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ABSTRACT 

Our u n d e r s t a n d i n g o f l a r g e P t phenomena fr o m t h e p o i n t of 

view o f the quark-par t o n model i s reviewed i n t h i s t h e s i s . 

For t h i s purpose some.necessary e x p e r i m e n t a l and t h e r o e t i c a l 

background r e l a t e d t o low P̂- phenomena i s g i v e n i n t h e f i r ^ t 

c h a p t e r . We show i n p a r t i c u l a r t h a t t h e i n c l u s i v e s i n g l e 

p a r t i c l e c r o s s s e c t i o n a t low P+. f o l l o w s a s i m p l e curve but 

t h a t t h i s f a l l s f a r below t h e data when i t i s e x t r a p o l a t e d t o 

h i g h P-fc. T h i s suggests t he e x i s t e n c e of s m a l l c o n s t i t u e n t s . 

I n t h e second c h a p t e r we show how the e x i s t e n c e and proper Lies 

of these c o n s t i t u e n t s are e s t a b l i s h e d i n t h e s i m p l e r s i t u a t i o n 

o f l e p t o n - h a d r o n s c a t t e r i n g processes. The c o n s t i t u e n t s a r e 

a p p r o x i m a t e l y p o i n t - l i k e , s p i n o n e - h a l f , q u a r k s . 

I n t h e t h i r d c h a p t e r we see how l a r g e P., h a d r o n i c 

processes can be used t o probe t h e s m a l l s c a l e s t r u c t u r e of 

hadrons, and how the e x p e r i m e n t a l r e s u l t s c o n f i r m t h ? quark 

s t r u c t u r e . We d i s c u s s s e v e r a l v e r s i o n s of t h e model and show 

t h a t a r e a s o n a b l y c o n s i s t e n t p i c t u r e emerges. There a r e , 

however, some d i f f i c u l t i e s w hich can h o p e f u l l y be overcome 

by t h e i n t r o d u c t i o n o f QCD ( g l u o n ) c o r r e c t i o n s . 

For t h i s mixed e x p e r i m e n t a l - t h e o r e t i c a l r e v i e w , k i n e m a t i c 

c o n c e r n i n g two-body and i n c l u s i v e r e a c t i o n s are g i v e n i n 

Appendices A ?:nd 3. A l s o , r e l a t e d t o t h e low P̂_ d i s c u s s i o n 

of t h e f i r s t c h a p t e r , some t h e o r e t i c a l background ( e . g . 

s c a l i n g , l i m i t i n g f r a g m e n t a t i o n and tfegge-Muller f o r m a l i s m ) 

i s g i v e n i n Appendix C. 
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CHAPTER T 

P r e l i m i n a r y Remarks c o n c e r n i n g 
Low and Large P^ Phenomena 

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

To e l u c i d a t e t h e f o r c e s between p a r t i c l e s and t h e i r o v e r a l l 

s i z e and shapes we l o o k a f t e r t h e i r e l a s t i c s c a t t e r i n g . But t h e 

s t r u c t u r e and e x c i t a t i o n of m a t t e r have t o be o b t a i n e d t h r o u g h 

t h e i r i n e l a s t i c s c a t t e r i n g . I n t h i s way, we see t h a t the 

d e t a i l e d s t u d y of t h e complete f i n a l s t a t e of t h r e e , f o u r , or 

more p a r t i c l e s has been done t h r o u g h quasi-two-body processes 

w i t h one or two resonances i n t h e f i n a l s t a t e . Through these 

s o - c a l l e d e x c l u s i v e processes l o t s of i n f o r m a t i o n on decay, 

c o r r e l a t i o n , and energy dependences have been g a i n e d . On t h e 

o t h e r hand, v i a i n c l u s i v e i n t e r a c t i o n s where we l o o k at one or 

few f i n a l s t a t e s and sum over e v e r y t h i n g e l s e ; e.g.: 

ab »-x z e r o - p a r t i c l e i n c l u s i v e process ( I . l a ) 

w h ich i s j u s t t h e t o t a l X - s e c t i o n , z ^ 0 ^ depending o n l y on the 
^ a b 

incoming- energy, and: 

ab ^ c x . o n e - p a r t i c l e i n c l u s i v e process ( I . l b ) 

and: 

ab »̂ -cd:-: t w o - p a r t i c l e i n c l u s i v e process ( I . l c ) 

w i t h x — ^ [ ( a l l p o s s i b l e f i n a l s t a t e s except t h o s e which are 

p r e s e n t e d ) , a p p l i c a t i o n of i d e a s c l o s e l y r e l a t e d t o two-body 

phenomenology, t h r o u g h K i n e m a t i c s , can be c o n s i d e r e d . I n t h i s 

f i e l d , t h e s i m p l e and gen eraj_ja.ro per t i e s are s c a l i n g and 

l i m i t i n g f r a g m e n t a t i c n . / f ^ h t ^ e ^ m ' f c q r t n n t r e s u l t s seem not t o be 
U 2 3 FEB 1979 )) 
\< SECTION rj 
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w o r k i n g at l a r g e angles and e n e r g i e s . This v i o l a t i o n causes 

consequences which a r e showing onset of a somehow d i f f e r e n t 

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

E x p e r i m e n t a l enhancements t o t h i s , however, w i l l be reviewed i n 

S e c t i o n ( I A ) a f t e r t r a c i n g o u t t h e degree of success of the 

ide a s based on t h e af o r e m e n t i o n e d h y p o t h e s i s i n S e c t i o n ( 1 . 3 ) -

B e f o r e embarking on above e x p e r i m e n t a l i m p l i c a t i o n s , 

t y p i c a l two-body r e a c t i o n s a t l a r g e momentum t r a n s f e r data 

which a re a l s o showing some d i s b e h a v i o u r from what t h e y used t o 

do a t s m a l l e r | t I are g i v e n i n S e c t i o n ( 1 . 2 ) . 

However, r e l a t e d k i n e m a t i c s of two-body and i n c l u s i v e 

r e a c t i o n s w i l l be reviewed i n Appendices A and B. Also some 

t h e o r e t i c a l a s p e c t s , such as s c a l i n g , l i m i t i n g f r a g m e n t a t i o n , 

and Regg'?-Muller f o r m a l i s m are reviewed i n Appendix C. 

I . 2 T h e o r e t i c a l and E x p e r i m e n t a l Remarks Concerning 
Two-Body Reactions 

( 1 . 2 a ) R e m a r k s n n t w n - h n d y r e a f t i n n g p t s m a l l - I t I 

P h e n o m e n o l o g i c a l l y , we s u b d i v i d e two-body (TB) and 

quasi-two-body problems (QTB): 

1 + 2 3 + ^ ( 1 . 3 ) 

where 3 and/or h may be p a r t i c l e s or resonances, i n t o ^ ^ two 

c l a s s e s : 

( i ) The processes of d i f f r a c t i v e t y p e which proceeds by 

Pomsron exchange ( e . g . : I t = B^ = S^ = 0, = +, 

P = ( - l ) j ) . 

( i i ) The r e a c t i o n s which proceed by meson, o r baryon exchange. 

E l a s t i c s c a t t e r i n g may be c o n s i d e r e d as process o f type ( i ) , 

w h i l e charge exchange s c a t t e r i n g i s of type ( i i ) . 

The h i g h energy e l a s t i c 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 

dominated by a peak a t s m a l l momentum t r a n s f e r , \t\ . This 

s m a l l | t | peak, a u n i v e r s a l p r o p e r t y of a l l such systems 
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t h a t have been s t u d i e d , i s a s c r i b e d t o a v e r y g e n e r a l process: 
d i f T r a c t i v e e l a s t i c s c a t t e r i n g . F o l l o w i n g t h i s o r i e n t a t i o n , 
t h e s m a l l | t | peak i s - found t o be c a l l e d " d i f f r n c t i v e peak" 

and t h e r e g i o n i s c a l l e d "the d i f f r a c t i v e r e g i o n " w h e r e i n t h e 
Bt p d i f f e r e n t i a l x - s e c t i o n i s r o u g h l y f i t t e d by e where t = -q 

i s t h e i n v a r i a n t momentum t r a n s f e r v a r i a b l e . As 11 I i n c r e a s e s 

beyond the e x p o n e n t i a l r e g i o n , <W<R begins t o f l a t t e n out 

sometimes^^ smoothly as i n PP s c a t t e r i n g i n 3-7 GeV/C ranges 
( — shown i n F i g . 1, sometimes 1 w i t h bumps or d i p s as i n K P 

d a t a shown i n F i g . 2 . However, m o s t l y d i f f r a c t i v e r e g i o n i s 

take n as | t \ v a r y i n g between 0 up t o 1.5 (GeV/C) . 

Having been guide d s t i l l by the i n v a r i a n t v a r i a b l e t 

which can be g i v e n i n c m . as: 

we see t h a t a t t h e o t h e r end o f ' t h e a n g u l a r range from t h e 

* d i f f r a c t i v e r e g i o n , the b e h a v i o u r o f t h e d i f f e r e n t i a l c r o ss 

s e c t i o n a t 6 = 1 8 0 ° , which i s c a l l e d "the backward s c a t t e r i n g 

r e g i o n " wherein data are s t i l l f i t t e d t o an e x p o n e n t i a l f o r m 
Bu 

l i k e e , i s e x t r e m e l y v a r i e d ; sometimes t h e r e i s a Deak a t 
o o + -

180 such as t h a t shown i n F i g . 2 f o r K P and KP, f o r o t h e r 

systems a t o t h e r e n e r g i e s t h e r e may be seen s m a l l e r peaks.and 

d i p s o r a f l a t r e g i o n . But i n no case does Js/J-t approach 

t h e s i z e o f th e d i f f r a c t i o n peak. 

( I . 2 b ) S c a t t e r i n g a t l a r g e angles 

The Data - Energy, dependence of dS/Jt i n TB r e a c t i o n s 

i s o b v i o u s , such t h a t : i f we move on w i t h energy f u r t h e r we f i n d 

a k i n d of power law beh a v i o u r i n s, r o u g h l y l i k e s ~ n a t f i x e d t 

f o r o's/Jf . The pov/er has dependence on the r e a c t i o n mechanism. 

As an example F i g . 3 shows t h e c h a r a c t e r i s t i c b e h a v i o u r o f 

<J6/cH of e l a s t i c s c a t t e r i n g of the pior. and n u c l e o n . This wide 
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angle - r o u g h l y a t 90° i n cm., so i n the t - ( o r u-) r e g i o n 

g r e a t e r t h a n 1 or 2 (GeV/C)^ - e l a s t i c s c a t t e r i n g shows 

t h a t t h e d i f f e r e n t i a l cross s e c t i o n tends t o be f l a t . Under­

s t a n d i n g of t h e decrease of t h i s c r o s s s e c t i o n w i t h energy which 

i s a p p r o x i m a t e l y as s "' i s b e l i e v e d t o be in. t h e framework 

of f o r t h c o m i n g models which w i l l c o n s i d e r l a r g e a n g l e s c a t t e r i n g 

as due t o t h e i n t e r a c t i o n of t h e p o i n t l i k e c o n s t i t u e n t s of the 

hadrons. However, F i g . h s h o w s ^ t h e energy dependence of the 

d i f f e r e n t i a l c r e s s s e c t i o n of pp s c a t t e r i n g a t v a r i o u s v a l u e s of 

t a t ISR e n e r g i e s . I t i s evidence t h a t a t low e n e r g i e s and 

h i g h f o u r momentum t r a n s f e r t he s-dependence i s much •• weaKer 

than a t h i g h e n e r g i e s and low f o u r momentum t r a n s f e r . Thus one 

may see t h a t p a r t of the energy dependence i s of a k i n e m a t i c a l 

n a t u r e , connected w i t h s o r t of th±ashhold e f f e c t on h i g h 

momentum e f f e c t . 

Regge Pole P i c t u r e - Of models e x p l a i n i n g the s m a l l and 

l a r g e a n g l e data of TB r e a c t i o n s i s t h e Regge pole p i c t u r e ' 

i n w h i c h , f o r i n s t a n c e , we may c o n s i d e r a s o r t of c o r e p l u s a 

p e r i p h e r y and a p p l y t h e Pomcron t r a j e c t o r y d i s c u s s i o n e i t h e r t o 

t h e p e r i p h e r y ^ or c o n v e r s e l y to. t h e c o r e . ^ However i n t h e 

t a s k o f ' c o n s t r u c t i n g w ' r e l a t i o n s h i p s between the Regge model 

o f h i g h energy two body r e a c t i o n s and the one p a r t i c l e exchange 

model of these r e a c t i o n s , t h e o r i s t s have been succeeded by 

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

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

f o r t h e exchange of a s i m p l e Regge p o l e i n t h e t - c h a n n e l . I n 

eq. ( 1 . 5 ) ^ ( t ) i s some f u n c t i o n of t c o n t a i n i n g t h e a m p l i t u d e 

of t h e process, and ^ ( t ) i s t h e p o l e t r a j e c t o r y f u n c t i o n 



f i x i n g the e:er/j dependence of d&f&i ;..t each vulue of t . Moreover , 

cocerning \,ith problem related t o the contribution of other 

voles (i'Uthfc than juut one- pol<?) and cuts to the amplitude, '«e may 

define an ^ ^ ( t ) by; 

But at s u f f i c i e n t l y high energies , * f f ( t ) i s expected to 

correspond to the leading t r a j e c t o r y f o r the process; i . e . : the 

leading t r a j e c t o r y i s the one which i s dominating over the other 

t r a j e c t o r i e s of the process with i t s highest l i e ^ ( t ) at any given t . 

Therefore, s t i l l there seems to be no harm i n determining °£ ) from 

eq. ( i .5) through the following formula at high enough energies : 

UjCJP/d-t) = ( - s + U£ ( ! .7) 

For a given process,therefore, at each f i x e d t , p l o t t i n g 

versus log(s) determine-s the effective t r a j e c t o r y f o r that process. 

This lithe case i n the following example of pion-proton charge exchange 

scattering, namely; I t " ? -^TT°n » V/e know the behaviour of t h i s charg 

exchange cross section,when i t xs integrated,should show a power lav; 

bshuviour at some small negative value of | t l . On the other hand, w= 
(8) 

see from ? i g . 5a,showing the energy dependence of the d i f f e r e n t i a l 

charge exchange cross section of t h i s pross from 6 to 100 G-ev, th-vfc 

the energy behaviour of th.is process at large I t I i s clearly d i f f e r e n t 

from that at small J t | . ~.lao the proceos shows a narrow forward pcik 

i n t which confirms the corraspondance of the present picture v/ith 

that of one p a r t i c l e exchange model. These a l l confirm the v a l i d i t y of 

eq. ( l .5). However, the anticipated t-chann-sl exchange and the effective 
(9) 

value of c< being deduce::, from the appropriate exponent,are as 

follows: 



Exchange E f f e c t i v e 0< 

f oJ+iio.o? 

However, t h e v a l u e of < OJ-t- - 0 . 5 i s seen t o be i n good 
agreement t o f i t . ^ w i t h i n t h e e x p e r i m e n t a l e r r o r s , t o a l i n e a r 

Rugge t r a j e c t o r y << - 0.5.,.t wh i c h , as i t i s seen i n F i g . 5b, 

passes t h r o u g h / ( J = 1, «y = 0 .58 ± 0.1C GeV 2J and g ( J = 3 , 

mg = 2 .82 - 0.27 GeV 2). This / - t r a j e c t o r y , and o t h e r e x p e r i ­

m e n t a l evidence on e x i s t e n c e of 'such t r a j e c t o r i e s , which 

e x t r a p o l a t e s c l o s e l y t o J -meson p o s i t i o n a t °<= 0 . 5 t (GeV/C) 2 

c o n f i r m s t h e c o n n e c t i o n of Regge t r a j e c t o r i e s w i t h p a r t i c l e s . 

S h r i n k a g e ; and v e r y l a r g e I t 1 - r e g i o n - C o n s u l t i n g F i g . 

5a, i t i s seen t h a t t h e r o u g h l y smooth behaviour a t "low" 

en e r g i e s t h e c r o s s s e c t i o n s g r a d u a l l y evolves i n t o s t r u c t u r e 

a t |t |~l-2(C-eV/C) a t h i g h e r e n e r g i e s as the x - s e c t i o n " s h i i n k s " 

( i . e . : becomes compressed t o s m a l l e r and s m a l l e r t - v a l u e s ) . 

T h i s s h r i n k a g e of t h e cross s e c t i o n i s a t t r i b u t e d ^ " ^ t o , h e r e , 

° y ( t ) < 0 , and t h e r a t e of s h r i n k a g e a t each f i x e d - t i s s a i d 

t o be g i v e n by t h e v a l u e of cK^it) a t t h a t v a l u e o f t . 

Shrinkage may a l s o be d e s c r i b e d i n terms o f " s l o p e para­

meter" B, d e f i n e d by: 

B(s,4) — i(Uj(Jff /J l ) ) ( I - 8 a ) 

t h i s a t h i g h e n e r g i e s has been p r e i c t e d by t h e Regge t h e o r y 

as: 

. = Z - i l ^ U j S + B ^ ) ( I. 8 b ) 

For PP—>~ PP, eq. ( 1 . 8 b ) i s t h e normal Regge s h r i n k a g e as w e l l 

as t h e exponent of t h e observed e x p o n e n t i a l behaviour of 
i f L ( p p . — _ P P ) d o w n t o t _ _ ] > 3 (GeV/C) 2 whers t h e c l e a r d i p 
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of d&/dt appears. .As i t i s seen i n F i g . 6 beyond Jt | = 
o o (1 ] ) 

2 .5 (GeV/C)^ (up t o 6 .5 (GeV/Cr) f i r s t of a l l ' s h r i n k a g e 

has stopped ( F i g . 6 a ) , secondly ^ ; t h r o u g h o u t t h e e n t i r e s-rynge 

c o n s i d e r e d t h e r e are no f u r t h e r minimum i n - — (PP —o— PP) or 

change- i n i t s (observed) l o g a r i t h m i c s l o p e D = 1.8 (GeV/C)" 2 

( F i g . 6 b ) . N o t i c e t h a t drawn curves i n F i g . 6a are f i t s t o the 
(in) 

data f r o m t w o - a m p l i t u d e model ^ of P h i l i p s and Barger: 

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

c o h e r e n t s u p e r p o s i t i o n of two e x p o n e n t i a l a m p l i t u d e s , where the 

second one i s energy independent ( r e p r e s e n t e d by s l o p e 0) and 

th e f i r s t one i s s h r i n k i n g w i t h i n c r e a s i n g energy ( r e p r e s e n t e d 

by B of eq. ( I . 8 b ) ) ? 

i f = 1 ^ e*^5t/2)-HVc ev(U/J2 ( 1 . 9 ) 
at 

T h i s p a r a m e t r i z a t i o n of t h e s c a t t e r i n g t o e x p o n e n t i a l s w i t h a 

r e l a t i v e phase of 12 g i v e s t h e s-dependence of d£/<& a t a f i x e d 

t , when C and D parameters are k e p t c o n s t a n t , i n terms of o t h e r 

parameters independent of any i n t e r f e r e n c e e f f e c t - such as an 

i n t e r f e r e n c e between s i n g l e and d o u b l e pomeron exchanges -

c a u s i n g the d i p . 

However, f a l l i n g o f f of t h e d i f f e r e n t l a r g e a n g l e c r o s s 

s e c t i o n a t a p p r o x i m a t e l y the same r a t e , t h a t i s : the absence 

of any s h r i n k a g e e f f e c t s beyond | t l ~ 2 . 5 (GeV/C) 2, i n d i c a t e s 

t h e p o s s i b i l i t y of f a c t o r i z i n g t he c r o s s s e c t i o n s i n t h i s l a r g e 

angle regime a p p r o x i m a t e l y as: 

For example F i g . 7 which shows t h e PP cross s e c t i o n data a t 

d i f f e r e n t e n e r g i e s n o r m a l i z e d t o 9 0 ° c r o s s s e c t i o n i s t h e 

p o s s i b i l i t y o f t h i s i n d i c a t e d f a c t o r i z a t i o n . Moreover, i n 

comparison w i t h Regge regime which o p e r a t e s a t s m a l l e r | t | 



than 2-5 (GeV/C) 2 o r ^ 1 ^ at' s m a l l e r 0 cm. t h a n 1 0 ° , taken data 

a t l a r g e 3 and l a r g e t or l a r g e 0 cm. may belong t o a region, i n 

which t he p e r i p h e r a l component has died' away. 

I • 3 S i n g l e P a r t i c l e I n c l u s i v e Experiments 

I n a n a l y z i n g t h e e x p e r i m e n t a l data on i n v a r i a n t c r o s s 

s e c t i o n , by c o n s u l t i n g the k i n e m a t i c , one may be m a i n l y 

s t a r t i n g u s i n g one of the two s e t s of v a r i a b l e s ( x , P^) and 

y, P^)- I n each case, e x p e r i m e n t a l l y , one of the v a r i a b l e s of 

the s e t i s -kept c o n s t a n t w h i l e t h e o t h e r i s v a r i e d . Hence we 
may s t a r t by f o l l o w i n g t h e phenomenological s u b d i v i s i o n of 

f = f ( P t ) as i l l u s t r a t e d below, where P t < 0 . 1 (GeV/C) 2 i s 

devoted t o the s m a l l P̂. r e g i o n . I n t h i s r e g i o n , t h e lower 

energy data and g e n e r a l a n a l y t i c c o n s i d e r a t i o n s a re s u g g e s t i v e 

o f a weak P̂ . dependence of t h e i n v a r i a n t c r o s s s e c t i o n . 

(17) 

Small P t 

I n t e r m e d i a t e P t 

Large Pj. 

P i a g . I . l ; I l l u s t r a t i o n of t h e shape 
o f the Pt d i s t r i b u t i o n 

( I . 3 a ) I n t e r m e d i a t e Pt r e g i o n : 0 . 1 < P 1 : < 1 GeV/C2 

Here the upper l i m i t a t i o n on Pt may grow up t o l.h or 1.5 

GeV. For i n s t a n c e : f o r r e a c t i o n s PP — — ( TC , K , P ) + x, 

e m i t t e d p a r t i c l e s i n t h e a n g u l a r range 8 0 i n , r a d * ^ 0 £ 3 0 0m.rad, 

w i t h momentum 1.5 ^P ^ 10 GeV/C are c o r r e s p o n d i n g t o t h e 

range? o f 0 . 1 5 ^ P t < 1.5 GeV/C a t I S R ( l 8 ) . At t h i s range of P t 

and where on a s i g n of no major energy dependence, the data 

group t o g e t h e r e i t h e r g l o b a l ( i . e . s t u d y i n g a l l t h e experiment-



a t i o n ) or d i f f e r e n t i a l ( s t u d y i n g of t h e shape of t h e P^ d i s ­

t r i b u t i o n of t h e produced p a r t i c l e s w i l l be done by keeping 

c o n s t a n t t h t x or t h e y-^^ variables).- I n t h i s way t h e f o l l o w i n g 

e x p r e s s i o n s have been f i t t i n g t he d a t a : 

* = 1 ^ ,-Ae B P i ( I . l l a ) 
d3r 

see * ?* ( I . l i b ) 

- E e ^ 1 . „ (1.11c) 

U s i n g ( I . l l a ) t o f i t t h e data (on K
+ a t f i x e d x = 0.075, 0 .30 ) 

r e s u l t s i n t h e shown d a s h e d - s t r a i g h t l i n e s i n F i g . 8 where t h e 

o t h e r dashed-curves are t h e r e s u l t s of u s i n g ( I . l i b ) and ( I . 1 1 c ) 

t o f i t t h e data on K +, and P. N o t i c e , when 1^ >m , 

n a t u r a l l y eq. ( I . 1 1 c ) i s e q u i v a l e n t t o eq. ( I . l l a ) . A lso i n t h i s 

r e g i o n P^ i s sometimes so s m a l l t h a t p l o t t i n g versus P-̂  g i v e s a 

poor s t a t i s t i c t o each b i n . For t h i s r e ason, these data a r e 

f i t t e d by eq. ( I . l i b ) . I n t h i s sense, eqs. ( I . 1 1 ) are r e p ­

r e s e n t i n g a k i n d of u n i v e r s a l c u r v e . Basing on t h i s u n i v e r s -

a l i t y , Hagedorn v J- 7 / and h i s co-workers used t o e x t r a p o l a t e down 

t h e curve f o r g a i n i n g some .nore knowledge about t h e h a d r o n i c 

i n t e r a c t i o n s a t h i g h e r e n e r g i e s w h i c h were n o t a v a i l a b l e a t 

t h e i r t i m e . We r e t u r n t o t h i s s u b j e c t i n S e c t i o n ( I . 1 * ) below. 

( I . 3 b ) L i m i t e d t r a n s v e r s e momentum 

I n t h e t r a n s v e r s e d i r e c t i o n a l l types o f p a r t i c l e s t e n d t o 

be l i m i t e d i n P̂ .. T h i s can be n u m e r i c a l l y e v a l u a t e d u s i n g t h e 

f o l l o w i n g d e f i n i t i o n of < P t?» : 

< ? i > TLdrr 1^Uti (1.12a) 

By assuming f a c t o r i z a t i o n of t h e c r o s s s e c t i o n w i t h t h e para-

m e t r i z a t i o n ( I . l l a ) , .we compute < P t > b y keeping f i x e d e i t h e r 
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x ( s o , < P t > x ) or y l a b ( t h e r e f o r e < P t > n , ; b ) fro m 

< P t > = 2/B (T . 1 2 b ) 

A p a r t from " s e a g u l l e f f e c t " r i g o n - namely: a d i p a t x ̂  o 

which d i s a p p e a r s l e t t i n g < P^ > x t o be a p p r o x i m a t e l y c o n s t a n t 

from x 0.2 onward - of pions i n ( < P^> , x) p l o t o f F i g . 9a, 

th e q u i c k i n c r e a s e of < P t > i n th e f r a g m e n t a t i o n r e g i o n £(frb.n 

^ l a b ^ ^' U' J *° ^ l a b ^ 2 ^ where l a r g e t r a n s v e r s e momenta cannot 

be found j and s l o w l y i n c r e a s e of < P'^> y-^gb w i t h y^ ab a f t e r 
v l a b f ^ 2 ( w h i c h means eq . ( 1 .11a) i s o n l y a f i r s t o r d e r a p p r o x i ­

m a t i o n even f o r l a r g e y l a b ) i n ^ < " P t > y ] A B J y l a b ^ p l o t o f F i g ' ^ b 

we may f i n d mean v a l u e s o f t r a n s v e r s e momenta of t h e o r d e r of 

< P t > cs 0 .33 GeV/C f o r pions and < P t > 2- OA - 0 . 5 GeV/C f o r 

K 1 or P*. However, even a t v e r y h i g h e n e r g i e s , t h e r e i s s e e n ^ ^ 

l i t t l e v a r i a t i o n i n < P^> . I n f a c t , t he most common s t r o n g 

i n t e r a c t i o n s and even E.M. phenomena are c h a r a c t e r i z e d by low 

mean P t < 1 GeV/C. 

Th i s srnallness of <£ Pj.> may, however be a s s i g n e d ^ ' t o 

p e r i p h e r a l l y i n t e r a c t i o n s of hadrons t h r o u g h exchanging a s o f t 

quanta as th e dominant mechanism. 

( I « 3 C ) ' M u l t i p l i c i t i e s 
( ? ? ) 

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

of events w i t h n charged s e c o n d a r i e s , i t i s seen t h a t t h e 

t h e o r e t i c a l ^ 2 - ^ ) models are p r e d i c t i n g t h e energy dependence o f 

th e m u l t i p l i c i t i e s t o be of the ( l o g S) type i n th e h i g h energy 

r e g i o n , w h i l e a t low en e r g i e s i t i s p r e d i c t e d t o be of a power 

type,S . However, c o m b i n a t i o n of b o t h types has a l s o been 

used t o f i t t he m u l t i p l i c i t i e s over t h e complete range of 

e n e r g i e s \ i . e . : 

< n c >• = A + 5 1*3S + c sr'/s ( I • 13) 
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-1/2 
< n c > + B LcyS + c S ^ j S ( I . l U ) 

W i t h some f i t s ( 2 l + , 2 5 ) t o t h e mean number of charged 

hadrons per c o l l i s i o n o f PP a t ISR e n e r g i e s , these f i t s , shov; t h 

< n c l l > grows much l e s s r a p i d l y t h a n t he maximum r a t e of 

gr o w t h § / s which may be p o s s i b l e . However, as i t i s seen 

from F i g . 10,. t h e p i o n s , at h i g h e n e r g i e s , are t a k i n g over t h e 

b u l k o f m u l t i p l i c i t y and r i s e i n ' p r o p o r t i o n t o t h e t o t a l < n c h > 

(I.3d) L o n g i t u d i n a l Behaviour o f I n c l u s i v e D i s t r i b u t i o n 

So f a r we have seen, t h a t t h e r e i s a - l i m i t a t i o n f o r a l l 

p a r t i c l e s i n t h e i r t r a n s v e r s e m o t i o n , and a l s o n o t a l o t of 

energy goes i n t o p a r t i c l e p r o d u c t i o n . Hence the i n f l u e n c e of 

energy i s obvious i n a l t e r i n g t h e l o n g i t u d i n a l momentum 

dim e n s i o n , P ] ^ . The mean c e n t r e o f mass l o n g i t u d i n a l momentum 

grows i n p r o p o r t i o n t o /sj 

< P„> = <J ft ( I * 1 5 ) 

W i t h r e s p e c t t o t h e Feynman s c a l i n g h y p o t h e s i s w h i c h comes 

l a t e r , i t i s seen t h a t : J = < x h > . This i s e q u a l ^ 2 6 ' t o 

0.5 f o r the f i n a l p r o t o n i n PP—*- Px. 

L o n g i t u d i n a l momentum d i s t r i b u t i o n of a s i n g l e p a r t i c l e 

i n c l u s i v e r e a c t i o n d a t a i n an i n v a r i a n t c r o s s s e c t i o n I ( x ) 

vers u s x p l o t a r e seen a l l c o n t r a c t e d i n a s m a l l i n t e r v a l 

around x = 0, t h e w i d t h of which decreases w i t h i n c r e a s i n g 

energy. This p l o t i s , t h e n , used t o s t u d y t h e p r o d u c t i o n o f 

p a r t i c l e s w i t h v e r y h i g h l o n g i t u d i n a l momentum. On t h e o t h e r 

hand, t h e v a r i a b l e - y , t h e range of which i n c r e a s e s l o g a r i t h ­

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

a l l d i s t r i b u t i o n i n a \ ( y ) versus y p l o t . 



