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Using the latest quark Sivers functions extracted from the global analysis of available data on single

transverse spin asymmetry (SSA), we calculate the SSA of Drell-Yan inclusive production of lepton pairs

of invariant mass Q at both 4<Q< 9 GeV and Q�MZ in p"p collisions at Relativistic Heavy Ion

Collider energies. We find that the features of the asymmetry AN for Q�MZ are significantly different

from that when 4<Q< 9 GeV. The AN near Z0 pole is positive and sizable in the central rapidity region,

while the AN at low Q is negative and only sizable in the forward rapidity region. We show that the size of

AN is sufficiently large for a wide range of Q around the Z0 pole, and even with the lepton pair’s invariant

mass integrated from Q ¼ 70 GeV to 110 GeV, the AN is still close to 10% for the central and near

forward rapidity region. We argue that the SSAs of Drell-Yan inclusive dilepton production at low Q, and

that near the Z0 pole, provide complementary information for testing the time-reversal modified

universality (the sign change) of the Sivers functions.
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I. INTRODUCTION

Single transverse-spin asymmetries (SSAs) in both
semi-inclusive deeply inelastic scattering (SIDIS) and
high energy hadronic collisions have attracted much atten-
tion from both experimental and theoretical sides in recent
years. From the parity and time-reversal invariance of the
strong interaction dynamics, the measured asymmetries in
these collisions should be directly connected to the trans-
verse motion of partons inside a polarized hadron.
Understanding the dynamics behind the measured asym-
metries should have a profound impact on our knowledge
of QCD and hadron structure [1].

Two QCD-based approaches for analyzing the observed
novel SSAs, the higher twist collinear factorization ap-
proach [2–5] and the transverse momentum dependent
(TMD) distribution approach [6–12], have been proposed
and been applied extensively in phenomenological studies.
The first approach is based on the QCD collinear factori-
zation [13,14]. By generalizing the successful leading
power QCD collinear factorization formalism to the next-
to-leading power in the momentum transfer of the colli-
sion, nonvanishing SSAs could be generated by quantum
interference between the real part and the imaginary part of
the scattering amplitudes, and the SSA is proportional to
twist-three transverse-spin-dependent multiparton correla-
tion functions [2,3,15]. This collinear factorization based
approach is more relevant to the SSAs of the processes
with all observed momentum transfers Q � �QCD. The

other approach relies on the TMD factorization in QCD

[16–18]. In this approach, the nonvanishing SSAs are
attributed to the spin-dependent TMD parton distribution
functions (PDFs), known as the Sivers functions [6], or the
TMD fragmentation functions, known as the Collins func-
tions [7]. The TMD factorization based approach is more
suitable for evaluating the SSAs of the processes with two
very different momentum transfers, Q1 � Q2 * �QCD.

The larger scale Q1 is necessary for using perturbative
QCD, while the lower scale Q2 makes the observable
sensitive to the momentum of parton’s transverse motion.
These two approaches have their own kinematic domains
of validity, which are complementary to each other. In the
region where their validity overlaps, Q1 � Q2 � �QCD,

these two seemingly different approaches should describe
the same physics, and indeed, they were shown to be
consistent for various processes where both factorizations
were proved to be valid [19].
The predictive power of both approaches relies on the

respective factorization. For the collinear factorization
based approach, the predictive power is a consequence of
the infrared safety of all-order perturbatively calculable
partonic hard parts and the universality of all factorized
and nonperturbative PDFs and correlation functions
[13,14]. Unlike the collinearly factorized PDFs and corre-
lation functions, the nonperturbative TMD PDFs or the
Sivers functions are not exactly universal; instead, they
have the time-reversal modified universality [16]. It was
shown from the parity and time-reversal invariance of
QCD that the Sivers functions in SIDIS and that in the
Drell-Yan (DY) process should have the same functional
form but an opposite sign—the time-reversal modified
universality [16]. From the measurement of Sivers func-
tions in SIDIS, the sign of Drell-Yan SSA is uniquely
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predicted by the TMD factorization and the time-reversal
modified universality of Sivers functions.

