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Lepton helicity distributions in the polarized Drell-Yan process
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The lepton helicity distributions in the polarized Drell-Yan process at BNL RHIC energy are investigated.
For events with a relatively low invariant mass of a lepton pair in which the weak interaction is negligible, only
a measurement of lepton helicity can prove the antisymmetric part of the hadronic tensor. Therefore it might be
interesting to consider the helicity distributions of leptons to obtain more information on the structure of the
nucleon from the polarized Drell-Yan process. We estimate the QCD corrections at theO(as) level to the
hadronic tensor including both intermediateg and Z bosons. We present numerical analyses for different

invariant masses and show that theu (ū) andd (d̄) quarks give different and characteristic contributions to the
lepton helicity distributions. We also estimate the lepton helicity asymmetry for the various proton spin
configurations.
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I. INTRODUCTION

The measurement of the polarized nucleon structure fu
tion g1(x,Q2) by the European Muon Collaboration@1# in
the late 1980s has opened the door to hadron spin physic
the last 15 years, great progress has been made both the
cally and experimentally that has considerably improved
knowledge of the spin structure of the nucleon. Throu
these developments, hadron spin physics has grown u
one of the most active fields attracting considerable attent
Now our interest has spread out to various processes to
plore the spin structure of hadrons. In particular, in conju
tion with new kinds of experiments, the BNL Relativist
Heavy-Ion Collider~RHIC! spin project, etc., we are now i
a position to obtain more information on the structure
hadrons and the dynamics of QCD. The spin depend
quantity is, in general, very sensitive to the structure of
teractions among various particles. Therefore, we will
able to study the detailed structure of hadrons based
QCD. We also hope that we can find some clue to new ph
ics beyond the standard model through the new experime
data.

It is now expected that polarized proton-proton collisio
~RHIC-spin! at the BNL Relativistic Heavy-Ion Collider@2#
will provide sufficient experimental data to unveil the stru
ture of nucleon. Therefore it is important and interesting
investigate various processes that might be measure
RHIC experiments. One of those is the polarized Drell-Y
process@3#.

The polarized Drell-Yan process has been studied
many authors for both longitudinally@4–7# and transversely
@8–12# polarized cases. TheW,Z production from polarized
hadrons is also investigated@13–15#. In this article, we dis-
cuss the lepton helicity distributions from the polariz
Drell-Yan process at the QCD one-loop level. The lept
helicity distributions carry more information on the nucle
structure @16–19# than ‘‘inclusive’’ Drell-Yan observables
0556-2821/2003/67~7!/074008~11!/$20.00 67 0740
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such as the invariant mass distribution of lepton pair. Now
us consider, for simplicity, the virtualg mediated Drell-Yan
process. The subprocess cross sectiondŝ is written in terms
of the hadronic and leptonic tensors as

dŝ}~Wmn
S 1Wmn

A !~LSmn1LAmn!5Wmn
S LSmn1Wmn

A LAmn.

The antisymmetric part of the hadronic tensorWmn contains
spin information on the annihilating partons. However, f
observables obtained after summing over the helicities of
lepton or integrating out the lepton distributions, this an
symmetric part drops out. Furthermore, the chiral struct
of QED and QCD interactions tells us that only particu
helicity states are selected forq-q̄ annihilation. This obser-
vation shows that the polarized and unpolarized Drell-Y
processes are governed by essentially the same dynamic
the other hand, if we measure the lepton helicity distrib
tions, we can reveal the whole structure of the hadronic t
sor. We will show that theu (ū) and d (d̄) quarks give
characteristic contributions to the lepton helicity distrib
tions.

The article is organized as follows. In Sec. II, we repr
duce the tree level cross section to define our conventio
We present our calculations for the helicity distributions
lepton at the QCD one-loop level in Sec. III. We adopt t
massive gluon scheme to regularize the infrared and m
singularities, avoiding the complexity in the treatment ofg5 .
The scheme dependence will be discussed in Sec. IV and
change the scheme to the modified minimal subtract
(MS) scheme to perform the numerical studies. We give
numerical results in Sec. V. Finally, Sec. VI contains t
conclusions. The explicit forms for the subprocess cross s
tions are listed in Appendix A. The invariant mass distrib
tion of lepton pairs in the massive gluon scheme is given
Appendix B, which is used to identify the scheme chang
factor.
©2003 The American Physical Society08-1
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II. POLARIZED DRELL-YAN PROCESS AT TREE LEVEL

In this section, we reproduce the tree level result for
helicity distributions of leptons in the polarized Drell-Ya
process to establish our notation. For the longitudinally
larized Drell-Yan process

NA~PA ,lA!1NB~PB ,lB!→ l ~ l ,l!1 l̄ ~ l 8,l8!1X,

with l ~5 6! being the helicity of each particle, we intro
duce the parton distributionsf a

