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Abstract: We study the cos2¢ azimuthal asymmetry in doubly longitudinally polarized proton-proton Drell-Yan
collisions within the transverse momentum dependent factorization framework. The asymmetry arises from the con-
volution of the longitudinal transversity distribution hy; for both protons. Using the Bacchetta-Delcarro-Pisano-
Radici-Signori parametrization for the nonperturbative Sudakov form factor and the Wandzura-Wilczek approxima-
tion for the collinear /7, , we predict the double spin asymmetry AZOLSM at RHIC and NICA kinematics. Our results
demonstrate sensitivity to sea quark distributions, with the asymmetry reaching up to 25% for maximal sea quark
contributions. These predictions highlight the potential of polarized Drell-Yan measurements to probe sea quark dy-
namics and advance our understanding of nucleon structure.
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I. INTRODUCTION

The three-dimensional tomography of nucleons rep-
resents a fundamental frontier in quantum chromodynam-
ics (QCD). While collinear parton distribution functions
(PDFs) provide longitudinal momentum information,
transverse momentum dependent parton distribution func-
tions (TMDPDFs) [1-4] offer crucial insights into the
transverse momentum (k) structure, enabling a com-
plete momentum-space description of nucleon constitu-
ents. Formally, the quark-quark correlator for a nucleon
with momentum P and spin vector S can be expressed as:

dé~d*¢,

(Dij(X, k)= (27)3
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where Uy, denotes the gauge link ensuring color gauge
invariance. Through Lorentz structure decomposition [4,
5], eight leading-twist TMDPDFs emerge, characterized
by distinct spin-momentum correlations. Three TMDPD-
Fs, the unpolarized distribution fi(x, k. ), the helicity dis-
tribution g;(x,k,) and transversity distribution h;(x,k.),
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reduce to the corresponding collinear PDFs when the
transverse momentum is integrated over. The remaining
five TMDPDFs, depending on the spin of the parent pro-
ton or the quarks, encode genuine transverse momentum
effects.

Among the TMDPDFs, the distribution ki, is argu-
ably the least explored. It quantifies the correlation
between a longitudinally polarized nucleon and trans-
versely polarized quarks through the matrix element:

hllL & E;)‘(TkTpS w(‘ﬁ)ﬁlwa (2)

where € is the transverse Levi-Civita tensor and S, the
longitudinal spin vector. For this reason, Aj; is usually
called as longitudinal transversity (abbreviated as longi-
transversity). Another peculiarity of hj; is its chiral-odd
nature, necessitating partner chiral-odd functions (e.g.,
Collins fragmentation function [6, 7]) for experimental
accessibility via single spin asymmetry A}r*’ in semi-in-
clusive deep inelastic scattering (SIDIS). Predictions for
this asymmetry, as reported in Refs. [8—16], have been
found to be approximately at the few-percent level,
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though systematic uncertainties remain significant.

It is also possible to probe the distribution A;; through
the Drell-Yan process. As demonstrated in Refs. [17, 18],
the combination of %, contributions from both colliding
protons can generate a distinctive cos2¢ azimuthal asym-
metry in doubly longitudinally polarized Drell-Yan pro-
cess, where ¢ denotes the azimuthal angle of the dilepton
system with respect to the hadronic plane. Typically, the
double spin asymmetry A%S* in the proton-proton Drell-
Yan process is expected to be small, as it is proportional
to the product of the polarized quark distribution with the
antiquark one. However the polarized p~p~ Drell-Yan
process provides unique sensitivity to sea quark dynam-
ics within the proton. Notably, despite its theoretical sig-
nificance, no systematic phenomenological investigation
of this asymmetry has been reported in existing literature.
This motivates our primary objective: a comprehensive
analysis of A5}* in the polarized Drell-Yan process.

