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Azimuthal asymmetries in single polarized proton-proton Drell-Yan processes
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We study the azimuthal asymmetries in proton-proton Drell-Yan processes with one incident proton
being transversely or longitudinally polarized. We consider particularly the asymmetries contributed by
the leading-twist chiral-odd quark distributions. We analyze the asymmetries with sin(2¢ + ¢g) and
sin(2¢p — ¢5) modulations in transverse single polarized p'p Drell-Yan and sin2¢ asymmetries in
longitudinal single polarized p— p Drell-Yan at the Relativistic Heavy Ion Collider, the Japan Proton
Accelerator Research Complex, E906 (Fermi Lab), and the Nuclotron-based Ion Collider Facility (Joint
Institute for Nuclear Research). We show that the measurements of the asymmetries in those facilities can
provide valuable information of the chiral-odd structure of the nucleon both in the valence and sea regions.
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I. INTRODUCTION

The single spin asymmetry (SSA) appearing in various
high-energy scattering processes [1—4] is among the most
challenging issues of QCD spin physics. Large SSAs were
observed experimentally in the process pp! — X [5] two
decades ago. Standard perturbative QCD based on col-
linear factorization to leading power of 1/Q cannot explain
these asymmetries [6]. Many theoretical studies [7-9] have
been proposed to explain the origin of such asymmetries.
One standard approach is to assume the existence of parton
distribution and/or fragmentation depending on intrinsic
transverse momentum, by going beyond the collinear
picture. In this transverse momentum dependent (TMD)
framework, novel structures of the nucleon emerge. For
instance, due to the correlation of nucleon transverse spin S
and quark transverse momentum k, there can be an asym-
metric distribution of unpolarized quarks in a transversely
polarized proton [10]:

fq/pI(x» kr) — fq/,ﬂ(xl —kr)

PxXky)-S
= Aqu/pw(X, k%)(iT)
lfer |
PXky)-S
= opfe i L) S MT) : (1)

Here f 1qu or ANf q/pt 1s referred to as the Sivers function
[8,9], and has been applied to explain the SSAs observed in
the process pp! — 7X. For a while the Sivers function was
thought to be forbidden by the time-reversal invariance
property of QCD [11]. However, model calculations [12]
by Brodsky, Hwang and Schmidt show that the Sivers
effect can be allowed in the semi-inclusive deeply inelastic
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scattering (SIDIS) and Dell-Yan process at leading-twist
level, due to the final/initial state interaction (FSI/ISI)
between the struck quark and the target remnant. It was
then realized that FSI/ISI can be accumulated into the
Wilson lines (gauge-links) that are the key ingredients
for a full gauge-invariant definition [13,14] of TMD dis-
tribution functions. This also leads to the prediction on
the sign reversal of the Sivers functions in SIDIS and
Drell-Yan [15]. For hadron productions in hadron-hadron
collision (i.e., Hy + Hg — h; + h, + X), the situation is
more involved, as there are colored objects in both the
initial state and the final state. The multiple FSI/ISI will
generate process-dependent TMD distributions [16—19]
which are different from those in SIDIS or Drell-Yan
process. This is also viewed as the breakdown of the
generalized TMD factorization in inclusive hadro-
production of hadrons [20].

Allowing naive-T-odd parton distributions encourages a
lot of theoretical and experimental studies. Substantial
SSAs contributed by the Sivers effect in SIDIS processes
[21-28], with one colliding nucleon transversely polarized,
have been measured by several experiments during recent
years. The asymmetries are identified by the angular
dependence sin(¢;, — ¢g), where ¢, and ¢ denote,
respectively, the azimuthal angles of the produced hadron
and of the nucleon spin polarization, with respect to the
lepton scattering plane. The data on the Sivers SSAs have
been utilized by different groups [29-33] to extract the
Sivers functions of the proton, on the basis of the TMD
factorization [34,35]. Those sets of parametrizations of
the Sivers functions were applied to predict the Sivers
SSA in various processes, such as the SIDIS at Jefferson
Lab, and the Drell-Yan processes at the COmmon Muon
Proton Apparatus for Structure and Spectroscopy, the
Relativistic Heavy Ion Collider (RHIC) and the Polarized
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Antiproton eXperiment. Many planned measurements of
SSAs in single polarized Drell-Yan processes at the estab-
lished or planned hadron accelerators/colliders have been
proposed. One of the main goals of these experiments is to
test the sign change of the Sivers functions in SIDIS and
Drell-Yan process [30,36], as a crucial prediction of QCD
dynamics. It is also worthwhile to mention that a sign
mismatch for the kpy-moments of Sivers functions has
been found when the authors of Ref. [37] compared the
functions extracted from SIDIS data and those extracted
from p'p — 7X data.

