
~ Nuclear Physms B30 (1971) 1-67. North-Holland Publishing Company 

PHENOMENOLOGY OF BACKWARD 

PH OTO P R OD UCTI ON* 

E d m o n d  L. B E R G E R  
H~gh Energy Physzcs Dzviszon, Argonne Natzonal Laboratory, 

Argonne, lllznozs 60439 

G e o f f r e y  C. FOX 
Lauritsen Laboratory of Physzcs, Calzfornm Institute of Technology, 

Pasadena, Calzfornm 91109 

Received 1 March 1971 

Abstract- We investigate backward photoproductlon reactions both emplrmal ly  and m 
the context of spemflc models.  F , r s t ,  salient features of backward smgle-plon 
photoproductlon data are examined and contrasted w~th eorrespondmg proper t ies  
of purely hadronic data. We show that although Tp and yN data are qualitatively 
s ,mt la r  below 5 GeV/c, remarkable  differences become apparent at higher ene r -  
gins. Second, four models are studmd m detad to see whether they offer an ex-  
planation for the chstmctlve energy and momentum t ransfer  dependence of photo- 
productmn cross  sectmns.  In these models,  we include contributions from Regge 
(moving) and fixed poles,  as well as absorptive (moving) and fixed cuts. Satisfac-  
toryf l t s  to data are obtained with the fixed-pole model,  the strong absorption mod- 
el and the fLxed-cut model of Carl i tz ,  Kmhnger ,  Bardak~l and Halpern. However, 
none of these profoundly different models is adequately tested by available data. 
Suggestions for many useful new experiments emerge  from our study; the most  
important are backward 7rN---, Np, backward TN---*Alr, ~d---*pn, and the inclusive 
processes  Tp ---*h + anything (h = 7r +, K*, p and p). 
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1. INTRODUCTION 

Differential  c ro s s  sect ions for both fo rward  and backward two-body pho- 
toproduct ion p r o c e s s e s  exhibit little s t ruc tu re  as a function of either ener-  
gy or  momentum t r ans fe r  [1]. For  example, at high energies ,  fo rward  
dcr/dt sca les  with energy as E~2b and backward d(ffdu sca les  as E l3  b. 
Moreover ,  fo rward  yp --* 7r°p is the only photoproduction react ion for  which 
there  is a significant dip in the momentum t r ans fe r  distr ibution [2]. Strong- 
in teract ion data behave very  differently. For  many pure ly-hadronic  pro-  
ce s se s ,  differential  c r o s s  sect ions display remarkab le  s t ruc tu re  as a func- 
tion of momentum t r ans fe r ;  this s t ruc tu re  usually va r i es  significantly with 
energy.  Until now, little p r o g r e s s  has been made theore t ica l ly  in achieving 
even a qualitative understanding of photoproduction phenomena. 

In this paper ,  af ter  a thorough cri t ique of 7P data, we examine in detail 
four phenomenological  models  for backward s ingle-plon photoproduction. 
We eschew fea tures  of models  which a re  sensi t ive to subtle var ia t ion of pa- 
r a m e t e r s .  Rather ,  we concent ra te  on obtaining a natural  explanation for 
the observed  universa l  dependence of da/du on energy and momentum 
t rans fe r .  

We consider ,  in turn,  models  which employ Regge poles,  fixed cuts, 
fixed poles,  and moving Regge cuts genera ted  by absorption.  In two of 
these models  (pure Regge pole and s t rong absorpt ion [4]), no fundamental 
s ignif icance IS at t r ibuted to observed  dif ferences  between pure ly  hadronic 
and photoproduction p roces se s .  The di f ferences  a re  assoc ia ted  mere ly  with 
different spin s t ruc tu re  of reac t ion  amplitudes,  and with values of sundry 
coupling constants .  In the remaining  two models ,  a baszs dynamzcal  dz f fer -  
ence is postulated between e lec t romagnet ic  and hadronlc interact ions.  In 
these  models ,  fixed s ingular i t ies  a re  a s sumed  to be p resen t  in the complex 
angular  momentum (j) plane. These  fixed s ingular i t ies ,  forbidden by (u- 
channel) uni tar i ty  for pure ly-hadronic  p r o c e s s e s ,  a re  assumed to dominate 
photoproduction ampli tudes.  

One of these f ixed-s ingular i ty  models  was suggested by Carl i tz  and Kis-  
l inger  [4] and by Bardakqi  and Halpern [5]. In this model,  baryon r e s o -  
nances a re  ensured a unique par i ty ,  as observed,  by the introduction of a 
fixed branch-poin t  s ingulari ty (cut) in the j -p lane .  The amplitudes asso-  
ciated with this cut dominate sca t te r ing  for  u < 0. The discontinuity a c r o s s  
the cut, at u = 0, is m o r e  singular  than allowed by uni tar l ty  for purely  ha- 
dronlc p roces se s .  As a resul t ,  this theory  can be applied only to weak and 
e lec t romagnet ic  p r o c e s s e s ,  for which no such uni tar i ty  const ra in t  exists.  

In the fourth model,  we postulate the p resence  of f ixed-poles  in the 3- 
plane. These  poles a re  located at j = 0, (-1, - 2 , . . . )  in meson  channels and 
a t j  -½, (-{ = , -9,  • • .) in fe rmion  channels.  Again, uni tar i ty  forbids fixed 
poles in purely  hadronic p roces se s .  

For  each model,  we begin by studying ampli tudes analyt ical ly In o rde r  
to a sce r t a in  natural  predic t ions  for  s -  and u-dependence.  Ampli tudes a re  
then p a r a m e t r i z e d  in economical  fashion. We obtain good fits to data on 
yp --. nTr + and yp -~ pTr ° with our ve r s ions  of the fixed-cut, f ixed-pole,  and 
s t rong-absorp t ion  models .  
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In sp i te  of the h i g h - s t a t i s t i c a l  a c c u r a c y  of p r e s e n t - d a t a ,  these  t h ree  
mode l s  a r e  not d i f f e ren t i a t ed  by the f i t s .  M o r e o v e r ,  even within a given 
model ,  coup l ing-cons tan t  p a r a m e t e r s  a r e  v e r y  poor ly  de te rmined .  This  is  
r e m a r k a b l e ,  in one sense ,  because  s t r u c t u r e  of bas ic  ampl i tudes ,  as  a 
function of both s and u, is  r a d i c a l l y  d i f fe ren t  in d i f ferent  mode ls .  T h e r e  
a r e  two bas ic  r e a s o n s  for  these  d i f f icu l t ies .  F i r s t ,  the number  of inde-  
pendent  spin ampl i tudes  (4) is r e l a t i v e l y  l a r g e  in s l ng l e -p ion  photoproduc-  
tion. Second, for  each spin s ta te ,  t h e r e  a r e  t h r e e  independent  i sosp in  a m -  
p l i tudes :  I u = ~-, and two I u = ~ s t a t e s ,  f o r m e d  f rom the lSOSCalar and i so-  
vec to r  components  of the photon. Consequent ly ,  fu r the r  m e a s u r e m e n t s  on 
Tp ~ mr + and yp ~ pTr ° and, say,  yn ~ pn- ,  al though useful ,  will  not l ead  to 
d e c i s i v e  t e s t s  of mode l s  *. 

The r e a c t i o n s  ~p ~ &++Tr- and yd ~ pn have an impor t an t  s imphfy lng  
fea tu re ;  both have unique i sosp in  in the u-channel .  We show that m e a s u r e -  
men t s  o f  da /du  f o r  these  s ing le -exchange  reactzons wzll zndeed dz f feren tmte  
between models .  M o r e o v e r ,  data  for these  p r o c e s s e s  will  c l a r i f y  the i n t e r -  
p r e t a t i on  of a l l  photoproduct ion data  (for both f o r w a r d  and backward  sca t -  
te r ing) .  Th is  is  t rue  because  the mode l s  s tudied he re  can be appl ied  equal-  
ly well  to fo rward  sca t t e r ing ;  p r e s u m a b l y  the s ame  ge ne r a l  m e c h a n i s m  
governs  s c a t t e r i n g  near  both u = 0 and t = 0. That  is  to say,  if f ixed po les ,  
for  example ,  domina te  backward  photoproduct ion,  then p r e s u m a b l y  (~differ- 
ent) f ixed po les  a l so  dominate  f o rwa rd  7p p r o c e s s e s .  By c o n t r a s t  with 
7p ~ &++lr- and vd ~ pn, no f o r w a r d  yp p r o c e s s  is  endowed with a unique 
exchange in the c r o s s e d  (t) channel.  

Bes ide s  ~p --. A++n- and Td ~ pn, we sugges t  many o ther  e x p e r i m e n t s  
which would be va luable  in e s t ab l i sh ing  a be t t e r  under s t and ing  of pho topro-  
duction. Some of these  e x p e r i m e n t s  a r e  mot iva ted  on pu re ly  e m p i r i c a l  
grounds;  o the r s  a r e  sugges ted  by our t h e o r e t i c a l  ana ly se s .  Suggested  ex- 
p e r i m e n t s  a r e  l i s t e d  in sec t s .  2 and 4. 

In sect .  2, we r ev i ew  backward  photoproduet lon da ta  and c o n t r a s t  s a l i en t  
c h a r a c t e r i s t i c s  with those  of pu re ly  hadronic  r e a c t i o n s .  Independent of any 
f i t s ,  th is  study e m p h a s i z e s  the r e m a r k a b l e  f e a t u r e s  of photoproduet ion  da ta  
and highl ights  the need for  fu r the r  e x p e r i m e n t s .  We examine  qua l i t a t ive  
p r e d i c t i o n s  of v e c t o r - m e s o n  dominance  and find i n t e r e s t i n g  d i s c r e p a n c i e s  
at  high energy;  f u r t he r  e x p e r i m e n t a l  study of backward  o - p r o d u c t i o n  in 
pu re ly  hadronic  p r o c e s s e s  s e e m s  d e s i r a b l e .  We a l so  show that  impor t an t  
Informat ion  will  be p rov ided  by da ta  on znclus~ve reac t ions  of the type 
yp --* h + anything, where  hadron h = ,r ±, IC ~, p and ~. 

In sect .  3, we t r e a t  our four  t h e o r e t i c a l  mode ls .  Techn ica l  de t a i l s  a r e  
p r e s e n t e d  in appendices .  Because  the f ixed -po le  and f ixed -cu t  mode l s  a r e  
r e l a t i v e l y  un fami l i a r ,  we take  the oppor tuni ty  in subsec t s .  3.3 and 3.4 to 
d i s c u s s  some  of t h e i r  qua l i t a t ive  p r e d i c t i o n s ,  in a context  m o r e  ge ne r a l  
than backward  photoproduct ion.  

In sect .  4, we c o n t r a s t  p r e d i c t i o n s  of the mode l s  and make  spec i f ic  r e -  
commenda t ions  for  useful  e x p e r i m e n t s .  Gen e r a l  conc lus ions  a r e  s u m m a -  
r i z e d  in sec t .  5. 

* This is true unless, of course, new data indlcate behawor whlch is qualitatively 
different from current experlments. 
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R e a d e r s  i n t e r e s t e d  in an  e m p i r i c a l  e v a l u a t i o n  of r p  and  h a d r o n i c  d a t a  
a r e  d i r e c t e d  to s e c t .  2. H o w e v e r ,  s e c t .  2 m a y  be  o m i t t e d  e n t i r e l y  by 
r e a d e r s  i n t e r e s t e d  p r x m a r i l y  m p h e n o m e n o l o g l c a l  m o d e l s  and  f i t s  to da ta .  
E x p e r i m e n t e r s  i n t e r e s t e d  m a h s t  of v a l u a b l e  new e x p e r i m e n t s  m a y  c o n s u l t  
s e c t .  4 and  s u b s e c t .  2.4. 

2. COMPARISON O F  HADRON AND PHOTON 
INDUCED B A C K W A R D - S C A T T E R I N G  DATA 

In t h i s  s e c t i o n ,  we d e s c r i b e  f i r s t  the  d i s t i n c t i v e  f e a t u r e s  of b a c k w a r d -  
a n g l e  p h o t o p r o d u c t i o n  d a t a *  and  then  c o n t r a s t  t h e s e  wi th  c o r r e s p o n d i n g  
p r o p e r t i e s  of b a c k w a r d  ~N da ta .  P i o n - n u c l e o n  and yp  d a t a  a r e  r e m a r k a b l y  
d i f f e r e n t  in t h e i r  d e p e n d e n c e  on bo th  e n e r g y -  and m o m e n t u m - t r a n s f e r  v a r -  
i a b l e s .  Q u a l i t a t i v e  d i s c r e p a n c i e s  wi th  p r e d i c t i o n s  of v e c t o r - m e s o n  d o m i -  
n a n c e  [6, 7] a r e  a l s o  r e v e a l e d .  T h e s e  o b s e r v a t i o n s  and o t h e r  e m p i r i c a l  
r e g u l a r i t i e s  of the  d a t a  s u g g e s t  s e v e r a l  u s e f u l  e x p e r i m e n t s .  

2 . 1 .  y p  ~ N ~  

In f ig.  1, we p r e s e n t  m e a s u r e d  dg/du f o r  yp  ~ n~ +, yp  ~ p~O, and  
yp  -~ A++~ - [8-  10]. We  have  p l o t t e d  t h e s e  d a t a  a s  

~! E ~3 d~ 
494~5 l a b  j du " (1) 

T h e  f a c t o r  (~Elab)  3 r e m o v e s  obv ious  e n e r g y  d e p e n d e n c e  f r o m  the  da t a ;  t he  
f a c t o r  494 i s  s u g g e s t e d  by the  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  (VDM), in 
the  fo l l owing  way.  A c c o r d i n g  to  VDM, we m a y  r e l a t e  the  c r o s s  s e c t i o n  fo r  
p ion  p h o t o p r o d u c t i o n  [d~ /du(~N ~ N~)] to t ha t  fo r  s t r o n g - i n t e r a c t i o n  v e c t o r -  
m e s o n  p r o d u c t i o n  [ d a / d u ( ~ N  -~ NV)]. T h i s  r e l a h o n s h i p  i s  

8 {~2~ d~ d~ 
\ ~ ]  ~--~(TN - - S ~ )  = 2/311 d-~(~N ~ N [ p + ~ ( w -  ~/-2q~)]) . (2) 

In eq.  (2), the  s p i n - d e n s i t y  m a t r i x  e l e m e n t  p i c k s  out  the  h e h c i t y - o n e  c o m -  
p o n e n t  of t h e / 3 - m e s o n  T; y2  i s  the  u s u a l  u m v e r s a l / 3 - c o u p l i n g  c o n s t a n t  [11]; 
and  ( 8 / a ) ( ~ / 4 ~ )  = 494,  if  ~ve u s e  g e n e r a l l y  a c c e p t e d  v a l u e  (7~ /4~)  = 0.45.  

In o r d e ~ t o  c o m p a r e  the  e n e r g y -  and  m o m e n t u m - t r a n s f e r  d e p e n d e n c e s  of 
t h e s e  yp  da t a ,  we f ind  i t  c o n v e n i e n t  to  de f ine  the  s o h d  c u r v e  shown in f ig .  1 
(and s u c c e e d i n g  f i g u r e s ) .  T h e  s o l i d  c u r v e  i s  a r e p r e s e n t a t i o n  of eq. (1), f o r  
the  v e r y  a c c u r a t e  5 GeV yp  - -  n~ + da t a .  In f i g s .  l a  and  l b ,  by  c o m p a r i n g  
d a t a  a t  v a r i o u s  e n e r g i e s  wi th  t he  s o l i d  c u r v e ,  one  m a y  s e e  tha t  both n~r + 

* A good review of photoproductlon is the ar tmle  by D,ebold [1]. 
Exact appl,catlon of VDM is imposs ib le ,  even if d(~/du is available for /3-, ¢0- and 
q~-productlon. Interference effects remain  to be sor ted  out. In what follows, we 
assume that the quahtat lve behavior  of 0~ and ~p c ross  sections is s im i l a r  to that 
for/3-production.  Inasmuch as our conclusions,  m this sect ion,  are  based only on 
quahtat~ve features  of data,  we deem it sa t i s fac to ry  to r e fe r  only to/3-product,on 
when we make VDM comparisons .  
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F~g. 1. S ing le -pmn photoproduct lon  data  a re  d isp layed ,  p denotes  photon lab momen-  
tum m GeV. Fo r  r e a s o n s  d i s c u s s e d  m the text ,  we plot  494 (}Elab) 3 dcr/du v e r s u s  u. 
In all  c a s e s ,  the sol id  curve  r e p r e s e n t s  (scaled) 5 GeV ~p---* nlr + data.  At each  e n e r  
gy, to obtain the dot ted curve  in (b), we mul t ip ly  the s o h d  curve  by 0.5 Dashed 
s t r a i gh t  h n e s  r e p r e s e n t  b e s t  f i ts  to data with the equat ion d(y/du = A exp (cu); f i t ted 
va lues  of c (m umts  of (GeV/c)-2)  a r e  given m the f igure .  R e f e r e n c e s  for  data  a re  
(a) ~p--~ n*r + a t E l a  b = 2.8, 4.3,  6.7 and 9.8 GeV [8] a n d y p  --*n~ "+ at E la  b = 4 . 3 ,  5.0, 

9.55 and 14.75 GeV [9], (b) yp--o pTr ° [10]; (c) yp--~A++?r- [9]. 



E.L .  Berger,  G. C.Fox,  ~/N backward photoproduct~on 7 

and p~O data sca le  r e m a r k a b l y  w~th energy  * as E[3ab, for  a l l  u. T h e r e  is  no 
s h r i n k a g e  t.  (The dev i a t i on  at  E l a  b = 2.8 GeV in yp ~ n~ + is  a r e s o n a n c e  
effect ;  con fe r  fig. 18a.) A second  f e a t u r e  of i n t e r e s t  is  that  da ta  for  yp ~ n~+ 
and  yp --" pnO have qui te  s i m i l a r  u - v a r i a t i o n ;  in both,  d~/du  f a l l s  s lowly ,  
a p p r o x i m a t e l y  as  exp (u). Da ta  for  7P -~ A++~-, which has  u - c h a n n e l  i s o s p i n  
I u = ~, s e e m  to fa l l  off as  exp (3u) (fig. l c ) ;  however ,  t he se  da ta  a r e  con-  
f ined  to s m a l l  v a l u e s  of u, at e s s e n t i a l l y  one ene rgy .  F i n a l l y ,  the dot ted 
c u r v e  in fig. l b  deno tes  ½d~/du(~p -~ nv+); th i s  would be the va lue  of 
d~ /du(yp  -~ p~O) if only I u = ½ exchanges  w e r e  p r e s e n t  in yp -~ p~O and 
yp ~ nu+. 

2 . 2 .  lrp -* N ~  
Other  s i g n i f i c a n t  c h a r a c t e r i s t i c s  of yp da ta  b e c o m e  a p p a r e n t  when con-  

t r a s t e d  with p r o p e r t i e s  of p u r e l y  h a d r o m c  p r o c e s s e s .  We t u r n  now to a 
b r i e f  e x a m i n a t i o n  of s o m e  typ ica l  h a d r o n i c  data ;  when p o s s i b l e ,  we s e l e c t  
e x p e r i m e n t s  with r e s u l t s  ex tend ing  to l a r g e  v a l u e s  of l u l .  w e  d i s c u s s  
~N --* N~ f~rst ,  and  then  go on to ~N --, Np, pp -~ d~, and  pp -~ dp. In fig. 2, 
we d i sp l ay  a s e l e c t i o n  of da ta  for  the t h r e e  m e a s u r e d  c h a r g e  s t a t e s  of ~p 
b a c k w a r d  s c a t t e r i n g .  T h e s e  data  a r e  p lo t t ed  as  (~-Plab) 3 d~/du.  At each  en -  
e rgy ,  we a l so  show for  c o m p a r i s o n  the  Vp -~ nv + data ,  s c a l e d  as  in  eq. (1). 
The  m o s t  obvious  d i f f e r e n c e  in u - d e p e n d e n c e  b e t w e e n  yp da ta  and ~+p ~ p~+ 
or  ~ -p  -~ n~ ° is  that  b a c k w a r d  Vp da ta  show r~o dip s t r u c t u r e  w h a t s o e v e r .  
Second,  t h e r e  is  c o n s i d e r a b l e  s h r i n k a g e  in the ~p data ,  w h e r e a s  none ap-  
p e a r s  in  the yp data.  Spec i f i ca l ly ,  we note  tha t  the u - d e p e n d e n c e  for  
r p  --. n~ + is  s i m i l a r  to tha t  of h a d r o n i c  da ta  for  Plab  < 4 G e V / c .  However ,  
a s  e n e r g y  i n c r e a s e s ,  the ~p data  fade away at  l a r g e  u; thus ,  at  the h ighe r  
e n e r g i e s ,  d~/du  ~ exp (3u) for  ~p, s i g n i f i c a n t l y  s h a r p e r  than  the exp (u) 
c h a r a c t e r i s t i c  of r p  r e s u l t s .  E s p e c i a l l y  no tewor thy  a r e  ~r+p -+ p~+ da ta  at  
9.85 and 13.73 G e V / c ;  n e a r  u = 0, t he se  data  a r e  a f ac to r  of 10 above  the  
(sca led)  yp r e s u l t s ,  but  by u = -1 .9  (GeV/c)  2, they l ie  a decade  be low $. 

2.3.  ~p --* Np, pp --* d~ and pp -~ dp 
As e x p r e s s e d  th rough  eq. (2), the VDM mode l  p o s t u l a t e s  c lose  s i m i l a r -  

l ty b e t w e e n  da ta  for  ~p -~ N~ and  for  ~N -.  Np. A v a i l a b l e  b a c k w a r d - p  p r o -  
duc t lon  da ta  a r e  d i s p l a y e d  in  fig. 3; shown a r e  e x a m p l e s  of ~ - p  -~ pp - ,  
~r-p -~ np ° ,  and  ~+p -~ pp+. We o b s e r v e  that  at  low e n e r g y ,  s l opes  of d~ /du  
for  ~N -~ Np a r e  s i m i l a r  to those  of ~p -~ N~. T h i s  r e s u l t  is  in s u p e r f i c i a l  
a g r e e m e n t  with VDM. U n f o r t u n a t e l y ,  no l a r g e - u  data  ex i s t  at h~gh energy  
for  r e a c t i o n  ~r-p -~ np o. T h e r e f o r e ,  we canno t  d e t e r m i n e  d i r e c t l y  whe ther  

* As first  remarked by the exper imenters ,  of course [8-10]. 
J~ ' S h r i n k a g e '  i s  a property of s,mple Regge-pole models and of much hadronic data. 

It mdmates that, as a function of Ela b at fixed u, d~/du cc exp (g(u) logElab), 
where g(u) is an ,ncreasmg function of u. For example, ,n a single-pole exchange 
model, g(u) = 2ot'u, where Ol, is the slope of the exchanged trajectory.  
We remark  that if 7p cross sections continue to chffer by exp (2~) from ~p values, 
out to even larger  u, then at u ~ -4.0 (GeV/c)2, the factor of 494 will be over-  
come; the cross section for producing photons m lrp interactions will then be 
greater  than that for producing hadrons. This Is surely ridiculous. 
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Fig.  2. We d m p l a y  a s e l e c t i o n  of b a c k w a r d  da ta  f r o m  the  t h r e e  c h a r g e  s t a t e s  of 
~rp --~ NTr; p deno tes  i nc iden t  p ion  lab m o m e n t u m  in (GeV/c) .  In o r d e r  to c o m p a r e  e n -  
e r g y  dependence  of t h e s e  da ta  wi th  ~ p  da ta ,  we plot  (}Plab) 3 d~/du v e r s u s  u. The 
s o h d  c u r v e  is  494 (}Elab) 3 da/du for  the 5 GeV y p  --~ n~ -  da ta  (cf. fig. 1). D a s h e d  
l i ne s  h e r e  a r e  ob ta ined  as in fig. 1. R e f e r e n c e s  for  da ta  a r e  (a) ~r+p---~plr + at  2.85 
and  3.55 GeV/c [12, 13], and  y+p ~ pTr + at  9.85 and 13.73 G e V / c  [14]; (b) ?r-p ~ p y -  at  
2.8 G e V / c  [15], y-p---~ p?r- at  2.85 and 3.55 G e V / c  [12], rg-p--~plr - at  3.55 GeV/c [13], 
lr-p ---~plr- a t  9.85 and  13.73 G e V / c  [14], y-p-'-~pTr- at  16 G e V / c  [16]. In (b), 16 GeV/c 
7r-p ---*plr- da ta  have  been  m u l t i p l i e d  by  0.65; consu l t  r e f .  [17] for  a d ~ s e u s s m n  of 
n o r m a l i z a t i o n  d i s c r e p a n c i e s  m th i s  r e a e t m n .  F o r  ?r-p ---*ny ° ,  p a r t  (c), r e f e r e n c e s  

a r e  [18] fo r  4 GeV/c da ta ,  and [19] fo r  5.9 and 10.1 GeV/c. 
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Fig.  3. We dmplay (}Plab) 3 dcr/du for  three  charge  s ta tes  of backward  ?rp--~Np; p de- 
notes Incident pmn lab momentum.  In th~s f~gure, s o h d  and dashed cu rves  have the 
s a m e  meaning as in fig. 2. R e f e r e n c e s  for  data a re  (a) ~r-p --~ np ° at 2.3 GeV/c  [20], 
at 2.77 G e V / c  [21], and at 4 G e V / c  [22]; (b) /r-p --*pp- at 2.77 GeV/c [21], and at 8 

and 16 GeV/c  [23], (c) /r+p---* pP+ at 5 GeV/c [24] and at 5.2 GeV/c  [25]. 



