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PRODUCTION OF K MESONS IN THREE-BODY 
STATES IN PROTON-PROTON INTERACTIONS Kr 6 BeV/c 

Mark Alan Mande:Lkern 

Lawrence Radiation Laboratory 
University 'of California 

Berkeley, California 

ABSTRACT 

UCRL-17943 

An analysis is presented of data from an exposure of the LRL 72" 

liquid hydrogen bubble chamber to a 6 BeV/c proton beam. Processing of 

9700 events, containing at least one ,observed neutral or charged decay 

has yielded 1748 examples of the reaction proton + proton~ hyperon + 

K meson + nucleon. Production cross sections for these three body reac-

tions are 

= 54 +3 
-5 

17 +4 
-2 

cr(~+Kop) = 26 ± 4 ~b 

57 ± 7 ~b 

Strong N* production is observed in all channels. In particular one or 

more T=1/2 resonant states with mass near 1700 MeV/c2, decaying into AK+, 

and a T=3/2 resonance with mass 1920 MeV/c
2

, decaying into EK,are produced. 

The final states ApK+ and ~+K+n are studied in detail. In both cases the 

data are consistent with a single pion exchange mechanism modified by a, 

form factor and inconsistent with kaon exchange. The remaining two reac-

tions are found qualitatively to have these properties as well. 
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as quasi-two-body reactions. For example, final states with three and 

four particles produced in :it p interactions are dominated by K*( 891) 

( - 6) / Aad + 0 + and N* 123 production. At 2.7 GeV c "'-"-TJO of the K p ~ K p:n: channel 

proceedi, with either K* or N* formation and 5610 of the KOp:n:+:n - events 

-. _ 4 
are produced as K*N*. -These results are typical. 

Cross sections for these quasi-two-body reactions appear to possess 

quite well defined energy dependence, determined by the nature of the 

particle whos~ exchange seems to dominate the process. The equation 

-n o .... Pbeam rouehly fits all of these reactions' and n is about 0.2, 1.5, 

2.0, and 4.0 for "diffraction", non-strange meson exchange, strange . 
meson exchange, and baryon exchange respectively.5 

We have undertaken a study of proton interactions in the LRL 72" 

iiquid hydrogen bubble chamber to search more intensively fOr baryon-

baryon states and to investigate the general details of nucleon-nucleon 

reaction mechanisms, particularly resonance production via single particle 

exchange. We are concerned with the characteristics of hyperon production 

in three-body final states via the channels 

+ pp ~ A K P 

~oK+P 

~+Kop 

~+K+n 

(a) 

(b) 

(c) 

(d) 

The states produced in these reactions would appear to be most sui table 

for elucidation of final-state hyperon-nucleon interactions, whose 

effects might be obscured -in states including pions by the presence 

of Y*, N*, and K* resonances. In addition, each of these reactions 

v 

t 
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permits comparison with the one-pion and one-kaon exchange models 

since hyperon-Kassociatedproduction andK-nudleon scattering are 

fairlY well studi'ed processes. 

The data reported result from analysis of approximately 500,000 

photographs, taken in two separate running periods, of interactions of 

protons in abeam averaging ten particles per pulse. The incident 

momentum was 6.10 ± 0.02 BeV/c during the first running period and 

6.00 ± 0.02 during the second. In Section II we discuss the experi-

mental procedure, including the beam setup, scanning and measuring 

of the film, and subsequent data reduction. Section III contains a 

discussion of the determination of cross sections and Section IV is 

devoted to the searc.h for dibaryon resonances and analyses of N* 

production in these reactions. In Section Vwe test the predictions 

of pion and K exchange modified by form factors·. Reactions (b) and 

(c) provide too little data of sufficient quality for a meaningful 

analysis and are not considered in as much detail as reactions (a) 

and (d). Finally we test the prediction of exact SU
3 

symmetry for 

three-body final states in pp reactions in Section VI. 
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II. EXPERIMENTAL PROCEDURE 

Protons with momentum 6 BeV/c produced at 70 'to the Bevatron 

External Beam iri a target )/8" high, 1/4"'wide and 1/2" long were 

transported to the bubble chamber using the arrangement shown schema-

tically in Fig. 1. The optical elements determining the focal proper­

ties of the b~am at the uranium collimator were the first quadIupole 

pair, which yielded vertical magnification 0.5 and unit horizontal 

magriification, and two bending magnets producing a dispersion of about 

one inch per 1% LiP/P. Momentum definition of±0.15% was p:r:'ovided by 

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

12" thick urani~ collimator; ·spatial acceptance was "'.01 millisteradi­

ans.· To allow multiple operation of external beam foci,targeting techni-

ques were needed which would minimize interference with external beam 

optics since the target could not conveniently be located at an image 

position of the Bevatron External Beam. In the first running period) 

during which about half the photographs were taken,a polyethylene 

target was fixed in position in the beam. During the remainder of the 

run a copper target was fixed at a distance of 3/4" from the normal 

external beam position and the beam deflected on to it bya magnet6 

pulsed on for approximately 500 ~sec. In this way, intensity con~rol 

independent of Bevatron intensity was achieved with the remainder of 

the beam available for other experiments. Beam intensity required was 

"'loll protons/pulse for the first targeting arrangement and "'5 x 1010 

protons/pulse for the second for a flux of 30 protons. Increased effi-

ciency of operation was achieved with dynamic intensity control pro-

vided by a pulsed parallel electromagnetic separator operated 
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with a 411 gap and 150 kilovolts between the,plates. 7 An appropriate 

signal from a preset scalar reading the output of counters directly 

before the entrance window of the bubble chamber triggered a spark gap 

across the 6~CtrOineter plates which discharged them in 2j..Lsec. "The 

maghetic field remained and caused the beam to be deflected 3/411 

vertically" off 511. t S2 into the uranium collimator.' In this way the 

usua.l variations in beam intensity due to statistical fluctuations and 

accelerator instability were largely eliminated. With a total beam 

in the channel of about 30'particles per pulse, the beam at the chamber 

was ~a.iirtained constant to within two tracks' per picture. Contamination 

from single pion production in the target was'small since the primary 

proton beam and the 'secondary protons from the target were set to differ 

little in moril.ehtum, while the secondary pions had considerably lower 

momentum.A'measurement made ina similar beam8 using a Cerehkov 

counter to distinguish pions from protons indicated a pion contamination 

of less than 0'.1%. This was neglected as a source of background 

events in the analysis. 

The incident beam momentum was determined from measurements of 

non-interacting tracks and from well-identified examples of fits to . ' 

elastic scattering. Both methods gave the same result, noted in 

Section I. The observed width of the beam momentum distribution was 

consistent with that expected only from measurement error, approximately 

1%. However, we assign ± 0.510 uncertainty to the incident particle 

momentum for fitting p~ses, allowing a rather larger spread than 

deduced from beam optics for effects such as scattering on slits and 
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windows. 

B. Data Processi~ 

The film was scanned for events of interest and three fourths of 

it ,{as scanned a second time. All· events containing one or more charged 

or neutral decays were recorded and measured'with conventional digitized 

measuring machines. Geometrical reconstruction .and kinematical fitting 

of events with neutral V's was done with. the use of the program PACKAGE. 9 

Of the three views measured, only the two chosen by t.he program to 

give maximum accuracy in determination of the dip angle of each track 

were used. Reconstruction and fitting of two-prongs with charged 

decays was done with TVGP-SQUAwl°which uses measurements in three 

views for reconstruction. 

A total of 7200 events of two-prongs and one neutral V, and 2500 

Of two prongs with the decay of either or both outgoing charged particles, 

candidates for events containing three final-state particles, were 

measured, the latter sample having been taken from only half of the film. 

A kinematic fit was attempted for every reaction hypothesis consistent 

with baryon number and strangeness conservation and involving at most 

one unobserVed neutral particle. Identification of acceptable reaction 

h~otheses was established by the usual methods of requiring consistency 

of measured momenta with reaction kinematics and visually estimated 

bubble densities. 2 
The X for the. kinematic fit was required to 

correspond to a probability level greater than l~ for reactions (a) 

and (c), and 5~ for (b) and (d) because of greater contamination due to 

ambiguities. In addition, events were required to 

~ . 
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be produced in a fiducial volume smaller than that specified for 

scanning, and containing 76% of the chamber volume. 

