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Electroweak boson production at large transverse momentum in double
polarized pp scattering at next-to-leading order accuracy
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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 y*) with large transverse momentum in double (longitudinally) polarized
hadronic collisions. The calculation is fully performed in the "t Hooft, Veltman, Breitenlohner, and Maison
scheme within dimensional regularization with a careful treatment of issues arising due to the appearance of
y> 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, Ag, 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 Ag, 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

'See [4] for an analysis of the proton spin budget at three loops.
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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 (g7) vector bosons,
pp — VX, that can help to provide information on both
Ag 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, Ag 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 ¢y and the “mass” Q of the boson (or its
virtuality, especially in the case of photon production).

In the large-g; region (qy ~ 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, a,(Q), and calculations based on the truncation
of the perturbative series at a fixed order in «, 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

Published by the American Physical Society


https://orcid.org/0000-0002-3724-0695
https://orcid.org/0000-0002-6935-1314
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.101.034031&domain=pdf&date_stamp=2020-02-25
https://doi.org/10.1103/PhysRevD.101.034031
https://doi.org/10.1103/PhysRevD.101.034031
https://doi.org/10.1103/PhysRevD.101.034031
https://doi.org/10.1103/PhysRevD.101.034031
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

DANIEL DE FLORIAN and IVAN PEDRON

PHYS. REV. D 101, 034031 (2020)

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 of
V'S =510 GeV) is produced in the small-g; region
(gr < Q), where the convergence of the fixed-order
expansion is spoiled by the presence of large logarithmic
terms, & In"(Q?/g%). 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-g; 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 y*)
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 y° 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

hi(Py) + hy(Py) = V(Q) + X, (1)

where h;, i =1, 2 are the polarized/unpolarized initial
hadrons with momenta P;, and V is either a W=, Z° or

virtual photon y* with Q* = M7, energy E, = Q° and
large transverse momentum ¢4 with respect to the collision
axis. The unpolarized ¢ and polarized Ao cross sections are
obtained from the sum or difference of helicity-dependent
cross sections given by

1
o=y (6"t 406"+ +0677), (2)

for the unpolarized case, and

1
Ao = 2 (6t =67 —067" +077), (3)
for the polarized one. Here the superindices +, — denote the
helicities of the two incoming hadrons.
The inclusive (polarized) unpolarized cross section can
be expressed as

d(A 1
Foyy = 2 [ ()18 ) 811 )

d(A)54P

><EQ d3Q

(Pa» P HE)- (4)

Here (A)f"(x, u%) is the (polarized) unpolarized parton
distribution function (PDF) of parton a with momentum
fraction x in hadron h, probed at the scale %, which are
given by the combinations

falxoud) = fE(x ud) + fa(x puf),
Afo(xoug) = fo(epg) — fa(x.ug). (5)

In this case, the superindex +,— denotes de helicity
orientation of the parton a with respect to the helicity of the
parent hadron. The perturbative (polarized) unpolarized
cross section (A)6“?(p,, py» u%) corresponds to the hard-
scattering partonic process

a(pa) +b(py) = V(Q) + X, (6)

where p; represents the parton momentum. Here collinear
singularities due to the radiation of massless partons are
factorized out at the scale y2 and included in the scale
dependent (polarized) unpolarized PDFs (A)f%(x, u%).

The partonic momenta can be described in terms of the
hadronic ones using the relation p; = x;P;. As it is
customary, we introduce the Mandelstam variables for
both the hadronic and partonic levels

S=(P+Py)? T=(P-0)P U=(P,-0),
SE(pa+pb)27 tE(pa_Q)zv uE(pb—Q)z’
S23ES+T+U—Q2, S23ES+[+M—Q2. (7)

S and s are the hadronic and partonic invariant center-of-
mass energies squared of the colliding system, respectively,
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while §,3 is the invariant mass squared of the system
recoiling against the boson V. The partonic cross section
6" has a singular behavior in the limit 5,3 — 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/s,3 terms can be dealt with the following change
of variables in the momentum fraction integration

[l
A A dxdx,0(s23)0(p) + pY — Ep)

1 1 A
= d — Y - 5 d I} 8
A xlxlS+U—Q2/o 8§23 ()

where the new integration limits are given by

U

A=U+x(S3-U), B=- :
1(23 ) SZ3+U

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 gg — Vg (a) and the
Compton process gg — Vg (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 ¢g — V(¢q.4'q’, g9),
the one initiated by two quarks gqg — Vgqgq, the process
initiated by a single gluon gg — V¢gg and the two gluon
process gg — Vqgq.

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

a

VaVaV —
T e
e AVAVAV.
Q0000 f———

b

FIG. 1. Born diagrams of the two processes at LO.

infrared and ultraviolet singularities, working in a space-
time of d = 4 — 2¢ dimensions. As it will be addressed in
the following subsections, dimensional regularization
requires a special treatment for the Levi-Civita tensor
€"r? and the Dirac matrix y°, 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 y°.

1. Treatment of the matrix ys and axial couplings

While dimensional regularization involves working in
d-dimensional space-time, the > matrix and the e**° tensor
are only well defined in the four-dimensional space-time.
A consistent way to treat > and €**”? 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 y* matrices, represented as 7,
commutes with the strictly four-dimensional y°.
Calculations in the HVBM scheme are algebraically
more involved because for unobserved momenta p and y#
matrices one needs to take into account both their four-
dimensional part (p, ;/7‘) and their (d — 4)-dimensional one
(p, yA”), which follow different algebraic treatment.
Integration over “hat” momenta p 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 f, of the involved quarks, can be expressed as

. 1 —ys 1+7ys
—-iey, <Lf2f1 D) + szfl 2 ’ (10)

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

. 1
W= Ly, = V2sinty (t ) Upps Rpyp =0,
1 .
) _ 1 _
W szfl - \/isin QW (T_)fzfl Ufzfl ’ Rfol =0

