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ABSTRACT

We discuss the phenomenological consequences of parton models for
photon processes. In particular, the ''‘breakdown' of vector meson domi-
nance in Compton scattering is correlated with its failure in nuclear photo-
absorption 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 pr to a term which is independent of energy and photon masses
at fixed t. It is emphasized that failure to observe a contribution with such
behavior would have profound consequences for conventional 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 q2 behavior of this fixed pole is most easily
detected in wide angle bremsstrahlung experiments, though the same
mechanism will also give rise to an s-wave enhancement independent of

the photon masses in ee eewm.
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I. INTRODUCTION

It has been known for some time that parton models provide a particularly
physical and intuitive mechanism for the scaling in off shell forward Compton l
scattering. Application of this picture has, however, been restricted primarily
to the large q2 large v region. In a recent paper we have discussed the exten-
sion of parton-field theoretic models for the Compton amplitude to all q2 and v
and to the nonforward direction. L We found that a gauge-invariant treatment
of the diagrams which yield scaling and point-like behavior for VWZ (qz, v)also
results in an extra constant term (purely real) in the forward high energy

Compton amplitude:
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(2 =parton type; ha =parton charge). The particular diagrams associated
with scaling behavior are a consequence of local electromagnetic interactions,
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 rho photoproduction and electroproduction coupled with their
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presence in two photon processes will in fact play havoc with vector dominance
relations. Some of the most interesting consequences of the extra pointlike
diagrams are:

(1) The Compton amplitude will be predominantly real at high t. (Sections
HOIand 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 (Section IV).

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

(4) Amplitudes for two photon processes will fall off slowly as a function
of the invariant masses of the photons. This will have dramatic implications
for Bethe-Heitler wide angle pair production, bremsstrahlung (Section V) and
colliding beam experiments (Section VI).

(5) An increasing lack of shadowing in the A dependence of the total (off
shell) photoabsorption measurements on nuclei at high q2 (Section VII).

(6) Despite the breakdown of vector meson dominance (VMD) in comparing
v —v with y— p processes, the relations between v — p and p — p processes
are not necessarily affected, and VMD results could still be reasonably good
here (Section III).

Our purpose in this paper is to amplify upon the above mentioned implica-
tions of extended parton models for the phenomenology of general parton
processes.

II. THE THEORETICAL. MODEL

We first review for the reader the model we shall use, which in its basic
form was first developed by Landshoff, Polkinghorne, and Short. 2 The impli-

cations of gauge invariance for the real part of the Compton amplitude and for
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its extension 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. 1a) 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 photons) off shell parton-parton-
proton six point function. 3 The next two (Figs. 1b and 1c) are the "four point"
contributions, in which the parton propagates freely between the emission and
absorption of the photons, and the last (Fig. 1d) we shall refer to as the 'sea-
gull" contribution (present as a separate diagram onl_y for a spin 0 parton).
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 hadronic 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 1b and 1lc are the diagrams which give rise to a finite
imaginary part in the scaling limit (My =p-q— «, qz—» w, @ =2Myp /q2 fixed)
due to the freely propagating parton lines. The six point contribution TS?
vanishes in this limit. The seagull (or its spin 1/2 equivalent, an old fashioned
perturbation theory Z graph evaluated in the infinite momentum frame) is totally
independent of both » and q2 and thus survives in the scaling limit, It is, how-
ever, purely real and so, by the optical theorem, does not contribute to the
total photoabsorption cross section. We thus have the following result for

forward spin averaged Compton scattering in the scaling region at large w, 4

= 7(6) (4) - m(6) 4)
T, =Ty + T T, =Ty  + T, (2)
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with

and

where

i
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and [ =Regge signature factor. The so-called fixed pole term, C, of Egs.
(1) and (2) arises from the seagull (spin 0) or Z graph (spin 1/2) contribution

and gives a contribution to TI«W of the form (’[‘]13'01'][1 = -2)

1

f (x)
2 a
(+2) glw z; Aa f ” dx

0

The formal divergence at x =0 (originating from the fact that fa(x)~x_ayz as

x — 0) is cancelled by a subtraction term which results when a subtracted
dispersion representation is used for the leading Regge terms of the parton-
proton T(4) amplitude, This results in the replacement of f(x) by Rx) and gives
rise to the - %'ya term in Eg. (1). At q2 =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 simplest possible

