution for 

the A in the An rest frame. 
1 

The data for "p -+ Y*K are sparse. Except for n-p -+ Y*OJc° at 2 BeV/c, 
37 

no production angular distributions are published. Therefore, we have 

used the total y* production cross sections with production angular. 

distributions taken from Our own data assuming pion exchange. For the 

relevant energy region, we find excellent agreement with Hardy's angular 

distribution. 

We have fitted the total "p -+ .AK31: cross sections to a sum of Y*(1385), 

K*(890), and background. All of the n-p data are from the compilation of 

Hardy37 and the n+p data are taken from the reports listed in reference. 38 

Our fit,S to the data are drawn in Figures 21, 22, and 23. The procedure 

we have used to obtain these fits is as follows. First, 



.0 

::i.. 

b 

150 

100 

BKG 
50 

OL-~~~~------~------~--------~--~=-~------~~ 

Fig. 21. 

1.5 2.0 2.5 3.0 3.5 4.0 

P1T (BeV/c) 
XBL687-3201 

- + -Cross section for the reaction ~ p ~ AK ~ as a function 

of beam momentum. Boxes are for total cross section, 

inscribed triangles are Y*-(1385)K+ cross sections. The 

curves are described in the text. 
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, - 0 0 
Cross section for the reaction ~ p ~ AK ~ as a function 

I , 
of beam momentum. Boxes are for total cross sectior;J 

insicribed triangles are y*O(1385)KO cross section. The 

curres are described in the text. 
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Fig. 23. Cross section for the reaction rr+p ~ A[+rr+ as a function 

of beam momentum. Boxes are for total cross section, 

inscribed triangles are Y*+(1385)K+ cross sections. 

For the first two data paints, the data are reported 

to be completely Y*+(1385)r production. The curves 

are described in the text. 
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-+ - - 0 0 the ~ p ~ AK ~ and ~ p ~ AK ~ total cross sect~on data were fit by eye 
, I 

with the curves 'shown in Figs~ 21 and 22, respectively. (These data are 
! . 

represented by the boxes.) Next, the ~-p ~ Y*-(1385)K+ cros~ section 
. I , 

was fit by eye ~th the curve lpassing through the inscribed triangles 

, ! - + -
of Fig. 21. Th~n, assuming the non-resonant ~ p ~ AK ~ background cross 

section to be sD).oothly'rising from threshold, we obtain the ~ -p ~ AK*(890) , 

K*(890) ~ K+~- cross section by subtraction. Having determined this 

K*(890) cross section from Fig. 21, we invoke isotopic spin invariance 

to obtain the K~ cross sectiol1:s for the reaction ~-p ... AK+~-, which is 
I 

- + -0 just half that ~or the ~ p ~ AK ~ reaction. This fit for K* (890) pro-

duction is in gqod agreement ~th the ~-p ~ AK*0(890) data shown in 
! , . - . ··0 0 

Fig. 24. Finally, again assuming the 'non-resonant ~ p ... AK ~ background 
I 

cross section to be smoothly rising from threshold, we obtain the 
'I - . 0' 

~ p ... y*0(1385)K cross section by subtraction. The ¢urve obtained in 

this way agrees fairly,well with the rr-p ~ y*0(1385)Ko data indicated 

by the inscribed triangles of Fig. 22. Although no measurement of the 

Y*~o cross section is published at 1.8 BeV/c, Miller has indicated the 

reaction is indeed dominated by 1*(1385) production. + + + 
The~p~AK~ 

data were fit again assuming that the non-resonant background cross 

section is smoothly rising from threshold. The y* curve obtained is 

in good agreement with the ~+p ~ Y*+(1385)K+ data points indicated by 

the inscribed triangles in Fig. 23. These ~+p data indicate that y* 
- ,_,,_______ I 

I 

production drops sharply as the momentum increases. These data, as 

we mentioned in Section IV B, are also consistent with the assumption 

that N*(1950)doniinates,y*+K+ production. 
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. Fig. 24. Cross section for the reaction ~-p ~ AK*o as a function 

of beam momentum. The curve is described in the text. 
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Our model for K*(890) is id,entical ~o the o~e just dis,cussed for 
1 I I I 