Events with no aC'ceptable fit were examined to determine whether 
. ., . 

they were consistent with the production of two missing neutrals, and 

15% o{:theevents with ViS fall intothis category. All others were 

remeas1i:r'ed but after two unsuccessfUl measurements were considered 

Uim'J.easurable and not processed further. About.3% of the sample was 

unmeasurable. IIi this way 1302 events with· neutral VI s were identified 

as examples ofthree':"body channels a, b; and c. Of these events, 45 

were also consistent with four-body final states. They were assigned 

to the three-body category because the three-body fits' are more' con-
. '. . '. 0 + 

strained by the kinematical requirements. For reaction (b), pp~r: pK , 

'. . 0 one usUally observes only the A from the r: electromagnetic decay along 

with the charged prongs. The track bubble densities clearly do not 

distinguish between ther:o and A production hypotheses and a large 

fraction of the events are kinematically consistent with both. We resolve 

all the ambiguities between r:opK+and ApK+ in favor of the A since the 

.' . 0 fit with a A has four constraints and that with a r:. only two. The 

decision in this case is greatly strengthened by appeal to the re~uirement 

that the angUlar distribution of any particle with respect to the 

incident beam direction be symme'trical about 900 in thecenter-of-mass 

system •. In Fig. ~ we show the angular distribution of the proton 

produced with a hyperon and K+ for the weighted total of 533 events 

with uniquely identified A's, together with that including the 504 

events with ambiguous identification of the hyperon. Clearly the 
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Fig. 2. Distributions of the cosine of the angle the final 
state proton makes with the beam proton in the overall 
center of mass, light line: only unambiguously identi­
fied examples of· the reaction pp ~ApK+, heavy line: 
total sample of ApK+, including events ambiguous 
between hypothesis pp ~A~ and pp ~~opK+. 
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syffimetry is improved if the events are combined. Thus, in/kl1 such 
" " 

cases of ambiguity the hyperon is considered to be a A. The angular 

distribution of the protons produced in unambiguous examples of the 

0+ 
~ pK final state is shown in Fig. 3. This distribution is not neariy 

+ as symmetric as that for ApK , reflecting the greater difficulty in 

resolving ambiguities with the two constraint fit. The asymmetry is, 

however, in the same direction as that of the ambiguities which were 

+ assigned to ApK and thus does not result from inclusion of misidentified 

A production events. We conclude that the source of this asymmetry is 

~bigUity with four.,.body hypotheses which have one constrairit~and that 

the f01ir-bo'dy background plus events lost due to misidentification 

amounts to about iCJ{o"ofthe sample, judging from the number of ambiguous 

events and the size of the production asyinmetry. We show in Fig. 4 

distributions in the cosine of the rest frame decay angle of the ~o; 

Fig. 4a with respect 'to the normal to the plane containing the ~o and 

an incident proton in the ~oK+ rest frame, and Fig. 4b with respect 

to the ~o direction. Both are quite consistent with uniformity. Since 
1+ 1+ 

the decay 2' -+2' + "l is constrained to be isotropic the data is con-

sistent witb a relatively uncomtaminated ~o sample. We find that the 

distributions in these variables for events ambiguous with the ApK+ 

hypothesis show strong non-uniformity. 

Since the reaction (d) always yields an unobserved neutral product, 

kinematical constraints maybe applied only if the ~+ momentum is known 

from measurement of the 1:+ track and/or measurement of the decay 

product track. In either event, tbe momentum is generally poorly 
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determined and kinematical ambiguities are more serious. Three kinds 

of ambiguities were present: those involved in (i) distinguishing between 

+ +0 . 
~+ decays and K decays, (ii) distinguishing ~ pK with unobserved KO 

decay, and (iii) separating events with an additional, unobserved neutral. 

In fact only an insignificant number of the first and second kinds appear, 

fitting to the decay kinematics and bubble density estimates generally 

being sufficient to distinguish among the various hypotheses. Further, 

. . . ". + 0 ·0' 
the ratio of observed numbers of ~ pK with Kdecay to the number with 

unobserved KO decay, after correction for detection inefficiency and 

scanning biases, is 0; 3 ± 0.1, ind:lcating that the correct number of 

identifications Of~+pKoevents has been made. In the analysis of 

( ) + + reaction d only the events consistent with ~ ~n~ were used. This 

procedure is r~quired since, to correct for scanning inefficiency, we 

impose a minimum projected decay, angle cut-off of 100
• The decay angle 

of the proton from a ~+ with momentum greater than 1.4, BeV/c is necessarily 

o 
smaller than 10. We find that the corrected sample of data for reaction 

(d) is consistent with symmetry in the total center-of-mass frame and 

. estimate from the number of ambiguities that contamination is 5 ± 2%. 

In these ways, ambiguities in identification were settled and 

events were assigned to particular categories. Table I gives the total 

number of observed events for each of the four reactions. 

For each of the reactions we require that at least one strange 

particle decay is observed within the chamber fiducial volume. Events 

in which the decay occurs beyond this volume are obviously not found. In 

addition, a fraction of events occurring in the chamber escape detection 

in both scans. Corrections to the observed body of data, in addition 



-14-

Table I. Event totals and cross sections t6r pp three-body reaction 

containing a K-meson ~t 6 BeV/c. , 

Channel 

, i\pK 
+ 

L:°pK+ 

L:+pKo 

+ + 
L:~rt(n) 

L:+ ~ p(1?) 

L:+p(Ko 5(a) 

+ + ) L: ~ rt(n . 

+ 0) L: -,,?p ( rt, 

L:+K+(n) (a) 

+ + L: ~ rt (n) 

+ ° L: ~ p( rt ) 

Observed 
number 

916 

254 

87 

45 

84 

33 

255 

72 

Number satis­
fying kinematic 
criteria 

813 

227 

109 

148 

Corrected 
number (c) 

1037 

. 285 

131(b) 

65(b) 

126 

395 

Cross section 
(f.J.b) 

54.2 ~~ 
.. +4 

17·0 -2 

26.0 ± 4 

29 ± 5 

57 ± 7 

(a) Only half of the film was analyzed for the two prong with decay 

topology. 

(b) + Tnis number does not contain a correction for small angle L: decays. 

(c) Only cross sections contain corrections for unobserved decay modes. 
/ 
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to that due to ordinary scanning inefficiency, must then be made for 

inefficient detection of decays occurring with small laboratory angies 

or at very small or large distances from 'the production origin, as well 

as for undetected decays into neutral particles. Examination of the 

observed distributions in lifetime and in decay angle of unstable particles 

permits' estimates to be made of the detection efficiency. In addition, 

the requirement of a symmetric production angular distribution aids in 

d.etermining detection biases. To correct for these inefficiencies, 

each event was weighted by the inverse of the probability for detection 

within a specified kinematic region. This region is determined by 

requiri.ng events to be within a fiducial volume, to have decays with 

prOjected opening angle.s greater than 100 and less than 750 and lengths 

greater than minima determined by particle identification: 1.5 cm for A's 

o + and K IS, 1.0 cm for Z IS. These corrections are discussed in Appendix A. 

Their magnitudes may be inferred from the corrected numbers of events 

listed in Table I. The correction factors for unobserved decay modes 

) 0 + - ) are a 2.9 for Kls, since only ~ ~n n events are observed, b 2 for 

z+, since we do not use Z+ ~pno decays, and c) 1.5 for A's, for only 

A ~ pn - decays are observable. Here we use branching ratios from Ref. 11. 
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III. PRODUCTION CROSS SECTIONS 

Reaction cross sections were determined from the number of events, 

suitably corrected, in a channel, and the incident proton flux as 

determined by a count of beam tracks in frames selected at regular 

intervals throughout the film. 

We have 

o. = 
~ 

Corrected number of interactions in channel i 
No. of· incident parti<:;:les X No. of scattering centers/unit area 

N. 
~ 

DE' 

where D is the density of protons in the chamber and L is the total 

beam track·lengthavailable. N. is given by 
~ 

the weighted total of events divided by the scanning efficiency for 

cha..'1nel i. 

i) We determined L by counting beam tracks in every 50th frame 

throughout the film. Only those tracks traversing the scanning fiducial 

volume without interacting were counted and the average number of tracks/ 

frame is NE = 10.2 ± 0.2. The error reflects the reproducibility of 

this number rather than statistical error. Since the total p-p cross 

12 
section is 40~6 ± 0.1 at this energy the beam is severely attenuated 

as it passes through the chamber. That is, if NB protons enter at y = 0, 

N(y) 
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have not yet interacted at y. Then the track length available to a 
" 

single channel in length £ is 

Since elastic scatters with momentum transfer < 0.01 are essen'tially 

unobservable because of the slow recOil proton « 100 MeV/c corresponding 

to a 3 nun track. length), we useGT = 39 mb, correcting with the 

differential cross sections of Reference ~3. 

