aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Spin asymmetries for vector boson production in polarized
p+p collisions
Jin Huang, Zhong-Bo Kang, Ivan Vitev, and Hongxi Xing
Phys. Rev. D 93, 014036 — Published 28 January 2016
DOI: 10.1103/PhysRevD.93.014036


http://dx.doi.org/10.1103/PhysRevD.93.014036

Spin asymmetries for vector boson production in polarized p+p collisions

Jin Huang,'>* Zhong-Bo Kang,?'T Ivan Vitev,2'* and Hongxi Xing? ?

! Physics Department, Brookhaven National Laboratory, Upton, NY 11973, USA
2 Theoretical Dwision, Los Alamos National Laboratory, Los Alamos, NM 87545, USA

We study the cross section for vector boson (W*/Z°/4*) 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+ /Z° 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 fﬁ?, as well as the transversal
helicity distribution g7, via the parity-violating nature of W production.

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

I. INTRODUCTION

Spin-dependent observables for vector boson (W* /Z%) 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, @, d, d, 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
fllq? 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*/Z° ~*) 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 ff‘Tq f‘Tq (called double Sivers effect), as well as the product gi’Tng (called double worm-gear
effect in [33] since g7 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 g{; is also called “transversal helicity” distribution function [36-38], as it gives the quark longitudinal
polarization inside a transversely polarized proton. g, 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 flT that changes sign from SIDIS to DY type processes, the
transversal helicity distribution g, is universal between SIDIS and DY. As ¢J,. 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 g{, in W /7% 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=*/Z° ~*) in polarized nucleon-nucleon collisions, where one measures the transverse
momentum ¢ and azimuthal angle ¢y 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+ /Z° production, besides the well-known
Sivers term o sin(¢y — ¢g), the single transverse spin asymmetry can have an additional term o cos(¢y — ¢g) with
¢s the azimuthal angle of the transverse spin of the nucleon, which is related to the transversal helicity distribution
g1 [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+, Z9,
or v*) in polarized nucleon-nucleon scattering

A(Pa,Sa) + B(P,SB) = V(y,qr, 9v) + X, (1)

where a polarized nucleon A of momentum P4 and spin S4 is colliding with another nucleon B of momentum Pg
and spin Sp. We work in the center-of-mass (CM) frame of the colliding nucleons with S = (P4 + Pg)? the CM
energy squared. In such a frame, we choose the nucleon A to be moving in the “42z” 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 gr and azimuthal angle ¢y . For a virtual photon we further observe its
invariant mass ). We will concentrate on the kinematic region where the transverse momentum g is much less than
the mass My of the vector boson: ¢r < My . 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

d w
;4 =35 ( ) Ze q) W" (Pa,Sa, Pg,Sp) 216 (¢° — My,) 2)

where gy is the weak charge and related to the electric charge as e = gy sin Oy with 0y the Weinberg angle. Using
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with G the Fermi constant, we obtain

doV'  aGpM3, (_ L e
dyd2gr — 2v2s \ T,

) WHY (Pa,Sa,PB,SB) , (5)



where W is the hadronic tensor and is given by
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Here N, = 3 is the number of colors, V, are the CKM elements for weak interaction, v, (a,) is the vector (axial)
coupling of the W boson to the quark with

vg =1, aq = 1. (7)
The transverse momentum dependent quark-quark correlators are defined as [48]
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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

s _a— .5
aty5) 10Ty
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B2y, kur, Sa) = @qhﬂ% + pabv 7“]% 4 palio R (10)
where a = {1,2} is a transverse index, ®9I'1 = 1Tr[®7T] for the specific Dirac matrix I' as given above, and likewise

for ®7. With such an expansion at hand, we thus have the W boson cross section as

doW

2, 2 alvt1§a' v
v (v + ay) (<I> )

=oy” Z |V:1q’|2/d27;aTd21;bT52 (‘TT — Kar — EbT)
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where oV is given by

O'W _ TGFMI%V
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It is instructive to note that there are no terms involving ®4") with T' = i0®*45, 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 W with Y-, €)(q)e;*(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 ®1 for quark [48]:

