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1 . In tro d u c tio n  

P o la r iza t ion  e ffects a n d  sp i n  co r re la t i ons  o fte n  p r ov i d e  th e  m o s t sens i t ive tests 

o f th e  unde r l y i n g  st ructure a n d  dynam ics  o f h a d r o n s . T h e  bas ic  m e a s u r e s  o f th e  

sp i n  st ructure o f th e  p r o to n  a r e  its m a g n e tic m o m e n t, wh i ch  g ives  a  g l o ba l  m e a s u r e  

o f th e  q u a r k  sp i n  c o n te n t o f th e  p r o to n , a n d  th e  s p i n - d e p e n d e n t s t ructure fu n c tio n s , 

:~ h ich reg is te r  th e  loca l  d is t r ibu t ion o f th e  q u a r k  hel ic i ty cu r ren ts  as  a  fu n c tio n  o f 

the i r  l i gh t -cone  m o m e n tu m  f ract ion x [l]. T h e  S L A C - Y a l e  a n d  E M C  m e a s u r e m e n ts 

s h ow  a  s t r ong  pos i t ive hel ic i ty co r re l a t i on  b e tween  th e  hel ic i ty o f th e  u -  a n d  u  

qua r ks  wi th th a t o f th e  p r o to n ; th e  hel ic i ty o f th e  d -  a n d  s - qua r k  a n d  a n tiq ua r ks  

a r e  n e g a tive ly  co r re la ted .  M o s t r emarkab l y ,  th e  n e t co r re l a t i on  o f th e  q u a r k  p l us  

a n tiq u a r k  hel ic i ty wi th th a t o f th e  p r o to n  A q  is cons is tent  wi th ze ro .  S i nce  th e  . ..~  -  
@ a l  sp i n  p ro j ec t i on  3  A q  +  A g  +  L , =  3 , th e r e  m u s t b e  a  s ign i f icant  f ract ion 

-  -. 
o f Fock  sta tes  i n  th e  p r o to n  c o n ta i n i n g  g l u o ns , a n d  th e r e  m u s t b e  a  n o n - tr ivial 

. . 

co r re l a t i on  o f th e  g l u o n  hel ic i ty wi th th a t o f th e  p r o to n . 

A lth o u g h  th e  n e t co r re l a t i on  o f th e  q u a r k  hel ic i ty wi th th e  p r o to n  hel ic i ty i n  

inc lus ive reac t i ons  is smal l ,  th e  sp i n  co r re la t i ons  o f l a r g e  a n g l e  e last ic p p  scat-  

te r j n g  n e ve r the l ess  d isp lay  a  d r a m a tic s t ructure a t th e  h i g h es t m e a s u r e d  e ne r g i e s  

& i -  5  G e V  [2 ]. T h  e s e  m e a s u r e m e n ts a r e  i n  s t r ong  c o n flict wi th th e  e xpec ta tio n s  

o f p e r tu r b a tive  Q C D  wh i ch  p red ic ts  a  s m o o th  p owe r - l aw  fal l -off fo r  exc lus ive h e -  

licity a m p litu d e  wi th i nc r eas i ng  m o m e n tu m  t ransfe r  [3 ]. T h e  s t r ong  po la r i za t i on  

co r re la t i ons  o b se r v e d  i n  p p  scat te r ing a r e  c lear ly  o f fu n d a m e n ta l  interest,  s ince  th e  

m ic roscop ic  Q C D  mechan i sms  th a t u nde r l i e  th e  sp i n  co r re la t i ons  b e tween  th e  i n -  

c iden t  a n d  fin a l  h a d r o n s  m u s t i nvo lve  th e  c o h e r e n t t ransfe r  o f hel ic i ty i n fo rmat i on  . .- _ .- .L  
t R + o u g h  the i r  c o m m o n  q ua r k  a n d  g l u o n  const i tuents.  T h e  imp l ica t ions o f th e  sp i n  

co r re l a t i on  m e a s u r e m e n ts wi l l  b e  d i scussed  i n  sect ions 5  a n d  6 . 
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In this talk I shall emphasize a basic but non-trivial prediction of the gauge cou- 

plings of PQCD, “hadron helicity retention”: a projectile hadron tends to transfer 

its heiicity to its leading particle fragments. A particularly interesting consequence 

is the prediction that the J/lc, and th e continuum lepton pairs produced in pion- 

nucleus collisions will be longitudinally polarized at large XF. Helicity retention 

also provides important constraints on the shape of the gluon and quark helicity 
; -- 

distributions. In the large XF domain, with Q2(1 - x) fixed, leading twist and _. 

multi-parton higher twist processes can be of equal importance [4]. In the case 

of large momentum transfer exclusive reactions, the underlying chiral structure of 

perturbative QCD predicts that sum of hadron helicities in the initial state must 

. . 

equal that of the final state [5]. Although hadron helicity conservation appears to 

be-empirically satisfied in most reactions, the most interesting cases are its dra- 
.Y 

matic failures such as the large branching ratio for J/$+pr. I will discuss these 

predictions and their experimental tests in section 7. 

Although most of the topics discussed in this talk are concerned with quark 

or gluon helicity, there are also interesting linear polarization predicted by the 

theory, such- as in T decays, or in the planar correlations of four-jet events in e+e- 

annihilation. In addition, the oblateness [6] of a gluon jet can be used to determine 

its axis of linear polarization. 



- -  
G  

2 . T h e  M a g n e tic M o m e n t o f Had r o n s  i n  Q C D  

M u c h  o f o u r  u n d e r s ta n d i n g  o f th e  hel ic i ty s t ructure o f h a d r o n s  c omes  f r om 

r i g o r ous  constra ints,  such  as  th e  B j o r ken  S u m  Ru l e  fo r  th e  i n teg ra l  o f th e  sp i n  

d e p e n d e n t s t ructure fu n c tio n s , a n d  th e  D r e l l -Hea r n -Ge r as imov  s u m  ru le ,  wh i ch  

re la tes  th e  a n o m a l o u s  m a g n e tic m o m e n t o f a  compos i t e  system to  a n  i n teg ra l  o ve r  

;*th e  p h o to a b s o r p tio n  c ross sect ion.  In  fact Bu r k e r t a n d  Io ffe  [7 ] h a v e  s h o w n  th a t 

th e  D H G  a n d  B j o r ken  s u m  ru l es  c a n  b e  r e g a r d e d  as  l ow  a n d  h i g h  Q 2  lim its o f th e  

. . s a m e  s u m  ru le .  

