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We assess Drell- Yan photoproduction as a method of measuring the structure functions
of the photon. The behavior of the cross section is examined in all variables: energy,
lepton-pair rapidity, transverse momentum, and lepton-pair angular distribution. We also
calculate the Bethe-Heitler background and examine the interference between the Drell-
Yan and Bethe-Heitler amplitudes. We conclude that the Drell-Yan photoproduction
cross section is probably too small in regions of interest to be observed in practical experi-
ments even at Fermilab Tevatron energies.

I. INTRODUCTION

In this paper we explore Drell-Yan photoproduc-
tion, yN~ p+p X, as a means of determining the
quark and gluon structure functions of the photon.
Our work extends considerably that given in Ref. Ik

(and also Refs. 2 —4) by examining the full range
of rapidity for the produced muon pair, the jet
structure expected for final states, and also interfer-
ence between the Bethe-Heitler and the Drell-Yan
amplitudes. Unfortunately our conclusions are
much the same as those reached in Ref. 1; namely,
the Drell-Yan cross sections are extremely small in
the regions of interest (d o/dQ dy =6X 10
nb/GeV at Q =16 GeV, y =0, and s=300
GeV ) making experimental studies very difficult
and perhaps impossible. As an aside we examine
the possibility of using the Bethe-Heitler process it-
self as a probe of target structure functions.

The basic plan of our paper is as follows: In the
remainder of this section we briefly review the spe-
cial features of the photon structure functions
which may be divided into pointlike and vector-
dominance pieces. In Sec. II we discuss the jet to-
pology which is predicted to be present in Drell-
Yan photoproduction and in the Bethe-Heitler pro-
cess. In Sec. III we present results for the fully dif-
ferential d o/dQ dy dQi Drell-Yan cross section
and also the once integrated d o/dQ dy cross sec- .

tion; in parallel we present the same quantities for
the Bethe-Heitler background. Since the results
presented in Sec. III correspond to integration over
the full angular phase space of the final muons at
fixed y, Q, and Qi, there is no interference be-

tween the Drell-Yan and Bethe-Heitler contribu-
tions.

In Sec. IV we calculate the Drell-Yan —Bethe-
Heitler interference contribution for certain re-
stricted muon-angular-phase-space regions in order
to investigate the possibility of using interference as
a means of studying the quantum-chromodynamic
(@CD) structure of the photon. In Sec. V we
present our conclusions.

Photon structure functions

As first discussed by Witten and further dis-
cussed and extended by other authors, " the par-
ton structure functions of the photon differ in a
dramatic way from those of hadrons. The asymp-
totic series in lnQ (equivalently the inverse run-

ning coupling constant) for the distribution func-
tion at scale Q for finding a quark or gluon in the
photon contains a leading term proportional to
lnQ, a next-to-leading term independent of lnQ,
and then a remainder having the familiar hadronic
form of inverse powers of lnQ . The first two
terms, referred to as the pointlike part, dominate at
large Q and can be calculated without reference to
hadronic structure. As the name implies, their
presence is a consequence of the pointlike coupling
of the photon to quarks. The remainders of the
photon structure functions at scale Q2 can be cal-
culated only after input values at some Qo have
been provided. These latter hadroniclike pieces are
referred to as the vector-meson-dominance (VMD)
contributions since the vector-dominance model
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should provide a good guide to their size.
While all parts of the photon structure functions

are interesting, the pointlike parts are especially so
since they offer a very clean test of QCD. Among
all the gauge particles which populate today' s
theories, only photons are available in laboratory
beams. Even though it is universally expected that
the 8'—+ and Z will be produced as physical parti-
cles in the near future, beams of 8' 's and Z's seem
forever out of the question. Hence it is important
to study the photon —the only laboratory gauge
particle —by all possible means.

We write the distribution function for finding at
scale Q a quark or antiquark in the photon with
flavor i and momentum fraction x as follows:

qf(x, g )= f;(x)ln +s;(x)
Q'

+q; (xQ ),
2

where the index i denotes either charge + —, or
charge + —,. Similarly for the gluon distribtution

we write

2

Gr(x, Q )= fG(x)ln +sG(x)
2n

+GVMD( g2) (1 2)

q (x,Q )= q~(x, g )
V

(1.3)

with an effective coupling fy /4m=2 Oand corre-.

The functions f(x) and s(x) are known from per-
turbative QCD calculations at the one-' 9 and
two-loop levels, ' '" respectively. For our purposes
high accuracy is not important. We use for the
f's the simple analytic approximations given in

Appendix A. We have chosen not to include the
next-to-leading terms in our work even though
simple expressions valid over much of the interval
0 &x & 1 have been given by Bardeen and Buras. '

We refer the reader to Ref. 10 for a discussion of
the extent to which these next-to-leading-order
contributions can be subsumed into the leading
terms by an appropriate choice of the scale factor
A. All results in Sec. III of this paper correspond
to setting s; =sG ——0, choosing A=0. 5 GeV and
four flavors: u, d, c, s.

