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ABSTRACT 

R e s u l t s o n i n c l u s i v e p h o t o p r o d u c t i o n a t 2 0 . 5 G e V ( p e a k b e a m 

e n e r g y ) a r e p r e s e n t e d . D a t a w e r e t a k e n i n t h e SLAC 4 0 " r a p i d c y c l i n g 

b u b b l e c h a m b e r . T h e f a s t t r i g g e r u s e d t o s e l e c t i v e l y f i r e t h e b u b b l e 

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

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

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

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

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

w h e t h e r o r n o t t h e y show e v i d e n c e o f p o i n t - l i k e p h o t o n b e h a v i o u r . A 

c o m p a r i s o n i s m a d e t o R e c o m b i n a t i o n m o d e l p r e d i c t i o n s . 
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1 . 1 T h e A i m s o f t h e E x p e r i m e n t 

T h e d i s c o v e r y o f c h a r m e d m e s o n s i n l a t e 1 9 7 4 p r o v i d e d e x p e r i m e n t a l 

s u p p o r t f o r t h e G I M h y p o t h e s i s [ 1 ] . S i n c e t h e n t h e i m p o r t a n c e o f c h a r m 

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

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

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

b y e e a n n i h i l a t i o n ) , t h e l i f e t i m e s o f t h o s e m e s o n s a n d t h e p r o p e r t i e s 

o f t h e c h a r m e d b a r y o n s a r e s t i l l r e l a t i v e l y u n k n o w n . T h e BC 7 2 / 7 3 

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

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

T h e p e a k e n e r g y o f t h e p h o t o n b e a m w a s e x p e c t e d t o g i v e t h e 

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

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

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

t h i s e n e r g y r a n g e d b e t w e e n 3 0 n b a n d 3 y b . T h e e x p e r i m e n t w a s d e s i g n e d t o 

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

i t w a s f e l t t h a t i f t h e c r o s s s e c t i o n w a s a t l e a s t 3 0 0 n b t h a t t h e 

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

c o u l d b e s t u d i e d i n d e t a i l . 

T h e 4TT a c c e p t a n c e o f t h e b u b b l e c h a m b e r c o u p l e d w i t h t h e a t t a c h m e n t 

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

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

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

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

p a r t i c l e s ( e v e n i f t h e y a r e n e u t r a l ) i s s m a l l . T h e p r e l i m i n a r y r e s u l t s 

a l r e a d y o b t a i n e d on c h a r m l i f e t i m e s b y t h i s e x p e r i m e n t w i l 1 n o t b e 

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

l a c k o f i n t e r e s t o n t h e a u t h o r ' s p a r t . T h e y a r e a l r e a d y t h e s u b j e c t o f 

a p u b l i c a t i o n [ 2 ] w h i c h r e p r e s e n t s t h e e f f o r t s o f m a n y p e o p l e . I n s t e a d I 
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s h a l l c o n c e n t r a t e o n t h e p h o t o p r o d u c t i o n o f c h a r g e d p a r t i c l e s w i t h o u t 

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

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

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

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

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

i n c l u s i v e d i s t r i b u t i o n s . T h e p o s s i b i l i t y t h a t t h e p h o t o n c a n i n t e r a c t 

d i r e c t l y a s a g a u g e b o s o n a s w e l l a s ( m o r e c o n v e n t i o n a l l y ) a s a v e c t o r 

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

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

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

i n c l u s i v e p h o t o p r o d u c t i o n a t m o d e r a t e e n e r g i e s ( a r o u n d 2 0 G e V ) . 

1 . 2 T h e Beam 

T h e p h o t o n b e a m u s e d i n t h i s e x p e r i m e n t h a s a p e a k e n e r g y o f 2 0 . 5 G e V 

a n d i s p r o d u c e d b y b a c k s c a t t e r i n g 4 . 6 8 e V p h o t o n s o f f a 2 9 . 5 GeV e l e c t r o n 

b e a m . T h e e n e r g y s p e c t r u m a s m e a s u r e d b y a p a i r s p e c t r o m e t e r ( s i t u a t e d 

j u s t i n f r o n t o f t h e b u b b l e c h a m b e r ) i s s h o w n i n F i g u r e 1 . 2 . 1 . I t i s 
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e s t i m a t e d t h a t l e s s t h a n t e n p e r c e n t o f t h e p h o t o n s r e a c h i n g t h e 

b u b b l e c h a m b e r h a v e e n e r g i e s b e l o w 1 5 G e V . 

T h e s o u r c e o f t h e i n i t i a l ( 4 . 6 8 e V ) p h o t o n s i s a f o u r l e v e l s o l i d 

s t a t e l a s e r w h i c h u s e s a N d : Y A G ( N e o d y m i u m - d o p e d Y t t r i u m A l u m i n i u m G a r n e t ) 

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

i s q u a d r u p l e d b y p u t t i n g KDP ( P o t a s s i u m D i - P h o s p h a t e ) a n d KD*P ( P o t a s s i u m 

D i - D e u t e r i u m - P h o s p h a t e ) c r y s t a l s i n t o t h e b e a m i n s e r i e s , t h u s g e n e r a t i n g 

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

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

Q - s w i t c h . T h e Q - s w i t c h c o n t a i n s a n e l e c t r o - o p t i c a l c r y s t a l w h i c h 

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

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

e n e r g y l e v e l o f t h e N d : Y A G c r y s t a l i s b e i n g f i l l e d t h e a i m i s t o p r e v e n t 

J l i g h t e m i t t e d f r o m t h e c r y s t a l f r o m r e - e n t e r i n g i t ( a n d s t i m u l a t i n g 

f u r t h e r e m i s s i o n ) . A s y s t e m o f p o l a r i s e r s i n c o n j u n c t i o n w i t h t h e 

Q - s w i t c h b l o c k s t h e r e t u r n o f l i g h t d u r i n g p u m p i n g . When t h e u p p e r 

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

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

l a s i n g t a k e s p l a c e . T h e l a s e r i s r u n a t a r e p e t i t i o n r a t e o f 1 0 H z a n d 

17 

e a c h p u l s e c o n s i s t s o f a n a v e r a g e o f 1 0 l i n e a r l y p o l a r i s e d p h o t o n s . 

T h e m a i n c o m p o n e n t s o f t h e l a s e r ' s o p t i c a l s y s t e m a r e s h o w n i n F i g u r e 1 . 2 . 2 . 

T o p r o d u c e a n e l e c t r o n beam a t a b o u t 3 0 G e V , t h e l i n a c i s o p e r a t e d 

i n t h e SLED 1 [ 3 ] m o d e . T h e p o w e r r a d i a t e d f r o m a h e a v i l y o v e r c o u p l e d 

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

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

n o r m a l l y t r a v e l s a s a r e v e r s e w a v e b a c k t o w a r d t h e g e n e r a t o r . H o w e v e r 

some m i c r o w a v e n e t w o r k s c a n d i r e c t t h e r a d i a t e d p o w e r i n t o a n e x t e r n a l 

l o a d . One s u c h n e t w o r k c o n s i s t s o f t w o i d e n t i c a l c a v i t i e s a t t a c h e d 

t o a l a r g e c o u p l e r ( e . g . 3 - d b ) . T h e s l e d d e d beam i s p r o d u c e d b y 
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u s i n g a s y s t e m o f d u a l c a v i t i e s s p a c e d a t i n t e r v a l s a l o n g t h e b e a m 

l i n e t o m o d i f y t h e RF p r o d u c e d b y t h e l i n a c . T h e w i d t h o f t h e RF 

p u l s e s i s r e d u c e d b u t t h e i r p e a k p o w e r i n c r e a s e s ( b y a f a c t o r o f 1 . 4 ) 

i n c r e a s i n g t h e b o o s t g i v e n t o t h e e l e c t r o n b e a m e n e r g y . T h e b e a m i s 

r u n a t 1 8 0 H z , e a c h p u l s e h a v i n g a d u r a t i o n o f 2 0 0 n s e c a n d c o m p r i s e d 

o n a v e r a g e o f 1 0 ^ e l e c t r o n s . 

T h e l a s e r b e a m i n t e r s e c t s t h e e l e c t r o n b e a m a t 2 m i l l i r a d i a n . T h e 

y i e l d o f p h o t o n s v a r i e d d u r i n g t h e r u n b e t w e e n 5 a n d 8 0 b u t i n g e n e r a l 

we o p e r a t e d a t a r o u n d 2 5 p h o t o n s / p u l s e a t a r a t e o f 1 0 H z ( d e t e r m i n e d b y 

t h e l a s e r ' s r e p e t i t i o n r a t e ) . T h e b e a m h a s a l i n e a r p o l a r i s a t i o n o f 

a r o u n d 5 5 p e r c e n t a n d t h e a x i s o f p o l a r i s a t i o n w a s a l t e r n a t e d d u r i n g t h e 

r u n b e t w e e n p a r a l l e l a n d p e r p e n d i c u l a r t o t h e h o r i z o n t a l . T h e b e a m h a s 

a d i a m e t e r o f 3mm. F i g u r e 1 . 2 . 3 s h o w s t h e m a i n e l e m e n t s o f t h e b e a m 

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

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

A p p e n d i x A . 

1 . 3 T h e SLAC H y b r i d F a c i l i t y 

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

d e t e c t o r s , t h e SLAC 4 0 " b u b b l e c h a m b e r , a n d t h e d o w n s t r e a m d e t e c t o r s . 

1 . 3 . A T h e U p s t r e a m S y s t e m 

T h e r e a r e t w o u p s t r e a m d e t e c t o r s . T h e q u a d r a n t d e t e c t o r i s u s e d 

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

T h e p a i r s p e c t r o m e t e r ( P . S . ) i s u s e d t o a n a l y s e t h e momentum o f e + e ~ 

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

p r o v i d e s i n f o r m a t i o n o n t h e b e a m ' s s p e c t r u m a n d i n t e n s i t y . T h e r e l a t i v e 

l o c a t i o n s o f t h e s e d e t e c t o r s a r e shown i n F i g u r e 1 . 2 . 3 . T a b l e 1 . 3 . A . 1 

g i v e s m o r e d e t a i l s . 
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COMPONENT X P O S I T I O N / CM 

I n t e r a c t i o n r e g i o n 1 6 7 2 2 (+_ 3 0 0 ) 

Q u a d r a n t D e t e c t o r 1 7 2 2 

S w e e p i n g M a g n e t ( 2 7 D 4 ) 1 5 7 0 

P . S . C o l l i m a t o r 1 4 4 3 

A n a l y s i n g M a g n e t ( 2 7 D 5 ) 1 2 7 5 

S e n s e W i r e # 1 o f L o w e r d r i f t c h a m b e r 8 1 5 

S e n s e W i r e # 1 o f U p p e r d r i f t c h a m b e r 8 1 7 

S c i n t i l l a t o r s a n d # 3 7 9 1 

S c i n t i l l a t o r s # 2 a n d # 4 7 8 1 

C e n t r e o f B u b b l e C h a m b e r 0 . 0 

T a b l e 1 . 3 . A . 1 

P O S I T I O N OF M A I N COMPONENTS OF UPSTREAM SYSTEM 

T h e r e a r e t h i r t y w i r e s i n e a c h o f t h e p a i r s p e c t r o m e t e r d r i f t c h a m b e r s 

a r r a n g e d i n t w o r o w s w h i c h a r e 5 . 6 cm a p a r t . T h e v e r t i c a l s e p a r a t i o n 

b e t w e e n w i r e s i n a p a r t i c u l a r r o w i s 2 . 6 cm. T h e v e r t i c a l s e p a r a t i o n 

b e t w e e n w i r e s i s 1 . 3 c m . 

1 . 3 . B T h e B u b b l e C h a m b e r 

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

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

d o w n s t r e a m s y s t e m . I t s e s s e n t i a l f e a t u r e s a r e l i s t e d i n T a b l e 1 . 3 . B . 1 

T h e b u b b l e c h a m b e r was r u n h o t a t a t e m p e r a t u r e o f a p p r o x i m a t e l y 

29K i n o r d e r t o o b t a i n a s l o w b u b b l e g r o w t h r a t e a n d a h i g h b u b b l e 

d e n s i t y ( a b o u t 7 0 b u b b l e s / c m c o m p a r e d t o t h e m o r e u s u a l 15 b u b b l e s / c m ) . 

I n a d d i t i o n t o t h e u s u a l 3 c a m e r a s t h e c h a m b e r was a l s o e q u i p p e d 

w i t h a c e n t r a l l y p l a c e d h i g h r e s o l u t i o n c a m e r a . T h i s h a s a S c h n e i d e r 
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C h a m b e r D i a m e t e r 1 m e t r e 

C h a m b e r D e p t h 4 3 cm 

P u l s i n g R a t e 1 0 - 1 5 H z 

E n t r a n c e a n d E x i t W i n d o w s 1 . 5 m m S t a i n l e s s S t e e l 

M a g n e t i c F i e l d 2 6 kG 

I l l u m i n a t i o n B r i g h t F i e l d 
( P i s t o n c o v e r e d w i t h S c o t c h l i t e ) 

C a m e t a R a t e 2 H z M a x i m u m 

T a b l e 1 . 3 . B . 1 ELEMENTS OF T H E SLAC 4 0 " BUBBLE CHAMBER 

COMPONON S l e n s o f 360mm f o c a l l e n g t h w h i c h w a s o p e r a t e d a t f / 1 1 . T h e 
3 

h i g h r e s o l u t i o n c a m e r a v i e w s a v o l u m e o f d i m e n s i o n s 7 6 x 13 x 1 . 2 cm 

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

r e s o l u t i o n o b t a i n a b l e i s 5 5 ym a l t h o u g h t h e a c t u a l r e s o l u t i o n a c h i e v e d 

d e p e n d e d o n t h e o p e r a t i n g c o n d i t i p n s ( a b o u t 6 5 ym d u r i n g t h e f i r s t t w o 

r u n s o v e r a b o u t +_ 3 3 c m ) . W i t h o u t t h i s c a m e r a i t w o u l d n o t b e p o s s i b l e 

t o s e a r c h d i r e c t l y f o r c h a r m d e c a y s a t t h e s c a n n i n g s t a g e o f t h e f i l m 

a n a l y s i s . 

1 . 3 . C T h e D o w n s t r e a m S y s t e m 

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

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

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

c h a m b e r . A l l o f t h e d e t e c t o r s a r e d e a d e n e d a b o u t t h e X x Z p l a n e c o n t a i n i n g 

t h e b a c k g r o u n d d u e t o b e a m p h o t o n p a i r c o n v e r s i o n s . F i g u r e 1 . 3 . C . 1 s h o w s 

t h e l a y o u t o f t h e s y s t e m . 

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

c o n t a i n v e r t i c a l ( y ) , h o r i z o n t a l ( z ) , a n d d i a g o n a l ( u ) w i r e p l a n e s , t h e 

f o u r t h c o n t a i n s o n l y y a n d z p l a n e s . T h e w i r e p l a n e s w i t h i n a c h a m b e r 

a r e s e p a r a t e d b y 3 . 8 cm a n d t h e d i a g o n a l w i r e s ( w h e n p r e s e n t ) f o r m a 
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Pb-GLASS 
ABSORBER 

HODOSCOPE 
CERENKOV COUNTER 

N 2 
FREON 

BEAM 
STOP 
COUNTER 

SHOWER 
g j f ^ POSITION 

HODOSCOPE 

Pb-GLASS 
CONVERTER 

BUBBLE CHAMBER 
4C29B. 

F i g u r e 1 . 3 . C . 1 BUBBLE CHAMBER AND D0WA/5TREAM SYSTEM 
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3 : 4 : 5 t r i a n g l e w i t h t h e o t h e r s ( 3 9 . 6 ° t o t h e h o r i z o n t a l ) . T h e h i t i n f o r m -

a t i o n f r o m z - a l p h a , z - b e t a , a n d z - g a m m a i s u s e d i n m a k i n g a t r i g g e r i n g 

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

o f t h e m o m e n t u m o f ( f a s t ) c h a r g e d t r a c k s ( s e e s e c t i o n 2 . 3 o n h y b r i d i s a t i o n ) . 

T h e s p e c i f i c a t i o n s o f t h e c o u n t e r s a r e g i v e n i n t a b l e I . 3 . C . I . 

PWC X P O S I T I O N OF Z PLANE 
CM 

D I M E N S I O N S 
( Y x Z ) CM 

W I R E S / I N C H 

a 8 1 7 2 x 2 2 1 2 

A 1 2 3 1 0 4 x 3 3 1 2 

Y 2 0 7 1 6 8 x 6 0 1 2 

6 2 6 9 1 9 3 x 9 6 1 

T a b l e 1 . 3 . C . 1 D E T A I L S OF PWCs 

( N B T h e c e n t r e o f t h e b u b b l e c h a m b e r a c t s a s t h e o r i g i n o f t h e c o -

o r d i n a t e s y s t e m , t h e x - a x i s l i e s a l o n g t h e b e a m d i r e c t i o n ) . 

T h e r e a r e t w o t h r e s h o l d a t m o s p h e r i c g a s C e r e n k o v s , C I a n d C 2 f i l l e d 

w i t h f r e o n 1 2 a n d n i t r o g e n r e s p e c t i v e l y . T h e s e e n a b l e t r a c k s o f 3 . 0 Getyfc 

o r m o r e t o b e i d e n t i f i e d a s p i o n s o r k a o n s / p r o t o n s a n d t r a c k s o f 1 0 . 6 G e ^ t 

o r m o r e c a n b e f u r t h e r s e p a r a t e d i n t o k a o n s a n d p r o t o n s . T a b l e 1 . 3 . C . 2 

g i v e s m o r e d e t a i l s [ 4 ] . 

C I C 2 

G a s , R e f r a c t i v e I n d e x F r e o n 1 2 , 1 . 0 0 1 0 8 N i t r o g e n , 1 . 0 0 03 

T h r e s h o l d M o m e n t a ( G e V / c ) 
( e / T r / K / p ) 0 . 0 1 / 3 . 0 / 1 0 . 6 / 2 0 . 2 0 . 0 2 / 5 . 7 / 2 0 . 2 / 3 8 . 3 

M e a n N u m b e r 
D e t e c t e d 

o f P h o t o e l e c t r o n s 1 0 1 0 

P o s i t i o n o f e n t r a n c e W i n d o w (cm) 3 1 0 . 0 3 8 1 . 5 

E x i t w i n d o w (cm) 3 8 1 . 5 5 8 6 . 5 

1 / 4 r a d ( % > 
' 9 . 7 0 3 . 5 5 

^ c o l l ™ 8 . 0 0 3 . 1 4 
_ 

T a b l e 1 . 3 . C . 2 D E T A I L S OF CERENKOV SYSTEM 
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T h e l e a d g l a s s w a l l s h o w e r d e t e c t o r i s c o m p r i s e d o f a f i l t e r 

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

h o d o s c o p e s ( v e r t i c a l a n d h o r i z o n t a l ) , a n d a n a r r a y o f b a c k b l o c k s 

( l e a d g l a s s a b s o r b e r ) . A g a p d o w n t h e c e n t r e , o f v a r i a b l e w i d t h , 

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

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

o f t h e v a r i o u s m o d u l e s a n d t h e i r d i s t r i b u t i o n a r e g i v e n i n T a b l e I . 3 . C . 3 . 

NUMBER OF 
MODULES 

D I M E N S I O N OF R A D I A T I O N 
LENGTH 

(t/trad> 

D I S T R I B U T I O N 
ELEMENT NUMBER OF 

MODULES MODULES 3 

( y x z x x ) c m 

R A D I A T I O N 
LENGTH 

(t/trad> 

W I T H I N A 
S E C T I O N 

( y x z ) 

F i l t e r H o d o s c o p e 24 2 2 x 6 0 x . 6 4 12 x 1 

L e a d S h i e l d 2 2 9 0 x 6 3 x . 6 4 1 . 1 3 1 x 1 

A c t i v e C o n v e r t e r 5 2 1 0 . 9 x 9 0 x 1 0 3 . 3 2 6 x 1 

V e r t i c a l F i l t e r H o d o -
s c o p e ( m e a s u r e s 4 6 2 7 4 x 2 . 5 x 1 . 3 1 x 2 3 
h o r i z o n t a l p o s i t i o n s ) 

H o r i z o n t a l F i l t e r 
H o d o s c o p e 2 0 4 2 . 5 x 6 1 x 1 . 3 1 0 2 x 1 

B a c k B l o c k s ; T o p 3 2 1 5 . 3 x 1 5 . 3 x 3 2 . 2 1 0 . 5 4 x 4 

C e n t r e 8 8 1 5 . 3 x 1 5 . 3 x 6 4 . 4 2 1 . 0 1 1 x 4 

B o t t o m 3 2 1 5 . 3 x 1 5 . 3 x 3 2 . 2 1 0 . 5 4 x 4 

T a b l e 1 . 3 . C . 3 COMPONENTS OF THE LEAD GLASS WALL 

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

t h e n o r t h o r s o u t h a c t i v e c o n v e r t e r c o l u m n s o r i n t h e n o r t h o r s o u t h 

a b s o r b e r c o l u m n s e x c e e d s s e t t h r e s h o l d s i n t h o s e c o l u m n s ( i . e . t h e 

d e t e c t o r i s a c t i n g a s a h a d r o n c a l o r i m e t e r ) . O f f - l i n e t h e i n f o r m a t i o n 

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

e l e c t r o n s [ 5 ] . 
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1 . 4 D a t a T a k i n g 

T h e d a t a d i s c u s s e d i n t h i s t h e s i s h a s b e e n t a k e n b y t h e SLAC 

H y b r i d F a c i l i t y P h o t o n C o l l a b o r a t i o n , a g r o u p o f n i n e t y - f o u r p h y s i c i s t s 

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

U n i t e d K i n g d o m , a n d t h e U n i t e d S t a t e s o f A m e r i c a ) . T h e d a t a w a s t a k e n 

i n t h r e e s e p a r a t e r u n s w h i c h a r e s u m m a r i s e d i n T a b l e 1 . 4 . 1 

DATE NUMBER OF 
P I C T U R E S TAKEN 

NUMBER OF HADRONIC 
I N T E R A C T I O N S I N 
F I D U C I A L VOLUME 

NUMBER OF HADRONIC 
I N T E R A C T I O N S 

SCANNABLE FOR CHARM 

Summer 1 9 8 0 7 J O 0 0 1 1 0 0 0 4 0 0 0 

A u t u m n 1 9 8 0 4 4 5 0 0 0 7 5 0 0 0 5 0 0 0 0 

S p r i n g 1 9 8 1 6 3 5 0 0 0 1 4 0 0 0 0 1 0 5 0 0 0 

T a b l e 1 . 4 . 1 SUMMARY OF DATA TAKEN 

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

i t o c c u r s w i t h i n x l i m i t s o f - 4 5 . 0 cm a n d 3 0 . 0 cm. E v e n t s w h i c h a r e c l e a r l y 

v i s i b l e o n t h e h i g h r e s o l u t i o n v i e w o f t h e e v e n t ( i . e . a l l t r a c k s i n 

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

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

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

c o n t a i n e d i n t h e p i c t u r e s t a k e n h a s i n c r e a s e d w i t h t i m e a n d e x p e r i e n c e . 
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C h a p t e r 1 - R e f e r e n c e s 

S . L . G l a s h o w , J . I l i o p o u l o s a n d L . M a i a n i ; P h y s . R e v . D2_, 1 2 8 5 

( 1 9 7 0 ) 

SHF P h o t o n C o l l a b o r a t i o n ; S L A C - P U B - 2 8 7 0 ( f o r m s p a r t o f A p p e n d i x C) 

Z . D . F a r k a s , H . A . H o g g , G . A . Loew a n d p . B . W i l s o n ; S L A C - P U B - 1 4 5 3 

A . V . B e v a n e t a l ; I C / H E N P / 8 2 / 1 , s u b m i t t e d t o N I M 

J . E . B r a u e t a l ; S L A C - P U B - 2 7 7 3 
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CHAPTER 2 

THE EVENT PROCESSING C H A I N 

2 . 1 I n t r o d u c t i o n 

2 . 2 S c a n n i n g a n d M e a s u r i n g 

2 . 2 . A S c a n n i n g a n d M e a s u r i n g - O r d i n a r y E v e n t s 

2 . 2 . B S c a n n i n g a n d M e a s u r i n g - C h a r m C a n d i d a t e s 

2 . 3 G e o m e t r i c a l R e c o n s t r u c t i o n a n d H y b r i d i s a t i o n 

2 . 4 K i n e m a t i c a l R e c o n s t r u c t i o n 

2 . 5 E v e n t R e c o v e r y a n d DST P r o d u c t i o n 
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2 . 1 I n t r o d u c t i o n 

T h e b u b b l e c h a m b e r t e c h n i q u e e n a b l e s a t h r e e d i m e n s i o n a l r e c o n s t r u c t i o n 

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

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

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

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

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

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

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

t h e b u b b l e s s c a t t e r t h e l i g h t so t h a t t h e t r a c k ' s s h a d o w i s c a s t o n t h e 

f i l m i n t h e b u b b l e c h a m b e r c a m e r a s w h i c h i s o t h e r w i s e e x p o s e d . P h o t o -

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

o f t h e e v e n t i s t o b e m a d e . 

T h e d a t a p r o c e s s i n g c h a i n c o n s i s t s o f t h e s t e p s n e e d e d t o t r a n s f o r m 

t h e r a w d a t a o n f i l m ( a n d o n t a p e f r o m t h e e l e c t r o n i c c o u n t e r s ) i n t o 

i n f o r m a t i o n o n a d a t a s u m m a r y t a p e ( D S T ) a b o u t t h e t y p e a n d t h e momentum 

v e c t o r s o f t h e p a r t i c l e s p r o d u c e d i n t h e r e a c t i o n . T h e e x a c t d e t a i l s 

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

( d e p e n d e n t o n t h e r e s o u r c e s a v a i l a b l e ) s o I w i l l d e s c r i b e s p e c i f i c a l l y 

t h e m e t h o d s u s e d a t I m p e r i a l C o l l e g e . 

2 . 2 S c a n n i n g a n d M e a s u r i n g 

N o t e v e r y f r a m e o f f i l m i s u s e f u l , e i t h e r b e c a u s e t h e r e i s no 

i n t e r a c t i o n o n i t o r b e c a u s e t h e i n t e r a c t i o n i s n o t u s a b l e . T h e f i l m i s 

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

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

t w o t y p e s o f p i c t u r e s w e r e p r o d u c e d ; some o f t h e c h a r m p r o c e s s i n g b e i n g 

d o n e s e p a r a t e l y . 
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2 . 2 . A S c a n n i n g a n d M e a s u r i n g - O r d i n a r y E v e n t s 

A n y h a d r o n i c i n t e r a c t i o n v i s i b l e o n t h e u s u a l p i c t u r e s ( o r d i n a r y 

m a g n i f i c a t i o n , t h r e e v i e w s ) w a s r e c o r d e d . I f t h e e v e n t w a s w i t h i n t h e 

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

p r o n g i n t e r a c t i o n s , a n d e v e n t s w i t h t r a c k s s c a t t e r i n g t o o c l o s e t o t h e 

p r i m a r y v e r t e x . 

T h e e v e n t m e a s u r e m e n t w a s p e r f o r m e d b y a c o m p u t e r c o n t r o l l e d s y s t e m , 

t h e H o u g h P o w e l l d e v i c e ( H P D ) [ 1 ] w h i c h w a s o p e r a t e d i n a " r o a d g u i d a n c e " 

m o d e . T h i s r e q u i r e d t h a t a n i n i t i a l r o u g h d i g i t i s a t i o n o f t h e e v e n t w a s 

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

t r a c k w e r e m e a s u r e d o n e a c h v i e w . T h e s e d a t a w e r e t h e n c o n v e r t e d i n t o 

i n p u t f o r t h e HPD a n a l y s i s p r o g r a m ( H A Z E ) b y a n o t h e r p r o g r a m ( M I S T ) . HAZE 

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

( a b o u t 0 . 5 t o 1mm w i d e o n t h e f i l m ) , w i t h i n w h i c h d i g i t i s i n g s w e r e u s e d t o 

c a l c u l a t e m a s t e r p o i n t s f o r t h e t r a c k s . E v e n t s w h i c h f a i l e d HAZE w e r e 

r e c o v e r e d i f p o s s i b l e b y u s i n g a p r o g r a m c a l l e d RESCUE w h i c h e n a b l e d a 

human t o i n t e r v e n e i n d e f i n i n g t h e r o a d f o r a t r a c k . T h e H A Z E / R E S C U E 

o u t p u t w a s t h e n p r o c e s s e d b y y e t a n o t h e r p r o g r a m (SMOG) w h i c h c o m b i n e d 

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

r e c o n s t r u c t i o n p r o g r a m , HYDRA [ 2 ] g e o m e t r y b e i n g u s e d . 

2 . 2 .-B S c a n n i n g a n d M e a s u r i n g - C h a r m C a n d i d a t e s 

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

a n y w h e r e o n t h e f i l m b e i n g r e c o r d e d . A t h i r d s c a n w a s t h e n d o n e o f a l l 

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

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

p a r t i c l e d e c a y s . I n i t i a l l y t h i s s c a n n i n g w a s d o n e b y p h y s i c i s t s , l a t e r 

e x p e r i e n c e d . s c a n n e r s w e r e u s e d . A l l e v e n t s w h i c h w e r e c h a r m c a n d i d a t e s 

w e r e s k e t c h e d a n d p h o t o g r a p h e d o n t h e s c a n t a b l e ( t h e p h o t o g r a p h 

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



-18-

T h e p h o t o g r a p h s w e r e t h e n e x a m i n e d b y a g r o u p o f p h y s i c i s t s who d e c i d e d 

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

T h e n e c e s s a r y c o n d i t i o n f o r a n e v e n t t o b e a c h a r m c a n d i d a t e w a s 

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

a c t i o n v e r t e x a n d w h i c h o r i g i n a t e d w i t h i n t h e " c h a r m b o x " ( s e e F i g u r e 

2 . 2 . B . 1 ) . T h i s d e f i n e d t h e l i m i t s o n t h e a r e a o f s p a c e o n t h e s c a n t a b l e 

2 mm 

w i t h i n w h i c h a c h a r m p a r t i c l e w a s l i k e l y t o o c c u r ( b a s e d o n k i n e m a t i c 

a r g u m e n t s a n d a l o n g l i f e t i m e e s t i m a t e ) . A l l t r a c k s w e r e c a r e f u l l y 

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

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

t h e y w e r e d r o p p e d a f t e r e x a m i n a t i o n b y t h e g r o u p o f p h y s i c i s t s ) . E v e n t s 

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

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

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

p a r t i c l e s w e r e i m m e d i a t e l y c l a s s e d a s " g o l d p l a t e d " c h a r m . 

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

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

w e r e m a d e u s i n g a SWEEPNIK [ 3 ] m a c h i n e , t h e n a t u r e o f t h e e v e n t s m a k i n g t h e m 

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

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

F i g u r e 2 . 2 . B . 2 i s a n e x a m p l e o f a c a n d i d a t e w h i c h w a s a c c e p t e d a s a 

c h a r m e v e n t . 

2 . 3 G e o m e t r i c a l R e c o n s t r u c t i o n a n d H y b r i d i s a t i o n [ 4 ] 

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

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

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

f i v e . T h e o u t p u t b a s i c a l l y c o n s i s t s o f t h e s p a t i a l c o - o r d i n a t e s ( x , y , 

z ) o f a l l v e r t i c e s , t h e m o m e n t u m , d i p , a n d a z i m u t h a l a n g l e s ( p , X , <j>) 

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

f o r a l l t h o s e t r a c k s . T h e r e s i d u a l s m e a s u r e how w e l l t h e e n e r g y l o s t 

b y a t r a c k f i t s t h e e n e r g y t h a t t h e t r a c k h a s , a s s u m i n g t h e p a r t i c l e 

p r o d u c i n g i t h a s a g i v e n m a s s ; i n some c a s e s ( l o w momentum t r a c k s ) 

t h e p a r t i c l e c a n b e i d e n t i f i e d . 

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

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

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

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

f a s t t r a c k s t h r o u g h t h e d o w n s t r e a m p w c ' s . H i t s c l o s e t o t h e t r a j e c t o r y 

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

t h e d i s p l a c e m e n t t o b o t h b u b b l e c h a m b e r a n d PWC p o i n t s . T h e h y b r i d i s e d 
2 

v a l u e s a r e a c c e p t e d i f t h e x i s g o o d . O t h e r w i s e t h e b u b b l e c h a m b e r 

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

t w o w i r e p l a n e s a r e r e q u i r e d . 
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2 . 4 K i n e m a t i c a l R e c o n s t r u c t i o n 

T h e o b j e c t o f a k i n e m a t i c s p r o g r a m i s t o g i v e a p h y s i c a l i n t e r -

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

t h r e e m o m e n t a . P o s s i b l e m a s s e s a n d q u a n t u m n u m b e r s a r e a s s i g n e d t o t h e 

p a r t i c l e s i n s u c h a w a y t h a t t h e r e l e v a n t c o n s e r v a t i o n l a w s a r e n o t 

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

t h a t e n e r g y a n d m o m e n t u m b e c o n s e r v e d o v e r a l l . F o r e a c h t o p o l o g y a 

s e t o f a l l t h e p o s s i b l e m a s s p e r m u t a t i o n s o f i n t e r e s t o f t h e f i n a l s t a t e 

p a r t i c l e s w a s c o m p i l e d a n d u s e d t o s e t u p t h e k i n e m a t i c s p r o g r a m G R I N D [ 6 ] 

t o p r o c e s s t h e HYDRA g e o m e t r y o u t p u t . 

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

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

v i s i b l e , m e a s u r a b l e t r a c k i t s e l f . A l t h o u g h t h e d i r e c t i o n o f t h e b e a m 

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

t h e m a j o r i t y o f p h o t o n s h a v e a n e n e r g y a b o v e 1 5 G e V ; s e e s e c t i o n 1 . 2 ) . 

A dummy b e a m t r a c k w a s i n s e r t e d i n t o t h e e v e n t , t h e d i r e c t i o n b e i n g 

s p e c i f i e d b u t n o t t h e beairfs e n e r g y . T h e r e s u l t o f t h i s p r o c e d u r e w a s 

t h a t t h e e n e r g y c o n s t r a i n t w a s l o s t . 

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

c o r r e s p o n d i n g t o t h e t o p o l o g y o f t h e e v e n t . T h e t r a c k p a r a m e t e r s a r e 

v a r i e d ( w i t h i n e r r o r s ) t o o b t a i n f i t s s a t i s f y i n g t h e t h r e e momentum 

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

f i t , r e f l e c t i n g t h e a m o u n t o f v a r i a t i o n i n t r o d u c e d i n t o t h e t r a c k 

p a r a m e t e r s i s t h e n c o m p u t e d . 

T h e e r r o r s o n t h e t r a c k s w e r e a d j u s t e d u n t i l t h e s t r e t c h f u n c t i o n s 

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

f u n c t i o n w i t h t h e s t a n d a r d i s e d v a r i a b l e 
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2 . ' ^ 2 . 4 . 1 

/ 4 2 c v - a 2 ( V 

s u c h t h a t ; 

2 

f ( z ) = — e ~ Z / 2 2 . 4 . 2 
/2TT 

w h e r e , 

X^ a n d Xp a r e t h e m e a s u r e d a n d f i t t e d t r a c k p a r a m e t e r s r e s p e c t i v e l y . 

E q u a t i o n 2 . 4 . 2 t h u s i m p l i e s t h a t f o r v a r i a b l e s h a v i n g G a u s s i a n l y 

d i s t r i b u t e d errors, z h a s a n o r m a l d i s t r i b u t i o n c e n t r e d o n z e r o a n d a 

s t a n d a r d d e v i a t i o n o f o n e . S i n c e t h e p a r a m e t e r s ( i , X , <j>) h a v e n e a r l y 

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

t h e s t r e t c h d i s t r i b u t i o n s i n t h r e e c o n s t r a i n t f i t s . T h e s t r e t c h e s f o r 

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

2 . 4 . 1 . 

T h e t y p e o f f i t o b t a i n e d d e p e n d s o n t h e n u m b e r o f k i n e m a t i c 

c o n s t r a i n t s a n d t h e n u m b e r o f u n k n o w n s . I f t h e r e a r e n o m i s s i n g 

p a r t i c l e s o r u n m e a s u r a b l e t r a c k s a t h r e e c o n s t r a i n t f i t ( 3 C f i t ) may 

b e o b t a i n e d . I f a s i n g l e p a r t i c l e i s m i s s i n g t h e r e a r e t h r e e u n k n o w n s 

( p , X a n d <J> f o r t h e m i s s i n g p a r t i c l e ) a n d so o n l y a s o l u t i o n f o r t h e 

u n k n o w n p a r a m e t e r s i s p o s s i b l e . I n t h i s c a s e t h e f i t i s t e r m e d a z e r o 

c o n s t r a i n t f i t ( O C ) . I n t h i s e x p e r i m e n t t h e m a j o r i t y o f e v e n t s a r e 

u n c o n s t r a i n e d . 

