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ABB T R A T 

An o?.*pei i.iaent harj been det;o.; ibed in which the 
•late.T'act ion© oi positLv© pioas: i n a hydrogen bubble 
ehambe. ho.ve been examined, four Mne^ of Investigation 
have been fo.'> lowed ~ 

The general behavicuc oi .nt©>-aet.i.on«3 i n which 
J'ou:;.'' pots* tive j.y charged secondary par t i c lee are produced 
has been described. The c.\o©8~ sections for these 
intera c t i o n s and *ox- di.t£ment .final atatei* have b*;en 
meaaured, and these have been round to be i n reasonable 
agreement with those found >n cthex experiments at 
di f f e r e n t incident pion momentum. An e-namiaation 
has been s»ad© oi the resonance p, eduction m ©actions 
lead Lag to the most common r i n a l etetea. Again, the 
- • s u i t s a*e i n agreement with those from othe 
experimentc 

2 t She quasi-two-body i n t e r a c t i o n s 
ir*p — • H * ( — * p V ; f° ( —* nftT) 

tr'-p — » N ( •pTf'", UJ" ( > i r V i r " ) . 

hav& been studied using the Gottfried-.Jackson method 
oi' analyelfcc The spin density mat.* :x elements obtained 
in t h i s eapei-iment a-;.e i n agreement with the absorption 
model iOi the £'i.ist of the&e ©actions, but i n poo?; 
agreement i'o;: the second reaction, afc hae also been 
2'ound in other exp©j-i»enta» 



The decay angular d i s t r i b u t i o n of the B1" 
meson has been examined. The observed d i s t r i b u t i o n 
i s consistent with a assignment of 1 + . 

4» Different decay modes of the Ag meson have 
been observed, and a sample of two pronged events 
with at l e a s t one v i s i b l e V° decay was examined i n 
order to observe the KIT decay mode. The observed 
branching r a t i o s are i n agreement with those observed 
i n other experiments, The recent suggestion that 
there may be more than one resonance with a mass i n 
the region of the A 2 mass . has been investigated 
by examining the and the KK decay modes of the A 2 

separately- The observed c h a r a c t e r i s t i c s of the 
two decay modes i s consistent with the assumption 
that only one meson e x i s t s with a mass i n the region 
of GcV/c 2. 
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PREFACE 
This t h e s i s i s an account of the work c a r r i e d 

out by the author w h i l s t at the U n i v e r s i t y of Durham, 
and i s concerned w i t h the i n t e r a c t i o n of p o s i t i v e 
pions i n a hydrogen bubble chamber. The experiment 
described here i s p a r t of a l a r g e r experiment oh the 
i n t e r a c t i o n s of 5 GeV/c p o s i t i v e pions w i t h protons 
being c a r r i e d out by the High Energy Nuclear Physics 
Group of the U n i v e r s i t y i n c o l l a b o r a t i o n w i t h groups 
i n the U n i v e r s i t i e s of Bonn, Nijmegen, P a r i s (Ecole-
P o l y t e c h n i q u e ) , Strasbourg and T u r i n . 

The author has been concerned w i t h the exposure 
at CERN, the scanning of the f i l m , and a considerable 
p a r t of the a n a l y s i s of the events measured i n 
Durham, as w e l l as w i t h the a n a l y s i s of the complete 
sample of events. S p e c i f i c c o n t r i b u t i o n s by 
h i s c o l l a b o r a t o r s are i n d i c a t e d i n the t e x t . 
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INTRODUCTION 

Since the c o n s t r u c t i o n of "beams of pions a t 
h i g h energy, a considerable amount of work has been 
done on the i n t e r a c t i o n of pions w i t h n u c l e i , and 
much has been l e a r n t about the st r o n g i n t e r a c t i o n s 
of matter as a r e s u l t . The bubble chamber has been 
shown t o be a p a r t i c u l a r l y u s e f u l t o o l f o r the study 
of these i n t e r a c t i o n s i n t h a t a permanent r e c o r d of 
the events i s made on f i l m . E s p e c i a l l y has i t been 
found t o be so f o r i n t e r a c t i o n s i n which a few p a r t i c l e s 
are produced i n the f i n a l s t a t e . I t i s found t h a t a 
lar g e p r o p o r t i o n of such i n t e r a c t i o n s proceed v i a the 
pr o d u c t i o n of resonances which subsequently decay i n t o 
two or more s t a b l e p a r t i c l e s . A l a r g e number of 
resonances have been discovered over the l a s t few years 
and i n v e s t i g a t i o n s have been made to determine t h e i r 
p r o p e r t i e s and t o c l a s s i f y them. The type of i n t e r a c t i o n 
which lends i t s e l f most e a s i l y to a t h e o r e t i c a l approach 
i s t h a t i n which two p a r t i c l e s or resonances are 
produced, and several t h e o r i e s have been put forward 
t o e x p l a i n such i n t e r a c t i o n s . These t h e o r i e s have 
been examined e x p e r i m e n t a l l y w i t h some success although 
there i s y e t no theory which s a t i s f a c t o r i l y explains 
a l l f e a t u r e s of two-body processes. 

I n chapter 1, a review of the str o n g i n t e r a c t i o n s 
of elementary p a r t i c l e s i s giv e n . The p r o p e r t i e s of 
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resonant s t a t e s , and how they are determined 
e x p e r i m e n t a l l y are discussed, together w i t h the 
main t h e o r i e s put for w a r d to e x p l a i n two-body 
processes, and t h e i r p r e d i c t i o n s . 

I n chapters 2 and 3 are described the exposure 
which took place a t CERN, the scanning and measurement 
of the f i l m , and the method by which the measured 
events were analysed. 

The remaining chapters are concerned w i t h the 
experimental r e s u l t s . I n chapter 4 , the p r e l i m i n a r y 
r e s u l t s are discussed, and the checks made on the 
consistency of data from the several l a b o r a t o r i e s 
are described. Chapter 5 contains a survey of the 
pr o d u c t i o n of resonances as observed i n f o u r pronged 
i n t e r a c t i o n s , and i n p a r t i c u l a r , some two-bpd.y.,proc.eases 

are examined i n the l i g h t of some of the t h e o r i e s 
reviewed i n chapter 1. The f i n a l chapter i s concerned 
w i t h an examination of the A2 meson. A d e t e r m i n a t i o n 
of the branching r a t i o s i n t o i t s d i f f e r e n t decay modes 
i s presented, and the hypothesis t h a t there e x i s t 
two resonances w i t h very s i m i l a r mass t o the Ag 1 S 

discussed. 



CHAPTER 1 

REVIEW* OF THE INTERACTIONS OF ELEMENTARY PARTICLES 
Of the three types of i n t e r a c t i o n which are 

important i n the study of elementary p a r t i c l e s ( s t r o n g , 
e l ectromagnetic, and weak i n t e r a c t i o n s ) i t i s the 
st r o n g i n t e r a c t i o n s which are mainly of i n t e r e s t here. 
F i r s t l y the general p r o p e r t i e s of i n t e r a c t i o n s are 
b r i e f l y described. Secondly, the quantum numbers of 
p a r t i c l e s and resonant s t a t e s which .arise-, from the 
in v a r i a n c e of p h y s i c a l processes under c e r t a i n 
operations are discussed. F i n a l l y , the more important 
t h e o r i e s on the mechanisms of two-body i n t e r a c t i o n s 
are described, and t h e i r e x p e r i m e n t a l l y observable 
p r e d i c t i o n s are reviewed. 
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1.1 General Properties of Strong I n t e r a c t i o n s 
P i g 1 shows the v a r i a t i o n of the t o t a l cross-

s e c t i o n and of the c r o s s - s e c t i o n f o r e l a s t i c s c a t t e r i n g 
inn-rp i n t e r a c t i o n s , as a f u n c t i o n of the energy of the 
i n c i d e n t p i o n . At higher energies, ( f i g . 1 ( a ) ) , i t 
can "be seen t h a t the t o t a l c r oss-section appears to he 
tending towards a constant value. The e l a s t i c 
s c a t t e r i n g c r o s s - s e c t i o n also seems t o tend towards a 
constant value, about one f i f t h of the t o t a l cross-
s e c t i o n . A s i m i l a r "behaviour i s also observed i n the 
cross-sections f o r the i n t e r a c t i o n s of other i n c i d e n t 
p a r t i c l e s although the l i m i t o f the cross-section a t 
high energy may be d i f f e r e n t f o r d i f f e r e n t i n c i d e n t 
p a r t i c l e s . 

At lower energies on the other hand ( f i g . 1 ( b ) ) , 
q u i t e r a p i d v a r i a t i o n s i n both the t o t a l and the e l a s t i c 
c ross-section, are observed. 

The peak i n the e l a s t i c s c a t t e r i n g c ross-section 
at the i n c i d e n t p i o n energy of 196 MeV has been 
i n t e r p r e t e d as being due to the p r o d u c t i o n of an 
intermediate resonant s t a t e , the N*(1236). Other 
v a r i a t i o n s i n the e l a s t i c s c a t t e r i n g c ross-section 
can also be i n t e r p r e t e d as resonant s t a t e s . 

The N*(1236) resonant s t a t e i s also observed to 
be produced s t r o n g l y i n i n t e r a c t i o n s i n which pions 
are produced i n the f i n a l s t a t e . The resonance decays 
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to W , and i s observed to have an i n v a r i a n t mass 

2 
i n the r e g i o n of 1236 MeV/c . Other resonances are 
also observed t o be produced i n i n t e r a c t i o n s , i n c l u d i n g 
the meson resonances, of which several are observed i n 
t h i s experiment. 

At lower energies, a l a r g e p r o p o r t i o n of i n t e r a c t i o n s 
proceed v i a the production of two p a r t i c l e s or resonances, 
which may decay t o produce f i n a l s t a t e s of more than 
two p a r t i c l e s . At higher energies, the p r o p o r t i o n of 
i n t e r a c t i o n s which proceed i n t h i s way decreases, and 
some three or more body processes take place. Even i f 
the momentum of the i n c i d e n t p i o n i s as high as a few 
GeV/c, a considerable p r o p o r t i o n of the i n t e r a c t i o n s 
r e s u l t i n g i n the prod u c t i o n of several p a r t i c l e s i s 
the r e s u l t of two-body processes. The i n t e r a c t i o n 

The f o l l o w i n g two-body processes are observed to take 
place i n 31$ of the i n t e r a c t i o n s . 

7T p-ppTT 7T 7T at 5 GeV/c can be quoted as an example. 

21$ 7 r + p ~3> N* 

7r n 

u 7T 7T 

5% 7 T + p —• N* 

2% 7T +p PA-

l»7r Vr 
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The remaining i n t e r a c t i o n s are the r e s u l t of 

three-and four-body processes. 
As the energy of the i n c i d e n t p a r t i c l e i s increased 

the t h r e s h o l d f o r new processes i s passed, and the cross-
s e c t i o n f o r these processes must increase. The f a c t 
t h a t the t o t a l c r o s s - s e c t i o n approaches a constant 
value at high energies means t h a t the cross - s e c t i o n 
f o r a p a r t i c u l a r i n t e r a c t i o n should decrease w i t h 
i n c r e a s i n g energy due t o the i n t r o d u c t i o n of competing 
channels. This decrease i s i n f a c t what i s observed 
experimentally, as f o r example i n the reactions K +p 
three p a r t i c l e s shown i n f i g . 2 . 
1.2 Conservation Laws 

The i n t e r a c t i o n s o f elementary p a r t i c l e s are 
l i m i t e d by a number of conservation laws. The 
conservation of momentum, energy and angular momentum 
are w e l l known. To every p a r t i c l e may be assigned 
quantum numbers and there are s e l e c t i o n r u l e s f o r 
the i n t e r a c t i o n s of p a r t i c l e s i n terms of these 
quantum numbers. That the quantum numbers e l e c t r i c 
charge and baryon number are conserved i n a l l 
i n t e r a c t i o n s , and strangeness i n conserved i n strong 
i n t e r a c t i o n s , i s w e l l known. The conservation laws 
governing other quantum numbers and some of t h e i r 
consequences i n the study of resonances are discussed 
here. 
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1.2.1. Spin and P a r i t y 
The quantum numbers s p i n (J) and p a r i t y (P) 

may be assigned t o any p a r t i c l e . For any system o f 
two p a r t i c l e s moving w i t h a r e l a t i v e o r b i t a l angular 
momentum, 1, the composition of the spins of the two 
p a r t i c l e s and of 1 to o b t a i n the o v e r a l l angular 
momentum of the system i s governed by w e l l known r u l e s . 
The p a r i t y of a p a r t i c l e or system of p a r t i c l e s , the 
prop e r t y t h a t the wave f u n c t i o n remains the same (even 
p a r i t y ) or changes s i g n (odd p a r i t y ) upon s p a t i a l 
r e f l e c t i o n i s also observed to be conserved i n stron g 
and electromagnetic i n t e r a c t i o n s . The f a c t t h a t p a r i t y 
i s conserved enables one to assign t h i s quantum number 
to p a r t i c l e s . The p a r i t y of a system of two p a r t i c l e s 
which have i n t r i n s i c p a r i t i e s P A»Pg i s given by 

p ^ . t - O 1 

As an example, i t can be seen t h a t f o r a system 
of two pions, the of the system can be 0 + ,1~,2 +, 
etc. The conservation of angular momentum and of 
p a r i t y would the r e f o r e f o r b i d the decay of 7 
to two pions i n e i t h e r s t r o n g or electromagnetic 
decays, and indeed, the y° does not decay i n t h i s way. 
1.2.2 Is.ospin 

The f a c t t h a t there are groups of p a r t i c l e s which 
have very s i m i l a r p r o p e r t i e s (such as the two nucleons 
or the three pions which have s i m i l a r masses and 
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s i m i l a r strong i n t e r a c t i o n cross-sections) suggests 
the assignment of a quantum rnumber i s o s p i n ( I ) "behaving 
i n a s i m i l a r way to ordinary s p i n , i n t h a t there are 
21+1 possible states of alignment. One can f o l l o w 
analogy "between i s o s p i n and s p i n f u r t h e r by w r i t i n g 
the commutation r e l a t i o n s : 

where 1^,1^,1^ are components of i s o s p i n . I t i s 
from these same commutation r e l a t i o n s f o r ord i n a r y 
s p i n t h a t the r u l e s f o r the a d d i t i o n of angular 
momentum are obtained, i n the form of the Clebsch-
Gordan c o e f f i c i e n t s . I t t h e r e f o r e f o l l o w s t h a t the 
same c o e f f i c i e n t s must also apply to i s o s p i n . The 
f a c t t h a t the Clebsch-Gordan c o e f f i c i e n t s are observed 
to be v a l i d f o r the composition of i s o s p i n i n d i c a t e s 
the conservation of i s o s p i n i n strong i n t e r a c t i o n s . 
1.2.3 G-parity 

The G-parity operator has been defined by Michel 
(1) and by Lee and Yang (2) as, 

G =Cenil'2t 

where C i s the charge conjugation operator. C 
has an eigenvalue only f o r n e u t r a l mesons, and i t was 
shown by Lee and Yang t h a t f o r a n e u t r a l meson, 
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and G can then "be de f i n e d f o r a l l members of an 
i s o s p i n m u l t i p l e t by i t s n e u t r a l member. 

I t was also shown t h a t , i f G-parity i s conserved 
i n i n t e r a c t i o n s , a s t a t e c o n s i s t i n g of an odd number 
of pions could not be transformed i n t o a s t a t e w i t h 
an even number of pions and v i c e versa. Thus the G 
p a r i t y of a meson can r e a d i l y be determined by the 
number of pions produced i n i t s s t r o n g decay. As G 
i s r e l a t e d d i r e c t l y w i t h i s o s p i n , i t i s only conserved 
i n s t r o n g i n t e r a c t i o n s . The conservation of G-parity 
t h e r e f o r e f o r b i d s such decays as p -9 3""or &° «*• 2TJV The 
•7°(G - +1) i s also f o r b i d d e n t o decay strongly- t o 

three pions by t h i s r u l e , and because, as has already 
been mentioned, the decay t o two pions i s f o r b i d d e n 
by p a r i t y , the •>* can not decay by strong i n t e r a c t i o n s . 

The decay of a meson to two pions or to KK i s of 
p a r t i c u l a r i n t e r e s t i n the assignment of quantum 
numbers to mesons. I f such a decay occurs w i t h 
o r b i t a l angular momentum, 1, then 

G = (-1) 1 + 1 

As an example, the B meson which has G - + 1 and 
1= 1 can only decay to two pions or t o KK i f these 
are produced w i t h 1 even. 
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1.2.1+ Q-parity of KK system 

Lee and Yang defin e d the G-parity operator f o r 
the kaons thus: 

K" " 

-K~ 

-K+ 

-K° 

I t can he seen t h a t a kaon i s not an eigenstate 
of the G-parity operator, so a kaon can not have an 
eigenvalue of G-parity. I t i s poss i b l e to construct 
16 s t a t e s o f two kaons, of which e i g h t have strangeness 
S= 0. I t was shown by Goldhaber et a l . ( 3 ) t h a t i t i s 
possible t o constr u c t from these e i g h t s t a t e s , l i n e a r 
combinations which are eigenstates of ( charge), 
I and G. These s t a t e s are l i s t e d i n t a b l e 1. Thus 
i f a meson decays by strong i n t e r a c t i o n to KK, i t 
does so i n t o the a p p r o p r i a t e one of these s t a t e s . I t 
i s also known t h a t K° and K" are not observable states 
of decay themselves, but K g and 1^, the s h o r t and 
l o n g - l i v e d modes are, and i t can be w r i t t e n : 

K + 

K° 

K° 

-K~ 

K° = 1/J? (Kg+iT^) and K° = ] / JT ( K g - i 1 ^ ) 
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Thus i f the decays of the kaons produced by the 

meson are t o be observed, the wave fun c t i o n s must be 
w r i t t e n i n the second form which i s also shown i n the 
t a b l e . 

Consider f o r example the decay of the A g meson, 
which has 1 = 1 , to KK. The wave fun c t i o n s f o r 
the three charge states can be seen i n t a b l e 1, together 
w i t h t h e i r decay wave f u n c t i o n s . I t can be seen t h a t 
the decay of the n e u t r a l kaon from the decay of the 
charged Ag i s observable equally i n the two modes, as 
expected. I t can be seen however t h a t the decays o f 
n e u t r a l kaons produced by an Ag are c o r r e l a t e d , and 
the decay mode Kg K^ i s not an observable s t a t e . 
Further, the decay of the Ag to KK i s observed i n the 
three forms K+K~, K gK g > and K^K^ i n the r a t i o 2:1:1. 
1.3 P a r t i c l e C l a s s i f i c a t i o n 

Attempts have been made t o arrange p a r t i c l e s i n t o 
groups having s i m i l a r p r o p e r t i e s . The grouping of 
p a r t i c l e s i n t o i s o s p i n m u l t i p l e t s has already been 
discussed. Work by Gell-Mann (i+) and Ne'eman (5) 
l e d to the c l a s s i f i c a t i o n of p a r t i c l e s i n t o SU3 groups, 
a l l p a r t i c l e s i n a group having the same s p i n and 
p a r i t y but d i f f e r i n g i n the t h i r d component of i s o s p i n 
and the hypercharge ( d e f i n e d as baryon number + 
strangeness). Thus the groups N, A°, £ > — and 
vr, yj° j K,K form the l/2*baryon o c t e t and the 0 — meson 
oc t e t r e s p e c t i v e l y . The p a r t i c u l a r success of the 
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theory was the prediction of the A to complete the 3/2 + 

decuplet (with N* y 2 (12J6), Y, * (1385), and X * l / 2 (1530)) 

and i t subsequent discovery by Barnes et a l . ( 6 ) . 

The SUj symmetry of elementary p a r t i c l e s has been interpreted 

by Gell-Mann (7) by the quark-model, i n which the p a r t i c l e s are 

composite states of quarks which are assumed to have spin l/2, 

charge - l/3 or + 3/5, and baryon number ]/3. A meson i s then 

a quark-antiquark sta t e , and a baryon i s a state of three quarks, 

the spin and parity being determined by the r e l a t i v e spins and 

o r b i t a l angular momentum. The symmetry has been extended by 

Gursey and Radicati (8) on these l i n e s to the SU6 group. 

1.4 Interaction mechanisms 

The simplest form of interaction i s that i n which two 

pa r t i c l e s are produced i n the f i n a l state, where a p a r t i c l e 

here i s understood to include resonant states decaying to two 

or more stable p a r t i c l e s . I t i s natural then, i n order to 

understand the processes by which elementary p a r t i c l e s i n t e r a c t , 

that two-body processes should be studied. The models which 

are successful i n explaining two-body processes could then be 

extended to examine multi-body processes. 

Fig. 3 (a) shows a Peynmann diagram f o r the reaction 

A+B^C+D. The exchange p a r t i c l e , S, Shown on the diagram i s 

not essential for the f i r s t part of this discussion and can 

for the moment be ignored. In discussing t h i s reaction i t i s 

useful to define the usual MandeTstam variables. 
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Where q i s the four-nionientum of each p a r t i c l e , the metric 

being defined by q = (E,ip*). The three variables are not 

independent but are related thus:-

S+t+u = + m̂ ' 2 2 (m = mass) + m. 'C + in. D 

Thus, s i s the square of the centre of mass energy of the 

system, and t i s the square of the four-momentum transfer of the 

interaction. The variable u has no obvious physical interpretation. 

The dependance of interactions as functions of these variables i s 

examined i n terms of different models. 

1.4.1 One p a r t i c l e exchange (OPE) model 

The fact that reactions are observed to proceed 

prefer e n t i a l l y a t low values of ."b' suggests that interactions 

take place by the exchange of a p a r t i c l e . On f i g . 3 (a)» t h i s 

i s shown as the p a r t i c l e E. On such a model, the t r a n s i t i o n 
2 —1 

amplitude contains the propagator term (mg- t ) , and therefore 
2 

has a pole at t 3 B j , This i s i n the unphysical region, and 

the model therefore predicts the observed peaking i n .t;„ This 

peak should be p a r t i c u l a r l y pronounced i f i s small, and one 

would expect reactions taking place by one pion exchange to be 

very peripheral. 



In an interaction of the type shown i n f i g . 3(a) the 

exchanged p a r t i c l e i s not unlimited. The usual conservation 

laws v a l i d for strong interactions must hold at each vertex, so 

only those p a r t i c l e s whose quantum numbers can s a t i s f y the 

conservation laws may be exchanged. The t r a n s i t i o n amplitude 

for the reaction i s then the sum of the amplitudes for a l l 

possible exchange processes. 

Badier et a l . (9) have examined the reaction: 

K"p -*K+ Z~ 

I f a meson were to s a t i s f y the conditions of the exchange 

p a r t i c l e , i t would have Q = 2, S = 2 and such a meson i s not 

known to ex i s t . I f the reaction were to proceed by the exchange 

of a baryon, on the other hand, the exchanged p a r t i c l e would 

have Q = 0, S = 1. The only p a r t i c l e with simple quantum 

numbers that can be exchanged i s therefore a baryon. Moreover 

i f t i s defined as (q* - q ) the usual peak at small 
ft. p 

values of 1t1 i s observed, i n evidence of baryon exchange 

mechanisms. 

One consequence of the model for the exchange of a pion 

(or some other spinless p a r t i c l e ) should be mentioned. As the 

exchange p a r t i c l e has no spin, no information about the 

alignment of the angular momentum at any vertex can be transferred 

to the other vertex. There should therefore be no correlation 

between the production planes of the two v e r t i c e s , nor any correlation 

between the decays of the two p a r t i c l e s produced. The fact that 
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such c o r r e l a t i o n s are observed i n d i c a t e s t h a t the one 
pi o n exchange model wi t h o u t m o d i f i c a t i o n can not 
f u l l y e x p l a i n two-body processes. 

Another drawback t o the unmodified OPE model i s 
t h a t , although there i s q u a l i t a t i v e agreement w i t h 
the t-dependence of i n t e r a c t i o n s , d e t a i l e d agreement 
w i t h experiment i s not obtained. The c r o s s - s e c t i o n 
i s i n general too hi g h at l a r g e r values of 11). 

