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Abs t rac t :  We note that for  compos i te  hadrons  the usual h igh -ene rgy  behaviour  of 
ampl i tudes  and l a rge  q2 behaviour  of fo rm fac to rs  sugges t  that the ampli tude for  
e l ec t rop roduc t ion  of a single pa r t i c l e  behaves in the Bjorken l imi t  as 

M ~ Fo(q2)g(co , t) 

fo r  l a rge  co. The fo rm fac to r  Fo(q 2) gives  the e l e c t romagne t i c  coupling of the 
produced  hadron to the lowes t  r e sonance  on the leading t -channel  t r a j e c t o r y .  We 
sugges t  that this behaviour  may hold for  all co, as is the ease  in s e v e r a l  models .  
Some impl ica t ions  of this behaviour  for  the resonance  sa tura t ion  of M are  d i s -  
cussed .  The genera l  d i scuss ion  is i l lus t ra ted  by the study of a s imple  dual r e s o -  
nance model .  

1. I N T R O D U C T I O N  

It h a s  r e c e n t l y  b e e n  s u g g e s t e d  [1] on the  b a s i s  of  the  d o m i n a n c e  of  l e a d -  
i n g  s i n g u l a r i t i e s  in o p e r a t o r  p r o d u c t  e x p a n s i o n s  n e a r  the  l i g h t  c o n e  tha t  the  
i n v a r i a n t  a m p l i t u d e s  f o r  the  e x c l u s i v e  e l e c t r o p r o d u c t i o n  r e a c t i o n  ( s e e  f ig .  1), 

),(q) ~ h ( P l ) - ~  h(p 2) + h ( p  3) (1.1)  

b e h a v e  in the  B j o r k e n  s c a l i n g  l i m i t  a s  

M(s ,  l, q2) ~ .  (_q2)dg(co ,  t ) ,  (1 .2)  
q2 ~ _~  

w , l  f i x e d  

where 

s / q  2 ~ 1 - w (1 ~< co --< ~o). (1.3)  

* This  work  is suppor ted  in par t  through funds provided  by the Atomic Energy  Com-  
mi s s ion  under  Cont rac t  AT(30-1)-2098.  



do H. Weis, Exclusive electroproduction 563 

2 

7/ \° 

Fig .  1. K i n e m a t i c s  f o r  e x c l u s i v e  e l e c t r o p r o d u c t i e n .  

The r e m a r k a b l e  f e a t u r e  of (1.2) is  the f a c t o r i z a t i o n  of the dependence  on 
the a s y m p t o t i c  v a r i a b l e  q2 f rom the d e p e n d e n c e  on the s c a l i n g  v a r i a b l e  co 
and the f ixed m o m e n t u m  t r a n s f e r  t *  

U n f o r t u n a t e l y ,  it  cannot  g e n e r a l l y  be shown that the l ead ing  l ight  cone 
s i n g u l a r i t y  d o m i n a t e s  for  p r o c e s s e s  l ike (1.1) where  the re  is  only one highly 
v i r t u a l  p a r t i c l e  [2]. N o n e t h e l e s s ,  b e c a u s e  of the r e m a r k a b l e  n a t u r e  of (1.2) 
it  would be ve ry  i n t e r e s t i n g  to know if it is  expec ted  to hold on s o m e  o the r  
g rounds .  In sec t .  2 we note that  such  a b e h a v i o u r  is  indeed  expec ted  for  
l a r g e  co if the had rons  a re  compos i t e  ob j ec t s  ly ing  on Regge t r a j e c t o r i e s  
and the ampl i t ude  M is su f f i c i en t ly  smooth .  Spec i f i ca l ly ,  we find 

M(s,t ,q 2) ~ j  Fo(q2)g(w,t), (1.4) 
q2 _~ _ 

co, I f ixed 

where  Fo(q  2) is  the ( a s y m p t o t i c  fo rm of) the fo rm f ac to r  for  t r a n s i t i o n  f rom 
p a r t i c l e  3 (the p a r t i c l e  p r o d u c e d  in the d i r e c t i o n  of the v i r t u a l  photon) to the 
spin  zero  p a r t i c l e  ly ing  on the l ead ing  Regge t r a j e c t o r y  in the t - c h a n n e l .  If 
f a c t o r i z a t i o n  holds for  a l l  co and t, this  a r g u m e n t  then s p e c i f i e s  the p r e c i s e  
dependence  on q2 in (1.2),  i .e .  the a s y m p t o t i c  fo rm of Fo(q2).  We a lso  c o m -  
m e n t  on s e v e r a l  c a l c u l a t i o n s  of the s e a l i n g  l i m i t  for  M in spec i f i c  mode l s  
and note that  none a r e  i n c o n s i s t e n t  with (1.4). It a p p e a r s ,  then,  that the 
s e a l i n g  b e h a v i o u r  (1.4) is  ve ry  l ike ly  to hold for  p h y s i c a l  a mp l i t ude s .  

