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Photoproduction of charm in the subtractive quark model
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We calculate inclusive photoproduction of charm, and exclusive photoproduction of J/f, using a
gluon-exchange model, and compare the results with experiment. Analogous reactions involving
strange and bottom quarks are also calculated. Large violations of vector-meson dominance are
predicted.

I. INTRODUCTION

Let us suppose that QCD is the correct theory of strong
interactions. Can we use it to understand the small-
momentum-transfer processes which make up the majori-
ty of hadronic interactions'? This paper pursues one line
of attack on that question by applying QCD perturbation
theory, supplemented where necessary by phenomenologi-
cal assumptions, to two processes in diffractive photopro-
duction. The objective is not to test the validity of QCD,
but rather to test its applicability to soft diffractive pro-
cesses. This applicability is open to doubt —irrespective of
the correctness of QCD—because in the absence of a large
momentum transfer, the QCD coupling ct, (q ) is not
small compared to one. On the other hand, perturbation
theory has been found to produce some successful results
at low q, ' and it is therefore worthwhile to see how far it
can be pushed,

The particular reactions considered in this paper are
those of exclusive and totally inclusive photoproduction of
charm: yp —+gp and yp~ccX. These reactions are well
constrained theoretically because the couplings of
charmed quarks to the photon and to the J/g are known.
These reactions are also of current experimental interest.
The analogous reactions involving s quarks and b quarks
are also calculated here.

An additional motivation for this study lies in the ob-
servation that charm photoproduction can be used to mea-
sure the gluon momentum distribution in the proton, ac-
cording to the quark-gluon-fusion model. ' There are sig-
nificant corrections to the fusion model which result from
the off-shell behavior and the transverse-momentum dis-
tributions of the virtual gluons which undergo fusion.
These corrections are automatically included in the sub-
tractive quark model, so our results should be superior to
the fusion calculation.

diffractive processes.
An immediately attractive aspect of the Low-Nussinov

picture is that it provides an explanation for the most ob-
vious feature of diffractive processes: their approximately
constant energy dependence. The explanation follows
directly from the spin 1 of the gluon. Single-gluon ex-
change, as used in this paper, predicts energy dependences
which are constant except for threshold effects. Higher-
order corrections of a perturbative or nonperturbative
type may allow one to understand the slow ( -log"s) vari-
ations which are observed in total cross sections. An in-
vestigation of these higher-order corrections to the model
presented here is currently in progress.

According to our first assumption, total cross sections
are generated by single-gluon exchange [Fig. 1(a)]. Ampli-
tudes for elastic and diffractive inelastic processes follow
from unitarity: their absorptive parts are given by two-
gluon-exchange discontinuities, as shown in Fig. 1(b). Our
second basic assumption, which was pioneered by Gunion,
Soper, and Brodsky, is that the two-gluon absorptive
parts which appear in Fig. 1(b), can be calculated using
valence-quark models for the hadrons. This assumption is
implicit in Fig. 1, and is illustrated in Fig. 2 for photopro-
duction and in Fig. 3 for proton-proton scattering.

A crucial aspect of the gluon-exchange model is the ex-
istence of strong cancellations between the diagonal and
the off-diagonal terms of Figs. 2, 3(b), and 3(c), i.e., de-
structive interference between the various graphs of Fig.
1(a). This follows directly from the color-singlet nature of
the hadrons. It implies that hadronic total cross sections
increase with the size of the hadron. Since these sizes are
inversely related to the quark masses, this picture provides
a simple physical explanation for familiar observations

&&. TH~ SUBTRACT»E qUARr. MODEL

The first assumption we make is that of the Low-
Nussinov model: total cross sections can be calculated
from single-gluon exchange. The gluon exchange leads to
a separating pair of color octets, which are assumed to
dress themselves into the physical hadrons of the final
state with unit probability. The details of this dressing are
irrelevant for calculating total cross sections and other

(a) (b)

FIG. 1. (a) Low-Nussinov model for the yp total cross sec-
tion. (b) The elastic amplitude it generates by unitarity. This
two-gluon-exchange absorptive part is generalized to nonfor-
ward directions and the final photon is replaced by li to calcu-
late the inelastic diffractive process yp ~gp.
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(a) (b)

FICz. 2. (a) Diagonal and (b) off-diagonal terms in the two-
gluon-exchange absorptive part for vector-meson photoproduc-
tion.

the proton couples to three spinless quarks by means of a
point coupling G. In the limit of large positive longitudi-
nal momentum, the absorptive part corresponding to Fig.
3(c) would be given by

discM =g 5(p+r )p„p„T,
3

T=N J +(d q, dx;/x;)5 1 —gx,. 5'2' gq, .

i=1

such as o.
& ~ sr&&, which would otherwise be mysterious.

