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We study the cross section for vector boson (W±/Z0/γ∗) production in polarized nucleon-nucleon
collisions for low transverse momentum of the observed vector boson. For the case where one
measures the transverse momentum and azimuthal angle of the vector bosons, we present the cross
sections and the associated spin asymmetries in terms of transverse momentum dependent parton
distribution functions (TMDs) at tree level within the TMD factorization formalism. To assess
the feasibility of experimental measurements, we estimate the spin asymmetries for W±/Z0 boson
production in polarized proton-proton collisions at the Relativistic Heavy Ion Collider (RHIC) by
using current knowledge of the relevant TMDs. We find that some of these asymmetries can be
sizable if the suppression effect from TMD evolution is not too strong. The W program at RHIC can,
thus, test and constrain spin theory by providing unique information on the universality properties
of TMDs, TMD evolution, and the nucleon structure. For example, the single transverse spin
asymmetries could be used to probe the well-known Sivers function f⊥q1T , as well as the transversal
helicity distribution gq1T via the parity-violating nature of W production.

PACS numbers: 12.38.Bx, 12.39.St, 13.85.Hd, 13.88.+e

I. INTRODUCTION

Spin-dependent observables for vector boson (W±/Z0) production in polarized nucleon-nucleon collisions offer excel-
lent sensitivity to the spin-dependent parton distribution functions of the individual parton flavors in the nucleon [1, 2].
For example, the violation of parity in the weak interactions gives rise to the single longitudinal spin asymmetries for
W± production in proton-proton collisions [3, 4]. Such longitudinal spin asymmetries provide flavor separation for the
quark helicity distributions for u, ū, d, d̄, and, in particular, probe the antiquark polarization. For recent theoretical
work and experimental measurements, see e.g. Refs. [5–8] and [9–13], respectively.

Single transverse spin asymmetries for vector bosons have also been proposed to probe the quark Sivers functions

f⊥q1T of individual flavors [14–17]. Quark Sivers functions represent the distributions of unpolarized quarks inside a
transversely polarized nucleon through a correlation between the transverse momentum of the quark and the transverse
spin of the nucleon, and they have a unique time-reversal modified universality property. It was shown from the parity
and time-reversal invariance of QCD that the quark Sivers functions in semi-inclusive deep inelastic scattering (SIDIS)
and those in Drell-Yan (DY) type process (e.g., W±/Z0, γ∗) should have the same functional form but an opposite
sign – so-called “sign change” [16, 18–21]. Quark Sivers functions have been measured/extracted from SIDIS process,
see, e.g. [22, 23]. So far mainly the valence u and d quark Sivers functions were constrained, while sea quark
Sivers functions remain largely unknown [24]. Single transverse spin asymmetries for vector bosons in proton-proton
collisions can thus serve as these purposes, i.e., to test the sign change on one side, and to constrain the sea quark
Sivers function at the same time. The sea quark distribution will be further measured with high precision in a future
electron ion collider [25–27].

There are also theoretical studies of double spin asymmetries for vector boson production. For example, double
transverse spin asymmetries for Drell-Yan production were originally proposed to extract the quark transversity
distributions [28–32]. However, as pointed out already in [33], there could be additional terms involving the product

of quark Sivers function f⊥q1T f
⊥q̄
1T (called double Sivers effect), as well as the product gq1T g

q̄
1T (called double worm-gear

effect in [33] since gq1T is sometimes referred to as a worm-gear function). There are, of course, longitudinal-transverse
double spin asymmetries for the vector boson production, which could provide complementary information on the
quark helicity distribution functions [34, 35].

The function gq1T is also called “transversal helicity” distribution function [36–38], as it gives the quark longitudinal
polarization inside a transversely polarized proton. gq1T could also appear in single transverse spin asymmetry of W±

production due to the parity-violating nature of the weak interaction, see e.g. a study within the collinear twist-3
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formalism [34]. Contrary to the quark Sivers function f⊥q1T that changes sign from SIDIS to DY type processes, the
transversal helicity distribution gq1T is universal between SIDIS and DY. As gq1T has been investigated in the SIDIS
measurements [39–42] and is proposed to be measured with high precision in future SIDIS experiments [43], one in
principle could test the universality of gq1T in W±/Z0 production in proton-proton collisions at RHIC.

RHIC has planned a dedicated transversely polarized proton-proton run to measure the spin asymmetries for
W± production [2]. Together with its longitudinal W± physics, this will ensure a comprehensive W± physics spin
program. Besides the sensitivity to the spin-dependent parton distribution functions inside the nucleon, vector boson
production also provides excellent constraints on the QCD evolution effects. This is because the mass of the vector
boson, which sets the typical scale of the hard scattering, is usually much larger than the scales probed in the fix-
target SIDIS measurements. It is, thus, timely to present in a single, self-contained paper the results for the spin
asymmetries for vector boson production in polarized nucleon-nucleon collisions. We will consider the production
of vector bosons at small transverse momentum, and thus a transverse momentum dependent (TMD) factorization
formalism is the appropriate framework [44–46]. Since it is now possible to perform a full reconstruction of the
produced boson kinematics [2, 47], we will integrate out the kinematics of the decayed leptons, and present the
results at the level of the vector boson. This will simplify the physics results to facilitate the interpretation of the
experimental measurements.