The planned polarized Drell-Yan processes at (future)
available facilities also provide great opportunities to in-
vestigate various spin and transverse momentum dependent
(TMD) distributions. Besides the Sivers effect, there are
some other effects that may contribute to the azimuthal spin
asymmetries at leading twist thereby could be measured in
single polarized Drell-Yan processes. It is interesting to
point out that all these leading-twist effects (except the
Sivers effect) involve the chiral-odd parton distribution
functions. For example, the following combinations

hy ® hi, hi ® hi, hi; ® hit )
will lead to SSAs with sin(2¢ — ¢y), sin(2¢ + ¢pg) and
sin2¢ angular dependences, respectively. Here ¢ and ¢
are the azimuthal angles of the dilepton pair and proton
transverse spin with respect to the hadron plane, and we
use the convention for the angle definition introduced in
Ref. [38]. These types of the asymmetries arise from the
coupling of two different chiral-odd parton distributions.
The coupling ; ® hi- was first introduced and analyzed in
Ref. [39] as an alternative mechanism for SSA and a method
of accessing the transversity distribution functions #;
[40,41]. The key ingredient for these SSAs is the Boer-
Mulders function hf- [42], which is also a naive-T-odd
TMD distribution function and provides the necessary phase
required for SSA. In this paper, we will present a phenome-
nological analysis of these SSAs in the proton-proton Drell-
Yan process contributed by various leading-twist chiral-odd
distribution functions. We consider proton-proton induced
polarized Drell-Yan process, since there are several hadron
accelerators/colliders, such as RHIC, the Japan Proton
Accelerator Research Complex (J-PARC), E906 at Fermi
Lab, and the Nuclotron-based Ion Collider fAcility (NICA)
at the Joint Institute for Nuclear Research (JINR), that can
perform these experiments. Therefore the asymmetries at
different energies and kinematical regions can be analyzed
and compared, which is important for obtaining the infor-
mation of various chiral-odd distributions functions from
experiments.

The remaining content of the paper is organized as
follows. In Sec. II, we briefly review the systematics of
leading-twist chiral-odd TMD quark distributions, then
give the expressions of the corresponding azimuthal angle

weighted asymmetries AST“Z,(Z‘{’* ¢s), ASTi‘2](2¢+ %) and A??JM in
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the framework of TMD factorization. We consider both the
single longitudinally and transversely polarized Drell-Yan
processes. In Sec. III, we present the phenomenological
predictions for single transverse spin asymmetry in p'p
Drell-Yan process, and single longitudinal spin asymmetry
in p~ p Drell-Yan process at RHIC, J-PARC, E906 and
NICA. We conclude our paper in Sec. I'V.

II. SYSTEMATICS OF LEADING-TWIST
CHIRAL-ODD DISTRIBUTIONS AND
THEIR ROLES IN SSAS

At leading twist, according to the hermiticity properties
of the fields and parity invariance, one may decompose the
TMD quark-quark correlation matrix of the nucleon as
follows [42-45]

1 €k, Sro
D(x, k) :E{fﬂﬁ _f%TTTTpT}ﬁ

kr-S (87 #+ 1y
+<SLg1L_—TM Tng)'YSV{+ + TR 2+ 2
kr-S ,
+<Sth'L— TM Thf'T)[léT;‘;]ys
o ]
+ihi .
ih M } 3)

Here n, = (0, 1, 07) is a lightlike vector expressed in the
light-cone coordinates, in which an arbitrary four-vector a
is written as {a~, a", a;}, with a* = (a° + @%)/+/2 and
ar = (a', a*). The eight functions on the right-hand side of
Eq. (3) not only depend on longitudinal momentum fraction
x, but also on the intrinsic transverse momentum of the quark
k7. Therefore they are named as transverse momentum
dependent (TMD) distributions, or alternatively the three-
dimensional parton distribution functions (3dPDFs) in mo-
mentum space. As the extensions of the usual Feynman
distribution functions, 3dPDFs enter the description of
various semi-inclusive reactions and encode a wealth of
new information on the nucleon structures that cannot be
described merely by the leading-twist collinear picture.

