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Spin asymmetries for vector boson production in polarized p + p collisions
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We study the cross section for vector boson (W*/Z%/y*) 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 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 ILTq , as well as the

transversal helicity distribution g%, via the parity-violating nature of W production.

DOI: 10.1103/PhysRevD.93.014036

I. INTRODUCTION

Spin-dependent observables for vector boson (W*/Z%)
production in polarized nucleon-nucleon collisions offer
excellent sensitivity to the spin-dependent parton distribu-
tion 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, i, 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 ff‘Tq 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° y*) should have the same
functional form but an opposite sign—so-called “sign
change” [16,18-21]. Quark Sivers functions have been
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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 asym-
metries for vector boson production. For example, double
transverse spin asymmetries for Drell-Yan production were
originally proposed to extract the quark transversity dis-
tributions [28—-32]. However, as pointed out already in [33],
there could be additional terms involving the product of
quark Sivers function f lLTq f 1qu (called double Sivers effect),
as well as the product g{,g7, (called double worm-gear
effect in [33] since g{, 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 gf, is also called “transversal helicity”
distribution function [36-38], as it gives the quark longi-
tudinal polarization inside a transversely polarized proton.
g7 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 formalism [34]. Contrary to the quark Sivers function f #
that changes sign from SIDIS to DY type processes, the
transversal helicity distribution g7, is universal between
SIDIS and DY. As g7, has been investigated in the SIDIS
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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*/Z°
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 dis-
tribution functions inside the nucleon, vector boson pro-
duction 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 fixed-
target SIDIS measurements. It is, thus, timely to present in a
single, self-contained paper the results for the spin asym-
metries 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°, y*) in polarized nucleon-
nucleon collisions, where one measures the transverse
momentum g7 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 « sin(¢y — ¢bg), the single transverse spin
asymmetry can have an additional term « cos(¢y — @s)
with ¢p¢ the azimuthal angle of the transverse spin of the
nucleon, which is related to the transversal helicity dis-
tribution ¢, [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.

I1. 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=, Z°, or
y*) in polarized nucleon-nucleon scattering

A(PA’SA)+B<PB’SB)_)V<y7qT’¢V)+X7 (1)
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where a polarized nucleon A of momentum P, and spin S,
is colliding with another nucleon B of momentum Py and
spin Sz. We work in the center-of-mass (CM) frame of the
colliding nucleons with S = (P, + Pg)?* 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 ¢ and azimuthal
angle ¢y. For a virtual photon we further observe its
invariant mass Q. We will concentrate on the kinematic
region where the transverse momentum ¢z is much less
than the mass My of the vector boson: gy < 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

deV 1 [ gy \2 5 .
(S 2 (q)WH (P, Sy, Py Sg)2n5
d4q 28 <2\/§ - e/l(q>€1./ (Q) ( ArPA LB B) U

x (q* = M%), (2)

where gy is the weak charge and related to the electric
charge as e = gy sin 8y, with 6y, the Weinberg angle. Using

G _COr iy (3)
SM%V_\/E’ q_z qg-aya~q,,
. 9y
>_eila)eita) = =gu +0 (4)
A w

with G the Fermi constant, we obtain

9,9,
_|_
oMz,

de" - 2GpM3, <

— = WH (P4, S4, Pg, Sp),
dyd®Gr 238 > (P4.Sas Pp. Sp)

(5)
where W# is the hadronic tensor and is given by
W”V(PA’ SA9 PB’ SB)

1 > - L - >
= N_Z‘qu’P / ko d*kyr8* (Gr = kar — kpr)
c q,qr

X Tr[yﬂ(vq - aqys)q)q(xw %aT’ SA)yy
X (vy — aq}’s)‘i’q/ (xp, %bT’ Sp)]. (6)

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
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=1.