In this work, we present a detailed phenomenological
study of the double longitudinal spin asymmetry ASS* in
the polarized pp Drell-Yan process within the TMD fac-
torization framework [19—31]. Our predictions are com-
puted for kinematic configurations accessible at both the
Relativistic Heavy Ion Collider (RHIC) and the Nuclo-
tron-based Ion Collider Facility (NICA) [32]. Utilizing
the TMD factorization, we provide the expressions of the
spin-dependent cross section for p~p~ —[*I"X along-
side the unpolarized one, with the asymmetry defined as
the ratio of these two cross sections.

Over the past two decades, TMD factorization has
emerged as a powerful tool for exploring the three-di-
mensional structure of the nucleon, finding widespread
application in various high-energy processes. The TMD
factorization theorem expresses the differential cross sec-
tion in the small transverse momentum region of the
lepton (¢, < Q, where Q is the invariant mass of the
dilepton pair) as a convolution of two contributions: one
representing hard scattering factors at short distances, and
the other accounting for coherent long-distance interac-
tions, described in terms of well-defined TMDs. In our
analysis, the cos2¢ asymmetry arises from the convolu-
tion of hj; (for both protons) with the hard scattering
factors. Additionally, the TMD formalism encodes the
evolution of TMDs, governed by the Collins-Soper equa-
tion [29-31, 33]. The solution to this equation is typic-
ally expressed as an exponential form of the Sudakov-like
form factor [19, 30, 31, 34], which describes the trans-
formation of TMDs from an initial scale to another scale.
The Sudakov factor decomposes into perturbative and
nonperturbative components: while the perturbative part
admits a universal operator product expansion, the non-
perturbative contribution requires phenomenological
parametrization constrained by experimental data. Sever-
al nonperturbative components of the Sudakov form
factor for TMDs have been extracted from experimental

data in the literature [19, 21, 23, 24, 30, 31, 35—45]. For
our analysis, we adopt the BDPRS parametrization [24]
for the hj;-associated nonperturbative Sudakov factor,
building upon established extractions from deep inelastic
scattering and Drell-Yan data [19, 21, 23, 24].

The remaining content of the paper is organized as
follows. In Sec. 2 we present the formalism of the asym-
metry AS* in the process p~p~ — I*I"X within the
TMD factorization. In Sec. 3, we investigate the evolu-
tion effect of the distribution Aj;. Particularly, we dis-
cuss the parametrization of the non-perturbative Sudakov
form factors associated with the 4, in details. In Sec. 4,
we present the phenomenological predictions for the
asymmetry ASS* at RHIC and NICA. We conclude our
paper in Sec. 5.

II. FORMALISM OF THE ASYMMETRY A{$* IN
THE DOUBLY POLARIZED PROTON-PRO-
TON DRELL-YAN PROCESS

In this section, we present the theoretical framework
for calculating the double longitudinal spin asymmetry
A in polarized proton-proton Drell-Yan collisions
within the TMD factorization formalism [31], incorporat-
ing the scale evolution of TMDs. The asymmetry origin-
ates from the convolution of the A, distributions of both
colliding protons at leading twist. The specific process

under study is described as follows [18]:

pT(PL.S)+p7 (P2,S2) =y (@+X > 'O+ () +X.
A3)

where P;),S i, denote the four-momenta and spin vec-
tors of the incoming protons, respectively. The virtual
photon momentum ¢ is time-like, distinguishing this pro-
cess from semi-inclusive deep inelastic scattering
(SIDIS). Here, Q>=¢* represents the invariant mass
squared of the lepton pair, and the notation — indicates
longitudinal polarization of the protons.

The following kinematic variables are usually intro-
duced to characterize the experimental observables,

% %
=(P,+P 2, = y = y
s=(Pi+P) M opa Tk
Xp=2qu/s=xi—x, T=0Q/s=xx,
1. ¢ 1. x
=L =-m, 4
Y 2 nq‘ 2 nx2 @)

where s represents the total center of mass energy
squared. The variables x;,, denotes the longitudinal mo-
mentum fraction. ¢; stands for the longitudinal mo-
mentum of the virtual photon, while xr is the Feynman x
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variable. The variable y corresponds to the rapidity of the
dilepton. Furthermore, x;,, can be expressed as functions
of xr, T and y, 7, respectively, as follows

