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Spin dependence of massive lepton pair production in proton-proton collisions
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We calculate the transverse momentum distribution for the production of massive lepton pairs in longitudi-
nally polarized proton-proton reactions at collider energies within the context of perturbative quantum chro-
modynamics. For values of the transverse momentumQT greater than roughly half the pair massQ, QT

.Q/2, we show that the differential cross section is dominated by subprocesses initiated by incident gluons,
provided that the polarized gluon density is not too small. Massive lepton-pair differential cross sections should
be a good source of independent constraints on the polarized gluon density, free from the experimental and
theoretical complications of photon isolation that beset studies of prompt photon production. We provide
predictions for the spin-averaged and spin-dependent differential cross sections as a function ofQT at energies
relevant for the Relativistic Heavy Ion Collider at Brookhaven, and we compare these with predictions for real
prompt photon production.

PACS number~s!: 12.38.Bx, 12.38.Qk, 13.85.Qk, 13.88.1e
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I. INTRODUCTION AND MOTIVATION

Both massive lepton-pair production,h11h2→g*
1X;g* → l l̄ , and prompt real photon production,h11h2
→g1X are valuable probes of short-distance behavior
hadron reactions. The two reactions supply critical inform
tion on parton momentum densities, in addition to the opp
tunities they offer for tests of perturbative quantum chrom
dynamics~QCD!. Spin-averaged parton momentum densit
may be extracted from spin-averaged nucleon-nucleon r
tions, and spin-dependent parton momentum densities f
spin-dependent nucleon-nucleon reactions. An ambitious
perimental program of measurements of spin-dependenc
polarized proton-proton reactions will begin soon
Brookhaven’s Relativistic Heavy Ion Collider~RHIC! with
kinematic coverage extending well into the regions of ph
space in which perturbative quantum chromodynam
should yield reliable predictions.

Massive lepton-pair production, commonly referred to
the Drell-Yan process@1#, provided early confirmation o
three colors and of the size of next-to-leading contributio
to the cross section differential in the pair massQ. The mass
and longitudinal momentum~or rapidity! dependences of th
cross section~integrated over the transverse momentumQT
of the pair! serve as laboratory for measurement of theanti-
quark momentum density, complementary to deep-inela
lepton scattering from which one gains information of t
sum of the quark and antiquark densities. Prompt real pho
production is a source of essential information on thegluon
momentum density. At lowest order in perturbation theo
the reaction is dominated at large values of the transv
momentumpT of the produced photon by the ‘‘Compton
subprocess,q1g→g1q. This dominance is preserved
0556-2821/2000/62~1!/014014~12!/$15.00 62 0140
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higher orders, indicating that the experimental inclus
cross section differential inpT may be used to determine th
density of gluons in the initial hadrons@2–5#.

In two previous papers@6#, we addressed the productio
of massive lepton-pairs as a function of the transverse
mentumQT of the pair in unpolarized nucleon-nucleon rea
tions, h11h2→g* 1X, in the region whereQT is greater
than roughly half of the mass of the pair,QT.Q/2. We
demonstrated that the differential cross section in this reg
is dominated by subprocesses initiated by incident gluo
Correspondingly, massive lepton-pair differential cross s
tions in unpolarized nucleon-nucleon reactions are a va
able, heretofore overlooked, independent source of c
straints on the spin-averaged gluon density.

Turning to longitudinally polarized proton-proton coll
sions in this paper, we study the potential advantages tha
Drell-Yan process may offer for the determination of t
spin-dependence of the gluon density. To be sure, the c
section for massive lepton-pair production is smaller tha
is for prompt photon production. However, just as in t
unpolarized case, massive lepton pair production is clea
theoretically since long-range fragmentation contributio
are absent as are the experimental and theoretical comp
tions associated with isolation of the real photon. Moreov
the dynamics of spin-dependence in hard-scattering p
cesses is a sufficiently complex topic, and its understand
at an early stage in its development, that several defens
approaches for extracting polarized parton densities des
to be pursued with the expectation that consistent res
must emerge.

There are notable similarities and differences in the th
retical analyses of massive lepton-pair production a
prompt real photon production. At first-order in the stro
©2000 The American Physical Society14-1
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coupling strength,as , the Compton subprocess and the a

