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Exploring gluon tomography with polarization dependent diffractive J/y production
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We study azimuthal asymmetries in diffractive J/y production in ultraperipheral heavy-ion collisions at
RHIC and LHC energies using the color glass condensate effective theory. Our calculation successfully
describes the azimuthal averaged J /y production cross section measured by STAR and ALICE. We further
predict very large cos 2¢) and cos 4¢ azimuthal asymmetries for diffractive J /y production both in UPCs at
RHIC and LHC energies and in eA collisions at EIC energies. These novel polarization dependent
observables may provide complementary information for constraining gluon transverse spatial distribution
inside large nuclei. As compared to all previous analysis of diffractive J/y production, the essential new
elements integrated in our theoretical calculations are: the double-slit interference effect, the linear
polarization of coherent photons, and the final state soft photon radiation effect.
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I. INTRODUCTION

Diffractive processes in high-energy scatterings have
long been considered as a powerful tool to study saturation
physics, to explore the multidimensional structure of
gluonic matter inside nuclei/nucleons, and to resolve the
mass structure of the proton [1-6]. An especially interesting
diffractive process is the exclusive production of vector
mesons in collisions between a real or virtual photon with a
target that remains intact after scattering. At relatively large
x, such an exclusive process is formulated in terms of the
square of the gluon parton distribution function in the
leading log approximation [7], or more rigorously in terms
of generalized parton distributions within collinear factori-
zation [8—11]. At small x the process can be described using
the dipole model [12] or the color glass condensate effective
theory, to incorporate multiple gluon rescattering effects.
Along these research lines, tremendous theoretical effort
[13-38] has been made over the past three decades to
understand the underlying physics of this process.

Among various exclusive vector meson production proc-
esses, one important channel is the production of the J/y
meson. On the one hand, the charm quark is sufficient heavy
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to justify perturbative treatment, while on the other hand its
mass is not too large that it prevents access to the saturation
regime. In addition, J/y can be relatively easily identified
experimentally with sizable production cross section, for
example in ep collisions at HERA [39-41]. J/y also can be
exclusively produced in ultraperipheral heavy-ion collisions
where one of the colliding nuclei serves as a quasireal
photon source while the other plays the role of a target. In
recent years, there have been many active experimental
programs devoted to studying this process at the RHIC and
the LHC [42-52]. The main benefit provided by UPCs
(Ultra-Peripheral heavy ion Collisions) is the extremely-
high luminosity of quasireal photons, which renders to us
the opportunity to study the exclusive J/y production
process with very high precision. Exclusive J/y production
can also be studied at the future EIC (Electron Ion Collider)
and Electron Ion Collider in China. Some interesting
discussions on coherent J/y production at EIC can be
found in Refs. [35,53].

In the present work, we will address this topic from a
different angle, namely investigating the azimuthal depend-
ence of the coherent J/y production cross section in UPCs
and in eA collisions. Recently, a large cos2¢ and cos4¢
azimuthal asymmetries in diffractive p° production in UPCs
has been reported by the STAR collaboration [54,55], where
¢ is the azimuthal angle between the p° transverse momen-
tum and the transverse momentum carried by its decay
product pion particles. It has been found in Refs. [56,57]
that the cos 2¢p azimuthal asymmetry essentially arises from
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the linear polarization of the incident coherent photons.
Such a phenomenon was not recognized until very recently
[58-61], and was quickly verified by the STAR collabora-
tion [62] via the measurement of the characteristic cos 4¢
azimuthal asymmetry in purely electromagnetic dilepton
production in UPCs. By coupling with the elliptic gluon
distribution, the linearly polarized coherent photon distri-
bution also plays an important role in inducing the cos 4¢
asymmetry in exclusive z 7z~ pair production in UPCs
[63]. Moreover, sizable cos ¢ and cos 3¢ azimuthal asym-
metries that result from the Coulomb nuclear interference
effect have been predicated in Ref. [64]. All in all, the linear
polarization of coherent photons has proven to be a power-
ful experimental tool for exploring novel QCD phenom-
enology as well as novel aspects of QED under extreme
conditions [65-70].

These polarization dependent observables are very sen-
sitive to nuclear geometry and thus provide a complemen-
tary way to extract transverse spatial gluon distribution. In
this paper, we investigate the azimuthal dependent produc-
tion of J/y, a case for which the mass of the charm quark
sets a hard scale, justifying a perturbative treatment. A
similar azimuthal asymmetry arising from the linear polar-
ized photon distribution is also expected in J/y production.
Apart from this source, the final state soft photon emitted
from the produced dilepton pair can also give rise to
significant azimuthal asymmetries due to the mechanism
discovered in Refs. [71-74]. In our calculation, we will also
employ an impact parameter dependent formalism [56] to
naturally incorporate the double slit interference effect
[56,57,75-77]. We will demonstrate below that in order
to correctly account for the absolute normalization of the
cross section, as well as for the 7-dependence of both the

|

azimuthal averaged cross section and the cos 2¢) asymmetry,
it is crucial to simultaneously take into account the double-
slit interference effect, the linear polarization of the coherent
photons, and the final-state soft-photon radiation effect—all
of which were overlooked in previous analysis of diffractive
J/w production in UPCs.'

The paper is organized as follows: in Sec. II, we derive
cross section formulas with all order soft photon radiation
resummation being performed; in Sec. III, we present the
numerical estimations of the azimuthal averaged J/w
production cross section and compare it with the exper-
imental measurements; we further make predictions for the
azimuthal asymmetries in exclusive J/y production in
UPCs at RHIC and LHC energies, and that in eA collisions
for EIC kinematics; finally, the paper is summarized
in Sec. IV.