/2
+Xxr + X5+ 47 !
£ > X122 = ‘/_zei)'

®)
2

X12 =

In Drell-Yan processes, when the transverse mo-
mentum ¢, of the dilepton pair is measured, the TMD
factorization framework becomes applicable in the kin-
ematic regime ¢, < Q [19—28]. Within this framework,
the differential cross section at leading twist can be ex-
pressed as [17]:

do
dxdx,d*q,dQ

ZQZ {(1 +cos 9) Fyu +S 1.8, sin? @cos 2¢FC°SZ¢
+1S17|S2 (1 +cos 0) cos ¢y Fso ¥
+8121S27]sin” 0 [cos (26 + ¢y) FE20+0D
+c0s(2¢—¢,) onTs@a)—a;z)}

+1S1711S27! (1 + cos®6) [(Cos (1 + ) FES 172

+COS(¢1 _¢2)F;0TS(¢|—¢2))] + } ,

where .y, is the fine-structure constant, ¢, denotes the
azimuthal angle of the transverse spin vector S r with
respect to the lepton plane, and ¢ and 6 represent the azi-
muthal and polar angles of the lepton momentum in the
Collins-Soper frame, respectively. The solid angle Q spe-
cifies the orientation of the dilepton system.

(6)

Furthermore, F’ '; o denotes the structure functions
with a specific modulation f[¢,¢1.], with P=UU,
P=LL, P=TL,P=LT, P=TT denoting the polariza-
tion of the incoming protons (U for unpolarized, T for
transversely polarized, L for longitudinally polarized). In
this work, the relevant structure functions are Fj,,, rep-
resenting the unpolarized structure function, and F$°**,
corresponding to the spin-dependent structure function.
The ratio of these two structure functions defines the
cos2¢ azimuthal asymmetry

c0s2¢
F LL

)
FUU

cos2¢ _
ALL -

(7

which could be measured in double-longitudinally polar-
ized Drell-Yan processes.

The spin-averaged structure function Fyy can be ex-
pressed as the convolution of the unpolarized distribution
functions from each proton [17, 18]

=C [fltl/Pfl?l/P] , (8)

while the spin-dependent structure function F$'* is ex-

pressed as the convolution of the longi- transversny distri-
butions [17, 18]

z(ﬁ'ku) (i"ku) —ki ko Lq/pyLalp
g

cos2¢ __
F LL - M?

o

. 9

where the unit vector h is defined as h=gq,/|q.|, and M
represents the mass of the proton [18, 46]. k;, and k,,
denote the transverse momentum of the quark and anti-
quark in the incoming protons, respectively. The convolu-
tion of TMDPDFs in the transverse momentum space is
defined as follows [18]

(& I:W(klj_skZJ_)fle]

1 :
N, Zeg / ki, d*k2, 67 (q, — ki, —kay)
¢ q

Xw(ku,ku)ff[ (xl,ki)fz‘_’(xbkil), (10)

with N, =3 representing the number of colors, ¢, denot-
ing the transverse momenta of the lepton pair. Finally,
w(k, ., k,,) 1s a function of k;, and k,, .

Generally, a more feasible approach to studying the
structure function is the b, -space framework, where the
convolution of TMDs can be simplified into product of
b, -dependent TMDs. Subsequently, the physical observ-
ables can be derived via Fourier transformation from the
b, -space to the k,-space.

By using the Fourier transformation of the J function

1

52(4L—ku— (27)2

k)= /deleibl(qL—ku—ku), (11)

one can obtain the spin-dependent structure function
F$9**? which is given by
d*b,

LL
2 2
Z /d kudle | & 5

x {2(’1 : ku)(h : kZJ_) - (li_ - k2L):|
M2

L.q/p 2 L.q/p
X iy (xl’ku’ Q) hy

cos2¢ l(qL_le_kZL)'bL

()Q,k%l,Q)
*Z /(2 S (2he b= g")

Iy, "’P”(xl,bl,Q)h“’/”ﬁxz,mQ>.
(12)

