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Lepton-pair production in the process p + p —+l++ 1 + I is considered using a quark-gluon-parton
model. Scaling behavior is studied and the results of calculations on d crldmdy and d cr/dm are compared
with experiments at Brookhaven, Fermilab, and CERN ISR.

I. INTRODUCTION

Direct lepton-pair production (g or e ) in had-
ron-hadron colli.sions has received much interest
both from theoreticians and experimentalists. The
original Drell- Yan parton annihilation model' and
subsequent similar works' used the quark-parton
model (@PM) which has ha.d some notaMe suc-
cesses in the e(v)N reactions in the deep-inelastic
region and in the e'+e - hadrons processes.

A modified QPM' was considered by one of us
(K.S.) to compute the structure functions of the
e(v)N deep-inelastic inclusive processes. In the
conventional QPM's the gluons which carry ap-
proximately half of a nucleon momenta do not con-
tribute to the deep-inelastic-scattering cross sec-
tions. In the modified QPM the gluons play more
important roles. A nucleon is composed of valence
quarks and gluons only, and the "sea" of the q-q
pairs of the conventional QPM's shows up owing to
the quark pair production of the gluons. The
gluons produce q-q pairs which interact with a
virtual photon [massive vector bosons in the v(v)

scattering] of the deep-inelastic processes.
In this paper we use the modified QPM for a

study of the process

p+P-l'+1 + X.
A gluon parton in one proton and a quark parton in
the other produce a virtual photon via Compton-
like scattering, and the photon subsequently decays
into a lepton pair as shown in Fig. 1.
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FIG. 1. Feynman diagram of Compton-like scattering.
The dashed line represents the gluon; the wavy line
represents the photon.

To compare with experimental data we take the
same parton distribution functions as in Ref. 4,
i.e.,

(1 —x)'
g(x) =2

for the gluon parton' and

M(x) = 0.594 + 0.461(1 —x')' (1 —x')'

+ 0.621 (1 —x') '

d(x) = 0.072 + 0.206(1 —x') (1 —x') '

(1 —x')'
+ 0.621

for the up and the down quarks, respectively. Here
x denotes the fractional longitudinal momentum of
a parton. 'Ihe quark distribution functions are
from Barger et al. ,"and the coupling constant g,
of gluon-quark interaction is taken to be

(4)

as in Ref. 4. This value is consistent with other
works. '

Using these parameters of the deep-inelastic
case, we will show in Sec. III that our computation
agrees very well with recent high-energy experi-
mental data. ' " In our calculation we take into ac-
count the color degrees of freedom.

In Sec. II we present the detailed calculations of
the cross section d'oidq'dy, and the result is
compared with experimental data in Sec. III. A
summary is given in Sec. IV.

II. CALCULATIONS

Consider the lepton-pair production in the pro-
ton-proton scattering as in Eq. (1). In our model
the lepton pair is created by a virtual photon which
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is produced by the Compton-like scattering of a
gluon in one proton and a quark in the other. The
amplitude of the gluon-quark scattering, shown in
Fig. 1, is

% = 2' u(py)y, M A(p() u(&2)y'v(&&)

1
+u(P~)If' „„y„u(P,) u(mgy'v(m, )

d'v o.'n, 1 (q' —k ~ q)'+(2k p, k q)'
dq'd(q k) 36 q' (k P, )'(k. P, )

where we neglected quark mass compared with
k p„kp&, and q'.

At this stage it is convenient to introduce the
scaling variables

q' 2QI.
{8)

where P, and P& are the initial and the final quark
momenta, respectively; m, and m, are the momenta
of lepton pairs; and q is the momentum of the pho-
ton. The momentum and the polarization of the
gluon are denoted by k and e, respectively, and M
is the quark mass. The SU(3)„~„Xmatrices a.re
omitted for simplicity, and the overall numerical
factor due to color is given later.

After performing necessary trace evaluation and
phase integration we obtain

dg n'n, 1 (q' —k q)'+(2k p —k q)
d'q 18m q' (k p;)'(k pf)

with Q~ denoting the longitudinal momentum of the
lepton pair in the proton-proton c.m. system, and
s the c.m. energy squared of the two protons. An-
other set of variables y, and y, is defined as

p+ (y +4T) -p+ (y + 4T)
y, = 2, y. =

2 ( )

Now, summation over all the gluon and quark
momentum distributions is in order. Denoting x,
and x, as the fractional momentum of partons,
j..e.,

k= x,P, P;=x,P,

and

x5'(q'+2k p,. —2k ~ q —2p,. q), (6)
where P is the momentum of one proton and P is
that of the other, we get the differential cross
section

o, mn 1 7' [(2»/x, —1)'+ (2x,/y, —1)']D(x„x,)

Here D(x„x,) =g(x,) [—,'u(x, )+ —,'d(x, )]. The second
term inside the curly brackets is obtained by the
substitution x,—x, and y, —y„which says that
the parent protons of the gluon and the quark are
interchanged. The numerical values of x, and x,
are obviously limited as 0& x„x,& 1. The integra-
tion ranges of Eq. (11) are further limited by the
&' function in Eq. (6), and we find for the first in-
tegrand

