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We discuss the phenomenological consequences of parton models for photon processes. In
particular, the "breakdown" of vector-meson dominance in Compton scattering is correlated
with its failure in nuclear photoabsorption by showing that the parton model gives rise to a
nonshadowed pointlike contribution which occurs only in two-photon processes. Included in
this contribution is a piece which corresponds in the general Compton amplitude T» to a
term which is independent of energy and photon masses at fixed t. It is emphasized that fail-
ure to observe a contribution with such behavior would have profound consequences for con-
ventional parton models. We predict that this contribution will have only a weak t dependence
and will lead to a dominantly real spin-conserving amplitude at large t values for Compton
scattering. The q behavior of this fixed pole is most easily detected in wide-angle brems-
strahlung experiments, though the same mechanism will also give rise to an s-wave enhance-
ment independent of the photon masses in ee —een. n.

I. INTRODUCTION

It has been known for some time that parton
models provide a particularly physical and intu-
itive mechanism for the scaling in off-shell for-
ward Compton scattering. Application of this pic-
ture has, however, been restricted primarily to
the large-q' large-v region. In a recent paper we
have discussed the extension of parton-field-the-
oretic models for the Compton amplitude to all q'
and v and to the nonforward direction. ' We found
that a gauge-invariant treatment of the diagrams
which yield scaling and pointlike behavior for
vW, (q', v) also results in an extra constant term
(purely real) in the forward high-energy Compton
amplitude:

1 a 0 n&0 0-'

where in the scaling region (x= -q'/2Mv)

vW, =+A,'xf, (x) ~ Q x' y
a n&0

and

Q A.,' f,(x) =g X,'f,(x) —Q x y„
a a CX &0

(a=parton type; A.,=parton charge). The particu-
lar diagrams associated with scaling behavior are
a consequence of local electromagnetic interac-
tions, occur specifically in scattering amplitudes
involving two photons, and have no counterpart in
photoproduction or purely hadronic amplitudes

(we exclude the possibility that any of the hadrons
are elementary). The absence of these diagrams
for p photoproduction and electroproduction cou-
pled with their presence in two-photon processes
will in fact play havoc with vector-dominance
relations. Some of the most interesting conse-
quences of the extra pointlike diagrams are:

(I) The Compton amplitude will be predomi
nantly real at high t (Secs. III and V).

(2) S-channel helicity conservation will break
down at high t in Compton scattering in such a
way as to give a positive asymmetry parameter
(Sec. IV).

(3) A slower falloff in the momentum transfer
squared t in Compton scattering cross sections as
compared to p photoproduction is predicted (Sec.
III).

(4) Amplitudes for two photon processes will
fall off slowly as a function of the invariant mas-
ses of the photons. This will have dramatic im-
plications for Bethe-Heitler wide-angle pair pro-
duction, bremsstrahlung (Sec. V), and colliding-
beam experiments (Sec. VI).

(5) An increasing lack of shadowing in the A de-
pendence of the total (off-shell) photoabsorption
measurements on nuclei at high q' (Sec. VII).

(6) Despite the breakdown of vector-meson dom-
inance (VMD) in comparing y - y with y -p pro-
cesses, the relations between y —p and p —p pro-
cesses are not necessarily affected, and VMD re-
sults could still be reasonably good here (Sec. III).

Our purpose in this paper is to amplify upon the
above-mentioned implications of extended parton
models for the phenomenology of general photon
processes.
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II. THE THEORETICAL MODEL

We first review for the reader the model we
shall use, which in its basic form was first de-
veloped by Landshoff, Polkinghorne, and Short. '
The implications of gauge invariance for the real
part of the Compton amplitude and for its exten-
sion to nonscaling regions is discussed below and
in Ref. 1. Compton scattering is viewed as taking
place via four basic covariant diagrams. The first
[Fig. 1(a)] we shall refer to as the "six-point"
contribution, since the photons interact with the
proton via a connected (in the sense that no freely
propagating partons are present between the pho-
tons) off-shell parton-parton-proton six-point
function. ' The next two [Figs. 1(b) and 1(c)]are the
"four-point" contributions, in which the parton
propagates freely between the emission and ab-
sorption of the photons, and the last [Fig. 1(d}J we
shall refer to as the "seagull" contribution (pres-
ent as a separate diagram only for a spin-0 par-
ton). Common to these last three diagrams is the
four-point parton-proton scattering amplitude.
Each of the parton-proton four-point and six-
point amplitudes is assumed to have normal had-
ronic behavior and to vanish as any of the parton
four-momenta squared becomes far off shell.
(This last assumption is satisfied, for instance,
in bound-state models of the proton and in super-
renormalizable field theories. ) Figures 1(b) and
1(c) are the diagrams which give rise to a finite
imaginary part in the scaling limit (Mv =P ~ q- ~,
q' -~, &u =2Mv/q' fixed) due to the freely prop-
agating parton lines. The six-point contribution
T~~~ vanishes in this limit. The seagull (or its

T T(6) + T(4) (2)

with

T =0 vT =0, T, =~p co y'+C,0.' a

and

vTS'=g p„(u y ——e,a-i 1

where

qgq
pv

— gpv +
q

qpP'q q P'q

and p„=Regge signature factor. The so-called
fixed-pole term, C, of Eqs. (1) and (2) arises
from the seagull (spin-0) or Z-graph (spin- —,') con-
tribution and gives a contribution to T„,of the
form (T,""= -2)

' f,(x)
„(+2)g„,g X,'

a

The formal divergence at x=0 [originating from
the fact that f, (x) -x "y' as x-0] is canceled by
a subtraction term which results when a sub-
tracted dispersion representation is used for the
leading Regge terms of the parton-proton T('
amplitude. This results in the replacement of
f(x) by f(x) and gives rise to the -(1/o. )y term
in Eq. (1). At q' =0 the effects of the subtraction
term disappear. The fixed pole may be calculated
from either on- or off-shell data. (See Refs. 1
and 5.) The above expressions assume the sim-
plest possible Regge behavior,

A (s, f = 0) -Q s™'P( p')p„

spin--,' equivalent, an old-fashioned perturbation-
theory Z graph evaluated in the infinite-momentum
frame) is totally independent of both v and q' and
thus survives in the scaling limit. It is, however,
purely real and so, by the optical theorem, does
not contribute to the total photoabsorption cross
section. We thus have the following result for for-
ward spin-averaged Compton scattering in the
scaling region at large ~,4

(cj (dj

FIG. 1. The covariant diagrams contributing to the
Compton amplitude. In the text these are referred to as
(a) six-point or T @, (b) and (c) four-point or T(4, (d)
seagull. (d) is separable from (b) and (c) only for spin-0
partons (see text and Ref. 1).

