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Abstract 

A Regge-based model f o r the e l a s t i c scattering^hadrons at 

a l l angles i s developed, which combines the best features of a 

conventional Regge model w i t h those of a quark interchange model. 

As t tends to -°° the meson Regge t r a j e c t o r i e s approach negative 

i n t e g e r s , w h i l e t h e i r residues vary l i k e negative i n t e g e r powers of 

t , the sum of the two int e g e r s being such t h a t the Dimensional Counting 

Rule i s s a t i s f i e d . 

W i thin t h i s framework nucleon-nucleon d i f f e r e n t i a l cross 
+ 

s e c t i o n s , p o l a r i z a t i o n s and spin c o r r e l a t i o n parameters, and it p 

d i f f e r e n t i a l cross-sections are s t u d i e d . I t i s found t h a t the Regge 
2 

pole terms dominate f o r - t < 1 (GeV/c) ; Regge cuts become important 

at intermediate t values, but a t large angles the meson-Reggeons ( w i t h 

t r a j e c t o r i e s now approaching i n t e g e r s ) re-emerge as the most important 

c o n t r i b u t i o n s . F i t s are presented which give a good account of the 

experimental data at a l l angles f o r the pp, pn and pp d i f f e r e n t i a l 

c r oss-sections, p o l a r i z a t i o n s and spin c o r r e l a t i o n parameters (where 
+ 

a v a i l a b l e ) and the n~p 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 . 
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I n t r o d u c t i o n 

Hadronic i n t e r a c t i o n s are u s u a l l y viewed i n one of two ways, 

depending on the degree of momentum t r a n s f e r (p^) i n v o l v e d . When p ^ , | 

i s small a hadron behaves as a s i n g l e p a r t i c l e of f i n i t e s i z e , but as 

p ^ , increases more d e t a i l can be resolved u n t i l the hadron looks l i k e 

a c o l l e c t i o n of p o i n t - l i k e c o n s t i t u e n t s . I n a s i m i l a r way small 

momentum t r a n s f e r r e a c t i o n s are most simply described i n terms of 

exchange of Regge t r a j e c t o r i e s on which l i e composite hadrons, while 

large momentum t r a n s f e r phenomena are best explained by exchange of 

the c o n s t i t u e n t s . I n between there l i e s a grey area where both 

viewpoints become complicated. 

The aim of t h i s work i s to develop a Regge-based p i c t u r e of 

e l a s t i c hadronic s c a t t e r i n g throughout the angular range from 0° to 

90° centre of mass s c a t t e r i n g angle. This model w i l l embody the 

strengths of t r a d i t i o n a l Regge phenomenology at small angles and the 

p r o p e r t i e s p r e d i c t e d by c o n s t i t u e n t models at large angles. 

Chapter 1 reviews the Regge and c o n s t i t u e n t models. These 

are developed i n t o the basis f o r an a l l angle model i n Chapter 2, 

which i s then applied to studies of p-p, n-p and pp d i f f e r e n t i a l 

c ross-sections (Chapter 3 ) , pp, n-p and pp P o l a r i z a t i o n and spin 
+ 

c o r r e l a t i o n parameters (Chapter 4) and it p d i f f e r e n t i a l cross sections 

(Chapter 5 ) . The d e f i n i t i o n s and conventions used throughout the 

t h e s i s are given i n Appendix A. The f i g u r e s are located at the end 

of each chapter. 
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CHAPTER 1 

THEORETICAL BACKGROUND 

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

In High Energy P h y s i c s , i n t e r a c t i o n s between p a r t i c l e s are 

u s u a l l y d e s c r i b e d as o c c u r r i n g v i a the exchange of f i e l d quanta. In 

most such t h e o r i e s (e.g. Quantum E l e c t r o d y n a m i c s ) c a l c u l a t i o n of 

observable q u a n t i t i e s can only be performed f o r diagrams and sums of 

diagrams c o n t a i n i n g a l i m i t e d number of exchanges. Where the coupling 

of the quanta to the p h y s i c a l p a r t i c l e s i s s m a l l , a theory ( i f 

r e n o r m a l i s a b l e ) can make a p r e c i s e p r e d i c t i o n of an observable by the 

summation of r e l a t i v e l y few c o n t r i b u t i n g diagrams. 

In the strong i n t e r a c t i o n , however, the couplings need not be 

s m a l l . Quantum Chromodynamics (Q.C.D.), the c u r r e n t l y favoured hadronic 

theory, p r e d i c t s a renormalised c o u p l i n g of coloured quarks and gluons, 
2 2 which i s dependent on k i n e m a t i c a l v a r i a b l e s ; f o r Q » Q o 

, ct (Q 2 ) (1.1.1) 
(rXs s o 

V Q } = (11.N -2.N ) ~ 
1 + —m * s (^o ) l n 

Q 2 

%2 

,2 where N = number of c o l o u r s (=3) and N„ = number of f l a v o u r s ; Q i s a c F 
2 2 (4-momentum t r a n s f e r ) v a r i a b l e and Q q i s the r e n o r m a l i z a t i o n p o i n t 

2 2 

(see e.g. P o l i t z e r ( 1 9 7 4 ) ) . For p r o c e s s e s i n v o l v i n g l a r g e Q , a (Q ) i s 

much l e s s than one and quark s c a t t e r i n g amplitudes are easy to c a l c u l a t e . 

Since quarks are confined, however, e s t i m a t i o n of p h y s i c a l observables 

i n v o l v e s making assumptions about the e f f e c t s which bind the hadrons 

together, so that the p r e d i c t i v e power of Q.C.D. i s l i m i t e d even a t l a r g e 
2 2 2 Q . When Q i s s m a l l , A

G ( Q ) i s l a r g e , so diagrams i n v o l v i n g many 
elementary exchanges are important and the s i t u a t i o n becomes much too 

^ ^ H A M U N I V F f l s 7 n > 
complicated to c a l c u l a t e i n p e r t u r b a t i v e Q.C.D. f V _ ,r.J. 

\. SG/ENCE UBS** 
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These m u l t i p l e exchanges may however be regarded as being 
2 

combined i n t o p a r t i c l e s . For large a
g ( Q ) they are bound i n t o colour 

s i n g l e t s tates corresponding to mesons, baryons and perhaps " g l u e b a l l s " . 
2 

I n t h i s view, the small Q region i s s i m p l i f i e d , being governed by the 
2 

exchange of Regge pole t r a j e c t o r i e s . But at l a r g e r Q the p i c t u r e i s 

complicated by m u l t i p l e p a r t i c l e exchanges i . e . Regge cu t s . 

Hadronic s c a t t e r i n g a t small angles and high i n c i d e n t energy i s , 

thus, described simply i n terms of Regge theory, and at large angles and 

high energy by the exchange of elementary quarks and gluons. This f i r s t 

chapter i s concerned w i t h a more d e t a i l e d d i s c u s s i o n of the t h e o r e t i c a l 

s i t u a t i o n , p r i o r to the proposal of a model to account f o r the e l a s t i c 

s c a t t e r i n g data over the whole angular range. Section 1.2 looks at the 

Dimensional Counting Rule, which s u c c e s s f u l l y predicLs the energy 

dependence of e l a s t i c d i f f e r e n t i a l cross-sections at f i x e d large-angles. 

The large-angle experimental r e s u l t s are o u t l i n e d i n Section 1.3, while 

Section 1.4 discusses the m e r i t s of various quark and gluon exchange 

s c a t t e r i n g mechanisms. I n Section 1.5 we t u r n to small angle s c a t t e r i n g 

and describe the p a r t i c u l a r Regge model to be used l a t e r as a basis f o r 

f i t t i n g t h i s k i n e m a t i c a l r e g i o n . 

1.2 The Dimensional Counting Rule 

At large centre of mass s c a t t e r i n g angles (9 ) , hadronic 2-2 
cm 

s c a t t e r i n g d i f f e r e n t i a l cross s e c t i o n s , when m u l t i p l i e d by an in t e g e r 

power of s, are found to scale ( i . e . are independent of any dimensional 

v a r i a b l e ) . Thus i t i s found t h a t 

S
N do ( A B ^ n ) = f 

d t . . , .CI-2.1 

where f i s independent of dimensional v a r i a b l e s . The power of s f o r 

a given r e a c t i o n i s p r e d i c t e d by the Dimensional Counting Rule: 
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N = n - 2 = n . + n _ , + n „ + n _ - 2 (1.2.2) A B C D 

where E number of elementary (quark) c o n s t i t u e n t s of hadron i 

( i = A, B, C, D) (See e.g. B r o d s k y e t a l (1975a)). 

A simple, naive d e r i v a t i o n of the r u l e i s as f o l l o w s . Postulate 

t h a t the i n c i d e n t and f i n a l s t a t e hadrons are each composed of n. 
l 

elementary c o n s t i t u e n t s which have t h e i r momenta aligned w i t h t h a t of 

the hadron (a reasonable assumption i n the i n f i n i t e momentum frame). 

Assume t h a t the i n t e r a c t i o n s between c o n s t i t u e n t s of the same hadron 

or between c o n s t i t u e n t s of d i f f e r e n t hadrons are scale i n v a r i a n t , though 

not n e c e s s a r i l y the same. Such an i n t e r a c t i o n might be gluon exchange 

between quarks (see f i g . ( 1 . 2 . 1 ) ) . The amplitude f o r t h i s diagram i s 
g 

A - u ( p A ) T
M G ( p c ) ^ u ( p B ) Y

V G ( p D ) (1.2.3) 
( p A - p c ) +ic 

where the u(p^) are the wave f u n c t i o n s of the f r e e quarks i n momentum 

space. At high energy each wave f u n c t i o n c o n t r i b u t e s a f a c t o r 
A 

p r o p o r t i o n a l to (momentum)2 to t h i s amplitude. The gluon propagator 
2 -2 

(g liv/^P A~PQ^ + i - £ ) c o n t r i b u t e s a f a c t o r p r o p o r t i o n a l to (momentum) , 

so t h a t i f a l l momentum v a r i a b l e s are scaled by a f a c t o r , X, say, then 

the amplitude i s independent of X and i s said t o be scale i n v a r i a n t . 

Returning to the d e r i v a t i o n , herd s c a t t e r i n g now occurs between 

two elementary c o n s t i t u e n t s of the i n c i d e n t hadrons ( f i g . ( 1 . 2 . 2 ) ) . 

Further exchanges (of number m, say) occur among the c o n s t i t u e n t s to 

bind them i n t o the f i n a l s t a t e hadrons. Since the i n t e r a c t i o n s between 

c o n t i t u e n t s are scale i n v a r i a n t , the only dimensional v a r i a b l e s e n t e r i n g 
-2 2 2 the s c a t t e r i n g amplitude w i l l be a f a c t o r of q (q =(momentum t r a n s f e r ) ) 

f o r each of the i n t e r n a l c o n s t i t u e n t propagators (marked w i t h —•— i n 

f i g . (1.2.2) of which there are m, so t h a t 
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amplitude, A 2 
(.q J 

m 
(1.2.4) 

The leading c o n t r i b u t i o n s to the amplitude a t large q 

w i l l be the diagrams w i t h the lowest value of m, 

m m m 
n + n, - 2 
c d 

(1.2.5) 

so t h a t f o r q large 

2 
w J 

n +n.-2 
c d t (1.2.6) 

Note t h a t f o r q - q s c a t t e r i n g as i n f i g . ( 1 . 2 . 1 ) , n^+n^=2 
2 

and the amplitude i s scale i n v a r i a n t as expected. Since q 11 S and 

nA + nB = nC + nD 
do 
d t A ,n-2 (1.2.7) 

w i t h n - n. + n_ + n_ + n„. 
A B C D 

The Fock-space components of the i n i t i a l and f i n a l s t a t e hadrons 

which give the leading behaviour as s- 0 0 can be seen to be those c o n t a i n i n g 

the smallest number of c o n s t i t u e n t s , so from now on n. i s assumed to be 
l 

the number of valence c o n s t i t u e n t s of hadron i. The behaviour of do/dt 

i n N-N and n-N e l a s t i c s c a t t e r i n g are thus p r e d i c t e d to be 

ft ( N N - N N ) °< "TO fNN 
s (1.2.8) 

f f (IN ̂ *N) « 
s itN 

at large t and s. 

(1.2.8) only gives the leading behaviour at high energy and large 

angle, of course. At smaller values of s c o r r e c t i o n s p r o p o r t i o n a l to 

s ^ n + ^ ( i = l , 2 , 3 ) must be added, making do/dt more s t r o n g l y dependent upon 

s at f i x e d angle i n t h i s energy r e g i o n . 
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The D i m e n s i o n a l C o u n t i n g R u l e , t h e n , g i v e s v e r y d e f i n i t e 

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

enough e n e r g i e s a r e s t u d i e d . I n t h e f o l l o w i n g s e c t i o n , t h e se 

p r e d i c t i o n s are compared t o t h e a v a i l a b l e e x p e r i m e n t a l d a t a . 

1.3 Large Angle S c a t t e r i n g Data 

A. D i f f e r e n t i a l Cross S e c t i o n s 

Measurements o f l a r g e a n g l 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 a re 
2 

a v a i l a b l e up t o s - 50 (GeV/c) f o r p-p s c a t t e r i n g o v e r a wide range o f 

e n e r g i e s (see F i g . (1.3.1)). Other r e a c t i o n s a r e l e s s w e l l s t u d i e d 

(see e.g. F i g s . (1.3.2-4)), b u t n e v e r t h e l e s s p r o v i d e a good t e s t o f t h e 

p r e d i c t i o n s o f S e c t i o n (1.2). The f o r m o f (1.2.1) has been f i t t e d t o 

e x p e r i m e n t a l d a t a and some o f t h e r e s u l t s a r e summarized i n T a b l e (1.3.1). 

Those r e s u l t s marked "own f i t " a r e d e s c r i b e d i n more d e t a i l i n S e c t i o n 

2.2 and d e p i c t e d i n F i g s . (2.2.2) and (2.2.3). The D i m e n s i o n a l C o u n t i n g 

Rule p r e d i c t i o n s g i v e g e n e r a l l y e x c e l l e n t agreement w i t h t h e d a t a , 

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

ranges so f a r co v e r e d by e x p e r i m e n t s . 

B. S p i n Measurements 

Recent e x p e r i m e n t s a t the Z.G.S. a t Argonne have produced l a r g e 

a n g l e measurements o f pp s p i n - s p i n asymmetry pa r a m e t e r s w h i c h , t o g e t h e r 

w i t h p o l a r i z a t i o n measurements, can g i v e f u r t h e r i n s i g h t i n t o t h e 

u n d e r l y i n g s c a t t e r i n g p r o c e s s . 

The p o l a r i z a t i o n parameter i s d e f i n e d by 

P - d o / d t ( t ) - d o / d t ( 0 n , , s 
- d o / d t ( t ) + d o / d t ( l ) U . J . I ; 

( e i t h e r beam or t a r g e t p o l a r i z e d ) 
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and the s p i n - s p i n c o r r e l a t i o n parameters by 

_ do/dt ( t , T ) + do/dt ( u ) - do/dt ( t t ) - do/dt ( i t ) 
i j _ do/dt ( r , t ) + do/dt OO + do/dt ( t i ) + do/dt ( i t ) U . J . ^ ; 

where t, i r e f e r to the p o l a r i z a t i o n s t a t e of the beam and t a r g e t , and 

i , j r e f e r to the d i r e c t i o n s r e l a t i v e to which the beam and t a r g e t 

p o l a r i z a t i o n s are measured. 

i , j = n, 1, s 

where n = normal to the s c a t t e r i n g plane 

1 = l o n g i t u d i n a l (along beam d i r e c t i o n ) 

s = "sideways" ( p e r p e n d i c u l a r to n and 1 ) . 

P o l a r i z a t i o n and A measurements are a v a i l a b l e over the complete 
nn 

angular range i n p-p a t p i a b = 6 GeV/c and 12 GeV/c and other A a t 

p-^ aj 3 = 6 GeV/c ( F i g s . 1.3.5-7). A d d i t i o n a l l y there are 90°cm data f o r 

A between these two e n e r g i e s ( F i g . ( 1 . 3 . 8 ) ) . nn 

Because of the symmetry of pp-"pp s c a t t e r i n g , P must v a n i s h a t 

90°cm independent of the model; and t h i s , of course i s confirmed by the 

d a t a . In c o n t r a s t i n np-np a t p. , = 6 GeV/c, P = -A a t 90° ( F i g . ( 1 . 3 . 9 ) ) , 
l a b 

At P^ ak = 11.75 GeV/c A i s seen to r i s e s t e e p l y to - 0.6 a t 

90°cm, corresponding to 

d o ( t t ) / do ( } +1.5 ( 1 3 3) 
dt / dt w - 1.0 H . J . J ; 

T h i s value i s s u r p r i s i n g l y l a r g e c o n s i d e r i n g the s m a l l n e s s of A a t 
nn 

lower a n g l e s , and provides a t e s t of t h e o r e t i c a l models. I t i s i m p o s s i b l e 

to t e l l from the a v a i l a b l e data whether A i s c o n t i n u i n g to r i s e to 90°cm 
nn 

or l e v e l s o f f before t h i s p o i n t . The amazing s i m i l a r i t i e s between F i g s . 

(1.3.6) and (1.3.8) should be noted. 
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A,, and A show a much smoother r i s e i n magnitude t h a n A , 11 ss nn' 
and A seems t o be e f f e c t i v e l y zero t h r o u g h o u t t h e a n g u l a r r a n g e . 

ss 

The v a r i o u s asymmetry pa r a m e t e r s thus e x h i b i t a number o f 

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

a n g l e s c a t t e r i n g mechanism. 

To summarise t h i s s e c t i o n , any s u c c e s s f u l model f o r h a d r o n i c 

e l a s t i c s c a t t e r i n g a t l a r g e a n g l e s must: 

a) p r e d i c t a f i x e d a n g l e energy dependence f o r 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 i n accordance w i t h t h e D i m e n s i o n a l C o u n t i n g 

r u l e . 

b) r e p r o d u c e t h e a n g u l a r dependence 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 a t f i x e d e n e r g y . 

c ) a c c o u n t f o r the r e l a t i v e s i g n s and magnitudes o f the 

asymmetries, A , a t l a r g e a n g l e . 

d) e x p l a i n t h e r e l a t i v e magnitudes o f a m p l i t u d e s i n r e l a t e d 

p r o c e s s e s . 

e) be c o m p a t i b l e w i t h t h e o r i e s o f s m a l l a n g l e s c a t t e r i n g . 

I n S e c t i o n 1.4 v a r i o u s p o s s i b l e mechanisms are d i s c u s s e d and 

t h e most l i k e l y one chosen. 

1.4 The Nature o f t h e l a r g e a n g l e s c a t t e r i n g mechanism 

So f a r , n o t h i n g has been s p e c i f i e d about t h e exchange between 

th e composite hadrons e x c e p t t h a t i t must be s c a l e i n v a r i a n t . The two 

most o b v i o u s c a n d i d a t e s t o compose such an exchange are quarks and g l u o n s 

Consider f i r s t g l u o n exchange. 
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A. Exchange o f a s i n g l e g l u o n between t h e hadrons 

I n t h e s p i r i t o f t h e p a r t o n model t h e qqg c o u p l i n g i s t a k e n t o 

be s m a l l f o r l a r g e momentum t r a n s f e r p r o c e s s e s , due t o a s y m p t o t i c freedom. 

I f c o l o u r c o n f i n e m e n t i s n e g l e c t e d f o r t h e p r e s e n t , t h e dominant 

c o n t r i b u t i o n f r o m g l u o n exchanges w i l l come f r o m s i n g l e g l u o n diagrams 

(see F i g . (1.4.1) f o r a t y p i c a l l e a d i n g c o n t r i b u t i o n t o N-N s c a t t e r i n g ) , 

q-q s c a t t e r i n g v i a a g l u o n i s s c a l e i n v a r i a n t so t h a t h adron-hadron 

s c a t t e r i n g by t h i s mechanism obeys the D i m e n s i o n a l C o u n t i n g Rule. 

Redrawing F i g . (1.4.1) as F i g . (1.4.2) and comparing w i t h 

F i g . (1.4.3), i t becomes o b v i o u s t h a t 

^ (AB-AB) = C — (qq-qq) F ^ ( t ) F _ , 2 ( t ) + u ch a n n e l exchange a t a t A D 

(1.4.1) 

where F and F are t h e e l e c t r o m a g n e t i c f o r m f a c t o r s f o r hadrons A and 
A D 

B, and C <: 81 i s a f a c t o r c o u n t i n g t h e number o f c o h e r e n t d i a g r a m s . 

Now, a t p, . = 11.75 GeV/c and 9 = 90° l a b cm 
e x p t . - „ 
H (pp-pp) - 10 mb/(GeVr (1.4.2) 

( f r o m Crabb e t a l (1978)) 

w h i c h , when s u b s t i t u t e d i n t o (1.4.1) t o g e t h e r w i t h a p r o t o n e l e c t r o m a g n e t i c 
_2 

f o r m f a c t o r F ( t ) ~ t g i v e s 

d e x p t 

— (qq^qq) > 100 mb/(GeV) (1.4.3) 

compared w i t h t h e n a i v e Q.C.D. p r e d i c t i o n 
£2. (qq-qq) = - o ( t ) ̂  * 10" J mb/GeV^ (1.4.4) a t a s Z t 

w i t h a (-10) - 0.15. s 
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Not o n l y i s the n a i v e QCD p r e d i c t i o n much s m a l l e r t h a n t h e 

e x p e r i m e n t a l v a l u e , b u t s i n g l e g l u o n exchange between c o l o u r s i n g l e t 

s t a t e s , such as t h e p h y s i c a l h a d r o n , i s f o r b i d d e n . A t l e a s t two g l u o n s 

must be exchanged between the qu a r k s so t h a t t h e hadrons remain c o l o u r l e s s , 

t h u s a t l e a s t two e x t r a powers o f a ( t ) a re needed i n ( 1 . 4 . 4 ) making the 
s 

Q.C.D. e s t i m a t e even s m a l l e r . 

F u r t h e r m o r e , i f t h e d a t a a r e f i t t e d w i t h a s i n g l e e f f e c t i v e Regge 

p o l e , i . e . 

. 2a * ( t ) 2 d£ « 1^ s e f f | p ( t ) | ( 1 > 4 > 5 ) 

s 

the e f f e c t i v e Regge t r a j e c t o r y a
e £ f ^ t : ) i - n F i g . ( 1 . 4 . 4 ) i s o b t a i n e d . I t 

has been argued (Coon e t a l ( 1 9 7 8 ) ) t h a t t h e f o r m 

An i 2 a * ( t ) 2 
« J _ u e f f | g ( t ) | ( 1 _ 4 _ 6 ) 

s 

i s a b e t t e r one t o use t o o b t a i n a - . . ( t ) i n w h i c h case F i g . ( 1 . 4 . 5 ) 
err 

r e s u l t s . I n e i t h e r case, a t l a r g e - t ̂ ^ ^ ( t ) i s seen t o f a l l below - 1 , 

whereas exchange o f v e c t o r g l u o n s would produce a
e £ £ ~ !• Thus, a p a r t 

f r o m t h e D i m e n s i o n a l C o u n t i n g Rule t h e r e i s l i t t l e e v i d e n c e i n 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 d a t a f o r g l u o n exchange b e i n g t h e dominant 

mechanism, and p l e n t y a g a i n s t i t . I t may, however, have a p l a c e i n 

d e s c r i b i n g l a r g e j e t phenomena. 

B. La n d s h o f f t r i p l e - g l u o n exchange 

The above arguments make i t u n l i k e l y t h a t qq-*qq s c a t t e r i n g v i a 

v e c t o r g l u o n s i s r e s p o n s i b l e f o r l a r g e a n g l e e l a s t i c s c a t t e r i n g o f 

ha d r o n s . L a n d s h o f f ( L a n d s h o f f ( 1 9 7 4 ) ) p u t f o r w a r d an a l t e r n a t i v e 

mechanism whereby, i n s t e a d o f one l a r g e momentum t r a n s f e r o c c u r r i n g 

between one quark f r o m each h a d r o n , s e v e r a l t r a n s f e r s o f l e s s e r p^, o c c u r 

between d i f f e r e n t p a i r s o f n e a r l y on s h e l l q u a r k s . I n N-N s c a t t e r i n g 
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(see F i g . ( 1 . 4 . 6 ) ) each quark would s c a t t e r through an angle 9 so t h a t 

the three quarks from each nucleon would emerge i n the same d i r e c t i o n , 

e l i m i n a t i n g any need f o r f u r t h e r gluon exchange i n l e a d i n g order 

diagrams to rebind the quarks i n t o t h e i r parent p a r t i c l e s . 

The amplitude f o r t h i s r e a c t i o n i s given by 

>2 
A(pp-pp) = 

( s t u u 2 ) 2 

A (qq-*qq) (1.4.7) 

where u i s a hadronic s c a l e s i z e ( see e.g. F a r r a r and Wu ( 1 9 7 5 ) ) . T h i s 

corresponds to 

da , . 
dT ( p p ) 

s 
t u 
s' s (1.4.8) 

The pinch s i n g u l a r i t y caused by m u l t i p l e exchange of gluons between the 

protons g i v e s r i s e to a slower energy dependence than given by the 

Dimensional Counting Rule, so t h a t t h i s amplitude would dominate a t 
-8 

high energy. T h i s s energy dependence, however, i s not seen a t c u r r e n t l 

a c c e s s i b l e l a r g e a n g l e s . 

As i n s e c t i o n A the e f f e c t i v e Regge t r a j e c t o r y f o r t h i s process 

must be a
e f f = 1« T h i s , again, i s i n c o n t r a d i c t i o n w i t h the a v a i l a b l e 

l a r g e angle data which e x h i b i t a
e £ f < -1- Thus, although the t r i p l e 

s c a t t e r i n g mechanism may be important to l a r g e angle s c a t t e r i n g a t very 

high e n e r g i e s , there i s no s i g n of i t being present a t the moment. 

Furthermore, Brodsky e t a l (Brodsky e t a l ( 1 9 79c)) have shown t h a t when 

Sudakov form f a c t o r s are i n c l u d e d i n the qqg v e r t i c e s of F i g . ( 1 . 4 . 6 ) , 

the Landshoff c o n t r i b u t i o n i s a s y m p t o t i c a l l y damped, so i t may never be 

s i g n i f i c a n t . 

The h i g h e s t energy pp data c u r r e n t l y a v a i l a b l e are the Cern 

I.S.R. measurements. These are a t l a r g e | t | , but a t e n e r g i e s such t h a t 

|t|«S. I n t h i s regime the t r i p l e s c a t t e r i n g formula (1.4.7) g i v e s 
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£ (PP-PP) - Jg- , (1.4.9) 

Independent o f s, assuming a
e f £ = 1- T h i s agrees v e r y w e l l w i t h t h e 

d a t a a t l a r g e | t | (see F i g . (1.4.7), b u t b e i n g a r e a l c o n t r i b u t i o n , 

c a nnot i n t e r f e r e w i t h t h e a l m o s t t o t a l l y i m a g i n a r y Pomeron (domina n t a t s m a l l 

| t | ) t o g i v e t h e o bserved sharp d i p a t t - -1.4. The whole o f t h i s r e g i o n 

can, however, be e x p l a i n e d by models u s i n g a Pomeron p l u s a Pomeron® 

Pomeron c u t ( a g a i n see F i g . (1.4.7)) w h i c h a c c u r a t e l y r e p r o d u c e t h e 

d i p s t r u c t u r e . 

A nother p o i n t a g a i n s t t h e t r i p l e s c a t t e r i n g mechanism i n t h e 

I.S.R. r e g i o n i s t h a t L a n d s h o f f and P r i t c h a r d ( L a n d s h o f f and P r i t c h a r d 

(1980)) have c a l c u l a t e d t h e e f f e c t o f g l u o n exchange ac r o s s t h e qqg 

v e r t i c e s i n F i g . (1.4.6). These m o d i f y 1.4.7 i n t h e l i m i t s — 0 0, | t | 

l a r g e b u t « s by a f a c t o r 

2 
exp - 2 b^ l o g s l o g t + b 2 l o g t 

2 2 (N 2 + l ) n 
w i t h b, = N n ; b - — 

(1.4.10) 

1 " 8* 2 c ' 2 " 8* 2 N c 

= no. o f c o l o u r s (=3) and n = no. o f m u l t i p l e s c a t t e r i n g s (=3 f o r 

p p ) . The r e s u l t i n g b e h a v i o u r o f d c / d t i s no l o n g e r a b l e t o d e s c r i b e 

t h e I.S.R. d a t a . There i s , t h u s , l i t t l e p h e n o m e n o l o g i c a l e v i d e n c e t h a t 

the L a n d s h o f f mechanism c o n t r i b u t e s t o hadron-hadron s c a t t e r i n g . 

C. Quark i n t e r c h a n g e 

(1) Energy dependence and f o r m f a c t o r s 

Having d i s c u s s e d and r e j e c t e d g l u o n exchange t h e o t h e r c o n s t i t u e n t -

l e v e l c a n d i d a t e f r o m w h i c h t o compose t h e l a r g e | t | i n t e r - h a d r o n i c exchange 

i s t h e q u a r k . One o f t h e p r i n c i p a l o b j e c t i o n s t o the g l u o n exchange 

mechanism d i s c u s s e d i n p a r t A o f t h i s s e c t i o n was t h a t t h e p r e d i c t e d 

magnitude 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 i s much s m a l l e r t h a n t h a t 
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o b s e r v e d . T h i s i s because a g l u o n o f t h e h i g h momentum r e q u i r e d 

c o u p l e s o n l y w e a k l y t o t h e v a l e n c e quarks o f the h a d r o n s . Now, most o f 

the momentum o f a h i g h energy hadron i s possessed by i t s v a l e n c e q u a r k s . 

T r a n s f e r o f a v a l e n c e quark f r o m one hadron t o a n o t h e r w o u l d , t h e n , a l s o 

i n v o l v e a l a r g e t r a n s f e r o f momentum. A t l e a s t two qu a r k s must be 

i n v o l v e d i n t h e exchange so t h a t a l l i n i t i a l and f i n a l s t a t e s may be 

c o l o u r s i n g l e t s . 

F i g . ( 1 . 4 . 8 ) shows a l e a d i n g o r d e r ( i n ot g) q u a r k i n t e r c h a n g e 

d i a g r a m c o n t r i b u t i n g t o n u c l e o n - n u c l e o n s c a t t e r i n g . N o t i c e t h a t t h i s 

c o n t a i n s t h e same number o f qqg v e r t i c e s as does the g l u o n exchange 

d i a g r a m o f F i g . ( 1 . 4 . 1 ) . However, as i t i s t h e two qu a r k s i n F i g . ( 1 . 4 . 8 ) 

t h a t t r a n s f e r t h e h i g h momentum, t h e ( r u n n i n g ) s t r o n g c o u p l i n g c o n s t a n t 

can be g r e a t e r t h a n i n t h e e a r l i e r d i a g r a m , i n w h i c h case t h i s 

c o n t r i b u t i o n t o t h e s c a t t e r i n g a m p l i t u d e w i l l a l s o be g r e a t e r . The 

p o s s i b i l i t y t h u s e x i s t s t h a t such quark i n t e r c h a n g e diagrams a c c o u n t 

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

The quark i n t e r c h a n g e mechanism i s used by Brodaky e t a l i n 

t h e i r C o n s t i t u e n t I n t e r c h a n g e Model (CIM) ( e . g . Brodsky e t a l ( 1 9 7 3 a ) , 

( 1 9 7 3 b ) , ( 1977) and a l s o Brodsky e t a l ( 1 9 7 9 b ) f o r a d e s c r i p t i o n i n 

terms o f Q.C.D.). I n Brodsky e t a l ( 1 9 7 7 ) t h e magnitude o f t h e l a r g e 

t r a n s v e r s e momentum 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 a v a r i e t y o f 

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

CIM, u s i n g o n l y two p a r a m e t e r s . These are c o n s t a n t c o u p l i n g s f o r t h e 

b a r y o n - q u a r k - d i q u a r k and m e s o n - q u a r k - a n t i q u a r k v e r t i c e s . There i s thus 

no r e a s o n t o suppose t h a t t h e q uark i n t e r c h a n g e mechanism ca n n o t a c c o u n t 

f o r t h e s i z e o f t h e l a r g e - a n g l 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 . 

The f i x e d a n g l e energy dependence o f a d i a g r a m such as F i g . 

( 1 . 4 . 8 ) can be d e t e r m i n e d f r o m ( 1 . 2 . 4 ) , here r e w r i t t e n w i t h s r e p l a c i n g 
2 
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— F 
s m 

(1.4.11) 

where m i s the number of i n t e r n a l quark propagators (marked as — • — ) . 

Comparing F i g . (1.4.8) with F i g . (1.2.2) i t can be seen t h a t the value 

of m i s the same i n both c a s e s , and a s h o r t i n v e s t i g a t i o n soon r e v e a l s 

t h a t the lowest value of m possessed by an interchange diagram f o r a 

given process i s determined as i n (1.2.5). Thus the quark interchange 

mechanism obeys the Dimensional Counting Rule. 

A lowest order quark interchange diagram c o n t r i b u t i n g to a 

process AB-CD may be f a c t o r i s e d i n the f o l l o w i n g way (see a l s o F i g . 

( 1 . 4 . 9 a ) ) 

A(AB-CD) = A(Aq-Cq) . F _ _ ( t ) 
DU 

(1.4.12) 

where F ( t ) i s the lowest order c o n t r i b u t i o n to the e l e c t r o m a g n e t i c 

form f a c t o r . The v a l i d i t y of t h i s i s f u r t h e r i l l u s t r a t e d by F i g . 

(1.4.9b) which compares the ap p r o p r i a t e lowest order c o n t r i b u t i o n to 

F,,„(t) with the bottom v e r t e x i n F i g . ( 1 . 4 . 8 ) . C a l c u l a t i o n of the form NN 

f a c t o r s , and of the a p p r o p r i a t e v e r t i c e s of interchange diagrams g i v e s 

the f o l l o w i n g behaviour 

F ( t ) « -L BD^ J N t 
(1.4.13) 

where N = (number of valence quarks and a n t i q u a r k s i n hadrons B and D ) - l 

i . e . N = 1 f o r mesons 

= 2 f o r baryons. 

Good f i t s to the measured e l e c t r o m a g n e t i c form f a c t o r s are obtained 

with 

meson ( t ) m. 

-1 

and (1.4.14) 

n u c l e o n ( t ) 
m 

-1 -1 
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where m i s t h e mass o f t h e p meson (see C o l l i n s e t a l ( 1 9 7 8 ) ) . These 
P 

agree w i t h ( 1 . 4 . 1 3 ) i n t h e l i m i t a t t — -°° as e x p e c t e d . 

The Drell-Yan-West r e l a t i o n ( D r e l l and Yan ( 1 9 7 0 ) , West ( 1 9 7 0 ) ) 

can be used t o p r e d i c t t h e b e h a v i o u r o f t h e deep i n e l a s t i c e l e c t r o n -

p r o t o n s c a t t e r i n g s t r u c t u r e f u n c t i o n s and v l ^ f r o m ( 1 . 4 . 1 6 ) . T h i s 

s t a t e s t h a t i f F ( t ) ~ 111 ~ P f o r l a r g e | t | , t h e n W^x) , v W ^ x ) - ( l - x ) 2 p _ 1 

f o r x c l o s e t o 1 ( x b e i n g t h e f r a c t i o n o f t h e momentum o f t h e p a r e n t 

hadron formed by t h e l o n g i t u d i n a l momentum o f t h e s t r u c k c o n s t i t u e n t ) . 