E. L.  Berger, G. C.Fox, 7N backward photoproduct~on 11 

~N -~ Np d a t a  show the  s a m e  s l o w  exp (u) b e h a v i o r  a s  7P ~N~r,  a s  r e q u i r e d  
by  VDM, o r  w h e t h e r  s h r i n k a g e  i s  p r e s e n t .  

A l though  not  e x a c t l y  r e l e v a n t ,  d a t a  fo r  p r o d u c t i o n  of c h a r g e d - p ,  bo th  
~r-p ~ pp" and  pp  -~ dp +, do f o r e s h a d o w  d i f f i c u l t i e s  fo r  VDM. Indeed ,  a t  8 
and  16 G e V / c ,  the  p u r e  I u = ~ l r -p  ~ p p -  d a t a  have  a s l i g h t l y  s t e e p e r  d~/du 
( for  u > - 0 . 6  (GeV/c )  2) t han  d a t a  f o r  7r-p --~ p~r-. ( C o n t r a s t  f i g s .  2b and  3b.) 
T h e r e  i s  no h in t  of t he  f l a t  exp  (u) b e h a v i o r  c h a r a c t e r i s t i c  of  Vp ~ Nit. A 
s i m i l a r  e f f ec t  zs o b s e r v e d  in the  p u r e  I u = ½ r e a c t i o n s  p p - ~  dlr + and  
pp  ~ dp +. D a t a  a r e  g iven  in f ig .  4. A t  low e n e r g y  (Plab ~ 3.5 G e V / c ) ,  
d( r /du shows  a s l ow  exp (u) b e h a v i o r  c h a r a c t e r i s t i c  of l ow  e n e r g y  pho ton i c  
and  h a d r o n i c  da t a .  H o w e v e r ,  by  21 G e V / c ,  s h r i n k a g e  of d ~ / d u  h a s  o c -  
c u r r e d ,  and  d a / d u  ~ exlp (3u). We  e m p h a s i z e  tha t  d g / d u  i s  qu i t e  s i m i l a r ,  
out  to  u ~ - 1.0 (GeV/c )  z,  f o r  pp  ~ dTr + and  pp  ~ dp +. 

I t  a p p e a r s ,  t h e r e f o r e ,  t ha t  d ~ / d u  fo r  h a d r o n i c  p - p r o d u c t i o n  a t  h igh  en-  
e r g y  s h o w s  l i t t l e  s z m i l a r i t y  to  the  s l o w l y  v a r y i n g  (exp (u)) 7P da ta .  On t h e  
c o n t r a r y ,  i t  i s  s i m z l a r  to  p u r e l y  h a d r o n i c  ~N d a t a  a t  l a r g e  u. We have  

i i i i 
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Fig. 4. We display (~Plab) 3 da/du for (a) pp-~  d~r + and (b) pp-*  dp+; symbol p next to 
data points denotes proton lab momentum m GeV/c.  The solid curve zs 0.5 tzmes 
494 (~Elab) 3 dG/du for 5 GeV 7P "--* n~+ data. Dashed hnes  have the same meamng as 
m fig. 1. References  for data a re  (a) pp---*d~ + at 2.78 and 3.62 GeV/c [26], at 2.81 
and 3.63 GeV/c [27], and at 19.2, 19.4 and 21.1 GeV/c [28]; (1)) pp--~dp + at 19.2 and 
21.1 GeV/c [28]; (b) pp--* dp + at 19.2 and 21.1 GeV/c [28]. We obtain values of 
pp--~ dy + at 2.81 and 3.63 GeV/c by applying t i m e - r e v e r s a l  invariance to data on 

~-d --* pp [27]. 
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shown that this conclusion holds separa te ly  for the I u = ~ and I u = 
change amphtudes .  

e x -  

2.4. Suggested experzrnents 
In this sectmn, we have examined backward ~p data and cont ras ted  sa-  

laent fea tures  with those of backward vN data. Qmte aside f rom model -de-  
pendent a rguments  which we consider  in sect.  3, this study demons t ra tes  
the r emarkab le  energy-  and m o m e n t u m - t r a n s f e r  dependence of photopro-  
ductmn p roces ses .  Especzally significant zs the energy independent shape 
of d~/du, which behaves roughly as exp(u) for  0.5 < l u[ --< 1.7 (GeV/e) 2. In 
the (low) energy range 2 < Plab "-< 5 GeV/c,  a s imi la r  u-dependence is ob- 
se rved  for the purely hadronic p roces se s ,  backward 7rN ~ Nv and vN ~ Np 
(figs. 2, 3). There fore ,  in thas energy region,  there  is qual#a twe  agree-  
ment with VDM. However,  for Plab > 5 GeV/c,  hadronlc data exhibit 
s t r iking shrinkage;  all d~/du fall typically as exp (3u) at l a rge  u (figs. 2, 4). 
This as in marked  cont ras t  to yp data (fig. 1) which re ta in  an exp (u) behav- 
mr  at high energy. The apparent  d t sagreement  with VDM will be r e v e r s e d  
if, at hzgh energy,  the quantity Pl 1 d~/du for 7rN ~ N~(p °, co, ~p) is observed  
to be slowly varying at la rge  u, m cont ras t  to dcr/du for vN ~ N v .  

As a resul t  of thzs analyszs, we can identify severa l  important  a reas  for 
experimental  investagatlon. (More suggestions are  l isted in sect.  4, af ter  
models  have been discussed.)  

2.4.1.  ~rp -~ Np 
Backward p-product ion  should be studied at high energy (Plab > 5 GeV/c) 

f rom u = 0 to u ~ - 1.5 (GeV/c) 2, in both neutral  (ir-p -* np °) and charged 
modes (~r±p -~ p±p). Determinat ion of dg/du and of density mat r ix  elements  
would be valuable. Studies of backward ~ and co c ros s  sect ions would also 
be intriguing. In the forward  direction,  production of ~0 and co is suppressed  
in compar i son  wlth p; however,  all v e c t o r - m e s o n  amplitudes should be of 
comparable  s ize  in the backward direction.  

En passant ,  we note here  that knowledge of density mat r ix  e lements  (P~1) 
is not as valuable in backward scat ter ing as it is in forward  scat ter ing.  In" 
forward  scat ter ing,  the p~; a re  sensi t ive direct ly  to quantum numbers  of 
exchanges (natural or  unnatural  pari ty);  this is not the case  in backward 
scat ter ing.  Never the less ,  measu remen t s  of p~j are still useful. For  
I rp~  Np °, P l l  d~/du ( ra ther  than simply dcr/du) is the quantity which is ex- 
actly re levant  for  tes ts  of VDM. Moreover ,  inasmuch as the p~j select  out 
specffac (sums of) ampli tudes,  they se rve  as more  pointed tes ts  of all mod- 
els. This is t rue because  models predic t  p r imar i l y  s t ruc tu re  of amplitudes,  
not * d~/du. As an example, it zs possible  to at tr ibute absence of dip s t ruc -  
ture  in da/du for ~N ~ Np to predominance  of the P l l  dcr/du contribution, 
which, consastent with da/du for 7N ~ N~r, has no dip. However,  there  may 
be a dip an P00 da/du, s imi la r  to that in d~/du for  1r+p -~ p~r + and Ir-p ~ nn °. 
• Individual amphtudes may exhibit pronounced structure (e.g., dips or breaks) 

which occurs at different values of u in different amphtudes. Nevertheless, the 
resultant dcr/du, whmh is a hnear combmatmn of absolute squares of ampl,tudes, 
can be qu,te featureless [3, 17,53]. 
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2 .4 .2 .  F o r w a r d  p - p r o d u c t i o n  
A l though  we have  not  d i s c u s s e d  forward s c a t t e r i n g  r e s u l t s ,  i t  i s  c u r i o u s  

t h a t  t h e r e  d o e s  not  a p p e a r  to  b e  a s t r i k i n g  d i f f e r e n c e  in s h a p e  of d g / d t ,  a t  
l a r g e  t,  b e t w e e n  pho ton  and h a d r o n  i n d u c e d  r e a c t i o n s  in the  f o r w a r d  d i r e c -  
t ion .  T h i s  s h o u l d  b e  c o n t r a s t e d  wi th  the  b a c k w a r d  d a t a  we have  l u s t  r e -  
v i e w e d .  Indeed ,  fo r  m a n y  h a d r o m c  and pho ton ic  p r o c e s s e s ,  f o r w a r d  d a / d t  
f a l l s  a p p r o x i m a t e l y  a s  exp  (3t), a t  l a r g e  t. E x a m p l e s  a r e  f o r w a r d  Vp - 7r°p 
and  r - p  -~ Ir°n*.  T h i s  b e h a v i o r  i s  s i m i l a r  to  tha t  of  the  b a c k w a r d  h a d r o n i c  
p r o c e s s e s  zr+p -~ p~r + and  Ir-p -~ nIr ° a t  l a r g e  u~ .  H o w e v e r ,  t e s t s  of VDM 
r e q u i r e  p - p r o d u c t i o n  da ta ;  i t  m u s t  be  b o r n e  in m i n d  tha t  t h e r e  i s  a d e a r t h  
of good  p - d a t a  a t  h igh  e n e r g y  and  l a r g e  m o m e n t u m  t r a n s f e r .  To  t e s t  VDM, i t  
i s  v i t a l  to  m e a s u r e  f o r w a r d  p - p r o d u c t i o n  a t  h igh  e n e r g i e s  (Plab > 8 G e V / c )  
w h e r e  we have  n o t i c e d  such  a m a r k e d  d i f f e r e n c e  b e t w e e n  b a c k w a r d  yp  ~ nTr + 
and  b a c k w a r d  p r o c e s s e s .  T h u s  f a r ,  m o s t  t e s t s  of VDM have  b e e n  conf ined  to  
low e n e r g y  w h e r e  t h e r e  a r e  no q u a l i t a t i v e  d i f f e r e n c e s  b e t w e e n  Vp and  zrp 
r e s u l t s .  

Our  e x a m i n a t i o n  of  b a c k w a r d  d a t a  f u r t h e r  i n d i c a t e s  tha t  d i s c r e p a n c i e s  
wi th  VDM a r e  g r e a t e s t  a t  l a r g e  [u 1. In f o r w a r d  s c a t t e r i n g ,  t h e r e f o r e ,  
t e s t s  of VDM a r e  a l s o  e x p e c t e d  to  be  m o s t  d e c i s i v e  a t  l a r g e  It 1. T h i s  s u g -  
g e s t i o n  i s  s u p p o r t e d  by  a n o t h e r  a r g u m e n t ;  s p e c i f i c a l l y ,  the  d o m i n a n c e  of 
1 r -exchange  at small t g u a r a n t e e s  s o m e  a g r e e m e n t  wi th  VDM i n d e p e n d e n t l y  
of  any  f u n d a m e n t a l  v a l i d i t y  of t he  m o d e l .  

2 .4 .3 .  Vp -~ A++Ir" and  o t h e r  pho ton  i n d u c e d  b a c k w a r d  r e a c t i o n s  
T h e  r e a c t i o n  yp  -~ A++Tr - p r o v i d e s  a p o s s i b l e  e x c e p t i o n  to the  u n i v e r s a l  

exp  (u) b e h a v i o r  of d~/du fo r  b a c k w a r d  yp  d a t a  (cf. f ig.  l c ) .  I t  i s  c l e a r l y  
i m p o r t a n t  to  d e t e r m i n e  w h e t h e r  dg/du fo r  yp  --" A++Tr - c o n t i n u e s  to  f a l l  a s  
exp  (3u) o r  w h e t h e r  i t  a l s o  l e v e l s  off a t  exp  (u), fo r  l a r g e  v a l u e s  of tu ] .  
M o r e  g e n e r a l l y ,  i t  i s  c r u c i a l  to  c o n f i r m  o r  deny  the  a p p a r e n t  u n i v e r s a l i t y  
of  s -  and  u - d e p e n d e n c e  of c u r r e n t  yp  -* NIr da t a .  O t h e r  r e a c t i o n s  shou ld  be  
s t u d i e d ;  e . g . ,  y d - - p n  and  y N - - Y K  [62]. We  wi l l  c o n s i d e r  t h e s e  a g a i n  in s e c t .  4 

2 .4 .4 .  I n c l u s i v e  r e a c t i o n s  
I n c l u s i v e  p r o c e s s e s  of  the  t ype  7p -~ ( h a d r o n  + anyth ing)  d e s e r v e  s p e c i a l  

m e n t i o n .  
We have  r e m a r k e d  h e r e  t ha t  da/du, f o r  backward yp  -~ NIr, f a l l s  a s  

e x p ( u ) ,  a t  l a r g e  u ( lu [  >~ 0.5 (GeV/c )2 ) .  On the  o t h e r  hand,  fo r  pho ton  in -  
d u c e d  forward t w o - b o d y  p r o c e s s e s ,  da/dt oc exp (3t) a t  l a r g e  t. In p u r e l y  
h a d r o n i c  p r o c e s s e s ,  such  a m a r k e d  d i f f e r e n c e  d o e s  not  e x i s t  b e t w e e n  

* We r e m a r k  that d(y/dt for forward y p  ---*trff o falls  as exp (3t), at large  t ,  for 
Plab = 6 and 18 GeV [29,55]. On the other hand, for Ir-p--* yOn, good m e a s u r e -  
ments of dcr/dt out to large  t exis t  only near  Plab = 6 GeV [30, 56]. At 6 GeV/c, the 
t-dependence is s im i l a r  for the two p rocesses .  It is Important  to measure  d~/dt at 
large t for Ir-p --* Ir°n at Plab ..~ 18 GeV/c, one should determine whether 7r-p---* IrOn 
behaves like Vp---* pyO, re ta ining the same slope of d(r/dt at both high and low e n e r -  
gins,  or  whether it exhibits shrinkage at  large  t,  as ~t does at smal l  t. 

~f Note also that,  m all  four examples  here ,  there  is a pronounced dip m the d i f fer -  
ential  c r o s s  s e c t m n .  
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l a r g e - m o m e n t u m - t r a n s f e r  behav io r  of f o r w a r d  and b a c k w a r d  two-body  r e -  
ac t ions .  F o r  f o r w a r d  hadron ic  p r o c e s s e s ,  du//dt cc exp (3t) and fo r  back -  
w a r d  r e a c t i o n s ,  du /du  ~ exp (3u). T h e s e  o b s e r v a t i o n s  can be  c o r r e l a t e d  
with ava i l ab le  data  f r o m  inc lus ive  r e a c t i o n s ;  t h e r e  s e e m  to be i n t e r e s t i ng  
i n c o n s i s t e n c i e s  in 7P data.  

We begin  by r e c a l h n g  that ,  fo r  hadron induced inc lus ive  r e a c t i o n s  * 
du/dp 2 oc exp ( -3p2) ,  f o r  all types of  produced hadrons $. This  u n i v e r s a l  
b e h a v w r  zs modi f ied only s l ight ly  by a t endency  for  (PT) to i n c r e a s e  with 
i n c r e a s i n g  m a s s  of the o b s e r v e d  f i n a l - s t a t e  hadron .  It s e e m s  to us that  th is  
u n i v e r s a l i t y  of the p 2  dependence  is cons i s t en t  (and p o s s i b l y  d i r e c t l y  con-  
nected) with the fac t  that  the d i f fe ren t i a l  c r o s s  s ec t i ons  for  m a n y  pu re ly  
hadron lc  two-body  p r o c e s s e s  ( fo rward  and backward)  fall  a s  exp (3t). 

We now use  the above  i n fo rm a t i on  to deduce  expec ted  behav io r  of yp in- 
c lus ive  r e a c t i o n s .  B e c a u s e  f o r w a r d  and b a c k w a r d  photon reduced two-body  
p r o c e s s e s  d i f fer  subs tan t i a l ly  in b e h a v i o r  at l a r g e  m o m e n t u m  t r a n s f e r ,  we 
pos tu la t e  ana logous  d i f f e r e n c e s  in y~p inc lus ive  p r o c e s s e s .  Spec i f ica l ly ,  fo r  
yp -~ h + anythmgj  we expect  d ~ / d / ~  oc exp ( -3p  z )  if h = 7r ± or  K ±, but 
da/dp'~ oc e x p ( - p 2 )  if h = pro ton .  " 

B e a m  s u r v e y  m e a s u r e m e n t s  p rov i de  the only s o u r c e  of pho top roduced  
inc lus ive  data  of which we a r e  aware .  T h e s e  s tud ies  a r e  p e r f o r m e d  with a 
b e r y l l i u m  (Be) t a r g e t  [33]. It t u r n s  out that  t h e r e  is not m u c h  d i f f e r ence  in 
shape  of ~±, K "-~, and p ro ton  s p e c t r a  at l a r g e  ang les  $; r e m a r k a b l y ,  
da/dp 2 ~ exp (-3/)2~), fo r  all  t ypes  of s e c o n d a r y  p a r t i c l e s .  Th i s  fac t  tha t  
s~condary-- 1 p r o t o n  a n d "  " "  ~ - s p e c t r a  a r e  nea r ly  ident ica l  in p 2  dependence ,  f o r  
/ ~  > 0.2 (GeV/c)  z, c o n t r a s t s  sha rp l y  with the p r o n o u n c e d  d i f f e rence  in 
l a r g e - m o m e n t u m - t r a n s f e r  b e h a v i o r  of f o r w a r d  and b a c k w a r d  two-body  pho-  
t op roduc t i on  p r o c e s s e s .  

It migh t  be a r g u e d  that  inc lus ive  m e a s u r e m e n t s  done with a Be t a r g e t  
should  not be c o m p a r e d  d i r e c t l y  with r e s u l t s  obta ined f r o m  h y d r o g e n  (i.e. 
proton)  t a r g e t s .  Howeve r ,  we note that ,  f o r  pu re ly  hadron ic  p r o c e s s e s  at  
any r a t e ,  shapes of s p e c t r a  at  l a r g e  ang les  (lab f r a m e )  a r e  e s s en t i a l l y  in- 
dependent  of t a r g e t  m a t e r i a l  [32]. To  deduce  p~  dependence  f r o m  this  r e -  
sult ,  one m u s t  m a k e  a s m a l l  app rox ima t ion ,  b e c a u s e  the exac t  def ini t ion of  
longi tudinal  d i r e c t i o n  and thus of JOT is s o m e w h a t  ambiguous  fo r  expe r i -  
m e n t s  done with c o m p l e x  nuclei .  N e v e r t h e l e s s ,  if mo t ion  of  nuc leons  with 
the nuc leus  IS ignored ,  one f inds  again  the  u n i v e r s a l  b e h a v i o r  e x p ( - 3 / ~ ) ,  
fo r  al l  s e c o n d a r y  had rons ,  a r e s u l t  ident ica l  to tha t  f o r  inc lus ive  expe r i -  
m e n t s  with p ro ton  t a r g e t s .  T h e r e f o r e ,  p - B e  and pp data  a r e  c o m p a r a b l e ;  

* The quantkty PT is the component of three-momentum transverse to the beam di- 
rection, i0~ cc ( t -  tmm ). 

~" E.g., for pp ~ h + anything at 12 GeV/c [31] and at 19 GeV/c [32], d(~/dp~ 
cc exp t-3i02 ) for h = y+, K 4-, p and p The result  is true for a w,de range oI val-  

W ues of PL ,  the longitudinal momentum of h m the c.m. frame. The proportlonahty 
fmls for very  small i0~ (p~ < 0.2 (GeV/c) ~') and for values ofp  L near the lune- 
matlc hm~ts. 

:~ Consult ref. [33], especially tab~ 3 and figs. 14-19. There m a forward peak m 
7r ~: spectra; however, for 0.2 < p~ < 2, the expression exp (-3p 2) is a good approx- 
Lmatmn. 
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cor respond ing ly ,  it s e e m s  l eg i t ima te  to equate  p 2  dependence in v - B e  and 
Vp inclusive  r eac t ions .  

In s u m m a r y ,  t he r e fo re ,  the v e r y  shal low behav io r  of da/du (co exp (u)) 
for  ~p ~ Nlr s t r i k e s  us as  r e m a r k a b l y  inconsis tent  both with hadronic  data 
and with all o ther  photoproduct ion data.  Photon- induced inclusive  expe r i -  
men t s ,  done on an hydrogen t a rge t ,  will p rov ide  impor tan t  conf i rmat ion  (or 
pos s ib l e  denial) of this  conclusion.  T h e r e f o r e ,  we await  with g r ea t  i n t e re s t  
de ta i led  s tudies  of d2cr/dp L dP~__ for  va r ious  seconda ry  hadrons  (h) produced  
in Vp --* h + anything. 

2.4.5. Independent conf i rmat ion  of VP ~NTr data 
In this sec t ion  we have pointed out, f r o m  s e v e r a l  e m p i r i c a l  points  of 

view, that  de/du fo r  Vp ~ N~r behaves  quite anomalous ly  in i ts  dependence 
on both energy  and m o m e n t u m  t r a n s f e r .  The s ingular  absence  of sh r inkage  
m a k e s  all photoproduct ion data m y s t e r i o u s .  M o r e o v e r ,  as deta i led in sub- 
sec t .  2.4.4, the ve ry  shal low exp (u) behav io r  of d~/du se t s  Vp ~ N~r a p a r t  
f r o m  all o ther  data,  both pure ly  hadronic  and photon induced. As we noted, 

p 2  or t have an e m p i r i c a l  s lope (on a log plot) a l m o s t  all  d i s t r ibu t ions  in of  
3; the except ion*  is Vp ~ Nn which has  s lope 1. 

We cannot o v e r e m p h a s i z e  the des i r ab i l i t y  of conf i rming  exis t ing Vp r e -  
su l t s  by using dif ferent  expe r imen ta l  techniques.  Sys temat i c  b i a s e s  may  be 
p r e s e n t  which cancel  sh r inkage  and / o r  r e s u l t  in unusual ly  shal low d i f fe ren-  
t ia l  c r o s s  sec t ions .  In this r ega rd ,  we note that the re  a r e  s ignif icant  dif- 
f e r e n c e s  (~ 35%) between r e s u l t s  of s i n g l e - a r m  and d o u b l e - a r m  s p e c t r o -  
m e t e r  s tudies  of n -p  ~ pTr" [14, 16]. 

2.4.6. Backward  hadronic  data 
In an e a r l i e r  p a p e r  [17], we sugges ted  s e v e r a l  spec i f ic  e x p e r i m e n t s  the 

r e s u l t s  of which should c la r i fy  the s ta tus  of ~N backward  sca t t e r ing .  Here ,  
we cal l  a t tent ion to one genera l  f ea tu re  of hadronic  data which is e spec ia l ly  
r e l evan t  to our ana lys i s  of ~p data. At low energy  (Plab < 5 GeV/c) ,  d~/du 
for  ava i lab le  hadronlc  data  (cf. f igs .  2-4) m a y  be p a r a m e t r i z e d  as  exp (u), 
for  lul > 0.5 (GeV/c)2;  at h igher  ene rg ies ,  d~/du cc exp(3u).  We have a t -  
t r ibu ted  this  change in da/du to shr inkage .  However ,  p r e s e n t  backward  da-  
ta  a r e  r e a l l y  not suff ic ient ly  p r e c i s e  to es tab l i sh  a gradual systernatw 
change with ene rgy  of the s lope of de/du. We do not know whether  a con- 
s tant  exp (3u) d is t r ibut ion  c h a r a c t e r i z e s  hadronic  data at all (high) ene rg i e s ,  
o r  whether  canonical  sh r inkage  is indeed p re sen t .  An unders tanding  of dy- 
namica l  m e c h a n i s m s  in this  reg ion  awai ts  c la r i f i ca t ion  of this  point. P r e -  
c i s e  s tudies  should be made  of the ene rgy  dependence of da/du,  for  va r ious  
hadronic  p r o c e s s e s  (e.g. ,  ~N -4 NTr), for  # lab  > 5 GeV/c ,  and va lues  of u in 
the r ange  0 -< ]u I -< 1.5 (GeV/c) 2. Specif ical ly ,  usual  Regge sh r inkage  p r e -  
d ic ts  that  if da/du oc exp (3u) a t  # lab  = 6 GeV/c ,  then d~/du oc exp (Su) at  
# lab  = 18 GeV/c .  E x p e r i m e n t s  m u s t  be des igned to dis t inguish this  behav-  
ior  f r o m  the energy  independent behav io r  of photoproduct ion c r o s s  sec t ions  
at  l a rge  l u [ (and l a rge  It]).  
* The only o the r  ev idence  for  v e r y  sha l low dependence  on m o m e n t u m  t r a n s f e r  

c o m e s  f r o m  ine l a s t i c  e l e c t r o n  da ta  [34]. 
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3. THEORETICAL MODELS AND FITS TO DATA 

We devote this sect ion to a detailed dlSCUSSmn of phenomenological  
models  for ~p ~ N~. We examine, in turn,  models  which employ Regge 
poles,  fixed cuts, fixed poles,  and mowng  Regge cuts generated by absorp-  
tion. Each model is f i r s t  stud~ed in an effort to identify Its natural p red ic -  
tions for energy-  and m o m e n t u m - t r a n s f e r  dependence of ~p ~ N~. A m p h -  
tudes are  then pa rame t r i zed  and good f~ts to data are  obtained with the 
f ixed-cut ,  f ixed-pole,  and s t rong-abso rp t ive -cu t  models.  As a resul t  of 
this investigation, we suggest  new exper iments  which would test  significant 
predic t ions  of each model. 

