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S u m m a r y .  - -  This work concerns the study of 18 GeV/c 7:--mesons inter- 
actions in which only one or two pions are produced. The results give 
support to the assumption that  for these events the one-pion exchange 
is the dominant process. A tentative interpretation of the pion-pion 
vertex structure is also given. 

1. - I n t r o d u c t i o n .  

The purpose  of th is  work is to ana lyse  the  single a n d  double  p r o d u c t i o n  

of ~:-mesons b y  18 GeV/e ~ - - m e s o n s  on pro tons .  The  possible  reac t ions  are 

the  fol lowing:  

(I) ~ - + p  ~+~-+ p + ~~ 

(2) ~ r~- + p + 7:0 + r~ ~ 

(3) - + = - + n  +7~ + 

(4:) -+ 7:- + n + =+ § 7: ~ . 

This analysis has been suggested by experimental (~,s) and theoretical (3-6) 

(1) D. R. 0. MO~RISON: Aix-en-Provenee International Con/erence on Elementary 

Particles, Vol. i (1961), p. 407. 
{3) G. COCCONI, A. N. D~DDESS, E. LILLETHUN and A. M. WETHERELL: Phys. Rev. 

Lett., 6, 231 (1961). 
(3) S. D. DRELL and K. HnDA: Phys. Rev. Lett., 7, 199 (1961). 
(4) M. L. GOOD and W. D. WALKER: Phys. Rev., 120, 1857 (1960). 
(5) F. SALZMAN and G. S~LZ~AS: Phys. Rev., 120, 599 (1960). 
(~) S. D. DRELL: Aix-en-Provence Inter~mtional Con/erence on Eleme~tary Particles, 

Vol. 2 (1961), p. 125. 



INELASTIC TWO-PRONG INTERACTIONS OF 18 GeV/c P]ONS ETC. 1067 

works on peripheral models for inelastic high-energy processes. I n  fact, the 
selection of low mult ipl ici ty jets gives a sample of ~ -  interactions suitable 
for comparison with theoretical predictions; moreover, as we shall explain 

in more details in the following sections, the experimental material  at  our 

disposal allows us to detect with good efficiency also the neutral  mesons and 

therefore we can hope to obtain, in principle, a complete description of this 

part icular type of high-energy interaction. 

2. - Exposure data and scanning criteria. 

This work has been done utilizing about  7 000 photograms of the Ecole 

Polyteehnique propane bubble chamber, exposed at CERS/'s protosynchro- 
tron (7). 

The useful volume of the chamber was (100 cm • 50 cm • 50 cm), the liquid 

composition 86 ~o propane and 14 ~o freon in volume, and the magnetic field 

17.5 kG. The exposition was made to a beam of ~:--mesons of momentum 

(18.1 ~_ 2 %) GeV/c and having a contaminat ion of ~ 4 % (~§ and ~- 1 ~ 

(K-d-p) .  I n  this work we assumed tha t  all the observed interactions were 

produced by the incident =--mesons (*). 

We know that ,  with the mixture used for this exposure, the percentage 

of interactions on free protons is ~ 2 7 %  of all interactions. During the 

scanning, we selected the (( hydrogen-like ~) interactions with the following 

criteria : 

a) Total charge = 0. 

b) The events with a slow proton were considered only if the range of 

the proton was ~ 2  mm and if the angle of the proton with the pr imary di- 

rection was <90  ~ 

The same criteria hold for the selection of ~ neutron-like ~> interactions 

with the only difference tha t  the total  charge must  be - -1 .  

The results of this scanning selection are: 

~ hydrogen-like ~ interactions:  43 ~o of the total  number  of interactions;  

~ neutron-like ~> interactions:  16 ~o of the total  number  of interactions. 

(*) The contamination has been taken into account in the evaluation of cross- 
sections. 