A(x),D f a
A by
ro

n

07400
e

-

f a
A~x!5 f a

A~x,1 !1 f a
A~x,2 !,

D f a
A~x!5 f a

A~x,1 !2 f a
A~x,2 !,

where f a
A(x,1/2) denotes the distribution of parton typea

with positive/negative helicity in nucleonA with positive
helicity. Based on the factorization theorem, the hadro
cross section for the helicity distribution of the lepton
given as the convolution of the parton distributions with t
hard subprocess cross sectiondŝab as
ds~lA ,lB ;l!5(
a,b

E
t

1

dx1E
t/x1

1

dx2 (
la ,lb

f a
A~x1!1lalAD f a

A~x1!

2

f b
B~x2!1lblBD f b

B~x2!

2
dŝab~la ,lb ;l!, ~1!
tity
d

e

d

of
t of
e
the

f
e

where

t5
Q2

S
[

~ l 1 l 8!2

~PA1PB!2 .

The helicity dependent cross sectiondŝab(la ,lb ;l) for the
subprocess

a~pa ,la!1b~pb ,lb!→ l ~ l ,l!1 l̄ ~ l 8,l8!1X

is a function of the partonic invariant variables

s5~pa1pb!25~x1PA1x2PB!25x1x2S,

t5~pa2 l !2, u5~pb2 l !2,

and

Q25q25~ l 1 l 8!2[zs.

The tree level polarized cross section for lepton pair p
duction,

q~pq ,lq!1q̄~pq̄ ,l q̄!→ l ~ l ,l!1 l̄ ~ l 8,l8!,

is given by

dŝT5
1

2Nc
2s

uMTu2dF2 ,

wheredF2 is the two-particle phase space andNc ~53! is
the color factor. The square of the tree amplitude reads

uMTu25dlq ,2l q̄
dl,2l8NcS 4pa

Q2 D 2

u f lqlu2LmnWmn
T , ~2!

where the tree level hadronic and leptonic tensors are defi
as

Wmn
T 5Tr~vlq

pq̄gmpqgn!, Lmn5Tr~vllgml 8gn!, ~3!

and
-

ed

LmnWmn
T 52@ t21u21lql~u22t2!#.

In Eq. ~3! and also below, all momentap under the Tr op-
erator are understood to bep” and vl[(11lg5)/2. In Eq.
~2!, a is the QED fine structure constant and the quan
f lql depends on the fermion couplings to the photon anZ
boson in the following way:

f lql52eq1Qq
lqQl

l
Q2

Q22MZ
21 iM ZGZ

, ~4!

whereeq is the electric charge of the quark in units of th
electron chargee, MZ is theZ mass, andGZ is theZ width.
The helicity labelslq ,l of the quark and lepton take6. The
quark and lepton couplings to theZ boson are

Qq,l
2 5

1

sinuW cosuW
~Tq,l

3 2eq,l sin2 uW!,

Qq,l
1 52eq,l

sinuW

cosuW
,

whereel521, T3 is the third component of the isospin, an
uW is the Weinberg angle. In the center of mass~c.m.! frame
of annihilating quarks, the cross section becomes

dŝT~lq ,l q̄ ;l!

dQ2d cosu
5dlq ,2l q̄

p

2Nc
S a

Q2D 2

u f lqlu2

3~11cos2 u12lql cosu!d~12z!,

~5!

whereu is the scattering angle of the lepton produced.
In Eq. ~5!, the third term that depends on the helicities

the quark and lepton comes from the antisymmetric par
the hadronic tensorWmn

T . For the observable after taking th
spin sum of the lepton, this antisymmetric part appears in
cross section only through the parity violatingZ interaction
in Eq. ~4!. Therefore, for the events with ‘‘small’’ values o
Q2, the information from the antisymmetric part will b
8-2
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completely lost. Furthermore, the chiral structure of the st
dard model interaction forces only particular helicity sta
to participate in the process as shown in Eq.~5!. These ob-
servations tell us that for the spin summed over final sta
and lowQ2 events, the polarized and unpolarized Drell-Y
processes are governed by essentially the same dynam
least for theqq̄ initiated process.

III. QCD ONE-LOOP CALCULATION

The principal result of this section will be the polarize
Drell-Yan cross section at the QCD one-loop level with t
helicity of the lepton being fixed. At the QCD one-loop leve
infrared and mass singularities appear and we regula
them by giving a nonzero massk to the gluon@10,20# to
avoid the complexities from the treatment ofg5 and phase
space integrals. To perform the numerical analyses by u
the knownMS parametrization for the parton densities, w
have to change the scheme. However, it is well known h
to do it @21#. The diagrams to be calculated are given in F
1.