II. THEORETICAL SETUP

In this section, we derive the azimuthal dependent cross
section of exclusive dilepton production in UPCs via J/y
decay. First, we briefly review the calculation of the
exclusive J/y production amplitude in the dipole model.
In the dipole model it is a common practice to divide vector
meson photoproduction process into three steps: quasireal
photon splitting into a quark and anti-quark pair, the color
dipole scattering off a nucleus, and the subsequently
recombining to form a vector meson after penetrating the
target nucleus. Following this picture, it is straightforward to
write down the scattering amplitude for both coherent and
incoherent production, A, (A ) and A;,(A,) which are
given by (for example, see Ref. [18]),

Aco(x, AL) = / d?b | e~idiby / %N(m,bl)[@*m(u)

Ain(x, A1) = \/Kanpe—BpAi/z { /

where N (r|) is the dipole-nucleon scattering amplitude.
N(r,, b)) is the elementary amplitude for the scattering of
a dipole of size r, on a target nucleus at the impact
parameter b | of the photon-nucleus collision. T4 (b ) is the
nuclear thickness function and [®*K] denotes the overlap
of the photon wave function and the vector meson wave
function,

N.ee, (1
| dz{mgcb*w,z>K0<|m|€f>

a‘p*(|’l|’z) aK0(|”L|5f)}
a|H| a|”L|

(2)

[@*K](r.) =

+ 22+ (1=-2)7

d2

,
LN (e BTN OO [0 K] 1) (1)

|
where z stands for the fraction of the photon’s light-cone
momentum carried by the quark, and £y ~ m,. ®*(|r |, z)
is the scalar part of the vector meson wave function. Here,
we ignore a phase arising from the nonforward effect
[79,80].

One can easily derive the dilepton production amplitude
by multiplying the J/w production amplitude with a
simplified Breit-Wigner form which describes the transition
from J/y into ete™ [81],

'Shortly after our paper was submitted to arXiv, there appeared
another calculation of the diffractive J/y production in UPCs
where the interference effect has been included in their analysis as
well [78].
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Mco = iAco(xg9 AL)

$(0),

M, = iAin<xg’ AJ_) ¢(0) (3)

Here M denotes the J/y’s mass, k | is the incident coherent
photon’s polarization vector which is parallel to its trans-
verse momentum, Q is the invariant mass of the dilepton
system, and P, is defined as P, = (p;; — p,1)/2 with
pi1. and p,, being the produced lepton’s transverse
momenta. ¢(0) is the wave function for the charm quark
inside the J/y at the origin. The decay width of J/y from
this channel is related to the zero point wave function

_ l#(0)1*
through I'= 1677,'0%6[2] MR

do
d*p,, d*p,, dy,dy,d*b
1L4 parayay, 1
C 24¢te;

[O)

= / LA Pk, K S (k + AL —q)) |k k-

2027) (Q* = M2+ M’T? M

For the photoproduction of vector mesons in UPCs, it is
important to take into account the double-slitlike quantum
interference effect [75-77]. To this end, we developed a
joint impact parameter dependent and g, dependent cross
section formula [56], in which the double-slit interference
effect is naturally included. Such a formalism has been
employed to compute the azimuthal dependent cross section
for diffractive p° photoproduction in UPCs [56,63]. It has
been found that the ¢ dependence of the cross section is
significantly modified by this interference effect, particu-
larly at midrapidity. Following the method outlined in
Ref. [56], we derive the impact parameter dependent
differential cross section for lepton pair production from
J/y decay,

4<PJ_'IA<J_)(PJ_']A<IL):|
M2

X {/szleih<kl_kl)[TA(bL)Ain(XLAL)Afn(xz’Al)f(xl,kl)]’_(xl,ki)+(A<—>B)]

+ [P Rk A (0, A ) Al (0. A ) F (g ke ) F (g K )] [ePBm80 A (e A L)AL (1, &) F (X0, K ) F (2.8

+[eih'(Al_kl)Aco(xz’AL)Azo(xl’Al)}—(xpkﬁf(xz,kl)]+[eil;’(kl_Al)Aco(xl,AL)Azo(Xz,Al)}—(xz’kl)]:(xl’kl)]}

where y; and y, are the final state pions’ rapidities, k |, A |,
K, and A’ are the incoming photon’s transverse momenta
and the nucleus recoil transverse momenta in the amplitude
and the conjugate amplitude respectively. b, denotes the
transverse distance between the center of the two colliding
nuclei. The unit transverse vectors are defined following the
patternas k|, =k, /|k,|and P, = P, /|P,|. A prefactor C
is introduced here to account for the real part of the
amplitude as well as the skewness effect. In our numerical
estimations, this coefficient is fixed to be C = 1.5 for RHIC
energy, C = 1.4 for LHC energy, and C = 1.2 for EIC
energy, following the prescription described in Ref. [82].
The longitudinal momentum fraction transferred to the
vector meson via the dipole-nucleus interaction is given by

= \/ZL (e + e72) with m being the lept
x, = \/—g—(e™" 4 e72) with m being the lepton mass.

g
F(x,k, ) describes the probability amplitude for finding
a photon that carries a certain momentum, with the
longitudinal momentum fraction being constrained by

2 2
Pl +m

x= (e + ). The squared F(x,k ) is simply
the standard photon TMD distribution f(x, k). Note that
the incoming photon carries different transverse momenta

(4)

in the amplitude and the conjugate amplitude, since we
fixed b, [83-89].

