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We compute the next-to-leading order corrections to the cross section for the production of electroweak
gauge bosons (Z, W� and γ�) with large transverse momentum in double (longitudinally) polarized
hadronic collisions. The calculation is fully performed in the ’t Hooft, Veltman, Breitenlohner, and Maison
schemewithin dimensional regularization with a careful treatment of issues arising due to the appearance of
γ5 in polarization projectors and axial couplings. We study the phenomenological consequences of the
next-to-leading-order corrections at the level of both the double polarized cross section and the
corresponding asymmetries at Relativist Heavy Ion Collider kinematics.
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I. INTRODUCTION

Over the last decades, our understanding of hadron
structure has remarkably improved thanks to impressive
experimental and theoretical progress. In particular, there is
currently much activity aiming at further unraveling the
nucleon’s spin structure.
As is well known, the total quark and antiquark spin

contribution to the nucleon spin was found to be only about
∼25% [1–3], information that has been mostly provided by
deep-inelastic scattering (DIS) data.
One emphasis is on the determination of the spin-

dependent gluon distribution, Δg, of the nucleon, which
ultimately would give the gluon contribution to the nucleon
spin. Clear evidence for a nonvanishing polarization of
gluons was found in the region of momentum fraction and
at the scales mostly probed by the BNL Relativistic Heavy
Ion Collider (RHIC) data [1]. But from the available results
it is not possible yet to set a precise value on the total gluon
contribution to the proton spin and to the flavor decom-
position of the quarks.1

Spin asymmetries in high-energy pp scattering can be
particularly sensitive to Δg, for processes where gluons in
the initial state contribute already at the lowest order of
perturbation theory. Furthermore, the Drell-Yan process,
the production of vector bosons [5,6], has been shown to be

very relevant to help for quark flavor separation, since
quarks couple differently to both W� and Z bosons [7].
Therefore, one particularly interesting process that sat-

isfies both requirements is the single-inclusive production
of large transverse-momentum (qT) vector bosons,
pp → VX, that can help to provide information on both
Δg and the flavor decomposition of the quark contribution.
In order to make reliable quantitative predictions for a

high-energy process, it is crucial to determine the next-to-
leading order (NLO) QCD corrections to the Born approxi-
mation. In general, the key issue here is to check the
perturbative stability of the process considered, i.e., to
examine to what extent the NLO corrections affect the cross
sections and spin asymmetries relevant for experimental
measurements. Only if the corrections are under control can
a process that shows good sensitivity to, say, Δg at the
lowest order be regarded as a genuine probe of the
polarized gluon distribution and be reliably used to extract
it from future data.
In the particular case of (large transverse momentum)

gauge boson production other perturbative issues appear
due to the existence of two physical scales, the transverse
momentum qT and the “mass” Q of the boson (or its
virtuality, especially in the case of photon production).
In the large-qT region (qT ∼Q), where the transverse

momentum is of the order of the vector boson mass, the
QCD perturbative series is controlled by a small expansion
parameter, αsðQÞ, and calculations based on the truncation
of the perturbative series at a fixed order in αs are
theoretically justified. In this region, the QCD radiative
corrections for the unpolarized cross section are known up
to NLO [8–10] in an analytical form and next-to-next-to-
leading order (NNLO) corrections were recently obtained
in numerical implementations in [11–17]. In the polarized

1See [4] for an analysis of the proton spin budget at three loops.
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case, a first attempt to achieve the cross section at NLO
accuracy for virtual photon production was presented in
[18], where only the nonsinglet contribution was obtained.
The full NLO result for the double polarized cross section,
including the relevant gluon initiated channels, was missing
so far.
Nonetheless the bulk of the vector boson events

(particularly at RHIC with a center-of-mass energy offfiffiffi
S

p ¼ 510 GeV) is produced in the small-qT region
(qT ≪ Q), where the convergence of the fixed-order
expansion is spoiled by the presence of large logarithmic
terms, αns lnmðQ2=q2TÞ. To obtain reliable predictions, these
logarithmically enhanced terms have to be systematically
resummed to all perturbative orders (see e.g., [19,20] and
references therein). But even in that case, the fixed-order
calculation becomes essential in order to perform the
proper matching with the resummed contribution, affecting
the full result even at rather small transverse momentum.
Furthermore, since the small-qT region is mostly affected
by soft gluon emission, which is independent on the
polarization of the emitting parton, the resummation
typically affects both polarized and unpolarized cross
section in a rather similar way, rendering a very small
effect at the level of asymmetries.
Therefore, counting with the NLO corrections for

polarized hadronic collisions becomes fundamental in
both kinematical regimes in order to understand the data
produced at the RHIC and to extract the corresponding
information in terms of polarized partonic distributions. In
this paper we compute the NLO corrections to the cross
section for the production of gauge bosons (Z,W�, and γ�)
with large transverse momentum in double (longitudinally)
polarized hadronic collisions.
The paper is organized as follows. In Sec. II we briefly

review the procedure to compute the NLO corrections with
emphasis on the issues arising due to the treatment of γ5 in
dimensional regularization. In Sec. III we present the
analytical results for the NLO corrections for gauge boson
production (some of the lengthly functions are given in the
Appendix). In Sec. IV we study the phenomenological
impact of the NLO corrections at RHIC kinematics,
including the measurable double longitudinal asymmetries.
Finally, in Sec. V we summarize our results.

II. CROSS SECTION CALCULATION

A. Inclusive cross section

We calculate the inclusive cross section of electroweak
boson production in the framework of perturbative QCD,
considering the case of both polarized and unpolarized
initial hadrons. The process is described as

h1ðP1Þ þ h2ðP2Þ → VðQÞ þ X; ð1Þ
where hi, i ¼ 1, 2 are the polarized/unpolarized initial
hadrons with momenta Pi, and V is either a W�, Z0 or

virtual photon γ� with Q2 ¼ M2
V , energy EQ ¼ Q0 and

large transverse momentum qT with respect to the collision
axis. The unpolarized σ and polarized Δσ cross sections are
obtained from the sum or difference of helicity-dependent
cross sections given by

σ ¼ 1

4
ðσþþ þ σþ− þ σ−þ þ σ−−Þ; ð2Þ

for the unpolarized case, and

Δσ ¼ 1

4
ðσþþ − σþ− − σ−þ þ σ−−Þ; ð3Þ

for the polarized one. Here the superindicesþ;− denote the
helicities of the two incoming hadrons.
The inclusive (polarized) unpolarized cross section can

be expressed as

EQ
dðΔÞσ
d3Q

¼
X
a;b

Z
1

0

dxadxbðΔÞfh1a ðxa; μ2FÞðΔÞfh2b ðxb; μ2FÞ

× EQ
dðΔÞσ̂a;b
d3Q

ðpa; pb; μ2FÞ: ð4Þ

Here ðΔÞfhaðx; μ2FÞ is the (polarized) unpolarized parton
distribution function (PDF) of parton a with momentum
fraction x in hadron h, probed at the scale μ2F, which are
given by the combinations

faðx; μ2FÞ ¼ fþa ðx; μ2FÞ þ f−a ðx; μ2FÞ;
Δfaðx; μ2FÞ ¼ fþa ðx; μ2FÞ − f−a ðx; μ2FÞ: ð5Þ

In this case, the superindex þ;− denotes de helicity
orientation of the parton a with respect to the helicity of the
parent hadron. The perturbative (polarized) unpolarized
cross section ðΔÞσ̂a;bðpa; pb; μ2FÞ corresponds to the hard-
scattering partonic process

aðpaÞ þ bðpbÞ → VðQÞ þ X; ð6Þ
where pi represents the parton momentum. Here collinear
singularities due to the radiation of massless partons are
factorized out at the scale μ2F and included in the scale
dependent (polarized) unpolarized PDFs ðΔÞfhaðx; μ2FÞ.
The partonic momenta can be described in terms of the

hadronic ones using the relation pi ¼ xiPi. As it is
customary, we introduce the Mandelstam variables for
both the hadronic and partonic levels

S≡ ðP1 þP2Þ2; T≡ ðP1 −QÞ2; U≡ ðP2 −QÞ2;
s≡ ðpa þpbÞ2; t≡ ðpa −QÞ2; u≡ ðpb −QÞ2;

S23 ≡ Sþ T þU −Q2; s23 ≡ sþ tþ u−Q2: ð7Þ
S and s are the hadronic and partonic invariant center-of-

mass energies squared of the colliding system, respectively,
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while s23 is the invariant mass squared of the system
recoiling against the boson V. The partonic cross section
σ̂a;b has a singular behavior in the limit s23 → 0 related to
the cancellation of singularities due to soft gluon emission
in the recoiling system and virtual gluon infrared singu-
larities. However, the cross section is actually integrable
and the 1=s23 terms can be dealt with the following change
of variables in the momentum fraction integrationZ

