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Status and Perspectives of Photoproduction Experiments 

I r l  Lht !  t h r ee  lec tures  presented t h i s  year a t  the  Erice ,Summer 

School, I s h a l l  attempt t o  give an.up-to-4a.k picture  of .what f s 11ew 

and, t o  some, exci t ing i n  the  photoproduction f i c l d .  !rhe~*c are a 

few severe l imita t ions  forced on us by the  width of the  f i e l d  and 

.[;he f i n i t e  time available.  I w i l l  therefore assume t h a t  the student 

i s  acquainted with the  general trend of modern pa r t i c l e  physics;that 

he has some knowledge of techniques such as used i n  p a r t i a l  wave 

.,, analysis  of sca t te r ing  amplitudes, of the  simplest conseguenceo 0% 

t he  invariance of '  strong interact ion parameters under SU(~) and S U ( ~ )  

transformition, of the  h~l.85 cs of t he  non-rclativis. l lc quark model, 

and the  concept of Regge poles. But even f o r  s t r i c t l y  data-oriented 

people, I hope t o  give a f a i r l y  f u l l  p ic ture  of what has recent ly  been 

happening i n  t he  pield of photon-l.n.itl:.atcd hadronic in+,eractiurls 

leading t o  a nucleon-plus-boson f i n a l  s t a t e .  No attempt was made t o  

avoid personal b i a s  f o r  par t icu la r  aspects of the  f i e ld .  We w i l l  deal  

primarily with t h e  photoproduction of s ingle  non-strange pseudoscalar 

and vector mesons - data, problems they pose, and current ideas 

, towa.rd t h e i r  in terpreta t ibn.  
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Lecture - 1 Photoproduction of Pseudoscalar Mesons i n  t h e  Isobar  Region. 

1.1 Introduction:  Features of Photoproduction Experiments. 

We w i l l  i nves t iga te  processes of t h e  type 

with, t o  s t a r t  with, an a r b i t r a r y  f i n a l  s t a t e .  The coupling of t h e  

photons t o  t h c  s t rong v ~ r t e x  i s  t h e  d i s t i n c t i v e  fea tu re .  We w i l l ,  

i n  t h i s  context,  completely d is regard  purely electromagnetic i n t e r -  

ac t ions .  We'll j u s t  keep i n  mind t h a t ,  a s  of t h i s  time, t h e o r i s t s  

and exper imenta l i s ts  a l i k e  a r e  confident t h a t  quantum electrodynamics 

descr ibes  them adequately. We the re fo re  focus OW i n t e r e s t  on t h e  

more problematic f i e l d  of t h e  s t rong in te rac t ions  ao coupled lu the 

pllu 1;url-nucleon i n i t i a l  s t a t e .  

To f u l l y  def ine  the  incoming channel, l e t  us r e c a l l  the  quantum 

numbers uf t h e  photon : 

P - 
J = l ; C = - 1  

h e l i c i t - y  for  xeal ph,hotinna : \ s - I. 1 
h e l i c i t y  f o r  v i r t u a l  photons: = 0, + I  - 

We f u r t h e r  know t h a t  t h e  Gell-Mann-Nishijima formula, Q = + 13, 2 

suggests  t h a t  t h e  photon behaves p a r t l y  l i k e  an isovector,  p a r t l y  

l i k e  an i sosca la r  ( the  hypercharge Y is invar ian t  under transform-' 

a t i o n s  i n  i sospin  space). The electromagnetic in te rac t ions  a r e  



f u r t he r  known t o  be invar iant  under ru ta t ions  i n  U spin  space, so 

t h a t  we have the  SU(B) content of the  photon a s .  t h a t  of .an 

a-(I: = 1) + b ( 1  = o) ,  and (U = 0) object .  I n  sU(3.) space, we 

conventionally view the  photon a s  t he  U = 0 member of an o c t e t  

(an assignment which i s  ye t  ,waiting f o r  unambiguous experimental 

~ e r l I ' i c a t i e n  . of.  1e~t . i . l r~  3 ) .  

We notice immediately t h a t ,  s ince  we have focused on hadronic 

in teract ions ,  we f ind severa l  h a d r o n ~  with quantum numbers s imi la r  

0 t o  those of the  photon. These a r e  t he  vector mesons, p , w, @. 

This s i i i l i lar i ty of space-time proper t ies  st imulated the  idea of 

describing the  hadronic electromagnetic f i e l d  i n  terms of t he  vector 

meson f i e l d s .  We w i l l  therefore  attempt t o  t i e  up t he  ve r t i c e s  

x fv . v O  
with a possible d i r e c t  coupling of the  type m- , 

I f  such a d i r ec t  coupling ex i s t s ,  then we may have a chance t o  

describe y-hadronic i n t e r a c t i o n s . i n  terms of purely  hadronic i n t e r -  

ac t ions;  we w i l l  j u s t  have t o  combine properly t he  corresponding 

isospin s t a t e s  of Tr-mesonic in te rac t ions ;  the  coef f i c ien t s  w i l l  be 

r e l a t ed  t o  the  photon-vector meson coupling constants y , yw, y @ .  
P 

This aspect  w i l l  be e x p l i c i t l y  dea l t  with i n  t he  second l e c tu r e ;  i t s  

fundamental importance appears obvious. 

Let us tu rn ,  for  a minute,. t q  experimental aspects ;  how can 

we perform y-hadronic experiments such that, they  a r e  of .the type 

of V-hadrunic react ion s tud ies?  



.There a re  experimental l imitations: the photons are  avaiilable only 

a s  secondary beams. Like all neutral  secondary beams, they have , the  dis  - 
advantage of being non-focusable,. and, i n  general, t h e i r  momentum i s  not 

. . 

defined. Worse than neutral  kaon o r  neutron beams, t h e i r  masslessness for-  

b ids  the ident i f icat ion of spec t ra l  components by time-of-flight techniques. 

This means then tha t  , 

1: Spatial  he f i n i t i o n  is pois ib l e  only through collimation (meaning 

inksnc ity loss  all4 some unavoidable production of secondar.ie6 ) ; 

2 )  Momentum defini t ion,short  of kinematical reconstruction from the 

f i n a l  s ta te ,  i s  effected only through f a i r l y  t r icky  techniques. 

They yield low intensit-ies ('as i n  "photon tagging", because of 

th in  radiator  requirements), and mostly degrade the obtainable 

maximum photon energy (as Tn positron annihilation, bremsstrahlung 

production from crystals, and backward Compton scat ter ing of laser 

photons). Unavoidable backgrounds and col.l.j.mation problcms add .Lo 

the d i f f icu l ty .  

3) For the defini t ion of polarization components, the absence of a 

photon magnetic moment excludes d i rec t  methods. Crysta.1 brems- 

~*~Et l 'dwlg and scat tered laser  photons can be used, but there i s  

always a price t o  pay, as above. For v i r t u a l  photons, def in i te  

polarization s t a t e s  are  available i n  electron - or  ~ ~ o ~ ~ - l ~ ~ l t I & ~ e d  

reactions. 

Worstof all, non-hadronic processes see t o  it, t h a t  the  experiment, i f  not 

careful ly  and ingeniously defined, may be swaniped by backgrounds which stem 

from the abundance of f ina l -s ta te  par t ic les  due t o  purely electromagnetic 

processes (pair production, Compton ef fec t )  i n  the ta rge t  and along the 

beam l ine .  



1 .2  The Isobar Region i n  n Photoproduction. 

If we take a look a t  the  t o t a l  cross sect ion data f o r  the  photo- 
. . 

production of single pions below a t o t a l  energy of - 2 GeV, 

( ~ i g .  1 .2- l ) ,  a pronounced resonance s t ructure  suggests t h a t  the  

production may proceed dominantly through resonant intermediate 

sta.tes. We might therefore t r y  t o  in te rpre t  the  experimeritally 

observed phenomena in  terms of diagrams of t h i s  type r 

(where the  photon, a t  the  l e f t  vertex, couples , e i ther  t o  the  charge 

o r  t o  the  magnetic moment of the  nucleon). Fig. 1.2-2 shows t h a t  

the  d i f f e r e n t i a l  cross-sections a t  0' and 180' do not exhibi t  t he  

same s t ruc ture  as the  t o t a l  cross-section: We w i l l  therefore look 

in to  terms which w i l l  be present i n  addit ion t o  these s-channel poles. 

The Eorn diagrams 

,associated with the  loyest-mass poles i n  the s ,  t, and u-channels, 

a r e  obvious candidates. ' The f i r s t  diagram ( the n pole) w i l l  e x i s t  

f o r  charged n production only (C conservation forbids t he  vertex 
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Fig. 1.2-2 Di f fe ren t ia l  cross-section fo r  y p  -t n'n a t  0°,1800. 

( ~ r o m  Ref. No. 7 )  



0 0  . . , 7 n n ). The photon coupling t o  the meson current w i l l  give a 

++ + 4 
contribution of the  form E .q (i = photon polarization, q = n momentum). 

. . 

When averaged over photon polarizations,  it w i l l  give, a contribution 

t o  the cross-section of the form' , . 

do 2 4 2  - - e2 s i n  Q q dR 

i. e . , it w i l l  not influence the  0' o r  180' cross -sections. Since we 

need a forward and backward contribution t o  the  cross-section, we add 

the second diagram (direct  channel nucleon pole, whose addit ion i s  

necessary t o  make .the "Born approximation" gauge invar iant) .  and, 

possibly, the  t h i r d .  (crossed o r  u-channel nucleon pole) . 
s channel a r e  characterized by quantum numbers 2, I; m, r. 

They show up as resona.nce-like behavior i n  one par t icu la r  p a r t i a l  wave 

and may therefore lead t o  a typ ica l  angular s t ruc ture  i n . t h e  cross-section. 

t-  and u-cha.nnel'poles, on the  other.hand, when projected in to  the  s 

cha.nnel,will lead t o  many - multipoles contributing t o  the  angular d i s -  , 

-t;ribution. 

For the n exchange diagram, where the  s m a l l - t  behavior i s  close 

1 .  t o  the  pole a t  cos . Q = - (Bn = n velocity),  i .e., close t o  the  
n 

exchange of a physical par t ic le ,  a large number of multipoles a r e  

expected t o  contribute t o  the  amplitude A. . . 

1 
N N 

1 : '  

2 (1.2-2) Anexch ' 1 - B, cos Q - 
r[ 

For cos 8 1, B n =  1, many 1 waves w i l l  be invo1ved;'the  force^ a re  

long-range. To ' s t i l l  f ind the  e f fec t  of isobars i n  the  presence of 

t h i s  p7.e term, the  recipe of MoravcsiB(l) i s  t o  divide out the  n pole, 



then expand i n  terms of powers of cos Q 

I 
n 

(1 - ,3, cos €I)? = k  c cos Q 
n 

i n  order t o  f ind angular character is t ics ,  which may then be correlated 

with individual resonant s-channel contributions. 

1 .3  Helicity Formulat,ri nn 0% P a r t i a l  Wave A l l a l y  sis,. 

, 

"Isobar models", consisting of the analysis 'of photoproduction 

data i n  terms of the diagrams mentioned above i n  .the framework. bf some 

pragmatic f i t t i n g  procedure, have been increasingly successful ,in the 

phenomenological interpretat ion of experimental material  below - 2 GeV 

i n  recent years. Gourdin and Salin(2),  Salin(3), ~ e d e r ' l ) ,  and, most 

recently, WRI k ~ r ( ~ )  have ~ C C I I  .able Lo reproduce experimentauy 
(16 1 

observed features well with such models. (,See a 1 ~ 0  Chau e t  a l ,  ) 

Let US stop b r i e f l y  and give t h e  relevant, formuhtiull tepUs of 

the h e l i c i t y  language as spelled out by Jacob and Wick(6), which has 

proven t o  be par t icu lar ly  sui ted t o  the problem. 

We quantize the spins i n  the i n i t i a l  and f i n a l  s ta tes '  of the 

interact ion along the directions of photon arid piori momenta k and q,  

respectively, fo r  the process yN -+ & in t,hc cclrltlr-of -mass sys.l;em. 

We car1 then define the h e l i c i t y  amplitudes ' 

. . 
A (8 ,  a) ,  with p = A - A = -A and h = 

1-19 q 2 .  2' \ - "1 

the  f i n a l  and i n i t i a l - s t a t e  h e l i c i t i e s  (A 1, h2 r e fe r  t o  the corres- 

ponding nucleon h e l i c i t i e s ) .  For real,  transverse photons, 

+ a= - L . h then has four possible values, + - 112, + 312; with -A2 = p - 



being + 112, we have a  choice of 8 h e l i c i t y  amplitudes. However, . I - 
pari tyconservat ion provides a  l i nk  between the \ = +1 and -1 

amplitudes. 

so t h a t  we a r e  l e f t  with four independent amplitudes; we choose 

= + 1, and r e s t r i c t  ourselves t o  the  plane @ = 0 ;  we then obtain 

the "he l ic i ty  amplitudestt 

H1 * * .  H4 (8) = A (Q,@ = 0)  ; $ 
\ = + 1 .  (1.3-2) 

I n  terms of these amplitudes, we write down the  experimentally 

observable quant i t ies .  The d i f f e r e n t i a l  cross-section i s  

+ + 
The polarization of the  f i na l - s t a t e  nuclebn i n  the  direct ion q  x k 

i s  then (we denote the  d i f f e r e n t i a l  cross-section b r i e f l y  by a (@)  ) 

I f  we have a  polarized nucleon ta rge t ,  we can define the asymmetry 
a  -0 

parameter T(Q) = + - 
U +B 

, with a+, a  - the d i f f e r e n t i a l  cross-sections 

+ 4 
f o r  t a rge t  polarization up o r  down with respect t o  k x q . Then, we 

can express 

Last, we define an asymmetry parameter C(8) = 
OL - 1 

f o r  
O A +  



processes i n i t i a t e d  by  polarized photons, where the ul, I 
a re  the cross-sections f o r  photon polarization perpendicular and 

p a r a l l e l  t o  the  production plane. We f ind 

Determination of a l l  these observable parameters would lead t o  a more 

complete pic ture;  however, f i na l - s t a t e  nucleon polar izat ion P and 

polarized photon asymmetry C have been measured only a t  a few angles 

and energies, (7) and polarized. nucleon t a rge t s  sui ted t o  photopro- 

(8 duction work a r e  only now s t a r t i ng  t o  be prac t ica l ly  considered . 
The polarized proton t a rge t s  used i n  ~ r p  sca t te r ing  experiments up t o  

now, contained heavy elements which w i l l  not allow f o r  a recon- 

s t ruc t ion  of t he  full kinematics i n  the  presence of a continuous 

incoming photon spectrum. Even the  exis t ing cross -section data a r e  

by no means a s  complete and consistent as  one would wish; par t icu-  

Parfy the  photoproduction processes 

yn + pfi- 

(7)  have been investigated only sparsely.  . 
To decompose the observables in to  partial-wave contrribi~t,i nns,  

we now write down the  partiai-wave expansion f o r  t he  h e l i c i t y  

amplitudes 



For our spec i f ic  case, with @ = 0, we have 

The A ..' and H ~ '  a re  the  h e l i c i t y  coefficients,  f o r  given h e l i c i t y  and 
PA 

angular momentum; the  angular f inct ions  are  mutually orthogonal and 

a.ppropriately normalized when integrated over the  so l id  angle. I n  

o rde r ' t o  have h e l i c i t y  coeff ic ients  corresponding t o  s t a t e s  of def in i te  

par i ty ,  we have t o  take sums and differences of f i n a l  s t a t e s  having 

opposite he l ic i ty ,  + p and - p, i n  order t o  define 

The A and B a r e  seen t o  r e f e r  t o  i n i t i a l  h e l i c i t i e s  and $ respectively. 
J 

The subscript  notation, with n = j - 1/2, i s  t h a t  used i n  the  '' 

3 CGLN The brackets a r e  the  same a s  ( H . ~  + - Hi), (Hi + - Hi) .' 
It i s  then straight-forward to ,express  the  four independent h e l i c i t y  

. . 

amplitudes i n  terms of these coeff ic ients  A, B and the  angular 

functions introduced i n  (1.3-8). 

It i s  in te res t ing  t o  look at the  angular s t ruc ture  (jf a few of 

t he  h e l i c i t y  amplitudes, as they a re  influenced by t h e  "he l lc i ty  

elements" A, B from eq. (1.3-10). Fig. 1.3-1 shows the dependence 



Fig. 1 .3-1  Influence of t h e  h e l i c i t y  elements A, B on t he  h e l i c i t y  . '  

amplitudes Hl . . .Hq, f o r  j < - 5 2 (~rorn  Ref. No. 5). 



of H1 . . . H4 on the individual A ' s  and B ' s  fo r  j < - Two 

features stand out: with increasing j, the angular behavior gets .  

more complicated (as, we expect) ; and the forward and back-d . . 

amplitudes each show. contributions from - one h e l i c i t y  amplitude only ' 

( H ~ ,  and H ,  respectively). This points up a par t icular ly usef'ul 

feature of the formalism employed. 

Using tk h e l i , c i t y  language, R. a t  CalTech has 

recently finished an extensive phenomenological study of single II 

photoproduction data from many:laboratories. He f i t s  the data f o r  

all isospin amplitudes as fa.r as they are experimentLUy accessible, 

i n  terms of a modei incorporat5.ng . . Born terms (e l ec t r i c  coupling "' . 

only) ,' s -channel resonances as known from fi phase s h i f t  analysis, . , 

' 

and a non-resonant background i n  the low p a r t i a l  waves which i s  

required t o  vary smoothly with'energy. Resonances are inserted i n  
. . .  . . 

a Breit-Wigner form with an appropriate phase-space factor.  

Notwithstanding the incompleteness of the data and the obvious 

l imitat ions ot' the  model, the u~ethod is f a i r l y  powerful. Resonances 
-, 

show up when the r e a l  or  imaginary par t s  of a par t icu lar  p a r t i a l  

wave amplitude demonstrate a typica l  behavior with energy l i k e  the 

+ one i n  Fig. 1.3-2. Since the R data are  the most accurately known, 

we show a few examples of Walker's f i t s  i n  Fig. 1.3-3. 

We now revert  t o  the general picture of section 1.2, and ask 
. . 

which features of photoproduction i n  the isobar region have emerged 

from such analysis. 



Fig. 1.3-2 Typical resonant f o m  05 p a r t i a l  wave: Re snd I m  pa r t s  of B2-amplitude 
a t  resonazca peak of Dig (1520). ( ~ r o m  Ref. No. 5 )  





1 )  It i s  :confirmed t h a t  the " f i r s t  resonance" (A 1238)' . is  predm- 

, inant ly exci ted by  the magnetic dipole ( ~ i g .  1.3-4 shows, f o r  2 

photoproductioh, the relevant Hi ' s ; the .  dominant 90' cbrkribn,tion 

comes Prom the imaginary par t  of B ~ + ) .  The resul t ing strength 

f o r  t h i s  photo-excitation i s  close t o  t h a t  given by the quark 

model or  by  SU(~) (cf. section 1.8). There i s  a s m a l l  admixture 

(-6%) (3Z electric q i l a d n ~ p l e  exoitation, Baur~d frum a cumwi86ki 

of 0" and 180' data with the 90' cross-section. 

2) The Dl (1527)) the  old "second resonance", i s  produced sa in ly  

i n  the  Bp-  amplitude; the F15 (1688)) the  old " third reioi&nce", 

predominantly i n  B3-. This implies they are  both produced from 

i n i t i a l  h e l i c i t y  3/2. ' The absence of A amplitudes ( i n i t i a l  

, h e l i c i t y  1/2) i s  ref lected i n  the  s m a l l  effect, made  hy these 

0 
s t a t e s  on the  0 and 180' cross sections (cf. Plg. 3. .2-2). 

 member t h a t  angular momentum conservation demands t h a t  at 

.I;hese angles, only h e l i c i t y  1/2 can determine the s-channel 

behavior. 

3) The SU (1670) isubiu., ~ 1 ~ 1 ~ 1 ~  I s  l l k e l y  t o  produce the  7N 
. . 

enhancement close t o  the  threshold f o r  t h i s  f i n a l  s ta te ,  j.s 

indica1;ed In  the A amplitude (cf'. section 1.7). 
O t  

4) There i s  l i t t l e  i f  any evidence fo r  the production of the 

D15 (1670). Improvement of polynomial f i t s  i n  t h i s  energy 

region by '[;he additloii of' a s m a l l  amount of D was reported 
15 

e a r l i e r  by Ecklund and Walker + ( lo)  fo r  n photopmduction, but 

the  corresponding . amplitude B i s  very s m a l l  (cf . section, 1.8) . 
2+ 



Fig. 1.3-4 Best f i t s  f o r  h e l i c i t y  amplitudes al; pos i t ion  of ~(1238). 
Comparison with Fig. 1.3-1 shows t ha t ,  f o r  t he  pos i t ive -  
p a r i t y  s t a t e ,  B i s  the  dominant mode. A1+ admixture 
shows up a t  oO,l+ 1 8 0 ~ .  ( so l i d  curves : r e a l  pa r t ;  
dashed curves: imaginary p a r t ) .  ( ~ r o m  Ref. No. 5) .  



5 )  The Sll (1709) does not ' emerge. i n  the  photoproductibn of nt s. 

This may be due ' to  the nature of the  f i t t i n g  procedure employed,' 

and t o  the f ac t  tha t .  the s t a t e  l i e s  close i n  energy t o  other 

resonant s tates .  . We will see (cf. 1.7) tha t  i n  the  photoproduction 

of 7 mesons we may have a b e t t e r  chance t o  investigate t h i s  

question quantitatively.  . . 

t , 6 )  S i m i  1 *rl.y, the Pll ( l a b ) ,  the "Hoper resonance", has not been 

uniquely ident if ied i n  the ph0t6~roduction of single n's.  