So, f r o m ( 1 . 4 . 1 3 ) and Drell-Yan-West 

W 1 ( x ) , v W 2 ( x ) ~ ( 1 - x ) 3 as x - 1 ( 1 . 4 . 1 5 ) 

f o r deep i n e l a s t i c s c a t t e r i n g o f e l e c t r o n s o f f p r o t o n s . The d i s t r i b u t i o n 

o f momentum among t h e v a l e n c e quarks o f a p r o t o n i s f o u n d t o agree w e l l 

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

( 2 ) A n g u l a r dependence 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 , 

Gluon exchange f e l l down h e a v i l y i n i t s p r e d i c t i o n o f t h e 

e f f e c t i v e Regge t r a j e c t o r y , a
e f f - Quark i n t e r c h a n g e i s now examined 

f o r c o n s i s t e n c y w i t h e x p e r i m e n t i n t h i s r e g a r d . 

L o o k i n g a t ( 1 . 4 . 1 2 ) one sees t h a t a
e £ £ o f a quark i n t e r c h a n g e 

diagram f o r a p r o c e s s AB—CD i s d e t e r m i n e d by A(A —C ) ( o r by A ( B —D ) , 
q q q q 

w h i c h e v e r g i v e s t h e h i g h e s t a £f)- The f o r m o f t h i s q u a r k - h a d r o n 

s c a t t e r i n g a m p l i t u d e i s h i g h l y dependent on t h e p r e c i s e model used. 

For i n s t a n c e , i n most papers d e s c r i b i n g CIM , Brodsky e t a l f i n d 

A p T M (A -*C ) 0 6 F._(u) CIM q q AC 

« ( 1 . 4 . 1 6 ) 
u 

*Note: The t h r e e CIM r e s u l t s quoted here a l l r e l a t e t o t h e v e r s i o n 

o f t h e model w h i c h r e p r e s e n t s t h e p r o t o n as t h r e e q s t a t e r a t h e r 

t h a n a q + c o r e s t a t e ) and hence obey t h e D.C.R. 
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where N = 1 f o r mesons 

= 2 f o r baryons 

Which y i e l d s i n the Regge l i m i t (s -* 0 0, t f i x e d ) 

ACIM ( A B ~ C D ) " \ \ s t 
(1.4.17) 

and hence 

CIM (1.4.18) 

I n c o n t r a s t , Brodsky e t a l (1977) c o n t a i n s the r e s u l t s 

dT U p - a p r 4 3 t u 
+ B 4 3 t s 

(1.4.19) 

(where the two terms i n the b r a c k e t s correspond to the two 

interchange t o p o l o g i e s (see F i g . (1.4.11)) p r e s e n t i n irp 

s c a t t e r i n g and a and B are c o n s t a n t s given by simple quark 

c o u n t i n g ) . 

and 

(PP~PP) * 
s 

2 2 2 2 s + t s + u + 6 4 t u 4 6 t u 

These y i e l d 

R R a (pp) = a ( JID ) = -1 CIM K F CIM V P 

(1.4.20) 

(1.4.21) 

A t h i r d r e s u l t f o r p-p s c a t t e r i n g i s quoted i n Coon e t a l (1978): 

do , . 1 — (pp - pp) - _ 3 3 t u 
(1.4.22) 

which again g i v e s a C I M ( p p ) = -1-
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The above r e s u l t s a r e a l l c o n s i d e r a b l y c l o s e r t o t h e ct e £ f ' s 

e x t r a c t e d f r o m the d a t a ( F i g s . (1.4.4) , (1.4.10 ) ) t h a n were t h e 

p r e d i c t i o n s o f the g l u o n exchange models. N e v e r t h e l e s s , i n t h e pp 

s c a t t e r i n g case, where the d a t a i s most abundant and a c a n b e s t be 

pi n n e d down, t h e t h e o r e t i c a l v a l u e s seem t o o h i g h a t l a r g e | t | . 

However, the q u a n t i t i e s a Q j j ^ o b t a i n e d above a r e n o t t h e b e s t q u a n t i t i e s 

t o compare w i t h t h e l a r g e a n g l e e x p e r i m e n t a l r e s u l t s — aciM k e i n g 

a p p r o p r i a t e f o r s — 0 0 a t f i x e d t (and hence s » - t ) , whereas a t l a r g e 

a n g l e s , t i s o f the o r d e r - . A more v a l i d c o m parison may be made 

u s i n g t h e parameter 

~R 

3 
>2 P- cm 

d t 
A P T M - TZ (1.4.23) 
CIM 2 d o C I M 

s 
d t 

The t h r e e v e r s i o n s o f CIM qu o t e d above each y i e l d ^ j j ^ P P ) ~ a t 

2 2 90 cm, w h i c h f o r s = 38 (GeV/c) c o r r e s p o n d s t o t - -19 (GeV/c) . 
/vR 2 

A comparison o f a (p p ) a t s = 38 (GeV/c) w i t h r e s u l t s o b t a i n e d 
2 

f r o m d a t a i n t h e range (20 ^ s ^ 50 (GeV/c) i s shown i n F i g . (1.4.12), 

Note t h a t a t l a r g e | t | a^££ ^ s e x t r a c t e d o n l y f r o m d a t a a t t h e h i g h e r 

end o f t h i s energy r a n g e . A l t h o u g h agreement i s n o t p e r f e c t , t he 

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

a t l a r g e - t f o r the d i s c r e p a n c y t o be made up by mi n o r changes t o t h e 

assumptions used i n t h e c a l c u l a t i o n s o r by h i g h e r o r d e r c o r r e c t i o n s . 

(3) H e l i c i t y a m p l i t u d e s and c r o s s i n g r e l a t i o n s 

The s p i n - f l a v o u r p a r t o f t h e p r o t o n h e l i c i t y wave f u n c t i o n i s 
g i v e n by 
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2|u, + )|u,+)|d,-)+2|u,+)|d,-)|u,+)+2|d,-)|u,+) |u,+) 

-|u, + )|u,-) |d, + ) - |u, + ) |d, + ) |u,-) - |d,+)|u, + ) |u,-) 

- | u , -) |u ,+) | d ,+ ) - | u , - ) |u ,+) |u , +) - | d ,+) |u, - ) |u ,+) 

(1.4.24) 

2|u,-)|u,-)|d,+)+2|u,-)|d,+)|u,-)+2|d,+)|u,-)|u,-) 

-|u,-)|u,+)|d,-) - |u,-)|d,-)|u,+) - |d,-)|u,-)|u,+) 

-|u, + )|u,-)|d,-) - |u,+)|d,-)|u,-) - |d,-) |u,+) |u,-) 

where |q,A.) s i g n i f i e s the wave f u n c t i o n of p a r t i c l e q of h e l i c i t y 

X ( = t i ) . The importance of the order of the quark wave f u n c t i o n s r e f l e c t s 

the t hree p o s s i b l e v a l u e s of the colour quantum number. Each quark must 

have a d i f f e r e n t colour so t h a t the proton i s a s i n g l e t under SU(3) 
co l o u r 

The neutron wave f u n c t i o n may be obtained by s u b s t i t u t i n g |u) — -|d) and 

|d) - | u ) . 

Using the <p̂  n o t a t i o n o u t l i n e d i n Appendix B, and to denote 

the "forward" s c a t t e r i n g amplitude only ( i . e . p r i o r to i n c o r p o r a t i o n of 

Fermi s t a t i s t i c s ) , the e x p e r i m e n t a l l y measured N-N h e l i c i t y amplitudes 

are d e r i v e d below w i t h i n the framework of a simple quark interchange model. 

Since the elementary exchanges between the c o n s i t u t e n t quarks are v i a 

spin-1 gluons, i t i s assumed t h a t the quarks do not f l i p h e l i c i t y . I t 

i s f u r t h e r assumed th a t the amplitude of an i n d i v i d u a l diagram i s 

independent of the f l a v o u r and h e l i c i t y of the interchanged quarks, and 

of the nucleon f l a v o u r and h e l i c i t y . S i m i l a r assumptions w i l l be made 

for mesons when these are c o n s i d e r e d l a t e r . Note t h a t only quarks of 

the same colour may be i n t e r c h a n g e d . 

The wave f u n c t i o n s , ( 1 . 4 . 2 5 ) , and simple counting g i v e , f o r pp 

s c a t t e r i n g (see e.g. Brodsky et a l (1979a)) 
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25 1 1 4 
9 + 9 + 9 + 9 

~o~ f ( s , t , u ) 

" 1 7 c( ^ 
-5- f ( s , t , u ) 

f ( s , t , u ) = — f ( s , t , u ) 

9 2 = <P5 = 0 

(1.4.25) 

where f ( s , t , u ) i s i n d e p e n d e n t o f t h e baryons i n v o l v e d , 

S i m i l a r l y f o r n p — n p 

~Q~ f ( s , t , u ) 

22 
-5- f ( s , t , u ) 

9 f ( s , t , u ) 

<P2 = $5 = 0 

(1.4.26) 

Fermi s t a t i s t i c s may be i n c o r p o r a t e d i n t o t he f u l l s c a t t e r i n g 

a m p l i t u d e s by c o m b i n i n g t h e f o r w a r d and backward s c a t t e r i n g a m p l i t u d e s 

a c c o r d i n g t o t h e r u l e s g i v e n i n Appendix C. The f u l l a m p l i t u d e s are 

t h e n , f o r pp 

(pl = g- [31 f ( s , t , u) + 31 f ( s , u. t ) ] 

9 3 = 9- [ I 4 f ( s , t , u) + 17 f ( s , u, t ) ] 

<p, = ~ i C l 7 f ( s , t , u ) + 1 4 f ( s , u, t ) ] 

and f o r np—np 

y 4 

q>2 

<P5 = 0 

' l = 9" t l ^ - f C s , t , u) -1- 17 f C s , u, t)D 

q>3 = i - [22 f ( s , t , u) + 25 f ( s , u, t ) ] 

1 
9 [8 f ( s , t , u ) + 8 f ( s , u, t ) ] 

<p5 = 0 

(1.4.27) 

(1.4.28) 
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The pp a m p l i t u d e s a r e o b t a i n e d from ( 1 . 4 . 2 8 ) by c r o s s i n g 

cp^ = i - [ 1 7 f ( u , t , s ) + 14 f ( u , s , t ) ] 

1 
<P3 

[ 3 1 f ( u , t , s ) + 31 f ( u , s , t ) ] 

q>4 = [ 1 4 f ( u , t , s ) + 17 f ( u , s , t ) ] 

<P2 = <P5 = 0 

( 1 . 4 . 2 9 ) 

T a b l e ( 1 . 4 . 1 ) c ompares p r e d i c t i o n s of t h e t h r e e t y p e s of model 

d i s c u s s e d i n t h i s s e c t i o n f o r t h e h e l i c i t y a m p l i t u d e s a t 90°cm. 

D e r i v a t i o n s o f t h e L a n d s h o f f s c a t t e r i n g a m p l i t u d e s may be f ound i n 

F a r r a r and Wu ( 1 9 7 5 ) . The p r e d i c t i o n s g i v e n by F a r r a r and Wu a r e more 

e x a c t t h a n t h o s e q u o t e d i n T a b l e ( 1 . 4 . 1 ) , w h i c h a r e a p p r o x i m a t i o n s 

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

The s p i n a v e r a g e d 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 t e r m s o f t h e 

h e l i c i t y a m p l i t u d e s i s 

do 
d t K ( S ) ( 1 . 4 . 3 0 ) 

where K ( S ) i s a k i n e m a t i c a l f a c t o r i n d e p e n d e n t o f n u c l e o n f l a v o u r . The 

q u a r k i n t e r c h a n g e p r e d i c t i o n f o r t h e r a t i o o f d o / d t ( n p - n p ) to d o / d t 

( p p — p p ) a t 90°cm i s 

^7 ( n p - n p ; 9 0 ° c m ) Q I 

j£ (pp-*PP;90°cm) Q I 

( 3 1 ) 2 + ( 4 7 ) 2 + ( 1 6 ) 2 

( 6 2 ) 2 + ( 3 1 ) 2 + ( 3 1 ) 2 

- 0.59 ( 1 . 4 . 3 $ 

I n t h e t r i p l e g l u o n e x c h a n g e m o d e l , t h i s r a t i o i s - 0.31, w h i l e i n t h e 

s i n g l e g l u o n e x c h a n g e model i t i s - 0.33. T h e s e a r e compared w i t h 

e x p e r i m e n t i n F i g . ( 1 . 4 . 1 3 ) . A l l t h r e e p r e d i c t i o n s a r e i n q u a l i t a t i v e 

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

2 

b u t t h e d a t a i s a t r e l a t i v e l y low e n e r g i e s ( s < 2 5 ( G e V / c ) ) , where p r e -

a s y m p t o t i c c o r r e c t i o n s may be n e eded t o a l l t h e t h e o r i e s . 
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The r a t i o d o / d t (pp~*pp) / d o / d t ( p p - p p ) i s n o t w e l l d e t e r m i n e d 

e x p e r i m e n t a l l y a t h i g h e n e r g y and l a r g e a n g l e . At P^ a l 3
 = ^ GeV/c 

and 90°cm i t s v a l u e i s -1/100 (Chabaud e t a l ( 1 9 7 2 ) ) . The o n l y 90°cm 

me a s u r e m e n t a t h i g h e r e n e r g y i s from p r e l i m i n a r y d a t a a t 12 GeV/c 

(de B e l l e f o n e t a l ( 1 9 7 8 ) ) w h i c h y i e l d s < -j^ . S i n g l e g l u o n e x c h a n g e 

p r e d i c t s t h e r a t i o t o be 0.068 a t 90°cm, w h i l e t h e L a n d s h o f f m echanism 

g i v e s 0.39. The CIM p r e d i c t i o n i s 

-4 
do 
d t ( P P ) / ^ (PP) = * 2 " 4 = 0.063 ( 1 . 4 . 3 2 ) 

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

pp s c a t t e r i n g a m p l i t u d e s , and o t h e r i n t e r p r e t a t i o n s o f q u a r k i n t e r c h a n g e 

g i v e d i f f e r e n t a n s w e r s . No f i r m c o n c l u s i o n s c a n be drawn f r o m t h e s e 

r e s u l t s , b u t e x p e r i m e n t seems t o f a v o u r t h e o r i e s w h i c h p r e d i c t 4~ ( p p ) t o 
dt 

be much l a r g e r t h a n ^ ( p p ) . 

The a s y m m e t r i e s , A — > a n a p o l a r i z a t i o n a r e e a s i l y d e t e r m i n e d from 

t h e p r e d i c t i o n s s u m m a r i z e d i n T a b l e ( 1 . 4 . 1 ) u s i n g t h e i r d e f i n i t i o n s i n 

t e r m s o f h e l i c i t y a m p l i t u d e s from A p p e n d i x B. T h e s e a r e compared w i t h 

t h e e x p e r i m e n t a l v a l u e s a t 90°cm i n T a b l e ( 1 . 4 . 2 ) ( s e e F i g s . ( 1 . 3 . 5 - 7 ) f o r 

d a t a ) . I n g e n e r a l , q u a r k i n t e r c h a n g e , g l u o n e x c h a n g e and L a n d s h o f f 

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

p l a u s i b l e e x c u s e s c a n be f o u n d why t h i s i s n o t s o . I t i s t h u s i m p o s s i b l e 

t o d i s c r i m i n a t e b etween t h e m e c h a n i s m s u s i n g s p i n d a t a a l o n e . 

M e a s urements a t h i g h e r e n e r g i e s would be welcomed a s t e s t s o f t h e s e 

c o n s t i t u e n t m o d e l s . 

The r e l a t i o n s b e t w e e n up e l a s t i c s c a t t e r i n g a m p l i t u d e s a r e 

e a s i e r t o d e r i v e b e c a u s e p i o n s have s p i n z e r o and h e n c e t h e r e i s o n l y 

one h e l i c i t y wave f u n c t i o n f o r e a c h t y p e o f p i o n . The c h a r g e d p i o n 

h e l i c i t y wave f u n c t i o n s a r e 
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U + ) = — 
72 

\ n ) = 

V2 

|d + )|u") - | d ~ ) | u + ) 

|d +)|G") - |d~)|G +) 

(1.4.33) 
1 

The quark i n t e r c h a n g e p r e d i c t i o n s f o r it ~ p e l a s t i c s c a t t e r i n g h e l i c i t y 

a m p l i t u d e s may be o b t a i n e d u s i n g (1.4.25) and (1.4.34) and s i m p l e 

c o u n t i n g . These a r e , f o r i t + p — n + p 

n o n f l i p 12 . w — Ff„ t O (1.4.34) 

« p f l i p = 0 

and f o r it p—it p 

^ n o n f l i p = e_ F ( S ; t ) U ) + 12 F ( U ) t ) S ) (1.4.35) 

where F ( s , t , u ) i s i n d e p e n d e n t o f t h e f l a v o u r o f t h e e x t e r n a l p a r t i c l e s . 

The r a t i o o f t h e c r o s s s e c t i o n s a t 90°cm i s a g a i n s t r o n g l y 

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

[ B r o d s k y e t a l ( 1 9 7 3 a ) ] f i n d t h a t 

F ( 8 ' t > u ) C I M 
t t 7 «: = 4 a t 90 cm 

l e a d i n g t o a p r e d i c t i o n o f 

dT ( l + P " n t + p ) C I M y / ! r ( l t " P ^ " p ) = = 2.25 (1.4.36) 

The l a r g e a n g l e d a t a a t p r e s e n t c o n t a i n s no c l e a r l y d i s c e r n i b l e 

d i f f e r e n c e between i t + p and n p 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 , however, t h e 
6 

e r r o r b a r s are such as t o t o l e r a t e e a s i l y r a t i o s o f t h e o r d e r o f (1.4.3^0. 

I n t h i s s e c t i o n t h r e e a l t e r n a t i v e models f o r l a r g e a n g l e e l a s t i c 

s c a t t e r i n g o f hadrons have been c o n s i d e r e d and assessed i n t h e l i g h t o f 

the c r i t e r i a l i s t e d a t t h e end o f S e c t i o n 1.3. Exchange o f g l u o n s between 

one quark f r o m each h a d r o n was e x c l u d e d because i t c o u l d n o t ac c o u n t f o r 

th e magnitude o f t h e l a r g e a n g l 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 nor i t s 
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a n g u l a r dependence. T r i p l e g l u o n exchange does n o t r e p r o d u c e the DCR 

p r e d i c t i o n and e n c o u n t e r s the same pr o b l e m w i t h the a n g u l a r dependence. 

The quark i n t e r c h a n g e mechanism, however, does n o t meet w i t h t h e se 

d i f f i c u l t i e s , and g i v e s p r e d i c t i o n s f o r c r o s s i n g r e l a t i o n s between 

d i f f e r e n t p r o c e s s e s , and between d i f f e r e n t h e l i c i t y a m p l i t u d e s o f t h e 

same r e a c t i o n , w h i c h are always a t l e a s t i n q u a l i t a t i v e agreement w i t h 

t h e d a t a . For t h e s e r e a s o n s , t h e q u a r k i n t e r c h a n g e mechanism w i l l be 

assumed t o be t h e c o r r e c t model f o r e l a s t i c s c a t t e r i n g i n t h e l i m i t s o f 

8 — 90° and s — 0 0. A r e v i e w o f many o f the t o p i c s d i s c u s s e d i n t h i s cm 

s e c t i o n can be f o u n d i n Brodsky e t a l ( 1 9 7 9 a ) . Having now d e a l t w i t h 

l a r g e a n g l e s c a t t e r i n g , S e c t i o n 1.5 w i l l be concerned w i t h t h e s m a l l 

a n g l e r e g i m e . Ways i n w h i c h these two k i n e m a t i c a l r e g i o n s may be l i n k e d 

by a s i n g l e t h e o r y w i l l be examined i n Chapter 2. 

1.5 A Regge model f o r s m a l l a n g l e s c a t t e r i n g 

The Regge t h e o r y approach t o s m a l l a n g l e s c a t t e r i n g i s w e l l 

e s t a b l i s h e d and v e r y s u c c e s s f u l . A Regge a m p l i t u d e i s composed o f 

c o n t r i b u t i o n s f r o m exchanges o f t r a j e c t o r i e s on w h i c h l i e t h e p h y s i c a l 

h a d r o n s . A t r a j e c t o r y , o t ( t ) , i s t h e p a t h a c r o s s t h e complex a n g u l a r 

momentum p l a n e t r a c e d by a s i n g u l a r i t y i n t h e s c a t t e r i n g a m p l i t u d e . 

When a t r a j e c t o r y passes t h r o u g h e i t h e r an even o r an odd (dependent 

on i t s i g n a t u r e ) p o s i t i v e i n t e g e r f o r a p o s i t i v e v a l u e o f t , t h e r e i s 

a p o l e i n t h e a m p l i t u d e c o r r e s p o n d i n g t o a resonance o f mass Vt and 

w i t h the quantum numbers o f the t r a j e c t o r y . E x t r a p o l a t e d t o n e g a t i v e 

v a l u e s o f t , t h e t r a j e c t o r y governs the b e h a v i o u r o f i t s c o n t r i b u t i o n s 

t o t h e s c a t t e r i n g a m p l i t u d e . A p o l e t r a j e c t o r y y i e l d s a c o n t r i b u t i o n 

o f the f o r m 
n ot„ ( t ) a ( t ) 

( t ) e - 2 ~* S"P- ( 1 - 5 . 1 ) 
n 

where T̂ > ( t ) i s a r e a l f u n c t i o n and the f a c t o r o f 1 o r i depends on 

whether t h e s i g n a t u r e o f the t r a j e c t o r y i s +1 o r - 1 . ( 1 . 5 . 1 ) i s v a l i d i n 

t h e l i m i t as s — <= w i t h t f i x e d . 
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I f s u f f i c i e n t l y l a r g e e n e r g i e s are t a k e n , o n l y a few 

c o n t r i b u t i o n s l i k e ( 1 . 5 . 1 ) s h o u l d be n e c e s s a r y t o a p p r o x i m a t e an 

a m p l i t u d e . These are t h e ones whose t r a j e c t o r i e s a re h i g h e s t l y i n g a t 

the v a l u e o f t b e i n g c o n s i d e r e d . I n e l a s t i c s c a t t e r i n g a m p l i t u d e s i t 

i s t h e vacuum quantum number Pomeron (P ) t r a j e c t o r y , w i t h Qip(O) - 1 

w h i c h dominates a t h i g h e s t energy and -t<l. At l o w e r e n e r g i e s the n e x t 

h i g h e s t l y i n g t r a j e c t o r i e s become i m p o r t a n t . For s m a l l | t | , these are 

t h e n a t u r a l p a r i t y meson p o l e s , pt , w, f , w i t h ot^, ( 0 ) - 0.5. At 

l a r g e r | t | , c u t s ( m u l t i p l e e x c h a n g e s ) , whose t r a j e c t o r i e s have s m a l l e r 

g r a d i e n t s t h a n those o f t h e p o l e s w h i c h compose them, s h o u l d become 

s i g n i f i c a n t . The Regge p i c t u r e , t h u s becomes more c o m p l i c a t e d as one 

moves f r o m s m a l l | t | t o l a r g e | t | , as more and more c u t s become i n v o l v e d . 

A comprehensive r e v i e w o f Regge-physics i s found i n C o l l i n s ( 1 9 7 7 ) . 

The model adopted here as a b a s i s f o r s m a l l a n g l e s c a t t e r i n g 

i s the Reggeon Photon C o u p l i n g Analogy (R.P.C.A.) o f C o l l i n s e t a l 

( C o l l i n s e t a l (1978 a , b , c ) ) . T h i s p r e d i c t s r e l a t i o n s h i p s among t h e 

c o u p l i n g s o f t h e l e a d i n g exchanges, p, p , A£, ^, f . The p a i r s f , to 

and A2, p are c o n s i d e r e d as a p p r o x i m a t e l y exchange d e g e n e r a t e (EXD). 

Exchange degeneracy r e q u i r e s t h a t t h e two exchanges, one o f each 

s i g n a t u r e , have t h e same c o u p l i n g s , r e s i d u e s and t r a j e c t o r i e s , so t h a t 

t h e i r sum c o n s t i t u t e s a p u r e l y r e a l a m p l i t u d e as r e q u i r e d by d u a l i t y i n 

p r o cesses where t h e s-channel quantum numbers are e x o t i c . The P and f 

c o u p l i n g s are r e l a t e d by t h e f-Dominated Pomeron h y p o t h e s i s , and t h e 

i s o s c a l a r t o i s o v e c t o r meson c o u p l i n g s by t h e V e c t o r Dominance h y p o t h e s i s . 

W i t h i n t h e R.P.C.A. model, t r a j e c t o r i e s a re assumed t o be 

s t r a i g h t l i n e s . The Pomeron t r a j e c t o r y i s d e t e r m i n e d t o be 

ap(t) = 1.067 + 0.1 t (1.5.2) 

by f i t t i n g t o d a / d t (pp—pp) a t v e r y h i g h e n e r g i e s . The meson t r a j e c t o r i e s 

are f i t t e d as 
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o ( t ) = 0.50 + t 

o J t ) = 0.40 + 0.96 t 

o p ( t ) = 0.51 + 0.85 t 

« ( t ) = 0.42 + 0.85 t A 2 

u s i n g d a t a f r o m a v a r i e t y o f proce s s e s . 

( 1 . 5 . 3 ) 

f o r m 

The c o n t r i b u t i o n o f a p o l e t r a j e c t o r y , cc i s w r i t t e n i n the 

A. (AB-CD; R) = 
V d 

2 / T t 
m, 

I V x c ! 2 4^t 
mT 

I V x d I 
> R ( t )WrU7 

ti 

3 V C (AC ; ^ ) . e x x (BD;R) • 1 

B D 
1 - 0.9 

— ( t ) i? ( t ) 
( 1 .5 .4 ) 

where t h e X's are the h e l i c i t i e s o f t h e i n i t i a l and f i n a l s t a t e h a d r o n s ; 

N i s t h e number o f BB R o r BB P v e r t i c e s t o a l l o w f o r t h e d i f f e r e n c e between 

b a r y o n and meson e l e c t r o m a g n e t i c f o r m f a c t o r s , N = 0 f o r n n — i t i t , N = 1 

f o r up—up, N = 2 f o r pp—pp; 

1 
R ( t ) = 

and 

2s in ( i ta ( t ) / 2 ) 

2cos (na( t ) / 2 ) 

f o r s i g n a t u r e +1 exchanges 

f o r s i g n a t u r e -1 exchanges 

(1 .5 .5 ) 

The &'s are r e a l and i n g e n e r a l are f u n c t i o n s o f t . 

A s m a l l EXD-breaking t e r m i s i n t r o d u c e d between the c o u p l i n g s o f 

the f and t o b a r y o n s , so t h a t 8 ( b a r y o n b a r y o n ; f;t= 0 ) = (1+0.14). 

B ( b a r y o n baryon;to;t= 0 ). The f o l l o w i n g changes are made t o a l l o w f o r 

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

c u t s : 
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i) A f a c t o r o f 0.435. 0.9 i s i n c l u d e d i n t h e r e a l and 

i m a g i n a r y p a r t s o f the p and a m p l i t u d e s , 

b) The f a c t o r o f a p ( t ) i n t h e i m a g i n a r y p a r t o f th e 

a m p l i t u d e becomes 

a (0) 
P 0.19J e X - 9 t I I t 

0.9 

c ) The f a c t o r o f ^ ( t ) i n t h e r e a l and i m a g i n a r y p a r t s o f 

the u) a m p l i t u d e becomes 

a (0) 
0) 0.19 

t 
0.9 

(1 .5 .6 ) 

T h i s model p r o v i d e s a good s i m u l t a n e o u s f i t t o many r e a c t i o n s f o r 
2 2 s > 10 (GeV/c) and | t | < 1 (GeV/c) as i l l u s t r a t e d by F i g s . ( 1 . 5 . 1 ) . 

F u r t h e r d e t a i l s r e l e v a n t t o p a r t i c u l a r p r o cesses w i l l be d e s c r i b e d 

where n e c e s s a r y . 

Models have now been e s t a b l i s h e d f o r b o t h l a r g e and s m a l l a n g l e 

s c a t t e r i n g . The pro b l e m o f i n t e g r a t i n g t h e s e i n t o a s i n g l e model 

c o v e r i n g a l l a n g l e s w i l l be d e a l t w i t h i n Chapter 2. 

1.6 Conelus i o n 

I n t h i s c h a p t e r , h a d r o n i c e l a s t i c s c a t t e r i n g has been examined 

f r o m two v i e w p o i n t s . I n th e Regge t h e o r y v i e w , s m a l l | t | s c a t t e r i n g 

a t h i g h energy i s s i m p l y d e s c r i b e d i n terms o f th e exchange o f a s m a l l 

number o f p o l e t r a j e c t o r i e s . A t l a r g e | t | , t h e p i c t u r e i s c o m p l i c a t e d 

by t h e presence o f m u l t i - p a r t i c l e - e x c h a n g e c u t s - more and more c u t s 

becoming i m p o r t a n t as t becomes more n e g a t i v e . C o n v e r s e l y , i f t h e 

i n t e r a c t i o n i s seen as th e exchange o f e l e m e n t a r y quarks and g l u o n s , 

i t i s the l a r g e - m o m e n t u m - t r a n s f e r r e g i o n , where the s t r o n g c o u p l i n g , 

ct^ i s s m a l l , t h a t p r e s e n t s t h e s i m p l e p i c t u r e . The s m a l l a n g l e r e g i m e , where 

a g i s l a r g e , i s c o m p l i c a t e d by th e i m p o r t a n c e o f diagrams i n v o l v i n g v e r y 

l a r g e numbers o f e l e m e n t a r y exchanges. 



- 1.26 -

The quark i n t e r c h a n g e mechanism has been s e l e c t e d as the most 

l i k e l y model f o r l a r g e a n g l e s c a t t e r i n g a f t e r c o m parison w i t h o t h e r 

e l e m e n t a r y exchange mechanisms. I n Chapter 2 q u a r k i n t e r c h a n g e and 

Regge models w i l l be examined more c l o s e l y w i t h p a r t i c u l a r r e f e r e n c e t o 

the no-man's-land o f i n t e r m e d i a t e a n g l e . A model w i l l t h e n be 

f o r m u l a t e d t o d e s c r i b e h a d r o n i c e l a s t i c s c a t t e r i n g a c r o s s t h e whole 

a n g u l a r r a n g e . T h i s model w i l l be r e f i n e d and a p p l i e d t o v a r i o u s 

p r o c e s s e s i n t h e e n s u i n g c h a p t e r s . 
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Table ( 1 . 3 . 1 ) 

R e a c t i o n D.C.R. v a l u e F i t t e d n Data range and r e f e r e n c e f o r f i t 

o f n 

np—np 10 10 .40 + 0 .34 1 10 < s < 22.4 ( G e V / c ) 2 

9 .81 + 0 .05 J (Stone e t a l ( 1 9 7 7 ) ) 

9 .7 + 0 .5 a l l pp d a t a f o r | t | , |u | 

pp-pp 10 

< 

> 2.3 ( G e V / c ) 2 

( L a n d s h o f f and P o l k i n g h o r n e 

1 9 7 3 ) ) 

9 .9 + 0 .3 a l l pp d a t a f | t | > 2.5, 

s < 50 ( G e V / c ) 2 

(Own r e s u l t ) 

It p-*Tt P 8 8 + 1 

+ + Jt p-TI p 8 7 + 1 

K +p-K +p 8 8 + 1 
> Brodsky e t a l ( 1 9 7 3 c ) ) 

K Lp-K gp 8 8 .5 + 1 .4 

K p - i t + A 
o 

8 7 .4 + 1 .4 

K p-n + Z o 8 8 .1 + 1 .4 
-

+ + 
it p^n p 8 8 .0 + 0 .5 (Own r e s u l t ; a n g u l a r f o r m t a k e n 

f r o m Brodsky e t a l ( 1 9 7 3 a ) f i t t e d 

f o r 19 < s < 60, l a r g e a n g l e ) 
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Table ( 1 . 4 . 1 ) 

C I M T r i p l e g l u o n S i n g l e g l u o n 

PP-PP 

• l Q,say L, say S, say 

•2 0 0 0 

9 3 Q/2 3L/8 i i S 28 b 

\ -Q/2 -3L/8 28 b 

0 0 0 

np-»np 

' l Q/2 L/2 S/2 

*2 
0 0 0 

49Q/62 3L/8 S 
28 b 

\ 16Q/62 0 0 

"5 0 0 0 



- 1.29 -

tu tO tfl CU 
tfl CU 

CU cfl 0) cn 00 
tu 01 vj3 tO tu 

tO (0 cu 4) cfl 01 0) CD tO T3 00 II CU CU 
(0 to to 

to to 0) u 4-1 tO 
to to 

oo tu tu tO 4-1 4-1 
00 tO co to T3 a) CO tO CD 

4-1 tu to to tu to o 00 tu 4 J tu tu to <u (0 c 4-1 cu tO oo CU 0) 
oo to tO tu CO (0 tO OS CU (I CU CU CU co CU 

tu to tO tO N CU CU CU to to tO oo to 
CO to CU 00 <U CO tfl tO CU tu tu to + to CU 4-1 tO CU <u CO CO CU to to tu tO CU tu CU oo CU co tO OJ CO CU co 

oo CO to to 00 CU CU tu to tO tO CU CU CU CU CO CO to to tO CU CU CU cn CU 
3 to CU oo CU co 4-1 

CU to CU CU tu en to to to to oo 
C 00 to OO 00 tu 

C tfl tfl 00 r - J 00 CU CU CU tO tO CO CO to 4-1 
tO tfl 4-1 CU 

to 4) CU CU tu 00 r H 21 tfl tfl to cfl 04 co tfl 1 tfl CU CO tfl 
CU tu 00 CU CU to tO 4) to oo tu CU "O CO CU CU 00 CU to 

CO tfl 
00 CO CU CO 

oo 
en tu 

oo 

CO 

CNJ 
OO CN en CNl cn CNI 
CU 

cn cn cn 
cn cn cn 

CJ 

CU 
CU to to 

CNJ to to to to CO 
tO 
04 

CU 
co 
CD 
CU to 

f 
a 



- 1.30 -

A 

P* 

PA-P 

P 

B 

F i g . ( 1 . 2 . 1 ) 

Quark-quark s c a t t e r i n g v i a a s i n g l e g l u o n exchange 
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3 n n 

C A 

B D 
@ 

3 3 n n 

F i g . ( 1 . 2 . 2 ) 

A t y p i c a l d i a g r a m c o n t r i b u t i n g i n l e a d i n g o r d e r t o N-N s c a t t e r i n g by 

a p r o c e s s o b e y i n g the D i m e n s i o n a l C o u n t i n g R u l e . The d o t s i n d i c a t e 

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

b e h a v i o u r i n ( 1 . 2 . 4 ) . 
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CHAPTER 2 

THEORETICAL DEVELOPMENT 

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

The purpose of t h i s chapter i s to form an i n t e g r a t e d p i c t u r e 

of hadronic e l a s t i c s c a t t e r i n g a t a l l angles. Section 2.2 looks a t 

f i t s to large angle data using p a r a m e t r i z a t i o n s based on the QI 

mechanism and examines the p o s s i b i l i t y t h a t simple a d d i t i v e 

combination of these w i t h small angle Regge f i t s can adequately account 

f o r the intermediate angle t r a n s i t i o n r e g i o n . Section 2.3 considers 

the p o s s i b i l i t y t h a t Regge and constituent-exchange views are not 

d i s t i n c t , but are each s i m p l i f i c a t i o n s of the complete p i c t u r e , v a l i d 

i n t h e i r own kinematic r e g i o n . P l a u s i b l e i d e n t i f i c a t i o n s are made 

between sums of c e r t a i n quark- and gluon-exchange diagrams and 

sums of Regge exchanges and an o u t l i n e f o r an a l l - a n g l e Regge model i s 

formulated. Section 2.4 then looks a t the p r o p e r t i e s r e q u i r e d of the 

Regge terms a t large angles. 

