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Ø Flavor separation for spin 
dependent parton distribution 

 
Ø Extract sea quark polarization 

Ø Test sign change for Sivers 
function 

Ø Excellent constraints on QCD 
evolution effects 
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Why W-boson spin asymmetries W s Production — Unique Probe to Sea Quark Polarization

• W s couple directly to the quarks and
anti-quarks of interest

• V-A coupling of the weak interaction
leads to perfect spin separation

• High momentum scales, of the order
of W mass

• Clean final state, not rely on
Fragmentation Function

Measure parity-violating

single-spin asymmetry:

AL =
�+���
�++��
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Rely on QCD factorization! 
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QCD factorization 

Ø Low pT - TMD factorization 

Ø High pT - collinear factorization 

Ø pT integrated - collinear factorization 

  IF both factorizations are proved to be valid, 
  both formalisms should yield the same result in overlap region  

  Case studies – Drell-Yan/SIDIS 

Collinear 

TMD 

Ji, Qiu, Vogelsang, and Yuan 
Koike, Vogelsang, and Yuan 

qT 

In this overlap region, both formalisms  
indeed give the same result 

The consistency check 

  TMD factorization fails for processes involving three 
     or more identified hadrons!  Collins, Qiu, 2007 

Vogelsang, Yuan, 2007, Collins, 2007 
Rogers, Mulders, 2010 New challenges! 

From Qiu’s talk 
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Some examples for W spin asymmetries 
11

FIG. 6: Comparisons of NLO results for AW±
L for various sets

of helicity parton distributions [10, 11, 20, 43, 45] to the STAR
data [2] taken at

p
S = 510 GeV and to the PHENIX mid-

rapidity points for electrons/positrons with |⌘|  0.35 [3]. The
cut 25 < pT < 50 GeV has been applied on the lepton’s trans-
verse momentum. Note that the PHENIX points are for pT > 30
GeV and includes the contributions from photons and Z bosons.
We have chosen the scales µR = µF = MW /2.

We have also presented new comparisons of the latest
RHIC data with the NLO predictions for some of the sets
of polarized parton distributions available in the litera-
ture. In line with observations in the earlier literature we
have found that the data prefer a rather sizable positive
�ū helicity distribution in the proton.
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Appendix

In this Appendix, we present some of our explicit NLO
results. We first consider the qq̄0 channel when an inter-
mediate W� boson is produced (for example through dū
scattering), for which e↵ectively C

1

= 0, C
2

= 8 in (16)
(see discussion after Eq. (17)). We define the functions

K(z) ⌘ arctan
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with the usual (Heaviside) step function. In addition to
the values z

1

= 1 , z
2

= w , z
3

= (1 � v)/(1 � vw) of
Eq. (39), we introduce

z
0

= 0 , z
4

= 1 � v + vw , (A.2)

and we set

Ji ⌘ J(zi) , Ki ⌘ K(zi) . (A.3)

We then find for production of a W�:
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with the splitting function Pqq of Eq. (32), and with

 ⌘ 2MW (�2

W +M2

W )

�W s
. (A.5)

Note that despite appearance the expression is perfectly
well regularized at w = 1.

Ringer, Vogelsang (2015) 
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FIG. 4. [Color online] Transverse single-spin asymmetry amplitude for W+ (left plot) and W− (right plot) versus yW compared
with the non TMD-evolved KQ [11] model, assuming (solid line) or excluding (dashed line) a sign change in the Sivers function.
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Figure 1: Longitudinal asymmetries are plotted as a function of rapidity y of the W boson in !p!p collisions:
W+ (left) and W− (right). The solid curves are the single longitudinal spin asymmetry AL, the dashed curves
are the double longitudinal spin asymmetry ALL, and the dotted curves are the combination of 1 + ALL(y) −
|AL(y) +AL(−y)|.
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Figure 2: Same as Fig. 1, but for Z0 boson.