1
0. _
VA szfl - Sil’l(29w) (73)fzf1 - 5f2f1 €r tan QW’
Ry,p, = =0, €5, tan by,

v szfl = 5f2f|ef|’ szf| :6f2flefl' (11)

Here 6y 1is the electroweak mixing angle,
() £ ir,)/2 and 73 are the weak isospin Pauli matrices,
U is the Cabibbo-Kobayashi-Maskawa (CKM) mixing
matrix, and ey is the electric charge of the corresponding

quark (¢, = % for u, ¢, t and e, = —1 for d, 5, b). However,

Ty =
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since the commutation properties of the combination y,ys
depends on whether u<3 or u >3,
a symmetric definition of the vertices is needed, which
corresponds  to the replacement y,(1 —ys) —3(1+
vs)7u(1 —7s) [27,28]. After this substitution, the vertex
expression of Eq. (10) in d-dimensions can be rewritten as

. I—7s 1 +7ys
—leyy (szfl B +Rf2f1 D) ’ (12)

where the (d — 4)-dimensional part of y, cancels within the
left- and right-handed terms.

In the HVBM scheme the presence of ys5 in both the
symmetrized vertex and the quirality projectors over initial
partons lead to anomalous terms of order O(d — 4), 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 y5 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 a,(u?) at a scale p?
satisfies the corresponding renormalization-group equation

e a () 2
Mz%ax (u?)=—a,(1?) {ﬁo%ﬁ)—kﬂl <§2(—”7z)) +(’)(af)},
(13)

with the f3; factors given by
fo="0 Ca—3 Z(l)

B —%Cz (§CA+%CF>Z(1), (14)

!

where the sum -, runs over all the flavors below the mass
threshold.

However, within the HVBM scheme, since 7/5 no longer
anticommutes with y# 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 Zs is no longer equal to one. The corresponding
one-loop expression is

Zs=1-30C, + O(ad). (15)
2

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

- a, (A)Gamal
(A)CH = 5% (2,) = 547
axial

@ew=-2ec) W% o)

where d(A)o¥™/d*Q is the axial part of the (polarized)
unpolarized Born cross section corresponding to either the
qq — Vg process or the gg — Vg 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 p% to be
incorporated into the (polarized) unpolarized distribution
functions (A)f%(x,u2). 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 subtractions® due to collinear emission
from an initial parton a, as illustrated in Fig. 2 for gluon
emission, are given by the following convolution:

d(A)&mCt

=2 [ 1P (5) + @1ata)]

® d<A>ac,Hvx}, (17)

where u is the scale of dimensional regularization and pp
represents the factorization scale. Here 1/é = 1/e —yg +
In4z as in the MS scheme, (A)P.,(z) is the (polarized)
unpolarized Altarelli-Parisi splitting function of a parton a
emitting a parton ¢ carrying momentum fraction g,
d(A)o - yx is the (polarized) unpolarized d-dimensional
Born cross section of the partonic process cb — VX, and

“Subtractions that need to be applied to the corresponding
partonic channel.

034031-4
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—
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FIG. 2. Schematic of the parton emission processes.

(A)fap(z) represents the freedom on subtracting additional
finite terms. In the unpolarized case we rely on the usual
MS scheme, which corresponds to f;;(z) = 0, but in the
polarized case when the subtraction involves emission of
quarks by other quarks, when working with the AP, (z)
kernel, we use Af,,(z) = —4Cp(1 —z). This is the par-
ticular scheme used in the definition of the polarized parton
distribution sets [31].

d(A)o" _ aal®(2)Cp

E —
S EYs) sN,

B (V] 5.1.0.0%) + (VA 510,930

{5(523)(A)qu(57 tu, Q) (Lot |* + [Ry ) +

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 completeness we 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 one of 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

S (u?)
2

7

+ (8)Gygls. 1.1, Q%) + (A)Fgq(s. t.u. 02) (DI(|1Lar > + [Ray )

!

+ [6(s23) (A (5. 1.1, Q%) + (A)F (. 1,10 Q)31 (L1 = Ri1) > (Lys = Ryy)

f

+ (8)F (s 1,1,0%)81) L Y (ILgsl* + |Rpp )
G

+[(A)Foc(s. t.u. Q%) +

(A)F (s, t,u, QP (|Loy |* + [Ry ?)

+ [612(A)Fpe(s, 1,1, Q%) + (A)F oo (s, 1, u, Qz)]Z(|Lf1|2 + Ry 1?)

7

+ [812(8) Fpa(s. 1.1, Q) + (B)F (s, t.u, Q)] (|Lagl* + |Ros )

f

+ (A)FEE (s, t,u, Q*) (L1 Lyy + R11R2) + (A)FER (s, 1,u, Q%) (L1 1Ry + R11L22)}}- (18)

Here the (A)B,;(s. 1, u, Q%) function corresponds to the
(polarized) unpolarized Born diagrams contributions’

2 4+ u? +2s50?
ABq‘?(S, t,u, QZ) = —T,
B (s, t.u, Q%) = —AB; (s, t,u, 0%). (19)

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

o.xxul (1(1 R,
Ey )iy _ aa(2)C (A)B (s, t,u, Qz)w. The expres-
sion is analogous in the qg case.

d;Q SN,

|

The rest of the functions are given in the Appendix. The
(A)Vé’g(s, t,u, Q*) functions group all the NLO contribu-
tions proportional to §(s,3) arising mainly from virtual
diagrams of Fig. 3, but also from infrared emission from the
real ones. The (A)G;(s,t,u, Q%) are the contributions
from diagrams with two final gluons of Fig 4, while
(A)F (s, t,u, Q%) 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

034031-5
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FIG. 3. Diagrams corresponding to the virtual corrections to the Born gg — Vg process. The V functions in the cross section formula
correspond to these diagrams.