2.2 F i t to large and small angle data 

Before f o r m u l a t i n g a model to account f o r e l a s t i c s c a t t e r i n g 

at a l l angles, i t i s important to look more c l o s e l y a t the R.P.C.A. and 

quark interchange models, which so s u c c e s s f u l l y describe the small and 

large angle regimes r e s p e c t i v e l y . Valuable i n f o r m a t i o n may be gained 

from an examination of these models, of t h e i r strengths and weaknesses, 

of the extent of the regions of t h e i r appropriateness and f o r what reasons 

they f a i l o utside these regions. 

In Section 1.5 i t was shown t h a t R.P.C.A. accounts very w e l l f o r 

the d i f f e r e n t i a l cross sections of numerous processes f o r p^ ai-, - 10 GeV/c 

and above, and - t < l (GeV/c)^ (see Figs. (1.5.1)). A d d i t i o n a l l y , ^ (pp-pp) 

f o r P^ak > 100 GeV/c i s w e l l f i t t e d out to very large - t by the i n c l u s i o n 

of a Pomeron & Pomeron c u t . When these Regge f i t s , e x t r a p o l a t e d to large 
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angles, are compared w i t h pp and up e l a s t i c d i f f e r e n t i a l cross s e c t i o n data, 
2 

i n each case the f i t below p, , - 50 GeV/c breaks down f o r - t i l (GeV/c) . 
lab 

This i s p a r t i c u l a r l y apparent f o r do/dt (pp—pp) (see F i g . ( 2 . 2 . 1 ) ) . 

At high energy ( p ^ a ^ >100 GeV/c), t h i s large | t | r e gion of 

do/dt (pp—pp) i s dominated by the P&P c u t . This c o n t r i b u t i o n , however, 

i s much too small to account f o r the lower energy data. Moreover, the 

e f f e c t i v e t r a j e c t o r y f o r 10 < P^a^ < 50 GeV/c,-t>l (as witnessed by 

Fi g . (1.4.4) l i e s w e l l below t h a t expected f o r P® P which (having an 

i n t e r c e p t -+1 and a very small slope) should be close to +1 out to 

r e l a t i v e l y large | t | . Further t r a j e c t o r i e s , more cuts or g r o s s l y 

f l a t t e n e d Reggeon pole t r a j e c t o r i e s , must be introduced to f i t the data 

s u c c e s s f u l l y (see C o l l i n s and Gault (1976a)). Furthermore, i n order to 

o b t a i n the power law behaviour of the Dimensional Counting Rule r e s u l t s , 

and hence describe w e l l large angle s c a t t e r i n g ( i . e . close to 90°cm), a 

conventional Regge model i n v o l v i n g s t r a i g h t l i n e t r a j e c t o r i e s would need 

to embody f i x e d poles a t negative i n t e g e r s f o r which there i s no other 

evidence. Such an explanation would lose the elegance and s i m p l i c i t y of 

the c o n s t i t u e n t view of large angle s c a t t e r i n g and gain l i t t l e i n r e t u r n . 

F i g . (2.2.2) presents a f i t to (pp-*pp) f o r t > 2.5 (GeV/c)^ 

5 < Px a5 ^ ^ GeV/c using a power law s c a l i n g p a r a m e t r i z a t i o n s i m i l a r 

to t h a t suggested i n Brodsky e t a l (1973a): 

£2. (pp^pp) = A L _ _ 1 (2.2.1) a t , .n , L Z.m (s+s^) ( z ^ -z ) 

where z E cos 9 = 1 + ^ cm . 2 s-4m P 

z i • 1 * — i 
s -4m 

P 
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A, n, m, s, t , are f r e e parameters of the f i t whose values are 

given i n Table (2.2.1). t-^ and s-̂  a l l o w f o r c o r r e c t i o n s to power law 

s c a l i n g at other than higher energies and large angles. The account of 

the data i s a good one, e s p e c i a l l y considering the wide angular range 

covered. S i m i l a r f i t s to n +p and rt p are shown i n F i g . (2.2.3) using 

the p a r a m e t r i z a t i o n 

do , + + , A 1 + z , Q , , s-2 ..,2 — U p-n p) = — r ( 8 ( l + z ) + 1) d t r n n ,4 s (1-z) 
(2.2.2) 

da , - - . A 1 + z ,. ,, ,-2 „,2 — (n p-n p) = — -r ( 4 ( l + z ) + 2) d t r n M .4 s (1-z) 

The angular dependence i s taken from Brodsky e t a l (1973a) and i s 

p r e d i c t e d by CIM. The f i t t e d values of the magnitude and the energy 

dependence are shown i n Table (2.2.2). 

The large angle regime i s w e l l described i n terms of forms 

suggested by quark interchange models and the D.C.R. But i t i s not 

cle a r how to extend the p r e d i c t i v e power of c o n s t i t u e n t models away 

from large | t | and s. Purely r e a l terms, such as (2.2.1) and (2.2.2) 

cannot by themselves account f o r i n t e r f e r e n c e phenomena such as are 

observed at 1 < - t < 2 (GeV/c) 2 i n ̂  (pp) and at t - -3 (GeV/c) 2 i n 

( i t p ) . Such power law s c a l i n g p r e d i c t i o n s are, of course, completely 

at odds w i t h the Regge behaviour observed a t small angles. 

Having two models, each successful i n i t s own r e g i o n of v a l i d i t y , 

but w i t h grave shortcomings away from i t , the next step must be to t r y 

to combine them i n order to o b t a i n a good account of the data at a l l angles. 

The most obvious way i n which to t r y and do t h i s i s simply to add together 

the amplitudes i . e . 

A . = A^ + A (2.2.3) t o t a l Regge QI 
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At f i r s t glance, t h i s approach seems promising. For example i n ̂  (pp-*pp) 

f o r 10<pn <25 GeV/c, the RPCA model i s good f o r j t | ̂  l(GeV/c) and lab 
2 

the QI form (2.2.1) works w e l l f o r | t | ̂ 2.5 (GeV/c) , while both models 
are small ( r e l a t i v e l y ) away from t h e i r regions of v a l i d i t y . I n t e r f e r e n c e 

2 

between the two would only be expected between | t | of 1 and 2 (GeV/c) , 

which i s j u s t where i t i s observed. U n f o r t u n a t e l y , the energy dependence 

of t h i s i n t e r f e r e n c e does not match what i s seen i n nature as w i l l now 

be shown. 

The experimental ^ has a sharp d i p at t - -1.4 (GeV/c)^ at 

energies ^ p, , of 200 GeV/c. This r e g i o n i s w e l l accounted f o r by the iab 
sum of the Pomeron and a Pomeron$ Pomeron cut each w i t h very f l a t 

t r a j e c t o r i e s near a = 1 and hence the amplitude i s v i r t u a l l y e n t i r e l y 

imaginary, while at lower energies conventional Reggeons add an important 

r e a l p a r t . Between 10 x p < 25 GeV/c the dip i s replaced by a 
lab 

shoulder and by p, , - 5 GeV/c there i s a smooth t r a n s i t i o n between small Lab 
and large angles. Thus the i n t e r f e r e n c e i s g r e a t e s t at high energy and 

s t e a d i l y decreases (or i s masked) w i t h decreasing energy. Now the Q.I. 

term i s pu r e l y r e a l , and to reproduce the shoulder shape at intermediate 

energies i t must have the opposite sign to the r e a l p a r t of the Regge 

term. At lower energy Re(AT, ) grows compared to InKA,, ) and hence 
Tlegge ° r Ttegge 

the i n t e r f e r e n c e between A_ and A„ T becomes more severe; the 
Regge QI 

opposite behaviour to t h a t seen e x p e r i m e n t a l l y . 

I t i s not s u r p r i s i n g t h a t such a s i m p l i s t i c attempt as (2.2.3) 

has f a i l e d . The Regge and c o n s t i t u e n t models are p i c t u r e s of hadronic 

e l a s t i c s c a t t e r i n g from d i f f e r e n t view p o i n t s . But there i s no reason 

to suppose t h a t they are p i c t u r e s of e n t i r e l y d i f f e r e n t mechanisms, and 

there may w e l l be a large degree of overlap between A„ and A„ T. I f so, 
Regge QI 

simple a d d i t i o n of the two terms involves double counting. The f o l l o w i n g 

s e c t i o n w i l l develop a p i c t u r e i n which the c o n s t i t u e n t view melds smoothly 

and n a t u r a l l y i n t o the Regge one, r a t h e r than adding to i t . 
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2.3 The l i n k between small and large angle s c a t t e r i n g 

Regge models describe the small angle s c a t t e r i n g of hadrons i n 

terms of the exchange of p a r t i c l e s , which, though once thought to be 

elementary, are now known to be bound states composed of quarks, antiquarks 

and gluons. Large angle s c a t t e r i n g , on the other hand, i s best seen as 

the exchange of these "more elementary" c o n s t i t u e n t s . Could i t be, then, 

t h a t the Regge and c o n s t i t u e n t models are the same mechanism seen i n 

d i f f e r e n t k i n e m a t i c a l regions? The two interchanged quarks of a QI 

diagram such as F i g . (2.3.1) could be i d e n t i f i e d w i t h the valence quark 

and a n t i q u a r k of a meson-Reggeon, the d i f f e r e n c e between the two 

s i t u a t i o n s being the s t r e n g t h of the quark-gluon coupling and hence the 

amount of b i n d i n g or "dressing" of the valence p a i r . 

Consider, f o r example, a lowest order QI diagram f o r baryon-baryon 

s c a t t e r i n g ( F i g . (2.3.1)). For large momentum t r a n s f e r , where the strong 

c o u p l i n g , a g, i s s m a l l , such diagrams are a v a l i d approximation to the 

complete amplitude, but they form only the f i r s t term i n a p e r t u r b a t i v e 

expansion ( F i g . (2.3.2)). becomes stronger f o r smaller momentum 

t r a n s f e r , and diagrams i n v o l v i n g more and more gluon exchanges become 

important. At small t , a i s l a r g e , and the most important diagrams 
s 

are those w i t h many gluons coupling to the exchanged quarks, binding and 

dressing them. The p e r t u r b a t i v e view i s then no longer v a l i d and a l l the 

diagrams must be summed. Such sums of diagrams have been shown to l i e 

on Regge t r a j e c t o r i e s i n c e r t a i n f i e l d t h e o r i e s (see e.g. C o l l i n s (1977) 

pp 94-99). 

In the above reference a Born amplitude 

A ~ -^j- as s — 0 0 ; I i s an integer (2.3.1) 
S t f i x e d 

3 i s i t e r a t e d to form a series of ladder diagrams see F i g . (2.3.3). In 0 

f i e l d theory an n-rung ladder i s found to behave as 
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A ~ T — L - ( K ( t ) l n s ) n " 1 \ (2.3.2) n ( n - D ! g l 

where K ( t ) - 0 as t - - c o 

Summing the ladders gives 
00 

A = I A ~ \ exp ( K ( t ) l n s ) (2.3.3) t o t n ri „I n=l S 

i . e . the t o t a l amplitude behaves l i k e a Regge pole w i t h t r a j e c t o r y 

a ( t ) = - I + K ( t ) (2.3.4) 

Since K ( t ) - 0 as t " -» 

the energy dependence of A at large - t w i l l be the same as t h a t of 

the Born amplitude A . I n Brodsky et a l (1973b) an i t e r a t i v e s eries 
D 

generated by applying the Bethe-Salpeter equation to a quark interchange 

k e r n e l i s summed w i t h r e s u l t s again of the form (2.3.4). I t w i l l be 

necessary to understand the confinement problem p r o p e r l y before series 

such as F i g . (2.3.2) can be summed e x a c t l y , but i t i s reasonable to hope 

t h a t the t o t a l amplitude w i l l be a sum of Regge pole and cut terms w i t h 

t r a j e c t o r i e s behaving as (2.3.4). 

Assuming t h i s to be so, the sum of a l l diagrams i n F i g . (2.3.2) 

i n which one valence quark from each hadron ends up i n the other hadron, can 

be i d e n t i f i e d as the sum of a l l meson pole t r a j e c t o r i e s c o n t r i b u t i n g to 

the process i n question. Note t h a t t h i s sum contains the Q.I. kern e l 

diagram, F i g . (2.3.1), so t h a t i t i s the large momentum t r a n s f e r l i m i t 

of meson-type Reggeon (R) exchange which r e s u l t s i n the observed 

behaviour of the e l a s t i c d i f f e r e n t i a l cross sections at large angle. 

Those diagrams which c o n t a i n two or three p a i r s of valence quarks 

being exchanged between the hadrons sum to produce R R and RQRQR cuts 

r e s p e c t i v e l y . I t may be seen t h a t i f each exchange of a valence quark 

p a i r i s replaced by a s i n g l e meson l i n e coupling to a quark i n each hadron, 

the r e s u l t i s non-planar - the hallmark of a Regge c u t . 
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A l l the exchanges in Fig. (2.3.2) involve at le a s t one pair of 

valence quarks being interchanged. Baryon-baryon scattering diagrams 

in which gluons transfer the momentum (and hence no flavour i s exchanged) 

are i l l u s t r a t e d in Fig. (2.3.4). The sum of diagrams in which a l l the 

inter-baryon momentum transfer i s between one quark from each baryon may 

plausibly be i d e n t i f i e d with the flavourless Pomeron (P) exchange (see 

e.g. Nussinov (1976a)). Diagrams involving two or three such exchanges 

between d i f f e r e n t pairs of valence quarks sum to P 9 P and P ® P Q P cuts 

respectively. 

Additionally, diagrams such as those shown in Fig. (2.3.5) w i l l 

contribute to the tot a l scattering amplitude. Fig. (2.3.5)a) i s part 

of a P S> R cut, Fig. (2.3.5)b) of a P ® P 0 R cut and Fig. (2.3.5)c) of 

a P 8 R &> R cut. There are other diagrams which are more d i f f i c u l t to 

interpret in terms of conventional Regge amplitudes such as F i g . (2.3.6). 

Although only baryon-baryon scattering has been discussed above, 

the same principles of interpretation may be applied to meson-baryon and 

meson-meson scattering. There would, in general, be two quark interchange 

topologies involved rather than the one in the baryon-baryon case (see 

Fig. (2.3.7)). 

Now that these i d e n t i f i c a t i o n s have been made, cer t a i n properties 

of the Regge amplitudes at intermediate and large angles can be deduced. 

At small | t | the conventional view of scattering v i a Regge pole exchange 

i s v a l i d . The t r a j e c t o r i e s of these poles are found to be approximately 

r e c t i l i n e a r in thisregion. At large | t | but with s»|t|, cuts may become 

important because their t r a j e c t o r i e s are f l a t t e r and so w i l l be higher 

than those of their component poles (see equation (3.3.1)). The 

residues of these cuts, however, should rapidly decrease as | t | increases, 

since at large angles ( i . e . | t | of the order of s) i t i s the meson-type 

poles which should dominate, summing as they do to the Q.I. kernel. 
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Assuming the Reggeon t r a j e c t o r i e s behave as (2.3.4), at large 

- t they must tend to the i n t e g e r corresponding to the energy dependence 

of the a p p r o p r i a t e kernel diagram. Some evidence t h a t Reggeon 

t r a j e c t o r i e s do indeed bend at large - t from the r e c t i l i n e a r shape seen 
2 

f o r t > 1 (GeV/c) may be found i n Barnes e t a l (1978). I f a t r a j e c t o r y 

takes an i n t e g e r value the Regge pole amplitude i s e i t h e r p u r e l y r e a l or 

purely imaginary. Since the Q.I. k e r n e l amplitude w i t h vector gluon 

exchange i s r e a l , the residues of those meson-Reggeon poles which become 

imaginary as t — -a>, must vanish at large - t . The residues of the remaining 

poles must be such as to give the DCR-predicted power law energy dependence 

at f i x e d angle. B u i l d i n g the amplitude from Regge c o n t r i b u t i o n s does not 

r e s t r i c t the angular dependence i n t h i s power law s c a l i n g region since 

many daughter t r a j e c t o r i e s ( d i splaced by negative i n t e g e r s from the 

parent t r a j e c t o r i e s ) may c o n t r i b u t e to the leading f i x e d angle term ( i . e . 

the term corresponding to the Q.I. k e r n e l ) . The residue of such a 

daughter w i t h t r a j e c t o r y , say Q t p a r e n t - M (M = 1,2...°°) would have to 
M 

d i f f e r from t h a t of i t s parent by t to preserve the DCR behaviour. 

At large angles the amplitude w i l l then take the form 
A ~ 8 ° W e n t , t c t 2 

a + b — + —w— +• 
s s 2 

( - t ) L (2.3.5) 

parent k — =^ r ... J daughters 

where L i s an i n t e g e r and a,b,c are r e a l constants, 

Rewriting t h i s gives 

A ~ s
a P a r e n t + L

 F (2.3.6) 

where F i s a scale-independent f u n c t i o n g i v i n g the angular dependence 

of the amplitude. Comparing (2.3.6) w i t h (1.2.7) y i e l d s t h a t 

a + L = - (N-2)/2 (2.3.7) parent 

w i t h N defined by (1.2.2). Note t h a t f o r s»|t| only the parent term 

( w i t h c o e f f i c i e n t a) i n (2.3.5) i s s i g n i f i c a n t . 
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A Regge model based on the R.P.C.A, i n c l u d i n g 

1) a Pomeron, important at small | t | 

2) various c u t s , p o s s i b l y important f o r t > l ( p e V / ^ , but ̂- « 1 

3) meson-Reggeons i n c l u d i n g daughters w i t h t r a j e c t o r i e s tending to 

inte g e r s as t -• -°>, and residues chosen so as to give DCR-power 

law s c a l i n g a t large angles 

should be able to give a good account of hadronic e l a s t i c s c a t t e r i n g 

processes throughout the angular range from 0° - 90° . Further large 
cm cm 

angle p r o p e r t i e s of such a model are i n v e s t i g a t e d i n the f o l l o w i n g 

s e c t i o n . 

2.4 The St r u c t u r e of the Regge Amplitudes at Large Angles 

In order to e s t a b l i s h the behaviour of the meson-Reggeon terms 

at l a r g e - t i t i s necessary t o take a clos e r look a t the angular 

dependence of the QI amplitude. I n p a r t i c u l a r i t i s v i t a l to determine 

i t s e f f e c t i v e Regge t r a j e c t o r y , <*QJ> since i t i s to t h i s value t h a t the 

leading meson t r a j e c t o r i e s w i l l tend as - t becomes l a r g e . Now, an 

amplitude which obeys the D.C.R. i s constructed of terms of the form 

A D C R « s a u b t C (2.4.1) 

where a+b+c = - ^ ^^ w i t h N defined by (1.2.2). 

In the Regge l i m i t (s - <=, t f i x e d ) t h i s becomes 

A D C R - s a + b t C (2.4.2) 

and hence 

R L (N-2) 
aDCR = a + b = " —T- (2'4-3) 
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I t was shown p r e v i o u s l y t h a t the c o n t r i b u t i o n to the hadron-hadron 

s c a t t e r i n g amplitude of a QI diagram can be r e w r i t t e n as the product of 

a quark-hadron amplitude and a hadron e l e c t r o m a g n e t i c form f a c t o r (see 

( 1 . 4 . 1 2 ) ) . The form f a c t o r depends only on t and a t l a r g e | t | v a r i e s 

as an i n v e r s e power (see 1.4.13). The s i m p l e s t assumption i s t h a t no 

f u r t h e r t dependence i s introduced by the quark-hadron amplitude i n which 

case the power c i s determined e n t i r e l y by the form f a c t o r . So, from 

(1.4.13) 

C = -1 f o r a meson v e r t e x 

C = -2 f o r a baryon v e r t e x 

c t ^ can then be obtained from ( 2 . 4 . 3 ) : 

04QJ. = -1 f o r meson-meson s c a t t e r i n g 

CIQJ. = -2 f o r baryon-baryon s c a t t e r i n g 
(2.4.4a) 

Meson-baryon s c a t t e r i n g r e c e i v e s c o n t r i b u t i o n s with a = -1 and -2, 

however the term with the higher l y i n g t r a j e c t o r y w i l l dominate f o r 

l a r g e s, hence 

otp-j. = -1 f o r meson-baryon s c a t t e r i n g . (2.4.4b) 

These v a l u e s agree with the r e s u l t (1.4.18) which was obtained w i t h i n 

CIM u s i n g a s i m i l a r l i n e of r e a s o n i n g to t h a t given above (see e.g. 

Brodsky e t a l ( 1 9 7 3 c ) ) . 

As noted i n S e c t i o n 1 . 4 ( 2 ) , however, p r e d i c t i o n s f o r angular 

behaviour i n CIM depend s t r o n g l y on assumptions made during the 

c a l c u l a t i o n s . R e s u l t s quoted from Brodsky e t a l (1977) and Coon e t a l 

(1978) i n equations (1.4.19-21) and (1.4.22) r e s p e c t i v e l y were obtained 

using quark-hadron amplidues dependent on t . Each of these v e r s i o n s 

p r e d i c t s 
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R R R a„-rW (meson-meson) = a„TW(meson-baryon) = a O T..(baryon-baryon) = -1 CIM CIM CIM 
(2.4.5) 

There are good reasons (expounded below) f o r supposing a to 

be the same i n a l l three cases and hence f o r p r e f e r r i n g models y i e l d i n g 

r e s u l t s such as (2.4.5) to those g i v i n g (2.4.4). 

a) The close connection between the electromagnetic form f a c t o r 

and one of the v e r t i c e s of a QI diagram has already been noted: the lower 

v e r t i c e s of the two diagrams i n F i g . (2.4.1), f o r instance behave as do 

the meson and baryon form f a c t o r s r e s p e c t i v e l y . Now the upper v e r t i c e s 

i n F i g . (2.4.1) d i f f e r from each other i n the same way as do the lower 

v e r t i c e s . I t i s reasonable, t h e r e f o r e , to suppose t h a t the r a t i o of 

the upper v e r t i c e s i s simply the r a t i o of the form f a c t o r s , at l e a s t to 

leading order i n Hence, using (1.4.13) 

A(BB-BB) ~ - A(MB—MB) ~ A(MM-MM) (2.4.6) 
t t 

and so 

(BB) = ctj^ (MB) = (MM) (2.4.7) 

b) At small | t | the most important meson-Reggeon c o n t r i b u t i o n s 

to da/dt (up) and do/dt (pp) are made by the same group of t r a j e c t o r i e s , 

the leading n a t u r a l p a r i t y t r a j e c t o r i e s , f , OD, p, A2. ( A l l f o u r are 

exchanged i n pp s c a t t e r i n g , but ID and are forbidden i n it p s c a t t e r i n g 

by G p a r i t y conservation) . I t i s reasonable also to suppose th a t i f a 

set of t r a j e c t o r i e s i s important at large | t | i n pp s c a t t e r i n g , then i t 

w i l l also be important at large | t | f o r up. Then, since i t i s argued 

t h a t the QI k e r n e l diagrams correspond to the large | t | l i m i t of sums of 

meson-Reggeon exchange diagrams, the e f f e c t i v e t r a j e c t o r y should be 

the same f o r pp as f o r up. This argument can be extended to reach once 

again the conclusion (2.4.7). 
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c) There i s a f a m i l y of lowest order Q.I. diagrams f o r which 

the value of CHQJ. may be r e a d i l y determined. This i s the f a m i l y i n which 

momentum i s t r a n s f e r r e d between the interchanged quarks. A t y p i c a l 

baryon-baryon diagram of t h i s type i s shown i n F i g . (2.4.1). In such 

cases the quark-hadron amplitude can be expressed as the product of the 

quark-quark amplitude and the electromagnetic form f a c t o r of the hadron 

(1.4.12) then becomes 

A(AB-<:D) = A(qq-qq) . F ^ ( t ) F^^( t ) 

~ - F ( t ) F ( t ) as s - », t f i x e d (2.4.8) 
S AO DlJ 

CXQJ. i s then -1 regardless of the nature of hadrons A, B, C, D. 

The l i n k between the QI mechanism and meson-Reggeon exchange i s 

p a r t i c u l a r l y w e l l i l l u s t r a t e d using t h i s type of diagram. I t e r a t i o n of 

the gluon exchange between the interchanged quarks of Fig . (2.4.1) 

produces a set of ladder diagrams which sum to give a Regge-behaved 

amplitude (see F i g . (2.4.2)). 

J A.(AB-^D) = A** (AB-CD) - J ( t ) ( ° (2.4.9) . S l t o t B D i = l s -* <= 
t f i x e d 

Each of the terms i n the sum can be f a c t o r i s e d , i n the same way as the 

kernel term, i n t o hadron form f a c t o r s and a quark-quark s c a t t e r i n g 

amplitude, and hence so can the sum (see F i g . (2.4.3)). 

I A.(AB-CD) = F ( t ) F B D ( t ) I A . ( q q ^ q ) - F A C ( t ) F ^ t ) ^ s ^ 
i = l i 

(2.4.10) 

C l e a r l y , then, the e f f e c t i v e Regge t r a j e c t o r y of the sum i s independent 

of the nature of A,B,C,D. By the arguments of Section 2.3 ot ( t ) w i l l 

tend to -1 (the value obtained f o r the kern e l alone) as - t becomes large 
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I t should be noted that Brodsky e t a l s p e c i f i c a l l y exclude 

diagrams such as (2.4.1) from CIM c a l c u l a t i o n s . They argue t h a t the 

couplings of the gluons exchanged between quarks of the same hadron are 

a m p l i f i e d by the hadron wave f u n c t i o n , whereas those of the gluon 

exchanged between the interchanged quarks are not. Thus F i g . (2.3.1) 

(which i s i n c l u d e d i n CIM) i s claimed to make a l a r g e r c o n t r i b u t i o n to 

the s c a t t e r i n g amplitude a t l a r g e angles than does F i g . ( 2 . 4 . 1 ) . Since 

both diagrams obey the DCR, i f t h i s i s true at one energy and s c a t t e r i n g 

angle i t i s true a t a l l e n e r g i e s f o r t h i s same angle. 

Conversely, however, i t i s argued i n Shijong Ryang (1978) t h a t 

CIM diagrams i n v o l v e a g r e a t e r number of large momentum t r a n s f e r gluon 

exchanges than do diagrams such as F i g . ( 2 . 4 . 1 ) . Since the strong 

i n t e r a c t i o n (running) coupling d e c r e a s e s w i t h i n c r e a s i n g momentum 

t r a n s f e r t h i s means t h a t CIM diagrams would be expected to c o n t r i b u t e 

l e s s to the t o t a l s c a t t e r i n g amplitude a t large a n g l e s . 

I t i s , f o r the purposes of determining c t ^ i m m a t e r i a l which, i f 

e i t h e r , of the above l i n e s of reasoning i s c o r r e c t . Diagrams of the type 

i l l u s t r a t e d by F i g . (2.4.1) must c o n t r i b u t e to hadronic e l a s t i c 

s c a t t e r i n g and, as shown above, behave l i k e — as s — 0 0 w i t h t f i x e d . 
s 

The t o t a l QI c o n t r i b u t i o n to MM, MB or BB s c a t t e r i n g cannot t h e r e f o r e 

have an e f f e c t i v e t r a j e c t o r y lower than -1. 

The consensus of the above arguments i s t h a t 

0 1 ^ (MM) = (MB) = (BB) = -1 

and hence from now on i t w i l l be accepted that the l e a d i n g meson-Reggeon 

t r a j e c t o r y tends to t h i s value as - t becomes l a r g e . T h i s i s not to say 

t h a t lower l y i n g t r a j e c t o r i e s are not important a t l a r g e a n g l e s . Any number 

of daughter poles can c o n t r i b u t e to the same order i n — a t f i x e d — as 
s s 

shown i n ( 2 . 3 . 5 ) . I t i s to be hoped, however, t h a t an adequate account of 

the data can be obtained u s i n g a r e l a t i v e l y s m a l l number of Regge pole terms. 
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In F i g . (2.4.4) 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 corresponding 

to s e v e r a l amplitudes of the form (2.4.1) are compared with the pp 

e l a s t i c s c a t t e r i n g data a t p, , = 19.3 GeV/c. The e x p r e s s i o n s f o r the 
Lab 

t h e o r e t i c a l curves are symmetrical about 90° as r e q u i r e d by the i d e n t i t y 

i f the s c a t t e r e d p a r t i c l e s , and are a l l normalized to agree with the 

data a t 90° . None of the curves g i v e a good account of the d a t a over cm o o 

a l a r g e range of t . The curves w i t h ct = a + b = -1 and hence c = -3 

(usi n g the n o t a t i o n of ( 2 . 4 . 1 ) ) tend to f a r e b e t t e r a t s m a l l e r a n g l e s , 

w h i l e those w i t h ct = -2 (c = -2) seem more app r o p r i a t e a t l a r g e angles, 

although these trends a l s o depend on the value of b. Thi s i n d i c a t e s that 

1 s t daughter Reggeons may w e l l make important c o n t r i b u t i o n s to da/dt 

as the s c a t t e r i n g angle becomes l a r g e . 

The r e q u i r e d p r o p e r t i e s of a meson-Reggeon term are then, as 

f o l l o w s : 

2 

a) For t > -1 (GeV/c) the term must behave approximately l i k e 

the corresponding term i n the RPCA model. The t r a j e c t o r y must be almost 

a s t r a i g h t l i n e , a t y p i c a l e x p r e s s i o n f o r which would be 
a = 0.5 + 0.9 t 

i n the case of a leading n a t u r a l p a r i t y t r a j e c t o r y . 

b) At l a r g e - t the t r a j e c t o r y must approach a co n s t a n t value 

(-1 i n the case of a leading order t r a j e c t o r y ) . The r e s i d u e must, i n 

t h i s r e g i o n , behave approximately l i k e 

8 ( - t l a r g e ) = t C (2.4.11) 

i ( r , (N-2) where c = -ct(t = - 0 0 ) - — ^ 

with N defi n e d as i n ( 1 . 2 . 2 ) . 
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2.5 C o n c l u s i o n 

A b a s i s has been proposed f o r the i n t e r p r e t a t i o n of e l a s t i c 

hadronic s c a t t e r i n g amplitudes at a l l a n g l e s , i n terms of a Regge model. 
2 

For t > -1 (GeV/c) such a model must approximate to the t r a d i t i o n a l 

Regge p i c t u r e - s t r a i g h t l i n e t r a j e c t o r i e s , Pomeron dominant but w i t h 

meson-Reggeons important a t lower e n e r g i e s , e t c . As | t | becomes l a r g e r , 

but s t i l l w i t h |t|«s, cu t s may become important (e.g. the P ® P cut i s 

e v i d e n t i n pp s c a t t e r i n g a t ISR e n e r g i e s ) . At l a r g e a n g l e s , however, 

the p r i n c i p a l c o n t r i b u t i o n to 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 comes from the 

meson-Reggeons. The meson t r a j e c t o r i e s approach i n t e g e r v a l u e s a t l a r g e 

- t , the l e a d i n g ones tending to -1. T h e i r r e s i d u e s are such t h a t 

do/dt approximately obeys the DCR a t l a r g e angle. 

In the f o l l o w i n g c h a p t e r s experimental data f o r N-N and up 

s c a t t e r i n g p r o c e s s e s are examined u s i n g t h i s model. Chapter 3 d e a l s 

with do/dt (NN), Chapter 4 with NN s p i n asymmetries and Chapter 5 with 

do/dt (H - p ) . 
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Table (2.2.1) 

A = 4.56 x 10 f 

n = 10.02 

m = 7.52 

t x = 0.20 ( G e V / c ) 2 

S l = -0.56 ( G e V / c ) 2 

Table (2.2.2) 

A = 448.0 

n = 7.97 
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F i g . (2.3.1) 

A lowest order baryon-baryon quark interchange diagram 
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The p e r t u r b a t i v e s e r i e s of baryon-baryon quark interchange diagrams 
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3 
Sum of ladder diagrams i n 0 f i e l d theory 
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The p e r t u r b a t i v e s e r i e s of baryon-baryon gluon exchange diagrams 
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Diagrams c o n t r i b u t i n g to a) an R&P cut, b) an R&P& P cut, 

c ) an RgR$P c u t 
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F i g . (2.3.6) 

A c o n t r i b u t i o n to a P0B c u t w i t h i n t e r l i n k e d components 
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The two QI topologies involved i n meson-meson s c a t t e r i n g 
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X 
F i g . (2.4.1) 

Lowest order baryon-baryon and meson-meson QI diagrams i n which 

momentum i s t r a n s f e r r e d between the interchanged quarks. The dots 

i n d i c a t e o f f mass s h e l l fermion propagators. 
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I t e r a t i o n of gluon exchange between interchanged quarks i n F i g . 

(2.4.1) g i v i n g Regge behaviour 
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I t e r a t i o n of gluon exchange between interchanged quarks i n f a c t o r i s i n ; 

k ernel diagram g i v i n g f a c t o r i s i n g Regge behaviour 
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^ (pp) data a t p l a f e = 19 GeV/c 
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CHAPTER 3 

NUCLEON-NUCLEON ELASTIC DIFFERENTIAL CROSS-SECTIONS 

3.1 Introduc t i o n 

The ground has now been prepared and the t o o l s assembled f o r an 

attempt a t c o n s t r u c t i n g s c a t t e r i n g amplitudes which reproduce the measured 

values of the p h y s i c a l observables i n e l a s t i c hadronic s c a t t e r i n g processes 

across the complete angular range. A model has been proposed, which 

combines t r a d i t i o n a l small angle Regge theory w i t h , at large angles, the 

Quark Interchange mechanism. This present chapter i s concerned w i t h 

applying t h i s model to the d i f f e r e n t i a l cross-sections of N-N s c a t t e r i n g 

processes. 

By f a r the l a r g e s t amount of e l a s t i c s c a t t e r i n g data, spanning 

the g r e a t e s t range of s and t , i s a v a i l a b l e f o r the pp—pp process. 

(PP"*PP) has been measured out to 90° at energies up to s - 40 a t cm 
2 

(GeV/c) . Large - t (but not large 9 ) data i s a v a i l a b l e from the Cern ISR 
cm 

2 
up t o s = 4000 (GeV/c) . I n c o n t r a s t to t h i s abundance, the only other 

2 _ 
NN—NN measurements performed f o r t < -1 (GeV/c) are f o r pp-pp and 
pn—pn. The highest energy large | t | pn data i s at 

2 2 s =; 25 (GeV/c) , wh i l e pp data i s now a v a i l a b l e a t s = if00 (GeV/c) 

although the l a t t e r does not extend to large angles. 

Both Regge theory and the QI approach are v a l i d a s y m p t o t i c a l l y 

as s — 0 0, so t h a t the proposed combined model should be tested using the 

highest energy a l l - a n g l e data a v a i l a b l e . Data f o r a range of energies 

must be used to determine the energy dependence of the s c a t t e r i n g 

amplitudes and to study the e v o l u t i o n of s t r u c t u r e s i 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 . I f t h i s range extends to too low an energy, however, 

the r i s k i s run of lea v i n g the region of v a l i d i t y of the theory. Data 
2 do of s = 10 (GeV/c) and above w i l l be f i t t e d here, which allows — f o r 
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pp, pp and pn to be compared over an s range of about 15 (GeV/c) , 

while h o p e f u l l y remaining i n the regions where low energy e f f e c t s 

are not too prominent. Due to the greater abundence and wider range 

of pp data, i t w i l l be t h i s process which w i l l determine the energy 

dependence of the main asymptotic f e a t u r e s , pp and pn w i l l play a 

large r o l e i n examining the i s o s p i n and charge conjugation p r o p e r t i e s 

of the c o n t r i b u t i o n s to the s c a t t e r i n g amplitudes. 