7 )  Most isobar; appear t o  be produced predominantly by isovector 

photons. Clearly, t o  make t h i s  statement firm, we w i l l  need 

more data .(especially from fi- production); and w e  will need new 

ideas t o  understand t h e i r  implications. . Many of the features 

emerging here have inkeresting implications i n  terns of symmetry 

considerations and the quark model. W e  w i l l  dea-l. with them i n  

motions 1.7 and, 1.8. 

Extension t o  Higher Energies 

Phenomenological models of the type discussed have been success- 

ful f o r  to.taJ- energies up t o  - 1.7 GeV. Beyond tha t  range, too many 

p a r t i d  waves will have t o  be considered, and i~iterpretKtion becomes 

l e s s  stringent. , Also, exchange graphs of the 

can probably no. longer be disregarded. One attempt t o  include such 

exchanges. was made by .Bloom e t  . al . (11) , who found tha t  a reggeized 

vector meson exchange (one can safely assume w exchange only) 



considerably improves t h e i r  f i t  t o  cross-section and polarization 

data i n  the intermediate .energy region. Elementary vector exchange 

does - not f i t .  In t h e i r  f i t ,  isobars up t o  the F (1920) were included, 17 

and the  t rajectory exchange was slowly "turned on" i n  anempir ical  

way (with the residues assumed t o  be'constant along the t ra jec tory  

i n  the t range covered). 

We w i l l  t r e a t  the  Regge picture i n  lecture 3 and remark here 

only tha t  we w i l l  need more, and more precise experimental informa- 

t i o n  before we w i l l  be able 'to l ink  up in te l l igent ly  the isobar 

region and the region which i s  more successfully described i n  terms 

of t channel s ingular i t ies .  

1.4 Sum Rules fo r  Photoproduction Amplitudes 

Various sum rules have been proposed i n  recent years t o  t e s t  

physical assumptions, part icular ly the  ideas of current algebra and 

super-convergence relations.  It i s  often hard t o  check these 

against experiment due t o  a lack of precise information about ampli- 

tudes which are hard t o  extract  from the data ( l ike  s m a l l  ampll.l;uclcs 

i n  processes dominated by a resonant term). 

Nevertheless, analyses l i k e  the above-mentioned isobar models 

go a long way' '1;ovi-a~-d making such evaluations feasible.  

I am going t o  mention twc, of these sum rules expl ic i t ly  here; 

both are currently being reported (12) t o  be i n  good numerical 

mreement ~ 5 t h  experiment. 

Thc Cab ibb o eRarf.5 cat i sum rule (13) t i e s  up the  mean-square 

isovector proton charge radius, ( r ) GE, and -tihe t o t a l  i ~ o v e c t o r  



nucleon magnetic moment v 
IJ. t o t '  with an in t eg ra l  over the  t o t a l  

absorption cross-section f o r  isovector photons i n t o  I = 1/2 and 

v 
1 = 3/2 s ta tes ,  u t o t  (1/2) and oV - (312) : t o t  

(14) 
According t o  Gilman and Schnitzer , the  cont r ibu t ioa  of the  

various resonances, plus a la rge  non-resonant S-wave t e& resul t ing 

from the  f i t s ,  l a rge ly  ca.nce1 each other und.er the  integra1,and the  

terms other than the in t eg ra l  dominate. 

Agreement up t o  k = 800 MeV i s  good t o  a few percent. The 

(15) r e l a t e s  the  proton anomalous magnetic. Drell-Hearn sum ru le  

moment I J .  ' , Lo an In tegra l  over t o t a l  photo-nhsnrption orooo-aerrliwls 

f o r  photons with sgins ~ a r a l L e l  o r  aisti=.parallel %n the proton spin, 

Ari evztluation by Chau e t  . d-. (16) reports the relat.?nn t o  hold 

the  e r ro r s  inherent i n  t he  evaluation of the  integral .  

1 .5 ,  Other Mesons: K and q Photoproduction in-the I ~ o b a r  Region 

A: q Photoproduction 

Our i n t e r e s t  i n  the  study of the  process yp +pq i s  due mainly 

t o  two features:  

1 )  The i sosca l a r i t y  of the  q m&ea t h i s  process a select ive 



probe f o r  the I = 112 channel i n  yp + p  + (0-) reactions, 

whereas the  d .  f i n a l  s t a t e  allows fo r  both I = 112, 312. 

2) The assignment, together with the no, of the q t o  the weight 

- 2 posit ion of the 0- oc te t  of S U ( ~ ) ,  makes comparisons 

with the  re la t ive ly  well-studied SON fTnal s t a t e  f r u i t r u l  

for  t e s t s  of symmetry predictions. 

Experimentally, the short  l ife-time (= lom2' sec.) and the many 

decay modes make 7 production comparatively hard t o  study. Most 

photoproduction studies with counter techniques use the  p a r t i a l  mode 

7 +2y fo r  def ini t ion of the  f i n a l  state(17),  although some work has 

been done using precise momentum analysis of the  r eco i l  proton alone. 

(18) . Experiments a t  CalTech have obtained 11 samples good t o  < - 96% . , 
thereby, not only cross-section data but also information on r eco i l  

proton polarization becomes available, and we can hope, t o  look 'for an 

analysis of these data i n  a s p i r i t  s imilar  t o  that outlined f o r  the 
, .  . .  . . 

d f i n a l  s t a t e  i n  section 1.3.. 

The experimental data available a t  .present can 'be . s m ~ a r l ~ e d  

b r i e f l y  as  follows: , the Bubble Chamber data (19) on the t o t a l  cross 

section, shown i n  Fig. 1.5-1, show a sharp r i s e  above threshold, and 

a f a l r l y  dramatic decrease within - 150 MeV. Counter experiments 

measuring differential.csnss-sections show t h i s  feature .with somewhat 

smaller errors.  Recent data from Fras c a t i  confirm approximate 

isotropy of the cross-section up t o  energies of 7 ,050 MeV 
. . . ' .  

( ~ i g .  1.5-2). New data from CalTech show up features of the  50°, 70°, 

0 
and 90 cross .sections as. shown i n  ' ~ i ~ .  1.5-3,. again ..&nfirming ' the  



-10 ao 1.0 
cos q,,, 

Fig. 1.5-1. ~ o t a . 1  cross -sections and angular d i s t r ibu t ions  f o r  . . 

y p  + pq, from bubble chamber analysis.  . (~rom ~ e f  . No. 19) 



0.3 - 
TR-592 MeV 

0.1 

K 800 MeV 

i'ig. 1.5-2 Angular d i c t r i b u t i o n s  fnr ?he d i f f e r e n t i a l  cross sec t ion  
do 
( yp p ) ,  from counter  experiments a t  F rasca t i .  I n s e t s  

show np data a t  same energies.  (~roir l  Ref. No. 99) 
. . . . . .. 



Fig. 1.5-3 7 photopr~duction cross sections a t  
500, 700, 900. Caltech counter data. 
(F* R e f .  No. 18) 



quick decay of the qN threshold enhancement, a probable s m a l l  dip of 

0 
the 50 cross-section i n  the region of k = 1000 - l l 00  MeV, a long 

shoulder at energies k = l l 00  - 1300, and a consistently lower value 

fo r  the 90' cross-section fo r  1000 < - k < - l l 0 0  MeV. Polarization data 

a re  not available yet, but have been taken a t  CalTech,where some 300,000 

spark-chamber frames are  presently being analyzed. 

To t r y  t o  interpret  the cross-section data i n  terms of some isobar 

model along the  l ines  discussed i n  1.2, l e t  us look a t  the possible 

diagrams. As i n  section 1.2, we have the Born terms. For s-channel 

resonances we have the I = 1/2 isobars only. We may add vector meson 

exchange and higher mass poles i n  the t and u ch.annels. 

F i t s  t o  the data have been made i n  t h i s  way, involving the s-channel 

nucleon pole and the S '(1570) isobar, plus some possible admixtures 
U 

of ~ ~ ~ ( 1 5 2 7 ) ,  F15, (1688), and vector exchange(2o). With the new data 

from CalTech extending up t o  1450 MeV, f'urther work i s  under way 

t rying t o  c l a r i fy  these questions: 

1. Can the SU (1570) alone account ror the l t r ~ ~ g e  enhancement 

above threshold, or  i s  there some contribution from the 

P~( -1400)  below thrgsh6ld, or  from the D13 (1527)? The 

l a t t e r  appea.lns t o  be ruled out by angular momentum ba r r i e r  

e f fec ts  (- .q 5 
+ = q near threshold); a contribution of 

the Pll, whose mass i s  not precisely known, can be isolated 

0 
only by a 90 polarization measurement on the r eco i l  proton; 

it would in ter fere  with the oppos i te -pui ty  S and give a '  
11 

large polarization close t o  threshold. I ts  presence i n  

photoproduction would pc,se a serious problem t o  the non-rela- 



t i v i s t i c  quark model (cf. sections 1.7, 1.8). 

2. Since the photoproduction of 7 's through the F (1688) appears t o  be 
15 

strongly suppressed(21), as can be understood i n  terms, of the proper 

SU(~) Clebsch-Gordan coefficients(22), we may be able t o  see whether 

0 the  shoulder apparent i n  Fig. 1.5-3 f o r  the 50 cross-section a t  

1.1-1.2 GeV i s  daae t o  decay of the S (1709) isobar, whose presence ll 

i a  hard .I;" de.t;ect i n  rc photoproduction, (cf. section 1.3). I ts  

presence again poses problems f o r  a quark model interpretat ion of the 

photoexcitation of nucleon isobars. 

1.5 B. K Photoproduction 

The photoproduction cross-sections of K mesons are relat ively 

+ poorly known when compared with n or even 7. K production, fo r  

wliich the most data exis t ,  shows no s~ugeot ive  bimp struct ine as  we 

muld  expect from the previously mentioned data; speci t ical ly,  there 

+ 
i s  no convincing evidence fo r  the decay ot' the  F (1688) ril~l;o K A 

15 
+ 

or K C, which we would expect t o  see (the kinematic threshold 

excludes the  lowest isobar). 

In  principle we expect the  phenomenology of I( proauction t o  run 

along similar l ines  t o  tha t  of n and 7 prod.~ict,ion, with proper 

reewd for  tl).l.e isuspin and ~ t ~ a ~ l g e n e s s  quantum numbers. 

For charged K production, we e,qect the diagrams 



t o  describe the  experimental s i tua t ion ,  but  t he  data a re  too incom- 

p le te  t o  allow f o r  a deta i led analysis .  An addi t ional  d i f f i c u l t y  i s  

t he  pos s ib i l i t y  t o  produce e i t h e r  a K+A o r  a K+zO f i n a l  s t a t e .  For 

charged' 'K ' s ,  k can resolve t h i s  by looking a t  the  K y ie ld  curve as  

an exc i ta t ion  function. 

I n  pract ice ,  it is of ten d i f f i c u l t  t o  separate these f i n a l  s t a t e s .  

A recent experiment by the  Yale group a t  t he  cEA(~') has used 

t h i s  exci ta t ion f'unction (o r  "missing mass") technique t o  invest igate  

the  f i na l - s t a t e  production of strange resonances. Fig. 1.5-4 shows 

t h e i r  r e su l t s  as  suggestive of theproduc t ion  of various Y * 's  
0 

according t o  

yp + yo* + K+ (1.5 -1) 

* 
Their r e su l t s  f o r  Y ' s  up t o  masses of -2600 MeV coincide l a rge ly  

with recent measurements of t he  K--p t o t a l  cross-section.  h he 

proper subtraction of multipartic1e.backgrounds i s  always a d i r f i c u l t  

problem i n  such experiments). 

A s imilar  experiment by t he  same group switched t he  po l a r i t y  

of t h e  spectrometer magnets and' iooked f o r  K- i n  search of prqcesses 

l i k e  



MASS (MoV) 900A5 

Fig. 1.5-4 K- exc i tz t ion  curve; data i s  normalized per equivalent quantxm. All data  taken a t  
2.5 ~e;'/c and 2.0 B ~ V / C  speet:ometer s e t t i ngs  have 3een combined on a missing mass 
scale. ( ~ r o m  R e f .  No. 23) - 



MASS (MeV) 900A6 

Fig. 1.5-5 K- e x c i t a t i o n  curve; data is  normalized per  equivalent  quantum. 
The s o l i d  curve shows estimated background from m u l t i p a r t i c l e  
reac t ions .  ( ~ r o m  Ref. No. 23) 



A comparable s t ruc ture  i n  the  K- yield curve would then indica.te the  

photoproduction of doubly charged strangeness +1 par t ic les .  

Fig. 1.5-5 may or  may not 'be rega.rded as evidence f o r  the existence 

of S = + 1 baryons; Because of the  seriousness of the  problem posed 

t o  the 'quark model' by the possjble existence 0.l" H I . L C : ~  s t s toa ,  mare 

d l r ec t  proof' i s  obviously needed ( l i k e  o ( K + ~ )  measurements, which t o t  

have been giving similar,  but  inconclusive, indl..cations ) , Probably. 

t he  most extensive use which has been made of thc process yN + Kt3 

0 has been the photoproduct5.on of K beams a t  high-energy accelera.tors. 

This. i s  a very important tool nf kaon phgraics, s i r l k e  it provides 

f a i r l y  copious neutral  K beams without the curse of heavy neutron, 

contaminations - which a re  essen t ia l ly  unavoidable around proton 

a 
accelerators .  The K beam a t ' t h e  Stanford Linear Accelerator is 

cer ta in ly  one of the  more a t t ract . ive  fea.tureo of t11a.L macfiine, me 

observed yields probably come la rge ly  from the photoproduction of Q, 

mesons which subsequently decay in to  K pa i r s  (cf.  l ec ture  2). 

1. G Dispersion 'treatment 

We have looked a t  the  low-energy data i n  the  photoproduction of 

pseudoscalar mesons. We saw t h a t  ~ i~ l i -p le :  phenomenologicaf models have 

a cer ta in  amount of success i n  describing the  s a l i en t  features 

produced by experiment. 

I f  we want t o  be more ambitious, we w i l l  t r y  and make dynamical 

models f o r  the  photoproduction- process. The approach through d is -  

persion re la t ions  has had some success a t  low energies. In  the 

following sections,  1.7 and 1.8, ,we will' b r i e f l y  describe some recent 



successes and f a i l u r e s  of t h e  unita-ry symmetry schemes and the  quark 

model, and some suggestions f o r  experiments t o  be performed. 

The dispersion treatment was the  f i r s t  dynamical model which . . 

was able t o  claim some measure of success. The c l a s s i c  paper of 

CGLN") described t he  region of the  A(1238) isobar and has s ince  been 

considerably reffned (see, f o r  an up-to-date review, (24) ) . The 

energy region above - 1400 MeV i s . h a r d l y  open t o  t h i s  approach, s ince  

t he  dispersion treatment hinges on t he  dominance of t he  highly e l a s t i c  

A (1238) s t a t e .  

The ba.sic assumption i s  t h a t  ' the  relevant invar iant  amplitudes 

z re  ana ly t ica l  f'unctions i n  s and t; J. Bal l  (-25) d k n ~ n s t ~ a t e d  t h a t  we 

can then express t he  f u l l  amplitudes i n  terms of t he  imaginary par t ,  

.with no addi t ive  terms, 'by t he  f ixed-t ,  unsubtracted "dispersion 

re la t ion ' '  

00 

A.(s , t )  = pole terms + - 
I. ' $  fi 2 ds '  Im Ai ( s ' , t )  (1.6-1) 

(mN-l'mn x kinematical rac.l;ui-s . 
The knowledge of I m  A .  then determines the  e n t i r e  react ion ampli- 

1 

tude; I m  Ai i s  t i e d  up through u n i t a r i t y  with t he  intermediate s t a t e s  

i ~ i  t he  3 and u channels; a s t ab l e  s t a t e  with spin  112 and mass M 

w5ll chow up as  

For J > 112, addi t ional  kinematic factoris will cc0.e in, a93 f o r  

3, resOna.nce (l7 > 0 )  some Breit-Wigner form w i l l  have t o  be subst i tu ted 

t o  describe the resonance shape. The importa.nt f e a t t ~ r e  i s  tha.t t h i s  

' treatment not only makes de f in i t e  s t s  tements about the  Fesonant ampli- 



tudes,  b u t  t h e  non-resona.nt amplitudes a.re a.lso completely defined. 

I n  p rac t ive ,  however, c a l c u l a  t ionb a.re labor ious  and a d d i t i o n a l  

a.ss,umptions a r e  needed; f o r  d e t a i l s  we have t o  r e f e r  the  s tudent  t o  

t h e  re levant  l i t e r a t u r e  . 
, 1 . 7 .  Isobars  and S U ( ~ )  

Tho consar va. Llun' om' i s o s p i n  i n  the  s t rong  in terac ' t ions  ma.kes 

p r e c i s e  s tatements about var ious  deca.y modes of ,  l e t  ' s  say, the  

+ 0 ~ ( 1 2 3 8 ) .  It p r e d i c t s ,  e.g., t h e  r a t i o  of  A +.pn t o  A+ -t in+. 

0 
, We ca.n express t h i s  i n  the  language of group theory;  p  and n, ~r 

a.nd .n+ belong t o  i r r e d u c i b l e  representa t ions  of the. S U ( ~ )  group. 

Transformatiohs wi th in  the  group take  us from n t o  p, from rc' t o  

0 
K , e t c .  The p r a c t j  c a l  t a c k  i.3 t h a t  of finfling t h e  proper Clebsch' - 
Gordan c o e f f i c i e n t s  which l i n k  up the  a m g l i t ~ ~ d e s ,  

3 i m i l a : r ~ ~ ,  h igher  symmetries can be em.pLoyed tan make corlvspond- , 

i n g  p red ic t ions .  Reca.11 t h a t ,  . b y  t r a .ns fo~mat ion  wi th in  the  S U ( ~ )  

group, we can change rc i n t o  K o r  7, p . in-to A, 1, and so  on. I n  the  

diagram 

- . we know . the  S U ( ~ )  assignments f o r  a l l  p a r t i c l e s  i n  the  i n i t i a l  and 

f i n a l  s t a t e s  (assuming t h a t  t h e  is '  e s t ab l i shed  a.s a U ="O 
. . 



member of an o c t e t ) .  For nucleon isobars ,  we do not,  i n  general,  
. . 

know the  SU(3) proper t ies .  If we want t o  make .sta.tements about 

v e r t i c e s  I o r  11, we obviously have t o  e s t a b l i s h  the  m u l t i p l e t  t o  

which t h e  intermedia.te s t a t e  belongs. We know %hat ver tex  I w i l l  

have t o  conserve U spin, because it i s  electromagnetic; ver tex  I1 

i s  strong, a.nd therefore  has t o  conserve S U ( ~ ) .  

I f  we'keep these  points  i n  mind (and make the  proper allowances 

f o r  kinematical  e f f e c t s ) ,  we can wri te  down the  C-G coe ' f f ic ients  t o  

check aga.inst experiment, a.nd maybe decide - a. p o s t e r i o r i  t o  which 

* 
i r r educ ib le  representa t ion the  B i n  quest ion belongs. 

S t a r t i n g  from ver tex  I, U sp in  conservation pos tu la tes  t h a t  we 

photo-excite only U = 1/2 isobars .  

This mea.ns t h a t  the  usual  8 x 8 decomposition 

ha.s t o  be scanned f o r  the  proper U sp in  content.  This leaves  

YP -+ ea, as, 10, 27 

YP % 1, 10 

.Let Is now spec ia l i ze  t o  the  p a r t i c u l a r  case .yp -+ F (1688 ) 4 qp. 
15  

Q I ,  F15 + r(p, has t o  converve I spin,  which y i e l d s  ( t h e  f i n a l  

a t a t e  has I = 1/2)  F c ta, Zs, and excludes 10. 
15. - 

We ca.n now wr i t e  down the  proper CG c o e f f i c i e n t s  f o r  the  S U ( ~ )  

invaria.nt  couplings, and put  i n  a.ppropriate kinematical  f ac to r s .  

This gives a p red ic t ion  f o r  .Lhe m t i a  



(where a i s  a parameter descr ib ing the  r a t i o  of 8 t o  8 ). *a -s 

Experiment then decides t h a t  F E 27 Is excl.ud.ed, F - c 8 i o  i n d i -  
1 5  - 15  - 

( 2 2 )  cated with a.11 ~r parameter of about 0.6. 

We have chosen t h i s  example because j.t shows  how the a.pparcnt 

absence of the  F i sobar  i n  photoproduction, ( c f .  previous s e c t i o n )  
15  

can be accounted f o r  i n  terms of S U ( ~ )  - invar ian t  couplings. 

Simi lar  arguments can then be used t o  expla in  why i t s  .deca.y i n t o  K 3  

a . lso seems t o  be suppressed. If we a.s$ign the  S (-1570) t o  an o c t e t ,  
11 

we can a l s o  expla in  i t s  s t rong decay i n t o  qp vs. a weaker rcp mode, by  
' 

appruprlatel jr  choosing t h e  a pa.rameter fo r  t h l s  rnr-~plina; howevcl-, 

cq.l.7-4 shows t h a t  a 27 a.ssignment ma.y :!ct be f111.ly excluded because 
n -.- 

n f  k h . ~  c o p i o u ~  decay O (1570) + IT?. 
11 

A spec ia l  case i s  the  P (1400),which has s o  fa.r  not  been c l e a r l y  
11 

I d e n t i f i e d  i n  photoproduction. Neither do recent  electroproduction 

d a t a  from the  SLAC ind ica te  such a photoexci ta t ion(26)  i n  the  proccss 

?+ 
ep + e l  N . 