- D, the hydrOgen density, has been determined for standard running 

conditions of the 72" chamber to be 0.060 ± 0.001 from measurements of 

the length of muons from stopping positive pions. The hydrogen 

temperature measured during our exposure was 27.5 ± 0.20 K which gives 

a value for D consistent with the above. This value corresponds to 

(0.060 i 0.00$ X ,1023 protons/cm3 . With a fiducial volume length 

i. = 145 'cm and 569,718 frames we find 

ii) The scanning-measuring efficiencies were deduced from a 

comparison of processed events from the two scans. If the number of 

events found and successfully processed in both sc?-ns is NAB' and the 

numbers found and processed only in each of the two scans are NA and NB 

respectively, the scanning-processing efficiencies are 

f. A = N AB/(NB + NAB) and E:B ;: N AB/(NA + NAB) 

resPectively.14 We find eA = 0.80 ± 0.03 and eB = 0.81 ± 0.03 for our 

two scans for both the two prong with neutral V and two prong with 

....... ,. 
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charged decay event types. 

We Cluote cross sections in Table I. Errors contain statistical 

errors which are given b~ the application of Poisson statistics to a 

\"eighted collection of events, thus if 

N. ='2 vi., 
~ L J . 

j 

(ON)2 

We include as well an estimated error ±5% resulti-ifg from misideY:ltif_i~a,:.ti<ons 

and unce.rtai-nties in the magnitudes in the various ;c6:~rections . 
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IV. ANPLYSIS OF FINAL STATE INTERACTIONS 

A. General Features 

The four states studied, ApK+, ~opK+, ~+pKo, and ~+K+n have 

similar properties in many respects. We will discuss them simultaneously 

as much as pos~ible. Figures 5, 6, 7 and 8 are scatter plots of the 

squares of the effective masses of hyperon-nucleon vs hyperbn-kaon 

systems. In each case a non-uniform density within the kinematic 

boundary of the Dalitz plot is apparent. A strong concentration of data 

+ points is noted at low values of Y-K mass, particularly ,in the AK and 

+ + 
~ K systems. In no case is there a clearly defined region in hyperon-

nucleon effective mass within which the density of points is strikingly 

larger than in others. Rather, only in a region defined by limits on 

YK+ effective mass is there such a concentration. The existence of only 

~ _~_i'U\. + _~~ __ ~~_~ina.:l:':"~:tate interaction is demonstrated more conclus~ vely 

in the effective mass distributions of Figs. 9, 10,11, and 12 shown 

together with the corresponding phase space distributions. Corrections 

to the data have been made here for observational biases, so that each 

observed event is weighted as discussed above. The bin heights in each 

histogram are the sums of the weights for individual events falling into 

the relevant bins, with statistical errors computed as discussed in 

Section III.-

The weights, for reactions (a), (b), and (c) are relatively con stant 

with average values 1.3, 1.3 and 1.8" respectively. The. weights for reaction 

(d) are distributed Over a broad range wtthaverage value 2.6; conse-

quently, error bars are displayed on the histograms of Figs. 12 and 21b. 

In fact, none of the conclusions are substantially altered when unweighted 
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distributions are considered. This is the case because only about 10% 

of the events with visible decays of neutral V's and 30% of the 

number with. charged d.ecays, are actuaily mis~ing from the sample. In 

addition, the detection inefficiencies are not strongly dependent on 

the momentum and'angular distributions. 

All the Y-N and Y-K mass distributioris show considerable deviations 

from the statistical distribution, but most of the further discussion 

+. +'+ 
will be 1lmi'tedto the l\pK and r.' riK states fora number of reasons. 

In the first· state the hyperon-kaon system occurs only with isotopic 

spin T = 1/2 and in the latter orily with T= 3/2, so that the analysis 

of resonance production is simplified. The r.°pK+ and r.+pKo reactions 

appear qualitatively to have properties similar to those discussed 

below and the', sainples of these are severely limited statistically and 

probably more contaminated. Analysis of the latter reactions does not 

add to the conclusions about final-state interaCtion::; nor to the further 

elucidation of the production dynamics. 

We have noted the non-uniformity in the Dalitz plot and the 

corresponding enhancements at low.hyperon-kaon mass and high hyperon-

nucleon mass. While it is not possible, in general, to demonstrate 

rigorously which of the two-body combinations are in resonance, vle 

can nevertheless argue persuasivelY that. the details'of the non-uniformity 

are consistent with the p:!:,oduction bfonly Y-K resonances. A simple 

check of this hypothesis consis,ts of alternately assuming production of 

the Y-K and Y-N systems with the observed mass distributions, followed 

by isotropic decay in their center-of-mass frames~ an~ calculating the 

,.' 

.... 

f, 
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expected reflections in the Y-N andY-K systems, respectively. The 

+ 
results of such calculations are shown in Fig. 9 for the ApK reaction. 

It is clear that the lI.p peak can be understood as a reflection of a 

AK+ enhancement, while the converse does not hold. 

The above assumption of an isotropic disintegration of the two-

body system cannot be completely justified .. The 9reak-up angular 

distributions of either two-body system can be readily obtained from 

the Dalitz plots, Figs. 5-8. ~1e ordinate and abscissa may be inter-

preted respectively as the square of the Y-nucleon mass and the 

cosine of the angle between the hyperon and the K line of flight in the 

Y-N center-of-mass system. The latter angle need not be isotropically 

distributed, as a consequence of the production mechanism, or final-

state interactions. A new hyperon-nucleon resonance with a pathologically 

anisotropic decay distribution could be invoked to explain the overall 

distribution in the Dalitz plot and the Y-K enhancement as a reflection. 

It is quite unnecessary to invoke such a new resonance with complicated 

properties, but we rather attribute the distribution purely to already 

well-established Y-K resonant interactions, specifically 

N*1/2(1688) and N*3/2 (1920 ); 

This conclusion is greatly reinforced by the observation that the 

\ 

Y-Kproduction is predominantly peripheral and consistent with a single 
{ . 

pion exchange model as discussed below. It should be noted that if 

those events produced with low momentum transfer to the initial proton 
, 
I . 

are. elireinated from the lI.p mass· distribution, a spectrum results that 

is in excellent agreement with phase space, as seen in Fig. 13. Thus 



0.12 

Fig. 13. 

3.4 

-30- _ 

30 

20 

10 

'---T=::;=:;:*~~~~O 
2.0 2.6 f 3.2 

M(A p ) BeV /c 2 

XBL676- 3413 

+ The A-p mas·s distribution for the channel ApK shown 

as a f'unction of momentum transfer to the proton. The 

curves are phase space distributions. 



-31-

even in the region where peripheralism does not dominate, trlere is no 

suggestion of a dibaryon resonance. In calculating momentum transfer, 

there are, of c~urse, two values for each event since the initial 

state protons are indistinguishable. We use the smaller ~omentilln 

transfer to define the identities of the initial state protons when 

comparing with dynamical models and require our theoretical calculations 

to be consistent with this procedure. Such a choice is suggested by 

the strong peaks at low momentum transfer, which characterize peripheral 

production. This procedure is well justified by the further demonstra-

tion below that the mechanism is indeed peripheral. 

. + 
The Ap and ~ mass spectra may be understood to result, in part, 

from a quasi-two-body process, pp - N*1/2P, proceeding via a peripheral 

+ mechanism, with subsequent decay of theN* into ~. The conclusion 

that there is no evidence for a Ap resonant state is in agreement vith 

that of Bierman, et al.15 The K+p mass distribution for this reaction, 

Fig. 9c, shows structure not observed in K+p elastic scattering vith 

enhancements at 1.8 and 2.1 Bev/c2 . These features cannot be simply 

explained as reflections of the N*1/2(1688) production. Hovever, their 

absence in K+p elastic scattering suggests that the peaks observed here 

are not resonances, but rather kinematical effects associated vith the 

full description of the production process, or statistical fluctuations. 

