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The hadronic structure of photons is studied by treating the electromagnetic
interaction in lowest order. General consequences of this picture and its
connection with generalized vector meson dominance for diffractive processes are
discussed. Emphasis is given to the dipion constituent which can be regarded
approximately as a superposition of two parts: a p -meson core and a loose
nonresonant two-pion structure. This modification of VMD increases the dipion
contribution to the real photon cross section by 10'%f-20%%uo (of the p part) and to
vS", by several percent. The internal spatial structure of this component is shown
to shrink as the photon becomes more virtual. Various views of diffractive pion
pair photoproduction are reconciled. The Drell process is interpreted in terms of
the dipion component and some evidence is given for its presence in inclusive,
m -photoproduction data. Some speculations about the consequences of the spatial
size of different photon constituents are given.
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(ii) Diffractive processes: Diffractive photoproduction
is the analogue of diffractive hadronic scattering. It is
about the same fraction of the total cross section (~20%)
and has similar angular dependence (roughly exponential,
with similar slopes) . Elastic scattering of photons also
appears to be primarily diffractive; in particular, the ampli-
tude has a small real part. This is significant because, while
hadronic amplitudes would be expected to be nearly imagi-
nary due to the almost complete absorption at small impact
parameters, there is no obvious reason w'hy the photon
amplitude could not have a significant refractive part. The
absence of such a real part is of course related to the rapid
approach of the photon cross section to a constant at high
energies.

It is generally accepted that the hadronic components of
photons play an important role in their high-energy inter-
actions with nucleons and nuclei. The w'ell-known qualita-
tive similarities of photon and hadron interactions have
been reviewed by Sakurai in his Erice lectures (Sakurai,
1971, 1973); the similarities of diffractive interactions have
also been discussed in my Cargese lectures (Yennie, 1975) .
In summary, these similarities are:

(i) Total cross sections on nucleons: Both show spec-
tacular resonances at low energies, and above about 3 GeV
they level out and become structureless, apparently tending
to a constant at high energies (a logarithmic dependence at
high energies is still possible). The cross section on the
neutron is nearly the same as that on the proton, and the
difference seems to vanish as E —+ ~; thus the photon
cannot interact primarily with the charge of the target.
In magnitude, the total photon cross section is asymp-
totically about 1/220 times the average of the pion cross
sections, i.e., it is smaller by approximately the fine struc-
ture constant in order of magnitude.

* Supported in part by the National Science Foundation.
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(iii) Two-body reactions: These have similar features
such as peaks and dips which seem to be governed by com-
mon rules.

(iv) Inclusive cross sections: Both display sharply falling
I'~' distributions and comparable longitudinal momentum
distribution properties.

(v) Absorption by nuclei: While the total photon cross
section on nuclei is of course much smaller than that of
hadrons, the high-energy (& 10 GeV) A dependence is
similar, corresponding to a strong shadowing effect.

All these features suggest a picture in which the photon
acts like a hadron a small fraction ( o.) of the time. The
simplest framework for describing these features, and one
which w orks remarkably w'ell overall, is vector meson
dominance (VMD). Xn this model, the photon is assumed
to be a well-defined linear superposition of the p', co, and g
mesons before interaction (with amplitudes e/f„e/f„, and

e/f@, respectively). With the present best values of the
couplings, these mesons account for nearly all the total
photon cross section; in fact, the p' alone accounts for about
two-thirds of the total. Through the Orsay (Benaksas et al. ,
1972) and Novosibirsk (Auslender et al. , 1969) colliding

Copyright 1975 American Physical Society



Donald Yennie: Hadronic structure of the photon

hearn experiments (e+e —+ ~+sr ), the p' is known to domi-
nate the coupling of the photon to the pion: the values of f,
determined separately from the width and normalization
of the data agree within the uncertainties expected from
finite width corrections (Gounaris and Sakurai, 1968). The
diffractive photoproduction of p', and elastic scattering of
po's, as determined from photoproduction on nuclei (Alvens-
leben ef al. , 1970; McClellan et g3. , 1971;Spital and Yennie,
1974a, 1974b), are also in excellent agreement with VMD,
within theoretical ambiguities at the 10—15% level. Specific
processes which have a small cross section which decreases
rapidly with energy, such as pE —+ vrE', do not agree in all
details with predictions from the p -photon analogy, but at
least qualitatively the vector mesons seem to play an
important role in them. The shadowing effect of the total
cross section in nuclei (Caldwell et al. 1973; Brook.es, et al.
1972; Meyer et a3. 1970;Heynen et al. 1971;Stodolsky, 1967;
Gottfried and Yennie, 1969; Brodsky and Purnplin, 1969;
Nauenberg, 1969; Margolis and Tang, 1969) is smaller than
expected from VMD. This could indicate that a small
fraction of the photon's interaction (say 20%) is not due
to a hadronic component, or is due to hadronic components
of such high masses that they have not yet saturated at
current energies.

It is the aim of this paper and a related one (Spital and
Yennie, 19++) to refine this picture, with particular em-
phasis on developing physical intuition about the hadronic
component. It is hoped that this intuition will be useful in
exploring the still controversial question about how im-
portant the hadronic components are in the various regions
of inelastic electron scattering. The overall point of view
is similar to that of generalized VMD (GVMD) (Gribov,
1970; Brodsky and Pumplin, 1969; Ritson, 1971; Fujikawa,
1971; Bjorken, 1972; Sakurai and Schildknecht, 1972;
Bramon, Ktim and Greco, 1972) in that it relates the
hadronic components to the states actually observed in
electron —positron annihilation (Bacci et g/. 1973; Grilli et al.
1973; Bartoli et a/. 1972; Cosme et al. 1972; Kurdadze et al.
1972; Litke et al. 1973; Richter et a/. 19~). To lowest
order in e, there is an exact connection which is given by
perturbation theory. This formalism is developed in Sec. II
and is used there for a general discussion of total cross
sections and photoproduction processes. In Sec. III the
two-pion (dipion) constituent of the photon is discussed
in some detail. It is found to incorpor ate the p, and it is
suggested that nonresonant pion pairs could easily enhance
the usual estimate of the p' contribution to the total cross
section by as much as 10 to 20% (of the p' contribution).
An interesting picture in configuration space emerges in
which the dipion constituent may be viewed approximately
as the superposition of a po core and a loose two-pion tail.
This spatial structure is found to shrink as the photon

becomes virtual with spacelike Q'. Two models of photo-
production of pion pairs are seen there to be related naturally
to this hadronic component. Section IV contains a general
discussion of hadron-mediated photon interactions, with
some criticism of the diagonal approximation of GVMD
and an outline of the ambiguities in treating th'is part of
the longitudinal interaction of virtual photons. An estimate
of the dipion contribution to pR'~ is given, and it is found
to give a small enhancement over VMD. For small x

(Q'/2&v) & 0.1)) and Q' & 1.5, the dipion, ~, and @
are found to account for over 80% of the experimental data.
Some room is left for higher mass and other contributions,
but not as much as in the usual GVMD treatments. The
eGects of the dipion component are sought in inclusive m

photoproduction and appear to be present, but the analysis
is too unsophisticated to give a good fit to the data. Section
V contains some final remarks and speculations about the
consequences of various aspects of the internal spatial
structure of the photon.

II. PERTURBATION TREATMENT OF THE
HADRONIC STRUCTURE OF THE PHOTON

We imagine then that the total Hamiltonian may be
decomposed into two parts

H= Hp+Hi,

H = H„+ Hvi„

H = e J J„(x)A&(x) d'x, (2.1)

where H„ is the complete hadronic Hamiltonian, H~y, is the
Hamiltonian of the free electromagnetic Geld, and J„. is the
hadronic electromagnetic current. We ignore the leptonic
contributions to the Hamiltoniao, which would manifest
themselves in radiative corrections. Using lowest order
perturbation theory, we may express the physical photon
state as a superposition of a bare photon term, and terms
involving hadrons:

We start with the structure of a free photon, which will
be studied in lowest order of the electromagnetic coupling.
The resulting hadronic structure will be expressed in terms
of completely interacting hadronic states. The question of
how this composite system interacts with hadronic targets
will be discussed only intuitively at first, but later on we
shall argue that the interaction of a physical photon takes
place via two mechanisms. One is through the collision of its
pre-existing hadronic components with the target, and the
other is through a more direct interaction, which might be
referred to as a bare photon or short-range interaction. '

~
P, m, e,) (P, m, n,

~i

H,
~
k.)

p, on, -; v —(31'' + &')"' P,BR,n;,j.j,i.«

'+' IrB IrB )(P ~ ri'AB kB
~
Hi

~

IrB)'
v —v' —v" —(OR2 + P') i+

(2.2)

I As will be seen later, this separation into two mechanisms is not a
refer to the laboratory frame.

relativisticaHy invariant concept. In most cases, the separation will
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The subscript 8 or I' on k refers to bare or physical respec-
tively; the values of k are of course the same. The coefficient
Z2(k) differs from unity by order e2 and takes into account
the over-all normalization of the state; it is related to the
usual Z3, but is not quite the same. ' The hadronic states are
here labeled by their total momentum P, their total mass 9R,
and other internal labels are represented by 224. These
internal labels are particle types (2r+2r, NN, 2r+2r 2r', EE,
etc.), asymptotic relative momenta of scattering states,
spin. projections, etc. The symbol $ stands for sums and
integrations over the appropriate labels. For convenience in
generalizing later to virtual photons, we permit the photon
energy to differ from its momentum and define

.» (m2+ Q2)'~2. (2.5)

With this approximation, (2.4) simplifies to

d5R'
) LMHC& —(22r)2"e, , S

~

k, DR, 22;&

, NZ2+ Q'„,

&& (k, m, I;
~

e.J(0) i
vac). (2.6)

So far no approximations have been made (to order e).
From now' on, however, we shall place most emphasis on
the lower mass components which satisfy

2 v2 q2 Q2

However, for the present we shall restrict the discussion to
transversely polarized photons; the more subtle case of
longitudinal polarization will be discussed in Sec. IV. The
second term of (2.2) is the pure hadronic component we
are interested in; it w'ill turn out to be important because of
the small denominator. On the other hand, the third term
will always have a large denominator since v = v' or v". It
represents primarily a contribution to the self-energy of the
vacuum in the presence of a photon. Although it can effect
the self-energy of the photon (when ki)' ——kip" ——kip) and
can contribute to Compton scattering (Brodsky, Close, and
Gunion, 1972), we shall ignore it from now on.