nihilation subprocessq1q̄→g1g supply the transverse mo
mentum of thedirectly produced prompt photons. Identic
subprocesses, with the realg replaced by a virtualg* , are
responsible atO(as) for the transverse momentum of ma
sive lepton-pairs. An important distinction, however, is th
fragmentation subprocesses play an important role in pro
real photon production at collider energies. In these lo
distance fragmentation subprocesses, the photon eme
from the fragmentation of a final parton, e.g.,q1g→q1g,
followed byq→g1X. Theoretical modeling of the fragmen
tation component introduces some level of systematic un
tainty. Photon isolation diminishes the role of fragmentati
but the necessity to invoke phenomenological fragmenta
functions and the infrared ambiguity of the isolated cro
section in next-to-leading order raise questions about the
tent to which isolated prompt photon data may be used
fully quantitative determinations of the gluon density. It
desirable to investigate other physical processes for ext
tion of the gluon density that are free from these system
uncertainties. Fortunately, no isolation would seem nec
sary in the case of virtual photon production~and subsequen
decay into a pair of muons! in typical collider or fixed target
experiments. Muons are observed only after they have p
etrated a substantial hadron absorber. Thus, any had
within a typical cone about the direction of theg* will have
been stopped, and the massive lepton-pair signal will be
tirely inclusive.

Another significant distinction between massive lepto
pair production and prompt real photon production is t
interest inh11h2→g* 1X has been drawn most often to th
domain in which the pair massQ is relatively large, justify-
ing a perturbative treatment based on a small value ofas(Q)
and the neglect of inverse-power high-twist contributio
~except near the edges of phase space!. The focus in prompt
real photon production is directed to the region of large v
ues ofpT whereas(pT) is small. Interest in the transvers
momentumQT dependence of the massive lepton-pair p
duction cross section has tended to be limited to small va
of QT where the cross section is largest. Fixed-order per
bation theory@7# is applicable for largeQT , but it is inad-
equate at smallQT , and all-orders resummation metho
@8–12# have been developed to address the regionQT!Q.

As long asQT is large, the perturbative requirement
smallas(QT) can be satisfied without a large value ofQ. We
therefore explore and advocate the potential advantage
studies ofd2s/dQdQT as a function ofQT for modest val-
ues ofQ, Q;2 to 3 GeV, below the range of the trad
tional Drell-Yan region. There are various backgrounds w
which to contend at smallQ such as the contributions to th
event rate from prompt decays of heavy flavors, e.g.,h1

1h2→c1 c̄1X;c→ l 1X. These heavy flavor contribution
may be estimated by direct computation and/or boun
through experimental measurement of the like-sign-lep
distributions.

In Sec. II, we review perturbative QCD calculations of t
transverse momentum distribution for massive lepton-p
production in the case in which the initial nucleon spins
01401
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polarized as well as in the spin-average case. In Sec. III,
present next-to-leading order predictions for the transve
momentum dependence of the cross sections for mas
lepton-pair and real prompt photon production in unpolariz
proton-proton collisions at energies typical of the RHIC c
lider. Predictions for spin dependence are provided in S
IV. Our conclusions are summarized in Sec. V.

II. MASSIVE LEPTON PAIR PRODUCTION AND PROMPT
PHOTON PRODUCTION AT NEXT-TO-LEADING

ORDER

In inclusive hadron interactions at collider energies,h1

1h2→g* 1X with g* → l l̄ , lepton pair production proceed
through partonic hard-scattering processes involving init
state light quarksq and gluonsg. In lowest-order QCD, at
O(as

0), the only partonic subprocess isq1q̄→g* . At
O(as), both q1q̄→g* 1g and q1g→g* 1q participate,
with the recoil of the final parton balancing the transve
momentum of the lepton-pair. These processes are show
Figs. 1~a! and 2~a!. Calculations of the cross section at ord
O(as

2) involve virtual loop corrections to theseO(as) sub-
processes@Figs. 1~b! and 2~b!# as well as contributions from
a wide range of 2→3 parton subprocesses@of which some
examples are shown in Figs. 1~c! and 2~c!#.

The physical cross section is obtained through the fac
ization theorem

d2sh1h2

g*

dQT
2dy

5(
i j

E dx1dx2f h1

i ~x1 ,m f
2! f h2

j ~x2 ,m f
2!

3
sd2ŝ i j

g*

dtdu
~s,Q,QT ,y;m f

2!. ~1!

FIG. 1. ~a!Lowest-order Feynman diagrams for the direct pr

cessq1q̄→g1g. ~b! Examples of virtual gluon loop diagrams.~c!
Examples of next-to-leading order three-body final-state diagra
4-2
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It depends on the hadronic center-of-mass energyS and on
the massQ, the transverse momentumQT , and the rapidityy
of the virtual photon;m f is the factorization scale of th
scattering process. The usual Mandelstam invariants in
partonic system are defined bys5(p11p2)2, t5(p1
2pg* )2, andu5(p22pg* )2, wherep1 and p2 are the mo-
menta of the initial state partons andpg* is the momentum
of the virtual photon. The indicesi j P$qq̄,qg% denote the
initial parton channels whose contributions are added in
herently to yield the total physical cross section. Functio
f h

j (x,m) denote the usual spin-averaged parton distribut
functions.

