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. Presented here are the reeulta of our search for a dUference in the angular 

distributions of negative and positive n and K meson• proclu.ced in pp armi· 

hilationa, at tb.e center-of-maaa momentum of 657•16 Mev/c (1.6 Bev/c in the-lab). 

There have been no direct theoretical prediction• for auch a clifference. The 

statistical model preecrtbee u: isotropic distribution for mesona of aU chargee. 1 

However, the model of Koba and Takeda2 assumes that a or S umlhllation pions 

are emitted from the antiproton and proton clou4•. For annihilations in flight, the 

instantaneous momentum. of the pions from the p cloud will have a component 

parallel to the p momentum, in aclclition to their internal momenta. Since the 

model aeeumee that the pion clcud d.oee not interact with the &lmlhilation of the. 

corea, it ia reaaonable to expect th.il component of the pion momentum to produce 

an exceea of n· over n+ in the antiproton c:Urection (forward). Aa equal exceoo 

+ of 1t should also be expected in the d.irection ol the proton (backward). Evidence 

for ouch an e££ect baa beea scarce prior to thJa experiment. Angular distributions 

of pion• of both chargee from pp annihilations ia propane at a e. m. momentum 

of 470 M.ev/c (1.05 Bev/e lab) have not ahown atatiatically eipi:fieant deviation 

3 d . f - \..Zt • from isotropy. A stu y o pp anniau.ations into two pions at our momentum 

is also consistent with an ieotropic clistribution f8 n· emitted forward, and li n-
+ ... 4 emitted backward). However, annlhilatione into :K K pairs auggeot forward 

peaking for K"" (8 o£ the 11 .K- were emitted. in the forward direction). S 



... a .. UCRL--9670 

Our an.alysl• was ttono on two samples of events: (i) 1,6ao events of the 

type pp- nn .• with D m •• 5, ••.•• , and (U) zs7 events of the type pp ... K+K+nn, 

~th n = 1, z.l and 41-ln which at leacat one of the K meaona wu observed. to 

decay iD ·the chamber. Theoe events were oboerved ineid.e a central volume ol 

the ?Z-ln. hydrogen bubble chamber. The average antiproton momentum at the 

point of inter&4:tion wa1 1.61*0.04 Bev/c) (92S .M•v kinetic energy) tor Sample (1). 

ancl for 861o o! .Sample (U.). The remaining 14f}'o of Sample (11) was from our nm at 

1.,91fz0.0S Bev/e. The experim.•Dtal coucUtlone have t.en deac:r1bed previously. 5 

(l) .Reac~ion~ W'"""· Only anzllbllatlone into 4-proags baNe beea analyzed, 

in wh!eh the identlflable reaetion• ares 

p + p ... Jn... + a"+ + .,0 (1) 

- - +· p + p ... aw + !w . • (l) 

The ablin4aneee of theae reactions are about se<yc and lOfa. rcteJ)ecttvely. Competing 

reactions 

(3) 

occur with frequencies of abOut 3!%, .1%, S:nd l% tor~~~ ~ • a, 3, and<&, reopectively. 

The dynamJ.c:at fit tor each event wae ttone by usillS u IBM 709 computer 

. ' program (laCK). 

The prolft,ll?iptybl;fk~'c;ltiiolmd:'J..ta:aett:Ori~!etr~U.~p.,..,..-:4..:.J>tbtis~-'Pe~Mo-~tt;~nt:;#.'7 
' • f " '. ' .... 

idemifleci a.a either Reaction (1) ol' (Z) .la aealigit;ly :fJ'mall~· . W'ben tho prongs are 

wrongly traneformed. i11to the iP c.-m. syatetn as .. pius. ·ther.e ie .much too little 

Ylaible energy and, consequently. •·everal missing .,P • e are requbec11n order 

to conferve both momentw:tl a.n4 ene:rgy. Secondly, the pion contamination ln the 

p beam was 36'Vt. and. tho pion erose section tor producing 4-prong atara em.all, 

taamely, ·about 2.5 mb compared. with 15mb for pp ... 4-prouge. 