1

0

Z
1

0

dx1dx2θðs23Þθðp0
1 þ p0

2 − EQÞ

¼
Z

1

B
dx1

1

x1SþU −Q2

Z
A

0

ds23; ð8Þ

where the new integration limits are given by

A ¼ U þ x1ðS23 −UÞ; B ¼ −
U

S23 þ U
: ð9Þ

B. Perturbative calculation techniques

The analytical procedures to compute the perturbative
cross section are already well established. At the lowest
order (LO) only two channels contribute, as depicted in
Fig. 1: the annihilation process qq̄ → Vg (a) and the
Compton process qg → Vq (b). At the following order
(NLO) virtual and real contributions must be considered. In
this case, there are four contributing channels: the process
initiated by a quark and an antiquark qq̄ → Vðqq̄; q0q̄0; ggÞ,
the one initiated by two quarks qq → Vqq, the process
initiated by a single gluon qg → Vqg and the two gluon
process gg → Vqq̄.
In all processes we evaluate the Feynman diagrams,

performing the Dirac traces with the TRACER package [21],
and we integrate over the virtual loop and real emission
momenta. Ghost graphs are taken into account to simplify
the polarization sums of external gluons. Real contributions
are computed using traditional partial fractioning and
master integrals, while virtual loop contributions are
calculated using the FeynCalc [22] and FeynHelpers [23]
packages. Dimensional regularization is used to regulate

infrared and ultraviolet singularities, working in a space-
time of d ¼ 4 − 2ϵ dimensions. As it will be addressed in
the following subsections, dimensional regularization
requires a special treatment for the Levi-Civita tensor
ϵμνρσ and the Dirac matrix γ5, which is present in both
the electroweak couplings and quirality projectors. The
factorization of the mass singularities in the polarized case
is also affected by the scheme used to deal with γ5.

1. Treatment of the matrix γ5 and axial couplings

While dimensional regularization involves working in
d-dimensional space-time, the γ5 matrix and the ϵμνρσ tensor
are only well defined in the four-dimensional space-time.
A consistent way to treat γ5 and ϵμνρσ in d-dimensions is the
’t Hooft, Veltman, Breitenlohner, and Maison (HVBM)
scheme [24,25], which splits the d-dimensional Minkowski
space into the usual four-dimensional one and a (d − 4)-
dimensional subspace where, for instance, the (d − 4)-
dimensional part of the γμ matrices, represented as γ̂μ,
commutes with the strictly four-dimensional γ5.
Calculations in the HVBM scheme are algebraically
more involved because for unobserved momenta p and γμ

matrices one needs to take into account both their four-
dimensional part (p̃, γ̃μ) and their (d − 4)-dimensional one
(p̂, γ̂μ), which follow different algebraic treatment.
Integration over “hat” momenta p̂ in the real contributions
is performed as established in Ref. [26].
One of the first issues related to the HVBM scheme is the

definition of the electroweak vertices. The standard defi-
nition of the boson vertices, taking into account the flavors
f1 and f2 of the involved quarks, can be expressed as

−ieγμ
�
Lf2f1

1 − γ5
2

þ Rf2f1

1þ γ5
2

�
; ð10Þ

where the left- and right-handed couplings are given by the
following expressions, depending on the type of boson:

W−∶ Lf2f1 ¼
1ffiffiffi

2
p

sin θW
ðτþÞf2f1Uf2f1 ; Rf2f1 ¼ 0;

Wþ∶ Lf2f1 ¼
1ffiffiffi

2
p

sin θW
ðτ−Þf2f1U†

f2f1
; Rf2f1 ¼ 0

Z0∶ Lf2f1 ¼
1

sinð2θWÞ
ðτ3Þf2f1 − δf2f1ef1 tan θW;

Rf2f1 ¼ −δf2f1ef1 tan θW;

γ∶ Lf2f1 ¼ δf2f1ef1 ; Rf2f1 ¼ δf2f1ef1 : ð11Þ

Here θW is the electroweak mixing angle, τ� ¼
ðτ1 � iτ2Þ=2 and τ3 are the weak isospin Pauli matrices,
U is the Cabibbo-Kobayashi-Maskawa (CKM) mixing
matrix, and ef is the electric charge of the corresponding
quark (ef ¼ 2

3
for u, c, t and ef ¼ − 1

3
for d, s, b). However,

a

b

FIG. 1. Born diagrams of the two processes at LO.
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since the commutation properties of the combination γμγ5
depends on whether μ ≤ 3 or μ > 3, a symmetric definition
of the vertices is needed, which corresponds to the replace-
ment γμð1 − γ5Þ → 1

2
ð1þ γ5Þγμð1 − γ5Þ [27,28]. After

this substitution, the vertex expression of Eq. (10) in
d-dimensions can be rewritten as

−ieγ̃μ
�
Lf2f1

1 − γ5
2

þ Rf2f1

1þ γ5
2

�
; ð12Þ

where the (d − 4)-dimensional part of γμ cancels within the
left- and right-handed terms.
In the HVBM scheme the presence of γ5 in both the

symmetrized vertex and the quirality projectors over initial
partons lead to anomalous terms of order Oðd − 4Þ, which
in combination with divergent terms can result in spurious
finite contributions. Infrared anomalous terms cancel out
between virtual and real contributions [29], but in the case
of the renormalization of ultraviolet divergencies and
mass factorization appropriate additional counterterms are
required.
Notice that the presence of γ5 in the electroweak vertices

affects both polarized and unpolarized calculations. For the
unpolarized case it is customary to find shortcuts that avoid
using the HVBM scheme at least for the bulk of the
computation, considerably reducing its complexity (see,
e.g., [10]). Since the use of HVBM is fully required for the
polarized case, we extend here its use, for the first time, to
compute the full unpolarized result.

2. Renormalization and the axial vertex anomaly

For the renormalization of the virtual contributions to the
NLO we adopt the usual MS scheme. In this scheme the
running strong coupling constant αsðμ2Þ at a scale μ2

satisfies the corresponding renormalization-group equation

μ2
d
dμ2

αsðμ2Þ¼−αsðμ2Þ
�
β0
αsðμ2Þ
2π

þβ1

�
αsðμ2Þ
2π

�
2

þOðα3sÞ
�
;

ð13Þ

with the βi factors given by

β0 ¼
11

6
CA −

1

3

X
f

ð1Þ;

β1 ¼
17

6
C2
A −

�
5

6
CA þ 1

2
CF

�X
f

ð1Þ; ð14Þ

where the sum
P

f runs over all the flavors below the mass
threshold.
However, within the HVBM scheme, since γ5 no longer

anticommutes with γμ an additional finite renormalization
of the axial quark current needs to be taken into account at
NLO [30]. The renormalization constant related to the axial

current Z5 is no longer equal to one. The corresponding
one-loop expression is

Z5 ¼ 1 −
αs
2π

2CF þOðα2sÞ: ð15Þ

This term gives rise to the following additional finite
counterterms that have to be added to the qq̄ and qg
channels in order to cancel the spurious axial terms
appearing in the virtual contributions

ðΔÞCqq̄ ¼ −
αs
2π

ð2CFÞ
dðΔÞσaxialqq̄

d3Q
;

ðΔÞCqg ¼ −
αs
2π

ð2CFÞ
dðΔÞσaxialqg

d3Q
; ð16Þ

where dðΔÞσaxialij =d3Q is the axial part of the (polarized)
unpolarized Born cross section corresponding to either the
qq̄ → Vg process or the qg → Vq Compton process. This
axial cross section is obtained by considering only the
terms depending on the axial coupling to the boson V.

3. Factorization

Mass singularities appear due to the collinear emission
of massless partons from one of the incoming partons.
These singular terms are detached at a scale μ2F to be
incorporated into the (polarized) unpolarized distribution
functions ðΔÞfhaðx; μ2FÞ. For the unpolarized case, the
results are calculated in the usual MS scheme. However,
in the polarized case we use the conventional variation
of the MS scheme which takes into account some
helicity-conservation violations that arise in the HVBM
scheme, particularly in the quark-antiquark annihilation
process.
The factorization subtractions2 due to collinear emission

from an initial parton a, as illustrated in Fig. 2 for gluon
emission, are given by the following convolution:

dðΔÞσ̂factab→VX ¼ αs
2π

��
−
1

ϵ̂
ðΔÞPcaðzÞ

�
μ2

μ2F

�
ϵ

þ ðΔÞfcaðzÞ
�

⊛ dðΔÞσcb→VX

�
; ð17Þ

where μ is the scale of dimensional regularization and μF
represents the factorization scale. Here 1=ϵ̂ ¼ 1=ϵ − γE þ
ln 4π as in the MS scheme, ðΔÞPcaðzÞ is the (polarized)
unpolarized Altarelli-Parisi splitting function of a parton a
emitting a parton c carrying momentum fraction z,
dðΔÞσcb→VX is the (polarized) unpolarized d-dimensional
Born cross section of the partonic process cb → VX, and

2Subtractions that need to be applied to the corresponding
partonic channel.
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ðΔÞfabðzÞ represents the freedom on subtracting additional
finite terms. In the unpolarized case we rely on the usual
MS scheme, which corresponds to fijðzÞ ¼ 0, but in the
polarized case when the subtraction involves emission of
quarks by other quarks, when working with the ΔPqqðzÞ
kernel, we use ΔfqqðzÞ ¼ −4CFð1 − zÞ. This is the par-
ticular scheme used in the definition of the polarized parton
distribution sets [31].