Because of the importance of color cancellations in this
model, we refer to it as the subtractive quark model. '

This term contrasts it with the pre-@CD "additive" quark
model, in which quarks have internal hadronic structure
and color effects are ignored. It is amusing to note that
the successful quark-counting predictions of the additive
model, such as cr z ———,

'
oz~ &&(size effect), carry over to the

subtractive model. This is clear because the diagonal
terms of the subtractive model correspond directly to ad-
ditive terms, while the off-diagonal terms have an equal
but opposite color weight since the full amplitude must
vanish in the limit of zero transverse separation of the
quarks. ' Color cancellations also suppress higher-order
corrections to one-gluon exchange, such as gluon brems-
strahlung. This tends to make the one-gluon approxima-
tion plausible.

The completeness of the color cancellation depends on
the transverse separations of the quarks in the beam and
target particles, as well as on the overall impact parame-
ter. The relative and overall impact parameters vary from
event to event. The resulting fluctuations generate, via
unitarity, a large cross section for inelastic diffraction. '

This is a further qualitative and quantitative' success of
the picture.

III. PRQTQN-PROTON SCATTERING

We begin by fitting pp scattering in the subtractive
quark model. The fit requires several phenornenological
assumptions. Its purpose is to obtain a parametrization of
the gluon-proton absorptive part which is consistent with
experiment. The calculations of photoproduction in Secs.
IV and V require no further assumptions, so they provide
a solid basis for testing the model against experiment.

The key objects in Fig. 3(a) are the gluon-proton absorp-
tive parts. We derive a model for them [Figs. 3(b) and
3(c)] in a heuristic manner. Imagine for a moment that

X (A —m~') '(A ' —m~')

where X=G /32m. and

3 =g(q; +m )/x;,
A'=g(q +m )/x;,

with q )=q] —x)A, qz=qz —xzk+r, and q 3

=q3 —x36+6 —r for the particular diagram shown.
The diagonal terms are given by obvious changes of q,'.
The vectors here are transverse momenta, with
5= p

' —p. The x; are light-cone fractions: x; =q;+/p+,
p+ ——po+p3. In order to normalize the proton wave func-
tion which is implicit in this model, consider the elec-
tromagnetic form factor. It is proportional to the diago-
nal terms above, and is given by Eqs. (1)—(3) with
X=6 /256m and q &

——
q&

—x, b„, q 2
——q2 —xzb, , and

q 3 ——q3 —x3 b, + Z. The requirement that the form factor
equals 1 at 6 =0 determines the coupling G .

The model we use for the proton is given by Eqs.
(1.)—(3), except that we replace the power-law denomina-
tors (g —m ~) ', (A' —m&2) ' in Eq. (2) by exponential
forms exp( —PA), exp( —PA'). (Exponential factors in-

volving the proton mass squared are absorbed into the def-
inition of G .) This replaces the point coupling of the
proton to quarks by a "soft" wave function, and causes
the transverse momenta of the quarks to be exponentially
limited. Sizable intrinsic transverse momenta can appear
in the model only through @CD radiative corrections.
Our use of spin-0 quarks in the proton wave function is
acceptable, because their coupling to soft gluons at high
momentum is the same as for spin —,

' .
Our proton wave function is only used to calculate the

two-gluon discontinuities of Figs. 3(b) and 3(c). It is
therefore not necessary that it agree in detail with other
models of the proton. In fact, however, the transverse-
momentum and x distributions of the quarks turn out to
be entirely reasonable.

The imaginary part of the elastic amplitude correspond-
ing to Fig. 3(a) is given by

ImM= d r(discM~, )(discM„,s„)(2~)'

X (r' —p') '[(k' —k —r) —p']

(a) (b) (c)
FICx. 3. (a) Low-Nussinov model for the pp elastic amplitude.