Regge behavior,

A, t=0—p %8 (40, (3)
o

(s =four point function invariant energy, Py =Regge signature, “2 =parton

invariant (off shell) mass, ﬁa (uz) = off shell dependent residue) for the
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parton-proton amplitudes. The residues Yc'x and Yo above may be computed

in terms of Ba( uz) (see Ref. 2). The Regge behavior of these amplitudes leads
to Regge behavior in the Compton amplitude. We should emphasize that the

J =0 fixed pole is generated by the local electromagnetic interactions, as we
have assumed that the hadronic parton-proton amplitudes have only the normal

a >0 Regge behavior. The fixed pole appears as a constant C in T, and -C/w

1
in v Tz; this combination being that which yields a total contribution (for per-
pendicular components) of the form Cg“V , appropriate to a contact term in the

. 6 . e
full amplitude Tuv . The scaling Regge contributions to T, and vT2 are

1
related in this simple fashion only for spin 1/2 pai'tons.

We turn now to the Regge region for the general Compton amplitude with
q2 , q’2 fixed, y—e (and, in general, t# 0 where t =Q2 =(a —q')z). It should be
noted that both T(4) and T(G) diagrams contribute Regge terms. Consider first
the T(4) four. point contributions. We write the parton loop momentum k (see
Figs. 1b and 1c) 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 become far off shell implies that the dominant contributions
to the Compton amplitude arise from regions of x and y where the parton invariant
masses remain finite. In Figs. 1b and 1c these regions are y =0 and x =0.

The y near 0 contribution which survives in the scaling limit and yields the

results of Eq. 2 gives a Regge contribution

Tyy = u(p) M, , up)



with

M - g@®

2 2
y=0"purv y=0 py t.v.a°,q")

The q2 dependent coefficients of the leading Regge terms are such that at large
q2 they result in the proper scaling behavior for the Regge terms. Inclusion of
the subtraction term in the dispersion relation for the parton-proton amplitude
is required.

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

R

1 1
where K =&—2tg— , P = P_E‘*'_R_ , for perpendicular components u, v. 6 The
fixed pole always enters as a guv term, and gives (-2) [gl(O) + gz(O)J as
the fixed pole's contribution to the forward spin-averaged on shell amplitude
2 _
Tl(q =0, v).

If we consider for simplicity the case of a spin zero external particle the

fixed pole term is simply

Tuy =(+2)gw G(t) ()
where
1 .2+ a 2
AL (x,t) V(X
G(t)=zf——————ai D DD D
a 0 a>0 a



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

1

> / AL (x,t) = F(t) (6)
0

a

The Pomeranchuk contribution to the parton-proton amplitude, which causes
f(x)~x_a for x — 0 (with o =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 becomes large the other Regge contributions rapidly disappear (having
exponential residues in the parton-proton amplitude) leaving only contributions
from background terms. The fixed pole, Eq. (5), is from the beginning only
related to the background or nonleading portion of the x behavior. Because of
this similarity, we expect that the fixed pole term will have a t dependence
similar to that of the elastic form factor. (See Appendix I.) The expected
falloff in t, perhaps similar to a dipole (t“2 at large t) is markedly slower than
the exponential falloff expected for Regge terms.

In the case of spin we have

@I P> = ueY [fl(t) P, +f2(t)2Mv“] u(p) (7)

as the defining equation for the form factors. Again, because of the similarity
in structure between the elasﬁic form factors fl’ f2 and gl, g, 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) 2 2
szMuv XzORMV @, a™, t,») 8)



which depends on q2 and q'2 in such a way that it vanishes as either q2 or q'2
becomes large.

The T(6) 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

(6) _»(6) (2 412
Muv —R“V a,q",t,v) (9)

This contribution also vanishes as either q2 or q’2 becomes large. In addition

we note that no fixed pole arises from this latter type of diagram.

III. COMPTON SCATTERING AND VECTOR DOMINANCE

We turn now to the question of vector meson dominance. By definition the
freely propagating parton diagrams (Figs. 1b and 1c) do not have poles in the
photon channels. That is equivalent to saying that these diagrams cannot be
vector meson dominated. On the other hand, the six point diagram is at least
in part vector dominated. 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 connected to the vector meson is necessary in order to
bind them together. As a result we expect no fixed pole in either process. 7
Experimentally a value for the coupling of y§/47r= .65 £, 01 is required for
vector dominance to work in going between the two processes. 8 This is in
agreement with the value ’yi/ 41 ~ 0. 64 measured directly by the Orsay experi-
ment. We thus adopt as a working 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 contribution. The presence of the additional four point Regge and
fixed pole contributions is a general consequence of the parton model. 9 In
Fig. 4 we show a comparison of the VMD prediction for yp —vyp, using the
vp —Vpdata (V =p, w,0), yi/47r =.65, and the canonical 1/9:1:1/2 ratio for
Viz'yi :'yi, with the actual 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 ma.g;’nitude5 and contributes only a few percent to the
forward cross section, but both four point Regge éontributions can be substantial.lo
Indeed the comparison shows that these give about a 20% contribution for q2 =0.