The Y - d i s t r i b u t i o n con be d i v i d e d i n t o t h r e e p a r t s , two 

" f r a g m e n t a t i o n r e g i o n s " , a t t h e e\ iiTernes of t h e p l o t , v / i t h 

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

and f o r which t h e l i m i t i n g f r a g m e n t a t i o n ^ ^ and s c a l i n g ^ 3 9 ) 

p r e d i c t i o n s can be summarized as: 

^ b ^ ' ^ . j M * * ' ? A ) -7^y;7 (yrroj«ctiie A) 
-A 

v;hich can be approached by r o u g h l y a s dependence as i s p r e ­

d i c t e d i n the M u l l e r Regge f o r m a l i s m . For t h e t h i r d r e g i o n 

which i s c e n t r e d around y = 0, t h e " c e n t r a l r e g i o n " , i n which 

t h e s c a l i n g h y p o t h e s i s p r e d i c t i o n may be re a d as: 
V , ( Y ' >\) > — L ( T l J in the f l U e w ground Y^^o 

t h e a f o r e m e n t i o n e d f o r m a l i s m p r e d i c t s t h a t t h e approach t o t h i s 

l i m i t takes p l a c e a t a slower r a t e than i n the f r a g m e n t a t i o n 

r e g i o n s , as a s 4 . 

( I . 3 e ) S-dependence of the I n t e r m e d i a t e P-t P a r t i c l e 
P r o d u c t i o n Spectra I n The F r a g m e n t a t i o n Region 

Attempts f o r o b s e r v i n g e x p e r i m e n t a l l y t h e concepts of 

s c a l i n g as w e l l as Pomeron f a c t o r i z a t i o n ( i . e . c r o s s s e c t i o n s 

which are independent o f the i n c i d e n t p r o j e c t i l e ) i s f o r 

s i m p l f y i n g the problems of d e s c r i b i n g secondary p a r t i c l e s p e c t r 

produced i n t h e c o l l i s i o n of a p r o j e c t i l e and t a r g e t p a r t i c l e 

and g a i n i n g i n f o r m a t i o n on the n a t u r e o f t h e Pomeron s i n g u l ­

a r i t y and on t h e v a l i d i t y of t h e secondary t r a j e c t o r y exchange 

process f o r a s i n g l e p a r t i c l e i n c l u s i v e r e a c t i o n . As i s seen 

i n F i g . 11, which shows a n a l y s i s of t h i - data of t h e 

r e a c t i o n P -^-+-n: w i t h a = tt. > K~, P , .?, and i r a n g i n g from 

an i n c i d e n t momentum of 3,7 GeV/C t o M-00 GeV/C, i n ' t h e ' f r a g ­

m e n t a t i o n r e g i o n i^ost of the r e a c t i o n s e x h i b i t f a l l i n g c r o ss 

s e c t i o n s i n disagreement w i t h t h e h y p o t h e s i s o f l i m i t i n g 

f r a g m e n t a t i o n , w h i l e t h e spproach to s c a l i n g b e h a v i o u r i n t h e 
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l i m i t of i n f i n i t e energy appears ( f r o m above) c o n s i s t e n t w i t h 
i 

t h e expected s ~ 2 dependence, and h a v i n g h o l d 3 f a c t o r i z a t i o n 

i n t h e l i a ; i t o f i n f i n i t e energy i s not r e j e c t e d s i n c e t h e data 

appear t o converge at a common p o i n t as s"^ *~ e*> . 

( I . 3 f ) S-dependence of t h e I n t e r m e d i a t e Pt P a r t i c l e 
P r o d u c t i o n Spectra I n The C e n t r a l Region 

E x p e r i m e n t a l o b s e r v a t i o n s are a l l s h o w i n g ^ 8 ) ? depending 

on t y p e of produced p a r t i c l e , an average i n c r e a s e of 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 over t h e ISR energy range a t x = 0. 

T h i s i s i n c o n t r a s t t o v/hat i s expected from t h e i n v a r i a n t c r o s s 

s e c t i o n a t f i x e d v a l u e s of Pf and x ( y ) a t h i g h e n e r g i e s a c c o r d i n g 

t o the Feynman s c a l i n g h y p o t h e s i s . Also t h e d i s p l a y e d d a t a V c i ' 

on F i g . 12 f o r (PP tt*x) e xperiment a t P t = 0.5 GeV/f 
X 

versus s 4 b e i n g t a k e n as an approach t o s c a l i n g , are a l l 
_ . i 

c o n s i s t e n t w i t h an approach l i k e s " 2 . T h i s i s not i n c o n s i s t e n t 
w i t h what has been p r e d i c t e d f r o m Regge-Muller f o r m a l i s m f o r 
c e n t r a l r e g i o n . C e r t a i n l y ^ ) b y t a k i n g i n t o account a l l t h e 

a p p r o p r i a t e c o n t r i b u t i n g double-Regge diagrams (see Appendix C), 

t h e c o r r e c t approach t o s c a l i n g l i m i t , and hence an a s y m p t o t i c a l l y 

c o n s t a n t cross s e c t i o n being i m p l i e d by the s i g n i f i c a n t v i o ­

l a t i o n Qf s c a l i n g a t x = 0 i n t h e a v a i l a b l e energy range, can be 

o b t a i n e d . 

I.h Large P t r e g i o n , P t > 1 GeV/C 

The f o l l o w i n g c e r t a i n elements of t h e Table below c h a r a c t e r ­

i z e s ̂ 0 ) the low P-̂  domain of a p r o d u c t i o n s p e c t r a . 
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Low P f Spectra Behaviour P a r t i c l e 
Ra t i os 

Dependence on 
i n c r e a s i n g P;; 

( a t f i x e d s) 

A r a p i d e x p o n e n t i a l de­
crease. The- s-independent 
s l o p e of wh i c h i s l a r g e r 
f o r l i g h t e r p a r t i c l e s 
than, f o r h e a v i e r ones. 

M o s t l y pions 
TC/K. ~\0°/0 

- 1 11 / It ~ 1 

. Dependence on 
i n c r e a s i n g s-
( a t f i x e d P t) 

Ap p r o x i m a t e l y v e r y weakly 
r i s i n g / n o n e • 

M o s t l y pions 
TC/K. ~\0°/0 

- 1 11 / It ~ 1 

N o t i c e t h a t : I n g e n e r a l t h e Average Transverse Momentum 
< P t > = 0.3 - 0.5 GeV/G 

On t h e b a s i s of these f e a t u r e s , t he Feynman s c a l i n g h y p o t h e s i s 

has beer, t e s t e d t o g a i n some id e a s about t h e e s s e n t i a l f e a t u r e 

of t h e dynamics g o v e r n i n g t h e n a t u r e of h a d r o n i c . i n t e r a c t i o n s 

i n t h e low-Pt domain. But once t h i s domain has been passed t o 

h i g h P-k domain from a t r a n s i t i o n r e g i o n a t 1.0 t o 1.5 GeV/C, 

t h i n g s are d i f f e r e n t as such none of t h e elements o f t h e above 

t a b l e works, and then t h e a f o r e m e n t i o n e d t r a n s i t i o n r e g i o n must 

be t h e onset of a new h a d r o n i c i n t e r a c t i o n dynamics. T h i s i s 

enhanced by t h e f o l l o w i n g e x p e r i m e n t a l f a c t s . 

( i A a ) P^-Dependence of t h e Large Pj- P a r t i c l e 
' P r o d u c t i o n Spectra 

E x t r a p o l a t i o n of a proposed low-P^ s t e e p e x p o n e n t i a l 

d e c l i n e t o l a r g e Pj. s p e c t r a domain g i v e s , say, a Tt° c r o s s 

s e c t i o n at P^ = 6 GeV/C which i t - s f p v e n ^ 1 ^ o r d e r s of magnitude 

s m a l l e r t h a n the observed a c t u a l amount a t h i g h energy and a t 

the same P^. Th i s t r a n s v e r s e momentum dependence of t h e i n ­

v a r i a n t PP —»~ it x cro s s s e c t i o n at f i x e d l a r g e c e n t r e of mass 

angle 9 c m = 90°, and d i f f e r e n t f i x e d v a l u e s of t h e IS.R range of 

energy has been d i s p l a y e d on F i g . 13. The slower f a l l - o f f , 

comparing w i t h low Pf., o f t h e events w i t h i n c r e a s i n g P t a t 
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f i x e d s has a l s o been observed f o r o t h e r p a r t i c l e s i n a 

PP K , P, P X r e a c t i o n a t l a r g e a n g l e s , t h e r e s u l t o i 

which At y = 0, G c m = 90° and S = h$ GeV/C can be seen i n 

F i g . Ik where a l l of t h e cross s e c t i o n s are showing t h e same 

g e n e r a l shape w i t h the e x c e p t i o n t h a t t h e kaons and nucleons c r o 

s e c t i o n s do not have the s t e e p e r s l o p e a t s m a l l a s ^ 0 the it's 

T h i s l a r g e P t type behaviour of the. data a t f i x e d s has 
(•so) 

a l s o been c o n f i r m e d by a l l o t h e r e x p e r i m e n t a l groups. 

( l A b ) S-Dependence of the Large P a r t i c l e P r o d u c t i o n 
S p e c t r a ; E m p i r i c a l F i t F u n c t i o n s 

Fig.15 shows t h e v a r i a t i o n of t h e i n v a r i a n t c r o s s s e c t i o n 

of TC ) which has been produced by a p r o t o n i n c i d e n t on a nucleon 

t a r g e t (W) a t F N A L ^ ^ , by i n c r e a s i n g s a t each P t- v a l u e . I t 

i s o b v i o u s l y seen t h a t the c r o s s s e c t i o n i s i n c r e a s i n g by 

i n c r e a s i n g s a t each f i x e d P t, c o n f i r m i n g t h a t t h e o u t p u t of 

h i g h P^ p a r t i c l e s i s s e v e r a l o r d e r s of magnitude h i g h e r than 
-bP* 

t h e e x t r a p o l a t i o n o f t h e e • beh a v i o u r f o u n d a t s m a l l P̂ .. 

The same e f f e c t has a l s o been f o u n d ^ 0 ) f 0 r charged pions as 

w e l l as a l l o t h e r h e a v i e r p a r t i c l e s ( e . g . : K,N) a t the ISR 

where a t P t = 3.0 GeV/C and d i f f e r e n t e n e r g i e s t h e i n v a r i a n t 

c r o s s s e c t i o n s of p a r t i c l e s are f o u n d i n c r e a s i n g by a f a c t o r 

of about 3' 

However, s- and P^-dependence of th e s i n g l e p a r t i c l e i n ­

v a r i a n t c r o s s s e c t i o n s a t h i g h energy, l a r g e a ngle data of I T * 

of r e f e r e n c e (31) have been, f i t t e d e m p i r i c a l l y t o : 
? s A l l " T ( T L / / S ) ; A =v 1.5 ±0.c5 A / = 8 . i * * o . o 5 

T'lH/rfs) = e hVl/iri ; b 5 2i.io*».« (1.16a) 

w h i c h by i n c l u d i n g t h e a s s o c i a t e d s y s t e m a t i c a l e r r o r s , t h e data 

agree w i t h N = 8. And i f G mass term as l a r g e as M ~ l GeV i s 
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i n c l u d e d i n ( I . l 6 a ) f o r damping the behaviour a t low P t, above 

f i t reads as: 

(p? i t 6 *) ~> •• 
13 K ( I . l 6 b ) 

where o-i< *x = 2V, 
mfts Above t h e upper p a r t of x^, up 

t o 0.72, t h e measurements of t h e . d a t a have been a v a i l a b l e o n l y 

a t F N ' A I / - ^ where t h i s f i t t o t h e data of F i g . 15 reads t h e 

f o l l o w i n g n o r m a l i z a t i o n : 

which g i v e s a h i g h v a l u e f o r N ( ~ 11.0 - O.'f) . However, t h e 

same e x p e r i m e n t a l group has a l s o used a hydrogen t a r g e t g i v i n g 

lower values of t h e parameter N, c o m p a t i b l e w i t h t h e ISP. 

r e s u l t s . The data i n d i c a t e t h a t Uie atomic number dependence of 

t h e p a r t i c l e y i e l d s observed p r e v i o u s l y i s a l s o P*. dependent 

^ . The v a l u e s of <x(P t) are shown i n F i g . 16 f o r u + 

and T T ~ p r o d u c t i o n s . I n ( I - . 1 7 ) , t h e power of s i s s e n s i t i v e 

t o f i n i t e mass e f f e c t f o r low x^, and f o r x L - o, and i t must 

be equal t o zero i n o r d e r t o agree w i t h Feynman s c a l i n g . However 

a t ISR where t h e t a r g e t i s a s i m p l e p r o t o n , the i n v a r i a n t c r o s s 

s e c t i o n s of a l l d e t e c t e d p a r t i c l e s ( p i o n s , Kaons, o r n u c l eons) 

have been r e p o r t e d b e i n g f i t a b l e t o f u n c t i o n s as i n ( I . l 6 ) 

or (1.17) c o n f i r m i n g n ~ h. The f i t t o t h e ft" and TC~ data a r e 

f u r t h e r i l l u s t r a t e d i n F i g . 17 and 18 r e s p e c t i v e l y . Here the 

f u n c t i o n of V ( x ^ , 0 90°) ~ \ i "^"M i s d i s p l a y e d versus x^ 

on each f i g u r e . Over t h e range of x^ between 0.08 and 0.35-

\ ( x ^ ) i n F i g . 17 i s observed t o decrease by a f a c t o r ~> 20 on 

such p a r a m e t r i z a t i o n of the t y p e ; 

U 9o ) cm 

N (1.17) 

(1.18) 
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w i t h A 1 = (lh.3 - 0.6) x 1 0 ~ 2 7 rnci B = 12.6t 0.2 or 

(1.51) 

w i t h c = (12.9 - 0.6) x 10 -27 and m' ̂  10.5 - 0.2 g i v i n g t h e 
2C 3/GeV 2. On t h e o t h e r hand, by i n v a r i a n t c r oss s e c t i o n i n cm 

c o n s u l t i n g t he s t r a i g h t l i n e i n F i g . 18 which i s a f i t t o a 

much newer r e n o r m a l i z e d n e u t r a l p i o n d a t a , one may hope t h a t 

t he data on charged pions p r o b a b l y a r e approaching t h e same 

s c a l i n g l i m i t . 

However above e x p e r i m e n t a l r e s u l t s , w i t h i n t h e i r accuracy, 

are c o n f i r m i n g the f a c t o r i z a t i o n of t h e e m p i r i c a l f i t f o r m u l a 

as w e l l as the s t a b i l i t y of n ~ h. R e l y i n g on experiments done 

a t ISR ve g i v e some more f e a t u r e s of l a r g e domain of charged 

p a r t i c l e p r o d u c t i o n s p e c t r a i n ti:e n e x t coming Ta b l e . To see 

the d i f f e r e n c e between two domains ( l o w - and large-P^.) i t i s 
( ̂  o) 

necessary t o c o n s u l t the p r e v i o u s Table as w e l l as t o know J 

t h a t i n l a r g e P^ domain the f r a c t i o n of the c r o s s s e c t i o n f o r 

c h a r g e d - p a r t i c l e - p r o d u c t i o n ( e . g . : { E < * V < * U ^ e / ^ p ) ^ , where i 

and j i n d i c a t e t he p a r t i c l e type)? which goes i n t o p r o d u c t i o n 

of a g i v e n p a r t i c l e t y p e when b o t h s i g n s are taken t o g e t h e r , 

a t a g i v e n Pj. i s independent of energy, w h i l e i n c o n t r a s t the 

charges excess ( i . e . t h e sura of t h e c r o s s s e c t i o n s f o r p o s i ­

t i v e l y charged p a r t i c l e s minus t h e sum of t h e c r o s s s e c t i o n s 

f o r n e g a t i v e l y c h a r g e d - p a r t i c l e s d i v i d e d by the sum of the 

cr o s s s e c t i o n s f o r a l l charged p a r t i c l e s ) f o r a g i v e n P̂. 

depends on s, but fo r a g i v e n i t i s a p p r o x i m a t e l y independent 

o f s. These two p o i n t s can be seen i n F i g s . 19 and 20, 

r e s p e c t i v e l y . 



Large- P-̂  S p e c t r a Behavj cur P a r t i c l e R a t i o s 

Dependence on 
i n c r e a s i n g P^ 
( a t f i x e d s) 

A slow i n v e r s e power 
lav; decrease 

TT/K/a/ ~ 2/1/1 

t i + / t T > 1 " 
Colt« S\U"S. 

Dependence on 
i n c r e a s i n g s 
( a t f i x e d P t) 

S t r o n g l y r i s i n g 

TT/K/a/ ~ 2/1/1 

t i + / t T > 1 " 
Colt« S\U"S. 

N o t i c e t h a t : I n General The 'Average Transverse Momentum 
< P t > ~ 0.3 - 0 . 5 GeV/C 

I . 5 C o n c l u s i o n 

I t i s c l e a r t h a t i n a c e r t a i n s t a g e , a l l e x p e r i m e n t a l 

mechanisms are d i f f e r e n t developed ways of answering t o a 

fundament a l q u e s t i o n of "what i s t h e m a t t e r made o f ? " . And 3 

common f e a t u r e of a l l these mechanisms i s seen t o he t h e 

p r o b i n g of ever s h o r t e r d i s t a n c e s which i s synonymous w i t h 

s c a t t e r i n g beams of ever h i g h e r t r a n s f e r of momentum t o t h e 

t a r g e t under s t u d y . I n the o t h e r way round, one may say t h a t 

t h e l a r g e momentum t r a n s f e r events r e s u l t f r o m v i o l e n t c o l l i ­

s i o n s o f the el e m e n t a r y p a r t i c l e s , and t h a t i n such c o l l i s i o n s 

t h e i n t e r n a l s t r u c t u r e of t h e p a r t i c l e i s probed most d e e p l y . 

T h i s i s f i r s t of a l l a c l a s s i c a l i d e a as we know t h a t a v i o l e n t 

c o l l i s i o n o f them, breaks them open and then exposes t h e 

i n t e r n a l s t r u c t u r e of the o b j e c t . Secondly t h r o u g h quantum 

mechanical c o n c e p t s , f o r i n s t a n c e : a c c o r d i n g t o t h e u n c e r t a i n t y 

p r i n c i p l e , a s p a t i a l s t r u c t u r e as f i n e as A it can be d e t e c t e d 

o n l y i f : 

AS! 

and when a r i g h t momentum t r a n s f e r i s chosen. However, t r e n d s 

of t h e data are showing t h a t t h e r e must have been chosen such 
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a r i g h t , t r a n s f e r of momentum at. l a r g e s, l a r g e a n g l e h a d r o n i c 
r e a c t i o n s . Indeed o c c u r r e n c e of f i x e d angle f e a t u r e s and 
absence of prominent f i x e d | t ] ( o r f i x e d j | ) s t r u c t u r e 
a s s o c i a t e d w i t h hadron. exchange mechanisms i n two-body r e a c t i o n 
d a t a , and on t h e o t h e r hand, t h e v i o l a t i o n of Feynman s c a l i n g 
a t l a r g e P t i n c l u s i v e r e a c t i o n s a re a l l i n d i c a t i n g above argument 

has been set on, and, f u r t h e r , t h e y are t h e n , a m a n i f e s t a t i o n of 
a c o n s t i t u e n t s t r u c t u r e of t h e s c a t t e r i n g hadrons. 

Here we have a case r e m a r k i n g t h e p o s s i b i l i t y o f p r o b i n g 

s m a l l t r a n s v e r s e d i s t a n c e s by a l a r g e t r a n s v e r s e momentum, 

whose s i g n i f i c a n c e i s i n the same f o o t i n g as t h a t o f t h e famous 

Rutherford^' + l +'' - and ft - p a r t i c l e s s c a t t e r i n g experiment 

t h r o u g h which t h e s t r u c t u r e o f atom has been searched. I n t h e 

ne x t c h a p t e r we w i l l show how f a r t h i s h i n t of t h e data has 

resemblance and can be accepted. 



CHAPTER I I 

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

V i o l e n t c o l l i s i o n s of hadrons have shown t h a t t h e i r 

c o r r e s p o n d i n g data d i s o b e y t h e u s u a l t h e o r e t i c a l and e x p e r i ­

mental e x p e c t a t i o n s v a l i d a t s m a l l e r P̂ . (see f i r s t c h a p t e r ) , 

c a u s i n g a h i n t t h a t t h e hadrons may be c o n s t i t u t e d from 

some p o i n t e n t i t i e s . To see t h i s more c l e a r l y , i n what 

f o l l o w s t h e data from v i o l e n t c o l l i s i o n s of a known p o i n t 

p a r t i c l e , a l e p t o n , and a hadroi? w i l l be l o o k e d i n t o . I n 

t h i s way, e a s i e r by n a t u r e s u p p l y i n g t h e o n l y f o u r non-

s t r o n g l y i n t e r a c t i n g , hence, l e p t o n s : Vt > ^-and t h e i r 

a n t i p a r t i c l e s w h i c h are a l l f e r m i o n s w i t h s p i n N e u t r a l l e p ­

t ons i . e . : "̂e and ^ i n t e r a c t o n l y v i a weak i n t e r a c t i o n w h i l e 

th e charged ones i . e . e and f have b o t h e l e c t r o m a g n e t i c and 

weak i n t e r a c t i o n s . 

However, our f i r s t h i n t of a deeper t h a n atomic and 

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

c o n s i d e r a t i o n o f deep i n e l a s t i c s c a t t e r i n g , comes from 

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

s u g g e s t i n g t h a t t h e s u b s t r u c t u r e i n v o l v e s quarks w i t h s p i n 

-A comine i n t h r e e ( o r f o u r ) f l a v o u r s v / i t h f r a c t i o n a l charges. 

The p o i n t l i k e n a t u r e of quark i s e x h i b i t e d by s i g n i f i c a n c e 

of s c a l i n g s t a t i n g t h a t "no more r e s o l u t i o n of any s t r u c t u r e 

w i t h i n t h e quark can be made." 

The s o l i d i t y o f each of the above remarks w i l l 

be met w i t h i n t h e c o n t e n t s of t h e Old Quark Model,namely 

t h e data below t h e charm t h r e s h h o l d which w i l l be d i s c u s s e d 
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here* For t h i s t o be c l e a r , some remarks i n c l u d i n g our 
u s u a l idea about form f a c t o r s w i l l be touched on b r i e f l y i n 
S e c t i o n 11.2 being f o l l o w e d by a b r i e f d i s c u s s i o n on c l a s s i ­
f i c a t i o n o f hadrons i n S e c t i o n I I . 3 i n quark model r e l e v a n t 
t o t h e next coming s u b j e c t , namely «tf i n e l a s t i c s c a t t e r i n g . 
T h i s w i l l f i r s t be t r e a t e d k i n e m a t i c a l l y a l l o w i n g us t o 
unde r s t a n d the r e l a t i v e data i n S e c t i o n I I . U . The p a r t o n 
model w i l l be g i v e n i n S e c t i o n I I . 5 which i n c l u d e s a l s o 
r e l a t i v e d i s c u s s i o n on ON s c a t t e r i n g . What can be expected 
from t h i s model i n i n t e r p r e t i n g t h e v?(5)/V s c a t t e r i n g can 
be found i n S e c t i o n I I . 6 which s t a r t s by some p r e l i m i n a r y 
remarks on 1^(5) A/ k i n e m a t i c s . T h i s s e c t i o n a l s o i n c l u d e s 
most of t h e sum r u l e s d i s c u s s e d i n l i t e r a t u r e s - To see how 
f a r t h e p a r t o n model i d e a o l c g y i s workable i n the o t h e r 
f i e l d s , v/e pr e s e n t t h e l e p t o n p a i r p r o d u c t i o n i n S e c t i o n 
I I . 7 . 

11.2 E l a s t i c IN S c a t t e r i n g 

( I I . 2 a ) I n t r o d u c t o r y remarks and n o t a t i o n s 

I n an e l e c t r o n s c a t t e r i n g by an a p p l i e d f i e l d A, t a k i n g 

i t t o be t h a t o f p r o t o n , v/hich occurs t h r o u g h exchange of 

photons t h e c h a r a c t e r i s t i c s t r e n g t h of the i n t e r a c t i o n s o f t h e 

photons w i t h t h e f i e l d i s g i v e n by {ti =» /a*/tic where u , 

t h e f i n e s t r u c t u r e c o n s t a n t , i s of o r d e r o f — — « 1. Since 
137 

t h i s c o u p l i n g s t r e n g t h i s v e r y s m a l l , i t i s s e n s i b l e t o con­

f r o n t t h e e x p e r i m e n t a l r e s u l t s w i t h c a l c u l a t i o n s (based on 

t h e Feynman graphs) t o lowest o r d e r i n ci . 

When t h e beam o f e l e c t r o n s s c a t t e r from a s t a t i o n a r y 

p r o t o n t a r g e t i n t h e Lab frame; 



( M><?> 

D l . a e . I I . 1 : E l e c t r o n - N u c l e o n s c a t t e r i n g 
i n t h e Lab frame ( n u c l e o n a t r e s t ) 

we have: 

P = ( M , Q ) , fe=(E,k) , k' = ( E ' , £ ) • P ' = ( P - M ) . <\ = ( t - 0 ( I I . 1 ) 

Here 9 i s the s c a t t e r i n g a n g l e . Now i f e l e c t r o n mass e f f e c t i s 

n e g l e c t e d then four-momentum squared of t h e v i r t u a l photon may 

be w r i t t e n as: 
<j2= ( *-kV 2* 

M , ( I I . 2 ) 

Thus, f o r s c a t t e r i n g , 1*^0 ( i . e . s p a c e l i k e p h o t o n s ) . For con­

venience we d e f i n e 

q 2 = -Q2 ( I I . 3 ) 

I n Lab frame: 

p.q = M ( I I A ) 

and s i n c e P = (M,Q), t h e n 

* = 9 ° a b = E-E' = Q2/2M ( I I . 5 ) 

which i s the energy l o s s t o t h e r e c o i l i n g h a d r o n i c system. Also 

w i t h r e s p e c t t o ^ i & g . I I . 1 we have: 

M(E-E') = E E' (1-Cos 0) ( I I . 6 ) 

However, i f an e l a s t i c s c a t t e r i n g i s concerned, t h e n • 

(P + q ) 2 = P'2 = ( I I . 7 ) 



v h i c h leads t o ; 

2M\> = Q 2 E l a s t i c s c a t t e r i n g ( I I . 8 ) 

p 
Thus, her e , v and Q are not independent. For i n e l a s t i c 

2 

s c a t t e r i n g t o a system of i n v a r i a n t mass W' 

P'2 = w 2 J u s t f i x e d f o r each experiment ( I I . 9 ) 

t h e r e f o r e : 

M S 2 M v - Q 2 = W2 I n e l a s t i c S c a t t e r i n g (11.10) 

and of t h e t h r e e i n v a r i a n t s Q2, v> and V/2 o n l y two are i n d e ­

pendent (M stands f o r t h e mass of p r o t o n ) . 
(11.2b) Unpolari;zed S c a t t e r i n g and the Rosenbluth Formula 

I f £ f > A and > are t h e s p i n p r o j e c t i o n s of t h e 

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

Feynman r u l e s t h e 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 c o u l d be w r i t t e n 

down as: 

A - e a< k' ,e' I j ( o ) l > - r < *JI . M « M I v>x> ( I l . l l ) 

Here, % /<\x is t h e photon p r o p a g a t o r . For l e p t o n i c v e r t e x 

f u n c t i o n , which i s j u s t t h e m a t r i x elements of t h e e l e c t r o ­

magnetic c u r r e n t o p e r a t o r j^fo) b e ing e v a l u a t e d a t t h e o r i g i n i n 

space-time ( j ^ * ) - c* * e*k*- J , we may w r i t e : 

< fcVlj^o)! > t ,G> = U U',s') £ u ( f c . G ) (IT..12) 

where u and u are t h e u s u a l h component D i r a c s p i n o r s and ih , 

t h e h x h gamma m a t r i c e s . 

For h a d r o n i c v e r t e x , t h e two f o l l o w i n g t y pes of t a r g e t s 

may be c o n s i d e r e d : 

( i ) I f we suppose t h a t t h e p r o t o n i s a s p i n mass iM 
s t r u c t u r e l e s s p a r t i c l e ( l i k e /"..) then a s i m i l a r form as the 
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I s o t o n i c v e r t e x c o u l d be assigned t o t h e h a d r o n i c one, as; 

< !»'• >' I / i o ) l V,X > = U l r ' , A ) i U ( T , A J (11.13) 

( i i ) I f the t a r g e t i s a c t u a l l y a r e a l i s t i c p r o t o n then t h e 

g e n e r a l form o f t h e e l e c t r o m a g n e t i c c u r r e n t taken between s i n g l e 

p r o t o n s t a t e s may l o o k l i k e : 

< r '0 '1 y o ) i r , A > = * i r ' , > ' > ^in?,>.) (H . 1 1 + ) 

Here, /V covers any l i n e a r c o m b i n a t i o n s of f u n c t i o n s which a r e 

b u i l t up from P, P1 and / - m a t r i c e s . The number of these 

f u n c t i o n s may be reduced down (by u s i n g t h e D i r a c e q u a t i o n f o r 

e l i m i n a t i n g m u l t i p l i c a t i v e s c a l a r f a c t o r s such as ( V-P ) or 

( V . p ' ) ) t o the t h r e e f u n c t i o n s : , P = P + P'. and q = P' - P. 

For a p r e c i s e f o r m of /I , each of th e s e s h o u l d be m u l t i p l i e d by 

a form f a c t o r F ( Q 2 ) due t o t h e i n t e r n a l s t r u c t u r e of t h e p r o t o n 

g e n e r a t i n g such a dynamical Q 2 dependences Thus, i f t h e c u r r e n t 

c o n s e r v a t i o n r e q u i r e m e n t , ^ ^.(x) = 0 > i s n o t i f i e d , t h e n : 

w i t h t h e q u a n t i t y K be i n g t;;e anomalous magnetic moment of t h e 

p r o t o n ( = 1.79 Bohr magnetons). 