The experimental test of the sign change of Sivers
functions would provide a critical test for the TMD facto-
rization approach and our understanding of the SSAs.
Recently, HERMES and COMPASS experiments have
performed measurements of Sivers functions in SIDIS
[20,21]. A new set of Sivers functions of various quark
flavors was derived by the global analysis of available data
[22]. Future measurements of the SSAs in DY production
have been planned [23,24]. The SSAs of W� boson pro-
duction in p"p collision at the Relativistic Heavy Ion Col-
lider (RHIC) were also proposed to measure the DY-type
Sivers functions [25]. Since it is difficult to reconstructW�
bosons by the current detectors at RHIC, we recently pro-
posed to measure the SSA of single lepton decayed fromW
bosons at RHIC to test the time-reversal modified univer-
sality of Sivers functions [26]. We argued that with the
large mass of W bosons MW setting up the hard scale and
the fact that the typical transverse momentum ofW bosons
jq?j produced at

ffiffiffi
s

p ¼500GeV at RHIC is much less than
the W mass (jq?j�MW), the single lepton production
from W boson decay at

ffiffiffi
s

p ¼500GeV at RHIC is an ideal
process for the TMD factorization. We demonstrated that
the SSA of single lepton decayed fromW bosons is sizable
and its rapidity distribution is sensitive to the quark flavor
of Sivers functions, and therefore, a good observable to test
the sign change of the Sivers functions [26].

In this paper, we extend our previous work on the SSA of
a single lepton from the decay of W bosons to the SSA of
inclusive lepton pair production with the pair’s invariant
mass near Z0 boson mass MZ at

ffiffiffi
s

p ¼ 500 GeV at RHIC.
In addition, we update the prediction of SSA of Drell-Yan
lepton pair production with the pair’s invariant mass Q
between the J=c and � at RHIC energies by using the
Sivers functions recently extracted from data of SIDIS
experiments [22]. We show that the asymmetry AN changes
sign from low Q to high Q in the midrapidity region and is
sizable. We find that the AN near Z0 pole is significant for a
wide range of Q around MZ, and the asymmetry could be
used to test the time-reversal modified universality (the
sign change) of the Sivers functions.

The rest of the paper is organized as follows. In Sec. II,
we derive the theoretical formalism for calculating the SSA
of inclusive lepton pair production in hadronic collisions in
the TMD factorization approach. In Sec. III, we present our
numerical predictions for the SSA of lepton pairs for RHIC
kinematics. Finally, we summarize our findings, corre-
sponding conclusions, and the potential improvements
for our calculations in Sec. IV.

II. SINGLE TRANSVERSE-SPIN ASYMMETRY OF
DILEPTON PRODUCTION

The SSA of Drell-Yan lepton pair production via a
virtual photon �� has been studied previously in

Refs. [23,24,27–29]. In this paper, we study the SSA of
inclusive lepton pair production via both a virtual photon
��, a Z0 boson, and their interference,

A"ðpA;SÞ þ BðpBÞ ! ½��; Z !�‘þ‘�ðQÞ þ X; (1)

in hadronic collisions between a polarized proton A of
momentum pA and transverse-spin vector S and an unpo-
larized proton B of momentum pB. The scale of hard
collision Q in Eq. (1) is the invariant mass of the observed
lepton pair. For testing the TMD factorization and the time-
reversal modified universality of Sivers functions, we con-
centrate on the kinematic region where the transverse
momentum of the produced lepton pair jq?j is much less
than the mass of the pair (jq?j � Q), which is the region
of phase space where the TMD factorization formalism is
expected to be valid [17].
In terms of the TMD factorization, the leading order

cross section for dilepton production can be written as

d�A"B!‘þ‘�þXðSÞ
dQ2dyd2q?

¼ X
q

Z
d2ka?d2kb?�2ðq? � ka?