The partonic cross sectionŝ i j
g* (s,Q,QT ,y;m f

2) is ob-
tained commonly from fixed-order QCD calculation
through

d2ŝ i j
g*

dtdu
5as~m2!

d2ŝ i j
g* ,(a)

dtdu
1as

2~m2!
d2ŝ i j

g* ,(b)

dtdu

1as
2~m2!

d2ŝ i j
g* ,(c)

dtdu
1O~as

3!. ~2!

The tree, virtual loop, and real emission contributions
labeled~a!, ~b!, and~c! as are the corresponding diagrams
Figs. 1 and 2. The parameterm is the renormalization scale
It is set equal to the factorization scalem f5AQ21QT

2

throughout this paper.

FIG. 2. As in Fig. 1, but for the subprocesses initiated by
q1g initial state.
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The cross section forh11h2→ l l̄ 1X, differential in the
invariant mass of the lepton pairQ2 as well as its transvers
momentum and rapidity, is obtained from Eq.~1! by the
relation

d3sh1h2

l l̄

dQ2dQT
2dy

5S aem

3pQ2D d2sh1h2

g*

dQT
2dy

~S,Q,QT ,y!, ~3!

where Q25(pl1pl̄ )
2, and pl ,pl̄ are the four-momenta o

the two final leptons. The Drell-Yan factoraem/(3pQ2) is
included in all numerical results presented in this paper.

While the full next-to-leading order QCD calculation e
ists for massive lepton-pair production in the case of un
larized initial nucleons, only a partial calculation is availab
in the polarized case@13#. Correspondingly, we present spin
averaged differential cross sections at next-to-leading or
but we calculate spin asymmetries at leading order. S
asymmetries are obtained by dividing the spin-dependent
ferential cross section by its spin-averaged counterpart.
prompt photon production, comparisons of asymmetr
computed at next-to-leading order with those at leading or
show only modest differences@14#, whereas the cross sec
tions themselves are affected more significantly. Given
similarity of prompt photon production and massive lepto
pair production in the region ofQT of interest to us@6#, we
expect that the leading-order asymmetries will serve a
useful guide for massive lepton-pair production.

Rewriting Eq.~3! and integrating over an interval inQ2,
we calculate the spin-averaged differential cross sec

Ed3sh1h2

l l̄ /dp3 as

Ed3sh1h2

l l̄

dp3
5

aem

3p2S
(
i j

E
Qmin

2

Qmax
2 dQ2

Q2 Ex1
min

1 dx1

x12 x̄1

3 f h1

i ~x1 ,m f
2! f h2

j ~x2 ,m f
2!s

dŝ i j
g*

dt
. ~4!

In Eq. ~4!, Qmax
2 and Qmin

2 are the chosen upper and low

limits of integration forQ2, andx1
min5( x̄12t)/(12 x̄2). The

value of x2 is determined fromx25(x1x̄22t)/(x12 x̄1),
with

x̄15
Q22U

S
5

1

2
eyAxT

214t, ~5!

and

x̄25
Q22T

S
5

1

2
e2yAxT

214t. ~6!

We useP1 andP2 to denote the four-vector momenta of th
incident nucleons;S5(P11P2)2. The invariants in the had
ronic system,T5(P12pg* )2 and U5(P22pg* )2, are re-
lated to the partonic invariants by

~ t2Q2!5x1~T2Q2!52x1x̄2S, ~7!

e

4-3
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and

~u2Q2!5x2~U2Q2!52x2x̄1S. ~8!

The scaled variablesxT andt are

xT5
2QT

AS
, t5

Q2

S
.

When the initial nucleons are polarized longitudinally, w
can compute the difference of cross sections

Ds5s112s12 , ~9!

where1,2 denote the helicities of the incident nucleons
In analogy to Eq.~4!, we find

Ed3Dsh1h2

l l̄

dp3
5

aem

3p2S
(
i j

E
Qmin

2

Qmax
2 dQ2

Q2 Ex1
min

1 dx1

x12 x̄1

3D f h1

i ~x1 ,m f
2!D f h2

j ~x2 ,m f
2!s

dDŝ i j
g*

dt
.

~10!

The functionsD f h
j (x,m) denote the spin-dependent part

distribution functions, defined by

D f h
i ~x,m f !5 f h,1

i ~x,m f !2 f h,2
i ~x,m f !; ~11!

f h6
i (x,m f) is the distribution of partons of typei with posi-

tive (1) or negative (2) helicity in hadronh. Likewise, the
polarized partonic cross sectionDŝg* is defined by

Dŝg* 5ŝg* ~1,1 !2ŝg* ~1,2 !, ~12!

with 1,2 denoting the helicities of the incoming partons
The hard subprocess cross sections in leading order

the unpolarized and polarized cases are

s
dŝqq̄

dt
52s

dDŝqq̄

dt
5eq

2 2paemCF

NC

as

s Fu

t
1

t

u

1
2Q2~Q22u2t !

ut G , ~13!

s
dsqg

dt
52eq

2 paem

NC

as

s Fs

t
1

t

s
1

2Q2u

st G , ~14!

and

s
dDsqg

dt
5eq

2 paem

NC

as

s F2u1s

t
2

2u1t

s G . ~15!