Consequently ve conclude that we have observed no dibaryon 

resonances in either the T=1/2 or t~e T=3/2 state i~~~~mass range 

from 2.05 to 3.14 Bev/c2 • It is conceivable that a dibaryon resonance 

in this range would be difficult to detect above the 
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backgrOund of peripheraJ..iyproduced events ;1hthis reaction. Never-

theless the absence of distinct localized filtmarlcements in the hyperon­

nu'cleon mass sPectrum leads to the above cdhclusion. F'uither; we 

estimate that the cross sectiortfor the production of the'enhancement 

reported by Melissinos €it al. 3 is less than 0 .2 Ilb in the present 

experiment. 

B ~Nucleon Isobar Production 

Analyses of pion nucleon elastic scattering have revealed 

evidence for the existence of three T = 1/2 resonances near 1690 MeV 
, ' , " 11 

and one T= 3/2 resonance near 1920 MeV total c.m.' energy. The 

properties of these resonances inferred from the phase shift analyses 

are listed in Table II. We interpret the observed resonance production 

" ' 

as production of these pl .. nucleon resonances and theirsubseCluent decay 

ihto hyperon and 'kaon. 

A.Dalysis of the angular and polarization distributions observed 
+ + +16 ' , 

in ~ p ~ Z K show that this reaction proceeds in part through an 

F7/2 resonance at 1925 MeV with width r = 175 MeV, consistent with 

the parameters of the resonance observed in' pi-nucleon elastic 

, + + 
The, partial width of the F7/2 into Z K was found to be scattering. 

about i. MeV. 
, + +, + + 

Our peak in the Z K mass spectrum in the channel Z nK 

is naturallY interpreted as due to the production of this resonance 

+ + 
and its subseCluent decay into Z K. To estimate the rate of resonance 

production,the distribution in 6,2, momentum transfer to the neutron, 

+ + 
arlu 11, Z K effective 'mass, was fitted to the expression 
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Table II. Pion-nucleon resonances between 1600 and 2000 Mev/c2 • (a) 

N* Resonant MO(MeV) relastic (MeV) r;i.nelastic (MeV) 
state 

T=3/2 F7/2 1920 100 100 

T=1/2 sl/2 1700 240 0 

D5/2 1670 56 84 

F5/2 1688 72 38 

(a) Values are quoted from Reference 11. 
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':ihich is an incoherent ,sum of resonance and background. ' The form factor 

/
22 

1 (0:+6) , . to parameterize the strong peripheralism shown in 

the data. Here ,q is the momentum of theZ:+ in the Z+K+ rest frame,Mo ' 

tpe resonance energy q1,loted in Table II, r the total width and c a number 

which characterizes the production cross sect:!"on. ,The energy dependent 

+ + partial width int() the channel' z: +Kwas taken to be 

(2) 

" . ,,0 " 
~ne partial width rt+K+ is a measure of the coupling of the resonance 

to tbedecay channel in question and the rest of the expression is the 

product of phase space, a barrier penetration factor, and form factor 

normalized to unity at the central mass M of the resonance. Both these 
, 0 

latter factors depend strongly on the ,orbital angular momentum £ of the 

decay products. The X in the form factor is essentially the inverse of 

an effective range of interaction.17 

The total width can be taken. to be the sum of the energy depen-

(lent partial widths for all decay modes • In prlnciple it is possible to 

determine both c and r~-+x+ by fitting. However since the Z:+K+ part~al 

vriclth is very small compared to the total width, the shape of the distri­

bution is insensitive to the partial width and only the product cro Z:+K+ ' 

.' 
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is determined. We take the total width to be that obtained from pi-nucleon 

. 0 
scattering data and crE~+ then determines the percentage of resonance 

production in this reaction. We find 38 ±510 of the events result from' 

resonance production and 62 ± 5% from background. The parameter a is fovnd 

, / 2 to be .35 ± .05 (BeV c) •. 

Determination of the rate of resonance production in the ApK+ chan-

nel is rather more complicated. As mentioned above, there are three np 

resonances near 1700 MeV. None of the branching ratios for decay into L\K+ 

is firmlyknoWll, nOr have the relative production rates of these resonances 

been measured from non-strange particle production in p-p collisio~s. Some 

information about the parameters of these resonances has been obtained,how-

ever from analysis of the differential cross section and A polarization in 

M O production in rc-p cOllisions.18 Reasonable agreement results with a 

J=5/2 resonance' with parity either positive or negative, total width 

~ 100 MeV and partial width into AXo - 1-10 MeV. No analysis finds any 

evidence for the S-wave resonance in the i\Kosystem. Appeal to the require­

ment of SU
3

symmetry to determine branching ratios of the 5/2+ and 5/2- N-:-'-'s 

are useless since both resonances are thought to be members of octets and 

their partial wIdths are sensitive functions of their D/F ratios. For 

'=!x::tr:J.ple.' a D/F ratio of :5 forbids decay into M. The study of baryon 

resom.nces19 suggests that this ratio is often widely different indifferent 

I:';';-or.::tets. 

T~e data from this experiment are insufficient to determine the 

co~trib1.:.tions of the '\r8.rious resonances. Since the associated prcd.uction 
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single F5/2 resonance at 1688 MeV together with a background contribu­

tion. As in .the 2:\1}(+ case, we fit to an expression corresponding to 

(1) and firid54± 6oja'of the events result from resonance production and 

l!.6 ±6oja· from ba6kground~ The fitted value for ais .• 53 ±.03(BeV/c)2. 

Use of a D5/2 resonance gives an e<luivalently good fit with comparable 

fraction of resonance production. 

In principle the angular distribution of the resonance decay 

products can provide the. necessary information to determine the spin 

and parity of' the parent state. In Fig. 14 we show the angular distri-

bution) "T.tth respect to the momentum transfer direction, of the hyperon 

in the2:+K+ c.m. system and in Fig. 15 that for the hK+. Predictions 

of a ~ exchange model for production shown here with the experimental 

distributions vrill be discussed below. In both reactions the data in 

theresopance region are consistent with a resonance decay symmetric 

about 90° superimposed on a small asymmetric background. The spin den-

sity IT'.atrix of the resonance is not simply determined in proton-proton 

interactions) even for forward production. The possible angular distri-

eutioEs for high spin resonanCes are rather complex and with the limited 

s".:atistical accuracy of the data it is not possible to identify the 

contributing states. 
... 

.' 
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Fig. 14. Decay angular distribution of the Z+K+ system produced ih 
the channel Z+:K:+n. The angle e is between the L:+ and momen­
tum transfer directions in the L:~+rest system. The curves 
are predictions of pion exchange with a form factor. 
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V. Ol\"E MESON EXCHA.NGE MECHANISYJS 

A. General Features 

As noted above the production angular distributions show the 

characteristic feature of peripheralism, a strong correlation between 

the final and initial state baryon directions. We display in Figs. 16 

and 17 scatter plots of hyperon-kaon mass versus momentum transfer to 

the final state nucleon, shovTing the high concentration of events at 

small momentum transfers. We attempt to determine the compatibility of 

the data with predictions of simple models for peripheral production, 

in particular one particle exchange processes. Single particle 

exchange is by now well known as a theory of peripheral production. 

It is based on the assumption that low momentum transfer collisions are 

mediated by exchange of a single particle
20 

and that the scattering 

amplitude is given by a single pole diagram as shown in Fig. 18 for 

pp -)~:r~ reactions. One usually assumes that the vertex couplings and 

scattering cross sections involving the exchanged virtual part:tcle do 

not change as the distance from the pole increases. There have been 

attempts to make lToff the mass shell" corrections by using vertex form 

factors and relating cross sections involving real to those with virtual 

particles.21 In addition, absorption and sharp cut-off schemes22 for 

attenuating 10'\oT partial-wave amplitudes are used to take initial and 
, 

fina~ state interactions into account and to correct the property that 

the :Jirrrple model often violates unitarity for low partial waves. 

For o'J.!' reactions, the possibilities for exchange mechanfsms cere 
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w and ~ exchange are possible as well but the large cross secticnfor 

this reaction and the similarity of all the channels suggest that 

I=O exchange is unimportant,. 

B. Pion and Kaon Exchange 

We first examine pseudoscalar-meson exchange', making detailed com-

pa:risom~ 'Gfthe 'predictions and data for the 
+ 

i\pK 

reactions.and being someV1hat more qualitative toward the other reactions. 