We should r e m a r k  here  that, m spite of r ese rva t ions  l is ted in sect. 2, 
we take ser ious ly  in this sect ion presen t  experimental  reformation on the 
energy-  and momen tum- t r ans f e r  behavior  of ~p ~ Nm 

3.1. Aaef f 
In sect.  2, we examined the salient fea tures  of backward photoproduction 

data. We pointed out that, as a function of u, d~/du for rp  ~ N~ IS r e m a r k -  
ably slowly varying;  over the range 0.5 < lul < 1.7 (GeV/c) 2, d~/du is de- 
sc r ibed  reasonably  well by exp (u). Fu r the rmore ,  as a function of energy,  
da/du shows no evidence of shrinkage.  

For  both data and theory,  the energy dependence of d~/du is expressed  
most  succinct ly in t e r m s  of the function Aaeff(u), which we define through 
the pa ramet r l za t lon  

E 3 dcr A(u) E 2Aaeff(u) (3) 
lab ~ -  = lab " 

1 .  
Note that Aaef f = aeff + ~, neff is defined in ref.  [17]. 

3.1.1. Data 
By fitting this express ion  to data as a function of Elab, at fixed u, we 

ext rac t  Aaef f for 7p -~ n~ + and for 7p -~ p~O These  resu l t s  a re  shown in 
fig. 5. We see c lear ly  that Aaef f ~ 0, for all u; this is in agreement  with 

law dcr/du cc E~'3~., which we d iscussed  in sect.  2. the empir ica l  scal ing 

3.1.2. Theory  
In the var ious  theore t ica l  models ,  different assumptions  a re  made about 

the dynamical  s ingular i ty  s t ruc ture  of the complex angular momentum (j or 
a) plane. Singulari t ies  in the J-plane a re  either fixed or move (Regge) as 
the momentum t rans fe r  is varied.  Moreover ,  the s ingular i t ies  may be 
s imple poles or  branch points (cuts). These  p roper t i e s  of the different the- 
o r ies  are  displayed easi ly in a plot of An(U) = a(u) +½. Consequently, plots 
of Aaeff(u) a re  par t icu la r ly  useful when one is confronting theoret ical  mod- 
els with data. 

We now turn  to a study of available models;  we a re  par t i cu la r ly  inter-  
es ted in how each model explains the fact  that Aaeff(u) ~ 0. In figs. 6a-d,  
we display the s t ruc ture  of the Aa plane predic ted  by each of our four mod- 
els. These  f igures  a re  d iscussed  below. We begin by t rea t ing br ief ly the 
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Fig. 5. Exper imental  j -p lane .  We show values of AOtef f ex t rac ted  from data for 
(a) yp--* nTT + and (b) Tp--~ p?r °, the function Aaeff(u  ) is defined m eq. (3) of the text. 
Where necessa ry ,  we extrapolate  data from neighboring values of u in o rde r  to ob-  

tain A a e f  f at the values of u shown here.  

p u r e  R e g g e - p o l e  m o d e l .  Our  m a j o r  e m p h a s i s  i s  t hen  d e v o t e d  to  fnxed -cu t  
and  f z x e d - p o l e  m o d e l s .  F i n a l l y ,  we a l s o  d i s c u s s  m o v i n g - c u t  a p p r o a c h e s .  

3.2.  Pure Regge-pole model 
T h e  a p p l i c a t i o n  of the  p u r e  R e g g e - p o l e  m o d e l  to  b a c k w a r d  p h o t o p r o d u c -  

t l on  d a t a  has  b e e n  d e s c r i b e d  v e r y  we l l  in s e v e r a l  p r e v i o u s  p a p e r s  [35-37] .  
H e r e ,  we wi l l  not  p r e s e n t  any  new f i t s  wi th  t h i s  p a r t z c u l a r  m o d e l .  How-  
e v e r ,  i n a s m u c h  a s  R e g g e  p o l e s  p l a y  an i m p o r t a n t  r o l e  in  a l l  o t h e r  m o d e l s ,  
i t  i s  n e c e s s a r y  to  i d e n t i f y  q u a l i t a t i v e  p r o p e r t i e s  of the  pure R e g g e - p o l e  a p -  
p r o a c h .  T h e s e  f e a t u r e s  a r e  i n d e p e n d e n t  of d e t a i l s  of the  v a r i o u s  f i t s  to d a -  
ta .  We t r e a t  f o r m a l i s m  only  s c h e m a t i c a l l y  in t he  t ex t  and  r e l e g a t e  a l l  k ine  o 
m a t l c a l  and  t e c h n i c a l  i s s u e s  to a p p e n d i c e s .  We  b e g i n  h e r e  by  r e m a r k i n g  
t ha t  to e a c h  h e h c l t y  a m p l i t u d e ,  a g iven  R e g g e - p o l e  c o n t r i b u t e s  an e x p r e s -  
s i o n  of t he  t ype  g iven  in eq. (4). 

[ 1 + r exp ( - ~ )  1 ( s ,)o(u) 
Hi(s , u) = h,(u) ~ - +  ~ ~ \-~o ] . (4) 

H e r e ,  ~ a(u) 1 = - ~,  w h e r e  a(u) i s  a b a r y o n  R e g g e  t r a j e c t o r y ;  i ndex  i l a b e l s  
the  h e l i c i t y  s t a t e ,  and  T i s  s i g n a t u r e .  F u n c t i o n  hi(u) i s  a s l o w l y  v a r y i n g *  
r e g u l a r  func t ion  of u;  So i s  t he  u s u a l  s c a l e  c o n s t a n t .  Our  e x p r e s s i o n  d i s -  
p l a y s  e x p l i c i t l y  a l l  w r o n g - s i g n a t u r e  n o n s e n s e  z e r o e s  (WSNZ)~.  

* Apart  from kanematm factors .  
~" Obvmusly, eq. (4) per ta ins  to the dual or  exchange-degenerate  vers ion  of Regge-  

pole theory.  However,  only minor  changes in our t rea tment  a re  r eqmred  to a c -  
commodate vers ions  in whmh some or  all  WSNZs are  absent.  We discuss  the 
SCRAM approach (all WSNZs absent) m subsect .  3.5. 
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3.2.1.  E n e r g y  dependence  
If only one Regge  pole  is  exchanged,  this  t heo ry  p r e d i c t s  

ZXaeff(u ) = a(u) + ½ . (5) 

B e c a u s e  t r a j e c t o r i e s  a r e  o b s e r v e d  to have s lopes  a '  ~ 0.9 (GeV) -2 ,  eq. (5) 
imp l i e s  m a r k e d  s h r i n k a g e  of d~/du ,  in c o m p l e t e  d i s a g r e e m e n t  with e x p e r i -  
ment .  However ,  r e a c t i o n s  yp ~ plr o and r p  ~ n~r + a l low exchange  of  both the  
Iu = ~ t r a j e c t o r y  A 5 and the Iu = ½ t r a j e c t o r i e s  N w N~, and Nil. (Nil is the 
t r a j e c t o r y  on which the D15(1670) l ies . )  T h e s e  t r a j e c t o r i e s  a r e  i l l u s t r a t ed  
in fig. 6c. F r o m  this  f igure ,  it is  e a s y  to see  that  one can s i m u l a t e  a f lat ,  
ZXaef f ~ 0 by a r r a n g i n g  dominance  of the N ,  (arid N~, Nv) exchanges  fo r  
s m a l l  u and d o m i n a n c e  of ZX 5 exchange  for  ~u  I >~ 0.'5 (GeV/c)  2. However ,  
the f i gu re  a l so  m a k e s  it obvious  that  this  a r r a n g e m e n t  can  work  only for  
l ul £ 1.0 (GeV/c)  2. Beyond  that  va lue ,  s h r i n k a g e  will  n e c e s s a r i l y  take  

p lace ;  t h e r e f o r e ,  the o b s e r v e d  f l a tne s s  of  LXaeff(u) at l a r g e  lul is i nexph -  
cab le  in a p u r e  R e g g e - p o l e  model .  

I ] ] i 
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Fig. 6. Theorettcal ]-plane. Various singularities m the complex angular momen- 
tum (j) plane change position (or remain fLxed) as u is varied. In this figure, we 
show Aot (u) = or(u) + ½ for dominant singularities m each of the four models. The 
complexity m th~s figure should be contrasted with the remarkably constant behavior 

(Aol eft ~ 0) shown m fig. 5. 
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3 . 2 . 2 .  Momen tum- t r ans f e r  dependence 
We turn now to a d iscuss ion of the u-dependence of d~/du predic ted by 

pure  Regge-pole  theory.  
Data on backward ~+p ~ plr + and ~-p ~ n~O show a pronounced dip in 

dcr/du near u = -0.15 (GeV/c) 2. To Interpre t  this phenomenon in a pure 
Regge-pole  model,  one a s sumes  that N a exchange dominates  these p ro -  
ce s se s ;  the dip is then a natural  consequence of the f i r s t  wrong-s igna ture  
nonsense ze ro  m the N a amplitude, at °~Na = -1 (aN~ = -½). 

Backward ~p ~ N~ data show no dip s t ruc ture .  Consequently,  m a pure 
pole approach,  one must  a s sume  that Na does not dominate rp  ~ N~. 
Rather ,  other exchanges (Ny and Nil) must  also be large.  The dip in the N~ 
contr ibution at ~rNa = -1 is ' f i l led- in '  by la rge  Nr (and/or  Nil) contributions.  
To agree  with observed  behavior  of Aaeff, moreove r ,  ~N~, ~ ~ g~qa" Unfor-  
tunately, as r e m a r k e d  by Kelly et al. [38], a la rge  N~ contribution dis-  
ag rees  with the fac tor lza t ion  p roper ty  of Regge-pole  r e s idues*  

A second difficulty for pure Regge-pole  theory  is the very  flat behavior  
of da/du ve r sus  u at u ~ 0.5 (GeV/c)2. As r e m a r k e d  ea r l i e r ,  m the r e -  
gion u ~ 0.5 (GeV/c) 2, A5 exchange must  be dominant in o rder  to accom-  
modate the observed  flat energy dependence (A~eff ~ 0) in that region.  
There fo re ,  the u-dependence of da/du is also control led by A5 exchange, 
for tul ~ 0.5 (GeV/c) 2. An indication~ of the u-dependence of the A 5 con- 
tr ibution is given by data on ~-p -~ pp- ,  which have an exp (3u) behavior  
s imi la r  to ~-p ~ p~- (cf. sect.  2, and figs. 2 and 3). This behavior  is too 
steep to account for the flat [exp (u)] cha rac t e r  of rp  ~ N~. 

In summary ,  then, pure Regge-pole  theory  does not account natural ly 
for observed  u- or  s -dependences  of ~p ~ N ~  data. 

3 .2 .3 .  Predic t ions  
We judge that pure  Regge-pole  fi ts  a re  somewhat  art if icial .  Never the-  

less ,  independent of such philosophy, the model makes  c lear  predic t ions  
of canonical  shr inkage $, for all u, in the reac t ions  rp  ~ A++~- and ~d ~ pn  
These  p r o c e s s e s  isolate the I u = ~ and I u = ~ exchanges,  respect ive ly .  
There  is no possibi l i ty  of a consp i racy  between two sets  of exchanges in 
o rde r  to produce a fiat Aaeff for these p r o c e s s e s .  

3.2.4. Vector  dominance 
In this and the next subsection,  we d iscuss  two theore t ica l  questions 

re levant  to all models  t rea ted  in this paper .  
Predlc t ionsof  the vec to r -dominance  model a re  embodied in eq. (2). As 

d i scussed  at length in sect .  2, there  a re  s tr iking di f ferences  between pure-  
ly hadronlc and photoproduction data; these a re  difficult to unders tand 
quali tat ively within VDM or,  indeed, any model. Until this situation is 
c lar i f ied  by fur ther  exper iments  (e.g., those suggested in subsect .  2.4), it 
s eems  to us point less  to t ry  to apply quantitative VDM predict ions .  C o r r e -  

* Presence of N B weakens this conclumon. 
J~ Thin mdicatlofibecomes a quantitative prechctlon if we revoke VDM. 
:~ I.e. ,  A ~ f f  ~ 0.9; see footnote at the end of subsect. 2.1. 



20 E. L. Berger, G.C.Fox, 7N backward photoproductzon 

spondmgly, we have not enforced VDM constraints in any fi ts presented in 
th~s paper. 

It is also important  to note that, in two of four models  (the fLxed-pole 
and f ixed-cut  models),  the dynamms of photoproductmn are  assumed to be 
profoundly different f rom purely hadronic reac tmns .  This invalidates VDM 
automatical ly.  

Predic t ions  of VDM may be applied in the s t rong-abso rp tmn  model; m 
fact,  a good s~multaneous fit to s t rong and e lec t romagnetm data was ob- 
tained by the Michigan group [38]. However,  even m their  work, the im- 
portant  quahtat ive differences between 7P ~ N~r and hadronic data, dis-  
cussed  m sect. 2, are not predwted by the model. The di f ferences  emerge  
accidental ly;  they are  fitted by adjusting values of va rmus  pa rame te r s .  We 
are  unw~lhng to state that these differences  a re  mere ly  an accident;  the re -  
fore  in our SCRAM fit (described in subsect.  3.5), we do not enforce VDM. 

3.2.5. Pole extrapolat ion 
Regge-pole  amphtudes  may be extrapolated* f rom the scat ter ing region 

(u < 0) to the resonance  region,  where u > 0. Near the location of a r e so -  
nance alonag a par t i cu la r  t r a jec to ry ,  the amplitude ~s proport ional  to 
R j / ( u -  M~), where J denotes the spin of the resonance.  Residue R j  is 
specified completely by the Regge-pole  amphtude;  physical ly,  R r is the 
coupling s t rength of the resonance.  In yp ~ N~r, R.T o: (F_,,T F ,~)~, where 

v t J x ~  y l J  .L  

F x is the elast ic width for decay into channel X. For  the nucleonS, 
A5~1236), D13(1520), D15(1670 ) and F15(1688), experimental  values of R j  
a re  known direct ly  f rom low-energy  phase-sh i f t  analysis  of photoproduc-  
tlon [39, 40]. Complete vmd~catlon of a pa r tmula r  phenomenological  model 
r equ i res  that both the sca t te r ing  data and the coupling s t rengths  of r e so -  
nances be reproduced  in the fits. 

In our study of 7rN backward sca t te r ing  [17], we learned that no model 
connects  the sca t te r ing  and resonance  regions  successful ly .  S imda r  dis-  
c repancies  are  found to exist in photoproduction$.  

In conformity  with our e a r h e r  notation [17], we again use 7R(/-u) to de- 
note the reduced res idue  function of a Regge-pole  amplitude. Values of 
7R(~/'u) at d i sc re te  values of ~u = M R can be calculated f rom the R j  defined 
above; here ,  M R denotes the m a s s  of a given resonance  along a par t i cu la r  
Regge t ra jec to ry .  If one makes the choice s o = 1 GeV 2 for the Regge-sca le  
factor ,  then these d i sc re te  (resonance) values suggest  that ~R(~-u) is a 
slowly varying function of /-u. The value 7R(0) and its der ivat ive dTR(0)/d~ru 
a re  determined by fits to sca t te r ing  data. Jus t  as  in IrN scat ter ing,  Worden 
finds that 7~R(0) is sys temat ica l ly  smal le r  than 7R(MR). The d iscrepancy is 

1 
par t icu la r ly  great  for 4 5 exchange, where 7R(0) ~ ~¢~R(MA). 

In our work on ~N scat ter ing,  we were  forced  to use complicated res idue  

* The remarks of this subsectmn apply for all models treated m this paper. How- 
ever, m each model, only the Regge-pole component of scattering amphtudes ~s 
extrapolated to the resonance region. 
For the nucleon, of course, the couphngs are just the electrm charge and mag- 
netm moment. 

:~ Private communication from R. Worden, Califorma Institute of Technology. 
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functions in o rder  to fit sca t te r ing  and resonance  data s imultaneously.  For  
example,  m a pa rame t r i za t ion  of the fo rm ~( ~/-u) = a + b ~-u + cu + d( v~)3, 
l a rge  values of p a r a m e t e r s  c and d a re  neces sa ry  in o rde r  to obtain r e -  
spectable fxts to resonance  widths. However,  good fits to sca t te r ing  data 
alone a re  possible  with the s~mpler choice c = 0 and d = 0. For  backward 
s ingle-pion photoproductmn, there  a re  more  amplitudes and, therefore ,  
cor respondingly  more  p a r a m e t e r s  than for ~N backward scat ter ing.  Fur -  
t h e r m o r e ,  there  a re  fewer data points. As a resul t ,  we abandon pole  e x -  
t rapo la t ion  c o n s t r a i n t s  in all  f i t s  to Vp data. To reduce the number of pa- 
r a m e t e r s  m ~p scat ter ing,  we elect to keep res idue  functions as simple as 
possible .  

3.3. F ~ x e d - c u t  (HIPPIE)  m o d e l  
Difficulties inherent m the pure Regge-pole  approach suggest  that a 

model with substantial ly different p roper t i es ,  as  a functmn of s and u, is 
r equ i red  m order  to r eproduce  ~p --  N~ data. One such possibi l i ty  is the 
f ixed-cut  model f i r s t  proposed  by Carl i tz  and Kisl inger  [4] and then gener -  
a h z e d  by Bardak¢i  and Halpern [5]. We have a l ready d iscussed  applications 
of this type of model to backward ~p sca t te r ing  [17]. In this subsection,  we 
begin by descr ib ing  fea tures  of the model in some detail. We establ ish the 
charactermt~c energy-  and m o m e n t u m - t r a n s f e r  dependences expected of 
ampli tudes in the f ixed-cut  approach.  Finally,  we presen t  and d iscuss  our 
f~ts to photoproduction data. 

3.3.1. General  motivat ion 
The initial motivat ion for  a f ixed-cut  model was quite independent of 

sca t te r ing  data. Rather ,  the principal  object was to provide a fo rma l i sm  in 
which fe rmlon  poles occur  with unique pari ty .  

Simple Regge-pole  theory pred ic t s  that when the t r a j ec to ry  function 
~(u) = a(u)-  ½ = M, an integer,  then a pair  of par t ic les  mate r ia l i zes .  These  
two par t i c les  have the same spin J and mass ,  but they have opposite pa r -  
lty. In Nature,  at leas t  for small  values of J, fe rmion  states  do not appear  
doubled. In s imple pole models ,  with or without absorpt ive cuts,  this can 
only be pa rame t r i zed ;  exphci t  z e roes  a re  introduced into res idue  functions 
of Regge t r a j ec to r i e s  in order  to ehmina te  the unobserved m e m b e r  of a 
given par i ty  doublet. 

Car l i tz  and Kisl inger  showed that one can ensure  the observed  par t ic le  
par i t ies ,  for all s ta tes  along a t r a j ec to ry ,  at the cost  of associa t ing a fixed 
cut with each t r a j ec to ry  ] = a(t). The branch point is located at 3 = do, the 
value which the Regge t r a j ec to ry  assumed  at u = 0. The s ingular i ty  s t ruc -  
ture  of the resul tant  j -p l ane  is sketched in fig. 6a; explicit express ions  for  
ampli tudes a re  given in appendix B. 

3.3.2. P rev ious  development 
In the sca t te r ing  region,  the extent to which the f ixed-cut  component 

cont ro ls  energy-  and m o m e n t u m - t r a n s f e r  dependences of da/du depends, of 
course ,  on the magnitude of the discontinuity a c r o s s  the cut. This  changes 
for different t r a j ec to r i e s  and for var ious  assumpt ions  made about the r e s i -  
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due of the Regge-pole  component.  Moreover ,  t r ea tment  of s ignature offers  
additional f reedom.  

In our paper on aN backward sca t te r ing  [17], we defined three  vers ions  
of the f ixed-cut  approach.  They were  denoted FULL HIPPIE,  NAIVE 
HIPPIE and SUPER HIPPIE .  In all three ,  ampli tudes a re  a function of the 
va r i ab le*  ~. The discontinuity a c r o s s  the fixed cut is proport ional  to 

(a- ao)½ 
Attempts to fit (hadronic) 7rN backward sca t te r ing  data with f ixed-cut  

models  have met  with little success .  Natural  predict ions  of the approach 
include Ca) re la t ively slow variat ion of d~/du ve r sus  u and (b) energy de- 
pendence of da/du scaling as s2ao -2 (no shrinkage). These  predic tmns ,  
both of which a re  m c lear  d i sagreement  with hadromc data (cf. fig. 2), can 
be at tr ibuted to dominance of the f ixed-cut  contributmn, whose discontinu- 
ity va r i es  little wRh u and is always concentra ted  near  the tip of the cut, at 

j - - a  o. 
Although the f ixed-cut  model is unsuccessful  for hadromc react ions ,  we 

a re  encouraged to apply ~t to photoproductmn p r o c e s s e s  where its natural 
predic t ions  a re  in qualitative agreement  with data. Therefore ,  we proceed  
now to a more  complete exposition of the cha rac t e r i s tm  s- and u -p rope r -  
tins of amplitudes m the f txed-cut  model. 

3.3.3. Behavior  as a function of momentum t rans fe r  
In the H.IPPIE approach,  sca t te r ing  amplitudes a re  given m t e r m s  of 

function J~(u,  s). These  functxons have both a Regge-pole  component and a 
fLxed-cut contrlbutxon. The pole t e r m  has the fo rm 

~ ( l + r  e -i~r~) s 
-(bu) g (u) 2r(1 sin,  (6) 

Symbols ~, s o and r have the same meaning as in eq. (4); here ,  b is the 
slope of the Regge t r a jec to ry ,  a = a o + bu. Function gi(u) is a regula r  func- 
tion of u; for example,  

ge(u) = (a e + b~u + c iu2  + . . . )  exp(ueu  ) , (7) 

where Pc, ae, be, ce, de.  • • a re  constants.  Index z labels different spin am-  
plitudes, as descr ibed  in appendices A and B. 

In addition to the pole component given above, J~  also has a contribution 
f rom the fixed branch point s ingular i ty  located at J = a o. This contribution 
cancels  th.e s ingular  behavior (bu)~ ~ of the pole t e rm at u = 0. The full 
function J~(u,  s) is analytm at u = 0. 

In appendix B, we give explicit express ions  for J~(u,  s ) .  There ,  we de- 
fine three  vers ions  of the f ixed-cut  model. All three  give the same Regge-  
pole t e rm,  eq. (6); they differ only m discontinuity a c r o s s  the fixed cut. 
The NAIVE HIPPIE and SUPER HIPPIE vers ions ,  defined in eqs. (B.2) and 

* In the Carhtz-Kislinger paper, (~--1, we follow the Bardak¢l-Halpern scheme in 
whmh ~ is a variable. 
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(B.3), respec t ive ly ,  involve re la t ive ly  s imple analytic express ions  for  
J~(u, s). In FULL HIPPIE,  a fa i r ly  complicated integral  (eq. (B.5)) is in- 
volved in the definition of J(~(u, s). This integral  is both t ime consuming to 
compute and obscures  predic t ions  of the theory.  

Typical  behavior  of HIPPIE models  as a function of u and cr is i l lus t ra ted 
in fig. 7. We have computed d(~/du for  ~N backward sca t te r ing  using N~ and 
A 5 exchanges,  separa te ly ,  and var ious  values of a. F o r m a l i s m  for back- 
ward 7N -~ Ny differs  f rom that for backward yN -* NIT only by a t r iv ia l  
kinematic  f ac to r* ,  common to all ve r s ions  of HIPPIE;  therefore ,  the 
curves  m fig. 7 a re  a lso re levant  to our analys is  of yN ~ N~. 

Before  analyzlng the 7rN resu l t s  shown in flg. 7, we f i r s t  Identify exphc-  
itly how they a re  obtained. Curves  shown in fig. 7, a re  based on the follow- 

* See dlscusslon m appendLx A. 
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Fig. 7. For  ~N backward scat ter ing,  we present  a se r ies  of d(r/du curves which show 
varzation of u-dependence of HIPPIE models as (r is changed. Two different exchanges 
are i l lustrated; A 6 resul ts  are computed at Plab = 5 91 GeV/c, and N a values at 6.0 
GeV/c. In all graphs, the solid line is FULL HIPPIE, the dashed hne is SUPER 
HIPPIE, and the dot-dashed line is NAIVE HIPPIE. The reduced residue function 

gB = 1 for both N~ and A 6 exchange. 

ing s p e c i f i c  c h o i c e s  in our  e x p r e s s i o n  fo r  the  R e g g e - p o l e  t e r m * ,  eq. (6): 
s o = 1 (GeV) 2 and gB = 1. In our  t r e a t m e n t  of  ~N s c a t t e r i n g  [17], we pa-  
r a m e t r i z e  i n v a r i a n t  a m p l i t u d e s  A and B. T h e r e f o r e ,  gB d e n o t e s  the  r e s i -  
due of the  B - a m p l i t u d e .  T h e  r e s i d u e  gA,  of the  o t h e r  ~N i n v a r i a n t  a m p l i -  
tude ,  is  f l xed  In t e r m s  of  gB by the r e q u i r e m e n t  tha t  p a r i t y  doubl ing  be 
a b o l i s h e d  $. We se t  gB = 1 s l m p l y  in o r d e r  to e x a m i n e  n a t u r a l  p r e d i c t i o n s  
of  the m o d e l ,  u n e n c u m b e r e d  by c o m p l i c a t e d  r e d u c e d  r e s i d u e  func t ions .  
Once  t r a j e c t o r i e s  have  b e e n  s p e c i f i e d ,  t h e s e  c h o i c e s  of gB and s o d e t e r -  
m i n e  H I P P I E  r e s u l t s  c o m p l e t e l y .  