(b) Diagonal and (c) off-diagonal contributions to the two-
gluon-exchange absorptive part which occurs in (a),

This expression contains a factor 8 from the sum over
gluon colors. The gluon propagators are modified at
small momentum transfer by including a gluon mass p to
mimic confinement. Results are fairly insensitive to this
parameter, which we take equal to m . (The cross section
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at the very large impact parameter, which is reflected in
fine details of the variation in the slope of logdcr/dt at
small t, would reveal the effect of p. It also affects the
cross section at s ~ op at the 20% level. )

In the limit of high energy, the gluon-proton discon-
tinuities reduce to the form

discMb„=(4~/3)g 5(p+r )p„p„T(r,b. ),

disc M„,s„(4——m/3)g'&(k r+)k„k r(r ~)

(5)

(6)

(8)

Eikonalization is a simple way to include some effects
which are due to multiple-gluon exchange. These effects
are known to be present, since elastic scattering and dif-
fractive dissociation involve & 2 gluons in the amplitude

The delta functions reduce Eq. (4) to a two-dimensional
integral over the transverse momentum r. The normaliza-
tion is such that the diagonal contributions of T(r, Z)
reduce to 3=the number of constituents, at 6 =0.

The gluon coupling is momentum-transfer dependent in
QCD. Hence, we replace

(g /4~) ~a, (r )a, ((p' p —r)') .—
We parametrize the coupling by

a, (q )=(12~/25)/ln(C+ ~q ~

/A ),
which corresponds to four active flavors at large q .

A straightforward approach at this point would be to
choose the parameter P which governs the size of the pro-
ton by fitting the proton electromagnetic form factor, and
to choose the nonasymptotic constants C and A which
govern a, to make it of order 1 at small q . This ap-
proach yields a prediction for pp scattering which agrees
with the observed total cross section and the elastic slope
at small momentum transfer within a factor of 2. This is
a nontrivial success of the model, in as much as the model
contains large factors like 8 from color and 2n to various
powers.

In order to define the model precisely, we choose
P=2.0 GeV, C =3.28, and 4= 1 GeV. These parame-
ters produce a fit to the observed pp total cross section and
the slope of elastic scattering for 0 ~ t & 0.2 Ge—V in the
energy range s =200—5000 GeV . The fit is accurate to
better than 10% in these parameters, and the shape of
do/dt is good. "

In making the flt, the model has been "eikonalized
The process of eikonalization is expressed most simply in
terms of impact parameter, where it amounts to replacing
Q(b) by 1 —e ' ', where

and hence )4 gluons in the cross section, and yet they
contribute significantly to a«,. The effect of eikonaliza-
tion is to lower the pp cross section by about 20%. Eikon-
alization can be neglected in calculating the photoproduc-
tion amplitudes, because of the subtractive-quark-model
nature of the interaction: the color-neutral qq system of
heavy quarks has a very small interaction probability as a
result of the color cancellations, and double scattering is
therefore unimportant.

With the parameters chosen, the proton radius is ap-
proximately 20% smaller than would have been deter-
mined by fitting the electromagnetic form factors. The
gluon coupling squared a, (q ) falls monotonically from
1.27 at q =0 to 0.33 at q =100 GeV . The average value
of q which occurs in the fit to cruz is 0.6 GeV . The aver-
age value of a, (q2) is 1.1. The logarithmic behavior
which is included in the parametrization (7) in accordance
with asymptotic freedom is therefore not crucial to, or
tested by, the fit.

Our model for the proton wave function is ad hoc. We
have adjusted its parameters to agree with pp scattering,
however, and it therefore accurately describes the proton
as it is viewed in the I.ow-Nussinov picture as a source of
soft gluons with a well-defined normalization and
transverse-momentum structure. In Secs. IV and V, we
derive predictions for photoproduction which require no
further ad hoc assumptions. These predictions thus allow
one to test the Low-Nussinov plus subtractive-quark-
model idea. The predictions are not very sensitive to the
parameters chosen for the wave function: varying the pa-
rameters changes the photoproduction prediction and the
pp scattering "prediction" in about the same way.