Y*(l)85)." The only difference is that we use the experimental differen-

tial cross sections interpolating linearly between data points. The 

.p t -a(~-Hn~) is also omitted in 'the calculation. We use m = .890 Mev/c2 

.Lac" or e ' " , 0 

t, /2 ,I and,!' = 50 MeV c for the resonance parameters. : 
I I ,I 
I 

To describe the non-resonant background, we assume ~ ~AK~ to be 
I 

. I: 
described by phase space and use isotropic production distributions for 

each of three particles. This assumption is clearly not valid at high 

values of AK~ mass, and also neglects the low mas~ AK interaction which 

is probably present. The cross section we use is then 
! 

d7a G
2 

1 t 
2 2 =---, 22 

dmlurdw dtdcoselurd~lurdcoseAd~A 4lt l6lt (t-Hn~) 
I 2 

(w-~) 

1 = l6~1-' i _P lur __ P_'A_ dm~ ! 
A(w} i m 

2 A1r, 

a(w) is the bac~roun~-,q;--...;(~;gloss' section at total energy w. The 

,1 PA 
~_ 2 kwa(w)plur -- A(w) 

(pE) ,~, 

where 

, ' I 
other definitions are the same as belore. 
---------------------,,-- '----- I I 

o + - 0 0 For the AK plt final state, we use ~ p ~ AK ~ cross sections which 

00+ are identically equal to the ~ p ~ AK It cross sections. The final state 

+ 0 ' 0 + 0 AK p~ requires ~ p ~ AK It cross sections. Isotopic spin invariance 

relates thi~ to I physical cross sections viz 

( 0,' +0 If:(+ ++' (- +- 00~1 a ~ p ~ M It )= 2~ ~ p ~ AK It ) + a It p ~ M It ) - (!(~ -p ~M ~ )J • 
I " i , , 

Unfortunat,el,y, none of < the experimental cross sections are known accurate-
--, 0 + 0 

ly and we therefore expect even larger errors in this It p ~ M It cross 

-section since subtraction of two comparable numbers is involved. 
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We have fitted the data for each final state by fitting to the Nrt, 

Art, and Krt mass distributions as described in Section IV. The relative 

intensities for the different processes are in excellent agreement with 

the relative intensities found in the phase space fit. The absolute 

predictions of the models we use are not in agreement with our measured 

cross sections. These predictions are given in Table IV. Since one can 

introduce form factors which do not significantly alter the shapes of 

distributions, but result in rather different total cross sections, we 

do not take this discrepancy as evidence of failure of the model. 

We now compare our experimental distributions with the pion exchange 

model. All calculations of experimental quantities, such as scattering 

I . 

angles, which involve an initial state proton in the calculation were 

made assuming that the proton with the smallest 62 to a particular system 

is at the same vertex as that system. This same selection was included in 

the Monte Carlo calculations and we find less than 15% of the Monte Carlo 

events were interpreted differently from their generation. In Figs. 25 

through 34 we display the six two-body and the four three-body effective 

mass distributions for ApK°rt+. In Figs. 39 through 48 we show the ten 

effective mass distributions for ApK+rt° and in Figs. 52 through 61 the 

+ + masses for the An[ rt final state. In all of our histograms we include 

the pion-exchange prediction with each contribution separately shown and 

labelled. The relative intensities for the different processes are deter-

mined from the likelihood fit and are held fixed in al~ plots for a given 

final state. 

The overall agreement is best for the ApK°rt+ final state. This is 

.. 

.. 
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Table IV. One-pion exchange predicted cross sections for ,pp ~ ANK~ at 

'0 + 
ApK ~ 

+ + i\nK ~ 

;6 'BeV/c. 

Y*(1385) 
I 
I .'. 
15 ~b (with form 
I factor) 
41 ~b(no form 

factor) 

8 ~b(with fOrrIl 
factor) 

22 ~b(no form 
factor) 

48 ~b (wi th form 
factor) 

130 ~b (no form 
factor) 

I 

I i 

I 

K* (890) ! lRckground 

42 ~b 28 ~b 34 ~b 

11 ~b 14 ~b 20 ~b 

46 ~b 

i 
. I 
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Fig. 25. Effective mass distribution of !rp for examples of the 

reaction pp ~ ApKo~+ (ll70 events). The curves are 

pion-exchange predictions and are described in the 

text. 
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Fig. 27. Effective mass distribution of ~+ for examples of the 

reaction pp ~ ApKo 
1! + (1170 events). The curves are 

pion-exchange predictions and are described in the text. 

'. 

. ,. 



, 

-65-

150 I' , , , 

140 

130 
N 

U 
120 ....... 