[s =four-point function invariant energy, p
=Regge signature, p'=parton invariant (off-shell)
mass squared, p ( p. ') = off-shell dependent resi-
due] for the parton-proton amplitudes. The resi-
dues y' and y above may be computed in terms of
P„(p'} (see Ref. 2). The Regge behavior of these
amplitudes leads to Regge behavior in the Compton
amplitude. We should emphasize that the 8=0
fixed pole is generated by the local electromag-
netic interactions, as we have assumed that the
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The q'-dependent coefficients of the leading Regge
terms are such that at large q' they result in the
proper scaling behavior for the Regge terms. In-
clusion of the subtraction term in the dispersion
relation for the parton-proton amplitude is re-
quired.

In general, the fixed-pole contributions from the
seagull or Z diagrams can be written in the form

M„"„=2g&,g, (t)+g, (t) (4)

where K = —,'(q+ q'), P = —,'(p + p'), for perpendicular
components p, , v. ' The fixed pole always enters as
a g„,term, and gives (-2)[g,(0}+g,(0)] as the
fixed pole's contribution to the forward spin-aver-
aged on-shell amplitude T, (q'=0, v).

If we consider for simplicity the case of a spin-
0 external particle the fixed pole term is simply

T„,=(+2)g„„G(t),

where

(5)

hadronic parton-proton amplitudes have only the
normal a&0 Regge behavior. The fixed pole ap-
pears as a constant C in T, and -C/&u in vT„this
combination being that which yields a total con-
tribution (for perpendicular components) of the
form Cg„„,appropriate to a contact term in the
full amPlitude T„,.' The scaling Regge contribu-
tions to T, and vT, are related in this simple fash-
ion only for spin--,' partons.

We turn now to the Regge region for the general
Compton amplitude with q', q" fixed, v-~ [and,
in general, te 0 where t = Q'=(q —q'}']. It should
be noted that both T&' and T~' diagrams contrib-
ute Regge terms. Consider first the T') four-
point contributions. We write the parton loop mo-
mentum k [see Figs. 1(b) and 1(c)] as k=xP+yq+K,
where K is a spacelike vector perpendicular to
both P and q. The basic hypothesis that the parton-
proton amplitudes vanish if the virtual partons be-
come far off shell implies that the dominant con-
tributions to the Compton amplitude arise from
regions of x and y where the parton invariant
masses remain finite. In Figs. 1(b) and 1(c) these
regions are y=0 and x=0.

The y near 0 contribution which survives in the
sealing limit and yields the results of Eq. (2)
gives a Regge contribution

T„„=u(P')M„,u(P),

with

FIG. 2. The elastic form factor.

This is to be compared with the result for the
form factor in such a case (Fig. 2)

(6)

The Pomeranchuk contribution to the parton-pro-
ton amplitude, which causes f(x)-x " for x-0
(with a = 1) cancels when the sum over oppositely
charged partons, a, is performed. As a result
the integral in Eq. (6) does not diverge. As t be-
comes large the other Regge contributions rapid-
ly disappear (having exponential residues in the
parton-proton amplitude) leaving only contribu-
tions from background terms. The fixed pole,
Eq. (5), is from the beginning only related to the
background or nonleading portion of the x behav-
ior. Because of this similarity, we expect that
the fixed-pole term will have a t dependence sim-
ilar to that of the elastic form factor. (See Appen-
dix A. ) The expected falloff in t, perhaps similar
to a dipole (t ' at large t) is markedly slower than
the exponential falloff expected for Regge terms,

In the case of spin we have

&p'I ~„Ip} = u(p') [f,(t)P„+f,(t)2Myo]u(p) (7)

as the defining equation for the form factors.
Again, because of the similarity in structure be-
tween the elastic form factors f„f„andg„g„we
expect a slow falloff for the latter. (The fixed
pole is, of course, controlled by C=+exchanges
as opposed to C= —for the form factors. }

The four-point x near 0 region yields a second
Regge contribution to M»,

(4) (4)x=o Moo =x~o Rov(q ~ q, t, v),

which depends on q' and q" in such a way that it
vanishes as either q or q' becomes large.

The T~' diagram also contributes a Regge term
(arising from a single Regge limit of the parton-
proton six-point function depicted in Fig. 3) which
we write as

M =Rov(q ) q q tq v).



180 BRODSKY, CLOSE, AND GUNION

FIG. 3. The single-Regge limit of the T 6 diagram ap-
propriate in the Regge region of Compton scattering.
Also shown schematically is the VMD hypothesis for this
diagram, which relates (a) yy to (b) yV, and to (c) VV.
VMD applies only to the T~6 diagrams.

O. l

This contribution also vanishes as either q' or q"
becomes large. In addition we note that no fixed
pole arises from this latter type of diagram.

III. COMPTON SCATTERING AND VECTOR

DOMINANCE

000l
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We turn now to the question of vector-meson
dominance. By definition the freely propagating
parton diagrams [Figs. 1(b) and l(c)) do not have
poles in the photon channels. That is equivalent
to saying that VMD cannot be applied to these dia-
grams. On the other hand, for the six-point dia-
gram, vector dominance can be applied at least in
part. To decide to what extent we compare the
processes yp pp and pp -pP.