' ' 
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Reaction j)p ... an"" + an+ + n°: We ideattflecl 674 caeeo Q£ Reaction (1). 
- - a 

Tbeae events aatiaflect the folloWing conditions: (a) the X .fo.r the hypotheaie (1) 

was c 9; (b) the value o£ th~ miaainJ mase o£ 4-pronga. interpreted aa 'pions. 

waa'\¥lthin 1.5 standard deviations oll3S Mev' (c) the fitted p momeQtum was 

> 640 Mev/c: and (d.) there waa 110 fit lor hypothesis (Z). Of this sample. 410 
a . 

events (60%) ha4 X « 1.5 anct a missing mae• < J50 Mev. Tbe atill•Wlreaolved 

systematic: errors o£ our meuuring system produce an extended tail in the _x1 

. - a -
dlstributi<m, ao that the cutoff value o£ !)(, baa to be lncreaeed generally by a 

factor of two or three. The angular and momentum dlltrlbu.tiona of the pions cUcl 

not show any aubatami.al cU£fereace between the eampleo with x1 < z.s ILJld lz < 9. 

Our coafi-clence ta increaeecl by the fact that the momentum diatdbuticm of n° • s 

agrees very well with that of charged 'A'' s. 

The c. m. angular cUstribution for Reaction (1) ii shown separately for 

rt and n+ in Figs. Ia. a.n4 lb. The ,., .. cltetribution 4illllplaya a. fOrward peak, 

whereas that ot the ,.+ :la backward, contrary to the •t:atiatical model. Aa expected 

on the basis of C and CP, 7 the d.ietributioa of n+ appeare to 'be equal. within 

statistics, 'to the refiectioa of the anplar distribution of the n,• • •· To analyze 

the llhape of the distribution, we have ~eflected the n+ distribution about cos 6 e 0 

and added it to the n· ctiatributioa (Fig. lc). We have t'ound it conveDient (without 

inquiring into its phyaica1 meaning) to express our diatriblltion in terms of the 

expamsion t at P t (c:oaB), where Pt are Legendre pOlynomials and the c:oe!£i-

cienta are (ill units of numbers of pioni): a0 = 1JS.l*i~Z· a 1 = Z4.1:!13.9. a.a = 18.1•5.1, 

a3 1% l4.4tth.l. a:4. 19.4•7.1. as= 10.0~.9. a6 = .. 14.)&t:8.9. and a7.- 10.26:10.1. 

Not~ that the sharpness of the &atribution makt.u:l· the fourth orcter polynomial at 

l•aat easential for describicg the observed effect. The angular distribution of the 

'ff
0 • e doec not show statistically oignU'icant deviations from lootropy. The 



........ UCRL-9670 

moJ:neatum dtatdbution of all cha.rsecl pions agr~a well with the phase space 

&atribution, which pre4ida an ave~age momentum (K) a: 419 Mev/c. However, av . 

. to.- tr(TJ+) e,mittedl in forward. (backwaa-4) cone wUh .lcosel k. 0.10, we observe 

(K) . = 4!1•10 Mev/c. whe;reas t~r the 11Gn!o.rwar4 pione it ia 4Z7•7 Me'\7/c. For 
av . . 

those event• that have aimultaiteouely a n"' (·w+) in the forwa:rd. ~4 a n-+· (n ... ) 

t.n the backwant cone, _(Id av =e 49Sel5 Mev/c (48211r26). lt ie interesting to ®te 
. . . - 8 

that ~he hydrodynamic n10del of J:nultlple-plon production l11 nucleon-nucleon colU~lono 

prean::te an incr-ease of pion momenta. .at amall angles. . 

To determine whe:ther the Uk• piona (TT +" + ~r ?r"'ft~) have a ten4ency to be 

emitted ill paita in the £orwa·rd peak (.Fig. lc) We 1\ave eo~~d- the D.U1n.be:t of 
. . . .· • . . + + . 