� kb?Þfq=A" ðxa;ka?;SÞf �q=Bðxb; kb?Þ
� �̂q �q

0 ; (2)

where
P

q runs over all light (anti)quark flavors, y is the

rapidity of the observed lepton pair, and kb? ¼ jkb?j is the
magnitude of parton transverse momentum. The lowest

order partonic cross section �̂q �q
0 in Eq. (2) receives the

contribution from both the virtual photon and the Z0 boson,
as well as their interference, and is given by

�̂q �q
0 ¼ 1

Ncs

�
e2q

4��2

3Q2
þ eq

4�

3

GFffiffiffi
2

p vqv‘ReðRÞ

þ Q2

3�

�
GFffiffiffi
2

p
�
2ðv2

q þ a2qÞðv2
‘ þ a2‘ÞjRj2

�
; (3)

where s ¼ ðpA þ pBÞ2, � and GF are the electro-magnetic
and Fermi weak coupling constants, respectively, eq is the

quark fractional charge of flavor q, Nc ¼ 3 is the number
of color, vqð‘Þ and aqð‘Þ are the vector and axial couplings of
the Z0 boson to the quark (lepton), respectively, and

R ¼ M2
Z

Q2 �M2
Z þ iMZ�Z

; (4)

withMZ and �Z the mass and decay width of the Z0 boson,
respectively. The parton momentum fractions in Eq. (2) are
given by

xa ¼ Qffiffiffi
s

p ey; xb ¼ Qffiffiffi
s

p e�y (5)

to the leading power in q2?=Q
2.

Following the notation of Ref. [22], we expand the spin-
dependent TMD quark distribution as
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fq=A" ðx;k?;SÞ 	 fq=Aðx; k?Þ þ 1

2
�Nfq=A" ðx; k?Þ

� S 
 ðp̂A � k̂?Þ; (6)

where k? ¼ jk?j, p̂A and k̂? are the unit vectors of pA and
k?, respectively, fq=Aðx; k?Þ is the spin-averaged TMD

quark distribution function of flavor q, and
�Nfq=A" ðx; k?Þ is the Sivers function of flavor q.

Substituting Eq. (6) to Eq. (2), we obtain for the spin-
dependent cross section as

d��A"B!‘þ‘�þXðSÞ
dQ2dyd2q?

	 1

2

�
d�A"B!‘þ‘�þXðSÞ

dQ2dyd2q?

� d�A"B!‘þ‘�þXð�SÞ
dQ2dyd2q?

�

¼ 1

2

X
q

Z
d2ka?d2kb?

� �2ðq? � ka? � kb?Þ
� S 
 ðp̂A � k̂a?Þ�Nfq=A" ðxa; ka?Þ
� f �q=Bðxb; kb?Þ�̂q �q

0 ; (7)

and corresponding spin-averaged cross section as

d�AB!‘þ‘�þX

dQ2dyd2q?
¼ X

q

Z
d2ka?d2kb?�2ðq? � ka? � kb?Þ

� fq=Aðxa; ka?Þf �q=Bðxb; kb?Þ�̂q �q
0 : (8)

From Eqs. (7) and (8), we obtain the conventionally de-
fined SSA as

AN ¼ d��A"B!‘þ‘�þXðSÞ
dQ2dyd2q?

�
d�AB!‘þ‘�þX

dQ2dyd2q?
: (9)

The commonly used weighted asymmetry is defined as

Asinð���sÞ
N ¼ 2

Z 2�

0
d� sinð���sÞ d��A"B!‘þ‘�þXðSÞ

dQ2dyd2q?�Z 2�

0
d�

d�AB!‘þ‘�þX

dQ2dyd2q?
; (10)

where � is the azimuthal angle of the lepton pair of
transverse momentum q?, and �s is the azimuthal angle
of the spin vector S of incoming polarized hadron.

In order to evaluate the SSAs in Eqs. (9) and (10) for
inclusive lepton pair production in p"p collisions, we adopt
the parametrization of TMD parton distributions intro-
duced in Ref. [22],

fq=hðx; k?Þ ¼ fqðxÞ 1

�hk2?i
e�k2?=hk2?i; (11)

�NfSIDIS
q=h" ðx; k?Þ ¼ 2N qðxÞhðk?Þfq=hðx; k?Þ; (12)

hðk?Þ ¼
ffiffiffiffiffi
2e

p k?
M1

e�k2?=M1 ; (13)

where fqðxÞ is the standard unpolarized parton distribution
of flavor q, hk2?i andM1 are fitting parameters, andN qðxÞ
is a fitted distribution given in Ref. [22].
With the Gaussian ansatz for the transverse momentum

dependence of the TMD distributions, one could carry out
the integration d2ka?d2kb? in Eqs. (7) and (8) analyti-
cally, and obtain