Only the six-point diagrams contribute to these
processes as interaction between the partons con-
nected to the vector meson is necessary in order
to bind them together. As a result we expect no
fixed pole in either process. ' Experimentally a
value for the coupling of y 2/4v =0.65+ 0.01 is re-
quired for vector dominance to work in going be-
tween the two processes. ' This is in agreement
with the va. lue y~2/4w = 0.64 measured directly by
the Qrsay experiment. We thus adopt as a work-
ing hypothesis vector dominance for the six-point
contribution,

In going from yP -pP to yP -yP we can apply
vector dominance only to the six-point contribu-
tion. The presence of the additional four-point
Regge and fixed-pole contributions is a general
consequence of the parton model. ' In Fig. 4 we
show a comparison of the VMD prediction for
yP —yP, using the yP —VP data ( V =p, &u, P),
y~'/4m =0.65, and the canonical —', :1:~ ratio for
yp2. y~2. ye2 with the act al data. It is clear that
the agreement is poor. Not only is the forward
normalization incorrect but also the shape at
large t. The four-point contributions are capable
of explaining both these discrepancies. The fixed
pole is small in magnitude' and contributes only
a few percent to the forward cross section, but
both four-point Regge contributions can be sub-
stantial. " Indeed the comparison shows that these
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FIG. 4. Compton scattering at 16.6 GeV/c [data from
R. L. Anderson et al. , Phys. Rev. Letters 25, 1218
(1970);A. M. Boyarski et al. , Rid. 26, 1600 {1971)]. The
lower of the curves labeled VMD is the result of taking
the vector-meson photoproduction data of Ref. 8 and us-
ing pp /4r = 0.65 (see text). f This of course is the Orsay
value and is also that which works well in predicting
yV from VV data; see Fig. 4(b) where we show a sample
comparison between this latter VMD prediction and the
yV data. l Renormalizing this curve so as to agree at
small t yields the upper VMD curve (corresponding to
&p

/470 0.35). The curve labeled BCG is that described
in Ref. 14.

give about a 20% contribution for q2 =0. As t in-
creases all Regge contributions can be expected
to fall off rapidly in t (perhaps exponentially). The
fixed pole will then eventually dominate due to its
slower falloff. The change of shape in yP - yP
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[experimentally der~(f)/dt ~ e "~'~ at small f and
large energy]. If the pointlike nature of the parton
results in replacing one proton residue with a /-
independent parton residue (or if the appropriate
Gaussian radius of the parton is 0), then the ap-
propriate t behavior for the parton-proton am-
plitude and hence for the four-point Regge contri-
butions will be

Qn the other hand it might be that a black-disk
picture is appropriate to proton-proton scattering
in which case

(f} e- (RP+RP) ) t)

~-4zp2) t )

i.e., R~' = 1.25 (A~= proton radius) and

(f}~e Rpa[ t[ e-j, 25) I( .

(12)

(Note that it is a,iso not clear that, away from
t = 0, the four-point Regge contributions need con-
serve helicity so that some helieitJJ-conservation
violation might occur in the small-t region. )

(2) Secondly the nature of the Pomeranchuk tra-
jectory H becomes crucial. If it is true that it,
as well as the f A2 trajec-tory, has a positive
slope then at large I, its energy dependence will be
governed by an effective u & 0. (Presumably, how-
ever, there are I and R.P" cuts which will take
longer to fall below zero." The notation R.I'" de-
notes the cut resulting from simultaneous ex-

(relative to yp pp) is thus a reflection of the
transition from Regge to fixed-pole dominance
occurring in that region of t. A complete discus-
sion of the shape and energy dependence of yj -yp
must, however, include the following important
details.

(1}The four-point Regge contributions R„'„will
very probably be characterized by a gentler ex-
ponential t behavior than the six-point Regge con-
tributions. This is a result of the fact that the
parton is a pointlike particle (as is required if it
is to have no form factor, one of the key assump-
tions necessary to obtain scaling in a parton mod-
el). Unfortunately, different arguments lead to
different conclusions as to just how much gentler
this behavior should be. For instance if in proton-
proton scattering the residue of a given Regge pole
factorizes (or if the residue results from a con-
volution of Gaussian constituent distributions) then
in GeV units

change of Regge poles R and P" in the f channel. )
The fixed pole will then give the leading energy
dependence and higher energy will make it easier
to see. If on the other hand, the Pomeranchuk
trajectory is flat, increasing the energy at large
t will only help for the n-P difference, from
which it will be possible to measure the difference
between the neutron and proton fixed-pole residues.

(3) Finally, we must consider the possibility
that an additional process exists which could in-
fluence the y —y: y —p, do/dt comparison; namely,
that strongly interacting massive vector gluons
could be exchanged between the parton and the
proton in the parton-proton amplitude. Proton-
proton scattering at large t can be reasonably
well described" by such a vector-gluon exchange
between the protons [leading to A-isG„'(t)
(Ref. 13)]. Here only one proton is present, giv-
ing A is G-„(t). Only even-cha. rge-conjugation
vector exchanges (i.e., 4 =1') survive in the
even-charge-conjugation Compton amplitude, so
that even if such a term is present in the proton-
proton scattering amplitude it need not be present
in the brompton amplitude. However, if a vector
gluon is present, it will have as weak a t depen-
dence as the fixed pole whose constant behavior
in s will be overshadowed by the gluon's linear s
dependence. The effect of such a term would thus
be quite dramatic and it should be evident at
present energies. The fit referred to below, how-
ever, does not seem to require such a contribu-
tion in addition to the normal Regge trajectories.

In Fig. 4 we have shown a sample fit to yP —yP
which includes, in a simple fashion, "the above
considerations. Also shown is the vector domi-
nance pr ediction.

Thus 1arge t is certainly required to see the
fixed pole directly. Note that if trajectories have
positive slope, increasing the energy will help
provided t is such that aD Regge trajectories and
cut intercepts lie below zero. Given the uncer-
tainty in the Pomeranchuk slope it is difficult to
estimate a t value for which this might happen.
One should first try looking far the fixed pole at
the presently available energies by going to large
t (It j & 1.5 Gevm would for instance be sufficient
for the fit of Fig. 4). The direct observation at
large t of this constant term in brompton scatter-
ing would be a striking confirmation of the parton
picture.

