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Summary. - -  Report on the investigation of interactions in ~-p collisions 
at a pion momentum of 1.59 GeV/e, by means of the 50 cm Saclay liquid 
hydrogen bubble chamber, operating in a magnetic field of 17.5 kG. 
The results obtained concern essentially the elastic scattering and the 
inelastic scattering accompanied by the production of either a single 
pion in T:-p-+pr:-= ~ and n=-= + interactions, or by more than one pion 
in four-prong events. The observed angular distribution for the elastic 
scattering in the diffraction region, can be approximated by an expo- 
nential law. From the extrapolated value, thus obtained for the forward 
scattering, one gets ~e~= (9.65=k0.30) mb. Effective mass spectra of 7:-= ~ 
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and =-=+ dipions are given in case of one-pion production.  Each of them 
exhibits the  corresponding p- or po resonances in the  region of ~ 29g 2 
(g = mass of the  charged pion). The p peaks are par t icular ly  conspicuous 
for low momentum transfer (A S) events. The p0 distr ibution presents a sec- 
ondary peak at  ~31/~ 2 due probably  to the  r o ~ n-u+ process. The branching 
ratio (coL> =+~:-)/(o~ =+~.-~o) is es t imated to be N 7%. The results are 
fa i r ly  well in terpre ted  in the  frame of the  peripheral  interact ion according 
to the one-pion exchange (OPE) model, up to values of z12/#2~10. In  
part icular ,  the  rat io p-/~o is of the  order of 0.5, as predicted by  this 
model. Fur thermore,  the  distr ibution of the  Treiman-Yang angle is 
compat ible  wi th  an isotropic one inside the p peak. The dis t r ibut ion 
of an+= , as calculated by  the use of the  Chew-Low formula assumed 
to be val id  in the  physical  region of A 2, gives a maximum which is appre- 
ciably lower than  the value of 12 z s  mb expected for a resonant  
elastic ~ scattering in a J =  1 s ta te  a t  the  peak of the ~. However,  a 
correcting factor to the  Chew-Low formula, introduced by  S~LL~RI, gives 
a fair ly good agreement with the  expected value. Another  distr ibution,  
namely the  A S distr ibution,  at  least  for A 2 < 10 ~2, agrees quite well with 
the  peripheral  character  of the  interact ion involving the p resonance. 
~-  angular  distr ibutions in the  rest frame of the  p exhibit  a different 
behaviour  for the  ~- and for the po. Whereas  the  first one is symmetrical ,  
as was already reported in a previous paper,  the  la t ter  shows a clear 
forward ~-  asymmetry .  The main features of the four-prong results are: 
1) the  occurrence of the  3 3 ~ (p=+) isobar in r~-p-+ p=+~-=- events and 
2) the  possible production of the r176 ~+~-~0 resonance in =-p-> p~-r~+~-= ~ 
events. No ~'s were observed in four-prong events. 

1. - Introduct ion.  

W e  p r e s e n t  in  th i s  p a p e r  r e su l t s  o b t a i n e d  f r o m  t h e  s t u d y  of 1.59 GeV/c  

~ -  i n t e r a c t i o n s  in  a l i qu id  h y d r o g e n  b u b b l e  c h a m b e r .  T h e  r e a c t i o n s  w h i c h  

h a v e  b e e n  p a r t i c u l a r l y  cons ide red  a re  t h e  fo l lowing  (*): 

(1) ~ - + p  ---> ~ -  -~ p 

(2) ~ -  + 7: o § p ] 

f 
(3) 7 ~ - §  ~ + +  n ] 

(4) ~ - §  r ~ - §  7~++ p 

(5) ~ - +  r ~ - +  ~ + §  ~ ~ §  

(6) 7~-~-  7~-~-  ~x+~ - 7 ~ + +  n 

(e las t ic  s ca t t e r ing )  

(one-p ion  c rea t ion)  

( two-p ion  c rea t ion)  

( t h r ee -p ion  c rea t ion)  

(*) A distinct  report  on strange-particle production will be published later.  
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Similar interact ions have  been inves t igated b y  m a n y  other  au thors  (L~). 

P a r t  of our results have  a l ready been publ ished (~,~). I n  (~) We gave  

~n analysis of events  of t ype  (2) in which the  recoil p ro ton  s topped  in the  
chamber ,  ensuring t h a t  only  small  m o m e n t u m  transfers  were considered. B y  
the  use of the  per ipheral  model  we deduced the  ~:-~:" scat ter ing cross-section 

and b y  s tudying the  angular  dis t r ibut ion of ~-~:o scat ter ing we were led to 
demons t ra te  the  resonant  behaviom" of the two-pion sys tem in the J--~ 1 s ta te  
(the so-called p resonance).  

I n  (~0 we studied the  elastic diffraction scat ter ing for sm~ll m o m e n t u m  
transfers.  

Since then  the  work h~s been ex tended  to events  involving l~rger m o m e n t u m  

transfers.  I n  addit ion,  considerat ion was given to other  types  of reactions.  
The present  pape r  is ~ r epor t  on this work.  

(1) Elastic scattering, a) C. C, TING, L. W. JONES and M. L. PERL: Phys. l~ev. 
•ett., 9, 468 (1962); b) C. LOV~LACE: s Cimento, 25, 730 (1962); c) R. BARLOU- 
TAUD, C. CHOQUET-LOUEDEC , A. DERE~I, J. HEUGHEBAERT, A. LEVEQUE and J.  M E , R :  
Phys. Zet$., t ,  207 (1962); d) J .  A. HELLAND, T. J.  DEVLIN, D. E. HAGGE, M. J .  LONGO 
B. J.  MO~ER and C. D. WOOD: Phys. RoY. I~ett., 10, 27(1963); e) J.  W. C~ONIN: Phys. 
/~ev., 118, 824 (1960); ]) SACLAY-0~SAv-B=cl~I-BoLoGNA COLLABOI~ATION: 2VuOVO Gi- 
men$o, 22, 1310 (1961). Further re~erences can be fotmd in these papers. A review 
article on the subject is given by V. S. B~n~ASn~N~OV: Fortschr. &Phys., 10, 205 (1962). 