AN ¼ S 
 ðp̂A � q?Þ
ffiffiffiffiffi
2e

p
M1

2hk2si2
½hk2?i þ hk2si�2

� e�½ðhk2?i�hk2s iÞ=ðhk2?iþhk2s iÞ�q2
?=ð2hk2?iÞ

�
P
q
�̂q �q

0 ½�N qðxaÞ�fq=AðxaÞf �q=BðxbÞ
P
q
�̂q �q

0 fq=AðxaÞf �q=BðxbÞ
; (14)

where hk2si ¼ M2
1hk2?i=½M2

1 þ hk2?i� and the ‘‘�’’ sign in

front of N qðxaÞ is due to the sign difference between the

Sivers function in DY process and that in the SIDIS
process.
For our numerical results in the next section, we choose

a frame in which the polarized hadron A moves in the þz
direction, and S and q? along the y and x directions,
respectively. It is important to realize that the weighted
asymmetry defined in Eq. (10) differs from AN in Eq. (9) by
a minus sign,

A
sinð���sÞ
N ¼ �AN (15)

in our choice of frame.

III. PHENOMENOLOGY

In this section, we present our numerical estimates for
the SSA of inclusive lepton pair production in p"p colli-
sions at RHIC energies by using Eq. (14). We use
GRV98LO parton distribution [30] to be consistent with
the usage of the TMD distributions of Ref. [22].
In Fig. 1, we plot the asymmetry AN for the lepton pair

production with the pair’s transverse momentum integrated
up to qT 	 jq?j ¼ 1 GeV at RHIC energy

ffiffiffi
s

p ¼ 200 GeV
(top two figures) and

ffiffiffi
s

p ¼ 500 GeV (bottom two figures).
The band in each plot of Fig. 1 corresponds to a 1-� error
of the fitted parameters in the Sivers functions extracted in
Ref. [22]. In the figure on the left, we plot AN as a function
of rapidity y of the lepton pair with the pair’s invariant
mass Q integrated from 4 to 9 GeV. Similarly, in the figure
on the right, we plot AN as a function of the pair’s invariant
Q with the pair’s rapidity integrated from 0 to 3. Since the
mass of Z0 boson is so much larger than the lepton pair’s
invariant mass Q considered in Fig. 1, the AN at

ffiffiffi
s

p ¼
200 GeV (the curves in the top two figures) are effectively
the same as those presented in Ref. [24], in which only the
virtual photon channel was considered. That is, as ex-
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pected, the Z0 boson’s contribution to the production rate
as well as the asymmetry is not important for the region
where Q � MZ.

As shown in Fig. 1, AN of inclusive lepton pair produc-
tion in this small Q region is negative. Unlike the
W�-boson production (or the lepton production from the
decay of theW boson) [26], Drell-Yan inclusive lepton pair
production via a virtual photon or a Z0 boson is not very
good in separating contributions from different quark or
antiquark flavors. The SSA in this low Q region is domi-
nated by the virtual photon channel and is proportional to a
sum of quark (antiquark) Sivers function of all flavors
weighted by the quark fractional charge square e2q and

corresponding spin-averaged antiquark (quark) distribu-

tion. Since the u-quark and d-quark Sivers functions have
the opposite sign [22], the sign and size of the SSA of
inclusive dilepton production is a result of an incomplete
cancellation between contributions from different quark
flavors. For the latest parametrization of the Sivers func-
tions obtained in Ref. [22], the u-quark Sivers function for
Drell-Yan type processes is negative, while the d-quark
Sivers function is positive, and the absolute size of the
u-quark Sivers function is slightly smaller than the d-quark
Sivers function. Since the contribution to the SSA from the
u-quark Sivers function is weighted by a larger fractional
charge square, it wins over the contribution from the
d-quark Sivers function, and consequently, we have a
negative AN as shown in Fig. 1. The rapidity dependence
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FIG. 1 (color online). SSA of lepton pair production as a function of the pair’s rapidity y (left) and invariant mass Q (right) atffiffiffi
s

