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We present a next-to-leading-order QCD calculation of the cross section and longitudinal spin

asymmetry in single-inclusive charged-lepton production, pp ! ‘�X, at the Relativistic Heavy Ion

Collider, where the lepton is produced in the decay of an electroweak gauge boson. Our calculation is

presented in terms of a multipurpose Monte Carlo integration program that may be readily used to include

experimental spin-asymmetry data in a global analysis of helicity parton densities. We perform a toy

global analysis, studying the impact of anticipated Relativistic Heavy Ion Collider data on our knowledge

about the polarized antiquark distributions.
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I. INTRODUCTION

Despite much progress over the past three decades,
many open questions concerning the helicity structure of
the nucleon remain. For example, we so far have only a
rather sketchy picture of the individual polarizations of the
light quarks and antiquarks, �u=u, ��u= �u, �d=d, � �d= �d,
where the helicity parton distributions are as usual denoted
by �q, ��q, and their spin-averaged counterparts by q, �q.
Since nucleons have up and down quarks as their valence
quarks, the light-quark and antiquark polarizations are of
much interest in QCD and play key roles in many models
of nucleon structure and, more generally, for our funda-
mental understanding of the nucleon [1].

While lepton scattering has provided fairly precise and
solid information on the ‘‘total’’ up and down distributions,
�uþ��u, �dþ� �d, through inclusive measurements, in-
formation on the individual �u, ��u, �d, � �d is much more
sparse and still afflicted by large uncertainties [2,3]. The
tool exploited here so far has been semi-inclusive deep-
inelastic scattering (SIDIS), in which one detects a specific
hadron in the final state and uses the fact that the flavor
content of that hadron will typically be correlated with the
flavor of the quark or antiquark hit by the virtual photon in
the basic deep-inelastic reaction. Measurements of SIDIS
spin asymmetries have vastly improved in recent years. By
now, quite precise data sets are available for various differ-
ently produced hadrons [4–8]. On the other hand, extrac-
tion of polarized parton distributions from SIDIS relies on
the applicability of a leading-twist factorized QCD de-
scription of the reaction, allowing among other things the
use of fragmentation functions [9] for the produced hadron
determined from other processes. For the kinematics ac-
cessible in SIDIS so far one may worry if, for example,
subleading twist effects can really be ignored in the theo-
retical analysis of the data. This leads to an uncertainty that
is presently hard to quantify. It does have to be said,
however, that probably for the light quarks and antiquarks,
which are primarily determined from pion SIDIS, this is

less of a concern. Also, thanks to the recent COMPASS
measurements the kinematic reach of SIDIS data has be-
come quite large now, extending into a regime where
higher-twist effects should be less relevant. In any case,
as with any measurements of nucleon structure, it is of
great value to have a completely independent probe that
does not involve any hadronic fragmentation and is char-
acterized by momentum scales so large that perturbative
calculations are expected to be reliable and subleading
twist effects unimportant.
It has long been recognized thatW� boson production at

the Relativistic Heavy Ion Collider (RHIC) may provide
unique and clean access to the individual helicity polar-
izations of quarks and antiquarks in the colliding protons
[10]. Thanks to maximal violation of parity in the elemen-
tary Wq �q0 vertex, W bosons couple to left-handed quarks
and right-handed antiquarks and hence offer direct probes
of their respective helicity distributions in the nucleon.
Since spin asymmetries obtained from a single longitudi-
nally polarized proton beam colliding with an unpolarized
beam are parity violating for sufficiently inclusive pro-
cesses, they have become the prime observables in the
physics program with W bosons at RHIC [10–12]:

AL � d�þþ þ d�þ� � d��þ � d���

d�þþ þ d�þ� þ d��þ þ d��� � d��

d�
: (1)

Here the �þþ, etc., denote cross sections for scattering of
protons with definite helicities as indicated by the super-
scripts. As one can see, the helicities of the second proton
are summed over, leading to the single-spin process ~pp !
W�X. The basic idea behind measurements of the helicity
distributions at RHIC is then as follows: production ofW�,
for example, selects primarily a �u antiquark from one
proton in conjunction with a d quark from the other.
Thus, for the simple lowest-order (LO) parton-model pro-
cess d �u ! W� the single-spin asymmetry becomes

AW�
L � ��dðx01Þ �uðx02Þ ���uðx01Þdðx02Þ

dðx01Þ �uðx02Þ þ �uðx01Þdðx02Þ
; (2)
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where �d, ��u denote the usual helicity distributions,
probed here at a scale of the order of the W mass MW ,
and where

x01;2 ¼
MWffiffiffi
S

p e�yW (3)

with the rapidity yW of the W bosons and the hadronic

center-of-mass energy
ffiffiffi
S

p
. It follows that at large y, where

x01 � 1 and x02 � 1, the asymmetry will be dominated by

the valence distribution probed at x01 and give direct access
to ��dðx01;M2

WÞ=dðx01;M2
WÞ. Likewise, for large negative

y, AW�
L is given by ��uðx01Þ= �uðx01Þ. The situation for Wþ

follows analogously.
In practice, the above reasoning needs to be augmented

in various ways. Foremost, there is an experimental issue:
the detectors at RHIC are not hermetic, which means that
missing-momentum techniques for the charged-lepton plus
neutrino (‘�‘) final states cannot be used to detect the W
and reconstruct its momentum. Instead, the strategy
adopted by the RHIC experiments is to detect the charged
decay lepton and determine its transverse momentum pTl