The signs of the i s o s p i n and charge c o n j u g a t i o n eigenstate 

amplitudes r e f e r r e d to i n t h i s and l a t e r chapters are defined according 

to phase conventions such t h a t 

A(pp^pp) = ( 1 = 0 , C=+) + ( 1 = 0 , C=-) + ( 1 = 1 , C=+) + ( 1 = 1 , C=-) 

A(pn-pn) = ( 1 = 0 , C=+) + ( 1 = 0 , C=-) - ( 1 = 1 , C=+) - ( 1 = 1 , C=-) ( (3.1.1) 

A(pp-^p) = ( 1 = 0 , C=+) - ( 1 = 0 , C=-) + ( 1 = 1 , C=+) - ( 1 = 1 , C=-) 

where (I,C) represents the sum of the c o n t r i b u t i o n s w i t h i s o s p i n I 

and charge conjugation C. 

The R.P.C.A. model of C o l l i n s e t a l (see Section 1.5) w i l l 

form the basis of the f i t a t small angles. This r e g i o n i s examined 

i n Section 3.2. Section 3.3 looks at the intermediate angle region 
2 2 ( t < -1 (GeV/c) , -t«s up to s = 50 (GeV/c) paying p a r t i c u l a r 

a t t e n t i o n to the r o l e of c u t s . The large angle r e g i o n i s considered 

i n Section 3.4. Here the behaviour of the model i s determined by the 

p r e d i c t i o n s of the QI mechanism. In Section 3.5, the f i n a l f i t s 

w i l l be presented, covering the whole range of angles and energies 

and i n c o r p o r a t i n g the lessons l e a r n t i n the preceding s e c t i o n s . 
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3.2 The model at small angles 

As mentioned e a r l i e r the RPCA model of C o l l i n s et a l gives 

a good account of several hadronic s c a t t e r i n g processes a t small 

angles. To avoid w a s t e f u l r e p e t i t i o n of work already performed the 

RPCA w i l l be adopted as the s t a r t i n g p o i n t of the a l l - a n g l e Regge 

model. By ensuring t h a t d e v i a t i o n s from RPCA become small as t —0 

and as s — <= w i t h t f i x e d a good f i t to the data i n these k i n e m a t i c a l 

regions should be guaranteed. The RPCA model was described i n general 

terms i n Section 1.5. I t s a p p l i c a t i o n s p e c i f i c a l l y to NN processes 

w i l l be discussed here. The f i t s presented i n t h i s s e c t i o n are taken 

from Wright (1978). 

The leading t r a j e c t o r i e s exchanged i n NN s c a t t e r i n g are P, f , 

to, p, - A l l of these possess n a t u r a l p a r i t y , and hence i t i s 

expected t h a t a t high energies the unnatural p a r i t y amplitudes should 

make only small c o n t r i b u t i o n s to do/dt. (See Appendix B f o r a 

disc u s s i o n of the f i v e independent NN amplitudes and f o r a d e f i n i t i o n 

of the n o t a t i o n ) . I n the RPCA, the P, OJ, f exchanges, which make the 

most important c o n t r i b u t i o n s at small | t | to the n a t u r a l p a r i t y 

h e l i c i t y n o n - f l i p amplitude, N^, have very small couplings to nucleons 

at h e l i c i t y - f l i p v e r t i c e s . Also, the p and , which make the major 

c o n t r i b u t i o n s to f l i p amplitudes are p r e d i c t e d to have couplings at 

f l i p v e r t i c e s only one t h i r d of the f and w n o n - f l i p c ouplings. A 

f a c t o r of -J^t, demanded by kinematics at each f l i p v e r t e x f u r t h e r 

lessens the r a t i o s of N-̂  and ̂  to N Q at small |t | . The dominant 

c o n t r i b u t i o n to da/dt i s thus expected to come from N Q. This 

conclusion i s supported by the p o l a r i z a t i o n and spin asymmetry (A ) 

data, these parameters being small (< 0.2) except a t large |t | (see 

Figs. (1.3 .5 ) - ( l . 3 . 9 ) . In t h i s chapter i t w i l l be assumed t h a t at 
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small and intermediate angles, the whole of do/dt i s accounted f o r by 

NQ. The consistency of t h i s assumption w i l l l a t e r be checked using 

f i t s to , N£, UQ, U2 obtained i n Chapter 4. 

The RPCA p, A2, f and P c o n t r i b u t i o n s to (pp-pp) may 

be obtained by s u b s t i t u t i n g (3.2.1) i n (1.5.4) and using the l i n e a r 

t r a j e c t o r i e s , then making the m o d i f i c a t i o n s (1.5.6). 

(pp;cu) = 

B i i ( p p ; f ) 
2 2 

= f 

& i i (PP;P) 2 2 

0) 

B I A ( p p ; p ) = — 

= f 

'it or 

' not' 

'net' 

not' 

hi
 (pp;V = x J -

(1 + e B) 

u Ge a t 1 - I 
-X' 

(1 + e B> 

(3.2.1) 

where ct' i s the slope of the appro p r i a t e l i n e a r t r a j e c t o r y from K 
(1.5.3); f = 17.10, e D = 0.14, a = 0.6, t = 0.74, G = 0.47 are f i t t e d 

parameters. Note t h a t f o r n a t u r a l p a r i t y exchanges 

ei+ = s22 = e"2"2 = B X 1 
2 ? - T - T 

NQ (pp-*pp) and NQ (pn—pn) may be obtained by re v e r s i n g the signs of 

the a p p r o p r i a t e c o n t r i b u t i o n s as s p e c i f i e d i n (3.1.1). 
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The t o t a l cross sections f o r the three processes can be obtained 

from the above v i a the o p t i c a l theorem. 

3893 
a = I m ( A ( t = 0 ) ) (3.2.2) T s 

Discrepancies between the t h e o r e t i c a l and experimental curves at low 
A 

energies i n d i c a t e the need f o r an e x t r a term w i t h i s o s p i n 0, charge 

conjugation + and a low l y i n g t r a j e c t o r y . This i s most r e a d i l y 

i n t e r p r e t e d as a daughter of the f w i t h t r a j e c t o r y 

a = a - 1 
f D f 

and i t s c o n t r i b u t i o n parametrized as f o r the f except f o r an e x t r a 

m u l t i p l i c a t i v e constant, whose value (-8.1) has been determined by 

f i t t i n g to the data. The RPCA curves f o r the three t o t a l cross 

sections are compared w i t h data i n F i g . ( 3 . 2 . 1 ) . Note t h a t the 

m a j o r i t y of f r e e parameters i n the model are determined from f i t s to 

At l a r g e s , P i s almost e n t i r e l y responsible f o r the t o t a l 

cross s e c t i o n s , and i t i s t h i s term, w i t h i t s t r a j e c t o r y i n t e r c e p t 

greater than one, which causes the r i s e i n 0^ w i t h increasing s i n 

t h i s r e g i o n . The f l a t n e s s of a^(pp) and o^,(pn) compared to a^,(pp) 

at low energies i s explained by the approximate exchange degeneracy 

of the p, A2 and f ,OJ p a i r s - an exchange degenerate p a i r makes a 

t o t a l c o n t r i b u t i o n to the pp and pn s c a t t e r i n g amplitudes which i s 

r e a l , and so has no e f f e c t on q̂ , i n these processes. The small 

d i f f e r e n c e between a,j,(pn) and a^,(pp) i s accounted f o r by the r e l a t i v e l y 

weak couplings of the 1=1 p and k^. The steeper f a l l of at very low 

energies i s explained by the presence of the f-daughter term. 
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Turning now to the d i f f e r e n t i a l cross s e c t i o n s , from F i g . (1.4.7) 

i t i s seen t h a t do/dt (pp) i s v i r t u a l l y independent of energy f o r s > 200 
2 

(GeV/c) . This i n d i c a t e s t h a t the s c a t t e r i n g amplitude i s almost 
e n t i r e l y composed of c o n t r i b u t i o n s w i t h t r a j e c t o r i e s near one. For | t | < l , 

da/dt I n t h i s r e g i o n can be s a t i s f a c t o r i l y described by a P alone. At 
2 

t s-1.4 (GeV/c) , however, a deep i n t e r f e r e n c e minimum i s observed, and 

beyond t h i s the v a r i a t i o n of ^ w i t h t becomes much slower. This large 

| t | r e g i o n i s i n t e r p r e t e d as being due to a P@P cut (see C o l l i n s et a l 
2 

(1978b)). The d i p a t t = -1.4 (GeV/c) i s then caused by i n t e r f e r e n c e 

between the cut and P i t s e l f . The depth of the d i p depends on the 

r e l a t i v e phases of P and P$P and hence on the d i f f e r e n c e between the 

two t r a j e c t o r i e s at t h i s p o i n t . The cut t r a j e c t o r y i s obtained from t h a t 

of the pole ; 
a = 1 - 2a ( t = 0) + - 7 - (3.2.3) 
P © P P 1 

(This assumes t h a t a i s determined by the p o s i t i o n of the branch 
cut 

p o i n t ) . 

Since the value of Op ( t = 0) i s determined from the data, 

i s given by the depth of the d i p , a ( t ) and a ( t ) are thus s t r o n g l y 
P P&P 

constrained and l i t t l e freedom i s l e f t f o r adjustment. 

The cut used i n the RPCA papers i s based on t h a t described i n 

C o l l i n s e t a l (1978b) eqn ( 8 ) , but w i t h an a d d i t i o n a l ad hoc term which 

compensates i n the d i p r e g i o n , f o r changes made to the Pomeron. 

However i t was found t h a t a b e t t e r o v e r a l l f i t i s obtained by r e v e r t i n g 

to the cut p a r a m e t r i z a t i o n of C o l l i n s et a l (1978b). Accordingly 

the P must also be m o d i f i e d . This was done by r e p l a c i n g the t dependent 

f a c t o r s i n the Pomeron coupling described i n (3.2.1), by 
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at e — 7 1 (1 - x) + xe bt 

and by making the replacement (3.2.4) 

i n the n o t a t i o n of (1.5.4). This procedure y i e l d s the Pomeron t 

dependence used i n C o l l i n s et a l (1978b) while r e t a i n i n g the RPCA 

coupling a t t = 0. The Pomeron and cut together give an e x c e l l e n t 

account of the very large s data over a wide range of energies. The 

RPCA f i t i s shown i n F i g . (1.4.7). A l l the P and P9P parameters are 

determined i n t h i s energy r e g i o n . The almost complete lack of v a r i a t i o n 

w i t h energy of the data allows no si z a b l e c o n t r i b u t i o n to come from 

lower l y i n g t r a j e c t o r i e s at these high energies. Any e x t r a terms 

re q u i r e d to describe the lower energy data must, t h e r e f o r e , f a l l o f f 

r a p i d l y as s increases, so as to be small i n the ISR r e g i o n . 

The n a t u r a l p a r i t y meson-Reggeons u> and f (p and A2 have 

smaller couplings) make a si z a b l e c o n t r i b u t i o n t o do/dt f o r s < 60 
2 2 (GeV/c) at | t | < 1 (GeV/c) . This observation i s borne out by a 

ef f 

comparison of <* (expt.) i n t h i s region ( i n t e r m e d i a t e between 

Pomeron and meson-Reggeon t r a j e c t o r i e s ) and the same parameter a t very 

high energies (close to the Pomeron t r a j e c t o r y ) - see F i g . (1.4.4.). 

As can be seen i n F i g . (3.2.2), the RPCA f i t gives a reasonable 
2 2 account of the pp data f o r 0 > t > -1 (GeV/c) down to s - 10 (GeV/c) . 

2 

The model agrees w e l l w i t h the data around t = -.8 (GeV/c) at p l a l j = 24 

(GeV/c), l i e s below at 5 GeV/c f but i n between i t i s r a t h e r too h i g h . 

This i n d i c a t e s the need f o r m o d i f i c a t i o n s to the d e t a i l of the energy 

dependence i n t h i s r e g i o n . 
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F i g . ( 3 . 2 . 3 ) shows the RPCA p r e d i c t i o n f o r ( p p ) . The shape 
2 

of the d i p at t - - 0 . 5 (GeV/c) i n the plab = 5 GeV/c data i s 

reproduced w e l l , although the t h e o r e t i c a l magnitude i s r a t h e r too 

la r g e . At higher energies, however, the d i p p e r s i s t s i n the p r e d i c t i o n , 

w h i l e i t r a p i d l y disappears i n the data. C l e a r l y some refinement of 

the model i s r e q u i r e d here. 

Due to the small values of the p and A2 couplings, the RPCA 
da do p r e d i c t i o n f o r — (pn) i s very close to t h a t f o r — ( p p ) . As can be 

seen i n F i g . ( 3 . 2 . 4 ) , t h i s i s i n agreement w i t h the data f o r | t | < 1 
2 

(GeV/c) . The pp and pn d i f f e r e n t i a l cross sections separate, however, 

as I t| grows l a r g e r . 

The RPCA model thus gives an e x c e l l e n t account of the pp, pn 

and pp t o t a l cross s e c t i o n data, using p, ID, f , p, A£ and f-daughter 

exchange terms. A d d i t i o n of a P ® P cut enables the very high energy 

pp d i f f e r e n t i a l cross-sections to be f i t t e d extremely w e l l . f o r 

2 
| t | < 1 (GeV/c) i s described reasonably w e l l f o r a l l three processes 

2 
r i g h t down to s = 10 (GeV/c) . There are i n d i c a t i o n s (e.g. the 

do 2 e v o l u t i o n of the d i p i n ^ (pp) a t t = - . 5 (GeV/c) ) t h a t , even at these 

low | t | values, f u r t h e r terms are becoming s i g n i f i c a n t . These w i l l 

be discussed i n Section 3 . 3 . 

3 . 3 The need f o r Regge cut terms a t medium angles 

Looking at the pp d i f f e r e n t i a l cross s e c t i o n ( F i g . ( 1 . 3 . 1 ) ) a 
2 

q u i t e abrupt change of behaviour i s observed a t t s -1 to - 1 . 5 (GeV/c) 

f o r 20 < s < 50 (GeV/c) 2. The steep f a l l of ̂  f o r | t | < 1 (GeV/c) 2 

2 

changes to a much more gradual d e c l i n e f o r | t | > 2 (GeV/c) , the two 

regions being l i n k e d by a very f l a t "shoulder". The s i m i l a r i t y between 

t h i s change and the one observed i n the ISR data may immediately be 

seen. I n each case a t r a n s i t i o n occurs from a steeply s l o p i n g r e g i o n to 

a much f l a t t e r one v i a some form of i n t e r f e r e n c e phenomenon. 
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t i 
There can, however, be no simple i d e n t i f i c a i f c o n between the 

Pg)P cut seen at very high energies and what i s observed f o r 20<s<50 

2 
(GeV/c) . I f the p r e d i c t i o n s from the small angle RPCA model described 
i n Section 3 . 2 are p l o t t e d against the data i n t h i s l a t t e r energy range 

2 

F i g . ( 2 . 2 . 1 ) r e s u l t s . For t < - 1 (GeV/c) the t h e o r e t i c a l curves are 

w e l l below the experimental p o i n t s . The t r a j e c t o r y of the PQP cut i s 

q u i t e f i r m l y determined over a wide range of high energy data. The 

data does not allow s u f f i c i e n t freedom f o r both high and low energy 

regions to be f i t t e d by the cut w i t h o u t major m o d i f i c a t i o n s to the 

pa r a m e t r i s a t i o n of i t s energy dependence. 

This problem i s i l l u s t r a t e d c l e a r l y by F i g . ( 3 . 3 . 1 ) , which 

demonstrates the energy dependence at f i x e d t i n t h i s r e g i o n . An 

abrupt change of slope may be seen i n the data between P|Qb = 100 and 

200 GeV/c. At energies above t h i s the slope corresponds to a
e £ £ - 1 

while at lower energies « e££ ( t = - 2 . 4 ) =* 0 . 1 5 . The evidence thus 

i n d i c a t e s t h a t a Regge term w i t h t r a j e c t o r y lower l y i n g than t h a t of 
2 

the P®Pcut i s important f o r t < - 1 (GeV/c) and p, a b < 150 GeV/c. 
a
e £ £ i n t h i s r e g i o n has a slope of about 0 . 3 5 , i n d i c a t i n g t h a t the 

t r a j e c t o r y of the e x t r a term i s f l a t t e r than those of t r a d i t i o n a l 

meson-Reggeons, but steeper than t h a t of P or the P^P c u t . 

More i n f o r m a t i o n about t h i s as yet u n i d e n t i f i e d c o n t r i b u t i o n 

(henceforward c a l l e d C, f o r ease of reference) can be obtained by 

comparing ^ (pp) w i t h ^ (pn) and (pp)- f i r s t examining the pn 

data ( F i g . ( 1 . 3 . 2 ) ) one i s str u c k by s i m i l a r i t y i n s t r u c t u r e to pp. 

C l e a r l y , then, the physics of the two re a c t i o n s must be s i m i l a r . At 

medium angles, however, ^ (p°) I s lower by approximately a f a c t o r of 2 . 

I f C i s the p r i n c i p l e c o n t r i b u t i o n i n t h i s r e g i o n , i t must, t h e r e f o r e 

have mixed i s o s p i n p r o p e r t i e s . 
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Turning to — (pp), ( F i g . ( 3 . 3 . 2 ; ) at low energies the 

complicated i n t e r f e r e n c e phenomena make conjecture about the nature of 

i n d i v i d u a l c o n t r i b u t i o n s d i f f i c u l t . The recent measurements at 

p = 5 0 , 100 and 200 GeV/c however, enable i n t e r e s t i n g comparisons lab 
to be made w i t h ( p p ) . This data e x h i b i t s a sharp d i p s t r u c t u r e a t 

t - - 1 . 4 very reminiscent of t h a t seen i n pp at high energies. In pp, 

however, t h i s d i p i s not seen u n t i l p ( Q b - 200 GeV/c. In f a c t ^ (pp) 

at 50 GeV/c bears an uncanny resemblance to ̂  (pp) at 1495 GeV/c and 

presumably a r i s e s from the same o r i g i n . U n f o r t u n a t e l y , there i s no 

large | t | pp data a t 50 GeV/c, but i n t e r p o l a t i o n from F i g . ( 3 . 3 . 2 ) 

y i e l d s a value f o r ^ (pp) at t = - 2 . 4 f i v e times the pp value. I t 

appears, then, t h a t whereas the C term adds g r e a t l y to the pp d i f f e r e n t i a l 

cross s e c t i o n at t h i s energy, i t s c o n t r i b u t i o n to pp i s much smaller, 

and perhaps of a d i f f e r e n t phase. C, t h e r e f o r e , seems to possess mixed 

charge conjugation as w e l l as i s o s p i n p r o p e r t i e s . 

This complicated crossing behaviour i n d i c a t e s t h a t C i s probably 

not a s i n g l e term, but r a t h e r a sum of 4 c o n t r i b u t i o n s ; C (I = 1 , C=+), 

C ( I = - 1 , C=+), C(I = 1 , C=-) and C ( l = - 1 , C=-) each w i t h s i m i l a r energy 

dependences. This r u l e s out i t being a pre-asymptotic c o n t r i b u t i o n 

to e i t h e r P or P ® P as both of these are p u r e l y 1=0 , C=+. The next 

p o s s i b i l i t y to consider i s t h a t C could be a combination of the four 

leading n a t u r a l p a r i t y mesons, f , UJ, p and A 0. I t has already been 

suggested t h a t the meson t r a j e c t o r i e s tend to in t e g e r values as - t 

increases. Could they, then bend i n such a way as to account f o r 

the energy dependence a t t r i b u t e d to C? 
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The t r a j e c t o r i e s of p and A£ are w e l l determined f o r t > -1 

(GeV/c)^ from a n a l y s i s of ̂  (it p— it°n) and j ~ ( t P ~* n°n). (see e.g. 

C o l l i n s ( 1 9 7 7 ) p. 1 8 9 ) . In t h i s r e g i o n they are i n d i s t i n g u i s h a b l e 

from s t r a i g h t l i n e s w i t h i n t e r c e p t s a t about 0 . 5 and grad i e n t s 

approximately 0 . 9 . (The r e s u l t s of Barnes et a l ( 1 9 7 8 ) , however 
2 

i n d i c a t e possible f l a t t e n i n g f o r t < - 1 (GeV/c) ) . The ID t r a j e c t o r y 

i s less w e l l known, and the f can never be i s o l a t e d from the 

Pomeron, but i t i s reasonable to expect t h a t these w i l l be s i m i l a r to 

the p and A2. 

Thus, the a v a i l a b l e evidence i n d i c a t e s t h a t the p, A2, f and 
2 

u) t r a j e c t o r i e s have f a l l e n to a value of a = - 0 . 4 at t = - 1 (GeV/c) . 

The data i n d i c a t e s t h a t ot̂  i s close to zero at t - - 2 , and subsequently 

f a l l s w i t h a slope of about . 3 5 . I f a s i n g l e t r a j e c t o r y were re q u i r e d 
to behave l i k e a ,_ f o r t > - 1 (GeV/c) and l i k e a f o r t < - 2 p , A„ ,f , u) c 

2 

(GeV/c) i t would have to possess a double kink between these two 

regi o n s . Since Regge t r a j e c t o r i e s are req u i r e d to be Herglotz 

f u n c t i o n s ( i . e . a l l d e r i v a t i v e s must be p o s i t i v e ; see C o l l i n s ( 1 9 7 7 ) 

p. 8 1 ) except when t r a j e c t o r i e s cross, such behaviour i s more or less 

f o r b i d d e n . I t i s thus u n l i k e l y t h a t p, A2 , f , u are responsible f o r 

the behaviour a t t r i b u t e d to C. 

As none of the terms used e x p l i c i t l y i n the RPCA model i s 

capable of being modified so as to account f o r the N-N d i f f e r e n t i a l 
2 

cross-sections f o r t < - 1 (GeV/c) at medium energies, a new 

c o n t r i b u t i o n (or c o n t r i b u t i o n s ) must be introduced. This must possess 

n a t u r a l p a r i t y , a t r a j e c t o r y intermediate between t h a t of the Pomeron 

and the t r a d i t i o n a l s t r a i g h t l i n e meson t r a j e c t o r i e s , and mixed i s o s p i n 

and charge conjugation p r o p e r t i e s . A promising candidate i s a 

combination of f&>P, ti>0 P, p § P , ̂ ^P c u t s . The l i k e l y p r o p e r t i e s of 

such a combination are discussed below. 
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I f t h e t r a j e c t o r y o f a Regge c u t i s g i v e n by the p o s i t i o n o f 

the b r a n c h p o i n t (see eg C o l l i n s ( 1 9 7 7 ) , Chapter 8 ) , then f o r a c u t 

composed o f two p o l e s w i t h t r a j e c t o r i e s 

o ' o 1 

= ct^ + a ^ t and = a ^ t + t 

a, a, 
a ^ = a° + a° 1 + / Z , t ( 3 . 3 . 1 ) c u t 1 2 ' ' 

a l + a2 

Thus, d e n o t i n g f , w, p or A ^ by ^, and t a k i n g 

ap = 1.07 + 0.1 t and ct^, = 0.5 + 0.9 t , t h e i?(gP branch p o i n t 

t r a j e c t o r y i s e x p e c t e d t o be 

* ot _ 0 . 5 7 + 0 . 0 9 t ( 3 . 3 . 2 ) 

2 
T h i s g i v e s ct ( t = - 2 . 5 (GeV/c) ) = 0 . 3 4 5 w h i c h i s s l i g h t l y h i g h e r 

h ® c 

t h a n d e s i r e d f o r C. A l s o the s l o p e o f ( 3 . 3 . 2 ) i s somewhat low 

compared w i t h o tg££ t i - n t h e r e g i o n under c o n s i d e r a t i o n . N e v e r t h e l e s s 

( 3 . 3 . 2 ) i s f a r c l o s e r t o t h e C t r a j e c t o r y t h a n a n y t h i n g p r e v i o u s l y 

c o n s i d e r e d . Perhaps t h e dominant r e g i o n o f t h e b r a n c h c u t i s n o t , 

i n f a c t , t h e b r a n c h p o i n t . 

* Even i f a becomes f l a t t e r a t l a r g e - t , ( 3 . 3 . 2 ) remains a good it 
a p p r o x i m a t i o n . For example i f c t ^ = 0.5 + 0.9 t f o r , say t > - 1 

and t h e n becomes ct_, = 0.1 + 0.5 t , ct w i l l be g i v e n by ( 3 . 3 . 2 ) 
R R$p 

f o r t > -60. For t < -60 i t w i l l be g i v e n by 0.1 + j y ^ p t ( i e . ( 3 . 3 . 1 ) 

w i t h ct, = ctp, a„ = 0.1 + 0 . 5 t ) . 
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The c o n t r i b u t i o n of an P ® P cut to the n o n - f l i p s c a t t e r i n g 

amplitude i s (again see C o l l i n s ( 1 9 7 7 ) Chapter 8 ) 

A 
PgP 

F ( t , °W(t) " i , l a R x P ( t ) / 2 , v F ( t ) s e ( l n s + d ) ( 3 . 3 . 3 j 

where F ( t ) i s a r e a l f u n c t i o n f r e e of ki n e m a t i c a l s i n g u l a r i t i e s , d i s 

a constant ( i n general complex), and the i n i t i a l f a c t o r i s 1 i f R 

has signature +1 and i i f R has signature - 1 . The charge conjugation 

and i s o s p i n of the cut are the same as f o r R. The energy dependence 

i s l a r g e l y determined by the t r a j e c t o r y except f o r d - - I n s . The 

phase of ( 3 . 3 . 3 ) i s 

+ i +Tan - 1 Im(d) 
Ins + Re(d) ( 3 . 3 . 4 ) 

For jd|»lns, ( 3 . 3 . 3 ) thus becomes 

® P F ( t ) °fr0P ( t ) - i 
e 2 a R x P ( t ) 

Vd*d 
( 3 . 3 . 5 ) 

where q> = tan -Im(d) 
Re(d) 

I f i t i s assumed t h a t the four R@P cuts have s i m i l a r 

t r a j e c t o r i e s and t dependences but d i f f e r e n t couplings and complex 

constants, d, the # ® P c o n t r i b u t i o n to the p-p amplitude can be 

w r i t t e n as 

WPP"PP) = 
S i m i l a r l y 

A ^ t p n - p n ) = 

and 

G f n A ^ + 1 G e i < P^ +G A e i ( pV + i G e^? f P e oj P A ap p p 

G f e ^ + i G ei<P-P-GA e i < PM>- i G e ^ f p top A 2p pp 

V>(pp" PP) = Gr e 1 < P " - i G ei<P-'+G. I fP cop A 2p -iG e PP 
i<PeP 

, . , "RXP 2° tRsP ( t ) 

f \ t ) s e 

a. - I —a ( t ) 
f ( t ) s ^ e 2 ^ P 

OL - ' - s - Q l ( t ) 

f ( t ) s ^ e 2 ^ 

( 3 . 3 . 6 ) 
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Thus, i n . each of the three r e a c t i o n s , the R®P term can be taken to 

be m u l t i p l i e d by a d i f f e r e n t complex constant. 

do 2 -— (pp-pp) can be f i t t e d out to t - - 4.5 (GeV/c) i n the intermediate dt 
energy range (10 ^ P j a ( ) ^ 24 GeV/c) using the RPCA terms plus an ff®P 

term of the form 

A^p (PP-PP) = -G f ( t ) e 
J O j p ( t ) f a R P ( t ) 

s K r (3.3.7) 

w i t h a T ) D ( t ) - 0.5 + 0.3 t 

and <p - Y 

I n t e r f e r e n c e between the RPCA terms, dominant at small | t | and the R& P 

term enables a reasonably good account to be obtained of both the 

shape and energy dependence of the "shoulder". The need to reproduce 

t h i s shape i s a strong c o n s t r a i n t on the value of <p. 

Now i f C were composed of pole c o n t r i b u t i o n s (which would not 

include a f a c t o r (Ins +d) ^) of s i m i l a r t r a j e c t o r i e s , the value of <p 

obtained by f i t t i n g ^ (pp-pp) would enable the charge conjugation 

p r o p e r t i e s of C to be deduced d i r e c t l y , since then 

a ( t ) - i y a ( t ) 
A c _ p o l e ( p p - p p ) = [G(C=+) + i G ( C = ~ ) ] f ( t ) s e ~ 

and 
a ( t ) - i j a ( t ) 

A c _ p o l e ( p p - p p ) = [G(C=+) - i G ( C = - ) ] f ( t ) s ̂  e ^ 

(3.3. 

w i t h the G's r e a l , i . e . 

<P = -<P- (3.3.9) PP PP 
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The r e s u l t <p - -TT would thus i n d i c a t e t h a t C i s approximately odd PP ^ 

charge c o n j u g a t i o n . Adding to the RPCA p r e d i c t i o n f o r pp a term of 

the form (3.3.7) w i t h parameters obtained from the f i t to pp, but w i t h 

<p -* -<P, r e s u l t s i n a p r e d i c t i o n f o r ^ (pp-pp) which shows a completely 

d i f f e r e n t i n t e r f e r e n c e s t r u c t u r e to t h a t observed e x p e r i m e n t a l l y . 

I t seems, then, t h a t i t i s c o r r e c t to parametrize C as a sum 

of cut terms r a t h e r than of poles. As to whether these are p, , f 

and w ® P , the evidence i s not conclusive. They do, however, appear to 

be the most l i k e l y candidates, even though the C - t r a j e c t o r y i s then 

not e x a c t l y what would be expected from theory. As a working 

hypothesis, i t w i l l be assumed from now on t h a t C = f g) P±ID ® ~P±ky(g) P±P$ P* 

This i d e n t i f i c a t i o n i s e s p e c i a l l y a t t r a c t i v e i n t h a t small | t | and 

medium angle amplitudes show an analogous behaviour w i t h energy. 

At small | t | and high energy, the Pomeron i s dominant, while a t lower 

energies the leading meson-Reggeons are also important. For t < -2 
2 

(GeV/c) the high energy data can be reproduced using only a P<3 P 

c u t , but a t lower energies i?® P cuts give the l a r g e s t c o n t r i b u t i o n s 

to the s c a t t e r i n g amplitude. This r e l a t i o n between the dominant 

c o n t r i b u t i o n s i n these two angular regions helps e x p l a i n why the 

i n t e r f e r e n c e features observed at high and medium energies i n (pp) 

are so s i m i l a r both i n nature and i n p o s i t i o n . The d e t a i l of the 

p a r a m e t r i z a t i o n of thei?@Pcuts w i l l be discussed i n Section 3.4 
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3.4 Reggeon behaviour at large - t 

In Chapter 2 i t was proposed t h a t the dominant c o n t r i b u t i o n 
do to — at large angles, should, i n Regge terms, come from meson-Reggeon 

exchange. At small | t | , the behaviour of the leading terms of t h i s 

type i s given by the RPCA model, w h i l e many large angle p r o p e r t i e s 

may be deduced from QI models. This present s e c t i o n i s concerned 

w i t h developing a p a r a m e t r i z a t i o n s u i t a b l e f o r use throughout the 

angular range. 

For t > -1 (GeV/c) the meson-Reggeon t r a j e c t o r i e s are known 

to approximate to s t r a i g h t l i n e s of g r a d i e n t s about 0.9. The leading 

t r a j e c t o r i e s of t h i s type ( f , O J , k^, p) have i n t e r c e p t s near 0.5. 

From Chapter 2, we expect t h a t at large - t these leading t r a j e c t o r i e s 

w i l l tend to -1 a s y m p t o t i c a l l y . A f u n c t i o n i s needed, t h e r e f o r e , 
2 

which i s approximately l i n e a r f o r t £ -1 (GeV/c) but which bends 

smoothly to approach an i n t e g e r value as t becomes more negative. 

A s u i t a b l e f u n c t i o n i s defined by 

ct+I = I t + b (3.4.1) 

where a, b, 1 and I are constants chosen to give the desired 

asymptotic p r o p e r t i e s . I n v e r t i n g (3.4.1) and choosing the p o s i t i v e 

square r o o t s o l u t i o n y i e l d s 

, . ( I t 4 b - I ) i o t(t) = = + i ( I - l t - b ) + 4 ( a + l l t + l b ) (3.4.2) 

For t large and p o s i t i v e , l t + b i s much greater than I and so 

M t ) = I t + b (3.4.3) 
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and the t r a d i t i o n a l l i n e a r form i s obtained. As t -» °° (3.4.2) 

becomes 

a ( t - -=o) ~ _ I (3.4.4) 

i . e . a i s constant as re q u i r e d t o match QI p r e d i c t i o n s . Thus, 1 , b 

and I determine the behaviour of a at e i t h e r end of the t spectrum. 

The remaining parameter, a, governs the r a t e of change from the 

l i n e a r t o the constant regions; a small =s> r a p i d change, a large =£> 

gradu a l change. 

The arguments presented i n Chapter 2 lead to the choice of 

1 = 1 f o r the leading f a m i l y of t r a j e c t o r i e s . ot(0) f o r p, A2, <D and 

£ are p r e c i s e l y known from previous work w i t h the RPCA model. Using 

the n o t a t i o n 

R̂PCA ( t ) = a + c t t (3.4.5) 
o 

we t h e r e f o r e set 

a(0) = a (3.4.6) o 

S i m i l a r l y 1 i s set equal to a'. A l l t h a t now remains to be done to 

f u l l y d e f i n e a ( t ) i s to choose a value f o r a (b i s then determined 

by the c o n d i t i o n ( 3 . 4 . 6 ) ) . 

A small value f o r a i s d e s i r a b l e on two counts: 

(1) The l i n e a r approximation f o r a used i n RPCA i s good 
2 RPCA 

down t o t - -1 (GeV/c) . Here a - -0.4, which i s not f a r o f f 

the asymptotic value oi(t-*— <*>) = - 1 . The t r a j e c t o r y must t h e r e f o r e 

bend q u i t e sharply. 
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(2) Power law s c a l i n g f i t s give a good account of the large 

angle (pp) data down to p l a b = 5 GeV/c, at which energy 9 ^ = 90° 
2 

corresponds to t - - 3.5 (GeV/c) . Thus a ( t ) seems already to be very 
2 

f l a t by at l e a s t , say, t = -2.5(GeV/c) . 

The t r a n s i t i o n , t h e r e f o r e , between " t r a d i t i o n a l Regge" and "consituent 

t regions i s expected to be q u i t e sharp. I t i s i n t e r e s t i n g to note 

t h a t the meson t r a j e c t o r i e s e x t r a c t e d by Barnes e t a l (1978) using 

triple-Regge theory do i n f a c t e x h i b i t an abrupt f l a t t e n i n g at 
2 

t - -1 (GeV/c) (a ^ -0.2 t o -0.5). On the other hand i t would be 
u n r e a l i s t i c to expect a change of behaviour to occur over a t r e g i o n 

2 

much less than the t y p i c a l hadronic scale of 1 (GeV/c) . A reasonable 

compromise i s achieved by choosing a = 0.1. A t y p i c a l leading n a t u r a l 

p a r i t y meson Reggeon t r a j e c t o r y i s shown i n F i g . (3.4.1). The paramete 

values used f o r t h i s f i g u r e are 1=1, a=0.1, 1=0.9, b=0.433. 

