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EXPERIMENTAL TESTS OF THE VECTOR DOMINANCE MODEL IN PSEUDOSCALAR 

MESON PHOTOPRODUCTION 

A .  DAR 

Introduction : The purpose of this talk is t o  reexamine the experimental tests 

of the Vector Meson Dominance (VMD) model in photoproduction of pseudoscalar 

1 
mesons This type of reaction has been selected since it enables clean tests 

of the VMD model it self �ather than tests of the VMD model combined with additional 

model dependent assumptions . Special attention will be paid t o  the ambiguities 

associated with the model . The so-called "failures" of the model will be dis-

cussed . It will be shown that they may be due t o  one , or more , of the following 

reasons : 

(i) The application of the model in a kinematical region where it 

cannot be expected t o  be valid . 

(ii ) The use of unreliable experimental data on strong production in 

experiment al tests of the model . 

(iii ) The introduction of additional model de:pendent assumptions , which then 

prevent a clean t est of the VMD model itself. 

Impressive evidence for the validity of the model will be presented . New 

possible test s of the model will be proposed . In particular clean test s of the 

model which should int ereet experimentalist s wil1 be discussed . 

The VMD Model and its Ambiguities : As you may know� the VMD hypothesis for the 

2 
hadron electromagnetic current leads t o  relations between any photoproduction 

amplitude on a target T and a linear combination of the amplitudes for the 

correspondin�: strong production by transversely polarized vector mesons V
tr 
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This relation can be obtained , for instance ,  from the current field identity3 

eJ • g m 2p + g m 2w + g rn 2 � µ PY P µ wy w µ cf>y cf> 
� µ  (2) 

using4 standard methods of field theory. More precisely,  eq. ( 1) is actually 

derived from eq . ( 2) for massless vector mesons , and the main assumption of the VMD 

model is that the amplitudes on the ans of eq . ( 1) do not change markedly when we 

extraoolate from zero mass to the J;hvsical mass of the vector mesons . The symbols 

in eq . ( 1) and (2) have the follm-Ting meaning: gvy are the direct vector meson-photon 

coupling constants (they are assumed not to  show any strong dependence on the mass 

of the photon) . They can be detennined from the electromagnetic decay rates of the 

mesons . Indeed their values do not show any si�nificant dependence on the mass of 

the photon, as it is indicated in Table I .  Jµ is the hadron electranagnetic curreot 

w 
µ 

and cf> are the renormalized fiei.U.s for w p 
µ 

and cf> ; m p m w and 

m
cf> 

are their masses , respectively. 

There are two fundamental difficulties associated with expression ( 1 ) :  

(a) The conceut c·f transverse polarization for massive vector mesons is not 

Lorentz invariant , and formula (1 ) is highly non-unique as lone as no frame 

of reference is specified with respect to  which transveTsely polarized 

vector mesons are to be used. on the RHS of (1) .  

(b) The physical regions in s,  t and u for the strong production and the 

photoproduction process in formula (1) do not overlap (s+t+u =Lm. 2 � ) 
i l. 

We therefore cannot expect eq . (l) to  be valicl eyerywhere . A question then 

arises for what values of s and t ,  or s and u, etc . ,  should eq (1) be 

valid? 
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Obviously these two problems cannot be solved on purely kinematical grounds . 

However, using quite a general class of realistic models it can be shown that : 

(i) T!;e VMD model for photoproduction should be postulated in the a-channel 

helic:i ty frame 5 ' 6 

(ii) The V'MD relations for photoproduction should be valid only for high 

enough s values so that the difference between the minimum momentum 

transfers in the photoproduction and in the analogous strong production 

is small compared with m m , where m is the mass of the lightest 1f e e 

particle that can be exchanged in these reactions
6

: 

At . • t . (y) - t . N )  « m m min min min w e 

y and v stand for the photoproduction reaction and for the analogous 

vector meson initiated reaction, respectively. 

Rather than to justify these two statements at this point· let me first 

review the VlMD .relations for pseudoscalar meson photoproduction and later in 

the Appendix come back to  the justification of statements (i) and (ii) . 

Review of VMlD Relations for Pseudoscalar Meson Photoproduction�. We look for 

experimental tests of eq . (1) .  Obviously due to  the short life times of the p ,  

w and + no such beams are available ,  and eq . ( 1) cannot be directly tested un-

less additional assumptions are introduced ! The ,simplest assumption is the time 

reversal invariance. Because of it the process on the HHS on eq . (1) can be 

reversed so that any photoproduction amplitude is expressed as a linear com-

binationi of the corresponding three amplitudes fo:r p , w and 4' production. 
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However, experimental measurements usually give only cross sections and not the 

relative phases of the amplitudes . Consequently a critical check of (1 ) is not 

possible if the interference terms arising from squaring the RHS of (1) are 

present unless some reliable assumptions about the phases are possible . 

0 Relation I ;  11' Photoproduction From Isoscalar Targets. In some cases isospin 

conservation can be used to  eliminate the contribution from the isoscalar component 

of the photon and from the isoscalar vector mesons to the LHS and RHS of eq . (1 ) , 
respectively. One case of this kind is pion photoproduction on an isoscalar target 

(D, He4 , c12 , • • •  ) where the contribution of the isoscalar component of the photon 

vanishes by. isospin conservation. For this case we obtain7 

' (4) 

where we used the VMD relation . . P H 
is the density matrix 

in the a-Channel helicity frame for p production. Similar relations can be 

obtained for linearly polarized photons . In particular for photons linearly polar-

ized perpendicular and parallel to  the production plane, the density matrix element 

H H H 
P 1 1  has to be replaced by P .L and P I  

I 
'.· !. , respectively, where 

H H H p .L .  p l l  + p . 1- ·l 

and 

H H H Pu 
• P u - P t... 1 

( Sa) 

( Sb) 
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The so-called "asymmetry" is then given by 

(do/dt).J.. - (do/dt) l l  A • 
(do/dt)..L. + (do/dt) l l  

(Sc) 

where (do/dt) ..L and (do/dt) I I  are the differential cross sections for 

with photons linearly polarized perpendicular and parallel. res-

pectively,to the production plane. 