and rapidity �l. The relevant process therefore becomes
the single-inclusive reaction pp ! ‘�X, similar in spirit to
the processes pp ! �X, pp ! jetX [13–15] used at RHIC
to determine gluon polarization in the nucleon. The ensu-
ing expression for the single-spin asymmetry for pp !
‘�X differs from that in Eq. (2) even at lowest order, since
the lepton transverse momentum and rapidity do not com-
pletely determine the momentum fractions of the initial
partons, so that an integration over momentum fractions
appears in the expression. Nevertheless, studies have
shown [12,16,17] that despite this fact there should still
be excellent sensitivity to the distributions�u,��u,�d,� �d
for appropriately chosen lepton kinematics. Very recently,
the RHIC collaborations have presented the first prelimi-
nary data on the cross section and single-spin asymmetry
for W� boson production at RHIC [18,19].

There are also theoretical issues that modify the simple
picture given by Eq. (2), regardless of whether one usesW
or lepton kinematics. Cabibbo-suppressed contributions,
which involve the polarized and unpolarized strange quark
distributions, and also contributions by Z bosons, are rela-
tively straightforward to take into account. A more impor-
tant issue is the higher-order QCD corrections to the LO
process q �q0 ! W�. At next-to-leading order (NLO), for
example, one has the partonic reactions q �q0 ! W�g and
qg ! W�q0. Despite the fact that the W mass sets a rather
large scale so that the strong coupling constant �sðMWÞ is
not large, the corrections can be significant and certainly
need to be known for a reliable theoretical extraction of
spin-dependent parton distributions from data.
Consequently, a lot of theoretical work has gone into the
calculation of higher-order QCD corrections to the spin
asymmetries in weak-boson production at RHIC. Early
work in this area [20–26] focused on the case where the

W boson is detected directly, which is kinematically sim-
pler and allows one to obtain analytical results for the NLO
corrections. More recently, also an all-order resummation
of terms in the partonic cross section that are logarithmi-
cally enhanced near partonic threshold was presented for
this case [27]. While, as we discussed above, the direct
detection of the W kinematics is not possible at RHIC, the
relative size of the NLO corrections is expected to be rather
independent of whether one takes into account the W !
‘�‘ decay or not, since this decay does not involve any
strong interactions and all QCD corrections occur only in
the initial partonic state.
There have also been extensive studies of higher-order

QCD corrections for the experimentally more relevant case
of single-inclusive lepton production, pp ! ‘�X. In
Refs. [16,17,28] the program RHICBOS was introduced.
RHICBOS is a Monte Carlo integration program for lepton

distributions, specifically adapted to the polarized pp col-
lisions at RHIC. It puts particular emphasis on the effects
of soft-gluon emission and their impact on the region when
the produced intermediate vector boson has small trans-
verse momentum, qT . In the lowest-order diagrams q �q0 !
W ! ‘�‘, one has qT ¼ 0. Gluon radiation generates a
recoil transverse momentum. When qT tends to zero, large
logarithmic corrections develop in the qT spectrum of the
W’s. These can be resummed to all orders in perturbation
theory, following the Collins-Soper-Sterman (CSS) for-
malism [29], which is done in RHICBOS at next-to-leading
logarithmic level. RHICBOS is widely used for phenomeno-
logical studies related to the W program at RHIC (see, for
example, Ref. [12]).
Despite this earlier work, we will present in the present

paper a new NLO calculation of the cross sections and spin
asymmetries for pp ! ‘�X at RHIC. There are several
reasons why this is in our view a necessary addition. First
of all, it is of value to have an independent calculation of
the relevant observables at RHIC. Second, the RHIC data
for the spin asymmetry in W production will ultimately
need to be included in a global NLO analysis of parton
distributions that includes all available information from
lepton scattering and pp collisions at RHIC. Only then can
the best possible information on the �q and ��q be ex-
tracted. Inclusion of pp scattering data in a global analysis
is a relatively complex task [2] since the computation of the
parton subprocess cross-sections is typically numerically
quite involved. Recent papers [2,3] used a technique based
on Mellin moments [30] to achieve the first global analysis
of polarized lepton scattering data and data for pp ! �X
and pp ! jetX from RHIC. Our calculation presented in
this paper is set up in such a way that inclusion of RHIC
data for pp ! ‘�X will be straightforward. This is an
advantage over RHICBOS, which requires prior computa-
tions of certain ‘‘grid’’ files for a given set of parton
distribution functions, and hence is to our knowledge not
readily suited for use in a global analysis code. Using our

DANIEL DE FLORIAN AND WERNER VOGELSANG PHYSICAL REVIEW D 81, 094020 (2010)

094020-2



new code, we will present in this paper a first ‘‘toy’’ study
of a global analysis that includes projected or estimated
data for W observables at RHIC.