Here, the tilde terms represent the ones in the b, -space.
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The longi-transversity of the incoming protons in the b, -
space is defined as follows

k¢
e kb /
ll Alj-hlqp( 1 1J_9Q)

(13)

lq/p{l(-xbbl.’ Q) /

T
B (x2,b,;0) = / i ﬁhfi”p(xz, 3.:0).
(14)

Similarly, the spin-averaged structure function Fyy
can be expressed as
d bL

Fuo =~ Z [ dh, [
% q/p (Xl,ki,Q) G/ p (xz,ki,Q)

*Z /(2

l(qL_le_kZL)‘bL

O 10, O (12,b., Q)
(15)

where the unpolarized distribution functions from each
proton in the b, -space are defined as follows

FIP(xy,b,,Q) = / d*ky e (1P (x5 0), (16)

fi7(x2,b..0) = / &l e 0 [ 00,05 15.0). a7

III. THE TMD EVOLUTION OF DISTRIBUTION
FUNCTIONS

In this section, we systematically review the energy
evolution of both unpolarized (f;) and longi-transversity
(hi;) distributions within the TMD factorization frame-
work. Our analysis incorporates recent theoretical devel-
opments in TMD resummation techniques and nonper-
turbative parametrizations.

Based on the TMD factorization theorem, as formu-
lated in various systems (such as CS-81 [29], IMY [47,
48], and Collins-11 [31]), the distribution function
F(x,b;u1,{r) in b-space depends on two energy scales: the
renormalization scale u, associated with the correspond-
ing collinear distribution functions, and the energy scale
{r, which regularizes the light-cone singularity in the op-
erator definition of TMDs. The ¢ dependence of TMDs
is governed by the Collins-Soper (CS) equation [29]
(b =1b J_|):

A F(x, b, r)

= K(b;p),
NG by )

(18)

where K represents the CS evolution kernel, which can
be computed perturbatively at small b region. The result
up to order «, has the form

K(b; p)—— [1 n(’b*) —In4+2yg| +0(@;),  (19)

where yz ~ 0.577 is the Euler's constant.
The u dependence of the TMDs is derived from the
renormalization group equation

dK
T = Y@, (20)
npu
dInF(x,biplr) r
T =7YF (Cls(ﬂ),ﬁ?) > 2D

where yx and ¥ are the anomalous dimensions of K and
F, respectively,

_ o 0Cr +0(a?), (22)

Yk

=0 (-n(%) o0

By solving Eqs.(18), (20) and (21), one can obtain the
general solution for the energy dependence of TMDs

(23)

F(x,b;0) = F x e 5@ x F(x, by ), (24)
where ¥ is the hard scattering factor, and S(Q,b) is the
Sudakov-like form factor. Here, we have set
= \Zr = Q, allowing us to simplify F(x,b; u,lr) as
F(x,b;Q). Eq.(24) demonstrates that the energy evolu-
tion of TMDs from the initial energy u to another energy
scale Q can be realized through the Sudakov form factor
S(Q,b) by the exponential form, 5@,
The exponential exp(—S (Q,b)) for F can be written as
[16, 49]
-
exp(—S (Q,b)) = exp {m%l?(b*; )+ / %“

i

>{w@@»h—m%w@@ﬂ}

X eXp {g,-/,,(x,b) +gK(b)1n%} .

(25)
where the first exponential term arises from the perturbat-
ive region (b < 1/A), containing the CS evolution kernel
K(b.;u) within the perturbative region, specifically in the
small b region where b < 1/A, and the anomalous dimen-
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sions yr and yx. The second exponential term accounts
for nonperturbative effects in the large b region, where
K(b;u) cannot be calculated perturbatively. Here,
gi/p(x,b) parameterizes the intrinsic nonperturbative beha-
vior of parton i within the proton, while gx(b) describes
the nonperturbative behavior of the evolution kernel
K(b;u).