The virtual gluon correction@Figs. 1~a! and 1~b!# to this
process yields

dŝV

dQ2d cosu
5

dŝT

dQ2d cosu S as

p
CFD

3F2
1

2
ln2

Q2

k2 1
3

2
ln

Q2

k22
7

4
1

p2

6 G , ~6!

where as5gs
2/4p is the strong coupling constant andCF

5(Nc
221)/2Nc for SU(Nc) of color.

The amplitude for the real gluon emission@Figs. 1~c! and
1~d!#,

q~pq ,lq!1q̄~pq̄ ,l q̄!→ l ~ l ,l!1 l̄ ~ l 8,l8!1g~k!,

is given by

FIG. 1. Parton-level subprocesses contributing to the Drell-Y
process atO(as): ~a,b! virtual correction,~c,d! real gluon emission
~e,f! quark-gluon Compton.
07400
-
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MR5dlq ,2l q̄
dl,2l8S 2

e2gs

Q2 D f lqlūl~ l !gmvl8~ l 8!v̄l q̄
~pq̄!

3Fgm

1

p” q2k”
gn1gn

1

p” q2q”
gmGTaulq

~pq!ea
n~k!,

whereea
n(k) is the polarization vector of the gluon andTa is

the color matrix. We have definedq[ l 1 l 8. The expression
for the square of the amplitude given below has be
summed over the spin and colors of unobserved particle

uMRu25dlq ,2l q̄
NcCFS 4pags

Q2 D 2

u f lqlu2LmnWmn
R ,

where

Wmn
R 5

2

t̂2
@2~pq̄•k!Tr~vlq

kgmpqgn!2k2Tr~vlq
pq̄gmpqgn!#

1
2

û2
@2~pq•k!Tr~vlq

pq̄gmkgn!

2k2Tr~vlq
pq̄gmpqgn!#

1
4

t̂ û
@~2pq•pq̄22pq•k22pq̄•k!Wmn

T

1~pqm1pq̄m!kaWan
T 1Wma

T ka~pqn1pq̄n!#. ~7!

The tree level hadronic and leptonic tensorsWmn
T ,Lmn were

defined in the previous section and new invariant variab
are introduced:

t̂5~pq2q!2, û5~pq̄2q!2.

In Eq. ~7!, we have dropped terms that do not contribu
whenk2→0. It should be noted that thek2 terms in the first
and second lines cannot be neglected since the phase s
integral produces a 1/k2 singularity @20#.

The cross section is given by

dŝR5
1

2Nc
2s

uMRu2dF3 , ~8!

wheredF3 is the three-particle phase space. To integrate
the irrelevant variables in Eq.~8!, we take the c.m. frame o
qq̄:

pq5
As

2
~1,0,0,1!, pq̄5

As

2
~1,0,0,21!.

Parametrizing the momenta of the leptonl and lepton pairq
by

n

8-3



J. KODAIRA AND H. YOKOYA PHYSICAL REVIEW D 67, 074008 ~2003!
l m5u lu~1,sinu cosw,sinu sinw,cosu!,

qm5~q0,q sinû cosŵ,q sinû sinŵ,q cosû !,

where
e

e
t

ea

ci

07400
q05
s1Q22k2

2As
, uqu25q022Q2,

u lu5
Q2

2@q02uqu~sinû sinu cos~ ŵ2w!1cosû cosu!#
,

it is easy to write the phase space elementdF3 as
dF35
uquQ2dQ2d cosû dŵ dcosu dw

32~2p!5As@q02uqu~sinû sinu cos~ ŵ2w!1cosû cosu!#2
.

After integrating over the angular variables@10# and dropping terms that vanish whenk2→0, we write the inclusive cross
section for the polarized lepton in the following form:

dŵR~lq ,l q̄ ;l!

dQ2d cosu
5

dŵRT~lq ,l q̄ ;l;z!

dQ2d cosu
FR~Q2,z!1

dŵRF~lq ,l q̄ ;l!

dQ2d cosu
, ~9!

where the first term contains the infrared and mass singularities as well as terms associated with them, and

dŵRT~lq ,l q̄ ;l;z!

dQ2d cosu
5dlq ,2l q̄

p

2Nc
S a

Q2D 2

u f lqlu2
•

1

2 F 8z2

@11cosu1z~12cosu!#4 $~11lql!~11cosu!2

1~12lql!~12cosu!2z2%1
8z2

@12cosu1z~11cosu!#4 $~11lql!~11cosu!2z2

1~12lql!~12cosu!2%G ~10!
-

with

FR~Q2,z!5
as

p
CFF S 1

2
ln2

Q2

k2 2
p2

6 D d~12z!

1
11z2

~12z!1
ln

Q2

k2 12~11z2!S ln~12z!