'fhe reaction has the important property that the 

.. 
P �  is produced in it without s or d wave conta.ri:tinations : The 

be in either I=l or I=2 states . Because of isospin conservation the I=2 state  

is not produced in the above reaction, and because of Bose statistics the 

systems in an I=l state cannot be in an a-wave or in a d-wave . Note also that for 

a spin zero target ( for instance H�4) the two helicity amplitudes for the reaction 

0 YT O + ir T O s• s• 
are equal because of parity conservation.  Consequently, the 

cross section for the reaction with photons linearly polarized parallel t o  the 

production plane vanishes ,  and the asymmetry (expression ( 5c )  ) in the reaction is 

equal to 1 .  

Experimental testing of (4) would provide the most direct check on the VMD 

model for photoproduction,  since the derivation of eq . (4)  was based only on : 

Assumption l :· Vector Meson Dominance 

Assumption 2 :  Time Reversal Invariance In Strong Production 

Assumption 3 :  Isospin Invariance In Strong Production 

We therefore urge� our .·experimentalist colleagues to  perform those experiments .  We 

stress ag�in that comparison should be made in the s--channel helici ty frame . From 
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Table II in the appendix r1e see that eq . (4)  is expect ed t o  be well sat isfied , say 

for the He
4 ta:rget , for PLAB > ZGeV/c . 

Relations II; w Phot oproduction From Nucleons . Another relation which is 

based only on the abovP three assumpt ions is the relation7 

da o ,tc1 o 1 do + 1 do dt (yp + ir p)  + tit (y!i + 'Ir n) - 2 dt (yp + ir n) - ! dt' (yn + '11'-p) 
2f H da - - H do + + H do - o J • gpy LP 1 1  dt (ir p +p p) + P 1 1  dt (w p + P p) - 2p 1 1  dt (l' p + P n) • (6) 

Similar relations can be derived for polarized photons . In part icular for photons 

linearly polarized perpendicular and parallel to the production plane , H . 
P 1 1  in 

eq. (6) has t o  be replaced by P� and P!� ., respectively ( for their definit ion 

see eqs . (5) ) • 

Relation (6) is expect ed to be valid within l� accuracy for PLAB ! 8 GeV/c . 

(see the Appendix , in particular Table III there ) . Unfortunat ely no experimental 

data are presently available on Yn + w0n at such incident energies . However , if 

we exclude the extremely small -t region , then relation (6 )  is expected t o  be 

satisfied within l� accuracy already for PLAB rv 4 GeV/c , where experiment al 

data are available on all the reactions that are present in ( 6 ) . 

Figure l presents a comparison between relation ( 6 )  and experimental results at 

4 GeV/c . The references from which the experimental result s were taken are 

summarized in Table II. Figure 1 indicat es that relation ( 6 )  is well satisfied 

by presently available data. 
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If in addition to assumptions 1-3 we also aGsume that t.h.e <I> cont ribution t o  the RHS 

of (1) can be neglected (Assumption 4) then eq , · ( 1) can be t ested · with- expi�rimental data of 

much better statistics.  .The neglect of the <I> contribut ion to the RHS of eq . (1) is 

justified on the basis of the following relations between experimental values of 

cross sections8and the vector meson photon couplings of Table I :  

2 da gwy Cit ('ll'p + wp) 2 do ) » g<l>Y dt ('ll'p + <l>P • (7) 

Linear combinations �f cross sect ions can be chosen, in which the interference term 

between isovector and isoscalar contribut ions is absent , If the <I> contribution 

is neglected , one obtains the approximate relations7 : 

2 H da - o 2 H da -gPY Pu tlt (w P + P n) + gwy Pl l  Tt ('11' P + '°n) 
1 r do + dO' - J = 2 Ldt' (yp + 'II' n) + Cit (yn + 'II' p) ' 

2 PH da ( c> 
+ 

o ) 2 H do o o gpy 1 1  dt' 'II' P P P + gwy Pu Cit ('11' P + w p) 

where from isospin invariance 

1 r.da o do o J = 2 L'dt (yp + 'II' p) + dt (yn + 'II' n) ' 

(Sa) 

(Sb) 

do o o 1 ·[do - - do + + do - o J dt ('11' p + P p) = 2 dt ('11' p + P p) + dt ('11' p +p p) - dt ('11' p + P n�, (9a) 

and 

do o o 1 do l do + dt ('11' p + w p) a "i dt ('11' -p + wn) = 2 dt ('11' n + wp) • (9b) 
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Similar relations can be derived for polarized photons . In particular for photons 

linearly polarized perpendicular and parallel respectively to the production plane , 

one has to replace p� 1 in relations (s) by p� and H Pl l respectively (see 

eqs . (5) for their definitions) . The asymmetry ratios for the reactions are then 

. b 9 given y 

A • c d07dt) .J.. - (ciaTclt) II 
(da/dt)J.. + (da/dt)U 

= 

H (11>) + ap l -1 
' (Sc) 

where (da/dt) indicates cross section averaged over a proton and a neutron 

target , and 

a • g 2 I g 2 "' 1/9 11>Y PY 

Relation (Sa) is expected to be satisfied within 10}6 accuracy for 

PLAB � 8 GeV/c . However, if one excludes the small -t region relation (Ba) is 

expected to  be valid within lo% accuracy already at PLAB IV 4 GeV/c. (see the 

Ap�-endix and Table III there) . Figure 2 presents a comparison between relation 

(Ba) and experimental results at 4 and 8 GeV/c . The references from which the 

experimental results were taken are summarized in Table II . 