Finally, we also have a more theory-related reason for
performing a new NLO computation of the W observables
at RHIC. As described above, RHICBOS includes the all-
order resummation of large logarithmic corrections arising
at small W transverse momentum qT . As is well known
[31], these logarithms are very relevant if one is interested,
for example, in the low-transverse momentum distribution
of the W boson itself. However, for the single-inclusive
lepton cross section, the situation is somewhat different. qT
resummation is really only useful when the observable is
directly sensitive to (small) qT . For pp ! ‘�X this is the
case when the measured lepton transverse momentum, pTl

,

is in the vicinity of MW=2. This may be understood as
follows: for the LO reaction q �q0 ! W ! ‘�‘, the lepton
transverse momenta are basically limited to pTl

� MW=2,

except for effects related to the finite decay width of theW.
This means that lepton transverse momenta pTl

> MW=2

primarily arise from higher-order gluon emission. Just
above MW=2, the lepton transverse-momentum spectrum
is then dominated by the same logarithms that are present
in the W transverse-momentum distribution, which are
resummed by the CSS formalism. This is the motivation
behind the resummation implemented in RHICBOS. In prac-
tice, however, the RHIC experiments sample over a fairly
broad range of pTl

. For the theoretical calculation this

implies integration of the observables over pTl
over this

range. The broader this range, the less dominant are the
soft-gluon effects addressed by resummation, and the less
useful is resummation. This becomes particularly evident
for the rapidity distribution of the lepton, integrated over
pTl

, which is the most relevant observable in W physics at

RHIC and, in the spirit of Eq. (2), the best tool to separate
the various polarized parton distributions. To state our
point more succinctly: for practical purposes at RHIC,
the region pTl

� MW=2 is only a relatively small part of

the sampled kinematics, so that the qT logarithms are not
expected to dominate the observables. Their resummation
is, then, not really appropriate and does not necessarily
lead to an improvement of the theoretical calculation, since
at the level of pTl

-integrated observables there will be other

higher-order effects that are of the same size as those
provided by the terms logarithmic in qT [32–34]. In any
case, from the point of view of extracting polarized parton
distributions, it is advisable in our view to select observ-
ables at RHIC that are insensitive to the complications
associated with multiple soft-gluon emission. It therefore
seems preferable to us to use a plain NLO calculation for
studies of W production at RHIC, which we aim to do in
this paper.

The remainder of this paper is organized as follows: in
the next section we very briefly discuss our NLO calcu-
lation, which is overall quite standard. The main part of the

paper is then phenomenological and presented in the fol-
lowing two sections. Apart from providing NLO predic-
tions for RHIC in Sec. III, we also present in Sec. IV a
‘‘proof-of-principle’’ study of a global analysis involving
W spin asymmetries. We finally conclude in Sec. V.

II. NEXT-TO-LEADING-ORDER CALCULATION

In order to evaluate the NLO QCD corrections to the
process we rely on the version of the subtraction method
introduced and extensively discussed in Refs. [35,36], and
later extended to the polarized case in Ref. [14]. We refer
the reader to those references for the details. Figure 1
shows some of the Feynman diagrams contributing at LO
and NLO in the case of W exchange. The calculation is
implemented in the Monte Carlo–like code ‘‘CHE’’ (stand-
ing for ‘‘Collisions at High Energies’’),1 which provides
access to the full kinematics of the final-state particles,
allowing the computation of any infrared-safe observable
in hadronic collisions and the implementation of realistic
experimental cuts. It is worth noticing that the same code
can compute the unpolarized, the single-polarized, and the
double-polarized cross sections.
Besides the contribution driven byW exchange, the code

also allows the computation of the background arising
from Z-boson and/or photon exchange at the same accu-
racy in perturbative QCD. We point out that at NLO the
contribution from photon exchange, q �q ! ��g followed
by �� ! ‘þ‘�, may generate large contributions when the
high-transverse momentum photon splits almost colli-
nearly into the lepton pair, producing high-pTl

leptons

with a very low invariant mass. A proper treatment of
this configuration would require the addition of a fragmen-
tation contribution based on parton-to-dilepton fragmenta-
tion functions [37]. On the other hand, it is likely that
configurations with two nearly collinear leptons can be
distinguished experimentally from true single high-pTl

leptons. In our calculation we avoid such configurations
by requiring the lepton pair to have an invariant mass
Ml1l2 > 10 GeV.

We note that we have checked the results for the spin-
averaged cross section in our code against the MCFM [38]
and DYNNLO [39] codes. We have also computed the fully
inclusive spin-averaged and polarized W cross sections,
integrated over all lepton angles. For these cross sections,
analytical results are available [23–25], with which we
agree.
Avirtue of our code is that it lends itself to inclusion in a

global analysis of polarized parton distributions, along the
lines presented in Refs. [2,3]. In these papers, a method
based on Mellin moments was used [30], for which the
theoretical expression for any cross section is split up into
parts that are independent of the parton distributions,

1The code is available upon request from deflo@df.uba.ar.
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coupled to the Mellin moments of the parton distributions.
This procedure was shown to tremendously speed up the
NLO fit, since the pieces that do not depend on the parton
distributions, which contain the most time-consuming
computations, can be calculated ‘‘once and for all’’ prior
to the fit and stored as large arrays. In the actual fit one then
only needs to perform numerical inverse Mellin trans-
forms, which is straightforward. As was shown in
Ref. [2], the computation of the precalculated factors is
possible in a timely manner even for a code based on
Monte Carlo integration, provided a proper importance
sampling is used. We have implemented the corresponding
strategies described in [2] in our code.