\'Ie have made calculations for the pion"and kaon e,ccnange models, using 

a l-Jonte Carlo method~ discussed in Appendix C, to generate events 

distributed according to: 

1 

where 

k = ! [-t"~ ! if(m 2 +,,2) +!rm
2 

M _ If '.' 2 p' 1""4 \ P 

p, E are the center-of-mass momentum and energy of the incident proton; 

2 . G . ' 
L" = meson baryon-baryon. coupling constant describing vertex A in Fig. 19; 

2 . 

""e use 
G pi\K+ 

= 15, 4rc = 0.64; 23 

6
2 

= four momentum transfer squared to the recoil baryon m' 

for :rc exchange, A or 2: for K excha~ge; 

u = mass of exchanged meson, m == mass of proton; 
p 

a nucleon 



,"J , 

'0 

, . 

M = invariant mass of the. particles emerging at vertex B, e. g., YK 

for 1t exchange; , " 

. . . . .. . .,... .' ". 

8 . = angle between the momen,tum transfer,6 and meson momentum in the. YK 
. , . 

or NK center-of-mass frame. 

da(M,8) is the differential cross section for the two-body prod.' uction 
dn 

. '24 '. '. . . 
at vertex B, 7tp -+ YK or Knucleon elastic or c~arge exchange 

scattering. We use only the strong interaction part of these 

cross sections since we never reach the small momentum transfers' 

in the two-body systel;'l where Coulomb scattering is strong, though 

we parameterize with the angle 8. 

I 

\ 
• p 

.' I, 
I 
f. 
I, 
" 

. , 

. .. ~. 
k is a kinematic factor .whichcan be identified .. as the three-momentum". 

of the exchanged meson i,nthe two-body center-of-mass frame. 

The cross secti~n (3) is the. sum of squares of the two amplitudes 

related by interchange of the initial sta.te protons and diagrammed in 

Fig.1Ba. If we remove any distinction between the initial protons, 

(3) is just twice the cross s~ct10n for one of the diagrams. It does 

not contain the interference term which can be computed only if one 

.has knowledge of the relevant two~body scattering amplitudes. However, 

as discussed in Appendix B, we can place limits on the size of the 
. '.' 

interference contribution and we indicate in~erference contributions in 

the meson-exchange predictions. In Figs. 19a and 19bthe solid CU1'ves 

show the 'predictions of 1t-exchange for the distr1butic:m in'62 to the. 

proton and K exchange for 62 to th,e A respectively for reaction (a), 

where we plot the smaller of the two momentum transfers . for each 

event. It is clear that in each Cf:l.oe the experimental peak at small 

I 
. I .... I 

, ":" r' .i' ., . , . 

! 
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Fig. 19. (a) Distribution in momentum transfer to the final proton 
for pp -.+ApK+. The solid is the prediction of unmodified 
pion exchange and the dashed curves predictions with a 
form factor and containing two different treatments bf 
interference. (b) Distribution in momentum transfer to 
the A. The dashed and solid curves are K exchange pre­
dictions with, and without a form factor. Theoretic~ 

curves are normalized to the experimental histograms. 
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values is considerably narrower than that predicted. This feature of 

stronger damping at large momentum transfer has been demonstrated often 

. . h 1 21 In many perlp era processes. Most other features of the data are 

reasonably consistent with a single meson exchange mechanism and the 

moment'Lu'ntransfer discrepancy may be attributed to corrections to the 

model. In particular, absorption effects due to competing 1.nelastic 

channels,· vertex form factors, and off-the-mass shell corrections are 

known to modify the 6
2 

dependence given by the propagator and vertex, 

term in the simple.?ingle-particleexchange process .. 
22 

Since the 

momentum transfer distribution implies kinematic restrictions on the 

values other variables may assume, we include in further calculations 

a form factor, F(6
2

), mul t~P1Ying the above expression (3). The 

fu...'1ctional form,chosen so that the modified expression reproduces the 

dependence of the data on 6
2 

and is normalized to one at the relevant 

pole is: 

(

A ~ ) 2 - exch 

A+6
2 

For ·the pion-exchange case the fitted values for A, in reactions (a) 

through (d), are given in Table III. We note that A for the sigma· 

+ chan:J.els lies between 1 and 2, ,,,hile for the ApK reaction it is 5. 

This property suggests that 've are including in this form factor off-the-

:::ass shell corrections at the associated production vertex anel thc:.t the 

L:.><:and flKcross sections behave differently as the incident :pion 

beccrr:~s ~riytu.8.1.. The dashed curves in Fig. 19 are meson exchnnc:e 

yr'.::c;.ic:t::'8r.S vri. th the form factor. The upper dashed curVe oJ:' Fi.e;. lS1a 

l,ll 
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Table III. Total cross section predictions of ~ and K exc~~nge. 

Channel 

V
EXP 

(\-Lb) 

U 1! EXC. (l-Lb ) 
(unmodified) 

A (CBev/c)2) 
(in 1! EXC. form factor) 

(\r EXC. (\-Lb) 
(modified) 

UK EXC. 
( uD.r.J.odified) 

A (BeV/c)2) .. 
(in K EXC. form factor) 

+ fiK. P . 

54 +3 .. 
-5 

5 

62 

3.2 mb 

.72 

180 ± 100 

29 ± .5 57 ± 7 

107 99 41l+ 

1.9 1 .. 3 1.8 

37 35 164 

71 l-Lb 

.8 

< 10 ± 10 

(a) Tde use K+p elastic data for this calculation since KOp elastic 
scatterip~ cross sections have not been measured. 
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contains an interference contribution. 

The most striking feature in each cha:n..Tlel considered is the hyperon-

kaon mass spectrum which must of course be reproduced by a relevant 
I 

mod.el. Predictions of both K~exchange and re-exchange are shmm in 

Figs ~ .. 20 and 21 again with a measure of the interference uncertainty; 

For reactions (a), (c) and (d) the re~exchange model satisfactorily 

reproduces the peaks in t1!e !U\. and LX spectra while agreement • .;i th the 

K-exchange model is poor. Agreement with re-exchange is not as good 

for reaction (b), '-though still much better, than for K-exchange. The 

data· sample for this reaction suffers· from the ambiguity problem discussed, 

above. 
00+ ' 

In addition, to obtain the re p ~ l: K cross section, ,.;e use 

the isotopic spin equality relating it to cross sections for 

o o. ~ + +. ++ rc p ~ l: K , l: K and re p ~.l: K reactions. 'Because these reactions 

differ experimentally, there could be a systematic error in their relative 

no'rmalization, causing a poorly calculated re-exchange prediction. The 

total cross sections calculated from the unmodified re-exchange and. 

K-exchangemodels as well as those predicted with the addition of the 

fo~ factor are given in Table III. There is considerable uncertainty 

in the r.lodified K-exchange predictions, due to the inadequacy of a one-

parameter form factbr, which appears as a lack of reproducibility for 

2 
these predictions when different functional forms for F(6 ) are tried. 

Both the modified and unmodified :t1:-exchange predictions are j_n better 

agree~ent Hiththe experimental data than the corresponding K-exchange 

prec',ictions. ,As a further test of the model, we examine' the A polari-

zc,~,l.O~l obtain'~d. from the angular uic;tribution of the decay product.,,; 
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of the A in its rest frame. The polarization is measured along the 

normal to the plane containing the directions of the A and relevant 

+ initial proton in the AK center-of-mass system. We show in Fig. 22 

experimental values for the A polarization averaged over intervals in 

l'J(+ mass,together with the predictions of pion exchange. Consic.erable 

polarization is noted, particularly, at low momentum transfer a~d low 

'+ 
fK mass,. in agreement with the results obtained for the associated· 

production reaction n-p ~ AKo . The K-exchange model predicts zero 

polarization since only a p-wave A produc.tion amplitude is present. 

Thus ',re find the data consistent with that expected for a dominant 

pion exchange mechanism with no evidence for a contribution from K 

exchange. 

We now study the predictions of the n-exchange model for distri-

butions in the angles e and ~, defined in Fig. lSd, in reactions (a) 

and (d). + Figures 14 and 15 shOT the angular distribution of the L. 