DSSV [21, 22], and LSS2010 [23]. For the unpolarized parton distribution functions, we use exactly
the same set as the one when the global fitting was performed. That is, we use GRV98 [24] for both
GRSV2000 and AAC2008, while MRST2002 [25] for both DSSV and LSS2010. It turns out that both
GRSV2000 and AAC2008 satisfy our bounds, while both DSSV and LSS2010 could have violation at
large rapidity |y|. The violations are shown in Fig. 3, in which we plot 1+ALL(y)−|AL(y)+AL(−y)| as
a function of rapidity y forW+, W−, and Z0. Since for identical incoming hadronsALL(−y) = ALL(y),
the combination 1 + ALL(y) − |AL(y) + AL(−y)| is symmetric under y ↔ −y and we thus only plot
for positive y. We immediately find that when rapidity becomes large y ! 1.5 where xa ! 0.7 and
xb " 0.04 (or vice verse for y " −1.5), the combination 1 +ALL(y)− |AL(y) +AL(−y)| could become
negative for both DSSV and LSS2010, and for all W±/Z0 bosons. Since our bounds are very general,
coming from the positivity conditions of the cross section matrix, they should always be satisfied.
Thus our newly derived bounds, though very simple, immediately put nontrivial constraints on the
parametrizations of the polarized parton distributions, for both DSSV and LSS2010.

According to next-to-leading order calculations in [16, 17], the QCD radiative corrections for the
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matrix elements for the weak interaction. The parton
momentum fractions in Eq. (10) are given by

xa =
MW√

s
eyW , xb =

MW√
s

e−yW (11)

to the leading power in q2
⊥/M2

W . Similarly, we have the
leading order factorized spin-dependent W cross section
∆σ("S⊥) = [σ("S⊥) − σ(−"S⊥)]/2 as

d∆σA↑B→W ("S⊥)

dyW d2q⊥
=
σ0

2

∑

a,b

|Vab|2
∫

d2ka⊥d2kb⊥

× "S⊥ · (p̂A × k̂a⊥)∆NfDY
a/A↑(xa, ka⊥)

× fb/B(xb, kb⊥) δ2(q⊥ − ka⊥ − kb⊥) . (12)

The SSA of W production is then defined as,

A(W )
N ≡ d∆σ("S⊥)A↑B→W

dyW d2q⊥

/

dσAB→W

dyW d2q⊥
, (13)

whose sign depends on the sign of the Sivers function and
the direction of the spin vector "S⊥.

To evaluate the SSA in Eq. (13), we use the parame-
terization of TMD parton distributions in Ref. [18],

fq/h(x, k⊥) = fq(x)
1

π〈k2
⊥〉

e−k2
⊥/〈k2

⊥〉, (14)

∆NfSIDIS
q/h↑ (x, k⊥) = 2Nq(x)h(k⊥) fq/h(x, k⊥), (15)

h(k⊥) =
√

2e
k⊥
M1

e−k2
⊥/M1 (16)

where fq(x) is the standard unpolarized parton distribu-
tion of flavor q, 〈k2

⊥〉 and M1 are fitting parameters, and
Nq(x) is a fitted distribution given in Ref. [18]. By car-
rying out the integration d2ka⊥d2kb⊥ in Eqs. (10) and
(12) analytically, we obtain,

A(W )
N = "S⊥ · (p̂A × q⊥)

2〈k2
s〉2

[〈k2
⊥〉 + 〈k2

s〉]2
e
−

[

〈k2
⊥

〉−〈k2
s〉

〈k2
⊥

〉+〈k2
s〉

]

q2
⊥

2〈k2
⊥

〉

×
√

2e

M1

∑

ab |Vab|2 [−Na(xa)] fa(xa) fb(xb)
∑

ab |Vab|2 fa(xa) fb(xb)
, (17)

where 〈k2
s〉 = M2

1 〈k2
⊥〉/[M2

1 + 〈k2
⊥〉] and the “−” sign in

front of Na(xa) is from Eq. (7). If we choose the "S⊥ along
the y-axis as in Ref. [18], "S⊥·(p̂A×q⊥) = qT cos(φW ) with
qT ≡ |q⊥| and azimuthal angle φW . For our numerical
predictions below, we choose φW = 0 and the GRV98LO
parton distribution [22] for fq(x) to be consistent with
the usage of the TMD distributions of Ref. [18].