12z D
1

22~11z2!
ln z

12z
2~12z!G .

The second term in Eq.~9! gives theO(as) finite contribu-
tion whose explicit form is listed in Appendix A. It should b
noted that the first~second! term in Eq.~10! is just the tree
level cross section for theqq̄ annihilation with momentazpq
andpq̄ (pq andzpq̄) timesz which arises from the differenc
between the flux normalizations. These terms express
processes with collinear gluon emissions. The functionFR

can be understood to be a probability to emit a collin
gluon with momentum (12z)pq or (12z)pq̄ and does not
depend on the helicities of quarks because of the heli
conservation of QCD interaction.
he

r

ty

By adding the tree level Eq.~5! and virtual Eq.~6! con-
tributions to Eq.~9!, the double logarithmic infrared singu
larities cancel out and the cross section from theqq̄ initial
states becomes

dŝT1V1R

dQ2d cosu
5

dŝRT

dQ2d cosu F S 12
7

4

as

p
CFD d~12z!

1
as

p S Pqq~z!ln
Q2

k2 1CFH 2~11z2!

3S ln~12z!

12z D
1

22~11z2!
ln z

12z
2~12z!J D G

1
dŝRF

dQ2d cosu
, ~11!

where

Pqq~z!5CFS 11z2

~12z!1
1

3

2
d~12z! D ,
8-4
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which is the Dokshitzer-Gribov-Lipatov-Altarelli-Paris
~DGLAP! one-loop splitting functionsPqq . To obtain the
above result, we have used the fact that

dŝRT~lq ,l q̄ ;l;z!

dQ2d cosu
d~12z!5

dŝT~lq ,l q̄ ;l!

dQ2d cosu
.

Finally, the contribution from the quark-gluon Compto
process@Figs. 1~e! and 1~f!#,

q~pq ,lq!1g~k,h!→ l ~ l ,l!1 l̄ ~ l 8,l8!1q~pq8 ,lq8!,

where h is the helicity of gluon, can be calculated in th
same way as before. To avoid singularities in the phys
region, the gluon mass is taken to be2k2 @20# and the spin
projection for incoming gluons reads

ea~k,h!eb* ~k,h!5
1

2 F2gab1 iheabgd

kgpq
d

k•pq
G .
he

07400
al

The amplitude is

MC5dlq ,l
q8
dl,2l8S 2

e2gs

Q2 D f lqlūl~ l !gmvl8~ l 8!ūl
q8
~pq8!

3Fgm

1

p” q1k”
ga1ga

1

p” q2q”
gmGTaulq

~pq!ea
a~k,h!,

and its square becomes

uMCu25NcCFS 4pags

Q2 D 2

u f lqlu2LmnWmn
C ,

where
Wmn
C 5

1

s
~11lqh!S 11

û

t̂
D Tr~vlq

pq8gmkgn!1H 2û

s t̂
1

1

s
~11lqh!1

1

t̂
~12lqh!J Tr~vlq

pq8gmpqgn!

2
1

t̂
~12lqh!S 11

û

s
D Tr~vlq

kgmpqgn!1
4

t̂
~11lqh!pqm8 pqn8 1

4

s
~12lqh!pqmpqn

1
k2

t̂2
S 12lqh

2Q22s

s
D Tr~vlq

~pq82k!gmpqgn!
d

with

s5~pq1k!2, t̂5~pq2q!2, û5~k2q!2.

From the cross section formula for this process,

dŝC5
1

2Nc~Nc
221!s

uMCu2dF3 ,

we obtain the polarized lepton distribution and write it in t
same form as Eq.~9!:

dŝC~lq ,h;l!

dQ2d cosu
5

dŝCT~lq ;l;z!

dQ2d cosu
FC~Q2,z,lq ,h!

1
dŝCF~lq ,h;l!

dQ2d cosu
. ~12!

The first term, in this case, is given by
dŝCT~lq ;l;z!

dQ2d cosu
5

p

2Nc
S a

Q2D 2

u f lqlu2

3
8z2

@12cosu1z~11cosu!#4 $~11lql!

3~11cosu!2z21~12lql!~12cosu!2%,

~13!

and

FC~Q2,z,lq ,h!5S as

2p D FPqg
C ~z;lq ,h!S ln

Q2

k2 1 ln
12z

z2 D
2

1

4
@11lqh~122z!#G .

The quantityPqg
C is related to the unpolarized and polarize

DGLAP splitting functionsPgq(z) and DPqg(z) in the fol-
lowing way:
8-5
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Pqg
C ~z;lq ,h!5

1

2
@Pqg~z!2lqhDPqg~z!#

5
~11lqh!~12z!21~12lqh!z2

4
.