+ and A in the YK center-of-mass system, with the momentum transfer as 

polar axis, together with the n-exchangepredictions. Agreement is 

very satisfactory. In Figs. 23 and 24 we show distributions in the 

T;reima.n-Yal1..g angle, ~, and observe a substantial lack of isotropy 

2 
~xcept at very small 6. where kinematics constrains the distribution 

to be isotropic. 

Some deviation from isotropy is expected to result. from our choice 

of the s:naller momentum transfer in the definition of cpo The modified 

:;;io:: '2):~D2.!lge ~alculation shows that for nine percent of the events, 
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Fig. 23. Treiman-Yang angle distribution' for the reaction 

+ + . 
pp ~Z K n as a function of momentum transfer. 
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diagram and these events are not distributed isotropically. ~~e curves 

on the figures contain this effec~which clearly does not explain the 

magnitude of the experimental anisotropy. 

A larger effect ca..'1be generated by the interference term: which 

as seen in Appendix B, is· of the form do = (A + B cos cp)dcp, >-There A 

a..'1d B are functions· of the associated production amplitudes and have 

"Teak dependences on cpo The solid curves in Fig. 23 are the pion 

exchange predictions without any interference and the dashed curves 

are·predictions I-lhich maximize the possible asymmetry due to interfeYence. 

It appeays that 'vie C8.J.'1 in this way account for our experimental ani so-

tropy; at least moments in cos cp in the Treiman"':Yang distribution. Small 

cos 2cp moments also appear to be present qualitatively and it is difficult 

to generate these "lith single pion exchange. 

Ive plot total pp.-7 ApK+ cross sections25 from a number of experi-

ments at various beam momenta in Fig. 25. Curve a is the prediction of 

~modified pion exchange and curve b that for pion exchange with a 

fo:rTI factor. Both predictions, as well as the experimental cross 

sectioTI) rise rapidly above threshold but then have a very smooth 

momentu,'1l dependence. The measured cross section becomes ratber constant 

at about 55 ~b, lower than the corresponding values of both predictions, 

T~Thich a:,e ~ 100 ~b and .... 70 ~b respectively. However the magnitude of 

the interference contribution to the predicted total cross section at 

'" .,.., 'IT! ,.. 1 . 8 ,.) .be,' e can De as _ayge as ~b and a large construeti ve interference 

2.t?ll 1"'.oCJlenta above 3 BeV!e could bring the data and modified pion 

c:·; (:::?:CS'3 :;'~'eG.i ct:Lons into fairly close agreement. If we parameterize 
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the momentum dependence of these cross sections by a = C P -n Vie find 

that n can be as large as 1.1 between 5 and 7 BeV /c but is <0.4 =-f 

one uses the entire range above 3.5 BeV/c. In the scheme of Hef. 5, 

this momentum dependence is consistent with diffraction and non-strange 

meson exchange, and certainly inconsistent with strange meson and 

. baryon exchange. 

We conclude that the single pion exchange mechanism with a form 

factor is in reasonable agreement with the data. A more detailed 

analysis, involving absorbtive corrections and an exact treatment of 

interference is necessary to determine whether the apparent dis­

c~epancies such as the sharp momentum-transfer peak and Treiman-Yang 

anGle anisotropy can be accomodated. Unfortunately, the complete 

lack of information about absorption in the final state and associated 

production amplitudes makes such calculations impossible. 

C. Other Exchange Mechanisms 

The exchange of p and K* mesons is another . model which could 

naturally reproduce the features of our data. In particular) it is 

Hell knovffi that vector meson exchange gives rise to cos cp and cos 2cp 

moments in the Treiman-Y~~g angle distribution as well as correlations 

bet~·reen cp Etnd 21 e, the two-body scattering angle. Our data does ShOlv 

a correlation of this kind, the anisotropy in cp being strongest.at 

3[;!2.11 e for the non,..strange meson exchange coordinate system. 

J\gain, as in the pseudoscalar mesons case, it is improbable that 

K* exc~ange can give rise'to sharp peaks in the YK mass spectra. 

3::..::->:::e T:O ezpl::'ci t YV interaction is contained in the model. 'I'be 
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excnange of p mesons is a good candidate for the mechanism in these 

reactions but the fact that the p + p ~y + K cross section is unphysi-

cal ma ... ":es a full calculation impossible. The analysis of Stodolsky and 

sakurai26 indicates that the pnucleon and 1 nucleon interactions are 

si~ilar. It would be reasonab+e to attempt a p-exchange calculation with 

photo-production data. However very little data is available for the reac-

tions "/ + N~Y,+ K and such a calculation is not possible yet. A remaining 

possibility ~s to consider the events produced by p + p .... N* + N and fit 

to a parameterization of the p exchange eros's section, re<;!.uiring four 

parameters, one of which is a normalization to the cross section. How-

e~er, there is a great deal of background under oUr resonance peaks and 

-the' quantumnuInbers of the resonance in t1;lel'lK+p reaction are quite 

indefinite. Further, we will again have to modify the momentum transfer 

dependence given by the model: sincepexchange will give a prediction 

even broader than that of Unmodified pion exchange. We feel that it is 

nat possible to compute a meaningful p exchange prediction althot~h it is 

likely tr..at a small amount of pexchange would improve the agreement of 

the Treiman-Yang distribution with the one-meson exchange model. 

A study of pexchange would be much more useful if the pNN vertex 

coupling were known as well as the pNN')(- appears to be from the Stodolsky-

Sakurai analysis. We could then reduce by two the nUTIlber of paramet~rs 

in a fit to the cross section. A suitable reaction for the study of this 

-' 'cau~ling is ~p .... nrn, vrhere isoscalar and 1! exchange are forbio,clen. :E;xperi-

::-,ent2.11~r: this cross section bas not been studied sufficiently :to pl'ovide 

I 
, ) 
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this information. 

We finally consider Regge exchange. Data for N-lE- production in 

non-strange particle states produced in p-p interactions,27 as well'as 

the pp ~ ApK+ data given above shows that total cross sections slovrly 

'Nith total energy, above a beam momentum of a few EeV/c. In addition, 

production is very peripheral for all of these processes. The data 

st~gest that Pomeranchon exchange may contribute to these reactions at 

intermediate energies. As for vector meson exchange, one can parameter-

ize the Regge-pole couplings to the nucleon-nucleon and nucleon-N-)(-

systems, and fit the resonance production data to the prediction. One 

encounters just the difficulties discussed above; background, a large 

n'Jr.:ber of parameters, as well as the lik~lihood that a single Regge 

pole is not sufficient, since in p-p elastic scattering at least three 

appear to be reQUired.
28 

We have chosen not to pursue a Regge analysis 

of the data. 
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VI. TEST OF SU7, PREDICTIONS 
:J 

It is often _possible to use a symmetrJ such as SU~ to relate a 
:; 

number of amplitudes A. for reaction channels to a smaller number of 
~' , 

amplitudes vThich characterize the symmetry. In such a case one derives 

a set of independent relations of the form 

A. = 0 
~ 

Each such relation provides a set of ine~ualities 

I I Ci Ai I > I C j Aj I 
i=j 

,;{hicn w.ay be experimentally tested by using 

vTl:.ere O"i i::; the releVant differential channel- cross section and 0i ,is 

e. pha.se space factor. 

We consider the relations implied by exact SU
3 

symmetry for the 

reacttons pp ~ BBP where B is a member of the baryon octet and P is a 

member of the pseudoscalar meson octet. The initial state traw;fo!'l))s 

like the I = I7- = 1 ) Y=2 member of the 27 dimensional representation 
:J 

of SD_ and there are six independent ways to couple 3 octets to an object 
) 

,,'ith these transformation propert,ies. These correspond to the six permu-

te.tions of particle labels in the - coupling x~( 1 ) x~( 2) xi( 3) "There 

X(l) and. X(2) represent thelRJ:'y~ns and x(3) represents the meson. Thus 

-':.:::CTr:: aye S:0: n.:;r;;)li tudes chn.racterizing the reactions and twelve ch::tnnel 

8.:-r::p:'i tUU'22,. Reference 29 discusses the way in which relatj.orlr.; among the 

, ' 

:":\i 
I,~ 

'. :~ 
.. ..", 

.. ~. 

. '.' 