Since I' is a function of v and y in the Drell- Yan
mechanism (scaling), the dependence on s repre-
sents how much the scaling is broken. In Fig. 2

we plot I" versus s for given T and y. There is
only negligible s dependence for a large value of s.
We have checked for different 7 and y values, and
the tendency of Fig. 2 still holds in these cases.

y 1+ (x (1,

y~ 1+ ~ &x2&1,

(12)

F(v,y, z)

IO
y.=O y =Q04

y QOS

d g 4m+
- ad

= - 4 F(&~ y~ s) .
dq dy 3q

{13)

with e =M'/q . For the second integrand we make
the substitution x1 xgp y1 y2.

It is well known that the Drell- Yan picture" ex-
hibits scaling behavior while the present model has
logarithmic violation of scaling. To see how large
this explicit breaking of scaling behavior is, we
rewrite the cross section as

IO

IO

60 IOOO I 500
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FIG. 2. Scaling behavior of F(7.,y, s). We plot F ver-
sus s for given y and y = 0. We see that for about
s& 300 GeV' the scaling is not well established in our
Illodel.
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III. COMPARISON VfITH EXPERIMENTAL DATA

In order to compare with experimental results
we use the same parameters as used in the deep-
Hlelastlc cRse ln Ref. 4. The numerlcRl vRlue of
quRx'k masses ' ' ls

"S
(cR/(6 ev/8]

o S=752
MQCfel

8 "75P
Model 0 565

M„=M,=0.3 GeV. (14)

Since the mass dependence fox' lRx'ge g ls oIlly

logarithmic, the result ls insensltlve to the VRx'la-

tion of quark masses. ~' The stron. g coupling con-
stant n, =0.32, and parton momentum distribution
func'tions g(x), Q(x), d(x) are also those used ln Ref. 4.

In Fig. 3 the differential cross section (d'o/
dmdy) l„e(m = vq&) versus m is shown. Our re-
sults fit the by'o sets of data by Hom eg gJ.'o and
one by Kluberg eI, g)."very well. We also plotted
a curve for g =2000 GeV2 hoping further higher-
energy data may be compared with this.

After y integration we obtain do/dm and compare
with the data by Kluberg eg a$." in Fig. 4. Our
results are in good agreement with data both of
300-GeV and 400-GeV px'oton-beam experiments.
Note also that our computation for s =2800 GeV2

lies below the ISR bound. ~
Color has become so central to our thinking

I I I = tA
2 & 4 5 6 & 8 9 Q ll l2

(Ge~~

FIG. 4. TIM cross section do/dM versus tie, vfith

experimental data from Ref. 11. Our results are far
below the ISB bound for 8 = 2800 GeV2. L. Eluberg et al. ,
analyzed their data by two models I and II.
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FIG. 3. Plot of d o/dmdy l„=0 versus m. The data
points are from Befs. 10 and 11, all vrith s = 752 QeV .
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FIG. 5. Cross section dg/dm for 8=57 GeV .
points are from Hef. 9, dashed bne represents the
mode1 calculation, and solid line sh(%vs the result %Pith

longitudinal momentum cutoff (Q& &12 GeV/e), vrhich is
the experimental constraint. Henormalized data by
G. Farrar (Bef. 19) are also given.
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about quark binding and confinement'4 that many
theorists would like to have it. It is somewhat
reassuring that our model with color agrees quite
well with the experimental data.

Our theory disagrees with data from the lower-
energy experiment (s = 57 GeV') by Christensen
et al. ,e as shown in Fig. 5. In particular, the
disagreement is worse in the m =3-5 GeV/c'
region, where one is running up against the kine-
matic limit. This low-energy disagreement is
already well known for the Drell-Yan-type theo-
ries. Specifically, the work by Einhorn and
Savit" gives the rigorous bounds on massive-
lepton-pair production of QPM's. This bound is
consistent with our picture as well as other
QPM's. See Ref. 15 for the possible interpreta-
tions of the disagreement. One of the reasons
for the disagreement considered in Ref. 15 is that
the energy (s =60 GeV') is not high enough to reach
the scaling region. This view is quite consistent
with what we see in Fig. 2. One may consider
other mechanisms which are dominating in this
low- ener gy region. '~"

IV. SUMMARY

In order to study the lepton-pair production in
proton-proton scattering we used a modified QPM
which was introduced in Ref. 4. In this model the
virtual photon is produced via Compton-like scat-
tering of gluon and quark instead of quark-anti-
quark annihilation. Using the same parameters
(a„M„,M~) and the parton distribution functions
as in the deep-inelastic reactions, we obtained
very good agreement with experimental data for
high-energy (s=565, 752 GeV') cases with color
included. For low energy (s =57 GeV') there is a
disagreement which shows up in other Drell-Yan-
type models also.
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