In Figs. 1 and 2, we plot the AN from Eq. (17)
at

√
s = 500 GeV. The W asymmetry is peaked at

qT ' MW and is much larger than that of DY production
[19]. This is because the u and d Sivers functions have
an opposite sign, and they partially cancel each other in
their contribution to the DY asymmetry, while they con-
tribute to the W+ and W− separately. The large W−
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FIG. 1: AN as a function of W -boson rapidity.
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FIG. 2: AN as a function of W -boson transverse momentum.

asymmetry is caused by a large d Sivers function [18].
The negative d Sivers function in SIDIS gives the posi-
tive W− asymmetry. The rapidity dependence in Fig. 1
provides excellent informations for the flavor separation
as well as the functional form of the Sivers function if we
could reconstruct the W bosons.

After integrating over the momentum of (anti)neutrino
from the W decay, we obtain the leading order factorized
cross section for the production of leptons of rapidity y
and transverse momentum p⊥,

dσA↑B→!(p)("S⊥)

dy d2p⊥
=

∑

a,b

|Vab|2
∫

dxa d2ka⊥

∫

dxb d2kb⊥

× fDY
a/A↑(xa,ka⊥, "S⊥) fb/B(xb, kb⊥)

× 1

16π2ŝ

∣

∣Mab→!

∣

∣

2
δ(ŝ + t̂ + û) , (18)

where ŝ, t̂, and û are the Mandelstam vaeriables and
the leading order partonic scattering amplitude square,
∣

∣Mab→!

∣

∣

2
, is given by

8(GF M2
W )2

3

û2

(ŝ − M2
W )2 + M2

W Γ2
W

(19)

for partonic channels ab = dū, sū, d̄u, s̄u; or by the same
one with the û2 replaced by t̂2 for the rest light flavor
channels ab = ūd, ūs, ud̄, us̄. ΓW in Eq. (19) is the W lep-
tonic decay width. Substituting Eq. (6) into Eq. (18), we
derive both the spin-averaged and spin-dependent cross
sections, from which we evaluate the SSAs of inclusive
lepton production from W decay numerically.

In Figs. 3 and 4, we present our predictions for the in-
clusive lepton asymmetry from the decay of W bosons at

4
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FIG. 3: AN as a function of lepton rapidity.
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RHIC energy. Although the decay diluted the size of the
asymmetry, the lepton inherited all key features of the W
asymmetry in Figs. 1 and 2. As shown in Fig. 4, the lep-
ton asymmetry is sharply peaked at pT ∼ 41 GeV, which
should help control the potential background. The differ-
ence in rapidity dependence of the W+ and W− in Fig. 3
provides the excellent flavor separation of the Sivers func-

tion, as well as rich information on the functional form.
For a good range of rapidity, the lepton asymmetry is
measurable at RHIC.

IV. Summary and Conclusions. In summary, we have
derived the time-reversal modified universality for both
quark and gluon Sivers functions from the parity and
time-reversal invariance of the gauge invariant matrix el-
ements that define the TMD parton distributions. We
confirm the Collins’ prediction for the sign change of the
quark Sivers function in SIDIS and in DY [10]. The sign
change of the Sivers function in SIDIS and in DY is a nat-
ural property of the gauge invariant TMD parton distri-
butions in QCD. Corresponding sign change of the SSAs,
if they could be factorized in terms of these TMD parton
distributions, is a fundamental prediction of QCD.

