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ABSTRACT 

T h i s t h e s i s c o n t a i n s an account of the pajir + f i n a l s t a t e produced 
+ 

by the i n t e r a c t i o n of 11.7 GeV/c T mesons i n a bydrogen bubble chamber 

1 event f o r 4-prong DST = 0.17 Mb. 

The t o t a l c r o s s s e c t i o n s f o r 4-prong lCn° events and f o r the 

pci)ir+ f i n a l s t a t e r e s p e c t i v e l y are 1.31 ± 0.13 mb and 0.134 ± 0.O13 mb. 

These c r o s s s e c t i o n s vary as a power of i n c i d e n t momentum with expon

e n t s of 0.82 and 1.41 r e s p e c t i v e l y . 
+ A++ 

For the r e a c t i o n TT p — > wA , v a l u e s of mass and width of the 
++ + ,++ A and t o t a l c r o s s - s e c t i o n o(n p — > wA ) r e s p e c t i v e l y a r e 

2 2 1234 ± 8 MeV/c , 122 ± 32 MeV/c and 53 ± 10 yb. The c r o s s - s e c t i o n 

d e c r e a s e s with the i n c i d e n t momentum as p . n with n = 1.85. The 
i n c 

do/d|t| and da/d|t'| d i s t r i b u t i o n s show d i p s a t | t | (or | t ' | ) : 0 
2 

and = 0 .6 (GeV/c) . The slop e of 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 i s 
-2 

; 4 GeV . The p r e d i c t i o n s on the d e n s i t y m a t r i x elements d i s a g r e e 
w i t h the experimental r e s u l t s . There a r e di p s a t | t | = 0 and ~ 0.5 

2 

(GeV/c) f o r the n a t u r a l p a r i t y c o n t r i b u t i o n and a d i p appears a t 

| t | : 0.2 (GeV/c) f o r the u n n a t u r a l component. Most of the v a l u e s 

of the double s t a t i s t i c a l t e n s o r s are compatible with z e r o . A q u a l 

i t a t i v e t h e o r e t i c a l d i s c u s s i o n of the r e s u l t s i s pr e s e n t e d . 

For the r e a c t i o n u +p — > pB +, v a l u e s of mass, width and t o t a l 
+ 2 c r o s s - s e c t i o n of the B r e s p e c t i v e l y a r e 1235 ± 12 MeV/c , 

2 
120 ± 48 MeV/c and 21 ± 6 yb. The c r o s s - s e c t i o n d e c r e a s e s w i t h the 
i n c i d e n t momentum as p . n w i t h n about 1.5. The slope of the 

i n c 
-2 

d i f f e r e n t i a l c r o s s - s e c t i o n i s = 4 GeV . The h e l i c i t y amplitude 
f o r the o)°, l F

Q | 2
 = ° - 0 9 ± 0.07 which d i s a g r e e s w i t h the p r e d i c t i o n 

2 P + + of a simple quark model. The v a l u e s of < J > favour J = 1 or 2 
p + . 

but d i s f a v o u r J = 3 f o r the B. Assuming J = 1 assignment, the 

d e n s i t y matrix elements show t h a t the B + i s weakly a l i g n e d both i n 

the t - and the s-channel h e l i c i t y frames. 
++ 

There i s no evidence f o r the production of the higher mass A 

or h i g h e r mesons decaying i n t o coir or any resonance decaying i n t o u.»p. 
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PREFACE 

T h i s 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 a t the U n i v e r s i t y of Durham and i s 

concerned mainly w i t h the PWTT + f i n a l s t a t e produced by 

11.7 GeV/c p o s i t i v e p i o n s i n hydrogen. The experiment 

d e s c r i b e d here i s p a r t of a l a r g e r experiment on the 

i n t e r a c t i o n of 11.7 GeV/c p o s i t i v e p ions w i t h protons 

which was being c a r r i e d out by the High Energy Nuclear 

P h y s i c s 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 

s i m i l a r groups i n Genova, Milano, Hamburg and S a c l a y . 

The author j o i n e d the Group a f t e r the i n i t i a l exposure 

of the chamber and a f t e r a c o n s i d e r a b l e amount of measure

ment of the f i l m had been made and the data reduced. 

The author has been concerned w i t h the independent 
+ 

a n a l y s i s of the pun f i n a l s t a t e w i t h s p e c i a l emphasis 

to the quasi-two-body p r o c e s s e s . The 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 a r e i n d i c a t e d i n the t e x t . 
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CHAPTER 1 

STUDY OUTLINE AND DATA COLLECTION 

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

The e x i s t e n c e s of almost a l l the elementary p a r t i c l e s have 

been e s t a b l i s h e d by observing the r e s u l t s of c o l l i s i o n s of those 

a l r e a d y known, w i t h n u c l e a r t a r g e t s , the most u s e f u l and e a s i l y 

used t a r g e t being the proton. The c u r r e n t measurements of the 

i n t r i n s i c p r o p e r t i e s of the known p a r t i c l e s a r e summarised i n data 

t a b l e s [ 1 ] . B e s i d e s the photon, the p a r t i c l e s d i v i d e n a t u r a l l y 

i n t o a s m a l l group c a l l e d leptons ( e l e c t r o n s , muons and n e u t r i n o s ) 

which i n t e r a c t through the weak i n t e r a c t i o n and a very l a r g e group 

c a l l e d hadrons which i n t e r a c t through strong n u c l e a r f o r c e s . The 
+ 

experimental study of ir meson c o l l i s i o n s on protons xn t h i s t h e s i s 

i s concerned w i t h s i x types of known hadrons, the pion, proton, 

and p mesons, the B meson and A baryon. The r e l e v a n t p r o p e r t i e s 

are summarised i n Table ( 1 . 1 ) . 

Table (1.1) 

The p a r t i c l e p r o p e r t i e s 

P a r t i c l e Mass(MeV) x ( s e c ) T (MeV) Spin P a r i t y I s o s p i n ( I ) G - P a r i t y 

+ 
ir -meson 140 2.6xlO~ 8 0 0 _ _ 

o 
ir -meson 135 * 1 0 4 6 7.8+0.9eV 0 -

1 
-

p-meson 770+5 - 146±10 1 - 1 -
o 

to -meson 783.8±0.3 9.8±0.5 1 - 0 -
+ 

B -meson 1237±10 - 120±20 1 + 1 + 

Proton(p) 938 i oo 0 1/2 1/2 
++ 

A 1230-1236 110-122 3/2 + 3/2 
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The proton and the TT mesons have long enough l i f e t i m e s f o r t h e i r 
o + 

d i r e c t d e t e c t i o n to be p o s s i b l e . The OJ and B mesons and tne 

A + + a r e hadrons f o r which strong decay channels to other hadrons 
-23 

are p o s s i b l e with l i f e t i m e s % 10 s e c . and hence no apparatus i s 

capable of d e t e c t i n g them d i r e c t l y . They decay r e s p e c t i v e l y a s : 
o . + - o 

03 -> TT TT IT ( % 90%) f 

T T ° Y ( ̂  10%) ; 

+ . O + 
B * w ir 

A * pTT 

The v e r y s h o r t l i f e t i m e s imply t h a t the masses of these p a r t i c l e s 

should not have s h a r p l y d e f i n e d v a l u e s . -The mass d i s t r i b u t i o n 

t a k e s the form of a B r e i t Wigner f u n c t i o n (see S e c t i o n 2.3) and hence 

such u n s t a b l e p a r t i c l e s are u s u a l l y c a l l e d resonances. I n T a b l e (1.1) 

i t i s the f u l l width a t h a l f h e i g h t (T) of the B r e i t Wigner f u n c t i o n 

corresponding to the resonance t h a t i s e n t e r e d r a t h e r than the l i f e 

time ( T ) . The i n t r i n s i c p a r i t y of a hadron i s important s i n c e the 

net p a r i t y of a system of c o l l i d i n g hadrons i s conserved i n s t r o n g 

i n t e r a c t i o n s . The same i s t r u e of the i s o s p i n I and G - p a r i t y which 

are l i s t e d i n the t a b l e . The t o t a l charge m u l t i p l i c i t y of a p a r t i c l e 

i s (21+1). The other conserved quantum numbers, baryon number and 

hypercharge, which are u s e f u l to a s s i g n to hadrons are not l i s t e d 

i n the t a b l e . 

E x p e r i m e n t a l l y the resonances cannot be d e t e c t e d d i r e c t l y . 

The b a s i c i n t e r a c t i o n being s t u d i e d i n t h i s t h e s i s i s : 

+ . o + rr p ? pw TT . 

The oi° meson, however, decays i n s t a n t a n e o u s l y as f a r as any apparatus 
+ - o 

i s concerned mainly i n t o t h r e e p i o n s Or TT TT ) . Hence the r e a c t i o n 

t h a t i s d e t e c t e d appears a s : 



- 3 -

+ . + + - o 
I f p > pTT TT TT 7T , 

With such a m u l t i p l i c i t y of p a r t i c l e s i n the f i n a l s t a t e , the 

d e t e c t i n g system e i t h e r has to be a high complex spark chamber a r r a y 

or as i n the p r e s e n t c a s e , a hydrogen bubble chamber. 

Any experiment i n high energy p h y s i c s these days i s l i k e l y 

to take a number of y e a r s to complete. A bubble chamber experiment 

r e q u i r e s teams of e x p e r t s to operate the chamber, and d e s i g n the 

beams of p a r t i c l e s to which i t i s exposed. The e x t r a c t i o n of d a t a 

and i t s a n a l y s i s i s normally c a r r i e d out by c o l l a b o r a t i o n of many 

people working i n d i f f e r e n t i n s t i t u t i o n s . The author j o i n e d the teamt 

working on the p r e s e n t experiment a f t e r the i n i t i a l exposure of the 

chamber and a f t e r a c o n s i d e r a b l e amount of the f i l m had been measured 

and the data reduced. The r e s t of t h i s Chapter i s devoted to a 

summary of the p r o c e s s t h a t r e s u l t s i n o b t a i n i n g data from a f i l m 

a n a l y s i s system w i t h p a r t i c u l a r r e f e r e n c e to t h a t used i n Durham. 

I n the l a t e r chapters the d e t a i l e d independent a n a l y s i s done by the 

author of the pio°ir + f i n a l s t a t e produced by 11.7 GeV/c TT + mesons 

c o l l i d i n g w i t h protons i s p r e s e n t e d . A number of the r e s u l t s o b t a i n e d 

i n the t h e s i s have a l r e a d y been p u b l i s h e d [2,3] by the c o l l a b o r a t i n g 

l a b o r a t o r i e s , and t h e r e are sometimes d i f f e r e n c e s between the two 

s e t s . These d i f f e r e n c e s a r e never l a r g e enough to c o n s i d e r e i t h e r 

d e t e r m i n a t i o n of a q u a n t i t y to be erroneous, and should r a t h e r be 

taken as an i l l u s t r a t i o n of the v a r i a t i o n t h a t o c c u r s when two d i f 

f e r e n t but e q u a l l y r e a s o n a b l e schemes of a n a l y s i s a re a p p l i e d to the 

same raw data. A comparison t a b l e of the p u b l i s h e d r e s u l t s and those 

obtained i n t h i s t h e s i s i s g i v e n i n Appendix A. 

t T h i s was a c o l l a b o r a t i o n of members of l a b o r a t o r i e s i n Genova, 
Milano, Hamburg, S a c l a y and Durham. 



I . 2 The Beam, Bubble Chamber and F i l m P r o d u c t i o n 

The exposure of the CERN 2m hydrogen bubble chamber to 

I I . 7 GeV/c p o s i t i v e pions took p l a c e i n J u l y , 1966, u s i n g the beam 

a t CERN. About 180,000 p i c t u r e s were taken f o r t h i s experiment. 

I n t h i s S e c t i o n the beam, the bubble chamber and the f i l m 

p r o d u c t i o n w i l l be d e s c r i b e d . 

1.2.1 The U 3 beam 

The beam was c o n s t r u c t e d i n the e a s t e x p e r i m e n t a l a r e a of 

the CERN proton synchroton to supply the CERN 2m hydrogen bubble 

chamber w i t h reasonably pure beams of pions and kaons a t d i f f e r e n t 

momenta up to 20 GeV/c. The beam uses RF s e p a r a t o r s because they a r e 

more e f f e c t i v e a t hi g h e r i n c i d e n t e n e r g i e s such as i n t h i s experiment. 

The beam can be d i v i d e d i n t o t h r e e s t a g e s . F i r s t l y , the p a r t i c l e s 

l y i n g w i t h i n a p a r t i c u l a r momentum range are s e l e c t e d . Secondly, the 

mass a n a l y s i s i s done and l a s t l y the momentum i s r e d e f i n e d b e f o r e 

e n t r y i n t o the chamber. 

The d e t a i l e d d e s c r i p t i o n of the beam i s giv e n by L a z e y r a s , P. 

[4].and Bernard e t a l . [ 5 ] . A b r i e f d e s c r i p t i o n i s g i v e n below. The 

l a y o u t and schematic diagram of the 165.5 m long beam i s shown i n 

F i g . ( 1 . 1 ) . The protons i n the synchroton a t about 20 GeV/c a r e 

e x t r a c t e d by f a s t e j e c t i o n and impinge on a copper t a r g e t of dimensions 
3 

2x1x150 mm . The angular acceptance i s d e f i n e d by the h o r i z o n t a l and 

v e r t i c a l c o l l i m a t o r s , C, and C . The four l e n s e s Q,-Q„ focus the 
1 2 1 4 

beam on to the c o l l i m a t o r C^ and g i v e i t s u f f i c i e n t m a g n i t i f i c a t i o n i n 

the v e r t i c a l plane to g i v e i t an angular opening of about 1 mr i n the 

c e n t r e of RF^ s e p a r a t o r . The c o l l i m a t o r C^ d e f i n e s the v e r t i c a l 

a n g u l a r acceptance. The components B^, B^i C^, Q^, B^ and produce 

a momentum-analysed and d i s p e r s i o n - f r e e beam. The momentum a n a l y s i s 
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ta k e s p l a c e a t C^, c a l l e d the momentum s l i t . The quadrupole Q a c t s 

as a f i e l d l e n s and B^, B^, B^ and B^ are the bending magnets. 

The doublet Q -Q_ images the t a r g e t i n both the h o r i z o n t a l 6 7 
and the v e r t i c a l p l a n e s a t the f i r s t RF c a v i t y The two do u b l e t s 

Q -£) and Q , - Q , , i p l a c e d between RF and RF , produce the images i n ts y l u 11 1 2 

R F 2 . 

I n RF^ the d e f l e c t i o n of unwanted p a r t i c l e s i s c a n c e l l e d by 

d e f l e c t i o n i n the opposite d i r e c t i o n w h i l e t h a t of wanted p a r t i c l e s 

i s doubled by ch o i c e of a s u i t a b l e phase d i f f e r e n c e as they t r a v e l 

between RF^ and T ^ e u n w a n t e ^ p a r t i c l e s are thus stopped by the 

beam stopper. I n p r a c t i c e the h e i g h t of beam stopper i s made some

what bigger than the t h e o r e t i c a l v a l u e to account f o r i m p e r f e c t i o n s 

and t o l e r a n c e s i n the system. The s e c t i o n of the beam f o l l o w i n g RF^ 

r e d e f i n e s the momentum and r e f o c u s s e s the beam. F i n a l l y , the 

v e r t i c a l magnets V and V s t e e r the beam i n t o the bubble chamber. 
7 8 

1.2.2 The bubble chamber 

F i g u r e (1.2) shows the CERN 2-metre bubble chamber where the 

exposure took p l a c e . I t c o n s i s t s of aluminium c a s t i n g of dimensions 
3 

200x51x60cm with f r o n t and back windows of plane g l a s s . I t was 

f i l l e d w ith l i q u i d hydrogen f o r t h i s experiment, under a p r e s s u r e 

of about 6 atmospheres and a t a temperature of about 27°K which i s 

j u s t s u f f i c i e n t to prevent b o i l i n g . 

The chamber i s surrounded by l a r g e electromagnets which main

t a i n e d an almost uniform magnetic f i e l d of about 17 Kgauss throughout 

the chamber. The magnetic f i e l d i s normal to the windows of the 

chamber. 

The four cameras i n d i f f e r e n t p o s i t i o n s are arranged to 

photograph the chamber. F i d u c i a l marks a r e engraved on the i n n e r 
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s i d e s of the f r o n t and back windows and t h e s e provide a c o o r d i n a t e 

system independent of the photographic system. 

The through i l l u m i n a t i o n uses t h r e e f l a s h tubes w i t h f i l t e r s 

f o r wavelengths i n the range 4200-46008. 

The four cameras are mounted i n an a r r a y with t h e i r axes 

p e r p e n d i c u l a r to the chamber windows and t h e i r p o s i t i o n s a re l o c a l i s e d 

as shown i n F i g . ( 1 . 3 ) . The average f o c a l l e n g t h of o b j e c t i v e s i s 

182.3 mm with an a p e r t u r e of f/32 which g i v e s a depth of focus 

c o v e r i n g the whole chamber from f r o n t to back. 

Each camera s e e s through a s e t of t h r e e windows arranged i n 

such a way t h a t the t o t a l d e v i a t i o n of l i g h t i s not more than 

0.1510.1 mr. 

1^2.3 The f i l m p r o d u c t i o n 

The o p e r a t i o n c y c l e as shown i n F i g . (1.4) i s designed such 

t h a t the charged p a r t i c l e s p a s s i n g through the chamber l e a v e a t r a i l 

of bubbles to be photographed. 

I n i t i a l l y the p r e s s u r e i s kept j u s t s u f f i c i e n t t o p r e v e n t the 

b o i l i n g of l i q u i d and when i t i s suddenly reduced from 6.5 to 2.8 

atmospheres, the l i q u i d (hydrogen i n t h i s experiment) i s super

heated. The timing of the expansion c y c l e i s so arranged t h a t the 

beam of p a r t i c l e s from the a c c e l e r a t o r i s allowed to e n t e r the 

chamber when the p r e s s u r e i s minimum and the chamber i s most s e n s i t i v e . 

They cause i o n i s a t i o n and spontaneous b o i l i n g i s produced along the 

path of the p a r t i c l e s . The f l a s h i s delayed by about a m i l l i s e c o n d 

to enable the bubbles to grow to a s u i t a b l e s i z e to be photographed. 

When the t r a i l of bubbles grows to the s i z e of about 200u. i n diameter, 

the chamber i s i l l u m i n a t e d and photographed. 
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The cameras a re wound on and the p r e s s u r e i s i n c r e a s e d again 

f o r the bubbles to condense f o r the next c y c l e to be repe a t e d a f t e r 

every machine p u l s e (e.g., two seconds i n t h i s e x p e r i m e n t ) . 

The bubble chamber operated f o r a week can produce 100,000 

to 200,000 p i c t u r e s f o r subsequent a n a l y s i s . 

1.3 The F i l m A n a l y s i s System 

F i g . (1.5) shows the flow diagram f o r the f i l m a n a l y s i s system 

as used i n Durham f o r the experiment. E q u i v a l e n t systems v/ere used 

by the c o l l a b o r a t i n g l a b o r a t o r i e s . 

An experiment of t h i s type i n v o l v e s hundreds of thousands of 

p i c t u r e s (e.g., 180,000 i n t h i s e x p e r i m e n t ) , hence a somewhat 

automated system i s n e c e s s a r y . The d i f f e r e n t s t e p s i n v o l v e d a r e 

b r i e f l y d e s c r i b e d i n t h i s S e c t i o n . 

1.3.1 Scanning 

Of the th r e e views of one exposure o f the chamber one was 

scanned, the other two being used as a check and a r e c o r d was kept 

of the l o c a t i o n and prong number of the events and any s p e c i a l 

f e a t u r e s . The prong number of an event i s determined by the number 

of s e c o n d a r i e s l e a v i n g the i n t e r a c t i o n . 

The f i l m was scanned twice and the two l i s t s of events thus 

obtained were compared f o r determining e f f i c i e n c y . F or the four-

prong events used i n t h i s t h e s i s the e f f i c i e n c i e s were high, being 

99%. 

1.3.2 Measuring 

The measuring machines were manually operated. The f i l m v/as 

moved, the movement being d i g i t i s e d , so t h a t the e n l a r g e d image 
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p r o j e c t e d on to a s c r e e n swept p a s t a f i x e d mark on the s c r e e n . 

Such a machine i s c a l l e d a f i l m plane d i g i t i s e r . The x ry co

o r d i n a t e s and other r e l e v a n t i n f o r m a t i o n were s t o r e d on a magnetic 

d i s c , t 

The measurement of two views of a t r a c k a r e s u f f i c i e n t f o r a 

th r e e - d i m e n s i o n a l r e c o n s t r u c t i o n i n chamber space provided the t r a c k 

does not l i e along the o p t i c a x i s of e i t h e r of the cameras. To 

avoid such a s i t u a t i o n t h r e e views were measured thus e n s u r i n g 

a t l e a s t two good views f o r each t r a c k . 

The c o o r d i n a t e system of measurements was determined by 

measuring four f i d u c i a l m a r k s — t w o each on the f r o n t and the back 

windows of the chamber. 

U s u a l l y nine p o i n t s were measured f o r each t r a c k i n each view. 

For very s h o r t t r a c k s only the end p o i n t was measured. Thus f o r a 

simple two-prong event about 1 0 0 c o o r d i n a t e p a i r s are recorded and 

a four-prong event r e q u i r e s 1 5 0 measurements. These measurements 

are l i s t e d i n T a b l e ( 1 . 2 ) . 

T a b le ( 1 . 2 ) 

Coordinate measurements f o r two- and four-prong e v e n t s i n 
each view 

Measurement Two-prong E v e n t s Four-prong Event 

F i d u c i a l marks 4 4 

Apex 1 1 

Beam t r a c k 9 9 

Secondary t r a c k s 1 8 3 6 

T o t a l 3 2 5 0 

t F o r the f i r s t p a r t of the experiment, measurements were a c t u a l l y 
s t o r e d on paper tape, but the subsequent flow of i n f o r m a t i o n was 
of course the same. 



_ 9 -

The s t o r e d c o o r d i n a t e information was then p r o c e s s e d by a 
programme (REAP) to put i t i n a form s u i t a b l e f o r i n p u t to the 
programme THRESH. The d a t a from THRESH were then p r o c e s s e d by a 
programme c a l l e d GRIND. 

1.3.3 THRESH and GRIND 

THRESH i s a geometry programme of the CERN TC l i b r a r y which 

r e c o n s t r u c t s from the measurements the geometry of the events i n 

space. I t checks up the measurement of each view i n t u r n and then 

examines the f i d u c i a l measurements whether or not they l i e w i t h i n 

the permitted t o l e r a n c e . A c i r c l e was f i t t e d to the measurements 

of nine or so p o i n t s f o r each t r a c k i n a view ( i . e . , i n p r o j e c t i o n ) . 

The two b e s t f i t t e d c i r c l e s were then used to r e c o n s t r u c t each 

t r a c k as a h e l i x i n the th r e e - d i m e n s i o n a l chamber space and the 

t h i r d c i r c l e , i f measured, was used f o r checking. 

Thus a f t e r o p e r a t i o n of THRESH one had the space t r a j e c t o r i e s 

and hence c u r v a t u r e s of p a r t i c l e t r a c k s , to determine t h e i r momenta, 

but not the nature of the p a r t i c l e s . So v a r i o u s hypotheses were 

t r i e d to f i t the experimental measurements u s i n g the c o n s e r v a t i o n 

laws. For example, the four-prong events were k i n e m a t i c a l l y f i t t e d 

t o the f o l l o w i n g t h r e e r e a c t i o n s : 

+ + + -
IT p p T T IT 7f 

+ ^ + + - O 
TT p > p T T TT TT IT 

+ + - ! - + -

i r p > mi i t TT n , 

GRIND i s the CERN TC programme which was used to do t h i s k i n e m a t i c 

f i t t i n g . 

Each event must s a t i s f y the four c o n s t r a i n t equations of 

energy and momentum a t the i n t e r a c t i o n . 
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where P, X, <}> and m r e s p e c t i v e l y a r e the momentum, d i p , azimuth and 

mass of the beam p a r t i c l e . P^, X^, <)) a r e the corresponding q u a n t i t i e s 

f o r the outgoing p a r t i c l e i and M i s the mass of t a r g e t . The 

p a r t i c l e momenta were determined from the t r a c k c u r v a t u r e s u s i n g the 

known magnetic f i e l d . A stopping p a r t i c l e ' s momentum was obtained 

from the range-energy r e l a t i o n s . 

The method of l e a s t squares i s used to reduce EP , EP , EP 
x y z 

and EE to a predetermined l i m i t of, i n t h i s c a s e , 0.0005 GeV, i . e . ; 

\ , giv e n below, i s minimized. 

2 < X i " . V 
X = l Ax . l 

(1.2) _t 

where X^ i s the measured q u a n t i t y , X^ i s the f i t t e d q u a n t i t y and AX^ 

i s the e r r o r on X . 
i 

"1' S i n c e t h e r e are c o r r e l a t i o n s between the measurements, 

equation (1.2) i s approximate. The more g e n e r a l a n a l y s i s used by 

THRESH and GRIND, u s i n g matrix n o t a t i o n i s b r i e f l y as f o l l o w s [ 6 ] . 

L e t G ^ be the f u l l e r r o r matrix where (G "*") ̂  i s the 

v a r i a n c e of the i t h measurement and (G , . i s the c o v a r i a n c e 
ID 

between the i t h and j t h measurements. The i n v e r s e , G, of the f u l l 

e r r o r m a t r i x i s c a l l e d a weighting m a t r i x . Then equation (1.2) 

becomes • 
J I 

x 2 " X X (X. " X,) G., (X, - X J j = l i = l i ID D D 
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When no n e u t r a l p a r t i c l e i s i n v o l v e d i n the f i n a l s t a t e , a l l 

the v a r i a b l e s are c o n s t r a i n e d and t h e r e a r e four degrees of freedom 

and the f i t i s c a l l e d a ' 4 C - f i t . ' When a n e u t r a l p a r t i c l e of 

as s i g n e d mass i s m i s s i n g , the f i r s t t h r e e equations (1.1 a-c) a r e 

used to s o l v e f o r P.. A. A. and the f o u r t h one i s used f o r a c o n s t r a i n t . 
1 l ' l 

There being one degree of freedom, the f i t i s known as a * l C - f i t . ' 

When more than one p a r t i c l e i s m i s s i n g t h e r e a r e more unknowns than 

the c o n s t r a i n t equations and thus the f i t cannot be done. E v e n t s 

r e j e c t e d by THRESH or GRIND were remeasured and r e p r o c e s s e d . The 

f i n a l pass r a t e was 90%. 

1.3.4 I o n i s a t i o n check and data summary tape 

A l l e vents s u c c e s s f u l i n GRIND were examined on the scanning 

t a b l e to check whether the i o n i s a t i o n (bubble d e n s i t y ) seen f o r a 

t r a c k was compatible with the requirements of the h y p o t h e s i s . 

I t has been shown by s e v e r a l workers[7-9] t h a t e x p e r i m e n t a l l y 

the bubble d e n s i t y , D, ( i . e . , number of bubbles per u n i t of t r a c k ) 

i s i n v e r s e l y p r o p o r t i o n a l to the square of the p a r t i c l e v e l o c i t y , 

3 provided 0.5 <6< 0.8 f o r heavy l i q u i d s and up to B ^0.97 f o r 

hydrogen. Thus 

D = D /B 2 (1.3) o r 

where D i s the minimum v a l u e of i o n i s a t i o n ( i . e . . f o r beam t r a c k s ) , o ' 

The momenta of the pion and proton corresponding to (3 ̂ 0.97 a r e 

0.57 GeV/c and 3.8 GeV/c r e s p e c t i v e l y . 

F i g . (1.6) shows the r e l a t i v e bubble d e n s i t y a g a i n s t the 

momentum f o r thr e e p a r t i c l e s , i . e . ; p i o n , kaon and proton. I n the 

p r e s e n t experiment an e s t i m a t e of bubble d e n s i t y by eye l e a d s to 

pions and proton i n d i s t i n g u i s h a b l e above about 1.2 GeV/c. T h i s i s 
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i l l u s t r a t e d by the proton momentum d i s t r i b u t i o n of lGr events 

ambiguous w i t h lCn and of those f o r which two 1CTT° hypotheses f i t t e d . 

There i s a sharp c u t o f f a t about 1.2 GeV/c. T h e r e f o r e , i t i s con

cluded t h a t protons and pions were i n p r a c t i c e d i s t i n g u i s h e d below 

1.2 GeV/c f o r t h i s experiment. 

A l l hypotheses compatible w i t h the i o n i z a t i o n code were 

accepted. There i s , of course, a c l a s s of events which do not f i t 

any of the hypotheses t r i e d . These are c a l l e d ' n o - f i t ' e v e n t s ^ and 

could be examples of m u l t i - n e u t r a l p a r t i c l e p r o d u c t i o n , f o r example: 

+ + + - o o 
IT p > Tf p Tf 7T ir ir 

or 
+ . + + + - 0 0 

TT p # TT TT IT IT TT TT . 

The data summary tapes (DST) were prepared from the GRIND 

output. The DST c o n t a i n s the s e l e c t e d events, hypotheses and 

ki n e m a t i c i n f o r m a t i o n such a s an g l e s and momenta and s t a t i s t i c a l 

i n f o r m a t i o n such as the confidence l e v e l of the f i t t e d h y p o t h e s i s 
2 2 (normally c a l l e d x - p r o b a b i l i t y or P ( x ) ) -

1.4 Checks on the PST 

The d i s t r i b u t i o n s of e r r o r s on c u r v a t u r e , d i p and a z i m u t h a l 

a n g l e s as g i v e n by THRESH a r e normally d i s t r i b u t e d . The f i t s t o the 

d i f f e r e n t hypotheses f o r an event as obtained by GRIND u s i n g the 

e x t r a i n f o r m a t i o n i n the form of c o n s t r a i n t e q u a t i o n s ( 1 . 1 ) should 

y i e l d k i n e m a t i c q u a n t i t i e s which a r e c l o s e r to the t r u t h than the 

o r i g i n a l measurements. T h i s w i l l be t r u e i f no s y s t e m a t i c e r r o r s of 

measurement have been made. I n order to check t h i s , the p u l l 

^ No hypotheses f i t t i n g the st r a n g e p a r t i c l e p r o d u c t i o n were t r i e d . 
They a l s o c o n t r i b u t e d towards n o - f i t e v e n t s . 
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d i s t r i b u t i o n s , as d e f i n e d below, were p l o t t e d f o r each f i t t e d h y p o t h e s i s . 

Q u - Q f 
P u l l = , ( 1 . 4 ) 

/ o 2 + a 2 

u f 

where and r e s p e c t i v e l y are the u n f i t t e d q u a n t i t y and i t s standard 

d e v i a t i o n and and a f are the corresponding q u a n t i t i e s f o r the f i t t e d 

v a l u e s . The p u l l d i s t r i b u t i o n should be a Gaussian around z e r o w i t h a 

s t a n d a r d d e v i a t i o n of one. The p u l l d i s t r i b u t i o n s f o r c u r v a t u r e , d i p 

and a z i m u t h a l angles v/ere p l o t t e d f o r a l l the l a b o r a t o r i e s concerned and 

s m a l l adjustments were made to the i n f o r m a t i o n on e r r o r s submitted to 

GRIND, f o r those q u a n t i t i e s where the width of the r e l e v a n t p u l l d i s t r i 

b u t i o n was not u n i t y . No i n d i c a t i o n f o r the presence of l a r g e s y s t e m a t i c 

e r r o r s i n measurement was obtained. 

Each c o l l a b o r a t i n g l a b o r a t o r y produced i t s own DST c o n t a i n i n g 

the r e l e v a n t i n f o r m a t i o n i n the a p p r o p r i a t e format. The c o m p a t i b i l i t y 

of d a t a on the DSTs of d i f f e r e n t l a b o r a t o r i e s was checked [ 1 0 ] . 
2 2 The x - p r o a b i l i t y (P(x )) f o r a t r u e sample of a p a r t i c u l a r 

c l a s s of e v e n t s , such as 4 C , 1CTT°, e t c . i s expected to be f l a t . But the 

f i t cannot sometime r e s o l v e between 4 C and 1CTT° e v e n t s . T h e r e f o r e 

a m b i g u i t i e s a r i s e where the same measurements are s i m u l t a n e o u s l y com

p a t i b l e w i t h two or more hypotheses. How these a m b i g u i t i e s have been 

t r e a t e d i n the p r e s e n t work i s d i s c u s s e d i n S e c t i o n s 3.2 and 3 . 3 . 
2 o F i g u r e ( 1 . 7 ) shows P(X ) d i s t r i b u t i o n f o r 4-prong ICTT e vents. 

2 2 I t i s almost f l a t f o r P(x ) > 0 . 1 but f o r P(x ) < 0 . 1 , i t i s s t r o n g l y peaked. 

T h i s i s due to the p o s s i b i l i t y t h a t w i t h i n measurement e r r o r s , the data 
o 

obtained f o r some events can be c o n s i s t e n t w i t h a s i n g l e m i s s i n g IT -meson 

even i f the events a r e due to o t h e r p r o c e s s e s such as two m i s s i n g 

TT° mesons. For example, the e r r o r on MM̂  (square of the m i s s i n g mass) 
2 2 i s d i s t r i b u t e d between 5M and 15M and hence the n o - f i t background 
HO TO 

2 
may a l s o c o n t r i b u t e towards the lower P(x ) e v e n t s . 
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F i t t e d as s i n g l e TT - production events the confidence l e v e l s 

would no longer be expected to l i e u n i f o r m l y between 0 and 1 i n 

p r o b a b i l i t y , but i n g e n e r a l would tend to be s m a l l . I n the p r e s e n t 
2 

work, m g e n e r a l , P ( x ) has been taken >0.1 (see S e c t i o n 3 . 3 . 1 ) . 
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CHAPTER 2 

THE BASIC MEASUREMENTS OF QUASI-TWO-BODY INTERACTIONS 

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

The term quasi-two-body i n t e r a c t i o n i s a p p l i e d to a channel 

t h a t can be i n t e r p r e t e d as being 

a + b > c + d. 

Here, a and b denote the p a r t i c l e s t h a t c o l l i d e ( i n the p r e s e n t study 
+ 

a TT meson and proton) and c and d are the r e a c t i o n products which 

could be two resonances. A s p e c i f i c example d i s c u s s e d i n Chapter 4 
i s 

+ o ++ I T p > to A 
T T + t 

+ - O -> TT TT TT . 