For the vector-dominance contributions we as-
sume

q, r(x, g2)= e; [x +(1—x)2jln

+O((lng')'), (1.4)

Gr(x, g )=0, (1.5)

where e; =
9 9 is the charge squared of quark
4

(i), and m; is its mass. We refer to this as the
pointlike Born contribution. A discussion of the
accuracy of this approximation is saved for Sec.
IV.

spondingly for the gluon distribution. The current
best value' for the photon-p coupling is

f& I4n=.2 2 . W. e use a slightly smaller effective
coupling in order to include in an approximate
manner the co contribution. To see this note that

f& /f„=0. 1 from experiment and that
q;"(x,g ) q~~(x, Q ) is a reasonable guess, at least
for valence contributions. The net effect of
higher-mass vector-meson contributions P, p', ...,
is likely to be no more than 20% if experience with
other real-photon —initiated processes is a reliable
guide. We estimate the p distributions themselves
with the help of the measurements of the ~+- distri-
bution functions obtained from I3rell-Yan produc-
tions in ~+-X collisions. ' ' In particular our model
has the properties that valence quarks in the p
carry 35% of the p momentum and that the p sea
is SU(3) symmetric up to a value Qo ——4 GeV.
Evaluation of the valence and sea structure func-
tions beyond Qo, including the development of a
small charmed-quark contribution, is handled by
the approximate method of Buras and Gaemers. '

Such an approximation is more than adequate for
our purposes. Details and explicit formulas for the
vector-dominance pieces we use are spelled out in
Appendix B. We have also treated the. scale break-
ing of the target-proton structure functions by the
method of Buras and Gaemers. The explicit for-
mulas we use for the proton can be found in Ref.
15 and correspond to a (1—x)' gluon distribution.

In Sec. IV where we explore the size of the
Drell- Yan —Bethe-Heitler interference term and its
potential for exploitation, we have resorted to fur-
ther approximation. Namely, in place of Eqs. (1.1)
and (1.2) we use only the pointlike coupling of the
photon to quarks evaluated without QCD radiative
corrections and without smearing due to intrinsic
transverse momentum. This is equivalent to the
replacement of Eqs. (1.1) and (1.2) by
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II. JET STRUCTURE

The final states of yX~p+p X at high energies
and large-pair transverse momentum Qt have a jet
structure which reveals the special role played by
the photon in QCD. The situation closely parallels
that for large-pj jet production via the yy process
in e+—e+-collisions ' and that for large-pz jet pro-
duction ' ' ' in real-photon —hadron collisions.
This is to be expected since these latter two
processes along with Drell-Yan photoproduction
are alternative ways of measuring the photon struc-
ture functions.

Figure 1 shows the distinguishable contributions
to Drell-Yan photoproduction at large Qi. One
has [»gs. 1(a)—1(d)] the three-jet events charac-
teristic of any hadron-hadron Drell- Yan process
and in addition as new contributions [Fig. 1(e)]
two-jet events which are characterized by the ab-
sence of a spectator jet in the direction of the ini-
tial photon beam. These two-jet events are deter-
mined by the pointlike Born structure function
[Eqs. (1.4} and (1.5)] and thus are particularly large

in the x~1 limit. In Sec. III below we show
separately the results for the two- and three-jet
contributions to d o/dQ dy dQt2. As Qi is de-
creased to low values (-1—2 GeV), spectator and
large-transverse-momentum jets begin to overlap
and continuously merge into an undifferentiated
whole. The pointlike coupling of the photon still
manifests itself but it is QCD radiatively corrected,
Eqs. (1.1) and (1.2) and is therefore softer as x~1
than the Born structure function. At low Qi the
effects of all the processes [Figs. 1(a)—1(e)] are
included to leading-logarithmic accuracy in the
basic Drell-Yan process, Fig. 1(f), when calculated
with scale-broken structure functions.

The large-Qi jet structure of the Bethe-Heitler
process is illustrated by Fig. 1(g). There are only
two jets in the final state and no photon spectator
jet. It is clear that this final state has &he correct
structure to interfere with the pointlike Born pro-
cess of Fig. 1(e) and that the interference phase is
known and fixed by @ED. We study this interfer-
ence in Sec. IV below.

III. CROSS SECTIONS

(c)

P

(b)
+

r

Having reviewed the special features of the pho-
ton structure functions and the jet topologies which
they imply, we now present Drell- Yan differential
cross sections at energies appropriate to Fermilab
and CERN SPS as well as future operations at Fer-
milab Tevatron. In parallel with the Drell-Yan
cross section, we show the Bethe-Heitler cross sec-
tion since the latter is an unavoidable background.
All results shown in this section correspond to in-
tegration over all angular regions of the p+ (and

p, } in the p, +p, rest frame; hence there is no in-
terference between the Drell-Yan and Bethe-Heitler
contributions. Kinematic variables are defined in
Fig. 2.