O n e  o f th e  m o s t in te res t ing  c o n sequences  o f th e  D H G  s u m  r u l e  occu rs  if w e  

ta k e  a  p o i n t- l ike lim it such  th a t th e  th r e sho l d  fo r  ine last ic exc i ta t ion b e c o m e s  

inf in i te wh i l e  th e  mass  o f th e  system is k e p t fin i te. S i nce  th e  i n teg ra l  o ve r  th e  . 

p _ h o to a b s o r p tio n  c ross sect ion  van i shes  i n  th is  lim it, th e  D H G  s u m  r u l e  imp l i es  th a t 
-  -. 

th e  a n o m a l o u s  m o m e n t m u s t a l so  van ish .  Thus  i n  th e  p o i n t- l ike lim it, th e  m a g n e tic 

m o m e n t o f a  sp in -ha l f  system m u s t a p p r o a c h  th e  D i rac  va l u e  p + p D  =  e /2 M  u p  

to  st ructure co r rec t ions  o f o r d e r  M /A , [o r  ( M /A ) 2  if th e  unde r l y i n g  th e o r y  is 

ch i ra l ]  [8 ]. H ’ll 1  e r  a n d  I h a v e  r e c en tly d e r i v ed  a  gene ra l i za t i on  o f th e  D H G  s u m  r u l e  

fo r  s p i n - o ne  compos i t e  systems. In  th e  p o i n t- l ike lim it, b o th  th e  m a g n e tic m o m e n t 

‘: a n d  q u a d r u p o l e  m o m e n t o f a n y  s p i n - o ne  system m u s t a p p r o a c h  th e  canon i ca l  va l ues  

p r ed i c t ed  by  e l ec t r oweak - theo ry  fo r  th e  W  [9 ]. 

T h e  D re l l -Hea r n  s u m  r u l e  a l so  h a s  impo r ta n t c o n sequences  fo r  th e  c o m p u ta -  

tio n  o f th e  m a g n e tic m o m e n ts o f b a r y ons  i n  & C D . M a g n e tic m o m e n ts a r e  o fte n  

c o m p u te d  us i n g  th e  q u a r k  m o d e l fo r m u l a  I; =  ‘&  /ii . Th is  fo r m u l a  is cor rect  i n  

th e  case  o f a to m s  w h e r e  th e  mass  o f th e  nuc l eus  c a n  b e  ta k e n  as  inf in i te. Howeve r , 

& & n e fi~  m o m e n t a d d i tivity c a n n o t b e  cor rect  i n  g e n e r a l : th e  D H G  s u m  r u l e  shows  -  

th a t i n  th e  lim it o f s t r ong  b i n d i n g  w h e r e  th e  const i tuents b e c o m e  very  mass ive  a n d  

4  
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L  

th e - h a d r o n  b e c o m e s  p o i n t- l ike, its m a g n e tic m o m e n t m u s t e q u a l  th e  D i rac  va lue ,  

n o t z e r o  as  p r ed i c t ed  by  q u a r k  m o m e n t a d d i tivity. T h e  fla w  i n  th e  c o n ven tio n a l  

q u a r k  m o d e l fo r m u l a  is th a t it d o e s  n o t ta k e  in to  a c c oun t th e  fact th a t th e  m o -  

m e n t o f a  system H  is d e r i v ed  f r om th e  e l ec t ron  scat te r ing a m p litu d e  e H + e ’H ’ 

a t n o n - z e r o  m o m e n tu m  t ransfe r  Q . T h e  D i rac  va l u e  i n  th e  p o i n t- l ike lim it actua l ly  

a r i ses  f r om th e  W i gne r  b o o s t o f th e  wave fu n c tio n  f r om p  to  p  +  Q . A  d e ta i l e d  
; - -  

. . 

d i scuss ion  o f th is  a n d  th e  resu l t i ng  relat ivist ic co r rec t ions  to  th e  m o m e n t a r e  g i v en  _ . 

R e f. [lo ]. O n  th e  o th e r  h a n d , th e  ove r l a p  o f l i gh t -cone  Fock  wave fu n c tio n s  d o e s  

p r ov i d e  a  g e n e r a l  m e th o d  fo r  th e  e va l u a tio n  o f h a d r o n i c  m a g n e tic m o m e n ts a n d  

fo r m  facto rs  [S ]. 

. . _ . ~  -  3 . T h e  G l u o n  H e licity D istrib u tio n  
.e  - -  

O n e  o f .th e  m o s t in te res t ing  q u e s tio n s  i n  Q C D  sp i n  phys ics is th e  d is t r ibu t ion 

o f g l u o n  po la r i za t i on  i n  th e  p r o to n . T h e  g l u o n  d is t r ibu t ion o f a  h a d r o n  is u su -  

a l ly a s s u m e d  to  b e  r a d i a tive ly  g e n e r a te d  f r om th e  Q C D  evo lu t i on  o f th e  q u a r k  

st ructure fu n c tio n s  b e g i n n i n g  a t a n  in i t ia l  sca le  Q i. T h e  evo lu t i on  is i n c o h e r e n t; 

i.e . e a c h  q u a r k  i n  th e  h a d r o n  r a d i a tes  g l u o ns  i n d e p e n d e n tly. Howeve r , as  c a n  b e  

s e e n  i n  th e  l i gh t -cone  Ham i l t on i an  a p p r o a c h , th e  h i g h e r  Fock  c o m p o n e n ts o f a  

b o u n d  sta te  i n  Q C D  c on ta i n  g l u o ns  a t a n y  reso lu t i on  sca le.  Fu r th e r m o r e , th e  

e x c h a n g e  o f g l u o n  q u a n ta  b e tween  th e  b o u n d - s ta te  const i tuents p r ov i des  a n  in te r -  

ac t i on  p o te n tia l  w h o s e  e n e r g y - d e p e n d e n t p a r t g e n e r a tes  a  n o n - tr ivial n o n - a d d i tive  

c o n t r ibut ion to  th e  fu l l  g l u o n  d is t r ibu t ion G 9 ,~(x,  Q i). T h e  phys ics o f g l u o n  h e -  

licity d is t r ibut ions c lear ly  i nvo lves th e  n o n p e r tu r b a tive  st ructure o f th e  p r o to n . 
_  ..~  

& ? e r the less,  th  e r e  a r e  const ra in ts  wh i ch  w e  c a n  u s e  to  lim it th e  poss i b l e  fo r m  o f 
-  

th e  he l i c i ty -a l i gned  a n d  a n t i - a l i gned  g l u o n  d ist r ibut ions:  G + ( X )  =  G ,r,Nt(x) a n d  

5  
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G --W  =  G g l/N fW  W I: 
1 . In  o r d e r  to  i n su r e  posit ivity o f f r a gmen ta tio n  fu n c tio n s , th e  d is t r ibu t ion fu nc -  

tio n s  G ,/b  (z)  m u s t b e h a v e  as  a n  o d d  o r  e v e n  p o w e r  o f ( 1  -  x)  a t z -1  ac -  

c o r d i n g  to  th e  re la t ive sta tistics o f a  a n d  b  [1 2 ]. T hus  th e  g l u o n  d is t r ibu t ion 

o f a  n u c l e o n  m u s t h a v e  th e  b ehav i o r : G s,N(x) N  ( 1  -  x )2k  a t z -1  to  e n s u r e  

cor rect  c ross ing  to  th e  f r a gmen ta tio n  fu n c tio n  Del l .  