III. NLO CORRECTIONS

In this section we present the NLO contributions to the
polarized cross section of electroweak boson production at
large transverse momentum in hadronic collisions. For the
sake of completenesswe also provide the unpolarized results,
which are in agreement with those of Gonsalves et al. [10],
with the distinction that we corroborated the calculation fully
within the consistent HVBM scheme for the axial coupling.
The polarized cross section for the virtual photon in the
nonsinglet case partially agrees with the previous results of
Ref. [18] due to an overlooked sign in oneof the interferences.

A. Quark-antiquark annihilation and scattering

The formulas of the inclusive cross section are presented
in the same way as in Ref. [10], with the expression
separated in contributions with different axial-vector and/or
flavor structure. The quark-antiquark cross section formula
is given by

EQ
dðΔÞσqq̄
d3Q

¼ ααMS
s ðμ2ÞCF

sNc

�
δðs23ÞðΔÞBqq̄ðs; t; u;Q2ÞðjL21j2 þ jR21j2Þ þ

αM̄S
s ðμ2Þ
2π

×

�
½δðs23Þ½ðΔÞVð3Þ

qq̄ ðs; t; u;Q2Þ þ ðΔÞVð1Þ
qq̄ ðs; t; u;Q2Þ

X
f

ð1Þ�

þ ðΔÞGqq̄ðs; t; u;Q2Þ þ ðΔÞFaaðs; t; u;Q2Þ
X
f

ð1Þ�ðjL21j2 þ jR21j2Þ

þ ½δðs23ÞðΔÞVð2Þ
qq̄ ðs; t; u;Q2Þ þ ðΔÞFabðs; t; u;Q2Þ�δ12ðL11 − R11Þ

X
f

ðLff − RffÞ

þ ðΔÞFbbðs; t; u;Q2Þδ12
X
f

X
f0

ðjLff0 j2 þ jRff0 j2Þ

þ ½ðΔÞFacðs; t; u;Q2Þ þ ðΔÞFadðs; t; u;Q2Þ�ðjL21j2 þ jR21j2Þ
þ ½δ12ðΔÞFbcðs; t; u;Q2Þ þ ðΔÞFccðs; t; u;Q2Þ�

X
f

ðjLf1j2 þ jRf1j2Þ

þ ½δ12ðΔÞFbdðs; t; u;Q2Þ þ ðΔÞFddðs; t; u;Q2Þ�
X
f

ðjL2fj2 þ jR2fj2Þ

þ ðΔÞFLL
cd ðs; t; u;Q2ÞðL11L22 þ R11R22Þ þ ðΔÞFLR

cd ðs; t; u;Q2ÞðL11R22 þ R11L22Þ
��

: ð18Þ

Here the ðΔÞBqq̄ðs; t; u;Q2Þ function corresponds to the
(polarized) unpolarized Born diagrams contributions3

ΔBqq̄ðs; t; u; Q2Þ ¼ −
t2 þ u2 þ 2sQ2

tu
;

Bqq̄ðs; t; u; Q2Þ ¼ −ΔBqq̄ðs; t; u;Q2Þ: ð19Þ

The rest of the functions are given in the Appendix. The

ðΔÞVðiÞ
qq̄ðs; t; u;Q2Þ functions group all the NLO contribu-

tions proportional to δðs23Þ arising mainly from virtual
diagrams of Fig. 3, but also from infrared emission from the
real ones. The ðΔÞGqq̄ðs; t; u;Q2Þ are the contributions
from diagrams with two final gluons of Fig 4, while
ðΔÞFðs; t; u;Q2Þ functions represent the contributions from
the diagrams of Fig. 5, with subscripts indicating the
particular groups of diagrams involved in each subprocess.
Most of these functions differ by a sign between the
polarized and unpolarized case, with the only exceptions

a

b

c

FIG. 2. Schematic of the parton emission processes.

3The axial Born cross section needed for the axial renormal-
ization counterterm in Eq. (16) is given by the expression

EQ
dðΔÞσaxialqq̄

d3Q ¼ ααMS
s ðμ2ÞCF
sNc

ðΔÞBqq̄ðs; t; u; Q2Þ ðL21−R21Þ2
2

. The expres-
sion is analogous in the qg case.
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FIG. 3. Diagrams corresponding to the virtual corrections to the Born qq̄ → Vg process. The V functions in the cross section formula
correspond to these diagrams.

FIG. 4. Diagrams which contribute to the annihilation process qq̄ → Vgg. Ghost graphs are not depicted. The G functions in the cross
section formula correspond to these diagrams.

ba

dc

FIG. 5. Diagrams which contribute to the process qq̄ → Vqq̄. The F functions in the cross section formula correspond to these
diagrams.
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being ðΔÞFccðs; t; u;Q2Þ, ðΔÞFddðs; t; u;Q2Þ and
ðΔÞFLR

cd ðs; t; u;Q2Þ. This is related to helicity conservation
for massless quarks. The FLR

cd ðs; t; u;Q2Þ function is
actually equal to its polarized counterpart.
The cross section of the process q̄q→VX can be obtained

from Eq. (18) by substituting the corresponding couplings

q̄q → VX∶ L ↔ −R†: ð20Þ

B. Quark-gluon Compton scattering

The cross section of the Compton process is
given by

EQ
dðΔÞσqg
d3Q

¼ ααMS
s ðμ2ÞCF

sðN2
c − 1Þ

�
δðs23ÞðΔÞBqgðs; t; u;Q2Þ

X
f

ðjLf1j2 þ jRf1j2Þ þ
αMS
s ðμ2Þ
2π

�h
δðs23Þ½ðΔÞVð3Þ

qg ðs; t; u;Q2Þ

þ ðΔÞVð1Þ
qg ðs; t; u; Q2Þ

X
f

ð1Þ
i
þ ðΔÞGqgðs; t; u;Q2Þ�

X
f

ðjLf1j2 þ jRf1j2Þ

þ δðs23ÞðΔÞVð2Þ
qg ðs; t; u;Q2ÞðL11 − R11Þ

X
f

ðLff − RffÞ
��

; ð21Þ

where in this case the (polarized) unpolarized Born terms function reads

ΔBqgðs; t; u;Q2Þ ¼ ðs − tÞðQ2 þ uÞ
st

; Bqgðs; t; u;Q2Þ ¼ −
s2 þ t2 þ 2uQ2

st
: ð22Þ

The ðΔÞGqgðs; t; u;Q2Þ terms come from diagrams obtained

by crossing fromthose inFig. 4,while the ðΔÞVðiÞ
qgðs; t; u;Q2Þ

are again the δðs23Þ contributions originating from virtual
diagrams contributions, which can be obtained from Fig. 3
by crossing, and from the same real contributions. Their
explicit formulas are given in the Appendix.
The qg process presents the greatest difference

between the polarized and unpolarized cross sections. As
a matter of fact, Eq. (22) reveals that at the Born level they
have two distinct behaviors: one is symmetric in the
variables s and t, while the other one is completely
antisymmetric in them.
The three variations of the Compton process can be

obtained from Eq. (21) with the following substitutions:

q̄g → VX∶ L ↔ −R†;

gq → VX∶ t ↔ u; f1 ↔ f2;

q̄g → VX∶ t ↔ u; f1 ↔ f2; L ↔ −R†: ð23Þ

C. Gluon-gluon fusion

The cross section of the gluon-gluon fusion process,
which only contributes at NLO, is simply given by

EQ
dðΔÞσgg
d3Q

¼ ααMS
s ðμ2ÞNcCF

sðN2
c − 1Þ2

�
αMS
s ðμ2Þ
2π

�
ðΔÞ

× Gggðs; t; u;Q2Þ
X
f

X
f0

ðjLff0 j2 þ jRff0 j2Þ;

ð24Þ
where the ðΔÞGggðs; t; u;Q2Þ functions, corresponding to
the diagrams obtained by crossing from the ones in Fig. 4,
are given in the Appendix. The Gggðs; t; u;Q2Þ and
ΔGggðs; t; u;Q2Þ functions are fairly similar apart from a
sign and a few additional terms.