The next step is to make some obvious simplihcations on
the second term of (2.2) .We note first that had we originally
expressed the phase space in terms of the individual par-
ticles, it would have included the invariant factor

d p4

; 2E;

We can begin to see the resemblance of this result to
vector meson dominance (VMD) . In fact, suppose that the
hadronic states include only a stable vector meson and that
the coupling H1 is given by

@ST
H, &» = + " p„(x)Av(x) d'x,

P

(2.7)

then (2.6) reduces to

(elf.) L~'1(~' + Q') j l » p& (2.8)

(2.9)

which is, in fact, the usual expression of VMD. In reality,
there are no stable vector mesons, but we shall see later how
their place is taken by resonances.

The hadronic component (2.6)' is similar to any composite
state as seen in a moving frame. To bring this out more
clearly, we may write

We want to extract from this an integral over P and 5R.
This is done by introducing the identity in the form

d5K2 d4Po(P' —OR') 8 (P —Zp;) .

where U(v) is the hadronic boost operator for velocity v.
Also, using I.orentz invariance, the matrix element of
r. .J(0) is easily related to its rest frame value. Thus we
find

Thus we find

d'p; " dsP d'p;n ' .~ n '~(p - zp, ) I,2E' 0 2/0 ' 2E

(k, OZ, 42,
~

e J(0)
~

vac) = (0, art, n;
~

e.J(0) ( vac),

(2.10)

where we have used the fact that e.J(0) commutes with
where Pe ——(P'+ OR' )"'. Next we use translational in- the boost for transverse e. Introducing these relations into
variance to rewrite the matrix element of II (2.6), we find for the low mass hadronic component

(P, BR, 22; i Hi
i ki))

= —(22r) 2'2eB (P —k) (P, 5R, 22„[ r. ~ J(0) f
VaC).

At this stage, the hadronic component of the photon is
written

v d~2 k

, SZ2+ Q' 5K2 k' "'

)& S
~
0, Dlt', 22;) (0, M, n.;

~

e.J(0) ~
vac).

ne

~
HC) = —(22r)2)2e

00 de
2(k + 5R2) )2(v —(k + 5K ) ) j

(2.11)

X S
~
k, ~, ~'& &k, ~, ~'

~

e J(o) ~
»c&

ni

'The reader may wish to check for himself that in the case of the
coupling (2.7) below, 1-Z3(k) has the following k dependence: (co,2+
k2&/(2copk) where a&p = (k2+ ppp2)')2 it becomes independent of k for

OO

According to (2.9) the various hadronic components
have boost velocities which are close to 1 for low- masses.
If it were not for the dependence of the boost operator on QR,

we could simply put it in front of the integral and find one
universal state which is boosted to various velocities. We
can still achieve this result by the following stratagem.
Decompose the boost for mass 5K into a boost to the rest
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frame defined by a reference mass BRp follow'ed by a boost
to the final frame

masses, Zs(k) will reduce to Zs, otherwise, it will vary
with k.

k
U - = U vp U v„ , (2.12)

k
(OR(P + ks)'"

5Ep 5Kv„= k
ORs' + OR'

and we have used
~
Ir

~
&& OR, ORO. Then

~

I.MHC) = (2~)+'eV(v&)
2~V de

m+Q
&& S

( 0, OR, m;) (0, OR, ri;
~

r. J(0)
~
vac),

ni

(2.13)

The probability of a given mass is given by

P(OR', Q') = (5R'/(OR'+ Q')')P(OR' ), (2.14a)

where

P(OR') = (2n-)'e'(1/OR') 5
i (0, 5R, rI,; i

e..J(0) i vac) i'
ni

a„.t, (e+e——& OR)

4n'n
(2.14b)

Note also that

Zs(k) = 1— ~V 2

P(ORs) dOR' (2.15)

Now the integral is independent of the magnitude of k and
therefore has an invariant internal structure. %e shall call
such a state composite. It consists of a superposition of
various momenta along the direction of k with only 5Ep
at rest. The photon states of different momenta k are then
obtained by different boosts of the hadronic components of
this composite state. One may also verify that the boost
necessary to change from k to k' (in the same direction) is
independent of OR, /if k, k'» (ORs'+ Q')'") and has the
same velocity as for a real photon. For fixed v, one can find
masses high enough so that these properties are not valid.
Presumably in interaction these high masses w'ill either be
relatively unimportant, or they will merge with the inter-
actions associated with the bare photons.

It is well known that the hadronic component of the
photon is related to the states which are produced in the
e+ —e annihilation experiments (Gribov, 1970; Brodsky
and Pumplin, 1969; Ritson, 1971;Fujikawa, 1971;Bjorken,
1972; Sakurai and Schildknecht, 1972; Bramon, Etim, and
Greco, 1972). This is seen most directly by reference to
(2.11),where the matrix element is precisely the one which
occurs in the annihilation reaction.

According to (2.14b), all the debris in the reaction e+e —+

X plays a role in the photon's structure. However, it would
be misleading to propose that the localized hadronic struc-
ture of the photon bears any direct resemblance to the
particles which appear asymptotically in the annihilation
experiment. This localized hadronic structure will result
from a Q'- and r-dependent superposition of all the states
showing up in the annihilation experiment. Those states
satisfying (2.5) will be "frozen in" as described in the
previous few paragraphs, while the higher mass states will

have a v-dependent probability. En Sec. III these ideas
will be illustrated by the two-pion component, which can
be studied rather explicitly. The remainder of this section
will be devoted to a more intuitive discussion of the hadronic
component and its role in photon interactions.

The present experimental evidence (I-itke e& al. , 1973;
Augustin, et al. , 1975) is that while P(K') does have major
low mass contributions, the annihilation cross section ap-
pears to be constant in 5R' rather than to decrease as 1/OR',
as had been expected from scaling arguments. whether or
not this is a transient effect, its ultimate interpretation is
likely to lead to very profound changes in our present
understanding of elementary particle interactions. In the
present paper we shall argue that, as is already known from
vector meson dominance, the major interactions of real and
nearly real photons are associated primarily with the low
mass components of the photon. The mechanisms which
cause the suppression of high mass contributions remain
a subject of speculation. ~

Although the vector mesons cannot appear as discrete
states in the integral, various resonances will produce huge
peaks in the probability as a function of mass. To the extent
that these resonances can be approximated by 6 functions,
we would expect them to behave very much like the usual
vector Inesons. This will be confirmed for the two-pion
constituent, which includes the p meson in this way.

Before looking at specific constituent states in the had-
ronic component, let us consider qualitatively the di6ractive
processes which would be expected to arise due to the
presence of the hadrons. Imagine a physical photon hitting
a nucleon or nucleus. It is expected that the hadronic com-
ponents will be very strongly absorbed. The assumption
that photon absorption results entirely from this mechanism
(i.e. no bare photon interaction) is known as the gerleralised
VMD hypothesis (Gribov, 1970; Brodsky and Purnplin,
1969; Ritson, 1971;Fujikawa, 1971;Bjorken, 1972; Sakurai
and Schildknecht, 1972; Bramon, Etim, and Greco, 1972).
A further simplifying assumption which is often used
(called the diagonal approximation) is that each component
at fixed mass is absorbed independently of other com-
ponents. A plausible argument in favor of this assumption
is that the components of different mass are orthogonal in
the initial state and they therefore should produce ortho-
gonal final states. Thus, while different masses may interfere

—high mass contributions.

If v is suScinetly large that (2.5) is satisfied for ail relevant
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particles of low transverse momenta can interact electively. If E(5IV) cc

1/5Ks, his assumption could lead to scaling. Since P(SRml is more
constant, a more drastic mechansim is likely to be necessary.
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in individual channels, they should have no net interference
in the total cross section. This plausibility argument cannot
be made rigorous, and in fact there is some experimental
evidence for at least a small interference effect between the
p' and cv' contributions to the total cross section. ' %e shaH
return to a discussion of this point after further physical
intuition has been developed through the treatment of the
two-pion component. Clearly, it is di%cult to test the
generalized VMD hypothesis with real photons alone. One
must be able to vary the "mix" of initial constituents by
using virtual photons. In its most general form (without
the diagonal approximation), it will be very dificult to
prove or disprove the hypothesis. In the more immediate
future, it seems likely that we must be content with more
qualitative predictions.

