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A total of 1121 unambiguously identified events of the type 

pp ~ KKnn (n:::: 1 - 5) d momenta 3.0, 3.6 and 4.0 GeV/c have been analysed, 

and partial cross-section for the various channels are given. The total 

cross-section for annihilation into two kaons with pions is estimated 

to be (5.1 ± 0.4) mb or 14°;6 of all annihilations. The amount of 

resonant K::li:(890), p, w, and associated K1l::K:il:: productio.n in the various 

channels are determined. Evidence for the E-neson, a KKn resonance at 

1700 MeV, and a K*n resonance at 1265 MeV is presented. Study of 955 
0 unfitted events containing two charged particles, a K1 and ~ 2 neutral 

secondaries gives rise to a four standard deviation peak in a strangeness 

zero mass spectrum at (1820 :'.: 12) IIeV with a width (r) of (50 ~ 23) J'IIeV. 

The angular distributions favour a peripheral rather than a 

statistical or core-core model of the annihilation process. The possible 

usefulness of weighting tho various combinations in accord with this 

observation, to accentuate onhancoments in the invariant mass distribution, 

is discussod. 

A method of separating each annihilation into its most likely 

two body final state configuration based on maximising the four momentum 

transfer (u) in the cross channel is presented as well as some examples of 

the enhancements in mass spectra obtained using this method. 
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_l_. Introduction 

Preliminary results on the annihilation of 3.0 GeV/c momentum 

antiprotons into K's an~· n's have been ~eported previously(!), mainly for 

5 and 6 body final states.. In addition to the production of resonances, 

evidence has been observed for charge and hypercharge asymmetry in the 

angular distributions. Similar results have boon reported by Baltay et 
(2,3) I al. at 3.3 and 3.7 GeV c. We have now extended our analysis to 3.6 

and 4.0 GoV/c incident antiproton momenta,doubled the number of 2 prong 

interactions with a v0 measured at 3,0 GeV/c, and studied the unfitted 

events with 2. prongs and one v0 • We shall discuss annihilations into Ki 

and n pions, where n is 1 to 5. 

'!'ho Saclay 81 cm hydrogen bubble cham:tei_. was exposed to a 

separated beam of antiprotons produced from an internal target in the 

CERN proton synchrotron. The momentum spread of the antiproton beam was 

~. 0~5 °h, and a total of 300,000 photographs were taken containing 
6 6 6 

0~8 x 10 , 0.5 x 10 and 1.1 x 10 antiprotons of momenta 3, 3.6 and 

4 GoV/c respectively. From 6-ray counting and total cross-section 

measurements the contamination of the beam has been estimated to consist 

of 2. 0h pions and between 8 °)> and 12 °h muons, depending on the incident 

antiproton momentum. 

Tho film was scanned for events in which one or two K~ decays 

( 0 + -) K1 ~ n n wore associated with an interaction having zero, two or 

fm.ir charged· particles. Frota t1~ci independent scans, the overall scanning 

efficiency for these typos of events was estimated to be 97 %. About 

1,600 ovonts at 3 GeV/c, 600 events at 3.6 GeV/c and 400 events at 4 GeV/c 

were measured by semiautomatic measuring machines, and their geometry 

nnd kinematics computed using the CERN programmes THRESH nnd GRIND. For 

the final analysis of the results, tho programmes SLICE and SUMX were used~ 
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2. Cross-soctions and numbors of ovents 

About 40 °h of tho events hcwe ro.oro than one r,1issing neutral 

particle (mainly tho ovents with zero or two cho.rgod secondary particles). 

Of tho remaining events 10 °h were m11:1e2surable in the sense thc,t o. 

sntisfuctory geonotrical reconstruction wns not obtnined after several 

romoasurements. Events wore classified into tho reactions shown in 

Tables I and II on tho basis of tho x2 calculated by tho kinematics 

fitting progrnrnme, Whore E>ovoral intorprc;tations wore possible 9 ionisation 

ostiHntes wore mo.do, thoroby reducing tho nuraber of onbiguous ovonts to 

loss than 20 °;6. In tho case of events where o., cJingle K~ was seen, about 

50 % depended on ionisation ostiEmtos for unique identification. 

However tho sinilarity in tho nuubors of ovonts containing n K+ or 8. K 

and in tho rofloctod C .M.S. o.ngc1lar distributions of the K+ and the IC 

0,r0 an indication that no significant biases w0rG introducod. 

For each se0n doc1:cy, a woight2t: was calcula tod to allow for tho 

KO I ;,·J1rll• C11 d • -'-} ' • -I tl n. ~l • 1 1 f t 1 h b 1 s , ocay OlL,1or ou-csiae -10 Ilu.ucia vo UElO o nc" cam or or 

less than 2 mm fron tho point of interaction. Tho avoro.ge weights found 

wore 1.22 0,nd 1.14 for decays nssociated with two and four prong inter­

actions respectively. Tho parti0,l cross-sections at 3 GeV/c, which nre 
0 ( 0 listed in To.ble I, have also boon corroct0d for unseen K deco.ys K2 

dec0,ys c:cnd noutro.l K~ deco.ys), scanning efficiency o.nd tho contamination 

of the beru;1; the density of tho liquid hydrogen was taken to be 0 .0625 

gr;1/ cm3 • Ambiguous and unnoasurablo events have boon to.ken into account 

in proportion to tho un0,mbiguous ovonts. 

In tho calcul0,tion of cross-sections for the renctions 

involving K0:K0 pairs, events in which a single K~ d0cny was seen and tho 

other inferred from tho fit wore used as well ns those events where both 

ITO 1 \..1 c: GCQYS wer0 soon. A corroct:Lon wns made for K~K~ pairs assuming equal 

:t The weight is tho true nunbor of decays inferred from the obs0rvation 

of one docny. 
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production of K~ and Ko(:'!), 
2 , the unseen K01 s have been estimated to be 

composed of 25°,.6 Ko 
1 and 75°;6 Yo . 