This may be dile too analyciu d i f f i c u l t i e s  which mask the  s t a t e ' s  

appea.rance, o r  t o  the  absence of the  ver tex  yp + P (1400) a.ltoge-Lher 
11 

( c f .  next sec t ion) .  However, the re  ma.y be some evidence ('0°) t h n t  

while yp + Pll i s  absent ,  yn + P occurs more f ree ly .  If t h i s  proves 
11 

t o  be t rue ,  we w i l l  have t o  a.ssign the  P t o  a representa t ion of 
11 r2.cn 

S U ( ~ ) ,  s ince  U sp in  conservation t e l l s  us t h a t  



F u l l e r  d a t a  on a.ngular d i s t r i b u t i o n s '  and pola . r i  za t ion  parameters w i l l .  

be needed t o  decide t h i s  quest ion.  The simple qua.rk model does not  
- .  

a.llow f o r  the  formation of a low-mass 10, so  t h e  questi-on i s  of 
,- 

importance. 

1.8 Isobars  i n  the  Non-Relat ivist ic  Quark Model 

Let us assume t h a t  we can group low-mass baryons i n t o  three-quark 

configura.tions with well-defined wave functions.  Da.litz showed (27 1 

t h a t  we can a.ssign them t o  L = O,l,2 (L = t o t a l  quark angular  momentum) 
> .  

s t a t e s .  

The nucleon and A a r e  then L = 0 ( s )  s t a , t e s  with the  same t o t a l l y  

a.nti-symmetric space wave functions,  d i f f e r i n g  only  i n  the  sp in  and 

i sosp in  p a r t s .  

The photoexci ta t ion  yN + A  can then proceed only through t h e  

magnetic .dipole,  i sovec to r  e x c i t a t i o n  of the  nucleon. This checks 

with our r e s u l t s  i n  sec t ion  1.3. 

Now take L = 1 ("p sta+.esi ' ) ;  we nega, t ive-pari ty s t a t e s  

2 which form o c t e t s  p (where we i d e n t i f y  t h e  non-strange s t a t e s  with 
J 

4 
the  nucleon i s o b a r  S (1570) and' D (1527)) and p (with which we 

11 1 3  J 

assoc ia te  the  S (1709), an  un iden t i f i ed  D and D (1670)). The 
11 13' 1 5  

s6persc r ip t s  2, 4 indica. te  t o t a l  quark sp in  1/2, 3/2; the  subsc r ip t  J 

denotes t o t e l  quark angular  momen'tum, i . e  ., t he  s p i n  of the  baryon. 

Thus, i f  we ca. lculate ( 28 ) t he  t r a n s i t i o n  matr ix  elements f o r  the  



we find tha t  process (1.8-1) cam proceed freely: For (1.8-,2), the 

t rans i t ion .  from quark spin 1/2 t o  3/2 cannot be effected by the charge 

o r  current opera.tor, but only by the magnetic momerlt opera.tor. 
. t 

Sa.ndwiching the operator 
z 

between the appropriate wave functions, Moorhouse (28) showed t ia t  the 

matrix element vanishes f o r  t h i s  photoexcitation of protons. ' For 

neutrons, no such statement can be made. The prediction i s  then t h a t  

2 
7P,n + Pj i s  allowed 

4 
')'P " PJ i s  forbidden (1.8-4) 

A s  we showed i n  sections 1.3 and 1.5,  experiment^.), evidence indicates  

kh.a.ta 

2 
7p 4 ( -pJ) Sll (1570), D13 (1527) i s  de f in i t e ly  observed; 

4 
7P -* ( pJ) SU (1709), D15 (1670) has not haen establiohcd.. 

The 1mts on the  l a t t e r  statement a r e  not re l iab le ,  ~nr l  7 produotion 

may modify our evidence on the photoexcitation of S (1709): 1 J.. 

We can t r e a t  the  L = 2 s t a t e s  similarly, and show t h a t  the 

F15 (1688) may be  f r ee iy  excited i n  t h i s  model. 

2 What about the PU (1400)? It i s  usually assigned t o  a s 1/.2 

configuration with t o t a l l y  symmetric space wave-function. (27) 

I n  t h i s  case, the  t r ans i t i on  yN -+ Pll can be brought about only by 

a magnetic dipole. But the matrix element corresponding t o  t h i s  



.. exc i ta t ion  vanishes because the  t o t a l l y  antisymmetric nucleon wave 
. . . . 

. . 
.function i s  orthogonal t o  the P space 'par t .  

11 

Should flcrther experiments i n  fi and 7. production confirm the 
, . . , 

absence of the P then we can understand it i n  these terms. Should 
11" . . .. 

we find, howeverythat  p j P  e x i s t s  while yp + P  does not, so 
ll . . 11 

t h a t  we have t o  ass ign t h i s  s t a t e  t o  a i n  S U ( , ~ ) ,  then t h e  frame- 
/U1 

work of t h i s  chapter does not apply anyway, because the qqq configur- 

a t i on  leads only t o  ,,:, i, and 2 representations. 

We w i l l  c lose t h i s  l ec ture  by remarking t h a t  the study of the 

photoexcitation of nucleon isobars s.ti.11 leaves a number of open 

questions. Their solut ion w i l l  have an important bearing on our 

understanding of s.ome aspects of the  strong interact ions ,  and on the  

c r e d i b i l i t y  of various models used t o  describe them. 



Lecture 2 Photoproduction of Vector Mesons.. 

2.1 Models f o r ' t h e  Photoproduction of Vector Mesons. 

We now tu rn  t o  the' photoproduction of mesons with spin-parity 

quantum numbers 1-. We w i l l  r e s t r i c t  our a t ten t ion .  t o  the prcrilil.ction 

of vector mesons of hypercharge zero (s=Y=o), p, .w, g .  Recall from 

sect ion lil thaL Lht! general production diagram fo r  the  neutral  Y=O 

vector mesons i s  distinguished by the  f ac t  t h a t  no quantum numbers 

need be exchanged between the top  and bottom l i n e  of 

For incoming r e a l  photons, with h e l i c i t y  + 1, we have t o  heed the 
" 

massiveness o f  t h e  1- meaons and an addi t ional  poss ib i l i t y  of spin 

orieu.l;aLlon ( h e l i c i t y  0, + 1). For v j  rki.~al photono i n  the in1tia. l  

,-' 
s t a t c ,  t 

/L:p 
-P ,C  .! Po ," ,  0 

'/ 

1\1 - -. --  hI 

the  photon -ve c,l;ur meson analogy i s  obviously more comglet,e 

(hy; = 0, + 1). Recently, a f a i r  amount of experimental material  on - 
cross -sections, and some on polarization parameters, has become 

a.va..ri.lable. Ecfore he review t h i s  i n  sections 2.2-2.4, . l e t  us take 

a b r i e f  look a t  t he  possible mechanisms for' .  the  process yN 9 NV. 

1. . Decay of isobars. 

Analogous t o  the  isobar diagrams which dominate low-energy n 

photoproduction, we expect diagrams l i k e  



t o  e x i s t  i n  vector production. However, t he  lowest-mass isobar  whose 

.X. 
r e s t  mass w i l l  permit t h e  decay N +Np i s  t he  A (1920). For iscihars 

of masses > 2 BeV, two-body decay modes a r e  probably not dominant. 

(1n sect ion 2.6, we w i l l  look a t  attempts t o  l i n k  up t he  Np and NY 

' decays o f . i soba r s ,  connecting t he  two ver t i ces  which make up t he  

* 
mechanism f o r  yN + N -+ ~p) .  

A s  i n  n product ion, cha r ac t e r i s t i c  angu3.ar d i s t r i bu t i ons  a r e  

expected from t h e  decays of i sobars  of given J. Moreover, t h e  isospin 

decomposition of t h e  pN system, (I ,  I3 > ( p , ~ ) :  

makes us look f o r  t h e  decay. of  I = 312 resonces (A'S) i n t o  pN, 

r a t he r  than t h a t  of  I = 112 s t a t e s .  ~ ( 1 9 2 0 )  and ~ ( 2 4 2 0 )  a r e  o.bvlous 

candidates. 

2. One pion exchange (OPE). 

The experimer&ally o'bserved decay V + yrc 9 ndicates t h a t  the  

diagram . 



w i l l  play a par t  i n  vector meson production, a.nd I& can ' l ink  the 

upper vertex t o  t he  rad ia t ive  decay widths r (p ,  w, @ -+ ny). 

1 f '  we neglect kinematical corrections due t o  the  mass differences, '  

and i n  the  absence of absorption corrections, we expect a cross- 

sect ion r a t i o  fo r  the  photoproduction of the  vector.mesons: 

Then the usual assignment of the  photon- as the  U = 0 member of an 

S U ( ~ )  octet ,  t he  conventional mixing of the  I = 0 vector mesons 

jw> = cos Q Iw.,> I - s i n  Q I@- (5 > . 

la> = s i n  Q lwl> + cos Q I @  > 
13 

(with I W?, 1 t'he pure s ing le t  and oc tc t  I = 0 s t a t e s ) ,  plus the. 

assumption .that t.he Vfiy v c l t i c e s  con,scrve S U ( ~ ) ,  y l e l r i  a sum W e  

f o r  t he  coupling cnnotantc: 

Here, we have taken mixing angles from +.he Gell-Maul-Okubo mass 

2 2 
formula, cos Q = 7, 

ExperimentaUy, tthe deoay Q .-+ n;v has: not been observed. 

atv eraP al-gu111en-t~ have been presented t o  explain . th i s  feature  ; the  

most straight-forward comes from the  quark model: i f  the '  e lec t ro-  

magnetic t r ans i t i on  proceeds v i a  emisslon of a photon by one quark, 

then the  quark s t ruc ture  of the  @ (which consists of two strange 

quarks, AX ) foibids the  vertex @sry (two non-strange quarks mke  



up t h e  x) .  

This leaves us with t h e  d i s t i n c t i v e  OPE pred ic t ion  t h a t  

2 - - 2 
and the re fo re  

wxy 9"xY 

2 
Wc also ~ q e c t  f r o m g B  = 0 ,  t h a t  a (@)  < < o ( p , ~ ) ~ ~ ~ .  

OPE 

3. Di f f rac t  ion mechanism. 

We note t h a t  t h e  diagram 

may proceed through t h e  exchange of a system P with t h e  quantum numbers 

of t h e  vacuum. This cari then b e  viewed i n  s t r i c t  analogy with high- 

energy e l a s t i c  s c a t t e r i n g  of x ' s  o r  K ' s  o f f  protons. We the re fo re  

expect a d i f f r a c t i o n - l i k e  p ic tu re  t o  ensue a t  high energies.  The 

d i s t i n c t i v e  fea tu res  of d i f f r a c t i v e  processes l i k e  these  a r e  then 

+ + t h e  folluwiag, lcnown from high-energy fi- p -+ x- p ,  

. 

dt I = a 
I ) .  $ =  a e b , t where t = 0, 

[ b i s  of order 8-10 ( G ~ V  

and da o - (0  )oc k: 
2 

dS1 

a 
' 11) . t 0 . L  4 const.  a.t4 high energies,  

111) The forward amplitude is pure ly  imaginary. ( c f .  eq. 2.1-7) 

We a l s o  e:xper=t, d i f f r a c t i v e  photoproduction t o  proceed.coherently 

on nuclei ,  with a corresponding dependence of t h e  parameter a 



>l on the  atomic number A of order a - A . 
The charac te r i s t ic  d i f f rac t ion  peak can be seen as resul t ing 

from a coherence condition(2g) a t  high energies : the  process most 

l i k e l y  t o  occur i n  high-energy yN col l is ions  i s  i ne l a s t i c  meson 

' production. E las t ic  scat ter ing,  whenever appreciably large;, i s  

eoocntTally shadow sca t te r ing  due t o  the existence of these 

i ne l a s t i c  channebs. It aan tklerefoYe be approximately described in 

terms of sums over i ne l a s t i c  processes (running e i the r  way). ' I n  

f ac t ,  the  forward peak i s  then due t o  the  coherence c r i t e r ton  t h a t  

cac l~  i n e l a ~ t i c  channel, f re turn t o  the  inTt ia l  s t a t e ,  a, v ia  
an' 

the amplitude fna,j t h i s  yields fo r  the  "shadow" amplitude: 

I n  terms of a Regge pole analysis,  we look at  the exchai~lged object  

i n  the di f f rac t ion  diagram as thc vac:uum t r a j ec to ry  P. This, the  

Pomeranchuk t ra jectory,  lms, f o r  forward scat ter ing,  the  angular 

momentum a ( t  = 0) = I.. we theyefore f ind  f o r  t he  a m p l i t ~ ~ i l ~  

men, i f  the  t r a j ec to ry  4 ( t )  has a posi t ive  slope, we expect 

f o r  t h e  physical region, t < 0, 



This leads t o  the well-known: shrinkage of the  d i f f rac t ion  peak. 

Failure of t he  data t o  produce evidence f o r  t h i s  shrinkage has t o  be 

taken a s  evidence t h a t  e i t h e r  the  P t r a j ec to ry  has a small slope 

(or zero slope: f ixed pole a t  J = 1 ) ;  o r  t h a t  other t r a j ec to r i e s  

contribute i n  addit ion,  

I n  the  c o n t ~ ~  of S T J ( ~ ) ,  P i s  a un i ta ry  s inglet .  Then with' t he  

assumptions on the symmetry properties of photon and vols  as  above, 

S U ( ~ )  predicts  the  cross-section re la t ion  

Notice t h a t  the  p red ic t ion ' i s  diametrically opposed t o  the  OPE 

0 picture,  where w production i s  much more abundant than p production. 

For a clean t e s t  of the  OPE picture,  we would have t o  resor t  t o  a 

0 .  + process wlnich cannot a lso proceed diff ract ively,  l i k e  yp + V  A , 
where we then expect 

OPE 

For the  t o t a l  production cross-section, due t o  the  OPE graph, we 

- 2 
expect an energy dependence of urder  k (.cf. re f .  42),, 

The OPE and d i f f r a c t i o ~ l  p i c t ~ ~ r e s  leave us wi th  'some specif ic ,  

and contradictory, predictions on production ra tes .  Let us keep i n  

mind t h a t  .we had t o  make cer ta in  assumptions i n  o r d e r ' t o  a r r ive  a t  

these predictiorls: . 
The next three sections w i l l .  present some experimental data, . 

and i n  section 2.5 we w i l l  attempt t o  a r r ive  a t  a unified picture .  



2.2 p Photoproduction. 

The isovector p meson ( J ~  = 1-+, C = - 1 )  has been widely 

studied, i n  photopro'duction, i n  i t s  neutral  charge state. .  This i s  

due t o  i t s  ample production r a t e  and t o  i t s  simple and d is t inc t ive  

f i n a l  s t a t e  n+n-. The other charge s t a t e s  (p+ -t n+io) have a neutral  

i n  the r lna l  s t a t e  and are  therefore harder t o  observe. Few data 

ex5-s.l; and since o w  in%f;e.r~rt. lieo largely In the analogy photon - 
(neutral)  vector meson, w e  w i l l  : r e s t r i c t  our treatment here t o  the 

' 

Ig = 0 skate. 

Although the n"n- f i n a l  s t a t e  i s  easy t o  de tec t  both i n  bubble 

chamber and i n  counter experiments, the presence of other mechanisms 

that can produce these, makes anunambiguous determination of mass . 

and width of the d i f f i c u l t .  Fig. 2.2-1. shola thc to.l;al cross 

S C C ~ ~ O I ~ ,  a t  energies u~ t o  - .5 .5 GeV, f n r  the proccss 

where the dominant contributions coue from 

I n  order to disentangle the t o t a l  pn+n- yield, a D a l i t z  p lo t  of 

2 + 2 -I- - invariant  masses m (pn ) vs. m (x n ) can be made t o  show tha t ,  a t  

low energies, there  a re  three terms t o  be taken in to  account, i.e. 

processes 2.2-2, 2.2-3, and a non-resonant background. . Putting i n  



, , yp-pn+n- 
18 738 EVENTS 

Fig. 2- 2-1 Total cross-section for x's- photopyoduction on protons. (~rom Ref. No. 19) 



appropriate expressions f o r  the resonance contributions, the A++ 

term can be separated out. The remaining problem i s  the discrimin- 

a t ion  of p production from the uncorrelated background. Fig. .2.2-2 

shows the  p yield as  a f inct ion of photon energy, using three 

different f i t t i n g  procedures. The two mass dis t r ibut ion f'unctions 

t h a t  gave good f i t s  t o  the b'u'ble chamber data at  intermediate 

energies (1.5 . -  <: k c: - 5*5  G ~ V )  are  characteri zed by 

a) A Breit-Wigner multiplied by a mass- 

skewing factor  the d i f f rac t ion  dissociation 

model of Ross and ~ t o d o l i k ~ ( ~ ~ ) ;  it oy.ght t o  be stressed 

tha t  t h i s  fac tor  i s  - not a necessary ingredient of the  

diffract ion picture.  

b) . A Breit-Wigner distr-irbution with energy-dependent width 
4 

. . (31) 
interfering, with a background of s lowli  varylng ph3,~e . 
Tlds model a lso assumes a. purely imagiuary f o m r d  amplitude 

0 f o r  p production, as i n  the diffract ion mechanism. 

Both of these f i t s  tend t o  lower the  resul t ing mesa v d u c  for 

the  p. It i s  Wbortant ' t O  keep i n  mind. t.1u.L the mass and width 

parameters f o r  t.he p a r c  s t ~ ~ u ~ l g l y  dependent on the f i t t i n g  process 

chosen, and therefore d l , f f ~ r  appreciably betmen various experiments. 

mle moat isellable experimental resul-ts on m I' were .recently quoted 
P' P 

by Auslander e t  d., (32) who used e+e- col l is ions t o  study the  process 
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Fig. 2.2-2 Total  crosa-section f o r  the '  process yp + pp . Values 7ary according t o  

f i t  emplopd f o r  separation of these data from those s:lown i n  Fig. 2.2-1. 
Bubble chamber data.. ( ~ r o m  Ref. No. 19) 



+ and found (cf. Fig. 2.2-3) m = 764.a.11 MeV, I? = 93- 15 MeV. This 
P P 

compares with phcjtoproduction resu l t s  of m = 770 M ~ V ,  = 150 MeV. 
P P 

 here i s  a t  present no f ' u l l  understanding f o r  the difference i n  these 

parameters 9s resultincfrom e'e- annihilation and photon-hadron a 
o r  hadron-hadron col l is ions.  (33) However, it i's cer tainly not sur- 

pr is ing that the width parameter of a pa r t i c l e  with the l i fe t ime of 

the  p should be sensi t ive t o  the  d.5ffprenoc between strong and electxo-' 

magnetic folmation processes. 

The resu l t s  of the bubble chamber da.ta a t  DESY and CEA can be . , 

summarized as f o l l o w  : 

.1. A t  l o k r  energies, k < - 2.8 GeV, there is some structure i n  
. . 

da the cross-section. The d i f fe rent ia l ,  cross-section - 
dt  

shows some diffraction-type behavior (~ig. 2.2-4) plus 

more isotropic  contributions, preswna.hly from isubar &cay, 

(cf. section 2.1). We can take uizt events i n  the  f b n w d ,  

diffraction-peak, region, and look a t  the remaining events. 

Fig. 2.2-5 shows a suggestive peak a.' the locativzl of the 

~ ( 2 4 2 0 ) .  iso'bar, and an cn.lmlcerncnt below 2 GeV which may 

be n11.e t o  ~ ( 1 9 2 0 )  aecay and/or an OPE contribution. 

2. A t  high energies, thc  d i f f rac t ion ,p ic ture  apgears to 

describe the expriment well. The foryard cross-section' 

can eas i ly  be f i t t e d  by an expression uf the  type . 

, . 

' with 
\ b  ;r 8 G ~ v ' ~  





d a 
Fig. 2.2-4 Dl f fa ren t ia l  cross-sections - f o r  photoprodv:ctim. 

d fi 
Bubble chamber days. (From Ref. No. 19) 



0 -Fig. 2.2-5 To ta l  cross-'.section f o r  yp  + p p  , excluding forwa.rd ( d i f f r a c t i o n )  productiqn. 
( F r o m  Ref. N3. 19)  



For precise numbers, cf. Table I. The t o t a l  cross-section 

remains roughly constant a t  15 pb between 3 and 6 GeV. 

3. The decay angular dis,tributions a re  (conveniently expresdcd . . 

. . 

i n  terms of the h e l i c i t y  density-matrix elements p i k  of the 

p t  s )  such tha t  one cannot draw any strong conclusions as t o  

%he, modcla p~wpused. I n  par t icular ,  predictions of the . 

"strong absurpttion model" usnil hy tho CIJN a~up"4' ,  incor- 

porating diffract ion scat ter ing off  a spin-independent 

potential ,  seem t o  be at bes t  p a r t i a l l y  met ( for  de ta i l s  we 

(34, 19, 3 5 ) )  have t o  r e fe r  t o  the  relevant l i t e r a t u r e  

0 There are. several recent counter experiments reporting p 

phot'oProduction r e su l t s  t o  complement t h i s  picture,  Since they 

employed very different  techniques t o  detect t h , ~  p l r + ~ -  f i r d  s ta te ,  . 
' 

l e t ' s  have a short  look a t  them. ' 

1, i:lnsest i n  teclullylle t o  thc ,bubble chamber ex~erim.ent .in 

.121tl obser"'at1on of three -charged.-prong events i n  a streamer chamber, 

recent ly reported from SLAC by Davier e t .  al. (36). A. thin hydrogen- 

f i l l e d  reaction tube inside a large streamer c l l m e r  &owed the 

determimtjnn. 0% thc k i l l e ~ ~ ~ a t i c s  f a i r l y  completely. Thio i s  a new 

technique, distiragui she4 from the. bubble chamber approach hy the 

puoolbi l l ty  of t r i g g e r i w  the  detec:l;ion system selectively.  