()

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

dz” d’z ir zk*z —ik
(27)?

arl” ir

Qq(xav %aT’ SA) = /

X (Pas Sl (0)yri (2)|Pa, Sa)s  (8)
= g dZ d Z _l'ﬂ 2
D(xy, kyyr, Sp) :/7(27[) T pikyzt=ikyrir

x (Pg, Sl (0)#(2)|Pg, Sg), (9)

dydzﬁ

—2a Uq(q)q[y 1palr 7] 1 palr v’ 1 Halr

W . .
where oy is given by

wo_ ”GFM%V

oy VSN, (12)
It is instructive to note that there are no terms involving
@4l with I = i6®*y7, 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
>i€4(q)ei*(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 ®4[1 for quark [48]:

ijri QJ
€rkarSar Lq( %2)
aT )»

+ 72
ol = f1(x, koy) — M, (13)
s ) %a . § 72
Sl = S8, (xankar) + = g (e Kar). (14)
A

where f? is the unpolarized quark TMD, and £ is the so-
called quark Sivers function [49,50]. ¢, is the quark
helicity distribution function, describing the quark longi-
tudinal polarization in a longitudinally polarized proton.
Finally, as we have mentioned already in the Introduction,
gly is the “transversal helicity” distribution function,

Z|qu |2 / dz;éaszkhTé2 (éT - zuT

)+ (2<)],
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where we have suppressed the gauge link dependence in the
definitions. They can be expanded as the following para-
metrization in terms of the Dirac matrices at leading-twist

D9 (x,, ko, Sy) = D] 7/2 + a1 L r’r
<=5
+ i1 2L (10)

where a = {1, 2} isatransverse index, ®! = L Tr[®4T) for
the specific Dirac matrix I" as given above, and likewise for
&4, With such an expansion at hand, we thus have the W
boson cross section as

_th)[(v +a2) (@190 @l el

(11)

|

describing the quark longitudinal polarization in a trans-
versely polarized proton [36-38]. Similarly we have the
expressions for ®?'"] for the antiquark:

ijri o
R — ) ekl .S 7 72
D) = f1(xy, k) + ——2=EL £ (xy, ki),

Iy (15)
ol P (e i) orSir o
¢ =—Spr9{ (xp:Kpr) = TBng<xb7ka)' (16)

Here M, (Mp) are the mass of the nucleon A (B), while

Sars §AT and Sp;, S'BT 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 ®4I" is associated with the incoming nucleon A, which
moves in “4z” direction in the CM frame. On the other
hand, the correlator ®9' is associated with the incoming
nucleon B, which moves in “—z” direction. Their spin
vectors in the CM frame have the following forms:

PO
SZ = <SAL |MA| |SAT|COS¢SA, |SAT| SlnqbsA, SAL MA>1

(17)

[P Py
S IS , =S .

M, |Sr|cos gs,. [Spr|sings,, —Spr —* My

(18)

Substituting the parametrization of ®7I) and &4 into
Eq. (11), we arrive at the final result:

5= (SBL
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de"V - . im (ﬁ —¢s,) cos (/) bs,)
dyd®qr = oy {Fyy + SarFrv + Spr.Fur + SarSeLFrr + [Sar|[sin(¢y — ¢s, ) Fry 4+ cos(¢py — s ) Fry ]
T

+ [Sprl[sin(dy — ¢s,) Fy Fuy ¢V ¢SB>+cos(¢ — s, )Fy; Cos‘f’v ¢SB)}

= . pinbs,) pEsvts)
+ [Sar|Spe[sin(¢y — s, ) Fr 4 cos(gpy — ¢s,)Fr ]

ﬁm((ﬁv bsy) + COS(¢V ¢SB)F2();((ﬁV f/’sB)]

+ Sar|Spr|[sin(¢y — s, ) Fpr
P P (py—ps,~dsp)
+ ISarllSurllcos2py — s, — bs, ) Frr 4T 4 cos(gps, — s, ) Fhr
—¢ .
) sin(ps, — ¢s,) Frl}- (19)

. qm 2¢ ¢
+sin(2py — s, — ¢s,)Fr v

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

[W(kaTvka fifa] = Z|qu |2/d kq kobeS (q _];aT_sz)w(iéaTv%bT)[ (ll(xwl_ézzzT)fg/(xb’ziT)_F(q(_)q/)]' (20)

q.4'