With the t r a j e c t o r y evolved above, the p, , w, f possess, 

at large - t , the f i x e d - t energy dependence expected of the leading 

Regge c o n t r i b u t i o n to the QI mechanism. A s u i t a b l e t dependence 

must now also be found so t h a t , at large - t , these terms should 

e x h i b i t power law s c a l i n g behaviour i n accordance w i t h the DCR. The 

successful RPCA p a r a m e t r i z a t i o n should, however, be r e t a i n e d at 

small | t | . To separate these two requirements the residues w i l l be 
R 0 

r e w r i t t e n i n terms of f u n c t i o n B ( t ) and B ( t ) such t h a t 

B Q ( t ) + B R ( t ) EE B(N N ;R) B(N N ;R) (3.4.7) 
A L D D 

(LHS n o t a t i o n i s as i n (1.5.4), B's are t dependent) 

where B R(t)«B Q(t) f o r t < -2.5 (GeV/c) 2 and B Q(t)«B R(t) f o r t > -1 

(GeV/c). I t i s convenient then to w r i t e B ( t ) i n the form 
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nR r , RRPCAr , > R P C A ( t ) " a ( t ) ) 

B ( t ) = B ( t ) . s (3.4.8) 

so t h a t when s = s and B ( t ) = 0, the o r i g i n a l RPCA term i s e x a c t l y 

reproduced. Choosing a s u i t a b l e s should then ensure a s a t i s f a c t o r y 

f i t at small | t | . 

I n s e r t i n g (3.4.7) i n (1.5.4) y i e l d s f o r n o n - h e l i c i t y f l i p a t 

large - t 

A(N AN B-N cN D;ii> - Ayr B Q ( t ) R ( - I ) 1 1 

2 s (3.4.9) 

where R ( - I ) = 
s i n 

i l l 
f o r signature +1 ( f , A 2) 

and 
cos 

H i 
f o r signature -1 (p, ID) 

Thus 

A(N AN B-N cN D;f or A 2) * 0 

while A(N N -N N ; u> or p) * - B Q ( t ) - i * -
A D Li u it L S t 

(3.4.10) 

Note t h a t the vanishing of the otherwise imaginary signature + 1 

c o n t r i b u t i o n when ot = 1 i s due to the demands of d u a l i t y . The 

d u a l i t y diagram f o r pp s c a t t e r i n g has a crossed l i n e i n the t 

channel exchange, t h e r e f o r e the sum of meson-Reggeon exchanges must 

be r e a l . Crossing then r e q u i r e s t h a t f and also vanish i n other 

N-N processes. 

The c o n s t r a i n t t h a t a t large angles the meson-Reggeons 

should obey the DCR gives 
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B Q ( t ) - 1 - z - ^ < 
st s 

S 

and hence B ^ ( t ) ~ i - f o r - t Large (3.4.11) 

B must, t h e r e f o r e 

2 
1. be small f o r t > -1 (GeV/c) 

2. behave l i k e t ^ f o r - t large 

3. be f r e e from s i n g u l a r i t i e s , since the presence of 

these would imply poles i n the 5 channel. 

The f o l l o w i n g form was found s u i t a b l e f o r the n o n - f l i p f , u, k^, 

-exchange terms : 

B Q ( t ) 1 2' 
" B 2 

2' 
1 + o 

l + t 2 _ 

1+B 
B 1.(-t) a ( t ) 

2 

J 

(3.4.12) 

B-̂  and B2 may take d i f f e r e n t values f o r each exchange degenerate p a i r 

of t r a j e c t o r i e s . No s i g n i f i c a n c e should be read i n t o the employment 

of a ( t ) except t h a t i t gives the expression the desired p r o p e r t i e s . 

I n general, any number of daughter t r a j e c t o r i e s may c o n t r i b u t e at 

large angles to the same order i n -̂ a t f i x e d -̂ as do the parent 

t r a j e c t o r i e s . These may most e a s i l y be included i n the model by 

r e p l a c i n g B Q ( t ) i n (3.4.7) by B Q ( t ) . b 

1 + b, — + b„ —7T +. I s II s 

where 

(3.4.13) 
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In the previous sections of t h i s chapter i t has been s u f f i c i e n t 

to consider the nucleon-nucleon d i f f e r e n t i a l cross sections as being 

due to the h e l i c i t y n o n - f l i p n a t u r a l p a r i t y amplitude N^. This 

assumption i s not v a l i d a t large angles as witnessed by the r e l a t i v e l y 

high values measured f o r some of the spin asymmetry parameters i n t h i s 

r e g i o n (See Figs. (1.3.6) and ( 1 . 3 . 7 ) ) . I n Appendix D the QI model i s 

used to e s t a b l i s h r e l a t i o n s h i p s among the t o t a l meson-Reggeon 

c o n t r i b u t i o n s a t large s and-t to the f i v e independent amplitudes 

(NQ, N^, N2, UQ, l ^ ) of the pp-*pp, np-np and pp-pp processes. These 

r e l a t i o n s h i p s are used to d e f i n e the asymptotic ( s — 0 0 — f i x e d ) r a t i o s 
s 

of the amplitudes i n the p a r a m e t r i z a t i o n presented here. 

Note t h a t although the backward s c a t t e r i n g terms i n (D.4) and 

(D.5) e t c . are not r e a d i l y i n t e r p r e t a b l e i n terms of forward s c a t t e r i n g 

Reggeon exchanges, account w i l l have to be taken of them i n the f i n a l 

p a r a m e t r i z a t i o n i f a reasonable f i t to the data i s to be obtained. 

In the case of pp-pp s c a t t e r i n g the symmetry p r o p e r t i e s r e q u i r e d by 

Fermi-Dirac s t a t i s t i c s w i l l have to be b u i l t i n t o the complete 

amplitudes, the f i n a l s t a t e hadrons being i d e n t i c a l Fermions. 

To complete t h i s s e c t i o n , there f o l l o w s a summary of the 

p r e s c r i p t i o n which w i l l be used to form n a t u r a l p a r i t y n o n - f l i p meson-

Reggeon amplitudes a p p l i c a b l e at a l l angles. 

1. S t a r t w i t h the approximately exchange degenerate p a i r s of 

Reggeon amplitudes as given by (1.5.4) together w i t h (1.5.3) and 

(3.2.1) . The couplings (3.2.1) may be fa c t o r e d by exponentials i n t . 

2. Change the l i n e a r t r a j e c t o r i e s f o r ones of the form 

(3.4.2) w i t h 1 = 1 . 
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3. Replace the product of the couplings by a f u n c t i o n of the 
R 0 form given by (3.4.7), w i t h B ( t ) given by (3.4.8) and B ( t ) given by 

(3.4.12). 

4. Apply to B ( t ) the absorptive c o r r e c t i o n s d e t a i l e d i n 

(1.5.6). 

5. M u l t i p l y B v ( t ) by a f u n c t i o n of — of the form (3.4.13) 

to a l l o w f o r daughter terms becoming important at large angles. 

Other refinements a p p l i c a b l e to i n d i v i d u a l exchange terms w i l l 

be d e t a i l e d as necessary. A s i m i l a r procedure w i l l be followed f o r h e l i c i t y 

f l i p and unnatural p a r i t y c o n t r i b u t i o n s . This w i l l be described i n Chapter 4 

The p a r a m e t r i z a t i o n of ̂  (NN-NN) has now been discussed i n 

the contexts of three main k i n e m a t i c a l regions, i . e . 

1. t :> -1 (GeV/c) 2 where ^ i s dominated by the Pomeron 

pole, but where meson-Reggeon pole c o n t r i b u t i o n s are also important 

at lower energies. 

2 2t 2. t < -2 (GeV/c) , but - — « 1, where cuts have been s 
found t o be important. The P&P cut dominates f o r plab >̂ 200 GeV/c 

and a combination of RQP cuts does so f o r plab £ 50 GeV/c. 

t r a j e c t o r i e s tending a s y m p t o t i c a l l y to -ve int e g e r s govern the behaviour 

3. - — of the order of 1, where me*bn-Reggeons w i t h s 

In the f o l l o w i n g s e c t i o n these regions w i l l be l i n k e d together and 

f i t s to the data over the angular range 0 - 9 0 
cm 

w i l l be 

presented. 
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3.5 F i t s to 4^ (NN-NN) over the angular range 0 < 9 < 90° 
a t cm 

The f i t s to ̂  (pp-*pp), ^ (pn-pn) and ̂  (pp-pp) shown i n 

Figs. (3.5.1)-(3.5.3) were obtained using the p a r a m e t r i z a t i o n described 

below. The values of the parameters are given i n Table (3.5.1). 

To s i m p l i f y the problem of ensuring the c o r r e c t symmetry 

p r o p e r t i e s each n a t u r a l i t y amplitude w i l l be s p l i t i n t o two p a r t s ; 

a "Q" p a r t c o n s i s t i n g of those p o r t i o n s of the meson-Reggeons 

p r o p o r t i o n a l to B ^ ( t ) (or B^(u)) and an MR" p a r t c o n s i s t i n g of ever y t h i n g 

e l s e . The f u l l "R" amplitudes w i l l be obtained from the forward 

p a r t s as described i n Appendix E. S i m i l a r l y the f u l l "Q" amplitudes 

w i l l be constructed using ( D . l ) ( s u b j e c t to c e r t a i n pre-asymptotic 

m o d i f i c a t i o n s d e t a i l e d i n Chapter 4 ) . The "Q" and "R" c o n t r i b u t i o n s 

w i l l then be summed. An analogous procedure w i l l be applied to the 

"Q" components of the n-p and pp amplitudes v i a (D.2) and (D.3). The 

equ i v a l e n t r e l a t i o n s f o r the "R" parts are not known, however, since 

these depend on the p r o p e r t i e s of the pn and pp charge exchange 

amplitudes which are not studied here. The "R" p l o t s of the pp and 

pn amplitudes w i l l thus be approximated by the forward c o n t r i b u t i o n s 

o n l y . 

The p a r a m e t r i z a t i o n of the forward p a r t of f o r the 

re a c t i o n s pp-pp, pp—pp and pn-pn w i l l now be d e t a i l e d . The other 

n a t u r a l i t y amplitudes w i l l be described i n Chapter 4, but these are 

only important as regards 4~ > a t large centre of mass s c a t t e r i n g 
dt 

angles. 
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The Pomeron and P& P cut terms used to o b t a i n Figs. (3.5.1)-

(3.5.3) are as described i n Section 3.2. The f , w, p, k^ c o n t r i b u t i o n s 

are formed according t o the p r e s c r i p t i o n given i n Section 3.4 w i t h 

the f o l l o w i n g m o d i f i c a t i o n s and p a r a m e t r i z a t i o n a l d e t a i l s 

a) The f and (D t r a j e c t o r i e s are based on a l i n e a r t r a j e c t o r y 

slope a' = 0.85 r a t h e r than the RPCA values of 1 and 0.96. The RPCA 

values are s t i l l used i n the couplings, however (see ( 3 . 2 . 1 ) ) . This 

change s l i g h t l y improves the f i t , w h i l e making the f , OJ, p, k^ 

t r a j e c t o r y p arametrizations i d e n t i c a l except f o r the i n t e r c e p t s . 

b) P r i o r to the absorptive c o r r e c t i o n s B ( t ) f o r f and ID 

i s w r i t t e n 

_ • (a + 0 . 8 5 t - a ( t ) ) D D P A _R/.n r t - o RPCA,. v , . B ( t ) = e s B ( t ) (3.5.1) 

w h i l e f o r p and A 2 

(a + 0 . 8 5 t - a ( t ) ) 
B K ( t ) = i ° (3.5.2) 

c) Only the parent and f i r s t daughter terms of (3.4.13) 

are used, i . e . (3.4.13) becomes 

= 1 + b, - (3.5.3) 
1 s 

d) The f-daughter term i s the same as the f except t h a t 

(1) a - . ( t ) = a , ( t ) - 1 
rd r 

(2) the f-daughter coupling d i f f e r s by a f a c t o r of -8.1 

(3) B ^ ( t ) = 0, since the large - t p a r t of the f-daughter 

c o n t r i b u t i o n i s already included v i a (3.5.3). 
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The % P cut term i n pp s c a t t e r i n g i s as given by (3.3.7), 

w i t h 

a, t 
f ( t ) = t 2 e 1 J= =L Z1- * -1 (3.5.4) 

1 + XRP 

2 

The f a c t o r of t ensures t h a t the t o t a l c r o s s - s e c t i o n and very small 

- t f i t s are as f o r the RPCA. The equivalent c o n t r i b u t i o n s i n the pn 

and pp cases d i f f e r i n the values of G and <p, but use the same f ( t ) . 

The f J? P, nig; P, p<Q P, A ^ P components cannot be separated out w i t h o u t 

i n f o r m a t i o n from a s i m i l a r f i t to ̂  (pn pn), data f o r which i s 

un a v a i l a b l e . 
do A f u r t h e r term i s needed to account f o r the behaviour of -:— dt 

(pp) f o r 0.3 < t < 1.3 (GeV/c) 2. The sharp d i p observed i n the data 
2 

at t = 0.5 (GeV/c) a t p t a b = 5 GeV/c dies away r a p i d l y as energy 

increases. The RPCA terms p r e d i c t the d i p at low energy and also give 

a good account of the data at P|ah = 50 GeV/c and above f o r | t | <; 1 

(GeV/c) 2. However, the change w i t h energy of the shape of the ^ 
dt 

curve i s not w e l l described between these values. The e x t r a term has 
a phase and energy dependence c l o s e l y constrained by the e v o l u t i o n of 

2 

the 0.5 (GeV/c) dip s t r u c t u r e . I t has been parametrized here as a 

lo g a r i t h m i c c o r r e c t i o n to thei?®P cuts :-
2 i l l ' . t

2 a ' 

W " 0 - w ™ 0 • e 2 ( 3 - 5 - 5 ) 

The l o g a r i t h m i c a l l y v arying term i s important only f o r - t ̂ 1.5 
2 - -

(GeV/c) . I t appears only i n the pp-pp s c a t t e r i n g case and hence 
co n s i s t s of equal even and odd charge conjugation p a r t s . 

a 2 t 
1 + XRP S ct + a ' t - o t ( t ) 

_ °RP RP RP J 
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The R ® P t r a j e c t o r y , a^Ct) has been a l t e r e d from the l i n e a r 

form a„I! n e a r(t) = ot Q + ot' t i n the same way t h a t the meson-Reggeon Kir Kr Kr 

t r a j e c t o r i e s have been. That ot^^Ct) should tend to -1 as t — -00 can 
RP 

be seen from the f o l l o w i n g simple argument: From the reasoning of 

Section 2.3, the i?<gi P c o n t r i b u t i o n at large - t can be regarded as a sum 

of diagrams of the type shown i n F i g . ( 3 . 5 . 4 ) . The t r a j e c t o r y of the 

gluon exchange component i s constant at +1, w h i l e t h a t of the quark 

interchange component i s - 1 . S u b s t i t u t i n g ot^ = +1, = -1 i n t o 
(3.3.1) y i e l d s a = - 1 , hence a_„(t) i s expected to approach -1 cut RP 
at large - t . The a ( t ) curve used f o r the f i n a l f i t s i s shown i n 

HP 
F i g . (3.5.5). 

The data confirms t h a t a (t) must approach a constant value 
KP 

or a t l e a s t t h a t i t f a l l s slowly at large -"t- I f the t r a j e c t o r y 

continued to f a l l , the phase of the c o n t r i b u t i o n would r o t a t e as - t 

increased, so t h a t a t some value of t , the meson-Reggeon and i?xP 

terms would be i n antiphase. There would be a range of energies where 

the magnitude of the two c o n t r i b u t i o n s would be s i m i l a r a t t h i s value 

of t and hence an i n t e r f e r e n c e minimum would occur i n the data. For 

instance, using the l i n e a r t r a j e c t o r y quoted i n (3.3.7) and <p = -|- , 

the P phase i s r e a l and opposite i n sign to the Reggeons when 
2 

a^p = -3 i . e . when t = -12 (GeV/c) . Were t h i s the case some s t r u c t u r e 

would be observed i n (pp) above about p j a b = 18 GeV/c. No i n t e r f e r e n c e 

dip i s seen, however. 
Comments 

Overall the f i t s presented i n Figs. (3.5.1) - (3.5.3) give a 

good account of the NN d i f f e r e n t i a l c r o s s - s e c t i o n data, over a very 

large range of energies and angles. Because of the wide range covered, 
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compromises have i n e v i t a b l y had to be made to o b t a i n the best d e s c r i p t i o n 

of the data as a whole, w i t h o u t unduly c o m p l i c a t i n g the p a r a m e t r i z a t i o n . 

As might be expected from an asymptotic model, the standard of 

agreement w i t h data i s l e a s t good at the lowest energies covered, 

where lower order terms become important. 

(pp) has been the primary source of i n f o r m a t i o n as t o the 

s t r u c t u r e of the nucleon-nucleon n a t u r a l p a r i t y n o n - f l i p amplitude 

due to the r e l a t i v e abundance of data f o r t h i s process. The energy 
2 

dependence of the amplitude f o r t < -1 (GeV/c) has been derived almost 

e n t i r e l y from t h i s source, and i t was p r i m a r i l y t h i s i n f o r m a t i o n which 

showed the necessity f o r the term i d e n t i f i e d as the sum of R@P c u t s . 

The t r a j e c t o r y and phase of t h i s term are h e a v i l y constrained by the 

v a r i a t i o n w i t h energy of the shape and magnitude of ̂  (pp) so t h a t 

although the i n t e r p r e t a t i o n of t h i s c o n t r i b u t i o n i s open to argument 

i t s p r o p e r t i e s are w e l l d e f i n e d . 

The shape of the experimental curve f o r ̂  (np) i s 

remarkably s i m i l a r to t h a t obtained f o r pp i n d i c a t i n g t h a t the r e a c t i o n 

mechanisms are c l o s e l y r e l a t e d . This s i m i l a r i t y i s r e f l e c t e d i n the 

simple way t h a t the t h e o r e t i c a l curve f o r — (np) i s obtained from 

the p a r a m e t r i z a t i o n used f o r pp. At small - t the two f i t s are 

e s s e n t i a l l y the same, the d i f f e r e n c e being caused by the change i n 

sign of the 1=1 p and terms, which have small h e l i c i t y n o n - f l i p 

couplings as pr e d i c t e d by RPCA. At large angles and large | t | the 

r a t i o ^k nP) / ̂ f(PP) f i x e d a t the value p r e d i c t e d by the QI 

model. As can be seen from Table (3.5.1), the only parameter t h a t 

has been f r e e l y v a r i e d t o achieve the np f i t has been the r e a l 

coupling constant of the R<^P term. No use has been made of the 

freedom to a l t e r the Rg> P phase, and no m o d i f i c a t i o n s of the t 
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dependence were necessary. From Table (3.5.1) the r e l a t i v e strengths 

of the 1=0 and 1=1 components of the R<gjP cut can be determined: 

\ x P ( I = Q ) G ( P P ) + G ( P n ) l + 2.41 . R R 

A7TTT=TT * G(pp) - G(pn) " _J^_ ' 0.41 ~ : >- S° 
KXf X " 1 . 4 1 

(3.5.6) 

The s i t u a t i o n i n respect of pp i s r a t h e r more complicated. 
do 
d t The shape of the ̂  (pp) curve i s s i g n i f i c a n t l y d i f f e r e n t from 

— ( p p ) . Not only i s i t r i c h i n i n t e r f e r e n c e s t r u c t u r e s , but the 

shape also a l t e r s r a p i d l y w i t h energy. The recent r e s u l t s a t 

p^ ak = 50> 100 and 200 GeV/c have helped to c l a r i f y the s i t u a t i o n 

as regards the shape of ̂  a t high energy. 

2 

Nevertheless the i n f o r m a t i o n a v a i l a b l e f o r - t 2 1 (GeV/c) 

i s s u f f i c i e n t to conclude t h a t both the phase and magnitude of 

the /?®P term are changed from t h e i r values i n pp : 

i l .0-75 

A^TPTT - X.O 

A ^ p ^ - l ) _ i l p - 7 5 

(3.5.7) 

lit 
e 2 (3.5.8) 

The R®P parameters i n pp are only loosely determined, however. 
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Also, as mentioned p r e v i o u s l y , the r a p i d disappearance of the 
2 

i n t e r f e r e n c e minimum at t = -0.5 (GeV/c) r e q u i r e s the presence 
2 

of an a d d i t i o n a l term important f o r - t < 1.5 (GeV/c) which i s 

apparently not present i n np and pp s c a t t e r i n g and which has been 

parametrized as a l o g a r i t h m i c m o d i f i c a t i o n to the c u t . 

Because of the lack of large - t , large angle pp data, the 

behaviour of t h a t p a r t of governed by the QI mechanism cannot 

e f f e c t i v e l y be s t u d i e d . The steep drop observed i n the P|ab = 
2 

5 GeV/c data f o r t < -3 (GeV/c) i s probably due to i n t e r f e r e n c e 

between forward and backward s c a t t e r i n g components as there i s no 

evidence of such behaviour at these t values at higher energies. 

The model has been based on the small angle RPCA model of 

C o l l i n s e t a l , and extended to account f o r the behaviour at large 

angles p r e d i c t e d by quark interchange models. The d e s i r a b l e 

p r o p e r t i e s of each of these models have been r e t a i n e d i n the 

a p p r o p r i a t e k i n e m a t i c a l regions and a smooth t r a n s i t i o n between 

the two has been s u c c e s s f u l l y achieved. I t has been necessary to 

introduce e x t r a terms (notably the cut terms), but i n each 

case the a d d i t i o n s have been r e q u i r e d by the data, and i n most 

instances the p r o p e r t i e s of these a d d i t i o n s are w e l l determined. 

3.6 Conclusions 

I n t h i s chapter the model f o r e l a s t i c hadronic s c a t t e r i n g 

proposed i n Chapter One has been prosecuted s u c c e s s f u l l y . The 

mechanism f o r reproducing the large angle behaviour of da/dt using 

Reggeons whose t r a j e c t o r i e s approach negative integers has been 

shown to work very w e l l . The intermediate angle region has been 
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s t u d i e d and found to be dominated by Regge cut s f o r | t | > 1 (GeV/c) , 

by a P ® P cut at high energy and by at l e a s t four R®P c u t s a t lower 

e n e r g i e s . 

The p a t t e r n of the n o n - f l i p N-N h e l i c i t y amplitude has been 

f i r m l y e s t a b l i s h e d : Reggeon and Pomeron poles dominant a t s m a l l , 
2 

Regge c u t s f o r | t | > 1 (GeV/c) and the Reggeons re-emerging at l a r g e 

a n g l e s . I n Chapter 4 other N-N h e l i c i t y amplitudes w i l l be s t u d i e d 

through the P o l a r i z a t i o n and C o r r e l a t i o n Parameter ( A j j ) d a t a . The 

focus of a t t e n t i o n turns to it-p s c a t t e r i n g i n Chapter 5 where do/dt 

(it-p) w i l l be examined to see i f the p a t t e r n r e v e a l e d i n N-N 

s c a t t e r i n g i s repeated t h e r e . 
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Table (3.5.1) 

Parameter v a l u e s f o r amplitudes N (NN—NN) 

Co n t r i b u t i o n Parameter Reference equation: A p p l i c a b l e to 
pr o c e s s : Value 

Pomeron and 
P ® P cut X (3.2.4) a l l 0.88 

meson-Reggeons r ( f f l u ) (3.5.1) a l l 0.158 

s (3.5.1/2) a l l 37.86 

B x (f,u)) (3.4.12) a l l 22.95 

B x ( p , A 2 ) (3.4.12) a l l B x ( f ,uj)/9 

B 2 ( f , tu, p , A 2 ) (3.4.12) a l l 30 

b l ( 3.5.3) a l l -4.24 

R ® P cut G (3.3.7) PP 

PP 

pn 

99.7 

99.7/2 

99.7/1.4 

q> (3.3.7) PP.pn 

PP 

.839 

.089 

^ORP (3.5.4) a l l 0.30 

" ' r p (3.5.4) a l l 0.31 

a i (3.5.4) a l l 1.12 

a 2 (3.5.4) a l l -1.01 

X R P (3.5.4) a l l .0464 

S R P (3.5.4) a l l 38.6 

G' (3.5.5) pp only 714 

«P' (3.5.5) pp only 0.73 

a' (3.5.5) pp only 1.99 
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F i g . (3.2.1) 

RPCA f i t s to pp, pp, pn t o t a l c r o s s s e c t i o n s (from Wright (1978)) 
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Radio of np to pp 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 a t p, = 10 GeV/c 
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(from Stone (1978)) 
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CHAPTER 4 

NUCLEQN-NUCLEON POLARIZATION AND SPIN CORRELATION PARAMETERS 

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

I n t h i s f o u r t h chapter, the Regge-based model f o r hadronic 

e l a s t i c s c a t t e r i n g proposed i n Chapter 2, w i l l be a p p l i e d to the 

nucleon-nucleon h e l i c i t y f l i p amplitudes as r e v e a l e d i n p o l a r i z a t i o n 

and s p i n c o r r e l a t i o n d a t a . 

E x p r e s s i o n s f o r the NN n a t u r a l p a r i t y , h e l i c i t y n o n - f l i p 

amplitudes, were obtained i n Chapter 3 by f i t t i n g to 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 and now these w i l l be used as input to 

determine . , UQ, . As e s t a b l i s h e d i n Chapter 3, i s much 

l a r g e r than the other amplitudes except at large a n g l e s . Even at 

90° the QI model p r e d i c t s t h a t the magnitude of N^(pp) i s three 

times t h a t of N^, UQ and , w h i l e N^ = 0. 

The e x p r e s s i o n f o r the p o l a r i z a t i o n parameter P, i s given i n 

equation ( B . 5 ) . For N Q much g r e a t e r than the other amplitudes t h i s 

s i m p l i f i e s to 

P |NQ|2 - - 2 I m F N 0 N x* ( 4 . 1 . 1 ) 

and hence N^ may be determined from the p o l a r i z a t i o n data. 

S i m i l a r l y ( B . 6 ) , ( B . 7 ) , (B.8) , (B.9) reduce to 

A |Nn|2 = - 2 Re(N N *) ( 4 . 1 . 2 ) nn 1 U,1 0 I 

A I N I 2 ~ 2 Re (NO *) ( 4 . 1 . 3 ) 
s s 1 01 0 2 

A g £|N 0| 2 * 0 ( 4 . 1 . 4 ) 

A
M I N

0 ! 2 * - 2 R e ( N o U 0 * } ( 4 ' 1 - 5 ) 
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enabling ^ , and UQ to be deduced. The f u l l expressions must, 

however, be used f o r the f i n a l f i t s as the approximations may not 

always be v a l i d , e s p e c i a l l y a t large angles. 

The amplitudes w i l l be constructed i n an analogous way to N^. 

The t = 0 couplings of 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 s w i l l be taken 

from the RPCA model. The c l o s e l y r e l a t e d Reggeon-"Weakon" Coupling 

Analogy model ( C o l l i n s e t a l (1978c)) gives p r e d i c t i o n s f o r unnatural 

p a r i t y c ouplings, but d e t a i l e d studies of s c a t t e r i n g processes i n terms 

of t h i s model have not been performed. Instead, the work of I r v i n g , Berger 

et a l ( I r v i n g (1975), Berger e t a l (1978)) w i l l be used as a basis f o r 

the s t r u c t u r e of the unnatural p a r i t y exchange c o n t r i b u t i o n s . The 

t r a j e c t o r i e s w i l l be based on those of Berger e t a l , but modified t o 

approach i n t e g e r values i n the same way as the n a t u r a l p a r i t y 

t r a j e c t o r i e s . At large angles and large - t the meson-Reggeon 

c o n t r i b u t i o n s w i l l be constrained i n accordance to the Q.I. model. I t 

w i l l be assumed t h a t meson-Reggeons appear i n approximately exchange 

degenerate p a i r s (though the exchange degeneracy may be weakened by 

absorptive c o r r e c t i o n s ) . C o n t r i b u t i o n s other than those from the 

RPCA and Berger et a l models w i l l be introduced i f r e q u i r e d by the data. 

4.2 P o l a r i z a t i o n 

As remarked i n Section 1, a study of the p o l a r i z a t i o n parameter 

data should e l u c i d a t e the s t r u c t u r e of the amplitude. P o l a r i z a t i o n , 

P, i s the h e l i c i t y observable f o r which the g r e a t e s t amount of data i s 

a v a i l a b l e , p r i n c i p a l l y because only the beam or t a r g e t need be 

p o l a r i z e d , not both. Nevertheless large | t | data i s scarce, and 

large angles are covered only at low energies. 
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Good p o l a r i z a t i o n data sets across the complete range 0 - 9 0 ° 
cm cm 

are a v a i l a b l e f o r pp e l a s t i c s c a t t e r i n g a t or near P t a b = 6 GeV/'c and 

1 2 GeV/c. At the same energies pn data e x i s t s , though only at 6 GeV/c 

does i t extend to large angles. Thus a l i m i t e d i s o s p i n decomposition 

may be made a t these energies. The q u a l i t y of the pp data i s poor, 

so the charge conjugation breakdown i s less w e l l determined. I n 
2 

a d d i t i o n , pp data f o r t > -2 (GeV/c) i s a v a i l a b l e at energies up to 

P|Qfa ~ ^ 0 0 GeV/c. Summaries of the data are shown i n Figs. ( 4 . 2 . 1 ) -

( 4 . 2 . 3 ) . 

At the lower end of the energy scale, the pp p o l a r i z a t i o n i s 

everywhere p o s i t i v e and e x h i b i t s two c l e a r peaks. The f i r s t i s at 
2 

t - -0.3 (GeV/c) , and the second, higher than the f i r s t , i s a t 
2 

t - -1.5 to -2.0 (GeV/c) . The small magnitude of the data r e f l e c t s 

the correctness of the assumption t h a t N Q »N^ . 

The f i r s t peak i s present throughout the energy range, and 

i t s h eight decreases w i t h i n c r e a s i n g energy i n d i c a t i n g t h a t 

f a l l s o f f more r a p i d l y w i t h energy than does N^. I n t h i s small t region 

i t i s to be expected t h a t the most important c o n t r i b u t i o n s come from 

pole t r a j e c t o r i e s , and indeed the energy dependence of P(pp) i s c o n s i s t e n t 
2 

w i t h ( t > - l (GeV/c) ) being the sum of a leading n a t u r a l p a r i t y 

meson-Reggeon ( f , OJ, A2, p) t r a j e c t o r y exchange and exchange of a daughter 

t r a j e c t o r y (a_ . = a_ _ - 1 ) . (See e.g. K r o l l e t a l ( 1 9 7 9 ) and Daughter Parent 
4, 

Berger e t a l ( 1 9 7 8 ) ) . This i s i l l u s t r a t e d by F i g . (4.2.X) which compares 

the energy dependence of the small - t P(pp) data w i t h t h a t n a i v e l y expected i f N, were dominated by a parent 
c -L "1 N-

daughter 1 . - 1 . 5 - 1 , 

\ 5 " s 

Nx -.5 

\ ~ 8 J 
or a 

pole. 
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The secondary peak also decreases i n height between p,„^ = 

6 GeV/c and 1 2 GeV/c so t h a t i n t h i s r egion also, appears to have 

a lower e f f e c t i v e t r a j e c t o r y than N^. At very high energies t h i s 

secondary peak s t r u c t u r e i s l o s t , however, and the dominant f e a t u r e 
2 2 f o r t < - 1 (GeV/c) becomes a sharp d i p at t = -1.2 (GeV/c) (See 

i n p a r t i c u l a r the p| Q b = 15 0 GeV/c d a t a ) . 

P(pn) a t p ) a b = 6 GeV/c e x h i b i t s a very s i m i l a r s t r u c t u r e to 

th a t seen i n P(pp) at t h i s energy, but s h i f t e d downwards on the scale. 

Thus the shape of the p o l a r i z a t i o n curve i s determined by the 1 = 0 

p a r t of the amplitude. The 1 = 1 p a r t , i n c o n t r a s t , seems to be 
2 

s t r u c t u r e l e s s , a t l e a s t f o r - t < 1.5 (GeV/c) . L i t t l e can be deduced 

about the shape of P(np) from the data at 11.8 GeV/c. An i s o s p i n 
2 

decomposition of P(NN) at P|Qta = 6 GeV/c f o r t > -1.4 (GeV/c) can be 

found i n K r o l l e t a l ( 1 9 7 9 ) . 
2 

A good f i t to P(pp) and P(pn) f o r t S - 1 (GeV/c) can be obtained 

using the f o l l o w i n g meson-Reggeon c o n t r i b u t i o n s to : exchange 

degenerate f , ui and A2, p p a i r s together w i t h a lower l y i n g 1 = 0 

t r a j e c t o r y ( r e f e r r e d to here as f-daughter) see e.g. Berger e t a l 

( 1 9 7 8 ) . The behaviour of the c o n t r i b u t i o n to P of such an exchange 

degenerate term i n ( i n t h i s case the k^, 9 term) i s i l l u s t r a t e d i n 

Fig . ( 4 . 2 . 5 ) . The term i s as given by ( 1 . 5 . 4 ) w i t h 

B " (pp^pp; A 2, p) B + +(pp-*pp; A 2, p) = e s P P p 

( 4 . 2 . 1 ) 

The t = 0 couplings of the , 9 are those given by the RPCA model. 

The RPCA p r e d i c t s a zero coupling of the f and u at a h e l i c i t y - f l i p 

v e rtex whereas the data r e q u i r e s a s u b s t a n t i a l 1 = 0 term. Thus, 

e i t h e r ( 1 ) the RPCA i s wrong or applies s t r i c t l y only at very small 
•fc 

| t | , or ( 2 ) Xhe leading 1 = 0 term i s not i n f a c t f + OJ. 
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A r e s o l u t i o n to t h i s problem i s proposed below. Since the QI model 

p r e d i c t s = 0 at large angles, no term corresponding to B^Ct) i n 

(3.4.7) has been introduced i n (4.2.2). 

A parameterization based on exchange degenerate p a i r s of 

c o n t r i b u t i o n s cannot, however, be used to f i t the data at l a r g e r - t 

(see e.g. K r o l l e t a l (1978) and (1979)). I n the pp and pn r e a c t i o n s 

such a para m e t e r i z a t i o n of would be e n t i r e l y r e a l . Thus, from (4.1.1) 

P = Im(N ̂  (4.2.2) 

Now i n the p ) Q b range 6-12 GeV/c Im(N^) changes sign around t = -1 
2 

(GeV/c) (see F i g . (4.2.6)) where cuts replace the P pole as the 

dominant c o n t r i b u t i o n . I f were r e a l , the p o l a r i z a t i o n would be 

zero a t t h i s p o i n t (See e.g. F i g . ( 4 . 2 . 5 ) ) . The h i g h l y s t r u c t u r e d 

p o r t i o n of P due to the 1 = 0 p a r t of does seem to possess a zero 

i n t h i s r e g i o n , and hence N^(l=0) could be approximately r e a l . The 

1=1 p a r t c l e a r l y does not, however - the 6 GeV/c pp and pn data do not 

cross or even approach each other - so (1=1) must have a s i g n i f i c a n t 

imaginary p a r t . 
2 

Thus, there i s a term, important f o r - t > l ( G e V / c ) ( i . e . the 

region of the second peak i n P( p p ) ) , which i s not governed by exchange 

degeneracy. This i s j u s t the region i n which i s dominated by the 

i?®P c u t . I t seems l i k e l y , then, t h a t a s i m i l a r phenomenon i s 

c o n t r i b u t i n g to the s i n g l e f l i p amplitude. The a l t e r n a t i v e 

e x p l a n a t i o n would be to propose large scale strong-exchange-degeneracy 

breaking between meson-Reggeon p a i r s i n . (As noted e a r l i e r , N-̂  i s 

vary i n g f a s t e r w i t h energy than NQ, so t h a t a term w i t h a high l y i n g 

t r a j e c t o r y , such as a flip-Pomeron can be immediately excluded). 
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The general form expected of a cut i s given by (3.3.3). The 

R@P t r a j e c t o r y has been determined i n Chapter 3 during c o n s i d e r a t i o n 

of but some freedom remains through choice of the parameter, d. 