As t increases 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 shépe in vp »vp (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 discussion of the shape and energy dependence of

Yp —vp must, however, include the following important details.

(1) The four point Regge contributions, Rffv) , will very probably be char-
acterized by a gentler exponential t behavior than the six point Regge contribu-
tions. r.l‘his 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 assumptions necessary to
obtain scaling in a parton model). 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 convolution of Gaussian constituent distributions)
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then in GeV units

-5 t]

Yop® = Boroton® Boroton® <e (10)

(experimentally do(6) Jdte 710 |t]

at small { and large energy). If the point-
like nature of the parton results in replacing one proton residue with a t inde~
pendent parton residue (or if the appropriate Gaussian radius of the parton is 0),

then the appropriate t behavior for the parton-proton amplitude and hence for

the four point Regge contributions will be

- -2.51t
74t = ’Bparton Bproton(t) Sl | (11)

On the other hand it might be that a black disk picture is appropriate to proton-

proton scattering in which case

Q(Rp+Rp)2|t1 —4R12)|tl
t) =e = e 12
Ypp(t) (12)
ie., RIZ) =1.25 (Rp = proton radius) and
. R%)t]  -1.25t]
Yty e ~e

(Note that it is also not clear that, away from t =0, the four point Regge contri-
butions need conserve helicity so that some helicity conservation violation might
occur in the small t region.)

(2) Secondly the nature of the Pomeranchuk trajectory, P, becomes crucial.
If it is true that it, as well as the f—A2 trajectory, has a positive slope then at
large t its energy dependence will be governed by an effective a<0. (Presum-
ably, however, there are P" and R+ P” cuts which will take longer to fall below
zZero. 11) The fixed pole will then give the leading energy dependence and higher
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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 influence the y-vy:v-p, g—g comparison; namely that
strongly interacting massive vector gluons could be exchanged between the
parton and the proton in the parton-proton amplitude. Proton-proton scatter-
ing at large t can be reasonably well described12 by such a vector gluon exchange
between the protons (leading to A ~ is * G?v[(t) (Ref. 13)). Here only one proton
is present, giving A ~is* GM(t). Only even charge conjugation vector exchanges
(i.e., J° =1+) survive in the even charge conjugation Compton amplitude, so
that even if such a term is present in the p.roton—proton scattering amplitude it
need not be present in the Compt;)n amplitude. However, if a vector gluon is
present, it will have as weak a t dependence 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, however, does not seem to require
such a contribution 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,14 the above considerations. Also shown is the vector dominance pre-
diction.

Thus large 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 all Regge trajectories and cut intercepts lie below zero. Given the un-

certainty in the Pomeranchuk slope it is difficult to estimate a t value for which
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this might happen. One should first try looking for the fixed pole at the presently
available energies by going to large t(| tl >1.5 GeV2 would for instance be
sufficient for the fit of Fig. 4). The direct observation at large t of this con-
stant term in Compton scattering would be a striking confirmation of the parton
picture.

IV. ASYMMETRY PARAMETER

In the region where the fixed pole dominates the Regge terms, it is possible
to make a definite prediction which will be testable in the near future (when
experiments at|t|>1.5 GreV2 are done) and will provide a check of this picture.

It is clear from Eq. (4) that the fixed pole results in a contribution to the

on shell Compton amplitude of the form

2T 3 [ 50 5,0 2% Jup) (13)

which as we have said will dominate the amplitude at large t. (¢ and €¢'are the
helicity 1 (or -1) photon polarization vectors.) Such a term can be detected
(independently of the nucleon spin unknowns) by measuring the asymmetry pa-

rameter

2 2, Re <f17w7w ftmvw)
y

-0 bR
A - o - % _ MY Y (14)
o, + 9y I 2 Iz
o ol Flhparar
Y y Y

(AL A 7\]}/ are the helicities of the initial and final nucleons and of the final state
photon respectively) between the cross sections for photons polarized perpen-
dicular and parallel to the scattering plane. The resulting A will be of the form

in2 6
A= v (15)

1 +cos2 0
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(6 =laboratory scattering angle). Polarization information for the initial

photon only is required.