O + + 

The id and A have such s h o r t l i f e t i m e s t h a t i t i s only t h e i r decay 

products t h a t can ever be observed, and such a r e a c t i o n channel w i l l 

appear (along w i t h other r e a c t i o n s l e a d i n g to s i m i l a r f i n a l s t a t e s ) 
+ + - o 

as a f i n a l s t a t e pu TT TT TT . 

A s t r o n g m o t i v a t i o n f o r the study of such quasi-two-body 

p r o c e s s e s i s t h e i r i n h e r e n t s i m p l i c i t y . E x p e r i m e n t a l l y , i t i s p o s s i b l e 

t o r e c o g n i s e them reasonably e a s i l y and t h e o r e t i c a l l y one can hope to 

d e s c r i b e them i n a s i m p l e r manner than could be p o s s i b l e f o r a many 

p a r t i c l e f i n a l s t a t e . The experimental measurements y i e l d the t o t a l 

channel c r o s s - s e c t i o n , 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 (as a f u n c t i o n 

of angle or four-momentum t r a n s f e r ) and i n f o r m a t i o n about the s p i n 

s t a t e s of the p a r t i c l e s produced. I n l a t e r S e c t i o n s of t h i s Chapter 

a g e n e r a l d i s c u s s i o n of the e x t r a c t i o n of these q u a n t i t i e s from the 

data w i l l be g i v e n . I n the l a s t S e c t i o n i s given a q u a l i t a t i v e 

d e s c r i p t i o n of the kind of t h e o r e t i c a l treatments t h a t a r e c u r r e n t l y 

used to d i s c u s s channels of t h i s type. 
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2.2 The T o t a l C r o s s S e c t i o n 

I t i s p o s s i b l e to determine an a b s o l u t e t o t a l c r o s s - s e c t i o n 

with a bubble chamber experiment i f a c a r e f u l account i s kept of the 

i n c i d e n t p a r t i c l e i n t e n s i t y throughout the scanned f i l m and c o r r e c t i o n s 

are made f o r unwanted p a r t i c l e contamination i n the beam and the 

d e n s i t y of the l i q u i d hydrogen i s p r e c i s e l y known. However, scanning 

speeds a r e reduced by the requirement of sample counting of i n c i d e n t 

beam t r a c k s , and t h e r e are p r a c t i c a l d i f f i c u l t i e s i n keeping the same 

c r i t e r i a f o r such measurements i n d i f f e r e n t l a b o r a t o r i e s spread over 

Europe. I t i s much e a s i e r to be sure t h a t the i n t e r a c t i o n s a r e 

c o r r e c t l y recorded, and i t was decided t h a t the p r e s e n t experiment 

would not be used to determine an a b s o l u t e c r o s s - s e c t i o n , but t h a t 

p u b l i s h e d counter measurements would be used to determine the c r o s s -

s e c t i o n e q u i v a l e n t of the scanned events.t 

Table (2.1) l i s t s the number of events found per l a b o r a t o r y 

as a f u n c t i o n of prong number (normally c a l l e d a topology c l a s s i f i c a t i o n ) . 

. T a b l e (2.1) 

Topology c l a s s i f i c a t i o n 

L aboratory C o r r e c t e d C o r r e c t e d C o r r e c t e d C o r r e c t e d C o r r e c t e d C o r r e c t e d 
2-Prong 4-Prong 6-Prong 8-Prong ^10-Prong T o t a l 

Durham 12,068 9,478 3,966 705 64 26,281 

Genova 13,321 13,462 6,170 1,] 78 34,131 

Hamburg 5,363 5,475 2,458 458 33 13,787 

Milano 9,313 9,121 3,745 672 48 22,899 

S a c l a y 25,436 26,214 9,862 182 18 61,712 

T o t a l 65,501 63,750 26,201 3,: 158 
1 

158,810 

t For a p a r t i a l Durham sample i n which t r a c k counting was done a 
rea s o n a b l e agreement with the counter r e s u l t s was found [ 1 0 ] . 
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C o r r e c t i o n s were a p p l i e d to a l l the events f o r scanning 

e f f i c i e n c y . I n a d d i t i o n , there i s a l o s s of two prong events when 

proton momenta are low and t h e r e f o r e such events may appear merely 

as s c a t t e r s . T h i s i s important a t high e n e r g i e s f o r e l a s t i c 

s c a t t e r s which are dominated by s m a l l momentum t r a n s f e r s . The l o s s 

of events was most pronounced f o r | t | ^ 0 . 0 2 (GeV/c)^ and <)> = 90° 

( i . e p a r a l l e l to the o p t i c axes of the cameras). T h i s v i s i b i l i t y 

c o r r e c t i o n amounted to 37% on 2-prong e l a s t i c events [ 1 0 ] . 

Hence equating the t o t a l c o r r e c t e d number of e v e n t s to 

the counter c r o s s - s e c t i o n a t t h i s energy [11] one g e t s : 

158,810 events = 24.5 ± 0.08 mb, 

yby/event = 0.1543. 

S i n c e 90% of the scanned 4-prong events could be measured 

w e l l enough to appear on the DST, assuming a random l o s s , e q u a l l y 

over a l l c h a n n e l s , one a r r i v e s a t the n o r m a l i s a t i o n : 

Hb/event f o r 4-prong DST = 0.17. 

2.3 The B r e i t Wigner F u n c t i o 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 the p a r t i c l e s the 

resonance decays i n t o has a Breit-Wigner shape. I n order to e s t i m a t e 

the channel c r o s s - s e c t i o n a B r e i t Wigner f u n c t i o n superimposed on a 

smoothly v a r y i n g background i s f i t t e d to such a mass d i s t r i b u t i o n . 

The f i t t i n g thus not only e s t i m a t e s the c r o s s - s e c t i o n but a l s o 

determines mass and width a t h a l f h e i g h t of the resonance. 

The e f f e c t of background i s one of the major problems 

i n an a n a l y s i s of a resonance channel. T h i s i s caused by random 

a s s o c i a t i o n from a l l those f i n a l s t a t e s not c o n t a i n i n g the resonance. 

I n most of the c a s e s the d e t a i l s of a l l such s t a t e s a re not known, 
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t h e r e f o r e a guess has to be made reg a r d i n g the shape of the back

ground, e.g., l i n e a r or q u a d r a t i c depending on the shape of the 

d i s t r i b u t i o n on e i t h e r s i d e of the resonance. The b e t t e r the guess 

r e g a r d i n g the background, the b e t t e r would be the l e v e l of confidence 

f o r the f i t . 

A simple Breit-Wigner f u n c t i o n has the form: 

BW , Llfll , „.„ 
(m-m ) + (T/2) o 

where m, m^ and T r e s p e c t i v e l y a re the e f f e c t i v e mass of the com

b i n a t i o n of x ^ a r t i c l e s , the c e n t r a l mass and f u l l width a t h a l f h e i g h t . 

T h i s i s o b v i o u s l y a symmetric f u n c t i o n . 

E x p e r i m e n t a l l y , i t i s observed t h a t some resonances are 

asymmetric. Such an asymmetric mass-dependent B r e i t Wigner f u n c t i o n 

has the form [ 1 2 ] : 

, , cT(m) m , „ > BW(m) = 2 Y - j - ' (2-2) 
(m -m ) + (m T(m)) H 

o o 

where c i s the n o r m a l i s a t i o n c o n s t a n t , m i s the e f f e c t i v e mass of 

the p a r t i c l e combination under c o n s i d e r a t i o n , m the c e n t r a l mass 
o 

and T the width of the resonance. For a two p a r t i c l e decay the 

width can be expressed as a f u n c t i o n of the e f f e c t i v e mass of the 

p a r t i c l e combination which t a k e s i n t o account the c e n t r i f u g a l 

b a r r i e r a f f e c t i n g the decay of the resonance. 
95.+1 

T(m) = r Q (<Vq 0) , (2.3) 

where q i s the three-momentum of e i t h e r decay p a r t i c l e i n the 

r e s t frame of the resonance, q i s the c e n t r a l v a l u e of q ( i . e . , 
o 

f o r m = m^) and Jl i s the o r b i t a l angular momentum. For I = 0, 1 

and 2, the r e l e v a n t Breit-Wigner f u n c t i o n i s r e s p e c t i v e l y c a l l e d 

s-wave, p-wave and d-wave Breit-V7igner f u n c t i o n . The q can be 
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w r i t t e n a s : 
2 2 2 2 

2 [m - (m1+m2) ] [m - (m -m ) ] 
q = - , (2.4) 

4 m ' 

where m i s the e f f e c t i v e mass of the p a r t i c l e combination under con

s i d e r a t i o n and m̂  and m̂  are the r e s t masses of the decay products, 

o 
The 03 -decay i n t o t h r e e - p i o n o b v i o u s l y i s not the same 

c o n d i t i o n as a two p a r t i c l e decay but s i n c e the CJ° n a t u r a l width 
2 

~ 10 MeV/c and hence the v a r i a t i o n of ^/<i0 i - s s m a l l . The form 

of the B r e i t Wigner f u n c t i o n g i v e n i n equation (2.2) has been used 

f o r the symmetric s i t u a t i o n where the t h r e e pions have the same 

energy i n the r e s t system of the w°-decay. I n t h i s c a s e the f i n a l 

s t a t e i s considered as c o n s i s t i n g of two p a r t i c l e s , a p i o n and a 

d i p i o n system where the mass, m of the l a t t e r i s : 
2 , 2 m + 3m 

m o = — ; — ~ • < 2- 5> 
2ir 3 

The v a l u e of q f o r an w -mass, m, i s then given by: 

2 [ m 2 - ( n v + m

2 * ) 2 ] [ m 2 - ( i% - m

2 y ' ] , c, 
q = • — • — r (2.6) 

4m ' 

where q corresponds to the v a l u e m . o o 

The minimum e r r o r s on the mass and width a r e worked out 

i n l a t e r c h a p t e r s u s i n g the f o l l o w i n g formula g i v e n by Davis e t a l . 

[13,14] . 

6 . (m) = T//N , 
min 

6 . T = 4T//N / min J 

(2.7) 

where N i s the number of events i n the resonance. 
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2.4 The Important Parameters of the Quasi-two-body R e a c t i o n s 

The f o l l o w i n g t h r e e q u a n t i t i e s are of s p e c i a l i n t e r e s t 

i n the study of the quasi-two-body r e a c t i o n s . 

( i ) The t o t a l channel c r o s s - s e c t i o n (a) of the r e a c t i o n 

and i t s dependence on the beam momentum i n the l a b o r a t o r y . 

( i i ) 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 of the r e a c t i o n 

(do/d|t|) or ( d a / d | t ' ] ) . The four-momentum t r a n s f e r (see 

equation (2.36)) from the i n c i d e n t meson (baryon) to the meson 

(baryon) resonance i s denoted by | t | and I t ' l = I t - t . I , where 
mm 1 

t . i s the minimum v a l u e of the I t l . Because of the width of a min 1 1 

resonance, t . v a r i e s from event to event, t h e r e f o r e i t i s p r e f e r a b l e min 

to use | t ' | , r a t h e r than | t | f o r the study of 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 i n the forward d i r e c t i o n ( s m a l l | t | or | t ' | ) . However, 

d i p s and other s t r u c t u r e , i f any, i n the d i s t r i b u t i o n of da/d|t'| 

ot h e r than those a t | t ' | = 0 , a r e not g r e a t l y a f f e c t e d by the c h o i c e 

of | t ' | or | t | . V i s i b i l i t y problems may a r i s e a t low | t | , because 

t h e r e may be l o s s of events where l a b o r a t o r y momentum of proton i s 

very low. 

( i i i ) The resonance decay angular d i s t r i b u t i o n . I f the 

s p i n of the resonance i s known, the decay angular d i s t r i b u t i o n g i v e s 

the i n f o r m a t i o n r e g a r d i n g the s p i n d e n s i t y matrix elements ( i . e . , 

the r e l a t i v e p r o b a b i l i t i e s of the d i f f e r e n t magnetic s u b s t a t e s on 

the a x i s of q u a n t i z a t i o n ) . The r e l a t i v e p o p u l a t i o n f o r the d i f f e r e n t 

s p i n p r o j e c t i o n s are r e l a t e d t o the dynamics of the r e a c t i o n . The 

average v a l u e of the s p i n d e n s i t y m atrix elements and t h e i r 

dependence on the v a r i a b l e | t | , w i l l be s t u d i e d i n the p r e s e n t work 

wherever the s t a t i s t i c s permit. 
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2.4.1 The d e n s i t y matrix 

Consider a quantum mechanical system of s p i n j . As a g e n e r a l 

c a s e t h i s pure s t a t e c o n s i s t s of a l i n e a r s u p e r p o s i t i o n of b a s i s 

v e c t o r s belonging to the same j . 

i t s conjugate s t a t e i s 

mf=3 

£ 
nv*- j 

m= j 

a |D,m-m 

*5 = <jl = E < < j ' m l 

> 
(2.8) 

The normalised s t a t e i s 

m=̂ 3 
V a a = V / j m m Z J I mi 

m=-j 
a = 1 

m m s^i ' 

m=-i 
m=-D 

The e x p e c t a t i o n v a l u e of an op e r a t o r Q i s giv e n by ; 

<0> 
m,m' 

= f a a , Q 
ni,m' m m m,m , 

(2.9) 

(2.10) 

where < j rm|Cj| j ,m'> i s the matrix element Q m m t °f t n e operator Q. 

The d e n s i t y matrix p f o r t h i s pure s t a t e i s d e f i n e d by ; 

P , = a , a , : T r p = 1 , m'm m' m r 
(2.11) 

where T r denotes the t r a c e of the m a t r i x . 

I n g e n e r a l one has to d e a l with "mixed s t a t e s " which a re a 

s t a t i s t i c a l mixture of the pure s t a t e s and can be d e s c r i b e d by the 

i n c o h e r e n t sum of the pure s t a t e s . 

For a s t a t i s t i c a l mixture of s t a t e i ^ ^ 1 ^ w i t h p r o b a b i l i t i e s 

( i ) w , the average v a l u e of a p h y s i c a l q u a n t i t y Q w i l l be: 

< 0> . £ „ < i > (2.12) 
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w i t h 

<QU)> = <* ( i )|Qk ( i )> (2.13) 

The pure s t a t e s | > can be d e f i n e d i n terms of the angular 

momentum: f o r a give n angular momentum j the r e a r e ( 2 j + l ) e i g e n - f u n c t i o n s 

corresponding to the d i f f e r e n t v a l u e s of the magnetic quantum 

number m: 

( i ) > = S a ( i ) 

*— 4 m 
m 

m (2.14) 

S u b s t i t u t i n g i n equation (2.13), one ge t s 

52 <C">> m,m' in m' m,m' 

<0> 

•Jr^, Q „ m , P m , m = JLi IQp) m,m mm mm m 

a , Q , m m, m' 

(2.15) 

(2.16) 

mm 
(2.17) 

= T r (Qp) = T r (pQ) 

whex*e 

m m = y ; (D (D* (D 
t y w a a . m m' 

(2.18) 

p . a r e termed as the d e n s i t y m a t r i x elements, m'm 

Some of the important p r o p e r t i e s of the d e n s i t y m a t r i x a r e 

given below: 

( i ) I t i s h e r m i t i a n 

Pmm' mm 

( i i ) The sum of the d i a g o n a l elements i s 1. 

= T r (p) = 1 Pmm 

( i i i ) The d i a g o n a l elements a r e p o s i t i v e 

p >, 0 mm 
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( i v ) From p a r i t y c o n s e r v a t i o n i n the production p r o c e s s 
w i t h u n p o l a r i s e d i n c i d e n t p a r t i c l e s , i t f o l l o w s : 

(a) p . = ( - l ) m m p . ( z - a x i s i n p r o d u c t i o n plane) 
mm -m, -m' 

(b) p = 0 f o r (m-m1) odd ( z - a x i s normal to production 
mm 

p l a n e ) -

The d e t a i l e d d i s c u s s i o n of the d e n s i t y m a t r i x i s a v a i l a b l e 

i n the l i t e r a t u r e [15] . 

2. 5 Frames of Reference 

Consider a quasi-two-body r e a c t i o n of the type 

a + b > c + d, 

where a and b r e s p e c t i v e l y a re the i n c i d e n t p a r t i c l e and the t a r g e t 

proton and c or/and d are resonances. L e t c and d be meson and 

baryon r e s p e c t i v e l y , where d i s the resonance under c o n s i d e r a t i o n 

which decays i n t o a and £. 

The c h o i c e of a frame of r e f e r e n c e , i n p r i n c i p l e , i s a r b i t r a r y . 

But d i f f e r e n t frames emphasise d i f f e r e n t c h a r a c t e r i s t i c s [ 1 6 ] . For 

the h e l i c i t y - t y p e axes the z - a x i s i s d e f i n e d by the d i r e c t i o n of e i t h e r 

b (the t-channel h e l i c i t y or G o t t f r i e d - Jackson frame) i n the r e s t 

system of d or c (the s-channel h e l i c i t y or h e l i c i t y frame) i n the 

CM. system. The y - a x i s i s taken i n the d i r e c t i o n of the normal to 

the r e a c t i o n plane and the x - a x i s i s chosen to d e f i n e a right-handed 

c o o r d i n a t e system. 

F i g u r e s (2.1 a-c) show the decay of the d ( i n i t s r e s t frame) 

w i t h r e s p e c t to the above production p l a n e . The momenta of a, c and 

b l i e i n the production plane (plane of p a p e r ) . The momenta of 

a and 3 are equal i n magnitude and opposite and a r e denoted by the 

dotted l i n e s . They u s u a l l y do not l i e i n the p r o d u c t i o n p l a n e . The 

right-handed c o o r d i n a t e systems xyz i n the two c a t e g o r i e s of h e l i c i t y -

type axes a r e : 



If 

N 

( • ) 

(0 
FIG. 2.1 a) THE t -CHANNEL HELICITY FRAME. 

b) THE s -CHANNEL HELICITY FRAME. 

c ) THE POLAR AND THE AZIMUTHAL ANGLES OF 

THE DECAY PARTICLE IN THE t- AND s - CHANNEL HELICITY FRAMES. 
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The t - c h a n n e l h e l i c i t y ( G o t t f r i e d - J a c k s o n ) frame 
- -> t a x e 

y = - n — — (a) 
a x e 

t 
z = 

x 

121 

y x z 

The s-channel h e l i c i t y ( h e l i c i t y frame) 

9 = 
a x e 
|^ x c] 

t 

(b) > 

(c) 

(a) 

(b) > 

(2.19) 

(2.20) 

x = y x z (c) 

The decay angles e and <j> (see F i g u r e 2 . 1 c ) , being the p o l a r 

angle and azim u t h a l angle ( a l s o c a l l e d Trieman-Yang angle [12,19]) 
t t 

r e s p e c t i v e l y , of the decay p a r t i c l e a ( o r 6) are gi v e n by the 

f o l l o w i n g formulas: cos 6 = z . 

cos <r) ' = y z x a 

z x a 

(a) 

(b) 

> (2.21) 

—> -> b x d 
^ For the meson resonance: y -- i n equations (2.19a) and (2.20a) 

t I ^ X d I t and z = i n equation (2.19b) and z =- i n equation (2.20b). The 
| a | | ? | 

advantage of t h i s c h o i c e i s gi v e n f o r the d i s c u s s i o n of the 

p e r i p h e r a l model as e x p l a i n e d i n r e f e r e n c e s [ 1 7 , 1 8 ] . 

t t o o 
For the to decays i n t o t h r e e p i o n s , the normal to the to decay 

plane i n the to r e s t system i s gi v e n by ri = —^— X ^ — and 8 and <(> 
| IT x ir°| 

are thus g i v e n by formulas ( 2 . 2 1 ) , i f one r e p l a c e s a by fi. 
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, o o o Here 1' v a r i e s between O and 360 but i t s v a l u e i s z ero or 180 i n 

the production p l a n e . The symbols i n these formulas mean the momenta 

of the p a r t i c l e s i n the r e s t frame of the d except i n equation (2.20b)/ 

where c denotes the momentum of the p a r t i c l e c i n the C.M.S. 

The t r a n s v e r s i t y - t y p e axes, where the z - a x i s i s taken 

along the normal to the r e a c t i o n plane, a r e obtained by r e l a b e l l i n g 

the r e s p e c t i v e h e l i c i t y t y p e - a x i s i n the f o l l o w i n g way: 

(a) 

(b) y (2.22) 

(c) 

z„ = y T JH 

-z 

X = X 
T H 

Here the minus s i g n i n equation (2.22b) i s r e q u i r e d to d e f i n e a 

right-handed c o o r d i n a t e system as given i n r e f e r e n c e s [ 2 0 , 2 1 ] . 

The t r a n s f o r m a t i o n of angles from the h e l i c i t y - t y p e axes 

to the t r a n s v e r s i t y - t y p e axes can be done i n the f o l l o w i n g way as 

gi v e n i n r e f e r e n c e [ 2 2 ] . 

cos 6 = s i n 0 s i n 4> T H H 

s i n 6 cos <t> ~ s i n 6 s i n $ T T H H 

s i n 6 s i n <t> = — c o s 8 T T H 

(2.23) 

F i g u r e (2.Id) shows the p o s s i b l e o r i e n t a t i o n of the axes 

g i v i n g the decay of the d ( i n i t s r e s t frame) w i t h r e f e r e n c e to the 

production p r o c e s s a+b — > c+d. For the t-c h a n n e l h e l i c i t y frame 

( V V V 
( l f c , 2, 3 f c) 

and f o r the s-channel h e l i c i t y frame 

( V V V = ( l 3' 2' 3 S ) • 
S i m i l a r l y f o r the t-c h a n n e l t r a n s v e r s i t y frame 

( x T , y T , z T ) = ( l \ - 3 \ 2) 

and f o r the s-channel t r a n s v e r s i t y frame 

( V V V ( 1 S , - 3 S , 2) 



FIG. 2.1 d. THE POSSIBLE ORIENTATION OF THE AXES FOR THE DECAY 

O F P A R T I C L E d (\H ITS REST FRAME) WITH R E F E R E N C E TO 

THE PRODUCTION PROCESS a + b—>c+d. 
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The s-channel and the t-channel axes are r e l a t e d by a r o t a t i o n X about 

the normal ( i . e . , a x i s 2) to the a + b — * c+d production p l a n e . The 

angle X i s c a l l e d the s - t c r o s s i n g angle. I t can be shown t h a t the 

p o l a r a n gles (6) of the decay p a r t i c l e i n the t r a n s v e r s i t y frames are 

unchanged by r o t a t i o n s and are thus frame i n v a r i a n t . 

2.6 Decay Angular D i s t r i b u t i o n s 
P 

For a resonance with J = 1 decaying i n t o t h r e e p s e u d o s c a l a r 

mesons (e.g., u)° > T T + T T TT°) , the d e n s i t y matrix i n the t - and 

s-channel h e l i c i t y frames may be w r i t t e n a s : 
P l l P 1 0 P l , - 1 

P * P _ P * 
H 1 0 M 0 0 y10 

^1-1 " P 1 0 P l l 

(2.24) 

P a r i t y c o n s e r v a t i o n r e s t r i c t s the d e n s i t y m a t r i x elements: 

m-m P„ m i = (-D P m,m 

and t h e r e are t h r e e r e a l elements ( P ^ » P Q Q an& P ^ ^) and one complex 

element p,„. 
10 

The normalised''" decay angular d i s t r i b u t i o n i s g i v e n by [17,18] 

3 ( 1 _ P 0 0 ^ ^OO" 1 2 . 2 W(cos x,ty) = — < — - + - cos x ~ P1_1 s m x <=os2 ip 

- /2 Re p 1 Q s i n 2 x cos ip j (2.25) 

I n t e g r a t i n g equation (2-25) f i r s t over i|) and then over cos x 
g i v e s : 

^ The n o r m a l i z a t i o n i s such t h a t 
.2 ir r + l 

d i>\ 
o J--1 

d cos X. W(cosX, tp ) = 1 
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3 \ 2 
W(cosx ) - - j ^ - P o o 5 " 1 ' ( 3 p o o ~ 1 ) C O S X 

W( ̂  ) = ~ J ( 1 + 2 p i , _ i ) " 4 p i - i c o s 2 ^ 

(a) 

(b) 
S. (2.26) 

I n t h e t - and t h e s-cha n n e l t r a n s v e r s i t y f r a m e s , t h e 

r e f l e c t i o n i n v a r i a n c e g i v e s : 

P ., r= 0 f o r (m-m') odd, mm' 

The d e n s i t y m a t r i x can be w r i t t e n as: 

\ 

11 

1,-1 

0 

0 P 

1-1 \ 

- 1 , - 1 

(2.27) 

The n o r m a l i s e d decay a n g u l a r d i s t r i b u t i o n t h e n becomes [ 2 3 ] : 

3 f 1 _ P 0 0 3 POO"1 2 . D . 2 
W (cos x , < J J ) = ^ j f < — 2 — 2 C ° S X ~ P 1 - 1 S i n X C * 

* Im p^ s i n x s i (2.28) 

I n t e g r a t i n g e q u a t i o n (2.28) f i r s t o v e r t and t h e n o v e r cos X 

n2 i|> | 

g i v e s : 

W ( c o s x ) = | j ( 1 " P 0 0 } + P P 0 0 - 1 ) C O s 2 ) ( (a) 

W( i|/ 1 I 2 — n + 2Re p, , - 4 Re p, , cos i{' 2IT \ 1-1 1-1 

+ 4 Im p^ s i n cos ij; 

\ (2.29) 

(b) 

F or a b a r y o n i c resonance w i t h J = 3/2 + d e c a y i n g i n t o a 

s p i n l e s s p i o n and a s p i n 1/2 b a r y o n , t h e d e n s i t y m a t r i x i n t h e t -

and t h e s-channel h e l i c i t y frames has t h e form:+ 

+ The s u b s c r i p t s on t h e d e n s i t y m a t r i x e l e m e n t s a r e 2 m and 2m'. 
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33 31 3-1 

P = 

'31 

'3-1 

'11 

1-1 

'1-1 

11 

(2.30) 

'3-3 3-1 -P 31 

P a r i t y c o n s e r v a t i o n r e s t r i c t s t h e d e n s i t y m a t r i x e l e m e n t s : 

, ,,m-m P , = (-1 P , mm' -m, -m 

and h e r m i t i c i t y r e q u i r e s t h a t a l l t h e d i a g o n a l e l e m e n t s a r e r e a l 

and t h a t p ^ and p ̂  a r e p u r e l y i m a g i n a r y . 

The n o r m a l i s e d decay a n g u l a r d i s t r i b u t i o n i s g i v e n by [ 1 7 ] : 

I 1 + 4 p 

w (cose, 4. ) = ^ - ) — — + I ( i - 4 P 3 3 ) c o s 2 e 

2 2 - — Re p , , s i n 6 cos2 <j) 
/3 3 - 1 

— Re p„, s i n 2 6 cos (j) 
/3 3 1 

(2.31) 

I n t e g r a t i n g e q u a t i o n (2.31) f i r s t o v e r <(> and t h e n o v e r cos 8 

g i v e s : 

W (cos 9 ) = i ) ( 1 + 4 P 3 3 > + ( 3 - 1 2 p 3 3 ) c o s 2 (a) 

W ( * ) 1 ( ,4/J n 8/3 „ 2 , , _ R e p ^ ) _ _ R e p 3 _ i c o s + j ( b ) 

(2.32) 

I n t h e t - and t h e s - c h a n n e l t r a n s v e r s i t y f r a m e s , t h e r e f l e c 

t i o n i n v a r i a n c e g i v e s : 

p . = C f o r (m-m1) od d . 
mm 
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The d e n s i t y m a t r i x can be w r i t t e n as: 

3-1 

11 

'3-1 

3-1 

O 

-1-1 

'3-1 

-3-3, 

(2.33) 

The n o r a i n l i s e d decay a n g u l a r d i s t r i b u t i o n t h e n becomes [24] : 

l + 2 ( p +p „ J 
W(cos G , (j> ) = 

4 i r 
33 "-3-3' , 1 , „ , , I 2 ~ + - 1 - 2 ( P 3 3 + P _ 3 _ 3 ) cos 

1 2 
Re ( p_ +p ,.) s i n 6 cos2 <}> 

1 2 + — Im (p - p ) s i n 8 s i n 2 9 
/ I 3 - 1 " 3 1 

I n t e g r a t i n g e q u a t i o n (2.34) , f i r s t o v e r 9 and t h e n o v e r 

cos 0 g i v e s : 

(2.34) 

W(cos 6 ) 

W( 9 ) 

1 
4 

_ 1 _ 
2TT 

(a) 

• 2 Re ( P 3 . 1 + P _ 3 1 ) 4 Re ( P 3 . 1 + P . 3 1 ) 2 ^ 
1+ cos <f> >(2.35) 

/ I /3 

4 im ( P a ^ - P . a x ) . ; 
+ s i n <p cos 9 

/3 
(b) 

2.7 Q u a l i t a t i v e D i s c u s s i o n o f C u r r e n t T h e o r e t i c a l Models 

The b a s i c s t a r t i n g p o i n t o f t h e o r e t i c a l models f o r a q u a s i -

two-body c h a n n e l : 

a + b > c + d 

i s t h e p e r i p h e r a l one p a r t i c l e exchange model n o r m a l l y r e p r e s e n t e d 

by a Feynman d i a g r a m o f t h e t y p e shown i n F i g u r e (2.2) . The p r o c e s s 



a 

FIG. 2 . 2 FEYNMAN DIAGRAM FOR A TWO—BODY REACTION Y/ITH 

PARTICLE EXCHANGE e. 
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i s t h o u g h t o f as b e i n g m e d i a t e d by a v i r t u a l exchange p a r t i c l e e, 

t h e c r o s s - s e c t i o n depending on t h e two c o u p l i n g s o f e a t t h e two 

v e r t i c e s and a p r o p a g a t o r t e r m . The k i n e m a t i c v a r i a b l e s n o r m a l l y 

employed a r e s, t (and u f o r backward p r o d u c t i o n i n t h e c e n t r e o f 

mass, a p r o c e s s w h i c h w i l l n o t be c o n s i d e r e d i n t h e p r e s e n t w o r k ) . 

These v a r i a b l e s a r e c a l l e d t h e Mandelstam v a r i a b l e s [25,26] and 

a r e d e f i n e d as: 

2 2 2 s = (q + q ) = (q + q ) = ( t o t a l c m . energy) . 
cl O C Q. * 

2 2 t = (q - q ) = (q, - q j = (4-momentum t r a n s f e r f r o m a c b d 2 
a t o c o r f r o m b t o d) ^ 

2 2 u = (q - q,) = (q. - q ) = ( c r o s s e d 4-momentum t r a n s f e r a a b c 2 
fr o m a t o d o r f r o m b t o c ) / 

(2.36) 

where q_̂  i s 4-momentum t r a n s f e r o f p a r t i c l e i = (E^,p^) 

These v a r i a b l e s a r e r e l a t e d by 

2 2 2 2 ^ > 2 s + t + u = + + m c + m = > j nu r (2.37) 

where m. i s mass o f p a r t i c l e i . i 
I n t h e p r e s e n t e x p e r i m e n t s i s f i x e d by t h e i n c i d e n t beam 

2 

momentum, h a v i n g a v a l u e o f 22.5 (GeV) . T h i s i s o f c o u r s e t h e 

square o f t h e t o t a l c m . energy E w h i c h has t h e v a l u e 4.74 GeV. 

The o n l y k i n e m a t i c v a r i a b l e t h a t r e m a i n s a t f i x e d s i s t h e f o u r -

momentum t r a n s f e r , t , w h i c h i n t h e t y p e o f p r o d u c t i o n c h a n n e l s 

under d i s c u s s i o n , always has a n e g a t i v e v a l u e . K i n e m a t i c a l l y , t 

i s t h e square o f what would n o r m a l l y be c o n s i d e r e d t h e mass o f a 

p a r t i c l e , i n t h i s case t h e exchange p a r t i c l e e. C l e a r l y , w h a t e v e r 

t h e n a t u r e o f t h e r e a l p a r t i c l e c o r r e s p o n d i n g t o e, i n t h e Feynman 

di a g r a m o f F i g u r e ( 2 . 2 ) , i t i s o f f t h e mass s h e l l . However, i t i s 

an observed g e n e r a l p r o p e r t y o f q u a s i - t w o - b o d y p r o d u c t i o n t h a t t h e 

v a l u e s o f t t e n d t o be c l o s e t o z e r o , and hence p a r t i c u a r l y when 
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e i s c o n s i d e r e d t o be a p i o n , t h e exchanged p a r t i c l e i s n o t f a r 

o f f t h e mass s h e l l . 

S t a r t i n g w i t h t h e s i m p l e s t v e r s i o n o f a one p a r t i c l e exchange 

model, a s h o r t q u a l i t a t i v e resume o f d i f f e r e n t t h e o r e t i c a l models, 

t h a t a r e c u r r e n t l y i m p o r t a n t f o r q u a s i - t w o - b o d y p r o c e s s e s w i l l 

now be g i v e n . t 

2.7.1 The one p a r t i c l e exchange (OPE) model 

The f a c t t h a t t h e i n t e r a c t i o n s t a k e p l a c e a t low v a l u e o f j t 

s u g g e s t s t h a t r e a c t i o n s o c c u r by exchange o f a p a r t i c l e . Such a 

p a r t i c l e e i s shown i n F i g u r e ( 2 . 2 ) . From Feynman r u l e s t h e 

t r a n s i t i o n m a t r i x e l e m e n t f o r t h e F i g u r e (2.2) has t h e f o l l o w i n g 

f o r m : 

1 T ( s , t ) = V 
aec m 2 - t 

U e 

V. , , (2.38) bed ' 

2 
where "--t) i s t h e p r o p a g a t o r o f t h e exchange p a r t i c l e and 

V and V, , a r e t h e v e r t e x f u n c t i o n s dependent on c o u p l i n g con-aec bed 
2 

s t a n t s . A t t h e n o n - p h y s i c a l p o i n t t = m t h e r e i s a p o l e and t h e 

v e r t e x f u n c t i o n s a r e e q u a l t o t h e m a t r i x e l e m e n t s f o r t h e f o l l o w i n g 

p e r i p h e r a l p r o c e s s e s : 
a + e > c , 

b + e -> d . 

T h i s model p r e d i c t s l a r g e c r o s s s e c t i o n s a t s m a l l v a l u e s o f | t | 

p a r t i c u l a r l y f o r s m a l l m . T h e r e f o r e , r e a c t i o n s t a k i n g p l a c e by 
e 

one p i o n exchange are e x p e c t e d t o be p e r i p h e r a l . The one p i o n 

exchange model was f i r s t s u g g e s t e d by Goebel [28] and l a t e r by 

Chew and Low [ 2 9 ] . 

