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

Mark Alan Mandelkern
- Lawrence Radiation Laboratory

University of California
Berkeley, California

ABSTRACT
An analysis is presented of daéa from an exposuie of the LRL 729
liquid hydrogen-bubblé chamber tova 6'BeV/¢ proton beam. Processing of
9700 events,.cpntgining a£ least one observed néuirél or charged deca?»

has. yielded 1748 examples of the reaction proton + proton - hyperon +

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

tions are
o o(axp) =5k 2
o(z% ™) = 17 fg' b
o(="K%p) = 26 + & wo
o(Z'K™n) = 57 + 7 wb

Strong N; pr@duétion is observed in all channels. In particular one or
more T=l/2 resonant states with mass near 1700 MeV/qe, decaying into AK+,
and -a T§5/2 resonance with'mass 1920 MeV/bg; decaying into ZK,ére prdduced.
The final étateé ApK+ and Z+Kfn are étudiednin detail.; In both cases the
data are consistent with a singlevpion exchange mechanism modified by a .
formvfactor’and inconsisteﬁﬁ with kaon exchange.. The reméining 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_threé and
four particles produced in Kfp interactions are dominated by K*(891)
and N¥(1236) production. At 2.7 GeV/c 88% of the K'p - Kpst charidel
proceeds with either K* or N* formation and 56% of the Kopr n everts
aré\proaﬁcéd &.a.s"K*N*.l‘L " These resﬁlts-aré typical. -

Cross sééticﬁs fof these quési-two-body reactions appear to possessv
Quiﬁe well defined energy depéndence, deterﬁined"by the nature of the
ﬁarficle-whosq exchange seems to domingte the process. Theiequation

n
g~P

,;eam roughly 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"‘

liquid'hydrégeﬁ bubble chamber to search mbré intensively for baryon-
baryon states and to investigate the general_deﬁaiIS“of nucleon-nucleon
reaction mechanisms, paiticulariy resonance production via single particle
exchange. Wé aré concerned with the characteristics_of'hypeion-prdduction
in three-body final states via the channels |
pp-—»AK+i> ceee (a)

e 2T w)

£ e (e)

Sk'n ... (@)
The'staﬁes pfodﬁced in thése'reactiops would appéér té bé‘most suitable
for eiucidatioh of final;staté:hyperon-nucleon interactions, ﬁhoSe

effects might be obscured in states including pions by the presenceA

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

.
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bermits.compariéon'with the oneapion'aﬁd one-Kdon exchangé models . -
since h&peroh-KUQSSOéiated-broduction and:K-nudleon'scatteringvéré
fairly wellvsfudiéa'proc¢33eé.

. The data’TepOrtéd result from analysis of approximately 500,000
‘photographs, taken i two sepérate‘running periods, of interactions df_
proténs in & beam averaging ten pafticleé pef pulse. The incident
moméntum vas 6.10 * 0,02 BeV/c during thé first running period and

-6.CO * 0.02‘during the second. In Section II we diséués'thg experi-
vméntal”ﬁrocédﬁfe,'ihéluding the beam sétuﬁ,'séanﬁing and measurihg
of the.film, and subsequent data reduction. Section III conﬁains a
discussion of.the aetermination of eross sections and Section IV is

~devoted to the search for dibaryon resonancés and analyées of I
production in these reactidns.: In Sectioﬁ V we test the ﬁrédictions
of pion and K exchange mddified by form factors. Reactions (b) and
(c) pro#ide too little data of sufficient quality fof a meaningful
analysis and are not coﬁsideréd in as much detail as reactions (a)

3
three-body final states in pp reactions in Section VI.

and (d). Finally we test the prediction of exact SU, symmetry for
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’II.. EXPERIMENTAL PROCEDURE

Protons with momentum 6 BeV/c produced at 7° ’to the Bevatron
FExternal Beai i s, target 3/8 high, 1/4" wide and 1/2" long were o
trénsported to the:bubble”chamﬁerIUSing thé arrangement shown schemér
tlcally 1n Flg. 1. 'The optical elements detefmining the foéal'propér-
tles of the beam at the uranlum colllmator were the flrst quadrupole_
pair, whlch ylelded vertlcal magnlflcatlon O 5 and un1t horlzontal
magnlflcatlon, and two bendlng magnets produc1ng a dlsper51on of about
one inch per 1% AEV?..'Momentum,deflnitlon of *0.15% was provided by
thé'slit, of dimensions l/."'Veftically and 1/4" horizontally, in the
12" thick ﬁranipmvcollimator;‘spatial acceptance was ~.0l millisteradi_
ans. To allow muiﬁiple oﬁeratibn'of external béam foei, targeting techni-
qﬁes wére heéded“which would ﬁinimize'interférencé with external beam
optics’ slnce the target could not conveniently be located at an 1mage
pos1t10n of the Bevatron External Beam. In the f;rst runnlng perlod,
during which about half the photographs were taken,~a7polyethy1ene
ﬁafget was fiked in position in the beam; vDuring the remainder of the
Tun a copper target was fixed at a distance:of 5/," from the normal
external beam p031t10n and the beam deflected on to it by a magnet6
pulsed on for approximately 500 psec. In this way, 1ntens1ty control
1ndependent of Bevatron intensity was achievgd with the remainder of
the_beamxavailable for othér-experiments. Beam intensity required was ‘ S |
~lOll protons/bulse for-the first targeting arrangementband‘~5 X iolo
protons/bulsevfor £he second fof a flux of 30'protons. Increased effi-
cienéy of oﬁeration Wa.s échieved with dyngmic intensity contrdl pro-

vided by a pulsed parallel electromagnetic separator operated
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with a 4" gap and 150 kilovolts bétween’the,pletes.7 An appropriate |
signal from a preset.scalar’readiﬁg the outpﬁt of counters'directly
before-the-ehtrance window of the‘bubble'chémber‘triggéred a spark gap
acroeé fhé‘gpé¢trcmetér.p1§tés which discharged"themVin 2'ﬁsec.'7The
magnetic field:remained»and cauised the.beam t6 be deflected S/M"
‘vertlcally, off sllt S2 into the uranium colllmator.' Ih this way the
usual varlatlonsvln beam 1ntens1ty due to statlstlcal fluctuatlonu and
accelerator ‘instability were largely eliminated. .With a total beam

invthe'channel’of abdut‘30fparticles per pulse, the beam at the chamber

was ﬁainﬁéined'conéﬁant to within two tracks'per'picture. Contamination

from 31ngle pion production in the target was small 51nce the primary
proton beam and the secondary protons from the target were set to dlffer
little in momentum, while the sécondary pions had considerably lower
mementﬁﬁ. “A'measurement mede'in'e similar beams using a Cerenkov
counter to distinguish pions from protons indicated a pion contamination
of less than O}l%.l’This_was neglected as a source’of background
"~ events in fhe enalysis. | |
.The incident beam momeﬁrﬁ;‘was determined_from measﬁrements of

‘non~interacting tracks and from_wellfidentified‘examplee of fits fo
'elastie scettering. Both_methodsegave the same result; noted in
~Section I. The observed width of the beam'momentum distributionbwas
con31stent w1th that expected only from measurement error, approx1mately
l%}v However, we ass1gn + 0.5% uncertalnty to the incident particle
momentum for fitting pqrposes, 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 Processing

The film was Scanned:for'events of interest and three fourths of

it waS‘scanned a second time. All'events containing one or more cbarged
or neutral decays were recorded and measured with conventlonal dlcltlzed

' measuring machlnes. Geometrlcal reconstructlon and klnematlcal flttlng

of events with neutral V’s was done w1th the use of the program PACKICE. 9
Of the three v1ews measured, only the two chosen by the p*ogram to
give maximum.aCCuracy'in determination of the dipvangle of eaoh track
were used. Reconstruotion and.fittiné'of two-prongs-with charged
decays was done with TVGP-SQUAWlQ-Which.uses measurements in ﬁhree
viewé for reconstrﬁction .