The rest of the paper is organized as follows. In Sec. II, we present the TMD formalism for all spin asymmetries
for vector boson production (W±/Z0, γ∗) in polarized nucleon-nucleon collisions, where one measures the transverse
momentum qT and azimuthal angle φV of the vector bosons in the center-of-mass frame of the colliding nucleons. We
point out that due to the parity-violation nature of the weak interaction for W±/Z0 production, besides the well-known
Sivers term ∝ sin(φV − φS), the single transverse spin asymmetry can have an additional term ∝ cos(φV − φS) with
φS the azimuthal angle of the transverse spin of the nucleon, which is related to the transversal helicity distribution
gq1T [34]. In Sec. III we present the numerical estimate of these single and double spin asymmetries for polarized
proton-proton collisions at RHIC and find that some asymmetries are sizable if TMD evolution does not lead to too
strong a suppression. We conclude our paper in Sec. IV.

II. SPIN-DEPENDENT CROSS SECTION FOR VECTOR BOSON PRODUCTION

In this section, we derive the spin-dependent differential cross section for vector boson production (V = W±, Z0,
or γ∗) in polarized nucleon-nucleon scattering

A(PA, SA) +B(PB , SB)→ V (y, qT , φV ) +X, (1)

where a polarized nucleon A of momentum PA and spin SA is colliding with another nucleon B of momentum PB
and spin SB . We work in the center-of-mass (CM) frame of the colliding nucleons with S = (PA + PB)2 the CM
energy squared. In such a frame, we choose the nucleon A to be moving in the “+z” direction, while the nucleon B
is moving in the “−z” direction. In the final state, we have the full kinematics of the vector boson – its rapidity y
and transverse momentum, with magnitude qT and azimuthal angle φV . For a virtual photon we further observe its
invariant mass Q. We will concentrate on the kinematic region where the transverse momentum qT is much less than
the mass MV of the vector boson: qT � MV . This is the region where the usual TMD factorization formalism is
expected to be valid [44–46].

We will take W boson production as an example to work out the leading order differential cross section in terms
of the TMDs. The derivation for Z boson and virtual photon will be similar, and the corresponding results will be
presented at the end of this section. The differential cross section for W boson production can be written as

dσW

d4q
=

1

2S

(
gW

2
√

2

)2 ∑
λ

ελµ(q)ε∗λν (q)Wµν (PA, SA, PB , SB) 2πδ
(
q2 −M2

W

)
, (2)

where gW is the weak charge and related to the electric charge as e = gW sin θW with θW the Weinberg angle. Using

g2
W

8M2
W

=
GF√

2
, d4q =

1

2
dq2 dyd2q⊥, (3)∑

λ

ελµ(q)ε∗λν (q) = −gµν +
qµqν
M2
W

, (4)

with GF the Fermi constant, we obtain

dσW

dyd2~qT
=
πGFM

2
W

2
√

2S

(
−gµν +

qµqν
M2
W

)
Wµν (PA, SA, PB , SB) , (5)
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where Wµν is the hadronic tensor and is given by

Wµν (PA, SA, PB , SB) =
1

Nc

∑
q,q′

|Vqq′ |2
∫
d2~kaT d

2~kbT δ
2
(
~qT − ~kaT − ~kbT

)
× Tr

[
γµ(vq − aqγ5)Φq(xa,~kaT , SA)γν(vq − aqγ5)Φ̄q

′
(xb,~kbT , SB)

]
. (6)

Here Nc = 3 is the number of colors, Vqq′ are the CKM elements for weak interaction, vq (aq) is the vector (axial)
coupling of the W boson to the quark with

vq = 1, aq = 1. (7)

The transverse momentum dependent quark-quark correlators are defined as [48]

Φq(xa,~kaT , SA) =

∫
dz−d2~zT

(2π)
3 eik

+
a z
−−i~kaT ·~zT 〈PA, SA|ψ̄qj (0)ψqi (z)|PA, SA〉, (8)

Φ̄q(xb,~kbT , SB) =

∫
dz+d2~zT

(2π)
3 eik

−
b z

+−i~kbT ·~zT 〈PB , SB |ψqi (0)ψ̄qj (z)|PB , SB〉, (9)

where we have suppressed the gauge link dependence in the definitions. They can be expanded as the following
parametrization in terms of the Dirac matrices at leading-twist

Φq(xa,~kaT , SA) = Φq[γ
+] γ
−

2
+ Φq[γ

+γ5] γ
5γ−

2
+ Φq[iσ

α+γ5]−iσα−γ5

2
, (10)

where α = {1, 2} is a transverse index, Φq[Γ] ≡ 1
2Tr[ΦqΓ] for the specific Dirac matrix Γ as given above, and likewise

for Φ̄q. With such an expansion at hand, we thus have the W boson cross section as

dσW

dyd2~qT
=σW0

∑
q,q′

|Vqq′ |2
∫
d2~kaT d

2~kbT δ
2
(
~qT − ~kaT − ~kbT

)[
(v2
q + a2

q)
(

Φq[γ
+]Φ̄q

′[γ−]

+Φq[γ
+γ5]Φ̄q

′[γ−γ5]
)
− 2aqvq

(
Φq[γ

+]Φ̄q
′[γ−γ5] + Φq[γ

+γ5]Φ̄q
′[γ−]

)
+
(
Φ↔ Φ̄

) ]
, (11)

where σW0 is given by

σW0 =
πGFM

2
W√

2SNc
. (12)

It is instructive to note that there are no terms involving Φq[Γ] with Γ = iσα±γ5, i.e. the last term in Eq. (10) does
not contribute to the final result. These terms are related to the transversely polarized quark distributions inside the
proton. They contribute to the cross section only when one measures the angular dependence of the leptons decayed
from the vector boson. When we integrate over the phase space of the decayed leptons, i.e. when one sums over the
spin states of the vector boson, and contracts Wµν with

∑
λ ε

λ
µ(q)ε∗λν (q) as specified in Eq. (4), they vanish.