For t he c r o s s s e c t i o n s , we may s t a r t f r o m t h e t r a n s i t i o n 

m a t r i x element; 

where t h e Feynrnan p r o p a g a t o r f o r e l e c t r o m a g n e t i c r a d i a t i o n , 

D p ( x - y ) , l o o k s l i k e : 

* F ( » - , » ~ u - f * | r ^ ' ^ j i ^ ^ J 7 (11.17) 

Then, the d i f f e r e n t i a l x - s e c t i c n c o u l d have t h e f o l l o w i n g form - • 



a f t e r t r a n s l a t i n g t h e c u r r e n t s t o the o r i g i n i n space t i m e - ; 

d & r* — L 5 *( ^ + f, _ i{ _ p') l A|*. <j ( P M j e ?r4ce.) 

^ - _ - m M -fe'-p') | A / * _ m A' M J V 
)4p)E-m'M* <«>*£' "cin) 1 ( I I .18) 

I f no i n f o r m a t i o n r e g a r d i n g t h e p o l a r i z a t i o n i s sought, then 

t h e a b s o l u t e square of the m a t r i x element i s t o be averaged 

over t h e i n i t i a l s p i n s t a t e s and summed over t he f i n a l ones. 

Nov; by making use of the completeness r e l a t i o n f o r p o s i t i v e 

energy s p i n o r s : 

£ H ^ y ^ , cn.»> 

and t r a c e theorem, we present a g e n e r a l example t o o b t a i n t h e 

d i f f e r e n t i a l x - s e c t i o n : suppose; 

t h e n : 

J - v f (11.21) 

Now i f t h e same procedures a p p l y t o case ( i ) above, we get 

|A|* L w H ( I I . 2 2 a ) 

where each of t h e l e p t o n i c , L , , and h a d r o n i c , V/ , t e n s o r s 

reads as: 

>̂i? ~ «m* \^'+-m) ^ (j£ ^"^JT (k/A'y k/^v ""^ (Kk.'-»tf)) ( I I . 2 3 a) 

l A « ) * ^ J L ^ T * + ? v ~ a ' V - M j ) en .23b) 
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I n Lab where ( 11 ,1 ) , ( I T . 2 ) and ( T I . 6 ) h o l d , ( I I . 2 2 a ) reads as; 

L , W ^ J L E f ( r „ * ± ( I I . 2 2 b ) 
HA 

By i n t r o d u c i n g t h i . c : i n t o (11 .18) , a f t e r c a r r y i n g o u t t h e phase-

space i n t e g r a l s such t h a t the e l e c t r o n would be a l l o w e d t o 

emerge i n t o a s o l i d G i i g l e d . f i . , t h e r e s u l t reads as: 

- g - . * (<<»'§ #4-) (71 2k^ 

JL 

where t h e S f u n c t i o n i s f o r s a t i s f y i n g t h e c o n d i t i o n s ( I T , 8 ) . 

By i n t e g r a t i n g over d&', we get 

tfofcfc. 
where: 

/ J 6 \ /<Wf E « M 

Eq. (11.25) d e s c r i b e s t h e s c a t t e r i n g i n n s t a t i c Coulomb f i e l d , 

t h e n t h e term i n t h e b r a c k e t of ( I I . 2 ^ b ) i s a c o r r e c t i o n t o 

(11.25) a r i s i n g from t h e magnetic i n t e r a c t i o n between t h e 

e l e c t r o n and t h e mass M s t r u c t u r e l e s s p r o t o n s . When case ( i i ) 

i s c o n s i d e r e d , V/ which reads now as: 

T + ( f + * f (f'+ri)p ( l l . 2 3 c ) 
A M 

where w i t h r e s p e c t t o (11.15) , f = YT<*\ ^-lll? * / C q*i causes 
t o have t he double d i f f e r e n t i a l x - s e c t i o n as: 

X 

w h i c h by i n t e g r a t i n g over d , we g e t : 

"Br = f e L w ( ( ^ t ^ + r K L ^ t ^ + ̂ ^ ^ + . ^ ^ ^ r ) (II. 2 6 b ) 

For a v o i d i n g c r o s s term ( F ] F P ) , one may r e - w r i t e these ex-

http://Giigled.fi
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p r e s s i o n s i n term.1:, of l i n e a r co;:'.bination = of F]_ and. F2 defined, by 
and 

G ^ t f ) r= P. +KTa.(q*» j G WID) l+k. ( I I . 2 8 ) 

These a r e c a l l e d , r e s p e c t i v e l y , e l e c t r i c - and magnetic - form 

f a c t o r s i n terms of which . 

and 

^ . = „ j i _ ^ £ - ^ f ^ / A i i ^ ) ^ ^ ^ . * ! e n . 2 6 a ' ) 

i f i - B ( — 1 f e j ^ f l , ^ ( i i . 2 6 b ' ) 
in \dsi k u \ i-^-c y 

T h i s i s known as the "Rosenbluth f o r m u l a " w h i c h i f p r i m a r i l y 

i n t e r e s t s are i n the h i g h energy a p p r o x i m a t i o n ; s tAz , S £2^\Q2\ > 

t h e n ( 1 1 . 2 6 b 1 ) -may be g i v e n as 

( 1 1 . 2 6 b 1 • ) 

( I I . 2 c ) Some P r e d i c t i o n s from Form F a c t o r s 
GE,M s a 1 " i i s f y the s c a l i n g ^ 1 0 ' law; 

&l rr.^L ^ = - (11.29) 

and t h e d i p o l e form 

Gr, = =— ^ A -.•= 0.71 
( I I . 3 0 ) 

0$ &" ^o.l 
T h i s e m p i r i c a l f i t i n which & stands f o r t h e s t a t i c magnetic 

moment, has been u s e f u l f o r d e t e r m i n i n g the G g u p t o h and 

G M UP t o more than Q 2--20. However, the t r e n d s of t h e data o f 

G F j M (N f o r n u c l e o n ) i n F i g . 21 appear t o show 1/Q behaviour 



a / p 
which reads as G(G)~-^ when Q » ( e x p e r i m e n t a l parameter 

0.71 = A) (GeV/C)d. 

G(Q^) way be c o n s i d e r e d as a measurement; of t h e p r o b a b i l i t y 

a m p l i t u d e f o r , say, nucleus t o remain a nucleus a f t e r a b s o r b i n g 

a v i r t u a l photon c a r r y i n g o/. T h i s , on a p l o t o f c r o s s s e c t i o n 

a g a i n s t , say, s E 1 appears as e l a s t i c peak due t o coherent 
e l a s t i c s c a t t e r i n g from t h e nucleus (see F i g . 2 2 ) . More l o s s 
of energy to d i s c r e t e l e v e l s causes t h e appearance of the 
coherent e x c i t a t i o n of n u c l e a r resonances t o t h e l e f t of t h e 

2 
e l a s t i c peak i n F i g . 22. Now i f we i n s i s t on i n c r e a s i n g Q 
such t h a t Q 2 (see eq. ( I I . 3 0 ) ) , as i-.he sharp f a l l o f f 

th e p r o b a b i l i t y a m p l i t u d e (as f a s t as 1/Q ) ensures, t h e c r o s s 

s e c t i o n d i e s away. T h i s means, p h y s i c a l l y , t h e onset of 

another r e g i o n where t h e p r e f e r e n c e of t h e nucleus t o break up 

i s s a t i s f i e d . As a r e s u l t o f t h i s i s a l a r g e q u a s i - e l a s t i c 

peak a t the f a r l e f t end of F i g . 22 due t o e l e c t r o n e l a s t i c a l l y 

s c a t t e r i n g o f f the c o n s t i t u e n t nucleons w i t h i n t h e n u c l e u s . 

T h i s q u a s i - e l a s t i c s c a t t e r i n g occurs when W = — = N where NT i s 
M 

the number of c o n s t i t u e n t s t o which s c a t t e r i n g depends on o n l y , 

m the nucleus mass, and M t h e p r o t o n or n e u t r o n mass. The 

area under t h i s q u a s i e l a s t i c peak i s r e l a t e d t o t h e sum of 

th e squared charges of t h e c o n s t i t u e n t s . 

Since A p < I , t h e r e e x i s t s a regime of Q where the p r o t o n 

f o r m f a c t o r takes o v e r . Here i s a c t u a l l y onset of t h e r e p e t ­

i t i o n of h i s t o r y by nucleons. And as we see l a t e r i n t h i s 

c h a p t e r t h e r e appears t o be no more s c a l i n g i n t h i s r e g i o n i n 

where quarks are b e l i e v e d t o be s c a t t e r e d . 

I I . 3 Hadrons' Quark Model 

Gell-Wann and Zweig have s t a t e d ' t h a t t h e wide range 

of d i f f e r e n t p a r t i c l e s have b u i l t up from j u s t t h r e e types of 
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f u n d a m e n t a l e n t i t y , t h e so c a l l e d up, u , down, d, and s t r a n g e , 

s, quarks each of which has s p i n -g-. They are c h a r a c t e r i z e d by 

i s o s p l n , I , and s t r a n g e , S, quantum numbers. The u and d quarks 

have S=0 and a r e members of an I=-g- d o u b l e t , w h i l e t h e s quark 

has 1=0 and S=-l (see the f o l l o w i n g t a b l e ) . 

We know t h a t hadrons are of two t y p e s : baryons ( B = l ) , 

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

end r e s u l t , and mesons (B=0). However, the r e l a t i o n Q/e = 1 ^ + 

(B+S)/2 - the Gell-Man/Nishigima f o r m u l a - r e l a t e s t h e charge, 

i s o s p i n and str a n g e n e s s of baryons and mesons. 

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

made out of q u a r k s i 

Baryons a r e b u i l t up fr o m 3 _ Q u a r ^ c o n t r i b u t i o n s (qqq) 

Mesons are b u i l t up from a q a a r k - a n t i q u a r k c o n t r i b u t i o n (qq) 

t h e r e f o r e t h e baryon number = -3 t o each q and = t o each q i s 

assi g n e d i n t h e f o l l o w i n g t a b l e . 

Quark/Anticiuark' Quantum Numbers 

Quark 
L a b e l 

S p i n J B I , I 3 s Charge 
Q/e 

A n t i 
Quark 
Labe l 

Spin J B I , I 3 S Charge Q/e 

u 1 2 
1 
'3 

1 1 
2 5 2" 0 +§ u X j. 

"3 
X X 2 5 2 0 2 

-3 

d h 3" 0 -h d 1 l "3 X X. 2 J 2 0 

s X 
2 

X. 
3 0,0 -1 •1 

-3 s X 
2 

,t 
:i. 

~3 0,0 +1 

For t h e baryons, t h e d i f f e r e n t 3-quark c o m b i n a t i o n s may be 

grouped i n t o m u l t i p l e t s , c o n s i s t i n g of o c t e t s and d e c u p l e t s o f 

s t a t e s w i t h a p a r t i c u l a r s p i n and p a r i t y , , and 3 w e l l - d e f i n e d 

symmetry w i t h r e s p e c t t o i n t e r c h a n g e of quark l a b e l s , s p i n and 

space c o o r d i n a t e s . 
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As an example, we r e c a l l t h e quark model f a m i l y d e s c r i p t i o n 
of p r o t o n (P) and n e u t r o n ( n ) . Members of t h i s f a m i l y have S - 0 
and form an i s o s p i n d o u b l e t , t h e nucleon ( N ) . S t i l l t h e y a r e 
members of s b i g g e r f a m i l y c a l l e d o c t e t of baryon s t a t e s of 

, i n w h i c h t h e t h r e e quarks a r e i n a r e l a t i v e S - s t a t e 

(1=0) , w i t h two s p i n p a r a l l e l and one a n t i p a r a l l e l . For t h e 

n u c l e o n o n l y u and d quarks are i n v o l v e d ; a p r o t o n c o n s i s t i n g 

of t h e c o m b i n a t i o n uud and a n e u t r o n , ddu. T h i s o c t e t t o g e t h e r 

w i t h quark l a b e l l i n g i s given as: 
s 
A. 

/ \ 
jfivvi) 

,'\ 
/ \ 

\ / 
\ / 

yL_ J 
* -2 • 

D i a g . I I . 2 : Schematic diagram of t h e 
o c t e t of boryons of s p i n - p a r i t y 

I I . k E l e c t r o m a g n e t i c Deep I n e l a s t i c IN s c a t t e r i n g 

( I l A a ) I n e l a s t i c eN k i n e m a t i c s 

By-assuming one photon exchange f o r the r e a c t i o n 1 + N 

— * ~ 1" + hadrons t h e a m p l i t u d e : 

D l a g . I I . 3 : 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 v i a one photon exchange 

f a c t o r i z e s ass 

1" 

by t a k i n g | A |̂  and summing over t h e hadr o n i c s t a t e s , n:' 

(IT. 3 1 ) 
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» ' - if 

I f no D o l a r i z a t i b n i s sought, t h e n , L , i s the same as ( I I . 2 3 a ) 

w h i l e W now may be w r i t t e n as: 

w'\M) s i 2 2 < ^ l 3 i f l l , 1 > < n | J , ' , ' , | F S > Ciit/s^tP+l-TO ( I I . 33a) 
1 

where ^-momentum o - f u n c t i o n i s i n c l u d e d s i n c e t h e r e i s no 

r e s t r i c t i o n on t h e energy of t h e s c a t t e r e d e l e c t r o n f r o m i t s 

s c a t t e r i n g a n g l e . P, q, and m e t r i c t e n s o r s can o n l y form two 

co m b i n a t i o n s w h i c h s a t i s r v t h e c u r r e n t c o n s e r v a t i o n , / w = 
•/• 

hi) i"j \)f" 
1 Y/ - 0, and symmetry p r o p e r t y , V/ = W , r e q u i r e m e n t s , such 

t h a t : 

r/n= 1.1°) „f» + f ( r L I 5 / , ( P * J J L A ^J±*± ( I T . 3 3 b ) 
(fa ' • ^ r ?* ' M 

Upon c o n s t r u c t i n g t h i s and ( I I . 2 3 a ) t h e r e s u l t a f t e r n e g l e c t i n g 

l e p t o n i c mass a t h i g h e n e r g i e s reads ( i n Lab frame) as: 

which by i n t r o d u c i n g i t i n t o ( 1 1 . 3 2 ) , t h e d i f f e r e n t i a l c r o s s 

s e c t i o n s f o r t he f i n a l e l e c t r o n , w i t h energy i n t h e range of 

dE', to-emerge i n t o reads as: 

T S T = ~ ( O o ' W f W W W f ) ' " - 3 5 . ) 

( T h i s would be t h e Rosenbluth e q u a t i o n when v> = — ) 
2M 

a l t e r n a t i v e l y i t may read as: 

T ? r = ( » / " W > + * » ! * " W > ^ ) <"-35b) 

However by comparing w i t h ( I I . 2 6 3 ) , the forms t h a t W, 0 can 

t a k e f o r t h e e l a s t i c s c a t t e r i n g read as: 



w/W^ ^ ! H S i £ i S l l ( I I . 3 6 b ) 

w h i l e , by comparing w i t h ( I I . 2 , 4 a ) , f o r e l a s t i c s c a t t e r i n g from 

a s p i n -| p o i n t l i k e c o u p l i n g W]_ 2 R E A C I A S : 

w , V ^ > = T T U ^ - ^ ) ( I I . 3 7 a ) 

^ = i ( ^ " f (H.37b) 

The s t r u c t u r e f u n c t i o n s , Wt (_ g l) , which summarize our 

l a c k of knowledge of the dynamics i n t h e v e r t e x Ŷ T — h a d r o n s , 

depend on q 2 and q.P = Mv . 

W i s t h e c o n t r i b u t i o n f r o m t h e h a d r o n i c v e r t e x , t h e r e f o r e 

a nother way of l o o k i n g a t our s c a t t e r i n g i s by t r e a t i n g t h e 

e l e c t r o n beam as a "source" o f a beam of photons whose mass 

and energy can be tuned by v a r y i n g t h e energy and s c a t t e r i n g 

a n g l e of the e l e c t r o n . We are then s t u d y i n g t o t a l photo-

a b s o r p t i o n c r o s s s e c t i o n s as a f u n c t i o n of energy and mass of 

t h e photon. However, i t can be shown t h a t t h e i n e l a s t i c 

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

c r o s s s e c t i o n s , ST and gL , reads as: 

w i t h 

7 s rT (G T +£&u) ( I I . 3 5 c ) 

TT = T r t M m , s e v,,luili ? k o t a t o n n v x = - i L jL ( n . 3 8 ) 
ax p* E i-fe 

However, t h e r e l a t i v e s i z e o f c o n t r i b u t i o n s f r o m a t r a n s ­

v e r s e photon and a l o n g i t u d i n a l photon t o the cr o s s s e c t i o n i s 

g i v e n by: 
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( I I . h b ) Deen I n e l a s t i c S c a t t e r i n g Data: S c a l i n g 
(),c. \ 

The data i n deep i n e l a s t i c r e g i o n l o o k s l i k e t h a t of e-

i n F i g . 23 which i s r e m i n i s c e n t o f our p r e v i o u s d i s c u s s i o n 

c o n c e r n i n g F i g . 22 as w e l l as p r o v i n g t h a t i f we had had 3 

nucleus t a r g e t , t h e n , s i n c e : 

$2 » A P r o t o n » » A N u c l e u s ( H ^ O ) 

p 

a new regime of Q has been reached as a r e s u l t o f v/hich t h e 

s c a t t e r i n g on n u c l e a r t a r g e t can not be i n deep continuum 

r e g i o n . I n t h i s way, F i g . 2*+ shows t h a t a t f i x e d m i s s i n g mass 

W ^ 2 GeV t h e c r o s s s e c t i o n f a l l s o f f r o u g h l y l i k e ^7 and n o t 
l i k e -v ( t h e nu c l e o n form f a c t o r squared) wh i c h means whatever 

Q 
has been met i n s i d e t h e p r o t o n by our h i g h l y v i r t u a l i z e d photon 

does not shov; any s t r u c t u r e . The o t h e r p o i n t i s t h a t : from 

i n t e g r a t i n g t h e spectrum over 0 a t f i x e d Q 2 a l a r g e v a l u e f o r 

c r o s s s e c t i o n has been o b t a i n e d which i s the same o r d e r of 

magnitude of t h e Mott c r o s s s e c t i o n . But f i r s t of a l l as l o n g 

as f a s t f a l l o f f t h e p r o t o n f o r m f a c t o r s i s re g a r d e d as an 

e f f e c t of the s t r u c t u r e of t h e p r o t o n due t o s t r o n g i n t e r a c t i o n 

( o t h e r w i s e i t s h o u l d have remained a t u n i t y f o r a l l 0 ) i t i s 

i m p o s s i b l e t o have a p o i n t p r o t o n . Secondly, t he o b t a i n e d l a r g e 

v a l u e of t h e cr o s s s e c t i o n must be due t o e l e c t r o n s s c a t t e r i n g 

o f f t h e p o i n t l i k e c o n s t i t u e n t s w i t h i n - t h e p r o t o n . Up t o now 

t h e r e has not been found another 0^ regime f o r t h e f a r end l e f t 

of ( I I.U-C). T h i s means no o b s e r v a t i o n o f t h e c o n s t i t u e n t s of 

p r o t o n . However, a c o n j e c t u r e which i s known be i n g made by 

B j o r k e n ^ 1 " ^ ; i . e . : 

0 j * ^ -1 

2 .v» w ( q , >') —»- {—~) 

i s a w;iy o f g a i n i n g i n f o r m a t i o n about p r o t o n g o v e r n i n g dynamics. 



T h i s " s c a l i n g " o r " s c a l e i n v a r i a n c e " a r i s e s v e r y n a t u r a l l y i n 

a. model which accepts p r o t o n as b e i n g made of. p o i n t l ' i k e con­

s t i t u e n t s or p a r t o n s (see next s e c t i o n ) . To see t h i s we have 

t o measure the cr o s s s e c t i o n a t v a r i o u s G f o r t h e same v a l u e s 
of Q and v> i n deep continuum, then e x t r a c t i n g w^iihtn &r) , a t 
l a r g e a n g l e , and w/"1(-0**ej a t s m a l l 0. However, r e l y i n g on 

we see t h a t i f R has t h e proper f u n c t i o n a l f o r m t o make r i g h t -

hand s i d e s of t h e e q u a t i o n f u n c t i o n of the dimensionless variable w 

th e n , s c a l i n g of 1>K and w i l l m u t u a l l y o c c u r . So i f we have 

6 t and G l s e p a r a t e d e x p e r i m e n t a l l y , then j u d g i n g about R g e t s 

e a s i e r . F i g . 25a s h o w s ^ ̂  d e t e r m i n a t i o n of fiy-- and £ L-data .=» 

t r e n d s of which are i n c o n s i s t e n t w i t h t h e u n d e r n e a t h 

assumption of one photon exchange i n the d e f i n i t i o n o f the 

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

dence of on £ f o r a p a r t i c u l a r p o i n t (Q 2, ^ ) ( h e r e 

Q 2 v a r i e s from 1.0 t o 11.0 GeV 2 and w from 2.6 t o *+.0 GeV) . 

The measured v a l u e s o f R are i n t h e range 0 t o 0 .5 which on the 

assumption of i t be i n g r o u g h l y c o n s t a n t i n t h i s k i n e m a t i c 

r ange, t h e p r o t o n average v a l u e of R i s 0.18 t 0 . 1 0 . I n F i g . 25b 

t h e measured R i s shown as a f u n c t i o n of W i m p l y i n g no c l e a r 

dependence of R on any k i n e m a t i c v a r i a b l e . The smallness of R 

causes t o accept i t , o n l y c o n v e n i e n t l y , equal t o zero as i t i s 

the case i n p r e s e n t i n g s c a l i n g of ^Wi and iMw, i n F i g . 26a 

which shows a p p r o p r i a t e data w e l l beyond t h e prominent 

resonance r e g i o n s i . e . w i t h c u t s o f Q 2 > 1 GeV 2 and W2 > k GeV 2. 

( I I . ^ c ) P recocious S c a l i n g ; S c a l i n g V i o l a t i o n ; 

R e l a t i o n ( I . I . ' - f l ) w i l l n e t h o l d i n t h e resonance r e g i o n 

where t h e r e are enhancement a t p a r t i c u l a r v a l u e s of W, nor f o r 



s m a l l Q2, s i n c e v W2(W, Q 2 -+-0)—>- 0. But by t h e f o l l o w i n g 

d i m e n s i o n l e s s v a r i a b l e f o r which t h e lower l i m i t goes down to 

W £ 1 . 8 GeV and Q 2 >, 1 GeV2: 
3. 

= Ul -!- — i W IB bjopten \\yn\l (J J ) 

(L+Q) 
Bloom and Gelraan ' have shown t h a t t h e low energy resonance 
e l e c t r o p r o d u c t i o n s have a behaviour which i s c o r r e l a t e d w i t h 

t h a t of t h e deep i n e l a s t i c , s c a t t e r i n g . T his has been t e s t e d i n 

terms of a c o n s t a n t f i n i t e energy sum r u l e ( r o o t e d on 
2 

g e t t i n g t h e s c a l i n g h o l d f o r a l l w' as long as Q 1 when 
o 

i n t e r c h a n g a b i l i t y of t h e Regge - »> —*~ <*> 5 f i x e d Q - and 
B j o r k e n - v> and Q 2 —^«>,-^. f i x e d - l i m i t s i s assumed): 

P 

(13.^9) 

where W m g x i s i n t h e s c a l i n g r e g i o n and ^ m a x i s g i v e n by: 
V = (WmQv - M 2 ~ Q 2)/2M. For a range o f Q 2 f r o m 1 t o k max r , J S I X 

GeV 2 and f o r W m a x f r o m 2 .2 t o 2 .5 GeV i n t e r p o l a t i n g t h e e x p e r i ­

m e n t a l v a l u e s a t f i x e d Q 2 i n F i g . 26b i n d i c a t e s t h a t t h e e v a l u ­

a t i o n of t h i s sum r u l e i s s a t i a f i e d . 

W h i l e p l o t t i n g of the data i n w1 extends t he s c a l i n g t o 

s m a l l e r - v a l u e o f V/2, by i n t r o d u c i n g a v a r i a b l e ^ 0 ) such as: 

p 2 3 

s c a l i n g a t l a r g e Q w i l l be o b t a i n e d . And f o r v ^ * / i t hai.- been 

found t h a t t h e f u n c t i o n ?WZ e x h i b i t s s c a l e i n v a r i a n c e even 

down t o Q 2 = 0 (see F i g . 2 6 c ) . 

However, by making our a t t e n t i o n r e s t r i c t e d t o data below 

t h r e s h h o l d f o r p r o d u c t i o n of heavy h a d r o n i c degree of freedom 

such as charm, i n t h i s i n t r o d u c t o r y remarks we, t h e n , are not 

goin g t o be concerned w i t h t h e r e n o r m a l i z a b l e f i e l d t h e o r i e s 

file:////yn/l
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which g i v e a complete e x p l a n a t i o n o f t h e beh a v i o u r of the data 

such as those shown i n F i g . 26d e x h i b i t i n g q u i t e a v a s t 

s c a l i n g v i o l a t i o n f o r nucleon s t r u c t u r e f u n c t i o n s i n meson 

deep i n e l a s t i c s c a t t e r i n g a t 100 and 150 GeV. 

( I I . h d ) Data on s c a l i n g i n n e u t r o n 

D e t e r m i n a t i o n s o f the n e u t r o n c r o s s s e c t i o n from p r o t o n 
( C P ) 

c r o s s s e c t i o n has been done t h r o u g h w s u b t r a c t i n g t h e p r o t o n 

c r o s s s e c t i o n f r o m d e u t r o n c r o s s s e c t i o n . However, because i n 

a r a t i o measurement many sources of e r r o r s ( e . g . s o l i d angle 

u n c e r t a i n t i e s , r a d i a t i o n c o r r e c t i o n s ) tends t o c a n c e l o u t , 

d e t e r m i n a t i o n of SB/6t> i s m o s t l y p r e f e r r e d over £„ a l o n e , as i s 

th e case i n t h e p r e s e n t a t i o n of t h e data on F i g . 27a versus 

x 1 where, a l t h o u g h 6 n and 6 r r a t i o s a re c o n s i s t e n t w i t h a 

s i n g l e f u n c t i o n of w 1 i . e . : €„ e x h i b i t s s c a l i n g b u t s i g n i f i c a n t 

d i f f e r e n c e between thera^ hence, \> w4
n ^ vwj , s a y j i s seen over 

the e n t i r e k i n e m a t i c range shown, and thus p r o v i d e evidence f o r 

a s i g n i f i c a n t n o n d i f f r a c t i v e component i n t h e s c a t t e r i n g process 

T h i s i s seen c o n f i r m e d i n F i g . 27b where ^ (V/P - W 2
n) versus 

x' f o r Q 2 > 0 .9 GeV 2, W > 1.8 GeV, and assuming R p = R 
r e p r e s e n t s a peak a t x 0 « 3 « The curve goes t o zero a t x' = 1 

and x 1 = 0 . These two p o i n t s c o n f i r m e ( i ? ) ->o a t l a r g e $ 

I I . 5 A Model and P r e d i c t i o n s From I t 
( I I . 5 a ) The Pa r t o n Model 

Eq. ( 11 .35 ) w i t h r e s p e c t t o ( I I A l a ) and $ = r e a d s as: 

M t 5 ^ r 3
 a 7 " \r*M ( ' - 3 ) + > ;M9 - J ( i i . 3 5 c ) 

There i s no f i x e d d i m e n s i o n a l parameter on t h e r i g h t - h a n d s i d e . 

T h e r e f o r e , deep i n e l a s t i c e l e c t r o n s c a t t e r i n g i s independent of 

any s c a l e of l e n g t h . Meaning t h a t t h e nucleon's s t r u c t u r e 

r e s p o n s i b l e f o r s c a t t e r i n g must be p o i n t l i k e i n c h a r a c t e r 



l e a d i n g t o t h e idea t h a t the nuc l e o n i s composed of p o i n t l i k e 

c o n s t i t u e n t s - the p a r t o n s . T h i s w i l l be d i s c u s s e d more i n t h e 

( k i n d e r g a r t e n ) parton. m o d e l " h s f o l l o w s : 

I n t h i s model the r o l e of impul s e a p p r o x i m a t i o n i s 

ap p a r e n t ; such as demanding t h e p a r t o n b e i n g s c a t t e r e d o f f by 

a s u f f i c i e n t l y l a r g e momentum t r a n s f e r , Q , a l l o w i n g t o con­

s i d e r t h e s c a t t e r i n g as: 

i U - f 

D i a g . I I . U : E q uivalence o f sum over 
I n t e r m e d i a t e s t a t e s and i n c o h e r e n t summation of 
s c a t t e r i n g from i n d i v i d u a l c o n s t i t u e n t s of the 

p r o t o n i n deen 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 

That i s t h e . n u c l e o n i s thought as c o n s i s t i n g of p a r t o n s , v e r y 

much t h e same as nucleus which i s composed of nu c l e o n s . But 

t h e main d i f f e r e n c e between t h e two i s that, g nucleus i s r a t h e r 

l i g h t l y bounded meaning t h a t t h e nucleons are n e a r l y r e a l 

p a r t i c l e s , w h i l e by s t u d y i n g t h e r a t i o of b i n d i n g energy t o t h e 

r e s t energy of the pa r t o n s i n a p r o t o n ; 

b i n d i n g energy _̂ 100' s MeV ^ 
r e s t energy 100's HeV 

we see t h a t p a r t o n s are t i g h t l y bounded i n s i d e t h e nucleon and, 

so, are h i g h l y v i r t u a l (hence, changing t h e i r c h a r a c t e r from one 

L o r a n t z frame t o a n o t h e r ) . Apart from t h e b i n d i n g energy, t h e r e 

i s one more frame dependent n o t i o n ; namely t h e l i f e t i m e , T, 

of the p a r t o n " which should be g r e a t e r than t h e t i m e of i n t e r ­

a c t i o n , } between a sudden p u l s e c a r r y i n g a l a r g e energy 

t r a n s f e r from t h e p r o j e c t i l e and t h e p a r t o n " i f t h e impul s e 

a p p r o x i m a t i o n has t o work. Because i n the h a d r o n i c systems, t h e 

i 

? y 
I 
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t i m e s c a l e g o v e r n i n g i n t e r n a l m o t i o n i s comparable t o t h e l i g h t 
t r a n s i t t i m e , t h e r e f o r e i n t e r n a l m o tions i s comparable t o t h e 
l i g h t t r a n s i t t i m e , t h e r e f o r e o n l y a f u z z y p i c t u r e o f t h e 
i n s t a n t a n e o u s s t a t e s of t h e hadron seems o b t a i n a b l e . However, 
t h e s o l u t i o n i s t o have our hadron i n a frame i n w h i c h i t can 
move w i t h n e a r l y t h e speed o f l i g h t i n , say z - d i r e c t i o n . I n 
such a frame ( w h i c h i s , a t h i g h e n e r g i e s , t h e o v e r a l l c e n t r e - o f -
mass system) t h e E i n s t e i n t i m e d i l a t i o n e f f e c t d i f o r m s t h e 
p r o t o n i n t o a pancake ( i . e . i t s u f f e r s l o n g i t u d i n a l c o n t r a c t i o n ) 
and slows t h e i n t e r n a l motions of t h e p a r t o n s t o a s t a n d s t i l l 
p o s i t i o n . Now " s e e i n g " a s c a t t e r e d p a r t o n speeding away f r e e l y 
f r o m t h e i n t e r a c t i o n o f t h e r e s t , i n a r e l a t i v e l y t r a n s v e r s e 
d i r e c t i o n , seems p r o b a b l e i f a sudden p u l s e p r o p a g a t i n g i n t h e 
t r a n s v e r s e d i r e c t i o n w i t h a l a r g e t r a n s v e r s e momentum h i t s i t 
e l a s t i c a l l y , i . e . : 

.• -•>* • 
A i 

n — » — — i — , \ 
n«r ( J 

D i a g . I I . > : 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 i n t h e p a r t o n model. The p r o t o n breaks 

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

( c o n t r i b u t i n g f o r the' i t n c a r t o n ) 

I n b r i e f , c o n d i t i o n s are r e a l i z a b l e as: 

•Partem,*' ( I T . 5 D 

where x.^ i s t h e f i n i t e f r a c t i o n of t h e i n f i n i t e momentum w h i c h 

each ( i ' ) p a r t o n has when i t i s viewed i n i n f i n i t e ,r;o'?.e.nt:lim 
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frame i f t h e p a r t o n s i n the r e s t frame of t h e nuc l e o n are 
l i m i t e d i n t h e magnitude of t h e i r momentum. Moreover, viewed 

from o v e r a l l centre-of-mass frarao (see above f o r t h i s a p p r o x i ­

m a t i o n ) the T and J" are of o r d e r , r e s p e c t i v e l y , 

T 2 E , - E s * i T / ( T I . 5 2 ) 

z - ~ < -W(^-c? a, • ( I I > 5 3 ) 

Thus p r o v i d e d t h a t 

_Q a (0*1; + - M * ( I I . 5*0 

we have T^>C • But (11.5*0 i s s a t i s f i e d i f -2 M^y and 0 are 

much g r e a t e r than any t r a n s v e r s e momentum - or mass - squared 

w i t h t h e i r r a t i o , u>= , f i x e d . Conseouently t h e f r a c t i o n 

of t h e l o n g i t u d i n a l momentum c a r r i e d by t h e s c a t t e r e d p a r t o n 

i n t h e i n f i n i t e momentum frame has t o equal t he s c a l e v a r i a b l e 

w i t h r e s p e c t t o which we may w r i t e : 

w h i c h means t h e f o u r momentum i s conserved across t h * photon-

p a r t o n v e r t e x . 