(*) Inelastic scattering with one and multipion production: a) D. S~ONEHmL, 
C. BALTAY, H. COURANT, W. FICKINGEE, E. C. FOWLER, H. KRATBILL, J .  SANDWEISS. 
J.  SANFORD and H. TA~'r : Phys. ~ev. ~ett., 6, 624 (1961); b) A. R. ERWIN, R. MA~CH, 
W. D. WALKER and E. WEST: -Phys. t~ev. ~ett., 6, 628 (1961); c) E. PICKUP, D. K. RO- 
BINSON and E. O. SALANT: Phys. Rev. ~ett., 7, 192 (1962); d) SACLAv-ORsAv-BA:aI- 
:BoLoGNA COLLABORATION: ~'t~4)VO Cimento, 25, 365 (1962); e) R. BARLOUTAUD, J. H:EU- 
GI:I]!iBAER% A. LE'~EQU~E, J-. ~[~EYER a~d l~. OMN]~B: Phys. Roy. ~ett., 8, 32 (1962)~ 
]) D. D. CA~ONY and R. T. VAN DE WALLE: Phys. Bey. Lett., 8, 73 (1962); g) L. B. AUER- 
~ACH, T. ELIOFF, W. B. JOHNSON, J. LAC~, C. E. W ~ A ~ D  and T. YPSILA~T~S: Phys. 
l~ev. Left., 9, 173 (1962); h) W. SELOV~, V. HA~O~,tA~, H. BRODV, A. BA~ER and 
E. L~BoY: Phys. Roy. JSett., 9, 272 (1962); i) V. P. KEN~:~, W. D. SH~rHA~D and 
C. D.  GALL: Phys. ~ev., 126, 736 (1962); j) W. D. S~EeHA~D and W. D. ~u 
Phys. Roy., 126, 278 (1962); k) I~ I. S~ALA~OV and A. F. GRASm~: 2urn. Eksp. Teor, 
Fiz., 43, 726 (1962); l) D. O. CALDWELL, E. BL~VL~, B. ELS~ER, L. W. J0~ES and 
B. ZACHAROV: Phys. ~e~t., 2, 253 (1962); m) J.  J. VEILLET, J.  HENNESSY, H. BINGHA~, 
M. BLOCH, D. DRIJARD, A. LAGARRIGUE, P. MITTNER, A. ROUSSET, G. BELLIN~I, ~ .  DI 
CORA~O, E. F I O ~  and P..NE~R~ : Phys. Rev. Lett., 3[0, 29 (1963); n) C. ALF~, D. BERL~r, 
D. COLLEY, N. GELFAND, U. NAUENBERG, D. iV[ILLER, J. SCHULTZ, J. STEINBERGER, 
T. H. TAN, H. BRUGGER, P. K~A)~ER and R. PLANO: Phys. Re v. Lett., 9, 322, 325 
(1962); ~9) l~. P. SA~OS, A. H. BACHMAN, R. M. LEA, T. E. KALO6EROPOULOS and 
W. D. SHnPHA~D: Phys. Roy..Eett., 9, 139 (1962); q )N.  N. B~SWAS, I. DERADO, 
K. GOTTST~, V. P. K ~ w E r ,  D. LO~RS, G. L$TJ~S  and N. SC~ITZ: Phys. Lett., 
3, 11 (1962). 
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2. - E x p e r i m e n t a l  procedure.  

Figure 1 shows the beam layout. The internal proton beam of the Saclay 
3 GeV proton synchrotron (Saturne) strikes a copper target placed in one of 
the quadrants. The 7:- beam produced at 0 ~ is deflected by 27~ ' by 
the magnetic field of the accelerator; an additional momentum analysis is 

50cm 
h.b.c. 

sh/eld/ng waft 
monitor 

magnet 

Cu target ~"~r",~xsyncrotron 
~ "Saturne,, 

5m 

Fig. 1. - Layout of the ~-beam of 1.59 GeV/c. 

performed by a magnet which deflects the beam by 17 ~ 30'. A system of 
3 quadrupole lenses of 15 cm diameter aperture, placed before the deflecting 
magnet, ~ocuses the beam in the middle of the bubble chamber. 

Two collimators define the required geometrical configuration of the beam. 
The momentum of the beam, as determined by floating wire measurements, 
is (1.590 =k 0.025)GeV/c. These values were confirmed: 

1) by the kinematic analysis of E-K + production events; 

2) by direct curvature measurements of beam tracks. 

The contamination, measured with a gas Cerenkov counter, was found to 
consist of (8 =k2)% ~- and of less than 1% electrons. The liquid hydrogen 
Saclay bubble chamber of 50 cm diameter and 35 cm depth was used with a 
magnetic field of 17.5 kG. 
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About  140 000 stereoscopic pictures have  been analysed.  Only those events  

originating in a fiducial region of the chamber  and  having  a m in imum meas-  
urable t rack  length of 15 cm for the  p r i m a ry  particle and  of 25 cm for the 
secondaries of two-prong events ,  and  of ]5 cm for four-prong events ,  were 

selected. 

Best  fits of the even ts  were made  using kinemat ica l  programs (GAP or 

GUTS) on I B M  7090 and  704 computers ;  ionization of the posit ive particles 
was systemat ical ly  t aken  into account.  A useful piece of informat ion was 

always the missing mass  of the event .  Use of these procedures left a negligible 

percentage of events  unclassified. 
The scanning efficiency was t aken  into account  in determining the  cross- 

sections. I t  depends, of course, on the  t ype  of events  considered. I t  was de- 
te rmined  b y  rescanning pa r t  of the film; the  lowest value occurred for (( stops ~): 

(81 =k 5)%.  For  events  wi th  charged secondaries, rescanning ensured an effi- 

ciency close to 100 %. 

Table I gives a s u m m a r y  of the num ber  of events  of react ions (1) to (6), 

as well as the corresponding cross-sections. 

The t o t a l  cross-section o f  (32.5 • 0.6) m b  obta ined is in good agreement  
with the  value of (32.1 = k l . 5 ) m b  given by  BRISSON et al. (3). 

TABLE I. -- Summary o/ interactions investigated and o/the corresponding cross-sections. 

Type of events Reaction Number of events Cross-section (mb) 

Stops Only neutral sec- - -  4.92-V 0.33 
ondaries, excepted 
strange particles 

Two-prong events ~-p 
7~--7~0p 
7:-=+n 
p~-kr: ~ (k> 1) 
nTv-rz+kT: ~ ( k ~  1) 

1704 

934 

1394 

170 

845 

9.65 • 0.30 
4.48 • 0.15 
6.45 • 0.17 
0.80 • 0.06 
3.96 + 0.14 

Four-prong events pT:-=-7:+ 570 0.88 =k 0.04 
pr:-x-~+~ ~ 118 0.18 • 0.02 
n=-rz-~+z: + 74 0.12 4- 0.02 

Strange particles - -  - -  0.93 + 0.10 

Unclassified events - -  25 

Total cross-section - -  - -  32.5 4- 0.6 

The number of events reported in column 3 corresponds to total  t rack lengths which vary 
from 6 to 20-106 cm according to the type of events, 
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3, - Elastic scattering. 

Elastic events were separated from inelastic ones On the basis of copla- 
nar i ty ,  o f  angular correlation, as well us of momentum-angle  correlation. 2~ 

14'( 

~100: 

N~ 

c GC 

2o 

f ~ ,-,-~ 
-1 -0.5 0 �9 0.5 

2 2 

rnolP 
Fig. 2. - Distribu~ioli of the squared missing mass 

for a sample of elastic events (565 events). 

best  fit program was also used. 
Figure 2 shows the squared 

neutral  effective mass asso- 
ciated with elastic events.  The 
peak of the distr ibution is n0 t  
exact ly  centered at  zero mass, 
bu t  at  about  - -0 .02#~  ( # =  
= r e s t m a s s  of the charged 

pion). I t  can be Seen tha t  iu 
the selected sample of elastic 
events  there is no appreciable 
contaminat ion from inelastic 
events corres]~onding to a neu-  
t ra l  mass of one or sev~cral ~:~ 

Figure 3 gives the diffe, 
rential  cross-section in the dif- 
fract ion region as a funct ion 
of the square of the four- 
momen tum transfer  d2/# 2. The 
exper imental  values are repro:  
duced in Table I I .  The first 

six points on the low momen tum transfer  side, for which the pro ton  stops in 
the chamber,  have  been previously published (1i). 

The elastic cross-section, Which cannot  be measured wi thout  bias for pi0n 
labor~t0ry scattering angles smaller t han  5 ~ corresponding to a p ro ton  recoil 
range smaller t h a n  1 cm, was determined by  extrapolat ing the A ~ distribu- 
t ion curve. The value thus found was ao~---- (9.66 • 0.30) mb. 

As 42/# 2 and 0r are line~rly related by  

/12 9, 2 
~pom ( 1 -  cos 0ore), ( I )  - -  = - -  

one finds immediately the following relation: 

da ~#2 ( d a )  
~II) d(/l~7~ ) _ po~ ~ o ,  

(a) j .  C. BRISSON, J. F. DETOEUF, P. FALK-VAIn, ANT, L. VAN ROSSUM and G. VAL- 
LADAS: N~OVO Cimento, t9, 210 (1961). 