V. DIRECT MEASUREMENTS OF THE REAL PART
OF THE COMPTON AMPLITUDE
Direct measurements of the Compton amplitude's real and imagin:ry parts

are possible by using the processes

e*p— e¥py a® = (o -p!)’
or

wp—eep o = (be+ p(;)2
involving spacelike and timelike photons respectively. Such measurements are
crucial in testing the predictions of the parton model, as they check the result-
ing t=(P- P')2 and q2 ‘dependence of the real fixed pole contribution in the T1
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
studying 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. 5a, b, and ¢, 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
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 kine-
matic region, where the effect of the Compton amplitude is simple to analyze.
Let 9

K’ e, kO’ E' be the laboratory angles and energies of the final photon and

lepton (see Fig. 5). The important parameters of the problem are t, the
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momentum transfer to the nucleon, and qz, the mass of the initial photon in
the Compton scattering portion of Fig. 5c. One should note that these can be
adjusted independently as they depend on different laboratory angles, ek and '

respectively. Isolation of the fixed pole contribution to Compton scattering will

require large t, i.e., large E- E' and a reasonable value of ek. 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 qz
dependence of the Compton amplitude's real part may be studied by varying 6'.
For orientation we first consider the case of spinless particles. The standard
Bethe-Heitler contribution (from Figs. 5a, b plus'the spin zero seagull contri-

bution) is

_ 2M F(t) | (2p] +k) - € (E+E'+K) . (2p, k)« € (E+E'-k)

Mpy i %p' - K 25, -2€,| (1)

e

where F(t) is the nucleon form factor. Only photons linearly polarized in the
electron scattering plane contribute. Keeping only leading terms in the angles,

neglecting recoil and choosing 912{ > 6 2 (which will emphasize the Compton

interference contribution) we obtain

8M_ F(t)

M = - _&_—
BH k2 93
0 'k

using P = (0, 1- 912{/2, 0, - ek) and kOS E-E'. Next consider the contribution

of Fig. 5c¢, which becomes the fixed pole gij seagull contribution at large t. The
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corresponding contribution to the bremsstrahlung amplitude is

Tf i Py TPg): €
Mg = =% gorn ) &) 2
1 q
(19)
TFP (E+E') 0
= 9| —1—) ) k
Thorn EE'6°
where Tf P/ T]13orn is given by Eq. (1) and G(t) is the spinless fixed pole

form factor. [We can also compute the contribution of Fig. 5¢ for the case in
which t is small and q2 is small. The result is obtained from Eq. (19) by re-~
placing G(t)TfP by Tl' (At q2=0 and t=0 only one invariant amplitude, Tl’
enters.) In this case the real part of T1 will obviously have f-—A2 Regge contri-
butions in addition to the fixed pole.] Hopefully, the complications of the
Pomeron and/or vector gluon would be present mainly in the imaginary part of
Tl’ which as we shall see will not enter. We refer to the contribution of

Figs. 5a and 5b as B, and that of Fig. 5¢ 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

0,70_  1B+8/°- IB-8/> _  2BRe S %0
o++o_ - 2 |2 (20)

R = =
IB+sI% + lB-sl2 [SI” + B

(note: B is purely real) it will be possible to obtain information concerning Re S.
In fact, if one inserts reasonable values for the energy and angles (keeping the

angles <25 degrees, say), then IB[2>> ISIZ and we have

FP 4

Re- 21 _ Gy 1 @reye-Ey? %k e1)
Born F(t) 2M EET 3
Tl 0
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The result for spin 1/2 leptons on spin 1/2 nucleons is very similar in
this kinematic region since only the convection parts of the nucleon current and

fixed pole are operating. We get

4 2
R 2Re S (gl(t) + gz(t)) ek (E_E‘) 2
= = — —M—
B Gg(® o 25+ Y
with FP
Ty
g1(0) +8,(0) = —H=r—
Tl

and GE(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
Compton amplitude is, indeed, independent of energy; (b) just what the magni-
tude of the fixed pole is; and (¢) whether this constant term is in fact q2 inde-
pendent (i.e. , whether R depends on 4' only via the l/q2 of the photon propagator).
This last is the most important test of the theoretical concepts embodied in the
parton model.