'"2· 'rhe cross-sections quoted for KKnn 

( - 1 ') ';' ,1 5 n - __ ,, __ ,:;, -.-, ;;:.: 6) in the last column of Tv.blo III 1;ore calculated 
O••O + -

assuming equal production of K K and K K pairs for a given number of 

pions. T}~to nunbors of zero and two charged particle events with more than 
0 one n missing have been estimated by assuming that unfittable multineutral 

reactions of a given multiplicity have the same cross-sections as fittable 

reactions of higher prong number but with the same multiplicity, The cross­

sections were also calculated from the observed numbers of fitted events 

using Clebsch-Gordan coefficients( 4) and the results are the same within 

the statistical errors. We have observed no two body K0 :K0 annihilations; .. 

the cross-section corresponding to one observed event would have been.about 

8 µb_. 

The total cross-section for all KKnn final states at 3 GeV/c 
.. . + 

has thus been estimated to be (5.1 - 0.4) mb, which corresponds to 14°,.6 

of the total annihilation cross-section. 

3. Invariant mass distributions 

Only events with 4, 5 or 6 particles in the final state have 

sufficiently good statistics for a detailed study of resonance production 

to be worthwhile. For events with a cho.rged K, the third component of the 

isotopic spin (Iz) is known unambiguously for all combinations of particles, 

so that these events have been studied in more detail than those with a 
K°K0 pair. Table IV lists the percentage production of K::f, p and w0 at 

3 GoV/c determined by fitting to tho experimental histogrnm, using a least 

squares method, a curve consisting of Lr::rentz invariant phase space and a 

Breit-Wigner distribution with the known mass and width of the resonance. 

T>oso are tho only well-established resonances cloarly seen in the prosont 

work. Thoro is no evidence for the cp-moson. 

(~) 
0 o-o Tho probabilities of seeing 2, land zero K1 1s from a K K event are 

(D/2W )2 , D(2W - D) / 2W2 and (1 - D2,-:-l ) 2 respectively, D being tho 
n n n 0 v'n 

branching ration for charged K1 decays, and Wn the weight for a decay 

from an evont of multiplicity n. 

PS/5750/dmh 
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+· 
The (Kn) combinations with I = - 31 give invariant mass 

z '12 
distributions which agree woll with tho predicted phase space. For. 

Iz = :!: Jj2 ~Kn) combinations tho porcentago production ~f K:90 at 3: Gu~/c 
in' the various channels is shown in T:.ble IV. The total (Kn)Iz = ;t1; 2 
invariant niass distribution from tho 4, 5 and 6 body events at all e!lorgies 

is shown in F::l.gure 1. Fitting a composite phase space plus a Brei t-W;i.gner 

curve to this distribution yields valuos for the mass and width of tho K~ 

of (894 :!: 5) MeV and (60 :!: 10) MeV respectively. 

3.2~ !::~~::~~~~-~~~::-~~~!::~~~!~~~~-!~:: _ _(_~~2-~~~~~~~~~~~~ 
+ 

The percentage of p0 production in the var~ous channels at 

3 GoV/c is shown in T::blo IV. A :fit to thE.l total (nn)0 mass spectrG.m for 

all energies shown in Figure 2 yields values for the mass and width of the 

p of (744 :t 9) McJJ and (98 :!: 30) MeV. No significant deviations from 

pha~e space v~ore seen for doubly charged combinations. 

For 5 and 6 bodyroactions throe pion combinations with charge 

1 or 2 gi vo roasono.ble. o.groomont with phase space (modified to include p 

production in the o.mounts given in Table IV). Of the two reactions which . 
0 o-o + - 0 could show w pr~d~ction, tho reaction K K n n n shows none, whereas for 

. 0 - + + - 0 0 tho reaction K K n n T1:n with better statistics a clear w peak is seen 

' th + - O t .d. t ( 15 + 5) OLO f . O d t. in - e n n n mass spec rum corrospon 1ng o - ~ o w pro uc ion 

per event at 3 GeV/c. Tho mass and wid{h ·o:f the w0 are found from· the 

events nt all onorgios, plotted in Figure 3, to be (790 :!: 10) MeV nnd 

(17 :!: 9) MeV respectively. The shaded region of Figure 3 shows that n 
± ' 

large fraction of those i:!:VGhts not having a (Tm)O combination WllOSe mass 

lies in tho p region, (700 - 800) MoV, contain a n+n-n° mass lyi~g in the. 
0 

w region. 
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F · 1 t n TT~ d ,,,o producti• on . . T bl I'T rom t 10 amoun- s or L>.. P p nn .. UJ gl ven in o. o v 

:i.t appears that the avorago numbGr of resonancos per event is approximatoly 
+ 

ono, espocially for tho 5 and 6 body ovents with a K-. We have theroforo 

loolrnd for associ:: ted production of tho so resonances. In the 4 and 5 body 

ovonts, we ostimato (c:ftor corroction for tho K::E 1 s whick1 lie outsidG tho 

sGloctod mass intorval and for tho background under the K* peak) that 

about zoro and 20 ~ 5 % rospoctively of the events cont3.in two K~ 1 s in 

3.ddition to those which may be expected from chance association of singly 

produced K± 1 s. On the otl1or hand no evidonco for associated K:ie p 

production was observed in tho 5 body ovonts and no significant evidence 

for associated production of any kind wns seen for the 6 body events. 

3.5. 1rl1e (KKrc) ''.ass distribution -----------------"""' ......... -..... ~-.-----_.,-

+ -
L1 tho case of tho 5 body final state K0 r-C TC+ TC+ TC- the zero 
+-

chnrged (K0 ICn+) mnss distribution of ovonts at all energies (Figure 4) 

shows evidence for tho production of tho E meson ( 5). Fitting the 

distribution with phaso space Lmd n Breit-Wigner curve yields a mass and 

a width of (1423 :'.: 10) MoV and (45 ~ 20) MeV rospoctively. The shaded 
+ -

histogram shows the K°K-TC+ mass distribution for those combinations in 

which a Kn combination has a mass in tho K~90 region; tho E-meson penk 

is thon onhancod relative to tho b:tekground. 

