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1. The Saclay 8lcm hydrogen bubble chamber has been exposed to bea::is of slow p's 

from the CERN proton synchrotron and the following set of foux an ... •lihilctions of 

· stopped p 1 s obtained : 

(1) - 0 0 + - 720 events p+p--71S_K1 1t 1t 

(2) - 0 ( 0) + - 2025 events .p+p~K]_ K 1t 1t 

(3) - 0 + + 0 
p+p -;.1S_ C7t 1t 2340 events 

where (K0 ) I:!Oru18 './J. K0 -0 or K not seen. 

An alaysis of reaction (1) has already been published1). In this conmunication 

we present the results for the other reactions and consider the group as a whole. 

2. Exnerimental F2.cts 

2.1 

These events are identified by a four-constraint fit with a check of the 

ionization of the charged particles : the contamination due to arillihilations in 

flight and due to the 5-body annihilation (with an e.dditior.al n°) is very 

small. There is a scanning bias because the ~ can decay too near the annihl­

la tion apex. A systematic senrch for such events which wry~ld have been 

classified as 4~':.harged prongs plus one K~ associated, has shown thnt the loss 

+ On leave of absence from Liverpool University 
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is 8°/o but does not &ffect the main re~ilts. For detailed analysis the loss 

is corrected by a suitable weighting function. 

The various two and three particle effective ma:ss combinations in the 
+ 

final state of reaction (1) have been studied, The (K~rr-) effective mass 

spectrum does not.exhibit any peak at 888 MeV (~)which is_pror-ouncs-;9, in th~ 

other reactions. The ( 1/ re-) effective mass spectrum shows a striking deviati.on 

( 0 + -) ( from pure phase space. The K1n re effective mass spectrum two combinations 

per event), Figure 1, ·shows an enhancement around 1230 MeV. We :have explained1) 

why we attribute this to a (Krrrr) resonant state, called c0 , with the following 

mass and width 

M = 1215 ± 15 MeV/c2 = 60 :!: 15 Me v/ c 2 

0 • 
A Dalitz plot of the (Krcrr) system in the C region shows an accumulation 

of events with large (rr+n-) effective mass, Figure 2. Althoug,~ in the rest 

system of the cP there is insufficient energy to produce norme.l p 0 ( 750 HeV) 

and K0 , the following results are observed : 

(a) 60°/o of reaction (1) goes via the channel 
- 0 0 
pp~C K1 

(b) 80 to 90°/o of the c0 decays via the reaction 
0 0 0 
C~K1 p. 

Indeed, a detailed study of the Dalitz plot indicated that we observe 

450 c01 s decaying into K~ p0 

0 _ _rl + 
80 C 1 s decaying into K n • 

If the four-body annihilations of protonium (at rest) occur IDP...inly from 

S-states as has been proved for two-body (KK) final states2), reaction (1) 

cannot occur with (n+rc-) S'Jstem in a relative S-state. Addition.al evidence that 

the (nn) is in a P-state (or higher odd orbital momentum) is provided by the 

vecy small number of events attributed to annihilations of the type 

The lowest angu+ar momentum state for this mode if it coffies from the 

state of protonium (the only (low) initial state allowed) is~= 2, ______ _ 
mi; 

L(nn),(KK)= 1. There would therefore be strong centrifugal 

PS/4484/mhg ./. 
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suppression for this mode. 

( .,,. +.,,. -) If we assume the " " system is in a P-state, then the charge conjugation 

of the final state 

3s1-state. If we 

of (1) is 

define the 

c = -1, 

charge 

which implies protonium annihilation in 

conjugation of the K~ to be -1, then the 

co observed has 

2.2 

c = +l. 

+ -
TC TC 

These events are contained in reaction (2) which is identified by a one­

constraint fit. To e stim::ite a possible contamination of reaction ( 2) by events 
- 0 ( 0) + - 0 of the type pp -7 K1 K TC TC TC , we have treated the identified five-body anni-

h · 1 t· (K0 1r0 + - 0 "f 1 K0 h db th 11 J. a ions .1 ,_1 TC TC , TC as i on.Ly one 1 a een seen : ere was very sma 
0( 0) + -chance of such events being fitted as K1 K TC TC • Similarly, one of the 

0 0 0 + -observed K1 of the mode K1 K1 TC TC was suppressed and although some events were 
+ -

fitted as pseudo-(K~ K-TC+TC0 ), they could generally be rejected by ionization. 