A total of 7200 events of two-prongs and one neutral V and 2500
of two prongs with the decay of either or both outg01ng charged partlcles,
candidates for events contalnlng three flnal-state partlcles, were
measured, the latter sample hav1ng_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

" oné unobserved neutral particle. Identification of acceptable reaction

hypotheses was established by the usual methods of requiring consistency
of measured momenta Witn reection kinematics end visually estimated -
bubble densitiesi. Tne x? for the kinematic fit was required to
correspond to a probability level greaterbthan 1% for reaotione (a)

and (c), and 5% forv(b) and (d) because of greater contamination due to

_ambiguities. In addition, events were required to
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be produced iﬁ.a fiducial volume smaller thaﬁ-ﬁhat-spécifiedbfor'
scanning, and contaihiﬁg 76%lof the chamber volﬁ@e.’ |

| Events with no édceptable fit.weie examined fo détermine whether
tﬁéy Wefé:coﬁéisténf with.the'produétibn of two missing neutrals, and
15%'of1thé‘evénfs:With V's fall ihiobtbis cétegdry. All'othefs ﬁére
feméééﬁfeéLbut'after'ﬁWO uﬁéuécessfu1'meésurémehts'Were ¢on$idered
Unmeasureble and not prc}cesséd ‘f:uz_"ther. About,j% pf_thé' sample was
.uhméasurable.”iiﬁ‘this way 1302 evehts'wifhiﬁeutral_vjs'wére identified
as examplés bf"threéAbody‘chahnels a, b,'énd é._'Of.these events, L5
' ﬁere'alsbfconsistent wifh'fbur-body final statéé. ‘They were.éssiéned'
to the three-body éategéry becaﬁsé the three-body fits are more con-
strainéd‘by.ﬁhe:ki@ématiéai requireménfs,_:For fe&éfioh (b), pp._;zppK+’
| one uSUally.observeS'onl& the A‘frgm the Zo.eléctromdgnetic decéy aléng
 wi£h the charged prdngs.: The tfack bubble deﬂsities clearly do ﬁot
disfinguiSh;betweeﬂ'the”zo and A production hypbthéées ahd a large
fraction of the events are kineﬁatiéally consistent With bothQ' We reéolVe
all the ambiguitieé between ZopK+'and ApK+>in favor of the A since‘the
fit with a A has four constraints and that with a 0 only two. The
'A.decision ih this case ig greatly strengthened by appeal to the requifement
" that the angular disﬁriﬁutioﬁ pf any particle with iespect to the
incident beam difection be symmetrical about 90O in the center-of-mass

system.. In Fig. 2 we show the angulaf distribution of the proton

(&

L ‘ + S '
produced with a hyperon and K for the weighted total of 533 events
. with uﬁiqueiy identified A's, together with that inclﬁding the 504

‘events with‘ambiguous identification of the hyperon; Cleérly the

g
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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 — ApK' and pp — ZOpK*.
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symmetry is imprOvod if the,eveﬁts:are‘oombinéd. Thus, io/gil S@Chv~
cases of ambiguity the hyperOn iskconsidereé to be a A. The angular
distribution of the protons produced in unamblguous exanmﬂes of the
° pK final state 'is shown in Fig. 3 This distribution is not nearly
as symmetric as that for ApK ,vreflecting the:gfeater difficulty in
resolving ambiguities with the two constraint fit. The asymmetry is,
hoﬁevef; in.thé’oamé difection as that of the ambiguitiesvwhioh were
vassignéd to_ApK+'and thus does not'result,froﬁ-inclusion of ﬁisidentified
A production events.  w¢ conclude that tﬁé source of this asymmetry is
'arabi'guity‘wi'th' four-body hypotheses which have one. cénstraint ,-and vtha't
thé:four-Body backéround plus.eﬁeﬁts loot.duejto misidohtification
amounts 16 sbout lO%'of'the sémple; judging from the number of ambiguoﬁs
events and ﬁhéoSize of the production aoymmetry; We show in Fig. &
diotributions'in the cosine of thé.rest'ffame deoay’angle of the r°;
Fig. hé with respéoﬁito the normal'to:the.plane_containing the =° ana
an incident proton in the Z°K+.rest frame, and Fig. 4b with respect
to the £° direction. Both are quite consistent with uniformity. Since
. the decay %T—a%f + is constralned to be 1sotrop1c the data is con-
51stent w1th a relatlvely uncomtamlnated =° sample._ We find that the
distributions in these varlables for events amblguous with the ApK
hypothe51s.show strong non-unlformlty.
. Sincevthé reaction (&) alwéys‘yields onyunobserved neuéral’product
'klnematlcal constralnts may “be applled only 1f the Z momentum is known

rom measurement of the E track and/or measurement of the decay

proaact track. In either event, the momentum is generally poorly
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" determined and kiﬁematical ambiguities are more serious. Three kinds

of ambiguitieé were present: 'those.inv6lVed in (i) distinguishing between -
s decays and K decays, (ii) distinguishing Z+pKo with'unobseryed K°
deéay, and (iii) éeparating events withvan‘additional,'unobsérQedvneutral._
Ih'fact'only an insighifiéant number of the first and second kinds éppear,
fitting to thevdeéay‘kinemétics and bubble‘density éstimates generally
being sufficienﬁ to‘distipguish among the various hypotheses. Further,

the ratio;of:OBserved'numbers of Z+pKo wifh K° ‘decay to the number with
unObséfved'Ko’decay; afterbcdrféctioh foi'detéctidn iﬁefficiéncy and
scénning biasés, is 0.5 ¢ O.l; indicatihg that the correct humber of
identifiéaﬁions of'ZﬁpKofevents has been made. In the analysis of
reaction (d) only the events consistent with 5 Snn' were used. iThis

procedure is required since, to correct for scanning inefficiency, we

_impbse a minimum projected decay- angle cut-off of lOO. The decay angle

- o
of the proton from a X

©

with momentum greater than l.h'BeV/c is necessarily
smaller than lOo. We find that the cérrecfed sample of data for reaction

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

‘estimate from the number of ambiguities that contamination is 5 :52%. o

In>these ways, émbiguities in identification were settled and
evénts were assigned to paiticular categories. Table I éives the tﬁtal
numbei of observed events for each of the'foﬁr reactions. |

For each of the reactions we require that at least'one’strange
particle decay is observed within’the:chamber.fiducial vélume; Events
in which the decay occurs beyond ﬁhié 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
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'Table I. Event totals and cross sections for §99) three-body;reaction

containing a K-meson at 6 BeV[c.

Chennel Observed  Number satis-  Corrected  Cross section
'~ number  fying kinematic number (c) (up)
' - criteria T - -
B S T - B A
e | 251 : 227 'év85 | 17.6 fg
o’ o N | R '. R 26.0%h
ey e AR ‘i31(b)f |
PR SRV 109 N 65(®)
Z+§(K05(a) [ ~" - -: : o a9
Soa(n) 8 . 126
o Sep(x®) 33 o | | :
5K (n) () | o s7e
£ o 1t (n) 255 .- 148 3%
Eapa®) T2 o

(a) Only half of the'film'was analyzed for the two @rohngith decay
topology .
(b)' This number does not contain a correction for small angle Z+ decays. .

(¢) Only cross sections contain corrections for uncbserved decay modes.
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to thét due to ordinary scanning inéfficiency; must then be made for |

inefficient detécfion of decays occurring with small laboratory angle;
or.at véry.émall'qr;large diStances from'the prodﬁction origin, as Weil
as for undetected decayé into neutrai.particles. Examination ofvthé
cbserved distributions in lifetime and in decay angle of unstable particles
fefmits.estimates'td be ﬁade‘of'thé deteétion~efficieﬁcyf_.In addition,
the'réquiremen£ of a symmetric produéﬁion angular distribution aids in
aetermining detectfbn biases. To cérrect fbr-these inefficiencies,"

éach eventvﬁaé weighﬁéd by the inverse of the probability for‘detection ;
within a Speéified'kinematié'region. This'reéion"iS'determined by
requiring events to be within a fiduciél volume, to hayé decays‘with
projected opening angles greater than_lOO and lesé £han 750 and lengths

greater than minima determined by partiCIe identification: 1.5 em for A's

. + : .
and Ko‘s, 1.0 ecm for Z 's. 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

' ' + - . ' ,
are a) 2.9 for Ko's, since only Kl - 1t events are observed, b) 2 for

+ + ‘ ‘
Z , since we do not use-Z"-apno-decays, and c¢) 1.5 for A's, for only

A - px_ decays are observable. Here we use branching ratios from Ref. 1l.
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III. PRODUCTION CROSS SECTIONS‘
Reaction cross sections were déetermined from the number of events,
suitably corrected, in a channel, and the incident'proton flux as = @
determined by a count of beam tracké in frames selected at regulér

intervals throughout the film.

- We have _ »
o Corrected number of interactions in channel i , :
97 No. of incident particles X No. of scatteringvcenters/unit area
" , ‘
= ..}-'- T

DL
where D is thé dénéity of protons in fhevchamber'and L is ﬁhe total
'5eaﬁiffackfléngfhvévailabie.‘vNi is given b&»
N, =}: wj/ei,
J
the weighted totgl of évents divided by the scarning efficiency for

channel 1.

-

1) Ve determined L by counting beam tracks in every SOth frame

‘thrpughouﬁ the film. Onlf those_traéks traversing the scanning fiducial

volume without‘interacting ﬁere COunféd.and the average number of'trgcks/

fraﬁe ig NE = 10.2 £ 0.2. The error réflects thé.reprodﬁcibility'of

this number rather than statistical error. Since the totaivp-p cross o
section is 40.6 * 0.1 at this energy12 the beam'is severely attenuated

as 1t passes through the chamber. That is, ivaB protoné ¢nter at.y ; 0,

;Dan

N(y)l= Nqe

S



events found and'sqccessfully processed in both Scané is N

. numbers found and processed only in each of the two scans are N, and N

'resbectively.lh We find €
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have not yet interacted at y. Then the track'length available to a

single channel inllength L is -

Dot pt Doy o
L=0N_e T 'u/\ e Tya§ t
, _ by Jo .