To ensure a smooth transition between the perturbat-
ive and nonperturbative regions, a boundary parameter
bmax =~ 1 GeV™! is introduced, along with a h-dependent
function b,(b). This function is designed to possess the
property that b, ~b at small b value and b, = by, for
large b value. In literatures [24, 30, 50], several different
expressions for b,(b) have been proposed. A commonly
used prescription is the Collins-Soper-Sterman (CSS)
form [30]:

b.(b) = b/ \/1+ b2/ b2

max ? bmax < 1//\QCD~ (26)

Therefore, the Sudakov form factor S(Q,b) appear-
ing in Eq.(24) can be decomposed into a perturbative part
S »(Q,b.) and a nonperturbative part S yp(Q,b) as follows

S(Q,b) =S p(Q.b.)+ S np(Q.D), 27

with the boundary of two parts set by the b,.,. Accord-
ing to the intensive studies in Refs. [23, 35, 36, 40, 51],
the perturbative part can be expanded as an «,/n series

2

Q2 dljz
Sp(Q.b,) = / @ {ﬂ(m(ﬂ»ln—_z +B@@)|, (28)
e R i

where the coefficients 4 and B are given by

A= i;A(") (%) (29)
B= nijl:B(”) (“;) (30)

In our calculations, we will take A®™ up to A® and
B™ up to BY in the accuracy of next-to-leading logar-
ithmic (NLL) order [19, 30, 35, 37, 51, 52]

A(l) - CF,
C 67 n? 10
4= G e (5% ) 5.
3
B =-3Cr, 31)

4 1
where Cr = 3 Cy=3,Tr= 5
The non-perturbative part Syp in Eq.(27) can not be
calculated perturbatively, it is usually extracted from ex-
perimental data. There are several extractions for Syp by
different groups [19, 21, 23, 24, 30, 31, 35—45]. In our
study we employ the Bacchetta-Delcarro-Pisano-Radici-
Signori (BDPRS) parametrization for the unpolarized
TMDs [24]:

and n; =5.

/p alp
1 f
SNP - SNP -

1 ~
_Egk(b) In(Q*/Qp) - In(flyp(x,6%), (32)
where g,(b) = —g,b?/2, following the traditional choice in
Refs. [37, 43, 45] with g, being a free parameter.

Moreover, the intrinsic nonperturbative part f7,,(x,b) of
the TMDs can be parameterized in the following form

- 1 . » Ag2 b’
h b= —e® <1— ! —), 33
T I P P (33)
with
(1I—x)*x"
=N——, 34
81(x) Y= (34)

Here x is fixed as x=0.1. and a, o and N, = g,(X) are free
parameters fitted to the available data from SIDIS,
Drell-Yan, and W/Z boson production processes. In Ref.
[24], a new b.(b) prescription different from Eq.(26) was

proposed as
1 — bbb \ M
b.(b) = bmax (1_6_,,4/,74 .

min

(35)

Again, b, serves as the boundary separating the nonper-
turbative and perturbative regions in the b space. It is as-
signed a fixed value of by, =2¢7* GeV™' ~ 1.123 GeV ™.
Moreover, the authors in Ref. [24] also choose to satur-
ate b, at the minimum value, where by, « 2¢772/Q.

Besides the Sudakov form factor in Eq.(24), another
crucial element within Eq.(24) is the TMDPDFs at a
fixed scale w. In the small b region, F(x,b;u) at u can be
expressed as a convolution of the perturbatively calcul-
able coefficients C and the corresponding collinear TM-
Ds [29, 53]

F,bip) =y Coci® Fypnx, ), (36)

where Y, runs over both quark and antiquark flavors,
and ® denotes the convolution in the longitudinal mo-
mentum fraction x
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1
d
Cq<—i®Fi/H(-x7/J) E/ gcqei(-x/f’b;ﬂ)Fi/H(f’ﬂ)' (37)

Here, Fiu(¢,1) is the corresponding collinear TMDs of
flavor i in hadron H at the scale u, which could be a dy-
namic scale related to b, by u=cy/b., with cqg=2e7E
[29].