2 
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1.0 

b 
-VO. 1 

, 928eV *F 776eV 

Tr+p-~u-+p 

I I 1 I 

0.983 0.917 0.839 0,750 0.667 
COS Oc. m 

I I I 

0 5 10 1'5 iO 
"r 

Fig. 3. - Elastic scattering differential cross-section in the diffraction region, as a 
function of the square of the four-momentum transfer to the nucleon. The straight 

line is a least squares fit of the experimental points: 

da 
lOgdAa/ff2- (0.174-0.05)--(0.1434-0.007)A2/#2. 

where  0era a n d  Pore are, respec t ive ly ,  t he  center -of -mass  s ca t t e r ing  angle  a n d  

m o m e n t u m  of the  sca t te red  pion.  

T A B L E  I I .  - Experimental ,values el the elastic scattering di]]erential cross-section in the 
di]]raction ?egion: 

A2/,u 2 ' da (mb) /d(A2/#  2) da (mb)/d(A2/tt  2) 

1.25 
1.75 
2.25 
2.75 
3.25 
3.75 
4.5 
5.5 
6.5 
7.5 
8.5 

0.99 •  
1.06 4- 0.09 
0.87 4- 0.08 
0.88 4- 0.08 
0.84 4- 0.08 
0.77 4- 0.08 
0.558 4- 0.053 
0.403 4- 0.045 
0.344 4- 0.042 
0.358 4- 0.043 
0.298 4- 0.039 

A2 /ff2 

9.5 0.318 
10.5 0.284 
11.5 0.189 
12.5 0.244 
13.5 0.204 
14.5 0.164 
15.5 0.139 
16.5 0.149 
17.5 0.074 
18.5 0.079 
19.5 0.054 

4- 0.040 
4- 0.037 
4- 0.031 
=~ 0.035 
4- 0.032 
4- 0.029 
4- 0.026 
4- 0.027 
4- 0.019 
4- 0.020 
4- 0.016 

Asl/~ z is the square of the four-momentum transfer in units of #~, the square of the charge4 
pion rest mass. 
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3.o 

2.5 

2.0 

\ 

E 

"0 
% 

0.5 

o +o:9 
COS Oc.m. 

Fig. 4 . -  Elastic scattering differential 
cross-section, as a function of cos 0r 

F igu re  4 shows the  d i f ferent ia l  cross- 

sec t ion  for cos 0ore ~< 0.9. The  exper-  

i m e n t M  vMues are shown in  Ta b l e  I I I .  

The  la rge-angle  cross-sect ion (Fig. 4) 

shows a b r oa d  b a c k w a r d  b u m p .  Qui te  

s imi la r  resul ts  have  been  o b t a i n e d  b y  

several  au tho r s  (1). 

A ak cos 0cm p o l y n o m i a l  leas t  

squares  fit of the  a n g u l a r  d i s t r i b u t i o n  

gives, for n = 6 ,  the  va lues  of the  

coefficients as up  to  a s shown in 

T a b l e  IV.  Highe r  order  po lynomia l s  

give s t a t i o n a r y  va lues  of Z2/v (Fig. 5), 

where  v r ep re sen t s  the  n u m b e r  of de- 

grees of f reedom.  

Simple  models  for d i f f rac t ion  scat-  

te r ing ,  such as s ca t t e r ing  b y  a n  imagi -  

n a r y  gauss ian  potent iM,  give the  follow- 

ing  a p p r o x i m a t e  express ion  for the  dif-  

ferent iM cross-sect ion a t  low m o m e n t u m  

TABLE I I I .  - Experimental values of the elastic scattering differential cross-section in the 
center-of-mass system. 

COS 0cm 

0.85 
O.75 
0.65 
0.55 
0.45 
0.35 
0.25 
0.15 
0.05 

(da/d/2)r (mb/sr) 

2;87 -4- 0.15 
1.56 ~ 0.11 
0.51 ! 0.06 
0.24 • 0.04 
0.05 • 0.02 
0.13 • 0.03 
0.16 :~ 0.04 
0.21 i 0.04 
0.25 • 0.04 

COS 0era (da/d~)cm (mb/sr) 

- -  0.05 
- -  0.15 
- -  0.25 
- -  0.35 
- -  0.45 
- -  0.55 
- -  0.65 
- -  0.75 
- -  0.85 
- -  0.95 

0.22 ~: 0.04 
0.16 :~ 0.04 
0.25 :L 0.04 
0.25 ~: 0.04 
0.25 ~: 0.04 
0.21 :~ 0.04 
0.21 i 0.04 
0.14 ~: 0.03 
0.10 ~ 0.03 
0.13 ~ 0.03 

TABLE IV. - Coefficients of a least squares 
6 

a s cos ~ 0r polynomial fit. 
lc~O 

a 0 a 1 a2 a8 a~ a 5 a 6 

0.22 
• 0.02 

- -  0.06 
0.09 

- -  0.60 
=~ 0.30 

- -  1.64 
• 0.53 

- -  0.47 
• 1.0 

- -  5.66 
=L 0.69 

4.05 
•  
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transfer which indicates an exponential decrease with increasing A~//~: 

(Ill) da ( d a )  
d(A2//z ~) -- d(~//#*) o exp [ _ A A 2 / # 2 ]  

where A gives the order of magnitude of the squared range of the potential, 
expressed in units of s  the pion 
Compton wave length. 

The experimental results (Fig. 3) 
are compatible with (III). A least  
squares fit calculation, represented by 
the straight line, gives 

( ( d ~ d  2 ) ) o = ( 1 " 1 8 •  

per uni t  of A~/# ~ . 

A = (0.14• 

However, it  can be seen from Fig. 3 
tha t  the exponential  fit should be con- 
sidered as a first upproximation and 
tha t  a possible existence of some kind 
of structure inside the diffraction peak 
cannot be excluded. 

From (II) and (III) one obtains, as 
po~ = 0.75 GeV/c, 

o o 

: (10.9=J=0.6) m b / s r .  

3O 

2O 

10 

0 , , , , , , 3> 
2, 3 4 5 6 7 8 

n 

Fig. 5. - X~/v distribution, as a func- 
tion of the degree n of a least squares 

n 
ae cos ~ 0~m polynomial fit applied to 

/c=0 
the angular distribution of Fig. 4; v rep- 
resents the number of degrees of free- 

dom. 

Comparing this value with the square of the imaginary part  of the forward 
scattering amphtude obtained from the optical theorem with atot,~= 32.1mb (~)(*), 
where 

k 
Im/(0)  : ~ a~o~ =-- 0.975 .]0 -1~ cm,  

one can est imate the real part  of the forward scattering amplitude: 

d a )  ]2 ]Re/ (0) [~= ~ o--]Im/(0)  = ( 1 . r  mb/ s r .  

(*) Note added in proo/. - More recent results [A. N. DIDDENS, E. W. JE~KINS, 
T. F. KYCIA and K. F. RILEY: Phys. l~ev. Lett., 10, 262 (1963)] indicate a value of 
%o~ -- 34 mb, which would lead to IRe/(0) [2 compatible with zero. 
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The v~tue of lRe](0) [  ~ is thus  of the  order of 1 5 %  of ] Im](0) [  ~, wi thin  

the limits of errors .  This result  is in sg reement  with the vMue of Re / (0 )  

given b y  CRo~I~ (1,) for the ssme energy. 

4. - One-p ion  creat ion.  

4"1. M a s s  spectra o] two-par t ide  sys tems.  - For  the events  of resct ions  (2) 

s a d  (3) the  effective muss co of the  d ip ion  sys tems (=-n ~ snd  (~-=+) hss  been  
determined.  Figure  6 shows the two mass  spectra  as s funct ion of o~/# 2. The 
relst ivist icMly inva r i sn t  phase-space spec t rum hss also been p lo t t ed  for the  

sake of comparison.  