+ 

A s u r v e y o f t h e c u r r e n t models f o r h i g h energy p r o c e s s e s i s 
g i v e n by Jackson [27] . 
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The quantum numbers o f t h e exchanged p a r t i c l e as shown i n 

F i g u r e (2.2) a r e l i m i t e d by c o n s e r v a t i o n laws e.g.,baryon number, 

c h a r g e , G _ p a r i t y , s t r a n g e n e s s and i s o s p i n c o n s e r v a t i o n a t each 

v e r t e x . 

The a t t r a c t i o n o f t h i s s i m p l e model i s t h a t t h e t dependence 

o f t h e c r o s s - s e c t i o n i s dominated by t h e p r o p a g a t o r t e r m w h i c h 

d e c r e a s e s as | t | i n c r e a s e s b u t t e n d s t o i n c r e a s e t h e c r o s s - s e c t i o n 

a t low v a l u e s o f | t | , i . e . , c l o s e t o t h e p o l e , j u s t as t h e e x p e r i 

m e n t a l d a t a q u a l i t a t i v e l y i n d i c a t e . The s m a l l Vcilue o f | t | 

c o r r e s p o n d s t o s m a l l c m . s c a t t e r i n g a n g l e w h i c h i s f a v o u r e d by t h e 

p r o p a g a t o r . However, as w i l l be seen l a t e r , t h e d e t a i l e d shape 

o f t h e e x p e r i m e n t a l l y o b s e r v e d t d i s t r i b u t i o n i s n o t r e p r o d u c e d 

by t h i s s i m p l e model and t h e r e f o r e a t t e m p t s have been made t o 

m o d i f y t h e model i n a c o n s i s t e n t way. 

For t h e two-body c h a n n e l s d i s c u s s e d i n t h i s t h e s i s t h e 

r e s t r i c t i o n s on e a r e o b t a i n e d below: 

(a) For t h e r e a c t i o n i r + p —>-to°A + +, t h e p o s s i b l e c a n d i d a t e s 

f o r exchange a r e p and B. These two exchanged p a r t i c l e s g i v e 

c e r t a i n p r e d i c t i o n s on t h e d e n s i t y m a t r i x e l e m e n t s w h i c h a r e 

di.scussed below. 

( i ) The u p r o d u c t i o n v i a p exchange ( n a t u r a l p a r i t y ) 

I f t h e p-meson i s exchanged, t h e p r o c e s s o c c u r r i n g a t t h e 

meson v e r t e x o f F i g u r e (2.3a) when seen i n t h e r e s t frame o f t h e 

U J l o o k s l i k e F i g u r e ( 2 . 3 b ) . Here t h e exchange p a r t i c l e b e l o n g s 

t o t h e n a t u r a l p a r i t y s e r i e s ( 1 ~ , 2 + , . . . . ) . 

From a n g u l a r momentum c o n s e r v a t i o n : L - J - 1 , J , J + 1 . 
^ e e e 

So v e c t o r s o f L can be composed w i t h J t o g i v e s p i n 1 o f t h e 
e 

c meson ( t h e w° i n t h i s c a s e ) . The z-component o f L, L = 0 , 



fT 
6 0 

5 or B < 
00 

00 

CO 
a ) DIAGRAM FOR THE REACTION rr+p — w ° A + * 

WITH / OR B EXCHANGE. 

b) SKETCH FOR THE PROCESS tr^ e — > w AT THE 

VERTEX a e c IN REST FRAME OF C 

c ) DIAGRAM FOR THE PHOTOPRODUCTION OF X p 
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where z i s t h e a x i s o f q u a n t i z a t i o n w h i c h i s d i r e c t i o n o f i n c i d e n t 
+ 

From p a r i t y c o n s e r v a t i o n : 

P ( - l ) J e ( - 1 ) L = P = (-1) . a c 

Hence L + J g i s even. A l s o L = J g • C o n s e r v a t i o n o f z-component 

o f a n g u l a r momentum r e q u i r e s J = m = 0, ± 1 . Thus t h e r e a r e o n l y 

two s p i n s t a t e s | j , ±1> w h i c h can be c o u p l e d w i t h t h e o r b i t a l 
e ' • 

a n g u l a r momentum s t a t e |L = J ^ , 0 > t o g i v e t h e s t a t e s o f 

c = I J = 1 , m = ± 1> . On t h e o t h e r hand t h e two s t a t e s I J , 0> and ' c ' e 
| L = J , 0 >:cannot be composed t o g i v e | j = 1 , m = 0>. 
i e « J 1 c 

I n t h e e x p a n s i o n o f | L = J , 0> | J , 0> i n t o e i g e n s t a t e s 
e e 

| J , 0> o f t h e t o t a l a n g u l a r momentum o n l y t e r m s w i t h even J s u r v i v e 

and <L = J , J ; 0,0 I J = 1 , m = 0> v a n i s h e s f o r odd L + J + J . 
e e ' c e c 

Thus i t f o l l o w s t h a t |m = 0> v a n i s h e s and [m'= + l > s u r v i v e s . Hence 

p = p = 0 / i . e . , p „ ^ = 0 and p , , = 1/2 • om mo ' 0 0 11 

Jackson e t a l . [ 3 0 , 3 1 ] f u r t h e r c o n c l u d e t h a t i f o n l y n a t u r a l p a r i t y 

exchange o c c u r s t h e n p ^ ^ = p as s — » > 0 ° . 

The decay a n g u l a r d i s t r i b u t i o n s (2.25) and (2.26) become: 

3 2 W(cos x ti') = d / 2 - P 1 _ 1 cos2 \\i ) s i n x (2.40) 

W(cosx ) = 3/4 s i n 2 x ( a ) | 

W (ip) = ~ [ d + 2 p 1 _ 1 ) - 4 p 1 _ 1 c o s % j (b)J 

( i i ) The io p r o d u c t i o n v i a B exchange ( u n n a t u r a l p a r i t y ) . 

I f t h e B-meson i s exchanged t h e n t h e p r o c e s s i n F i g u r e (2.3b) 
+ 

b e l o n g s t o t h e u n n a t u r a l p a r i t y s e r i e s ( 1 , 2 , ) 

From A n g u l a r momentum c o n s e r v a t i o n : 

L = J + 1 , J , J - 1 . 
e e e 

(2.41) 
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From p a r i t y c o n s e r v a t i o n : 

J +1 ' 
P • ( V I ) 6 (-1) = P a • .• c* 

Hence L + J i s odd o r L = J ± 1. e e 

I n t h i s case a l l t h e t h r e e s p i n s t a t e s m = O, ± 1 a r e 

p e r m i s s i b l e . Hence i n g e n e r a l a l l t h e m a t r i x e l e m e n t s PQQ/ ^i-l' 

a r e n o n -zero. The m a t r i x element p ^ Q i s non-zero f o r exchange 

o f a p a r t i c l e w i t h u n n a t u r a l , p a r i t y and >/ 1 i n t h e t - c h a n n e l 

h e l i c i t y frame [ 1 7 ] . 

( i i i ) The A p r o d u c t i o n v i a p exchange. 

Assuming t h e exchange o f p-meson a t t h e b a r y o n v e r t e x o f 

F i g u r e ( 2 . 3 . a ) , S t o d o l s k y and S a k u r a i [32,33] t r e a t e d t h e v e r t e x 
+H-

ppA s i m i l a r t o t h e p h o t o - p r o d u c t i o n v e r t e x i n F i g u r e (2.3c) because 

t h e p-meson has t h e same quantum numbers as t h e y • The l a t t e r r e a c t i o n 

i s y p — > A + —>pif°. They f o u n d t h a t t h e A + has o n l y t h e s p i n o r i e n t a 

t i o n s m = ± 1 normal t o t h e p r o d u c t i o n p l a n e . The decay d i s t r i b u t i o n 

i n t h e t r a n s v e r s i t y frame has t h e f o r m : 
W(cos 6 , <> ) = -p- ( 1 + 3 c o s 2 6 ) • (2.42) 

U s i n g e q u a t i o n ( 2 . 2 3 ) , t h e t r a n s f o r m e d d i s t r i b u t i o n (2.42) i n t h e 

h e l i c i t y frame becomes: 

W(cos 6 . A ) = ^ ( 1 + 3 s i n 2 0 s i n 2 <|> ) • (2.43) 
n n oTT n H 

From t h e above e q u a t i o n S t o d o l s k y and S a k u r a i p r e d i c t e d t h e 
++ . 

f o l l o w i n g v a l u e s o f t h e d e n s i t y m a t r i c e s f o r t h e A f o r a p exchange: 

P 3 3 = 3/8, Re p 3 _ 1 = / 3 / 8 , Re P 3 1 = 0 . (2.44) 

Hence a l l o t h e r decay p a r a m e t e r s , i n c l u d i n g t h e j o i n t decay 

d i s t r i b u t i o n s p h o u l d v a n i s h , i f t h e OPE model h o l d s f o r t h e r e a c t i o n 
+ ++ 

ir p —> wA w h i c h p r o v i d e s a s e v e r e t e s t o f t h i s s i m p l e model [34] . 
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(b) For t h e r e a c t i o n IT p — > pB , t h e p o s s i b l e l o w e s t mass 

exchange p a r t i c l e i s t h e w-meson. The s l o p e o f t h e 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 u p p o r t s such an exchange. 

T h i s model does n o t show a r a p i d enough f a l l o f f o f t h e 

d i f f e r e n t i a l c r o s s - s e c t i o n w i t h t and p r e d i c t i o n s on t h e d e n s i t y 

m a t r i x elements a r e n o t s a t i s f i e d i n a number o f r e a c t i o n s , hence 

a t t e m p t s have been made t o m o d i f y i t by i n t r o d u c i n g f o r m f a c t o r s 

i n t h e v e r t e x f u n c t i o n s and t h e a b s o r p t i v e e f f e c t s i n t h e c o l l i s i o n s 

o f two p a r t i c l e s a t h i g h e r e n e r g i e s where many i n e l a s t i c c h a n n e l s 

compete w i t h one a n o t h e r . 

The p e r i p h e r a l models r a n i n t o d i f f i c u l t y when t h e exchanged 

p a r t i c l e had s p i n more t h a n z e r o . V a r i o u s c a l c u l a t i o n s have been 

made by s e v e r a l w o r k e r s on d i f f e r e n t r e a c t i o n s u s i n g t h e Regge p o l e 

model [35,36] w i t h o r w i t h o u t a b s o r p t i o n . A c c o r d i n g t o t h i s model, 

p a r t i c l e s and resonances can be grouped i n t o f a m i l i e s , each f a m i l y 

b e i n g a s s o c i a t e d w i t h a g i v e n Regge t r a j e c t o r y . 

Gell-Mann [37] p r o p o s e d t h a t t h e hadrons were b u i l t up o f 

more f u n d a m e n t a l p a r t i c l e s — c a l l e d q u a r k s . From t h e a s s i g n m e n t 

o f d i f f e r e n t quantum numbers t o t h e q u a r k s and t h e a p p l i c a t i o n o f t h e 

c o n s e r v a t i o n l a w s , c a l c u l a t i o n s have been made by d i f f e r e n t w o r k e r s 

t o e x p l a i n s e v e r a l h i g h energy r e a c t i o n s on t h e b a s i s o f t h e q u a r k 

model. 

The d e t a i l e d t h e o r e t i c a l c a l c u l a t i o n s o f above models i s 

beyond t h e scope o f t h i s t h e s i s . However, p r e d i c t i o n s made on t h e 

v a l u e s o f d i f f e r e n t i a l c r o s s - s e c t i o n and t h e s p i n d e n s i t y m a t r i x 

e l e m e n t s on t h e b a s i s o f d i f f e r e n t models r e l e v a n t t o t h e r e a c t i o n s : 

+ ++ + + 1 r n p — > uA and TT p — > pB w i l l be d i s c u s s e d i n C h a p t e r s 4 and 5. 
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CHAPTER 3 

SELECTION OF EVENTS AND THE I N I T I A L RESULTS 

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

I n t h i s C hapter, t h e p r o d u c t i o n o f t h e u)° f r o m t h e 

r e a c t i o n 
+ v + + - o 

TT p > pTT IT TT TT , (3.1) 

a t i n c i d e n t momentum o f 11.7 GeV/c w i l l be d i s c u s s e d . The s t r o n g 

p r o d u c t i o n o f t h e io° resonance i s p r o m i n e n t i n t h i s r e a c t i o n . A 

r o u g h o u t l i n e o f t h e c h a p t e r i s g i v e n below. 

A f t e r p a r t i a l l y r e s o l v i n g t h e a m b i g u i t i e s i n t h e r e a t i o n 
2 2 (3.1) on t h e b a s i s o f x - p r o b a b i l i t y (P(x ) ) and t h e i o n i z a t i o n ; t h e 

2 2 2 2 2 n e g a t i v e s i d e o f d i s t r i b u t i o n o f ((MM -M^J/AMM ) , where MM , M^Q and 

AMM2 r e s p e c t i v e l y a r e t h e m i s s i n g mass s q u a r e d , mass o f TT° sq u a r e d 

and t h e e r r o r on t h e m i s s i n g mass s q u a r e d , i s f i t t e d w i t h a Gaussian 

p l u s a bac k g r o u n d f u n c t i o n . T a k i n g t h e f i t t e d Gaussian r e p r e s e n t i n g 
o o t h e t r u e l d r component, t h e t o t a l number o f lCir e v e n t s i s e s t i m a t e d . 

T h i s c r o s s - s e c t i o n i s compared w i t h t h o s e p u b l i s h e d f o r d i f f e r e n t 

e n e r g i e s and t h e i r energy dependence i s e s t i m a t e d . 
o 

The n a r r o w w i d t h o f t h e to makes t h e e f f e c t o f t h e d i f 

f e r e n t a m b i g u i t i e s l e s s i m p o r t a n t i n s e l e c t i n g t h e po)iT + c h a n n e l . 

Only t h e unambiguous and t h e t w o - f o l d s e l f - a m b i g u o u s e v e n t s show t h e 

o)° s i g n a l . Thus t h e s e l e c t i o n o f t h e to° a f t e r r e s o l v i n g a l m o s t a l l 

t h e a m b i g u i t i e s g i v e s t h e f o l l o w i n g t h r e e - b o d y f i n a l s t a t e f o r 

f u r t h e r a n a l y s i s . 

+ + 
IT p — > pioir . (3.2) 

The background i n t h e r e a c t i o n (3.2) i s e s t i m a t e d by f i t t i n g 

t h e mass d i s t r i b u t i o n o f t h r e e p i o n s w i t h a B r e i t - W i g n e r f u n c t i o n 
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c o n v o l u t e d w i t h a Gaussian e r r o r f u n c t i o n . C o n s i s t e n t r e s u l t s a r e 

a l s o o b t a i n e d on t h e b a s i s o f t h e a)°-decay m a t r i x e l e m e n t . The 

p r o d u c t i o n c r o s s - s e c t i o n f o r t h e r e a c t i o n (3.2) t h u s o b t a i n e d i s 

compared w i t h t h o s e p u b l i s h e d f o r d i f f e r e n t e n e r g i e s . 

The t h r e e - b o d y D a l i t z p l o t f o r t h e r e a c t i o n (3.2) i s g i v e n 

t o w a r d s t h e end o f t h e Cha p t e r . The p o s s i b l e q u a s i - t w o - b o d y r e a c t i o n s 

a r e d i s c u s s e d i n t h e l i g h t o f t h e p a t t e r n on t h e D a l i t z p l o t . 

F i n a l l y , a b r i e f q u a l i t a t i v e d e s c r i p t i o n o f t h e p a t t e r n s 

o b t a i n e d i n l o n g i t u d i n a l and t r a n s v e r s e momenta c o r r e s p o n d i n g t o 

t h o s e seen on t h e t h r e e - b o d y D a l i t z p l o t i s g i v e n . 

o 
3.2 E s t i m a t i o n o f t h e ICTT Cross S e c t i o n 

I t i s d i f f i c u l t t o make a q u a n t i t a t i v e r e s o l u t i o n o f t h e 

d i f f e r e n t a m b i g u i t i e s i n t h e k i n e m a t i c f i t s t o t h e r e a c t i o n 
+ + + - o 

TT p — > pTT 7T TT 7i . These a m b i g u i t i e s a r e l e s s i m p o r t a n t f o r t h e 
+ o s t u d y o f t h e puir f i n a l s t a t e because o f t h e narrow w i d t h o f t h e w . 

o 

However, f o r t h e sake o f completeness an e s t i m a t e o f t h e ICTT c r o s s -

s e c t i o n i s p r e s e n t e d . 

The a m b i g u i t i e s f a l l i n t o t h e f o l l o w i n g f o u r c a t e g o r i e s : 

( i ) a m b i g u i t i e s w i t h a f o u r - c o n s t r a i n t (4C) f i t , 

( i i ) o n e - c o n s t r a i n t n e u t r o n ( l C n ) a m b i g u i t i e s , 

( i i i ) s e l f - a m b i g u i t i e s , 

( i v ) n o - f i t a m b i g u i t i e s ( i . e . , p o s s i b l e m u l t i TT° e v e n t s ) . 

These a m b i g u i t i e s were p a r t i a l l y r e s o l v e d on t h e b a s i s o f 
2 2 t h e x - p r o b a b i l i t y (P(x )) and t h e i o n i z a t i o n . The p r o t o n and t h e 

p i o n can be d i s t i n g u i s h e d by'eye on t h e m e a s u r i n g t a b l e i f l a b o r a t o r y 

momentum i s l e s s t h a n a b o u t 1.2 GeV/c (see S e c t i o n 1.3.4). On t h e 

o t h e r hand, no p a r t i c l e h a v i n g l a b o r a t o r y momentum > 1.2 GeV/c can be 

unamb i g u o u s l y i d e n t i f i e d as a p r o t o n o r a p i o n . The second two 
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c a t e g o r i e s o f a m b i g u i t i e s o c c u r because t h e p r o t o n c o u l d n o t be 

i d e n t i f i e d . But t h e f o u r t h c a t e g o r y i s due t o e x p e r i m e n t a l e r r o r 

i n d e t e r m i n i n g t h e m i s s i n g mass. 

3.2.1 A m b i g u i t i e s w i t h a f o u r - c o n s t r a i n t (4C) f i t 

I f a IC'TT0 e v e n t had a c o n s i s t e n t f i t t o a 4C r e a c t i o n w i t h 
2 

P(X ) > 0 . 1 / t h e e v e n t was assumed t o b e l o n g t o t h e l a t t e r r e a c t i o n 

because o f t h e h i g h e r c o n s t r a i n t f o r such a r e a c t i o n . FAKE r u n s 

show t h i s t o be r e a s o n a b l e [ 3 8 ] . 

3.2.2 O n e - c o n s t r a i n t n e u t r o n (lCn) a m b i g u i t i e s 
o 

I f a lCir e v e n t had a c o n s i s t e n t f i t t o a lCn r e a c t i o n w i t h 
2 

P(X )>*0.1/ t h e e v e n t was c o n s i d e r e d t o be ambiguous w i t h l C n . These 
o 

e v e n t s c o u l d be one, two and t h r e e f o l d ambiguous lCir w i t h a lCn 
o 

depending on whether one, two and t h r e e lCir f i t s t o t h e same 

r e a c t i o n were ambiguous w i t h a l C n . For a l l t h e s e cases t h e p r o t o n 

momentum was >1.2 GeV/c and t h e lCir° h y p o t h e s i s was a c c e p t e d i f i t s 
2 

c o n f i d e n c e l e v e l (P(x ) ) was h i g h e r t h a n t h a t f o r t h e l C n . There 

were 513 such e v e n t s . 

3.2.3 S e l f - a m b i g u i t i e s 

S i n c e i n t h i s e x p e r i m e n t p r o t o n s and p i o n s w i t h momenta 

>1.2 GeV/c can n o t be i d e n t i f i e d by c h e c k i n g t h e b u b b l e d e n s i t y , 

a m b i g u i t i e s o c c u r because o f t h e p o s s i b l e p e r m u t a t i o n s o f t h e p r o t o n 

t r a c k assignment. For t h e t w o - f o l d and t h r e e - f o l d s e l f - a m b i g u o u s 
2 

e v e n t s , t h e one w i t h a g r e a t e r P(x ) was a c c e p t e d . 

3.2.4 N o - f i t a m b i g u i t i e s 

The lCir° e v e n t s w i t h F{x^)>*0.i ambiguous w i t h n o - f i t e v e n t s 

were a c c e p t e d as c a n d i d a t e s f o r t h e f o r m e r c a t e g o r y . T h i s sample 
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( 7 2 % o f t h e t o t a l ) o b v i o u s l y c o n t a i n s t h e l a r g e s t c o n t a m i n a t i o n 

o f background e v e n t s (see S e c t i o n 3 . 2 . 5 ) . 

T a b l e ( 3 . 1 ) g i v e s t h e numbers i n t h e d i f f e r e n t c a t e g o r i e s 

o f e v e n t s . 

T a b l e ( 3 . 1 ) 

The d i f f e r e n t c a t e g o r i e s o f e v e n t s 

No. o f 1CTT° 
e v e n t s ambig
uous w i t h lCn 
events. 

o 
No. o f ICTT 
unambiguous 
e v e n t s 

No. o f 1CTT° 
s e l f -
ambiguous 
e v e n t s 

No. o f 1CTT° 
e v e n t s ambig
uous w i t h no-
f i t e v e n t s 

T o t a l 

5 1 3 2 , 6 4 6 1 4 0 8 , 4 0 6 1 1 , 7 0 5 

3 . 2 . 5 E s t i m a t i o n o f t h e number o f ICTT e v e n t s 
2 2 2 

F i g u r e ( 3 . 1 ) shows t h e d i s t r i b u t i o n o f (MM ~M o)/AMM ) f o r 
2 2 2 

a l l e v e n t s g i v e n i n T a b l e ( 3 . 1 ) , where MM , M^ q and AMM r e s p e c t i v e l y 

a r e t h e m i s s i n g mass s q u a r e d , mass o f TT° squared and t h e e r r o r on 

t h e m i s s i n g mass s q u a r e d . T h i s d i s t r i b u t i o n s h o u l d be a Gaussian 

w i t h a s t a n d a r d d e v i a t i o n ± 1 and c e n t r a l v a l u e o f z e r o , b u t i n 

p r a c t i c e i s a s y m m e t r i c , t h e r e b e i n g more e v e n t s on t h e p o s i t i v e 

( r i g h t - h a n d ) s i d e . 

As has been m e n t i o n e d t h e m a j o r c o n t a m i n a t i o n w o uld be 

e x p e c t e d t o a r i s e f r o m multi-ir° p r o d u c t i o n ( t h e n o - f i t e v e n t s ) and 
q u a l i t a t i v e l y i t i s u n d e r s t a n d a b l e t h a t t h e y s h o u l d make a m a j o r 

c o n t r i b u t i o n t o t h e p o s i t i v e s i d e o f t h e d i s t r i b u t i o n . The m i s s i n g 
2 2 

mass squared d i s t r i b u t i o n o f t h e n o - f i t e v e n t s s t a r t s a t MM 4M „. 

For a p a r t i c u l a r v a l u e MM C o f m i s s i n g mass f o r a n o - f i t e v e n t , t h e 
2 

measured MM d i s t r i b u t i o n w i l l be t h e Gaussian ; 
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•) •) \ \ AMM / / MM - M 2 Q \ 2 / 
where x = . The v a l u e of AMM i s d i s t r i b u t e d between 

AMM 
2 

^5M _ and 15M*L and hence the n o - f i t background w i l l c o n t r i b u t e an 
TT HO 

envelope of Gau s s i a n s f a l l i n g r a p i d l y f o r n e g a t i v e v a l u e s of x, but 

having a complex shape f o r p o s i t i v e v a l u e s of x. To r e p r e s e n t the 

p o s s i b l e behaviour of the i n t e n s i t y of the background a t n e g a t i v e 
2 v a l u e s of x, a t h i r d - o r d e r polynomial of the form (C +C,x+c x + C„x o 1 2 3 

fo r the background added to the standard Gaussian expected f o r t r u e 

1CTT° events f o r the d i s t r i b u t i o n of F i g u r e (3.1) was f i t t e d between 

-2 and z e r o . A confidence l e v e l of about 60% w i t h the f o l l o w i n g 

parameters f o r the Gaussian and the polynomial was obtained: 

C e n t r a l v a l u e of Gaussian = 0.005, 

o (sta n d a r d d e v i a t i o n ) = ±0.98, 

C = 229.8 , o 

C = 431.8 , 

C 2 = 264.2 , 

C, = 48.9 . 

Taking the f i t t e d G a ussian as r e p r e s e n t i n g t r u e ICTT o 

o 

component, the t o t a l number of good ICTT events i s estimated as 

7690 ± 123. T h i s y i e l d s a c r o s s - s e c t i o n of 1.31 ± 0.13 mb, where 

the quoted e r r o r on the c r o s s - s e c t i o n i n c l u d e s the s t a t i s t i c a l 

e r r o r on the f i t t e d sample p l u s 10% f o r the n o r m a l i z a t i o n (see 

S e c t i o n 2 . 2 ) . 

3.2.6 Energy dependence of the c r o s s - s e c t i o n 

F i g u r e (3.2) shows the comparison of the c r o s s - s e c t i o n 

obtained above w i t h those a t d i f f e r e n t i n c i d e n t momenta f o r the 
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+ . + + - o 

r e a c t i o n ir p — ? prr ir TT TT [39-56]. The f o l l o w i n g equation was 

f i t t e d t o the experimental p o i n t s : 
a = Kp. n , (3.3) i n c 

where a i s the c r o s s - s e c t i o n i n mb, p. i s the l a b o r a t o r y momentum 
xnc 

of the i n c i d e n t pion i n GeV/c and K and n are c o n s t a n t s . The f i t 

was r e s t r i c t e d to the data having p. > 3.0 GeV/c because equation 
i n c 

(3.3) i s c l e a r l y not a p p l i c a b l e to the experimental p o i n t s below 

t h a t momentum. The high momentum p o i n t s a t 1G and 18.5 GeV/c do 

not appear to be c o n s i s t e n t with such a power law behaviour e i t h e r . 

I n view of the p r e s e n t a n a l y s i s i t i s p o s s i b l e t h a t these high 

momentum p o i n t s a r e overestimated. Ballam e t a l . a t 16 GeV/c [ 5 4 - 5 5 ] , 

f o r i n s t a n c e , removed the 4C a m b i g u i t i e s and accepted the f i t s w i t h 

a confidence l e v e l of g r e a t e r than 1% having a m i s s i n g mass squared 

i n the i n t e r v a l of ±0.11 (GeV/c 2) 2 about the TT° mass and AMM 2<0.18 
2 2 

(GeV/c ) . Hones e t a l . [56] e s t i m a t e d the c r o s s - s e c t i o n by f i t t i n g 
a G a ussian to the ne g a t i v e s i d e of the m i s s i n g mass squared d i s t r i -

2 2 

bution w i t h a c e n t r a l v a l u e of 0.01 (GeV/c ) . I n both t h e s e c a s e s 

the background c o n t r i b u t i o n due to multi.-ir° production has not been 

taken i n t o account e x p l i c i t l y . T h e r e f o r e , these p o i n t s have not 

been i n c l u d e d i n the f i t . The v a l u e s of K and n, as obtained from 

the f i t a r e 10.7 and 0.82 r e s p e c t i v e l y and are compatible w i t h those 

obtained by the other workers [ 5 7 ] . 

3.3 S e l e c t i o n of pa>TT Channel 

The narrow width of the w° makes the e f f e c t of the d i f f e r e n t 

a m b i g u i t i e s d i s c u s s e d i n S e c t i o n 3.2 l e s s important i n s e l e c t i n g 
+ 2 the pun chan n e l . I n t h i s S e c t i o n i t i s seen t h a t the X - p r o b a b i l i t y 

2 
(P(X ) ) °ut o f f a t <0.1 i s s t i l l r e a s o n a b l e because i t i s only the 

o o events above t h i s c u t o f f t h a t show a c l e a r w s i g n a l . The ICTT 
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events ambiguous with AC, lCn and those t h a t are t h r e e - f o l d s e l f -

ambiguous do not show the io° s i g n a l a t a l l . Only the unambiguous 

and the two-fold self-ambiguous events show the u° s i g n a l . The th r e e -

pion mass d i s t r i b u t i o n s f o r these d i f f e r e n t c a t e g o r i e s of eve n t s 

are shown i n F i g u r e s (3.3) to ( 3 . 6 ) . 

I n subsequent S e c t i o n s the t h r e e - p i o n mass d i s t r i b u t i o n 

i s d i s c u s s e d and f i t t e d w ith a convoluted Breit-Wigner. The mass 
2 2 i n t e r v a l between the l i m i t s 745 MeV/c < M < 825 MeV/c i s s e l e c t e d 

10 
as c o n t a i n i n g most of the w°. The double OJ° events a r e r e s o l v e d 

2 

on the b a s i s of the w-decay matrix element and P(x ) -

F i n a l l y the w° D a l i t z p l o t i s d i s c u s s e d and the background 

i s e stimated from the to-decay matrix element. Then the c r o s s -

s e c t i o n of pwrr+ channel i s compared with those p u b l i s h e d a t d i f f e r e n t 

e n e r g i e s and t h e i r energy dependence i s esti m a t e d . 

3.3.1 The type of events t h a t show a s i g n a l f o r the qj°-meson 
2 

I n order to e s t i m a t e a reasonable c u t o f f f o r P(x )i w h i l e 
s t i l l r e t a i n i n g the major p a r t of the to° s i g n a l , the r e g i o n f o r 

2 

P(X ). < 0 . 1 was d i v i d e d i n t o s e v e r a l i n t e r v a l s t h a t gave a r e s o n a b l e 

number of events and the mass d i s t r i b u t i o n s of M(TT+TT TT°) were 

examined. There was no obvious io° s i g n a l f o r the r e g i o n of 

P ( X ^ ) <0.1. F i g u r e (3.3) shows the mass d i s t r i b u t i o n s of M(TT+TT ir°) . 

The c r o s s - h a t c h e d histogram shows the TT+TT IT° events f o r P(x^) < 0 . 1 
2 

and t h a t with c l e a r o u t l i n e i s f o r events w i t h P (x ) >, 0.1 w i t h 

2,462 events and 10,910 events r e s p e c t i v e l y . 

As d i s c u s s e d i n S e c t i o n (3.2.1), i t makes sense to exclude 

lCir° events ambiguous w i t h 4C. F i g u r e (3.4) shows the mass 

d i s t r i b u t i o n of M(IT+TT Tr°) f o r the events r e j e c t e d because of a 4C 

ambiguity (647 e v e n t s ) . There i s no OJ° s i g n a l . 
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U n i d e n t i f i a b l e protons (momentum > 1.2 GeV/c) g i v e r i s e to 

s e l f - a m b i g u i t i e s and lCn a m b i g u i t i e s . F i g u r e ( 3 . 5 ) shows the mass 
+ - o 

d i s t r i b u t i o n s of M(TT IT TT ) f o r events w i t h a neutron ambiguity ( c l e a r 

o u t l i n e ) and those t h a t a r e t h r e e - f o l d self-ambiguous ( c r o s s -

hatched) with 9 7 6 events and 1 1 7 events r e s p e c t i v e l y . There i s no 

c l e a r w°~signal i n e i t h e r of these samples and they a re t h e r e f o r e 

r e j e c t e d . 
+ - o 

F i g u r e ( 3 . 6 ) shows the mass d i s t r i b u t i o n s of M(TT TT TT ) 

events without s e l f - a m b i g u i t y ( c l e a r o u t l i n e ) and those t h a t are 

two-fold self-ambiguous ( c r o s s - h a t c h e d ) w i t h 8 , 5 3 1 events and 6 3 9 

events r e s p e c t i v e l y . There i s a c l e a r s i g n a l of the io° i n both these 

c a s e s . 

There a re two p o s s i b l e TT + mesons t h a t c o u l d be combined i n 
+ - o 

the IT IT TT , hence i n F i g u r e s ( 3 . 3 ) to ( 3 . 6 ) both the mass combinations 

are p l o t t e d . I t i s c l e a r t h a t only the unambiguous and the two-fold 

self-ambiguous c a t e g o r i e s of events show the s i g n a l f o r the oo°-meson. 

The two p o s s i b l e combinations of a TT meson t o g i v e a t h r e e -
o 

pio n mass m the w peak i s not a s e r i o u s problem i n t h i s experiment, 

s i n c e such a c o i n c i d e n c e only o c c u r s 2 0 times f o r the 9 0 7 events 

i n the peak. Of the two combinations, the one was chosen which had 

the g r e a t e r v a l u e of OJ°-decay m a t r i x element (see S e c t i o n 3 . 3 . 3 ) . o 
3 . 3 . 2 A n a l y s i s of the mass spectrum i n the a) r e g i o n 

2 
F i g u r e ( 3 . 7 ) shows the t h r e e - p i o n mass p l o t i n 1 0 MeV/c 

i n t e r v a l s from t h r e s h o l d through the r e g i o n of the w° peak and up 
2 2 to 1.3 GeV/c . C l e a r l y a l l the events between 0 . 7 0 - 0 . 8 7 GeV/c 

are not due to the presence of the u)° meson s i n c e the form of the 

spectrum on e i t h e r s i d e of the peak makes i t obvious t h a t the O J ° 

s i g n a l stands on a continuous background spectrum. I t would be 
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p o s s i b l e to make an ex a c t a n a l y s i s of the mass spectrum of 

Fi g u r e (3.7) i f the shapes of the to° peak and the background 

spectrum were known. 

The shape of the background spectrum depends on the t h r e e -

pion masses t h a t a r i s e by random a s s o c i a t i o n from a l l those f i n a l 
. . o 

s t a t e s not c o n t a i n i n g an to meson. S i n c e the d e t a i l s of a l l such 

s t a t e s a r e not known, i t i s not p o s s i b l e to c a l c u l a t e the back

ground spectrum and f o r the p r e s e n t a n a l y s i s , a l i n e a r background 

through the s m a l l mass i n t e r v a l a c r o s s the io° peak w i l l be 

assumed. 

I n the absence of the experimental e r r o r , the shape of the 
o 

a) -mass spectrum i s g iven by a B r e i t Wigner f u n c t i o n (see S e c t i o n 2 . 3 ) . 
From a c o n s i d e r a t i o n of the measurement e r r o r s i n the p r e s e n t 

2 
experiment, one would expect an e r r o r of about ±15 MeV/c on a 

o + 
t h r e e - p i o n mass i n the OJ r e g i o n 7 . T h i s i s l a r g e as compared w i t h 

the value of T , the f u l l width a t h a l f h e i g h t , but not l a r a e enough o 

to c o n v e r t the o r i g i n a l Breit-Wigner i n t o a Gau s s i a n d i s t r i b u t i o n . 