Although of little significance as a single observation ("-'two 
+ -

standard deviations), tho peak which can bo seen in the K°K-TC+ mass 

distribution in tho region 1675 - 1725 MoV is worth noting for the 

following reasons : 

a) a small poak ("' 2 s.D) is also 

in a similar oxporiment at 3.7 

as in tho present experiment; 

+ -
0 - + obsorved in the K K 1t mass distribution 

GoV/c( 2 , 3 ), in tho same mass intorval 

b) a peak is observed in tho same mass interval (1.675 - 1.725) GeV in 
0 0 + - 0 the p w invariant mass spectrum from tho reactions pp ~ 3TC 3TC TC at 

3 GeV/c, whore appreciable p0 and cv0 production occurs( 6); 

PS/5750/dmh 
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c) a resonant state of mass (1700 ! 15) MeV and a narrow width with 
(7) 

I spin ?: 1 has been reported by Lovrat et 21. • 

.The similarity of tho mass, width and I-spin of the peaks in 

the E::ll:K and p0 w0 mass distributions suggests that they may represent 

different decay modes of this same object. 

No evidence for the E-moson or the bump at 1700 JVieV appears 
o-o + - 0 in the 5·body state K K TI TI n 1 either for Q = 0 or Q = 1. However, as 

already stated, the value of I is uncertain for all (Kn) combinations in 
z 

this case. 

Evidence has already beon prcsonted(B) for the possible 

existence in our datq of a resonant (Knn) state with I = !3/2 ·and mass 
z 

This enhancoment is obsorvod only in the six body final state 1270 MoV. 
+ -

K°K-n + n + n - n°, and only in the puro I = 3/2 (Krrn) combinations with 

I == :'.:' 3/2 (4 combinations/event) which contain a K1i; (I = ! 1/2) 
z . .z 

combination in the K:11::(8C--l8) mass rane.·o. rrhe fact that it has not been 

seen in tho (Knn) combinations with I = :!: 1/2 could be due to the larger 
z 

h11ckc;rqund (8 combinations/event} ac well as to the fact that these 
. 5f 

combinationsdo.not h2..vo pure isotopic spin. Figure 5a shows the Kn mass 

distribution with I = ! 3/2 for all incident energies, the peak being 
z 

slightly more statistically significant than reported previously at 3 GeV/c. 

Tho curve shown in Figure 5a is tho best fit obtained using a K5fn phase 

space and n Breit-Wigner which gives a mass and width of (1265 :!:' 10) MoV 

and (50 :!: 20) MoV for the enhancement. 

Of tho 267 six-body events 60°/o (or 160 events) contain a K:t. 

TI10roforo of the 422 combinations in Figure 5a, 262 combinations are due 

to background. The 44 combinations in tho 1265 MeV peok repreE)ent 27°/o 

of the 160 ,;vents containing a K:!E • 

.Since there is evidence for considerable production of known 

rosonnncos (K~, p, w0 ) as well as peripheral effects (para. 4) in these 

P.S/5750/dmh 
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six body events, we attempted to study their influence on the (K~n) mass 

distribution. Five tracks were selected from different events, keeping 

the identity (including the charge) of the individual particles, and then 

one track at random was recalculated to conserve momentum only. Of the 

random events, those that conserved energy to within 100 MeV in the C,M.S. 

wore analysed in tho same way as tho real events. By this procedure we 

uore able to conserve the peripheral effects but largely destroy mass 

correlations between particles, The mass distributions from these events 

agree well with tho calculated phase spaces, showing that any peripheral 

effects ( Deo section four) ci.o not appreciably influence the invariD.nt 

mass distributionso In addition we havo taken pions from one event and 
0 kaons from other events, so that the effects of the p and w mesons 

produced in those interactions arc retained but resonances involving 

kaons should be eliminated. Tho (K:£1c) nass distribution obtained by this 

procedure at 3 GuV/c is con.pared to that from the real events in Figure 5b, 

and demonstrates that the observed peak does not result from reflections 

duo to tho presence of p ond w mesons in these events. 

In addition to tho fitted ovonts, 955 unfitted events with two 
0 charged secondaries and a K1 have boon studied. Each event was looked at 

on the scan table in D.n attempt to assign it to one of the following 

reactions, using the ionisation of tho charged secondaries, 

pp ~ K~ n+ n-[K0 ] n n° 

~ K° K+ n n n° 
1 

~ K~ n+ K- n n° 

where [K0 ] represents an unsoon K0 • 

(1) 

(2) 

(3) 

It was found that 183 events could be assigned uniquely to 

reaction (1), 475 ovonts were ambiguous botwoen either reactions (1) and 

(2) or (1) and (3) and 297 events were ambiguous between reactions (1) 1 

(2) and (3). Mass distributions were studied for the various possible 

combinations of particles. In addition to K~ and p production a peak was 

PS/5750/dmh 
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observed in the i;mss distribution of the K~ [K0 ] n n° combinations coriling 

from the 955 events consistent with reaction (1). This distribution is 

shown in figure 6 and a peak of "'4 standard deviations significnnce is 

seen at a raass of (1820 :!: 12) IfoV 7 with a width (r) at half height of 

( 50 :!: 20) HeV. If' this peak is due to a resonant state (J0 say) then it 

hns strangeness zero nnd is produced in tho renction 

pp (4) 

0 + 0 0 
l'::;nks in tho p re n: and p w nass distributions from the reactions 

and 

pp -? TC+ 'Jt- ( p 0 ~ + n; -) 0 

pp ~ TC+ TC - ( po W o) o 

at (1834 + 10) McV ::nd (H348 :!: 11 ) HeV h2ve been roported( 6). 

(5) 

(6) 

·.It is 

possible that one or both of those objects h2s the alternate decay mode, 

K~ [K0 ] n n° which gives rise to tho peak observed here~~ 

4. Angular distributions 

In tho K0 :K0 rm events tho K0 and K0 cannot be distinguished~ 

and consequently tho angular distribution in the C .VI. S. of the K0 (Ic0 ) 
+ 

should be symmetric about 90°, as is found oxporimentally. Tho K-Kunn 

final states are ri1ore interesting sinco tho K0 can be identified as a 

po.rticle or nntiparticle accorcling to tho charge of the other kaon. The 
·+ . 0 
n; , re distributions for the 4, 5 and 6 body sto.tes with no chargedkaons 

agree, within the poorer statistical errors, with those for the ch::Lrged 

kaon events (Figure 7). 