TR I ¢
O K

o

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

10T S Yo
o S
T N

c d

FIG. 5. Diagrams which contribute to the process gg — Vgg. The F functions in the cross section formula correspond to these
diagrams.
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being  (A)F..(s,t,u,0%), (A)Fqu(s,t,u,0?) and
(A)FER (s, 1, u, 0). This is related to helicity conservation
for massless quarks. The FLR(s,t,u, Q%) function is
actually equal to its polarized counterpart.

Gq— VX: L < —R". (20)

B. Quark-gluon Compton scattering

The cross section of the process gg — VX can be obtained The cross section of the Compton process is
from Eq. (18) by substituting the corresponding couplings  given by
|
d(A)o® _ aalS(u?)Cp B (1?) 3)
B0~ g~ =) OB 03 LA + IR )+ S5 [ (Vi) 0. 07
1
(Vi (5.1, 03D (1] + (8)Gyy (5. 1.0, Q)Y (1L i P+ R )
f f
2
(02 QVE .. 02 (Las = R = Ry | 21)

7

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

_ 2
Aqu(s, tu, QZ) — w’

The (A)G (s, t, u, Q%) terms come from diagrams obtained

by crossing from those in Fig. 4, while the (A)ijg) (s,t,u, Q%)
are again the 5(s,3) 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 ¢, 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:

gg— VX: L < —R",
gq_)VX: t<—>u7fl<_>f25
f1< [

gg— VX: t<u, L < —R". (23)

d(A)o® _ aay™(u*)Cr <aﬁds(uz)) (1

E =
e a0 SN, 2n

s2 4+ 12 +2uQ?

By(s. t,u, Q%) = o

C. Gluon-gluon fusion

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

d(A)e®  aad¥S(A)N,Cpr (S (u?)
B0 T s(N2-1)2 < 2 >(A)

X G (s, 1, u, QZ)Z Z (L g2+ [Ryp[?),
for

(24)

where the (A)G (s, 1, u, Q%) functions, corresponding to
the diagrams obtained by crossing from the ones in Fig. 4,
are given in the Appendix. The G, (s.t,u,Q?) and
AGgg(s, tu, QZ) 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

) {01009 4 (W10 QS+ R

+ [(A)Hypy (s, t,u, Q%) + (A)H gy(s. 1, u, QZ)}Z<|L2JF|2 + [Rop*) + (A)H o (5. 2.1, Q*) (| Loy |* + |Ry ?)

+ (A)Hpy(s. t,u, Q*)(IL1o|* + [Ro|*) + [(A)H gy (s, t,u, Q%) + (A)H (s, 1, u, Qz)]fslzz:(|Lf1|2 + [RA[?)

U

+ [(A)HEE (5.1, u, Q) + (A)HE; (.1, u, Q*)|(L11 Loy + Ry i Ry))

+ [(A)HER (s.t,u, Q%) + (A)HER (s, 1. u, Q*)](L1 Ry + R11L22)}» (25)
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55
L

L

FIG. 6. Diagrams corresponding to the gg — Vgq process. The H functions in the cross section formula correspond to these diagrams.

where the (A)H(s,t,u, Q%) 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
HuC(Svt’u’ Qz)’ Hbd(s’ tu, Q2)7 Had(s’ Iu, QZ),
Hyo(s,t,u, %), HER (s, 1, u, Q%) and HER (s, 1, u, Q?) func-
tions are equal to their polarized counterparts, while the
HELE (s, t,u, Q%) and HEE (s, ¢, u, Q%) differ only by a sign.
The H,, (s, t,u, Q%) and Hyy(s, t, u, Q%) functions, as it is
the case with F..(s,t,u, Q%) and F (s, t,u, Q%), have
significant differences with their polarized counterparts.

The cross section of antiquark-antiquark annihilation is
obtained from Eq. (25) by the substitution

Gg— VX: L < —R'. (26)

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

d(A)e™S
40

The nonsinglet polarized cross section for virtual photon
production has been calculated by Field ef al. in Ref. [18].
However, our results do not fully agree with theirs because
they assumed that the AHLE (s, ¢, u, Q%), AHEE (5,1, u, Q?),
AHLR(s,t,u, Q%) and AHLR(s,1,u, Q%) contributions of
the ¢gg process cancel against the corresponding
AFLE (s, t,u, Q%) and AFER(s,t,u, Q) functions of the
qq 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].

d(A)c? d(A)e4
:EQ dSQ — =0 d3Q

Eq

(27)

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 v/S =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 My = 80.379 GeV and
M5 =91.1876 GeV, with an electromagnetic coupling
constant a = 1/127.918 and the Weinberg angle given
by sin @y,? = 0.2312. The CKM matrix is constructed from
the values |V, = 0.9742, |V | = 0.2243, |V ,| = 0.218
and |V =0.996 using the universality property. The
number of active quark flavors are limited by the thresholds
set by their mass, namely m,= 1.275 GeV and
my, = 4.18 GeV. The QCD coupling «, is evaluated at
NLO with the same quark thresholds, with a value
of a,(M,) =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

ooy pp— Z(qr)

> V'8 =510 GeV
S y=0

£ 101]

&

S

~

>

3

o 102}

<

3

— LO
103 — NLO
20 30 20 50 60 70
qr (GEV)

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.
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1.2n ; ; ;
w—Zer) pr=Q; LO
10, V5 =510 GeV #r=Q, NLO
& """"" MR = Qs LO
> =25 GeV
S osf = U € — 4r=Q, NLO |
o y=0 e pr=pr LO
NE 0.6 L pr=pr NLO |
S
—~
> .
= o0af
S
<
3
0.2}
0.0l : : : :
102 101 100 101 102
W /Q;
FIG. 8. Cross section dependence on the renormalization

and factorization scales. The green curves are for y = up and
ur = Q,, thered ones for y = pup and up = Q,, and the black ones
for u = pp = pg.

polarized gy distributions of on-shell Z boson production
at both LO and NLO accuracy at y =0, with their
respective confidence bands. Since in this process we
have two physical scales given by Q and gy, it is
convenient to define a physical scale in between them
given by Q2 = (Q?+¢3)/4. The central curves are
obtained by fixing the renormalization and factorization
scales to up = ur = Q,. The bands are obtained by
varying up and up simultaneously and independently in
the range 0.5Q; < pp,ur <2Q, with the constraint
0.5 < up/pr < 2. As expected in perturbative QCD, the
second order corrections yield a significant contribution to
the Born cross section while reducing uncertainties
considerably.