III. PHENOMENOLOGICAL RESULTS FOR RHIC

We now use our NLO code to present some numerical
results for polarized pp collisions at RHIC at center-of-

mass energy
ffiffiffi
S

p ¼ 500 GeV. Our default choice for the
spin-dependent parton distribution functions is the
de Florian-Sassot-Stratmann-Vogelsang (DSSV) set [2,3].
Since we want to study the sensitivity of different observ-
ables to the polarized parton distributions, we will also
consider a few other (and less recent) sets of polarized
densities that primarily differ in the antiquark polariza-
tions: the ‘‘standard’’ and ‘‘valence’’ sets from Gluck-
Reya-Stratmann-Vogelsang (GRSV) [40], which have
SU(2) symmetric and broken sea distributions, respec-
tively, and the ‘‘de_Florian-Navarro-Sassot (DNS)–
Kretzer’’ and ‘‘DNS–Kniehl-Kramer-Potter (KKP)’’ sets
[41]. The last two sets correspond to fits to the same data
for inclusive and semi-inclusive lepton scattering, but ob-
tained using different sets of fragmentation functions
[42,43] to analyze the semi-inclusive asymmetries. We
note that not all of these additional sets of polarized parton
distributions are completely compatible with all informa-
tion now available from SIDIS. However, given the poten-
tial uncertainties in SIDIS mentioned in the Introduction,
they are useful in order to gauge the sensitivity of future

RHIC measurements. Figure 2 shows a comparison of the
light antiquark distributions x��uðx;QÞ and x� �dðx;QÞ for
the various sets, evaluated at the scale Q ¼ 80 GeV rele-
vant for W production. As one can see, there are large
differences among the distributions, both in qualitative
behavior regarding breaking of flavor-SU(2) symmetry
and in magnitude. Since all sets provide very similar results
for the sum of quark and antiquark polarized distributions,
�qi þ ��qi, and since the observables are rather insensitive
to the polarized gluon density, differences in the W spin
asymmetries computed with the different sets can be
mostly attributed to the differences in the sea distributions.
In order to compute the unpolarized cross section in the

denominator of the spin asymmetries, we use the
MRST2002 [44] NLO set. This choice is motivated by
the fact that the MRST2002 set was also used as the
‘‘baseline’’ unpolarized set for the DSSV [2,3] spin-
dependent parton distributions. We have verified that the
use of more recent sets of distribution functions, like
CTEQ6 [45], results in very similar cross sections.
We set the masses of the vector bosons to MZ ¼

91:1876 GeV and MW ¼ 80:398 GeV, and the corre-
sponding decay widths to �Z ¼ 2:4952 GeV and �W ¼
2:141 GeV [46]. We neglect contributions from b and t
quark initial states to W production and, consistent with
that, use the following values for the Cabibbo-Kobayashi-
Maskawa matrix elements: jVudj ¼ jVcsj ¼ 0:975 and
jVusj ¼ jVcdj ¼ 0:222. We do not include any QED or
electroweak corrections, but choose the coupling constants
� and sin2�W in the spirit of the ‘‘improved Born approxi-
mation’’ [47,48], in order to effectively take into account
the electroweak corrections. This approach results in
sin2�W ¼ 0:231 19 and � ¼ �ðMZÞ ¼ 1=128. We also re-
quire the lepton pair to have an invariant mass Ml1l2 >

10 GeV, in order to avoid potentially large NLO contribu-
tions from production of a high-pT nearly real photon that
subsequently decays into a pair of almost collinear leptons,
as discussed in Sec. II.

FIG. 2 (color online). Left: Next-to-leading order x��uðx;QÞ
evaluated at the scale Q ¼ 80 GeV for the DSSV [2,3] (solid
lines), GRSV [40] (dashed lines), DNS-Kretzer [41] (dotted
lines), and DNS-KKP (short-dashed lines) sets of polarized
pdfs. Right: Same for x� �dðx;QÞ (right-hand side).

(a) (b)

(c) (d)

FIG. 1. Feynman diagrams for W production with leptonic
decay: (a) leading order, (b) NLO virtual correction, (c) NLO
real emission, (d) NLO quark-gluon scattering. Crossed dia-
grams are not shown.
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We will study two different observables for lepton pro-
duction in pp ! ‘�X: the transverse-momentum (pTl

)

distribution of the charged lepton with a rapidity cut of
j�lj< 1, and the rapidity distribution with pTl

> 20 GeV.

We count rapidity as positive in the forward direction of the
polarized proton. There are two hard scales in the process,
which are of the same order: the mass of the gauge boson
and the transverse momentum of the observed lepton. We
choose �2

F ¼ �2
R ¼ ðM2

W þ p2
Tl
Þ=2 as the default factori-

zation and renormalization scales for both the W and the
Z=� contributions. We note that the scale dependence of
the cross sections and, in particular, the spin asymmetries
is extremely mild in case of vector boson production, so
that other choices like �F ¼ �R ¼ MW give very similar
results.