As pointed out in section 2, tho correct idont:Lfication of the 

events depends to o. considerable extent on ionisation measurements, which 

could produce biases in tho angular distributions in the C .JVI.S. However 

(:JJE) I11 principlo by stu .. dyi112; tho L1t1Ds 
0 u 0 . 

spoctrun of K1 K1 n re in the ovonts 
0 0 + - 0 K1K1 re n n n: we shouild be ablo ·l:;o give somo infornation about the 

C-pari ty. Hcnrnver tho so oven ts have not bo(m o.nalysod. 

PS/5750/t~.mh 
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wo know from the C-symrnetry of the pp interaction(g) that the angular 

distribution of a particle with rospoct to the proton should be identical 

to that of tho antiparticle with rospoct to the antiproton. For the throe, 
+ fivo and six body final states tho angular distributions of the K and tho 

0 . 
K reflected about 90 in tho c.n.s. agroo well; also the numbers of events 

+ found to have a K or a K are equal within the statistical errors. In 
± 0 + 0 + tho case of the four body final state K K n n however, tho K angular 

distribution is more peaked in tho backward direction in tho C.M.S. than 

tho reflected K- distribution. I11 addition fewer events are observed with 
- + a K than a K , although tho difforonce is not very significant. B0 tn of 

those observations are consistent with the bias which might be expected in 

the one constraint fit class because of tho difficulty in identifying high 

enorgy charged kaons from pions, if tho K-(K+) are produced preferentially 

forwards (backwards) in the C.M.S. (r.;oo T:~ble v) • .Ao a result, tho addition 

of tho K+ and the reflecte'd K- angular distributions in tho C.M.S. probably 

underestimates tho asymmetry of tho C.M.S. angular distribution for the 
+ 0 -

four body events with a charged kaon~ In tho three body events K-K n+, 

which are four constraint fits, no biases are seen. 

Tl10 C .M.S. angulnr distributions of particles with the reflected 

angular distributions of the antiparticles added are shown in Figures 7a 

and 7b for 3, 4, 5 and 6 body final sto.tos containing a charged kaon; 

p·-moson distribution would not be accurate because of tho large background 

(F:i.5uro 2). Evidence for asymmetry of these angular distributions can bo 

soon. Tho ratio of the number of particles emitted forward in the C.M.s. 

(cos g'*- > 0) to t: ':., zmmber emi ttod backwards is summarised for the 

difforont reactions 1 particles and charges in T~'.blo V. The dependence of 
:f tho a:ngulnr distribution of pions, lmons and K 's on tho incident anti proton 

momentum can bo soon in F:~.3ure G whore tho distributions at 3 G..:V/c have 

boon compared with those at 3.6 and 4 Ge:V/c taken together. Tllc angular 

distributions for the K~ were obtained from the angular distribution of 

the (Kie) L'ass. conbinations in tho mass interval 830 - 945 MeV after sub­

tracting tho angular distribution of (K·,;) combinations in adjacent mass 

intervals corresponding to tho background distribution. T~ie angular 

distribution of the w0 moson was obtc.inod in a similar way using a mass 
0 interval fo:r the w of 740 - 820 MeV. 

PS/5750/dnh 
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l!':con Table V, figures 7 and 8 ( =t:), and the associated work, one 

may draw the following conclusions : 

a) the asymmetry in the C .n.s. angul:::cr distributions decreases as the 

number of bodies in the final state increases;: 

b) the asymmetry increases with tho momentum of the incident antiproton; 

c) charged particles show more asymmetry than neutral ones; 

d) the angular asymmetry (where pertinent) and collimation are more 

pronounced for the heavy particles (Ksl:, K, w0 ) than for the light 
-* 0 ones (re), and the resonances K , w are more collimated. (that is appear 

more preferentially in the polar than the equatorial hemispheres), than 

the Kn or n+n-n° combinations in adjacent mass regions. 

These observations are incompatible with a simple statistical 

model of the annihilation process, which would predict a symmetric angular 

distribution in the c.rr.s. In the Koba-Takeda model (lO) of antiproton­

proton annihilation and its extension by Stajano(ll,l2 ) the heavier particles 

are expected to be produced mainly in the core-core annihilations which 

would invol vo the loi:rer angular momentum states, and therefore the angular 

distributions of the heavier po.rticles should be more isotropic and 

symmetric than for tho lighter particles. The observations are otherwise 

and seem to favour an annihilation mechanism involving peripheral inter­

actions. Such a model requires the exchange of a fermion (hyperon in our 

case) and tho only relevant theoretical work, to our knowledge, is that 
( F) ( 14) 

of Pilkuhn J who showed that the data at 1.61 GeV/c · was more consistent 

with o. peripheral model than with the Koba-To,koda model. 

(::l:) Corrections for weights are not made in figures 7 and 8 and Table V. 

However tho vario.tions in weights about their mean values, together 

with tho checks on the equality between numbers of events and their 

cho.rgo conjugutes and of tho particle and reflected antipaZl'ticle c.n.s. 
angulnr distributions 1 sugti:ost tlK,t tho results and conclusions of 

this section (and the preceding one) are unlikely to be seriously 

nffected. 

PS/5750/dmh 
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As has been pointed out in section 4, the angular distributions 

of rosonance states are peaked towards cos g"Jf = :!:1 in the C.N.S.; also 

the forward/backward ratios (Table V) are larger the greater the mass of 

the state. In an attempt to exploit these facts we have tried various 

procedures to enhance the likelihood of detecting peaks in invariant mass 

s1,cctra. Thus we have tried weighting each mass combination by a factor W 

where :-

a) 

b) 

W = p'5f/ p~ where p=Jt is the actual momentum of the particle combination 
max 

in tho C.M.S., and p=s. is the maximum value of momentum found amongst max 
all possible particle combinations ; 

W = u/u , whore u is the four momentum transfer to the incident 
max . 

proton in tho case of an antiparticle combination and to the antiproton 

for a particle combination. In the case of annihilation interactions 

we have found u to be more sensitive than t, the usual four momentum 

transfer ;",and 

) 1 [ ,..,:it: .. 6,....:it: ,..,:it: • th . . 1 f th t. c ( = cos ~ or cos ~ , where ·~ is o emission ang e o e par icle 

combination in the C.M.S., and the power six was arbitrarily chosen to 

enhance any possible effect. 