Each of these eight 3dPDFs represents a special parton
structure of the nucleon. Five of them, the Sivers function
fiz» the Boer-Mulders function A, the pretzelosity A, the
transversal helicity g7, and the longitudinal transversity
hi; , vanish upon integrating ®(x, k) over k. Particularly,
two 3dPDFs, the Sivers function, and the Boer-Mulders
function are naive-7-odd distributions and account for the
SSAs in various processes. Among the eight 3dPDFs, &7,
hi, hi; and hi; are chirally odd, that is, they describe
densities of the probed quarks with helicity flipped. Except
hf, other three chiral-odd distribution are 7-even. The
relation between /7 given in Eq. (3) and 4, is

k2
hy(x, k) = hyp(x, k2) + 2—]‘;2}15()@ k2. (4)
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FIG. 1. Left panel: definition of azimuthal angles in

Refs. [39,63]; right panel: definition of azimuthal angles in
Ref. [38]. Using the replacements ¢ — —¢ and g — ¢g — @,
the definition in the left panel is transformed to that in the
right panel.

Since h; naturally appears in the expression of related
azimuthal asymmetries, our discussion on the transversity
in the rest of our paper is based on £, rather than & ;. The
distributions 4, and hi describe the densities of trans-
versely polarized quarks inside a transversely polarized
proton and an unpolarized proton, respectively. The distri-
butions %i; and h{; arise from double spin correlations in
the parton distribution functions (PDFs), representing the
densities of transversely polarized quarks in a transversely
(but in a different direction) polarized proton and a longi-
tudinally polarized proton, respectively.

Because of the chiral-odd nature of &y, hi, hi, and A5,
in high-energy processes they have to combine together
with another chiral-odd object, i.e., with the Collins frag-
mentation function in SIDIS, or with another chiral-odd
distribution function in Drell-Yan, to manifest their effects.
This makes them rather difficult to be probed experimen-
tally. As a result, they are less known than the chiral-even
distribution functions. Anyway, there are some efforts to
extract transversity from SIDIS data [46,47], and Boer-
Mulders function from SIDIS and Drell-Yan data [48-51].
For hi; and hi;, there are extensive model calculations
[52-60] and some proposals to measure them in SIDIS and
pp Drell-Yan processes.

All the leading-twist chiral-odd parton distributions
can be probed in single polarized proton-proton Drell-
Yan processes:

pU=(P) + p(Py) = v*(q) + X —= €() + €(I) + X. (5)
|

1
FUU

in(2é— h-k
Finee=ds) _ C[ - 17
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Here we assume that one proton (with momentum P;) is
polarized, and T or — denotes its transverse polarization or
longitudinal polarization. In leading order, the dilepton
pair is produced from the annihilation of the quark and
antiquark from each proton. We denote the momenta of the
annihilating partons from polarized proton and unpolarized
proton as k; and k,, respectively. Then we can define the
kinematical variables as

g=1+1=("qr.¢°), Q=4
02 ki 0>k
xl =~ —+’ xl =
2P, q P 2P, g P2 (6)

In the Drell-Yan process, if the transverse momentum
of the dilepton g is measured, we can apply the TMD
factorization [34,35,61] which is valid in the region
g% < Q? to write down the differential cross section of
processes at leading order as [38,39]

do
dxldXdequQ
a2, [(1 + cos*6) sin’6 sin
= {TFUU +8, 0 Gnog Fn2e
18712 [sin(2ep + )Pt
+ sin(2¢p — ¢ )qu(zqs 2 } 7

Here ¢ and ¢ are the azimuthal angles of /| and S; with
respect to the normalized vector b = ¢q;/Q7, respectively;
and d{) = dcosfd¢ is the solid angle of the lepton ¢ in
the center-of-mass system of the lepton pair. In Eq. (7)
we only give the terms appearing in (5), and other terms
do not contribute in our analysis below. We note that in
the literature there are different definitions of angles ¢
and ¢g, as shown in Fig. 1. In this work we adopt the
definition in Ref. [38]. Also, we apply the so-called
Collins-Soper frame [62], in which the structure functions
are expressed as