2 . 5 E v e n t R e c o v e r y a n d DST P r o d u c t i o n 

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

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

b e m i s m e a s u r e d o r t h e y may b e u n m e a s u r a b l e . A l i s t o f a l l e v e n t s k n o w n 

a b o u t . , k n o w n a s t h e M a s t e r - L i s t , i s p r e p a r e d i n i t i a l l y f r o m t h e i n p u t 

d a t a t o H A Z E . T h i s i s u p d a t e d a t e a c h s t e p o f t h e c h a i n a n d i n f o r m a t i o n 
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o n t h e s t a t u s o f t h e e v e n t i s i n c o r p o r a t e d i n t o i t . 

E s s e n t i a l l y t h e M a s t e r - L i s t c o n t a i n s t h e r o l l / f r a m e e v e n t n u m b e r s , 

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

b e e n c l a s s i f i e d a s u n m e a s u r a b l e o r n e e d s r e m e a s u r e m e n t . E v e n t s w h i c h 

f a i l e d m e a s u r e m e n t w e r e s e n t f o r m e a s u r e m e n t o n S w e e p n i k i f t h e y f a i l e d 

m o r e t h a n o n e m e a s u r e m e n t a t t e m p t o n t h e H P D . E v e n t s f o u n d o n t h e 

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

m e n t p a s s ( t h e r e m a i n i n g n u m b e r o f e v e n t s n o t f o u n d b y a n y s c a n w a s 

a s m a l l , c a l c u l a b l e l o s s ) . I n c a s e s o f c o n f l i c t b e t w e e n t h e t o p o l o g y 

n o t e d d u r i n g t h e m a i n v i e w s s c a n a n d t h e HRO t o p o l o g y ( e . g . o v e r t h e 

p r e s e n c e o f c l o s e i n V e e ' s ) t h e e v e n t w a s c l a s s i f i e d b y i t s m a i n v i e w 

t o p o l o g y . 

E v e n t s w e r e c h e c k e d a f t e r k i n e m a t i c a l r e c o n s t r u c t i o n t o i d e n t i f y 

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

- s u c h a s t r a c k s n o t b e i n g m e a s u r e d ( e . g . a f i v e p r o n g m e a s u r e d a s a 

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

T h e M a s t e r - L i s t w a s t h e n u s e d i n c o n j u n c t i o n w i t h t h e G R I N D o u t p u t 

t a p e t o p r e p a r e t h e DST f o r p h y s i c s a n a l y s i s . 
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3 . 1 I n t r o d u c t i o n 

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

t r i g g e r e d ( o r h y b r i d ) a n d u n t r i g g e r e d . U n t r i g g e r e d e x p e r i m e n t s y i e l d a n 

u n b i a s e d s a m p l e o f t h e t o t a l c r o s s s e c t i o n b e c a u s e no s y s t e m o f l i m i t e d 

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

t h e b u b b l e c h a m b e r c a m e r a s . I f t h e c h a n c e o f t h e i n t e r a c t i o n t o b e 

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

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

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

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

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

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

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

T h e t r i g g e r u s e d b y a s p e c i f i c e x p e r i m e n t i s d e t e r m i n e d b y w h a t i s 

t o b e i n v e s t i g a t e d , b y w h a t d e t e c t o r s c a n p r o v i d e d a t a a n d , b y t h e t i m e 

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

e v o l u t i o n , o p e r a t i o n , . a n d f u r t h e r d e v e l o p m e n t o f t h e B C 7 2 / 7 3 t r i g g e r . 

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

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

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

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

n e x t s e c t i o n e x p l a i n s w h y . 

3 . 2 T i m e C o n s t r a i n t s 

T h e p r i m a r y a i m o f t h e B C 7 2 / 7 3 e x p e r i m e n t i s t o s t u d y t h e l i f e -

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

- 1 2 - 1 3 

t y p i c a l l y i n t h e r a n g e o f 1 0 t o 1 0 s e c o n d s w i t h c o r r e s p o n d i n g 

d e c a y l e n g t h s ( a t o u r e n e r g y ) o f a f e w h u n d r e d m i c r o n s a t m o s t . T h e 
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h i g h r e s o l u t i o n c a m e r a t e c h n i q u e ( d e s c r i b e d i n s e c t i o n 1 . 3 . B ) w a s 

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

p r i m a r y v e r t e x , w h e n s c a n n i n g t h e f i l m u n d e r h i g h m a g n i f i c a t i o n ( 5 0 t o 

1 0 0 t i m e s s p a c e ) . I t w a s e s t a b l i s h e d t h a t t o h a v e a r e a s o n a b l e d e t e c t i o n 

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

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

T h e m a x i m u m a l l o w e d b u b b l e s i z e w a s c h o s e n t o b e 8 0 m i c r o n s . S i n c e , 

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

s i z e i n c r e a s e s w i t h t h e s q u a r e r o o t o f t i m e , t h i s d e c i s i o n d e t e r m i n e d 

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

f i l m i n t h e HRO c a m e r a . T h e 4 0 " b u b b l e c h a m b e r w a s r u n h o t ( a t 2 9 ° K ) t o 

g i v e a h i g h b u b b l e d e n s i t y ( a b o u t 7 0 b u b b l e s / c m ) . A f t e r 2 5 0 m i c r o s e c o n d s 

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

m a x i m u m . T h e m i n i m u m b u b b l e s i z e a p p r o x i m a t e l y m a t c h e s t h e r e s o l u t i o n o f 

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

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

m i n i m u m f l a s h d e l a y o f 1 5 0 m i c r o s e c o n d s ( g i v i n g 5 5 m i c r o n b u b b l e s ) h a s 

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

T h e v e r y s h o r t t i m e a v a i l a b l e f o r a t r i g g e r i n g d e c i s i o n t o b e 

m a d e ( a 2 5 0 m i c r o s e c o n d c u t o f f c o m p a r e d t o t h e 2 m i l l i s e c o n d s c u t u s e d 

b y e a r l i e r e x p e r i m e n t s a t t h e S H F ) m e a n t t h a t o n l y a h a r d w a r e t r i g g e r o r 

a v e r y s i m p l e s o f t w a r e o n e w a s w o r t h c o n s i d e r i n g . T h e t i m e a v a i l a b l e f o r 

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

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

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

c o m p l e x i t y . T h e n e x t s e c t i o n d e s c r i b e s w o r k d o n e t o e s t a b l i s h how s i m p l e 

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

b a c k g r o u n d . 
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3 . 3 B a c k g r o u n d R e j e c t i o n 

T h e h a d r o n i c c r o s s s e c t i o n f o r p h o t o p r o d u c t i o n a t 2 0 GeV i s 

a p p r o x i m a t e l y 1 1 5 m i c r o b a r n . T h e p r o b a b i l i t y o f a h a d r o n i c i n t e r a c t i o n 

o c c u r r i n g w i t h i n a f i d u c i a l l e n g t h o f 7 5 c e n t i m e t r e s ( t h a t o f t h e SLAC 

- 4 

4 0 i n c h b u b b l e c h a m b e r ) i s t h e r e f o r e a b o u t 3 x 1 0 . H e n c e , r u n n i n g a t 

a t y p i c a l f l u x o f a r o u n d 3 0 p h o t o n s / p u l s e w o u l d y i e l d 1 i n t e r a c t i o n o f 

i n t e r e s t e v e r y 1 0 0 f r a m e s i f n o s e l e c t i o n w a s m a d e o f t h e p i c t u r e s t a k e n . 

As e x p l a i n e d b e l o w , i t w a s d e c i d e d t o a i m f o r a s i g n a l t o n o i s e r a t i o o f 

1 e v e n t e v e r y 4 p i c t u r e s , r e q u i r i n g t h e r e j e c t i o n o f 9 6 o u t o f e v e r y 

1 0 0 p o s s i b l e t r i g g e r s b y t h e o n - l i n e t r i g g e r i n g a l g o r i t h m . 

T h e i n i t i a l w o r k o n t h e t r i g g e r p r e c e d e d a n o p e r a t i o n a l p h o t o n 

b e a m b y a b o u t a y e a r . I t w a s t h e r e f o r e n e c e s s a r y t o e s t i m a t e t h e b a c k -

g r o u n d n o i s e i n t h e d e t e c t o r s ( a n d t h u s t h e b a c k g r o u n d t r i g g e r r a t e ) b y 

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

a 1 6 GeV e l e c t r o n b e a m d o w n t h e SHF b e a m - l i n e a t t h i s t i m e . M o n t e C a r l o 

s t u d i e s h a d e s t a b l i s h e d t h a t a 1 6 GeV e l e c t r o n w a s e q u i v a l e n t t o 5 p h o t o n s 

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

H o w e v e r t h e e f f e c t o f 3 0 p h o t o n s / p u l s e c o u l d n o t b e d u p l i c a t e d b y u s i n g 

a f l u x o f 6 e l e c t r o n s / s p i l l b e c a u s e o f t h e f a r g r e a t e r s p r e a d o f t h e 

e l e c t r o n b e a m w h e n c o m p a r e d t o t h e p h o t o n b e a m . F o r t u n a t e l y h o w e v e r , i t 

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

T h e SHF a t t h i s t i m e h a d , i n a d d i t i o n t o t h e m u l t i w i r e p r o p o r t i o n a l 

c h a m b e r s i t h a s a t p r e s e n t , t w o s e t s o f p a i r s o f p r o p o r t i o n a l p l a n e s (Y a n d 

Z o n l y ) u p s t r e a m o f t h e b u b b l e c h a m b e r . T h e s e c h a m b e r s w e r e u s e d t o 

d e f i n e t h e p o s i t i o n a n d d i r e c t i o n o f c h a r g e d b e a m t r a c k s . A v e r y l o w 

i n t e n s i t y e l e c t r o n b e a m was s e n t d o w n t h e b e a m - l i n e ( s o l o w t h a t a v e t o w a s 

u s e d t o r e j e c t s p i l l s t h a t g a v e no h i t s i n t h e u p s t r e a m c h a m b e r s ) a n d 

t h e h i t s i n t h e d e t e c t o r s r e c o r d e d o n t o m a g n e t i c t a p e f o r o f f l i n e a n a l y s i s . 
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S i n g l e e l e c t r o n s p i l l s w e r e t h e n d e f i n e d t o b e s p i l l s w h i c h g a v e o n e 

h i t a n d o n l y o n e h i t ( a f t e r e x c l u d i n g " h o t " w i r e s - i . e . t h o s e w h i c h f i r e d 

e v e r y t i m e ) i n t h e u p s t r e a m w i r e c h a m b e r s . T h e e l e c t r o n t r a j e c t o r y w a s 

k n o w n f o r t h e s e s p i l l s a n d t h e t r a n s l a t i o n i n s p a c e n e e d e d t o map t h a t 

t r a c k o n t o a n o m i n a l t r a j e c t o r y ( t h a t o f t h e " p h o t o n " b e a m ) c o u l d b e 

c a l c u l a t e d . S i n c e t h e r e w a s o n l y o n e t r a c k t h e same t r a n s f o r m a t i o n c o u l d 

b e a p p l i e d t o s h i f t t h e l o c a t i o n s o f t h e d o w n s t r e a m h i t s . T h e r e s u l t 

o f t h i s w a s t o p r o d u c e a s e t o f r e c o r d s c o r r e s p o n d i n g t o t h e b a c k g r o u n d 

i n t h e d e t e c t o r s c a u s e d b y a n e l e c t r o n b e a m w i t h n o s p r e a d . T h e s e 

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

e q u i v a l e n t t o v a r i o u s f l u x e s . F i g u r e 3 . 3 . 1 s h o w s t h e s t e p s t a k e n i n 

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

I t w a s a s s u m e d t h a t t h e p r o p o r t i o n a l w i r e c o u n t e r s ( i n common w i t h 

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

T h e d e a d r e g i o n w a s i n t e n d e d t o b e l a r g e e n o u g h t o e x c l u d e t h e m a j o r i t y 

o f e + e p a i r s f o r m e d b y b e a m p h o t o n c o n v e r s i o n s f r o m r e g i s t e r i n g i n t h e 

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

s o t h e d e a d r e g i o n c o v e r e d t h e x y p l a n e c o n t a i n i n g t h e p h o t o n b e a m . T h e 

e x t e n t o f t h e d e a d r e g i o n i n z i n c r e a s e d w i t h i n c r e a s i n g d e t e c t o r d i s t a n c e f r o m , 

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

i n z w e r e e x p e c t e d t o b e +_ 12mm i n z a i n c r e a s i n g t o +_ 20mm i n z y a n d 

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

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

T h e f i r s t t e s t s r u n o n t h i s d a t a e s t a b l i s h e d t h e f r e q u e n c y o f 

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

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

e x p e r i m e n t s a t t h e S H F . F i g u r e 3 . 3 . 2 s h o w s t h e m a i n e l e m e n t s o f t h i s 

t r i g g e r w h i c h was b a s e d u p o n t h e u s e o f m a t c h o r s p a c e p o i n t s . T h e s e a r e 

g r o u p s o f h i t s i n t h e y , u a n d z p l a n e s o f a m u l t i w i r e p r o p o r t i o n a l 
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F i g u r e 3 . 3 . 1 OVERLAY PROGRAM STRUCTURE 
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F i g u r e 3 . 3 . 2 L O G I C O F " O L D S T Y L E " A L G O R I T H M 

^T^R^ 

' R E A D I N 
D A T A 

F I N D S P A C E 
P O I N T S 

A R E T H E R E S P A C E 
P O I N T S I N A T L E A S T 
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n o 

y e s 
y e s 

L O O P O V E R 
P A I R S O F 
S T A T I O N S 

A N Y P A I R S 
O F P L A N E S 

L E F T T O T R Y ? 

L O O P O V E R Z - H I T S 
I N F I R S T S T A T I O N 

I N P A I R 

U S E O N L Y 
Z - H I T S F R O M 

S P A C E P O I N T S 

D E F I N E A L L O W E D 
Z R A N G E F O R H I T S 
I N S E C O N D S T A T I O N 

L O O P O V E R Z - H I T S \ 
S E A R C H I N G F O R O N E V 
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U S E O N L Y 
Z - H I T S F R O M 

S P A C E P O I N T S 

y e s 

F I N D A N A L L O W E D H I T ? 

> ^ y e s 

DO A S S O C I A T E D Y V A L U E S 
Y I E L D A N A L L O W E D 

M O M E N T U M ? 

v y e s 

A N Y C O N F I R M I N G 
H I T S I N T H I R D 

n o 

A N Y H I T S L E F T 
I N F I R S T S T A T I O N ? 

ANY H I T S L E F T I N 
SECOND S T A T I O N ? 

^ S T A T ] [ O N ? J 
\ , y e s 
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s t a t i o n w h i c h d e f i n e a u n i q u e p o i n t i n s p a c e ( t h e t h i r d p l a n e r e m o v i n g 

t h e a m b i g u i t i e s t h a t e x i s t i f o n l y t w o p l a n e s a r e u s e d ) . O n l y z h i t s 

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

a l g o r i t h m . I n t h i s w a y m o s t o f t h e r a n d o m z h i t s i n t h e PWCs a r e 

f i l t e r e d o u t ( a t t h e e x p e n s e o f some l o s s o f e f f i c i e n c y s i n c e h i t s a r e 

r e q u i r e d i n . t h r e e PWC p l a n e s n o t j u s t o n e ) . 

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

h u n d r e d m i c r o s e c o n d s o f 1 6 8 / E t i m e f o r e x a m p l e ) , t h e t i m e t a k e n i n c r e a s i n g 

w i t h t h e p r o d u c t o f t h e n u m b e r o f h i t s i n e a c h p l a n e . T h e f i r s t s i m p l e 

t r i g g e r t r i e d t h e r e f o r e , d i s p e n s e d w i t h f i n d i n g s p a c e p o i n t s . T h e 

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

f r o m e a c h o f t h e f i r s t t h r e e z p l a n e s ( a 8 a n d y ) > a l l o w a n c e b e i n g m a d e 

f o r some c o u l o m b s c a t t e r i n g . T a b l e 3 . 3 . 1 c o m p a r e s t h e p e r f o r m a n c e o f t h i s 

t r i g g e r a n d t h e s t a n d a r d o n e . I t w a s r e j e c t e d a s i n a d e q u a t e . 

E v e n t s / F r a m e 

E s t i m a t e d 
P h o t o n F l u x S t a n d a r d T r i g g e r S i m p l e T r i g g e r 

5 . 7 0 . 3 4 

1 0 . 7 0 . 3 2 

2 5 . 5 9 . 2 5 

5 0 . 4 7 . 1 8 

7 5 . 2 9 . 1 4 

T a b l e 3 . 3 . 1 COMPARISON OF STANDARD T R I G G E R TO PROPOSED ( S I M P L E ) 
T R I G G E R 

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

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

l i m i t s o f t h e b u b b l e c h a m b e r . T h e r a n g e o f a l l o w e d w i r e h i t s i n z B f o r a 

g i v e n h i t i n za, u n d e r t h e s e c o n d i t i o n s , i s d e f i n e d b y t h e g e o m e t r y o f t h e 



.-34-

s y s t e m , a s s h o w n i n f i g u r e 3 . 3 . 3 , a n d b y m u l t i p l e c o u l o m b s c a t t e r i n g 

w h i c h e x t e n d s t h e a l l o w e d r a n g e o v e r t h e g e o m e t r i c l i m i t s . T h e r a n g e o f 

p o s s i b l e z y h i t s i s f i x e d b y t h e z a t o z 8 d i s p l a c e m e n t a n d a g a i n b y 

c o u l o m b s c a t t e r i n g . T o t r y o u t t h e t r i g g e r a r b i t r a r y ( b u t r e a s o n a b l e ) 

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

s c a t t e r i n g . T h e b a c k g r o u n d t r i g g e r r a t e f e l l t o a b o u t 1 t r i g g e r / 2 0 p u l s e s 

a t 7 5 p h o t o n s / p u l s e ( c o m p a r e d w i t h a v a l u e o f 1 t r i g g e r / 6 p u l s e s f o r 

t h e s i m p l e s t t r i g g e r t r i e d ) • I t w a s d e c i d e d t h a t i t w a s w o r t h d o i n g 

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

c h e c k i n g t h a t i t w o u l d t r i g g e r e f f i c i e n t l y o n h a d r o n i c i n t e r a c t i o n s . 

3 . 4 R e f i n i n g t h e B a s i c T r i g g e r 

A M o n t e C a r l o p r o g r a m a l r e a d y e x i s t e d f o r u s e i n e s t i m a t i n g t h e 

e f f e c t o f m u l t i p l e c o u l o m b s c a t t e r i n g o n t h e t r a j e c t o r i e s o f p a r t i c l e s 
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f o r m e d b y c h a r g e d b e a m i n t e r a c t i o n s i n t h e SLAC 4 0 " c h a m b e r . T h i s was 

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

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

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

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

z - a l p h a w e r e r e m o v e d b y f i x i n g t h e p o s i t i o n o f t h e i n t e r a c t i o n i n y a n d 

z . 

T r a c k s w e r e g e n e r a t e d r a n d o m l y i n x t h r o u g h o u t t h e f i d u c i a l v o l u m e 

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

w i r e c o u n t e r s . T h e t r a c k w a s k i n k e d a t v a r i o u s p o i n t s i n t h e s y s t e m . T h e 

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

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

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

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

a s s u m e d a t r a c k m o m e n t u m o f 2 . 0 G e V / c . 2 . 0 G e V / c w a s u s e d b e c a u s e t h i s 

w a s t h e l o w e s t t r a c k momentum we w a n t e d t o b e r e a s o n a b l y s u r e o f 

t r i g g e r i n g o n , l o w e r momentum t r a c k s a r e u n l i k e l y t o h i t z - g a m m a a n d t h u s 

r a r e l y s a t i s f y t h e r e q u i r e m e n t s f o r a t r i g g e r i n g t r a c k , h i g h e r momentum 

t r a c k s w o u l d b e s c a t t e r e d l e s s . 

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

d i f f e r e n c e i n w i r e n u m b e r s b e t w e e n t h e a c t u a l w i r e h i t b y a t r a c k a n d t h e 

w i r e t h a t a s t r a i g h t - l i n e p r o j e c t i o n o f t h e t r a c k w o u l d h a v e p r e d i c t e d 

t o b e h i t . I n t h e c a s e o f t h e t o l e r a n c e t o b e a l l o w e d a t z - b e t a t h e 

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

t h e t r a c k a t z - a l p h a , f o r t h e z - g a m m a t o l e r a n c e t h e p r e d i c t i o n w a s 

b a s e d u p o n t h e z - a l p h a t o z - b e t a t r a c k d i s p l a c e m e n t . F i g u r e 3 . 4 . 1 shows 

a n e x a m p l e o f t h e p l o t s o b t a i n e d . 

I n o r d e r t o k e e p b a c k g r o u n d t r i g g e r s t o a m i n i m u m , t h e t o l e r a n c e s 
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Z-GAMMA AND ACTUAL HIT IN Z-GAMMA 
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a l l o w e d c o u l d n o t b e l o o s e e n o u g h t o a l l o w e v e n a m a x i m a l l y s c a t t e r e d 

t r a c k t o t r i g g e r h o w e v e r , some l o s s e s h a d t o b e a c c e p t e d . To a d j u s t t h e 

t o l e r a n c e s we n e e d e d t o u s e r e a l t r a c k s a n d c h e c k how f r e q u e n t l y t h e y 

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

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

d e s c r i b e d i n s e c t i o n 3 . 3 , f i g u r e 3 . 3 . 2 w a s u s e d . T h i s t r i g g e r w a s v e r y 

e f f i c i e n t O 9 4 % ) . We a g a i n n e e d e d t o t r a n s l a t e t h e d o w n s t r e a m h i t s i n 

t h e p w c s so a s t o m a k e t h e t r a c k s a p p e a r t o come f r o m t h e i n t e r a c t i o n s 

o f a p e n c i l - l i k e b e a m . We t h e r e f o r e d i s c a r d e d t h e pwc r e c o r d a s s o c i a t e d 

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

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

pwc p l a n e s . We t h e n r a n t h e o v e r l a y p r o g r a m o n e a c h o f t h e r e m a i n i n g 

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

T h e s e w e r e t h e n u s e d a s i n p u t t o t h e p r o p o s e d t r i g g e r i n g a l g o r i t h m a n d 

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

e f f i c i e n c y o n g e n u i n e t r a c k s . 

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

i t w a s l e s s e f f i c i e n t ( b y a b o u t 10%) t h a n e a r l i e r t r i g g e r s a n d n o t q u i t e 

a s g o o d a t r e j e c t i n g t h e e l e c t r o m a g n e t i c b a c k g r o u n d . S e v e r a l m o d i f i c a t i o n s 

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

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

t o t h e z t r a c k ( i n c r e a s i n g e f f i c i e n c y ) o r a s c o n f i r m a t o r y t r a c k s 

( r e m o v i n g b a c k g r o u n d t r i g g e r s ) . T h e m o s t p r o m i s i n g a p p r o a c h s e a r c h e d 

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

t h e f i r s t t h r e e s t a t i o n s . T h i s i n c r e a s e d t h e e f f i c i e n c y o f f i n d i n g g o o d 

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

t h i s a n a d d i t i o n a l c o n s t r a i n t was i m p o s e d t h a t t w o o f t h e z h i t s u s e d i n 

m a k i n g a t r a j e c t o r y h a d t h e n t o b e a s s o c i a t e d w i t h s p a c e p o i n t s . T o 

s a v e t i m e t h e s p a c e p o i n t s w o u l d b e f o u n d u s i n g a h a r d w a r e p r o c e s s o r 
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( t h e p o i n t f i n d e r r e f e r r e d t o i n S L A C - P U B - 2 7 2 6 w h i c h i s g i v e n a s a p p e n d i x 

C ) . T h e momentum o f t h e t r i g g e r i n g t r a c k c o u l d t h e n b e e s t i m a t e d u s i n g t h e y 

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

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

I t w a s u n l i k e l y h o w e v e r t h a t a t r i g g e r u s i n g p o i n t p r o c e s s o r s 

w o u l d b e r e a d y f o r u s e a t t h e s t a r t o f t h e e x p e r i m e n t . As a n i n t e r i m 

s o l u t i o n , e f f o r t w a s c o n c e n t r a t e d o n g e t t i n g t h e s i m p l e ( 3 h i t s i n a 

l i n e ) t r i g g e r o p e r a t i o n a l . T h e e x i s t i n g m e t h o d o f pwc r e a d o u t t o o k 

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

u s e b y a s o f t w a r e t r i g g e r i n g a l g o r i t h m a n d so n e e d e d c h a n g i n g . S e c t i o n 

3 . 7 d i s c u s s i n g t h e o n - l i n e t r i g g e r s y s t e m d e s c r i b e s t h e m o d i f i c a t i o n s 

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

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

t a k e n u p i n m a k i n g a t r i g g e r i n g d e c i s i o n . T h i s c o d i n g ( d e s c r i b e d i n 

s e c t i o n 3 . 6 ) w a s p a r t i a l l y d e t e r m i n e d b y t h e u s e o f a 1 6 8 / E a s a n o n - l i n e 

p r o c e s s o r . T h e f o l l o w i n g s e c t i o n d i s c u s s e s t h e f e a t u r e s o f t h e 1 6 8 / E 

s y s t e m o f t h e SHF w h i c h m a k e i t s u i t a b l e f o r s u c h u s e s . 

3 . 5 T h e 1 6 8 / E P r o c e s s o r 

A 1 6 8 / E i s a s m a l l p r o c e s s o r d e s i g n e d s p e c i f i c a l l y f o r u s e i n h i g h 

e n e r g y p h y s i c s a p p l i c a t i o n s [ 1 ] . I t e m u l a t e s t h a t f r a c t i o n o f t h e 

i n s t r u c t i o n s e t o f t h e I B M 1 6 8 / 3 7 0 s e r i e s o f c o m p u t e r s n e e d e d f o r 

e x e c u t i o n o f a t y p i c a l , l a r g e d a t a a n a l y s i s p r o g r a m ( f o r e x a m p l e t h a t o f 

t h e L a r g e A p e r t u r e S o l e n o i d a l S p e c t r o m e t e r ( L A S S ) [ 2 ] e x p e r i m e n t ) . U s i n g 

a 1 6 8 / E i s a v e r y c o s t e f f e c t i v e w a y o f i n c r e a s i n g t h e c o m p u t i n g p o w e r 

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

I B M 1 6 8 / 3 7 0 i t i s o n l y a b o u t t w i c e a s s l o w ( o n a v e r a g e ) i n e x e c u t i n g 

p r o g r a m s . 
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I n o p e r a t i o n t h e 1 6 8 / E a c t s a s s l a v e t o a h o s t c o m p u t e r , w h i c h i s 

r e q u i r e d t o c o n t r o l i n p u t a n d o u t p u t p r o c e s s e s . T h e SHF s y s t e m ( t h e 

m a i n e l e m e n t s o f w h i c h a r e s h o w n i n F i g u r e 3 . 5 . 1 ) h a s a s h o s t c o m p u t e r a 

D a t a G e n e r a l NOVA 4 / X . T h i s i s l i n k e d t o e a c h o f t h r e e 1 6 8 / E s 

c u r r e n t l y i n u s e a t t h e f a c i l i t y v i a SNOOP m o d u l e CAMAC i n t e r f a c e s [ 3 ] 

w h i c h a r e c o n t r o l l e d b y s t a n d a r d CAMAC c o m m a n d s . 

O n e o f t h e a d v a n t a g e s o f a n y 1 6 8 / E s y s t e m i s t h a t t h e u s e r c a n 

t a i l o r e a c h p r o c e s s o r t o h i s s p e c i f i c n e e d s . F o r i n s t a n c e t h e b o a r d 

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

r e m o v e d f r o m t h e p r o c e s s o r i f i t i s u n n e c e s s a r y . S i m i l a r l y , m e m o r y 

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

r e q u i r e m e n t s . T a b l e 3 . 5 . 1 s h o w s t h a t t h e SHF s y s t e m m a k e s f u l l u s e o f 

t h i s f l e x i b i l i t y , e a c h o f t h e t h r e e p r o c e s s o r s , d e s i g n a t e d C P U # 0 , # 1 , a n d 

# 2 r e s p e c t i v e l y , h a v e f e a t u r e s w h i c h f i t t h e m f o r t h e i r p a r t i c u l a r u s e s . 

C a r d s common t o a l l t h e p r o c e s s o r s , h o w e v e r , a r e c o m p l e t e l y i n t e r c h a n g e a b l e . 

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

PWC t r i g g e r i t c a n b e t e m p o r a r i l y r e p l a c e d b y a b o a r d f r o m o n e o f t h e 

l e s s e s s e n t i a l p r o c e s s o r s . T h i s k e e p s t h e d o w n - t i m e o f t h e e x p e r i m e n t 

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

A n o t h e r a d v a n t a g e o f 1 6 8 / E s o v e r m o s t m i c r o p r o c e s s o r s i s t h a t 

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

w r i t e p r o g r a m s i n F o r t r a n . T h e p r o g r a m n e e d e d t o t r a n s l a t e 

c o d e i n t o 1 6 8 / E m i c r o c o d e c a n b e t r e a t e d a s a b l a c k b o x . T h i s t r a n s l a t o r 

p r o g r a m w i l l a l s o a c c e p t a s i n p u t p r o g r a m s w r i t t e n i n I B M a s s e m b l e r 

( p r o v i d i n g t h a t o n l y i n s t r u c t i o n s e m u l a t e d b y t h e 1 6 8 / E a r e u s e d ) . S i n c e 

I B M a s s e m b l e r i s a l o w e r l e v e l l a n g u a g e t h a n F o r t r a n m o r e c o n t r o l c a n 

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

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

c o n v e r t t h e F o r t r a n s t a t e m e n t s i n t o a s s e m b l e r w h i c h m a y n o t r e s u l t i n 
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USE OF 1 6 8 / E PROCESSORS AT SHF 
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t h e f a s t e s t c o d e f o r a s p e c i f i c a p p l i c a t i o n ) . A l l t h e t r i g g e r p r o g r a m s u s e d 

a t t h e SHF h a v e b e e n w r i t t e n i n a s s e m b l e r t o m a k e t h e m a s f a s t a s p o s s i b l e . 

T h e f a c t t h a t t h e o r i g i n a l p r o g r a m s a r e w r i t t e n i n s t a n d a r d ( i f 

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

r u n o n r e a l I B M c o m p u t e r s - . T h i s m e a n s t h a t p r o g r a m d e v e l o p m e n t a n d p r o g r a m 

d e b u g g i n g n e e d n o t t i e - u p t h e 1 6 8 / E s y s t e m a n d may e v e n b e d o n e o f f s i t e . 

I t a l s o e n a b l e s t h e p e r f o r m a n c e o f t h e 1 6 8 / E s y s t e m t o b e m o n i t o r e d 

e a s i l y . I f e v e r y t h i n g i s o p e r a t i n g c o r r e c t l y t h e n o f f - l i n e c h e c k s u s i n g 

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

r e s u l t s t o t h o s e o f t h e o n - l i n e s y s t e m . C o n f l i c t s m a y b e c a u s e d b y h a r d -

w a r e e r r o r s ( s u c h a s a f a u l t y c h i p i n t h e 1 6 8 / E ) o r ( l e s s p r o b a b l y ) b y 

s o f t w a r e f a u l t s ( t h e t r a n s l a t o r p r o g r a m g i v i n g a f a l s e o u t p u t ) . 

I f t h e p r o g r a m b e i n g r u n i s new t o t h e 1 6 8 / E e r r o r s i n t h e m i c r o c o d e 

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

a s u s u a l ) . I t i s p o s s i b l e t o i n s e r t h a l t i n s t r u c t i o n s i n t o 

t h e 1 6 8 / E p r o g r a m c o d e a t a n y p o i n t p a u s i n g e x e c u t i o n o f t h e p r o g r a m . A n 

i n t e r a c t i v e e d i t o r p r o g r a m ( D P E D I T ) r u n n i n g o n t h e NOVA 4 / X c a n t h e n 

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

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

( g i v e n b y r u n n i n g t h e o r i g i n a l p r o g r a m o n a n I B M ) a n d t h e p o i n t a t w h i c h 

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

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

i n s t r u c t i o n c a n b e c h e c k e d . 

I n t h e p r e - r u n c h e c k o u t o f t h e B C 7 2 / 7 3 t r i g g e r p r o g r a m o n l y o n e 

p r o b l e m w a s c a u s e d b y m i s t r a n s l a t i o n . A s e t o f dummy d a t a w h i c h 

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

b y t h e t r i g g e r p r o g r a m . A r u n o n t h e same d a t a o f f - l i n e u s i n g a n I B M 

1 6 8 p r o d u c e d d i f f e r e n t r e s u l t s , t h e t r i g g e r p r o g r a m w o r k i n g a s p l a n n e d , 
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showing that the source code was correct. The fault was traced to an 

instruction to shift the contents of a register one place to the left 

(usually done by adding a register to itself) which did not always result 

in the contents of that register doubling in value. Further investigation 

showed that everything worked correctly if an odd numbered register was 

involved but not if an even numbered register was the subject of the 

instruction. An even numbered register would in fact be added not to 

itself but to the next highest numbered odd register. The diagnostic 

program used to test the instruction had not shown up the fault because 

it used an odd numbered register. 

Had the microcode been correct then a hardware fault would have 

been looked for. If a discrepancy had been found after the program had 

been running on the 168/E for some time then a hardware problem would 

have been suspected immediately. A standard check during running is to 

compare the results of running on the PWC data off-line with the on-line 

results. If an inconsistency occurred it could then be traced partly 

by using standard diagnostic programs and partly by checking signal 

levels at various points in the circuit using an oscilloscope probe. 

The translator program actually produces two output files one of 

which contains the equivalent of program instructions, the other containing 

data used by the program.- These files are stored on the host computers 

disks until needed. A fortran callable subroutine (DPDOWN) which runs on 

the NOVA 4/X transfers these files into program and data memory respectively. 

DPDOWN also reads back from the 168/E memory the stored code, compares it 

to the original,and sets an error flag if they disagree. 

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

a s s u m e d b y t h e p r o g r a m m i c r o c o d e . I f t h e p r o g r a m i s c h a n g e d i t w i l l b e 

r e - t r a n s l a t e d , t h e t r a n s l a t i o n p r o g r a m w i l l m a k e t h e d a t a m e m o r y c o n s i s t e n t 

w i t h t h e p r o g r a m c o d e , c h a n g i n g t h e l o c a t i o n o f some v a r i a b l e s i f ' n e c e s s a r y . 
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This has no other effects if the variable is internal to the program that 

has been changed. If it is external (e.g. the number of hits in z-alpha) 

and has to be fed into data memory by another program then this change in 

location would require changes to be made in all the programs involving 

that variable. To get round this problem variables in 168/E programs are 

divided into two types, those in common blocks and those not (local 

variables). The position a common block (and hence variables in it) 

occupies in data memory can be specified (by using a Locate card in 

the translator programs JCL). The position of local variables can change 

each time the program is translated. 

3 . 6 T h e PWC T r i g g e r - A l g o r i t h m C o d i n g 

The PWC trigger algorithm was coded so as little time as possible 

was taken in making a triggering decision. Figure 3.6.1 shows the 

structure of the coding. As little calculation as possible'is done 

on-line. The allowed range of z-beta hits is defined by a look-up 

table indexed by the'z-alpha hit. The PWC hits in a given plane are 

always digitised in ascending order. Thus, if when the program is 

looping through the z-beta hits, a z-beta value above the upper limit 

(on z-beta hits for that particular z-alpha hit) is reached, the z-beta 

loop can be terminated. Similarly the range of allowed z-gamma minus 

z-alpha differences is defined by a look-up indexed by the z-beta z-alpha 

displacement. If the z-gamma hit picked up on looping becomes too high 

the z-gamma loop can be ended and a new value of z-beta tried. As few 

as possible combinations of hits are considered in the search for a 

triggering sequence. 