We start by investigating the contribution by Z and �
exchange to the cross sections. Even though the q �qZ
coupling is also parity violating and hence may contribute
to the single-longitudinal spin asymmetry, the Z and �
contributions are to be regarded in a sense as ‘‘dilutions’’
of the W signal. Being almost symmetric in ‘þ and ‘�,
they will somewhat decrease the clear-cut sensitivity of AL

to the polarized sea-quark distributions, and they also
contribute to the spin-averaged cross section. Figure 3
compares the Z=� contributions (dashed lines) to the
ones arising from W (solid lines), for the spin-averaged
cross section as functions of rapidity (left-hand side) and
transverse momentum (right-hand side). As can be ob-
served, for positrons (upper row) the contribution from Z
turns out to be rather small in the central rapidity range
(about �7%) while it does significantly add for electrons
(lower row), reaching more than 40% of the W� contribu-

tion. The effect turns out to be more noticeable at larger
rapidities. We note that the jZj2 contribution dominates
strongly over the �Z interference and j�j2 ones. In the case
of the transverse-momentum distribution, the relative con-
tribution by Z’s strongly depends on pTl

. Since the peak of

the distribution occurs around pTl
�MV=2, with MV the

vector boson mass, the difference between the W and Z
masses induces dominance of the Z contribution for pTl

*

45 GeV.
The same comparison is shown in Fig. 4 for the single-

polarized case, where we rely on the DSSV set of parton
distributions for the polarized beam.While Z exchange can
produce a single-spin cross section, its parity violation
component is rather small and results in a contribution
that does not exceed a few percent of the dominant W
one. Of course, this does not mean that the Z contribution
can be neglected in the analysis to be carried out to extract
the polarized parton distributions at RHIC. The main ob-
servable is the spin asymmetry, which, at least in the case
of electron production, can be considerably reduced by the
Z=� contribution in the unpolarized cross section. Vetoing
events with a lepton pair could be valuable in this case in
order to increase the sensitivity to the polarized parton
densities. Conversely, Z bosons by themselves may offer
an interesting advantage if both charged leptons from the
decay Z ! ‘þ‘� can be detected, because in that case one
can in principle reconstruct the kinematics of the Z boson,
which is not possible for theW’s because of the neutrino in
its decay. One would then be able to directly access the
momentum fractions of the parton distributions, in the
spirit of Eq. (2). Unfortunately, statistics for reconstructed
Z decays with both decay leptons will likely remain rather
low at RHIC.
We next investigate the kinematics of W production at

RHIC. In our view, it is preferable to consider distributions
in lepton rapidity, rather than transverse momentum, since

FIG. 3. Contribution from W (solid lines) and jZj2 þ �Zþ
j�j2 (dashed lines) production to the rapidity (left-hand side) and
transverse-momentum (right-hand side) distributions of the lep-
tons in spin-averaged collisions at RHIC. The upper plot corre-
sponds to positron and the lower plot to electron production in
unpolarized collisions.

FIG. 4. Same as Fig. 3, but for single-polarized collisions
using the DSSV parton distributions.
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there is a particularly strong and direct correlation between
lepton rapidity and the partonic momentum fractions. This
correlation was already evident in the LO asymmetry as a
function of theW’s rapidity discussed in Eq. (2), for which

we had x1;2 ¼ MWffiffi
S

p e�yW . One can expect that, at least to

some extent, this relation between momentum fractions
and rapidity at the gauge boson level will be inherited by
the lepton. Figure 5 shows the correlation between the
averages of the momentum fractions, hx1;2i, and the rapid-

ity of the charged lepton computed at NLO accuracy for
W� (left-hand side) and Wþ production (right-hand side)
in spin-averaged collisions.2 A remarkably strong correla-
tion is found between hx1;2i and �l in both cases. Large

negative lepton rapidity corresponds to small (large) mo-
mentum fractions x1 (x2). The opposite occurs for large
positive rapidities. Actually, as a rough approximation one
can parametrize these correlations by the simple ‘‘empiri-
cal’’ formulas

hx1;2i �MWffiffiffi
S

p e��l=2: (4)

Considering that RHIC experiments will allow one to reach
rapidities of the order of j�lj � 2, one can expect sensi-
tivity to the polarized quark and antiquark distributions in

the region 0:05 & x & 0:4. We note that similar results as
in Fig. 5 were also found in Ref. [17].
Because of the correlation shown in Fig. 5, the combi-

nations of parton distributions predominantly probed will
vary with �l. However, here also the underlying structure
of the weak interactions enters. For W� production, ne-
glecting all partonic processes but the dominant �ud !
W� ! e� ��e one, the asymmetry is found to be given by

Ae�
L �

R
	ðx1;x2Þ½��uðx1Þdðx2Þð1� cos�Þ2 � �dðx1Þ �uðx2Þð1þ cos�Þ2

R
	ðx1;x2Þ½ �uðx1Þdðx2Þð1� cos�Þ2 þ dðx1Þ �uðx2Þð1þ cos�Þ2
 ; (5)

where
R
	ðx1;x2Þ denotes an appropriate convolution over momentum fractions, and where � is the polar angle of the electron

in the partonic center of mass system, with � > 0 in the forward direction of the polarized parton. Note that � itself depends
on the momentum fractions and on the lepton’s rapidity. At large negative �l, one has x2 � x1 and �� �. In this case, the
first terms in the numerator and denominator of Eq. (5) strongly dominate, since the combination of parton distributions,
��uðx1Þdðx2Þ, and the angular factor, ð1� cos�Þ2, each dominate over their counterpart in the second term. Therefore, the
asymmetry provides a clean probe of ��uðx1Þ= �uðx1Þ at medium values of x1. By similar reasoning, at forward rapidity
�l � 0 the second terms in the numerator and denominator of Eq. (5) dominate, giving access to ��dðx1Þ=dðx1Þ at
relatively high x1. For the W

þ production channel one has instead of (5)

Aeþ
L �

R
	ðx1;x2Þ½� �dðx1Þuðx2Þð1þ cos�Þ2 � �uðx1Þ �dðx2Þð1� cos�Þ2

R
	ðx1;x2Þ½ �dðx1Þuðx2Þð1þ cos�Þ2 þ uðx1Þ �dðx2Þð1� cos�Þ2
 : (6)