(7) Beam and run by C. BAGLIN, H. BINGAM, )f[. BLOCH, D. DRIJARD, A. LAGAR- 
RIGUE, P .  MITTNER, A. ORKIN LECOURTOIS, P.  I~ANq'ON and A. ROUSSET (Ecole Poly- 
technique, Paris); B. DE RAAD, R. SALMERON and R. Voss (CERN, Geneva). The 
construction and properties of the chamber are described by M. BLOCH, A. LAGAR- 
RI(~UE, P. RANe;ON and A. ROUSSET: Rev. Sci. Instr., in press. 
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I f  we consider the first of these figures, and take  into account  t h a t  27 % 
of all the interact ions are on free protons,  we obtain  t ha t  16 % of all the  

interact ions are glancing collisions on a bound proton in which no visible energy 

is g i v e n  to the other nucleons of the nucleus. This is in perfect  agreement  

wi th  the percentage of (( neutron-l ike ~) interactions.  
In  this way we evaluate  t ha t  if we select the  (( hydrogen-l ike ,) in teract ions 

with the  above explained criteria, we shall have  a sample containing 63 % 
of in teract ions  on h'ee protons and 37 ~o of glancing collisions on bound protons.  
This is a d rawback  of the mix tu re  used in this exposi t ion;  on the other hand,  
we have  the advan tage  tha t  i t  is possible to detect  the ~:0-mesons owing to the 
high conversion power. The radia t ion length in the  chamber  is 54 cm;  the  

p robab i l i ty  of observing one y, if two T's are produced, is of order of ( 6 0 - - 6 5 ) ~  

3. - M e a s u r e m e n t s  and  se l ec t ion  of the  events .  

We l imi ted  our analysis to two-prongs stars whose origin was located in a 

fiducial region between 10 and 50 cm f rom the beam entrance window; this 
has been done in order to have  a pa th  of a t  least  50 cm inside the  chamber  
for  the  mos t  energetic t racks  t ha t  are always emi t t ed  in the forward direction. 

Charged prongs have  been measured  in order to determine their  m o m e n t u m  

and  angle of emission; moreover  m o m e n t u m  and line of flight of y-rays cor- 
re la ted with each interact ion were determined.  The t racks have  been nleas- 

ured with  a co-ordinatograph,  and the da ta  recorded on punched cards;  the  
spat ia l  reconstruct ion was made  by  a F E T  Olivet t i  Bull  compute r  using a 
p rog ram elaborated by  the Ecole Polytechnique group;  the  results of this 

first p rog ram were used as inpu t  for a second p rogram on a I B M  computer ,  
which calculates the k inemat ica l  quanti t ies  and the m o m e n t u m  balance in 

the  center-of-mass system. 
Ioniza t ion  measurements  were also 

m e n t u m  ~ 1.5 GcV/c b y  the mean  gap 
as well as range or residual range and 

p ro ton  t racks  up to 1.2 GeV/c. 

performed on posi t ive t racks  of mo- 

length method.  These measurements ,  

3-ray criteria, allowed us to ident i fy  

Our problem is to select among the  analysed stars  wi th  two charged prongs 

the  inelastic ones with a t  mos t  three pions emit ted.  
I n  order to reject  the  inelastic 7:--p scattering,  the  k inemat ics  of all two- 

prong events  wi thout  ~'-rays and with a recognized pro ton  has been carefully 

s tudied in the  l abora to ry  system. The k inemat ica l  analysis is based on the  
angles of bo th  t racks and on the  m o m e n t u m  of the p ro ton  only, owing to the  
difficulty of obtaining a precise de terminat ion  of very  high momenta .  As we 

have  a 37 ~o of interact ions on bound protons,  in doing thi, ~ k inemat ica l  ann- 
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lysis, we have  t aken  into account  the  effect of the  Fermi  m o m e n t u m  on the  
angle-momentum-dependence  of the pro ton  in the l abora to ry  system. 