3 . 7 T h e O n - l i n e D a t a A c q u i s i t i o n S y s t e m 

F i g u r e 3 . 5 . 1 s h o w s t h e c o n f i g u r a t i o n o f t h e o n - l i n e s y s t e m . T h e 
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F i g u r e 3 . 6 . 1 FLOW CHART FOR ALGORITHM TO F I N D 
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SNOOP m o d u l e s w h i c h l i n k t h e 4 / X t o i t s s l a v e s ( 1 6 8 / E s ) a l s o a l l o w 

d a t a t o b e t r a n s f e r r e d d i r e c t l y f r o m CAMAC d a t a w a y s i n t o 1 6 8 / E m e m o r y 

s a v i n g s o m e t i m e . T o s a v e m o r e t i m e CAMAC c r a t e 27 g c o n t a i n s a 

s p e c i f i c a l l y m o d i f i e d c r a t e c o n t r o l l e r , a n a u x i l i a r y c o n t r o l l e r . T h i s 

i s u s e d t o t r a n s f e r j u s t t h e z - p l a n e PWC h i t d i g i t i s i n g s f r o m t h e 

C i n d i e s ( a t y p e o f d i g i t i s i n g b o a r d [ 4 ] ) i n t o t h e m e m o r y o f C P U # 2 . F u l l 

d e t a i l s a r e g i v e n i n A p p e n d i x C ( S L A C - P U B - 2 7 2 6 ) . U l t i m a t e l y t h e t i m e 

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

b y m o u n t i n g a PWC. d i g i t i s e r i n s i d e C P U # 1 , t h e r e s u l t s o f w h i c h w e r e 

a v a i l a b l e a s r e a d o n l y m e m o r y ( s e e s e c t i o n 3 . 9 . A ) . 

W h i l s t d a t a i s b e i n g t a k e n , t h e NOVA 4 / X i s r u n i n a f o r e g r o u n d 

b a c k g r o u n d m o d e . B a c k g r o u n d t a s k s a r e t h o s e w h i c h a r e n o t t i m e c r i t i c a l ; 

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

s e q u e n c e i t s e l f . 

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

t o t h e HRO t r i g g e r a r e s u m m a r i s e d i n t a b l e 3 . 7 . 1 . I f a p i c t u r e i s t a k e n 

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

t h e c a m e r a t o b e w o u n d o n a n d f o r d a t a f r o m t h e d o w n s t r e a m c o u n t e r s t o 

b e w r i t t e n t o t a p e . T h i s r e s u l t s i n a d e a d t i m e o f a b o u t h a l f a s e c o n d 

b e f o r e t h e s y s t e m i s r e a d y t o t a k e d a t a a g a i n . 

E v e r y f i f t y f r a m e s * a p i c t u r e i s t a k e n u n t r i g g e r e d . T h e s e f r a m e s 
+ _ 

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

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

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

p u l s e s ( t h e s t a n d a r d i s t h i r t y ) w h e t h e r o r n o t t h e r e h a s b e e n a p i c t u r e 

t r i g g e r . T h i s i n f o r m a t i o n i s u s e d t o c h e c k t h a t t h e t r i g g e r i s w o r k i n g 

c o r r e c t l y a n d t o t e s t m o d i f i e d t r i g g e r s . 
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T a b l e 3 . 7 . 1 T I M I N G OF DATA T A K I N G SEQUENCE 

T I M E ( y s ) A C T I V I T Y 

- 2 0 2 5 P r e - b e a m i n t e r r u p t . RDOS ( r e a l - t i m e d i s k o p e r a t i n g 

s y s t e m ) s u s p e n d s o p e r a t i o n o f B a c k g r o u n d t a s k s a n d 

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

- 1 5 5 0 -+ - 1 0 5 0 S t a r t m a t c h p o i n t p r o c e s s o r a n d e x e c u t i o n o f p r o g r a m 

i n C P U # 1 . ( T h e e x a c t t i m i n g o f t h i s s t e p a n d t h e o n e 

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

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

i n C P U # 1 f i r s t w r i t e s t o t h e r e s u l t s m e m o r y o f i t s 

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

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

f l a g . 

- 1 4 2 5 - 9 2 5 I n i t i a l i z e a l g o r i t h m o n CPU#2 a n d a r m t h e a u x i l i a r y 

c o n t r o l l e r . T h e F o r e g r o u n d now a v o i d s I / O t o c r a t e 

2 7 g u n t i l t h e HRO a l g o r i t h m h a s f i n i s h e d e x e c u t i o n . 

0 Beam p u l s e a r r i v e s 

+ 3 3 A l l z p l a n e h i t s h a v e b e e n d i g i t i s e d . O n c e t h e 

a u x i l i a r y c o n t r o l l e r h a s f i n i s h e d r e a d i n g z - g a m m a a n d 

t r a n s f e r r i n g h i t s v i a a SNOOP m o d u l e i n t o CPU#2 i t w i l l 

d i s a b l e L i s t e n M o d e i n t h e SNOOP. 

T h e r e a d y f l a g o n t h e d i g i t i s e r i n C P U # 1 h a s b e e n s e t , 

t h i s s t o p s t h e a l g o r i t h m i n CPU#1 l o o p i n g o n t h i s f l a g 

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

+ 5 4 A u x i l i a r y c o n t r o l l e r s t a r t s a l g o r i t h m p r o p e r o n C P U # 2 

+ 1 2 0 3 0 0 D e p e n d i n g o n t h e n u m b e r o f h i t s i n e a c h p l a n e a n d t h e 

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

r e a c h e s a t r i g g e r i n g d e c i s i o n . 

3 8 0 0 0 F o r e g r o u n d s u s p e n d s i t s e l f a n d RDOS r e s t o r e s B a c k g r o u n d 

e x e c u t i o n . 

9 7 9 7 5 N e x t p r e - b e a m i n t e r r u p t . 
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3 . 8 T r i g g e r D e v e l o p m e n t s 

T h e PWC t r i g g e r i n g a l g o r i t h m w a s d e v e l o p e d u n d e r t h e a s s u m p t i o n 

t h a t t h e PWCs w o u l d b e d e a d e n e d i n t h e beam r e g i o n , b u t i n i t i a l l y (Summer 

1 9 8 0 ) we r a n w i t h u n d e a d e n e d w i r e p l a n e s . T h e t r i g g e r i n g a l g o r i t h m w a s 

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

t o m a k e a t r a j e c t o r y . T h e s o f t w a r e d e a d r e g i o n c u t s w e r e m u c h s m a l l e r 

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

w i d e n i n g t h e d e a d r e g i o n o n t h e t r i g g e r s e n s i t i v i t y a n d i t s s e l e c t i v i t y 

t o b e i n v e s t i g a t e d o f f l i n e . T a b l e 3 . 8 . 1 s h o w s how t h e s o f t w a r e d e a d 

r e g i o n h a s i n c r e a s e d w i t h t i m e . 

T h e m a i n d i s a d v a n t a g e o f n o t h a v i n g t h e p l a n e s m o d i f i e d w a s t h a t 

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

i n t h e PWCs. T h i s i n c r e a s e d t h e p r o b a b i l i t y o f s a t u r a t i n g t h e r e a d o u t 

f r o m a p a r t i c u l a r p l a n e ( l i m i t e d t o t h e l o w e s t e i g h t h i t s i n e a c h p l a n e ) 

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

i n t e r a c t i o n s w e r e l o s t . T h i s d e c r e a s e d t h e e f f i c i e n c y o f t h e PWC t r i g g e r . 

O n e m e t h o d o f c h e c k i n g t h e e f f i c i e n c y o f a t r i g g e r i s t o t a k e a 

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

w h a t f r a c t i o n o f t h e u n t r i g g e r e d e v e n t s s u r v i v e . A n o t h e r w a y i s t o t a k e 

d a t a w i t h a n i n d e p e n d e n t t r i g g e r a n d c r o s s c h e c k t h e t r i g g e r s a g a i n s t e a c h 

o t h e r . 

I n o r d e r t o o b t a i n a s a m p l e o f 1 0 0 e v e n t s o v e r 2 0 r o l l s o f f i l m 

w o u l d h a v e b e e n n e e d e d ( a b o u t 20% o f t h e i n i t i a l e x p o s u r e ) . 

F o r t u n a t e l y a h a r d w a r e t r i g g e r u s i n g t h e l e a d g l a s s w a l l d e t e c t o r 

w a s a l s o a v a i l a b l e f o r u s e . T h i s t r i g g e r u s e s f a s t a n a l o g u e 

c i r c u i t r y t o g i v e a s i g n a l p r o p o r t i o n a l ( a p p r o x i m a t e l y ) t o t h e 

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

o f t h e l e a d g l a s s w a l l . A s i g n a l a b o v e t h r e s h o l d i n e i t h e r t h e b a c k 



RUN 
ROLL NUMBER 
A T START OF LEAD GLASS 

WALL T R I G G E R PWC T R I G G E R 
PWC T R I G G E R DEAD R E G I O N S 

I N W I R E NUMBER 
RUNNING 

LEAD GLASS 
WALL T R I G G E R 

Z - A L P H A Z - B E T A Z-GAMMA 

Summer 1 9 8 0 1 1 0 S i g n a l a b o v e t h r e s h o l d 
i n e i t h e r t h e a c t i v e 
c o n v e r t e r ( A C ) o r 
b a c k b l o c k s ( B B ) 

T h r e e h i t s i n a l i n e 
i n t e r s e c t i n g p h o t o n 
b e a m w i t h i n f i d u c i a l 
v o l u m e o f b u b b l e 
c h a m b e r . L e s s t h a n o r 
e q u a l t o e i g h t h i t s / 
Z - p l a n e u s e d 

±4 ± 6 ± 1 2 

F a l l 1 9 8 0 3 0 0 S i g n a l a b o v e t h r e s h o l d 
i n e i t h e r s i d e o f AC 
o r e i t h e r s i d e o f BB 

II ± 7 ± 1 1 ± 1 9 

4 0 3 •I II ± 9 ± 1 4 ± 2 5 

S p r i n g 1 9 8 1 9 0 0 •I II ± 1 0 ± 1 6 ± 2 8 

F a l l 1 9 8 1 1 5 0 0 II II ± 1 0 ± 1 6 ± 2 8 

1 7 7 0 II U p t o 1 2 h i t s / Z - p l a n e 
now u s e d 

± 1 0 ± 1 6 ± 2 8 

T a b l e 3 . 8 . 1 SUMMARY O F T R I G G E R S USED D U R I N G R U N N I N G 
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b l o c k s o r t h e a c t i v e c o n v e r t e r s e g m e n t s l e d t o a t r i g g e r . T h i s t r i g g e r i n g 

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

A b o u t 30% o f t h e l e a d g l a s s w a l l t r i g g e r s f a i l e d t o g i v e PWC 

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

h i t s h a d b e e n p a r t o f a s e q u e n c e w h i c h h a d b e e n s u p p r e s s e d , o r n o t r a c k s 

h a d g o n e t h r o u g h a n a c t i v e r e g i o n o f t h e PWCs . S i n c e t h e a i m o f t h e 

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

d e c i d e d t o u s e a n " O R " o f t h e l e a d g l a s s a n d PWC t r i g g e r s i n a l l f u t u r e 

r u n n i n g . F i g u r e 3 . 8 . 1 s h o w s t h e l o g i c o f t h e t r i g g e r f i n a l l y a d o p t e d . 

T h e b e a m v e t o p r e v e n t s p i c t u r e s b e i n g t a k e n w h e n t h e b e a m f l u x i s l e s s 

t h a n o r e q u a l t o 3 y / p u l s e , s i n c e e x p e r i e n c e h a d s h o w n t h a t p i c t u r e s 

t a k e n u n d e r s u c h c o n d i t i o n s r a r e l y y i e l d e d h a d r o n i c i n t e r a c t i o n s o n t h e 

f r a m e . 

D u r i n g t h e s u m m e r o f 1 9 8 0 b o t h c o m p o n e n t s o f t h e t r i g g e r w e r e 

s t u d i e d w i t h t h e a i m o f i m p r o v i n g t h e e v e n t s / f r a m e r a t i o ( w h i c h w a s a b o u t 

1 e v e n t p e r 1 0 f r a m e s ) . I n d o i n g t h i s i t w a s a s s u m e d t h a t t h e t r i g g e r 

we h a d b e e n r u n n i n g w i t h w a s 100% e f f i c i e n t . 

V a r i o u s d e a d r e g i o n c u t s w e r e t r i e d o u t o n a s a m p l e o f a f e w 

t y p i c a l r o l l s o f d a t a . We f o u n d t h a t w h e n we p l o t t e d e f f i c i e n c y a g a i n s t 

e v e n t s / f r a m e t h e p o i n t s a l l l a y i n a f a i r l y n a r r o w b a n d , d e f i n i n g a PWC 

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

e v e n t s p e r f r a m e r a t i o w a s w a n t e d . F i g u r e 3 . 8 . 2 s h o w s t h e r e s u l t s a n d 

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

t a k i n g . T h i s c o n t o u r i n d i c a t e s t h a t t h e m a x i m u m e f f i c i e n c y o f t h e PWC 

t r i g g e r w o u l d b e l e s s t h a n e i g h t y - f i v e p e r c e n t e v e n i f no d e a d r e g i o n c u t s 

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

i n c r e a s e s i n t h e d e a d r e g i o n . 

I t i s m o r e d i f f i c u l t t o a d j u s t t h e l e a d g l a s s w a l l t r i g g e r t h r o u g h 
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o f f - l i n e s t u d i e s . T h e r e s o l u t i o n o f t h e d e t e c t o r i s i n s u f f i c i e n t t o 

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

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

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

( s e p a r a t e d b y t h e " p l a n e " c o n t a i n i n g t h e e l e c t r o m a g n e t i c b a c k g r o u n d ) t o 

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

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

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

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

Summer 1 9 8 0 a n d F a l l 1 9 8 0 r u n s h o w e v e r ; i n s t e a d o f t a k i n g d y n o d e sums f o r a l l 

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

e a c h h a l f o f e a c h c o m p o n e n t o f t h e w a l l w a s summed s e p a r a t e l y . T h i s 

m e a n t t h a t t h e o v e r a l l l e a d g l a s s t r i g g e r b e c a m e a n " O R " o f f o u r 

p o s s i b l e t r i g g e r s ; e n e r g y d e p o s i t e d a b o v e t h e t h r e s h o l d s s e t i n t h e n o r t h 

s i d e o f t h e a c t i v e c o n v e r t e r , t h e s o u t h s i d e o f t h e a c t i v e c o n v e r t e r , 

t h e n o r t h s i d e o f t h e a b s o r b e r o r t h e s o u t h s i d e o f t h e a b s o r b e r . T h e 

a i m o f t h i s c h a n g e w a s t o p r e v e n t t w o t r a c k s f r o m a p h o t o n p a i r 

c o n v e r s i o n c o n t r i b u t i n g t o a s i n g l e d y n o d e s u m . 

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

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

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

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

s i g n a l t o n o i s e r a t i o i s i m p r o v e d . 

3 . 9 PWC T r i g g e r L o s s e s 

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

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

h i t s i n a l l t h r e e o f t h e z p l a n e s i n t h e d o w n s t r e a m PWC s t a t i o n s . T h i s 

f a i l u r e m a y b e t h e r e s u l t o f : -
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i ) No c h a r g e d t r a c k f r o m t h e i n t e r a c t i o n t r a v e r s i n g a l l t h r e e PWC 

s t a t i o n s ( w h e t h e r o r n o t t h i s i s t h e c a s e i s d e t e r m i n e d b y t h e 

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

o r 

i i ) A l l o f t h e c h a r g e d t r a c k s w h i c h do p a s s t h r o u g h z - a l p h a , z - b e t a a n d 

z - g a m m a , f a i l t o y i e l d h i t s i n a l l t h r e e p l a n e s . T h i s m a y b e d u e t o 

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

p e r c e n t e f f i c i e n t ) o r b e c a u s e a PWC p l a n e r e a d o u t i s s a t u r a t e d a n d 

a h i t a s s o c i a t e d w i t h t h e t r a c k i s n o t o u t p u t b y a d i g i t i s e r . 

O n l y t h e p r o b a b i l i t y o f a w i r e r e s p o n d i n g o r f a i l i n g t o r e s p o n d t o a t r a c k 

c l o s e t o i t i s i n d e p e n d e n t o f t h e c h a r a c t e r o f t h e i n t e r a c t i o n . F a c t o r s 

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

t h e i r momentum a n d o r i e n t a t i o n w i t h r e s p e c t t o t h e b e a m d e t e r m i n e how 

m a n y t r a c k s a r e l i k e l y t o go t h r o u g h t h e PWCs. T h e m o r e t r a c k s t h a t 

do s o t h e m o r e l i k e l y t h e PWCs a r e t o s a t u r a t e . T h i s s a t u r a t i o n o n l y 

r e d u c e s t h e c h a n c e o f a PWC t r i g g e r i f z - a l p h a i s s a t u r a t e d b y h i t s 

a s s o c i a t e d w i t h t r a c k s w h i c h do n o t r e a c h z - g a m m a 

3 . 9 . A S a t u r a t i o n L o s s e s 

T h e m e a n n u m b e r o f h i t s i n t h e z - a l p h a p l a n e i n c r e a s e s f r o m 

4 . 2 9 +_ . 1 5 f o r e v e n t s w i t h t h r e e t r a c k s c o m i n g f r o m t h e p r i m a r y v e r t e x 

t o 5 . 9 5 +_ . 2 1 f o r e v e n t s w i t h s e v e n o r m o r e t r a c k s a t t h e p r i m a r y v e r t e x 

• c o n s i d e r e d . T h e d i g i t i s e r s i n u s e w h e n t h i s d a t a w a s t a k e n ( p r e r o l l 1 7 7 0 ) 

r e a d o u t o n l y t h e f i r s t e i g h t h i t s f r o m e a c h o f t h e PWC p l a n e s , ( i n 

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

m u l t i p l i c i t y a p p e a r s s i g n i f i c a n t . F i g u r e 3 . 9 . A . 1 s h o w s t h e z - a l p h a 

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

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

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

n i n e h i t s i n a p l a n e , t h e t r i g g e r i n g t r a j e c t o r y m a y b e a s s o c i a t e d w i t h 

t h e f i r s t h i t r e a d o u t . 

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

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

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

t r i g g e r i n g i n t e r a c t i o n s . I s h a l l r e f e r t o t h e s e c l a s s e s a s A a n d B 

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

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

A l t h o u g h t h e d i s t i n c t i o n s b e t w e e n A a n d B w o u l d b e m o r e p r o n o u n c e d i f ' t y p e 

B e v e n t s w e r e r e s t r i c t e d t o t h o s e w i t h n i n e o r m o r e t r a c k s t h e s t a t i s t i c a l 

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

F i g u r e 3 . 9 . A . 2 s h o w s how f r e q u e n t l y a h i t i n a p a r t i c u l a r p o s i t i o n 

i n t h e z - a l p h a r e a d o u t s e q u e n c e ( t h e t h i r d h i t f o r e x a m p l e ) i s u s e d i n 

m a k i n g u p t h e t r i g g e r i n g t r a j e c t o r y , t h a t i s a s e t o f h i t s s a t i s f y i n g 

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

B t y p e e v e n t s a r e s h o w n s e p a r a t e l y . A s c a n b e s e e n B t y p e e v e n t s a r e 

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

( i f a m a x i m u m o f f o u r h i t s w a s r e a d o u t f o r e x a m p l e a b o u t 13% o f t h e B 

e v e n t s c u r r e n t l y t r i g g e r i n g w o u l d h a v e b e e n l o s t c o m p a r e d t o a r o u n d 10% 

o f A t y p e e v e n t s ) . E s t i m a t e s o f t h e f r a c t i o n o f e v e n t s l o s t b e c a u s e 

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

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

F i g u r e 3 . 9 . A . 2 . T a b l e 3 . 9 . A . 1 g i v e s a r a n g e o f e s t i m a t e s b a s e d o n 

t h r e e d i f f e r i n g a s s u m p t i o n s : -

i ) T h e r a t e a t w h i c h t h e d i s t r i b u t i o n f a l l s o f f i s g i v e n b y 

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

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

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

i i ) T h e r a t e o f d e c r e a s e i s g i v e n b y c o m p a r i n g t h e n u m b e r o f t r i g g e r s 

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

s e v e n t h o r e i g h t h . 

o r 

i i i ) T h e d i s t r i b u t i o n b e c o m e s f l a t a n d c o n t i n u e s a t a l e v e l d e f i n e d 

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

s e v e n t h o r e i g h t h h i t . Z - a l p h a i s a s s u m e d n e v e r t o c o n t a i n m o r e 

t h a n t w e n t y h i t s . T h i s a s s u m p t i o n c l e a r l y l e a d s t o a n o v e r e s t i m a t e 

o f s a t u r a t i o n l o s s e s . 

A s s u m p t i o n ( i i ) p r o b a b l y y i e l d s t h e m o s t r e a s o n a b l e e s t i m a t e o f t h e 

t r i g g e r i n g l o s s d u e t o z - a l p h a s a t u r a t i o n . T h e o v e r a l l l o s s d u e t o a n y 

o f t h e z p l a n e s s a t u r a t i n g i s o f t h e same o r d e r . T h i s i s p a r t i a l l y 

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

t h a n t h e z - a l p h a p l a n e a n d h i t s o n t h e t r i g g e r i n g t r a j e c t o r y t e n d t o 

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

t h e s i x t h , s e v e n t h o r e i g h t h h i t r e a d o u t f r o m t h e z - g a m m a p l a n e a s u s e h i t s 

i n t h e c o r r e s p o n d i n g r e a d o u t p o s i t i o n s f r o m t h e z - a l p h a p l a n e ) . S a t u r a t i o n 

o f t h e z - b e t a a n d / o r z - g a m m a p l a n e s a l s o t e n d s t o b e c o r r e l a t e d w i t h 

z - a l p h a b e i n g s a t u r a t e d ( 1 2 % o f t h r e e p r o n g t r i g g e r s h a v e e i g h t o r m o r e 

h i t s i n z - a l p h a , 16% h a v e e i g h t o r m o r e h i t s i n a t l e a s t o n e z p l a n e ) . 

TYPE A TYPE B 

i 1 + 1 9-
2 2 ± 1% 

i i 4 + 1% 1 1 ± 1% 

i i i 28 + 2% 3 2 ± 2% 

T a b l e 3 . 9 . A . 1 

T R I G G E R I N G LOSSES DUE TO S A T U R A T I O N OF Z - A L P H A D I G I T I S E R 
AS A PERCENTAGE OF EVENTS T R I G G E R I N G THE PWC A L G O R I T H M 
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C h a r m e v e n t s t e n d t o h a v e a l a r g e n u m b e r o f a s s o c i a t e d c h a r g e d 

t r a c k s h o w e v e r ( e s p e c i a l l y i n c l u d i n g t r a c k s f r o m c l o s e i n d e c a y s w h i c h , 

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

t h e p r i m a r y v e r t e x ) . T h e r e f o r e , a l t h o u g h t h e t r i g g e r i n g l o s s e s d u e t o 

s a t u r a t i o n a r e n o t l a r g e , c h a r m e v e n t s , w h i c h a c t a s t y p e B e v e n t s a s f a r 

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

S i n c e t h e e x p e r i m e n t w a s s e t - u p t o s t u d y c h a r m a n y c h a n g e i n t h e t r i g g e r 

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

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

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

t r i g g e r s r e m o v e d . T h e f i r s t was t h a t t h e d i g i t i s i n g c a r d s t h e n b e i n g 

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

h i t s . T h e s e c o n d w a s t h a t i f m o r e h i t s w e r e r e c o r d e d , t h e t r a n s f e r 

t i m e n e e d e d t o m a k e t h e h i t s a v a i l a b l e i n c o m p u t e r m e m o r y w o u l d i n c r e a s e , 

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

m o r e c o m b i n a t i o n s o f h i t s w o u l d n e e d t o b e t r i e d . B o t h o f t h e s e p r o b l e m s 

w e r e s o l v e d b y m o u n t i n g s p e c i a l d i g i t i s i n g b o a r d s [ 5 ] i n s i d e C P U # 1 . 

T h e r e s u l t s m e m o r y o f t h e s e d i g i t i s e r s f o r m s p a r t o f t h e d a t a 

m e m o r y o f C P U # 1 a n d a s s u c h i s d i r e c t l y a c c e s s i b l e . T h e t r a n s f e r t i m e 

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

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

h i t s w h i c h i s t h e m a x i m u m c a p a b i l i t y o f t h e C i n d y | 4 ] c a r d s a n d s t i l l m a k e 

a t r i g g e r i n g d e c i s i o n i n t h e t i m e a v a i l a b l e . T h e s e d i g i t i s e r s w e r e 

f i t t e d i n t o CPU#1 d u r i n g t h e S p r i n g 1 9 8 1 c y c l e b u t t h e y w e r e n o t u s e d i n 

p r o d u c t i o n r u n n i n g u n t i l t h e F a l l 1 9 8 1 c y c l e . 

T h e a l g o r i t h m r u n n i n g i n C P U # 1 w a s m o d i f i e d t o u s e u p t o t w e l v e 

h i t s p e r z p l a n e a t t h e s t a r t o f t h e F a l l c y c l e . D a t a t a k e n b e t w e e n 

r o l l s 1 7 0 3 a n d 1 7 6 9 w a s t h e n c h e c k e d t h r o u g h o f f - l i n e t o m a k e s u r e t h a t 

t h e d i g i t i s e r a n d t h e m o d i f i e d a l g o r i t h m w e r e w o r k i n g c o r r e c t l y ( d u r i n g 



.-59-

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

C P U # 2 ) . T h e r e w e r e no c o n f l i c t s b e t w e e n t h e PWC h i t s r e a d o u t f r o m t h e new 

d i g i t i s e r s a n d t h o s e f r o m t h e C i n d i e s i n o v e r 1 0 ^ r e c o r d s a n d t h e r e w e r e 

no o c c a s i o n s w h e n t h e a l g o r i t h m u s i n g o n l y 8 h i t s / p l a n e t r i g g e r e d a n d t h a t 

u s i n g 1 2 d i d n o t . 1 2 h i t s / p l a n e t r i g g e r s w e r e a f e w p e r c e n t m o r e f r e q u e n t 

t h a n 8 ' h i t s / p l a n e o n e s . W h e n t h e y a g r e e d t h e t r i g g e r i n g d e c i s i o n w a s r e a c h e d 

2 0 - 4 0 v isec e a r l i e r b y t h e a l g o r i t h m r u n n i n g i n C P U # 1 ( c o n t a i n i n g t h e n e w 

d i g i t i s e r s ) , s h i f t i n g t h e a l g o r i t h m t i m i n g c u r v e s h o w n i n A p p e n d i x C so 

t h a t t h e m a j o r i t y o f t r i g g e r s o c c u r w i t h i n l O O y s e c o f t h e b e a m s p i l l . 

F r o m r o l l 1 7 7 0 o n w a r d s t h e t r i g g e r i n g d e c i s i o n ( f o r t h e PWC 

t r i g g e r ) h a s b e e n m a d e b y t h e a l g o r i t h m r u n n i n g i n C P U # 1 u s i n g 1 2 h i t s / 

p l a n e n o t 8 . T h e d a t a t a k e n w i t h t h i s new t r i g g e r h a s , a t t h e t i m e o f 

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

s t u d y . H o w e v e r , p r e l i m i n a r y s t u d i e s m a d e o n a s m a l l f r a c t i o n o f t h e 

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

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

t y p e A e v e n t s t o t y p e B e v e n t s i s 1 . 0 7 +_ . 4 0 s h o w i n g t h a t r e a d o u t 

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

t h a n t y p e A . T h e PWC t r i g g e r i n g a c c e p t a n c e o f t y p e B e v e n t s h a s 

i n c r e a s e d b y a b o u t 6% a n d o f t y p e A b y 2%. T h e t r i g g e r i n g a c c e p t a n c e 

o f t h e c o m b i n e d t r i g g e r ( P W C . O R . L e a d G l a s s W a l l ) h a s a l s o b e e n i n c r e a s e d 

b y t h e c h a n g e s i n c e n o t a l l t h e " e x t r a " PWC t r i g g e r s a r e j o i n t w i t h t h e 

l e a d g l a s s w a l l . 

3 . 9 . B L o s s e s d u e t o t h e G e o m e t r i c a l A c c e p t a n c e o f t h e PWC S t a t i o n s 

T h e g e o m e t r i c a l a c c e p t a n c e o f t h e PWC s t a t i o n s may b e e s t i m a t e d 

i n s e v e r a l w a y s . One m e t h o d i s t o s e t - u p a M o n t e - C a r l o w h i c h g e n e r a t e s 

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

s y s t e m t o f i n d o u t w h i c h d e t e c t o r s t h e y go t h r o u g h . T r a c k s o f a 
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given three-momentum can then be assigned a weight inversely proportional 

to the probability of their reaching a particular detector. The 

difficulty in extending this method to calculate the probability of 

triggering on a three prong interaction, for example is that the overall 

triggering probability depends on all three tracks. This means that a 

model which determines the probability of track 2 having a particular 

momentum given the momentum of track 1 (and so on for all the tracks in 

an event) must be incorporated into the Monte Carlo program. The 

triggering acceptance calculated thus becomes dependent on the assumptions 

in the model. A method which is not so dependent is to consider the 

events which do yield a trigger and use these to estimate the proportion 

failing to trigger. 

The PWC triggering algorithm used demands only that a track from 

the event gives hits in z-alpha, z-beta and z-gamma. This puts 

no explicit constraint on the momentum of the triggering track. However 

the probability of a track hitting a particular plane depends on the z 

and on the y acceptance of that plane and although the z acceptance is 

not momentum dependent the y acceptance is. The chance of a track 

hitting all three PWC stations therefore depends on its momentum as 

well as its initial orientation. 

The geometric acceptance of the PWC detectors is closely matched 
in the z direction to that of the bubble chamber exit window; the 
acceptance of any single plane governs the acceptance of all. The 
distributions shown in Figure 3.9.B.1 give the distance from the centre 
of z-alpha of hits lying on the triggering trajectory closest into the 
centre for type A and type B triggers. The distributions indicate that 
the loss of triggers due to events having no tracks at small theta is 
negligible (the majority of triggers use hits close to the centre). Similar 
distributions also imply that losses due to limited y acceptance are 
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a l s o s m a l l , p r o v i d i n g t h a t t h e t r a c k h a s momentum o f a t l e a s t t w o G e V / c . 

T h e d i s t r i b u t i o n o f t h e z p o s i t i o n s o f h i t s l y i n g o n t h e t r a j e c t o r y 

f u r t h e s t f r o m t h e c e n t r e o f z - a l p h a ( f i g u r e 3 . 9 . B . 2 ) o n t h e o t h e r h a n d 

show t h a t d e a d r e g i o n l o s s e s a r e s i g n i f i c a n t ( d e a d r e g i o n l o s s e s a r e 

d e p e n d e n t o n t h e z p o s i t i o n a t w h i c h t h e t r a c k i n t e r c e p t s a l p h a , n o t 

t h e y p o s i t i o n ) . T h e n u m b e r o f t y p e A a n d t y p e B e v e n t s t h a t w o u l d 

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

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

T h e d a t a u s e d w a s t a k e n w i t h a d e a d r e g i o n o f p l u s o r m i n u s t e n w i r e 

n u m b e r s a b o u t t h e b e a m p o s i t i o n i n z - a l p h a so t h e r a t e o f l o s s o f e v e n t s 

w i t h i n t h e s e l i m i t s h a s t o b e e s t i m a t e d . L i n e a r e x t r a p o l a t i o n s ( w h i c h 

f i t t h e d a t a w e l l ) i n d i c a t e t h a t 1 1 ± 1% o f s e v e n o r m o r e p r o n g t r i g g e r s 

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

t r i g g e r s i s s u b s t a n t i a l l y l a r g e r a t 1 9 t 1%. T h e e x t r a p o l a t i o n s i m p l y 

t h a t t h e r a t i o o f t y p e A t o t y p e B t r i g g e r s i f a p l u s o r m i n u s f o u T 

w i r e n u m b e r c u t h a d b e e n u s e d w o u l d h a v e b e e n a r o u n d 1 . 7 . T h e Summer 

1 9 8 0 d a t a w h i c h w a s t a k e n w i t h t h i s d e a d r e g i o n y i e l d s a v a l u e o f 

1 . 8 ± 0 . 1 f o r t h i s r a t i o . S i n c e t h e r e w e r e no d e a d r e g i o n s i n t h e PWCs 

i n Summer 1 9 8 0 a n d s a t u r a t i o n l o s s e s w o u l d h a v e b e e n h i g h e r ( d e c r e a s i n g 

t h e n u m b e r o f t y p e B e v e n t s ) t h e e x t r a p o l a t i o n s seem r e a s o n a b l e . 

3 . 9 . C S i n g l e W i r e I n e f f i c i e n c y L o s s e s 

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

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

PWC p l a n e s i n t h e d o w n s t r e a m s t a t i o n s w i t h t h e n u m b e r m i s s i n g a h i t f r o m • 

t h e g i v e n p l a n e . 

L e t t h e p r o b a b i l i t y o f a h i t i n z - a l p h a b e P a n d t h e p r o b a b i l i t y 

o f h i t s i n a l l o t h e r p l a n e s b e s i m i l a r l y d e n o t e d ; 
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T h e n p r o b a b i l i t y o f a h i t i n a l l n i n e p l a n e s 

P ™ = P P Q P„ P P Q P P P 0 P TOT z a z 3 z y y a y 3 y y u a u 3 u y 

a n d t h e p r o b a b i l i t y o f m i s s i n g a h i t o n l y i n z - a l p h a 

(1 - P ) p _ = p x 

z a T O T p 

z a 

R e l a t i v e p r o b a b i l i t y o f t r a c k w i t h n i n e h i t s c o m p a r e d t o 

t r a c k w i t h e i g h t 
- J 

P 1 - P TOT = ( _ _ z a 

P - V 
z a \ z a 

P 
z a 

n u m b e r o f t r a c k s w i t h n i n e h i t s 
n u m b e r m i s s i n g o n l y t h e z - a l p h a h i t 
N< 

z a 

N9 

_ 9 
N 

N_ + N — 9 z a 

T r a c k s w h i c h go t h r o u g h s a t u r a t e d w i r e p l a n e s s h o u l d b e d i s c a r d e d f r o m 

t h e c o m p a r i s o n ( t h e i r i n c l u s i o n w o u l d l o w e r t h e c a l c u l a t e d e f f i c i e n c y ) 

I f t h e Summer 1 9 8 0 d a t a i s e x c l u d e d f r o m t h e c a l c u l a t i o n s ( d i f f e r e n t 

P W C s . w e r e u s e d ) t h e a v e r a g e z p l a n e e f f i c i e n c i e s o b t a i n e d a r e ; 

P = 9 2 ± 2% z a 

P = 8 8 ± 2% z3 
a n d P = 9 6 ± 2% zy • 

T h e z p l a n e e f f i c i e n c i e s o b t a i n e d i f o n l y t y p e A o r o n l y t y p e B e v e n t s 

a r e u s e d a g r e e w i t h t h e s e v a l u e s a s e x p e c t e d . T h e p r o b a b i l i t y o f a 

t r i g g e r o n a s i n g l e t r a c k i s t h u s a b o u t 78% +_ 3 % . T a b l e 3 . 9 . C . 1 shows 

how t h e p r o b a b i l i t y o f t r i g g e r i n g o n a n e v e n t i n c r e a s e s a s t h e n u m b e r 
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o f t r a c k s i n t h e PWCs r i s e s a s s u m i n g p r o b a b i l i t i e s o f t r i g g e r i n g o n a n 

i n d i v i d u a l t r a c k o f 8 5 , 7 8 a n d 7 0 p e r c e n t . T h e f o r m u l a u s e d t o c a l c u l a t e 

t h e p r o b a b i l i t y i s 

N " 1 . . N ! 
P = I p^"1 o-pp 1 

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

p r o b a b i l i t y a t r a c k w i l l t r i g g e r . 

P R O B A B I L I T Y A 
TRACK W I L L 
T R I G G E R ( P ) 85% 78% 70% 

NUMBER OF 
TRACKS ( N ) 

1 85% 78% 70% 

2 98% 95% 91% 

3 ~ 100% 99% 97% 

4 ~ 100% 'v 100% 99% 

T a b l e 3 . 9 . C . 1 

P R O B A B I L I T Y OF AN EVENT T R I G G E R I N G AS A F U N C T I O N OF THE NUMBER 
OF TRACKS THROUGH A L L THREE PLANES AND P R O B A B I L I T Y AN I N D I V I D U A L 
TRACK W I L L T R I G G E R . 