Our results on the longitudinal spin dependence are
pressed in terms of the two-spin longitudinal asymme
ALL , defined by
01401
or

x-
y

ALL5
sg* ~1,1 !2sg* ~1,2 !

sg* ~1,1 !1sg* ~1,2 !
, ~16!

where1,2 denote the helicities of the incoming protons.

III. UNPOLARIZED CROSS SECTIONS

We turn in this section to explicit evaluations of the d
ferential cross sections as functions ofQT at collider ener-
gies. We work in the modified minimal subtraction (MS)
renormalization scheme and set the renormalization and
torization scales equal. We employ the 1998 Martin-Robe
Stirling-Thorne set 1~MRST98-1! of spin-averaged parton
densities@15–17# and a two-loop expression for the stron
coupling strengthas(m), with five flavors and appropriate
threshold behavior atm5mb . We use the valueL (4)

5300 MeV of the MRST98-1 set. The strong couplin
strengthas is evaluated at a hard scalem5AQ21QT

2. The
range of center-of-mass energies of the RHIC collider
from AS544 to 500 GeV@18#. We offer results for three
values of the energy,AS550, 200, and 500 GeV.

For AS5200 GeV, we present the invariant inclusiv
cross sectionEd3s/dp3 as a function ofQT in Fig. 3. Shown
in this figure are theqq̄ andqg perturbative contributions to
the cross section at leading order and at next-to-leading
der. We average the invariant inclusive cross section over
rapidity range21.0,y,1.0 and over the mass interval
,Q,6 GeV. ForQT,1.5 GeV, theqq̄ contribution ex-
ceeds that ofqg channel. However, for values ofQT
.1.5 GeV, theqg contribution becomes increasingly im
portant. As shown in Fig. 4~a!, theqg contribution accounts
for about 80% of the rate onceQT.Q. The results in Fig.
4~a! also demonstrate that subprocesses other than those
tiated by theqq̄ and qg initial channels contribute negligi
bly.

In Fig. 4~b!, we display the fractional contributions to th
cross section as a function ofQT for a larger value of Q:
11,Q,12 GeV. In this case, the fraction of the rate attri
utable toqg initiated subprocesses again increases withQT .
It becomes 80% forQT.Q.

For the calculations reported in Figs. 3 and 4~a,b!, we
chose values of Q in the traditional range for studies of m
sive lepton-pair production, viz., above the interval of t
J/c andc8 states and either below or above the interval
the Y8s.

For Fig. 4~c!, we select the interval 2.0,Q,3.0 GeV. In
this region, one would be inclined to doubt the reliability
leading-twist perturbative descriptions of the cross sect
ds/dQ, integratedover all QT . However for values ofQT
that are large enough,as(QT) is small and a perturbative
description of theQT dependence ofd2s/dQdQT ought to
be justified. One word of caution is appropriate: in gene
in two-scale situations, a series of logarithmic contributio
with terms of the typeas

n lnn(Q/QT) will arise. Thus, ifQT

@Q, resummation of this series must be considered.
simple practical reasons, such as event rate, we do not
ture into the domainQT@Q of concern, and our fixed-orde
4-4
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SPIN DEPENDENCE OF MASSIVE LEPTON PAIR . . . PHYSICAL REVIEW D 62 014014
calculation should be adequate. The results presented in
4~c! demonstrate that, as at higher masses, theqg incident
subprocesses dominate the cross section forQT.Q.

The calculations presented in Figs. 4 show convincin
that data on the transverse momentum dependence o
cross section for massive lepton-pair production at RH
collider energies should be a valuable independent sourc
information on the spin-averaged gluon density.

In Fig. 5, we provide next-to-leading order predictions
the differential cross section as a function ofQT for three
values of the center-of-mass energy and two intervals
massQ. In order to ascertain the range of values ofQT that
can be explored, we takeEd3s/dp351023 pb/GeV2 as the
minimum accessible cross section. This level is based
assumed luminosities@18# of 831031 cm22sec21 at AS
5200 GeV, and 231032 cm22 sec21 at AS5500 GeV,
along with runs of 10 weeks per year, equivalent to in
grated luminosities of 320 pb21 year21 and
800 pb21 year21. Better performance than anticipated
the accelerator and extended running time will increase
reach. The luminosity scales roughly withAS because the
focusing power can be increased as the energy is redu

FIG. 3. Lowest order~dashed lines! and next-to-leading orde
~solid lines! perturbative calculations of the invariant inclusiv
cross sectionEd3s/dp3 as a function ofQT for pp→g* X at AS

5200 GeV, in theMS scheme. Contributions from theqg andqq̄
channels are shown separately. The results are averaged ove
rapidity interval 21.0,y,1.0 and over the interval 5.0,Q
,6.0 GeV.
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This capability saturates near 70 GeV/c per beam, and be
low aboutAS5140 the luminosity drops roughly asS.