Let us now turn to discuss the final state soft photon
radiation effect. Since the emitted soft photon tends to be
aligned with the outgoing electron or positron (from the
decay of the J/y), the total transverse momentum of the
lepton pair acquired from the recoil effect therefore also
points toward the individual lepton’s direction, on average.
This naturally generates positive cos(2¢) and cos4¢p
asymmetries of purely perturbative origin for the dilepton
system. The corresponding physics from such final state
photon radiation is captured by the soft factor which enters
the cross section formula via,

d d !
L

where 6, is the leading order Born cross section and dP.S.
stands for the phase space factor. The soft factor is
expanded at the leading order as in [73,74],
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ae
S(ll) = 5(li) + n’zlf{co +2c,co82¢p + 2c4cosdgp + - - }
1

(6)

where ¢ is the angle between P, and the soft photon
transverse momentum —/, . The coefficients can be com-
puted with,

1 2r oo
c, = ﬂ[) d¢ cos(ng) /_oo dy,

1 4 cosh(Ay,)
—,) —cos g][cosh(y, = y,) + cos(¢)]
(7)

X
2[A cosh(y;

— y,. When the final

whereA:,/l—l-I’,f’—z2 and Ay =y,
€L

state particle mass is much smaller than P,, there are
analytical expressions for the coefficients up to the power

2
correction of m’ When Y1 = y,, one has ¢y~ In; o 2R

InM W —4In2 and 4= an — 4. The rapidity dependence
of these coefficients are quite mild for RHIC and LHC
kinematics and are thus neglected.

Following the standard procedure, the soft factor in
Eq. (6) can be extended to all orders by exponentiating the
azimuthal independent part to the Sudakov form factor in
the transverse position space. The resummed cross section
takes the form [71-74],

do(q,) /dzn 2a, a,Cy
— 1- 052 4
dP.S. (27)? T ¢t cosdd,
ir —Sud(r iri-q da(q' )
X el'tdLe Sud(r,) /quﬁ_e 19 dp§ . (8)

Here ¢, is the angle between r; and P,. The Sudakov
factor at one loop is given by [73,74],

M2
2

Sud(r,) = %m -

PZ
1nﬂ—; 9)
with p, = 2e77# /|r, |. The Sudakov factor plays a critical

role in yielding a perturbative source of the high ¢, tail of
lepton pair produced in UPCs [60,84].

III. NUMERICAL ESTIMATIONS

We now introduce the models/parametrizations used in
our numerical calculations. Let us first specify the dipole-
nucleus scattering amplitude, which is expressed in terms of
dipole-nucleon scattering amplitude N (r ) [15,16,90-92],

N(by,r))~1—=[1=2zB,To(b )N (r,)}* (10)

where B, = 4 GeV~!. The dipole-nucleon scattering ampli-
tude is parametrized as [18,90-93],

N(ri) = {1 —exp[-ri G(x,. r1)]} (11)

Here G is proportional to the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi evolved gluon distribution in the Bartels,
Golec-Biernat and Kowalski (BGBK) parametrization [93],

(i oot

(12)

1 72
2z7B, 2N

G(xg’ rJ_) =

with C chosen as 4 and 3 = 1.17 GeV? resulting from the
fit [16] that describes the HERA data quite well.

The nuclear thickness function 74 (b ) is computed with
the conventional Woods-Saxon distribution,

- C°

F(K* Bre*T 13

R R s T
where R, (Au:6.38 fm,Pb:6.68 fm) is the radius,

d(Au:0.535 fm, Pb:0.546 fm) is the skin depth, and C°
is a normalization factor. For the scalar part of the vector
meson wave function, we use the “Gaus-LC” wave
function, also taken from Refs. [15,16].

2

@ (Il =pell = 2ewp |-y | (4
2R7

with g = 1.23, RZ = 6.5 GeV~2 for J/y meson.

As for the coherent photon distribution, at low trans-
verse momentum it is commonly computed with the
equivalent photon approximation (also often referred to
as the Weizsdcker-Williams method) which has been
widely used to compute UPC observables (see for exam-
ple Refs. [84-86]). In the equivalent photon approxima-
tion, F(x, k, ) reads,

F(k3 + x*M3)

F(x’kl_): | J_‘ ( 2M2)

S (15)

/2
where M, is the proton mass. We assume that the charge
distribution inside the nucleus is also described by the
Woods-Saxon form factor. In the EIC case, the incoming
electron serve as the photon source. In this case, we take
both the electric charge number Z and form factor F to be
1, and replace M, with m, in the denominator to obtain the
photon distribution for the electron.

To test the theoretical calculation, we first compute the
azimuthal averaged cross section of J/y coherent photo-
production and compare them with the experimental mea-
surements at RHIC and LHC for unrestricted UPC events
[44,51,94], for which case the impact parameter b L will be
integrated from 2R, to oo. As shown in Fig. 1, our
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Azimuthal averaged cross section of coherent J/y production in unrestricted UPCs at RHIC and LHC energies. The rapidity

of the J/y is integrated over the range [—1, 1] for RHIC kinematics and [—0.8,0.8] for LHC kinematics.

calculation can describe the experimental data quite well, in
terms of both the shape and the normalization at low ¢, for
coherent J/y production. Here we would like to stress that
the perturbative tail generated by the final state soft photon
radiation dominates over the primordial distribution deter-
mined by the nuclear geometry at large ¢ | . This was never
pointed out before. We also plot the unpolarized diffractive
J/w photoproduction cross section from UPCs at an LHC
energy as a function of rapidity in Fig. 2. We would like to
emphasize that it is crucial to take into account the
destructive interference contribution that is enhanced at
midrapidity, in order to reproduce the observed rapidity
dependence of the cross section. Moreover, one notices that
it leads to a better agreement with the experimental data in
terms of the overall normalization after including the soft
photon radiation effect.