Equation~13! again expresses the tree level cross section
the qq̄ annihilation with momentapq andzk where theq̄ is
emitted collinearly from the initial gluon. In contrast to th
qq̄ annihilation case, the functionFC does depend on th
helicities of the initial quark and gluon since the emitt
antiquark should have the helicityl q̄52lq to annihilate
into electroweak gauge bosons. The remaining finite con
bution dŝCF can be found in Appendix A.

The cross section for theq̄g subprocess can be obtaine
by changing (lq ,h) to (2lq ,2h) andm↔n in Wmn

C in the
above formulas.

From these results, the unpolarized cross sections are
ily obtained. As a check, we have reproduced the result
Ref. @20# by neglecting theZ boson contribution.

IV. FACTORIZATION AND SCHEME CHANGE

Before proceeding to numerical studies, we must facto
the mass singularities into the parton densities in theMS
scheme since their two-loop evolution, which should
combined with the one-loop corrections for the hard part
given in this scheme.

The renormalized parton densities at the factorizat
scalemF

2 which are relevant to this work are written as

q~x,mF
2 !5E

x

1 dy

y Xq~y!H dS 12
x

yD1
as

2p FPqqS x

yD ln
mF

2

k2

1CqqS x

yD G J 1g~y!
as

2p FPqgS x

yD ln
mF

2

k2

1CqgS x

yD G C,
Dq~x,mF

2 !5E
x

1 dy

y XDq~y!H dS 12
x

yD1
as

2p FPqqS x

yD ln
mF

2

k2

1CqqS x

yD G J 1Dg~y!
as

2p FDPqgS x

yD ln
mF

2

k2

1DCqgS x

yD G C,
where C and DC are finite functions depending on th
scheme of factorization. Since the mass singularity is of u
versal nature and not affected by the lepton distributions,
can find the relation between different regularizati
schemes by comparing the results calculated in the co
sponding schemes for the simpler process. We have ca
lated the invariant mass distribution of the lepton pair in o
scheme and the results are shown in Appendix B. The s
quantity has been calculated in the dimensional regular
07400
r

i-

as-
of

e

e
s

n

i-
e

e-
u-
r
e

a-

tion scheme in Refs.@5#, @7#. Note that the result depend
also on the prescriptions ofg5 in this scheme. We change ou
massive gluon scheme to the one adopted in Ref.@7# which
can be combined with the known two-loop evolution equ
tions for the parton densities in Refs.@22#, @23#. We find

Cqq
k2→MS~z!52CFF ~11z2!

ln z

12z
12~12z!

1S p2

3
2

9

4D d~12z!G ,
Cqg

k2→MS~z!52S ~12z!21z2

2
ln@z~12z!#11D ,

and

DCqg
k2→MS~z!52S 2z21

2
ln@z~12z!#1

1

2D .

We must, therefore, factorize these finite terms together w
the singular terms from the subprocess cross sections.

The final results for the hard part atO(as) level in the
MS factorization scheme read forqḡ annihilation from Eq.
~11!

dŝqq̄~mF
2 !

dQ2d cosu
5

dŝRT

dQ2d cosu XH 11
as

p
CFS p2

3
24D J d~12z!

1
as

p FPqq~z!ln
Q2

mF
2 1CFH 2~11z2!

3S ln~12z!

12z D
1

2~11z2!
ln z

12z
1~12z!J G C

1
dŝRF

dQ2d cosu
, ~14!

and for theqg Compton process from Eq.~12!

dŝqg~mF
2 !

dQ2d cosu
5

dŝCT

dQ2d cosu

as

2p FPqg
C ~z;lq ,h!H ln

Q2

mF
2

1 ln
~12z!2

z J 1
1

4
@122lqh~12z!#G

1
dŝCF

dQ2d cosu
. ~15!

V. NUMERICAL RESULTS

We are now ready to predict the helicity distributions
leptons in proton-proton annihilation. By denoting the sc
tering angle of the lepton in the c.m. frame of protons w
momentaPA andPB by u* , the relation between cosu in the
c.m. frame of partons with momentax1PA and x2PB and
cosu* reads
8-6
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cosu5
x2~11cosu* !2x1~12cosu* !

x2~11cosu* !1x1~12cosu* !
.

The hadronic cross section for the helicity distribution
lepton is finally given by inserting Eqs.~14!, ~15! in terms of
u* into Eq.~1! and changing the parton densities into themF

2

dependent ones. We use the rapidityyl instead of the scatter
ing angle cosu* of the lepton in this section, which is de
fined by

yl5
1

2
ln

11cosu*

12cosu*
.

