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When combined with the result g„,= ,'m—pfp,„obtained from wm analysis, ~ Eq. (12) can be written

(13)
A i 2 At"s +2m GL) =m gA„.

Now the p-dominated Regge behaviors for the ampli. tude C" ' are t p '~ and s p ' for large t and s,
respectively. One of the three independent pAA couplings leads to a t-channel p pole in the amplitude
C' ~ . We thus write the minimal Veneziano form for C' ' simply as

(G )' I (1—a, (t)) I'(1—o., (s))
2 r(1-np(t) —np(s))

(14)

where the coefficient is obtained from normalization to the p Born term in the s channel. By com-
pletely identifying the o.'p(s) = 1 pole in Eq. (14) with the v and p Born terms, we obtain the additional
relation

~p'g~. .'+ (Gs )'+ ~, 'Gs "Gz)" ,'(G-a )'m, '= 0

Combining Eqs. (13) and (15) we find

Gs (Gs +mp G~ ) =0.

The solution Gs =0 requires, with Eq. (11), that

(16)

fpAA fpwm ( fppp fplCK)s

the universal result. The solution Gs = -mp'G~ leads to a considerable shift of f&z from the fp„val-
ue if A, couples appreciably to pm.

We have presented evidence that the Veneziano representation appears to require universal p cou-
pling in order to satisfy the A-W low-energy theorem. The ambiguity that occurs in the pAA charge
coupling can only be removed by detailed study of the consequences of each solution to Eq. (16). Con-
struction of scattering amplitudes in addition to those considered here is necessary to pursue this
point. This goes beyond the scope of this note. We emphasize that the modest charge-algebra, soft-
pion extrapolation, and PCAC assumptions employed here with the Veneziano representation should
suffice to implement further study.
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we write the usual expansion

T =A& ~ P&"P+28(g OP& o Q+e ~ QE' oP)+Cc 4 Qc 4 Q+De '6

where P=p(P+P') and Q=g(q+q').
We regard ~, co, p, and A& (provisionally) as well established enough to exclude parity doubling. An isospin-0

4 =1+ state at the mass of the A~ is allowed in our scheme (see Ref. 21).
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INTERPRETATION OF RECENT EXPERIMENTAL TESTS OF VECTOR-MESON DOMINANCE*
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There are several experiments involving photon interactions with nucleons or nuclei
which are in apparent disagreement with the usual predictions of the vector-meson-dom-
inance model. We present a tentative analysis of these experiments in terms of addition-
al mass dependences arising from the vector-meson amplitudes.

The field-current identity asserts' tions follow directly. In the present discussion,
we shall refer to this as "optimistic" VMD.

There are now various experiments (to be dis-
cussed in more detail below) which are in con-
flict with optimistic VMD. This conflict may be
resolved either by changing the structure of the
electromagnetic current (1) or by allowing for
a mass dependence in the vector-meson ampli-
tudes. It is logically impossible to distinguish
these two explanations experimentally without
additional theoretical input.

Some modifications of (1) lead to a universal
form factor and therefore affect all experiments
in the same way. Examples are k'-dependent
photon-meson couplings or additional terms pro-

According to (1) any amplitude involving real or
virtual photons is a linear combination of vector-
meson amplitudes each multiplied by a vector-
meson propagator. In the absence of an adequate
dynamical model, the simplifying assumption is
usually made that the only nontrivial dependence
on the photon mass k' arises from the propaga-
tors and not from the amplitude of the vector
meson. These two assumptions are usually re-
ferred to as the vector-meson-dominance (VMD)
model, and from them various practical applica-

em e 2 0 e &
e

= ——mp P„+—I ~„+ I~P„). (1)—
Jp



VOLUME 25, NUMBER 11 PHYSICAL REVIEW LETTERS 15 SEPTEMBER 1969

z„(t)= z„(t)c„(—t) +—s'.,(t)c.,(t)

+—z„(t)c„(t); (2)

here the factors C represent the effect of extrap-
olating from the vector-meson to the photon
mass, and the s and helicity dependences are
suppressed. The discussions of the ambiguities
in applying VMD to polarized photoproduetion
mean that the values of the C's depend also on
the choice of frame used in defining the polariza-
tion. If such dependence is important, we shall
understand (2) to be difined in the helicity frame

From the model in Ref. 3 of the isovector part
of (2), we may evaluate Cz, ' (t) for transverse
photons, polarized perpendicular (L) or parallel
( ~~ ) to the reaction plane. Some typica. l values
for Cz, '~~(t) averaged over the helicity ampli-
tudes are shown in Table I. The deviation of
C&, ' (t) from 1 has been traced ba.ck in Ref. 3
to the mass dependence of the scalar amplitudes