~ Since élastic scatters witﬁ momentum transfer < 0.0l are essentially

unobservable because of the slow recoil proton (< 100 MeV/c corresponding

to a 3 mm track,length); we usefoT = 39 mb, correcting with the

differential cross sections of Reference %3.'

D, the hydTOgen'dénsity, has been detefmined for standard running

conditions of the 72" chamber to be 0.060 + 0.00L from measurements of

the length of muons from stopping posifive pions. The hydrogen

temperéture measured dﬁring our exposure was 27.5 + 0.2° K wﬁich gives
a value for ﬁ consistéﬁt with the above. This value corresponds to v
(0.060 + 0.008 X‘;6?3 protons/cm3; With a‘fiducial #olume length 
1= 145 ‘cm and 569,718 frames'we find |
L 9;88 £ 0.3)X 10” cm.
ii) The scannihg-measuring efficiencies wére‘deduced from a
cqmparison of procéssed é&ents frém the two scans. If ﬁhé number of

AB? and the

A B
respectiVely, the scanning-processing efficiencies are

2

T NAB/(NB + NAB)'and €y = NAB/(NA + NAB)

A= 0.80. £ 0.03 and €

g = 0.81 % 0.03 for our -

two scans for both the two prong with neutral V and ﬁwo prong with
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charged decay event types.
We quote cross sections ih Table I. Errors contain statisticél
errors which aré given by the applicétion 5? Poisson statisties to a

weighted collection of events, thus if |
. 2 2
N. = W, 6N = YW. .
ot Z 'J',. ( ) JATRR
J S :
We include as well an_esfimated errorlis% resulting'from~miSidentiﬁie@$ions

and uncertainties in the magnitudes in the.Various_gémrections.

e

s
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IV. ANALYSIS OF FINAL STATE INTERACTIONS

A. General Features

L ' + 0+ + 4
The four states studied, ApK , 2 pK , Z pKo, and X K n have

eimilar properties in meny respects. We will diecuss them simultaneously ‘
as much as possible. Figures 5, 6, 7T and 8 are scatter piots ef.the
‘squares of the effective masees of hYperon-nucleoh.vs hyperoh-kadh.
systems. In each easeia non-uniform density ﬁithin the kinematic‘

boundary of the Dalitz plot is apperent. A strong concentration of data
points is noted atviow values of Y-XK mass, particularly_ih the AK+ end

KT systems. In no case is there a clearly defined regionkin hyperon-
nucleon effective mass within which ﬁhe density ef points is strikingly
larger than in otﬁefs. Rether, only iﬁ a'region‘defined by limits on

YK+ effective mass 1s there such a concentration.v The existence of only

AK+ and Z K final-state 1nteraction is demonstrated more conclusively

in the effective mass distributions of,Figs. 9, 10, 11, and 12 shown
together with the correspondlng phase space distributions.‘ Corrections
to the data have been made here for observational biases, s0. that each -
observed event is weighted as diseussed ebovef_ The bin heights in each
hisiogram-areiﬁhe sums of the'weights for individual events falling”inte
the relevant bins, with'sﬁetistiCal errors computed.as discussed.in
Seetion III. .

~ The weights for reactions (a), (b), ‘aﬁd (c) are ieietively constant
with average values l 3,\ .3 and 1.8 respectively The}weiéhts for reaction
(d) are distributed over a broad range with,average Qaluev2.6; eonSe-
quently, error bars are displayed-on the histograms of Figs 12 and 21b.

In fact, none of the conclu51ons are substantially altered when unweightea
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distribntions'ane'consideredi ‘This'is‘the;case becéuse only_aboutilo%.
of the events with visible‘decays of neutral V's = and 30% of the
number wifh,charged decays, are actually missing from the sample. In
addition, the detection inefficiencies are nOt stfonglyfdenendent on
the momentum and angular distributions.‘ |

| RN the Y-N and Y-K mass distributions show con31derable devidtions
from the statistlcal distrlbution, but most of the further discussion
will be limited to the ApK and Z nK states for a number of reasons.
In the first'state the hyperonfkaon system'occurs only‘with isotopic
:‘spin T = 1/2 and in thé latter only with T = 3/2, so that the analysis
of resonance"nfoduction is simplified. The =° pK and Z pK reactions
appear qualitatively to have properties 51milar to “those discussed
below and the:samples of ‘these are severely limited statistically and
probebl& more confeminated."Analysis>Of the latter réactions does not
add ﬁo'the conclusions ahout final-stafe"interactions nor. to the further
eluc1dation 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 1s not p0551ble, in general to demonstrate

rigorously which of the twoAbody combinations are in resonance, we

can nevertheless argue persua51velyvthat,the detailsof the non-uniformity

are consistent with the production Of.only Y-K resonences. A simple
check of this hypothes1s consists 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, and calculating the
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expected reflectionslin'the Y-N and Y-K systems, respectively. The
results of such calculations are shown in Fig. 9 for tﬁe ApK+ reaction.
It is clear that the Ap peak:can be undersﬁood as a feflectieh of a
AK+.enhencemenf; while the convefse does not hold.

The above @ssumption of an isotfopic disintegratioh of the two-
body eystemvcannot be completely justlfied. 'Thevbreak-up angular
distributions'of either two-body system can be readily ocfained from
the Dalltz plots, Flgs 5-8. Tﬁe ordinate ahd abscissa may be interf

preted respectlvely 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 1sotrop1cally

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

state interactions. A new'hyperon-nucleon resonance with a pathdlogically_

anisotropic decay distribution could be invoked to eiplain‘the overall
distribution ln the Dalitz plot and the Y-K enhancement as a reflectidn.
It is quiﬁeiunnecessary to invcke such a new resonance with complicated
properties, but we rather attrlbute the . dlstrlbutlon purely to already
well-establlshed Y—K resonant 1nteractlons, spe01f1cally

1/2 (1688) and N*_ ,.(1920). B

3/2 |
This conclu51on is greatly relnforced by the observation that the
Y-K production is predomlnantly per;pherel and_cons1stent with a single

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

those events produced with low momentum transfer to the initial protoni

' are,elimiﬁeted_from the Ap-mass~distribution, a spectrum results that

is in excellent ag reement with phese space, as seen in Fig. 13. Thus
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Fig. 13. The A-p mass distribution for the channel ApK shown

as & function of momentum tfansfer to'the proton. The

curves are phase space distributions.
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even in the regi6n‘where periphéraliéﬁ,dOes ﬁpt domihate, there 1s no
suggestion of a dibaryon'resonance. -In calculating momentum.transfer,
there are,'of'cqurse,‘two values for’eaéh’event since the iniﬁial
stafe proﬁons ére.indistinguishable. We use the éﬁaller moment um
transfer to define the identities of the initial state protons when

comparing with dynamicél models and require our theoretical calculations

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

the strdng‘peaks at low momentum transfer; which characterize peripheral

prodﬁction; This procedure is well justified by the further demonstra-

tion below‘that the mechanism is indeed peripheral.

The Ap and AK+ mass spectra may be understood to result, in péft,
from a éuasi-two—body process, pp ~ N*l/éb’ procéeding via a peripheral |
mechanism, with subsequent decay of the I* into AK+a The conclusion
that there is no evidence for a Ap resonant state is'in agreement with
that of Bierman, et al.15 The K+p mass distribution forvthis reaction,
Fig. 9c, showé structure not observed in K+p elastic scattering with
enhancements at 1.8 and 2.1 BeV/EE. These features cannot be simply
explained as reflections of ﬁhe N*l/é(l688) production; However, their
absence in K+p'elasticlscattering suggests that the peaks observed here
are not resonances, but rather kinematical.effects associgted with the
full description of the:production process, or statistical fluctﬁations.

Consequéﬁtly we conciudg that we have pbserved no dibaryén
resonances in éithg; thg_@;l/é or the;m;B/é_sﬁate in the mass range
from 2.05 to 3.14 BeVZbe. It is cénceiv&ble fhat a dibaryon resonance

in this range would be difficult to detect above the
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background of peripherally produced events in this reaction. ‘Never-
. theless the absence of distinct localized enhancements in the’ hyneron-
nucleon mass. spectrum leads to the sbove cdnclusion Fnrther, we
e5u1mate that the cross section for the production of the enhancement‘

3

reported by'Mellss1nos et al.” is less than 0. 2 ub in the present
experiment.