In sec t .  3 we d i s c u s s  some  a s p e c t s  of loca l  r e s o n a n e e  s a t u r a t i o n  of the 
s c a l i n g  func t ion  (1.4). We a r e  led to c o n j e c t u r e  that  g(co,t) a p p r o a c h e s  a 
cons t an t  (or  p e r h a p s  d i v e r g e s )  at  t h r e s h o l d  (co = 1) r a t h e r  than van i sh ing .  
We a lso  note that  e x c l u s i v e  e l e e t r o p r o d u c t i o n ,  v i r t u a l  Compton s c a t t e r i n g  
( i n c l u s i v e  e l e c t r o p r o d u e t i o n ) ,  and two- to - two  h a d r o n i e  s c a t t e r i n g  a r e  a ve ry  
i n t e r e s t i n g  se t  of r e a c t i o n s  to s tudy toge ther .  The a s s u m p t i o n  of loca l  r e s o -  
nance  s a t u r a t i o n  of t he i r  to ta l  e n e r g y  d i s c o n t i n u i t i e s  and the u sua l  s e a l i n g  
b e h a v i o u r s  for  the f i r s t  two r e a c t i o n s  g ives  a se t  of c o n s i s t e n c y  cond i t ions  
on the r e s o n a n c e  s p e c t r u m  and r e s o n a n c e  fo rm f a c t o r s  (see fig. 2). We 
po in t  out  a few obvious  c o n s e q u e n c e s  of these  cond i t ions  but  they c l e a r l y  
m e r i t  a much  m o r e  thorough  s tudy.  

* The  quan t i t y  d is r e l a t e d  to the l igh t  cone  s i n g u l a r i t y  of a c e r t a i n  o p e r a t o r  p r o d u c t .  
If the  h a d r o n s  a r e  c o m p o s i t e  it is  not  e x p e c t e d  to be d e t e r m i n e d  by na ive  d i m e n -  
sionality considerations and thus should be regarded as a free parameter .  However, 
since the same light cone singularity is encountered in a s imi lar  analysis of form 
factors,  M might be expected to fall off in q2 at the same rate as some hadronic 
form factor. 
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The m o r e  g e n e r a l  d i s c u s s i o n s  of s e c t s .  2 and 3 a r e  i l l u s t r a t e d  by a 
s i m p l e  dual  r e s o n a n c e  m o d e l  in sec t .  4 

Two g e n e r a l  r e m a r k s  should  be made .  F i r s t ,  a l l  the d i s c u s s i o n  h e r e  
a p p l i e s  only to the n o n - d i f f r a c t i v e  c o n t r i b u t i o n s  to (1.1). F o r  e x a m p l e ,  if 
the P o m e r o n  is  not an o r d i n a r y  Regge  t r a j e c t o r y ,  one need  not e x p e c t  the 
r ap id  d e c r e a s e  in q2 i m p l i e d  by (1.4) *. A l s o ,  a c c o r d i n g  to usua l  dual i ty  
i d e a s ,  r e s o n a n c e s  would not be e x p e c t e d  to d o m i n a t e  the s c a l i n g  b e h a v i o u r .  
Second ,  we n e g l e c t  c o m p l i c a t i o n s  due to the spin of the v i r t u a l  photons  (and 
e x t e r n a l  had rons )  s i n c e  t h e r e  s e e m s  to be no r e a s o n  to b e l i e v e  they a r e  e s -  
s e n t i a l  in ou r  d i s c u s s i o n .  

2. COMPOSITENESS AND SCALING FOR LARGE co 

In a w o r l d  of c o m p o s i t e  h a d r o n s  we e x p e c t  M to be Regge  behaved :  

M ( s , l , q  2) ~ Fa ( t ) (q2 ) ( - s )a ( t )  i~(t). (2.1) 
S ~  oo 

(I 2, t fixed 

The form factor coupling the particle 3 to the Reggeon of spin a(/), Fa(1)(q2), 
is expected to have a very simple dependence on q2 as q2 .... : 

Fa( t ) (q2  ~ Fo(q2)(-q2)  -a ( t )  (2.2) 
q2 _ _~  

w h e r e  Fo(q2) is  (the a s y m p t o t i c  f o r m  of) the f o r m  f a c t o r  coupl ing  the spin 
z e r o  p a r t i c l e  ly ing on the t r a j e c t o r y  to p a r t i c l e  3. The m o r e  r ap id  f a l l - o f f  
fo r  h i g h e r  spin p a r t i c l e s  exh ib i t ed  by (2.2) has  been  d e r i v e d  in f i e ld  t h e o r y  
m o d e l s  fo r  c o m p o s i t e  p a r t i c l e s  [4] but is  e x p e c t e d  to be qui te  g e n e r a l  s i n c e ,  
rough ly  s p e a k i n g ,  i t  is  a m a n i f e s t a t i o n  of a p l a u s i b l e  b e h a v i o u r  of the bound-  
s t a t e  wave  func t ion  at the o r i g i n  due to c e n t r i f u g a l  b a r r i e r  e f f e c t s .  