= C[f1f1] ®)

h hl] ©)

N

F?[}(2¢+¢S) [2(h kir)[2(h - kyp)(h - kg‘)ﬁ ki - kor] — kip(h - kyr) h]lTﬁIL ] (10)
- 2h - kip)h-kyy) — k7 k -
Fuin2s =C[ (h - ky7)( M22T) 7 zrhlthlle' (11)
N
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In above equations we have used the notation

Clw(k,7,kor)f 8]

=563 [ @i hors®lar =i = Kl o)
q

XLfa(ey, ki) g7 (xa, kap) + f(xy, ki) g9 (xo, k3p) 1.

(12)

Thus all structure functions depend on x;, x, and
qr = lgrl. '

As shown in Eq. (7), the structure functions F %(quss)’

F ;‘?}MJF%) contribute to the cross section in the case in

which one proton is transversely polarized (denoted by

subscript T), and will give rise to sin(2¢ — ¢g) and

sin(2¢ + ¢5) angular dependences, respectively. The

structure function F’ SL",‘]M contribute to the cross section in
the case in which one proton is longitudinally polarized
(denoted by the subscript L), and will give rise to a sin2¢
angular dependence. Therefore one can define the follow-
ing azimuthal asymmetries

FinCo—6s)

n(2d—
A;}r{l]( ¢ ¢S)(x1’x2’ QT) =-Iv

()
Fyy

sin(2¢ + )
Fry®%

X2, qr) = N (14)
uu

A;}?f@d’*d’x)('xl’
sin2¢
F;IU . (15)
uu
Our definitions for the azimuthal asymmetries are similar
to the analyzing power given in [39] and are different from
the transverse momentum weighted asymmetries defined
in [63]. For experimental measurement of the asymmetries
given in Egs. (13)—(15), the polar angle 6 of the lepton ¢
should be identified. As a compensation, larger asymme-
tries could be measured.
One can also express the cross section of the Drell-Yan
process, depending on y and Q? as

do 1 do

in2
AsLnll/q}(xl,xzy qr) =

=— . 16
dydQ*d*q;dQ) s dx,dx,d*qrdQ) (16)
At the region g7 < Q?, the following relations hold
0 o _,
X =7§ey, x2=\/—§e . 17

Therefore we can define
Q?*-dependent SSAs as

the y-dependent and

d2q dQZLFa
AféU(y>=f o (18)
Jd*qrdQ* 5 Fpy
. fd2q dyFa
Aby(Q?) = W, (19)
Tayryy

where we have used the short notes P =T or L, and
a = sin(2¢ *= ¢g) for P=T and a = sin2¢ for P = L.
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The integrations in Egs. (18) and (19) are performed
according to kinematical cuts or experimental acceptances.

III. PHENOMENOLOGICAL ANALYSIS
OF AZIMUTHAL ASYMMETRIES AT RHIC,
J-PARC, E906, AND NICA

In this section we investigate the prospects of experi-
mental measurements on the azimuthal asymmetries de-
fined in the last section at various facilities that can conduct
single polarized proton-proton Drell-Yan processes. The
proton-proton Drell-Yan process involves the annihilation
of a quark from one proton and a antiquark from another
proton. In order to calculate F§;,, one needs to know the
distributions A, hiy, hi;, and hi of both the valence and
sea quarks. Although there are some extractions of trans-
versity and Boer-Mulders functions from SIDIS and Drell-
Yan data, most of the chiral-odd parton distributions are
not measured and less known, especially those of sea
quarks. In order to estimate the azimuthal asymmetries in
pp Drell-Yan processes, we apply the following ansatz:

(i) For the Boer-Mulders functions hllq(x, k%), we adopt

the result extracted from the unpolarized pd [64] and
pp [65] Drell-Yan data in Ref. [49], as there is
parameterization for both valence and sea quarks
with the following form:

1 —i3
hyf (e k3) = Hpx®' (1 = )P f4 (—T)
0K = Hox (1= 710 e

(20)

where the subscript“bm”stands for the Boer-
Mulders functions, and ¢ = u, d, # and d. We
have ignored the contributions from other flavors,
since they are assumed to be small. We note that
the possible range of parameters H, allowed by the
positivity bound for ki can be described by
the coefficient w, namely, that the substitutions
H,— wH, for q=u, d and H,— LH,  for
g = i1, d will not change the calculated cos2¢ asym-
metry (contributed by hliq X hlL") in the unpolarized
pd and pp Drell-Yan data. The range of w given in
Ref. [49] 15 0.48 < w < 2.1 and w = 1 corresponds
to the central values of H,. However, for the azimu-
thal asymmetries given in Egs. (18) and (19), the
variation of w will lead to the change of the magni-
tudes of the asymmetries, and will be considered in
our calculations.