Although, i n  t h i s  f i r s texper iment  with such an instrument, there 

s t i l l  remain some problemo and .pussible biases, several interest ing 
. . 

features  resu l t  from the analysis of = 850 plrfn- events, a t  photon . . 

energies from 6.5 t o  17.8 GeV: 
. ,. 



Takle I. Data on Vector Mesons - Photoproduction and Decay Width.s 

- 0 - , . .  \ . . -  

Note t h a t  t h s  quoted r e s u l t s  a r e  ne i the r  complete nor given f o r  a l l  e e r g y  i n t e r v a l s .  
) 

~ s r a m e t e r f  ( u n i t s )  

m ( M ~ v )  

r ( M ~ v )  

a ( I J ~  G ~ v - ~ )  

0 
( ~ p  + p ~  ) = a e b t  

d t 

b ( G ~ v - ~ )  

( I J . ~  

o (irop + a l l )  t o t  (mb 

P 

764 + 11 - 
100 + 1 2  - 
130 t o  150 

1LO + 1 2  - 
125 + 15  - 
140 + 50 - 

= a0 - + 30 

8 - + 0.7 

E . l  + 1.5 - 
= 10 

= 8.5 

17.8 + 2.0 - 
13.0 - + 2.0 

14.6 - + 1.8 

31.7 + 2.3 - 

28 

6.4 - + 0 . 7 2  

r (vO + e'e- ) (kev 1 ( s i m i l a r  
values from 
many other  
experiments ) 

w 

783 - + 0.7 

14.0 + 2.4 - 
12.2 + 1 . 3  - 
28.4 - + 5.2 

7.6 + 1.2 - 

4 . 8 + 0 . 8  - 
3 . 1 + 0 . 7  - 

d i f f r a c t i o n  
p a r t  : 

= 1.7 - + 0.9 

28 

1.1 - + 0 . 2 5  

0.49+0.19 

@ 

1019 - + 0.6 

4.2 + 0.9 - 
3.4 + 0.8 - 

1.6 - + 0.6 

3.5 + 0.9 - 

0 . 4 1 + 0 . 1 4  - 
0 . 4 5 + 0 . 1 3  - 

. 

13.4 + - 
9.7 - + 2.0 

7.2 + - ...................................................................... 
11.5 - + 1 . 5  

1.3 - + 0.21 

Experinent a t  E (GeV) 

( ~ o s e n f e l d  t a b l e s )  
+ - e e -+ V0 (o r say)  

hadronic i n t e r a c t i o n s  

} bubble chamber < 6 

counter, spark chamber < 6 

spectrometer 

bubble chamber < 6 

count?r, spark chamber 

} spectrometer 6 - 18 

} bubble chamber 

spark chamber 

f r m  bubble chamber da ta  

f r m  bubble chamber < 6 

and 

f ran  spectrometer da ta  1 3  
16 

frcm quark model, fiN, KN data 

Orsay e'e- + V O  

1.1 - + 0.33 

2.1 + 0.9 - 
DESY V0 +e+e- 

CEW V0 -+ e'e- 



To f i t  the n'n- mass dis t r ibut ion well, a p Breit-Wigner form 

has t o  be multiplied by the mass-skewing factor  J as 
, . tmmnn 

mentioned. above. , 

Above 6 GeV, a d i f f rac t ion  picture describes the data best ,  

with the p decay angular dis t r ibut ion such tha t  i-t uay agree 

with the strong absorption model mentioned,above. 

A t  energiao above = 6 GaP, the pn+n- f i n a l  s t a t e  appears t o  

0 
. be completely dominated by p p production, 'wjth othcr &son- 

, 

ant  n'mn- s t a t e s  assigned an upper l i m i t  of 0.2 pb. 

2. Blechschmidt e t .  al. ( 37 )  a t  DESY used FI large uag~let-spark 

cllm'ber system i n  conjunction with a photon tagging f a c i l i t y  t o  

0 
study p production. They were thus able t o  have information on 

incomi'ng photon energies good .Lu + 5U MeV. T&ri ng data fruul 3'. 2 

Lu 4. Y GeV on three ta rge t  material s (H, (2, A.4 1, t h e y  otudkd the A' 

depend.ence of the  d i f f r ac t ion - typ~  'sah.avdo~. T1heir ' resul ts  indicate : 
I . .  

They find p mas'sea of - 770 MeV, including the 
n n 

factor,  with a width of order 120 MeV, 

(90 
F i t t i n g  the dala t o  the form ;it: = a e b t  t h e y  find a dapefidence 

on the ,mass number A of 
. . 

conf inning the  d i f f rac t ion  picture.  or a, completely opaque 

nucleus, we wodd expect a - while a transparent.  nucleus 

. ' 2  
would lead t o  a - A . . Assuming tha t  the  exponential can be 

used t o  determine the  t o t a l  cross-section, .they quote 



a (yp + pp)= 14.6 + 1.8 pb 
t o t  - (2.2-7) 

3. Asbury e t  a 1  (38) (DESY - ~olumbia)  used a two-arm spectro- 

meter t o  look fo r  the  charged x pa i r s  from the process 

y + A  + A  + x+x- (2.2-8) 

using ta rge t  materials A = Be, C, Al, Cu, A, Pb. Studying forward 

production with t h e i r  highly selectTve detection system, they found 

+ - 
no n x enhancement other than the  p0 a t  invariant masses between 

2 
0.35 and 1.2 G ~ V / C  . According t o  the d i f f rac t ion  model, the  forward 

coherent production cross-section f o r  nuclei  can be wri t ten as  

where C i s  a constant, f '  i s  proportional t o  the  t o t a l  dJ cross- 

fl' T 0 
1 /3  section a and f i s  a f'unction of the  nuclear radius r = r A , 

the  momentum t ransfer ,  and the pN t o t a l  cross-section. If we assume 

coherent production i n  the  forward direction,  and a uniform nuclear 

density inside a sphere of radius R, we can ex t rac t  the  nuclear 

radius r and the pN t o t a l  cross-oeution n from the  experimental 
0 plV 

data. We just  have t o  measure - as  a f'unction of one of the  known 
d t  

dependencies on A, t, o r  p, the  others.being kept constant. 

Fig. 2 . 8 6  - shows the  A dependence (normalized t o  ~ e ) ,  a t  three 

energd.es, of the  cross-section per nucleon. The resu l t ing  bes t  values 

f o r  r and a are  o PN 

a = 31.7 + 2.3 mb. 
PN - 



0 Fig. 2.2-8 Ccherent phc5cproducti3n of p aesons: Dependence of lcrward d i f f e r en t i a l  
cross-section per nuclxr2 92 t h ?  mass number A. Paramet~ers r 
fmm f i t s  according t o  DrePl and Tre f i l .  ( ~ r o m  Ref. No. 30) 0 % ~  



This value f o r  a compares b e l l  with t h e  dJ t o t a l  cross-section, 
pN 

which i n  t he  quark model should be the  same: a t  these  energies, 

o = 30 mb. The momentum t r ans f e r  dependence i s  given i n  Fig. 2.2-7), 
nN L 

f o r  various elements. Again, t he  d i f f r ac t i on  character  appears. 

There may even be d i f f r ac t i on  m i n i m a  and maxima indicated outside 

the  forward p e a .  0 o r r ~ c p n d l . n g  ogtical-model calcula t ions  by 

Fleischer (39) have given good agreement. The bottom graph of 

Fig. 2.2-7 shows t he  r a t i o  of t he  and pN forward cross-sections 

t o  be  constant as a function of momentum. 

da The f o r m r d  peak, d c ~ c r i b e d  by  - - a ebt, again yie lds  a b(A) 
d t  

dependence of b = b A2'3 (cf .  eq. 2.2-6), with b = 10.5. Since 
0 0 

t he  d i f f r ac t i on  model appears t o  give credible  agreement with 

experimental features,  the  forward predic t ion was a l so  used t o  get  

a check on t he  nn mass d i s t r i bu t i on  

or, a t  high energy and s m a l l  .I;, 

The resu l t ing  mass spectra  a r e  shown i n  Fig. 2.2-8, where t h e  b e s t  
m 

f i t s  again involve the  mass-skewing f ac to r  (*) 4, a Breit-Wigner 
nn 

dis t r ibu t ion ,  and an empirical background. Best values fey the  

resu l t ing  mass and width a r e  m = 765 + 5 MeV, To = 130 + 5 MeV. 
P - - 

The width i s  smaller than t he  140 - 150 MeV quoted a s  bubble 

chamber r e s u l t s  (19 ) 
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M n r  [MeV/c2] 

Mrr [ M eVlc21 

I 
(r, 
t-' 
I 

+ - Fig.2. .2-8 n n: invar iant  mEss spectra fo r  various t a rge t  elements and momenta. F i t s  according 
t o  eq. 2.2-12. Dashed curves indicate  estima.tes of non-resonant backgrounds. 
( ~ r o m  Ref. No. 38) 



4. Recently, a t  the ~ t a n f o r d ' ~ i n e a r  Accelerator, Jones e t .a l .  (40) 

have used a single-arm spectrometer t o  look a t  excitation f'unctions 

f o r  information on the photoproduction of neutral  mesons. With the 

good f l u  and bad duty cycle character is t ics  of the Linac, t h i s  

approach becomes desirable i f  d i f f i cu l t .  

0 
I n  the process yp -.) p , precise momentum analysis of the f ina l -  

' 

0 
state protoll . w i l l  yield information on the mass spectrum f o r  m . 
I f  we hold everything constant but vary the angle subtended by the 

spectrometer, a typica l  exci ta t ion f'unction l i k e  i n  Fig. 2.2-9 

0 resu l t s .  As mentioned f o r  the KA - KC ca.se on pagc 99, a two-body 

f i n a l  s t a t e  (mO sharp) w i l l  show up as  a sharp ctep, within the 

resolution of the  detection system. Resonances of f i n i t e  width, 

and :three-or-more-body final states, put l e s s  of a kinematical 

constraint on the detected pmt-on, and wi l l  show up ao more gra.d!.~al 

r i s e s .  =_- Fig. 2.2-9 sl~ows that thc i r t  w e  ba~kground protone below the 

0 0 
luwest productj-on threshold (for the . ~ r  ). There i s  a n step a t  

the appropriate threshold value, a strong r i s e  associated with 

pruduction (from which we cannot separate the w's);  we a lso expect 

s teps superimposed a t  the 7 and thresholds, although they do noL 

def in i te ly  show up here. Thir; mctl-rod l o  ope11 t o  e r rors  stemming 

from background f i t t i n g ,  and the proper way t o  pick resonance 

parameters. The quoted r e su l t s  fo r  photoproduction of p" on pro-boils: 

2 a re  the following, between 6.5 and 17.8  GeV: Taking m = 770 M ~ V / C  , 
P 

F = 125 from t h e i r  bes t  f i t s ,  they found tha t .  inclusion of the mass- 
P 

skewing fac tor  did - not improve these f i t s .  Fig. 2.2-10 shows t h e i r  



Fig. 2.2-9 Exci ta t ion f'unction f o r  t he  process yp - + p ~ O .  

C o u n t i i ~  r a t e s  of proton r eco i l s ,  a t  given 
E and t, p lo t t ed  vs. mass2 of produced buson. ' ( F r o m  Ref. No. 40) 



" between momentum t ransfer  values d i f f e ren t i a l  cross sections - a t  
2 

0.2 < -t < 0.9 (G~v/c)  . Evidently these r e su l t s  a re  consistent 

with the diffract ion picture, with a non-shrinking d i f f rac t ion  

peak going as  A t  energies lower than 10 GeV, there may be 

2 
some non-diffractive admixture, since between t = 0.7 and 0.9 (c;~v/c) 

there i s  a factor-of-two drop i n  cross-section between 6.5 and 10 R V ;  

if so, it dics uuL quickly and i s  no longer v is ib le  a t  - 10 GeV. 

2 
( ~ e c a l l  t ha t  we expect OPE contributions t o  decrease as  1/k ) . 

It has t o  be kept i n  mind tha t  the measured crosc-section has 

I;o be extracted from the data through a diffic11J.t f i t t i n g  procedure, 

where a typica l  e r ror  of + - 3% i s  quoted for  the background shape 

(see Fig. 2.2-9). I n  addition, because of the non-separation of 

p and w, an ~~(3)..suggcstcd r a t l o  ~ ( ~ ) / a ( u )  = 9 m s  aoaw~~cll, so t h a t  

tilt! apparent yield was simply redused by lo$. Parameters fu r  f i t s  
PJ 

= a e  , according t o  - b t  + c t L  arc quu 1x8 i n  Flg, 2.2-10. a t  
0 We have seen, i n  conclusion, t ha t  on the whole, p photoproduction 

appears t o  be w e l l  described i n  terms of the diffract ion ~ 5 . c ~ u r e .  

Rc!..c.vant cx-perirnelital numbers have been summarized i n  Table I. 

2.3 w ~hotoproduction 

Due t o  %he thrns-body decay of' the w with a neutral  i n  the f i n a l  

s t a t e ,  we have no counter experiments detecting the  p w f i n a l  s ta te .  

Not even the one-arm spectrometer, excit&%ion f'unctiun method is 

applicable, because the more copious production of p 's  masks w 

production within the  present resolution of such systems. In  principle, 

t h i s  could be overcome by measuring the 0-parity violat ing w -+ n+n- 
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ADESY(ref.1) . 3 - i 4.5 - 5 . 8  GeV 

THIS EXPERIMENT : 
- E = 6.5 GeV . 

- 

- A = 146*50 . 

- 8 = 10.0 * 1.5 . 
- C =3.7 * 1.3. 

I I  I 1 

t I . I  1 1 

E = 13 GeV 

7 

- 
: A.71': 2 5 .  
: ea7 .4 :  1.5 . 

- C =0.9* 1.3 

1 I 1 1 

t 1 I  I 1 J 

E = 14.5 GeV 

- 

- 

: A . 8 0 f 3 4  
- 6 =8.5: 1.4 
- C O2.1 f 1.2 

I I I  I 

E 1 I I j 

E = 17.8 GeV 
- - 

- 
1 A = 8 7 * %  

: e = e . s t 1 . 3  
- C = 1.9 * 1.2 

I  I I I 

0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 

. . - t  in (GeV/c)' . - t  in ( G ~ v / c ) '  
m 

Fig. 2.2-10 ' High-energy photoproduction of Di f fe ren t ia l  
da ~1-03o-.cecti&s f i t t e d  according t o  - = a e b t  + c t  
a. t 

( ~ r o m  Ref.. No. 40) 
. . 



mode which has a branching r a t i o  of l e s s  than 1%. No such data 

ex is t ,  but a double-arm spectrometer l i k e  tha t  of reference (38) 

may soon be used f o r  a similar investigation; however, the 

expected ra tes  are  very low. The bubble chamber resu l t s  on w photo- 

production are  shown i n  Figs. 2.3-1 and 2.3-2. They show, for  the 

t o t a l  cross section, a sharp r i s e  above threshal.rl., t o  "-8pb, then a 

sloping OPT tswhrd a, value of - 3 mb, not displaying the constant 

cross-section behavior expected fo r  d i f f rac t ion  production, but 

ra ther  a picture suggestive of a considerable OPE contributioz~ 

2 
(which we expect t o  decrease with - l / k  ). The angular dependence 

do - displays a forward peak and a more isotrop3.c component, with the  
d t  

peak becoming more pronounced with increasing energy. The best  f i t  

t o  the t o t a l  cross-section data ha6 an OPE-type toem and a 

dlf'f  ractf  on-like term .with very sma.1.1 energy4lepend~nc~ 1 

+ 

E-O a08 
0 ' ( ;vP+P)  = t o t  Y ' 

( 42) The OPE exponent -1.6 is, according t o  a couplla'tion by ~ o s r i o o n  , 
typ ica l  of many OPE B ~ O C ~ S Y U C ,  and .[;he diffraction-term has an' 

exponent takcn from p production. 

A thorough inve3tiga'tion of t h i s  OPE-gli~s-diffsactiun picLure (41) 

l e d  t o  a value f o r  the radiat ive decay width of the w of r(w +xy) = 

(0.7 -t 0.3) MeV. Parameters f o r  the exponential dependence - 
do - ( t )  a ebt are agaill g4ven i n  Table I. 
d t  

Using eq. 2.3-1, we can ten ta t ive ly  separate out the d i f f rac t ive  

contribution t o  o (yp -r pw) . For k _< 6 GeV, we find o d i f f ( ~ ~  + P) t o t  

= 1.7 + 0.9 p.  Note t h a t  t h i s  gives good agreement with the r a t i o  - 
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Fit?. 2.3-2(a) D i f f e ~ n t i ~ . l  cross-sect ion.  
d.3 - (YF. + p ~ l )  f o r  1.4 < k < d t  - - 
1.8 ~ e ' l / c .  ( ~ r o r r  Ref. No. 19) 

C) Z.jc Ev - 5.8 GeV 

Fig. 2.3-2(b) D i f f e r s n t r s l  cross sec t ion  
do - (YP - i t p )  f o r  2.5 < k < 
d t  - - 
5.8 G ~ V ; C .  (5rom Ref. PTo. 19) 



0 d i f f .  ('P pw)/Odiff. (75 'ppO) %% predicted by the d i f f rac t ion  

picture  combined with the usual SU(3) assumptions (eq, 2.1-9). 

2.4 @ Photoproduction. 

The detection of mesons can i n  principle proceed along pre- 

c i se ly  the same l i n e s  as t h a t  of p's, since the dominant decay mode 

i s  K'K- (- 47%) with the added feature tha t  Tm << I' so tha t  the 
P ' 

background subtractions do not lead t o  serious problems. However, 

the @ gets  photoproduced only a t  a very small ra te ,  so t h a t  there are  

comparatively few data. The bubble chamber r e su l t s  up t o  - 6 GeV 

are given i n  Figs. 2.4-1 and 2.4-2. The resul t ing features, within 

the  errors  quoted, are  these: the t o t a l  cross-section yp +p@ does 

not r i s e  as sharply a t  threshold as  t h a t  fo r  p o r  w production. No 

structure i s  discernible, possibly due t o  poor resolution and 

s t a t i s t i c s .  - i s  compatible with d i f f r ac t iv i  behavior, especially 
dt 

du f o r  the high-energy interval,  with a bes t  f i t  ( t )  a e 
(3.5 + 0.9)t  - 

Y 

a slope much smaller than what we f ind f o r  p and w photoproduction. 

Asbury e t  a l .  (45) a t  DESY have a sed  their double -arm opectro- 
I/ 

meter t o  detect K'K- pai rs  i n  the same manner as  n+n- pa i rs  from 

p decay, measuring @ forward coherent production on nuclei. Mass 

dis t r ibut ions a re  given fo r  K pa i rs  i n  Fig. 2.4-3. For all elements 

studied, they nre 'seen t o  be strongly peaked i n  the mass region of 

the @ (1020 ~ e v / c ~ ) .  Analysis of the A dependence similar t o  t h a t  

fo r  the p case (section 2.2) yielded a t o t a l  cross section a = 13.4 mb. 
ON 

I n  a.ddition, a study of the decay angular d is t r ibut ion  yields a r e su l t  

consistent.with a purely transverse polarization of the @ mesons. 



t 
Fig. 2.4-1 T o t a l  c ross-sec t ion  f o r  y p  'pa. Bubble chamber dsta.. ( ~ m m  Ref. N o .  19)  
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Fig. 2.4-2 Di f fe ren t ia l  cross-sections fo r  y p  + pa fo r  two energy in te rva l s .  ( ~ r o m  Ref. No. 19 )  



C 
9372 events 
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The extension of the data t o  higher energies J.s par t icular ly 

important fo r  a study of the diffract ion mechanism. . Tm of the 

beam survey experiments a t  SLAC were used t o  study the production 

+ of K- close t o  the forward direction, on Be (45 (44) and hydrogen ta rge ts  . 
Relating the K yield t o  the @ production cross-section by assuming 

tha t  a l l  K' S s-Leu Ti-em 0 dqcays, .upper limits were given f o r  a(@).  

Using various assumptions on backgrounds and t dependence, a(@) a t  

7-8 GeV was estimated t o  'be between 0.5 and 1.0 pb. 

The recent single-arm experiments of Jones e t  a l .  looking 

f o r  excita.tion f'unc-Lions i n  single-neutral-meson production 'observed 

clear ly discernible steps i n  the  yield function (see Fig. 2.2-9) a t  

@ threshold. By following a sui table  subtraction procedure, they 

du quote a cross-section behavior according t o  - ( y p j  p@) = a e b t 
d t  

with b = 4.5 ( ~ e V / k ) - ~ .  Their measured values are  a t  I t ] -values 

> 0.3 (~eV/c)' only, so an extrapolation t o  small t, may be problematic. 