C o m b i n i n g  (2.1) and (2.2) we have 

q2 ~ _ ~o 
l f ixed 

The s c a l i n g  b e h a v i o u r  (1.4) wi l l  then fo l low for  l a r g e  co if we a s s u m e  M is  
su f f i c i en t l y  s m o o t h  so that  t h e r e  is a f in i te  r e g i o n  of s a n d 9  2 w h e r e  the 
a s y m p t o t i c  f o r m s  ob ta ined  in the Regge  l i m i t  (s -- ~ then q Z ~  _ oo) and the 
s c a l i n g  l i m i t  (q2 ~ _ oo then co ~ ~)  both hold **. Our  only j u s t i f i c a t i o n  fo r  

* Cross sections with diffractive contributions like "/+ N ~ po + N conceivably 
could thus be constant in q2 as suggested by Lee [3]. 

** For  example, if (2.1) holds uniformly in co, i.e. for s>> C]q2 I and (2.2) holds for 
Iq2i >> N, then (1.4) will hold for q2 >>N and co >> C. 
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this  a s s u m p t i o n ,  o the r  than s i m p l i c i t y  and n a i v e t e ,  is  that it  a p p e a r s  con-  
s i s t e n t  with a l l  the data  for  i n c l u s i v e  e l e c t r o p r o d u c t i o n .  

The ph i losophy  he re  is e s s e n t i a l l y  the s a m e  as that of A b a r b a n e l  et  al. 
[5] in t he i r  d i s c u s s i o n  of the l a rge  co b e h a v i o u r  in i n c l u s i v e  e l e c t r o p r o d u c -  
t ion.  The d i f f e r e n c e  is  that  the n a t u r a l  b e h a v i o u r  (2.2) a l lows  us to r e v e r s e  
the a r g u m e n t s  and jus t i fy  s c a l i n g  b e h a v i o u r  r a t h e r  than a s s u m i n g  it. 

Sca l ing  in e x c l u s i v e  e l e c t r o p r o d u c t i o n  has been  i n v e s t i g a t e d  in s e v e r a l  
mode l s .  The b e h a v i o u r  (1.4) has  been  shown to hold for  a l l  co in qb3 p e r t u r -  
ba t ion  theory  for  the sum of / - c h a n n e l  l a d d e r  g raphs  [61. In this  case  
Fo(q2 ) ~ (q2)-1 s ince  hadron  3 was t r e a t e d  as n o n - c o m p o s i t e .  In a l l  m o d e l s  
of this  type,  the s c a l i n g  b e h a v i o u r  for  l a rge  co is  e a s i l y  u n d e r s t o o d  s ince  
they sa t i s fy  (2.2) (ref .  [4]). 

E x c l u s i v e  e l e c t r o p r o d u c t i o n  has a lso  been  s tud ied  in the p a t t o n  mode l  [7]. 
t t o w e v e r ,  we r e g a r d  the r e s u l t s  of this  c a l c u l a t i on  as i n c o n c l u s i v e  due to 
the l a rge  n u m b e r  of unknown p a r a m e t e r s  invo lved  a l though the au thor  was  
led to c o n j e c t u r e  a fo rm d i f f e r e n t  f rom (1.4). 

It a p p e a r s  that  one needs  an exp l i c i t  theory  of f i n a l - s t a t e  i n t e r a c t i o n s  in 
o r d e r  to d raw any c o n c l u s i o n s  f rom the p a t t o n  model .  Yu has p r o p o s e d  and 
s tud ied  a mode l  in which  the p a t r o n s  i n t e r a c t  with the p h y s i c a l  ha d r ons  
th rough  a dual  r e s o n a n c e  amp l i t ude  [8]. The r e s u l t s  quoted in ref.  [8] have 
an e x t r a  (log iq 2 )-1 as  c o m p a r e d  to (1.4); however ,  we be l i eve  that the 
coe f f i c i en t  has a d i v e r g e n t  p a r t  which  c a n c e l s  th is  f a c t o r ,  as happens  in his  
c a l cu l a t i on  of Fo(q2). 