We fix the total energyS of the proton-proton system to b
AS5500 GeV, which is the planned highest energy at
RHIC. Although our formulas can be applied to the proce
for arbitrary Q, we have chosen two valuesQ5MZ ~the Z
boson pole! and Q510 GeV as typical examples. For th
strong coupling constant, we use the standard two-loop f
with LQCD which is set to the value used in the parton de
sities. The following values for other parameters of the st
dard model are used:

a5
1

128
, sin2 uW50.2315,

MZ591.187 GeV, GZ52.5 GeV.

Denoting the helicities of initial protons byPA,B(6), there
are three cases to be analyzed corresponding toPA(1)PB
(2), PA(1)PB(1), andPA(2)PB(2) configurations.

We have organized this section as follows. First, we sh
the numerical results for the helicity distributions of lepto
with respect toyl . Second, we investigate the factorizatio
scale and the parton parametrization dependence of the
section.

A. The lepton helicity distribution

Here we use theMS parametrization of the parton dens
ties in Refs.@24#, @25# and take the factorization scalemF
and the renormalization scalemR to be mF5mR5Q. The
scale dependence will be discussed later.

We give in Fig. 2 the results atQ5MZ for both distribu-
tions of leptons with negative and positive helicities in t
three PA(1)PB(2), PA(1)PB(1), and PA(2)PB(2)
configurations. The unit of the cross section~vertical axis! is
pb/GeV. The dotted line is the total contribution. The so
line is the contribution from theu quark, namely,uū and
ug (ūg) annihilation subprocesses, whereas the dot-das
line is from thed-quark sector: we write simplyd for the d
ands quarks. The long dashed~dashed! line is the contribu-
tion from the tree leveluū (dd̄). We plot in Fig. 3 similar
results for Q510 GeV. Some comments are in order f
these results. First, the main effect of QCD corrections is
an enhancement of the tree level cross section: theK factor is
1.5–1.8. It does not change the shape of the lepton distr
tions significantly from the tree level one. Second, we
that theu andd quarks give different and characteristic co
07400
f

e
s

m
-
-

w

oss

ed

st

u-
e

tributions to the helicity distributions for the lepton. In pa
ticular, the case of the lepton distribution in thePA(1)PB
(2) configuration forQ5MZ deserves some explanatio
Our numerical results show that, in the negative rapidity
gion, leptons with negative helicities are mainly produc
and these come fromu-quark annihilation. On the othe
hand, in the positive rapidity region, leptons with both h
licities are produced; however, the leptons with negative
licities come mainly from thed-quark annihilation subpro-
cesses. These features can be understood intuitively
observing the following aspects.~1! The polarized quark dis-
tributions in the polarized protonP(1) roughly satisfy, for
the relevant scaleQ25MZ

2 and the momentum fractions o
partonsx1x25MZ

2/S,

u~↑ !@d~↓ !;u~↓ !@d~↑ !@ū~↑,↓ !;d̄~↑,↓ !,

FIG. 2. The cross sections for leptons with negative and posi
helicities in the three configurations for the spins of protons w
respect toyl for Q5MZ .

FIG. 3. The cross sections for leptons with negative and posi
helicities in the three configurations for the spins of protons w
respect toyl for Q510 GeV.
8-7
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where↑ and↓ denote the quark’s spin parallel and antipa
allel to the parent proton’s spin. This relation implies t
dominant subprocesses in thePA(1)PB(2) configuration to
be ~i! uA(↑)ūB , ~ii ! ūAuB(↑), ~iii ! dA(↓)d̄B , and ~iv!

d̄AdB(↓). ~2! From the angular momentum conservation, t
spin of theZ boson produced is aligned with thePA (PB)
direction foruAūB and ūAuB (dAd̄B and d̄AdB) annihilations
and the negative~positive! helicity lepton from theZ decay
has a higher probability of production in the opposite~same!
direction as theZ boson’s spin.~3! The third point to be
noted is that theV2A coupling is larger than theV1A
coupling for the quark–Z boson interaction. This sugges
that among the four subprocesses in~1!, ~ii ! and ~iii ! even-
tually dominate the process.~4! Finally, since the momentum
fractions of quarks are bigger than those of antiquarks,
distributions of negative helicity leptons from~ii ! and ~iii !
are Lorentz boosted to the negative and positive rapidity
gions, respectively. The fact above~3! also explains that the
d ~u! quark contribution is larger than that of theu ~d! quark
for the PA(1)PB(1)@PA(2)PB(2)# configuration. For
these configurations, the lepton distribution is symme
aroundyl50, as it should be.