An energy dependence c o n s i s t e n t w i t h the observed behaviour of the 

p o l a r i z a t i o n i s obtained w i t h |d| = - j - The data i s i n s u f f i c i e n t to 

allow d i s c r i m i n a t i o n between t h i s power/logarithm energy dependence 
oc 

and the pure s dependence of a Regge pole. Since the concept of 

exchange degeneracy has been found t o work w e l l i n a v a r i e t y of 

s i t u a t i o n s , and because of the s i m i l a r i t i e s i n the s t r u c t u r e of the 

and amplitudes, the exchange degeneracy breaking term w i l l be 

parametrized here as a combination of s i n g l e - h e l i c i t y - f l i p R$P cuts 

r a t h e r than an e x t r a meson-Reggeon exchange term. 

There are four leading R ®P cuts which may be c o n t r i b u t i n g to 

N^(NN); f ® P , a)(g>P, P, P®P, each having a d i f f e r e n t combination 

of i s o s p i n and charge conjugation p r o p e r t i e s . I f , f o r s i m p l i c i t y , 

i t i s assumed t h a t the t r a j e c t o r y and d parameter are the same f o r a l l 

fo u r terms, the t o t a l i?®P c o n t r i b u t i o n may be w r i t t e n , from (3.3.3) 

AW P P ) = [ Fo +
( t ) + i Fo- ( t ) + F i + ( t ) + i F i - ( t ) 

V ( t ^ I ° tRxP ( t ) 

s e 

(4.2.3) 
(lns+d) 

where the F's are r e a l and the s u b s c r i p t s i n d i c a t e i s o s p i n and charge 

c o n j u g a t i o n . Figs. (4.2.7) and (4.2.8) show the c o n t r i b u t i o n to P of 

such terms. F i g . (4.2.7) represents a C = + c o n t r i b u t i o n w i t h 

F ( t ) = F n ( t ) + F A ( t ) = G f ( t ) x x (-2.11) x e 1 - 9 t (4.2.4) + 0 + 0 - m 
P 

where f ( t ) i s the t-dependence f u n c t i o n of the $. component of N^, 

defined by (3.5.10) and G i s the corresponding coupling f a c t o r . 

F i g . (4.2.8) represents a C = - c o n t r i b u t i o n w i t h 

F ( t ) = G f ( t ) x 1£1 x (-0.352) x e 1 ' 9 t (4.2.5) m P 



- 4.7 -

The parameter d i s chosen to be + - j - . 

The C = + c o n t r i b u t i o n ( F i g . (4.2.7)) possesses features seen 
2 

i n the P(pp) data. I t has a minimum at t = -0.7 (GeV/c) at P^a^ = 
6 GeV/c, which becomes deeper and moves to l a r g e r - t values as the 

2 
energy increases ( t = -1.2 (GeV/c) at P I a b = 150 GeV/c). At t - -1.5 

2 

(GeV/c) a large peak occurs a f t e r which the c o n t r i b u t i o n r a p i d l y tends 

to zero as - t increases. Thus much of the s t r u c t u r e i n the data i s 

c o n s i s t e n t w i t h being due to a C = + RtgP c u t . As noted e a r l i e r 

P(pp) and P(np) data have s i m i l a r shapes ( a t l e a s t at P-̂ â  = 6GeV/c) 

and hence the s t r u c t u r e can be associated w i t h 1 = 0 exchanges. Thus 

i t i s reasonable to assume t h a t t h i s C = + cut has 1 = 0 and hence i s 

f g > P (though some admixture of A,® P cannot be excluded). 
i— 

The p r i n c i p l e f e a t u r e present i n the data, but missing from 

the f®P cut c o n t r i b u t i o n i s the peak at small - t . The change i n h e i g h t 

of the 1 = 0 component of t h i s peak i n d i c a t e s the presence at small 

- t of a low l y i n g t r a j e c t o r y exchange c o n t r i b u t i o n i n ( I = 0 ) . I t 

i s thus proposed t h a t the 1 = 0 component of the amplitude i s composed 

p r i n c i p a l l y of f-daughter exchange (important f o r small - t ) and f(g)P 

cut exchange. This i s c o n s i s t e n t w i t h the RPCA model p r e d i c t i o n of 

a zero fNN h e l i c i t y f l i p c o u p l i n g . 

Turning now to the 1 = 1 component of the p o l a r i z a t i o n , i t may 

r e a d i l y be seen, t h a t a combination of p + A2 and C = - P<SP cut 

terms can give a c o n t r i b u t i o n which i s roughly constant between t = -0.1 
2 2 (GeV/c) and t = -1.5 (GeV/c) as required by the 6 GeV/c P(pp) and 

P(pn) data. 
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Thus, most features of the p o l a r i z a t i o n data can be reproduced 

using an amplitude composed of two 1 = 0 c o n t r i b u t i o n s (f®P cut 

and f-daughter) and three 1 = 1 c o n t r i b u t i o n s (p&P cut and exchange 

degenerate p and A 2 poles). 

There i s one notable r e g i o n , however, where t h i s i s not the 
2 

case — P- âk - 6 GeV/c, t < -2 (GeV/c) , p a r t i c u l a r l y i n pn s c a t t e r i n g . 

Here, the Minnesota pn data r a p i d l y decreases from zero a t t - -2 

(GeV/c) 2 through - -.3 at t = -5 (GeV/c) 2 (90° ) to ~ -.45 at 
cm 

2 + 

t =: -8 (GeV/c) . U n f o r t u n a t e l y , higher energy large - t pn data i s not 

a v a i l a b l e to e s t a b l i s h the energy dependence of t h i s f e a t u r e . Nor i s 

i t s i s o s p i n behaviour c l e a r , as N^(pp) (and hence P(pp)) i s constrained 

by Fermi s t a t i s t i c s to be zero at 90° so t h a t a l l c o n t r i b u t i o n s 
cm 

must cancel a t t h i s p o i n t . I f a term s i m i l a r to t h a t g i v i n g the large 

negative c o n t r i b u t i o n to P(pn) were present i n N-^(pp), i t s e f f e c t s 

near 90° would be disguised by the c a n c e l l i n g c o n t r i b u t i o n s . 

D i r e c t comparison of P(np) and P(pp), thus y i e l d s l i t t l e i n f o r m a t i o n . 

Large - t data f o r pp i s , of course a v a i l a b l e at higher energies. 

I f the large t term i s a) present i n pp s c a t t e r i n g and b) has a 

r e l a t i v e l y slow s dependence at f i x e d t ( i . e . i s a "forward" s c a t t e r i n g 

term), then i t should make i t s presence f e l t i n P(pp) at 12 GeV/c. The 
data at t h i s energy, however, remains close to zero (< .08) f o r t < - 2 . 5 

2 

(GeV/c) . Neverthless, there does appear t o be a change i n curvature 

of the - t side of the secondary peak between 6 GeV/c and 12 GeV/c, 

which i s not explained by the f®P cut i n N^. This could be an i n d i c a t i o n 

t h a t the term producing the large negative values 

+ This i s p a r t i c u l a r l y i n t e r e s t i n g i n t h a t the QIM p r e d i c t s t h a t the 

p o l a r i z a t i o n , i n both pp and pn s c a t t e r i n g , should be zero to leading 

order at large - t and large angles. 
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a) i s present also i n N^(pp) (but cancelled at large angles 

by terms w i t h more r a p i d l y varying f i x e d t energy 

dependence - "backward" terms) 

b) has a r e l a t i v e l y low l y i n g t r a j e c t o r y , so t h a t i t s 
u 

importance decreases r a p j K l y w i t h i n c r e a s i n g energy. 

One of the premises upon which the model i s based i s t h a t the 

asymptotic behaviour of the s c a t t e r i n g amplitudes at large angle i s 

as given by the Quark Interchange model. In nucleon-nucleon s c a t t e r i n g , 

the leading QIM c o n t r i b u t i o n s to the amplitudes behave l i k e — at 
S 

f i x e d large angle. Now the QIM p r e d i c t s t h a t = 0 to t h i s order. 

Thus to maintain consistency w i t h QIM any large angle terms i n N-̂  must 
4 

have a f i x e d angle v a r i a t i o n w i t h energy which i s f a s t e r than 1/S . 

To model the large angle pn behaviour an e x t r a , l o w - l y i n g , 

term has been introduced i n t o the p a r a m e t r i z a t i o n . For convenience 

i t s s t r u c t u r e has been based on t h a t of the RQ)P c u t . To o b t a i n the 

necessary antisymmetry of N-^(pp) about 90° , t n e t e r m Is again d i v i d e d 

i n t o "forward" and "backward" parts (as i n ( 3 . 5 . 6 ) ) . To account f o r 

the large d i f f e r e n c e between P(pp) and P(np) at large - t , ^ = 6 GeV/c, 

i t i s assumed t h a t the "forward" p a r t i s 1 = 1 , w h i l e the "backward" 

p a r t i s w r i t t e n as I = 0. The "forward" p a r a m e t r i z a t i o n i s obtained 

from (4.2.3) by r e p l a c i n g the t o t a l F ( t ) by 

-G 
T F X ( t ) = ~~T X ( t ) ° Z<F?Af> -Ĝ *) (4.2.6) 

s 
where X ( t ) 1 - e A 
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The f a c t o r X ( t ) has been introduced so as to give the r e q u i r e d 

r i s e i n magnitude of P(pn) at large angles and low energy, while 

r e t a i n i n g a p o s i t i v e t o t a l ( i e . forward plus backward) X c o n t r i b u t i o n 
o 2 

to P(pp) f o r 9 < 90 . The S f a c t o r gives the necessary low l y i n g 

t r a j e c t o r y ( o t x ( t ) - - 3 at t - ^ ) while the exponential t-dependence of f ( t ) 

ensures t h a t the f i x e d angle energy dependence i s more r a p i d than the 

QI power law form. 

The curves shown i n F i g . ( 4 . 2 . 9 ) - ( 4 . 2 . 1 1 ) are obtained using 

p, A^, f-daughter, f®P and p®P terms together w i t h the X term j u s t 

described. As may be seen, a good account of the data i s obtained over 

the whole range of energies and angles considered. 

The p and terms used are as given by ( 4 . 2 . 1 ) and ( 1 . 5 . 4 ) . 

The f ® P and p ® P are as given by 

( 4 . 2 . 3 ) , w i t h 

F ( t ) = G . f ( t ) x 2 £ I 
P 

a 3 t 
K, - + a ( t ) K 

1 ( - t ) t J 

F ( t ) / 2 4 2 ( 4 . 2 . 7 ) x 

w -<*<*> * 2 ¥ -h-^-f •«> <4-2-8) 

2 
Note t h a t ( 4 . 2 . 7 ) i s not i n f a c t s i n g u l a r at t = 0 since f ( t ) * t . 

The changes from ( 4 . 2 . 4 ) and ( 4 . 2 . 5 ) have been introduced to give 
2 

b e t t e r agreement w i t h the data i n the region t < - 1 . 5 (GeV/c) i e . the 

large | t | side of the second peak. The f u n c t i o n a^_(t) i s obtained by 

f o l l o w i n g the t r a j e c t o r y bending procedure from Chapter 3 s t a r t i n g 

w i t h a l i n e a r form defined by a ^ = 1 , a = 1 . Thus a (0) = 1 and 
1 t t t 

a^(-o>) = _ 1 . The s t r u c t u r e s of ( 4 . 2 . 7 ) and ( 4 . 2 . 8 ) are a product of 

the h i s t o r y of the p a r a m e t r i z a t i o n - i t i s the shapes of ( t ) and 

F ( t ) t h a t are important not the way they are w r i t t e n down. The 

simpler forms were used e a r l i e r so as to make c l e a r , i n p a r t i c u l a r , 
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t h a t the dip-peak s t r u c t u r e seen i n F i g . ( 4 . 2 . 7 ) arises n a t u r a l l y , 

and i s not the r e s u l t of an a r t i f i c i a l l y imposed t-dependence. 

The f-daughter term takes the form 

+- 1 R 2 T A+~(pp;f) 
A (pp-pp;f-daughter) = — D e x ( 4 . 2 . 9 ) 

+ + B +"(pp-pp;f)3 (pp-pp;f) 

where A*+ (pp-pp;f) i s as given by ( 1 . 5 . 4 ) . The f i t t e d parameters are 

l i s t e d i n Table ( 4 . 2 . 1 ) . 

Note t h a t N-^(pp) must be antisymmetric about 9 = 9 0 ° . This 

has been ensured by adding a "backward" p a r t of N^(pp) to the 

"forward" p a r t described above, as prescribed by equation ( 3 . 5 . 6 ) . 

The curves presented i n F i g . ( 4 . 2 . 9 ) are obtained using the f u l l 

expression f o r the p o l a r i z a t i o n parameter, P, (see B.5) r a t h e r than 

the approximate form, ( 4 . 1 . 1 ) . The p a r a m e t r i z a t i o n of N2 used, i s 

t h a t obtained (along w i t h UQ and U^) i n Section 4.3, which now f o l l o w s , 

In p r a c t i c e , n e g l e c t i n g N2 i s found not to a f f e c t g r e a t l y the 

p o l a r i z a t i o n parameter r e s u l t s . 

4.3 Spin-Spin C o r r e l a t i o n Parameters 

I n s e c t i o n 4.2, p o l a r i z a t i o n data was used, i n c o n j u n c t i o n 

w i t h a p r e v i o u s l y formulated expression f o r NQ, to o b t a i n i n f o r m a t i o n 

about the s i n g l e h e l i c i t y f l i p amplitude, N^. In a s i m i l a r way the 

c o r r e l a t i o n parameters, A , A and A., can be used to shed l i g h t on 
nn s s 11 

the s t r u c t u r e of the ^ , and UQ amplitudes r e s p e c t i v e l y (see 

equations ( 4 . 1 . 2 ) to ( 4 . 1 . 5 ) ) . U n f o r t u n a t e l y , data f o r these 

parameters at moderate and large - t are f a r from abundant, being 

l i m i t e d , p r i n c i p a l l y , to pp s c a t t e r i n g at or below p = 1 2 GeV/c. 
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A (pp) data at 6 and 12 GeV/c are shown i n F i g . ( 1 . 3 . 6 ) , nn 
together w i t h two poi n t s r e p r e s e n t i n g recent measurements of A (pn) 

nn 
at 6 GeV/c. The most prominent f e a t u r e i s the r a p i d r i s e which 

2 
occurs f o r -t > 4 (GeV/c) , leading to peak values of around 0 . 6 

n 

(p = 1 1 . 7 5 GeV/c, 7 £ - t < 1 0 . 2 (GeV/c) . NB 9 0 ° corresponds 
lab ' <u ». Cm 

2 2 a t t h i s energy to t = - 1 0 . 1 9 (GeV/c) ) . For - t < 4 (GeV/c) , A i s nn 

small which i s co n s i s t e n t w i t h the assumption t h a t N 2 « N Q except at 

large - t . This apparent s p l i t i n t o two t-regions f i t s i n w e l l w i t h 

the philosophy ( o u t l i n e d i n Section 3 . 5 ) of parametrizing the 

s c a t t e r i n g amplitudes i n "Q" and "R" p a r t s , w i t h 

N R » N R N R U R U R 

0 1 ' 2 ' 0 ' 2 

and — — ( t — -°°) e t c . given by the Q.I. model. 
N 

2 
With such a p a r a m e t r i z a t i o n one would expect A to be small i n the 

nn 
low - t re g i o n ("R" pa r t s of the amplitudes dominant), but approach 

the Q l - p r e d i c t e d value of T as 9 - * 9 0 °, s l a r g e . I t i s i n t e r e s t i n g 
cm 

to note t h a t the data, i n f a c t , exceeds y at 9 0 ° , plab = 1 1 . 7 5 
cm 

GeV/c. C l a r i f i c a t i o n of whether t h i s i n d i c a t e s t h a t the QI model 

needs mod i f y i n g , or merely t h a t " l a r g e " energies have yet to be 

reached, w i l l have to await f u t u r e experiments at higher energies. 

At small to medium - t , A e x h i b i t s a double peak s t r u c t u r e 
nn 

reminiscent of t h a t seen i n the p o l a r i z a t i o n parameter. The f i r s t 
2 

peak occurs about t = - 0 . 7 (GeV/c) , and i s seen c l e a r l y both at 

6 GeV/c and 11 .75 GeV/c. At 1 1 . 7 5 GeV/c t h i s i s fo l l o w e d by a sharp 
2 

d i p ( t = - 0 . 9 (GeV/c) ) , then the second peak a t around t = - 1 . 8 
2 

(GeV/c) . This dip-second peak s t r u c t u r e i s much less obvious at 6 

GeV/c. 
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2 For t between -1 and -3 (GeV/c) A appears to be slowly 
Increasing w i t h increasing energy* This i n d i c a t e s e i t h e r t h a t 
a) [ ^ I / I N - J J i s i n c r e a s i n g w i t h energy, or b) The r e l a t i v e phase of 
^2 a n <3 N-̂  i s changing. These p o s s i b i l i t i e s w i l l be discussed i n more 
d e t a i l l a t e r . 

Fig.(1.3.7) shows data f o r A.., A . and A at 6 GeV/c. There 
11 s i ss 

i s no medium to large - t data a v a i l a b l e f o r these observables at higher 

energies and a l l have low values at small - t as expected. At l a r g e r 

angles the data i s reasonably c o n s i s t e n t w i t h an approach toward the 

values p r e d i c t e d by the QI model at 90° (For more d e t a i l e d comment 
cm 

r e f e r back to Table ( 1 . 4 . 2 ) ) . 

As was the case f o r the NQ and amplitudes, i n t h i s model 

the behaviour at small - t of the Regge pole terms c o n t r i b u t i n g to 

N£, UQ and U2, w i l l be based on t r a d i t i o n a l Regge models. A l l meson-

Reggeon c o n t r i b u t i o n s w i l l be constrained to give the behaviour 

p r e d i c t e d by the Quark Interchange model at large s and - t . 

As noted above, the double p o l a r i z a t i o n observable f o r which 

most data i s a v a i l a b l e i s A , and i t i s to t h i s parameter t h a t 
nn 

a t t e n t i o n i s f i r s t turned. From equation (4.1.2) i t may be seen th a t 

A .D (Appendix B) i s approximately p r o p o r t i o n a l to the product of 

those p a r t s of NQ and which are i n phase. The RPCA model p r e d i c t s 

t h a t the dominant Regge-pole c o n t r i b u t i o n to at small - t should 

come from the (approximately) exchange degenerate p and A2 

t r a j e c t o r i e s . (The h e l i c i t y f l i p couplings of the P, f , 10 to NN are 

p r e d i c t e d to be z e r o ) . F i g . (4.3.1) shows the c o n t r i b u t i o n to A (pp) 
nn 

made by a P+A2 term i n ^ ( p p ) whose "R" p a r t (see Section 3.5) i s given 

by (1.5.4.) w i t h 



- 4 . 1 4 -

r- -.R . [ 0 . 5 1 + 0 . 8 5 t - o t p ( t ) ] 
B +"(pp;p,A 2)B +_(pp;p iA 2) = g s ( 4 . 3 . 1 ) 

At t = 0 , t h i s reduces to the RPCA coupli n g . 

Comparing t h i s p i c t u r e w i t h Fig .(l . 3 . 6)it i s r e a d i l y seen t h a t although 
2 

the magnitude of the p+A 2 c o n t r i b u t i o n f o r -t<;l (GeV/c) i s comparable 

w i t h t h a t of the data, i t has the wrong s i g n . 

C l e a r l y , e i t h e r the RPCA p r e d i c t i o n of the Reggeon h e l i c i t y 

f l i p coupling strengths i s g r o s s l y wrong, or else another term (or 

terms) i s present which gives a p o s i t i v e c o n t r i b u t i o n to A (pp) at 
nn 

small - t , of roughly twice the magnitude of t h a t of p+A 2. The 

model of Berger e t a l ( 1 9 7 8 ) does, i n f a c t include such a p o s i t i v e 

c o n t r i b u t i o n . This a r i s e s from the i n t r o d u c t i o n of absorp t i o n 

c o r r e c t i o n s to the n and 3 exchange amplitudes (These are found 

necessary to e x p l a i n the forward spike i n np pn s c a t t e r i n g ) . The 

co r r e c t i o n s are a p p l i e d using the Williams p r e s c r i p t i o n (Williams 

( 1 9 7 0 ) ) as f o l l o w s : The basic Reggeon exchange amplitude i n the 

Berger e t a l model i s given by 

V c 
A, , (AB-CD;f?) = + 
V D 

2m. 
V X A VTt" 

2TIL 
• ^ L V c B (AC;#&. >(BD;fl) 

•litcx, 
1 + ( - 1 ) 

1-*T 
r ( i R - o R ) ( a ' ) (ct'S) 0^ ( 4 . 3 . 2 ) 

where S and SL are r e s p e c t i v e l y the spins of exchange R and of the K K 
lowest occurrence on the exchange degenerate t r a j e c t o r y a D ( t ) . See 

Table ( 4 . 3 . 1 ) f o r parameter values. For an exchange degenerate p a i r 

the amplitudes sum to give ( 4 . 3 . 2 ) w i t h the signature phase f a c t o r 
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(square bracket) replaced by 2. To o b t a i n the absorbed JI+B amplitude 

the f u r t h e r replacement 

- t 
(n+x)/2 

- t 
n/2 r 2 > -m 

it 
I N •> • 4 m N 2 - • 4 m N 2 -

x/2 
(4.3.3) 

i s made, where n = | *-Q-*A-*-D
+*B | A N D N + X = I *c~*"A I + I *D~XB I 

Now, f o r <p0 (E A + ) , n = 0 and n+x = 2, while f o r q>̂  (E A +
+ ) *2 

n = 2 and n+x = 2. Because it, B, it, B <P2' /<P4 4 1, the absorbed u and B 

exchanges do not have d e f i n i t e n a t u r a l i t y , and hence c o n t r i b u t e both 

to N£ and to ̂ ( s e e t a b l e B.3). I n the case of N£ the n+B term 

contains the f a c t o r (corresponding to (4.3.3)) 

2 
- t n 

+ 2 2 4mN 4m N 

(4.3.4) 

while i n t h i s becomes 

- t m 
2 2 4m N 4m N 

(4.3.5) 

The above p r e s c r i p t i o n gives only a rough and ready approximation 

to the true absorptive e f f e c t s , but i t should provide a reasonable 

guide, a t l e a s t small | t | . F i g . (4.3.2) shows the c o n t r i b u t i o n to 

A of an absorbed n+B term i n N„. This term i s as described above, nn 2 
except i n t h a t 

a) the l i n e a r t r a j e c t o r y used by Berger et a l (see Table 

(4.3.1)) has been modified so as to tend to -1 at t — - 0 0 . The same 

p r e s c r i p t i o n has been used as f o r f , ( j , p, A£ (see Section ( 3 . 4 ) ) , 
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b) An e x t r a f a c t o r of 

r,Ta0 - a.' - a ( t F l (4.3.6) _ 3 J- u i t it it -J E e 

w i t h E = 1.4 and r 3 = 2.0 

has been used to modify the Berger et a l coupling product, B + B + i n 

order to improve agreement w i t h the data. 

The e f f e c t s of t h i s m o d i f i c a t i o n are f e l t mainly at large - t , where 

the accuracy of the Williams p r e s c r i p t i o n i s u n c e r t a i n anyway. A 

comparison between Figs. (4.3.1) and (4.3.2) shows t h a t the p+A2 and 
2 

it+B terms are capable of producing a "hump" f o r - t < l (GeV/c) such 

as i s seen i n the data. The p o s i t i v e c o n t r i b u t i o n of the n+B 

dominates at very small - t , but the negative P+A2 gains i n importance 
2 

w i t h i n c r e a s i n g - t . The sum of the terms i s zero at t = -1.3 (GeV/c) 

f o r p l a b = 6 GeV/c. 
2 

I t seems, then t h a t the behaviour of A f o r - t < 1 (GeV/c) 
nn 

can be explained reasonably w e l l i n terms of a it+B term w i t h absorbtive 

c o r r e c t i o n s plus a p+A2 term (perhaps even by a it+B term a l o n e ) . I t 

i s u n l i k e l y , however, t h a t t h i s combination can s u c c e s s f u l l y account 
2 f o r A i n the r e g i o n 1 < - t < 3 (GeV/c) . As was mentioned e a r l i e r , nn 

the a v a i l a b l e data i n t h i s r e g i o n i n d i c a t e s t h a t A i s growing w i t h 

i n c r e a s i n g s, i m p l y i n g , at l e a s t s u p e r f i c i a l l y , t h a t the e f f e c t i v e 

t r a j e c t o r y of the N 2 amplitude i s higher l y i n g than t h a t of N Q. 

Note, however, t h a t t h i s conclusion applies only i f the r e l a t i v e 

phases of N 2 and NQ at a given t value vary l i t t l e over the energy 

range under c o n s i d e r a t i o n . 
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Now i n t h i s intermediate t r e g i o n , the most important 

c o n t r i b u t i o n to N i s from the P ® P cut terms. The growth w i t h energy 

of A could thus be explained i f N~ were dominated by a c o n t r i b u t i o n nn 2 

w i t h a much higher l y i n g t r a j e c t o r y . The only pole term which f u l f i l s 

t h i s requirement i s the Pomeron, P. I f i t i s assumed t h a t N^»N^, N^, 

U Q, U 2, then 

2 A ^ « Re(N 0N 2)/|N 0| ' ( 4 . 3 . 7 ) 

Further assuming t h a t NQ and ̂  are each dominated by a s i n g l e Regge 

pole, then at f i x e d t 

^aN0 
S 

Replacing by ctp and by ^ g p i then i n the t - r e g i o n under 

c o n s i d e r a t i o n A i s expected to vary roughly as s + \ Thus, between nn 
p ) Q b = 6 GeV/c (s = 13.2 (GeV/c) 2) and p l c v b = 1 2 GeV/c (s = 24.4 

2 (GeV/c) ) , A would increase by a f a c t o r of 2, which f o r 1 < - t < 3 nn ' ' ~ 
2 

(GeV/c) i s reasonably c o n s i s t e n t w i t h the data. 

Pomeron exchange, having even charge conjugation and a 

t r a j e c t o r y near + 1 i s mainly imaginary. Since A i s approximately 

p r o p o r t i o n a l to Re(N„N 0), the P c o n t r i b u t i o n to A depends on 
U z nn 
p 

the product Im(NQ) N^ . As may be seen from F i g . ( 4 . 2 . 6 ) Im (NQ) 
2 

has a zero a t about t =-1.2 (GeV/c) i n the energy range being 
considered. A P c o n t r i b u t i o n to A would thus be expected to 

nn 
change sign near t h i s value of t . Notice t h a t the p| ^ = 11.7 5 (GeV/c) 

2 

data has a minimum at t = -0.9 (GeV/c) . This could w e l l o r i g i n a t e 

from a near c a n c e l l a t i o n between the n+B (absorbed) and p+A2 

P 
c o n t r i b u t i o n s , together w i t h a small negative value from Re(N^N 2 ) . 
The combined meson-Reggeons would give the r e q u i r e d p o s i t i v e A f o r 

nn 
-t<.9(GeV/c) and would be responsible f o r the maximum seen at 
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t =• -1.8 (GeV/c) . The negative Pomeron c o n t r i b u t i o n at s m a l l - t 

would have to be small so t h a t an unreasonably large n+B term i s not 

needed to reproduce the p o s i t i v e experimental r e s u l t s . 

The above arguments make a p l a u s i b l e case f o r the existence of 

a double h e l i c i t y f l i p P c o n t r i b u t i o n . There are, however, several 

reasons why t h i s i n t e r p r e t a t i o n of the data i s u n a t t r a c t i v e : 

(1) Comparison of the two a v a i l a b l e A (pn) data points ( a t 
nn 

plab = 6 GeV/c) w i t h the pp r e s u l t s i n d i c a t e s the presence of a large 

i s o s p i n 1 component which i s p o s i t i v e i n pp. The p+A 2 and it+B 

c o n t r i b u t i o n s are both 1 = 1 , but have opposite signs, producing a 

small net e f f e c t compared w i t h the observed pn values. The Pomeron 

i s 1 = 0 , hence whether or not P i s present, a f u r t h e r 1 = 1 

c o n t r i b u t i o n would s t i l l be needed. 

(2) I n the RPCA model, the h e l i c i t y f l i p c oupling of the 

Pomeron i s zero. This p r e d i c t i o n i s borne out by the lack of evidence 

f o r a Pomeron term i n N-̂ . I f f a c t o r i z a t i o n holds f o r P i t s 

c o n t r i b u t i o n to should be even smaller than to . 

(3) Although a c a n c e l l a t i o n between the p+A 2 and JI+B terms 

i n N 2 together w i t h the sign change i n Re(N^) and the imaginary nature 
2 

of P can e x p l a i n the minimum at t - -.9 (GeV/c) i n A at p, , = 
nn 

12 GeV/c, t h i s mechanism w i l l also produce a s i m i l a r minimum at 

Plab = ^ GeV/c. There i s some evidence f o r a d i p at P ] a b = 6 GeV/c, 
2 

but i t i s much shallower and does not occur u n t i l t = -1.3 (GeV/c) . 

This s h i f t i s too large to be caused by a change w i t h energy of the 

r e l a t i v e magnitudes of ir + B and p+A 2, since the two t r a j e c t o r i e s are 

close together i n t h i s t r e g i o n . 
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( 4 ) Throughout t h i s work i t has been observed t h a t Regge pole 

c o n t r i b u t i o n s are large at small j t | , becoming r e l a t i v e l y small f o r 
2 

-3 >, t > - 1 (GeV/c) . (The meson-Reggeons do re-emerge a t large 

angles, however). I t thus seems strange t h a t a Pomeron pole 

c o n t r i b u t i o n to should grow s i g n i f i c a n t i n j u s t t h a t r e g i o n where 

i n NQ i t becomes very s m a l l . The ^ c o n t r i b u t i o n could of course 

be r e - i n t e r p r e t e d as a P® P cut term. 

( 5 ) A Pomeron term i n ̂  of appropriate s t r e n g t h t o account 

f o r the A (pp) data would have a n o t i c e a b l e e f f e c t on the pp d i f f e r e n t i a l nn 
cross s e c t i o n at very high energy. Because the Pomeron t r a j e c t o r y 

i s near + 1 i t s c o n t r i b u t i o n to do/dt f a l l s very slowly w i t h i n c r e a s i n g 
2 energy, and i s found to be s u f f i c i e n t l y large p a r t l y to f i l l 

2 
i n the i n t e r f e r e n c e minimum which occurs i n the [ NQ | term at t = -1.4 

2 

(GeV/c) . I t may be possible to compensate f o r t h i s by an adjustment 

of the NQ f i t parameters, but i t seems unwise to draw conclusions 

about t h i s very high energy r e g i o n from such a small amount of low 

energy data. 
There i s an a l t e r n a t i v e i n t e r p r e t a t i o n of the A data which 

nn 

circumvents most of the d i f f i c u l t i e s encountered w i t h the Pomeron. 

When considering both NQ and N-̂ , the most s a t i s f a c t o r y e x p l a n a t i o n of 

the behaviour of the data i n the intermediate t region was i n terms 

of R&P c u t s . Since, i n the same r e g i o n , N^ also e x h i b i t s p r o p e r t i e s 

which are d i f f i c u l t to understand i n terms of Regge pole terms, i t 

i s sensible at l e a s t to consider the p o s s i b i l i t y t h a t t h i s h e l i c i t y 

amplitude also contains an important R&P c o n t r i b u t i o n . An immediate 

problem w i t h t h i s hypothesis i s t h a t a ^ p a s determined from studies 
ef f 2 of d a / d t i s s i m i l a r to a (NQ) f o r - t > 1.5 (GeV/c) , and thus from 

t r a j e c t o r y considerations the R®P c o n t r i b u t i o n to A ± s expected to 

be roughly constant. 
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Notice from ( 3 . 3 . 3 ) , however, t h a t the energy dependence of 

the R@P term depends not only on i t s t r a j e c t o r y , but also on the 

f a c t o r (lns+d) . I t was found necessary p r e v i o u s l y to choose a 

d i f f e r e n t value of the complex constant d-̂  f o r NQ and . Some 

freedom i n the energy dependence s t i l l e x i s t s , t h e r e f o r e , through the 

choice of d appropriate to N^. I f d i s chosen to be a complex 

number w i t h a negative r e a l p a r t , then f o r Ins < -Re(d), the e f f e c t i v e 

t r a j e c t o r y of the term i s r a i s e d r e l a t i v e to the a c t u a l t r a j e c t o r y . 

The asymptotic p r o p e r t i e s are of course unchanged. 

F i g . ( 4 . 3 . 3 ) shows the c o n t r i b u t i o n to A from an RfoP 
nn 

term i n ^ of the form ( 4 . 2 . 3 ) w i t h 

F ( t ) + F ( t ) = Qf ( t ) x 1^1 
M 
P 

V to 
x K, e e 

( 4 . 3 . 9 ) 

a = - 0 . 1 6 1 ; d = - 3 . 1 8 + j • K3 = .0176 ; = 1.0 

As before Q f ( t ) r e f e r s to the t-dependence f u n c t i o n of the n o n - f l i p 

RQP term described i n Section 3.5. As may be seen, the phase of t h i s 

term a t p, , = 1 2 i s such as t o produce a minimum close to where one lab 

i s observed i n the data. Furthermore, as w e l l as r a i s i n g the 

e f f e c t i v e t r a j e c t o r y , the l o g a r i t h m i c f a c t o r introduces an energy 

dependence to the phase. At P i a b = 6 (GeV/c) the phase i s such t h a t 

no minimum appears i n the R®P c o n t r i b u t i o n to A . Note t h a t the 
nn 

shape of the c o n t r i b u t i o n i s s i m i l a r to t h a t of the data f o r l < - t £ 3 
2 

(GeV/c) and t h a t t h i s i s achieved using a simple m o d i f i c a t i o n to th£ 

t-dependence found necessary to reproduce the do/dt data. 
An estimate of the r a t i o of the strengths of the 1 = 1 to 1=0 

RgiP terms can be obtained by comparing A ^ ( p p ) and the a v a i l a b l e two 

A (pn) p o i n t s at p, , = 6 GeV/c. I t appears t h a t the R®P c o n t r i b u t i o n s nn r l a b r 

to the N^(pp) and N^(pn) are i n the p r o p o r t i o n s 1 : 4 , hence 
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N 2 ( R # P ; I = 1 ) 
N 2 ( R # P ; I = 0 ) = " 5 ( 4 . 3 . 1 0 ) 

Turning now t o the large - t r e g i o n , i t i s expected from 

previous arguments t h a t t h i s w i l l be dominated by meson-Reggeon 

c o n t r i b u t i o n s , the asymptotic (s-**>, — f i x e d ) behaviour of which are 
s 

p r e d i c t e d by the Quark Interchange Model. A f i r s t attempt at 

reproducing the large - t A data i s shown i n F i g . ( 4 . 3 . 4 ) . This 
nn 

p i c t u r e was obtained by t a k i n g the "Q" parts of the "forward" and 

"backward" c o n t r i b u t i o n s t o NQ, and s c a l i n g them by f a c t o r s p r e d i c t e d 

by QIM to produce the "Q" p a r t s of the other h e l i c i t y amplitudes (see 

Appendix D). The f u l l expression f o r A i s used, as N„ U„ and U„ 
nn 1 1 U 

cannot be said to be « NQ. A l l terms i n NQ are i n c l u d e d . 

There are two obvious d e f i c i e n c i e s i n t h i s f i r s t attempt. 