The number  of two-prong interact ions selected during the scanning was 205 ; 
47 of these have  been recognized as elastic ones. These figures cannot  be used 

to give an evaluat ion of the elastic cross-section because of the l imi ta t ion  on 

the range  of the pro ton  made  during the scanning. 
Fur thermore ,  32 events  were rejected because it has been possible to  

establish t ha t  more t han  three pions were emi t ted  in these interactions.  The 
7~+-mesons were identified by  ionization measurements  or residual range  up 

to 1.2 GeV/c; above 1.2 GeV/e all the posi t ive t racks  were assumed to be pions. 
The =~ were identified by  the analysis of the y-rays ;  f rom angular  and 
m o m e n t u m  measurements  it  was almost  ahvays possible to decide if two 7-rays 

belonged or not  to the  same 7~~ 
We th ink  tha t  the sample  of 126 events selected in this way  can be ascribed 

with a high degree of confidence to react ions of the types  (1), (2), (3), (4) (see 

In t roduct ion) .  

4. - Experimental  results on P* and P* .  

Each  one of the 126 events  selected in the  way  described in the foregoing 
sections, has been t r ans fo rmed  in the centre of mass of the  ~:--p system. The 
results of m o m e n t u m  distr ibut ion are collected in Fig. 1 and 2. 

As one can see, the dis t r ibut ion of the  t ransverse  m o m e n t u m  P* (Fig. 1) 

is nearly the same for posi t ive and negat ive  t racks,  and it  shows a high pro- 

bab i l i ty  for the two charged particles being emi t ted  in the  e.m. sys tem with  
P* low with respect  to the m a x i m u m  of 2.8 GeV/c. The mean  values of t rans-  
verse m o m e n t u m  are: 

and 

PT ~ 0.425 GeV/c for the posi t ive t racks,  

P r  = 0.397 GeV/c for the  negat ive  ones. 

On the contrary ,  the  dis t r ibut ion of the longi tudinal  m o m e n t u m  P* (Fig. 2) 

shows a big difference between posi t ive and negat ive  t racks ,  the  first being 

preferent ia l ly  emi t ted  backward  and the  second being emi t ted  forward. 

The P* values are in agreement  with the ones a l ready observed by  other  

authors  in the s tudy  of high-energy collisions, produced b y  cosmic rays  (s) 

(s) E. LOttRMANN, M. W. TEUCHER and M. SCHIgIN" Phys. l?ev., 122, 672 (1961). 
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or by  particles artificially accelerated (~). The behaviour of P* and P* distri- 

butions clearly means anisotropy in the centre of mass angular distributions~ 
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(9) W. ~'. DODD, H. JOBES, J. B. KINSON, B. TALLINI, B. R. FRENCH, W. •EALE, 
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Particles, Vol. 1 (1961), p. 433. 
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tracks. This was already observed for low multiplici ty jets in the s tudy of 

collisions produced on hydrogen by  : :--mesons of nearly the same energy as 

o u r s  (9). 

Another consideration to be viewed concerns the P* distributions for nega- 

t ive particles: this distribution shows two groups of events quite well sepa- 

rated. One is characterized by the presence of a very fast 7:--meson 
$ o $ (PL > 1.,  GeV/c) and has no correspondence in the Pc distr ibution for posi- 

$ 
t ive pions; the second one has a T:--meson with PL distributed around the zero 

value and looks more similar to the P~ distribution of 7:+-mesons, even if these 

latter are slightly more backwards. The same behaviour was observed by  

MORRISObT (i) who found, however, tha t  the separation between the two groups 

occurs at  P * ~  1.4 GeV/c; the difference is probably due only to uncer ta in ty  

in tile measurements.  

I n  what  follows we shall consider these groups of events separately. 

5.  - E v e n t s  w i t h  a f a s t  7 : - - m e s o n .  

The correlation of the P* of the positive and of the negative truck is shown 

in Fig. 3, for each event;  different symbols are used to take into account the 

presence of ~:~ If  one looks at the group of events with a 7:--meson 

of P * > 1 . 2  GeV/c, one can see that ,  on a total  of 57 cases, there are: 

- -  18 cases in which the positive particle is recognized to be a proton 

(reactions (1) and (2) of Section 1); 

- -  39 cases in which the positive particle is recognized (24 cases), or as- 
sumed (15 cases) to be a 7: + (reactions (3) and (4) of Section 1). 