Reaction (l) in which both 'tT 11J have COl fJ :.& 0.80 (tC ... 0.80 for 11 1' ). lithe 

pl'obabUity of tindiag the second 'l't• in thie angular interval were independent 

of fia&g the first w· ba tbie imerve.l. thea the p.l'obabUi~y that bQth rr .. meoo:no 

woul4 be fowui th$re would. be 1.9lii:O.l%.? :we o~erve slmultancoua forward 

(ba.ckward}.~~ie.llt{1.ri'3hfi.\pb:hr•$·~o~f 1t(n+} in lS eaaet ot Reaction (1), or 1.2*0 .. 6%. 

·It h&e be.ea reported that the angles between tho like pioila produced in 

a:rmlhllati.on are amaller on the aveJ."aje than the valu.ee'l'predictect by the phaoe 

space. 10 Our· 4ata confirm thie observation. The phaae epace predicts a value of 

1. 79 for the ratio y = {numb4tr of pion pairs witb angle > 90°); (number of pion 

pairs with anale < 90°), whereas we obeerve y = 1 .. 56;10.08 lor like pions. To 
' . . 

!in4 out whether or ·l'lOt :~ is cau-eed., in pan. by our angular dietribu.tion characterized 

'by the eb.arp peak. we have evalua;ed v lor otlly 'hose palre 1n which at leaet one . 
n· has cos9 ~ 0.80 (C ·0.80 for tt+). and obtaiaed y = 1.3840~13. For cornparisoA, 

we have also evaluated 'V for the pairs in which at leaot ono rt has cos 9 ~ ·0.80 

(~ 0.80 !or 1T+) and obtained y c 2.05 • O.Z:S. 7heae two values of y d!Uer by Z. 7 

etandarcl deviatlono and indeed indicate t.hat the angular correlationo :bttt\'a'Teen 

lUte piono ue influenced by the charp peak in the .forward dil'ection (Fig. lc). 
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It will not be possible, however, to obtain a quantitative answ•r as to the 

importance of the Bose eifect11 and/or n .... rr in.tera.c:t"io? without further extenoi":e 

studies~· 
z Reaction PP ... en· .... z~+. On the baais of ~ and the miaatag maes, 136 

4-prong events have been identified as .Reac:tlon (Z). · Tbh• is a 4-coaatraint caae, 

and the maximum acceptable "1..'1.. wae taken to be 36: ahout 65% of these events 

have la < 10. The angular 4iatribution of n· (ft+) show• a forward (backwucl) .. 
peak ( ng. 14). 

- . .. + 0 .Reaction 2P ... Zn + Z'Ff _., '!.."'. The re:maf.ning 810 events. which did not 

fit either Reaction (1) or (l). wer@ aa.su.metd to be Reaction (J). However# this 

sample contaw an estimated 16% of ai.UlihUations into K mesons. Reactions 

(4 to 7) (aee below), in which K. mesons have not decay•d in the chamber. Be• 

cause we transform our events into the c. m. flyrstem by ascribing plon m.ase to 

all charged prongs. the re&ultant e. m.. angle will be w.ro:ag for these events. Also, 

this sample C«>n.tains 4-prongs produced. by n· in the antiproton beam, whoae 

contribution could be aa high ae 5%. In eplte o£ this baelkgroun4, the angular 

di.etribution o£ ·n· and rr+ exhibits features- similar to the ~nes of .Reactions ( 1) 

and {?.) (Fig. le). The average momentum is 369*9 and l)a$5 'Mev/c tor forward 

and nonforward pione, reapectively. 

(ii) Reactions pp ... 'R+KtnTf. Of the a87 ~"' event&; 135 were V -two prong 

or V .. 4 prong events having a K+tt0 Qr I{"K0 pair from the reactions: 
' 
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' 

pp ... JC + rm· + an• +It' +a,rr'. (7} 

AAa can be aMn from the .nature ot .R_eactione (' to ?), this aample contains 

a variety of typel of event• &om the poUlt o£ view of the fitting proce4ure; with tbe 

nv.ml:ter ol coutrai1\te 1 .. J, an«< 4. Cle.a..tly, each of theee .requil'e• a· separate aet 
. . - a 

of criteria lor ldeDtlficatton. We •ball.:Jlve oi'Uy a seneral outline: (a) the x 

diltributioa tor each type of eveot asreed well with the expectecl.dlatributlon when it 

wa• clivi,decl by J; (b) the m!eetaa raaee dlatdlnlttoae w•re ue4. to ctetermiDe the 