Here the distinction of the two contributions by consider-
ing large negative or positive lepton rapidities is less clear-
cut than in the case ofW�. For example, at negative �l the
partonic combination �dðx1Þuðx2Þ will dominate, but at the
same time �� � so that the angular factor ð1þ cos�Þ2
given by the basic electroweak interaction is small.
Likewise, at positive�l the dominant partonic combination
�uðx1Þ �dðx2Þ is suppressed by the angular factor because
�� 0. So both terms in Eq. (6) will compete essentially for
all �l of interest. This is also the reason why the W� cross
section can become larger than the Wþ one at high rap-

idities (see Fig. 3). As was discussed in Refs. [49,50], the
study of hadronicW decays, in particular, of charmed final
states [49], might help in improving this situation.
The features displayed by Eqs. (5) and (6) are fully

reflected in the behavior of the calculated NLO spin asym-

metries. Figure 6 shows Ae�
L for electrons and Aeþ

L for
positrons at RHIC, as functions of the charged lepton’s
rapidity, considering only leptons arising from W� boson
exchange. We are now using all of the sets of polarized
parton distributions that we introduced earlier. The spread
in the predictions for the asymmetry Ae�

L at �l & 0 directly
reflects the dispersion in both the absolute magnitude and
sign of the different ��uðxÞ distributions shown in Fig. 2 in
the range 0:05 & x & 0:2. On the other hand, the asym-

FIG. 5. Averages of the momentum fractions x1;2 as functions
of the charged lepton’s rapidity �l for W� (left) and Wþ
production (right) at RHIC.

2The correlation remains the same when the Z=� contribution
is included.
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metry becomes large and positive at high �l, which reflects
the fact that �dðxÞ remains negative at high x for all sets of

polarized parton distributions considered here. Aeþ
L does

not show as clear features, for the reasons we just dis-
cussed. Nevertheless, at �l * 0 one can observe again that
the spread of the predictions for the asymmetry is quite
strongly correlated to the one found for the � �d distribu-
tions at 0:15 & x & 0:3 in Fig. 2. Overall, the asymmetry is
negative because of the contribution from �u in Eq. (6),
which is known to be positive from lepton scattering.

It is worth pointing out that in Ref. [2] spin asymmetries
for the same sets of parton distributions as in Fig. 6 were
shown, but at LO. Our NLO results turn out to be very close
to the LO ones of [2]. This is easily understood because the
bulk of the NLO corrections in the q �q0 channel is the same
in the spin-averaged and the polarized cases, so that the
corrections cancel to a high degree. This result was also
observed in the study [27] of the W cross section without
the leptonic decay. We do stress, however, that the indi-
vidual cross sections in the numerator and the denominator
of AL receive significant NLO corrections of Oð30%Þ.

For completeness, we show in Fig. 7 the asymmetries
computed by including also leptons produced by Z=�
boson exchange. As expected, the inclusion of ‘‘back-
ground’’ leptons results in a reduction of the asymmetry
due to the increase in the unpolarized cross section.
Consistently with the results presented in Fig. 3, the effect
is more noticeable at larger rapidities.
Figure 8 shows the spin-averaged and single-spin cross

sections for electron production, as functions of pTl
, inte-

grated over j�lj � 1. As expected, a peak is found around
pTl

�MW=2 in both cases. For the single-polarized cross

section, we are again using various sets of polarized parton
distributions. One can see that the dependence on the
polarized distribution functions is apparent in the magni-
tude of the cross section, but hardly in the shape of the
transverse-momentum distribution. The latter is mainly
determined by the properties of the gauge boson (like its
mass and width) and general features of QCD radiation
and, therefore, is very similar for both unpolarized and
polarized cross sections. In other words, integration over a
significant region of rapidity washes out many of the

FIG. 7 (color online). Same as in Fig. 6 but including also the contribution from Z=� exchange.

FIG. 6 (color online). Rapidity dependence of the NLO single-spin asymmetries Ae�
L for electrons and Aeþ

L for positrons at RHIC, for
the various sets of polarized parton distribution functions shown in Fig. 2. Only leptons produced by W� boson exchange are
considered here.
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features that we found in Fig. 5 for the polarized parton
distributions. While this situation may possibly be im-
proved by integrating over noncentral regions of lepton
rapidity, our studies overall confirm our expectation that in
order to improve our knowledge of the polarized antiquark
distributions it is preferable to study the lepton rapidity
dependence of the asymmetry instead of its transverse-
momentum one.

Apart from providing a good correlation between mo-
mentum fractions and lepton rapidity, another advantage of
rapidity distributions integrated over a wide region of
transverse momentum is that these are insensitive to soft-
gluon and resummation effects. As discussed in the
Introduction, the distribution near pTl

¼ MW=2 is sensitive

to soft-gluon effects. Proper inclusion of these effects in
the theoretical description plays a role, for example, in
determinations of the W mass from the lepton pTl

distri-

butions at the Tevatron [31], or in transverse-spin studies in
W boson production at RHIC [51]. The RHICBOS code
[16,17] includes an all-order resummation of the next-to-
leading logarithms in the W transverse momentum qT ,
which are relevant near pTl