I n  order to distinguish between reactions (1) and (2) and between reactions (3) 
and (4), one has to consider the 7: o production. The presence of a ~:~ 

is indicated by  the observation of one ~'-ray; when two ,l's are observed, one 

can kinematically decide if they are produced by the same 7:~ in this 

case we say that  we observe one 7: ~ A first selection has been made dividing 
conventionally the observed events in the following way:  

reaction (1): no y, or one ~" or one 7:~ 

reaction (2): 2 y's, or 1 ~, and 1 7: ~ or 2 7:~ 

reaction (3): no ~; 

reaction (~): one ~, or one ~:0. 

This at t r ibut ion would be the correct one in the case in which all u 

produced will be observed. We have however to take into account  the cor- 

rections due to the fact tha t  the probabil i ty of observing a ~,-ray in the 
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chamber is not  one. A first cause of correction might  come from events with 

more than 3 final pions which could be a t t r ibuted to any of these four re- 

actions. However we point  out tha t  the sample of 57 events considered in 

this section is very likely to be clean from such a contaminat ion;  indeed out 

of the 32 cases rejected because of pion multiplici ty ~ 3 (see Section 3), only 

1 was in the group of events with Pz  ~ 1.2 GeV/c for the 7z~ 

A second cause of correction comes from the fact tha t  some of the events 

at t r ibuted to reactions (1) and (3) in the first selection, actually are due to 

reactions (2) and (4) respectively. So, the numbers obtained in the first se- 

lection {second column of Table I) have been modified taking into account  

the probabi l i ty  of observation of y-rays in our chamber (see Section 2)~ obtaining 

the ~ corrected numbers ~> that  appear in the last column of Table I. 

TAnL~ I. 

Type of reaction 

1) =-+p---> =-§247 ~ 
2) -+ r:-+p-f-= ~ A-= ~ 
3) --> r~-+n§ 
4) -+ 7":-§247247 ~ 

Observed 
numbers 

16 
2 

29 
l0 

Corrected 
numbers 

13 
5 

24 
15 

Those figures are of course affected by statistical uncertainties, and have 

to be considered only as an indication. 

The corrected figures in Table I might  be used to give a rough evaluat ion 

of the cross-sections for the emission of a fast n--meson through reactions (1), 
(2), (3) and (4). Taking into account the beam contaminat ion and the per- 

centage of glancing collisions on bound protons, the cross-section for colli- 

sion on free protons turns out to be~ as order of magni tude:  

a(l~+(~ ) ~ 1 m b ,  ac,+(~)+(s~+(~) ~ 1.5 m b .  

The cross-section obtained by MoR~mo~ (1) for the same type  of events 

produced by  7~- of 16 GeV/c, with a lower statistics and without  selection on 

the number  of r~ ~ emitted is 2.25 rob. 

We wish to outline here tha t  from our experimental results the contribution 

of reaction (3) is twice the contribution of reaction (1). I t  seems moreover 

that ,  also if we add the contribution of reactions (2) and (4), the target  proton 

has always double probabil i ty of being emitted as a neutron rather than as a 

proton. This confirms Morrison's (1) results, which give the same ratio of 

2 between emitted neutrons and protons without  selection on the number  of 

7z ~ emitted. 
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6. - Events with a slow 7:--meson. 

At  first sight,  looking  s t  Fig.  3, one recognizes t h a t  i n  the  group  of even t s  
$ 
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pions are emitted is much bigger. Fur thermore  one has to remember tha t  the 

32 cases rejected because their pion multiplici ty was > 3 were in the energy 

region of the n--meson;  so tha t  it is not  so straightforward to find a simple 

interpretat ion of this group of events. 
We shah try,  however, to discuss their most impor tant  features. Firs t  of 

all, let us divide them as we did for the events of Table I, according to the four 

reactions studied in this work:  

T A B L E  I I .  