IV. INCLUSIVE PHOTOPRODUCTION OF CHARM

The "open" photoproduction of charm in our picture is
given by yp~ccX as shown in Fig. 1. The experimental
signatures of this final state are missing energy due to
neutrinos, or unpaired muons from charm decay. One can
also measure inclusive D-meson production. This offers
the advantage that the Feynman-x distribution reflects the
charmed-quark distribution via quark recombination.
There is also a small probability for the cc system to
emerge in the form of a bound state. A calculation, in
particular, of exclusive J/m production is given in Sec. V.

Calculating yp —+ccX requires, in addition to the ab-
sorptive part of the proton-gluon interaction which was
discussed in Sec. III, the photon-gluon absorptive part
shown in Fig 2. We .assume pointlike spin- —, quarks of
mass m and charge —', e. In the limit of large photon
momentum, taken to be in the positive-z direction, the
proton-gluon absorptive part has the form of Eq. (5) with

(1—2x+2x )q +m (1—2x+2x )(q+r) +m
q +m (q+r) +m

The momentum transfer Z of Eq. (5) is zero here, and the
photon-polarization vectors do not appear because only
the helicity nonflip amplitude in the forward direction is
needed to calculate the desired yp —+ccX cross section via

the optical theorem. The integration variables q and x in
Eq. (9) are the transverse-momentum and light-cone-
momentum fraction of one of the quarks. The two terms
in the integrand come from the diagonal [Fig. 2(a)] and
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off-diagonal [Fig. 2(b)] diagrams. Cancellation between
these two terms at large q, which results from the color
neutrality of.the photon, makes the integral finite. At
zero gluon momentum (r =0), T goes to zero because of
the cancellation. In this way, the apparent singularities of
Eq. (4) in the limit of zero gluon mass are removed, and
the insensitivity to that parameter arises.

The model for yp —+ccX has now been completely de-
fined. Its numerical evaluation is nontrivial, since there
are six integration variables in Eq. (2) for the proton ab-
sorptive part, three more in Eq. (9) for the photon cou-
pling, and two more for the gluon-transverse-momentum
integral in Eq. (4). Of these, one azimuthal integral is
trivial, and Eq. (9) can be evaluated in closed form by the
Feynman-parameter technique. A seven-dimensional in-
tegral remains —ven though we are using lowest-order
perturbation theory for the interaction. The integrals were
calculated by a Monte Carlo method: the computer pro-
gram generated random momenta according to probability
distributions which, to save computer time, were carefully
chosen to mimic the actual integrand. An advantage of
the Monte Carlo method is along with the integrated cross
section, it easily supplies predictions, such as the
Feynman-x distribution of the c quark, which are of in-
terest experimentally. To check the Monte Carlo pro-
gram, the cross section was calculated independently in
the high-energy limit using a Gauss-Legendre integration
technique.

In the high-energy limit, energy-momentum conserva-
tion simplifies to the form appearing in Eqs. (5) and (6).
The beam particle and the state into which it fragments
have a large plus component of light-cone momentum,
and a negligible minus component, so the r component
of momentum transfer vanishes. Similarly, the target par-
ticle and its fragments require r+ ——0. Hence, the momen-
tum transfer r is purely transverse. At finite energy, this
simplification is unavailable, because energy-momentum
conservation links the beam and target particles in a non-
trivial way. A further complication arising at finite ener-

gy is that the light-cone integration variables x; in Eq (2).
and x in Eq. (9) do not range over the entire interval from
0 to 1, because the quarks which emit gluons must be cap-
able of supplying the appropriate r+ and r components
of momentum transfer. These complications were suc-
cessfully met using the Monte Carlo method.

The cross section computed for yp~ccX is shown in
Fig. 4. At moderately large energies it amounts to
-2—4% of the yp total cross section. ' The predicted
cross section rises sharply from threshold and continues to
rise at extremely high energy. The energy dependence re-
sults principally from the energy and longitudinal-
momentum contribution to the gluon propagator in Fig. 1.
It is equal to

I &--
I
=" —"=r+~--~a ~r2 2— 2 2

where M~ is a typical mass for the system into which the
beam particle fragments, and MT is the same for the tar-
get. The cross section does not become constant until s is
so large that

I t;„ I
is negligible compared to a typical

transverse-momentum transfer squared, say 0.10 CreV .
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FIG. 4. Predicted cross sections for inclusive production of
bb, cc, ss, and light quarks. The shaded region shows data for
cc."