, which make up the amplitudes Ez,(s, t). If
these A.; are calculated by fixed-t dispersion
relations then mass dependences apart from the
propagator term (m~'-k') ' arise from the fact
that the dispersion relations are crossing sym-

portional to the vector-meson sources in Eq. (1).
The elegant Novosibirsk and Orsay colliding-
beam experiments' fail to indicate that they play
an important role in the range 0 ~k'-k y'. We
shall see later that it is impossible to account
for the experiments under consideration with a
universal k'-dependent modification of VMD.
Rather than take the drastic step of introducing
new currents unrelated to the known conserva-
tion laws, we shall discuss the experiments un-
der the assumption that the main deviations for
small k' are due to a k' dependence of the vector-
meson amplitudes.

In pion photoproduction, this dependence fol-
lows from a dynamical model which is in agree-
ment with experiment. ' The deviations from
optimistic VMD for photoproduction are as much
as a factor of 2 and do not support a further ex-
tension of VMD outside the considered range,
even for rough estimates of cross sections, un-
til one has a good dynamical model for the mass
dependence.

We shall be concerned mostly with photopro-
duction off nucleons. I et us write the ampli-
tudes E» for photoproduction of a (=&a,p, q,y,
z, ~ ~ ) in terms of the production amplitudes I' z,
(I'=t, ~,V):

Table I. Example for k2 dependence in pion photopro-
duction represented by the factors Cz~ ' ~ [see Eq. (2)l.
E&, photon energy in the laboratory system.

t
[m,2] =4 GeV

c cll

&,=8 GeV
c cia

&&=16 GeV

-5
-10

1.26 0.40
1.36 0.30
1.52 0.11

1.34 0.54
1.45 0.32
1.63 0.12

1.38 0.61
1.49 0.33
1.67 0.12

metric under the exchange of s and u. Further
effects arise from the effective coupling con-
stants E which enter the nucleon form factor.
The results in Ref. 3 follow from very general
concepts like analyticity, crossing symmetry,
superconvergence relations, and mass depen-
dence of coupling constants. Therefore they
should not be accidental and can serve in the
following discussion as a motivation.

During the past year several authors recon-
sidered the consequences of VMD for photon in-
teractions with nuclei. ' The main features of
these treatments are the following: (i) Optimis-
tic VMD is applied only to the individual two-
body interactions. (ii) Two contributions illus-
trated in Fig. 1 are expected to be important:
The first is a "one-step" amplitude M, in which
the photon directly produces the final particle on
one of the nucleons. The second is a "two-step"
amplitude M, in which the photon makes a (nearly
real) vector meson on one nucleon. This meson
propagates to a second nucleon where it interacts
in the same manner as the incident photon in the
one-step process. (iii) At high energies the in-
terference between the two amplitudes leads to
optimistic VMD applied to the whole nucleus,

(3)

In contrast to what would be expected from a one-
step process alone this cross section shows the
features of strong absorption for the photon,
such as A dependence. The photon of course is
not strongly absorbed because of the factor n in
(3). This result comes about due to a, r,ear can-
cellation of the two amplitudes brought about by
the fact that their size is related through the
VMD assumption. (iv) At low energies (below or
not too far above vector-meson threshold), the
two-step amplitude becomes negligible, and the
strong absorption features for the photon disap-
pear. The physical reason for this is that the
wave number of the vector meson differs signif-
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o.) yN ~ P'N (Forward)
Table II. Results of various p -photoproduction ex-

periments (see Ref. 6).

P
-eaP

b) yN~ yN

M =c (o)c (0) M""'
M = C (0) M2 -PP

Deutsches Elektronen
Synchrotron

Cornell
Stanford Linear

Accelerator Center

Energy
(QeV)

4 5

6.2
8.8

Op P/'

(mb)

-38 +3
-30+',

CPP(0)

2
3
2
3

c) yN ~ N»

J )II L~ll VMD) J JlM'(t)=e '(t)M (t)
I pv I

d.) yN = Np' (Incoherent)

P

M (t)=c (t) M

J., II VIED; J )II
M (t) = c (0) M (t)

PP

P

M (t) =C (0)M
PP

ignore effects smaller than 10/0, but regard
larger effects as meaningful. The value of f~
from the Orsay experiment' will be used.