Attempts t o f i t the d i s t r i b u t i o n of F i g u r e (3.7) with a simple 

Gaussian and a l i n e a r background c o n s i s t e n t l y l e a d to confidence 

l e v e l s of l e s s than 1%. 

A confidence l e v e l of about 30% i s obtained by co n v o l u t i n g a 

Gaussian of standard d e v i a t i o n of 12.5 MeV/c 2 w i t h the u° B r e i t -
2 

Wigner (see equations (2.5 - 2.6)) having m = 785 MeV/c and 

"'MM2 = ME 2 - MP2, 

AMM2 = 2MMAMM, 
2 

AMM = AMM /2MM, or 
2 

AMM TT AMM f o r a s m a l l v a r i a t i o n of MM, 2 2 2 2 . . where MM , ME , MP , AMM and AMM r e s p e c t i v e l y a r e m i s s i n g mass squared, 
m i s s i n g energy squares, m i s s i n g momentum squared, e r r o r on mi s s i n g mass 
and e r r o r on m i s s i n g mass squared. 
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T = 1 0 MeV/c and combining the r e s u l t with the l i n e a r background o 

shown i n F i g u r e ( 3 . 7 ) . The r e s u l t i n g f i t t e d curve i s shown i n the 

f i g u r e . The t o t a l number of the w°- meson e n t r i e s above the back

ground r e q u i r e d f o r the f i t i s 665 ± 25. For l a t e r a n a l y s i s the 
2 2 mass i n t e r v a l 745 MeV/c < < 825 MeV/c was s e l e c t e d as d e f i n i n g the 

w° events. There a r e 927 e n t r i e s i n t h i s r e g i o n and the above f i t 

to d a ta r e q u i r e s these to c o n s i s t of 621 ± 25 t r u e co° mesons w i t h 

306 ± 17 e n t r i e s (33%) i n the non-resonant background. The d e f i n e d 

mass r e g i o n thus i n c l u d e s 93% of the t o t a l number of the w° mesons as 

deduced by the above f i t . 

3.3.3 The g)° D a l i t z p l o t 

F i g u r e (3.8) shows the t r i a n g u l a r D a l i t z p l o t f o r the to° 
2 % o 

mass band (745-825 MeV/c ) . The D a l i t z v a r i a b l e s i n the w r e s t 

frame a r e : 

and 

X = 
T - T 
+ 

Q/3 

Y = TD/Q 

(a) 

(b) 

(3.4) 

where 

T n - k i n e t i c energy of the pion with charge n, and 

Q = a v a i l a b l e energy = M - (M . + M _ + M n ) 
X U) IT IT TT 

_ T ^ + T_ + T Q = Height of the t r i a n g l e . 

The Q val u e v a r i e s from event to event due to the f i n i t e width of 

the resonance. T h e r e f o r e , the normalized v a r i a b l e s T +/Q, T_/Q 

and T Q / Q are more a p p r o p r i a t e to work w i t h . Most of the events 

are c o n c e n t r a t e d a t the c e n t r e and the d e n s i t y of the p o i n t s 

d e c r e a s e s r a d i a l l y as expected. 

There i s no way to d i s t i n g u i s h the t r u e w events from the 
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non-resonant background e x p e r i m e n t a l l y on an i n d i v i d u a l b a s i s . 

However, the p r o p e r t i e s of the oj-decay matrix element as given 

below can be u t i l i z e d to estimate the background. 

The normalized u-decay matrix element squared i s [ 5 8 ] : 

I P +
 x P _ l 

A = — o , (3.5) 
2 1 2 0> , rM 2 

4 L 9 77 J 
where p i s the TT -momentum i n the (3TT) CM. system. The X so 

de f i n e d i s normalized to the l i m i t s : 

0 5 X 5 1 , 

u> 

The d i s t r i b u t i o n of the t h r e e - p i o n decay s t a t e s as a 

f u n c t i o n of X i s give n by: 
OJ 

dN/dX . « A . ( 3 - 6 ) 

being maximum f o r X = 1 and zer o f o r X = O; dN i s the number of 

even t s . 

The v a l u e s of X = 1 and 0 correspond to the c e n t r e and 

pe r i p h e r y r e s p e c t i v e l y of .the D a l i t z p l o t of the thr e e p i o n s . The 

non-resonant background, i f assumed uniform i n phase space, i s 

uniformly d i s t r i b u t e d i n X as w e l l . Hence, the hig h e r the v a l u e 

of X the more l i k e l y i t i s t h a t the event r e p r e s e n t s a t r u e u>° 

r a t h e r than background. 

Eq u a t i o n ( 3 . 6 ) i s modified to account f o r the background 

as f o l l o w s : 

dN/dX = A '+ BX , (3.7) 

OJ OJ 

where A and B are c o n s t a n t s . 

F i g u r e ( 3 . 9 ) shows the X d i s t r i b u t i o n f o r the s e l e c t e d 
OJ 

POJTT+ channel. Equation ( 3 . 7 ) was f i t t e d to t h i s d i s t r i b u t i o n and 

the f i t t e d parameters a r e : 
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A = 31.9 ± 2.9, 

B. = 118.1 ± 6.0. 

The s o l i d l i n e shows the f i t t e d equation (3.7) and the dashed l i n e 

g i v e s the e s t i m a t e of about 35% background. T h i s i s c o n s i s t e n t 

w i t h what was deduced i n S e c t i o n 3.3.2. 

o + 

3.4 C r o s s - s e c t i o n for pco IT Channel 

From S e c t i o n 3.3.2 i t i s seen t h a t the t h r e e - p i o n mass 

spectrum i s c o n s i s t e n t with the presence of 621 ± 25 w° mesons 
2 

i n the mass band (745 - 825 HeV/c ) and S e c t i o n 3.3.3 shows t h a t the 

k i n e m a t i c d i s t r i b u t i o n of t h r e e pions i n the c e n t r a l r e g i o n of the <D° 

mass i s c o n s i s t e n t w i t h t h a t expected from the io°-decay m a t r i x 

element and a u n i f o r m l y d i s t r i b u t e d non-resonant background. The 

corresponding c r o s s - s e c t i o n i s 0.103 ± 0.01 mb. The e r r o r i n c l u d e s 

the u n c e r t a i n t y on the e s t i m a t e of the number of the to° mesons obtained 

above and on the o v e r a l l n o r m a l i z a t i o n of the experiment (see S e c t i o n 
2 

2.2). Adding 10% each f o r , c u t o f f on P(x ) a t 0.1 and f o r unseen 
o o decay modes of the a>. -meson and 7% f o r the w mesons o u t s i d e the 

s e l e c t e d mass i n t e r v a l (see S e c t i o n 3.3.2), the c r o s s - s e c t i o n becomes: 

a ( T T + p — 2 pa)TT + ) = 0.134 ± 0.013 mb. 

F i g u r e (3.10) shows the comparison of t h i s c r o s s - s e c t i o n 

w i t h those obtained a t d i f f e r e n t i n c i d e n t momenta [40,42-44,46,49-50, 

59-61]. The experimental p o i n t s are f i t t e d by the f u n c t i o n : 

a = Kp. n (see equation ( 3 . 3 ) ) . The v a l u e s of K and n, as obtained i n c 

from the f i t " ' " , a r e 5.57 and 1.41 r e s p e c t i v e l y and these a r e i n good 

agreement w i t h those obtained by other workers [ 5 7 ] . 

The f i t was r e s t r i c t e d to the data having p. > 3.0 GeV/c. 
i n c 
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+ 
3.5 The D a l i t z P l o t f o r pom Channel 

2 
F i g u r e (3.11) shows the t r i a n g u l a r D a l i t z p l o t f o r M (pw) 

2 + 2 2 + ve r s u s M (WTT ) , where M (pco) and M (OJTT ) r e s p e c t i v e l y are the 
+ + 

e f f e c t i v e mass squared of (pco) and (am ) . The C a r t e s i a n 

c o o r d i n a t e s f o r the F i g u r e (3.11) are g i v e n below: 
2M2 (pco) + M2 ( Q J 7 T + ) X = E , (a) 

/3 (3.8) 

Y = M2 (WTT +) . (b) 

The h e i g h t of the t r i a n g l e i n F i g u r e (3.11) i s equal to*. 
2 2 2 2 2 + 2 + W s + M + M + M , = M ( p e n ) + M (WTT ) + M (pTr ) , where s ^ i s the 
p CO TT + 

CM. energy. 

The p o s s i b l e p r o j e c t i o n s of this p l o t are shown as 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 n F i g u r e s (3.12 a - c ) . These d i s t r i 

b u t i o n s c l e a r l y show the presence of a t l e a s t the f o l l o w i n g q u a s i -

two-body r e a c t i o n s : 

+ o.++ 
TT p > CO A , 

+ + 
TT p > pB . 

The A + + (1236) i s very strong i n the mass d i s t r i b u t i o n of ( p i T + ) 

+ + and the B (1235) i n the e f f e c t i v e mass of co i r i s c l e a r l y seen. 
2 

Whether or not the mass enhancement of M ( c o p ) below 2 GeV/c i s a 

resonance w i l l be d i s c u s s e d l a t e r . However, i t s s i g n a l i s the 

weakest. I n the D a l i t z p l o t of F i g u r e ( 3 . 1 1 ) , the B + can be seen 

as a h o r i z o n t a l band, the A + + and M ( c o p ) are seen as the bands 

+ I n s t e a d of usi n g the e f f e c t i v e mass squared of a p a i r of p a r t i c l e s , 
the k i n e t i c energy of the t h i r d p a r t i c l e i n the CM. system can be 
used to o b t a i n a D a l i t z p l o t , s i n c e these two v a r i a b l e s a r e 
l i n e a r l y dependent. 
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p a r a l l e l t o the r i g h t and the l e f t sides of the boundry of the 
+ ++ 

p l o t as marked by the symbols B , A and (wp) r e s p e c t i v e l y . 

I f the m a t r i x element f o r the f i n a l s t a t e i s constant, 

phase space p r e d i c t s a uniform p o p u l a t i o n of p o i n t s on a D a l i t z 

p l o t . I n s p e c t i o n of Figure (3.11) shows t h a t apart from the 

f o l l o w i n g quasi-two-body r e a c t i o n s : 

+ ++ 
TT P > (j) A , 

+ + 
TT p — > pB , 

t h e r e i s a c o n c e n t r a t i o n of p o i n t s a t the low e f f e c t i v e mass of 

(pw). The number of events t h a t does not c o n t r i b u t e towards the 

quasi-two-body f i n a l s t a t e r e a c t i o n s i s f a r more than the estimated 

number of non-resonant background i n the t h r e e - p i o n s t a t e accepted as 
o + the 10 mesons i n the pwn f i n a l s t a t e (see Section 3.3). 

At the high energy of the present experiment the l a r g e 

o r b i t a l angular momentum also a f f e c t s the uniform p o p u l a t i o n of p o i n t s 

on the D a l i t z p l o t . The areas corresponding t o the s t a t e s of low 

r e l a t i v e momentum between•pairs of p a r t i c l e s w i l l be depopulated 

on the D a l i t z p l o t . This e f f e c t has depopulated the t o p - r i g h t - h a n d 

corner and the centre of the D a l i t z p l o t . On the other hand the 

bottom-right-hand corner shows a c l u s t e r i n g of events because of , 
+ ++ 

o v e r l a p of the B and the A 

3.6 The CM. L o n g i t u d i n a l Versus CM. Transverse Momenta 
+ 

P l o t s f o r porn F i n a l State 

Before con s i d e r i n g the quasi-two-body f i n a l s t a t e s i n d e t a i l , 

a b r i e f q u a l i t a t i v e d e s c r i p t i o n w i l l be given of the p a t t e r n s 

obtained i n l o n g i t u d i n a l and transverse momenta corresponding t o 

those seen on the D a l i t z p l o t of Figure (3.11). 



BO 

6 0 

4 0 

2 0 

CM 
3-6 2 0 2-8 1-2 1-6 0-8 

( p T T + ) ( G e V / c 2 ) ( a ) Effective mass of 

0 * 0 

5 2 0 

t 
2 0 4 0 •6 2-8 O S -2 

(^ i r+) (GeV/c 2 ) ( b ) Effective mass of 

4 0 

2 0 

•6 2 0 4-8 2-4 
(wo) ( c e V / c 2 ) ( c ) Effective mass of 

(a) M^prr'1) , (b) M(ttfl->),(c) M(wp) FOR 907 EVENTS ON THE FIG. 3. 2 

DALITZ PLOT OF FIG. 3. I. 



- 50 -

The CM. l o n g i t u d i n a l momentum (along the beam d i r e c t i o n ) 
o 

versus the CM. transverse momentum f o r the pr o t o n , the w and the 

TT meson (sometimes c a l l e d the Peyrou p l o t s ) are given r e s p e c t i v e l y 

i n Figures (3.13) t o (3.15). One f i n d s some i n t e n s i t y f o r the 
+ o 

small l o n g i t u d i n a l momentum f o r the IT and the w , but the i n t e n s i t y 

f o r the proton f a l l s o f f almost l i n e a r l y w i t h l o n g i t u d i n a l momentum. 

There i s a co n c e n t r a t i o n of events f o r backwards and forwards pro

d u c t i o n of the p r o t o n and the u)° r e s p e c t i v e l y . This shows the 

double resonance p r o d u c t i o n of the toA + + a t low four-momentum 

t r a n s f e r . The forward w° and TT + events w i t h not very h i g h l o n g i t u d 

i n a l momenta a r i s e from the p r o d u c t i o n . The areas where these 

events f a l l are marked on Figures (3.14) and (3.15). 
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CHAPTER 4 

THE U)°A++ FINAL STATE 

4 . 1 I n t r o d u c t i o n 

The r e a c t i o n 

TT + P — > ui°A++ ( 1 2 3 6 ) , ( 4 . 1 ) 

has been studied by several workers a t d i f f e r e n t energies [ 3 , 4 2 - 4 3 , 

4 5 - 4 6 , 5 0 - 5 1 , 6 2 - 7 2 ] . But the s i t u a t i o n regarding the p r o d u c t i o n 

mechanism i s s t i l l not c l e a r . The p o s s i b l e exchanged p a r t i c l e s are 

the p and the B mesons (see Section 2 . 7 . 1 ) . 

The f i r s t two Sections present the t o t a l and the d i f f e r e n t i a l 
o ++ 

cross sections f o r the u A p r o d u c t i o n . 
The next Section gives the sp i n d e n s i t y m a t r i x elements 
o ++ 

f o r the to and the A spectra i n d i f f e r e n t frames of r e f e r e n c e . 

Then the p o s i t i v i t y c o n d i t i o n s f o r the sp i n d e n s i t y m a t r i x elements 

are discussed. 
Using the spin d e n s i t y m a t r i x elements, the decay angular 

o ++ 

d i s t r i b u t i o n s f o r the ui and the A spectra i n d i f f e r e n t frames of 

reference are f i t t e d w i t h simple f u n c t i o n s . 

The next Section deals w i t h the n a t u r a l and the u n n a t u r a l 

p a r i t y exchange components. 

This i s f o l l o w e d by the j o i n t decay c o r r e l a t i o n s . Then the 

Donohue i n e q u a l i t i e s and the moduli of the t r a n s v e r s i t y tensors 

w i l l be presented. F i n a l l y the r e s u l t s are discussed. 

4 . 2 T o t a l Cross Section 
+ 

Figure ( 4 . 1 ) shows the mass d i s t r i b u t i o n of M(piT ) f o r events 

i n the punr+ channel ( c l e a r o u t l i n e ) and those t h a t have | t | 1 . 0 

2 
(GeV/c) (cross-hatched) w i t h 9 0 7 and 4 8 7 events r e s p e c t i v e l y . 
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Here | t | i s the four-momentum t r a n s f e r from the i n c i d e n t p r o t o n t o 

the A + +. 
++ 

Table ( 4 . 1 ) gives the mass and w i d t h o f the A as obtained 

by f i t t i n g the mass d i s t r i b u t i o n of M(pff +) ( F i g u r e ( 4 . 1 ) , cross-

hatched) , w i t h a p-wave r e l a t i v i s t i c B r e i t Wigner (see equations 

( 2 . 2 ) t o ( 2 . 4 ) ) , f o l d e d w i t h a r e s o l u t i o n f u n c t i o n (standard d e v i a t i o n , 
a

r e s = ± 1 0 MeV) as described by Coyne e t a l . [ 73 ] . The shape of the 

background i s estimated by eye. 

Table ( 4 . 1 ) • 

Mass and width of the A ++ 

Reaction P a r t i c l e Mass(MeV/c2) r(MeV/c 2) a (pb) Background 

+ ++ 17 p —* 0)A A + + 1234 ± 8 122 ± 32 53 ± 10 ^5% 

The e r r o r s on the mass and w i d t h are worked out by using 
+ 2 

equation ( 2 . 7 ) . The f i t was r e s t r i c t e d t o the M(pir ) < 1 . 4 8 GeV/c . 
2 

For the subsequent a n a l y s i s , the mass i n t e r v a l o f 1 .13 t o 1 .34 GeV/c 
++ 

as the A was used. 
The background, assumed t o be l i n e a r , i s about 5% i n the 

f i t t e d r e g i o n and there are 240 events above the background. Thus 
++ 

the wA cr o s s - s e c t i o n based on the number of events i n Figure ( 4 . 1 ) , 

i s (see Section 2 . 2 ) : 
a (wA + +) = 41 ± 8 ub. 

++ 
The e r r o r includes the s t a t i s t i c a l e r r o r on the UJA events plus 10% 

2 

f o r the n o r m a l i s a t i o n . C o r r e c t i n g 10% each f o r the P(x ) c u t o f f 

and the unseen w° decay modes and 7% f o r the t a i l s o f the w° (see 
Section 3 . 3 . 2 ) , the c r o s s - s e c t i o n becomes: 



- 53 -

a (UJA ) = 53 ± 10 pb. 

Figure (4.2) shows the comparison of t h i s c r o s s - s e c t i o n 

w i t h those obtained a t d i f f e r e n t i n c i d e n t momenta [42-43, 45-46, 51, 

63-68, 70-72]. The experimental p o i n t s are f i t t e d by the f u n c t i o n : 

0 — K p." (see Equation 3.3). The values of K and n, as obtained i n c 
from the f i t are 5.8 and 1.85 r e s p e c t i v e l y and are i n good agreement 

w i t h those obtained by other workers f o r non-strange meson exchange 

r e a c t i o n s [74,75,76]. 

4. 3 D i f f e r e n t i a l Cross Section 

Figures (4.3) and (4.4) show the d i f f e r e n t i a l cross s e c t i o n s 

f o r the r e a c t i o n (4.1) as f u n c t i o n s of four-momentum t r a n s f e r | t | 

and I t ' I = I t - t . I r e s p e c t i v e l y , where | t l i s the four-momentum 

t r a n s f e r from the i n c i d e n t p r o t o n t o the A + + and t . i s the minimum 
min 

value of the | t | . The events on which the graphs are based are 

selected i n the A mass band: 

1.13 GeV/c2 < M ( A + + ) < 1.34 GeV/c2. 

The t r a n s f o r m a t i o n t o a c r o s s - s e c t i o n i s obtained by n o r m a l i z i n g the 

t o t a l area t o 53 ub which includes a l l necessary c o r r e c t i o n s (see 

Section 4.2). The v e r t i c a l e r r o r bars shown are only those due t o 

s t a t i s t i c s since an e r r o r i n the n o r m a l i z a t i o n w i l l not change the 

shape of 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 as a f u n c t i o n of | t | or | t ' | . 

The h o r i z o n t a l e r r o r bars represent the i n t e r v a l s chosen. 

There are d i p s i n do/d|t| or do/d|t'| d i s t r i b u t i o n s as | t | 

(or | t ' | ) > o. However, there i s no reason t o suspect the l o s s 

of events a t | t | ( o r | t ' | ) >0, because i n the | t ' | r e g i o n of 
2 

.J 0.04 (GeV/c) , the minimum pro t o n momentum i s 0.22 GeV/c, which 

corresponds to a range of about 4 cm i n l i q u i d hydrogen. Dips i n 
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dcr/d|t'| d i s t r i b u t i o n as | t ' | — > 0 have also been reported i n other 

experiments [66,70,51,72] at 3.7, 5.45, 8.0 and 18.5 GeV/c. 

Above the r e g i o n | t ' | (or | t | ) ^ 0 . 2 (GeV/c) , do/d|t'| and 

do/d|t| d i s t r i b u t i o n s f a l l sharply w i t h i n c r e a s i n g | t ' | ( o r | t | ) and 
• ^ x. <. • •> ^ • -b| t 1 I ( -b| t | are consxstent w i t h an exponential behaviour e 1 1 ( o r e ) w i t h 

-2 

a value o f b = 4.2 GeV . This exponent i s compatible w i t h those 

obtained i n other experiments a t d i f f e r e n t energies as l i s t e d i n 

Table; (4.2) . 
Table (4.2) 

Exponential f i t t o the d i f f e r e n t i a l cross s e c t i o n s 

Experiment 
(GeV/c) 

Exponent b 
(GeV~ 2) 

Reference 

2.9 - 4.08 3.3 [64] 

3.7 4.02 [66] 

5.0 4.3 [68] 

5.0 3.7 [69] 

5.45 3.96 [70] 

11.7 4.2 This experiment 

The values of the slope b remain f a i r l y constant over a l a r g e range 

of energy. This i m p l i e s t h a t there i s no energy dependence on the 

value of b. 

The ex p o n e n t i a l shape o f da/d|t'| i s too sharp t o assume i t 

depends only on the p propagator. This can be seen i n Figure (4.4) 
1 2 

where the d o t t e d curve shows the f u n c t i o n (— ) normalized 
4 * I'M , , 

t o the general behaviour of the experimental p o i n t s a t j t 1 | = 0.4. 
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Dips have been reported i n other experiments near | t | 
2 

(or | t ' | ) values of 0 . 8 , 0 . 1 5 and 0 . 6 (GeV/c) a t i n c i d e n t momenta 

between 2 .95 and 4 . 0 8 , 3 .7 and 5 . 0 GeV/c r e s p e c t i v e l y [ 6 4 , 6 6 , 6 8 ] . 

But the low p o i n t i n t h i s experiment near | t ( (or | t ' | ) ~ 0 . 2 5 

2 
(GeV/c) may be a s t a t i s t i c a l f l u c t u a t i o n since t h i s i s l e s s than 
two standard d e v i a t i o n s away from the exponential f i t . However, 

2 

another d i p near | t | (or | t ' | ) ^ 0 . 6 (GeV/c) i s more than two 

standard d e v i a t i o n s away from the e x p o n e n t i a l f i t . 

4 . 4 Determination of the Spin Density M a t r i x Elements f o r the 
° - .++ a) and A Spectra 

Before d e s c r i b i n g the d e n s i t y m a t r i x elements, i t i s worth

w h i l e t o describe the method of moments which was used t o c a l c u l a t e 

these elements from the observed d i s t r i b u t i o n s o f the p o l a r and 

azimuthal angles of the decays. 

I f f (cos 9, i> ) i s some f u n c t i o n o f the decay angles, the 

average value f i s given by: 

r2 TT p + 1 
= I d4>| 

Jo J - l 
d cos 6 f (cos 0 ,<(>) W(cos 6 ,<()) , (4.2) 

1 

and e r r o r on the average value of Af i s : 

Af f 2 - f 2 ( 4 . 3 ) 

where n i s the number of events used. The r e l a t i o n (4 . 2 ) f o l l o w s 

because W(cos 8 , <f> ) , i f normalised, i s e q u i v a l e n t t o a p r o b a b i l i t y 

d i s t r i b u t i o n . 

By a s u i t a b l e choice of f (cos 6 , <j> ) and r e p l a c i n g 

W (cos e , <{> ) by equations ( 2 . 2 5 ) , ( 2 . 2 8 ) , ( 2 . 3 1 ) and ( 2 . 3 4 ) , i n t u r n , 

i n equation ( 4 . 2 ) one may o b t a i n the f o l l o w i n g r e l a t i o n s : 
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(a) For the w decay i n the t - and the s-channel h e l i c i t y frames: 
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Using the above formulae the values of the s p i n d e n s i t y 
o ++ 

m a t r i x elements f o r the w and the A separately were determined as 

f u n c t i o n s of | t | . Figures (4.5a-h) present the values obtained as 

f u n c t i o n s of | t | i n the t - and s-channel h e l i c i t y frames and t - and 

s-channel t r a n s v e r s i t y frames r e s p e c t i v e l y . The d i f f e r e n t frames of 

reference are the same as already discussed i n Section 2.5. 

4.5 The P o s i t i v i t y Conditions f o r the Density M a t r i x Elements 

The p r o p e r t i e s of the d e n s i t y m a t r i x , i n p a r t i c u l a r i t s 

p o s i t i v i t y f o r the diagonal elements, i t s h e r m i t i c i t y and i t s u n i t 

t r a c e , put c e r t a i n c o n s t r a i n t s on i t s elements. These set of 

c o n d i t i o n s , as d e r i v e d by Minnaert [77,78] f o r a completely determined 

m a t r i x , are reduced t o a set of i n e q u a l i t i e s , i f the m a t r i x elements 

are known through the decay d i s t r i b u t i o n . 

I f the m a t r i x elements are c a l c u l a t e d i n any frame w i t h the 

q u a n t i z a t i o n axis i n the p r o d u c t i o n plane (e.g., the t - and the 

s-channel h e l i c i t y frames as d e f i n e d i n Section 2.5), the p o s i t i v i t y 

c o n d i t i o n s f o r the u>°, w i t h spin 1 are: 

0 « P 0 0 « 1 

Rep 10' < ? [ p o o ( 1 - p o o - 2 p i -J 
++ and f o r the A , w i t h s p i n 3/2, these c o n d i t i o n s are: 

(a) 

(b) 
> (4.8) 

0 « p 3 3 .< 1/2 (a) 

( R e P 3 , - l > 2 + ( R e p 3 , l ) 2 + ( P33 " 1 / 4 ) 2 4 3 / 1 6 ( b ) 

> (4.9) 

Tables (4.3) and (4.4) g i v e the values of these i n e q u a l i t i e s 
o ++ 

m the t - and the s-channel h e l i c i t y frames f o r the UJ A events f o r 
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d i f f e r e n t i n t e r v a l s of | t | . These are found t o be e x p e r i m e n t a l l y 

w e l l s a t i s f i e d except c o n d i t i o n (4.8a) f o r the | t | i n t e r v a l 
o 

0.2 - 0.3(GeV/c) i n Table (4.4 ) . 

Table(4.3) 

P o s i t i v i t y c o n d i t i o n s f o r the d e n s i t y m a t r i x 
elements i n the t-channel h e l i c i t y ( G o t t f r i e d -