IY. ASYMManc. Y PARAMa;r Ht

In the region where the fixed pole dominates the
Regge terms, it is possible to snake a definite
prediction which wi11 be tesiab1e ia the near future
(when experiments at (f j & 1.5 GeV~ are done) and
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will provide a check of this picture.
It is clear from Eq. (4) that the fixed pole re-

sults in a contribution to the on-shell Compton
amplitude of the form

~P P p/

-2e'* ~ e u(p') g, (t)+g, (t) u(P), (13) P' P P' P p/

which as we have said will dominate the amplitude
at large t. [e and e' are the helicity 1 (or -1)
photon polarization vectors. ] Such a term can be
detected (independently of the nucleon spin un-
knowns) by measuring the asymmetry parameter

2 Z Re(f„~~, f *,x~ ~, )

&XX X' + -z).), V~)e) '

(X, X';X„' are the helicities of the initial and final
nucleons and of the final-state photon, respective-
ly) between the cross sections for photons polar-
ized perpendicular and parallel to the scattering
plane. The resulting A will be of the form

sin20
1+cos 8

(15)

(8 = laboratory scattering angle). Polarization in-
formation for the initial photon only is required.

V. DIRECT MEASUREMENTS OF THE REAL
PART OF THE COMPTON AMPLITUDE

or

yP —e'e-P, q' = (/, +/,')'
(16)

involving spacelike and timelike photons, respec-
tively. Such measurements are crucial in testing
the predictions of the parton model, as they check
the resulting t =(P-P') and q' dependence of the
real fixed-pole contribution in the T, amplitude.
The latter process was examined in Ref. 15; here,
we examine the former. This ability to test the
contact nature of the fixed pole directly by study-
ing the properties of the real part at large t is
particularly important in view of the uncertainties
encountered when attempting to extract the real
part from a measurement of the differential cross
section for Compton scattering.

We consider the processes depicted in Figs.
5(a), 5(b), and 5(c), which contribute to wide-
angle bremsstrahlung emission of one photon in
the scattering of an electron or positron from a
nucleon. Although we have worked out the full

Direct measurements of the Compton amplitude's
real and imaginary parts are possible by using the
processes

e'/ -e'P r, q'= (P, —/,')'

(c)

expression for the elastic bremsstrahlung cross
section based on Eq. (13) for the fixed pole, we
shall just give here the results for a small-angle
kinematic region, where the effect of the Compton
amplitude is simple to analyze. Let 0„,8', k„E'
be the laboratory angles and energies of the final
photon and lepton (see Fig. 5). The important pa-
rameters of the problem are t, the square of the
momentum transferred to the nucleon, and q', the
mass squared of the initial photon in the Compton
scattering portion of Fig. 5(c). One should note
that these can be adjusted independently as they
depend on different laboratory angles, 0~ and 0',
respectively. Isolation of the fixed-pole contribu-
tion to Compton scattering will require large t,
i.e., large E-E' and a reasonable value of 8~.
Large E -E' is also required in order to be in the
Regge region of the Compton amplitude, i.e. , at
large v, where the fixed pole is relevant. On the
other hand, the q' dependence of the Compton
amplitude's real part may be studied by varying
O'. For orientation we first consider the case of
spinless particles. The standard Bethe-Heitler
contribution [from Figs. 5(a) and 5(b) plus the
spin-0 seagull contribution] is

2m, F(t) (2P,' + k) ~ e(Z+ Z'+ k, )
BH t 2p/. k

where F(t) is the nucleon form factor. Only pho-
tons linearly polarized in the electron scattering
plane contribute. Keeping only leading terms in
the angles, neglecting recoil and choosing 0~'» 8"
(which will emphasize the Compton interference
contribution) we obtain

8M' F(t)
0 8~

(18)

FIG. 5. The Feynman diagrams contributing to the
process ep —epy to lowest order in e. (a) and (b) are
the Bethe-Heitler processes, and (c) is the Compton con-
tribution. Note that when e+ —e, diagram (c) changes
sign whereas (a) and (b) are unchanged.
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using e" = (0,1- 8»/2, 0, —8») and k, =—E -E'. Next
consider the contribution of Fig. 5(c), which be-
comes the fixed-pole g,-,. seagull contribution at
large t. The corresponding contribution to the
bremsstrahlung amplitude is

T,
G t Pe+&e

=2 ' Gt (19)

where T,"P/T, ""is given by Eq. (1) and G(f) is the
spinless fixed pole form factor. [We can also
compute the contribution of Fig. 5(c) for the case
in which t is small and q' is small. The result is
obtained from Eg. (19) by replacing G(f) T," by T, .
(At q' = 0 and t = 0 only one invariant amplitude,
T„enters.) In this case the real part of T, will
obviously have f-A, Regge contributions in addi-
tion to the fixed pole. ] Hopefully, the complica-
tions of the Pomeranchukon and/or vector gluon

would be present mainly in the imaginary part of
Ty which as we shall see will not enter. We refer
to the contribution of Figs. 5(a) and 5(b) as B, and

that of Fig. 5(c) as S; we note that S changes sign
when e'-e (we have presented the results for
the e' case above), while B does not. Thus if we
measure

and Ga(t) is the electric form factor of the proton.
It is desirable to examine this result in two

cases.
(1) At large t, where the fixed pole is expected

to dominate, one can determine the following from
a measurement of R (a) whether or not the Comp-
ton amplitude is, indeed, independent of energy;
(b) just what the magnitude of the fixed pole is;
and (c) whether this constant term is in fact q'-
independent (i.e., whether R depends on 8' only
via the 1/q' of the photon propagator). This last
is the most important test of the theoretical con-
cepts embodied in the parton model.

(2) At small f and q' = 0 (i.e., 8» small and
8'-0), one can also hope to measure ReT, (t =0)
in the Regge region to sufficient accuracy that
separation of the f-A, and fixed-pole contribu-
tions might be possible. Observation of terms in
the real part of T, which do not conform to this
interpretation would be of great theoretical con-
sequence.

The importance of direct measurements of the
real part of the Compton amplitude in the manner
suggested above cannot be overly stressed. It
provides one of the only di~ect tests of the theory
herein discussed.