B. fNucleon Isobar Production

Anal§Ses ofbnion nucleon elastic scattering hsVe revealed
evidence forrthe,existence ofvthree T = l/é resonances near 1690 MeV
vand'one Tf=,3/2rresonance near l92QtMev'total'c.m.renergy;ll :The
.pronertiesiof these:resonances inferred from the phase shift‘anslyses'
are listed in Tdble“lI.' We interpret the observed resonance troduction
as‘produCtion ofltheSe'pi—nucleOn resonancesiend their-subseqnent decay
into hyperon and kaon. | .
Analysis of ‘the angular and polarizatlon distributions observed
in ﬂ p —aZ X 16 show that this reaction proceeds in part through an
F7/2 resonance ‘at 1925 MeV with w1dth r= 175 MeV, consistent with
the parameters of the resonance observed in pi-nucleon elastic
scattering. The partialvwidth of the Fo/p info 5'k" was found to be
;_'about lVMeV.‘JOur feak in the £ K mass snectrnmnin the chammel & nK
is naturally’interpreted'ss due to the production of this resonancef '
snd its subseqnent decay into s, 1o estimate the rate of'resonance'
: oroduction,the distrlbutlon in A?, momentum transfer to the neutron,

and M, el effective mass, was fitted to the expre551on

d
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Table II. Pion-nucleon resonances between 1600 and 2000 MeV/cg.(a)

W Resonant  M°(MeV) Telastic (MeV) i“iﬁela'stic (MeV)
State |
T=5/é F. /2' 1920 | 100 100
T=1/2 = /o | v17oo_ 2&0 , o) |
" ey 1670 5§ | 8L
s /o 1688 72 38

(2) Values are quoted from Referencé 11.
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aeq————}'—— 9- 1+ c—p ZT(M) ] dMadA (1)
‘ (a+A) _ (M M2) +M qJ ; ,
waich is an 1ncoherenh svm of resonance and background. . The. form factof
L/(aﬁah) : 1svu§ed . to parameterlze the strong perlpherallsm shown in
the data. ﬁere‘q is the momentum of the &¥ in the Z K ~rest frame,;MO,v
:the ‘Tresonance energy quoted 1n Table IT, F the total width and ¢ a number
whlcb characterlzes the productlon Ccross section. The energy dependent

'parulal width 1nto the channel Z +K was taken to be

. o (afe f“%%m)

K+ T et
=K ZK(qﬂ%W@fﬂ)

(2)

The oartlal wiath" TO +K+ 1s‘a neasuré of the‘couPling of the resonance o
to the decay channel in questlon and the rest of the express1on is the
.product of phase space, a barrler penetratlon_factor, and form factor-'
_ normelized to unity at the Central mass Mo of the resonance. Both these
latter factors depend strongly on the:orbital angular momentum‘£ of the
decay products. ThevX,invthe form factor is eseentially the inverse of
‘an effective fange of in’cera.ction.l7

The'total width can be taken to be'the sum of the.energy:depen-
dent partiaijwidths for all decayfmodeé. In principle it is'possible to

determine both cand T +K+‘ by flttlng However since the Z+K+ partial

R

w1uuh ig ve“y small compared to. the total width, the shape of the distri-

outﬂon is 1nsens1t1ve to the partlal w1dth and only the product cP Z+K+
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is determined. ‘We take the total width to be that obtained from pi-nucleon
scattering data and CF;+K+ ﬁhen determineé-ﬁhe percentage of resonance
production ih thisvreactioh.‘ Wé find 38 i‘5% of the events result frqmt
resonahée.prOngtion ahd'62”iv5% from backgroundf Thé,paramétér o is found
to be .35 t .05 (BeV/c)Z. - | |
’Detefminatibn of the rate of resoﬁance productibn in thé ApK+‘chan—
» nel is rather more cdmplicatéd. As mentioned above, there are'three.ﬂp 
resonaﬁées near 1700 MeV; .None of the brénch%ng ratios for decay inté.AK+
is firmly’kndwﬁ, nor have'the'relative'production_raﬁes of these.resonanceé
been reasured ffom'non-strange particle.productidn in p-p collisions. Some
ihformatioh‘abouflfhe parameters of these resonances has been obtained:how-
ever from analysis of the differential éross_section’and A pélarizétion in
AKQ production in n_p collisions.l8. Reasonabie agreement results with é
J=5/é resonénce‘with pariﬁy either positive or-negative, total width
~ 100 MeV ahd partial-widﬁh into AKO ~ l;lO MeV. No analysis finds any
evidence for the S-wave resonance‘in the AKQ'system. Appeal to thevreQuire-
mént of SUa-symmetry.fo determine branching ratios oflfhe 5/2+ and 5/2" N¥'s
are useless since.both resonancés are théught to b¢ memberslof octets and
thelr partial widths ére sensitive functions of their D/F ratios.  For
examnple, a D/f ratio of'f"forbids decay intaiAK. The study of baryon

19

resonances”” suggests that this ratio is often widely different in different
I* octets.
The data from this experiment are insufficient to determine the

contributions of the various resonances. Since the associated production
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data suggest_g.iargé J?f/é‘émpiitude.we fit dao(A?,Mé)/dA?dMeito a
single F5/2'resohanCe at 1688 M;V tbgeﬁher'with a background'contribu-_
fion.: AS”in[the z*nK* casé, Wevfit to anvexpressién éorrespohding‘to ,
(l)'ahd find;SE i‘6%‘of,the.evéhts result from resonance production and
¥6 i 6%~fr0m baékground; The'fittéd:ﬁalue for a i§'}53 * .OB(BeV/c)?.
Uée‘of é'DS/é res6nénCe gives éﬁ eqﬁivaléntly godd fi£ with cdmparablé
fraction of“fesonaﬁce'producﬁion. | |

- In pfingiple tﬁé angular distribﬁtion of the rééonanée'décay.
‘prbducté can provide the.hecesSary informationfto determine the -spin
_ and parity of the parent State; In Fié. l4'wé'show'the,ahgular.distfi-
bbufidh, with réspect to the momentﬁm trather direction,.of the hyperén
in the =% c.m. system and in Fig. 15 that for the AK*. Predictions
of ‘a 7 exchange modelvfof.prodﬁction shown here with the experimental
distributions wiil 5e discussed below. In both reactions theﬂdata in
the‘resonance_region are consistént with a résonahce deéay symmetriﬁ
about 90O superimposed on a small asyﬁmetric background. The spin den-
sity matrix of_the resonance 1s not simply determined in proton-proton
interactions, even fof forwafd production. -Thé.poséible angular distri-
bu%ions forihigh'sﬁin résonanCes‘are'rather'complex and with the limited
stdtistical accﬁrécjvof thevdata-it i1s not poséibié to identify the

centributing states.

B



-37=

230 TUNNN ON

| AN
2:08 XN\

M (Z¥K") Bev/c?

1.95

0

,,‘,82 l\\\\o\\\

Cos 8

XBL676-3415

- Fig. 14.' Decay angular distribution of the Z+K+ system produced in
the channel I*K*n. The angle 6 is between the S+ and momen-
tum transfer directions in the Z¥K* rest system. The curves
are predictions of pion exchange with a form factor. '
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Fig. 15. Decay angular distribution of the AK'. system. The angle 9 is

- between the A and momentum transfer directions in the AK' rest
system. The solid curves are predictions of pion exchange with
a form factor. The dashed curves are pion. exchange predictions
.w1th an interference contribution. :
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V. ONE MESON EXCRANGE MECHANISMS

A. General Features

As notéd above the ﬁroduction angular distributions éhoﬁ the
characteristic feature of peripheralism, a strongﬁcbrrelation'béﬁweeh'
the final and initial state baryon directions.  Wé display in Figs; 16
and 17 scatter plots of hyperon—kaoh mass Vérsus momentum transfer to
the fiﬁal stafe nucléon, showing thevhigh conceatration~of events at
small moﬁenﬁuﬁ transfers. We attemptvto determine‘the compafibility of
the data with predictions of simple mcdcls for periphefal producticn,
in paiticular one.particle exchange'processcs. Single particlé
exchange 1is by now weil}known aa a -theory of pefipheral prodaction.

It is basad on the aSsampticn that low momentum tfansfer collisiohs are
mediated by exchange of a singlc particlego and that the scattering‘
ampliﬁude is given by a single pcle diagram as shown in Fig. 18 for

- pp - NYK réactions. One usuallylassumes that the vertex couplings and
scattering‘crosa sections in?olving the exchanged virtual particle'do
not change as tha distance from the pole increases. Thcre have beenv
attemﬁts to make "off the maas shell” corrections by using vertex form
factors and relating cross sections involving real to those with virtual
pafticles.gl, In addition, absorption and sharp cut-off schemes22 for

- attenuating low partial-wave amplitudes are used tobfake‘initiai aﬁd'
inal state interactions info account and tc correcf'ﬁhe property that'
‘the simple model often violates qnitarity for low partialiwaQea.

or our reactions, the possibilities for‘exchange mechanisms are

given by the dizgrams in Tig. 18. For all channels but pp - 2 K .n,
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. Fig. 17. Scatter plot YK. mass vs. momentum transfer to the

‘nucleon, (a) pp - Z+K°p, (b) pp = £k’
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Fig. 18. Single particle exchange diagrams for pp — YKN. (a) pion
.+ exchange, (b) kaon exchange, (c) baryon exchange. 18
defines the angles 6 and @. Particle symbols represent
directions of motion in the YK center of mass frame.
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-w and ¢ exchangé are possible as well but the large cross’section'for
this réaétidn and the similarity of all the channels suggest,thaﬁ.