We can further express the cross section in terms of leading twist quark TMDs through the following standard
expressions of Φq[Γ] for quark [48]:

Φq[γ
+] = fq1 (xa,~k

2
aT )− εijT k

i
aTS

j
AT

MA
f⊥q1T (xa,~k

2
aT ), (13)

Φq[γ
+γ5] = SALg

q
1L(xa,~k

2
aT ) +

~kaT · ~SAT
MA

gq1T (xa,~k
2
aT ), (14)

where fq1 is the unpolarized quark TMD, and f⊥q1T is the so-called quark Sivers function [49, 50]. gq1L is the quark helicity
distribution function, describing the quark longitudinal polarization in a longitudinally polarized proton. Finally, as
we have mentioned already in the introduction, gq1T is the “transversal helicity” distribution function, describing the

quark longitudinal polarization in a transversely polarized proton [36–38]. Similarly we have the expressions for Φ̄q[γ
−]

for the anti-quark:

Φ̄q[γ
−] = f q̄1 (xb,~k

2
bT ) +

εijT k
i
bTS

j
BT

MB
f⊥q̄1T (xb,~k

2
bT ), (15)



4

Φ̄q[γ
−γ5] = −SBLgq̄1L(xb,~k

2
bT )−

~kbT · ~SBT
MB

gq̄1T (xb,~k
2
bT ). (16)

Here MA (MB) are the mass of the nucleon A (B), while SAL, ~SAT and SBL, ~SBT are the longitudinal and transverse
components of the spin vector for nucleon A and B, respectively. It might be worthwhile to remind the reader that
Φq[Γ] is associated with the incoming nucleon A, which moves in “+z” direction in the CM frame. On the other hand,
the correlator Φ̄q[Γ] is associated with the incoming nucleon B, which moves in “−z” direction. Their spin vectors in
the CM frame have the following forms:

SµA =

(
SAL
|~PA|
MA

, |~SAT | cosφSA , |~SAT | sinφSA , SAL
P 0
A

MA

)
, (17)

SµB =

(
SBL
|~PB |
MB

, |~SBT | cosφSB , |~SBT | sinφSB , −SBL
P 0
B

MB

)
. (18)

Substituting the parametrization of Φq[Γ] and Φ̄q[Γ] into Eq. (11), we arrive at the final result:

dσW

dyd2~qT
=σW0

{
FUU + SALFLU + SBLFUL + SALSBLFLL

+ |~SAT |
[
sin(φV − φSA)F

sin(φV −φSA )

TU + cos(φV − φSA)F
cos(φV −φSA )

TU

]
+ |~SBT |

[
sin(φV − φSB )F

sin(φV −φSB )

UT + cos(φV − φSB )F
(cosφV −φSB )

UT

]
+ |~SAT |SBL

[
sin(φV − φSA)F

sin(φV −φSA )

TL + cos(φV − φSA)F
cos(φV −φSA )

TL

]
+ SAL|~SBT |

[
sin(φV − φSB )F

sin(φV −φSB )

LT + cos(φV − φSB )F
cos(φV −φSB )

LT

]
+ |~SAT ||~SBT |

[
cos(2φV − φSA − φSB )F

cos(2φV −φSA−φSB )

TT + cos(φSA − φSB )F 1
TT

+ sin(2φV − φSA − φSB )F
sin(2φV −φSA−φSB )

TT + sin(φSA − φSB )F 2
TT

]}
. (19)

To write explicitly the expressions for all the structure functions F in the above equation, let us define the following
short-hand notation:

CW
[
w(~kaT ,~kbT )f1f̄2

]
=
∑
q,q′

|Vqq′ |2
∫
d2~kaT d

2~kbT δ
2
(
~qT − ~kaT − ~kbT

)
w(~kaT ,~kbT )

×
[
fq1 (xa,~k

2
aT )f q̄

′

2 (xb,~k
2
bT ) + (q ↔ q̄′)

]
. (20)

One should be careful in the second term q ↔ q̄′ when we interchange the roles of quarks and anti-quarks. Due to
the fact that [48, 51]

Φ̄q[Γ] = ±Φq̄[Γ],

{
+ for γµ, iσµνγ5

− for γµγ5, 1, iγ5
, (21)

when a term involves an odd number of g1L and/or g1T , there should be a minus sign when one interchanges q ↔ q̄′.
For example,

CW
[
(v2
q + a2

q) f1 f̄1

]
=
∑
q,q′

|Vqq′ |2
∫
d2~kaT d

2~kbT δ
2
(
~qT − ~kaT − ~kbT

)
(v2
q + a2

q)

×
[
fq1 (xa,~k

2
aT )f q̄

′

1 (xb,~k
2
bT ) + f q̄

′

1 (xa,~k
2
aT )fq1 (xb,~k

2
bT )
]
, (22)

CW
[

2vqaq
q̂T · ~kaT
MA

g1T f̄1

]
=
∑
q,q′

|Vqq′ |2
∫
d2~kaT d

2~kbT δ
2
(
~qT − ~kaT − ~kbT

)
2vqaq

q̂T · ~kaT
MA

×
[
gq1T (xa,~k

2
aT )f q̄

′

1 (xb,~k
2
bT )− gq̄

′

1T (xa,~k
2
aT )fq1 (xb,~k

2
bT )
]
, (23)
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CW
[

(v2
q + a2

q)
q̂T · ~kaT
MA

g1T ḡ1L

]
=
∑
q,q′

|Vqq′ |2
∫
d2~kaT d

2~kbT δ
2
(
~qT − ~kaT − ~kbT

)
(v2
q + a2

q)
q̂T · ~kaT
MA

×
[
gq1T (xa,~k

2
aT )gq̄

′

1L(xb,~k
2
bT ) + gq̄

′

1T (xa,~k
2
aT )gq1L(xb,~k

2
bT )
]
. (24)

Here the first and the third equations, Eqs. (22) and (24), do not have a minus sign under q ↔ q̄′. This is because
they either do not involve any g1T or g1L at all as in Eq. (22), or they involve even total number of g1T and g1L as in
Eq. (24). On the other hand, since Eq. (23) involves an odd total number of g1T or g1L, there is a minus sign under
q ↔ q̄′.