(12)

oAl q 72 engTSfAT g 72
¢ = fl (waakaT) - M, flT (xaﬂkaT)v (13)
Q['Y+V5] q 79 EaT : 5;./4T q 7.2
¢ = Sargir(Ta, kar) + T M. 9ir(Ta, kor), (14)

where f{ is the unpolarized quark TMD, and ff‘ji] is the so-called quark Sivers function [49, 50]. g7, 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, g{; is the “transversal helicity” distribution function, describing the

quark longitudinal polarization in a transversely polarized proton [36-38]. Similarly we have the expressions for Pl
for the anti-quark:

Sl g T2 CikrShr c1a,
o = f{(z, kyr) + Mg T (b, k) (15)
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Here M4 (Mp) are the mass of the nucleon A (B), while Say, S a7 and SBrL, Spr 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
®41 is associated with the incoming nucleon A, which moves in “+2” direction in the CM frame. On the other hand,
the correlator 97 is associated with the incoming nucleon B, which moves in “—z” direction. Their spin vectors in
the CM frame have the following forms:

Pil 4 . PY
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Substituting the parametrization of ®1 and ®4M] into Eq. (11), we arrive at the final result:
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To write explicitly the expressions for all the structure functions F' in the above equation, let us define the following
short-hand notation:

cv [ (k aTaka)fle} Z|qu 2 /d2 kord?Kyro? (fJT — Kar — ka) w(Kar, k)

X | o B2n) £ (@, ) + (g 0] - (20)

One should be careful in the second term ¢ <> ¢ when we interchange the roles of quarks and anti-quarks. Due to
the fact that [48, 51]

s UV A5
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when a term involves an odd number of g1, and/or gi1, there should be a minus sign when one interchanges q <> ¢'.
For example,
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Here the first and the third equations, Eqgs. (22) and (24), do not have a minus sign under ¢ <+ ¢’. This is because
they either do not involve any g7 or gi1, at all as in Eq. (22), or they involve even total number of g;7 and g1, as in
Eq. (24). On the other hand, since Eq. (23) involves an odd total number of g1 or g1, there is a minus sign under
q<q.

Using this short-hand notation and define §r = ¢r/qr, we have
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To obtain the differential cross section for Z boson production in polarized proton-proton collisions, one simply
replaces o/ by of in Eq. (19) with

z \/i’lTGFM%

0p = SNC (41)



All the structure functions will be given by the same expressions as above, with C'"" in Eq. (20) replaced by CZ:
c? [W(Ea:r, EbT)flfQ} = Z/d2EaTd2EbT52 (ﬂfT — Kar — EbT) [ff(l"a’ K2r) 4 (wo, Kip) + (g ‘1)] . (42)
q

At the same time, for Z bosons we have
Vg = T,f’ — 2¢, sin” Oy, ag = T;’, (43)

where e, is the quark electric charge and T(? is the third component of “weak-isospin” of the quark. T{? = % for u, c, t
quarks, while T3 = —1 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

doPY DY

—— = F SarSprF

102 dy 2y o) UU + OALSBLYLL
+1Sar| [sin(v = 65, Frg ™ "] + 18pr| [sin(oy - s, Fop " 77|
+|SarlSsL [cos(ov — o5 ) Fyp "] 4 SarlSer| [cos(ov — ésa) i 0]

cos(2¢v —ps 4 —¢sg)

+1Sar|Ser| [cos(26v — 65, — és,) Py + cos(@s, — ds) Fir] } (44)

Here oY is given by [24]

Ao
DY em
4
70 3SQ2N,’ (45)

where @ is the invariant mass of the lepton pair, and .y, 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

Vg = €q, aq = 0. (46)
Several comments are in order.

e 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(¢y — ¢g) 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.

e For W /Z° 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(¢y — ¢g) modulation just like in the Drell-Yan dilepton production, there is another term related to

cos(¢y — ¢g) modulation. The sin(dy — ¢g)-term is associated with the quark Sivers function flJ‘Tq, and it is the
usual Sivers effect. On the other hand, the cos(¢y — ¢g)-term is associated with the transversal helicity g,

which projects out the longitudinal quark distribution inside a transversely polarized proton. As in Egs. (30)

and (32), the relevant structure functions, F;OUSwVﬂbSA) and Fé%f<¢v7¢s5), are directly proportional to a,

and thus only exist when there is parity-violating interactions, i.e. they are unique to W+ /Z° production. The
amplitudes of both sin(¢y —¢g)- and cos(¢py —pg)-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+ /7% production, one should consider extract both terms simultaneously to avoid cross contamination,
e.g. by following “maximume-likelihood fit” method widely used in the extraction of azimuthal spin asymmetries
in SIDIS process [41, 55, 56].
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cos(2¢v —¢s, —¢sg)

e There are terms contributing to the double transverse spin asymmetries. In particular, F.