However, we employ above ideas i n i n e l a s t i c l e p t o n - n u c l e o n 

s c a t t e r i n g as f o l l o w s . 

( I I . 5 b ) P a r t o n Model P r e d i c t i o n s About the Deep 
I n e l a s t i c e-P S c a t t e r i n g 

W i t h r e s p e c t t o p r e v i o u s d i s c u s s i o n , t h e deep i n e l a s t i c 

e-P s c a t t e r i n g may be pre s e n t e d as: 

vC<v,o*) = 1 w.^tv,^ (11.56) 
4.' 

C o n t r i b u t i o n of each p a r t o n , c a r r y i n g charge e^, t o each of t h e 

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



ho. 

, , r / x ( I T . 3 7 a 1 ) 

£ (JUl-j) ( I I . 37b') 

where rn = xi vi i s t h e p a r t o n ijiass. Now i f t h e p r o b a b i l i t y of t h e 

e x i s t e n c e of i t h p a r t o n between xM and (x + dx)M masses i s f ^ ( x ) , 

then i t may be shown t h a t (11.72) reads as: 

Mvv(
enW) -+XZ&<+> < = ( I I . 5 7 a ) 

W^(itQ) ^ Z<* $K.Wth-\™ ( I I . 5 7 b ) 

These remind us ( I I A l a ) meaning t h e B j o r k e n deep i n e l a s t i c 

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

impuls e a p p r o x i m a t i o n t o e l e c t r o i . s c a t t e r i n g f r o i r p a r t o n s as 

viewed from i n f i n i t e momentum frame, o r v i c e versa (see F i e . 

2 6 a ) . From comparing these e q u a t i o n s we gee the f o l l o w i n g r e -

l a t i o n ( 5 l + ) : 

I*?XM « » 2 x £. (•>..;ea ( 11 .58 ) 

I n g e n e r a l i z e d p a r t o n ;nodel, however, i f stands f o r the 

p r o b a b i l i t y of N e x i s t i n g p a r t o n s i n s i d e t h e p r o t o n , each v / i t h 

d i f f e r e n t d i s t r i b u t i o n i n ?/ • f> f / v j s u c h t h a t : 

t hen ( I I , 5 7 b ) , f o r example, reads as: 
00 H A . 

•Vsi V=| J 0 

* V '* — O /iMO 

* = 0a/2M^-= « ') ; 2 4 =1 (TT.S7b<) 



hi. 

and the assumption of having t h e same l o n g i t u d i n a l momentum 
d i s t r i b u t i o n f o r a l l p a r t o n s becomes: 

< % > 
r > 

j *• X (*•) </*. = — . ( 1 1 . 6 0 ) 

( 1 1 . 5 c ) Partons as Quarks? Sum r u l e s ; D u a l i t y 

Equations ( 11 .57 ) l e a d us t o : wfV^" = "̂ 7 w n : ? - c n 

i n s e r t i n g t h i s r e s u l t i n t o ( 1 1 . 3 9 ) we g e t : 

^ V/, V Q* ' i> Q u 

But from F i g . 25b s u g g e s t i o n o f " ^ ( ^ i . ) -> ° i n "the l i m i t a t i o n 
? 2 

o f e i t h e r Q «*> , v* f i x e d o r \> * — < x > ,Q f i x e d i s c o n s i s ­
t e n t w i t h having our p a r t o n s as s p i n \ o b j e c t s . Because^5) by 
l o o k i n g a t the v i r t u a l photon ( c i ; r r e n t ) - p a r t o n i n t e r a c t i o n i n 
t h e i r B r e i t frame, t h e i m p r o b a b i l i t y o f a t r a n s v e r s e c u r r e n t 
( w i t h h e l i c i t y l l ) t o be absorbed by a s p i n - 0 p a r t o n comes from 

i t s i n a b i l i t y t o c a r r y any a n g u l a r momentum in or out along t h e 

d i r e c t i o n of c u r r e n t . Hence,, g %.-*oo, i n m a n i f e s t d i s ­

agreement w i t h t h e d a t a , meaning l i t t l e of t h e p r o t o n ' s charge 

i s c a r r i e d by s p i n zero p a r t o n s as f a r as R / 0 but v e r y s m a l l . 

On t h i s b a s i s , p a r t o n s a r e - a c c e p t e d as quarks of Gell-Mann and 

Zweig. -

However, w i t h r e s p e c t to ( 1 1 . 5 9 ) and — = -p..eq. ( 1 1 . 5 7 b 1 ) 

may be w r i t t e n as: 

. ( 1 1 . 6 1 ) 

= expected v a l u e of the sum of 
the squares of a l l t h e p a r t o n ' s 
charges i n the nu c l e o n . 

I n t h i s sum r u l e ^ ^ , t h e l e f t hand s i d e i n t e g r a l d i v e r g e s 

l o g a r i t h m i c a l l y i f t h e c o n s t a n t p a r t o f t h e ( l a r g e v> , f i n i t e 
Q 2) e x p e r i m e n t a l v a l u e of ^4 i s not excluded. T h i s c o n s t a n t 



p a r t of the ( d i f f r a e t i v e ) v i r t u a l photon-nucleon s c a t t e r i n g i s 

b e l i e v e d ( a t h i g h e n e r g i e s ) t o be due t o t h e i s o s c a l a r Pameron 

exchange term i n t h e t - c h a r m e l which i s d u a l t o t h e non-

resonant background i n t h e d i r e c t s-channel ( a t low e n e r g i e s ) . 

However, t o a v o i d t h e l o g a r i t h m i c d i v e r g e n c e we s h o u l d o n l y 

c o n s i d e r t h e n o n - c o n s t a n t p a r t of t h e ( n o n d i f f r a c t i v e ) v i r t u a l 

photon-nucleon s c a t t e r i n g c o r r e s p o n d i n g ( a t h i g h e n e r g i e s ) t o 

t h e o r d i n a r y exchange terms i n the t - c h a n n e l which are d u a l t o 

the d i r e c t c hannel resonances ( a t low e n e r g i e s ) . T h e r e f o r e i n 

we do not c o n f r o n t w i t h any d i v e r g e n c e d i f f i c u l t i e s . To see 

t h i s i n the c o n t e x t of the quark model we r e c a l l t h a t a c c o r d i n g 

t o t h i s model p r o t o n and n e u t r o n each c o n s i s t s of t h r e e quarks 

which are supposed t o be a s s o c i a t e d w i t h t h e nonconstant p a r t of 

t h e v i r t u a l photon-nucleon s c a t t e r i n g . As these v a l e n c e quarks 

c o n t r i b u t e d i f f e r e n t l y t o eP and en s c a t t e r i n g , t h e n , they cannot 
d e s c r i b e the c o n s t a n t p a r t of s c a t t e r i n g . To have t h i s c o n s t a n t 

( c 7 ) 

p a r t d e s c r i b e d i t i s a s s u m e d " t h a t p r o t o n and n e u t r o n each 

a l s o c o n s i s t of n e u t r a l q u a r k - a n t i q u a r k p a i r s w h i c h are assoc­

i a t e d w i t h the a f o r e m e n t i o n e d c o n s t a n t p a r t . However, p r o v i d e d 

t h a t the qq p a i r s possess zero n e t s t r a n g e n e s s , baryon number, 

and i s o s p i n , t h e i r combined e f f e c t w i l l be zero as f a r as t h e 

.hadron m u l t i p l e t s are concerned. 

To get- t h e r e s u l t of ( I I . 6 2 d ) , b y r e c a l l i n g ( 1 1 . 5 8 ) w i t h " i " 

now s t a n d i n g f o r t h e quark f l a v o u r , we d e f i n e \ 
f u ( x ) = u ( x ) = No. of up quark w i t h momentum 

x t o x + dx i n , say, t h e 
p r o t o n = u " 

= No. of down quarks w i t h momentum 
x t o x + dx i n , say, n e u t r o n (by 
i s o s p i n r e f l e c t i o n ) = d n 

= u ( I I . 6 3 ) 



Nov, t o use ( I I . 7 ' + ) i t s h o uld be no t e d t h a t t h e v i r t u a l photon 

can h i t nnyone of t h e t h r e e types of quarks or a n t i q u a r k s t h e n : 

J-F y p - i ( u + u ) . + |(«l*.Tl + 7 ( s + J) ( I l . o ^ a ) 

= ~ (d+j) + j ( - * ~ -j j - (s + f ) ( u . 6 i + b ) 

As i t i s seen t h e r e a re s i x terms f o r each s t r u c t u r e f u n c t i o n . 

On th e o t h e r hand t o get the net number of each k i n d o f quarks 

we proceed as f o l l o w s : t h e t o t a l charge on, say, a p r o t o n i s 

+ 1 , t h e n : 

I 
b 

and as I ~ + I , t h e n ; 

a l s o $ p = 0 _. So .: 

The s o l u t i o n s r e s u l t i n : 

j ( u - u ) J x = 2 ( I I . 6 5 a ) 

J U_ S V „ s i . (11.65b) 
0 
.1 

/ U - ' s j J x a o ( I I . 6 5 c ) 

However, by u s i n g t h e d u a l i t y r e q u i r e m e n t !:(57). 

I I I . 66a) 

( I I . 6 6 b ) 

and n o t i n g t h a t the sea i s supposed t o have ze r o i s o s p i n and be 
even under charge c o n j u g a t i o n , 

5 = S = S = S s S = 5 sSW (11 . 6 6 b 1 ) 



(11 = 65) may read as: 

£• 
t 
V u u ) , f* = a ( I I . 65a*) 

f A * i < K = i ( I I , 6 5 b ' ) 

On t h e o t h e r hand, a f t e r s u b t r a c t i n g ( I I . 6 U b ) from (11 .6^3) 

w i t h r e s p e c t t o (11.66) the r e s u l t l o o k s l i k e the f o l l o w i n g : 

whose i n t e g r a t i o n w i t h r e s p e c t t c x and e q u a t i o n s ( 11 .65a 1 ) and 

(11 .65b 1 ) read as: 

/ i t f - w - i U « = 7 (<H - «0 - 2* ft <II-62b') 

(52 

T h i s sum r u l e i s c o m p a t i b l e w i t h t h e data i n F i g . 27b and y i e l d s 
0 .28 . 

Now i f V u and V d have t h e same f u n c t i o n a l shape, then eqs. 

(11 .65a 1 ) and ( I I . 6 5 b ' ) demand t h a t : 
V U U > S^V^IK ) : r=z / l* ) ( I I . 6 7 ) 

w i t h r e s p e c t t o which t he curve of F i g . 27b' i s - ^ ™ _L_ y . 

But: 

eP 
F 2' = V + c o n t r i b u t i o n f r o m t h e sea (11.68) 

w h i c h i s p l o t t e d i n the lower p a r t of F i g . 27b 1 where t h e 

d i f f e r e n c e between t h i s c u rve and t h e data quoted on t h e f i g u r e 

i s t h e c o n t r i b u t i o n from t he sea ( w h i c h i s n e g a t i v e ) . T h i s 

means t h a t ( I I . 6 7 ) must break down a t l e a s t near x = 1 where by 

t a k i n g t h e data l i t e r a l l y , V l ( x ) i s v e r y much l e s s t h a n V ( x ) 

and, hence, V quar k s , here, are d o i n g n e a r l y a l l t h e s c a t t e r i n g . 
A lso adjustment of t h e curve t o data near x = 1 shows a n e a r l y 

zero c o n t r i b u t i o n o f the sea t h e r e and i t c o u l d not become im­
p o r t a n t u n t i l x iC OA. That i s t o say t h a t t h e "wee" par tons 



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

sea c o n t r i b u t i o n g oing towards a c o n s t a n t v a l u e as x get? s m a l l e r 

c o r r e s p o n d i n g t o Pomeron exchange. 

Eq. ( 11 .57b 1 ) w i t h r e s p e c t t o 8 n c j (JT . 6 0 ) can be 

i n t e g r a t e d as: 

' w ^ j y B J T ^ X I X • ^ ft ( ) ( I I . 6 9 a ) 

= Mean-square charge 
per p.grton 

(58) 
E x p e r i m e n t a l l y , t h e SLAC/MIT data f o r t h e l e f t hand s i d e 
of t h i s e q u a t i o n g i v e t h e f o l l o w i n g r e s u l t s : 

i? t , v 

Tx (x)dx = o./6 ± o-62 I u ) i t = o-ta ± o.oi ( I I . 69b) 

C o n s i d e r i n g t h e nucleon as made up of t h r e e q u a r k - p a r t o n s , j h e 
r i g h t - h a n d - s i d e of ( I I . 6 9 a ) p r e d i c t s t h a t : 

• 

= 0.33 sc.21 ( I I . 6 9 c ) 

each of which i s n e a r l y t w i c e i t s c o r r e s p o n d i n g e x p e r i m e n t a l 

v a l u e . F o l l o w i n g t h e p i c t u r e of t h r e e v a l e n c e quarks, and a 

u n i f o r m core o f qq p a i r s we see t h a t 

" ( T I . 6 9 d ) 

each of which i s s t i l l l a r g e r than t h e c o r r e s p o n d i n g e x p e r i -
(57) 

m e n t a l i n t e g r a l s . But t h e * K u t i - W i e s k o p f model which 
i n c l u d e s t h e n e u t r a l gluon (something t o h o l d t he t a r g e t s ' 
c o n s t i t u e n t s t o g e t h e r ) i n a d d i t i o n t o valence- quarks and the 



U6. 

sea of qq p a i r s p r e d i c t s a v a l u e f o r ( I I . 6 9 a ) w h i c h i s corn-
• 

p a r a b l e w i t h b o t h e x p e r i m e n t a l r e s u l t s i n ( I I . 6 9 b ) . However, 

un l e s s v/e d i s b e l i e v e i n symmetric momentum d i s t r i b u t i o n ( i . e . 

eq. ( I I . 6 0 ) would be wrong) o t h e r w i s e t h e g l u o n or n e u t r a l 

p a r t o n e x i s t s and have no weak or e l e c t r o m a g n e t i c charge but 

c a r r y momentum as h y p o t h e s i z e d . 

When hav i n g had t h e n e u t r i n o s c a t t e r i n g d i s c u s s e d , t h e 

amount o f t h e momentum c a r r i e d by g l u o n s w i l l be g i v e n . 

I I . 6 Weak Deep I n e l a s t i c IN S c a t t e r i n g 

( I I . 6 a ) K i n e m a t i c s of s c a t t e r i n g 

By n e g l e c t i n g t h e n e a r l y z e r o mass of t h e incoming 
n e u t r i n o s on account of being a t h i g h e n e r g i e s , t h e u n p o l a r i z e d 

i n e l a s t i c n e u t r i n o n u c l e o l i d o u b 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 

reads as: 

where i n c o n t r a s t t o e l e c t r o n s c a t t e r i n g t h e pr o p a g a t o r has 
1. 

i n f i n i t e mass meaning t h e r e i s no Q-Lt i n t h e cro s s s e c t i o n and 

a much l a r g e r f r a c t i o n o f t h e data i s a t l a r g e Q2. However the 

l e p t o n i c t e n s o r - c o u l d be w r i t t e n down as: 
=k^,*^ -•«.•* I , ± < * , , k & " ? & ( I I < 7 1 ) 

where t he e x t r a term which i s seen m u l t i p l i e d by the f o u r t h 

r a n k L e v i - C i v i t a symbol d e n o t i n g t o the se p a r a t e e x i s t e n c e of 

the l e f t - h a n d e d n e u t r i n o (hence, upper s i g n ) and r i g h t - h a n d e d 

a n t i n e u t r i n o ( l o w e r s i g n ) beams i s c a n c e l l e d out i n e l e c t r o n 

s c a t t e r i n g due t o av e r a g i n g over t h e t w o - c o - e x i s t i n g r i g h t -

and l e f t - h a n d e d e l e c t r o n s p i n s t a t e s i n t h e i n i t i a l beam. T h i s 

i s a l s o t h e reason f o r not ha v i n g s f a c t o r of i. i n f r o n t o f 

( I I . 7 0 ) . Moreover, W'^may be w r i t t e n , as: 



W''" ~i<»| ^ ( o ) } ? ^ - < M J*'%>l«><nl **'*<<»> l?> (11.723) 

b u t , because t h e weak i n t e r a c t i o n c u r r e n t . i s not conserved, and 

as i t i s a m i x t u r e of v e c t o r and a x i a l p a r t s , t h e expansion o f 

w1"1 now i n v o l v e s a l l t h e b a s i c t e n s o r s T ' V ' f ^ f ' ^ ̂ v**%.7fi 

w i t h which t he same procedure as i n e l e c t r o n case, leads us t o : 

* i " i M - - • ( I I . 7 2 b ) 

2 A i f t h e l e p t o n i s s e r v i n g 
as an e x t e r n a l source of 
the v i r t u a l meson f i e l d 
Wf c o u p l e d t o a hadron 
c u r r e n t j<H\ 

I n c o n t r a s t t o the e l e c t r o m a g n e t i c s t r u c t u r e f u n c t i o n s w h i c h 

ar e p u r e l y v e c t o r - v o c t o r (VV), W 1 ) 2 are now each t h e sum of two 

p a r t s , (VV) and a x i a l - a x i a l (A.A). But VL i s t h e v e c t o r - a x i a l 

v e c t o r i n t e r f e r e n c e term o n l y , w i t h one of t h e tv/o c u r r e n t s i n 

t h e r i g h t - h a n d term o f t h e above g r a p h i c a l r e p r e s e n t a t i o n of 
w b e i n g v e c t o r and the o t h e r a x i a l . 

C o n t r a c t i o n of (11.71) and ( I T . 7 2 b ) y i e l d s ( i n t h e L a b . ) : 

L ^ W ^ J E , ^ 1 ! w, + c ' f wa ^l±f^ ^ ( I I b 7 3 ) 

Note as t h e (V-A) i n t e r f e r e n c e term i n w c o u p l e s t o the (V-A) 

i n t e r f e r e n c e term i n J_ , hence two d i f f e r e n t s i g n s appear i n 

f r o n t of W3. T h i s i n v o l v e s a whic h e f f e c t i v e l y changes s i g n 

when we go from l e p t o n (V-A) t o a . n t i l e p t o n (V+A) i . e . r e p l a c i n g 

a n e u t r i n o beam by an a n t i n e u t r i n o beam. I n t r o d u c i n g (11 . 7 3 ) 
1 

i n t o ( I I . 7 0 a ) y i e l d s : 

= ff(^ « T .TO.,: 



)f8. 

w h i c h may a l s o be r e p r e s e n t e d as 

3o3TW " ^ ( » " • +*i ' - r * "4 -7T * r ) <"-70c> 

The h y p o t h e t i c a l a b s o r p t i o n c r o s s s e c t i o n s €>„ , & , and 6;' 

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

s c a l a r i n t e r m e d i a t e v e c t o r boson,V/, iri analogy w i t h t h e e l e c t r o ­

magnetic case. I n terms of t h e s e , the s t r u c t u r e f u n c t i o n s 

W l , 2 , 3 r e a c i 3 3 1 

V/< ( ^ ^ ° ( I I . 7 ^ a ) 

I t i s c l e a r now t h a t i f S t = ^ u , i . e . : c o n s e r v a t i o n of p a r i t y . 

then —*- 0 and — a s i t i s t h e case i n e l e c t r o m a g n e t i c 

case. 

(11.6b) Quark-Parton P i c t u r e ' of I n e l a s t i c ( 0 > ^ )P S c a t t e r i n g 

Eq. ( I I . 7 2 a ) may a l s o be r e w r i t t e n as ( w i t h p and n d e n o t i n 

t h e r e l e v a n t t a r g e t n u c l e o n , 1 and 2 b eing SLT(2) i n d i c e s ) : 
VP f ' 

W „ = X U n r j <,•, <vi f M ( 0 ) , P > ( I I .75a) 

' ° " f > (ii.75b) 

which s a t i s f y the strangeness c o n s e r v i n g ( 6 - ! s o , i i = \ ) com­

ponent of 5 ' j t h e h a d r o n i c c u r r e n t . From (11.75) and i s o -

s p i n i n v a r i a n c e i t i s seen t h a t : 

I n t h e ( k i n d e r g a r t e n ) p a r t o n model p o i n t of view o f t h e deep 

i n e l a s t i c n e u t r i n o nucleon s c a t t e r i n g t h e weak c u r r e n t a c t i n g 



h9. 

at t h e p a r t o n n e u t r i n o v e r t e x changes the charge of the p a r t o n 

as such t h a t AQ -• 1 ( t h e b a s i c r e a c t i o n i s supposed t o re"^. as 

/ f ) . T h e r e f o r e f o r s p i n p a r t o n s we have 
p a r t o n 'parton 

.1 

w 

( f o r a n t i p a r t o n s u -&-\> ) here i s a weak charge which i s 

u n i t y i f t h e p a r t o n belongs t o an i s o s p i n m u l t i p l e t and can be 

r a i s e d by an i s o s p i n r a i s i n g o p e r a t o r t o i 1 , o t h e r w i s e e^ w 

v a n i s h e s . On t h e o t h e r hand eT v / \n t h e f o l l o w i n g r e l a t i o n ( s ) 

i s u n i t y i f the p a r t o n i can be lowered t o i ' , b ut vanishes 

o t h e r w i s e : 

fa^f-MJ^'^-'^AWiMM'lWn ( n . 7 2 d ) 

S t i l l these two e q u a t i o n s may be brought t o s i t u a t i o n s l i k e t h a t 

of eq. ( I I . 7 2 b ) w h i c h enables us t o compare t h e r e l e v a n t co­

e f f i c i e n t s and g e t : 

& — Z t Z ^ %^ i z = ( I I . 7 7 b ) 

x ^Tfvzp*i % =';<*>(pj (H.77C) 

here ^ i s a s i g n a t u r e which i s n e g a t i v e f o r p a r t o n s and p o s i t i v e 

f o r a n t i p a r t o n s . There i s t h e f o l l o w i n g i n t e r r e l a t i o n between F 

21 i \J-XwfOcJ 

= i f 5* 5 = ( I I . 7 8 b ) 

here t h e upper ( l o w e r ) s i g n r e f e r s t o p a r t o n ( a n t i p a r t o n ) con-

t r i b u t i o n . W i t h /%J7, and n,^- b e i n g t he c o n t r i b u t i o n s of parton. 

( 7 ) and a n t i p a r t o n { j ) t o 7~x^ , the p r o b a b i l i t i e s f o r 

file:///J-XwfOcJ


f i n d i n g p a r t o n and a n t i p a r t o n a t a g i v e n x read as 

f M « ; W (11.79) 

w h i c h w i t h r e s p e c t t o (II. 1 0 0 b ) we get the f o l l o w i n g r e l a t i o n s : 

^ = T ^ » ( 11 .78b ' ) 

Now, i f 

t h e n , b r a c k e t i n v o l v i n g ¥r can be dropped o u t , and we may w r i t e 

(11.70) i n terms of f . and o < y — — <f / ( t h e i n e l a s t i c i t y 

which i s t h e r a t i o of t h e a c t u a l energy t r a n s f e r r e d t o the 

maximum t r a n s f e r a b l e energy) as: 

3S5T'V" 2 2 ? ' - ( " - ' J , T ' ^ * ( n • 3 0 ) 

W i t h r e s p e c t t o (11.78) and (11.79) we get (11.80) as: 

r r s r ^ - M " ~ ' ~ 0 i - ^ r ^ ( I I > 8 1 b ) 

I n t e g r a t i n g these w i t h r e s p e c t t o y and then x leads t o : 
4 - / 

( I I . 8 2 a ) 

ii - - — — J d * ( I I . 8 2 b ) 

which means under t h e s c a l i n g assumption ( I I . 7 7 ) 5 t h e cross 

s e c t i o n s s h o u l d r i s e l i n e a r l y w i t h i n c i d e n t • b e a m energy. How-
(59) 

e v e r ; the data i n F i g . 28 are f r o m experiments done a t 

CERM i n energy range E = 2-15 GeV and from FNAL i n t h e range 

E = 20-100 Gev". Both n e u t r i n o and a n t i - n e u t r i n o c r o s s s e c t i o n s 



a r e r i s i n g l i n e a r l y w i t h energy s u p p o r t i n g above t h e o r e t i c a l 

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

(11 .6c) E x p e r i m e n t a l Evidence 
The CERN e x p e r i m e n t a l data of F i g . 28 i n d i c a t e s t h a t : 

f . = 517 = - M ± o . o 4 - ( I I . 8 3 a ) 

3 + A-2B 

„ 3-1-

rl ,1 
( I I . 8 3 c ) 

v/here k —JL* , ft — 7» > jp.i_-»c //- « 

asks f o r t h e r e l i a b i l i t y of the assumptions (11.76) and (11.77) 

a c c e p t i n g the i n e q u a l i t i e s e£jBl£A£ j which i s f o l l o w e d f r o m t he 

p o s i t i v e d e f i n i t e n e s s of t h e p r o b a b i l i t y . However, t h e imposed 

l i m i t a t i o n on t h e magnitude of A of t h i s i n i , n u a l i t y , f romlR, , 

reads as: 

o.?7±o.»o ^ H ' $ A * I (II.Bk) 

showing how c o r r e c t l y t h e Ct"1 Ian-Gross r e l a t i o n s ( I I . 7 8 a ) are 

s a t i s f i e d . A=l f o l l o w s i f t h e l o n g i t u d i n a l c r o s s s e c t i o n , <SS , 

can be n e g l e c t e d i n comparison w i t h t h e t r a n s v e r s e ones ( i . e . 

« »#TI ) i f i w h i c h event R+L = 1 c a u s i n g "R. t o be between 

$ ( i f R=0) and 3 ( i f R = l ) . ( I I . 8 3 a ) c o n f i r m s t h e lower l i m i t 

of ^, s u g g e s t i n g a g a i n t h a t most o f the c o n s t i t u e n t s i n s i d e 

t h e p r o t o n are of s p i n -3- e n t i t i e s . A l s o ^ ^ ^ - h i n t s a f a c t o r 

3 r e d u c t i o n f o r a n t i n e u t r i n o c r o s s s e c t i o n has t h e f o l l o w i n g 

e x p l a n a t i o n i n q u a r k - p a r t o n model wh e r e i n by V-A t h e o r y par­

t i c l e s are l e f t - h a n d e d and a n t i p a r t i c l e s a re r i g h t - h a n d e d . For 

a system of two s p i n p a r t i c l e s ( o r a n t i p a r t i c l e s ) , such as 

$ 1 ( o r v ' f ) , c o l l i d i n g c o l i n e a r l y i n c m . t h e r e i s no an g u l a r 



r e s t r i c t i o n whatsoever, s i n c e t h e t o t a l a n g u l a r momentum J=Q. 