T h e n u m b e r o f e v e n t s o f e a c h t y p e w i t h o n e o r m o r e t r a c k s t h r o u g h 

t h e PWC s y s t e m i s g i v e n b y t h e n u m b e r o f i n t e r a c t i o n s o f e a c h t y p e w i t h 

o n e o r m o r e h y b r i d t r a c k s w h i c h g i v e a h i t i n gamma ( t h e p r o b a b i l i t y o f 

a t r a c k h i t t i n g gamma a n d n o t c a u s i n g a t l e a s t o n e h i t i s l e s s t h a n 

o n e p e r c e n t ) . T h e n u m b e r o f i n t e r a c t i o n s w i t h a g i v e n n u m b e r o f t r a c k s 

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

c a l c u l a t e d b y m u l t i p l y i n g t h e n u m b e r w h i c h g i v e a PWC t r i g g e r b y t h e 

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

r e c i p r o c a l s o f t h e p r o b a b i l i t i e s g i v e n i n t a b l e 3 . 9 . C . 1 ) . 
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F o r t h e m o m e n t I w i l l i g n o r e e v e n t s w h i c h h a v e no h y b r i d t r a c k . 

T h e s e e v e n t s do n o t c o n t r i b u t e t o t h e c r o s s s e c t i o n t h a t t h e PWC t r i g g e r 

c o u l d t r i g g e r o n ( d i s t i n g u i s h i n g b e t w e e n e v e n t s w h e r e t h e h y b r i d t r a c k 

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

w h i c h h a v e no c h a r g e d t r a c k s l e a v i n g t h e b u b b l e c h a m b e r ) . A s s u m i n g t h a t 

a s i n g l e t r a c k h a s a 7 8 _+ 3% c h a n c e o f c a u s i n g a t r i g g e r t h e p e r c e n t a g e 

o f t y p e A e v e n t s l o s t i s 17+_ 4% ( e x p r e s s e d r e l a t i v e t o t h e n u m b e r o f 

e v e n t s t r i g g e r i n g ) a n d t h e p e r c e n t a g e o f t y p e B e v e n t s l o s t i s 1 1 + 4 % . 

3 . 9 . D S u m m a r y o f PWC T r i g g e r L o s s e s 

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

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

a r e t a b u l a t e d i n T a b l e 3 . 9 . D . I . I n e a c h c a s e t h e p e r c e n t a g e i s 

e x p r e s s e d r e l a t i v e t o t h e n u m b e r o f e v e n t s w h i c h do t r i g g e r . - T h e 

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

p e r p l a n e t r i g g e r s a n a l y s e d . F i n a l l y t h e p e r c e n t a g e s o f t h e t r i g g e r a b l e 

c r o s s s e c t i o n s w h i c h a r e a c c e p t e d b y t h e PWC t r i g g e r a r e q u o t e d f o r 

t y p e A a n d t y p e B e v e n t s . T h e v a l u e s o b t a i n e d a r e s i m i l a r s h o w i n g 

t h a t t h e o v e r a l l t r i g g e r i n g p r o b a b i l i t y d o e s n o t d e p e n d s t r o n g l y o n 

t o p o l o g y . 

T Y P E A TYPE B 

S A T U R A T I O N LOSSES 2 ± 3% 6 ± 4% 

ACCEPTANCE LOSSES 1 9 ± 1% 1 1 ± 1% 

W I R E I N E F F I C I E N C Y LOSSES 17 ± 4% 1 1 ± 4% 

ACCEPTED F R A C T I O N 
CROSS S E C T I O N 

OF T R I G G E R I N G 7 0 ± 5% 7 7 ± 5% 

T a b l e 3 . 9 . D . 1 PWC T R I G G E R LOSSES (AUTUMN 8 0 , S P R I N G 8 1 ) 
( A s a f r a c t i o n o f e v e n t s t r i g g e r i n g ) 
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3 . 1 0 A c c e p t a n c e o f t h e C o m b i n e d T r i g g e r 

To c a l c u l a t e t h e f r a c t i o n o f t h e t o t a l c r o s s s e c t i o n w h i c h t h e 

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

o n ( a s o p p o s e d t o t h e n u m b e r i t f a i l s t o t r i g g e r o n ) m u s t b e k n o w n . 

T h e f r a c t i o n o f t h e c r o s s - s e c t i o n t o w h i c h t h e PWC t r i g g e r i s 

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

c a n n o t t r i g g e r t h e PWC a l g o r i t h m w i l l c a u s e a l e a d g l a s s w a l l t r i g g e r . I 

t h e n , e x c l u d e d a n y e v e n t w h i c h g a v e o n l y a l e a d g l a s s t r i g g e r b u t 

h a d a t l e a s t o n e h y b r i d t r a c k w h i c h g a v e a h i t i n gamma f r o m t h e c o u n t . 

S i n c e n o t a l l t r a c k s w h i c h g i v e a PWC t r i g g e r h y b r i d i s e ( b e c a u s e o f 

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

t o l e r a n c e s ) some e v e n t s g i v e a PWC t r i g g e r b u t h a v e no h y b r i d t r a c k . 

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

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

" l e a d g l a s s o n l y " e v e n t s w h i c h I h a v e a t t r i b u t e d a s b e i n g d u e t o n e u t r a l 

t r i g g e r i n g t r a c k s . 1 0 +_ 1% o f t h e t r i g g e r i n g c r o s s s e c t i o n s f o r b o t h 

t y p e A a n d t y p e B e v e n t s i n d e p e n d e n t l y y i e l d o n l y n e u t r a l t r i g g e r i n g 

t r a c k s . 

T h e PWC a l g o r i t h m t h e r e f o r e t r i g g e r s o n ; 

64 +_ 5% o f t h e t o t a l t h r e e p r o n g c r o s s s e c t i o n 

a n d 7 0 +_ 5% o f t h e t o t a l c r o s s . s e c t i o n o f s e v e n o r 

m o r e c h a r g e d t r a c k e v e n t s . 

T h e a c c e p t a n c e o f t h e c o m b i n e d t r i g g e r (PWC o r L e a d G l a s s W a l l ) c a n now 

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

o n l y t r i g g e r s . 

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

9 2 +_ 7% o f t h e t h r e e p r o n g c r o s s s e c t i o n s 

a n d 84 +_ 1% o f t h e s e v e n o r m o r e p r o n g c r o s s s e c t i o n s 
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T h e s e v a l u e s r a i s e t h e p o s s i b i l i t y t h a t t h e c o m b i n e d t r i g g e r a c c e p t a n c e 

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

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

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

o f 2 0 . 0 GeV i s p r e d i c t e d t o b e 1 . 6 7 + ^ 0 . 2 3 ; ( e x t r a p o l a t i n g f r o m d a t a t a k e n 

a t p h o t o n e n e r g i e s o f 2 . 8 , 4 . 7 a n d 9 . 3 GeV [ 6 ] ) . We f i n d a m e a n n e g a t i v e 

p a r t i c l e m u l t i p l i c i t y o f 1 . 7 1 _+ 0 . 0 2 . H o w e v e r , e v e n i f t h e n u m b e r o f 

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

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

i n c r e a s e s b y o n l y 0 . 0 4 t o 1 . 7 5 + _ 0 . 0 2 . T h e e r r o r s o n t h e e x p e c t e d v a l u e 

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

p r o n g e v e n t s . 

F i g u r e 3 . 1 0 . 1 s h o w s t h e r e l a t i v e a c c e p t a n c e s ( R . A . ) o f t h e v a r i o u s 

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

c h a r g e d t r a c k s p r o d u c e d a t t h e p r i m a r y v e r t e x . T h e r e l a t i v e a c c e p t a n c e 

i s d e f i n e d a s : -

R A ( n ) - n u m ^ e r t r i g g e r s o f t y p e X o n e v e n t s w i t h n c h a r g e d t r a c k s 
t o t a l n u m b e r o f t r i g g e r s o n e v e n t s w i t h n c h a r g e d t r a c k s 

T h e p l o t s show t h a t w h i l e t h e PWC a c c e p t a n c e i s i n c r e a s i n g t h e l e a d 

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

W h i l e t h e c h a n c e o f a PWC t r i g g e r i s i m p r o v e d b y i n c r e a s i n g t h e 

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

o n l y i n c r e a s e s i f m o r e e n e r g y i s d e p o s i t e d i n t h e w a l l . T h e m e a n n u m b e r 

o f t r a c k s h i t t i n g a l p h a i s 1 . 1 4 + _ 0 . 0 2 f o r t h r e e t r a c k e v e n t s c o m p a r e d 

t o 1 . 9 0 + 0 . 0 4 f o r s e v e n o r m o r e t r a c k e v e n t s . H o w e v e r , t h e c h a n c e t h a t 

a t r a c k h i t t i n g a l p h a r e a c h e s gamma i s 0 . 9 5 _+ 0 . 0 2 i f t h e e v e n t i s a 

t h r e e p r o n g a n d o n l y 0 . 8 2 +_ 0 . 0 2 i f t h e e v e n t h a s a t l e a s t s e v e n t r a c k s . 

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

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

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

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

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

w a l l ( w h i c h h a s w o r s e g e o m e t r i c a l a c c e p t a n c e t h a n t h e P W C s ) . W h i l e t h e 

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

r e l a t i v e a c c e p t a n c e o f t h e b a c k b l o c k s ( w i t h a m u c h h i g h e r t h r e s h o l d 

l e v e l ) i s f a l l i n g o f f v e r y r a p i d l y . 

T R I G G E R P R E D I C T E D ACCEPTANCE ACTUAL ACCEPTANCE 

PWC 

A c t i v e C o n v e r t e r 

B a c k B l o c k s 

8 2 ± 1% 

5 1 ± 1% 

6 0 ± 1% 

8 5 ± 1 % 

5 6 ± 1 3 % 

3 7 ± 1 3 % 
1 1 

T a b l e 3 . 1 0 . 1 

P R E D I C T E D R E L A T I V E ACCEPTANCE OF CHARM COMPARED TO A C T U A L 
R E L A T I V E ACCEPTANCE 

T a b l e 3 . 1 0 . 1 g i v e s t h e r e l a t i v e a c c e p t a n c e s e x p e c t e d f o r c h a r m e v e n t s 

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

a n d t h e a c t u a l v a l u e s f o u n d . T h e r e l a t i v e a c c e p t a n c e o f t h e b a c k b l o c k - t r i g g e r 

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

a n a t y p i c a l s a m p l e o f t h e d a t a . 

F i g u r e 3 . 1 0 . 2 s h o w s t h e n u m b e r o f PWC c h a r m t r i g g e r s a s a f u n c t i o n 

o f t h e z - a l p h a d e a d r e g i o n . T h e s l o p e o f t h e f a l l o f f i s c o n s i s t e n t 

w i t h d e a d r e g i o n l o s s e s o f 1 1 % , i . e . s i m i l a r t o t h o s e e x p e c t e d f o r h i g h 

p r o n g e v e n t s . L i t t l e c a n b e s a i d a b o u t s a t u r a t i o n l o s s e s e x c e p t t h a t 

o n e o f t h e f o u r c h a r m e v e n t s t h a t f a i l e d t o c a u s e a PWC t r i g g e r h a d a 
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s a t u r a t e d z p l a n e . T h e c h a r m e v e n t s do h o w e v e r t e n d t o h a v e m o r e t r a c k s 

t h a t c o u l d g i v e a PWC t r i g g e r t h a n do t y p i c a l h i g h p r o n g s ( 2 . 2 6 _+ 0 . 5 4 

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

o f 2 . 0 4 ) . T h i s c h a n g e s t h e l o s s e x p e c t e d b e c a u s e o f s i n g l e w i r e 

i n e f f i c i e n c i e s t o 7 +_ 6 % . A s s u m i n g t h a t a l l o t h e r l o s s e s a r e t h e same 

a s f o r t y p e B e v e n t s g i v e s t h a t 

7 2 +_ 12% o f a l l c h a r m e v e n t s c a u s e a PWC t r i g g e r ( e r r o r s 

q u o t e d a r e t w i c e s t a t i s t i c a l ) 

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

t w e n t y s e v e n ) i m p l i e s t h a t t h e o v e r a l l t r i g g e r i n g a c c e p t a n c e i s 

8 5 i 30 % 



.-72-

C h a p t e r 3 - R e f e r e n c e s 

[ 1 ] P . F . K u n z , R . N . F a l l , a n d M . F . G r a v i n a ; S L A C - P U B - 2 4 1 8 

[ 2 ] P . F . K u n z , R . N . F a l l , a n d M . F . G r a v i n a ; S L A C - P U B - 2 1 9 8 

[ 3 ] D . B e r n s t e i n , J . T . C a r o l l , V . H . M i t n i c k , L . P a f f r a t h , a n d D . B . P a r k e r ; 

S L A C - P U B - 2 4 1 3 

[ 4 ] L . B a r k e r ; S L A C - T N - 7 5 - 1 0 

[ 5 ] D . R . P r i c e a n d R . W . H a t l e y ; I n t e r n a l B C 7 2 / 7 3 m e m o r a n d u m 

[ 6 ] J . B a l l a m e t a l ; P h y s R e v . D7 3 1 5 0 ( 1 9 7 3 ) 



.-73-

CHAPTER 4 

PHOTOPRQDUCTION - A T H E O R E T I C A L V I E W 

4 . 1 I n t r o d u c t i o n 

4 . 2 T h e P h o t o n S t r u c t u r e F u n c t i o n s - P o i n t - l i k e C o m p o n e n t 

4 . 3 T h e P h o t o n S t r u c t u r e F u n c t i o n s - H a d r o n i c C o m p o n e n t 

4 . 4 T h e R e l a t i v e M a g n i t u d e o f t h e H a d r o n i c a n d P o i n t - l i k e C o m p o n e n t s 

o f t h e P h o t o n S t r u c t u r e F u n c t i o n s 

4 . 5 R e a l P h o t o n I n t e r a c t i o n s w i t h P r o t o n s 

4 . 6 S u m m a r y 



.-74-

4 . 1 I n t r o d u c t i o n 

P h o t o p r o d u c t i o n c a n b e c o n s i d e r e d a s o n t h e b o u n d a r y b e t w e e n 

e l e c t r o p r o d u c t i o n ( w h e r e t h e e l e c t r o n a c t s a s a p h o t o n s o u r c e ) a n d 

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

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

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

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

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

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

t h e m b e i n g e x a c t l y c a l c u l a b l e . 

T h e d i v i s i o n o f t h e p h o t o n s t r u c t u r e f u n c t i o n s i n t o t w o p a r t s , a 

h a d r o n i c c o m p o n e n t ( a c t i n g a s i f t h e a s s o c i a t e d q u a r k d i s t r i b u t i o n s w e r e 

t h o s e o f a v e c t o r m e s o n ) , a n d a p o i n t - l i k e ( p h o t o n i c o r a n o m a l o u s ) 

c o m p o n e n t , w a s d i s c u s s e d t e n y e a r s a g o b y B r o d s k y e t a l [ 1 ] . R e c e n t l y , 

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

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

a t e + e ~ i n t e r s e c t i n g s t o r a g e r i n g s ( v i a t h e t w o p h o t o n p r o c e s s ) . T h e y 

h a v e b e e n c a l c u l a t e d u s i n g t h e o p e r a t o r - p r o d u c t e x p a n s i o n t e c h n i q u e [ 2 ] , 

b y d i a g r a m m a t i c m e t h o d s [ 3 ] , a n d b y a n a p p r o a c h b a s e d o n t h e A l t a r e l l i -

P a r i s i e v o l u t i o n e q u a t i o n s [ 4 ] . 

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

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

o f t h e p h o t o n . F r a z e r a n d G u n i o n [ 5 ] h a v e s h o w n t h a t t h e d o m i n a n c e o f 

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

2 

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

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

p h o t o p r o d u c t i o n . 

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

w o u l d e n a b l e l i m i t s t o b e p u t o n t h i s . I f t h e p o i n t - l i k e c o m p o n e n t i s 

n o t n e g l i g i b l e e v e n a t l o w P , p h o t o p r o d u c t i o n w i l l t h e n b e a n i m p o r t a n t 

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

t h e R e c o m b i n a t i o n m o d e l ( s e e s e c t i o n 5 . 2 ) . 

I n t h i s c h a p t e r I w i l l d i s c u s s p h o t o n i n t e r a c t i o n s f r o m t h e v i e w -

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

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

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

2 

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

I w i l l t h e n d i s c u s s p h o t o n i n t e r a c t i o n s w i t h a p r o t o n t a r g e t a n d how t h e 

p o i n t - l i k e c o n t r i b u t i o n m a y b e e x p e r i m e n t a l l y i s o l a t e d . 

4 . 2 T h e P h o t o n S t r u c t u r e F u n c t i o n s - P o i n t - l i k e C o m p o n e n t 

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

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

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

t e c h n i q u e s . M a n y o t h e r s h a v e a l s o c o n s i d e r e d t h e p r o b l e m . T h e a r t i c l e s 

c i t e d i n r e f e r e n c e s 6 - 1 0 w e r e p a r t i c u l a r l y u s e f u l s o u r c e s o f i n f o r m a t i o n . 

C o n s i d e r t w o p h o t o n i n t e r a c t i o n s i n e + e i n w h i c h o n e p h o t o n 

i s r e a l o r n e a r l y r e a l , t h e o t h e r f a r o f f .mass s h e l l , b o t h p h o t o n s 

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

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

o f t r a n s v e r s e p h o t o n s ( h e l i c i t y +_ 1 ) , a n d t h e a b s o r p t i o n o f l o n g i t u d i n a l 

s c a l a r p h o t o n s ( h e l i c i t y 0 ) . 

T h e t o t a l c r o s s s e c t i o n i s r e l a t e d b y t h e o p t i c a l t h e o r e m t o t h e 

i m a g i n a r y p a r t o f t h e f o r w a r d Compton a m p l i t u d e . T h e n o n p e r t u r b a t i v e 
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p a r t o n m o d e l f o r m u l a t e d b y L a n d s h o f f e t a l [ 1 1 ] m a d e t h e h a d r o n i c c r o s s 

2 

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

f o r w a r d a m p l i t u d e t o t h o s e o f t h e f o r m s h o w n i n f i g u r e 4 . 2 . 1 . 

F i g u r e 4 . 2 . 1 

" B O X " OR "HANDBAG" D IAGRAM 

P/ V) 

T h e " b l o b " r e p r e s e n t e d t h u s i n ^ ^ ^ i n f i g u r e 4 . 2 . 1 c o n t a i n s a n 

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

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

t h e p a r t o n a t a i s k n o c k e d o f f i t s m a s s s h e l l b y t h e i n t e r a c t i o n . T h e 

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

t e n d s r a p i d l y t o z e r o i f t h e p a r t o n i s o f f m a s s s h e l l . T h i s m e a n s t h a t 

t h e p a r t o n h a s t o r e m a i n e x t e r n a l t o t h e b l o b u n t i l i t i s o n m a s s s h e l l 

a g a i n ( e . g . b y r a d i a t i n g a p h o t o n a t 3 ) . A n y d i a g r am t h a t r e q u i r e s t h e 

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

m a s s s h e l l h a s z e r o a m p l i t u d e a n d so d o e s n o t c o n t r i b u t e t o t h e c r o s s 

s e c t i o n . 

I f t h e p h o t o p r o d u c t i o n c r o s s s e c t i o n i s c o n s i d e r e d , r a t h e r t h a n a 

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

c o n s i d e r e d , p r o v i d e d t h e p r o b i n g p h o t o n i s h e a v y . H o w e v e r t h e b l o b 

now c o n t a i n s t h e p o s s i b i l i t y t h a t t h e p h o t o n c o n v e r t s t o a q u a r k a n t i q u a r k 

p a i r . I n t h i s c a s e t h e c o u p l i n g b e t w e e n t h e p h o t o n , q u a r k a n d a n t i q u a r k 

i s p o i n t l i k e , no s u c h c o u p l i n g e x i s t s b e t w e e n a h a d r o n a n d a q u a r k a n t i -

q u a r k p a i r . S i n c e t h e c o u p l i n g i s p o i n t l i k e t h e r e i s no r e s t r i c t i o n ( o r 

s c a l e ) a p p l y i n g t o t h e m a s s e s i n v o l v e d so i n t h i s c a s e t h e p a r t o n 
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s c a t t e r i n g o f f t h e p r o b e c a n i t s e l f b e f a r o f f m a s s s h e l l . T h e c o n t r i -

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

r e p r e s e n t e d b y t h e d i a g r a m s h o w n i n F i g u r e 4 . 2 . 2 ( a n d i t s c r o s s e d v e r s i o n ) 

F i g u r e 4 . 2 . 2 

THE BORN TERM 

T h e d i a g r a m s h o w n i n F i g u r e 4 . 2 . 2 i s s o m e t i m e s r e f e r r e d t o a s a 

b o x d i a g r a m a s b e f o r e . I t i s a l s o k n o w n a s t h e B o r n t e r m d i a g r a m ( t h o u g h 

s t r i c t l y t h e r e a r e o t h e r B o r n t e r m s ) . A s m i g h t b e e x p e c t e d t h e f r a c t i o n 

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

2 

a t l e a s t t o l e a d i n g o r d e r i n I n q . T h e r e l a t e d s t r u c t u r e f u n c t i o n s a r e 

( f o l l o w i n g n o r m a l c o n v e n t i o n s ) 

W = ^ w - IV L 2 2 1 
Y 

n f 

= e I % x ( 1 - x ) ( 4 . 2 . 1 ) 
2 it i=l 

n f 2 

a n d W = e 4 J Q . 4 ( x 2 + ( 1 - x ) 2 ) I n { ' i - ' . } + 0 ( 1 ) 
8TT i = l " M^ 

( 4 . 2 . 2 ) 

w h e r e : t h e sum i s o v e r p a r t o n ( q u a r k ) f l a v o u r s , t h e c o l o u r f a c t o r 

h a v i n g b e e n e x p l i c i t l y t a k e n o u t . 

e i s t h e e l e c t r i c c h a r g e ; 

t h 
Q^ i s t h e f r a c t i o n a l c h a r g e o f t h e i f l a v o u r o f p a r t o n s ; 

2 
x i s t h e B j o r k e n x v a r i a b l e ( w h i c h a t h i g h q i s e q u i v a l e n t 
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t o t h e s h a r e o f t h e p h o t o n ' s momentum c a r r i e d b y t h e p a r t o n ) . 

2 
a n d NL i s a m a s s s c a l e ( t h e c u r r e n t m a s s s q u a r e d o f t h e i n t e r a c t i n g 

2 
p a r t o n , ^ ( 3 0 0 MeV) b y e x p e r i m e n t f o r l i g h t ( u , d ) q u a r k s ) . 

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

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

2 

l i k e c o u p l i n g ) . i s a f u n c t i o n o f b o t h x a n d q a n d s o d o e s n o t s c a l e 

W^ i s n o n z e r o , t h e r e f o r e t h e p o i n t l i k e s t r u c t u r e f u n c t i o n s v i o l a t e t h e 

C a l l a n G r o s s r e l a t i o n . 

T h e C a l l a n - G r o s s r e l a t i o n a r i s e s f r o m h e l i c i t y c o n s e r v a t i o n a t 

t h e p r o b e p a r t o n v e r t e x . I n a f r a m e i n w h i c h t h e y c o l l i d e h e a d o n , 

s c a t t e r i n g t h r o u g h 1 8 0 ° , s p i n f l i p i s r u l e d o u t b y a n g u l a r momentum 

c o n s e r v a t i o n i f t h e p a r t o n i s s p i n \ a n < I t h e p h o t o n h a s z e r o h e l i c i t y , 

t h a t i s 

a L + 0.0 4.2.3 
t 

H o w e v e r i n p r a c t i c e t h e t r a n s v e r s e p a r t o n m o m e n t u m k a n d i t s 

m a s s (m) m o d i f y t h i s r e l a t i o n ( 4 . 2 . 3 ) t o 

a 4 ( M 2 + k 2 ) 
± - 2 = - O 4 . 2 . 4 
t Q 

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

4 . 2 . 3 a n d 4 . 2 . 4 . I f t h e p a r t o n i s f o r m e d b y t h e y q q s u b p r o c e s s h o w e v e r 

2 2 

t h e ( M + k ) t e r m c a n b e s i g n i f i c a n t a n d s o t h e C a l l a n - G r o s s r e l a t i o n 

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

a n i n c r e a s i n g s h a r e o f t h e p h o t o n t a r g e t ' s h e l i c i t y ( c f y e + e ) . A 

h e l i c i t y o n e p a r t i c l e c a n n o t s c a t t e r o f f a h e l i c i t y z e r o p a r t i c l e a n d so 

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 a g a i n t e n d s t o z e r o . 
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T h e a n a l o g u e o f t h e b o x d i a g r a m i n QCD i s a l a d d e r d i a g r a m ( F i g u r e 4 . 2 . 3 ) . 

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

T h e t y p i c a l e l e m e n t s c a n b e c a l c u l a t e d p r o v i d e d t h a t t h e r u n n i n g 
2 

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

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

c o m p a r i s o n t o A , t h e p a r a m e t e r s c a l i n g t h e c o u p l i n g c o n s t a n t . As we g o 

" d o w n " t h e l a d d e r t o w a r d s t h e b l o b t h e momentum f l o w i n g a r o u n d t h e 

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

a m p l i t u d e ) a n d s o t h e s e e l e m e n t s a r e n o t c a l c u l a b l e . -Once m o r e h o w e v e r 

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

f u n c t i o n r e l a t e d t o t h i s c a n b e e x c l u d e d f r o m t h e b l o b . T h e s t r u c t u r e 

f u n c t i o n c a n b e w r i t t e n s y m b o l i c a l l y a s 

F i g u r e 4 . 2 . 4 

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

r u n n i n g c o u p l i n g c o n s t a n t c o n s t r a i n t a p p l i e s . S i n c e t h e e l e m e n t s o f t h e 
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2 2 

l a d d e r d i a g r a m c o n t r i b u t e t e r m s w i t h a ( x + ( 1 - x ) ) s t r u c t u r e t h e f o r m 

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

W, i s u n c h a n g e d 
Ly 

n f 2 

W. = e4 - L I Q.4(x2
+ (1 -x)2) ln(Xi-) 

i Y 8tr i = l 1 X 

= 1.5 x 10~3 e2 In 
2 q 

7 
(x2+ (1 -x)2) 4.2.5 

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

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

a r e e s t i m a t e d i n t h e n e x t s e c t i o n . 

4 . 3 P h o t o n S t r u c t u r e F u n c t i o n s - H a d r o n i c C o m p o n e n t 

T h e h a d r o n i c c o m p o n e n t s o f t h e p h o t o n s t r u c t u r e f u n c t i o n s , a s 
noLne 

t h e i r i m p l i e s , b e h a v e l i k e h a d r o n i c s t r u c t u r e f u n c t i o n s , s p e c i f i c a l l y , A 
l i k e t h o s e o f a v e c t o r m e s o n . T h e c o n c e p t t h a t t h e p h o t o n a c t s a s i f 

i t w e r e a s u p e r p o s i t i o n o f v e c t o r m e s o n s f o r m s t h e c o r e o f t h e v e c t o r 

m e s o n d o m i n a n c e m o d e l (VMD) w h i c h i s s u m m a r i s e d b y e q u a t i o n 4 . 3 . 1 

| y > h = I f y ( q 2 ) | V > 4 . 3 . 1 
v 

w h e r e ; T h e s u p e r s c r i p t h d e n o t e s t h e f a c t we a r e c o n s i d e r i n g t h e 

p h o t o n a s a h a d r o n 

2 

f ^ ( q ) i s t h e v e c t o r m e s o n - p h o t o n c o u p l i n g , 

a n d t h e sum i s t a k e n o v e r a l l p a r t i c l e s v f o r w h i c h J 2 = 1 , 

i n c l u d i n g r a d i a l e x c i t a t i o n s . 
2 

I t i s c o n v e n t i o n a l t o a s s u m e t h a t t h e c o u p l i n g f ( q ) h a s no d e p e n d e n c e 

2 + o n q . T h i s a l l o w s t h e c o u p l i n g f a c t o r m e a s u r e d i n e e~ c o l l i s i o n s a t 

2 2 2 q = M t o b e i d e n t i f i e d w i t h t h a t a p p r o p r i a t e t o r e a l p h o t o n s ( q = 0 ) . 
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2 (Although not everyone agrees that f is independent of q [12], and 

sometimes the possibility of a dependence is used to explain discrepancies 

between the model and experiment). 

T h e h a d r o n i c s t r u c t u r e f u n c t i o n i s g i v e n b y (WL = 0 . 0 ) 

'i/h W1 = ®2 I Qi2 • Gi/h Cx' ^ 4-3"2 

w h e r e ; t h e sum i s o v e r q u a r k s a n d a n t i q u a r k s 

a n d ^ i / h d i s t r i b u t i o n f u n c t i o n o f p a r t o n i i n h a d r o n h 

E q u a t i o n 4 . 3 . 2 . i n c o n j u n c t i o n w i t h 4 . 3 . 1 y i e l d s 

W l v = « II Q i • G / h ( x , Q ) f ( q 2 ) 4 . 3 . 3 
' v i 

2 
w h e r e ; q r e l a t e s t o t h e p h o t o n t a r g e t 

2 
Q r e l a t e s t o t h e p r o b e o f t h e t a r g e t ' s s t r u c t u r e 

I n o r d e r t o e s t i m a t e t h e m a g n i t u d e o f W^ we n e e d t o a s s u m e a 

f o r m f o r G ^ y ^ * I f h i s a v e c t o r m e s o n c o u n t i n g r u l e a r g u m e n t s [ 1 3 ] 

2 
g i v e ( n e g l e c t i n g Q d e p e n d e n c e ) 

G. . = i . 2 . i I L C J Q 4 . 3 . 4 
l / v 3 2 4 x 

w h e r e ; t h e f a c t o r j i s d u e t o c o l o u r 

t h e f a c t o r - j comes f r o m s p i n a v e r a g i n g 

a n d t h e f a c t o r i - a s s u m e s t h a t o n a v e r a g e q u a r k s c a r r y 25% o f 

t h e momentum o f v , a n t i q u a r k s 25% a n d t h e r e m a i n d e r i s 

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

s u b s t i t u t i n g f o r i - n 4 . 3 . 3 we o b t a i n 

< • 3 *2 I I sr • ^ 
v 1 

w h e r e t h e sum o v e r c o l o u r h a s b e e n d o n e . 
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G u n i o n a n d F r a z e r [5] r e d u c e d t h e sum o v e r v e c t o r m e s o n s t o i n c l u d e 

j u s t t h e p t e r m ( t h e l a r g e s t ) i n o r d e r t o n u m e r i c a l l y e s t i m a t e t h e 

v a l u e o f 4 . 3 . 5 . T h e y u s e d t h e e x p e r i m e n t a l v a l u e o f t h e p - y c o u p l i n g 

( f = a / 2 . 2 ) a n d o b t a i n e d 

* 4 . 6 x 1 0 ~ 4 . e 2 . ( 1 ~ X ) 4 . 3 . 6 l y x 

I w i l l u s e 4 , 3 . 6 l a t e r i n s e c t i o n 4 w h e n I d i s c u s s how l a r g e W^ 

i s i n c o m p a r i s o n t o ( u s i n g t h e p L s u p e r s c r i p t t o d e n o t e p o i n t - l i k e ) 

H o w e v e r I f e e l i t i s w o r t h p o i n t i n g o u t h e r e t h a t t h e i n c l u s i v e p h o t o -

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

s e c t i o n s [ 6 ] . I n t h i s c a s e t h e p h o t o n a c t s a s a p , t h e p a s a s u p e r -

p o s i t i o n o f t t + a n d i r ~ . T h i s p h e n o m e n o l o g i c a l e s t i m a t e o f t h e h a d r o n i c 

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

o f m a g n i t u d e g r e a t e r t h a n G u n i o n ' s § F r a z e r ' s . A l t h o u g h t h e p o i n t l i k e 

2 

c o n t r i b u t i o n s c a n b e c a l c u l a t e d ( a b o v e X ) t h e h a d r o n i c c o n t r i b u t i o n s 

c a n o n l y b e e s t i m a t e d . C o m p a r i s o n s b e t w e e n t h e t w o a r e t h e r e f o r e 

u n r e l i a b l e . 

4 . 4 T h e R e l a t i v e M a g n i t u d e o f t h e H a d r o n i c a n d P o i n t - l i k e C o m p o n e n t s 

o f t h e P h o t o n S t r u c t u r e F u n c t i o n s 

I n s e c t i o n 2 t h e p h o t o n i c s t r u c t u r e f u n c t i o n s w e r e c a l c u l a t e d 

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

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

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

a p p r o a c h e s a r e e q u i v a l e n t i . e . t h a t t h e p a r t o n d i s t r i b u t i o n s i n a 

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

t o d i r e c t l y c o m p a r e 4 . 2 . 5 a n d 4 . 3 . 6 . 

h DL 
I f we t a k e t h e r a t i o o f W. a n d W; i n t h e l i m i t o f x -»• 1 we 

l y l y 
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o b t a i n r e l a t i o n s h i p 4 . 4 . 1 

w!1 x+1 
« ( 1 - x ) 4 . 4 . 1 

wf ly 

T h i s m e a n s t h a t t h e d o m i n a n c e o f t h e c a l c u l a b l e p a r t ' o f t h e t o t a l 

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

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

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

o v e r t h e e n t i r e x r a n g e . 

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

( s e e s e c t i o n 5 . 4 ) w e a r e i n t e r e s t e d p r i m a r i l y i n t h e p a r t o n momentum 

d i s t r i b u t i o n s . T h i s m e a n s t h a t w e a r e m e a s u r i n g t h e momentum m o m e n t 

o f t h e s t r u c t u r e f u n c t i o n s . T h e r a t i o o f t h e h a d r o n i c m o m e n t t o t h e 

a n o m a l o u s o n e i s 

^ 0 . 5 
- 4 . 4 . 2 

W? L I n Q 2 / * 2 

w h e r e ; t h e s u b s c r i p t m d e n o t e s t h a t we a r e t a k i n g t h e r a t i o o f t h e 

m o m e n t u m m o m e n t s o f t h e s t r u c t u r e f u n c t i o n . 

2 
As Q t e n d s t o i n f i n i t y t h e p o i n t l i k e s t r u c t u r e f u n c t i o n i s 

i n c r e a s i n g l y d o m i n a n t . T h i s c a n b e u n d e r s t o o d i n t u i t i v e l y b y c o n s i d e r i n g 

2 

t h e Q e v o l u t i o n o f t h e h a d r o n i c s t r u c t u r e f u n c t i o n . T h e q u a r k s i n a 

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

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

" q u a r k " w i l l b e r e s o l v e d a s a q u a r k a n d a g l u o n . S i n c e momentum m u s t b e 
2 

c o n s e r v e d o v e r a l l t h e q u a r k s " a p p e a r i n g " a t h i g h Q w i l l t e n d t o h a v e 
2 

l e s s m o m e n t u m t h a n t h o s e r e s o l v e d b y a l o w Q p r o b e . T h e e f f e c t o f 
2 

g o i n g t o h i g h e r a n d h i g h e r Q i s t o b u n c h t h e q u a r k s t o g e t h e r a t l o w x . 



-84-

T h e q u a r k s p r o d u c e d b y t h e p h o t o n c o n v e r t i n g t o a q u a r k - a n t i q u a r k p a i r 

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

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

h a d r o n i c o n e d o e s . 

2 2 
A l l t h e a b o v e a s s u m e s t h a t Q i s l a r g e r t h a n A . F i g u r e 4 . 4 . 1 

2 
s h o w s h o w t h e r a t i o 4 . 4 . 2 c h a n g e s w i t h Q f o r A c h o s e n t o b e 0 . 5 G e V . 