F i r s t l y , the QIM p r e d i c t s a value f o r A of \ at 8 = 9 0 ° and high 
nn cm 

energy. The curve i n F i g . ( 4 . 3 . 4 ) i s always close to t h i s value f o r 
2 

- t > 6 (GeV/c) , whereas the data r i s e s to about 0.6 - the experimental 

values also grow more r a p i d l y . This d i f f i c u l t y may be resolved i f some 

t dependence i s introduced i n t o the r a t i o of the forward "Q" type 

parts of NQ and N^. Secondly, the "backward" component of (which 

ensures the behaviour r e q u i r e d by Fermi s t a t i s t i c s ) i s 

having a large e f f e c t on the t h e o r e t i c a l curve at P = 6 GeV/c f o r 

- t > 2 GeV. [Note t h a t t h i s backward component comprises not only 

the crossed "Q"-type parts of various h e l i c i t y amplitudes, but also 

upon the "R"-type p a r t of N Q (see Appendix E ) ] . I f the "forward" 

component alone were present, then the shape and p o s i t i o n ( i n t ) of 

the r i s e i n the t h e o r e t i c a l curve would be s i m i l a r at the two 

energies, but t h i s i s not the case i n F i g . ( 4 . 3 . 4 ) . 
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The s i t u a t i o n i s c l a r i f i e d by r e f e r r i n g to equation ( D . l ) 

which shows t h a t QIM p r e d i c t s the "forward" and "backward" parts of 

N„ to be of the same order at 90° . Since the forward p a r t of N„ / cm L 

i s s t i l l r i s i n g at t = -5 (GeV/c), (as i n d i c a t e d by both the p r e d i c t i o n 

and the data f o r A at p^ a^ = 1 1 . 7 5 GeV/c), the i m p l i c a t i o n of ( D . l ) 

i s t h a t at p l a b = 6 GeV/c w i t h 6 l a r g e , but <90° the "backward" 

p a r t of N2 i s , i n f a c t , l a r g e r than the "forward" p a r t . 

I t i s c l e a r , then, t h a t m o d i f i c a t i o n s need to be applie d both 

to the "forward" and "backward" parts of ^ . Equation (E.2) gives the 

s t r u c t u r e of ^ i n terms of the "unsymmetrised" h e l i c i t y amplitudes, 

<(> , i n accordance w i t h the requirements of Fermi-Dirac s t a t i s t i c s . 

From t h i s equation i t can be seen t h a t the most economical way to e f f e c t 

such improvements while r e t a i n i n g asymptotic agreement w i t h QIM, i s 

to introduce a s u i t a b l e non-zero ^ = 0 to leading order by QIM), 

which f a l l s o f f more q u i c k l y than ^ , <j>̂ , <f>̂  as s->°°, j f i x e d . Since 

i s symmetric under interchange of t and u (see ( E . l ) ) t h i s r e s u l t s 

i n the same increment being appli e d t o both forward and backward parts 

of N£ at a given t . I f i s w r i t t e n as f o l l o w s , using the same 

n o t a t i o n as i n ( D . l ) 

Q 1 7 
*2 ~ 18 Y ( t , u ) - 1 f ( s , t , u ) + f ( s , u , t ) 

w i t h Y ( t , u ) = Y ( u , t ) , then the modified QIM p r e d i c t i o n f o r the pp 

n a t u r a l i t y amplitudes are given by Table ( 4 . 3 . 2 ) . 

A form f o r Y(t,u) which solves both problems o u t l i n e d above i s 

Y(t,u) - r - ( 2 - 7 2 + ° ' • „ ^ - ^ + u ) 2
 ( 4 > 3 > n ) 

[ 5 + ( 3 . 9 + t ) 2 ] [5 + ( 3 . 9 + u ) 2 ] 
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As t and u tend to - oo 

2 2 
Y - — — = 1 2 2 1 

t u 

thus agreement with DCR and asymptotic QIM p r e d i c t i o n s i s r e t a i n e d . 

S i m i l a r l y i n the Regge l i m i t ( s - * 0 0 , t f i x e d ) Y ( t , u ) Y ( t ) and hence 

the l e a d i n g Regge t r a j e c t o r y i s u n a l t e r e d . Since Y ( t , u ) can be 

expanded i n the form 

Y ( t , u ) K Y ( t ) 1 + a |- + b ^ j - + | s-~°, t f i x e d (4.3.12) 

a l l t h a t has been done i s to introduce e x t r a Regge-daughter terms. 

F i g . (4.3.5) i s obtained using an composed of P+A^ 

("Rii + "Q") , f + a) ("Q" o n l y ) , and terms as d i s c u s s e d above. 

The "backward R" p a r t of i s defined v i a ( E . 5 ) . Note t h a t N^, U Q, 

u*2 a l s o c o n t r i b u t e to F i g . ( 4 . 3 . 5 ) . N^ i s as given by S e c t i o n 4.2, 

the p a r a m e t e r i z a t i o n s of Ug and U2 are d i s c u s s e d below and are summarized 

together with t h a t of at the end of t h i s s e c t i o n . The t h e o r e t i c a l 

curves give a good account of a l l the f e a t u r e s and trends of the d a t a . 

I t w i l l be i n t e r e s t i n g to see whether f u t u r e experiments a t higher 

e n e r g i e s confirm the deductions made i n the above account . 

The p a r a m e t r i z a t i o n of the u n n a t u r a l p a r i t y amplitudes UQ and 

U 2, used here i s based at s m a l l - t on the work of Berger e t a l and 

a t l a r g e - t on the p r e d i c t i o n s of the Quark Interchange model. Berger 

e t a l c o n s i d e r UQ to comprise three components as f o l l o w s : 

a) An exchange degenerate A^ + Z term of the form 
( c t ° + c t ' t ) 

U 0(pp*pp; A 1 + Z) = - ( 4 . 4 ) 2 T ( l - a° z_</ ^) ( 0 . 9 s ) A 1 Z A 1 Z 

(4.3.13) 
w i t h l i n e a r t r a j e c t o r y defined by 

°A1Z + a A l Z * = - ° ' 1 9 + °- 9 * 
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In the s p i r i t of the m o d i f i c a t i o n s a p p l i e d p r e v i o u s l y to other Reggeon 

terms, t h i s i s transformed i n t o the "R" p a r t of the A-̂ +Z term used 

here by (1) r e p l a c i n g the s t r a i g h t l i n e t r a j e c t o r y by a 7 ( t ) -> -1 as 
1 

t - C D, obtained u s i n g the p r e s c r i p t i o n of S e c t i o n ( 3 . 4 ) , and 

a° +a t - a £t) 
(2) m u l t i p l y i n g by s 1 A 1 Z A 1 Z w i t h s = 30 (4.3.14) 

2 
(GeV/c) to ensure t h a t the "R" p a r t i s s m a l l at l a r g e - t . 

b) An imaginary EXD-breaking term important at s m a l l - t 

and parametrized as 

-i 2 6 e 4 t ( a ' s ) A l (4.3.15) 
A l 

c ) A non-asymptotic (but n o n - n e g l i g i b l e ) "contamination" of 

UQ by NQ (UQ has d e f i n i t e n a t u r a l i t y only to l e a d i n g order i n ^ - ) . 

T h i s takes the form 

Un ("contamination") = ^ N „ R (4.3.16) 
U Is 0 

Only the "R" component of NQ i s used i n (4.3.16) as the 

d e r i v a t i o n i s s t r i c t l y v a l i d only f o r s m a l l - t . 

The t-dependence of the forward Q-type p a r t of the UQ amplitude 

i s obtained by f a c t o r i n g the "Q" p a r t of NQ by the Q I p r e d i c t i o n f o r 

the r a t i o of these amplitudes, as s p e c i f i e d i n Table ( 4 . 3 . 2 ) . The 

backward R and Q p a r t s of UQ are d e f i n e d by equations ( E . 5 ) and 

Table (4.3.2) r e s p e c t i v e l y . Since a l l the leading meson-Reggeon 

t r a j e c t o r i e s ( n a t u r a l and unnatural p a r i t y ) tend to -1 at l a r g e - t , 

UQ/NQ approaches the value p r e d i c t e d by Q I as s-**1,--^- f i x e d . 
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Berger e t a l hold t h a t the dominant c o n t r i b u t i o n to at 

small - t o r i g i n a t e s from the same absorbed TT+B term t h a t appears i n 

the p a r a m e t r i z a t i o n of (see equations ( 4 . 3 . 2 ) and ( 4 . 3 . 5 ) ) . This 

term i s used here to approximate the forward "R" p a r t of . The 

forward Q-type p a r t i s obtained by analogy to NQ, w i t h an e x t r a 

f a c t o r of 

17 
4 5 Y ( t , u ) J ( 4 . 3 . 1 7 ) 

(see Table ( 4 . 3 . 2 ) ) . The backward R and Q pa r t s of are also 

defined by equations (E.5) and Table ( 4 . 3 . 2 ) r e s p e c t i v e l y . 

The r e s u l t i n g curves f o r , and A g g (pp) are compared 

w i t h the a v a i l a b l e data i n F i g . ( 4 . 3 . 6 ) . The o v e r a l l standard of 

agreement i s good, e s p e c i a l l y considering t h a t no adjustment of the 

model was made to improve i t s account of these parameters. 

Summary of , UQ and p a r a m e t r i z a t i o n 

^ ( f o r w a r d ) : The p a r a m e t r i z a t i o n of may be d i v i d e d i n t o three 

t regions w i t h dominant c o n t r i b u t i o n s as f o l l o w s : 

a) - t < 1 (GeV/c) 2:-

( 1 ) "R"-type p a r t of absorbed TT+B term defined by ( 4 . 3 . 2 ) 

modified by ( 4 . 3 . 4 ) and ( 4 . 3 . 6 ) and w i t h ^ ( t ) -> - 1 as t -*-«>. ( 2 ) "R"-

type p a r t of p+A^ term defined by ( 1 . 5 . 4 ) and ( 4 . 3 . 1 ) . 

b) 1 < - t £ 3 (GeV/c) 2:-

An i?g>P cut term defined by ( 4 . 2 . 3 ) and ( 4 . 3 . 9 ) . The 1 = 1 

and 1 = 0 component of t h i s term are roughly i n the r a t i o -3 : 5. 
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c ) - t > 3.5 ( G e V / c ) 2 : 

A "Q"-type Reggeon term obtained by f a c t o r i n g the "Q" 

c o n t r i b u t i o n to NQ by the amount p r e d i c t e d by QIM, and then 

m u l t i p l y i n g by Y ( t , u ) (see (4.3.11) and Table ( 4 . 3 . 2 ) ) . 

UQ ( f o r w a r d ) : T h i s amplitude i s w r i t t e n as three terms 

a) An + Z term with r e a l p a r t defined by (4.3.13) and 

(4.3.14) with the l i n e a r t r a j e c t o r y r e p l a c e d by a 7 ( t ) -1 as t-»- - Qt> 

and imaginary p a r t , important a t s m a l l - t , d e f i n e d by ( 4 . 3 . 1 5 ) . 

b) A non-asymptotic "contamination" of UQ by NQ w r i t t e n as 

( 4 . 3 . 1 6 ) . 

c ) "Q"-type Reggeon term obtained by analogy to the "Q"-type 

p a r t of NQ f a c t o r e d by the amount p r e d i c t e d by QIM. 

u"2 ( f o r w a r d ) : T h i s i s w r i t t e n i n two p a r t s 

a ) An "R"-type tr+B (absorbed) c o n t r i b u t i o n : see equations 

(4.3.2) and ( 4 . 3 . 5 ) . 

b) A "Q" type Reggeon term obtained by analogy to the "Q" 

p a r t of NQ f a c t o r e d by ( 4 . 3 . 1 7 ) . 

The requirements of Fermi s t a t i s t i c s are s a t i s f i e d by adding 

"backward" Q and R p a r t s to the amplitudes. These are obtained v i a 

Table (4.3.2) and equation ( E . 5 ) r e s p e c t i v e l y . 
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4.4 Conclusions 

Examination of p o l a r i z a t i o n and spin c o r r e l a t i o n parameter 

(A..) data has y i e l d e d i n f o r m a t i o n on the s t r u c t u r e s of the n a t u r a l i t y 
Lj 

amplitudes , , UQ, . Regge exchange models have been constructed 

f o r each of these s c a t t e r i n g amplitudes, which when used together w i t h 

the model f o r NQ described i n Chapter 3 reproduce the data w e l l . The 

models are based on the philosophy which was evolved i n Chapters 1 

and 2 and applied to do/dt (NN) i n Chapter 3. 

The s t r u c t u r e s of N^, N^, UQ, seem to f o l l o w c l o s e l y the 

p a t t e r n e s t a b l i s h e d f o r NQ: Conventional Regge pole terms are important 
2 

at small - t . The meson-Reggeon t r a j e c t o r i e s bend f o r t < -1 (GeV/c) 

to approach -1 as t-»- -<*>. At large angles these meson-Reggeons again 

dominate the amplitudes (except f o r N^) and e x h i b i t the behaviour 

p r e d i c t e d by Dimensional Counting as s-*=°, t/s f i x e d . As i n NQ an 

e x t r a term i s found necessary a t intermediate angles i n N^ and N^. I n 

each case the most l i k e l y source i s a sum of R®P c u t s . 

The study of 0°-90° e l a s t i c s c a t t e r i n g w i l l next be extended 
cm 

to the Trp system. 
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Table (4.2.1) 

C o n t r i b u t i o n Parameter Ref. equation Value 

P. A 2 r l (4.2.1) 0.79 

f-daughter D (4.2.9) 23.6 

r 2 1.37 

K l (4.2.7) -1.61 

a 3 1.738 

K 3 coll 

P®P K 2 (4.2.8) -0.351 

X G (4.2.6) 21 
X 

a 0.7 
X 
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Table (4.3.1) 

Parameters from Berger et a l (1978) f o r use i n eqn. (4.3.2) 

\ " <*B = °' 9 ( t - % 2 ) 

a = a_ = -0.19 + 0.9 t 

Z 

B +"(pp;lt) = B + "(pp;B) = 25.2 

B + + ( p p ; A 1 ) = B + + ( p p ; Z ) = 4.4 
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Table (4.3.2) 

N a t u r a l i t y amplitudes f o r pp s c a t t e r i n g as p r e d i c t e d by QIM modified 
by i n c l u d i n g a non-zero <P2: -

( P2 = To" £ Y ( t > u ) - 1 ] t f ( s , t , u ) + f ( s , u , t ) ] 

w i t h Y ( t , u ) = Y ( u , t ) — 1 as s-°°, — f i x e d and negative i . e . t , u - - m . 

0 18 j _ 45 f ( s , t , u ) + 48 f ( s 7 u , t ) J 

-1 
18 17 f ( s , t , u ) Y ( t , u ) + f ( s , u , t ) { 17Y(t , u ) - 3 } ] 

j j l 7 f ( s , t , u ) + 14 f ( s , u , t ) J 

17 f ( s , t , u ) { 2 - Y ( t , u ) } + f ( s , u , t ) { -17 Y ( t , u ) + 31} 
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5.1 

CHAPTER 5 

PION-PROTON ELASTIC DIFFERENTIAL CROSS-SECTIONS 

5.1 Introduc t i o n 

In Chapters 3 and 4 a Regge model has been developed t h a t 

d e s c r i b e s a l l a v a i l a b l e N-N e l a s t i c s c a t t e r i n g data f o r s > 10 
2 

(GeV/c) . The philosophy behind t h i s model w i l l now be a p p l i e d to 

a study of irp s c a t t e r i n g to t e s t the c o n c l u s i o n s of the previous 

c h a p t e r s and i n the hope of throwing f u r t h e r l i g h t on the u n d e r l y i n g 

r e a c t i o n mechanisms. 

The irp e l a s t i c s c a t t e r i n g system i s p o t e n t i a l l y simpler to 

study than the NN system. Quantum number c o n s e r v a t i o n r e s t r i c t i o n s 

l i m i t the types of Regge exchange which may occur - e.g. of the l e a d i n g 

n a t u r a l p a r i t y meson-Reggeon t r a j e c t o r i e s f , u, A2 and p only the f 

and p may be exchanged. A f u r t h e r s i m p l i f i c a t i o n i s t h a t there are 

only two independent h e l i c i t y amplitudes ( h e l i c i t y f l i p and n o n - f l i p , 

both n a t u r a l p a r i t y ) compared w i t h the f i v e i n NN s c a t t e r i n g . I t 

w i l l be assumed here t h a t the t o t a l ; 1 = 1 plus 1 = 0 , h e l i c i t y f l i p 

amplitude, A° ° A i s everywhere s m a l l compared to the t o t a l n o n - f l i p 
2 - 2 

amplitude, A°°. J u s t i f i c a t i o n f o r t h i s may be found i n the small 
2 2 

magnitude of the p o l a r i z a t i o n data and the QIM p r e d i c t i o n of no 

h e l i c i t y f l i p s c a t t e r i n g at large angles (see (1.4.34) and (1.4.35). 

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 data w i l l , t h e r e f o r e , be i n t e r p r e t e d 

i n terms of a s i n g l e amplitude - h e l i c i t y n o n - f l i p . 

S e c t i o n 5.2 w i l l d e s c r i b e the a v a i l a b l e 4— frr-p) data f o r 
dt 

p, , > 10 GeV/c and compare these with the u n a l t e r e d RPCA model and lab ~ 
C.I.M. Improved f i t s to the data f o r 0 < 0 < 90 w i l l be developed 

cm 

and presented i n S e c t i o n 5.3. Every attempt w i l l be made to maintain 

c o n s i s t e n c y with 
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a) RPCA at s m a l l - t 

b) the Quark Interchange model at l a r g e a n g l e . 

c ) the p a r a m e t r i z a t l o n developed i n preceeding chapters to 

d e s c r i b e N-N s c a t t e r i n g . 

5.2 An Examination of the Data 

A r e p r e s e n t a t i v e s e l e c t i o n of d i f f e r e n t i a l c r o s s s e c t i o n 

data over a wide angular range i s shown i n F i g s . (1.3.3) and (1.3.4). 
2 

For - t between 0 and 1 (GeV/c) , dcr/dt f a l l s r a p i d l y i n a s i m i l a r way 

to t h a t f o r pp and pn i n the same t range. T h i s k i n e m a t i c r e g i o n i s 

accounted f o r reasonably w e l l by the b a s i c RPCA model (see F i g . ( 1 . 5 . 1 ) ) , 
2 

but f o r - t > 1 (GeV/c) a l a r g e d i s c r e p a n c y develops. There i s a change 
2 

i n slope of the da/dt a t t = - 0.9 (GeV/c) . Th i s new slope p r e v a i l s 
2 

u n t i l t = -3 (GeV/c) , and i n t h i s r e g i o n there i s no d i s c e r n i b l e 

d i f f e r e n c e between da/dt ( i T + p ) and da/dt (IT p ) . 
F i g . (5.2.1) shows the v a r i a t i o n with s of the data a t -2.0 

2 

( G e V / c ) . I t i s c l e a r from the n o n - l i n e a r nature of t h i s log-log p l o t 

t h a t a t l e a s t two R e g g e - t r a j e c t o r i e s are being exchanged. The sm a l l 

v a r i a t i o n with energy of dcr/dt f o r p. , between 50 GeV/c and 200 GeV/c 
Lab 

shows t h a t one of the t r a j e c t o r i e s must be the Pomeron. I d e n t i f i c a t i o n 

of the other c o n t r i b u t i n g term or terms i s l e s s easy. The l i k e l y 

c a n d i d a t e s are 

a: p-pole 

b: f-pole 

c: Z?®P c u t . 
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Of these, a and b are a l r e a d y known to be exchanged a t s m a l l - t , while 
2 

c was d i s c o v e r e d to be important i n N-N s c a t t e r i n g f o r - t > 1 (GeV/c) 

below about P^ a^ = 100 GeV/c. ( i e . i n j u s t the kinematic r e g i o n 

where an e x t r a term i s now needed i n irp s c a t t e r i n g ) . 

In order to narrow down the range of p o s s i b i l i t i e s , the 

f o l l o w i n g i n v e s t i g a t i o n was performed: The s c a t t e r i n g amplitude was 

assumed to be composed of two pole c o n t r i b u t i o n s , one of them being 

due to Pomeron exchange. Thus da/dt could be w r i t t e n ( f o r a given value 

of t ) as 

2 
(1-C )/2 - i i fa -a 1 a_ 

S a p
 + g i X e 2 I X P ' S * ±o _ f_ 

dt ~ „2 
(5.2.1) 

where C^ i s the charge c o n j u g a t i o n of exchange X, and f and g are r e a l 

c o n s t a n t s . Curves were then obtained f o r the three o p t i o n s , a = a 
' x P' 

2 
°r' aRxP a t t = "^"^ (GeV/c) , w i t h f and g chosen independently each 
time so as to agree w i t h the data a t p. , = 200 GeV/c and 10 GeV/c*. 

lab 

Note th a t there are two p o s s i b l e s o l u t i o n s f o r f and g which s a t i s f y 

these c o n d i t i o n s (g > 0 and g < 0 ) , thus 6 s e t s of c a l c u l a t i o n s were 

c a r r i e d out. The r e s u l t s are shown i n F i g . (5.2.1). 

C l e a r l y , the p ( 1 = 1 ) can be immediately e l i m i n a t e d s i n c e i t s 

phase r e l a t i v e to the Pomeron i s such t h a t i t would produce a 

s u b s t a n t i a l d i f f e r e n c e between da/dt (TC+P) and do/dt (IT p) i n the 

energy range where both c o n t r i b u t i o n s were of comparable magnitude. 

C = + was assumed because of the s i m i l a r i t y of the 7 : ±p data. Kxr 
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I t i s more d i f f i c u l t to d i s c r i m i n a t e between the other two 

c a n d i d a t e s , however. The phases of the f and R$ P c o n t r i b u t i o n s are 

such t h a t , although t h e i r energy dependences are d i f f e r e n t , i n 

combination with the Pomeron they produce s i m i l a r r e s u l t s f o r d cr/dt. 

T h i s l a s t statement does not apply, of course, to the case where the 

f and Pomeron i n t e r f e r e d e s c t r u c t i v e l y . The best agreement with the 

data i n the middle energy range i s achieved by the curve produced by 

RQP and the Pomeron with s l i g h t d e s t r u c t i v e i n t e r f e r e n c e . 

Although the above evidence i s i n c o n c l u s i v e and the p r e c i s e 

shape of curves such as shown i n F i g . (5.2.3) depends s t r o n g l y on the 

r e l a t i v e phases of the c o n t r i b u t i o n s , there are two reasons why the 

R ® P option i s p r e f e r r e d to the f: 

1. The s i g n of i t s couplings a t s m a l l - t means t h a t u n l e s s 
2 

the r e s i d u e of the f exchange c o n t a i n s a zero f o r 0 < - t < 1 (GeV/c) , 

the f and P c o n t r i b u t i o n s a c t u a l l y i n t e r f e r e d e s t r u c t i v e l y i n the t r e g i o n 

being c o n s i d e r e d . No evidence f o r such a zero was seen i n the preceding 

study of N-N i n t e r a c t i o n s . 

2. The ideas of d u a l i t y r e q u i r e t h a t the t o t a l Reggeon-exchange 

c o n t r i b u t i o n s to the s c a t t e r i n g amplitudes of processes such as pp-*-pp 

with e x o t i c s channels must be r e a l . In the b e l i e f t h a t t h i s concept 

i s , to a good approximation, v a l i d , the Reggeon terms i n the model have 

been c o n s t r u c t e d i n exchange degenerate p a i r s (modulo a b s o r p t i v e 

c o r r e c t i o n s and s m a l l d i f f e r e n c e s i n t r a j e c t o r y ) . The f and to exchanges 

form such a p a i r . Now the f term i s p u r e l y imaginary and the u term 

p u r e l y r e a l when t h e i r common t r a j e c t o r y passes through an odd i n t e g e r . 

Thus f o r the combination to be r e a l i n pp, the f r e s i d u e must c o n t a i n 

a zero a t these p o i n t s . While there i s no such c o n s t r a i n t applying 

to IT p s c a t t e r i n g f a c t o r i z a t i o n r e q u i r e s t h a t 
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. , e s AC-rrp+irp; f ) A(irp->-rrp; f ) ,<- n 0 S 
A(pP-PP;f) = A ( 7 T ^ ; f ) ( 5 ' 2 ' 2 ) 

and hence the zeroes are present i n ACJT p+irp; f ) and A(inr-»inT ; f ) u n l e s s 
2 

a pole occurs i n A (TT IT-MITT ; f ) . Now f o r - t > -2(GeV/c) i s c l o s e to 

-1 [see F i g . (3.4.1)} and thus c l o s e to a zero i n the r e s i d u e . I t 

thus seems u n l i k e l y t h a t the f c o n t r i b u t i o n can be l a r g e i n t h i s 

r e g i o n u n l e s s e i t h e r the p a r a m e t r i z a t i o n of a ( t ) i s i n a c c u r a t e , or 

the assumption of exchange degeneracy or f a c t o r i z a t i o n of the Reggeons 

i s i n v a l i d . 

A f u r t h e r change i n the behaviour of the data i s observed a t 
2 

- t = 3-4 (GeV/c) . At l a r g e r - t v a l u e s than t h i s the slope of d«r/dt 

i s s m a l l e r . At low e n e r g i e s (p., , = 10 GeV/c and below) the t r a n s i t i o n 
iab 

i s marked by a sharp d i p . A s i m i l a r s t r u c t u r e i s a l s o v i s i b l e i n the 
2 

r e c e n t 200 GeV/c measurements, though a t t = -4 (GeV/c) . 

In the l i g h t of what has been s a i d i n the previous c h a p t e r s 

i t i s l o g i c a l to attempt to i n t e r p r e t the l a r g e angle r e g i o n i n terms 

of quark interchange s c a t t e r i n g , or i n Regge language exchange of 

meson-Reggeon t r a j e c t o r i e s which approach n e g a t i v e i n t e g e r s as t -*"- 0 0. 

The l e a d i n g t r a j e c t o r i e s of t h i s type which c o n t r i b u t e to Tr-p 

s c a t t e r i n g are the p and the f, which tend to -1. Now s i n c e the f 

has even charge c o n j u g a t i o n , and hence i t s c o n t r i b u t i o n i s imaginary 

when a = -1, by argument 2 above i t must have a zero i n i t s r e s i d u e 

a t t h i s value of the t r a j e c t o r y . Thus a t l a r g e - t and l a r g e angle, 

the most important c o n t r i b u t i o n i s expected to be from exchange of 

the I = 1 p. 

Now the Dimensional Counting Rule (1.2.7) p r e d i c t s t h a t the 

l a r g e angle meson-baryon d i f f e r e n t i a l c r o s s - s e c t i o n behaves l i k e 
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dt (MB) 8 (5.2.3) 

and hence the corresponding s c a t t e r i n g amplitude, 

A(MB) (5.2.4) 

To agree w i t h t h i s p r e d i c t i o n , the p r e s i d u e must vary as (-t) -2 

as t-xn, so t h a t 

A(MB; p) - 1 (5.2.5) 2 as t -v-oo 
s t 

F i g . (5.2.2) shows t h i s behaviour to be i n r e a s o n a b l e agreement w i t h 

the d a t a . 

A f u r t h e r term i s needed, however, to e x p l a i n the behaviour of 
2 

the data i n the r e g i o n of the i n t e r f e r e n c e a t - t = 3-4 (GeV/c) . T h i s 

term must: 

(a ) possess a s i m i l a r phase, but opposite s i g n to the i?®P 
2 

term which dominates - t < 3 (GeV/c) i n order to produce the i n t e r f e r e n c e 

observed i n the d a t a . 

(b) have 1 = 0 , s i n c e there i s no c o n s i s t e n t d i f f e r e n c e between 
d -the measurement of -~ (TT p ) . a t 

( c ) have a s i m i l a r energy dependence to the amplitude a t 

lower - t as the p o s i t i o n of the i n t e r f e r e n c e changes l i t t l e w i t h 

energy. 

(d) f a l l o f f more q u i c k l y w i t h energy at c o n s t a n t -̂ than 

does the l a r g e angle p term, to preserve the agreement w i t h the D.C.R. 
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P o i n t s ( a ) and (b) r u l e out the p o s s i b i l i t y of a m o d i f i c a t i o n 

to the p being the e x t r a term. Both the f pole and 1 = 0 j?®P(ie. 

f£3P) cut s a t i s f y the f i r s t three requirements (the f o u r t h merely 

r e s t r i c t s t h e i r t dependence p r o p e r t i e s ) . Furthermore, 

the f and a l s o the f ® P (provided t h a t the phase of t h i s c o n t r i b u t i o n 

i s c l o s e to t h a t given by i t s t r a j e c t o r y ) are out of phase w i t h the 

P a t l a r g e - t , when a l l three t r a j e c t o r i e s are c l o s e to -1. T h i s 

means th a t d e s p i t e the 1 = 1 nature of the p no d i f f e r e n c e between 

d 
d 
e x t r a term are of comparable magnitude (see p o i n t (b) above). 

- T^- ( i r i p ) would be expected where the c o n t r i b u t i o n s of the p and the dt 

The l a c k of p r e c i s i o n of the data and the p r o x imity of the f 

and R<$P t r a j e c t o r i e s a t l a r g e - t mean t h a t the two candidates cannot 

be d i s c r i m i n a t e d on grounds of energy dependence. However, s i n c e by 

argument 2. from the preceding d i s c u s s i o n , the f term i s expected to 

be s m a l l when ctp(t) - -1, (and a l s o to ease the p a r a m e t r i z a t i o n ) the 

e x t r a term w i l l be w r i t t e n as p a r t of the f g l P c u t . 

The r e c e n t p. , = 200 GeV/c ^ p data i n d i c a t e s that a term lab 
with a higher l y i n g t r a j e c t o r y becomes important at high energy f o r 

2 

- t > 4 (GeV/c) . Such a term i s needed to e x p l a i n the s i m i l a r i t y 

i n magnitude of the l a r g e - t measurements a t 50 and 200 GeV/c. I t i s 

very l i k e l y t h a t t h i s term i s a P ® P c u t . T h i s c o n c l u s i o n i s c o n s i s t e n t 

w i t h argument ( c ) above s i n c e a t high e n e r g i e s the Pomeron, (whose 

energy dependence i s s i m i l a r to t h a t of the P ® P c u t ) dominates the 

s c a t t e r i n g amplitudes a t s m a l l e r | t | v a l u e s . I t i s i n t e r e s t i n g to 

n o t i c e the s i m i l a r i t i e s between t h i s i n t e r f e r e n c e minimum at t - -4 
2 d q 2 (GeV/c) i n — (IT p) and those a t t = -1.4 (GeV/c) and high e n e r g i e s 

i n ^ (pp) and — • (pp) which are a l s o b e l i e v e d to be due to i n t e r f e r e n c e 

between the Pomeron and the P & P c u t . 
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5.3 The F i t to 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 , t 
The examination of the a v a i l a b l e ^ (TT~P) d a ta i n the preceding 

s e c t i o n i d e n t i f i e d three regions of behaviour. These are 
2 

( 1 ) 0 ^ - t < 1 (GeV/c) where the experimental r e s u l t s can be 

e x p l a i n e d i n terms of c o n v e n t i o n a l ( l i n e a r t r a j e c t o r y ) P, 

f and p exchanges. 
2 

( 2 ) 1 < - t "S 3.5 (GeV/c) where an e x t r a term, t e n t a t i v e l y 

i d e n t i f i e d as an f ® p c u t , i s r e q u i r e d . 
2 

and (3) - t ^ 3.5 (GeV/c) where the Dimensional Counting Rule i s 

obeyed (modulo some pre-asymptotic m o d i f i c a t i o n s ) . A 

P ^ P cut i s probably a l s o p r e s e n t , becoming important f o r 

l a r g e s and - t , but w i t h 9 « 90°. 
cm 

I t i s convenient to d i v i d e up the d e s c r i p t i o n of the 

p a r a m e t r i z a t i o n i n a s i m i l a r way. 
( 1 ) Regge pole c o n t r i b u t i o n s at small - t 

The three l e a d i n g Regge pole t r a j e c t o r i e s exchanged i n TTp 

s c a t t e r i n g are the P, f and p. As was the case i n the a n a l y s i s of N-N 

s c a t t e r i n g i t i s convenient to w r i t e each meson-Reggeon r e s i d u e i n terms 

of two f u n c t i o n s , B ( t ) and B ( t ) such t h a t 
K q 

S C i r V j i ? ) g(pp;P) = p ( t ) + B Q ( t f [ (5.3.1) 

w i t h n o t a t i o n as f o r (1.5.4) and ( 3 . 4 . 7 ) ; such t h a t 

B R ( t ) « B Q ( t ) f o r - t > 3 ( G e V / c ) 2 and 

B Q ( t ) « B R ( t ) f o r - t < 2 ( G e V / c ) 2 . Note t h a t the B's are 

i n g e n e r a l d i f f e r e n t f o r each exchange and need not be the same fo r 

Trp as f o r N-N s c a t t e r i n g . The RPCA model may then be used to deduce 
R 0 p r o p e r t i e s of B ( t ) and the QIM to determine p r o p e r t i e s of B ( t ) . The 

p a r a m e t r i z a t i o n of the Pomeron and R-type p a r t s of the p and f w i l l now 

be s p e c i f i e d . 
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The RPCA model p r e d i c t s the r a t i o of the Pomeron c o n t r i b u t i o n s 

to TTp and pp h e l i c i t y n o n - f l i p amplitudes to be (see (1.5.4) and the 

f o l l o w i n g d e s c r i p t i o n ) 

A(irp-»Trp;P) 
A(pp-+pp;p) 

RPCA, n o n - f l i p 
i7^Tpp~pT 

(5.3.2) 

" 3 x 1.14 1 - 0.9 

where 1 t 
0.9 i s an approximation to the r a t i o of el e c t r o m a g n e t i c 

form f a c t o r s , and the 1.14 i s the f/ui EXP-breaking f a c t o r which i s 

a p p l i e d only a t baryon v e r t i c e s . I t was found, however, th a t b e t t e r 

agreement w i t h the higher energy ^ (rrp) data could be achieved by 

m u l t i p l y i n g the pp Pomeron (def i n e d by ( 1 . 5 . 4 ) , (3.2.1) and ( 3 . 2 . 4 ) ) 

by the modified f a c t o r : 

A(TTp-*rrp; P) 
A(pp->.pp; P) 1.14 1 - 0.9 + 2.09 t 2 e 1 , 7 t (5.3.3) 

which reduces to (5.3.2) a t t = 0 and as t -*• - °°. 

S i m i l a r l y , the "R" type p a r t s of the p and f c o n t r i b u t i o n s by 

m u l t i p l y i n g the p a r a m e t r i z a t i o n used f o r Ng(pp) by the r a t i o of the 

TTTri? to pp RPCA v e r t e x couplings and by the r a t i o of the e-m form 

f a c t o r s 1 - 0.9 The pp/? v e r t e x couplings are given by ( 3 . 2 . 1 ) . 