Type of reaction 

1) ~ - + p ~  =-+p+~O 
2) ~ r=-+p+=O +r~o 
3) ~ = - + n +  r:+ 
4) ~ r:- +n+r:++r~ ~ 

Observed 
numbers 

15 
8 

19 
27 

Corrected 
numbers 

3 
20 

5 
41 

This table is affected by  a bigger uncer ta in ty  than Table I ,  because of the 

unknown contaminat ion of events with more than three pions emitted. Wha t  

we can learn from this Table I I  is only that ,  as it is easy to understand,  almost 

all the events belong to reactions of type (2) and (4). In  fact, the existence 

of reactions (1) and (3) when both the ~--meson and the barion are slow, 
would mean the emission of a very fast 7:o or ~+-meson; if no one of these fast 

mesons would have been observed, one had to conclude tha t  reactions (1) 
and (3) are present in nonnegligible percentage only when a fast ~c- is emitted. 

This conclusion would not be in disagreement with the experimental  results: 

in fact  the number  of events of the kind (1) and (3) (which in Table I I  is 

given by  3 and 5), can easily be considered as zero, due to the uncertainties 

explained at the beginning of this section. 

The point  is that ,  as it appears in Fig. 3, between the 15 events a t t r ibuted 

as ~ observed numbers ~ to reaction (1) there are two cases with a n~ 

emit ted with more than half of the incident energy, and between the 19 events 

a t t r ibuted  as ~ observed numbers ~ to reaction (3) there are six eases with 

v~+-meson emit ted with more than  half of the incident energy. 

Fur thermore  there are 4 cases of a very fast n~ emit ted in reactions 

of the kind (4), and 3 cases of a very fast  =+-meson emitted in reactions of 

the kind (3). 

These few cases are then characterized by the emission of a very fast par- 

ticle tha t  has nearly the same momentum and direction of the incident par- 

ticle but  different charge. 
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7 .  - E x p e r i m e n t a l  c o n c l u s i o n s .  

The most striking feature of our results is that ,  in a great percentage of 

the analysed events, one of the emitted ::-mesons comes out with almost all 

the incident energy. Generally, such a ::-meson is negative, i.e. of the same 

charge as the incident one; however in a nonnegligible par t  of the cases, the 

most energetic ::-meson has a different charge. In  fact, among all the analysed 

events,  we have observed: 

- -  2 cases with a fast ::~ at t r ibuted to reaction (1); 

- -  6 cases with a fast ::+-meson, a t t r ibuted to reaction (3). 

I f  one believes tha t  these cases are actually due to reactions (1) and (3), these 

numbers have to be compared with the 37 events with a fast : : - -meson at t r ibuted 

to the same reactions (1) and (3); consequently the percentage of events with 

the charge of the fast emitted meson different from the incident charge is 

~ 2 0 % .  If one considers tha t  all the four reactions contribute to the 

emission of fast ~o or ::+-mesons, as it is suggested by  the observation of: 

- -  4 cases with a fast ::~ a t t r ibuted to reaction (4); 

- -  3 cases with a fast ::+-meson, at t r ibuted to reaction (3); 

the percentage given above becomes ~5 ~ v ~  26 ~o (where 57 is the total  num- 
ber of events in which a fast : : --meson is emitted). 

8 .  - T h e o r e t i c a l  d i s c u s s i o n .  

The events studied in this work show the following main features: 

a) small transverse momenta  (Pr of the order of 0.4 GeV/c); 

b) final nucleon slow in the labora tory  system, i.e. emitted with large 

backward momentunl  in the e.m. system; 

c) one final pion very fast (it takes more than h~lf of the incident energy) 

which is a : : -  in the largest number  of eases. 

We concentrate the theoretical discussion on the events with 3 outgoing 

particles (reactions (1) and (3)); the case of more particles emitted can be 

carried out in an analogous way. 

F rom features a) and b) one can interpret  those events as due to a colli- 

osion of the incident pion on the peripheral meson of the nucleon (see Fig. 4). 

On the other hand, tile features a) and b) show that  the collision of the 
incident pion on the peripheral pion is a strongly anisotropic one. Therefore 
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such a scat ter ing can be in terpre ted  as a diffraction scattering, and this inter-  

p re ta t ion  is confirmed by  the fact  t ha t  the fast  pion has the same charge of  
the incoming one in a lmost  all the eases. This model of a diffraction scat ter ing 
on the peripheral  pion has been proposed b y  DRELL and HIIDA (a). 