T h e  c u r v e s  in f ig.  7 d e m o n s t r a t e  s e v e r a l  po in t s  about  u - d e p e n d e n c e  of 
d~ /du .  F i r s t ,  the  NAIVE H I P P I E  and F U L L  H I P P I E  m o d e l s  a r e  a lways  
q u a l i t a t i v e l y  s i m i l a r .  Obv ious ly ,  the add i t iona l  cut  c o n t r i b u t i o n  in the  

* For motivation of the choice s o = 1 GeV 2, see subsect. 3.2.5. 
Detazls are given m ref. [17]. 
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F U L L  v e r s i o n  i s  r e l a t i v e l y  u m m p o r t a n t ;  the  m o s t  i m p o r t a n t  f e a t u r e s  of t he  
H I P P I E  m o d e l  a r e  r e p r e s e n t e d  by  the  ( a n a l y t i c a l l y  s i m p l e r )  NAIVE v e r s i o n .  
Second ,  fo r  the  N a e x c h a n g e ,  f i g s .  7e t h r o u g h  7h, we c a l l  a t t e n t i o n  to  the  
f a c t  t ha t  no e v i d e n c e  of d ip  s t r u c t u r e  n e a r  u = - 0 . 1 5  (G e V /c )  2 i s  a p p a r e n t  in 
t he  F U L L  H I P P I E  and NAIVE H I P P I E  r e s u l t s .  T h i s  i s  t r u e  in s p i t e  of the  
f a c t  t ha t  the  input  N a R e g g e - p o l e  t e r m  d o e s  v a n i s h  a t  a WSNZ po in t  
~ , ~  = - 1  (u ~ - 0 . 1 5  (GeV/c )2 ) .  T h e  s m o o t h  f i x e d - c u t  c o n t r i b u t i o n  i s  o b v i -  
o u ~ y  o v e r w h e l m i n g * ,  even  a t  a v a l u e  of u a s  s m a l l  a s  - 0 . 1 5  (G e V /c )  2. On 
the  o t h e r  hand,  the  S U P E R  H I P P I E  c u r v e s  do show dip  s t r u c t u r e  a t  WSNZ 
p o i n t s  $. U n f o r t u n a t e l y ,  h o w e v e r ,  f i g s .  7e t h r o u g h  7h a l s o  show tha t  S U P E R  
H I P P I E  p r e d i c t s  tha t  d ~ / d u  h a s  a l a r g e r  v a l u e  a t  u ~ - 1  (GeV/c )  2 than  at  
u = 0. T h i s  a n t i - p e r i p h e r a l  a s p e c t  i s  in c l e a r  d i s a g r e e m e n t  bo th  wi th  da t a ,  
of c o u r s e ,  and  wi th  p r e d i c t i o n s  of s i m p l e  p o l e  m o d e l s ,  a s  shown in f ig .  8b. 
I n a s m u c h  a s  WSNZ d i p s  a r e  not  o b s e r v e d  in b a c k w a r d  7N da t a ,  we d e e m  
our  S U P E R  H I P P I E  v e r s i o n  i r r e l e v a n t  fo r  t h i s  p r o b l e m .  I t s  a n t i - p e r i p h e r a l  
n a t u r e  m a k e s  i t  s u s p e c t  a l s o  fo r  s t u d i e s  of p u r e l y  h a d r o n i c  p r o c e s s e s .  

F i n a l l y ,  we note  tha t  the  s h a p e  of dcr/du c u r v e s  shown in f ig .  7 v a r i e s  
v e r y  s l o w l y  a s  ~ i s  changed .  A l though  the  f i x e d  cut  b e c o m e s  w e a k e r  a s  ~ i s  
i n c r e a s e d  ( i . e . ,  ~ m a d e  m o r e  p o s i t i v e ) ,  d ~ / d u  d o e s  not  b e c o m e  s i g n i f i c a n t -  
ly  m o r e  p e r i p h e r a l .  T h i s  i s  s u p e r f i c i a l l y  c o n t r a r y  to  wha t  m i g h t  be~ e x -  
p e c t e d .  H o w e v e r ,  we note  tha t  t he  p o l e  r e s i d u e  i s  p r o p o r t i o n a l  to u~ ~. 
T h e r e f o r e ,  t he  c o n t r i b u t i o n  f r o m  the  p o l e  t e r m  b e c o m e s  m o r e  s u p p r e s s e d  
a t  s m a l l  u (and,  t hus ,  l e s s  p e r i p h e r a l )  a s  ~ i s  m a d e  m o r e  p o s i t i v e .  It i s  
a l s o  i n t e r e s t i n g  to  s e e  e x p l i c i t l y  tha t ,  in the  H I P P I E  m o d e l ,  dcr/du i s  a l -  
w a y s  l e s s  p e r i p h e r a l  t han  c o r r e s p o n d i n g  r e s u l t s  f r o m  a s i m p l e  R e g g e - p o l e  
m o d e l .  T h i s  l a t t e r  r e s u l t  i s  i l l u s t r a t e d  in f ig.  8a ,  w h e r e  H I P P I E  r e s u l t s  
a r e  c o n t r a s t e d  wRh two v e r s i o n s  of a p u r e - p o l e  m o d e l  of ,x 5 e x c h a n g e .  In 
the  f i r s t  ( s o l i d  l i ne ) ,  the  ,x 5 r e d u c e d  r e s i d u e  i s  a d j u s t e d  to  a b o l i s h  the  p a r -  
i ty  twin  of the  J P  = 3 + A(1238);  n o r m a l i z a t i o n  i s  f i x e d  by  the  c h o i c e  g B  = 1. 
In the  s e c o n d  v e r s i o n  ( d a s h e d  l i n e ,  s p i n - f l i p ) ,  g B  = 1 and  g A  = - M  in o r d e r  
t ha t  the  s - c h a n n e l  n o n - s p i n - f l i p  a m p l i t u d e  A + MB = O. 

3.3 .4 .  B e h a v i o r  a s  a func t ion  of e n e r g y  
H a v i n g  j u s t  e s t a b l i s h e d  the  s a l i e n t  c h a r a c t e r i s t i c s  of H I P P I E  a m p l i t u d e s  

a s  a func t ion  of u ,  we now t u r n  to  t h e i r  s - d e p e n d e n c e .  
In g e n e r a l ,  e n e r g y  d e p e n d e n c e  of H I P P I E  m o d e l s  i s  qu i t e  c o m p l i c a t e d .  

A s  an  i l l u s t r a t i o n ,  we i m a g i n e  tha t  the  d i s c o n t i n u i t y  a c r o s s  the  cu t  i s  
l a r g e s t  n e a r  t he  b r a n c h  po in t ,  a t  j = a o. T h e  a m p l i t u d e  i s  t hen  a l i n e a r  
c o m b i n a t i o n  of two t e r m s :  one  wi th  e n e r g y  d e p e n d e n c e  s a ° ,  g i v e n  by  the  

, • a ( u )  a o + a ' u  • cu t  , and  the  s e c o n d  wi th  e n e r g y  d e p e n d e n c e  s = s , g iven  by  the  
R e g g e - p o l e  c o m p o n e n t .  A s  a r e s u l t ,  t he  o v e r a l l  e n e r g y  d e p e n d e n c e  saef f (u )  

* In ref .  [17], m o rde r  to fit backward ?rN data,  we had to reduce the f ixed-cut  con- 
tnbut ,  on a r t i f ic ia l ly ,  by p a r a m e t n z m g  an ex t ra  zero m the Not reduced res idue 
function. 
Indeed, the chome of acronym SUPER ref lec ted  our init ial  elat ,on at d iscover ing a 
vers ion  of HIPPIE whmh might reproduce the pronounced dips near  ~Not = -1 m 
backward Y+p and 7r-p CEX. 
In th,s descr ipt ion,  we ignore powers of logs .  
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Fig. 8. In this figure, we compare magmtudes and shapes of d(~/du obtained from our 
SUPER HIPPIE model with those from s~mple Regge-pole models. Parameters  used 
to compute our curves m part  (a) are detailed at the end of subsect, 3.3.3, for SUPER 
HIPPIE curves m both (a) and (b), parameter  (Y = -1. In (b), the mvariant  amplitude 
B for Not Regge-pole exchange has reduced residue gB = 1, moreover,  in the pure-  
pole model, residue gA = 0. In the pure-pole model, thzs lat ter  choice guarantees 
unique parity at the nucleon pole positzon, a result  whmh is automatic zn HIPPIE 

models. 

depends  upon the r e l a t i v e  strength of the pole  and cut c o n t r i b u t i o n s ,  as  a 
func t ion  of u. 

The  s t r e n g t h  of the cut  c o n t r i b u t i o n  is  i n f l uenced  by the va lue  of a and  
(for F U L L  HIPPIE  and  NAIVE HIPPIE)  by the p o s i t i o n  of the f i r s t  WSNZ in 
the ba s i c  R e g g e - p o l e  ampl i tude .  Le t  us  e x a m i n e  a f i r s t .  I n s p e c t i o n  of eq. 
(B. 1) shows that  the cut  g rows  s t r o n g e r  the m o r e  nega t ive  one t akes  a. 
T h i s  effect  i s  a l so  I l l u s t r a t e d  m fig. 9; t h e r e ,  fo r  v a l u e s  of u = 0 and 
-1 .7  (GeV/c)  2, we c o n t r a s t  e f fec t ive  e n e r g y  dependence  of NAIVE H I P P I E  
m o d e l s  with a = -0 .25  and  -1 .5 .  We eva lua te ,  in  t u r n ,  p u r e  Nq, A6, and  
D15(Nfi) exchanges .  In each case ,  we plot  E2~h2ao da/du v e r s u s  E , ~ .  on a 

- ~ u  ~t[o 
l o g - l o g  s c a l e ;  t h e r e f o r e ,  if the d o m i n a n t  s i n g ~ a r l t y  w e r e  f ixed at  3 = ao, a 
f ia t  h o r i z o n t a l  l ine  would r e s u l t .  We note  tha t  for  a g iven  exchange  and 
fLxed va lue  of u, c u r v e s  with a = - 1.5 a r e  c l o s e r  to f la t  b e h a v i o r  than  those  
with a = -0 .25.  

Comparison of Na, A 6 and D15 results m fig. 9 also demonstrates the 
effect of WSNZ location on strength of the cut. For A6, with the first 
WSNZ at u ~ -1.7 (GeV/c) 2, this effect is relatively unimportant; the fixed 
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E 2 ~  °t° d(7/du predicted by NAIVE HIPPIE; ot o is the ~ntercept of the Regge-pole at 
u = 0. Results are given for two values of u and two values of pa ramete r  (7, (7= -0.25 
corresponds to a 'weak' fixed-cut and (7 = -1.5 to a ' s t rong '  fixed-cut contribution. 
For  each curve,  only energy variat ion ~s s~gmfmant. Relative normahzatmn between 
curves Is arbi t rary .  In a simple Regge-pole exchange model,  d(7/du cc E~AtAb'U ' where 
~ '  is the slope of the Regge- t ra jec tory ;  dashed curves show predictions 5-f-this mod-  

el ,  for or, ~ 1 (GeV/c)-2. 

cu t  i s  a l w a y s  dominan t .  H o w e v e r ,  the  s t r e n g t h  of the  f i x e d  cut  i s  m a r k e d l y _  
r e d u c e d  f o r  Na  e x c h a n g e ,  whose  f i r s t  WSNZ i s  l o c a t e d  a t  u ~ -0 .15  (GeV/c} z, 
An i n t e r m e d i a t e  c a s e  i s  D15(N~) e x c h a n g e  with  a WSNZ at  u = - 0 . 6  (GeV/c)2.  
S t a t ed  r o u g h l y ,  we s e e  tha t  a s  we i n c r e a s e  (7 t o w a r d s  z e r o  and m o v e  the  l o -  
c a t i o n  of the  f i r s t  WSNZ t o w a r d  u = 0, the  s t r e n g t h  of the  f i xed  cut  i s  w e a k -  
ened;  a c o m p l i c a t e d  e n e r g y  d e p e n d e n c e  r e s u l t s  f r o m  p o l e / c u t  i n t e r p l a y .  

We now c a l l  a t t e n t i o n  to a t h i r d  f e a t u r e  ev iden t  in f ig.  9. T a k e ,  f o r  ex-  
a m p l e ,  N a e x c h a n g e  with  (7 = - 1 . 5  and u = - 1 . 7  (GeV/c )  2. We s e e  tha t  a f t e r  
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an initial steep decline, E 2-2ao d~/du flattens to a near ly  horizontal  line 
above Ela  b ~ 10 GeV. This must  happen in all cases  simply because the cut 
te rm,  proport ional  to s a°,  however small  its contribution at low energy,  
will eventually overtake a pole t e rm proport ional  to s ~o+a'u. On the other 
hand, note that for N a with ~ = -0.25 and u = -1.7 (GeV/c) 2, flat behavior 
does not set in until Ela  b > 100 GeV. 

Are  such subleties of mere ly  academic interest~ We make two com-  
ments.  F i rs t ,  if we plot experimental  values of d~/du,  versus  E, at fixed 
u, on a log- log scale *, then we observe  none of the delicate behavior  p r e s -  
ent in curves  of fig. 9. However,  available data cover  a very  smal l  range 
of energy. The f ixed-cut  approach suggests  that by NAL energies ,  d~/dt for 
p r o c e s s e s  like ~-p ~ ° n  (which now show canonical shrinkage) will gradu-  
ally stop shrinking. Asymptot ic  c r o s s  sect ions will be control led by a high- 
lying fixed cut with small  strength.  

The second deduction is more  re levant  to our immediate  study of yp ~ Nv 
Indeed, the absence of subtle energy var iat ion in 7P data requ i res  ~ that 
aNa£-  1.2. Alternat ively (or in addition), a la rge  N 7 contribution $ is nec- 
e s sa ry  in the I u = ½ exchange channel; because  the f i r s t  WSNZ for  N~ is 
located at much l a rge r  lul ,  the r e s t r i c t ion  on ~ is less  severe .  

3.3.5. Fits  to data 
3.3.5a. T ra j ec to r i e s  

Compar ison of figs. 5 and 6a suggests  that the des i red  energy depend- 
ence of d~/du oc El-a3 ~ (Aaeff ~ 0) is achieved through dominance of the N a 
fixed cut. This implies dominance of I u = ½ exchange, which, although con- 
sis tent  with yp -~ n~ + and 7P ~ P 7r° data, cannot be proven because  two 
charge  s tates  a re  insufficient to disentangle three  possible isospin ex- 
change amplitudes (I u = 9; Iu = ½, lSOSCalar 7; Iu = ½, i sovector  7). 

In addition to Na, we may include ~5,  N 7 and Nfi exchanges.  There  are  
rea l ly  too few data points to determine p a r a m e t e r s  for so many amplitudes;  
therefore ,  we ignore Nfi entirely.  As we will now descr ibe ,  good fits a re  
possible  with ei ther  Na and 4 5 or with Na, N 7 and A 5 exchanges. 

3.3.5b. Curves  
Technical  details and explicit express ions  for amplitudes a re  re legated  

to appendices A and B. We have obtained severa l  good fits to data. P a r a m -  
e te rs  and X 2 for th ree  of these fits a re  l is ted in table 1. In fig. 10, we dis-  
play one of our NAIVE HIPPIE fits to d~/du,  obtained with p a r a m e t e r s  of 
table lb. Absence of shrinkage is reproduced  nicely. In all fits, there  is 
some difficulty in achieving tu rn -ove r  of da/du, near u = 0, for both charge  
s tates  simultaneously.  The two NAIVE HIPPIE fits differ:  in the f i r s t  fit A, 
only N a and ZX 5 exchanges are  employed, whereas  m the other fit B, N~ ex- 
change is included also. 

P a r a m e t e r s  for our FULL HIPPIE fit a re  given in table lc,  and an ex- 

* C.f., figs. 18 and 19. 
See fit A discussed in subsect. 3.3.5. 

:~See f,t B discussed m subsect. 3.3.5. 
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Table  1 
P a r a m e t e r s  of HIPPIE f i t s .  

Table  l a .  NAIVE HIPPIE * fit  A. 

29 

A6 N0~ 

= -0.45 + 0.9u 

= -1 .75,  / / =  1.45 

g l  = 0.105~ 

g2 = - 0 . 6 2 5 ~  

= -0.84 + 0.9u 

o r= -1 .33 ,  /z = - 0 . 0 0 5  

m o v e c t o r  photon 

g l  = -9.58 + 0.76u 

g2 = 24.5 + 1.05u 

m o s c a l a r  photon 

g l  = 1.55 

g2 = -2.42 

X2(yp --" nTr + )  = 70 (on 41 data po in t s ) ,  
×2(yp --~pTrO) 100 (on 35 da ta  points) .  

Table  lb .  NAIVE HIPPIE * fit  B. 

~6  N~ Ny 

= -0.45 + 0.9u 

( r = - 1 . 2 ,  ~ = - 0 . 0 9  

g l  = 0.141~ 

g2 = - 0 . 6 1 6 ~  

= - 0 . 8 4 2  + 0 . 9 u  

= - 1 . 2 2 ,  ~t = 0.614 

m o v e c t o r  photon 

g l  = -7.88 g l  = -2 .79 

g2 = 5.73 g2 = 5.14 

l s o s c a l a r  photon 

g l  = -1.07 g l  = -0.554 

g2 = 4.42 g2 = 1.92 

X2(yp --~ nTr +) = 53 (on 41 data  po in t s ) ,  
Xa(Tp --~ pTr °) 90 (on 35 da ta  points) .  
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Table 1 (continued) 

Table le .  FULL HIPPIE * fit 

A6 Not 

~ - = - 0 4 5 +  0 9u 

(y= -1.24, /~ = 6.47 

g l  = 0.119~ 

g2 = -1.03~ 

= - 0 . 8 4 +  0 9u 

( r=-0 .786 ,  /~ = 0.909 

lsovector  photon 

g l  = -26.3 

g2 = 50.9 

l sosca la r  photon 

g l  = 1 49 

g2 = -0.109 

×2(yp _~ nlr+) = 72 (on 41 data points),  
Xz(Tp -~pT/°) 85 (on 35 data points). 

* Tra j ec to rms  are  not varmd.  Amplitudes are  given by eqs. (7), (B.1), (B.4), (B.5) 
and (B.8). For  general  f o rmahsm,  see subsect  3.3 and appendices A and B. 

a m p l e  of d ~ / d u  i s  shown in f ig.  11. Our  F U L L  H I P P I E  f i t  e x h i b i t s  a b i t  too  
m u c h  s h r i n k a g e  in 7P -~ nTr+; a s  e x p l a i n e d  in s u b s e c t .  3 .3 .4 ,  t h i s  m a y  b e  a t -  
t r i b u t e d  to the  f ac t  tha t  the  v a l u e  (r = -0 .786  g i v e s  the  N a a ' w e a k '  f i x e d  cut .  
T h e  a d d i t i o n  of s o m e  N7 i m p r o v e s  the  f i t ,  a t  the  c o s t  of m o r e  p a r a m e t e r s .  

We r e c a l l  t ha t  F U L L  H I P P I E  i s  m o r e  c o m p l i c a t e d  a n a l y t i c a l l y  than  
NAIVE H I P P I E ;  an a d d i t i o n a l  c o m p h c a t e d  (cut) i n t e g r a t i o n  m u s t  be  p e r -  
f o r m e d  n u m e r i c a l l y .  H o w e v e r ,  a s  we e x p l a i n e d  e a r l i e r  and  d e m o n s t r a t e d  
in f ig .  7, the  a d d i t i o n a l  cut  c o n t r i b u t i o n  i s  s m a l l  fo r  s m a l l  lu l  and  d o e s  not  
a l t e r  q u a l i t a t i v e  p r o p e r t i e s  of the  t h e o r y .  We c o n f i r m  th i s  f ac t  m f ig .  11, 
in which  we d i s p l a y  a d e c o m p o s i t i o n  of ou r  F U L L  H I P P I E  r e s u l t  into i t s  
NAIVE H I P P I E  c o m p o n e n t  and  the  r e m a i n d e r .  

3 .3 .6 .  A n a l y s i s  and  p r e d i c t i o n s  
A s  f o r e c a s t  above ,  the  c o n t r i b u t l o n  of &6 e x c h a n g e  i s  s m a l l  in a l l  of o u r  

f i t s ;  we i l l u s t r a t e  t h i s  In f ig.  12. In the  f i x e d - c u t  m o d e l ,  t h i s  r e s u l t  i s  
f o r c e d  by  the  f ac t  t ha t  ~ e f f  ~ 0. A s i d e  f r o m  th i s  c o n c l u s i o n ,  h o w e v e r ,  
c o u p h n g  p a r a m e t e r s  a r e  not  we l l  e s t a b l i s h e d .  T h e o r y  and  m e a g r e  e x p e r i -  
m e n t a l  d a t a  d e t e r m l n e  s t r u c t u r e  of a m p l i t u d e s  so  p o o r l y  tha t  we can  have  
no c o n f i d e n c e  in p r e d i c t e d  a s y m m e t r i e s  ( s e e  s e c t .  4) f o r  s c a t t e r i n g  of p o -  
l a r i z e d  pho tons  a n d / o r  s c a t t e r l n g  f r o m  p o l a r i z e d  n u c l e o n  t a r g e t s .  

If t he  A 5 c o n t r i b u t i o n  w e r e  e x a c t l y  z e r o ,  we would  p r e d i c t  

~(yn ~ p~r-) = 2~(yp ~ p~r o) , a (yp  -~ n~r +) = 2a($n ~ n~r °) . 

A l though  the  A6 c o n t r i b u t i o n  i s  not  z e r o  in H I P P I E  f i t s  A and C, t h e s e  
e q u a l i t i e s  a r e  n e v e r t h e l e s s  we l l  s a t i s f i e d  in the  t h e o r y  a t  l a r g e  lu [. In f i t  
B, t he  zX 5 c o n t r i b u t i o n  i s  s u f f i c i e n t l y  l a r g e  to  u p s e t  t he  p r e d i c t i o n s .  C o n s e -  
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Fig. 10. Curves computed from p a r a m e t e r s  of our NAIVE HIPPIE fit B (table lb) 
a re  contras ted  with data. In (a), we dmplay only the la tes t  SLAC data on yp--~ nTr + 
[9], the complete set  of data is shown m fig. la .  Numbers next to curves denote pho- 

ton lab energy m GeV. 

q u e n t l y ,  n e i t h e r  m e a s u r e m e n t s  of p o l a r i z a t i o n  nor  of d a / d u  fo r  t h e s e  o t h e r  
c h a r g e  s t a t e s  in 7n  ~ Nlr w i l l  p r o v i d e  a d e c i s i v e  t e s t  of ou r  H I P P I E  m o d e l s .  

T h e  m o s t  c r u c i a l  p r e d i c t i o n  of  f i x e d - c u t  m o d e l s  i n v o l v e s  e n e r g y  d e p e n d -  
e n c e  of  p r o c e s s e s  which  have  p u r e l y  I u = ½ o r  I u = ~ e x c h a n g e .  In f a c t ,  the  
m o d e l  p r e d i c t s  tha t  d a / d u  fo r  I u = { e x c h a n g e  p r o c e s s e s  (e .g . ,  7P ~ A++Tr-) 
w i l l  have  e n e r g y  d e p e n d e n c e  E[a2b, fo r  a l l  u, not  the  E l 2  b b e h a v i o r  of  

p r e s e n t  7P ~ Nit da t a .  H o w e v e r ,  d e / d u  f o r  I u = ½ e x c h a n g e  p r o c e s s e s  ( e .g . ,  
7d  --' pn) s h o u l d  s c a l e  a s  E~2 b j u s t  a s  do p r e s e n t  da ta .  

3 .3 .7 .  U n i t a r i t y  in  the  u - c h a n n e l  
A s  r e m a r k e d  e a r l i e r ,  in H I P P I E  m o d e l s  ~here  i s  a f i x e d  b r a n c h - p o i n t  

s i n g u l a r i t y  in t he  j - p l a n e  of  the  f o r m  ( j  - ~o)~ (;. F i t s  to  b a c k w a r d  7rN d a t a  
[ 17] and  to  b a c k w a r d  s i n g l e - p i o n - p h o t o p r o d u c t i o n  d a t a  d e t e r m i n e  tha t  a < 0. 
V a l u e s  of  ~ > 0 l e a d  to  u n r e a s o n a b l e  u - d e p e n d e n c e  of d a / d u  (cf.  f ig .  7). W e  
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F,g.  11. An example  is g w e n  of our  FULL HIPPIE fit. P a r a m e t e r s  a r e  h s t e d  m t a -  
ble l c .  Data a re  f rom ref .  [9]. The curve  m a r k e d  ' to ta l '  is the FULL HIPPIE r e s u l t  
We show also  the p o r t m n  of d~/du which a r i s e s  f r o m  the NAIVE HIPPIE component  
of th is  FULL HIPPIE r e su l t .  F ina l ly ,  the curve  denoted  ' o t h e r  cut '  is the c o n t r i b u -  
t ion to d~/du of the amph tude  which *s the d i f f e rence  be tween  FULL and NAIVE 
HIPPIE a m p h t u d e s .  Not shown are  t e r m s  whmh a r i s e  f rom i n t e r f e r e n c e  of NAIVE 

and o the r  cut a m p h t u d e s .  
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Fig.  12. An example  is  g w e n  of our  NAIVE HIPPIE f , t  A, for  whmh p a r a m e t e r s  a r e  
h s t e d  in table l a .  We a lso  show,  s e p a r a t e l y ,  va lues  of dcr/du computed  f r o m  the A5 

ampl . tudes  and f r o m  the N~ ( l sovec to r  photon) ampl i tudes .  
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now d iscuss  the fact  that uni tar i ty  in the u-channel  forbids  such s ingular  
fixed cuts (a < 0) in pure ly  hadronic p r o c e s s e s  [57]. On the other hand, no 
such theore t ica l  cons t ra in t  is p resen t  for the singly weak p r o c e s s  yp ~ N~r. 
Indeed, in 7p ~ N;r, f i x e d - p o l e  s ingular i t ies  a re  also allowed, whereas  
uni tar i ty  forbids their  p r e sence  in purely  hadronic reac t ions  [41]. 