Without necessarily accepting this hypothesis, let us try
to visualize the nature of the sta.te which is produced in the
"shadow region" of the target, that is, in the region im-
mediately behind the target. %e expect the state to differ
in three ways from the initial one:

(i) New hadrons will be present in the shadow region;
they will be different in nature from the original components
and will be correlated with a more or less catastrophic
transformation of the target. The ultimate spreading out of
these hadrons and the target fragments represents non-
di Aractive photoproduction.

(ii) The original hadronic components will be strongly
depleted.

(iii) The bare photon component may be modified as well.

In short, the state will no longer correspond precisely to
a physical photon, even one of diminished amplitude. If
we re-express the part of the state corresponding to (ii)
and (iii) in terms of physical states, the result is hound to
be a physical photon with amplitude slightly reduced (by
order n) together with a superposition of real hadronic
states. Since it is the physical states which propagate with
a definite wave number —energy relationship, this super-
position will ultimately spread out and become separated
as it moves along the beam direction. The physical hadrons
will ultimately appear as diHractively photoproduced
particles and the distortion of the physical photon state will
result in diffractive Compton scattering. An extreme
example is illustrated in Fig. 1, where it is assumed that
immediately behind the target nucleon the complete p'

component is removed from the photon, leaving a bare
photon (other components are ignored) . For a certain
distance along the beam, the state in the shadow region will
correspond mainly to a bare photon. However, the physical
photon and physical p' components propagate with wave
numbers k and (k' —m, ')'~', respectively (energy is fixed
at k), and after- a distance of order 2k/m, ' they will be
suKcientiy out of phase so that they no longer add up to
a bare photon state. While this spatial behavior ca,nnot be
observed for a photon interacting with a single nucleon, it
is the mechanism which produces shadowing in nuclei.
Thus, if a second nucleon happens to be immediately behind
the first nucleon, the bare photon can pass right through it

4 In VMD terms, the difference between total photon cross sections
on protons and neutrons can be interpreted as being due to such an
interference.

without interacting. In other terms, the physical photon
and physical hadron are superposed in such a way that
when they interact with the second nucleon their effects
precisely cancel (Stodolsky, 1967; Gottfried and Yennie,
1969; Brodsky and Purnplin, 1969; Xauenberg, 1969;
Margolis and Tang, 1969). The effect depends on the energy
through the coherence distance 2k/m, '. When that distance
is small compared to both the nuclear radius and the mean
free path of the p' in nuclear matter, the shadowing will go
away. Shadowing in the total photon cross section now
appears to he well con6rmed (Caldwell et al. , 1973; Brookes
et a/. , 1972; Meyer et al. , 1970;Heynen et u/. , 1971),although
not precisely the amount expected by VMD.

Another nice way to think of the contribution of the
hadronic component of the photon to the total cross section
is that it arises from the shadowing of the vacuum polariza-
tion by the target. Then one sees that the length of time
associated with a vacuum polarization fluctuation must be
sufhciently long that the transitions back and forth to the
bare photon state are not likely to be going on during the
time interval when the photon is passing through the
target. - The usual uncertainty principle argument then
gives

2v/(KP+ Q') & R, (2.16)

III. THE DIPION CONSTITUENT

There are two reasons why it is important to study the
dipion constitutent of the photon. The first is that it
dominates the real photon cross section. Since it includes
the p' contribution, we may make the simple VMD estimate

~ (2m) ~ (&2/f 2) & (3.1)

where a, —27mbarns and f,'/4m=2. 5, leading . to about
80 pbarns, out of a total cross section of 120 @barns for
E~ = 6 GeV. We shall find that when this analysis is refined
to take into account 6nite width corrections, the dipion
constituent will account for an even larger portion of the
total photon cross section. The second reason is that the
dipion constituent is more amenable to analysis than some
of the other constituents (although the same analysis would
be directly valid for Epairs). In particular, 'it will be
possible to hand out something of the internal spatial
structure of the dipion system and show explicitly the
"photon. -shrinking" effect with increasing Q' (Cheng and
Wu, 1969; Bjorken, Kogut, and Soper, 1971;Kogut, 1972).
This analysis will provide some intuitive guidance about
the possible behavior of other constituents.

We assume a specific model for the dipion. matrix element
in (2.6), namely that it is given by VMD: the photon
couples to the p which propagates and finally decays to a
pion pair. We assume the coupling of the photon to the p'

where R is the radius of the proton (~m '). If v & 1 GeV,
masses satisfying these constraints will clearly satisfy (2.5)
as well. Masses not satisfying these constraints will pre-
sumably "remember" their photon origin better and be
indistinguishable from bare photons. We shall return to a
discussion of photon interactions after further development

. of the intuitive picture of the photon in the following
section.

Rev. Mod. Phys. , Vol. 47, No. 2, April 1975
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FlG. 1. Compton scattering and diffractive photon production of p mesons in a simple model. (a) shows the situation in the vicinity of the
target nucleon. The p component of the physical photon is absorbed out, leaving a bare photon. The bare photon state may be re-expressed in
terms of physical photon and physical p states; the coeScient of the physical photon state is axed by the condition that the state be correctly
normalized to order e'/f, . (bl shows the modified portion of the wave re-expressed in terms of physical particles. Immediately behind the target
nucleon, the two components are in phase and combine with the incident wave to reproduce a bare photon. Further along they become disen-
tangled and represen& real Compton scattering and po production.

is constant, but permit the p' decay to have a form factor
(normalized to I at BR' = 0). The p' propagator is modi6ed
to take into account the vacuum polarization bubbles due
to the dissociation of the p' into pion pairs. Thus we have

II(0)jjf, which is adjusted so that the pion form factor is
one at zero momentum transfer. The vacuum polarization
effects are incorporated in II(BR'), whose imaginary part
gives the width, according to

(q+tI —
I

e.J(0) I vac) = e (tI —q )F (BR')/(2~)',

where

F (BR') =
I
—Lm, ' —II(0) j/LBR' —m, ' + II(BR')j I

&& F...(BR'). (3.2)

The coupling of the p' to the pion pairs is given by f,F, (OR' ),
while the coupling of the photon to the p' is —eLm, '—

ImII(BR') = m, I', (BR') = ———
I F,

I f' V-'

34m cv
(3.3)

ReII(mp') = ReII'(mp') = 0. (3.4)

where oi = —',BR and q = (&u
' —m ')'" The real part of II

is related to the imaginary part by a twice subtracted
dispersion relation chosen so that the propagator has a
simple normalization at the mass of the p'

Rev. Mod. Phys. , Vol. 47, No. 2, April 1975
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The model is fairly general in that it assumes only the
following: (i) unsubtracted dispersion relations for F;
(ii) a single resonance in the ~ ir channel; and (iii) inelastic
channels, (47r, etc.) are unimportant for the pion form factor
and the po resonance is in turn unimportant for such chan-
nels. This means that the p' contribution to the phgton prop-
agator is associated entirely with the m~ channel. These
assumptions permit Pp to vary with mass due to the non-
resonant final state interactions of the pions. If one neglects
this possible variation, it is of course possible to evaluate II
explicitly. This has been done by Gounaris and Sakurai
(1968) (with somewhat diferent normalization conven-
tions), and it turns out that the additional factor [1—
II(0)/m, g relative to VMD is precisely the normalization
correction they obtained in their analysis of e+e —+ m+x

This explicit treatment is outlined in the Appendix and is
applied later to an improved estimate of the total photon
cross section and the two pion contribution to vW2.

Our first application of, (3.2) is to evaluate the total
probability associated with the dipion component. Remark-
ably, this can be carried through completely, without
reference to the explicit form of Iip . Carrying out the
internal integrations and taking note of (3.3), we find for
this probability

d5R' ImII (Ãt')
X

(egg + Q2) 2
I
~2 m 2 + 11(gz2) I2

'

This integral may be evaluated easily by contour integra-
tion. We note the fact that the integrand contains as a
factor the discontinuity of [5'' —m, '+ II(5R')g ' across
the branch cut running from 4m ' to ~, so that the integral
may be replaced by

d5R2 1
X

(gq'2 + Q2) 2 cqZ2 ~ 2 + II (gq'2)

where the contour runs from +~ below the branch cut and
then back to +~ above the branch cut. Barring bizarre
properties of the p propagator, the contour may be trans-
formed into one surrounding the pole at 9R' = —Q' and
the result is simply

&~ {Q') = {e'/f,') [1+ II'( —Q') g[F (—Q') g'. (3.5)

width corrections of order I',/m, ), namely

f '(m '+ Q')
(3 6)

It should be remarked that had we ignored the existence
of the p' resonance, P2 would have turned out to be infinite
or, more precisely, logarithmically dependent on the cutoff
suggested by (2.16) for any finite energy. Thus the resonance
causes the dipion contribution to saturate at relatively
low energies. However, it will become increasingly clear
that it is not correct to assume that the nonresonant dipion
continuum has been completely replaced by the p'. This is
somewhat evident from the 10% enhancement of the
dipion probability over the VMD value [note incidentally
that (e2/f ~)II'(0) is independent of fag. The new picture
is that the dipion contribution should be thought of mainly
as a p' meson with a little bit of nonresonant two-pion state
attached.