. . 2 . In  th e  x- - t1 lim it, a  g l u o n  const i tuent  o f th e  p r o to n  is fa r  o ff-shel l  a n d  th e  

l e a d i n g  b ehav i o r  i n  th e  h a d r o n  wave fu n c tio n s  is d o m ina t ed  by  p e r tu r b a -  

tive  Q C D  con t r ibut ions to  th e  in te rac t ion  ke rne l .  W e  th u s  m a y  u s e  th e  

m in ima l ly  c o n nec te d  t r e e - g r aphs  to  cha rac te r i ze  th e  th r e sho l d  d e p e n d e n c e  

..~  -  o f-th e  st ructure fu n c tio n s . W e  fin d  fo r  a  th r e e  q u a r k  p l us  o n e  g l u o n  Fock  

.- _  
-  sta te ,. lim ,,l G + ( + C ( l  -  z)  2 N q - 2  =  C( l  -  x )~.  T h e  g a u g e  th e o r y  cou -  

p l i ngs  o f g l u o ns  to  qua r ks  a l so  imp ly  lim ,,r G -(z)/G+ ( x ) + ( l  -  x )~.  T hus  

G -(x)  -  ( 1  -  x )6  a t x -  1 . Q C D  evo lu t i on  d o e s  n o t c h a n g e  th e s e  p owe r s  

app r ec i ab l y  s ince  th e  ava i l ab l e  p h a se - s p ace  fo r  s econda r y  g l u o n  e m iss ion is 

lim ite d  to  Ici <  ( 1  -  x)Q 2 . 

‘: 

. .,~  

3 . In  th e  l ow  x d o m a in  th e  qua r ks  i n  th e  h a d r o n  r a d i a te  g l u o ns  c o h e r e n tly. 

D e fin e  AG ( z )  =  G + ( x )  -G - ( z )  a n d  G (s)  =  G + ( x )  +  G -(z). O n e  th e n  fin d s  

th a t th e  a s y m m e try r a tio  AG ( z ) /G (z)  van i shes  l i nea r ly  wi th 2 . 

4 . In  a  sim p lest th r e e  q u a r k  p l us  o n e - g l u o n  Fock  sta te  m o d e l th e g e n e r a te d  g l u o n  

d is t r ibu t ion i n  th e  n u c l e o n  a t l ow  x h a s  th e  no rma l i za t i on  [ll] AG ( z ) /G (z)  =  

(x/3)  (l/y), w h e r e  y is th e  q u a r k  m o m e n tu m  f ract ion i n  th e  th r e e  q u a r k  

- & L -  - - -  .-- sta te . T h e  fac to r  o f l/3  is d u e  to  th e  fact th a t a l l  o f th e  qua r ks  c o n t r ibute -  

pos i t ive ly to  G (z), b  u  t a r e  p r o p o r tio n a l  to  th e  s i gn  o f the i r  hel ic i ty i n  AG ( z ) . 

6  
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If we assume equal quark momentum partition (l/y) = 3, then the above 

constraints are satisfied by the simple form [ll]: 

AG(z) = (N/z)[l - (1 - ~)~](l - x)~, 

G(x) = (N/z)[l + (1 - ~)~](l - x)~ . 

This gives AG/ (x9) = 77/72 = 1.07 for th ; -- e ratio of the gluon helicity to its 

momentum fraction in the nucleon. Since the gluon momentum fraction is - 0.5, 

. . we predict the total gluon helicity correlation AG = 0.54, which by itself saturates 

the proton spin sum rule. It is expected that these results should provide a good 

characterization of the gluon distribution at the resolution scale Qi N Mi. Clearly 

the model could be improved by taking into account higher Fock states and QCD 
. 

evolution. 
.- - - 

A-determination of the unpolarized gluon distribution of the proton at Q2 N 

2 GeV2 using direct photon and deep inelastic data has been given in Ref. [ 131. The 

best fit over the interval 0.05 2 z 2 0.75 assuming the form xG(z, Q2 = 2 GeV2) = 

A(1 - z)qg gives vs = 3.9 f 0.11(+0.8 - O.S), w h ere the errors in parenthesis allow 

for systematic uncertainties. This result is compatible with the prediction vs = 4 

for the gluon distribution at the bound-state scale, allowing for the small effects 

due to QCD evolution. 
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4 . Q u a rk H e licity D istrib u tio n s  a n d  H a d r o n  H e licity 

R e te n tio n  i n  Inc lus ive  R e a c tio n s  a t L a r g e  X F  

Cons i d e r  a  g e n e r a l  inc lus ive reac t i on  A B + C X  a t l a r g e  X F  w h e r e  th e  hel ic i t ies 

Xc  a n d  X A  a r e  m e a s u r e d . T o  b e  p rec ise ,  w e  sha l l  u s e  th e  b o o s t - invar iant  l i gh t -cone  

m o m e n tu m  f ract ion xc =  3  =  w . H a d  r o n  hel ic i ty r e te n tio n  imp l i es  th a t 
A  A  

;& h e  d i f fe rence  b e tween  Xc  a n d  X A  te n d s  to  a  m i n imum  a t xc+l.  H a d r o n  he l ic -  

ity r e te n tio n  fo l l ows f r om th e  hel ic i ty s t ructure o f th e  g a u g e  th e o r y  in teract ions,  

. . a n d  it is app l i c ab l e  to  h a d r o n s , qua rks ,  g l u o ns , lep tons,  o r  p h o to n s . Fo r  e x a m -  

p le ,  i n  Q E D  p h o to n  r a d i a tio n  i n  l e p t on  scat te r ing h a s  th e  we l l - k nown  d is t r ibu t ion 

d I? /dx  o (  [l +  ( 1  -  x)~]/x. T h e  first te r m  co r r e sponds  to  th e  case  w h e r e  th e  p h o to n  

hel ic i ty h a s  th e  s a m e  s i gn  as  th e  l ep t on  hel icity; o p pos i te  s i gn  hel ic i ty p r o d u c tio n  . 

is s u pp r e ssed  by  a  fac to r  ( 1  -  x ) ~  a t x --t 1  [1 4 ]: th e  p ro jec t i l e  hel ic i ty te n d s  to  .i _  

b e  t r ans fe r red  by  th e  l e a d i n g  f r a gmen t a t e a c h  ste p  i n  p e r tu r b a tio n  th e o r y . It is a  

n o n tr ivial ste p  to  s h ow  th a t h a d r o n  hel ic i ty a l so  ho l d s  fo r  h a d r o n s  i n  & C D ; e .g .: 

th e  st ructure fu n c tio n s  o f th e  l e a d i n g  qua r ks  i n  th e  p r o to n  h a v e  th e  n o m ina l  p o w e r  

b ehav i o r : G ,,,(x) N  ( 1  -  x ) ~  fo r  X , =  X , a n d  G p ip (x )  N  ( 1  -  x ) ~  if X , =  - X ,. Th is  

resu l t  fo l l ou is  f r om th e  fact th a t a t x + 1  th e  struck q u a r k  is fa r  o ff-shel l  a n d  space -  

l ike: lc2 -  - p 2 / (1 -  x)  w h e r e  ~ 1  is a  typ ica l  h a d r o n  mass  sca le;  th e  l e a d i n g  fal l -off 

o f s t ructure fu n c tio n s  a t & l c a n  th u s  b e  c o m p u te d  f r om th e  m in ima l l y - connec ted  

t r ee -g raphs .  

T h e s e  cons i de ra t i ons  h a v e  th e  i m m e d i a te  c o n s e q u e n c e  th a t th e  d o w n  a n d  a n ti- 

. .,- 

d o w n  q u a r k  d is t r ibu t ion Ad ( x )  h  as  a  ze r o  as  a  fu n c tio n  o f x. A t l a r g e  x P Q C D  

pred ic ts  th a t th e  he l ic i ty -ant ipara l le l  d is t r ibu t ion d+ ( x )  is s u pp r e ssed  re la t ive to  
.L  

t&s  he l ic i ty -para l le l  d is t r ibu t ion d+ ( x )  by  two p owe r s  o f ( 1  -  x). A t ve ry  sma l l  x -  

th e  two d is t r ibut ions m u s t h a v e  e q u a l  m a g n itu d e  to  e n s u r e  c o n ve r g e nce  o f s u m  

8  
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rules. However, measurements imply that the integral Ad = Jt dx[d+(x) - d-(x)] 

is negative. Thus one expects that Ad( x c an ) h g es sign as a function of x [ll]. 