One also observes t h a t the t-dependence of 
such processes as itp -» N*TT (TV exchange f o r b i d d e n ) 
and u p - * p ^ ( i t exchange allowed) i s very s i m i l a r 
at h i g h energies. (See f o r example r e f . 1 0 ) The 
energy dependence of i n t e r a c t i o n s i s also i n 
disagreement w i t h experimental data. 
1.4.2 Form f a c t o r m o d i f i c a t i o n of OPE model 

I n order t o account f o r the dependence of the 
c r o s s - s e c t i o n on t , phenomenological form f a c t o r s 
were i n t r o d u c e d ( 1 1 ) . The d i f f e r e n t i a l c r o s s - s e c t i o n 
would then be w r i t t e n i n the form:-

•LT . _a_ v (t) T m i s m i ! 
at PA 2S A U i f ( m E - t ) 2 

p A , the momentum of the incoming p a r t i c l e , i s 
measured i n the o v e r a l l centre o f mass system. 
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^VcE'^BDE a r e "^ e r m s ^ o r ^ i i e v e r t i c e s , and are 

dependent on t . 
F ( t ) i s the form f a c t o r . 
The r e s u l t of including such a form f a c t o r i s 

that reactions v/ith high values of l t \ are suppressed, 
and the t-dependence preducted i s i n reasonable 
agreement with the experimentally observed dependence. 
The obvious disadvantage of such a model i s that i t 
i s only a phenomenological approach. In add i t i o n , 
the form f a c t o r i n only a function of t , so the 
predictions of the . decay angulalr d i s t r i b u t i o n s , and 
the energy dependence remain the same as f o r the 
unmodified OPE model. 
1.4.5 Absorption model 

A modication t o the OPE model was suggested by 
Sopoicovich (13) who postulated i n t e r a c t i o n s of the 
i n i t i a l and f i n a l states. The simple&i'f orm of such 
in t e r a c t i o n s i s e l a s t i c s c a t t e r i n g , as represented 
schematically i n f i g 3(b). I n t h i s form, the model 
was f i r s t applied to the reaction:- I t p —? f/° 

The model predicts d i r e c t l y a reduction i n the 
cross-section f o r high values of \ t | , and the calculated 
v a r i a t i o n of d ̂ / d t agrees we l l with experimental 
r e s u l t s . 

The o r b i t a l angular momentum of a resonance 
produced by a two-body reaction l i e s perpendicular 
to the production plane. That i s , the component of 
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the spin of a f i n a l state p a r t i c l e along the d i r e c t i o n 
of the incoming p a r t i c l e , i n i t s own centre of mass, 
i s zero. On the basis of the simple OPE model, the 
d i r e c t i o n of the incoming and outgoing p a r t i c l e s i s 
the same at the point of i n t e r a c t i o n and f a r from i t , 
and the above statement would be true i f the d i r e c t i o n 
of the incoming p a r t i c l e f a r from the point of 
i n t e r a c t i o n . 

On the basis of the absorption model, however, the 
other matrix elements may become non-zero. Moreover 
the model predicts the values of the spin density 
matrix elements as functions of t and can be used 
to t e s t the model experimentally. G o t t f r i e d and 
Jackson (13) have shown how the spin density matrix 
elements may be determined from the decay angular 
d i s t r i b u t i o n s f o r various reactions. .'For example 
the decay d i s t r i b u t i o n of the /° i s of the form:-

- J ? TL/*.o S i * 10 cos £ 3 

Where B i s the angle between the outgoing ^+ 
and the incoming p a r t i c l e . 

*P i s the angle between the decay plane of 
the />* and the production plane at the baryon vertex. 

I t should be noted t h a t , because of the 
invariance of the reaction under r e f l e c t i o n , some 
of the spin density matrix elements are equal. I n 
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addition because of u n i t a r i t y the four elements i n 
the above expression are not a l l independent and one 
has f u r t h e r t h a t : -

I f the f i n a l state i n t e r a c t i o n includes spin-
exchange scattering the conclusion from the simple 
one-pion-exchange model, that there can be no 
co r r e l a t i o n between the spins of the two f i n a l 
products of the i n t e r a c t i o n , i s no longer v a l i d . 
Indeed, the absorption model predicts such a 
c o r r e l a t i o n and suggests a search f o r c o r r e l a t i o n 
between the decays of the f i n a l state p a r t i c l e s . 

I t i s found t h a t , f o r the exchange of a 
pseudoscalar meson such as a pion, the agreement 
between the predictions of the absorption Tnodel and 
experimental r e s u l t s i s good. The dependence of the 
reactions on s and t are reasonably well accounted 
f o r , and i n p a r t i c u l a r the reaction np-»p/> i s very 
successfully described by the model. The model 
overestimates, however, the cross-section f o r 
reactions i n which two resonances, or a resonance with 
J = 2, i s produced. The c o r r e l a t i o n between the 
decays, when two resonances are produced, agree well 
with experiment. 

For reactions i n which a vector meson, such as 
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p, i s exchanged, on the other hand, the agreement 
between the predictions of the absorption model and 
experimental r e s u l t s i s not good. The s-dependence 
of the cross-sections i s not c o r r e c t l y predicted. 
The spin-density matrix elements, and t h e i r dependence 
upon t , are i n disagreement v/ith experiment. 

A f u r t h e r extension of the model i s to include 
i n e l a s t i c processes i n the i n i t i a l and f i n a l state 
i n t e r a c t i o n s . An advantage i s that u n i t a r i t y can be 
b u i l t i n t o the model. This extension to the absorption 
model retains the successful predictions of the 
absorption model and, i n addi t i o n , gives a proper 
normalisation of cross-sections. The f a i l u r e of 
the model to explain vector meson exchanges s t i l l 
remains a f t e r t h i s extension. 
1. HH- ReKge Pole Model 

I n t h i s model, reactions are considered i n 
terms of the exchange of a Hegge; t r a j e c t o r y which 
has quantum numbers which s a t i s f y the conservation 
laws at both vertices. At high energy, the t r a n s i t i o n 
matrix element i s given by:-

i t ) U\ at ± e T (s,t,u) sin "h«c,(-t) 
5-m> J'Sn 

The sum i s performed over a l l possible t r a j e c t o r i e 
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and over a l l possible exchanges of spin. <tfyis a 
function only of the exchanged t r a j e c t o r y and i s 
therefore independent of the i n i t i a l and f i n a l state 
p a r t i c l e s . I n prac t i c e , the reaction i s dominated 
by only a few .terms of the above expression, and the 
calcLulaLtidiJi i s f u r t h e r s i m p l i f i e d i f one studies 
reactions i n which only one or two t r a j e c t o r i e s may 
be exchanged. 

The model accounts w e l l f o r the dependence of 
cross-section an... s and t f o r both pseudoscalar 
and vector meson exchanges. I t does not however 
make any predictions about the p o l a r i s a t i o n of the 
f i n a l s t ate, or about the decay angle c o r r e l a t i o n s , 
which i s one of the successful features of the absorp
t i o n model;' 
1.4.5 Optical Model 

Experimentally, i t i s observed t h a t , at high 
energies, the d i f f e r e n t i a l cross-section of two-
body reactions can be expressed roughly i n the form:-

d_f" . at 
dt « 6 

For e l a s t i c s c a t t e r i n g , i t i s found that a=10 GeV 
For a large number of i n e l a s t i c two-body reactions, i t 
i s found that the slope of the d i s t r i b u t i o n has much 
the same value. (See f o r example r e f . 10.) This 
suggests a behaviour s i m i l a r to o p t i c a l d i f f r a c t i o n , 
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i n which a = (R/2) , where R i s the radius of the 
i n t e r a c t i o n volume. 
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CHAPTER 2 
EXPERINSNTaL CONDITIONS 

2.1 The Exposure 
The exposure took place during February, 19&5» 

About 150,000 pictures were taken of the B r i t i s h 
National Hydrogen Bubble Chamber exposed to a beam 
of pions with a momentum of 5 GeV/c produced by the 
02 beam. The pictures were divided amongst the 
laboratories taking p a r t , Bonn, Durham, Ecole-
Polytechnique ( P a r i s ) , Nijmegen, Strasbourg and 
Turin, and each laboratory was responsible f o r the 
scanning, measuring and the i n i t i a l analysis ( i . e . up 
to the preparation of the data summary tape) of 
i t s own f i l m s . 
2.2. The 02 Beam ( 1 4 ) 

The 02 beam was b u i l t i n the East Experimental 
area of the CERN proton synchroton to provide beams 
f o r the B r i t i s h National Hydrogen Bubble Chamber. 
The beam, 180 metres long contained both e l e c t r o s t a t i c 
and radiofrequency separators, but f o r t h i s experiment, 
only the e l e c t r o s t a t i c separation was used. The 
layout of the beam i s shown i n f i g . 4-. 

A flUnx of p a r t i c l e s was produced at the target 
using about 10$ of the i n t e n s i t y of protons i n the 
synchroton, the production angle f o r p o s i t i v e 

0 
p a r t i c l e s being • The p a r t i c l e s pass f i r s t 
through an i r o n tube, thus el i m i n a t i n g the eff e c t s 
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of the f i e l d of the next synchroton magnet. 
Horizontal and v e r t i c a l collimators C1, C2 defined 
the angular spread of the beam. The quadra'pole 
lenses Q1, Q2, Q3 refocussed the beam on the 
collimators C3, C4. The bending magnets JT1, 112 
produced a dispersion of the beam so that the 
collima t o r C3 was used to select the momentum 
of the p a r t i c l e s . A f t e r the lens Q4- and the bend
ing magnets M3, M4, there was again no dispersion 
i n the beam. 

From the collimator C4-, the lenses Q4-, Q6, Q7 
produced a beam which was p a r a l l e l i n the v e r t i c a l 
plane. The e l e c t r o s t a t i c separation stage then 
followed and the lenses Q10, Q11, Q12 produced a 
ve r t i c a l focus on the collimator C& where the 
appropriate .: mass of the beam was selected. 

The lenses Q13, Q14, Q15 focussed the beam on 
the collimators C7, C8. The angular spread 01 the 
beam was redefined by the collim a t o r G9 and the 
gap of the v e r t i c a l bending magnet M7« The magnets 
M5, M6 and the lenses 016, Q17 produced a dispersed 
ho r i z o n t a l image at the col l i m a t o r 011, where the 
momentum b i t e was redefined. This r e d e f i n i t i o n of 

momentum was done i n order to improve the p u r i t y of 
the beam. 



The lenses 015, Q17 produced a v e r t i c i l focus 
i n the bubble chamber which was swept across the 
chamber by a pulsed magnet. The bending magnets 
Ii7i were used to d i r e c t the beam i n t o the 
bubble chamber. 
2.3 Contamination of the beam 

The contamination i n a beam of pions consists 
of the muons from the decay of the pions. I n the 
02 beam the momentum was reanalysed j u s t before the 
chamber by the bending magnets M5, M6 and the 
coll i m a t o r C11. Thus muons r e s u l t i n g from decays 
of pions before t h i s stage of the beam would be 
stopped at the collimator C11 i f t h e i r momentum was 
s i g n i f i c a n t l y d i f f e r e n t from the beam momentum. 
Only those pions which decayed w i t h i n a few degrees 
of the beam d i r e c t i o n i n the pion r e s t system would 
produce a muon that would be accepted at C11. Thus 
one could assume that a l l the p a r t i c l e s leaving that 
c o l l i m a t o r were pions. A l l the muons produced 
between t h i s point and the chamber, a distance of 
about s i x metres, would enter the chamber, and some 
of them would be indistinguishable from a beam 
pion. At 5 GeV/c, the number of pions decaying 
i n i t s s i x metres of path before entering the 
chamber i s about 2.2%. The decision as to whether 
a track i s a beam pion or not on the scan table i s a 
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rather subjective one, and so the proportion of" 
muons which would be accepted as a beam pion i s 
uncertain, but probably about one t h i r d of the muons 
would be rejected as being not a beam track. & i t h 
t h i s assumption the muon contamination of the beam 
would be 1.5#^ 
2.4 The B r i t i s h National Hydrogen Bubble Chamber 

A s i m p l i f i e d diagram of the chamber i s shown 
i n f i g . 5» The chamber i t s e l f has a length of 
152 cm., i s about 45 cm., wide, and 50 cm. high. 
The windows on eith e r side are of b o r o s i l i c a t e 
glass with a r e f r a c t i v e index of 1.523. The windows 
are protected by a hydrogen s h i e l d and t h i s i s 
.Surrounded by a l i q u i d nitrogen system to reduce 
heat l o s t by r a d i a t i o n . The whole of t h i s i s then 
suspended i n a vacuum tank. The windows of the 
hydrogen s h i e l d and of the vacuum tank are of a 
si m i l a r glass to the windows and are respectively 
25-5 and 16mm. t h i c k . Thus the t o t a l thickness of 
glass through which the chamber i s seen by the 
cameras i s 19.65 cm. 

The chamber i s operated with l i q u i d hydrogen 
at 27 £ under a pressure of 6.3 kg.cm. the 
pressure being reduced to 2.8 kg.cm"?" on 
expansion. The signal f o r the expansion i s received 
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from the proton synchroton 30 ms. before the 
p a r t i c l e s enter the chamber so that when the beam 
p a r t i c l e s a r r i v e , the hydrogen i s f u l l y expanded, to 
i t s superheated state. The expansion valves are 
closed and the recompression valves opened a f t e r 
the f l a s h tubes have f i r e d , the hydrogen being 
returned to i t s normal state i n about 10 ms. 

The beam i s detected by a s c i n t i l l a t i o n counter, 
which provides a signal f o r the f l a s h tubes. These 
are f i r e d 1 ms. a f t e r the p a r t i c l e s have entered 
the chamber so that the bubbles have grown to the 
r i g h t size. There are nine f l a s h tubes, arranged i n 
three groups, each group "with a condenser lens so 
that the chamber volume i s uniformly i l l u m i n a t e d . 

The chamber i s photographed by an array of 
three cameras whose lenses and f i l m gates form 
part of a r i g i d assembly on a cast metal p l a t e . 
The cameras have p a r a l l e l axes and t h e i r positions 
are shown i n f i g . 6, forming an iss©celes t r i a n g l e 
with a base and height of 48 cm. The cameras use 
55 mm. unperforated f i l m which i s kept f l a t i n the 
f i l m gates by..sucking i t onto f l a t glass plates. 

The chamber has a reference system of 
f i d u c i a r y crosses ruled on the surfaces of the 
windows which are i n contact with the l i q u i d . The 

r e l a t i v e positions of the crosses on the same window 



FIGt 6 DIAGRAM OF B.N.H.6.C. 

\ 
12 

I I 

9 16 O CAMERA P O S I T I O N S I 

in 

u i 

hi 
ENTRY 

ZONE 
NUMBERS 

\ 
BEAM 



- 2? -

are accurately known. A camera based f i d u c i a l 
mark, an eight-sided f i g u r e around the image of the 
chamber, i s p r i n t e d on the f i l m 1 t h r o u g h the glass 
plates on which the f i l m i s held. This system could 
be used to determine the r e l a t i v e positions of the 
cameras and of the two chamber f i d u c i a l surfaces. (15)• 

On each frame the f i l m number and the frame 
number were photographed, together with other 
information not used i n t h i s experiment. 

The chamber i s surrounded by an electromagnet 
which f o r t h i s experiment gave a magnetic f i e l d at 
the centre of the magnet of 13.46 kgauss. The 
percentage v a r i a t i o n of the magnetic f i e l d over 
the chamber has been measured (16). This was found 
to be the same f o r two d i f f e r e n t magnet currents 
giving central f i e l d values on e i t h e r side of the 
value f o r t h i s experiment, so i t can be assumed that 
the same f i e l d map i s v a l i d f o r t h i s experiment. 
The central value used here was determined from the 

0 
measurement and analysis of V decays. 

There are some d i s t o r t i o n s of the image of an 
event on the f i l m due to the optics and to the 
development of the f i l m . The correction of these 
d i s t o r t i o n s i s discussed l a t e r , (sect. 3.9)• 
2.5 Quality of the f i l m 

During the exposure, at the end of each f i l m 
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(about 1250 p i c t u r e s ) , a small sample of f i l m was 
developed. This was checked f o r the bubble density, 
the number of tracks per frame, and the general 
q u a l i t y of the p i c t u r e . As a r e s u l t of these t e s t s , 
the beam or the operating conditions of the bubble 
chamber was adjusted i f necessary. I n addition to 
these tests at the time of the exposure, f u r t h e r 
tests were made on the q u a l i t y of the f i l m . 
2.5.1 No-field f i l m 

One r o l l of f i l m was exposed w i t h the magnetic 
f i e l d of the chamber switched o f f , and the f i l m was 
divided among a l l the laboratories taking part i n 
the experiment. The residual f i e l d of the magnet 
was 4- + 2 gauss. 

A sample of 95 beam tracks from t h i s f i l m , chosen 
close to the axis of the camera to avoid d i f f i c u l t i e s 
due to o p t i c a l d i s t o r t i o n s were measured on a precision 
microscope. The f i l m was set i n the stage so that ' 
the track lay roughly along the x-axis of the stage, 
and f o r 30 equally spaced positions i n the x - d i r e c t i o n , 
the displacement of the track i n the y - d i r e c t i o n was 
measured accurately to about one micron. To each of 
these tracks, a curve was f i t t e d of the form: 

y = a Q + â , x + a 2 x 2 
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I n addition to f i t t i n g the curve to the complete 
track, a s i m i l a r curve was f i t t e d to the f i r s t 20 
points of the track, the middle 20 points, and to the 
l a s t 20 points. The c o - e f f i c i e n t s a Q and a^ depend 
only on the posi t i o n i n g of the track i n the microscope 
stage. The c o - e f f i c i e n t &2 -̂s> *° a v© ry good 
approximation, given by: 

&2 - 1/2r, where r i s the radius of curvature 
of the track on the f i l m . 

For tracks i n a chamber without magnetic f i e l d , 
t h i s should of course be zero, and f o r beam tracks 
i n the residual f i e l d of the-chamber ag should be 

—5 —1 
+ .2 x 10 ' cm . The sign of &2 obviously depends 
on the choice of axes but on t h i s system i f the 
f i e l d were switched on, p o s i t i v e l y charged tracks 
•would have a 0 p o s i t i v e . 

The mean values of ̂  are set out i n the table 
below. 

Table 2 
points f i t t e d &2 ( c m ~ ) 

a l l 30 points 
f i r s t 20 points 
middle 20 points 
l a s t 20 points 

(-4.7 +1.2) x 10~ 5 

(-S.7 + 1-5) x 10~ 5 

(-6.7 + 1.9) x 10~ 5 

(-2.3 + 1.8) x 10~ 5 
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There i s a s i g n i f i c a n t bias towards negative 

curvature which i s c e r t a i n l y not due to the residual 
f i e l d of the chamber. The e f f e c t i s s l i g h t l y less 
towards the end of the track. The r e s u l t of t h i s 
bias on the measurement of a beam track would be to 
overestimate i t s momentum by about 0.6$. 

A possible expl@oai.ioii. . of t h i s bias i s that 
there i s some d i s t o r t i o n due to motion of the chamber 
l i q u i d i n the time between the entry of the beam and 
the f i r i n g of the f l a s h tubes (about 1ms.). Relative 
motion of the l i q u i d of a few cm./sec. would produce 
an e f f e c t of t h i s magnitude. 

To check the e f f e c t of t h i s bias on the measure
ment and re-construction of tracks a f u r t h e r t e s t was 
made on the n o - f i e l d f i l m . 93 beam tracks which 
i n t e r a c t near the end of the chamber were selected 
and measured on a d i g i t i s e d measuring table (about 8 
or 9 points per t r a c k ) . The tracks were re-constructed 
by the programme Thresh (See section 2.9). The 
corrections f o r o p t i c a l and other d i s t o r t i o n s were 
included i n Thresh. The mean value of 1//> where 
f> i s the radius of curvature of the track i n the 
chamber was (0.7 + 0.3) x 10~5 Cm . The corresponding 
value of a2 i s -(6 + 3) x 10~ ? cm" i n agreement with 
the values obtained by microscope measurements. The 
standard deviation of 1//9 was (2.7 + 0.2)x 10 y cm 

mailto:expl@oai.ioii
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The systematic error (0.7 x 10~ 5 cm"1^ i s r a t h e r 

smaller than t h i s , so i t s e f f e c t w i l l not be very 
important. 

The maximum detectable momentum i s defined to be 
the momentum at which 

V f = & ( V f ) ( A = standard deviation) 
The m.d.m. i s then 160 + 10 GeV/c. 

2•52• Fiducia l point measurements 
The disadvantage^ of the above t e s t i s that only 

the n o - f i e l d f i l m can be examined, and i f f a u l t s had 
-occurred at some other time during the exposure, 
these would not be detected. The programme Reap 
was used to calculate the quantities R̂  and R£ i n 
each view f o r a few events measured i n each f i l m , where 

R I = ( ^ y ^ n , ^ , R 2 = (° l7,i6 / J/j.,n ) 

and ^4,7 i s the distance between f i d u c i a l marks 
4 and 7» and so on. The median of each set of 
values was taken to obviate error due to inclusio n 
of an incorrect measurement. The u n i t of d i g i t i s a t i o n 
i s d i f f e r e n t i n the x- and y- dir e c t i o n s on two of 
the measuring machines so the quanti t i e s R̂  and ^ 

are dependant on the measuring machine. To compare 
f i l m s measured on d i f f e r e n t machines the quantities 

S^,S2,Sx were defined as follows.-
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mean (R,j ,R2 f o r view 2 , ,1*2 f o r vie*/ 3 ) 
mean (R^,R^ f o r view 1J 

and s i m i l a r l y f o r 82 and Ŝ . 
The d i s t r i b u t i o n of these quantities i s shown i n 

f i g . 7» said the expected values of the quantities 
from the known apparent positions of the f i d u c i a l 
marks i s indicated. The standard error of s e t t i n g 
on a f i d u c i a l point was i'ound by repeated, s e t t i n g on a 
cross, and the corresponding standard error on S^?^ 
and i s shown. More care may have been taken 
w h i l s t t e s t i n g the s e t t i n g accuracy than would be 
taken i n the normal course of measuring events, so t h i s 
i s probably an underestimate of the error. On most of 
the f i l m s , there i s reasonable agreement with the 
expected values of Ŝ , but the f i l m H39A has values 
which are i n poor agreement. I t was also found to 
be d i f f i c u l t to reconstruct events measured on t h i s 
f i l m . The reason f o r t h i s i s probably that the f i l m 
was not being sucked f l a t on the glass plates i n 
one of the cameras at the time that these pictures 
were taken. 
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CHAPTER 3 

ANALYSIS OF THE FILM 
3•1 Introduction 

This chapter describes the system used f o r the 
analysis of the f i l m , which i s much the same as that 
used by most groups engaged i n the analysis of 
bubble chamber f i l m . 

The system i s shown schematically i n f i g . 8 . 