The prediction of energy dependence at very high energies
arises because there are significant contributions to the
cross section from cc plane-wave states of large invariant
111ass.

Data for yp~ccp which have been obtained from p+
scattering on iron by extrapolation to Q =0 and A =1,
using unpaired muons in the final state as a measure of
D-meson decays, are also shown in Fig. 4.' One sees that
the model calculation has approximately the correct mag-
nitude, but an energy dependence which is somewhat
stronger than is indicated by experiment. It may be that
the low-energy data represents mostly nondiffractive pro-
duction.

Direct measurements of D photoproduction at lower
energy, 40—70 GeV, are consistent with pure associated
production. The experimental limit o.

Dp& p (0-4 pb is con-
sistent with the prediction in Fig. 4.'

Figure 4 also shows predicted cross sections for
yp~qqX with q =u+d, s, and b. The production of b
quarks is strongly suppressed by their large mass, which
makes the bb system rather compact in transverse coordi-
nate space, so that strong color cancellations take place
between the diagrams of Fig. 2. The b quark is also
suppressed relative to the charmed quark by a factor 4

coming from the square of the quark charge. This same
factor is present in ss production, where it makes the
predicted cross section for cc almost as large as the predic-
tion for ss at very high energy.

The prediction for u +d quarks shown in Fig. 4 should
not be taken too seriously, because the neglect of qq in-
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teractions in the wave function of the photon is not ex-
pected to be a valid approximation for the light quarks,
for which the qq separation in coordinate space is relative-
ly large, so that confinement effects are important.
Indeed, one has come to expect that the light-qq part of
the photon wave function can be approximated by low-
mass resonances (vector me-son dominance). It is reassur-
ing nevertheless that the predicted cross section at high
energy agrees roughly with the observed or~ —115 pb (for
uu and dd corrected for the contributions of lower-lying
Regge trajectories). ' The energy dependence predicted in
Fig. 4 for the light-quark cross section is somewhat
stronger than that given by experiment. This may occur
because the actual mass scale for the qq fragments of the
photon is reduced from the plane-wave assumption in the
model by the same qq interactions which produce the p
resonance. Or it may be related to the discrepancy in en-

ergy dependence seen for the cc system, which is discussed
in Sec. V.

The Feynman-x distribution for c or c quarks produced
in yp~ccW according to the model is shown in Fig. 5. It
is seen to be nearly flat in the range 0.2&x &0.8. The
substantial production of c quarks, and hence D mesons
via dressing, with x ~ 0.5 is a key prediction of the model.
The transverse-momentum distribution of the c quark
varies approximately as exp( —1.4

~ q~ ~
} at s =500 GeV,

and exp( —1.2
~ qz ~

) at s =2000 GeV .
The averaged value of the gluon four-momentum

squared r, at which the running coupling a, (r ) is
evaluated is =2 GeV . For the production of the
heavier-quark system bb, the average r (at s =2000
GeV ) is 7.2 GeV . This is small compared to the heavy-
quark mass scale (mb+mb-) =80 GeV; but it is large
enough that perturbation theory should work well for
yp ~bbX even if it does not prove adequate for yp~ccX.

It is interesting to examine the extent of color cancella-
tions in the model. If the off-diagonal terms on the pro-
ton side were omitted, the cross section would increase by
60%. If the off-diagonal terms on the proton side [Fig.
1(d)] were omitted, the cross section would increase by a
factor of 25 (for yp~ccX at s =500 GeV ). The color
cancellations are especially strong in this latter case be-
cause the transverse separation between quarks of mass m
in the photon is small of order —1/m.

l. 5

eGm~ qy

4~3'/3 o x (1 x) D —m—
Ply

D= qg +ppz

x (1—x)

(10)

where q j and x are the transverse-momentum and
longitudinal-momentum fraction of the quark in a frame
where the g has a large momentum in the longitudinal
direction. To approximate the wave function in a way
which simulates the effect of confinement, we replace
1/(D —m~ ) by exp( yD/2) in E—q. (10). Performing the
qz integration leads to

e6m ~
gr&

— f dx expI —ym /[2x(1 —x)]I . (12)
1277 y 0

The coupling strength G is determined by the wave-
function normalization. A simple way to obtain it is to
imagine a g which is electrically charged. Its electrornag-
netic form factor at zero momentum transfer would equal
1, and would be given by the diagram of Fig. 6(b).
Evaluating this diagram as above yields