To bring out this physical picture more clearly, we next
study the internal spatial structure of the dipion state.
There is of course no way to do this at extremely small
distances, where the strong interactions will completely
obscure the picture. Instead, we make the. assumption that
outside some radius the pions are su@,ciently well separated
that it makes sense to use a two-pion scattering wave
function. This might become reasonable when the distance
between pions is greater than about 1I"'. In the center-of-
mass frame for the two-pion system, the P-state wave
function takes the form

8 sin(q r + 5i)
I q+q &) 2&v q ~ r exp(&i8i) 8qr qr

d5R2
.[m, ' —II(0) je V'

, RP +

X
sin(q r + 6i) I F, (~')

I

~ Im2 —~ ~ ~ 11(m2)
I

where the factor 2~ has been introduced because of the
relativistic normalization used in (2.13), and r is the spatial
distance between the pions. We note that the pion form
factor has the phase factor exp(&i6i), so the result is the
same whether we use + or —scattering states. Next we
make- an approximation for reasons of expediency. Each
mass should receive a different boost in (2.13). However,
our result will suggest that the main contribution comes
from relatively low masses, so we approximate all the rest
frames by the one applying only at the threshold mass. With
these approximations, the spatial wave function in this
particular rest frame reduces to (normalization arbitrary)

If we assume the relativistic p-wave width (F, = 1), II
and II' are easily evaluated and for Q' = 0, P2 turns out
to be approximately

P2 (0) = (e'/f, ') (1+0.571',/nz, ),

de= [nip' —II(0)]e.V e5R'+ Q'

exp(iq r)F,
m 2 + 11(~2)g

'

which amounts to a 10% enhancement of the V'MD result! where the contour is the same one that occurred in the
Details are given in the Appendix. For Q & 0, the gross evaluation of P2 . Since the integrand. is exponentially
features are the same as those for VMD (aside from finite damped at m, the integral may again be evaluated by the
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residue at —Q'. The remarkable result is

F (—Q') e. 7'I expI —(rn ' + 4Q') "'rg/r I.

To see the significance of this result, we first set Q' = 0
and note that the resulting wave function is completely
independent of the p' meson~ Physically, this means that
the probability associated with the p' is contained entirely
inside the interaction region. This result could have been
anticipated from the theory of decaying states, in which
a superposition of energy eigenfunctions from the vicinity
of a resonance leads to a localized state. If we had neglected
the strong interactions of the pions, the result (3.7) would
have been valid at all radii (except that the assumption
about frames would have been less justified at smaller
radii where higher masses would be much more important).
The divergence of I'2 in that case is undoubtedly associated
with the strong singularity in the wave function. As a result
of the interactions, this singular par t of the wave function
is somehow' eliminated in favor of the p' structure. This
reinforces the approximate picture that the dipion con-
stituent of the photon may be regarded as a p' meson core
surrounded by a two pion cloud. How'ever, the dipion con-
stituent is a complete unit and there is no way to make a
unique physical separation into these two parts.

The next point of interest is the photon shrinking which
is evident in (3.7) (Cheng and Wu, 1969; Bjorken, Kogut,
and Soper, 1971; Kogut, 1972). As Q' increases, the two-
pion tail of the photon is rapidly drawn in. The range is again
independent of the p', but the strength depends on the p'
through the pion form factor. %hile it cannot be proved by
this type of argument, it seems plausible that the whole
structure may continue to shrink as Q' increases. This
means that although one may choose to regard the p' as
a well-defined object of definite internal size, it is still
possible to superpose states, including the p', which have
a spatially smaller structure. (Analogy: the ground state
of the hydrogen atom is well spread out yet we may form a
superposition, including the ground state, w'hich is very
well localized). If this view is correct, then the hadronic corn
ponent of the photon cannot be regarded a sun' of separately
ieteractieg comstitlemts. RaIher, @II the constituents around

have to act inunison, c. orresponding to an object whose struc
ture, and henceinteractions depends on Q in a nontrivial way.
This would be in distinction to the diagonal assumption of
the generalized VMD hypothesis, which has each component
interacting independently in the total cross section. In a
scnsc 1t 1s possible that Rs fRr Rs lntcl"Rctions Rlc conccrncd
the wholeis less than the sum of its parts.

I.ct us write this portion of the photon's hadronic corn-
ponent as

(3 8)

where I'2 is given by (3.5) or (3.6). The state
I
"p") is

normalized to unity (6 function) . We may think of it
roughly as a p-meson state whose properties vary with Q'.
Physically, it is a rather extended structure for small Q';
but as Q increases, it shrinks into a tighter unit. Possible
consequences of this varying behavior on the elcctroproduc-
tion of p"s from nucleons and nuclei, and on photon shadow-
ing as a function of Q', will be discussed later and will be
studied in more detail in a separate paper.

%hat are the experimental consequences of the dipion part
of the photon's structureP It has already been pointed out
that it gives approximately two-thirds of the total photon
cross section. If the whole dipion constituent were absorbed
like the po, we would expect this to be enhanced by several
percent, due to the II'(0) term in (3.5). Actually, it seems
plausible that the two-pion tail shouM experience a some-
what larger absorption than the p' core. A calculation of
this effect is extremely model dependent, of course, but it is
trivial to construct reasonable models which could raise the
dipion contribution to 90—100 pbarns. Such a model is
presented in the Appendix; it yields a total cross section
contribution of 94 @barns. Since the VMD estimate for the
co and it contributions together also accounts for about
15 @barns, the amount which remains for other constituents
is very small and very uncertain.

The dipion component also shows up as diRractive
photoproduction of x+x pairs. This is a very important
process experimentally as it a,ccounts for about 15% of the
total photon cross section, or about 20% of the isovector
part of the total photon cross section. This corresponds
reasonably well to the usual ratio of hadronic total elastic
cross section to total cross section. In more detail, the
observed mass distribution of pion pairs is qualitatively
similar to that in the original structure of the photon.
Examples are shown in Fig. 2; the data is from the DESY-
MIT group. ' The curve labeled p' represents the pure p'
part of the data as fitted by R. Spital and Yennic. ' lt is
obvious that the resonance peak is strongly skewed toward
lower masses by an interfering background. The simplest
model for such a mass distribution would be that each mass
component in the photon is individually absorbed by the
target (i.e., the diagonal assumption). If all components
experienced the same absorption, the resulting amplitude
for pair production would be

(3.9)

The square of this leads to the phenomenological Ross-
Stodolsky formula for the mass distribution (Ross and
Stodolsky, 1966). This is shown in Fig. 2 as the curves
labeled R—S. This distribution has fallen into disfavor
because of its apparently questionable derivation. How'ever,
it is now apparent that it does incorporate much of the
correct physics, under the assumption that each mass com-
ponent acts separately, as w'as also assumed by Ross and
Stodolsky. One can see how it might be improved by per-
mitting the absorption to vary across the mass distribution.
One might expect, for example, that the low'er masses which
correspond to the two-pion tail should have a larger am-

5 I thank Professors U. Seeker and S. Ting for generously supplying
this data.

'The fitting procedure is described in Spital and Yennie (1974b') .
In the present fits, the mass and width of the p0 were held 6xed at 770
and 140 MeV, respectively, while the strength of the p0 and the p —cv

interference and background terms were varied to obtain a best 6t.
In the two cases shown in Fig. 2, the values of y~ were 54 and 46 for 47
and 39 degrees of freedom respectively. I wish to thank Dr. R. Spital
for obtaining these 6ts for me.
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plitude than is given by (3.9). This appears to happen.
Further, the low mass components should have a larger
interaction radius than the p' core and they should therefore
have a greater slope (in t) than does the p'. This is also an
apparent feature of the data (not shown in Fig. 2) .

We may also see the connection of (3.9) with another
popular treatment of the pair mass distribution, namely the
Soding model (Soding, 1966). A simple rearrangement of
(3.9) gives

1 OR f@p

~2 ~ 2 + 11(~2) ~2 cqZ2 ~ 2 + 11(~2)+

(3.10)

The first term of (3.10} may be interpreted as the pure po

term. For example, it does not contribute to the tw'o-pion
tail in configuration space; if we go through the steps leading
to (3.7) with this term alone, there is no longer a pole at—Q' (= 0 now) and the result is zero. In configuration
space, the entire contribution from the first term of (3.10)
is contained inside the interaction region. (The physical
interpretation is a little unclear, however, since the integral
giving the probability may diverge unless it is cut off
strongly by F, ). The second term of (3.10) closely resem-
bles the usual Drell amplitude (Drell, 1960) for pair
production as modified by the double counting correction
of Bauer (1971) and Pumplin (1970). Because of their
diferent spatial structure, we would expect these two con-
tributions to be differently absorbed. The Soding model
accounts for this by assigning the two amplitudes indepen-
dent strengths, interpreted as being proportional to o-p and
0 + + 0 —,respectively; in fact, the second term does turn
out experimentally to be enhanced relative to the first.
The curves labeled D—S in Fig. 2 correspond to this model,
with a ++ o. — taken to be 2o., for simplicity. The D—S
curve fits the hydrogen data quite well, but the lead data
lies between the R—S and D—S curves. In fitting experimental
data with the Soding model, the nonresonant amplitude is
found to become relatively less important as

~
t

~

increases.
This is the same phenomenological behavior noted in the
preceding paragraph as being due to the more extended
structure of the nonresonant two-pion component.