Adopting the nominal valueEd3s/dp351023 pb/GeV2,
we use the curves in Fig. 5 to establish that the mass
lepton-pair cross section may be measured toQT57.5, 14,
and 18.5 GeV atAS550, 200, and 500 GeV, respectivel
when 2,Q,3 GeV, and toQT56, 11.5, and 15 GeV
when 5,Q,6 GeV. In terms of reach in the fractional mo
mentumxgluon carried by the gluon, these values ofQT may
be converted toxgluon.xT52QT /AS50.3, 0.14, and 0.075
at AS550, 200, and 500 GeV when 2,Q,3 GeV, and to
xgluon. 0.24, 0.115, and 0.06 when 5,Q,6 GeV. On the
face of it, the smallest value ofAS provides the greates
reach inxgluon . However, the reliability of fixed-order per
turbative QCD as well as dominance of theqg subprocess
improve with greater QT . The maximum value QT

.7.5 GeV attainable atAS550 GeV argues for a large
AS.

It is instructive to compare our results with those expec
for prompt real photon production. In Fig. 6, we present t
predicted differential cross section for prompt photon p
duction for three center-of-mass energies@19#. We display
the result with full fragmentation taken into considerati
~upper line! and with no fragmentation contributions in
cluded ~lower line!. To be sure, the fully inclusive photo
cross section~upper line! is not measureable in typical co
lider investigations since photon isolation restrictions m
be imposed to eliminate backgrounds, and the result with
fragmentation is scheme dependent and correspondingl
defined theoretically. As this paper is not devoted primar
to real photon production, we choose not to delve into
numerical details and uncertainties associated with isola
prescriptions, deferring to others, e.g., Ref.@14#. On the
other hand, isolation removes a substantial part of the lo
distance fragmentation contribution. Our curves with
fragmentation contributions included~lower line! mimic the
effects of isolation in crude fashion. The upper and low
curves together provide a rough estimate of the range
theoretical possibilities for real photon production. They a
allow us to determine over what interval inpT fragmentation
is important.

Comparing the magnitudes of the prompt photon a
massive lepton pair production cross sections in Figs. 5
6, we note that the inclusive prompt photon cross section
factor of 1000 to 4000 greater than the massive lepton-
cross section integrated over the mass interval 2.0,Q
,3.0 GeV, depending on the value ofQT . This factor is
attributable in large measure to the factoraem/(3pQ2) as-
sociated with the decay of the virtual photon tom1m2.
Again taking Ed3s/dp351023 pb/GeV2 as the minimum
accessible cross section, we may use the curves in Fig.
establish that the real photon cross section may be meas
to pT514, 33, and 52 GeV atAS550, 200, and 500 GeV
respectively. The corresponding reach inxT52pT /AS
50.56, 0.33, and 0.21 atAS550, 200, and 500 GeV is two
to three times that of the massive lepton-pair case.

The breakdown of the real photon direct cross section
AS5200 GeV into itsqq̄ andqg components is presente

the
4-5
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FIG. 4. Contributions from the various partonic subprocesses to the invariant inclusive cross sectionEd3s/dp3 as a function ofQT for
pp→g* X at AS5200 GeV. The cross section is averaged over the rapidity interval21.0,y,1.0 and over the intervals~a! 5.0,Q

,6.0 GeV,~b! 11.0,Q,12.0 GeV, and~c! 2.0,Q,3.0 GeV. The contributions are labeled byqg ~solid!, qq̄ ~dashed!, gg ~dotted!, qq̄2

non-factorizable parts~dot-dashed!, andqq ~wide dots!.
014014-6
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SPIN DEPENDENCE OF MASSIVE LEPTON PAIR . . . PHYSICAL REVIEW D 62 014014
FIG. 5. Differential cross sectionsEd3s/dp3 as a function of
QT for for pp→g* 1X at AS550, 200, and 500 GeV, average
over the rapidity interval21.0,y,1.0 and the mass intervals~a!
2.0,Q,3.0 GeV, and~b! 5.0,Q,6.0 GeV.
01401
in Fig. 7. As may be appreciated from a comparison of Fi
4 and 7, dominance of theqg contribution in the massive
lepton-pair case is as strong as in the prompt photon c
The significantly smaller cross section in the case of mas
lepton-pair production means that the reach inxgluon is re-
stricted to about a factor of two to three less, depending
AS andQ, than that potentially accessible with prompt ph
tons in the same sample of data. Nevertheless, it is valu
to be able to investigate the gluon density with a process
has reduced experimental and theoretical systematic un
tainties from those of the prompt photon case.