Unitar i ty  in the u-channel  offers ,  therefore ,  an explanation for  the fact  
that HIPPIE models  a re  successfu l  in reproducing  7p ~ NTr data but se r i -  
ously inadequate for  vN --* N~r [17]. Because  singular  f ixed-cuts  a re  for -  
bidden in ~N ~ NTr, cu r ren t  ve rs ions  of the HIPPIE model should not be ex- 
pected to work for  this react ion.  One may su rmise  that in a c o r r e c t l y  
uni tar ized  HIPPIE theory  for pure ly  hadronic p r o c e s s e s ,  the s t rong cut at 
3 = d o will be weakened, thus r e s to r ing  to ampli tudes the marked  var ia t ion  
with s and u observed  m hadronic data. By cont ras t ,  absence of the uni tar-  
ity cons t ra in t  in rp  ~ N~ justif ies the assumpt ion  that ampli tudes for this 
p r o c e s s  a re  dominated by a s ingular  f ixed-cut  contribution. The apparent  
theore t ica l  dichotomy between 7p ~ N~r and zN ~ Nlr is removed.  

For  the sake of c la r i ty ,  we review the usual s t rong-uni ta r i ty  a rguments  
for  elast ic sca t te r ing  of spinless  par t i c les ;  for t r ea tment  of the m o r e  gen- 
era l  case  of coupled-channels  with spin, consult  the l ec tu res  by Oehme 
[41]. Essent ia l  r e su l t s  a re  unchanged. 

Let  u o denote the elast ic  threshold  in the u-channel ,  and let u I denote 
the f i r s t  inelast ic threshold.  For  u o < u < ui, the s t rong-un l ta r i ty  re la t ion 
for  pa r t i a l -wave  amplitude f j  is given by 

Im f3= k i  3 f ;  , (9) 

where k is the u-channel  c .m. momentum.  
We now define reduced par t i a l -wave  ampli tudes 

a(g, u) = k -2J  fg(u) . (10) 

We set u + = u + i e  and u- = u -  zE. Then eq. (9) may be r e - e x p r e s s e d  as 

a( j ,  u +) - a( ], u-)  = 2 i k  2J+ l a ( ] , u + ) a ( 3 , u  -)  . (11) 

This  equation is t rue  for all rea l  and complex 3. 
In the neighborhood of a Regge pole, 

o: g(u)  (12) a(j,u) ~ .  

This  express ion  sa t is f ies  eq. (11), and we may in fact  use eq. (11) to der ive  
the (u-dependent) imaginary  pa r t  of a(u). In the case  where g(u)  is real ,  

Im  ~(u) = g(u)k  2J+ l . (13) 

By cont ras t ,  near  a f i x e d - p o l e  in the 3-plane, 

1 
a ( j , u )  ~ - -  (14) 

7- aF 
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In this case,  eq. (11) cannot be satisfied; the lef t -hand side has a s imple 
pole, whereas  the r ight -hand side has a double pole. There fore ,  s t rong 
uni tar l ty  forbids fixed poles in the j -p lane .  

Similar  analysis  shows that eq. (11) also excludes f i x e d  branch-point  
s ingular i t ies  of the form 

a( j ,u)  cc ( j -  aF )~ , with ;t < 0 . (15) 

Consequently, HIPPIE cuts with ~ < 0 a re  forbidden in s t rong p roces se s .  
Those with ~ > 0 a re  p resumably  allowed, but, as we demons t ra ted  ea r l i e r ,  
they lead to unreasonable  u-dependence of da/du.  

In weak or  e lec t romagnet ic  p roces ses ,  h n e a r  unitari ty (more  accura te -  
ly, the absence of bi l inear  uni tar l ty  (cf. eq. (11)) allows fixed poles and /o r  
s ingular  fixed cuts m the J-plane.  For  react ions  like yp -* N~r, with u -chan -  
nel amphtude b (j, u), uni tar i ty  in the u-  channel a s sumes  the fo rm 

b(a ,u  +) - b(3, u-)  oc a ( j , u - ) b ( 3 ,  u +) . (16) 

Here  a(j ,  u) is a pure ly  hadromc amphtude* .  Note that a fixed singulari ty 
may be present  m b ( j , u ) ,  without violating eq. (16). 

We r e m a r k  that eq. (16) cannot be used to prove that fixed s ingular i t ies  
exist. Rather,  ~s does not exclude them from p r o c e s s e s  such as 7P -* Nit. 
In par t icu lar ,  eq. (16) supports  our contention that it is not unreasonable  to 
a ssume that the t heo rehca l  j -p lane  s t ruc ture  of photoproduction p r o c e s s e s  
is very  different f rom that of purely hadromc r eachons .  We are  justified 
theore t ica l ly  in advocating HIPPIE models  or f ixed-pole models  (see next 
section) for photoproduction while excluding their use m hadronic p ro -  
cesses .  Phenomenological ly,  these f ixed-s ingular i ty  models offer a natural  
explanation for the umversa l  behavior  (E~2 b dcr/du cc exp (u)) of yp--*N~r data. 

3.4. Faxed-po le  mode l  
For  purely hadronic p r o c e s s e s ,  u-channel  uni tar i ty  forbids the p r e s -  

ence of s ingular i t ies  m the y-plane whose position is independent of u. The 
usual  a rguments  for this a s se r t ion  were  reviewed in subsect .  3.3.7. The re -  
fore,  in s t rong- in te rac tmn  p roces se s ,  we do not expect to find f ixed-pole 
type s ingular i t ies  m the j -p lane  without, for example, compensat ing or 
shielding cuts. However,  in photoproduction, uni tar i ty  does not forbid fixed 
poles.  Generally,  these may occur  at j = ½(2n- 1) in f e r m m n  channels,  and 
at J = n m boson channels;  n is an integer which, empir ica l ly ,  is ~< 0. 

In this section, we postulate that fLxed poles dominate photoproduction 
amplitudes.  This model has considerable  phenomenologlcal  appeal. If fixed 
poles occur  at j = 0, -1, - 2 , . . . ,  in the meson-exchange  model,  and at 
3 = -½, - ~ , . . . ,  m the baryon-exchange  channel, then we predic t  d i rec t ly  

and that sca les  that d a / d t  scales  as E~2b , for fo rward  yp p roces se s ,  d a / d u  
as E~3b, for backward 7p react ions .  Both predic tmns  a re  m immediate  

* For a more precise equation and other references to umtarlty m weak processes, 
consult ref. [42]. 
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q u a h t a t i v e  a g r e e m e n t  wi th  da ta .  T h e  d i f f e r e n c e  b e t w e e n  the  e n e r g y  d e p e n d -  
e n c e  of f o r w a r d  and  b a c k w a r d  p r o c e s s e s  i s  e x p l a i n e d  n i c e l y .  By c o n t r a s t ,  
in  a l l  o t h e r  m o d e l s ,  c o n s i d e r a b l e  a d j u s t m e n t  of p a r a m e t e r s  i s  r e q u i r e d  to  
r e p r o d u c e  the  r e m a r k a b l e  e n e r g y  d e p e n d e n c e  of  p h o t o p r o d u c t m n  da ta .  I t  i s  
on ly  m the  f i x e d - p o l e  m o d e l  tha t  the  e n e r g y  d e p e n d e n c e  of d~/du i s  i n d e -  
p e n d e n t  of d e t a i l s  of c o u p l i n g  s t r u c t u r e  and qua n tum n u m b e r s  of the  ex -  
c h a n g e s .  

A l though  f i x e d - p o l e  m o d e l s  a r e  a p p e a h n g  fo r  p h e n o m e n o l o g y ,  t hey  a r e  
s a i d  to b e  u n a t t r a c t i v e  t h e o r e t i c a l l y .  W e  have  m e t  no t h e o r i s t  w i l h n g  even  
to  d i s c u s s  the  p o s s i b l e  v a h d i t y  of t h e s e  m o d e l s .  C e r t a i n l y ,  f i x e d  p o l e s  a r e  
not  e x p e c t e d  m t h e o r m s  in which  p a r t i c l e s  a r e  c o m p o s i t e * .  M o r e o v e r ,  if  
t hey  are presen t  in t he  ] - p l a n e ,  f i x e d  p o l e s  a r e  e x p e c t e d  to  be  a s s o c i a t e d  
wi th  e l e m e n t a r y  p a r t i c l e s ,  e .g . ,  the  nuc l eon  o r  the  m e m b e r s  of the  0-  
m e s o n  nonet .  Such f i x e d  p o l e s  would  l i e  a t  j = ½ (for  b a c k w a r d  s c a t t e r i n g )  
o r  have  the  c o u p h n g  s t r u c t u r e  of the  p s e u d o s c a l a r  nonet  (for  f o r w a r d  pho -  
t o p r o d u c t i o n ) .  T h e  f i x e d  p o l e s  n e c e s s a r y  to  r e p r o d u c e  yp  d a t a  have  n e i t h e r  
of t h e s e  p r o p e r t i e s .  

In  o r d e r  to r e p r o d u c e  e n e r g y  d e p e n d e n c e  of yp  -~ N~ d a t a ,  i t  i s  c l e a r  
t ha t  the  d o m i n a n t  (ba ryon)  f i x e d  p o l e  m u s t  be  l o c a t e d  a t  j = -½. H o w e v e r ,  
v e r y  l i t t l e  can  be  s a i d  abou t  e i t h e r  the  r e s i d u e s  of fLxed p o l e s  o r  thexr  1so- 
sp in .  We m u s t  s i m p l y  adop t  wha t  i s  r e q m r e d  to f i t  da ta .  

3 .4 .1 .  F i t s  to  d a t a  
We m u s t  s p e c i f y  ou r  c h o i c e s  of bo th  R e g g e  p o l e s  and  f i x e d  p o l e s .  B e -  

* See the dmcusslon ,n ref.  [58]. 

Table 2 
P a r a m e t e r s  of f ixed-pole model ~" fit. 

A 5 NOt 'Not' fixed pole 

= -0.45 + 0.9u ~ =  -0.84 + 0.9u ~ =  -1.0 

= 1.0 g = 0.853 g =  0.744 

71 = 0.847 (mA+ ~-u) 
72 = 1.36 (mh+ 4~u) 

movector  photon movector  photon 

71 =-2 .07  (M- v~u) 71 =-0.0193 (M-~u)  

7 2 = 1.31 (M-~u)  7 2 =-0.0162 ( M - X )  

t sosca la r  photon l sosca l a r  photon 

71 = -0.132 (M- ~u) 71 = 0.0016 (M- ~u) 

7 2 = 0.897 (M- ~-u) 7 2 = -0.00255 (M-vfuu) 

X2(Tp--~nlr +) = 34 (on 41 data points),  
XZ(Tp--~ p~.O) 103 (on 35 data points) 

J" T ra j ec to rms  are  not va rmd m the fit. The fixed pole is set  at ~ = -1. All other 
numermal  values h s t ed  here are  de termined by fitting data. Amphtudes are  given 
m subsect .  3.4 and appendmes A and C. 
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c a u s e  such  a s m a l l  quanta ty  of 71o d a t a  i s  a v a a l a b l e ,  we l i m i t  o u r s e l v e s  to  
the  Na and A 5 R e g g e  p o l e s  and  one f i x e d  po le .  F o r  t he  R e g g e - p o l e  r e s i d u e s ,  
we r e s t r i c t  f unc t i ons  7i(4"u), d e f i n e d  an a p p e n d i x  A,  to  b e  l i n e a r  f u n c t i o n s  of  
~ .  E x p l i c i t l y ,  

7z( ~/-u) = (az + b,  d-u) e x p ( p u )  . (lm) 

M o r e o v e r ,  we f ix  the  r a t i o s  a J b ~ ,  fo r  bo th  A 5 and  Na,  m o r d e r  to  e l i m i -  
na t e  p a r i t y  doub l ing  a t  the  Na(938 ) and  A5(1236 ) p o l e s  - i . e . ,  we  e n s u r e  t ha t  
ou r  a m p l i t u d e s  p r o d u c e  only p o l e s  of the  o b s e r v e d  p a r i t y  at  the  nuc l e on  and  
A(1236) p o s i t i o n s .  

T h e  f i x e d - p o l e  a m p l i t u d e s  a r e  d e s c r a b e d  in a p p e n d i x  C. F o r  d e f i n i t e n e s s ,  
in t h e s e  f i t s  to  yp  ~ NTr da t a ,  we s p e c i f y  a f i xed  p o l e  of l s o s p i n  1 ~. We r e -  
t u r n  to  a d i s c u s s i o n  of i s o s p m  l a t e r .  

P a r a m e t e r s  of ou r  b e s t  f i t  wi th  the  f i x e d - p o l e  m o d e l  a r e  g iven  in t a b l e  2. 
C u r v e s  c o m p u t e d  with  t h e s e  p a r a m e t e r s  a r e  c o m p a r e d  with  7P ~ N~r d a t a  in 
f ig .  13. E x c e p t  fo r  s t r u c t u r e  in 7 P ~  P~r ° n e a r  u = 0, t he  fat p r o v i d e s  a good  
r e p r e s e n t a t i o n  of both  s -  and  u - d e p e n d e n c e  of da ta .  A p a r t i c u l a r l y  i n t e r -  
e s t i n g  f e a t u r e  of the  f i t  i s  shown an fag. 14. A t  u = 0, the  R e g g e - p o l e  and  
f i x e d - p o l e  c o n t r i b u t i o n s  a r e  of  s i m i l a r  raze .  H o w e v e r ,  the  R e g g e - p o l e  con -  
t r i b u t i o n *  f a l l s  away  r a p i d l y  a s  [u I as i n c r e a s e d ;  the  f i x e d - p o l e  a m p l i t u d e s  
d o m i n a t e  the  c r o s s  s e c t m n  a t  l a r g e  ]u[ .  

The  n e c e s s i t y  of f i x e d - p o l e  d o m i n a n c e  at  l a r g e  lul i s  obv ious  f r o m  i n s p e c  
t i on  of f ig .  6b; to r e p r o d u c e  the  e m p i r i c a l  r e s u l t  ZXaeff(u) ~ 0, fo r  a l l  u,  we 
canno t  t o l e r a t e  much  c o n t r i b u h o n  f r o m  the  N a o r  A 5 R e g g e - p o l e  e x c h a n g e s  
a t  l a r g e  lu I" P r e s u m a b l y ,  f x x e d - p o l e  d o m i n a n c e  a t  l a r g e  u as a g e n e r a l  r e -  
su l t ;  t h e r e f o r e ,  w i th in  th i s  m o d e l ,  a l l  7P b a c k w a r d  p r o c e s s e s  shou ld  have  
u n i v e r s a l  e n e r g y  d e p e n d e n c e  E~a3 b and  u n i v e r s a l  u - d e p e n d e n c e  exp (u). C o r -  
r e s p o n d i n g l y ,  un l i ke  the  f i x e d - c u t  model ,_  we p r e d i c t  tha t  dcr/du fo r  
7P --" A++rr- w i l l  s c a l e  a s  E~a3b, not  a s  E~a2b; we a l s o  e x p e c t  the  u - d e p e n d -  
ence  of d ~ / d u  to  change  f r o m  the  p r e s e n t  exp (3u) ,  a t  s m a l l  u ,  to  a ' u n i v e r -  
s a l '  exp  (u) b e h a v i o r  ~. 

3.4 .2 .  P r e d i c t i o n s  
A p r i o r i ,  the  f i x e d - p o l e  m o d e l  i s  v e r y  f l e x i b l e .  E n e r g y  d e p e n d e n c e  i s  

the  on ly  d i s t i n c t i v e  and  u n a m b i g u o u s  p r o p e r t y  of the  m o d e l .  To m a k e  o t h e r  
p r e d i c t i o n s ,  we a s s u m e  tha t  a l l  c h a r a c t e r i s t i c  f e a t u r e s  of p r e s e n t  p h o t o -  
p r o d u c t i o n  d a t a  can  b e  a t t r i b u t e d  to  s o m e  u n i v e r s a l  f i x e d - p o l e  s t r u c t u r e .  
C o r r e s p o n d i n g l y ,  ou r  p r e d i c t i o n s  f o r  m o m e n t u m - t r a n s f e r  d e p e n d e n c e  ( s u b -  

* Note that our 'Not Regge-pole '  contrlbuhon does not have a dip near  u = -0.15 
(GeV/c) 2. We del ibera te ly  omitted WSNZ factors from our Not Regge-pole a m p h -  
tudes. This is equivalent,  here ,  to assuming s t rong exchange degeneracy of Not 
and Ny poles.  We did this m orde r  to make cer ta in  that it is the energy depend- 
ence of YP data and not i ts u-dependence whmh determines  the re la t ive  contr ibu-  
tions of fLxed-pole and Regge-pole amphtudes.  One can obtain equally good fits 
with WSNZ factors  m the Regge-pole amphtudes.  

~" This assumes ,  of course ,  that the same type of fLxed-pole couples to the I u = 
and I u = ½ channels. See below. 
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t o r  photon  I u = ½ a m p h t u d e .  
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sec t .  3.4.2b) and fo r  quan tum n u m b e r s  of exchange  ampl i tudes  ( subsec t .  
3.4.2c) a r e  m o r e  specu la t ive  than our  a s s e r t i o n s  about  s - d e p e n d e n c e  in 
subsec t .  3.4.2a.  

3 .4 .2a  s - d e p e n d e n c e  
Pho top roduc t l on  d i f fe ren t i a l  c r o s s  s ec t ion  should s c a l e  as  E~ab, fo r  f o r -  

w a r d  p r o c e s s e s ,  and as  E~3a for  b a c k w a r d  r e a c t i o n s .  T h e s e  p r e d i c t i o n s  
hold fo r  all  va lues  of m o m e n t u m  t r a n s f e r  away f r o m  the i m m e d i a t e  f o r w a r d  
and b a c k w a r d  peaks  (i .e. ,  It] > 0.5 and lu I > 0.5 (GeV/c)2) .  T h e s e  a s s e r -  
t ions  a r e  independent  of both quan tum n u m b e r s  and sp in - coup l ing  p r o p e r -  
t i e s  of  the exchanges .  

3.4.2b 1- arid u - d e p e n d e n c e  
We expect  the u n i v e r s a l  b e h a v i o r  d a / d t  cc exp (3t) fo r  f o r w a r d  r e a c t i o n s  

and da/du  cc exp (u) fo r  b a c k w a r d  s c a t t e r i ng .  T h e s e  p r e d i c t i o n s  hold for  
Itl > 0.5 and lu [ >  0.5 (GeV/c)  2, r e s p e c t i v e l y .  

3 .4 .2c  Quantum n u m b e r s  and exot ic  exchange  
F ixed  po les  a r e  not expec ted  to have  the usua l  lsospzn s t r u c t u r e  of ha -  

d rons .  In p a r t i c u l a r ,  we sugges t  that  l a r g e  v io l a t ion*  of the p u r e  I t = ½ 
ru le ,  o b s e r v e d  in 7N ~ KS [43], is due to an exot ic  I t = ~ f ixed -po le  amp l i -  
tude. 

To m o t i v a t e  our  sugges t ion ,  we begin  with the r e m a r k  that  the r a t i o  of 
c r o s s  s ec t i ons  for  the p u r e l y  hadron ic  ' a l l owed '  r e a c t i o n  7r+p ~ K+~ + to 
tha t  fo r  the exot ic  p r o c e s s  7r-p ~ K+~ - is m e a s u r e d  to be a p p r o x i m a t e l y  
3000 at Plab = 5 G e V / c  [44, 45]. In t e r m s  of s c a t t e r i n g  ampl i t udes  with def -  
inite l sosp ln  in the  t - channe l ,  we wr i t e  

d~ ~ K+~+) 2 h iAh 2 
d7  (Tr+p = 13A½ + ~ 312 ' (18) 

d--E (Tr-p ~ K+~ -) : ] A  12 . (19) 

S u p e r s c r z p t  h deno tes  ' p u r e l y - h a d r o m c ' ;  s u b s c r i p t s  give va lues  of i sosp in  
in the t - channe l .  We deduce  that  

I- l 1 (20) 
A ~ 8 - 0 '  

E 

We m a y  d e s c r i b e  the pho top roduc t ion  p r o c e s s  7N ~ KS  in t e r m s  of s i m i l a r  
t - c h a n n e l  ampl i tudes .  In th is  ca se ,  we f ind [43] 

* It is posszble that the evzdence for exotm exchange m ~N ---* KS and ~N--* rr/x is 
zllusory. Perhaps the fault hes  m poor understanding of deuteron correctzons. 
Netther theoretmal arguments nor experimental evzdence zs eoncluszve either way. 
For our present purposes, we assume that observed effects are Interpreted co r -  
rectly as exotic exchange. 
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I-- l > ± (21) 
A N 10 
1 

a t  E l a  b ~ 11 GeV.  T h i s  r a t i o  i s  an  o r d e r  of m a g m t u d e  l a r g e r  t h a n  the  h a -  
d r o m c  r a t i o .  

We  c o n c l u d e  t ha t  R e g g e  p o l e s  p r e s e n t  in s t r o n g  p r o c e s s e s  have  e s s e n -  
t i a l l y  on ly  ' a l l o w e d '  q u a n t u m  n u m b e r s .  T h e  e x t r a  m e a s u r e  of e x o t i c  e x -  
c h a n g e  p r e s e n t  in p h o t o p r o d u c t i o n  i s  a t t r i b u t e d  to  f i x e d  p o l e s ,  wh ich  canno t  
o c c u r  in  s t r o n g  p r o c e s s e s .  

A s  a c o n s e q u e n c e  of fLxed -po le  e x o t i c  e x c h a n g e ,  we s u g g e s t  t ha t  d i r e c t  
p r o d u c t i o n  of e x o t i c  s t a t e s  ~s m o r e  f a v o r e d  in 7p r e a c t i o n s  than  in p u r e l y  
h a d r o n i c  p r o c e s s e s .  In p a r t m u l a r ,  we r e c o m m e n d  c l o s e  e x a m i n a t i o n  of t he  
K+Tr + m a s s  s p e c t r u m  in Vp -~ K+rr+r. - and  of  the  ~r+Tr + m a s s  s p e c t r u m  in 

7P -~ Y+~+ a-. 

3.4.3.  P o l e  e x t r a p o l a t i o n  
In s u b s e c t .  3 .2 .5 ,  we m a d e  s e v e r a l  g e n e r a l  r e m a r k s  abou t  e x t r a p o l a t i o n  

of  R e g g e - p o l e  r e s i d u e  f u n c t i o n s  f r o m  the  s c a t t e r i n g  to  the  r e s o n a n c e  r e g i o n .  
H e r e ,  we c o m m e n t  b r i e f l y  on one  a s p e c t  of p o l e  e x t r a p o l a t i o n  s p e c i f i c a l l y  
r e l e v a n t  to  t he  f i x e d - p o l e  m o d e l .  

W e  b e g i n  by  no t ing  a s i m p l e  e m p i r i c a l  f ac t .  At ,  s ay ,  10 G e V / c ,  we d e -  
f ine  Q(0) to  be  the  q u o t i e n t  of the  c r o s s  s e c t i o n s  a t  u = 0 f o r  r e a c t i o n s  
7p -~ nTr + and  7r+p -~ pTr +. S i m i l a r l y ,  l e t  Q(M) be the  q u o t i e n t  of t he  c o u p l i n g  
s t r e n g t h s  of the  N a R e g g e  t r a j e c t o r y  to  Vp,--. nTr + and  7r+p -~ pTr + a t  u = M 2, 
the  n u c l e o n  p o l e  p o t a t i o n * .  E m p i r i c a l l y ,  Q(0) ~ Q(M), to  wi th in  a f a c t o r  of 
two o r  so.  T h i s  r e s u l t  s u g g e s t s  t ha t  R e g g e  p o l e s  m a k e  a c o m p a r a b l e  con-  
t r i b u t i o n  to  7r+p -0 pTr + and  7P -~ nlr+ at small  u. In o t h e r  w o r d s ,  we do not  
e x p e c t  the  s m a l l  u - b e h a v i o r  of  d~/du f o r  7p -" nTr + to  b e  d o m i n a t e d  by  f i x e d  
p o l e s  (or  by  any o t h e r  e f f ec t  wh ich  canno t  be  p r e s e n t  in p u r e l y  h a d r o n i c  
p r o c e s s e s ) .  C o n s e r v e l y ,  if  ~p -~ NTr w e r e  d o m i n a t e d  a t  s m a l l  u by  s o m e  
n o n - s t r o n g  e f f ec t ,  t hen  we would  e x p e c t  Q(0) >> Q(M). 

A s  e x p l a i n e d  in s u b s e c t .  3 .2 .5 ,  we do not  e n f o r c e  p o l e - e x t r a p o l a t i o n  
c o n s t r a i n t s  in our  f i t s .  N e v e r t h e l e s s ,  i t  i s  an  i m p o r t a n t  c o n s i s t e n c y  c h e c k  
on the  v a l i d i t y  of ou r  f i x e d - p o l e  m o d e l  f i t  t ha t  t he  Regge-pole c o n t r i b u t i o n  
a t  u = 0 i s  c o m p a r a b l e  to  the  o b s e r v e d  c r o s s  s e c t i o n  t h e r e  ( s e e  f ig .  14). 
Only a t  l a r g e r  lul  d o e s  the  f i x e d - p o l e  c o n t r i b u t i o n  d o m i n a t e  d ~ / d u .  