(g)

FIG. 1. Contributions to Drell-Yan production in
photon beams; (a) —(d) three-jet contributions; (e) the
two-jet contribution which has no photon-spectator jet;
(0 the basic Drell-Yan process which at low Qi contains
via scale-broken structure functions all of (a) —(e); (g) the
Bethe-Heitler contribution which has the same two-jet
topology as (e).

s =(p+k)
FIG. 2. Kinematic variables used to s'pecify the

Drell- Yan process. The rapidity y refers to the overall
center-of-mass system in which the incident real photon
moves in the positive z direction.
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A. Formulas

We give results for d o /dQ dy as well as
d o/dg dy dgi where for the latter we concen-
trate on the low-QJ region in which the cross sec-
tion is largest. As discussed in Sec. II the unique

jet structure is not revealed until one goes to large

Qi values. The cross-section formulas we use are
the well-known expression of Drell and Yan, '

d2 DY 4 2 2f
p 2 J p 2

dg2 d 9 g2

Xqf(~re ", Q )],

and, for the cross section differential in Qi, the
prescription of Altarelli, Parisi, and Petronzio

(3.1)

d 3~DY

dg2dy dg 2 dQ2dy
Q I dgidy dI

(3.2)

where

gg 2

f(g )=He

d20, 21

der &'its(g') '
y l.

dQ2dy dk&2 g2s2 ei dx]d»25(x ]x2 x ]xJe "—xix Je"+—r)2 2

(3.3)

X[q,"(x] Q')qt (»2 Q )Fqq(xl»2 r xi)+q' (x]~ Q )G (x2 Q )Fqg(x] x2 r x J y)

+G (xi,g )qf(»2, Q )F g(x2,xi, r,xJ y)t (3.4)

with

9(xix2)

x, 'x, -'e -23'+4(x]»2 —r)'
2x ixze ~—4v.

(3.6)

In Eqs. (3.1)—(3.6) the sums run over f flavors of
quarks and f flavors of antiquarks, e; is the quark
fractional cl1arge, r=Q /s, XJ ——2ki/~s, xi ——

(4r+XJ )'~, as(g )=12ir/[(33 —2f)ln(g /A )],
and all quark masses have been set equal to zero.
We take f=4 and A =0.5 GeV throughout.

Equation (3.2) is an interpolation between the
low-QJ region where parton intrinsic transverse

F —(»]»2, r&»J).

32
1

i 2
(3

27x, ' 2»]»2 (x,x2)'

Fqg(X ] p»2, r,xJ yy)

I

momentum —represented by the function

f(gi )—is important and the region of large QJ
where the muon-pair transverse momentum is bal-
anced by a single quark or gluon jet and can be re-

liably calculated in QCD from Eq. (3.4) alone
(kJ~QJ ). Although Eq. (3.2) does not have a fun-

damental basis it represents pN data well and ap-
pears to be a reasonable prescription for cutting off
the kJ~O divergent (and obviously wrong)
behavior of the first-order QCD expression (3.4).
The appropriate value of the parameter A which
describes the joint effect of parton transverse mo-

menta in the target and beam, is somewhat uncer-
tain. %e use A = 1.3 GeV which fits pN Drell-
Yan (DY) production well. We find & 25%%uo

changes in our results over the interval 0 & Qi & 2.0
GeV when we vary A over the range 1.0 and 1.6
GeV . We calculate the Bethe-Heitler (BH) cross
section from'

d3 BH 3 2f (Q2 —4m 2)]~2
2sgg e, 'qI'(», t) — ", (Bi+B2)— (B]+3B2)

dg2dy dQJ 2p' k—;i t s+(Q —t) (Q —t)2
(3.7)
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where

Bi 2(——Q +t )+8Q m& +, [2(Q +t )+m& (8Q —8t —16m„)]ln

(3.8)

and

16m„ tQ Q+(Q —4m' )'
a, =4Q2t

(Q2 4m 2)1/2 (3.9)

In the above, the subprocess Mandelstam variables
are.

s =(k+xp) xs,
t=(Q —k) s(r 2xie—«),

tT=(Q —xp) ~ s(r —, xxz—e«),

and, in addition,

(3.10)

2p (k —Q) =s(1——,xie«),

1x =(r , xie «)/—(1———,xze«)
(3.11)

d3 BH d-BH
d kig((ki — i) )

(3.12)

where

2

g(Q, ')=Be ' '

and do /dQ dy dki is given by Eq. (3.7) with

Qz replaced by ki. Since only target effects are

To determine d o /dQ dy we integrate Eq. (3.7)
numerically over the physically allowed region of
Qz for fixed s, Q, y. Equation (3.7) is a parton-
model approximation to the exact Bethe-Heitler
cross section and is valid in the deep-inelastic re-

gion which is roughly defined by
~

t
~

&1 GeV . It
is not necessary to develop a formula for smaller
values of

~

t
~

since in such regions the BH cross
section overwhelms the DY cross section in every
case. At the end of this section we show the effect
of making t cuts on the BH cross section. We need
not consider the elastic BH contribution.