We conclude that such ambiguities are very few. We have checked that our 
0( 0) + - ( ) scanning efficiency for K1 K TC TC is comparable to that of reaction 1 by 

plotting the flight distance of the K~ (normalized by the momentum) : the usual 

logarithmic distribution of deczw hmgths was observed with the expected bias 

corresponding to short lengths. 

( ) 0 0 + - 0( 0) + -Reaction 2 contains events of the type K1K2TC TC and K1 K1 n TC where 

one K~ decay is missed_because (a) it decays via the (n°TC0 ) mode oI', (b) it 

escapes from the chnmber before decay~ng (TC+ re-). 

The latter are few o.nd Cl~n be corrected for by suitable weighting. To 

eliminate the (TC0 TC0 ) mode we subtro.ct from the spectra of reaction (2) one 

half of the spectra of reection ( 1). This assumes that the branching ratio 

After such subtraction we find that the (KTC) effective mass spectra is 

dominated by the K~(888), :F1igure 3, but the ( TCn:) and (KK) effective mass 

( 0 + -) spectra are compatible with phase space. The K1 n TC 

( 0 + -) effective mass spectrum shows almost the same features as the ,K1TC n:. system 

in reaction (1), i.e. an enhancement in the 

for th (Ko.,,.+-) t · t t e . l" TC sys om is no as s rong as 

PS/4484/mhg 

c0 vicinity, but the enhancement 

it is for the (K~1/ TC-) combination, 
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1<.,igures 4 and 5. We discuss this difference in $ection 3. Ignoring for 

the time being this difficulty, we. have analyzed the Dalitz plot for all 

(Knn) combinations fC1lling in the region of the c0 , F'igure 6, and find about 
+ - ~± 0 ± 

640 c0 1s decaying into K~-n+ with the subsequent decay of K into K1n or 
0 + 0 

K2n-. The number of C 's 

showing that these events 

· · t OKO OKO • t . bl . th decaying in o p 1 or p 2 is compa i e wi zero, 

do not come from the 1s protonium state. Assuming 
() 

annihilations from - + -the 3 s1-state, i.e. 1 state, the n n system must be.in 

an even orbital momentum state. 

2.3 
. ~ + + 0 

pp-7K~K-n n 

These events are obtained by a one-constraint fit with the additional 

information about the ionization of the charged tracks. The possible contami­

nation from other reaction channels was studied as above, and it appears that 

there could be contamination from other channels whe·n the charged particle 

pertaining to a charged K has a large dip angle and low momentum. A study of 

the dip angle of such tracks show there is no accumulation towards large dip 

angles which indicated that the contamination is small. 

The study of two and three particle effective mass combinations show : 

(a) the strong production of K~(888) in all possible types of combinations (Fig.7),: 

(b) a deviation of the (n±n°) effective mass distribution from phase space 
. + 

with an accumulation towards large values of (n-n°) mass; 
± -

( c) a (K n + n°) effective mass distribution, Figure 8, similar to that observed 

in the annihile.tion into K~K~1/ n - • The deviation from phase space can be 

explained by the presence of a c0 resonant state; 

( d) 
+ 

the charged three-body system (K~n-n:0 ) also shows a deviation from phase space, 

:ngure 8, but the enhancement is :qow centred at 1320 MeV/c2• This mass 

difference seems too large to id~ntify this enhancement as the charged 

counterpart of tho c0 • lfo return to this point in Section 3. 

We will onlv discuss here the characteristics of the neutral system + - c 

(K-1/n°). The Dalitz plot in the c0 region, Figure 9, shows an accumulation 
.., 

of events both in tho Ir""( 888) bands· and in the large (rm:) effective mass 

region. A detailed study yields : 

PS/4484/mhg 

+ -
370 c01 s decaying into p-K+ 

200 c01 s decaying into lfEn of which 105 decay into charged K*' 
and 95 into neutral K±. ./. 