The f i l m was scanned and events of the type to be 
obtained were selected. The events were measured 
on d i g i t i s e d measuring tables, and the measurements, 
punched on paper tape, were analysed on the E l l i o t t 
803 computer by the programme REAP. At "this stage 
events which were obviousy wrongly measured were 
rejected and remeasured. The events were analysed 
by the CERN T.C. programmes, THRESH AND GRIND, on 
the I.B.M. 7044 computer at Glasgow University. 
Events which were found to be badly measured were 
rejected and remeasured. The we l l measured events 
were c l a s s i f i e d and the data summary tape (D.8.T.), 
a magnetic tape containing the information f o r every 
event, was prepared. A s t a t i s t i c a l analysis of the 
sample of events was made, using the D.3.T. 
3 . 2 . Scanning 

Of the 25 f i l m s i n Durham, s i x were rejected 
a f t e r a preliminary scan due to poor v i s i b i l i t y , 
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or to too many tracks on each frame. The remaining 
19 f i l m s were scanned by a physicist and a scanner on 
views 1 and 2, using view 3 i n cases of doubt. 
The scanning volume i s the area of ABCD shown i n 
f i g . 6, as seen i n view 2, the requirement being 
t h a t the beam track should be seen to enter the region 
through the side AB and that the i n t e r a c t i o n should 
take place inside i t . A l l types of event were 
scanned f o r , and f o r each event found, the frame 
number, the number of the event on the frame, the 
number of charged secondaries of the i n t e r a c t i o n , and 
whether any charged decays or possible associated 
neut r a l decays were observed. The approximate p o s i t i o n 
of the event was recorded, by noting the section 
01 the base l i n e where the beam track entered the 
zone i n which the i n t e r a c t i o n took place as shown i n 
f i g . S. This v/as used to help i d e n t i f i c a t i o n of the 
events at a l a t e r stage. Recognised stopping protons 
were recorded so that a range measurement could be 
made. Other features such as secondary i n t e r a c t i o n s , 
associated ys, Dal i t z p a i r s , or pion decays were 
also noted. 

Eleven of the f i l m s were rescanned on the same 
view, but only the frame number, the number of 
prongs, and whether there were any charged decays 
or neutral decays were recorded. The comparison of 
the r e s u l t s of the two scans was used to estimate 
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the e f f i c i e n c y of scanning as described below. The 
discrepancies between the two scans were checked on 
the scanning table so that l i s t s of events f o r 
measurement would be correct. 
3 • 3 • The efficiency of scanning; 

I n estimating the e f f i c i e n c y of scanning, 
i t i s assumed that the process of scanning i s a 
s t a t i s t i c a l one, that i s , that f o r any event on the 
f i l m , there i s a ce r t a i n p r o b a b i l i t y of f i n d i n g the 
event. I t i s f u r t h e r assumed tha t t h i s p r o b a b i l i t y 
i s the same f o r a l l events of the same type, and that 
i t remains constant throughout the scan, although the 
p r o b a b i l i t y of f i n d i n g an event i n the rescan may be 
d i f f e r e n t from that of f i n d i n g i t i n the f i r s t scan. 

Suppose t h a t : 
P̂ , = p r o b a b i l i t y of event being found i n 

f i r s t scan, 
= p r o b a b i l i t y of event being found i n 

second scan. 
and that i n a sfi^aple of f i l m there are N events. 
Then: 
no. of events found i n f i r s t scan = P̂ N = n^ 
no. of events found i n second scan = P2N = 
no. of events found i n both scans = P^^N = n ^ 
Thus e f f i c i e n c y of scan = P̂  = n^p/hg 

and e f f i c i e n c y of rescan = Pp = n^p/n^ 
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In eleven f i l m s , 3553 4- prong events were 
found i n the f i r s t scan. I n the second scan, 354-2 

were found, of which 34-32 had also been found i n the 
f i r s t scan. With the above assumptions, the e f f i c i e n c y 
of the f i r s t scan i s 96 .9% and of the second scan, 
9 6 . 6 $ . A f u r t h e r eight f i l m s were scanned once 
only, and 224-2 4- prong events were found. I t i s 
assumed that the e f f i c i e n c y of scanning these f i l m s 
i s also 9 6 . 9 # . 

3 . 4 The .length of track scanned 
For ten consecutive frames i n every 100 frames, 

the number of tracks were counted which entered the 
scanning volume through AB and l e f t by CD. The number . 
of tracks leaving the side.of the scanning volume, BC, 
v/ere counted, and a frequency d i s t r i b u t i o n of the 
zone i n which the track l e f t was found. From these the 
mean length of beam track per frame was estimated, 
taking the median length of track f o r each zone f o r 
tracks leaving the side of the scanning volume. The 
number of tracks which leave by the side i s small, so 
such an approximation i s j u s t i f i e d . The length of 
tracks t r a v e l l i n g the f u l l length of the volume was 
taken to be the length of the scanning volume at the 
mean depth of incoming beam tracks. The curvature of 
beam tracks, and t h e i r i n c l i n a t i o n to the length of 
the chamber make no s i g n i f i c a n t difference to t h i s 
length. Corrections were made f o r i n t e r a c t i o n s inside 
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the volume and f o r muon contamination of the beam. 
The length of track which was scanned was 1.59 x 10^ 
metres. 
3.5 Selection of events f o r measurement 

A l l four prong events without an associated 
V° decay that were found by the scan and rescan were 
l i s t e d f o r measurement, with the exception of those 
in t e r a c t i o n s with a secondary i n t e r a c t i o n or a charged 
p a r t i c l e decay at a short distance from the primary 
apex. Events with a recognised stopping proton whose 
range was to be measured were noted. To aid the 
i d e n t i f i c a t i o n of an event, the zone number i n which 
the event occurred was recorded, together with any 
feature of the event which may have been noticed i n 
the scanning, f o r example, secondary i n t e r a c t i o n s 
or y's. 
3.6 Measurement of Bvents 

The events were measured on three machines of 
the f i l m plane d i g i t i s e d type which had been made i n 
the department. On two of these machines, the f i l m 
stage could be moved i n the x- d i r e c t i o n , and the 
pro j e c t i n g lens i n the y - d i r e c t i o n , the movement of 
these being d i g i t i s e d by a Hoire f r i n g e system. The 
f i l m was projected on a v e r t i c a l screen on -which was 
marked a small reference poi n t . The measurement of a 
point on the f i l m consisted of al i g n i n g the point 
on the reference spot and pressing a button, the 
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value of the coordinates of the point being output 
on eight track paper tape i n the form shown i n 
f i g . 9(a)• The p a r i t y hole was punched on the tape 
as necessary so that each character had an even 
number of holes. The correct state of the counters 
f o r these machines was displayed on a set of l i g h t s , 
so t h a t , by r e s e t t i n g on a known poin t , i t was 
possible to check that there had been no f a u l t i n 
d i g i t i s a t i o n during measurement. This check was 
performed at the end of the measurement of each 
view. 

On the t h i r d machine, the stage moved i n both 
the x- and y- direc t i o n s and the motion was d i g i t i s e d 
mechanically. The form of output of the coordinates 
i s shown i n f i g . 9(b). This i s a decimal form of 
output, with the exception that f o r the two least 
s i g n i f i c a n t d i g i t s , the code i s r e f l e c t e d when the 
next most s i g n i f i c a n t d i g i t i s odd, as shown i n 
f i g . 9 ( c ) . The reason f o r that i s t h a t , at each 
step, only one contact of the mechanical d i g i t i s e r 
changes, so t h a t , at the t r a n s i t i o n , a completely 
in c o r r e c t value of the coordinate i s not registered. 

Each machine had a typewriter keyboard by which 
characters i n E l l i o t t e ight-track code could be 
punched on the paper tape. These were used to i n s e r t 
information about the event, to l a b e l the measurement: 
and to be used as cont r o l characters, f o r example, 
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as erasure, end of event, etc. 

Each event that was measured was l a b e l l e d f o r 
i d e n t i f i c a t i o n with the f i l m number, the frame 
number and the number of the event on the frame. 
For reference, the date of measurement, the measurer 
and the machine on which the event was measured were 
also recorded. 

The events were measured on each of the three 
views. I n each view, wherever possible, the four 
f i d u c i a l crosses, 7, 4, 22, and 16, shown i n f i g . 6, 
were measured. I n parts of the f i l m , where one of 
these crosses was not c l e a r l y v i s i b l e on a view, the 
other three of the f i d u c i a l marks only were measured. 
The apex of the i n t e r a c t i o n , about eight or nine points 
along each tr a c k , and the end point of the track of 

a recognised stopping proton where appropriate, 
were measured. I n those events i n which the range of 
the proton was less than about 1cm., the end point 
of the track was measured, but no measurements along the 
track were made. 
3«7 Re at) 

The output tapes from the measuring machines were 
analysed by a computer programme, c a l l e d REAP, which 
was w r i t t e n by the author f o r the E l l i o t t 803. The 
general structure of t h i s programme i s shown i n 
f i g . 10. The information read i n i n i t i a l l y con
s i s t e d of the experiment number, the labels of the 
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f i d u c i a l s that were to be measured, a l i s t of the 
labels which could be used f o r tracks and points, and 
information concerned with the running of the programme. 

In reading an event, the programme would f i r s t 
read the event number, together with other information 
which may have been punched and then s t a r t to read 
measurements. A coordinate p a i r was recognised by 
the previously read view number and l a b e l , so the 
measurer would be able to remeasure any track by 
repeating i t , and a single point on a track could be 
erased. I f a l a b e l was read which had not previously 
been used on that event, i t was only accepted i f i t 
was i n the l i s t of permitted labels. This was so t h a t , 
should a f a u l t have occurred i n punching the tapes, 
co-ordinates would not be recognised as a l a b e l . 

When an event had been read i n , i t was checked 
f o r completeness. The event was rejected unless 
each point and track had been measured i n at least 
two views. For t h i s purpose, a view was only 
considered i f at least three f i d u c i a l crosses had 
been measured i n that view. I f the event was accepted 
i t was then punched on f i v e track paper tape i n the 
standard Thresh input format. 

I n a d dition, the programme could perform t e s t s 
on the measured f i d u c i a l crosses and tracks, and 
these were applied from time to time to check the 
q u a l i t y of the measurements. 
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3.8 Tests i n Reap 
3.8.1 Check on f i d u c i a l marks 

I n each view where the f o u r f i d u c i a l marks had 
been measured, the f o l l o w i n g q u a n t i t i e s were 
c a l c u l a t e d and p r i n t e d : -

2 2 1) R̂  = ( d ^ r / d ^ , 1 6 ) 2) R2-= ( d y ^ / d ^ , ^ ) 

Where d-^jr? i s the distance between the f i d u c i a l 
marks 4 and 7 and so on. 

The standard f r a c t i o n a l e r r o r expected on such 
_5 

a r a t i o : - i s about 10 .E, where E i s the standard 
e r r o r , on x or y, i n measuring a p o i n t , i n the u n i t s 
of d i g i t i s a t i o n , about two microns. Thus, i f the 
f i d u c i a l marks are set t o an accuracy of two u n i t s 
of d i g i t i s a t i o n (4/*), the r a t i o , should be constant 
t o about Q.2%. 

3.8.2 Check on t r a c k measurements 
This t e s t was performed on each t r a c k t h a t had 

been measured i n the event. The measurements of 
each t r a c k were f i r s t transformed i n t o the X,Y system 
of co-ordinates shown i n f i g . 1 1 ( a ) . That i s , the 
X-axis passed through the f i r s t and l a s t p o i n t 
measured, and the o r i g i n was half-way between these 

p 
p o i n t s . A parabola of the form, Y = AX~ + BX + C, 
was then f i t t e d t o these p o i n t s such t h a t 
£.[Y - (AX 2 + 3X + C ) ] 2 was a minimum. The 
d e v i a t i o n of each p o i n t from the f i t t e d curve, 
Y - (AX 2 + BX + C) was p r i n t e d . 
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3.8.5* Short check on t r a c k measurements 
For each set of three consecutive measurements 

along each t r a c k ( i . e . p o i n t s 1, 2, 3; p o i n t s 2, 
3,4; e t c . ) , the q u a n t i t y (Lyj + - L^)/L^ .Lg.L^) 
was c a l c u l a t e d . (See f i g 1 1 ( b ) ) . Assuming t h a t 
the t r a c k t u r n e d through a small angle over the 
three consecutive p o i n t s , t h i s q u a n t i t y i s approx-

o 
i m a t e l y 1/Sr , (See appendix A.) where r i s the 
r a d i u s of curvature of the t r a c k s . So f o r a curve 
of constant c u r v a t u r e , the c a l c u l a t e d q u a n t i t y should 
be constant. Consecutive values o f t h i s parameter 
were compared, and i f any p a i r disagreed by more than 
a c e r t a i n value, the t e s t was considered t o have 
f a i l e d , and i n such cases, the t e s t described i n the 
previous s e c t i o n was performed f o r t h a t t r a c k . 
3.9 Thresh 

This programme was used t o r e c o n s t r u c t the events 
i n space. The measurements of the f i d u c i a l marks on 
each view are used t o set up a reference system f o r 
a l l the measurements. The measurements are transformed 
t o t h e i r apparent p o s i t i o n s on the l i q u i d surface of 
the camera side window. The transformed measurements 
of the f i d u c i a l marks are compared w i t h t h e i r known 
p o s i t i o n t o check the q u a l i t y of the measurements. 
I f any f i d u c i a l mark f a i l s t h i s check, a l l the 
measurements f o r the corresponding view are r e j e c t e d . 
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The measurements are c o r r e c t e d f o r d i s t o r t i o n by 
ap p l y i n g a t r a n s f o r m a t i o n of the form 

(1 + ê , x+ «2y+ «xxy+*zj. x 

Where X, Y are measured co-ordinates i n the 
reference plane, r e l a t i v e t o 
the o p t i c a x i s 

X',Y' are the transformed measurements; 
x = X/d; 

y = Y/d; 
and d i s the distance of the camera from the 

referenc e plane. 

the d i s t o r t i o n s produced by f i l m t i l t . The other 
c o - e f f i c i e n t s c o r r e c t the o p t i c a l d i s t o r t i o n s and 
d i s t o r t i o n s produced d u r i n g the developement of the 
f i l m . The c o - e f f i c i e n t s are dimensionless, and so 
the c o r r e c t i o n i s independent of the u n i t s of the 
measuring machine. The values of the c o - e f f i c i e n t s 
used were based on those s u p p l i e d by K e l l n e r (17)• 

As an i l l u s t r a t i o n of the e f f e c t of t h i s t r a n s f o r m a t i o n , 
a c o r r e c t i o n o f about 0.1mm. i s made by the ^t0^ 

terms at about 20cm. from the o p t i c a x i s , by the 
*zp*5 terms;at about 4-5 cm..: from the o p t i c a x i s , and 

The c o - e f f i c i e n t s <tj andai^ are c o r r e c t i o n s f o r 
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by the terms only i n the extre.-nes of the 
chamber. 

Points were r e c o n s t r u c t e d i n space using the 
three measurements, and an estimate of the accuracy 
was made. Where the r e c o n s t r u c t i o n was bad, the 
p o i n t was r e c o n s t r u c t e d from the two best measurements, 
or not r e c o n s t r u c t e d at a l l . For each t r a c k measured, 
checks were made on the p o i n t s measured, and 
inac c u r a t e p o i n t s were r e j e c t e d . The t r a c k s were 
r e c o n s t r u c t e d by f i t t i n g a h e l i x t o each one, and 
e s t i m a t i n g the e r r o r s on the parameters of each 
h e l i x . 
3.10 Grind 

This programme was used t o t e s t s e v e r a l 
hypotheses f o r each event, and t o perform kinematic 
f i t t i n g . The magnetic f i e l d a t s e v e r a l p o i n t s along 
the t r a c k i s c a l c u l a t e d , and an average value used 
t o determine the momentum of the t r a c k . The measured 
momentum of the beam i s compared w i t h the known beam 
momentum, and a weighted average was taken. The 
f o l l o w i n g hypotheses were t e s t e d against the event, 
each p o s s i b l e assignment t o the p o s i t i v e t r a c k s being 
made. 
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1) V p » p W V 
2) it* f> > p l r + T T * i r " ' n " 

5) TT*p » pir*VTc"7° 
/j.) V p » * TT+ T* it" 

I n hypothesis 3) , the y° must decay t o n e u t r a l 
p a r t i c l e s (7°—*2 )T, — » n°2V, or -*3T»°). I f i t had 
decayed i n t o a charged mode ( H° ) , the 
event would have been observed as a s i x pronged 
i n t e r a c t i o n . A study has been made of s i x pronged 
i n t e r a c t i o n s i n t h i s sample of f i l m (19). The cross-
s e c t i o n f o r the i n t e r a c t i o n 3) was estimated t o be 
100/»l». and as 7Q% of the decays of the y° are t o 
n e u t r a l p a r t i c l e s , one would expect the c r o s s - s e c t i o n 
f o r t h i s i n t e r a c t i o n i n four-pronged, events t o be 
70/4.= 

I f a t r a c k had been l a b e l l e d as sto p p i n g , the 
range was used as a measurement of momentum, depend

i n g on the mass of the p a r t i c l e assigned t o the t r a c k , 
Otherwise, the momentum was determined from the 
curva t u r e of the t r a c k s . For each successful 
h ypothesis, the measured q u a n t i t i e s were f i t t e d so 
as t o give conservation of energy and momentum. 

The v a r i a t i o n of magnetic f i e l d t h a t was used 
was determined by Blum ( 1 6 ) . The c e n t r a l value of 
the magnetic f i e l d was assumed t o be 13.46 kgauss 
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which was t h a t found by D. Z. Toet by measuring the 
decays of /\ 0 ,s and kaons. The beam momentum was 
taken t o be 4.996 GeV/c, determined by D. J. Schotanus, 
from the f i t t e d momentum of a sample of events w i t h 
unarabigious f o u r - c o n s t r a i n t f i t s . 

A card was punched f o r each successful hypothesis, 
c o n t a i n i n g the event number, the number of the 
hypothesis, and the sequence number of the event on 
the Grind L i b r a r y Tape, the magnetic tape output o f 
Grind c o n t a i n i n g a l l the measured q u a n t i t i e s and the 
r e s u l t s of the c a l c u l a t i o n s . A s i m i l a r card was also 
punched f o r every event, but w i t h the hypothesis number 
l e f t blank. The use of these cards t o s e l e c t the 

w e l l measured events and the c o r r e c t hypothesis i s 
e x p l a i n e d i n s e c t i o n 3-13• 

3.11 Acceptance of events a f t e r Grind 
From the p r i n t e d output of Grind, each event was 

checked f o r e r r o r s detected d u r i n g Thresh and Grind. 
I f the e r r o r s were too s e r i o u s , as set out i n the 
t a b l e below, the event was r e j e c t e d and remeasured. 
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Table 3 

Rejection C r i t e r i a 

Error Action 
1 Complete f a i l u r e of a track 

i n Thresh. 
2 No convergence i n f i t t i n g a 

h e l i x to a track i n Thresh 

3 Momentum and d i r e c t i o n 
inaccurate 

4 Momentum or d i r e c t i o n 
inaccurate. 

5 Straight track. 

Event r e j e c t e d . 

Event r e j e c t e d unless 
momentum<400 MeV or 
dip > 60°. 
Same as for error 
No. 2. 
Event r e j e c t e d i f more 
than two such t r a c k s . 
Event r e j e c t e d unless 
t h i s i s a beam track 
or a stopping track.- ' 
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The errors 2 and 3 were not taken to toe a reason 
to r e j e c t an event i f they occurred on steep tracks 
or tracks of low momentum, which are d i f f i c u l t to r e 
construct. I n the errors 3, 4, and 5i the terms 
"inaccurate" and "straight track" have the meanings 
described below. 

p = momentum X = dip, azimutjfhal angle. 
£int. (1/p) = i n t e r n a l error on 1/p ( s i m i l a r l y , £int.(x), 

i n t . ( ? ) ) . 
£ext. (1/p) - external error on 1/p ( s i m i l a r l y , £ext.(\), 

€ e x t . ( * ) ) . 

The i n t e r n a l errors are calculated by Thresh, 
based on the deviation of measured points from the 
f i t t e d track. The external errors are calcul a t e d 
by Grind, and are the expected errors on the track 
parameters, depending on the length of the measured 
track, the track parameters, and the known measurement 
error. The terms used i n the above table are then 
defined as follows:-

"Inaccurate momentum" 
"Inaccurate d i r e c t i o n " 

or 
"Straight track" 

£int.(1/p)>3 x£ext .(1/p) 
£-int.(X) > 3 X £ext.(X) 
£int.(}*) > 3 X £ext.(0) 
1/p<i3 X t e x t . (1/p) 
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3.12 Acceptance of hypotheses 

A l l events which had been successful i n Grind, 
whether there were any hypotheses accepted or not, 
were examined on the scanning table. For each of 
the p o s i t i v e tracks i n the f i n a l s t a t e , an "ionisation 
code" was determined as follows:-

0 i f the track was d e f i n i t e l y not a proton. 
1 i f the track could be a proton. 
2 i f the track was d e f i n i t e l y a proton. 

The decision was made by comparing the bubble 
density of the track and i t s momentum with the curves 

p 
i4" f i g . 12, which are calculated as 1/^ . I t can be 
seen that i t was possible to make a d e f i n i t e decision 
on a track i f i t s momentum was l e s s than 1.3 - 1.5 GeV/c. 
Further, not more than one of the tracks could be 
a proton, so i f one was identifed as a proton, the 
others were given the code Q, that i s , d e f i n i t e l y not 
a proton, even i f the momentum was so high that a 
decision made on i o n i s a t i o n was impossible. 

A f i t t e d hypothesis was accepted only i f i t 
was compatible with the i o n i s a t i o n of a l l the tra c k s . 
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p 

An acceptance l i m i t on X was imposed as follows:-

f i t s with 4 degrees of freedom, X ^ 24 
p 

f i t s with 1 degree of freedom, X « 6 

In addition, i f "both a 4-constraint f i t and a 
1-constraint f i t were acceptable, the 4-constraint 
f i t only was taken. A c a l c u l a t i o n based on a random 
generation of events had shown t h i s to be v a l i d for an 
e a r l i e r experiment, and so the same process was adapted 
here. As a confirmation of the v a l i d i t y of t h i s 

p 

procedure, a graph was plotted of (M.M.) versus M.E. 
for a small sample of 4-constraint (4C) f i t s and a 
small sample of 1-constraint (1C) f i t s (missing i r - ) 
( f i g . 13). 

M. E. i s the energy of the assumed missing 
2 

p a r t i c l e , based on measured qu a n t i t i e s . (M.M.) i s the 
square of the mass of the assumed missing p a r t i c l e . 

C l e a r l y , the points corresponding to 4C f i t s occupy 
a very small area of t h i s graph, i n contrast to those 
corresponding to 1C f i t s . One might make the simple 
assumption that an event with a missing i r 0 would produce 

2 
a successful but f a l s e 4C f i t i f (M.M.) and M.E. were 
i n the region normally occuped by events with no missing 
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neutral p a r t i c l e . On t h i s assumption, the probability 
that a i t 0 event would be wrongly c l a s s i f i e d i s not 
more than 1%. 

3.13 The data summary tape 
The data from the d i f f e r e n t laboratories were 

co l l e c t e d together on magnetic tape. Each laboratory 
produced a tape c a l l e d the DSTlcontaining the selected 
parts of the output Grind. This tape was i n a 
standard format for each laboratory, and t h i s was 
thus the stage at which a l l the d i f f e r e n t systems 
of a n a l y s i s became compatible. Prom these tapes, 
using the CERN programme, S l i c e , a data summary tape 
containing various calc u l a t e d quantities was produced 
for each reaction. 

The DSTiwas produced for the Durham data from 
the Grind l i b r a r y tape and the cards produced by 
Grind. From these cards, the cards corresponding to 
the selected events and hypotheses were selected as 
follows. For an event with one ore more accepted 
hypothesis, the cards containing the appropriate 
hypothesis number were taken, and for a n o - f i t event, 
the card without a hypothesis number was selected. 
The cards were arranged i n the same order as the events 
occurred on the Grind l i b r a r y tape. On the f i r s t (or 
only) card for each event, the i o n i s a t i o n code was 
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punched. A computer programme was used to produce 
the DSTifrom these cards and the Grind l i b r a r y tape. 

The DSTicontained for each event a record of the 
geometry of the event followed by, for each accepted 
hypothesis ( i f any), a record of the f i t t e d event. 
The geometry record contained d e t a i l s of the measured 
parameters';.*)* each track and the vertex and of the 
errors on these quantities, the i o n i s a t i o n code, 
and the square of the missing mass for the three 
possible assignments of p\r*'tr*nf and the assignment 
•nr*it*Vn" to the four charged secondary t r a c k s . The 
record of the f i t included the f i t t e d parameters of 
each track and t h e i r errors, d e t a i l s of the f i t 

2 
including the % of the f i t , and the square of the 
mass of the missing neutral p a r t i c l e calculated 
from measured qu a n t i t i e s . 