D. Quark-quark scattering

Finally, the last NLO contribution is the quark-quark
initiated, whose cross section is given by

EQ
dðΔÞσqq
d3Q

¼ ααMS
s ðμ2ÞCF

sNc

�
αMS
s ðμ2Þ
2π

��
1

2

��
½ðΔÞHaaðs; t; u;Q2Þ þ ðΔÞHccðs; t; u;Q2Þ�

X
f

ðjLf1j2 þ jRf1j2Þ

þ ½ðΔÞHbbðs; t; u;Q2Þ þ ðΔÞHddðs; t; u;Q2Þ�
X
f

ðjL2fj2 þ jR2fj2Þ þ ðΔÞHacðs; t; u;Q2ÞðjL21j2 þ jR21j2Þ

þ ðΔÞHbdðs; t; u;Q2ÞðjL12j2 þ jR12j2Þ þ ½ðΔÞHadðs; t; u;Q2Þ þ ðΔÞHbcðs; t; u;Q2Þ�δ12
X
f

ðjLf1j2 þ jRf1j2Þ

þ ½ðΔÞHLL
ab ðs; t; u;Q2Þ þ ðΔÞHLL

cd ðs; t; u;Q2Þ�ðL11L22 þ R11R22Þ

þ ½ðΔÞHLR
ab ðs; t; u;Q2Þ þ ðΔÞHLR

cd ðs; t; u;Q2Þ�ðL11R22 þ R11L22Þ
�
; ð25Þ
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where the ðΔÞHðs; t; u;Q2Þ functions correspond to the
contributions from the diagrams in Fig. 6. The global 1=2
factor is a statistical factor needed to avoid double
counting events due to the full phase space integration
and quantum number summation over the two quarks in
the final state. Most of the H functions are related to
the F ones from the quark-antiquark process. The
Hacðs; t; u;Q2Þ, Hbdðs; t; u;Q2Þ, Hadðs; t; u;Q2Þ,
Hbcðs; t; u;Q2Þ,HLR

ab ðs; t; u;Q2Þ andHLR
cd ðs; t; u;Q2Þ func-

tions are equal to their polarized counterparts, while the
HLL

ab ðs; t; u; Q2Þ and HLL
cd ðs; t; u;Q2Þ differ only by a sign.

The Hbbðs; t; u;Q2Þ and Hddðs; t; u;Q2Þ functions, as it is
the case with Fccðs; t; u;Q2Þ and Fddðs; t; u;Q2Þ, have
significant differences with their polarized counterparts.
The cross section of antiquark-antiquark annihilation is

obtained from Eq. (25) by the substitution

q̄ q̄ → VX∶ L ↔ −R†: ð26Þ

With the qq̄ and qq cross sections it is possible to
calculate the nonsinglet cross section, which is given by

EQ
dðΔÞσNS

d3Q
¼ EQ

dðΔÞσqq̄
d3Q

− EQ
dðΔÞσqq
d3Q

: ð27Þ

The nonsinglet polarized cross section for virtual photon
production has been calculated by Field et al. in Ref. [18].
However, our results do not fully agree with theirs because
they assumed that theΔHLL

ab ðs; t; u;Q2Þ,ΔHLL
cd ðs; t; u;Q2Þ,

ΔHLR
ab ðs; t; u;Q2Þ and ΔHLR

cd ðs; t; u;Q2Þ contributions of
the qq process cancel against the corresponding
ΔFLL

cd ðs; t; u;Q2Þ and ΔFLR
cd ðs; t; u;Q2Þ functions of the

qq̄ process, which is not correct since they actually differ by a
sign and add up to an additional contribution. This error was
carried over from a mistake in the original unpolarized EMP
calculation [8], which it is pointed out in Ref. [10].

IV. PHENOMENOLOGICAL RESULTS

In this section we compute the corresponding cross
sections to evaluate the impact of the polarized NLO

corrections. We apply them to RHIC kinematics, that is,
polarized proton-proton collisions at a center-of-mass
energy of

ffiffiffi
S

p ¼ 510 GeV. We use the MMHT2014nlo
[32] and DSSV [31] PDFs sets for the unpolarized and
polarized processes, respectively. For the weak gauge
boson we use the masses MW ¼ 80.379 GeV and
MZ ¼ 91.1876 GeV, with an electromagnetic coupling
constant α ¼ 1=127.918 and the Weinberg angle given
by sin θW2 ¼ 0.2312. The CKM matrix is constructed from
the values jVudj ¼ 0.9742, jVusj ¼ 0.2243, jVcdj ¼ 0.218
and jVcsj ¼ 0.996 using the universality property. The
number of active quark flavors are limited by the thresholds
set by their mass, namely mc ¼ 1.275 GeV and
mb ¼ 4.18 GeV. The QCD coupling αs is evaluated at
NLO with the same quark thresholds, with a value
of αsðMZÞ ¼ 0.127.
We begin by analyzing the reduction of theoretical

uncertainties. These are estimated by studying the depend-
ence of the complete NLO results on the renormalization
and factorization scales due to the truncation of the
perturbative series expansion. In Fig. 7 we present the

FIG. 7. On-shell Z production cross section in pp collisions at
510 GeV. Both LO and NLO are presented with their respective
confidence bands.

ba

dc

FIG. 6. Diagrams corresponding to the qq → Vqq process. TheH functions in the cross section formula correspond to these diagrams.
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polarized qT distributions of on-shell Z boson production
at both LO and NLO accuracy at y ¼ 0, with their
respective confidence bands. Since in this process we
have two physical scales given by Q and qT , it is
convenient to define a physical scale in between them
given by Q2

s ¼ ðQ2 þ q2TÞ=4. The central curves are
obtained by fixing the renormalization and factorization
scales to μR ¼ μF ¼ Qs. The bands are obtained by
varying μR and μF simultaneously and independently in
the range 0.5Qs ≤ μR; μF ≤ 2Qs with the constraint
0.5 ≤ μF=μR ≤ 2. As expected in perturbative QCD, the
second order corrections yield a significant contribution to
the Born cross section while reducing uncertainties
considerably.

For a more detailed analysis on the impact of the two
scales, in Fig. 8 we study the scale dependence of the cross
section at a fixed value of qT . The LO curves show stronger
dependence on the scale. In this case the μR dependence
corresponds simply to the variations of αs with the scale,
while μF dependence arises exclusively from the PDFs. At
NLO these dependences are corrected by logarithmic terms
proportional to the β function and the splitting functions,
respectively, yielding more stable results. We do not show
the results for other particular values of qT since they are
fairly similar. Throughout the rest of this section we will set
the two scales equal to Qs.
The size of the higher order QCD corrections to hadronic

processes are usually presented in terms of the “K factor,”
the ratio between the NLO results over the LO ones.
However, in order to make this ratio meaningful in the
polarized case, the same NLO-evolved parton densities are
used to calculate both NLO and LO quantities [33]. This is
due to the low constraints to polarized PDFs available from
experimental data, especially to Δg, which can in some
cases give very different results when fits are performed at
LO or at NLO. For this reason, polarized K factors can get
artificially large or small when the gluons are involved.
In Fig. 9 we present the K factors for the production of

on-shell weak bosons at fixed rapidity y ¼ 0 and y ¼ 1, for
both the polarized and unpolarized cases. The polarized K
factors reveal a larger contribution of the NLO corrections
forW production, and they show a stronger variation along
qT compared to their unpolarized counterparts. The polar-
ized Z production present a remarkably lower K factor at
larger qT. At rapidity y ¼ 1 the K factors are slightly
higher, specially at low qT. In this case the bosons Wþ and
W− show similar behaviors.
The qT dependence of the polarized K factors is related

to the different behavior of the particular subchannels
contributing to the process. For instance, the changes in

FIG. 8. Cross section dependence on the renormalization
and factorization scales. The green curves are for μ ¼ μR and
μF ¼ Qs, the red ones for μ ¼ μF and μR ¼ Qs, and the black ones
for μ ¼ μF ¼ μR.

FIG. 9. NLOK factors for on-shell weak boson V production with rapidities y ¼ 0 and y ¼ 1. The solid and dashed curves correspond
to the polarized and unpolarized processes, respectively.
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the concavity in the curves for y ¼ 0 (barely visible in the Z
boson case) are related to the sign change of the qg-channel
contribution. This can be observed in Fig. 10 for Wþ
production, where we present the subchannel polarized
cross section ratios. In all cases the cross section is
governed by the quark initiated channels at low qT, but
the qg-channel becomes the most relevant one at high qT .
The qT range at which this dominance begins depends on
the particular boson studied and its rapidity, taking place at
lower qT values in the case y ¼ 1. The gg contribution, that
only arises at order Oðα2sÞ, is always negligible at the
energy of this process.
Finally in Fig. 11 we show the longitudinal double spin

asymmetries for weak boson production at different rap-
idities, which is defined as

ALL ¼ dΔσ
dσ

: ð28Þ

The asymmetries grow with qT , reaching sizeable values,
and are larger at higher rapidity. The NLO corrections
to the asymmetries are generally low, especially at rapidity
y ¼ 1. A similar behavior has been observed in many other
processes, where QCD corrections tend to compensate in
the ratios of polarized and unpolarized cross sections.
However, in the case of Z production the NLO corrections
in the polarized case are clearly bigger than the unpolarized
ones, accounting for lower values of asymmetry at
large qT . This can already be seen in Fig. 9 since the
ratios of the asymmetries at the two orders are equal to the
ratio of the respective K factors, following the relation

FIG. 10. Subchannel contributions to on-shell Wþ boson production with rapidities y ¼ 0 and y ¼ 1. Both NLO and LO
decompositions are given.

FIG. 11. Longitudinal double spin asymmetries in on-shell weak boson V production at rapidities y ¼ 0 and y ¼ 1.
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ANLO ¼ ALOΔK=K, and the K factors of Z production are
the ones that show larger discrepancies between the
polarized and unpolarized cases, especially at y ¼ 0.