Therefore, with the TMD evolution, the scale-depend-
ent TMDs Fy/u(x,b; Q) can be expressed as

Foyn(xb: ) = & 57 @53y (q, (0))

X ZC‘fH-@Fi/H(X,,U), (38)

where the factor % in front of S » comes from the fact that
S p of quarks and antiquarks satisfies the following rela-
tion [54]

S4(0,b.) = SH(Q,b.) = S(Q,b.)/2. (39)

In addition, the hard coefficients C, ¥ for f; and A, have
been calculated up to next-to-leading order (NLO). Nev-
ertheless, only the first term of the A;; result in Eq. (60)
of Ref. [55] (specifically, the A(x) term) dominates. In
this study, there is no need to consider the contribution of
T because it is beyond the Wandzura-Wilczek(WW)-
approximation. For consistency, here we adopt the lead-
ing-order results for the hard coefficients C and ¥ for f
and hy;, where 7 =1 and C))._; = 6;,6(1 - x).

Using the above choices, the expression for the unpo-
larized TMD of the proton f?/ " in b-space reduces to [24]

ti/ P

FAIP (x,b; Q) = ™35 P(QPo)- S FP (0. (40)

By performing the Fourier Transformation, we can con-

vert the function fi(x,b;Q) intothe transverse mo-
mentum space
, dbb 1 7
q/] (x,k;0) = / TJO(lkl|b) 25P(Qb)=Syp Sr.arp (6 ),
(41)

where J, is the Bessel function of the first kind.

According to Egs.(36) and (37), in the small b region,
one can express the longi-transversity of the incoming
protons at scale u in terms of the perturbatively calcul-
able coefficients and the corresponding collinear correla-
tion function as follows [56, 57]

R4 (x, by 1) = ib MR (x, ). (42)

Here, the superscript (1) denotes the first transverse mo-
ment of the longi-transversity A;;, which is defined as
[56, 57]

Iy O, K ). (43)

hll(])(x W= /dzkizﬁjlz

Regarding the nonperturbative part of the Sudakov
form factor associated with the longi-transversity, the in-
formation still remains unknown. In practical calcula-
tions, we assume that it is the same as that for the unpo-

larized distribution function Sy . Thus, we can obtain

the longi-transversity in b-space as

/p

7l
ib"Me @S V). (44

B 7P (x,b; Q) =

After ' performing the Fourier transformation, the
longi-transversity in the transverse momentum space is
given by

o 2
dbb Ji(Jk.| b)e’%SP(Q,b«)—Sﬁ}P
2n

ku
ﬁhﬁq"’ (k0 =M /0

X b (x, ).
(45)

With all ingredients described above, Eqgs.(12) and
(15) can be rewritten in the following forms

Sfl q/n+sf1 q/n+sp)

thi”’q”’ (Xz,ﬂ)xe_( v ,

m v2¢

Jz<|qL|b>M2 B (0

(46)

Jo(|4¢|b)f1q/p(xl,,U)ffi/p(xz,ﬂ)

Ry a]

fralp | o fialp
Xe_(SN" +s L +Sp).

(47)

IV. NUMERICAL CALCULATION

In this section, we present a comprehensive numeric-
al analysis of the cos2¢ azimuthal asymmetry in double-
longitudinally polarized proton-proton Drell-Yan colli-
sions, utilizing the theoretical framework established in
previous sections. Our calculations are performed for the
kinematic regimes accessible at both RHIC and NICA,
with particular emphasis on the role of sea quark contri-
butions.
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The calculation requires the collinear functions
hiV(x, ) and fi(x,u) as inputs to Eqs. (46) and (47). For
the unpolarized distribution fi(x,u), we employ the NLO
CT10 parametrization (central PDF set) from Ref. [5§].
For the longitudinally polarized transversity distribution
I V(x,u), we adopt the Wandzura-Wilczek approxima-
tion [56, 59]:

WW-type 1 d
B T / Lo (48)

where £, is the transversity distribution. For the velance
quark component of the transversity distribution, we se-
lect the parametrization extracted from Ref. [28] which
employed the TMD evolution formalism. At the initial
scale Qy = V2.4 GeV, it is given by:

ag +b,)rtba
x)bq( q q)

aq by
aq'by

1
x5 (fl(x, Q0) +£1(x,Q0)) - (49)

hi(x, Qo) = N'x“(1 -

Here g is the helicity distribution function [60], and f7 is
the unpolarized distribution function. For the sea quark
component of the transversity distribution, we make the
following assumption

1
e, 00) = N3 (H( 0+8l(,00) . (50)

where N represents the proportion of the contribution of
sea quarks in the proton. In this calculation, we take into
account three scenarios for the contribution ratio of sea
quarks in the proton: N=0, N=0.5and N =1.

We employ the QCDNUM package [61] to carry out
the evolution of f; from the initial scale Qy = V2.4 GeV
to another energy. Concerning the energy evolution of
hllL(”, the effect has been studies in Ref [26, 28, 62, 63].
For simplicity, we only consider the homogenous terms

0.30

0.30

in the evolution kernel

2x Cr 2x
(1—x)++26(1_x) _T(I—x)' (51)

ho_
P, =Cr

Drell-Yan experiment at RHIC is proposed to use two
proton beams colliding at either +/s=200GeV or
500 GeV [64]. In this study, we estimate the ASS> asym-
metry at the kinematical regions of RHIC [32]:

4GeV< Q<9GeV, 0<gr<1GeV, l<y<?2.

We also estimate the A

ematical regions of NICA [32]:

asymmetry at the kin-

Vs =27 GeV,
0 <gr<1GeV,

4GeV< Q <9GeV,
0.1 <x< 0.8.

Figures 1 and 2 present our numerical predictions for
the cos2¢ azimuthal asymmetry in pp Drell-Yan colli-
sions at RHIC kinematics. The left, middle, and right
panels display the rapidity (y), transverse momentum
(¢.), and invariant mass (Q) dependencies of the asym-
metry, respectively. Figure 1 corresponds to
Vs=200GeV, while Fig. 2 shows results for
/s =500 GeV. The dashed, solid, and dotted lines repres-
ent the asymmetry predictions for sea quark contribution
parameters N =0, N =0.5, and N = 1, respectively.

As shown in Fig. 1, in all the cases except N =0
(where the asymmetry is zero), the cos2¢ azimuthal
asymmetry in the longitudinally polarized proton-proton
Drell-Yan process from our calculation is positive. Our
estimates also show that the asymmetry changes slightly
with the change of y. For N = 0.5, the magnitude of the -
dependent asymmetries is in the range of 2% to 5%,
while for N =1, it is in the range of 8% to 10%. For the
q. asymmetry, we find a strong growth with ¢, for
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Fig. 1. (color online) The asymmetry A5%"*” in the double-longitudinally polarized pp Drell-Yan process, at the kinematic range of

RHIC with +/s =200 GeV, as functions of y (left panel), ¢, (middle panel) and Q (right panel). The dashed line, solid line and dotted

line depict the asymmetry for N =0,0.5, 1, respectively.
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Fig. 2. (color online) Similar to Fig. 1, but for the asymmetry at the kinematic range of RHIC with +/s = 500 GeV.

N =1, reaching 17.5% at g, ~ 1 GeV. Moderate increase
of the asymmetry with increasing ¢, is found for N = 0.5,
peaking at 5%. For the Q-dependent asymmetry, A$5*’
moderately decreases from 12% to 5% as Q increases
from 4 to 9 GeV when N =1. Weaker Q dependence is
observed for N =0.5 (4%-2%). The same trendency are
observed in Fig. 2, but with larger magnitudes (not more
than 25%).