5 CERN/TC/PHYSICS 64-33 

3. Discussion 

If we try to summarize the situation we find that in spite of agreement of 

certain experimental facts we have three difficulties : 

2.,1,. The first difficulty is the difference in reaction (2) of the spectra of 

( 0 + -) ( 0 + -) K1n n and K2n n • The purely statistical problem of the similarity of 

the spectra is difficult. If we ignore the information about . .the shape of 

the (K~n + n-} spectrum from reaction (1) and divide the two spectra into 33 
2 ( 0 + -) 2 ( 0 + -) bands, we find only 10 bands of the difference m K1n n - m K2n n which 

differ from zero by more than one standard deviation, but if we consider only 
0 • 2 ( ·; 2) 2 the C band, def:rned by 1.46 ( m ( 1.62 GeV c , the number of events 

differ by 2.-3 standard devia:tions. (Figure J:O). 

( ± + 0) 3.2 The greatest difficulty is the mass di'fference between K n n . and 
+ 2 . 

(~n-n°) in,reaction (3); t.h.e difference of 100 MeV/c in energy:ist90 large 

to be attributed to electromagnetic splitting, so it is impossible to consider 

them as two states of the same resonance. 

If w~ ignore these difficulties and consider the three similar enhance­

ments centred at 1215 MeV/c2 with a width of 60 MeV/c2 in the neutral (Knn) 

system in reactions (1), (2) and (3), as a resonant state called c0 , we find 

it difficult to determine unambiguously the I-spin. As the c0 is observed 

only in the neutral mode, the only method for determining I-spin comes from 

decay-branching ratios. 

We assume tho protonium annihilation is in the 3 s1-state: this has. been 

proved for reactions (1) and (2), and is probably the most important state 

involved in reaction (3). Table I gives the predict~d ratios for I= 1/2 

and I = 3/2 for the charge conjugate state +l, i.e. the 3 s1-state. The 

relative normalization for the Kp and K:tn chruinels is what we should expebt, 

assuming the validity of su3 symmetry correcting for the different phase 

spaces available (a factor of 2.2 in favour of K:i:n mode). 

PS/4484-/mhg ./. 
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Table I 

c ) (' 0 I =l I = 2. pp 38.i_-~ C 'Kl 2 2 
Experiment 

Co Ko 
----? 1 p 1 1 1 

-7Ko 
2 

p 0 0 0 

± + 
-;> K p 2 0.5 0.82 

. 0 0 0 0 'Kl 1t 
I 

OK'° LKO 0 0.73 0.73 1t ~ 2 rc 

+ -
K- n+ 1.46 1.46 

o. 20 

0 •. 21 

-K~ TL 
+ 

1.46 0.36 0.18 
+ -
TL-~~ 0 7t+ 1.46 0.36. K2 o.n 

± 0 
1.46 0.36 K TL 0.23 

We have included in the table events corresponding to annihilations 

- 0 0 0 CJ 
pp-) Kl K2 n TL • 

0 
These events are of course not directly observable but the K1 spectrum from 

the zero-prong sample shows an enhancement corresponding to a two-body process 

- 0 
pp-?>K1 M 

with M having a mass 1210 MeV/c2 .. If we assume this is evidence,for the c0 

dec2ying into K~ n° n°, we can estimate roughly the corresponding branching 

ratio. 

3.3 It is difficult to put estirm:tes of uncertainty to the experimental ratios, 

but taking these results at their f!:cce value we cannot draw any conclusion to 

fnvour either I-spin . 

.:k__Conclusion 

In spite of these difficulties, it seems to us impossible that the observation 

of the (Krm) enhancement with the same mass value in three different final states 

could be pure chance, and so we will try to study the spin and l'Y-,_ri ty. To do this we 

hcwe two decay angulnr distributions to study. As tho c0 decays mainly into K~p or 

PS/4484/mhg .!. 
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K:!'.n, let G1 be the angle between the direction of the p (or the r<:*) in the c0 rest 
0 

system 1:md the line of flight of the C , and G2 be tho angle between the direction 

of then+ (or tho IC) in the rest system of the p (or the r(1=)and the line of flight 

of the p (or the K:t). 

Table II gives the expected angular distributions w((\) and w(G2) for different 

assumptions for the spin and p2rity of the c0 • We limit ourselves to S-state 

annihilations of protoniuu. 