(ii) For the T-even distributions 4, hi; and hi; of
valence quarks, there are considerable model calcu-
lations. We will deploy the calculation from the
light-cone quark-diquark model. In this model, the
Melosh-Wigner rotation [66], which plays an im-
portant role to understand the proton spin puzzle
[67] due to the relativistic effect of quark transversal
motions, has been taken into account. In practice,
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FIG. 2. The light-cone diquark model results of x/, (x) (left panels), xh#l)(x) (central panels), and xh#l)(x) (right panels) of valence

u and d quarks at Q> = 1 GeV?, respectively.

the light-cone quark-diquark model has been ap-
plied to calculate the helicity distributions [68],
the transversity distributions [69,70], and other
3dPDFs [55,59,71], and related azimuthal spin
asymmetries in SIDIS processes [72,73].

The light-cone model results for the distributions
hi” (x, k3), thv(x k%), and hl""(x k%) are given as
[55,59,69,70]

www)—pwuk)~4@<kﬂwuk)

fd“(x k2 )W{,(x k2), 2D
J%(x, k7)) = ——f"”(x IG)W(x, k), (22)
where j = hy, hllT, hliL, respectively, and the super-

[T 2]

script “v” is corresponding to the valence distribu-
tions. W/ /V(x k%) are the rotation factors for the
scalar or axial vector spectator-diquark cases.
Their explicit forms are

(xMp + m,)>?

Whi(x, k2) = , 23
T N A AN
2M3
W (x, 12 N ) 24
b kp) = (xJVlD+mq)2+k% @4
2My(xMp +
Wi (5, k3) = — Nt Mp +mg) o)
(XMD-l-mq) +kT
with
m2+ kK md + k2
leDzJ e 20
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An important feature manifested by these rotation
factors is that they automatically satisfy the require-
ment of the positivity bounds [74] for the PDFs. In
the left, central, and right panels of Fig. 2 we plot the
curves for xh;(x), xhl(l)(x) and xhl(l)(x) of valence
u and d quarks at Q2 = 1 GeV?, respectively.

As there is already extraction of transversity from
the global analysis by combining the SIDIS and
e e annihilation data, we also use the most recent
parametrizations [47] for h; to calculate the asym-
metries AST";]M, and compare the results with those
predicted from our model calculation.

(iii) In order to consider the effects of the distributions

(iv)

hy, hi7 and hi; of sea quarks, we constrain them by
the positivity bounds [74]

W (x, 2] = £, K2), @7

|M; =i, (28
i,

L) = fAee). @)

They give rise to additional contributions to the

asymmetries through the coupling j7 ® hf‘q, and
will give a range of the asymmetries by varying
the distributions within the bounds. By saturating
the positivity bounds, one can obtain the upper and
lower limits of the asymmetries.

For the unpolarized distributions f7(x, k7.), we use
the MSTW2008 LO set parametrization [75], and
adopt a Gaussian form factor for the transverse
momentum dependence which has been adopted
in many phenomenological analyses [46,47]
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FIG. 3. Azimuthal asymmetries ASn?*~%S) (left panels), ASn?**%s) (central panels), and ASn?? (right panels) at RHIC collider
experiments as functions of the rapidity y and the dilepton mass Q, respectively. The dashed lines in the left panels correspond to the
contributions from the valence transversity distributions #, fitted by Anselmino ef al. in Ref. [47]. The thick solid lines in the left,
central, and right panels represent the contributions from the distributions %, hi;, and hi; of valence quarks alone in the light-cone
quark-diquark model [55,59,69,70]. The shaded regions give the ranges of the asymmetries by considering the additional contribution
from the distributions £, hi;, and hi; of sea quarks constrained by the positivity bounds given in Eqs. (27)=(29). The upper and lower

limits of the bands correspond to the asymmetries by saturating the positivity bounds.

exp(—k/ki,)
k2,

flGekg) = i) ., 30

with k2, = 0.25 GeV?; the subscript “un” stands
for the unpolarized distributions.