F i n a l l y ,  the s i m p l e  dual  r e s o n a n c e  mode l  d i s c u s s e d  in sect .  4 a g r e e s  
with (1.4) for  a l l  co. Thus th is  s c a l i n g  b e h a v i o u r  is  sugges t ed  for  a l l  co by a 
n u m b e r  of modeIs  as  wel l  as by the g e n e r a l  a r g u m e n t  for  l a rge  co. 

We conclude  this  s ec t ion  by po in t i ng  out a s o u r c e  of u n c e r t a i n t y  r e g a r d -  
ing the sugges t ed  fo rm (1.4). If the h a d r o n s  a r e  i n f in i t e ly  compos i t e  p a r -  
t i c l e s  (as is  expec ted  if Regge t r a j e c t o r i e s  r i s e  l i n e a r l y )  then fo rm f a c t o r s  
a r e  expec ted  to fal l  f a s t e r  than any power  [91 (see  a lso  the l a s t  of r e f s .  [4]). 
Very  l i t t le  is  known t h e o r e t i c a l l y  about  this  p o s s i b i l i t y  even though it a p -  
p e a r s  to be the m o s t  l ike ly  one. In p a r t i c u l a r ,  one does  not know if (2.2) 
holds .  In a g e n e r a l i z a t i o n  of the dual  mode l  of sect .  4 to exponen t i a l  f o rm 
f a c t o r s ,  (2.2) in fac t  does  not  hold [10]. Thus it  i s  not  s u r p r i s i n g  that  M i s  
found not to have a f a c t o r i z a b l e  d e p e n d e n c e  on q2 and the f in i te  v a r i a b l e s  co 
and t in the s c a l i n g  l i m i t  * 

3. RESONANCE SATURATION O F  THE SCALING FUNCTION 

Since we have a s s u m e d  above that  g(co,t) is  Regge behaved  for  l a r g e  a), 
we expec t  that  i t  s a t i s f i e s  a d i s p e r s i o n  r e l a t i o n  

* The assumption of a factorized form is also part icularly doubtful in the parton 
model of ref. [7] since q2 always occurs in the combination q2(co _ 1). When this 
quantity is raised to a power it factorizes,  but when it occurs in an exponential it 
does not. 
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( 3.1 ) 
Ag(co t t) 

g(co,t) = dco' co, _co 
1 

The d i s c o n t i n u i t y  in g(co,t) fo r  1 "~ w ~ ~ is a m a n i f e s t a t i o n  of the r i g h t -  
hand cut  in s in M ( f o r  s i m p l i c i t y  we s u p p r e s s  the cut for  - ~  ~- co ~ 0 due 
to the l e f t - h a n d  cut in M). 

In th is  s ec t i on  we a s s u m e  that  (the n o n - d i f f r a c t i v e  con t r ibu t ion  to) Ag  
is  w e l l  a p p r o x i m a t e d  l oca l l y  ( " s a t u r a t e d " )  by r e s o n a n c e s  when the r e s o -  
nance  m a s s e s  a r e  l a r g e :  

l im [d(N)Resa(s)=NM( s , l ,q2)]  : Fo(q2 ) Ag(co,t) , (3.2) 
q2 _~ _ ~  

a-l(N)/q 2 f ixed  

w h e r e  1 -~, a-l(N)/q 2 and d(N) ~ d a - l ( N ) / d N i s  the s e p a r a t i o n  be tween  
r e s o n a n c e s  in s *. Th is  a s s u m p t i o n  is  m o t i v a t e d  by the d i s c u s s i o n  of l oca l  
dua l i ty  for  i n c l u s i v e  e l e c t r o p r o d u e t i o n  g iven  by B l o o m  and Gi lman  [11] ( see  
a l so  re f .  [121). The ana log  of the a s s u m p t i o n  of ref .  [11] fo r  e x c l u s i v e  e l e c -  
t r o p r o d u c t i o n  would be 