3.5.  Strong absorption model 
M o t i v a t i o n  f o r  a b s o r p t i o n  c o r r e c t i o n s  to  R e g g e - p o l e  e x c h a n g e  a m p l i -  

t u d e s  h a s  b e e n  r e v i e w e d  in s e v e r a l  a r t i c l e s  [3, 46, 47].  Our  f o r m a l i s m  i s  
d e s c r i b e d  v e r y  b r i e f l y  in a p p e n d i x  D. E s s e n t i a l l y ,  a g i v e n  input  R e g g e - p o l e  
t e r m  i s  m o d i f i e d  in such  a way  t ha t  t h e  r e s u l t i n g  a m p l i t u d e  h a s  bo th  t he  

* At u = M 2, these couphngs are  known a pr ior i ;  they are  not de termined by ex t r ap -  
olating a h igh-energy fit to sca t te r ing  data. For  7r p p~ , the couphng s t rength 
Is the ~N coflpling constant ,  g2 (g2/47r ~ 15), For  7p  --~ NTr, the couphngs are  g 
t imes  the e l ec t rm  charge and magnetm moment of the nucleon. 
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original  Regge-pole  t e r m  and, in addition, a Regge-cut  contribution. The 
moving branch point s ingulari ty in the complex 3-plane has a slope a~ which 
is approximately  one-half  that of the input Regge pole. Overal l  s t ruc tu re  in 
the j -p lane  is i l lus t ra ted in fig. 6d. 

Insofar  as energy dependence is concerned,  h igh-energy  sca t te r ing  am-  
plitudes a re  a l inear  combination of a Regge-pole  component,  with energy 
behavior s a(u) = s ao+bu, and a Regge-cut  t e rm whose energy dependence is 

s~c(u) s a°(uj+~bu.''" The relative strength of these pole and cut terms (as a 
functlon of u) Is speclfied by the absorptlon prescription; it depends cru- 
cially on assumptions made about u-dependence of the input Regge-pole 
term. There are also dlfferences of opinion as to how large the 'absorption 
constant' c should be. 

The two maln versions of the absorption approach have come to be 
known as the weak-cut (or Argonne) model and the strong-cut (or Michigan 
SCRAM) model. In the former, Regge-pole terms have explicitly all WSNZ 
factors, whereas, in the latter, Input Regge-pole terms have no WSNZ fac- 
tors. Moreover, in the strong-cut version, c is usually about twice as 
large as in the weak-cut approach. 

Comparison of figs. 5 and 6d indicates that the absorption procedure will 
reproduce  empir ica l  resu l t  Aaef f ~ 0 only if absorpt ion cuts a re  sufficient-  
ly dominant. This is not t rue In the Argonne model; indeed, the weak-cut  
model suffers  f rom the same deficiencies  outlined in subsect .  3.2 for the 
pu re -Regge -po le  approach*.  There fo re ,  we consider  only the s t rong-cu t  
ve rs ion  for  the r ema inde r s  of our discussion.  

3.5.1. Fits  to data$ 
Reference  to fig. 6d again, indicates that the resu l t  aaeff(u) ~ 0, for all 

u, r equ i res  dominance of the A5 absorp t ion-cu t  t e rm at l a rge  ] u]. This is 
p rec i se ly  the opposite of the conclusion we reached in the contest  of f i x e d -  
cut models.  In the HIPPIE approach,  to achieve Aaef f ~ 0, we had to make 
the Nq contribution dominant. 

In addition to AS, we may choose one or any number of available I u = ½ 
t r a j ec to r i e s  (Na, NT, N ~ , . . . ) .  Data a re  re la t ive ly  meager ,  so we select  
only N a. Moreover ,  inasmuch as we ignore pole-ext rapola t ion  cons t ra in ts  
(cf., subsect .  3.2.5), it is sufficient to express  reduced po le - r e s idues  
7,(~/u) as l inear  functions. 

7i(v~) = (a~ + b i ~u) exp (/zu) . (22) 

Technical  details may be found in appendices A and D. 
In table 3, we give p a r a m e t e r s  of our best  SCRAM fit to ~p data. The fit 

i tself  is displayed in fig. 15; ag reement  with both s and u dependence of da- 
ta is excellent.  In par t icu la r ,  we note that turnover  of d a / d u  near  u = 0 is 

* Thin was also our conclusion for backward rfN scattering [17]. 
A strong-cut fit to backward slngle-plon photoproductlon has been pubhshed by the 
Michigan group [38]. Unlike their analysts, however, we do not enforce VDM 
constraints on our fits. See subsect. 3.2.4 for a chscusslon of thin point. 
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Table 3 
P a r a m e t e r s  of SCRAM * h t  (absorptmn constant c = 1.25). 

41 

A 6 N~ 

i 

0¢ = -0.45 + 0.9u 

= -1.30 

"}11 = 1.58 + 2.79~u 

72 = -8.43 - 1.15~u 

= - 0 . 8 4 +  0.9u 

~ =  1.17 

lsovector  photon 

~ 1 = - 2  9 + 11.51~uu 

72 = - 5  89+ 5.18V~u 

l sosca la r  photon 

~1 = -0.207 - 0.321~u 

72 = 5.12 - 7 15q~u 

X2(~p --~ n~r +) = 55 (on 41 data points),  
X2(Tp--~ p~.O) 26 (on 35 data points) 

* Tra]ectorzes  a re  not varmd.  Amphtudes are  dzscussed m subsect .  3 5 and appen- 
dmes A and D. 

r e p r o d u c e d  f o r  bo th  c h a r g e  s t a t e s .  F o r  7P ~ p~O, the  change  in  s l o p e  (or  
b r e a k )  a p p a r e n t  in d(r /du n e a r  u = - 0 . 3  ( G e V / c )  2 i s  a l s o  a c c o m m o d a t e d  
n i c e l y .  In  f ig .  16, we p r e s e n t  c u r v e s  wh ich  c o n t r a s t  t he  m a g n i t u d e  of o v e r -  
a l l  (N a + 4 5) R e g g e - p o l e  and  a b s o r p t i v e - c u t  c o n t r i b u t i o n s .  T h e  d e c o m p o s i -  
h o n  of  d a / d u  s h o w s  tha t  c a n c e l l a t i o n  i s  f i e r c e  b e t w e e n  p o l e  and  cu t  t e r m s ;  
a s  a r e s u l t  of s t r o n g  a b s o r p t i o n ,  d ~ / d u  i s  r e d u c e d  by  an o r d e r  of m a g n i -  
t ude  f r o m  the  v a l u e  i t  wou ld  have  if  only  Regge-pole  e x c h a n g e  t e r m s  w e r e  
p r e s e n t .  T h e  d e c o m p o s i t i o n  p r e s e n t e d  in f ig .  17 i l l u s t r a t e s  the  r e l a t i v e  
i m p o r t a n c e  of N a and  h 5 c o n t r i b u t i o n s  to  dcr/du,  a s  a func t ion  of  u; t h i s  
s h o w s  the  a n t i c i p a t e d  d o m i n a n c e  of A 5 a t  l a r g e  lul  n e c e s s a r y  to  a c h i e v e  
h a e f  f ~ 0. 

3 .5 .2 .  P r e d i c t i o n s  
A s  wi th  o t h e r  m o d e l s ,  f i t s  to  d a t a  do not  d e t e r m i n e  a m p l i t u d e s .  T h e r e -  

f o r e ,  p r e d i c t i o n s  of p o l a r i z a t i o n  q u a n t i t i e s  a r e  m e a n i n g l e s s .  On the  o t h e r  
hand ,  p r e c i s e  m e a s u r e m e n t s  of  e n e r g y  d e p e n d e n c e  of 7p --* h++~-  and  
7d  ~ np s h o u l d  be  c l e a r - c u t  t e s t s  of SCRAM.  T h e s e  r e a c t i o n s  i s o l a t e  Iu = 
and  I u = ~, a s  we h a v e  e m p h a s i z e d  b e f o r e .  If SCRAM is  c o r r e c t ,  bo th  
s h o u l d  exh ib i t  shrinkage,  u n l i k e  p r e s e n t  Vp da t a ,  wi th  e f f e c t i v e  s l o p e  
a '  ~ 0 .5  (GeV/c)  "2. 

3.6.  Other models  
T h u s  f a r  in s e c t .  3, we have  s t u d i e d  f o u r  m o d e l s .  T h e s e  a r e  (i) a m o d e l  

b a s e d  p u r e l y  on R e g g e - p o l e  e x c h a n g e s ;  (ii) a m o d e l  in  wh ich  bo th  R e g g e  
p o l e s  and  f i x e d  c u t s  a r e  p r e s e n t ;  ( i i i )  a m o d e l  in wh ich  t h e r e  a r e  bo th  R e g -  
ge  p o l e s  and  f i x e d  p o l e s ,  bu t  no c u t s ;  and  (iv) a m o d e l  b a s e d  upon  R e g g e  
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Fig. 15. Curves computed from parameters  determined m our SCRAM fit are com- 
pared with a select, on of data [9, 10]. Parameters  are hsted m table 3. Numbers 

next to data denote photon lab momentum m GeV. 

po le s  and moving cuts  gene ra t ed  by absorp t ion .  These  four mode l s  r e p r e -  
sen t  p r a c t i c a l l y  a l l  the p o s s i b i l i t i e s  for  s i ngu l a r i t y  s t r u c t u r e  in the j - p l a n e .  
Cor r e spond ing ly ,  e s s e n t i a l l y  a l l  conce ivab le  energy  dependences  of da /du  
have been  cons ide red .  

However ,  we should ment ion  that  a fifth model ,  ba sed  upon complex  
po les ,  has  a l so  been p roposed .  Moreove r ,  these  f ive mode l s  a r e  not o r tho-  
gonal.  In p a r t i c u l a r ,  one may en t e r t a in  the p o s s i b i l i t y  of abso rb ing  f ixed-  
pole  and f ixed -cu t  ampl i tudes .  Let  us  now tu rn  to an examina t ion  of th is  
l a t t e r  sugges t ion .  Complex  po les  a r e  t r e a t e d  subsequent ly .  

3.6.1. Abso rp t l on  of f ixed s i n g u l a r i t i e s  
In SCRAM (cf. subsec t .  3.5), we a s s u m e ,  wlthout any compe l l ing  theo-  

r e t i c a l  mot iva t ion ,  that  one should a b s o r b  an input ampl i tude  r e p r e s e n t i n g  
p u r e - R e g g e - p o l e  exchanges .  However ,  le t  us  pos tu l a t e  a model  in which 
abso rp t ion  is appl ied  to a s c a t t e r i n g  ampl i tude  r e p r e s e n t i n g  f ixed po les  
a n d / o r  f ixed cuts .  It i s  evident  f rom the abs o r p t i on  f o r m a l i s m  that  energy  
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Fzg. 16. We give an e x a m p l e  of our  SCRAM fi t  to yp  ---,p~O at  12 GeV. Data  a r e  f r o m  
re f .  [10]. We a l so  show v a l u e s  of d~/du compu ted  s e p a r a t e l y  f r o m  the  u n a b s o r b e d  
ne t  R e g g e - p o l e  c o n t r t b u t l o n  (N~ plus  AS) and f r o m  the  d e s t r u c t i v e  a b s o r p t i o n  

(mowng  cut) c o n t r t b u t m n  to s c a t t e r i n g  a m p h t u d e s .  
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Fig. 17. We p r e s e n t  an e x a m p l e  of ou r  SCRAM fi t  to  y p  ---*nTr + at  9.55 GeV. Also  
shown a r e  va lues  of dg/du compu ted  f r o m  s e p a r a t e  c o n t r i b u t i o n s  of z sovec to r  N0l and 
A6 e x c h a n g e s .  T h e s e  N~ and A 5 t e r m s  a r e  the s u m  of c o r r e s p o n d i n g  R e g g e - p o l e  

and  ( d e s t r u c t w e )  a b s o r p t i v e  cut  a m p h t u d e s .  

dependence of the final amphtude  in this model is essent ia l ly  the same as 
that of the input f ixed-s ingular i ty  amplitude. We reca l l  that the only defini- 
tive tes t  of a f ixed-s ingular i ty  model is energy dependence of dg/du. It is 
c lea r  that thzs tes t  is not sensi t ive to the p resence  or  absence of absorption.  

Absorpt ion will a l ter  the u-dependence  of ampli tudes in the HIPPIE mod-  
el. However,  explicit  calculat ions show that the shape of dg/du is not al-  
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t e r e d  s ,gnlf icant ly .  In pa r t i cu l a r ,  for  N a exchange in backwa:  d =+p e las t ic  
sca t t e r ing ,  no dip in d~/du near  u = -0 .2  (GeV/c) 2 is gene ra t ed  as  a r e su l t  
of s t rong  absorp t ion  of input NAIVE HIPPIE  ampl i tudes .  Although s u p e r -  
f ic la l ly  su rp r i s ing ,  this  r e su l t  is unders tood  easi ly .  According to fo lklore ,  
the dip in d~/du nea r  u = -0.2 (GeV/c) 2 is expected only if the sp in-non- f l ip  
ampl i tude  domina tes .  However ,  in the HIPPIE  model ,  the f l ip /non- f l ip  r a -  
tio is specif ied.  Whatever  the value of ~, we find that the contr ibut ion f r o m  
the spin-f l ip  ampl i tude f i l l s - in  any absorp t ion  dip a s soc ia t ed  with the non- 
sp in- f l ip  ampli tude.  

3.6.2. Complex poles  * 
Recent ly ,  t he re  have been theore t i ca l  deve lopments  in the study of Regge 

t r a j e c t o r i e s  which a r e  complex  for  u (or t) < 0. It is a rgued  that the phe-  
nomenologlca l  e f fec ts  of b ranch-po in t  s ingu la r i t i es  in the j - p l a n e  (cuts) 
may  be r ep roduced  adequately,  over  the cu r r en t  range  of ene rg ies ,  by a 
model  based  on exchange of a pa i r  of complex  conjugate Regge poles  [48]. 
The re su l t an t  model  enjoys the usual  technical  advantages  of pu re  pole 
models ;  In models  with cuts ,  compl ica ted  and t ime  consuming numer i ca l  
in tegra t ions  mus t  be p e r f o r m e d  to obtain sca t t e r ing  ampl i tudes .  F u r t h e r -  
m o r e ,  the complex -po le  model  is m o r e  genera l  than the cu r r en t  c rop  of cut 
mode l s  (absorpt ion  and HIPPIE) .  Exis t ing  cut model  give speci f ic  e x p r e s -  
s ions  for  discont inui t ies  a c r o s s  the cut; the complex -po le  approach  al lows 
m o r e  f lexibi l i ty.  

We may  dis t inguish two ve r s i ons  of the complex -po le  model .  In the 
f i r s t ,  complex  poles  r ep l ace  rnowng (absorpt ive)  cuts .  In the second,  c o m -  
plex poles  subst i tu te  for  f i x e d  (HIPPIE) cuts .  Le t  us examine  each of these .  

In the usual  appl ica t ions  of the f i r s t  ve r s ion ,  complex  t r a j e c t o r i e s  have 
canonical  s lope (a' ~ 1 (GeV/c)2).  They r e p r o d u c e  ef fec ts  of the weak-cu t  
(Argonne),  but not of the s t rong -cu t  (SCRAM) model .  As we pointed out in 
subsect .  3.5, only the l a t t e r  model  can fit  backward  s ing le -p ion  photopro-  
duction data. Cor responding ly ,  c u r r e n t  fo rmula t ions  of ' a b s o r p t i v e '  com-  
plex poles  will not r ep roduce  backward  photoproduct ion data. 

The second v e r s i on  s e e m s  m o r e  p romis ing .  In subsect .  3.3, we showed 
that  HIPPIE  model  can fit  cu r r en t  ~p data. T h e r e f o r e ,  complex  pole anal -  
ogues of HIPPIE  mode l s  should a lso  be able to r e p r o d u c e  ~p data. Unfor tu-  
nately,  the theore t i ca l  s ta tus  of this complex -po le  model  is unc lear ;  the 
H IPPIE  cut can be ca lcu la ted  expl ici t ly ,  and it is  not well app rox ima ted  by 
a pa i r  of complex  poles .  

In view of theore t i ca l  uncer ta in ty  in its fo rmula t ion  and the l a rge  num- 
be r  of p a r a m e t e r s  involved, we do not p r e s e n t  f i ts  with any ve r s i on  of the 
complex -po le  model  in this  paper .  

* Consult ref. [48] for apphcation of complex pole models to forward lr"p--* lr°n. 
Further references are cited in that paper. GCF is grateful to S. Ellis. R. L. Hel- 
mann and P. E. Kaus for helpful discussions of the complex-pole model. 
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4. COMPARISON OF MODELS AND SUGGESTIONS 
FOR NEW EXPERIMENTS 

In sect.  3, we d iscussed  phenomenological  models  and presen ted  fits to 
~p data. Each model was descr ibed  separa te ly ,  and adequate fits to the da- 
ta were  obtained in t e r m s  of f ixed-pole,  f ixed-cut ,  and s t rong-Regge-  
(moving) cut models .  We now turn  to a compara t ive  evaluation of fea tures  
of these models .  We con t ras t  the r emarkab ly  different  ways in which va r i -  
ous models  r eproduce  the same data. This confrontat ion of models  with da- 
ta, and models  with each other,  demons t ra t e s  the c lear  need for  a set  of 
new exper iments .  The exper iments  we suggest  here  a re  in addition to those 
we proposed  ea r l i e r ,  in subsect .  2.4. 

Theore t ica l ly ,  the var ious  models  a re  dist inguished on the bas is  of the 
dominant j -p l ane  s ingular i t ies  p resen t  in each case.  'Exchange '  of these 
s ingular i t ies  (whether poles or  cuts,  fixed or  moving) in each case  p ro -  
vides sca t te r ing  ampli tudes with cha rac t e r i s t i c  dependence on s and u. 
The re fo re ,  in an effort  to se lect  a p r e f e r r e d  model,  we will d iscuss  exper i -  
ments  which would de te rmine  more  p rec i se ly  the s- and u-behavior  of 
dc~/du. Other exper iments  suggested here  a re  d i rec ted  to a determinat ion 
of the s -  and u-dependences  of ampli tudes assoc ia ted  with specific values 
of exchanged i s o s p m  I u. Finally,  we also d iscuss  what may be lea rned  
f rom polar iza t ion  studies.  

4.1. Energy  dependence o f  7N -" NTr 
Of the four models ,  only the f ixed-pole model gives a natural  explana- 

-3" d~/du energy be sure, good or tion of the observed behavior cc E1~. To 
even better fits to data are possible with other models; however, in these 
models, agreement requires specml and, at present, unmotivated values of 

(o) 7"P " nw"+ 
0 1 U : 0 / MOVING CUT 

/ 
(105 ./ 

I / cut 
- -  / " I  /'7 . , , .  ,:.:.:'-,.,-- FIXED POLE 

• 7 "  i ~  0Ol ,~4 

0003 

0002 

OIX)I 

~a~r.f • °0.09 ± 0.13 

I I I 
2 5 I0 Elab GIV I00  

F i g .  18a.  
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Fig. 18. Fits and predlctlons of our models are contrasted wlth data for ~p-~ n;T +. 
These curves md~cate energy dependence at varLous fixed values of u. Where neces -  
sary ,  we interpolate available data from nelghbormg values of u m order  to present  
resul ts  at the chosen fixed values of u. Points marked wlth an X are from refs .  [8] 
and [9]; those marked wlth a large dot are from ref. [49]. For  each value of u, we 
give the experimental  value of AOteff, defined m eq. (3) of the text and determined 
from plotted data above Ela  b = 4 GeV. Fixed-cut  model resul ts  shown here are 
those for our NAIVE HIPPIE fit B, parameters  are glven m table lb. Moving-cut and 
fixed-pole model parameters  are found m tables 3 and 2, respectwely.  In part  (a), 
we mark values of Ela b at whlch prominent resonances occur also shown m the value 

of Ela b at whlch 1 t = 3 (GeV/c) 2 coincides wlth u = 0. 

p a r a m e t e r s .  R e s u l t s  a r e  c o n t r a s t e d  in f igs .  18 and 19. F o r  ~p -~ p~O and 
?p  ~ n~ +, we p lo t  494 (~Elab) 3 d a / d u  a t  s e l e c t e d  f ixed  v a l u e s  of u. We c a l l  
a t t en t ion  to  the  f ac t  tha t  a l l  t h e o r i e s ,  e x c e p t  the  f i x e d - p o l e  m o d e l ,  s u g g e s t  
tha t  the  o b s e r v e d  c o n s t a n c y  of  E13ab d a / d u  is  but  a l o c a l  p h e n o m e n o n ,  con-  
f r eed  to the  l i m i t e d  e n e r g y  r a n g e  5 <~ E l a  b g 20 GeV.  At  u = 0, e v e n  in t he  
f i x e d - p o l e  c a s e ,  El3ab d~ /du  g r o w s  wi th  l n c r e a s z n g  E l a b ,  owing to g r o w i n g  
i m p o r t a n c e  of A 6 R e g g e - p o l e  e x c h a n g e  at  h i g h e r  e n e r g i e s .  D o m i n a n c e  of 
A 6 e x c h a n g e  at  u = 0 would  g ive  d ~ / d u  a n a t u r a l  E ~  b b e h a v i o r  n e a r  u = 0. 

T h e  c o n f l i c t  b e t w e e n  t h e o r i e s  and da t a  i s  i l l u s t r a t e d  p a r t i c u l a r l y  d r a -  
m a t i c a l l y  in f ig.  18a. Scann ing  f r o m  1.5 GeV to l0  GeV,  we o b s e r v e  the  da-  
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Fig. 19. Fits and predlctmns of our models are contrasted with data for yp --*pTr ° at 
sLx fixed values of u. Fur ther  details are common to fig. 18 and are descrzbed m the 

caption for that f, gure. 

t a  f a l l i ng  f r o m  the  top l e f t  to the  b o t t o m  r i g h t  of  the  g r a p h ;  t h e o r e t i c a l  
c u r v e s  t r a v e l  p e r v e r s e l y  f r o m  b o t t o m  l e f t  to t o p  r i gh t .  S u r e l y ,  N a t u r e  i s  
not  so c r u e l  tha t  the  o b s e r v e d  c o n s t a n c y  of  E~a b d~//du, above  5 GeV,  r e p -  
r e s e n t s  j u s t  the i r r e l e v a n t  b r o a d  b o t t o m  of a b 0 w l ,  which  is  bounded by 
r e s o n a n c e  da ta  at low e n e r g y ,  and (for  example )  by the  SCRAM c u r v e  at  

h igh  e n e r g y  (E la  b ;~ 20 GeV).  
In e x a m i n i n g  e n e r g y  d e p e n d e n c e ,  we f ind  it  a l s o  i n s t r u c t i v e  to c o m p a r e  

~p ~ n~ + (fig. 18a) wi th  ~+p ~ p~+ a t  u = 0 (fig. 20). At  low e n e r g i e s ,  t h e s e  
p l o t s  of  E3~b da/du show s i m i l a r  s t r u c t u r e  f o r  the  two r e a c t i o n s  *; a t  h igh 
e n e r g y ,  hb~vever,  da t a  and t h e o r i e s  [17] f o r  7r+p ~ p~+ i n c r e a s e  in a c o n e -  
s h a p e d  f a sh ion ,  w h e r e a s  da ta  fo r  ~p -~ n~ + l e v e l  off. 

* For  lr+p---* plr +, note that the quantity dcr/du J u=O when plotted as a function of Plab 
shows a pronounced dip near Plab = 2 GeV/c. Recall  also that at Plab = 2 GeV/c,  
u = 0 corresponds to t ~ -3 (C-eV/c)2. For  ?r:ep elastm scat ter ing,  a pronounced 
dip m the dffferentml cross  sect,on near the fixed value t ~ -3 (GeV/c) 2 ,s ob- 
se rved  up to Plab ~ 10 GeV/c. We r e m a r k  that at u = 0, d~/du for ~p --~ N~r also 
shows a ¢hp near Ela b ~ 2 GeV. Is there also a fLxed - t  dip m d~/dt for yp--* ~N 
at higher energms ~ Present  data are silent on thin subject. It Is important to 
ver i fy  or refute thin conjecture.  
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Fig. 20. Data for ~+p e las t ic  sca t te r ing  at u = 0 are  contras ted with fits and p r e d i c -  
tions of two models.  Sources of data a re  legzon (cf. the comp,lation of re f  [50]); the-  

o re t ica l  curves are  obtained from pa rame te r s  g,ven m ref.  [17]. 

4 .1 .1 .  E x p e r i m e n t s :  v e r i f i c a t i o n  of E~3h b e h a v i o r  
T h e  a b o v e  d i s c u s s i o n  i n d i c a t e s  tha t  the__ nex t  s e t  of i m p o r t a n t  e x p e r i -  

m e n t s  shou ld  be  d i r e c t e d  to  v e r i f y i n g  E ~  b b e h a v i o r  of  ~p ~ NTr fo r  a s  wide  
a r a n g e  of  s and  u a s  p o s s i b l e .  Our  a n a l y s i s  i n d i c a t e s  tha t  E~a3 b b e h a v i o r  i s  
qu i t e  a n o m a l o u s :  we b a s e  t h i s  c o n c l u s i o n  upon  r e s u l t s  f r o m  both  a d i r e c t  
e m p i r i c a l  c o m p a r i s o n  of  yp  d a t a  wi th  h a d r o n  d a t a  and ou r  c o n f r o n t a t i o n  of 
7p d a t a  wi th  an  e s s e n t i a l l y  c o m p l e t e  s e t  of  m o d e l s .  