Figure 2 demonstrates the well known result 7, lO that relation (Ba) is in good 
agreement with experiment . Note in particular that : 

(i)  � - 0 ll although dt (11' p + p n) has a narrow forward dip, the polarized 

cross section P� 1 � (w-p + P0n) exhibits a forward spike12 analogous 
da + 13 da - 14 to  the spikes observed in Tt (yp + 11' n) and in dt (yn + ,,. p) 

in good agreement with the VMD hypothesis . 
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H dcr - o 15 although the slop of p 1 1  dt ('rr p -+ p n) is different from the 

da - 0 15  slope of  dt" (tr p -+ p n)  it coincides with the slope of 

da + da (it (yp -+ tr n) + (it (yn - ) 13 , 14 , 16  
..... tr p 

In view of the impressive success of relation (Sa) for unpolarized photons , it 

is quite surprising that relation (aa) is badly violated for linearly polarized 

photons , as demonstrated in Figures 3 and 4 :  Figure 3 compares relation (8a) 

for photons linearly 'polarized perpendicular to the production plane and experi­
lB mental results at 3 .4 GeV/c .  Figure 4 compares the asymmetry relation (8c ) and 

experimental results1S at 3 .4  GeV/c .  Both relations strongly depend on the density 

matrix element H P 1 - 1  However,  recently doubts have been raised on the correct 

determination of p�- l used in the comparisons . It was pointed out by the Notre 

Dame group that the matrix element P�_ 1 used in the comparisons has a large 

contaimination from the d-wave background , as evidenced by the fact that in the p 

decay the quantity <cos 2¢> as a function of Q does not exhibit a sin2e 

behavior as expected from a state  with J < 2 ,  where cf> and a are the azimuthal 

0 and polar decay 8Ilgles of the p . meson. In view of this and the impressive 

success of relation (sa) for unpolarized photons we tend to believe that the 

failure of (aa) for polarized photons and of relation (8c ) is probably due to the 

poorly determined density matrix element p�- l  , rather than due to a failure of 

the VMD model .  Reliable measurement of p�- l  for tr P -+ p 0n is badly required . 

at 

Figure 5 presents a comparison between relation (Sb) and experimental results (Table rr :  
PLAB = 4 GeV/c .  0 0 The differential cross sections for tr P -+ Ptzll and 

tr0p -+ wtzll that were used to evaluate relation (Sb) were determined from rela­

tions (9) .  They are presented in Figure 6 .  The agreement between theory and 
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experiment as indicated in Figure 5 is more than satisfactory. This agreement is 

significantly better than the one obtained in reference 7 due to new data of 

better quality15 •20 on strong production 

Note also that the VMD model set both upper and lower bounds to  w produc­

tion from a single nucleon7 : 

do dt (yN -+ irN) ' (Sd) 

where we have suppressed the charge indices . The upper (lower) .bound is· achieved when the 

ratio between the corresponding p and w a-channel helicity amplitudes is a real 

positive (negative) number independent of the helicity indices (It may however -

depend on s and t )  • 

Figures 7 and 8 present comparisons between these bounds for the neutron to 

protron ir-photoproduction ratios and experimental results21 • The figures demon-

strate that these bounds are consistent with the experimental results .  

Relations III ;  The Photoproduction Reactions "tN -+ irA. VMD relations for the 

reactions YN -+ irA can be obtained only if we introduce an additional assumption 

(Assumption 5 )  that the relevant strong cross s�ctions do not change under crossing 

from the u t o  the s channel . 

The following relations are then obtained22: 

1rdo - do + ;i 2Ldt' (Yp+ir A) + dt (YJ\+11' A}J ::t ( lOa) 
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1 [do + do J ! dt ( Yp-+11' A) + dt ( yn-+1T - A) "' 2 H da - o 
g - (1T  p-+p ll) + PY P l l  dt 1 g 2 H do + 

1/3 wy p 1 1  dt (1T p-+wA) 

1 [do o da o .l ! dt (Yp-+'IT A) + dt (yn-+11' A)j = 

H do - o H do + + l1 p 1 1  dt ( 1T  p+p A) - p 1 1  dt' (1T  n-+p A)J + 2/3 2 H do + 
2 gwy P 1 1  dt rp-+wA) 

( l Ob)  

( lOc) 

The <f> contribution t o  the RHS of eq_s . ( 10)  was neglected due t o  the small produc-

tion cross section for 1Tp -+ <f>ll • Note that the <f> contribution vanishes identi-' 

cally in relations that are obtained from relations ( 10) by eliminating the w 
contribution, since the w actually represents the whole isoscalar phot on contri-

bution t o  eq_s . ( 10) . 

Similar relations can be written for polarized photons . In particular for 

photons linearly polarized perpendicular and parallel t o  the production plane 

H H H 
p 1 1  has t o  be replaced by p � and PI I 

their definitiom ) . 

� respectively9 ( see eq_s . (5)  for 

Figure 9 presents a comparison between relation ( lOa) and experimental results
23 

at PI.AB = 8 GeV/c ,  which i s  the highest energy where experimental results are 

available on all the reactions that appear in ( lOa) . It is evident from this 

figure
24 

that the reaction 1T
+

p -+ p�
rA is strongly suppressed compared t o  the 

analogous photon initiated reaction .  However , this is expected in view of the fact 

that the ninimum momentum transfer in this reaction is not small compared :;ith the 

mass of the lightest particle that can be exchanged in the reaction ,  i . e .  at 8 GeV/c 

t . does not satisfy 
min t . << m 2 • 

min 1T 
( see for details the discussion in the 

Appendix) . Note a.lso that the failure of relation ( lOa) can also be caused by a 
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failure of the "line reversal symmet ry" (As sumpt ion 5 )  for the react i on 

Indeed thi s react ion can proceed via the exchange of part icles 

which behave differently under u-s crossing ( ,,. and A1 versus A) . We there­

fore propose that the failure of relat ion ( lOa) at FLAB � 8 GeV/c is due to one 

or both of the following reasons : 

( i )  Energy t oo low for the relat ion t o  b e  valid • 

( i i )  Failure o f:  111\ne reversal symmetry" for the reaction 

rather than due t o  a failure of the Vf.TD hypcthesis � 

Relations IV : The Photoprod·J.ctio:n React i ons yN -+ nN and YN -+ x0N 

If in addition to as sumpt ions ( 1 )  and ( 2) we also a,s sume that ( i )  the 

react ions YN -+ nN and YN -+ x 0N are dominat ed by p , w and B exchange (with or 

without absorption c orrecti ons ) r  and that (ii) 
couplings , we then obt ain the relations25 , 26 

SU(6) symmetry holds for boson w 

do do A 2 [ 2 H do o 2 H do o o 11 dt (yp-+np) + dt (yn-+nn) � 3 gpy P 1 1  dt (,,. p-+wp) + gwy P 1 1  dt ('11' p-+p p� � ( l l a) 

do o do o · B 2 [ 2 H da o 2 H da o o 11 ) 'dt (yp�x p) + dt' (yn�x n) � 3 gPY P 1 1  d't (,,. p-+wp) + gwy P 1 1  'dt (,,. p-+p p)J . ( l lb 

where 

angle . 