2.0t pp — Var)
V'S =510 GeV
y=0

1.8t

1.6}

L4t o --SiIIsorrEEEIiiI:

1.2t

1.0}

10 2‘0 3‘0 4‘0 5‘0 6‘0 7‘0 80
qr ( G eV)

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 g;. The LO curves show stronger
dependence on the scale. In this case the yy dependence
corresponds simply to the variations of a, with the scale,
while pr dependence arises exclusively from the PDFs. At
NLO these dependences are corrected by logarithmic terms
proportional to the § function and the splitting functions,
respectively, yielding more stable results. We do not show
the results for other particular values of g since they are
fairly similar. Throughout the rest of this section we will set
the two scales equal to Q.

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 Ag, 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 = 0 and y = 1, for
both the polarized and unpolarized cases. The polarized K
factors reveal a larger contribution of the NLO corrections
for W production, and they show a stronger variation along
qr compared to their unpolarized counterparts. The polar-
ized Z production present a remarkably lower K factor at
larger gy. At rapidity y =1 the K factors are slightly
higher, specially at low g. In this case the bosons W+ and
W~ show similar behaviors.

The g7 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

2.0 pp— Vlgr)
V'S =510 GeV
1.8}
y=1
16f ----1 =
< — AT TS

1.4} AW~

— AZ°
1.2+ ___ W+

R W*
1.0t --- 20

10 2‘0 3‘0 4‘0 5‘0 6‘0 7‘0 80

qr (GeV)

FIG.9. NLO K factors for on-shell weak boson V production with rapidities y = 0 and y = 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 = 0 (barely visible in the Z
boson case) are related to the sign change of the gg-channel
contribution. This can be observed in Fig. 10 for W+
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 g7, but
the gg-channel becomes the most relevant one at high ¢.
The g, range at which this dominance begins depends on
the particular boson studied and its rapidity, taking place at
lower g7 values in the case y = 1. The gg contribution, that
only arises at order O(a?), 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

2.0 - -
—— qq NLO
T ) —— qg NLO |
—— gg NLO
-------- qq LO
. 1.0t - qg LO
S S N
<]\ 0.5}
s e T
<
0.0}
-05f T pp— W(qr)
y=0
-1.0 : : . : : :
10 20 30 40 50 60 70 80

qr (GeV)

dAc
A,y =——. 2
LL do (28)

The asymmetries grow with g7, reaching sizeable values,
and are larger at higher rapidity. The NLO corrections
to the asymmetries are generally low, especially at rapidity
y = 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 g7. 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

2.0

1.5

1.0t

0.5}

Aaij/Aatot

0.0}

~0.5¢ pp— W+ (qr)
y=1

-1.0 : . : : : :
10 20 30 40 50 60 70 80
gr (GeV)

FIG. 10. Subchannel contributions to on-shell W boson production with rapidities y =0 and y = 1. Both NLO and LO

decompositions are given.

0.10
0.05+
S 0.00
S0
—0.05¢ w—War)  ==seo
V'S =510 GeV
y=1
-0.10 : ‘ : : ‘ ‘
10 20 30 40 50 60 70 80
qr (GEV)
FIG. 11.

pp — Vigr)
V'S =510 GeV
y=1

NLO W
NLO W~ |
NLO Z°

-0.10

—0.15}

_020 L L L L 1 1
10 20 30 40 50 60 70 80
qr (GeV)

Longitudinal double spin asymmetries in on-shell weak boson V production at rapidities y =0 and y = 1.
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ANLO — ALOAK /K, and the K factors of Z production are

the ones that show larger discrepancies between the
polarized and unpolarized cases, especially at y = 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 ¢, in double
polarized hadronic collisions. The calculation was done
fully in the consistent HVBM scheme for the treatment of
y> and the tensor €ups 1N dimensional regularization,
carefully dealing with issues arising from the (d —4)-
dimensional part of the momenta and y* 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
|

dS:S+Q2—S23,

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 gr,
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 g7.
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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 Egs. (18), (21), (24), and (25). They are
expressed in terms of the invariants s, ¢, u, Q2 and s,3, but
we also define some frequently occurring transcendental
functions and denominators. The denominators are

dq = 5,07 - dt =53 —1, dst=s—5y3+1, (A1)
. \/( a0 du=sy3—¢, dsu=s—sy3+ 1.
= t+u) — 823 s
The first group of transcendental functions involves some recurring logarithms:
L,=In [L}’
L, = ln[é], |:‘23S2Q;2523 o 21| ! Q2(5232—t>2
Lt = ln[é y 5O (503—11)2 Lsu =In [M} ’
L, =In[%] fneT=0n Qs+ A2
= -1, _ R —523
‘ ol fu— Sz%Q } Li =l L+Q2_523_1i| ’ ( )
= In[z -
Ly = i3] e ewd
A _ s
LA - ln[@]’ rlu - |: (523—1) (523 —11) i| 2
LF - ln[Q*I;]’

with pg and pr the renormalization and factorization scales, respectively. The rest of the transcendental functions include

dilogarithms that appear in the virtual contributions:

Ly, = Lis[gr) + 5[]
. 2 2
L, = le[Qg_ ] +%1n2[Q§_u},

Ly = Lip[Z) + 117 4 L,In’|

o (A3)
L,

= Lip[Z] + 112 + L,In’[; a3).