I=0 exchange is:unimportant;

B. Pion and Kaon Exchange

We first examine pseudoScalar-meson.exchangé}‘making detafigd‘COm—
parisons-oflthé“prediétions and data for the A.pK+ and Z+nK+
reactions and being éomeﬁhat more.‘qualitative toward théaothe: reactions.
We_have madé calculati6ns-for the pion-and kaon eichange ﬁodels, using«

2 Ménte.Carlo method} discussed in Aﬁpendixvc, to genefaté'eventé

distributed according to:

s 1 2 1 r(mm)® ,  3004,0)
afartan W W (o552 (R4 2R af
‘where ’1 :
L - ‘5l/2
k =I\_]/-I'[-Mr-%Me(mp‘2+ u2) +'1I;'< 2. ug)-‘!_

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

2 .
%;-= meson baryon—baryonhcoﬁpling constant describing vertex A in Fig. 19;
| 2 o2 2 | |
: G o0 G ot G _t+,0
we use PR _ g5, PR 15 PEK 564323
, T 2 ).ﬂ =70 T M,
A? = fqur'moméhfum transfer squared to the recoil baryon m' ; a nucleon

for 7 exchange, A or £ for K ex@hahge;

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



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

| .i for 14 exchange, ,' ‘

R eangle between thev momentﬁm' transferZ' a.nd meson mOmentum in the YK
-or NK center-of-mass frame;ﬁl,'l . e |

,gg&ybg)- is the differential crOSs section for the two-body production

3 at vertex B,2h°ﬂP - YK or K_nucleon elastic or charge exchange |
scattering. We use oniy'the‘strong'interaction part of these
cross sections since we never ‘reach the small momentum transfers

. in the two-body system where Coulomb scattering is strong, though

. we parameterize with the angle 0.

k- is a kinematic factor which can be identified a8 the three-momentum"~

. of the exchanged meson in the two-body center-of-mass freme.

The cross section (3) is the sum of squares of .the two amplitudes .

related by interchange of the initial state protons ‘and diagrammed in ?7:3

Fig. 18a. If we remove any distinction between the initial protons,

- (3) 1s just twice the cross section for one of the diagrams.‘ It does ... i

not contain the interference term‘whichlcan beicomputed only if one

k has knowledge of the relevant tWo}body scattering amplitudes. ﬁ0wever;
'“as discussed in Appendix B, we.can piace 1imits on the size of the |
"interference.contribution and we indicate interference contributions in
the meson-exchange predictions. In Figs. l9a and l9b the solid curves
show the'predictions of w-exchange for the distribution in A? to the .

proton and K exchange for A? to the A respectively for reaction (a),

vhere we plot the smaller of the two momentum.transfers'for each

" event. It is clear that in each case the cxpczimental peak at omall
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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
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form factor and containing two different treatments of
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. Theoretical
curves are normalized to the experimental histograms.
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valueé is consi&erably ﬁarrower-than that predicted; This feature of
strqnger.damping atAiarge‘momeﬁfum transfer'has been demonstrated often ‘ ~
in hany’ﬁefipheral processes.el MoSt other feétu%es of_the data afe
reaSOnably consistent with a sinéle meson éXéhange'meéhani§m and thei
hbﬁehﬁﬁm"transfer‘discrépanéy may be attributed to corrections to the
7 ﬁodel.”'in particular, absorﬁtion.effects due to combeting inelastic
channéls; vertex forﬁ factors, and'éfffthe-mass sheli corrections'aré.
_known to modify the A?.dependence givénvby the propagator and.vertex\
term in the_simpleyﬁingle-pdrticle'exchgnge:processueg Since the
 momentum tfénsfer-distribﬁtién implies kinematic restrictions on the
vélues dther;variébles may assume, we include in furthef-calculations
a- form factor, F(A?), mulﬁiplying the abo?e”expression (3). Thé
functional form,~choseh 50 that the modified expression feproduces the
depencence of the. data on A? and is normalized to one at the relevant

pble is:

2

A

F(A?) = ___é?ﬁﬂl ]
AN

For the pion-exchange case the fitted values for.A, in reactions (a)
through (a), are given in Table IIT. We nofe that A for the‘sigma'
channels lies between 1 and 2, while for thé ApK T reaction it is 5.

This property suggeéﬁs that we are inéluding in ﬁhis form factor off—the-_
- mags shell corrections at the associated productiéﬁ vertex and that the - s
X and'AK_crbss sections behave differeﬁtly.as the incident pién-

béccmes virtuzl. The dashed curves in Fié. 19 aré meson exchﬁnge

praecicilone with the form factor.. The upper dashed curve of IMijr. 1Loa
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Table IITI. Total cross section predictions of = and K exchange.

o+ + 0 L

Channel ‘ AK+p' ZKp _Z K'p Z X

. o +3 +4 . v .

e B e 29%5 STET
| . , 99 41

S mye. (HD) | 9% 107 9 b1k

(unmodified) | S o

A (Rev/)®) 5 1.9 1.3 1.8

(in = EXC. form factor) | ‘ o ‘

o mxc. (HP) 62 ot 35 164

(modified) . '

°% mxc. _ v 3.2mb - TLpb 143 ub(a) 5% ub

(unmodified) - -

A _((BeV/C)E) . T2 o o .8

(in X EXC. form factor) ’ '

S mrc, (HD) 180 100 S <1010

(modified)

5 - . : ;- . . e .
(2) We use X'p elastic data for this calculation since K p elastic
scattering cross sections have not been measured.
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contains an_intefferenée contribution.-

The mosf striking'feature.in:each channel considered is the hyperon- J .
Xaon mass sfectruﬁ which mustvof'¢ourse pe'reproduCea“by a relévant
moael;_vPrediéﬁions of both K;exchange,and n-exchange are showﬁ in v
Figsf'EO and’él:agaih with a méaéure of-the_interferénée-uﬁcertaintyi
Fdr'reactiohs (a), (c)'and.(d)_thevﬂ%exéhange model'satisfactOrily
reproduces the peéks in thé MK and IK specﬁra while agréémehﬁ'with the
KhéxChahge model is pbof.‘ Agfeement with ﬁ{éxchange is nof as gbod,
' for reaction (b), though sti11 muc'h: better than for K-exéhang:e;b'”'rlhe
data'Samplelfor’thié reaction sﬁfféfé"from‘thé amﬁiguityrprobieﬂ,diséﬁésedfﬂ
above. In additién, tobbbtain_the'ﬁop —aZOK+ créss section, we use
the isdto?ic séin equélity féiating‘iﬁ to cross sectiohs for“
ﬁ_p‘—>ZéKo;‘ZiK+ and n+p 55K reactions. Bécause theéé reactions
differ;éxpefimeﬁtally, thére coﬁld be a Systemétic érror‘in théif relative
.ﬁormalization,'causing a poorly éalcﬁlatéd'ﬂ-exchange pfediétion. The
total cross sections Calbulatéd from the unmodified n—exchangévand
. K-exchange models as well as those predicted with the addition of the

form factor are given in Table III. There is considerable uncertainty -

=

n the modified K-exchange predictions; due to the inadequacy Qf a one-
@aramefer,fqrm facth, ﬁhich-appears as a lack of reprodu¢ibility for

_these predictibns when different functional forms for F(A?) are tried. . -
Botﬁ the modified and unmodified ﬁ-exéhange predictions are in better

a

greemént'With.the experimental data ﬁhan-the_correspondingvKéexchange

¢

ictions. As a further test of the model, we examine the A polari-
zation odbtained from the angular distribution of the decay products

\
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of fhe A iﬁ its rést_fréme.: The polarization_is measured aloﬁgvthe
normal to the plané contéining thé'directions of the'A.and rélevant
initial proton in the AKT qenter-of-maés system,. We show in Fig. 22
_experimental values for theVA'polarization ave:aged'ovér‘inter§als in
AK+ méss,'togefher with the predictions of pion exchange.: Consicerable
polarization is noted,-parﬁicularly,at low moméntum transfer and low |
AK+ mass,. in égreemgnt with the resﬁlts‘dbtained for the'associatéd‘
vroduction reaction m p ;gAKQ. The K-eXchange mddel predicts zero
polérization sinéé only a p—wave A producﬁion amplitude is present.
Thus Wé find the data consistent with that expected for a dominant
pion exchahge mechahism with no evidencé for a contribution from K
exchénge.‘ | |

We now study the predictions of the n-exchange model for distri-
butions inbthe angles 6 and o, definéd in Fig. le,iin reactions (a)
and (d). Figures 1b and 15 shor the angular diStributién'of the =
and A-in,the YK% center-of -mess system, with the momentum traﬁsfer as
polar axis, together with the n—exchangevprediétions. Agreement is
very.sétisfactory. In Figs. 23 and 2k we show distributions in ﬁhe
,T;eiman;Yang aﬁgie, ©, and observe a substantial iack of isotropy
execept at very small A? where kinematics constrains the distribution
to be isotropic,

Some déviation from isotropy is expected to result from our chdice'
v of the smallefvmomentum transfer in.ihe definition of @. The modified
oion =2xchange calculatiorn shows that for nine percent of thé events,

cur corputed velue of ¢ is that one appropriate to the exchange
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Fig. 23. Treiman-Yang angle distribution for the reaction
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PP »2Z K n as a function of»momen‘_cum transfer.
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- The dashed curves contain
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diagrambandvthesé evénts(ére not.distributed isotropically. The curves
"on the figures contéih this effect_which'cléarly does not exp;ain the
magnitude of the eﬁperimental anisotropy.