However, if we believe the quoted t dependence as  governing the 

en t i r e  cross-section behavior, then we can use the forward amplitude 

and the opt ica l  theorem t o  estimate the t o t a l  cross-section fo r  @N 

scat ter ing (see next section) from the vector dominance model; the 

resul t ing values a re  u (ap) = 9.7 + 2.0 mb at 13  GeV, 7.2 + 1.9 t o t  - - 
at 16 GeV. Together with the 6 GeV values of - 13.4 mb quoted by 

Asbury e t  a l .  (43), t h i s  looks l i k e  a def in i te ly  decreasing trend, 

i n  disagreement with expectations of the diffract ion model. ( ~ i g .  2.4-4) . 
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Fig. 2.4-4 Differenti.a.1 cross-sections f o r  y p  -+ pQ, at, high 
energies.  (~rom R e f .  No. 40) ' 



2.5 The Vector Dominance Model 

The experimental information on vector meson photoproduction i s  

b r i e f l y  summarized i n  Table I. I f  we go back t o  the considerations 

of section 2.1 and t r y  t o  3ecide on the dominant mechanisms fo r  the  

0 
process yp +pV , we f ind tha.t ( i f ,  f o r  the time being, we leave 

iscbar fomst,ion out of the picture) ,  neither the OPE nor the 

diffract ion model yields sa t i s fac tory  comparisons. The OPE prediction 

(2.1-5) t h a t  a ( w ) ~  90 ( p )  i s  obviously not satisfi 'ed. But the f i t  

(2.3-1) t o  the w data suggests tha t  there i s  an OPE contribution fo r  

.Lhe w which a.ccounts for  the d i s t inc t ly  non-diffractive behavior 
. . 

of w production a t  lower energies. I f  we separate out  the presumable 

diffract ion part ,  the diffract ion model prediction (2.1-9) a(p) :a(w): 

a (Q) = 9:1:2 does appear t o  reproduce the p/rl) r a t i o  reasonably. 

However, the observed 0 ra te  i s  .much too low (by a factor  of order 10). 

Let us see how we can patch 11.p t h i s  discrepancy. The predicted r a t i o  

from the graph 

assumed S U ( ~ )  symmetry, and P t ra jec tory  exchange, where P i s  a unitary 

s inglet  of 3 = 0'. Meshkov and Ponzini (4" argue i n  the ~~amework  

of the collinear gmup S U ( ~ ) ~  tha t  high energy forward e l a s t i c  

scat ter ing data make the uni tary s inglet  exchange i l lusory,  and tha t  

higher representations have t o  be exchanged. Their method has an 

at-Ixactive feature t h a t  i s  not an ad hoc construe-Lion, but f a i l s  t o  



reproduce the  @ r a t e  by a factor  of 2. 

The most obvious remedy i s  t o  introduce syxnetry breaking. 

This comes most natural ly  i n  the framework'of the vector dominnnce 

model, where we write the above graph somewhat differently,  intro-  

ducing a direct  photon-vector meson coupling: 

, . 

8 &- 0.- d "  

hl 

The vector dominance model assumes tha t  w e  can write 

the hadronic electromagnetic current as a l i nea r  ,combination of 

phenomenological vector meson currents 

Wi-1;11 the Us1181 S U ( ~ )  assmnpt.ions wc ca;ll then write .the i.ncident: 

. . 
vdxich gives: us a re la t ion  between photon-ind11,ce.d and vector-meson- 

induced reactions according t o  

(where o means tha t  we specify h e l i c i t y  s t a t e s  + I f o r  the vector t r  - . . 

mesons. ) 

We. now apply eq. 2.5-3 t o  the d i f f rac t ion  process yp -t p p ,  

noting t h a t  we can write t h e  d i r ec t  yvO coupling i n  terms of the 



leptonic -decay widths 
. . 

. +  - . a 4n + s m a l l  terms I ' ( ~ + e e )  ::- 7% 
12 .., 

Table I sho& the experimental information on the leptonic decay 

widths. We then write the c r i t i c a l  r a t i o  

. . 

wPth the recent r e su l t s  from DESY (48) on the '@ + e+e- decay width 

of 1.1 + 0.2 eV and the accepted p -t e'e- width of - 6 keV. - 
We then inser t ,  using the opt ica l  theorem, 

the otot values from the preceding chapter o r  Table I, and f ind . 

0 (@P) e l  -- - = 

Gel (POP) 

all quant i t ies  i n  (2.5-5) experimentally determined. The numerical. - 

2 
0 t o t  (@PI 

otot (POP) 

chcok is: 

1 Left-hand side = - 1 
40 

Right -hand side = - 
60 

Preliminary numbers of 2.1 + 0.9 keV f o r  the  radiative decay width 
- .  . . 

of the, . .  m, . as  reported by a CEFOX group(4g), o r  of 1.30 + 0.21 keV, 
. I  . - 

as deduced from. an e'e- + experiment a t  the Orsay electron 

, storage ring(lol) , improve the numerical agreement somevhat . 
( ~ e c a l l  the  SU(~) pre'diction -+ e'e-) : T(w i e'e-): r(@ + e'e-) 

= 9: 1: 2: or, with some syimetry-breaking introduced in to  the 



Let 's  recapitulate then: we essent ia l ly  keep S U ( ~ )  symmetry 

i n  the yV vertex, introduce symmetry-breaking i n  the VVP ver tex,  

Mere the  P i s  s t i l l  a uni tary s inglet .  This symmetry-breaking 

(51) can eas i ly  be introduced i n  terms of the quark model : from . 

the  relat ions f o r  the  t o t a l  cross-sections 

+ 
n(@p) - 20 ( K + ~ )  + a ( ~ r - ~ )  - 20 (11 P), (2.5-8) 

where we i n se r t  experimental resu l t s  on the RHS, we obtain 

cr (PP) = u.(Up) = 28 mb, u.(ap) = 11. S + - 1.5, i n  f a i r  agreement with 

the d i rec t  experimental numbers quoted i n  Table I. 

If we t r y  t o  play the  same game with w production, we have 

the d i f f i cu l ty  t h a t  only t w o  pre1inina.r~ (find. dis  oropanls) r~ube r s  

(49) + - 
ex i s t  for r(w + e+e-): a CERN experiment , on el -t e e giving a 

value of 0.49 + 0.19 keV, and the orsay storage ring experiment 
(101) 

- 
.I_ - 

e e -+ w, yielding T (w -+ =+em) = 1.1 + - 0.25 keV. Moreover, it i c  

not t r i v i a l  t o  ex t rac t  the d i f f rac t ion  part from the t o t a l  cross- 

section f o r  yp +pw. Ta.ki.ll&, the  "beat guess" ,values (see Table I) ,  

we f ind 

The f i r s t  and t h i r d  fac tors  on the RHS are - 1 ( i n  the absence of 

d i rec t  information on a (uN), we take the quark model t o t  

value), and we f ind 



1 
- taking CERN va lue ,  f o r  r (w -t e+e-) 

. Lerthand s i de  .= - 
10  

Righthand s i de  = 

- taking ORSAY value f o r  T'(w -t e'e-) 

I n  view o f . t h e  poor input material ,  we w i l l  not take  this a s ' a .  s trong 

endorsement. S t i l l ,  t h e  VDM appears t o  make t he  ove ra l l  experimental 

p ic tu re  of photoproduction of vector mesons consis tent  with our present 

t heo re t i c a l  unders Landing, at moci~rete energies (< 6 G ~ V )  . Before we . - 
(40) worry about t he  apparent decrease of t he  cross-section above 6 GeV , 

l e t  us wait f o r  more complete data.  

2.6 Some Spec i f i c  Tests  of t he  Vector Dominance Model. 

Without wanting t o  prejudge other  attempts t o  account f o r  th.e 

i n i t i a l l y  inconsis tent  p ic tu re  i n  Q photoproduction, we t ake  the  

apparent success of  the  VDM a.s an indicat ion f o r  the  relevance of 

eq. (2.5-3). The only d i r e c t  t e s t  of the  d i r e c t  coupling hypothesis 

would be a com-parikon of decay modes l i k e  w + ny and w -t np (which 

does not work energy-wise); A -t ny, A1 + np (where the  experimental 
1 

number i s  not  c lea r ,  and we have t o  disentangle t ransverse  and longi-  

L n (where t l ~ e  J' , $ va11.l.e a l l o w  tud ina l  p ' s ) ;  o r  A +nY, A2 2 

only t ransverse  p ' s )  . We would p red ic t  t he  rad ia t ive  decay width 

t o  be - 1 MeV; unfortunately, no d i r e c t  experimental information e x i s t s  

on t h i s  decay. Some recent  analys is  of somewhat l e s s  d i r e c t  experimental 

evidence h a s  yielded a cons i s ten t ly  favorable p ic tu re .  

We can, f o r  instance, analyze photoproduction cross-sections and 

check f o r  consistency with n production of vector mesons: 



The corresponding amplitudes a r e  connected b y . t h e  VDM model.and time- 

r eve r s a l  invariance, i f  we separate out t h e  proper h e l i c i t y  and 

tsospin  amplitudes. Dar e t  a l .  (52) have shown severa l  combinations 

of 'cross-sections which a r e  access ible  t o .  such checks. Fig.. 2.6-1 

shows t he  agreement between t he  two s ides  o f '  t h e  re1 a.t-ion 

where t h e  no- in i t i a ted  amplitudes on t he  RIS can be obtained by ' .  

+ i sospin  invariance from n- and fi data.  A corresponding predic t ion 

0 
f o r  yn + fi n is  drawn in to  the  pic ture ,  and awaits experimental 

check . 
A p a r t i c u l a r l y  su i t ab l e  case i s  presented by a cnmparieon of  Llle 

+ 0 
react ions  rg + .rr n and TI- 1, :.I p n 

They a r e  l inked up by t he  VDM and by I and T invariance. A .deta.iled 

comparison. 3 s ~ o B G ~ % ~ . s !  f W  the d a t a  On e i t h e r  of t h ~  re la t ionsh ip  

do + 3 K X  do - .o 
pll(t) (n p + p n )  + ~IJ@ terms + iu ter ference terms x ( ~ ~  + f l  n) = - 

7 P (2.6-3) 

where p ( t )  i s  t h e  h e l i c i t y  dens i ty  matrix element giving t he  ll 

f r a c t i o n  of t r ansverse ly  polar ized p ' s  (s ince  I& want t o  compare 



0 Fig.  2.6-1 Predic t ion  f o r  x photoproduction ( s o l i d  curve: o f f  protons; 
dashed surve : o f f  neutrons ) a.ccording t o  vector  dom:nance 
model. Data points  a r e  f o r  process yp -+ psrO. ( ~ r o m  Ref. No. 52) 



t h e  same h e l i c i t y  s t a t e s  f o r  photons and p ' s (53)). The mate r ia l  

presented i n  sec t ion  2.5 suggests t h a t  we may disregard w and @; 

and evaluate the  RHS with p ' s  alone. Various authors (54,55,102) 

have recen t ly  given quan t i t a t ive  evaluations of eq. (2.6-3) a t  

severa l  energies, c a r e fu l l y  checking t he  h e l i c i t y  densi ty  matrix 

element p and t he  background d i f f i c u l t i e s  inherent  i n  the  RHS exper- 
, Ll 

imentaa.l ila+.a. Fig. 2.  G-C glves examples at 4 and 8 G ~ V / C  from ref.  (54) : ' 

a t  sma.11 t, good agreement i s  apparent. The disagreement a t  l a r g e r  t -  

can be  accounted f o r  by  considering t he  in terference e f f e c t  of t h e  

contr ibut ion of t h e  w contr ibut ion t o  t h e  vector l i ne .  Isospin 
3 .  

invariance then implies . t h a t  we should not  use o ( y p +  nn+) f o r  t he  
. . 

compar'ison, b u t  r a t he r  a l i n e a r  combination of cross sect ions  which 

will 'make the  in te r fe rence  t . ~ & s  C ~ C C ~ .  ' W e  Lherefore r e c a l l  t h a t  we 

can break up t h e  photoproduction amplitudes in%o isovect.or- and 

ieoeoalar-p11ol;un l n i t l a t e d  par t s ,  A, and Ay, yierlrlinp: 

1 + R  and replace  a(yp +nn+) by  - + o(yp 3 nn ); R is  t h e  n-/n+ r a t i o ,  

which is  experimentally known Prl:lu 11 pliutopsoduc Llon of r deuterium 

( c f .  sec t ion  3 . 6 ) .  Agreement then becomes qu i t e  s a t i s f ac to ry .  

Another t e s t  of t h e  VDM.hypothesis was reported by  Asbury e t  e l .  (56) 
9 

who use coherent vector  production on nucle i  t o  compare t he  two s ides  of 

1 k  a 2 do (yA + pOA) 
E 16 p .  2 ' tot (PA -: PA) 

.. P Y p  
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. .  . . predicted by VDM from n'p + pon data. ~ a s h e d  
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( ~ r o m  Ref. No. 54) 



i n  order t o  check the  v a l i d i t y  of the  VDM-suggested diagram 

0 They studied the p photoproductinn crosa -ncctiur~ ut small t, valuec 

2 
between 0.004 and 0.06 ( G ~ v / c )  and obtained the LHS of eq. (2.6-5) 

by extrapolating t o  t .= 0. The RHS was calculated by computing 

(PA '4 PA) from the  t o t a l .  pN icrw -sect-i  nn, as determilled hfom the  
d t o t  

r e l a t i ve  photoproduction yield  on various nuclei(38). The resul t ing 
2 

numerics-l value f o r .  Yp - = 0.42 2 0.1 compares well with i t s  d i r ec t  
4n 

+ - determination from p +.e e decays and e+e- 4 ainnihilation. me 

good ilw~~em~tcal agreement should t.hen be taken as evidence f o r  the  

v a l i d i t y  of t h e  8ra.ph a'cudied here. 

A f i r t h e ?  npp1icxl;fon of' .the W'M was recent ly  proposed by 

H. Joos (57) who suggests a comparison of nucleon isobar decays 

A -..> Np 'and A + Ny. For the  I = 3/2 isobars ~(.19=10) and ~ ( 2 4 2 0 )  o. 

rough e'stima.te fo r  the  NyA vertex 5.s possible frorn the s t ruc ture  

0 (60) observed a t  corresponding energies i n  fl hackward pho'Luprod~ction . 
Thus, est>imates for  the  PN decay ~ 5 ~ 3 t h ~  are  made according t o  

where K is a kinematical factor .  Correspondingly, the  graph 



can be evaluated t o  give a value f o r  t h e  photoproduc-1;ioii cross-section 

a t  resonance peak energy (c f .  Fig. 2.2-5). The cross-section f o r  

yp +A (2720) + ppO i s  0.6 pb; t h e  observed value, uncorrected f o r  

h e l i c i t y  + 1 only,, 2 + 1 pb. We regard t h i s  a s  a reasonable i n i t i a l  - - 
agreement. ( ~ ( 1 9 2 0 )  i s  too  hard t o  separate  uniquely out  of OPE and 

d i f f r ac t i on  contribu.l;lu~~s ) . 
2.7 Tota l  Cross Section o(yp) 

More t e s t s  of t he  VDM can be  thought up. We w i l l  here s t o p  with 

t he  treatment of  the  t o t a l  electromagnetic cross-section f o r  hadrons. 

We have, a s  mentioned i n  2.2 and 2.4, some experimental information 

on t he  cross-sections u ( p ~ )  and ~(QN). We ca.n use t he  VDM then t o  

p red ic t  t h e  t o t a l  7-hadronic cross-section.  

The high-energy behavior of t he  photon-proton t o t a l  cross-section 

i s  of considerable i n t e r e s t .  I n  t he  high-energy l i m i t ,  t h e  forward 

Compton . graph, when viewed. a s  a simple d i f f r a c t  ion process as discussed 

i n  t he  previous sect ions  f o r  veutor mesons, 

has t o  vanish fo r  r e a l  photons. Suppose we have a right-handed photon 

coming in :  t he  P exchange graph w i l l  leave i ts  hellcf.l;y, h 2 -1-1, 
k 

unchanged. When we now cross i n to  the  t-channel, -the time-reversed 

photon remains right-handed, bu t  i ts  momentum i s  reversed; we then 

have combined incombg h e l i c l t y  \ = +1 - (-1) = +2. The d i r e c t -  
I 

channel pole P would have t o  ca r ry  twa un.its of h e l i c i t y .  I n  simple 



Regge language (cf .  sect ion 3.3) : i f  atot ( s  +a) = constant, we 

expect a " ~ e g g e  pole" P with. angular momentum a ( t  = 0) = 1, which 
P 

behaves l i k e  a vector under three-dimensiona.1 rotat ions .  It therefore 

cannot couple t o  two photons ( j u s t  as a spin-one object  cannot decay 
I 

i n t o  t w o  photons). Thus, the  op t i ca l  theorem w i l l  postulate 

a ( y p )  - 0  as  E -,a,. 
t o t  

I f  we a n t  t o  salvage th.e s i tuat ion,  wc call elther  assume ' 

Q! (0) < 1, which would lose  the  main reason why the "Pomeranchon" P 
P 

was invented; or  we can invoke a residue function with a. s ingular i ty  

at  t. = 0 t o  cancel the  "nonsense zero"; o r  we !can assume a fixed pole 

On the  other  hand, t he  forward production of vector mesons i s ,  

a.s we pointed out, a l so  ascribed t o  P exchange i n  the  diffl-ac.Llun 

picCui-e; fur1 the massive. mesons, crossing int.0 the  t-channel does nnk 

lead t o  the  l i e l i c i t y  - 2 assignment for t he  I?; t hc  asymp'l;otic cross- 

sectLon f o r  some i r le las t ic  processes i s  therefore not expected t o  be 

suppressed. I n  future  high-energy experj,ment.s on a (yp) ,  w will 
t o t  

particular1.y have t o  t r y  t.111 true photon beaus of longitudinal a s  well 

as  . transverse polar izat ion (e. g. using v i r t u a l  photons from elec-1x0 - 
.production) in  order t o  understand the  process; f o r  h e l i c i t y  - 0 

(v i r tua l )  pb.otons, the  nonsense zero obviously does not ex i s t . .  

I f  we want t o  make. specff ic  predictions fo r  the  magnitude of 

a (yp) ,  we  can use the  VDM t o  l i n k  up op + anything and vop + t o t  

anything. The most simple-minded prediction then neglects the '  w 

and @ parts of eq. 2.5-3, and we write 



where y is  an isovector photon. Th i s  1ea .ds . to  a ,predic t ion of v 

a ( Y ~ P )  100 pb, taking numbers from Table I. The i sosca la r  t o t  . . 

contr ibut ions  w i l i  be considerably smaller; i n  t h e  energy region 

wh.ere data e x i s t  on a (vN), from 3 - 5.5 GeV, we expect a value . ' t n t  . . 

of otot (yp) 7 110 pb on these  grounds. 

Another est imate uses t he  VDM i n  t he  spec i f i c  form of t he  . 

d i f f r ac t i on  d i s soc ia t ion  model(30), making use of the  experimental 

information on the  forward cross -sections,  o(yp + vop) 1 
t = O '  

(58) Inse r t ing  t he  be s t  values i n to  t he  r e l a t i o n  
< .  

e s i n  8 
y do1' e  cos 8 
- 

t o t  d t  ( W )  + ' 2f . d t  
Y Y 

'where the  weighted couplings have the  mentioned r a t i o  9:0.65:1.3. 

We again f ind  a predic t ion of a '  (yp) = 100 pb. It is not  easy t o  
t o t  

assign e r ro r s  t o  these predict ions,  si.nce we have t o  t ake  the  

d i f f r a c t i v e  pa r t  of t he  forward cross-sections alone. They dught t o  

be good t o  - + 10%. 
- .  

2.8. Measurement of t he  Total  Cross-Section a(yp).  

The experimental problems involved i n  t he  measurement of  a (yp) 

a r e  obvious; above a l l ,  it i s  a very d i f f i c u l t  t a sk  t o  separate 

hadronic from purely electromagnetic events. Moreover, i f  we t r y  t o  

look at  a l l  f i n a l - s t a t e  p a r t i c l e s  i n  order t o  make up f o r  t he  l ack  

of i n i t i a l - s t a t e  information (due t o  t h e  usua l ly  poor de f i n i t i on  of 



photon energies), we kun in to  the problems associated v i th  the  

detection of neutrals  (7, no, KO, n, . . .).  

Therefore, .one of . t he  ma.in experimental tasks  w i l l  be an 

adequate def in i t ion  of the  i n i t i a l - s t a t e  energy, and possibly of the  

i n i t i a l - s t a t e  pola.riza.tion parameters. We w i l l  attempt t o  use 

polatlzed photons t o  i n i t i a t e  the  proceno. Thlu C a r l  be  done in  a 

number. of ways; pra.&.'ically, tlie prdblem i s  being tacked with 

a)  the photon tagging method, 

b )  the electrbproduction mechanism. ' 

111 addi-Lion, there  a r e  plans t o  use a 

-c) backscattered l a s e r  photon beam 
, .  

f o r  a bubble chamber..expeTiment proposed a t  the high-current SLAC. 

Methods b and c a r e  able t o  a l s ~  provide yularlzation parameters for  

t he  ingo-ing channel, a . i s  not. 1 . 

A beaut.i ml, very recent ~ l s e d  t h c  phc~Lun-taggitig 

scheme a t  the  7.5 DESY synchrotron, i n  conjunction with a hydrogen 

buble chamber, t o  measure 'yp -+ hadrono up L;u 5 GeV photon energies. . 

They obtain a 'bremo3tralllung y'beam of known energy by having 

a low-illl;enslty e lectron beam h i t  a t h i n  radia'lior, and momentum- 

analyzing thc  elec.tr6ns which underwent a. bremsctral1Lur~g ,prokess. 

A counter hodoscope detects  these electrons,  covering a range of . 

0.5 t o  5 GeV with a resolution of - 0.1 GeV. 

The electron beam i s  swept over the radiator  by a pulsed magnet 

such t h a t  the  bremsstrahlung photons w i l l  h i t  d i f fe ren t  sections of 

the. bubble-chamber depending on t h e i r  time of a ' r r ival .  Digit izing 



elect ron momentum, pulsed f i e l d ,  and. %ime-of -a r r iva l ,  . then f i l l y  

determines ' t he  .photon energy ( i f  we exclude double-bremsstrahlung 

processes), so t h a t  - 10 events can be recorded f o r  each 1 msec beam 

pulse, A caref'ul normalization can be performed by looking a t  the  

' +  - f l i l ly  determined events yp + .F+e-, yp + pn n . We can then f ind  . . , 

u simply b y  counting s t rong- interact  ion events.. t 0.6 
. . 