Using this short-hand notation and define q̂T = ~qT /qT , we have

FUU =CW
[
(v2
q + a2

q) f1 f̄1

]
, (25)

FLU =− CW
[
2vqaq g1L f̄1

]
, (26)

FUL =CW [2vqaq f1 ḡ1L] , (27)

FLL =− CW
[
(v2
q + a2

q) g1L ḡ1L

]
, (28)

F
sin(φV −φSA )

TU =CW
[

(v2
q + a2

q)
q̂T · ~kaT
MA

f⊥1T f̄1

]
, (29)

F
cos(φV −φSA )

TU =− CW
[

2vqaq
q̂T · ~kaT
MA

g1T f̄1

]
, (30)

F
sin(φV −φSB )

UT =− CW
[

(v2
q + a2

q)
q̂T · ~kbT
MB

f1 f̄
⊥
1T

]
, (31)

F
cos(φV −φSB )

UT =CW
[

2vqaq
q̂T · ~kbT
MB

f1 ḡ1T

]
, (32)

F
sin(φV −φSA )

TL =CW
[

2vqaq
q̂T · ~kaT
MA

f⊥1T ḡ1L

]
, (33)

F
cos(φV −φSA )

TL =− CW
[

(v2
q + a2

q)
q̂T · ~kaT
MA

g1T ḡ1L

]
, (34)

F
sin(φV −φSB )

LT =CW
[

2vqaq
q̂T · ~kbT
MB

g1L f̄
⊥
1T

]
, (35)

F
cos(φV −φSB )

LT =− CW
[

(v2
q + a2

q)
q̂T · ~kbT
MB

g1L ḡ1T

]
, (36)

F
cos(2φV −φSA−φSB )

TT =CW
[

(v2
q + a2

q)
2~kaT · q̂T~kbT · q̂T − ~kaT · ~kbT

2MAMB
(f⊥1T f̄

⊥
1T − g1T ḡ1T )

]
, (37)

F
sin(2φV −φSA−φSB )

TT =CW
[
vqaq

2~kaT · q̂T~kbT · q̂T − ~kaT · ~kbT
MAMB

(f⊥1T ḡ1T + g1T f̄
⊥
1T )

]
, (38)

F 1
TT =− CW

[
(v2
q + a2

q)
~kaT · ~kbT
2MAMB

(f⊥1T f̄
⊥
1T + g1T ḡ1T )

]
, (39)

F 2
TT =− CW

[
vqaq

~kaT · ~kbT
MAMB

(f⊥1T ḡ1T − g1T f̄
⊥
1T )

]
. (40)

To obtain the differential cross section for Z boson production in polarized proton-proton collisions, one simply
replaces σW0 by σZ0 in Eq. (19) with

σZ0 =

√
2πGFM

2
Z

SNc
. (41)
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All the structure functions will be given by the same expressions as above, with CW in Eq. (20) replaced by CZ :

CZ
[
w(~kaT ,~kbT )f1f̄2

]
=
∑
q

∫
d2~kaT d

2~kbT δ
2
(
~qT − ~kaT − ~kbT

) [
fq1 (xa,~k

2
aT )f q̄2 (xb,~k

2
bT ) + (q ↔ q̄)

]
. (42)

At the same time, for Z bosons we have

vq = T 3
q − 2eq sin2 θW , aq = T 3

q , (43)

where eq is the quark electric charge and T 3
q is the third component of “weak-isospin” of the quark. T 3

q = 1
2 for u, c, t

quarks, while T 3
q = − 1

2 for d, s, b quarks.
Furthermore, we could also write down the differential cross section for the Drell-Yan lepton pair production through

the virtual photon decay, which gives

dσDY

dQ2dyd2~qT
=σDY

0

{
FUU + SALSBLFLL

+ |~SAT |
[
sin(φV − φSA)F

sin(φV −φSA )

TU

]
+ |~SBT |

[
sin(φV − φSB )F

sin(φV −φSB )

UT

]
+ |~SAT |SBL

[
cos(φV − φSA)F

cos(φV −φSA )

TL

]
+ SAL|~SBT |

[
cos(φV − φSB )F

cos(φV −φSB )

LT

]
+ |~SAT ||~SBT |

[
cos(2φV − φSA − φSB )F

cos(2φV −φSA−φSB )

TT + cos(φSA − φSB )F 1
TT

]}
. (44)

Here σDY
0 is given by [24]

σDY
0 =

4πα2
em

3SQ2Nc
, (45)

where Q is the invariant mass of the lepton pair, and αem is the electro-magnetic coupling constant. At the same time,
all the structure functions can be obtained from those for Z boson production (including the convolution expression
in Eq. (42)) but with the replacement

vq = eq, aq = 0. (46)

Several comments are in order.

• In our set-up, for Drell-Yan production through the virtual photon channel (parity conserving channel) only
the Sivers effects survive in the single transverse spin asymmetry: as can be clearly seen from Eq. (44), they
are related to sin(φV − φS) modulation. This is because we integrate out the full kinematics of the decayed
lepton pair, and only measure the azimuthal angle of the virtual photon. If instead one further measures the
kinematics of the decayed lepton pair, e.g., measure both polar and azimuthal angles in the so-called Collins-
Soper frame [52], one could have additional terms, such as the product of quark transversity and Boer-Mulder
functions [53]. For complete results in this case, see Ref. [48], as well as Ref. [54] where Z contribution is also
included.