(v) In order to precisely predict the azimuthal asymme-

tries at different experiments using TMD factoriza-
tion, it is essential for one to know the evolution
of 3dPDFs. Unlike the PDFs in the collinear facto-
rization approach, whose evolution has been well
established by the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi equation, the Q?-dependence of
3dPDF is not fully understood yet. In our practical
calculations we assume that the scale dependences of
3dPDF and the spin-averaged distribution function
f1 are the same. The same assumption has been
applied in some extractions of 3dPDF [33,47-49].
To what extent that this approximation is valid still
needs to be studied. As the asymmetries we calculate
are ratios, we expect that our assumption on the scale
dependence are reasonable.

Now we have all the ingredients for estimating the
azimuthal asymmetries in single polarized proton-proton
Drell-Yan processes. In the following, we apply the above
ansatz to present our predictions and phenomenological
analysis for forthcoming experiments at RHIC, J-PARC,
E906 and NICA.

(i) RHIC

The original proposal of Drell-Yan experiment at
RHIC employs two proton beams to collide at \/s =
200 GeV or 500 GeV [76]. But recently there is also
a new proposal to conduct a fixed-target experiment
at \/s = 22 GeV [77]. We estimate the asymmetries
for both the collider and fixed-target modes at RHIC.

074036-6

The longitudinal proton beam will be run in the
coming years at RHIC, after that, Drell-Yan program
with tranverse spin will be conducted. We choose the
following kinematics for collider experiment at
RHIC-STAR (Solenoidal Tracker at RHIC):

Js =200 GeV, 4 GeV < Q<9 GeV,
0<gr<1GeV, —-1<y<2.

We constrain the kinematical cut at the low transverse
momentum region such that g7 < Q? where TMD
factorization dominates.

In the left panels of Fig. 3 we show the estimated
azimuthal asymmetries A?II}(M*‘M as functions of
the rapidity y and the dilepton mass Q, respectively.
The difference between two linestyles in the left
panels is that for the dashed lines we use the trans-
versity distribution for valence u and d quarks from
the parameterization in Ref. [33], while for the
solid lines we adopt the results from the light-cone
quark-diquark model [69,70] for the valence distri-
butions 4. The thick solid and dashed lines corre-
spond to the contribution merely from the
combinations of the valence transversity distributions
and the sea Boer-Mulders distributions, that is, ignor-
ing the transversity distributions of sea quarks. The
shaded regions give the ranges of A??](MWS) by
considering the additional contribution of the trans-
versity distributions of sea quarks constrained by
positivity bound (27). The upper and lower limits of
the bands correspond to the asymmetries by saturat-
ing the positivity bound. The first, second, and third
rows show the results for @ = 0.5, 1 and 2, respec-
tively, where w is the parameter for Boer-Mulders
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functions, as explained previously. In the central and
right panels of Fig. 3 we show the estimated azimu-

thal asymmetries A5 1% *%s) and A3 respectively,
in the same way as in the left panels.

From Fig. 3 we observe that in the forward rapidity
region, the asymmetry ASTH(IJ(M_%) at RHIC collider
experiments is positive, while the asymmetries
ASnAE25) and A3 tend to be negative. It is inter-
esting that the magnltudes of the asymmetries in-

crease as the rapidity increases. At large forward

rapidity, the asymmetry A5"?~%s) is dominated by

the combination of the transversity of valence quarks
and Boer-Mulders function of sea quarks (showed by
the thick solid lines). This is understandable since
large y corresponds to larger x; and smaller x,.
Therefore the measurement of the asymmetries at
large rapidity can provide the information of
T-even chiral-odd distributions in valence region.
Of course, the statistics at large rapidity are much
lower than at midrapidity, therefore a reliable mea-
surement requires data with high integrated luminos-
ity,. A common feature shared by all these
asymmetries is that as w increases, the asymmetry
in the forward rapidity region tends to decrease. This
arises from the fact that larger w corresponds to
larger valence Boer-Mulders function and smaller
sea Boer-Mulders function.