A more sophisticated calculation of the Bethe-
Heitler cross section would take into account the
intrinsic transverse momentum of the target quark.
In the spirit of Eq. (3.2) we write

present in the Bethe-Heitler process, in contrast to
combined target and beam effects in the Drell-Yan
process, we take 8=28 in our calculations. How-
ever, because the cross section (3.7) is not divergent
as kz —+ 0 and because the BH amplitude has a
rather flat dependence on ki over the Q range of
interest, Eq. (3.12) differs numerically from Eq.
(3.7) by no more than S%%uo. Thus Eq. (3.7) alone is

adequate for our purposes.
We have checked our BH results against the

results of an algebraic computer evaluation of the
Feynman trace and against the formulas of Tsai.
We have also checked against the BH curves
shown 'in Refs. 3 and 4 and find good agreement
when allowance is made for small differences in
structure functions.

B. Results

Figure 3 shows the pair-production cross section
integrated over Qz for s =300 GeV, a typical Fer-
milab or CERN SPS value, and y =0 as a function
of pair mass squared Q . Figure 4 shows the same
at s =1200 GeV, a value appropriate to Fermilab
Tevatron energies. One notes that although the
Drell-Yan contribution exceeds the Bethe-Heitler
background up to Q=7.0 GeV, the "signal-to-
noise" ratio is never as large as a factor of 10 for

Q & 3 GeV at s =300 GeV . (Results from
hadron-hadron experiments show that Q 3 GeV
is roughly the lower limit of applicablility of the
Drell-Yan model. ) For the higher s value of Fig. 4
the situation is somewhat better; the BH contribu-
tion is less than 10% of the DY over 3 & Q & 5

GeV and remains less than 20%%uo up to Q=6.5

GeV.
The DY and BH cross sections have very dif-

ferent dependences on y, the pair center-of-mass ra-

pidity. This is shown in Figs. 5 and 6 for Q=4.0
and 7.5 GeV, respectively. The BH cross section
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FIG. 3. The Drell-Yan and Bethe-Heitler cross sec-
tions integrated over Qj at s =300 GeV~ and y =0. The
curve labeled "total DY" is the sum of the vector-
meson-dominance (VMD) and QCD-corrected pointlike
(PL) contributions.

is sharply peaked foward in y as expected; the DY
is rather flat in y except near the kinematic end
points. It is clear that going to negative values of
y brings about significant improvements in the

IQ
-1.8 -1.2 W.6 0 0.6 1.2 1.8 2.4

FIG. 5. The rapidity dependences of the vector-
meson-dominance (VMD) and QCD-corrected pointlike
(PL) contributions to Drell-Yan production at Q =4
GeV and the associated Bethe-Heitler (BH) background
at two different center-of-mass energies. The kinematic
limit in rapidity is indicated on the horizontal axis and
corresponds to x& ——1, where x& is the argument of the
photon structure function.
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FIG. 4. Same as Fig. 3 except at s =1200 GeV . FIG. 6. Same as Fig. 5 except at Q =7.5 GeV.
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signal-to-noise ratio while sacrificing only a factor
of 2 or less in DY signal strength. The DY cross
section is nowhere large, however.

In Figs. 7 and 8 we show the fully differential
cross section as a function of y for Q =4.0 GeV,

Qz ——0.8 GeV, and our two standard s values. The
same features observed in Figs. 5 and 6 obtain;
namely, for negative values of y the BH/DY ratio
is less than 1/10. The curves labeled "Born PL"
correspond to the two-jet contribution and will be
discussed further in Sec. IV below.

We note for the cases shown in Figs. 3—8 the
pointlike contribution to the DY cross section
exceeds the vector-dominance contribution by less
than a factor of 10 over the entire range in which
the total DY cross section is longer than the BH
cross section. There are regions outside that range
where the pointlike contribution dominates the
vector-dominance contribution, but in every case
the Bethe-Heitler background is overwhelming.
Unfortunately then, a clean study of the particular-
ly interesting pointlike contribution appears impos-
sible.

IO

IO

In Figs. 9 and 10 we show the full differential
cross sections as a function of Qz for Q =4 GeV
and y = —0.6 at two s values. Results for other
values of Q and/or y can be approximated by inter-
polating from the information shown in Figs. 3—10.
We note the favorable feature that the DY
contribution is more sharply peaked in the low-Qz
region than the BH contribution. In particular the
region 0 & Qq & 3 GeV at s =300 GeV and an even
wider region at s = 1200 GeV provides a comfort-
able DY/BY margin. Unfortunately the DY cross
section is depressingly small at either s value.
Note that the Born pointlike contribution dom-
inates at large Qz as expected.

In an attempt to find some kinematic region
with a larger cross section we show in Fig. 11 the
results for a very low value of the pair mass, Q =2
GeV. We have also picked a reduced value,
s =100 GeV, since secondary photon beam fluxes
will typically be larger at lower photon ener'gies.