> 
W 110 
~ 

0 100 
L{) 

....... 90 
(f) 
..... 
Z 

80 

W 
> 70 
W 

SO 

50 

40 

30 

20 y. 

10 K* 

'i.40 1.S0 1.80 2.00 2.20 2.40 2.S0 

MASS (PKO) 
XBL 684-507 

Fig. 28~ Eff'ective mass distribution of' pK
o 

f'or examples of' the 
, 0 + 

reaction pp ... ApK:n: (ilIO events). The curves are 

.. " I , 
.. ! 
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Fig. 29. Effective mass distribution of p~+ for examples of the 

reaction pp ~ ApKo~+ (1170 events). The curves are 

pion-exchange predictions and are described in the text. 
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. ...;. reaction pp -+ llpKo 1C + (1170 events). The curves are 
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reaction pp ~ ApKo~+ (1170 events). The curves are 

pion-exchange predictions and are described in the text. 
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Decay ~ngular distribution of the JlKo system for examples 

of pp ~ ApK?~+ (1170 events). The angle is between the 
+ A and momentum transfer direction in the p~ rest system. 

The curves are pion-exchange predictions and are described 

in the text. 
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Fig. 39. Effective mass distribution of Ap for examples of the 
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pion-exchange predictions and are described in the 

text. 
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Fig. 40. Effective mass distribution of .L\K+ for examples of the 

reaction pp ~ ApK+~o (708 events). The curves are 

pion-exchange predictions and are described in the 

text. 
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the text. 
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the reaction pp ~ AnK+~+ (791 events). The curves 

are pion-exchange predictions and are described in 
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not surprising, .since the input cross sections used in the calculation 

of the model are best known for this state and our data have little 

contamination. As we discussed above, the low KO~+ effective mass region 

is not fit well by the model. The fit to the p~+ effective mass, shown 

in Fig. 29 "could be improved. From other analyses in non-strange data 

we find the correction factors of DUrr and Pilhuhn tend to shift the 

resonance peak to a slightly lower value and result also in a somewhat 

narrower effective width for the resonance region. 39 In Figs. 35 and 

+ 0 36 we plot the cosines of the scattering angles in the p~ and AK rest 

systems, respectively. These distributions indicate that the real 

differential cross sections we use describe the virtual scattering 

processes quite well. Finally, in Fig. 37, we plot the four-momentum 

transfer to the final state proton and it appears that our model is 

2 sufficient to fit even the large 6 region. 

The ApK+~o final state has probably the largest amount of contamina

tion and the errors in the ~op ~ AK+~o cross sections are largest here. 

These facts prevent us from making finer conclusions about the validity 

of the pion exchange model. In Fig. 49 we show the ~2 distribution to 

the proton. 2 The agreement is again rather good for all values of 6 • 

The scattering angle in the p~o center of mass is shown in Fig. 50. 

This distribution no longer mainly represents virtual pion scattering, 

since most of the cross section is due to AK~ production at one vertex, 

but the prediction of our model for this distribution is still very good. 

In the AnK+~+ final state only the one exchange process ~ ~ AK~ 

is included in the fit. All effective masses are in rather good agree-

ment with our somewhat over simplified model for the background. In 

" 
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t~s final state, a clean selection of y* is possible and we fand that 

the agreement of the data with the model persists after this selection 

is made. As a typical example, we display the y*+K+ mass distribution 

in Fig. 63. The seiectio~ on M(~) is 1.35 ~ 1.42 Bev/c
2

• 

distribution reflects most directly the ~+p - y*+K+ cross section which 
I 

we have used in the pion exchange calculation. As we have disfussed 

above, our data indicate the decay of N*(1950) in the Y*K mode; and, if 

. + + our pion exchange model is correct, we expect that the ~ p - Y*+K data 

can be explained by the existence of an s channel resonance, namely 

N*(1950) • 

A further check of single pion exchange is provided by the Treiman-

Yang test. In Figs. 38, 51 and 62 we show for each final state the angle 

'4l~ which we briefly deftned on page .52. The precise definition of this 

angle is 

- -PplXPM 

IpPlxP~1 

where pl and p2 refer to the initial state protons andN to the final 

state nucleon. All momenta are evaluated in the .1\K3r rest frame'. This 

angle is calculated for all events in the same way and has the meaning 

of a Treiman-Yang angle only for events which are not N*(1236). The 

fact that we include the N*(1236) events in these distributions is not 

incbrrect ~ince the same method of calculation is applied in the Monte 
I 

Carlo calculation of this angle. 
'. + + 

For the AnK ~ final state, however, 

I )' 