4O 

2O 

~ 0  
~-:~0//~ ~D 

o 

60 b) 

40 

0 10 20 30 40 50 
2 2 ~ - ~ + / #  

Fig. 6. - (n-n ~ and (n+~:-) mass spectra; solid curves represent invariant phase-space 
distributions normalized to the corresponding number of events: a) total n-n  ~ mass 

spectrum, 932 events; b) total n+n- mass spectrum, 1394 events. 
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Both  distributions show a well-pronounced peak at  ~ =  29/t  ~ correspond- 
ing t o  the p, Wi th  the possible exception of a small spike around ~o ~ = 3 1 #  3 
in the (7:-7: +) spectrum, no significant difference appears between the two 
spectr~'~ suggesting the dominant  role of the p in pion product ion in this mass 
region. 

DALI~z plots have been made for bo th  reactions. By  projecting these 
on the appropriate  axes one obtains the mass spectra for pion-nucleon systems~ 

(p7:-), (pT:~ (nT: +) and (n=-) (Fig. 7). The general aspect of these spectra is 

100 

50 

,~ 0 

0 

d 
c150 

100 

50 

62 102 142 

a) 

b) 

R E -  

6 2  102 142 

Fig. 7. - (p=-), (puO), (n~-) and (n= +) mass spectra; solid curves represent invariant 
phase-space distributions normalized to the corresponding number of events: 

a) =-p_+=-=Op; b) =-p -+ =+=-n. 

q u i t e  different f rom the one which should be observed if the processes were 
dominated by  the pion-nucleon interact ion and more precisely b y  the 33 isobar. 

We thus conclude tha t  the final state interact ion between two-pious is 
the most  impor tan t  feature  of the processes considered. However,  to obtain 
a more precise description we analysed their  behaviour  as a function of A~/#~, 

150  ~ 
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4"2. Mass spectrum o/ the dipions /or di//erent intervals o/ the /our-momen- 
tum trans/er. - F i g u r e  8 shows t h e  d i p i o n  muss  s p e c t r a  for  fou r  d i f fe ren t  i a t e r -  

w l s  of A~/#2. 
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Fig. 8. - (=-uo) and (=+=-) mass spectra for different intervals  of A2/#2; solid curves 
represent inv&riant phase-space distr ibutions normalized to the corresponding number  
of events:  =-p_~:-=0p:  a) 1.5< 42/#2<8,  211 events; b) 8 <  42/#2<25.5,  308 events;  
v) 25.5 < A~/#2< 73, 313 events;  d) A2/#2 > 73, 102 events;  ~:-p ~ ~+T:-n: e) 1 .5< A2/#2< 8, 
447 events ; / )  8 < d2//~ ~ < 25.5, 393 events;  g) 25.5 < 42/# 3 < 73, 463 events;  h) A2//~2 ~ 73, 

90 events. 
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Three remarks  can be made :  

a) The p peak,  which is more  upparent  in the low m o m e n t u m  t rsnsfer  

events,  has complete ly  d isappeared  for the  highest values of A2/#~. 

b) For  events  wi th  d2/#~> 73 one sees a small p e s k  a t  o~2~16# ~, bo th  

in the 7:-= ~ and in the  =-=+ spectra.  Adding those two spectra  (Fig. 9), the  
peak  emerges f rom phase-space b y  ~ 2  

s tandard  deviations. However ,  due to 
poor  statistics, we ~re not  able to ascer ta in  

t h a t  this peak  is not  ~eeidental. Never-  
theless, i t  is worth-while to ment ion  its 

occurrence, since it  appears  a t  the same 
value of o) 2 in the neutra l  and  negat ive  

dipion spectra,  and since peaks  have  

a l ready been repor ted  in the same energy 

region, e.g. (~). 

c) The peak  in the  (r:+~ -) spec t rum 

at  about  31 #2 remains apparen t  up to 

A~/#2=_ 73. I t  is t empt ing  to relate this 

peak,  a t  least  par t ly ,  to the ~+~--deeay 
of (0% The possibil i ty of occurrence of 
such an effect in exper imenta l  da ta  has 

a l ready been considered by  several au- 
thors (~,~.7). 

Figure 10 shows the difference be- 

3O 

m20 - / - " - ~  

0 20 30 :' 

Fig. 9. - Combined (7:-7: ~ and (r:-u+) 
mass spectrum for A2/#2~73 (192 

events). 

tween the to ta l  spectra  of (=+~-) and of (~-~0) normalized to the same num-  

ber of events.  F r o m  this one can roughly  es t imate  the contr ibut ion of ~o to 

be something like 30 events  ( ~  0.14 mb).  I n  order to deduce f rom this value 
the branching  rat io  for the =%:-  decay of ~o ~ we need the  number  of ~o 
events  produced through the  process 

~x- -F p ---~ r176 ~- n . 

(4) B. SECHI ZORN: Phys. Rev. Lett., 8, 282 (1962). 
(5) W. D. WALKER, E. W~ST, A. R. ERWIN and R. H. MARCH: Intern. Con]. on 

High-Energy Physics at CERN (1962), p. 42. 
(6) T. TOOHIG, R. KRAEMER, L. lV[ADANSKu M. MEER, M. NUSSBAUM, A. PEVSNER 

C. RICHARDSON, R. STRAND and M. BLOCK: Intern. Con]. on High-Energy Physics 
at CERN (1962), p. 99. 

(v) j .  B. S~AFER, J. J. MURRA:~-, D. O. HUWE, F. SOLMITZ and M. L. STEVENSON: 
Bull. Am. Phys. Sot., 8, 22 (1963). 
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A n  es t ima te  of the  b r a n c h i n g  r~tio of this  process can be m a d e  in  the  

fol lowing w u y :  a s suming  t h a t  all (nT:+::-kT: 0) events ,  the  cross-sect ion of 

40 

2C 

~o 

4 10 20 30 40 50 
2/p 2 

Fig,~ 10. - Difference between (7:-7:-) and (r:-7: ~ total mass spectra, where the (=-7: ~ 
spectrum was normalized by a factor b to the Q:-=+) spectrum. 

which  is ~ 4 m b  accord ing  t o  Table  I ,  cor respond  to  the  above  reac t ion ,  a 

lower l imit  of the  b r a n c h i n g  rat io  is 

o~ ~ --> 2:: 0.14 
- -  ~ 3 .5~  r - -  02 -->37: 4 ,o �9 

Actua l ly ,  no t  all ( n : : + : : -  k: :  ~ even ts  are ~o ~ events .  Accord ing  to  the  

d a t a  of WALKE~ et a l .  (5) a nd  of T o o ~ o  et at. (6), a reasonable  va lue  for  the  

p r o d u c t i o n  cross-sect ion of ~ 0 - + 3 : :  wou ld  be ~ 2  m b  for  the  p resen t  e n e r g y :  

hence  r ~  7 %. ft. STEINBE~OER et al. (~") find r~<2%.  