6 mg p& dx p
8w' "o x(1—x) ~ (D m~ )—

Making the exponential replacement for the energy
denominator leads to

V. EXCLUSIVE tP PHOTOPRODUCTION: yp ~gp
This calculation requires the cc wave function of the f

in a Lorentz frame where it has a large momentum. One
way to obtain this wave function is to solve the
Schrodinger equation in the g rest frame, using a potential
function which can be tested via the spectrum of excited
states, and then boost the result to the desired frame. This
boost is ambiguous, except in the extreme nonrelativistic
limit in the rest frame, because the quarks are off the
mass shell.

In this paper, we instead obtain a parametrization of the
g wave function directly in the large-momentum frame,
using a simple heuristic method similar to the one used
for the proton in Sec. III. The method is as follows. First
consider the quark loop diagram for the yg coupling [Fig.
6(a)]. Evaluate this diagram assuming a point coupling
(6/V 3}y„for the g to cc of a given color, making the ex-
treme rest-frame nonrelativistic approximation q ~k /2 in
the spin trace and closing the q contour integral to obtain

dp I.o

dx

0
0 0.2

I I

0.4 0.6 ].0 (b)
FICx. 5. Fredicted distribution of longitudinal-momentum

fraction for c or c in yp ~ccX.
FIG. 6. Diagrams used to determine the parameters for the

g~cc wave function.
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6 mg1= f dx exp[ —ym /[~(1 —x)]I .8' y

We assume m =m~/2. The remaining two parameters
of the model are determined by the normalization condi-
tion (14) and by g&~ (12), which is known from the decay
g~e+e

IO

The parameter values are listed in Table I.
To evaluate the two-gluon-exchange absorptive parts

which appear in diffractive processes we make the same
set of heuristic steps as before. This should be a reason-
ably accurate procedure, since we have guaranteed that the
effective wave function has the correct normalization and
the correct value at zero cc separation. A Monte Carlo
method of integration leads to the cross sections shown in
Figs. 7 and 8.

The momentum-transfer dependence (Fig. 7) displays a
significant amount of curvature in lndcr/dt versus t. That
is, the slope increases near the forward direction. The in-
tegrated cross section for yp ~gp at Er ——266 GeV is 0.04
pb. This cross section is of course small compared with
the prediction of 1.0 pb for the total charm production
yp ~ccrc, and the approximately 115pb for yp ~all.

The energy dependence (Fig. 8) is stronger than one
might have expected for a diffractive amplitude. The
large energy scale results from the energy dependences of
the processes yp~ccqqq and gp~ccqqq, which generate
the amplitude via unitarity. These processes rise slowly
with energy because of their t;„effects, as discussed in
Sec. IV.

The energy dependence of the imaginary part of the
amplitude, which we calculate by unitarity, implies a real
part according to analyticity. We can calculate this real
part by fixed-t dispersion relations. Specifically, we re-
quire the amplitude to be an analytic function of s, with
the imaginary part given by the unitarity diagrams of Fig.
1. In addition, the amplitude is an even function of s
(even signature). The dispersion integral requires a sub-
traction for convergence: the subtraction constant is
chosen by assuming the real part goes to zero as s~ oo.

We calculate the real part without undertaking a full-
dispersion integral calculation as follows. The energy
dependence which we calculate for the imaginary part of
yp ~gp is approximated quite well by the form
exp( —sp/5), where so is a slowly varying function of t.
The energy scale so is so large, for example 180 GeV at

IO

IO

I

0
2 0.4 0.6

t IGeV ]
FIG. 7. Predicted momentum-transfer dependence for dif-

fractive photoproduction at s =500 QeV .

t =0, compared to the physical threshold at
(mz+m&) =16 GeV, that the form exp( —so/s) may
reasonably be used all the way down to s =0. The even-
signature amplitude which has an imaginary part of this
form is given by a certain exponential integral, which is

IOO

IO

IO

TABLE I. Parameters which characterize the vector-meson
wave functions, and the e+e decay widths assumed in calculat-
ing them. IO