H i g h e r - e n e r g y  a c c e l e r a t o r s  a r e  r e q u i r e d  in o r d e r  to  t e s t  d e c i s i v e l y  
t h o s e  t h e o r i e s  which  p r e d i c t  t ha t  E[a3 b d a / d u  i s  a b o w l - s h a p e d  d i s t r i b u t i o n  
(as  a func t ion  of  E l a b ) .  H o w e v e r ,  u s e f u l  c l a r i f i c a t i o n  i s  p o s s i b l e  a l s o  a t  
p r e s e n t  e n e r g i e s ;  f o r  e x a m p l e ,  e x t e n s i o n  of  p r e s e n t  yp  ~ plr o and  ~p ~ mr + 
m e a s u r e m e n t s  up to ,  s ay ,  l u I = 3 ( G e V / c )  2 wou ld  be  u s e f u l * .  M o r e o v e r ,  

* Recal l  that if exp (u) behavior  of d~/du p e r s i s t s ,  c ross  sect ions wzll be re la t ive ly  
large at large lu]. 
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r e f e r r i n g  to fig. l a ,  we note  tha t  ~p -~ n~r + da ta  a r e  s p a r s e  above  9.55 GeV; 
we r e c o m m e n d  m e a s u r e m e n t  of dcr/du at  16 GeV over  the r a n g e  Umi n >t u >i 
>/ -3  (GeV/c)  2 *. At u = 0, t h e o r i e s  p r e d i c t  at  l e a s t  a 30% i n c r e a s e  in  
E13ab dcr/du at 16 GeV over  i ts  va lue  at 5 GeV (cf., fig. 18a). 

In add i t ion  to m o r e  thorough  s tudy of ~/p ~ p~O and ~p ~ nlr +, m e a s u r e -  
m e n t s  of d~/du  for  any o ther  backward  photoproduct ion  reac t ion  would 
c l a r i f y  the E~2 b s c a l i n g  law. Studies  of o ther  charge s ta t e s  in 7N--* NTr 
would help a g r e a t  deal  in d e t e r m i n i n g  p a r a m e t e r s  of mode l s .  We t r e a t  th i s  
l a t t e r  i s s u e  in  m o r e  de ta i l  in  subsec t .  4.2.1.  We c l o se  our  d i s c u s s i o n  of 
e n e r g y  dependence  by p r e s e n t i n g  t ab le  4, in  which we give p r o j e c t e d  c r o s s  
s e c t i o n s  for  r p  ~ n~ +, ~p ~ pTr o, and 7n  ~ p~r- at  E l a  b = 20, 50 and  100 GeV. 

4.2. R e a c t i o n s  ~/n ~ pTr-, yp ~ Lx++Tr- and ~/d ~ np 
I m p o r t a n t  r e a c t i o n s  a r e  those  for  which u - c h a n n e l  i s o s p i n  I u i s  un ique .  

F o r  such  p r o c e s s e s  (e.g. ,  ~d ~ p n  and  ~p ~ A++~r-), m e a s u r e m e n t s  of 
d~/du p rov ide  d i r e c t  i n f o r m a t i o n  on which type of y - p l a n e  s i n g u l a r i t y  is  a s -  
s o c i a t e d  with a g iven  I u. We d i s c u s s  our  expec t a t i ons  for  t he se  d e c i s i v e  
p r o c e s s e s  below.  However ,  f i r s t  we c o n s i d e r  b r i e f l y  o ther  c h a r g e  s t a t e s  in 
TN ~ NTr. 

4.2.1.  Other  c h a r g e  s t a t e s  in  ~/N ~ NTr 
It wil l  be r e c a l l e d  that ,  in  sec t .  3, In o r d e r  to ach ieve  Aaef  f ~ 0 for  

r p  ~ p~r ° and r p  ~ nTr +, at  l a r g e  u, we r e a c h e d  c o n t r a r y  c o n c l u s i o n s  about  
the l s o s p l n  of the d o m i n a n t  exchange  in  d i f f e ren t  mode l s .  F o r  example ,  in 
f i x e d - c u t  m o d e l s ,  I u = ½ exchange  is  d o m i n a n t  a t  l a r g e  u, w h e r e a s ,  in  
SCRAM, I u = ~ i s  dominan t .  B e c a u s e  i s o s p i n ,  s -  and  u - d e p e n d e n c e s  a r e  
c o r r e l a t e d  in  th i s  u n u s u a l  f a sh ion ,  it b e c o m e s  e s p e c i a l l y  va luab l e  to m e a s -  
u r e  d~/du  for  o ther  c h a r g e  s t a t e s  of ~N ~ N~. Idea l ly ,  enough c h a r g e  
s t a t e s  should  be m e a s u r e d  to s e p a r a t e  out I u = ½ and Iu = ~ exchanges  t ,  as  
wel l  as  t h e i r  i n t e r f e r e n c e  ef fec ts .  However ,  da ta  on even  one add i t iona l  
r e a c t i o n  would be qui te  helpful .  To  i nd i ca t e  the weal th  of p o s s i b i l i t i e s  a l -  
lowed by our  good f i t s  to p r e s e n t  data ,  we give  our  p r e d i c t i o n s  for  7n  ~ pTr- 
at  E la  b = 10 GeV, In fig. 21. E v e n  at u = 0, our  f ive f i t s  give c r o s s  s e c t i o n s  
which d i f fer  by an o r d e r  of magn i tude .  M e a s u r e m e n t s  of dcr/du for  ~n ~ pTr- 
would p rov ide  a good c o n s t r a i n t  on p a r a m e t e r s  in  a l l  m o d e l s  and  help p in  
down which i s o s p l n  exchange  is  d o m i n a n t  at  l a r g e  u. 

4.2.2.  ~d ~ pn  and ~p -~ A++Tr - ; d e c i s i v e  t e s t s  of m o d e l s  
S e v e r a l  t i m e s  in  the  c o u r s e  of sec t .  3 we c o m m e n t e d  upon the  s p e c i a l  

s i g n i f i c a n c e  of the r e a c t i o n s  7d ~ pn  and  ~p ~ ZX+% - ,  which have un ique  

* We note that the statlst ,cal accuracy of present  data is excellent Further con- 
s tra ,nts  on models will not come from data of increased precision. Rather, meas -  
urements are required over a w~der range of values of s and u, w,th accuracy 
comparable to present  experiments.  
Recall, also, that the I u = ½ exchange amplitude has contributions from both lso-  
vector and lsoscalar  photons. There are effectively three different values of ~so- 
spin m the exchange channel. 
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Fig. 21. Pred ic ted  values of d~/du are  given for react ion yn --~ pTr- at 10 GeV. The 
five models  a re  d i scussed  m the text; pa r ame te r s  are  found in tables 1-3. 

i s o s p i n  I u = ~ and  9,  r e s p e c t i v e l y  *. D e t e r m i n a t i o n  of the  s - a n d  u - d e p e n d -  
e n c e s  of d a / d u  fo r  e a c h  of t h e s e  p r o c e s s e s  wi l l  d i s t i n g u i s h  which  of the  
fou r  m o d e l s  ~ b e s t  a p p l i e d  to  p h o t o p r o d u c t i o n .  W e  r e c o m m e n d  m e a s u r e -  
m e n t s  of d(r /du f r o m  E l a  b = 5 GeV to a s  h igh  an  e n e r g y  a s  p o s s i b l e ;  t he  
r a n g e  of v a l u e s  of u s h o u l d  a l s o  b e  a s  l a r g e  a s  p o s s i b l e ,  c e r t a i n l y  no 
s m a l l e r  t han  Umi n >i u >/ - 1 . 5  (GeV/c )  2. 

4 .2 .2a .  T h e  u - d e p e n d e n c e  
In s u b s e c t .  2 .4 .3 ,  we j u s t i f i e d  on p u r e l y  e m p i r i c a l  g r o u n d s  the  i m p o r -  

t a n c e  of f i nd ing  the  p r e c i s e  u - d e p e n d e n c e  of d ~ / d u  fo r  7p ~ ZX++Ir - and  
y d  - - p n .  T h e o r e t i c a l  r e a s o n s  a r e  m o r e  c o m p e l l i n g .  In f ig .  22, d a t a  a r e  
shown and  p o s s i b l e  u - d e p e n d e n c e  a r e  s k e t c h e d .  E s s e n t i a l l y  two c l a s s e s  of 
t h e o r i e s  m u s t  be  d i s t i n g u i s h e d .  In t he  f i r s t  t y p e  ( f i x e d - p o l e  and  f i x e d - c u t  
m o d e l s ) ,  o b s e r v e d  s -  and  u - d e p e n d e n c e s  of  ~p ~ N,r d a t a  a r e  d e e m e d  to be  
no a c c i d e n t  but ,  r a t h e r ,  to  r e f l e c t  a new, u n i v e r s a l  f e a t u r e  of 7N p r o -  
c e s s e s  wh ich  i s  not  s h a r e d  by  p u r e l y  h a d r o n i c  r e a c t i o n s .  C o r r e s p o n d i n g l y ,  
d a / d u  fo r  yp  ~ A++,r - i s  e x p e c t e d  to  have  a c h a r a c t e r i s t i c  s m o o t h  b e h a v i o r  
a t  a l l  e n e r g i e s .  P r e s u m a b l y ,  i t  s h o u l d  l e v e l  off f r o m  i t s  p r e s e n t  t u m u l t u o u s  
exp (3u) d e p e n d e n c e  and ,  a t  l a r g e  l u I, e x h i b i t  a s t a i d  exp  (u) b e h a v i o r  s i m -  
i l a r  to  ~p ~ N ~  d a t a $ .  In t he  s e c o n d  c l a s s  of t h e o r i e s ,  we p l a c e  t he  m o v i n g -  
(Regge)  p o l e  and m o v i n g - c u t  m o d e l s .  T h e s e  a s s e r t  tha t  t h e r e  i s  noth ing  

* We are  aware,  of course ,  that studies of y p - ~  A++Ir - a re  bese t  with ser ious  p r o b -  
l ems ,  owing to kmematmal  ref lect ions  from the bacirward sca t te r ing  p rocess  
yp -~pOp  or ,  more genera l ly ,  y p - ~  (Tr~)p  [51,52]. 
Fixed cut, 5xed pole,  moving (Regge) pole, and moving (Regge) cut. 
Footnote see next page. 
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Fig. 22. We present  data for Tp--* A++Y - along with some curves showing typ,cal u-  
dependences of dcr/du. The solid curve is the differential cross section for 3'P ~ nTr + 
(cf. fig. la). The dashed curve, with a break near u = -0.3 (GeV/c) 2 represents  the 
predmtmn of the fixed-pole and fixed-cut models. The behavior of the solzd and 
dashed curves is s imi lar  at large u I, both fall approx,mately as exp (u). The fixed- 
pole and ftxed-cut models are dist~ngumhed by s-dependence of dcY/du at large ]u I; 
thus, dCr/du cc E~a3 b in the fixed-pole model, but dcr/du cc E~'~ m the fixed-cut theory. 
Finally, the dotted curve, falling as exp (3u), might be expected in models which 

suggest exp (u) behavior of single pmn photoproduetion data m not universal .  

un ique  about  the 3 -p l ane  for  pho toproduc t ion .  T h e r e f o r e ,  any p r e s e n t  r e g u -  
l a r i t i e s  in  Tp da ta  have no f u n d a m e n t a l  s l gn i f i cance .  Con t inued  exp (3u) de-  
p e n d e n c e  of d a / d u  would not be  unexpec ted .  Indeed,  a d i s t r l b u t l o n  with any 
o the r  exponen t ia l  dependence ,  or  even  one with dips  or  b r e a k s ,  is  qui te  
p o s s i b l e .  

S i m i l a r  r e m a r k s  to those  above hold a l so  for  Td ~ pn, for  which no da ta  
a r e  ava i l ab l e .  

4 .2 .2 .b .  The  s - d e p e n d e n c e  
F o r  7p ~ A++~- and  7d ~ pn, the behav io r  of d~/du as  a func t ion  of en-  

e rgy  zs the m o s t  c r u c i a l  m e a n s  for  d i s t i n g u i s h i n g  mode l s .  P r e d i c t i o n s  for  
the ene rgy  dependence  of E13ab dcr/du a r e  g iven  in fig. 23: (a) and (b) r e f e r  
to 7d ~ pn,  w h e r e a s  (c) and (d) apply  to 7p ~ A++~Z-. Mos t  c r i t i c a l  is  the 
b e h a v i o r  of da/du for  v a l u e s  of u away f r o m  the b a c k w a r d  peak.  In the  peak  
r e g i o n  ( l u l  < 0.5 (GeV/c)2) ,  both k i n e m a t i c  and R e g g e - p o l e  ef fec ts  t end  to 
be s u b s t a n t i a l  in a l l  mode l s .  However ,  for  u in the r a n g e  0.5 < lul  < 2.0 
(GeV/c) 2, the c h a r a c t e r i s t i c  s i n g u l a r i t y  in each mode l  is  dominan t .  F o r  
t h e s e  l a r g e r  v a l u e s  of lu l ,  m o r e o v e r ,  the d i f f e r e n c e s  m p r e d i c t e d  e n e r g y  

Caveat We note that our f,ts determine only that the (movector) I u = ½ amphtude 
should have an exp (u) dependence. Although not suggested by our present formu- 
lation of either the fLxed-cut or fixed-pole models, it m posszble that amplitudes 
with different tsospm also have different u-dependence. Correspondingly, it is 
posszble that d~/du for ~p--" A++~ - behaves as exp (3u) at large l u I" We must 
await data. In any case, predictlons for energy dependence discussed m subseet. 
4.2.2b are an unambzguous szgnature of models. 
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Fig .  23. We c o n t r a s t  p r e d i c t e d  e n e r g y  d e p e n d e n c e s  of  d~/du f o r  o u r  f o u r  m o d e l s .  
P l o t t e d  is Epm b d~/du ( a r b i t r a r y  un i t s )  v e r s u s  E l a b ,  f r o m  2 to 100 C, eV .  The  r e l a t i v e  
n o r m a l l z a t i 6 f f - o f  the  f o u r  m o d e l s  a t  a g i v e n  e n e r g ~  is  a r b i t r a r y ;  on ly  the  e n e r g y  d e -  
p e n d e n c e  o f  a g i v e n  c u r v e  i s  s i g n i f i c a n t .  In (a) and  (b) I u = ½; p h y s i c a l  e x a m p l e  is  

~ d - - + p n .  In (c) and  (d) I u = ~, w i t h  e x a m p l e  ~]p--+ A+++r - .  

dependence of various singularities are enhanced. A pure Regge-pole mod- 
el predicts shrinkage, with* 

3 da ~ E2ao+l exp (2++ (23) Elab ~ lab l°gElab) " 

In the movmg-cut model, there is less  shrinkage*; roughly 

* Note :  o+ o i s  t he  u = 0 i n t e r c e p t  o f  t h e  e x c h a n g e ;  0~ o ~ 0 f o r  X u = ~ (AS) and  
~o  ~" - 0 . 4  f o r  X u = ½ (N¢~). See  t a b l e s  1 -3  f o r  p r e c i s e  v a l u e s .  
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E 3 dcr cc E2aO +1 (24) 
l a b  d ~  l a b  exp (u log  E lab)  . 

In the  f i x e d - p o l e  m o d e l ,  

E 3 d<r l a b  ~ = c o n s t a n t  . (25) 

F i n a l l y ,  in the  H I P P I E  ( f ixed  cut) m o d e l * ,  

E 3 d-~-~ cc E 2 a ° + l  (26) 
l ab  du l a b  " 

T h e s e  d i f f e r e n t  p r e d i c t i o n s  a r e  c o m p a r e d  q u a n t i t a t i v e l y  in f ig .  23. 
We e m p h a s i z e  tha t  t h e s e  p r e d i c t m n s  f o r  e n e r g y  d e p e n d e n c e  a r e  b a s e d  

d~ rec t l y  on f u n d a m e n t a l  p r o p e r t i e s  of the  m o d e l s ;  the  p r e d i c t i o n s  a r e  rode-  
p e n d e n t  of s p e c i f i c  v a l u e s  of p a r a m e t e r s .  T h e r e f o r e ,  a s  shown in f ig.  23, 
m e a s u r e m e n t s  of e n e r g y  d e p e n d e n c e  of dcr/du fo r  7d -~ pn  and  7P ~ A++Tr- 
wi l l  d e t e r m i n e  u n a m b i g u o u s l y  which  one,  if any ,  of our  fou r  m o d e l s  i s  c o r -  
r e c t .  

4 .2 .2c .  I s o s c a l a r -  i s o v e c t o r  i n t e r f e r e n c e  
M e a s u r e m e n t s  of d~ /du  fo r  7 d - ~  pn  p r o v i d e  an o p p o r t u n i t y  to  i den t i fy  in -  

t e r f e r e n c e  e f f e c t s  b e t w e e n  the  two I u = ½ a m p l i t u d e s ,  f o r m e d  f r o m  i s o v e c t o r  
and i s o s c a l a r  c o m p o n e n t s  of the  photon ,  r e s p e c t i v e l y .  We iden t i fy  two s e p -  
a r a t e  r e a c t i o n s  $: 7d -~ pn,  which  h a s  r e l a t i v e l y  s m a l l  m o m e n t u m  t r a n s f e r  
Up f r o m  pho ton  to  p r o t o n ,  and  7d -~ np, which  h a s  s m a l l  m o m e n t u m  t r a n s f e r  
u n f r o m  pho ton  to neu t ron .  T h e  i s o v e c t o r  a m p l i t u d e  c o n t r i b u t e s  to  bo th  r e -  
a c t m n s  wi th  the  s a m e  s ign;  h o w e v e r ,  the  c o n t r i b u t m n  of the  i s o s c a l a r  a m -  

p l i t u d e  c h a n g e s .  T h e r e f o r e ,  A(up)  = A 17=1 +A I7=0, but  A(un)  = A IT=l - A  IY=0. 
M e a s u r e m e n t s  of dc~/du, a s  a func t ion  of s and  u, a r e  o b v i o u s l y  d e s i r a b l e ,  
f o r  both  r e a c t i o n s .  

4.3.  P o l a r i z a t z o n  m e a s u r e m e n t s  in 7N ~ NTr, 7N ~ ~ K  and 7N ~ AK 
F o u r  i n d e p e n d e n t  a m p l i t u d e s  a r e  n e c e s s a r y  fo r  a c o m p l e t e  d e s c r i p t i o n  of 

7P ~ NTr. B e c a u s e  e a c h  i s  c o m p l e x ,  a t o t a l  of e igh t  f unc t i ons  of  s and  u m u s t  
be  d e t e r m i n e d .  M e a s u r e m e n t  of d a / d u  p r o v i d e s  only  one c o n s t r a i n t .  F o r  
t h i s  r e a s o n ,  s i m p l e  a g r e e m e n t  wi th  d a / d u  i s  no a s s u r a n c e  tha t  any  of o u r  
m o d e l s  i s  a good r e p r e s e n t a t i o n  of 7P ~ N~. A d d i t i o n a l  p r o g r e s s  a w a i t s  
p o l a m z a t i o n  m e a s u r e m e n t s .  

In f ig.  24, we g ive  the  p r e d i c t i o n s  of o u r  m o d e l s  fo r  two of the  p o l a r i z a -  
t ion  o b s e r v a b l e s .  R e s u l t s  a r e  g iven  fo r  t he  t h r e e  c h a r g e  s t a t e s  71o ~ ng+, 
7P ~ p~O, and 7n ~ pTr-. Quan t i t y  ~ r e f e r s  to  e x p e r i m e n t s  done  with  l i n e a r -  
ly  p o l a r i z e d  pho tons  and  an u n p o l a r i z e d  t a r g e t .  If the  pho ton  p o l a r i z a t i o n  
m a k e s  an a n g l e  • wi th  the  p r o d u c t i o n  p l a n e ,  then  the  o b s e r v e d  c r o s s  s e c t i o n  
i s  

• Note ot o is t h e u - - 0  intercept  of the exchange, 0~ o ~  0 for I u= ~ (A6) and 
0~ o ~ -0.4 for I u = ~ (No~). See tables  1-3 for p rec i se  values 

~f Thus far ,  in thts paper ,  we have not dist inguished the two reaetmns.  All previous 
re ferences  to yd --* np apply to both. 
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Fig.  24. In the f i r s t  co lumn,  we  g w e  p r e & c t l o n s  for  ~;  m the s e c o n d  c o l u mn ,  w e  
p r e s e n t  v a l u e s  of  L.  Quanti ty  ~ Is the s c a t t e r i n g  a s y m m e t r y  of  p lods  produced  by  
h n e a r l y  p o l a r i z e d  photons;  L i s  the l e f t - r i g h t  a s y m m e t r y  for  photoproduct inn f r o m  a 

p o l a r i z e d  nuc leon  targe t .  P r e c i s e  d e f l m t l o n s  are  found m the text .  
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dcr 
/~\d(~) (1-  E c o s 2 ¢ )  . (27) 

d-u (¢) = unpol. 

Quantity L is de termined in exper iments  done with polar ized  proton t a rge t s  
and unpolarized photons; it measu re s  the lef t - r ight  a symmet ry .  If (p is the 
angle between the ta rge t  polar izat ion and the normal*  to the sca t te r ing  
plane, then 

(9 )  = d( j (4 + L P  c o s  9)  • (28) 
unpol. 

Quantity P is the initial ta rget  polarizat ion.  Predic t ions  shown in fig. 24 
cannot be taken very  ser iously .  In all models ,  flexibility is possible in 
these distr ibutions,  without damage to our good fits to d(z/du. For  example, 
curves  for  the FULL HIPPIE and NAIVE HIPPIE A models  (not shown) dif- 
fer  considerably f rom those for NAIVE HIPPIE B, shown in fig. 24. We 
must  also admit  that measu remen t s  of d(z/du, "2 and L will not neces sa r i l y  
serve  to re jec t  any of the cur ren t  models.  To be sure,  th ree  quantities will 
fo rm a t ighter noose than just one; however,  only a complete set of observ-  
ables will be conclusive.  To establ ish a complete  set, it is neces sa ry  to 
determine final baryon polar izat ion in exper iments  with polar ized  photons 
and polar ized proton targets .  For  yp-~ N~, such an ambitious undertaking 
is probably not feasible technically at the p resen t  t ime. It cer ta in ly  should 
be feasible for the (forward) reac t ions  yp -- K~ and yp -* KA. In these ex- 
per iments ,  weak decay of the Z or A can be used to m e a s u r e  final baryon 
polarizat ion.  As a resul t ,  all four amphtudes  for Vp ~ K~ or  yp -~ KA 
would be determined,  up to a common phase. As we have detailed e lse-  
where [53], delightful tes ts  of models a re  posmble.  

Our main in teres t  in polar izat ion is l ess  p rosa ic  than re jec t ion of mod- 
els. Rather,  it seems  to us that if the behawor  E13ab dg/du cc exp (u) is 
t ruly universal ,  then it p resumably  cor responds  to some simple s t ruc tu re  
of basic  amplitudes.  Polar iza t ion  studies will hopefully lead to more  p ro -  
found understanding of the unusual behavmr seen thus far  in yp experiments.  
We urge  that explora tory  polar izat ion studies be undertaken soon. 

5. CONCLUSIONS 

We have studied backward s ingle-pion-photoproduct ion data f rom two 
points of view. F i r s t ,  we made a purely  empir ica l  study of data, com-  
par ing fea tures  of ~p and purely  hadronic reaet ions .  Second, we at tempted 
to fit Vp data using amplitudes given by four different phenomenological  
models.  These  two approaches ,  empir ica l  and theoret ical ,  a re  comple-  
mentary  and enr ich each other.  Our empir ica l  investigation is summar i zed  
in sect.  2; models  and fits to data a re  descr ibed  in sect.  3. The most  im- 
portant  p rac t ica l  r esu l t s  of our study a re  given in sect.  4 and in subsect.  
2.4; in those sect ions,  we l is t  valuable new exper iments  which would elar i fy 
outstanding difficulties. 
* Normal is m the d, rectmn (~x~) .  
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5.1. Empzrical  resu l t s  
In sect .  2, we d i scuss  the universa l  scaling law, E31ab d~/du cc g(u), 

which desc r ibes  $p -~ N~r data. This express ion  is r emarkab le  for  two 
reasons .  F i r s t ,  no shrinkage is observed  in the data. Second, the function 
g(u) fa l l s -of f  ve ry  slowly with increas ing  l u [; for  ]u [ > 0.3 (GeV/c) 2, 
g(u) cc exp (u). As we demons t ra te  in sect .  2, this behavior  of rp  -~ NTr data 
differs  d ramat ica l ly  f rom that of purely  hadronic data. Among other things, 
these  d i f ferences  cas t  doubt on the usefulness  of the vec to r -dominance  
model.  