A = cos Q - f2 sin Q and B = (2 cos G + sin Q. 0 Q is the nX mixing 

From the quadrat ic mass formula one has 0 Q = - 10 . 4  ' where the sign of 

Q was det ermined from meson de::ays . The cross sect ions on the HHS of ( 11)  can be 

det ermined from expressions ( 9) . For phot ons linearly polarized perpendicular and 

parallel t o  the production plane p� 1 has t o  be re placed by p� and PO 
re spectively . 
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I f  we make use of the same asswnptions for the reactions YN -+ 1T0N then the 
2'"" following sum rules are obtained 0 

do " do A2 [do o do o J dt (yp -+· npJ - dt (yn -+ nn) = 3 dt' (yp -+ 1T p) � dt' (yn -+ 1T n) 

do o do o dt ( yp -+ X p) - Cit ( yn -+ X n) B 2 [do o do o a 
= 3 Cit (yp -+ 1T p) - dt' (yn -+ 1T n)J 

When expressions ( 11) , and ( 12) are combined t ogether they yield the relation26 

do A 2 { do o r H do o dt (yp -+np) = 6 2 dt (yp -+ir p) + (g
py 

2 
- gw/ ) LP 1 1  Cit (1T p -+ wp) 

where ·che cross sections for ·rr0 production of p 
0 and 0 

w can be determined 

from expressions ( g) .  A s:Ur.ilar relation :..s obta:inea. fc.::2 x0 by replaoing A 

with B. 

FJ<om Table III of the Appendix we see that rela-r.ion (13) is  expec+.:ea. t o  be 

( 1 2a) 

( 1 2b )  

( 1 3 )  

valid within lafo accuracy already for PLAB � 2 GeV/c . Jfig>.ire 10 presents a com-

( ) . 21 I parison between relation 13 and experimental resu:::.t s  a".; 4. GeV c .  The agreement 

between theory and experiment is more than satisfactory . Note that both the photo-

production dPta and the VMD prediction do not show significant structure around 

-t"' . 6 GeV2/c2 •  In particular they do not show a pronounced dip, as expected for 

example in a naive Regge Pole Theory. A shallow dip however � is expected in 

do Cit (yn -+ nn) at -t ,.., .6  Gev2/c2 from sum rule (12) . 
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... Relations V; The Photoproduction Reactions Yp + nA  

Assumptions 1-3 and 5 plus the two additional assumptions (i) the reactions 

YN + nA and YN + x0 6 are dominated by p and B exchange (with or without 

absorpt:on corrections) (ii)  SU(6) symmetry is  valid for boson couplings , yield w 

the relations : 

do dt (yN + nA) = 

� (YN + x06) = dt 

2 2 H da + 2A gwy p 11 dt ('If p + wA) 

2 2 H do + 2B gwy p 1 1  dt ('If p + wA) 

( 14a) 

( 14b) 

For photons linearly pclari.z:e.i perpendicular and pa.:::"allel to the production plane 

H _ H P 1 1 has to  be replaced. by p J.. respectj_vely. 

From Table III of the Appendix we see that (14a) and (14b) aI'e expected to be 

valid within l� accuracy for PI.AB � 8  GeV/c . At lower energies the RHS c: 

eqs ( 14) is expe::ted to  underestj_mate the photoproduction cross se�tion on the 

LHS of these equations . 

Figure 11 presents experimental results on the RHS of eq . ( 14a) at 4 and 

8 GeV/c incident 11 momentum .  The llliS of eq .  ( 14b) can be obta.ined by multi-

21 2 plying these results by t.he constant factor B A - 0 . 9 .  

Relation Vl ;  K Photoproduction from Nucleons . VMD relations for photo-

production of kaons can be derived from assumptio:r. l "-; a.r_d 5 � 
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da ( +�o) dcr 
( Ko�o) 1 do , o · "" )  !. cjc· ( .,+ ,.-)  "'l'!"'t YP -p K "' + -

dt yn + "' - ""'- .,-:at lYP -+ K 1.: " .,,,. '¥.'" yn _., t·. � 
Cll: I 01: i t.1\: 

Relation ( 15 )  is analogous to relation (6 ) . The only new assumption involved in 

it s derivati on is " line reversal symmetry" (Assumpt i on 5 ) . This assumpt ion is 

rather dangerous for the react ions KN + p 1: in view of the fact that part icles 

( 1 5) 

which behave differently under u-s crossing can be exchanged in the same reacti o1. 

( e . g .  K and K
A

( l
+) versus K* (1-) and �(2+) ) . Not e  also that the condit ion 

6t
min 

<< rn�rnK requires incident K momenta that satisfy FLAB � 20 GeV/c .  At 

lower ener� the hadron initiated reacti ons in relat ion ( 15)  should be strongly 

suppressed compared t o  the analogous phot on initiated react ions . Absence of rele-

vant experimental data prevent s any meaningful t est of relat ion ( 15 ) . 

Relat ions analogous t o  relati ons (8) can also be derived under assumptions 

1-3 and 5 :  

1 rda + 2 _Tt ( yp + K A) + * (yn + K0A) ]= L gv/P� 1 (V) *' (KMP + VA) 
V=p , w , <!>  

+ Interference term (w<j>) 

1 rE-a + 0 do 0 0 J � '2µrt" ( yP + K 1: ) + dt ( yn + K 1: ) = L 
V=p , w , <j>  

+ Interference term (w<!>) 

tl* (yP + Ko1:+) + * (yn + 1<+1:-� = ) : 
V=p , w , q,  

� Interference term (w<j>) 

( 16e ) 

( 16b) 

( 16c) 
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Note that one cannot neglect the � contribution to  eqs . (16 ) since all three cros� 

sections on the RHS of these equations are comparable . Eqs . (16 ) can be tested 

experimentally only if additional assumption is made on the relative phase of th0 

w and � contributions . The condition �t . « m
1T

m
K min 

requires K momenta 

that satisfy FLAB � 10 , 20 and 20 GeV/c for relations (16a) , (16b) and (16c ), res-

pectively . At lower energies the hadron initiated reactions in these relations 

should be strongly suppressed compared with the analogous photon initiated reaction:: . 