Finally, some expressions include “+” distributions in the variable s,3. These terms originate from the soft singularities
appearing as poles in s,3. Within dimensional regularization, these poles are explicitly made manifest with the identity

034031-11



DANIEL DE FLORIAN and IVAN PEDRON

PHYS. REV. D 101, 034031 (2020)

1\ 1 1, 1
— =——08(s23) |l —elnA+-e*InA*| + | —
523 € 2 523/ A4

1
_€<n323> +O(€2),
$23 ) Ax

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

AA dsns (é)ﬂf(szz) - A ! dsnw’

(A4)

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 qq —» VX

We first present the &(s,3) contributions arising from
virtual and real contributions

(1) 2 2 S La—Lg
AV(s,t,u,Q)—AB—(s,t,u,Q)[———l— ],
A Ins A 593)—f(0 4 4 9 3
/ d523< 23) f(523):/ d523M1n(523),
0 523 /At 0 523 (A6)
(AS) AV%)(S’ fou. QZ) _ (S + Qj) |:1 _ LsQ22 :|’ (A7)
where f(s,3) is any function that depends on 3. (s—0%) (s —0%)
|
AV (s,t,u,0%) = AB (s, t,u, Q2){CF[(2LA +L,+L,)?*—4Ly(Lp — L, +2L, +2L,)
- Ly(3-2L,-2L,)=2L,(L,+L,) -8+ 7?]
) 11
—Cu|(L,+L,+Ly)*+Ly €+2Ls—4L,—4LM
11 67 L CrQ?s
——Lg—-L,~Ly,~L(L,+L,)——+=|%——""_|Cps(3
6 R 1t lu S( t+ M) 18+3:|} (S+[)|:CF(S+M)+(S+I)+CAM
CFSZ Lt CFQZS CFS2
— Cr(3 )+ ——+ Cypt| + —
T G (OO0 R e
s4u)? + 52 s+1)2 452
-y - o[ 1y - 1)+ S g )
2(2Cr = Cy)s L,0? tou 1 1
- |1+L Cr—Cu)|l—+—) =Cys|—+—|. A8
(t +u) LR T M S\t (A8)

Here the Aqu(s, t,u,Qz) is the function representing the Born contribution defined in Eq. (19). The function

AV%)(S, t,u, Q?) arises from the triangle quark loops diagrams, which only contributes to Z production.
The following function is originated from the quark-antiquark annihilation gg — Vgg diagrams in Fig. 4:

2+ u? +2s(t L,
AG (s, 1.1, %) — -1 2 +””){<SCF—2CA>( )
A+

2tu

$23

2
_ (L) {2CF(2LF —Ly) = (2Cp = Ca) 2Ly = Loy) + ECA] } L Cr [ZQ u QZ]
A+

$23
Cr(Lp—L

6 dq | ¢

dq tu

o — L) [4s2(s — 53) N As(ds — 2593 + 3u) — 4u(sy; — u)

P +4S + 323:|

8§23

_ $(2Cpu — Cys) _ Cr(Lp—Ly,)s _ (2Cr = Ca)(Lyy, + Lyw — Lyu) [52

2dt%u de?
Cr(Lp—Ls,,)(s + 53 + Q%) _2CF

(s & w)* + 1}

dt dur

+ dur dt

u+s s Cys 3s+4
t u 2dt \tu u

_BCr(Lr - Ly,) + C4J(Q* - 1) L Crls = 2Ly + L) _ 3Cr(2+Lp—L, +4L,)+ Cy

523

3¢
+ (t o u).

tu 3t
(A9)
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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 (r < u) indicates that the whole function needs to be repeated switching
the variables ¢ and u. The annihilation process also contributes some of the §(sy3) terms which are already included
in AV%) (s,t,u, Q%).

We now proceed to present the functions corresponding to the gg — V¢qg process diagrams represented in Fig. 5:

1 1 2+u?+2s(s+t+u) 11
AF tu, 0¥ == |—-(— 2=+ —=]1, A10
s - (1), e (1 ) o
3L,(t—u)?(t 2503 —t —u)(t 4s(s — Q> 3553 (1 — u)? 2
AF (s, t,u, Q%) = 21— u)* (1 4+ u)[(2523 i w)(t+u)+4s(s - Q )]+ 523 “2 (s+07)
8A0s A7s
L 2—ut) +4s5(F+uP)(2s +¢
bl (o w ) bR )@Y | g0 i) 1 25— 1 - )0 )
8A7s ds
A(ssp3 +tu) = 3(t—u)®> L, [125> 4+ 31> + 2tu + 3u® + 10s(1 + u) 5 5
- S 2(2s — =
4725 82s ds +202s s + 07| + 2
(Al1)

The diagrams involved in AF (s, t, u, Q%) function also contribute to the 5(s,3) terms in AVS;-]) (s,t,u, Q%). The following
interference only contributes to Z production:

3Lis(t = uP @5 + 14+ W)@ 3(t = uf (253 — (s + 533)(t + )]
223t 224tu
L;0%[s(2s — 4503 + 3t —u) + 4(s03 — 1) (503 —u)] (s + 3t —2u) — Q*(s + 2t — u)
- 223t - 2t

AF (s, t,u, Q%) =

+ (t & u).
(A12)

The following functions have also terms proportional to 1/s,3, but the expression is in fact finite in the limit s,3 — O:

C 3L,s%(t—u)*(t 4+ u)Q* 3s(t—u)?(2sy; —t — u)Q?