In the left panels of Fig. 3, the magnitudes of the

asymmetries A51 2% ~%) calculated by using two dif-

ferent forms of the valence transversity distributions
h, are quite different at large rapidity region. This is
due to the fact that at large x region the valence
transversity distributions h; fitted by Anselmino
et al. in Ref. [47] are smaller than the corresponding
ones in the light-cone quark-diquark model [69,70].
There is also the possibility of accelerating the

PHYSICAL REVIEW D 84, 074036 (2011)

collide on the proton target at RHIC. The RHIC
kinematics for the fixed-target experiment are

Js =22 GeV, 4.5 GeV < Q < 8 GeV,
0<gr<1GeV, 0.2 < x; <0.6,

corresponding to —0.6 <y < 1.0, which is comple-

mentary to the collider kinematics. In Fig. 4

we show the azimuthal asymmetries Agm(zqS ¢s)

(left panels), As'"(2¢+¢3) (central panels), and Asmz‘ZS
(right panels) at RHIC fixed-target Drell-Yan pro-
cesses. It seems that the magnitude of the asymme-
tries  ASNZ?799)  and  AS™2? gt fixed-target
experiments are larger than that at collider experi-
ments. Therefore, there is a good chance to measure
larger asymmetries at the fixed-target mode. The
drawback is that, at fixed-target experiments, the
uncertainty from the 7T-even chiral-odd distributions
hy, hit- and hi; of sea quarks at the negative rapidity
region is larger than that at collider experiments. In
both modes the asymmetries are consistent to zero at
the large backward region and their size increases
with the increase of the rapidity.

(ii) J-PARC

J-PARC might measure azimuthal asymmetries
given in Egs. (18) and (19) in single polarized
Drell-Yan processes at E, = 50 GeV [78], corre-
sponding to /s = 10 GeV. The kinematical cuts at
J-PARC are

4 GeV < Q<5 GeV,
0.5 < x; < 0.9,

corresponding to 0 <<y <<0.69. The estimated
asymmetI'lCS Asm(2¢ bs) A$n{1}(2¢+¢s) and A;‘H;]Q(ﬁ are

shown in the left central and right panels of Fig. 5.

The figure manifests that the asymmetry ASn2%~%s)

. R 2 .
polarized proton beam with E, =250 GeV to is positive, while the asymmetry ASln ? s negative
ASE 49 ok ASE 0 kgt A - hhent
©0=05 ®=0571 02 0=05 w=05{ 02f 7 7 " =05t = = ‘©=05]
" " \
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-0.2 -02
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FIG. 4. Azimuthal asymmetries A?;‘,zd’ #s) (left panels), A5‘"(2¢+¢Y) (central panels), and A}7>? (right panels) at RHIC fixed-target
experiments.
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FIG. 5. Azimuthal asymmetries A“n(zd’ ) (left panels), A“n(zd’J’%) (central panels), and A} 26 (right panels) at J-PARC.
in all the allowed rapidity region. This feature can are shown in the left, central, and right panels of
be seen even by considering the uncertainty at the Fig. 6.
midrapidity region from the distributions /; and hllL (iv) NICA
of sea quarks Larger asymmetrles 14§m(24S bs) and NICA at JINR mlght realize both longitudinally
Asm2¢ are predicted at J-PARC than those at RHIC and transversally polarized beams of protons at
i s = 12 ~ 27 GeV [80]. The kinematics applied
The asymmetry A57?**%s) is much smaller than \/_ . [80] PP
in our calculation at NICA are
other two asymmetries, as at RHIC.
(iii) E906
There is a new proposal to use proton beams from Vs =27 GeV, 4 GeV <0 <9GeV,
the main injector at £, = 120 GeV to collide on 0<gr<1GeV, 0.1<x, <08,
the polarized proton target (NH;) by E906
llaborati 79] at Fermi Lab. Th larized .
C.O aboration [79] at Fermi La ¢ polanize corresponding to —1.1 <y < 1.1. Here we choose
dimuon Drell-Yan program at E906 might be . . .
. . . the highest c.m. energy to avoid the overlap with
applied to measure the asymmetries defined in . .
Egs. (13)—(15). The E906 Kinematics are given as other experiments. We present the asymmetries
= ' £ ASn@O=b) - psn2ETds) and AN in the left, cen-
Js =15 GeV, 0.3<x, <07, tral, and left panels of Fig. 7, respectively.
0.1 <x,<0.3, 0<gqy<1GeV, Our predictions at RHIC, J-PARC, E906, and NICA
4 GeV < 0 <7 Gev show that the asymmetries ASN2¢™%s) 320+ d9) 4pq
e eV, .