At the lower value ofQ (Q510 GeV), theZ-boson con-
tribution can be safely neglected and the electromagnetic
teraction becomes dominant. In this case, the situation is
so simple as the previous one (Q5MZ). At first sight, only
the point ~3! above should be dropped. If so, the subp
cesses~i! and~ii ! dominate the process, which leads to sim
lar distributions to those for theQ5MZ case. However, the
distribution takes a somewhat different shape for the follo
ing reasons. ForQ510 GeV, partons with very small mo
mentum fractions participate in the process (x1x25102/S).
Therefore, for the ‘‘dominant’’ processes for theQ5MZ
case,~i! and ~ii !, the Lorentz boost effect is fairly large an
the Jacobian factorJ5sin2 u* apparently diminishes the
cross section in theyl distributions. Furthermore, at thi
scale, all subprocesses seem to contribute equally to the c
section, and the partons with smallx have less information
on the spin of the parent proton. One can see, nonethe
the contribution from the antisymmetric part of the hadro
tensor, which causes the asymmetric distributions of lept
for the PA(1)PB(2) configuration.

We also estimate the lepton helicity asymmetryAl , which
is defined by

Al[
ds~l521!2ds~l511!

ds~l521!1ds~l511!
.

This asymmetry is plotted in Fig. 4 for the three spin co
figurations for protons. The upper three graphs show
asymmetry for theQ5MZ case and the lower three for th
Q510 GeV case. The solid line is theO(as) result and the
long dashed line is the tree level one. In these results,
recognize that there are non-negligible effects from the Q
higher order corrections other than just the enhancemen
fects of tree level results. This asymmetry amounts to aro
20–30 % in the central rapidity region forQ5MZ . The
asymmetry forQ510 GeV is much smaller than that forQ
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5MZ . This is consistent with the previous observation th
partons with smallx that do not have enough spin informa
tion about the parent proton contribute to the process
smallerQ.

B. The scale and parametrization dependence

Physical quantities such as the cross sections or asym
tries are obviously independent of the renormalization a
the factorization scales. However, the truncation of the p
turbative series at a fixed order induces a dependence
these scales which leads to uncertainty in the theoretical
dictions. We study the scale dependence of the cross se
and asymmetry by comparing the results obtained with th
different choices for the scale:mF

252Q2, Q2, and 0.5Q2.
We also mention the dependence on the various parton
rametrizations in this subsection.

We give the results only for the case of thePA(1)PB
(2) configuration withQ5MZ since the results for othe
spin configurations of protons and the value ofQ are found
to be essentially the same. The scale dependence of the
ton distributions~the upper two graphs! as well as the asym
metry ~the lower left graph! are shown in Fig. 5, where th
dashed line corresponds tomF

252Q2, the solid line tomF
2

5Q2 and the dotted line tomF
250.5Q2. In this calculation,

we use the parton densities in Ref.@24#. One can see that th
variation is less than 10% in the central rapidity region.

For the parton parametrization dependence, we calcu
the asymmetry with the three sets in Ref.@26# since the dif-
ference appears more clearly in the asymmetry than in
cross sections. The results are shown in Fig. 5~the lower
right graph!. The solid line, dashed line, and dotted line co
respond to the Gehrmann-Stirling set A~GS-A!, GS-B, and
GS-C, respectively. The dependence on the parton param
zations is similar to the scale dependence in size and no
large. The reason will be that the process is dominated by
quark and antiquark annihilation in the RHIC energy regi
and the gluon initiated Compton subprocess, in which
ambiguity of the gluon distribution appears, gives a tiny c
rection to the cross section.

FIG. 4. The helicity asymmetry in the three configurations
the spins of protons with respect toyl .
8-8
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VI. CONCLUSION

We have presented a complete calculation at theO(as)
order in QCD of the lepton helicity distributions in the p
larized Drell-Yan process. We have numerically analyzed
cross section atQ510 GeV andQ5MZ and pointed out tha
the u (ū) andd (d̄) quarks give different and characterist
contributions to the lepton helicity distributions which d
serve some theoretical interest. The QCD corrections ma
enhance the tree level cross sections and this fact can ex
qualitatively the lepton helicity distributions from the variou
proton spin configurations. We have defined and estima
the lepton helicity asymmetry which amounts to around 2
30 %.

FIG. 5. The scale and the parton parametrization depende
07400
e

ly
ain

d
–

We have also studied the dependence of the cross se
and the asymmetry on the scale and parton parametriza
Since theqq̄ subprocess is dominant in the RHIC ener
region, we will not be able, unfortunately, to find a cle
difference between various parton parametrizations wh
have big ambiguities in the gluon distributions.