• For W±/Z0 production, with parity-violating interactions there are two azimuthal modulation terms which can
contribute to the single transverse spin asymmetry, as can be seen from Eq. (19). Besides the term related
to sin(φV − φS) modulation just like in the Drell-Yan dilepton production, there is another term related to

cos(φV −φS) modulation. The sin(φV −φS)-term is associated with the quark Sivers function f⊥q1T , and it is the
usual Sivers effect. On the other hand, the cos(φV − φS)-term is associated with the transversal helicity gq1T ,
which projects out the longitudinal quark distribution inside a transversely polarized proton. As in Eqs. (30)

and (32), the relevant structure functions, F
cos(φV −φSA )

TU and F
cos(φV −φSB )

UT , are directly proportional to aq,
and thus only exist when there is parity-violating interactions, i.e. they are unique to W±/Z0 production. The
amplitudes of both sin(φV −φS)- and cos(φV −φS)-modulations can be comparable, as they involve only one spin-
dependent parton distribution. Therefore, in the experimental study of the single transverse spin asymmetries
for W±/Z0 production, one should consider extract both terms simultaneously to avoid cross contamination,
e.g. by following “maximum-likelihood fit” method widely used in the extraction of azimuthal spin asymmetries
in SIDIS process [41, 55, 56].
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• There are terms contributing to the double transverse spin asymmetries. In particular, F
cos(2φV −φSA−φSB )

TT

receives contributions from the product of the Sivers functions f⊥q1T f
⊥q̄
1T , as well as the product of transversal

helicity distribution gq1T g
q̄
1T . They were referred to in Ref. [33] as double Sivers and double worm-gear effects,

respectively. As pointed out already in [33], all these double transverse spin asymmetries do not involve quark
transversity, contrary to the collinear factorization picture with qT integrated, in which such asymmetries usually
involve the contribution from the collinear quark transversity [28–31].

• For identical nucleon scattering, e.g., proton-proton collisions at RHIC, under the exchange of the rapidity of
the vector boson y ↔ −y, we have the following relations

FUU (y) = FUU (−y), FLL(y) = FLL(−y), FLU (y) = FUL(−y), (47)

F
sin(φV −φSA )

TU (y) = −F sin(φV −φSB )

UT (−y), F
cos(φV −φSA )

TU (y) = F
cos(φV −φSB )

UT (−y), (48)

F
sin(φV −φSA )

TL (y) = −F sin(φV −φSB )

LT (−y), F
cos(φV −φSA )

TL (y) = F
cos(φV −φSB )

LT (−y), (49)

F
cos(2φV −φSA−φSB )

TT (y) = F
cos(2φV −φSA−φSB )

TT (−y), F 1
TT (y) = F 1

TT (−y), (50)

F
sin(2φV −φSA−φSB )

TT (y) = −F sin(2φV −φSA−φSB )

TT (−y), F 2
TT (y) = −F 2

TT (−y). (51)

III. PHENOMENOLOGY AT THE RHIC ENERGY

In this section, we move on to discuss numerical estimates for the magnitude of the spin asymmetries in polarized
proton-proton collisions at the top RHIC energy.

A. Definitions and parametrizations

To start, we first define various spin asymmetries for the vector boson production in polarized proton-proton
collisions at RHIC. Longitudinal spin asymmetries do not involve any azimuthal angle dependence, and we define the
single longitudinal spin asymmetry ALU , AUL and double longitudinal spin asymmetry ALL as

ALU =
FLU
FUU

, AUL =
FUL
FUU

, ALL =
FLL
FUU

. (52)

All other spin asymmetries involve transverse spin of the incoming protons, and they can be defined similarly as
follows

A
sin(φV −φSA )

TU =
F

sin(φV −φSA )

TU

FUU
, A

cos(φV −φSA )

TU =
F

cos(φV −φSA )

TU

FUU
, (53)

A
sin(φV −φSA )

TL =
F

sin(φV −φSA )

TL

FUU
, A

cos(φV −φSA )

TL =
F

cos(φV −φSA )

TL

FUU
, (54)

A
sin(2φV −φSA−φSB )

TT =
F

sin(2φV −φSA−φSB )

TT

FUU
, A

cos(2φV −φSA−φSB )

TT =
F

cos(2φV −φSA−φSB )

TT

FUU
, (55)

A1
TT =

F 1
TT

FUU
, A2

TT =
F 2
TT

FUU
. (56)

Likewise, we define A
sin(φV −φSB )

UT , A
cos(φV −φSB )

UT , A
sin(φV −φSB )

LT , and A
cos(φV −φSB )

LT as the ratios of the corresponding
structure functions to the unpolarized structure function FUU , respectively. Following the relations in Eqs. (47 - 51),
for the polarized proton-proton collisions, we have

ALU (y) = AUL(−y), ALL(y) = ALL(−y), (57)

A
sin(φV −φSA )

TU (y) = −Asin(φV −φSB )

UT (−y), A
cos(φV −φSA )

TU (y) = A
cos(φV −φSB )

UT (−y), (58)

A
sin(φV −φSA )

TL (y) = −Asin(φV −φSB )

LT (−y), A
cos(φV −φSA )

TL (y) = A
cos(φV −φSB )

LT (−y). (59)

A
cos(2φV −φSA−φSB )

TT (y) = A
cos(2φV −φSA−φSB )

TT (−y), A1
TT (y) = A1

TT (−y), (60)
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A
sin(2φV −φSA−φSB )