receives contributions from the product of the Sivers functions ff‘qf] ff‘Tq , as well as the product of transversal
helicity distribution gngf_T. 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 g integrated, in which such asymmetries usually
involve the contribution from the collinear quark transversity [28-31].

e 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

Fyu(y) = Fuu(—y), Fro(y) = Fro(-y), Fru(y) = Fur(—y), (47)
F;;(¢V—¢SA)(y) _ 7F[S]i;(¢v—¢53)(7y)7 F;(;;(¢V_¢SA)(y) _ Fé(;f(¢v_¢53)(*y), (48)
Frp 0 ) = =T ) BT ) = BT (), (49)
Fyp@ovmosamoom) () = pr@ovmeation) ) Fli(y) = Fhe(—y), (50)
Fpp om0 ) = —Fpg P00 ) FRaly) = —Fa(-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 Ay, Ay and double longitudinal spin asymmetry Ay, as

Fry
Ay = —,
Fyu

Fyr
Ayp = —,
Fyy

Frr

e (52)

Arr =

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

FSin(¢V—¢sA)

FCOS(¢V—¢SA)

A;ifllj(ti’V*fbsA) _fru ’ A;?;(Gﬁ'v*(lﬁsA) _rru ’ (53)
Fyy Fyu
sin(pv —¢s , ) cos(pv —ods )
sin(pv —¢s,) FTL vooEa cos(pv—hs,) FTL vooEa
Arp ) App =0 (54)
Fyy Fyu
sin(2¢y —¢s , —¢ cos(2¢y —ps , —@
sin(2¢v —¢s, —dsg) FTT( vo9sa=oss) cos(2¢v —ds, —¢psg) FTT( vo0saTéss)
A = . Ay - : (55)
Fyu Fyu
Fl F?
Al _ _TT , A2 _ - TT . 56
™ Fyu ™ Fyu (56)

Likewise, we define A;¥¢V7¢SB)7 A?;(¢V7¢SB), A?;(¢V7¢SB), and AZOTS(¢V7¢SB) as the ratios of the corresponding

structure functions to the unpolarized structure function Fy, respectively. Following the relations in Egs. (47 - 51),
for the polarized proton-proton collisions, we have

Awol) = Avs(—y). Aps(y) = Aps(—) o7
AST“(}(‘”%SA)(?;) _ _A;jnva—aﬁsB)(_y)’ AcTo;(aavﬂzasA)(y) _ A?}’;(W"”B)(_y), (58)
AsTirz(%fd:sA)(y) _ _A?I}(¢V*¢SB)(_y)’ A;:)z(dJV*(bsA)(y) _ AcLo;(¢V*¢sB)(_y). (59)
ARV =04 =b55) () geosRov—bs,=bsp) () (60)

TT TT AITT(Z/) = AlTT(—l/)7



sin(2¢0y —¢s , —¢ sin(2¢v —¢s, —¢
ATT( v—o¢s, SB)(y) _ _ATT( v—0s, SB)(_y)7 A%T(y) = —A%T(—y), (61)

Looking at the expressions for all the structure functions given in last section, we find that App, A;irllj(d)v_qbs“‘),

A?}HT(WﬂbSB), A?iwvﬂﬁsf‘), AEOTS(WﬂbSB), ACTO;(2¢‘/7¢SA7¢SB), and AL, exist for both W*/Z% and ~*, and they

are parity-even spin asymmetries. On the other hand, Ay, Ayr, A;?;<¢V_¢SA), A;);(¢V_¢SB), A;if;((bv_(bs’*),

ASLi;(¢V_¢SB)7 A;E;(2¢V_¢SA_¢SB)7 and A%, are directly proportional to a, (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 Ay [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

Sar and the transverse momentum gr are along the y- and z-directions, respectively. It is important to realize that
sin(py —ds 4)

such definition of Ay is related to our definition of A, by a minus sign [17]:

AOv=osa) gy (62)
It is worth mentioning that Ay (and thus ASTiI[]]((bVﬂbSA)) 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 ACT()[SJ(¢V_¢S“) 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 f{ and the helicity TMD distribution g, are kp-even functions and we assume
they have the following Gaussian forms:

q 2y _ pq 1 —k%/(k2) gy
fl(kaT) fl(z)ﬂ'<k‘%>fle )