VI. FURTHER CONSEQUENCES OF THE
SEAGULL CONTRIBUTION

B+S — B—S
B+S

2BReS
I
s

I
'+

I B I

' (20)

(note: B is purely real), it will be possible to ob-
tain information concerning ReS. In fact, if one
inserts reasonable values for the energy and
angles (keeping the angles &25', say), then

I
B I'

»
I
S I' and we have

T", G(t) 1 (E+E')(E —E') 8„
Taom E($) 2M EE' 8'

The result for spin-~ leptons on spin--,' nucleons
is very similar in this kinematic region since only
the convection parts of the nucleon current and
fixed pole are operating. We get

2ReS
B

g, (f)+g, (f) 8,'(E -E')' 2
G (f) 8~(E+E') I '

with

7 FP

g, (0) +Z, (0) =
j.

In Sec. V we have illustrated the importance of
the seagull-type contribution to wide-angle brems-
strahlung and how this process serves as a criti-
cal test of the fundamental ideas of the parton
model. This seagull contribution is expected to
be important in all two-photon processes which
involve hadrons. For example, new tests of the
nature of parton contributions to two-photon am-
plitudes

y + y hadrons

(for spacelike photons) are possible from mea-
surements of the process ee-ee+hadrons. In
particular, the seagull (fixed-pole) contribution
yields an s-wave contribution to y+ y -w+m pair
production which is indePendent of photon mass
for any fixed s = m„+„'.In general, we empha-
size the importance of including in all yy pro-
cesses the parton (T'»i + seagull) contributions
which are of pointlike nature.

VII. SHADOWING IN PHOTONUCLEAR
INTERACTIONS

The phenomenological picture that we have de-
veloped has interesting consequences for the total
photoabsorption cross sections on nuclei. Direct
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application of the simplest p dominance model to
the forward elastic amplitude for photons on nu-
clei, together with the optical theorem, would
predict (at large energy)"

O ~ ~Op~ ~
y

This latter cross section will behave like A" with
n&1 because of the shadowing effect arising from
the relatively short mean free path of p's in nu-
clear matter. Indeed if a(pN) = ~ then the p would
see only the surface of the nucleus and we would
have

Op„-A"Op„

with n= -', . For the observed total cross section
magnitudes one finds -', &n&1, the precise value
depending upon the explicit magnitude of o(pN)'
and upon the scattering energy. The "direct"
measurement from p photoproduction on deuterium
of Anderson et al."yields v(pN) -26 mb and
y~'/4w -0.65 at large v, in reasonable agreement
with the quark-model result

Aeff

I 00

IO

10 IOO

o~„=-2[o(a'N)+v(n N)].

Using these values and a ratio of real to imag-
inary contribution of -0.2 in the yp —pP 16 GeV
scattering amplitude leads one to expect s(pA)- A'". Vector dominance would then predict
o(yA)/o(yN) -A'- "

The data" for the A dependence of photoabsorp-
tion cross sections of on-shell photons by nuclei
are shown in Fig. 6. The data show a more linear
dependence of A~, [= (oyA) /(oyN)] upon A than
that given by the vector dominance result. %ere
the photon pointlike, in the sense that it had a
long free path in the nucleus, one would predict
o(yA)-Ao(yN). The data thus indicate the pres-
ence of such a "piece" in the photon. This is pre-
cisely what we expect from our theoretical model.
(The solid curve in Fig. 6 is the result of the cal-
culation which follows. )

In Sec. III we noted that while VMD worked
beautifully in comparing yP -pp with pp -pp, it
faik.'d to agree with the yP -yP data. In particular
the predicted magnitude of the fonvard differential
cross section for on-shell Compton scattering
(including &u and P contributions) is &.41 pb /GeV2
at 16.6 GeV, whereas the known value of or (yP)
at this energy, or extrapolati. on of the yp -yp
data to t =0, yields a forward cross section of
about 0.68 pb/GeV'. This difference we accounted
for by noting the existence of the T~ diagrams
which were not vector dominated. If we assume
the same ratio of real to imaginary part in the
Tt4l as in the T@l contribution (apart from the
fixed pole which is negligible in the forward di-
rection anyway) we obtain

o~"""(yN)
~""(yN)

o," (yN)
+VMD(yN)

~ data ~VMD 1/2

dt (yN-yN) (yN-yN)dt

1
O. V8

' (22)

(This ratio is empirically constant over the range
of energies 5-1'l GeV, which is to say that the
energy behavior of the T and T~' Regge contri-
butions is the same, as we would expect from our
theory )T~'l di.agrams correspond to cases in
which the photon is absorbed and reemitted by the
same nucleon and thus correspond to a pointlike
piece of the photon, for which the A dependence
is linear as discussed. In Appendix B we argue
that this contribution to the one-step process is
negligibly shadowed by its corresponding two-
step process [Fig. 7(b)] because of the relatively
small size of the parton-proton cross section and
because of the off-shell parton effects in the in-

FIG. 6. Shadowing in 14.4-18.3 GeV on-shell nuclear
photoabsorption. A« ——o(yA)/0{~) for a nucleus contain-
ing A nucleons. "No shadowing" would predict A« -A
(the upper curve) while the VMD model with 0( pN) =26 mb
and a ratio of 20+ for the real part of the y —p amplitude
to its imaginary part yields the lower curve (yp //4F
=0.65). The curve labeled BCG is given by 0.22 A
+0.78A ~ (see text), corresponding to the 22% pointlike
portion expected on the basis of the model of the text.
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FIG. 7. Nuclear shadowing of the four-point contribu-
tion to Compton scattering. (a) The deuteron becomes
two nucleons and the Compton scattering takes place on
a parton of one nucleon, the parton being reabsorbed by
the same nucleon. The nucleons then recombine to form
the deuteron. (b) The process that might shadow the
pointlike one of (aj. In this case the parton which is in-
volved in the Compton scattering is reabsorbed by a
different nucleon than that from which it was emitted. In
addition a second parton travels between the bvo nucleons.

-0.22+0 VSA&' ~ »-'&
Ae(ylq) (24)

(We have ignored in all this the difference be-
tween P and n cross sections~ which is about 5 /p

at this energy and will have only a small effect. )
This curve is plotted in Fig. 6 and agrees re-
markably well with the data. For lead A= 207,
the correction results in about a 20% increase in
the ratio above that expected from pure VMD.
This effect can also be parametrized as an in-
crease of the one-step process relative to the
two-step above the value predicted by VMD. Suri

termediate state (for the diffractive region). Us-
ing the single nucleon ratio

o(yP) 0 22o @I(-yP.)+0 'ISe~,)(yP.)