TT (y) = −Asin(2φV −φSA−φSB )

TT (−y), A2
TT (y) = −A2

TT (−y). (61)

Looking at the expressions for all the structure functions given in last section, we find that ALL, A
sin(φV −φSA )

TU ,

A
sin(φV −φSB )

UT , A
cos(φV −φSA )

TL , A
cos(φV −φSB )

LT , A
cos(2φV −φSA−φSB )

TT , and A1
TT exist for both W±/Z0 and γ∗, and they

are parity-even spin asymmetries. On the other hand, ALU , AUL, A
cos(φV −φSA )

TU , A
cos(φV −φSB )

UT , A
sin(φV −φSA )

TL ,

A
sin(φV −φSB )

LT , A
sin(2φV −φSA−φSB )

TT , and A2
TT are directly proportional to aq (the axial coupling), and thus they exist

because of the parity-violating nature of the weak interaction, i.e. they are all parity-odd spin asymmetries.
Single transverse spin asymmetries have also been denoted as AN [16, 17, 23, 57, 58] in the literature, where usually

one chooses a frame such that the transversely polarized proton A moves in the +z-direction, and the spin vector
~SAT and the transverse momentum ~qT are along the y- and x-directions, respectively. It is important to realize that

such definition of AN is related to our definition of A
sin(φV −φSA )

TU by a minus sign [17]:

A
sin(φV −φSA )

TU = −AN . (62)

It is worth mentioning that AN (and thus A
sin(φV −φSA )

TU ) is usually referred to as “left-right” spin asymmetry [57, 59–

63]. In this sense, one could refer to the other single transverse spin asymmetry A
cos(φV −φSA )

TU as “up-down” spin
asymmetry.

In this section we will present some numerical estimates for these spin asymmetries defined above. These spin
asymmetries are all expressed in terms of various TMDs, as shown in the last section. In principle, to make precise
quantitative predictions, one has to take into account the effect of the TMD evolution. The TMD evolution will likely
lead to suppression of these spin asymmetries, see e.g. Refs. [24, 64–70]. However, at this point the phenomenological
implementation of TMD evolution formalism still has very large uncertainties. In fact, one of the motivations for
the transverse spin asymmetry measurements of the vector boson production in polarized proton-proton collisions at
RHIC is to constrain the TMD evolution formalism. Because of this, we will only present the numerical estimate of
the spin asymmetries using the usual Gaussian model for all the quark TMDs, i.e., without TMD evolution. Since
the TMD evolution is supposed to apply to all the TMDs roughly equally, the hope is that the relative magnitude of
the various spin asymmetries could serve as a reasonable guidance for the experimental measurements.

Both the unpolarized quark TMD fq1 and the helicity TMD distribution gq1L are kT -even functions and we assume
they have the following Gaussian forms:

fq1 (x, k2
T ) = fq1 (x)

1

π〈k2
T 〉f1

e−k
2
T /〈k

2
T 〉f1 ,

gq1L(x, k2
T ) = gq1L(x)

1

π〈k2
T 〉g1L

e−k
2
T /〈k

2
T 〉g1L , (63)

where fq1 (x) and gq1L(x) are the collinear unpolarized parton distribution function and helicity distribution function,
respectively. We will assume the Gaussian width for fq1 and gq1L to be the same [71, 72], and take the value of 0.25
GeV2 [73]:

〈k2
T 〉f1 = 〈k2

T 〉g1L = 0.25 GeV2. (64)

On the other hand, both the Sivers function f⊥q1T and the transversal helicity distribution gq1T are the coefficients from
the linear kT -expansion term of the quark-quark correlator Φq, see Eqs. (13) and (14). Quark Sivers functions have
been extracted from semi-inclusive deep inelastic scattering (SIDIS). We take the parametrization from Ref. [22]:

kT
M
f⊥q1T (x, k2

T ) = −Nq(x)h(kT )fq1 (x, k2
T ), (65)

where Nq(x) and h(kT ) are given by

Nq(x) = Nqx
αq (1− x)βq

(αq + βq)
(αq+βq)

α
αq
q β

βq
q

,

h(kT ) =
√

2e
kT
M1

e−k
2
T /M

2
1 , (66)

with the parameters Nq, αq, βq, and M1 given in [22]. At the same time, for gq1T , we have

1

2M2
gq1T (x, k2

T ) = g
q(1)
1T (x)

1

π〈k2
T 〉2g1T

e−k
2
T /〈k

2
T 〉g1T , (67)
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where we choose 〈k2
T 〉g1T = 0.15 GeV2 [74], and g

q(1)
1T (x) is the first kT -moment of gq1T (x, k2

T ) defined as

g
q(1)
1T (x) =

∫
d2kT

~k2
T

2M2
gq1T (x, k2

T ). (68)

We note that there is a Wandzura-Wilczek-type approximation for g
q(1)
1T (x), which relates g

q(1)
1T (x) to the collinear

helicity distribution function gq1L(x) [75]:

g
q(1)
1T (x) ≈ x

∫ 1

x

dz

z
gq1L(z). (69)

Now the parametrizations for all the TMDs involved in our calculations, fq1 , f
⊥q
1T , g

q
1L, and gq1T , are given. One

last thing one should keep in mind is that the quark Sivers function changes sign when probed in SIDIS and DY
processes [16, 18–21]:

f⊥q1T (x, k2
T )|DY/W/Z = −f⊥q1T (x, k2

T )|SIDIS, (70)

whereas all other quark TMDs (fq1 , g
q
1L, g

q
1T ) are universal in SIDIS and Drell-Yan. As we have mentioned already

in the introduction, since gq1T (x, k2
T ) was investigated in SIDIS measurements [39–42] and is proposed to be measured

with high precision in future SIDIS experiments [43], one could in principle test the universality of gq1T (x, k2
T ) in

W±/Z0 production in proton-proton collisions at RHIC. In our numerical studies below, we implement the sign
change for the quark Sivers function and keep all other TMDs the same as in SIDIS when we present the asymmetries
of W±/Z0 boson production at RHIC, to which we now turn.