V. SUMMARY

In this work, we have presented the first complete
calculation at next-to-leading order in perturbative QCD
of the cross section for the production of electroweak gauge
bosons with large transverse momentum qT in double
polarized hadronic collisions. The calculation was done
fully in the consistent HVBM scheme for the treatment of
γ5 and the tensor ϵμνρσ in dimensional regularization,
carefully dealing with issues arising from the (d − 4)-
dimensional part of the momenta and γμ matrices. We also
kept the unpolarized results, easily obtained as a by-product
of the polarized calculation, corroborating the previous
well-known results [10], but this time fully within the
HVBM scheme. The polarized results are also in agreement
with a previous partial calculation of the nonsinglet
polarized production of virtual photons [18], aside from
a missed contribution in their work.
Using our results, we studied in some detail the phe-

nomenological impact of the polarized NLO corrections in
weak boson production at RHIC, that is, polarized pp
collisions with a center-of-mass energy of 510 GeV. We
analysed the scale dependence in polarized Z boson

production to assess the reliability of the theoretical
predictions. We found that the NLO corrections have a
greatly reduced scale dependence with respect to the Born
results. We also studied the polarized K factors, the ratio
between the NLO and LO results, comparing them to their
unpolarized counterparts. The polarized K factors show
larger variations and a more complex dependence in qT ,
having a slightly higher value than the unpolarized
ones except for the Z boson case. The effect of NLO
corrections on the double spin asymmetries is generally low
for W production, but visibly affects the Z production at
higher qT.
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APPENDIX: CROSSECTION FORMULAS

In this appendix we present the formulas for the
functions associated with the NLO contributions in the
cross sections of Eqs. (18), (21), (24), and (25). They are
expressed in terms of the invariants s; t; u;Q2 and s23, but
we also define some frequently occurring transcendental
functions and denominators. The denominators are

ds ¼ sþQ2 − s23;

dq ¼ s23Q2 − tu;

λ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðtþ uÞ2 − 4s23Q2

p
;

dt ¼ s23 − t;

du ¼ s23 − t;

dst ¼ s − s23 þ t;

dsu ¼ s − s23 þ u:
ðA1Þ

The first group of transcendental functions involves some recurring logarithms:

Ls ¼ ln½ sQ2�;
Lt ¼ ln½ t

Q2�;
Lu ¼ ln½ uQ2�;
Ls23 ¼ ln½s23Q2�;
LA ¼ ln½ AQ2�;

Lλt ¼ ln
h

sQ2ðs23−tÞ2
½s23ð2Q2−tÞ−Q2t�2

i
;

Lλu ¼ ln
h

sQ2ðs23−uÞ2
½s23ð2Q2−uÞ−Q2u�2

i
;

Ltu ¼ ln
h

tu−s23Q2

ðs23−tÞðs23−uÞ
i
;

Lstu ¼ ln
h

sQ2

ðs23−tÞðs23−uÞ
i
;

Lst ¼ ln
h

st2

Q2ðs23−tÞ2
i
;

Lsu ¼ ln
h

su2

Q2ðs23−uÞ2
i
;

Lλ ¼ ln
h
sþQ2−s23þλ
sþQ2−s23−λ

i
;

LR ¼ ln ½μ2RQ2�;
LF ¼ ln½μ2FQ2�;

ðA2Þ

with μR and μF the renormalization and factorization scales, respectively. The rest of the transcendental functions include
dilogarithms that appear in the virtual contributions:

L1t ¼ Li2½ Q2

Q2−t� þ 1
2
ln2½ Q2

Q2−t�;
L1u ¼ Li2½ Q2

Q2−u� þ 1
2
ln2½ Q2

Q2−u�;
L2t ¼ Li2½Q

2

s � þ 1
2
L2
s þ Lsln2½ −t

s−Q2�;
L2u ¼ Li2½Q

2

s � þ 1
2
L2
s þ Lsln2½ −u

s−Q2�:
ðA3Þ

Finally, some expressions include “þ” distributions in the variable s23. These terms originate from the soft singularities
appearing as poles in s23. Within dimensional regularization, these poles are explicitly made manifest with the identity
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�
1

s23

�
1þϵ

¼ −
1

ϵ
δðs23Þ

�
1 − ϵ lnAþ 1

2
ϵ2 lnA2

�
þ
�

1

s23

�
Aþ

− ϵ

�
ln s23
s23

�
Aþ

þOðϵ2Þ; ðA4Þ

where A is the upper integration limit in Eq. (8). The þ
distributions yield finite contributions and are integrated
with the following rules:
Z

A

0

ds23

�
1

s23

�
Aþ

fðs23Þ¼
Z

A

0

ds23
½fðs23Þ−fð0Þ�

s23
;

Z
A

0

ds23

�
lns23
s23

�
Aþ

fðs23Þ¼
Z

A

0

ds23
½fðs23Þ−fð0Þ�

s23
lnðs23Þ;

ðA5Þ
where fðs23Þ is any function that depends on s23.

1. Quark-antiquark annihilation and scattering

In this subsection we present the functions correspond-
ing to the contributions to the quark-antiquark annihilation
and scattering processes in both the polarized and unpo-
larized cases.

a. Polarized qq̄ → VX

We first present the δðs23Þ contributions arising from
virtual and real contributions

ΔVð1Þ
qq̄ ðs; t; u;Q2Þ ¼ ΔBqq̄ðs; t; u;Q2Þ

�
−
5

9
þ LA − LR

3

�
;

ðA6Þ

ΔVð2Þ
qq̄ ðs; t; u;Q2Þ ¼ ðsþQ2Þ

ðs −Q2Þ
�
1 −

LsQ2

ðs −Q2Þ
�
; ðA7Þ

ΔVð3Þ
qq̄ ðs; t; u;Q2Þ ¼ ΔBqq̄ðs; t; u; Q2Þ

�
CF½ð2LA þ Lt þ LuÞ2 − 4LAðLF − Ls þ 2Lt þ 2LuÞ

− LFð3 − 2Lt − 2LuÞ − 2LsðLt þ LuÞ − 8þ π2�

− CA

�
ðLu þ Lt þ LAÞ2 þ LA

�
11

6
þ 2Ls − 4Lt − 4Lu

�

−
11

6
LR − L1t − L1u − LsðLt þ LuÞ −

67

18
þ π2

3

��
−

Lu

ðsþ tÞ
�
CFð3sþ uÞ þ CFQ2s

ðsþ tÞ þ CAu

�

þ CFs2

ðsþ tÞt −
Lt

ðsþ uÞ
�
CFð3sþ tÞ þ CFQ2s

ðsþ uÞ þ CAt

�
þ CFs2

ðsþ uÞu

− ð2CF − CAÞ
�ðsþ uÞ2 þ s2

tu
ðL1t − L2tÞ þ

ðsþ tÞ2 þ s2

tu
ðL1u − L2uÞ

�

−
2ð2CF − CAÞs

ðtþ uÞ
�
1þ Ls þ

LsQ2

ðtþ uÞ
�
þ ðCF − CAÞ

�
t
u
þ u

t

�
− CAs

�
1

t
þ 1

u

�
: ðA8Þ

Here the ΔBqq̄ðs; t; u;Q2Þ is the function representing the Born contribution defined in Eq. (19). The function

ΔVð2Þ
qq̄ ðs; t; u;Q2Þ arises from the triangle quark loops diagrams, which only contributes to Z production.
The following function is originated from the quark-antiquark annihilation qq̄ → Vgg diagrams in Fig. 4:

ΔGqq̄ðs; t; u;Q2Þ ¼ −
t2 þ u2 þ 2sðtþ uþ sÞ

2tu

�
ð8CF − 2CAÞ

�
Ls23

s23

�
Aþ

−
�

1

s23

�
Aþ

�
2CFð2LF − LtuÞ − ð2CF − CAÞð2Lstu − LtuÞ þ

11

6
CA

��
þ CF

dq

�
2Q2u
t

þ s −Q2

�

−
CFðLF − Ls23 − LtuÞ

dq

�
4s2ðs − s23Þ

tu
þ 4sð4s − 2s23 þ 3uÞ − 4uðs23 − uÞ

t
þ 4sþ s23

�

−
sð2CFu − CAsÞ

2dt2u
−
CFðLF − Ls23Þs

dt2
−
ð2CF − CAÞðLs23 þ Lstu − LtuÞ

dt

�
s2

dut
−
ðsþ uÞ2

tu
þ 1

�

þ CFðLF − Ls23Þðsþ s23 þQ2Þ
dtt

−
2CF

dt

�
uþ s
t

−
s
u

�
−
CAs
2dt

�
3s
tu

þ 4

u

�

−
½3CFðLF − Ls23Þ þ CA�ðQ2 − tÞ

3t2
þ CFðs − 2sLtu þ s23LtuÞ

tu
−
3CFð2þ LF − Ls23 þ 4LtuÞ þ CA

3t
þ ht ⇔ ui: ðA9Þ
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In this function we have implicitly included a 1=2 factor to avoid double counting due to the summation over all the final
states of the two indistinguishable gluons, and the ht ⇔ ui indicates that the whole function needs to be repeated switching
the variables t and u. The annihilation process also contributes some of the δðs23Þ terms which are already included

in ΔVð3Þ
qq̄ ðs; t; u;Q2Þ.