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

ol = +@alll]

+ for y#, icty?
{ yH, ic"y 21

- for yy°, 1,ip>

when a term involves an odd number of g,; and/or g,r, there should be a minus sign when one interchanges g<>g’. For
example,

CY(vg + aé)fljl] = Z|qu/|2 / &k d*kyr* (Gr — kor — kyr) (v + a3)
9.9’

[ (s kg ) fY (s Koz) + 7 (s kg £ (1 Kip)] (22)

-
N

qr - kar ar - kq
CW[quaq M, ngfl] Z|qu| / Pk dkeyy 8 (G — Four — ka)z”‘f”qTTAT
9.9

2 [ng(xa’ ]-éfzﬂf[l_]/ (xb, lziT) - 9(17/7<xa, %iT)f(ll(xbv /;iT)] (23)

-

k kar
cv [(vq +aq)LIT ngglL:| Z|qu| /dzkaTd kyr&* (qr — kaT ka)(Uq +a )qT

My " My
72\ 7 22 7 72 22
X [ng('xu’ kaT)g‘IIL (xhv khT) + gfliT(xcu kaT)gi]L ('xhv khT)]' (24)
Here the first and the third equations Egs. (22) and (24), do Fyy = CW[(vé + aé) fljl], (25)

not have a minus sign under g<>g’. This is because they
either do not involve any g, or g;; at all as in Eq. (22), or

—_ow 7
they involve even total number of ¢, and gy, as in Fry == C"2vga.91.11]. (26)
Eq. (24). On the other hand, since Eq. (23) involves an
odd total number of g,; or g,,, there is a minus sign under Fyp =CV[2v,a,f15:L), (27)
q<q'.
Using this shorthand notation and defining §; = ¢7/q7, Frp=—C"[(0+a®)g1.9:L] (28)
we have 4 B '
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F;lz](lﬁv #s,) el [(1&21 +a§) an f1:| (29)
COS : ’ ]-éa f
FTU(¢V 1) _ _ oW [ZUqaq QTM Tngfl} . (30)
A
sin(¢y—¢ k
FUT(ziv Psp) _ [(v +a )qTM belff_T:|’ (31)
B
F(z;);(¢v_¢sg) _ CW |:2,Uqaq QTM bT flng:| , (32)
sin(¢y—¢s, ) A la
FTL a0 — CW |:2’Uqaq Tf]TglL:| ’ (33)
cos(pv—es,) r - z g
Frp == (Uq +a ) M ngglL > 69
A
sin(pv—ds,) qr - ié
Fy =C" 2v,a,——— % glLflT . (39)
B
cos(py—os,) q ]-é g
Fo@rts) — _ow {( + aj) TM gnglT:|’ (36)
B

cos2pv—dbs,~bsy) w2 ) 2% T'QTiébT'QT_I; T'iébT
e {(vﬁ D oMM,
X (f%T}%T_ngng):| , (37)
F;i;(zqsv_d’s/\ _¢SB) _ CW |:1}qaq 2kaT . qubT . QT — kaT . ka
MysMp

X (Flygr + gnﬂ#)} , (38)

dGDY

sin(¢
¢SA)FTU '
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-

i .
F%"T:_CW|:(Uq+a )2M M (f]T tr+argir)|. (39)
e _owly o ke For iy a0
T =~ Vgdy MM (fnglT girfir)|-  (40)

To obtain the differential cross section for Z boson
production in polarized proton-proton collisions, one sim-
ply replaces off by of in Eq. (19) with

o7 — V2HGM (41)
o7 SN,

All the structure functions will be given by the same
expressions as above, with CV in Eq. (20) replaced by C%:

C w(kqr. %br)flfz]
= Z / dz%asz%bTéz(Z]T - %aT - %br)w@ar, iébT)
q

22\ L -2 _
X [ (11<xa7 kaT)fg(xiw ka) + (q<—)q)] (42)