B. Numerical estimate for the spin asymmetries

We now present the numerical estimates for the spin asymmetries. We use CTEQ6 [76] for the collinear unpolarized
parton distribution functions fq1 (x), DSSV [77, 78] parametrization for the collinear helicity distribution functions
gq1L(x), and choose the factorization scale µ = MV . Within our approximation, where 〈k2

T 〉f1 = 〈k2
T 〉g1L , there

is no qT -dependence for the longitudinal spin asymmetries ALU , AUL, ALL. This is because FLU , FUL, FLL all
have the same qT -dependence as the unpolarized structure function FUU , which then cancels out in the longitudinal
spin asymmetries. In this case, these longitudinal spin asymmetries will be the same as those for the inclusive (qT -
integrated) vector boson production, which are available in the literature, see e.g. Refs. [3–5, 7, 79, 80]. We will, thus,
not present numerical estimates for these longitudinal spin asymmetries here. Instead, we will focus on those spin
asymmetries which involve transversely polarized proton in the collisions, where one has to measure the azimuthal
angle of the vector boson in order to probe these asymmetries. In particular, we will present the numerical results

for A
sin(φV −φSA )

TU , A
cos(φV −φSA )

TU , A
sin(φV −φSA )

TL , A
cos(φV −φSA )

TL , A
sin(2φV −φSA−φSB )

TT and A
cos(2φV −φSA−φSB )

TT . The spin

asymmetries involving the transverse spin vector ~SBT (i.e. φSB ) can be obtained from the results we present through
the relations established in Eqs. (58) and (59).

Let us first discuss the single transverse spin asymmetry: A
sin(φV −φSA )

TU and A
cos(φV −φSA )

TU . In Fig. 1, we plot single

transverse spin asymmetry A
sin(φV −φSA )

TU as a function of the rapidity y of the vector boson (left), and as a function
of the transverse momentum qT of the vector boson at rapidity y = 0.5 (right) at the RHIC energy

√
s = 510 GeV. In

the left plot, we have integrated the vector boson transverse momentum in the region 0 < qT < 3 GeV. The red solid
curve is for W+, the blue dashed curve is for W−, and the black dotted curve is for Z0 production. These results

are consistent with those in [16] and [17], respectively 1. It is worthwhile to remind the reader that A
sin(φV −φSA )

TU

is parity-even, and can be used to probe the quark Sivers function f⊥q1T (x, k2
T ). Measuring such a transverse spin

asymmetry and testing the sign change of the quark Sivers function is one of the main goals of the transverse W
program in the near future at RHIC [2]. One should also keep in mind that because the sea quark Sivers functions
are not really constrained from the fixed-target SIDIS measurements, our theoretical curves could have very large
uncertainties [47], especially in the backward rapidity region where the asymmetry is most sensitive to the sea quark
distributions.

1 Of course one has to keep in mind that AN were plotted in [16] and [17], while here A
sin(φV −φSA )

TU are plotted. So they should have an
opposite sign because of Eq. (62).
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FIG. 1. Single transverse spin asymmetry A
sin(φV −φSA )

TU as a function of the rapidity y of the vector boson (left), and as a
function of the transverse momentum qT of the vector boson at rapidity y = 0.5 (right) at the RHIC energy

√
s = 510 GeV. In

the left plot, we have integrated vector boson transverse momentum in the region 0 < qT < 3 GeV. The red solid curve is for

W+, the blue dashed curve is for W−, and the black dotted curve is for Z0 production. Note: A
sin(φV −φSA )

TU is related to the

parity-conserving interaction (parity-even), and can be used to probe the quark Sivers function f⊥q1T (x, k2T ).

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

-1.5 -1 -0.5 0 0.5 1 1.5

A
co
s(
φ
V
−
φ
S
A
)

T
U

y

0 < qT < 3 GeV

W+

W−
Z

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0 0.5 1 1.5 2 2.5 3

A
co
s(
φ
V
−
φ
S
A
)

T
U

qT (GeV)

y = 1

W+

W−
Z

FIG. 2. Single transverse spin asymmetry A
cos(φV −φSA )

TU as a function of the rapidity y of the vector boson (left), and as a
function of the transverse momentum qT of the vector boson at rapidity y = 1 (right) at the RHIC energy

√
s = 510 GeV. In

the left plot, we have integrated vector boson transverse momentum in the range 0 < qT < 3 GeV. The red solid curve is for

W+, the blue dashed curve is for W−, and the black dotted curve is for Z0 production. Note: A
cos(φV −φSA )

TU is related to the
parity-violating interaction (parity-odd), and can be used to probe the transversal helicity distribution gq1T (x, k2T ).