(2) At small t and q2 =0 (i.e., 0 small and #'— 0), one can also hope to
measure Re Tl(t =0) in the Regge region to sufficient accuracy that separation
of the f—A2 and fixed pole contributions might be possible. Observation of terms
in the real part of T1 which do not conform to this interpretation would be of
great theoretical consequence.

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 direct tests of the theory herein discussed.
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VI. FURTHER CONSEQUENCES OF THE SEAGULL CONTRIBUTION

In the previous section we have illustrated the importance of the seagull~-
type contribution to wide angle bremsstrahlung and how this process serves as
a critical test of the fundamental ideas of the parton model. This seagull con-
tribution 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 amplitudes

v + v —hadrons

(for spacelike photons) are possible from measuremeénts of the process
ee —ee + hadrons. In particular, the seagull—fixed pole—contribution yields an
s~wave contribution to y+y —ar pair production which is independent of photon mass
for any fixed s = mi_,_ﬁ_ . In general, we emphasize the importance of including
in all yy processes the parton (T§4) + seagull) contributions which are of point-

like nature.
VII. SHADOWING IN PHOTONUCLEAR INTERACTIONS

The phenomenological picture that we have developed has interesting con-
sequences for the total photoabsorption cross sections on nuclei. Direct appli~
cation of the simplest rho dominance model to the forward elastic amplitude for
photons on nuclei, together with the optical theorem, would predict (at large

16
energy)
« 0
GyA PA
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 rho's in nuclear matter.

Indeed if ¢(pN) =« then the p would see only the surface of the nucleus and
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we would have

o ~,h
pAAGpN

with n=2/3. For the observed total cross section magnitudes one finds 2/3<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. 17 yields o (pN)~26 mb and 'y% /4T ~, 65 at large

v, in excellent agreement with the quark model result

%on = %‘ (o ™) +o(x Ny ] .

Using these values and a ratio of real to imaginary contribution of -0.2 in the
pp — pp 16 GeV scattering amplitude leads one to expect o(pA)~A" 89. Vector
dominance would then predict . (yA)/s (YN) ~ A° 89. 18

The da’ca19 for the A dependehce of photoabsorption cross sections of on
shell photons by nuclei is shown in Fig. 6. The data show a more linear depend-
ence of Aeff(=0‘(yA)/ O (yN)) upon A than that given by the vector dominance |
result. Were the photon poin:like, in the sense that it had a long mean free path
in the nucleus, one would predict o(yA)~Ao(yN). The data thus indicate the
presence of such a 'piece' in the photon. This is precisely what we expect from
our theoretical model. (The solid curve in Fig. 6 is the result of the calculation
which follows. )

In Section IIT we noted that while VMD worked beautifully in com-
paring yp — pp with pp — pp, it failed to agree with the yp — yp data. In partic- ?
ular the predicted magnitude of the forward differential cross section for on |

shell Compton scattering (including omega and phi contributions) is ~0.41ub/ GeV2

at 16.6 GeV, whereas the known value of GT('yp) at this energy, or extrapolation
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of the vp — vp data to t=0, yields a forward cross section of about 0. 68 ub/GeVz.
This difference we accounted for by noting the existence of the T(4) diagrams

which were not vector dominated. If we assume the same ratio of real to

o) (6)

imaginary part in the as in the T" 7 contribution (apart from the fixed pole

which is negligible in the forward direction anyway) we obtain

@) , 1(6) Data
o TN oD*Ruy L -
) = TVMD - VMD T8
or o) TNV N )

(This ratio is empirically constant over the rangelof energies 5 GeV - 17 GeV
which is to say that the energy behavior of the T(4) and T(G) Regge contributions
is the same, as we would expect from our theory.) T(4) diagrams correspond
to cases in which the photon is absorbed and reemitted by the same nucleon and
thus correspond to a pointlike piéce of the photon, for which the A dependence
is linear as discussed. In Appendix II we argue that this contribution to the one
step process is negligibly shadowed by its corresponding two step process