Jackson) frame 

~~~~~—— 111 (GeV/c) 2 

I n e q u a l i t y 0.0-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.6 0.6-1.0 

0 ' PQO « 1 .551.15 .251.10 .251.13 .13+.11 .18+.13 .45+.18 

l R e p i , o ' 

1 h — [p ( l - p -2p ) ] 
2 M 0 0 M 0 0 ^l-l' 1 

.11+.06 
<? 

.201.06 

.131.06 
<? 

.171.05 

.06+.06 

.131.07 

.04+.06 

.111.10 

.15+.09 

.22+.06 

.10+.10 
<̂ 

.271.05 

• 0$ p 3 3 « 1/2 .111.11 .251.07 .141.10 .341.09 .231.12 .191.12 

2 2 (Rep 3_ 1) +(Rep 3 ^ 

+ ( P 3 3 - l / 4 ) 2 ^ 3/16 

.041.04 O06+.01 J0271.03 .061.04 .071.06 .071.07 

No. of events 31 53 40 38 23 19 
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Table (4.4) 

P o s i t i v i t y c o n d i t i o n s . f o r the d e n s i t y m a t r i x 
elements i n the s-channel h e l i c i t y frame.. 

— 111 (Ge^c) 2 

I n e q u a l i t y 
0.0-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.6 0.6-1.0 

0 < p o o * 1 
.54±.14 .401.11 -.131.07 .191.10 .581.18 .291.15 

l R e p i , o l 

I l P 0 0 ( 1 " P 0 0 - 2 P l - l ) ] l 3 

.15±.06 

>< 

.19±.07 

.021.05 

.131.07 

.081.06 

.131.09 

.021.07 

.101.09 

.121.09 

.191.10 

.101.10 

.261.05 

Os<P 3 3 <? 1/2 .081.10 .221.08 .381.08 .34+.08 .051.13 .351.10 

(R e p 3 _ 1 ) 2 + ( R e p 3 ) 2 

+ ( P 3 3 - l / 4 ) 2 <? 3/16 

.041.04 .0031.008 .031.03 .051.04 .081.07 .061.06 

No of events 31 53 40 38 23 19 

The value of p i n the s-channel h e l i c i t y frame i s negative by 

two standard d e v i a t i o n s f o r the | t | i n t e r v a l 0.2-0.3 (GeV/c) . The 

mass d i s t r i b u t i o n s of 3-pion i n the var i o u s | t | i n t e r v a l s were 

p l o t t e d w i t h a view t o f i n d i n g the reason f o r the unphysical value of 

Pqq' The background l e v e l i n the mass d i s t r i b u t i o n f o r the | t | i n t e r v a l 
2 

0.2 - 0.3 (GeV/c) d i d not look a t a l l d i f f e r e n t from others i n the 

d i f f e r e n t | t | i n t e r v a l s . S i m i l a r l y , the decay m a t r i x element o f the 

w°, d i s t r i b u t i o n i n t h i s | t | i n t e r v a l d i d not show any marked 

d i f f e r e n c e from those i n the other | t | i n t e r v a l s w i t h the s t a t i s t i c s 

of the experiment. I t i s concluded t h a t the negative value of p i s 

most l i k e l y a s t a t i s t i c a l f l u c t u a t i o n . 
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4.6 Decay Angular D i s t r i b u t i o n s f o r the oi and A Spectra 

o ++ 
Figures (4.6) show the d i s t r i b u t i o n s of the to and the A 

f o r the decay angles: cosine of p o l a r angle and azimuthal angle f o r 
+ ++ 

the r e a c t i o n IT p — > OJA i n the t - and the s-channel h e l i c i t y frames 

and the t - and the s-channel t r a n s v e r s i t y frames. The curves are 

the f i t s o f the form as obtained from equations (2.26), (2.29), (2.32) 

and (2.35). The experimental values of the c o e f f i c i e n t s t o g e t h e r 

w i t h the f u n c t i o n s used are t a b u l a t e d i n Table (4.5) on page 61. 

4.7 The N a t u r a l and the Unnatural P a r i t y Exchange Components 

As discussed i n Section 2.7.1, the u>°A++ can be made by exchanging 

a p ( 1 ) or B ( l + ) , the former having the n a t u r a l p a r i t y and the l a t t e r 

u n n a t u r a l . The d e n s i t y m a t r i x element p i n the t-channel h e l i c i t y 
00 

frame measures the unnatural p a r i t y exchange c o n t r i b u t i o n t o the 
o 

p r o d u c t i o n of the w i n the h e l i c i t y zero s t a t e (For the p r o d u c t i o n 

angle, 6* — > 0 o n l y , i . e . , | t ' | — > 0 ) . 

The l i n e a r combinations + 
a = p + o , (a) 1 M l l ^1-1 ' v ' 

°1 = P l l ~ P l - 1 ' ( b ) J 

(4.10) 

i n the h i g h energy l i m i t ( i . e . , as s — > 0 0) measure the c o n t r i b u t i o n s 

t o the p r o d u c t i o n o f the UJ° i n the h e l i c i t y one s t a t e f o r the n a t u r a l 

and the u n n a t u r a l p a r i t y exchanges r e s p e c t i v e l y [ 7 9 ] . For the 

r e a c t i o n TT+P — » • U J ° A + + , using 0+ t o denote the t o t a l n a t u r a l and 

a the t o t a l u n n a t u r a l p a r i t y exchanges, one gets: 

+ + 
a = a

1
 a n d o = a1 + P 0 Q. 

The d i s t r i b u t i o n o f has the same v a l u e . f o r both the t - and the 

s-channel h e l i c i t y frames. 

Text continued on page 62 
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Table (4.5) 

Parameters of f i t s t o the decay d i s t r i b u t i o n s o f the 
° ++ 

co and the A spectra 

Frame of 
Reference P a r t i c l e F i t t e d 

F u nction 
F i t t e d Parameters 2 

X /NDF 
Frame of 
Reference P a r t i c l e F i t t e d 

F u nction A B C 
2 
X /NDF 

The t - channel 
h e l i c i t y frame 
( G o t t f r i e d -
Jackson frame) 

o 
2 

A+B cos x 0.55+2.9 -0.16+0.16 4.6/6 The t - channel 
h e l i c i t y frame 
( G o t t f r i e d -
Jackson frame) 

o 
2 

A+B cos IJJ 
0.23±0.07 -0.15±0.04 2.8/6 

The t - channel 
h e l i c i t y frame 
( G o t t f r i e d -
Jackson frame) 

++ 
A 

2 
A+B cos 8 0.72±0.0 0.06±0.49 5.4/6 

The t - channel 
h e l i c i t y frame 
( G o t t f r i e d -
Jackson frame) 

++ 
A 2 

A+B cos $ 0.77±0.0 -0.23±0.09 10/6 

The s-channel 
h e l i c i t y frame 
( h e l i c i t y 
frame) 

o 
to 

2 
A+B cos x 0. 54±0.8 -0.12 2.0/6 The s-channel 

h e l i c i t y frame 
( h e l i c i t y 
frame) 

o 
to 2 

A+B cos i|) 0.2210.04 -0.13±0.04 1.3/6 

The s-channel 
h e l i c i t y frame 
( h e l i c i t y 
frame) 

++ A 
2 

A+B cos e 0.89+0.51 0.1110.34 2.4/6 

The s-channel 
h e l i c i t y frame 
( h e l i c i t y 
frame) 

++ A 
2 

A+B cos 4> o.l6±o:ll -0.1210.03 6/6 

The t-channel 
t r a n s v e r s i t y 
frame 

o 
00 

2 t A+B cos x 0.29+0.23 0.46 2.0/6 The t-channel 
t r a n s v e r s i t y 
frame 

o 
00 2 

A+B cos vp 
+C sintjicos^ 

0.68 0.0 -C.21 3.5/5 

The t-channel 
t r a n s v e r s i t y 
frame 

++ 
A 

2 ++ A+B cos 6 0.35±0.13 0.1110.15 3.9/6 

The t-channel 
t r a n s v e r s i t y 
frame 

++ 
A 2 

A+B cos <}) 
+C sincjicosd) 

0. 24±0.18 -0.0410.002 -0.04 
10.02 

7.8/5 

The s-channel 
t r a n s v e r s i t y 
frame 

o 
2 + A+B cos x 0.29±0.23 0.46 2.0/6 The s-channel 

t r a n s v e r s i t y 
frame 

o 
2 

A+B cos 
+C sini^cosiji 

0.96±0.15 -0.03+0.06 0. 28 
±0.25 

2.5/5 

The s-channel 
t r a n s v e r s i t y 
frame 

A + + 

A+B cos 6 T T 0.35±0.13 0.1110.15 3.9/6 

The s-channel 
t r a n s v e r s i t y 
frame 

A + + 

2 
A+B cos (J) 

+C sin<fccos<f> 
0.76±0.16 -0.CO2l0.0l 0.30 

±0.26 
5.1/5 

These are the same d i s t r i b u t i o n s , 

++ 
These are the same d i s t r i b u t i o n s 

http://-0.CO2l0.0l
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Table (4.6) gives the values of and f o r d i f f e r e n t 

i n t e r v a l s of | t | both f o r the t - and the s-channel h e l i c i t y frames. 

Figure (4.7) shows the same values as f u n c t i o n s o f | t | f o r s i x | t | 
2 

i n t e r v a l s below 1.0 (GeV/c) . 

Table (4.6) 

a* = p +p and a = p -p i n the t - and 
the s-channel h e l i c i t y frames 

Quantity 
|t|4GeV/c) 2 

Frame 
0.0-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.6 0.6-1.0 

a + 

1 The t -
channel 
h e l i c i t y 
frame 

.59±.ll .521.10 .88+.10 .701.11 .30+.16 .241.15 

0 1 

The t -
channel 
h e l i c i t y 
frame -.141.11 .221.10 -.14+ .10 .181.11 .52+.16 .32+.15 

+ 
°1 The s-

channel 
h e l i c i t y 
frame 

.591.11 .52+.10 .88±.10 • 7 0 i . l l .301.16 .241.15 

a l 

The s-
channel 
h e l i c i t y 
frame -.13+.11 .08+.10 .24±.10 .101.11 .121.16 .48+ .15 

No. of events 31 53 40 38 23 19 

Table (4.7) gives the u n n a t u r a l p a r i t y exchange c o n t r i b u t i o n s 

i n the h e l i c i t y zero p a r t of da/d|t|, i . e . , 0
o = P Q 0 da/d|t|, where 

o 

P 0 Q i s s pin d e n s i t y m a t r i x element of the w i n the t-channel h e l i c i t y 

frame. Figure (4.8) shows the q u a n t i t y a as a f u n c t i o n of | t | . 

http://%e2%80%a270i.ll


10 

0-9 

0 8 

0 7 -

0-6-, 

0-5 

0 4 -

0-3-

0-2-

0 1 

00 
0-7-

0 6-

O-S-

0-4-

0-3-

0-2-

0 1 -

O O -

- O l -

-0-2-

0-6-

0-5-

0 4 -

0 3 -

0 -2 -

O l -

O 0 -

- 0 1 -

- 0 - 2 -

a5 *?"= 4,+ P,. 

- i 1 1 1 1 1 1 1 i 

M 

-1 1 1 1 1 1 I 

0 *7= P „ - P,. "1-1 

1 1—I 1 — I — I — I 1 1—I 
O O 0-2 0-4 0-6 C-8 l-O 

|t| ( G c V / c ) 2 

FIG. 4 .7 a) 6,+ IN THE t-OR s-CHANNEL HELICITY FRAME AS A FUNCTION OF |t| 

b) * r IN THE t-CHANNEL HELICITY FRAME AS A FUNCTION OF |t|. 

c) 6f IN THE s-CHANNEL HELICITY FRAME AS A FUNCTION OF |t|. 



IOO-
90-
80-
70-
60-
5 0 -

4 0 " 

3 0 -

2 0 -

01 

> IO-
9" 
8' 
7" 
6' 

o\+±. 5" 

4 -

3 -

2 -

"I 1 1 1 1 1 1 f — 
0-2 0 4 0 6 O S 

|t| (GeV/c) 2 

1 F 

FIG. 4 . 8 THE U N N A T U R A L PART O F D I F F E R E N T I A L C R O S S - S E C T I O N , p d6 

F O R H E L I C I T Y Z E R O IN THE t — C H A N N E L H E L I C I T Y F R A M E A S A 

F U N C T I O N O F | t j . 



- 63 -

Table (4.7) 

Unnatural p a r t of 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 , do/d|t| 

f o r h e l i c i t y zero i n the t-channel h e l i c i t y frame. 

| t | I n t e r v a l 
[(GeV/c) 2] 

do/d|t| (toA + +) 
[yb/(GeV/c) 2] 

poo d ° / d M ( U ) A + + ) 
[pb/(GeV/c) 2] 

0.0 - 0.1 81 ± 14 44 ± 14 

0.1 - 0.2 138 ± 19 34 ± 15 

0.2 - 0.3 104 ± 16 26 ± 14 

0.3' - 0.4 99 ± 16 13 ± 11 

0.4 - 0.6 30 ± 6.2 5.4 ± 4 

0.6 - 1.0 12 ± 2.8 5.6 ± 2.6 

4.8 The J o i n t Decay C o r r e l a t i o n s 

I t was shown i n Section 4.4 how the decay angular d i s t r i b u -
o ++ 

t i o n s of the <o and the A are used t o determine t h e i r s pin d e n s i t y 

m a t r i x elements se p a r a t e l y . When the double resonance p r o d u c t i o n 

occurs, as i n the r e a c t i o n ( 4 . 1 ) , i t i s p o s s i b l e t o d e f i n e a j o i n t 

s p i n d e n s i t y m a t r i x which determines the combined decay d i s t r i b u t i o n , 

W(cosx# ̂  ; cosG, ((> ) , where the decay angles are d e f i n e d i n the 
o ++ r e s p e c t i v e frames of the to and the A 

Using h e l i c i t y formalism [ 8 0 ] , the p r o d u c t i o n amplitudes 

f o r the r e a c t i o n (4.1) may be w r i t t e n as: 

< Xto° XA + + I T { x ) 1 W ' ( 4 - U ) 

where x i s the cosine of the CM. p r o d u c t i o n angle, and X. i s the 
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h e l i c i t y o f p a r t i c l e i . 

D e f i n i n g m and n as the p r o j e c t i o n s of s p i n of the to° and 
++ 

the A along t h e i r r e s p e c t i v e q u a n t i s a t i o n axes, the j o i n t s p i n 

d e n s i t y m a t r i x i s a m a t r i x of 144 complex elements as d e f i n e d by 

the f o l l o w i n g r e l a t i o n : 

mm _ X < mnl T (x) I A , X > < m ' n ' I T (x) I X , X >* . (4.12) n n ' / j TT+ p 1 1 p 
u + p 

The combined decay angular d i s t r i b u t i o n s of the u)° and the 
++ 

A thus determine 19 independent parameters, s i x of which are d e t e r 

mined by the i n d i v i d u a l decays. To c a l c u l a t e the remaining 13 

parameters, i t i s necessary t o consider the c o r r e l a t i o n s between 

the decays. Pi l k u h n and Svensson [34] gave an expression f o r the 

j o i n t decay i n both the t - and the s-channel h e l i c i t y frames. The 

e x t r a 13 c o r r e l a t i o n s should a l l be zero, i f there are no c o r r e l a t i o n s . 

An a l t e r n a t i v e method i s t o use the j o i n t decay d i s t r i b u t i o n s 

f o r the decay of two resonances ( spins and s^) i n terms of the 

j o i n t decay s t a t i s t i c a l tensors, T^ 1^ 2, produced i n a c o l l i s i o n of 
M 1 M 2 

unpolarized p a r t i c l e s , as given by Kotanski e t a l . [81,82]. 

w(cos x , <l> ; cos e , $ ) = F 1 ( J 1 ) ( J J 

2 2 
J 1 M 1 J 2 M 2 

(4.13) 
•T J1 J2 Y^l ( X f * ) * Y^2 ( e , * ) * , 

M lM 2
 J l 

++ 

where index 1(2) standJJfor w(A ) v e r t e x ; F^ are known constants 

and J ^ 2 S^- T n e angles X/ <K 9 and <Ji s p e c i f y the d i r e c t i o n of the 

decay products of the u)° and the A++ i n t h e i r r e s p e c t i v e r e s t frames. 

Equation (4.13) then reduces t o 19 r e a l parameters i n the t - and the 

s-channel h e l i c i t y frames as given below (see Appendix B f o r 

d e r i v a t i o n ) . 
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WfcosXj'h-cose, <f>) = — — 
16TT 

nr 02 2 r- 02 1 - »J T q o ( 3 C O S O-D+3/2 T o isin29cos({. 

3 >^" T o 2 s i n 2 e c o s 2 * " ̂  TQO ( 3 C O S 2X-D 
20 

20 . 20 2 
+ 6 T sin2xcos<J> - 6T s i n XCOS2<|J 

+ (/6/2)T o o(3cos X-D (3cos 8-1) 

22 2 3 T (3cos x-1) sin2 6 cos <f> 

22 2 2 + 3 T (3cos x-1) s i n 6 cos2 <j» 

•»^/6/^r^ sin2 x s i n 2 6 cos(i^-2<})) 

-£/6/^T 2 2 s i n 2 x sin2 6 cos(»|j-<f>) 

22 2 
3 T s i n 2 x cos (3cos 0-1) 

4^/6/2)T 2 2 sir.2 x sin2 8 cos W«+<J>) 

sin2 x s i n 2 6 cos ( ̂  + 2$) (4.14) 

-[3/6/2)T 2 2 s i n 2 x s i n 2 8 cos(2^-2<}>) 2-2 

„>_22 . 2 +{3/6/2)T 2_ 1sin X sin2 6 ccs(2^-<j>) 

22 . 2 2 
+ 3 T s i n x cos2 \\> (3cos 0 -1) 

»—- 0 0 o 
-3/6/2^r s i n x sin2 0 cos (2<JH-<|>) 

^3/6/2/T22 s i n 2
X s i n 2 6 cos2 ( -J; + 0 ) 
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I n the t - and the s-channel t r a n s v e r s i t y frames, there are 

three r e a l parameters and e i g h t complex parameters as given below 

(see Appendix B f o r d e r i v a t i o n ) . 

X I / 02 2 20 2 W(cosX ,<h-cosS ,<M = 1 - / J T (3cos 6-1) -/I" T (3cos X~D 
16TT L 0 0 

0 0 0 o 
+ C/6/2) T o o ( 3 c o s X-D (3cos e-1) 

- 3/2 Re T ° 2 sin2ecos2<i> 02 Y 

02 2 - 3/2~ Im T Q 2 s i n 6sin2<j> 

22 2 2 3 Re T 0 2 ( 3 c o s x~D s i n 6cos2<j> 

22 2 2 3 Im T Q 2 ( 3 c o s x ~ l ) s i n 6sin2<j> 

-(3/6/2) Re T 2 2
1 s i n 2 x s i n 2 0 c o s (>ĵ -<f>) 

- (3/6/2) Im T 2 2^ sin2xsin28sin(tj;-(|)) 

22 
+ (3/6/2) Re T sin2xsin2Gcos (i^+({i) 

2 2 
+ (3/6/2) Im T sin2xsin29sin(^+<{i) 

„ 20 .2 
6 Re T 2 Q s i n X C O S2<J J 

20 . 2 6 Im T 2 Q s i n xsin24 ) 

/ . \ 22 2 2 
(3/6/2) Re T 2 _ 2 s i n x s i n 6cos2 (<JJ-<M 

-(3/6/2) Im T 2 2
2 s i n 2 x s i n 2 e s i n 2 ( ^ - < t > ) 

22 2 2 3 Re T 2 Q s i n Xcos2^(3cos 6-1) 

22 2 2 3 Im T 2 Q s i n Xsin2<l' (3cos 6-1) 

+ (3/6/2) Re T 2 2 sin 2xsin 26cos2 ( i Jy+(j)) 

+ (3/6/2) Im T 2 2 s i n 2 > ; s i n 2 6 s i n 2 ((Jj+(|,)J 

(4. 
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By a suitable choice of f (cosX, ̂ ;cos6, <t>) and replacing 

W(cosX, ̂ ;cos6, <j>) by equations (4.14) and (4.15), i n turn, in equation 

(4.2), one may obtain the r e l a t i o n s as l i s t e d in Tables (4.8) and (4.9) 

respectively for the t - or the s-channel h e l i c i t y frame and the t -

or the s-channel transversity frame on pages 68-69. 

The values of the j o i n t s t a t i s t i c a l tensors as determined by 

using the formulae l i s t e d in Tables (4.8) and (4.9) in the t - and 

the s-channel h e l i c i t y frames and i n the t - and the s-channel trans-
2 

v e r s i t y frames for four d i f f e r e n t i n t e r v a l s of | t | below 1.0 (GeV/c) 

show that most of these values are small with large errors and thus 

are compatible with zero. However, the following s i g n i f i c a n t 

c o r r e l a t i o n terms ( s i g n i f i c a n t here means two or more than 2 standard 

deviations d i f f e r e n t from zero) are l i s t e d in Table (4.10) on page 70. 

4.9 The Donohue In e q u a l i t i e s 

Donohue f83] analysed the j o i n t decay correlations i n the t -

and the s-channel h e l i c i t y frames i n the forward production d i r e c t i o n 

using the kinematic constraints and showed that only terms depending 

on (the polar angles of the ui° and the A + + respectively) and 

(ijH-<}>) (sum of azimuthal angles of the w and the A + +) need not vanish. 
02 20 22 These correspond to the f i r s t (T ) , fourth (T ) , seventh (T ) , OO OU OU 

22 22 thirteenth ( T ^ ) and nineteenth ( T
2 2^ t e r m s i - n Table (4.8). A l l 

these values are compatible with zero in the t-channel h e l i c i t y frame. 
02 20 22 

But T_ , T and T have s i g n i f i c a n t values in the s-channel h e l i c i t y 
00 00 00 ^ 

2 

frame for the |t | i n t e r v a l s 0.2-0.4, 0.2-0.4 and 0.0-0.2 (GeV/c) 

respectively as l i s t e d in Table (4.10). 

Donohue [83] derives two i n e q u a l i t i e s which should be 

s a t i s f i e d i n the forward d i r e c t i o n for the j o i n t decay cor r e l a t i o n s 

i n the t - and the s-channel h e l i c i t y frames. These are: 

Text continued on page 71 
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Table (4 . 8 ) 

Joint decay s t a t i s t i c a l tensors i n the t - or s-channel h e l i c i t y 

frame for T +p — ) wA + + ^ 

Tensor Value in terms of spherical 
harmonics 

Value in terms of decay angles 

T 
00 

-ir/20/3 <Y°(1)Y°(2)> 5/3 2 — <3cos 6-l> 

J 3 2 T 
0 1 

-rr/20/3 <Y^(1)Y^(2)> 5/2 — — <sin28cos(}i> 
8 

m 0 2 

T 
02 

-7^20/3 <Y°(1)Y2(2)> 5/2" 2 <sin 6cos2<()> 
8 

m20 

T 
00 

-WlO/3 <Y°(1)Y°(2)> - 2 4 <3cos x-1 > 
m 2 0 

T 
1 0 

- T T / 1 0 / 3 <Y^(1)Y°(2)> -̂ <sin2xcos^> 
8 

20 T 20 -Tr/lO/3 <Y2(1)Y°(2)> 5 2 - — <sin xcos2i'> 0 
22 T 00 TT/50/3 <Y°(1)Y°(2) > ^ f j p < ( 3 c o s V l ) ( 3 c o s 2 e - l ) > 
22 T 
0 1 

TT/50/3 <Y°(1)YJ(2)> 25 2 - — <(3cos x-1) (sin20cos<|>)> 
1 6 

22 T 
0 2 

TI/50/3 <Y°(1)Y2(2)> I f - <(3cos 2x-D (sin26cos2<j))> 
1 6 

m22 T 1-2 W50/3 ^ ( U Y 2 ( 2 ) > <sin2xsin 28cos (ip-2<|))> 
22 T 1-1 n/50/3 ^{DY l{2)> ~^32^ < s i n 2 X s i n 2 e C o s (vl>-<j>)> 

m22 
T i o n/50/3 <Y2(1)Y 2(2)> 25 2 - — <sin2xcosiM3cos 6-l)> 

1 6 
T22 
11 IT/50/3 <Y 2(1)Y 2(2)> •2-|^ <sin2xsin20cos W+<|>) > 
22 T 12 W50/3 <Y 2(1)Y 2(2)> - 25^6 <si n 2 x s i n 2 6 c o s (ip+2(j) )> 
22 T 2-2 TT/50/3 <Y 2(1)Y~ 2(2)> - 25^6 < s i n 2 x s i n 2 6 c o s (2^-2(())> 

m22 T 2-1 TT/50/3 <Y (1)Y (2)> <sin 2xsin26cos (2vp—4>> > 

T 
20 

*'50/3 <Y2(1)Y°(2)> 25 2 2 — <sin xcos2il) (3cos 0-l)> 
16 

m22 T 21 TTV/50/3 < Y 2 ( D Y 2 ( 2 ) > ~^32^ < s i n 2 X s i n 2 G c o s (2ijj+(j))> 
22 T 22 TT/50/3 <Y 2(1)Y 2(2)> •2-|^- <sin 2Xsin 26cos (2iJ;+2(J.) > 

Y (1) and Y ( 2 ) stand for Y(u)°) and Y^(A + +) respectively. 

X and i' are the polar and azimuthal angles for the io°, 
++ 

0 and <j> are the polar and azimuthal angles for the A 
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Table (4.9) 

Joint decay s t a t i s t i c a l tensors i n the t - or s-channel 
+ ++ + transversity frame for i; p — * wA 1 

Tensor Value i n terms of 
spherical harmonics Value i n terms of decay angles 

T02 
00 - T T/20/3 < Y°(1)Y°(2)> - ^y-< 3cos 2 6 -1> 

m 2 0 

T 
00 

- T T / I O / 3 < Y°(1)Y°(2)> - < 3cos 2
 X -1> 

m22 T 
00 

TT/50/3 < Y°(1)Y°(2)> - i|^-<(3cos 2x-l) (3cos 26 -1)> 
r, m 0 2 Re T 02 Re(-Tr/20/3 < Y°(1)Y2(2)>) 5/2" . 2 - J = ^ < s i n Q cos2(f)> o 

02 
I m T02 Im(-Tr/20/3 < Y°(1)Y2(2)>) - 2^-< s i n 6 s i n 2<t>> 

o 
02 Re ( TT/50/3 < Y° (1) Y2, (2) > ) 25 2 2 — <(3cos X-l) s i n 6cos2<()> 

16 
-r m22 Ini T_„ 02 

Im( TTI/50/3 < Y°(1)Y2(2)>) 
25 2 2 — <(3cos x - l ) s i n 8sin2<}>> 16 

22 
R e T l - 1 Re( TT/50/3 < Y 2(1)Y 2

1(2)>) - 2-^ 2
S < sin2 x sin2 6 cos(^-cf))> 

T m 2 2 

1 1 1 1 T l - 1 Im( TT/50/3 < V ^ D Y ^ I 2) >) - 2^2^"< sin2 x sin2 6 sin(^-t}>)> 
„ m

2 2 

Re T n 
Re( TT/50/3 < Y 2 ( 1 ) Y 2 (2) >) 2^2^"< sin2 x sin2 e C O S ( I J J + ( | ) ) > 

_ m22 Im T n Im( TT/50/3 < Y 2 ( 1 ) Y 2 (2)>) 2J^-< sin2 X sin2 6 sin(t|H-<|>)> 
« m 2 0 

20 Re(-7r/lO/3 < Y2(1)Y°(2)>) 5 2 - — < s i n X cos2i^> 8 
m20 
20 Im(-Tr/l0/3 < Y2(1)Y°(2)>) 5 2 - — < s i n x sin2^> 8 

_ m22 
R e T2-2 Re( TT/50/3 < Y 2(1)Y 2^2)>) - ^J^~< s i n 2 x s i n 2 6 cos (2i|;-2<t>) > 

22 
m T2-2 Im( TT/50/3 < Y 2 ( l ) Y 2

2(2)>) - < s i n 2 x s i n 2 6 s i n (2^-2$) > 

20 Re( TT/50/3 < Y 2 (1) Y°(2) >) 25 2 2 — < s i n x cos2 IJJ (3cos 6-l)> 16 
-r m 2 2 

^ T20 lm( TT/50/3 < Y 2 ( l ) Y°(2)>) 25 2 2 — < s i n x sin2 ̂  (3cos 0-1) > 16 
r> n , 2 2 

Re T 2 2 

Re( TT/50/3 < Y 2 ( 1 ) Y 2 ( 2 ) > ) ^ | ^ < s i n 2 x s i n 2 Q cos C 2ip+2cf>) > 

22 lm( TT/50/3 < Y 2(1)Y 2(2)>) • 2 j 2 ^ < s i n 2 x s i n 2 6 s i n (2i|;+2<f) )> 

M M M o M ++ Y T(1) and Y T(2) stand for Y ^ U ) and Y (A ) re s p e c t i v e l y . 

X and <|> are the polar and azimuthal angles for the w°. 

6 and 9 are the polar and azimuthal angles for the A 
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Table ( 4 . 1 0 ) 

Joint decay s t a t i s t i c a l tensor values for 
the OJA for | t | < 1 . 0 (GeV/c) 

Frame of 
reference 

| t | (GeV/c) 2 

Tensor \ ^ 
0 . 0 - 0 . 2 0 . 2 - 0 . 4 0 . 4 - 0 . 6 

The t-channel 
h e l i c i t y 
frame 

m ° 2 T 
0 2 

m 2 0 T 
1 0 

T 
2 0 
2 2 

T 
0 1 

0 . 0 9 * 0 . 0 3 

0 . 1 1 ± 0 . 0 3 

- 0 . 1 6 ± 0 . 0 8 

0 . 1 0 + 0 . 0 5 

0 . 1 9 1 0 . 0 3 

-

The s-channel 
h e l i c i t y 
frame 

_ 0 2 T 
0 0 
2 0 

T 
0 0 

m 2 0 T 
2 0 

m 2 2 T 
0 0 
2 2 

T 
0 1 
2 2 

T 
1 0 

m 2 2 T 
2 0 

0 . 1 4 ± 0 . 0 3 

0 . 2 7 ± 0 . 1 3 

0 . 1 6 ± 0 . 0 7 

0 . 1 3 ± 0 . 0 6 

0 . 1 9 ± 0 . 0 4 

0 . 1 5 ± 0 . 0 4 

- 0 . 3 2 + 0 . 1 5 

0 . 3 6 1 0 . 1 4 

The t-channel 
t r a h s v e r s i t y 
frame 

m 2 0 T 
0 0 
2 2 

T 
0 0 

r, m 2 0 Re T „ 2 0 
_ m 2 0 

2 0 
2 2 
2 - 2 

T m 2 2 I m T„„ 2 2 

0 . 1 3 ± O . 0 5 

0 . 0 7 ± 0 . 0 3 

0 . 0 9 ± 0 . 0 3 

0 . 1 4 ± 0 . 0 7 

0 . 2 8 ± 0 . 0 6 

0 . 3 3 ± 0 . 1 4 

0 . 3 5 + 0 . 1 4 

The s-channel 
t r a n s v e r s i t y 
frame 

m 2 0 T 
0 0 
2 2 

T 
0 0 

r, m20 
R e T 2 0 
_ m 2 2 Re T 2 2 

T m 2 2 
2 2 

0 . 1 3 ± 0 . 0 5 

0 . 1 1 ± 0 . 0 3 

0 . 1 5 ± 0 . 0 7 

0 . 2 8 ± 0 . 0 6 

0 . 3 3 1 0 . 1 4 

- 0 . 0 4 + 0 . 0 2 

0 . 3 6 + 0 . 1 4 

No. of events 84 7 8 2 3 
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* I = P _ P _ 1 (a) * ( I P 0 0 P 3 3 ) 

l T22> « ( P 3 3 ( 1 - P 0 0 - 2 p 3 3 ) ) , > ( b ) 

(4.16) 

Tables (4.11) and (4.12) give the values of these i n e q u a l i t i e s 

i n the t - and the s-channel h e l i c i t y frames for the OJA~+ events for 

d i f f e r e n t i n t e r v a l s of | t | . They are found to be experimentally 

satisfied.except inequality (4.16(a)) for | t | i n t e r v a l 
2 

0.2 - 0.3 (GeV/c) in both the t - and the s-channel h e l i c i t y frames 

where p has a negative value in the s-channel h e l i c i t y frame, as 

already discussed in Section 4.5. However, condition (4.16(b)) — 

which should be s a t i s f i e d only at low value of | t | — i s not 

s a t i s f i e d in the s-channel h e l i c i t y frame for | t | i n t e r v a l of 

0.6 - 1.0 (GeV/c) 2 (see page 72 for Tables (4.11)-(4.12)) . 

4.10 The Moduli of the Transversity Tensors 

Martin (84] shows that the moduli of the t r a n s v e r s i t y tensors 

are frame invariant. Inspection of Table (4.9) shows that the 

three r e a l tensors are invariant i n both the t - and the s-channel 

tra n s v e r s i t y frames. The moduli of the complex parameters are: 

J 1 J 2 \ 2 / J 1 J 2 \ 2 

Re T „ + Im T „ = Frame invariant. 

1 2 J \ M 1 M 2 / 

The values of Table (4.13) show that these moduli are 

invariant in both the t - and the s-channel t r a n s v e r s i t y frames 

within the s t a t i s t i c a l errors as l i s t e d on page 73. 
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Table ( 4 . 1 1 ) 

The Donohue i n e q u a l i t i e s in the t-channel h e l i c i t y frame 

t| (GeV/c) 2 

I n equ a l ^ t y ^ \ ^ ^ 
0 . 0 - 0 . 1 0 . 1 - 0 . 2 0 . 2 - 0 . 3 0 . 3 - 0 . 4 0 . 4 - 0 . 6 0 . 6 - 1 . 0 

I m 2 2 1 

( 2 P O O p 3 3 ) 

. 1 1 ± . 1 5 

. 1 7 1 . 0 9 

. 1 7 1 . 1 0 

. 1 8 1 . 0 4 

. 1 4 1 . 1 0 

. 1 3 1 . 0 6 

. 0 9 1 . 1 0 

. 1 5 1 . 0 6 

. 0 5 1 . 1 6 

. 1 4 1 . 0 6 

. 1 5 1 . 1 6 

. 2 1 1 . 0 8 

| T 2 2 I 

( p 3 3 ( l - p O O - 2 p 3 3 ) ) l 5 

. 0 7 1 . 1 1 

. 1 6 1 , 0 5 

. 1 3 1 . 1 0 

. 2 5 1 . 0 6 

. 1 2 1 . 1 2 

< 

. 2 6 1 . 0 5 

. 2 0 1 . 1 3 

$ 

. 2 5 1 . 1 1 

. 2 5 1 . 1 4 

. 2 9 1 . 0 6 

. 0 3 1 . 1 6 

. 1 8 1 . 1 2 

No of events 3 1 5 3 4 0 3 8 2 3 1 9 

Table ( 4 . 1 2 ) 

The Donohue i n e q u a l i t i e s i n the-s-channel h e l i c i t y frame 

^ S t | (GeV/c) 2 

I n e q u a l i t y ^ ^ ^ ^ 0 . 0 - 0 . 1 0 . 1 - 0 . 2 0 . 2 - 0 . 3 0 . 3 - 0 . 4 0 . 4 - 0 . 6 0 . 6 - 1 . 0 

| T n l 

.1 .h 
( 2 P 0 0 p 3 3 * 

. 1 5 1 . 1 4 

. 1 5 1 . 0 9 

. 0 7 1 . 0 8 

. 2 1 1 . 0 5 

. 0 7 1 . 1 0 

complex 

. 0 8 1 . 1 3 

. 1 8 1 . 0 5 

. 0 7 1 . 1 6 

. 1 2 1 . 1 6 

. 0 6 1 . 1 7 

. 2 2 1 . 0 7 

Im22'| 

( p 3 3 ( 1 - p O O - 2 p 3 3 ) ) l 5 

. 0 3 1 . 0 9 

<: 

. 1 5 1 . 0 6 

. 1 9 1 . 1 0 

. 1 9 1 . 0 9 

. 0 9 1 . 1 4 

. 3 7 1 . 0 5 

. 1 4 1 . 1 2 

. 2 1 1 . 1 3 

. 0 1 1 . 1 2 

. 1 3 1 . 1 2 

. 0 7 1 . 1 8 

. 0 6 1 . 7 3 

No of events 3 1 5 3 4 0 3 8 2 3 1 9 
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Table (4.13) 

The moduli of the t - and the s-channel t r a n s v e r s i t y tensors 

The t-channel transversity frame 

|t | (GeV/c) 2 0.0-0.2 0.2-0.4 0.4-0.6 0.6-1.0 

0 2 4
2 , 02 2 (Re T 0 2 ) +(im T ^ ) 0.009+0.009 0.003±0.006 0.03110.034 0.047+0.046 

22 2 22 2 (Re T 0
2 ) + ( I m T 2 2 ) 0.004±0.011 0.018+0.025 0.068+0.078 0.00910.027 
22 2 22 2 (Re T ^ ) +(Im T^_f 0.026±0.026 0.007±0.013 0.006+0.018 0.01310.039 
22 2 22 2 (Re T ^ ) +(lm T ^ P 0.002±0.008 0.01710.023 0.007+0.019 0.005+0.020 

(Re T 2
2°) 2

+(Im T 2 ° ) 2 0.012±0.007 0.002±0.003 0.01910.018 0.007+0.012 

(Re T 2 2 f + ( l m T _ 2 2 J 2 

2-2 2-/. 0.023±0.022 0.001±0.005 0.00610.025 0.002+0.014 
22 2 22 2 (Re T 2

2 ) + d m T 2 0 ) 2 0.004±0.008 0.005±0.010 0.00410.016 0.02210.049 

(Re T 2 2 ) 2
+ ( I m T

2 2 ) 2 0.020+0.021 0.001+0.003 0.125+0.103 0.04810.071 

No of events 84 78 23 19 

The s-channel transversity frame 

| t | (GeV/c) 2 0.0-0.2 0.2-0.4 0.4-0.6 0.6-1.0 

0.006+0.008 0.00510.007 0.03410.036 0.038+0.040 
22 2 22 2 ( R e T 2 2 ) + <im T 0 2 ) 0.003+0.009 0.013+0.021 0.074+0.082 0.017+0.036 
22 2 22 2 (Re T ^ ) +(lm ^ 0.02610.026 0.005+0.012 0.00510.018 0.013+0.040 
22 2 22 2 (Re T ^ ) +(Im T ^ r 0.00410.010 0.019+0.025 0.006+0.019 0.005+0.023 

<y 0.015+0.008 0.00310.003 0.021+0.019 0.007+0.013 
22 2 22 2 ( R e T 2 _ 2 ) 2

+ ( I m T 2 _ 2
2 ) 2 0.026+0.024 0.00210.006 0.004+0.021 0.00310.018 

22,2 , 22,2 (Re T 2 Q ) + ( l m T ^ ) 0.00610.011 0.004+0.008 0.00310.012 0.02810.057 
22 2 22 2 (Re T " ) +(lm T " ) 22 22 0.03810.028 0.00210.006 0.16210.121 0.03610.055 

No of events 84 78 23 19 
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4.11 Discussion of Results and Conclusions 
++ 2 The mass and v/idth of the A are 1234 ± 8 MeV/c and 

2 

122 ± 32 MeV/c respectively and these values are in good agreement 

with other experiments. The t o t a l cross-section a (u)° A + +) = 53 ± 10 ub. 

The production cross-section decreases with the incident momentum 
as p. n with n = 1.85, which i s consistent with a non-strange meson inc 

exchange reaction. 

The da/d|t| and da/d|t'| d i s t r i b u t i o n s show dips at 

|t | (or |t'|) — > 0, as were reported i n other experiments. These 

di s t r i b u t i o n s are consistent with an exponential behaviour with an 
-2 

exponent of =4 GeV . The values of the exponent as obtained from 

other experiments remain f a i r l y constant over a wide range of energy 

which implies that there i s no energy dependence on the value of the 

exponent. However, the exponential shape of the da/d11 11 d i s t r i b u t i o n 

does not depend on the p-propagator alone. 

The dip near | t | or | t ' | °0.25 (GeV/c) may be a s t a t i s t i c a l 

fluctuation since i t i s l e s s than two standard deviations away from 

the exponential f i t to the data points. However, another dip as 
i i 2 

expected at ] t | =0.6 (GeV/c) according to the Regge pole c a l c u l a 
tions [85] appears to be more prominent since i t i s more than two 