We have calculated, in terms of the TMD parton dis-
tributions, the SSAs of W production as well as inclu-
sive lepton production from the decay of W bosons in
polarized proton-proton collision at RHIC energy. We
find that although the asymmetry is diluted from the W
decay, the lepton asymmetry is at the level of several
percent and measurable for a good range of lepton rapid-
ity at RHIC. Because the lepton asymmetry is sharply
peaked at the pT ∼ 41 GeV, the potential background
could be strongly suppressed. We conclude that this
measurable lepton asymmetry at high pT at RHIC is an
excellent observable for measuring the Sivers functions of
different flavors and for testing the time-reversal modified
universality of the Sivers function.

We thank J. Lajoie and F. Wei for helpful discussions.
This work was supported in part by the U. S. Department
of Energy under Grant No. DE-FG02-87ER40371.
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§  Single longitudinal spin asymmetry 

§  Single transverse spin asymmetry 
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§  Differential cross section for W-boson production 

d�W

dyd2~qT
=

⇡GFM2
W

2
p
2S

✓
�gµ⌫ +

qµq⌫
M2

W

◆
Wµ⌫ (PA, SA, PB , SB)

•  Hadronic tensor  

W

µ⌫ (PA, SA, PB , SB) =
1

Nc

X

q,q0

|Vqq0 |2
Z

d

2
~

kaT d
2
~

kbT �
2
⇣
~qT � ~

kaT � ~

kbT

⌘

⇥ Tr
h
�

µ(vq � aq�
5)�q(xa,

~

kaT , SA)�
⌫(vq � aq�

5)�̄q0(xb,
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kbT , SB)
i

�q(xa,
~

kaT , SA) =

Z
dz

�
d

2
~zT

(2⇡)3
e

ik+
a z��i~kaT ·~zT hPA, SA| ̄q

j (0) 
q
i (z)|PA, SAi,

�̄q(xb,
~

kbT , SB) =

Z
dz

+
d

2
~zT

(2⇡)3
e

ik�
b z+�i~kbT ·~zT hPB , SB | q

i (0) ̄
q
j (z)|PB , SBi

•  Quark-quark correlator 

W-boson production in TMD 

�q(xa,
~

kaT , SA) = �q[�+] �
�

2
+ �q[�+�5] �

5
�

�

2
+ �q[i�↵+�5]�i�

↵�
�

5

2
•  Expansion 
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•  Leading twist TMDs 

�q[�+] = f

q
1 (xa,

~

k

2
aT )�

✏

ij
T k

i
aTS

j
AT

MA
f

?q
1T (xa,
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k

2
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�q[�+�5] = SALg
q
1L(xa,

~
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2
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~

kaT · ~SAT

MA
g

q
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~

k

2
aT ),

d�W

dyd2~qT
=�W

0
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FUU + SALFLU + SBLFUL + SALSBLFLL
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h
sin(�V � �SA)F

sin(�V ��SA
)

TU + cos(�V � �SA)F
cos(�V ��SA

)

TU

i

+ |~SBT |
h
sin(�V � �SB )F

sin(�V ��SB
)

UT + cos(�V � �SB )F
(cos�V ��SB

)

UT

i

+ |~SAT |SBL

h
sin(�V � �SA)F

sin(�V ��SA
)

TL + cos(�V � �SA)F
cos(�V ��SA

)

TL

i

+ SAL|~SBT |
h
sin(�V � �SB )F

sin(�V ��SB
)

LT + cos(�V � �SB )F
cos(�V ��SB

)

LT

i

+ |~SAT ||~SBT |
h
cos(2�V � �SA � �SB )F

cos(2�V ��SA
��SB
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1

TT

+ sin(2�V � �SA � �SB )F
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��SB
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TT + sin(�SA � �SB )F
2

TT

i)

§  Final result 

Sivers function 

Transversal helicity function 
helicity function 
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f

q
1 (x, k

2
T ) = f

q
1 (x)

1

⇡hk2T if1
e

�k2
T /hk2

T if1 g

q
1L(x, k

2
T ) = g

q
1L(x)