I I 

t 
(a) 

0 - t-(+t~-~-t-+-~~-~---- 

3L tt - 

-0.5 - 

-1.0 - I I I 

2.0 2.0 - - I I I I I I I I 
- - (W (W 

1.6 1.6 - - 
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-0.8 -0.8 - - 
I I I I 1 1 I I 

and 

. 6.25 0.50 0.75 1.00 0 0.4 0.8 
1-93 XF Xl 7335.42 

Figure 1. The x~ dependence of the polarization parameter X for (a) J/$ production 
(b) continuum lepton pair production [16] in A - N collisions as a function of 2~. 

P51 

One of the most important testing grounds for hadron helicity retention is J/$ 

production in 7r - N collisions. The helicity of the J/$ can be measured from the 

angular distribution 1 + X cos’ 6, of one of the muons in the leptonic decay of the 

J/$. At low to medium values of XF the Chicago-Iowa-Princeton Collaboration [15] 

finds that X - 0, which is consistent with expectations from the gluon-gluon fusion 

subprocess. However, at large XF > 0.9 the angular distribution changes markedly 

to sin2 0,; i.e., the J/$ is ,produced with longitudinal polarization. See Fig. l(a). 

Note that the expectation of quark anti-quark fusion is 1 + cos2 6, (X = +l), as 

in the Drell-yan process. The sudden change to longitudinal polarization must 
__- .-- 
rBGan_th%Lt a new heavy quark production mechanism is present at large XF [17]. 

In -fact, it is easy to guess the relevant process which can produce high momentum 
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c h a r m  q ua r k  pa i rs .  [S e e  Fig.  2 ( a ) .] S  i nce  nea r l y  a l l  o f th e  p i o n ’s m o m e n tu m  is 

t r ans fe r red  to  th e  c h a r m o n i u m  system, o n e  n e e d s  to  cons i de r  d i a g r ams  w h e r e  e a c h  

va l ence  q u a r k  i n  th e  i n com i ng  p i o n  e m its a  fast g l u o n . T h e  two g l u o ns  th e n  fu s e  

to  m a k e  a  fast C E  pa i r .  A t l a r g e  m o m e n tu m  f ract ion x, e a c h  g l u o n ’s hel ic i ty te n d s  

to  b e  pa ra l l e l  to  th e  hel ic i ty o f its p a r e n t q u a r k . Thus  th e  a n g u l a r  m o m e n tu m  J, 

o f th e  g l u o n  pa i r  is t r ans fe r red  to  th e  C E  pa i r .  T h e  a n g u l a r  m o m e n tu m  te n d s  to  b e  ; b -  

. . 

p r e se r v ed  by  a n y  s u b s e q u e n t g l u o n  r a d i a tio n  o r  g l u o n  in te rac t ion  f r om th e  h eavy  

qua rks .  T h e  J/t+ 5  th  e n  te n d s  to  h a v e  th e  s a m e  hel ic i ty as  th e  p ro jec t i l e  a t h i g h  

l i gh t -cone  m o m e n tu m  fract ion. 

F igu re  2. I I igher twist mechan i sms  for p r oduc i ng  (a )  J/lc, a n d  (b )  mass ive  l ep ton  pa i rs  at 
h i g h  zF in  meson - n uc l e on  col l is ions. 

Thus  th e r e  is a  n a tu r a l  m e c h a n i s m  in  Q C D  wh i ch  p r o d uces  th e  J/t,b  i n  th e  s a m e  

hel ic i ty as  th e  i n com i ng  b e a m  h a d r o n ; th e  e ssen tia l  fe a tu r e  is th e  i nvo l vemen t  o f a l l  

o f th e  va l ence  qua r ks  o f th e  i n com i ng  h a d r o n  d i rect ly i n  th e  h eavy  q u a r k  p r o d uc -  

tio n  subp rocess .  S i nce  such  d i a g r ams  invo lve  th e  co r re l a t i on  b e tween  th e  p a r to n s  

o f th e  h a d r o n , it c a n  b e  c lass i f ied as  a  h i g he r - twist “intr ins ic c h a r m ” a m p litu d e ; 

th e  p r o d u c tio n  c ross sect ion  is s u pp r e ssed  by  p owe r s  o f fir/M Q u  re la t ive to  c onven -  

tio n a l  fu s i o n  p rocesses .  A lth o u g h  n o m ina l ly  h i g h e r  twist, such  d i a g r ams  p r ov i d e  

a ? & & ic ient way  to  t ransfe r  th e  b e a m  m o m e n tu m  to  th e  h eavy  q u a r k  system wh i l e  -  

sto p p i n g  th e  va l ence  qua rks .  
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T h e  intr ins ic c h a r m  m e c h a n i s m  a l so  c a n  exp l a i n  o th e r  fe a tu r es  o f th e  J/~ /I 

h a d r o p r o d u c tio n  [1 8 ,1 9 ,2 0 ]. T h  e  o b se r v e d  cross sect ion  pers ists to  h i g h  X F  i n  

excess o f w h a t is p r ed i c t ed  f r om g l u o n  fus i o n  o r  q u a r k  a n t i -qua rk  ann i h i l a t i on  

subp rocesses ;  fu r th e r m o r e  th e  c ross sect ion  a t h i g h  X F  h a s  a  s t rong ly  s u pp r e ssed  

nuc l e a r  d e p e n d e n c e , A a  N  0 .7 . T h e  nuc l e a r  d e p e n d e n c e  actua l ly  d e p e n d s  o n  

. . 

X F  n o t 2 2  wh i ch  ru l es  o u t l e a d i n g  twist mechan i sms . T h e  h i g he r - twist int r ins ic ; b -  

c h a r m  e .g . l uudcc )  Fock  sta te  wave fu n c tio n s  h a v e  m a x i m u m  p robab i l i t y  w h e n  a l l  o f _ . 

th e  qua r ks  h a v e  e q u a l  veloci t ies, i.e . w h e n  xi 0 ; Jmi. Th is  imp l i es  th a t th e  

c h a r m  a n d  a n t i - cha rm qua r ks  h a v e  th e  m a jor i ty o f th e  m o m e n tu m  o f th e  p r o to n  

w h e n  th e y  a r e  p r e s e n t i n  th e  h ad r o n i c  wave fu n c tio n . In  a  h i g h  e n e r g y  p r o to n -  

nuc l eus  col l is ion, the - sma l l  t r ansve rse  size, h i gh - x  intr ins ic cz system c an  p e n e trate 
. . _ . ~  -  

th e  nuc leus ,  wi th m in ima l  a b s o r p tio n  a n d  c a n  coa l esce  to  p r o d u c e  a  c h a r m o n i u m  
.- -  -  

sta te  a t l a r g e  X F . S i nce  th e  soft q ua r ks  e x p a n d  rap id l y  i n  impac t s pace , th e  m a in  

in te rac t ion  i n  th e  ta r g e t o f th e  intr ins ic c h a r m  Fock  sta te  is wi th th e  s low va l ence  

qua r ks  r a th e r  th a n  th e  c o m p a c t cZ; system [4 ]. T hus  a t l a r g e  X F  th e  in te rac t ion  i n  

th e  nuc l eus  s hou l d  h a v e  th e  A - d e p e n d e n c e  o f n o r m a l  h a d r o n  nuc l eus  cross sect ions: 

N  A ”e 7 . N o te  th a t a t h i g h  e ne r g i e s , th e  fo r m a tio n  o f th e  c h a r m o n i u m  sta te  occu rs  

X  fa r  o u tsid e  th e  nuc leus .  Thus  o n e  p red ic ts  sim i la r  A ”cZF ) - - d e p e n dence  o f th e  J/T) 

a n d  $ ’ c ross sect ions. T h e s e  p red ic t i ons  a r e  i n  a g r e e m e n t wi th th e  resu l ts r e p o r te d  

by  th e  E - 7 7 2  e x p e r i m e n t a t Fe rm i l a b  [1 9 ]. 