ReSNM(S, t ,q2)  ~ Fo(q2)Ag(co,l) (3.3) 
co = 1 - N /q 2 

fo r  q2 su f f i c i en t l y  l a r g e .  The b a s t e  d i f f e r e n c e  be tween  t he se  two a s s u m p -  
t ions  i s  that  (3.2) is  w e a k e r  s i nce  it r e q u i r e s  N to be l a r g e  (one m u s t  jump 
f r o m  one r e s o n a n c e  to the next  as  q2 i n c r e a s e s ) .  We p r e f e r  to a s s u m e  
(3.2) h e r e  s i n c e  it is  s u f f i c i e n t  fo r  m o s t  of ou r  p u r p o s e s .  F u r t h e r m o r e  dual  
m o d e l s  in g e n e r a l  s a t i s f y  exac t l y  only the w e a k e r  a s s u m p t i o n  ( see  sec t .  4, 
fo r  e x a m p l e ) .  F o r  p a r t i c u l a r  c h o i c e s  of p a r a m e t e r s  these  m o d e l s  may  ap- 
proximately s a t i s fy  (3.3),  h o w e v e r ,  jus t  as  the V e n e z i a n o  m o d e l  fo r  h a d r o -  
n ic  a m p l i t u d e s  a p p r o x i m a t e l y  s a t i s f i e s  l oca l  dua l i ty  fo r  s m a l l  N fo r  p a r t i c u -  
l a r  t r a j e c t o r y  i n t e r c e p t s .  We r e g a r d  such  an a p p r o x i m a t e  s a t i s f a c t i o n  of 
(3.3) to be a m u c h  m o r e  l ike ly  p h y s i c a l  s i tua t ion  than the e x a c t  s a t i s f a c t i o n  
a s s u m e d  in s o m e  m o d e l s  (e.g.  u n i v e r s a l  f o r m  f a c t o r s ,  see  re f .  [13] fo r  a 
r e v i e w ) .  Much s t r o n g e r  c o n s e q u e n c e s  fo l low,  of c o u r s e ,  f r o m  (3.3) - see  
the footnote  fo l lowing  (3.7) and ref .  [13] fo r  a g e n e r a l  d i s c u s s i o n  fo r  i n c l u -  
s i v e  e l e c t r o p r o d u c t i o n .  

T h e r e  a r e  two p a r t i c u l a r l y  i n t e r e s t i n g  a s s u m p t i o n s  that  a r e  s t r o n g e r  
than (3.2) but w e a k e r  than (3.3): 

(i) C o n s i s t e n c y  be tween  Regge  b e h a v i o u r  and s c a l i n g  fo r  co ~ oo, 

* Resonance saturation requires  infinitely r is ing Regge t ra jec tor ies .  We will as-  
sume l inear t ra jec tor ies  for simplici ty below so that d(N) = 1 and a- l(N) ~ N. The 
residue is understood to include all approximately degenerate poles near  a(t) = N. 
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l i m  ~ l im  R e s N M  ] eSNM i q 2 ~  _oo [ = l i m  F l i m  R 
N-~oo  co ~ L q 2 ~  _ ~  

q2 f ixed  co f ixed  

= i i m  Fo(q2)Ag(co,t). (3.4) 
( . t)  ~ o o  

This  i s  a c o n s e q u e n c e  of the u s u a l  R e g g e - r e s o n a n c e  dua l i t y  fo r  f ixed  q2 
and the s m o o t h n e s s  a s s u m p t i o n  of s e c t .  2. 

( i i)  C o n s i s t e n c y  be tween  a s y m p t o t i c  f o r m  f a c t o r s  and s c a l i n g  fo r  co -~ 1, 

1 
N f ixed  co f ixed  

= lim Fo(q2)Ag(co,t ). (3.5) 
w~ 1 

Let us speculate briefly on the threshold behaviour (co ~ 1) ofg(co, t). 
Suppose form factors are power behaved, 

Res  N M ( I  2-~ _~> % (-q2)-ys(N) '  F ° ( 2 ) q 2  ~ -~> ( - 2 ) - ~ t .  (3.6) 

The l e a d i n g  s - c h a n n e l  Regge  t r a j e c t o r y  has  )~s(N) = ~'s + N f r o m  (2.2) and 
canno t  c o n t r i b u t e  to the s a t i s f a c t i o n  of (3.5).  A l l  we can conc lude  i s  tha t  
t h e r e  m u s t  be an e f f e c t i v e  ~'s i n d e p e n d e n t  of N and thus  f r o m  (3.5) and (3.6) 

Ag(co , t )  ~ (1 _co)~s-Vt. (3.7) 

S ince  a priori  )'s - ~'t can have  any va lue  * th i s  a r g u m e n t  i s  i n c o n c l u s i v e  ** 
On the o ther '  hand ,  the i n t e g r a l  (3.1) m u s t  d i v e r g e  to g ive  p o l e s  in t .  The 
l o w e s t  po l e  c l e a r l y  g i v e s  the c o n t r i b u t i o n  

1 (1 _co)o g ( ~ , t )  ~ ~ . (3.8) 

We thus  c o n j e c t u r e  tha t  g(co, l) a p p r o a c h e s  a c o n s t a n t  fo r  co ~ 1 o r  d i v e r g e s  
(if  ~ ' s -  7't < 0). The dua l  m o d e l  d i s c u s s e d  be low s a t i s f i e s  th i s  c o n j e c t u r e .  