p ¼ 200 GeV (top two figures) and
ffiffiffi
s

p ¼ 500 GeV (bottom two figures). We have integrated the pair’s transverse momentum from 0
to 1 GeV. The bands in all plots in this paper represent the uncertainty of predicted asymmetries coming from the 1-� error of the fitted
parameters in the Sivers functions extracted in Ref. [22].
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of AN is a consequence of the x dependence of the Sivers
functions extracted from the global fitting in Ref. [22]. The
measurement of the rapidity dependence of the SSA of
Drell-Yan lepton pair production could provide informa-
tion on both the sign and the functional form of the Sivers
functions to test the time-reversal modified universality of
the Sivers functions.

In Fig. 1, we also plot the SSA of Drell-Yan lepton pair
production at

ffiffiffi
s

p ¼ 500 GeV (bottom two figures). It is
clear that the asymmetries at

ffiffiffi
s

p ¼ 500 GeV carry the
same features as those at

ffiffiffi
s

p ¼ 200 GeV. However, due
to the larger collision energy while keeping the same range
of qT and Q, the same rapidity y corresponds to different
values of momentum fractions of colliding partons. That is,
the rapidity dependence of the SSA at different collision
energy provides additional information on the functional
form of the Sivers functions. The error bands in these plots
correspond to the 1-� error of the fitted parameters in the
Sivers functions extracted in Ref. [22].

The SSA of Drell-Yan lepton pair production is small in
the central region of the collision (y� 0) due to the can-
cellation of the contributions from different quark flavors.
The asymmetry becomes sizable for the experimental
measurement only in the forward region (y� 1–3), as
shown in Fig. 1, where the production rate for the lepton
pair is significantly reduced. Since the hard scale Q is not
very large in this low Q region, the theoretical uncertainty
for (or correction to) the leading power TMD factorization
formalism becomes larger in the large y forward region. In
principle, the TMD factorization works better when the
hard scale Q is much larger than qT . But, in practice, the
rate for lepton pair production quickly diminishes when the
invariant mass Q and/or rapidity y increase while the
collision energy

ffiffiffi
s

p
is fixed. However, with the new colli-

sion energy at
ffiffiffi
s

p ¼ 500 GeV, RHIC can produce suffi-
cient numbers ofW� and Z0 bosons. The large mass ofW�
and Z0 makes the corrections to the TMD factorization
formalism smaller and the theoretical calculations more
reliable. The SSA of inclusive lepton pair production at
Q ¼ MZ, which is mainly from the decay of Z0, could be a
very good complementary observable to the SSA of W�
production to test the TMD factorization in QCD and the
time-reversal modified universality of the Sivers functions.
In Fig. 2, we plot the SSA of lepton pair production at Z0

pole (Q ¼ MZ) at RHIC at
ffiffiffi
s

p ¼ 500 GeV as a function of
the pair’s transverse momentum qT (left) and the rapidity y
(right). We find that the SSA of inclusive lepton pair
production at Z0 pole is positive, in contrast to the negative
SSA in Fig. 1. Different from the low Q region, the
production of lepton pair at Q ¼ MZ is dominated by the
Z0 channel. Although both u- and d-quark Sivers functions
in the Z0 channel contribute to the SSA in the same way as
that in the virtual photon channel, the relative weight
between their contributions is different. Instead of the
fractional charge square e2q in the virtual photon channel,

the contribution of quark flavor q in the Z0 channel is
weighted by v2

q þ a2q with

vu ¼ 1
2 � 4

3sin
2�W au ¼ 1

2;

vd ¼ �1
2 þ 2

3sin
2�W ad ¼ �1

2:
(16)

Unlike the virtual photon channel, where e2u > e2d, the

relative weight for the contribution of u- and d-quark
Sivers functions in the Z0 channel is opposite, v2

u þ a2u <
v2
d þ a2d. Since the absolute value of the d-quark Sivers

function is larger than that of the u-quark Sivers function as
found in Ref. [22], the contribution from the d-quark Sivers
function wins over that from the u-quark Sivers function in
the Z0 channel, and consequently, AN > 0 when the lepton
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FIG. 2 (color online). SSA of lepton pair production at Z0 pole Q ¼ MZ as a function of the pair’s transverse momentum qT (left)
and rapidity y at

ffiffiffi
s

p ¼ 500 GeV.
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pair’s invariant mass is near the Z0 pole,Q�MZ, as shown
in Fig. 2.