4"3. Contr ibu t ion  o] the -~ ~ isobar.  - The effective masses of the  three  

two-par t ic le  c o m p o u n d s  (::+::-), (n: :-)  a nd  (n:: +) which  can  be  cons idered  

in the  final s ta te  of the  : : - p  -+ nr:+:: - i n t e rac t ion  are connec ted  b y  t he  fol- 

lowing re la t ion:  

2 2 2 2 ~2 
Mnr~- M]2~+ -~n  , M,~+=_ + -? = W ~ + + 2 

where  W is the  to t a l  ene rgy  avai lable  in the  overal l  : : - p  e.m. ; in the  p re sen t  

case W = 1 . 9 7 0  GeV. A Dal i tz  p lo t  can be m a d e  wi th  these variables .  
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Owing to the peculiar, s trongly forward peaked angular distr ibution of the 
scat tered ~ -  in the pO rest  system (cf. Fig. 21), the Dalitz plot  exhibits,  on 
pure  kinematical  grounds, a concentrat ion of events at  one ex t remi ty  of the 
p band  (instead at  the two extremi-  
ties as was the case for the p-, the 
angular  distr ibution of which was 
peaked  forward and backward,  el. 
~ig. 7 in (3% 

When projected on the m: -  and 
n= + axes, this concentration,  which 
is part icular ly impor tan t  at  low A ~ 
values, due to the peripheral  forma- 

t ion  of O, gives rise to the maxima 
which can be observed at  the higher 
ex t r emi ty  of the  M~=_) and at  the 
lower ex t remi ty  of the M 2 spectra 
(Fig. 11). I t  is part icular ly worth  
noticing tha t  there  is no significant 
peaking which could be a t t r ibu ted  

80 

6O 

2~ 

~4o 
0 

2O 

62 

T~- P --~+~-n ~ 

n K  

1 2 142 62 

n~ + 

102 142 
Fig. 11 . -  (nrr) and (n~-) mass spectra for 

1.5 <~ A2/# 2 < 8. 

to  the a a ~ n~-  isobar. This confirms the interpreta t ion already given in (3~). 
However  when one looks at  the mass spectra of the 7:-A' systems for larger 

ALvalues, for which the p format ion is less important ,  it  can be seen tha t  
a small contr ibution of the ~ ~ isobar cannot  be excluded (Fig. 7a and 7b). 

4"4. The one-pion exchange model. - The distr ibution of events (Fig. 12) 
as a funct ion of A 3/#2 shows a strong accumulat ion in the region of small A 3/#3, 
as already pointed out  in many  previous papers (3). 

This state of affairs which is called (( peripheral ~> product ion can be rea- 
sonably unders tood on the basis of a model, in which the preference for small 
mom e n tum transfers results f rom the emission b y  the nucleon of a vir tual  
pion which scatters on the incident one (the so-called OPE mechanism). 

Typical  peripherism is achieved when it  is possible to isolate the contri- 
but ion  o2 the pole at  A 2 / # 3 = - - 1  from other  contributions,  a par t  of which 

one generally represents by  some kind of form factor. Thus, the dependence 
of the differential cross-section da/d(A3/# 3) on 32/# 3 m a y  be wri t ten 

da d2/# 3 

The characteristic feature  of the peripheral  interact ion arises essentially 
f rom the A~/(A2§ 3 t e rm which gives a strong peak at  ~ 2 = # 3 .  The func- 
t ion H(A 3/#3) produces a displacement of the peak toward  a higher value of d 3; 

34 - I I  Nuovo Cimento. 
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the main par t  of the A 2 distribution remains nevertheless concentrated around 

low, values of A s, as can be seen from the theoretical curve of Fig. 19. 

100 ~ 

50i o) 

0 
q~ 

i 50 , ,~ 

20 40 60 80 100 
,ayu ~ 

Fig. 12. - Distribution oY Ll2/,u =, the squ~red four-momentum transfer to the nucleon: 
a) r~-p -~ ~-~Op ; b) =-p ~ rr-7~+n. 

Several tests of the validi ty of the peripheral hypothesis have been pro- 

posed and some consequences have been deduced os its supposed correctness. 

I I 

e) N 

Fig. 13. - Feynman 
graphs for the one-pion 

exchange processes. 

a) pT~-z~~ - r a t i o .  This ratio is the pro- 

duct  of two Clebsch-Gordan coefficients coming from 

the two upper vertices of graphs a) und b) (Fig. 13). 

I f  one assumes tha t  the interaction ut the pion-pion 

vertex is in a pure T = 1 state, it is easily found tha t  

the ratio pT~-~~ - should be �89 The experimentM 
result for A~/#2< 8 is (0.47 ~-0.06) when all values 

of o~ are considered and (0.59 ~0 .09)  when they 

are restricted to the p region (25~<o~/#2<33). These 

values are in good ugreement with the expected value of �89 

I f  one considers the same ratio for larger values of ~o./#~, it is seen from 
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Fig. 14 tha t  substant ia l  devia- 

tions f rom �89 occur, indicat ing 

t ha t  the  OPE model  is no 
longer va l id .  

b) T h e  T r e i m a n - Y a n g  
t e s t .  TEEIMAN and u (s) 

have  proposed a tes t  of the  va-  

l idity of the  O P E  model.  Since 

the  part icle which propagates  

between the two vertices of 

graphs a) and b) (Fig. 13 ) i s  

spinless, the  angular  distribu- 
tions involved a t  these two 
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Fig. 14. - Ratio of reactions (2) and (3), as a 
function of A2/# 2. 

vertices should be  independent .  
The s i tuat ion is best  visualized 

in a f rame  of reference in which the incoming pion is a t  rest. 
I n  this f rame  (Fig. 15), the  lines of flight of the incident and the final 

nucleons define a plane H ~  while the two final pions define a p l a n e / / i  which 

intersect  along the line of 

\ 

O\ /- 

F i g .  -15. - ,Production and 
decay planes (Hi and /1  I) of 
~he dipion in the (~ antilabo- 
ratory ~ system in which the 
incoming pion is at rest. C~Ty 
is ~he Treiman-Yang angle. 

flight of the v i r tua l  exchanged pion. The O P E  

model  implies t ha t  the angle gT: between the two 

planes should be  uni formly  distr ibuted.  Fig. 16 a) 

and b) show, for 1 . 5 < A ~ / # 2 <  8~ the  distr ibutions 

of ~TY for events  of type  (2) and (3), in the p- 

region (25<~o2/#2<33) and outside the p-region. 
I t  is seen t ha t  the first ones, for bo th  signs of the 
dipion, are in good agreement  wi th  a uni form dis- 

t r ibution.  Indeed,  a Z ~ test  for a uni form distri- 
but ion gives a value of 12 inside the p-  and ~o 
peaks  and of 24 outside: these values give re- 

spect ively -~ 0.85 and ~ 0.15 for the corresponding 

probabili t ies.  At ten t ion  should be cMled to the 

fact  t ha t  i so t ropy still holds up to the  highest  vMues of zJ"/# ~ inside the p 

peak  (Fig. 16 c), e)). On the contrary ,  outside the 9 peak,  a certain t rend 

toward  anisot ropy can be observed (Fig. 16 d) , / ) ) .  

Another  tes t  is to look for a possible dependence of the  angular  distri- 

but ion  in the  ~-~ scat ter ing on the  angle aTY" The OPE model  ensures t h a t  
no such dependence should exist. Figure 17 shows the angular  distr ibutions 

fo r  ~-~+ events  and for mall  values of A~/# ~, with 0 < ~ T y < 9 0  ~ or 9 0 ~  

(s) S. B. TREIMA-~ and C. N. Yi~G: Phys. ]~ev. Lett., 8, 140 (1962). 
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~ T ~ <  180 ~ No difference between the two distr ibutions can significantly be 
not iced;  on the other  hand,  the  a s y m m e t r y  p a r a m e t e r  is the  same wi th in  the  

limits of error ~or bo th  distr ibutions.  