The programme S l i c e was used to produce, from the 
DST I ' s , a data summary tape for each reaction, 
containing d e t a i l s of the event and of the f i t , 
together with the e f f e c t i v e mass, the four-momentum 
tr a n s f e r from both the incoming proton and the incoming 
pion, and the components of momentum i n the o v e r a l l 
centre of mass system, for a l l possible combinations 
of f i n a l state p a r t i c l e s . 
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A s t a t i s t i c a l a n a l y s i s of the data on the 

D.S.T. was made using the programme SUMX, which can 
present the r e s u l t i n the form of a histogram or a 
two-dimensional s c a t t e r p l o t . Some of the plots 
presented here have "been produced "by a s i m i l a r , 
more simple programme on the 7044. 
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CHAPTER 4 

PRELIMINARY EXPERIMENTAL RESULTS 
4.1 Cross-sections 
4.1.1 The 4-prong cross-section 

The 4-prongcross-section was c a l c u l a t e d for each 
laboratory taking part i n the experiment. Different 
laboratories had d i f f e r e n t methods of determining the 
t o t a l track length scanned, and for some the track 
length would be uncertain by about 5%. The track 
length was corrected for muon contamination and for 
absorption ( i . e . the reduction i n the track length due 
to i n t e r a c t i o n s taking place i n the scanning volume. 
The continuation of the beam track to the end of the 
volume must be subtracted from the calculated 
length of track. 

The number of 4-pronged intera c t i o n s that were 
found was corrected for the e f f i c i e n c y of scanning. 
The density of hydrogen used i n t h i s c a l c u l a t i o n was 
the density at 27°K and at saturation pressure, 0.0611. 
The v a r i a t i o n of the density with pressure i s 
n e g l i g i b l e but the density v a r i e s with the temperature 
by about 3% per degree. The uncertainty i n the 
temperature contributes to the uncertainty i n the 
cross-section. The calculated cross-sections are 
l i s t e d i n the table below: 
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Table 4 

4-prong cross-sections (mb.) 

Bonn 9-3 
Durham 11.0 
Nijmegen 11.7 
P a r i s 10.6 
Strasbourg 9.6 
Turin 10.5 

The mean value of these was taken, which gives 
for the cross-section for 4-prongs 10.5 +-0.5 rib. 
4.1.2 F i t t e d Hypotheses 

The d i s t r i b u t i o n of the f i t t e d hypotheses for 
3307 events measured i n Durham i s given i n table 5-

The d i s t r i b u t i o n for the other laboratories 
i s much the same, except that there are some 
discrepancies i n the number of ambiguities. These 
differences could be due to differences i n the 
accuracy of measurement or to differences i n assessing 
to what accuracy the io n i s a t i o n of a track could be 
determined. I t i s shown i n section 4.1.3 that these 
differences i n the number of ambiguities do not lead 
to discrepancies i n the cross-sections. 
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Table 5 

Di s t r i b u t i o n of f i t t e d hypotheses 

Reaction Number of Events 
A) TV+P > p T T > « W 762 
B) Tr*p — • p i r + T r V i T 0 829 
C) tr*f , p TT+ Tr*Tf 210 
D) Tv^p — * n V V V n ~ 218 
E) ir*p — p ir*" K* K" 37 

NO FIT 953 

Ambiguities 

Â A. 6 
A-E 1 
E—E 2 

B-B 5 
B-C (1) 122 
B-C (2) 3 
B-D 15 
C-C 1 
C-D 99 

3 1-C f i t s 44 
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The two l e t t e r s specify the i n t e r a c t i o n type of 

each f i t t e d hypothesis when specifying the ambiguities. 
The ambiguities of the type B-C are further subdivided:-

1) Those i n which the indentity of the charged 
p a r t i c l e s i s the same i n the two f i t t e d hypotheses. 

2) Those i n which the indentity of the charged 
p a r t i c l e s i s d i f f e r e n t . 

The entry for threefold ambiguities includes a l l 
events f or which any three hypotheses were accepted. 
A l l except a few of these are of the type B-C(1>D. 
There were no events i n the Durham data for which three 
4—C f i t s were accepted, but there were a few i n the 
complete sample of events. 

The number of events of type C, 210, would correspond 
to a cross-section for that type of about 650 /»l>, and 
correcting for other decay modes of the rj 0 , about 
1mb. I f some of the ambiguous events were also 
included the calculated cross-section would be even 
more. Yet, i t i s known from the a n a l y s i s of 
6-prongs that the cross-section f or the process i s only 
100y*4>. C l e a r l y most of the events accepted as 
type C are i n f a c t no f i t events. The cross-sections 
were calcu l a t e d only for the remaining four react i o n s . 
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4.1.3 Channel cross-sections 
For the purpose of c a l c u l a t i n g the cross-sections, 

cuts were imposed on the samples of 1-C events as 
described i n section 4.2. 

Further, i n the case of ambiguities not resolved 
by the above c r i t e r i a , the hypothesis was selected 

p 
for which X w a s the lowest. The error introduced 
by t h i s l a s t step i s not l i k e l y to be s i g n i f i c a n t . 

As a f i r s t step i n c a l c u l a t i n g the cross-sections 
the percentage of events of the type A was calcul a t e d 
for each laboratory, and these are shown i n the table 
below. 

Table 6 
Percentage of type A f i t s 

Bonn 26. 
* 

9 
Durham 23. 3 
Nijmegen 26. 2 
P a r i s 25. 6 
Strasbourg 2 5 . 5* 
Turin 26. 0 
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The values agree to within the expected standard 
deviation (about 1 - 1 . 5 % ) . The mean value of 25.6 
+"1.0% was accepted. 

For channel B, the r a t i o of the number of events 
to the number i n channel A was calculated for each 
laboratory. The values are consistent and are set 
out i n the table below. 

Table 7 
Ratio of type B f i t s to type A f i t s 

B/A 

Bonn 1. 07 
Durham 1. 07 
Nijmegen 1. 05 
P a r i s 1. 10 
Strasbourg 1. 10 
Turin 1. 03 

The mean value i s 1.07, and the percentage of 
events of type B i s then 27.4 ± 1.0%. 

The percentage of events of types D and E were 
calculated i n the same way. The values for the 
di f f e r e n t laboratories are consistent, and are for 
channel D, 8 + 1%, and for E, 1.3 ± .3%. The 
corresponding cross-sections are shown i n the table 
below. 

Events of reaction B have been randomly generated, 

and *I1% have been found to give a spurious f i t of 
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reaction E. This corresponds to about 2 0 % of the 
events c l a s s i f i e d as belonging to reaction E. On the 
other hand, of randomly generated events of reaction 
E, 70% were found to give a f i t of type B, and so the 
acceptance of the four constraint f i t i n preference 
to the one constraint f i t was f e l t to be j u s t i f i e d . 
The cross-section for reaction E has been corrected 
for the spurious f i t s . The cross-sections for 
channels A, B and D are compared with the cross-sections 
for d i f f e r e n t incident pion momenta i n f i g . 14 
(Refs. 1 9 - 2 3 ) . 

Table 8 
Reaction Cross-sections 

( in b. ) 

4-prongs 
A) TT̂ p • plT*Tr +TT~ 

B) Tr*"p — • fw* ' W ' T T ' T * 0 

D) T**p f *\ IT*" H* Tt^ '"!? 

E) — * f V - l ^ K " 

10.5 ± -5 
2.69 ± .17 

2.88 ± .18 
0.84 + .11 
0.11 ± .04 



FIG 14 
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2 

4.2 Distributions of the square of the missing mass (MM ) 
? 

F i g . 15 shows the d i s t r i b u t i o n s of MM for the 
reactions A, B, and D. I n each case the pos i t i o n of 
the expected c e n t r a l value, being the square of the 
mass of the missing neutral p a r t i c l e , i s indicated. 

p 
Pig. 15(a) shows the d i s t r i b u t i o n of MM for 

reaction A, i n which no neutral p a r t i c l e i s produced 
so the expected c e n t r a l value i s zero. I t can be seen, 
however, that there i s a small but s i g n i f i c a n t s h i f t 

2 2 
i n the peak of about .0005(GeV/c ) i n the negative 
d i r e c t i o n . The reason for t h i s s h i f t can be understood 
as follows. Suppose that there was an error i n the 
measurement of the momentum of one track only, of SP^. 
This would then be the missing momentum of the event. 
The corresponding massing energy would be fibp^ * 
where feis the v e l o c i t y of the track with the error. 
The missing energy i s therefore l e s s than the missing 

2 
momentum, i e . MM i s negative. An error i n the 
measurement of the d i r e c t i o n of a single track would 
give a non-zero value for the missing momentum, but 
the missing energy would be zero. Again the r e s u l t 

2 
would be to ca l c u l a t e MM negative. Thus i f the 
error i n the measurement of any single quantity 

2 
r e s u l t s i n a negative value of MM , one would expect 
that the combination of a l l errors would r e s u l t i n 



F i g . IS 

Dlttrlbuiion* of (mitting mas* ) 2 KGtV/eO*] 

C C V - I IPfCTIO CCNTtAL VMM 

CO - MU> ci/r-orr 

REACTION * 

-o» ~-5!» """•"..<& 

REACTION 0 

n 

XL " I n n 0 



- 62 -
2 a s h i f t towards negative values of MM . 

o 
F i g . 15(h) and ( c ) show the MM di s t r i b u t i o n s f or 

reactions B and D r e s p e c t i v e l y . The d i s t r i b u t i o n s 
have a large number of events which are f a r from the 
ce n t r a l value. I t i s l i k e l y that a large proportion 
of these events do not correspond to the relevant 
reaction, but have nevertheless given a reasonable f i t 
to the hypothesis. I n order that these i n c o r r e c t l y 
assigned events should not contaminate the sample, 

p 
l i m i t s were set on the values of MM which, would be 
accepted, as follows 

- Reaction B -0.12:<MM 2«c0.12 
Reaction D 0.66<MM 2<1. 2 

The positions of these l i m i t s are shown i n f i g . 
15. Events i n which MM was outside the prescribed 
l i m i t s were excluded from the c a l c u l a t i o n of the 
cross-sections and from the ana l y s i s of the reaction. 
A t e s t was made on the v a l i d i t y of the above r e s t r i c t i o n 
for reaction B. The d i s t r i b u t i o n of the invar i a n t 
mass of the supposed TT^TTTC0 combinations for events 
which were outside the above l i m i t was examined. 
The sample contained only about 1% <•>* compared with 
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about 20% i n the accepted sample. One concludes that 
of the excluded sample of events, only about 5% are 
r e a l l y events of reaction B. 

I t can be seen that, on these two d i s t r i b u t i o n s , 
there i s an excess of events for higher values of 
2 

MM thqn the c e n t r a l value. This i s due to the 
in c l u s i o n of some n o - f i t events, those with more 
than one missing neutral p a r t i c l e . 
4.3 Data consistency 

As several d i f f e r e n t laboratories were each 
measuring and analysing a sample of events for t h i s 
experiment, i t was necessary to check that the 
di f f e r e n t sets of data were consistent before an 
ana l y s i s was made. The usual t e s t , that of comparing 
the r e s u l t s of the measurement and a n a l y s i s by each 
laboratory of the same small sample of f i l m , was not 
used i n t h i s experiment because of the r e l a t i v e l y 
large number of laboratories taking part. Instead, 
various checks were made on the data, and the possible 
e f f e c t of any differences between the d i f f e r e n t 
laboratories on the physical r e s u l t s were examined. 
One such check on the consistency of the data, the 
comparison of the cross-sections and of the d i s t r i b u t i o n 
of accepted hypotheses has already been described 
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( s e c t . 4 . 1 ) . The following checks were also made: 
4.3.1 D i s t r i b u t i o n of X 2 

p 
F i g . 16 shows the d i s t r i b u t i o n of % for each 

laboratory for f i t s to events of reaction A. Each 
d i s t r i b u t i o n i s normalised to one event. The general 
shape of the d i s t r i b u t i o n s i s much the same but i t 
can be seen that there are dif f e r e n c e s . I f the d i s t r i b u 
tion corresponded to the s t a t i s t i c a l l y expected 

2 
d i s t r i b u t i o n of X for a four constraint f i t , the 
maximum value of the d i s t r i b u t i o n would be 0.184 
occurring at ^ = 2. The differences between the 
d i s t r i b u t i o n s could be explained by the f a c t that the 
d i f f e r e n t laboratories measure to d i f f e r e n t accuracies, 
and a l l have used the same value for the c a l c u l a t i o n 

2 
of X • T o explain these d i s t r i b u t i o n s i n t h i s way, 
the measurement accuracy of no laboratory would be 
d i f f e r e n t from the assumed value by more than 20%. 

F i g . 17 shows s i m i l a r d i s t r i b u t i o n s for reaction B. 
The difference between the d i s t r i b u t i o n s of d i f f e r e n t 
laboratories i s not so e a s i l y seen as for the four 
constraint f i t . The table below gives the median value 

2 
of X for each laboratory, 0.455 being expected 
s t a t i s t i c a l l y for a one constraint f i t . 
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Table 9 

Median 7? 
for reaction B. 

Bonn 0. 40 
Durham 0. 66 
Nijmegen 0. 49 
Pa r i s 0. 40 
Turin 0. 60 
Strasbourg 0. 6? 

Assuming the differences i n these values to be 
due to differences i n the accuracy of measurement, one 
again concludes that the measurement error i s i n no 
~ease greater than the assumed value by more than 20%. 
4.3. 2 Comparison of in v a r i a n t mass d i s t r i b u t i o n s 

To check the e f f e c t that the d i f f e r e n t systems 
of measurement and an a l y s i s might have on the e f f e c t i v e 
mass distributions, the d i s t r i b u t i o n for ~rr¥rrCir0 

p 
from reaction B, plotted i n i n t e r v a l s of 5 MeV/c , was 
examined. The co° should appear as a Gaussian 
d i s t r i b u t i o n as i t s width i s much smaller than the 
experimental error of measuring e f f e c t i v e mass. The 
c e n t r a l value of the mass of the to0 and the standard 
deviation of the d i s t r i b u t i o n are shown i n the table 
below for each laboratory. 
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Table 10 

Comparison of iS peaks 

o" 
mass of <£ 
MeV/c2 

standard 
deviation 

Bonn 780 12 

Durham 780 14 
Nijmegen 780 11 

P a r i s 775 ,14 
Turin 785 13 

Strasbourg I 775 17 

The standard deviation of the «J° peak shows some 
v a r i a t i o n between the d i f f e r e n t laboratories, but 
the differences are not large. 

The c e n t r a l value of the peak i n each case agrees 
well with the mass of the 783 MeV/c . 
4.4 Angular Distributions 

F i g . 18 shows the d i s t r i b u t i o n of cos Q* 
for the outgoing p a r t i c l e s i n reactions A and B, where 
Q* i s the angle between the outgoing p a r t i c l e and the 
incident pion i n the o v e r a l l centre of mass system. 
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In both, cases the proton i s produced strongly "backwards, 
but there i s also a small peak i n the forwards 
d i r e c t i o n . The d i s t r i b u t i o n s for pions are not so 
strongly marked, but some peaking i n the forward and 
backward dir e c t i o n s i s noticed. Comparing the two 
reactions, i t can be seen that the d i s t r i b u t i o n s 
vary more sharply f or reaction A than for reaction B. 
The general d i s t r i b u t i o n of the outgoing p a r t i c l e s 
can be summarised by defining the quantity:-

R * (F - B) / (F + B) 

Where F i s the number of p a r t i c l e s produced i n 
the forwards d i r e c t i o n , and B the number of p a r t i c l e s 
produced i n the backwards d i r e c t i o n . The values of 
R are shown i n the table below. 

Table 11 
Forward - Backward Ratios 

Reaction A Reaction B 
Proton -.81 +• .04- - . 3 7 +: .035 

+.15 + -03 +.05 + .025 
+ .41 ± .04 +.29 +. .035 

y +.18 ± .035 



CHAPTER 5 
RESONANCE PRODUCTION 

5.1 Introduction 
I n t h i s chapter, resonance production seen i n 

four-pronged i n t e r a c t i o n s i s discussed. The main 
reactions under consideration here are reaction A 
( TY+ p pTT+TT+TT) , and reaction B ( ~r\*f -* p-ir^-n^TT-V) . i n 
addition, resonance production i n reaction E 
( V p -* fn+K*iC •) i s discussed. The only appreciable 
production of a resonance seen i n reaction D (TT*^*TI**VI»~) 
i s that of the A2, and t h i s i s described separately 
i n chapter 6. The sample of events of the remaining 
reaction (it*p«» fVirVi|*) has already been shown to 
contain only a small proportion of c o r r e c t l y assigned 
events, and t h i s reaction i s not discussed. 

I n each of the three reactions discussed i n t h i s 
chapter, strong resonance production occurs. The N* 
(1236) i s a dominant feature of each of these reactions 
and as t h i s i s by f a r the most commonly occuring N* 
resonance i n t h i s experiment, the name "N*" i s used 
throughout for t h i s p a r t i c u l a r resonant s t a t e , except 
where confusion might a r i s e . Reaction A i s o also 
characterised by the strong production of />°, 
p a r t i c u l a r l y i n association with an N*, and some f 0 

and A2 production i s also observed. Resonance 
production i n reaction B i s not so strong as i n 
reactionA, but quite strong N* and «J° production i s 
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observed, including some associated production 
of these. Also observed are the A 2, *)° and B 
mesons. Resonance production i n reaction E comprises 
the N*,A2 (decaying to K"*TT), Y* ( 1 5 2 0 ) , and K* ( 8 9 0 ) . 

I n order to estimate the cross-sections for 
resonance production d i f f e r e n t methods have been-
t r i e d . These methods are discussed before the 
description of resonance production i n the separate 
reactions. 
5 .2 Estimation of cross-sections for resonance production. 
5 .2 .1 Fowl 

Attempts were made to f i t e f f e c t i v e mass dis t r i b u t i o n ? 
calculated" by the computer programme, Fowl, v/hich 
generates random events and assigns to each one a 
weight so that the sample i s d i s t r i b u t e d according to 
Lorentz invariant phase space. Distr i b u t i o n s of 
physical q u a n t i t i e s , and co r r e l a t i o n s of p a i r s of 
physical quantities, can be displayed as histograms 
or as d e n s i t i e s on a two-dimensional plot. Resonance 
production can be introduced by multiplying each weight 
by a Breit-Wigner function of the form:-

r 

r 2
 + CM2 - M?) 2 
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M i s the e f f e c t i v e mass of the combination of 
p a r t i c l e s under consideration, and MQ i s the mass of 
the resonance to be generated. P i s the width of the 
resonance and, as a f i r s t approximation, can be 
written as a constant. The shape of the resonance 
i s better represented i f , instead of a constant, the 
width i s written as suggested by Anderson (2 4 ) : -

r = n 
2 l + 1 0:.'Q436 + p 2 

"2 
0^0436 +p 

Where p i s the momentum of the two decay products 
- i-n--their centre of ma~sV system, which i s a function 
of t h e i r e f f e c t i v e mass. p Q i s then the value of p 
for which M=MQ. i i s the o r b i t a l angular momentum 
of the decay products. 

For a narrow resonance, such as the «o°, the shape 
of the e f f e c t i v e mass peak was generated as a gaussian 
function to represent the d i s t r i b u t i o n of experimental 
er r o r s . 

For reaction A, events of the following four 
types were generated:-
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1f +P > P TT V TC*" Tr~ 

7T +p * N* TT*TT_ 

TT+P * P l l * " / * 

TT+P —* N y ° 

Attempts were made to f i t the experimental 
e f f e c t i v e mass d i s t r i b u t i o n s or e f f e c t i v e mass s c a t t e r 
plots with an incoherent addition of d i f f e r e n t amounts 
of the four r e a c t i o n s . Remembering that the sum of 
the four f r a c t i o n s must be unity, and that each 
f r a c t i o n can not be l e s s than zero, i t was found 

impossible to f i n d anything l i k e a reasonable f i t -
to the data. I n p a r t i c u l a r , the large concentration 
of points at the bottom r i g h t of f i g . 19 (or the 
high mass part of f i g . 2 0 . ) could not be represented 
i n t h i s way. On f i g . 2 0 , the e f f e c t i v e mass 
d i s t r i b u t i o n calculated i n Fowl, using for the f r a c t i o n s 
of the above reactions the values determined as 
described l a t e r , i s indicated. A constant width 
was used to generate the resonances for t h i s , but i t 
was found that the variable width a l t e r s only the 
de t a i l e d shape of the peak. I t can be seen that the 
predicted d i s t r i b u t i o n i s i n very poor agreement with 
the background. This r e s u l t i s contrary to that 
obtained for six-pronged events i n t h i s f i l m (18) 
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for which, the d i s t r i b u t i o n s predicted by Fowl was 
i n reasonable agreement with the experimental data. 
The procedure i n the a n a l y s i s of s i x prongs, having 
found the amount of the dominant processes, was to 
generate a mixture of events giving these proportions 
and to look at the e f f e c t i v e mass d i s t r i b u t i o n s for 
t h i s mixture. Deviations of the experimental 
d i s t r i b u t i o n s from those predicted by Fowl were 
examined for possible resonance production. The f a c t 
that the d i s t r i b u t i o n s predicted for four-prongs are 
so f a r from the experimental data c l e a r l y indicates 
that such a procedure applied here could not lead to 
accurate r e s u l t s . 

The c a l c u l a t i o n of phase space d i s t r i b u t i o n s for 
reaction B was found to be i n better agreement with 
the experimental data, but the discrepancies were 
s t i l l too much to accept the predictions of Fowl as 
r e l i a b l e . 

The reason for t h i s f a i l u r e to predict c o r r e c t l y 
the e f f e c t i v e mass d i s t r i b u t i o n s i s easy to see. 
For instance, there i s no t-dependence taken into 
account i n Fowl, which assumes a l l angular d i s t r i b u t i o n s 
to be :• i s o t r o p i c . The decay angular d i s t r i b u t i o n of 
resonances should be introduced too, and these would 
have to be found experimentally, since the observed 
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d i s t r i b u t i o n s are not the same as would be predicted 
by a simple OPE model. I t would also have been better 
to include the production of other resonances, such 
as the and £° i n reaction A. The disadvantage of 
such modifications i s that many extra parameters, 
and a considerable amount of experimental r e s u l t s 
would have to be brought into the c a l c u l a t i o n , with 
a consequent loss of r e l i a b i l i t y . 
5.2.;2 Empirical background 

The second method that was used i n an attempt to 
estimate the cross-sections of resonance production 
was to approximate the background by an empirical 
d i s t r i b u t i o n . The form used for the background was:-

(M - Mxj ) . P (M) 

Mx| i s the minimum possible e f f e c t i v e mass ( i . e . the 
sum of the masses of the decay products) 

P(M) i s a... polynomial i n M, the c o e f f i c i e n t s to be 
found by f i t t i n g . I n general, P was a second or 
t h i r d order polynomial. 

The experimental d i s t r i b u t i o n s were f i t t e d with 
the sum of such a background and a Breit-Wigner 
function, and i t was found that good f i t s could be 
obtained. The disadvantage of t h i s method can be 
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seen by considering the d i s t r i b u t i o n of the e f f e c t i v e 
mass of pir +, i n which there i s a large N* peak close 
to M̂ . The peak makes i t impossible to f i n d the shape 
of the background at low masses from the experimental 
d i s t r i b u t i o n , and t h i s must be found from the d i s t r i b u t i o n 
at high masses and the f a c t that the background i s 
zero at MsM^. The general shape of a d i s t r i b u t i o n 
of the e f f e c t i v e mass of two p a r t i c l e s has a v e r t i c a l 
slope at MaM^ according to phase space, and t h i s 
feature can not be represented by a polynomial. One 
would therefore expect that the f i t t e d background would 
be too low when calcul a t e d by t h i s method. Another 
disadvantage -of-using "an -"empirical background of t h i s 
form i s that a small broad peak could be interpreted 
as being part of the background. This i s p a r t i c u l a r l y 
true i n the case of the & seen i n the d i s t r i b u t i o n of 
the e f f e c t i v e mass of lr*V i n reaction A. The strong 
(P production makes d i f f i c u l t the estimation of the 
background i n the i° region. Indeed i n f i g . 24(b), 
the $° peak was e n t i r e l y f i t t e d with a polynomial 
background, and one would reach the conclusion that 
there are no backward decaying l 0 , s . The reason for 
t h i s i s that the background for the two d i s t r i b u t i o n s 
of f i g . 24 were estimated independently, with the 
r e s u l t that d i f f e r e n t shapes for these were estimated. 