As shown in Fig. 2, AN of inclusive lepton pair produc-
tion with the pair’s invariant mass Q ¼ MZ in p"p colli-
sions at

ffiffiffi
s

p ¼ 500 GeV is very significant at qT � 1 GeV
in the central y region. The absolute size of the asymmetry
in the central region is much larger than those shown in
Fig. 1 for the low Q region. The SSA of inclusive lepton
pair production near Z0 pole could be an equally good
observable as the low Q Drell-Yan lepton pair production
to test the time-reversal modified universality of the Sivers
functions, if there is a sufficient rate of producing Z0

bosons at RHIC.
To better understand the sign change of AN of inclusive

lepton pair production from the low Q region to the region
near Z0 pole, we plot the AN as a function of Q in Fig. 3
(left). The figure clearly demonstrates the transition from
the negative AN at a low invariant mass Q to the positive
AN when Q is near Z0 pole. In our calculation, the lowest

order partonic cross section, �̂q �q
0 in Eq. (3), determines the

relative weight between the contributions of u-quark and
d-quark Sivers functions at a given dilepton invariant mass
Q.

From Fig. 3 (left), the AN is sufficiently large even when
the pair’s invariant mass is not exactly sitting at the Z0 pole.
Therefore, we could have a relatively wide bin of Q to
improve the event rate of inclusive lepton pair production
at large Q. In Fig. 3 (right), we plot the SSA as a function
of rapidity y for all lepton pairs whose invariant massQ are
between 70 to 110 GeV. It is clear that the SSA of inclusive
lepton pair production at

ffiffiffi
s

p ¼ 500 GeV for a wide bin of
invariant mass Q around the Z0 pole is close to 10% at the
central rapidity, and could be measurable in the future at
RHIC.

We stress that our numerical estimates of the asymme-
tries in Figs. 2 and 3 depend on the accuracy of spin-
averaged TMD PDFs and the Sivers functions extracted
in Ref. [22]. The data used for extracting these functions in
Ref. [22] have relatively lower hard scales (of the order of
GeV) than the mass of Z0 boson. The accuracy of the TMD
distribution functions at the scale of Z0 mass is very
sensitive to the evolution or the scale dependence of these
functions, which is not fully understood. In Ref. [22], the
same evolution or scale dependence was assumed for both
spin-averaged TMD PDFs and the Sivers functions. The
numerical asymmetries in Figs. 2 and 3 could be signifi-
cantly modified if spin-averaged TMD PDFS and the
Sivers functions have a very different factorization scale
dependence. We will come back to the scale dependence in
the next section.

IV. CONCLUSION

We studied, in terms of TMD factorization formalism,
the single transverse-spin asymmetry of inclusive lepton
pair production in p"p collisions at RHIC energies for the
kinematic region where the lepton pair’s transverse mo-
mentum is much less than the pair’s invariant mass, qT �
Q, the condition that is required for justifying the TMD
factorization. In our calculation of the SSA, we included
contributions to the lepton pair production from both the
virtual photon and Z0 boson channel as well as the con-
tribution from their interference.
By using the latest Sivers functions extracted from the

global analysis of available data [22], we evaluated the
SSA of Drell-Yan lepton pair production for 4<Q<
9 GeV at

ffiffiffi
s

p ¼ 200 GeV and 500 GeV. The asymmetry
AN at this low Q region is close to zero for the central and
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FIG. 3 (color online). Left: SSA of lepton pair production as a function of the pair’s invariant mass Q. Right: SSA of lepton pair
accumulated around Z0 pole as a function of rapidity y.
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negative rapidity region due to the cancellation between
the contribution from u-quark and d-quark Sivers func-
tions. The asymmetry AN is negative and sizable in the
forward rapidity region (y� 1–3) [24].