2 2 2 As Q a p p r o a c h e s A t h e r a t i o t e n d s t o i n f i n i t y , i f Q i s t a k e n t o b e 

2 
l e s s t h a n A t h e r a t i o h a s a n u n p h y s i c a l ( n e g a t i v e ) v a l u e . T h i s 

c o u l d b e i n t e r p r e t e d a s m e a n i n g t h a t t h e p o i n t - l i k e c o m p o n e n t i s z e r o 

2 2 

i f Q e q u a l s A . I t i s m o r e l i k e l y t h a t t h e c a l c u l a t e d e x p r e s s i o n f o r 

W ^ i s n o l o n g e r v a l i d s i n c e w e h a v e e n t e r e d t h e k i n e m a t i c r e g i o n i n 

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

I t i s p o s s i b l e t o p r o v e W ^ i s f i n i t e i n t h e Q 2 = 0 . 0 l i m i t b y 

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

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

C o u n t i n g r u l e a r g u m e n t s g i v e 

^ ( p p h x ) - ( 1 - x ) 4 . 4 . 3 

u s i n g r e l a t i o n 4 . 4 . 1 we c a n p r e d i c t ; 

( Y P L P h x ) 3 c ? 1 ' ( 1 - x ) ° 4 . 4 . 4 

T h a t i s t h e p o i n t - l i k e p h o t o n i s m o r e l i k e l y t o a c t a s a s o u r c e o f 

h i g h x q u a r k s t h a n a h a d r o n - l i k e p h o t o n . I n t h e n e x t s e c t i o n I w i l l 

c o n s i d e r t h e r e a l p h o t o n i n t e r a c t i n g w i t h t h e p r o t o n ' s c o n s t i t u e n t s a n d 

t h e e v i d e n c e f o r i t n o t b e i n g t o t a l l y v e c t o r m e s o n d o m i n a t e d . 
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4 . 5 R e a l P h o t o n I n t e r a c t i o n s w i t h P r o t o n s 

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

t h e i m a g i n a r y p a r t o f t h e f o r w a r d C o m p t o n s c a t t e r i n g a m p l i t u d e . I n 

s e c t i o n 4 . 2 , i t w a s s t a t e d t h a t o n l y c o n t r i b u t i o n s f r o m " b o x " d i a g r a m s 

( s u c h a s F i g u r e 4 . 2 . 1 ) n e e d e d t o b e c o n s i d e r e d w h e n e v a l u a t i n g d e e p 

2 

i n e l a s t i c s c a t t e r i n g c r o s s - s e c t i o n s . T h i s w a s b e c a u s e a h i g h Q p h o t o n 

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

s t a t e i t c o u l d n o t r e - e n t e r t h e " b l o b " . T h i s c o n s t r a i n t d o e s n o t h o l d 

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

s h o w n i n F i g u r e 4 . 5 . 1 n e e d t o b e i n c l u d e d i n t h e c a l c u l a t i o n . 

T h e " c a t s e a r s " d i a g r a m m a k e s w h a t i s t e r m e d a s i x p o i n t 

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

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

f u n c t i o n . T h e " b o x " d i a g r a m y i e l d s a f o u r p o i n t c o n t r i b u t i o n t h e p a r t o n 

p r o p a g a t i n g f r e e l y b e t w e e n p h o t o n i n t e r a c t i o n s . T h i s f r e e p r o p a g a t i o n 

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

2 

t o t h e c r o s s - s e c t i o n i n t h e q 00 l i m i t ( s c a l i n g l i m i t ) , w h e r e a s t h e 

s i x p o i n t t e r m v a n i s h e s . 

T h e f o u r p o i n t d i a g r a m s c a n n o t b e v e c t o r m e s o n d o m i n a t e d [ 1 0 ] , t h e 

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

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

m e s o n a s s o c i a t e d p a r t . I f we c o m p a r e p r o c e s s e s t h a t o n l y p r o c e e d v i a 

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

A "CATS EARS" DIAGRAM 

F i g u r e 4 . 5 . 1 
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o n l y v e c t o r m e s o n i n c o r p o r a t i n g p r o c e s s , t h e e x t e n t o f t h e v e c t o r m e s o n 

c o n t r i b u t i o n c a n b e e s t i m a t e d . O n e s u c h p r o c e s s [ 1 0 ] i s y p pp w h i c h 

c a n b e c o m p a r e d t o p p p p . 

T h e s e p r o c e s s e s c a n o n l y i n v o l v e s i x p o i n t d i a g r a m s s i n c e t h e 

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

t h e y a r e t o b e b o u n d t o g e t h e r . T h e c o u p l i n g c o n s t a n t r e q u i r e d e x p e r i m e n t a l l y 

i f t h e s i x p o i n t d i a g r a m i s t o b e c o n s i d e r e d 100% v e c t o r m e s o n d o m i n a t e d 

i s e q u a l t o t h a t m e a s u r e d i n e + e e x p e r i m e n t s . T h e h a d r o n i c s i d e t o t h e 

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

I f we c o n s i d e r t h e r e a c t i o n y p ->• y p h o w e v e r , b o t h s i x p o i n t a n d 

f o u r p o i n t d i a g r a m s c a n c o n t r i b u t e . T h e s i x p o i n t c o n t r i b u t i o n c a n b e 

e s t i m a t e d ( b y a p p l y i n g v e c t o r m e s o n d o m i n a n c e a r g u m e n t s ) t o b e : -

( Y P + T P ) = I f v ( q 2 ) | j j£ ( Y P + V p ) 4 . 5 . 1 
v 

F i g u r e 4 . 5 . 2 s h o w s t h e c o m p a r i s o n b e t w e e n a v e c t o r m e s o n d o m i n a n c e 

e s t i m a t e ( t h e sum o f p , oo a n d <f> c o n t r i b u t i o n s ) a n d a n e x p e r i m e n t a l 

m e a s u r e m e n t . N e i t h e r t h e n o r m a l i s a t i o n o f t h i s e s t i m a t e n o r i t s s h a p e 

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

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

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

b e c a u s e i t h a s a d i f f e r e n t t d e p e n d e n c e . E s t i m a t e s o f t h e s i z e o f t h i s 

c o m p o n e n t m a k e i t a c c o u n t f o r a b o u t 20% o f t h e i n t e r a c t i o n s o f r e a l 

p h o t o n s . T h i s e v i d e n c e t h e n t h a t t h e p o i n t - l i k e p h o t o n ( i d e n t i f i e d 

w i t h t h e b o x d i a g r a m ) c o n t r i b u t e s t o t h e r e a c t i o n s o f r e a l p h o t o n s w i t h 
2 

p r o t o n s r u l e s o u t t h e A c u t o f f i m p l i e d i f e q u a t i o n 4-A.Z i s t a k e n a t 

f a c e v a l u e . T h i s i s r e a s o n a b l e s i n c e p o i n t - l i k e c o u p l i n g s do n o t h a v e 

a n a s s o c i a t e d s c a l e . 
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(From reference 10) 
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T h e p o i n t - l i k e i n t e r a c t i o n s c a n b e d i v i d e d i n t o t h o s e i n w h i c h t h e 

p h o t o n c o n v e r t s i n t o a q u a r k a n t i q u a r k p a i r a n d t h e b a r e p a r t o n s i n t e r a c t 

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

t o a p a r t o n i n t h e p r o t o n ( t h e QCD C o m p t o n e f f e c t ) . T h e QCD C o m p t o n 

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

o f t h e p h o t o n . I n t h e l e a d i n g l o g a r i t h m a p p r o x i m a t i o n t h e c o n t r i b u t i o n 

i t m a k e s t o t h e i n c l u s i v e c r o s s - s e c t i o n c a n b e w r i t t e n ; 

E ^ f - ( y p - h x ) = i I / d x d z G ( x , Q 2 ) ( y o - a X ) 
a ^ 
D h 

x - i ( z ) 5 ( s + t + u ) 4 . 5 . 2 
Z 

w h e r e ; t h e sum i s o v e r t h e p a r t o n t y p e s f o u n d i n t h e p r o t o n . 

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

ya. b e 

a / p i s t h e f u n c t i o n w h i c h d e s c r i b e s t h e d i s t r i b u t i o n o f 

a i n t h e p r o t o n 

D ^ ( z ) i s t h e f r a g m e n t a t i o n f u n c t i o n g i v i n g t h e l i k e l i h o o d 

o f f o r m i n g a h a d r o n h w i t h f r a c t i o n z o f t h e momentum 

c a r r i e d b y p a r t o n b 

a n d des* f ,. r4- , 0 2 r Q ? . , t s . . c _ at CYqi qtg) = [ j ] 2 ire a a (Q ) ( " J ~ ji 4.5.3 
~ z s 

w h e r e ; [ ] t e r m i s a c o l o u r f a c t o r 

2 
a g ( Q ) i s t h e s t r o n g c o u p l i n g c o n s t a n t 

2 

Q^ i s t h e f r a c t i o n a l c h a r g e s q u a r e d c a r r i e d b y q u a r k 

t y p e i . 

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 a r e w e l l e s t a b l i s h e d o n l y f o r q u a r k s , 

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

o u t b y F o n t a n n a z e t a l [ 6 ] , i f o n e d e f i n e s a q u a n t i t y 
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A ^ p ) = E^H. ( y p + 7T+x) - ( Y P + i r ' x ) 4 . 5 . 4 

7T 
t h e n A ( p ) i s i n d e p e n d e n t o f t e r m s i n v o l v i n g u n k n o w n d i s t r i b u t i o n s . 

T h i s i s b e c a u s e t h e p o i n t - l i k e p h o t o n c o u p l i n g t o a q u a r k ( o r 

a n t i - q u a r k ) d e p e n d s o n l y o n t h e q u a r k c h a r g e s q u a r e d . T h e c o n t r i b u t i o n s 

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

s e a c a n c e l e a c h o t h e r ; t h e p h o t o n i s a s l i k e l y t o c o u p l e t o a u 

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

T h e p h o t o n - v a l e n c e q u a r k s c a t t e r i n g h o w e v e r d o e s n o t c o n t r i b u t e 

e q u a l l y t o b o t h t h e p o s i t i v e a n d t h e n e g a t i v e c r o s s s e c t i o n s . N o t o n l y 

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

d q u a r k b e c a u s e o f t h e i r r e l a t i v e c h a r g e s b u t t h e r e a r e a l s o t w i c e a s 

m a n y u v a l e n c e q u a r k s a s d v a l e n c e q u a r k s i n t h e p r o t o n . T h i s y i e l d s 

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

c o u p l i n g t o a u q u a r k o r t o a d q u a r k . S i n c e t h e u q u a r k i s m o r e 

l i k e l y t o f r a g m e n t o r c o m b i n e i n t o a p o s i t i v e p i o n t h a n a n e g a t i v e 

77 
o n e A ( p ) w i l l b e n o n z e r o . T h e h a d r o n i c i n t e r a c t i o n s o f t h e p h o t o n 

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

4 . 6 S u m m a r y 

T h e r e a r e t h r e e b a s i c w a y s t h a t t h e p h o t o n c a n i n t e r a c t . 

a) I t c a n c o u p l e d i r e c t l y t o a 

c h a r g e d c o n s t i t u e n t o f t h e 

p r o t o n ; Q C D C o m p t o n E f f e c t 

( G a u g e b o s o n / p o i n t - l i k e ) 
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I t c a n c o n v e r t t o a q u a r k 

a n t i q u a r k s y s t e m . A b a r e q u a r k 

( a n t i q u a r k ) t h e n i n t e r a c t s w i t h 

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

( p o i n t - l i k e ) . 

I t a c t s a s a v e c t o r m e s o n a n d 

s u p p l i e s d r e s s e d q u a r k s t o 

t h e i n t e r a c t i o n r e g i o n 

( h a d r o n i c ) 

( A d r e s s e d q u a r k i s o n e w h i c h i s a c c o m p a n i e d b y g l u o n s n e a r t o i t i n 

r a p i d i t y s p a c e ) . 

S h o r t r a n g e i n t e r a c t i o n s ( s u c h a s h i g h P s c a t t e r i n g ) w i l l r e v e a l 

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

b e h a v i o u r . T h i s i s a c o n s e q u e n c e o f t h e f a c t t h a t t h e p h o t o n i c 

( a n o m a l o u s , p o i n t l i k e ) s t r u c t u r e f u n c t i o n d o m i n a t e s t h e h a d r o n i c o n e a t 

2 

h i g h Q ( s e c t i o n s 4 . 2 - 4 . 4 ) . 

2 

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

c a n n o t b e u s e d t o c a l c u l a t e t h e p o i n t l i k e s t r u c t u r e f u n c t i o n s . H o w e v e r 

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

o n l y i n t e r a c t a s a v e c t o r m e s o n ( s e c t i o n s 4 . 4 - 4 . 5 ) . 

T h e QCD C o m p t o n e f f e c t c a n b e s t u d i e d b y l o o k i n g a t t h e d i f f e r e n c e 

b e t w e e n p o s i t i v e a n d n e g a t i v e p i o n ( o r k a o n e t c ) i n c l u s i v e c r o s s 

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

n a t u r e o f t h e c o u p l i n g ( s e c t i o n 4 . 5 ) . 
T h e p o i n t - l i k e p h o t o n i s m o r e l i k e l y t o b e a s o u r c e o f q u a r k s a t 
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high x than a hadronic one. This will cause the slope predicted for the 

inclusive cross sections to decrease at high x (section 4.4). 
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5 . 1 I n t r o d u c t i o n 

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

e x p l a i n i n g t w o e x p e r i m e n t a l o b s e r v a t i o n s m a d e b y O c h s [ l ] : -

i ) P a r t i c l e / A n t i p a r t i c l e r a t i o s show s i m i l a r b e h a v i o u r a s a f u n c t i o n 

o f X| j ( f r a c t i o n o f t h e m a x i m u m p o s s i b l e momentum a t r a c k c a n 

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

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

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

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

i n c o m i n g p a r t i c l e s . 

d(J (pp- +̂x) 
i i ) T h e c r o s s s e c t i o n h a s t h e same d e p e n d e n c e o n x a s 

d x U F II 

U P ( x ) ( i . e . a s t h e u 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 i n t h e 

p r o t o n a s d e r i v e d f r o m d e e p i n e l a s t i c s c a t t e r i n g r e s u l t s ) , t h e 
3 

d i s t r i b u t i o n s b o t h h a v i n g a ( 1 - x ) d e p e n d e n c e . 

I n g e n e r a l , t h e l o w a n d h i g h P r e g i m e s h a v e d i f f e r e n t s i g n a t u r e s ( f o r 

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

m o r e r a p i d l y w i t h i n c r e a s i n g X j _ t h a n i t d o e s w i t h i n c r e a s i n g x ^ ) a n d 

h e n c e t e n d t o b e d e s c r i b e d b y d i f f e r e n t t y p e s o f m o d e l s . T h e m o d e l s 

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

h i g h P d a t a a r e u s u a l l y r e l a t e d t o t h e P a r t o n M o d e l . 

T h e f a c t t h a t t h e p a r t i c l e r a t i o r e s u l t s a r e i n d e p e n d e n t o f P 

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

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

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

h a d r o n s t r u c t u r e a n d t o t h e P a r t o n M o d e l t h a n h i g h P d a t a b e c a u s e i t 

i n v o l v e s l e s s c o m p l e x p r o c e s s e s . T h e e f f e c t s d u e t o t h e p r i m o r d i a l P 
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o f t h e i n t e r a c t i n g p a r t o n s c a n b e n e g l e c t e d a n d t h e r e a r e n o h a r d s u b -

p r o c e s s e s t o g i v e r i s e t o u n c e r t a i n t i e s . 

A p a r t i c u l a r c l a s s o f s i m p l e m o d e l s o f p a r t i c l e p r o d u c t i o n i s 

i m m e d i a t e l y r u l e d o u t b y O c h ' s o b s e r v a t i o n s . N o t a l l p a r t i c l e - a n t i -

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

s e e n i n , f o r e x a m p l e , t h e d e p e n d e n c e o f t h e p r o t o n - a n t i p r o t o n r a t i o o n a n g l e 

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

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

( e . g . a p r o t o n , i n p r o t o n p r o t o n s c a t t e r i n g ) . 

T h e f a v o u r e d m o d e l s a l l i n v o l v e a c o n s t i t u e n t ( o r c o n s t i t u e n t s ) o f 

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

b e i n g i n c o r p o r a t e d i n t o t h e l e a d i n g p a r t i c l e . T h e s c a t t e r i n g o f 

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

d e p e n d e n c e o n a n g l e s e e n i n t h e d a t a . 

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

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

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

M o d e l s i n v o l v i n g t h e d e c a y o f a s i n g l e q u a r k y i e l d c r o s s s e c t i o n s w h i c h 

7T 
a r e p r o p o r t i o n a l t o D ( x ) , t h e q u a r k t o p i o n f r a g m e n t a t i o n f u n c t i o n . A 

q u a r k d e c a y i n t o a p i o n m u s t i n v o l v e t h e q u a r k l o s i n g e n e r g y , e . g . b y 

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

q u a r k p a r e n t a n d h e n c e t h e x d i s t r i b u t i o n o f t h e p i o n s i s b i a s e d t o w a r d s 

l o w e r v a l u e s o f x t h a n t h a t o f t h e p a r e n t q u a r k . S i n c e t h e p a r e n t q u a r k 

f o r TT+ p r o d u c t i o n i s m o s t l i k e l y t o b e a u - v a l e n c e q u a r k , d e c a y m o d e l s 

r e q u i r e 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 t o f a l l o f f m o r e s t r o n g l y t h a n 

U ^ ( x ) , a n d so d o n o t a g r e e w i t h e x p e r i m e n t . 

T h e r e a r e m o d e l s a t p r e s e n t w h i c h do p r e d i c t t h e c o r r e c t 
d a(P^ x) 

d e p e n d e n c e o n x f o r -r— . T h e s e c a n b e d i v i d e d i n t o t h r e e " g r o u p s ; 
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th e Dual models [2] which involve Regge type postulates, the gluon 

exchange based models [3], and the Recombination models [4], The Valon 

model [5] is closely related to those in the Recombination model group 

and will be considered as a development within that group. In as much 

as the photon acts as a hadron any successful description of hadro-

.production should also succeed in describing photoproduction. However, 

as discussed in the preceeding chapter, the photon can also interact 

directly as a gauge boson. This component of the photon's behaviour 

can be treated more quantitatively than the hadronic component. It 

enables firmer forecasts to be made in kinematic regions in which the 

point-like behaviour is dominant than in others and Recombination model 

theorists have attempted to exploit this fact in making testable 

predictions. 

5.2 Recombination Models 

All Recombination models assume that meson production (at least at 
high X ) results from the association of a fast valence quark (or anti-
quark) with a slow sea antiquark (or quark). Baryon production is more 
complex and may proceed via a diquark. The recombination is (explicitly 
or implicitly) assumed to occur between quarks and antiquark travelling 
in the same direction, this usually being interpreted as a requirement 
that they come from the same incident particle. 

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

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

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

s o u r c e f o r t h e a n t i q u a r k ( t h i s i m p l i e s t h a t t h e q u a r k i s d r e s s e d a n d 

h a s t h e c h a r a c t e r i s t i c s o f a v a l o n ) . T h i s v i e w p o i n t e x p l a i n s w h y t h e 

r e c o m b i n a t i o n m e c h a n i s m i s i n i t i a l l y i n o p e r a t i v e i n e + e ~ a n n i h i l a t i o n 

a n d i n h i g h P p r o c e s s e s . T h e q u a r k s p r o d u c e d i n s u c h p r o c e s s e s a r e 
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far off mass-shell and bare (they lack gluons nearby in rapidity). Once 
2 2 these high Q quarks fragment into low Q quarks and gluons they can then 

hadronise via recombination. 

More quantitatively, Recombination models assume that the single 

meson differential cross section can be expressed as follows; 

M x 
^ = /dzx dz2 fqi-2 C V zp Rqi-2 (z^z^Xp) 5.2.1 

M where; R - (z..,z ,x ) is the quark-antiquark recombination function qxq2
 1 ^ F 

This gives the probability that a quark (fractional 
momentum z^) will combine with an antiquark 
(fractional momentum z^) to yield a meson, M, with 
fractional momentum x_. 

F 
f 
q^q^(z^,z^) is a two quark structure function, i.e. it gives 

the probability density for finding (independently) 
quarks and antiquarks with the specified momentum 
fractions. 

The several versions of Recombination models which are phenomeno-
logically successful differ from each other mainly over the choice of 
assumptions made in deriving a two quark structure function. The form 
of the recombination function is essentially the same for all models 

M and is much more easily justified. R - is usually broken down into 
qxq2 two parts; 

i) R^C^, S2) 
and 

ii) R ^ , 

Z1 ' Z2 where E n = — and = — 
1 XF 2 XF 
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M 
S c a l e i n v a r i a n c e i s t h e r e f o r e a s s u m e d . R^ g i v e s t h e p r o b a b i l i t y t h a t 

o n l y t h e a p p r o p r i a t e v a l e n c e q u a r k s n e e d e d t o f o r m t h e m e s o n , M , 

M 
r e c o m b i n e . R g i v e s t h e p r o b a b i l i t y t h a t i n a d d i t i o n t o t h e r e c o m b i n a t i o n 

X 
o f t h e v a l e n c e q u a r k s g l u o n s a n d q u a r k - a n t i q u a r k p a i r s a r e i n c o r p o r a t e d 

M 
i n t o t h e s y s t e m t o f o r m a s e a . R ^ , w h i c h s p e c i f i e s t h e p r o b a b i l i t y 

M 
o f a m u c h m o r e c o m p l e x p r o c e s s t h a n R ^ , i s t h e r e f o r e e x p e c t e d t o b e 

M 
n e g l i g i b l e i n c o m p a r i s o n t o R ^ , a n d s o i s u s u a l l y i g n o r e d . 

T h e g e n e r a l e x p r e s s i o n f o r t h e d o m i n a n t c o m p o n e n t o f t h e 

r e c o m b i n a t i o n f u n c t i o n i s ; 

M a h R2(?i; 52) q C2 SCq • ?2 - l)fiM 5.2.2 

w h e r e , a w i s a s c a l e n o r m a l i s a t i o n f a c t o r M 

a n d a , b m a y b e f r a c t i o n a l 

T h e f i r s t d e l t a f u n c t i o n i n e q u a t i o n " 5 . 2 . 2 g u a r a n t e e s t h a t momentum i s 

c o n s e r v e d i n t h e p r o c e s s , t h e s e c o n d ( f r e q u e n t l y o m i t t e d ) c o n t r o l s t h e 

t y p e s o f q u a r k s i n v o l v e d . 

a^j i s c o n s t r a i n e d b y a sum r u l e t o b e l e s s t h a n o r e q u a l t o 

s i x s i n c e 

1 1 M 
1 = / d z x / d z 2 R * - ( Z l , z 2 , X p ) 5 . 2 . 3 

o o 4 1 4 2 

a a n d b a r e u s u a l l y b o t h c h o s e n t o h a v e v a l u e o n e . Q u a l i t a t i v e l y t h i s i s 

t h e m o s t r e a s o n a b l e d e c i s i o n t h a t c a n b e m a d e s i n c e v a l e n c e q u a r k 

d i s t r i b u t i o n s i n m e s o n s d e p e n d o n ( 1 - x ) *" ( b y d i m e n s i o n a l c o u n t i n g r u l e 

M 

a r g u m e n t s ) . R^ d e f i n e s t h e i n t e r a c t i o n r a n g e ( i n r a p i d i t y s p a c e ) o f 

t h e r e c o m b i n a t i o n m e c h a n i s m . R e d u c i n g t h e p o w e r t o w h i c h E,^ a n d ^ 

a r e r a i s e d i n c r e a s e s t h e r a n g e o f t h e i n t e r a c t i o n . U l t i m a t e l y 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 ( e q u a t i o n 5 . 2 . 1 ) w i l l b e c o m e d i v e r g e n t a t 

s m a l l x b e c a u s e o f t h e e f f e c t s o f t h e w e e p a r t o n s e a . I t i s w o r t h 
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n o t i n g t h a t i n d e r i v i n g e q u a t i o n 5 . 2 . 1 i t i s i m p l i c i t l y a s s u m e d t h a t 

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

v a l i d . 

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

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

s t a t e m e s o n c a n n o t c o n s i s t m e r e l y o f v a l e n c e q u a r k s . A r e d i s t r i b u t i o n 

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

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

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

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

t h e r e c o m b i n a t i o n a r e n o t v a l e n c e q u a r k s b u t a r e v a l o n s . 

A v a l o n c o n s i s t s o f a v a l e n c e q u a r k c o r e , t h i s c o r e b e i n g 

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

c l o u d o f g l u o n s a n d q u a r k - a n t i q u a r k p a i r s . T h e s t r u c t u r e o f t h i s 

2 2 2 c l o u d c a n o n l y b e r e s o l v e d b y a p r o b e o f Q g r e a t e r t h a n Q , w h e r e Q 

2 

d e f i n e s t h e s c a l e o f t h e s t r u c t u r e - . B e l o w t h i s v a l u e o f Q a p r o b e 

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

A l t h o u g h a n e a r l y a t t e m p t t o r e p l a c e v a l e n c e q u a r k s w i t h v a l o n s g a v e a n 

u n s y m m e t r i c r e c o m b i n a t i o n f u n c t i o n [ 6 ] ( b e c a u s e o n l y o n e o f t h e t w o 

q u a r k s w a s d r e s s e d , t h e d r e s s e d q u a r k o n l y h a v i n g g l u o n s i n t h e s u r r o u n d i n g 

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

c h a n g e c o l o u r ) t h e p r e s e n t V a l o n m o d e l g i v e s t h e same f o r m f o r R [ 6 ] 

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

I n o r d e r t o m a k e f i r m p r e d i c t i o n s h o w e v e r w h i c h c a n b e t e s t e d 

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

s t r u c t u r e f u n c t i o n t a k e s a s o n e i s o f t h a t o f t h e r e c o m b i n a t i o n 

f u n c t i o n . T h e s i m p l e s t a s s u m p t i o n t h a t c a n b e m a d e i s t h a t t h e 

\ q 2 ( ? r 52} • + «2 " 13 
M 

5 . 2 . 4 
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r e c o m b i n i n g q u a r k s a n d a n t i q u a r k s a r e u n c o r r e l a t e d i f k i n e m a t i c 

c o n s t r a i n t s a r e i g n o r e d . Das a n d Hwa [ 4 ] a r g u e t h a t t h i s i s a r e a s o n a b l e 

a s s u m p t i o n s i n c e t h e m o t i v a t i o n b e h i n d t h e m o d e l r e q u i r e s t h a t o n e q u a r k 

c a r r i e s t h e m a j o r i t y o f t h e momentum o f t h e f i n a l s t a t e a n d t h a t t h e o t h e r 

( u s u a l l y a s e a ) q u a r k c a r r i e s v e r y l i t t l e . T h e y a d o p t a f a c t o r i z a b l e 

f o r m f o r f - , n a m e l y . qlq2 

f
q i q 2

( Z l ' Z 2 ) - f q / V ) P C V * 2 ) 5 ' 2 ' 5 

w h e r e , f ^ ( z ^ ) , f - ( z ^ ) a r e s i n g l e q u a r k / a n t i q u a r k s t r u c t u r e f u n c t i o n s 

a n d p ( z ^ j z ^ ) i s a p h a s e s p a c e f a c t o r . 

D a s a n d Hwa c h o s e t o m a k e t h e p h a s e s p a c e f a c t o r v a r y l i n e a r l y w i t h 

( l - z ^ - z ^ ) , V a n H o v e [ 7 ] o n t h e o t h e r h a n d a s s u m e d t h e r e was no 

d e p e n d e n c e o n p ( z ^ , z ^ ) . 

A n o t h e r a p p r o a c h d e r i v e s t h e t w o q u a r k s t r u c t u r e f u n c t i o n s w i t h i n 

t h e f r a m e w o r k o f t h e K u t i - W e i s s k o p f [ 8 ] m o d e l . T h i s m o d e l p o s t u l a t e s 

t h a t ; 

i ) V a l e n c e q u a r k s a r e d i s t i n g u i s h a b l e ; 

i i ) S e a q u a r k s a r e i n d i s t i n g u i s h a b l e a n d a r e d i s t r i b u t e d 

s t a t i s t i c a l l y ( o b e y i n g P o i s s o n s t a t i s t i c s ) ; 

a n d i i i ) T o t a l momentum, i s c o n s e r v e d . 

I n t h i s m o d e l a n y m u l t i q u a r k s t r u c t u r e f u n c t i o n i s e x p r e s s e d a s a sum 

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

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

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

i d e n t i c a l n a t u r e o f t h e s e a q u a r k s . C o r r e l a t i o n s a r i s e b e c a u s e o f 

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

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

f u n c t i o n . S i n c e t h e s e a q u a r k s o b e y P o i s s o n s t a t i s t i c s , o n l y t h e v a l e n c e 
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q u a r k s d e t e r m i n e t h e c o r r e l a t i o n f u n c t i o n s . D e t a i l s o f t h e c a l c u l a t i o n 

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

t h a t o f D a s a n d Hwa b u t s u b s t i t u t e s p r i m i t i v e s t r u c t u r e f u n c t i o n s f o r 

t h e s i n g l e q u a r k s t r u c t u r e f u n c t i o n s o f e q u a t i o n 5 . 2 . 5 . T h e a s s u m p t i o n 

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

m o d e l t o v a l e n c e - s e a o r s e a - s e a r e c o m b i n a t i o n s . 

W h i c h e v e r a p p r o a c h i s u s e d a t some p o i n t a n a i i s a t z m u s t b e u s e d 

t o s u b s t i t u t e d e f i n i t e e x p r e s s i o n s f o r t h e s t r u c t u r e f u n c t i o n s . T h i s 

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

e q u a t i o n s w h i c h a r e u s u a l l y j u s t i f i e d a f t e r t h e e v e n t i f t h e c a l c u l a t i o n s 

p r o v e s u c c e s s f u l . Some t h e o r i s t s a c c e p t s u c h a d h o c m e t h o d s f o r 

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

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

C h a n g a n d Hwa [ 1 0 ] h a v e p o i n t e d o u t h o w e v e r t h a t i f a p h o t o n b e a m i s 

u s e d t h e t w o q u a r k s t r u c t u r e f u n c t i o n i s c a l c u l a b l e ( a t l e a s t o v e r some 

x p r a n g e ) . 

5 . 3 T h e Two Q u a r k S t r u c t u r e F u n c t i o n i n P h o t o p r o d u c t i o n 

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

w i t h t h e p o i n t - l i k e , b e h a v i o u r o f t h e p h o t o n i s e x a c t l y c a l c u l a b l e . 

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

q u a r k s w i t h i n t h e p o i n t - l i k e p h o t o n . By a n a l o g y w i t h e q u a t i o n 4 . 3 . 2 

a n d u s i n g t h e n o t a t i o n o f c h a p t e r f o u r ; 

w P j " 2 . 1 e V G i / Y ( x ' Q 2 ) 5 . 3 . 1 

( t h e sum b e i n g t a k e n o v e r q u a r k f l a v o u r s ) 

C h a n g a n d Hwa s h o w e d t h a t t h e t w o q u a r k s t r u c t u r e f u n c t i o n c o u l d 

b e w r i t t e n a s ; 



-103-

1m2 
2 (Zi ) V"2 5 . 3 . 2 

F u l l d e t a i l s o f t h e c a l c u l a t i o n o f e q u a t i o n 5 . 3 . 2 a r e g i v e n i n 

v 
r e f e r e n c e t e n . I t i s w o r t h n o t i n g h o w e v e r t h a t t o c a l c u l a t e G^ - r e q u i r e s 

a k n o w l e d g e o f t h e q u a r k d e c a y f u n c t i o n s a s w e l l a s o f t h e 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 . T h e q u a r k d e c a y f u n c t i o n s g i v e t h e p r o b a b i l i t y 

t h a t a q u a r k q^ w i l l r a d i a t e s o m e t h i n g a n d b e c o m e q^ w i t h momentum 

f r a c t i o n z ^ f o r e x a m p l e . Two c a s e s c a n b e d i s t i n g u i s h e d ; o n e i n w h i c h 

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

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

q u a r k s . T h e f i r s t c a s e c o r r e s p o n d s t o p a r t i c l e p r o d u c t i o n b y q u a r k 

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

m u c h m o r e c l o s e l y r e l a t e d t o t h o s e o f t h e i n i t i a l q u a r k s . T h e s e c o n d 

t y p e o f m e c h a n i s m w a s t h u s a s s u m e d b y C h a n g a n d Hwa t o b e o c c u r r i n g 

b e f o r e r e c o m b i n a t i o n t o o k p l a c e . 

2 
T h e Q d e p e n d e n c e i n t r o d u c e d i n t o e q u a t i o n 5 . 3 . 2 t a k e s t h e f o r m o f 

2 2 
a n e x p l i c i t m u l t i p l i c a t i v e f a c t o r o f l o g Q / A a n d r e f l e c t s t h e 

2 

d e p e n d e n c e o f t h e s t r u c t u r e f u n c t i o n o n Q . F i g u r e 5 . 3 . 1 s h o w s t h e 

v a l u e s o f F Y - f x . x . ) c a l c u l a t e d b y C h a n g a n d H w a . F i g u r e 5 . 3 . 2 s h o w s t h e i r 
qj92 1 2 

p r e d i c t i o n f o r t h e i n c l u s i v e c r o s s s e c t i o n o f p h o t o p r o d u c e d p i o n s . 

5 . 4 T e s t i n g t h e R e c o m b i n a t i o n M o d e l 

T h e c a l c u l a t i o n s d i s c u s s e d i n s e c t i o n 5 . 3 a p p l y o n l y t o t h e d i r e c t 

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

No a c c o u n t w a s t a k e n o f c o n t r i b u t i o n s t o t h e o v e r a l l c r o s s s e c t i o n f r o m 

r e s o n a n c e d e c a y , f r o m t h e i n t e r a c t i o n s o f h a d r o n - l i k e p h o t o n s o r f r o m 
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Figure 5.3.1 TWO PARTON DISTRIBUTION F Y(x 1,x 2) 

IN A PHOTON PLOTTED IN UNITS. OF 

( a/ TT) LOG ( Q2/A2)xlO~3 

(From reference 10) 
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0 . 5 0 . 6 0 . 7 0 . 8 0 . 9 1 . 0 

Figure 5.3.2 INCLUSIVE CROSS SECTION OF PHOTOPRODUCED 
PIONS.DATA (SHADED BAND) CORRESPOND TO 
AN EARLIER PHOTOPRODUCTION EXPERIMENT AT 
18.0 Gev. SOLID LINE IS CALCULATED CROSS 
SECTION FOR THE RECOMBINATION PROCESS 
NORMALISED TO FIT THE DATA.THE DASHED LINE 
GIVES THE RESULT FOR THE QUARK FRAGMENTATION 
PROCESS. 
(From reference 10) 



-106-

pion production by any other mechanism. To test the predictions of the 

model therefore the calculable component of the cross section must be 

isolatable, and for this reason Chang and Hwa restricted their studies 

to the high Xp region. 

Earlier papers on inclusive production at high P concluded that 
IJ 

any mesons formed through the decay of a single quark would populate the 

low X region and so quark fragmentation could be neglected in the r 
beam fragmentation region. An experimental justification for this is 

found in Ochs'observations that inclusive spectra fall off too gently at 

high X to be produced by a decay mechanism. 

Pions produced by resonance decay tend to carry less momentum than the 

directly produced parent resonance. Such pions will tend therefore to 

populate a lower X region than directly produced pions. It is only 

valid to argue that such pions can be discounted however if the resonance 

itself is produced in the central region, the argument increasing in 

validity with increasing multiplicity of decay products. In photo-

production however the resonances involved are frequently diffractively 

formed vector mesons which carry most of the beam's momentum. 

Figure 5.4.1 shows the fractional contribution to the overall Xp 

distribution for three prong tracks of particles consistent with being pions 

which are produced by rho meson decay. They do not contribute to the 

low Xp region. However it is still possible to subtract the effects of 

such decays from the overall cross section (by removing pions which 

are used in obtaining a rho fit or more drastically by taking out any 

event of the type yp X+X~p which could have had a rho in the inter-

mediate state) . 

The main difficulty involved in believing that agreement between 
the model's predictions and experimental measurements is the result of 



i—i—i—i—i—i—i—i—i—i—i—i—i—i—i—i—i—i—r 

J I I L J L 

+ 
+ 

J L l i l t J L 

0 . 0 5 0» 20 0 . 3 5 0 . 5 0 0 . 6 5 0.80 0 . 9 5 

Figure 5.4.1 RATIO,F,OF NUMBER OF PION TRACKS FROM RHO DECAYS 
PRODUCED AT A PARTICULAR Xc COMPARED TO NUMBER OF F 
TRACKS FROM THREE PRONG EVENTS NOT YIELDING A RHO FIT 
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t h e m o d e l b e i n g c o r r e c t i s t h a t t h e c o m p a r i s o n i s o n l y m e a n i n g f u l i f t h e 

p h o t o n a c t s a s a p o i n t - l i k e p a r t i c l e . C h a n g a n d Hwa a s s u m e d t h a t t h e 

2 2 r e s u l t s o f F r a z e r a n d G u n i o n , o b t a i n e d f o r Q a s l o w a s 1 . 5 ( G e V / c ) , w h i c h 

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

a b o v e Xp = 0 . 6 c o u l d b e t a k e n a s e v i d e n c e t h a t t h e p o i n t - l i k e c o m p o n e n t 
i 

r e m a i n e d d o m i n a n t e v e n i n l o w P p r o c e s s e s . H o w e v e r a s I d i s c u s s e d i n 

s e c t i o n 4 . 4 i t i s u n r e a s o n a b l e t o p u s h t h e t h e o r e t i c a l p r e d i c t i o n s t o 

t h i s l i m i t . 