Hence, t h e y - d i s t r i b u t i o n i s i s o t r o p i c i . e . : ds/^JJ ( t f l ; 

c o n s t a n t as i t i s t h e case of t h e d a t a ^ O ) f o r E -' 50 Ge7 i n F i g 

29 - t h e s t r a i g h t l i n e , being r e f e r r e d t o as A - from FNAL which 

i s c o n s i s t e n t w i t h t h e data f o r E ^ 30 GeV f r o m CERN f o r v a r i o u s 

r e g i o n of x. On t h e o t h e r hand f o r a c m . c o l i n e a r i n t e r a c t i n g 

system of s p i n p a r t . i c l e - a n t i p a r t i c l e , such as «>1 ( w i t h J z = - I ) 

and \> 1 ( w i t h Jz~ + l ) , i s o t r o p i c i n t e r a c t i o n i s i m p o s s i b l e s i n c e , 

f o r i n s t a n c e t o have our a n t i p a r t i c l e , U , s c a t t e r e d backward 

by t h e p a r t i c l e q, t h e r e i s a needness f o r J,, t o be equal t o - 1 

r e s u l t i n g i n A J"2 - - 2 . Through emerging i n i t i a l s and f i n a l s : 

1 &s 

2-fiJtlS Jz = -t 

/ 

I I . 6 : Emerging i n i t i a l s and f i n a l s of a system 
of two i n t e r a c t i n g ( a ) p a r t i c l e 0 - a n t i p a r t i c l e q and 

(b) a n t i p a r t i c l e i? - p a r t i c l e q of s p i n -jjr 

t h e a n g u l a r momentum c o n s e r v a t i o n may be w o r k e d ^ ^ out 
r e s u l t i n g i n an an g u l a r d i s t r i b u t i o n of t h e f o l l o w i n g form: 

w h i c h vanishes f o r 9 = i r ( e q u a l t o i m p o s s i b i l i t y o f k ̂  _ 0 ,. see 

a b o v e ) a n d y i e l d t h e f a c t o r 3 r e d u c t i o n upon i t b e i n g i t e g r a t e d . 
2 —. However, t he (1-y) d i s t r i b u t i o n f o r * induced r e a c t i o n s can be 

seen i n F i g . 29 ( t h e c u r v e y l i n e , b e i n g r e f e r r e d t o as B ) . 

For an i s o s c a l o r t a r g e t above argument l e a d s us t o 

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 ( T I . 8 1 ) being based on the con­

v e n t i o n s ( I I . 7 8 ) and (11.79) to which adding t h e d e f i n i t i o n ; 

1 

„ a * (11.86) 
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r e v e a l s t h e r o l e of B, whose magnitude has t h e f o l l o w i n g 
l i m i t a t i o n s : 

Q-81 ±o.\o < B » ^ - l L V " ^ ~ 0.«)o±o . o8 (11.87) 

A c c e p t i n g o n l y t h e s p i n -j? e n t i t i e s r e s u l t s i n t o have t h e 
upper l i m i t of ( 1 1.87) f o r B. T h e r e f o r e , as B measures t h e 

amount of a n t i m a t t e r i n the n u c l t o n , we may have t h e s p i n -j? 

a n t i p a r t i c l e c r o ss s e c t i o n c o n t r i b u t i o n s as: 

5 - g

 3 1 R - ' =(0.0,- *o.«*) ("-89) 
0+Q 4 2 ^ ' > 

v/hich i s a few pe r c e n t showing t h e r e l a t i v e i m p o r t a n c e of quarks 

over a n t i q u a r k s . 

( I I . 6 d ) The Gluon Momentum: 

W i t h r e s p e c t t o ( I I . 6 k ) , f o r nucleon we have: 

T ^ U ) = ( j _ (t.4£i + u +3)+.i(s+.-s))|L (11.90) 

and w i t h r e s p e c t t o ( I I . 7 7 b ) , T2 which i s a measure of t h e 

number of s c a t t e r e r s i n s i d e t h e nucleon may be w r i t t e n as: 

(x> = -A (u + a +VA •+•?) (11.91; 

Comparing the i n t e g r a t e d form of (11.90) and (11 .91) we get the 

f o l l o w i n g p r e d i c t i o n f o r " t h e mean square quark charge": 

<Q' > = ™ = 0 . 4 7 , (11.92) 

The e x p e r i m e n t a l v a l u e s of t h e q u a n t i t i e s i n eq. (11.92) a r e ^ ' 

fffN{-*) d->l ~ O-W ±o-oi J T ^ U ) ^ - 0-5) -fcft.oT (11.93) 

w i t h w h i c h < Q 2 > = 0.29 1 0.03-

However, we know t h a t u, d, s a r e the p r o b a b i l i t y of 
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f i n d i n g , r e s p e c t i v e l y , up, down, s t r a n g e quarks and hence x u , 
xd, xs should r e p r e s e n t t h e f r a c t i o n a l momentum d i s t r i b u t i o n s 

of t h e t a r g e t ' s momentum among the quarks. T h e r e f o r e we expect 

t h a t t h e i n t e g r a t i o n of ( I I . 9 1 ) expresses t h e t o t a l f r a c t i o n a l 

momentum ( o r mass) c a r r i e d by the c o n s t i t u e n t s of the p r o t o n , 

and hence t o be u n i t y . T h i s i s much more th a n what has been 

found, e x p e r i m e n t a l l y i n ( 11.92).' Al s o from (11.90) we expect 

t o have ~ / v. r*)dx e a u a l t o u n i t y , which i t s n u m e r i c a l v a l u e i s 

something roundabout 0.52 - 0 .03 . T h i s n e a r l y h a l f t h e momentum 

i s b e l i e v e d t o be c a r r i e d by t h e g l u o n s . 

11.7 Lepton P a i r P r o d u c t i o n 

I t has been shown t h a t : i f at h i g h e n e r g i e s , s, when 

k i n e n i a t i c a l c o n s t r a i n t s a l l o w i n g a p p l i c a t i o n o f t h e impulse 

a p p r o x i m a t i o n have been met by a process i n which two hadrons 

A and B ( e . g . : pp, e'e' 1",^ , and tfP) i n t e r a c t a b s o r b i n g or 

p r o d u c i n g a l e p t o n p a i r ( e . g . : f*t } e'e-1", , and e \> ) of huge 

mass, Q2, such t h a t 9^S .'= C" i s f i n i t e , then t h e g o v e r n i n g 

subprocess i n which t h e quarks have been a s s i g n e d c o n d i t i o n a l l y 

a l i m i t e d f i n i t e momentum t r a n s f e r , i s named as t h e auark f u s i o n 

model; s i n c e a quark ( f r o m A or B) fuses a g a i n s t an a n t i c m a r k 

( f r o m B'or A ) . However, by n e g l e c t i n g the hadron mass i n account 

of b e i n g a t h i g h e n e r g i e s , and i f P-̂  and P 2 a r e f o u r momenta of A 

and B which are supposed t o be p r o t o n s , t h e n ; 

A l s o i f a r e t n e f r a c t i o n o f t h e l o n g i t u d i n a l momenta of 
p a r e n t p r o t o n s c a r r i e d by the p a r t o n s , then f r o m c o n s e r v a t i o n 
of t h e four-momenta a t each v e r t e x we see t h a t : 

s = ( P x + P 2 ) 2 (11 .9^) 

0 s (*,?> -t-v.i?x) x, S (TI .95) 



? 2 T h i s i s t h e f o r m a l c o n d i t i o n f o r a p a i r of mass Q = m = 
(P^ + P^ ) 2 b e i n g formed i n t h e r e a c t i o n : P+P —*~ qq — 
L +. \\v.iran$ f o r w n j _ c 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 s : 

/•V 

= i ^ / ' { U > W ^ it 41,—.*., ( T I . 9 6 ) 

Here, ^C1t«){?xl*o) a r e t n e p r o b a b i l i t y of f i n d i n g q j j q . ^ ) w i t h 

f r a c t i o n x^(x2) of momentum P^Pg)? a n d x-^/Q 2 stands f o r t h e 

p r o t o n f l u x . The f a c t o r -3. comes from c o l o u r e d quark model 

w h e r e i n each quark, i s f o u n d i n t h r e e v e r s i o n s : r e d , green, and 

b l u e . 

However, i n t h e pr e s e n t process which proceeds v i a a massive 

t i m e l i k e v i r t u a l photon, b o t h p a r t o n s are h a v i n g s p a c e l i k e 

momenta. 

By w r i t i n g ( I I . 9 6 ) as: 

~ - 2 t : f \ ^ V ^ ^ ^ - ^ - ) ( I I . 9 7 a ) 
v 

where \^,) = x, \^x,) (**d % « ** & stand f o r t h e quark ( a n t i -

q u a r k ) d i s t r i b u t i o n f u n c t i o n , w i t h r e s p e c t t o (11.66) and 

n e g l e c t i n g any c o n t r i b u t i o n f r o m t h e s t r a n g e quark ( I I . 9 2 a ) r e ­

s u l t s i n : 

J ^ - ^ V U K I ) +vx 1i+i.st* 1j)£22i + ( * v t t ( x t ) + v 4 i x 1 ) + i o s < - » 1 i ) 5 < ^ ] ( I I .97b) 

Now, w i t h h a v i n g t h e rough e s t i m a t e of the shape of V ( x ) and six) 

( f o r i n s t a n c e , from e l e c t r o n s c a t t e r i n g data o f F i g . 27) t h e data 

on present r e a c t i o n are g i v e n ^ 1 * ) ( t h e p r e s e n t e d ) t h e o r e t i c a l f i t 

( i n F i g . 3 0 ) . However, the sharp f a i l o f f of the c a l c u l a t e d 

c u r v e i n F i g . 30 i s t r a c e d back t o the 3 n t i q u a r k - d i s t r i b u t i o n 

f u n c t i o n , s ( x ) (see (11 .66) ) being z e r o f o r O.h. Moreover 

t h e d i s c r e p a n c y between the data ( a t /"Q*^2.5 GeV) and the 

c u r v e i s assigned t o v a l u e s b e i n g low f o r t h e a s s y m p t c t i c 

t h e o r y t o be v a l i d . Of o t h e r s e v e r a l f a c t s f o r such d i s -



56. 

c r e p a n c i e s i s t h e b a s i c assumption of zero t r a n s v e r s e momenta 

assigned t o t h e quarks i n o r d e r t o see them f r e e of t h e i r 

b i n d i n g energy. T h i s has been c o r r e c t e d by a t t r i b u t i n g a " f i n i t 

t r a n s v e r s e momentum t o each quarks Also i n quantum chromodyna-

m i c s ^ ^ (QCD) based on some e x p e r i m e n t a l f a c t s , such as depen­

dence of the average t r a n s v e r s e momentum o f l e p t o n p a i r s 

produced i n pp c o l l i s i o n s on t h e mass of t h e p a i r , t h e r e have 

been g i v e n s e v e r a l c o r r e c t i o n s t o t h e a f o r e m e n t i o n e d l e a d i n g 

D r e l l - Y a n diagram c o n f i r m i n g t h e quark t r a n s v e r s e momentum as 

w e l l as having quarks and gluons r e s p o n s i b l e f o r f o r m i n g t h e 

b a s i c ( p r e v i o u s l y d i s c u s s e d ) s u b p r o c e s s e s . 
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CHAPTER T i l 

Large P-i- Phenomena 

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

I n t h e l a s t two c h a p t e r s we presente d some e x p e r i m e n t a l 

and. t h e o r e t i c a l d i s c u s s i o n c o n c e r n i n g t h e e x i s t e n c e and 

p r o p e r t i e s o f h a d r o n i c c o n s t i t u e n t s . These c o n s t i t u e n t s are 

of courf.e a p p r o x i m a t e l y p o i n t l i k e s p i n -g- q u a r k s . Such a 

quark s t r u c t u r e of hadrons w i l l be used i n t h i s c h a p t e r . 

T h i s w i l l be done by means o f l o o k i n g i n t o t h e s i n g l e - and 

m a n y - p a r t i c l e data a t l a r g e P^ fro m t h e p o i n t of view of the 

p r e d i c t i o n s coming from s p e c i f i c t h e o r e t i c a l models. I n 

Sec. I l l 2 we i n t r o d u c e some t h e o r e t i c a l i d e a which w i l l be 

used i n the r e s t of t h e c h a p t e r . E x p e r i m e n t a l o b s e r v a t i o n s 

d e f i n i n g t h e s t r u c t u r e of the l a r g e P t events are d e a l t w i t h 

i n Sec. 111.3} and the t h e o r e t i c a l p r e d i c t i o n s a re compared 

w i t h experiments i n Sec. I I I . .U. Sec. I I I . 5 d e a l s w i t h r e c e n t 

experiments where t h e process i s t r i g g e r e d n o t by a s i n g l e 

p & r t i c l e a t l a r g e P t but by a l a r g e P t " j e t " . The l a s t 

s e c t i o n i s d e v o t e d t o a summary of th e c o n c l u s i o n s . 

HI'2 Some T h e o r e t i c a l Remarks 

(111.2 :<) Pr e 1 i m :i n a r v R ema r k s 
Of l o t s of v a r i o u s phenomenological f u n c t i o n s g i v i n g 

e x p e r i m e n t a l p a r s m e t r i s a t i o n t o the i n v a r i a n t c r o s s - s e c t i o n 

d i s t r i b u t i o n one i s . t he f o l l o w i n g (see Oh. I ) : 

"JjX ' 'J- "* ( I l l . l a J 

or i n o r d e r t o ta k e i n t o account a l s o t h e low Pj. r e g i o n i t can 



be e q u i v a l e n t l y seen as: 

= A C P ' + M 1 ) " ^ 2 ^ ^ ^ ( I I I . l b ) 

However, t h e s c a l i n g f u n c t i o n , t(-nx,o) > which i s expected i n 

p a r t o n models t o be energy independent a t , f i x e d reduced t r a n s ­

v e r s e momentum, %L ~ iK/fs > i s o f t e n approximated a t 9 = 90° 

3 s : 

? ( X j . , © ~ W = , ( I I I . 2a) 

o r , e q u i v a l e n t l y , as: 

tui.,©) ~ :f(£> { i - H j r ( I I I . 2 b ) 

The parameters N, M2, and F, as o b t a i n e d ^ ^ i n v a r i o u s 

e x p e r i m e n t s , a re g i v e n i n Table I . This t a b l e , i n summary, 

shows t h e v a l u e of N t o be eq u a l t o ~ 8 f o r p i o n s , 8-9 f o r 

kaons, 10-12 f o r p r o t o n s , and 9 f o r a n t i p r o t o n s . ( A p a r t from 

r e c e n t e x p e r i m e n t a l measurements(8*+) 0f i n c l u s i v e n e u t r a l 

p i o n s (up t o Pj. = 16.5 GeV/Cl p r o d u c t i o n a t c m . e n e r g i e s of 

53 and 63 GeV, Q ~ 9 0 ° , f r o m PP c o l l i s i o n ) t h e s e v a l u e s a re 

g e n e r a l l y c o m p a t i b l e w i t h those suggested by 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 s , g s u b j e c t which has a l s o shown a good 

success i n p r e d i c t i n g t h e v a l u e of n=M / 2 of t h e a s y m p t o t i c 

f o r m of 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 o f t h e e x c l u s i v e 

h a d r o n i c r e a c t i o n s , a t wide a n g l e , as: 

( A B - ^ h.fc) ~ S" ( I I I . 3) 

(68 ^ 

T h i s , however, c o u l d be ' c o r r e c t a t not t o o l a r g e energy 

(S < 100 GeV 2, j t j > 2.5 GeV 2). 



(111.2b) P a r t o n Hodels and C o u n t i n g Laws 

Given e x p e r i m e n t a l f a c t s i n Chapter T and c o n c l u s i o n t h e r e ­

i n encourage t h e idea t h a t hadrons are made of c o n s t i t u e n t s , or 

pa r t o n s i f we c o n s u l t as w e l l t h e success of l e p t o n s i n p r o ­

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

(see Chapter I I ) . I t i s , however, b e l i e v e d t h a t t h e d e s t r u c t i o n 

of t h e coherence o f t h e i n i t i a l hadron s t a t e s and t h e i r sub­

sequent e v o l u t i o n i n t o many new hadron s t a t e s have the f o l l o w i n g 

u n d e r l y i n g mechanism: 

Here a and b a r c some s o r t of c o n s t i t u e n t o f A and B, respec­
t i v e l y , which undergo a wide a n g l e c o l l i s i o n - depending on 

the f o r t h c o m i n g models - e i t h e r e l a s t i c a l l y o r q u a s i - e l a s t i c a l l y 

t o produce c and d. E i t h e r these p r o d u c t s themselves or t h e i r 

f r a g m e n t s appear as two f i n a l h a d r o n i c j e t s i n one of which ye 
± 

t r i g g e r on U° = k, a t l a r g e P t . Then t h e s c a l i n g b e h a v i o u r of 

t h e i n c l u s i v e c r o s s s e c t i o n , AB~^h,X, a t l a r g e Pt r e f l e c t s t h e 

s c a l i n g b e h a v i our o f t h e subprocess ab —*- cd which i s g i v e n by 

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 s d e f i n i n g : 

a 

u 

D i a g . I I I . l : The s t r u c t u r e of the l a r g e 
Pt i n c l u s i v e process AB —*- h\x i n a hard 

c o l l i s i o n model where t h e r e i s an 
u n d e r l y i n g 2-2 subprocess 

N = N/2 = n a c t i v e ( I I I A ) 
F- r pas s i ve -1 ( I I I . 5 ) 
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I n t hese e q u a t i o n s , n a c t i v e = n
s
 + n b + n c + n d i s t h e t o t n l 

nurnber of elementary f i e l d s ( q , 1, ) i n t h e h i g h P-̂  hard 
subprocess ab —*~ cd and n p g s s ; i _ v e = n(a.A) + n(bB) + n ( h i c ) i s 
th e number of elementary c o n s t i t u e n h s t h a t "v/sste" t he momentum 

i n t h e f r a g m e n t a t i o n s A —»- a, B~*-b, and c—>- h] . 

( I I I . 2 c ) S p e c i f i c Models 

I f i t i s s u p p o s e d ^ ^ t h a t t h e wide-angle quark-quark 

e l a s t i c s c a t t e r i n g s h o u l d s a t i s f y t h e demands of t h e dimen­

s i o n a l c o u n t i n g r u l e s ( I I I . 3 ) , t h i s g i v e s N = k i n (111 ,1) i n . 
(70) 

c o n t r a s t t o t h e e x p e r i m e n t a l r e s u l t . Also i t can be proved 

t h a t t h e u n d e r s t a n d i n g o f the e x c l u s i v e processes, i n t h e 

c o n t e x t of 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 s , needs s u p p r e s s i o n 

of t h e qus r k - q u a r k s c a t t e r i n g , On t h e o t h e r hand, f o r the 

c o u n t i n g r u l e s t h e r e i s no f i r m e x p e r i m e n t a l evidence, f o r 
(65) 

i n s t a n c e t h e consequences of these r u l e s are o n l y a p p l i c a b l e ' 
i n t h e l i m i t o f x t - ^ l w h i l e b u l k o f the data are i n the r e g i o n 
x t ^ 0 . 5 . F o l l o w i n g t h i s o r i e n t a t i o n , we see t h a t Feynman and 

(70) 
F i e l d (FF) have proposed t h a t t h e behaviour o f the qq qq 

s c a t t e r i n g s h o u l d s i m p l y be chosen i n such a way as t o f i t t h e 

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

experiment w h i c h p r o v i d e s t h e r e a s o n a b l e form o f t h e d i f f e r ­

e n t i a l wide-angle quark-quark e l a s t i c s c a t t e r i n g o f t h e sub-

process and n o t t h e c o u n t i n g r u l e s . I n t h i s approach t h e 

c o r r e c t P + and 9rtir, dependence i n ( 1 1 1 . 1 ) has l e d them t o 
li L. i l l 

chose t h e f o r m : 

£ «l/(-5* a> ( I I I . 7 ) 

where t h e i n v a r i a n t s s, t (and u) r e f e r t o t h e qq , qq 

a m p l i t u d e . I n t h i s model, t h e p r o p o r t i o n a l i t y f a c t o r , A, which 

i s used t o f i t t h e i n c l u s i v e c r oss s e c t i o n d a t a up t o P t = 5 GeV/C 



has t h e f o l l o w i n g 'numerical v a l u e : 

• A = 2 .3 x mb GeV 6 

However, of t h e data which f a v o u r ( I I I . 7 ) are those o f the 

angu l a r dependence o f the i n v a r i a n t c r o s s s e c t i o n f o r 

r e a c t i o n P P — t - K X a t 53 GeV i n F i g . 31 (as a s o l i d c u r v e ) . 

This f i g u r e , c o n f i r m s t h a t the more p e r i p h e r a l t h e p a r t o n 

s c a t t e r i n g , t h e more peaked i s t h e behaviour a t G = 0°. How­

ever, i n t h i s c l a s s of model, t h e r a r i t y of t h e h i g h energy 

wide angle p a r t o n s c a t t e r i n g i s c l a i m e d f o r t h e r a r i t y o f t h e 

cr o s s s e c t i o n . 

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

i t may be c l a i m e d t h a t t h e y s t i l l work and accept t h a t a t 

pr e s e n t e n e r g i e s quark-quark s c a t t e r i n g must be suppressed f o r 
some unknown reason. Then a c c e p t i n g t h e o t h e r c h o i c e s f o r 

a, b, c and d seems p e r m i s s i b l e . Biased t o v a r d s t h i s approach 

of wide v a r i e t y of p r o p o s a l s are t h e C o n s t i t u e n t I n t e r c h a n g e 
(71) 

Model whic h i n i t s language t he q u a r k - p a r t i c l e s c a t t e r i n g 
(72) 

i s supposed t o dominate, and t h e Quark Fusion model J i n 

which two c o n s t i t u e n t s f u s e t o produce the d e t e c t e d f i n a l 

S t a t e p a r t i c l e . Irs these classes of models one of the er.pa<~ed cartons 

i s supposed to be oat large i->t and the r a r i t y of such pert on s inside the 

.parent hadron accounts f o r the r a r i t y .of the cross section. 

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

sec-tion i n CIM s t i l l l o o k s l i k e ( I I I . 7 ) . V/e note t h a t t h e OF 

model i s a p o s s i b l e CIM term which i s s p e c i a l i n many ways. 

I n CIM a p a i r of q u a r k - a n t i q u a r k i s exchanged i n t h e t channel 

w h i l e i n OF cases, t h e exchanged o b j e c t i n t h e t channel i s a 

s i n g l e quark. 



&2, 

CT.il and OF models g i v e good f i t t o the v a l u e of N and 

the-., form of t h e f u n c t i o n £ ( * L>6) i n ( 1 3 1 . 1 ) . E x p e r i m e n t a l 

evidence f o r t h i s s tatement comes from f i t t o the 9 0 ° d a t a ^ ^ ' 

a t 200, 300 and kOO GeV, nt F e r m i l a b , and 90° ISH data ( 5°' a t 

31 j '+5 snd 53 C-eV v.-hich are shown i n F i g . 32 . 

( I I I . 2 d ) A P r o b a b i l i s t i c . F o r m u l a 

C o n s t i t u e n t s of hadrons are b e l i e v e d t o a c t f r e e l y i f r.Vieir 

p a r e n t s each i s having l a r g e enough momentum. However, the 

communication between these f r e e l y a c t i n g c o n s t i t u e n t s ( i n 

t h e d u r a t i o n of short; time and. d i s t a n c e s c a l e s ) f o r m t h e b a s i s 

o f t h e hard s c a t t e r i n g i n each of t h e a f o r e m e n t i o n e d s p e c i f i c 

t h e o r e t i c a l models (seeDiag. I I I . l ) . Based on t h e v a l i d i t y of 

such on idea we can g i v e a p r o b a b i l i s t i c f o r m u l a t o d e s c r i b e 

t h e i n c l u s i v e processes, AB—»-h,x, a t h i g h t r a n s v e r s e 

momentum. To d r i v e t h i s f o r m u l a , we may w r i t e a c o n v o l u t i o n 

i n t e g r a l over t h e s t r u c t u r e f u n c t i o n s G a / j ( x a , k t i 8 ) , G-^/q 

( x ^ j k ^ ) j snd D^1 (z,. ,k^. c) t i m e s t h e square of t h e m a t r i x 

element f o r t h e subprocess a b — ^ - c d . F u n c t i o n s &tx./(i des­

c r i b e the d i s t r i b u t i o n s of c o n s t i t u e n t cA i n s i d e t h e i n i t i a l 

hadron ft, and f u n c t i o n s D d e s c r i b e t h e d i s t r i b u t i o n o f 

hadrons / j w i t h i n the j e t (see l a t e r s e c t i o n s f o r t h e d e f i n i t i o n 

of j e t ) coming from the c o n s t i t u e n t °< . N o t i c e t h a t t h i s 

i n c o h e r e n c e between t h e s t r u c t u r e of the i n i t i a l s t a t e p r i o r 

t o t h e ha:"d s c a t t e r i n g process and the subsequent e v o l u t i o n of 

t h e s c a t t e r e d c o n s t i t u e n t s i s centra'.! t o the b a s i c impulse 

a p p r o x i m a t i o n approach t o the i n c l u s i v e processes a t h i g h 

t r a n s v e r s e momentum. 

However, w i t h r e s p e c t t o above rework? and i f t h e masses 

of s,b,c and d are n e g l e c t e d ( i . e . : I A (ab — *- cd) I * ~ ~ —«*) - r T, 

th e n t h e i n v a r i a n t c r o s s s e c t i o n c o r r e s p o n d i n g t o Diag. TTT.i 

http://CT.il
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may be g i v e n as 

Eds/dV(M_>u;AB-*-hIK)~T j ^ ^ b ^ M GhlB*cl •p-(5*>U'ab+#) ( I I T . 8 ; 

(82) 

where i t i s supposed t h a t t h e t r a n s v e r s e momentum d i s t r i b ­

u t i o n i s independent of the l o n g i t u d i n a l momentum d i s t r i b u t i o n 

w h i c h means, f o r i n s t a n c e ; 

s J V j = J d\ J ^ ' U ^ k L j (ITT . 9 ) 

I n above f o r m u l a s t he n o t a t i o n s read as f o l l o w s ( a l l d e f i n e d 

i n hadron beam t a r g e t c m . ) : x , a r e l o n g i t u d i n a l momentum 

f r a c t i o n s and k ^ ^ t r a n s v e r s e momenta of c o n s t i t u e n t s a and 

b i n parent hadron.? A and B r e s p e c t i v e l y . The o u t g o i n g con­

s t i t u e n t c fragments i n t o a hadron h^ which c a r r i e s momentum 

f r a c t i o n Z c and t r a n s v e r s e momentum kf- i C w i t h r e s p e c t t o c. 

The i n v a r i a n t s s, t , u r e f e r r i n g t o t h e hadron process 

AB h-jx are d e f i n e d i n Appendix B and s, t , u may be given, 

as f o l l o w s (when m 2
g ̂  d_ = 0 ) : 

1 A b ( I I I . 1 0 a ) 
t ~ (*./*«)*H -^As ( i n . 1 0 b ) 
u ~ ( x f c / * « J u + ^ - k i f c 1 ( i n . 1 0 C ) 

For t h e forms of the s t r u c t u r e f u n c t i o n s and l)f i n 

d i f f u s e d quark s c a t t e r i n g o f Feynman, F i e l d , and Fox ( F F F ) ^ 0 " 1 

we s h o u l d r e l a y on a c a r e f u l a n a l y s i s o f the l e p t o n processes. 

Indeed, as can be judged from F i g . 33) t h e i r c h o i c e s about t h e 

quark decay f u n c t i o n s l ) ^ " ' K are f i t t i n g a v a r i e t y of d i f f e r e n t 
(83) 

l e p t o n d a t a . On the o t h e r hand t h e p r o p o s a l of t h e Con­

s t i t u e n t I n t e r c h a n g e Mode! (CIM) f o r the G - f u n c t i o n s i s as 

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

g and stands f o r t h e f r a c t i o n of f!> ' s momentum which i s 

c a r r i e d by t< : 



6U. 

^ (»-*«) ( I J I . l l ) 

Here i s t h e minimum number of s p e c t a t i r e l ementary 

f i e l d s l e f t b e h i n d v/hen «; i s e x t r a c t e d from Also i n these 

t y p e of models the D - f u n c t i o n s have t h e f o l l o w i n g p r o p o s a l : 

P / ( z « ) ~ S< i - z . ) lfi,u (ITT.12) 

As i t i s seen from ( I I I . 8 ) t h e i n c l u s i v e c r o s s s e c t i o n 

f o r AB —>- h,x a t h i g h t r a n s v e r s e momentum equals t o the sum 

of t h e cross s e c t i o n s f o r c o n t r i b u t i n g wide angles subprocesses, 

such as ab —*- cd , w e i g h t e d by t h e f r a c t i o n a l momentum f r a g -

m e n t a t i o n p r o b a b i l i t y f u n c t i o n s and . T h e r e f o r e s c a l i n g 

of t h e i n c l u s i v e s p e c t r a r e f l e c t s t h e scale i n v a r i a n c e of t h e 

subprocess ab —*- cd.. However, as i t was d i s c u s s e d i n p r e v i o u s 

s e c t i o n , p a r t i c u l a r models d i f f e r i n the c h o i c e of the b a s i c 

i n t e r a c t i o n ( [1,1; r<i) ) . But d e f i n i t e l y , as i t was 

d i s c u s s e d p r e v i o u s l y , a ?L dependence of t h e i n c l u s i v e 

s p e ctra-coming from when t h e subprocess reads as q g + q^ 

q 1 + q' w i t h t h e q s t a n d i n g f o r t h e qu a r k s , and, hence, t h e a b 
c a l c u l a t i o n s based on i n s e r t i n g ( I I I . 7 ) i n t o ( I I I . 8 ) - i s n o t 

t r u e from p o i n t o f view of the e x p e r i m e n t a l r e s u l t s a s k i n g 
-8 

r a t h e r f o r a dependence. T h i s means t h e i n v o l v e m e n t of 

s i x e lementary f i e l d s i n f a v o u r of models as l i k e as t h e CIM 

and t h e quark f u s i o n model (QF). However an i m p o r t a n t way of 

d i s t i n g u i s h i n g between these models i s t o r e l a y on comparison of 

t h e c r o s s s e c t i o n s f o r d i f f e r e n t i n t e r a c t i o n s w i t h what i s 

p r e d i c t e d f r o m these models, a s u b j e c t which we t u r n t o a f t e r 

c o n s u l t i n g e x periments f o r knowing how the l a r g e P^ events a r e 

c o n s t r u c t e d . 
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I I I . 3 E x p e r i m e n t a l O b s e r v a t i o n Remarks 

( I I I . 3 a ) S t r u c t u r e of Large-Pt Events 

I n t h e c o n t e x t of the hard s c a t t e r i n g model t h e 

r e s u l t of t h e c o l l i s i o n has t h e f o l l o w i n g p i c t u r e i n 

t h e momentum space. I n t h i s space, t h e f i n a l hadrons 

appear i n a c o p l a n a r j e t c o n f i g u r a t i o n ( c o l l e c t i o n of 

s e v e r a l hadrons coming from c o n s t i t u e n t s which a r e i n ­

i t i a l l y i s o l a t e d i n momentum space) w i t h j e t s of hadrons 

a l i g n e d w i t h t h e d i r e c t i o n s of b o t h t h e s c a t t e r e d and 

u n s c a t t e r e d c o n s t i t u e n t s . Moreover, these j e t s are f o u r 

i n number. The f i r s t two are d e f i n e d w i t h r e s p e c t t o a 
i I i» mm 

charged or n e u t r a l p a r t i c l e , U° , a t l a r g e > \ 
( ~- u s u a l l y 2.0 GeV/C) which i s t r i g g e r e d upon i n space 
o f ( 3 > •> <f>) • T n i s t r i g g e r p a r t i c l e , /. ° , i s ± 

- ^« 

c o r r e l a t e d t o t h e o t h e r p r o d u c t s , M7 , which a r e a t \ 

such t h a t i f \ . \ K > o , t h e n h. are f o r m i n g the j e t 

towards t h e t r i g g e r . O t h e r w i s e , namely; i f fL <° ? \ 

form t h e j e t away f r o m t h e t r i g g e r . However, these two 

l a r g e Pj. j e t s do n o t have t o be c o l i n e a r i n t h e cm., 

s i n c e t h e c m . o f the s c a t t e r i n g c o n s t i t u e n t s i s moving. 