Possible failure28 of ·relations ( 16 ) , especially at lower energies , do not provide 

evidence against the VMD model . It may be due t o  one or more of the following 

reasons : 

(i ) 

(ii) 
(iii ) 

energy t oo low for the VMD model t o  be valid 

28 failure of line reversal sym.�etI"IJ 

. h f d ,!, t . b t . 28 
wrong assumption about the re la ti  ve p ase o the w an '+' con ri u ions , 

rather tha"'. due t o  failure of the WID hypothesis . 

CONCLUSIONS 

We believe that the experimental t ests of the VMD model in pseudoscalar meson 

photoproduction that we discussed here provide a firm basis for the following 

conclusions : 

(a) The VMD hypothesis if postulated in the s-channel helicity frame is 

qualitatively a very successful hypothesis for pseudoscalar meson photoproduction . 

The various features of pseudoscalar meson photoproduction are indeed similar t o  

those observed i n  the analogous hadron initiated reactions . For instance :  
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H do - o has a forward dip p 1 1  dt (n p -+- P n)  

has a forward spike analogous to  spikes observed in the correbponding 

react ions yN -+- n±N 

(ii) Although the slope of p�
1 
£ (n-p -+  p 0

n) is different from the slope 

of do - o dt (n p -+ P n) , it is similar to the slope of 

do + do dt (Yp -+ n n) + dt (yn -+ n-p) 

(iii) The forward d.ip and the second one at -t ,.,, .6  GeV2 /c
2 in * (YN -+ n°N) 

are also present in the analogous reaction 

(iv) No pronounced dip at -t rv . 6  GeV2/c2 has been observed in 

do d't (yp -+ np) nor in the anaiogous reaction 'll'N -+ wN 

( v) Al though H da + o has a forward spike , P 1 1  dt ('11' p -+ P ti) 

has a narrow forward dip analogous to the dips observed in the 

corresponding reactions YN -+ 'll'±ti .. 

(vi ) Although the slope of P� 1 * ('ll'+p -+ p 0
ti) is significantly different 

from the slope of * ('ll'+p -+ p
0

ti) it is similar to the slope of 

da - da + dt (yp -+ 'II' ti) + dt (Yn -+ 'II' fl) 
(vii) The neutron to  proton photoproduction ratios are consistant with the 

lower and upper bounds set by the VMD model . 

(b) The VMD model is quantitatively successful for photoproduction of 'II'± , 'll'o 

and n from nucleons with , unpolarized photon. beams . 
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H view of the unreliable experimental results on the density matrix element p 1 _ 1  

in the reaction '11' p 0 
-+- P n 

(d) The "failure" of the VMD model for 
23 'I!'!>. photoproduction and K photo-

production from nucleons28 may be due to one or more of. the following reasons : 

(i )  Energy t oo low for the model to be  valid 

(ii) Failure of the "line reversal symmetry",, 

rather than due to  failures of the VMD model itself . Indeed there are known 

cases where line reversal symmetry is violated by a factor of 2 or more , e .g. the 

cross sections for and K-p -+- '11'-l:�hich should be the same if 

"line reversal symmetry" holds, are different29 by about a fact or 3 in the region 

FLAB "' 2 GeV/c to  p � 
LAB 10 GeV/c . 

(e)  More accurate data on the hadron reactions that are involved in the VMD 

relations are needed for accurate tests of the VMD model . In particular reliable 
H -

data on p in '11' p -+- p 0n are badly needed . 
1- 1 

(f)  Experimental test of relation (4)  would provide the most clean test 

of the VMD model 

(g) "Primakoff Peaks" should be found in the differential cross sections 
H do ± t o P 1 1 

dt (1r p -+ P p) around t IV 0 analogous to  the Primakoff Peaks in YN -+- 1f N 

and YN + 1roN 
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APPENDIX 

In this appendix I would like to justify the statements that (i)  the VMD 

relations for p!1otoproduction should be postulated for vector mesons transversely 

polarized in the s-channel helicity frame , and (ii) the VMD relations should be 

valid for PLAB values that satisfy 

The Choice of the Helici ty Fra,me 

tit . <<  rn rn 
min 'Ir e 

Obviously i;he question of a privileged frame for postulating the VMD model 

cannot be settled by purely kinematical arguments .  Consequently many authors have 

tried to  study i:;he VMD relations within the framework of theoretical models for 

high energy reac:tions5 ' 6 •  All the authorfl al'rived at the conclusion that the VMD 

model has to be postulated for vector mesons transversely polarized in the heli­

ci ty frame . In particular Cho and Sakurai5 have shown that the simplest model 

that one can think of , i . e .  the gauge invariant one pion exchange model , does not 

only support this conclusion, but also correctly describes charged pion photo-

production at small -t values .  However, although this model and the above conclu-
30 sion can be generalized for any particle exchange • the model fails for t values 

larger than m 2: and for other photoproduction reactions such as K photoproduction . 'II' 

Its success therefore may be considered as an accident . More realistic models 

should be examined before any final conclusions are drawn. Such a model is dis-

cussed below : 
31 The "realistic" model that we propose to study is based on two general asswnptions : 

(i)  Exchange Reactions are "Surface Reactions" :  the s channel partial 

waves which give the dominant contribution to  an exchange reaction are 

the peripheral partial waves corresponding to  s channel resonances 
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lying on an effective Regge trajectory j + f N kR, where R is the 

"hadronic radius" and it increases only l ogarithmicaJLy with s; and k 

is the c .m .  momentum in the s channel . This follows32 from Regge behavior 

and duality • This picture is also consistent with that underlying the 

absorption models33 , where the contribution of partial waves with 

j4 ( kR is strongly suppressed due to  competition of many open 

channels . 