!~) ~-~0+~-~. ~ ~) [~-~0+~-~.  This result  disagrees wi th  t h a t  of 

wi th  a = -  beam of lower energy. 
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20 L x ~ 
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c~ r 
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~ ~ - T ~ O  
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20 i e) E-E~ - 

1oP4S  
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- l~ ~ 1 " ~ ~ -  

f )  K -  E ~ +K* "E- 
F L 

Fig. 16. - Distribution of the Treiman-Yang 
angle ~TY for the indicated dipion events 
for different A2/# 2 values. Dashed lines 
represent isotropic distributions normalized 
to the corresponding number of events: 
a), c), e) inside the p peak; b), d), ]) outside. 

a) 1.5< A2/#2< 8, 25< o~/#2 < 33; 

b) 1.5~A2/ff2<8, (o2/ff~<25, o~2/ff2~33; 

c) 8~d2/ff2<25.5, 25~eoe/#2~33; 

d) 8~A2/#2<25.5,  eo2/ff~<25, o~2/ff2~33; 

e) 25.5 ~ Ae/ff 2 < 73, 25 ~ ~o2/# 2 ~ 33 ; 

]) 25.5 ~ A~/# 2 < 73, w2/# ~ < 25, (2)2/j/~ 2 > 33. 

(9) E. PICKUP, D. K. ROBINSON and E. O. SALANT: Phys. Rev. Lett., 9, 170, 
242 (E) (1962). 
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Fig. 1 7 . -  Angular distributions, for ~:-p->~-=+n inter- 
actions, of the scattered ~-  with respect to the incom- 
ing =-, both considered in the rest frame of the dipion, 
for events: 

a) with 0 ~ 1 7 6  
7•  = 32/86 = 0 . 3 ( F - - B ) / ( F + B ) ;  

b) with 9 0 ~  ~Tr~ 180 ~ 
( F - - B ) / ( F + B )  = 38/92 = 0.41=~ 0.10. 

These distributions refer to events with low A2/# ~ values 
and inside the O peak: 1 .5~A~/~ .<8 ,  2 5 < c o ~ / ~ 3 3 .  

20 

~1o i- 
o,l-  

a) 

0 0.5 
COS E)~- 

c) T h e  a ~  c r o s s - s e c t i o n .  The  ques t ion  of the  ~:~ cross-sect ion a n d  

of the  r e sonan t  n a t u r e  of the  s ta te  T----1, J----1 has  been  discussed for  7:-p -*  

_>n-=Op low m o m e n t u m  t rans fe r  even t s  in u p rev ious  pape r  (~). I t  was  

po in t ed  ou t  the re  t h a t  t he  cross-sect ion ca lcula ted  using the  Chew-Low (lo) 

fo rmula  in the  phys ica l  region of small  A~/# ~ (~<4) was  apprec iab ly  lower  
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Fig. 18. - (~-=+) cross-section, as a function of the squared mass of the dipion for 
small momentum transfers (1.5 ~ A2/#2 < 8) ; solid line represents the cross-section 
for resonant scattering in a J = l  state: o Chew-Low formula; x Selleri formula. 

(zo) G. F. Cn]~w and F. E. Low:  Phys. Rev., 113, 1640 (1959). 
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than the expected value o f o l 2 z ~ = 1 2 0 m b  at the resonance~ for a pure 
J =  1 state. 

Since then the results 'were completed for ~:-p-~7:-~:+n events': with 
A2/#2< 8 (Fig. 18). In this case %§ reaches a maximum value of (56~=8) mb, 
which is again appreciably lower than 12 a~ ~. 

A reasonable interpretation of this discrepancy has been propose 4 by SEL- 
LERI (11) in terms of a factor ~ related to  the pignic form factor of the nucleon. 
The main point of this proposal consists in using the same function ~ to ex-, 
plain the one-pion productiqn in processes (2) ~nd (3), on  the one h~nd, and 
the one-pion production in nucleon-nucleon interactions, on the other hand. 

According to this procedure, the Chew-Low formula should be replaced by 

(~V) 

d(A~/#2ld(co2/#~ ) -~ F(A /# ) (A2/#~(o92/#~) 
0.72 

F(A~/t~) = (A~/,u~) + i + 0.28, 
3_+ 

4.73 

Ch, L, 

where p and q are respectively the momenta of the incident and of the scat- 
tered =-~ both expressed in t he  dipion rest system. 

The maximum value of ~+~_ obtained is (108 • 16)mb, i~ fairly good 
agreement with the expected value of 12 z~ .  

d) The  m o m e n t u m  t r a n s f e r  s p e c t r u m .  The experimental A s 
spectrum is given in Fig. 19, for 20<(o~/#~<38~ centered around the p peak. 
The solid curve has been calculated by the Chew-Low formula, as modified 
by the above Selleri term; one thus obtains 

((~ 

(5) d(A2/# ~) -- 2zq~z [(A:/#:) + i] i [ q~] J # [4/~:  l(r.~(w) #2, 
(to//~) ~min 

where the lower and the upper limits of the integral are given by the Chew- 
Low (lo) phase-space curve, correlating co2/# ~ to d~/# 2 and where p~ and q~ are 
the respective values of p and q at the resonance. 

Both theoretical Curves, obtained without any normalization, give the right 
position of the maximum of the distributions. 

I t  should be recalled that  the validity of  formula (IV) probably extends 
ollly up to A 2//~2 _____ 10. 

(11) F. SELLERr: Phys. Lett., 3, 76 (1962). 
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Fig. 19. - A2/# 2 distributions for events centered around the 9 peak (20< w2'/#2 ~<38). 
The solid lines represent the theoretical distributions according to the formul~ os 

Chew ~nd Low as modified by SELL~I: a) r~-p-->=-=~ b) ~-p-+=-~+n. 

e) T h e  ~-~ s c a t t e r i n g  ~ n g u l ~ r  d i s t r i b u t i o n .  Assuming the v~- 
lidity of the OPE model, one c~n interpret  the ~ngular distribution of the 

two-pious existing in the final state as the result  of the scattering of the real 

pion (the incident one) on a vi r tual  p lea  of squared mass equal t o - - A  ~ (for. 

mula (1.16) in (10)). I t  may  be expected tha t  for small A~/# ~ this angular  

distr ibution will not  be significantly different f rom tha t  obtained in the Scat- 
tering of two real pions. 

As suggested by  C~EW and Low,  the correct procedure would be t o  extra-  
polate the  angular distr ibution obtained ~s a funct ion of A~/# 2, to A 2 /# ~=- - l .  
Unfor tunately ,  this requires a statistical accuracy which is not  ~vail~ble in 
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the present data.  Therefore we have to use at  face value the results corre- 
sponding to small A2/# 3 events. 
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Fig. 20. - Asymmetry parameter, as a function of the mass of the (=-=+) dipion for 
low momentum transfers (1.5< A3/#3< 8). 

Little information can be added to 

paper  (3~) concerning =-~o scattering. 

40 

3O 

2b 
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O 
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= - p  - - ~  nE+ = - 

0 I t I 

- ( 5  
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Fig. 21. - Angular distribution of the 
scattered =- with respect to the incom- 
ing ::-, both considered in the rest frame 
of the dipion. This distribution refers 
to events with small momentum transfer 
and inside the p peak : (25 ~ ~3/l~3 ~ 33, 
1.5~ A3/#3< 8). The solid curve repre- 
sents a best fit polynomial of third de- 

gree in cos 0n-. 

what  has been reported in the previous 

Let  us recall only tha t  the dominant  

feature of the obtained results has 

been the particular shape of the asym- 

me t ry  parameter  A---- (Forward - -  Back- 

ward) / (Forward+Backward) ,  which goes 

through zero for an effective mass of the 

dipion corresponding closely to the peak 

of the p. 

Results for ~:-7: + are quite different, 

as A changes sign nowhere and re- 

mains positive for the whole range of 

~o~/# 3. Figure 20 is a plot of the asym- 

me t ry  parameter  as a function of co3/# ~. 