The numerical results for the azimuthal asymmetries in
coherent J/y photoproduction at RHIC and LHC energies
are presented in Fig. 3, where the azimuthal asymmetry,
i.e., the average value of cos2¢ is defined as,

(cos(2¢)) = o cos 2dP.S.
[ 72 dP.S.

(16)

At low ¢ |, the asymmetries mainly results from the linear
polarization of coherent photons, whereas the asymmetries
is overwhelmingly generated by soft photon radiation at

~

N
)]
———

dordy[mb]
N
o

® coherent J/y @ ALICE & CMS, /s =2.76 TeV

relatively large ¢ | . One can see that the asymmetry for J /y
flips sign as compared to p° production case at low ¢,
[56,57], mainly due to the fact that the decay product of
J/w is aspin 1/2 particle, while the decay product of p° is a
scalar particle. However, two approaches developed in
Refs. [56,57] predicate quite different sizes of the asym-
metry at the second peak, though they yield more or less the
same amplitude at the first peak. The origin of this
discrepancy remains unknown, and certainly deserves
further study in the future.

Our predictions for coherent J/yw photoproduction in
electron-gold nucleus collisions at EIC energy are shown in
Fig. 4. The rapidities are defined in the lab frame, x =
4V[;Ejr'lz(ey' +e”2) and x, = 7@5”# (e + e72), where
the electron beam and heavy-ion beam energies are 18 GeV
and 100 GeV, respectively. It is worthwhile to emphasize
that the double-slit interference effect is absent in this case.
Therefore, the terms in the last three lines in Eq. (4) do not
contribute to J/y production in eA collisions. The impact
parameter b, is integrated over the range [0, co) when
computing the coherent cross section in eA collisions. Due
to the lack of the double-slit interference effect, the ¢
shape of the asymmetry is significantly different from that
in UPCs. It will be very interesting to test this theoretical
predication at the future EIC.

datdy[mb]
w

2 ® coherent J/y @ ALICE, \/?=5.02 TeV
® coherent J/y @ LHCb preliminary, v/s =5.02 TeV

1.0 coherent J/y with soft photon coherent J/u with soft photon
05" coherent J/y ] — coherent J/y
5
0.0 0.5 1.0 1.5 2.0 25 3.0 0 1 2 3 4

y

y

FIG. 2. Azimuthal averaged cross section of coherent J/y production in unrestricted UPCs at LHC energy. The transverse momentum

of the J/y is integrated over the range [0, 0.2] GeV.
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cos 2¢p azimuthal asymmetry in coherent J/y production at RHIC and LHC energies. The rapidity of the dilepton pair is

integrated over the range [—1, 1] at RHIC kinematics and [—0.8, 0.8] at LHC kinematics. The J/y is reconstructed via the decay mode

J/y — eTe™ at RHIC and J/w — utu~ at LHC, respectively.
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P
8 00— ==
(\\/I ~\\\ //
-0.2} o /
\\\ /,,
-0.4+ N J
0.00 0.05 0.10 0.15 0.20
q.[GeV]

FIG. 4. Azimuthal averaged cross section of coherent J/y photoproduction in eA collisions at EIC energy (left panel) and cos 2¢
azimuthal asymmetry (right panel) for the same process. The rapidities of the J/y and its decay product dielectron pair are integrated
over the range [2,3] in the Lab frame. The transverse momentum of the quasireal photons emitted from the electron is required to be

lower than 0.1 GeV.

IV. CONCLUSION

We have studied coherent J/y photoproduction in UPCs
and in eA collisions using the dipole model with all
parameters fit to HERA data. Our calculations are in good
agreement with the experimental measurements performed
at low transverse momentum from RHIC and LHC. It has
been demonstrated that double-slit interference effect and
final state soft photon effect are the absolutely crucial
ingredients to correctly account for the 7 and y dependent
shape, as well as the overall normalization of the coherent
J/w photoproduction in UPCs.” We further computed the
azimuthal asymmetries arising from the linear polarization
of the incident photons and the final state soft photon

“Shortly after our paper being submitted to arXiv, there
appeared another calculation of the diffractive Jy production
in UPCs where the interference effect has been included in their
analysis as well [78].

radiation for J/y production in UPCs and in eA collisions.
As these polarization dependent observables are sensitive
to nuclear geometry, they may provide complementary
information on the gluon tomography of nuclei at small x.
On top of this, the double-slit interference effect deserves to
be studied in more detail in high energy scatterings in its
own right.

ACKNOWLEDGMENTS

J. Z. has been supported by the National Nature Science
Foundations of China under Grant No. 12175118. Y. Z. has
been supported by the Natural Science Foundation of
Shandong Province under Grant No. ZR2020MA098.
C.Z. has been supported by the National Nature Science
Foundations of China under Grant No. 12147125. This
work is supported in part by the U.S. DOE Office of
Science under contracts No. DE-SC0012704, No. DE-
FGO02-10ER41666, and No. DE-AC02-98CH10886.