F i n a l l y  we c o m m e n t  b r i e f l y  on the c o n s i s t e n c y  c ond i t i ons  on the r e s o -  
n a n c e  s p e c t r u m  and r e s i d u e s  i m p l i e d  by s c a l i n g .  C o n s i d e r  the t h r e e  c l a s -  
s e s  of r e a c t i o n s  shown in fig.  2, i . e .  p u r e l y  h a d r o n i c ,  e x c l u s i v e  e l e c t r o -  
p r o d u c t i o n ,  and i n c l u s i v e  e l e c t r o p r o d u c t i o n .  The i m p o s i t i o n  of f a c t o r i z a -  

* Ys - Yt < 0 does not require  any physical  quantity to become infinite since 
(1-co) >~ Smin/q 2. 

** With the s t ronger  assumption (3.2), taking N = 0 we find ~s =Ys =Yt and 
Ag(co,t) ~ (1 _co)O. 
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lira ~ ~i(Ny 
N~m L l]i ( N ~ ,  = /3(t) N~ltl 

hm ~ BL ( N ) ~ I ~  L = Fo (q2) &g (~o,t) 
N ~ m  i Fi(q 2,N) ill x 

n/q2 fixed / \  

lira ~ Fi (q2 'N ) ~ i  /',f (~ ,t ) 
N~Ce  [ Fi (q Z ,N~I~,  

N/q2 fixed 

F i g .  2. C o n s i s t e n c y  c o n d i t i o n s  f r o m  r e s o n a n c e  d o m i n a n c e  of (a) h a d r o n i c  r e a c t i o n s ,  
(b) exclusive eleetroproduetion,  and (e) inclusive electroproduetion. The sum i is 

over resonances of about the same mass N but of different spins and bqoes. 

t ion as shown c l e a r l y  m a k e s  the so lu t ion  of th is  s e t  of r e l a t i o n s  subt le  * 
The ma in  p r o b l e m  is  the c o n s i s t e n c y  be tween  the rap id  d e c r e a s e  in (b) and 
the cons t an t  b e h a v i o u r  in (c). C l e a r l y  t h e r e  m u s t  be m o r e  than one t e r m  in 
the sum i .  T h e r e  m u s t  be s o m e  s t a t e s  fo r  l a r g e  N w h o s e  coupl ing  to two 
h a d r o n s  is  v e r y  s m a l l  but whose  coupl ing  to a hadron  and a v i r t u a l  photon 
is  v e r y  l a r g e  (to c o m p e n s a t e  the u sua l  d e c r e a s e  fo r  l a r g e  q2). C rude ly  
s p e a k i n g ,  the v i r t u a l  photon m u s t  be a v e r y  good p r o b e  into d e t a i l s  of the 
h a d r o n i c  r e s o n a n c e  s t r u c t u r e .  

4. D U A L  R E S O N A N C E  M O D E L  

In this  s e c t i o n  we d i s c u s s  s c a l i n g  in e x c l u s i v e  e l e c t r o p r o d u c t i o n  in a 
s i m p l e  dual  r e s o n a n c e  m o d e l  in o r d e r  to i l l u s t r a t e  the p r e c e d i n g  d i s c u s s i o n .  
The dual  m o d e l  we study is  the m o d e l  which  e x p r e s s e s  c u r r e n t  a m p l i t u d e s  
as  dual  n -po in t  func t ions  with c e r t a i n  a r g u m e n t s  s e t  equa l  to c o n s t a n t s  [14]. 
Th is  m o d e l  was  chosen  b e c a u s e  it  has  a l a r g e  n u m b e r  of d e s i r a b l e  q u a l i t a -  
t ive  f e a t u r e s  [10, 15]: u sua l  s-t  dua l i ty ,  f o r m  f a c t o r s  with p o w e r  d e c r e a s e  
d o m i n a t e d  by v e c t o r  m e s o n  p o l e s ,  (2.2) i s  s a t i s f i e d ,  the p o w e r  d e c r e a s e  of 
the f o r m  f a c t o r s  i s  c o r r e l a t e d  with the loca t ion  of f ixed p o l e s  as s u g g e s t e d  
by f i e ld  t h e o r y  m o d e l s  of c o m p o s i t e  p a r t i c l e s ,  s c a l i n g  holds  fo r  i n c l u s i v e  
e l e c t r o p r o d u c t i o n .  