Two instances have been pointed out in :whicn a 
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good f i t has "been obtained using an empirical 
background, and from which wrong conclusions would 
be drawn. Cl e a r l y , the use of t h i s method of 
estimating the cross-sections for resonance production 
could be dangerous i n cases where the behaviour of the 
background i s not so wel l understood. 
5.2.3 Estimated Background 

I n t h i s method, the background, assumed to be 
smoothly varying, i s estimated by eye, with due regard 
for the expected general shape of phase space d i s t r i b u t i o n s 
The ©bvidugii::; disadvantage of t h i s method i s that i t i s 
a subjective one. The advantage that t h i s method has 
over Fowl i s that the background, above which the 
siz e of a peak i s estimated, i s i n agreement with the 
experimental background. The advantages over the 
polynomial background method are that the estimated 
background can be made to have the same general shape 
as the expected phase space d i s t r i b u t i o n , and that 
backgrounds which are expected to have a s i m i l a r shape 
can be made to have a s i m i l a r shape. For these reasons 
t h i s method has, with one exception, been used. An 
allowance has been made for the error i n estimating 
the position of the background i n c a l c u l a t i n g the s 

error on the amount of resonance production. I n f a c t , 
t h i s error i s i n s i g n i f i c a n t i n comparison to the 
s t a t i s t i c a l error when estimating the si«£e of many of 



- 76 -

the peaks. I n each case the po s i t i o n of the estimated 
background i s shown on histograms. 

In one case the background has been expressed 
i n polynomial form over a limited range. This method 
was used for the estimation of the mass and width of 
the B meson, where i t was necessary to express the 
form of the background i n terms of a few parameters. 
In section ^.^B the d e t a i l s of the method used for 
t h i s are described. 

C l e a r l y , since the background i s estimated as 
smoothly varying, resonance production i n regions 
where the background i s not smoothly varying can not 
be discussed. An obvious example of such a case 
would be the A^ meson., , whose observation:., i s 
complicated by the Deck e f f e c t ( 2 5 ) . However, the 
resonances which are affected i n t h i s way are not the 
strongly occurring:..; ones, and are omitted from the 
following description of resonance production. 
5-3 Reaction A 
In t h i s section the reaction A ( i . e . "rr^P -» p**nr+iC) 

i s examined. This reaction comprises 5975 events and 
unless otherwise sp e c i f i e d , t h i s i s the number of events 
plotted on a l l diagrams for t h i s reaction. The reaction 
i s dominated by the production of N* and of In 

O -I-
a d d i t i o n , the f and A are observed. 
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5-3.1 N* and/°° production 
I n f i g . 19 i s shown the s c a t t e r diagram of the 

e f f e c t i v e mass of p i t * versus the e f f e c t i v e mass of 
^iti". (The subscripts of the it*indicate that a 

d i f f e r e n t U* i s taken i n the two d i f f e r e n t combinations.) 
Each event i s represented twice on the diagram, cor
responding to the two possible choices of the IT* to be 
combined with the proton. The bands corresponding to 
the production of N* and of /° can be seen c l e a r l y . 
The large concentration of points i n the region of the 
overlap of these two bands indicates the strong double 
resonance production. 

F i g . 20 i s the projection of - t h i s s c a t t e r - p l o t 
to give a histogram of the d i s t r i b u t i o n of the 
e f f e c t i v e mass of ptr* The peak due to the production 
of N* i s c l e a r l y seen. The number of en t r i e s 
above an estimated smooth background (the continuous 
l i n e i n the figure) i s 3840 + 240 corresponding to a 
cross-section for the production of N* of 1.73 ± 0.12 mb., 
or 64 + 4% of reaction A. 

F i g . 21 shows the projection of the s c a t t e r 
diagram to give the d i s t r i b u t i o n of the e f f e c t i v e 
mass of VTT. The peak due to the /»° can c l e a r l y 
be seen. The number of en t r i e s i n the peak above the 
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estimated smooth "background i s 3 3 3 0 ±_ 2 0 0 and the cross-
s e c t i o n f o r p° p r o d u c t i o n i s t h e r e f o r e "1 .50 + 0 . 1 1 mb., 
or 5 6 + 3% of r e a c t i o n A. 

F i g . 2 2 i s the d i s t r i b u t i o n of the e f f e c t i v e 
mass of t r V f o r those events i n which the remaining 

pit*" i s compatible w i t h an N*. For t h i s purpose i t 
was r e q u i r e d t h a t the e f f e c t i v e mass of the p i t * 

2 
combination should be i n the range 1.14 t o 1 . 3 0 GeV/c . 
Examination of the d i s t r i b u t i o n shown i n f i g . 2 0 shows 
t h a t about 85% of the p V combinations s e l e c t e d would 
be an N*. The p° s i g n a l i n t h i s s e l e c t e d sample i s 
much stronger than i n the t o t a l sample, and the number 
of e n t r i e s i n the ^ ° peak above the estimated back
ground i s 1 2 5 0 + 1 2 0 . Thus the s e l e c t e d sample 
contains a p i n 3 7 - 8 ± 3 - 6 % and as the sample i s 
l a r g e l y of N* "n+"rc" , one would conclude t h a t a />° 
i s produced i n a s s o c i a t i o n w i t h t h a t p r o p o r t i o n of 
N*'s t h a t i s the c r o s s - s e c t i o n f o r the double resonance 
p r o d u c t i o n process N*^0 i s 3 7 - 8 + 3 - 6 % of the cross-
s e c t i o n f o r N* p r o d u c t i o n . The c r o s s - s e c t i o n f o r the 
p r o d u c t i o n of N*/° i s t h e r e f o r e estimated t o be 0 . 6 5 ± 

0.08 mb., which i s 24 + 3% of r e a c t i o n A. This value 
of the c r o s s - s e c t i o n i s compared w i t h the value from 
experiments a t other i n c i d e n t p i o n momenta i n f i g . 2 3 
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5 . 3 . 2 1° p r o d u c t i o n 
F i g . 1 9 also shows evidence f o r N*{° p r o d u c t i o n , 

although no |° hand i s seen. 
The d i s t r i b u t i o n of the e f f e c t i v e mass of tr*ir~ 

shown i n f i g . 2 1 . also i n d i c a t e s the presence of 4° 
p r o d u c t i o n . An e s t i m a t i o n of the number of e n t r i e s 
above the background i n the r e g i o n of the J° i s 
4-20 ± 1 1 0 , which corresponds t o a c r o s s - s e c t i o n f o r 
the p r o d u c t i o n of |° decaying t o l i V " of 0 . 1 9 ± . 0 . 0 5 mb. 
I n the d i s t r i b u t i o n of the e f f e c t i v e mass of T r * V 

associated w i t h an N*, f i g . 2 2 , the f° s i g n a l i s 
improved. There are 260 * 7 0 e n t r i e s above the 
estimated background i n the r e g i o n which i s 
7.8 ± 2 . 1 % of the sample under c o n s i d e r a t i o n . From 
t h i s one c a l c u l a t e s a value f o r the c r o s s - s e c t i o n 
f o r the double p r o d u c t i o n of N* £° (-^TT^TT) of 
0 . 1 3 5 ± 0 . 0 3 5 mb. As the *° has i s o s p i n zero, i t i s 
p r e d i c t e d by Clebsch-Gordan c o e f f i c i e n t s t h a t i t 
should decay t o i r V and t o V i c * i n the r a t i o n 2 : 1 . 

The c r o s s - s e c t i o n f o r N*£° p r o d u c t i o n i s t h e r e f o r e 
0 . 2 0 ± 0 . 0 5 mb. The data i s not i n c o n s i s t e n t w i t h 
the statement t h a t the 1° i s produced i n a s s o c i a t i o n 
w i t h the N* b u t n o t s e p a r a t e l y . The c r o s s - s e c t i o n 
f o r the p r o d u c t i o n of N*£° i s compared w i t h those from 
other experiments i n f i g . 2 3 . 
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F i g . 24(a) shows the d i s t r i b u t i o n of the 

e f f e c t i v e mass of Tr^w" associated w i t h an N* where 
the TT + i n the centre of mass system of the *«TW i s 
produced i n the forward d i r e c t i o n r e l a t i v e t o the i n c i d e n t 
i r t F i g . 24(b) shows the complementary d i s t r i b u t i o n 
where the "fr* i s produced i n the backward d i r e c t i o n . 
The ^° s i g n a l can be seen t o be strong e r i n the f i r s t 
diagram, i n which there i s an excess of 1 9 0 + 3 0 

events above the estimated background. From the o v e r a l l 
spectrum of f i g . 2 2 , assuming the u s u a l l y observed 
symmetrical decay of the f°, one would have expected 
1 3 0 £ 3 5 events, and the value obtained i s not 
i n c o n s i s t e n t w i t h t h i s . However, the peak f o r the 
backward decaying 4° i s c e r t a i n l y broader than t h a t 
f o r the forward decaying |° and the d i f f e r e n c e i n 
the appearance of the two peaks does not support the 
assumption of a symmetrical decay, and i s probably 
the r e s u l t of an i n t e r f e r e n c e w i t h some s c a t t e r i n g 
w i t h odd angular momentum. 
5 . 3 . 3 t dependance of N* and />° p r o d u c t i o n 

F i g . 2 5 shows the Chew-Low p l o t f o r i t * 1 * " systems. 
The c o n c e n t r a t i o n of p o i n t s i n the p° r e g i o n a t low 
values of \ t | i s v ery c l e a r . The p e r i p h e r a l p r o d u c t i o n 
of the can also be observed on t h i s p l o t . S e l e c t i n g 
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events f o r which | t ( p / p ^ ) | ^0.3 GeV (and t a k i n g 
"both pir* combinations i f b o t h s a t i s f y t h i s c o n d i t i o n ) ' , 
the s c a t t e r p l o t of the e f f e c t i v e mass of the p i r * 
combination against the e f f e c t i v e mass o f the associated 
TrV system i s shown i n f i g . 26. I t can be seen t h a t 

the N"y° and N**° p r o d u c t i o n processes are very much 
favoured by such a s e l e c t i o n . 

F i g . 2 7 shows the d i s t r i b u t i o n of - t f o r the 
r e a c t i o n of V"p -»N*/>° showing the sharp forward peak. 
For t h i s , events have been s e l e c t e d i n which a p'w** 
combination has an e f f e c t i v e mass i n the range 1.14 t o 

2 
1.30 GeV/c and the complementary n V combination has 
an e f f e c t i v e mass . i n the range 0.66 t o "0~;86 GeVfc, . 

a t 
W r i t i n g d*-/dt*e f o r t h i s range of t the value 
a = 11.6 + 0.6 GeV'2 i s obtained. At 8 GeV/c(10), 
i t was found t h a t a e 1 1 . 7 ± 1.1 GeV"2 f o r 0.06 < 

p 
- t < 0 . 4 GeV . I n t a b l e 12, the values o f the slope 
f o r d i f f e r e n t , nearby regions of f i g . 1 9 are given 
f o r comparison. There appears t o be q u i t e s t r o n g 
p e r i p h e r a l i s m w i t h the p r o d u c t i o n of a s i n g l e resonance, 
but not so much w i t h the four-body p r o d u c t i o n process. 

F i g . 28 shows a p a r t of the Chew-Low p l o t o f the* 
TtfSr" systems associated w i t h a p o s s i b l e N*. The 

r e g i o n shown i s t h a t corresponding t o h i g h values of | t l , 
and the boundary of the p h y s i c a l r e g i o n , as l i m i t e d by 
ki n e m a t i c s , i s shown. The presence o f f° p r o d u c t i o n a t 
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TABLE 12 
dff/dt SLOPES FOB REGIONS ADJACENT TO 
N»p° REGION " 

DEFINITION 

1500-

MEV/C* 

I I 40 -

I 0 6 0 -

BAND 
I 

A F B 

C D 

E 

« N* BAND 

* 5 0 66O 86O 1060 

MASS ( • * • " ) 
M e v / c * 

RANGE OF 

- t ( 6 E V a ) 
SLOPE 
( G E V - ) 

* * p - * p « * • * « -
A O.O - 0.8 4.6 * O.S 

* * p - * p « * • * « -

B O.I - O S 3.5 £ O.S 

. • p —* N* 
C O.O - O.S 9.3 £ O.B 

. • p —* N* 

D O.I - 0.6 7.6 t 0.6 

«* p - » p • • p " 
E O O - 0.6 10.6 + 1.3 

«* p - » p • • p " 

F O.I - 0.6 7.3 • 0.6 

O.OS - O.I S 11.6 ± 0-6 
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h i g h values of 11| can he seen, consistent w i t h the 
pr o d u c t i o n of N*^0 by a baryon exchange mechanism. 

- E s t i m a t i n g the background from nearby r e g i o n s , 
the c r o s s - s e c t i o n f o r the backward N^>° p r o d u c t i o n 
i s found t o be 7 + 3 ^ t . Taking the r e a c t i o n as 
being due t o baryon exchange, t i s d e f i n e d thus:-

t « [ i ( N * ) - ^ ( T r * ) ] 2 - j ( p ) ] 2 

Using t h i s d e f i n i t i o n of t , f i g . 2 9 shows the 
d i s t r i b u t i o n of - t f o r N y ° p r o d u c t i o n , u s i n g the 
same i n t e r v a l s of mass as f o r the forward peak. The 
d i s t r i b u t i o n i s again p l o t t e d on a l o g a r i t h m i c s c a l e . 
W r i t i n g dff-/dtA e a t , a i s found t o be 1 . 2 ± 0.4 GeV"2 

» , 2 

f o r t h i s r e a c t i o n w i t h |t|<1.5 GeV . 
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5 . 3.4 Decay angular d i s t r i b u t i o n s of N* and />° 

The l$y>0 r e a c t i o n has been s t u d i e d i n terms of 
the Gottfied-Jackson a n a l y s i s . The decay angles 
are d e f i n e d as f o l l o w s : -

00 i s the angle between the d i r e c t i o n s of the 
incoming ir^and the outgoing tr*produced by the decay 
of the / * ° . 

i s the angle between the p r o d u c t i o n plane of 
the N* and the plane d e f i n e d by the incoming "ir + and 
the *»r+ produced by the decay of the /P. 

Both of these angles are d e f i n e d i n the r e s t 
system of the f°. The angles ^N* and ^N* are 
d e f i n e d i n a s i m i l a r way f o r the decay of the N* i n 
the r e s t system of the N*. 

The d i s t r i b u t i o n s of the decay angles are given 
by ( 2 6 ) : 

-1TU sin* 0 , . ifa-ify„ s ' " , 2 ^ t o 

ace 
Where / • the s p i n - d e n s i t y m a t r i x elements 

f o r s p i n components wi,^' i n the decay and the 
pr o d u c t i o n of the r e s o n a n c e . ( / 2 , /2 are abbreviated 
as 3, 1 i n the expression f o r N*.) The d i r e c t i o n 
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of measurement of m and m' i s taken as the 
d i r e c t i o n of the incoming Tr*(p) i n the r e s t system 
of the /°(N*). On the b a s i s of the one-pion exchange 
model w i t h o u t a b s o r p t i o n , one would t h e r e f o r e expect 
m • m' = 0. 

The d e n s i t y m a t r i x elements have been c a l c u l a t e d 
from the decay angular d i s t r i b u t i o n s f o r d i f f e r e n t 
i n t e r v a l s of t and are shown i n f i g . 30. The curves 
are the d i s t r i b u t i o n s c a l c u l a t e d on the b a s i s of the 
one-pion-exchange model w i t h a b s o r p t i o n a t 4 GeV/c ( 2 7 ) . 

There are some discrepancies i n the / ^ 1 , - 1 and /*33 
elements. There i s , however, the problem of 
s e l e c t i n g a pure sample of events, and th e r e 
seems t o be a s i g n i f i c a n t amount of i n t e r f e r e n c e w i t h 
S-wave background i n the /»° s e l e c t i o n , as can be seen 
from the unsymmetrical decay d i s t r i b u t i o n 
(F-B/F+B =0.35 ± 0.03 f o r />° decays.). Bearing 
t h i s problem i n mind, the agreement w i t h the a b s o r p t i o n 
model c a l c u l a t i o n seems t o be s a t i s f a c t o r y . 

I n f i g . 31 the d i s t r i b u t i o n s of c o i f y , and 
cos ̂  N* are shown f o r d i f f e r e n t i n t e r v a l s of the 
o t h e r , t o look f o r c o r r e l a t i o n s between the decays 
of f>° and N*, which would n o t be expected i f the 
p r o d u c t i o n was by the exchange of a s p i n l e s s p a r t i c l e 
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such as a p i o n . Events w i t h l t \ < 0 . 3 GeV were 
used f o r t h i s . A c o r r e l a t i o n "between the N* and the 
f° v e r t e x can be observed, which i s i n disagreement 
w i t h e i t h e r a simple one-pion exchange model or a 
f o r m - f a c t o r m o d i f i c a t i o n of i t . The d i s t r i b u t i o n s 
have been f i t t e d by a f u n c t i o n p r o p o r t i o n a l t o 
( 1+B cos6+ C cos (J ) . The c o e f f i c i e n t s 
B and C are presented i n t a b l e 13. The f a c t t h a t 
some c o r r e l a t i o n i s observed i n d i c a t e s t h a t t h e r e are 
some absorptive e f f e c t s i n the r e a c t i o n . 



Table 13 

C o e f f i c i e n t s of M* and /°° decay d i s t r i b u t i o n 
a) N* decay 

Range of cos j B C KISnBer of! 
Events ! 

i 
-1.0 t o - 0.il- io.04 + 0.13 0..55 + 0.26 

1 

264 ! 

-0.4 t o +0.4 0.06 + 0.15 0.35 + 0.30 180 ! 
I 

+0.4 t o +1.0 0.01 + 0.13 1.79 + 0.30 573 i 
i 

b) Z5* decay 
Range of cos <?N* B fNumber of 

^ i Events 
-1.0 t o -0.4 3 .03+ 0.63 7.82 +1 .50 I 356 

! -0.4 t o +0.4 1.02 + Q..29- -3-.71- + 0 .70- i 309 ~~ j 
+0.4 t o +1.0 2.51 ± 0.50 6.38 + 1.12 j 352 

i 

http://-0.il-
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5.3-5 The meson 

F i g . 32 shows the e f f e c t i v e mass d i s t r i b u t i o n 
f o r the ^ ^ " c o m b i n a t i o n . The enhancement due t o 
the p r o d u c t i o n of the A 2 meson can be seen. The 
number of events above the background i s estimated 
t o be 93 ± 25, and the c r o s s - s e c t i o n f o r the p r o d u c t i o n 
of A 2

+ d e c a y i n g t o TrSrVto be 42 + 12̂ 1*. 

The k^ s i g n a l i s improved by examining o n l y the 
events which s a t i s f y the f o l l o w i n g two c o n d i t i o n s : 

1) The e f f e c t i v e mass of e i t h e r of the two p o s s i b l e 
combinations i s compatible w i t h f° i . e . i n the 
range 0.66 t o 0.88 GeV/c . 

2) The event i s not compatible w i t h N*^° p r o d u c t i o n , 
the mass range of the N* being d e f i n e d t o be 
1.1.4 to 1.30 GeV/c2. I t can be seen i n f i g . 
19., t h a t the e f f e c t i v e mass of p i t * i n the 
p band i s roughl y uniform a p a r t from the N* 

so roughly 10>£ of fi not produced 
p r o d u c t i o n ^ w i t h N* w i l l be excluded by t h i s 
c o n d i t i o n , and the c r o s s - s e c t i o n f o r k^ 
p r o d u c t i o n must be c o r r e c t e d a c c o r d i n g l y . 

F i g . 33- shows the d i s t r i b u t i o n of the /rr +i«'*V 

e f f e c t i v e mass f o r events s a t i s f y i n g these c o n d i t i o n s . 
The peak corresponding t o the p r o d u c t i o n of contains 
11:16 ± 21 events above the estimated background. The 
c r o s s - s e c t i o n f o r the p r o d u c t i o n of A^ and i t s subsequent 

decay t o i s t h e r e f o r e estimated t o be 58 + 10 /*b. 
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5.4-. Reaction B 

I n t h i s s e c t i o n the r e a c t i o n B ("Tr*p-* pt»*V"'»~V') i s 
s t u d i e d . A f t e r r e s t r i c t i n g the sample on the "basis of 
the square of the missing mass, 6453 events remain. 
The main f e a t u r e s of t h i s r e a c t i o n are the p r o d u c t i o n 
of N* and vo°. I n a d d i t i o n t h e r e i s evidence f o r the 
p r o d u c t i o n of and B*. 
5.4.1 N* , *o° and ^° p r o d u c t i o n 

F i g . $4 shows a s c a t t e r p l o t of the e f f e c t i v e mass 
of ptr*- versus the e f f e c t i v e mass of the remaining •n'Vir 0 

Each.event i s represented t w i c e on the diagram, 
corresponding t o the two p o s s i b l e combinations of 
-The bands due t o the f o r m a t i o n of N* and «o° can be 
seen, as w e l l as the c o n c e n t r a t i o n of p o i n t s i n the 
overlap r e g i o n due t o the combined p r o d u c t i o n of 
N* and <*>°. The band due t o the p r o d u c t i o n of *j°, 
p a r t i c u l a r l y i n a s s o c i a t i o n w i t h N*, can also be seen. 

I n f i g . 35 i s shown the p r o j e c t i o n of the s c a t t e r 
diagram t o give the e f f e c t i v e mass d i s t r i b u t i o n f o r 
pix*", i n which the s t r o n g N* peak can be seen. E s t i m a t i n g 
the number of e n t r i e s above the smooth background, one 
estimates t h a t 2420 + 1 5 0 events i n the sample 
proceed v i a the p r o d u c t i o n of N*. The c r o s s - s e c t i o n 
f o r N* p r o d u c t i o n i n t h i s r e a c t i o n i s t h e r e f o r e 
1.08 4-0.06 mb, or 37 ± 2% of r e a c t i o n B. 
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F i g . 36 i s the p r o j e c t i o n of the s c a t t e r diagram 

t o give the d i s t r i b u t i o n of the e f f e c t i v e mass of 
K^tTif. The s t r o n g p r o d u c t i o n of the io° can he 
seen. 1150 ± 70 events are estimated t o proceed v i a 
the p r o d u c t i o n of an J3 decaying t o iT4"nrnJ'>, and the 
c r o s s - s e c t i o n f o r such a process i s estimated t o he 
0.51 i 0.045 mh or 18 ± 1% of r e a c t i o n B. There i s 
a small peak due t o the p r o d u c t i o n of h u t a very 
s i g n i f i c a n t one because of the small background. The 
number of e n t r i e s above the estimated background i s 
97 ± 16. The c r o s s - s e c t i o n f o r the p r o d u c t i o n of ^decaying 
t o TrSfTr* i s t h e r e f o r e estimated t o be 43 4- 8yub. 