In  th e  case  o f c o n tin u u m  pa i r  p r o d u c tio n , th e  l ep t on  pa i r  p r o d u c e d  v ia  th e  

l e ad i n g - twist D r e l l - Yan  fus i o n  m e c h a n i s m  @ + p  +  p  -  h a s  t ransve rse  po la r i za t i on  

( X  =  1 ) . Howeve r , a t l a r g e  X F  th e  m u o n  a n g u l a r  d is t r ibu t ion is o b s e r v e d  to  c h a n g e  
_  ..~  

tA ik% g  0 ~  [1 6 ]. S e e  Fig.  l (b) .  Th is  resu l t  was  p red i c t ed  [2 1 ] f r om th e  d o m i n ance  

o f h i g h e r  twist r q + p + p - q  subp r ocess  c o n t r ibut ions a t h i g h  S F . A  d e ta i l e d  ca l -  
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cu la t i on  shows  subp r ocess  a m p litu d e  c a n  b e  n o rma l i z e d  to  th e  s a m e  in teg ra l  o ve r  

th e  p i o n  d is t r ibu t ion a m p litu d e  J dz$(z,  Q )/(l -  2 )  th a t c o n tro ls th e  p i o n  fo r m  

fac to r  [2 2 ]. 

In  th e  h i g he r - twist subp r ocess  d i a g r a m , Fig.  2 ( b ) , th e  l ep t on  pa i r  te n d s  to  

h a v e  th e  s a m e  hel ic i ty as  th e  b e a m  h a d r o n  a t l a r g e  X F . Fo r  e x a m p l e , cons i de r  

;~ - N tp + p - X  a t h i g h  XF.  T h e  va l ence  d  q u a r k  e m its a  fast g l u o n  wh i ch  i n  tu r n  

m _ a k e s  a  fast-u,  s l ow -~  pa i r .  B e c a u s e  o f th e  Q C D  coup l i ngs ,  th e  fast u  th e n  ca r r i es  

. . th e  hel ic i ty o f th e  d . T h e  va l ence  E  th e n  ann ih i l a tes  wi th th e  fast u  to  m a k e  th e  

l e p h n  pa i r  a t X F  N  1 . T h e  l ep t on  pa i r  th u s  te n d s  to  h a v e  th e  hel ic i ty (JZ =  0 )  o f 

th e  p i o n , i n  a g r e e m e n t wi th h a d r o n  hel ic i ty r e te n tio n . 

. _ . ~  -  5 . H a d r o n  H e licity Conse r v a tio n  
.- -  -  i n  H a r d  E xc lus ive R e a c tio n s  

T h e r e  a r e  a l so  s t r ong  hel ic i ty const ra in ts  o n  fo r m  facto rs  a n d  o th e r  exc lus ive 

a m p litu d e s  wh i ch  fo l l ow  f r om p e r tu r b a tive  Q C D  [3 ]. A t l a r g e  m o m e n tu m  transfer ,  

e a c h  hel ic i ty a m p litu d e  c o n t r ibut ing to  a n  exc lus ive p r ocess  a t l a r g e  m o m e n tu m  

t ransfe r  c a n  b e  wr i t ten as  a  convo l u t i on  o f a  h a r d  q u a r k - g l u o n  scat te r ing a m p li- 

tu d e  TH  wh i ch  conse rves  q u a r k  hel ic i ty wi th th e  h a d r o n  d is t r ibu t ion a m p litu d e s  

4(x;, Q ), wh i ch  a r e  th e  L , =  0  p ro j ec t i on  o f th e  h a d r o n ’s va l ence  Fock  sta te  wave -  

fu n c tio n : 4 (~ i ,  X i, Q )  =  J[d2k l ]  +(x i ,  Zl iy X i)B(kt i  <  Q 2 )  w h e r e  $(xi ,  cl;, X i) is 

th e  va l ence  wave fu n c tio n . S i nce  4  on l y  d e p e n d s  logar i thmica l l y  o n  Q 2 , th e  m a in  

dynam ica l  d e p e n d e n c e  o f J’B ( Q ~ )  is th e  p o w e r  b ehav i o r  ( Q 2 ) - 2  d e r i v ed  f r om th e  

sca l i ng  b ehav i o r  o f th e  e l e m e n ta ry  p r o p a g a to rs  i n  TH . 
. .,~  

:G f-As  - s h own  by  B o tts, Li, a n d  S te r m a n  [2 3 ], th e  v i r tua l  S u d a k o v  fo r m  fac to r  -  

s upp r esses  l o n g  d is tance  c o n t r ibut ions f r om L a n d s h o ff m u ltip l e  scat te r ing a n d  x N  
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1  i n teg ra t i on  reg i ons ,  so  th a t th e  l e a d i n g  h i g h  m o m e n tu m  t ransfe r  b e hav i o r  o f 

h a r d  exc lus ive a m p litu d e s  a r e  gene r a l l y  c o n t ro l l ed  by  sho r t -d is tance  physics. Thus  

q u a r k  hel ic i ty conse rva t i on  o f th e  bas ic  Q C D  in te ract ions l e ads  to  a  g e n e r a l  r u l e  

c once r n i n g  th e  sp i n  st ructure o f exc lus ive a m p litu d e s  [5 ]: to  l e a d i n g  o r d e r  i n  l/Q , 

th e  to ta l  hel ic i ty o f h a d r o n s  i n  th e  in i t ia l  sta te  m u s t e q u a l  th e  to ta l  hel ic i ty o f 

. . 

h a d r o n s  i n  th e  fin a l  sta te . Th is  se lec t ion  r u l e  is i n d e p e n d e n t o f a n y  p h o to n  o r  
; - -  

l e p t on  sp i n  a p p e a r i n g  i n  th e  p rocess.  T h e  resu l t  fo l l ows f r om ( a )  n e g l e c tin g  q u a r k  _ . 

mass  te rms , ( b )  th e  vector  c oup l i n g  o f g a u g e  p a r ticles, a n d  (c)  th e  d o m i n ance  o f 

va l ence  Fock  sta tes  wi th ze r o  a n g u l a r  m o m e n tu m  pro jec t ion .  T h e  resu l t  is t r ue  i n  

e a c h  o r d e r  o f p e r tu r b a tio n  th e o r y  i n  e r g . 