At the same time, for Z bosons we have
v, =T —2e,sin*Oy, a, =T, (43)

where e, is the quark electric charge and T3 is the third

component of “weak 1sosp1n” of the quark. T3 Iforu, c,

t quarks, while T?] 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

¢SA)] l/’sB)]

pd . sin(¢hy—
+ | Sprllsin(y — s, ) Fop

> cos(/)v (/)A) - ¢ ¢E)
+ [Sar[SpLcos(pv — ¢s, ) Fr T+ Sar|Spr|[cos(dy — b5, )F ), FEo v,

AP dla, o6 " {Fuyy + SarSpLFrL + |Sar[sin(¢py
+ |§AT||§BTHCOS(2¢V — s, — bs,
Here 65" is given by [24]
o = 32752%1“\}0 ’ (45)

where Q is the invariant mass of the lepton pair, and a,, is
the electromagnetic coupling constant. At the same time, all
the structure functions can be obtained from those for Z

) P 2¢v bs,—Psy)

+ cos(¢s,

= ¢s,)Frql}- (44)

boson production [including the convolution expression in
Eq. (42)] but with the replacement

(46)
Several comments are in order.

(1) In our setup, for Drell-Yan production through the
virtual photon channel (parity conserving channel)
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(ii)

(iif)

only the Sivers effects survive in the single trans-
verse spin asymmetry: as can be clearly seen from
Eq. (44), they are related to sin(¢y — ¢pg) modula-
tion. 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*/Z° production, with parity-violating inter-
actions 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, — ¢bg) modulation just like in
the Drell-Yan dilepton production, there is another
term related to cos(¢y — ¢ps) modulation. The
sin(¢py — ¢g) term is associated with the quark Sivers
function f 1qu , and it is the usual Sivers effect. On the
other hand, the cos(¢y — ¢b5) 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
cos(¢y—s,)

relevant  structure functions, Fyp and
F 3);(%_%3) , 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 — ¢5)- and cos(py —
¢s) modulations can be comparable, as they involve
only one spin-dependent parton distribution. There-
fore, in the experimental study of the single trans-
verse spin asymmetries for W*/Z° production, one
should consider extracting both terms simultaneously
to avoid cross contamination, e.g. by following a
“maximum-likelihood fit” method widely used in the
extraction of azimuthal spin asymmetries in the
SIDIS process [41,55,56].

There are terms contributing to the double transverse

. . . S(2¢py—ds, —
spin asymmetries. In particular, FCTO;( Pv=dsa=dss)

receives contributions from the product of the Sivers
functions f17 /1, as well as the product of trans-

versal helicity distribution g7,¢7,. They were re-
ferred 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
gr integrated, in which such asymmetries usually
involve the contribution from the collinear quark
transversity [28-31].

PHYSICAL REVIEW D 93, 014036 (2016)

(iv) 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:

Fyy(y) = Fyu(-y), Frp(y)=Fr(=y),

Fru(y) = Fyr(-y), (47)
sin(¢y—gs, ) sin(py—ds,)
FTUV SA()__FUT YB( ),
cos(py—ds,) cos(py—opsy)
Fry T () = Fuyr e (=y), (48)
sin(¢y—¢s, ) sin(¢y—es, )
Frp ’ (y)=-Fr o (=),
cos(py—es,, ) cos(py—csy)
Frp ’ () =Frr e (=y), (49)
c08(2¢y—dps, s, ) c08(2¢y—ths, —ths)
Frr e ) = Fry S (=y).
FlTT(Y) = FlTT(_y)7 (50)
sin(2¢y—gs, —bsg) sin(2¢y —s, —bs)
Fop T y) = —Fpp T T (<),
F%T()’) = _F%T<_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 colli-
sions at RHIC. Longitudinal spin asymmetries do not
involve any azimuthal angle dependence, and we define
the single longitudinal spin asymmetry A;;, Ay; and
double longitudinal spin asymmetry A;; as
Fyr Frp
VL= oo L= o (52)
All other spin asymmetries involve transverse spin of the
incoming protons, and they can be defined similarly as
follows:

sin(¢y—ds, ) cos(¢y—eps,)
Asin(¢v—¢SA) 7F7{U v AC05(¢V_¢SA) 7FTU n
TU TR TU - Fk.
uu vu
(53)
in(y—¢s,) (pv—s,)
ginvts) _Fr P oseds) P
TL Fou TL Fouy
(54)
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Sin(24py—bs, ~dbs,)