In th is  m o d e l  M i s  g iven  by a B 5 funct ion  ( see  fig. 3) 

1 1 
M(s, t ,q  2) = f f d v l d V  2 v ~ / - 1 ( 1 - c l  ) - a ( s ) - I  

0 0 

× v~ s -1(1 - v2)-a(t)-l(1 - VlV2 )-a(q2)+a(s)+a(t) (4.1) 

* It is even more subtle when the q2 dependence in (b) and (c) is given by a sum over 
vector  meson amplitudes, each satisfying (a). Such a sum must c lear ly  have an in- 
finite number of te rms .  
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~(s) ~{t) 

v~ v 2 - ~s 

//// 
o~ ( q z )  

Choice of variables  for eq. (4.1). The dotted lines can be thought of as 
fictitious "leptons" which form the current.  

In the B j o r k e n  s c a l i n g  l imi t  we obta in  (v I = - X l / a ( s ) ) :  

oo 1 

M ( s , l , q  2) ~ (_q2)-Yt(1 _co)-~'! f dx I f dv 2 
o o 
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× x ~ t - l v : s - l ( 1 - v 2 ) - a ( t ) - l e x p  ! - x  1 ( 1 +  ~_co v2) 1 

= (_q2)-Yt(1 _co)-Yt F(Ys)_ F()'t) r(-a(l)) 
r ( r s  - a ( t ) )  

co (4.2) 
X 2 F l ( Y s , Y t ; - a ( / ) + y s ;  l_-c~ ). 

Using the standard formulae for continuation of the hypergeometric function 
[16], we find 

M ( s , l , q 2  ) ~ (_co)c~(t)F(,c~(t))F(~,/+ c~(t)) 
Bj. l im i t  

( t )  ~ o o  

+ (_co) -~ ' t  r ( - r t  - ~(t)) r(~, s) r(rt) 
V(Ys - Yt - ~(t)) (4.3) 

Le t  us c o m p a r e  (4.3) wi th  the Regge  l im i t  * (us ing  (4.1) and ref .  [16]): 

M ( s , l ,  q2) ~ F ( - ~ ( q 2 ) )  r ( ) ' t +  a( t ) )  F ( - a t )  ( _ s ) a t  

s ~ ~ F ( - a ( q 2 ) + Y t + a ( t ) )  

F(Ys) F(-Yt  - a( t ) )  P(y/)  
+ F(Ys - Yt - a( t ) )  ( - s ) - V t "  (4.4) 

We find the f o r m  f a c t o r  

* In addition to the Regge pole there is a "fixed pole" giving (-s) -yt whose location is 
connected with the asymptotic fall-off of form factors  [10]. 
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/)(q2) q2) -y t -a ( t )  r ( y  , (- t+a( t ) )  (4.5) Fa(  q2 

w h e r e a s  the spin z e r o  f o r m  f a c t o r  is ( f rom (4.4) o r  d i r e c t l y  f r o m  (4.1)): 

r ( - a ( q 2 ) )  r ( 7  t) 
( -q2)-Y t r ( y  t) (4.6) 

F°(q2) = F(_a(q2)+yt  ) q2_~ _co 

so (2.2) is sa t i s f ied .  We see  t h e r e f o r e  that  M is suf f ic ien t ly  s m o o t h  so the 
l imi t s  can be i n t e r c h a n g e d  and f u r t h e r m o r e  (1.4) holds to all  co with 

r (y  s) r(-~(t)) 
g ( w , l ) =  F ( Y s - a ( t ) )  ( l_~o) -y /  Fl (Ys ,Y t ;_a( t )+  ._ w 2 Ys' l _ w  )" (4.7) 

F o r  fu ture  r e f e r e n c e  we note that  

r(~, s ) w-Ys(~  _ 1)Ys-Yt Ag(w, t )  = ~ F(y/)  F(~, s . y t +  1) 

w - 1  
×2Fl(Ys ,a( t )+l ;Ys_Yt+l ;~- - ) ,  (1~< cd~< co). (4.8) 

The t h r e sho ld  behav iou r  is e a s i l y  obta ined  us ing  [16] 

r ( y s - y  t) r (-a( t ))  -~'t F(ys) r(yt -ys) 
g ( ~ , t )  ~ F(Ys -Yl - a(l))  + (1 -w)  ys F(yl)  (4.9) 

¢ o - ' 1  

Thus  g(~o,/) has  the th re sho ld  behav iou r  c on j ec tu r ed  in sect .  3. The t e r m  
with cons tan t  behav iou r  has the po les  in t as  expec ted .  