. aum'bel' of neutral particles cn°• •• or J!!l plu.e dJ• •l uaoclate4 with each event; 

and (c) the clata were examined aa4 toun4 to M reucmahly &'ee ef biaeee by 

looklns at uimu~al Gl1tdl:lutlona of eveate in the bubble chamltet. their 1patlal 

. d.letdbution aloag the chamber, &n4 the cliltrll:Ntioa of decay time• tor K0(or tt0). 

'l'be event•.were not generally amblpwa ·•• to the aum.ber ol mte11D1 neutral 

partlcltui. For moat of tbe event•. OQJ.y one of the K meeon«t wu obae rvecl to 

clee•y wtthiJ). the chamber. Some. events are ambtpoue aa te wldch particle la 
. . 

the eecon4 K meson. The <htaile4 prfl)cedure for the 1da.tUlcatloa 8114 cUepoattiOn 

o£ tbe amblgu.i.tlea of theee evente ie given elaewheaoe~ 12 The anplar distribution 

olbotb c· -.d ft ... (K4 aacl n'*') baa eithlbited a forward (~h~~rd) peak m a 

faahion similar to tb.e onec of :Reaction• (1 to S), aa •hewn in the histoarama ln 

Figs. Za ant! Zb. 
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0\lz u.gult\r distributioniradieatoa a poasibWty that two cU.ftereat annibtl:-· 

lation rae«:hani.am.a are operative: ·the atat1atica1 one. which is dominant an4 

proclacee an isotropic aagular 41atiib\ttioa; aM. a 4yaamtca1 mochanlam responsible 

for the forward peak. Whereae the ouerved. forwar4-to-backwar4 ratio F/B 

ia conaiatut with the model qf Ko'ba aa4 Take4a, 13 tt ie ROt clear whether the 

fact that kaona •how aimila&- aagular 4letdbution featul"ea la c:onetetent with 
. . 

t~ model. becauae lt hal never heen u.teacl.ed ia all ita manife.atatloae for 

·the annlhf.lattozu• AI\ atght. 

Th.e _V.ry );ecent data oa &Dtineutl'01l•proton umihllatioae at ov.r momentum. 

indicate a possible exc(I)IS ot .,..+ 1a t:he 4irection of the proton. 14 

lt i• a pleaaue to ackl\owle.ge our particular indeitednestt to L. w. Alvares 

tor !lis guidance and dlacua •toaa. an4 to A. H. Roeeafe14 lor invaluable aid. ln the 

coneept of the .... analyeia for Wa work. Th.aalte are due to 1. Button, 

P. Eberhard, A. Hueeata, J • .Larluttt. Q. Lynch, .N •. Xuong. c. Tate. and 

c. RiacUleiach tOr their help ta varioua atagee ot the experimem. 
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LEO ENDS 

Fig. 1. Histograms of.:. m. &AauJ,ar d.letributioa ol pions lrom Reactions (1 to 3): 

(a) and (b): Tt and. ff+ ~~1 P.eaction (lh (c): combined dietrlbutiono 

(a) plus rel.iecte4 (b); (4)1. tt .. and retlecte4 n+ from Reaction (Zh 

(e): negative and reflected positive prongs which dl.cl not lit Reactions (1) 
. . 

and. (2); and (i): combined <lata (c), (4). e4 (e). 'rhe forwar4-to .. backwar4 

ratio. F/B, ia 1.17A0.04, l.O(ut0.09. 1.08*0.04 and l.lJ:t.O.OJ· for distri­

butione (e). (4), (e), lUl4 (f), re•peetively. 

Fig. · z. Histogram• of (a) combined angular di•trlbutione of x· and. ·reflected 

K+ from Reactions (4 to 7); and (b) rr· aac! reflected n:+ from Reactions 

(4 to 7).- The F/B ratio ie 1.371t0.18 and. l.U:l!O.lS for distributions 

(a) an4 (b), reepectively. 
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