" 
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A. may be systematically obtained from a system ofe~uations involving 
~ 

SU_ invariant reaction amplitudes. In this case we are led to four 
) 

eCl~tions. They are: 

1. .[2 p L:°K+'(i) - nL:+K+(i) - pL:+Ko (i) = 0 

2. pn1! + (~) + npJr + (~) -.[2 PP1!° (i) = 0 , , 

3. -PL:°K+G)' +J2 L:+nK+(l) +.[3 PJ\K+(~) +.[2 pn1!+(i) = 0 

4. 2pL: + KO (~) + 2L: + pKo(i) +.[2 pPJr 0 (i) +.[6 PPTJ (i) = 0 

~ 

where x is a set of momentum and spin variables specifying the reaction. 
I' 

We are interested, howeve~ in romparing total channel cross sections. 

We must ma.~e the assumption 

. f "i ~) <lX "1 

spins and p.(i) p. 
momenta ~ ~ 

,,,here (J'i and Pi= fii (i)~ are the total cross section and total phase 

space for the channel 1. We thus derive ineClualities among total cross 

sections which approximate the effects of kinematical differences between 

channels. Thcyare 

.- J--'--(J. ' a. 
: -2:. I -1 '\ Ie. IV . > le· 1 • ~ ~ p. - J, p~ .. ~ . J 

~=J 

?or ineClualities involving reactions related to one another by 

:-spin transformations the p!1-ILse space factors may be dropped. They may 

a3.so be d.ropperl if mass diffcrences\.Jithin SU
3 

multiplets are sllnll. 

Table IV gi -les eros:!! sections measured in the experiment <:1S Hell as 

" + 5 ~ "" -v/.co t· t· t "-" "- . d some m'=!asu __ ~eQ a", .J.De c .Lor reac ~on cross sec )'ons no· yo", (tel.ernane 

i:: c;.:y ez:periment. Foy those channels in which cross sections have been 

, ! 



-61-

Table IV. Three-body channel cross sectioriSand phase space factor's 

for pp reactions at 5.5 and 6 P£~yc. 
't.: . 

Channel cr(mb ) p·~relative) J"cr/p 

ApK.+ .054 ± .004 1.0 .23 ± .02 

2:,0 K+ p ... .017 ± .003 .• 868 .14 ± .02 

2:,+ KO 
. P .026 ± .004 ~868 .172± .02 

t\11(+ .057 ± .007 .868 .256± .03 

PP11 .030 ± .010(a) ]..23 .156± .06 

+ 8.0 ± .2 (b) . 1.828 2.09 ± .05 pn1! 

0 
2.77 ± .1 (b) 1.828 1.23 ± .045 pp1! 

(a) Determined in this experiment from non-strange four-prong data. 

(b) 5.5 BeV/c cross sections for Reference 24d. 

:;, . 
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determined for in both experiments they are equal to within two stanQa.rd 

deviations. 

We now apply the inequalities implied by relations 1-4 abo'ie. 

Relation: 1 implies a triangle inequality which is well satisfied., the 

sides of the triangle having relative lengths .204, .261, .17 respec­

ti vely. For relation 2 we note that the PP1r° amplitude is correctly' 

anti-s:ITI1."Tletrized and 

and the inequality becomes (J --I->(J o. 
pnn' -PP1r 

This relation is satisfied, 

the left and right sides are 8,mb and 2.77 mb. 

Relations 1 and 2 are implied by isotopic spin, conservation alone 

and are expected to be in agreement with the data~ 

Relations 3 and 4 relate strange and non-strange particle produc-

tior: and are a test of the extent to vlhich SU
3 

is broken in these three­

"body production reactions. 

The terms in the set of inequalities specified by relation jare 

respectively .14, .36, .40, 2.95. The inequality with the channel 

en the riGht i;.; not satisfied) the left and right side having magnitudes 

· Po ~ ,n a 0. 2 09' +' 09 ~ t~ 1 .J' - .~v ~n • - -. reopec ~ve y. 

tria.ngie inequality among the terms' 

2/£ ,,+'vo \ , pL., 1'>. 
\; p 

, 

Finally relation J+ implies a 

" and 
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The relative magnitudes of these expressions are .34 ± .• 02,· 

1.2 ± .05; and .27 ± .1 . Again in this case the data are not consis-

tent with the inequality, the single pion production cross section being 

too large. 

There are considerable uncertainties in our method of making 

phase space corrections and going from differential to total cross 

sections. However the rather' violent disagreement between the SU
3 

predictions and experimental cross sections suggests a real ina~curacy 

in the amplitude relations of unbroken SU
5

• In the absence of a dyna­

micalmodel it is hard to estimate the extent of the syriJmetry breaking , . 

and relate it to that generating mass differences within multiplets. 

However we conclude that it is an important factor in these reactions. 

~I 

: . ...,; 
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VII. CONCLUSIONS 

Tnree-body strange particle states produced in proton-proton 

interactions proceed dominantly through the pion exchaI1..ge mechanism. 

There is considerable nucleon isobar production and these isobars; 

the N-*3/2(1920) and N*1/2(1688) have properties consistent with those 

infe::red f::om pion-nucleon scattering. 

No evidence was found for the existence of a r~30nant hyperon-

nucleon state with mass within the limits 

2.05 ~MAp ~ 3.14 BeV/c
2 

2.15 ~ Mz+n ~ 3.14 BeV/c
2 
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APPE1'J)ICES 

A. Corrections for Ihta-Processing Incfftciencies 

Each of the reactions studied contains one or more unstable 

particles; 2:+; A, 2:
0 or KO

; in the final state. Sinc.e the decay proper-

ties· of the particles are well established; we can determine the efficien-

cies for scanning and processing events with decaying particles. In partic­

ular) an unbiased sample of 2:+, A, or K
O 

must show a decay (proper time) 

distribution of the form 

where T is the relevant lifetime. o 
o 0 The rest frame decays of K and 2: 

o . 1+ 1+' 
must be isotropic since the X

O 
is spinless:' and the 2: decay; a 2" -,' ~ + I tran-

~ 

sitio~. We describe the unit momentum vector P
D 

of the decay product in 

the decaying particle rest frame with respect to the particle's direct.ion 

A A 

P by a polar angle eR, where coseR = PDop; and an azimuthal angle ¢R' 

Then the distribution in coseR for the 2:+ and A must be uniform since 

there may be no polarization in a plane containing the decaying particle. 

A polarization normal to the production plane will give rise to an aniso-

tro}?y in OR' but if the production planes are uniforULly distributed about 

::~':!.e beam direction, this anisotropy will vanish as well. SinceCt for the 

..:.. + 
Lc -~ n;r decay is very near 0) there m'Llst be no significant anisotrc'py in 

~~ for even a given production plane orientation in this process. 

+ 0 ., 
decay time distributions for A, 2: ) K show severe depletion at 

_lO 
and slopes beyond t~.3 X 10 ~ sec. 
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Z'1e rest frame decay aI"..gledistributions of the r.0 , A, and KO are Cl'J.:.1_te 

CO::1sistentwi th isotropy ,{hen summed over all production configurations. 

++ + 0 Hcmever the r.' ~ n;( and r. ~ p;( events show considerable depletions. 

nee.r cos SR == ±l; 

We attribute these depletions to scanning.and processing inef~i-

ciency for certain event configurations, those in which the decay occurs 

+ ' 
sa close to the procluctionvertices, or if a r. decay, at such a small 

, + 
angle to the r. direction, that the event is either not observed by the 

scanner or. is measured badly. 

He correct for such inefficiency by rej ecting those events ;'lhich 

do not lie within a specific range of projected track length and decay 

angle and weighting the remainder by·the i'n:verse of the. prc:ibabili ty for 

their having occurred within this region. We chose the minimum and maxi-

mUlTI pyojected lengths and angles by examining the behavior of the total 

'deighted nu.'Y.lbers of events as these cutoff values are varied. The goal 

is to choose the least restrictive cuts for which no severe losses of 

eve::1ts are indicated, by stopping at the point where more restrictive 

cuts co not further increase the weighted totals. The values chosen 

are given in the text and are such that no regions kinematically acces-

sible to the unstable particles are excluded. In no case are more than 

6510 of the events excluded by the cuts, the worst case that of high 

. I!.I 
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Length selection and weighting 

We consider an unstable particle of mass M, mean lifetime 70 ' 

. lab momentum p"and dip angle A. If we demand that the projected length 

(P"P = p.,space X cosA) lie inside the interval i nin '< 17 < trJ'J3:x., the 

probability of observing the decay is 
. -P., • M 

m~n -" M max 

To correct for those events in which the unstable particle decayed out­

side the specified length interval, we assign the weight WL = l/P(p,A) 

·to each accepted event. 

o For the cases of A and K decay, in which the average decay length 

is comparable to the chamber dimensions," is taken to be the distance max 

along the neutral from the production vertex to the fiducial volume boun-

dary, and" i is taken to be. 1.5 cm. mn 
+ + The Z dece,ys. suffer from K and 

~+ contamination if long candidates are accepted and t and £. were max m~n 

taken to be 22 cm. and 1.1 cm. respectively. The average weight factor 

o + due to decay length for events with A, K ) Z are respectively 1.3, 1.3 

and 1.4. 