LsQ*[ (7 5 u 1[,(7 5 t  3u

—u  Tsy =5t L t\ s? 2 2 352 30?7
+S(2+5S23 l/l_ 5§23 >:| +J|:2Q2—(1+—>S +(S+M>:|_ S2 _ N +—%
t u dtu dttu t

u At 8§23
2L, [ 1 [s? u s—S5x3+u 3 1
e (8 ) I Ak EAL ) Al3
t |:S23 (u+s+2) t TRETIA (A13)
C 6L t—u)?Q® 3(t—u)(2sp3—1—
AFy (s, 1,1, Q%) = (CF_2A>{_ 1ss23/(15t We Stmw (2533 o <”+1>
Ly [(2sys —t—u)(* —u?) u?* (s 3,
/13[ 2 379 ) i3 ) 3l
1 [22—u®  u(u—3sy) L, [# u
- P LG 6"
/12[ st s 2Ads{s+(s+u)< sﬂ
L, {3@3 + (s;3—u)?>  3t+2u—6sy3 sp3—u 3s]
_ = + — R
A st s t 2t
2 (Lg+Ly) (253 45,30? u 1 2\ 2u 1 1
S et e L1 (i~ NG, T S (T I S Al4
dt dss L R i\t 7577) T T2 s (A14)
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AF (s, t,u, Q%) = AF (s, u, 1, 0%), (A15)
AFpy(s,t,u, Q%) = AF (s, u, 1, 0%), (A16)

Lys(* —u?) N (t—u)(2sp3 —t—u) L;(3s+2u) N (4+Lp—Ly,)s N (Lp—Ly,,)(25 + u)
203t 2%t 21t 2dt? dtr

AF (s, t.u.Q%) =

8S -+ 51/! Q2 -1 §73 4S23 5
2du 7z Lst+2(LF_Ls23_Lst)<l+T +T+§
1+ Lp—L, —Lg)(4s3 —2u—1)+2s
i ( F - git 23 ) 3 (A17)
AF 44(s,t,u, Q%) = AF (s, u, t, 0?). (A18)

Finally, the interference between the F'. and F; 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.

— )2 )2 L

203t 222u 1 2ids 22 t
R e SO e O
~ (LS,(;SL,,,) {2s(Q2”j $23) £+% ﬂ _ﬁ_Ltu(sts;)u— (u—s) +Lsz;rth e ),
(A19)
e ) R
— %t [(Lst ;LS Li) _ (Lo ; L’”)] + (1t & u). (A20)

b. Unpolarized ¢4 —» VX

Due to helicity conservation, most of the unpolarized results differ from the polarized one only by a sign, e.g.,

Gy(s.t,u, Q%) = =AG 4(s, t,u, %), so we list only the functions in which this is not true:
3s 4s+3u
Fo(s.t.u,0%) = —AF, (5. 1.u, 0?) + — 4 25 72U
1 2S2'§Q2 u 2 (2S23 —t— M)2 - 4S23(Q2 - t) 4S2'§ —2u—t
C(Lp—L, —L,)|— (2= _ Bz
(Lr =Ly, = L) [25 ( 1 i)t 251 25t
3 (2530% u\? 10s3; — 8syu —3u? N 45y, — U N 35+ 253 +4u 1 (A21)
2s 2 t 2st? st 2 2s’
Faa(s, t,u, Q%) = F..(s,u,t,0%), (A22)
FLR(s,t,u, Q%) = AFER(s, 1, u, Q?). (A23)

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 gg — VX
We start with the §(s,3) contributions from virtual and real contributions

1
AV (s, t,u, Q%) = ABy(s, t, 1, Q%) {3 (Lp— LR)] , (A24)
(2) 2 (S - t) LuQ2
AVl (s, t,u, = 1 , A25
o) =ET0 4 22 (A29)

3 3 1
AVY) (s, 1,u, Q%) = AB,(s, t,u, Q2){CF {Lg —12-1L, <2LF + 5) Ly <§ - 2Lu> -5- gnﬂ

11 11
+Cy {ZL/% +L:—2Ly(Lp—Ly+L,+L,)—Lp (g - 2Lz> +€LR + Ly, — Ly

1 = Ls 4u Cru Cpt
—L.(L L L.L -+ — C Cyl —
s(Lot L)+ f“*z*z”ﬂwu){ ( )+<r+u>+ ] )

Lt 4u Cru Crs s? =12
- Cpl14+— C —(Cp—Cy)———
(s—i—u){F( +t)+(s+ )+ A]+(s+u) (Cr=Ca) 2st

@G -Gt (G = G+ 2u)
s " " t

.
|:th+L1u —-L,L, +7}’ (A26)

where AB, (s, 1, u, Q?) is the Born function defined in Eq. (22). Here again the AVS,ZQ) (s,t,u, Q%) terms arise from the
triangle quark loops diagrams, which only contribute to Z production.

AGy(s.1,u, @?) = T =D+ 1 20) {(ch +4Ca) <Lm>A+ } <1)A

St 8§23 $23

3 I+u Ly—L
{Cp( +2Lp—Ly- 2Lm—LﬁT>—CA<2LSm—2LF+ > —L)”

2C; - C, [Lsu(s—i—Zu) 2Ly (1 +2u) +Lz(s +2u) <ﬁ+ 1)]

2S23 t S /1
3CpLys(t—u)?(20*—t—u) (u 3Cps(t—u)* (u
I kAN
+ 43 tJr 224 t+
Cr [(£2 —u?)(t+u—207) (t—u)?—su—Q*(s +2u) 5 5
F{Z [ o +u ; + (t—u)* — st+ Q*(3s — 61 + 8u)
+CA<1—E>[2 (2S23—f—u)(S+Q2+323)}}
4
1 CF 3Q2 — 823 4S23 —Tu 5 u
+/12{7[ (3 —) (t M)( E + 27 +§ +CA(S+S23) 1 7
L, 95 —20Q% +6u 20%-9t—11 60* —5uQ? +u* 125 +9u + 14Q?
+—CF s Q+u 0 u+3 ‘e, 0 uQ*+u” 125 +9u + 140
24 2s st 2t
u—30% 3 CF(LSM = 2Ly — Ly )sy3(523 — 2u)
+ —_ —
s 2 dstst

t

4 4 _20?
+%{Q2<7”—1> +s—3u+2(LF—LSm—Lm){Q2<s+6u7Q+l> +s+2t—5u”
. :
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+ (SCF + 7CA)S n 2(CF + 2CA)(LF - LKB)S n CF[3S — 8t 4+ 2u — (LF - LS23)(S + 2t + 214)]

de? de? dtt
Ca[(Ly+Ly) (1 3 2u 1 1 2u
AN T (22 2 )+ (L +Lyy—Ly)(s—0)-=--"=
o [t b (2220 ot (L 4 L= L5 -0 (- - 2
+CA[15s—5—1f—|— 10u + 2(Lp — Ly, ) (5s + 4u)] N (2Cp —Cy) <s+ ]>
dtr du
+ CF(I + LF - Lsz3 - Lsu)s23(s — Sy + t) CF[S +1+ (LF - Ls23 - Lsu)(s - 4S23 + 2t>]
su? a su