T h e r e i s some e v i d e n c e ( s e e s e c t i o n 4 . 5 ) f o r a p o i n t - l i k e p h o t o n i n 

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

c o m p a r e t h e p r e d i c t i o n s t o e x p e r i m e n t ( g o o d a g r e e m e n t w a s o b t a i n e d w i t h 

d a t a f r o m a n 18 G e V / c b r e m s t r a h l u n g p h o t o n b e a m c o u n t e r e x p e r i m e n t ) . T h e 

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

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

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

p h o t o n w a v e f u n c t i o n a r e d i s c u s s e d i n s e c t i o n s 4 . 4 a n d 4 . 5 . P e r h a p s 

t h e m o s t d i r e c t w a y o f s e a r c h i n g f o r a p o i n t - l i k e p h o t o n , t h o u g h , i s t o 

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

5 . 5 T h e S y m m e t r y F r a m e I n I n c l u s i v e P h y s i c s 

T h e i d e a s b e h i n d l o o k i n g f o r a f r a m e o f r e f e r e n c e ( u s u a l l y 

c a l l e d t h e R - f r a m e o r Q - f r a m e ) i n w h i c h i n c l u s i v e p a r t i c l e d i s t r i b u t i o n s 

a r e s y m m e t r i c b e c a m e p o p u l a r a b o u t a d e c a d e a g o [ 1 1 ] . T h e e x p e c t a t i o n 

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

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

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

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

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

o f t h e t a r g e t p a r t i c l e ' s momentum t o t h a t o f t h e b e a m p a r t i c l e 
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a s m e a s u r e d i n a p a r t i c u l a r f r a m e . Q e q u a l s o n e , f o r e x a m p l e , d e n o t e s 

t h e c e n t r e o f m a s s f r a m e , Q e q u a l s z e r o t h e l a b o r a t o r y f r a m e ( i n f i x e d 

t a r g e t p h y s i c s ) . 

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

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

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

p a r t i c l e s h a r e i t s m o m e n t u m e q u a l l y , a n d , l i k e w i s e , s o do t h o s e i n t h e 

t a r g e t p a r t i c l e . We c a n t h e n c a l c u l a t e t h e r a t i o o f t h e n u m b e r o f i n t e r -

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

Q = 
t a r g e t 

b e a m 

5.1 

n . 
I ? 

i = l i , c t 

m 
j=i j-cb 

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

^i,ct 
a n d m i s t h e n u m b e r o f b e a m p a r t i c l e c o n s t i t u e n t s o f momentum 

- 4 -

P- U 

S i n c e h o w e v e r t h e c o n s t i t u e n t s s h a r e t h e momentum o f t h e w h o l e 

Q = 
nP < fct 

mP j , c b 

A n d s i n c e i n t h e s y m m e t r y f r a m e ; 

, = - K 
i , c t J , c b 

we o b t a i n f i n a l l y t h a t Q - -m 
5.2 
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A Q v a l u e o f o n e t h e n f o r t h e s y m m e t r y f r a m e i m p l i e s t h a t t h e b e a m a n d 

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

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

t h e t a r g e t c o n t a i n s m o r e c o n s t i t u e n t s t h a n t h e b e a m . 

I f t h e p h o t o n i n t e r a c t s a s a h a d r o n t h e n o n e w o u l d e x p e c t Q t o b e 

1 . 5 [ 1 2 ] ( a s s u m i n g t h a t t h e i n t e r a c t i n g c o n s t i t u e n t s a r e v a l e n c e q u a r k s ) . 

A l t e r n a t i v e l y i f t h e p h o t o n i n t e r a c t s a s a s i n g l e p o i n t - l i k e p a r t i c l e 

t h e n v a l u e s o f Q n e a r e r t o t h r e e w i l l c h a r a c t e r i s e t h e s y m m e t r y f r a m e . 

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

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

i s n o t a c t i n g a s a v e c t o r m e s o n . 

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

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

f r a m e c a n e x i s t ( f o r a g i v e n t y p e o f i n t e r a c t i o n ) i n w h i c h e q u a t i o n 5 . 2 

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

b y v a r i o u s d i s t r i b u t i o n s m a y c a u s e some a p p a r e n t v a r i a t i o n s . F o r e x a m p l e 

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

p i o n s . T h e f o r m e r e m p h a s i s e s d a t a i n t h e f r a g m e n t a t i o n z o n e s ( t h a t i s 

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

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

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

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

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

t h e t a r g e t ) . B o t h d i s t r i b u t i o n s a r e s t u d i e d i n c h a p t e r s e v e n . 
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CHAPTER 6 
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6 . 1 D i f f i c u l t i e s I n v o l v e d i n U s i n g t h e C e n t r e o f M a s s F r a m e 

A l t h o u g h o n e o f t h e t e n e t s o f r e l a t i v i t y t h e o r y i s t h a t t h e r e i s 

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

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

t a r g e t p a r t i c l e s . B o o s t i n g q u a n t i t i e s m e a s u r e d i n t h e l a b o r a t o r y f r a m e 

t o t h e c e n t r e o f m a s s f r a m e r e q u i r e s ( f o r a f i x e d t a r g e t e x p e r i m e n t ) a 

k n o w l e d g e o f t h e beamfe f o u r m o m e n t u m . A l t h o u g h t h e e n e r g y s p e c t r u m o f 

t h e p h o t o n b e a m u s e d i n t h i s e x p e r i m e n t i s k n o w n , t h e e n e r g y o f a n 

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

t h e p a r t i c l e s p r o d u c e d i n t h e i n t e r a c t i o n a r e k n o w n . I f t h e r e a r e n o 

m i s s i n g n e u t r a l s t h e b e a m ' s momentum c a n b e c a l c u l a t e d b u t o t h e r w i s e 

o n l y l o w e r l i m i t s c a n b e f o u n d . T h i s s e c t i o n d i s c u s s e s t h e e f f e c t o f 

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

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

F e y n m a n X ( X ) o f p r o d u c e d t r a c k s . I f P * i s t h e l o n g i t u d i n a l momentum 
F L 

o f a t r a c k i n t h e c e n t r e o f m a s s f r a m e , a n d s i s t h e i n v a r i a n t m a s s 

s q u a r e d o f t h e i n i t i a l s y s t e m , t h e n t h e X o f t h e t r a c k i s d e f i n e d 
r 

t h u s 
2 P * 

X = — 
/ T 

I t c a n b e s h o w n ( s e e A p p e n d i x B) t h a t t h e s y s t e m a t i c s h i f t i n t h e 

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

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

t h e a s s u m e d b e a m e n e r g i e s . T h e X o f a t r a c k i s u n d e r e s t i m a t e d m o r e 
r 

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

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

AE a b o v e t h e n o m i n a l v a l u e . T h i s i s i l l u s t r a t e d b y F i g u r e 6 . 1 . 1 w h i c h 

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

a p a r t i c u l a r t r a c k , g i v e n t r u e b e a m e n e r g i e s e q u i d i s t a n t a b o v e a n d 
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EFFECT OF USING A NOMINAL BEAM ENERGY. 
U= Error due to using beam value AE too high 

Error due to using beam value AE too low 
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b e l o w t h e n o m i n a l v a l u e u s e d . T h e r a t i o i s o n l y d e p e n d e n t o n t h e 

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

i n v o l v e d i n c r e a s e s w i t h X „ o f t h e t r a c k c o n c e r n e d . 
F 

T h i s a s y m m e t r y i n s h i f t s c a u s e d b y u n d e r o r o v e r e s t i m a t i n g t h e 

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

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

a v e r a g e e n e r g y p h o t o n s . T h e d i s c r e p a n c y b e t w e e n t h e t r u e a n d t h e 

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

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

n e g a t i v e l y s k e w e d . H o w e v e r , t h e l o w e r m o m e n t u m o f t r a c k s f r o m t h e 

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

T h e m e a n o f t h e X d i s t r i b u t i o n , o b t a i n e d f o r p i o n t r a c k s f o r e v e n t s 

c o n s t r a i n e d t o f i t y p Trirp, i s o n l y 1% h i g h e r i f f i t t e d b e a m m o m e n t a 

a r e u s e d r a t h e r t h a n t h e a v e r a g e b e a m m o m e n t u m ( a s s u m e d t o b e 1 9 . 6 G e V / c ) . 

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

d i s t r i b u t i o n o f u s i n g a n o m i n a l b e a m e n e r g y a r e m o r e d i f f i c u l t t o m a k e . 

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

a r e s h i f t e d r e l a t i v e t o e a c h o t h e r a r e n o t u n i f o r m l y f l a t . T h e l o s s o f 

t r a c k s f r o m a p a r t i c u l a r X b i n , c a u s e d b y u n d e r e s t i m a t i n g t h e X o f 
r r 

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

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

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

l o w e r Xp b i n t o a h i g h e r . W h i l s t t h e r e m i g h t b e n o n e t e f f e c t o v e r 

some r a n g e o f X , i t i s u n l i k e l y t h a t t h e s h a p e o f t h e e n t i r e d i s t r i b u t i o n 

i s u n a l t e r e d . 

T o s t u d y t h e e f f e c t s o f u s i n g a n o m i n a l beam momentum m o r e q u a n t i -

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

o f t r a c k s f r o m 3C ( c o n s t r a i n e d f i t s ) . T h e d i s t r i b u t i o n s o b t a i n e d u s i n g 

v a r i o u s n o m i n a l b e a m m o m e n t a w e r e c o m p a r e d t o t h o s e r e s u l t i n g f r o m u s i n g 
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t h e f i t t e d b e a m m o m e n t u m t o c a l c u l a t e t h e Xp o f t r a c k s . O n l y t r a c k s 

2 

t h a t h a d b e e n f i t t e d a s p i o n s w e r e u s e d ; f i t s w i t h a x p r o b a b i l i t y o f 

l e s s t h a n 0 . 0 1 w e r e r e j e c t e d . T h e TT+ a n d it d a t a w a s c o m b i n e d t o i m p r o v e 

s t a t i s t i c s . I c h e c k e d t h a t b o t h s e t s o f d a t a b e h a v e d s i m i l a r l y b e f o r e 

c o m b i n i n g t h e m h o w e v e r b y l o o k i n g a t t h e b e h a v i o u r o f t h e r a t i o o f t h e 

n u m b e r o f ir~ t r a c k s i n a g i v e n X r a n g e t o t h e n u m b e r o f i r + t r a c k s i n t h e 

s a m e r a n g e . F i g u r e 6 . 1 . 2 i s a p l o t o f t h i s r a t i o s h o w i n g t h a t i t i s 

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

r e p r e s e n t a t i o n o f e i t h e r t h e tr+ o r t h e tr d i s t r i b u t i o n . 

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

t h e r a t i o o f t h e n u m b e r o f t r a c k s i n a p a r t i c u l a r X ^ b i n w h e n a n o m i n a l 

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

w e r e u s e d . T o show how s t r o n g l y t h i s r a t i o ( D ) d e p e n d s o n t h e n o m i n a l 

e n e r g y u s e d F i g u r e 6 . 1 . 3 s h o w s t h e v a r i a t i o n o f D w i t h Xp f o r E n o m i n a i = 

1 9 . 2 GeV a n d E . ^ = 2 0 . 0 G e V . ( T o m a k e t h e p l o t c l e a r e r t h e p o i n t s n o m i n a l r r 

a r e s l i g h t l y o f f s e t f r o m t h e c e n t r e o f t h e r e l e v a n t b i n s a n d t h e h o r i z o n t a l 

b a r s i n d i c a t i n g t h e b i n w i d t h h a v e b e e n d r o p p e d ) . A t l o w X t h e r e i s 

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

i n i t i a l l y i s f o r t h e 2 0 . 0 GeV v a l u e s t o b e h i g h e r t h a n t h e 1 9 . 2 GeV 

o n e s . T h i s t r e n d r e v e r s e s a r o u n d X ^ 0 . 6 a n d t h e d i s c r e p a n c y i n t h e 

v a l u e s o f D b e c o m e s i n c r e a s i n g l y s i g n i f i c a n t . I f f i t s r e q u i r i n g t h e 

p h o t o n e n e r g y t o b e a b o v e 2 2 . 0 GeV a r e e x c l u d e d f r o m t h e c o m p a r i s o n 

o n l y t h e X = . 9 5 + . 0 5 d a t a p o i n t i s s i g n i f i c a n t l y a l t e r e d ( f r o m . 9 4 + 
F — — 

. 1 7 t o . 6 7 +_ . 1 4 f o r E n o m i n a l = 2 0 . 0 GeV) s u g g e s t i n g t h a t t h e r i s e a t 

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

T h e d i s t o r t i o n f a c t o r s o b t a i n e d b y s t u d y i n g 3C d i s t r i b u t i o n s a r e 

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

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

a s o n t h a t o f t h e b e a m e n e r g y s p e c t r u m . T h e X d i s t r i b u t i o n o f t h e 
F 
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p i o n t r a c k s f r o m t h r e e p f o n g 3C f i t s ( s e e F i g u r e 6 . 1 . 4 ) i s r o u g h l y 

G a u s s i a n a n d i s c e n t r e d a r o u n d a m e a n X o f a b o u t 0 . 4 7 . M o s t o f t h e X 
r F 

d i s t r i b u t i o n s d i s c u s s e d p e a k a t s m a l l a b s o l u t e v a l u e s o f X p , a n d f a l l 

o f f e x p o n e n t i a l l y ( w i t h d i f f e r e n t s l o p e s i n t h e f o r w a r d a n d b a c k w a r d 

d i r e c t i o n s ) . S i n c e t h e d i s t o r t i o n s o f t h e s e d i s t r i b u t i o n s a r e a l s o 

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

A M o n t e C a r l o p r o g r a m w a s i s e t u p w h i c h g e n e r a t e d a 

s p e c i f i e d X d i s t r i b u t i o n ( b y w e i g h t i n g t h e p r o b a b i l i t y o f h a v i n g a t r a c k 
F 

w i t h a p a r t i c u l a r X a p p r o p r i a t e l y ) . T h e p r o g r a m t h e n c a l c u l a t e d w h a t r 
t h e Xp d i s t r i b u t i o n w o u l d a p p e a r t o b e l i k e . T o d o t h i s i t a s s u m e d e a c h 

t r a c k c a m e f r o m t h e i n t e r a c t i o n o f a p h o t o n o f e n e r g y E , t h i s e n e r g y 

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

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

a p p r o p r i a t e b e a m s p e c t r u m . T h e momentum o f t h e t r a c k w a s t h e n t r a n s -

f o r m e d f r o m t h e c e n t r e o f m a s s f r a m e t o t h e l a b o r a t o r y f r a m e . T h e n , t h e 

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

t h e n o m i n a l b e a m e n e r g y t o d e r i v e t h e L o r e n t z b o o s t n e e d e d . 

To c h e c k o u t t h e p r o c e d u r e I u s e d i t t o t r y t o f i n d t h e d i s t o r t i o n 

f a c t o r s a s s o c i a t e d w i t h t h e 3C X d i s t r i b u t i o n . T h e b e a m e n e r g y s p e c t r u m 
r 

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

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

( P ) d i s t r i b u t i o n o f t h e t r a c k s h a s l i t t l e e f f e c t o n t h e o v e r a l l s h i f t s 

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

T h e P o f a t r a c k w a s a s s u m e d n o t t o c o r r e l a t e w i t h i t s X ^ . t F 

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

e v e n t s d u e o n l y t o p h o t o n s w i t h a f i t t e d b e a m e n e r g y b e t w e e n 5 . 0 a n d 

2 1 . 0 G e V , w i t h t h e t h e o r e t i c a l l y c a l c u l a t e d v a l u e s ( a p p l y i n g t h e same 

c u t s ) . T h e h i g h e n e r g y c u t was t o r e m o v e a r e g i o n o f t h e f i t t e d b e a m 
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s p e c t r u m w h i c h w a s p o o r l y d e f i n e d s t a t i s t i c a l l y . S i m i l a r l y t h e l o w 

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

m e t e r i s e a c c u r a t e l y . T h e t w o d i s t r i b u t i o n s a r e shown i n F i g u r e 6 . 1 . 5 . 

T h e m a t c h i s g o o d e x c e p t a t t h e e x t r e m e s , w h e r e t h e c o m p a r a t i v e l y 

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

i n F i g u r e 6 . 1 . 5 i s a s t r a i g h t l i n e f i t t o t h e d i s t o r t i o n f a c t o r s 

c a l c u l a t e d b y t h e M o n t e C a r l o m e t h o d . T h e f a c t t h a t a g o o d f i t i s 

o b t a i n e d i s d u e t o t h e f a c t t h a t a n o m i n a l b e a m e n e r g y o f 2 0 . 0 GeV w a s u s e d . 

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

p a r a m e t e r i s e s o w e l l . F i g u r e 6 . 1 . 6 s h o w s t h e v a l u e s o f D o b t a i n e d f o r 

t h r e e G a u s s i a n d i s t r i b u t i o n s ( c e n t r e d o n X e q u a l s 0 . 4 7 a n d w i t h h a l f -
F 

w i d t h s o f 0 . 3 5 , 0 . 2 5 a n d 0 . 1 5 u n i t s o f X r e s p e c t i v e l y ) . A s t h e w i d t h o f F 
t h e d i s t r i b u t i o n s d e c r e a s e s t h e d e v i a t i o n o f t h e D v a l u e s a w a y f r o m a 

s t r a i g h t l i n e b e c o m e s i n c r e a s i n g l y s i g n i f i c a n t . N o r , a s F i g u r e 6 . 1 . 7 

s h o w s d o e s c h a n g i n g t h e n o m i n a l b e a m e n e r g y h e l p . L o w e r i n g t h e n o m i n a l 

b e a m m o m e n t u m r e d u c e s ( i n i t i a l l y ) t h e o v e r a l l r a n g e o f t h e D v a l u e s 

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

D v a l u e s c o v e r e d a t h i g h X v a l u e s s t a r t s t o i n c r e a s e ) . R a i s i n g t h e 

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

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

W h i l s t t h e a v e r a g e ( m e a n ) b e a m m o m e n t u m s h o u l d b e u s e d t o m i n i m i s e t h e 

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

b e u s e d t o m i n i m i s e t h e d i s t o r t i o n o f a d i s t r i b u t i o n . A d i f f e r e n t 

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

v a r y i n g o v e r t h e X r a n g e o f i n t e r e s t . T h e r e i s a l s o no s i n g l e a v e r a g e 

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

s e v e n c h a r g e d t r a c k s i s d i f f e r e n t t o t h a t f o r p h o t o n i n t e r a c t i o n s 

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

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

h a v e a l w a y s u s e d 1 9 . 6 G e V . T h i s c h o i c e t e n d s t o g i v e r e a s o n a b l e v a l u e s 

o f t h e d i s t o r t i o n f a c t o r o v e r t h e e n t i r e Xp r a n g e . 

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

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

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

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

t h e l o w e n e r g y t a i l ) t o g i v e a t r u e r b e a m s p e c t r u m . T h e r e s u l t s o b t a i n e d 

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

B e f o r e l e a v i n g t h e s u b j e c t h o w e v e r , i t i s w o r t h n o t i n g t h a t e v e n 

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

a f f e c t e d b y t h e b e a m ' s e n e r g y s p r e a d . C o n s i d e r f o r e x a m p l e t h e r a p i d i t y 

( y ) d i s t r i b u t i o n o f t h e t r a c k s . I f t h e d i s t r i b u t i o n i s s y m m e t r i c i n 

some f r a m e o f r e f e r e n c e , e . g . t h e c e n t r e o f m a s s f r a m e , t h e n b e c a u s e 

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

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

e v e n t s t o t r a n s f e r b e t w e e n f r a m e s . H o w e v e r , t h e l a b o r a t o r y f r a m e i s n o t 

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

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

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

b e t w e e n t h e m . I f w e e x a m i n e a d i s t r i b u t i o n i n t h e l a b o r a t o r y f r a m e i t i s 

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

t h a n o t h e r s . F i g u r e 6 . 1 . 8 s h o w s t h e t r a n s l a t i o n i n r a p i d i t y s p a c e 

n e e d e d t o t r a n s f o r m f r o m t h e c e n t r e o f m a s s f r a m e t o t h e l a b o r a t o r y 

f r a m e f o r v a r y i n g p h o t o n e n e r g i e s . 
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6 . 2 L i m i t e d P a r t i c l e I d e n t i f i c a t i o n a n d i t s c o n s e q u e n c e 

T h e r e a r e t h r e e m a i n m e t h o d s b y w h i c h c h a r g e d p a r t i c l e s p r o d u c e d 

i n i n t e r a c t i o n s a t t h e SHF m a y b e i d e n t i f i e d ; b y k i n e m a t i c f i t , b y t h e 

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

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

a l s o p o s s i b l e t o i d e n t i f y some c h a r g e d p a r t i c l e s b y t h e w a y t h a t t h e 

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

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

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

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

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

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

( e s s e n t i a l l y t h o s e w h i c h d o n o t y i e l d u n d e t e c t e d n e u t r a l p a r t i c l e s ) . T h i s 

m e a n s t h a t s i g n i f i c a n t b i a s e s a r e i n t r o d u c e d i f , f o r e x a m p l e , ' k a o n t r a c k s 

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

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

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

o f c h a r g e d p a r t i c l e s t h e k a o n s w h i c h a r e e l i m i n a t e d w i l l come p r e d o m i n a n t l y 

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

O n l y l o w m o m e n t u m t r a c k s ( 1 . 5 G e V / c a t m o s t ) c a n b e t y p e d b y t h e 

i o n i s a t i o n t h e y p r o d u c e . T h e p r o b a b i l i t y t h a t s u c h t r a c k s w i l l b e 

i d e n t i f i a b l e i s s m a l l e r i n t h i s e x p e r i m e n t t h a n i n e a r l i e r SHF 

e x p e r i m e n t s . T h e c o n d i t i o n s i m p o s e d o n b u b b l e g r o w t h i n o r d e r t o m a k e 

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

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

t h e HRO v i e w c a n b e u s e d i n m e a s u r i n g b u b b l e d e n s i t y . T h e s m a l l d e p t h 

o f f i e l d m e a n s t h a t t r a c k s q u i c k l y go o u t o f p e r f e c t f o c u s a n d t h e 

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

h a l f t h e t r a c k s w h i c h h a v e m o m e n t a l o w e n o u g h t o m a k e t h e m p o t e n t i a l l y 
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c l a s s i f i a b l e a s p i o n s , k a o n s o r p r o t o n s a r e j u d g e d c l e a r e n o u g h w h e n 

s c a n n e d f o r a d e c i s i o n t o b e m a d e . I f a d e c i s i o n i s m a d e i t i s f r e q u e n t l y 

o n l y p a r t i a l ; t r a c k s o f t e n b e i n g p i o n / k a o n o r k a o n / p r o t o n a m b i g u o u s . 

T h e t w o t h r e s h o l d C e r e n k o v s b e c o m e i n c r e a s i n g l y u s e f u l i n 

i d e n t i f y i n g p a r t i c l e s a s p a r t i c l e momentum i n c r e a s e s . F i g u r e 6 . 2 . 1 

s h o w s t h e t h r e s h o l d s f o r l i g h t i n e a c h C e r e n k o v f o r p i o n s a n d k a o n s i n 

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

w e r e p r o d u c e d b y a p h o t o n o f e n e r g y 1 9 . 6 G e V . T h e r e s u l t s a r e s h o w n 

f o r t r a c k s w i t h z e r o t r a n s v e r s e momentum ( P ) a n d f o r t r a c k s w i t h a P^ 

o f 0 . 5 G e V / c . As e x p e c t e d , t h e g r e a t e r t h e P o f a t r a c k t h e l o w e r 

i t s l o n g i t u d i n a l momentum t o g i v e l i g h t . 

I f t h e r e w e r e n o s o u r c e s o f b a c k g r o u n d i n t h e C e r e n k o v s ( s u c h a s 

e l e c t r o n s p r o d u c e d v i a p i z e r o d e c a y s a n d w h i c h g i v e l i g h t i n C2 i f t h e y 

a r e a b o v e 0 . 0 2 G e V / c i n m o m e n t a ) , a n d i f t h e y h a d p e r f e c t g e o m e t r i c 

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

Xp v a l u e s o f a r o u n d 0 . 1 5 . U n f o r t u n a t e l y , n e i t h e r o f t h e a b o v e c o n d i t i o n s 

a r e s a t i s f i e d . S i n c e t h e b a c k g r o u n d l e a d s t o l i g h t i n C e r e n k o v c e l l s 

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

f i c a t i o n o f p a r t i c l e s a s p i o n s . T h e g a i n i n p i o n t r a c k s w i l l b e 

c o m p e n s a t e d f o r b y p i o n s w h i c h d o n o t g i v e l i g h t i n t h e p r e d i c t e d c e l l ( s ) 

• b e c a u s e t h e y s c a t t e r o r b e c a u s e o f i n e f f i c i e n c i e s i n t h e p h o t o n 

c o l l e c t i o n s y s t e m ( m o s t s i g n i f i c a n t c l o s e t o t h r e s h o l d ) . T r a c k s w h i c h 

g i v e l i g h t o n l y i n C2 c a n n o t b e i d e n t i f i e d s i n c e e i t h e r i n e f f i c i e n c i e s 

o r b a c k g r o u n d may b e t h e c a u s e o f t h e i n c o n s i s t e n c y . 

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

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

d e t a i l e d s t u d i e s t h e r e s u l t s o f w h i c h a r e q u o t e d i n r e f e r e n c e 1 . A l t h o u g h 

n o t t h e a u t h o r ' s w o r k I s h a l l s u m m a r i s e t h e m a i n p o i n t s h e r e f o r 

c o n v e n i e n c e . W e l l a b o v e t h r e s h o l d ( s e e f i g u r e 6 . 2 . 2 ) o v e r 98% o f p i o n s 
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( o r i g i n a l l y i d e n t i f i e d b y f i t ) a r e c o r r e c t l y t y p e d a n d m o r e t h a n 75% 

o f k a o n s c a n b e c o r r e c t l y f l a g g e d ( c o n s i d e r i n g o n l y t r a c k s p a s s i n g 

t h r o u g h a c t i V f i r e g i o n s o f t h e c o u n t e r w h i c h h a v e b e e n h y b r i d i s e d ) . T h e 

l o w e r f r a c t i o n o f k a o n s i d e n t i f i e d i s l o w e r b e c a u s e a b o u t t e n p e r c e n t 

o f t r a c k s a p p a r e n t l y b e l o w t h r e s h o l d go t h r o u g h c e l l s i n w h i c h l i g h t i s 

p r o d u c e d . T h e p r o b a b i l i t y o f t w o t r a c k s f r o m t h e s a m e p r i m a r y i n t e r a c t i o n 

g o i n g t h r o u g h t h e same c e l l i s l e s s t h a n 0 . 5 % . T h e o v e r a l l r e s u l t i s 

t h a t w h i l e a c l e a n b u t s m a l l s a m p l e o f k a o n s ( e x c e p t i n g some p r o t o n s a n d 

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

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

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

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

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

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

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

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

i t . 

A Q - f r a m e b a s e d a n a l y s i s o f p h o t o p r o d u c t i o n ( s e e s e c t i o n 5 . 5 ) r e q u i r e s 

t h a t d i s t r i b u t i o n s b e s t u d i e d o v e r t h e i r e n t i r e k i n e m a t i c r a n g e , t h o u g h 

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

p a r t i c u l a r l y i m p o r t a n t . E x a m i n i n g 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 f o r 

e v i d e n c e o f p o i n t - l i k e b e h a v i o u r ( s e c t i o n 4 . 4 ) h o w e v e r o r i n o r d e r t o t e s t 

t h e p r e d i c t i o n s o f C h a n g a n d Hwa ( s e c t i o n 5 . 4 ) f o c u s e s a t t e n t i o n o n t h e 

h i g h Xp ( b e a m f r a g m e n t a t i o n ) r e g i o n . F i n a l l y a s y m m e t r i e s i n t h e b e h a v i o u r 

o f p o s i t i v e a n d n e g a t i v e p a r t i c l e d i s t r i b u t i o n s ( s e c t i o n 4 . 5 ) a r e 

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

S t u d y i n g a s y m m e t r i e s i n v o l v e s t a k i n g r a t i o s . I f a n i d e n t i f i c a t i o n 

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

r e s p e c t i v e l y t h e n t h e r e i s n o g a i n i n v o l v e d i n i t s u s e . H o w e v e r , s i n c e 
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t h e i n i t i a l s y s t e m ( p h o t o n , p r o t o n ) c a r r i e s b o t h n e t c h a r g e a n d n e t b a r y o n 

n u m b e r so w i l l t h e f i n a l s y s t e m . T h i s m e a n s t h a t i t i s m u c h m o r e l i k e l y t h a t 

a p o s i t i v e p a r t i c l e i s a p r o t o n t h a n i t i s t h a t a n e g a t i v e p a r t i c l e i s a n 

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

t h a n t h a t o f m i s i d e n t i f y i n g a k a o n a s a p i o n ( a b o v e X v a l u e s o f a r o u n d 0 . 5 
r 

b a c k g r o u n d l i g h t w o u l d b e r e q u i r e d i n b o t h C e r e n k o v s n o t j u s t t h e s e c o n d ) , 

u s i n g i n f o r m a t i o n f r o m t h e C e r e n k o v s m a k e s a p o s i t i v e n e g a t i v e c o m p a r i s o n 

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

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

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

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

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

o v e r n e g a t i v e k a o n s ) I s h a l l a s s u m e t h e y a r e s m a l l e n o u g h t o d i s c o u n t . 

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

b o t h o n t h e t r u e s h a p e o f t h e d i s t r i b u t i o n a n d o n t h e a c c e p t a n c e o f t h e 

C e r e n k o v s y s t e m . I f a n a t t e m p t i s m a d e t o t y p e t h e p a r t i c l e s t h e 

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

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

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

6 . 2 . 3 c o m p a r e s t h e f r a c t i o n o f t h e d a t a p o s i t i v e l y i d e n t i f i e d a s p i o n s 

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

7 . 3 . 4 s h o w s t h e c a l c u l a t e d a c c e p t a n c e f o r t h e C e r e n k o v s a s a f u n c t i o n o f 

X , i n t e g r a t e d o v e r P , f o r p i o n t r a c k s w h i c h h y b r i d i s e a n d t r a v e r s e 
r t 

a c t i v e r e g i o n s o f b o t h C e r e n k o v s . 

I t i s i n s e a r c h i n g f o r t h e Q - f r a m e t h a t c o m p e n s a t i o n f o r t h e e f f e c t s 

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

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

t h e C e r e n k o v s i s w e l l d e f i n e d a n d w e l l s u i t e d t o a c a l c u l a t i o n o f 

i t s e f f e c t s , t h a t u s e d i n i d e n t i f y i n g l o w e n e r g y p a r t i c l e s b y t h e i r 
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ionisation trail is not. The decision involved is more subjective and 

the accuracy of such a decision varies from roll to roll because of 

changes in the optical quality of the pictures (and in the attention each 

picture receives from the scanner). The central region where the majority 

of tracks are and which is of primary interest is poorly covered by 

identification techniques. However, distributions comprised predominantly 

of mesons can be obtained by restricting the analysis to negative 

particles only. If the symmetry frame is to be universal it must be 

expected to be the same for pion or kaon production. 

Unfortunately a distribution 0f mesons which is symmetric in a 

particular frame of reference will only look symmetric when the relevant 

laboratory quantities are transformed to that frame if the energy of the 

particles is known accurately. This implies that the mass of each 

particle must be specified. Distributions involving contributions from 

more than one type of particle are distorted if (for example) all the 

particles are assumed to be pions. The discrepancy between the true and 

the calculated value is greater for low momentum tracks since the 

effect of mass on the total energy of the track is proportionately larger 

in this case than for high momentum tracks. 

It can be shown that both the xc and the rapidity (y) values r 
calculated for a track of a given momentum are greater (shifted away 
from the target fragmentation zone) for lighter particles. Figure 6.2.4 

shows the difference between the calculated and the true X^ value, 
for a kaon of varying PL and zero P , as a function of the calculated 
Xp value if the particle is assumed to be a pion. The ratio is shown 
as a function of the pion Xc value. The effects of the shift are 

r 
shown in Figure 6.2.5 which shows the ratio of the number of tracks 
in a given Xp bin if all particles are assumed to be pions compared 
to the true number of tracks contributing if the particles are 
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correctly identified (the original distribution was comprised of neutral 
kaons only). Nearly all the tracks have been shifted out of the target 
fragmentation zone into the central region. 

To correct the shape of a pion distribution over its entire range 

not only knowledge of the probability of correctly typing a pion is 

needed but also data on the probability of kaons contributing to regions 

where no identification is possible. The latter requires that the shape 

of the kaon distribution is determined. Rather than remove some kaons 

from some regions I decided to remove none and to estimate their effect 

by Monte Carlo studies. 

The program discussed in the previous section was developed so 
that as well as a given pion distribution being generated a kaon back-
ground was generated in the same frame(both distributions being symmetric 
about the same central value). The fraction of the total particles that 
were kaons was variable as was the slope of the kaon distribution 
compared to that of the pions. The slope was allowed to differ because 
even if all the mesons were formed from quarks and antiquarks with a 
photon source there might still be effects caused by the differences in 
the hidden masses of up, down and strange quarks. 

Figure 6.2.6 shows the influence of a ten percent kaon contaminant 
on a particle distribution symmetric in the centre of mass frame. Both 
the pion and kaon distributions are assumed to fall off exponentially 
with longitudinal momentum in the forward and backward direction, each 
having the same slope. The quantity plotted against the absolute value 
of the longitudinal momentum of the particles in that frame is the 
apparent ratio of particles travelling in the forward direction to those 
going backwards. For comparison figure 6.2.7 shows what the same plot 
would look like if there were no kaon contaminant. 
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Figure 6.2.7 EFFECT OF BEAM SPREAD ONLY ON A DISTRIBUTION 
SYMMETRIC IN THE CENTRE OF MASS FRAME 
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If the distribution contained only pions it would appear that 

there was an excess of tracks in the backward direction. The presence 

of kaons compensates for the effects of beam spread and causes an 

apparent lack of tracks in the backward direction. This lack would 

affect a Q-frame analysis so as to make the Q value obtained favour 

fewer interacting components in the photon than would otherwise be the 

case. 

6.3 The Effects of Trigger Acceptance 

Trigger acceptance has already been discussed in some detail in 

section 3.9 when attention was focussed on the fraction of the total 

cross section triggering. To be confident that the true shape of a 

distribution has been obtained it is necessary to be sure that there is 

not a preferential loss from some regions because the -trigger is 

particularly biased against certain exclusive channels. The most serious 

situation that can occur, if data from a triggered experiment is used 

in a study of inclusive physics, is if tracks of a particular momentum 

which rules out their initiating a flash tube trigger are never 

produced in association with triggering tracks. 

In principle all three perpendicular components of a track's 
momentum vector are important. In practice for most of the distribution 
commonly investigated, it is the longitudinal momentum which is of most 
significance. The PWC trigger is biased against events which only 
produce tracks which are potential triggers (sufficient momentum to 
leave the bubble chamber via its exit window and penetrate into the down-
stream chambers) at small angles in the electromagnetic plane relative to the 
beam axis. The absence of other triggering tracks suggests that the majority 
of the momentum of the system is carried by tracks entering the dead 
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r e g i o n . H o w e v e r , t h e n u m b e r o f s u c h t r a c k s a n d h o w t h e y s h a r e t h e 

m o m e n t u m b e t w e e n t h e m i s n o t n e c e s s a r i l y k n o w n . T h e m o m e n t u m c a r r i e d b y 

i n d i v i d u a l t r a c k s m a y n o t a l w a y s b e h i g h . 

F i g u r e 6 . 3 . 1 . s h o w s w h a t p r o p o r t i o n o f t h e t h r e e p r o n g d a t a t a k e n b y 

t h e PWC t r i g g e r r e m a i n s a s a f u n c t i o n o f t h e Xp o f ' t h e t r a c k s a s t h e d e a d 

r e g i o n c u t s i m p o s e d i n t h e PWC a l g o r i t h m a r e w i d e n e d t o ± 1 5 , ± 2 0 a n d ± 3 0 

w i r e n u m b e r s . T h e d i f f e r e n c e i n a c c e p t a n c e a c r o s s t h e Xp r a n g e b e c o m e s m o r e 

s i g n i f i c a n t a s t h e ' d e a d r e g i o n i s i n c r e a s e d . F i g u r e 6 . 3 . 2 r e p e a t s 6 . 3 . 1 b u t t h i s 

t i m e o n l y e v e n t s w i t h s e v e n o r m o r e t r a c k s a r e s t u d i e d . A l t h o u g h i n 

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

t h e e f f e c t o f i n c r e a s i n g t h e d e a d r e g i o n . T h e v a r i a t i o n i n a c c e p t a n c e 

a b o v e Xp v a l u e s o f a b o u t 0 . 3 i s l e s s t h a n t e n p e r c e n t . 