(ii) The peripheral partial waves of an exchange amplitude are approximately 

described by the corresponding }Rrtial waves of the pole closest to ·. h.e 

physical region (the corresponding partial waves of the Born Approxi-

mation for an exchange of the lightest particle lying on the exchanged 

Regge trajectory) . This follows from the dispersion relations tr.dt an 

exchange amplitude satisfies) .  

What are the implications of (i )  and (ii) for high energy exchange reactions? 

T o  answer this question let us examine the impact parameter expansion of an s 

channel helicity amplitude for a reaction a+b � c+d with the helicity situation 

00 

l'(A] = k
2 J bdb Jb A (b r-t') f

(A]
(b) 

0 

( 1) 

f 
["A.] (b) is the contribution at impact parameter b t o  the scattering amplitude 

F
["A.]

" JA A (b v'-t ' ) ,  the cylindrical Bessel function of order .A "A , is a small 

angle and large j approximation for the rotation functions d�v (cos Q) , j 

being related to  the impact parameter b through the classical relation j 4 wkb.  

µ = Aa - \' \J = "Ac - "Ad and t::. 'A = µ-\l is the total helicity change in the 
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reac t i on ,  t ' == t - t . ,  
in 

where t . is the minimum momentum t rans fer allowed 
min 

by the kinemat i c s  of the reaction . According to (i)  fp,] ( b )  is appreciable onl y  

for b � R ,  i . e .  

( 2) 

Acc ord ing t o  (ii)  ; 

f[A] (b) N Bp .. / b )  

b>R ... 

where B[A.] is the Born approximation expression for the contribution of impact 

pararr1et er b t o  the s channel helicity amplitude with the helicity situation [A.] . 

Hhere 

7;7; for the exchange of a particle with mass m and spin J is given by·"-' 
e e 

K ( µ b) 
'lJ.A. e ' 

kb » 1 

2 ;2 µ = m -t . ,. Kh is the cylindrical Bessel function of secnnd kind and e e min tJI\ 

;:,f the order fj}... It approaches rather quicl'.:ly its asymptotic behavior : 

-x e 

C ['A] in the hir,h energy li:-nit depends only on the helicity situation, but not on 

b or on s .  
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When expre s s i ons ( 2) ,  ( 3 ) and (4) a r e  ins ert ed in expre s s i on ( 1 )  t hey "ie1a 33 

... 
e 

!� bdb J� A (b M' ) 
R ( s ) 

,/µ R(s )  e 
-µ R(s)  e e ( 6) 

For large s values t . � 0 s o  t hat min and From eq . ( 6) 1·:e then 

c onc lude that in the high s limit t;1e helici ty ar1pli tud e  F[A] does not depend 

on the mass of the ext ernal vect or meson provided the c oefficient ___Q.[A] does not 

depend on that mass . Let us therefore examine the coefficients for high 

energy exchange react i cns . 

uince all the VMD relat i ons th at eve rL·e interested in here involve reactions of 

t he t�rpe 

M + N � V + B (7 )  

where M ,  N ,  V and B st and for pseudoscalar me:son , nuclean , vect or CTe s on and baryon , 

respectively , we shall li1cit our exa.r:iinat ion of the coefficients C[>1.] for these 

Let us fir�'t consider ...,,- exchange . The coefficients C [X] 
det ermined in the following way : Let us writ e the Born approxination for pion 

reactions . can be 

exchange in the form ( all our calculations are equally valid. for any pseudoscalar 

meson exchange ) 

= 

- t 
(8) 
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t o  sllm; th . t  tli.. c oeffi c i . : nt : ;  C r A  � . J 

= 

2 2 v.,._1/}I( s , m7f ) VAB� ( s , m
rr ) 

m 
1f 

2 - t 

a ::-c givm1 

( 9) 

Fror:t eq . ( 9) \·Ie seo that c [ .-A !  can dc-��mc'. on nV , the 1:-:ass of the oxt c:c·:1al vect or 
J 

mos,m , m1ly throuch t�ie V!�rt c-)x funct i on Thie> vert o:' ft.1.nct ion h: e.·ivcm 

2 V\ ;\ ( s ,  n ) l\V }j II 
= ( 10)  

where: e i s  the srin one :nol· 1 ·i�at ion vect or of V ,  Rn'J g fr a c ouplin . c on:ot cnt . µ 
In tho li!. i t s -.> 1)(:, , in t '. ,. o s el1 r�1r"'l :10lici tv fr1\• : r: , 

2 - (21-.,. m V 
10( s , nrr ) = 

� Tr 
(na) 

2 2 2 
2 � -m - Il'I·i 71 voo( s , rn n ) = "' [ ,  

mv 
( llb) 

Eqs . ( g )  ancl ( lla) t el l  for Vc:ct or f!• i ;-:'. O'.' G  tranSVt;rsc�ly ·colarized in 

channd >elicity frai20 ('>,V = ..:t 1 )  tho c o:_:: fficir:mt s c[>,J d o  not clc1 ..:ncl on t:"c mass 

of the oxt e:;.'nal vect or me son . G J.i ·:i t 

vcrsely 1 olari zed in the s-ciw1ncl helicitv f:c . .t. 1. c t[ 1c� a' il· l:itci�[\J 

t h e  ar r·. 1itudef3 

C I A. . , : •.n c -, �, · r1 u,.o;nt :.=r 
r _  • .l 

}'r .. \ J-. c1J'• ." .. · :l1(1. •'. «t r. '.','11.-'.','J.." :.r ,')n ,-, .f. � rr ')1 J '  ·1 1 -'- 1 I ' 'IT(>'n-'· "· �· C'l 1 0)  r, .•- ·j ,.,,.1 ( ]_ ;  b)  
_ f\ ...-

, - ·-v L . ... \_. . . .. . u , .  � . ,, ..1... L, , , ., _ ·- . ..• v L �- ' 'J. · - • 
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polari zed in another fJ'.'ar,1e . If the t ransfor: ;at i o:1 fron E e  s-chani : c l  : w lici t :.' 