The NICA predictions ( /s =27 GeV) in Fig 3 exhib-
it similar qualitative behavior to RHIC results but with
different quantitative features. For the Bjorken-x depend-
ence, we observe non-monotonic behavior in the asym-
metry for N =1, with a maximum value reaching 22%.
The asymmetry initially decreases in the range
0.1 <x<0.2, followed by a gradual increase up to
x~0.7. This behavior reflects the ‘complex interplay
between valence and sea quark contributions in the lon-
gitudinally polarized proton. In terms of TMD depend-
ence, the g, behavior at NICA shows similar trends to
RHIC but with reduced magnitudes. The maximum
asymmetry reaches 17% for N =1, demonstrating the
sensitivity of the measurement to the transverse mo-
mentum distribution of quarks within the proton. The Q-
dependence at NICA exhibits comparable behavior to the
RHIC results, with the asymmetry showing a gradual de-
crease as Q increases. The peak asymmetry reaches 15%
for N =1, consistent with expectations from TMD factor-
ization. These results highlight the importance of measur-
ing the asymmetry across different kinematic regimes to
fully constrain the sea quark contributions and their de-

0.30

0.30 T

pendence on the hard scale Q.

We also_provide an estimate of the Drell-Yan event
rate at NICA. The projected luminosity at NICA is
£ =10%cm 257! [65], with an annual operation time of
3x 107 ‘seconds, the integrated luminosity can be ob-
tained as

L= Lxtx3x10cm™, (52)

The unpolarized cross section o?? calculated in our
framework (Eq. (6)) is initially in natural units (GeV™>).
Converting it to experimental units cm? via the relation
1GeV2~3.894x1028cm?, we obtain oPY 5%
10737 cm?. The expected number of events per year can be
estimated as

Nevents = O-DY X Lim ~ 1600. (53)

cos2¢

This yield suggests that the proposed asymmetry A;;
could be experimentally accessible at NICA.

In summary, as demonstrated in Figs. 1-3, the cos2¢
azimuthal asymmetries in longitudinally polarized pro-
ton-proton Drell-Yan collisions are consistently positive
for all cases except N = 0, where the asymmetry vanishes.
Specifically, the asymmetry reaches a maximum of 25%
for N=1 and up to 10% for N =0.5, highlighting a
strong dependence on the longitudinally polarized trans-
versity distribution of sea quarks. These results under-
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Fig. 3.

q,(GeV)
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(color online) Similar to Fig. 1, but the asymmetry at the kinematic range of NICA.
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score the potential of future precision measurements at
RHIC and NICA to significantly enhance our understand-
ing of nucleon structure and QCD dynamics. Moreover,
the doubly polarized p~p~ Drell-Yan process emerges as
a powerful probe for elucidating the role of sea quarks in
the proton's internal structure, providing crucial insights
into the nonperturbative regime of strong interactions.

V. CONCLUSION

In this study, we employed the TMD factorization
framework to explore the cos2¢ azimuthal asymmetry in
double-longitudinally polarized proton-proton Drell-Yan
collisions at the kinematic regimes relevant to the RHIC
and NICA. This asymmetry originates from the coupling
of the longi-transversity distributions A;; from both pro-
ton beams. To incorporate the scale evolution of TMDs,
we introduced the Sudakov form factor for #j,, which
consists of perturbative and nonperturbative components.
For the perturbative part, we adopted the result up to the
NLL accuracy, while the nonperturbative part was

modeled by the BDPRS parametrization. The hard coeffi-
cients associated with the corresponding collinear func-
tions were retained at leading-order precision.

For the longi-transversity distribution of the proton,
we adopted the WW approximation. Using this frame-
work, we computed the cos2¢ azimuthal asymmetry in
the p~p~ Drell-Yan process at RHIC and NICA. Our
results revealed a sensitivity of the asymmetry to the sea
quark contributions, parameterized by N. Specifically, for
N =1, the asymmetry reaches a maximum value of ap-
proximately 25%; for. N =0.5, it decreases to around
10%. This indicates that the sea quark contribution plays
an important role in shaping the observed effect.

Our analysis demonstrates that the study of cos2¢
asymmetry can provide quantitative constraints on the
longi-transversity distribution within the proton. Future
high-precision measurements of this asymmetry at RHIC
and NICA could provide valuable information about
valence and sea quark distributions, further enhancing our
understanding of proton structure.
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