. Fo r  e x a m p l e , P Q C D  pred ic ts  th a t th e  Pau l i  F o r m  fac to r  F2 (  Q 2 )  o f a  b a r y o n  is . ..~  -  
s u pp r e ssed  re la t ive to  th e  he l i c i ty -conserv ing  D i rac  fo r m  fac to r  F r (Q 2 ) . A  r e c e n t T K  -  -  
e x p e r i m e n t a t S L A C  ca r r i ed  o u t by  th e  Ame r i can -Un i ve r s i t y /SLAG co l l abo ra t i on  

is i n  fact cons is tent  wi th th e  p red ic t i on  Q 2 F 2 ( Q 2 ) /Fl(Q 2 ) +  const. [2 4 ]. He l ic -  

ity conse rva t i on  ho l d s  fo r  a n y  b a r y o n  to  b a r y o n  vector  o r  ax ia l  vecto r  t rans i t ion 

a m p litu d e  a t l a r g e  space l i ke  o r  tim e l ike m o m e n tu m . Hel ic i ty n on - conse r v i n g  fo r m  

facto rs  s hou l d  fa l l  a s  a n  a d d i tio n a l  p o w e r  o f l/Q 2  [5 ]. M e a s u r e m e n ts [2 5 ] o f th e  

t rans i t ion fo r m  fac to r  to  th e  J =  3 /2  N ( 1 5 2 0 )  n u c l e o n  r e s o n a n c e  a r e  cons is tent  

with-J, =  & l/2  d  o m i n ance , as  p r ed i c t ed  by  th e  hel ic i ty conse rva t i on  r u l e  [5 ]. O n e  

o f th e  m o s t b e a u tifu l  tests o f p e r tu r b a tive  Q C D  is i n  p r o to n  C o m p to n  scatter -  

ing ,  w h e r e  th e r e  a r e  n o w  d e ta i l e d  p red ic t i ons  ava i l ab l e  fo r  e a c h  h a d r o n  hel ic i ty- 

conse rv i ng  a m p litu d e  fo r  b o th  th e  space l i ke  a n d  tim e l ike p r ocesses  [2 6 ]. In  th e  case  

o f s p i n - o ne  systems such  as  th e  p  o r  th e  d e u te r o n , P Q C D  pred ic ts  th a t th e  r a tio  
. .,~  

& h e  th r e e  fo r m  facto rs  h a v e  th e  s a m e  behav i o r  a t l a r g e  m o m e n tu m  t ransfe r  as  

th a t o f th e  W  in  th e  e l ec t r oweak  th e o r y  [9 ]. 
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-Hadron helicity conservation in large momentum transfer exclusive reactions 

is a general principle of leading twist QCD. In fact, in several outstanding cases, 

it does not work at all, particularly in single spin asymmetries such as AN in pp 

scattering, and most spectacularly in the two-body hadronic decays of the J/$. 

The inference from these failures is that non-perturbative or higher twist effects 

. . 

must be playing a crucial role in the kinematic range of these experiments. 
; -- 

s.TheJ;W Y eta s into isospin-zero final states through the intermediate three- 

gluon channel. If PQCD is applicable, then the leading contributions to the decay 

amplitudes preserve hadron helicity. In the case of e+e- annihilation into vector 

plus pseudoscalar mesons, Lorentz invariance requires that the vector meson will 

be produced transversely polarized. Since this amplitude does not conserve hadron 

h&city, PQCD predicts that it will be dynamically suppressed at high momentum 
-5 - 

-transfer. Hadron helicity conservation appears to be severely violated if one com- 

pares the exclusive decays J/lc, and $’ + pr, Iil*r and other vector-pseudoscalar 

combinations. The predominant two-body hadronic decays of the J/ll, have the 

measured branching ratios 

BR(J/+IC+IC-) = 2.37 f 0.31 x 1O-4 

BR(J/+pw) = 1.28 f 0.10 x 1O-2 

BR(J/$+K+K-*) = 5.0 f 0.4 x 1O-3 . 

Thus the vector-pseudoscalar decays are not suppressed, in striking contrast to the 

PQCD predictions. On the other hand, for the 4’: 

BR(?f+II’+K-) = 1.0 f 0.7 x 1o-4 
. .,~ -.-.A. ‘f: ; BR($&a) < 8.3 x 1O-5 (90% CL) 

BR(+K+I--*) < 1.8 x 1O-5 (90% CL) . 
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F r o m  th e  sta n d p o i n t o f p e r tu r b a tive  & C D , th e  o b se r v e d  supp r ess i on  o f + ’ to  vector -  

p seudosca l a r  m e s o n s  is e xpec te d ; it is th e  J/$  th a t is a n o m a l o u s  [2 7 ]. W h a t c a n  

a c c oun t fo r  th e  a p p a r e n tly s t r ong  v io la t ion  o f h a d r o n  hel ic i ty conse rva t i on?  O n e  

possib i l i ty is th a t th e  ove r l a p  o f th e  C C  system wi th th e  wave fu n c tio n s  o f th e  p  a n d  

r  is a n  ex t reme ly  ste e p  fu n c tio n  o f th e  pa i r  mass,  as  d i scussed  by  Cha i c h i a n  a n d  

; _To rnqv is t  [2 8 ]. H  oweve r , th is  s e ems  u n n a tu r a l  i n  v i ew o f th e  sim i la r  s ize o f th e  J/P )  

. . 

a n d  + ’ b r a n c h i n g  r a tio s  to  K + K - . P insky [2 9 ] h a s  s u g ges te d  th a t th e  $J’ decays  

p r e d o m i n a n tly to  fin a l  sta tes  wi th exc i ted  vector  m e s o n s  such  as  p ’~ , i n  a n a l o g y  to  

th e  a b s e n c e  o f c o n fig u r a tio n  m ix ing  i n  n uc l e a r  decays.  Howeve r , th is  l ong -d i s t ance  

d ecay  m e c h a n i s m  w o u l d  n o t b e  e xpec te d  to  b e  impo r ta n t if th e  c h a r m o n i u m  sta te  

decays  th r o u g h  cc ann i h i l a t i on  a t th e  C o m p to n  sca le  l/m ,. 

-  A n o th e r  way  i n  wh i ch  h a d r o n  hel ic i ty conse rva t i on  m ight  fa i l  fo r  J/+  t .- -  

g l u o ns  +  7 r p  is if th e  i n t e rmed i a t e  g l u o ns  r e s o n a te  to  fo r m  a  g l u o n i u m  sta te  0 . If 

such  a  sta te  exists, h a s  a  mass  n e a r  th a t o f th e  J/$ , a n d  is re lat ive ly sta b l e , th e n  

th e  subp r ocess  fo r  J/T) +  r n p  occu rs  ove r  l a r g e  d is tances a n d  th e  hel ic i ty conse r -  