We see values d o/dQ dQ& dy) 10 nb/GeV
over a modest range of y at Qz ——0.8 GeV. The
behavior as a function of Qj can be crudely
guessed by using the simple exponential factor Eq.
(3.3). We save for Sec. V a discussion of the feasi-.
bility of detecting the Drell-Yan cross section at
any energy.

We see from Figs. 5 —8 that for small values of
(y,„—y) the BH cross section grows to quite
large values. Is this large Bethe-Heitler cross sec-

o tn
C9

ORN PL IO'

IO MD

IO

IO

IO- . I

-I.5 -1.0 -0.5 0 0.5 I.O I.5

b Ol g
Ol

IO

FIG. 7. The fully differential Drell-Yan and Bethe-
Heitler cross sections at Q =4.0 GeV, Qj ——0.8 GeV,
and s =300 GeV as a function of rapidity. The c'urve

labeled "Born PL" corresponds to the two-jet contribu-
tion and at large Qq is an additional contribution to the
Drell-Van cross section. At the low value of Qq chosen
for this plot direct addition of the two pointlike contri-
butions would involve substantial double counting as dis-
cussed in the text.

IO

IO
—I.5 -

I0 -0.5 0 0.5 I.O 1.5
V

FIG. 8. Same as Fig. 7 except at s =1200 GeV .
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FIG. 9. The fully differential. Drell- Yan and Bethe-
Heitler cross sections as a function of Q~ at Q =4 GeV,
s =300 GeV2, and y =—0.6. For Q~ & 1.5 GeV the to-
tal Drell-Yan cross section is the sum of the VMD, PL,
and Born PL contributions. As expected the Born
pointlike contribution dominates at 1arge Qq. At values

Qz & 1.0 GeV the Drell-Yan cross section is given en-

tirely by the PL and VMD pieces adding the Born PL in

this region would involve double counting. The region
1.0 GeV & Qq & 1.5 GeV is intermediate in character.

FIG. 11. Same as Fig. 7 except at a low pair mass,

Q =2 GeV, and a low center-of-mass energy.

tion of interest? We believe the answer is no since
the large cross-section values are simply a conse-
quence of the photon-propagator enhancement of
the BH diagrams at low

~

t
~

. This is illustrated in
Table I where the BH cross section is given for a
few values of r and Q. In the table, values of y
have been chosen close to y,„and hence vary
with Q and s. We see that the BH cross section
takes a precipitous decline whenever one asks that
—t be large. Clearly, this method of probing the
target-proton structure with virtual photons
(mass =t) is no competition for the conventional
deep-inelastic lepton-, scattering experiments.

IO

b
O

Ol
CÃ

IO

)08
0 I.O 2.0 5.0 4.0

QZ(Gev)

FIG. 10. Same as Fig. 9 except at s=1200 GeV in

character.

IV. INTERFERENCE

The Drell- Yan —Bethe-Heitler interference con-
tribution is of interest because it is proportional to
the third power of the participating quark charge
in contrast to the fourth power for the Drell-Yan
process and the second power in deep-inelastic
scattering. In addition, the fact that there are
kinematic regions where the Bethe-Heitler ampli-
tude is large admits the possibility of observing a
small Drell- Yan amplitude directly by interference
with the Bethe-Heitler amplitude in much the same
way that one measures the phase of the strong in-
teraction contribution to an elastic-scattering am-
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TABLE I. The Bethe-Heitler cross section on protons at selected values of —t.

s (GeV ) Q (GeV ) —t (GeV')' dios" /dQ dQ&'dy (nb/GeV")
at Qi ——0.8 GeV

300
300
300
750
750
750
1200
1200
1200

16.00
56.25

121.00
16.00
56.25

121.00
16.00
56.25

121.00

1.33
2.35
1.61
1.33
2.34
1.55
1.33
2.33
1.54

0.115
0.287
0.740
0.042
0.113
0.303
0.024
0.069
0.189

1.40
0.80
0.44
1.86
1.26
0.90
2.10
1.49
1.14

0.50' 10-'
0.28 y 10-'
0.68 X 10
0.58 y 10-'
0.34' 10-'
0.43 X 10-'
0.66' 10
0;35y10-'
0.53 y 10-'

'For —t (1.8 GeV quark distribution functions evaluated at scale —t =1.8 GeV are used.

plitude in the forward direction by interference
with Coulomb amplitude.