On the other hand, due to the parity-violating interaction, there is another single transverse spin asymmetry,

A
cos(φV −φSA )

TU (parity-odd). This term is related to gq1T (x, k2
T ). Since gq1T is not fully constrained even for the valence

quarks within the current SIDIS measurements [39–42], A
cos(φV −φSA )

TU of W±/Z0 production at RHIC could on one
hand serve as a complementary channel to constrain gq1T , at the same time, as we have emphasized, one in principle
could test the universality of gq1T as to the future high precision SIDIS measurement [25, 43]. In Fig. 2, we plot

A
cos(φV −φSA )

TU as a function of the rapidity y of the vector boson (left), and as a function of the transverse momentum
qT of the vector boson at rapidity y = 1 (right) at the RHIC energy

√
s = 510 GeV. The asymmetry is sizable,

in particular due to the fact that W± production provides maximum analyzing power for the quark longitudinal
polarization. If TMD evolution only leads to a moderate suppression, this asymmetry should be measurable at RHIC.
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FIG. 3. Transverse-longitudinal double spin asymmetries A
cos(φV −φSA )

TL as a function of rapidity y (left) and as a function of
transverse momentum qT of the vector boson at rapidity y = 0.7 (right) at the RHIC energy

√
s = 510 GeV.
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FIG. 4. Transverse-longitudinal spin asymmetries double spin asymmetries A
sin(φV −φSA )

TL as a function of rapidity y (left) and
as a function of transverse momentum qT of the vector boson at rapidity y = −0.7 (right) at the RHIC energy

√
s = 510 GeV.

Let us now turn to the study of the transverse-longitudinal double spin asymmetry A
cos(φV −φSA )

TL and A
sin(φV −φSA )

TL .

While A
cos(φV −φSA )

TL is related to the parity-conserving interaction and is sensitive to both gq1T and gq1L, A
sin(φV −φSA )

TL is

related to the parity-violating interaction and is sensitive to f⊥q1T and gq1L. In Fig. 3, we plot the transverse-longitudinal

double spin asymmetries A
cos(φV −φSA )

TL as a function of rapidity y (left) and as a function of the transverse momentum
qT of the vector boson at rapidity y = 0.7 (right). Since both gq1T and gq1L are suppressed when compared with the
unpolarized parton distribution fq1 , the double spin asymmetry is indeed much smaller than the single transverse

spin asymmetry, where only one spin-dependent parton distribution (either f⊥q1T or gq1T ) is involved. In Fig. 4, we

plot A
sin(φV −φSA )

TL as a function of rapidity y (left) and as a function of transverse momentum qT of the vector boson
at rapidity y = −0.7 (right) at the top RHIC energy. Even though the asymmetry is in general not very large,

A
sin(φV −φSA )

TL for W+ is quite sizable, ∼ 5 − 10%. The reason lies in the fact that the Sivers function f⊥q1T from

Ref. [22] for d̄-quark is still sizable and gq1T for u-quark is reasonably large. Thus, their product f⊥d̄1T gu1T leads to a
large double spin asymmetry.

Finally, we study the double transverse spin asymmetries. As examples, we present the numerical results for
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FIG. 5. Double transverse spin asymmetry A
cos(2φV −φSA−φSB )

TT as a function of rapidity y (left) and as a function of transverse
momentum qT of the vector boson at rapidity y = 0 (right) at the RHIC energy

√
s = 510 GeV.
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FIG. 6. Double transverse spin asymmetry A
sin(2φV −φSA−φSB )

TT as a function of rapidity y (left) and as a function of transverse
momentum qT of the vector boson at rapidity y = 0.7 (right) at the RHIC energy

√
s = 510 GeV.

A
cos(2φV −φSA−φSB )

TT and A
sin(2φV −φSA−φSB )

TT , which still involve the azimuthal angle φV of the vector boson (the other

two asymmetries A1
TT and A2

TT do not). In Fig. 5 we plot A
cos(2φV −φSA−φSB )

TT as a function of rapidity y (left) and as
a function of transverse momentum qT of the vector boson at rapidity y = 0.7 (right) at the RHIC energy

√
s = 510

GeV. Only the W+ and the Z0 bosons have a reasonable large asymmetries <∼ 5% but with opposite sign. This can be

understood as follows. We have f⊥u1T f
⊥d̄
1T contributing to W+ while f⊥d1T f

⊥d̄
1T to the Z boson. From the Sivers function

parametrization we used [22], it find that the u and d quark Sivers distributions have the opposite sign. Together

with the fact that f⊥d̄1T is still sizable in this parametrization, this leads to opposite but reasonably large asymmetry

for W+ and Z0 bosons. In Fig. 6 we plot A
sin(2φV −φSA−φSB )

TT as a function of rapidity y (left) and as a function of
transverse momentum qT of the vector boson at rapidity y = 0.7 (right) at the RHIC energy

√
s = 510 GeV. The

slightly larger asymmetries A
sin(2φV −φSA−φSB )

TT for W+/Z0 can be understood similarly.
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IV. SUMMARY

In this paper we studied the spin-dependent differential cross sections for vector boson (W±/Z0/γ∗) production
in polarized nucleon-nucleon collisions for low transverse momentum of the observed vector boson. We considered
the situation where the full kinematics of the vector boson could be reconstructed and both the magnitude qT and
azimuthal angle φV of the vector bosons are measured. We presented the cross sections and the associated single and
double spin asymmetries in terms of the transverse momentum dependent parton distribution functions (TMDs) at tree
level within the TMD factorization formalism. We estimated these spin asymmetries for W±/Z0 boson production in
polarized proton-proton collisions at the top RHIC energy, and found that if the TMD evolution effect does not lead to
too strong a suppression, some of the asymmetries are rather sizable and should be measurable at RHIC. In particular,
the single transverse spin asymmetries contain two large orthogonal azimuthal terms: a parity-conserving term that

is sensitive to the quark Sivers function f⊥q1T , as well as a parity-violating term that probes the quark transversal

helicity distribution gq1T . While f⊥q1T is predicted to change sign from semi-inclusive deep inelastic scattering to the
Drell-Yan process, gq1T is supposed to be universal. Thus, the W spin physics program at RHIC could be viewed as
truly multi-purpose: one that tests the universality properties of TMDs, constrains the TMD evolution effects, and
probes the sea quark TMDs.
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