. .,- 

va t i on  th e o r e m  n e e d  n o  l o n g e r  app ly .  Th is  w o u l d  a l so  exp l a i n  why  th e  J/+  decays  

in to  7 r p  a n d ’n o t th e  $ ‘. T u a n , L e p a g e , a n d  I [2 7 ] h  a v e  th u s  p r o p o s e d , fo l l ow i ng  H o u  

a n d  S o n i  [3 0 ], th a t th e  e n h a n c e m e n t o f J/lc, --t I ( *?? a n d  J/$  +  p r  d ecay  m o d e s  

is c a u sed  by  a  q u a n tu m  mechan i c a l  m ix ing  o f th e  J/I/I w i th a  Jpc  =  l - -  vecto r  

g l u o n i u m  sta te  8  wh i ch  causes  th e  b r e a k d o w n  o f th e  Q C D  hel ic i ty th e o r e m . T h e  

d ecay  w id th  fo r  J/t) +  p r  v ia  th e  s e q u e n c e  J/+  +  0  +  p r  m u s t b e  substant ia l ly  

l a r ge r  th a n  th e  d ecay  w id th  fo r  th e  ( n o n - p o l e )  c o n tin u u m  p rocess  J/I/I +  3  g l u o ns  

+  p r . In  th e  o th e r  c hanne l s  th e  b r a n c h i n g  r a tio s  o f th e  0  m u s t b e  so  sma l l  th a t 

t& e - c & i n u u m  c on t r ibut ion g o v e r n e d  by  th e  Q C D  th e o r e m  d o m ina tes  ove r  th a t 

o f th e  0  p o l e . A  g l u o n i u m  sta te  o f th is  typ e  was  first p o s tu l a t ed  by  F r e u n d  a n d  
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N a m b u  [3 1 ] b  a s e  d  o n  0 2 1  dynam ics  s o o n  a fte r  th e  d iscovery  o f th e  J/t) a n d  $ ’ 

m e s o n s . T h e  m o s t d i rect  way  to  sea r ch  fo r  th e  0  is to  scan  p p  o r  e + e -  ann i h i l a t i on  

a t fi w i th in  -  1 0 0  M e V  o f th e  J/t), t r i gge r i ng  o n  vec to r / pseudosca la r  decays  such  

as  r p  o r  K K * a n d  l ook  fo r  e n h a n c e m e n ts re la t ive to  Ii’+ K - . S u c h  a  sea r ch  h a s  

r e c en tly b e e n  p r o p o s e d  fo r  th e  B E P C  by  C h e n  Y u , G u  Y ifa n , a n d  W a n g  P ing.  

. . 

6 . A n o m a lous  S p in  Co r r e l a tio n s  a n d  C o lo r  : 
T r anspa r ency  E ffec ts i n  P ro to n - P r o to n  S ca tte r i n g  

T h e  p e r tu r b a tive  Q C D  ana lys is  o f exc lus ive a m p litu d e s  a ssumes  th a t l a r g e  

m o m e n tu m  t ransfe r  exc lus ive scat te r ing reac t i ons  a r e  c o n t ro l l ed  by  shor t  d i s tance  
- -  

q u a r k - g l u o n  subp rocesses ,  a n d  th a t co r rec t ions  f r om q ua r k  masses  a n d  intr ins ic . ..~  -  
t r ansve rse  m o m e n ta  c a n  b e  i g n o r e d . S i nce  h a r d  scat te r ing exc lus ive p r ocesses  a r e  .c -  -  
d o m ina t ed  by  va l ence  Fock  sta te  wave fu n c tio n s  o f th e  h a d r o n s  wi th sma l l  impac t 

s e p a r a tio n  a n d  sma l l  co l o r  d i p o l e  m o m e n ts, o n e  p red ic ts  th a t in i t ia l  a n d  fin a l  sta te  

in te ract ions a r e  gene r a l l y  s u pp r e ssed  a t h i g h  m o m e n tu m  transfer .  In  p a r ticu la r ,  

s ince  th e  fo r m a tio n  tim e  is l o n g  a t h i g h  e ne r g i e s , o n e  p red ic ts  th a t th e  a tte n u a tio n  

o f quas i -e las t ic  p r ocesses  d u e  to  G l a u b e r  ine last ic scat te r ing i n  a  nuc l eus  wi l l  b e  

r e d u c e d . Th is  is th e  co lo r  t r anspa rency  p red ic t i on  o f p e r tu r b a tive  Q C D  [3 2 ]. A  

test o f co l o r  t r anspa rency  i n  l a r g e  m o m e n tu m  t ransfe r  quas ie las t ic  p p  scat te r ing 

a t 8  cm  N  7 r /2  h a s  b e e n  ca r r i ed  o u t a t B N L  us i ng  seve ra l  n uc l e a r  ta r g e ts (C, A l, 

P b )  [3 3 ]. T h e  a tte n u a tio n  a t p l &  =  1 0  G e V / c i n  th e  va r i ous  nuc l e a r  ta r g e ts was  

o b se r v e d  to  b e  i n  fact m u c h  less th a n  th a t p r ed i c t ed  by  t rad i t iona l  G l a u b e r  th e o r y . 

T h e  e xpec ta tio n  f r om p e r tu r b a tive  Q C D  is th a t th e  t r anspa rency  e ffect s h ou l d  
. .,~  

& & m e e v e n  m o r e  a p p a r e n t as  th e  m o m e n tu m  t ransfe r  r ises. Howeve r , th e  d a ta  -  

a t I)l&  =  1 2  G e V /c shows  n o r m a l  n uc l e a r  a tte n u a tio n  a n d  th u s  a  v io la t ion  o f co l o r  
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t r anspa rency .  

A n  e v e n  m o r e  se r i ous  c ha l l e n ge  to  th e  P Q C D  p red ic t i ons  fo r  exc lus ive scat-  

te r i n g  is th e  o b se r v e d  b ehav i o r  o f th e  n o r m a l  sp i n -sp i n  co r re l a t i on  a s y m m e try 

A N N  =  [d d tt) -  d d tl)l/b ( tt) +  d d tl)] m e a s u r e d  i n  l a r g e  m o m e n tu m  t rans-  

fe r  p p  e last ic scatter ing.  A t p l a b  =  1 1 .7 5  G e V /c a n d  oc r n  =  7 r /2 , A N N  r ises to  

;z S O % , c o r r e s pond i n g  to  fo u r  tim e s  m o r e  p robab i l i t y  fo r  p r o to n s  to  scatter wi th 

. . 

the i r  i nc iden t  sp ins  b o th  n o r m a l  to  th e  scat te r ing p l a n e  a n d  pa ra l l e l ,  r a th e r  th a n  

n o r m a l  a n d  o ppos i te  [2 ]. I n  c o n trast, th e  u npo l a r i z e d  d a ta  is to  first a p p r o x i m a tio n  

cons is tent  wi th th e  fixe d  a n g l e  sca l i ng  l aw  sl’d g /d t (pp  +  p p )  =  f (0c~ )  e xpec te d  

f r om th e  p e r tu r b a tive  ana lys is.  T h e  o n s e t o f n e w  st ructure a t s E  2 3  G e V 2  s u g ges ts 

n e w  d e g r e e s  o f f r e e d om  in  th e  two - ba r yon  system. 