We also calculated the SSA for inclusive production of
lepton pairs with the pairs’ invariant mass near Z0 boson
pole in p"p collisions at

ffiffiffi
s

p ¼ 500 GeV. We found that the
features of the asymmetry AN forQ�MZ are significantly
different from that when 4<Q< 9 GeV. As shown in
Figs. 1 and 2, the asymmetry AN near Z0 pole is positive
and sizable in the central rapidity region, while the AN at
low Q is negative and only sizable in the forward rapidity
region. The sign change of the asymmetry is due to the
transition of contributions from the virtual photon channel
dominance to Z0 channel dominance when Q increases,
which leads to the change of the relative weight of the
contributions from u-quark and d-quark Sivers functions
that have opposite sign. Since the effective weight of the
different flavor contributions to the asymmetry AN varies
when the hard scaleQ changes, we conclude that the SSAs
at a low Q region and near a Z0 pole provide complemen-
tary information on both the sign and the functional form
of the Sivers functions as well as their flavor dependence.

We noticed that the size of asymmetry AN for inclusive
lepton pair production is sufficiently large for a wide range
of Q around the Z0 pole. We found that the AN with lepton
pair’s invariant mass integrated fromQ ¼ 70 to 110 GeV is
close to 10% for the central and near forward rapidity
region. This large bin width for the lepton pair’s invariant
mass helps to increase the event rate, and the size of AN

should be measurable in the future at RHIC. The successful
measurement of SSA of inclusive lepton pair production
could provide a crucial test of the time-reversal modified
universality (or the sign change) of Sivers functions and the
validity of TMD factorization approach to the novel phe-
nomenon of SSA.

Our results and conclusions for the SSA of inclusive
lepton pair production rely on the TMD factorization and
the accuracy of the extracted spin-averaged TMD parton
distributions and the Sivers functions as well as their
factorization scale dependence. Unlike the parton distribu-
tion functions in the collinear factorization approach,
whose factorization scale dependence is well-understood
and determined by the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) evolution equation, the factori-
zation scale dependence of TMD parton distributions is not
yet fully understood. Without reliable theoretical input,
authors of Ref. [22] assumed that the Sivers functions
obey the spin-averaged DGLAP evolution equation in their
global analysis of extracting TMD parton distributions.
Although it is difficult to judge how good the assumption
is, we noticed that the evolution equation for the twist-3
quark-gluon correlation functions relevant to the SSA in

collinear factorization approach, which are one-to-one re-
lated to the first moment of the quark Sivers functions [11],
is different from the spin-averaged DGLAP evolution
equation [26,31]. But, the difference is relatively small as
long as the parton momentum fraction x is not too small
[26]. Therefore, we think that using the Sivers functions
from Ref. [22], which fit all existing data, is a reasonable
choice that we can make now, and the general features of
the SSA of inclusive lepton pair production presented in
this paper should be valid. For the precision test of TMD
factorization in QCD, it is of course very important to
understand the factorization scale dependence of the
Sivers functions or TMD parton distributions in general,
which is beyond the scope of this paper.
When the hard scale of the collision, Q, the invariant

mass of the produced lepton pair is so much larger than the
observed transverse momentum of the pair,Q � qT , theQ
and qT dependence of the production rate is dominated by
the gluon shower right before the hard quark-antiquark
annihilation to produce the lepton pair. The Q and qT
dependence of the lepton pair production in this kinematic
region is dominated by the ln2ðQ2=q2TÞ type of leading
logarithmic contribution and can be calculated by using
the Collins-Soper-Sterman resummation formalism in the
b space, the Fourier transform of the qT space [32].
Although the Fourier transformation from the b-space
calculation to the qT space could be sensitive to the non-
perturbative physics at large b, the resummation formalism
does have an excellent predictive power if the Fourier
transform of the b-space distribution is dominated by the
small b region where the perturbative QCD calculation is
effectively done in collinear factorization and is reliable
[33]. The Collins-Soper-Sterman resummation formalism
should work well for processes with a large hard scale Q
and large enough phase space for the gluon shower [34].
The formalism has been successful in interpreting the data
on W� and Z0 production in spin-averaged hadronic colli-
sions [35]. The generalization of the resummation formal-
ism to the spin-dependent cross section with transverse
spin is nontrivial when the partonic hard part is not azimu-
thal symmetric, but, it should be a very interesting and
important project for the future publication [36,37].
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