A lérgef effect éan'be géherated by the ihterférencevterﬁ, which
:as seen in Appendix‘B,'ishpf the form dg_='(A + B cos @)d@;vwhere A
and B are funqtions:of the associated productioh ahplitudes.and have .
weak depéndences on'w;..The solid curves‘in Fig.'23‘are fﬁe pion
”exChahge predictions without any‘iﬁterférence and the‘dashed curves'
are'predictions which maximiie ﬁhe possible aéymmétry due to interference;
”It'appears thét we Can‘in this way accoun£ for‘our experimehtal anisoQ
tropy,'at léaét moments in cos ¢ in fhelTreimanéYang distributioh, Small
cos 20 moments alsé'appear'to be . present quéiitatively and it'is difficult
to generate these with single'pion’éxchange; -

' . +
We plot total pp — ApK cross sections25

from a number of gxperi—
ments at various beam momenta in Fig. 25. Curve a ié the ?rediction of
vrmodified pion exchange and curﬁe b tﬁat fdr pion eichangebwith a

Torm fa;tor. " Both prediétions,as well as the experimental Cross
‘sectioﬁ;;ise rapidly above threshold but then have a very smooth
momentum. dependence. Thevmeasured.cross section becbmes rafber consﬁanf
af about 55-ub, lower then thé'correéponding values of both predictions,

which are ~ 100 ub and ~ 70 ub respecﬁively. However the magnitude of

the interference contribution to the predicted total cross section at

BeV/c can be as large as 8 ub and a large constructive interference

211 momenta abové 3 BeV/c could bring the data and modified pion

ot
P
.

ions into falrly close agreement. If we parameterize
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the mémentum dependence of these cross sections by g =C p-n we find
that n.can bé as lafge as 1.1 bgtween»5 and 7 BeV/c but‘is <.0.k if
one uses the.entire rgnge‘above 3.5 BeV/c. In the scheme of Ref;.S,
thié momentum dependence 1is coﬁéistent withvdiffraction and non-strange
meson exchange, and certainly inconsistent with strangebmeson_and
.baryon exchange. | |
Wé conclude that the sihgle pion exchange mechanism with a form.b

factor is in reasonable agreément with the data. A more detailed
analysis, involving absorbfive corrections and an exact treatmént of
interference is ﬁeceésary to détermine whefher the apparent dis-
cfeéancies such ‘as the éharp mementum-transfer peak and Treimen-Yang
angle anisotropy can be accomodated. Unfortunately, thg comblete

lack of information about absorption ih'thé fihal state and associated

produétion:amplitudes makes such calculatidns»impossible..

C. Other Exchénge Mechanisms

The exchange of.p and K* mesons is another . model which could
vnéturally reprodu¢e the features.of our data. In particular, it is
ﬁell known that vector meson exchange gives risevto cos @ and cos'2¢
moments in the Tﬁeiman—Yang angle distribution as well as COrrelatiqns
Letween ¢ and 0, the two-body. scattering angle.el Our data'déés show
2 correlation of this‘kind, fhe anisotropy in ¢ being strongesf.at
srmall € for the non-strange meson exchange coordihéte'syétem.v

Azain, as in the pseudoscalar mesons case, it is improbable that

e

%
[0}
B
(@]

=3
m
03
R]
4]
Q
4]
=
cq
|_J

ive rise -to . sharp peaks in the YK mass spectra.

zince no explicit YK interaction is contained in the model. 'The
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exénange of p mesons ié a good‘Candidéﬁé for the méchanism in these
reactiohs'bﬁt the fact that the p + p - ¥ + K cross section is unpbvs¢ : ' .

cal mekes a full calculatlon 1mD0351ble. The analys1s of Stodolskv and

.26 IR

“Sa;urai  1nd cates that the o mucleon and 7 nucleon 1nterac tions are
Sim*?gr.v It would e reasonab;e to attempt a pFéXCﬁange calculation ﬁifh
bhoto—prodﬁcfion'data. HOWevef’very little data is available for the réac-
tions 7 + N> Y.+ K and such & calculation is not p0551bl° yet. A remaining
p0551b111ty is to consider the events produced by p +7p -~ N* + N and fl;
to & parameterlzatlon of the p exchange cross sectlon, requiring four
parameters,‘one“of which is a normallzatlon to the cross sectlon. How-.'
evef;’thére ié'a gréa£ deal éf-background under our resonance peaks_ahd
thetquantum_nﬁmbers df the résonancé in tbeAKfp'reaction aré quité'
indefinite. Fﬁrthér, We'will agaiﬁ havelﬁobmodify the momentum transfer
.dependence‘givéh by thé modél, since p exchange will give a ﬁrediction
even‘brbadef thah that of ﬁﬁmodified pionyégchange.v We feel that_it is
not possiﬁle to compute a meaningful o} éxchangé prediction although it is
WlkeWJ that é‘small émOunt of p'exéhangé would improve thevagresmént of

the Treiman-Yang distribution ﬁith the one-meson exchange modél.

A study of p éxchange would be much ﬁore useful if fhe'pNN vértéx

coupling were known as well as the bNN*vaﬁﬁears to be frbm”the'Stodélsky-

Sekurail analysis. We could then reduce by two the number of parameters _ s

in & fit to the cross section. A suitable reaction for the study of this
‘coupling is =% p - nw, where iscoscalar and n exchange are forbidden. Experi-

mentally, this "*oss section has not been studied sufficiently to provide
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this informatioﬁ.
| We finally consider Regge exchange." Data'for‘N* production in

27

non;straﬁge particle statesiﬁroduced in p-p interactions, as well as
the pp - ApK+>data given above shows that fotal cross'secﬁions slowly
with total energy, above a beam momentum of a few_BéV/c; InvadditiOn,
production is verj.peripherél for all of these processes. The data
suggest thét Pomeranchon exchange may contribute to these feactions at
intermediate energies. As for vector meson exchange, one can parametef-
ize the Regge-pole couplings to the nucleon-nucleon and nucleon-N*
systems, and fit the fe§onance production daté_to the'prediction. One
enéOunters Just the difficulties discussed above; background, a large
numper éf parameters, as well as the likelihood fhat a single Reggé
fpole is not éufficient, since in p-p eléstic scéttering at least three
‘appear to 5e required.28 We have choéen‘not to'pursue‘a Regge anélysis

of the data.



VI. :TEST oF SU PREDICTIONS
It is-oftén_possiblé.to_ﬁsefa Symmgtry)such as SUB to relate a
number of gmplitudes A for reaction channeié%to a smaller number of
amplitudes which chéracterize the:symmetfy..jln‘such a case.oﬁe aerives

-

a set of independent relations of the form
) C A =0 @
o ' i
. . - i N .