F i g u r e s 6 . 3 . 3 a n d 6 . 3 . 4 s h o w t h e v a r i a t i o n i n t r a c k a c c e p t a n c e a s 

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

s e e n i s p r o d u c e d b y a d e a d r e g i o n o f 4 0 w i r e , n u m b e r s . T h e a c c e p t a n c e 

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

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

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

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

e n e r g y t r a c k s . H o w e v e r , t h i s i s p r o b a b l y n o t b e c a u s e i t i s m o r e b i a s e d 

t h a n t h e PWC t r i g g e r a g a i n s t h i g h m o m e n t u m t r a c k s , b u t i s b e c a u s e o f t h e 

n e u t r a l t r a c k t r i g g e r s . I s h a l l a s s u m e i n t h e n e x t c h a p t e r t h a t t h e 

e f f e c t o f t h e t r i g g e r c a n b e i g n o r e d . _ 
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C h a p t e r 6 - R e f e r e n c e s 

[ 1 ] A . V . B e v a n e t a l ; I C / H E N P / 8 2 / 1 , s u b m i t t e d t o N I M 
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7 . 1 R e s u l t s o f a S e a r c h f o r t h e P h o t o p r o d u c t i o n S y m m e t r y F r a m e 

F i g u r e s 7 . 1 . 1 t o 7 . 1 . 3 show t h e l o n g i t u d i n a l m o m e n t u m d i s t r i b u t i o n s o f 

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

c e n t r e o f m a s s (Q = 1 ) , VMD (Q = 1 . 5 ) , a n d p o i n t - l i k e (Q = 3 . 0 ) f r a m e s o f 

r e f e r e n c e . T h e d i s t r i b u t i o n s a r e a l l s c a l e d b y t h e same f a c t o r o f 2 / / s 

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

X d i s t r i b u t i o n . T h e Q v a l u e d e n o t i n g a f r a m e o f r e f e r e n c e i s s m a l l e r t h a n 
F 

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

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

t h e f o r w a r d ( b e a m d i r e c t i o n ) . A l t h o u g h t h e b a c k w a r d s l o p e c a n b e f i t t e d 

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

s u c h a f i t . H o w e v e r , t h e VMD f r a m e d o e s n o t a p p r o x i m a t e t o a s y m m e t r y 

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

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

t h e r e s u l t o f b e a m s p r e a d e f f e c t s a n d a k a o n c o n t a m i n a n t ( o f l e s s t h a n 

2 5 % ) . I t w o u l d a p p e a r o n t h i s e v i d e n c e t h a t t h e p h o t o n d o e s n o t a l w a y s 

i n t e r a c t a s a v e c t o r m e s o n . 

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

s e v e r a l f r a m e s i n o r d e r t o f i n d a f r a m e i n w h i c h t h e f o r w a r d a n d b a c k w a r d 

s l o p e s a r e s i m i l a r i s t o f i n d t h e c e n t r e o f s y m m e t r y o f t h e p a r t i c l e s ' 

r a p i d i t y d i s t r i b u t i o n . 

1 . r E + PT , 
y = j L N C - 1 7.1.1 

E " PL 

S i n c e y i s a n a d d i t i v e v a r i a b l e E a n d P L c a n b e m e a s u r e d i n a n y f r a m e 

o f r e f e r e n c e . T h e Q v a l u e c h a r a c t e r i s i n g t h e s y m m e t r y f r a m e c a n t h e n 

b e f o u n d i n t e r m s o f t h e L o r e n t z b o o s t ( g ) n e e d e d t o t r a n s l a t e t h e 

d i s t r i b u t i o n f r o m t h a t f r a m e t o t h e Q - f r a m e ( w h e r e i t i s s y m m e t r i c a b o u t 

7 = 0 ) . A s s u m i n g E a n d P a r e m e a s u r e d i n t h e l a b o r a t o r y f r a m e ; 



J. 1 
- 0 . 6 0 -0,10 0 . 4 0 0 . 9 0 

Xf=2PL//S 

Figure 7.1.1 DISTRIBUTION OF LONGITUDINAL MOMENTA OF TRACKS AS MEASURED 
IN CENTRE OF MASS FRAME ( Q = 1.0 ) 
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e 2 / s - 1 
- 7 . 1 . 2 

e 2 y s + 1 

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

f r a m e . 

. T h e n , 
3 NI 

Q = E- 7 . 1 . 3 
E ( 1 - 3 ) 
Y 

w h e r e , m^ i s t h e m a s s o f t h e p r o t o n 

a n d E ^ i s t h e p h o t o n e n e r g y i n t h e l a b o r a t o r y . 

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

a d d i t i v e a r e g i v e n i n a p p e n d i x B ) . 

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

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

F i g u r e 7 . 1 . 4 s h o w s t h e d e p e n c e n c e o f t h e Q v a l u e o n y ( a s s u m i n g a 

n o m i n a l b e a m e n e r g y o f 1 9 . 6 G e V ) . I t i s , t h e r e f o r e , n e c e s s a r y t o l o c a t e 

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

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

( a l l p a r t i c l e s a r e a s s u m e d t o b e p i o n s ) , i t s p e a k i s o n l y a n a p p r o x i m a t e 

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

F i g u r e 7 . 1 . 5 s h o w s t h e y d i s t r i b u t i o n f o r a l l 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 . T h e m e a n v a l u e o f y f o r t h i s d i s t r i b u t i o n i s a b o u t 

2 . 4 . L e t 
N u m b e r o f t r a c k s a t d i s t a n c e A y f r o m y ( t r a v e l l i n g 

P ^ _ f o r w a r d s i n r a p i d i t y s p a c e ) 7 1 4 
N u m b e r o f t r a c k s a t d i s t a n c e - A y f r o m y 

J s 

F i g u r e s 7 . 1 . 6 t o 7 . 1 . 8 s h o w t h e d e p e n d e n c e o f F / B o n A y , a s s u m i n g y s 

v a l u e s o f 2 . 3 , 2 . 4 a n d 2 . 5 r e s p e c t i v e l y . T h e c h o i c e o f 2 . 4 f o r t h e 

v a l u e o f y m i n i m i s e s t h e a p p a r e n t f o r w a r d / b a c k w a r d a s y m m e t r y . 
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F i g u r e 7 . 1 . 9 s h o w s h o w m u c h a s y m m e t r y w o u l d b e e x p e c t e d a s a r e s u l t 

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

y s v a l u e o f 2 . 4 (Q e q u a l s 2 . 9 ) . T h e o r i g i n a l d i s t r i b u t i o n w a s g e n e r a t e d w i t h 

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

h o w e v e r , a s s u m e d t o b e s y m m e t r i c a n d a t e n p e r c e n t k a o n b a c k g r o u n d w a s 

i n c l u d e d ( h a v i n g t h e s a m e s h a p e ) . T h e r e s u l t s s h o w n i n F i g u r e 7 . 1 . 9 d o n o t 

d e p e n d s t r o n g l y o n t h e s h a p e a s s u m e d . H o w e v e r , i f t h e k a o n d i s t r i b u t i o n i s 

l e s s s p r e a d t h a n t h e p i o n , t h e e x c e s s o f f o r w a r d t r a c k s i s i n c r e a s e d a t 

l o w v a l u e s o f A y a n d d e c r e a s e d a t h i g h v a l u e s o f A y . T h e r e s u l t s a r e a l s o 

n o t v e r y d e p e n d e n t o n t h e Q f r a m e a s s u m e d ( f o r Q v a l u e s i n t h e r a n g e 2 . 4 t o 

3 . 5 ) . T h e M o n t e C a r l o w a s n o t m o d i f i e d t o a l l o w f o r a p o s s i b l e l o s s o f 

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

d i f f e r e n c e a t w h i c h s u c h e f f e c t s m a y b e c o m e i m p o r t a n t i s m a r k e d . 

T h e r e s u l t s s h o w t h a t t h e Q v a l u e s p e c i f y i n g t h e s y m m e t r y f r a m e 

l i e s w i t h i n t h e l i m i t s 2 . 4 t o 2 . 9 . S i n c e t h i s r e s u l t c a n n o t b e i n t e r p r e t e d 

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

h y p o t h e s e s r e m a i n . T h e f i r s t , t h a t t h e p r o t o n d o e s n o t c o n t a i n t h r e e 

v a l e n c e q u a r k s w i l l n o t b e d i s c u s s e d f u r t h e r . T h e s e c o n d , t h a t t h e 

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

t h e VMD f r a m e a n d d a t a p r o d u c e d b y a p o i n t - l i k e p h o t o n i n t e r a c t i n g , i s 

c o n s i s t e n t w i t h t h e i d e a s d i s c u s s e d i n c h a p t e r s f o u r a n d f i v e . I t 

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

t o b e i s o l a t e d ( o r a t l e a s t e n h a n c e d ) a n d s t u d i e d s e p a r a t e l y . O n e w a y 

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

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

F i g u r e 7 . 1 . 1 0 s h o w s t h e l o n g i t u d i n a l m o m e n t u m d i s t r i b u t i o n i n t h e 

VMD f r a m e f o r t r a c k s f r o m e v e n t s i n w h i c h a t l e a s t s e v e n c h a r g e d p a r t i c l e s 

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

p a r t i c l e s d e c a y i n g ) . F i g u r e 7 . 1 . 1 1 s h o w s t h e a s y m m e t r y b e t w e e n t h e 

f o r w a r d a n d b a c k w a r d t r a v e l l i n g t r a c k s i n r a p i d i t y s p a c e f o r y c e c f u a l s 
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Figure 7.1.10 XI DISTRIBUTION FOR NEGATIVE TRACKS
FROM HIGH PRONG EVENTS ( Q = 1.5 )
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SPACE FOR HIGH PRONGS,ASSUMING Q=l.S
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2 . 0 8 ( t h e a s s u m p t i o n b e i n g m a d e t h a t t h e d i s t r i b u t i o n i s s y m m e t r i c 

i n t h e VMD f r a m e ) . T h e a s y m m e t r y i s v e r y s m a l l , a l t h o u g h t h e r e i s a 

n o t i c e a b l e e x c e s s o f f a s t f o r w a r d t r a c k s o v e r v e r y b a c k w a r d s t r a c k s 

( w h i c h c o u l d i n d i c a t e t h a t t h e k a o n d i s t r i b u t i o n i s f l a t t e r t h a n t h a t 

f o r t h e p i o n ) . T h i s p o s s i b l y i n d i c a t e s t h a t t h e Q - v a l u e o f t h e s y m m e t r y 

f r a m e i s b e l o w 1 . 5 ( t h o u g h i n t h i s c a s e t h e M o n t e C a r l o r e s u l t s a r e 

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

h o w e v e r Q v a l u e s o f b e l o w 1 . 3 w o u l d b e i n c o n s i s t e n t w i t h t h e d a t a . 

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

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

a s a q u a r k - a n t i q u a r k s y s t e m . H o w e v e r i n t h i s c a s e e i t h e r t h e q u a r k o r 

t h e a n t i q u a r k w i l l t e n d t o c a r r y t h e m a j o r i t y o f t h e p h o t o n momentum 

( c o m p a r e t h e q u a r k / a n t i q u a r k d i v i s i o n o f t h e p h o t o n e n e r g y w i t h t h e 

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

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

t h e p h o t o n i n t e r a c t s a s o r v i a a v e c t o r m e s o n s t a t e t h e q u a r k a n d a n t i -

q u a r k a r e m o r e l i k e l y t o s h a r e i t s momentum e q u a l l y ( o t h e r w i s e t h e s t a t e 

w i l l n o t b e b o u n d ) . T h e h i g h c h a r g e d m u l t i p l i c i t y e v e n t s c a n b e i n t e r p r e t e d 

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

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

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

w a s r e s t r i c t e d t o t h r e e p r o n g i n t e r a c t i o n s . F i g u r e 7 . 1 . 1 2 d i s p l a y s t w o 

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

r h o d e c a y s ( i d e n t i f i e d b y f i t ) , t h e s e c o n d i s t h e y d i s t r i b u t i o n o f 

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

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

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

w a y t o i n t e r p r e t b o t h p l o t s . 

T h e t w o d i s t r i b u t i o n s may e a c h b e d i v i d e d i n t o t w o s e p a r a t e 
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Figure 7.1.12a RAPIDITY DISTRIBUTION FOR NEGATIVE 
PIONS FROM RHO DECAYS 
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igure 7.1.12b RAPIDITY DISTRIBUTION FOR NEGATIVE 
TRACKS FROM THREE PRONG EVENTS 
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c o n t r i b u t i o n s . T h e f i r s t i s s y m m e t r i c a b o u t y ^ v a l u e s o f a b o u t 3 . 5 t o 

3 . 8 ( c o r r e s p o n d i n g t o Q - v a l u e s f o r t h e a s s o c i a t e d f r a m e s o f r e f e r e n c e 

o f b e t w e e n 3 0 t o 5 0 ) . T h i s c o m p o n e n t d o m i n a t e s t h e r h o d i s t r i b u t i o n 

a n d i s a s s o c i a t e d w i t h d i f f r a c t i v e i n t e r a c t i o n s o f t h e p h o t o n t o w h i c h 

a Q - f r a m e a n a l y s i s i s i n a p p l i c a b l e . I t i s a l s o r e s p o n s i b l e f o r t h e 

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

v a l u e s a s s e e n ( m o s t c l e a r l y i n F i g u r e 7 . 1 . 1 ) i n t h e d i s t r i b u t i o n s 

d i s c u s s e d a t t h e s t a r t o f t h i s s e c t i o n . T h e s e c o n d c o n t r i b u t i o n i s 

s y m m e t r i c a b o u t m u c h l o w e r v a l u e s o f y . 

T h e e x a c t d i v i s i o n i n t o t w o d i s t r i b u t i o n s i s h o w e v e r d i f f i c u l t 

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

d i s t o r t e d . I f t h e a p p r o x i m a t i o n i s m a d e t h a t t h e s e b i a s e s may b e 

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

e q u a l s 3 . 5 a n d y g e q u a l s 2 . 0 8 a s s u m i n g t h a t t h e r e i s a c o n t r i b u t i o n 

s y m m e t r i c a b o u t y g e q u a l s 2 . 0 8 . H o w e v e r , t h i s m e t h o d a l s o a l l o w s t h e 

e x t r a c t i o n o f d i s t r i b u t i o n s s y m m e t r i c a b o u t y g e q u a l s 3 . 5 a n d y g e q u a l s 

2 . 4 2 a s s u m i n g t h i s t i m e t h a t t h e p o i n t - l i k e p h o t o n i s d o m i n a n t . F i g u r e 

7 . 1 . 1 3 c o m p a r e s t h e f o r w a r d / b a c k w a r d a s y m m e t r i e s i n t h e t w o c a s e s i f t h e 

d i f f r a c t i v e c o n t r i b u t i o n i s a s s u m e d p e r f e c t l y s y m m e t r i c . T h e r e i s no 

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

I t may b e a r g u e d t h a t a d e c i s i o n b e t w e e n t h e t w o a l t e r n a t i v e s 

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

W h i l s t t h i s m a y b e p o s s i b l e i n t h e f u t u r e w h e n r e s u l t s o n t h e k a o n 

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

t h e l a c k o f s e p a r a t i o n i n r a p i d i t y s p a c e b e t w e e n t h e t w o a l t e r n a t i v e 

c e n t r e s o f s y m m e t r y . I t s h o u l d b e n o t e d f o r f u t u r e r e f e r e n c e t h a t t h e 

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

d e c a y e f f e c t s f r o m t h e t h r e e p r o n g d i s t r i b u t i o n s . 
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To summarise the results of this section; 

i) The results from the analysis of longitudinal momentum distributions 

and from the rapidity frame analysis do not conflict so the concept 

of a symmetry frame may be considered meaningful. 

ii) The system of symmetry cannot be uniquely identified with either 
the VMD or the point-like frame. 

iii) The system of symmetry is dependent on the charged particle 
multiplicity of the events and for high prongs is consistent 
with expectations if the photon interacts as a vector meson. 

iv) The analysis of the low charged multiplicity events is confused 

by the presence of tracks from resonance decays. 

7.2 Asymmetries in the Beam Fragmentation Region 

The quantity A7T(p) disucssed in section 4.5 is defined by 
equation 4.5.4 in terms of the difference between the negative and 
the positive pion invariant cross sections so as. to limit theoretical 
uncertainties. To minimise experimental biases the ratio, R, of the 
cross sections is a more suitable object for study; 

R = 
dN f 
DX„ CYP * * X ) 
F dN f — y-\ ^ (YP TT X) 

dN rdN .+ 
dXc + ldXcJ 

= L_ 7 2 1 
dN fdN 
dXp'+ ^dxF)" 

where, ̂  ; represents terms which contribute equally to both the 
F 

positive and negative cross sections 
and represent the charge dependent contributions. 
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7T 

T h e a d v a n t a g e i n u s i n g A ( p ) i s t h a t t h e m a s k i n g e f f e c t o f t h e 

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

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

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

u s i n g R i s t h a t s y s t e m a t i c b i a s e s a r e c o m p e n s a t e d f o r a l t h o u g h t h e 
dN 

a s y m m e t r y m a y b e m a s k e d b y t h e e f f e c t s o f t h e t e r m i n c l u d e d i n 
F 

e q u a t i o n 7 . 2 . 1 . T h e v a r i a t i o n o f R f r o m u n i t y i s t h e r e f o r e e v i d e n c e o f 

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

F i g u r e 7 . 2 . 1 s h o w s t h e d e p e n d e n c e o f R o n Xp f o r t r a c k s w h i c h 

a r e i d e n t i f i e d a s p i o n s o n t h e b a s i s o f i n f o r m a t i o n f r o m t h e C e r e n k o v s . 

T h e d a t a a r e s p l i t i n t o l o w P^. ( l e s s t h a n 0 . 4 G e V / c ) a n d h i g h P 

( g r e a t e r t h a n o r e q u a l t o 0 . 4 G e V / c ) c o m p o n e n t s . T h e c o n t r i b u t i o n s 

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

v e r t e x ) a n d t h r e e p r o n g e v e n t s a r e s h o w n s e p a r a t e l y i n F i g u r e s 7 . 2 . 2 

a n d 7 . 2 . 3 r e s p e c t i v e l y . I n o r d e r t o m a k e t h e v a r i a t i o n c l e a r e r t h e 

t h r e e d a t a s e t s w e r e e a c h d i v i d e d i n t o f o u r a n d R c a l c u l a t e d f o r e a c h 

k i n e m a t i c r e g i o n , T a b l e 7 . 2 . 1 s u m m a r i s e s t h e r e s u l t s . T h e r e i s a n 

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

p a r t i c l e s o n t h e b a s i s o f t h e C e r e n k o v i n f o r m a t i o n . 

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

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

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

p i o n s a t h i g h Xp a n d p r e q u i r e s a n i n c r e a s e a b o v e a v e r a g e i n t h e n u m b e r 

o f n e g a t i v e p i o n s a t l o w e r X a n d P v a l u e s . T h e o v e r a l l r a t i o s i n 
F t 

T a b l e 7 . 2 . 1 a r e p r e v e n t e d f r o m b e i n g u n i t y p a r t l y b e c a u s e m u c h o f t h e X 

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

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

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

p r o n g r e s u l t s m o r e s i g n i f i c a n t l y t h a n t h e h i g h p r o n g ( t h e r a t i o o f 
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x \ F > t 

X F 

< 0 . 6 G e V / c > 0 . 6 G e V / c A L L 

< 0 . 5 

> 0 . 5 

A L L 

1 . 0 5 ± . 0 2 

1 . 0 4 ± . 0 2 

1 . 0 5 ± . 0 2 
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1 . 2 5 ± . 0 9 

1 . 1 0 ± . 0 4 

1 . 0 5 ± . 0 2 

1 . 0 8 ± . 0 4 
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\ p t 
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> 0 . 5 

A L L 
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1 . 1 1 ± . 0 5 
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< 0 . 5 

> 0 . 5 

A L L 

0 . 9 5 ± . 0 3 

0 . 8 5 ± . 1 2 

0 . 9 4 ± . 0 3 

0 . 8 8 ± . 0 6 

1 . 5 6 ± . 3 2 

0 . 9 3 ± . 0 6 

0 . 9 4 ± . 0 3 

1 . 0 3 ± . 1 2 

0 . 9 4 ± . 0 2 

H I G H PRONGS 

T a b l e 7 . 2 . 1 DEPENDENCE OF R ON K I N E M A T I C R E G I O N 
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p o s i t i v e p a r t i c l e s t o n e g a t i v e i s l a r g e r ) . T h i s e x p l a i n s t h e i n i t i a l 

t e n d e n c y f o r R t o d e c r e a s e w h i c h i s s e e n i n F i g u r e 7 . 2 . 3 . 

T h e o v e r a l l t r e n d i s f o r R t o b e a m a x i m u m a t h i g h X a n d P . 
r t 

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

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

t o t h e d i f f r a c t i v e c o m p o n e n t i n t h e d a t a . T h e p r e s e n c e o f t h e a s y m m e t r y 

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

a n t i - d q u a r k s . A q u a r k - p h o t o n G o m p t o n e f f e c t i s p r e d i c t e d t o f a v o u r u -

q u a r k c o u p l i n g o v e r d - q u a r k c o u p l i n g , h o w e v e r t h e a s y m m e t r y i s m u c h 

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

T h e h i g h p r o n g d a t a i n c o n t r a s t t o t h e t h r e e p r o n g d a t a s h o w s 

a n o v e r a l l l a c k o f p o s i t i v e p i o n s i n t h e f o r w a r d r e g i o n . T h e a v e r a g e 

r a t i o o f p o s i t i v e t o n e g a t i v e p i o n s i s 0 . 9 4 +_ . 0 2 . T h i s m a y b e a 

c o n s e q u e n c e o f t h e f a c t t h a t t h e r e i s a n a s y m m e t r y i n t h e v a l e n c e q u a r k 

d i s t r i b u t i o n s , a u q u a r k i s m o r e l i k e l y t o b e f o u n d a t h i g h v a l u e s o f 

n e g a t i v e X^ t h a n a d - v a l e n c e q u a r k a n d so f a s t p r o t o n f r a g m e n t s w i l l 

t e n d t o b e p o s i t i v e [ 1 ] . I f m o r e t h a n o n e c h a r g e d m e s o n i s f o r m e d t h i s 

i m p l i e s a n e x c e s s o f n e g a t i v e m e s o n s i n t h e c e n t r a l r e g i o n . I f t h i s 

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

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

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

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

7 . 3 T h e S l o p e o f P i o n D i s t r i b u t i o n s i n t h e Beam F r a g m e n t a t i o n R e g i o n 

T h e e x i s t e n c e o f a p o i n t - l i k e c o m p o n e n t w i t h i n t h e o v e r a l l p h o t o n 

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

c r o s s s e c t i o n a t h i g h X v a l u e s . T h e p r e d i c t i o n i s b a s e d o n t h e h i g h e r 
R 

p r o b a b i l i t y o f f i n d i n g a q u a r k ( o r a n t i q u a r k ) a t h i g h X p i f t h e q u a r k 
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( a n t i q u a r k ) d i s t r i b u t i o n s a r e s t r u c t u r e l e s s r a t h e r t h a n l i k e t h o s e o f a 

v e c t o r m e s o n . I t d o e s n o t d e p e n d o n t h e f l a v o u r o f t h e p r o d u c e d q u a r k s . 

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

t h e r e f o r e e x p e c t e d t o show t h e e f f e c t a n d t h e p r e s e n c e o f a n a s y m m e t r y 

b e t w e e n t h e t w o s e t s o f , d a t a ( s e e s e c t i o n 7 . 2 ) d o e s n o t m a k e i t i n v a l i d 

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

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

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

F i g u r e s 7 . 3 . 1 t o 7 . 3 . 3 show t h e b e h a v i o u r o f ~ a s a f u n c t i o n 
F 

o f ( 1 - X ) f o r a l l t h e d a t a , h i g h p r o n g s ( m o r e t h a n s i x t r a c k s ) a n d 

t h r e e p r o n g s ( r h o r e m o v e d ) r e s p e c t i v e l y . T h e d i s t r i b u t i o n s a r e n o t 

c o r r e c t e d f o r t h e e f f e c t s o f C e r e n k o v a c c e p t a n c e a n d b e a m s p r e a d b i a s e s . 

T h e h i g h p r o n g d i s t r i b u t i o n i s s t e e p e s t a s w o u l d b e e x p e c t e d s i n c e t h e 

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

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

e v i d e n c e o f a p o i n t - l i k e c o n t r i b u t i o n . 

F i g u r e 7 . 3 . 4 s h o w s t h e C e r e n k o v a c c e p t a n c e f o r e a c h X b i n a s 
F 

a f u n c t i o n o f ( 1 - X ) . T h e a c c e p t a n c e i s i n t e g r a t e d o v e r P , t h e 
F t 

a s s u m e d P d i s t r i b u t i o n b e i n g t h a t f o u n d f o r a l l ( t h r e e p r o n g ) f o r w a r d 

t r a c k s b e f o r e s e l e c t i o n b y p a r t i c l e t y p e . T h e P d i s t r i b u t i o n w a s 

a s s u m e d t o b e i n d e p e n d e n t o f Xp a n d p a r t i c l e t y p e . As c a n b e s e e n t h e 

c o r r e c t i o n f a c t o r s n e e d e d t o c o m p e n s a t e f o r t h e C e r e n k o v a c c e p t a n c e a r e 

l a r g e . F i g u r e 7 . 3 . 5 s h o w s t h e f r a c t i o n o f t r a c k s f o u n d i n a p a r t i c u l a r 

Xp b i n c o m p a r e d t o t h e n u m b e r g e n e r a t e d i n t h a t b i n , g i v e n t h e beam 

s p e c t r u m a n d a s s u m i n g t h a t t h e d i s t r i b u t i o n b e h a v e s a s ( 1 - X T h e 

c o r r e c t i o n s n e e d e d a s a r e s u l t o f beam s p r e a d a r e s m a l l e r a n d d o n o t 

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

a c t s o a s t o p r e f e r e n t i a l l y i n c r e a s e t h e n u m b e r o f t r a c k s a t h i g h X r 
R 

a n d t o d e c r e a s e t h e s l o p e o f t h e d i s t r i b u t i o n a t h i g h X p , l o w ( l - Xp ) . 
F 
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Figure 7.3.2 POWER LAW BEHAVIOUR 
OF DN/DXp FOR HIGH 
PRONGS ONLY 
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Figure 7.3.3 POWER LAW BEHAVIOR OF DN/DXp FOR THREE PRONG 
EVENTS ONLY 



-166-

CO 
2 O 

ft 
O ft . 
w . ft Q 2 ft 
3 HH 2 ft 1—1 ft H 3 2 ft ft E— 3 

HH 
ft 
O >« 

ft 
2 ft O > 
HH HH 
H H 
U HH 
< CO ft O ft ft 

0 . 9 0 

Figure 7.3.4 CERENKOV ACCEPTANCE, INTEGRATED 
OVER P 

CO 2 O 
i — I 
ft 2 

HH 
ft ft O U ft X ft ft 2 2 ft 
3 > 2 I-H 3 
ft 

E- 2 
HH 

ft O 
ft 

2 E— O 2 HH CA 
E-» ft 3 < < ft 

ft ft ^ < 

0 . 1 0 0 .30 0 .50 0*70 
(l - xF) 

Figure 7.3.5 BEAM SPREAD CORRECTION FACTORS 

0 .90 



-167-

F i g u r e 7 . 3 . 6 s h o w s t h e e f f e c t o f f o l d i n g i n t h e c o r r e c t i o n f a c t o r s 

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

t o t h e d a t a g i v e s a s l o p e o f 1 . 0 + _ , 0 1 . A s a c o n s i s t e n c y c h e c k i t w a s 

c o n f i r m e d t h a t g e n e r a t i n g a ( 1 - X ^ ) " * " 9 d i s t r i b u t i o n a n d f o l d i n g i n t h e 
R 

e f f e c t s o f t h e a c c e p t a n c e o f t h e C e r e n k o v s i n t o t h e b e a m s p r e a d M o n t e 

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

t h r e e p r o n g d i s t r i b u t i o n . F i g u r e 7 . 3 . 7 s h o w s t h e c o n t r i b u t i o n t o F i g u r e 

7 . 3 . 6 f r o m p o s i t i v e p i o n s o n l y ; a l t h o u g h t h e b e s t l i n e f i t t o t h i s 

f r a c t i o n o f t h e d a t a y i e l d s a s l o p e o f 0 . 9 6 ^ 0 3 i t i s n o t s t r o n g e v i d e n c e 

f o r a d o m i n a n t p o i n t - l i k e c o n t r i b u t i o n . 

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

p r e s e n c e o f t r a c k s f r o m d i f f r a c t i v e i n t e r a c t i o n s , w h i c h t h e Q - f r a m e 

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

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

f o r t r a c k s i d e n t i f i e d b y k i n e m a t i c f i t a s p i o n s f r o m r h o d e c a y s a n d a s 

p i o n s b y t h e C e r e n k o v s i s c o n s i s t e n t w i t h t h a t o b t a i n e d f o r t h e r e m a i n i n g 

t h r e e p r o n g d a t a . T h e v a l u e o f 1 . 0 d o e s n o t t h e r e f o r e r e s u l t f r o m a n 

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

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

w i l l t e n d t o b e d i f f r a c t i v e ( s i n c e t h e s e t r a c k s o n a v e r a g e h a v e a l o w e r 

P t ) a n d s o t h e l o s s s h o u l d d e c r e a s e p r e f e r e n t i a l l y t h e d i f f r a c t i v e b a c k g r o u n d . 

A l s o t h e v a r i a t i o n o v e r t h e Xp b i n s o f i n t e r e s t i s n o t l a r g e . T h e 

c o n c l u s i o n i s t h a t t h e p o i n t - l i k e c o n t r i b u t i o n , i f p r e s e n t , i s m a s k e d . 

F i g u r e 7 . 3 . 8 c o m p a r 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 i n t e g r a t e d o v e r 

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

c o r r e c t e d f o r a c c e p t a n c e a n d b e a m s p r e a d b i a s e s ) w i t h t h e p r e d i c t i o n s 

g i v e n i n C h a n g a n d H w a ' s [ 2 ] p a p e r f o r b o t h t h e R e c o m b i n a t i o n m o d e l a n d 

t h e q u a r k f r a g m e n t a t i o n m o d e l . T h e a g r e e m e n t w i t h t h e R e c o m b i n a t i o n 

m o d e l p r e d i c t i o n s i s g o o d a n d m u c h b e t t e r t h a n t h e a g r e e m e n t w i t h t h e 
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fragmentation model. However this agreement is with data that yields 

a pion distribution predicted for a vector meson like photon not a 

point-like photon. 

Summary 

The agreement between the data and the theoretical predictions 
of the pion cross section which are Recombination Model based is good 
and the fragmentation model alternative is not favoured. However, the 
predictions are based on the assumption that the two quark structure 
function is calculable and the two quark structure function is only 
calculable (at present) for the point-like component of the photon's 
wave function. The point-like component must therefore be considered 
to dominate the hadronic component in the beam fragmentation region. This 
dominance would lead to other predictable consequences; 

i) The symmetry frame for photon interactions would have a 
Q value greater than 1.5 

ii) The charge dependence of the photon coupling would result in 
an excess of positive pions at high Xp and P . 

iii) The slope of the pion distribution as a function of 

(1 - X^) should be less than one. 
F 

Whilst a Q-frame analysis of the data as a whole implies the 
existence of both point-like and hadronic contributions to the photon 
wave function; attempting to isolate the point-like component throws 
doubt on this conclusion. The high prong data is consistent with being 
produced in the VMD frame. Although the presence of a point-like 
contribution cannot be ruled out from the three prong data its existence 
is not required. 
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Charge asymmetry effects are present, and as predicted it is 
positive pions which dominate at high X and P . However, the effect F L 
is not as large as would be expected if the point-like photon interacted 
predominantly via the QCD Compton effect producing up quarks at high Xp more 
frequently than down quarks. 

The slope of the pion distributions at high X is consistent with 
the result expected if the distribution of quarks within the photon is 
similar to the distribution within a vector meson. 

The failure to find clear indications of a point-like photon 
may well be because the data was not taken at sufficiently high enough 

energies and is not concentrated at the high X and P extremes. However 
F t 

this does not invalidate the conclusion that for this data the effects 
associated with the point-like component of the photon do not dominate 
over those associated with the hadronic component. This implies 
that the agreement between the data and the predictions of the 
Recombination model is accidental since the prediction is based on a false 
assumption (at this energy). 

The fact that the agreement is so good between the theory and 
distributions associated with the photon acting as a vector meson imply 
that the theory must ultimately yield similar results for the behaviour 
of both components of the photon. If not then the data currently 
quoted in support of the. theory (18 GeV photon bremsstrahlung beam data [3]) 
and the data of this experiment may later be used to disprove it. 
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C h a p t e r 7 - R e f e r e n c e s 

[ 1 ] F o r a d i s c u s s i o n o f u - q u a r k d o m i n a n c e s e e : R . P . F e y n m a n ; P h o t o n 

H a d r o n I n t e r a c t i o n s , C h a p t e r 3 1 ( p u b l i s h e d i n 1 9 7 2 b y W . A . B e n j a m i n ) 

[ 2 ] V . C h a n g a n d R . C . H w a ; P h y s . R e v . L e t t . 4 4 , 4 3 9 ( 1 9 8 0 ) 

[ 3 ] A . M . B o y a r s k i e t a l . ; P h y s . R e v . D 1 4 , 1 7 3 3 ( 1 9 7 6 ) 



-174-

A P P E N D I X A 

BEAM K I N E M A T I C S 

K. 1 

L e t P = ( E , p ) b e t h e f o u r - m o m e n t u m o f t h e i n c i d e n t e l e c t r o n m a s s m . 
e 

P ' = ( E ' , p ! ) b e t h e f o u r - m o m e n t u m o f t h e s c a t t e r e d e l e c t r o n 

( k ^ , k ^ b e t h e f o u r - m o m e n t u m o f t h e i n c i d e n t p h o t o n 

K p = ( k p , k p ) b e t h e f o u r - m o m e n t u m o f t h e s c a t t e r e d p h o t o n 

a n d S b e t h e i n v a r i a n t m a s s s q u a r e d o f t h e s y s t e m . 

T h e n ; 

P + K. 1 

C P ' ) 

T h e r e f o r e 

P 1 

2 

= P ' + K, 

( P + K p ) - K f 

( P + K . ) 2 + K f 2 - 2 K f ( P + K . ) 

M S - 2 K f ( P + K ) 

= S - 2 k ~ E - 2 k r k . + 2 k r . p + 2 k r . k . 
f f I —f — f —I 

H e n c e 
( S - M e ) 

'f 2[(E - | p | cos e2) + k . ( l + cos(e1 + e2))] A. 1 

F o r k p t o b e a m a x i m u m i t i s r e q u i r e d t h a t 

i ) S b e a t a m a x i m u m , i . e . = 0 . 0 

a n d 

i i ) T h e d e n o m i n a t o r o f A . l b e a t a m i n i m u m , i . e . = 0 . 0 
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T h e r e f o r e 9 

CS - ME 
K f v ' 2((E - |p|) + 2 k . ) max 1 ^ ' r 

H o w e v e r 

a n d 

S = M 2 + 2 k . E - 2 k . . p e i —I — 

E2 » M 2 
e 

T h e r e f o r e i n t h i s c a s e 

S = M 2 + 4 k . E e i 

S u b s t i t u t i n g f o r S i n e q u a t i o n A . 2 y i e l d s 

max \ i ' ' / 

= E ( 1 - a ) 

w h e r e a i s t h e r e c o i l p a r a m e t e r 

B U T 9V'/V 
/ ( M 

( E - | p | ) = E ^ l - ( l -

M 2 
_ e 

2E 

s u b s t i t u t i n g f o r (E - | p | ) i n t o A . 4 y i e l d s 

2K. L 

K f m a x = V i + M e 2 / 2 E 

2K. L 
2 k . + M 2[2Et i * l e j 

CE - |p|) 

M e 2 \ ( E - | p | ) + 2 k . , 

r 4 E 2 k 7 

to 
e 

4 E 2 k . 
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A P P E N D I X B 

D E R I V A T I O N OF K I N E M A T I C RESULTS ASSUMED I N T H E T E X T 

T h e S y s t e m a t i c S h i f t i n t h e V a l u e o f X w h i c h R e s u l t s f r o m U s i n g A r 

N o m i n a l Beam E n e r g y . 