Fig. 2.8-1 shows t he  ' r e su l t s '  of the  Hamburg group. d 
t o t  

i s  seen 

t o  decrease from - 200 CLb a t  0..5 GeV t o  - 110 pb from 2 t o  5 GeV. 

The e r rors  given i n  t he  f igure  a r e  s t a t i s t i c a l  and systematic. There 

i s  good agreement,between these numbers and those expected from eq ' s  

2.7-1 and 2.7.-2. The f igure  a l so  shows, f o r  comparison, t he  s ing le  

(dotted l i n e )  and double (dashed l i n e )  n production cross sect ions .  

The agreement with t he  VDM predictions ought t o  be regarded a s  

impressive evidence fo r  i t s  value i n  describing photon-induced hadronic 

in teract ions .  The idea of using e lec t ro - (or  muo-) production t o  

provide kinematical input parameters i s  present ly  being employed t o  

determine utot (yp) u p  t o  much higher energies, with e and p beams 

a t  t he  SLAC, and a p beam a t  t he  Brookhaven AGS . 
The idea i s  tha.t we can write t he  double d i f f e r e n t i a l  cross- 

sec t ion  f o r  i n e l a s t i c  e lect ron o r  muon sca t te r ing  i n t o  s o l i d  angle 

element dSZ and energy b in  dE' as  (60) 

where F and E arc  energy- and ane;le -dependent kinematical quan t i t i es .  

2 
It can be showrl tihat, fo r  small momentum tran.sfer  q , the  "scalar"  





and "transverse" cross-sections 5 a behave l i k e  
S' T 

Then, i f  we measure electroproduction a t  small angles, and p l o t  
2 

d a 
lIF rn VS.  q2 , we can hope t o  do a l i n e a r  ext rapola t ion t o  

q2 = o and f ind o (yp) i n  t h i s  manner. 
t o t  

The experimental d i f f i c u l t y  here l i e s  i n  t he  f a c t  t h a t  t he  

rad ia t ive  t a i l  of the  e l a s t i c  s ca t t e r i ng  mechanism w i l l  dominate small- 

angle behavior &id f a l s i f y  the  f indiags.  A compromise has t o  be  found 

by measuring a t  values of q2 small enough so t h a t  an extrapola t ion t o  
. . 

2 
q = zero appears credible,  b u t  l a rge  enough so t h a t  t h e . r a d i a t i v e  

t a i l  (which we bel ieve  we can, evaluate well)  does not completely drown 

out t he  electroproduction process. 

This compromise can a l so  be  achieved a t  much smaller angles i f  we 

do not take e lect rons ,  but.muons a s  incident  pa r t i c l e s .  The r ad i a t i ve  

corrections are t o  be  applied with a r e l a t i v e  weight R (61) 

2 
A t  small momentum t r ans f e r s  q , t h i s  gives the  p experiment a conslder- 

able  edge over i n e l a s t i c  e lec t ron  sca t t e r ing .  For example, a t  



2 .  .1 1 
q 2 =  0.02, 0.2, and l ( ~ e ~ / c )  , R-- -  

1 - and - respectively. 
30 ' 6' 4' 

Although electron beams have a b ig  advantage through t h e i r  flux, we 

w i l l  have t o  ha.ve considerable confidence i n  the calculation of the  

rad ia t ive  corrections i f  we want t o  do experiments a.t very small angles. 

Fortunately, both p and e experiments w i l l  be performed, and we can 

look f o r  consistency between them. 



. '. 

. . 

~ e c t u r e  3 Photoproduction of ~ s e u d o s c a l a r  Mesons a.t High Energies 
. I 

. '3.1 Experimental Data on t-Channel Poles. 
. . 

. , In  l ec tu re  1, we. focused our a t t en t ion ,  mainly on s-channel 

. s i ngu l a r i t i e s  i n  the  photoproduction of pseudoscalars; i n  the  2nd . . 

l ec tu re ,  a f t e r  taking a close look a t  the  data, we decided t h a t  one' 

pa r t i cu la r  pole i n  t he  t-channel amplitude carr ied pa r t i cu l a r  

importance i n  t he  photoproduction of vector mesons. We w i l l  now look 

i n to  t h e  high-energy behavior of t he  photoproduction amplitudes f o r  

pseudoscalars. 

We had previously noticed t h a t  t he  bump s t ruc ture  'of t he  ' t o t a l  

,cross sect ion f o r  processes yp +Nsr appears t o  become l e s s ,  and l e s s  

conspicuous with increasing energy,. This i s  suggestive of the  fa'c,t 

t h a t  we have t o  study t he  t-  and u-channels and t h e  influence of 

t h e i r  s ingu la r i ty  s t ruc ture  on t he  t o t a l  amplitude; we bel ieve t h a t  

somewhere between 2 and' 3 GeV, they w i l l  s t a r t  being the. dominant 

influence. 

Let us look a t  a few r e l a t i v e l y  well-studied reactions:  

a )  YP + pn0. 

Fig. 3.1-1 shows t he  forward cross -section measured a t  DESY (62) 

do 
and CEA(63), giving - 2 d t  a t  momentum t rans fe rs  up t o  -t = 1.8 ( ~ e ~ / c )  . 

,The DESY data were taken with two lead g lass  Eerenkov counters de- 

t e c t i ng  the  no decays in to  2 7 ' s .  so t h a t  very small angles were 

accessible t o  measurement; t he  CEA experiment was performed with a 

spectrometer observing t he  r e c o i l  proton, thereby put t ing a cut-off 

on t he  small-t region (very slow protons cannot be  detected i n  t h i s  my). . - 
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Fik 3.1-1 Forward d i f  f e r e n t i d  cross -section f o r  yp , - 
(From R e f -  NO. 62) F i t s  according t o  re f .  



We observe t h e  following fea tures :  a t  high energies,  4-6 GeV, the re  

i s  a very s l i m  forward peak, poorly resolved. A t  a l l  energies,  a 

d i p  a t  moderately small t i s  followed b y  a peak a t  -t = 0 . 1  ( ~ e V / c )  *; 
t h e r e  is  a secondary d i p  somewhere around -t = 0.5 ( ~ e V / c )  ', b u t  i t s  

posi t ion  and its shape a r e  not too  constant  over t h e  energy range 

covered .. 

Fig. 3.1-2 gives a .  missi.ng mass curve from t h e  recent  one-arm 

spectrometer experiment performed a t  SLAC from which we e a r l i e r  

0 mentioned p and y i e l d  data.  Due t o  k inemat ica l ly  forbidden 

0 "ghost protons" which show up below n threshold,  a n o n - t r i v i a l  sub- 

tractTon procedure has t o  be followed. The accuracy of . the nQ 

production cross -sect ion given i n  Pig. 3.1-3 i s  heavi ly  dependent on 

t h i s  subtrac t ion.  The quoted r e s u l t s  show nothing of t h e  forward 

peak and f i r s t  dip, s ince  again t h e r e  was a low-energy cut-off  on 

t h e  proton detect ion,  b u t  t h e  cross-sect ion at  6 GeV matches up with 

the  5.8 GeV data  i n  Fig. 3.1-1. Notice, however, t h a t  t h e  secondary 

d ip  g e t s  l e s s  pronounced and degenerates i n t o  a shoulder between 

6 and 1 8  GeV. 

b )  YP -,nn 
+ 

We have good and p rec i se  information on the  forward n+ production 

cross-sect ion from DESY, CEA, and SLAC. It was taken with the  a i d  

of single-arm spectrometers (with t h e  l a r g e  SLAC spectrometer analyzing 

momenta up t o  - 20 G ~ V / C )  ;it is  t r i c k y  t o  do very-small-angle 

experiments, so t h a t  we have t o  r e f e r  t o  t h e  l i t e r a t u r e  f o r  d e t a i l s  

on t h e i r  r e a l i z a t i o n .  
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Fig. 3.1-2 Yields of r e c o i l  protons due t o  s ingle  boson photo- 
production (cf . Fig. 2.2-9) . Multiparticle back- 
grounds have been subtracted out. . B e ~ t  f i t  curves 
a r e  indicatec.. w meson i s  not resolved.(~rom Ref. No. 40) 
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Fig. 3.1-4, ~ m m a r i z e s  the r e su l t s  of experiments below 

1 ( G ~ v / c )  momentum t r ans fe r  (649 65' 66! Note the logarithmic scale.  

-4 
The DESY data go down t o  -t = 10 ( G ~ v / c )  '. There is cons i s t en t  

indication fo r  a sharp forward peak, and none fo r  any dip i n  the  

2 
. region < - It 1 < - 1 ( G ~ v / c )  , 2.7 < - k < - 5 GeV. 

'I1he SLAC data ,  (R7)  taken a t  energies up t o  k = 1 , confirm 

t h i s  r e s u l t  and carry it t o  higher energies and higher momentum 

t ransfers  (up t o  It1 = 2 (~.ev/c)'. Moreover, the  SLAC data shoi  t h a t  

outside the  sharp forward peak, a.n exponential behavior describes 'the 

d.0 data  well according t o  -a  eht, with b = 2 f o r  energies k > 8 GeV 
d t  - 

and momentum t r ans fe r s  It 1 between 0.07 and 0.6. A t  higher It 1 
values, the  exponential fa l l -of f  i s  steeper, with b = 3.3 ( G ~ V / C ) - ~ .  

, . 

( ~ i g .  3.1-5). 

c) yp +K+A 

With the same apparatus as used fo r  the  high-energy nC detection, 

t he  Richter group a t  SLAC took forward photoproduction da.ta on the 

+ process yp + K  A,. The resu l t s ,  shown i n  Fig. 3.1-6, a r e  qui te  

diss imilar ;  there  is a d i s t i nc t  dip a t  small angles, as  we would 

expect from a one-particle exchange mechanism i n  i ts  simplest formula- 

t i o n  (cf.  below). There is  also, beyond the region of the  dip, an 

iia exponential f a l l -o f f  - - ebt with b = 3.1 (GeJ/c)-2 between 5 and 
d t  

10 GeV, close t o  the  b value used t o  f i t  the  n" data. 

An obvious cxpcrimcntal d i f f i c u l t y  i n  t h i a  contcxt i o  the 

separation of the  KA and KZO f i n a l  s t a t e s  (cf .  Section 1.5) .  The 

0 e r ro r s  on the C cross-section a re  more bothersome than i n  the  A case 



Fig. 3.1-4 D i f f e r e n t i a l  c ross-sec t ion  f o r  yp -+ nn' a t  2.7 t o  5 rev. 
Forward edc, on lugar l thmic  sca le ,  i s  ind ica ted  down t o  
~t l = ' l O - '  ( ~ e ~ / c ) ~ .  (~rorn  Ref. No. 64) 
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+ 
~ i ~ .  3.1-5 High-energy n photoproduction. Forward peak and e q o n e n t i a l  

slopes a r e  indicated, with break i n  slope around -t = 0.7 
( G ~ v / c ) ~ .  ( F ~ o m  Ref. No. 67) 



+ Fig. 3.1-6 High-energy K photoproduction d i f f e r e n t i a l  cross- 
sect ion exhibi t ing dip  a t  s m a l l  I t 1 . ( ~ r o m  Ref. No. 68) 



because of the subtract ion necessi ty.  we'll 'come back t o  the. KA/E 

. . 
r a t i o  l a t e r  on (sect ion 3.7). 

3.2 Backward Photoproduction of 3' s . 
Next, l e t  us look a t  experimental information on photoproduction 

processes involving u-channel poles; we expect them t o  l a rge ly  

determine the  backward cross-sec1;ion i a  t he  same manner i n  which 

t-channel poles are needed .l;u a.ccouiit for forward phenomena. 

However, l e t  us keep i n  mind (from sect ion 1.3) t h a t  f o r  the  backward 

cross-section, only - one of t he  four h e l i c i t y  amplitudes'will contr i -  

bute.' Therefore, we a l so  expect .Lo see t he  resonance s t ruc ture  i n  

t h i s  one amplitude i n  a. very pronounced fashion, a t  energies < - 3 GeV. 
. .. 

a )  YP +pno 

Recent DESY data  (69) ,d isplay a pronounced peak-and-dip type 

0 s t ruc ture ,  when we pluL Lhe 180 cross-acction over t he  photon en?.Prgy 

( c f  ,I?ig. 3.2-1). It i s  seen ' that  mainly the  A resona.nces (I = 512) 

a.ppear t o  show up appreciably - ~ ( 1 9 2 0 ) ,  A(2420), and p o s s ~ b l y  higher 

mass A's.  The corresponding peaks i n  t h e  production cross-section 

have been used t o  evaluate the  photoexcitat ion of .  these sta1;es 

, ( c f .  sect ion 2.6). I n  terms of t he  h e l i c i t y  decomposition, t he  f a c t  

t h a t  we see these  s t a t e s  s t rongly implies t h a t  t h e  amplitude H4 

plays a strong ro l e  i n  t h e i r  exci ta t ion, ,  out  of i n i t i a L  he l ic i ty '  

112 (sect ion 1 .3 ) .  

A t  highcr energies, only very psel..i.m.5.nary data  from SLAC (70) 

a r e  pres 'e i t ly  avai lable .  Fig. 3.2-2 shows t he  behavior of * vs . u du' 

f o r  four processes, a t  energies around 10 GeV, and momentum t r ans f e r s  
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Fig.. 3.2-1 180 d i f f e r e n t i a l  cross-section f o r  yp + pfi . 

( ~ r o m  Ref. No.  ~ 9 )  A wsunances appear t o  
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du 0 Fig. 3 .2-2 Backward di f f .erent ia1  cross-sect ion - (u)  f o r  yp -+ pn . 
( ~ r o m  Ref. No. 79) Comparison with d" K+ photo-. 
production and n- p s c a t t e r i n g  i s  indicated.  



2. .  . 
-u between 0 and 0.7 (Gev/c) . ( ~ o t e  t h a t  we now a re  interested i n  

. . 
momentum t ransfers  i n  the  u-channel, for '  backward productiqn, qu i te  

.analogously t o  the  t channel analysis i n  the  context of forward 

da production. ) The no cross-section - shows no c lear  Mxx.xk,ure as  
du 

a function of u: a slow decrease from'u = 0 down, with .a possible 

2 
f l a t  d ip  a t  -u = 0.5 ( G ~ v / c )  . For comparison, s imilar  curves a re  

f o r  n2p+ pnh and f o r  yp + nn+ i n  the  backward direct ion.  

+ + L e t ' s  jus t  note t h a t  the  pronounced d ip  in  n p -r pn a t  u =-.15(Ge~/c) 2 

does not show up i n  photoproduction. 

da + Fig. 3.2-3 gives the  angular d i s t r ibu t ion  - f o r  n backward 
du 

production, . a t  various energies Be.l;,ween 2.8 < k < 9.8 GeV. These - - 
data were taken a t  SLAC C71) with the 1.6 GeV/c spectrometer, again 

with an excitation-f'unction technique - keeping beam energy and 

spectrometer angle fixed, and varying the accepted momentum f o r  the  

spectrometer. As we explained i n  section 3.1, t h i s  method involves 

a d i f f i c u l t  subtraction of backgrounds. A t  accepted momenta outside 

the allowed region fo r  photoproduced n', there  i s  s t i l l .  a considerable 

yie ld  due t o  double processes i n  the  ta rge t .  Tn order t o  bel ieve 

quant i ta t ive ly  the values given i n  Fig. 3.2-3, we have t o  put 

considerable t r u s t  i n  t he  subtraction procedure. ~dwever,  the  t rend 

of * VS. u appears c lear  - there  is a smooth monotonical dec&a.se, ' 

' 

dl1 

without any dip s t ructure .  The s-dependence of the backward cross- 

section is  consistent with 
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between k = 2.8 and 13.4 GeV. The f igure  a lso shows a couple of 

points fo r  the  combined processes yp + K+A and yp -+ K - ' - ~ O  (A and C 

could not be experimentally separated); i n  the backward direct ion.  

Since these a re  the  only K backward data. we have, l e t ' s  jus t  . 

+ remark t h a t  they.a.re roughly as large as  t he  n cross-sections a t  

the  same energies. 

3.3 'Phc Cirnple -MCiiilcd Regge Plcture . 
As we t r y  t o  analyze the data shown i n  %ems of t-  and u- 

channel exchanges, l e t  us r e c a l l  t h a t  i n  r e l a t i v i s t i c  sca t te r ing  

theory, crossing symmetry l inks  up asymptotic high-energy behavior 

i n  the reaction a b  + c d with low-energy poles in  the  t-channel 

a c.+ b d and in '  the  u-channel a d + b c. I n  other words, the 

s -cha.nnel photoproduct ion amplitudes a t  high energies w i l l  be 

governed by. low-energy s ingular i t i es  with the  quantum numbers of the .  

t and u channels. 

It i s  well-known tha t  'elementary pole diagrams do not yie ld  a 

successful 'picture; however, the concept of Regge t r a j ec to ry  

exchanges accociatcd wit11 the quarlLwl r~um'ers o r  the corresponding 

channel has had cons iderable a.ppea.1. 

In  the simplest case, we have only one t r a j ec to ry  dominating 

the' forward o r  backward behavior, e .g., i n  the parade case 

- 0 
rr p + . ~ r  n, the  p exchange diagram, where %.now have the e n t i r e  p 

t r a j ec to ry  (with angular momentum a ( t  ) i;. 0.6 + t) exchanged, and 
P 

nothing e l se  i s  expected t o  contribute. Normally, there  w i l l  be 

a sp in- f l ip  and a non-flip par t  of the amplitude, and we can write 



The B's are  associated with the residues of the poles which'move v i th  

energy i n  the complex angular momentum plane. Then It becomes clear 

t h a t  fo r  t = -0.6, a (t = -0.6) = 0, the spin-flip amplitude must 
P 

have a zero (called a "nonsense zero", since it does not make physical 

sense .that the a = 0 pole i n  the t cha.nnel could carry across a.ny 

spin uni t .  ) We expect then, a.nd see, a pronounced dip i n  the cross- 

do section - ( t )  (fl- p -) fiOn) a t  t = 0.6, and we say the dip i s  due t o  
d t  

a. nons&se zero i n  the spin-f l ip  part  of the p tra. jectory amplitude. 

Such d.5.p~ have been observed in  many cases, and w e  will  look out for  

them i n  the ph.ot,oproduction cross-sections - keeping i n  mind tha t  they 

refer  t o  the dominance of one ' t ra jectory (or a t  worst, a few) i n  the 

amp.l.it,~ldes. L e t  us look a t  the data presented, and see Fjhether they 

exhibit  chara.cteristics which can be explained i n  these simple terms. 

0 a )  yp -) pn Forward 

The quantum numbers of the t channel with C = -1 suggest the w 

a.s the  leading t rajectory.  (We know tha t  p + fiy a.nd a) -,fly are small 

when compared with w + ny ) .' The simple Regge pole model, with the 

exchange of the  leading t ra jec tory  only, would then predict  a zero 

2 
cross-section a t  t -- 0.5 ( G ~ v / c )  . The lower-energy data show a d i p  

i n  t h i s  region, 'but not a zero. To remedy the s i tuat ion,  an additional 

exchange of the J = 1' B meson was suggested (72,73) t o  fill i n  the 

dip,' and' Fig. 3.1-1 shows the f a i r l y  credible f i t s .  



Some doubts remain, since the decay B + 'I;? has never been seen. 

Above all, the  leading t r a j ec to ry  ( the w)  i s  expected t o  dominate 

the  s i tua t ion  more and more with increa.sing s according t o  eq. (3.3-1). 
. 

So, i f  the B meson t r a j ec to ry  has a slope equal t o  the  p 's ,  the  dip 

should become more pronounced a t  higher.energies.  The recent data 
. ,  . 

a t  ll and 16 GeV suggest the  opposite ( ~ i g .  3.1-3). 

One experimental remedy which can be invoked t o  study t h i s  aspect 

i s  the  i n i t i a t i o n  of t h i s  process by polarized photons; (74) exchange 

J of a natural  pa r i t y  object (P = (-1) ) w i l l  be observed i n  the  pro- 

duction plane only i f  the  photons have a polarization component i n  

the  plane. Unnatural pa r i t y  exchange (P = (-1) ' I), l i k e  the 1' 

B meson) should be separated out by u~eas,ur.Tng the cross-section i n  

the dip portion, t x -0.5, with incident photons. polarized perpen- 

dicular ly  t o  the  production plane. Very preliminary r e su l t s  of an 

+ experiment t o  separate 1- from 1 exchange i n  t h i s  manner (75) 

(using a crystal-bremsstrahlung beam fo r  plane polar izat ion)  indicate 

t h a t  indeed the B (1') contribution is  not what governs behavior in  - 
the  dip posit ion.  For a thorough investigation,  we await f i n a l  

r e su l t s  f o r  t h i s  and other s imilar  proposed investigations.  

0 Another way t o  explain the peculiar behavior of the  fi cross- 

section as a function of energy and momentum t ransfer  has been 

suggested by Ross(76). He proposes t h a t  not only the  w t r a j ec to ry  

exchange determines the cross-section, but  t h a t  a f ina l - s t a t e  

resca t te r  modifies the  picture  such t h a t  the  amplitudes due t o  



i n t e r f e re  i n  such a. manner t h a t  they produce dips - which may then 

move and ch3nge shape with energy. Similar calculations have been 

0 successful  i n  explaining the  nucleon polar izat ion i n  rc-p -;, rr ,n ) 

which was pe r s i s t en t ly  observed experimentally, and due t o  the  p 's  

being the  only exchanged t rag e ctory i n  the  react  ion, w a s  110-l; expected 

t o  occur; t h i s  has been, fo r  some time, a par t icu la r ly  embarrassing 

d e t a i l  f o r  straight-laced ~ e ~ ~ e i s t s .  