F i g . 37"shows the e f f e c t i v e mass d i s t r i b u t i o n 
f o r K^irV when the e f f e c t i v e mass of the associated 

pir* i s i n the range 1.1£ t o 1.30 GeV/c2. The peaks 
corresponding t o and t o f can be seen t o be 
enhanced by t h i s s e l e c t i o n . However, the use of t h i s 
histogram t o estimate the amount of double resonance 
p r o d u c t i o n i s not as r e l i a b l e as f o r r e a c t i o n A, as 

of . 
i n o n l y (60^/this sample does the combination 
correspond t o an N*. The e f f e c t i v e mass d i s t r i b u t i o n 
of t^tTti0 was examined f o r d i f f e r e n t i n t e r v a l s 
of the e f f e c t i v e mass of the remaining j|»V". F i g . 38 
shows the number of *o°' s found i n each sample as 



5 3 
111 2 19 

in in 



in 
|A 
in 

I — ' 

j Z Z ? 

in 

in m 
ul 



FIG.38 

4 0 0 

3 0 0 

2 0 0 
ID 

I O O 

1-2 1-4 1-6 1-8 

M A S S (pf + ) G « V / c 2 



- 90 -
a f u n c t i o n of the mass of the pir +system. The l i n e 
drawn on the f i g u r e i s the background estimated from 

p 

the three p o i n t s above 1.38 GeV/c . The f i g u r e 
i s e s s e n t i a l l y the d i s t r i b u t i o n of the e f f e c t i v e mass 
of jnr*" when the products of the i n t e r a c t i o n are pOr*<o° , 

so the excess above the background corresponds t o events 
i n which N*i*3° i s produced. This excess i s estimated 
t o be 3^0 £ 40 events. The c r o s s - s e c t i o n f o r the 
p r o d u c t i o n of N*u>° decaying t o i r + T r ~ T c 0 ) i s then 
0.14 + 0.02 mb., which i s 4.8 ± 0.6% of r e a c t i o n B. 
C o r r e c t i n g f o r unseen decay modes, the c r o s s - s e c t i o n 
f o r the p r o d u c t i o n of N*^° i s 0.155 j.0.02 mb. This 
value i s compared, w i t h those from other experiments 
i n f i g . 23. To estimate the amount of N*^° p r o d u c t i o n , 
the s c a t t e r p l o t of f i g . 34 was examined i n the ̂ ° 
band, d e f i n e d as 0 .52 t o 0.58 GeV/c2. I n the three 
regions of t h i s band 1.12 t o 1.36, 1.36 t o 1.60, and 

2 
1.60 t o 1.84 GeV/c , one observes r e s p e c t i v e l y 
50,17, and 16 p o i n t s . The number of events which 
proceed v i a the p r o d u c t i o n of N*^° i s estimated t o 
be 33 ± 7- The c r o s s - s e c t i o n f o r N*^° p r o d u c t i o n 
( d e c a y i n g t o nr*'rC~nd) i s t h e r e f o r e estimated t o 
be 15 ± 3/*b. 
5-4.2 t dependance of N* and »o0 p r o d u c t i o n 

F i g . 39 shows the d i s t r i b u t i o n :tf t f o r events 
c o n s i s t e n t w i t h the p r o d u c t i o n of N*(*>°. For t h i s the 
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N* was taken i n the e f f e c t i v e mass range 1.14- t o 1.30 
GeV/c2 and the *o° i n the range 743 t o 823 MeV/c2. A 
forward peak f o r t h i s process i s observed, and an 

a t 
e x p o n e n t i a l r e p r e s e n t a t i o n of the form e has the 

_p 
slope a=3.7 + 0 .3 GeV over the range of I t I, 0.1 

2 
to 0 .9 GeV . This peak i s consi d e r a b l y broader than 
t h a t f o r N* p r o d u c t i o n . For comparison, the slopes 
f o r nearby regions of f i g . 34- are given i n t a b l e 14. 
5.4.3 Decay angular d i s t r i b u t i o n s of N* and 

The decay angular d i s t r i b u t i o n s have been s t u d i e d 
by the Go t t f r i e d - J a c k s o n a n a l y s i s as f o r the 
p r o d u c t i o n . I n t h i s case the normal t o the decay 
plane, _ ( t h e d i r e c t i o n p^- —p.^,) was- used _~to~ d e f i n e 
the decay d i r e c t i o n of the *»°, i n s t e a d of the TT + 

d i r e c t i o n as i n the f° decay. 
F i g . 40 shows the s p i n d e n s i t y m a t r i x elements 

obtained f o r f o u r d i f f e r e n t i n t e r v a l s of t . The curves 
shown are the p r e d i c t i o n s of the ab s o r p t i o n model 
assuming y»-meson exchange w i t h an electromagnetic 
c o u p l i n g a t the baryon v e r t e x , c a l c u l a t e d f o r 
4GeV/c i n c i d e n t p i o n momentum. The d i s t r i b u t i o n s 
obtained do not agree w i t h the p r e d i c t i o n s of the 
ab s o r p t i o n model, although the r e s u l t s are much the 
same as those obtained by ABBBHLN c o l l a b o r a t i o n (28) 
and by the ABC c o l l a b o r a t i o n ( 1 0 ) . 
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I n f i g . 4-1, the d i s t r i b u t i o n s of cos ^jy* and 
cos 0 W are g i v e n f o r d i f f e r e n t i n t e r v a l s of the 
oth e r . I n t h i s case, no s i g n i f i c a n t c o r r e l a t i o n 
"between the decays i s observed. Table 15 gives 
the c o e f f i c i e n t s obtained by f i t t i n g each d i s t r i b u t i o n 
w i t h a f u n c t i o n p r o p o r t i o n a l t o 1+-B cos$ -l-C cos $. 
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Table 15 
C o e f f i c i e n t s of N* and «*>° decay d i s t r i b u t i o n s 

a) N 8 decay 

Range of cos 9^ 
i 

B C Number of 
Events 

-1.0 t o -0.4 0.14 * 0.17 0.28 + 0.34 130 

-0.4 t o +0.4 -0.01 + 0.16 0.18 + 0.30 148 
+0.4 t o +1 .0 -0.06 + 0.22 0.67 + 0.45 117 

b) u>° decay 

w 

Range of cos $N* B C Number of 
Events- -

-1.0 t o -0.4 -0.14 + 0.17 0.22 + 0.34 127 

-0.4 t o +0.4 -0.14 + 0.17 0.23 + 0.34 144 
+0,4 t o +1.0 -0.01 + 0.22 0.79 + 0.67 124 
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5.4.4. f production 

Fig. 42 shows the e f f e c t i v e mass d i s t r i b u t i o n s of 

'jr^TTjOf "TTV* and of it"ir°. The dashed histogram i n 

each case i s the corresponding d i s t r i b u t i o n excluding 

u>°events i . e . those i n which a if'tfTf combination has 

an e f f e c t i v e mass i n the range 743 to 823 MeV/c . 

A peak i n the region of thefmeson can be seen on each 

d i s t r i b u t i o n , and i n each case, the signal i s improved 

by the exclusion of w° events. Some at l e a s t of the 

peak i n the *Tr,rTr" spectrum could be due to a r e f l e c t i o n 

from the Ag . 

5.4.5. Ag production 

On f i g . 36, the e f f e c t i v e mass d i s t r i b u t i o n for 

^nfti0, some enhancement i n the region of the Ag 

meson can be seen. The signal i s improved by imposing 

the following conditions: 

1) The complementary pTf combination has an 

e f f e c t i v e mass i n the range 1.14 to 1.30 GeV/c . 

2) E i t h e r the 1r+Vor the ft" >Tr 0combination has 
2 

an e f f e c t i v e mass i n the range 0.66 to 0.86 GeV/c . 

The r e s u l t a n t e f f e c t i v e mass d i s t r i b u t i o n i s shown 

i n f i g . 43. The number of eVents above the background i n 

the region of the A_ mass i s estimated to be 200 30. No 
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i s seen t h a t the A 2 i s produced other than w i t h an 
N*, so one concludes t h a t the c r o s s - s e c t i o n f o r the 
p r o d u c t i o n of N* A 2 (A 2-V») i s 89 ± 13/J». 

The o b s e r v a t i o n of the A 2 decaying t o ^ i r * i s 
discussed i n chapter 6. 

5.4.6 The B* meson 
F i g . 44 ( a ) shows the e f f e c t i v e mass d i s t r i b u t i o n 

f o r the t r S ^ t r i c * system. Some enhancement i n the r e g i o n 
p 

of 1.2 t o 1.3 GeV/c can be seen. F i g . 44 ( b ) shows 
the same d i s t r i b u t i o n when the sample i s r e s t r i c t e d t o 
those events i n which a T ^ W combination i s compatible 
w i t h an *o° (743 t o 823 MeV/c 2). The peak a t the 
p o s i t i o n of the B meson can be seen. The number-.of 
events above the background i s estimated t o be 105 + 25. 

The B meson was f i r s t observed i n «jfp i n t e r a c t i o n s 
by Bondar e t a l . (29) and i n -tfp i n t e r a c t i o n s by 
Abolins e t a l . ( 2 0 ) . I t was suggested by Maor and 
O'Halloran (30) t h a t the peak could be the r e s u l t 
of a Deck mechanism. The v i r t u a l d i s s o c c i a t i o n of 
the i n c i d e n t p i o n i n t o and the subsequent r e a c t i o n 
^f-*Trf should produce a broad peak i n the neighbour-

p 

hood of 1.2 GeV/c . However, a s i g n i f i c a n t B peak has 
been observed by B a l t a y e t a l . (31) i n pp a n n i l i l a t i o n s , 
which confirms the existence of the B meson. For t h i s 
reason, the peak observed here has been i n t e r p r e t e d as 
being due t o the p r o d u c t i o n of the B*~ meson. 
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F i g . 45 gives the D a l i t z p l o t f o r which the 
f i n a l s t a t e i s compatible w i t h pt/̂ w*. The square 
of the e f f e c t i v e mass of p"1**" i s p l o t t e d against 
the square of the e f f e c t i v e mass of V h f . Events 
i n which b o t h t^-wir* combinations are compatible 
w i t h an are p l o t t e d f o r each value of the e f f e c t i v e 
mass of p i t * . The s t r o n g p r o d u c t i o n of N* can be 
observed, as w e l l as a f a i n t band due t o the B + meson 
The f a c t t h a t there i s a c o n c e n t r a t i o n of p o i n t s 

along the whole l e n g t h of the B band supports the 
P +* 

J assignment of 1 f o r the B meson. 
I n order t o study the decay angular d i s t r i b u t i o n 

of the B*, the angle cos 0 6 i s d e f i n e d t o be the 
angle between the incoming and the outgoing ^ ( t h e 
one not produced by the to 0 decay) i n the centre of 
mass system of the f i n a l *»r*fc>*system (see f i g . 4 6 ) . 
F i g . 47 shows a s c a t t e r p l o t of the e f f e c t i v e mass 
of t r V versus cos d$ . N*w° events are excluded 
and events i n which e i t h e r combination of -n*nrnf c o u l d 
be the decay products of an «*>° are represented t w i c e . 
A c o n c e n t r a t i o n of p o i n t s a t j c o * 0 f t J = = 1 i s n o t i c e a b l e 
throughout the range of the mass of , but 
p a r t i c u l a r l y a t the l a r g e r values of the mass. The 
band corresponding t o the B + meson can be seen. 
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The p r o j e c t i o n of t h i s s c a t t e r p l o t t o give the 
angular d i s t r i b u t i o n f o r the 3-region i s presented 
i n f i g . 4 8 ( a ) . The B-region i s d e f i n e d t o be the 

p 

mass i n t e r v a l 1.16 t o 1.36 GeV/c . Examination of 
f i g . 44(b) shows t h a t about 40% of the e n t r i e s i n 
the 3-.region corresponds t o a B + meson. I n order 
t o estimate the e f f e c t t h a t the remaining 60% would 
have on the d i s t r i b u t i o n , c o n t r o l regions were 
de f i n e d by the mass i n t e r v a l s 1.06 t o 1.16, and 
1.36 t o 1.46 GeV/c2. F i g . 48(b) shows the 
d i s t r i b u t i o n of cos 9& f o r the c o n t r o l r e g i o n s . 
The d i f f e r e n c e of these two d i s t r i b u t i o n s presented 
i n f i g . 48 ( c ) i s now the decay angular d i s t r i b u t i o n 
f o r the B + meson. The s t a t i s t i c a l standard e r r o r s 
are i n d i c a t e d on t h i s f i g u r e . 

• I t can be seen t h a t the angular d i s t r i b u t i o n 
i s i s o t r o p i c . I n f a c t , assuming an i s o t r o p i c 
d i s t r i b u t i o n one obtains t h a t yt= 3«&i there being 
f o u r degrees of freedom. The 'X* p r o b a b i l i t y i s then 
0.46. The best f i t t o a d i s t r i b u t i o n of the form 
c+a cos 6 i s w i t h a = 0.1+0.3- The observed 
i s o t r o p i c d i s t r i b u t i o n supports the conclusion t h a t 
the B-+ decay t o «O°TT+ takes place i n an S-state. 
The T assignment would then be i t . 
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A study of the T assignment of the B meson 

has been made by Carmony et a l (32) who. f i n d t h a t 

the best f i t to t h e i r data i s w i t h the 1 " assignment, 

although the f i t i s not a good one, and the 1 + and 

2~ assignments are s t i l l p o s s i b l e . I f the B meson 

were a 1 + meson the decays to KE and to 2nr would 

be forbidden by the c o n s e r v a t i o n of p a r i t y . 

Moreover, i f the 3 were a 1~ meson one would expect 

to se-e these decays. The r a t e of the decay of B 

to KK has been determined by Hess (33) to be l e s s 

than 2% of the r a t e of decay to wir and the r a t e of 

decay to 2** has been found by the ABBBHLM 

C o l l a b o r a t i o n (35) to be l e s s than 30$. The f a c t 

t h a t these decay modes h3.'ve not been observed i s 

evidence a g a i n s t the T assignment of 1 " f o r the 

B meson. 

The projection 0 f p i g . 4.7 to give the e f f e c t i v e 

mass d i s t r i b u t i o n of u)V + i s given f o r |co$0 6|<O .5 

i n f i g . 4 9 ( a ) , and f o r |cos0J>O . 5 i n f i g . 4 9 ( b ) . 

The B meson peak i s c l e a r e r i n . the f i r s t of 

th e s e . An attempt was made to f i t the d i s t r i b u t i o n 

of f i g . 4 9 ( a ) i n order to ob t a i n a v a l u e f o r the 

mass and the width of the B as f o l l o w s : 

The background of the d i s t r i b u t i o n was estimated 
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by f i t t i n g a t h i r d order polynomial curve to the 

mass i n t e r v a l s 0 .96 to 1 . 1 , and 1.4 to 2.2 GeV/c 2. 

The experimental d i s t r i b u t i o n i n the range of 

1.04 to 2.0 GeV/c 2 was f i t t e d by minimum X*to a 

d i s t r i b u t i o n of the form of the sum of the back

ground and a Breit-Wigner f u n c t i o n : -

N P 2 / ( r 2 +. (M 2 - M o
2) 2/M Q

2) 

Where N i s p r o p o r t i o n a l to the number of 

events i n which a B + i s produced. 

P i s the f u l l width of the peak 

M i s the c e n t r a l mass value of the peak 

and M i s the "v**** e f f e c t i v e mass. 

The best f i t was obtained with f = 125 + 30 MeV/c 

and M = 1230 + 20 MeV/c^ The estimated s t a n d a r d 

e r r o r s quoted here are such t h a t a d e v i a t i o n of one 

standard e r r o r on e i t h e r of these q u a n t i t i e s would 

i n c r e a s e the X* value to one more than the 

minimum (1?.**- f o r 18 degrees of freedom). The 

f i t t e d d i s t r i b u t i o n i s shown on f i g . 4 9 ( a ) . The 

v a l u e s obtained f o r the width and the mass of the 

B meson are compared.with those obtained i n other 
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experiments i n the t a b l e below. The v a l u e s obtained 
i n t h i s experiment are i n good agreement with 
those from other experiments. 

Table 16 

Mass and Width of B meson 

Mass 
MeV/c 2 

Width 
MeV/c 2 

A b o l i n s e t a l . (20) 1220 100 + 20 

Chung e t a l . (36) 1220 180 + 30 

Goldhaber e t a l . (37) 1220 80 

B a l t a y e t a l . (3D 1200 •+ 15 100 '+ 30 

T h i s experiment 1230 + 20 125 + 30 

5«5 R e a c t i o n E 

I n t h i s s e c t i o n , the r e a c t i o n IT" p -> pre*" K +K~ 

i s s t u d i e d . Events which have a l s o been s u c c e s s f u l l y 

f i t t e d with a hypothesis of r e a c t i o n A have not been 

i n c l u d e d i n the sample of events. 309 events of 

of r e a c t i o n E are s t u d i e d here. By a Monte C a r l o 

g e n e r a t i o n of events of r e a c t i o n B, i t was found 

t h a t about 1% of such events would give a sp u r i o u s 

f i t to r e a c t i o n E. Prom the number of events of 

r e a c t i o n 3, one would then expect about 60 to give 
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a f i t to r e a c t i o n E, and the sample of events would 

have a contamination of about 20% by spurio u s f i t s . 

By g enerating events of r e a c t i o n E 70% were found to 

giv e a spurious f i t to r e a c t i o n B so the acceptance 

of the 4c f i t to the 1c f i t i s j u s t i f i e d . 

P i g . 50 shows the e f f e c t i v e mass d i s t r i b u t i o n 

f o r the pit" combination. 'The peak due to the 

production of N* can be c l e a r l y seen. The number 

of events above the smooth background i n the r e g i o n 

of the N* i s estimated to be 137 ± 17 which corresponds 

to a c r o s s - s e c t i o n f o r the production of N* i n t h i s 

r e a c t i o n of L\-7 + 6y*b. 'The dashed histogram shows 

the e f f e c t i v e mass d i s t r i b u t i o n f o r events i n which 
p 

the four momentum t r a n s f e r i s l e s s than 1.0 GeV . 

I n f i g . 51 i s p r esented the d i s t r i b u t i o n of the 

e f f e c t i v e mass of p K~. The production of Y* (1520) 

i s observed and by e s t i m a t i n g the number of events 

above a smooth background, the c r o s s - s e c t i o n f o r the 

production of Y* (1520) and i t s decay to p K~ i s 

found to be 16 + 4/*b. T h i s resonance i s a l s o 

produced p e r i p h e r a l l y as can be seen from the dashed 

histogram on t h i s f i g u r e , which i s the e f f e c t i v e 

mass d i s t r i b u t i o n f o r events i n which the four 
p 

momentum t r a n s f e r i s l e s s than 1.0 GeV " i 

C 3 MAY 1969 
eeoncj* 
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The e f f e c t i v e mass d i s t r i b u t i o n of the K~V" 

system i s shown i n f i g . 52. A s t r o n g s i g n a l a t the 

p o s i t i o n of the K*(890) i s observed. The number of 

events i n t h i s peak above the estimated background 

corresponds to a c r o s s - s e c t i o n f o r the production 

of K*(890)(-»K"ir+) of 12 + 5/ib. A peak at the 

p o s i t i o n of the K(730) meson i s a l s o seen on t h i s 

d i s t r i b u t i o n the c r o s s - s e c t i o n being estimated as 

3 .5 + 2yut. The shaded histogram on the f i g u r e 

g i v e s the same d i s t r i b u t i o n e x c l u d i n g events i n 

which an N* c o u l d have been produced i . e . i n which 

the e f f e c t i v e mass of the pir" system i s found to be 

i n the range 1.12 to 1.32 GeV/c 2. Both of the peaks 

appear more pronounced a f t e r t h i s r e j e c t i o n . The 

c r o s s - s e c t i o n s f o r the production of K* (890) and 

of k(730) i n t h i s r e a c t i o n have been r e - e s t i m a t e d 

u s i n g t h i s d i s t r i b u t i o n . The v a l u e s obtained are 

10 + 3ymk. and 4 + 1.5/J»« r e s p e c t i v e l y . 

The d i s t r i b u t i o n of the e f f e c t i v e mass of 

K +K~ i s p l o t t e d i n f i g . 53« The peak due to the 

decay of the A2 meson i n t o K +K~ can be seen. The 

c r o s s - s e c t i o n f o r t h i s p rocess i s estimated to be 

7 ± 3.5/«l>. 
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CHAPTER 6 

THE PRODUCTION AriD DECAY OP THE k^ MESON 

6.1 I n t r o d u c t i o n 

I n t h i s chapter the production of the A p meson 

i s s t u d i e d and the branching r a t i o i n t o i t s d i f f e r e n t 

decay modes i s examined. The decay of the A£ i n t o 

fit*, <jtt and KK have a l l been observed and measured i n 

v a r i o u s experiments and the r e s u l t s of t h i s experiment 

are compared with those of other authors. 

The i s observed to be produced i n two r e a c t i o n s 

namely:-

D i f f e r e n t decay modes of the k^ are observed i n 

both of these r e a c t i o n s and i n the second r e a c t i o n 

t h e r e i s evidence f o r the production of N*"*^. The 

r e l a t i v e r a t e s of the d i f f e r e n t charge s t a t e s 

f o r r e a c t i o n ( 2 ) i s of course p r e d i c t a b l e from 

Clebsch-Gordan c o e f f i c i e n t s and the p r e d i c t i o n s are 

examined e x p e r i m e n t a l l y . 

I n determining the branching r a t i o f o r the KK 

mode, an examination i s made of events which were 

measured as a separate p a r t of the complete 5 GeV/c 

Tr^p — * p A. 

-n+p — » N * A P 

2 ( 1 ) 
( 2 ) 
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experiment. Two pronged events w i t h a t l e a s t one v i s i b l e 
o 

V decay nave oeen s e l e c t e d and measured. The system of 

a n a l y s i s of these has been the same as f o r the f o u r pronged 

e v e n t s . Only two of the f i t t e d hypotheses f o r t h e events i s 

of i n t e r e s t here and these a r e : 

+ 4 +~0 /• \ 

77 P — ^ 77 K .37 events ^ r e a c t i o n V) 

TT +p —^ pTT +K°K w 89 events ( r e a c t i o n tt) 

F o r the samples of t h e s e events, the c r o s s - s e c t i o n i s 0 

per event found. I t should be noted t h a t i f the K° ( o r K°) 

decays by the s h o r t - l i v e d mode, K > i t w i l l almost c e r t a i n l y 
s 

decay v.-ithin the chamber. As about tv/o t h i r d s of such decay 

i s to TT + TT , and one t h i r d to 71° TT0 one expects to see 

two t h i r d s of K decays. The IC decays are u n l i k e l y to be 
S h 

seen i n the chamber, and the measurement i s not l i k e l y t o 

give a kinematic f i t to a tv/o pion decay. 

Recent suggestions t h a t the peak c o n s i s t s of two 

separate resonances with d i f f e r e n t decay modes are a l s o 

d i s c u s s e d . 
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6 . 2 The r e a c t i o n tr'p —^pA^ 

I n t h i s r e a c t i o n i t i s p o s s i b l e to obsex-ve 

the t h r e e decay modes of the A^. The decay to yo°t\* 

i s observable i n r e a c t i o n A, the J*'1** decay mode i s 

seen i n r e a c t i o n B, and the KK mode i s seen i n 

r e a c t i o n F. 

The production of ^ n r e a c t i o n A has a l r e a d y 

been d i s c u s s e d . The c r o s s - s e c t i o n f o r t h i s p r o c e s s 

was estimated to be 5 8 + 1 0 / ^ . T h i s value must be 

c o r r e c t e d f o r the unobserved decay A +2 -* /+v*«0» 

which i s expected from Clebsch-Gordan c o e f f i c i e n t s 

to occur at the same r a t e as the decay to />atc*. 

The c r o s s - s e c t i o n f o r A2 i s t h e r e f o r e 116 + 2Q/»k 

I t i s p o s s i b l e to t r y to estimate the parameters of 

the peak by t a k i n g the median value of the events 

i n the excess above background f o r the mass, and 

a rough estimate of the width of the peak i s p o s s i b l e . 