We now proceed to present the functions corresponding to the qq̄ → Vqq̄ process diagrams represented in Fig. 5:

ΔFaaðs; t; u;Q2Þ ¼ 1

3

�
−
�

1

s23

�
Aþ

t2 þ u2 þ 2sðsþ tþ uÞ
tu

þQ2

�
1

t2
þ 1

u2

��
; ðA10Þ

ΔFbbðs; t; u;Q2Þ ¼ 3Lλðt − uÞ2ðtþ uÞ½ð2s23 − t − uÞðtþ uÞ þ 4sðs −Q2Þ�
8λ5s

þ 3s23ðt − uÞ2ðsþQ2Þ
λ4s

þ Lλ

8λ3s

�ðt2 − u2Þ2 þ 4sðt2 þ u2Þð2sþ tþ uÞ
ds

þ 4sðt2 þ u2Þ þ ð2s23 − t − uÞðt − uÞ2
�

−
4ðss23 þ tuÞ − 3ðt − uÞ2

4λ2s
−

Lλ

8λs

�
12s2 þ 3t2 þ 2tuþ 3u2 þ 10sðtþ uÞ

ds
þ 2ð2s − s23 þQ2Þ

�
þ 5

4s
:

ðA11Þ

The diagrams involved in ΔFaaðs; t; u;Q2Þ function also contribute to the δðs23Þ terms in ΔVð3Þ
qq̄ ðs; t; u;Q2Þ. The following

interference only contributes to Z production:

ΔFabðs; t; u;Q2Þ ¼ −
3Lλsðt − uÞ2ð2sþ tþ uÞQ2

2λ5t
−
3ðt − uÞ2Q2½2s223 − ðsþ s23Þðtþ uÞ�

2λ4tu

þ LλQ2½sð2s − 4s23 þ 3t − uÞ þ 4ðs23 − tÞðs23 − uÞ�
2λ3t

þ tðsþ 3t − 2uÞ −Q2ðsþ 2t − uÞ
λ2t

þ ht ⇔ ui:
ðA12Þ

The following functions have also terms proportional to 1=s23, but the expression is in fact finite in the limit s23 → 0:

ΔFacðs; t; u;Q2Þ ¼
�
CF −

CA

2

��
−
3Lλs2ðt − uÞ2ðtþ uÞQ2

λ5tu
−
3sðt − uÞ2ð2s23 − t − uÞQ2

λ4tu

þ LλsQ2

λ3

�
s
�
7

u
−
5

t

�
þ 4

�
1 −

u
t

��
−

1

λ2

�
s2
�
7

u
−
5

t

�
− ð2s23 − t − uÞ

�
1þ t

2u
−
3u
2t

�

þ s

�
2þ 5

s23 − u
t

−
7s23 − 5t

u

��
þ Lλ

λt

�
2Q2 −

�
1þ t

u

�
s2 þ ðsþ uÞ2

s23

�
−

s2

dt2u
−

3s2

dt tu
þ 3Q2

t2

−
2Lst

t

�
1

s23

�
s2

u
þ sþ u

2

�
−
s − s23 þ u

t
− 1

�
−

3

2t
þ 1

2u

�
; ðA13Þ

ΔFbcðs; t; u;Q2Þ ¼
�
CF −

CA

2

��
−
6Lλss23ðt − uÞ2Q2

λ5t
−
3ðt − uÞ2ð2s23 − t − uÞ

2λ4

�
u
t
þ 1

�

−
Lλ

λ3

�ð2s23 − t − uÞðt2 − u2Þ
2s

−
u2

t

�
s
2
−Q2

�
þ t

�
3s
2
−Q2

�
− 3su�

−
1

λ2

�
t2 − u2

s
þ uðu − 3s23Þ

t
þ s23 þ t� − Lλ

2λds

�
t2

s
þ ð2sþ uÞ

�
6 −

u
s

��

−
Lλ

λ

�
3s223 þ ðs23 − uÞ2

st
þ 3tþ 2u − 6s23

s
−
s23 − u

t
þ 3s

2t

�

−
2

dt
−
ðLst þ LλtÞ

dss

�
2s223
t

− 2s23 þ t

�
þ 4s23Q2

st2
− Lst

�
u
st
þ 1

s
þ 2

t

�
−
2u
st

−
1

2t
þ 1

s

�
; ðA14Þ
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ΔFadðs; t; u;Q2Þ ¼ ΔFacðs; u; t; Q2Þ; ðA15Þ

ΔFbdðs; t; u;Q2Þ ¼ ΔFbcðs; u; t; Q2Þ; ðA16Þ

ΔFccðs; t; u;Q2Þ ¼ Lλsðt2 − u2Þ
2λ3t

þ ðt − uÞð2s23 − t − uÞ
2λ2t

−
Lλð3sþ 2uÞ

2λt
þ ð4þ LF − Ls23Þs

2dt2
þ ðLF − Ls23Þð2sþ uÞ

dtt

þ 8s − tþ 5u
2dtt

þQ2 − t
t2

�
Lst þ 2ðLF − Ls23 − LstÞ

�
1þ s23

s

�
þ 4s23

s
þ 5

2

�

þ ð1þ LF − Ls23 − LstÞð4s23 − 2u − tÞ þ 2s23
2st

; ðA17Þ

ΔFddðs; t; u;Q2Þ ¼ ΔFccðs; u; t; Q2Þ: ðA18Þ

Finally, the interference between the Fc and Fd diagrams yields different results depending on whether the quirality of the
quark and the antiquark are the same (LR) or opposite (LL). This also makes the LR contribution equal to its unpolarized
counterpart, while the LL differs by a sign.

ΔFLL
cd ðs; t; u;Q2Þ ¼ Lλsðt − uÞ2

2λ3t
−
ðt − uÞ2
2λ2u

�
1 −

s23
t

�
−
Lλð2s − t − uÞ

2λds
−
Lλ

2λ

�
3sþ 2s23

t
− 1

�

−
ðLsu − Lλt − 2LtuÞ½2sðsþ uÞ þ u2�

2ds dst t
þ ðLsu − Lλt − 2LtuÞ

2dst

�
2sþ u

t
þ 1

�
þ ðLλt þ LtuÞ

2ds

�
u
t
þ 1

�

−
ðLst − LtuÞ

ds

�
2sðQ2 þ s23Þ

tu
þ t
u
þ u
2t

þ 1

2

�
−

s
dt u

−
Ltuðsþ s23Þ − ðu − sÞ

2tu
þ Lst þ Lλt

2t
þ ht ⇔ ui;

ðA19Þ

ΔFLR
cd ðs; t; u;Q2Þ ¼ Lλt þ 2Ltu − Lsu

2t

�
sþ s23 − u

dst
− 1

�
þ Lst − Ltu

t

�
s2

dst dsu
−
sþ s23

u

�

−
s2

dst t

�ðLst þ LλtÞ
ds

−
ðLsu − LtuÞ

u

�
þ ht ⇔ ui: ðA20Þ

b. Unpolarized qq̄ → VX

Due to helicity conservation, most of the unpolarized results differ from the polarized one only by a sign, e.g.,
Gqq̄ðs; t; u;Q2Þ ¼ −ΔGqq̄ðs; t; u;Q2Þ, so we list only the functions in which this is not true:

Fccðs; t; u;Q2Þ ¼ −ΔFccðs; t; u;Q2Þ þ 3s
2dt2

þ 4sþ 3u
dt t

− ðLF − Ls23 − LstÞ
�
1

2s

�
2s23Q2

t2
−
u
t

�
2

þ ð2s23 − t − uÞ2 − 4s23ðQ2 − tÞ
2st2

−
4s23 − 2u − t

2st

�

−
3

2s

�
2s23Q2

t2
−
u
t

�
2

−
10s223 − 8s23u − 3u2

2st2
þ 4s23 − u

st
þ 3sþ 2s23 þ 4u

t2
−

1

2s
; ðA21Þ

Fddðs; t; u;Q2Þ ¼ Fccðs; u; t; Q2Þ; ðA22Þ

FLR
cd ðs; t; u;Q2Þ ¼ ΔFLR

cd ðs; t; u;Q2Þ: ðA23Þ

2. Quark-gluon Compton scattering

In this section we present the functions corresponding to the quark-gluon Compton processes in both the polarized and
unpolarized case. The diagrams are obtained from Figs. 3 and 4 by suitable crossing.
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a. Polarized qg → VX

We start with the δðs23Þ contributions from virtual and real contributions

ΔVð1Þ
qg ðs; t; u;Q2Þ ¼ ΔBqgðs; t; u;Q2Þ

�
1

3
ðLF − LRÞ

�
; ðA24Þ

ΔVð2Þ
qg ðs; t; u;Q2Þ ¼ ðs − tÞ

sþ t

�
1þ LuQ2

sþ t

�
; ðA25Þ

ΔVð3Þ
qg ðs; t; u;Q2Þ ¼ ΔBqgðs; t; u;Q2Þ

�
CF

�
L2
A − L2

u − LA

�
2LF þ 3

2

�
− LF

�
3

2
− 2Lu

�
− 5 −

1

3
π2
�

þ CA

�
2L2

A þ L2
u − 2LAðLF − Ls þ Lt þ LuÞ − LF

�
11

6
− 2Lt

�
þ 11

6
LR þ L1t − L2t

− LsðLt þ LuÞ þ LtLu þ
1

2
þ π2

2

��
þ Lss
ðtþ uÞ

�
CF

�
1þ 4u

s

�
þ CFu
ðtþ uÞ þ CA

�
−

CFt
ðtþ uÞ

−
Ltt

ðsþ uÞ
�
CF

�
1þ 4u

t

�
þ CFu
ðsþ uÞ þ CA

�
þ CFs
ðsþ uÞ − ðCF − CAÞ

s2 − t2

2st

−
ð2CF − CAÞðtþ 2uÞ

s
½L1u − L2u� þ

ð2CF − CAÞðsþ 2uÞ
t

�
L1t þ L1u − LtLu þ

π2

2

�
; ðA26Þ

where ΔBqgðs; t; u;Q2Þ is the Born function defined in Eq. (22). Here again the ΔVð2Þ
qg ðs; t; u;Q2Þ terms arise from the

triangle quark loops diagrams, which only contribute to Z production.