_ © ASL”[}M are sensitive to the Boer-Mulders functions of sea
corresponding to 0 <y <0.76. The calculated  quarks. This can be seen by comparing the plots in the
asymmetries A512¢7%) - ASm24FE) ang AS2¢ three rows of each figure. The size of sea content can be
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FIG. 6. Azimuthal asymmetries A“n(zd’ ¢5) (left panels), A“n(zd’ﬂ{“) (central panels), and AS‘"M (right panels) at E906.
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FIG. 7. Azimuthal asymmetries ATU2¢_¢S) (left panels), A

described by the parameter w appearing in the parametri-
zations of the Boer-Mulders functions. The case w = 1
corresponds to the central values of the Boer-Mulders
functions (which we refer as the normal case), while
o = 0.5 corresponds to much smaller valence and much
larger sea values (large sea case), and w = 2 corresponds
to much larger valence and much smaller sea values (small
sea case) compared to the central values. In the normal
case, we can see from the Q-dependent plots that the
asymmetries AST"&(MWSS) and ASLH;JM are sizable at all entire
allowed Q regions. As w increases or decreases, the asym-
metries decrease or increase correspondingly. Therefore,
their measurements could be used to discriminate different
scenarios of the Boer-Mulders functions.

At larger backward rapidity region (RHIC and NICA) or
midrapidity region (J-PARC and E906), the figures show
that there are uncertainties contributed by the unknown
sea content of &, hi; and hi; allowed by the positivity
bounds, especially in the small sea case. In some cases the
uncertainties are so large that the sizes and signs of the
asymmetries can not been determined. Precision measure-
ment at these regions will provide further constraints on the
sea content of h;, hi; and hi; .

The plots for ASM?4~%s) and AS** show that these
asymmetries are larger at the forward rapidity region,
about 10% in magnitude in the normal case.
Furthermore, our plots show that at the forward rapidity
region, the contributions from the 7-even chiral-odd
distributions of valence quarks dominate, that is, they are
less contaminated by their sea content. Hence the asym-
metries at forward rapidity are measurable and the mea-
surements on them are ideal to access the valence content
of hy, and hi; at large x region.

The magnitudes of the asymmetries A??}Mﬂf“) are

larger than ASL“[‘]M and AST“['](M+¢S). This is because the
size of the transversity distributions in the light-cone

quark-diquark model is larger than that of h{; and hj;.

-1.0-0500 05 10 y 40506.07.0809.0Q

sin(’

-1.0-05 00 05 1.0 y 40506.07.080090Q

26+ ¢s) (central panels), and Azi',‘f‘b (right panels) at NICA.

The comparison of different types of asymmetries might be
used to distinguish the sizes of different 7-even chiral-odd
distributions and to check the approximate relations among
TMDs [81].

IV. CONCLUSION

We have studied the azimuthal asymmetries in the single
polarized proton-proton Drell-Yan processes by consider-
ing particularly the contributions of the leading-twist
chiral-odd quark distributions, i.e., the Boer-Mulders func-
tion, transversity, pretzlosity and longitudinal transversity.

We define the azimuthal asymmetries A;i’2;2¢+¢3) and

ASRC9=95) iy transverse single polarized p'p Drell-Yan

processes, and A;"l‘,zd’ asymmetry in the longitudinal single
polarized p~ p Drell-Yan processes. Using the predictions
for the transversity, pretzlosity and longitudinal transver-
sity from the light-cone quark-diquark model, and the
Boer-Mulders functions extracted from the unpolarized
Drell-Yan data at low transverse momentum, we present
a comprehensive phenomenological analysis of the
asymmetries ASn2#T¢s) A6 ang ASI2¢ ot RHIC,
J-PARC, E906, and NICA. In all these facilities there are
polarized Drell-Yan programs in preparation or being
planned, including collider experiments (RHIC and
NICA) and fixed-target experiments (RHIC, J-PARC, and
E906). Our study shows that the polarized Drell-Yan pro-
grams at various facilities can be used to explore the
valence and sea content of the leading-twist chiral-odd
distributions in wide kinematical regions.
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