(Fig. 7b) because of the relatively small size of the parton-proton cross section
and because of the off shell parton effects in the intermediate state (for the dif-

fractive region). Using the single nucleon ratio
o(yp) ~ .22 ¢ (yp) +.78 0 (vp) =.22 o(pointlike) + , 78 C(VMD) (23)
@) (6)

and using the A dependence expected for the vector dominated piece given above

we find

o(YA) (.89-1)
KE((VI_\I% .22 +.78 A (24)
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(We have ignored in all this the difference between p and n cross sections20

which is about 5% at this energy and will have only a small effect.) This curve
is plotted in Fig. 6 and agrees remarkably 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 parameterized as an increase of the
one step process relative to the two step above the value predicted by VMD.
suri and Yennie21 have noticed that numerically that this is what is required to
make theory agree with experiment. Here we have shown that a natural physical
picture makes it clear that such an adjustment should indeed be necessary and
in addition relates the approximate magnitude of the effect to single nucleon
data. The success of this procedure is clear evidence for the existence of
pointlike interactions of the photon such as incorporated in this theory.

It also seems that shadowing disappears when absorption of off shell
(q2 > .3 GeVz) photons is examin;ad. Recent data22 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 contribu-
tions of the four point function. These latter diagrams will not exhibit absorp-
tion as the photon is reemitted before absorption can occur. In addition, the
early (i.e., small qz) on set of scaling, if taken as evidence for the early
vanishing of the nonscaling six point contributions, indicates that by q2=. 5 the
predominant contributions are the unshadowed four point contributions which
are not vector meson dominated.

This differs somewhat from the picture proposed by Harari. 23 The analysis
of Ref. 5 suggested that v =2 GeV at q2=0 is to be compared with v near 50 GeV
when q2 =1, and Harari proposes that shadowing observed in the latter region

might be similar to that observed at q2=0, v =2. From our point of view this
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would require that there be Regge pieces of the T(G) amplitudes which scale at
values of q2=1 provided the energy v is great enough. (This is similar 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 energy v is large compared to q2.

Thus we have presented a physically intuitive basis for an understanding of
the transition from q2=0 to large qz. At q2=0 the VMD dominated diagrams
Figs. 1a and 3 account for about 80% of the obseryed'contribution in the near
forward direction, whereas at either large q2 or at large t, VMD will fail due

to the dominance of the other diagrams.

VIHI. CONCLUSIONS

We have presented a picture »for Compton scattering (and, of course, nuclear
photoabsorption) which is based upon one possible theoretical explanation 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 scaling observed at SLAC represents the effects of
a theory which is totally irrelevant at smaller qz. 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 appropriate at high q2 would have no effect
at low qz. We have shown that there is some experimental support for a theory

in which the physics is not discontinuous, and that in the very near future it
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will be possible to perform detailed experimental tests of the picture provided
by such a theory. The most important such test is provided by measurements
of electron-positron wide angle bremsstrahlung eip — eipy. Measurements

at small t and small q2=(pe—p(‘a )2 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' contribution,characteristic of the parton
model, survives in the Compton amplitude's real part. Verification of q2
independence (at fixed t) of this J =0 fixed pole contribution would be dramatic
evidence supporting the local structure of electromagnetic interactions implicit
in the parton model. However, if q2 dependence 6f the J =0 fixed pole is ob-

served, 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, unpublished) in which is noted

the need for a short range electromagnetic interaction in nuclear photoabsorption.
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FIGURE CAPTIONS
The covariant diagrams contributing to the Compton amplitude. In the
text these are referred to as (a) six point or T(G), (b) and (c) four point
or T(4), (d) seagull. Figure (d) is separable from (b) and (c) only for
spin zero partons (see text and Ref. 1).
The elastic form factor.
The single Regge limit of the T(6) diagram appropriate in the Regge
region of Compton scattering. Also shown schematically is the vector
dominance hypothesis for this diagram, which relates (a) vy to
(b) vV, and to (c) V V. Vector dominance applies only to the T(6)
diagrams.
Compton scattering at 16.6 GeV/c (data from Ref. 25). The lower of
the curves labelled VMD_is the result of taking the vector meson photo-
production data of Ref. 8 and using 7?) /4w = 0.65 (seetext). (This of
course is the Orsay value and is also that which works well in predicting
vV from VYV data; see Fig. 4b where we show a sample comparison
between this latter VMD prediction and the ¥V data.) Renormalizing
this curve so as to agree at small t yields the upper VMD curve (cor-
responding to ')%/477 =0.35). The curve labelled BCG is that described
in footnote 14.
The Feynman diagrams contributing to the process ep — epy to lowest
order in e. Diagrams (a) and (b) are the Bethe-Heitler processes, and
(c) is the Compton contribution. Note that when et e” , diagram
(c) changes sign whereas (a) and (b) are unchanged.
Shadowing in 14.4-18.3 GeV on shell nuclear photoabsorption.