¼ MW=2. However, once one

integrates over a sufficiently large region of lepton trans-
verse momentum, these logarithms turn into finite higher-
order (beyond-NLO) corrections to the transverse-
momentum distribution, and neither is their resummation
necessary nor is it guaranteed to provide an improved
theoretical description, as there can and will be many other
corrections of similar size that are not taken into account.
From the point of view of extracting polarized parton
distribution functions, it therefore seems advisable to us
to focus on observables integrated over the lepton’s trans-
verse momentum, because these are insensitive to soft-
gluon effects, and to use a plain NLO calculation.
Thanks to the fact that the W mass sets a very large scale
so that the strong coupling is small, and because quark
antiquark annihilation is the dominant partonic channel,
any ‘‘partial’’ beyond-NLO and nonperturbative effects

remaining from qT resummation are expected to be rela-
tively small for such observables. Comparing the total
WþðW�Þ spin-averaged cross sections for pT;l > 25 GeV
and j�lj< 1, we find 75.4 pb (17.7 pb) with our NLO code,
while RHICBOS gives3 80.5 pb (18.8 pb). The difference will
be in part due to different choices for electroweak parame-
ters and parton distributions, but also due to the additional
effects in RHICBOS just described. Somewhat larger differ-
ences between the codes occur if one considers the differ-
ential cross section at high lepton rapidity and, of course,
as a function of transverse momentum at pT;l �MW=2. We

have checked that these differences do not, however, sig-
nificantly affect any of the previously performed sensitivity
studies by the RHIC experiments.

IV. TOYANALYSIS OF W SPIN ASYMMETRIES IN
TERMS OF POLARIZED PARTON

DISTRIBUTIONS

While the results presented in the previous section in-
dicate a strong sensitivity of the single-spin asymmetries to
the polarized light-quark and antiquark distributions, it is
quite difficult to quantify from them the impact future
RHIC measurements will have. In order to investigate
this, we perform a more detailed analysis. Our strategy is
to ‘‘simulate’’ a set of RHIC data under hopefully realistic
conditions, and to add this set to the data sets included in
the published DSSV [2,3] global analysis. A new fit is then
performed, for which the simulated data set is included,
and the impact of futureW data from RHIC is gauged from
the improvement found in this fit for the extracted polar-
ized distributions. As discussed in the Introduction, knowl-
edge about the sea-quark and antiquark polarizations in the
nucleon so far comes entirely from the SIDIS spin asym-
metries. In Fig. 9 we recall the DSSV results for the
polarized antiquark distributions, including their respective
uncertainty bands, which were obtained in DSSV by per-
forming a Lagrangian multiplier analysis of the truncated
moments

R
1
0:001dx��uðx;Q2¼10GeV2Þ andR

1
0:001dx�

�dðx;Q2¼10GeV2Þ, and allowing modifications

of 2% in the total 	2 of the fit.
In order to generate a simulated ‘‘RHIC data set’’ we

proceed as follows: we compute the NLO single-

longitudinal spin asymmetries Aeþ
L and Ae�

L using the cen-
tral DSSV set of polarized parton distributions.4 We then
randomly shift the calculated asymmetries, assuming a
Gaussian distribution of their statistical uncertainties. The

latter are estimated using the usual formula 
AL ¼
1=ðP ffiffiffiffiffiffiffiffi

L�
p Þ. We assume a polarization of P ¼ 60%. For

the integrated luminosity we consider two values: L ¼
200 pb�1 and L ¼ 800 pb�1. Concerning rapidity cover-
age, we focus first on the present coverage for the Phenix

FIG. 8 (color online). Left: transverse-momentum dependence
of the unpolarized cross section for electron production at RHIC.
Right: same for the single-spin cross section. Here the lines
follow the same pattern as in Fig. 6.

3We thank B. Surrow for providing these numbers.
4Asymmetries are evaluated including both W and Z=� boson

exchange contributions.
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(j�lj< 0:35) and STAR (j�lj< 1) experiments. Later, we
also investigate the impact of extended rapidity coverage
as given by j�lj< 0:35 and 1< j�lj< 2 for Phenix5 and
j�lj< 2 for STAR. The generated pseudodata points are
shown in Fig. 10 for the two extreme scenarios (smaller
luminosity and rapidity coverage vs large luminosity and
rapidity coverage), along with the predictions according to
the DSSV set of polarized parton distributions. We have
assumed bin sizes in rapidity of ��l ¼ 0:33, so that there
are six data points in j�lj � 1.

In order to perform the actual fit, we produce the pre-
calculated grids as described in Sec. II. The choice of bins
��l ¼ 0:33 means that we can use the same grids for both
RHIC experiments, because the rapidity range covered for
Phenix corresponds in good approximation to two bins
with ��l ¼ 0:33. In our first fit, we include in the DSSV
analysis the pseudodata generated with the lower luminos-
ity and the rapidity coverage presently available at RHIC.
The outcome of this global fit is shown for the polarized
antiquark distributions in Fig. 11, including their resulting
�	2=	2 ¼ 2% uncertainties determined in the same way
as in the published DSSVanalysis. By comparing to Fig. 9,
one observes that there is little modification of the actual
distributions, as compared to the original DSSVones, but a
clear reduction in their uncertainty bands. This effect turns
out to be very noticeable for x * 0:1, as expected consid-
ering the rapidity coverage of the pseudodata added to the
global fit. The decrease in the uncertainty band is also more
noticeable in case of ��u, confirming the larger sensitivity
of e� asymmetries to this distribution. At values of x�
0:01 there is almost no change in the distributions and their
uncertainties, since the single-spin asymmetries at RHIC
are rather insensitive to such values of x. The lower row of
Fig. 12 shows the result of the corresponding fit for the
larger luminosity/rapidity coverage scenario. Here the im-
pact of RHIC data can be observed down to values of x�
0:05, thanks to the extended coverage in �l.