S—S»+u Ky 5 12s
%{(CF +2C4) Ly + (Lp = Ly, — Ly,) [CF + 8CA<1 +€)] +5Cr+Ca <9 + s”)}

3 2 2S23 u S23 — 2u
-2 |:CF <; - ;) - 2CA <? - §>:| (LF - Lsz3) - st [2CFLsu =+ CA(2L523 + 2Lstu - Lsu)]

_ ﬁ -CF(3S — 823 —+ 2”) _2C T 2CFLIM(3S + 8§73 — ZM) _ CAL“(ZS + 9S23 - 4I/l) _ 17CF
r | s 4 st st 4t
2C, (4553 — C
+ W ~=L[24+50Lp~2L,, ~Ly) +3Ly)
cul 9
-—— |1+ 2(3LF - 4Ls2; - Lstu - LAI) - ELSZ + Lsu - Ltu . (A27)
s k

Here the 1/s5,3 terms without the corresponding + distributions are actually finite in the limit 5,3 — 0.

b. Unpolarized gg - VX

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

Vﬁfq)(s’ tu, Q%) = By, (s, t,u, Q%) E (Lp— LR):|’ (A28)
2 L 2
Vi (st u, Q%) = — EgQ f Z; [1 + (Q;?u)]’ (A29)

3 3 1
VG (5.1, 1, Q%) = Byy(s, t,u, Q2){CF [Li —12-1, <2LF + 5) — Ly (E - 2Lu> —5- §ﬂ2:|

11 11
+C, [2L§ +L2-2L (Lp—Ly+L,+L,) —LF<——2L,> +—Lg+ L, — Ly

6 6
1 7 Lgs 4u Cru Crt
—L (L, +L)+LL, 4=+t =" |Cp(14+—) + L C,y| + —E—
S 1 LA (R RE e R e
Lt 4 C C 2Cr—-C 2(s>+ 1) 2L,u(20* -
S (14 8) 4 G ] 4 G0, OO O O ) 200" )
(s 4 u) t (s +u) (s +u) (s+1) st (s+1)
3t+4u 3s+4u  u? t+2u  s+2u  u?
—C.[2 = tres =
F<+ 2s + 2t +st)+CA< 2s + 2t +st>
2 2 2 2 2
- (20 =€) [w (Ll, Ly, = LiL, +”7> Py LM}, (A30)

where qu(s, tu, Qz) 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 V£,3g)(s, t,u, QZ), are missing a minus sign in the finite terms not
multiplied by the Born function.
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‘ 2 t L, 1 3 t
Gyls.t,u, Q%) = — tos ulbstrtu QCr+4c)(=2) —(—) |cp(2+2Lp—Ly 2Ly - L, tu
Ky st A+ A+

t $23 8§23 2 A

Ly—L 2Cr—-C, [L 2 2L, (t+2
e (any —on, 4 BT B V| 20 = Ca (Bl F2u) | 2Ly (14 2u)
2 2523 t s

| Lils +2w) (u . 1)} 3CsLys(t—u)* (20 — 1 — ) (u . 1) , 3Ces(t—u)’ ( . 1)
t t

2 475 24

Cr[(2=u?)(t+u-20%  (t—u)®—su—Q*(s+2u)
T { 2 { 2s T t

+ Q*(3s — 61 + 8u)] + Cy (1 _ %) [Sz (2531 — u)is + Q> + m)} }

Cp 30% =553  4syz—Tu 5 (s +523)(t — u)
{7[ (3——)—(t—u)< — t—, +§>]+0Af}
{C [ 20%(s23 — Q%) —u? 20°+T7t+2lu  Ts—280% +2u 1]

B _ _ _

+ (t—u)? - st

L

~

=~

st 2s 2t
6Q4 5uQ2+u 12s+9u+14Q2+u—3Q2 3}}

2t s 2

_ 2Ltu - th)[(SB - M)Z + u2] +ﬁ {4(t - u) <Q2_ 1) <4Q2 + 1) — 5+ Q2
dst st dq s t t

(t—u)®+u? s—l—u o (20 t—2u s+2u 1
4 Lr—-L, —L A
+ ( F $23 tu)|: s + 2 Q s + 1 +2
2(Cr=Ca)d+Lp—Ly)+Calst 2(Lp— m)[CF(t +u) + Ca(3s +2u)]  Cp(35 — 81— 4u)
3 2 + 2
dt dt dt
C,(9s—4r+4 C 2 =2 2 2 3t-2 -2
_ Cy(9s + u)Jr p[4(LF_ 823)<u N u+3s+ u_1>+u_Jr u_s u_4}

+

de? dt st 2s 4t st s t
G w t=2u _s+u u> S5s+6u t—2u
ALp—L, )% AL, IS Y (el —1
- [( P ‘§23)<st+ S 3 ) (Ly + A,)<st+ >t >
3542 w24 u?] 2Cps—(Lp =L, )i Cy(s—t
N s+ “_ “ —I—LW—Lm)(S +u)+ut] Fls = (Lp ‘23)]+ Als = 1)
dut dur

t 8§23
Cr(1+Lp—L, —Lg,)sn(s—sn+t) C 25y —1t 1 t
n F( F 5 )s23( 23 )+_F|:2(LF_LSZ3_LSM)( 23 _E)___l]

st

su u

3 4C4(3+ L — Ly, — Ly)sp3(s — 523 + u) {323(5" — $p3 + )
3

- =)