= 0.22e(pointlike) + 0.7Se(VMD) (23)

and using the A dependence expected for the VMD
piece given above we find

and Yennie" have noticed that numerically this
is what is required to make theory agree with ex-
periment. Here we have shown that a natural
physical picture makes it clear that such an ad-
justment should indeed be necessary and in addi-
tion relates the approximate magnitude of the ef-
fect to single nucleon data. The success of this
procedure is clear evidence for the existence of
pointlike interactions of the photon such as in-
corporated in this theory.

It also seems that shadowing disappears when
absorption of off-shell (qx &0.3 GeV') photons is
examined. Recent data" on Cu and Be targets
show no sign of shadowing. This is precisely
what should happen once the six-point vector-
dominated contributions become small relative to
the scaling contributions of the four-point func-
tion. These latter diagrams will not exhibit ab-
sorption as the photon is reemitted before ab-
sorption can occur In .addition, the early (i.e.,
small q') onset of scaling, if taken as evidence
for the early vanishing of the nonscaling six-point
contributions, indicates that by q' = 0.5 GeV' the
predominant contributions are the unshadowed
four-point contributions which are not vector-
meson dominated.

This differs somewhat from the picture pro-
posed by Harari. ' The analysis of Ref. 5 sug-
gested that v = 2 GeV at q' = 0 is to be compared
with v near 50 QeV when q' = 1 GeV' and Harari
proposes that shadowing observed in the latter
region might be similar to that observed at q'=0,
v =2 GeV. From our point of view this would re-
quire that there be Regge pieces of the T@~ am-
plitudes which scale at values of q =1 GeV pro-
vided the energy v is great enough. (This is sim-
ilar to the point of view of suri and Yennie. ) We
cannot rule out this possibility but the present
model suggests an alternative in which the off-
shell physics and cross sections appropriate to
the relevant two-step processes are such as to
greatly reduce the shadowing even when the en-
ergy v is large compared to q'.

Thus we have presented a physically intuitive
basis for an understanding of the transition from
q =0 to large q . At q =0 the VMD dominated
diagrams Figs. 1(a) and 3 account for about S0%
of the observed contribution in the near forward
direction, whereas at either large q' or at large
I, VMD will fail due to the dominance of the other
diagrams.

VIII. CONCLUSIONS

%e have presented a picture for Compton scat-
tering (and, of course, nuclear photoabsorption)
which is based upon one possible theoretical ex-
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planation of exact scaling. The characteristic
feature of the model used is that it provides a
smooth interpolation between the Regge and the
scaling regions, such that the freely propagating
parton amplitude (which dominates in the scaling
region) does not become totally irrelevant in the
nonscaling region even though in this latter region
other contributions are equally or more important
in most cases. It is not impossible that the scal-
ing observed at SLAC represents the effects of a
theory which is totally irrelevant at smaller q'.
In such a case, however, a smooth interpolation
between the Regge region and the scaling region
would not exist in the sense that the physics ap-
propriate at high q' would have no effect at low
q'. We have shown that there is some experimen-
tal support for a theory in which the physics is
not discontinuous, and that in the very near future
it will be possible to perform detailed experimen-
tal tests of the picture provided by such a theory.
The most important such test is provided by mea-
surements of electron-positron wide-angle brems-
strahlung e' p -e' p y. Measurements at small t
and small q' = (P, —P,')' directly determine the
real part of the Compton amplitude and thus will
help in separating the fixed pole from the Regge
terms. At high t only the former "seagull" con-
tribution, characteristic of the parton model,
survives in the Compton amplitude's real part.
Verification of q' independence (at fixed t) of
this J=0 fixed-pole contribution would be dramat-
ic evidence supporting the local structure of elec-
tromagnetic interactions implicit in the parton
model. However, if q' dependence of the J =0
fixed pole is observed, then the field-theoretic
parton model would be destroyed.

ADDENDUM

After this paper was completed, we received a
paper by D. O. Caldwell et al. [University of
California, Santa Barbara report (unpublished}j
in which is noted the need for a short-range elec-
tromagnetic interaction in nuclear photoabsorp-
tion.
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where P = —,'(P+ P') is the average of the initial and
final nucleon momenta, and K=-,'(k+ k') where e" (k}
and e"(k') are the initial and final photons. The
amplitude Reggeizes as v ' (v = P K). The
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four invariant amplitudes as this would lead to
terms in T„„whichare not proportional to g„,
(for V. and v chosen as stated above}. 2 is the
only tensor in which the terms which restore
gauge invariance to g"' are explicitly 1/v relative
to the g)'" term.

For spin- —,
' external nucleons there are no less
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—mK g"' + P'K" K'

(A2)

APPENDIX A

We have stated that the characteristic feature
of the fixed pole is that if one examines the am-

(the associated invariant amplitudes Reggeize as
v" '). Again, the other invariant tensors do not
have the property that an a =0 fixed pole occurring
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in the corresponding amplitude would be propor-
tional only to g„,when p, and v are chosen as
stated earlier. When examining such p, and v com-
ponents we have

with

„p 4 g, (t) 4Mg, (t)

which to leading order in v reduces to Eq. (4) of
the text.

Finally we wish to note that in an infinite-mo-
mentum frame the local parton operators for the
fixed pole and form factor are merely related
(for either spin--,' or spin-0 parton) by

n ~g~v n
FP ~ form factor

XQ
(A4)

(x, being the fraction of longitudinal momentum of
parton a}. Thus we expect that parton by parton
the contribution to the form-factors of a spin--,'
nucleon will be related by

a +a
(A5)

Since

f; =P&.ff
g,. =p x,'g', ,

this relation will be preserved for the full form
factors of a spin- —,

' nucleon. We note further that
the Drell-Yan relation, which correlates the as-
ymptotic behavior of the elastic form factors f,.
with the behavior of the structure function F,(x)
= xf (x) at x near 1, implies that the g', form fac-
tors have the same asymptotic t dependence as
the f; because of Eq. (A4).