From a mass point of' view woiehting with a function of cos g 
=ft . 

is · less biased than using a function of p or u and Figure 9 shows tho 

K°K+ + c.c. mass distribution for all energies from the 4, 5 and 6 body 

reactions, both unweighted and weighted as cos69:lf (cos69 was chosen since 

the K:i:(888) angular distribution follows roughly this form). The weighted 

distribution beings out from background two smnll pen.ks nt 1.05 and 1.25 

GoV, alrondy observed in a stopping lUltiproton experiment(l5), plus another 

ns yet unobserved peo.k nt 1740 MoV, unless it could correspond to thnt 

observod nt 1748 MoV by Lovrat ot nl. (?). 
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5.2. Tho method of mmdmum t 

As a furthor attempt to oxploit tho apparently peripheral nature 

of tho evonts 9 wo havo used a criterion to divide each ovont into a unique 

configuration consisting of two bodies. Tho criterion was such that tho 

confic,urntion chosen wo.s that in which a combination of pClrticlos had tho 

mnximum It I (::t:) valuo; tho romnining combin:::. tion of pc.rticles having, of 

course, tho fJ:::tmo It I value. Sm 10 eznmiJlos of the results nre shown in 

fic;uros 10 - 14, more for the:Lr interesting featuros thnn for their 

stntistical siisnifico.ncos. N, .:dmum It I wes used rather than minimum It I 

sinco it wccs found that more structure appeared in mass spectra using tho 

latter than tho former. 

Figure 10 shows tho rosults for tho reaction Pl -'!> K + K0 It + c. c. 

o ± ii I Tho ovonts in which tho (K1 n ) combinc.tion ho.s the maximum value of t 
. + 

hnvo n (K0
1 re-) m[l,ss spectrum conc01ri:;ro:tod in tho mc:.ss region of the K::f( 888), 

+ -
whorons tho ovonts in which thu (K- n +) comb ind ion ho.s tho mo.ximum It I 

+ -
vc;,luo hnvo (IC n+) mnssos which ccro grouped 0,t n higher mnss contred o.t 

1.32 GJV(+). T~~ro is no obvious ronson, h priori, why tho neutrally 

ohnrgod combinc:.tions should prefer hicJ1or mews vo.luos thc:m tho cho.rgod 

comb in::::. tions. However, if ono w:rnurnos thnt nnnihilntion procoods vio. tho 
+ 

oxchnnt.so of A0 or "Lf5 h;yporons thon SUr. Clebsch-Gorc~on coefficients predict 
) 

n rntio of K~±(888) / K::f°CJ88) = 4, whoroo.s tho observed rntio below 

1000 Mc:V is ,.., 6. 

Fi.guro lln shows tho mo.s::> distribution of tho (Knn:) combino.tions 

which hnvo mnximum It I in thu roo.ction A concen-

tro.tion of events in o. rolntivoly sranll mnss rnngo with n central vnlue of 

(:i;:) t :::: (Pi - Pf) 2 - (Ei - Ef) 2 , whore 1\ o.nd Ei nro tho momentum nnd 

onorey of tho incident o.ntiproton or proton and Pf o.nd Ef o.ro the 

momentum o.nd energy of tho pnrticlo or group or pnrticlos considered. 

(+) Evidonco for n (Kn:n:) rosonanco nt 1.32 GoV ho.s boon reviewed by 

n ldh b (l6 ) 1.:ru n or • 

PS/5750/dmh 
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1,27 GoV is soon (:iE). T:10 (K~ K±) mass distribution for the events in whibh 
+ 

tho (K~ K-) combino.tion has the maximum !ti value is shown in Figure llb 

and a peak is seen at a mass of 1.26 GoV similar to that observed by 

Armenteros et al. (l5). 

+ -
Figure 12a shows tho (K- K~ n+) 

+o++- II reaction pp ~ K- K1 n n n undor tho t 

mass distribution from: th0, 

selection criterion almost all 

events lie in the region of tho E-moson. L1 fact there are 17 €!Vents in 

tho peak above the background whoroas in tho corresponding mass distribution 

without tho selection criterion (figure 4) there wero 19 events above back-

ground. Thus in this cnse the signal to noise ratio has been appreciably 
+ -

enhanced. The angular distribution of the (K- K~ n+) combinations having 

a mass in the region of the E-moson is shown in figure 12b, and is seen 

to bo quite anisotropic as is to bo oxpocted from the method of selection. 
. + 0 + 

.~J.10 tqtal (K-.K1 T~) mass spectrum, obtained in o. similar wo.y, for tho 4, 

5 and 6 body reactions is shown in figure 12c where tho concentration of 

events in tho E-meson region is more significant. If for the 6 body events 
+ -

tho mnss of tho remaining n+n-n° combinntion is plotted against the K- K~ ,n+ 

mass (figure 12d) r; clustor of points is soon at o. position; corresponding 

to tho reo.ction pp ~ 0 0 
E W . •. 

It is clear that with tho o.bovo method of soloctio'n' the mass 

distributions obtained show moro structure than the total mass distributions 

and tho following argument mo.y give o.n oxplo.nation why this is so. Tho 

annihilation cross-section o.t 3 GeV/c is of the order of 30 mbs, a cross-... 
section which implies a minimum radius of interaction (r) of one fermi 

;:.13 
( J.0 ems). Therefore since the incident proton (or anti proton) i,iomo.ntum . 

in the C.M.S. (::.)~) is 1 G"'V/c, angulnr momenta up to at least five may be 

involved in tho annihilation chnnnels (p~r ~ lh). Hm10v0r the single 

po.rticle angular distributions in the C.N.S. aro not very an:i,sotropic and 

(~) It is possible that this peak is relo.ted to tho peak in the (K1tn) 

T17 = :t3/2 mass spectrum nt 1.27 G,;V observed in tho reaction 
LJ 

+.o + - - o pp ~ K K11~ n n n + c.c. and discussed in section 3.6. 