The mri? couplings are 

RPCA / ,v 2 , /"am 
I ( TTT, r ) = y f u / — 2 ~ 

RPCA ( TT7T J p ) I f 
3 Lui 

I ^ctqj ( +1 f o r T T +p s c a t t e r i n g 
V 2 ( -1 f o r TT p s c a t t e r i n g 

(5.3.4) 

( n o t a t i o n as i n ( 3 . 2 . 1 ) ) . I t was a l s o found n e c e s s a r y to modify the 

a b s o r p t i v e c o r r e c t i o n to the p (see 1.5.6) by m u l t i p l y i n g the r e a l 

p a r t by (1-53.6t)e 8t T h i s i s to prevent s u b s t a n t i a l d i f f e r e n c e s a r i s i n g 
d 2 between ^2. (rr-p) i n the range -l>t>-3 (GeV/c) . T h i s m o d i f i c a t i o n makes 

only a s l i g h t d i f f e r e n c e to the NN f i t s presented i n Chapter 3. 
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( 2 ) 1 $ - t <: 3.5 (GeV/c) 

As d i s c u s s e d i n S e c t i o n 5.2 an e x t r a 1 = 0 term i s needed 

f o r -1 <, t < -3.5 (GeV/c) i n a d d i t i o n to the P, f and p of the RPCA 

model. Thi s i s l i k e l y to be an f ® P c u t , the g e n e r a l form f o r which 

i s given by ( 3 . 3 . 3 ) . The same /?®P t r a j e c t o r y i s used here as i n N-N 

s c a t t e r i n g . Making the assumption t h a t d » l n s i n the f i t t e d energy 

range, a s u i t a b l e t dependence i s achieved with 

F ( t ) -105.1 e l m 3 t . S 
( a R p + a R p t - a R p ( t ) ) 

RP (5.3.5) 

( n o t a t i o n as f o r ( 3 . 5 . 1 0 ) ) . 

( 3 ) t < -3.5 ( G e V / c ) 2 

I t was argued i n S e c t i o n 5.4, t h a t an I = 0 term with 

p r o p e r t i e s c o n s i s t e n t w i t h an f® P c u t i s n e c e s s a r y to e x p l a i n the 

behaviour of the measured d i f f e r e n t i a l c r o s s s e c t i o n on the l a r g e - t 
2 

s i d e of the i n t e r f e r e n c e phenomenon a t t - -3.5 (GeV/c) . T h i s i s 

i n c l u d e d i n the p a r a m e t r i z a t i o n by adding an e x t r a term to the t 

dependence of the f ® P c u t , thus 

(5.3.5) + (5.3.5) -
15 

1+t 
15 

:82.4 x e 
1.06t (l+0. 047 e 

(5.3.6) 

The e x p o n e n t i a l f a c t o r ensures t h a t the f ® P c u t , which does not 

c o n t r i b u t e to the Quark Interchange k e r n e l diagrams (see Chapter 2) 
t -3 

f a l l s o f f f a s t e r as s-*», — f i x e d than the s Dimensional Counting 

Rule behaviour. This means t h a t the p ( t o be d e s c r i b e d next and which 

obeys the DCR) i s the leading term i n t h i s l i m i t . 
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A good account of the l a r g e angle T T _ p data I s obtained with 

the f o l l o w i n g p a r a m e t r i z a t i o n of the "Q" p a r t of the p. A s u i t a b l e 

t dependence, c o n s i s t e n t with the requirements of the D.C.R. (see 

( 5 . 2 . 5 ) ) , i s achieved by m u l t i p l y i n g the t dependence of the Q type 

p a r t of the p c o n t r i b u t i o n to N^(pp) by a c o n s t a n t times the r a t i o of 

the e l e c t r o m a g n e t i c form f a c t o r s of the pion and proton i e . by 

subs t i t u t i n g 

B * P ( t ) = B P P ( t ) x 0.90,(+1 f o r + (5.3.7) 
(-1 f o r p 

i n t o (1.5.4) v i a (5.3.1) w i t h N = 1 f o r irp-»irp. The v a l u e of the 

c o n s t a n t has been defi n e d by f i t t i n g to the d a t a . 

As noted i n S e c t i o n 2.3 any number of daughters may c o n t r i b u t e 

to l e a d i n g order i n — as s-**° wi t h — f i x e d , becoming important at 
s s 

l a r g e s c a t t e r i n g a n g l e s . The e f f e c t of such daughter terms i s to 

m u l t i p l y the parent c o n t r i b u t i o n by a polynomial i n ^ (see ( 2 . 3 . 5 ) ) . 

That such daughters must be p r e s e n t can be seen by noting t h a t ir +p 

and ir p s c a t t e r i n g are r e l a t e d by c r o s s i n g s-«->-u, and t h a t the p exchange 

has C = -1 and so c o n t r i b u t e s with opposite s i g n to T + p and IT p 

s c a t t e r i n g . The ^ c o n t r i b u t i o n must t h e r e f o r e be antisymmetric under 

interchange of s and u. T h i s c o n d i t i o n cannot be s a t i s f i e d i f only 

the parent c o n t r i b u t i o n o c c u r s . 

The p a r a m e t r i z a t i o n of the p c o n t r i b u t i o n i s completed by 

r e p l a c ing 

B Q
T p ( t ) + B * P ( t ) x b I) 

(5.3.8) 
where 

Is) 1 + 1 
9 t t 
I - — + — 

In the r e g i o n where s, - t , -u are a l l l a r g e , the p amplitude then 

behaves l i k e 
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AUp;p) " 
s t 1 + I 

s 
(5.3.9) 

2 
1 I 
s u t 

s i n c e u = - ( s + t ) . The ^ c o n t r i b u t i o n i s t h e r e f o r e approximately 

antisymmetric under s-**- u at l a r g e angles and high energy. T h i s 

p a r t i c u l a r a ntisymmetric form was chosen as i t g i v e s a s l i g h t l y 

improved f i t to the l a r g e angle d a t a . 

Using t h i s p a r a m e t r i z a t i o n a good d e s c r i p t i o n i s achieved of 

a l l the data except f o r the r e c e n t i r p at p. , = 200 GeV/c. The 
lab 

t h e o r e t i c a l curve does not posses the minimum observed a t t = -4 
2 

(GeV/c) or the subsequent maximum, but continues to f a l l r a p i d l y 

w i t h i n c r e a s i n g - t . 

T h i s shortcoming can r e a d i l y be r e c t i f i e d i f a P(g|P term i s 

added to the p a r a m e t r i z a t i o n , together with a m o d i f i c a t i o n to the 

Pomeron t dependence a t l a r g e - t . These c o n t r i b u t i o n s can be 

s u c c e s s f u l l y w r i t t e n as 

, , Q «p -lJ°p + 0-8t a p ( S ) p - i f a^p+O.OSt 
-1.59 s A e + S e 

[ i n s - i j ] (5.3.10) 

where oip = 1.067 + O . l t and a ? ( ^ p = 1.134 + .05t (see equation ( 3 . 3 . 1 ) ) . 

The f i r s t term i s an a d d i t i o n to the p r e v i o u s l y d e s c r i b e d Pomeron which 
2 

i s important only f o r - t > 3 (GeV/c) and the second term i s the P®P 

c u t . These i n t e r f e r e d e s t r u c t i v e l y to produce the r e q u i r e d minimum. 

The f i n a l f i t s to ^2. ( ^ p ) are shown i n F i g s . (5.3.1) and (5.3.2) 

and g i v e a good o v e r a l l account of the data. 
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5 .4 Conclus ion 

In t h i s chapter the philosophy of hadronic e l a s t i c s c a t t e r i n g 

developed i n Chapters 1 and 2 has been a p p l i e d to the study of the 

tt^p d i f f e r e n t i a l c r o s s - s e c i t o n d a t a . A good f i t to ~ . (f r _ p ) has been 

obtained w i t h a p a r a m e t r i z a t i o n based on those evolved i n Chapters 3 

and 4 to account f o r the experimental measurements of the v a r i o u s 

N-N e l a s t i c s c a t t e r i n g o b s e r v a b l e s . Indeed the s t r u c t u r e of the 

h e l i c i t y n o n - f l i p irnp s c a t t e r i n g amplitudes i s found to be remarkably 

s i m i l a r to t h a t deduced e a r l i e r f o r the N-N h e l i c i t y amplitudes. 

2 

i . e . 1. f o r - t < 1 (GeV/c) the p r i n c i p a l c o n t r i b u t i o n s come from 

Regge pole terms - the Pomeron which dominates a t high energy, 

supplemented by meson-Reggeons which gain i n r e l a t i v e importance as 

energy f a l l s . 
2 

2. for - t > 1 (GeV/c) , but with 6 s t i l l not l a r g e Regge 
~ cm 

c u t s are important, although the evidence f o r these i s l e s s c l e a r cut 

i n the irp system. 

3. at l a r g e c e n t r e of mass s c a t t e r i n g angles meson-Regge pole 

terms are again important. At these l a r g e - t v a l u e s t h e i r t r a j e c t o r i e s 

are approaching i n t e g e r s — the l e a d i n g ones, - 1 — a n d t h e i r r e s i d u e s 

are such t h a t the f i x e d angle energy dependence i s i n accordance with 

the Dimensional Counting Rule. 
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F i g . (5.2.1) 

Energy dependence of (it p) at t = -2 (GeV/c)^ 

o O 

LP 

/ 

I > > c / t * ? / 
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/ : \ 1 =6 =6 ̂  =3 -1 

1 ^ 

i 
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d<£ (ir~p) 
Jit J 

0 P..b= Vfr^Cteyc O w e n ( | ^ l ) 

* P^ - ^OGeV/c| 

flab " 3 0 ^ " 
in' 
1--

-4 -4 •8 -10 -| Z - /£ -/« -/« -20 -2f -Z6 -2 8 
t LMX] 

F i g . (5.2.2) 

Curves corresponding to A ~ — c o m p a r e d w i t h ^ ( i t ~ p ) data at 
s t 

large angles 
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Conclusions 

A Regge model f o r the e l a s t i c s c a t t e r i n g of hadrons at a l l 

angles has been developed, which combines the best features of a 

conventional Regge model and a c o n s t i t u e n t exchange model. The Regge 

pole model f o r small angles i s based on the Reggeon-Photon Coupling 

Analogy (RPCA) of C o l l i n s et a l . The Quark Interchange mechanism of 

Brodsky et a l has been selected as best able to describe large angle 

e l a s t i c s c a t t e r i n g . (This r e s u l t s i n power law s c a l i n g behaviour 

given by the Dimensional Counting Rule). I t i s artjue d t h a t the Quark 

Interchange kernel diagrams provide the large - t l i m i t of meson-Reggeon 

exchange, and t h a t the highest l y i n g of these t r a j e c t o r i e s approach -1 

as t —- 0 0. The RPCA t r a j e c t o r i e s have been modified accordingly. 

S i m i l a r l y the Reggeon residues are constrained to r e s u l t i n Dimensional 

Counting Rule behaviour i n the l i m i t s-°° — f i x e d . The r a t i o s of 
s 

h e l i c i t y amplitudes i n t h i s l i m i t are as p r e d i c t e d by the Quark 

Interchange model. 

This s t r u c t u r e has been applied to the study of nucleon-nucleon 

d i f f e r e n t i a l cross s e c t i o n s , p o l a r i z a t i o n s and spin c o r r e l a t i o n 

parameters, and the Tip d i f f e r e n t i a l cross s e c t i o n s . A c o n s i s t e n t 

p a t t e r n has emerged which i s at i t s c l e a r e s t i n do/dt ( p p ) . For 
2 

- t < 1 (GeV/c) conventional Regge pole terms dominate. I n t h i s 

r e g i o n t h e i r t r a j e c t o r i e s approximate to s t r a i g h t l i n e s . 

For - t > 1 (GeV/c)^, but w i t h — s t i l l s m all, cut terms become 
s 

important. Clear evidence now e x i s t s f o r the presence of a£P$lPcut i n 

the n a t u r a l p a r i t y h e l i c i t y n o n - f l i p amplitudes of the pp, pp and K p 

processes. Minima caused by Pomeron -J2sP i n t e r f e r e n c e are observed at 



2 t = -1.4 (GeV/c) , p l a b = 200 GeV/c and above i n do/dt (pp); at 
2 

t =s -1.4 (GeV/c) , P l a b = 50 GeV/c and above i n do/dt ( p p ) ; and at 

t = -4 (GeV/c) 2, p l a b = 200 GeV/c i n do/dt ( i t " p ) . 

I n t h i s i n termediate t r e g i o n at lower energies a l l observable 

f o r which there are s i g n i f i c a n t amounts of data have shown the need 

f o r an e x t r a term or terms w i t h p r o p e r t i e s i n c o n s i s t e n t w i t h those of 

the meson-Reggeons, Pomeron or IP® IP c u t . This c o n t r i b u t i o n has been 

s u c c e s s f u l l y parametrized as a combination of /F>®fi?cuts (a s i n g l e 

f®lP cut i n the case of up s c a t t e r i n g ) w i t h a common t r a j e c t o r y 

i n termediate between the Reggeons and the Pomeron, but w i t h d i f f e r e n t 

f a c t o r s of the form (d + I n s ) ^, where d i s a complex number. 

At large angles, the meson-Reggeons re-emerge to become the 

dominant c o n t r i b u t i o n r e s u l t i n g i n power law s c a l i n g behaviour. F i t s 

have been presented which give a good o v e r a l l account of the 

experimental data a t a l l angles f o r pp, pn, pp d i f f e r e n t i a l cross-

s e c t i o n s , p o l a r i z a t i o n and spin c o r r e l a t i o n parameters (where 

a v a i l a b l e ) and it p and i t + p 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 . 

To conclude, i t has been demonstrated t h a t a l l the a v a i l a b l e 

data on e l a s t i c s c a t t e r i n g of hadrons can be explained i n terms of 

the exchange of Regge poles and cu t s , provided t h a t the t r a j e c t o r i e s 

and residues of the meson-Reggeons are constrained to give Dimensional 

Counting Rule behaviour a t large - t . 



References 

Abe e t a l (1976) P h y s i c s L e t t e r s 63B p.239 

Abshire e t a l (1974) P h y s c i a l Review L e t t e r s 32 p.1261 

A k e r l o f e t a l ( 1 9 7 5 ) P h y s i c s L e t t e r s 59B p.197 and 

P h y s i c a l Review L e t t e r s 35 p.1406 

Ake r l o f e t a l (1976) P h y s i c a l Review D14 p.2864 

A l l a b y et a l ( 1 9 6 7 ) P h y s i c s L e t t e r s 25B p.156 

A l l a b y e t a l ( 1 9 6 8 ) P h y s i c s L e t t e r s 28B p.68 

A l l a b y e t a l (1973) Nuclear P h y s i c s B52 p.316 

Almas et a l (1980) P h y s i c s L e t t e r s 93B p.199 

Ankenbrandt e t a l (1968) P h y s c i a l Review 170 p.1223 

Antipov e t a l (1973) Nuclear P h y s i c s B57 p.333 

Asa'd e t a l ( 1 9 8 0 ) Paper presented a t Madison Conference J u l y 1980 

Asa'd e t a l ( 1 9 8 2 ) P h y s i c s L e t t e r s 108B p.51 

Auer e t a l ( 1 9 7 7 ) P h y s i c s L e t t e r s 70B p.475 

B a g l i n et a l ( 1 9 7 5 ) Nuclear P h y s i c s B98 p.365 

Baker e t a l ( 1 9 8 1 ) P h y s i c s Review L e t t e r s 47 p.1683 

Barnes e t a l ( 1 9 7 8 ) P h y s i c a l Review L e t t e r s 41 p.1260 

de B e l l e f o n et a l ( 1 9 7 8 ) Cern p r e p r i n t , 1978 

Berger e t a l ( 1 9 7 8 ) P h y s i c a l Review D17 p.2971 

Berglund e t a l ( 1 9 7 9 ) Nuclear P h y s i c s B137 p.276 

Borghini e t a l (1967) P h y s i c s L e t t e r s 24B p.77 

Borghini e t a l (1971) P h y s i c s L e t t e r s 36B p.501 



Brodsky e t a l (1973a) 

Brodsky e t a l (1973b) 

Brodsky e t a l (1973c) 

Brodsky et a l (1975a) 

Brodsky e t a l (1977) 

Brodsky e t a l (1979a) 

Brodsky e t a l (1979b) 

Brodsky e t a l (1979c) 

CERN (1980) 

Chabaud et a l (1972) 

C o l l i n s e t a l (1976a) 

C o l l i n s e t a l (1977) 

C o l l i n s e t a l (1978b) 

C o l l i n s e t a l (1978c) 

C o l l i n s e t a l (1978d) 

C o l l i n s e t a l (1981) 

Coon et a l (1978) 

Crabb et a l (1978) 

Crabb e t a l (1979) 

Physical Review D8 p.287 

Physical Review D8 p.4117 

From "High Energy C o l l i s i o n s " , Ed. Quigg, 

Pub. A.I.P. 

Physical Review D l l p.1309 

SLAC P r e p r i n t SLAC-PUB-2057 (Dec. 1977) 

Physical Review D20 p.2278 

SLAC P r e p r i n t SLAC-PUB-2294 (March 1979) 

Brodsky, Lepage, Frishman, Sachrajda -

p r i v a t e communication 

P r e p r i n t EP 80/29 

Physics L e t t e r s 38B p.449 

Nuclear Physics B113 p.34 

"An I n t r o d u c t i o n to Regge Theory and High 

Energy Physics", P.D.P. C o l l i n s , Oxford-*' 

U n i v e r s i t y Press. 

Physics L e t t e r s 73B p.330 

Durham U n i v e r s i t y p r e p r i n t Sept. 1978 

Journal of Physics G4 p.L201 

Durham U n i v e r s i t y P r e p r i n t Sept. 1981 

Physical Review Dl8 p.1451 

Physical Review L e t t e r s 41 p.19 and 

Physical Review L e t t e r s 41 p.1257 

Physcial Review L e t t e r s 43 p.983 



Diebold e t a l (1975) P h y s i c a l Review L e t t e r s 35 p.632 

D r e l l and Yan (1970) P h y s i c a l Review L e t t e r s 24 p.181 

Eide et a l (1973) Nuclear P h y s i c s B60 p.173 

F a i s l e r e t a l (1981) P h y s i c a l Review D23 p.33 

F a r r a r and Wu (1975) Nuclear P h y s i c s B85 p.50 

Fernow et a l (1974) P h y s i c s L e t t e r s 52B p.243 

Foley e t a l (1963) P h y s i c a l Review L e t t e r s 11 p.425 

Gaidot e t a l (1975) P h y s i c s L e t t e r s 57B p.389 

Gaidot e t a l (1976) P h y s i c s L e t t e r s 61B p.103 

Hicks e t a l (1975) P h y s i c a l Review Dl2 p.2594 

I r v i n g (1975) Nuclear P h y s i c s B101 p.263 

Jacob and Wick (1959) Annais of P h y s i c s (N.Y.) 7 p.404 

Kaplan e t a l (1982) Fermilab p r e p r i n t 82/40 Exp, 

de K e r r e t e t a l (1977) P h y s i c s L e t t e r s 68B p.374 

Klem e t a l (1977) P h y s i c a l Review D15 p.602 

Kramer e t a l (1978) P h y s i c a l Review D17 p.1709 

K r i s c h e t a l (1979) Brookhaven Na t i o n a l Laboratory Report 

No. BNL 50947, p. 346 

K r o l l e t a l (1978) J o u r n a l of P h y s i c s G 4 p.1003 

K r o l l e t a l (1979) J o u r n a l of P h y s i c s G5 p.1179 

Kwak e t a l (1975) P h y s i c s L e t t e r s 58B p.223 

Landshoff and Polkinghorne (1973) P h y s i c s L e t t e r s 44B p.293 

Landshoff (1974a) P h y s i c a l Review D10 p.1024 



Landshoff and P r i t c h a r d (1980) Cambridge U n i v e r s i t y DAMTP P r e p r i n t 80/4 

Makdisi et a l (1980) P h y s i c a l Review L e t t e r s 45 p.1529 

M i e t t i n e n et a l (1977) P h y s i c a l Review D16 p.549 

Nagy e t a l (1979) Nuclear P h y s i c s B150 p.221 

Nussinov (1976a) P h y s i c a l Review D14 p.246 

O'Fallon e t a l (1974) P h y s i c a l Review L e t t e r s 32 p.77 

O'Fallon e t a l (1977) P h y s i c a l Review L e t t e r s 39 p.733 

Owen e t a l (1969) P h y s i c a l Review 181 p.1794 

P o l i t z e r (1974) P h y s i c s Reports 14C p.130 

Ratner e t a l (1977) P h y s i c a l Review D15 p.604 

Russ e t a l (1977) P h y s i c a l Review D15 p.3139 

S i v e r s e t a l (1976) P h y s i c s Reports 23C p . l 

S hijong Ryang (1978) Osaka U n i v e r s i t y p r e p r i n t OU-HET, 

22nd June, 1978 

Snyder e t a l (1978) P h y s i c a l Review L e t t e r s 41 p.781 

Stone e t a l (1977) P h y s i c a l Review L e t t e r s 38 p.1315 

Stone e t a l (1978) Nuclear P h y s i c s B143 p.20 

West (1970) P h y s i c s Review L e t t e r s 24 p.1206 

Williams (1970) P h y s i c a l Review Dl p.1312 

Wright (1978) Ph.D.Thesis, Univ. of Durham 



- A . l -

Appendix A : D e f i n i t i o n s and Notation 

F i g . ( A . l ) demonstrates some of the n o t a t i o n f o r 2-"2 

s c a t t e r i n g p r o c e s s e s used throughout t h i s work. p^ and X ( i = A, B. 

C,D) are r e s p e c t i v e l y the 4-momentum and the h e l i c i t y of p a r t i c l e i . 

As only p a r t i c l e s of s p i n 2 and s p i n zero are d e a l t w i t h j X ^ takes 
^A^C 

one of three v a l u e s , + ( f o r +i), 0,or - ( f o r -i). 3 (AC;/R) 

i l l u s t r a t e s the n o t a t i o n f o r the coupling of a Regge exchange,^ , 

to the v e r t e x AC. 

An h e l i c i t y amplitude f o r such a diagram would be w r i t t e n 

A x \ * (AB-CD;/R) 
C D 

Frequent use i s made of the Mandalstam v a r i a b l e s ; s , t , u ; 

which are now de f i n e d : 

s = ( p A + p B ) 2 

t = ( p A - p c ) 2 ( A . l ) 

u = ( p A - p D ) 2 

The i n c i d e n t momentum i n the l a b o r a t o r y frame, ^> I s o f t e n used 

to l a b e l a data s e t . 

N a t u r a l u n i t s are used throughout t h i s work, with e n e r g i e s 

given i n GeV and c r o s s s e c t i o n s i n m i l l i b a m s . 

A d i f f e r e n t i a l c r o s s s e c t i o n i n t h i s sytem of u n i t s i s 

obtained thus f o r l a r g e s 

£ (mb/(GeV/c) 2) = 0 , 3 8 9 3 | A ( s , t ) | 2 ^ 
16 us 
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and a t o t a l cross s e c t i o n thus 

a ( m b ) = °^|93 Im [ A ( a > t , 0 ) ] ( a . 3 ) 



F . g . A.l 
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Appendix B : H e l i c i t y amplitudes and spin observables f o r nucleon-nucleon 

s c a t t e r i n g 

Jacob-Wick h e l i c i t y conventions (Jacob and Wick (1959)) are used 

throughout. 

Before imposing symmetry laws upon the system there are 
AA AC 

si x t e e n independent N-N h e l i c i t y amplitudes A . P a r i t y invariance 
XB XD 

r e l a t e s c e r t a i n of these, reducing the number of independent 

amplitudes to e i g h t : 
X AX C - XA _ XG 

Ax x = A x x ( B- 1 } 

AB AD - AB _ AD 

These are f u r t h e r reduced to s i x by applying time r e v e r s a l i n v a r i a n c e : 

B D AD AB 

n i j- i d e n t i c a l p a r t i c l e A d d i t i o n a l l y , f o r s c a t t e r i n g 

A X + = A* ~ (B.3) X - X + 

(nucleons are i d e n t i c a l f o r t h i s purpose). The above r e l a t i o n s are 

summarized i n Table ( B . l ) . The f i v e independent N-N amplitudes are 

co n v e n t i o n a l l y named 0̂  ( i = 1 , 2 , 3 , 4 , 5 ) . These are defined i n Table 

( B . 2 ) . 

I t i s f r e q u e n t l y convenient to use h e l i c i t y amplitudes which 

are p u r e l y n a t u r a l or unnatural p a r i t y . The n a t u r a l p a r i t y amplitudes 

Nq, , N£ arid unnatural p a r i t y amplitudes Uq and are given i n terms 

of the 0's i n Table ( B . 3 ) . The su b s c r i p t s of the N's and U's r e f e r 

to the number of f l i p v e r t i c e s i n a diagram c o n t r i b u t i n g to the 

amplitude. Note t h a t there i s no s i n g l e f l i p unnatural p a r i t y 

amplitude. 
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In terms of h e l i c i t y amplitudes, the d i f f e r e n t i a l cross s e c t i o n 

( s p i n averaged) i s given by 

do 
dt = i K ( s ) I V 2 + l 0

2 ! 2 + l 0

3 ! 2 + l 0 4 | 2 + 4 I 0

5 | 2 (B.4) 

= K(s) |NQ|2
 + 2 | N l | 2

 + |N2|2
 + |UQ|2

 + |U2|2 

where K(s) 

= K(s) D 

0 .3893 1 
i n the u n i t s used here 

J 
i s a k i n e m a t i c a l f a c t o r . 

16 it s 
The spin dependent observables used i n t h i s work are now given: 

P o l a r i z a t i o n (or analysing power), P, by 

P D = - Im 

= - 2 Im 

K + 0 2 + 0 3 " *J05 

( N 0 - N z K 

(B.5) 

C o r r e l a t i o n parameters A , by 

A D = Re nn 0 1 0 2 " 0 3 0 4 2|0C 

2 Re |NQ N 2* - U Q V* *\\\' 

(B.6) 

A D ss 

A D s i 

Re 

2 Re 

Re 

2 Re 

0 1 0 2 + 0 3 0 4 

N 0 U 2 " U 0 N 2 

+ 0 2 - 0 3 + 0 j 05 

[ K + u
2) N i ] 

(B.7) 

(B.8) 

A u D = i (- |0 X I 2 - I 0 2 l 2 + |03|2
 + I 0 J 2 

= 2 Re U 2 N 2 " N 0 U 0 

(B.9) 

The d e f i n i t i o n of the A „ i n terms of e x p e r i m e n t a l l y measured q u a n t i t i e s 

may be found i n Section 1 . 3 . 



- B.3 -

Table ( B . l ) 

The independent N-N h e l i c i t y amplitudes 

++ = A 

+-

= A -+ 

, ++ = A 
++ 

, ++ = A + + = A" = A 
- + 

A +" = A" + - A +" ++ ++ = A - + 

1 a l l equal f o r C and D 
i d e n t i c a l p a r t i c l e s 

Table ( B . 2 ) 

D e f i n i t i o n of 0^'s f o r N-N s c a t t e r i n g 

0n = A' 

0 O = A 

0-, = A 

++ 
'++ 

+-
+-
++ 

0, = A* 

0c E A 

+ 
++ 
+-

Table (B.3) 

The N a t u r a l and Unnatural P a r i t y H e l i c i t y Amplitudes 

(01 + 0 3 ) / 2 

Nn = 0C 

(0 4 - 0 2 ) / 2 

(0 X - 0 3 ) / 2 

(0 4 t 0 2 ) / 2 
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Appendix C : I m p l i c a t i o n s of Fermi-Dirac s t a t i s t i c s f o r nucleon-nucleon 

h e l i c i t y amplitudes 

Since a l l the e x t e r n a l p a r t i c l e s i n proton proton e l a s t i c 

s c a t t e r i n g are i d e n t i c a l fermions the pp h e l i c i t y amplitudes (see 

Appendix B) must obey the f o l l o w i n g r e l a t i o n s : 

0 P P (e) = 0 P P (*-e) 

0 P P (e) = 0 P P (n-e) 

0 P P (e) = -0 P P (n-e) 

0 P P (e) = -0 P P (u-e) 

(c.l) 

(9 i s the centre of mass s c a t t e r i n g angle) 

Considering protons and nutrons to be i d e n t i c a l except f o r 

the value of the I ^ quantum number, s i m i l a r r e l a t i o n s h i p s apply to 

combinations of np-np and np—pn s c a t t e r i n g amplitudes. Defining 

0+ = + 0 ^ P ~ P n 

and 07 = 0np"*np - 0 n p^ n 

these are 

(C.2) 

0+ (e) = 0+ (,-e) 

0j (e) = 0j ( x - 8 ) 

(c.3) 
0+ (e) = -0+ U-e) 
<t>+

5 ( 0 ) = -0+ ( » - 8 ) 



0~ (9) = - 0~ ( i t - 9 ) 

0~2 (9) = - 0^ 

0° (9) = 0~ ( i t - 9 ) 

0~ (9) = 0~ (i t - 9 ) 
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Appendix D : Relationships between c o n t r i b u t i o n s to the NN h e l i c i t y 

amplitudes i n the Quark interchange model 

The n a t u r a l and unnatural p a r i t y amplitudes are given i n terms 

of the 0's i n Appendix B, Table B.3. I n s e r t i n g the pp QI h e l i c i t y 

amplitudes (1.4.27) i n t o these r e l a t i o n s y i e l d s 

yg- j~45 f ( s , t , u ) + 48 f ( s , u , t ) J 
1 

N x = 0 

N 2 = U 2 = 

S i m i l a r l y f o r np—np 

V 

° o - 3 [ 1 7 f ( s , t , u ) + 14f(s 

(D.l) 

36 f ( s , t , u ) + 4 2 f ( s , u , t ) J 

J 

N 1 = 0 > (D.2) 

= u
2 = " U o = T8" J^8^8.*.") + 8 f ( s , u , t ) J 

J 
and f o r pp-pp 

N 0 = T8" £ 4 8 f ( u . t > s ) + 4 8 f ( u , s , t ) J 

N1 = 0 

N 2 = U 2 = -U Q=^- £l4 f ( u , t , s ) + 1 7 f ( u , s , t ) J 
J 

( D . l ) and (D.2) can be combined to produce 1 = 0 and 1 = 1 

amplitudes : 
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N 1 ( I = 0) = i | N 1(pp) + N-^pn)^ = 0 V(D.4) 

(D.5) 

N Q ( I = 0) = i J^N 0(pp) + N 0 ( p n ) J = | ^ 8 1 f ( s , t , u ) + 9 0 f ( s , u , t ) J 

-* [ N i 
N 2 (1=0) = U 2 ( I = 0 ) = - U Q ( I = 0 ) = l j N 2 ( p p ) + N 2 ( p n ) J = ̂  |~9f (s , t,u)+6f (s , u r t ) j 

J 

N Q ( I - 1 ) = \ j^N 0(pp)-N 0(pn)J = | ^ 9 f ( s , t , u ) + 6 f ( s , u , t ) J 

N ^ I - l ) = * ^ N 1 ( p p ) - N 1 ( p n ) J = 0 

N 2 ( I = 1 ) = U 2(I=D = -U 0 ( I = 1 ) = i |^N 2(pp)-N 2(pn)J = ^25f (s,t,u)+22f ( s , u , t ) | 

J 
Now, a t large s and - t the forward s c a t t e r i n g p a r t s of these 

i s o s p i n amplitudes can be i d e n t i f i e d w i t h ineson-Reggeon exchange 

c o n t r i b u t i o n s as f o l l o w s 

Natural p a r i t y , 1=0, forward «—• f + co + daughters 

Unnatural p a r i t y , 1=0, forward — ^ + Z + daughters 

Natural p a r i t y , 1=1, forward —• A 2 + p + daughters 

Unnatural p a r i t y , 1=1, forward «—• it + B + daughters 

Thus, from (D.4) and (D.5) the forward Reggeon components are r e l a t e d by 

A 0(f+w) = -9A 2(f+w) = -9A 2(A 1 +Z) = 9 A Q ( A 1 + Z ) 
;(D.6) 

81 81 81 = 9A Q(p+A 2) = - A 2(p+A 2) = - 23- A 2 ( i t + B ) = + 25" AQ(H+B) 

A s i m i l a r recombination of pp and pp amplitudes to separate components 

of d i f f e r e n t charge conjugation i s much less u s e f u l since the r e l a t i o n 

between f ( s , t , u ) and f ( u , t , s ) depends on the d e t a i l e d s t r u c t u r e of the 

pa r a m e t r i z a t i o n chosen. 
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Appendix E : Symmetry p r o p e r t i e s of the pp h e l i c i t y amplitudes assuming 

NQ to be dominant 

The pp h e l i c i t y amplitudes must have c e r t a i n symmetry p r o p e r t i e s 

determined by Fermi-Dirac s t a t i s t i c s (see Appendix C). In consequence 

the amplitudes can always be w r i t t e n i n the form 

(s , t , u ) + 0 1 ( s , u , t ) 

0 2 = I 0 2 
(s , t , u ) + 0 2 ( s , u , t ) 

= 0 3 (s , t , u ) - K ( s , u , t ) 

E K (s , t , u ) ( s , u , t ) 

0 5 • E 0 5 (s , t , u ) - s (s,u , t ) 

( E . l ) 

Combining these to form n a t u r a l and unnatural p a r i t y amplitudes 

N o • 
X 2 S (s , t ,u) + 0 3 ( s t,u 

N* = 
1 

(s t , u ) - 05 (s,u t ) 

i 
2 ft / s , t u) - 0 2 ( s t,u 

u o = i 2 
ft 

( s , t u) - 0 3 ( s t,u 

U2 " 
1 2 ^ ( s , t u) + 

/A/ 

0 2 ( s t,u 

t ) - 0 4 ( s 

0 3 ( s , u , t ) + 0 2 ( s , u , t ) J 
(E.2) 

, t ) - 0 2 ( s , u , t ) J 

Since the proposed model i s a Regge one, i t i s convenient to 

choose 

0. ( s , t , u ) » 0. ( s , u , t ) as s-«°, t f i x e d (E.3) l l 

Thus, f o r instance, the P, p, A 2, OJ, f poles, the P&P and R®P cuts 

discussed i n Chapter 3 a n c o n t r i b u t e to i [ 0 ^ (s , t ,u )+03 (s , t ,u) ] , 

which, f o r convenience w i l l be r e f e r r e d to as the forward p a r t of N^. 
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Now, except a t large angles i s much l a r g e r than other 

n a t u r a l i t y amplitudes. Hence, away from t h i s r e g i o n , the f o l l o w i n g 

approximations can be made 

N 0 > : > U 0 ^ *1 ( s ' t ' u ) ~ 03 ( s > t > u ) 

N 0 > > N 2 ' U2 ^ ^2 ^ . t ^ ) . ^4 ( s , t , u ) « 0l ( s , t , u ) (E.4) 

N 0 y > N l ^ ^5 ( s ' t ' u ) K < 0 l ( s . t . u ) 

S u b s t i t u t i n g back i n t o (E.2) gives 

N 0 « 01 ( s , t , u ) + i ^ ( s . u . t ) 

N 2 « i 0 1 ( s , u , t ) 

N 1 = 0 (E.5) 

U 0 " + i 0 1 ( s , u , t ) 

i 0 1 ( s , u , t ) 

Thus, f o r NQ much greater than the other maplitudes the requirements 

of Fermi-Dirac s t a t i s t i c s can be s a t i s f i e d to a good approximation, by 

adding to the forward p a r t s of the h e l i c i t y amplitudes crossed terms as 

f o l l o w s 

forward backward 

N 0 = ^0 ^ ' t ' ^ + * N o ( s - u ' t ) 

^ = N x ( s , t , u ) - N x ( s , u , t ) 

N 2 = N 2 ( s , t , u ) - \ N Q ( s , u , t ) 

U Q = U Q ( s . t . u ) + i N Q ( s , u , t ) 

U 2 = U 2 ( s , t , u ) \ N ( s , u , t ) 

(t.6) 

"DURHAM mvT^j^ 
5 OCT }%2 

•f2f*'C£ LIBRARY 

This procedure i s used to define the t o t a l "R"-type c o n t r i b u t i o n s 

to the h e l i c i t y amplitudes from t h e i r forward p a r t s . 