One .can tackle  the  problem s imi la r ly  with the expedient of 
' 

introducing Regge cuts i n  addit ion t o  poles ( t h i s  is, i n  a way., . w h a t  . ,  

we did i n  the case of the  ?boSe resca t te r ) ,  o r  by involving fixed 

poles i n  the J plane. We regret  t h a t  the  frame of these lec tures  

does not allow us t o  spend more time. Rather, we w i l l  eagerly wait 

f o r  more experimental input -- especial ly  from polarized, y beams. 

The overa l l  experimental pic ture  i n  rrO photoproduction i s  

summarized i n  Fig. 3.3-1, where the  features a r e  shown on a d is tor ted  . . 
. . 

scale;  a very narrow, peak' i n  the  angular d i s t r ibu t ion  due t o  the 

"Primalrof f graph", 

?f+v""u./o----- TT 
1 

a forward dip, a peak,and secondary .dip due t o  the  t-channel w pole 

and i ts  -"nonsense zero", and f i n a l l y  a not very s teep backward peak 



(From R e f .  No. 12) 



due t o  u-channel poles. Fig. 3.3-2 compares the data, on a 

logarithmic scale, with the simple Regge f i t  (which does not include 

the sharp forward peak due t o  the Primakoff graph). 'The parameters 

adopted for  the  w and ~ . t r a . j e c t o r i e s  were 

+ 
b ) '  yp + n n forward 

+ There are  two features character is t ic  of the  n forward data; 

the sh& peealr a t  1 t 1 < 0.02 ( ~ e ~ / c )  ', and the exponential fa.ll-off 

with eBt a t  larger  1 %  1 values ( ~ i g .  3.1-5). I f  ie parametrize the 

l a t t e r  feature in  terms oP eq. (3.3-l) ,  
. . 

we f ind a t ra jec tory  fo r  the 1eading.exchange which i s  essent ia l ly  

f l a t  with momentum t ransfer .  Fig. 3.3-3 3how that thc cneuing 

values of a(t)  are  almost compatible with a fixed pole a t  a =. 0, 

very different  from the t ra jec tory  naPvely expected 'from the lowest - 
mass t-channel pole 

Even i f  a ( t )  i s  presumed t o  be due t o  collusion of several t ra jec tor ies ,  

it remains hard t o  explain, since, while the uni t  slope fi t ra jec tory  

2 . . 
passes  through'^ = 0 a t  t = 0.02 ( G ~ v / c )  , dl other candidates 

Y I  ' 



0 Fig. 3.3-2 Forwa.rd s( photoproduction: f i t  t o  data (on exponential sca le )  using Reggeized 
w and B exchange. (From Ref. No. 62) 
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2 ( l ike  the vector mesons) cross through zero a t  - -0.5 (G~v/c )  ; 

however, the data indicate tha t  a(t)  remains close t o  zero, out t o  

much larger  t values. 

We simply note a fa i lure  of the simple Regge picture here, and 

we delay the discussion of the sharp forward peak t o  section 3.5; it 

cannot be understood in  terms of single-trajectory exchange alone. 

c) yp -K+A Forward 

Recall t ha t  (cf .  Fig. 3.1-6) the K+ photoproduction data looked 

+ very.similar t o  the fi resul ts ,  as long as we do not look a t  t < 0.C2, 

where the spectacular difference comes in  between forward peak and dip. 

A t  1 t 1 > 0.5, the slope i s  similar t o  tha t  i n  the n+ case, and from 

do behavior we again deduce a f l a t  effect ive t ra jec tory  t h i s  - a e d t  

4(t) = 0, which we would naively want t o  associate with the cha.rged 

K pole 

Fig. 3.3-4 shows t h e  resul t ing trend fo r  aK(t), again compatible 

with a. fixed pole a t  J = 0, over the en t i r e  t-range covered. Again, 

no interpretat ion i n  simple Regge terms appears possible. 

d) yp -' pnO and yp ' nfi' Backward. 

L e t  us look a.1; .Lhe backward cross-sections i n  an equally simple- du 

minded way, t r y i i g  t o  exp la in the  data i n  terms of the  exchange of the 

leading (lowest-mass) poles. We notice tha t  i n  e la , s t ic  rp scattering, 
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t h i s  approach appears success f i l .  Fig. 3.3-5 (77) i ~ l u s t r a t e s  our 

+ + point :  For t h e  case n p + p n  

t h e  t channel quantum numbers determine t h e  neutron pole a s  t h e  lowest- 

mass exchange; t h e  nucleon t r a j e c t o r y ,  however, has a "nonsense zero" 

2 
a t  %(u) = 112, corresponding t o  -u = 0.15 ( G ~ v / c )  . There i s  a 

d i s t i n c t  d i p  v i s i b l e .  I n  t h e  case of n-p ba.ckward sca t t e r ing ,  

- 
P - 'IT 

t h e  I sp in  quantum number of t h e  t channel does not al low f o r  nucleon 

exchange, b u t  t h e  A t r a j e c t o r y  i s  expected t o  dominate. This is  borne 

out  b y  t h e  data  (a l so  i n  Fig. 3.3-5): The A t r a j e c t o r y  has no nonsense 

zero i n  t h e  physical  region u<O, a t  U values covered here; it may o r  

may not f i n a l l y  reach t h e  nonsease point  a t  a = - 312, b u t  no d i p  i s  
A 

v i s i b l e  . 
I n  t h e  photoproduction of  no and n.' i n  t h e  backward di rec t ion,  

we w u l d  expect t h e  diagram 

r\l i i- 

t o  be dominated by  t h e  nucleon pole i n  t h e  u channel. However, t h e  

data  ( ~ i g . s 3 . 2 - 2  and 3.2-3) make .it q u i t e  c l e a r  t h a t  t h e r e  is  no 

indicat ion of a d i p  a t  -u e 0.2. 



Fig. 3.3-5 Backward d i f  f z r en t i a l  cross -sec-,ions fo r  e l a s t i c  sca.ttering, 
+ rr- p + P p .  (FYom Ref. No. 77) 



E. A. Paschos (78) a t  SLAC has recen t ly  given a ca re fu l  evaluation 

of the  backward cross-section fo r  both srp e l a s t i c  sca t te r ing  and t h e  

photoproduction processes. Keeping t rack  ca re fu l ly  of a l l  t he  kine- 

matical  s i ngu l a r i t i e s  involved, he f i t s  the  e l a s t i c  s ca t t e r i ng  data 

with t he  nucleon ("N,") and A t r a j ec to r i e s ,  respectively.  Then, 

noting t h a t  t he  non-dip a t  the  nucleon nonsense zero i n  photoproduction 

ma.kes an in terference e f f e c t  l ike ly ,  he excludes dominance of nucleon 

t r a j ec to ry  exchange. Similarly, however, A t r a j e c t o r y  exchange i s  

not t he  only process occurring. For pure A exchange, wh'ich has t o  be 

isovector, isospin invariance prescribes 

[c), 2 / % )  .n + if A exchange. 

However, the  data  make t he  two cross-sections of eq. (3.3-3) look 

about equal. Therefore, in terference e f f e c t s  between t he  N and t he  
a! 

A t r a j e c t o r i e s  a r e  l i k e l y  t o  account f o r  t h e  observed s t ruc ture .  

It ma.y not appear too surpr is ing t h a t  t h e  coupling of t he  A t o  

N is not suppressed with respect  t o  the  coupling of t h e  N t r a jec tory :  
Y - a! 

remember t ha t ,  f o r  the  par t i cu la rcase  of no backward production 

( ~ i g .  3.2-l) ,  t he  A. s t a t e s  show up very strongly.  Similarly,  ' i n  the  

framework of t he  p dominance pic ture ,  we r e c a l l  t h a t  t h e  A's (I = 312) 

a re  favored i n  t h e  coupling t o  t he  pN oystem (c f .  sec t ion  2.1).  

3.4 TheNot-so-simple KeggePicture:  Cuts, F ixedpoles ,  Conspiracy. ' 

, I n  the  above treatment, we have looked at  t h e  avai lable  n and K 

photoproduction data with t he  spec i f i c  question i n  our minds: ' Can they  



be reasonably described i n  terms of the  exchange of one o r  a few 

leading t r a j ec to r i e s ,  associated with the lowest -mass pa r t i c l e s  whose 

quantum numbers can be exchanged i n  the  corresponding channel? The 

answer appears t o  be: i n  the  forward direction,  cer ta in ly  not. 

Neither the sharp peak in  n+ production (and the corresponding dip 

f o r  

t he  

K'), nor t he  constancy ofYan( t )"  with t fo r  la rger  1 t 1 values, nor 

0 genemlbehavior  of n photoproduction a re  explained i n  such 

simple terms. 

We cannot, i n  the  context of these lectures ,  give an account of 

t he  t heo re t i ca l  framework of the  concepts which may be called t o  the  

rescue when the  simple picture f a i l s .  We'll jus t  mention the  main 

ideas, without even there  attempting t o  be complete. 

For one thing, it has consistently been pointed out t h a t  the 

s ingular i ty  s t ruc ture  of the  s tattering amplitude i n  the  complex 

angular momentum plane wi l l  normally comprise cuts as . w e l l  as poles, 

i n  full analogy t o  normal polology i n  the  complex inomentun plane. 

It would b e . a  much-hoped-for accident, i f  we had only poles, and not 

cuts,  moving i n  the  complex-1 plane. 

It is  obvious t h a t  t he  presence of cuts would cloud the peak- 

and- d ip  s t ruc ture  na'ively expected, and often found, due t o  domin- 

ant  poies. Physical concepts leading Lo such mathematical cuts can 

be formulated i n  a number of d i f fe ren t  ways, one of which i s  the  

idea of Ross e t  a l .  (76) t o  postulate resca t te rs  i n  the  ingoing and 

outgoing channels, i n  addit ion t o  the  domina.nt exchange. Absorption 

corrections t o  s ingle  exchanges can lead t o  a s imilar  picture.  



. . 

  not her way i n  which cuts can be introduced, but which need not 

lead t o  cuts, i s  through fixed poles i n  the  plane ( i .e . ,  poles which 

do not move as  a f'unction of t ) .  We mentioned the  simple Regge 

+ analysis of n forward production a t  moderate t values, which l ed  t o  

a picture consistent with the presence of a fixed pole a t  J = 0. 

There i s  wide-spread controversy over whether such fixed poles 

e x i s t  i n  photoproduction (79,80,81) . I n  general, reactions involving 

spin have possible fixed poles a t  integer posit ions of R, .e i ther  

posit ive or  negative, k? < J1 + J2 - 1 or  < J3 + J4 - 1, whichever 
P - - 

is This implies t ha t ,  i n  spinless processes, fixed poles 

a re  located a t  negative integer values, so t h e i r  'influence i s  

expected t o  be masked by the (higher-lying) t r a j ec to r i e s  of  inoving 

poles. L. Jones , (83) has pointed out t h a t  a fixed pole a t  J = 0 w i l l  

a )  contribute t o  the "negative signature" amplitude, from 

which we obtain the above -mentioned nonsense zeroes, 

such t h a t  there  i s  a constant term as a + 0, f i l l i n g  i n  

the dip; it w i l l  not a f f ec t  the  high-energy behavior; 

'b) w i l l  not a f f ec t  the general s t ruc ture  of the  "posit ive 

signature" amplitude i n  the  v i c in i ty  of i t s  nonsense 

1 
point a = 0, but ra ther  add a. term a - t o  the  

S 

asymptotic value. This w i l l  then dominate the  cross- 

section a t  a.< 0.  

A t  present, there  i s  no compelling evidence which points t o  

the  presence of t h i s  par t icu la r  mechanism i n  photoproduction. 

One concept which has recent ly  a t t r ac t ed  much a t ten t ion  is the 



"conspiracy" of various t r a j ec to r i e s  - i n  i t s  most general form the 

collusion of two o r  more t r a j ec to r i e s  t o  mask kinematical singular-  

i t i e s  normally occurring i n  scat ter ing amplitudes. A "conspiracy 

re la t ion"  i s  then a constraint  imposed on the four h e l i c i t y  amplitudes 

due t o  the  conspiring t r a j ec to r i e s  a t  one par t icu la r  kinematical 

point ,  such t h a t  the  overa l l  amplitude a t  t h a t  point i s  f r ee  from the  

s ingular i ty  normally occurring there .  

We w i l l  s pec i f i ca l ly  mention one case, i n  which the conspiracy 

mechanism has been used t o  explain the a'bsence of a d ip  i n  rc' photo- 

production a t  t = 0, i n  the  next section.  

3.5 , In te rpre ta t ion  of Forward Dips or  Peaks. Conspiracy o r  Not? 

Consider, t o  s t a r t  with, the simple one-particle exchange 

approach: the  only s-channel .hel ic i ty  amplitude which will contribute 

0 
t o  t he  0 cross-section w i l l  be (cf .  section 1.3)  the  so-called f l i p -  

f l i p  a.mplitude A 
P 

( o r  I1 i n  ow prcvioua no%a%ion). 
= 112, h = 112 2 

I n  t h i s  amplitude, angular momentum conservation is effected through 

simultaneous f l i p  of the  nucleon he l ic i ty ,  and a change of h e l i c i t y  

between the = 1 photon and the  n. If t h i s  double-flip i s  brought % 
abbut by the exchange of one par t ic le ,  i t s  contribution must be 

proportional t o  the  momentum t ransfer  t, because a l l  h e l i c i t y  f l i p  

couplings involve the  momentum of the  exchanged object  a t  l e a s t  

1 inear ly  . 
da In  other words, s ingle-par t ic le  exchanges lead t o  - a t fo r  
d t  

0 small t, and since t = 0 i s  very close t o  0 , do ( t  = 0)  = 0 means 



a dip i n  the  forward cross-section., 

+ Now r e c a l l  the  rr da.ta shown i n  Fig. 3.1-5; there  i s  a sharp 

forward peak ra ther  than a. dip. How can we explain t h i s ?  

Richter (84) pointed out t h a t  the  forward peak can be accounted 

f o r  i n  terms of the  Born terms alone. The diagrams (cf .  iection 1.2) 

if /L-L.V<- 
-t 

I---- TT 

I 
I 

P J  h 

contribute t o  the forward amplitude l i k e  

The f i r s t  term, the n pole i n  the  t channel, dips i n  the  forward 

direction,  as  we mentioned. The minimal gauge- invariant form, 

a - 9, s t i l l  dips a t  t +.0, but the  a term has a 0' contribution 
k.q k.p PV 

(only i n  the  low p a r t i a l  waves). Fig. 3.5-1 shows t h a t  i n  these 

terms alone, we can account fo r  the  forward behavior a t  a l l . energ ies ,  

2 
whereas a t  l a rge r  momentum t r a n ~ f e r o ,  1 t 1 > - mn , thc  convcntional 

Regge terms look more appropriate. One might object  t h a t  a t  high 

energies there  will c e r t a i n l y b e  some absorption of the  low p a r t i a l  

waves, which would eliminate the  peak due t o  the  a term. However, 
clv 

absorption would simultaneously a f f ec t  the  f i r s t  t& terms, and 

they would then no longer dip  around 00, so t h a t  the  overal l  picture 

remains consistent.  



Fig. 3.5-i F i t  t o  fmvard  peak i n  nt photoproduction, using Born terms (eq. 3.5-1) alone. 
2 

Agreement i s  seen t o  be good f o r  It 1 < m . ( ~ r m  Ref. No. 84) - n 



The forward peak ca.n a lso be explained i n  terms of conspiring . 

t r a j ec to r i e s .  Ba l l  e t  a.1. went through the de t a i l s  of n+ and K+ 

forward production.  o or the general formalism, we r e f e r  t o  the  

l i t e r a t u r e  c i ted i n  r e f .  85. ) 

I n  section 1.3, we wrote down the h e l i c i t y  amplitudes f o r  the  

s channel. Similarly, it i s  of ten convenient t o  define t-channel 

h e l i c i t y  amplitudes. We can write them i n  such a fashion t h a t  they 

a re  f ree  from kinematical s ingular i t i es ,  and f ind four independent 

parity-conserving amplitudes, corresponding t o  the exchange of natural  

a 
, (par i ty  = .(-I) ) or  unnatural (P "= (-1) ' + ') pa r i t y  exchanges. 

Specifically,  we can m i t e  

F contain natural  pa r i t y  exchanges (o+, 1- .. . . ) 
5 9  3 

F2 
contains unna.tura1 pa r i t y  exchange (0-) - - e. g . , n 

+ 
F4 

contains unnatural pa r i t y  exchange (1 . - g , A1 

I f  we r e l a t e  these amplitudes a t  the  singular points t = 0, 4mn 
2 

such t h a t  the  overal l  amplitud? is  regular ( t h i s  i s  the  meaning of the  

word conspiracy), we get re la t ions  among the various F ' s .  I n  particu- 

l a r ,  the = 0 condition links up F - and F 'Phia mcans we obtain a 2 3' 

condition between the n exchange and a normal pa r i t y  exchange. 

We can then postulate t h a t  i n  addit ion t o  the  n t ra jectory,  

whose presence i s  expected, we a l so  have a conspiring t r a j ec to ry  

+ of opposite par i ty ,  the  (in-)  famous n ( 0 ) t ra jectory,  making 
C 

up a par i ty .doublet .  The spec i f ic  conspiracy conditTon then r e l a t e s  

the residues ~ ( t )  and the a ( t )  values a t  t = 0 'according t o  

. . 



Wzth these conditions among the opposite-parity t r a j ec to r i e s ,  the  dip 

a t  small ( t  ( disappears, and we can ac tua l ly  ac,:ount fo r  a peak 
: i . . 

s t ruc ture .  However,:in order t o  have a somewhat palata:ble picture,  

we have t o  postulate a l so  t h a t  the  conspirator t r a j ec to ry  "choose 

nonzense" a.t a = 0; otherwise, we would have the embarr'assing pre- 
n C . . .  : .  . , 

dic t ion  of a 0' meson degenerate with, the  n, which has somehow, 
. , 

eluded our observation. 

After having given t h i s  example fo r  a conspiracy-type explanation 

of the  forward peak, we have t o  add t h a t  t h i s  approach does contain 

some uneasy features.  I n  par t icu la r ,  we have t o  make the residue 

function f3 ( t )  of the  n tra, jectory vary strongly with t i n  order t o  
n 

get  a consistent picture,  whereas we leave the  conspirator residue ,, 

constant. Also, for. a simultaneous explanation of the d ip  i n  forward - 
~+~roduc t ion , ,  t he  presence of a conspirator K w i l l  have t o  be 

. C \ 

suppressed i n  i t s  influence on the  0' amplitude. This may be explained 

by the  closeness i n  mass of K and K* (much closer  than TI and p ) ,  so 

that irector meson exchange may br ing about the  overa l l  9 i,n the  K+ 

cross -s'ection. 

h a t i  e t  a l .  (86) 'shunned these features and showed t h a t  a slowly 
. )  ' 

t-dependent background in te r fe r r ing  with the  n pole may a l so  'be 

used t o  explain the forward data. It may be interpreted as s t eming  

from a fixed pole, o r  from absorptive corrections t o  the  n pole. 



3.6 The n-/n+ Ratio 
I 

A very important addit ion t o  our understanding of t he  n photo- 

production process can be expected from t h e .  study o f ,  t he  r a t i o  R 

defined a.s 

R f ~d n- p (p) 

yd +n+  n (n)  

where t he  (P), (n) a re  supposed' t o  be "spectator" pa r t i c l e s ,  not 

d l r e c t l y  involved i n  t he  reactions. .we have'experimental r e su l t s  

from CEA (87) and DESY'~~) ,  and expect more from SLAC at higher energies. 

The analysis  of such data i s  meaningful only i f  we make sure  t h a t  

t he  specta tor  model i s  so l i d  i n  the  momentum t r ans f e r  range covered. 

The e a r l i e r  experiment(87) showed ( ~ i g .  3.6-1) a r a t i o  R which 

i s  s t rongly moment&-transfer dependent, and i s  considerably smaller 

2 
than un i t y  a t  t he  lowest t-value measured, -t = 0.4 (G~v /c )  . This 

value f o r   may be taken a s  an indicat ion f o r  considerable in terference 

between ( i n  terms of t he  vector dominance model) t h e  diagrams 

Although w and @ a re  more weakly coupled t o  the  photon ( c f .  sect ion 

2.5) than t h e  p, t h e  f a c t  t h a t  w'  and p i n t e r f e r e  with d i f f e r en t  signs 

+ 
i n  n and n- production may well account fo r  t h i s  r a t i o  (see eq. 2.6-4). 