A, ~0s,) _ Frr v

T - F ’
Uu

s(2¢y— —

, (55)
T Fou
Fl F?
AITT = FTT > %‘T = FTT_ (56)
vU U
Likewise, we define ASLi,IlT(¢V_¢SB), Ag);([ﬁv_(ﬁsl*) , ASLi;((pV_%B),

and ACLO;@V_(I)SB) as the ratios of the corresponding structure
functions to the unpolarized structure function Fyy,
respectively. Following the relations in Egs. (47)-(51),
for the polarized proton-proton collisions, we have

Apy(y) = Ayr (=), Ap(y) = A (=), (57)

sin(¢py—es, ) sin(gy s, )
Ary T (y) =—-Ayr K ( )
cos(¢py—gs, ) cos(¢y—dpsy)
Ary o () =Ayr K (=), (58)
sin(¢y—¢s, ) sin(¢y—es, )
TL o (y)__ALT ’ ( y)’
s(bv—os,) cos(py—tsy)
A "I ) = Ay T (<), (59)
COS(Z(/’V—(/),‘A—‘/" ) c05(2(/)v—(/1:A—“‘ )
Arr n(y) = Agp (=),
Arr(y) = Apr(=y), (60)
sin(2¢y s, —ds,) sin(2¢y —¢s, —s)
Arr o (v) = —Arr e (=),
A%T(Y) = _A%T(_Y)‘ (61)

Looking at the expressions for all the structure functions

given in last section, we find that A;;, A;l,rllj(d)v_(/)SA),

Aii]IIT(¢V_¢SB ) ) ACT(;({/)V_{/)SA ) . ACLO;(fﬁv—fﬁsE ) ’ A;O;(Zd’v—“s,\ ~Psp) ’
and Al, exist for both W*/Z’ and y*, and they
are parity-even spin asymmetries. On the other

cos(by—bs,)  coslpy—ts,)  ,sin(by—s,)
hand, Ay App, Arg Y, Agr P, Ap Y,

o L CTU '
ASL";((M P5s) A?;( P=P579%) and A2, are directly propor-

tional 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 S,7 and the transverse momentum g are along the y
and x directions, respectively. It is important to realize that
such definition of Ay is related to our definition of

A;ilzj(lﬁv—(ﬁs,\) by a minus sign [17]:
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At — _ay, (62)

It is worth mentioning that Ay (and thus ASTiIIIJwV_(ﬁSA))

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;0;<¢V_¢SA)

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 asym-
metry 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,
1.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 f7 and the helicity
TMD distribution gf, are k;-even functions and we assume
they have the following Gaussian forms:

as “‘up-

2 2
PR = F1(0) e
eI,

1
q 2 q
i (x.kz) = g, (x)
1L T 1L 7T<k%'>g1L

e_k%'/<k%'>y”‘ , (63)

where f4(x) and g, (x) are the collinear unpolarized parton
distribution function and helicity distribution function,
respectively. We will assume the Gaussian width for f7
and gfL to be the same [71,72], and take the value of
0.25 GeV? [73]:

(k2);, = (k3), =025 GeV2. (64)

On the other hand, both the Sivers function ff;? and the
transversal helicity distribution g7, are the coefficients from
the linear ky-expansion term of the quark-quark correlator
®9; see Eqgs. (13) and (14). Quark Sivers functions have
been extracted from semi-inclusive deep inelastic scatter-
ing. We take the parametrization from Ref. [22]

014036-7
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KT 4 (e K2) = =N, (k) f1 (5. 65
317 k) = =N ()h(kr) fi(x. kp). (65)
where N, (x) and h(kr) are given by

(ag +B,) )
oGPy

k
hky) = \/2e VT e~ki/M (66)
1

N, (x) = N x%(1 = x)ba

with the parameters N, a,, f,, and M, are given in [22]. At
the same time, for g7,, we have