I 
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this angle takes on the usual meaning. All three of these disrributions' 

are consistent with spin zero exchange and this fact remains true even 

when selections on momentum transfer are imposed on the data. 
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VI. SU
3 

RELATIONS FOR N* (1950) 

Using a model for resonance production in quasi-two-body final 

states and four known cross sections we are able to test various SU
3 

predictions and make consistency checks of our interpretation of the Y*K 

resonance as N*(1950). In particular it is of interest to see if this 

interpretation implies a partial width for the SU
3 

symmetric decay mode, 

N*~, that is consistent with the known elasticity of N*(1950). The 

I =3/2 state of N*~ is not observable in this experiment because there z 

are necessarily two neutral particles in the final state. Therefore, 

we use SU~ symmetry in estimating the partial width for this mode. 

From strict SU
3 

symmetry we have 

G2(N*~)++ = 
G~*+K+ 

With this ratio of the couplings and the measured Y*K cross section, we 

apply the resonance model discussed in detail in Section IV B to predict 

a value for the cross section pp ~ nN*++(1950), N*++(1950) ~(N*~)++ 

cr1950(nN*~) = 170 ± 40 ~b • 

This value seems to be consistent with our earlier assumption that N*~ 

is the major inelastic decay mode. 

The reported cross sections for the production of N*++(1950) and 

+ 11 40 
decay into p~ are 320 ± 160 I-1b .' and 520 ± 260 I-1b. From the reported 

elasticity of N*(1950)3
2

,33 we have a relation between the sum of all 

inelastic widths and the elastic width at resonance: 

, r (m) 
rrp 0 

1.0 ± 0.3 

1"" 
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Here, the error estimate is based on the differeI,lce bet,ween thE( values 

published in the two reports. 

The ratio of cross sections for decay into different modes are 

related to the corresponding partial widths viz 

where daa(mo) represents the most differential cross sectionf9r produc

tion of the resonance and decay into mode a. We assume that this exact ' 

relation remains true if we 'use our model to describe the production and 

use integrated cross sections. For our model, this last assumption is a 

good approximation if the thresholds for a and J3 are fairly close together. 

We, find 

0.4 ± 0.2 

Thus, it is clear that the cross sections are consistent with the require-

ments of SU
3

with the reasonable assumption that such modes as N~~ and Np 

have partial width comparable to N*(1236)~. 
+ + The cross section for E K decay has also been studied in this 

experiment and is reported to be 22±4 

G2,E+K+ 
2 + G p~ 

Ilb. 22 The SU
3 

relation 

= 1 

and analysis identical to that just described for N*~ predicts a ratio 

of cross sections 

a(np~+) 
a (nE+K+) 
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which is in disagreement with the measured cross sections. It is not 

possible to decide whether this is a result of broken SU
3 

symmetry or 

an inadequacy of our model for the production and decay of the resonance. 

Of course, the best way to study such questions about branching ratios 

of the resonance would be in ~+p experiments where formation of the 

resonance in the s channel would eliminate the problems of final state 

interactions and the dynamical mechanisms would be more easily analyzed. 
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VII. CONCLUSIONS 
, ! 

Four-body starange particle production of A.l'iIK1( is generally well 

described by one-pion exchange. Resonance produption is dominant in 

these reactions and the p~eudo-two-body reaction pp ~ nN*++(l950), 

N*++(1950) ~ y*+r isalsd explained by this mechanism. 

I 
I , . 

II 

I 

I 
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APPENDICES 

A. o Neutral V Detection Biases and Corrections 

All example's of the three reactions analyzed in the text are required 

to have at least one visible VO decay in order to fit them. Three separate 
, 

effects are found to be responsible for reduction of the total sample to 

that observed in the experiment: 1) 
I 0 

Inability to detect neutral V 
, 

de~ays close to the production vertex; 2) Finite size of the bubble 

chamber and 3) Misidentitification of A's as electron pairs. Evidences 

for the first and third of these biases are found in the lifetime and 

decay angular distributions of the neutral VO's and are discussed in the 

text. The second effect is obviously present and is easily corrected 

for simultaneously with the first. We discuss the corrections for these 

effects below. 