ST SnAu 1 3593 —2u 165
++{CF |:(LF _LSZB) _§:| + CA |:4(LF _LS23 _Lst) <%_ 2) _2Lst + S23 _ 1:| }

_2C, [( — Ly, — Ly)(s + 53)? N 65593 + uz] N L, [Cp(5s —Tso3 + 6u) —2C4 (35 — 2593 + 2u)|

12 N N st
_ 2CFLtu<S + 8523 — 2”) + [2CF<4Ltu - Lsu) + CA (Lsu - 2Ls23 - 2Lstu)](s23 - 2”)
st 2st
_ 2{CF(S + 2[) - CA(5S23 - 4M)](LF - Ls23) + 2CALst<3S - 6S23 + 514) + CFS + 8CA<2S23 - M)
st st 45t

C
- _F [2 + 4(LF - Ls23 - Ltu) - 5<Lsu =+ L/lt)]

c
A1+ 2Ly — 6L

11
—Lg,+ L, +L,,|. (A31)
s

- 2Lstu + LM) - )

523
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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

AG (s, t,u, Q%) =

_ 3CAL;L(I - l/t)zt (2S23 -t - u)(t + l/t)
» 4s

CaL {s23(s23 ki) [ Genll) t[4st— 2tu — 553 (1 + ) —l—%(l‘—i— u)Q] }

A3ds 2s
L C 14 4 _ N2)2
_rd’ls{4CF[2(s+t+u)—3s23}—7A[ QO tu-0) +9Q2+3s]}
s

CuL, <1 1407 — 21t — 17u> 3Cy505(t —u)? <Q_2+ 1)
S

+s—Q2]

A 8s P

Cy [1(5u —31) e = 2Ck(Lg = Ly)[s33 + (s = 523)°] n 2Ck(Ly + Ly) (535 + 1)

22 2s 23 dstdsu s dsdsts
_ 2CF(Lsu - 2Ltu - Lit)(t + I/t) _ 2’CF[(LF - Ls23 - Ltu)(s + 4t) + 2S23 + 2t]

dsts dq
+ 2(2CF - CA)(LS23 + Ly, — Ltu) t_” fr—ul)+ 2<2CF - CA)(Lst + L/lt) i + I+u +1
dts du dt dss 2s
(2Cr — Cy) (L + Ly,) (2503 + 5t +u 1) - 2Cr(4+ Lp — Ly, — Ly)s23(0* — 1)
2ds 2s st?

2C Sy3 + 6553 — U
_TF [(LF—LS% —LS[)< = ”+2> + 2 +2}
_ CF{L/lt - 7Lst + S(LF - 2Lsz3 - Lstu + Ltu)]

2s

Cyu|17—-L 8(L L.,)—9L

_ A[ st + ( 523 + Slu) llt] + <[ o M> (A32)

4s

b. Unpolarized gg - VX

C — (1 +2Lp—2L, —2L,)t>*—t
qu(s’ fou, QZ) _ —Aqu(S, I,M,Qz) +4{_ F[SSZS ( qu 523 t ) u]
g 9t s
+ (2CF - CA)(LS23 + Lstu - Ltu)tu + 2[CF(I + LF - Ls23) + CA]t
dtdus de?
+ (2CF - CA)(LS23 + Lstu - Ltu)(t - u)
dts
N 2Cp(1+ Lp =Ly, )s + Ca(2s —t+u)  CrsyQ? N Cr(u—2sy3)
dts st st
Cr(1=2Lp+4L, +2L,)—Ca(2+ L, + Ly,
L Gl a & w) = Cal 2 t>}+<t©u>, (A33)
s

where in this case the (r < u) only applies to the additional terms added to AG,,(s, 1, u, Q?), which itself is already
symmetric in ¢ 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

AH,,(s,t,u, Q%) = AH (s, t,u, Q%)

= AF..(s,t,u, Q%), (A34)
Abe(S, t,u, Q2) = AHdd(s’ t,u, Q2)
= AFdd<S,t, u, Q2> <A35)

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].

AHLL(s,t,u, Q%) = AHEL (s, t,u, 0?)

= —AFR(s, 1, u, 0?), (A36)
AHLR (s, t,u, Q%) = AHER (5,1, u, Q%)
= —AFLE (s, t,u, 0?). (A37)

The last contributions are exclusive to the quark-quark
process, and they are equal to their unpolarized counterparts:

AH (s, t,u, Q%) = AH (s, u,t, Q%)
C 4L Q2
= (CF - _A> { l; + (Lst + L/lt)

2
45 2(syz—u) 2
- - ——| . (A38
Lisdtz a7y (%)

AH (s, t,u, Q%) = AH,.(s,u,t,Q?)
(¢ G\ [Asa(s =523 +u)
- F=" st
+2(2323 - Lt) 2 (L _Lsf+Lstu)
st s stu

523

X [s35+ (s53—1— M)Z]} +(tou).
(A39)

b. Unpolarized gq - VX

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

H,, (s, t,u, Q%) = H..(s,t,u, Q)

=F.(s.t,u,0%), (A40)
be(s’ t’ u, Q2) - Hdd(s, ta u, Q2)

= Fdd(s7 t,u, Qz)a (A41)
Hgp (s, t,u, Q%) = Hig (s, t.u, Q°)

= —FLR(s,t,u,0%), (A42)
HEp (s tu, Q%) = HEf (s tu, Q%)

= —FLi(s,t,u,0%).  (A43)

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

HaC(s’ tu, Q2) = Hbd(S’ u,t, Qz)

= AH, (s, t,u, 0%),  (A44)
Hay(s, t,u, Q%) = Hyo(s,u, t, Q%)
= AH (s, t,u, Q%). (A45)
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