Motivated by the above considerations we inves-

tigate in this section the size of the DY-BH in-
terference contribution (INT) to the y+p —+p+p
+X cross section. As mentioned earlier this in-
terference is observable only if one integrates over
regions of muon phase space which are not sym-
metric under interchange of the p+ and p . Since
our purposes are exploratory, it is not necessary to
use a model as detailed as that used in Sec. III.
Rather we use a simplified model which is defined

by the Feynman diagrams in Fig. 12. %e note
that this model is exact for the BH contribution
bet approximate for the DY process. For the
latter process we include the pointlike photon-
quark coupling while ignoring the accompanying
QCD radiative corrections and the vector-
dominance contribution. As shown by the curves
labeled BORN PL in Figs. 7—10 this approxima-
tion to the DY cross section is a good representa-
tion of the Qi and y behavior of the more refined
model defined by Eqs. (3.1) and (3.2) except in the
region of very low transverse momenta Qi & 0.5

GeV. (As discussed in Sec. II in the region of
very large Qi the Born model becomes dominant
for the DY amplitude. However, this latter region
plays little role in our considerations here. ) In ad-
dition to using the simplified amplitude defined in
Fig. 12 we also neglect in this section scale-
breaking contributions to the quark distribution
functions of the proton target. . In-part for historic
reasons and in part to explore the sensitivity to the
choice of structure functions we use in this section
the structure functions (without charm) given by

(a) (b)

FIG. 12. The Born pointlike diagrams (a),(b) which
are used along with the Bethe-Heitler diagrams (c), (d)
to calculate the interference between the DY and BH
amplitudes.

Fox with slight modifications; see Eq. (6) of Ref. 1

for explicit formulas. In addition we set the quark
mass everywhere equal to 0.5 GeV. Since in the
end we will extract from our calculations only ra-
tios of the interference cross section to the DY or
BH cross section, we believe that our simplified
model is more than adequate to the exploratory
task at hand and that our results are accurate to
+25% for such ratios.

The traces encountered in calculating the BH,
DY, and INT contributions from the. diagrams of
Fig. 12 were evaluated with the help of the alge-
braic program ASHMEDAI. Next an integration
over a restricted region of muon phase space was
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FIG. 13. The coordinate system we use to specify the
orientation (8,$) of the three-momentum of the p+ in

the p+p center-of-mass system. The incoming photon
as viewed in this frame defines the z axis, and the xz
plane is defined so as to contain the target-nucleon
three-momentum.

-I
IQ

-2
IQ

I

0
cosa

done by hand (analytically) and then the resulting
expression evaluated numerically by a computer
program to give the cross-section values. We have
checked the results of this procedure for the DY
and BH pieces against Sec. III formulas for the
special case of integrating over the full muon phase
space. In addition in order to verify our results for
the interference contribution, we have written a
separate computer program which evaluates the
traces of Fig. 12 numerically for a given kinemati-
cal configuration and then integrates numerically
over a prescribed region of muon phase space.

For given value of s and fixed Q, Qi, and y, the
muon phase space can be specified by angular
parameters. We work in the pair center-of-mass
frame Q=0, choose coordinate axes as defined in

Fig. 13, and specify the pair configuration by
spherical angles 8 and P for the positiue muon; the
full phase space corresponds to —1 &cos8(+1
and —m & P & +m. Under the interchange
8~ir —8 and P~+rr the BH and DY cross sec-
tions are invariant; INT changes sign.

The shapes of the various terms in the cross sec-
tion as a function of 8 and P are shown in Figs. 14
and 15, respectively, for s =300 GeV, Q =4 GeV,

Qi ——1.2 GeV, and y = 1.2. For values of y in this
region the shapes are practically independent of s,
Q, and Qi. Note that the relative sizes of the
various contributions cannot be read from Figs. 14
and 15 since for plotting purposes each separate
contribution has been normalized to unity at a con-
venient point (see figure captions).

FIG. 14. Contributions to the muon-pair cross sec-
tion difFerential in solid angle at /=0 as a function of 8.
BH is the Bethe-Heitler contribution, DY is the Drell-
Yan contribution calculated in the pointlike Born ap-
proximation, and INT is the contribution coming from
Bethe-Heitler —Drell-Yan interference. For plotting
convenience each contribution has been normalized to
unity at cos 8= —0.8. To get the sizes of the BH and
INT contributions relative to the DY contribution, mul-

tiply the BH contribution by 41.0 and the INT contribu-
tion by 6.3.

One notes that much of the contributions to the
BH cross section come from the end-point regions
coso=+ 1 corresponding to the near. vanishing of the
muon propagator in either the first or second BH
diagram in Fig. 12. It is clear that a substantial
BH/DY suppression could be achieved independent
of interference considerations by cutting out the re-

gions near cos8=+1. We also see that the sign of
the interference contribution is positive in the
hemisphere —1 & cos8 & 1, m. /2 & P & rr/2 a—nd
negative in the opposite hemisphere. Hence in-

tegration over the full range of P at any fixed 8
will typically lead to a small net contribution from
INT.

In Figs. 16 and 17 we show separately the three
contributions to the differential cross section for
s=300 GeV, Q=4 GeV vs Qi (Fig. 16) and vsy
(Fig. 17) for integration over a hemisphere in the
muon phase space chosen to maximize the interfer-
ence contribution. We also show in Fig. 17 the ef-

fect of excluding the end-point regions
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FIG. 15. Same as Fig. 14 except as a function of Ie'i at
fixed 0. Again, for convenience, each contribution has
been normalized to unity at /=0 and cos8= —0.6. The
dashed lines correspond to cos8=0 and the solid to
coso= —0.6. Multiplying the BH and INT contribu-
tions by 23.6 and 4.8, respectively, yields their sizes rela-
tive to the DY contribution.