An actual calculation of the pair production from the
hadronic component has not been made directly, but the
Soding model, particularly as elaborated by Bauer (1971)
incorporates its physical ideas. The usual Drell amplitude
corresponds to one-pion diffracting through the target w'bile
the other is simply released with its original momentum.
The factor from the pion propagator is related to the
energy denominator in the present discussion. However,
only in 'the case of forward production, w'here the momentum
transfer to the target is extremely small, is the mass of the
hadronic component nearly equal to the mass of the pion
pair ultimately observed. For finite angles of production,
a superposition of initial masses produces each final mass.
There is another contribution to the amplitude where both
pions interact with the target. As shown by Bauer (1971),
this tends to reduce the amplitude relative to the Drell
amplitude alone. Physically it is very similar to the Glauber
shadowing correction in deuterium: the total cross section
for the pion pair to interact is necessarily less than the sum
of the cross sections of the individual pions.

1 fPSpM.E. o:
cilI2 + Q2 cqZ2 ~ 2 + II (gg2)

DRp I
~ 2 + Q2 cqZ2 ~ 2 + Ii(cqZ2)

BR fats p+
OrP + Q' m' —m '+ II(m') (3.11)

Comparing this with (3.10), we see that the low mass
region is rapidly suppressed relative to its real photon
behavior as Q' increases from zero to m, ' and beyond. On
the other hand, because the pion tail is spatially drawn in,
the t dependence of the background should become broader
as Q' increases In. fact, i.t has been speculated that the
whole t distribution, including the p, may become broader
as Q' increases (Cheng and Wu, 1969; Bjorken, Kogut, and
Soper, 1971;Kogut, 1972) . The idea behind this speculation
is that the w'hole physical size of the dipion component given
by (3.7) becomes smaller as Q2 increases. Any small mass
range, such as that primarily associated with the p', may
have an extended structure, but through superposition the
net structure is compact. As a consequence, the shadow
region behind a target nucleon will have a smaller transverse
extension and the particles which are photoproduced will
diffract out to wider angles. Bauer has calculated such an
effect, but it turns out to be rather small (Bauer, 1973).
The reason is apparently that his model includes only the

"Another physical effect which influences the p shape in photo-
production from nuclei (at lower energies) is discussed in Gottfried and
Julius (1970).

Using Bauer's ideas, it is possible to understand the
qualitative difference between Figs. 2a and 2b. He finds for
lead that the Drell part of the amplitude is reduced by
nearly a factor of 2 due to the shadowing correction. That is,
the total cross section of the two nonresonant pions is
comparable to the total p' cross section. This would tend to
make R—S the correct curve to compare with the data.
However, there is another important effect which must be
taken into account. At finite energies, the cross section is
reduced because of a form factor eftect due to the momen-
tum transfer (= m '/2p) necessary to turn a photon into
a pion pair. This reduction is smaller at lower masses, and
hence the data rises above the Ross-Stodolsky curve in
that region. ~

It is clear that this general picture gives a good account
of the main features of pion pair photoproduction from
nucleons and nuclei. However, it is equally clear that there
is very little hope of constructing a theory which w'ill

predict the mass spectrum perfectly as a function of energy,
momentum transfer, and nucleus. Such a theory would treat
the dipion component as a unit rather than make an arti-
ficial distinction between a pure p' and nonresonant pions.
Therefore, it has been necessary to resort to a phenomeno-
logical description for the purpose of interpreting experi-
ments (Spital and Yennie, 1974a,b). This description con-
centrates on determining the p' cross section and gives up
any attempt to extract useful quantitative information from
the background region.

How should the discussion be modified to include electro-
production? The most obvious effect is to modify (3.9)
and (3.10) by changing the energy denominator
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shrinking two-pion tail rather than the shrinking of the
whole dipion structure. As the dipion component shrinks,
it is conceivable that it can interact only with the more
central regions of the nucleon, where the harder partons
reside. If so, the shadow region could shrink to a smaller
size than the nucleon itself, and the slope parameter in the
t distribution could become very small. The mass distribu-
tion of the material shadowed out (and hence diffractively
photoproduced) will probably be approximated by (3.11),
but different masses could have a somewhat different
impact parameter and t dependence. If this picture is
correct, the total cross section for electroproducing p"s
should decrease relative to VMD and the t dependence
should be broadened. The shrinking photon effect has
perhaps been confirmed by electroproduction of p' mesons
(Ahrens et al. , 1974; Dakin et al. , 1973; Eckardt e$ al. , 1973)
(however, the experimental results could be in part due to
threshold eGects)P. The data can also be interpreted as
showing that the total cross section for I"p,"Q') on a
nucleon is a decreasing function of Q'."

This picture would have interesting consequences for
processes in nuclei, particularly if the energy is high enough
for the different mass components to remain in phase after
production. In that case the value of 0-„as determined by
the 3 dependence of electroproduction, might be a decreas-
ing function of Q . That is, the dipion state could penetrate
nuclear matter more freely. Similar eBects have been
observed from hadronic reactions on nuclei (m. —+ 3n.),
(Bemporad et a/, , 1971;Beusch, 1972) where the produced
particles act as a unit with about the same cross section as
the incident particle. Another effect would be a drastic
reduction in photon shadowing in nuclei as Q' increases.
While such an effect has been seen (Kendall, 1972; Fried-
man and Kendall, 1972)," it is not yet known whether it
can be completely accounted for in this manner. There is
not yet enough information from other experiments to
carry through a convincing calculation for photon shadow-
ing, but preliminary estimates indicate that one can fit
the data with a reasonable model.

IV. INTERACTIONS OF PHOTONS

Until now we have described the interaction of photons
intuitively; that is, we assumed that the photon with its
hadronic component encountered a nucleon and this com-
ponent then interacted more or less like an ordinary hadron,
while the bare photon component might also interact in
some manner. We picture this most easily in configuration
space where we imagine the photon dissociating into hadrons
some distance before reaching the target nucleon. The
formation distance or time for some component is given by
the uncertainty principle argument to be 2v/(5Rs + Q').
This space —time view will be elaborated in another paper
(Spital and Yennie, 1975) where it will be shown that in
the case of narrow resonances the actual evolution of the
hadronic component may take much longer than this forma-

This disagrees with a view expressed by Nieh (1972).
~ A dissenting view is given by Talman (1974).

For the purposes of Fig. 3 below, the Q2 dependence of o~ was
guessed to be L1+ 0.3Q'/M'g '"According to R. Talman (private communication), radiative
corrections, whose sects were largely expected to cancel out in this
experiment, may lead to a slower dropoff in shadowing than the pre-
liminary analysis had indicated.

tion time indicates. In reality, the formation distance is of
the nature of a coherence length; Only those parts of the
hadronic component produced within such an interval can
act together coherently. When the formation time is of the
order of the collision time (e.g. , the radius of the proton,
R,) or smaller, it is clear that it becomes meaningless to
visualize the interaction as due to a pre-existing hadronic
component. Therefore the higher mass components ulti-
mately merge with the direct interaction of the photon.

We shall now give a heuristic discussion to justify this
picture of the photon interaction through two different
mechanisms. "We hasten to emphasize that such a separa-
tion is not a unique, but only an approximate, concept. In
the first place, it is Lorentz frame dependent (things may
seem quite different in the proton's infinite momentum
frame!). In the second place, the separation is not gauge
invariant. In spite of these two related defects, the approxi-
mate separation may be conceptually useful for interpreting
experimental results. At extremely high energies, the had-
ronic component surely dominates the real photon total
cross section and many of the individual channels. It
probably also dominates inelastic electron scattering in the
small x (i.e., Q'/2Mt) region where pWs appears to have
a limiting value. This limiting value (of order 0.3) is as-
sociated with the longest longitudinal range interaction of
the virtual photon, which is clearly due to its hadronic com-
pon. ent (suri and Yennie 1972). At larger x, the hadronic
and direct interactions merge and it is meaningless to think
of them as separate entities. How'ever, it is significant that
vtV2 decreases with increasing x, suggesting that the role
of the direct interaction may in large part be a short —range
weakening of the effect of the hadronic component.

Consider the electromagnetic matrix element (f —
I J„IX&

(with Af ——Ev+ v, Pr. = Pw+ k) for a real or virtual
photon interaction with a nucleon to produce a final state
I f —). We shall argue that this matrix element should be
decomposable into the form"

(f —
I J.(0) I &&

de= —(2') I'e
2'(v —Pp)

X S (f —
I &r(0) I &, k, alt', n;+ &t...

ns

& (k, ~, n'+ I J.(0& I vac) + (f I J.«) 17& &~*.'—
(4.1)

where I'p = (BR'+ k')'~' The meaning of the two terms
must be stated carefully. The separation is based on time
ordered perturbation theory, the erst term containing all
contributions in which the photon transforms into hadrons
before interacting and the second representing direct inter-
action of the photon with hadrons already present in the
physical nucleon. The subscript "free" means that the
nucleon and hadronic component of the photon are com-
pletely dressed but have not yet interacted with each other.
Their initial interaction is represented by Hr(0), and (f—

I

contains all subsequent Anal state interactions. This matrix

"This argument is examined in more detail in Spital and Yennie
{1975).
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k&(k, OR, e; + i J„(0) i vac)
= (v —Po)(k, OR, I;+

i Jo(0) i
vac). (4.2)

This means either that the hadronic photon contributions
compensate each other or that we may ignore the direct
term only at the expense of violating gauge invariance.
As will be seen later, the treatment of longitudinal inter-
actions requires special care. Any prescription we may
choose in treating the hadronic component al one will
amount to some assumption about the properties of the
direct term. However, because of the small factor v —I'0
(KP + Q')/2v on the r.h.s. of (4.2), gauge invariance is
almost satisfied by the hadronic component alone. We shall
find later that it is possible for the hadronic component
to dominate the interaction even though a small direct
term must be present. At the same time, one should be
aware that it makes no sense w'hatever to take effects of
relative order v —I'0 seriously without at the same time
including contributions from the direct term. Since only
the lower masses should behave like ordinary hadrons, we
rearrange (4.1) to combine the high mass contributions
with the direct terms:

&& (k, OR, rc; + i J„(0) i vac) + (f —
i J„(0) ( X)b .,

(4.3)

where "bare" combines the high mass components with the
usual direct interaction. In this form, the two terms are
(approximately) separately gauge invariant.