Iol
I
02 10 IO4

M
(GeVi

1.0196
3.097
9,460

y
(GeV

2.109
0.581
0.143

54.8
61.3

436.3

I
(keV)

1.26
4.80
1.20

Ey LGevj

FIG. 8. Predicted energy dependence for diffractive pho-
toproduction in the forward direction. The dashed curves show
the contribution due to the imaginary part of the amplitude
alone; the solid curves include the real part. The data point for
yp ~gp is from Ref. 16; further data are discussed in the text.
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not difficult to evaluate.
As shown in Fig. 8, we make the perhaps surprising

prediction that the yp~Pp amplitude is mainly real at
energies below E& —100 GeV. It would be very interesting
to measure this real part experimentally, as could be done
via interference between leptonic decay of the g and pure
QED (Bethe-Heitler) production of e+e or p+p

A measurement of forward yp~t/ip at 140 GeV is
shown in Fig. 8.' The agreement with experiment is
good. Measurements of the integrated cross section for
yp~fp in the same experiment have smaller error bars.
They show a strong rise with energy which is comparable
to that predicted by the model. The absolute values are
close, but are not within the experimental-error limits.
For example, at photon energies of 70, 130, and 190 GeV,
the model predicts cross sections of 16, 30, and 38 nb,
while the observed values are 12+2, 18+3, and 25+5 nb.

Measurements of yp~Pp also show a rise with ener-

gy,
' which is in line with the prediction of the model but

perhaps a bit more gradual. The absolute values of the
cross section do not agree very well; but this is not surpris-
ing, because our simple model for the vector-meson wave
function is not expected to be accurate for light mesons.
At representative photon energies of 35, 71, and 157 GeV,
the model predicts o'yp pp 130 209, and 270 nb, while
experiment gives 510+90, 6SO+90, 650+70, and 740+90
nb.

VI. FAILURE OF VECTOR-MESON DOMINANCE

Previous approaches to vector-meson photoproduction
have been based on the hypothesis of vector-meson domi-
nance (VMD). ' According to that hypothesis, the ampli-
tude for yp —+gp is equal to gr~lm~ times the elastic
amplitude gp~gp. The photon-meson coupling g&& is
measured by the decay rate f~e+e . The elastic ampli-
tude is related to o &~

in the forward direction via the opti-
cal theorem. In order to make a nontrivial prediction, one
assumes that gr~ and cruz do not vary between the g mass
shell and the photon mass shell.

The VMD hypothesis cannot be tested experimentally,
because 0~& is unmeasured. (Once upon a time it was be-
lieved that cruz could be determined from the A depen-
dence of photoproduction on nuclei. This is now known
to be incorrect on theoretical grounds. '

)
The VMD hypothesis can be tested theoretically using

the subtractive quark model, which provides a detailed
dynamical model for the amplitudes yp ~fp and

fp~gp. We find cr~~
——10 mb at very high energy, and

the amplitude for yp +fp is smalle—r than the VDM value

by a factor of 0.31 in the forward direction (Previou. s cal-
culations which were not based on gluon exchange have
predicted violations of simple VDM by a factor -0.5. '

Of course any result can be "fit" by VDM if the yg cou-
pling is allowed to vary with q .) For the other vector
mesons, we calculate cr~~ ——3 mb with yp~Yp smaller
than VDM by 0.21, and o.

~~
——24 mb with yp ~Pp smaller

than VDM by 0.36 in amplitude.
In our model, o.

~z is nearly as large as the observed o z.
This prediction may be approximately correct, even
though the P meson is too light for our quasi-

nonrelativistic approach to the wave function to be quan-

titatively accurate. It comes about because the P and the
n. are of about the same size, and the total cross sections
are generated by the exchange of gluons, which couple

equally to all flavors. Our prediction for cruz disagrees

strongly with the prediction 2cr~z —o z of the additive

quark model. Although o.
~&

cannot be measured because
of the short P lifetime, measurements of total cross sec-

tions for baryons which contain strange quarks haue been

found to be inconsistent with the additive quark model. '

VII. CONCLUSION

Our main results are quantitative predictions for
yp~ccX and yp~gp. These reactions offer a clean op-
portunity to test the Low-Nussinov hypothesis that dif-
fractive processes can be described by single-gluon ex-
change together with unitarity. The comparison with
available data is encouraging. (To test the theoretical con-
sistency of the hypothesis, one could ask whether the
next-order diagrams are negligibly small. An investiga-
tion of this is currently underway. ) We also calculate the
corresponding reactions involving s and b quarks. The s
quark is too light for our model to be reliable, and in fact
the quantitative results for P production do not agree well
with experiment. The b-quark reactions would be ideal
theoretically, but have not been measured experimentally.
One of the difficulties experimentally is that the cross sec-
tions are expected to be small, as predicted in Fig. 4 and 8.