I t s  general behaviour is tha t  of a slowly 

rising funct ion with an interfering term 

in the p region. This interference ap- 

pears to be positive between ~o 3 = 25#  3 

and 29#  3 and negative between 2 9 #  2 

and 31~ 3. There seems to be at  pres- 

ent  no unambiguous interpretat ion of 

such a result. 

I f  one tries to fit the differential 

cross-section in the p region with a cos 0 
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polynomial, it is found that  no good fit can be obtained unless one uses at  
least a third-degree polynomial (Fig. 21). In the hypothesis that  the OPE 
model describes the situation this woutd imply the occurrence of a D-wave 
in a T ~  0 state, since nothing of this kind was found for ~:-~o. 

5. - Four-prong events.  

The events giving rise to nucleon-pion four-prong patterns may be clas- 
sifted in the following reactions: 

(4) 

(5) 

(6) 

(7) 

(S) 

v:-p --~ p ~-,~-~+ 

p 7:-7z-7~+~ ~ 

p ~-~-~+(k~ ~ k > 2 

n ~ - ~ - ~ : + ~ + ( k ~  ~ k > 1 

In reactions (7) and (8), because at least two neutral particles are produced, 
only partial kinematical analysis is possible and our study has been con- 
centrated on the three first reactions. 

5'1. p~:-~:-~+ e v e n t s .  - 570 events have been identified in this group, cor- 
responding to a production cross-section of (0.88 ~= 0.04)mb. The (( effective 
mass ,) of any possible combination of two and three particles has been cal- 
culated and the corresponding (~ effective mass )~ spectra have been plotted and 
compared to relativistieally invariant phase-space prediction. 

The most significant deviation from phase-space may be observed for (pT: § 
events. Figure 22 shows the experimental mass spectrum together with the 
phase-space spectrum normalized to the same number of events. I t  is clearly 
seen that  there is an excess of events around 1210 MeV and this can be ascribed 
to the formation of the ~ ~ (p~+) isobar. 

The deviations from phase space which are observed in the other (( effective 
mass )) spectr~ may be interpreted as consequences of the enhancement of the 
(p~+) isobar formation. 

A typical case is that  of the (p~-~-) mass spectrum which is shown in 
Fig. 23. Comparison with the phase-space spectrum may lead one to conclude 
that  something looking like an isobar is formed around 1700 MeV. I t  is easy 
to see that  the peak appearing at this energy is the reflection of the one ap- 
pearing in the (p=+) mass spectrum. Figure 24 shows the curve inside of which 
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the experimental  points must  lie in a (p~:+)(p::-7:-) plot, as imposed by  energy 
and  momentum conservation; po in t s  which lie around 1210 MeV on the (p=+) 

70 

6O 

5O 

~40 
qJ 

20 

10 

1100 ~300 1500 
Mp~(MeV) 

Fig. 22. - (p~.+) mass spectrum (570 
events). 

axis, must  lie around 1700 1VfeV on the 
(p~-~-)  axis. 

70, 
pT~- T~- /n X- p--~ pT~+ ~ T~ 

6O 

'50 
tO 

~ 
6 

20 

10 

0 
1300  ' 1500  1700 

Mp~-,~-(M eV)  

. Fig'. 23. - (p=-~=) mass spectrum (570 
events). 

Another  il lustration is given by  the distort ion of the (r:-~-) mass spectrum. 
Figure 25 a) and 25 b) show respectively the mass spectra for events in Which 

the associated (pT: +) mass is inside or out- 

1600' 

~ 1400 

1200 

F ). 

1300 1500 1 7 0 0  1900 

Fig. 24. - Kinematical limits, as im- 
posed by energy-momentum conser- 

vation for a (pT:+), (p~-7:-) plot. 

side the isobar region (1160)~eV< M.~+< 
< 1280 MeV). I t  appears clearly that ,  while 
the second one is consistent with the sta- 
t istical distribution, the first one is some- 

what  distorted in f~vour of higher (~-7:-) 

m a s s e s .  

What  is the mechanism which could 
explain the favoured product ion of the 
(p~+) isobar? One of the f requent ly  pro- 
posed models is the OPE model giving 
rise to long-range or peripheral  interac- 
tion, as represented by  the diagram of 

Fig. 26 a). The extreme opposite would be 
to include M1 possible kinds of short-range interactions, ~s symbolized by  the 
<( bubble ~> of Fig. 26 b) and to interpret  the isobar product ion as due tO final: 
s tate  interact ion between the pro ton  and the ~+. 
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As the shape of the mass spectrum does not  seem to be a sufficiently sen- 
sitive test  to choose between the models, we have looked for a more specific 
criterinm. In  part icular ,  one m a y  
expect  tha t ,  if the  diagram of 
:Fig. 26 a) is dominant ,  the squared 
momentum-t ransfer  to the  isobar has 
a spectrum of the  ChewLow type~ 
i.e., with a strong ma,ximum for ve ry  

small A~. This is not  the case, as 
shown by  Fig. 27, where this spec- 
t rum is p lo t ted  separately for events  
for which the  (p~+) mass lies inside 
(:Fig. 27 a)) and outside (Fig. 27 b)) 
the  isobar region. Moreover, the two 
spectra look ahke within the  limits 
Of statistical accuracy, as can be 

seen from Fig. 27 d) which shows 

the ratio of the two spectra as a 
funct ion of A ~. 

2_4 a) r~ 

~ 500 7oo 9oo, 
M~-~-(MeV) 

Fig. 25. - (~-~-) mass spectra: a) events 
for which the associated (p~+) compound 
lies outside the ~ ~ isobar peak(130 events)~ 

b) inside t h e  peak (160 events). 

Thus we are led to conclude tha t  the  contr ibut ion of the diagram of 
Fig. 26 a) cannot  be isolated, a t  the present  energy, @ore more complicated 

interactions. 
- ~- ~- ~- I t  seems however  that ,  according to C A ~ o ~ u  et 

~-V:~--C~ - - -  ~ -  al. (12), such a separation begins to appear  at  an in:  

cident 7:- momen tum of 2.03 GeV/c. 
~ No evidence has been obtained of the occurrence 

a) ~ ~P~Jb) of p product ion in four-prong events.  This can be 

Fig. 26. - Diagrams for unders tood if, as observed b y  ALFF et al. (~*) p's are 
(p=+) isobar production: generally produced simultaneously with the ~ ~ isobar. 
a) in the case of the OPE This isobar should occur here in its neutra l  state and 
model; b) for a core in- should be observed in its (p~:-) decay. Bu t  the thresh- 

teraction. 
old for this react ion in the center-of-mass is around 
1230+750----1980 MeV. Since the present  center- 

of-mass energy is only 1970 MeV, i t  is not  surprising tha t  the react ion is not  
observed. Moreover,  isotopic-spin arguments uufavour  the product ion of the 
(p~-) isobar i n  our exper iment  with regard to  the (pT: +) isobar in tha t  of 

ALFF et al. 

Figure 28 shows the (~*~-) mass spectrum together  with the phase-space 

prediction. 

(12) D. D. CAR~IONY, F. G~ARD, R. T. VAN DE WALLE and NcuY~N-Huu XUONG: 
Inte~'n. Con/. on High-Energy Physics at CEtgN (1962), p. 44. 



5 4 0  S A C L A Y - O R S A Y - B A R I - B O L O G N A  C O L L A B O R A T I O N  

]~0.4 

g o  
'~20 

alO 

20 40 60 80 

Fig. 27. - Momentum transfer distributions 
to the (pr~+) compound: a) inside the 3 3 
isobar (1160 MeV< Mpn+< 1280 MeV); b) out- 
side (M~=+ 41160 MeV, Mp=+ > 1280 MeV); 
e) total spectrum; d) ratio between the num- 
ber of events inside the isobar and the total 
number of events, as a function of the mo- 

mentum transfer. 
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Fig. 28. - (=+=-) mass spectrum 
(570 events). 