Aeff = o(yA)/ o(yN) for a nucleus containing A nucleons.
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"No shadowing' would predict Ae £~ A (the upper curve) while the

f
vector dominance model with o(p N) =26 mb and a ratio of 20% for the
real part of the y — p amplitude to its imaginary part yields the lower
curve (yg /47 =0.65). The curve labelled BCG is given by

0.22 A +0.78 A‘89 (see text), corresponding to the 22% pointlike portion
expected on the basis of the model of the text.

Nuclear shadowing of the four point contribution 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 recom‘bine to form the deuteron.

(b) The process that might shadow the pointlike one of (a). In this case
the parton which is involved 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 two nucleons.
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APPENDIX I

We have stated that the characteristic feature of the fixed pole is that if
one examines, the amplitude Tuv with u and v chosen such that none of the
external momenta have components of order P+ K =p in either the y or v
direction, then the constant o =0 fixed pole (F. P. ) appears as a term propor-
tional to guv . This can be derived by examining the properties of the graphs
which gave rise to this high energy constant real part in a parton model. The
seagull graphs, for spin 0, and the old fashioned perturbation theory Z graphs
(evaluated in the infinite momentum frame), for spin 1/2 partons, each have this
property. When examining the amplitude TIW fof other components pv (e.g.,
when computing quantities involving longitudinally polarized photons) it becomes
necessary to realize that the fixed pole is gauge invariant in the sense that it
occurs in one or more invariant amplitudes multplying gauge invariant tensors.

When the external particle hés spin 0 (or when we consider a spin
averaged amplitude) there are, in general, 5 independent gauge invariant tensors,
and correspondingly 5 invariant amplitudes, for nonforward scattering of un- i
equal mass photons. The fixed pole occurs in only one of these. The associated
gauge invariant tensor (see Bardeen and Tung, Phys. Rev., 173, 1423 (1968))

we write as

Z= g’ (@ Ky - K- PEPDPY + PPKY) +kk' PP (L 1)

+ \
where P =P—2-& is the average of the initial and final nucleon momenta, and

_ k! v i) N .
K= 5 where ¢ (k) and € (k') are the initial and final photons. The

amplitude Reggeises as Va—z, (v =P- K).
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The o=0 fixed pole cannot occur in any of the other four invariant amplitudes

as this would lead to terms in T“V which are not proportional to guv (for u

and v chosen as stated above). £ is the only tensor in which the terms which

restore gauge invariance to g“ Y are explicitly 1/v relative to the g” Y term.
For spin 1/2 external nucleons there are no less than 18 gauge invariant

tensors in the nonforward direction. The fixed pole can occur multiplying only

two of these, namely.

2, = KpFPY - k. PEFPY + PKY)
- [(PZKZ - (P K)Z)]g + P2 KMKY (L2)
(75
and
2, = KPP + PyY)-K. pby” + yHK)

-y KK*PY + PPRY) + K- Py- Kgh? - mKZ gh? + PPKMKY

(the associated invariant amplitudes Reggeise as va_z). Again, the other invariant
tensors do not have the property that an a =0 fixed pole occuring in the corre-
sponding amplitude would be proportional only to g‘w when 1t and y are chosen
as stated earlier. When examining such p and v components we have

- 4g. (t) 4 Mg, (t)
= ') Mi‘f ap) with M=t lei 2@ (L3

B 2
137 y 1 VZ 2

TFP
pv

which to leading order in v reduces to Egq. 4 of the text.
Finally we wish to note that in an infinite momentum frame the local parton
operators for the fixed pole and form factor are merely related by (for either spin

1/2 or spin 0 parton)
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g

= _pv
OFixed Pole Xa OForm Factor (L.4)

(xa 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 1/2 nucleon

will be related by

£ g
f—al- = L= (L 5)
2 B

Since
fi - zkafai
_ 2 a
& ,,2}\3 &

this relation will be preserved for the full form factors of a spin 1/2 nucleon.
We note further that the Drell-Yan relation, which correlates the asymptotic
behavior of the elastic form factors fi with the behavior of the structure function