standard deviations away from the exponential behaviour. 

The predictions of the p-exchange model on the density 

matrix elements as discussed i n Section 2.7.1 are: 

P00 = °- 0' P l l = °' 5 

p = 0.375, Re p = 0.216 and Re p = 0 33 3, — 1 31 

Almost si m i l a r predictions of the pure Regge pole model are [86] 

(4.17) 
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poo = p i o = °' p i - i = °- 5 

(4.18) 

P = 0.375, Re p = 0.216 and Re p = 0 . 
J , — J. 3 X 

Neither of these predictions agree with the present experimental 

r e s u l t s . 

Svensson [87] who studied the reaction (4.1) suggested 

that the above disagreements could be explained by taking into 

account the absorptive e f f e c t s . But Gottfried et a l . [88,89] and 

Jackson et a l . [90] on the basis of t h e o r e t i c a l c a l c u l a t i o n s point 

out that the predictions of p-exchange model with absorptive 

ef f e c t s are inadequate. 

Le Bellac and Plaut [91] have shown that at | t | =0.6 (GeV/c) 

P U = P W , (4.19) 

in the t-channel h e l i c i t y frame. • The r e l a t i o n (4.19) i s also 

obtained by Jackson and Pilkuhn [30,31], i f only the natural 

parity occurs and s — > °° . The experimental r e s u l t s are not con

s i s t e n t with the above prediction. 

On the other hand, Hbgaasen et a l . [92] predicted on the 

basis of a p + B Regge pole model that 

p l l = - p l - l ' ( 4 ' 2 0 ) 

i n the t-channel h e l i c i t y frame at | t | = 0.6 (GeV/c) . The 

experimental values of p and p^ are unequal but have opposite 

signs. 

Jones [93] and B i a l a s et a l . [94], independently, on the 

calculations of the Regge pole couplings and the quark model 

respectively predicted the following r e l a t i o n : 
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P u + P 1_ 1 = (V3) P 3 3 + ( 4 / / 3 ) p 3 _ 1 . (4.21) 

The r e l a t i o n (4.21) does not agree with the experimental 

r e s u l t s . 

The Minnaert p o s i t i v i t y conditions on the density matrix 

elements are s a t i s f i e d except for the value of p in the s-channel 
00 

h e l i c i t y frame for the | t | i n t e r v a l 0.2 - 0.3 (GeV/c) 2, where i t i s 

negative by two standard deviations. The mass d i s t r i b u t i o n of 

3-pion and the w-decay matrix element, X d i s t r i b u t i o n do not 
( 0 

seem to be d i f f e r e n t from those of the other bins. Therefore, the 

negative value of PQQ cannot be ascribed to the background events. 

Other experiments [95,96], where p-exchange dominates,have 

reported a dip at | t | = 0 and another dip at | t | =0.5 (GeV/c) 2 i n -

the value of a* = p + p^ in the t-channel h e l i c i t y frame. 

These dips also appear in the present experiment as shown in 

Figure (4.7) . Another dip in the value of = 0^ - P^_1
 a t 

| t | ~ 0.2 (GeV/c) also appears in Figure (4.7b), as expected 

according to the Regge pole model c a l c u l a t i o n s [85]. 

The Regge pole model [86] predicts that the double s t a t i s t i c a l 
22 1 22 22 22 22 tensors T__ = , T = T„_,, T and T „ should be non-zero 4/6~ 22 both i n the t - and the s-channel h e l i c i t y frames. Only T Q 0 and 

22 2 T 2 Q for the | t | i n t e r v a l s 0.0 - 0.2 and 0.4 - 0.6 (GeV/c) in the 

s-channel h e l i c i t y frame respectively are s i g n i f i c a n t l y d i f f e r e n t 

from zero as given i n Table (4.10). 

The quark model [94] predicts that the double s t a t i s t i c a l 
22 22 22 22 22 tensors T , Re T Im T . Re T and Im T__ should be non-zero 00 02 02 20 20 

both for the t - and the s-channel t r a n s v e r s i t y frames. Only values 
22 2 of T for the | t | i n t e r v a l 0.2 - 0.4 (GeV/c) both for the t - and 

the s-channel t r a n s v e r s i t y frames (these two values are the same) 

are s i g n i f i c a n t l y d i f f e r e n t from zero as given i n Table (4.10). 
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lt i s concluded that the agreement with the predicted 

values of the s t a t i s t i c a l tensors i s not too good. 

The Donohue ine q u a l i t i e s are s a t i s f i e d with the predicted 

values except for the |t|-bin where p Q 0 i s non-physical in the 

s-channel h e l i c i t y frame. The moduli of the transversity tensors 

are frame invariant within the s t a t i s t i c a l e r r o r s . 

In view of the above discussion of r e s u l t s , i t i s concluded 

that the reaction mechanism i s not yet c l e a r for the reaction 

TT p > U)A 
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CHAPTER 5 
+ 

THE pB F I N A L STATE 

5.1 Introduction 

In t h i s Chapter the reaction: 

T T +P — > pB + (5.1) 

w i l l be discussed. 
2 

The B-meson with a mass of about 123 5 MeV/c has been 
+ 

observed in several TT p [46,49,51,54-56,68,97,98,126], n p [55, 
99-105,127] and pp [106-109,128] c o l l i s i o n s at d i f f e r e n t energies. 

I t was f i r s t discovered by Abolins et a l . [46] i n the reaction 
+ + + - o 

TT p — • pn TT IT TT at 3.43 and 3.54 GeV/c and subsequently by Bondar 

et a l . [110] i n the reaction TT p — • p-rr TT +TT TT° at 4 GeV/c and the 

former gave i t the name of the B-meson. Maor et a l . [ I l l ] suggested 

that the peak i n the mass of the urn could be the r e s u l t of the Deck 

ef f e c t [112]. Doubts were raised by Goldhaber et a l . [113] and 

Chung et a l . [114] i n the subsequent studies of the B in the 
± ± 

reactions TT p » pojir . But Baltay et a l . [106] confirmed the 
— — o + -existence of the B-meson in pp ann i h i l a t i o n s : pp — • w TT IT . 

The only established decay mode i s B — > WTT, and the u° 

subsequently decays into (3TT) . The quantum numbers and the production 

properties of the B-meson are not yet firmly established. The strong 
G + — decay of the B — > WTT implies I = 1 but the apparent absence of KK 

and TTTT decay modes lends support against the natural spin parity 

s e r i e s l i k e 1 and 3 . 

Asc o l i et a l . [115] studied the reaction TT p — > pB at an 

incident momentum of 5 GeV/c and concluded that the probability 

I F I 2 for the decay of the B-meson into z e r o - h e l i c i t y of the w ° i s o 
small. On the other hand the simple quark model [116] predicts 

|F 1 2 = 1, i n contradiction with the experimental r e s u l t s . 
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Neglecting J 5. 4, these authors ruled out a l l J assignments except 
+ + -

1 , 2 and 3 . Similar r e s u l t s were obtained by Werbrouck et a l . 
+ + 

[117] who studied the reaction: TT p — > pB at the incident momenta 

of 3 to 5 GeV/c. Due to r e l a t i v e l y low incident pion momenta in 

these experiments, i t was d i f f i c u l t to separate the B-meson from the 

r e f l e c t i o n of other resonances, i n p a r t i c u l a r , the A(1236). But i t 

i s comparatively easy to i s o l a t e the A(1236) from the B(1235) in the 

present experiment. 

In the f i r s t two Sections of t h i s Chapter the t o t a l and the 

d i f f e r e n t i a l cross sections for the B production are presented. The 

frames of reference for the sequential decay of the B to the w ° are 

discussed and from the angular d i s t r i b u t i o n of the OJ°, the h e l i c i t y 

amplitude i s determined in the s-channel h e l i c i t y frame. 

The next Section gives the d e t a i l s of the spin a n a l y s i s of the 
p 

B in the t - and the s-channel h e l i c i t y frames for d i f f e r e n t J 

assignments. The p o s s i b i l i t y of spin = 3 for the B i s ruled out 

due to unphysical values of the spin density matrix elements in the 
s-channel h e l i c i t y frame and from the consistency of the value of 

2 <J > as determined i n two d i f f e r e n t ways (see Table ( 5 . 3 ) ) . z 
P + + 

Evidence favouring the two p o s s i b i l i t i e s of J = 1 or 2 i s given. 
Towards the end of the Chapter, assuming the spin-parity 

P + 

assignment J = 1 , the values of the spin density matrix elements 

i n the t - and the s-channel h e l i c i t y frames are determined and the 

r a t i o of |D/S| wave decay i s estimated. 

Using the h e l i c i t y amplitude | F q | 2 and the spin density 

matrix elements, the d i f f e r e n t angular d i s t r i b u t i o n s of the B 

and the o)° mesons are f i t t e d with simple functions. F i n a l l y the 

r e s u l t s are discussed. 
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5.2 Total Cross Section 
, + + - o 

Figure (5.1) shows the mass d i s t r i b u t i o n of M(TT TT IT IT ) . 
2 

There appears a shoulder around 1.3 GeV/c . The r e s t r i c t i o n of one 
2 

of the neutral three-pion masses to the to region (0.745 GeV/c < 
2 + M < 0.825 GeV/c ) shows the presence of the B in the mass d i s t r i b u te c 

+ 

tion of M (WIT ) . 

Figure (5.2) shows the mass d i s t r i b u t i o n of M(WTI + ) events 

(clear outline) and those that have | t | -$1.0 (GeV/c) (cross-

hatched) with 907 events and 753 events respectively. Here | t | i s 

four-momentum transfer from the incident pion to the B +. 

Figure (5.3) shows the mass d i s t r i b u t i o n of M(W T T +) events 

that have | t | 4: 1.0 (GeV/c) 2 and with A + + (1236) in the mass region 
2 + 2 ( 1.18 GeV/c < M(pir ) < 1.32 GeV/c ) anti s e l e c t e d to avoid r e f l e c t i o n 

of the A isobar (see bottom right-hand corner on the D a l i t z plot of 

Figure (3.11)). 

Table (5.1) gives the mass and width of the B + as obtained 

by f i t t i n g the mass d i s t r i b u t i o n of Figure (5.3) with an s-wave 

r e l a t i v i s t i c Breit-Wigner formula (see equations (2.2) to (2 .4) ) , 

folded with a reoslution function (standard deviation, a = 1 6 MeV) 
res 

as described by Coyne et a l . [73]. The shape of the background i s 

estimated by eye. 

Table (5.1) 

+ 
Mass and width of the B 

Reaction Mass(MeV/c2) T (MeV/c2) o(yb) Background 

+ + 
IT p — v pB 1235 ± 12 120 ± 48 21 ± 6 ^ 30% 
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The errors on the mass and width are worked out by using equation 
+ 2 

( 2 . 7 ) . The f i t was r e s t r i c t e d to the M(WTT ) < 1.48 GeV/c . For the 
2 

subsequent analysis, the mass i n t e r v a l of 1.16 to 1.32 GeV/c was 

used for the B+. 

There are 100 events above the background. Thus the pB 

cross-section based on the t o t a l number of events i n Figure ( 5 . 3 ) 

i s (see Section 2 . 2 ) : 
a (B +) = 17 ± 4 yb. 

The cross-section includes the s t a t i s t i c a l error on the number of 

events plus 10% for nomalization. Correcting 10% each for the 

P(X^) cut o f f and the unseen decay modes and 7% for the u)° t a i l s 

(see Section 3 . 3 . 2 ) , the cross-section becomes: 

a (B +) = 2 1 ± 6 (yb). 

Figure ( 5 . 4 ) shows the comparison of t h i s cross-section with 

those obtained at d i f f e r e n t incident momenta [46,49,51,55-56,68,97, 

9 8 ] . The experimental errors are large, but assuming the cross-

section varies as a power of the incident momentum, o = Kp.n (see 
inc 

e q u a t i o n ( 3 . 3 ) ) , a rough estimate for n i s 1.5. 

5.3 D i f f e r e n t i a l Cross-Section 

Figures (5.5 a-b) show the d i f f e r e n t i a l cross sections for 

the reaction ( 5 . 1 ) as functions of the four-momentum transfer | t | 

and I t ' I = I t - t . I , where I t l i s the four-momentum transfer from 1 1 1 mm1 1 1 

the incident pion to the B + and t . i s the minimum value of the I t l . 
mm 

+ 
The events on which the graphs are based are selected i n the B 

2 4- 2 mass band: 1.16 GeV/c <M(B ) < 1 . 3 2 GeV/c without background 
subtraction. The v e r t i c a l error bars are only those due to s t a t i s t i c s . 

The horizontal bars represent the i n t e r v a l chosen. 
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Table (5.2) gives the d i f f e r e n t i a l cross sections normalised 

to the t o t a l pB cross-section of 21 yb. The transformation to a 

cross-section i s obtained by normalising the t o t a l area to 21 yb 

which includes a l l the necessary corrections (see Sections 2.2 and 5.2 

Table (5.2) 
+ + + D i f f e r e n t i a l cross sections for n p — > pB normalised to the 

+ 
t o t a l pB cross-section 

|t|or I f | do/d ! t I ( p B + ) da/d 
• 

t 1(PB+) 
[(GeV/c) ] [yb/(GeV/c) 2] [pb/(GeV/c) ] 

0.0 - 0.02 56 + 22.9 56 + 22.9 

0.02 -0.04 28 + 16 84 + 28 

0.04 - 0.08 88.8 + 20.4 70 + 18 

0.08 - 0.12 42 + 14 32.7 + 12 

0.12 - 0.16 32.7 + 12 37 + 13 

0.16 -0.20 37 + 13 32.7 + 12 

0.20 - 0.24 28 + 11 28 + 11 -

0.24 - 0.32 18.7 + 6.6 18.7 + 6.6 

0.32 - 0.40 18.7 + 6.6 14.7 + 6.6 

0.40 - 0.48 14 + 5.7 14 + 5.7 

0.48 - 0.56 11.7 + 5.2 11.7 + 5.2 

0.56 - 0.86 3.7 + 1.5 3.7 + 1.5 

Errors quoted here are purely s t a t i s t i c a l , no allowance has 

been made for the noramlization errors. 

Text continued on page 8 
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The errors shown i n the table are only those due to s t a t i s t i c s 

since an error i n the normalisation w i l l not change the shape of 

the d i f f e r e n t i a l cross-section as a function of | t | (or | t ' | ) . 

The | t | or | t ' | dependence of the d i f f e r e n t i a l cross-

section for | t | or | t ' | <0.5 (GeV/c) i s well described by the 

rel a t i o n s : 

do/d|t| = a e ' b | t l , 

do/d|t'| = a e " b | t ' l • 

The slope b i s about 4 GeV both f o r | t | and | t ' | . The values 

of b as obtained i n other experiments at d i f f e r e n t energies over 

| t ' | range 0 - 0.6 (GeV/c) are [68,51]: 2.4 and 4.7 GeV at 

5 and 8 GeV/c respectively. The energy dependence, i f any, cannot 

be conclusively established because of lack of more data points. 

The presence/of dips i n do/d|t|or da/d|t'| d i s t r i b u t i o n s 

i s not clear i n t h i s experiment, due to the l i m i t e d s t a t i s t i c s . 

In the [ t ' | region of ̂  0.04 (GeV/c) , the minimum proton momentum 

i s 0.107 GeV/c, which corresponds to a range of about 3 mm. i n 

l i q u i d hydrogen. There may be some loss of events due to the 

d i f f i c u l t y of seeing the proton i n unfavourable orientations, but the 

ef f e c t cannot be as large as the s t a t i s t i c a l uncertainty on the low 

| t ' | points. 

5.4 Frames of Reference f o r the Sequential Decay 

The frames of reference for determining the spin density 

matrix elements of the B are the same as discussed i n Section 2.5. 

However, for the sequential decay: 

o 
B *• jrw 

1 + - ° 
L>TT Tf IT 
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the treatment of the w decay requires additional information as 

given below with reference to Figure (5.6). 

The analysis was done with the h e l i c i t y - t y p e axes. The 

right-handed coordinate systems xyz i n the two categories of the 

h e l i c i t y - t y p e axes are: 

( i ) The t-channel h e l i c i t y (or Gottfried-Jackson) frame 

for the B decay. 
—3- > 
P. 

Y = 

z = 

X = 

x p mc out 
P. * P '*inc' '^out 1 

i n c 

inc 

y x z 

(a) 

(b) 

(c) 

)• (5.2) 

( i i ) The s-channel h e l i c i t y frame f o r the B decay. 

Y = 
P- P inc out 

IP~ * x P t\ ' i n c out' 
> 

z = — 
out 

out 1 

y x z 

(a) 

(b) 

(c) 

V (5.3) 

( i i i ) The s-channel h e l i c i t y frame for the decay of the w 

Z X z 
,-+ -y, 
Z X z' 

momentum of the w i n rest 
system of the B , 

y ' x z ' r 

(a) 

(b) 

(c) 
> (5.4) 



4' 

n 

THE POLAR AND AZIMUTHAL ANGLES FOR THE B DECAY IN THE 
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The symbols i n formulas (5.2) to (5.3) mean the momenta of the 

pa r t i c l e s i n the rest frame of the B except for equation (5.3(b)), 

where P Q U t denotes the momentum of the outgoing proton i n the C.M.S. 

The z i n equation (5.4(a)) i s replaced by equation (5.2(b^)or 

equation (5.3(b)), depending on whether the B i s being discussed i n 

the t - or the s-channel h e l i c i t y frame. The normal to the to decay 

plane n i n the ID rest system as given by equation (5.4(d)) i s 

determined by the momenta of the decay p a r t i c l e s IT and ir°. The w 

rest system i s obtained f i r s t by transforming to the B rest frame 

and then to the u) rest frame as seen i n the B rest system. 

The decay angles 6 and <f> are the polar and the azimuthal 

angles of the w i n the B rest frame and x and ij> are the corresponding 

angles of the normal to the w decay plane. The polar and the 

azimuthal angles are then worked out i n the same way as given i n 

equation (2.21). + 

o 
5.5 H e l i c i t y Amplitudes of the oi 

To describe the sequential decay of the B — > my, 

w — > (3ff) , the method outlined by Berman and Jacob [118] i s used. 

The matrix element M for the decay of the B meson of spin J and 

z-component m in t o coir and subsequent decay of the u)° i n t o 3-pion 

can be expressed i n terms of the w h e l i c i t y amplitudes as: 
M « F^ D * J i <* 9 °) D*? <* X 0) • (5.5) 

X=0,±1 

t I t can be shown that the polar angle x for the sequential decay 

of the io° i s invariant whether the B i s i n the t - or the 

s-channel h e l i c i t y frame. 
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The angles 6 and <j> are the polar and azimuthal angles of the co i n 

the B rest frame, and X and <!> are the corresponding angles of the 

normal to the co decay plane i n the s-channel h e l i c i t y frame of the 

w. The normalisation used i s : T̂] | F ^ | = 1 . 
A 

The decay p r o b a b i l i t y W(cos8,4>; cosX,1!') can be w r i t t e n as 

[ 1 1 7 ] : 

W(cose,*; cosx,*) = ̂ J ± 1 L ^ 2 2 l-V™ ^ V x . • 
16ir L = o m m ' 

XX ' 
.C(JJL; -mm') C(JJL; -XX') DL, . , , (<)> 6 i|>) d 1 (x) dj, (x) • 

m -m,A -A -At) \0 

• (5.6) 

The width of the co° i s neglected and the p , are the spin density . 
mm 

matrix elements of the B-meson i n equation ( 5 . 6 ) . Parity conserva

t i o n i n the decay process gives the r e l a t i o n : 
F = e F (X = 0, ± 1 ) , where E = P ( - l ) J + 1 and P i s the p a r i t y of A —A 
the B meson. 

The h e l i c i t y amplitude F i s allowed to be non-zero for the 
+ - + P -unnatural spin-parity series: 1 , 2 , 3 For J = 0 only 

the F q amplitude i s present. One obtains the d i s t r i b u t i o n of cosx 

on integrating equation ( 5 . 6 ) . 

3 2 2 2 2 W(cosx) = 2 <IF

0I c o s X + |F1I sin x) , (a) 

= \ (1-|F I 2 + (3|F I 2 - 1 ) cos 2X), (b) ) ( 5 . 7 ) 
4 O o 

= i ( 1 + ( 3 | F Q I 2 - 1 ) P 2 (cosX)) (c) 

where P (cosx) i s a Legendre polynomial. Then i t follows that: 

|F I 2 = i (5 < P_ (cosx)> + 1 ) , ( 5 . 8 ) o 3 2 

where < P (cosx) > i s the average value of TP^ (cosx) • 
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Figure (5.10e) shows the d i s t r i b u t i o n of cosX of a l l 

(unr+) events withi n the B mass region- I t clea r l y shows the 
2 

dominance of sin x contribution which implies a small value of 
IF I . This rules out J = 0 for the B meson. The h e l i c i t y - z e r o 1 o' 
decay p r o b a b i l i t y | F

Q|^ calculated from the mean value of P.j(cosx) 

using the formula (5.8) gives | F | = 0.09 ±0.07. 
I 12 + Figure (5.7a) shows the |F | as a function of M(IOTT ) . 

Figure (5.7b) shows the dependence of 2 P2(cosX) on the (<^ +) mass. 
2 

In both these figures the upper mass l i m i t i s 1.96 MeV/c i n the 
2 

160 MeV/c i n t e r v a l s . The horizontal and v e r t i c a l error bars 

respectively are the mass i n t e r v a l chosen and the s t a t i s t i c a l errors. 

In both these figures, a structure appears i n the B region due to a 

more or less abrupt change i n the angular d i s t r i b u t i o n s there. 
The value of IF I 2 has been evaluated both by the method ' o1 

of moments and by f i t t i n g formula (5.7c) by the maximum l i k e l i h o o d 

f i t . The results are consistent with each other and as found by 

other workers the value of I F I i s small. These results are 
1 o 1 

summarised i n Figure (5.8). 

5.6 Spin and Parity Analysis 

The following two d i f f e r e n t methods were used to get 

further information on the spin and p a r i t y of the B meson. 

(i ) The f i r s t method uses the fact that the expectation 

value: 
m=J 

< J 2 > = / m2 p (5.9) z mm 
m=-J 

can be obtained from the observed moments. Here p are the 
mm 

diagonal spin matrix elements of the B meson. 

The p can be calculated from the d i s t r i b u t i o n of mm 
W(cosO) which i s obtained by integr a t i o n of equation (5.6). 
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W(cos0) = 2J+1 2 

2J Z ( - l ) m ~ X p I F J 2 C(JJL,-mm) C(JJL,-XX) P T (cos6)- (5.10) „ mm A L L=0 
X ,m 

One obtains the p from the cosG d i s t r i b u t i o n alone. The e x p l i c i t mm 
formulae for J = 1, 2, 3 are''' (see Appendix C for derivation) . 

J = 1; 11 

2: P 11 

1 5<P2(cos8)> 
5 + 3(1-3|F I2) ' 

o 

<P (cos6)> 18<P (cos6)> 
5 ( 1 + | F J 2 ) 5(5|F o| 2-2) 

1 2<P2(cos6)> 9<P4(cos0)> 

(a) 

(b) 

( c ) 

J = 3: 

22 

11 

22 

33 

( 1 + | F | ) 1 0 ( 5 | F I -2) 

15<P (cos6)> 9<P.(cos6)> 39<P,(cos6)> 1 + ? + 4 6 
M5.ll) 

7 7 ( 3 + | F I2) 7 ( 5 | F | 2+1) 7 ( 7 | F | 2-3) o o o 
9<P,(cosG)> 78<P^(cos6)> 1 4 , 6 - - + r 
( 5 | F | 2+1) 35(7|F | 2-3) 

1 25<P 2(cos0)> 27<P 4(cos6)> 13<P &(cose)> 

7 7 ( 3 + | F | 2 ) 7 ( 5 | F | 2 + 1 ) 2 5 ( 7 | F | 2 - 3 ) o o o 

(d) 

(e) 

(f) 

J 
p i s alv/ays fixed by the trace condition: > p =1. 00 /—rf mm m=-J 

( i i ) The second method i s by using the following formula. 

Integration of equation (5.6) for L = 2, M = 0 gives the following 

expectation values: [115].: 

i" One gets the unnatural spin p a r i t y series: 1 + , 2 , 3 + .... 

by putting the measured value of I F I and the natural spin 
o1 

— + — 2 p a r i t y series: 1 , 2 , 3 .... by setting the value of | F | = 0 
i n the d i f f e r e n t formulae (5.11) to obtain values as l i s t e d i n Table(5.3) 

http://M5.ll
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h (J(J+1) - 3<J 2> ) 
<2 Re (+6 * ) > = 4|Fj (?> ( 2 J + 3 ) ( 2 J _ 1 }

 2 [ , (5-12) 

9 9( 1 7 ) I J(J+l) - 3<J > ) 
<D (<t> 6 \b )> = 2 I F I } i ) — \ . (5.13) 
00 l,p *\ V j . ,2 J (J+l) { 1 (2J+3) (2J-1) f ' 

Dividing equation (5.12) by equation (5.13) and substi t u t i n g 

the values of <D Q 0 (<j> 6 ij; )>, f- and |F | gives: 

<J 2> = J ( J + l ) / 3 + (2J+3) (2J-1)/6 ^ . ^ J ^ ^ ^ D2 ) > , ( 5 1 4 ) 

9 ( l - | F o | 2 ) 0 2 

The results from the above tv/o methods for the t - and the s-channel 

h e l i c i t y frames are l i s t e d i n Table (5.3) on page 90. 

There i s evidence against J = 3 when one calculates p 
mm . 

i n the s-channel h e l i c i t y frame. The condition 0 £ p $ h f o r 
mm 

m = 1, J should hold due to p a r i t y conservation. But values 

obtained are unphysical for J = 3 by several standard deviations 

(see l a s t two lines of Table (5.3)). Therefore the p o s s i b i l i t y 

for J = 3 i s ruled out. 

Berman and Jacob [118] have shown that certain r a t i o s of 
<DL > are independent of the w h e l i c i t y states and of the p , of mm1 mm' 
the parent p a r t i c l e , where L = 0, 2J, and M = m' T m. Following 

are the relations independent of p 
mm' 

2 2 <Re D > + <Re D > M2 M-2 _ J+l D L / r 7 ? r J (J+l) = (-1) P/3/8 . ;, • (5.15) 
<2Re D 2

Q \ (3-5cos 2
X)> J ( J + 1 ) 3 

The experimental values of the left-hand side of equation 

(5.15) both f o r M = 0 and M = 2 together with the calculated 

values of the right-hand side of equation (5.15) for d i f f e r e n t 
P 

J assignments are l i s t e d i n Table (5.4) on page 91. 
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Table (5.3) 

< J z i n the t - and the s-channel h e l i c i t y frames 

using equations (5.11) and (5.14) 

Frame of 
reference J P 

P using Eq.(5.11) mm ^ <J 2> z Frame of 
reference J P P 

11 
P 
22 

P 
33 

from 
2 m pmm 

from 
Eq.(5.14) 

The t -
channel 
h e l i c i t y 
frame 

1 
+ 0. 2O±0.09 - - 0.40+0.18 0.5010.10' The t -

channel 
h e l i c i t y 
frame 

1 

- 0.22±0.09 - - 0.4410.18 0.84+0.10 

The t -
channel 
h e l i c i t y 
frame 

2 
+ 0.0810.08 0.3310.08 - 2.8 +0.6 2.7 10.4 

The t -
channel 
h e l i c i t y 
frame 

2 
- 0.07±0.08 0.3310.08 - 2.8 ±0.6 1.2 +0.4 

The t -
channel 
h e l i c i t y 
frame 

3 
+ 0.12±0.08 0.3110.25 0.13+0.13 5.1 ±0.9 2.3 10.9 

The t -
channel 
h e l i c i t y 
frame 

3 
- 0.10±0.08 0.41+0.25 0.0910.15 5.2 ±0.9 5.5 +0.9 

The s-
-hannel 
l e l i c i t y 
frame 

1 
+ 0.36±0.08 - - 0.7210.17 0.8010.10 The s-

-hannel 
l e l i c i t y 
frame 

1 
- 0.40±0.08 - - 0.80+0.17 0.66+0.10 

The s-
-hannel 
l e l i c i t y 
frame 

2 
+ -O.02±0.06 0.1910.07 - 1.5010.7 1.5 ±0.4 

The s-
-hannel 
l e l i c i t y 
frame 

2 
- -0.04±0.06 0.2110.07 - 1.6 ±0.6 2.0 ±0.4 

The s-
-hannel 
l e l i c i t y 
frame 

3 
+ -0.04±0.04 1.0 ±0.2 -0.27+0.12 3.9 ±0.8 3.0 ±0.9 

The s-
-hannel 
l e l i c i t y 
frame 

3 
- -0.03±0.04 1.1 10.2 -0.2910.12 2.7 ±0.8 4.9 ±0.9 
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Table (5.4) 
Values of equation (5.15) 

p 
J 

+ 
1 

+ 
2 1~ 2 3~ + 

Calculated values of R.H.S. 
of equation (5.15) for 

p 
d i f f e r e n t J assignments 

-1.12 -1.2 +1.2 +1.2 -0.8 +0.8 

Experimental values of L.H.S. 
of equation (5.15) for 
M = 0 and M = 2 

-1.3 ± 2.3 

The experimental values of L.H.S. of equation (5.15) have 

large errors but are negative both for M = 2 and M = 0. Therefore 
P + + 

J = 1 and 2 are favoured. For odd M the moments vanish due to 
conservation of p a r i t y . The r a t i o f o r M = 0 uses the moments 
2 2 

<D 0 0(3-5cos X)>i assuming no structure i n the B region and hence 

simply gives the sign of the r a t i o . 

The relevant moments are shown i n Figure (5.9) as functions 
+ 2 of M (OJTT ) per 160 MeV/c inte r v a l s of mass. The horizontal and 

v e r t i c a l error bars respectively are the mass i n t e r v a l chosen and 

the s t a t i s t i c a l errors. A structure appears i n the B region due 

to an abrupt change i n the angular d i s t r i b u t i o n there regardless 

of the large errors i n the values of these functions. 

To summarise the results of t h i s Section, J = 3 i s ruled 
2 out from the consistency of <J > evaluated from two d i f f e r e n t z 

methods as l i s t e d i n Table (5.3) and from the experimental negative 
P + + 

values of equation (5.15), J = 1 , 2 are favoured over 
P - -

J = 1 , 2 for the spin and p a r i t y of the B meson. 
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5.7 Spin Density M a t r i x Elements and |D/S| Wave Ratio 
P + 

Assuming the s p i n - p a r i t y assignment of J = 1 f o r the 

B meson, an estimate of the spin d e n s i t y m a t r i x elements and the 

r a t i o of D- t o S- wave decay w i l l be presented i n t h i s Section. 

The decay angular d i s t r i b u t i o n of the B i n the t - and 

sr-channel h e l i c i t y frames i s given by (see Appendix C f o r d e r i v a 

t i o n ) : 
3 W(cos6,<};) = 

4ir 

1-3 F 
4 ( 1 _ 3 P 0 0 ) C ° S 1 

+ \ ( 1 + | F o | 2 + P 0 0 ( l - 3 ] F o | 2 ) ) (5.16) 

1-3iF r 
1 o 1 2 i— + (p s i n 0cos2c)> + V2 Replosi.n26coscf)) 

I n t e g r a t i n g equation (5.16) f i r s t over <j> and then over cos6 gives: 
2 . . i _ 12 , , , 12 

W(cos8) = 2
 1 + I F

0 I ^ o l (l-3p )cos 6 + — + — „ M 0 0 y 2 2 00 ] 1(a) 

2ir 1-(1-3|F_| 2)p. + 2(1-3|F | 2 ) p o' 1-1 1 o 1 

2 J 
1 _ 1 c o s <}> 

X5.17) 

(b) 

By a s u i t a b l e choice of f(cos9,<f>) and r e p l a c i n g W(cos0,i})) 

i n equation (4.2) by equation (5.16) one obt a i n s the f o l l o w i n g 

r e l a t i o n s : 

00 

2 2 
2 - I F I - 5 <cos e> 1 o 1 

1 - 3 F 

1 - 1 2 ( 1 - 3 | F I 2 ) 1 o 1 

Re p 5/2" 
1 0 4 ( l - 3 | F j 2 ) 1 o' 

<sin 6 cos24>> , 

<sin 20 cos , 

(a) 

(b) 

(c) 

\ (5.18) 

Further r e l a t i o n s f o r P̂ _̂  c a n ^ e obtained from equations (5.16) and 