In our previous papers@6# we compared our spin
averaged cross sections with available fixed-target and
lider data on massive lepton-pair production at large val
of QT , and we were able to establish that fixed-order pert
bative calculations, without resummation, should be relia
for QT.Q/2. The region of smallQT and the matching re-
gion of intermediateQT are complicated by some level o
phenomenological ambiguity. Within the resummation a
proach, phenomenological non-perturbative functions pla
key role in fixing the shape of theQT spectrum at very smal
QT , and matching methods in the intermediate region
hardly unique. For the goals we have in mind, it would a
pear best to restrict attention to the regionQT>Q/2.

FIG. 6. Differential cross sectionsEd3s/dp3 at rapidityy50 as
a function of pT for real photon productionpp→gX at AS550,
200, and 500 GeV for two cases: no fragmentation terms inclu
~lower! and the inclusive case with full fragmentation included~up-
per!.
4-7
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IV. PREDICTIONS FOR SPIN DEPENDENCE

Given theoretical expressions derived in Sec. II that re
the spin-dependent cross section at the hadron level to s
dependent partonic hard-scattering matrix elements and
larized parton densities, we must adopt models for sp
dependent parton densities in order to obtain illustrat
numerical expectations. The current deep inelastic scatte
data do not constrain the polarized gluon density tightly, a
most groups present more than one plausible paramet
tion. Gehrmann and Stirling~GS! @20# present three such
parametrizations, labeled GSA, GSB, and GSC. In the G
and GSB sets,DG(x,mo) is positive for allx, whereas in the
GSC setDG(x,mo) changes sign. After evolution tom f

2

5100 GeV2, DG(x,m f) remains positive for essentially a
x in all three sets, but its magnitude is small in the GSB a
GSC sets. We use the three parametrizations suggeste
Gehrmann and Stirling, and we verified that the positiv
requirementuD f h

j (x,m f)/ f h
j (x,m f)u<1 is satisfied.

Other sets of spin-dependent parton densities have b
published, e.g., the set of Glu¨ck, Reya, Stratmann, and Vo
gelsang~GRSV! @21#. The three GS parametrizations of th
polarized gluon density span a range of possibilities tha
very similar to that spanned by the four gluon densities
GRSV. It is not our purpose to ‘‘test,’’ or to suggest tests,

FIG. 7. Fractional contributions from the next-to-leading ord

qq̄ and theqg channels to the differential cross sectionsEd3s/dp3

as a function ofpT for real photon productionpp→gX at AS
5200 GeV and rapidityy50. No fragmentation terms are in
cluded.
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existing parametrizations all of which will have been mod
fied substantially by the time data are available from RH
Rather, we use the existing parametrizations as illustra
possibilities in order to estimate the range of magnitudes
might be expected forALL at RHIC energies and to gauge th
sensitivity that measurements of spin dependence in mas
lepton-pair production may offer. The goal, after all, is
measure the polarized gluon density, not to test parametr
tions.

In this section, we present two-spin longitudinal asymm
tries for massive lepton-pair production as a function
transverse momentum. Results are displayed forpp colli-
sions at the center-of-mass energiesAS550, 200, and 500
GeV typical of the Brookhaven RHIC collider.

As noted earlier, the two-spin longitudinal asymmetrie
ALL , are computed in leading-order. More specifically, w

use leading-order partonic subprocess cross sectionsŝ and

Dŝ with next-to-leading order spin-averaged and sp
dependent parton densities and a two-loop expression

as . The choice of a leading-order expression forDŝ is re-
quired because the full next-to-leading order derivation

Dŝ has not been completed for massive lepton-pair prod
tion. Experience with prompt photon production indicat
that the leading-order and next-to-leading order results
the asymmetry are similar so long as both are dominated
the qg subprocess. To obtain the spin-dependent cross
tion, we use the GS polarized parton densities with the
value L (4)5231 MeV. This value ofL (4) differs from the
MRST valueL (4)5300 MeV for the unpolarized densitie
used in our computation of the spin-averaged cross sec
The use of different values ofL (4) for the spin-dependen
and spin-averaged cross sections may appear unfortu
However, there is not much of an alternative at present s
of creating new sets of polarized parton densities based
the most up-to-date spin-averaged densities that we pref
use for the spin-averaged cross section. To changeL (4) ar-
bitrarily in the GS set to equal that of the MRST set wou
distort the spin-dependent densities.