The o t h e r two j e t s are a t s m a l l P t and r e s u l t f r o m t h e 

break up of t h e beam and t h e t a r g e t hadrons. These 

sm a l l P t j e t s are c a l l e d t h e s o f t h a d r o n i e background 

(o r t h e low P. c l o u d ) and r e t a i n the main p r o p e r t i e s o f the 



"normal" events where no p a r t i c l e a t l a r g e P̂  i s produced. 

As f a r as t h e e x p e r i m e n t a l d i f f i c u l t i e s are 

concerned, events a t l a r g e P^ are compared t o normal 

events*, ( t h a t i s , f o r i n s t a n c e , normal i n e l a s t i c pp 

c o l l i s i o n s ) . . These are o b t a i n e d by a minimum b i a s 

t r i g g e r (see l a t e r s e c t i o n ) w h i c h s h o u l d t r i g g e r on any 

i n e l a s t i c pp c o l l i s i o n . 

However, i n what f o l l o w s , we p r e s e n t some e x p e r i ­
m e n t a l r e s u l t s s u p p o r t i n g t h e above i d e a s . 
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C I I I . 3 b ) Viewing the Normal Component E x p e r i m e n t a l l y 

Due t o t h e e x p e r i m e n t a l d i f . f i c u l t i . e s l i t t l e i f known 

about the behaviour of the s e c o n d a r i e s at low P^ i n t h e events 

a t l a r g e P^. However, of s u b j e c t s d i s c u s s e d i n t h i s p a r t i s 

t h e e f f e c t of t h e l e a d i n g p a r t i c l e b e i n g d e f i n e d as those 

s e c ondaries which are c a r r y i n g the same charge as t h e beam 

p a r t i c l e and most of the beam momentum. A s . i t i s seen from 

F i g . 32 i n c r e a s i n g ' ' t r a n s v e r s e momentum of t h e t r i g g e r 

causes t h e r e d u c t i o n of the f r a c t i o n of events w i t h a l e a d i n g 

p a r t i c l e i n t h e l a r g e P^ ev e n t s . Also shown i s t h e e q u a l i t y 
of t h e p o s s i b i l i t y o f o b s e r v i n g a l e a d i n g p a r t i c l e f o r 

d i f f e r e n t t r i g g e r s . 

( 1 1 1 a 3 c) Viewing t h e Towards J e t E x p e r i m e n t a l l y 

F i g . 3̂ - s h o w s ^ ^ t h e r a p i d i t y spectrum of p a r t i c l e s 

produced w i t h i n 3 25° a z i m u t h a l range of a t r i g g e r p a r t i c l e 

a t h i g h P̂ .. As i t i s seen, a t narrow a z i m u t h a l wedge around 

t h e t r i g g e r p a r t i c l e , t h e secondary p a r t i c l e s have formed a 

sharp narrow (A^**! ) peak at ^ = A j which r i s e s when t h e 
L o 

seco n d a r i e s are s e l e c t e d t o be a t h i g h P^ and when 0 i s 

i n c r e a s e d . These peaks are p r e s e n t f o r a l l s o r t s of charge-

c o m b i n a t i o n s . They are however t h r e e times b i g g e r f o r 

o p p o s i t e charge c o m b i n a t i o n s of t r i g g e r and s e c o n d a r i e s than 

t h e same charge c o m b i n a t i o n s of them. Also i t i s seen t h a t f a r 

f r o m ^ , t h e d i s t r i b u t i o n c o i n c i d e w i t h t h a t of normal e v e n t s . 

T h i s excess i s u s u a l l y r e f e r r e d t o as the towards j e t i n which 

p a r t i c l e s have a l i m i t e d ^ ' t r a n s v e r s e momentum ( o f about 300 

MeV/C) w i t h r e s p e c t t o the v e c t o r sum of t h e i r momenta ( i . e . t h e 

j e t d i r e c t i o n ) . T h i s statement has i t s c o n f i r m a t i o n from t h e 

p r e s e n t e d b a c k g r o u n d s u b t r a c t e d data i n F i g . 35 j where 

t h e data are d e s c r i b a b l e by a f u n c t i o n as l i k e as 6 
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r e p r e s e n t i n g t h e a f o r e m e n t i o n e d v a l u e . 

C o i n c i d e n c e of !".he t w o - p i o n i n v a r i a n t c r o s s s e c t i o n f o r 

a l o n g s i d e p r o d u c t i o n at 9 0 ° w h i c h m a y b e w r i t t e n as: 

A3?, Jr*. « Chi +TiS" ? ( + a j - £ > ( i n . 13) 

w i t h those of t h e s i n g l e p a r t i c l e i n c l u s i v e s p e c t r a ( b e i n g 

shown as s o l i d c u r v e i n F i g . 3*5) e x h i b i t s t h e f a c t t h a t a i l 

members of t h e j e t come fr o m t h e same p a r e n t . T h i s parent 
(77) 

cannot j u s t be the resonance decay. For i n s t a n c e , e s t i m a t e d 

f r o m t he data on t h e i n v a r i a n t mass d i s t r i b u t i o n M(*n: in ) and 

M ( T C + T C ) , (re-presented i n F i g . 37) j u s t l6% of ix ' s w i t h 

Pt > 2.C GeV/C can come from / - d e c a y . 

( I I I . 3 d ) V i e w i n g t he Away J e t E x p e r i m e n t a l l y 

Independent of the t r i g g e r r a p i d i t y and c e n t r e d a t 3 ~ 0 

a r e t h e d a t a ^ ^ shown i n F i g . 38 r e p r e s e n t i n g t h e r a p i d i t y 

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

d i r e c t i o n s which i s named as away s i d e j e t . This r e j e c t s t h e 

i d e a ^ ^ - * of a back-to-back c o r r e l a t i o n i n r a p i d i t y g i v i n g hope 

t o the idea of h a v i n g a c o n f i g u r a t i o n i n which the away and 

towards j e t s t e n d t o balance t h e i r t r a n s v e r s e and l o n g i t u d i n a l 

momenta. Comparing the pr e s e n t e d data i n F i g s . 3*+ snd 38 

g i v e s t h i s idea t h a t t h e away j e t i s c o v e r i n g a w i d e r a n g u l a r 

range. Indeed, as i t i s seen frcrr. t h e a z i m u t h a l d i s t r i b u t i o n s 
. t' 
*• 

(79) 
data . of F i g . 39, t h e r e i s a broad bump {- 9 0 ° ) over t h e 
background of t h e normal events which i s r i s i n g w i t h ? L 

T h i s may mean t h a t t h e m u l t i p l i c i t y o f the away j e t grows 
k* 

w i t h T t when i t i s i n t e g r a t e d over a l l P t of away produced 

p a r t i c l e s . T h i s can be seen f r o m F i g . hO where t h e data a r e 

f i t t e d t o a l i n e a r l y r i s i n g f u n c t i o n ; 



69-

w i t h h d e n o t i n g , the t r i g g e r . s p e c i e s t o the n a t u r e of which t h e 
t 

behaviour of t h e shown data do not depend. 

I t may be n o t e d t h a t i f i n c m . , 0 i s d e f i n e d a s : s$ =—2. 

such t h a t ( ?j_ ) = £ •* 7̂  w i t h P x and P d e f i n e d as: 

b- x-y P r o j e c t i o n 

^ Away 
•?* Towards 

Towards —*—^— 

a-x=z P r o j e c t i o n 

Away 

P* = • P. i 

D i a g . I I I . g : The c o o r d i n a t e , s y s t e m used t o 
d e s c r i b e t h e p r o d u c t i o n a t ' h i g h P+: i n AD 
c o l l i s i o n , x-z D i a n e . i s t h a t of t h e 
beam A T and t r i g g e r hadron /° 

t h e n , t h e s h r i n k i n g of 0 d i s t r i b u t i o n s w i t h # i n F i g . 39 may 

mean t h a t t h e component Pou*; " P y, out of t h e t r i g g e r i n g p l a n e , 
(72 ) 

i s l i m i t e d . More c l e a r l y , t h e shown P o u t d i s t r i b u t i o n s 

( f o r d i f f e r e n t P x i n t e r v a l s i n t h e case) of t h e 9 0 ° f r * 

t r i g g e r , ' as i t i s seen i n F i g . are independent o f P x and 

show an e x p o n e n t i a l c u t - o f f i n P o u ^ , ^ p o u 1 1 ? j n f a v o u r o f the 

expected c o p l a n a r s t r u c t u r e i n p a r t o n models. 
Among t h e away p a r t i c l e s , and t h r o u g h t h e c o r r e l a t i o n 

c o n s i d e r a t i o n t h e r e i n , i t i s p o s s i b l e t o f i n d o u t t h a t the 
(P~\ } 

away p a r t i c l e s e x h i b i t ' a s t r o n g s h o r t range c o r r e l a t i o n 

i n r a p i d i t y . This c o n f i r m s t h e case t o be t h e same as when 

the away p a r t i c l e s have come from a narrow j e t ( A # ~ i ) . How­

ever as i t i s seen from F i g . >+2 a s t r o n g e r (by about a f a c t o r 

of 2) c o r r e l a t i o n e x i s t s f o r o p p o s i t e charge p a i r s than f o r 
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t h e p a r t i c l e s of t h e same charge. T h i s has been assigned 
t o a s u b s t a n t i a l resonance p r o d u c t i o n . T h e r e f o r e we have 
evidence c o n f i r m i n g p r e v i o u s ones t h a t t h e r e e x i s t s a. narrow 
j e t l i k e s t r u c t u r e i n t h e away s i d e r e g i o n which i t s a x i s 
changes d i r e c t i o n from one event t o another ( t h i s s t a y s 
sometimes f o r t h e name of an away f a n - l i k e j e t ) . 

1 1 1 . h ' T h e o r e t i c a 1 P r e d. i c t i o n s 

( I I I ,ka) Remarks B e l a t e d t o t h e '6ingle P a r t i c l e Cross S e c t i o n 

I n t h i s p a r t we are concerned w i t h the beam r a t i o s . 

However, we- know t h a t i n a f o r e m e n t i o n e d s p e c i f i c t h e o r e t i c a l 

models, most o f the P^ dependence of t h e cr o s s s e c t i o n a r i s e s 

from t h e s c a t t e r i n g r u l e chosen, w h i l e t he a n g u l a r b e h a v i o u r 

o r i g i n a t e s i n t h e break up of t h e i n c i d e n t hadrons which i n 

t u r n depends on the d i s t r i b u t i o n of momentum among con­

s t i t u e n t s making up the p a r t i c l e s . T h e r e f o r e , f o r two 

d i f f e r e n t beams, A and E, the p r o d u c t i o n r a t i o of a g i v e n 

t y p e of l a r g e P T p a r t i c l e , e.g.: 

K ( A / b ) = — n r — ^ .— r - H i . 15 

samples the r a t i o o f A. and B s t r u c t u r e f u n c t i o n s . For 

i n s t a n c e , i f A and B a r e , r e s p e c t i v e l y , p r o t o n and p i o n , then 

we need t o have £<|/«|>yjf when we are f i t t i n g t h e data oh IUP/TT ) 

from t h e v i e w p o i n t of t h e d i f f u s e d quark, model. I n t h i s model 

&f\l^> i s g i v e n from t he l e p t o n induced processes (see F i g . h2»a) 

w h i l e Gw/-. has been assigned a c o n s t a n t v a l u e ( ~ 0 . 2 5 . dashed 
I ; It 

l i n e i n F i g . ^3b) from t he t h e o r e t i c a l p r e d i c t i o n s , because 
/TC 

t h e r e i s no e x p e r i m e n t a l i n f o r m a t i o n on v> wz . W i t h these 

c h o i c e s f o r &c{/?iK we get a poor f i t t o the data on R(P/TT ) 

(dashed curve i n F i g . kU). However, t o f i t t h e data p r o p e r l y , 

we may suppose t h a t t h e ( v a l e n c e ) quark and a n t i n u a r k 
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d i s t r i b u t i o n s i n p i o n go not t o zero ( l i k e ( 1 - x ) , as i s 
s t a t e d i n c o u n t i n g laws) as x 1 but t o a c o n s t a n t (as i n 

(?cn 
F i g . *+3b, the s o l i d l i n e s ) r e s u l t i n g '• i n a b e t t e r f i t t o t h e 

beam r a t i o R(P/"IC ) which i s seen as a s o l i d c u rve i n F i g . M+. 

On t h e o t h e r hand, based on a r e f i n e d v e r s i o n of t h e G - f u n c t i o n 

i n t h e CIM and QFM, Chase and S t i r l i n g have f i t t e d t h e 

data on the same r a t i o . T his i s seen i n F i g . >+5. where t h e QF 

curve i s a l r e a d y an or d e r of magnitude t o o s m a l l a t x̂ . = 0 . 3 . 

T h i s disagreement I s because o f t h e i n v o l v e d type o f a n t i q u a r k 

needed f o r the f u s i o n which changes from v a l e n c e t o nonvalence 

when t h e beam i s changed from a p r o t o n t o 3 p i o n . T h i s i s 

a g a i n s t a p r e d i c t e d VV/VV (V f o r v a l e n c e ) shape of R(P/rt ) fro m 

t h e o t h e r two models (- d i f f u s e d quark model and the CIM). T h i 

id e a i s s u p p o r t e d ^ ^ a l s o by comparing t h e i n c l u s i v e , hig:; P*., 

TX° p r o d u c t i o n s p e c t r a f r o m "K~ , K, P and P beams a t IOC and 200 

GeV/C f o r - 6 c m r a n g i n g f r o m 2 ° t o 1 1 5 ° . and P t ; < 1 +.5 GeV/C (see 

F i g . ^ 6 ) . As shown i n t h e bottom row of F i g . U6, the r a t i o 

Pi(P/P)is c l o s e t o 1. T h i s v a l u e i s what i s expected when t h e 

subprocesses e m i t t i n g 3 s i n g l e h i g h P̂. quark produce as many 

T t D a s those e m i t t i n g an a n t i q u a r k . I n the o t h e r words, t h i s 

v a l u e of R(P/P) cannot be a n t i c i p a t e d by the quark f u s i o n 

model s i n c e here we expect t o see t h e enhancement of t h e 

cro s s s e c t i o n i n PP i n t e r a c t i o n s ( t h r e e v a l e n c e q i n t h e 

i n i t i a l s t a t e ) r e l a t i v e t o PP i n t e r a c t i o n s . 

The be h a v i o u r o f t h e r a t i o s i n F i g . h6 a l s o suggests 

t h a t t h e quarks s c a t t e r w i t h o u t r e g a r d t o f l a v o u r ( i . e . : 

u,d, o r s ) . Oth e r w i s e t h e r e would be j u s t a r e d u c t i o n i n t h e 

magnitude o f t h e cr o s s s e c t i o n r e l a t i v e t o t h e p i o n p r o t o n 

i n t e r a c t i o n s and t h e shape would be t h e same. However, t h e 

v a r i a t i o n i n t h e r a t i o s o r i g i n a t e i n t h e l a r g e r p r o b a b i l i t y 

f o r t h e quarks i n t h e p i o n and kaon t o have a g r e a t e r p o r t i o n 

of t h e i n c i d e n t momentum. 
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(111 . k b) Jet. Cross S e c t i o n : T r i g g e r B i n s : Smearing 

St r o n g peaking o f p a r t i c l e d e n s i t y i n the t r i g g e r 

d i r e c t i o n ( i n t h e F i g . 3*+) means t h a t t h e number of c o r r e l a t e d 

p a r t i c l e s i s s m a l l - t h a t i s : most of the j e t momentum s h o u l d 

b e ' c a r r i e d by t h e t r i g g e r i n g p a r t i c l e . Eased on p r o v i n g t h i s 
(87) 

p o i n t i s t h e experiment done by BFS group ' ' ' who have e s t i m a t e d 
± ± 

t h e momentum f l o w f o l l o w i n g t h e t r i g g e r n = n , which i s 
e m i t t e d a t 9 0 ° , as a f u n c t i o n o f ?i and t h e t r i g g e r t y n e . 

,± 
k ° 

C o n s i s t e n t w i t h t h e d a t a , a l i n e a r dependence on ?im i s seen 

i n F i g . h7 where the mean v a l u e < T?«> of t h e t o t a l momentum 

c a r r i e d by a l l charged p a r t i c l e s f o l l o w i n g t h e t r i g g e r w i t h i n 

t h e r a p i d i t y i n t e r v a l I 31 < I i s p l o t t e d as a f u n c t i o n of \ -

For t he most r e l e v a n t p o i n t s , i . e . f o r f j . > 2 GeV/C, however, 

o n l y the slopes f o r TC + and i f t r i g g e r s are w e l l c o n s t r a i n e d by 

th e d a t a , such t h a t : d < 2 T x > / / d ^ = 5"-6 ± \°/o . Even 

a l l o w i n g f o r unseen n e u t r a l p a r t i c l e s , t h i s number never 

exceeds 10% w h i c h by i t s e l f means t h a t t h e t r i g g e r c a r r i e s a t 

l e a s t 90/c of t h e t o t a l j e t momentum. 

However, t h i s p e c u l i a r i t y o f j e t s i s b e l i e v e d t o be. a 

d i s t o r t i o n i n t r o d u c e d by the- s i n g l e p a r t i c l e t r i g g e r a t l a r g e 

-P^, t h a t i s , the t r i g g e r b i a s e f f e c t . To see what t h i s i s , we 

r e c a l l t h a t t h e f r a g m e n t a t i o n f u n c t i o n , D, s c a l e s ( i . e . : D ~ 

D ( z ) ) and i g n o r e , c o n v e n t i o n a l l y , t h e t r a n s v e r s e moraentuc of 

th e p a r t o n s w i t h i n t h e hadrons and of t h e j e t f r a g m e n t s 

r e l a t i v e t o t o t a l j e t momentum. We may then p a r a m e t r i z e t h e 

c r o s s s e c t i o n f o r the p r o d u c t i o n o f a p a i r o f equal and 

o p p o s i t e t r a n s v e r s e momenta P^ a s ^ ^ f o l l o w s : 

± 
E d e / J ^ A/?L«~i ; £ - 1^° ( I I I . 16) 

W i t h ( I I I . 1 6 ) t h e s i n g l e p a r t i c l e spectrum a t l a r g e -P t i s 

g i v e n by t h e f o l l o w i n g c o n v o l u t i o n i n t e g r a l : 
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E J S / ^ - ^r, J** * w" 2• ̂  = * ( I I I . 1 7 ) 

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

j e t s are t h e same. From ( I I I . 1 7 ) i t i s r e a l i z a b l e t h a t t h e 

s i n g l e p a r t i c l e c r o s s s e c t i o n has t h e same pov:er dependence as 

t h e j e t c r o s s s e c t i o n i f and o n l y i f D(z) s c a l e w i t h F t. Also 

N being b i g means t h a t t h e s m a l l v a l u e s of z can n o t c o n t r i b u t e 
N-? (3^^ much t o t h i s i n t e g r a l because of the term z' " ( e x p e r i m e n t a l l y ; 

<z> .-m o.9 ) . However, t h e l a r g e r t h e v a l u e o f N, t h e more 

marked i s t h i s t r i g g e r b i a s e f f e c t . 

However, i t i s shown t h a t t h e cr o s s s e c t i o n f o r t r i g g e r i n g 

on- a j e t o f p a r t i c l e s i s two o r d e r s o f magnitude b i g g e r t h a n 

the c r o s s s e c t i o n f o r t r i g g e r i n g on a p a r t i c l e w i t h t h e same 

t r a n s v e r s e momentum such t h a t a l a r g e r a t i o R - J e t / s i n g l e o f 

t h e o r d e r o f 100 can be o b t a i n e d . For the n a i v e CIM we get 

R = 1 , w h i l e i n t h e d i f f u s e d quark model R of o r d e r o f 100 has 

the f o l l o w i n g e x p l a n a t i o n s : I n ( I I I . 7 ) JG/O1! f a l l s o f f 

r a p i d l y w i t h t r a n s v e r s e momentum of t h e o u t g o i n g quarks w i t h 

r e s p e c t t o t h e t r a n s v e r s e momentum of the incomin g ones. For 

a f i x e d XL } 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 € / J i enhances 
t h e c o n f i g u r a t i o n s i n which t h e i n t e r n a l t r a n s v e r s e momenta, 

kjL« b ' P ° ^ n ^ * o w s r < ^ s ^ i " ( D i a g . I l l " 3 a j 'be la-/) w h i l s t pro­

d u c t i o n o f would be d i f f i c u l t when t h e t r a n s v e r s e momenta 

of t he p a r t o n s , K L5> ^ r e a n t i a l i g n e d ( D i a g . I I I . 3b,below). 

The enhancing e f f e c t of Diag. I I I . 3 a exceeds t h e d e p r e s s i n g 

e f f e c t o f D i a g . I l l . & b , a net enhancement r e s u l t s . However, a l l 

t o g e t h e r t h i s e f f e c t decreases t he t r a n s v e r s e momentum on t h e 

away s i d e (see ttags. I T I . ^ a and I . T I . J c ) . 



" f 
i Small Away 

X I I 
L ( a ) 

~3»~ 

( b ) 

I ormal E s t i m a t e 

D i a g . TTI.-3; Schematic d e s c r i p t i o n of t h e i n t e r n a l 
t r a n s v e r s e momenta .when ( a ) t h e y are a l i g n e d 

towards t he t r i g g e r , ( b ) ' t h e v are a n t i -
a l i g n s d . and i c ) t h e y are t o be n o r m a l l y viewed 

The b a s i c i n t e r n a l t r a n s v e r s e momentum dependence, i n t h e 

f o r m a l i s m s , i s c a r r i e d out by a f u n c t i o n l i k e febj.) when t h e 

t r a n s v e r s e momentum d i s t r i b u t i o n i s independent o f x. Thi s 

means t h a t t h e quark p r o b a b i l i s t i c f u n c t i o n T ( n , i i j ( i . e . e i t h e r 

quark d i s t r i b u t i o n or quark f r a g m e n t a t i o n f u n c t i o n s ) can be 

decomposed as; 

where the c a r r i e d energy f r a c t i o n , xK , i s d e f i n e d as 

( I I I . 1 3 ) 

( I I I . 1 9 ) 

For £(1̂ ,) m o s t l y an e x p o n e n t i a l form*, 

(TTI.20) 

i s chosen such t h a t ; 

<k i> B a/b ( I I I . 2 1 ) 

Choices may t y p i c a l l y be; b = 6 (GeV/C) " 3-( < K*.*- = 330 MeV/C) 

or b = M-(GeV/C)"1(< fe.> = 500 MeV/C). E x p e r i m e n t a l l y ^ ^ ) f o r 

hadrons f r o m q u a r k s , f o r example, t h e SPEAR data have been 

found t o be f i t a b l e t o <?xp <-fcb.i> (see F i g . '48a) w h i l e f o r 



quark from hadrons A - p a i r data (shown i n F i g . W8b) suggest a 

l a r g e r <hx>h ^ ~ 7710 MeV/C th=n <• * * i > H h . 
However, by i n t r o d u c i n g a p p r o p r i a t e c u t - o f f , e x t r a o r d i n a r y 

e f f e c t s of quark trp.nsve.rse momentum can be m i n i m i z e d . 
(8) _ 

Feynman et a l (FFF) by i n t r o d u c i n g a v e r y Large s and t c u t 
O f f ( M j ~ u C e v a , M j - 2 «»r ^ h ^ ^ - S o o Mgy/C ) i n t h e i r 

m o d i f i e d v e r s i o n of ( I I I . 7 ) namei/: 

3 a - 3 
J&fR - l / ! s t M . } i M ; - l ! ( I I I . 7 a ) 

f o r c e t h e hard s c a t t e r i n g of quarks s t i l l t o be t h e dominant 

one. 

( I I l A c ) The P Q U t D i s t r i b u t i o n 

The most s e n s i t i v e e x p e r i m e n t a l q u a n t i t y t o J;he t r a n s v e r s e 

momentum of t h e quarks w i t h i n t h e i n i t i a l hadrons i s t h e degree 

t o which t he c o l l i s i o n d e v i a t e s from c o p l a n ? . r i t y . This i s 

c a l l e d t h e P o u t d i s t r i b u t i o n ( o r ̂  d i s t r i b u t i o n o f F i g . 39). 

The shown data on t h i s i n F i g . ^ 1 are too broad. T h i s may bo 

because of c o n s i d e r i n g i t w i t h o u t paying a t t e n t i o n t o t h e 

t r a n s v e r s e m o t i o n o f the par tons i n the n a i v e p s r t o n p i c t u r e . 

However, by c o n s u l t i n g (171.18) i t has been, argued t h a t , 

f i r s t of a l l j away s i d e o u t g o i n g quark r e c e i v e s P O U £ (see 

Diag. I I I . 2 ) ( f r o m < h 1 > k . ^ i < ! and from t h e t r i g g e r s i d e j e t 

hadron t r a n s v e r s e momentum spread-, •< kx5>c,)5 w h i c h , s e c o n d l y 

i s t r a n s f e r r e d t o t h e hadrons f r a g m e n t i n g f r o m t h i s away quark" 

( a f t e r b e i n g s c a l e d down by x e , the r a t i o of hadrons momentum 

r e l a t i v e t o the quark momentum (see D i a g . I I 1 . 2 ) ) . Also t h e 

fragmented hadrons r e c e i v e a component due t o < k.> 

Hence ; 

W *e * l j + < ^^( .^ i . . ( T i l .22) 

http://trp.nsve.rse


which w i t h respect, t o momentum c o n s e r v a t i o n demanding f o r t h e 

v a l i d i t y of vj - f,c wher e ?/ « < K L ^ _ „ H / z , ve g e t : 

< W > = : " - e ( < ^ > ^ ^ ^ r ^ + i X ^ i . ^ ) ( n r .23) 

T h i s i s c a l l i n g f o r t h e dependence o f < F 0 u t > on x Q . However 

i f < kj.> ~ 3^0 MeV/C (see F i g . 35) and < k x > £ 500 XeV/C 
(P2) ' 

t h e n , x e dependence o f < P 0 u t > i s q u i t e c l e a r l y e v i d e n t 

from F i g . h9 f o r t h e v a l i d i t y o f ( I I I . 2 3 ) . 

( I I I . k d ) The Towards Component S t r u c t u r e 

For t h e CIM t o have t h e chance of p r e d i c t i n g t h e e x p e r i ­

m e n t a l data t h i s model has been extended as such t h a t , f o r 

i n s t a n c e , i n terms l i k e Q + H —*• Q + m t h e system H can emerge 

e i t h e r as a s i n g l e s t a b l e meson or as an e x c i t e d nq system, 

t h a t i s a resonance. To accept so, i t i s necessary t o i n t r o -

duce a decay f u n c t i o n J>^# t o f i t t h e d a t a , and, hence, 

e x h i b i t t h a t t he produced a s s o c i a t e d p a r t i c l e s t o be j u s t t h e 

re m a i n i n g decay p r o d u c t s of t h e a f o r e m e n t i o n e d system M. 

This D - f u n c t i o n , which i s s i m i l a r t o t h e one shown p r e v i o u s l y 

f o r t h e d i f f u s e d quark model, s p o i l s K f J - t h e s u c c e s s f u l s i n g l e 

p a r t i c l e cross s e c t i o n p r e d i c t i o n s o f t h i s model ( i t changes 

t h e power of (1-x ) , see ( I I I . 1 1 ) ) . Also p r a c t i c a l l y t h e 

resonances are absent i n the i n v a r i a n t mass s p e c t r a of Fig.37-

On t h e o t h e r hand, i n t h e d i f f u s e d quark model t h e r e p e a t a t i o n 

of t h e s p e c t r a of the s c a t t e r e d p a r e n t p a r t o n c o u l d be sn 

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

t h e data i n I ' i g . 3° • However, t h e two p a r t i c l e c r oss s e c t i o n s 
(82 ) 

can be o b t a i n e d f r o m ( I I I . 8 ) w i t h r e s p e c t t o t h e f o l l o w i n g 

mechanism i n p a r t o n p i c t u r e ; ' 



Dlag . I I I , .k'. Unambiguous mechanism f o r 
t r i g g e r meson w i t h a v a l e n c e ouark s t r u c t u r e 

where the ^ - f u n c t i o n i n ( I I I . 8 ) now reads as: 

the esse o f D i a g . I I I ,|+, f o r instance^, z, z^, and Z2 read 
n p »•"-*•«?• p"̂  pit" 

o l l o w s : ^ — J. I I . - r + ' , z - _1 and z, = J — ' 

For 

as f o l l o w s 

1 b e h a v i o u r o f the D - f u n c t i o n s i n r e These determine t h e z -

we can have, ( l - z , ) = (»-*)(/+pn)/(fr+^,(i-'a:)) • N o w » b;' b e i n 

concerned . j u s t , f o r example, w i t h t h e , h i g h P t, p i o n p r o d u c t i o n s , 
we suppress c o n f i g u r a t i o n s c o n t a i n i n g t h e same charge combina­
t i o n s w i t h r e s p e c t t o those which c o n t a i n t h e u n l i k e charge 

c o m b i n a t i o n s . This i s done.in account of the smallness o f , 
_.+ 

say, • Also we accept a f a s t e r decrease f o r T>u r e l a t i v e 
_+ 

t o T>u t o be due t o t h e p r o d u c t i o n of (++) b e i n g s m a l l e r than 

( + - ) . However, based on these ideas are the p r e s e n t e d ^ ^ ) 

t h e o r e t i c a l p r e d i c t i o n s f o r t h e r a p i d i t y spectrum o f a s s o c i a t e d 

p a r t i c l e s i n F i g . 50. 