In order to suitably correct for an inefficiency we must have for 

a given momentum of the VO that at least some of the events fall outside 

the inefficient region and that we be able to calculate the probability 

that such an event could have occurred in the biased region. Each event 

then in the deficient region is thrown out and the remaining events are 

weighted accord~ng to this probability. To determine the boundary of 

such a region the behavior of the total'feight is observed as the boundary 

is varied. As the cuts are made more exclusive, the weight will continue 
I 

to increase until the proper value for the cut is reached, after which 

point the weight remains constant. It is important to notice that the 

parameter whose distribution manifests the assumed bias is related to 

the parameter in which the cut is made but is usually not identical to it. 

For example, it is the time distribution of the A which we understand and 
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find to be depleted while it is the length of the neutral track that we 

believe to be responsible. Hence, it is in the length that the cut is 

made. 

Length Correction 

We first describe the correction for a visible yO. Let 1,. be the ml.n 

minimum length cut off and I, the length measured from the production 
max 

vertex along the neutral track to the boundary of the fiducial volume. 

For an unstable particle of mass mo' lifetime ~o' and momentum p, the 

probability T) of the decay occurring between j,. and I, is ml.n max 

T) = e 

-I, . m ml.n· 0 

pc ~o -e 

-I, m 
max 0 

pc ~o 

Hence, each event with a visible VO decay is weighted by l/T). The sum of 

these weights is then the true number of VOts which decayed in the charged 

mode. 

o + Examples of the reaction pp ~ AK p~ can be fitted if at least one 

of the strange particle decays is visible. Besides the weight described 

above for the visible Va, an additional correction for the unobserved 

decay is necessary. The reason for this is that all decays in the 

charged mode which occurred outside the fiducial volume are included in 

the sample. Since we have already corrected the visible VO,t s for all 

charged decays, we want now to correct only for the total number of neu

tral mode decays. Let a be the probability that a Va decay charged 

inside the fiducial volume, b the probability of charged decay outside, 

c the probability of neutral decay inside and d the probability of neutral 

decay outside. We have 

, 
I " 

' .. 
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a = (l-e 
pc 1"0 

) • (1 - R) 

b = (e 

C = (1 

-I- m 
max 0 

pc 1"0 ) . 
-£ m 

max 0 

- e :pc 

• -I- m ma:x 0 

1" 0 

(1 

) 

d = (e pc 1"0 ) • R 

- R) 

. R 

, I 

I 

where R is the branching ratio of uncharged to total. In addition to c 

and d, b also contributes to the topology of the missing neutral. Hence, 

if we. want only to correct for the uncharged decay mode, . we must weight 

each unobserved neutral by: 

c + d 1 
b + c + d = -I- m 

max 0 

1+' (l-R)e 
pc to 

R 

.~ 
SiJce the A and KO decay independently of each other, the weight for an 

I 

event is the product of the individual weights for each strange particle. 

Projected Opening Angle Correction 

We have generated a large number of Monte Carlo events for A decay 
I 

+ into p1t. After Lorentz transformation to the laboratory, we impose-

, ' 

cuts on the projected opening angle. Over a 3.0 BeV/c range in A laboratory 
, 

momentum and for projected opening angle cuts varying from 1 tp 6 degrees 

the -following express,ion for the efficiency is accurate to wi thin 1 percent. 

E =1 - 0.00125 a - (0.00166 + a/48)PA 

where PAis in BeV /c 

a is the projected opening angle in degrees . 
• 
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B. Monte Carlo Generation of Events 

Generally speaking, Monte Carlo methods are useful for simultaneous 

evaluations of several multi-dimensional integrals of some positive definite ~~i 

density function defined over a multi~dimensional space. In high energy 

physics this density function is typically the most elemental differential 

cross section for some reaction. There are two distinct Monte Carlo methods 

and which one is preferable depends upon the specific functions and the 

number of 'variables involved. In the first method, which we have chosen 

not to use, the variables are picked at random between their absolute 

minimum and absolute maximum values. If these values are all physical, 

the cross section is evaluated for this set of variables and then a random 

number is picked between 0 and the absolute maximum value of the cross 

section. If this random number is less than the value of the cross section 

this set of variables is kept, otherwise a new selection is begun. This 

method is obviously wasteful if the cross section varies significantly in 

any of the variables and/or if the physical volume of the multi-dimensional 

space is a small fraction of the circumscribed volume used in the selection 

of the variables. However, this method does give a distribution of points 

in the multi-dimensional space which has the same statistical properties 

as a distribution given us by nature (provided nature is described by the 

model). For this reason, one often refers to the selected set of variables 

as an "event", although this nomenclature is often extended to the Monte 

Carlo method which we now describe in detail. 