ΔGqgðs; t; u;Q2Þ ¼ ðs− tÞðsþ tþ 2uÞ
st

�
ð2CF þ 4CAÞ

�
Ls23

s23

�
Aþ

−
�

1

s23

�
Aþ

×

�
CF

�
3

2
þ 2LF −Lsu − 2Ltu −Lλ

tþ u
λ

�
−CA

�
2Lstu − 2LF þ

Lst −Lsu

2
−Ltu

���

−
2CF −CA

2s23

�
Lsuðsþ 2uÞ

t
−
2Ltuðtþ 2uÞ

s
þLλðsþ 2uÞ

λ

�
u
t
þ 1

��

þ 3CFLλsðt− uÞ2ð2Q2 − t− uÞ
4λ5

�
u
t
þ 1

�
−
3CFsðt− uÞ2

2λ4

�
u
t
þ 1

�

−
Lλ

λ3

�
CF

2

�ðt2 − u2Þðtþ u− 2Q2Þ
2s

þ u
ðt− uÞ2 − su−Q2ðsþ 2uÞ

t
þ ðt− uÞ2 − stþQ2ð3s− 6tþ 8uÞ

�

þCA

�
1−

u
t

��
s2 −

ð2s23 − t− uÞðsþQ2 þ s23Þ
4

��

þ 1

λ2

�
CF

2

�
s

�
3−

u
t

�
− ðt− uÞ

�
3Q2 − s23

s
þ 4s23 − 7u

2t
þ 5

2

��
þCAðsþ s23Þ

�
1−

u
t

��

þLλ

2λ

�
CF

�
9s− 20Q2 þ 6u

2t
−
2Q2 − 9t− 11u

2s
þ 3

�
þCA

�
6Q4 − 5uQ2 þ u2

st
−
12sþ 9uþ 14Q2

2t

þ u− 3Q2

s
−
3

2

��
−
CFðLsu − 2Ltu −LλtÞs23ðs23 − 2uÞ

dst st

þCF

dq

�
Q2

�
4u
t
− 1

�
þ s− 3uþ 2ðLF −Ls23 −LtuÞ

�
Q2

�
4sþ 6u− 2Q2

t
þ 1

�
þ sþ 2t− 5u

��
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þ ð5CF þ 7CAÞs
dt2

þ 2ðCF þ 2CAÞðLF − Ls23Þs
dt2

þ CF½3s − 8tþ 2u − ðLF − Ls23Þðsþ 2tþ 2uÞ�
dt t

þ CA

dt

�ðLst þ LλtÞ
2

×

�
1

s
−
3

t
−
2u
st

�
ðsþ tÞ þ ðLs23 þ Lstu − LtuÞðs − tÞ

�
1

s
−
1

t
−
2u
st

��

þ CA½15sþ tþ 10uþ 2ðLF − Ls23Þð5sþ 4uÞ�
dt t

þ ð2CF − CAÞ
du

�
s
t
þ 1

�

þ CFð1þ LF − Ls23 − LsuÞs23ðs − s23 þ tÞ
su2

−
CF½sþ tþ ðLF − Ls23 − LsuÞðs − 4s23 þ 2tÞ�

su

þ s − s23 þ u
t2

�
ðCF þ 2CAÞLst þ ðLF − Ls23 − LstÞ

�
CF þ 8CA

�
1þ s23

s

��
þ 5

2
CF þ CA

�
9þ 12s23

s

��

− 2

�
CF

�
3

t
−
2

s

�
− 2CA

�
2s23
st

−
u
st

��
ðLF − Ls23Þ −

s23 − 2u
2st

½2CFLsu þ CAð2Ls23 þ 2Lstu − LsuÞ�

−
Lλt

t

�
CFð3s − s23 þ 2uÞ

s
− 2CA

�
þ 2CFLtuð3sþ s23 − 2uÞ

st
−
CALstð2sþ 9s23 − 4uÞ

st
−
17CF

4t

þ 2CAð4s23 − uÞ
st

−
CF

s
½2þ 5ð2LF − 2Ls23 − LsuÞ þ 3Lλt�

−
CA

s

�
1þ 2ð3LF − 4Ls23 − Lstu − LλtÞ −

9

2
Lst þ Lsu − Ltu

�
: ðA27Þ

Here the 1=s23 terms without the corresponding þ distributions are actually finite in the limit s23 → 0.

b. Unpolarized qg → VX

The qg → VX process is the one that presents more differences between the expressions of the polarized and unpolarized
cases:

Vð1Þ
qg ðs; t; u;Q2Þ ¼ Bqgðs; t; u;Q2Þ

�
1

3
ðLF − LRÞ

�
; ðA28Þ

Vð2Þ
qg ðs; t; u;Q2Þ ¼ −

ðQ2 þ uÞ
ðQ2 − uÞ

�
1þ LuQ2

ðQ2 − uÞ
�
; ðA29Þ

Vð3Þ
qg ðs; t; u;Q2Þ ¼ Bqgðs; t; u;Q2Þ

�
CF

�
L2
A − L2

u − LA

�
2LF þ 3

2

�
− LF

�
3

2
− 2Lu

�
− 5 −

1

3
π2
�

þ CA

�
2L2

A þ L2
u − 2LAðLF − Ls þ Lt þ LuÞ − LF

�
11

6
− 2Lt

�
þ 11

6
LR þ L1t − L2t

− LsðLt þ LuÞ þ LtLu þ
1

2
þ π2

2

��
−

Lss
ðtþ uÞ

�
CF

�
1þ 4u

s

�
þ CFu
ðtþ uÞ þ CA

�
þ CFt
ðtþ uÞ

−
Ltt

ðsþ uÞ
�
CF

�
1þ 4u

t

�
þ CFu
ðsþ uÞ þ CA

�
þ CFs
ðsþ uÞ þ

ð2CF − CAÞ
ðsþ tÞ

�
Q2ðs2 þ t2Þ

st
−
2Luuð2Q2 − uÞ

ðsþ tÞ
�

− CF

�
2þ 3tþ 4u

2s
þ 3sþ 4u

2t
þ u2

st

�
þ CA

�
tþ 2u
2s

þ sþ 2u
2t

þ u2

st

�

− ð2CF − CAÞ
�
u2 þ ðsþ uÞ2

st

�
L1t þ L1u − LtLu þ

π2

2

�
þ u2 þ ðuþ tÞ2

st
ðL1u − L2uÞ

�
; ðA30Þ

where Bqgðs; t; u;Q2Þ is the unpolarized Born function defined in Eq. (22). We note that the virtual contributions presented

in Eq. (A4) of Ref. [10], in our case included within Vð3Þ
qg ðs; t; u;Q2Þ, are missing a minus sign in the finite terms not

multiplied by the Born function.
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Gqgðs; t; u;Q2Þ ¼ −
�
t
s
þ s

t
þ 2uðsþ tþ uÞ

st

��
ð2CF þ 4CAÞ

�
Ls23

s23

�
Aþ

−
�

1

s23

�
Aþ

�
CF

�
3

2
þ 2LF − Lsu − 2Ltu − Lλ

tþ u
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�
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�
2Lstu − 2LF þ Lst − Lsu