APPENDIX B

In this appendix we explain why the single-step
Tt4~ process [illustrated for a deuteron in Fig.
7(a)] is only negligibly shadowed by its corre-
sponding two-step process [Fig. 7(b)]. There are
two effects which tend to reduce the importance
of the two-step process, either one of which
would be sufficient on its own.

First of all, the shadowing will be substantial
only if the parton-nucleon total cross section is
substantial. (Were it zero there would be no shad-
owing. ) There are two basic ways in which one
can estimate the size of this cross section. In the
3-qua, rk model of a nucleon (2 quarks to a pion}, if
o(n N)-26 mb the-n o(parton-N)-13 mb. Prob-
ably, however, there is a large number of con-

stituent partons in each nucleon and they act co-
herently in nucleon-nucleon scattering. Nucleon-
nucleon scattering can then be considered as the
scattering of two disks of radius R for which

0~ -4R'. The parton-nucleon total cross section
would then be —,

' as large (the individual parton
having a very small radius and the nucleonic
partons still acting together coherently as a disk
of radius R). This estimate gives or (parton-N)
-9 mb. In either case the shadowing is negligible.
Of course, if the partons of the single nucleon
failed to act together coherently in parton-nucleon
scattering the cross section would be extremely
small. We can state these same considerations
another way. The pointlike single-step diagram
will be shadowed only to the extent that noninter-
acting parton pairs propagate between the nu-
cleons and contribute to the nuclea. r binding. (In-
teracting partons in the form of p's etc. are, of
course, important in the nuclear binding and these
shadow the six-point single-step process. ) Thus
the amount of shadowing is correlated with the
ability of a parton to escape from a nucleon. On
the other hand, should a bound-state model be
found in which the partons are unable to escape
from the nucleon there would be no shadowing of
the pointlike piece under consideration.

Secondly there is an important effect which
arises from the interplay between the nuclear and
parton physics. The nuclear physics is such that
the nucleons can never be far off shell. This is
a direct result of the small binding energy of the
nucleus. (If a nucleon is forced too far off shell
the nucleus breaks apart. ) We shall see that this
forces the partons in the two-step process to be
far off shell; this in turn causes the parton-proton
scattering amplitude to vanish. (This vanishing is
the basic assumption of parton models with exact
scaling and is closely analogous to the nuclear-
physics requirement that the nucleons be nearly
on shell. )

The most convenient way in which to keep co-
variant effects is, surprisingly, to perform the
analysis in an infinite-momentum frame using old-
fashioned perturbation theory. [See Fig. 7(b) for
notation. J The degree to which the nucleons are
off shell is measured by the energy denominators
E —E.

Referring to Fig. 7(b), we define our infinite-
momentum frame by (see Ref. 25) P -~ with

Mv Mv M~q= 2P q -2 P"-.= P'2P 0P2P
where M = nucleon mass and M„=deuteron mass,

P, = yP+ „,p~, yp2yp
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A. +k~
P~x = OxP+, key 5xP (B1)

M 6E —E =—,+2Mv
yy

"'+(k~+q~)' ~'+k~'
5x 5(1 —x}

(B6)

where 5=y -y' and A, =parton mass. One then
obtains the following results (the usual factor of
2P is understood here and below):

M +P~
y(1-y)

For convenience we write this in terms of the two-
parton invariant mass in this intermediate state,
R:

A.'+(q~+k, )' 1'+k~'

+ 2M@~,
M'[4y(1 —y}—1] —P~'

y(1-y
M'[4y'(1-y') —I] —Pi"

c~ = binding energy.

(B2)
Q2 q

2 q2

then

M'5 SR2+ Q'
E -E =—,+2Mv-1 3 yyI

(B')

(B8)

y = —,'+0(es/M), p~'=0+0(esM),

y'=~+0(es/M}, P~"=0+0(e~M). (B')

We must also compute the energy differences
E, -E, and E, —E4 which measure the extent to
which the partons are off shell as they emerge
from the scattering:

The requirement that these energy differences be
small gives

This quantity must be positive if any shadowing is
to take place, i.e., if we are to be able to pick up
an imaginary contribution from this energy de-
nominator. Thus,

(%'+ Q'5= (large-v solution).
2Mv (BQ)

Since we already know that 5 wants to be as small
as possible, the equality must in fact hold. Note
that this implies

-M25 A2+ k
E, -E,=, — (using p~=0},yy' 5x 1 —x

-M'5 A. +ki
(1-y')(1-y} dx(1 —x)

(B4)

parton-proton (y X)
y 6x

i y2+k 2 2Mv
2 x (%'+ Q') ' (B10)

At this point one should notice (1) that since all
intermediate particles must be forward moving in
the infinite-momentum frame, 6)0 is required,
(2) that this implies

Nuclear-physics considerations alone will cause
the process to vanish if v is not large as 5 cannot
be small. If v is large then 5 can be small but
then

Es E4=E, -E2

E -E &0, E-E&0, E —E4&0, E-E &Oy
A. +k2.(I- )(~"Q') ' (B11)

and (2}that we are working in the high-energy ap-
proximation. That is, we have replaced the struc-
tured parton-proton scattering amplitudes by their
approximate net contribution at high energy which
is presumably purely positive imaginary. [We
sha. ll verify shortly in (B10) that the appropriate
energy is in fact large if v is large. ] In order for
this-two-step process to shadow the one-step pro-
cess it must have an over-all contribution of -i.
Given the above approximation to the scattering
amplitudes it is thus necessary that we be able to
obtain a +i from the only remaining energy de-
nominator E —E,. Since E —Ej 0,

i.e., the partons have been forced to go far off
shell in this case. This causes the parton-proton
amplitudes to vanish and again shadowing cannot
occur.

There will of course be small corrections to the
above discussion due to the real contributions to
the coherent parton-proton scattering amplitudes
from f-A2 trajectories. They are however too
small to have a measurable effect upon the above
considerations.

Thus in this appendix we have given two separate
reasons as to why the parton pointlike contributions
to the one-step process should not be shadowed by
the corresponding two-step process.



PHENOMENOLOGY OF PHOTON PROCESSES. . . 189

~Work supported in part by the U. S. Atomic Energy
Commission.

tNATO Fellow, 1970-72.
~S. J. Brodsky, F. E. Close, and J. F. Gunion, Phys.