From the experimental point of view, it seems rather d
ficult to measure the helicity of the produced muon and
electron in the Drell-Yan process. However, if we can o
serve thet lepton produced from the Drell-Yan process a
its decay, we will be able to compare the experimental d
and theoretical prediction presented in this paper. We beli
that our calculations and numerical studies may provide
formation complementary to the existing results for the
variant mass and rapidity orxF distributions of lepton pair in
the polarized proton-proton collisions.
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APPENDIX A: THE CROSS SECTION FORMULAS

The explicit forms for the finite contributions to the cro
sections are listed in this appendix. We use the abbrevia
c[cosu.

e.
1. The real gluon emission process

dŝRF~lq ,l q̄;l!

dQ2d cosu
5dlqq,2l q̄

p

2Nc
S a

Q2D 2

u f lqlu2S asp

CF
D

3F4z2
11z2

12z
H ~11lql!~11c!2z21~12lql!~12c!2

@12c1z~11c!#4 lnS @12c1z~11c!#2

4z
D

1
~11lql!~11c!21~12lql!z2~12c!2

@11c1z~12c!#4 lnS @11c1z~12c!#2

4z
D J 22z~12z!

1
4z~12z!~11z2!$~11z!22c2~116z1z2!%

@11c1z~12c!#2@12c1z~11c!#2 1
8lqlz2~12z!c

@11c1z~12c!#3@12c1z~11c!#3 $~11z!2~724z

17z2!22c2~3114z110z2114z313z4!2c4~12z!2~11z2!%1
2z~12z!

3@11c1z~12c!#4@12c1z~11c!#4

3$2~11z!4~1114z218z2114z31z4!12c2~11z!2~114z1239z2256z31239z414z51z6!18c4z~3

245z2151z22118z32151z4245z513z6!22c6~12z!2~118z171z2148z3171z418z51z6!1c8~1

2z!4~122z16z222z31z4!%G .
8-9
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2. The quark gluon Compton process

dŝCF~lq ,h;l!

dQ2d cosu
5

p

2Nc
S a

Q2D 2

u f lqlu2S as

p D3F4z2Pqg
C ~z;lq ,h!

~11lql!~11c!2z21~12lql!~12c!2

@12c1z~11c!#4

3 lnS @12c1z~11c!#2

4z D1
2z~12z!@12z22c~116z1z2!#

@11c1z~12c!#@12c1z~11c!#3 3H @~12lql!~12c!1~11lql!z~1

1c!#Pqg
C ~z;lq ,h!2

z

2
$~12lqh!z~12c!1~11lqh!@11c1z~12c!#%J 1

1

4
~11lql!~12lqh!z2~12z

2c ln z!1
2z~12z2!cPqg

C ~z;lq ,h!

@11c1z~12c!#@12c1z~11c!#
1GS1lqlGAG ,

where

GS5
z~12z!

12@11c1z~12c!#@12c1z~11c!#4 3$~12z2!@~12lqh!~115z121z227z322z4!22~11lqh!~112z242z2

12z31z4!#2c@~12lqh!~4116z161z2198z3234z412z523z6!24~11lqh!~123z2292z323z41z6!#1c2@~1

2lqh!~5117z165z21208z3113z4217z523z6!272~11lqh!z2~12z2!#22c3@~12lqh!z~4113z138z2116z3

22z413z5!12~11lqh!~12z!2~122z22z31z4!#2c4~12z2!@~12lqh!~527z17z2113z3!22~11lqh!~1

2z!2~124z1z2!#1c5~12lqh!~12z!2~413z214z313z4!2c6~12lqh!~11z!~12z!3~12z1z2!%,

GA5
z~12z!

4@11c1z~12c!#@12c1z~11c!#3 $~12z2!~114z1z2!@2~12lqh!z12~11lqh!~12z!#12c@~12lqh!z~112z

14z21z4!22~11lqh!~113z223z32z5!#12c2~12z!@~12lqh!z2~122z2z2!1~11lqh!~12z4!#22c3z~12z!

3@~12lqh!~11z13z21z3!12~11lqh!~12z!2#1c4~12lqh!z~12z!2~11z2!%.

APPENDIX B: THE INVARIANT MASS DISTRIBUTIONS

Here we present the invariant mass distribution of the lepton pair in the massive gluon scheme before factorizing
singularity. Comparing these expressions with those in the dimensional regularization, we can find the relation betwee
regularization schemes.

1. The quark and antiquark annihilation process

dŝT1V1R

dQ2 5dlq ,2l q̄

4p

3Nc
S a

Q2D 2

u f lqlu2zXS 12
7

4

as

p
CFD d~12z!1

as

p FPqq~z!ln
Q2

k2 1CFH 2~11z2!S ln~12z!

12z D
1

22~11z2!
ln z

12z
22~12z!J G C.

2. The quark gluon Compton process

dŝC

dQ2 5
4p

3Nc
S a

Q2D 2

u f lqlu2zS as

2p D FPqg
C ~z;lq ,h!S ln

Q2

k2 1 ln
12z

z2 D2
1

8
~122z13z21lqh$322z23z2%!G .
ev
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