.J- G u y D e  T e r a m o n d  a n d  I [3 4 ] h  
-  -. 

a v e  n o te d  th a t th e  o n s e t o f s t r ong  sp i n -sp i n  

cor re la t ions,  as  we l l  as  th e  b r e a k d o w n  o f co l o r  t r anspa rency ,  c a n  b e  e xp l a i n e d  as  

th e  c o n s e q u e n c e  o f a  s t r ong  th r e sho l d  e n h a n c e m e n t a t th e  o p e n - c h a r m  th r e sho l d  fo r  

p p + & D p  a t fi =  5 .0 8  G e V  o r  p l &  N  1 2  G e V /c. A t th is  e n e r g y  th e  c h a r m  qua r ks  

a r e  p r o d u c e d  a t rest i n  th e  c e n te r  o f mass.  S i nce  a l l  e i g h t qua r ks  h a v e  ze r o  re la t ive 

velocity, th e y  c a n  r e s o n a te  to  g i ve  a  s t r ong  th r e sho l d  e ffect i n  th e  J =  L  =  S  =  1  
:_  

p a r tia l  w ave . ( T h e  o rb i ta l  a n g u l a r  m o m e n tu m  o f th e  p p  sta te  m u s t b e  o d d  s ince  th e  

c h a r m  a n d  a n t i - cha rm qua r ks  h a v e  o ppos i te  par i ty. )  T h e  J =  L  =  S  =  1  p a r tia l  

w ave  h a s  max ima l  sp i n  co r re l a t i on  A N N  =  1 . A  c h a r m  p r o d u c tio n  c ross sect ion  o f 

th e  o r d e r  o f 1  p b  i n  th e  th r e sho l d  r e g i o n  c a n  h a v e , by  unitar i ty, a  l a r g e  e ffect o n  th e  

l a r g e  a n g l e  e last ic p p + p p  a m p litu d e  s ince  th e  c o m p e tin g  p e r tu r b a tive  Q C D  h a r d -  

scat te r ing a m p litu d e  a t l a r g e  m o m e n tu m  t ransfe r  is ve ry  sma l l  a t 6  =  5  G e V . In  
.L  . .,- 

f& t as  r e c e n tly s h o w n  by  M a n o h a r , L u k e , a n d  S a v a g e  [3 5 ], th e  Q C D  t race a n o m a l y  

p red ic ts  th a t th e  sca la r  c h a rmon i um - nuc l e u s  in te rac t ion  is s t rong ly  a m p lifie d  a t l ow  
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Figure 3. ANN as a function of pl& at Oem = 7r/2. The data [2] are from Crosbie et 
al. (solid dots), Lin et al. (open squares) and Bhatia e2 al. (open triangles). The peak 
at pl& = 1.26 GeV/ c corresponds to the pA threshold. The data are well reproduced 
by the interference .of the broad resonant structures at the strange (PI&, = 2.35 GeV/c) 

- and charm (pl& = 12.8 GeV/c) thresholds, interfering with a PQCD background. The 
-.~ - value of ANN from PQCD alone is l/3. 

&ocities and can lead to nuclear-bound charmonium [36]. 

An analytic model which contains all of these features is given in Ref. [34]. The 

background component of the model is the perturbative QCD amplitude with sm4 

scaling of the pp + pp amplitude at fixed 8,, and the dominance of those am- 

plitudes that conserve hadron helicity [5]. A  comparison [37] of the magnitude 

of cross sections for different exclusive two-body scattering channels indicate that 

quark interchange amplitudes [38] d ominate quark annihilation or gluon exchange 

contributions. The most striking test of the model is its prediction for the spin 

correlation ANN shown in Fig. 3. The rise of ANN to N 60% at nab = 11.75 

GeV/c is correctly reproduced by the high energy J=l resonance interfering with 

r$(PQCD). Th e narrow peak which appears in the data of Fig. 3 corresponds to the 
* .- 

&set of;the pp + pA(1232) h c annel which can be interpreted as a uuuuddqq 3F3 

resonance. The heavy quark threshold model also provides a good description of 
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the s and t  dependence of the differential cross section, including its “oscillatory” 

dependence [39] in s at fixed &,, and the broadening of the angular distribu- 

tion near the resonances. Most important, it gives a consistent explanation for 

the striking behavior of both the spin-spin correlations and the anomalous energy 

dependence of the attenuation of quasielastic pp scattering in nuclei. A thresh- 

old enhancement or resonance couples to hadrons of conventional size. Unlike ; -- 

. . 

the perturbative amplitude, the protons coupling to the resonant amplitude will _. 

have normal absorption in the nucleus. Thus the nucleus acts as a filter, absorb- 

ing the non-perturbative contribution to elastic pp scattering, while allowing the 

hard-scattering perturbative QCD processes to occur additively throughout the 

nuclear volume [40], C onversely, in the momentum range nab = 5 to 10 GeV/c 
. 

on-e predicts that the perturbative hard-scattering amplitude will be dominant at 

-largeYangles. It is thus predicted that color transparency should reappear at higher 

energies (J&b 2 16 GeV/c), and also at smaller angles (e,, x 60’) at nab = 12 

GeV/c where the perturbative QCD amplitude dominates. If the resonance struc- 

tures in ANN are indeed associated with heavy quark degrees of freedom, then 

the model predicts inelastic pp cross sections of the order of 1 mb and lpb for the 

X production of strange and charmed hadrons near their respective thresholds. In 

fact, the neutral strange inclusivepp cross section measured at pl& = 5.5 GeV/c is 

0.45f0.04 mb [41]. Thus th e crucial test of the heavy quark hypothesis for explain- 

ing ANN is the observation of significant charm hadron production at pl& 2 12 

GeV/c. 

Ralston and Pire [40] h ave suggested that the oscillations of the pp elastic 

&%s s%ion and the apparent breakdown of color transparency are associated - 

with the dominance of the Landshoff pinch contributions at l/s - 5 GeV. The 
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oscillating behavior of da/dt is then due to the energy dependence of the relative . 

phase between the pinch and hard-scattering contributions. They assume color 

transparency will disappear whenever the pinch contributions are dominant since 

such contributions could couple to wavefunctions of large transverse size. However, 

the large spin correlation in ANN is not readily explained in the Ralston-Pire model 

unless the Landshoff diagram itself has ANN N 1. 
; -- 

. . 7. Polarization-Dependent Nuclear Shadowing 

Another interesting spin effect in QCD is the prediction that nuclear shadowing 

depends on the virtual photon polarization. In models where shadowing is due 

to the deformation of nucleon structure functions in the nucleus, one would not . 

expect such any dependence on photon polarization. In Refs. [42] and [43] .i _ one 
- 

sees that nuclear shadowing (in the target rest frame) arises from  the destructive 

interference of the multiple scattering of a quark (or antiquark) in the nucleus. The 

quark comes from  the upstream dissociation of the virtual photon. The qif pair is 

formed at a formation time  (coherence length) T  cx l /CCbjM before the target. In 

order to get significant multiple scattering and interference one needs a coherence 

length comparable to the nuclear size. However, Hoyer, Del Duca and I found [43] 

that the coherence length is significantly shorter (by a factor of l/a) for the 

longitudinally polarized photon than the transverse case. The reason for this is 

that the internal transverse momentum and hence the virtual mass and energy 

of the q?j pair is larger by a nearly constant factor in the longitudinal case, thus 

. .,~ 
shortening its lifetime. Thus the nuclear attenuation is delayed to smaller values 

&Gbj  in the longitudinal compared to the transverse cross section. Nikolaev [44] 

has also recently discussed the possibility of smaller nuclear shadowing of CTL on 
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the grounds that the qq system has a smaller transverse size in the case of a 

longitudinally polarized photon, and it is thus more color transparent. In this case 

diminished longitudinal shadowing would persist for all Zbj. 
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