Equation (4.3) is presented more for intuitive discussion
than as a practical starting point for calculations. It is
meant to suggest that each photon interaction can be con-
ceived to take place via two mechanisms. This is of course
only an approximate idea and it is likely to be useful only
if one or the other mechanism dominates a given process.
The separation mass 5K& could depend on the process as well
as on Q' and v. For example, if a given process is believed
to have a very short collision time for some reason (e.g.,
interaction with most central region of a nucleon), ORi

element would agree with the T-matrix element except for
the fact that it is not on the energy shell (Er Q E„+I'z);
in fact, the deviation from the energy shell is just the
energy denominator v —I'0, which is small for small
Q' and OR'.

We note the lack of I.orentz and gauge invariance of the
separation. The erst is obvious since a particular fyame is
singled out to define k and v, however, for masses satisfying
(2.5), the explicit frame dependence drops out. But (2.5)
is frame-dependent also; it is not valid in the infinite
momentum frame usually employed in the parton model.
The fact that the individual terms are not gauge invariant
is seen from the identity

could be larger than for a typical reaction in which the
collision time is of order EI.

To the extent that the second term of Eq. (4.3) inay be
neglected for a given process, we may interpret the equation
as an expression of generalized vector meson dominance.
(k, OR, e; +

~
J„(0)

~

vac) gives the amplitude for the
photon. to convert to a J~c = 1 system; 1/(Q'+ OR' )
corresponds to the propagator of the 1 system; and
(f —

~
Hl (0)

~
X, k, OR, n;+ )i„,represents the interaction of

the 1 system with the target (Ã) to produce the final
state f. Without further assumptions and approximations,
this formula is of little practical utility. One such approxima-
tion is to replace the integral over BR' and sum over n; by
a discrete sum over a few vector mesons (p, o~, @, ~ ~ ~ ).
Then some information about the matrix element may be
obtained by studying the inverse reaction f—+ XV, provided
that

~ f) is sufFiciently simple to serve as a realizable incident
state. The qualitative and quantitative successes of VMD
will not be reviewed here, "but they have been sufFicient so
that there seems little doubt that the 1 resonances play
an important role in the hadronic structure of the photon.
On the other hand, it seems clear that beyond providing a
reasonable account of certain processes, the more complete
physics represented by Eq. (4.3) is difIicult to incorporate
into any simple improvement on VMD. Unfortunately, the
first term of Eq. (4.3) is so general that it could dominate
photon interactions without being contradicted by any
known experimental results, including deep inelastic elec-
tron scattering. This will be elaborated in another paper
(Spital and Yennie, 1975) where it will also be discussed
how' GVMD can. merge w'ith the parton model. It may then
be that, aside from estimating and relating certain specific
processes, GVMD will play its most important role in
providing a qualitative understanding of various features
of photon processes.

I et us briefly consider some processes from the point of
view' of GVMD. The simplest, and currently most im-
portant, is the total photon cross section as a function of Q'.
In the present work. , w'e shall make some simplifying as-
sumptions and then treat the dipion contribution to v8~.
Before doing this, let us discuss some of the conceptual and
logical questions in applying (4.3) to the total cross section. .
The 6rst question concerns the use of the diagonal approxi-
mation described in Sec. II. This approximation assumes
that while different photon constituents (OR', e;) may
interfere in specific final channels (t'), their net interference
in the total cross section is unimportant. It should be
emphasized that there is no property of (4.3) which would
lead to such a conclusion. However, it does seem plausible
that if two different components (ORP, e,i and ORo', n;2) are
sufFiciently diferent in nature —spatial size, particle con-
figurations, etc.—their interference in tT~t, t will be small.
Thus for small Q', a spatially extended component associated
with a narrow resonance might not interfere appreciably
with a component having a broad mass distribution and
a very localized structure. Then as Q' increases and the
complete hadronic structure becomes very localized, it is
likely that interference between different mass components
becomes more significant. It is inconceivable that the
various components w'hich may separately be spatially larger

"A good overview of vector meson dominance is given in Sakurai
( j.969) .
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(k, BR, e, +
I
Jp(0)

I
vac)

= (k/mZ) (0, m, n;+ I Jp(0) I
vac)

(k, 5K, e, + I Jp(0) I
vac)

(k'+ m')'~'
(O, mZ, ~; ~ I J,(0) Ivac),

I

(4 4)

where k is taken in the 3-direction, and we have used
I.orentz invariance and current conservation. The polariza-
tion vector e& multiplying this current satisfies k„e& = 0,
yielding

"(k, m, ~; ~ I J„(0) I
vac)

k' —v(k'+ nz')"',
e'(O, m, m;+

I Jp(0) I
vac)

P5R

Q' —wP,"(o,m, ~; +
I
J,(0) I

vac&.
2VSR

(4.5)

Thus a constituent of mass 3R apparently fails to interact
when the photon's (spacelike) four-momentum Q' happens
to equal 5R'. On the other hand, the complete amplitude is
gauge invariant so that

k &f
—

I J„(0) I X& = 0

e"(f —
I J.(0) I && = Q'/")"(f —

I Jp(0) I && (46)

Thus the hadronic component might be taken to be propor-
tional to

(Q2/vms)c'(0, m, rs;+
I Jp(0) I

vac) (4 7)

in place of (4.5). It is easy to see that the direct term con-
tribution, when added to (4.5), reproduces (4.7). Gauge
invariance yields

k (f —
I J„(o) I x&

OR 2

= 0 = —(2 )'"ef (dm'/25K)

X S (f —
I Hr(0)

I X, k, 3R, e'+ &r-.

X (0, BlZ, n; + I Jp (0) I
vac)

+ k"&f —
I J.(0) I »b-.. (4 8)

than their superposition will fail to interfere in a manner
which rejects the physical properties of that superposition.
For example, it is possible that a broad mass distribution of
different (asymptotically defined) components might cor-
respond to a localized state that is primarily a simple quark
pair. In that case the interaction could be described more
simply in terms of the quark pair than in terms of the
physical particles labeled by RP and e,.

Another troublesome problem is how to treat longitudinal
cross sections. %e avoided discussing longitudinal interac-
tions in Sec. II, but we may now note that (2.10) is replaced
by

Now assume that the bare contribution is, component for
component, smaller than the hadron-mediated contribution
to (4.3). For example, assume that either the 0 or 3 com-
ponent of the bare term is negligible. Then use (4.8) to
solve for the 3 or 0 component. YVhen this contribution is
added to that of (4.5), the result obtained is (4.7), to
relative order Q'/v'. In addition to this part of (f I

J—„I X&bare
required by gauge invariance, there is of course an indeter-
minant part orthogonal to k&. %hat we have shown is that
hadron-mediated dominance is compatible with gauge in-
variance; we have +of shown that the bare term is actually
small.

Having mentioned these difficulties, we now proceed to
ignore them and calculate the dipion contribution to pW~.
The form (4.7) will be used in estimating the longitudinal
part. This amounts to defining

«/~~ = (Q'/v') (II'»/II »), (4.9)

"This connection was noted by Io6e (j.969) and was studied more
explicitly by Pestieau, Roy, and Terazawa (1970l.

where 8'„„is the function used in inelastic electron scatter-
ing. The details of the calculation are given in the Appendix.
The model used incorporates the diagonal assumption and
also takes the total absorption cross section of the dipion
to decrease from 2o.,"" ( o.„++ )r -) at small masses, to
0.,' ' at m, ', and to zero at high masses. As was previously
mentioned, this increases the dipion contribution to the real
photon total cross section from 80 idbarns (VMD) to 94
@barns. It also increases the dipion contribution relative to
VMD as a function of Q'. The results for vW2 are shown in
Fig. 3 and compared with the data in the small x region
(Friedman and Kendall, 1972). The o) and @ contributions
as estimated by VMD are also incorporated.