Examination of f i g . 33 then g i v e s the v a l u e s of 

1 3 0 5 + 15 MeV/c 2 f o r the mass of the A 2, and 1 0 0 

+ 2 0 MeV/c 2 f o r the width. Chikovani et a l ( 3 8 ) 

have r e p o r t e d t h a t the A 2 peak i s r e a l l y two separate 

peaks. No evidence f o r the s p l i t t i n g of the A 2 

peak can be observed i n t h i s d i s t r i b u t i o n . 
Evidence of the vj9,\? decay mode of the i s seen 

in react ion B. i ' ig . 54 shows the e f fec t ive mass spectrum of 

y°t(* , where for t h i s purpose the "j° s e l e c t i o n was defined 
+ - o 

as a *K *> Tr system with an e f fec t ive mass i n the range 
535 to 565 MeV/'c 2. 
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An examination of f i g . 36 shows t h a t a l a r g e 

p r o p o r t i o n of the s e l e c t e d -n+-n~ix0 combinations 

corresponds to an ^ . A peak i n the A2 r e g i o n of . 

the ^ i r mass spectrum can be seen. The peak remains 

a f t e r the e x c l u s i o n of N*^° events, where the mass . 

of the N* band i s d e f i n e d as 1.12 to 1.32 GeV/c 2. 

T h i s d i s t r i b u t i o n i s shown as a shaded histogram on 

f i g . 54. As the background i s r a t h e r l e s s a f t e r 

the e x c l u s i o n of N*y° eve n t s , t h i s d i s t r i b u t i o n 

has been used to estimate the parameters of the peak. 

The mass and width of t h i s peak are estimated to be 

1320 + 3 0 MeV/c 2 and 100 + 50 MeV/c 2 r e s p e c t i v e l y . 

These v a l u e s are c o n s i s t e n t with those obtained f o r 

the p1* peak. The est i m a t e d number of events above 

a smooth background i s 19 + 5 and the c r o s s - s e c t i o n 

f o r the o b s e r v a t i o n of the yi\ decay mode i s 

8.5 + 2fk. The branching r a t i o of the i s such 

t h a t 27% of the decays are to Ofr+'iii~'Ti0 and to t i ' i r " V . 

I t i s not l i k e l y t h a t the kinematic f i t t i n g can 

d i s t i n g u i s h these, and so both of these modes w i l l 

be observed i n s p i t e of the f a l s e assignment. 

C o r r e c t i n g f o r unseen decays, the c r o s s - s e c t i o n f o r 

the ytt decay mode of the A2 i s 31 + lO^U . T h i s then 

l e a d s to a value f o r the branching r a t i o : 

A 2 -» 71* / A 2 **/>"PI = 0 . 2 7 + 0 . 0 9 
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The v a l u e s reported by other experiments are 

s e t out i n the t a b l e below: 

Table 17 

Branching r a t i o k ^ — k ^ ^ * 

A1BBHLM c o l l a b o r a t i o n (22) 0. 3 + 0. 2 

Chung e t a l . (39) 0.12 + 0.08 

Dubovikov e t a l . (40) 0.24 + 0.08 

ABC c o l l a b o r a t i o n (41) 0.09 + 0.04 

GHMS c o l l a b o r a t i o n (42) 0.18 + 0.08 

T h i s experiment 0 .27 + 0.09 

The v a l u e obtained i n t h i s experiment i s i n 

good agreement w i t h those from other experiments. 

I t i s p o s s i b l e to take a weighted mean of the s i x 

q u a n t i t i e s , and i n doing so, t h i s experiment would 

c o n t r i b u t e 10% of the weight. I f t h i s i s done, one 

o b t a i n s f o r the branching r a t i o , the value 0.15 + 0.03. 
p 

The value of % i s 6 . 1 f o r f i v e degrees of freedom, 

so a l l the v a l u e s obtained are i n reasonable 

agreement w i t h each other. 

The decay of the A2 i s observable i n r e a c t i o n 

F. F i g . 55 shows the d i s t r i b u t i o n of the e f f e c t i v e 
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mass of K +K° f o r t h i s r e a c t i o n . The peak i n the A 2 

r e g i o n can be seen,and the mass (1350 + 30 MeV/c ) 
and w i d t h (125 + 50 MeV/c2) o f t h i s peak are i n 
reasonable agreement w i t h the A 2 meson. I t i s 
estimated t h a t t h e r e are 10 + 4- events above the 
background i n t h i s r e g i o n corresponding t o a cross-
s e c t i o n of 3.0 + 1 . 2 ^ . C o r r e c t i n g f o r the decays 
and the n e u t r a l K decays one obtains t h a t the 
cr o s s - s e c t i o n f o r A2 -»KK i s 9 + 4y*fe. and the 
branching r a t i o can be c a l c u l a t e d : 

A 2—>KK / A 2 — = 0.08 + 0.04 

6 .3 The r e a c t i o n i v + p — * N * A 2 

I n t h i s r e a c t i o n i t i s p o s s i b l e t o observe two 
of the decay modes of the A2- The decay t o pi* i s 
observable i n r e a c t i o n B. The decay t o KK i s 
observable as K+K~ i n r e a c t i o n E, and as K°E° i n 
r e a c t i o n G. 

The p r o d u c t i o n of N* A 2 i n r e a c t i o n B has 
already been discussed, and the c r o s s - s e c t i o n was 
found t o be 89 + 13/»l>. The mass and the w i d t h 
of the peak i n f i g . 4-3 are estimated t o be 1300 

+ 20 MeV/c2 and 1£0 + 40 MeV/c2. 
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These values are i n reasonable agreement w i t h 
those found i n the previous s e c t i o n . 

I n f i g . 56 ( a ) , the s c a t t e r diagram of the 
e f f e c t i v e mass of pi r + versus the e f f e c t i v e mass 
of K+K~ f o r events of r e a c t i o n E i s presented. 
The band due t o the p r o d u c t i o n of N* can be seen 
c l e a r l y . I n t h i s band, a c o n c e n t r a t i o n of p o i n t s 
i n the N* A2 p r o d u c t i o n r e g i o n can be seen. F i g . 
56 (b) shows the e f f e c t i v e mass d i s t r i b u t i o n 
f o r K+K" i f the associated ptr*- has an e f f e c t i v e 
mass i n the N* band ( d e f i n e d as 1.14 t o 1.50 GeV/c 2) 
A peak at the p o s i t i o n of the Ag i s observed. The 
mass and w i d t h of t h i s peak are estimated t o be 
134-0 + 40 and 120 + 40 MeV/c2 r e s p e c t i v e l y which 
are i n good agreement w i t h the expected values f o r 
the A2. The number of events i n the peak above the 
estimated background i s 16 + 8 which corresponds t o 
a c r o s s - s e c t i o n of 7*2 + J.G^S. f o r t h i s process. 

F i g . 57 (a) i s the s c a t t e r diagram of the 
e f f e c t i v e mass of p i r + against the e f f e c t i v e mass 
of K°K°. Again a c o n c e n t r a t i o n of p o i n t s i n the 
N* A2 r e g i o n c-m be n o t i c e d , and i n f i g . 57 ( b ) , 
the d i s t r i b u t i o n of the e f f e c t i v e mass of K°E° 
associated w i t h an N* i s shown. Once more, a peak 
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p 

at 1360 + 40 MeV/c i s observed. These values are 
compatible w i t h the values f o r the JL, meson. The 
number of events i n t h i s peak i s estimated t o be 
12 + 5* i f "the quantum numbers of the Ap̂  are the 
accepted ones, i n p a r t i c u l a r t h a t I i s 1~, the 
branching r a t i o of the *° K s K

s »KLKi. i K s ^ L 

should be i n the r a t i o 2:1:1:0. Since the KK systems 
being s t u d i e d here are those i n which at l e a s t one 
of the decays i s observed, i t f o l l o w s t h a t 
the K J K J mode i s being observed, and t h a t t h e r e i s 
no c o n t r i b u t i o n from KjIC^. The p r o b a b i l i t y t h a t a t 
l e a s t one decay of K S K , should be observed i s 8 /9 . 

C o r r e c t i n g f o r unseen decays one obt a i n s a cross-
s e c t i o n f o r "* K s K 5 o f ± 1.?/••»• 

The r a t i o of the decay modes K+K~ and K,K i s 
s s 

t h e r e f o r e 1.8 + 1.2 which i s i n good agreement w i t h 
the expected value of 2. Assuming the r e l a t i v e 
r a t e s of decay t o be as expected, i t i s found t h a t 
the c r o s s - s e c t i o n f o r the decay mode Ap-*!^ i s 
15 ± 5/*b« From t h i s the branching r a t i o 
Ap->KK / Ap-*/9iT i s c a l c u l a t e d t o be 0.17 + 0.06. 
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6 . 4 The A 2 ~ * K K / A 2 — b r a n c h i n g r a t i o 

Two independent e s t i m a t i o n s have thus been made 
of the KK branching r a t i o i n t h i s experiment. The 
d i f f e r e n c e between the two values i s 0 . 0 9 + 0 . 0 7 

so t h e r e i s some disagreement between the values. 
The two values are not however i n c o n s i s t e n t . 
Taking the weighted mean one f i n d s f o r the branching 
r a t i o A 2 — » K K / A 2 — V * , 0 . 1 1 + 0 . 0 4 . The values 
obtained by othe r experiments are l i s t e d i n the 
t a b l e below. 

Table 1 8 

Branching r a t i o A~-»KK / A p —*/>tr 

Lander e t a l . ( 4 3 ) <0.08 

Armenteros et a l . ( 4 4 ) <0.04 

Chung e t a l . ( 3 9 ) 0.053 + 0.021 

ABC c o l l a b o r a t i o n ( 4 1 ) 0 . 0 4 + 0.02 

This experiment 0 . 1 1 + 0 . 0 4 

The branching r a t i o obtained by t h i s experiment 
i s r a t h e r h i g h compared w i t h t h a t found i n other 
experiments. One pos s i b l e e x p l a n a t i o n of t h i s l i e s 
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i n the f a c t t h a t the c r o s s - s e c t i o n found f o r the 
pr o d u c t i o n of ** />°*t) i s r a t h e r low i n 
comparison w i t h other experiments (see f i g . 58). 
One can attempt t o o b t a i n from the t h r e e experiments 
a b e t t e r value f o r the c r o s s - s e c t i o n . Assuming a 
l i n e a r v a r i a t i o n over the range considered, the best 
f i t i s shown on the f i g u r e , although the f i t i s 
not a good one. The value thus obtained f o r the 
r e a c t i o n i r +p -^P-^ -»/»0'*+) at 5 GeV/c i s 
7 5 + 1 5 . This would give f o r the branching 
r a t i o -*• 71*/A2 -+/>** , 0.21 + 0.08 which i s i n 
even b e t t e r agreement w i t h other experiments. 
Indeed the weighted mean f o r t h i s and other- experiments 
f o r t h i s branching r a t i o would become 0.20 + 0.04. 

Foll o w i n g the same procedure f o r the KK 
branching r a t i o i n the r e a c t i o n pA£, the value 
0.06 + 0.03 i s obtained. The hi g h value obtained 
from the N* A2 r e a c t i o n remains unexplained although 
i t i s not a l t o g e t h e r i n c o n s i s t e n t w i t h t h i s v alue. 
The weighted, mean from the two r e a c t i o n s i s 
0.08 + 0 .03 which i s i n reasonable agreement w i t h 
other experiments. 

A f u r t h e r p o s s i b i l i t y i s t h a t t h e r e are two 
resonances at the A2 p o s i t i o n having d i f f e r e n t 
d.ecay modes. This hypothesis would be supported 
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by the missing mass spectrometer experiment of 
Chikovani et a l . (38) i n which some s l i g h t 
evidence f o r two peaks i s found. I n t h i s experiment 
there does seem t o be a s l i g h t d i f f e r e n c e i n the 
c e n t r a l mass values of the peaks being 1300 + 1 5 MeV/c 
f o r the /£>Tr peaks, and 1350 + 20 MeV/c2 f o r the 
KK peaks. The d i f f e r e n c e between these corresponds 
t o about two standard d e v i a t i o n s , but i t should 
also be noted t h a t the e s t i m a t i o n of the standard 
e r r o r on the c e n t r a l mass value of the peaks i s 
r a t h e r u n c e r t a i n so d e f i n i t e conclusions about a 
s i g n i f i c a n t mass d i f f e r e n c e can not be made. 

Morrison (45) has suggested the p o s s i b i l i t y 
o f a meson w i t h a mass s i m i l a r t o the A 2, but w i t h 
P - + 

J = 2 or 1 , which would decay t o /or* but the 
decays t o KK and t o <jir would be f o r b i d d e n . 
D i f f e r e n c e s i n the c r o s s - s e c t i o n f o r the p r o d u c t i o n 
of the two resonances at d i f f e r e n t energies should 
give a v a r i a t i o n i n the e x p e r i m e n t a l l y determined 
branching r a t i o s of the A 2« F i g . 59, the 
ex p e r i m e n t a l l y measured branching r a t i o s , 
A 2 -* KK / A2-*/0'* , and A 2 / Ag -* are 
shown as a f u n c t i o n of the momentum of the i n c i d e n t 
p a r t i c l e ( i * + or i n c l u d i n g the values 
obtai n e d by t h i s experiment. No evidence f o r 
a v a r i a t i o n i n the branching r a t i o can be seen. 
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A f i t t o the experimental data of the form:-

1 S 
branching r a t i o * 1/[1 + Rp * 7 ) (See appendix B) 

has been made. The best f i t i s giv e n by R = 0.005 

+ 0.01 which i s c o n s i s t e n t w i t h zero. On the basis 
of t h i s f i t , one concludes t h a t the p r o p o r t i o n of 
a 2" or 1 + meson i n the ̂  peak a t the p o s i t i o n 
of the Ap i s l e s s than 15% i n t h i s experiment. 

The decay modes KK and ̂ tr have been examined 
s e p a r a t e l y t o check the correctness of assuming 
both t o be a decay of the same p a r t i c l e . 
6 . 5 The KK decay mode 

The KK decay i s observed as K +K°, K+K~ and 
K°K°. The f a c t t h a t the K +K° mode i s observed 
e s t a b l i s h e s t h a t 1 = 1 . The decay of s t a t e s of 
d e f i n i t e 1,1-z and G t o KK" was discussed i n chapter 1. 

For the decay of an I = 1 n e u t r a l meson, the decay 
modes are as f o l l o w s . 

Odd G - p a r i t y , K +K~,K 5K S,K LK L i n r a t i o 2:1:1 

Even G - p a r i t y , K+K" ,K$KL i n r a t i o 1:1 

F i g . 60 shows the d i s t r i b u t i o n of the e f f e c t i v e 
mass of K°T£° i n r e a c t i o n G f o r the events where 
bot h decays are seen. The background i s low i n t h i s 
d i s t r i b u t i o n because the p r o b a b i l i t y of observing 
two u n c o r r e l a t e d K° d e c a y s a s K j i s 1 / 0 ^ a n d t h e 
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c o n c e n t r a t i o n around the mass of the i s c l e a r l y 
seen. I t i s estimated t h a t there are 8 . 5 + 5-5 
events i n the peak. The p r o b a b i l i t y of seeing 
b o t h decays of K s K 5 i s 4-/9 so there i s good 
agreement w i t h the number of events i n v/hich at 
l e a s t one decay i s observed ( p r o b a b i l i t y 8/9). 
The agreement w i t h the r a t e of decay t o K+K~" has 
alread y been p o i n t e d out. The observed decay t o 
K°K° i s t h e r e f o r e seen t o be q u i t e c o n s i s t e n t w i t h 
a s t a t e of odd G-parit y . For a decay t o KK, the 
f o l l o w i n g r e l a t i o n h o lds:-

G = (-D 1 + I , 
where 1 i s the o r b i t a l angular momentum of the 
KK system. I t f o l l o w s then t h a t 1 must be even, 
and t h a t f o r the parent p a r t i c l e , J must also be 
even. This f u r t h e r leads t o the conclusion t h a t 
the p a r i t y i s even. 

Of course, the assumption has been made t h a t 
the decay t o KK i s a s t r o n g decay so t h a t the 
r e l e v a n t conservation laws are v a l i d . The observed 
w i d t h of the peak supports t h i s assumption. 

The decay angular d i s t r i b u t i o n of the K+K~ 
decay mode has been examined. F i g . 61 (a) shows the 
angle between the K + and the incoming i t + , i n the 
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centre of mass system of the K K , i f the K K 
has an e f f e c t i v e mass system i n the range 1225 "to 
1400 MeV/c2. F i g . 61 (b) shows the d i s t r i b u t i o n 
of the same angle f o r the c o n t r o l r e g i o n s , t h a t i s 
f o r those K+K~ systems w i t h e f f e c t i v e mass i n the 
ranges 1050 t o 1225 MeV/c2 and 1400 t o 1575 MeV/c2. 
The background i n the A 2 r e g i o n was estimated as 
h a l f the d i s t r i b u t i o n f o r the c o n t r o l r e g i o n s , and 
the decay angular d i s t r i b u t i o n f o r the A 2 r e g i o n , 
a f t e r s u b t r a c t i n g the background, i s shown i n f i g . 
61 ( c ) . The d i s t r i b u t i o n i s not i n agreement w i t h 
an i s o t r o p i c decay t o K*K~ (7^ p r o b a b i l i t y = 0.18) 
which i s evidence against an S-state. A spin 
assignment of 2 i s not c o n t r a d i c t e d by the observed 
decay d i s t r i b u t i o n . 

The KKideeay modes of the. as observed i n t h i s 
experiment have been s t u d i e d . The experimental 
evidence favours the accepted quantrum numbers f o r 
the A 2 i . e . I G J P = 1 " 2 + . 

6.6 The P"* decay mode 
That the G p a r i t y of the A 2 i s odd can be 

concluded d i r e c t l y from the f a c t t h a t the decay 
i s t o three pions. F u r t h e r , the s p i n and p a r i t y of 
the A 2

 !to yeTr has been determined by the ABC 
c o l l a b o r a t i o n (46) and by Armeidse e t a l . (47) 
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who f i n d good evidence f o r J = 2 . These 
quantum numbers are i n agreement w i t h those f o r 
the KK mode. That the i s o s p i n i s also i n agreement 
can be confirmed by observing the d i f f e r e n t charge 
modes f o r the N*A2 r e a c t i o n . The i n i t i a l V"p 
system has I = 5/2 and 1^ = + 3 /2 , and the r e l a t i v e 
p r o p o r t i o n s of the d i f f e r e n t charge modes can be 
c a l c u l a t e d from Clebsch-Gordan c o e f f i c i e n t s assuming 
1 = 1 f o r the A 2. Table 19 gives f i r s t l y the 
f r a c t i o n of the p r o d u c t i o n process i n which the 
ap p r o p r i a t e charge s t a t e of N*A^ i s produced. 
The t a b l e then gives the p r o b a b i l i t y - t h a t the N* 
and Ap decay i n the observed mode, and the f r a c t i o n 
of the N* A2 r e a c t i o n s which proceed i n the way 
shown. The corresponding f r a c t i o n s assuming t h a t 
1 = 2 f o r the A 2 meson are also given i n the 
t a b l e . 

The c r o s s - s e c t i o n f o r the f i r s t process has 
already been shown t o be 89 + 13/*b. There i s no 
s i g n i f i c a n t evidence f o r N* + produced i n r e a c t i o n s 
B and D, but as the A2 i s observed t o be x>roduced 
only i n a s s o c i a t i o n w i t h an W* i n r e a c t i o n B, events 
were s e l e c t e d i n v/hich the pir° ( r e a c t i o n B) or an 
nTr + ( r e a c t i o n D) combination has an e f f e c t i v e mass 



TABLfl 19 

Charge Modes of N*A2 production 

iieaction Process 

I ( A 2 ) = 1 I ( A 2 ) .= 2 

iieaction Process Fraction of:- Fraction of:-iieaction Process 

prod N* 
decay 

A2-*>7I 
decay t o t a l prod decay 

A ^ 
decay t o t a l 

B 1) N* + + A 2° A 
5 

1 1 9 
15 

1 
I 

1 * * 

B 
2) N* + A 2

+ 2 
5 

2 
J 

1 
2 

2 
15 

2 
5 

2 
J 

1 
2 

2 
15 

D 
2 
5 

1 
J 

1 
2 

1 2 
5 

1 
3 

1 
2 

1 
15 

B 0 2 
5 " 

1 
3 1 2 

15 

*Assuming 1 = 2, the decay A 2 •+ p 'fv would account f o r 2/3 of the decays, 

and i t i s uncertain what proportion of these decays would be detected as being 

compatible with p£ 7T+ decays. In any case, 3/'L5 can be quoted as the upper 

l i m i t to the f r a c t i o n of N* A„ reactions. 
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i n the range 1.14- t o 1.30 GeV/c2. F i g . 62 
shows the d i s t r i b u t i o n of the e f f e c t i v e mass of the 
remaining combination i f e i t h e r of the 
Tc*tr" combinations i s compatible w i t h a /»°(0.66 t o 
0.86 GeV/c ). I n each case a small peak i s 
observable a t the p o s i t i o n of the A2, which remains 
when events w i t h |tl</1.0GeV are s e l e c t e d ( t h e 
dashed h i s t o g r a m s ) . By e s t i m a t i n g the number of 
events above a smooth background, the cross- s e c t i o n s 
f o r the second and t h i r d processes r e s p e c t i v e l y are 
estimated t o be 17 ± 8 and 12 + 6/»b. The 
ex p e r i m e n t a l l y observed r a t i o s f o r the t h r e e N* A 2 

processes are-9 ": -(1.9 ±~0T9) -:~("1 -35 ± 0-7)^ which 
are i n good agreement w i t h the expected 9=2:1 
f o r I ( A 2 ) - 1. 

F i g . 63 shows the e f f e c t i v e mass d i s t r i b u t i o n 
f o r the system w i t h a TT^TT0 combination 
having a mass compatible w i t h the p mass, and 
r e q u i r i n g t h a t the associated pit" system i s 
compatible w i t h the N* mass. As expected, t h e r e 
i s no evidence f o r A2*+ . 

The evidence i s t h e r e f o r e i n favour of the A2 
decaying t o /am being an 1 = 1 meson, and t h a t t h e r e 
i s no c o n t r i b u t i o n t o the A2 peak from an I = 2 
meson. 
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6.7 Conclusions 

Decays t o and to KK have been observed. The 
c e n t r a l mass values of the peaks show a h a r d l y s i g n i f 
i c a n t d i f f e r e n c e . The quantum numbers of the 
deduced from the d i f f e r e n t decay modes are the 
same. The evidence of t h i s experiment i s t h e r e f o r e 
not i n agreement w i t h the suggestion t h a t t here are 
two resonances w i t h d i f f e r e n t decay modes a t the 
mass of the A2»but t h a t d i f f e r e n t decay modes of 
one p a r t i c l e are observed. With t h i s assumption, the 
branching r a t i o s of these modes and of the yir decay 
mode of the KK" decay mode of the have been 
.determined. -
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CONCLUSION 

An experiment has been described i n which the 
i n t e r a c t i o n s of 5 GeV/c p o s i t i v e pions w i t h protons has 
been i n v e s t i g a t e d . The observed c r o s s - s e c t i o n s 
f o r the d i f f e r e n t f i n a l s t a t e s are i n good agreement 
w i t h the general t r e n d as observed i n other experiments. 

A l a r g e f r a c t i o n of the i n t e r a c t i o n s have been seen 
t o take place v i a the p r o d u c t i o n of i n t e r m e d i a t e 
resonant s t a t e s , and the cr o s s - s e c t i o n s f o r the 
obse r v a t i o n of these s t a t e s have been determined. 
I n p a r t i c u l a r , a considerable number of i n t e r a c t i o n s 
have been observed t o proceed through one of se v e r a l 
quasi-two-body r e a c t i o n s . The observed two-body 
processes are N*^0? N**°, N*«P, N*^°, N*A2,pA2 and 
pB4*, and two types of i n v e s t i g a t i o n of these 
r e a c t i o n s have been made. 