5"2. p=+=-=-=0 e v e n t s .  - For  these events the most  impor tan t  question is 

to know whether they occur through an intermediate production of the co ~ 

or ~-mesons, subsequently decaying into three pions. 

t 

30 ~§176 "n:- P ->  P ~ ' ' z -  ~ -  'r/~ 

Zk-T'Tl ?h " 

~ / ~  ~ ~ + I I __  
400 500 600 700 

M~,=-~.(M eV) 

Fig. 29. - (r~+=-= o) mass spectrum (2• 118 events). 

i 
o 

800 900 

The total  number  of events of this kind was 118 corresponding to a pro- 

duction cross-section of (0.18 • 0.02) rob. Figure 29 shows the mass spect rum 
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of the neutral  tr ipion and the corresponding expected statistical distribution. 
Of course, there are two points p lo t ted  on the graph per event.  

570 significant peak can be seen at  550 MeV, where ~ is expected.  
The same M~+~-=oSpectrum exhibits a peak ~t (780+790) ~eV,  which cor- 

responds to the known mass of (o ~ This peak, which is located at  the  end of 
the phase-space distribution and from which it  emerges by  ~ 3 s tandard  de- 
viations, could possibly be a t t r ibu ted  to o~~ created in ~ -p  ~ 7 : - p  r 0 inter- 

actions. However  the statistical accuracy is l imited and ra ther  large fluctua- 
tions can be expected.  In  fact,  other peaks appear  in the diagram of Fig. 29 
which are certniniy due to such an origin. 

5"3. n~:+~+~ ~ e v e n t s .  - 74 events of this type  have been measured cor- 
responding to a product ion cross-section of (0.12 • 0 .01)mb.  Nothing unex- 
pected has been observed. Within  the l imited statistics, the mass spectrum 
for the compound (~:%:+~-7:-) is quite compatible with tha t  predicted by  
phase-space. 

6 .  - C o n c l u s i o n .  

All consideratio!ls developed so far for events with small momentum trans- 
fers (1 .5<A~/#2<8)  point  to an agreement with the val idi ty of the OPE 
mechanism as a largely dominant  process, at least when the muss of the dipion 
is in the vicini ty of the p mass. The Treiman-Yang tes t  seems to suggest t ha t  
some other mechanism has to be taken  into account  for processes producing 
a dipion with a mass outside the resonance region. 

Concerning events with large A ~, little can be said with confidence, apar t  
f rom the fact  t ha t  the OPE model becomes a less satisfactory approximation.  
When one tries to be more precise and ext rac t  quant i ta t ive  results f rom the 
exper imental  data,  difficulties arising from statistical uncertainties and from 
the  lack of a definite model become rapidly prohibitive. 
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col0  de l  C N E N ,  B o t o g n a  ( I B M  704). The  B e r k e l e y  a n d  C E R N  p r o g r a m s  

(GUTS a n d  GAP)  were  used  for  th i s  work ,  a n d  we a re  g r e a t l y  i n d e b t e d  t o  

our  co l leagues  a t  t he se  l a b o r a t o r i e s  for  t h e i r  k i n d n e s s  in  g iv ing  us  t h e  p ro -  

g r a m s .  

M a n y  i l l u l n i n a t i n g  a n d  i n f o r m a t i v e  d iscuss ions  were  he ld  w i t h  MM. F .  

SELLE~I, M. g x c o s  a n d  A.  S T A ~ q G t t E L L I ~ I .  

F i n M l y ,  t h a n k s  go to  a l l  of t h e  t e c h n i c i a n s  a n d  scanners  of our  g roups ,  

who ,  b y  u n t i r i n g  effor ts ,  h a v e  e n s u r e d  t h e  p r o p e r  f u n c t i o n i n g  of t h e  e xpe r i -  

m e n t  a n d  t h e  m o s t  eff icient  s c a n n i n g  a n d  m e a s u r e m e n t s  of t h e  fi lm. 

[ R I A S S U N T 0  (*) 

Si riferisce sullo studio delle interazioni nelle collisioni = - p a d  un impulso dei pioni 
di 1.59 GeV/c, eseguito con la camera a bolle ad idrogeno liquido da 50 cm di Saclay, 
funzionante in un campo magnetico di 17.5 kG. I r i s ld ta t i  o t tenut i  r iguardano essen- 
zialmente lo scattering elastico e quello anelastico accompagnati  dalla produzi0ne o di 
un solo pione nelle interazioni =-p-~p=-=~ o n=-~ +, o di pitt di un pione negli eventi  a 
quat t ro  rami.  La  distribuzione angolare osservata nello scattering elastico entro la r e g i o n e  

di diffrazione, p u b  essere approssimata  con una legge esponenziale. Dal  valore estra-  
polato per lo scattering in avanti ,  eosi ot tenuto,  si ha ao1=(9.65+0.30 ) rob. l~el caso 
della produzione di un solo pione si dhnno gli spet t r i  di massa cffettivi dei dipioni 
~-=0 e ~-=+. Ciascuno di essi presenta la corrispondente risonanza ~- o ~o nella regione 
di ~ 29# 2 (/~=massa del pione carico). I piechi ~ sono par t icolarmente  conspicui negli 
eventi  con basso impulso trasferi to (A2). La  distribuzione dei p0 presenta  un picco 
secondario a ~ 31# 2 dovuto probabi lmente  al processo c o ~  +. Si va lu ta  che i l  rap- 
por to  di suddivisione (co~176 ~ sin circa il 7%. Si interpretano abba- 
s tanza bene questi r i sul ta t i  nello schema delle int  cazioni periferiche secondo il  mo- 
dello con scambio di un pione (OPEL sino a vMori di z]2/#2~ 10. In  par t ieolare  i l  rap- 
porto p-/po ~ dell 'ordine di 0.5, come quel modello predice. Inol t re  la distribuzione del- 
l 'angolo di Treiman-Yang ~ eompatibi le  con una distribuzione isotropiea al l ' interno 
de1 pieeo p. La  distribuzione di a=+= , ealcolata con l 'uso della formula di Chew-,bow 
the  si suppone val ida nella regione fisiea di A2, ds un massimo sensibilmente pitt 
basso de1 valore 12~22= 120 mb che ei si a t tende per  uno scattering elastieo =~ in 
r isonanza hello stato J =  1 al pieco del p. Perb un fat tore di correzione alla formula 
di Chew-,bow, introdot to  da SELLI~RI, d~ un aecordo abbastanza buono con il vMore 
previsto. Un 'a l t ra  distribuzione, cio~ la distribuzione di z~ 2, almeno per z12< 10/~L 
eoncorda abbastanza bene con il earat tere  periferieo de11'interazione ehe cointeressa 
la risonanza ~. b e  distribuzioni angolari  del =-  nel sistema di quiete del p presentano 
un comportamento  diverso per il  p- e per  il  po. Mentre la pr ima ~ simmetrica,  come 
riferito in un lavoro precedente, l 'u l t ima presenta una chiara as immetr ia  dei =-  in 
avanti .  ,be prineipali  carat terist iche dei r isul ta t i  degli eventi  a quat tro rami  sono: 
1) il  verifiearsi dell ' isobaro (p=+)23~ negli eventi  =-p-~=+=-=- e 2) la possibile produ- 
zione della risonanza co~ ~ negli eventi  =-p ~p , -=+=0.  Non si sono osscrvati p 
negli eventi  a quat tro rami. 

(*) Traduzione a cura della l~edazione. 
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