frame t o  this frame mizes s-channel helicity amplitudes with 1 \ 1 = 1 and 

\==O, and/or depends on illy • the; mas s of the ext e rnal vect o 1· meGon ,  then it will 

introduce st rong dependence on � in the new production amplituc� 8 s . In part icula:c 

this happens when t ransforminc t o  the Gott fri ed-Jackson fra:n e and t o  the Donohue -

Hoe;r:asen frane . We thus concl1r:le thnt our nod.el indicat es t11at Vf.TD hypothesis 

has to be rm:itulat.:x.l in the s-channel helicity frame . 

j 'r(-:sent cd here i s  applicable cnly t o  pseudoscalar meson exchan5J;e react i ons it can 

be generali zed for the case of exchane;e of a :part icle ' .. ;ith an arbit rary 

s pin and parit y .  Since the proof involves lengthy algebra it will be ,n;iven 
30 

e lseHhere • 

The C on:_:ition 6..t . (<. m rn ���������r�,1_1�n�__J[_..Ji 

the various VND relat i ons at finj_L; s vaJx.c: :  i -, ; orth r:.t ;_id:7inp: : 

Eq . (6)  t ells us t hat the t '  dependence of a ·[ l tot oproduction acplitu.clG and 'C : ce 

analocous strong production amplitude will be sir:iilar provided the effect ive nasses 

µ , are about the same f or the two react ions 9 i . e . that 
e 

(Recall tlic; I'elat icms : 

r:1 
e 

2 

t ' = t - t . 
n11n ' 

2 2 
= f:1 - t . o rnin 

( 12 )  

and 

t . = µ 2(y) - µ 2(v)  = t . ( y) - t . (v ) , ;1her .; t . i ·: the uini1:1 , ! '  : 1cnt1)]'.� 
nun e e nun min run 

t rar:s fer alloued by the actual mas . es mo:i:·;urod in ':ho rcac t :i.oL , c.ncl y :·m�l V 
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st and for t h e  phot oproduc t i on rc;act i on and t h e  anal ogous hadron initiat ed react i on ,  

res pect ively) . C ondition ( 12)  i s  well sat i sfied alrc;ady at medium energies ( say 

PLAB Al 4 GeV/c ) , except for Tr exchange . �.le therefore expect that already at 

relat ively low energie s  t h e  T)hot oDroduct i on r. ;act i cns that can not proceed via ,,-

exchange and t h e  analorrous had:::-on init iated react ions uill exhibit the same t 1 

dependenc e ! What ab out th eir relat ive magnitude? Eq . (6 )  t ells us that the cross 

sections f or the hadron init iat ed reac t i ons are suppres sed c or-irared wit h  the cross sections 

for the analogous photon init iat ed react ions . Under c ondit ion (12) the suppression 

fact or is approximat ely given by 

( 1 - 6µ R) exp ( -·2 Aµ R) � exp (- At . R/2m ) , 
e e min e ( 13)  

-1 
where h. µ = µ (V) - µ ( y) . For an "hadronic radius" 

e e e 
R ,...., m , approximat e equality ;r 

of the cross sect i ons for } hot oproduct i on and the anal ogous strong :i-•roduct i on i s  

obtained therefore i f , and only if , 

l:::. t . « m m 
min rr e 

( 14)  

C ondi t i on ( 14)  c oincides wit h  condit icn ( 12 )  for Tr exchange reactions . However for 

exchange of other rart icles c ondit ion ( 14 )  is �Jt ronc;er than c ondit ion ( 12) . It 

impli es that the shapes of the differc:-1t ial CTosr.1 sect L ons for a ' hot oproduction 

react i on that cannot proceed via n exchange and those of t he ana� oc;cus st rong pro-

duct i on mat ch at relat ively l mrnr ener,r;ies t�1an the ensrcies :,;11ere their magnitudes 

st art mat ching . 

N ow c onsider 11 exchan(?,'e react :L ·ms . 'rhe concht ion 2 Lh . << m_ regniries min " 
energies relat ivc"lv high , especially for reac t i ons Ii.here mass chamres take jjlace 



at both vertices of the reaction :  

- t . ,...., min 

t . min 

2 2 2 2 (� - � ) (� - � ) 
s 

2 ( 2 m. 2 ) 2 � � - fl! 

2 
2 s 
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if and 

If -t . � m , min ,... Tr i . e .  if 2 2 2 µ - m - t r.1 m where TT - 1T min lT 
2 

µ,.. is the distance 

from the physical t r�gion to  the pion pole , then the strong variation of the pion 

propagator in (6 )  introduces strong variation in the cross section near t '  = O .  

This strong variation of the rion propagator near t '  = 0 when is res-

ponsible for the narrm·• forward structure observed in high energy ir exchange 

reactions . (For a detailed discm;sion of narrow forward structure in high energy -,.,.. 

exchanc;e reactions see u.y scconJ talk at this meeting31 ) . In r;articular such structures 
+ 

have been observed in the j·hot oproduction re�0.ct ions YN -+ rr -N u + and YN -+ rr - Ll  

where the condition 2 -t . .  < m min � Tr is easily satisfied . I'he analogous narrow struc-

tures in hadron initiated reactions should also be found at high enough energies such 

that -t min 
2 � mTT' • 

When the energy decreases 
2 µ increases , the narrow forward structure becomes e 

broader , and the strong production is strongly suppressed at small -t ' values com-

pared with the analogous photoproduction ,  mainly clue to  the :,ion propae;ator 
-1 ( µ 2 

- t) in ( 6) • (The physical t region noves away from the pion role 1·rhen the e 

energy decreases,nuch faster in the stronc :rocluct:_on than in t�ie analogous photo-

produc.:tion) . 