The noteworthy features of this figure are the following:
(i) The data are a function primarily of Q', and only slightly
a function of x. This is precisely the general behavior
expected in the small x region where the diffractive hadronic
components should dominate (suri and Yennie, 1972).
(ii) The data rise from 0 at Q' = 0 to about 0.33 at Q' = 1.
Thus the maximum value of vtV~ at small x can be attributed
primarily to the hadronic component of the photon. In the
parton model, this behavior is instead associated with a
dx/x distribution in. the longitudinal momentum. In our
view, it is more natural to consider this small x cross section,
which is also related to a long longitudinal range, ' to be
due to the hadronic constituents of the photon. The sub-
sequent fall of the data with increasing x could be attributed
to a weakening of the strength of the hadronic interaction
as the formation distance L~ 2v/(Q2 + M') j becomes
smaller than the nucleon size. In a later paper (Spital and
Yennie), it will be shown how the hadronic component can
give scaling with a general x dependence. (iii) The dipion,
plus the o) and dt), may account for the main part of the data
in the small x region. It is, however, more likely that the
present model gives a significant overestimate of the dipiom
component with increasing Q'. There is evidence that
electroproduction of p"s falls more rapidly with Q' than is
predicted by VMD. This would fit in with the shrinking
photon concept that the dipion acts as a unit, as suggested
by (3.8). A guess as to how that might change the dipion
contribution is shown in the figure. (iv) The model gives a
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R = 0.18 W & 2.0 GeV/c~

m =I+Qf Iq
I + I+ s s +&plI, +

+ 'I
I
+ ll

v W& 0.2

O

FIG. 3. vW2 in the small x( = Q'/2')
region. The two pion contribution is as
treated in the text and the co and p are
estimated using VMD.

Q (GeV/c)

rather large value for o~/or. While this ratio does appear to
rise experimentally for decreasing Q', 's it remains well
below the value suggested by the model. More data is
needed in this region.

Until now we have used the intuitive idea of (4.3) to
discuss diffractive processes. The treatment of specific
Anal channels is much more problematic. Here there is
certainly likely to be interference between different masses,
and different types of constituents. Photoproduction of
single pions is a case in point. The usual VMD discussion
indicates that the vector mesons play a role in the process,
but in terms of the present picture the correct treatment is
far from obvious. Intuitively, in addition to the p contribu-
tion, there should also be a contribution. in which one of the
pions in the tail is captured by the target while the other is
released. It is hard to decide how much of this latter con-
tribution is already contained in the VMD terms. In any
case, the hadronic structure plays a role in the process, even
though the details are too delicate to calculate from (4.1) .

A possibly more tractable process to calculate is the
contribution of the loose two-pion structure to the inclusive

"The data
1
Riordan e/, a/. 1974) g for nz/or appear to have a maxi-

mum of about 0.6 for Q' ~ 2. The values of x ( =Q'/23fv) of about 0.1
are probably too high for comparison with the model.

I

pion spectrum. The picture is that one pion hits the target
and interacts in some way which is not detected while the
other flies free and is detected. This is reminiscent of the
original Drell process (Drell, 1960) which is illustrated in
Fig. 4(a). It is easy to see that Drell's result corresponds to
precisely this picture. His original formula was

sin'8 dQ o/(k —co)
do. —= — — da)o +~". (4.10)

2~ ('1 —P cos8)' 4~ ks

~s 5(oils + q
2 + ~s)1/s

+ ((P q)~)2 + q
2 + ~2)1/2)2 /s2

= (vi'+ /') &'/vii(& —vii)

Cubi, & —
qadi » (Vi'+ /')"'j (4 11)

In this language, Drell's formula becomes

de dpi 1

day~~ ——
g L

2m 5@4
(4.12)

Let us re-express this in the terms of the intermediate
two-pion total mass. I.et q~~ and g~ be the components of
the pion momentum q parallel and perpendicular, respec-
tively, to the direction of k; then this mass is given by
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m - detected

totcr, ,undetected

(a) (c)

(d) (e) (g)

FIG. 4. Various contributions to ~ inclusive electroproduction resulting from the dipion constituent of the photon. (a) - is the usual Feynman
graph for the Dreii process. {b) represents a contribution in which the ~+ part of the dipion interacts directly with the nucleon. Tn (c), the pions
rescatter before the m.+ interacts. The remaining diagrams illustrate various other contributions to the amplitude.

which is precisely what we would have anticipated from
(4.3), omitting the effect of the p'.

If we continue to ignore the p' and take this result literally,
it apparently leads to an unreasonable contribution to the
total photon cross section. Integrating over the allowed
kinematic range and multiplying by two (for both pions),
w'e find

o. 2Mk0~„= —0 ln
6m p,'

—50 pbarns for k = 10 GeV. (4.13)

This yields an unexpectedly large fraction of ~~' ', which
increases logarithrnically with k. It should be reduced to
take into account the double counting when, both pions
strike the target. More important, we can hardly believe
the mass spectrum implied by (4.12) for masses which are
large compared to the p' mass. If we arbitrarily restrict the
integration to masses small. r than m, ', the cross section is
reduced to about 10 pbarns.

This raises the question, "How should we properly calcu-
late the Drell process taking into account the realistic
hadronic structure of the photon'" A field theoretic ap-
proach with p dominance would agree with Drell's expres-
sion (aside from terms neglected. in. both approaches) since
the intermediate po propagator would be evaluated at
Q' = 0. If, instead, we try to use (4.3), we would find the
types of contributions illustrated in Fig. 4(b) —(g). Only
the contributions represented by Fig. 4(b) and 4(c) cor-
respond to the same approximations used by Drell (for
leading ~ production). The contribution from Fig. 4(b)
by itself would have an enormous peak at the p' mass which
would be in complete disagreement with experimental data.
In fact, it is obvious that if OR' is in the neighborhood of
m, ', the rescattering of the pion pair represented by Fig. 4(c)

will be quite important. It turns out that this contribution
can be easily evaluated by contour integration and when the
two contributions are added they exactly reproduce the
contribution of Fig. 4(a). The simple details are given in
the Appendix. A feature of this exercise is that it makes one
suspicious about using Drell's expression for large OR'

(& 2 GeV', say) without providing any guidance as to
the mechanism which cuts it off. It also restores our con-
fidence in the possibility that the Drell process could be
a very significant part of the 94 pbarns which we attribute
to the dipion' component of the photon but (4.13) is still
likely to be an overestimate.

Next we turn to the question of confirming the presence
of this process in the data. So far this has been done only
in a very rough w'ay but it should be possible to improve on
the treatment which will be described here. The main point
is to pick an experimental region where the last four con-
tributions of Fig. 4 are of lesser importance. It seems in.-
tuitively clear that this is the region where the x carries
off most of the energy of the photon. For example, Figs.
4(d) and 4(e) would corr'espond to 7r p ~ vr X and since
the m+ is already carrying off some energy, we may hope
that this does not give an important contribution to high
energy ir mesons. Little can be said about Figs. 4(f) and
4(g) except that they do not contain the large contribution
from small OR2 which lead to Drell's original hope that
Fig. 4(a) would be dominant (or at least important). In
any case, if the process does not show up in an important
way for high-energy ~ mesons, there is certainly no hope
that it could be important for lower energy ones. There are
simply too many mechanisms for producing x mesons w'ith
a small fraction of the photon's momentum whether or not
we believe in complete dominance by the hadronic com-
ponent of the photon.

In order to compare theory and data, it is also necessary
to take into account the special contribution from diffrac-
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FIG. 5. Inclusive 7I- photoproduction: elastic po events. The data
from Ref. 40 consist of events with w+~ P in 6nal state, with m
(GeV). The theoretical curve treats the p as having a de6nite mass.

tive production of pion pairs, particularly through the p .
This is not illustrated explicitly in Fig. 4. The process

v+ &~p'+ &

(4.14)

actually contributes about half the pions seen near the
upper end of the spectrum. To make a reasonable compari-
son with the data for this channel, one should take into
account the p' width and also the interference with (and
contribution from) the diffractive pion scattering in Figs.
4(b) —4(e). Instead, the process (4.14) has been calculated
under the crude assumption that the p has a definite mass
and does not interfere with other contributions. This badly
distorts the q~' dependence of m. mesons from this process,
but yields a reasonable estimate of the x (= q' /q, „™)
dependence.

The simpli6ed calculation for the p' and Drell contribu-
tions is given in the Appendix. Comparison with 9.3 GeV

O. I 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 I.O I. l

2 2
q (GeV)
J

I'IG. 6. Inclusive ~ photoproduction: elastic p excluded. The
theoretical curve is the Drell process. A few typical values of' SIP of
the contributing dipion are indicated.

data from the SLAC—Berkeley —Tufts bubble chamber ex-
periment (Moffeit et gl. 1972) '6 is shown in Figs. 5 and 6.)
%bile this cannot be regarded as a striking fit to the data,
it does certainly indicate the presence of the dipion com-
ponent of the photon. One may hope-that when the defects
of the present treatment are removed, agreement with the
~+~ channel will be obtained and a reasonable understand-
ing of other channels will be found in this x region.

V. DISCUSSION
The importance of the hadronic structure of the photon

seems to be well con6rmed by many features of the experi-
mental data. However, except in situations where VMD
works reasonably well, it has generally not yet been possible
to use the concept to make detailed predictions of experi-
mental results. It seems worthwhile now to make some

'6 I wish to thank Dr. Mo6eit for supplying the data separated into
p' events and with p excluded. p events are defined as events in which
the 6nal state is ~+a P, with the mass of the pion pair less than 1 GeV.
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further qualitative speculations about possible consequences
of this picture.