ey

Fach such'relation provides a set of inequalities
Zc A[>]c Al
which may be'experimentally testéd 5y using
lAi|=@E7F>T
%hére Ui"is.the relevant differential channél:croés sectioh and Qi ‘is
=2 phase spaCe.factor; | | |
A‘Wé cdnsider the.relations implied'by exact SU5 symmetry for the
eactiéns pp - BBP where B is a ﬁember of‘the baryon octet and P is a
ﬁember T the ps eudo calar meson octet, The initial tabe transforms
like the T = I3'— 1, ¥Y=2 mnenber of 1he 27 dimensional reprevnntation
of SU and there are six 1ndepende nt ways to couple % octets tﬁ an ébdecb
with these transforﬁation properties, These correspond to the six permu-
tations of particle labels in the'coupling‘ x%(l) x§(2) XE(g) w%e%e
%*{1) and X(2) represent’the'&quns aﬁdleﬁ) represents:the meson. Thus
are slx amplitudes characteriéing the ré#étions,and‘twéive bhﬁnnel

amplitudess Reference 29 discusses the way in which relations among the
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A, may be systematieally_obtained.from a system of equations involving
SU5 invariant reaction amplitudes. In‘this‘case we areAled to four

equations. They are:

e :

vi. V2 p 22K (x ) - nx k (%) ~psz?(§)
2. po. (y) o npﬂ (x) -2 ppno(;) =0
._ 3, —nZ K (x) +-Jé =g (y) +4/3 pAK (x) +-Jé PN (x)

b, 205 K°(%) + 25 pk° (%) + N2 ppr’ (%) +—JB o (%) =
where ;_is a set'ef momentum and spin.variablés specifying the reaction.
We are terested; howeven in cnmparlng total channel Ccross sectlons.
We musﬁ-make the assumption _ N o
| Jﬁ ' U.(g) = o,
spins“ and. Py (x) - , ;;.
momenta C

where oy and pil=h/;i(§)d§ are the.total'cross section and total phaee

- space for the channel i. We thus derive 1nequa11t1es among total cross

sections which anprozlmate the effects of kinematical dlfferences between

}jnc M—~> ; %ﬁ

Tor ineouelities inVolving'reactions related o one another by

channels.. They are

-spin raPSIOWnatlonu the phase cp'mce factors may be droppcd They may
aiso be ( pphd if mass dlffercnccs within - SU3 multlplcto are smalL.
Table IV gives Cross sections meagured in the experiment a8 well as

3 X : : .

some measured at 5.5 BeY/c for reaction cross sections not yet determined

in cur experiment. For those channels in which cross sections have been
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Teble IV. Three-body channel cross sectioﬁgyand phase space factors
Tor pp reactions. at 5.5 and 6 B@ﬁYc. ' . v ' - A

Channel - o(mb | _p!reiativéé - Ng/fp - o _'.”fﬁT
ot -054 + .00k 1.0 .23 .02 - o 3
=opk” LOL7 £ .,005 - .868 .k .02

5or° - .026 % .00k - $.868 © 17k .02

o
O
g
H
e
e}
-~

’zan+. 868 .256% .03

o .0%0 % .010(a) | 1;25 U L156% .06

ot 80 t.2 ) 18 pi09%.05

e 27 2. ®) 0 piees 1.23 + 045

(a) Determined in this expefiment from non-strange four-prohg data.

(v) 5.5 Bev/é cross sections for Reference,éh&.
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determined for in both éxperiments they are equal to within two stan arﬁ

deviations.

We now abply the’ 1nequallt1es 1mp11ed by relatlons 1-4 above.

Relaulon 1 implies a triangle 1nequa11ty which is well satﬁsfled, the

sides of the trlangle having relative lengths .20& 261, .17 respec-

For relation 2 we note that the.ppxo amplitude is correctl

anti-symmetrized and

tively.

LBy, 0)aE L f6778 1 ”T;ET
S f 12522 then / ~ppm. ~ ==
o lpl’ 2 |P2I - ‘ ' P . ‘\/:2\/ p(x

. i g R L pa
gnd the inequality becomes Gpnn+ > ?ppno Thl; relation is satisfied,

‘the left and right sides are 8 mb and 2.77 ub.

Relations 1 and 2 are implied by isotopic spin conservation alone

and. are eynected to be in agreement with the data.

Relations 3 and‘h relate strange and non-strange particle'broduc-

tion and are a test of the extent to which SU., is broken in these three-

)

The terms in the set of inequalities specified by relation 3 are
respectively .1k, .36, ..AO, 2,95. The ineQuality with the channel pnx+

isfied, thc left and rlgnt side hav1ng mmgnLuudov

respectlvely Flnally relation h implies

triangle inequality among the terms’

2ig e o o ‘3 g
T/~ pS 'K 2 /= ppx” ., and ‘7 =
\V o p Vo pp ) 5
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The relative magnitudeé of these expressions are .3h:i..62,‘
1.2 % ;05, and .27 * .1 . Again in-fhis case the déta_are'not consis-
bent with the inequality, the Single‘pion-prOductioniéross section being
too 1afge.~ | '

There aré considerable uncerfainﬁies-in our ﬁethod of making
pha.se space cofreptiéns aﬁd going ffbm differential to total cross
éeétidné.‘ However thé rather;violent disagreement:betweén the‘SU5
_ pré&ictions aﬁd.expérimehtal.crossvsecﬁibﬁs'sﬁggesﬁs a real inagcuracy
in:the amplitude relaﬁidns of’uhbroken SU3, In the absence of a dyna—
miéalvmodel it‘is hard tobestimdte_thé extént of tﬁg symmetry breaking

and relate it to that generating mass differences within multiplets.

-However we conclude that it is an important factor in these reactions.
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K VII. CONCLUSIONS
Three—body stranoe partlcle states produced in proton -proton
1nt°ra0u10ns proceed domlnantly through the pion exchange mecnanlsW.

There is considerable nucleon 1sobar productlon and these isobarsg

the N /2(1920 and N*l/é(l688) have propertles consis tent with those

inferred from plon-nucleon ocatterlng.v
No evidence was found for the existence of a resonant hyperon-
nucleon state with mass within the limits

_ | /2
2.05 < My < 3,14 ‘BeV/c

2.5 <M, < 3.0k Bev/e® L
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APPENDICES

A. Corrections for Dmta-Processing Inefficiencies

Each.of'thé reactibns studied contains one or more unstable

particles, Z+, A, Z?-or KO,Ain the final state. Since the decay proper-

ties of the particles‘aré weil‘established,.we can determine'the efficien-

cies for scanning and processing évents with decaying particles. In partic-
) R ' o L ,
ular, an unbiased sample of X , A, or K~ must show & decay (proper time)

distrivoution of the form

(6) = ce~t/To

where o is the relevant lifetime; The rest frame decays of x° ang =°
o - + -

. . . - O . . —_ O X ‘l‘ B
.must be isotropic since the X~ is spinless, and the X~ decay, a L, 5+ tran-

2

.sition. We describe the unit momentum Vector B_ of the decay product in

D
the decaying pafticle résthframe with respect tb fhg pafticlefs direction
i3 by.a polar angle GR, where coseR ? ?D'P, and an azimuthal angle'éR. |
Then the diStribution in cosGR fbr the =¥ and A must bé uniform_sincer
there may be ho polarizafion in a plane containing ﬁhe decaying'particle.
A'polarization norma.l tovthe production planévwill give rise to an aﬁiso—

trepy in QR’ but if the production planes are uniformly distributed about

“he beam direction, this anisotropy will vanish as well. Since & for the

[t

Z - nm decay is very near O, there must be no significant anisotropy in

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

. . . e A . . N . + (o} L A o
The decay time distributims for A, & , K~ show severe depletion at

-10

csmall values but have the correct shape and &£lopes beyond t~.3 X 10 SeC.
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The rest frame decay angle distributions of the Z°, A, and K~ are guite
consistent with isotropy when summed over all production configurations.
. T +.. 0o o L .
However the I —nn and L - pn events show considerable depletions.
near cos 6, = 1.

R

We attribute these depletions to scanning.and processing ineffi-

o

¢iency for certain event configurations, those in which the decay occurs

so close to the production vertices, or if a X decay, at such a small

’ S N SR . C s v -
angle to the & direction, that the event is either not observed by the -

scanner or is measured badly.
We correct for such inefficiency'byArejécting'thOSe evénté which

do not Lie within‘a specific range of prbjected’track'léhgth and decay

angle and weighting_the remainder by'the_iﬁverse oftthefpfObabiliﬁy for

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

pmim projected lengths'and angles by éxamining fhe behavior of the total
weighted nujbers Qf;eVenfs aé these'éthff Qaiues_are varied. The goal
is +to choose the least restricfive cuts for which no severe losées of
events are indicated; by stqpping at thg.point-where mbre reétrictive
cuts cdo not further increase the weighted ﬁotais.' The values chosen-

are given in the text and are such that no regions kinematically accesé

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

5% of the events excluded by the cuts, the worst case that of high

N

+

YR YA NSRS IV 5‘ t
OMR2NTUnN L S.
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Length selection and weighting

We consider an unstable pérticle‘of mass M, mean lifgtime To 7
' lab momentum p and dip angle A. If we demand that tﬁe projected lnngth
(4B = 5P o cosh) 1ie inside the interval £R < fF < P | ine
‘pfobability of observiﬁg the décéy is |

-2 . M -L M
min max

p(p,N) = o PCTCOSA _éHPCTocoék

To correct fbr those events in which the unstable particle decayed out-

E .side‘the specified_lepgth interval, we assign the weight WL = l/?(p,k)

-to each accepted event.