The more recent Hamburg experiment(88) investigated t h e  r a t i o  R 

down t o  much smaller 1 t 1 values. Fig. (3.6-2) shows r e s u l t s  of n+ 

+ and n- cross-sections from deuterium, and n from hydrogen. It is  seen 



( a )  El = 3.41 k .06 GeV I ( b )  e,cm. = 450 I 
r - f r o m  Deuterium/r+fr~m Deuterium 

' .6 

. ' 

Ea = 3.1 ., 3.2 3.3 3.4 ' 3.5 3.6 GeV 
1 I I I 1 1 I I / I I I 1 I 

t = - A 0  -.80 -1.2 -1.6 -2.0 -2.4(GeV/c)2 t = -.72 -.76 -.80 -.84 (GeV/c)P 

' + Fig. 3.6-1 a,b: Ratios f o r  n production off hydrogen and deuterium, 
+ and fo r  n- and n production off deuterium, for  it 1 > 0.4 

2 
- + (Ge~/c)  ; c, d: d i f f e r e n t i a l  cross-sections fo r  n and n- 

( ~ r o m  Ref .  No. 87)  



+ Fig. 3.6-2 Di f fe ren t ia l  cross-sections f o r  n photoproduction o f f  
hydrogen and deuterium; and f o r  n- photoproductipn of f  
dentcrium . ( ~ r o m  Ref. No. 88) 



t h a t  a t  small t, the n+ ra tes  offhydrogen are  s igni f i&nt ly  larger  , 

than those off deuterium. This f ac t  immediately points up one 

necessary correction t o  the  spectator model; it i s  due t o  the Pauli 

pr inciple  which wil l -not  permit two f ina l -s ta te  neutrons i n  the same 

spin and energy s ta te .  A t  l a rger  It 1 values, t h i s  difference 

disappears. 

There are  more corrections we have t o  apply i f  we want t o  extract  

the  f ree  neutron (or f ree  proton) cross-sections from experiments ori 

deuterium. There are  "Glauber corrections" fo r  multiple nuclear 

processes, and the e f fec ts  of Fermi motion of the nucleons d t h i n  the 

deuterium nucleus. However, a l l  of these corrections a re  expected t o  

be closely similar f o r  both reactions occurring in  eq. 3.6-1, so tha t  

the  r a t i o  R i s  not affected. .If we want t o  find the free neutron 

a . ~  ail 
cross section - (yn -i pfi-) from - (yd + p p ~ - ) ,  we can take the d t  . d t  

+ corrections empirically from t'he corresponding fi cross-sections as 

shown i n  the two upper curves of Fig. 3.6-2. 

The r a t i o  H i s  plotted, i n  Fig. 3.6-3, for  0.005 < - (tl < 0.8 - 

(~ev /c )* .  While a t  -t = 0.4 the previous r a t i o  is  confirmed, the  r a t i o  

appears t o  be uni ty i n  the very forward direction. 

+ In  the s p i r i t  of the previous two sections, the fi-/n r a t i o  i n  

the  region of the forward peak may provide a crucial  t e s t  of some of 

the models proposed f o r  the  non-dip structure.  I n  terms of an exchange 

model, e i ther  elementary or  Regge-ized, R f 1 implies an interference 

between exchanged systems of different  G-parity. ~ ( t  = 0) = 1, as 

experimentally found, i s  therefore-compatible Fjith the assumption of 



Fig* 396-3 l"hnentum-transfer dependence of the  fi-/n+ r a t i o  R. ( ~ r o m  Ref. NO. 88) 



+ 
conspiring n and n (0  ) t r a j ec to r i e s ,  since they a re  of the  same C 

G-parity. It will be in te res t ing  t o  extend these measurements t o  

higher energies . 
For consistency, we show i n  Fig. 3.6-4 the.  s imi la rs ty  of the  

+ energy dependence of the '  d i f f e r e n t i a l  cross -section f o r  II and n- 

2 
production a t  ( t  = -0.1 (G~v/c,)  . However, we should point out t h a t  

t he  momentum t r ans fe r  dependence of the  dif Teren,l;ial cross -se ct ions' 

dd + do. - (yp +.nn ) and (yn + pnw) looks qui te  diss imilar ;  the  two low d t  

curves i n  Fig. 3.6-2 point up t h i s  difference f o r  n+ and n- production 

o f f  deuterium, as  re f lec ted  .in t he  t dependence of R. We can use 

o w .  a.rguments about the  s imi l a r i t y  of t he  necessary corrections t o  

find t h e  f ree  neutron cross -section through the  re la t ion  

do - .  do + - (p + p - c  ) = R ( ~ p  +nn ). d t  (3.6-2) 

+ Its t-dependence i s  obviously very d i f fe ren t  from the  n production 

process; the forward spike i s  not affected,  but  the  n- cross-section 

continues t o  f a l l  o f f  more rapidly ~ 5 t h  increas irlg I .L; I . We ca.n 

formulate t h i s  i n  terms of the amplitudes induced by isoscalar  arid 

isovector photons: t he  squared isovector and isoscalar  amplitudes 

lead  t o  the forward peaks, whereas t he  interference term 

(1 - R) do (yP ->nn+) 2 A A  = - 
s v 2 d t  

(3.6-4) 

i s  absent i n  the  forward direction,  since, f o r  very s m a l l  (t 1, R " 1. 



+ Big.  3.6-4 Repend.encr uf n- and n photoproduction 
2 - cross-section f o r  fixed ' It 1 = 0.1 . (G~v/c)  , 

. . on photon ,energy. (From Ref. No. 88) 



A successf'ul model f o r  single-charged-;? yhotoproduction w i l l  have 

. . 
t o  reproduce t h i s  behavior as well as  the  d i f f e r en t i a l  cross-section, 

plus any data on polar izat ion parameters t h a t  may show up. A t  the  

time of the  writing of these notes, f i r s t  r e su l t s  a re  being presented 
4 a. - I I  f o r  the  a.synrmetry parameter C = -,defined i n  sect ion 1.3, a t  
a,+ a 

I I 
'high energie's from a ;I' production experiment ~"ney strongly 

indicate dominance of the  exchange of a natural-par i ty  object  

+ 
(0+, 1-, . . .) ; s i n k  the  n-In r a t i o  data the  interference 

of .even and odd G-parity exchange at It( values not too close t o  zero, 

~ r p ' ~ l a n d  and Gordo X1O4) chose a model incorporating n and p exchange; 

a pP and a conspiring nP cut were addi t ional ly  needed f o r  a reasonable 

f i t  t o  the  data fo r  - C and R. 
d t  ' 

3.7 A Few Tests of SU('3') Symmetry. 

The high-energy behavior of amplitudes which a re  governed by 

exchange diagrams should provide good' t e s t s  fo r  symmetry schemes, 
5 

since we expect k i n e m a t i c a l c o r r e c t l ~ n ~ ~  become l e s s  important as  s 

a.nd t increase. 

We mentioned i n  Section 1 . 1 t h a t  the  conventional assignment of 

the  photon as the  U = 0 pa r t  of 'an oc t e t  i s  not e n t i r e l y  esta'blished. 

Y This assignment stems from the Gell-Mann Nishijima formula Q = + Is, 
I 

which i s  obeyed by a l l  known hadrons. 

There is  no reason why there  should not be  an addi t ional  

addi t ive  quantum number D which may not transform l i k e  a member of 

an oc te t  (remember t h a t  Y and I3 can be iden t i f ied  with two of the 



generators of the group SU(~)), so t h a t  

may conta.in a non-octet par t .  However, since f o r  a l l  observed hadrons 

D = 0, we w i l l  keep i n  mind t h a t  only the  oc t e t  par t  of Q w i l l  have 

non-vanishing matrix elements between known hadrons. Similarly, it 

i s  possible t h a t  , the  re la t ion  between charge Q and electromagnetic 

current j 

contains an oc te t  current j whose space in tegra l  i s  equal t o  the 
0 

charge, plus a conjectured additional' current which may transform 

l i k e  a member of & or  2 but whose space in tegra l  happens t o  vanish. 

Since the symmetry properties of the  photon a re  those of the  . 

electromagnetic current j we w i l l  have t o  iook fo r  possible non- 
em) 

oc te t  par t s  of the photon in  .order t o  es tab l i sh  the i n i t i a l  assign- 

ments. The d i f f i c u l t y  i n  toh i  s search i s  t h a t  m o ~ t  predictions.  made' 

on the grounds of the  U = 0, (2)assignment can be obtained from the 

U-scalar character of the  photon alone. However, &, 2 and 2 a l l  

contain a U spin s ing le t .  

Among the many S U ( ~ )  t e s t s  proposed, a few are  sens i t ive  t o  

the  oc te t  assignment. This holds par t icu la r ly  fo r  the  vector domin- 

+ - ance graph fo r  the  process VO + e e 



. vC $ . / g . .  

yV -"-*\ a -  

t o  lowest order i n  a. I f  we assume pure oc te t  character f o r  the  

photon, then we obtain ( c f .  sect ion 2.5), with t he  usual @ - w 

mixing, 

2 .  2 2 
Y~ 

. y,: y@ = 9: 1: 2 (3.7-3) 

and', by  vir tue of eq. 2.5-4 and re f .  50, 

+ r ( p  -, e e-.): r(w -+ e+e-): I?(@ -, e+e-)= 9: 0.65: 1.30 

. . 
(3.7-4) 

where the  neglected small terms i n  (2.5-4) may account f o r  some d is -  

crepancy. The numerical check i s ,  according t o  Table I, 

r = 6.4 keV, = 0.5 .Lo 1.1 keV, rQ = 1 .2  keV. This check i s  
P W 

not quant i ta t ive ly  t i g h t  enough t o  exclude some non-octet. admixture 

f o r  the  photon, but  t he  picture  cer ta in ly  looks consistent f o r  the 

oc t e t  assignment. 

Harari has l i s t e d  a large number of S U ( ~ )  t e s t s  i n  photo- 

production, involving the U-scalari ty of the  photon. Predictions 

a r e  usual ly  f o r  amplitudes, and high-energy experiments mostly 

yield  cross-sections only. I n  the  absence of phase information, we 

can then t e s t  inequal i t ies  ra ther  than equa l i t i es .  Assuming unbroken 

S U ( ~ )  symmetry, we can obtain two such inequal i t ies  f o r  the  photo- 

production of pseudos ca la r  mesons off  protons, a (PS,B) : 



We can write eq. 3.7-4 i n  terms of the t r iangle  inequality given i n  

Fig. 3.7-1 where @ i s  the unknown phase angle between the KA and KC 

amplitudes. Then S U ( ~ )  demands 1 cos 9 ) <  1. Fig. 3.7-2 shows a - 
check of the inequality 3.7-4 by Elings e t  al. ('l), performed at 

energies 3.4 < - k 4 4 GeV. Obviously o(n+n) i s  w6ll contained within 
, s 

the allowed band. 

More recently, the high-energy SLAC data (84) on forward K + 

production have permitted a check on the same relations.  Fig. 3.7-3 

gives the resu l t s  a t  energies 5 < k < 16 GeV, and a t  momentum trans-  - - 
f e r s  1 t 1 up t o  - 1.3 ( ~ e ~ / c ) ~ .  Again, there  i s  good agreement a t  

2 I t 1 values larger  than 0 .l (G~v/c)  . A t  smaller 1 t 1 , there appears 

t o  be a strong violation of the condition Icos 01 < - 1. Although no 

precise account f o r  t h i s  discrepancy can be given, the unequal masses 

involved i n  the processes wi l l  no doubt manifest themselves more 

strongly a t  small It 1 than a t  larger  It 1 values. 

The relat ion 3.7-5 cannot a t  present be checked since there are  

0 + no good data available fo r  yp +K C . Predictions involving reactions 

with more than two par t ic les  i n  the f i n a l  s t a t e  a re  not well-enough 

studied experimentally t o  provide s t r ingent  t e s t s .  

3.8 High-Energy q Photoproduction. 

I n  section 1.5, we mentioned the usef'ulness of 7 production i n  

the  isobar region as a probe for  the  I = 112 channel. I n  the 

franiework of higher energy production t-channel exchange processes of 



Fig. 3.7-1 S U ( ~ )  r e l a t i on  between photoproduction processes (n'n) , (K~CO) 
and K+A'. ( ~ r o m  Ref. No. 91) 

% CENTER OF MASS DIFFERENTIAL CROSS SECTION I 
'h 

Upper Limit 

Lower Limit . 
from SU ( 3) I 

+ 
Fig. 3.7-2 Comparison of the  experimental values fo r  .yp + x  n 

with the  S U ( ~ )  l imi t s  imposed by the  inequal i ty  
3.7-4 and Fig. 3.7-1. (From Ref. No. 91) 



Fig. 3.7-3 ~ ~ ( 3 1 ,  check according t o  eq. 5.7-4, as a. R ~ n c t ~ i o n  nf 

momentum t r ans fe r  1 t 1 . The S U ( ~ )  condition / cos@ 1 <I 
i s  viola ted at  small ( t ( . ( ~ r o m  R e f ,  No. 84) 
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t he  type G 

a r e  expected t o  play a dominant ro le  i n  analogy t o  t he  n production 

processes. If we invoke the  vector dominance model, we have two 

strong ver t ices  t o  deal  with, and can make sta%emey?ts stemmig~ f r ~ m  

i ~ o c p i n  and SU(~) invariance. 

On such grounds, Dar and Weisskopf ('*I made predictions f o r  the  

do t dependence of the  d i f f e r e n t i a l  cross-section - (yp -' PI]) a t  a t  
higher energies. Note t h a t ,  i n  t h i s  case, the  prediction came before 

the  experiment: 

One can sa fe ly  assume (92) t ha t ,  i n  the  above diagram, p exchange 

dominates the amplitude. Connecting the  respective coupling constants 

through SU(~) r e l a t i ons  and isospin invariance, one can l i n k  up the  

+ 
p exchange amplitudes i n  yp -+pq and yp + n n. The vector dominance 

model then r e l a t e s  t he  p exchange amplitude f o r  yp -+ ncn t o  the  p 

+ exchange amplitude f o r  wp + n n. Note t h a t  f o r  reasons of G-parity 

conservation,. we can have only t h e  w as  the  intennediate vector 

meson i n  the  graph 

L J  - n +  



Finally, we invoke time -reversal  invariance, and projecting ' out 

the  transversely polarized w's pnly, we.arrive a t  the  re la t ion  

where the numerical fa.ctor i s  due t o  the  S U ( ~ )  coupling ra t ios ,  and 

t o  the  assumption of an unpolarized photon beam; yg denotes ' the  

strength f o r  the  d i rec t  coupling y-w,  as  introduced , , in sect ion 2.5. 

+ 
Since, by isospin.  invari'a.nce, we can replace n n +up by 

n-p + wn, we can draw on the data f o r  both.  these reactions t o  predict  

the  yp + pq cross-section a t  given .energies. This . i s  'done i n  

Fig. 3.8-1, which gives the  quant i ty  s - :i vs. the. momentum t r ans fe r  

t, f o r  incident energies - 3 and 10 GeV. 

Note tha t  t h i s  prediction does not show e i t h e r  a forward dip o r  

2 
a secondary dip around -t = 0.5 (Gev/c) . Bqth these features are  

0 
present i n  n production ( a t  l e a s t  a t  intermediate energies), and 

would be expected here i f  we assumed simple p t r a j ec to ry  exchange 

(cf .  section 3.3). 

F i r s t  data were recent ly  taken a t  CEA (93) a t  k = 4Gev and a t  

SLAC (40) a t  k = 6 GeV. The 6 GeV data are  shown i n  Fig. 3.8-2. The 

general trend appears t o  bear out the  prediction; the  dip s t ruc ture  

observed i n  production is  not seen here. The measurements were 

2 taken at 1 t 1 > 0.2 (Ge~/c)  , so t h a t  no statement can be made about 

a forward dip. Quantitat ively,  there  is  agreement within a f ac to r  

of 2. This ought ' t o  be regarded as  reasonable agreement, considering 

.the apprsximtians  made aiid the error baiSs: Ori Llle truss -see Llurls . 



Fig. 3.8-1 Pred.iction f o r  high-energy 7 photoproduction cross-section 
according t o  eq. 3.8-1, using the vector dominance model 

, and 3CN -) wN data. ( ~ r o m  Ref. No. 92) 



Fig. 3.8-2 D i f f e r e n t i a l  c ross-sect iop f o r  high-energy q photoproduction. 
Dashed curve: genera l  behavior of x0 photoproduction cross-  
sec t ion  i n  comparable region. (From Ref. No. 40) 



The preliminary CEA data do go t o  'smaller t, and may contain indica- 

2 t ions  f o r  a d ip  at It ( < 0.5 (G~v/c )  . A t  larger  values, they also 

agree qual i ta t ive ly  with the  p r & d i c t i ~ n s ( ~ ~ ) .  Clearly, we w i l l  have 

. t o  wait for  more data before we can do a detailed analysis. 

3.9 Concluding Remarks 

I n  the preceding argumentation, we are l e f t  with a s l igh t ly  

uneasy feeling. We s t a r t  with a simple p exchange picture which 

wodd make us expect a dip-and-peak angular s t ructure somewhat l i k e  

i n  the  no case, Fig. 3.3-1. Invoking several reasonably w e l l  estab- 

l ished invariance principles and models, we wind up with a predicted 

cross-section quite unlike the typica l  one-trajectory exchange 

picture of our "input". Maybe t h i s  points up a s i tua t ion  typica l  

f o r  the "s ta te  of the  a r t" .  The theory i s  a curious blend of 

pragmatism, based on suggestive principles plus ad-hoc assumptions 

which may or may not appear compelling; they may carry l i t t l e  

immediate in tu i t ive  appeal, and lack the so l id  bas is  t o  s a t i s f y  the 

more rigorous theor is t .  

Experiment i s  found, within reasonable error,  t o  bear out 

some of the features we s e t  out t o  describe - but the limited range - 
. . 

of parameters measured,and the need fo r  more -precise data leave --- - 
agreement i n  a doubtful s t a t e .  

On t h i s  open-ended note we will conclude these lectures.  They 

may, altogether, indicate tha t  photon-induced hadronic reactions 

a re  par t icu lar ly  suited t o  study d is t inc t ive  features of the strong 

interactions ; t h a t  photon experimentation, which carr ies  i t s  own 



. . 

d i f f i cu l t i e s ,  has come a long way i n  recent years;. t h a t  theore t ica l  

understanding i s  i n  no b e t t e r  and no.worse. shape here than i n  the  

general f i e l d  of hadron-induced ha.dronic interact ions;  and t h a t  

physicists  i n  t h i s  f i e l d  w i l l  not be on the  unemployed r o l l  f o r  some 

' time t o  come. 

A f i n a l  remark appears i n  order on what important experimental 
' 

dcvcloyuelll call be anticLpated i n  the  f i e l d  of photon-hadron physics 

i n  the  near f'uture. . I n  the  course -of these lectures ,  have 

s t ressed time and again t h a t  the .  need . for  the  f ixing of photon 

momentum and polar izat ion parameters, and the  need t o  , dheck t r u l y  

asympl;o-tic behavior, .leave present in te rpre ta t ion  of the  data open t o  

doubt . 
The production of polarized photon beams i s  jus t  now becoming 

p rac t i ca l ly  feasible ,  along several  l ines .  A t  DESY and CEA, coherent 

bremsstrahlung production off.  c rys ta l s  (95) i s  yielding photon beams 

of good in t ens i ty  (5 1011 equivalent quanta/min) with a high degree 

of plane polar izat ion (< 8%), a t  energies up t o  about one-half of t he  
N 

f i n a l  machine energy ( j.. e. 5 3.6 Ge'V a t  DESY) . . The cross -sections 

f o r  two-body reactions can be broken.up into  par t s  with only na tura l  

o r  unnatural p a r i t y  exchanges(g5), so t h a t  these beams w i l l  help 

grea t ly  i n  the  understanding of exchange processes. -One simply has t o  

study the  d i s t r ibu t ion  

2 2 
?= A + B cos + C s i n  a 

where Q i s  the  angle between the  photon polarization.and the react ion 



plane, and the successive terms on the RHS indicate the contributions 

+ from unpolarized photons, from natural  (0 , 1-, . . . . ) , and from 

unnatural (0-, 1+, . . . ) par i ty  exchanges. I n  the concluding remarks 

of sect,i.on 3.6, we saw t h a t  f i r s t  resu l t s  from such da.ta i n  rc+ 

photoproduction put an important constraint on the models used t o  

descri%c thc prooess . 
Monochromatic beams from pos itrcln anni  h i  l a t i  nn.'") and from 

backscattered l a se r  photons (97' are i n  i n i t i a l  use a t  SLAC with 

in t ens i t i e s  useful  f o r  bubble chamber experimentation. ' The l a se r  

photons can carry c i rcu lar  as  well as plane polarization, and the. 

a t t r ac t ive  feature of this scheme i s  t h a t  180° sca t te rs  preserve t h i s  

po1ariza.b ion ful ly .  

Lastly, it should be mentioned tha t  even i n  the absence of 

plans t o  bui ld higher-energy electron machines, photon experimentation 

a t  energies more closely sat isfying asymptotllc conditluns: w i l l  

become one of the standard t'eatures at the  2OU-5UU GeV pYoton 
* 

accelerators now being projected a t  Weston and Saint-Tropez . 
Fig.s 3.9-1 and - 3.9-2 give rough estimates (") of the photon yield 

per interact ing proton, per BeV energy interval,  from pp col l is ions 

at 200 BeV. In tens i t ies  are lower but  s t i l l  respectable even f o r  

purif ied beams (98), and together with the good duty-cycle character- 

i s t i c s  of the proton machines,and large-solid-angle detection devices, 

make 11s I..ook forward ' t o  the  solution of some presently una.nswerable 

questions. 

* The er ror  bars  on t h i s  last statement presently reach from the 

Escorial t o  somewhere in  Northern Sweden. 



8 (mrad)  
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Fig. 3.9-1 Angular dependence of photon yield  per un i t  energy in te rva l ,  , , , '  

per 200 GeV pru,tun interact ing with a proton t a r g e t  a t  ' res t .  
(horn Ref. No. 98) 



1 

Fig. 3.9-2 Estimate of photon yield per un i t  energy, per interactirrg 
200 GeV proton, as a flmction of photon energy, fo r  
various angles. ( ~ r o m  Ref. No. 98) 
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