The diffraction scat ter ing is at  present  in terpre ted  (~0) (on the basis of the 

theory  of the Regge poles) as due to the exchange of the so-called << v a c u u m  
pole )> with T =  0. In  this case, the  d iagram of Fig. 4 can be wri t ten,  in a 

schemat ic  way  as: 

. . . . . . .  _?== ::_-_-- 
i 
I 
b ~  

1 1 - 7 2 _ i ]  . . . . . . .  

Fig. 4. 

The fact  tha t  there is a ra t io  of the  order of 2 between the  number  of cases 

in which the emit ted  nucleon is a neut ron (reaction (3)) and the number  of 
eases in which the emi t ted  nucleon is a proton (reaction (1)), is easily inter-  

pre ted on the  basis of this model.  In  fact  this  ra t io  will be given b y  a factor  2 

(due to the  pion-nucleon vertex)  mult ipl ied by  a(7:-=~ +) (where a is 
the elastic cross-section). The rat io  of elastic cross-sections (~:-~o) and (~:-7: +) 

is theoret ica l ly  equal  to 1, due to the  T =  0 of the exchanged v a c u u m  pole. 
I t  is i m p o r t a n t  to note t ha t  some except ional  eases have  been observed,  

in which the final fast  part icle  (E,~ b > 10 GeV) has neutra l  or posi t ive charge. 
This fac t  represents  an example  of a rare  effect of great  theoret ical  impor tance :  
the  diffract ion phenomenon in which the incident  part icle undergoes a change 
in a q u a n t u m  number .  This (~ charge-exchange diffraction ~> is of very  difficult 

in te rpre ta t ion  by  means of classical models,  bu t  comes out of the  Regge poles 

t heo ry  as a consequence of the  exchange of a pole hav ing  q u a n t u m  number s  

different f rom the ones of the vacuum.  

For  example,  when the fast  part icle  is identified as a n~ (2 eases 

in reactions with three final particles and 4 cases in react ions wi th  four final 

particles) the phenomenon is due the exchange of the ~ pole ( T = I )  which 

is responsible for the elastic scat ter ing (J~JV) (~JV) (~:~) with charge exchange. 

I t  is interest ing to r em ark  t h a t  the effect of such a pole on the first two types  
of scat ter ing ( JV~)  and (~:JV >) is ex t remely  small, p robab ly  because of the small  

(lo) For a thorough discussion of experimental implications of Regge poles in 
high-energy scattering see Drell's report at the 11.th International High-E~ergy Physic~ 
Conjerence at CERN (1962). 
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coupling (~tVJV). Here on the contrary it seems to be a nonnegligible effect. 

As to the positive fast particles, they can be interpreted as ~+-mesons or 

as protons. In  the first case, (which seems to be the most  reasonable inter- 

pretation) this is an indication for the existence of a new t ra jectory with 

T =  2. In  the second ease, the t ra jectory would have baryonie  number  equal 

to 1. We have observed a total  of 9 cases of positive particles emitted with 

more than  half of the incident energy (6 cases in reactions with three final 

particles and 3 eases in reactions with four final particles). I n  addit ion 5 eases 

of fast positive parti('les emitted in ~--p interactions have been found pre- 

viously by MORaISON (~) (no ~o production could be observed by :~loaI~ISO~ 
due to experimental limitations). 

In  conclusion, our experimental results, al though of a very prel iminary 

nature, are ~n indication in favour of the theoretical picture of high-energy 

collisions based on peripheral models and Regge poles. 

We thank Prof. LAGiRRIGUE for giving us the possibility of working on 
the film of the Ecole Polytechnique propane bubble chamber. 

We are greatly indebted to Prof. S. FUBL~I for many  useful discussions 

and  criticism, especially concerning the theoretical meaning of our results. 

R I A S S U N T O  

Questo lavoro riguarda lo studio delle interazioni di mesoni ~- di 18 GeV/c nelle 
.quali sono prodotti al massimo due pioni. I risultati confermano che, per questi eventi, 
lo scambio di un solo pione 5 il processo dorainante. Viene inoltre suggerita una pos- 
.sibile interpretazione della struttura del vertice pione-pione. 