Table II 
j 

JP of co Production State w(G1) w(G2) 

3 ,,, 1 
0 - '\ .· z 

cos G 
ls x 

0 

-
3 2 

3 s1 ein G 
. 2 G -1 

2 
sin 

1s cos Q 
0 

- -
3 1 

l+ 
s1 

1 
le x -·,-···- ····- -0 

I 0 
--..-

Figures 11, 1'2 and 13 show the decay angular distributions w( G1 ) for 

reactions (1), ( 2) and ( 3). For these figures the c0 is defined as 

The "p" in the (pK) docr:cy mode of the c0 is defined as 

and the K:t in the (K~rc) mode as : 

Figure 11 shows w(G,) is strongly peaked forward: this can be interpreted 
J_ 

qualitatively as an interference effect of the two po,-::sible combinations giving 

rise to the c0 if we consider that the production process is mainly represented 

b - ·" Ko_"o o y pp-;> ii\ p • 

PS/4484/inhg ./. 
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Figures 12 and 13 show w(G1 ) compc.tible with isotropy except for fill enhancement 

between cos G1 = +0.1 and cos G1 = 0.6. This may be an interference effect of tho 

c0 with the K* which can be formed by the K which is outside the c0 • 

For the decay angles G2, we present only the distribution for C0-) p 0 + K0 , 

Figure J4, as when the c0 decays into (K~n) it often happens that both combinations 

of (kn) are candidates for K* and this interference obscures the angular distribution. 

Figure 14 shows that w(G2) is compatible with isotropy, although a sin2G cnnnot be 

completely excluded. Clearly, this study of the angular distributions does not 
0 + allow a definite determination of the spin and parity of the C , but the 1 assign-

ment i:::1 slightly favoured. 
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Fi,Q,'U.I'e Captions 

( Ko~+~-) - o o + -Figure l --i'" ,. effective squared mass spectrwn in pp-7K1K1n n • 

Figure 2 Dalitz plot of the (K~n+n-) system in 

- 0 0 + -
PP~KIK1rt n 

in the limits : 

2 I 2 2 1.46 ( m (Knn) < 1.62 ( GeV c ) • 

( ) - 0 0+-Figure 3 Kn effective squared mass spectrum in pp~ K1 K2n n • 

Figure 4 (K~n+n-) effective squared mass spectrum in pp-7-K~K~n+rc- • 

( 0 + -) - 0 0 + -l!'igure 5 K2n n, effective squared mass spectrum in pp-;. K1K2n n 

( 0 + -) Figure 6 Dalitz plot of the K2n n system in 

- 0....0 + -
pp-7 KlK.2rt n 

in the limits : 

Figure 7 - 0 ± + 0 (Kn) effective squared mass spectrum in pp~ KIK n n • 
+ + -

( 0 - 0) ( _ _± =F 0) - 0 - + 0 Kin n and K-n TI effective squared mass spectrum in PP-7K1K n TI • Figure 8 

Figure 9 ± - 0 Dalitz plot of the (K n+TI ) system in 

- 0 ± + 0 
pp~K1K n TI 

in the limits 

1.46 (m2 (Krm) ( 1.62 (GeV/c2) 2 • 

;-2( 0 + -) 2( 0 + -)J Figure 10 Lm K1n n - m K2TI TI effective mass squared spectrum in 

Figure 11 

... 0 0 + -
P.J-) K1K2n n 

o o o - oo+-Decay angular distributions of C->K1 p in pp~K1K1n TI 

with the following limits 

1.46.(m2 (Knn) (1.62 (GeV/c2)2 

m2 (nn) ). 0.36 (GeV/c2)2 

PS/4484/rnhg ./. 
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Figur~ Captions (cont.) 

Figure 12 
o '11: - oo+-

Decay angular distribution of C -7 K TI in pp-1 Kl2TI n 

with the following limits : 

0.46 ( m2 (KnTI) (1.62 (GeV/c2) 2 

O. 72 < m2 (Kn) < 0.86 (GeV//) 2• 

+ -
F . i·- D 1 ' . t . b t . f c° K:t . - --" KOK- + o igure 5 ecay angu ctr ais ri u ion o - -'T TI in pp-., 1 TI TI 

with the following limit D : 

2 I 2)2 1.46 < m- (KTITI) < 1.62 ( GeV c 

0.72(r;i2 (Kn)( 0.86 (GeV/c2) 2• 

Figure 14 
+- - oo+-

Decay angular distribution of p--:)-TI n: in pp-;>-K1K1n: TI 

with the following limits : 

l.46(m2 (Krrnk 1.62 (GeV/c2) 2 

2 . 2 2 
m ( TITI) ) 0.36 ( GeV/ c ) 

PS/4484/mhg 
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