PS/5750/dmh 
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do not rofloct tho nngulnr distributions expoctod from the primary products 

of nn intoraction involving such high vnluos of e • A ::.:L1plo explanation 

of this appnront o.nomaly is found if tho primnry products of tho intero.ction 

are concentro.tod in two contras whoso rolativo angular momentum is large 

(u.g. a poripboral· exchange dio.gro.m involving nucleon or hyperon exchnngo) 

:::!Jd uhich subsequently doco.y w:L th a sufficiently high Q-value thnt the 

nnc;ulnr distribution of· the decay products wnshos out tho origino.l angular 

distribution of tho two centres •.. 'r~'.e two contras o.re then obvious sources 

for rosonnnco production nnd could explain why the method of maximum u 

selection e:hhancos the likelihood of seeing those resonances. 

Wo would like to express our graUtudo to our scanning and 

measuring staffs and to tho personnel qf . the T. C. c1i vision who built and 
. . . 

. . 
operated tho beam. Thanks are also due to Dr. R.A. Arn1onteros for valuable 

.. -
criticisms and Prof. Ch. Peyrou for his constant encouragement and support. 

o. 0 

0 



·1 ·-. 

CERN/TC/PHYSICS 66-31 

- 16 -

D.R. French, J.B. Kinson, v. S:Lmnk, J. Bndior, M. Bn2iin, A. Rougo 

nnd P. Grieve. Ro port to tho Litornational Conference on High Ei·:ergy 

P>ysics, Dub1L'. (1964). 

2. c. Bnltay, J. Lnch, J. Sandwoiss, H. Taft, N. Yoh, D.J. Crennell, 

Y. Oren, C.R. Richardson, D.L. Stonehill and R. Stump. Report to tho 

International Conforonco on High Energy Physics, Du!)na ( 1964). 

3. C. Baltny, J. Lach, J. Sandweiss, H.D. '.I'aft, N. Yoh, D.L. Stonehill, 

and H. Stump. Phys.Rev. _142, 932 (1966). 

4. J. Vnndermeulen, CERN Report DD/IEP/61/29, 1961, which uses results 

from F. Corulus, Nuovo Cimonto J.2,, 528 (1961) and Suppl. Nuovo Cimento 

]j_, 402 ( 1960) 

1147 (1955). 

and from Y. Yoivin nnd A. de Shnlit, Nuovo Cimonto J., 

5. R. Armenteros, D.N. Edwccrds, T. Jo.cobsen, A. Shapiro., J. Vandermeulen, 

Ch. d'Andlau, A. Astier, P. Bnillon, H. Brio.nd, J. Cohen-Go.nounn, 

C. Dofoix, J. Sinud, C. Ghosquioro nnd P. Rivot. Proceedings of the 

Sienna Internationnl Conforonco on Elementary Po.rticles J., 287 (1963). 

6. J.A. Danysz, B,II., French, nnd V. Simnk. CERN/TC/PHYSICS 67-1. 

7. B. Lovrat, C.A. Tolstrup, B .• Schubolin, C. Nof, M. Martin, B.C. Maglic, 

vl. Kienzle, M.N. Focacci, L. Dubcd o.nd G. Chikovnni, Phys. Lott. ;22, 

714 ( 1966). 

8 0 R. B(Jck, B.R. Fronch, J.B. Kinson, V. Simnk, J. Bndier, M. Bo.zin, 

B. Equor nnd A. Rougo. Phys. Lott. 12, 65 (1964). 

9. A. Pnis, Phys.Rev.Letters 2_, 242 ( 1959). 

10. z. Kobn nnd G. Tnkedn. Prog.Thoor.Phys. 19, 269 (1958). 

11. A. Stnjano, Nuovo Cimonto, .?~, 774 ( 1962). 

12. A. Stajnno, Nuovo Cimonto, 2f:i, 197 (1963). 

13. H. Pilkuhn, Arkiv ftlr Fysik, ,.?2., 259 (1962). 

14. G.R. Lynch, Rov .Mod .Phys. )3, 395 (1961). 

ps/5750/dmh 



CERN/TC/PHYSICS 66-31 

- 17 "".' 

~EFEREN_Q__ES (contd.) 

15~ R. Armenteros, D.N. Edwards, T. Jacobsen, L. Monto.not, J. Vandermeulen, 

Ch. d 1Andlau, A. Astier, P. Bo.illon, J. Cohen-Ganouna, C. Defoix, 

J~ Siaud and P. Rivet. Phys. Lett. '11; 344 (1965). 

16~ M. Goldhaber, Rapporteur's talk at the Berkeley Conference, 

Sept. (1966). 

PS/5750/dmh 



n 

1 

1 

2 

I l'Ji:~ 

2 

3 

3 

3 

i3:~t) 
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JAl?LE I 

·Partial cross sections for pp ~ KK + nn at 3 GeV/c 

Reaction 
:uo. ·;f ~ -~~i;;.T~--,--~~--~-·~-----,,,__._. ~-~' ~ 

Observed Events 
( 2:':1:~) 

-~-~--· -~~--------~--~-

0 +.,. K K- .,. 
1 n 12 

+ -KOK- + o 1 n n 99.5 

K~(K0 )1/n- ( 9:) 
41.5 

0 0 + -K1K1n n 
( 31:) 

35 

OT 0 + - 0 K1K1n n n 69 

0 ± + + -K1K r; n n 176 
+ -

0 -- + + - 0 K1K n n n n 234 

0( 0) + - + -(i) K1 K n n n n , 72 

0 0 + - + -K1K1n n n n (-/.) 21.5 

GO+·~+-o K1K1n n n n n 15 

oo+·-+- o K1K1n n n n mn , 4 0 5 

m ~ 2 

/evGnt 
(:.1E~) 

cr(µb) calculated for reaction 

.....,...;.-+--' 

o.6 20 + 15 KoKono -
+ -

1.5 
+ 

65 - 20 K0 rCn+ 
--1- -

L5 550 
+ - 60 K°K-n+no 

L5 
+ 

158 -· 30 
o-o + -K Kn n 

o.6 280 :!: 45 o-o + -K Kn n 

o.6 555 :.'.: 70 K°K0 n+n-n° 
+ -

o.6 355 + ~o 
- ' K0 ICn +n+n-

+ -· 
0"6 475 :!:: 40 f0T{- + + - 0 

\.~ nnnn 

Oo6 105 + 14 
o-o + ~ + -- K K n n n n 

o.6 152 + - 34 
o-o + - + -K K n n n n 

o.6 100 + - 30 
o-o + - + - 0 K K n n n n n 

0.6 + 
30 - 20 

o-o + - + - 0 K K n n n n mn 

m~ 2 

Tho two reactions (:lle) should yield tho same cross--sections, as should the 

two reactions (.;i), if K~K~ and K~-K~ are producGd equally. 