2
− Ltu

���
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�
Lsuðsþ 2uÞ

t
þ 2Ltuðtþ 2uÞ

s

þ Lλðsþ 2uÞ
λ

�
u
t
þ 1

��
−
3CFLλsðt − uÞ2ð2Q2 − t − uÞ

4λ5

�
u
t
þ 1

�
þ 3CFsðt − uÞ2

2λ4

�
u
t
þ 1

�

þ Lλ

λ3

�
CF

2

�ðt2 − u2Þðtþ u − 2Q2Þ
2s

þ u
ðt − uÞ2 − su −Q2ðsþ 2uÞ

t
þ ðt − uÞ2 − st

þQ2ð3s − 6tþ 8uÞ� þ CA

�
1 −

u
t

��
s2 −

ð2s23 − t − uÞðsþQ2 þ s23Þ
4

��

−
1

λ2

�
CF

2

�
s

�
3 −

u
t

�
− ðt − uÞ

�
3Q2 − s23

s
þ 4s23 − 7u

2t
þ 5

2

��
þ CA

ðsþ s23Þðt − uÞ
t

�

−
Lλ

2λ

�
CF

�
8
2Q2ðs23 −Q2Þ − u2

st
−
2Q2 þ 7tþ 21u

2s
−
7s − 28Q2 þ 2u

2t
− 1

�

þ CA

�
6Q4 − 5uQ2 þ u2

st
−
12sþ 9uþ 14Q2

2t
þ u − 3Q2

s
−
3

2

��

−
CFðLsu − 2Ltu − LλtÞ½ðs23 − uÞ2 þ u2�

dst st
þ CF

dq

�
4ðt − uÞu

s

�
Q2

t
− 1

�
− u

�
4Q2

t
þ 1

�
− sþQ2

þ 4ðLF − Ls23 − LtuÞ
�ðt − uÞ2 þ u2

s
þ sþ u

2
þ t −Q2

�
2u2

st
þ t − 2u

s
þ sþ 2u

t
þ 1

2

���

þ 2½ðCF − CAÞð4þ LF − Ls23Þ þ CA�st
dt3

−
2ðLF − Ls23Þ½CFðtþ uÞ þ CAð3sþ 2uÞ�

dt2
þ CFð3s − 8t − 4uÞ

dt2

−
CAð9s − 4tþ 4uÞ

dt2
þ CF
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�
4ðLF − Ls23Þ

�
u2
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þ t − 2u

2s
þ 3

sþ 2u
4t

− 1

�
þ u2
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þ 3t − 2u

s
−
s − 2u

t
− 4

�

−
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dt

�
4ðLF − Ls23Þ

�
u2
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þ t − 2u

2s
þ 3

sþ u
t

− 2

�
− ðLst þ LλtÞ

�
u2
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þ 5sþ 6u

2t
þ t − 2u

2s
− 1

�

þ 3sþ 2u
t

− 7 − ðLs23 þ Lstu − LtuÞ
ðs − tþ uÞ2 þ u2

st

�
−
2CF½s − ðLF − Ls23Þt�

dut
þ CAðs − tÞ

dut

þ CFð1þ LF − Ls23 − LsuÞs23ðs − s23 þ tÞ
su2

þ CF

u

�
2ðLF − Ls23 − LsuÞ

�
2s23 − t

s
−
1

2

�
−
t
s
− 1

�

−
4CAð3þ LF − Ls23 − LstÞs23ðs − s23 þ uÞ

st3

�
s23ðs − s23 þ uÞ

t
þ ð2s23 − uÞ

�

þ s − s23 þ u
t2

�
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�
ðLF − Ls23Þ −

1

2

�
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�
4ðLF − Ls23 − LstÞ

�
3s23 − 2u

s
− 2

�
− 2Lst þ

16s23
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− 1

��

−
2CA
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�ðLF − Ls23 − LstÞðsþ s23Þ2
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s
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2CFLtuðsþ s23 − 2uÞ
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2st
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4st

−
CF

s
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−
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s

�
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�
: ðA31Þ
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3. Gluon-gluon fusion

We now present the functions for the gluon-gluon fusion processes for both the polarized and unpolarized cases. The
diagrams are obtained from Fig. 4 by suitable crossing.

a. Polarized gg → VX

ΔGggðs; t; u;Q2Þ ¼ −
3CALλðt − uÞ2t

λ5

�ð2s23 − t − uÞðtþ uÞ
4s

þ s −Q2

�

þ CALλ
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�
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− t

�
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2
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��

−
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2

�
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�
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�
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dst dsu s
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ds dst s

−
2CFðLsu − 2Ltu − LλtÞðtþ uÞ
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−
2CF½ðLF − Ls23 − LtuÞðsþ 4tÞ þ 2s23 þ 2t�

dq
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�
tu
du

þ t − u
�
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dt

�
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dss
þ tþ u
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þ 1

�

þ ð2CF − CAÞðLst þ LλtÞ
2ds

�
2s23 þ 5tþ u

2s
þ 1

�
−
2CFð4þ LF − Ls23 − LstÞs23ðQ2 − tÞ

st2

−
2CF

t

�
ðLF − Ls23 − LstÞ

�
s23 þ u

s
þ 2

�
þ 6s23 − u

s
þ 2

�

−
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2s

−
CA½17 − Lst þ 8ðLs23 þ LstuÞ − 9Lλt�

4s
þ ht ⇔ ui: ðA32Þ

b. Unpolarized gg → VX

Gggðs; t; u;Q2Þ ¼ −ΔGggðs; t; u;Q2Þ þ 4

�
−
CF½ss23 − ð1þ 2LF − 2Ls23 − 2LtuÞt2 − tu�

dqs

þ ð2CF − CAÞðLs23 þ Lstu − LtuÞtu
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þ 2½CFð1þ LF − Ls23Þ þ CA�t
dt2

þ ð2CF − CAÞðLs23 þ Lstu − LtuÞðt − uÞ
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þ 2CFð1þ LF − Ls23Þsþ CAð2s − tþ uÞ
dts

−
CFs23Q2

st2
þ CFðu − 2s23Þ

st

þ CFð1 − 2LF þ 4Ls23 þ 2LstuÞ − CAð2þ Ls23 þ LstuÞ
s

�
þ ht ⇔ ui; ðA33Þ

where in this case the ht ⇔ ui only applies to the additional terms added to ΔGggðs; t; u;Q2Þ, which itself is already
symmetric in t and u.
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4. Quark-quark scattering

Finally, we present the functions corresponding to the
quark-quark scattering processes for both the polarized and
unpolarized cases. They are obtained from the diagrams of
Fig. 6. Most of them are related to the quark-antiquark
results.

a. Polarized qq → VX

ΔHaaðs; t; u;Q2Þ ¼ ΔHccðs; t; u;Q2Þ
¼ ΔFccðs; t; u;Q2Þ; ðA34Þ

ΔHbbðs; t; u;Q2Þ ¼ ΔHddðs; t; u;Q2Þ
¼ ΔFddðs; t; u;Q2Þ: ðA35Þ

For the following functions we use the fact that changing an
antiquark in the diagrams in Fig. 5 with a quark in Fig. 6
also changes its coupling to the boson V by the replacement
L ↔ −R†, which accounts for a change in sign in the
contributions. This relative sign was overlooked in the
results presented in Ref. [18].

ΔHLL
ab ðs; t; u;Q2Þ ¼ ΔHLL

cd ðs; t; u;Q2Þ
¼ −ΔFLR

cd ðs; t; u;Q2Þ; ðA36Þ

ΔHLR
ab ðs; t; u;Q2Þ ¼ ΔHLR

cd ðs; t; u;Q2Þ
¼ −ΔFLL

cd ðs; t; u;Q2Þ: ðA37Þ
The last contributions are exclusive to the quark-quark
process, and they are equal to their unpolarized counterparts:

ΔHacðs; t; u;Q2Þ ¼ ΔHbdðs; u; t; Q2Þ

¼
�
CF −

CA

2

��
4LstQ2

t2
þ ðLst þ LλtÞ

×

�
4s2

dsdtt
−
2ðs23 − uÞ

dtt
−
2

t

��
; ðA38Þ

ΔHadðs; t; u;Q2Þ ¼ ΔHbcðs; u; t;Q2Þ

¼
�
CF −

CA

2

��
4s23ðs− s23 þ uÞ

st2

þ 2ð2s23 − uÞ
st

−
2

s
−
ðLs23 −Lst þLstuÞ

stu

× ½s223 þ ðs23 − t− uÞ2�
�
þ ht⇔ ui:

ðA39Þ

b. Unpolarized qq → VX

For the unpolarized case we have the same relations to
the quark-antiquark process:

Haaðs; t; u;Q2Þ ¼ Hccðs; t; u;Q2Þ
¼ Fccðs; t; u;Q2Þ; ðA40Þ

Hbbðs; t; u;Q2Þ ¼ Hddðs; t; u;Q2Þ
¼ Fddðs; t; u;Q2Þ; ðA41Þ

HLL
ab ðs; t; u;Q2Þ ¼ HLL

cd ðs; t; u;Q2Þ
¼ −FLR

cd ðs; t; u;Q2Þ; ðA42Þ

HLR
ab ðs; t; u;Q2Þ ¼ HLR

cd ðs; t; u;Q2Þ
¼ −FLL

cd ðs; t; u;Q2Þ: ðA43Þ

As it was already mentioned, the contributions exclusive
to the quark-quark process are equal to their polarized
counterparts:

Hacðs; t; u;Q2Þ ¼ Hbdðs; u; t; Q2Þ
¼ ΔHacðs; t; u;Q2Þ; ðA44Þ

Hadðs; t; u;Q2Þ ¼ Hbcðs; u; t; Q2Þ
¼ ΔHadðs; t; u;Q2Þ: ðA45Þ
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