FIG. 16. Contributions to the muon-pair cross sec-
tion as a function of Qi after integrating over the hemi-

sphere —1&cos8&1, ir/2&/&m—./2 of the p+ phase
space.

10
3

s= 300 GeV~

Q=4GeV

Qz= 1.2 GeV
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FIG. 17. Same as Fig. 16, except as a function of rapi-
dity y at fixed Q, . The additional set of dashed curves
shows the effect of excluding the end-point regions 0.9
&

~
cos8

~

& 1 in which BH amplitude is especially large.

0.9& 1cos81 &1.0 from the allowed region. In
Fig. 18 we show corresponding information for the
cross-section contributions integrated over Qi in

the region where INT is at least one-tenth of BH.
%e see from Fig. 16 that the cross-section ratio

INT/BH is less than 15% at y = 1.0 over almost
the full range of Qq shown. The INT contribution
is small on an absolute scale as well. %e learn
from Figs. 17 and 18 that in the very forward re-

gion y 1.3 where the BH differential cross section
rises to —10 nb/GeV the INT contribution, al-

though larger than at smaller y, remains only
a -10% fraction BH. A general trend is clear
from the figures; as one moves forward in y, all
contributions increase but the ratio INT/BH is a
decreasing function. Since it is hard to imagine
that one could achieve better than a 10% experi-
mental accuracy in such a muon-pair experiment,
we conclude that looking for the INT contribution
in a Bethe-Heitler dominated region of muon pair
production is not practical. %e learn another use-
ful piece of information as well. In an experiment
searching directly for the Drell-Yan contribution as
explored in Sec. III, DY-BH interference effects
due to asymmetric experimental acceptances, etc.,
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beams, we concentrate entirely on this latter case.
As a model photon beam we take
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FIG. 18. The three contributions to the muon-pair cross
section after integrating over transverse momentum Qj
from 0.8 GeV to Qz,„, the value of Qj at which the ra-
tio INT/BH drops to 0.1. The solid and dashed curves
refer to the same regions of JM+ angular phase space as
those in Fig. 17. The insert at the bottom of the figure
shows the variation of Qi,„with y for the two cases.

are probably very small. One can, moreover, cut
out the regions

~

cos8
~

—1 and further enhance the
DY/BH ratio in such experiments.

In the previous sections we examined the cross
section for Drell-Yan photgproduction as a func-
tion of energy and the several variables which are
required to specify the lepton pair in the final state.
As we found, there are large regions of phase space
where the DY cross section dominates the BH
background. Given the small size of the DY cross
section, however, one must ask if in fact Drell-Yan
photoproduction is a practical experiment.

To answer this we first note (see also various fig-
ures in Ref. 1) that for small pair masses, rapidities
in the central region and low transverse momenta,
the Drell-Yan cross section is weakly dependent on
photon beam energy. This means that one has the
option using either tagged photon beams or broad-
band photon beams. Since it seems inevitable that
greater fluxes can be obtained with broad-band

V. SUMMARY AND EXPERIMENTAL OUTLOOK

where E is the energy in GeV of the primary pro-
tons which strike the photon production target,
k=s/2m& is the energy in GeV of the produced
photons (mostly from m. decays), and Mi2 is the
number of such photons in the secondary beam per
10 primary protons on target. The above expres-
sion fits well the 25 GeV & k (0.75E spectrum of
the broad-band beam used in the 87A-401 series of
experiments carried out at Fermilab. It includes
the reduction in photon yield caused by the filter
which is required to suppress the large neutral-
hadron (predominantly neutron) contamination
which would otherwise be present in the photon
beam. We note from Eq. (5.1) that the photon
yield at fixed k increases faster than E because of
the exponential factor. Hence, the highest primary
proton energies are desirable; we choose E=1 TeV.

We choose a 0.1-radiation-length target; longer
targets would increase the DY yield somewhat but
would greatly increase the BH e+e backgrounds
and thereby swamp the detection apparatus. Thus
XDY, the number of DY counts recorded in the
course of the experiment, can be written

d 2~DY Np dM12 d 2~DYdk, i (0.1Lp) e,
dQ dy 10'i dk dg2dy

(5.2)

where Nz is the total number of protons on target,
L is the radiation length of the target material, p is
nucleon number density, and e the detector e6i-
ciency. We choose liquid deuterium,
Lp=7. 5 X 10 cm, since it seems to offer the best
combination of low Z and high nucleon density.
Taking Nz 8 6)&10' which corresponds to 60
days of 1-TeV protons delivered at an average rate
of 1)& 10' protons/min, @=1,and neglecting any
difference between proton and neutron cross sec-
tions, we find the numbers given in Table II.