We predict a rather gradual rise of the cross sections
with energy, which results from the t;„assoicat edwith
the gluon exchanges in Fig. 1. These t;„effect spersist to
high energies for which the overall t;„of the reaction

yp +fp is co—mpletely negligible. The energy dependence
generates large real-part effects at moderate energies via
dispersion relations. The t~;„effe tc[in Fig. 3(a)] also
makes oz& rise with energy in our model. As a result, we
were able to fit, the cross section tolerably well over the
range s =200—5000 GeV . At higher energies, the model
cross section ceases to rise, and hence one must look
beyond one-gluon exchange to understand the continued
gradual rise which is observed in azz. The energy depen-
dences which we predict for heavy-quark production
(Figs, 4 and 8) are much more dramatic than those found
for o&z, however, so those predictions should be at least
approximately reliable.

Our model for open-charm production is similar in
spirit to a calculation by King, Donnachie, and Randa.
However, they neglect the finite-energy effects which we
find to be important for Er & 1000 GeV, and do not calcu-
late the absolute normalization of the cross section. Our
model for inclusive production is different from the
photon-gluon-fusion approach, because in that approach
the soft-gluon distribution from the target proton is ob-
tained from the deep-inelastic structure function. The y-
g-fusion approach suffers from the fact that the gluon
structure function is rather poorly known especially at
x=0 which is the operative region, since in the absence of
a high-Pj trigger most of the cross section comes from
cc-invariant masses which are fairly close to threshold.
Also, there is no clear way to de-evolve the structure func-
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tion to small Q . One might of course hope to use the y-
g-fusion model to extract the structure function from ex-
periment. However, the model leaves out the off-shell
behavior of the gluon propagator which we find to be im-
portant in the subtractive-quark-model approach. In the
subtractive quark model, the gluon distribution is obtained
from a model of the proton wave function, whose parame-
ters have been adjusted to give a gluon distribution which
fits the closely related process of pp elastic scattering. The
gluon-propagator and color-cancellation effects are in-
cluded directly. A further advantage of our approach is
that it allows calculation of the exclusive process yp~Pp
without making unpleasant assumptions. From an experi-
mental standpoint, the fusion approach has so far been
found to be consistent with electroproduction data. ' We
have not calculated the full range of experimental distri-
butions, but the cross section in the subtractive quark pic-
ture fits the high-energy data at about the same level of
accuracy.

Our model for exclusive photoproduction of heavy vec-
tor mesons takes the opposite viewpoint from the vector-
meson-dominance approach: the photon couples initially
to a noninteracting qq system rather than to the ground
state of that system. We predict sizable violation of
VMD. These violations cannot be observed directly, be-
cause the vector-meson elastic-scattering amplitudes are
unknown. ' One could approach them indirectly, howev-
er, by measuring coherent photoproduction on nuclear tar-
gets, and calculating those processes using the techniques

of this paper.
The methods used in this paper could also be used to

calculate the inclusive reactions yp~gX and yp~g'X
which have been measured at Fermilab. They could also
be used to calculate the dependence on the virtual-photon
mass in electroproduction, and the spin-density matrices
in vector-meson production.

The magnitude of a hadron-hadron total cross section
in the subtractive quark model depends upon the color
distribution in the hadrons, and upon the strength of the
gluon coupling to color. The color distribution is normal-
ized in an absolute way to the number of valence
quarks. '6's The strength of the gluon-quark coupling
which is required to fit hadronic total cross sections using
this normalization is characterized by a, =l. In the case
of a cc system, the valence-quark model is a relatively
sound assumption. The approximate agreement with ex-
periment which we find for the photoproduction of charm
therefore confirms both the validity of the model for the
color distribution in the proton and the value u, =1 at low
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