(5.6) which depend only on the azimuthal angles, e.g., 
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1-1 

1-1 

1 - 3 F 

<cos2 <f>> / 

<cos2 ( ij> + IJJ ) > 

(d) 

(e) 

y (5.18) 

- 1 

The values of the spin d e n s i t y m a t r i x elements have been 

obtained i n the t - and the s-channel h e l i c i t y frames both by 

f i t t i n g formula (5.16) and by using formulae (5.18) using the 

value of | F q | = 0.09 ± 0.07. The p r e c i s e value of p was obtained 
2 

from <J > (see T a b l e ( 5 . 3 ) ) . z 

The spin d e n s i t y m a t r i x elements o f the B + i n both the t -

and the s-channel h e l i c i t y frames are l i s t e d i n Table ( 5 . 5 ) . 

Table (5.5) ' 

+ P + Spin d e n s i t y m a t r i x elements of the B f o r J = 1 . 

The element The t-channel h e l i c i t y 
frame 

The s-channel h e l i c i t y 
frame 

p 
00 

0.5 ± 0.1 0.2 ± 0.1 . 

R e P10 0.12 ± 0.12 0.0 ± 0.2 

P-i -i 0.0 ± 0:2 0.0 ± 0.2 
1-1 

The value o f i s s e n s i t i v e t o the method used (e.g., 

equations (5.18 b,d,e) give d i f f e r e n t v a l u e s ) . These values vary 

between 0.15 and -0.16 w i t h very l a r g e e r r o r s , e.g., f 0 . 1 6 . I t i s , 

t h e r e f o r e , concluded t h a t i s very small being compatible w i t h 

zero. 

I n s p e c t i o n of Table (5.5) shows t h a t the B i s not s t r o n g l y 

a l i g n e d i n both the t - and the s-channel h e l i c i t y frames. 
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P + , 
Assuming J = 1 f o r the B, only D and the S waves are 

present f o r the decay of B —* OJIT . The r e l a t i o n s between the h e l i c i t y 
amplitudes F and the o r b i t a l angular momentum amplitudes F are A L 
(see Appendix C f o r d e r i v a t i o n ) : 

/ 2 
FD = T ( F i - V ' 

T (F + 2F ) 3 o 1 

Then the |D/s|ratio i s : 

(a) 

(b) 
i (5.19) 

4 + I F I - 4Re F * F ' o' o 1 
IF I v 2 - I F I + 4Re F * F , S o o 1 

(5.20) 

I n order t o determine the value of Re F F , the f o l l o w i n g 

moments were used: 

Re F F, o 1 

o 1' 

5/6 ( 1 - | F q | 2 ) < R e D ^ ( * 6 * ) d J Q(X) > 

12<Re D ^ < ( 41 Qi>) > M2 

5 / 2 
4 Rep <sin2 6 cos ( + <j> ) > ' 

10 

5/2~ 
Rep <cos 6 sin2 9 cos ( <t> + tjj)>' 

10 

(a) 

(b) 

(c) 

} (5.21) 

Equation (5.21a) i s independent of M[117] and the most p r e c i s e value 

obtained from t h i s expression i s : 

Re F F, = 0.5 ± 0.4 o 1 

S u b s t i t u t i n g the value of |F | w i t h i n one standard d e v i a t i o n 
2 I F I = 0.09 ± 0.07 and t h a t of Re F* F, i n equation (5.20) gives 1 o 1 o 1 

values of ( | F D | / | F |) ranging from 0.2 t o 1.7 

F i n a l l y Table (5.6) gives the Lengendre polynomials and 

D matrices used i n t h i s Chapter t o evaluate v a r i o u s equations i n 
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terms of the p o l a r and azimuthal angles f o r the decays of the B 

and the w°. 

Table (5.6) 

Legendre polynomials and D matrices 

Symbol Value 

P (cos6) l / 2 ( 3 c o s 2 9 - l ) 

P„ (cos6) 4 1/8(35cos 46-30cos 26+3) 

P^(cos6) 6 l/16(231cos 69-315cos 4e+105cos 2e-5) 

Re D^2(4.e<M=Re D 2 _ 2 ( W ) / 6 / 4 ( s i n 6cos2^) 

2Re D ^ 0 ( < j ) e ^ ) i ( 3 - 5 c o s 2 x ) l / 2 ( 3 c o s 2 6 - l ) ( 3 - 5 c o s 2 X ) 

Re D22(<J>0ifO 4 

cos (6/2) cos2 (<\>+4>) 

or 
/ l+cos6J „ f i 1 ~ 1 cos2(«|i+i|)) 

Re D^_2 (<t>e^) 4 

s i n (6/2)cos2(<j>-4>) 

or 

/ i - c o s e \ 2 _., 

( 2 ) cos2(«j»-i|)) 2Re D 2 Q ( < } ) e ^ ) i ( 3 - 5 c o s 2 x ) 2 2 (/6~/4)sin 6cos2(}> (3-5cos x ) 

Re D ^ G ^ d ^ t x ) (-S/^inecosecos^sinxcosx 

Re D 2 1 ( 4 , 0 i j ; ) d 2
o ( x ) (/6/4) sin6 (1+cosG) sinXcos (2<j>+^)cosX 



- 9 6 -

5.8 Decay Angular D i s t r i b u t i o n s f o r the B and the to Spectra 

The frames of reference are described i n Section 5.4. The 

decay angles G and are the p o l a r and the azimuthal angles of the 

a) i n the r e s t frame of the B and x and are the corresponding 

angles of the normal t o the w decay plane. 
+ 

Figures (5.10) show the d i s t r i b u t i o n s of the B decay angles 

cosS and <f> i n the t - and the s-channel h e l i c i t y frames and the 

corresponding d i s t r i b u t i o n s o f the seq u e n t i a l to° decay angles 

cosx and i> i n the s-channel h e l i c i t y frames f o r the r e a c t i o n : 

B > trai 

+ - o W n n n 

f o r the events i n the B r e g i o n . Only the p o l a r angle x i s 

i n v a r i a n t t o whether the B i s i n the t - or the s-channel h e l i c i t y 

frame.. The d i s t r i b u t i o n s were obtained w i t h o u t the background 

s u b t r a c t i o n . The curves are the f i t s t o the d i s t r i b u t i o n s of 

Figures (5.10) of the forms given i n Table ( 5 . 7 ) . The values o f 

the c o e f f i c i e n t s together w i t h the f i t t e d f u n c t i o n s f o r the d i f 

f e r e n t d i s t r i b u t i o n s are l i s t e d i n Table (5.7) on page 97. 

5.9 Discussion of Results and Conclusions 
+ 2 The mass and wi d t h o f the B are 1235 ± 12 MeV/c arid 

2 

120± 48 MeV/c ' r e s p e c t i v e l y , , and these values are i n good agreement 

w i t h other experiments. The t o t a l c r o s s - s e c t i o n o(B +) = 21± 6 ub. 

The p r o d u c t i o n c r o s s - s e c t i o n decreases w i t h the i n c i d e n t momentum 
as p . n w i t h n about 1.5. The slope o f d i f f e r e n t i a l cross s e c t i o n s i n c 
da/d|t| and da/d|t'| i s about 4 GeV.2 which i s compatible w i t h O J ° 

exchange (see Section 2.7.1),although i t cannot be taken as proof 

t h a t the p r o d u c t i o n process i s not more complicated. 

Text continued on page 98. 
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Table (5.7) 

Parameters of f i t s t o the decay d i s t r i b u t i o n s of 
+ o the B and the a) spectra 

Reaction Frame of 
reference 

F i t t e d 
f u n c t i o n 

C o e f f i c i e n t s X2/NDF Reaction Frame of 
reference 

F i t t e d 
f u n c t i o n A B 

+ + 
TT p » pB The t-channel 

h e l i c i t y 
frame 

2 
A+B cos 0 0.22 -0.04 - 6/6 + + 

TT p » pB The t-channel 
h e l i c i t y 
frame 2 

A+B cos <f> 0.55 0.11 5.9/6 

+ + 
TT p » pB 

The s-channel 
h e l i c i t y 
frame 

2 
A+B cos G 

0.16 0.06 12/6 

+ + 
TT p » pB 

The s-channel 
h e l i c i t y 
frame 2 

A+B cos <f) 0.14 -0.02 9/6 ' 

+ + 
TT p > pB 

I • 
S 0)TT 

^ ( 3 T T ) 

The s-channel 
h e l i c i t y 
frame f o r the o , „+ & when B i n 
the t-channel 
h e l i c i t y 
frame 

2 + A+B cos x 0.23 -0.17 3.3/6 + + 
TT p > pB 

I • 
S 0)TT 

^ ( 3 T T ) 

The s-channel 
h e l i c i t y 
frame f o r the o , „+ & when B i n 
the t-channel 
h e l i c i t y 
frame 

2 
A+B cos IJJ 

0. 61 0.30 10/6 

+ + 
TT p > pB 

I • 
S 0)TT 

^ ( 3 T T ) 

The s-channel 
h e l i c i t y 
frame f o r the 
U ) ° when B + i n 
the s-channel 
h e l i c i t y 
frame 

2 + A+B cos X 0.23 -0.17 3.3/6 

+ + 
TT p > pB 

I • 
S 0)TT 

^ ( 3 T T ) 

The s-channel 
h e l i c i t y 
frame f o r the 
U ) ° when B + i n 
the s-channel 
h e l i c i t y 
frame 

2 
A+B cos \\> 0.75 0.33 4.7/6 

These d i s t r i b u t i o n s are the same. 
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The p r o b a b i l i t y f o r h e l i c i t y zero f o r the w from the 

B > WIT decay, |F | = 0.09 ± 0.07 and t h e r e f o r e there i s a 

strong dominance of h e l i c i t y A = ±1 s t a t e s . The value of |F | 

c o n t r a d i c t s the p r e d i c t i o n of a simple quark model. 
2 The values of <J > determined i n two d i f f e r e n t ways are z 

c o n s i s t e n t . The p o s s i b i l i t y of J=3 f o r the B i s r u l e d out because 

values of p i n the s-channel h e l i c i t y frame are sever a l standard mm 
d e v i a t i o n s away from the expected values. The t e s t of equation (5.15) 

P + + 
g i v i n g the negative value of the r a t i o favours J = 1 or 2 . 

P + 

Assuming the assignment J =» 1 and then from the determina

t i o n of the spin d e n s i t y m a t r i x elements i t appears t h a t the B + i s 

weakly a l i g n e d both i n the t - and the s-channel h e l i c i t y frames. 

The modulus of the r a t i o jD/S| amplitudes i s i n the range 0.2 and 

1.7 f o r the evaluated value of I F I = 0.09±0.07 w i t h i n one 
o' 

standard d e v i a t i o n . 
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CHAPTER 6 

SEARCH FOR OTHER RESONANCES 

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

I n t h i s Chapter the data w i l l be discussed i n terms of the 

po s s i b l e resonances other than the A + + and the B +. The f i r s t 

Section deals w i t h the p o s s i b i l i t y f o r the higher mass A + + and i t 

i s found t h a t t h e i r p r o d u c t i o n , i f i t occurs, has cross s e c t i o n s 

which are too small t o observe w i t h the s t a t i s t i c s o f the present 

experiment. One f i n d s no evidence f o r higher mass mesons decaying 
+ 

i n t o WIT i n the second Section. The next Section deals w i t h a 
2 

broad enhancement having a s t r u c t u r e around 1860 MeV/c and a smaller 
2 

shoulder near 2190 MeV/c i n the mass d i s t r i b u t i o n of M(wp). I t 

i s concluded t h a t these cannot be considered as resonances. 

F i n a l l y the r e s u l t s are discussed. 

6.2 Higher Mass (pir +) Combinations 

A pTr combination can only a r i s e from i s o s p i n 3/2 and hence 

any resonance belongs t o the A s e r i e s . 

Figures (6.1a) and (6.1b) show the mass d i s t r i b u t i o n s o f 
+ 2 + M(pit ) w i t h M(wp) £ 2.0 GeV/c a n t i s e l e c t e d and where the decay it 

i n the r e s t system of the ( P T T + ) goes backward and forward 
+ 

r e s p e c t i v e l y w i t h respect t o the d i r e c t i o n o f f l i g h t o f the (pir ) 

system i n the CM. These two f i g u r e s occupy the bands p a r a l l e l t o 

the lower and the upper r i g h t - s i d e of the boundary on the D a l i t z 

p l o t o f Figure (6.2) r e s p e c t i v e l y . Since Figure (6.1a) overlaps 

w i t h the B + i n the bottom r i g h t - h a n d corner on the D a l i t z p l o t o f 
,2 + ,2 Figure ( 6 . 2 ) , events w i t h 1.16 GeV/c < M(u)H ) <1.32 GeV/c are 

a n t i s e l e c t e d t o avoid the overlap of the B + mass bands. 
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I n s p e c t i o n of Figures (6.1a) and (6.1b) shows t h a t a p a r t 
++ 

from the A (1236), already discussed i n Chapter 4, t h e r e i s no 

s t r u c t u r e t h a t can be considered s t a t i s t i c a l l y s i g n i f i c a n t . The 

A resonances are marked i n the f i g u r e . I n Figure (6.1a) there i s 

some correspondence of accumulation of events w i t h the marked 

regions. However, the p a t t e r n i s not r e i n f o r c e d by Figure (6.1b), 

which should have i d e n t i c a l i n t e n s i t i e s f o r resonances decaying 

symmetrically forwards backwards i n t h e i r own r e s t systems. 

I f A resonances higher i n mass than the A (1236) are formed, 

c l e a r l y t h e i r p r o d u c t i o n cross sections are too small f o r t h e i r 

o bservation w i t h the s t a t i s t i c s of the present experiment. 

+ 
6.3 Higher Mass (IOTT ) Combinations 

Figures (6.3a) and (6.3b) show the mass d i s t r i b u t i o n s of 
+ 2 + M(n)7T ) w i t h M(wp) $ 2.0 GeV/c a n t i s e l e c t e d and where the decay IT 

i n the r e s t system of the (WTT +) goes forward and backward 

r e s p e c t i v e l y w i t h respect t o the d i r e c t i o n of f l i g h t o f the (O J T T + ) 

system i n the CM. These two f i g u r e s occupy the h o r i z o n t a l bands 

on the l e f t and the r i g h t sides r e s p e c t i v e l y on the D a l i t z p l o t of 

Figure (6. 2 ) . Since Figure (6.3b) overlaps w i t h the A + + i n the 

bottom r i g h t - h a n d corner on the D a l i t z p l o t of Figure ( 6 . 2 ) , 
+ 2 

events w i t h M(P T T ) ̂  1.4 GeV/c are a n t i s e l e c t e d t o avoid the overlap 

o f the A + + mass bands. 

I n s p e c t i o n of Figures (6.3a) and (6.3b) shows t h a t a p a r t 

from the B + (1235), already discussed i n Chapter 5, there appears 
t o be j u s t background except some accumulation of events between 

2 

1>4 and 1.6 GeV/c i n Figure (6.3a), but the same p a t t e r n i s not 

repeated i n Figure (6.3b). Hence, there i s no evidence f o r the 

higher mass mesons decaying i n t o U T T + . 
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6.4 The (up) Mass Combinations 

Figure (6.4) shows the mass d i s t r i b u t i o n of the up combina-
++ + t i o n s . The a n t i s e l e c t i o n of the A (1236) and the B (1235) shows 

2 
t h a t the increase i n i n t e n s i t y beyond 3.4 GeV/c i s mainly due t o 
these resonances. There appears t o be a t h r e s h o l d peak i n Figure 

2 
(6.4) around 1860 MeV/c and perhaps an accumulation of events 

2 

around 2190 MeV/c . 

Figures (6.5a) and (6.5b) show the mass d i s t r i b u t i o n s of 

M(up) w i t h the A (1236) and the B + (1235) a n t i s e l e c t e d and where the 

decay p r o t o n i n the r e s t system of the (up) goes forward and back

ward r e s p e c t i v e l y w i t h respect t o the d i r e c t i o n of f l i g h t of the 

(up) system i n the CM. These two f i g u r e s occupy the bands p a r a l l e l 

t o the lower and the upper l e f t - s i d e o f the boundary on the D a l i t z 

p l o t of Figure (6. 2 ) . 
2 

The accumulation of events between 2100 and 2300 MeV/c i n 

Figure (6.5a) cannot be considered as a candidate f o r resonance 

because the same i n t e n s i t y does not show up i n Figure (6.5b). 

The i s o s p i n o f a pu combination i s 1/2. The N* (1780) and 

N* (1860) w i t h the e s t a b l i s h e d J P = l / 2 + and 3/2 + r e s p e c t i v e l y 

e x i s t close t o the same mass as the t h r e s h o l d enhancement i n the 

up mass d i s t r i b u t i o n . But a decay mode of N* — * up has not been 

h i t h e r t o observed. However, i f one imagines t h a t the enhancement 

i s produced due t o anyone: o f the N* resonances, i t can then be 
o 

described by a Feynman diagram shown i n Figure (6.6a). The p 

exchange would be c o n s i s t e n t w i t h ; b o t h the above p-wave N* reson

ances decaying i n t o up. But ot h e r experiments [49,119] a t lower 

energies do not f i n d evidence f o r such a process. 

However, i f one assumes t h a t the enhancement i s produced by 

the d i f f r a c t i v e d i s s o c i a t i o n process, i t can then be described by 
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a diagram shown i n F i g u r e (6.6b). Here the proton p d i s s o c i a t e s 
o o i n t o the to and a proton, then the cu i s s c a t t e r e d e l a s t i c a l l y 

from the pion and f i n a l l y the w° and the proton recombine to g i v e 

an u p combination. 

D i f f r a c t i o n d i s s o c i a t i o n p r o c e s s e s obey the e m p i r i c a l r u l e 

of Morrison g i v e n below [76,120]: 

P f = P i ( ~ 1 ) A J ' ( 6 - 1 } 

where P, and P. are the p a r i t i f o o f the f i n a l s t a t e and the i n i t i a l f i 
s t a t e p a r t i c l e s and AJ i s the d i f f e r e n c e i n s p i n between the i n i t i a l 

and the f i n a l s t a t e p a r t i c l e s . T h i s i m p l i e s t h a t the wp should have 
P + - + 

J belonging to the s e r i e s 1/2 , 3/2 , 5/2 , 7/2 e t c . which i s 
+ + i n c o m p a t i b l e w i t h the 3/2 of the N* (1860) but could be the 1/2 

of the N (1780), i f the f i n a l s t a t e produces an wp resonance. 

The s t r u c t u r e i s not l i k e l y to be due to a d i f f r a c t i v e 

p r o c e s s , however. Aderholz e t a l . [49] and Satterblom e t a l . [119] 

looked a t 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 M(wp) i n the r e a c t i o n s 

i r + p — ? p w i T + and IT p > p to ir a t 4 GeV/c and 2.1 GeV/c r e s p e c t i v e l y . 

But they d i d not observe any s t r u c t u r e . I f t h i s mass enhancement 

were produced by d i f f r a c t i o n d i s s o c i a t i o n , they should have observed 

the peak s i n c e the c r o s s s e c t i o n s above the t h r e s h o l d remain about 

c o n s t a n t w i t h i n c r e a s i n g beam momentum i n a d i f f r a c t i o n p r o c e s s 

[121,122] . F u r t h e r , F i g u r e (6.7) shows 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 the r e a c t i o n i r + p — > (wp ) T r + as a f u n c t i o n of I t 1 I = | t - t . I , 
i i i m m ' 

where | t | i s the four-momentum t r a n s f e r from the t a r g e t proton to 

the (wp), and t . i s the minimum v a l u e of the | t | . The events on min ' 1 

which the graph i s based are s e l e c t e d i n (wp) mass band 
2 2 1.76 GeV/c <M(wp) < 1.96 GeV/c . The v e r t i c a l e r r o r b a r s shown are 

only those due to s t a t i s t i c s and the h o r i z o n t a l b a r s r e p r e s e n t the 
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i n t e r v a l chosen. The d i s t r i b u t i o n does not show the sharp f a l l 

o f f w i t h i n c r e a s i n g | t ' | c h a r a c t e r i s t i c of a d i f t r a c t i v e p r o c e s s . 

Indeed t h e r e i s a d i p a t very s m a l l v a l u e s of | t ' | and the exponenti 

f a l l has an exponent a t higher | t ' | of about 4 GeV which i s much 

s m a l l e r than t h a t f o r d i f f r a c t i o n s c a t t e r i n g , more compatible w i t h 

a p-exchange p r o c e s s . 

C l e a r l y w i t h such s m a l l s t a t i s t i c s a d e t e r m i n a t i o n of the 

s p i n and p a r i t y of the up system from the data i s not p o s s i b l e . The 

neg a t i v e evidence f o r s t r u c t u r e a t lower e n e r g i e s does not make i t 

easy to make a d e f i n i t e statement about the p r e s e n t d a t a , p a r t i c u l a r 

s i n c e the a v a i l a b l e phase space a t lower e n e r g i e s might obscure 

p o s s i b l e e f f e c t s . I t must be remembered, however, t h a t an enhance

ment of i n t e n s i t y a t the p e r i p h e r y of a D a l i t z p l o t would not be 

unreasonable a t high e n e r g i e s due to the presence of high o r b i t a l 

a n g u l a r momenta. I f such angular momenta remained a s high p a r t i a l 

waves of quasi-two-body f i n a l s t a t e s , the r e l a t i v e a n g u l a r momentum 

betv/een p a r t i c l e s produced i n one hemisphere (forward or backward) 

i n the c e n t r e of mass would be s m a l l . T h i s would i n e v i t a b l y l e a d 

to enhancements of i n t e n s i t y a t low e f f e c t i v e masses between p a i r s 

of p a r t i c l e s i n the f i n a l s t a t e . I t i s p o s s i b l e t h a t F i g u r e s (6.4) 

and (6.5) merely r e f l e c t t h i s e f f e c t . 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

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

I n t h i s Chapter summary and c o n c l u s i o n s w i l l be p r e s e n t e d . 

The f i r s t S e c t i o n d e a l s w i t h the t o t a l c r o s s s e c t i o n s of the 
o + ++ 4-prong lCir e v e n t s , the pwir f i n a l s t a t e , the wA and the 

pB + c h a n n e l s . The next S e c t i o n d e a l s w i t h t h e 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 of the toA + and the pB +, the quasi-two-body r e a c t i o n s 

d i s c u s s e d i n t h i s t h e s i s . F i n a l l y the l a s t S e c t i o n g i v e s the 

decay c o r r e l a t i o n s of the toA + + and the p B + c h a n n e l s . 

7.2 T o t a l Cross S e c t i o n s 

I t i s p o s s i b l e to determine an a b s o l u t e t o t a l c r o s s - s e c t i o n 

w i t h a bubble chamber experiment. But i t was d e c i d e d t h a t the 

p r e s e n t experiment would not be used to determine an a b s o l u t e c r o s s -

s e c t i o n but t h a t the counter measurements would be used to determine 

the c r o s s - s e c t i o n e q u i v a l e n t of the scanned e v e n t s . 

One event f o r 4-prong DST = 0.17 ub. 
o 

The t o t a l c r o s s s e c t i o n s f o r 4-prong ICTT events 

a ( i r + p — > p i r + i T + i T TT°) and f o r the p u n r + f i n a l s t a t e 0 ( T T + P > p u i T + ) 

r e s p e c t i v e l y are 1.31± 0.13 mb and 0.134 ± 0.013 mb.. These c r o s s 

s e c t i o n s when compared w i t h those p u b l i s h e d a t d i f f e r e n t e n e r g i e s 

gave s l o p e s of 0.82 and 1.41 r e s p e c t i v e l y . These v a l u e s a r e i n 

good agreement w i t h those obtained by other workers. 

F o r the double resonance production of the u)A , f i t t i n g of 
+ . . . mass d i s t r i b u t i o n of M (p ir ) w i t h a p-wave r e l a t i v i s t i c B r e it-Wigner 

++ 2 f u n c t i o n gave v a l u e s of mass and width of the A as 1234 ± 8 MeV/c 
2 

and 122±32 MeV/c r e s p e c t i v e l y . These v a l u e s are i n good agreement 
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wi t h those obtained by other workers. 

A f t e r making a l l the n e c e s s a r y c o r r e c t i o n s , the wA + + c r o s s -

s e c t i o n O ( T T + P — > wA + +) i s 53 ± 10 Pb. T h i s c r o s s - s e c t i o n when 

compared w i t h those p u b l i s h e d f o r d i f f e r e n t e n e r g i e s gave a s l o p e 

of 1.85 which i s i n good agreement w i t h those obtained by othe r 

workers f o r non-strange meson exchange r e a c t i o n s . 

For the r e a c t i o n i r + p > pB +, f i t t i n g of mass d i s t r i b u t i o n 

of M(UTT+) w i t h an s-wave r e l a t i v i s t i c B r e it-Wigner f u n c t i o n gave 
+ 2 v a l u e s of mass and width of the B as 1235 ± 12 MeV/c and-

2 

120 ± 48 MeV/c r e s p e c t i v e l y . These v a l u e s a r e i n good agreement 

with those obtained by other workers. 

A f t e r making a l l the n e c e s s a r y c o r r e c t i o n s , the pB + c r o s s -

s e c t i o n a ( n + p — * pB +) i s 2 1 ± 6 ub. T h i s c r o s s - s e c t i o n when compared 

wi t h those p u b l i s h e d f o r d i f f e r e n t e n e r g i e s gave a rough e s t i m a t e 

of slope of 1.5. 

Thus a t 11.7 GeV/c the p t u i T + f i n a l s t a t e from I T + P c o l l i s i o n s 

r e p r e s e n t s 0.93% of the i n e l a s t i c c r o s s - s e c t i o n of 14.395 mb. 

About 40% of t h i s f i n a l s t a t e c o n s i s t s of an w ° A + + and 16% of a 

pB +. A f u r t h e r 10% has a c o n c e n t r a t i o n of w p mass i n a r e g i o n 
2 + 1.76 to 1.96 GeV/c . T h i s l e a v e s about 34% of the pwu f i n a l s t a t e 

which i s not compatible with any quasi-two-body p r o c e s s , t h e r e being 
++ o + no evidence of the presence of hi g h e r mass A or hig h e r mass w IT 

r esonances. T h i s f r a c t i o n i s too high to be rea s o n a b l y accounted 
o 

f o r by background which has been e r r o n e o u s l y i n t e r p r e t e d as the w 

mesons and seems to r e p r e s e n t a genuine s i g n a l of non-quasi-two-body 

f i n a l s t a t e s . The percentage of such s t a t e s i n c r e a s e s to 44% i f i t 

i s assumed t h a t the w p enhancement i s only a k i n e m a t i c a l e f f e c t of 

high o r b i t a l angular momentum. 
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7.3 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 

For the r e a c t i o n ir +p > u)A + +, da/d|t| and do/d|t'| show 

d i p s as | t | (or | t ' | ) — > 0. Dips a l s o appear i n these d i s t r i b u t i o n s 

near | t | (or | t ' | ) ^ 0 . 6 (GeV/c) . The e x p o n e n t i a l f a l l o f f of 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 with i n c r e a s i n g | t | (or | t ' | ) above the 
2 2 

r e g i o n | t | (or | t ' | ) ^0.2 (GeV/c) has an exponent of = 4 GeV 

The v a l u e s of the exponents as obtained by d i f f e r e n t workers f o r 

t h i s r e a c t i o n remain f a i r l y c o n s t a n t over a l a r g e range of energy. 

T h i s shows t h e r e i s no energy dependence on the v a l u e of the exponent. 

However the e x p o n e n t i a l shape of 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 does 

not depend only on the p propagator. 
+ + i i F o r the r e a c t i o n IT p — * pB , d i p s or breaks i n da/d|t| or 

da/d|t'| d i s t r i b u t i o n s are not c l e a r due to l i m i t e d s t a t i s t i c s . 

The e x p o n e n t i a l f a l l o f f of 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 w i t h 

i n c r e a s i n g | t | (or | t ' | ) has an exponent of ~ 4 GeV . The v a l u e s 

of the exponents as obtained by d i f f e r e n t workers a t d i f f e r e n t 

e n e r g i e s f o r t h i s r e a c t i o n are too l i m i t e d to e s t a b l i s h any energy 

dependence. 

7.4 The Decay C o r r e l a t i o n s 

F o r the wA + + c h a n n e l , the p r e d i c t i o n of the p-exchange or 

those of the pure Regge pole model on the d e n s i t y m a t r i x elements 

do not agree w i t h the p r e s e n t experimental r e s u l t s . The v a l u e of 
2 

p Q 0 i n the | t | i n t e r v a l 0.2 to 0.3 (GeV/c) f o r s-channel h e l i c i t y 

frame i s n e g a t i v e by two s t a n d a r d d e v i a t i o n s . T h i s i s most l i k e l y 

a s t a t i s t i c a l f l u c t u a t i o n . The v a l u e s of p and p^ ^ i n the 

t - c h a n n e l h e l i c i t y frame f o r | t | = 0.6 (GeV/c) are unequal and 

have opposite s i g n s which i s not c o n s i s t e n t w i t h a p + B Regge 
2 

pole model. There are d i p s a t | t | =0 and | t | =0.5 (GeV/c) f o r 
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cr^ = + P i - i l n t^ i e t _ c h a n n e l h e l i c i t y frame. Another d i p i n 

the v a l u e of 0j_ = _ P.̂  ̂ ' a t l f cl " ° * 2 (GeV/c) appears as 

expected a c c o r d i n g to the Regge pole model c a l c u l a t i o n s . V a l u e s 

of most of the double s t a t i s t i c a l t e n s o r s i n the t - and the s-

channel h e l i c i t y and the t - and the s-channel t r a n s v e r s i t y frames 
are compatible v/ith z e r o . Thus the agreement w i t h the p r e d i c t e d 

v a l u e s of t h e s e t e n s o r s i s not too good. 
+ + 

For the r e a c t i o n TT p — > pB , the v a l u e of the h e l i c i t y 
o + amplitude of the w from the s e q u e n t i a l decay of the B , 

|F | = 0 . 0 9 ± 0 . 0 7 which shows a strong dominance of the h e l i c i t y 

X = ± 1 s t a t e s . T h i s v a l u e of | F | d i s a g r e e s w i t h the p r e d i c t i o n 
2 

of a simple quark model. The v a l u e s of <J^ > as determined by 

two d i f f e r e n t methods are c o n s i s t e n t . The p o s s i b i l i t y of J = 3 

f o r the B i s r u l e d out because v a l u e s of p i n the s-channel 

mm 
h e l i c i t y frame a r e s e v e r a l standard d e v i a t i o n s away from the 

P + + 
expected v a l u e s . However, evidence f a v o u r i n g J = 1 or 2 

2 
assignment i s obtained from the v a l u e s of <J >. The d e t e r m i n a t i o n 

z 
P + 

of the s p i n d e n s i t y matrix elements f o r J = 1 assignment shows 

t h a t the B + i s weakly a l i g n e d both i n the t - and the s-channel 

h e l i c i t y frames. The | D / S | r a t i o i s i n the range 0 . 2 and 1 . 7 
2 f o r the v a l u e of F = 0 . 0 9 ± 0 . 0 7 w i t h i n one standard d e v i a t i o n . 1 o' 
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APPENDIX A 

COMPARISON OF PRESENT ANALYSIS WITH THAT PUBLISHED 

I n t h i s Appendix the comparative t a b l e s of the r e s u l t s 

of the p r e s e n t a n a l y s i s w i t h those p u b l i s h e d on the same d a t a [3] 

f o r the wA + channel w i l l be p r e s e n t e d . The main r e s u l t s of 

i n t e r e s t a r e the t o t a l channel c r o s s - s e c t i o n and the s p i n d e n s i t y 