Table II sumnarizes the 10\rn:�t incident enorgies c·1here we may expect the VMD re-

l at i ons to  be valicl cii thin le% accuracy both in shape and magnitude .  Note in pa.rti-

cular the extre:nely high energies required in order that relations (lOa) and (lOb) 
be valid within at lea�;t 10}� accuracy . 
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TAB LE I 

D . . f l ' t 34 eterm1nat 1on o vector meson coup ing constan s 

Experimental Resu lts f 2/ 41T gvy 
2 

v 

f (p-+2TI) = 1 10+ 1 0  MeV 

r (p-+2e) = 7 .  5± 1 KeV 

r (p-+2µ) = 7 , 5! 1  Key 

0 
1 .  2 � 2  r (w-+TI y )  = MeV 

f (w-+3TI ) = 1 2  • 7t 1 .  7 Me V 

- -- -

r (w-+2e) = 0 , 94±0 . 1 8  Kev 

0 1 .  2t0 . 2 MeV r (w-+TI y) = 
0 

f(TI  -+2y) = 1 1 .  7;t l .  7 eV 

··-

v = p 

2 . 2  + 0 , 2 

2 . 0 + 0 , 3  

2 , 0 + 0 . 3  -

2 , 8 ± 0 . 4  

( f  2 / 4  ) =2 . 2  
p average 

·--..... · - -

v = w 

15 + 3 

24 ± 4 

gpy 
2 

_,_ -

= e2/ f  2 
v 

= 3 . S x lo- 3  

-

( f  2/ 4TI) = 1 9 , 5  gwy 
2 = 3 . 7x1Q -

4 

- - -- -- - -

f ( cf>-+2e) = 1 .  5�:0 . 3 Kev 

r (cf>-+2K) = 3 . 9±0 . 4  MeV 

w average 
-- - -

v = cf> 

1 1 .  5 

1 2 . 1  

- -

( f
cf>

2/ 4TI) = l l , 8  average 

- - --

gcf>y 2 = 6 . lxl0-4 

-

-



TAB LE I I  

I Reaction P
LAB References Remarks 

in GeV/c I + 

I yP+rr rr n 

j <la I clt l 3 . 7  CEA ( 13)  We interpo lated all  thes e 
DESY ( 1 3) data to 4 GeV ancl 8 GeV 

5 - 16  SLAC ( 13)  as suming (S-�12 ) 2da/ dt 
to h e  constant . 

da.L /dt 
3 .  4 ;  5 DESY ( 18 )  

dcr11/
dt 

3 CEA ( 18)  

yn + ir-P 

<la /dt 3 . 4 3 CEA ( 16) We used these data to inter-
3 . 4 5 DESY ( 14) polate t o  GeV , as suming 

8 SLAC ( 1 4 ) (S-M2) 2 (da/dt )  to b e  constant . 

claJ../ dt 
3 . 4  DESY ( 1 8)  

da\\/dt 
3 CEA ( 18)  

yp + ir0P 4 CEA ( 19)  

4 DESY ( 19 )  

Y n  + ir 0n 4 CEA ( 2 1 )  

Y P  + n
°P 4 CEA ( 27) 

4 BONN-DESY ( 27)  

- + +  
( 2 3) yp + 1f /:;, 8 SLAC 

+ -
yd + 1T /:;, p 

16  SLAC ( 2 3) We used this ratio  to calculat e  
- ++ Yn + ir+6- at 8 GeV yd + ir b. n 



React ion 

0 'IT- P + P n 

'IT-P + p - P  

+ + 
1T p + p p 

+ 
1T n + wP 

+p of::.++ 1T + p 

+ ++ 1T p + wl\ 

P
LAB 

in GeV/c 

4 

8 

4 

4 

3 . 6  
4 . 19 

4 

8 

4 

8 
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( 4) T=H 4 
e 

( 6 )  

(Sa) 
(sb) 

( lOa ) 
(lOb ) 
( lOc ) 
( lla) 

( llb) 

( 13)  

( 14a) 

( 14b) 

( 15 )  

( 16a) 

( 16b) 

( 16c ) 
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Minimum Inc ident Momentum. For VMD Relat i ons 

I 2 
t .$ mir , FLAB � 

2 GeV/c 

8 " 

8 II 

2 II 

200 II 

200 II 

8 II 

2 II 

2 II 

2 " 

8 " 

8 II 

20 II 

10 II 

20 II 

20 II 

2 
t I 2 5m 7r f 

2 

4 

4 

2 

30 

30 

5 

2 

2 

2 

5 

5 

20 

10 

20 

20 

FLAB � I I 
GeV/c I I 

II 

II 

" 

" 

II 

II 

II 

II 

II 

II 

It 

II 

II 

II 

II 
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FIGURE CAPTIONS 

C omparison between the VMD relation ( 6 )  for phot oproduction from 

nucleons and experimental results at 4 GeV , quot ed in Table II . 

C omparison between the VMD relat ion ( Ba) for phot oproduction of 

charged pions from nucleons and experimental result s at 4 GeV quoted 

in T able II . 

C omparison between the VMD relat ion (8a) for phot ons linearly 

polarized perpendicular t o  the product ion plane and experimental 

results at 3 .4  GeV quoted in Table II . 

C omparison between the VMD relation (Be ) for the asymmetry rat io in 

phot oproduction of charged pions and experimental result s at 4 GeV 

quoted in T able II . 

Comparison between the VMD relation (Sb ) for 7f 0 photoproduction and 

experimental result s at 4 GeV , quot ed in Table II . 

The differential cross sect ions 
da ( o o ) da ( o ) - 7f p + p p and - 7f p + w p � tr dt tr 

as calculated from relations ( 9) and experimental result s at 

PLAB = 4 GeV
/

c ,  quot ed in Table II . 

C omparison between the VMD lower bound t o  the phot oproduction ratio 

dcr ( - )/ dcr ( + ) ) dt 
m + 7f p 

dt Yp + 7f n calculated from relations (8d and experi-

mental result s at 3 .4 GeV quoted in Table II . 
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C omparison between the VMD lower bound t o  the photoproduction ratio 

da ( o ) / da ( o ) . ( ) dt yn + 1T n dt yp + 1T p calculat ed from relation 8d and experi-

mental results at 3 . 4  GeV quot ed in Table II . 

C omparison between the VMD relation (lOa) for phot oproduction of TIA 

from nucleons and experimental result s at 8 GeV quoted in Table II . 

C omparison between the VMD relation ( 13) for photoproduction of � 
from prot ons and experimental results at 4 GeV , quoted in Table II . 

VMD predict ions for the differential cross section �(y p  + nA ) at 

4 and 8 GeV calculat ed from relation ( 14a) and the experimental data 

of reference ( 23) .  
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