The physical size of the photon seems to play an im-
portant role in its interactions. We have seen in Sec. III
that the constituent with the lowest threshold has a very
extended structure for real photons. Presumably the higher
mass constituents have a much tighter structure. However,
since our arguments were not valid inside the region of
interaction, we may only speculate on the behavior of the
high masses. It is suggestive that if this is a correct view,
the decreasing size of the photon for higher mass com-
ponents could be connected with their smaller cross section
for interaction, which permits the real photon cross section
to be dominated by low mass constituents. Although it was
not discussed here, such a decrease of interaction cross
section w'ith increasing mass of the constituent is necessary
for scaling of the hadronic component in GVMD (Gribov,
1970; Brodsky and Pumplin, 1969; Ritson et ul. 1971;
Fujikawa, 1971; Bjorken, 1972; Sakurai and Schildknecht,
1972; Bramon, Etim and Greco, 1972). Perhaps the high
mass components can penetrate the peripheral region of the
target nucleon with very small chance of interaction. They
may interact primarily with the central core of the nucleon.
Such a picture could account for two pieces of experimental
data. One is that the diffractive photoproduction of high
mass states has a significantly broader t distribution than
that of low masses (the p', for example). ' Another is that
about 20% of the real photon cross section is not signifi-
cantly shadowed in nuclei (Caldwell et a/. 1973; Armstrong
et a/. 1972; Meyer e/ a/. 1970; Heynen et a/. 1971). The
higher mass constituent of the photon may be able to
penetrate the nucleus with little chance of interaction if it
does not hit the nucleon core.

Some features of electroproduction may also be accounted
for by the shrinking photon effect. It is possible that even
for moderate values of Q' (say, 0.5—1 GeV') the photon has
had an over-all shrinkage which makes its cross section
considerable smaller and more localized in the nucleon than
is true for real photons. As mentioned earlier, this leads
to a smaller slope in the electroproduction of p"s (Ahrens
et a/. 1974; Dakin e/ a/. 1973; Eckardt e/ a/. 1973).~ One
would also expect the slope to be a decreasing function of
BR', which is also confirmed experimentally (Ahrens e/ a/. ,

1974). It may turn out that the hadronic structure as a
whole has a much smaller absorption cross section than its
individual constituent due to the destructive interference
which cancels out the hadronic material outside a small
radius. This could account for the rapid decrease in the
shadowing effect in nuclei with increasing Q'.
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APPENDIX

For convenience, we summarize here some formulas and
details of analysis used to obtain the results given in the
main text.

A. Formulas involving II, assuming relativistic
p-wave width

We have

Im II(5K') = C Irnf(z), (A1)

where

2 g 1//2 5R' fPSp
C = —mpFp ', S=, Sp ——

(zp —I)3/' ' 4m ' ' '
4ns ' '

(1 —s) ~/'

f(z) = in/( —z) "/'+ (1 —z)'/'j z ( 0
( —z) "'

(1 —s)"'
(

s

)
"*

tan '
&xta 1 —s

(z 1)3/2 Z7r
lnLzi/2 + (z —1)i/2j ——. (A2)

2

f(z) is analytic outside the cut from s = 1 to ~. To satisfy
the conditions (3.4), we define

disentangle and appear as real particles. Thus, the outgoing
absorption might be smaller than that expected for the
p' alone. The effect would show up in the A dependence of
the cross section, in that the cross section for production
from heavy nuclei would be larger than otherwise expected.
It will be interesting to check. on this possible effect.

Another possible consequence which has not yet been
looked for is the Q' and A dependence of electroproduction
of p"s on nuclei. This may take place in the following way.
The virtual photon hits a nucleon and has its hadronic com-
ponent absorbed out in a very localized region. Immediately
behind the individual nucleon, this results in the real
presence of a spatially small chunk of hadronic matter. This
chunk of matter is a superposition of many constituents,
including the p'. This superposition may propagate through
the remainder of the nucleus before the various constituents

'7 It should be emphasized, however, that the behavior of the high
masses (1.05 to 1.63 GeV) is very nondiBractive in character. The
slope and strength vary quite rapidly with s.

II(KP) = Cf(z)

with

f(z) = f(s) —Ref(s, ) —(s —s,) Ref'(s, ). (A4)

For m, ' = 0.593, we find II(0) = 0 52nz, I', —and. II'(0) =
0.57K,/m, . Here II(0) gives the Gounaris-Sakurai, (1960)
normalization, correction and II'(0) gives the enhancement
of I'2 over VIVID. We note that the denominator gR'—
m, ' + II(9R') has a spurious zero at a large negative value
of 9E2. in further work we ignore this nonphysical sin-

gularity.
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~.r(2'(Q') = (~'/f ')21+ 11'(—Q'))LF ( —Q') I'~

L~g. (OR') = 0.,). (AS)

For Q' = 0,. this amounts to a 10% enhancement over
VMD. A more realistic treatment requires a dipion cross
section of order 0 + + a. — ( 2(r, ) for low masses. A simple
model for such a dependence is

0 .(OrP) = o.
t 2nz '/(OR2 + es ') ). (A6)

This particular analytic form has no physical significance,
but is has the advantage of yielding an integral which is
easily evaluated by contour integration:

&"&(Q') = f I' (BID) (m') dan. '
m~2

To calculate the total photon absorption as a function
of Q', we need a model for the cross section of the dipion
constituent as a function of 5@2. If this cross section were
independent of OTP, the resulting (transverse) total photon
cross section would be-

where $ is the ratio of longitudinal to transverse dipion. cross
sections. There is no reason why this ratio could not be a
function of 5@2, but we have simply taken it to be a con-
stant. There is a geometrical reason why it is not surprising
that $ ( 1; namely, in the longitudinal state the two pions
tend to be aligned in the direction of k. We have taken
$ = 0.6, which is comps, tible with data on electroproduc-
tion of p'.

B. Hadronic photon estimate of the Drell process

The purpose of this section of the Appendix is to show
that the two contributions of Fig. 4(b) an.d (c), which take
the p' resonance into account, yield the same result as that
of Fig. 4(a), which ignores this resonance. Common factors
associated with the lower vertex are ignored. The contribu-
tion from Fig. 4(a) is

4(a) = ee (tI+ —(I )/OR',

where OR is given by (4.11). The contribution from Fig.
4(b) is

g2 1= —
t m ' —II(O)]'2~ 2

(nzp' —Q') '

—~(~,' —11(0)) '(rl+ —a-)
4(b) =

oR'(oR' —~,'+ rr*(orp) )
(82)

X
Di(m, ') D((. ))

If this term contributed by itself, it w'ould give a huge peak
at the )()' mass, of order (m, /I', )' times the simple Drell
cross section. There is absolutely no experimental evidence
for such a peak.

1+ 11'(—Q')

(m, ' —Q') LD, (Q') )' (A7) The contribution. from Fig. 4(c) is seemingly more corn-
plicated as it involves production of a meson pair of mass 5R',
followed by their resonant scattering and then interaction
with the target. This contribution is

Dig) = X + m' —II(—X) (AS)

In spite of its appearance, this expression has no singularity
at Q' = m, '. For a real photon, this becomes

g2 11(—m, 2)
O-,T

('~) (0) ——1 + 2II'(0) + ' 0,f 2 2SSp

g2= —,(1.174)a.p = 94 pbarns (A9)

&-&((&) =(f &..(m) . (m) ~m
tnx2

(using f,'/4m=2. 5, a, = 27. mbarns). The longitudinal
cross section is given. by (in diagonal approximation. ):

de d g+ d g4(c) =
(2.! f m",

ef, 'pm, ' —II (0))e. (ri+' —q ')
OR.' —~,'+ 11*(OR")

X ,.(e+' —a-'), (a+ —a-)
orp —m, ' + II (OR") Qlp 5K z6

&& 8La ~'+ co
' —(OR" + k')'")6(q+'+ (I

' —k).
(83)

The integration over the internal pion momentum is most
easily carried out in the rest frame defined by the four vector
L(OR" + k')'" k). Noting that e.k = 0 we find

((.D.((. )

I
»&,'D, (&»,') )
—L1+11'(—Q') )

(~.' —Q') O'Di(Q')

1 1

Q'Di (Q') Q'nz, 'Di (0)

g2= —L~„' —11(0))~2Q2~, 2
p ' (, —Q)

„e.q~'e, tI+'()(2&v+' —OR') =, , e. e,'

and 4(c) becomes

1 dOR" ImII (OR")4(c) =-
OR"

~

OR" —m'+ II(OR") ~'

( ' —II(0)) (0+ —(I—)X
5K —BR z 6

(A10)
As usual, this is evaluated using the same contour integra-
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tion technique and picking up contributions from the poles
at 5K" = 0 and 5R" = BR' —ie. The desired result is
obtained, namely

(4c) = (4a) —(4b). (&4)

C. The p' contribution to ~- inclusive photo-
production

A very simple model is used in which the p' is assumed
to have a definite mass. Since the q& distribution is sensitive
to the p' mass, this is not likely to give very accurate
results; and a more careful treatment would be desirable.
The probability for a p' to be produced in a given direction
is taken to be

2P 2' exp(BE)dQ„ (C1)

where fps is assumed to be 100 pb/GeV', which is typical of
experimental values. When this is folded into the decay
distribution, the resulting inclusive cross section is found
to be

3fp'kp (~v)'
2rrnz '[1 —(4m~'/m ') )"' cp

&& exp[ —2Bk,'(1 —cos8p cos8,) )Ip (28k, ' sin8p sin8, ),
(c2)

where

(bq) s = ns s/kpp[4cp (cp —cp ) —nz s) —pcs,

sin'8, = (Aq)'/4k+' sin'8p ——q ~'/q '

and Ip is the modified Bessel function: Ip(s) = Jp(r's). In
the curves shown in I'"ig. 5, B was taken to be 7.
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