In Figs. 8~a!–~c!, we present the two-spin longitudina
asymmetries,ALL , as a function ofQT for the three GS
choices of the polarized gluon density. The asymmetry
comes sizable for large enoughQT for the GSA and GSB
parton sets but not in the GSC case. Comparing the th
figures, we note thatALL is nearly independent of the pa
massQ as long asQT is not too small. This feature should b
helpful for the accumulation of statistics; small bin widths
mass are not necessary, but theJ/c andY resonance regions
should be excluded.

As noted above theqg subprocess dominates thespin-
averagedcross section. It is interesting and important to i
quire whether this dominance persists in the spin-depen
situation. In Figs. 9 and 10, we compare the contribution
the asymmetry from the polarizedqg subprocess with the
complete answer for all three sets of parton densities. Theqg
contribution is more positive than the full answer for valu
of QT that are not too small; the full answer is reduced by
negative contribution from theqq̄ subprocess for which the

r
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FIG. 8. Computed longitudinal asymmetryALL as a function ofQT for pp→g* X atAS5200 GeV. The asymmetry is averaged over t
rapidity interval21.0,y,1.0 and over the intervals~a! 2.0,Q,3.0 GeV,~b! 5.0,Q,6.0 GeV, and~c! 11.0,Q,12.0 GeV, for three
choices of the polarized parton densities, GSA, GSB, and GSC.
be-

parton-level asymmetryâLL521. At small QT , the net
asymmetry may be driven negative by theqq̄ contribution,
and based on our experience with other calculations@22#,
01401
from processes such asgg that contribute in next-to-leading
order. For the GSA and GSB sets, we see that once it
comes sizable~e.g., 5% or more!, the total asymmetry from
4-9
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all subprocesses is dominated by the large contribution f
the qg subprocess.

As a general rule in studies of polarization phenome
many subprocesses can contribute small and conflic
asymmetries. Asymmetries are readily interpretable only
situations where the basic dynamics is dominated by
major subprocess and the overall asymmetry is sufficie
large. In the case of massive lepton-pair production tha
the topic of this paper, when the overall asymmetryALL
itself is small, the contribution from theqg subprocess can
not be said to dominate the answer. However, if a la
asymmetry is measured, similar to that expected in the G
case at the larger values ofQT , Figs. 9 and 10 show that th
answer is dominated by theqg contribution, and data will
serve to constrainDG(x,m f). If DG(x,m f) is small and a
small asymmetry is measured, such as for the GSC pa
set, or at smallQT for all parton sets, one will not be able t
conclude which of the subprocesses is principally resp
sible, and no information could be adduced aboutDG(x,m f),
except that it is small.

In Figs. 10~a! and 10~b!, we examine the energy depe
dence of our predictions for two different intervals of ma
Q. For QT not too small, we observe thatALL in massive
lepton pair production is well described by a scaling funct

FIG. 9. Comparison of the contribution of theqg subprocess
~upper curve! to the longitudinal asymmetryALL with the total
~lower curve! as a function of QT for pp→g* X at AS
5200 GeV. The asymmetry is averaged over the rapidity inter
21.0,y,1.0 and over the interval 5.0,Q,6.0 GeV. Results are
shown for three sets of spin-dependent parton densities.
01401
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FIG. 10. Computed longitudinal asymmetryALL as a function of
QT for for pp→g* 1X at AS550, 200, and 500 GeV, average
over the rapidity interval21.0,y,1.0 and the mass intervals~a!
5.0,Q,6.0 GeV and~b! 2.0,Q,3.0 GeV. Shown are both the
complete answer at leading-order and the contribution from theqg
subprocess. The GSA set of polarized parton densities is used
4-10
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of xT52QT /AS, ALL(AS,QT).hg* (xT). In our discussion
of the spin-averaged cross sections, we tookEd3s/dp3

51023 pb/GeV2 as the minimum accessible cross sectio
Combining the results in Fig. 5 with those in Fig. 10, we s
that longitudinal asymmetriesALL520%, 7.5%, and 3% are
predicted at this level of cross section atAS550, 200, and
500 GeV when 2,Q,3 GeV, andALL511%, 5%, and 2%
when 5,Q,6 GeV. For a given value ofQT , smaller val-
ues of AS result in greater asymmetries becau
DG(x)/G(x) grows withx.

The predicted cross sections in Fig. 5 and the predic
asymmetries in Fig. 10 should make it possible to optim
the choice of center-of-mass energy at which measurem
might be carried out. AtAS5500 GeV, asymmetries are no
appreciable in the interval ofQT in which event rates are
appreciable. At the other extreme, the choice ofAS
550 GeV does not allow a sufficient range inQT . Accel-
erator physics considerations favor higher energies since
instantaneous luminosity increases withAS. Investigations in
the energy intervalAS5150 to 200 GeV would seem pre
ferred.