Jl~le selection and weighting 

It is necessary also to set a minimum and maximum produced pro-

jected decay + + + angle cutoff for Z decays. study of the Z ~ n~ . 

. decays leads to a minimum angle of 100 and a max'imum of 750
• Since the 

p~o decay of a Z+ wIth momentum greater t~~n 1.4 BeV/c necessarily occurs 

1-11 th a de'cay proton angle sl'l13..1ler than 100
, the .proton decays must be 

,: 
r 
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eliminated from the sample. Actually this decay mode is so severel;y 

depleted that it comprises only about 25% of the .L;+I(+nevents anY'i,-ay. 

The maximum pion decay angle at the upper .L;+momentum: 5.3 EeV/c:is 

ISO and 55% of the pion decay events at this momentum survive the 100 

minimu...'!l. angle reCluirement. 

The weight assigned to each surviving event is computed as 

follows: The. probability for decay into the specified region is the 
. . 

a.vailable solid angle in the decaying particle's rest frame divided by 

= fMtR 
failowed by· c;:uts) 

411: 

The boundaries giving the integration volume in the decaying particle 

rest frame are determined by solving the eCluations relating the labora-

. tory angles to rest frame angles, where t3 is the laboratory projected 

angle 

and an identical eCluation for Tan( ~ ). max 

These are Cluadratic cCluations for <PR and their solution permits Cccc:;y 

nU::lcrical evalu:J.tion of the intergral above. The total 1"eisht fOT a 

"vie do not measure and fit secondary interactions of outgoinG 
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tracks. If such interactions occur close enough to the production vertex 

to ~£ause a. large error in the momentum determination for that tl"acJ.-:: it 

becomes less likely that an vnambigl..1.Ous fit Will be obtained for the event, 

ne.rticularly for chahnels (b) and (d)) which are of low constraint class 

alread.y. 

An estimate Of the number of events lost for this reason is as 

follows: The greatest loss is for low momentum tracks having very large 

interaction cross sections,which more than counter balance their mere 

easily determined momenta. 1!-p and p-p total cross sections are as large 

as 200 mb but the strange particle cross sections are much 10-wer, compa-

rable or less than 50 mb. If we need 10 cm. of track to determine a 
-.eDc-

nom'2ntum adequately) the inters,ction probability PI = (l-e T)) with 

~=lOcm. is .06 for aT=200 ~b. We estimate that no more than 5% of the 

events are lost this way and there is no significant differential bias 

due to this depletion. 
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. B.' Interfe~ence in Fseu.d.oscaI4:r Meson Exchange 

We will present the cross section c?tirputation fer pion exch8.n.ge. 

Tae K exc:h.ange case. is identical. 

The amplitude for pion exchange is the difference between t'fTO 

amplitudes appropriate to the diagrams in Fig. 18a which interchange the 

initial protons. The left-hand diagram gives 

1 G - ( ;) 
Ivfi.2 =("2""')' 3/2 '--2 f.L 3· '5 f.LI A IY'T"YK)cos9 

,,(t-iJ.~) . . . '. 

where A is the associated production amplitude at energy ~ arid cehter­

of,-rrass angle e... M21 is obtained similarly and M = I~2 - M2l . 

The differential cross section in the total c .m. frame is g:L ven 

by: 
2 

2" 1 dv = ---

spins 

Usir~ the fact that in the YK c.m. 

':There P. ar.d Pf are the initial and final momenta) we obtain three terms. 
~. 

L'1.C !r\2 i2 term gives VA and the IM2l12 term VB which are related to one 

Qrlother b:r interchange of the initial protons. Thus 

.j, 
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2 
tl = Ii. ) e and <I> are the variables o_efined in the text: and 0'.. Q' and 

t2 are the conparable variables when one intercahnges the initial }?yo­

tons. cr A and cr
B 

are inciuded in the cross section formula (3) "rne:cc 

' .. r2 rzve renoved the distinction between beam and target proton~~. 

Tb.e term 2Re(~2-)(-M21) gives rise to an j_nterference crees scc-

tiOCl £l.nd can be computed exactly vrlth knovllede;e of the as:3ociated nro-

O.'J.c:tion amplitude. Since data adeql1B.te for a meaningful phase shift 

analysis of associated proo_uction is not available we can only place 
I 

limits en the size of this interference term. 

v:e find easily that 

crAI 
·x- '\" -l(-

Re(TvS..2 M21 ) cr
B L Re (TvS..2 1-121 ) 

cr. t = 
spins 

+ 
spins 

ln oc--1
2 I IM2l

12 L I,
Ifl.21 

spins spins 

3D It can be shovm that in the approximation of small momentum transfer 

p:cocluc:tion 

4 ., 
I d cr. -I­In ... 

cos¢j 
J 

(A-l) 
\-,he:cc 
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Here E' and pI are the center:-of-tnass energy and momentum of the out-

gain£:; nucleon, ep is the c .m. production angle of this nucleon: wb:re 

.. 212 -I - I 
tl = -m ~m + 2EE - 2pp cose p p 

f and g are associated production amplitudes, 

. ~-~p 
A =~ ~TI:p .. i (f.·. + g"(; • A .....) 

JL Pi X Pf ' 
f 

so that 

do (A-2 ) = 
dD YK Jrp-+ 

~'le do not know f and g) however equation (A-2) permits us to set the 

limits 

i\Te ha,ve used these ine'lualities to compute the limits on the j_nterference 

cross section 'olhich vle show in Figs. 15) 19) 20, and 23 as well as tne 

IT'2.ximUJn contribution to thepp -+ ApK+ total cross section)± 8!J.b. 



• 
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C. NU:llerical COt'1putation of Meson Excbange Predictj_on.s 

Given a function F(Xl 'X
2 

,--): it is a simple matter to rlunleT:ically 

integrate it over any number of the variables X. and thus produce distri-
1. 

but ions in any of the X. as well as correlations between the variables 
1. 

implied byF. We use the Monte Carlo method to generate cross sections 

in the meson-exchange variables from the OPE formula (3). The techniC}.ue 

involves generating a number of simUlated events which have associated 

vith them weights computed from (3). Weighted distributions of these 

r::vents are the computed cross sections of interest and we then fit these 

histograms to produce the smooth curves displayed with the data. 

The meson exchange cross-section prediction (3) is 

He simulz.te events using this formula by usj_ng a random number generator 

to choose cose betvreen -1 and +1, <I> between 0 and 2:r and ~, 6,2 wi thin 

the region of the Chew-Low plot. We can control the statist.ics in differ­

ent p-:1rts of this region by picking either 6,2 or ~ first. If we .choose 

2? 2 
6 first) then pick M at random betvreenthe limits this value of 6 

i:n.plies and i-Teight it by 

',;ill :have a higher density, of points at small 6,2) where the range of 

';:} is small. The other order favors high if and large 6,2 where the range 

2 
Ii is small. We have chosen the former method since pi exchange pro6.uc-

lS peripheral and favors low YK mass. 
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Each event' is then assigned an additional weight 

W = F(if-,b.2 ,e, 41) 

and weighted distributions are computed pred1sely as the real data is 

plotted. In this way each of the selection 'criteria applied to the data 

can be included in predictions, in particular Our systematic choice of 
, ", ," 2 

the smaller momentum transfer, cuts on mass and Ii. , etc. By constructing 

laboratory momenta we can include the procedures discussed in Appendix A 

for correcting scanning :i.nefficiencies and thereby avoid the statistical 

difficulty involved in anaximum likelihood calculation with weighted 

events by inc1udingkinematic acceptance criteria in F. 

Predictions obtained in this way and intended for display are 

fit: with a Legendre expansion to P7 to smooth statistical fluctuations. 

,/ 

\ 
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