(:t::lie) (K0 ) signifies a missing K0 determined by the fit procedure. 

(*~~) Includes ambiguous and unmeasurable events (see text). 

(:t3t*~i:) The numbers of events are not all from the same amount of film. 
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TABLE II 

Fumbers. of unambi_g:µous eventlL._1,J.sed in the figures..t.. and Tables III qp.d }_V... 

I"--'----·-·-~---
-

-~· ----·----
Reaction Primary momentum (GeV/c) Total No. of events 

3.0 3.6 4.0 
~-.............. 

-o + - 10 5 6 ) K1K n 21 
) 47 

K~K-n;+ 15 9 2 26 ) 

K~K+n-n:0 60 26 23 109 ) 
) 196 

K~K·n+no 58 9 20 87 ) 

K~(iC0 )TI-n: + (~) 49 24 20 93 

o-o - + 
KlKln; n 35 10 20 65 

-o+--+ 67 25 99 ) K1K " n n 7 

0 - + + -
) 200 

K1K n n n 70 25 6 101 ) 

OKO + - 0 K1 1n n n 63 32 51 146 

t{o + - - + o 91 36 8 135 ) s:1K n n n n 

0 - + + - 0 
) 267 

K1K n n n n 91 31 10 132 ) 

o(-o) - - + +( ) K1 K n n n n • 56 22 4 82 

KOKO .. - + + ll'Jt1t7t1t 20 4 1 25 

Total 685 . 258 178 1121 
.___._ .. --. . - _J 

(~) (K0 ) signifies a missing K0 determined by the fit procedure. 
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11 Ho action 

-·-'""- _. ____ ..._.__,. 

1 KRn 

2 KICrm 

3 KKrmn 

4 KKnmm 

5 RKnnnnn 

6 KKnn 

7 KKnn 

-- ·---0 ·-----~· ~~----

Total 7 
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TABLE III 

..., 
Numbors of Evont Typos 

:a: 

Cross soction mb 
~-~--·-·-- -~;3_e_o_r; -;1;ci-!:~--~~, So en and 
Fittablo 

nseen 
not F'i ttable 

( ) 1E:ll: 

~-~----~"""'- - ------·--~.---...... ..-~ 

2 0 

2 l 

2 2 

2 3 

2 4 

2 5 

2 6 
- _,...,,."'-'*"'-""'""'"'~· -~~ ----..-...--...... ..... _~-------OC. --

1 

2 

2 

3 

3 

3 

3 

+ 0.11 - 0.03 

LO 

1.8 

1.4 

o.6 

) 
) 0.2 
) 

+ 
- 0.1 

+ 
- 0.2 

+ - 0.2 

+ .. 0. 2 

+ - 0.2 

14 21 l 17 5.1 ~ 0.4 
"~-------=~~~-~ . _, ~·~-- ....__.. ____ ..... ___ .,. ________ ,____,d_.,___,____,..-..-.__..____ ~----------- ---. .. '---·&~ . .__,_,~--------..---.-----...w.•.--"'"'- ...,.._ 

:;i; As sumos no ovonts with more than 6 chctrged prongs~ nlso charge 

conjugates nro not counted soparntoly. 

~:ii: It is cwsumed thnt there nro no errors in the method of ostimo.ting 

tho cross-sections for "unsoonn ovonts (those with K+K-) or those 

uhich cannot bo fi ttod (that is 9 hnvo mor(; than one neutral pion). 
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Pnrticles in No. of (Kn:) 
tho final combinations/ 
stnto, event 

KoKoTI+TI­

+ -
K0 ICr/TI0 

0 0 + - 0 
K K TI n TI 

+ -
0 - + + -

K K TI n·n 

ITOITO + + - -:>.'-nnnn 

+ -

4 

4 

4 

6 

with T = :!:1;2 
:Z 

8 

- 21 -

T.LU31E IV 

°h . K31: 

production 
per ovent 

+ 
30 - 12 

+ 15 - 10 

+ 50 - 20 

60 + 15 
31: 

50 + 
- 30 

CERN/TC/PHYSICS 66-31 

Ho~ of (mt) o;b 
combinntions/ P 

production 
Gvont with pGr event 
chctrge 0 or 1 

1 15 ~ 10 

1. 
+ 10 - 10 

3 40 + - 20 

2 35 + 10 

4 30 + - 20 

5 + 50 - 20 

% WO 

productio 
per event 

0 

+ 15 - 5 K°K-n + n+ n - n:0 6 with T = :'.:1/2 . 60 ·::: 10 

-,.~-._,. __ .~:_.,.,~-·----~--- ··-~· ----·-----~--· l ·-·-~-------~---'~-~--

:X: Because of nssoci11tod production, this ir1plios thnt (40 + 12) 0,tb of 

11 t 1 t I'~! n oven s .J.ave ono or wo ~ ::; • 
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Reaction 

K°K+ TI -

KOK-TI+ 

I'oK~ + o 
'" 'Jt n 

;:;:or+ - + -
.i.\. i\. 'Jt 'Jt 'Jt 

J 

J 

J 
-o + - + ... 0 
KKnTI'Jt'Jt J 

0 - + + - 0 K Kn n n n 

all reactions 
at 3.0 GeV/c 

all reactions 
at 3.6 and 4.0 

GeV/c 

K1 K* (Q = 0) 

n, K, K:ie( Q = ±1) 

1.9±0.4 

+ 2.0 - 0.3 

1.10 :!: 0.07 

+ 1.1 - 0.1 

1.19 :!:: 0.03 

. ' + 
1.22 - 0.08 

+ 1,20 - 0.015 
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TABLE V 

. ..,_,,._~ __ , -

. + 
2.9 -

+ 2.2 -

1.s :!:: 

i. 2 ::: 

K+ K0 ) , R 

0.4 

0.2 

. 
0.2 

0.1 

-~·~ 

+ 1.48 - 0.07 

+ 1,86 - 0.15 

+ 1.4 -

1 n + 
.o -

-
0.1 

0,1 
--~ .. 