I n t h i s model t h e r e e x i s t s a l s o a f a c t o r o f s i x r i s e 

between /T = 19 and 53 GeV f o r s e c o n d a r i e s w i t h P f c > l GeV/C, 

w h i l e f o r s e c o n d a r i e s w i t h P^ > 0,3 GeV/C i t i s o n l y a f a c t o r 

of about 2.5- Q u a n t i t a t i v e l y , t h i s has been, r e l a t e d t o the • 

i n c r e a s e of t h e lower bound of the z i n t e g r a t i o n i n ( I I I . 3 ) 

r e f l e c t i n g the gradual f l a t t e n i n g of the s i n g l e p a r t i c l e P,. 
'j 

d i s t r i b u t i o n w i t h i n c r e a s i n g energy. T h i s can be seen from 
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(7* 1 
F i g . 51 showing ^ ' a measurement of t h e charged p a r t i c l e s 

produced i n a F r o c i a t i o n w i t h a s i n g l e p a r t i c l e "Tr9 t r i g g e r a t 

90°. 
W i t h n o t i n g t h a t the- c o n s i d e r a t i o n c o n c e r n i n g F i g . ^0 can 

a l s o be c o n s i d e r e d f o r towards p a r t i c l e s , i t can be seen from 

th e f i g u r e t h a t t h e toward m u l t i p l i c i t y i s h i g h e r f o r the 

p r o t o n t r i g g e r than f o r the p i o n t r i g g e r . I t i s because of t h e 

f a s t e r decrease of D- r e l a t i v e t o D when z 1, namely, a 

p r o t o n c a r r i e s a lower f r a c t i o n OJ t h e p a r e n t p a r t o n momentum 

than a p i o n , and, t h e r e f o r e , l e a v e s more energy f o r o t h e r 

p a r t i c l e s t o be produced i n t h e f o l l o w i n g c e r t a i n f o r i ; , of 

p r o d u c t i o n : + 

<//, > ~ Ly ( — - " ' ) ( i n . 25) 
{ O W A H W ° v < s > ' SinS 

T h i s means t h a t t h e compensation o f the i n c r e a s e of < z >- w i t h , ± + h ° U °" f i s done by t h e f a c t o r i t s e l f . A part from p r a c t i c a l 

absence of the e x i s t e n c e o f double-charged ( o r many p a r t i c l e ) 

resonances c o r r e s p o n d i n g t o the double charge c o r r e l a t i o n i n 

the CItt model, above idea c o n c e r n i n g m u l t i p l i c i t y can be 

argued t o be v a l i d i n the c o n s t i t u e n t i n t e r c h a n g e model as 

w e l l . 

(111.ke) Away Component S t r u c t u r e 

( I I I . 8 ) s h o u l d be m o d i f i e d i n the presence of t h e away 

component f o r w h i c h we can have: 

1 5 + Jfr i f • ( v ) ) Jlhl j « *fi z (ITT . 2 6 ) 

T h e r e f o r e ( I I I . 2 1 ) c o u l d read now as: 

f h h 
iG/Vf^V<\ * A « « < ^ C * > * * » W t W > ( I T ! .27) 



where w i t h r e s p e c t t o the r e l a t i o n P., + P^ = Pr, + P H i t may be 
y o vJL 

proved t h ; ; t : 

* v l l / ? " ' ' ̂  ~" / v V ( I I I . 2 3 ) 

^ = 3 c~ga ' T~x/* i* + ̂ -<>"lZ > *K.='Vi-^*<p (in.30) 
±. • * 

Hov/ever, i f f o r A + B ( k° s=f>,)+^ =^2) + x (A and B are 

p r o t o n s ) G>nji'i goes t o zero at t h e lower and upper bounds o f 

the a l l o w e d r e g i o n ( I I I . 3 ° ) , and as we can have ~ ( \ - x f , 

then t he maximum can be shown t o be a t t h e p o i n t o f r a p i d i t y 

equal t o what f o l l o w s : 

or e q u i v a l e n t l y a t 

V/e see t h a t t h e peak sh o u l d be c e n t r e d near c J f e 2
0 and 

s h i f t e d a l i t t l e o p p o s i t e t o " ^ i s s m a l l . T h i s i s t h e case 

of t h e maximal p e r i p h e r a l l y , because s h i f t i n g of the peak t o 

the t r i g g e r s i d e occurs ~ i n t h e d i f f u s e d quark model of 

Feynman et a l (FFF) - i f the d i f f e r e n t i a l quark s c a t t e r i n g 

a m p l i t u d e s read as ( I I I . 7 ) being symmetric about ^ = o i n 

agreement w i t h e x p e r i m e n t , see F i g . 52. From F i g . 52a i t i s 

c l e a r t h a t t h e • experiment i s lower t h a n t he t h e o r e t i c a l c u r v e . 

However by choosing < kL> g r e a t e r than 330 MeV/C ( o r n e a r l y 

equal t o 500 MeV/C) t h e s i z e of t h e o r e t i c a l c u r v e goes down i n 

becoming comparable w i t h e x p eriment. 

From Diag.111.1 i t i s e v i d e n t t h a t t h e s i t u a t i o n on the 

away s i d e of t h e d i f f u s e d quark model of FFF. and CIM of EBG 

lo o k s s i m i l a r w i t h each o t h e r . For i n s t a n c e t h e i r p r e d i c t i o n s 
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f o r norm-all n a t i o n on t h e a-*/ay r i d e i s s i m i l a r . However, w i t h 
the n o r m a l l y quoted form f o r the- CTM model we get a "back 
antiback." t h e o r e t i c a l p r e d i c t i o n f o r t h e away s i d e r a p i d i t y 
shape shown i n F i g . 52b, which i s c l e a r l y i n disagreement 
w i t h experiment. E e c e n t ^ ^ p r o p o s a l which concerns t h i s 
p o i n t agrees more w i t h a form as l i k e as ( H I =7) f o r s p i n 

quarks. 

I l l 5 ^ r n v _ . P a r t i c l e Events 

(ITT.. 5a) Many P a r t i c l e T r i g r e r Experiment 

I t i s b e l i e v e d t h a t i n measuring the t o t a l hadron energy 

d e p o s i t e d i n a g i v e n s o l i d a n gle and t h e r e f o r e the t o t a l j e t 

energy (independent o f i t s unknown f r a g m e n t a t i o n f u n c t i o n , D) 

no t r i g g e r b i a s c o u l d a f f e c t t h e e x p e r i m e n t a t i o n . T h i s s o r t 

of measurement, however, has been done by u s i n g a hadron 

c a l o r i m e t e r a t FNA1- (e x p e r i m e n t E 260). The d e v i c e con­

t a i n s two f o u r - s e c t i o n c a l o r i m e t e r s . Each of these c a l o r i m e t e r 

t r i g g e r s when t h e t o t a l P t > 0,75 GeV/C. Moreover, what i s 

s u g g e s t i v e of a j e t , t r i g g e r can be seen i n F i g . 53)j d e n o t i n g 

a sum over a l l events i n s e c t i o n s o f one of th e c a l o r i m e t e r s as 

a j e t ' event a t l a r g e P̂ .. A l s o , t r i g g e r i n g on a s i n g l e p a r t i c l e 

t r i g g e r had been done under s a t i s f y i n g the c o n d i t i o n o f hav i n g 

a s i g n a l from any one s e c t i o n t o exceed a p r e s e t t r a n s v e r s e 

momentum b i a s of 3 GeV/C - see F i g . 53s where t h e second s e c t i o 

in. t h e l e f t x - a x i s c a l o r i m e t e r shows a s i n g l e t r i g g e r Pj. of 

3.81 GeV/C= A t y p i c a l E 260 j e t , shown i n F i g . 53-b, c o n s i s t s 

of ( 4 4 T ^ ^ S ^ O . 

( i ) Charged hadrons (mean charged 

m u l t i p l i c i t y t h r e e ) 57$ 

( i i ) Photons ( TT-°» J doc ay) 3<$ 

( i i j ) N e u t r a l hadrons (13 - S ) % 
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( 1 1 1 . 5 b) Many P a r t i c l e Event and S p e c i f i c .Models 

V.'e f i r s t r e c a l l t h a t t he r a t i o of the j e t c r o s s s e c t i o n 

t o t h e s i n g l e p a r t i c l e cross s e c t i o n (R = J e t / S i n g l e p a r t i c l e ) 

can be expected t o be R := 1 i n the n a i v e c o n s t i t u e n t i n t e r ­

change model. T h i s i s not c e r t a i n l y c o n f i r m e d by t h e r e p o r t e d 

p r e l i m i n a r y r e s u l t s of E 260 from a s h o r t r u n on a B e r y l l i u m 

t a r g e t ( a t momenta up t o 200 GeV/C). The P. which i s p r e d i c t e d ^ 9 9 

t o depend on x, and Q„ r. , f o r 9„ n. 90° i s about 370 a t 
«U m III • ' (_r • 111 • 

x A s= 0.!-i- and r i s e s t o 1000 a t x 1 ~ 0.7. T h i s i s j u s t t h e 
o r d e r of magnitude we expected f r o i r i p r e v i o u s d i s c u s s i o n on 

the t r i g g e r b i a s . P a r t i c u l a r l y t h e j e t cross s e c t i o n i n F i g . 

5*+ which i s g r e a t e r than 100 times t h e cr o s s s e c t i o n f o r p r o d u c i n 

charge p a r t i c l e s (summed over a l l c h a r g e s ) , i s i n e x c e l l e n t 

agreement w i t h t h e d i f f u s e d quark model p r e d i c t i o n s of Feynman 

et a l (FFF). T h i s means t h a t t h e j e t s observed i n hadron-

hadron c o l l i s i o n s s h o u l d a r i s e f r o m t he f r a g m e n t a t i o n o f quarks 

j u s t as the j e t s i n l e p t o n - h s d r o n processes. To show t h a t t h i s 

l a s t statement i s a f a c t , t h e r e s h o u l d be resemblance between 

th e d i s t r i b u t i o n o f hadrons w i t h i n hadron- and l e p t o n -

i n i t i a t e d processes i f quarks fragment i n t o t h e hadrons i n a 

u n i v e r s a l manner. Indeed, as i t i s seen f r o m F i g s . 55a and 55b, 

t h e r e are s i m i l a r i t i e s between the unbiased i n c l u s i v e z - d i s t r i -

b u t i o n of the charge j e t fragments o f F i g . 55a and the s i m i l a r 

d i s t r i b u t i o n o f quark j e t s , Induced by l e p t o n processes, o f 

F i g . 55h. . To see t h i s conclusion, more f i r m l y , we c o n t i n u e the 

comparison o f E 260 data w i t h the p r e d i c t i o n s of the two models 

about them. 
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(111. 5c) Comparison of -Jet and.. S i n g l e P a r t i c l e T r i g g e r s 

"A p a r t i c l e t r i g g e r on one s i d e see a j e t on the o t h e r 
s i d e ? w h i l e a j e t t r i g g e r , s h o u l d produce out a s i n g l e p a r t i c l e 

on the away s i d e , " t h i s i s what can be imposed on us i f we 

want t o compare the j e t and s i n g l e p a r t i c l e t r i g g e r s ,in con­

s t i t u e n t i n t e r c h a n g e model of BBG which i s i n sharp c o n t r a s t 

w i t h what has been observed e x p e r i m e n t a l l y by E 260 p r e ­

l i m i n a r y d a t a . Namely the f a i l u r e of CIM, t h i s t i m e , i s 

indeed so much th e worse than t h e p r e v i o u s t i m e s . On the 

o t h e r hand, t h e o n l y d i f f e r e n c e , i n t h e d i f f u s e d quark model 

of FFF, between a j e t and s i n g l e p a r t i c l e t r i g g e r - due t o 

t h e i r o r i g i n a l quark momentum Z - can be a p p r o p r i a t e l y r e -

moved and, hence, have t h e e x p e r i m e n t a l r e s u l t s reproduced 

( s e e - F i g . 56). As i s the case i n F i g - 56, when j e t s are 

t r i g g e r e d on d i r e c t l y , i n s t e a d of the v a r i a b l e X e = _p A w ? , y H 9 C i r o n-
_ T r i g g e r _ . _ J e t T r i g g e r 
rt - -P /< •>-.> P-i- we mav use d i r e c t l v t h e 

J e t 
v a r i a b l e z = -P x/P t f o r d e s c r i b i n g the away j e t f r a g m e n t a ­

t i o n . However, in. t h e case of two i d e n t i c a l j e t s w i t h P^ 

(Towards j e t ) = P t (Away j e t ) ( i . e . : k t = 0, see D i a g . I I I . 3 c ) 

an i d e n t i c a l z d i s t r i b u t i o n , of t h e t r i g g e r s i d e and of t h e away 

s i d e , namely: 

W~ * s d z / ^ r d s (in.33) 
i s expected. On t h e o t h e r hand, i f t h e mechanism o f D i a . g s . I I I . 

3a,b i t . ;:t.work ( i . e . : k^ ^ 0), t h e n ; 

/ its. W / <k \ 

l ^ l w vtt'L* ( m - 3 l f ) 

What i s j u d g i n g t h i s d i s c r e p a n c y , however, i s t h e e x p e r i m e n t a l 

away z d i s t r i b u t i o n s on F i g . 57 f o r two d i f f e r e n t v a l u e s of 

P t ( j e t ) . The towards z d i s t r i b u t i o n i s r e p r e s e n t e d by t h e 

dashed curve on t h i s f i g u r e which i s s t a n d i n g above t h e away 
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d i s t r i b ' . ; In-on i n f a v o u r of t h e mechanism of D i a g s . i l I .-3?»,b 

( i . e . : k t at C) . 

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

I n t h i s c h a p t e r e x p e r i m e n t a l r e s u l t s of t h e s i n g l e - and 

m a n y - p a r t i c l e h a d r o n i c events a t h i g h transverse.momentum have 

been i n t e r p r e t e d from t he v i e w p o i n t s of the f o l l o w i n g t h r e e 

main t h e o r e t i c a l n o t i o n s (see Sec. ( I I I . 2 c ) ) : 

( i ) Quark Model (QM) q+q i+q 

( i i ) Quark Fusion Model (QFM) q+q —#• M+M 

( i i i ) C o n s t i t u e n t I n t e r c h a n g e q+M — q + M 
Model (CIM) q+M q+M 

However, from what i s known as t h e c o u n t i n g r u l e s (see Sec. 

( I l l . 2 b ) ) , we see t h a t t he f i r s t o f these t h e o r e t i c a l Giodels 

c o n t a i n s f o u r e l e m e n t a r y f i e l d s (= Quarks) g i v i n g c e r a i n l y a 

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

Pf-, because these k i n d o f e x p e r i m e n t a l r e s u l t s are behaving 

much more l i k e ( I I I . l ) w i t h N- = 8 (see the f i r s t c h a p t e r ) . 

T his means t h e Inv o l v e m e n t of not more than s i x ele m e n t a r y 

f i e l d s i n the f a v o u r of the o t h e r two t h e o r e t i c a l models, 

( i i ) and ( i i i ) - However, of these two (QF a n d C I ) models 

t h e CIM-also has been capable of p r e d i c t i n g some o t h e r aspects 

of t h e e x p e r i m e n t a l r e s u l t s ; such as t h e beam r a t i o s , a 

subject; which has a l r e a d y r u l e d out t h e quark f u s i o n model 

(see Sec. ( I l l . h a ) ) . 

Fro;;, the many p a r t i c l e e x p eriments view p o i n t , on the 

o t h e r hand, t h e r e i s no evidence bo c o n f i r m t h e p r e d i c t i o n s of 

t h e n a i v e CIM, namely t h a t t h e away s i d e f r o m a j e t should be 

a s i n g l e p a r t i c l e , but t h a t t h e away s i d e a s i n g l e p a r t i c l e 

t r i g g e r i s a j e t (see Sec. ( I I I . 5 a ) ) . I n s t e a d t h e r e ; r e 

e x p e r i m e n t a l evidences ' i n f a v o u r of a t w o - j e t s t r u c t u r e of 
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l a r g e P-̂  events which arc- s i m i l a r t o those seen i n t h e l e p t o n -

nucleon i n t e r a c t i o n s (see Sec. ( I I I . 5 ) ) . This means a l s o t h a t 

t he j e t s i n the l a r g e P^ event's must be quark j e t s . T h e r e f o r e , 

i t i s concluded t h a t t h e f i r s t t h e o r e t i c a l model, t h e QM, i s 

t h e o n l y one which i s w o r t h m o d i f y i n g t o f i t t he d a t a . I n t h i s 

way t h e quark-quark e l a s t i c d i f f e r e n t i a l c r o s s s e c t i o n g i v e n 

by ( I I I . 7 ) i s p r e f e r r e d over a form such as ( I I I . 3 ) f o r p r e ­

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

By r e c a l l i n g t h a t indeed t h e gluons e x i s t (see Sees. (11.5c) 

and ( I I . 6 d ) ) w e may c l a i m t h a t some of t h e produced p a r t i c l e s a t 

l a r g e P^ may be the r e s u l t s o f the i n t e r a c t i o n s o f g l u o n s . I n 

f a c t , these type of r e a c t i o n s (namely - i f g stands f o r the 

v e c t o r g l u o n s : gg gg, g g - ^ q q , gq go, gq gq, 

qq gg, qq qq, qq qq, and r.q qq which f o r each t o the 

lowe s t o r d e r i n the p e r t u r b a t i o n t h e o r y a c a l c u l a t e d cross 
(92 93) -h s e c t i o n e x i s t s ' 7 J ^ a p p r o x i m a t e l y c o n t r i b u t e a Pj. t o t h e 

i n v a r i a n t c r oss s e c t i o n . However, even by r e g a r d i n g t h e 

quatum chromodynamic processes we cannot p r e d i c t tho.';e e x p e r i -

m e n t a l f e a t u r e s which are a t P t > 5 GeV/C where n e a r l y a P t~ D 

dependence f o r t h e i n c l u s i v e s p e c t r a ( a t P t ~- 17 GeV/C) has been 
(8*0 

f o u n d . One more d i f f i c u l t y i s t h a t n e i t h e r t h e pr o p o r ­

t i o n a l i t y f a c t o r A of ( I I I . 7 ) which i s too l a r g e nor t h e quark-

g l u o n c o u p l i n g c o n s t a n t which i s g i v e n as: > =o-5/(i +0.31, Uj 2.) 

can be produced by any t h e o r e t i c a l argument. Hence, as i s c l e a r , 

our t h e o r e t i c a l models s t i l l need some c o r r e c t i o n t o e x p l a i n t h e 

e n t r i e d a t a . 
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APPENDIX A 
(7 20 35) 

Cross S e c t i o n s : Two-Body K i n e m a t i c s ' ' J 

I n what f o l l o w s the f r e e p a r t i c l e s t a t e s are n o r m a l i z e d t o 

one p a r t i c l e per u n i t volume. The phase f o r a s i n g l e p a r t i c l e i s 
thus d 3P/(an) . 

1. Two p a r t i c l e c o l l i sign..cross s e c t i o n s 
V cH'i) ; \ i 3 »'»> •-- >>A.I-2) 

A . l - I n v a r i a n t or Feynrnan A m p l i t u d e M 

The i n v a r i a n t a m p l i t u d e , M. i s r e l a t e d t o the' s-matri.e: 

t h r o u g h : 

where i and f are t h e l a b e l s f o r t h e i n i t i a l and f i n a l s t a t e s 

and p r o d u c t s of f a c t o r s (2E-j) i s over a l l t h e p a r t i c l e s i n <and 

£ s t a t e s . The i m p l i c i t i n t h e s - r a a t r i x element are t'ie con­

s e r v a t i o n of energy and momentum del a f u n c t i o n s . M has these 

f a c t o r s e x c luded. I t s v a r i o u s arguments are thus t o be e v a l u a t e d 

t a k i n g the c o n s e r v a t i o n laws i n t o account. W i t h t h e presence of 

t h e square r o o t of t h e (~nj 2Ej ) and t h e s i n g l e p a r t i c l e n o r m a l ­

i z a t i o n s t a t e d above, M I s L o r a n t s i n v a r i a n t . 

A.2 The d l f f e r e n t i a l . x - s e c t i o n 

I t can be w r i t t e n i n i t s f o l l o w i n g i n v a r i a n t f o r m where t h e 

p r o j e c t i l e and t h e t a r g e t are l a b e l l e d , r e s p e c t i v e l y ^ 1 a n d # 2. 

i« „ ^ K i ' j T f t * t - t . ) (,.,) 



The f a c t o r ( U-f*)" - m* ) 7 1
 :-LS c a l l e d f l u x f a c t o r . The d i f f e r -

e n t i a l x - s e c t i o n C3n be expressed per u n i t i n t e r v a l i n i n v a r i a n t 

momentum t r a n s f e r t - (P-^ - P^)^ = ( P 2 " pL,.)^ as: 

£ — 2 1 i i _ = „ J L _ _ U , V (A.3) 

Note t h a t sP'~ c m i s j u s t t h e square of t h e i n v a r i a n t f l u x f a c t o r . 

For e l a s t i c s c a t t e r i n g t h e s t a n d a r d c m . s c a t t e r i n g a m p l i ­

tude i s r e l a t e d t o t h e i n v a r i a n t a m p l i t u d e by: 

For i n e l a s t i c two-body processes c o n v e n t i o n s v a r y , but u s u a l l y 

an a d d i t i o n a l f a c t o r (/?<;.«.. /?,.„,.) appears on t h e r i g h t - h a n d s i d e 

of ( A A ) . 

2. Two-Body K i n e m a t i c s 

The. g e n e r a l n o t a t i o n i s i n d i c a t e d i n D i p g . A . l f o r t h e 

process m-̂  + m 2 —*- m̂  + m^: 

Diag.A.1 

The i n v a r i a n t s, t , u, are d e f i n e d by 

s = ( P x + P 2 ) 2 = ( P 3 + p ^ ) 2 

t = ( P L - P 3 ) 2 = ( P 2 - P ^ ) 2 (A.5) 
u •= _(P X - P ) + ) 2 = ( P 2 - P 3 ) 2 

w i t h t h e c o n s t r a i n t e q u a t i o n : 

(A.6) 
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I n Lab frame where t h e p a r t i c l e 2 i s a t r e s t , t h e i n v a r i a n 

a r e : 
s = ra^ + m2

2 + 2 m 2 ( E 1 ) L a b 

• t = m/ + , h
2 - 2 m 2 ( E ^ ) L a b (A.7) 

u =. m 2
2' + m32 - 2 m 2 ( E 3 ) L g b 

For r e a c t i o n s i n which m^ = m 2 or e l a s t i c s c a t t e r i n g , t h e 

momentum t r a n s f e r t s i m p l i f i e s t o : t = ~2!'S(TL,.^ ^ where 

i s t h e k i n e t i c energy of the r e c o i l i n g p a r t i c l e # h. 

I n c m . frame where e n e r g i e s and momenta of p a r t i c l e s a re 

E l 5 E 2, E3, E!4, and Pl - ?2 = P, P^ = P^ ^ P«, t h e n , W2 = S = 
2 2 

(E]_ + E 2) = (E^ + E) +) and t h e two monentum t r a n s f e r v a r i a b l e s 
a r e : 

i = 4,n - a P P' (1 - e.t ©C.„.) ; £ n t r ^ ( E, - G 3 >A - ( f - V) ' 

li^U^ -*PP ' ( n-c«(W) ; U ^ - C C - ^ - C P - P ' ) 1 ( A ' 8 ) 

e c f n i s t h e angle between P-̂  and P^. 

I n c m . ( ?, -Ii) can be expressed i n terms of the i n v a r i a n t 

s, t , u, i n t h e s-channel of Diag. ( A . l ) as f o l l o w s : 

nw© s w_-u + J±r±2i±dL (A.9) 
s 

For t h e t - and u-channel processes, where t and u a r e , respec­

t i v e l y , t h e squares o f the t o t a l c m . e n e r g i e s i n th e s e 

channels and t h e o t h e r invariant;.- a r e momentum t r a n s f e r s , t h e 
c o r r e s p o n d i n g e x p r e s s i o n s a r e : 

t f tT{ C o s e 4 « s-. u J ^ r 

*? H t Cos -6U r L s , ± ± i < > K (A . 10) 

The angle Gt i s t h a t of 2 and 1 i n the c m . o f t h e t-channel- of 

the process 1 + 3 ~r 2 + h. G u i s t h e angle between 1 and 3 

i n t h e process 3 2-^1 + h. 
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APPENDIX B 

Kin e m a t i c and X-Sectiun of I n c l u s i v e Frocesses (7,20,36) 

For t he s i m p l e s t i n c l u s i v e r e a c t i o n ( I . l b ) 

M 

D i a g . B . l 

we s p e c i f y t h e frame of r e f e r e n c e , t h e number and types o f 

v a r i a b l e s , and t h e x - s e c t i o n s . 

B . l The L o r a n t z Frame 

Commonly used are t h e L a b o r a t o r y ( L a b ) , a n t i l a b o r a t o r y 

( a n i l a b ) , and eentre-of-mass ( c m . ) frames. I n what f o l l o w s , 

o n l y q u a n t i t i e s i n t h e c r n . w i l l not be denoted by any sub-

s c r i p t s . 

B.2 Independent v a r i a b l e s 

W i t h g i v e n masses of a, b, and c and u n p o l a r i z e d beams, v/e 

need o n l y t h r e e k i n e m a t i c a l v a r i a b l e s : energy, t r a n s v e r s e , and 

l o n g i t u d i n a l v a r i a b l e s , t o d e s c r i b e t h e X - s e c t i o n . The t r a n s v e r s e 

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

p a r t i c l e d i r e c t i o n s i n the c m . 

?. 

Diag.B.2 



A l s o s i m i l a r l y i n the o t h e r L o r a n t z frame's o n l y P, , changes, 

P^ i s i n v a r i a n t t o boost along t h e beam d i r e c t i o n . 

(B.2.1) For t h e energy v a r i a b l e , we may use e i t h e r 
Pp the t o t a l c m . energy W, or i t s square: 

S = (Pa + P b ) 2 = W c
2 ( B . l ) 

1B.2.2.) For t h e t r a n s v e r s e v a r i a b l e we may use t h e 
t r a n s v e r s e monentum of p a r t i c l e c:. 

1c at - ?Sfn© ~?r.uh SJ- o f U k (B.2) 

where P and G are cm. momentum and p r o d u c t i o n a n g l e of p a r t i c l e 

c; P c and 9 c ^ are t h e c o r r e s p o n d i n g q u a n t i t i e s i n t h e 

Lab system. 

The i n v a r i a n t four-momentum t r a n s f e r i s ; 

t = ( P b - P c ) 2 (B.3) 

which f o r x ~ 1 (see below) and when m a = m b = mc, T c ] _ a b i s 

s m a l l , then t h e f o u r momentum t r a n s f e r i s g i v e n by: 

I n any L o r a n t z frame It moving u n i f o r m a l l y p a r a l l e l t o t h e 

i n c i d e n t d i r e c t i o n - say, z - a x i s - p a r t i c l e c n a t u r a l l y has t h e 

t h r e e momentum Pc w i t h components P t i and P t. Now, i f t h e r e i s 

another L o r a n t z f r a m e d moving w i t h a r e l a t i v i s t i c v e l o c i t y 

p a r a l l e l t o t h e z - a x i s i n which p a r t i c l e c has o n l y t r a n s v e r s e 

component of momentum, p' = P , then t h e energy of p a r t i c l e c 

i s . = m̂  where: 

(B.5) 

i s sometimes c a l l e d t h e t r a n s v e r s e or l o n g i t u d i n a l mass and i s 

denoted by w , j* , or K.. .Metrics are chosen so t h a t P.,2 =: m.2 
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w h i c h h e l p s t o have t h e e f f e c t i v e mass a s s o c i a t e d w i t h t he 
l o n g i t u d i n a l momentum i f we use i t i n D•5 > i . e . : 

3 ^ (B.6) 

(B.2.3) For t h e L o n g i t u d i n a l v a r i a b l e s of which are t h e 

f o l l o w i n g where q u a n t i t i e s a re a l l r e f e r r i n g t o p a r t i c l e c whose 

s u b s c r i p t w i l l be o m i t t e d : 

1 . L o n g i t u d i n a l c m . 
Momentum 

2. M i s s i n g mass 

% - 7 cas e 

3. Feynman x - v a r i a b l e - I < * < I 

Or I -

(B.7) 

(B.8) 

(B.9) 

(B.10) 

( B . l l ) 

(B.10) a n d ( B . l l ) a re e q u i v a l e n t o n l y t o the e x t e n t t h a t 

v, r. a n c l I £t I C ^ n D e n e g l e c t e d compared w i t h s and M . 

C l e a r l y x 3 ~ 1 and x^ ~ - 1 , and i f x - 1 i t means t h a t c has 

a c q u i r e d most of t h e momentum of a,c i s a 'fragment' o f a, or i f 

x ~ - 1 , c i s a. fragment of b. The " c e n t r a l r e g i o n " x — 0 i m p l i e s 

t h a t c i s a p p r o x i m a t e l y s t a t i o n a r y i n t h e c m . and so i s n o t 

d i r e c t l y connected w i t h a or b. 

k. c m . R a p i d i t y 
v a r i a b l e 6 •- V„ 

<= 4 | ( ( ^ > / ™ J * ^ - I % ^ f ) (B.1.2a) 

5. Lab r a p i d i t y 
v a r i a b l e 

W i t h t h e range of v a r i a b i l i t y as: 

t + < X i \ ( B . 1 2 b ) 

W i t h t h e range of v a r i a b i l i t y as: 

(B„13b) 
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Formula (B .12b) and (B .13b) are v a l i d i n the l i m i t of 
large s. We add th a t the extreme values of (B .12a) occur 
when P reaches i t s extreme values (which occur when 
M2 0 and t »tfs / i , ?n # t^%!i , n i l arc n e g l i g i b l e ) . 
Then, (B .12b) can be r e w r i t t e n as f o l l o w s : 

Then range of y i s : 

& = 3 C ^ „ - 3c«- " (B . l 2 b ) 

y c w i l l be maximum when C i s a fragment of a; i . e . : c takes 
on the l o n g i t u d i n a l momentum of a, wh i l e y c w i l l be i n i t s 
minimum value when c takes on the l o n g i t u d i n a l , momentum of 

b - hence, c w i l l be a fragment of b. y - 0 corresponds 
to c being at r e s t i n the cm. 

I n terms of c e n t r a l and p e r i p h e r a l c o l l i s i o n s , the 

c e n t r a l region arises from the c e n t r a l part of c o l l i s i o n s 

which i s mainly occupied by pions w i t h low cm. monenta, 
wh i l e the other two fragmentation regions a r i s e from the 
pe r i p h e r a l parts of the c o l l i s i o n s . 