The yields are depressingly small. We conclude
that Drell-Yan photoproduction in interesting re-
gions is not measurable even at Fermilab Tevatron
unless much more intense photon beams can
somehow be obtained.
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Q~ (GeV) y
dQ'dy

(events/GeV2)

TABLE II. Expected number of events from a 60-day
run at Fermilab Tevatron.
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APPENDIX A: PHOTON STRUCTURE
FUNCTIONS —POINTLIKE CONTRIBUTIONS
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The leading contributions to the QCD-
renormalized contributions to the photon-parton
distributions are described by functions f;(x) and

fG(x) defined by Eqs. (1.1) and (1.2). We use the
convenient parametrizations of Nicolaidis

—,f„(x)=x ' (0.0036+0.28x —0.67x2+1.5x3—0.92x~),

-fd(x)=x ' (0.0056+0.049x —0.125x +0.33x —0.21x ),

and

,fG(x) =Sx—'(0.021 —0.033x ~0.012x2)

which represent well the results of more detailed
calculations except for x very near 1.

APPENDIX B: PHOTON STRUCTURE
FUNCTIONS —VECTOR-DOMINANCE

CONTRIBUTIONS

To estimate the hadroniclike contributions to the
photon structure functions we use the vector-
dominance model as described by Eq. (1.3) in the
text. Since the p structure functions are them-
selves unknown, we must make further assump-
tions. Our assumptions are as follows: (1) The p
structure functions are identical to the m (spin in-

dependence). (2) The momentum fractions carried
separately by valence quarks, charmless sea quarks,
charmed quarks, and gluons in the ~ are the same
as in the n +(3) The u, d-, .s sea components in

the n+ ' form a SU(3—) flavor singlet. These as-

sumptions together with simple isospin considera-
tions are enough to fix the p distributions in terms
of the m—+ distributions which have been measured
via m—+X Drell- Yan production.

The above assumptions are the same as those
used in Ref. 1; the resulting p structure functions
we obtain here are slightly diAerent because we

I

have chosen to favor the m- experimental results
given in Ref. 13 instead than those in Ref. 14 and
because we handle scale breaking by the Buras-
Gaemers approximation instead of the more exact
Altarelli-Parisi method.

Let Vs (x,g ) be the sum of the valence-quark
distributions (u+d) in the n.+, S (x,Q ) the sum
of the u, s, and d quark and antiquark sea contri-
butions, C (x,Q ) the sum of the c and c quark
distributions, and G (x,Q ) the gluon distribution
in the m+-. Our model for the p distributions can
thus be written

ui'(x, g )=u (x,Q )=di'(x, g )=di'(x, g~)

= —,Vs (x,Q ) + —,S~(x,Q2), (Bl)

si'(x, g )=s~(x,g )=—,S (x,Q ),

ci'(x, g }=c~(x,g )=—,C (x,g ),

Gi'(x, g )=6 (x,g ) .

(B2}

(B3)

Although ~-+Drell-Yan experiments in Ref. 13
cover the range 4 & Q & 8.5 GeV, most of the data
fall in the interval 4 & Q & 5 GeV. For simplicity
we assume the experimental results to correspond
to a common value, Qo ——4 GeV, and further that
the charmed-quark contribution is negligible at this
scale, C (x,go ) =0. We allow a charmed contri-
bution to be generated at higher Q values by scale
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TABLE III. Measured' moments of the m
+—distribu-

tions at Q&&
——4 GeV.

(S (Q()'))

where

ln(Q /A )

ln(g() /1(). )

2
3

0.100
0.0156

0.550
0.0859

0.350
0.148

0 4
rlt(s)=rl; + rl; s

25

'Reference 15.
"Constructed by assuming momentum conservation and
that the gluon and sea distributions have the same x
dependence at Qp.

breaking. The gluon distribution is not probed in
Drell-Yan experiments, although its n =2 moment
can be constructed from momentum conservation.
We assume the x dependence of the G (x,go ) is
the same as S (x,Qo ) and are thereby able to con-
struct completely the gluon distribution. The
necessary results from the m —+ experiments are sum-

marized in Table III.
For the valence contribution at Q & Qo we take

Tt)(S) Tt&(S)

(B5)

Matching the first two moments of Eq. (BS) to
the experimental results given in Table III gives

gI ——0.4, g2
——0.9, gi ———0.35, and g2 ——+4.48.

The expressions for S(x,g ), C(x,Q ), and
G (x,Q ) given in Sec. 2.2.1 of Ref. 15 are valid for
any hadron under the following conditions: (1) the
hadron quark distributions have been decomposed
into valence, SU(3)-symmetric charmless sea, and
charmed sea contributions, and (2) in regions where

they are phenomenologically important the sea and

gluon distributions can be determined accurately
from just their first two moments. Since we have
decomposed the pion distribution according to con-
dition (1) and assumed condition (2) to be true for
the pion data, we are able to parametrize S (x,g ),
C (x,Q2), and G (x,g ) by the corresponding ex-

pressions in Ref. 15. The appropriate input mo-
ments for the m

+—are listed in Table III.
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