L e t ( k , k ) b e t h e f o u r - m o m e n t u m o f t h e i n t e r a c t i n g p h o t o n i n t h e 

l a b o r a t o r y f r a m e 
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ABSTRACT 

Current 20 GeV/c photoproduction experiments at the SLAC Hybrid Facility 
require a decision to take a picture within 150-300 us after the beam pulse. 
A charged track trigger is provided by a 168/E processor which finds tracks in 
a downstream PWC system. To meet trigger time requirements the 168/E SNOOP 
module CAMAC interface is augmented by a CAMAC Auxiliary Controller and dedi-
cated 1/0 cards in the 168/E chassis. Between beam pulses a floating point 
Fortran program executing on a 168/E monitors data acquisition. Experience 
with software development and application are reviewed. 

1. INTRODUCTION 

The current SLAC Hybrid Facility (SHF) experiment studies photoproduction at 20 GeV/c 
using a backscattered laser beam.*^ Electronic detectors downstream of the 40" bubble 
chamber include eleven proportional wire chambers, two multi-cell atmospheric Cerenkov 
counters and a large neutral detector using lead glass blocks. To make this experiment 
practical as regards the quantity of film involved, data from these external detectors is 
used on-line to determine if a picture should be taken and enhance the ratio of pictures 
with hadronic production. Previous SHF experiments used assembly language algorithms 
executing on the host computer for picture selection. For this experiment a system of 

2) 
168/E processors was developed to provide more efficient and flexible support for on-line 
picture algorithms. 

The main components of the SHF 168/E system are shown in Fig. 1. The host computer is 
a Data General NOVA 4/X running under RDOS with 256K bytes of memory and 20M bytes of disk 
space. The NC023C controllers in each CAMAC crate are daisy chained together on the NOVA 
1/0 bus. The 168/E processors perform as slaves to the host computer which controls them 

3) 
via a SNOOP module CAMAC interface. A 50 wire flat cable connects an interface card in 
each 168/E crate to SNOOP modules in the CAMAC crates. Processors //0 and ill can be accessed 
by SNOOP modules in either crate 25 g or 26g while 168/E CPU #2 is only connected to CAMAC 
crate 2 7 g . Using CAMAC programmed 1/0 to a SNOOP module, a program on the host computer 
can download a 168/E program, set the program counter, start/stop the processor, read 
results in 168/E memory, etc. SNOOP module CAMAC functions are described in Ref. 3. 

The SNOOP also provides a direct transfer from CAMAC to 168/E data memory by eaves-
dropping on input from other CAMAC modules in the same crate. For example, a transfer from 
BADC^ to 168/E //0 requires the following sequence of operations: 

i) set interface address register(s) on target 168/E(s); 
ii) set interface device select register for target processor(s); 

* Work supported in part by the Department of Energy, contract DE-AC03-76SF00515 and by 
the U. K. Science Research Council. 
(Contributed to the Topical Conference on Application of Microprocessors to High Energy 
Physics Experiments, Geneva, Switzerland, May 4-6, 1981.) 
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Fig. I. Organization of the 168/E and CAMAC system 
at the SLAC Hybrid Facility. 

iii) enable Listen Mode on SNOOP in crate 26g; 
iv) read BADC in single instruction or DMA mode; 
v} disable Listen Mode, clear device select register and proceed 

with data transfer complete. 
"Listen Mode" eliminates the overhead of first transferring data to the NOVA and then 
writing it back to 168/E memory. For SHF real-time applications the 168/E programs are 
stable (no overlays) and fast data transfer is only required for trigger algorithms. With 
CAMAC the hardware components of the interface are independent of the type of host computer 
and as evident in Fig. 1, there is considerable flexibility in the arrangement of processors 
and CAMAC crates. 

Several key data acquisition modules in the 168/E-CAMAC system are shown in Fig. 1 
and the current hardware configuration on each processor is listed in Table I. We assume 
the reader is familiar with the basic concepts and capabilities of the 168/E processor. 
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Following descriptions will focus on SHF on-line applications and supplemental hardware 
developed to meet the severe time constraint of the camera trigger. 

TABLE I. 168/E Configuration 

CPU J? Function/Contents 

0 Full Algorithm and Fortran Monitor Program 
Interface to CAMAC Crates 25g and 26g 
Integer and Floating Point CPU 
Three Memory Boards (48K Bytes Data Memory) 

1 Hardware and Algorithm Development 
Interface to CAMAC crates 25g and 26g 
Integer CPU 
One Memory Board (16K Bytes Data Memory) 
Eight 'Channel PWC Digitizer Card 
Match Point Results Memory 
Camera Trigger Card 

2 Fast PWC Algorithm 
Interface to CAMAC Crate 27g 
Integer CPU 
One Memory Board (16K Bytes Data Memory) 
Camera Trigger Card 

2. ON-LINE SOFTWARE SUPPORT 

Programs for execution on the 168/E are written in IBM Fortran and/or assembly language 
and normally debugged and tested off-line on an IBM 370/168. Compiler and assembler object 
modules are processed by a 168/E Translator which produces microcode for the processor. 
Card image program and data memory files produced by the Translator are transferred to the 
NOVA 4/X and saved on disk using a 9600 bpi WILBUR link. A Fortran callable subroutine 
(DPDOWN), written in NOVA assembly language, reads these disk files and loads 168/E program 
and data memory. After loading memory, DPDOWN reads 168/E memory, compares each halfword 
with the corresponding datum from disk and sets an error flag if any discrepancy is 
detected — any difference is a fatal error. This readback and compare is a vital step in 
loading 168/E memory. Errors can be produced by WYLBUR — NOVA transfer errors (each line 
includes a checksum), corrupt NOVA disk files, SNOOP.I/O errors and 168/E memory failures. 
However, as discussed belcrw, most errors result from legitimate contention for the CAMAC 
bus. Large blocks of constants, e.g., algorithm look-up tables, are maintained on NOVA 
disk files independent of Translator output and loaded into COMMON blocks in 168/E. data 
memory using a separate utility (DPXFER). 

The key program in development of this system has been the 168/E Editor (DPEDIT). 
With this interactive program executing on the NOVA 4/X, users can examine and control 
168/E processors from the main NOVA console. DPEDIT can display and modify 168/E memory 
with a word size of half, full or double and a base of decimal, octal or hex. The ability 
to examine processor memory in fullword format is particularly convenient since the NOVA 
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has a 16 bit word size and the SNOOP transfers data in halfwords. DPEDIT can also write/ 
read the 168/E program counter, start/stop processor execution, etc. With the exception 
of "Listen Mode", DPEDXT exercises all SNOOP interface functions required for data acquisi-
tion. Interface problems have usually been isolated using DPEDIT together with an oscillo-
scope on the interface flat cable or 168/E backplane. However, some problems .have required 
placing 168/E interface, CPU and memory cards on an open test bus rather than the closed 
168/E crate to allow easy access for test probes. 

Listen Mode data transfers are tested using a memory module in the CAMAC crate. The 
SNOOP module Listen Mode in Crate 26g (see Fig. 1) can be tested as follows: 

i) write a pattern into BADC memory; 
ii) set interface device select register for CPU #0, #1 or both; 

iii) enable Listen Mode and read BADC; 
iv) disable Listen Mode and read 168/E data memory to compare with 

original pattern. 
This type of test was important for system development but during the last nine months no 
errors have been observed. 

To test the 168/E processor itself we have developed the Integer, Floating Point and 
Memory diagnostics listed in Table II. These diagnostic programs are written in assembly 
language and test all IBM 370 instructions supported by the 168/E. The programs have a 
common structure with definition of each test specified by a few registers. If a diagnostic 
program executing on the 168/E detects an error, it follows a standard procedure which 
includes dumping all registers to data memory for user examination. Checking for successful 
execution of these diagnostics is essential whenever the processor configuration or hardware 
are modified, but during scheduled data acquisition we usually rely on infrequent off-line 

TABLE II. 168/E Diagnostics 

Name Instructions Tested 

INTTEST1 Branch, Integer Load and Store 
INTTEST2 Integer Arithmetic and Logical 
INTTEST3 Logical Shift 
INTTEST4 Arithmetic Shift 
FLTTEST1 Non-Arithmetic Floating Point 
FLTTEST2 Floating Point Arithmetic - Simple tests 
FLTTEST3 Floating Point Shift Matrix 
FLTTEST4 * - R*4 Floating Point Arithmetic 
FLTTEST5 * R*6 Floating Point Multiply/Divide 
FLTTEST6 * R*6 Floating Point Add/Subtract 
MEWIEST * Test any Window in Data Memory 
* Not executable on IBM 370/168. 

checks to confirm normal processor operation. Perhaps the most serious flaw in the entire 
diagnostic procedure is the 168/E processor's inability to test its own program memory in 
the normal crate configuration. However, we have only experienced one program memory 
failure in the last two years. 
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3. NOVA FOREGROUND/BACKGROUND OPERATION 

For SHF data acquisition the NOVA 4/X is run in a Foreground/Background mode. The 
Foreground program is written entirely in Data General-RDOS assembly language'and performs 
all time critical functions while a run is in progress. Table III lists the sequence of 
168/E related events which occur after the operating system responds to a CAMAC pre-beam 
interrupt and transfers control to the Foreground. Background tasks written mostly in 
Fortran perform functions which are not time critical and usually interactive, e.g., select 
a 168/E diagnostic. Background programs communicate with the Foreground via RDOS system 
calls which read/write to a communications array in the Foreground. The F/B communication 
array contains a set of control words for each 168/E processor, e.g., on/off flag, Initial 
value for program counter, data memory address for algorithm results, etc. These control 
words allow 168/E hardware or algorithm development and real-time tests while a run is in 
progress. About 2.5 ms after each beam pulse the Foreground reads a forty word summary of 
algorithm results from each active processor and saves this summary in the communication 
array where it can be examined by the user. 

TABLE III. Foreground 168/E Control 

Time (us) Activity 

- 2025 Pre-beam interrupt RDOS suspends Background task 
and executes Foreground 

- 1550* Start match point processor and execute algorithm on 
168/E CPU #1 

- 1425* Initialize algorithm on 168/E CPU #2 and Auxiliary 
Controller 

0 Beam Pulse (100 ns) 
+ 15 Z a digitizer finishes in Crate 27g and sets trigger 

level to start Auxiliary Controller 
+ 20 Zg digitizer finished —£ trigger Auxiliary Controller 
+ 33 Zy digitizer finished £ trigger Auxiliary Controller 

54 Auxiliary Controller starts algorithm on CPU #2 
120-300 High Resolution camera trigger 

620 DMA readout of Crate 25g complete ^ start algorithm 
on 168/E CPU #0 

2500 Read results from all 168/E algorithms 
3000 Main camera trigger 
9500 DMA readout of BADC complete with data transferred to 

CPU #0 
17000 Start monitor program on CPU #0 
38000 Foreground suspends itself and RDOS restores Background 

execution 
97975 Next Pre-beam interrupt 

* These activities may be delayed by -500 ys depending on the status of 
the background program at the time of the interrupt. 

The Background start-run task reads 168/E control words and program/data filenames 
from a card image disk file and loads processor memory. Another task provides menus of 
diagnostic programs and algorithms with each menu read from a card image file. By editing 
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these card image files, 168/E programs can usually be tested and added to production run 
procedures without modification to NOVA Foreground or Background programs. Since Background 
SNOOP I/O can always be interrupted by the Foreground, data transfer errors are inevitable. 
This happens infrequently for the size of programs used in this experiment and when a 168/E 
program load error is detected the procedure is simply restarted. 

Algorithm execution time is measured in micro-seconds- using a 168/E CAMAC clock module 
(see crate 27g in Fig. 1). Each interface board provides a TTL level which is true (high) 
when the processor is running. This level opens or closes a gate for clock pulses to a 
CAMAC scaler. On each beam pulse the Foreground reads the corresponding scaler sub-address 
for each active processor and saves this execution time in the F/B communication array. 
This clock module also has three LED's to indicate when each processor is running. Obser-
vation of the frequency and intensity of these LED's provides a convenient check for abnor-
mal processor behavior. 

4. TRIGGER ALGORITHM 

The standard SHF charged track trigger uses PWC's in the nonbend plane (Z) to search 
for straight-line trajectories originating from the bubble chamber fiducial volume. When 
a good trajectory is found, the corresponding coordinates in the bend plane (Y) of the BC 
field can be used to calculate the momentum. Experiment BC72/73 uses High Resolution Optics 
(HRO) to measure charm particle decay lengths and requires a decision to take a HRO picture 
within 150-300 us after the beam pulse — the main 40" BC camera still has a flash delay of 
3 ms. Digitization and NOVA readout of the three primary PWC stations (a,B,Y with Z,Y,U 
at each station) requires a minimum of 150 us and space point calculation on the 168/E 
takes a few hundred micro-seconds for normal multiplicities. So these procedures are too 
slow for the HRO trigger which was proposed after the 168/E system and SNOOP interface had 
been developed. 

To meet the HRO time constraint the current algorithm uses only Z-planes and an Auxili-
ary Controller provides a fast data transfer to the 168/E. The Auxiliary Controller 
executes CAMAC functions sequentially from its control memory with a cycle time of 1 us. 
It has a 1024 word control memory and a corresponding 1024 word data memory which contains 
input/output data for each control memory read/write. Control word format and the logical 
relationship of 168/E, controller and digitizer modules are shown in Fig. 2. CAMAC functions 
for NOVA I/O to the controller itself are listed in Table TV. 

At the start of each run the Auxiliary Controller is loaded with the sequence of func-
tions required to read Z a, Zg, Zy (8 hits and .multiplicity for each plane) and start 168/E 
CPU #2. Before each beam pulse the Foreground arms the Auxiliary Controller and then avoids 
I/O to crate 27g until the HRO trigger sequence is complete. The first control word to 
read each PWC plane has the corresponding trigger bit(s) set so the controller waits for 
the digitizer module to finish and set a TTL trigger level (True • Low). Since the SNOOP 
module is in Listen Mode, data read by the Auxiliary Controller is transferred to CPU #2. 
When the Controller has finished reading Z^, it disables Listen Mode and starts the pro-
cessor using SNOOP module CAMAC functions (see Ref. 3). As shown in Table III, this entire 
sequence is completed in 54 us. The NOVA 4/X would require -15 ys just to disable Listen 
Mode and start the 168/E while the Auxiliary Controller executes this sequence in 3 us. 
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Aux Control Word 
TF1 I I I 1 ; 

X X X TRIG | H | X | F i N I A LUL ! I I ! I 
2 2 2 I I I 1 9 5 4 I 
4 1 0 7 6 4 0 

Bits 1 - 1 4 * C A M A C S u b - A d d r e s s , Stat ion # and 
Function 

Bit 16 * H A L T F lag ( * l to hal t execution) 

Bits 1 7 - 2 0 * T r i g g e r Address 

Bit 21 * Trigger Enable ( > l to enable) .o»>*i 

TABLE IV. Auxiliary Controller Functions 

Fig. 2. Relationship of CAMAC 
Auxiliary Controller, PWC and 
SNOOP modules and control word 
format. 

F A Description 

0 0 Read Data Memory at SI and Increment 
Address Register at S2 

0 1 Read Control Memory and Increment Address 
0 2 Read Address Register 
1 0 Read Data Memory 
1 1 Read Control Memory 
8 0 . Test Done Flag (LAM if Enabled) 
16 0 Write Data Memory and Increment Address 
16 1 Write Control Memory and Increment Address 
17 0 Write Data Memory 
17 1 Write Control Memory 
17 2 Write Address Register 
24 0 Disable LAM 
25 0 STOP Execution and Clear LAM 
26 0 Enable LAM 
27 0 Start Control Memory Execution 
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A flowchart of the algorithm on CPU 02 and profile of the bubble chamber and Z-planes 
are shown in Fig. 3. The algorithm is written in IBM assembly language and uses look-up 
tables rather than a calculation of allowed regions for maximum speed. A single 168/E 
memory board is quite sufficient for this program. PWC data and algorithm results are 
saved in a COMMON Block located at a fixed address by the 168/E Translator. Consequently 
algorithm modifications seldom require changes in on-line constants.which provide 168/E 
data addresses for the NOVA Foreground. • 

( P W C A L G O R I T H M ) 
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Fig. 3. Flowchart and BC/PWC XZ-profile for algorithm to find 
straight-line trajectories. 

When a good trajectory is found the algorithm generates the HRO trigger by writing to 
a camera trigger card in the 168/E crate. This is a simple card with a few gate circuits 
to define two high data memory addresses. An access to these addresses sets or clears an 
external TTL level which provides the camera trigger. The algorithm can access this pseudo-
memory card in 300 ns while the NOVA A/X would need -17 ys to poll the processor and set a 
CAMAC register when a trigger is detected. 

CPU 02 algorithm execution time is shown in Fig. A — this distribution does not include 
Auxiliary Controller data transfer time. This algorithm usually executes in less than 1A0 
ys and the fraction of triggers arriving too late for the HRO camera is insignificant. The 
PWC algorithm triggers on -66% of (Yp) and A2% of pictures taken with this algorithm 
have hadronic production in the bubble chamber. (A logical OR of the PWC algorithm and a 
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dynode sum of energy deposited in the lead glass 
detector provides a trigger on ~90% of q . ) On the 
168/E the algorithm runs ~2.4 times slower than on 
the IBM 370/168. Performance checks made by running 
the same algorithm and data off-line show no on-line 
processor errors since the start of production 
operation in July, 1980. 

5. 168/E MONITOR PROGRAM 

A Fortran program executing on 168/E CPU 00 
monitors SHF data acquisition. Although NOVA Fore-
ground and Background provide many monitor facili-
ties, they each have limitations which are overcome 
with a dedicated processor. One is normally re-

luctant to modify the Foreground since it is vital for data acquisition and performance 
checks added to the Foreground decrease time available for Background execution. A Back-
ground program can only sample beam pulses and must be designed to be interrupted and 
replaced by another task while a run is in progress. The 168/E can monitor every beam 
pulse and the nonlnteractive Fortran program is easy to modify. Development/debugging are 
done on an IBM 370/168 and the same program can be used for both on-line and off-line 
applications without modification. 

Currently the 168/E monitors data for three detectors—PWC, Cerenkov counters and 
Lead Glass. Statistics collected for each detector are listed in Table V. A subroutine 
which finds all charged tracks in the PWC system is used to calculate PWC efficiencies and 
Cerenkov counter performance. Monitor program execution time is 30-40 ms for normal PWC 
multiplicities so there is ample time available to support new routines and check other 
detectors (current pulse rate is 10 Hz). 

TABLE V. Monitor Program Summary Data 

A. PWC 
1. Illegal wire data, e.g., zero or negative wire 0's, wire 0 

disorder, etc. 
2. Chamber multiplicities. 
3. Chamber efficiencies. 
4. Momentum and BC vertex distribution for PWC tracks. 

B. Cerenkov 
1. Cell 0 and multiplicity. 
2. Average pulse height and pedestal for each cell. 
3. Momentum distribution for PWC tracks with signals above 

theshold" in and C2. 

C. Lead Glass Columns 
1. Pulse height distribution in active converter and absorber. 
2. Pedestals for lead glass blocks, reference counters and 

hodoscopes. 
3. Average LED pulse heights for lead glass blocks and reference 

counters. 

Fig. 4. PWC algorithm execution 
time on the 168/E. 
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The program on CPU it0 and related Foreground control logic include support for a 
trigger algorithm. The 168/E MAIN program calls an assembly language algorithm and the 
monitor in the following sequence: 

i) Foreground starts MAIN which calls the algorithm; 
ii) algorithm finishes and executes a HALT instruction to stop the 

processor; 
iii) Foreground reads algorithm results; 
iv) lead glass data (not required by the algorithm) is transferred 

to CPU #0; 
v) Foreground restarts the 168/E at instruction following HALT and 

algorithm returns to MAIN which calls monitor. 
As indicated in Table III, the monitor program is executed after all trigger related Fore-
ground functions and CAMAC data transfers are complete. All monitor input/output data and 
control variables are saved in COMMON blocks. The Foreground sets a single control flag 
which directs the monitor to initialize itself, collect data or produce a summary. At the 
end of each run a Background program reads this summary, saves it on disk and prints the 
results. 

6. 168/E DIGITIZER CARD 

Although the Auxiliary Controller provides satisfactory support for the algorithm 
using three Z-planes, data transfer time would become excessive for a trigger using all 
nine primary chambers. There is also a fourth station (6) with Y- and Z-planes downstream 
of y. Data transfer overhead is eliminated completely by placing the PWC digitizer in the 
168/E crate where results are available as read only data memory. 

The 168/E digitizer^ with logic for one channel is shown in Fig. 5 — each card has 
eight identical channels. Before a digitizing sequence can begin a "Clear" pulse, usually 
generated externally but optionally from the 168/E, resets the Wire Address and Word 
Counters. Signals from PWC wires set corresponding bits in a shift register which, when 
shifted by "Clock" pulses, are presented as "Data" signals to the digitizer together with 
"Clock" pulses. The "Clock" signal increments a Wire Address Counter which contains the 
wire it. If a "Data" pulse also arrives indicating a wire has been hit, the contents of 
the Wire Address Counter are loaded into memory for that channel. "Clear", "Clock" and 
"Data" signals are input through BNC connectors added to the front panel of the 168/E crate. 

The loading sequence increments a Word Count register which also acts as an address 
register for channel memory. Each channel can hold sixteen 12-bit wire numbers in sequen-
tial locations and input which exceeds this limit is lost. The eight channels operate in 
parallel and the digitization sequence ends when the Wire Address Counter reaches its 
(selectable) terminal count and sets the "Ready" flag. The 168/E algorithm is started 
before the beam pulse so it can interrogate the "Ready" flag and proceed as soon as data 
is available. 

To read the digitizer, Data Address signals from the 168/E bus are multiplexed onto 
channel memory address inputs as shown in Fig. 5. Channel memory data are read through a 
block of 128 (8*16) addresses followed by address space for eight word counts. The base 
address is selectable by switch settings — it is currently memory card it3 with address 
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"Clear" OP "Clear" IP "Clock'lP "Dotan'IP 

Fig. 5. Block diagram of 168/E PWC digitizer card. 

DCOO^g for channel wire numbers and DEOOjg for multiplicities. Wire numbers are read onto 
Data Data lines 0-11 and multiplicities normally go to 168/E Data Data lines 0-3. In 
addition to this normal access mode, a switch option allows word counts to be included with 
wire numbers on Data Data lines 12-15. "Ready" flag and "Clear" pulse share a common 
address (FCOO^g) which can also be selected by switches.. A read to this address returns 
the "Ready" flag on Data Data line 15 (1 • ready). A write to this address generates "Clear" 
and reset pulses. 

Development of the Digitizer card was completed recently, and it is currently opera-
tional on 168/E CPU 01. The production algorithm from CPU 02 has been modified to read the 
digitizer and is normally executed on every beam pulse. CPU 01 algorithm results are read 
by NOVA Foreground and saved on SHF data tapes for off-line analysis. 

7. MATCH POINT RESULTS MEMORY 

The Z,Y,U planes at each of the three PWC stations (a,B,y) form a 3-4-5 right triangle 
and "Space" or "Match Points" are defined by the relation: 

|3Z + 4Y - 5U - constant] s tolerance 

A hardware match point-finder (one for each PWC station) has been developed to make 
match point results available within the time constraint of the HRO trigger.^ After 
finding a straight-line trajectory in the Z-planes, the 168/E algorithm could use match 
point results to check for one or more confirmation hits in the Y-planes and calculate 
momentum. 
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The interface between the point-finder and 168/E is a Results Memory card in the 
168/E crate. The interface was designed to meet the following requirements: 

i) compatibility with existing 168/E systems; 
ii) results from each point-finder should be accessible as 

soon as it has finished; 
iii) the 168/E program should be able to check match point-

finder status; 
iv) the 168/E should be able to initialize each result's 

memory location. 
We considered the option of a multi-port memory permitting DMA transfers from several 
external sources. This would require logic to arbitrate contention between two or more 
ports including the 168/E CPU itself. This option fails requirement i) since 168/E data 
memory control logic would have to be modified to allow a temporary delay in execution of 
a memory access. 

A block diagram of Results Memory designed to meet the above requirements is shown in 
Fig. 6. Three separate memory units are write-only from each point-finder and read-only 
from the 168/E. Match points for a PWC station are transferred to the corresponding memory 
unit over a 50-wire flat cable (one cable from each point-finder). Each memory unit has 
two blocks, P and R, and each block has sixteen halfwords, permitting a maximum of sixteen 
matched (P,R) coordinate pairs per station. If coordinate pairs are transferred they would 
be loaded into sequential locations in memory with 3*Z in P and 4*Y in the R block. The a 
point-finder currently transfers 4*Y to a location in P with address set by the corres-
ponding Z hit. 

The memory chip used, 74S289, has the advantage for this application of separate 
data-in and data-out lines. However, to avoid the possibility of putting spurious signals 
on the 168/E data bus when the point-finder writes to memory, the output lines are buffered 
by 25LS240 bus drivers. These 3-state outputs are only enabled when a 168/E access is 

INPUT FROM a POINT F INDER 

D = 3 - S l o t e Bus drivers. Write Address Doto Status SF°om 

4 S' 168 '£ BLS 
Fig. 6. Block diagram of 168/E Results Memory card. 
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decoded. To make this pseudo-memory compatible with 168/E logic the memory access time 
plus propagation delay of the bus drivers must be less than or equal to that of normal 
168/E memory which is ~55 ns. The 168/E PWC digitizer uses the same type of memory and 
bus drivers. 

Results memory is currently memory card #2 on CPU H with a base address of 9C00^g. 
Memory-to-Register load instructions are used for both control and data input with eight 
functions decoded from data address lines 6-8 as shown in Fig. 6. Memory unit addresses 
are multiplexed with the address from each point-finder normally selected. For read func-
tions 0-3 the multiplexor is switched to select P,R memory locations from 168/E data address 
lines 2-5. Data from a selected memory unit is placed on the least significant half of the 
168/E data memory bus (DD0-DD15) and the upper halfword is logic zero. 

To avoid possible interference with point-finder input, a 168/E program should not 
attempt to read a,0 or y memory units until the corresponding data transfer is complete. 
The status word with ERROR and DONE bits for each point-finder can be read at any time 
(function • 6): 

y Y e 8 a a 

Not Used D E D E D E 
31 4 2 0 

Results Memory Status Word 

ERROR bits are set to one and DONE bits to zero when the point-finders are initialized. 
Each point-finder clears its ERROR bit when the first match point is transferred and sets 
the DONE bit when processing is finished. 

The seventh function, Initialization, sets a logic one in bit 15 of the addressed word 
(DA2-DA5) in all six memory blocks. The algorithm on CPU #1 is started before the beam 
pulse and initializes all memory blocks by reading the sixteen words with data address bits 
6-8 set to one for function seven. The algorithm polls the status word to determine when 
match point data is available and could use bit 15 in each results memory location as a 
flag for valid data. The a match point-finder is operational and Results Memory has been 
read by a 168/E algorithm, saved on NOVA run tapes and verified off-line. 

8. SUMMARY 

The 168/E processor has been versatile and stable in the SHF on-line operating environ-
ment. Program development and hardware tests can be done with minimal dedicated time on the 
NOVA host computer. Most algorithm development and testing is done off-line on an IBM 370 
and most Results Memory tests were made during production runs. The PWC Digitizer and 
Results Memory cards provide fast 168/E data input, however, they also require algorithms 
which cannot be completely tested off-line. Diagnostic procedures for these cards would be 
more robust if their design allowed the 168/E to write any valid pattern to Results Memory 
and execute production algorithms using this test data. Results Memory is a convenient 
approach to special 168/E I/O since design only requires familiarity with the processor 
bus and timing. 
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Eleven neutral and nine charged decays of charmed particles 

have been observed in a sample of 205000 hadronic interactions in 

a 1.2 million picture exposure of the SLAC hybrid facility to a 

20 GeV/c backward scattered laser beam. The charged, and neutral 

lifetimes were determined to be 8.2 t 2:3 x 1 0 " 1 3 

sec and 
•6.7 t, x lO7^3 sec, respectively, with a ratio of 1.2 « 0*5* ' 

PACS numbers 14.40.Pe, 13.25. + m. 

The lifetimes of charged and neutral charmed particles have been the 

subject of recent experimental and theoretical interest*>2. in this letter, 

we present new measurements of these lifetimes. 

The experiment was performed at the SLAC Hybrid Facility with a 

backward scattered laser beam incident on the 1 m hydrogen bubble chamber 

operated at 10 Hz. The beam was 3 mm in diameter, peaked at 20 GeV with a 

FWHM of 2 GeV, a-id usually contained 25 photons per pulse. FoLlowing the bubble 

chamber were four sets of multiwire proportional chambers (MWPC's), two 
3 

atmospheric pressure Cerenkov counters, and a lead-glass wall . All the 

downstream detectors were deadened in the region containing the e +e" pairs 

from beam conversions. 

In order to detect charm decays near the interaction vertex, a fourth 

camera having a resolution of 55 microns over a depth of ±6 mm, was used. 

The bubble chamber was operated at an elevated temperature and the flash 

lamps were triggered 200 microseconds after the beam passage. This resulted 

in 70 bubbles/cm of 55 micron diameter. 

The cameras were triggered on either of two conditions. The first condition 

was the passage through three MWPC stations of any charged particle originating 
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in the fiducial volume of the bubble chamber. The required calculation was 

performed within the 200 ysec time limit by a 168/E processor^. The second 
3 

trigger condition was based on the energy deposited in the lead-glass wall . 

With this combination, we triggered on 90 percent of the total hadronic 

cross section with a yield of 1 event per 6 photographs. Monte Carlo studies 

indicate that approximately 80 percent of the charm cross section is included 

by the trigger. 

The results presented here are based on 1. 2 x 106 pictures containing 

approximately 205000 hadronic interactions. All hadronic events were closely 

examined for the decays of short-lived particles within 1 cm of the interaction 

vertex. In order for an event to be considered a charm candidate, either the 

decay point had to be visible or the backward projection of one of the tracks 

in the event had to miss the production vertex (the impact distance) by at least 

one track* width. Only decays having two or more charged tracks were considered. 

Decays- consistent with strange particle hypotheses were eliminated. Twenty-nine 

events remained with one or two visible charm particle decays. Three cuts were 

imposed on these events: 

CI. An impact distance greater than 110 urn (2 track widths) 

was required for at least one track in each event to ensure 

high efficiency for finding charged and neutral decays (see 

d m a x in Figure 1). 

C2. A minimum impact distance cut of 40 pm was imposed on a second 

track from the same decay vertex to eliminate 1-prong decays, 

which happen to be superimposed on other tracks (see d2 in Figure 1). 

C3. A minimum decay length cut of 500 vim was imposed to allow a clean 

separation of the charged and neutral decays. 



After imposing these cuts, 21 events remained; 14 had a single visible 

decay and 7 had two, where the second decay needed only to have one track 

with an impact distance greater than 40 um. 

A total of 23 decays satisfied all three conditions. These included 

11 neutral (7. two-prongs and 4 four-prongs), 4 positive (all three-prongs, 

but one with an additional Dalitz pair), 5 negative (all three-prongs), and 

3 charged/neutral ambiguous decays. Three of the neutral and 5 of the charged 

decays are compatible with Cabibbo-allowed D decays with no missing neutral 

particles; the rest are compatible if a missing tt°, or v is assumed. In 

most cases, not all charged tracks are identified. Thus, for most D± candidates, 

the F* hypothesis cannot be excluded, and for two candidates, A* is also possible 

Despite the lack of complete neutral particle detection, it has often been 

possible, because of the relatively low beam energy, to obtain good limits 'on 

the momentum used for the flight time determination. 

For each of the 23 accepted decays, an effective length (Leff) was 

calculated. This is defined as the actual distance (L) travelled by the 

particle, minus the length from the production vertex to the first point along 

its path where its decay would have satisfied all three acceptance conditions 

(CI, C2, C3). Note that this first detection point is uncorrelated with the 

decay distance. Thus, is the path length over which a charmed particle 

would have been accepted as such, and it provides an unbiased means for 

calculating the lifetime. When the momentum, P, of each of N charmed particles 

of mass M is known, then the mean lifetime is given by: 

T . I ? ( 2 ) 
T N . . ^ P c J i ' 1=1 

This method (Method I) allows us to* use only 5 charged and 3 neutral decays. 
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In order to use all the events, several other methods for estimating 

the lifetimes were also employed. One of these (Method II) used upper 

(P ) and lower (P„,,0 limits on the momentum P determined on an event by max m m ' 
event basis to calculate an average lifetime 

<T > - L 7 ^eff.M < T e f f > 3 N ^ F ^ T i«l 

where Pf is an estimate of the real momentum. 

P* 2 P P • c max m m 

Monte Carlo studies suggest that <Te££> is good estimator of the lifetime with 

the value of K in the range 0.85 to 1.0. 

Other methods involved generating Monte Carlo events with the same cuts 

as applied to the data. The lifetime dependences of the means of various 

distributions were calculated. The means of the corresponding experimental 

distributions were then used to determine the lifetimes. The distributions 

chosen were the maximum projected impact distance d111^ (Method III), the 

projected total length L (Method IV), and the projected effective length L f^ 

(Method V). The lifetime as determined from different charm production 

models differs by less than 20 pefcent. 

. . . . max — 

Figure 2 gives the experimental distributions of L, L f^, d and ? e f f 

In comparing the charged and neutral decays, note the similarities in the 

distributions and their mean values. The momentum distributions were also 

similar. The distributions of the ambiguous decays are compatible with both 

the charged and neutral distributions. 
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Table I gives the values of the lifetimes obtained by each of the 

methods described above. It can be seen from this table that all methods 

give consistent results. We have combined the parameters of Methods II, III, 

IV and V in a. maximum likelihood determination of the lifetime,, where these 

parameters (Teff, d , L, l>eff) are compared on an event by event basis to the 

Monte Carlo. From this we obtain: 

T ± = (8.2 t x 10"13 sec, 

T° - (6.7 1 l:5Q) x 10~13 sec, and 

_ T 9 + 0.9 
T /T = 1.2 _ Q„5 

The errors are dominated by statistics but include also systematic effects. 

The results are insensitive to reasonable changes in the values of the cuts 

CI, C2, C3. The curves on Figure 2 represent the distributions expected for 

these lifetimes. One neutral four-prong decay is worthy of mention because 

it has the invariant mass.of a D° without missing neutral particles and has 
— 13 

an effective, proper flight time of 21.8 x 10 sec. 

In conclusion, we have examined the decays of 11 neutral and 9 charged 

charmed particles photoproduced in a high-resolution bubble chamber. 

Backgrounds from all sources are small compared to 1 event. The charged 
± 

lifetime obtained is compatible with previous measurements of D lifetimes; 

however,.the neutral lifetime is significantly longer than has been found in 

previous experiments1, and leads to a charged t.o neutral lifetime ratio 

consistent with unity. 
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TABLE I . L i f e t i m e s o f c h a r g e d a n d n e u t r a l c h a r m e d 

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

m e t h o d s e x p l a i n e d i n t h e t e s t . 

Method 
Charged 
lifetime 
(10"13s) 

Neutral 
lifetime 
(10"13s) 

Charged 
Neutral 

I. <L e f f> 
constrained 8 2 + 6 • 5 - 2.5 

q A +12.0 9 ' 4 - 4.0 0.9 
decays (5 decays) (3 decays) 

II. 7.6 6.4 1.1 

III. <d m a x> 9.6 7.4 1.3 

IV. <L> 8.4 6.8 1.3 

V. < Leff > 8.1 6.7 1.2 
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F i g u r e C a p t i o n s 

F i g u r e 1 A n e v e n t s h o w i n g t h e d e c a y o f a p o s i t i v e c h a r m e d p a r t i c l e i n t o 

3 charged tracks after 0.86 mm and the decay of a neutral charmed 

particle after 1.8 mm. Both decays contain missing neutrals and 

cannot come from strange particles. The quantities d11133* and d£» 

the largest and second largest impact distances for the 3-prong decay 

are indicated. 

Figure 2 Distributions of L, d m x and The curves are from Monte 

Carlo calculations using the charged and neutral lifetimes given in 

the text, normalised to the number of decays. 
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