074008-6



EXPLORING GLUON TOMOGRAPHY WITH POLARIZATION ...

PHYS. REV. D 106, 074008 (2022)

[1] D. Kharzeev, Proc. Int. Sch. Phys. Fermi 130, 105 (1996).

[2] Y. Hatta, A. Rajan, and D.-L. Yang, Phys. Rev. D 100,
014032 (2019).

[3] W. Kou, R. Wang, and X. Chen, Eur. Phys. J. A 58, 155
(2022).

[4] Y. Guo, X. Ji, and Y. Liu, Phys. Rev. D 103, 096010 (2021).

[5] P. Sun, X.-B. Tong, and F. Yuan, Phys. Lett. B 822, 136655
(2021).

[6] P. Sun, X.-B. Tong, and F. Yuan, Phys. Rev. D 105, 054032
(2022).

[71 M. Ryskin, Z. Phys. C 57, 89 (1993).

[8] X.-D. Ji, J. Phys. G 24, 1181 (1998).

[9] M. Vanttinen and L. Mankiewicz, Phys. Lett. B 434, 141
(1998).

[10] D.Y. Ivanov, A. Schafer, L. Szymanowski, and G.
Krasnikov, Eur. Phys. J. C 34, 297 (2004); 75, 75(E)
(2015).

[11] J. Koempel, P. Kroll, A. Metz, and J. Zhou, Phys. Rev. D 85,
051502 (2012).

[12] S.J. Brodsky, L. Frankfurt, J. Gunion, A. H. Mueller, and
M. Strikman, Phys. Rev. D 50, 3134 (1994).

[13] S. Klein and J. Nystrand, Phys. Rev. C 60, 014903 (1999).

[14] S. Munier, A. Stasto, and A. H. Mueller, Nucl. Phys. B603,
427 (2001).

[15] H. Kowalski and D. Teaney, Phys. Rev. D 68, 114005
(2003).

[16] H. Kowalski, L. Motyka, and G. Watt, Phys. Rev. D 74,
074016 (2006).

[17] M. Strikman, Nucl. Phys. B, Proc. Suppl. 179-180, 111
(2008).

[18] T. Lappi and H. Mantysaari, Phys. Rev. C 83, 065202
(2011).

[19] V. Rebyakova, M. Strikman, and M. Zhalov, Phys. Lett. B
710, 647 (2012).

[20] V. Guzey and M. Zhalov, J. High Energy Phys. 10 (2013)
207.

[21] V. Guzey, M. Strikman, and M. Zhalov, Eur. Phys. J. C 74,
2942 (2014).

[22] Y.-p. Xie and X. Chen, Nucl. Phys. A957, 477 (2017).

[23] V. Guzey, E. Kryshen, and M. Zhalov, Phys. Rev. C 93,
055206 (2016).

[24] V. Guzey, M. Strikman, and M. Zhalov, Phys. Rev. C 95,
025204 (2017).

[25] G.-M. Yu, Y.-B. Cai, Y.-D. Li, and J.-S. Wang, Phys. Rev. C
95, 014905 (2017); 95, 069901(A) (2017).

[26] M. B. Gay Ducati and S. Martins, Phys. Rev. D 96, 056014
(2017).

[27] A. Luszczak and W. Schifer, Phys. Rev. C 99, 044905
(2019).

[28] J.P. Lansberg, L. Massacrier, L. Szymanowski, and J.
Wagner, Phys. Lett. B 793, 33 (2019).

[29] Y. Cai, W. Xiang, M. Wang, and D. Zhou, Chin. Phys. C 44,
074110 (2020).

[30] C. Henkels, E. G. de Oliveira, R. Pasechnik, and H. Trebien,
Phys. Rev. D 104, 054008 (2021).

[31] T. Lappi, H. Méntysaari, and J. Penttala, Phys. Rev. D 102,
054020 (2020).

[32] V. Guzey, E. Kryshen, M. Strikman, and M. Zhalov, Phys.
Lett. B 816, 136202 (2021).

[33] G. Yu, Y. Cai, Y. Fu, H. Yang, Q. Gao, Q. Hu, L. Hu, W. Li,
and Y. Song, Adv. High Energy Phys. 2022, 1561632
(2022).

[34] H. Mintysaari and J. Penttala, Phys. Lett. B 823, 136723
(2021).

[35] H. Mintysaari, K. Roy, F. Salazar, and B. Schenke, Phys.
Rev. D 103, 094026 (2021).

[36] K.J. Eskola, C. A. Flett, V. Guzey, T. Loytdinen, and H.
Paukkunen, arXiv:2203.11613.

[37] L. Frankfurt, V. Guzey, A. Stasto, and M. Strikman,
arXiv:2203.12289.

[38] Z.-L. Ma, Z. Lu, and L. Zhang, arXiv:2203.12153.

[39] S. Chekanov et al. (ZEUS Collaboration), Eur. Phys. J. C
24, 345 (2002).

[40] S. Chekanov et al. (ZEUS Collaboration), Nucl. Phys.
B695, 3 (2004).

[41] C. Alexa et al. (H1 Collaboration), Eur. Phys. J. C 73, 2466
(2013).

[42] S. Afanasiev et al. (PHENIX Collaboration), Phys. Lett. B
679, 321 (2009).

[43] J. G. Contreras (ALICE Collaboration), EPJ] Web Conf. 60,
13007 (2013).