In Fig. 11, we display predictions forALL in prompt real
photon production for three values of the center-of-mass
ergy. These calculations are done at next-to-leading orde

FIG. 11. Computed longitudinal asymmetryALL as a function of
pT for real photon productionpp→g1X at AS550, 200, and 500
GeV and rapidityy50. Shown are both the complete answer
leading-order and the contribution from theqg subprocess. The
GSA set of polarized parton densities is used.
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QCD. Dominance of theqg contribution is again evident a
long asALL is not too small. So long asQT>Q, we note that
the asymmetry in massive lepton-pair production is about
same size as that in prompt real photon production, as m
be expected from the strong similarity of the production d
namics in the two cases. As in massive lepton-pair prod
tion, ALL in prompt photon production is well described by
scaling function of xT52pT /AS, ALL(AS,pT).hg(xT).
For Ed3s/dp351023 pb/GeV2, we predict longitudinal
asymmetriesALL531%, 17%, and 10% in real prompt pho
ton production atAS550, 200, and 500 GeV.

V. DISCUSSION AND CONCLUSIONS

In this paper we focus on theQT distribution for p1p
→g* 1X. We present and discuss calculations carried ou
QCD at RHIC collider energies. We show that the differe
tial cross section in the regionQT>Q/2 is dominated by
subprocesses initiated by incident gluons. Dominance of
qg contribution in the massive lepton-pair case is as stro
as in the prompt photon case,p1p→g1X. As our calcula-
tions demonstrate, theQT distribution of massive lepton pai
production offers a valuable additional method for dire
measurement of the gluon momentum distribution. T
method is similar in principle to the approach based
prompt photon production, but it avoids the experimental a
theoretical complications of photon isolation that beset st
ies of prompt photon production.

For the goals we have in mind, it would appear best
restrict attention to the region inQT above the value at which
the resummed result falls below the fixed-order perturba
expectation. A rough rule-of-thumb based on our calcu
tions isQT>Q/2. Uncertainties associated with resummati
make it impossible to use data on theQT distribution at small
QT to extract precise information on parton densities.
long QT is large, the perturbative requirement of sm
as(QT) can be satisfied without a large value ofQ. We
therefore explore and advocate the potential advantage
studies ofd2s/dQdQT as a function ofQT for modest val-
ues of Q, Q;2 GeV, below the traditional Drell-Yan re
gion.

In this paper we also present a calculation of the long
dinal spin-dependence of massive lepton-pair production
large values of transverse momentum. We provide polar
tion asymmetries as functions of transverse momenta
may be useful for estimating the feasibility of measureme
of spin-dependent cross sections in future experiment
RHIC collider energies. The Compton subprocess domina
the dynamics in longitudinally polarized proton-proton rea
tions as long as the polarized gluon densityDG(x,m f) is not
too small. As a result, two-spin measurements of inclus
prompt photon production in polarizedpp scattering should
constrain the size,sign, and Bjorken x dependence of
DG(x,m f).

Although theqg Compton subprocess is dominant, o
might question whether uncertainties associated with
quark density compromise the possibility to determine
gluon density. In this context, it is useful to recall@23# that
when the Compton subprocess is dominant, the sp

t
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averaged cross section, Eq.~4!, may be rewritten in a form in
which the quark densities do not appear explicitly:

Ed3sh1h2

l l̄

dp3
'E dx1E dx2S F2~x1 ,m f

2!

x1
G~x2 ,m f

2!
Ed3ŝqg

l l̄

dp3

1~x1↔x2!D . ~17!

Likewise, the spin-dependent cross section, Eq.~10!, may be
expressed as@23#

Ed3Dsh1h2

l l̄

dp3
'E dx1E dx2S 2g1~x1 ,m f

2!DG~x2 ,m f
2!

3
Ed3Dŝqg

l l̄

dp3
1~x1↔x2!D . ~18!

In Eqs.~17! and~18!, F2(x,m f
2) andg1(x,m f

2) are the proton
structure functionsmeasuredin spin-averaged and spin
dependent deep-inelastic lepton-proton scattering. It is
,

F.

.
f-

cl
.

01401
i-

dent that the production of massive lepton-pairs at la
enoughQT will determine the gluon density provided th
proton structure functions are measured well in de
inelastic lepton-proton scattering.

Significant values ofALL ~i.e., greater than 5%! may be
expected forxT52QT /AS.0.10 if the polarized gluon den
sity DG(x,m f) is as large as that in the GSA set of polariz
parton densities. If so, the data could be used to determ
the polarization of the gluon density in the nucleon. On t
other hand, for smallDG(x,m f), dominance of theqg sub-
process is lost, andDG(x,m f) is inaccessible.
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