K:t- ,K:to + (K+ ,K:if0 )R 

-

2.5 ::: 0.6 

'. + 
2.9 - 0.5 

o.s + 
- 0.3 

1.61 
+ .. 
- 0.2 

2.1 :!: 0.3 

1.33 ::.- 0.2 

2.7 + - 0.4 

0.04 1. 9 :!:: 0.2 
~......, '-".....,,._~""""' 

~-tal -~· -----~ .~-1-· 2_0_:!:_0_. 0_5 __ ......__1_ •. 60 :!:: 
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Fig. l. (Kn) mass distribution. 1r::e thick line histogram is from 

F:'.g. 2. 

t I-CoK+ d rc01r- · d · J h I I / reac ions . 1 nn an 1A rm aD wic. Iz = 1 2; the thin line 

histogram includes reactions rc0 :K0 nn. The dashed curve is phase 

space and the full lino is phase space plus a Breit-Wigner 

distribution. 

(nn) with I = O, :!:1 mass distribution from all reactions. The 
z 

thick line histogram is tho mass distribution of (1/n-) 2.11d the 
+ 0 

thin line includes th;J.t of (n-n ). The dashed curve is phase 

space and the full lino is phase space plus a Breit-Wigner 

distribution. 

( + - 0) -o + - + - 0 0 - + + - 0 
F~g. 3. n n n mass distribution for reactions K1K n n n n and K1K n n n n • 

The thick line histogram corresponds to reactions where there is 

no ( n + n -) or ( r/ TC 0 ) i .m3s comb ind ion in the p interval ( 700 - 800 

NoV). The dashed curve is phase space and the full line is phase 

space plus a Breit-Wigner distribution. 

I-(QTT+ - d 1·1·0TT- + -0 + - + -F::.g. 4. l"'" n an ,,1,,. n mass distribution from the reactions K1K Ti: n n 
0 - + + -

Fig. 5. 

and K1K 'iC ·n n • Tho thick lino histogram is the mass distribution 

of (K~) -~,hich has I = 0. T:1.e dashed curve is phase space and 
z 

tho f·qll line is phase space plus a Breit-Wigner distribution. 

a) (K~n) with I = 
z o-++-o. 

+ ··; . . •o + - + - o 3 2 mass distribution for reactions K K·n ~·n n 
1 

and K1K n n n n • T~te thick line histogram 
+ + 

corresponds to the 

K:lf_n_ combinations. T:~ dashed curve is phase space and the 

full line is phase space plus a Breit-Wigner distribution. 

b) (K*n) with I = ~ 3/2 mass distribution for the same reaction 
z 

as in Fig. 5a but with·3.0 GeV/c primary momentum of aritiprotons 

only. Tho thin line histogram represents Monte-Carlo events 

with p mid w included ( soo text) 1 and tho thin line curve is 

pho.se space. 

Mass distribution of K~ [ K J nn° combinations from events 
~ 0 

consistent with the interpretation pp -'> n+n-K~[K0 ]nn°. 
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) -o 0 -
Fie;. 7. a Angular distributions of K plus reflocted K ,K plus reflected 

TT+ - + 6 
l\. , ancl TI plus roflocted TI 9 for 3, 4, 5 and body fino.l states 

respoctivoly, each containing a charged lrnon. 

b) Angular distributions of TI - , K0 , K , K:ieo, K:;t:- (including 

"l · t · J ' • t . ' t. " + T .. O l_+ TT:iEO 7 :ll;+) f th f rer __ oc OCL c1is -rJ_ou ions or TI , ,\.. 9 _\. , -"'- , l,._ - or e sums o 

3, 4, 5 and 6 body final states containing a charged kaon. 
0 0 

Angv"lar distributions for TI rs and w 's are symmotrizod around 
:if 

cos g = o. 

F · . n i l d • t · b t · " I r·- I d K:iE " · t i:Lg. o, rngu ar is Tl u ions or TI s, A s nn 1s ror primary momen a 

of antiprotons 3.0 and 3.G plus 4.0 GeV/c respectively. 

Pig. 9. ) -o + 
a Histogram of K1K and K~K- effective masses with norrrmlized 

phase space curve. 

b) Weighted histogram of K~K+ o.nd K~K- with W = cos69:iE normalized 

to the same areo. as on Pig. 9a. 

+ - + 
Fig. 10. Consto.nt nrca idoograE1 of tho (K-TI+) and (K~n-) effective masses 

- . 0 + -having maximum u in tho reaction pp ---> K1K n + c. c. 

+ 
Fig. 11. Consto.nt area ideogram of tho (Knn) and (K~IC) effective masses 

having maximum u in tho reaction pp r;:o,K+ - o 
---> ~l '- 1t TI + c.c. 
+ 

Fig. 12. a) Constant aroa ideogram of tho (K~IC TI:+") effoctivo masses having 
-o + + - -maximum u in the reaction pp ---> K1 K n n TI + c. c. 

- + - . 
b) C' '" n l d. ' . b J • n tl (K0 1r- +) b. .· t--·. h . • H. 0. angu. ar is·cri u cion or 1e '"l '- n com ina ion aving 

_o _+ + - -
maximum u in tho ro2ction pp ___, K1K TI TI TI + c. c. 

+ -
) C t ' d n .Ll (v0 1r- +\ ff t. l . c ons an-c nroa i. oogrnm or i, 10 l'-l '- n J o·- ec -i vo masses .1aving 

- -o + - 0 maximum u in the roactions pp --->. K1K n n + c. c. 

d) Scatter plot of the 

maximum u soloction 

PS/5750/dmh 

-o + + - -
---> K1K TI n n + c. c. 

-o + + - - 0 
---> K1K n TI n n ~ c.c. 

+ -
( rr0r- +) -,,,,r, _,- o -'-'-J_A 1t L1uSc, V,>rSUo ( + - 0) 

1t 1t 1t mass under 

for tho reaction pp -o + + - - 0 
---> K1K n n n n + c,c. 
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