[44] M. Abdallah et al. (STAR Collaboration), Phys. Rev. Lett.
128, 122303 (2022).

[45] W. Schmidke (STAR Collaboration), Proc. Sci., DIS2016
(2016) 189.

[46] V. Khachatryan et al. (CMS Collaboration), Phys. Lett. B
772, 489 (2017).

[47] V. Khachatryan et al. (CMS Collaboration), Phys. Lett. B
772, 489 (2017).

[48] J. Adam et al. (STAR Collaboration), Phys. Rev. Lett. 123,
132302 (2019).

[49] S. Acharya er al. (ALICE Collaboration), Phys. Lett. B 798,
134926 (2019).

[50] S. Acharya et al. (ALICE Collaboration), Eur. Phys. J. C 81,
712 (2021).

[51] S. Acharya ef al. (ALICE Collaboration), Phys. Lett. B 817,
136280 (2021).

[52] R. Aaij et al. (LHCb Collaboration), J. High Energy Phys.
07 (2022) 117.

[53] M. Lomnitz and S. Klein, Phys. Rev. C 99, 015203 (2019).

[54] J. D. Brandenburg et al. (STAR Collaboration), Proceedings
of the Quark Matter 2019, Wuhan, China (2019).

[55] M. Abdallah et al. (STAR Collaboration), arXiv:2204
.01625.

[56] H. Xing, C. Zhang, J. Zhou, and Y.-J. Zhou, J. High Energy
Phys. 10 (2020) 064.

[57] W. Zha, J. D. Brandenburg, L. Ruan, Z. Tang, and Z. Xu,
Phys. Rev. D 103, 033007 (2021).

[58] C. Li, J. Zhou, and Y.-J. Zhou, Phys. Lett. B 795, 576
(2019).

[59] C. Li, J. Zhou, and Y.-J. Zhou, Phys. Rev. D 101, 034015
(2020).

[60] B.-W. Xiao, F. Yuan, and J. Zhou, Phys. Rev. Lett. 125,
232301 (2020).

[61] R.-j. Wang, S. Lin, S. Pu, Y.-f. Zhang, and Q. Wang, Phys.
Rev. D 106, 034025 (2022).

[62] J. Adam et al. (STAR Collaboration), Phys. Rev. Lett. 127,
052302 (2021).