1

⇡hk2T ig1L
e

�k2
T /hk2

T ig1L

kT

M

f

?q
1T (x, k2T ) = �Nq(x)h(kT )f

q
1 (x, k

2
T )

Nq(x) = Nqx
↵q (1� x)�q

(↵q + �q)(↵q+�q)

↵

↵q
q �

�q
q

,

h(kT ) =
p
2e

kT

M1
e

�k2
T /M2

1

1

2M2
g

q
1T (x, k

2
T ) = g

q(1)
1T (x)

1

⇡hk2T i2g1T
e

�k2
T /hk2

T ig1T
g

q(1)
1T (x) ⇡ x

Z 1

x

dz

z

g

q

1L(z)

Ø  Unpolarized quark TMD Ø  Helicity TMD 

Ø  Sivers function 

Ø  Transversal helicity distribution 

Phenomenology for TMDs 

CTEQ6 DSSV 

§  Without TMD evolution 

§  Gaussian model for quark TMDs 

Anselmino et al, 2009 

Wandzura-Wilczek approximation Kotzinian et al, 2006 
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Single/double longitudinal spin asymmetry  
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⇥
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⇥
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⇤
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Flavor separation of quark helicity distribution 

W s Production — Unique Probe to Sea Quark Polarization

• W s couple directly to the quarks and
anti-quarks of interest

• V-A coupling of the weak interaction
leads to perfect spin separation

• High momentum scales, of the order
of W mass

• Clean final state, not rely on
Fragmentation Function

Measure parity-violating

single-spin asymmetry:

AL =
�+���
�++��

Jinlong Zhang(SDU/BNL) CIPANP2015, May 19-24, 2015 3 / 15



10 

-0.4

-0.2

0

0.2

0.4

0 0.5 1 1.5 2 2.5 3

A
si
n
(φ

V
−
φ
S
A
)

T
U

qT (GeV)

y = 0.5

W+

W−

Z

-0.4

-0.2

0

0.2

0.4

-1.5 -1 -0.5 0 0.5 1 1.5

A
si
n
(φ

V
−
φ
S
A
)

T
U

y

0 < qT < 3 GeV

W+

W−

Z

Single transverse spin asymmetry I 

F
sin(�V ��SA

)
TU =CW

"
(v2q + a2q)

q̂T · ~kaT
MA

f?
1T f̄1

#

A
sin(�V ��SA

)
TU =

F
sin(�V ��SA

)
TU

FUU

A
sin(�V ��SA

)
TU = �AN

u 

d 

dbar 

ubar 

•  Flavor separation of quark Sivers function 
•  Constrain sea quark Sivers function 

One of the main goals of W spin program 

W s Production — Unique Probe to Sea Quark Polarization

• W s couple directly to the quarks and
anti-quarks of interest

• V-A coupling of the weak interaction
leads to perfect spin separation

• High momentum scales, of the order
of W mass

• Clean final state, not rely on
Fragmentation Function

Measure parity-violating

single-spin asymmetry:

AL =
�+���
�++��

Jinlong Zhang(SDU/BNL) CIPANP2015, May 19-24, 2015 3 / 15
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•  Test the universality of g_1T 
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Double transverse spin asymmetry I 

W s Production — Unique Probe to Sea Quark Polarization

• W s couple directly to the quarks and
anti-quarks of interest

• V-A coupling of the weak interaction
leads to perfect spin separation

• High momentum scales, of the order
of W mass

• Clean final state, not rely on
Fragmentation Function

Measure parity-violating

single-spin asymmetry:
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Jinlong Zhang(SDU/BNL) CIPANP2015, May 19-24, 2015 3 / 15
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Summary 

§  Within TMD factorization formalism, we presented the cross 
sections for weak boson production in polarized pp 
collisions.  

§  To assess the feasibility of experimental measurements, we 
estimated the spin asymmetries at the top RHIC energy. 

 
§  The W spin physics program at RHIC could be viewed as 

truly multi-purpose: flavor separation, tests the universality 
properties of TMDs, constrains the TMD evolution effects, 
and probes the sea quark TMDs.  