(1) Coherent p' photoproduction. ' —Only the one-
step amplitude contributes to this process. The
two-step amplitude would correspond to a real
two-body scattering rather than an optical-poten-
tial interaction and would be associated with the
small incoherent p production. In this experi-
ment the A dependence yields the total p-nucleon
cross section op~. The forward differential
cross section on hydrogen' may then be used to
obtain the k' dependence for this process,

FIG. 1. Illustration of one- and two-step amplitudes
M~ and M2 for various nuclear reactions. The ampli-
tudes M~ 2 represent the result of applying vector-
meson dominance without k2 dependence; the effect of
mass dependence is contained in the factors C;& which
are defined in Eq. (2).

icantly from that of the photon and a form factor
suppresses the two-step amplitude. (v) The tran-
sition energy is governed by the form factor just
mentioned, and turns out to be in the range 5-10
GeV for the p-meson contribution. (vi) This gen-
eral feature of a transition from no photon ab-
sorption effects at low energies to strong ab-
sorption effects at high energies should be insen-
sitive to detailed optical-model calculations.

The experiments which have been per formed
to test these expectations disagree rather strong-
ly with them. Thus the optimistic view of VMD
does not appear to work for nuclei. We shall
discuss these experiments in terms of their im-
plications for the 0' dependence of various am-
plitudes, i.e., the deviations of the C's from 1.
For simplicity, we shall assume that the p me-
son is more important than the isoscalar me-
sons; taking the other mesons into account would
not change the qualitative picture which will
emerge. At this time we shall not attempt a
quantitatively precise analysis of the data. We

1 2
yD [C (0)]2 fo oN

PP 4p
(4)

It is clear from the experimental results, pre-
sented in Table II, that no experimental consen-
sus has yet emerged. These disagreements
should be resolved as soon as possible. In the
subsequent discussion, we shall use the Cornell
results Cp&(0) -~ since the hydrogen point was
measured directly rather than inferred from the
normalization.

(2) Absorption of photons by nuclei. ' —Referring
to Fig. 1(b), we see that the ratio of the two-step
to the one-step amplitude is modified by the fac-
tor Cz&(0) /Cz&(0) with respect to VMD. The ex-
periment at 16 GeV is compatible with ~ for this
ratio. Thus if we use —', for C~~(0), we obtain
Cz&(0) -1. That is, forward Compton scattering
is related to forward photoproduction of p's by
VMD without significant mass dependence. This
agrees with an analysis by Guiragossian and
Levy, ' who used the total photon cross section
and the optical theorem to estimate E&&(0).

(3) Photoproduction of v-mesons. I—The mea-
surements have been made at 8 and 16 GeV and
show no evidence for the energy dependence ex-
pected from VMD. The two polarizations must
be treated separately and the ratio of M, to M,
is modified by the factor Cz, ' (t)/C~~(0). The
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present experiment does not distinguish polariza-
tion effects but yields an effective ratio of -2.
Since o dominates the cross section, we see
that this result is in agreement with the results
of Tables I and II [C~, (t)- —', and Czz(0)- —3].
Since the ratio is drastically different for the
two polarizations, it would be interesting to
study the energy dependence as a function of the
photon polarization; for example, it should be
possible to adjust the plane of polarization so as
to obtain a big energy dependence in the transi-
tion region.

(4) Incoherent p photoproduction. "—Measure-
ments have been made at 4 and 8 GeV. The
cross section shows some shadowing effect but
lacks any energy dependence. This time the ra-
tio of the two-step to the one-step amplitudes is
are modified by the factor Czz(0)/C~z(t). Using

Cz&(0) - —'„ the experiment is compatible with

Czz(t) -1 for -t-0.12 GeV'. This rapid t depen-
dence is surprising. It implies a strongly dif-
ferent t dependence between the p-scattering and
p-photoproduction cross sections. Physically,
it corresponds to a peripheral absorption of p
mesons which has no counterpart in the photopro-
duction of p's. It is hard to see how this picture
could be entirely wrong. As we stressed before,
one would expect a strong energy dependence of
the cross section if C&~(t) =C&~(0). This conclu-
sion is independent of the precise details of the
optical model.

What is the possible physical significance of
this peripheral absorption? Perhaps it arises
from the circumstance that the p is an unstable
particle which can be decomposed by the pres-
ence of a nucleon which need not be too close.
In a real sense it may have a large internal spa-
tial extension due to the fact that its state has a
significant two-pion component in addition to a
"bare" p' state.

The optical model using optimistic VMD in-
volves the near cancellation of rather large
terms at high energies and results in a large en-
ergy dependence of the cross section independent
of the details of the calculations. In the present
analysis we have disturbed this cancellation by

our particular assumption of the k' dependence
and thereby reduced the energy dependence. In
spite of the nonuniqueness of our choice of C's
we want to stress —and this is our main point
—that any final analysis which retains the field-
current identity will have to include some signif-
icant k' dependence of the vector-meson ampli-
tudes. The specific effects of k' dependence
could be checked by electroproduction experi-
ments.

This work benefited from stimulating conversa-
tions with many colleagues at Cornell and other
institutions.
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