074008-7


https://doi.org/10.3254/978-1-61499-215-8-105
https://doi.org/10.1103/PhysRevD.100.014032
https://doi.org/10.1103/PhysRevD.100.014032
https://doi.org/10.1140/epja/s10050-022-00810-x
https://doi.org/10.1140/epja/s10050-022-00810-x
https://doi.org/10.1103/PhysRevD.103.096010
https://doi.org/10.1016/j.physletb.2021.136655
https://doi.org/10.1016/j.physletb.2021.136655
https://doi.org/10.1103/PhysRevD.105.054032
https://doi.org/10.1103/PhysRevD.105.054032
https://doi.org/10.1007/BF01555742
https://doi.org/10.1088/0954-3899/24/7/002
https://doi.org/10.1016/S0370-2693(98)00755-2
https://doi.org/10.1016/S0370-2693(98)00755-2
https://doi.org/10.1140/epjc/s2004-01712-x
https://doi.org/10.1140/epjc/s10052-015-3298-8
https://doi.org/10.1140/epjc/s10052-015-3298-8
https://doi.org/10.1103/PhysRevD.85.051502
https://doi.org/10.1103/PhysRevD.85.051502
https://doi.org/10.1103/PhysRevD.50.3134
https://doi.org/10.1103/PhysRevC.60.014903
https://doi.org/10.1016/S0550-3213(01)00168-7
https://doi.org/10.1016/S0550-3213(01)00168-7
https://doi.org/10.1103/PhysRevD.68.114005
https://doi.org/10.1103/PhysRevD.68.114005
https://doi.org/10.1103/PhysRevD.74.074016
https://doi.org/10.1103/PhysRevD.74.074016
https://doi.org/10.1016/j.nuclphysbps.2008.07.014
https://doi.org/10.1016/j.nuclphysbps.2008.07.014
https://doi.org/10.1103/PhysRevC.83.065202
https://doi.org/10.1103/PhysRevC.83.065202
https://doi.org/10.1016/j.physletb.2012.03.041
https://doi.org/10.1016/j.physletb.2012.03.041
https://doi.org/10.1007/JHEP10(2013)207
https://doi.org/10.1007/JHEP10(2013)207
https://doi.org/10.1140/epjc/s10052-014-2942-z
https://doi.org/10.1140/epjc/s10052-014-2942-z
https://doi.org/10.1016/j.nuclphysa.2016.10.007
https://doi.org/10.1103/PhysRevC.93.055206
https://doi.org/10.1103/PhysRevC.93.055206
https://doi.org/10.1103/PhysRevC.95.025204
https://doi.org/10.1103/PhysRevC.95.025204
https://doi.org/10.1103/PhysRevC.95.014905
https://doi.org/10.1103/PhysRevC.95.014905
https://doi.org/10.1103/PhysRevC.95.069901
https://doi.org/10.1103/PhysRevD.96.056014
https://doi.org/10.1103/PhysRevD.96.056014
https://doi.org/10.1103/PhysRevC.99.044905
https://doi.org/10.1103/PhysRevC.99.044905
https://doi.org/10.1016/j.physletb.2019.03.061
https://doi.org/10.1088/1674-1137/44/7/074110
https://doi.org/10.1088/1674-1137/44/7/074110
https://doi.org/10.1103/PhysRevD.104.054008
https://doi.org/10.1103/PhysRevD.102.054020
https://doi.org/10.1103/PhysRevD.102.054020
https://doi.org/10.1016/j.physletb.2021.136202
https://doi.org/10.1016/j.physletb.2021.136202
https://doi.org/10.1155/2022/1561632
https://doi.org/10.1155/2022/1561632
https://doi.org/10.1016/j.physletb.2021.136723
https://doi.org/10.1016/j.physletb.2021.136723
https://doi.org/10.1103/PhysRevD.103.094026
https://doi.org/10.1103/PhysRevD.103.094026
https://arXiv.org/abs/2203.11613
https://arXiv.org/abs/2203.12289
https://arXiv.org/abs/2203.12153
https://doi.org/10.1007/s10052-002-0953-7
https://doi.org/10.1007/s10052-002-0953-7
https://doi.org/10.1016/j.nuclphysb.2004.06.034
https://doi.org/10.1016/j.nuclphysb.2004.06.034
https://doi.org/10.1140/epjc/s10052-013-2466-y
https://doi.org/10.1140/epjc/s10052-013-2466-y
https://doi.org/10.1016/j.physletb.2009.07.061
https://doi.org/10.1016/j.physletb.2009.07.061
https://doi.org/10.1051/epjconf/20136013007
https://doi.org/10.1051/epjconf/20136013007
https://doi.org/10.1103/PhysRevLett.128.122303
https://doi.org/10.1103/PhysRevLett.128.122303
https://doi.org/10.1016/j.physletb.2017.07.001
https://doi.org/10.1016/j.physletb.2017.07.001
https://doi.org/10.1016/j.physletb.2017.07.001
https://doi.org/10.1016/j.physletb.2017.07.001
https://doi.org/10.1103/PhysRevLett.123.132302
https://doi.org/10.1103/PhysRevLett.123.132302
https://doi.org/10.1016/j.physletb.2019.134926
https://doi.org/10.1016/j.physletb.2019.134926
https://doi.org/10.1140/epjc/s10052-021-09437-6
https://doi.org/10.1140/epjc/s10052-021-09437-6
https://doi.org/10.1016/j.physletb.2021.136280
https://doi.org/10.1016/j.physletb.2021.136280
https://doi.org/10.1007/JHEP07(2022)117
https://doi.org/10.1007/JHEP07(2022)117
https://doi.org/10.1103/PhysRevC.99.015203
https://arXiv.org/abs/2204.01625
https://arXiv.org/abs/2204.01625
https://doi.org/10.1007/JHEP10(2020)064
https://doi.org/10.1007/JHEP10(2020)064
https://doi.org/10.1103/PhysRevD.103.033007
https://doi.org/10.1016/j.physletb.2019.07.005
https://doi.org/10.1016/j.physletb.2019.07.005
https://doi.org/10.1103/PhysRevD.101.034015
https://doi.org/10.1103/PhysRevD.101.034015
https://doi.org/10.1103/PhysRevLett.125.232301
https://doi.org/10.1103/PhysRevLett.125.232301
https://doi.org/10.1103/PhysRevD.106.034025
https://doi.org/10.1103/PhysRevD.106.034025
https://doi.org/10.1103/PhysRevLett.127.052302
https://doi.org/10.1103/PhysRevLett.127.052302

BRANDENBURG, XU, ZHA, ZHANG, ZHOU, and ZHOU

PHYS. REV. D 106, 074008 (2022)

[63] Y. Hagiwara, C. Zhang, J. Zhou, and Y.-j. Zhou, Phys. Rev.
D 104, 094021 (2021).

[64] Y. Hagiwara, C. Zhang, J. Zhou, and Y.-J. Zhou, Phys. Rev.
D 103, 074013 (2021).

[65] G. Baur, K. Hencken, and D. Trautmann, J. Phys. G 24,
1657 (1998).

[66] S. Klein and P. Steinberg, Annu. Rev. Nucl. Part. Sci. 70,
323 (2020).

[67] P. A. Steinberg, Nucl. Phys. A1005, 122007 (2021).

[68] K. Hattori, H. Taya, and S. Yoshida, J. High Energy Phys.
01 (2021) 093.

[69] P. Copinger and S. Pu, Int. J. Mod. Phys. A 35, 2030015
(2020).

[70] J. D. Brandenburg, W. Zha, and Z. Xu, Eur. Phys. J. A 57,
299 (2021).

[71] S. Catani, M. Grazzini, and A. Torre, Nucl. Phys. B890, 518
(2014).

[72] S. Catani, M. Grazzini, and H. Sargsyan, J. High Energy
Phys. 06 (2017) 017.

[73] Y. Hatta, B.-W. Xiao, F. Yuan, and J. Zhou, Phys. Rev. Lett.
126, 142001 (2021).

[74] Y. Hatta, B.-W. Xiao, F. Yuan, and J. Zhou, Phys. Rev. D
104, 054037 (2021).

[75] S.R. Klein and J. Nystrand, Phys. Rev. Lett. 84, 2330
(2000).

[76] B. Abelev et al. (STAR Collaboration), Phys. Rev. Lett. 102,
112301 (2009).

[77] W. Zha, L. Ruan, Z. Tang, Z. Xu, and S. Yang, Phys. Rev. C
99, 061901 (2019).

[78] H. Mintysaari, F. Salazar, and B. Schenke, arXiv:2207.03712.