As in the method above, an event is generated by randomly selecting 

.values for each of the variables which describe the problem. The value 

for each variable is chosen between a minimum and a maximum value consist-
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ent with the "kinematic" bOjill!iaries of the mult~-dimensional rpace. Tllese 

mi!nimum and maximum values will usually be themselves functions of the 

subset of variables which have already been chosen for a particular event, 

except of course for the variable chosen first. The order in,which the 

variables are chosen is ibportant only from as~atistical point of view, 

i.e. for large numbers of events, the results do not depend on the order 
I 

of the selection, although intelligent ordering can reduce computer time 

ftr a given degree of random fluctuation in the results. We assign to each 

event a weight which is the product of two quantities--one being the value 

of the cross section at the corresponding point in the multi-dimensional 

space, the other the volume over which the selection was performed in the 

space. The reason for these factors should be clear from the following. 

Let a. and b. be the minimum and maximum values respectively for 
]. ]. 

the variables q. used to define a particular event. LetN be the 
]. 0 

number of events generated as described above. Clearly the generated 

population of events at a point in the qi space will be given by 

Hence, we include in the weight the products IT.(b.-a.) to simply cancel 
]. ]. ]. 

this effect intrcduced by the random selection of the variables. Using 

only this weight for each event would give a distribution in Jeights 

(numbers of. events) that would be constant over the whole multi-dimension-

al space. Specifically we would then have 

• 
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where N is the total number of events generated. The inclusion of the 
o 

cross section in the weight is obvious now. This is the way in which we 

introduce the dynamics to give: 

By dividing the weights all by N , we can make the number distribution 
- 0 

numerically equal to the elemental cross section. Now we see that to 

calculate any distribution of interest we may treat the Monte Carlo 

events exactly· like real events, since they have the same properties as 

real weighted events. Also, we may excl~de arbitrary regions in the 

multi-dimensional space easily with the Monte Carlo method to compare 

with real events selected in the same way. Although this method does 

not throw out any events, one should avoid generating large numbers of 

events in regions where the cross section is smallest and few events in 

the regions where the cross section is largest. Also, an ideal situation 

would be to select a set of variables which makes the cross section most 

nearly constant over all of the multi-demensional space. We explain the 

Breit-Wigner function as an example. 

In reactions involving resonance production one usually has a 

cross section of the form 

== 
1 2 

2 2 2 2 2 F(m ab,q2"'~) 
(m b-m ) + m r a 0 0 0 
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Clearly using m
2
ab as one of t~e variables would be very ineff~~ient since 

the cross section varies rapidly over the kinematic region. We define 

2 

2 fm ab 1 
z(m ab)= 2 --~~~=---=- dX , 

( ~) (X-m 2)2+ m 2r 2 
~ab 0 0 0 

so that 

dz 1 
-2-'-
dm ab ( 2 2)2 2r 2 m b-m + m a 0 0 0 

I 
Now we rewrite our formula for the cross section in terms of z. 

But 

dzdQ2 •• d~ 

Hence, 

dz 
2 

dm ab 

In this way, we have eliminated the rapid variation of the cross section. 

We must be able to solve for m2
ab given z since this is the variable~~~ 

whichF is expressed. Fortunately, this too is easy since 

z = 1 
!iiI' o 0 

...... 

2 2' 

( 
(m +~) -m )'l ARCTAN a 0 

mr 
00-
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2 
and this equation can be easily rearranged to give m ab as a function of 

z. If one randomly selects z as the first of the m variables to describe 

the problem, the maximum value of z need only be calculated once since it 

will be the same for all events. (The lower value is clearly zero.) 

We summarize the conditions necessary for such a change of variable 

as we have just discussed: 

1. The cross section has some dependence on a variable which is 

rapidly varying. 

2. The integral of the rapidly varying part of the cross section 

can be evaluated. 

3. Given the value for the integral, the corresponding value of 

the parameter in which the cross section is expressed must be 

easily evaluated. 

Some other examples of functions which occur in cross sections and have 

the above properties are power, log, and exponential functions. 

~ 

'II 

• 
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