1
q 2 q
911 (z, k1) = 911 (2)
! ! 7T<k%>91L
where f!(z) and g{; (z) are the collinear unpolarized parton distribution function and helicity distribution function,

respectively. We will assume the Gaussian width for f{ and gf; to be the same [71, 72], and take the value of 0.25
GeV? [73]:

efk%/<k§“>91[, , (63)

<k%>f1 = <k%>91L =0.25 G€V2. (64)

On the other hand, both the Sivers function flJ‘T"" and the transversal helicity distribution g{;. are the coeflicients from
the linear kp-expansion term of the quark-quark correlator ®¢, see Eqgs. (13) and (14). Quark Sivers functions have
been extracted from semi-inclusive deep inelastic scattering (SIDIS). We take the parametrization from Ref. [22]:

N ) = ~N )b G, K (65)
where N, (z) and h(kr) are given by
8, (ag + Bg)(atha)
aq By"

hkr) = V/2e kle—k%/Mf, (66)
M,

Ny(@) = Nya®(1 - @)

)

with the parameters N, aq, B4, and M given in [22]. At the same time, for g{,, we have

1 1 1 12 2
mg;}T(m’ k%) _ ggg’)(f)We kT/UfT)snT, (67)

git



where we choose (k2.),,, = 0.15 GeV? [74], and g(fg,«l)(x) is the first kr-moment of g{,(x, k%) defined as

gir

2
¢ (2) = / Phr ol ol (2, k). (68)

We note that there is a Wandzura-Wilczek-type approximation for gg(Tl )(x), which relates gf(Tl )(x) to the collinear

helicity distribution function g7, (z) [75]:

1
1 dz
aiy' @)~ | (). (69)

xT

Now the parametrizations for all the TMDs involved in our calculations, f7, flqu ., g91., and g¢{,, 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]:

Fid (@, k) oy ywyz = — fiz (@, k2)|siois, (70)

whereas all other quark TMDs (f{, g7;, gi;) are universal in SIDIS and Drell-Yan. As we have mentioned already
in the introduction, since g, (z, k%) 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 g{,(z, k%) in
W*/Z° 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*/Z° 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 f{(z), DSSV [77, 78] parametrization for the collinear helicity distribution functions
gl (z), and choose the factorization scale y = My. Within our approximation, where (k%) = (k%),,,, there
is no gp-dependence for the longitudinal spin asymmetries Ary, Ayrp, Arpp. This is because Fry, Fyp, Frp all
have the same gp-dependence as the unpolarized structure function Fyyyy, 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 (gr-
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?ZWV*(#SA), A;:);WW*(?SA)7 A?z(d’v*tﬁsf;)’ A;?z@bv*d)slq), A;;—‘(2¢V7¢'SA7¢SB) and A;?;(th\/fd)SquﬁsB)

asymmetries involving the transverse spin vector Spr (i.e. ¢s5) can be obtained from the results we present through
the relations established in Eqgs. (58) and (59).

. The spin

Let us first discuss the singl_e transverse spin asymmetry: ASTH&(W%)SA) and Af;);(qsquss‘*). In Fig. 1, we plot single
transverse spin asymmetry A;ir;](qﬁv_qﬁsf‘) as a function of the rapidity y of the vector boson (left), and as a function

of the transverse momentum gr 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 < gy < 3 GeV. The red solid

curve is for W, the blue dashed curve is for W, and the black dotted curve is for Z° production. These results

are consistent with those in [16] and [17], respectively . It is worthwhile to remind the reader that A;i;}wv_gﬁsA)

is parity-even, and can be used to probe the quark Sivers function f#’(x, k%). 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 Ay were plotted in [16] and [17], while here A;rl‘]((j)v_(ﬁs“‘) are plotted. So they should have an

opposite sign because of Eq. (62).
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FIG. 1. Single transverse spin asymmetry A?$¢V_¢SA) as a function of the rapidity y of the vector boson (left), and as a

function of the transverse momentum gr 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 < gr < 3 GeV. The red solid curve is for

W, the blue dashed curve is for W™, and the black dotted curve is for Z° production. Note: A?I&(qﬁv—(j)s/*) is related to the

parity-conserving interaction (parity-even), and can be used to probe the quark Sivers function ff‘Tq (z, k%).