1

1 12 7012
S direkp) = gty (%) s (67)

7{kT) s

where we choose (k7), = 0.15 GeV? [74], and ¢V (x) is
the first k; moment of g7, (x, k7) defined as

ﬁg?r (x, k7). (68)

We note that there is a Wandzura-Wilczek-type approxi-
mation for g%\ (x), which relates ¢/\"' (x) to the collinear

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

ldz
0 [ Eal ) (69

Now the parametrizations for all the TMDs involved in our
calculations, f?, flLT" , g1, , 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]:

#’(x, k%)|DY/W/Z = _f#(xa k%)'SIDlS’ (70)

whereas all other quark TMDs (f7, ¢, , ¢1;) are universal
in SIDIS and Drell-Yan. As we have mentioned already in
the Introduction, since g, (x, k7.) 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 gf(x,k%) in
W+ /Z° production in proton-proton collisions at the 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 CTEQG6 [76] for the collinear

PHYSICAL REVIEW D 93, 014036 (2016)

unpolarized parton distribution functions f7(x), DSSV
[77,78] parametrization for the collinear helicity distribution
functions g7, (x), and choose the factorization scale y = My,.
Within our approximation, where (k7), = (k7),, » there is
no gr dependence for the longitudinal spin asymmetries
Ay, Ay, Apr. This is because Fjy, Fyp, Fr; all have
the same ¢g; dependence as the unpolarized structure
function Fp;;, 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 avail-
able 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 numeri-

cal results for A;illlj((/’v—(l’SA)’ A;0;(¢V_¢SA)’ A?E(‘PV—%A),

A;OLS((/'V—(/’SA)’ A;i;(sz’v—ff’sA—l/J)SB)’ and A?’;(zf/’v—l/’s/\—ff’sg)‘ The

spin asymmetries involving the transverse spin vector S’BT
(i.e. ¢s,) can be obtained from the results we present through
the relations established in Egs. (58) and (59).

Let us first discuss the single transverse spin asymmetry:

ASTi?](%_%") and ACTO;M)V_%A). In Fig. 1, we plot single
transverse spin asymmetry A?Z(m_%") as a function of

the rapidity y of the vector boson (left), and as a function of
the transverse momentum g 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.l It is

worthwhile to remind the reader that A?Illj((ﬁv_%") is parity

even, and can be used to probe the quark Sivers function
1qu (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.
On the other hand, due to the parity-violating interac-
tion, there is another single transverse spin asymmetry,

A;0;(¢V_¢S") (parity odd). This term is related to g7, (x, k%).

'Of course one has to keep in mind that A were plotted in [16]

and [17], while here A?IIJWV_%A) are plotted. So they should have

an opposite sign because of Eq. (62).
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Wt —
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FIG. 1. Single transverse spin asymmetry ATU
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Wt —
0.4} W- ——
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0.2}
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7
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N /// y=05
04+ -~__ -
0 0.5 1 1.5 2 2.5 3

qr (éeV)

as a function of the rapidity y of the vector boson (left), and as a function of the

transverse momentum ¢ 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 < 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° productlon Note: A}
can be used to probe the quark Sivers function f 7 (x k).

Since g{; is not fully constrained even for the valence
quarks within the current SIDIS measurements [39-42],

ACTOIZ@V P50) 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 g7, as to the future high
precision SIDIS measurement [25,43]. In Fig. 2, we plot

ACTOS({/)V_{/)SA) as a function of the rapidity y of the vector

boson (left), and as a function of the transverse momentum
qr 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
0.3 T —
W ——
0.2} VAR
0.1}
E;
T
g
=

FIG. 2. Single transverse spin asymmetry ATU(¢V Is1)

s,

is related to the parity-conserving interaction (parity-even), and

maximum analyzing power for the quark longitudinal
polarization. If TMD evolution only leads to a moderate
suppression, this asymmetry should be measurable at
the RHIC.
Let us now turn to the study of tclclf tl‘)I;l Verse—
A

longitudinal double spin asymmetry ATL

A while AT s related 1o the parity-

conserving interaction and is sensitive to both g7, and ¢7,,

sin(¢y—s, )
ATL !