Rev. D 5, 1384 (1972); and report (unpublished).
P. Landshoff, J. C. Polkinghorne, and R. Short, Nucl.

Phys. B28, 225 (1971).
3In the case of composite field-theory models of the

proton it is important to realize that the six-point diagram
includes certain diagrams in which one photon interacts
with the bare proton, while the other interacts via the
full vertex function. These are necessary for the gauge
invariance of T2 (for instance, they cause the fixed pole
residue in T2 to be linear in q ).

4For the expressions in other cu regions see Ref. 2.
5F. E. Close and J. F. Gunion, Phys. Rev. D 4, 742

(1971); 4, 1576 (1971); J. M. Cornwall, D. Corrigan, and

R. Norton, Phys. Rev. Letters 24, 1141 (1970).
~ln general, if one looks at components p and v for

which neither P& „norK& „areof order v=P K/M
tP= 2{p +p'), K = 2 (q+q'); p, p', q, q' are the initial,
final proton-photon momenta, respectivelyl then only
terms proportional to g» survive as energy-independent
contributions in the amplitude. When considering pro-
cesses involving longitudinally polarized photons one must
take into account the fact that the fixed pole actually oc-
curs in an invariant amplitude which multiplies a fully
gauge-invariant tensor. In Appendix A this point is clar-
ified and the gauge-invariant form of the contact term
discussed.

7This argument can be turned around as well. Theoret-
ically one does not expect fixed poles in pp —pp as it..is a
purely strong process. If vector dominance is to work
in going from pp —pp to yp —pp there can be no fixed
poles in this latter process either. T. P. Cheng and
W.-K. Tung, Phys. Rev. Letters 24, 851 (1970), show
that in this case a fixed pole with polynomial residue will
occur in yp —yp. The present theory avoids these argu-
ments and shows that the polynomial residue is the sim-
plest possible one, i.e. , one which "scales. "

R. Anderson et al . , Phys. Rev. D 1, 27 (1970); G. Wolf,
rapporteur's talk, in Proceedings of the International
Symposium on Electron and Photon Interactions at High
Energies, 1971, edited by N. B. Mistry (Cornell Univ.
Press, Ithaca, N. Y. , 1972).

SThis is similar to the observations by suri and Yennie
who assume the existence of a "short-range" contribution
to Compton scattering in addition to the vector-dominated
pieces. Their short-range piece does not include any
leading Regge behavior. Regge behavior, however, is
natural for the non-VMD contributions in our model.
Zyan F. Ezawa, Phys. Rev. Letters 27, 1092 (1971) has
also noted the presence of non-VMD contributions in
Compton scattering.

~oDuality, applied to the parton-proton amplitudes, tells
us that the sign of each Regge term's imaginary part is
positive, for both four- and six-point contributions.
(Hence they will add in phase. ) The actual size of the
four- and six-point Regge terms is, however, model-de-
pendent. For instance, the y near zero T Regge contri-
bution for q not large cannot be estimated from scaling
region data, the extrapolation depending on an unknown
spectral function in the form

i" p(m')d nP

(q2+ m2)~

~~Effective trajectories for the totality of such contribu-
tions have been given by H. Yabuki, Phys. Rev. 177, 2209
(1969). They are of the form A-b~t, if the original
trajectories are linear in t.

H. Abarbanel, S. D. Drell, and F. J. Gilman, Phys.
Rev. 177, 2458 (1969).

In the absence of important unitarity corrections, a
gluon term, linear in s, can only contribute to the imag-
inary part of the amplitude (i.e. , it must have positive
signature) if the Pomeranchuk theorem, equality of par-
ticle and antiparticle cross sections at high energy, is
not to be violated.

~4Unfortunately the t behavior and real parts of the var-
ious Regge terms are subject to great ambiguity so that
no definitive statement can be made in this t range. The
naive fit was made by assuming the additional Regge
terms merely renormalized the tota1 Regge contribution
(continuing to preserve s-channel helicity conservation)
so as to agree in the forward direction. The t dependence
of these terms was assumed to be approximately e in
the amplitude. A fixed pole with electromagnetic dipole
form factor t dependence was then added in. An equally
good parametrization results when the T Regge terms
are replaced by a gluon type term is A{t) where A{t) has
a t dependence like the electromagnetic form factor
Gz(t). This last point indicates the impossibility atpres-
ent t values of deciding whether or not such a gluon
term is, in fact, important.

5S. J. Brodsky, A. C. Hearn, and R. G. Parsons, Phys.
Rev. 187, 1899 (1969).
' More rigorously, VMD predicts that at high energies,

v» (m& +Q )d, the two-step amplitude in Compton nu-
clear scattering coherently shadows the one-step ampli-
tude for scattering on the interior nucleons.

YR. Anderson et al. , Phys. Bev. D 4, 3245 (1971).
S. J. Brodsky and J. Pumplin, Phys. Rev. 182, 1994

(1969);K. Gottfried and D. R. Yennie, ibid. 182, 1596
969) and references therein.

~9D. O. Caldwell et al. , Phys. Rev. Letters 23, 1256
(1969); see also K. Gottfried, rapporteur's talk, in Pro-
ceedings of the International Symposium on Elect~on and
Photon Interactions at High Energies, 1971, edited by
N. B. Mistry (Ref. 8).

This is obtained from the deuterium data.
A. suri and D. Yennie, contribution to the International

Symposium on Electron and Photon Interactions at High
Energies, Cornell Univ. , 1971 (unpublished).

See, e.g. , H. Kendall, rapporteur's talk, in Proceed-
ings of the International Symposium on Electron and Pho-
ton Interactions at High, Energies, 1971, edited by N. B.
Mistry (Ref. 8).

23H. Harari, rapporteur's talk, in Proceedings of the
International Symposium on Electron and Photon Inter-
actions at High Energies, 1971, edited by N. B. Mistry
(Ref. 8); and private communication.
24See W. A. Bardeen and W. -K. Tung, Phys. Rev. 173,

1423 (1968)~

25S. D. Drell, D. Levy, and T.-M. Yan, Phys. Rev. 187,
2159 (1969); Phys. Rev. D 1, 1035 (1970).