Table B . l : Frame of Reference and Set of 
'Variables Often Used f o r the Analysis of 

T n c l u s i v e Reaction s 
Frame Set of Variables 

Target or Lab Frame Pfl fa 0 C l b PQ l b 

( r e s t frame of ' ' 
p a r t i c l e b) • P a ] a b j P t , y c l f l b 

P r o j e c t i l e or A n t i - Symmetric of Lab frame 
lab Frame ( r e s t frame 
of p a r t i c l e a) 
CM. Frame W, Gc, Pr. 

s, P, P~ 
S- P, X 
s ; p, t 
s, t , M2 
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B• 3 Fhsqe-Space; I n v 3 r iant; X-Sections 
The s i n g l e - p a r t i c l e i n c l u s i v e X-section i s given by 

(A.2) integrated, over a l l f i n a l s t a t e mocienta except 
p a r t i c l e c and summed over a l l f i n a l states £ which contain 
c and are k i n e m a t i c a l l y allowed. The cross s e c t i o n thus 
appears as? 

By d e f i n i n g the i n v a r i a n t d i f f e r e n t i a l cross s e c t i o n f o r 
(ab c anything else) as: 

5-=C « M W b / i ' r « CB.15) 

and by using the d i f f e r e n t i n t e r r e l a t i o n of the i n v a r i a n t 

phase i.'pace /e which may be given as f o l l o w s : 

d3P/E .a W I M / G a JPL^ 2 ^ ^ / / " - K J*Jt - dM2^/s (B .16) 

(B . 15) may be w r i t t e n i n the f o l l o w i n g a l t e r n a t i v e forms 
where the q u a n t i t i e s are a l l r e f e r r e d to as c; 

r ah _ t j 1e_„ , e i ^ l n (b .17) 

Here, presence of f a c t o r -K i s f o r g i v i n g the cross section 
per u n i t azirriuthal angle. 



APPENDIX C 
T h e o r e t i c a l Framework^Assuming a F i n i t e 

C o r r e l a t i o n Length: Scaling and L i m i t i n g 
ffragmcntgtion Hypothesis r O p t i c a l Theorem 

9_nd 11s Gen ar? J i,?ation : F a c t o r i z a t i o n ; 
Some,Theoretical Hcdels 

C . 1 T h e o r e t i c a l Framework Assuming a F i n i t e 
C o r r e l a t i o n Length 

I f the phase space «PL represents (P^., y) space of 
m u l t i p a r t i c l e production processes, then, the base l e n g t h , y, of 
t h i s space i s l i m i t e d by the possible k i n e m a t i c a l range of 
v a r i a b l e y, w h i l e i t s height i s l i m i t e d by the dynamical e f f e c t s 
on P.J.. I n t h i s p l o t , by making the hypothesis of the existence 
of a c o r r e l a t i o n l e n g t h i n r a p i d : t y over which a given p a r t i c l e 
can be influenced by another one, L ( h y p o t h e s i s ^ ? ) of short 
range order) the s i n g l e p a r t i c l e spectra i n d i f f e r e n t regions 
may be separated. For instance, i t may be assumed that two 
p a r t i c l e s produced i n a high energy i n t e r a c t i o n are uncorrela.ted 
i f t h i s r e l a t i v e r a p i d i t y i s l a r g e r than L, and then accordingly 
d e f i n e the f o l l o w i n g , three regions: 

i ' : i i 
i • ! i 

u,. 

I I 
*c i 
M 

Diag.C.l: T l l u s t r a t j o n , o f d i f f e r e n t 
regions i n the (P|-, y) space: 

Target fragmentation of f i x e d l e n g t h L about y Q 

P r o j e c t i l e fragmentation of f i x e d length L about y b 

C e n t r a l region of length « logs ( a c t u a l l y t h i s i s 
predicted to be as lengthy as Y-2L)• 
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I f L 2 , then the c e n t r a l region s t a r t s ^ ' to develop only f o r 
l a b o r a t o r y momenta l a r g e r than .100 GeV/C. At lower energies we 
have only fragmentation o-f ingoing p a r t i c l e s . 

Of the immediate consequences of t h i s hypothesis are the 
scaling^*?) a n c j l i m i t i n g fragrnentations^-^) discussed below. 

(C. 1 a) L i m i t i n g Fragsieritation and Scaling at f i n i t e x 

W.r.t. (B . 12) and (B . 1 3 ) , i[ = ̂  ( 9 £ - 3 * P \ )' 

depends on three v a r i a b l e s ; the f i r s t being equivalent to the 
cm. energy, W, and the other two t o the momentum P of p a r t i c l e 
c i n a frame r e l a t e d to the i n c i d e n t p a r t i c l e s . However, the 
assumption of a f i n i t e range of c o r r e l a t i o n i m p l i e s t h a t : i f 
S(Y) i s large enough, the produced p a r t i c l e c would not know 
the p o s i t i o n and type of p a r t i c l e b on the r a p i d i t y a x i s ; 

X, ? ( y > i t-3„ >\) = 1 U.-a. »Ti> «C(x,t a> ( c > 1 ) 

The f i r s t form i n ( C . l ) i s the statement of L i m i t i n g Fragmenta­
t i o n ^ - ^ 0£ p a r t i c l e a, while the second equivalent form i s the 
statement of Feynman S c a l i n g K - 7 ' i n the region x > 0 . 

S i m i l a r l y , we may w r i t e down the statement f o r production 
of p a r t i c l e c i n the v i c i n i t y of p a r t i c l e b when x < 0 . 

(C.lb) C e n t r a l Region 
I n c e n t r a l region of Diag. C.l and whi l e the produced 

p a r t i c l e i s many c o r r e l a t i o n lengths away from e i t h e r p r o j e c t i l e 
or the t a r g e t , then, the produced p a r t i c l e does not know what 
are the situations of the i n c i d e n t p a r t i c l e s w i t h respect to the 
r a p i d i t y axis as S(Y) ; 

I n t h i s region the i n v a r i a n t cross section i s seen to be 
f l a t and depends on the i n c i d e n t p a r t i c l e s a and b only. 



95. 

(7 ^ -̂O) 
C . 2 O o t l c a l Theorem and Tts Genemliy.at i on ' J y» 

Of the r e l a t i o n which i s s a t i s f i e d by t o t a l cross section 
ab ~+- X i s the so c a l l e d o p t i c a l theorem. I n b r i e f , i f 

:»—-? i s the diagrammatical r e p r e s e n t a t i o n of the ampli-

tude of t/ r f(*b-*.y) , then 1 - which i s 

n a t u r a l l y obtained from m u l t i p l i c a t i o n of the amplitude by i t s 
complex conjugate and summation over a l l po s s i b l e ' i n t e r m e d i a t e 
s t a t e s . Now, i f .the amplitude ZZZSCZZ i s Hermition (or r s a l ) 
a n a l y t i c , then t a k i n g the d i s c o n t i n u i t y across the branch, cut 
associated w i t h p a r t i c l e s i n the intermediate s t a t e (compatible 
w i t h conservation of k-momentum) of our e l a s t i c amplitude ab—*-
ab i n the forward d i r e c t i o n ( G>5 =o 4 s o , where subscript s 

r e f e r s to the r e a c t i o n i n s-channel) i s p o s s i b l e ; i . e . ; 
/ 01 i w \ 

(j , ~* i c ̂  V ^ J ^ i / • Notice, however, t h a t the r e a l a n a l y t i -
c i t y of amplitude implies t h a t : Disc(amplitude) = Im(amplitude). 

As i t i s seen a complicated s i t u a t i o n ( i . e . sum of 
exclusive processes a l l w i t h varying energy dependences) i s 
converted i n t o a manageable one ( i . e . the energy dependence of 
j u s t a s i n g l e p h y s i c a l amplitude). This advantage has been 
t r i e d to be r e a l i z a b l e i n r e l a t i n g o n e - p a r t i c l e i n c l u s i v e cross 
sections to the d i s c o n t i n u i t y i n the intermediate state, of the 
forward 3 —*- 3 amplitude which then by i t s e l f allows us to 
make Regge p r e d i c t i o n s f o r i n c l u s i v e d i s t r i b u t i o n s . I n hoping 
so, the p r e d i c t i o n of the Regge Theory f o r the asymptotic 
behaviour of the amplitude of the two-body processes through 
exchange of a s i n g l e Regge pole which may be sketched out as: 
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A, j f « f o ) \ / i a . ~ /no 

a a 

i s i n our mind. However the completeness r e l a t i o n s helps us to 
the s i n g l e p a r t i c l e i n c l u s i v e get $a\t*.V~lMsMkZ) 

d i s t r i b u t i o n , a f t e r squaring and summing over a l l possible 
intermediate states of the i n c l u s i v e r e a c t i o n amplitude 
c» c 

I n t u r n we see t h a t the a n a l y t i c a l c o n t i n u a t i o n 
of the amplitude from an outgoing c to an incoming c i s a 

r i _ » 
.abc crossing property vhich allows us to have \ , ( s ,%) *~ V . _ 

Z S t ^ — ' } i e r e t h e a p p l i c a b i l i t y of the u n i t a r i t y 

equations S+S 1 = SS + to the p a r t i c u l a r i n i t i a l and f i n a l 

s tates of the process abc -*• abc, t h a t i s : 

<( ( <£ I A*l l'>) -(< *' *'>)) = ' ' \ ^ l T n ' ? ' : ) <? I A +' 1>< n I ̂  | * > ( C . 3 ) 

where s c a t t e r i n g amplitude A + and A~ are r e p r e s e n t i n g , respect­
i v e l y , + and - bubbles, and being supposed to be H e r m i l t i a n 
a n a l y t i c , may be used to see how -̂ (s,iy can be p r o p o r t i o n a l 
to the d i s c o n t i n u i t y of the forward e l a s t i c s c a t t e r i n g amplitude 
abc abc as: £ e b (s,p) ~ 3>isc (^^^^' ^ • Moreover, doing so 
demands the e q u a l i t y of the i n i t i a l and f i n a l s t a t e s which 
means t a a , = t b b , = t c c , = 0 where t n , = (P. - P.,) 2. 
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C•3 F a c t o r i s a t i o n 
Many t h e o r e t i c a l models assume or obtain the f a c t o r i z a t i o n 

property. For instance the f i n i t e range c o r r e l a t i o n p i c t u r e f o r 
n - p a r t i c l e d i s t r i b u t i o n s has i m p l i c i t i n i t the idea of f a c t o r ­
i z a t i o n . Thus i n ( C . l ) , f , when normalized to &J~^ , depends 
on a and c, but not on b, and i n (C . 2 ) i t i s independent of both 
a and b. P r a c t i c a l l y , f a c t o r i z a t i o n i n , say, (P^, Y^g^) means 
tha t the i n v a r i a n t cross section may.be w r i t t e n as a product of 
two independent f u n c t i o n s of P̂  and y-j_ ^5 i . e . : 

I n Regge language, the f a c t o r i z a t i o n i s said to be a n a t u r a l 
consequence of the assumption of Pomeron-singularity dominance of 
the t o t a l cross sec t i o n s . 

C .•+ Some T h e o r e t i c a l Models 
Following a very phenomenological f e a t u r e of i n e l a s t i c 

c o l l i s i o n s , t h a t i s : the c u t o f f i n the transverse momentum 
d i s t r i b u t i o n , c l a s s i f i c a t i o n of the.models us id to p r e d i c t the 
p a r t i c l e production spectra may f a l l i n t o the f o l l o w i n g two: 

(A) Models i n which the transverse momentum c u t o f f 
i s a deep consequence of a bootstrap hyoothesis 
(e.g.: Thermodynamic Models and Dual Models). 

(B) Models i n which the transverse momentum cut ­
o f f i s e x p l i c i t l y imposed from outside (e.g. 
D i f f r a c t i v e fragmentation models, M u l t i -
p e r i p h e r a l and Regge-exchange Models, F i e l d 
T h e o r e t i c a l Models.) 

The f o l l o w i n g are a l i s t of such models, defi n e d i n a very 
loose way. 

http://may.be


(^1) (C.i+a) S t a t i s t i c a l Thermodynamic Models 
The r e a c t i o n products are considered t o be o r i g i n a t e d 

from a s t a t e of s t a t i s t i c a l e q u i l i b r i u m of " f i r e b a l l s " , 
each one being made of others i n c l u d i n g p a r t i c l e s and 
resonances. However, the model considers hadron matter 
at "the b o i l i n g p o i n t " ( the l i m i t i n g temperature - 160 MeV), 
where a l l kinds of o b j e c t s are supposed to be present i n s i d e 
the i n t e r a c t i o n r e g i o n (or hot s p o t ) , because a l l the cm. 
energy i s assumed t o be concentrated i n a small volume of the 
i n t e r a c t i o n r e g i o n i n a very short time. During t h i s time, 
l a r g e r energy d e n s i t i e s (and thus, mass d e n s i t i e s ) than 
whatever they could o r i g i n a l l y be, could be found. 

(ho) 
{C.kb) Dual Models * J 

I t i s a requirement of the property of d u a l i t y t h a t 
each term c o n t r i b u t i n g t o the s c a t t e r i n g amplitude should 
be i n v a r i a n t under a c y c l i c or a n t i c y c l i c permutation of 
the e x t e r n a l momenta. Resonances i n the s-channel generate 
Regge t r a j e c t o r i e s i n the crossed channel. The conjectured 
idea i s t h a t the "normal" t r a j e c t o r i e s are generated by 
p a r t i c l e s and resonances, w h i l e the Pomeron t r a j e c t o r y i s 
b u i l t by the non-resonant background part of the amplitude. 

(Ul) 
(C.M-c) D i f f r a c t l v e Fragmentation Models 

I n general these models describe a r e a c t i o n i n terms 
of the e x c i t a t i o n of one or of both i n c i d e n t hadrons. 
These e x c i t e d s t a t e s c a r r y the same quantum numbers of 
the corresponding i n c i d e n t hadrons. 

Fragmentation models give a p i c t u r e complementary to 
t h a t of the s t a t i s t i c a l models because they e x p l a i n the 
production of p a r t i c l e s at forward and backward angles, 
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i . e . : i n the fragmentation regions. These models,•then, 
give a cl e a r p i c t u r e of what i s happening i n the p e r i p h e r a l 
part of the c o l l i s i o n . 

(C.Ud) J-iuLtiperipheral and Regge Exchange Models 1' 

Based on the s i n g l y p e r i p h e r a l idea which i s abstracted 
from the f a c t o r i z a b i l i t y of the amplitude and stablishment 
of a bound on the momentum t r a n s f e r , these types of models 
are i l l u s t r a t e d by the n i u l t i p e r i p h e r a l graph where the 
p a r t i c l e s i n the chain are ordered i n such a way so as t o 
minimize the momentum t r a n s f e r s . 

(C.lfe) F i e l d Theory M o d e l s ( ) + 3 ) 

The program, here, would bo to resolve the i n e l a s t i c 
r e a c t i o n i n t o a sum over i n f i n i t e sets of Feynman diagrams. 
However, i n these models, hope i s to get e v e n t u a l l y an 
ei k o n a l form of the s c a t t e r i n g amplitude. 
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F i g . 11: The i n v a r i a n t c r o s s s e c t i o n f o r 
i n c l u s i v e TC p r o d u c t i o n , e v a l u a t e d i n the 
l a b o r a t o r y system and i n t e g r a t e ? over a l l 
7L

X and over -O.'-i < ? u < 0.2 GeV/c, 
versus s~"£. The l i n e s are hand-drawm t o 
guide t h e eye t h r o u g h the d a t a . ( a ) TC" 
and ( b ) t£ produc t i on . 
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F i g . 12: The i n v a r i a n t c r o s s s e c t i o n f o r 
p r o d u c t i o n of i t * a t Gc,li:* = 90° 1and p-p = 
0.5 GeV/c, as a f u n c t i o n of s~'Z. Open 
symbols denote ixT , b l a c k symbols vc"* . 
The c i r c l e s , t r i a n g l e s , and squares r e p ­
r e s e n t measurements by bubhle chambers, 
th e S a c l a y - S t r a s b o u r g C o l l a b o r a t i o n , and 
t h i s e x p e r i m e n t , r e s p e c t i v e l y . The dashed 
l i n e s a re f i t s t o the data p o i n t s . 
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dependence of i n v a r i a n t c r o s s -
s e c t i o n s of f i v e c e n tre-of-mass 
e n e r g i e s . The e r r o r s are s t a t i s t i c a l 
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t he p o s s i b l e approach t o a s c a l i n g l i m i t a t 
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n o r m a l i z e d by a f a c t o r of 0.7• 
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F i g . 19: At 0'C"':" = 90°, t h e f r a c t i o n of t h e 
charged p r o d u c t i o n c r o s s s e c t i o n g o i n g i n t o 
p i o n s , kaons and pr o t o n s (summed over b o t h 
s i g n s ) , as a f u n c t i o n of . The c r o s s 
s e c t i o n s used i s ds/deJO. . The p r o t o n p l u s 
a n t i p r o t o n f r a c t j on i s s h i f t e d upwards by 0.2 
u n i t s i n o r d e r t o a v o i d c o n f u s i o n w i t h t h e 
kaon f r a c t i o n s . 
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F i g . 20: The charge excess i n percent as a 
f u n c t i o n of fc^ == 2 / / j <U &crn = 9o° , The 
charge excess was computed as the sum of t h e 
c r o s s s e c t i o n s f o r p r o d u c t i o n of tr* f , 
and p r o t o n s , minus the sura o f the cr o s s s e c t i o n 
f o r p r o d u c t i o n of v:~ > , and a n t i p r o t o n s , 
d i v i d e d by the sum of t h e c r o s s s e c t i o n s f o r 
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F i g . 2 6 a : Values of l?Wfand '2MV/'i f o r t h e 
pr o t o n w i t h Q2 > 1 GeV 2 and W2 > l4 GeV 2. 
R = &L / B j . i s assumed t o be z e r o , and v a l u e s 
of w'Wj gre e x t r a c t e d from cross s e c t i o n 
tneasurereents w i t h £ > 1 / 2 , wh 11 e v«ln.es of 
2MW]_ are e x t r a c t e d f o r I '<: 1/2. The l a r g e 
v e r t i c a l bars below x = 0-3 i n the graph of 
VV.'p are o b t a i n e d from mucn data taken a t 
F e r m i l a b . 
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F i g . 26d: Proton s t r u c t u r e 
f u n c t i o n Fp(x) v e r s u s Q2. 
The .>: s c a l e s of the subsequent 
graphs are s h i f t e d by 0.°,. The 
c u r v e s are the f i t s £<w>~2T*a.(l-*)' 
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F i g . 27b' (U p p e r ) : I f the sea has 
zero i s o s p i n and i s even under charge 
c o n j u g a t i o n (hence -/rl

ep—-^-£^'-.^v). 
I n lower p a r t ( V a ' ^ ' f J c o n t r i b u t e 
f rom the sea)) i s p l o t . t e d versus . ' 
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F i g . 28? T o t a l c r o s s - s e c t i o n s 
f o r s c a t t e r ] n c of n e u t r i n o s and 
s n s i n e u t r i n o s t y nucleoids. The 
measurements are c o n s i s t e n t w i t h 
a s i m p l e l i n e a r energy dependence, 
and w i t h a c o n s t a n t r a t i o c f a n t i -
n e u t r i n o t o n e u t r i n o c r o s s - s e c t i o n 
w i t h a wean v a l u e C3&-O.C2 • 
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F i g . ' 3 0 : Data f o r heavy 
m u o n - p a i r p r o d u c t i o n on a 
u r a n i u m t a r g e t , w i t h c u r v e 
c a l c u l a t e d f r o m t h e D r e l l -
Yan t e r m . 
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F i g . 33: Compar ison of t h r e e 
s e p a r a t e e x p e r i m e n t a l methods o f 
f i n d i n g T^/y ( *) . The t h r e e • 
d i f f e r e n t l e p t o n processes d i f f e r 
s l i g h t l y because t h e y w e i g h t qua rk 
types d i f f e r e n t l y . The s o l i d l i n e 
i s t he F i e I d Feynir.an p a r a r r . e t e r i z p t i o n 
f o r n e u t r i n o case and dashed i s e + e " : 
e l e c t r o p r o d u c t i o n l i e s between these 
t w o . 
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F i g . 38: R a p i d i t y d i s t r i b u t i o n s of. cha rged 
D a r t i c l e s produced away f r o m the 2 0 ° and 
£f5° * l a r g e pj ; t r i g g e r s f o r t h r e e p^ i n t e r v a l s . 
The v e r t i c a l s c a l e ' i s the charged m u l t i p l i c i t y , 
t i ldes IOC, per i n t e r v a l , o f and &v ( i n r a d i a n ' 

) . Min i iu im b i a s d i s t r i b u t i o n s a re shown as 
s o l i d l i n e s . CCHK d a t a . 



A Q? <p, < 0 5, C ? I Y I C 2.5 

c 0.9 s p - • 1 . 3 ; - 0S:V:K2 . 'J 

a 1.3 <p s l . 9 . C . 5 ; : v s 

F i g . 39: A z i m u t h a l d i s t r i b u t i o n 
of cha rged p a r t i c l e s i n the away 
r e g i o n i n t h e even ts w i t h l a r c e 
% T T ° e m i t t e d a t 9 0 ° : 
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f i g . hi: D i s t r i b u t i o n s 0 f 
I P o u t j f o r d i f f e r e n t i n t e r v a l s 
o f t r a n s v e r s e momentum 71 c r H , 
cnargea p a r t i c l e s . The dashed 
l i n e s co r r e spond t o a f u n c t i o n 
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F i g . H-2: T h t d i s t r i b u t i o n o f r a p i d i t y 
d i f f e r e n c e o f p a i r s of p a r t i c l e s i n t he 
av/ay r e g i o n ( f u l l l i n e ) . A l s o shcv;n i s 
t h e e q u i v a l e n t d i s t r i b u t i o n f o r u n c o r r e -
l a t e d p a i r s . ( c ) and ( d ) show n o r m a l i s e d 
r a p i d i t y d i f f e r e n c e d:i s t r i b u t i o n s o b t a i n e d 
by t a lc ing t he r a t i o o f t he d i s t r i b u t i o n s 
o f ( a ) and (b)- , r e s p e c t i v e l y , t o the• back­
ground d i s t r i b u t i o n s of t hese f i g u r e s . 
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Quark D i s t r i bu t i ons 

(a ) Proton 

0.0 

(b) Pion 

x u * x) 

x u T + ( x ) 

0.6 0.8 .0 

F i g . *+3 : Quark d i s t r i b u t i o n ? w i t h i n t he 
p r o t o n . I t i s assumed t h a t as r .—.— 1; 

* M[)t) ,->.-( i _ K ) 3 and s f d u i ~ ( l - -5 t . Also • 
an un.- :yi i i i r .e tr ical sea, v.'i Vn •* d ( x ) (dashed 
c u r v e ) g r e a t e r t h a n u (x) ( d o t t e d c u r v e ) 
and x Sir.) t = us i " - I (.1— >j ' ; has been t a k e n 
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F i g . rhe r a t i o o f t h ; i n v a r i a n t c ro s s s e c t 
n x. 9 0 ° and P • f — 

c . j ; 100 and 200 GeV/C CI U 
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F i g . -(6: R a t i o s o f i n v a r i a n t c r o s s s o p t i o n s 
v e r s u s ^ a t ( n ) 100 G e V / C , ( b ) 200 C - V / C . 
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p (72± 13) 

p (23±9) 

3 4 5 
P T ( t r igger) GeV/c 

F i g . hr/\ i-lep.n v ; 3 l u e o f t h e momentum 
c a r r i e d b y c h ^ r & e d p a r t i c l e s on t h e 
t r i g g e r s i d e w i t h i n t h e r a p i d i t y 
i n t e r v a l | y | < I f o r d i f f e r e n t 
11' i H a e r i n n p ~ r t i c 1 e s . 

MeV/c-

•i —i 



INVERNAi. TRiNSvEKSfc ' MOMENTA 

H A Q ^ O ^ S !N QiJi.hr!s 

(a ) 

corresponds 
to 
<kTIh/3)>= 3l5M»v/c 

QUARKS IN HARSONS 

a: 

N/2<hA<q/M> 

-J I L 1— ! J., - J — ; t -

i-o l.a 
MASS < / i V 2?V 

J.2 ' 

F i g . h8 : E x p e r i m e n t a l e v i d e n c e 
f o r t r a n s v e r s e moment.? o f . 
( ? ) h s d r o n s i n q u a r k s and 
( b ) q u a r k s i n h a d r o n s .• 

http://QiJi.hr
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F i g . 1+9: D e p e n d e n c e o f t h e a w a y -
s i d e P o u t d i s t r i b u t i o n on t h e iSp 
b i n o f t h e away h a u r o n s f r o m o u a r k -
q u a r k s c a t t e r i n g i r .ode l f o r t h e p r o c e s 
? T *— I T " + l^+X a t ?L n t ° j = o and 

e.= 9 0 ° u s i n g < k J l > f c ^ = 50C MeV. 
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Poi l t jv* Sacoud«j-y 

f*T > t C r » / e 
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- 3 - 3 - 1 - 0 1 Is 3 
R A P I D I T Y y 

TOWARDS D I S T R I B U T I O N S 
i 5 

l .O -

! 
* 0 5 

3 C 

-C 5 

F - ( 7 r m » r ) - 2 . » l C i v / c 

T T > 1 Coir/'e 

- 1 - 0 1 
R A P I D I T Y y 

( b ; 

F i g . 5 0 : T o w a r d s s i d e r a p i d i t y 
d i s t r i b u t i o n . The t r i g g e r h a s -
c h a r g e mean " ' i o f 2 . 2 1 OeV/C a n d 
a r a p i d i t y o f 1 . 6 5 . I n ( a ) t h e 
s e c o n d a r i e s h o v e + c h a r g e and l i e 
v; i t b i n an a z i m u t h o f 25 o f t h e 
t r : ! . g g e r . Tn ( b ) t h e secondar ies? , 
h a v e - c h a r g e , t h e o t h e r t h i n g ? , a r e 
t h e «nri;e a? ( a ) b u t scales has been 
c h a n g e d . The ? o l i d c u r v e i s t h e 
t h e o r y c a l c u l a t e d w i t h < ] * - * - \ » = 
500 M e v . 



"0WARDS SIDE CHARGED PARTICLES 
TRIGGER IS p ' f ° > 3 G e V / c 
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QUArtK-OUARK 
CCRS DATA SCATTEHl.N-: r-4 

Ji - 30.6 
0.1 

52.7 
63 . 
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da j . 
dy 

\ r\rs 1 
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p T (TOWARDS) GeV/c 

F i g . 51: Co ; i ipares t h e - - e n e r g y -dependence 
o f t h e t o w a r d s c o r r e l a t i o n f u n c t i o n i n 
t h e CCES d a t a and. t h e m o ^ e l Q t h e o r y . 
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t , \ l -CGPLANAH SiNGi E hlGH pT EVENT 
(LCW MULTIPLICITY) 

Run 195 
EvRnl G8 

! 8 

J A I K t & M . 

\ 
-' : -' 5 

in: 

OS 

(a ) 

• 53« (^) A s i n g l e p a r t i c l e trig?,' 
an u n u s u a l l y l o w m u l t i p l i c i t y event, 
A ,i e t ev en t . 

# » - SINGLE JET EVENT 
if v:ew 

flu* 230 

\ i 

/ 

i 
I. 

( b ) 
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JET AMD SINGLE PARTICLE CROSS SECTION 

F}c3= 2 0 0 G c V / : 
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0. 
A D.' t ALL CH 

PARTICLE 
pCROSS SECTION 
*- 5 E260 

— Chicago-
Princeton 

0.0 i \r 

0.001 
0 

BIA 

1? -

( l j 
o JET 8iAS = 3.0 GeV/c 
x JET BIAS "4 .0 GiV/c 
H JET BIAS = 4.5 Gc-V/c 

IGOx'SINGLE PARTICLE 
CROSS SECTION 

-QUARK 
SCATTERING 
PREDICTION 

\ 
\ HH. 

P, G e V / c 

i ' ' i g . 5^: C o i n p n r i r c n o f t h e j e t and s i n g l e 
p a r t i c l e (summed e v e r a l l c h a r g e s ) c r o s s 

a t 200 GeV/C s e c c i o n s m e a s u T» .-
by E 2 6 0 . 

d o f f b e r y l l i u in 



QUARK FRAGMENTATION 
foo L-mrrrrrT 1 1 1 1 1 1 T j ~ 

p p — J E T + X E 2 6 0 

• 2.6<Pj_(JET)<3.0 GoV/: 
>< 3.0<PL{JHT) <4.0 GeV/j 
° 4.0<Pj.(JET) < 5.0 GeV/c 
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L L P T O W PROCESSES 
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1 .7. 
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F i g . 55: ( n ) M u l t i p l i c i t y o f c h a r g e d h a d r o n s ' w i t h i n 
t h e j - e t t ? ' i r - f - e r s o b s e r v e d hy E 260. ( b ) . C h a r g e 
m u l t i p l i c i t y f u n c t i o n o b t a i n e d f r o m t h e p r o c e s s e s : 



10 

10' 

10 - A 

•E 10 ° 
-t-> 

10' 

10' 

10 -2 

10' 

T ^ v - n - i ) T r - < - 7 - t - i - . - r - r - y " r r - r i ' 

W-19.4 CoV pxthJ-^O 

^ « hi~Jet sr.-jr./ 

• h t -7r° Z j - < Z C > Z , 

-t-

0.4 0.6 0.8 1.0 1.2 1.4 1.6 

F i g . 56: Away s i d e d i s t r i b u t i o n 
o f c h a r g e d h a d r o n ? f o r a i t" ^nd a 
j e t t r i g g e r i n PP c o l l i s i o n a t W = 
19.-+ GeY and • \ ( " t r i g g e r ) = U .C GeV/C 
— h e r e < k . j . > = r ;00 MeV. 
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JET TRIGGER 
o ALL DATA PL (JET) >2.6 GeV/c 
x 4 .0<F j_(JET)<5 GeV/c 
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PREDICTION VVi"! H 
( k , S = 5 0 0 MeV-
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K i g. 57: /' v.'ay r- i u e d i p t r . i bu ti on o f 
c h a r g e d h'-'droDs ?nd j t p corr.pnr j eon 
/: 11 i i t h e +. o v r d 5 r i d e d"; r t; r i b\i +, i c n . 