and is sensitive to fi; and ¢? . In Fig. 3, we plot the

transverse-longitudinal ~ double  spin  asymmetries
cos(¢hy—ds,, )

is related to the parity-violating interaction

b as a function of rapidity y (left) and as a
0.3 o
R
0.2} e
0.1} I
= - .
<€ - .
! p o
£ K e
Tg/ a ...............................
“ o}
02} .
-0.3 ‘ | | | |
0o 08 1 15 2 25 3
T (GeV)

as a function of the rapidity y of the vector boson (left), and as a function of the

transverse momentum gy 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 < gy < 3 GeV. The red solid curve is for W, the blue dashed curve is for

-, and the black dotted curve is for Z° production. Note: A
be used to probe the transversal helicity distribution ng(x, k 7)-

COS(¢V Ps, ).

is related to the parity-violating interaction (parity-odd), and can
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as a function of rapidity y (left) and as a function of transverse

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

0.1 T —
W— ——
A
0.05
7 N,
[N SR T~ el
g0 ===
= A .
wE | T
<
-0.05
0<qr <3 GeV
0.1 | | | | |
-1.5 -1 -0.5 0.5 1 1.5

FIG. 4. Transverse-longitudinal spin asymmetries double spin asymmetries A;
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n9v=Ps1) 45 a function of rapidity y (left) and as a

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

function of the transverse momentum ¢g; of the vector
boson at rapidity y = 0.7 (right). Since both g7, 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 f # or

gl7) is involved. In Fig. 4, we plot ASTiz((ﬁV_(/)SA) as a function

of rapidity y (left) and as a function of transverse momen-
tum g 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, ASTIZ(¢V_¢SA) for W is quite sizable,

~5%-10%. The reason lies in the fact that the Sivers
function fﬁ? from Ref. [22] for d quark is still sizable and
g1, for u quark is reasonably large. Thus, their product
ll{:ig'fL leads to a large double spin asymmetry.
Finally, we study the double transverse spin asymme-
tries. As examples, we present the numerical results for

ARG 5s) and ATRCP T T) Ghich stll involve

the azimuthal angle ¢ of the vector boson (the other two
asymmetries AL, and A2, do not). In Fig. 5 we plot

AR P5s) oS 4 function of rapidity y (left) and

as a function of transverse momentum ¢g; of the vector
boson at rapidity y = 0.7 (right) at the RHIC energy
V/s =510 GeV. Only the W' and the Z° bosons have
reasonable large asymmetries <5% but with opposite sign.

This can be understood as follows. We have fifid

contributing to W+ while f1f{: to the Z boson. From
the Sivers function parametrization we used [22],
the u and d quark Sivers distributions have the opposite
sign. Together with the fact that f ILTE’ is still sizable in this
parametrization, this leads to opposite but reasonably large

asymmetry for W* and Z° bosons. In Fig. 6 we plot

sin(2¢y—gs, —Psy)

Arp as a function of rapidity y (left) and as a
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as a function of rapidity y (left) and as a function of transverse momentum

gy 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?;( vty tsy) 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.

function of transverse momentum g5 of the vector boson
at rapidity y =0.7 (right) at the RHIC energy
/s =510 GeV. The slightly larger asymmetries

sin(2gy—¢s, —s;)

Arp for Wt/Z° can be understood similarly.

IV. SUMMARY

In this paper we studied the spin-dependent differential
cross sections for vector boson (W*/Z°/y*) 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 ¢, 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 momen-
tum dependent parton distribution functions (TMDs) at tree

level within the TMD factorization formalism. We esti-
mated 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 asymme-
tries 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#] , as
well as a parity-violating term that probes the quark
transversal helicity distribution ¢7,.. While £ is predicted
to change sign from semi-inclusive deep inelastic scattering
to the Drell-Yan process, g7, is supposed to be universal.
Thus, the W spin physics program at RHIC could be
viewed as truly multipurpose: one that tests the universality
properties of TMDs, constrains the TMD evolution effects,
and probes the sea quark TMDs.
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