We now study the r e s o n a n c e  sa tu ra t i on  of the sca l ing  function.  For  s i m -  
p l ic i ty  we give he re  the r e s u l t s  fo r  a(t)  = -1 a l though the conc lus ions  a r e  
val id for  all  c~(t). We find 

F(Ys) F(Ys - Yt + 1 +N) F ( - a ( q  2) +N) 
Res N M = ~r (4.10) 

F(Ys - Yt + 1) F( 1 +N) F ( - a ( q  2) + Ys+N) 

fo r  ~(t) = -1. Thus 

lira Res  
q2 ~ _oo N 

N/q 2 fixed 

M = ( -q2) -Y lw-Ys (w - 1) ys -Yt ~ F(Ys) 
r ( y  s - y t+  1)" 

(4.11) 

The model therefore satisfies the weak local duality assumption (3.2) since 
for a(t) = - i ,  eq. (4.8) gives 

r(~,s) 
Ag(w , t )  = ~)-Ys(w - 1)Ys-Ytzr F ( y / ) F ( y  s - y t  + 1)" (4.12) 
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It does  not sa t i s fy  the s t r o n g e r  a s s u m p t i o n  (3.3), howeve r ,  b e c a u s e  

r ( s  s )  r ( s  s - s t + 1 +N)  ReSNM=(-q2)-Ys77 r ( ~ s _ ~ , t + i ) F i i + N )  ' lira 
q2 ~ _~ 

which  does  not a g r e e  with (4.12). On the o the r  hand, the r e l a t i o n s  (3.4) 
and (3.5) a r e  s a t i s f i ed  s ince  

r ( s  s ) 
l im [ l im ReSNM] = (-q2)-Stn F(V s y t+  1) (w - 1) vs-st  

N ~  q 2 ~ _ ~  
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and 

(4.13) 

lim Fo(q2)Ag(w,l), (4.14) 
¢ e ~  1 

lira [ lira R e S N M  ] = l im v F(Ts) N -st 
q2 . . . .  N - '  ~ q2 . . . .  F (Ys-Yl  + 1) 

F(S s) - s t  
= ( -q2) -S l  n F(), s -Tt+ 1) co 

= l im Fo(q2)Ag(w,t). ( 4 . 1 5 )  
(3) --* oO 

Fina l ly  we look at the c o n s i s t e n c y  condi t ions  (fig. 2) in the model .  The 
mode l  does  not f a c t o r i z e  fully [17] so the condi t ions  will  not  be r i g o r o u s l y  
sa t i s f i ed  but it is i n t e r e s t i n g  to look at them anyway.  The inc lus ive  e l e c t r o -  
p roduc t i on  ampl i tude  in the mode l  [10] s a t i s f i e s  ( for  a(t) = -1 and M = uW2): 

A f ( w , / )  = vw(w - 1) 2 s s - 1  F(Ss) F(Ss) 
F(27 s) 

= l im R e S N M  
N - - ~  ~ 

N/q 2 f ixed 

= l im lvN ~ " F(~s-)F(~s-~t+l+i)'F(-a(q2)+i+k) 

N/q 2 f ixed i+j+k=N 

F(Ss : - ~ t + ~ - F ( l + ~ F ( _ a ~ - ~ ] + ~ + k ) / \ F ( l + k ) F ( 2 ) ' / -  2)I ~ " 
(4.16) 



572 J.H. Weis, Exclusive eleclroproduction 

The p r e s e n c e  of s e v e r a l  s u m s  in (4.16) as  c o m p a r e d  to (4.10) s u g g e s t s  the 
p r e s e n c e  of many  m o r e  s t a t e s  coupl ing  in c a s e  (c) of fig. 2. Indeed,  the 
s c a l i n g  func t ion  a r i s e s  f r o m  t e r m s  in the sum wi th  k ~ N for  which  the cou-  
p l i n g s  a r e  m u c h  l a r g e r  (due to the f ina l  group of g a m m a  func t ions )  than 
those  in (4.10). 

We b e l i e v e  the study of th is  dual  m o d e l  is  v e r y  use fu l  fo r  ga in ing  in tu i t ion  
about  the e x p e c t e d  b e h a v i o u r s  of a m p l i t u d e s  wi th  highly v i r t u a l  photons .  It 
would  be i n t e r e s t i n g  to know if one is led to s i m i l a r  c o n c l u s i o n s  in the m o r e  
s o p h i s t i c a t e d  dual  m o d e l  of M a n a s s a h  and Mat suda  [18] which  a l so  s a t i s f i e s  
gauge i n v a r t a n c e .  

I am v e r y  g r a t e f u l  to J u l i u s  Kuti fo r  n u m e r o u s  e n l i g h t e n i n g  d i s c u s s i o n s .  
I have a l so  bene f i t ed  f r o m  d i s c u s s i o n s  wi th  S teven  Blaha ,  R i c h a r d  B r o w e r ,  
Pao lo  D i V e c c h i a ,  K e r s o n  Huang,  Roman  J a c k i w ,  Renato  Musto  and Loh-  
P ing  Yu. 
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