The pseudodata used in this analysis were generated to
be in full agreement, within statistical errors, with the
expectation from the DSSV set. Since the latter provides
an excellent description of the available SIDIS data, we
have effectively assumed that constraints on the polarized
parton distributions emerging from SIDIS and from W
production at RHIC are in agreement. This should be the
case, of course, if both are described by factorized pertur-
bative QCD at leading power. From a theoretical point of

FIG. 9 (color online). ��uðx;Q2 ¼ 10 GeV2Þ and � �dðx;Q2 ¼
10 GeV2Þ as obtained in the DSSV analysis [2,3]. The bands
correspond to changes of 2% in the total 	2 of the fit, as
discussed in the DSSV paper.
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FIG. 10. Simulated data generated for e� (left) and eþ (right)
single-spin asymmetries at STAR and Phenix for two possible
extreme scenarios: integrated luminosity L ¼ 200 pb�1 and
present RHIC rapidity coverage (upper row), and integrated
luminosity L ¼ 800 pb�1 and upgraded rapidity coverage as
described in the text (lower row). The ‘‘simulated data points’’
have been estimated by performing a NLO calculation with the
DSSV set of polarized parton distributions, followed by a
Gaussian shift of the points. The solid lines represent the
expectation from the DSSV set.

FIG. 11 (color online). Result of a global fit performed by
including the simulated data generated with the lower luminosity
and smaller rapidity coverage scenario (upper row in Fig. 10).

5The upgrade planned for Phenix will actually extend the
rapidity coverage to 1:2 & j�lj & 2:4.
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view, W production provides the more reliable source of
information, so if any discrepancy between SIDIS and W
production were found, it would likely point to higher-
twist contributions in SIDIS, or ill-understood issues re-
lated to fragmentation. In this context, it is interesting to
ask what the impact of future RHIC data would be if all
SIDIS data were removed from the global fit. We have
performed such an analysis for the scenario with larger
luminosity and rapidity coverage. The result is shown in
Fig. 13. We find that for x * 0:07 the simulatedW data put
a somewhat better constraint on��u and � �d than the SIDIS
data presently do.6 Toward smaller x, the distributions are,
of course, only very loosely determined because theW spin
asymmetries are not sensitive to this region. All in all, there
are very good prospects for a much better determination of
the polarized antiquark distributions from RHIC and SIDIS
measurements.

We end by stressing that there are numerous experimen-
tal issues (like efficiencies for lepton detection, correct
background subtraction, other systematic uncertainties,
etc.) that have not been included in this simple analysis
and that would tend to decrease the impact of the real data
in the global fit. We regard this study as a ‘‘proof-of-
principle’’ that shows that RHIC W asymmetry data can
be straightforwardly included in a global analysis of po-
larized parton distributions. Future, more detailed, studies
will need to be carried out.

V. CONCLUSIONS

We have presented a new next-to-leading-order calcu-
lation of the cross section and longitudinal spin asymmetry
for the process pp ! ‘�X at RHIC, through an intermedi-
ate electroweak gauge boson. The spin asymmetry is the
main probe of the light-quark and antiquark helicity dis-
tributions at RHIC. We have developed a multipurpose
Monte Carlo integration program. Our code has the advan-

tage that it allows one to directly include forthcoming

RHIC data into a global analysis of spin-dependent parton

densities, using the Mellin technique of [2,3,30].
Compared to the RHICBOS code [16,17], our program
does not include any soft-gluon qT-resummation effects,
as we advocate the use of observables at RHIC that are
insensitive to such effects. In particular, we have empha-
sized the advantage of the lepton rapidity distribution over
the transverse-momentum one.
Our phenomenological results indicate a good sensitiv-

ity of the single-longitudinal spin asymmetries at RHIC to

the light-quark and antiquark helicity distributions. This
finding is in line with those of previous studies
[2,12,16,17]. Contributions from Z exchange are found to
be generally non-negligible. As a benchmark application of
our program, we have performed a toy global analysis of
‘‘simulated’’ RHIC spin-asymmetry data along with the
present lepton scattering and RHIC high-pT jet and hadron
data. We find that RHIC has a great potential for providing
better constraints on the light-quark and antiquark helicity
distributions, in particular, at moderately large momentum

fractions. Once precise data becomes available from
RHIC, the consistency and interplay with constraints
from SIDIS will be particularly interesting to investigate.
While more refined sensitivity studies will be needed, we
regard our findings as a very encouraging signal that
precise information on the nucleon’s polarized light-quark
and antiquark distributions will become available before
too long. Such information will likely offer important in-
sights into the inner structure of the nucleon and the

dynamics of QCD.
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FIG. 12 (color online). Result of a global fit performed by
including the simulated data generated with the larger luminosity
and rapidity coverage scenario (lower row in Fig. 10).

FIG. 13 (color online). Same as Fig. 12, but excluding all
SIDIS data from the fit.

6We remind the reader that the new preliminary COMPASS
SIDIS data [8] were not yet included in the DSSV analysis [2,3]
and are hence not included in the present study.
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