0.3 0.3
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W —— o
N Lo 0.2+ o
01l o N
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§<E ...........................
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FIG. 2. Single transverse spin asymmetry ACTOS(éVid)SA) as a function of the rapidity y of the vector boson (left), and as a

function of the transverse momentum gr 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 < gr < 3 GeV. The red solid curve is for

W, the blue dashed curve is for W, and the black dotted curve is for Z° production. Note: A;?;(¢V_¢SA) is related to the

parity-violating interaction (parity-odd), and can be used to probe the transversal helicity distribution g{(z, k3).

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

ACOS(¢V_¢SA) (parity-odd). This term is related to g¢,.(z, k%). Since g¥, is not fully constrained even for the valence

TU
quarks within the current SIDIS measurements [39-42], ACT()Z(¢V7¢SA) of W*/Z° production at RHIC could on one

hand serve as a complementary channel to constrain g{,., at the same time, as we have emphasized, one in principle
could test the universality of g{, as to the future high precision SIDIS measurement [25, 43]. In Fig. 2, we plot

A;O;(d)vid)sf‘) as a function of the rapidity y of the vector boson (left), and as a function of the transverse momentum
gr 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 ACTC)E(¢V_¢SA) as a function of rapidity y (left) and as a function of

transverse momentum gr 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;2<¢V7¢SA) as a function of rapidity y (left) and

as a function of transverse momentum gr 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?;<¢V_¢SA) and A?2(¢V_¢SA ).

While ACTOE(¢V_¢SA) is related to the parity-conserving interaction and is sensitive to both g{, and g{;, ASTirz(¢V_¢SA) is
related to the parity-violating interaction and is sensitive to fllj? and ¢{;. In Fig. 3, we plot the transverse-longitudinal

double spin asymmetries A;);(qbv—qbs,l) as a function of rapidity y (left) and as a function of the transverse momentum

gr of the vector boson at rapidity y = 0.7 (right). Since both ¢{, and ¢{, are suppressed when compared with the
unpolarized parton distribution f{, the double spin asymmetry is indeed much smaller than the single transverse

spin asymmetry, where only one spin-dependent parton distribution (either ff‘ji] or gi{r) is involved. In Fig. 4, we

plot A?2(¢V7¢SA) as a function of rapidity y (left) and as a function of transverse momentum gz 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;ilz((bv_qﬁsf‘) for W is quite sizable, ~ 5 — 10%. The reason lies in the fact that the Sivers function ffa? from

Ref. [22] for d-quark is still sizable and gip for u-quark is reasonably large. Thus, their product fizt gt 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;?;( Pv=Psa=sp) as a function of rapidity y (left) and as a function of transverse

momentum g7 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?;«(%V_qbs“ ~9sp) as a function of rapidity y (left) and as a function of transverse

momentum gr of the vector boson at rapidity y = 0.7 (right) at the RHIC energy /s = 510 GeV.

ARV =9547955) anq ASTH}(%V*(ZBSA ~%95) which still involve the azimuthal angle ¢y of the vector boson (the other

"
two asymmetries AL, and A2, do not). In Fig. 5 we plot A;?;(2¢V_¢SA_¢SB ) as a function of rapidity y (left) and as

a function of transverse momentum gr of the vector boson at rapidity y = 0.7 (right) at the RHIC energy /s = 510
GeV. Only the W and the Z° bosons have a reasonable large asymmetries S 5% but with opposite sign. This can be

understood as follows. We have fi5* fﬁii contributing to W+ while fi5? ILTJ to the Z boson. From the Sivers function
parametrization we used [22], it find that the v and d quark Sivers distributions have the opposite sign. Together

with the fact that fi5¢ is still sizable in this parametrization, this leads to opposite but reasonably large asymmetry

for W+ and Z° bosons. In Fig. 6 we plot A;;(2¢V_¢SA_¢SB) as a function of rapidity y (left) and as a function of

transverse momentum gr of the vector boson at rapidity y = 0.7 (right) at the RHIC energy /s = 510 GeV. The

slightly larger asymmetries A;ir;2¢v—¢sA ~?s5) for W+ /Z° 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*/Z°/~*) 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 ¢r and
azimuthal angle ¢y 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+ /Z° 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 flJ‘I? , as well as a parity-violating term that probes the quark transversal
helicity distribution g7,. While fﬁ,? is predicted to change sign from semi-inclusive deep inelastic scattering to the
Drell-Yan process, g{; 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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