The f i r s t of these has been t o examine two 
r e a c t i o n s f o r the purpose of understanding the 
mechanisms by which the r e a c t i o n s take p l a c e . The 
r e a c t i o n N*^0 has been i n v e s t i g a t e d on the basis of 
the a b s o r p t i v e OPE model, w i t h the exchange of a 
p i o n . The s p i n d e n s i t y m a t r i x elements, determined 
by the G o t t f r i e d - J a c k s o n a n a l y s i s method from the 
decay angular d i s t r i b u t i o n s , have been shown t o 
have a s i m i l a r behaviour t o those found i n other 
experiments. That i s , t h a t the o v e r a l l agreement was 
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good, w i t h o n l y small d e v i a t i o n s from the t h e o r e t i c a l 
p r e d i c t i o n s . The agreement has been found t o be good 
i n s p i t e of the problem of i s o l a t i n g a pure sample 
of w y 0 i n t e r a c t i o n s , as i s evident from the asymmetrical 
decay of the Some s i g n i f i c a n t c o r r e l a t i o n has 
been observed between the decays of the N* and the p°, 
which i s i t s e l f i n d i c a t i v e of a b s o r p t i v e c o r r e c t i o n s 
i n the r e a c t i o n mechanisms. The N*«o° r e a c t i o n has been 
i n v e s t i g a t e d i n a s i m i l a r manner on the basis o f the 
exchange of the v e c t o r f meson. The s p i n d e n s i t y 
m a t r i x elements were found t o be i n reasonable 
agreement w i t h those found i n other experiments, but 
i n serious disagreement w i t h the p r e d i c t i o n s of the 
a b s o r p t i o n model. The r e s u l t s of t h i s experiment 
serve t o u n d e r l i n e the remarks made i n chapter 1, 
t h a t the a b o r p t i o n model works very w e l l f o r pseudoscalar 
meson exchange, but p o o r l y f o r v e c t o r meson exchange. 

The d i f f e r e n t i a l c r o s s - s e c t i o n s f o r the r e a c t i o n s 
N*^0 and N**oP have been examined, and the slope 
of the approximately e x p o n e n t i a l p a r t of the 
d i s t r i b u t i o n s was determined. The measured slopes 
were found t o be i n agreement w i t h those found a t 
8 GeV/c. I n a d d i t i o n , a small b u t s i g n i f i c a n t 
backward peak i n the r e a c t i o n was i n t e r p r e t e d 
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as being due t o a baryon exchange mechanism. The 
d i f f e r e n t i a l c r o s s - s e c t i o n f o r backward N*^0 

p r o d u c t i o n was examined, and the slope of the 
d i s t r i b u t i o n was found t o be much smaller than f o r 
meson exchange i n t e r a c t i o n s . This f a c t c o u l d be 
i n t e r p r e t e d as due t o the exchange of a heavier 
p a r t i c l e o r , on the o p t i c a l model, t o a smaller 
r a d i u s f o r the p r o d u c t i o n . 

The second type of i n v e s t i g a t i o n o» two-body 
processes has been t o examine a r e a c t i o n f o r the 
purpose of de t e r m i n i n g the p r o p e r t i e s of one of the 
products. Such has been the case f o r the B"*~ meson 
and t h e A 2 meson. - — 

The measured mass and w i d t h of the B + meson 
from t h i s experiment agree.- w e l l w i t h the r e s u l t s o f 
other experiments. I n a d d i t i o n the angular 
d i s t r i b u t i o n of i t s decay t o u>%-* has been i n v e s t i g a t e d 
The observed decay of the B + was i s o t r o p i c , which i s 

p +• 

c o n s i s t e n t w i t h an S-wave decay, t h a t i s a J =1 
assignment f o r the B meson. 

The A 2 meson', has also been i n v e s t i g a t e d . I t 
was observed i n i t s t h r e e decay modes, ̂ T * , ^irand KZ, 
and the measured branching r a t i o s from t h i s experiment 
were i n agreement w i t h other d e t e r m i n a t i o n s . There 
has been s p e c u l a t i o n r e c e n t l y , a f t e r the o b s e r v a t i o n 
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of a s p l i t t i n g i n the peak i n a missing mass 
spectrometer experiment, t h a t there may "be two 
resonances a t the A2 p o s i t i o n , having d i f f e r e n t 
decay modes or a t l e a s t d i f f e r e n t branching r a t i o s . 
H i s t o r i c a l l y , some of the quantum numbers o f the A2 
have been deduced assuming i t t o decay bo t h t o pif 
and t o KK. These two decay modes have been discussed 
s e p a r a t e l y here, and the evidence p o i n t s t o the same 
assignment of I , G, J and P f o r b o t h decays, so the 
assumption t h a t these are d i f f e r e n t decay modes of 
the same resonance seems t o be j u s t i f i e d . The N*A2 

r e a c t i o n was observed i n d i f f e r e n t charge modes, and 
-the r a t i o i n which - these were observed seems t o 
discount the p o s s i b i l i t y of an 1 = 2 resonance being 
i n c l u d e d i n the peak. The suggestion of Morr i s o n , t h a t 
a resonance w i t h J =1 or 2 might give r i s e t o an 
apparent v a r i a t i o n of the branching r a t i o of the 
A2 w i t h the momentum of the i n c i d e n t p i o n , has been 
i n v e s t i g a t e d . No evidence f o r such a v a r i a t i o n was 
found. 
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APPENDIX- A 
I n Reap, an o p t i o n a l t e s t on the q u a l i t y of the 

measurement of a t r a c k i s a v a i l a b l e . This t e s t has 
the advantage o f being quicker than the complete 
f i t t i n g of a curve t o the measured p o i n t s of a 
t r a c k a t the expense of making some approximation. 
I n cases where t h i s t e s t f a i l e d , the f u l l check on 
the t r a c k was made and the d e v i a t i o n of each p o i n t 
from the f i t t e d curve was p r i n t e d out f o r examination. 

The t e s t i s based on the q u a n t i t y : -

K = L 1 * L 2 ~ L 3 

where , L 2 and are d e f i n e d i n fig*._/M_(b.) 
Suppose t h a t : -

r i s the r a d i u s of the c i r c l e passing 
through the thr e e measured p o i n t s . 

& i s the (acu t e ) angle between the two 
chords Lxj and L 2 . 

Then: 

L J * +• l | + 2 L 1 L 2 cos B . ..(1) 

Since the s e c t i o n of t r a c k over which t h r e e 
successive p o i n t s are measured i s small compared w i t h 
the r a d i u s of cur v a t u r e of the t r a c k , the angle $ i s 
s m a l l , and equ.(1) can be w r i t t e n t o a very good 
approximation:-



125? -

4 - ^ * ^ 2 ( 1 - 1 / 2 ^ ) ...(2) 

and a l s o : A± L1 + L2 ...(5) 
' 2"r 

Combining equ.(2) and (3) one obtains t h a t : -

1 _ ( L ^ L g + ^ . a ^ L g - L ^ ) _ ( 4 ) 

4 r 2 ~ L1* L2' L3 
Making the further email angle approximation that 

= L,| 4-L2, equ. (4) becomes:-

r l " - L1 » L2- - L 3 = K ...(5) 
8 p 2 ~ I ^ . I ^ . I ^ 

The q u a n t i t y K i s t h e r e f o r e a f u n c t i o n of the 
ra d i u s of cu r v a t u r e of a t r a c k . I t s value was 
c a l c u l a t e d fa*:--.; each set of thr e e c o n s e c u t i v e l y 
measured p o i n t s , and successive values were 
compared. 
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APPENDIX B 

Morrison (45) has suggested the p o s s i b i l i t y of the 
existence of two resonances w i t h mass s i m i l a r t o t h a t 

P +• 
assigned t o the A 2 meson. One w i t h J = 2 would 
decay t o /rtc as w e l l as t o KK and t o y»r . The 

P +• -
other meson having J =1 or 2 could decay t o ft*, but 
decays t o KK and t o y* would be f o r b i d d e n . Expressing 
the v a r i a t i o n of p r o d u c t i o n c r o s s - s e c t i o n w i t h the 
momentum of the incoming p i o n ( p ) i n the form:-

<r-(p) ot b 

i t i s . suggested t h a t . f o r p r o d u c t i o n t a k i n g .place.. -
by exchange of a meson, n»-1.5, and f o r p r o d u c t i o n 
which could take place by Pomeranchuk exchange (e.g. 
the 1"*"or 2~ meson) *»=0 

W r i t i n g the c r o s s - s e c t i o n f o r the p r o d u c t i o n of 
A 2 (decaying t o ^ t r ) i n the form:-

«-2(P> = G 2 ] p " 1 " 5 

and f o r the assumed 1 or 2" meson 

< r 3 ( p ) = c 3 

Suppose t h a t K i s the branching r a t i o 
A 2-»KK /A 2 -*^TT and y i s the branching r a t i o 



A2 — *)it/kg+pn . The c r o s s - s e c t i o n f o r the p r o d u c t i o n 
of A2 decaying i n these two a l t e r n a t i v e modes would 
"be K«r-2(p) and 7^2^^* 

I f i n an experiment, the two peaks i n the 
e f f e c t i v e mass spectrum could not be r e s o l v e d , the 
measured branching r a t i o s would be:-

A 2—>KK K * - 2 ( p ) K 

where R «C^/C 2 

and A 2 —«> tjyr f 

A2 ~~Vr 1 + R.p 1' 5 

On the basis of the hypothesis of a 1 + or 2" 
meson w i t h a mass s i m i l a r t o t h a t of the A2- meson, one 
would expect the measured branching r a t i o of the decay 
modes of the A would vary w i t h the momentum of the 
i n c i d e n t p i o n i n a way s i m i l a r t o the expressions 
above. The existence of the e x t r a meson would give a 
non-zero value of E. 



- 130 -

REFERENCES 
1. L.Michel, . I I Nuovo Cimento 10, 319 (1953). 
2. T.D.Lee and C.N. Yang, I I Nuovo Cimento j | , 74-9 (1956). 
3. M.Goldhaber, T.D.Lee and C.N.Yang, Ph y s i c a l Review 112, 

1796 (1958). 
4. M.Gell-Mann, C a l i f o r n i a I n s t i t u t e of Technology 

Synchrotron Laboratory Report, CTSL-20 (1961). 
5. Y.Ne'eman, Nuclear Physics 26, 222 (1961). 
6. V.E. Barnes e t a l . , P h y s i c a l Review L e t t e r s 12, 204 

(1964). 
7. M.Gell-Mann, Physics L e t t e r s 8, 214 (1964). 
8. F.Gursey and L.A.Radicati, P h y s i c a l Review L e t t e r s 

12, 173 (1964). 
9. Badier e t a l . , Proceedings of the Oxford I n t e r n a t i o n a l 

Conference on Elementary P a r t i c l e s (1965). 
10. Aachen-Berlin-CERN C o l l a b o r a t i o n , Physics L e t t e r s 1^, 

608 (1965). 
11. E . F e r r a r i and F . S e l l e r i , I I Nuovo Cimento 22, 1450 

(1963). 
12. N.J.Sopkovich, I I Nuovo Ciraento 26, 186 (1962). 
13. K . G o t t f r i e d and J.D.Jackson, I I Nuovo Cimento 3_4, 

735 (1965). 
14. E.Kiel and W.W.Neale, CERN I n t e r n a l Report, TC/02 

63-3 (1963). 
15. P.R.Williams, CERN I n t e r n a l Report, TC/NBC 65-1 

(1965). 
16. W.Blum, CERN I n t e r n a l Report, TC/NBC 63-2 (1963). 
17. G.Kellner, CERN I n t e r n a l Report, TC/NBC 65-4 (1965). 



- 131 -

18. Bonn-Durham-Nijmegen-Paris(E.P.)-Turin C o l l a b o r a t i o n , 
t o be publ i s h e d i n P h y s i c a l Review. 

19. C. A l f f e t . a l . , P h y s i c a l Review L e t t e r s % 322 (1962). 
20. M.Abolins e t . a l , P h y s i c a l Review L e t t e r s 11, 381 

(1963) . 
21. G.Goldhaber e t a l . , P h y s i c a l Review L e t t e r s 12, 336 

(1964) . 
22. Aachen-Berlin-Birmingham-Bonn-Hamburg-London ( I . C . ) -

Munchen C o l l a b o r a t i o n , P h y s i c a l Review 138B, 
897 0965). 

23. Aachen-Berlin-CERN C o l l a b o r a t i o n Physics L e t t e r s 12, 
356 (1964). 

24. Li.L.Anderson, Proceedings of the 6 t h Annual Rochester 
Conference on High Energy Nuclear Physics (1965). 

25. R.lC Deck, P h y s i c a l Review L e t t e r s 1£, 169"(1~964~). 
26. K . G o t t f r i e d and J.D.Jackson, I I Nuovo Cimento 

309 (1964). 
27. J.D. Jackson, Reviews of Modern Physics 484 (1965) 
28. Aachen-Berlin-Birmingham-Bonn-Haraburg-London(I.C.)-

Muchen C o l l a b o r a t i o n , I I Nuovo Cimento 2£» 659 
(1965) . 

29- L.Bondar et a l . , Physics. L e t t e r s 209 (1963). 
30. U.Maor and T.A.0 1Bailoran J r . , Physics L e t t e r s 1£, 

281 (1965). 
31. C. B a l t a y e t a l . , P h y s i c a l Review L e t t e r s 18, 93 

(1967). 
32. D.D. Carmony e t a l . , P h y s i c a l Review L e t t e r s 12, 

254 (1964). 



- 132 -

33 . R.I.Hess, Thesis, Berkeley (1966), quoted i n ref.34. 
34-. A.H.Rosenfeld et a l . , Reviews of Modern Physics 

2 2 , 1 ( 1 9 6 7 ) . 

35• Aachen-Ber1in-Birmingham-Bonn-Hamburg-London(I. C.) -
Muchen Collaboration, Physics L e t t e r s 10, 240 
(1964) . 

36. S.U.Chung et a l . , Physical Review L e t t e r s 16, 481 
(1966). 

37- G.Goldhaber et a l . , Physical Review L e t t e r s 1_£, 
118 (1965). 

38. G.Chikovani et a l . , Physics L e t t e r s 25B.;-; 44 (1967). 
39. S.U.Chung et a l . , Physical Review L e t t e r s 1£, 325 

(1965) . 
40. Dubpvikov et a l . , quoted i n ref.34. 
41. Aachen-Berlin-CSRN Collaboration, quoted in ref.45. 
42. Genova-Hamburg-Milan-Saclay Collaboration, quoted 

i n ref.45. 
43. R.L.Lander et a l . , Physical Review L e t t e r s 1^, 

346a (1964). 
44. R. Armenteros et a l . , Physics L e t t e r s 1£, 344 (1965). 
4 5 . D.R.O.Morrison, Physics L e t t e r s 25B,238 (1967). 
46. Aachen-Berlin-CERN Collaboration, Physics L e t t e r s 

2^B, 48 (1967). 
47 . N.Armenise et a l . , Physics L e t t e r s 251, 53 (1967). 

. % flAY 1969 ) 



LIoT-Oi- FIGUKEO . 

ia:ure 
1. Tt*f t o t a l and e l a s t i c c r o s s - s e c t i o n s . 
2 . K +p —» three-body c r o s s - s e c t i o n s . 
3 . Feynman diagrams f o r CPE models. 

a) Simple CPE model. 
b) OPE model w i t h a b s o r p t i o n . 

4. Layout of the- Ox beam. 
5. Plan view of the 3 r i t i s h N a t i o n a l Hydrogen 

Bubble Chamber. 
6. Diagram of the B r i t i s h N a t i o n a l Hydrogen 

Chamber, showing the scan zone, f i d u c i a l 
mari:s and approximate p o s i t i o n s of cameras. 

7 . Test of F i d u c i a l marie system. 
8. System of a n a l y s i s of the data. 
9 . Form of paper tape output froin the measuring 

machines. 
10. General s t r u c t u r e of Heap. 
11. Trade t e s t s i n fieap. 
1 2 . K e l a t i v e i o n i s a t i o n . 
15. P l o t of the square of the h i s s i n g mass 

(HM2) against the missing energy (FliS). 
14. Four-prong c r o s s - s e c t i o n s . 
15. Th3 square of the missing mass f o r 

r e a c t i o n s A, B and D. 
16. Reaction A: X~ d i s t r i b u t i o n f o r each 

l a b o r a t o r y i n the c o l l a b o r a t i o n . 
17 . Reaction B: X2 d i s t r i b u t i o n i o r each 

l a b o r a t o r y i n the c o l l a b o r a t i o n . 
18. Angular d i s t r i b u t i o n s . 



19 . Reaction A: 
E f f e c t i v e mass of pn-,* versus e f f e c t i v e mass 

Of 
20. Reaction A: 

E f f e c t i v e mass of pi** 
21. Reaction A: 

E f f e c t i v e mass of i»*v 
22. Reaction A: 

E f f e c t i v e mass of V"*iT, remaining pVcompatible 
w i t h an N*. 

2 3 . Two-body cross - s e c t i o n s versus the l a b o r a t o r y 
momentum of the i n c i d e n t p i o n . 
a) Vp-*NV* 
b) ii*f-»N**" 
c) V p -t>N*w° 

24. - R e a c t i o n - A : - E f f e c t i v e mass o f •H'Sr 
a) cos 0v > 0 

b) cos d n+ <• 0 

ft** i s the angle between the i n c i d e n t V a n d 
the outgoing V . 

2 5 . Reaction A: - t ( / h + / i r + ^ » ~ ) versus e f f e c t i v e 
mass of i t TT~. 

26. Reaction A: E f f e c t i v e mass of P*t _versus 
e f f e c t i v e mass of *r~, 
i f - t <. 0 . 3 GeV2. 

27 . Reaction A: D i f f e r e n t i a l c r o s s - s e c t i o n f o r 
p r o d u c t i o n . 

28. Reaction A: Section of f i g . 25 f o r h i g h values 
of I t I . . 

29 . Reaction A: D i f f e r e n t i a l c r o s s - s e c t i o n f o r 
N*^0 p r o d u c t i o n by baryon exchange. 



f i g u r e 
30. Reaction A: Spin d e n s i t y m a t r i x elements 

f o r N*^" p r o d u c t i o n . 
3 1. fie act i o n A: C o r r e l a t i o n of the angular 

d i s t r i b u t i o n s of W* and />" 
decays. 

32. Reaction A.: E f f e c t i v e mass of V'TY'V". 
3 3 . Reaction A: E f f e c t i v e mass o f n^VV, o n e 

f r + T t ~ combination i s compatible w i t h />% but 
excluding events compatible w i t h N*** 
pr o d u c t i o n . 

34. .'Reaction 3: E f f e c t i v e mags of p1** versus of 
e f f e c t i v e mass of n TT . 

33* Reaction 3: E f f e c t i v e mass of pn*. 
35. i n a c t i o n .3: E f f e c t i v e mass of />r +ir~7r°. 

37 . Reaction B: E f f e c t i v e mass of V ^ T i r 0 , remaining 
f t i compatible v.'ith N* . 

38. Reaction B: Number of io°'s versus e f f e c t i v e 
m?.ss of pit . 

39« Reaction B: D i f f e r e n t i a l c r o s s - s e c t i o n f o r 
p r o d u c t i o n . 

40. Reaction 3: Spin d e n s i t y m a t r i x elements 
f o r N*«* p r o d u c t i o n . 

41. Reaction B: C o r r e l a t i o n of the angular 
d i s t r i b u t i o n s of IN* and u° decays. 

42. Reaction 3: E f f e c t i v e mass of two-pion 
systems, 
a) W 
b) 
c) W 

43. Reaction B: E f f e c t i v e mass of /W +TT~TT°, i f 
or <^~Tr 0 i s compatible w i t h ? , and the 

associated p i r + i s compatible w i t h N*. 



F i g u r e 

44. R e a c t i o n 3: 

a) 2ffcctive mass of TT'VV 7?"° 

b) E f f e c t i v e rcass of -:- •!• - o 
7T 7;' 71 7T , i i a 

7T Vr 7i ° combination i s compatible w i t h v/°. 

45. Re a c t i o n B: D a l i t z p l o t ; e f f e c t i v e mass of 

i x \ n'° v e r s u s the e f f e c t i v e macs of pr̂ "*.' 

46. D e f i n i t i o n of 0 

47. Reaction U: E f f e c t i v e .iass of vAr' versus cos & ... 
13 

43. D i s t r i b u t i o n of cos 9 . 

a) B"'" ineson r e g i o n 
b) c o i i t r o l regions 
c ) d i f f e r u - i c e between d i s t r i b u t i o n s a ) and b ) . 

49. Reaction B: E f f e c t i v e mass 0 •>• 
OI V.' TC ', 

a) | COS 6 J < 0.5 
b) I COS 6 3 l > 0. 

50. R e a c t i o n E f f e c t i v e mass of p r + . 

51. R e a c t i o n 2: E f f e c t i v e mass of pK~ . 

52. Reaction 3: E f f e c t i v e mass 
— J . 

of K ?r'« 

53. R e a c t i o n E: E f f e c t i v e mass of K*K~ 

54. Reaction B: E f f e c t i v e mass Of 7i" V'V 7 i " ° , i f a 
•:- - 0 

71' 7i" 7T combination i s com}. ) a t i b l e v.ith ^ °. 

55. Reaction E f f e c t i v e mass of K ' K°. 

56. Reaction 13: 
a ) E f f e c t i v e mass of pr' versus a f f e c t i v e mass of K+K . 

b) E f f e c t i v e a a s s o f K+K", i f pr+ i s c 0 3 1 p a t i - o l e w i t h N K 



Figure 
57* Reaction G: 

a) E f f e c t i v e mass of fw + versus e f f e c t i v e mass 
of K K°. r 

b) E f f e c t i v e mass of K°K° i f f-n + i s 
compatible w i t h N*. 

58 . Cross-section f o r i t + p - ^ p A ^ C A ^ - V 0 T T + ) versus 
l a b o r a t o r y momentum of i n c i d e n t TV V. 

59 . Branching r a t i o s of decay versus l a b o r a t o r y 
momentum of i n c i d e n t p a r t i c l e i n the 
experiment i n which i t was determined. 

60. Reaction G: E f f e c t i v e mass of K°K°, i f both 
both decays are observed. 

61. Reaction E: Angular d i s t r i b u t i o n o f K K 
system. 
a) A.2 r e g i o n , 

between a) and b ) . 
b) c o n t r o l r e g i o n s , 
c) d i f f e r e n c e 

62. a) Reaction B: E f f e c t i v e mass o f i t + , n + V " , i f 
a TT HTr~ combination i s compatible w i t h 
and pV5 i s compatible w i t h N*. 

b) Reaction B: E f f e c t i v e mass of ~n+i\+fT, i f a 
IV +TT~ combination i s compatible w i t h p°, 
and n i r + i s compatible w i t h N*. 

+ + ° 
63. Reaction B: E f f e c t i v e mass of n u n , i f a 

TT+-K° combination i s compatible w i t h ^ + , 
and p*iT i s compatible w i t h i i * . 



L I o T OF 1'A.SLJ-ilo 

Table Page No. 
1. KK Eigenstates of I , 1^ and G 
2. Test of n o - f i e l d f i l m 29. 
5 . R e j e c t i o n C r i t e r i a 4-7• 

4. 4—prong c r o s s - s e c t i o n s 55• 

5. D i s t r i b u t i o n of f i t t e d hyootheses 56. 
6. Percentage of type A. f i t s 58' 
7. Ratio of type 3 f i t s t o tyr>e A f i t s 59 . 

8. Vieaction c r o s s - s e c t i o n s 60. 
9 . Median "X" f o r r e a c t i o n 3 65• 

10. Comparison of u>° peaks 66. 
11. Forward-backward r a t i o s - _ 67. 
12. do/dt sl o p e s i'or r e g i o n s a d j a c e n t to ]>* C r..:.ri:/ii 

15. C o e f f i c i e n t s of i * * and /»° decay d i s t r i b u t i o n s 86. 

15 . C o e f f i c i e n t s of IN* and t o 0 decay d i s t r i b u t i o n s 93-

16. Mass and width of 6 meson 100. 
17. Branching r a t i o k^-» / k^-*> 107 . 

18. Branching r a t i o k^ /Ap - * / » 1 1 1 . 
19 . Charge modes of N* k^ p r o d u c t i o n 118. 