Fo (x) =xf(x) at X near 1, implies that the g?‘ form factors have the same asymptotic

t dependence as the f? because of Eq. (L 4).
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APPENDIX II
In this appendix we explain why the single step T(4) process (illustrated
for a deuteron in Fig. 7a) is only negligibly shadowed by its corresponding two t
step process (Fig. 7b). There are two effects which tend to reduce the impor-

tance of the two step process, either one of which would be sufficient on its

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 shadowing. )
There are two basic ways in which one can estimate. the size of this cross sec-
tion. In the 3 quark model of a nucleon (2 quarké to a pion), if o (7 -N)~26 mb
then o(parton-N)~13 mb. Probably, however, there is a large number of
constituent partons in each nucleon and they act coherently in nucleon-nucleon
scattering. Nucleon-nucleon scattering can then be considered as the scatter-
ing of two disks of radius R for ;)vhich 0'T~4R2. The parton-nucleon total
cross section would then be 1/4 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 o-T(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 non-interacting parton pairs propagate between the nucleons and contribute
to the nuclear binding. (Interacting partons in the form of rho'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
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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 covariant effects is, sur-
prisingly, to perform the analysis in an infinite momentum frame using old
fashioned perturbation theory. (See Fig. 7b for notation.) The degree to which

the nucleons are off shell is measured by the energy denominators E—E1 and

E_E5o
Referring to Fig. 7b we define our infinite momentum frame by (see

Ref. 24) P with

(o M ) My
9 _<2P 9 - 2P>,pnucleus" <P+ 2P O’P)

M =nucleon mass , MD=deuteron mass
M2+p? M2+pf
= {yP+ —=5=.5 . ¥yHP _ = @NP+ =k, B , 1-y)P
Po = \YP* =555 > P Y Py T\ UNPF 5% P > (1)
and y >y P, =P,
AZ k2
PSX = ox P+ m‘- , k.L , éxP (]1. 1)
8=y-y' A =parton mass
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One then obtains the following results: (the usual factor of 2Pis understood here

and below)
2 2
M+p?  MPEy(1-y)-1)p;
E-F. = - = , 2Me
1 7D yQi-y) y (1-y) * B
(IL. 2)
2
Ve (4y'(1-y"y1)-p') .
E - E5 = T 1T + MeB
€g = binding energy
The requirement that these energy differences be small gives
ya & 40 (e /M) p2x 0+ 0(e, M)
~ 2 B 1~ B
(I. 3)
1 2
y'mg +0(e 5/M) Pl 0+ 0y M)

We must also compute the energy differences E_ -E 9 and E5—E which measure

1 4

the extent to which the partons are off shell as they emerge from the scattering.

2 .2
v X +k

El—E2 ~ 7y ) (using p,=0) .
2 9 (I 4)

N s ) ATk -

57547 Ayyil-y) ~ Sx(i=x) \PL”T

At this point one should notice:

(1) that since all intermediate particles must be forward moving in
the infinite momentum frame, &>0 is required,

(2) that this implies

- - - - <
E-E, < 0 E-E, < 0 E-E,< 0  E-E,< 0, and (IL. 5)

(3) that we are working in the high energy approximation. That is, we have

replaced the structured parton-proton scattering amplitudes by their approximate
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net contribution at high energy which is presumably purely positive imaginary.

(We shall verify shortly in II-10 that the appropriate energy is in fact large if

v is large.) In order for this two step process to shadow the one step process it

must have an overall contribution of -i. Given the above approximation to the

scattering amplitudes it is thus hecessary that we be able to obtain a + from the only

remaining energy denominator E-E4. Since E-Elm 0,

s % +(c + ql)z A2 +k?
BBy ~ - 2o 4 2My - <L - =T (IL 6)

For convenience we write this in terms of the two-parton invariant mass in

this intermediate state, % :

9 9 7»2 + (ql + kl)2 7\2 + kL2
2 2 2
Q :'ql =-q J‘
Then §
BB~ MBS oy, . @) _— |
1737 7y v 8 (IL. 8) |

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 denominator.
Thus,

2,2
52 %—L (large v solution) . (L. 9)

Since we already know that § wants to be as small as possible, the equality must

in fact hold. Note that this implies

M W i 1 ?‘2’“1% 2 My
S ~ (V-0X - - =
partonrproton y-6%) y P 2 (‘/{{2 +Q2)
(I1. 10)
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The nuclear physics alone will cause the process to vanish if v is not large as

6 cannot be small. If v is large then 6 can be small but then

22 4 K2
1

E.-E ~E, -E ~-2Myp (IL. 11)
574" 1772 2 2
X(1-X)(# +Q")

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

There will of course be small correctioné 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.
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