Independently of any par t i cu la r  model,  we note that d i scovery  of univer-  
sal behavior  of da/du (or d~/dt) for in termediate  values of momentum 
t r a n s f e r  (>11 (GeV/c)2) would be of profound importance.  It could be inter-  
p re t ed  as a universa l  s t ruc tu re  (core) for smal l  impact  p a r a m e t e r s *  [63]. 
This  should be con t ras ted  with high impact  p a r a m e t e r  behavior  which, theo- 
re t ica l ly ,  is assoc ia ted  with Regge poles and, experimental ly ,  leads to well-  
es tabl ished per iphera l  peaks at smal l  momentum t r ans fe r  (< 0.5 (GeV/c)Z). 
It is impera t ive  to invest igate severa l  other  photoproductlon and hadronic 
reac t ions .  We l is t  specific suggest ions in subsect.  2.4. Exper iments  should 
be d i rec ted  towards  bet ter  identification of p rec i se ly  what quantum num- 
bers ,  var iables ,  and ampli tudes a re  important  at both smal l  and in te rme-  
diate values of momentum t rans fe r .  

5.2. Models 
We have examined cr i t ica l ly  all available models  for  7P -~ NTr. Two of 

these,  the f ixed-pole model and the f ixed-cut  model,  a re  developed here  in 
some detail. We show that these models  a re  not applicable in pu re ly -ha -  
dronic p r o c e s s e s  and, if c o r r e c t  for  7p, imply profound dynamical  differ-  
ences  between 7p and ~N react ions .  

We confront  predic t ions  of each model with data. As we concluded also 
in our study of 7rN backward sca t te r ing  [17], our s imultaneous compara t ive  
study of severa l  models  provides  much m o r e  insight than can be obtained by 
examining each model in isolation. 

The pu re -Regge -po le  model is ruled out by p resen t  data; a model with 
Regge poles and weak absorpt ive  cuts is a lso not tenable. Both models  can- 
not accommodate  the singular lack of shmnkage in 7p data. 

Our s t rong-abso rp t ion  model,  our f ixed-pole model,  and our f ixed-cut  
model  r eproduce  7p -~ N~ data. None is decis ively  successful ,  however,  
s imply because  there  is so little exper imenta l  information.  Never the less ,  
these  three  models  a re  profoundly different;  as we i l lus t ra te  in fig. 23, en- 
e rgy  dependence of da /du  for  7p --* A++Tr - and 7d -~ pn will dist inguish them 
unambiguously.  Measu remen t s  of d~/du in the energy range 5 < Ela b < 15 
GeV would be of immense  value; the range of u should be at leas t  0 < lu] < 
< 1 (GeV/c)  2. 

* Perhaps the difference between photoproduehon and purely hadromc mterachons 
stems from greater Importance of the low impact parameter core m the former 
case. It remains an experimental challenge to demonstrate this and for theormts 
to explain it. 
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Let  us now cons ider  the success fu l  t heo r i e s  in m o r e  detail .  Although we 
a r e  able to obtain a good h t  with SCRAM, data in no way t e s t  the d is t inct ive  
p red ic t ions  which this  model  makes  for  the u-posztion of  zeroes in d i f ferent  
hel ic i ty  amplitudes. To t e s t  these  fundamental  a s sumpt ion  in SCRAM, 
m e a s u r e m e n t s  of sp in - ro ta t ion  p a r a m e t e r s  a r e  essen t i a l  [53]. We note 
h e r e  that  although SCRAM is success fu l  in fit t ing a va r i e t y  of f o rwa rd  and 
backward  rp  p r o c e s s e s ,  only d~/dt  for  f o rwa rd  7P -~ lr°P shows evidence 
for  the d is t inct ive  t - dependen t  s t r u c t u r e  of ampl i tudes  in the model  [59]. It 
is not c o r r e c t  p red ic t ion  of the p r e s e n c e  or absence  of dips in data which is 
the r e a s o n  for  the m o d e l ' s  s ucce s s  in 7p. Rather ,  it is abil i ty to genera te  
r a t h e r  f ia t  energy  dependence (with l i t t le  shrinkage)  which leads  to good 
f i ts .  By con t ras t ,  this  p red ic t ion  of l i t t le  shr inkage  leads  to poor  f i ts  to 
much  pure ly  hadronic  data - e.g.,  to 7r-p -~ Ir°n [60]. P r e s e n t  knowledge 
sugges t s  that  SCRAM is c o r r e c t  only in i ts  p red ic t ion  for  the ~maginary 
p a r t  of s t rong  in te rac t ion  ampl i tudes  [53, 61]. Our d i scuss ion  e m p h a s i z e s  
again  the need for  e x p e r i m e n t s  which will d e t e r m i n e  u-dependent  s t r u c t u r e  
of photoproduct ion a m p h t u d e s  [53]. 

The m o s t  s ignif icant  theore t i ca l  a spec t  of the fLxed-cut model  is the fact  
that  it p r ed i c t s  no pa r i t y  doubling for  f e rmions .  However ,  high energy  yp 
and ~rN sca t t e r ing  data cannot speak  to this  i ssue .  To tes t  the f ixed-cu t  
model ,  it is e s sen t i a l  to extend deta i led ~rN p h a s e - s h i f t  ana ly se s  up to, say,  
m a s s  (It±p) ~ 3 GeV. Although p r e s e n t  p h a s e - s h i f t  r e s u l t s  indicate that  p a r -  
ity doubling does not occur  in Nature  for  m a s s  < 2 GeV, the re  a r e  too few 
resonan t  s t a t e s  below that  value of m a s s  to al low confident genera l i za t ion  
In]. 

The f ixed-pole  and the f ixed-cu t  mode l s  both offer  an appeal ing phenom-  
enological  explanat ion for  the absence  of shr inkage  in Vp -~ NTr data. Unfor-  
tunately,  t he re  is much  f r e e d o m  in both models ;  cons ide rab le  theore t i ca l  
work  is s t i l l  n e c e s s a r y  to e l imina te  these  ambigui t ies .  To mot iva te  such 
theo re t i ca l  effor t ,  it is  n e c e s s a r y  to develop unambiguous  expe r imen ta l  
evidence for  the r e l e v a n c e  of mode l s  with f ixed- s ingu la r i t i e s .  Our speci f ic  
sugges t ions  a r e  given in sect .  4. 

APPENDIX A 

Photoproduchon kinematics and Regge-pole formal i sm 
(a) The u-channel helic~ty amplitudes. As is c u s t o m a r y ,  we p a r a m e t r i z e  

reduced  re s idue  functions of u -channe l  hel ic i ty  ampl i tudes .  Fo r  the u-  
channel p r o c e s s  N--471 -~ N2~r3, with he l ic i t ies  (k4, k 1 -* k2, 0), we use  s y m -  
bols  fie to denote these  reduced  r e s idues .  The a s soc ia t ion  of subsc r ip t  in- 
dex i with he l ic i t ies  is spec i f ied  in eq. (A. 1) 

1 -- (½1 ½ o ) ,  = (½ 1 -. -½ o ) ,  

I 0 .  fi3 =( -½1- .10)  , f14 = ( - ½ 1 - ~ - ~ )  (A.1) 
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Next we define functions 7 and y as  follows: 

73(q'u ) = i l l+#2  , ?3(~-u) = /3 2 -#  1 , 

72(q-u ) = ~ 3 + ~ 4 ,  y2(q-d) = ~ 4 - # 3 .  (A.2) 

These  a r e  functions of q-u, which sa t is fy  the MacDowell s y m m e t r y  con- 
s t ra in t s :  

~3(J-u) = 73(- vr~) , ~-2(~fu) = 72(- ~r~) . (A.3) 

As a resu l t ,  we need cons ider  only the functions 72(~ru) and 73(q-u). Each of 
these  c r e a t e s  s ta tes  of ~P = -1 for  q-~> 0, and c r ea t e s  s ta tes  of TP = +1 
for  ~ < 0 (P  is par i ty ,  and T is s ignature) .  

(b) Regge-pole  exchange ampl i tudes .  Fo r  each Regge pole,  with t r a j e c -  
t o r y  a(u) and s ignature  % we define a function ~/(s, u) as follows: 

- ' n ' ( l+ ' r  e - 'n~) ( s ~ )  ~" 
~(s,u) - 2 r ( l+aD sinlr~ 

(A.4a) 

Here ,  as e l sewhere  in this  paper ,  ~ = a -  ½. F u r t h e r m o r e ,  let  

~/3 (s, ~/-u) = 73~/, 772(s, ~fu) = 72 ~ "  (A.4b) 

We define ~z by the equation 

~i(s ,  ,~) = 7}i(s , -4-u) . 

(c) Standard mvar iant  ampl#udes .  Rather  than make explici t  the r e l a -  
t ionship of the functions 7z(~/u) to the u-channel  hel iei ty ampli tudes,  we 
choose instead to exp re s s  the s tandard  CGLN invar iant  ampli tudes [54] * in 
t e r m s  of the 7~. We thus avoid a mult i tude of i r r e l evan t  k inemat ic  f ac to r s  
of uncer ta in  and confusing sign. 

Denote the nucleon mass  by M and the pion mass  by tt; let  w = ~-; 
s + t + u  = 2M2+2~t 2. We find 

-T/2 + ~ 2  
A2(s  , u ) -  200 ' 

(co +M)7/2 + (w - M)~ 2 
A3(s  , u) +A4(s , u) = 2co ' 

A4 (s,  u) = 2(u_ M2~ ) _ _  + (u-M2)(A3+A4)+M(t- u2)A2 , 

_ 1 { (w+M)~3+(w-M)~/3 (u -M2) tA2  - M( t - /12) (A3+A4)} .  
Al(S 'U)  2 ( u _ M  2) 2oo - 

(n.5) 
* We follow the modern conventlon and rename thelr A-, B-, C- and D-amphtudes 
asA 1, A 2, A 3 andA 4. 
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(d) P a r a m e t m z a t z o n  o f  7z( ~-u). Upon de f in ing  

73 + M72 
71 2 ( u - M  2) ' (A.6) 

we m a y  s e e  f r o m  eq. (A.5) tha t  f u n c t i o n s  71 and 72 a r e  f r e e  f r o m  k i n e m a t i c  
s i n g u l a r i t i e s .  T h e r e f o r e ,  71 and 72 a r e  s u i t a b l e  f o r  p a r a m e t r i z a t i o n  a s  
a n a l y t i c  f u n c t i o n s  of (~ .  F o r  e x a m p l e ,  

7 i  ((-uu) = ( a l e  + a2~v~-u + . . . )  exp (Uzu) , 

w h e r e  a- .  and  ~.  a r e  c o n s t a n t s .  
J r  

We note ,  f u r t h e r m o r e ,  t ha t  72 c o r r e s p o n d s  to h e h c i t y  f l i p  -~ in the  u -  
channe l ;  71 i s  the  h e l i c l t y  f l ip  ½ a m p l i t u d e .  If a po l e  ' c h o o s e s  s e n s e '  a t  
a = ½, one would  e x p e c t  72 to  v a n i s h ,  l e a v i n g  only  71 n o n - z e r o  t h e r e .  F o r  
the  N a t r a j e c t o r y ,  e x p h c l t  c a l c u l a t i o n  i n d i c a t e s  t h i s  i s  not  t r u e  a t  a n  a - 
( the n u c l e o n - p o l e  p o s i t i o n ) .  Both  71 and  72 a r e  n o n - z e r o  a t  aNa  = ½: they  
a r e  r e l a t e d  to  the  a n o m a l o u s  m a g n e t i c  and  e l e c t r i c  b o r n  t e r m s ,  r e s p e c -  
t i v e l y  *. F r o m  e x c h a n g e  d e g e n e r a c y  a r g u m e n t s ,  we e x p e c t  a s i m i l a r  s i t u a -  
t m n  fo r  NT; we a g a i n  a l l o w  71 and  72 to  b e  n o n - v a n i s h i n g  a t  a n  a = ½. 

If a t r a j e c t o r y  ' c h o o s e s  n o n s e n s e '  a t  a(u) = I ,  . then  71 and  72 a r e  z e r o  a t  
t ha t  v a l u e  of u. In dua l  v e r s i o n s  of  R e g g e  t h e o r y  T, t h i s  i s  t r u e  fo r  A 6 and  
D15 t r a j e c t o r i e s .  T h u s ,  7i .  A c c  ~A; t h i s  c o n s t r a i n t  i s  i m p o s e d  in ou r  
HIPPIE and  f i x e d - p o l e - m o d e l  f i t s .  In SCRAM,  such  n o n s e n s e  z e r o e s  a r e  
a l w a y s  a b s e n t .  

(e) E x p e r i m e n t a l  observab le s .  F o r  c o m p l e t e n e s s ,  we p r e s e n t  f o r m u l a s  
fo r  the  u s u a l  e x p e r i m e n t a l  o b s e r v a b l e s .  We  c h o o s e  to do t h i s  in t e r m s  of 
s - c h a n n e l  h e l i c i t y  a m p l i t u d e s  $. Deno te  the  l a t t e r  by  Hs(~y , XN2 , XN4) , 
w h e r e  N 2 i s  t he  i n i t m l  and N 4 the  f i na l  nuc leon .  F o r  b r e v i t y ,  we w r i t e  

1 1 H 1 =Hs(,~,½) ~2 =Hs(1,½,-½) , 

H 3 ---Hs(1,-½,½), H4 =Hs(1,-½,'½). (A.7) 

T h e  o b s e r v a b l e s  a r e  then  

d a  0.3893 
-~-=128~M2E21ab cj , ~S=[[H112+]H212+]H312+]H4121  • 

H e r e ,  E l a  b i s  the  i n c i d e n t  pho ton  e n e r g y ,  g i v e n  m t e r m s  of s by  

(A.8) 

* This is not surpr is ing .  In forward photoproductlon, a s im i l a r  situation is p resen t  
for the sp in -ze ro  plon pole,  which occurs  with a t-channel  hehcl ty-one Try vertex.  
In genera l ,  sense zeroes  are  absent from photoproduetion amplitudes when a t r a -  
j ec tory  c rea tes  an internal  par t ic le  pole having the same mass  as one of the ex -  
ternal  par t i c les .  

j" For  discussion,  see ref.  [17]. 
:~ In our actual f i ts ,  we use equivalent express ions  in t e rms  of u-channel  ampl i -  

tudes. This saves computer t ime,  but is perhaps more confusing. 
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(s - M 2) (A.9) 
E l ab  - 2M 

T h e  a s y m m e t r y  ~ fo r  p h o t o p r o d u c t l o n  by p o l a r i z e d  pho tons  is  

= 2 Re {7-/I H; - H 2 H ; } / ~  . (A. 10) 

The left-right asymmetry for scattering from a polarized target is 

L = 2 I m { H 3 H *  1 +H4H~.} /c j  . (A.11) 

As  m e n t i o n e d  in s ec t .  4, we have  def ined  the n o r m a l  to the  p r o d u c t i o n  p l a c e  
to be  ~ × 7~, a s  is  n a t u r a l  fo r  the  (usual)  f o r w a r d  s c a t t e r i n g  m e a s u r e m e n t s ,  
and not  ~ × N  4. 

T h e  r e l a h o n s h l p  of our  he l i c l t y  a m p l i t u d e s  - f o r  which  we u s e  the  s t and -  
a r d  J a c o b - W i c k  conven t ion  - to the  i n v a r i a n t  a m p l i t u d e s  is  g iven  by 

H 1 = -8  ,/21r ~fs s in½0 {F 1 + F 2 + cos  2 ½0(F 3 + F4)} , 

H 2 = 8~/2~rv~ c o s ½ 8 { F 1 - F 2 + s i n 2 ½ O ( F 4 - F 3 ) } ,  

H 3 = 8 ~ I r ~  sin2½0 cos½O{F4-F3} , 

H 4 = 8 v ~ / - s  s in½0 c o s 2 ½ O { F 3 + F 4 } .  (A.12) 

H e r e  0 is  the  s - c h a n n e l  c .m .  s c a t t e r i n g  ang le ,  and the  F k of CGLN a r e  
g iven  by  

F 1 = K { A I ( S  - M 2) +(s  - M2)(~f~ - M ) A 4 - ½ ( t -  ~2)(~f~ + M)(A 3 - A 4 ) } ,  

F 2 = E - ~ K  {-A l(S - M 2) + (s - M2)( v~ + M)A 4 - ½(t - U2)( ~fs- iV/)(A 3 - A 4 ) } ,  

F 3 = qK(s  - M2){( ~ -  M)A 2 + (A 3 - A 4 ) } ,  

F 4 = ~ (s - M2){-( , / - s+  M)A2 + (A 3 - A 4 )  } (A.13) (E+M) 

with K -- (I/8~r vrs)~(E +M)/2 vrs, and E = (s + M 2 - p2)/2 ~/-s, the final nucleon 
c . m .  e n e r g y .  

(f) I s o s p m  conven t zons .  A m p l i t u d e s  fo r  s c a t t e r i n g  in def in i t e  c h a r g e  
s t a t e s  a r e  g iven  by  

A(yp --, n~ +) = ~/-~(V+ ~/3S- A) , 

A(yn  ~ pTr-) = qr~(V- 4-3S - A) , 

A(•p --p?r  °) = ~ (V-  vr3S+2A) , 

A(vn  -~ nu °) = ~(V+4-38+ 2A) , (A.14) 

H e r e ,  S and V denote  i s o s c a l a r  pho ton  and  i s o v e c t o r  photon  I u = ~ coup l ings ,  
and A i s  the  I u = 3 coupl ing.  
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APPENDIX B 

HIPPIE model  
In our paper  on ~N backward sca t te r ing  [17], we defined three  vers ions  

of f ixed-cut  models.  We re fe r  r e ade r s  to that paper  and to subsect.  3.3 of 
this text for elaboration of resul ts .  Here,  we collect  formulas  specif ical ly 
re levant  to the p resen t  paper.  

We begin by defining, for each Regge pole, the function N~(u, s) : 

= °. L 
F(-½~) (B.1) 

Here,  index ~ = 1, 2 lables the two-pole couphngs.  Funchon ~ [ -½~ , . . . ]  is 
the incomplete Gamma funchon (cf. eq. (26) of ref. [17]); gz(u) is a r egu la r  
function of u (e.g., eq. (7) of this paper).  As table 1 indicates,  m our fits 
we set g(u) = (a 0 +a lU ) exp (pu); a0, a 1 and ~ a re  var iable  pa r ame te r s .  In 
some cases ,  we set a 1 - 0. 

Amplitudes with s ignature may be cons t ruc ted  in different ways. To de- 
free NAIVE HIPPIE,  we set 

J ; ( u , s ) =  N'cr(U,S)+rN;(u,s e - ~ )  . (B.2) 

For  SUPER HIPPIE,  we set 

J;(u,  s) = ~T(u)NZ(~(U, S e -½ ' ' )  , (B.3) 

where 

2 c o s ½ ~  i f  r = +1  , 

Vr(U) = 1 
2z s m ½ ~  if r = - 1  . ( B . 4 )  

Both eqs. (B.2) and (B.3) have the same Regge-pole  component,  given by 
eq. (6) of this paper.  

We use ac ronym FULL HIPPIE to denote the original  amplitude sug- 
gested by Bardak¢i  and Halpern. It differs  f rom eqs. (B.2) and (B.3) by a 
t e r m  which has only a cut s ingular i ty  at ] = do. In t e r m s  of eq. (B.3), we 
define FULL HIPPIE by 

Z J ~(u, s) = ~?r(U)N~(u, s exp (-½zlr) ) 

+ (~)qo I z2 (~ Gi (~_)  _ Gz(u) (B. 5) 
~ +bu ' 

0 

where 

= (sS----~ exp(-½i~) (B.6) 
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and 

c, z(u) = nr (u)  gz(u)½r(-~) . (B.7) 

In prac t ice ,  we set  s_ = 1 /b  wherever  ~t appears ;  b is the slope of the Reg- 
ge t r a j ec to ry  ~ = d -  ~ = d o - ½ + bu. 

In HIPPIE models ,  the functmns ~?z(s, ~-u), d i scussed  in appendix A, a re  
given by: 

~lz(s, J-u) : (-'c P(b)  -½ J;+l(U, s) + v ~ J ~ ( u ,  s ) ) / s  ~- 1 , (B.8) 

for ~ = 1 and 2. In analogy to eq. (A.6), 773 is found f rom 

~/3 : 2(u-  M2)771 - M~? 2 s . (B.9) 

As a resul t ,  Regge t r a j ec to r i e s  c rea te  only s tates  for whmh the product  
(s ignature × parity) = ~-P; as observed  m Nature,  each Regge r e c u r r e n c e  
has a definite par i ty .  

APPENDIX C 

F z x e d - p o l e  m o d e l  
F o r m a l i s m  for the f ixed-pole model is essent ia l ly  identical to that p re -  

sented m appendix A. We need only specify how we write the fuxed-pole 
contr ibution to ~(s, u). 

Much a r b i t r a r i n e s s  is p resen t  m the exact chmce of f ixed-pole formulas .  
We may define a f ixed-pole amphtude  to be the function obtained f rom a 
Regge-pole  amplitude in the l imit  ~o --" -1 and d' ~ 0. (Regge-pole ampl i -  
tudes a re  functions of d = a o + d'U = d o -  ½ + d'U.) Correspondingly,  different 
exp re s smns  for  f ixed-pole amphtudes  a re  obtained for different sets  of 
quantum numbers  of the original  Regge pole. Because it ~s adequate here ,  
we adopt only an 'N d fixed pole ' .  We calculate  its contribution numer ica l ly  
by sett ing ~ = -1.01 +0.01u in the formula  

(1 +e-~lrd) (d's) ~ (C.1) 
n(s, u) = -½~ r (1  +½aD sm ~ " 

Our eq. (C.1) is a modif icat ion of eq. (A.4); we replace  F(1 +~) by F(I+½~) 
m o rde r  to r emove  the (WSNZ) ze ro  p resen t  in N d Regge-pole  ampli tudes 
at a N = -½. Without this modification, eq. (C. 1) would vanish at ~ = -1.  We 
will encounter  eq. (C. 1) again in appendLx D; it is the form for an N d Regge- 
pole amplitude used m the SCRAM model.  

Actually,  in our f ixed-pole model fit, we use these 'SCRAM ampli tudes '  
a lso for  R e g g e - p o l e  express ions  (without the hmi t ing  p rocedure  applied, of 
course) .  We do so in o rder  to avoid a dip near u = -0.15 (GeV/c) 2 m the N d 
Regge-pole  contr ibution to da/du.  See eq. (D. 1) for more  details.  Both for  
the , ~  and N d Regge-pole  amphtudes  and for the f ixed-pole ampli tudes,  we 
p a r a m e t r i z e  the reduced res idues  (defined in appendix A) as 
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rz(q-u) = (az + bz q-u) exp (/,u) . 

The  r a t i o  (a , /bz)  Is then f ixed in o r d e r  to e h m l n a t e  the wrong  p a r i t y  s ta te  
at  the Na(936) and A5(1236 ) r e s o n a n c e - p o l e  pos i t ions ;  i .e.  fo r  Na, 

y~( q-u) = d z ( i -  qu) exp (pu) 

and for  A 5, 

rz( v~) = dz(M a + v~) exp (b~u) • 

T h e s e  cho ices  a r e  made  p r i m a r i l y  to r e d u c e  the number  of f r e e  p a r a m e -  
t e r s  V a r i a b l e  p a r a m e t e r s  a r e  then d and ~ for  each  exchange.  Scale  con-  
s t r a i n t  s o, in R e g g e - p o l e  e x p r e s s i o n s ,  is a l so  fixed; s o = 1 / a ' .  F o r  r e a -  
sons  now los t  in the m u r k y  pas t ,  we r e p l a c e  s by v = ½(s-  t) e v e r y w h e r e  it 
a p p e a r s ;  this  subs t i tu t ion  is inconsequent ia l .  

APPENDIX D 

Strong-absorp tzon  model  
Our a b s o r p t i o n  p r e s c r i p t i o n  is s i m i l a r  to that  d e s c r i b e d  for  b a c k w a r d  

~N s c a t t e r i n g  in ref .  [17]; we do not r e p e a t  de ta i l s  he re .  In our  v e r s i o n  of 
SCRAM, input Regge-po~e  ampl i tudes  have the  f o r m  

with 

- ~ ' ( l + r  e -z~'a) (~_~.o)~ 
n(s, u) = ~-dC~si~-~ (D.1) 

F(½(1 + ~)) if r = - 1(N7, As) , 

G(~) = t 
Y(½(2 +a)) if r = +l(Na) . (D.2) 

Th i s  e x p r e s s i o n  r e p l a c e s  eq. (A.4) of appendix  A. The  effect  of subs t i tu t ing  
G(~) fo r  r(1 +~) is to r e m o v e  expl ic i t ly  all  WSNZs f r o m  the usua l  s imp le  
R e g g e - p o l e  fo rmu la .  Howeve r ,  the s a m e  p h a s e  is r e t a ined ,  as  is the p r e s -  
ence  of r e c u r r e n c e  po les  at  r i g h t - s i g n a t u r e - s e n s e  pos i t ions .  

Sca le  cons tan t  s o is f ixed again:  s o = 1/b,  where  b is  the t r a j e c t o r y  
s lope.  As  in the f ixed -po le  mode l ,  we m a k e  the u n i m p o r t a n t  r e p l a c e m e n t  
of s by v = ½(s-  t). P a r a m e t r i z a t i o n  of func t ions  ?/i(~fu) is g iven in eq. (22) 
of the text.  A b s o r p t i o n  is c h a r a c t e r i z e d  by the s - w a v e  a b s o r p t i o n  cons tan t  
c (cf. eqs .  (11)-(13) of ref .  [17]); we fix c to be p u r e l y  r e a l  and equal to 
1.25. Th i s  va lue  is c lo se  to that  d e t e r m i n e d  in our  b e s t  SCRAM f i ts  to ~N 
b a c k w a r d  s c a t t e r i n g  da ta  [17]. 
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