[79] Y. Hatta, B.-W. Xiao, and F. Yuan, Phys. Rev. D 95, 114026
(2017).

[80] Y. Hagiwara, Y. Hatta, R. Pasechnik, and J. Zhou, Eur. Phys.
J. C 80, 427 (2020).

[81] R. Baier and R. Ruckl, Z. Phys. C 19, 251 (1983).

[82] G. Watt and H. Kowalski, Phys. Rev. D 78, 014016
(2008).

[83] M. Vidovic, M. Greiner, C. Best, and G. Soff, Phys. Rev. C
47, 2308 (1993).

[84] S. Klein, A. Mueller, B.-W. Xiao, and F. Yuan, Phys. Rev.
Lett. 122, 132301 (2019).

[85] W. Zha, J. D. Brandenburg, Z. Tang, and Z. Xu, Phys. Lett.
B 800, 135089 (2020).

[86] S.Klein, A. H. Mueller, B.-W. Xiao, and F. Yuan, Phys. Rev.
D 102, 094013 (2020).

[87] M. Ktusek-Gawenda, W. Schifer, and A. Szczurek, Phys.
Lett. B 814, 136114 (2021).

[88] B. Wu, J. High Energy Phys. 07 (2021) 002.

[89] R.-j. Wang, S. Pu, and Q. Wang, Phys. Rev. D 104, 056011
(2021).

[90] A.H. Rezaeian, M. Siddikov, M. Van de Klundert, and R.
Venugopalan, Phys. Rev. D 87, 034002 (2013).

[91] H. Kowalski, T. Lappi, C. Marquet, and R. Venugopalan,
Phys. Rev. C 78, 045201 (2008).

[92] H. Kowalski, T. Lappi, and R. Venugopalan, Phys. Rev.
Lett. 100, 022303 (2008).

[93] J. Bartels, K. J. Golec-Biernat, and H. Kowalski, Phys. Rev.
D 66, 014001 (2002).

[94] W. Schmidke et al. (STAR Collaboration), Proceedings of
the DIS 2021, NY, US (2021).

074008-8


https://doi.org/10.1103/PhysRevD.104.094021
https://doi.org/10.1103/PhysRevD.104.094021
https://doi.org/10.1103/PhysRevD.103.074013
https://doi.org/10.1103/PhysRevD.103.074013
https://doi.org/10.1088/0954-3899/24/9/003
https://doi.org/10.1088/0954-3899/24/9/003
https://doi.org/10.1146/annurev-nucl-030320-033923
https://doi.org/10.1146/annurev-nucl-030320-033923
https://doi.org/10.1016/j.nuclphysa.2020.122007
https://doi.org/10.1007/JHEP01(2021)093
https://doi.org/10.1007/JHEP01(2021)093
https://doi.org/10.1142/S0217751X2030015X
https://doi.org/10.1142/S0217751X2030015X
https://doi.org/10.1140/epja/s10050-021-00595-5
https://doi.org/10.1140/epja/s10050-021-00595-5
https://doi.org/10.1016/j.nuclphysb.2014.11.019
https://doi.org/10.1016/j.nuclphysb.2014.11.019
https://doi.org/10.1007/JHEP06(2017)017
https://doi.org/10.1007/JHEP06(2017)017
https://doi.org/10.1103/PhysRevLett.126.142001
https://doi.org/10.1103/PhysRevLett.126.142001
https://doi.org/10.1103/PhysRevD.104.054037
https://doi.org/10.1103/PhysRevD.104.054037
https://doi.org/10.1103/PhysRevLett.84.2330
https://doi.org/10.1103/PhysRevLett.84.2330
https://doi.org/10.1103/PhysRevLett.102.112301
https://doi.org/10.1103/PhysRevLett.102.112301
https://doi.org/10.1103/PhysRevC.99.061901
https://doi.org/10.1103/PhysRevC.99.061901
https://arXiv.org/abs/2207.03712
https://doi.org/10.1103/PhysRevD.95.114026
https://doi.org/10.1103/PhysRevD.95.114026
https://doi.org/10.1140/epjc/s10052-020-8007-6
https://doi.org/10.1140/epjc/s10052-020-8007-6
https://doi.org/10.1007/BF01572254
https://doi.org/10.1103/PhysRevD.78.014016
https://doi.org/10.1103/PhysRevD.78.014016
https://doi.org/10.1103/PhysRevC.47.2308
https://doi.org/10.1103/PhysRevC.47.2308
https://doi.org/10.1103/PhysRevLett.122.132301
https://doi.org/10.1103/PhysRevLett.122.132301
https://doi.org/10.1016/j.physletb.2019.135089
https://doi.org/10.1016/j.physletb.2019.135089
https://doi.org/10.1103/PhysRevD.102.094013
https://doi.org/10.1103/PhysRevD.102.094013
https://doi.org/10.1016/j.physletb.2021.136114
https://doi.org/10.1016/j.physletb.2021.136114
https://doi.org/10.1007/JHEP07(2021)002
https://doi.org/10.1103/PhysRevD.104.056011
https://doi.org/10.1103/PhysRevD.104.056011
https://doi.org/10.1103/PhysRevD.87.034002
https://doi.org/10.1103/PhysRevC.78.045201
https://doi.org/10.1103/PhysRevLett.100.022303
https://doi.org/10.1103/PhysRevLett.100.022303
https://doi.org/10.1103/PhysRevD.66.014001
https://doi.org/10.1103/PhysRevD.66.014001