m a t r i x elements. The d i f f e r e n c e s , although p r e s e n t , a r e never 

l a r g e enough to c o n s i d e r e i t h e r d e t e r m i n a t i o n of a q u a n t i t y to be 

erroneous. On the other hand, i t i l l u s t r a t e s the v a r i a t i o n t h a t 

o c c u r s when two d i f f e r e n t but e q u a l l y r e a s o n a b l e schemes of a n a l y s i s 

a r e a p p l i e d to the raw d a t a . The r e s u l t s a r e summarised i n 

T a b l e s ( A . l ) , (A.2) and (A.3). 

Table (A.l) 

T o t a l c r o s s - s e c t i o n 

R e a c t i o n 

IT p > U) A 

Reference 

[3] 

T h e s i s 

a (UJA + ) p b 

61 ± 12 

53 ± 10 
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Table (A.2) 

Spin d e n s i t y matrix elements f o r the wA i n the 
t-channel h e l i c i t y frame 

Quantity 
| t| (GeV/c) 2 

R e f ^ ^ X ^ 
0.0-0.1 

• ••• 

0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.6 0.6-1.0 

P 0 0 
[3] 

T h e s i s 

.40+.13 

.55±.15 

•30±.09 

.25±.10 

.29±.12 

.25±.13 

.18±.11 

.13±.11 

.12± .12 

.18±.13 

.43+.17 

.451.18 

R e p i o 
[3] 

T h e s i s 

-. 10±. 05 

-.111.06 

-.091.05 

- 13±.06 

.00±.05 

•06±.06 

-.05+ .06 

-.041 .06 

-.151 .08 

-.151.09 

-. 10+ . 09 

-. 10+ . 10 

p l - l 
[3] 

T h e s i s 

.34±.08 

.37±.08 

.14±.08 

•15±.09 

.471.08 

.51±.08 

.25±.10 

.26±.10 

-.02+ .15 

-.11± .16 

.051.13 

-.04+ .12' 

P 3 3 
[3] 

T h e s i s 

,06±.09 

.111.11 

,24±.07 

•25±.07 

.13±.08 

.14±.10 

.32±.09 

.34±.09 

.25±.11 

.23±.12 

.23+.12 

.19±.12 

R e P 3 1 
[3] 

T h e s i s 

-.131.07 

-. 14±.09 

-.17±.07 

-.08± .07 

.07± .08 

.11±.09 

-,12±.07 

-.111 .07 

-.17± .11 

-.201 .12 

-.231 .12 

-.251 .13 

R e P 3 - l 
[3] 

T h e s i s 

.03±.07 

-.011.08 

-.021.07 

.01±.08 

.02±.08 

.05±.08 

.16±.08 

•19±.08 

-. 15+ . 10 

-. 18± . 11 

.111 .12 

.07+.12 
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Table (A.3) 

++ 
Spin d e n s i t y matrix elements f o r the OJA i n the 

s-channel h e l i c i t y frame 

Qu a n t i t y 
It1(GeV/c) 2 

R e f ^ ^ ^ X ^ 
0.0-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.6 0.6-1.0 

P 0 0 
[3] 

T h e s i s 

,40±.12 

.54±.14 

.35±.10 

.40±.ll 

-.07+ .07 

-.131.07 

.20+.10 

.191.10 

.411.17 

.581.18 

.171.14 

.291.15 

R e P 1 0 
[3] 

T h e s i s 

.09±.06 

•15±.06 

•06±.05 

.02+.05 

.08+ . 07 

.081.06 

.06+.06 

.02+.07 

.18+.08 

.12+.09 

.041.11 

.101.10 

P l - 1 
[3] 

T h e s i s 

.34+.08 

•36±.09 

.17+.07 

.22±.08 

.291.11 

.32+.12 

.26+.10 

.301.10 

.141.12 

.091.12 

-.081 .14 

-.12+ .14 

P 3 3 
[3] 

T h e s i s 

.04±.09 

.08±.10 

.101.08 

.22+.08 

.321.08 

.381.08 

.251.08 

.341.08 

.021 .12 

.05+.13 

.201.12 

.35+.10 

Re p 3 1 

[3] 

T h e s i s 

.09±.09 

.09±.11 

.01+.06 

.04+.07 

.08+.08 

.001.09 

.081 .08 

.101.08 

.041.11 

.18+.11 

. 191 .12 

.22+.13 

R e P 3 - l 
[3] 

T h e s i s 

.04±.06 

.011.07 

.05+.06 

.02+.07 

-.09+ .08 

-.09+ .09 

.201.07 

.19+.09 

-.02+ .09 

-.071.10 

.131.12 

-021.14 
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APPENDIX B 

THE JOINT DECAY CORRELATIONS 

I n t h i s Appendix the j o i n t decay c o r r e l a t i o n s f o r the 
+ ++ 

r e a c t i o n TT p — > coA i n the t - and the s-channel h e l i c i t y frames 

and i n the t - and the s-channel t r a n s v e r s i t y frames w i l l be 

d e r i v e d . For a production p r o c e s s , the number of s t a t i s t i c a l 

t e n s o r s depends on J . < 2 s . , M. $ J . a f t e r t a k i n g i n t o account 
1 1 1 1 1 1 

the symmetry p r o p e r t i e s of the t e n s o r s . These p r o p e r t i e s are 

summarised i n Table ( B . l ) . [ 8 4 ] . 
Table ( B . l ) 

Symmetry p r o p e r t i e s of the s t a t i s t i c a l t e n s o r s 

H e l i c i t y axes T r a n s v e r s i t y axes 

H e r m i t i c i t y of the 
d e n s i t y m a t r i x 

( T
J 1 J 2 ) * = ( - 1 ) M 1 + M 2 T

J l J 2 

P a r i t y c o n s e r v a t i o n 
i n the production 
p r o c e s s (unpolar-
i z e d t a r g e t ) 

R e a l f o r J , + J „ even 1 2 

Pure imag. f o r J^+J2 

M, + M„ even 1 2 
J 1 J 2 = F M,+M„ odd 
M 1 M 2 1 2 

P a r i t y c o n s e r v a t i o n 
i n the decay of 
resonance i 

J , even l 

F . ( J . ) = 0 f o r J . odd l i l 

Now i n the wA channel the s p i n s of the resonances a r e : 

s ( w ) = l , s ( A + + ) = 3/2. T h e r e f o r e , $ 2; J 2 $ 3; ^ 2 

and M„ ^ 3. 
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B . l The J o i n t Decay C o r r e l a t i o n s i n the t - or the s-Channel 
H e l i c i t y Frame 

Only even i s allowed due to p a r i t y c o n s e r v a t i o n i n the decay 

of resonance i and ( J +J ) should be even f o r the r e a l v a l u e s of T J ! J 2 1 2 M„M„ 2 2 

due to p a r i t y c o n s e r v a t i o n i n the p r o d u c t i o n p r o c e s s (see Table ( B . l ) . 

Expansion of equation (4.13) g i v e s : 
F l ( 0 ) F 2 (0) T 

00 
0* 

Y 
0 

(1) < (2) + 
F l ( 2 ) F 2 (0)-Ho < (1) 20 -1* 2)+T Y -10 2 

0* 
( 1 ) Y Q (2) + 

m 2 0 

T 
20 

2* 
Y^ 2 

(1) 0* 
Y 
0 

20 - ? * (2)+T , Y -20 2 
0* 

[ 1 ) Y Q (2)+ 

m 2 0 T 00 < (1) 0* 
Y 
0 

(2) I + 
F l ( 0 ) F 2 (2)< ( T ° 2 

I 0 1 < (1) (2) + 

T 0 2 

02 
0* 

Y 
0 

(1) < C2) + 

m ° 2 
T 
00 < (1) < (2) | + 

F l ( 2 ) F 2 (2)< ( 2 2 
I 22 < (1) < 22 -2* (2) Y -2-2 2 

-2* (2)H-

22 T 12 
1* 

Y 2 (1) 2 
22 -1* ( 2 ) + V 2 Y 2 

, -2* U ) Y 2 (2) + 

22 
T 
02 

0* 
Y 2 (1) 2* ( 2 ) + T 2 2 v f 0-2 2 

-2* 
( D Y 2

2 (2) + 

m 2 2 V 1 * T Y 1-2 2 
(1) 22 -1* ( 2 ) + T _ 1 2 Y 2 

2* 
( D Y 2 (2) + 

22 2* T Y 2-2 2 (1) 22 -2* 2)+T 0„Y„ -22 2 
2* 

( D Y 2 
(2) + 

22 T 21 (1) 1* 
Y 2 

22 -2* 
( 2 ) + T - 2 - l Y 2 

* 
( D Y - 1 (2) + 

22 T 20 (1) 
* 22 -2* 

( 2 ) + T - 2 0 Y 2 (2) + 

m 2 2 2* T Y 2-1 2 (1) 
* 22 -2* ( 2 ) + T _ 2 1 Y 2 

1* 
( D Y 2 

(2)+ ! 
I 

22 T 11 

* 
(1) 22 -1* 

( 2 ) + T - l - l Y 2 
-1* 

d ) Y 2
X 

I 
( 2 ) + ; 

m 2 2 T 01 < (1) 22 0* 
^ + T 0 - 1 Y 2 

-1* 
( D Y 2 

(2) + 

22 1* 
T 1 - 1 Y 2 ( 1 ) 

22 -1 
( 2 ) + T - l l Y 2 

1* 
( D Y 2 

(2) + 

m 2 2 

T 
10 

(1) 
* 

22 -1 
( 2 ) + T - l 0 Y 2 

* 
(2) + 

22 
T 
00 2 (1) < «,}. 

(B 
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B.2 The J o i n t Decay C o r r e l a t i o n s i n the t - or the s-Channel 

T r a n s v e r s i t y Frame 

Only even i s allowed due to p a r i t y c o n s e r v a t i o n i n the decay 

of resonance i and (M-̂ +M̂ ) should be even due to p a r i t y c o n s e r v a t i o n i n 

the production process. Due to h e r m i t i c i t y c o n d i t i o n : 

(T^1^2)*= T ^ 1 ^ 2 , i f = M2 = 0 and hence T ^ 1 ^ 2 w i l l be r e a l (see 

Table ( B . l ) ) . Hence one gets four r e a l and e i g h t complex s t a t i s t i c a l 

t e n sors for the t r a n s v e r s i t y axes. 

Expansion of equation (4.13) g i v e s : 

* * 
W(cosX,^;cos6,<i))=F 1(0)F 2(0) T°°Y° (1)Y° (2) + 

F l (2)F 2(0){T 2
2°Yf ( l ) Y f ( 2 ) + T _ 2

2 ° 0 Y - / ( l ) Y ^ Y°*(2>} 

+V 0 )V 2 ){Oc> ) Y2* ( 2 ) + T 0 ° - 2 Y 0 * ( 1 ) Y 2 2 y ' ( 2 ) + T 0 0 Y r ( 1 )
 Yf ( 2 )} 

C 1 1 9* - 9* 99 - 9 * -2* 99 9* - 9 * 
+F. ( 2 ) F - < 2 K T , V ( l ) Y ^ (2)+T „ _ Y / ( 1 ) V 2 ( 2 ) + T ^ (1) Y / (2) 1 2. ( 22 2 2 z £ 2-2 t 2 

o 9 _ 9* 9 * 7 9 1* 1 * 9 9 -1* -1 * 
+ T 2 2 Y / ( 1 ) Y 2 ( 2 ) + T 2 ^ ( l ) Y ^ ( 2 ) + T 1

2 _ 1 Y 2
1 ( l ) Y ^ ) 

22 0* 2* 22 0* -2* 
+ T 0 2 Y 2 ( D Y 2 ( 2 ) + V

2
2 Y 2 ( 1 ) Y 2 (2) 

+ T 2 0 Y 2 < U v f ( 2 ) + T - 2 2 0 Y 2 2 

.(B.4) 
Using equation (B.2) f o r the v a l u e s of c o n s t a n t s , applying 

the h e r m i t i c i t y c o ndition as given i n Table ( B . l ) and u s i n g the 

D
J l J 2 Y - i ( l ) Y M 2 ( 2 ) = 

1 ^ 1 2 

i 2 ( 2 ) - im Y_ A(1) Im Y 
2 J l J

2 

Mo M, M9 
Y (2) + Im Y / (1) Re Y 

J 2 J l J 2 

con d i t i o n : 

T
J 1 J 2 y M l * 
V?. J l 

(1) 

2 Re T 1 2 
M 1 M 2 

(Re Y
M 1 2 Re T 1 2 

M 1 M 2 J l 
J J 

2 I M TM'M2 

(Re 
M 1 

J J 
2 I M TM'M2 J l 

for the complex s t a t i s t i c a l t e n s o r s , equation (B.4) becomes: 
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{cosx/^;cosM)= ~ ~ - / - ^ y {2(ReT2°ReY 2(l)Y°(2)+imT2°ImY 2(l)Y°(2) ) 
lGir / lew ' 

3 { 2(ReT° 2Y°(l)ReY 2(2)+ImT° 2Y°(l)ImY 2(2) ) ^ 2 02 0 2 02 0 2 20TT 

+ / — 2 { 2 R e T 2 2 ( R e Y 2 ( l ) R e Y 2 ( 2 ) - I m Y 2 ( l ) I m Y 2 ( 2 ) ) 
/ 50iT 

+ 2 I m T 2 2 ( R e Y 2 ( l ) I m Y 2 ( 2 ) + I m Y 2 ( l ) R e Y 2 ( 2 ) ) 

+ 2 R e T 2 2
2 ( R e Y 2 ( 1 ) R e Y ~ 2 ( 2 ) - I m Y 2 ( 1 ) I m Y ~ 2 ( 2 ) ) 

+ 2 I m T 2 2
2 ( R e Y 2 ( 1 ) I m Y " 2 ( 2 ) + I m Y 2 ( 1 ) R e Y ~ 2 ( 2 ) ) 

+2ReT 2 2(ReY 2" (1) ReY^ (2) -ImY 1 (1) I m Y 1 ( 2 ) ) 

+ 2ImT 2 2 (ReY 2 (1) ImY 1 (2) tlmY* (1) ReY 1 (2) ) 

+2ReT 2 2 ( R e Y 1 ( 1 ) R e Y " 1 ( 2 ) - I m Y 1 ( 1 ) I m Y ' 1 ( 2 ) ) 
-L ~~ 1- i. £ £. 

+ 2 I m T 2 2
1 ( R e Y 2 ( l ) I m Y 2

1 (2) +ImY 2 (1) R e Y ^ (2) ) 

22 0 0 
+ T o o Y 2 ( l ) Y 2 ( 2 ) 

+2(ReT 2 2Y°(1)ReY 2(2)+ImT 2 2Y°(1)ImY 2(2)) 

+ 2 ( R e T 2 2 R e Y 2 ( l ) Y 2 ( 2 ) + I m T 2 2 I m Y 2 ( l ) Y 2 ( 2 ) ) } 

(B. 

S u b s t i t u t i n g the v a l u e s of Y ^ M l ) and Y^2(2) i n equation (B.5) 
J l J 2 

and a f t e r s i m p l i f i c a t i o n and rearrangement of terms, one gets 

equation (4.15). 
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APPENDIX C 

THE p , DECAY ANGULAR DISTRIBUTION FOR J P = 1 + AND ID/SI RATIO FOR THE B mm 

I n t h i s Appendix the diagonal elements of the d e n s i t y m a t r i x 
P + 

f o r d i f f e r e n t J assignments, the decay angular d i s t r i b u t i o n f o r J =1 

assignment and the [D/S| R a t i o f o r the B meson w i l l be d e r i v e d . 

C . l The Diagonal Elements of the D e n s i t y Matrix f o r the B 

Expansion of equation (5.10) f o r J = l g i v e s : 

, I ( - l ) m - A p | F | A,m mm1 A 1 
W(cosG)= | { .1 ( - l ) m Ap I F | 2 C ( J J 0 , -mm). 

^ A.m mm I A 1 ' > 0 
C ( J J 0 , -XX) P (cos6) o 

+ 
I>1 

} 
{ 2 ( - l ) m _ X p I F I 2 C ( J J 1 , -mm) . v_ N A, m mm A 

, -XX) P l ( c o s 6 ) | 

m-X i 12 
•1) p F , C ( J J 2 , -mm) 

L=2-'- ^ X 

C ( J J 2 , -XX) P 2 ( c o s 8 ) 

( C . l ) 

W(cosG)= ~ |P ( c o s 6 ) / E ( - l ) m + 1 p I F \2 C(JJ0,-mm) C ( J J 0 , 1, -1) 2 I o | m mm1 -1' 

m 2 
+ I, (-1) p I F I C(JJ0,-mm) C ( J J 0 , 0, 0) m mm' o 

+ I ( - l ) 1 " " 1 ? |F I 2 C(JJ0,-mm) C ( J J 0 , -1, 1)1 m mm 1 ) 

+ P, (cos6W T. ( - l ) m + 1 p I F I 2 c(JJl,-mm) C ( J J 1 , 1, -1) 1 ( m mm' -1 1 

+ E (-1) p I F I c(JJl,-mm) C ( J J 1 , O, 0) m mm o 

+ E ( - l ) m _ 1 p | F I 2 C(JJl,-mm) C ( J J 1 , -1, 1 )1 m mm 1 | 

+ P n ( c o s 6 ) i E ( - l ) m + 1 p I F J 2 C(JJ2,-mm) C ( J J 2 , 1, -1) 
i y m mm -1 

+ E ( - l ) m p I F I 2 c(JJ2,-mm) C ( J J 2 , 0, 0) m mm o' 
4 

+ E ( - l ) m _ 1 p | F 12 c f J J 2 , -mm) C ( J J 2 , -1, 1 )1 ] m mm' 1 1 J J 

(C.2) 
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Summing over m = 0, ±1, one gets 27 terms and su b s t i t u t i n g 

the values of Clebsch-Gordan c o e f f i c i e n t s and the normalizations 
2 m = 1 

£ I F . = 1 and E p = 1 i n equation (C.2) gives: A A m=-l 111111 

•W(cose-) + j P 2(cos6) ^ 3 p n - 9 P n|F o| + 3 j | 2 - 1 J . (C.3) 

The expectation value of P^Ccose) becomes: 

3 P l l " 9 P l J F o | 2 + 3 ' F
0 | 2 ~ 1 

<P 2(cos6)> = — °- ( C - 4 ) 

1 5 < P (cos0) > 
P i n = T + J- (C.5) 

1 1 3 3 (1 - 3|P | 2) 
o 

Thus equation (C.5) i s the same as equation (5.11a). 

Si m i l a r l y , expansion of equation (5.10) for J = 2 and 

J = 3 leads to 75 and 147 terms respectively. On s i m p l i f i c a t i o n 

and inte g r a t i o n of these terms, one gets equations (5.11 b-f) . 

P + 
C.2 Decay Angular D i s t r i b u t i o n of the B Meson for J = 1 

The angular d i s t r i b u t i o n of a system y. of angular 

momentum j and p a r i t y P̂  i n t o two p a r t i c l e s a and 3, with spins 

s^, Sg and i n t r i n s i c p a r i t i e s Pa, P̂  respectively i s given 

by [123]: 
2 

W(cosG,<j>) = N Y ] |F (A ,X )| z j A + , (6) Re (p , exp(i (m-m1) c}>) ) , 
A ^ O A M ' M ^ a ' 8 
mm' <C'6> 

where A and A are the h e l i c i t i e s of decay products, m,m' are the ct p 
angular momentum projections on the z-axis, N i s a normalization 

2 J+l 
constant = —: and F ( A , A „ ) i s a constant characterizing the decay. 

4ir o. 8 
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I f p a r i t y i s conserved i n the decay 

F ( - V "V = P a V y ( - 1 | j " V ^ ' V V ' ( C' 7 ) 

Following Berman and Jacob [118], the function 
j A± Z , (8) i s given by: mm J 

Z ™ * ( 6 ) = d™>(6) di<\{6) ± d j >( 6> d j - i'( 0>' (C- 8) mm mA m A m,-A m ,-A 

and A = A - A. 
a $ 

The Z functions are symmetric i n m and m1. 

The other symmetry i s 
• 

Z • = ± ( - l ) m ~ m
 Z , (C..9) -m,-m mm 

I f both a and £ have integer spins, then the term i n 
11 ,2 

equation (C.6) with A = 0 = A has a c o e f f i c i e n t — |F(0,0) , 
CL p Z 

I I 2 

instead of |F(Att,A )| for a l l others. Using the symmetry (C.9), 

equation (C.6) can be modified with corresponding replacement as 

given below: Re (P . exp(i(m-m')<!>) ) = ̂  Re (exp ( i (m-m') <f>) (P , + ( - l ) m m P m „,)) mm 2. mm -m,-m 
• - • • ( C I O ) 

I f the quantization axis i s chosen i n the production plane 

(i . e . , the t - or the s-channel h e l i c i t y frame), the p a r i t y conservation 

r e s t r i c t s the density matrix elements to 

pmm, = (-D m" m' P . (C.ll) mm -m,-m' 

Then the right-hand side of equation (C.10) becomes 

cos [ ( m,-m') <}>] Rep , and on sub s t i t u t i o n t h i s r e l a t i o n i n mm 
equation (C.6), one gets: 
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* ]C |F(X | 2 ZjX"|"(8)cos( (m-m')<(>)Rep , (C.12) 
x a* o,x( 

mm' 

W(cos6,<t>) «= 3/47 

As B > U)TT . 

Now X = A = +1,0,-1 and X„ = X = O; a w g ir 

P = ' P = - 1 a u) and P0 = P = - 1 . 3 IT 

Using equation (C.7) one gets: 

F , = F , and F ^ O - 1 1 o 

Then equation (C.12) becomes: 

W(cose,<(>) = 3/41T 
m,m' L-

2 11 Z , (6) cos ( (m-m*) d>) Rep mm mm 

+ ^ l F
D | 2 Z^°, (e)cos((m-m')<f)Rep mm' mm ] 

Now m = 0, ±1 and m1 = 0, ±1, 

Using symmetry r e l a t i o n (C.9) and equation (C.8), one 

gets: 

1,-1 

1,0 

-1,-1 

-1,1 

0,1 

1,1 

-Z -1,0 o , - l 

(C.13) 

(C.14) 

Using re l a t i o n s (C.14) and properties of the density 

matrix (see Section 2.4.1) i n equation (C.13), one gets: 

W(cos6,<j)) = 3/4TT 2 | F l 2Z?' 1 . (6) cos24>Rep, , + IF I 2z\° . (6) cos24>Rep. , 
1 1,-1 1/ _1 o 1,-1 1,-1 

+ 4 l F i | 2 z i ! o ( 6 ) c o s < t , R e p i , o + 2 l F

0 l 2 z i ? o ( e ) c o s < t , R e p i , o 

+ l F J zo,o ( e ) poo 

+ 1 ^ 1 ^ ( 6 ) ( l - P o o ) 

21 o 1 0,0 00 

o 1 1,1 

.. -(C.15) 
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Using relations (C.8) and (C.14) and e x p l i c i t expressions 

for c r^, as given by Brinck and Satchler [124], one gets: 

z i > > 

.10 
1,1 

Z1] (9) = l/2(l-cos 29) 111 

= 1 - cos 8 

11 ... 11 i n y ./l-cos 
' z - i f o { 6 ) = - z o f - i f e > = c o s e ^ — 

2n\h 

Z1] (0) = l/2(l+cos 20) — 1 z 1 

10 ^ 
z o , i ( 9 ) 

2 
2cos 6 

= -(l-cos 8) 

,10 Z, . (8) = Z , , (6) = l-cos 8 -1,-1 

(C.16) 

Using rela t i o n s (C. 16) i n equation (C.15), one gets: 

W(cos8,<t>)=3/4Tr IF I (l-cos 0) cos2<f>Rep, , + I F I (-(l-cos 9) ) cos2<f>Rep., . 1 l 1 1,-1 o' 1,-1 
r 2 , 1 2 

+ 4|F1|2cos8 (i~-^-rcos<J)Rep 1 Q + 2 | F q | 2(-2cos8y'k^-9)cos<t.Rep10 

+ | F 1 | 2 ( I - C O S 2 9 ) P 0 0 

+ | F l | 2 i ( l + c o s 2 6 ) ( l - p 0 0 ) 

+ I F I cos ep„„ 
1 o 1 00 

+ | F I (l-cos 8)( 

(C.17) 

W(cos8,(}))=3/4Tr 0 F i | 2 _ l F I 2 ) (l-cos29)cos2(J)Rep. . 1 1 o i , - i 
/ 2~ 

+4 ( l F 1 l 2 - | F o l 2 ) c o l s e / 1 " C ° S 6 cosflRep 

+\ ( i - 3 c o s 2 9 ) P o o ( I F J 2 - | F O | 2 ) 

+ \ « l p

1 i 2 + l p

0 l 2 ) + i c o s 2 e
 ( l F i l 2 - l F

0 l 2 ) 

1,0 
(C.18) 
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Using the normalization E | F. P = 1 [115] i n equation (C.18), 
A A 

one gets: 

[ ^ o ' 
W(cos6,<f>)= 3/4TT | ^ — (l-3p )cos 6 

+ i ( 1 + l F
O | 2 + P 0 0 ( 1 - 3 l F

O | 2 ) ) 

1-3|F 
(P sin20cos2(()+/2Rep sin26cos <j>) 

i , - i i o Y 

(C.19) 

Hence equation (C.19) i s the same as equation (5.16). 

C.3 The |D/S] Ratio 

The h e l i c i t y amplitudes F^ may be expanded i n terms of 

the partial-wave amplitudes [100,125]: 

|T\ | = E F (2L+1)15 < LO|A|jA > , 
A L L (C.20) 

where F i s the L-wave amplitude and < j ,m , j ,m |J,M>are the 
L 1 2 2 2 -

Clebsch-Gordan c o e f f i c i e n t s . 

For the assignment J = 1 + for the B meson L = 0 or 2, 

then one gets: 

F... = F <0,0|±l|l,±l>+F /5<2,0|±l|l,±l>= F + F (C.21) 
±1 S 1 1 D 1 1 S ^ D 

F0 = Fg<0,o|o|j.,0> + FD/5<2,0|0|l,0>= Fg-/2 F D (C.22) 

FD = f ( F 1 - F o ) 

F s = j ( 2 F l + F Q) 

(a) 

(b) 
(C.23) 

Hence equation (C.23) i s the same as equation (5.19). 



- 122 -

ACKNOWLEDGMENTS 

The author's gratitude s t a r t s far back to his l a t e 

mother who encouraged and taught him how to w r i t e ; to his 

father who saw that he received an education; and to every

one responsible for educating him. 

The author wishes to thank Professor G.D. Rochester 

and Professor A.W. Wolfendale for t h e i r encouragement and 

in t e r e s t i n the work. He wishes to acknowledge his indebtedness 

to his supervisor Dr. D. Evans for his guidance, assistance and 

many hel p f u l suggestions. He would l i k e to thank his colleagues 

i n the High Energy Nuclear Physics Group of t h i s University ' 

and his collaborators i n other Universities for t h e i r assistance 

and for many useful discussions. He expresses his gratitude to 

Drs. J.V. Major, F.D. Gault, G.F. Pinter, P. Soding and 

Mr. P.J. Walters for many stimulating discussions. 

His thanks are due to the technical s t a f f of the 

Physics Department, i n p a r t i c u l a r to Mrs. D.C. Pickles and 

Mrs. J. Gibson for t h e i r help i n drawing the figures. He 

would also l i k e to thank the computing s t a f f of t h i s University, 

i n p a r t i c u l a r Mr. R. Gawley for his assistance i n the use of 

the CERN MINUITS f i t t i n g programme. 

The research project has been financed by the Science 

Research Council. 



- 123 -

REFERENCES 

[1] P a r t i c l e Data Group, Reviews of Modern Physics, 4_5_, No.2, 

Part I I (1973) . 

[2] Afzal, M. et a l . , Nuovo Cimento, 15A, 61 (1973). 

[3] Evans, D. et a l . , Nuclear Physics, B51, 205 (1973). 

[4] Lazeyras, P., CERN/TC/Beam 66-7 (1967). 

[5] Bernard, P. et a l . , CERN 68-29 (1968). 

[6] Ronne, B., CERN 64-13, Vol.1 (1964). 

[7] Hahn, B. et a l . , Proceedings of the International Conference 

on Instrumentation for High Energy Physics, Interscience 

Publishers, N.Y., 1961, p.143. 

[8] Biswas, N.N. et a l . , Nuclear Instruments and Methods, 20, ' ' 

135 (1963). 

[9] Fabian, B.N. et a l . , Review of S c i e n t i f i c Instruments, 34, 

484, (1963). 

[10] Pearson, G.E., Ph.D. Thesis, Durham University (1969). 

[11] Foley, K.J. et a l . , Physical Review Letters, 19, 330 (1967). 

[12] Jackson, J.D., Nuovo Cimento, 34_' 1664 (1964). 

[13] Davis, P.J. et a l . , Physical Review Letters, 23_, 1071 (1969). 

[14] P a r t i c l e Data Group, Reviews of Modern Physics, 43_, No. 2, Part I I 

(1971), pp.90-91. 

[15] Koch, W., CERN 64-13, Vol. I I (1964). 

[16] Donohue, J.T.,and Hogaasen, H., Physics Letters, 25B, 554 (1967) 

[17] G o t t f r i e d , K. , and Jackson, J.D., Nuovo Cimento, 33_, 309 (1964). 

[18] G o t t f r i e d , K. , and Jackson, J.D., Physics Letters, 8_, 144 (1964) 

[19] Trieman, S.B., and Yang, C.N., Physical Review Letters, 8_, 

140 (1962). 

[20] Kotanski, A., Acta Physica Polonica, 29_, 699 (1966). 

[21] Kotanski, A., Acta Physica Polonica, 30, 629 (1966). 



- 124 -

[22] Schmitz, N., CERN 65-24, Vol.1 (1965). 

[23] Montanet, L., CERN 67-23, (1967). 

[24] Jackson, J.D., Reviews of Modern Physics, 37_, 484 (1965). 

[25] Mandelstam, S., Physical Review, 112, 1344 (1958). 

[26] Mandelstam, S., Physical Review, 115, 1741 (1959). 

[27] Jackson, J.D., Reviews of Modern Physics, £2, 12 (1970). 

[28] Goebel, C, Physical Review Letters, 3̂  337 (1958). 

[29] Chew, G.F., and Low, F.E., Physical Review, 113, 1640 (1959). 

[30] Jackson, J.D., and Pilkuhn, H., Nuovo Cimento, 33_, 906 (1964). 

[31] ; Jackson, J.D., and Pilkuhn, H., Nuovo Cimento, 34_, 1841 (1964). 

[32] Stodolsky, L., and Sakurai, J.J., Physical Review Letters, 11, 

90 (1963) . 

[33] Stodolsky, L., Physical Review, 13413, 1099 (1964). 

[34] Pilkuhn, H. , and Svensson, B.E.Y., Nuovo Cimento, _3J3_, 518 (1965) 

[35] Regge, T., Nuovo Cimento, _14, 951 (1959). 

[36] 'Regge, T., Nuovo Cimento, 18_, 947 (1960). 

[37] Gell-Mann, M. , Physics Letters, 8_, 214 (1964). 

[38] Lynch, G., UCRL, 10335 (1962). 

[39] Foelsche, H.W.J, et a l . , Physical Review, 134B, 1138 (1964), 

at 1.04, 1.22 and 1.39 GeV/c. 

[40] Daronian, P. et a l . , Nuovo Cimento, 41A, 503 (1966), at 

1.58 GeV/c. 

[41] Johnson, J.A. et a l . , B u l l e t i n of the American Physical 

Society, 9, 70 (1964), at 1.65 GeV/c. 

[42] James, F.E. et a l . , Physical Review, 142, 896 (1966) at 

2.08 GeV/c. 

[43] Alff-Steinberger, C. et a l . , Physical Review, 145, 1072 (1966), 

at 2.35, 2.62 and 2.9 GeV/c. 

[44] Armenise, N. et a l . , Nuovo Cimento, 37_, 361 (1965), at 

2.75 GeV/c. 



- 125 -

[45] Yamamoto, S.S. et a l . , Physical Review, 140B, 730 (1965), at 

2.77 GeV/c. 

[46] Abolins, M. et a l . , Physical Review Letters, 11, 381 (1963), at 

3.43 and 3.54 GeV/c. 

[47] Goldhaber, G. et a l . , Physical Review Letters, L2, 336 (1964), 

at 3.65 GeV/c. 

[48] Pless, Vienna Conference, 735 (1968), at 3.9 GeV/c as quoted 

i n Reference [57]. 

[49] Aderholz, M. et a l . , Physical Review, 138B, 897 (1965), at 

4 GeV/c. 

[50] S l a t t e r y , P. et a l . , Nuovo Cimento, 50A, 377 (1967), at 7 GeV/c. 

[51] Aderholz, M. et a l . , Nuclear Physics, B8, 45 (1968), at 8 GeV/c. 

[52] Kung, Nevis Cyclotron Lab., Columbia University, 171 (1969), at ' 

8.5 GeV/c as quoted i n Reference [57]. 

[53] Bruckner, Vienna Conference, 327 (1968), at 11.0 GeV/c as quoted 

i n Reference [57]. 

[54] Ballam, J. et a l . , B u l l e t i n of the American Physical Society, 

13, 612 (1968), at 16 GeV/c. 

[55] Ballam, J. et a l . , Physical Review, D3_, 2606 (1971), a t 16 GeV/c. 

[56] Hones, M.J. et a l . , Physical Review, D2_, 827 (1970), at 18.5 GeV/c. 

[57] Flaminio, E. et a l . , CERN/HERA 70-5 (1970). 

[58] Goldhaber, G., CERN 67-27, Vol. I l l (1967). 

[59] Shen, UCRL 1617, at 3.65 GeV/c as quoted i n Reference [57]. 

[60] Aderholz, M. et a l . , Nuclear Physics, B14, 255 (1969), at 8 GeV/c. 

[61] Rabin, State University, Rutgers (1967), at 8.5 GeV/c as quoted 

i n Reference [57]. 

[62] Gelfand, Columbia University, at 2.62 GeV/c as quoted i n Reference[57]. 

[63] Armenise, N. et a l . , Nuovo Cimento, 40A, 273 (1965), at 2.75 GeV/c. 

[64] Brown, D. et a l . , Physical Review Letters, 19, 664 (1967), at 

2.95, 3.2, 3.5, 3.75 and 4.08 GeV/c. 



- 126 -

[65] T r i l l i n g , G.H. et a l . , Physics Letters, 19_, 427 (1965), at 

3.65 GeV/c. 

[66] Abrams, G.S. et a l . , Physical Review Letters, 25_, 617 (1970). 

[67] Aderholz, M. et a l . , Nuovo Cimento, 35.» 659 (1965), at 4.0 GeV/c 

[68] Pols, C.L. et a l . , Nuclear Physics, B25, 109 (1970), at 5 GeV/c. 

[69] BocKmann, K. et a l . , Nuclear Physics, B7_, 681 (1968), at 5 GeV/c. 

[70] Bloodworth, I . J . et a l . , Nuclear Physics, B35, 79 (1971), at 

5.45 GeV/c. 

[71] Ferbel, Rochester University, 875, 153 (1966), at 7 GeV/c as 

quoted i n Reference [57] . 

[72] Biswas, N.N. et a l . , Physical Review, D2, 2529 (1970), at 

18.5 GeV/c. 

[73] Coyne, D.G. et a l . , Nuclear Physics, B32, 333 (1971). 

[74] Morrison, D.R.O., Physics Letters, 22̂ , 528 (1966). 

[75] Hensen, J.D. et a l . , Nuclear Physics, B25, 605 (1971). 

[76] Morrison, D.R.O., CERN/D.Ph. II/PHYS 71-10. 

[77] Minnaert, P., Physical Review, 151, 1306 (1966). 

[78] Minnaert, P., Physical Review Letters, 16_, 672 (1966). 

[79] Ader, J.P. et a l . , Nuovo Cimento, A56, 952 (1968). 

[80] Jacob, M. , and Wick, G.C., Annals of Physics, 1_, 404 (1959). 

[81] Kotanski, A., and Zalewski, K., Nuclear Physics, B4, 559 (1968). 

[82] Kotanski, A., and Zalewski, K., Nuclear Physics, B20, 236 (1970). 

[83] Donohue, J.T., Nuovo Cimento, 52A, 1152 (1967). 

[84] Van, J.T.T. (ed.), Martin, A.D., Proceedings of the 1972 

Recontre de Moriond, (1972), p.439. 

[85] Van, J.T.T., Lettere Al Nuovo Cimento, 2' 6 7 8 (1970). 

[86] Kajantie, K. et a l . , Nuclear Physics, B13, 437 (1969). 

[87] Svensson, B.E.Y., Nuovo Cimento, 37_, 714 (1965). 

[88] G o t t f r i e d , K., and Jackson, J.D., Nuovo Cimento, 34, 735 (1964). 



- 127 -

[89] G o t t f r i e d , K., and Jackson, J.D., Nuovo Cimento, 34_, 1843 (1964). 

[90] Jackson, J.D. et a l . , Physical Review, 139B, 428 (1965). 

[91] LE Bellac, M., and Plaut, G., Lettere Al Nuovo Cimento, 1̂ , 

721 (1969). 

[92] Hogassen, H. et a l . , Physics Letters, 26B, 166 (1968). 

[93] Jones, L., Physical Review, 163, 1530 (1967). 

[94] Bialas, A., and Zalewski, K., Nuclear Physics, B6, 465 (1968). 

[95] Goldhaber, G. et a l . , Physical Review Letters, 23_, 1351 (1969). 

[96] Armenise, N. et a l . , Nuovo Cimento, 65A, 637 (1970). 

[97] Gidal, G. et a l . , UCRL - 17984 (1967), at 3.07, 3.5, 3.75 and 

4.05 GeV/c as quoted i n Reference [57]. 

[98] Aderholz, M. et a l . , Physics Letters, 10, 226 (1964). 

[99] Klein, p.p.. e t a l . , Physical Review, 150, 1123 (1966), at 

2.7 GeV/c. 

[100] Chung, S.U. et a l . , Physical Review, 165, 1491 (1968) , at 

3.2 and 4.2 GeV/c. 

[101] Erofeev, I.A. et a l . , Soviet Journal of Nuclear Physics, 11, 

450 (1970), at 3.25 GeV/c. 

[102] Lee, Y.Y. et a l . , Physical Review, 159, 1156 (1967), at 

3.63 GeV/c. 

[103] Miyashita, S. et a l , Physical Review, Dl, 771 (1970), at 

6.7 GeV/c. 

[104] Cason, N.M. et a l . , Physical Review, i n , 851 (1970), at 8 GeV/c. 

[105] Caso, C. et a l . , Lettere Al Nuovo Cimento, 3_, 707 (1970), at 

11.2 GeV/c. 

[106] Baltay, C. et a l . , Physical Review Letters, 1£, 93 (1967). 

[107] B i z z a r i , R. et a l . , Nuclear Physics, B14, 169 (1969). 

[108] Donald, R.A. et a l . , Nuclear Physics, B l l , 551 (1969). 

[109] Diaz, J. et a l . , CERN/D.PR II/Phys. 72-9. 



- 128 -

[110] Bondar, L. et a l . , Physics Letters, 5_, 209 (1963). 
[ I l l ] Maor, U. et a l . , Physics Letters, 15_, 281 (1965). 
[112] Deck, R.T., Physical Review Letters, 13_, 169 (1964). 
[113] Goldhaber, G. et a l . , Physical Review Letters, 15_, 118 (1965), 

at 3.65 GeV/c. 

[114] Chung, S.U. et a l . , Physical Review Letters, 16, 481 (1966). 

[115] Ascoli, G. et a l . , Physical Review Letters, 20, 1411 (1968). 

[116] Lipkin, H.J., Physical Review, 159, 1303 (1967). 

[117] Werbrouck, A. et a l . , Lettere Al Nuovo Cimento, 4_, 1267 (1970). 

[118] Berman, S.M., and Jacob,M:, Physical Review, 139B 1023 (1965). 

[119] Satterblom, P.H. et a l . , Physical Review, 134B, 207 (1964). 

[120] Morrison, D.R.O., Physical Review, 165, 1699 (1968). 

[121] Morrison, D.R.O., Physics Letters, 22̂ , 226 (1966). 

[122] Morrison, D.R.O., Physics Letters, B25, 238 (1967). 

[123] De Witt, C, and Jacob, M. (eds.), Jackson, J.D., High Energy 

Physics, Gordon and Breach Science Publishers, London, 1965. 

[124] Brink, D.M., and Satchler, G.R., Angular Momentum, Clarendon 

Press, Oxford, 1968. 

[125] Ballam, J. et a l . , Physical Review, Dl, 94 (1970). 

[126] Chung, S.U. et a l . , BNL 18340 (1973) (Preprint). 

[127] Armenise, N. et a l . , Lettere Al Nuovo Cimento, 8_, 425 (1973). 

[128] Frenkiel, P. et a l . , Nuclear Physics, B47, 61 (1972). 