For the cases of A and x° decay, in which the average decay length ' 
- is comparable to the chamber dimensions, zmax is taken to e the distance

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

dary, and gmin is taken to be 1.5 ecm. The Zﬁ decays. suffer from K+ and

ﬂ+ contamination if long candidates are accepted and £ and zmin were

S

:taken to be 22 cm. and 1.l cm. respectively. The average weight factor

due to decay length for events with'A,_Ko, s* are respectively 1.3, 1.3

: “ a:nd l.)‘!'n

- Angle selection and weighting

It is necessary also ﬁo set a minimum,and‘maximum produced pro-
Jjected decay angle cutoff for Z+_decays. Study of the Zf - nxf

’ decays leads to a minimum angle of lOO and a meximum of 750. Since the

O : . R . o
pnt. decay of a Z+ with momentum greater than 1.k BeV/c necessarily occurs

with a decay proton angle smaller than lOo, the proton decays muet be
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eliminated from the sample. -AétualiyAthié deéay'mpde is so severely
'dgpleted that it comprises only about 25%‘of the Z+K+n“events anyWay._v o ‘ !?\
Thé makimﬁm pién“décay dngle’at ﬁhé*upper Z+7mpmentum, 5.3 BeV/b}'is ﬁ;
 ,1‘8°' and 555 of the pion d-e_'c‘ayv events at this momentum survive the 10° N
ﬁinimum'anglé”réquirement.j v | | .
. The weighf_assignéd t0 each-éurviving event is computed as

follows: The.prObaﬁilit& for décay intq'thé specified regibn.is the

available solidzangle'in the‘decéyiﬁgvparticle's rest fiaaé divided by

hﬂ.' - - _.- . |
PA(Pz’,%z) = (a/,éfgwei oy cuts)

. Tim »

The boundaries giving the inﬁegration volume in the decaying particle
rest frame are determined by solVing the equations relating the labora-
_tory angles to rest'frame'angies, where £ is the laboratory projected

adgle' ~
)‘; P, 51n9R s;n¢R

3 P | -

Py X : R

— —_— -
mZ(pﬁ cosgr + 5 uﬁ) cosh. - p sing

»Tan<'6min

cos¢_ sin A
_ p

R R

’

nd an identical equation f .
and identical equation for Tan( p max)

These are quadratic equations for ¢_ and their solution permits’ easy

‘ R
runerical evaluation of the intergral above. The total weight for a

cecesying Y ds then W = wi X WA where WA = l/PA. The averase wA for

Con cvent with a 5T is 1.835. : : | ‘ : .. i

We do not measure and fit secondary interactions_ofvouﬁgoing
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tracks. If such interactions 6écﬁr close enough to the production vertéx
o ecause é large érror in the momentum determination for thet track, it
becomes less likely that an unémbiguous fit will be obtained for the event,
particularly for channels (b) and (d), which are of lOW:conétraiﬁt class
alresacy. |

An.eStimate of thé number of events lost for this reason is aé
follows: The greatest loss is for low moméntum tracks having very large
interaction cross sections,_which mdre than counter balance their mcre
easily detefmined momenta,. ﬂ—p and p-p total croés sections are aé;iarge
aé 200 mb but the strange parficle Cross sectioné are much.lo%er, cémpa—
rablé or less than 50 mb., If we néed 10 ém:,of track to‘determine‘a
momenﬁum adequately, the iﬁteraction probabiliﬁy ?I ='(lfe~zDUT) , with
4=10cm. is .06 for 0T=200 ub; 'we estimate that no more than 5% of the
.ievenfs are lost this way and there is no significan% differentiai bias

Gue to this depletion.
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‘B.. Interferénce in Pseudoscalar Meson Exchange -

We will presen+ the croos sectlonbcompu tation ‘cr plO“ exce’nge.
_The X exchange case 1is 1dentlcal.
.THe aﬂpeltudellor plon exchange 1s the dlf?erence betreon uwob
ampl 1tudeovappropr1ate te thc dlagram" in Fig. 18a which 1nterenangc Lbe

initial pretons. The left—hand diagram,giVes
e - 1 | G .
2T T ) 3

A( ,coee) 

where A is thefassociatedeproductioh'amplitude at ehergy,M&K andncehﬁer-

of-rass angle §.. M,; is obtained similarly'and‘M»i_Mlgve Mgl;.'

The differential cross section in the total c.m. frame is given

by: S
5 . — .
- 2x L 2 dPy dPk dP
do = -2—_:- = Z IMI Shy BEk QEB 5(W-Ey Ek E5) X 55(Py+ Pk + I‘D; .

" spins

Using the fact that in the YK c.m.

. ' 2 P
do .
T - YK T .1 zlA'
‘spins

~

where'Pi and P are the initial and'final momenta, we obtain three terms.

The |#

e,

erm glves 9 and the ll?l' B

an *he” bv 1ﬁtercnange of the ;nltlal protons. Thus -

[

N G(MﬁK’tl’COSO’¢)

o)

5 O(MYK,tQ,cése‘,¢’)

2 , .
term g whlch are related $TO one
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tl = A?, 6 and ¢ are the variables defined in the text, and 6': &' and

8 ] t2 are the comparable variables when one intercahnges the initial pro-

tons. Ty and Op are. included in the cross section formula (3) where
e heve removed the distinction between beam and target protons,

The term'ZRé(Mle*Mgl) gives rise to an interference cross sce-
ticon and can be computed exactly with knowledge of the associated pro-
duction amplitude. Since data adeguate for a meaningfvl phase shift
analysis of associated production is noét available we can only place

; ; ,

limits on the size of this interference term.

~ We find easily that

9A§S Re(Miz*le)‘ i zz Rg(Miz*Mel)

o - spins + spins
int — . v . —
), ) P
M2 :
‘spins - ~ spins

It can be shown’)o that in the approximation of small momentum transfer
'D“o Uﬂt101

,duci - -dhd(ti+u2) hm m'

2 = 5 fR + R2 cos¢ i
dMiK s, an (t2 +u”)y (% +(m -m') ) L , j
o ' (A-1)
vhere v '
_ o E, ( M
Ry % amm T f fpme; &)
- P :
and
i R, =2 im(f , 5ing + £,'g, 5in0')sing
2 U“ ) 251 p
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Eere E' and p' are the center of-mass energy and momnn un of the out-

g01 ¢ nucleon, QP is the c.m. production angle of thls nucleon, where

t, = -m ~m'T 4 2EE' - 2pp' cosH
1T T T T SRR S0,

;
T and g are assoc1ated productlon amplltudes,

ZMYKP

A= (f+g0-p pr),

so._"c,hd‘s
oo ol e

Ve do no‘ know and g, however equatlon (A 2) permlts us to oet the

limits
| £'-F fdo do
]Rll S m'm \/dQ QQ'
| 5o .. [do do
R | 5.%5—57 s:Lne.p 70 @ (51n9 + s1n9 )

We have used these inegualities to compute the limits on the interference
‘cross section which we show in Figs. 15, 19, 20, and 23 as well as the

maximum contribution to the pp - ApK+ tdtal cross section, * 8ub.

r‘_A:




>

-Th-

C. Numerical Comoutatlon of Nesoq bychqnge P“edlct“ LS

Given a function F(lexé,—?), it is a si xﬁle matter to n we*Lval
integrate it over any ngmber Qf‘fhe variables X. and thus produce distri-
butioﬁs in any of the‘Xi as well as correlatlons between the varisbles
implied by . We use the Monte Carlo method to'generate cross sections
in the meson-exchange varlables from the OPE formula (3). Thé technicue
involves generéting a number_of simulated events which have gssociated
with them weights computed from (5){ Weighted.distributions of theée
evénts are the compufed croés sections of interest and we then fit these
histograms'to‘produce the_smboth‘curves displayed with the défd._

The meson exchaﬁgé'cross-section,predictipn (B)Ais

%o = 70, 2, 6, o)alarPan .

We simulate events using this formula by using a random number generator

~to choose cos@ between -1 and +L, ¢ between O and 2« and'ME,‘A? within

N

The

H

egicn of the Chew-Low plot. We can control the statistics in differ-

ent parts of this regicn by picking either A? or M? first. If we choose
2.5.->.:_ 2. . 1\[2 : LRV » v 2

AT first, then pick M at random between the limits this value of A

implies and weight it by

'MQ(AQ) M2( 2)

max mii
S i . P . 2
we will have a higher den31ty,oL points at small A™, where the range of
: ,- 2 ' 2 |
M is smz2ll. The other order favors high M~ and 1arge A7 where the range

L
5 .
of A7 is small., We have (fosen the former method since pi exchange produc-

i~

tion of YK is peripheral and favors low YK mass.
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Each event is then assigned an additional weight

F(M2A é,¢)

~and weighted distfibntions are computed pre¢isely as the real data is
plotted. In this way each of the selection=criteria applied to the data

can be include@ in predictions, in particulaf our systematic choice of

the smaller momentum transfer, cuts on mass'dnd.é?, etc. . By ccnstrncting‘

laboratory momenta we can include the procedurés discussed in Appendix A
for. correcting scanning inefficiencies and thereby avold the statistical
difficulty involved in a!mximum 1ikelihood calculation with weighted
events by including kinematic 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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